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Abstract Defense responses triggered by dominant and
recessive disease resistance (R) genes are presumed to be
regulated by different molecular mechanisms. In order
to characterize the genes activated in defense responses
against bacterial blight mediated by the recessive
R gene xal3, two pathogen-induced subtraction cDNA
libraries were constructed using the resistant rice line
IRBB13—which carries xa/3 —and its susceptible, near-
isogenic, parental line IR24. Clustering analysis of
expressed sequence tags (ESTs) identified 702 unique
expressed sequences as being involved in the defense
responses triggered by xal3; 16% of these are new rice
ESTs. These sequences define 702 genes, putatively
encoding a wide range of products, including defense-
responsive genes commonly involved in different host-
pathogen interactions, genes that have not previously
been reported to be associated with pathogen-induced
defense responses, and genes (38%) with no homology
to previously described functional genes. In addition,
R -like genes putatively encoding nucleotide-binding
site/leucine rich repeat (NBS-LRR) and LRR receptor
kinase proteins were observed to be induced in the dis-
ease resistance activated by xal3. A total of 568 defense-
responsive ESTs were mapped to 588 loci on the rice
molecular linkage map through bioinformatic analysis.
About 48% of the mapped ESTs co-localized with
quantitative trait loci (QTLs) for resistance to various
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rice diseases, including bacterial blight, rice blast, sheath
blight and yellow mottle virus. Furthermore, some de-
fense-responsive sequences were conserved at similar
locations on different chromosomes. These results reveal
the complexity of xa/3 -mediated resistance. The infor-
mation obtained in this study provides a large source of
candidate genes for understanding the molecular bases
of defense responses activated by recessive R genes and
of quantitative disease resistance.

Keywords Defense-related genes - xal3 - Disease
resistance + Resistance QTL - Rice

Introduction

Bacterial blight, caused by Xanthomonas oryzae pv.
oryzae (Xo0), is one of the most serious diseases of rice
worldwide. Resistance to bacterial blight is regulated by
two classes of genes—major disease resistance (R) genes,
and defense-related or defense-responsive genes. More
than 20 R genes which confer resistance to various
strains of Xoo have been identified, and have been
named in sequence from Xal to Xa28 (Lin et al. 1996;
Nagato and Yoshimura 1998; Khush and Angeles 1999;
Chen et al. 2002; Lee et al. 2003; Yang et al. 2003). Three
dominant R genes, Xal, Xa2l and Xa26, have been
isolated. The products of these three genes have char-
acteristic structural domains found in most of the known
plant R proteins. The genes Xa2l/ and Xa26 encode
leucine-rich repeat (LRR) receptor kinase-like proteins
(Song et al. 1995; Sun et al. 2004), while Xal encodes a
nucleotide-binding site (NBS)-LRR protein (Yoshimura
et al. 1998).

The products of dominant R genes are presumed to
function as receptors, which interact with elicitors pro-
duced by pathogens to initiate disease resistance, or act
to protect cellular machinery (Tang et al. 1996; Baker
et al. 1997; Jia et al. 2000; Dangl and Jones 2001;
Nimchuk et al. 2001). However, recessive R genes
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appear to function differently from most of the known
dominant R genes that encode conserved domains. Thus
recessive alleles (mlo) resulting from mutations of the
Mlo locus confer broad-spectrum resistance to powdery
mildew in barley. The Mlo gene encodes a plasma
membrane protein with seven transmembrane domains,
and acts as a negative regulator in defense against
powdery mildew (Buschges et al. 1997; Kim et al. 2002).
A recessive mutant in Arabidopsis, edrl, also displays
enhanced disease resistance to powdery mildew (Frye
and Innes 1998). The dominant EDRI gene encodes a
MAPKK kinase that also acts as a negative regulator of
defense responses (Frye et al. 2001). Another recessive R
gene in Arabidopsis, RPS/-R, which is associated with
resistance to bacterial wilt, codes for a novel NBS-LRR-
WRKY protein, which is presumed to function in the
nucleus (Deslandes et al. 2002; Lahaye 2002).

Other lines of evidence also support the hypothesis
that recessive and dominant R genes function differently.
Genetic studies of bacterial blight resistance mediated by
two dominant R genes, Xa4 and Xa21, and two recessive
R genes, xa5 and xal3, have shown that the qualitative
and quantitative components of resistance are associated
with the properties of the R genes, suggesting that these
four genes are involved in different defense pathways in
rice (Li et al. 2001).

The proteins encoded by defense-responsive genes are
components of the signal transduction pathways that
lead to defense responses of the host plant after the
recognition event triggered by an R gene product.
Recent studies have shown that some defense-responsive
genes are located in the vicinity of quantitative trait loci
(QTLs) for disease resistances in different plant species
(Faris et al. 1999; Wang et al. 2001; Xiong et al. 2002;
Ramalingam et al. 2003; Wen et al. 2003). QTLs for
quantitative disease resistance are generally considered
to be valuable sources of broad-spectrum and durable
resistance in rice breeding programs (Roumen 1994).
However, such resources have not yet been exploited for
plant improvement, because the properties of the QTLs
are unknown and their locations are not known pre-
cisely. Thus the establishment of correlations between
the chromosomal locations of defense-responsive genes
and resistance QTLs will facilitate the characterization
of genes underlying quantitative resistance to disease.

In rice, the recessive R gene xal3 specifically confers
resistance to the Philippine Xoo race 6 (PX099) that is
compatible with most of the bacterial blight resistance
genes. [t was first characterized in the rice variety BJ1, and
mapped on the long arm of rice chromosome 8 (Ogawa
etal. 1987; Zhang et al. 1996; Sanchez et al. 1999). Unlike
other recessive genes for resistance to bacterial blight—-
such as xa5, which shows partial dominance to the avir-
ulent Xoo races— xal3 is a completely recessive gene (Li
et al. 2001). Our recent results suggest that the predicted
product of a candidate for xal/3 does not contain the
conserved domains observed in most of the dominant R
genes so farisolated (Chu et al., unpublished data). Small-
scale gene expression studies have also revealed that some

of the defense-responsive genes that are activated in xal3 -
mediated resistance are not involved in dominant R gene
(Xa4, Xal0 and Xa26)-mediated resistance (Zhou et al.
2002; Wen et al. 2003). These results suggest that xal3
-mediated resistance may be regulated by a different
molecular mechanism. Thus, large-scale analysis of the
defense-activated genes in recessive R gene-mediated
resistance should help to elucidate another aspect of
the molecular mechanisms of disease resistance. The
objectives of the present study were to characterize the
genome-wide reaction of defense-responsive genes in xal3
-mediated bacterial blight resistance, and to investigate
their possible relations with quantitative resistance by
associating their locations with QTLs for resistance to
various diseases. The results provide a rich resource for
the study of the defense pathways triggered by recessive R
genes, and for improving the resistance of crops in
breeding programs.

Materials and methods

Construction of pathogen induced subtraction cDNA libraries

Leaf tissue from IRBB13 ( Oryza sativa sp. indica), a blight-resis-
tant line carrying xal3, and its susceptible near-isogenic parental
line IR24 ( O. sativa sp. indica) were used for cDNA library con-
struction. At the booting stage the plants were inoculated by the
leaf-clipping method (Kauffman 1973) with Philippine Xoo strain
PX099 (race 6), which is incompatible with IRBB13 but compat-
ible with IR24. Total RNA was isolated with TRIzol reagent
(Invitrogen, Carisbad, Calif., USA) from leaf blades (4-5 cm in
length) next to inoculation sites, at 12, 24 and 72 h after inocula-
tion. Our previous studies had shown that expression of most of the
rice defense-responsive genes was induced by 24 h after inoculation
with the pathogen (Zhou et al. 2002; Wen et al. 2003). Thus,
mRNA was purified from total RNA collected 24 h after inocu-
lation, using Dynabeads oligo dT,s (Dynal A. S., Oslo, Norway),
and then employed for the construction of cDNA libraries. Two
subtraction cDNA libraries were constructed using pGEM-T as the
vector and the Clontech PCR-Select cDNA Subtraction Kit
(Clontech, Palo Alto, Calif., USA) according to the manufacturer’s
instructions. In brief, cDNAs from two types of tissue were em-
ployed as tester and driver, respectively. The tester cDNA was
ligated with cDNA adaptors, and hybridized with an excess of
driver cDNA. The non-hybridized tester molecules were therefore
enriched for differentially expressed sequences, and were cloned
into the vector. Library I was constructed using RNA isolated from
inoculated-IRBB13 as tester and inoculated-IR24 as driver, and
library II was constructed using inoculated-IRBB13 as tester and
non-inoculated-IRBB13 (without any treatment) as the driver
source. Thus, only pathogen-induced genes that showed up-regu-
lated expression in IRBB13 were retained in the two libraries.

Sequence analysis

The cDNA clones were sequenced using the universal T7 primer
and the BigDye Terminator Cycle Sequencing v2.0 (Applied Bio-
systems, Foster City, Calif., USA). Only sequences longer than
100 bp were collected. Clustering of the expressed sequence tags
(ESTs) was analyzed using the computer program ESTClustering
(Zhang et al. 2003). Briefly, the EST sequences were assembled
based on the following criteria: (1) the overlapping region of two
sequences must be larger that 40 bp, and (2) the degree of nucle-
otide sequence identity in the overlapping region must be larger
than 94%. DNA sequence similarity analysis was performed using



BLASTN and BLASTX (Altschul et al. 1997). The ESTs were
classified according to their putative functions as revealed by
BLASTX.

The EST sequences were mapped onto the rice chromosomes,
with a threshold E value of < 107>, by BLASTN analysis against
homologous rice genomic sequences with known chromosomal
locations (http://rgp.dna.affrc.go.jp and http://www.genome.clem-
son.edu).

RNA gel blot analysis

Aliquots (20 pg) of total RNA were fractionated by electrophoresis
in a 1% agarose gel containing formaldehyde, and transferred to a
Hybond-N" nylon filter. The filter was hybridized at 65°C over-
night in hybridization buffer containing 0.14 M NaH,PO,, 0.36 M
Na,HPO,, 7% SDS and 1 mM EDTA. The probe was prepared
using the hexamer labeling method (Feinberg and Vogelstein 1983).
The filter was washed once in 2xSSC and 0.1% SDS for 10 min at
65°C, and once in 0.5xSSC and 0.1% SDS for 15 min at 65°C.

Results and discussion

Analyses of the sequences and expression patterns
of defense-responsive genes

Previous studies had revealed that some defense-
responsive genes are involved in both incompatible and
compatible interactions (Maleck et al. 2000; Wen et al.
2003). Therefore, cDNA library I may not include some
defense-responsive genes that are also involved in com-
patible interactions. Thus unequal numbers of cDNA
clones from the two libraries were sequenced. A total of
1152 ¢cDNA clones, 384 randomly picked from ¢cDNA
library I and 768 randomly picked from cDNA library
II, were sequenced, and 1050 ESTs, ranging in length
from 100 to 802 bp, were generated. Sequence analysis
of the ESTs using the program ESTClustering identified
702 unique sequences, of which 591 were singletons and
111 (designated as C, such as C3 and C12) were contigs
made up of 2-16 overlapping ESTs (GenBank Accession
Nos. CD150758—CD151455 and CD285455-CD285458)
(Supplementary Table 1). In all, 233 (designated with
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the prefix 1; e.g., 1B05 and 1P17) of the 702 unique
sequences were from cDNA library I and another 451
(designated as 2 or 3; e.g., 2118 and 3H04) were from
cDNA library II. The remaining 18 unique sequences
(C4, C19, C21, C23, C24, C27, C33, C36, C38, C62,
Co5, C72, C77, C79, C80, C85, C90 and C91) were
generated from contigs consisting of sequences from the
both libraries. The average length of the 702 ESTs was
363 bp. Analysis of all 702 ESTs using BLASTN pro-
grams revealed 113 (16%) new rice ESTs that had no
match or only a poor match (E value >107) to any of
the 201,747 rice EST entries in GenBank.

Based on sequence homology of the predicted prod-
ucts of the ESTs with sequences already present in da-
tabases, the 702 ESTs were classified into 13 groups
(Table 1). The groups “Unknown Function” and “No
Hits” accounted for 38% of the ESTs studied, and more
than half of the new rice ESTs fell into one or other of
these two groups. These results suggest that a large
proportion of the genes activated in xal/3 -mediated
bacterial blight resistance are novel genes.

About 6% of the ESTs show some sequence simi-
larity to known or putative R -like genes and defense-
responsive genes (Table 1). Analysis of these ESTs using
the BLASTX program identified 14 R -gene homologs.
Four of the 14 ESTs (1B05, 2118, 1021 and 2104) display
various degrees of sequence homology to putative
R genes encoding NBS-LRR type proteins; the putative
products of another 10 ESTs (C3, C12, C16, C33, C38,
C97, 1P17, 1D10, 1M21 and 3H04) were homologous to
rice XA2l1-like proteins (Supplementary Table 1). There
are also ESTs which show homology to defense-
responsive genes involved in host-pathogen interactions
reported in various plant species, such as genes coding
for pathogenesis-related proteins, peroxidases, WRKY-
type transcription factors, glutathione S-transferases,
RNA helicases, proteasome components, ubiquitins,
ankyrin-like protein, cytochrome P450, catalase, and
metallothionein-like protein (Supplementary Table 1)
(Tenhaken et al. 1995; Choi et al. 1996; Seehaus and
Tenhaken 1998; Takemoto et al. 1999; Yang et al. 1999;

Table 1 Classification of

defense-responsive sequences in Group Number of ESTs* Number. of loqi that
bacterial blight resistance - ] b - co-localized with
mediated by xal3 gene Total Mapped Novel resistance QTLs
Disease-resistance-like and 44 34 9 15
defense-responsive activity
DNA binding 20 15 3 7
RNA binding 9 9 0 4
Other binding activity 35 30 5 18
Chaperone 16 13 0 2
Apoptosis regulator 2 1 0 1
Enzyme 175 149 19 83
Signal transducer 20 18 3 11
a Structural molecule 17 15 1 6
Supplementary Table 1 Transporter 26 23 0 11
includes detailed information Other function 70 56 11 25
on all the ESTs Unknown function 215 182 32 88
ESTs mapped on rice molecu- N hits found 53 23 30 1
lar linkage map (Fig. 2) Total 702 568 113 282

“New rice ESTs
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Yu et al. 1999; Etienne et al. 2000; Austin et al. 2002;
Azevedo et al. 2002; Yan et al. 2002; Zhou et al. 2002).
These results indicate that recessive gene-mediated dis-
ease resistance utilizes some components which also
participate in other host-pathogen interactions.

The expression patterns of some of the ESTs in rice
line IRBB13 after inoculation with the incompatible and
compatible Xoo strains PX099 and PXO61, respec-
tively, were analyzed by Northern hybridization. Fifty-
three ESTs were examined. Twenty-three of these
showed various levels of differential expression after
inoculation with the pathogen (Fig. 1; the data for three
ESTs are not shown because the hybridization signal
was very weak). No hybridization signal could be de-
tected for another 30 of the ESTs, implying very low
levels of expression. All 20 ESTs in Fig. 1 showed in-
creased expression after inoculation with Xoo strain
PX099, although the level of increased expression var-
ied greatly. In agreement with previous reports (Maleck
et al. 2000; Wen et al. 2003), the expression of some of
the ESTs was also induced by inoculation with the
compatible Xoo strain PXO61 (Fig. 1). However, the
expression patterns of the ESTs, in terms of the time of
onset of induced expression and the level of expression,
usually differed between incompatible and compatible
interactions.

Among the ESTs that showed differential expression
after inoculation with the incompatible pathogen, 2118
and 1B05 are homologous to NBS-LRR-type R genes,
and 1M21 and C38 are homologous to Xa2l -type R
genes. The induced expression of the four ESTs was
detected at 12 or 24 h after inoculation with Xoo strain
PX099, and the elevated expression levels were main-
tained until 72 h after inoculation. The mapping data
(Fig. 2) indicate that none of these four ESTs is a can-
didate for the xail3 gene itself. Thus, the differential
expression of 2118, 1B05, 1M21 and C38 before and
after inoculation provides molecular evidence to suggest
that genes encoding R-like proteins can serve as defense
components in recessive gene-mediated disease resis-
tance. The result also further supports genetic observa-
tions on the additive action of R genes in rice (Li et al.
1999, 2001). The sequences of four ESTs (1A09, 2A13,
2P03 and C65) are highly similar to those of defense-
responsive genes, and their expression levels were in-
creased 12-24 h after inoculation, suggesting that these
genes may function in different defense pathways, or in
the same pathway but with up- and downstream rela-
tionships. The predicted products of four ESTs (2A07,
3A07, 3A17 and 1A01) are of unknown function. The
other eight ESTs (2A01, 3A21, 1B06, 3A19, 1C07, 2H16,
3104 and 3C06) show various degrees of sequence simi-
larity to genes or putative genes encoding enzymes,
senescence-associated proteins, keratins, membrane-
binding proteins, protein kinases, and salt-inducible
proteins that have not been reported to be involved in
host-pathogen interaction of plants. Thus, they may be
useful leads in the study of novel defense pathways
activated by recessive R genes.

Co-localization of defense-responsive genes and disease
resistance QTLs

Quantitative disease resistance is an important feature of
a plant’s defenses against pathogen invasion. Many
QTLs for quantitative resistance to various rice diseases,
including blast (Wang et al. 1994; Chen et al. 2003),
sheath blight (Li et al. 1995), yellow mottle virus (Albar

PXO99 PX0O61

C 12h 24h 72h 12h 24h 72h
- = R

2118 (2)

1B05 (10)

IM21 (7)
C38

1409 (12)
2413(9)
C65 (12)
3407 (5)
3417 (1)
3421(11)
1B06 (9)
3419 (10)
3104 (8)
3C06 (4)

185 rRINA

2P03
2407 (4)
1401 (6)
2401 (4)
1C07 (3)
2H16 (6)
185 rRNA

Fig. 1 Expression patterns of defense-responsive ESTs as revealed
by RNA gel blot analysis. The samples were isolated from the rice
line IRBB13 at 12, 24 and 72 h after inoculation with the
incompatible Xoo strain PXO99 or the compatible Xoo strain
PXO61. Lane C was loaded with RNA from a non-inoculated
control 12 h after inoculation of the other plants with pathogen.
The chromosomal location of each EST is indicated by the number
in parentheses



Fig. 2a, b Distribution of
defense-activated ESTs on rice
chromosomes 1-6 (a) and 7-12
('b). The loci placed on the right
side of each chromosome were
mapped based on homologous
sequence analysis. The ESTs
indicated in bold face are those
whose expression patterns were
studied (see Fig. 1). A lower
case letter (a, b or ¢) following
the name of an EST locus
indicates that multiple loci were
detected by the same EST. The
triangles in the bacterial blight
resistance and blast resistance
QTLs, detected using the same
population as was used to
construct the framework map,
indicate the logarithm-of-odds
peaks of the resistance effects.
The filled circles represent the
centromeric regions identified
previously (Wang et al. 2000a)
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et al. 1998), and bacterial blight (Li et al. 1999; Chen
2001), have been identified. However, for none of the
resistance QTLs has the molecular basis of the resistance
been elucidated, because of the complexity of the
quantitative effects. One way to characterize genes
underlying QTLs is to construct near-isogenic lines of
target QTLs and study the QTLs as single Mendelian
factors (Yano and Sasaki 1997). The rice QTL HdI for
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heading date has been characterized using this strategy
(Yamamoto et al. 1998; Yano et al. 2000). Although the
isolation of Hdl provides a successful example of the
genetic dissection of rice QTLs, this approach is both
time-consuming and labor-intensive. Furthermore, this
strategy is not applicable to QTLs that explain only
small fractions of phenotypic variance. Recent studies
have revealed that some defense-responsive genes
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co-localize with resistance QTLs identified in barley,
bean, rice and potato (Faris et al. 1999; Geffroy et al.
2000; Trognitz et al., 2002; Xiong et al. 2002; Rama-
lingam et al. 2003). Thus, the candidate-gene approach
may provide a means for pinpointing the genes that
underlie resistance QTLs.

Altogether 618 ESTs were assigned to 639 loci dis-
tributed on all 12 rice chromosomes by bioinformatic
analysis (Table 1, Supplementary Table 1). Most (602)
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of the ESTs could be assigned to single loci, 11 ESTs
were each assigned to two loci and 5 were each assigned
to three loci. A molecular linkage map containing 221
RFLP (restriction fragment length polymorphism) and
SSR (simple sequence repeat) markers and covering the
whole rice genome (Xing et al. 2002) was used as the
framework map for mapping of the ESTs. The map was
constructed with a segregating population including 241
recombinant inbred lines developed by single-seed
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Table 2 Two- and three-copy

defense-responsive sequences EST Chromosome Functional analysis (BLASTX)
g?lncsi?éf‘;gn?tcilgﬁgSl(;);?slons Locus1 Locus2 Locus3  Homolog E value
C34 1 5 - Aspartic proteinase (BAA02242) le-104
C47 1 5 - S-Adenosyl methionine synthetase 8e-61
(CAAR81481)
2F01 1 7 - Histone H1-like protein (BAB92342) 4e-39
2D01 1 7 - Chlorophyll a/b binding protein (AAC15992) le-30
C85 8 11 - GF14-d protein (AAB07458) 3e-66
2B05 7 10 - Putative vacuolar sorting receptor protein 2e-62
(AANO05373)
1D03 1 4 - Putative peptide transporter (AAG46153) le-27
C102 1 12 - Similar to transposon MuDR mudrA protein  8e-09
isolog (BAA92402)
2A05 1 2 - Unknown protein (BAB16327) 2e-22
Cl13 1 4 10 ORF (NP_817268) 8e-07
91 4 8 10 Hypothetical protein (AAF09840) le-21
3A12 4 7 10 ORF16-LacZ fusion protein synthetic 8e-07
construct (AAA72562)
3C14 1 6 10 Ribulose 1,5-bisphosphate carboxylase large Se-46

subunit (AAA85330)

descent from a cross between Zhenshan 97 (Oryza sativa
ssp. indica) and Minghui 63 (indica). Resistance QTLs
against bacterial blight and blast had been identified
using this population in previous studies (Chen 2001;
Chen et al. 2003). A total of 588 of the 639 loci repre-
sented by 568 ESTs were localized on the map, based on
the linkage information for the genomic sequences that
were homologous to the ESTs and molecular markers
used in published rice maps (Fig. 2; Causse et al. 1994;
Harushima et al. 1998; Xiong et al. 1998; Xing et al.
2002). For example, the EST 1G07 was homologous
(E value 2e-56) to a genomic sequence (GenBank
Accession No. AP001389) based on BLASTN analysis;
AP001389 encompasses the sequence of an RFLP mar-
ker, S1515, according to the information obtained dur-
ing physical mapping of the rice genome (http://
rgp.dna.affrc.go.jp  and  http://www.genome.clem-
son.edu); S1515 is tightly linked to another RFLP
marker, R2869, as revealed by a published rice molec-
ular linkage map (Harushima et al. 1998); thus, the EST
1G07 was mapped adjacent to R2869 on the terminal
end of the short arm of chromosome 6 (Fig. 2). The
distribution of the mapped loci was as follows: 19%,
13%, 10%, 11%, 3%, 9%, 7%, 9%, 5%, 5%, 4%, and
5% could be assigned to chromosomes 1-12, respec-
tively.

Altogether 282 (48%) of the mapped EST loci fell in
the vicinity of QTLs for resistance to various rice dis-
eases, including blast, sheath blight, virus and bacterial
blight (Wang et al. 1994; Li et al. 1995, 1999; Albar et al.
1998; Chen 2001; Chen et al. 2003) (Fig. 2). Thus, this
class of ESTs may mainly include the genes commonly
involved in quantitative disease resistance in rice. About
half (15) of the mapped ESTs in the group of disease-
resistance-like and defense-responsive activity co-local-
ized with resistance QTLs against bacterial blight, blast,
sheath blight or virus on chromosomes 1, 2, 3, 8, 9, 10,
11 and 12 (Table 1, Fig. 2). Fourteen of the 15 ESTs

represent defense-responsive genes reported in various
plant-pathogen interactions, such as some putatively
encoding peroxidases, glutathione S-transferases, RNA
helicases, proteasome components, ubiquitin, and cyto-
chromes P450. These ESTs provide a resource for
studying the architectures of resistance QTLs commonly
involved in plant resistance to different diseases. Large
numbers of mapped ESTs from 12 other groups also co-
localized with rice QTLs for disease resistance. Although
some of the ESTs may be associated with resistance
QTLs just by chance (because some of the QTLs cover a
large chromosomal region), these ESTs provide a wide
range of choice to study the roles of different types of
genes in quantitative disease resistance.

The resistance gene xal3 co-localized with QTLs for
resistance to Xoo and virus on the long arm of chro-
mosome 8 (Fig. 2). A few ESTs (1C21, 3HO0S, 3B14, C29
and 1N09) were also assigned to this region, and none of
these encodes the conserved domains found in most of
the dominant R genes (Supplementary Table 1). This
may indicate that xal3 indeed functions differently from
most of the dominant R genes.

Although the chromosomal locations of about 52%
of the mapped ESTs showed no correspondence to
known resistance QTLs, it is most likely that these ESTs
include the genes that are involved specifically in xal3 -
mediated resistance. This hypothesis is supported by the
following lines of evidence. First, genetic studies using
near-isogenic lines carrying different R genes against
bacterial blight have shown that the quantitative com-
ponents of the disease resistance were associated with
the properties of dominant R genes, suggesting that
xal3 has different regulatory roles in rice defense
pathway(s) or that different defense pathways are
involved in dominant R gene- and recessive R gene-
mediated resistance (Li et al. 2001). Second, gene
expression studies indicate that different defense-
responsive genes are involved in different host-pathogen
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interactions in rice, revealing three types of defense-
responsive genes, pathogen non-specific, pathogen spe-
cific but race non-specific, and race specific, in bacterial
blight and blast resistance (Zhou et al. 2002; Wen et al.
2003).

Some defense-responsive sequences are conserved
at similar locations on different chromosomes

Another interesting feature of the distribution of the de-
fense-responsive ESTs in the rice genome is that the loci
detected by 13 of the 14 mapped two- and three-copy
ESTs were distributed on different chromosomes. The
locations of the loci detected by most of the multicopy
ESTs on different chromosomes relative to their centro-
meres are consistent (Table 2, Fig. 2). For example, 2A05
was mapped to two loci in the terminal regions of chro-
mosomes | and 2; the three loci detected by 3A12 were
located in the peri-centromeric regions of chromosomes 4,
7 and 10. Simultaneous occurrence of the loci detected by
different multicopy ESTs across different chromosomes
was also observed. Forexample, loci detected by 2F01 and
2D01 occurred in the central regions of the long arms of
chromosomes 1 and 7, as was the case for loci detected by
C34 and C47 in the middle regions of the short arms of
chromosomes 1 and 5. Similar distribution patterns were
also observed when rice retrotransposons and multicopy
RFLP markers were used as probes, which led to the
hypothesis that chromosome duplication and diversifi-
cation may have been involved in the origin and evolution
of the rice chromosomes (Wang et al. 1999, 2000b). The
present results further support the chromosomal dupli-
cation-diversification hypothesis. These data also suggest
that, in addition to the conservation of homologous
genomic sequences at similar locations on different rice
chromosomes, there are defense-responsive-like genes
located at similar loci on different chromosomes. It will be
interesting to study the possible role of this feature in the
complexity of disease resistance.

Conclusions

Defense responses against bacterial blight mediated by
the xal3 gene are complex processes which are regulated
by many defense-responsive genes, including many novel
genes (38%) and genes that have not previously been
reported to be involved in host-pathogen interactions. In
addition, R-like genes serve as defense components in
the disease resistance activated by the recessive R gene.
These results provide a rich resource for the study of the
molecular mechanisms of disease resistance triggered by
recessive R genes. About half of the defense-responsive
genes, which code for a wide range of products, co-
localize with disease resistance QTLs. This information
provides a wide choice of candidate genes for under-
standing the molecular basis of quantitative disease
resistance.
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