Copyright © 2007 by the Genetics Society of America
DOI: 10.1534/genetics.107.080648

The Blast Resistance Gene Pi37 Encodes a Nucleotide Binding
Site—Leucine-Rich Repeat Protein and Is a Member of a
Resistance Gene Cluster on Rice Chromosome 1

Fei Lin,* Shen Chen,*' Zhiqun Que,* Ling Wang,* Xinqiong Liu** and Qinghua Pan*'

*Laboratory of Plant Resistance and Genetics, College of Resources and Environmental Sciences, South China Agricultural University,
Guangzhou, 510642, China, T Plant Protection Institute, Guangdong Academy of Agricultural Sciences, Guangzhou 510642,

China and *College of Life Science, South-Central University for Nationalities, Wuhan, 430074, China

Manuscript received August 15, 2007
Accepted for publication September 4, 2007

ABSTRACT

The resistance (R) gene Pi37, present in the rice cultivar St. No. 1, was isolated by an in silico map-based
cloning procedure. The equivalent genetic region in Nipponbare contains four nucleotide binding site—
leucine-rich repeat (NBS-LRR) type loci. These four candidates for Pi37 (Pi37-1, -2, -3, and -4) were
amplified separately from St. No. 1 via long-range PCR, and cloned into a binary vector. Each construct
was individually transformed into the highly blast susceptible cultivar Q1063. The subsequent comple-
mentation analysis revealed Pi37-3 to be the functional gene, while -1, -2, and -4 are probably pseudo-
genes. Pi37 encodes a 1290 peptide NBS-LRR product, and the presence of substitutions at two sites in
the NBS region (V239A and 1247M) is associated with the resistance phenotype. Semiquantitative ex-
pression analysis showed that in St. No. 1, Pi37 was constitutively expressed and only slightly induced by
blast infection. Transient expression experiments indicated that the Pi37 product is restricted to the
cytoplasm. Pi37-3is thought to have evolved recently from -2, which in turn was derived from an ancestral -/
sequence. Pi374 is likely the most recently evolved member of the cluster and probably represents a
duplication of -3. The four Pi37 paralogs are more closely related to maize rpI than to any of the currently

isolated rice blast R genes Pita, Pib, Pi9, Pi2, Pizt, and Pi36.

LAST, caused by the filamentous ascomycete
Mangnaporthe grisea (Hebert) Barr, is one of the
most devastating of rice diseases (Ou 1985). The rice/
M. grisea combination has been developed into a well-
established host—pathogen model (VELENT 1990; J1a
et al. 2000; SODERLUND et al. 2006), particularly as many
of the interactions between host resistance (R) and
pathogen avirulence (Avr) genes can be satisfactorily
explained by the classical gene-for-gene hypothesis
(FLOR 1971; J1A et al. 2000). Over 50 major rice blast R
genes have been described in the literature (CHEN ef al.
2005; L1u et al. 2005), and 7 of these (Pib, Pita, Pi9, Pid2,
Pi2, Piz-t, and Pi36) have now been isolated (WANG et al.
1999; BryAN et al. 2000; CHEN et al. 2006; Qu et al. 2006;
L1u et al. 2007). Six of the 7 belong to the nucleotide
binding site-leucine-rich repeat (NBS-LRR) class of R
gene, as they encode a protein carrying both a nucle-
otide binding site and a leucine-rich repeat domain. The
exception, Pid2, encodes a receptor-like kinase protein.

Sequence data from this article have been deposited with the EMBL/
GenBank Data Libraries under accession no. DQ923494.1.

' Corresponding author: Laboratory of Plant Resistance and Genetics,
College of Resources and Environmental Sciences, South China Agricul-
tural University, Guangzhou, 510642, China.

E-mail: panqh@scau.edu.cn

Genetics 177: 1871-1880 (November 2007)

NBS-LRR R genes are the commonest type of re-
sistance gene (HammoND-Kosack and JoNEs 1997; Bar
et al. 2002). The NBS domain contains three short amino-
sequence motifs, a kinase-la or P-loop (phosphate-binding
loop), kinase-2, and kinase-3, and is thought to be in-
volved in signal transduction (TRAUT 1994; DANGL and
Jongs 2001). The LRR region plays a critical role in the
determination of resistance specificity (PARKER el al.
1997; MEYERS et al. 1998). The xxLxLxx motif within the
LRR domain is predicted to form a B-strand/p-turn
structure, allowing the variable residues to interact with
the pathogen Avrgene product (HaMmoND-Kosack and
JonEs 1997; JonEs and JoNEs 1997); it is these residues
thatare most subject to diversity selection (PARNISKE et al.
1997; EvLis et al. 2000; SUN et al. 2001; ZHOU et al. 2006).

The analysis of R genes isolated from various host
species has revealed that most are set within a complex
locus composed of multiple copies of closely related
genes. Prominent examples are the maize rpl cluster
(SaxeENA and Hooxker 1968; CoLLINS et al. 1999), the
barley Mla cluster (WEI et al. 2002), the wheat Pm3
cluster (YaAH1AOUI et al. 2004), the flax L gene cluster
(SHEPHERD and MAyo 1972; IsLAM ef al. 1989), and the
rice Xa26and Pi9clusters (SUN et al. 2004; QU et al. 2006).
The rice and Arabidopsis thaliana genome sequences have
shown that the majority of NBS-LRR genes occur within
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tandem arrays (BAI et al. 2002; MEYERS et al. 2003). This
characteristic clustering of Rgenes has been proposed to
facilitate the evolution of novel resistance specificities
via recombination or gene conversion (HULBERT 1997),
with some well-characterized examples at the flax L
locus and the maize rpl locus (ELLIS ef al. 1999; SMITH
and HUuLBERT 2005). The identification and isolation of
both host Rand pathogen Avr genes will serve to clarify
many of the molecular mechanisms underlying specific
host-pathogen recognition in plants, and a detailed
understanding of gene organization within R gene
clusters will help in the interpretation of the evolution
of these complex loci.

The rice cultivar St. No. 1 confers partial resistance to
Japanese and complete resistance to Chinese isolates of
blast (EzUKA et al. 1969a,b; YUNOKI ef al. 1970; CHEN et al.
2005). Much of this resistance is due to the presence of
Pi37 (CHEN el al. 2005). In this article, we describe the in
silicomap-based cloning of this gene, which is located in
agene cluster setin a recombination-suppressed region.

MATERIALS AND METHODS

Candidate gene cloning: The gene annotation programs
FGENESH (http:/www.softberry.com) and RiceGAAS (http:/
ricegaas.dna.affrc.go.jp/rgadb/) were used to identify candi-
dates for Pi37 within the Nipponbare genomic sequence
defined by the flanking markers RM543 and FPSM1 (Figure
1). These candidate sequences, including both their promoter
and terminator, were amplified from the genomic DNA of St.
No. 1 by the long-range PCR (LR-PCR) procedure described
elsewhere (L1U e al. 2007). Necessary primer sequences and
restriction enzymes are listed in Table 1. PCR products were
purified by agarose gel electrophoresis and inserted into the
Sallssite of the binary vector pCAMBIA1300 to form constructs
R37L1CAM, R37L2CAM, R37L3CAM, and R37L4CAM. All
clones were validated by sequencing.

Complementation analysis: Constructs containing a single
candidate gene were transformed into Agrobacterium tumefa-
ciens strain EHA105 by electroporation (GenePluser Xcell TM,
Bio-Rad, Hercules, CA). Stability of the constructs was checked
as previously described (Qu et al. 2003), and the constructs
were then individually transformed into the highly blast-
susceptible rice cultivar Q1063, following the methods elabo-
rated by Higx et al. (1994). The reaction to blast infection of the
primary transgenics (T¢) and their progeny (T; and Ts) was
tested by artificial inoculation with isolate CHL1159 (PAN et al.
2003; CHEN et al. 2005). The Pi37 donor St. No. 1 and the
susceptible recipient Q1063 were used as controls for the ef-
ficacy of the pathological experiment. Transgene copy num-
ber in a number of blast resistant T, plants was assessed by
Southern hybridization, as described previously (Liu et al.
2007). The presence of the transgene was also verified by
cleaved amplified polymorphic sequence (CAPS) markers,
using the primer pair 37CDSF and 37CDSR and digested by
EcoRI. Patterns of transgene segregation and the association
between the presence of the transgene and resistance to blast
infection were studied in the T} and Ty generations derived
from single transgene copy T, individuals (supplemental
Table S1 at http://www.genetics.org/supplemental/).

Sequence analysis: Rapid amplification of cDNA ends
(RACE) was conducted using the GeneRacer kit (Invitrogen,
Groningen, The Netherlands), following the manufacturer’s

instructions. Total leaf RNA was extracted 24 hr after infection
from both St. No. 1 and the highly blast-susceptible Lijiang-
xintuanheigu (LTH). Primers for the first round of amplifica-
tion of the 5" RACE were GS1 and the GeneRacer 5’ primer. A
50-fold dilution of the resulting PCR product served as tem-
plate for the second round of amplification, using as primers
GS2 and GeneRacer 5'. The 3" RACE employed GS3 in com-
bination with the GeneRacer 3’ primer. A mediate RT-PCR
fragment was amplified by primers GS4 and GS5—this overlaps
the 5" RACE and 3’ RACE fragments (Figure 3A and supple-
mental Table S1 at http:/www.genetics.org/supplemental/).
The RACE products were inserted into pGEM-T (Promega,
Madison, WI) for sequencing. Allelic variants for the coding
sequences were derived from St. No. 1, LTH, Q1063, and
Nipponbare (Table 2). Sequence similarities were calculated
using the Matcher program (http://bioweb.pasteur.fr/seqanal /
interfaces/matcher.html), while TSSP and POLYAH (http:/
www.softberry.com/berry.html) were used to identify the pro-
moter and polyadenylation regions. Protein sequence homol-
ogy was derived from a BLASTP analysis (ALTSCHUL et al. 1997).
Multiple sequence alignments and phylogenetic analysis were
conducted using MEGA 3.1 (http:/www.megasoftware.net/
mega.html). Theoretical isoelectric points (pI) and protein
molecular weights were computed by the DNAstar software
package.

Gene expression analysis: For semiquantitative RT-PCR
analysis, total RNA was isolated with the TRIzol reagent
(Invitrogen, Carlsbad, CA) from 250 mg of seedling (three-
to four-leaf stage) leaf of St. No. 1 (Pi37) and LTH collected 0,
24, and 48 hr after inoculation with isolate CHL1159. RT-PCR
was carried outin two steps: briefly, ~1 g total RNA was reverse
transcribed by SuperScript III RT (Invitrogen), and a 1-pl
aliquot of the RT reaction used as template for the subsequent
PCR. Primers GS4 and GS5 were used as Pi37 gene-specific
primers (supplemental Table S1 at http:/www.genetics.org/
supplemental/; Figure 3A). Primers Actin1F and Actin1R were
used as an internal control (supplemental Table S1). The RT-
PCR was initiated with 1 cycle at 94°/3 min, followed by cycling
at 94°/30 sec, 62°/60 sec, and 72°/90 sec. A sample was re-
moved from the thermocycler every 3 cycles between the 23rd
and the 35th cycles. Equal volumes of these PCRs were elec-
trophoresed through a 1.5% agarose gel for product quanti-
fication. The RT-PCR products were also ligated into pGEM-T
for sequence validation.

Subcellular location of Pi37: The deduced Pi37 peptide
sequence was subjected to subcellular location prediction
using WoLF POSRT (http:/wolfpsort.org/). The domain
containing a subcellular signal was amplified by primers
GIp371F and Gfp371R (supplemental Table S1 at http:/
www.genetics.org/supplemental/), containing the Noi#l and
Nocl sites (underlined in supplemental Table SI1). After
digestion, the PCR fragment was ligated in frame to the C
terminus of the eGFP coding region of pUCI18 and expressed
under the control of the CaMV 35S promoter. The constructs
(1 ng) were coated on 1.1-mm diameter gold beads and shot
into onion epidermal cell layers by a pneumatic particle gun
(PDS-1000/He, Bio-Rad). Bombardment conditions were 128
in. Hg vacuum, 1300 psi He, target distance 6 cm). The cells
were then cultured on MS medium for 24 hr at 22° and
observed by a confocal microscopy (TCS SP2, Leica, Wetzlar,
Germany) with a filter set providing 455-490 nm excitation
and emission above 507 nm.

RESULTS

Identification of candidate genes for Pi37: The
location of Pi37 has been defined by recombinational
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F1GURE 1.—Physical map of the Pi37cluster. (A) High-resolution physical map. The numbers above the map represent distances in
kilobases, as derived from the Nipponbare genome sequence. Numbers in parentheses represent the number of mapping population
recombinants (CHEN et al. 2005). (B) The Rice Genome Research Program bacterial artificial chromosome (RGP BAC) contig span-
ning the Pi37region. Individual BACs are shown in bold. (C) The Pi37NBS-LRR gene cluster. Candidate genes are indicated with
rectangles with arrowheads and intergenic sequences with ellipses. The numbers above the map refer to positions within RGP BAC
B1100D10. The thin arrows linking the four Pi37 paralogs suggest how the gene cluster evolved.

analysis as lying between the two microsatellite loci
RMb543 and FPSM1 (separated by, respectively, 10 and 1
recombinants) and cosegregating with RM302, FPSM4,
RM212, FSTS4, S15628, FSTS1, and FSTS3 (Figure 1A;
CHEN et al. 2005). In Nipponbare, this 374-kb region is
covered by the four BAC clones P0490D09, P0413G02,
P0010B10, and B1100D10 (Figure 1B), and contains
118 predicted genes. BLAST analysis of these genes
identified 4 as having an NBS-LRR structure, clustering
within a 55-kb interval (from 22,313 to 75,167 bp) on
B1100D10 (Figure 1C). On the basis that the majority of
R genes are in the NBS-LRR class, these 4 genes, des-
ignated Pi37-1, -2, -3, and -4 (Figure 1C), were consid-
ered to be the likeliest candidates for Pi37.

Isolation of candidate genes: Four primer pairs were
designed from the Nipponbare sequence, including
the necessary restriction sites and cloning protection
base (Table 1). LR-PCR products of expected size 7.3,
9.3, 7.3, and 7.0 kb were successfully amplified, and
these were ligated to form, respectively, the constructs
R37L1CAM, R37L2CAM, R37L3CAM, and R37L4CAM.
To guard against potential PCR-based artifacts, two
independent LR-PCRs were conducted for each of the
four candidate genes, and two to three clones per con-
struct were sequenced. Sequence comparisons showed
that Pi37-1 and -4 in St. No. 1 share identical sequence
with their equivalents in Nipponbare, while St. No. 1
Pi37-21is 99.7 and -3, 99.8% homologous to their Nip-
ponbare equivalents (supplemental Table S2 at http://

www.genetics.org/supplemental/). Thus Pi37-2 and -3,
but not -1 or -4, remained as potential candidates for
Pi37.

Complementation analysis of the candidate genes:
To carefully confirm the candidates deduced from the
reference sequence information, all four constructs,
which carry each candidate gene, were individually trans-
formed into the highly susceptible cv. Q1063. A total
of 6, 68, 132, and 39 independent primary transform-
ants were generated using, respectively, R37L1CAM,
R387L2CAM, R37L3CAM, and R37L4CAM. When infected
with blast isolate CHLI1159, all the transgenic plants
involving R37L1CAM, R37L2CAM, or R37L4CAM were
highly susceptible, but 24 out of 132 R37L3CAM trans-
formants were resistant. Three of these (LLZ75, 1276,
and LZ85) were genotyped by Southern blotting. One
copy of Pi37-3 was present in LZ76 and two in both
LZ75 and LZ85 (supplemental Figure S1 at http:/
www.genetics.org/supplemental/). Monogenic inheri-
tance of the Pi37-3 transgene was displayed among the
progeny of LZ76-4, which produced a segregation ratio
between resistant and susceptible not significantly dif-
ferent from 3:1 (28 resistant and 6 susceptible progeny,
X = 0.84, P < 0.30). These progeny could also be used
to demonstrate that perfect cosegegration between re-
action to blast infection and the presence of the allele-
specific marker generated by primer pairs 37CDSF and
37CDSR (Figure 2B). Thus Pi37-3is a strong candidate
for Pi37.
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TABLE 1

Long-range (LR)-PCR primers used to amplify Pi37 candidates

Restriction site  PCR conditions® Vector

Product size /kb

Sequence (5'-3")"

Primer

Candidate gene

pCAMBIA1300

Sall

7.3

GTAGGTCGACTTCGAAGGGA AGGTCAAGGTGAGCGAGTGG

R37L1F

Pi37-1

R37LIR  TTGCGTCGACAGCTCATTGCCGA TGGTCATGTCCTCCGTC

R37L2F

pCAMBIA1300

Sall

9.3

TGGTGTCGACGTGCATACCTGATGCTGTGTTTCCGTGTC AG

GTACGTCGACCCTACCGAGTCCAGCAAAATCCAT

GTCAGTCGACGCTTTGTGTCTGTTCCAGCCTCTTGGTGTTC
TCTAGTCGACGTTTCCCAATCTGGCACAGCAAGG

R37L2R
R37L3F

Pi37-2

pCAMBIA1300

Sall

7.3

Pi37-3

R37L3R
R37LAF

pCAMBIA1300

Sall

7.0

GTTCGTCGACCTGTGGCCTCGTCAATCTACATCAAG

Pi37-4

CTCAGGTCGACCTGGCCCTTCCATTCAGATGACAGTGC

R37L4R

" All PCRs began with a denaturation step of 94°/2 min, followed by 30 cycles of (A) 94°/30 sec, 70°/7.5 min; (B) 94°/30 sec, 70°/9.5 min; and (C) 94°/30 sec, 68°/7.5 min.

“Restriction recognition sites are underlined and protection bases are in italics.
The reactions were completed by a 10-min incubation at 72°.

F. Lin et al.

Molecular characterization of Pi37: The full-length
St. No. 1 Pi37 ¢cDNA was obtained by RT-PCR and
RACE-PCR and was compared to the genomic se-
quence. The gene contains a 197-bp 5’ and a 603-bp
3" untranslated region (UTR) and two introns. The first
intron is 3943-bp long and is positioned within the 5’
UTR, ending 23 bp upstream of the ATG start codon.
The second intron is 124-bp long, and is positioned
within the 3" UTR, starting 39 bp downstream of the
TGA stop codon. The transcript length of Pi37 is 3873
bp (Figure 3A). The deduced Pi37 open reading frame
encodes a 1291-residue polypeptide with an estimated
molecular weight of 147 kDa, and a pl of 5.98. The
N-terminal section contains three typical NBS family
motifs (VAN DER BiezeN and JoNes 1998), specifically
GGAGKS (beginning at residue 222), LLVLDDV (be-
ginning at residue 297), and GSRVLVTSRR (beginning
at residue 327). These correspond to, respectively, the
kinase la (P-loop), the kinase 2, and the kinase 3a
consensus motifs (TRAUT 1994; GRANT et al. 1995). The
C-terminal region of the protein is composed of 25 ir-
regular LRRs between residues 590 and 1290 (Figure 3B).

A full-length cDNA was also generated and sequenced
from the susceptible LTH. Sequence comparison analysis
revealed no structural differences between the alleles
(data not shown), but there were nine single-nucleic-
acid substitutions present, which generated six amino
acid differences between the alleles (Table 2). From
additional cDNA sequences obtained from Q1063 and
Nipponbare, and from Pi37-4 (see below), it was
possible to conclude that all the susceptible genotype
Pi37 gene products share two residue differences rel-
ative to the sequence of the resistant-type product.
These are V239A (a valine at position 239 replacing an
alanine) and I1247M (an isoleucine at position 247
replacing a methionine) (Table 2; Figure 3B).

Expression analysis of Pi37: After 23 RT-PCR cycles,
the amplicon was barely detectable, but it became
readily detectable from 26 cycles onward (Figure 4).
The expression level of the resistant allele appears to be
higher than that of the susceptible one, and there was
some evidence for induction of expression during the
48 hr following inoculation. Overall, Pi37 appears to be
constitutively expressed, although its expression level
was somewhat promoted in the presence of the patho-
gen. The C terminus of the predicted amino acid se-
quence of the Pi37 product includes a cytoplasmic
subcellular localization signal domain. Transient ex-
pression in onion epidermal cells was employed to con-
firm this prediction ¢n vive. This experiment showed
that the eGFP-Pi37 C-terminus fusion protein was dis-
tributed throughout the cytoplasm, but not in the nu-
cleus (Figure 5). (Note that the GFP-only control signal
was evenly distributed throughout the cell.)

Evolutionary analysis of the Pi37 gene cluster: A
BLAST analysis of the Nipponbare sequence identified
two duplications (33,911-54,539 and 54,540-75,167)
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A St.No.1 Q1063

LZ76-4 (Transgenic T,line)

(Donor) (Recipient) R1  R2

R3

R4 RS Ro6 S1 S2

B St. No. 1 Q1063

LZ76-4 (Transgenic T,line) Ty Ty

M 37L3CAM (Donor)(Recipient) R1 R2

Transgene

R4 RS R6 S1 S2 LZ764 LZ76 M

F1cure 2.—Complementation testand the molecular analysis of transgenics. (A) Reaction to inoculation with blastisolate CHL1159 of
the Pi37 donor (St. No. 1), the susceptible recipient (Q1063), and a set of Ty progeny derived from the T, plant LZ76-4. R, resistant; S,
susceptible. (B) Cosegregation of the resistance phenotype with the presence of the Pi37 transgene. The DNA fragment amplified by the
primer pair 37CDSF and 37CDSR was digested with EcoRI and the digested product electrophoresed through a 1.2% agarose gel. M,

standard molecular weight marker DL.2000.

within the overall cluster (Figure 1C). The duplicated
segment is composed of two elements—a gene member
(Pi37-3 or -4) and an intergenic sequence (Interseql or
Interseq2), with a nucleotide identity, respectively, 98.8
and 99.1% (a part of these data is given in supplemental
Table S2 at http: /www.genetics.org/supplemental/). A
YhyA-like transposon is present in each intergenic se-
quence (data not shown). The sequence identity be-
tween the four Pi37 candidates ranged from 78.4 (-1 vs.
-2) to 98.8% (-3 vs. -4) (supplemental Table S2). This
suggests that Pi37-3 was recently evolved from -2, which
in turn was derived from -I, while -4 is probably the
youngest gene, emerging as a duplication of -3.

A wider BLAST search showed that the Pi37sequence
shares 59% identity with rp1, which confers resistance to
rust in maize (SuN et al. 2001). The other characterized
rice blast R gene (Pib, Pita, Pi9, Pi2, Pizt, and Pi306)
product sequences were also included in the phyloge-
netic analysis. Altogether, these fifteen R proteins can
be grouped into five clades: rpl-dp1/rpl-dp3/rpl-dp8/
rpl-kp3/rpl-dp7/rpl-kpl (I), Pi37-1/Pi37-2/Pi37-3/
Pi37-4 (II), Pita/Pi36 (III), Pi9/Pi2/Piz-t (IV), and Pib
(V) (Figure 6). This analysis proposes that the four Pi37
paralogs belong to three clades and are more closely
related to the maize rpl complex than to any of the
currently characterized rice blast R genes.

DISCUSSION

The function of Pi37: Blast resistance in rice is
commonly categorized into qualitative (complete) and
quantitative (partial) (YUNOKI et al. 1970). The latter

describes an incomplete form of generally race non-
specific resistance under multigenic control (SIMMONDS
1991), although race-specific effects are also known [e.g.,
Pif (YUNOKI et al. 1970), Pbl (Fujn et al. 2000), pi2l
(Furuoxka and Oxkuno 2001), and Pi34 (ZENBAYASHI-
SAWATA et al. 2006)]. The cultivar St. No. 1 shows com-
plete resistance to many Chinese blast isolates, and it is
now understood that this resistance is based not only on
Pif, but also on Pi37 and perhaps other, as yet unchar-
acterized genes (CHEN et al. 2005). Pi37 belongs to the
NBS-LRR class of Rgenes, and its functionality depends
on the identity of two residues (V239A and 1247M) in
the NBS region, located between the kinase 1a (P-loop)
and kinase 2. The NBS region of certain R genes has
been shown to be involved in intramolecular interac-
tions with other domains of the protein, or in inter-
actions with other proteins (MESTRE and BAULCOMBE
2006). Since the two critical Pi37 substitutions ensure
the complete resistance of St. No. 1, they are presumably
involved in AvrPi37 recognition, an avirulence factor
carried by Chinese isolates, but presumably lacking in
Japanese isolates. Further gene recombination and
in vitro binding analysis will be necessary to provide a
detailed molecular explanation for the major effect of
such a small sequence difference (J1a et al. 2000; ELLIS
et al. 2007).

The Pi37 protein shares more sequence homology
with the products derived from the rpl complex than
with any of the other Rgenes characterized to date. This
maize complex gene confers race-specific resistance to
Puccinia sorghi (SAXENA and HOOKER 1968; COLLINS et al.
1999). The order and arrangement of alleles at this
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MAEVVLAGLRLAATPICVKLLCNASTCLGVDMTRELHELETINPQFELVIEAAEKGNHRAKLDRWLRELKQAFYNAEDLLDEHEYNILKCK
AKHKDSLVKDSTQVHDSSISNILKQPMRAVSSRMSNLRPENRKILCQLNELKTMLEKAKEFRELIHLPAGNSLEGPSVPTIVVPVVTSLLPPRV
FGRNMDRDRITHLLTKPMATVSSSVGYSGLAIVAHGGAGKSTLAQCVYNDKRAQEHFDVRMWVCISRKLDVHRHTREIIESATNGECPRVD
NLDTLQCRLKDIMQKSEKFLLVLDDVWFDESVN EREWDOLLDPLVSQQEGS]&VLVTSRRD—VLPAALHCKDVVHLENMEDAEFLALFKYH NBS
AFSGTEIRNPQLHARLEEVAEKIAKRLGQSPLAARTVGSQLSRNKDIAIWKSALNIENLSEPMKALLWSYNKLDSRLQRCFLYCSLFPKGHKY
KIDEMVDLWVAEGLVDSRNQGDKRIEDIGRDYFNEMVSGSFFQPVSERYMGTWYIMHDLLHDLAESLTKEDCFRLEDDGVKEIPATVRHLSI

CVDSMKFHKQKICKLRYLRTVICIDPLMDDGDDIFNQL
589
590
LKNLKKLRVLHLSFYNSSSLPEC
IGELKHLRYLSIISTLISELPRS
LCTLFHLELLHLNDKVKNLPDR
LCNLRKLRRLEAYDDRNRMYKLYRAALPQ
IPYIGKLSLLQDIDGFCVQKQKGYE
LRQLRDMNKLGGNLRVVNLENVTGKDEASESK
LHQKTHLRGLHLSWNDVDDMDVSH
LEILEGLRPPSQLEDLTIEGYKSTMYPSWLLD
GSYFENLESFTLANCCVIGSLPPN
TEIFRHCMTLTLENVPNMKTLPFL
—-—-PEGLTSLSIEGCPLLVFTTNNDEPEHHDYRESITRANN

LETQLVLIWEANSDSDIRSTLSSEHSSMKKLTELMDTDMSGNLQTIESALEIERDEALVKED

HKVWLCCHEERMRFICSRKAGLPLVLPSG
------- LCVLSLSSCSITDGALAIC
LGGLTSLRNLFLTEIMTLTTLPPEEV
FQHLGNLRYLVIRSCWCLRSFGGLRS
ATSLSEIRLFSCPSLQLARGAEFMQMS
LEKLCVYNCVLSADFFCGDWPHLDDILLSGCRSSSSLHVGD
LTSLESFSLYHFPD
LCTLEGLSSLQLHHVHLIDVPKLTTES
ISQFRVQRSLYISSSVMLNHMLS
AEGFVVPEFLSLESCKEPSVSFEESAN
--FTSVKCLRLCNCEMRSPPGNMKC
LSSLTKLDIYDCPNISSIPDLPSS
LQHICIWGCELLKESCRAPEGESWPKIAHIRWKEFR
1290

LRR

F1GURE 3.—The structure of Pi37 and its gene product. (A) The structure as determined by 5’ and 3’ RACE. Hatched box,
coding region; black box, 5-UTR; gray box, 3'-UTR. The translation start codon (ATG), translation stop codon (TGA), 5’
and 3’ intron, and RACE primers are also indicated. (B) Deduced peptide sequence of the Pi37 gene product. The three con-
served motifs forming the NBS region are underlined. The two allele-specific substitutions (V239A and 1247M) are double under-
lined. The C-terminal LRR is shown detached from the rest of the sequence.

complex has been associated with the generation of
novel race specificities (RICHTER et al. 1995), and intra-
locus recombinants have also been identified which
confer apparently race nonspecific partial resistance.
The complete dominance of the race-specific rp1 alleles
is thought to be conferred by a highly efficient molec-
ular recognition of the elicitor (HULBERT 1997). A

change from partial to complete resistance may there-
fore be generated by quite a minor sequence change in
the part of the R gene which affects the interaction with
its corresponding Avrgene. Many of the important grass
species carry sequences homologous to 7pl (AYLIFFE
et al. 2000). However, only a few of these orthologs have a
demonstrated function. Although Pi37 shares homol-
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TABLE 2

Peptide sequence comparison between the Pi37 gene products translated from a resistant
and a susceptible rice cultivar

Amino acid residue position

Allele
Rice cultivar R type” code 16 91 239 247 347 676 870 964 1040
St. No. 1 R Pi37 I C A M D M L Y L
LTH S Pi37 T R A% I D A% L Y F
Q1063 S Pi37 1 C A% I D M L Y L
Nipponbare S Pi37 I C \Y% I D M L Y L
Nipponbare S Pi37-4 T R A% I G A% P C F
“R, resistant; S, susceptible.
ogy with rp1 and confers race-specific resistance in rice The genomic organization of the Pi37 gene cluster:
to the blast fungus, it remains to be seen whether it has The Pi37gene cluster has been located in a recombination-
any effect in a heterologous situation (ELLIOTT et al. suppressed 374-kb region, flanked by regions showing en-
2002; CHRISTENSEN et al. 2004; HUANG et al. 2007). hanced recombination (CHEN et al. 2005). This pattern
The structure of Pi37: Comparative studies have is reminiscent of the maize 7pl gene complex. Suppres-
shown that intron positions are highly conserved over sion of recombination has also been noted in some other

long evolutionary periods (Roy et al. 2003; Roy and Rgene regions, such as Mi (VAN DAELEN et al. 1993), Mla
PENNY 2006). This applies to the conserved NBS region (WETI et al. 1999), Pita®> (NARAMURA et al. 1997), Pi-CO39(t)
in cereal NBS-LRR genes (Bar et al. 2002). The six (CHAUHAN et al. 2002), Pi5 (JEON et al. 2003), and /loci

characterized rice blast NBS-LRR R genes Pita, Pib, Pi9, (VALLEJOS et al. 2006). Recombination frequency is se-
Pi2, Pizt, and Pi36 all carry introns in their coding verely reduced in the hemizygous state (OZzIAS-AKINS
region. Pitahas an intron in the beginning of its kinase-2 et al. 1998; GOEL et al. 2003). The Pi37 region lies
motif, one of the commonest positions for introns in within a segment introgressed from indica into japonica
cereal NBS-LRR genes (BRYAN et al. 2000; Bar et al. rice (YUNOKI et al. 1970), and the dominant mode of
2002). Pib has a complex structure in which two tan- inheritance of the four markers (see FPSM4, FSTS4,

demly repeated partial NBS regions carry two introns FSTS1, and FSTS3 in Figure 1A) cosegregating with
between the RNBS-B and the GLPL motif (WANG et al. Pi37 is suggestive that hybrids between Pi37 carriers

1999; BAr et al. 2002). Pi9, Pi2, and Piz-t all contain two and noncarriers may well be effectively hemizygous for
introns, one upstream of the NBS domain and one down- the introgression segment (CHEN et al. 2005; VALLEJOS
stream of the LRR region (Qu et al. 2006). The Pi36 et al. 2006). Thus the absence of localized recombina-
coding region is interrupted by four introns in the NBS tion between resistant and susceptible haplotypes may
and LRR domains (L1u et al. 2007). Of the four paralogs have driven the evolution of diversity at this R gene
in the Pi37 cluster, only Pi37-1 has any introns (this article, locus. In the “trench warfare” model for the evolution
data not shown). This copy is the most outlying of the four of the host-pathogen interaction (STAHL et al. 1999),
paralogs (supplemental Table S1 at http:/www.genetics. natural selection maintains a dynamic equilibrium be-
org/supplemental/). Pi37 thus appears be the first rep- tween susceptible and resistant alleles in a population
resentative of a cereal NBS-LRR gene lacking an intron. but at a cost to fitness. When the relevant pathogens or
A 23 cycles 26 cycles 29 cycles 32 cycles 35 cycles % Cg;\tlf:]_

M Ohr 24hr48hr Ohr 24 hr 48 hr O hr 24 hr 48 hr O hr 24 hr 48 hr O hr 24 hr 48 hr 20 O hr 24 hr48 hr

Ficure 4.—Semiquantitative RT-
PCR analysis of Pi37 expression. Two-
week-old (A) resistant (St. No. 1) and
(B) susceptible (LTH) seedlings were
inoculated with blast isolate CHL1159.
The expression of Pi37 was examined
0, 24, and 48 hr after inoculation. The
rice Actinl gene was used as a positive
control, and total RNA as a negative
control. The amplicon was sampled ev-
ery three PCR cycles starting at the
23rd cycle.

Pi37

Actin

pi37

Actin
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even pathogen races are absent, the maintenance of
specific R genes can therefore confer an evolutionary
cost (T1AN et al. 2002, 2003; ZHoOU et al. 2004). While
the existence of the Pi37 gene cluster may allow for a
greater rate of novel R gene generation via intragenic
recombination, the maintenance of the R gene might
therefore become a liability to the host. As a result, sup-
pression of recombination at the Pi37 locus may rep-
resent an adaptive mechanism supporting balancing
selection between resistant and susceptible alleles.
The Pi37 gene cluster contains four NBS-LRR genes,
arranged in tandem in the same orientation. The com-
plex shares substantial homology to the maize rpI com-
plex (PENG et al. 1999; AYLIFFE el al. 2000). »pl
haplotypes vary in the number of homologs present,
ranging from as few as 1 to as many as 50 (MoNos1 ¢t al.

-y
Plan & AT e .
B ARG .Y |

l"'\\"'

F1GURE 5.—Subcelluar localiza-
tion of the Pi37gene product. (A)
eGFP::Pi37 fusion protein under
the control of CaMV 35S pro-
moter transiently expressed in on-
ion epidermal cells following
ballistic transformation. (B) eGFP
under the control of CaMV 35S
promoter. Green fluorescent pro-
tein (GFP) images are captured in
adark field, cellular structures are
visualized under a light field
(Light), and the two images are
superimposed (Merge).

2004). On the basis of sequence comparisons, the 7pl
homologs of maize, sorghum, and barley are thought to
all have arisen independently from a single rpI-like gene
present in the common grass ancestor (RAMAKRISHNA
et al. 2002). Pi37 may well have evolved from the same
common rpl-like gene ancestor. The simplest predicted
series of events leading the present status of the Pi37
locus starts with an ancient triplication of a single copy
Pi37-1 gene to give rise to Pi37-2 and -3, and this was
followed later by a second duplication event in which
the Pi37-3 sequence gave rise to the present day -3 and
-4. A more detailed analysis of the intergenic sequences
separating the Pi37 members in various haplotypes
should provide evidence to test this model and will
allow for further elucidation of the evolution of this R
gene cluster.

99 - rp1-kp1 (AF344308)
100| L—rp1-dp7 (AF342996)
100 | L-rp1-kp3 (AF344309) (I)

rp1-dp1 (AF342991)
100 67 rp1-dp8 (AF342997)
Pi37-1
o Ty Pi37-2
W'j[mm (DQ92349.1)
100 L Pi37-4
_{ Pita (AAK00132) )
82 Pi36 (DQ900896)
Pi9 (DQ285630)
mOLI Piz-t (DQ352040) (V)
100! Pi2 (DQ352453)
Pib (BAA85975) V)

0.2

F1GURE 6.—Phylogenetic analysis of the Pi37
cluster and the other 11 R genes. Numbers on
the branches indicate bootstrap percentages.
The unit branch length is equivalent to 0.2 nucle-
otide substitutions per site, as indicated by the
bar at the bottom left corner.
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In conclusion, we have applied the n silicomap-based
cloning method to successfully isolate the functional
gene Pi37and have characterized the R gene cluster in
which it lies. This general approach is proving to be an
effective means for the genetic dissection of gene com-
plexes in recombination-suppressed regions.
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