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ABSTRACT

The rice blast resistance gene Pikm was cloned by a map-based cloning strategy. High-resolution genetic
mapping and sequencing of the gene region in the Pikm-containing cultivar Tsuyuake narrowed down the
candidate region to a 131-kb genomic interval. Sequence analysis predicted two adjacently arranged
resistance-like genes, PikmI-TS and Pikm2-TS, within this candidate region. These genes encoded proteins
with a nucleotide-binding site (NBS) and leucine-rich repeats (LRRs) and were considered the most
probable candidates for Pikm. However, genetic complementation analysis of transgenic lines individually
carrying these two genes negated the possibility that either PikmI-TS or Pikm2-TS alone was Pikm. Instead, it
was revealed that transgenic lines carrying both of these genes expressed blast resistance. The results of the
complementation analysis and an evaluation of the resistance specificity of the transgenic lines to blast
isolates demonstrated that Pikm-specific resistance is conferred by cooperation of PikmI-TS and Pikm2-TS.
Although these two genes are not homologous with each other, they both contain all the conserved motifs
necessary for an NBS-LRR class gene to function independently as a resistance gene.

LANTS protect themselves against a wide variety of
pathogens, such as viruses, bacteria, fungi, nemat-
odes, and insects, through resistance (R) genes that
recognize avirulence (Avr) genes in the pathogens. A
number of R genes have been cloned and their stru-
ctures characterized (MARTIN et al. 2003; DEYOUNG and
INNES 2006; TAKKEN ef al. 2006). These R genes can be
divided into several classes according to their structural
features. The majority encode proteins belonging to the
NBS-LRR class, which harbor nucleotide-binding site
(NBS) and C-terminal leucine-rich repeat (LRR) motifs
(MARTIN et al. 2003). The NBS domain in R proteins
contains a number of conserved motifs, such as kinase 1a
or P-loop, kinase 2, and kinase 3a, and this domain may
affect R protein function through nucleotide binding,
hydrolysis, and control of cell death. The LRR domain is
generally thought to be the major determinant of re-
cognition specificity for pathogen avirulence factors
(HULBERT ¢t al. 2001; MARTIN et al. 2003; DEYOUNG and
INNES 2006; TAKKEN et al. 2006). Supporting evidence
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has been provided, for example, by allelic comparisons
and domain-swapping experiments between different
alleles at the L and Ploci of flax (ELLIS ef al. 1999; DopDs
et al. 2001). However, other evidence supports the pos-
sibility that regions additional to the LRR are involved in
resistance specificity. One example was provided by an
analysis of the L6 and L7 genes for flax rust resistance
(ELL1s et al. 1999): although these two genes have dis-
tinct race-specific resistance, they contain identical NBS—
LRR-encoding regions and differ only in the N-terminal
Toll/interleukin-1 receptor (TIR) domain.

Rice blast, caused by Magnaporthe grisea, is one of the
most devastating diseases of rice. There have been a
number of studies identifying blast resistance genes,
locating them on the rice chromosome, and (in some
cases) cloning and characterizing them at the molecular
level. Information obtained from these studies has been
used, for example, to develop DNA markers to select
blast resistant rice lines, to understand the molecular
mechanisms underlying the specific host-pathogen
recognition revealed by these blast resistance genes,
and to learn the genome organization of Rgene clusters
and the evolution of complex R gene loci. To date,
almost 40 rice blast resistance genes have been identi-
fied and mapped (LIN et al. 2007). Of these, 8 genes
have been cloned: Pib (WANG et al. 1999), Pita (BRYAN
et al. 2000), Pid2 (CHEN et al. 2006), Pi9 (Qu et al. 2006),
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Pi2and Pizt (ZHoU el al. 2006), Pi36 (L1u et al. 2007), and
Pi37 (LIN et al. 2007). With the exception of Pid2, which
was reported to encode a receptor-like kinase (CHEN
et al. 2006), these cloned genes belong to the NBS-LRR
class of resistance genes.

Mapping efforts have indicated that many of the blast
resistance genes are allelic or closely linked. For exam-
ple, at the Pizlocus on chromosome 6, atleast four genes
have been identified (Liu et al. 2002; HAYASHI et al.
2004) and three of them, Pi9, Pi2, and Pizt, have been
cloned (Qu et al. 2006; ZHOU et al. 2006). Structural
comparisons of these cloned genes have provided in-
formation on the DNA region within these genes res-
ponsible for determining their distinct resistance
specificities. In addition, analysis of sequences at the
Pi9locus in a group of genetically distinct cultivars has
revealed the complex and divergent genome organiza-
tion of this locus (ZHOU et al. 2007). Two blast resistance
genes, Pitaand Pita2, have been located at the Pitalocus
on chromosome 12 (Krvosawa 1967; RYBka et al. 1997;
BRrRYAN et al. 2000). These two genes are interesting in
terms of their resistance specificity: Pita2 has a broader
resistance spectrum than Pita. Thatis, no M. griseaisolate
has been found that is avirulent toward Pita but virulent
toward Pita2 (BRYAN et al. 2000). This resistance spec-
trum feature of Pita and Pita2 suggests that Pita2 blast
specificity is conferred by a combination of Pita and at
least one additional resistance gene (BRYAN et al. 2000).
Pitahas been cloned (BrYAN et al. 2000), while Pita2has
not been cloned, and it remains to be answered whether
this combination hypothesis is valid.

Another example of a major allelic blastresistance
locus is provided by the Pik locus on chromosome 11,
where at least five genes, Pik, Pikm, Pikh, Pikp, and Piks,
have been identified (Krvosawa 1968, 1978; INUKAI
et al. 1994; HavAsHI et al. 2006; L1 et al. 2007). The genes
Pikand Pikm originated in the Chinese japonica cultivars
To-To (Kivosawa 1968) and Hokushi Tami (Kivosawa
1978), respectively, whereas Pikh and Pikp originated in
the indica cultivars Te-tep (Kryosawa 1978) and Pusur
(Kryosawa 1969a), respectively. Piks is thought to have
originated from a Japanese japonica cultivar (Krvosawa
1969b). With the exception of Piks, the resistance spectra
of these genes to distinct blast isolates are similar; in
particular, the resistance specificities of Pik and Pikm
mostly overlap each other. The relationship of the re-
sistance spectra of these two genes resembles that of Pita
and Pita2: Pikm has a broader resistance spectrum than
Pik (Kiyosawa and NomuUra 1988). Gene cloning and
the subsequent structural characterization of the Pik
and Pikm genes would provide the basis for understand-
ing the molecular features responsible for this similar,
but distinct, resistance specificity of these genes.

Toward the above-mentioned goal, we have embarked
on the map-based cloning of Pikand Pikm. In this article,
we report the cloning and characterization of the Pikm
gene. Precise mapping and subsequent sequencing of

the gene region showed that Pikm resided in a highly
divergent genome region, where alarge deletion and an
insertion between the genomes of the resistant cultivar
Tsuyuake and the susceptible cultivar Nipponbare were
present. Cloning of the gene revealed a unique feature
of Pikm: the resistance provided by Pikmis not conferred
by a single gene, but rather by a combination of two
NBS-LRR class genes, both of which reside adjacently at
the Pikm locus.

MATERIALS AND METHODS

Plant materials and PCR primers: For mapping of Pikm, we
used an Fo segregating population derived from a cross
between the blastresistant cultivar Tsuyuake and the blast-
susceptible line 99SL.44 (HavasHI et al. 2006). The line
99SL44 is a Nipponbare-based chromosome substitution line
in which a segment of chromosome 11 containing the Pikm
locus is replaced by a corresponding chromosomal segment
from an indica cultivar, Kasalath. For complementation anal-
ysis, we used the blast-susceptible cultivar Nipponbare as a host
cultivar for transformation. To evaluate the resistance speci-
ficity of transgenic plants, as differential cultivars we used
Tsuyuake (Pikm"), Kanto 51 (Pik"), K60 (Pikp*), and three
cultivars, IRBLk-Ka (Pik*), IRBLkm-Ts (Pikm*), and IRBLkh-
K3 (Pikh"), from Lijiangxintuanheigu monogenic lines
(TSUNEMATSU et al. 2000).

We used PCR primer pairs to define the candidate genome
region of Pikm (85HO07S5, k2167, k4731, k3951, and k3952), to
check the presence of transgenes in transgenic lines (Gene2TY1
and GenelTY1), to examine expression of the transferred can-
didate genes in transgenic lines (RT13 and GenelTY1), to ob-
tain the expression profiles of the candidate genes in Tsuyuake
(RRT5 and RRT17), and to perform 5'- and 3'-rapid amplifica-
tion of cDNA ends (RACE) (RT30R, RT32R, RT23F, RT31F,
RT21F, and RT4R). The sequences of these primers are listed in
supplemental Table S1.

Construction of BAC library and sequencing: Megabase-
sized rice DNA was prepared as described by ZHANG et al.
(1995) from young leaves of Tsuyuake. A bacterial artificial
chromosome (BAC) library was constructed by the conven-
tional method, through partial DNA digest by Hindlll, size
fractionation of high-molecular-weight DNA in pulsed-field
gel electrophoresis (CHFF, Bio-Rad Laboratories, Hercules,
CA), vector ligation (pIndigo BAG-5, EPICENTRE Bio-
technologies, Madison, WI), and transformation of high-
molecular-weight DNA into Escherichia coli (DHI10B strain).
After preparation of the library, which contained 32,706
clones with an average insert size of 153 kb, positive clones
covering the Pikm gene region were screened by using DNA
markers tightly linked to Pikm. The BAC clones Ts18H12,
Ts69H20, and Ts50A3 were selected and their sequences
determined by using a shotgun strategy (MESSING et al.
1981) as described before (INTERNATIONAL RicE GEOME
SEQUENCING PrOJECT 2005).

Sequence annotation and computational analysis of DNA:
The Rice Genome Automated Annotation System (Rice GAAS)
(SAKATA ef al. 2002) was used to analyze genomic sequence
data. This system integrates the programs GENSCAN,
RiceHMM, FGENESH, and MZEF for finding putative gene
regions and the homology-search-analysis programs Blast,
HMMER, ProfileScan, and MOTIF for predicting the putative
functions of genes. Pairwise comparisons between genomic or
protein sequences were performed with the BLAST program
(bl2seq) (http:/blast.ncbi.nlm.nih.gov/bl2seq/wblast2.cgi)
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and the CLUSTALW program (http://clustalw.ddbj.nig.ac.jp/
top-j.html). The theoretical isoelectric point (pI) and protein
molecular weight were computed as described (http:/br.
expacy.org/tools/pi_tool.html). The coiled-coil structures of
proteins were searched for by using COILS (http://www.ch.
embnet.org/software/COILS_form.html).

Candidate gene cloning and complementation analysis:
Among genes predicted within the Pikm region from the
Tsuyuake genomic sequence, we selected two putative genes,
PiKmI-TSand PiKm2-TS, as candidate genes for Pikm. From the
Tsuyuake BAC clone TS18H12, we used a high-fidelity Taq
polymerase, PrimeStar (Takara, Tokyo) to amplify a 9.1-kb
fragment, which contained the 1.9 kb of the PikmI-TS 5'-
untranslated region (UTR), the whole PikmI-TS coding se-
quence, and the 0.9-kb PikmI-TS 3'-UTR, and a 8.1-kb
fragment, which contained the 2.1-kb Pikm2-TS 5’-UTR, the
whole Pikm2-TS coding region, and the 2.7-kb Pikm2-TS 3'-
UTR. The amplified products were individually inserted into
the Smal site of the binary vector pPZP2H-lac (FUsE et al. 2001)
to form constructs for transformation. These constructs were
validated by comparison of their insert sequences with the
sequences of the corresponding regions in the BAC clone
TS18H12 (accession no. AB462256).

We transformed the two constructs, each containing the
PikmI-TS or Pikm2-TS region, individually into Agrobacterium
strain EHA101 and then infected Nipponbare callus with them
by the method of Toxkr (1997). Primary transgenic plants (T,
plants) regenerated from hygromycin-resistant calluses were
grown in an isolated greenhouse. The presence of the trans-
formed DNA fragments in the T, plants was checked by PCR
assay with the Pikm1-TS-specific primer pair Gene2TY1 and the
Pikm2-TSspecific primer pair GenelTY1 (supplemental Table
S1). The transgene copy number was evaluated by Southern
hybridization analysis with an ECL Direct Labeling and
Detection System (GE Healthcare, Buckinghamshire, UK).
We bred the T, progeny through self-pollination of the T,
plants. Some of these T, and T plants were tested for reaction
to blast infection. To develop lines harboring both the PikmI-
TS and Pikm-TS2 genes, we selected T, plants that carried a
single copy of either PikmI-TS or Pikm2-TS and crossed a T,
plant having Pikm1-TS with another T, plant having Pikm2-TS.
Through these crosses, we obtained five distinct F; plants that
harbored both of the candidate genes. We evaluated the blast
resistance of Fy plants bred from self-pollination of these F,
plants.

Evaluation of blast resistance: The blast resistance of the
transgenic lines, the parental cultivars, and the differential
cultivars was evaluated by the method described by HavasH1
et al. (2004). Briefly, we sprayed blast spores suspended in
0.02% Tween 20 onto plants and then placed these plants in a
dew chamber for 22 hrat 25°. The plants were then transferred
to a greenhouse and grown for 7 days before the disease
reaction was examined. For the complementation analysis and
gene expression analysis, we used blast isolate Ina 86-137,
which is avirulent to the Pikm donor cultivar Tsuyuake but
virulent to the transformation-recipient cultivar Nipponbare.
Plants of Nipponbare and Tsuyuake were used, respectively, as
susceptible and resistant controls. To evaluate the resistance
specificity of transgenic plants, a set of five M. grisea isolates
that discriminated Pikm from other blast-resistance genes was
used.

Expression analysis: Expression of transformed PikmI-TS
and Pikm2-TS in transgenic lines was examined by a RT-PCR
assay using total RNAs isolated from transgenic lines as
templates and RT13R (for detecting PikmI-TS RNA) and
GenelTY1 (for detecting Pikm2-TS RNA) as primer pairs
(supplemental Table S1). Total RNA was isolated with an
RNeasy plant kit (QIAGEN, Valencia, CA). To completely

eliminate DNA comtaminants, we treated isolated RNA with
RNase-free DNase I (QIAGEN). First-strand cDNA was synthe-
sized from ~1 ul of total RNA by using a Superscript First-
Strand synthesis system (Invitrogen, Carlsbad, CA), diluted 10
times with water, and used as a template for RT-PCR.

We used quantitative RT-PCR analysis to examine the
expression profiles of candidate genes in Tsuyuake. We
isolated total RNAs from seedling leaves of Tsuyuake collected
0,0.5 (i.e., 12 hr), 1, 3, and 5 days after inoculation (DAI) with
the blast isolate Ina 86-137. For negative control inoculation,
we sprayed 0.02% Tween 20 without blast spores. The primer
pairs RRT5 and RRT17 (supplemental Table S1) were used for
detecting transcripts from PikmI-TS and Pikm2-TS. Primers for
rice actin were used as positive RT-PCR controls (WANG et al.
1999). Quantitative RT-PCR analysis was done with an ABI
7500 Real Time PCR System using SYBR Premix Ex Taq
(Takara). Each experiment was performed at least twice.

Rapid amplification of cDNA ends: To determine the 5'-
and 3'-end sequences of the cDNAs, we performed RACE with
a SMART RACE ¢DNA amplification kit (Clontech, Mountain
View, CA). Firststrand cDNA was synthesized from total RNA
isolated from Tsuyuake. The 5" RACE product of PikmI-TS was
PCR-amplified by using the synthesized first-strand cDNA as a
template and the gene-specific primer RT23F and the univer-
sal primer A mix in the Kkit; this was followed by another PCR
with the nested primer RT31F (supplemental Table S1). The
5" RACE product of Pikm2-TS was amplified with RT30R and
the universal primer A mix, followed by another PCR with the
nested primer RT32R (supplemental Table S1). The 3" RACE
products of PikmI-Ts and Pikm2-TS were amplified with the
primers RT21F and RT4R, respectively, together with the
universal primer A mix. These RACE products were cloned
into pCR 2.1 vector (Invitrogen) for sequencing.

RESULTS

Identification of candidate genes for Pikm: In our
previous study, by performing linkage analysis using
2118 Fy segregating plants bred from a cross between
Tsuyuake and 99SL.44, we preliminarily located the gene
Pikmin the close vicinity of the markers k2167 and k4731
(Havasnr et al. 2006). In our present study, to narrow
down the candidate region, we developed a number of
DNA markers in the genomic region around the above
two markers by using Nipponbare genome sequence
data (accession no. NC 008404), and we performed
linkage analysis by using the same mapping population
that we used for our previous study. This analysis de-
limited the candidate gene region into a 180-kb interval
in the Nipponbare genome between the two markers
85HO07S5 and k3952. Although six plants with a chro-
mosomal recombination in this interval were found
among the Fo plants, these recombinations occurred
only around the two ends of this region: at the proximal
end four recombinations were detected in a 23-kb
interval next to marker 85HO07S5, whereas at the distal
end two recombinations were detected in a 8.3-kb
interval next to marker k3952 (Figure 1A). In contrast,
no recombinations were detected in the 160-kb interval
flanked by the above two regions. This nonuniform
distribution of the recombination sites at this locus
hindered our efforts to narrow down the candidate
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F1GURE 1.—Physical maps of the Pikm gene region and the structures of the two genes constituting Pikm. (A) Physical maps of
the Pikm locus generated by using the Nipponbare (Pikm~) genome sequence (top) and Tsuyuake (Pikm*) sequence (bottom).
The candidate gene region is delimited by the marker 85H07S5 from the proximal side and the marker k3951 from the distal side.
The numbers above each of the maps represent distances in kilobases. The arrows below each map represent putative genes pre-
dicted by the annotation tools in RiceGAAS. The six boldface arrows on the Nipponbare map and the two boldface arrows on the
Tsuyuake map represent putative R genes. (B) Structures of PikmI-TS and Pikm2-TS. Dark-shaded boxes are exons, light-shaded

boxes are 5'- or 3’-UTRs, and the lines are introns.

region into a smaller interval. The annotation tools
accompanying the RiceGAAS database predicted the
presence of 19 putative genes within this region (Figure
1 and supplemental Figure S1). Of these genes, 6 were
similar to the disease Rgenes cloned from various plant
species. These 6 genes encoded NBS-LRR-class pro-
teins, and we designated them PikmI-NP to Pikm6-NP
(Figure 1A). The clustering of these putative R genes in
this small genome region indicates that Pikm is located
within a typical R gene region (Bar et al. 2002).

The cultivar Nipponbare is susceptible and hence its
genome does not carry the gene Pikm. To identify can-
didate genes for Pikm, we attempted to obtain sequence
data of the gene region from the Pikm-carrying cultivar
Tsuyuake. First, we used the markers 85H07s5, k4731,
and k3951 as probes to screen the Tsuyuake BAC li-
brary for BAC clones containing the Pikm region. We
found that three BAC clones, Ts18H12, Ts69H20, and
Ts50A13, covered the genome region delimited by the
markers 85H07S5 and k3951. Comparison of the se-
quences of these Tsuyuake BAC clones (accession no.

AB462256) with the Nipponbare sequence of the equiv-
alent region revealed that the two cultivars had marked
differences in their genome organization at this Pikm
locus: the Tsuyuake genome lacked a 127-kb segment
presentin the Nipponbare genome, whereas next to this
deletion there existed a 70-kb segment present only in
Tsuyuake, but not in Nipponbare (Figure 1A). Owing
to this insertion and deletion, the size of the Pikm
candidate region in the Tsuyuake genome was reduced
to 131 kb. Analysis of this Tsuyuake sequence by using
the gene-finding programs in RiceGAAS predicted 16
genes within the region (supplemental Figure SI).
Among these, two putative coding sequences, desig-
nated PikmI-TS and Pikm2-TS, showed homology with
the NBS-LRR class resistance genes. They were pre-
dicted to reside adjacent to each other, being tran-
scribed in opposite directions. Because there were no
other putative genes apart from these 2 that showed
high levels of identity with the existing R gene, we
considered PikmI-TS and Pikm2-TS to be the most
probable candidates for Pikm.
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Blast resistance of transgenic plants harboring either
PiKmlI-TS or PiKm2-TS: To examine whether the PikmI-
TS or Pikm2-TS gene conferred Pikm-specific blast re-
sistance, we introduced these two candidate genes
individually into the blast susceptible rice cultivar Nip-
ponbare and evaluated the resistance of the transfor-
med plants. We evaluated the blast resistance of some of
the T plants. From a group of these plants, we randomly
selected 12 plants to which PikmI-TS had been intro-
duced and 13 plants to which PiKmZ2-TS had been in-
troduced. The presence of the respective transgenes in
each of the tested plants was verified by PCR assay with
the primers specific to Pikm1-TSand Pikm2-TS. Following
inoculation with the blast isolate Ina 86-137, all of the
tested plants harboring PikmI-TS and most of the plants
harboring Pikm2-TS (10 of the 13 plants) exhibited
spindle-shaped lesions (data not shown), which are
typically detected in blast susceptible cultivars, such as
Nipponbare. This result did not support the possibility
that either of the two candidates was the gene Pikm.

To confirm the above result, we examined the blast
resistance of the T; plants. We used a PCR assay to select
those T; plants that contained the transgenes. We
inoculated blast spores onto a total of 21 T; plants
having PikmI-TS (derived from 4 distinct T plants) and
onto a total of 86 T, plants having Pikm2-TS (derived
from 11 distinct T plants). All of these tested transgenic
lines showed no resistance to blast. To examine whether
silencing of the introduced transgenes, if it was present,
was responsible for this susceptible phenotype of the
transgenic lines, we isolated RNA from some plants
randomly selected from the tested plants and checked
the expression of the integrated genes. The results of
RT-PCR indicated that the two genes were actually
expressed (data not shown). In light of these results in
both the Ty and the T, plants, we concluded thatneither
Pikm1-TS nor Pikm2-TS endowed blast resistance when
only one of the two was introduced into the susceptible
cultivar Nipponbare.

Blast resistance of transgenic plants harboring both
Pikm1-TS and Pikm2-TS: We then examined the possi-
bility that a combination of the two candidate genes
conferred Pikm-associated blast resistance. To perform
this examination, we crossed T, plants having PikmI-TS
with those having Pikm2-TS, and we obtained transgenic
plants possessing both genes. The resultant F; plants
were self-pollinated. We examined the blast resistance of
106 Fs progeny. On the basis of the presence or absence
of the two transgenes, these Fo plants were classified into
four groups: 59 plants with both genes, 22 with only
Pikm1-TS, 20 with only Pikm2-TS, and 5 with neither. The
segregation pattern of these four types of Fo plants
indicated that both of the transgenes were indepen-
dently inherited. Following the inoculation with the
blast isolate Ina 86-137, we observed a cosegregation
between the presence of both transgenes and the
resistant phenotype (Figure 2): all of the transgenic

plants that carried both candidate genes were evaluated
as resistant, whereas all of the plants that carried only
one of the two transgenes, or neither of them, were sus-
ceptible. The group of resistant plants consisted mainly
of highly resistant plants that exhibited no specks, or
only several small brown specks, on their leaves (Figure
2A). The resistant group also included a small number
of weakly resistant plants, which had a number of small
brown specks or a small number of elliptical lesions. In
contrast, like the transgenic lines that had neither of the
two genes, plants with only one of the two genes were
highly susceptible to blast inoculation. They developed
typical spindle-shaped blast lesions on their leaves,
and parts of the leaves were killed by the coalescence
of lesions. This indicated that PikmI-TS or Pikm2-TS,
when present alone in a transgenic plant, did not con-
fer partial blast resistance. Thus, we suggest that the
complete resistance observed in the transgenic lines
having both genes is due to cooperation of the two
genes, rather than to an additive effect of partial
resistance conferred by each of the two genes.

Resistance specificity of transgenic plants: To verify
whether transgenic plants that had a combination of
PikmI-TS and Pikm2-TS had the same resistance speci-
ficity as Pikm, we inoculated the transgenic lines and
differential cultivars with a set of blast isolates that en-
abled us to distinguish Pikm from other resistance genes.
The transgenic lines were susceptible to the isolate 1804-
4, indicating that the transgenes belonged to the Pik
family and not to another family such as Pib, Piz, or Pita
(Table 1). The transgenic lines were susceptible to the
isolate H05-72-1 and resistant to the isolates P2-b and
Kyu92-22; this indicated that the transgene was not Pik,
Pikp, or Pikh. These results provided experimental evi-
dence that the combination of the two genes PikmlI-TS
and Pikm2-TS had the same function as the blast re-
sistance gene Pikm.

Structure of Pikml1-TS and Pikm2-TS: To obtain the
full-length ¢cDNA sequences of PikmI-TS and Pikm2-TS,
we sequenced RACE products from the 5’- and 3'-ends
of the transcribed regions of each gene and the over-
lapping intermediate RT-PCR fragments. The size
and structure of both genes were determined by
comparing the obtained full-length cDNA sequences
with the genomic DNA sequences. PikmI1-TS (accession
no. AB462324) contained a 3432-bp coding region,
interrupted by two introns (119 and 2769 bp long) and
flanked by a 62-bp 5’-UTR and a 190-bp 3'-UTR (Figure
1B). As shown in the multiple DNA sequence alignment
of PikmI-TSand Pikm2-TS (supplemental Figure S2), the
structure of Pikm2-TS (accession no. 462325) was not
homologous with that of PikmI-TS: this second gene
contained a 3066-bp coding region, interrupted by one
intron (163 bp long) and flanked by a 109-bp 5’-UTR
and a 283-bp 3"-UTR (Figure 1B).

Protein translations of the cDNA sequences revealed
that PikmI-TS encoded a 1143-residue NBS-LRR-class
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Ficure 2.—Complemen-
tation testing and molecular
analysis of the transgenic
lines. (A) Reaction to inocu-
lation with the blast isolate
Ina 86-137 in Tsuyuake, Nip-
ponbare,andasetof Fs prog-
eny (numbers 1-7) derived
from a cross between a T,
plant harboring PikmI-TS
and another T, plant har-
boring Pikm2-TS. The isolate
Ina 86-137 is incompatible
with the Pikm-donor cultivar
Tsuyuake and compatible
with the transformation-
recipient cultivar Nippon-
bare. (B) Cosegregation of
the resistance phenotype
with the presence of both
the PikmI-TS gene and the
Pikm2-TSgene. The presence
of Pikm1-TS and Pikm2-TS in
the transgenic lines is shown
by the presence of a product
from PCR amplification with
the primers Gene2TY1 (top)
and GenelTYl (bottom),
respectively. The amplified
products were separated
through a 2.0% agarose gel.
The transgenic lines num-
bered 3 and 6 contain both
Pikm1-TS and Pikm2-TS,
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Pikm1-TS

Pikm2-TS
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those numbered 2 and 4 contain only Pikm1-TS, those numbered 1 and 5 contain only Pikm2-1S, and thatnumbered 7 contains neither

of the transgenes.

polypeptide (Figure 3) with a molecular weight of 126.85
kDa and a plI of 5.96. The NBS domain contained
three sequence motifs characteristic to this domain,
GLPGGGKTTI (beginning atresidue 291), KKYLIVIDDI

TABLE 1

Disease reactions of transgenic plants containing PikmI-TS
and Pikm2-TS and of differential cultivars to

Magnaporthe grisea isolates
Cultivar Ina 86-137 Kyu 9222 18044 HO05-72-1 P2-b
Nipponbare S S S S S
Transgenic R R S S R
plants
Differential R R S S R
cultivar”
(Pikm)
Differential R S S S R
cultivar®
(Pik)
K60 (Pikp) R S ND ND S
IRBLkh-K3 ND R S R ND
(Pikh)

ND, resistance was not evaluated in this study; S, suscepti-
ble; R, resistant.

“Tsuyuake and/or IRRLkm-Ts was used.

"Kantob1 and/or IRRLk-Ka was used.

(beginning at residue 377), and GGRIIMTTRL (begin-
ning atresidue 405), corresponding to kinase la (P-loop),
kinase 2, and kinase 3a, respectively. In the N-terminal
region (residues 1-240), there exists a non-TIR (nT)
motif of rice NBS-LRR genes (Bar et al. 2002), GLIAEV
RELSYDLDDAVDDF (beginning at residue 74). A
COILS analysis predicted the possible existence of a
CCdomain (P=0.5) between residues 151 and 165. The
interval between the kinase 1la and nT motifs (198 re-
sidues) was almost 70 residues larger than the interval of
a typical rice NBS-LRR protein (~130 residues), sug-
gesting that a polypeptide sequence was inserted in this
region of the PikmI-TS-encoded protein. The C-terminal
domain contained ~16 imperfect LRR repeats, which
were composed of ~14% leucine. This LRR region con-
tained six repeat units that showed a good match to the
consensus sequence, LxxLxxIxLxxTxxLxxLPxx[xx.
Following these LRR repeats was a 103-residue non-
LRRregion. By comparison, Pikm2-TSencoded a smaller
polypeptide, a 102I1-residue NBS-LRR-class protein
(Figure 4) with a molecular weight of 114.57 kDa and
a pl of 8.64. The NBS domain of this protein also
contained the three motifs, kinase la (beginning at
residue 212), kinase 2 (beginning at residue 330), and
kinase 3a (beginning at residue 359). Upstream of the
NBS domain, an nT motif, WMKQIRDIAYDVECIDDF
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MEAAAMAVTAATGALAPVLVKLAALLDDGECNLLEGSRSDAEFIRSELEAVHASLLTPNILGRMGDDDAACKDGLIAEVRE
LSYDLDDAVDDFLELNFEQRRSASPFGELKARVEERVSNRFSDWKLPAASLPPSSVHRRAGLPPPDAGLVGMHKRKEELT

ELLEQGSSDASRWRKRKPHVPLRIMGGEMQKIVFKIPMVDDKSRTKAMSLVASTVGVHSVAIAGDLRDQVVVVGDGIDSI
NLVSALRKKVGPAMFLEVSQVKEDVKEITAMLAPVKSICEFHEVKTICILGLPGGGKTTIARVLYHALGTQFQCRVFAST
SPSSSPSPNLTETLADIFAQAQLGVTDTLSTPYGGSGTGRALQQHLIDNISAFLLNKKYLIVIDDIWHWEEWEVIRKSIP
KNDLGGRIIMTTRLNSIAEKCHTDDNDVFVYEVGDLDNNDAWSLSWGIATKSGAGNRIGTGEDNSCYDIVNMCYGMPLAL
IWLSSALVGEIEELGGAEVKKCRDLRHIEDGILDIPSLQPLAESLCLGYNHLPLYLRTLLLYCSAYHWSNRIERGRLVRR
WIAEGFVSEEKEAEGYFGELINRGWITQHGDNNSYNYYEIHPVMLAFLRCKSKEYNFLTCLGLGSDTSTSASS 633

PRLIRRLSLQGGYPVDCLSSMSMDVSHTCS
LVVLGDVARPKGIPFYMFKR
LRVLDLEDNKDIQDSHLQGICEQLS
L-RVRYLGLKGTRIRKLPQEMRK
LKHLEILYVGSTRISELPQEIGE
LKHLRILDVRNTDITELPLQIRE
LOHLHTLDVRNTPISELPPQVGK
LONLKIMCVRSTGVRELPKEIGE
LNHLQTLDVRNTRVRELPWQAGQT
SQSLRVLAGDSGDGVRLPEGVCEAL
INGIPGATRAKCREVLSIATIDRFGPPL
VGIFKVPGSHMRIPKMIKDHFRV
LSCLDIRLCHKLEDDDQKF
LAEMPNLQTLVLRFEALPRQPITINGTGFQMLESFR
VDSRVPRIAFHEDAMPNLKLLEFKFYAGPASND
AIGITNLKSLQKVVFRCSPWYKSDAPGISA

TIDVVKKEAEEHPNRPITLLINAGYKEISTESHGSSENIAGSSGIDTEPAQAQHDNLPAV

RDDYKGKGILLDGRCPTCGRATKIEEETQDRVADIEIQTETTS

(beginning at residue 70), was also found, but a CC
domain was not predicted. The C-terminal region was
smaller than that of the Pikm I-TSproduct and contained
13 imperfect LRR repeats (residues 610-960) composed
of ~17% leucine, but it did not contain a non-LRR
region. The LRR repeats matching the consensus
sequence were not as clearly discernible as in PikmI-TS.

The susceptible cultivar Nipponbare contained the
alleles of Pikm1-TS and Pikm2-TS, i.e., Pikm5-NP (acces-
sion no. ABA95385) and Pikm6-NP (accession no.
NP_001068487), respectively. Pikm5-NP and Pikm6-NF,
respectively, encode 1125- and 1044-residue NBS-LRR-
class proteins. The overall gene product architectures of
Pikm5-NP and Pikm6-NP resembled those of the prod-

LRR repeats

FIGURE 3.—Deduced
amino acid sequence of the
Pikm1-TSprotein. The three
conserved motifs, 7.e., kinase
1a, kinase 2, and kinase 3a,
forming the NBS domain
and the nT motif upstream
of the NBS domain are in
boldface type. The LRR re-
peat region and non-LRR
region are shown detached
from therestof the sequence.
The LRR region contains six
repeat units that showa good
match to the consensus se-
quence Lxx Lxx Lx Lxx-
TxLxxLPxxLxx. In this LRR
region, leucines and other
residues matching the con-
sensus sequence are shown
in boldface type.

Non-LRR region

ucts of the respective Tsuyuake alleles (supplemental
Figures S3 and S4): the products of both of the
Nipponbare alleles contained an nT motif in the N-
terminal region, three conserved motifs in the NBS
region, and imperfect LRR repeats, whereas the Pikm5-
NP product contains a C-terminal non-LRR region but
Pikm6-NP does not. In contrast to these homologies
revealed in the overall molecular design, at the amino-
acid-sequence level these two proteins were markedly
different from the products of their Tsuyuake alleles,
especially in the N-terminal and the NBS regions
(supplemental Figures S3 and S4). Through alignment
of the protein sequences of these allelic genes by using
the BLASTP program, the amino-acid-sequence identi-

MELVVGASEATMKSLLGKLGNLLAQEYALISGIRGDIQY INDELASMQAFLRDLSNVPEGHSHGHRMKDWMKQIRDIAYD
VEDCIDDFAHRLPQDSISDAKWSFLLTKIYELWTWWPRRVIASNIAQLKVRAQQIADRRSRYGVNNPEHLDSSSSARTRA
VNYEIAEYQVTSPQIIGIKEPVGMKTVMEELEVWLTNPQAENGQAVLSIVGFGGVGKTTIATALYRKVSEKFQCRASVAV
SONYDQGKVLNSILSQVSNQEQGSSTTISEKKNLTSGAKSMLKTALSLLRGNCICQPENDGNPDNTPIRLQETTDDDQNP
RKLEQLLAEKSYILLIDDIWSAETWESTIRSILPKNNKGGRIIVTITRFQAVGSTCSPLETDRLHTVDFLTDDESQNLENTS
ICESKIRKDSNKVDEQVPEEIWKICGGLPLAIVSMAGLVACNPRKACCDWSKLCKSLFPEQETPLTLDGVTRILDCCYND
LPADLKTCLLYLSIFPKGWKISRKRLSRRWIAEGFANEKQGLTQERVAEAYFNQLTRRNLVRPMEHGSNGKVKTFQVHDM
VLEYIMSKSIEENFITVVGGHWQOMTAPSNKVRRLSMQOSSGSNRGSSTKG

609

LNLAQVRSLTVFGNLNHVPFHSENYG

IZIQVLDLEDWKGLKEREMTE

ICOMLLLKYLSIRRTEISKIPSKIQK

LEYLETLDIRETYVRDLPKSIVQ
LKRIISILGGNKNTRKGLRLPQEKSKKPIKNPSPQGKTKEPAKKGFLSQEKGKGAMKA
LRVLSGIEIVEESSEVAAG

LHQLTGLRKLAIYKLNITKGGDTFKQLQSS
IEYLGSCGLQTLAINDENSEFINSLGDMPAPPRY

LVALE-LSGKLEK--LPKWITS

ITTLNKLTISVTVLRTETLEI
LHILPSLFSLTFAFSLSAAKQDQDIIKDILENNKLDSDGEIVIPAEGFKSLKLLRFFAPL
VPKLSFLDKNAMPALEIIEMRFKDFEG

LFGIEILENLREVHLKVSDGAEAI TKFLVNDLKVNTEKPKVEFVDGIVTA

LRR repeats

FIGURE 4.—Deduced
amino acid sequence of the
Pikm2-TSprotein. The three
conserved motifs (i.e., kinase
1a, kinase 2, and kinase 3a)
forming the NBS domain
and the nT motif upstream
of the NBS domain are in
boldface type. The C-termi-
nal LRR is shown detached
from the rest of sequence.
In the LRR region, leucines
and otherresidues matching
the consensus sequence
LxxlxxlxIxxTxxxLPxxIxx
are shown in boldface type.
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ties between Pikm5-NPand Pikm1-TSand between Pikm6-
NP and Pikm2-TS were calculated to be as low as 59 and
76%, respectively.

Expression of PikmI-TS and Pikm2-TS in Tsuyuake: To
examine whether PikmlI-TS and Pikm2-TS were ex-
pressed in response to the challenge of blast infection,
we performed quantitative RT-PCR to specifically de-
tect each of the transcripts from the two genes in
Tsuyuake at five time points (0, 0.5, 1, 3, and 5 days)
after blastinoculation. Expression of both Pikm1-TSand
Pikm2-TS was detected even at 0 DAI, indicating that
both of the genes were constitutively expressed. Follow-
ing blast inoculation, expression of PikmI-TS increased
from 0.5 to 3 DAI, and then declined toward the original
level by 5 DAI (Figure 5). This induction of expression
in PikmI-TS was not detected in the negative control
inoculations, indicating that the observed induction of
Pikm1-TS expression was due to the challenge of blast
infection. In contrast, although expression of Pikm2-TS
appeared to increase slightly from 0.5 to 3 DAI, the
extent of the induction was small (Figure 5).

DISCUSSION

We cloned and characterized the rice blast resistance
gene Pikm. High-resolution mapping of this gene, fol-
lowed by complementation analysis and evaluation of the
resistance specificity of the transgenic plants, demon-
strated that the blast resistance of Pikm is conferred by
a combination of two genes, PikmI-TS and Pikm2-TS.
Both genes encode non-TIR NBS-LRR-class proteins.
Although the products of each of the two genes contain
all of the necessary structural motifs to independently
function as NBS-LLRR-class R proteins, the presence of
the two genesin a plantisindispensable for the exhibition
of blast resistance.

Pikm1-TS and Pikm2-TS resided adjacently at the Pikm
locus as a cluster (Figure 1), but their structures
differed. First, they differed in the number and position
of introns: both PikmI-TS and Pikm2-TS contained an

4
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<

o

FIGURE b.—Expression profiles of PikmI-TS
and Pikm2-TS in the cultivar Tsuyuake inoculated
with the blast isolate Ina 86-137. Expression of
these genes was examined 0, 0.5 (ie, 12 hr),
1, 3, and 5 days after inoculation, together with
5 days after inoculation without blast spores (neg-
ative control inoculation).
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intron at the immediate N-terminal side of the sequence
encoding the kinase 2 motif in the NBS domain. In
addition to this, PikmI-TS contained another intron
upstream of the sequence encoding the NBS domain.
Second, the PikmI-TS product contained a C-terminal
non-LRR region, whereas that of Pikm2-TS did not.
Third, PikmI-TS contained fairly well-conserved repeat
units matching a consensus sequence in its LRR domain,
whereas Pikm2-TS did not. All of the above-mentioned
structural differences indicate that these two genes did
not evolve from one another by a simple duplication
event.

Sequence comparison showed a marked difference
in the genome organization at the Pikm locus between
Tsuyuake and Nipponbare: Tsuyuake lacked the 127-kb
segment present in the Nipponbare genome, whereas it
contained a 70-kb segment that was absent in Nippon-
bare. Thus, of the 131-kb Pikm candidate region in the
Tsuyuake genome, only 61-kb stretches had correspond-
ing DNA segments in the Nipponbare genome. High
levels of divergence in genome structure has been re-
ported at many R gene loci, such as the Pi9locus in rice
(Zuov et al. 2007), the Rp1 locus in maize (SMITH et al.
2004), and the Rps2 (Mauricio et al. 2003), Rppl3
(ROSE et al. 2004), and Rpp5 (NOEL et al. 1999) loci in
Arabidopsis. It has been proposed that the dynamics of
genome organization and high polymorphism charac-
teristic of the Rgene loci may be essential for generating
new resistance specificities in the process of evolution
(MEYERS et al. 2005) . In this light, a comparative study of
the genome structures at the Pikmlocus in cultivars that
have other Pik family genes would provide insight into
the origin and evolution of allelic resistance genes at
this locus.

Among the Rgenes characterized to date, we consider
Pikm to be unique, because two independent NBS-LRR
class genes are required to confer Pikm-specific resis-
tance. To our knowledge, two examples have been
reported in which expression of resistance requires
two independent genetic determinants. The first exam-
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ple is the gene RPP2 in Arabidopsis (SINAPIDOU et al.
2004). Resistance to Cala2, specified by the RPP2 locus
in Arabidopsis Col-0, requires two genes, RPP2A and
RPP2B, both of which reside at the RPP2 locus and are
NBS-LRR-class genes. Although a physical interaction
between the products of these two genes was proposed
(SINAPIDOU et al. 2004) for the resistance response of
RPP2, no experimental evidence supporting this idea
has yet been reported. These two genes contain differ-
ences in their structures: the RPP2B product contains all
necessary conserved motifs to function as a NBS-LRR
protein, whereas the RPP2A product lacks the kinase 1a
motif in its NBS domain and its LRR domain appears
too small; thus, RPP2A may not independently function
as an NBS-LRR gene. This is in contrast to the case of
the Pikm genes; although the structures of PikmI-TSand
Pikm2-TS were dissimilar, the products of both genes
contained all of the necessary molecular motifs re-
quired for NBS-LRR proteins to function as R proteins.
The second example is the Ptoresistance complex in
tomato. Although the Plo gene complements resistance
to the bacterium Pseudomonas syringae in susceptible
tomato (MARTIN et al. 1993), another gene, Prf, which
lies within the Pto cluster, is essential for effective
resistance (SALMERON et al. 1996). Pto encodes a serine-
threonine protein kinase, whereas Prfis an NBS-LRR-
class gene. Although a number of models have been
proposed for the possible interaction of those two genes,
the epistatic relationship between the two has not been
resolved. Recently, MucYN et al. (2006) showed that
these two genes constitutively interact with each other.
They proposed that Prfacts as the transduction module
and Ploacts in the complex as a regulatory subunit of Prf.

So far, the number of R genes identified that require
more than two genetic determinants for their function
is very limited, and information on the mechanism
underlying the cooperative function of two such distinct
genes is also limited. Cloning and characterization of
other examples of such classes of resistance genes and
follow-up studies that investigate how the products of
the two genes interact would give us a better under-
standing of the function of these R genes.

The information we obtained on Pikm may help us to
understand the resistance specificity of the genes be-
longing to the Pik family. As described earlier, the re-
sistance spectra of most of the Pik family genes are
similar. Pikand Pikm, especially, show a similar resistance
response to distinct blast isolates. The resistance spec-
trum of Pikmis known to be broader than that of Pik, and
no blast isolates that are incompatible with Pik but
compatible with Pikm have been reported. This suggests
that Pikmis composed of two, or more than two, genetic
factors (Kivosawa and Nomura 1988): one is Pik and
the other is responsible for the resistance not covered by
Pik, and the additive effect of these genes accounts for
the broader resistance spectrum of Pikm. Our study
showed that Pikm is not composed of a single genetic

determinant, but that two genes are involved in its
function. However, neither of the two seems to function
as Pik, because transgenic lines that contained one of
the two genes were susceptible to the blast isolate Ina
86-137, with which Pikis known to be incompatible. This
result contradicts Kiyosawa’s hypothesis. To understand
the molecular mechanism underlying the difference
in the resistance spectra of Pik and Pikm, cloning and
characterization of Pik are needed as a next step.
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