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ABSTRACT
Much research has been devoted to understanding the biology of plant-pathogen interactions. The

extensive genetic analysis of disease resistance in rice, coupled with the sequenced genome and genomic
resources, provides the opportunity to seek convergent evidence implicating specific chromosomal seg-
ments and genes in the control of resistance. Published data on quantitative and qualitative disease
resistance in rice were synthesized to evaluate the distributions of and associations among resistance loci.
Quantitative trait loci (QTL) for resistance to multiple diseases and qualitative resistance loci (R genes)
were clustered in the rice genome. R genes and their analogs of the nucleotide binding site–leucine-rich
repeat class and genes identified on the basis of differential representation in disease-related EST libraries
were significantly associated with QTL. Chromosomal segments associated with broad-spectrum quantitative
disease resistance (BS-QDR) were identified. These segments contained numerous positional candidate
genes identified on the basis of a range of criteria, and groups of genes belonging to two defense-associated
biochemical pathways were found to underlie one BS-QDR region. Genetic dissection of disease QTL
confidence intervals is needed to reduce the number of positional candidate genes for further functional
analysis. This study provides a framework for future investigations of disease resistance in rice and related
crop species.

DESPITE the importance of quantitative disease re- genes, resistance gene analogs (RGAs), and QTL has
sistance (QDR) in plants, relatively little is known been widely noted (Wang et al. 1994; Pflieger et al.

about the genetic basis of this trait or the mechanism 1999; Gebhardt and Valkonen 2001; Quint et al. 2003),
of action of the genes controlling it. Insights into QDR but the current status of their coincidence in rice has
have implications both for understanding host-patho- not been systematically analyzed. Furthermore, the sig-
gen interactions and for improving crop production. In nificance of their colocalization has not been inspected
recent years, much has been learned about the genes statistically in any plant genome. Both positive and nega-
and pathways involved in the plant defense response, tive associations would be of potential interest; QTL
and many studies have been done to identify chromo- not associated with R genes or RGAs are likely to be
somal regions conditioning QDR (quantitative trait loci explained by other resistance mechanisms. Another is-
for disease, or disease QTL). This information, coupled sue is the extent to which a given QTL is detected across
with the availability of the nearly full genomic sequence studies for a given disease. The extent of repeated QTL
of rice, provides an opportunity to make inferences detection would reflect both the distribution (frequency
about QDR and to establish testable hypotheses for sub- in germplasm) and robustness (QTL � environment inter-
sequent analysis. Given the synteny among genomes in actions) of the QTL.
the grass family, which includes rice, wheat, barley, maize, The existence of broad-spectrum resistance (BSR)
sorghum, and the millets, positional candidates identi- is another issue for which a QTL summary could be
fied in rice may have utility in other cereal species. illuminating. The concept of BSR can be used to refer

An examination of the colocalization and distribution to resistance to multiple strains of a pathogen or to
of QTL identified from multiple studies on a given dis- multiple taxa. A number of types of evidence suggest
ease and from a number of different diseases can shed that BSR exists in plants. First, correlated resistances
light on a series of unresolved issues relating to QDR. have been documented in some monocot and dicot germ-
The association of qualitative resistance (R) genes or major plasm (e.g., Tapsoba et al. 1997; Fokunang et al. 2000).

Second, in both monocots and dicots, local infection
by one pathogen or treatment with certain elicitors re-
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(SAR; for review, see Sticher et al. 1997). Several investi- ing QTL have been isolated in recent years (for review,
see Remington and Purugganan 2003). Furthermore,gations have identified genes contributing to SAR, in-

cluding NPR1, the TGA subclass of basic leucine-zipper in both monocots and dicots, certain transcription fac-
tors have been shown to function in the plant defensetranscription factor genes, and certain pathogenesis-

related (PR) genes (Cao et al. 1998; Mou et al. 2003). response (e.g., Fan and Dong 2002; Dong et al. 2003),
but evidence for their association with QDR is lacking. AThird, induced mutants and transgenic plants that ex-

hibit enhanced resistance to multiple pathogens have property common to both RGAs and defense-associated
transcription factors is that they belong to large andbeen documented (Yin et al. 2000; Kachroo et al. 2003).

With respect to qualitative variation, major genes condi- complex gene families. A systematic analysis of posi-
tional correspondences among R genes, RGAs, and genetioning resistance to multiple pathotypes of Blumeria

graminis f. sp. hordei (mlo, Jørgensen and Mortensen families in relation to disease QTL may reveal whether
QTL can be ascribed to genic patterns.1977) and Magnoporthe grisea (Pi genes, Liu et al. 2002;

Jeon et al. 2003) have been reported. These data suggest Genes implicated in defense often show altered ex-
pression in response to pathogen challenge. Systemati-that allelic variation in the plant defense machinery can

provide BSR. We hypothesized that a synthesis of QTL cally relating pathogen-affected expression patterns to
mapped transcription units under disease QTL couldand genomic data would provide evidence regarding

the existence of broad-spectrum quantitative disease re- also provide preliminary sets of candidate genes for
QTL. Genes showing differences in transcript abun-sistance (BS-QDR), allow identification of specific geno-

mic regions that can be useful in crop improvement, dance among EST libraries derived from noninoculated
leaf tissues vs. inoculated compatible, incompatible, andand permit the identification of genes potentially con-

tributing to BS-QDR. partially resistant leaf tissue were identified and located
on an integrated disease-QTL map of rice. This wasCloning of genes controlling quantitative traits is now

a major research frontier (reviewed in Glazier et al. combined with the other lines of evidence indicated
above, in an effort to identify specific chromosomal2002) in terms of understanding human disease (e.g.,

Katzov et al. 2004), livestock productivity (e.g., Grisart segments, genes, and gene families associated with plant
defense.et al. 2004), and traits of agronomic importance in crops

(e.g., Ishimaru et al. 2004). Once genes conditioning
QTL are identified for crop plants, natural variation can

MATERIALS AND METHODSbe better characterized and exploited. Identification of
positional candidate genes is a step toward isolation of Integrated map of quantitative and qualitative resistance
the genetic factors controlling quantitative traits (Pflie- loci and lesion mimic mutant genes: We summarized the pub-

lished data for QTL identified in rice for fungal, bacterial,ger et al. 2001; Remington and Purugganan 2003).
and viral pathogens. Additional rice blast QTL data were pro-Much effort has thus been made to identify positional
vided by B. Liu, S. Zhang, X. Zhu, Q. Yang, S. Wu et al.candidates for a number of traits, including QDR (Wang
(unpublished data; H. Leung, personal communication). A

et al. 2001; Ramalingam et al. 2003; Wen et al. 2003). total of 16 studies were used, involving progenies from 11
For practical purposes, positional candidates for QDR different crosses (Table 1). No more than three publications

used progenies derived from any single cross. QTL were de-may be considered as all putative genes underlying a
tected for four different pathogens: eight studies were of ricesmall QTL region, or defense-related genes in a broad
blast, caused by Magnaporthe grisea ; four studies were of sheathQTL region. The current status of most QTL maps re-
blight, caused by Rhizoctonia solani ; two studies were of rice

quires the latter designation for positional candidates. yellow mottle virus (RYMV); one study was of sheath rot,
A large number of defense-related genes have been caused by Sarocladium oryzae ; and one study was of bacterial

leaf blight, caused by Xanthomonas oryzae pv. oryzae.identified on the basis of a range of criteria, including
Marker data from the above studies were integrated in silicoexpression profiling (e.g., Maleck et al. 2000; Ramonell

onto the latest version of the high-density molecular linkageand Somerville 2002) and analysis of natural and in-
map published by the Japanese Rice Genome Project (“JRGP

duced variation (Stuiver and Custers 2001). R genes 2000,” Harushima et al. 1998; http://rgp.dna.affrc.go.jp/
and defense-associated transcription factors are attrac- publicdata/geneticmap2000/index.html). This was possible

because the genetic map is linked to the rice physical map.tive classes of candidate genes for investigation of QDR.
GenomePixelizer (Kozik et al. 2002) was used to visualize QTLRGAs of the nucleotide-binding site–leucine-rich repeat
and other map-related data, and the output was modified for(NBS-LRR) class are putatively involved in pathogen
presentation in QuarkXPress v. 5.0.

recognition and in relaying a signal that can lead to the To construct the integrated disease-QTL map, available
onset of the defense response. R genes were hypothe- marker sequences were obtained from GenBank. Gapped-

BLAST (Altschul et al. 1997) was used to search against allsized as candidates conditioning QDR in plants (Lefeb-
BAC and P1-derived artificial chromosome (PAC) sequencesvre and Chèvre 1995), and RGAs have been shown in
that constituted the rice minimum genome tiling path (assome instances to colocalize with disease QTL (Pflieger
of May 2003) constructed by the International Rice Genome

et al. 1999; Quint et al. 2003). Doebley (1993) hypothe- Sequencing Project (IRGSP; http://rgp.dna.affrc.go.jp/cgi-bin/
sized a role for transcription factors in conditioning statusdb/irgsp-status.cgi). For most marker sequences, MEGA-

BLAST could be used to find the most significant match.quantitative variation, and transcription factors explain-
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However, for sequences of short length or lower quality or 1. We surveyed the defense literature to identify putative regu-
lators of plant defense. The selected genes identified in-sequences derived from other species or subspecies, BLASTn

was used with the default search parameters. For some se- cluded the following transcription factor gene families:
quences, information on the location and order of nearby WRKY (Dong et al. 2003), MYB (Vailleau et al. 2002),
markers reported in the respective publication was used to ethylene response factor (ERF, Oñate-Sanchez and Singh
validate their chromosomal location. 2002), and basic leucine zipper (bZIP, Jakoby et al. 2002).

All of the data were integrated onto the JRGP 2000 genetic NPR1 was also identified as an important defense-associ-
map, occasionally with difficulty. Some marker sequences were ated candidate gene (Cao et al. 1998). This is a gene encod-
not available from GenBank. In some cases, these had been ing an ankyrin-repeat-containing protein that is a key regu-
mapped genetically and their position on the JRGP 2000 ge- lator of systemic acquired resistance. The rice FL-cDNAs
netic map was reported in the Gramene database (Ware et harboring domains in the InterPro database corresponding
al. 2002). For a very few markers, their location was estimated to the above gene families were identified: WRKY (Interpro
as the midpoint of the genetic location of the two nearest identification no. IPR003657), bZIP (IPR004827), MYB
flanking markers (as identified from other maps available in (IPR001005), AP2 and ERF (IPR001471 and IPR004403),
Gramene). Still, not every identified QTL could be placed and Ankyrin (IPR002110). Nonredundant FL-cDNA repre-
onto the JRGP 2000 map. sentative members of these gene families were located on

Identical QTL intervals detected from nonindependent ex- the JRGP 2000 genetic map.
periments (e.g., one population analyzed in multiple years) 2. The FL-cDNAs had been assigned to clusters by the rice
were reported as a single QTL. Similarly, colocalizing QTL FL-cDNA consortium (Kikuchi et al. 2003). The following
identified in a single study for different disease parameters analysis was conducted using the nonredundant catalog of
were represented as one QTL. QTL detected in a single study FL-cDNAs, represented by the longest (base pairs) cDNA
and for the same trait that were offset but overlapped by at from each cluster (n � 21,446), harboring at least one
least one marker were concatenated. domain in the InterPro database (n � 17,155). The number

The map locations of genes conditioning qualitative resis- of FL-cDNAs carrying a common domain was quantified
tance to rice blast and bacterial leaf blight (“major genes” or in the QTL and non-QTL genomic fractions. Positions for
R genes) were estimated by identifying the nearest marker the cDNAs were based on the JRGP 2000 centimorgan
reported in each publication (Causse et al. 1994; Wang et al. values assigned to the BAC or PAC accessions associated
1994; Li et al. 1999; Liu et al. 2002; Jeon et al. 2003; Sallaud with each cDNA. In both surveys, the average centimorgan
et al. 2003) or were based on the reported position in the value was used for genetic distances reported as intervals,Gramene database (October, 2003). For intervals defined in as was done for the integrated disease-QTL map.Gramene or elsewhere, the midpoint of the interval was used
to estimate gene location. The map locations for loci condi- Digital Northern analysis: In August 2003, a MySQL data-
tioning lesion mimic phenotypes were also based on those base was generated for publicly available ESTs (http://www.
reported in Gramene, except for spl10 and spl11, which were ncbi.nlm.nih.gov/dbEST/). Because this study is part of a
inferred from the studies by Yoshimura et al. (1997) and Zeng larger comparative effort, the database was designed to include
et al. (2002), respectively. Because most of these loci were EST sequences derived from domesticated rice, barley, wheat,
defined by large confidence intervals, a bar rather than the sorghum, and maize (n � 1.3 million ESTs). A coding system
midpoint was used to display their map position. was devised on the basis of the GenBank descriptors, which

Resistance gene analogs: In a separate analysis (Monosi et were extracted using a Perl script. These codes allowed group-
al. 2004), two in silico search strategies were used to identify ing or partitioning of libraries on the basis of an interpretation
NBS-LRR RGAs. In the first approach, tBLASTn searches were of their descriptors (e.g., biotic stress, fungal pathogen, leaf
performed initially with six distantly related NBS-LRR se- tissue, etc.). In this study, comparisons between and amongquences and later with variants found during the initial search, rice EST libraries were performed (Table 2). These librariesagainst the rice genomic sequence assembled by the Rice were not treated in any way (e.g., normalization) that wouldGenome Project Consortium. In the second approach, a hid- affect the random representation of ESTs in the libraries orden Markov model (HMM) search was performed using the

in GenBank (G. Wang, personal communication).nucleotide binding adaptor shared by APAF-1, certain R pro-
To identify genes that showed significantly different fre-teins, and CED-4 (NB-ARC) Pfam HMM (PF00931) against

quencies across contrasting EST libraries, the following ESTall predicted rice proteins in the TIGR database. The tBLASTn
libraries were used for comparisons (see also Table 2): (1) asearches identified BAC or PAC sequences containing NBS-
noninfected leaf tissue-derived library from the rice cv. Nip-LRR-like sequences, which were analyzed with GENSCAN
ponbare and (2) five libraries derived from leaf tissues from(Burge and Karlin 1997) and FGENESH (Salamov and
Nipponbare during compatible, incompatible, and partial re-Solovyev 2001) to predict open reading frames. Further
sistance interactions with M. grisea at 6 and/or 24 hr postinocu-searches against rice expressed sequence tags (ESTs) in Gen-
lation. All of the EST sequences used in this analysis are freelyBank and the full-length (FL)-cDNAs (Kikuchi et al. 2003)
available to the scientific community through the MGOS data-were performed to identify additional resistance gene analogs
base (www.mgosdb.org).and to assist in gene prediction. The RGAs identified were

Rice FL-cDNAs were used to perform gapped-BLASTgrouped into six classes according to the presence/absence
searches against the cereal EST database described above.and conservation of protein sequence motifs (classes 2–7, data
Matches resulting from BLASTn searches having a minimumnot shown). The RGAs were positioned on the JRGP 2000
of 100 bp high-scoring segment pairs with �95% identity andgenetic map via the physical map.
matching at least 50% of the length of the EST were used forCandidate gene families: Rice FL-cDNAs had been pre-
further analyses. The ESTs in these libraries were representedviously compared with the catalog of domains in the InterPro
as both 5�- and 3�-end sequences. Because 5� and 3� sequencesdatabase (Kikuchi et al. 2003; Mulder et al. 2003). Two surveys
were not uniformly represented, the numbers of EST clones,were employed with regard to the number of FL-cDNAs har-
rather than the numbers of ESTs representing each clone,boring putative domains and residing in the QTL and non-
were used for the digital Northern analysis performed. TheseQTL genomic fractions. One survey comprised a select set of
clones are referred to as ESTs throughout the text for simplic-candidate gene families, and the other was a post hoc analysis

of rice gene families. ity. Gapped-BLAST matches for each FL-cDNA were summa-
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rized as the ratio of representative ESTs to the total number persed (uniform) spatial distribution and a CD � 1 indicates
an overdispersed (clumped) spatial distribution (Grafen andof ESTs per library and used to evaluate ratio differences

between libraries (statistical methods below). As mentioned Hails 2002):
above, the entire set of cDNAs had been assigned to unique
clusters. To reduce the number of independent tests per- CD �

S 2

x
.

formed, the BLAST result from the longest (base pairs) repre-
sentative cDNA for each cDNA cluster, having at least five

Fisher’s exact test was used to test for overrepresentationmatching ESTs in any one of the libraries (n � 342), was used
in the QTL genomic fraction of rice genes, R genes, RGAs,for statistical analysis. Rice FL-cDNAs associated with ESTs
gene families, and “differentially expressed” genes. An ex-exhibiting significant differences in frequency were placed on
pected distribution based on the total number of nonredun-the Nipponbare-derived, integrated disease-QTL map (Figure
dant FL-cDNAs or TIGR predicted genes in the QTL and non-S1 at http://www.genetics.org/supplemental/). The map loca-
QTL genomic fractions was used, except in the case when alltions of these FL-cDNAs were determined in the same way as
rice genes were tested. In that case, the expected distributiondescribed for candidate gene families.
was based on the assumption that if genes were randomlyIt should be noted that the FL-cDNAs represented a fraction
distributed, 54% of them would colocalize with disease QTL,(�40%) of the total number of predicted genes and varied
as that was the percentage of genome coverage by QTL. Thein representation along the rice chromosomes. For example,
data were arranged as 2 � 2 contingency tables and Fisher’sthe range in the proportion of FL-cDNAs to predicted genes
exact test was applied in Matlab v6.5.1 using the continexwas 16–65% in four chromosomal segments examined (Table
function developed by R. Strauss (http://www.biol.ttu.edu/3). Still, the latter was not used due to the potential inaccura-
Strauss/Matlab/Matlab.htm).cies in gene prediction algorithms, which may reduce the

To determine the significance of differences in EST fre-frequencies of gene-EST matches and therefore contribute to
quencies across multiple libraries, the general chi-square testtype II error. Furthermore, all of the ESTs were not repre-
was used to compare the ratio of representative ESTs for eachsented by a corresponding FL-cDNA under the BLAST param-
gene in each library (Romualdi et al. 2001). The formula waseter criteria described above. Finally, the relationships of
applied using the program IDEG6 (Romualdi et al. 2003),genes and EST libraries were evaluated on the basis of their
correcting for multiple tests by the Bonferroni (� � 0.05) anddigital Northern patterns using complete linkage hierarchical
false discovery rate (q* � 0.05; Benjamini and Hochbergclustering (Euclidean distance) with the program Genesis
1995) methods.(Sturn et al. 2002).

Statistical analyses: To assess the spatial distribution of QTL,
R genes, and the two together, the JRGP 2000 genetic map
was binned into 108 intervals of �14 cM, the average reported RESULTS
QTL length, and the QTL or R gene frequency data were
calculated by bin. A QTL or R gene was assigned to a bin if Distribution of disease-resistance loci in the rice ge-
its midpoint was in the bin or if the entire bin was covered nome: The distribution of chromosomal segments con-
by the locus. These data were used to perform the chi-square ditioning disease resistance in rice was analyzed, consid-
goodness-of-fit and Poisson dispersion tests (Grafen and

ering those identified as QTL, those recognized as majorHails 2002). The former test was calculated using the follow-
or qualitative genes (R genes), and both classes to-ing formula:
gether. Rice disease QTL (n � 94) were found on each

H0: rice disease QTL data follow a Poisson distribution with
of the 12 chromosomes, covering �54% of the geneti-an unspecified mean,
cally defined genome, with an average QTL length of
�14 cM (Figure 1). While neither QTL nor R genes were� 2 � �

k

i�1
�(ni � Ei)2

Ei
� ; reject H0 if � 2 � � 2

n�1;1�� ,
restricted to particular chromosomal regions, telomeric
QTL were located on 8 of the 12 rice chromosomes.where ni is the number of observations in the ith category and

Ei is the expected number of observations in the ith category, Peri- or trans-centromeric QTL were also found on 8
on the basis of a Poisson distribution. The Poisson dispersion of the chromosomes.
test was calculated using the following formula: We tested the null hypothesis that the QTL data were
H0: rice disease QTL data follow a Poisson distribution, where randomly distributed using two separate tests, the chi-

the mean and variance are equal, square goodness-of-fit and the Poisson dispersion. For
the QTL sample data, the results of the two tests were

T � (n � 1)
S 2

x
; reject H0 if T � � 2

n�1;1�� , inconsistent. When applying the chi-square goodness-
of-fit test, it was necessary to consider genomic bins with

where n is the number of observations, S 2 is the sample vari-
more than three QTL as a single category to achieveance, and x is the sample mean.
expected values greater than one (Cochran 1954). AtThe coefficient of dispersion (CD) was used to detect a type

of spatial dispersion. A CD 	 1 is indicative of an underdis- � � 0.05, we failed to reject the null hypothesis that

�
Figure 1.—Integrated disease QTL map of rice. The scale at the top represents centimorgan values from the JRGP 2000

genetic map. Rice chromosomes are represented as gray bars and labeled 1–12, with the centromeres colored black within the
chromosomes. Disease QTL and lesion mimic loci are shown as bars and R genes are represented by shapes above the chromosomes.
Letter designations for QTL indicate the parental alleles associated with resistance at the corresponding loci (L, Lemont; T,
Teqing; Mo, Moroberekan; Mi, Minghui 63; Z, Zhenshan 97B; S, SHZ-2; A, Azucena; J, Jasmine 85; O, Owarihatamochi). Resistance
gene analogs (RGAs) of the NBS-LRR class are shown below the chromosomes.
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the cell counts arose from a Poisson with an unspecified were associated with resistance to at least three diseases.
Thus, several genomic regions appeared to conditionmean (P � 0.1).

The bin size used for this analysis can affect the con- BS-QDR, as indicated by the abundance of heteroge-
neous bins. In some cases, chromosomal segments fromclusions drawn. Although a significant result was ob-

tained using a 1-cM bin size for the chi-square test, we a single resistance donor conditioned resistance to mul-
tiple diseases (Figure 1). This could be determined fromfelt it was inappropriate because such a small bin size

gives large QTL more weight than small QTL in the three sets of studies in which a QTL analysis was per-
formed using the same mapping population (Table 1).analysis. Thus, we chose to use the average QTL size as

the bin size. Even using the average QTL size as the bin For example, four segments on chromosomes 1, 5, and
6 from cv. Moroberekan were associated with resistancesize, evidence for a nonrandom QTL distribution was

obtained using the Poisson dispersion test. The null to both rice blast and sheath rot (Wang et al. 1994;
Srinivasachary et al. 2002). The pericentric QTL clus-hypothesis of a Poisson distribution was rejected (P �

0.0076), irrespective of the bin size used for the analysis. ter on chromosome 12 conditioned QDR to four patho-
gens. These QTL were identified using three differentIt is not unusual for these tests to present contrasting

results, apparently because the dispersion test has more mapping populations, but overlapping QTL were de-
tected in cv. Teqing for rice blast, sheath blight, andpower, owing to the specific alternative hypothesis that

the distribution is not Poisson (Rice 1988). Further- bacterial blight using the same mapping population
(Figure 1; Li et al. 1995, 1999; Tabien et al. 2002). Inmore, the coefficient of dispersion, a frequently used

measure of clustering, suggested the sample data were total, 11 chromosomal segments were associated with
BS-QDR conditioned by alleles from the same donor.overdispersed or clumped (CD � 1).

As with the QTL data, it was necessary to consider In eight instances, a cluster of QTL was derived from
more than one source of resistance. This was observedgenomic bins with more than two R genes as a single

category to achieve expected values greater than one when QTL detected in studies using different mapping
populations colocalized. Occasionally, colocalizing QTLwhen using the chi-square test to assess the genomic

distribution of R genes. The hypothesis that these genes were detected for two diseases with the same mapping
population, where the resistance donor for one diseasewere randomly distributed was rejected with each of the

applied tests (�2, P � 0.002; Poisson dispersion, P � 0; was not the donor for the other disease. Rice blast,
bacterial blight, and sheath blight QTL were detectedCD � 1). When R genes denoted as tentative (those

presumed to be pending allelism tests) were removed in three studies using a Lemont/Teqing mapping popu-
lation (Li et al. 1995, 1999; Tabien et al. 2002). A telo-from the data set, the R gene distribution could not be

tested with the chi-square test, due to lack of sufficient meric section of chromosome 3 was associated with resis-
tance to sheath blight, conditioned by an allele fromdata. The Poisson dispersion test can be used in such

instances (Rice 1988). The R gene set did not fit a Teqing, while the colocalizing bacterial blight QTL was
attributed to Lemont (Figure 1). Again, on chromo-Poisson distribution according to the Poisson dispersion

test (P � 0). When both R genes and QTL were included some 8, a bacterial blight QTL from Teqing colocalized
with a sheath blight QTL contributed by Lemont. Simi-in the analysis, the null hypothesis of a random distribu-

tion was rejected on the basis of the chi-square test (P � larly, QTL analysis of rice blast and sheath blight was
performed with a Zhenshan 97/Minghui 63 mapping0.017). The Poisson dispersion test remained signifi-

cant, and the CD was �1. These analyses indicate cluster- population (Han et al. 2002; Chen et al. 2003). In the
genomic interval on chromosome 9 from �64 to 72 cM,ing of QTL, R genes, and the two taken together, but

did not address the extent to which they associate with quantitative resistance to sheath blight was derived from
Minghui 63, whereas resistance to rice blast was contrib-each other.

Colocalizing QTL condition resistance to multiple uted by Zhenshan 97.
Location of genes, R genes, RGAs, and gene familiesdiseases: For two diseases, rice blast and sheath blight,

the availability of multiple published studies allowed us with respect to QTL: In Figure 1, the estimated map
locations of reported R genes for rice blast (Pi genes)to evaluate the distribution of QTL for a given disease

(Table 1). Relatively few colocalizing QTL were found and bacterial blight (Xa genes) and RGAs are summa-
rized with respect to disease QTL. Many of the QTLacross studies for a given disease. For the eight rice blast

studies, 30 of the 108 genomic bins contained a single appeared to colocalize with R genes and/or RGAs, while
others were found in regions of the genome where noQTL (1-hit bins), while 11 bins had more than one

QTL. That is, a comparatively high proportion of QTL R gene and/or RGA had been located. Using Fisher’s
exact test, we evaluated whether all rice genes, majorwere identified in only one study, and unique QTL were

identified in six of the eight studies. For sheath blight, genes, or RGAs were enriched in the QTL fraction of
the genome (significantly more frequent in the QTL15 1-hit bins were observed and 2 bins contained two

QTL (Figure 1). All four of the sheath blight studies fraction than expected on the basis of a null hypothesis
of independence).identified at least one unique QTL.

Among the 27 bins with more than one QTL, 22 Fifty-four percent of the genetically defined rice ge-
nome was associated with reported QTL for disease resis-(82%) had QTL for more than one disease. Five bins
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TABLE 1

QTL studies used for the development of an integrated disease-QTL map of rice

Diseasea Population No. QTL Reference

BB Lemont/Teqing 11 Li et al. (1999)
Bl CO39/Moroberekan 10 Wang et al. (1994)
Bl CT9993/KDML105 4 Sirithunya et al. (2002)
Bl Kahei/Koshihikari 3 Miyamoto et al. (2001)
Bl Lemont/Teqing 9 Tabien et al. (2002)
Bl Nipponbare/Owarihatamochi 4 Fukuoka and Okuno (2001)
Bl Norin 29/Chubu 32 1 Zenbayashi et al. (2002)
Bl SHZ-2/Lijiangxin-tuan-heigu 4 Liu et al. b

Bl Zhenshan 97B/Minghui 63 12 Chen et al. (2003)
RYMV IR64/Azucena 7 Albar et al. (1998)
RYMV IR64/Azucena 1 Ghesquière et al. (1997)
ShB Jasmine 85/Lemont 6 Zou et al. (2000)
ShB Lemont/Teqing 6 Li et al. (1995)
ShB Zhenshan 97B/Minghui 63 3 Han et al. (2002)
ShB ZYQ8/JX17 4 Kunihiro et al. (2002)
ShR CO39/Moroberekan 9 Srinivasachary et al. (2002)

a Disease abbreviations are BB, bacterial blight; Bl, rice blast; RYMV, rice yellow mottle virus; ShB, sheath
blight; and ShR, sheath rot.

b B. Liu, S. Zhang, X. Zhu, Q. Yang, S. Wu et al. (unpublished data; H. Leung, personal communication).

tance. If genes were randomly distributed with respect lized with a QTL for rice yellow mottle virus resistance.
Similarly, on chromosome 11, three Pi genes [Pia andto QTL, we would expect 54% of the total number of

genes to reside in the QTL genomic fraction. There was Pi30(t), Sallaud et al. 2003; Pise1, Gramene, March
2004] colocalized with sheath blight QTL within thea significant enrichment of rice FL-cDNAs (59%; P �

0) and predicted genes (60%; P � 0) in the QTL fraction interval 24.1–54.3 cM.
Different chromosomal segments could be character-of the genome, indicating that QTL were present in

relatively gene-dense regions. ized by their distinct resistance-associated features, in-
cluding QTL, lesion mimic genes, R genes, and RGAs.To test for overrepresentation in the QTL fraction of

R genes, RGAs, and gene families, an expected gene For instance, in the pericentric section of chromosome
12, all classes of resistance-associated features coloca-number was established on the basis of the distribution

of all FL-cDNAs or TIGR predicted genes. There was lized. In contrast, overlapping QTL conditioning resis-
tance to rice blast, sheath blight, and bacterial blightenrichment in the proportion of major genes colocaliz-

ing with the QTL fraction of the genome (81%, P � were identified in the telomeric section of chromosome
3, along with a lesion mimic gene, in a region devoid0.0002) relative to the proportion of all FL-cDNAs

(59%) or all TIGR predicted genes (60%). Rice RGAs of major genes and RGAs. For a number of QTL regions
there was no colocalizing major gene, in spite of thebelonging to the NBS-LRR class have been categorized

into six separate classes (classes 2–7, n � 583 genes) on significant association between major genes and QTL
(Figure 1).the basis of the presence/absence and conservation of

sequence motifs (Monosi et al. 2004). After correcting Several specific candidate gene families, namely genes
encoding the transcription factors WRKY, ERF, MYB,for multiple tests, the percentage of RGAs colocalizing

with the QTL genomic fraction (63%) did not exceed and bZIP and genes encoding proteins with ankyrin
repeats, were examined for possible overrepresentationthe expected proportion when all classes were consid-

ered together. Only the class 2 (non-toll/interleukin-1 in the QTL genomic fraction. None of these candidate
gene families showed significant enrichment, althoughreceptor NBS-LRR) genes have been associated with

resistance and no phenotypes have yet been associated each family, except for ERF, was slightly more abundant
in the QTL genomic fraction (�59%) relative to allwith the other classes. When the class 2 RGAs (n �

489) were tested, a significant enrichment was observed nonredundant FL-cDNAs. Among the gene families
tested, the FL-cDNA representative members of the ERF(71%, P � 4.8 � 10�7).

A subset of the Pi and Xa genes was not associated gene family were the least represented in the QTL geno-
mic fraction (57%), while the WRKY gene family waswith rice blast and bacterial blight QTL, respectively,

but instead colocalized with QTL for different diseases. most associated with QTL (68%).
Correspondences between QTL and FL-cDNAs wereThis was observed on chromosomes 2, 4, 6, 8, 10, and

11 (Figure 1). For instance, xa13 was located at 111.2 surveyed for those FL-cDNAs harboring InterPro do-
mains. Gene families were defined as genes sharing acM on chromosome 8 (Sanchez et al. 1999), and coloca-
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Figure 2.—Percentage of FL-cDNA representa-
tive gene families with a minimum of 20 members,
residing in the disease QTL genomic fraction.
Each gene family was defined as the set of FL-
cDNAs harboring an individual InterPro domain.
The solid line at 59% indicates the percentage
of the entire catalog of nonredundant FL-cDNAs
(n � 21,446) that were located in the QTL geno-
mic fraction, or the mean value. The false discov-
ery rate (FDR) for the most significant gene fami-
lies is shown.

protein domain characterized in the InterPro database. for a given gene in selected EST libraries (Table 2). Of
the 29,914 ESTs, a total of 20,098 matched an FL-cDNAThere were 675 distinct FL-cDNA representative gene

families with 	14 members, for which 100% of the mem- under the BLAST parameter criteria applied. Hence, a
match was not identified for 32.8% of the ESTs in thebers colocalized with disease QTL. These mostly com-

prised families with 	4 members. Among the 145 gene database. Matches among the 20,098 ESTs were found
for 6024 nonredundant FL-cDNAs, reflecting the num-families with at least 20 members, 62 had a greater

representation in the QTL genomic fraction than the ber of contigs comprised of these ESTs. While per-
forming a digital Northern analysis, a reduction in thetotal number of nonredundant FL-cDNAs (Figure 2).

The percentage distribution of positive QTL-gene number of independent tests was achieved by limiting
the statistical analysis to those FL-cDNAs having a mini-family correspondences did not fit a normal distribution

and was skewed above the mean percentage (Figure 2, mum of five EST matches in any one of the six libraries.
Among the 342 independent tests performed, 74 nonre-tests of normality not shown). Extreme outliers above

the mean of the given distribution were examined after dundant FL-cDNAs were associated with significantly
different EST frequencies among the libraries (� �ranking the calculated P-values from Fisher’s test. The

four families defined by five domains that had the lowest 0.05, with Bonferroni correction). At a 5% FDR, 199
FL-cDNAs were associated with significantly differentP-values among the 145 families tested corresponded to

FL-cDNAs harboring the following five domains: (1) EST frequencies. These cDNAs were integrated with the
genetic map along with the QTL summary data (Figuremitochondrial transcription termination factor (n � 20,

95% QTL); (2) glutathione S-transferase, C terminus S1 at http://www.genetics.org/supplemental/). There
were 4 cDNAs in the Bonferroni-corrected data set and(n � 39, 87.2% QTL); (3) glutathione S-transferase, N

terminus (n � 41, 85.4% QTL); (4) UDP-glucosyltrans- 13 in the FDR-corrected data set that could not be lo-
cated on the genetic map.ferase (n � 45; 80.4% QTL); and (5) peptidase S8 and

S53, subtilisin, kexin, and sedolisin (n � 21; 90.5% Cluster analysis was used to group genes (Sturn et
al. 2002) on the basis of their digital Northern profiles.QTL). For each of these families (except the peptidase

S8 gene family), there was a false discovery rate (FDR) Similarly, libraries were grouped according to their con-
stituent gene complements (Figure 3). The inferredof 2% that they were nonrandomly associated with QTL.

For the peptidase S8 gene family, there was a 6% FDR. library relationships were the same when the differen-
tially expressed genes (n � 74, Bonferroni-correctedThe next best-ranked gene family had a 35% FDR for

a nonrandom association. data set) or all of the FL-cDNA digital Northern profiles
(n � 6024) were used. However, using different distanceDigital Northern analysis of rice blast interactions: If

some of the genes controlling disease QTL are regulated measures for hierarchical clustering altered the inferred
relationships of genes and libraries (data not shown).in response to pathogen infection, libraries made from

pathogen-infected tissue might be a good source of can- Several groups of genes could be identified in Figure
3, each of which was variably represented among thedidate genes. To infer pathogen-affected changes in

gene expression, the BLAST algorithm was used to pathogen-induced libraries only. Furthermore, relative
to the control, a group of “downregulated” genes in thequantify and compare the frequencies of EST matches
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TABLE 2

Description of Oryza sativa EST libraries used for digital Northern analysis

GenBank accession for
Cultivar Tissue Resistance interaction representative clone Count a

Nipponbare Leaf Compatible, 6 hr PI CB641388 4177
Nipponbare Leaf Compatible, 24 hr PI CB651859 5777
Nipponbare Leaf Incompatible, 6 hr PI CB659757 4659
Nipponbare Leaf Incompatible, 24 hr PI CB668914 4998
Nipponbare Leaf Partial, 24 hr PI CB678643 5451
Nipponbare Leaf None CB686047 7172

PI, post-inoculation.
a The number of unique EST clones representing the EST library.

pathogen-induced libraries was observed. Gene clades eral protein kinases, an LRR-transmembrane protein
kinase, and a homolog of the barley Mlo gene. Severaldominantly associated with specific EST libraries were

also resolved. A more detailed analysis of library-specific other classes of genes (e.g., transcription factors and PR
genes) implicated in the defense response literaturegene sets is in progress elsewhere (G. Wang, personal

communication). were also found.
Inspection of the annotation of cDNAs mapped in aWe tested whether the pathogen-affected cDNAs were

enriched in the QTL fraction of the genome. Of the segment on chromosome 9, which included eight QTL
for four diseases, also revealed many candidate defensegenes found to be differentially represented using the

Bonferroni method for multiple-test correction, 67% of genes. In this segment, 78% (n � 431) of the translated
FL-cDNAs each matched an Arabidopsis protein, andthe FL-cDNAs colocalized with all disease QTL and 53%

colocalized with rice blast QTL. A significantly higher on the basis of the annotation �22% of these could be
associated with the plant defense literature. Membersproportion of differentially represented genes coloca-

lized with rice blast QTL (P � 0.007) but not with all of defense-associated transcription factor families in-
cluding WRKY, ERF, bZIP (n � 3 of each), and MYBdisease QTL, relative to the expected number based on

the distribution of all nonredundant FL-cDNAs. The (n � 2) genes were annotated in the region. An array
of other defense-associated gene annotations were alsodata set corrected by the FDR method was randomly

associated with the all disease QTL and rice blast QTL observed in this region, including an elicitor response
protein, a glutathione S-transferase, a synaptosome-asso-genomic fractions, perhaps due to a larger proportion

of false positives. ciated protein receptor, pathogenesis-related proteins,
RGAs, phosphatases, cell-wall associated kinases, anAnnotations of the set of genes with significant differ-

ences in EST abundance are provided in Figure 3 and LRR-transmembrane kinase, calcium-dependent kinases,
serine-threonine dependent kinases, and other proteinTable S4 (supplementary data at http://www.genetics.

org/supplemental/) and through links to the KOME kinases.
In addition, several defense-associated genes that be-database (http://cdna01.dna.affrc.go.jp/cDNA/) in Fig-

ure S1 (supplementary data). These annotations repre- long to common biosynthetic pathways were found in
this chromosomal segment. Five genes associated withsent a broad range of functions and include genes classi-

cally associated with plant defense (e.g., PR genes). KEGG pathway 00940 (i.e., flavanoid, stilbene, and lig-
nin biosynthesis) and 14 genes associated with ubiquitin-Positional candidate genes apparent from inspection

of existing annotation: We inspected the gene annota- mediated proteolysis (includes ubiquitin biosynthesis,
n � 2 genes) were identified. Of the ubiquitin proteoly-tions derived from BLAST searches against Arabidopsis

proteins performed by Kikuchi et al. (2003) for the rice sis-associated sequences, 13 were unrelated by sequence
identity (BLASTn analysis, E-value 
e�10). InspectingFL-cDNAs in selected chromosomal segments associated

with QTL for multiple diseases. There were 296 FL- this �40-cM segment in 5-cM windows, these genes oc-
curred three times in groups of 2, one time as a groupcDNAs in the telomeric region on the short arm of

chromosome 3, which contains a lesion mimic gene and of 3 genes, and once as a group of 5 genes. This colocali-
zation of potentially functionally related genes is un-QTL to three pathogens. A BLASTp match (E-value

	e�10) against an Arabidopsis protein was found for likely to occur by chance, on the basis of the numbers
of paralogs for each gene and given that colocalization81% of these translated FL-cDNAs. At least 40 cDNAs

(�17%) could be associated with the plant defense liter- did not occur elsewhere in the genome. For each of
the 13 sequences, the number of putative paralogs inature, on the basis of annotation alone. While no NBS-

LRR-like genes were annotated in this region, other the entire set of nonredundant FL-cDNAs ranged from
zero to seven. Using the chromosome map tool at theclasses of putative R genes were present, including sev-
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Figure 3.—Cluster analysis of genes with significantly different EST abundances detected in a digital Northern analysis
(Bonferroni correction, � � 0.05). The EST libraries described in Table 2 are indicated at the top horizontal axis. The following
abbreviations were used to indicate the type of plant-pathogen interaction: (1) I, incompatible; (2) C, compatible; and (3) P,
partial. Genes are represented by branches along the left vertical axis. The FL-cDNA clone name corresponds to the longest (in
base pairs) cDNA for a given FL-cDNA cluster. The centimorgan values correspond to the rice JRGP 2000 high-density genetic
map (unknown map locations are symbolized by a question mark). The symbols in the QTL column indicate whether the FL-
cDNA colocalized with a QTL (�) or did not colocalize (�) or that the map position was unknown (?). Arabidopsis homologs
were identified by BLASTp searches and match with an E-value 
e�18. The relative abundance of ESTs across libraries is indicated
by the intensity of the color red.
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Arabidopsis Information Resource (http://www.arabi that a high number of potential QTL exist in the rice
germplasm, such that each cross represents a differentdopsis.org/), we visualized the genomic locations of the

Arabidopsis homologs. The ubiquitin-associated genes subsample of QTL. While the replicability of QTL analy-
sis is problematic, we note that an average of �80% ofwere not similarly clustered in the Arabidopsis genome

(i.e., they were distributed on all linkage groups; data the QTL was observed repeatedly within a given study
performed over multiple years and/or environmentsnot shown).

The pericentric section of chromosome 12 contained (although such experimental replications were reported
in only 5 of the 16 studies). Inconsistent detection ofseven QTL conditioning resistance to four diseases,

eight Pi genes (R genes for rice blast resistance), and QTL has been discussed, and several sources of variabil-
ity in QTL analysis that would explain nonequivalencetwo lesion mimic genes. Of the 184 annotated cDNAs

present in this region, �18% were associated with the across multiple studies are recognized (e.g., Bubeck et
al. 1993; Remington and Purugganan 2003).plant defense literature. These annotations included

14 RGAs (NBS-LRR class), several different kinases, a Most colocalizing QTL conditioned resistance to mul-
tiple diseases. The majority of colocalizing resistancecytochrome P450, wound-induced basic proteins, a glu-

tathione S-transferase, an ABC transporter, and a senes- QTL for different diseases were detected using the same
mapping population and were conditioned by one par-cence-associated protein. In this pericentric region, the

number of FL-cDNAs represents 16% of the putative ent. This confirmed and extended the observation of
Li et al. (1999) for the Lemont/Teqing mapping popula-total number of genes (Table 3), which is the smallest

proportional representation of the regions examined. tion. In other instances, chromosomal segments con-
taining QTL for multiple diseases were detected usingTherefore, many other potentially defense-related genes

are likely to reside in this segment. the same mapping population, but were conditioned by
the different parents. The remaining genomic sections
associated with BS-QDR contained QTL that were de-

DISCUSSION
tected in different mapping populations. These observa-
tions could be explained by single-gene effects or byEvidence for BS-QDR emerged from a synthesis of

previously published QTL data. For the rice cultivars the effects of clusters of genes. Other authors have noted
the colocalization of resistance loci for multiple diseasesMoroberekan, Teqing, Lemont, and Minghui 63, several

chromosomal segments were associated with quantita- in plant genomes (Mcmullen and Simcox 1995; Geb-
hardt and Valkonen 2001; Kover and Caicedo 2001;tive resistance to two or three diseases. Integrating the

QTL data onto a single map-based format allowed us to Tabien et al. 2002; Ramalingam et al. 2003). Together,
these observations indicate that BS-QDR exists in thecharacterize the QTL genomic fraction. By investigating

the genes and pathways underlying the QTL fraction rice germplasm, at the level of chromosomal segments.
On the basis of a visual inspection of the QTL distribu-of the genome in general and underlying the regions

of QTL clusters in particular, genes potentially contrib- tion, it was apparent that some QTL clusters exist against
a backdrop of dispersed QTL. This impression is re-uting to BS-QDR were identified. The number of candi-

date gene-QTL associations was large, demonstrating flected in the ambiguous results of the two statistical
tests. While the Poisson dispersion test detected evi-the need to narrow QTL confidence intervals. This study

offers guidance for phenotypic or marker-assisted breed- dence for clustering, the chi-square test failed to show
evidence for a nonrandom distribution. This was likelying efforts, germplasm utilization, and directions for

future research on quantitative and broad-spectrum dis- due to a lack of power of the chi-square test, as a result of
having to pool categories to achieve expectation valuesease resistance.

About half of the genetically defined rice genome greater than one (Cochran 1954). R genes tested alone
were found to be nonrandomly distributed. And whenwas implicated in QDR on the basis of the summary

of published studies. For multiple studies of the same both R genes and QTL were included in the analysis,
it could be concluded that resistance loci were clustereddisease, a given QTL was rarely identified repeatedly;

many QTL were discovered in only one study. There in the rice genome. Similarly, using the chi-square test,
Mcmullen and Simcox (1995) found that disease- andare two general interpretations for this observation: dif-

ferent germplasm draws on distinct QTL, or, alterna- pest-resistance QTL and R genes were clustered in the
maize genome. We have also found the published maizetively, the QTL results are essentially irreproducible,

and the observed associations between markers and phe- disease QTL to be nonrandomly distributed (data not
shown). These findings suggest that linked allelic varia-notypes occurred by chance. In relation to a phylogeny

of rice genotypes, the crosses analyzed represent a small tion associated with qualitative and/or quantitative resis-
tance to multiple diseases has been selected in bothbut diverse sample of the temperate and tropical japon-

ica and indica germplasm (A. Garris, personal commu- inbreeding and outcrossing plant species.
Several authors have noted the coincidence of Rnication, data not shown). Therefore, the low propor-

tion of overlapping QTL identified for a given disease genes or RGAs and QTL for disease (e.g., Wang et al.
1994; Pflieger et al. 1999; Gebhardt and Valkonenacross multiple studies is consistent with the hypothesis
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TABLE 3

Description of selected chromosomal segments containing colocalizing QTL for multiple diseases

Chr. No. cDNAs
(interval)a QTLb QTL donor Phenotypes (no. genes) Positional candidates c

3 Bl Moroberekan spl3 296 Glyceraldehyde-3-phosphate dehydrogenase
(1.1–15.2) ShB Teqing (458) [J013118G18] d

BB Lemont Ubiquitin family protein [J023111G18] d

Lethal leaf-spot 1 [001-003-D01]
Catalase 2 [J013060B21]
Peroxidase [002-113-H03, J023075H05]
Flavanone 3-hydroxylase [006-204-B12]
Plant defensin [J023019E10]

8 Bl Moroberekan Pi33 499 LRR receptor-like protein kinase [J013065M07] e

(16.4–58.2) Bl Minghui 63 Pi9(t) (2143) Wound-responsive family protein [J023052C20] e

Bl Sanhuangzhan 2 Pi11(t) Photosystem II 10-kD polypeptide [J023063I15] e

ShR Moroberekan myb family transcription factor [J033071N16] d

ShB Lemont Uridylyltransferase related [J013155B11] d

BB Teqing Germin-like protein [001-026-B02, 001-108-B05,
006-204-C06, 006-204-G10, 006-205-B04]

bZIP, ocs-element binding factor [002-121-A09]
CC-NBS-LRR similar to RPM1 [J033077K04,

J023106I20]
9 Bl Minghui 63 555 AP2 domain protein RAP2.12 [001-038-B05] e

(51.7–91.8) Bl Minghui 63 (1083) Aldehyde dehydrogenase [002-113-B08] e

Bl Zhenshan 97 U2 snRNP auxiliary factor small subunit
ShB Jasmine 85 [J013025G09] e

ShB Minghui 63 Plasma membrane intrinsic protein [006-310-H08] e

ShB Minghui 63 Carbonic anhydrase family protein [J023022G09] d

BB Teqing Cytochrome P450 [J013099E24] d

RYMV Azucena Nodulin family protein [J023012O05] d

Ankyrin-like protein [J023122L09]
WRKY [J013121C08, J013151N12, J013001K23]
Putative AVR9 elicitor response protein

[J013146K16]
Blight-associated protein p12 [001-111-F08]
CC-NBS-LRR similar to RPM1 [J033046D04]
bZIP [J023043A12, J033108B13, J023110J21]
Putative MYB4 [006-203-E04]

12 Bl Moroberekan spl1 313 No match [001-006-F10] e

(40.2–64.4) Bl Owarihatamochi lrd21 (1904) RuBisCO small subunit [J013149A10] e

Bl Teqing Pita Photosystem I reaction center subunit XI
ShB Teqing Pitq6 [006-203-B01] e

BB Teqing Pi20 DNAJ heat shock protein [J023062J10] d

RYMV Azucena Pi6(t) Expressed protein [J013002M10] d

Pi12(t) Pathogen-responsive �-dioxygenase [J023106K06] d

Pi21(t) CC-NBS-LRR similar to RPP8 [J023064J22]
Pi31(t) CC-NBS-LRR similar to RPM1 [J033037L18,
Pi32(t) J013005L22, J023048O04, J033021G15]

CC-NBS similar to RPP13 [J023026M23,
002-164-A12]

Heat-shock protein 70 [J033107J07]
Wound-induced basic protein [001-042-B08,

J013098D06]
Glutathione S-transferase [J033043B09]

a The chromosomal interval according to the JRGP 2000 centimorgan values.
b QTL for disease resistance to BB, bacterial blight; Bl, rice blast; RYMV, rice yellow mottle virus; ShB, sheath blight; and ShR,

sheath rot.
c A subset of the numerous positional candidates to exemplify the diverse range of putative functions.
d Positional candidates having a 5% false discovery rate of significant differential representation.
e Positional candidates exhibiting significant differential representation after correcting for multiple tests by the Bonferroni

procedure (� � 0.05).
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2001; Quint et al. 2003). We addressed this tendency dence for linkage of functionally related genes (Mcmul-
len and Simcox 1995; Khavkin and Coe 1997; Caiacross all available studies and found that their associa-

tions were significant. Our analysis of RGAs included and Morishima 2002; Lee and Sonnhammer 2003),
potentially shaped through selection of advantageoussequences containing NBS- and LRR-like motifs, which

are recognized as the most abundant class of R genes gene arrangements. The identification of linked genes
conditioning quantitative variation is rare, however, pos-explaining qualitative resistance phenotypes. However,

other known classes of R genes exist (Bent 1996) and sibly due to analytical hurdles as well as to the likely
complexity of some QTL (Darvasi and Pisante-Sha-were not systematically located in this study. The signifi-

cant colocalization of RGAs and QTL arose when class lom 2002). Considering the nonrandom distribution of
QTL and R genes, the significant colocalization of R2 RGAs were considered alone; this is the class that most

closely resembles previously cloned NBS-LRR R genes. genes and RGAs with QTL, and the numerous addi-
tional positional candidate genes identified, it seemsWhile this may imply a role for R genes in conditioning

quantitative resistance, this also calls into question the reasonable to further hypothesize that allelic variation
at linked loci may explain some resistance QTL or QTLfunction of the remaining five NBS-LRR classes. This

further suggests that with a thorough understanding of clusters.
Many genes and gene families have been implicatedgene family structures and phylogenies, patterns may

emerge that were once inconspicuous. Even with the as playing important roles in plant defense on the basis
of various types of evidence, including altered expres-significant relationship between QTL, R genes, and

RGAs, their associations were intriguingly diverse: for sion in response to infection. The association of selected
candidate genes with the QTL fraction of the genomesome QTL regions, R genes and RGAs were abundantly

colocalized, whereas other QTL were not associated with was systematically analyzed for several transcription fac-
tor families and genes encoding proteins with ankyrinknown R genes or RGAs. This may provide contrasting

case studies for the further analysis of the noted relation- repeats. Although significant associations with the QTL
genomic fraction were not detected, there was a trendship between R genes and QTL.

At present, the apparent clustering of R genes and toward enrichment for all but the ERF family. For in-
stance, the WRKY gene family had the largest percent-QTL could be accounted for by either of two hypotheses:

first, that R genes and/or QTL are allelic [e.g., that R age of members that colocalized with rice disease QTL,
which paralleled the proportion of RGA-QTL associa-genes function as QTL, and/or overlapping QTL are

conditioned by the same gene(s)]; and second, that tions, but with a smaller sample size a significant associa-
tion could not be detected. Given the potentially diversefunctional gene clusters exist, which include genes con-

ditioning qualitative and quantitative resistance. It has functions of transcription factors, it may not be surpris-
ing that significant associations were not found. Further-been posited that qualitative traits may be conditioned

by extreme alleles of loci capable of conferring quantita- more, a general caveat of our analysis of rice FL-cDNAs
was that they likely represent a fraction of the familytive variation (Robertson 1984). Lefebvre and Chè-

vre (1995) hypothesized that genes conditioning resis- members.
An open-ended survey of QTL-gene family associa-tance QTL may be R gene homologs, and Gebhardt

and Valkonen (2001) proposed that monogenic- and tions revealed a few families that could be considered
extreme with respect to the number of positive QTL-polygenic-resistance loci are likely conditioned by the

existing recognized classes of R genes. Furthermore, family member correspondences. These included the
glutathione S-transferase (GST) and UDP-glucosyltrans-some rice R genes have been associated with or shown

to condition partial resistance (Wang et al. 1998; Z. K. ferase gene families, whose members are known to play
an important role in plant defense and stress responsesLi et al. 2001). Similarly, some maize Rp1 haplotypes

that confer high levels of race-specific rust resistance (Marrs 1996; Y. Li et al. 2001). Interestingly, members
of these separate gene families mediate the same stepalso confer quantitative levels of adult-plant, nonspecific

resistance (Hu et al. 1997). R genes exhibit race specific- in the detoxification of electrophilic compounds (Marrs
1996). The significant QTL-GST relationship could beity and QTL have been generally assumed to be race

nonspecific. In a recent study, Talukder et al. (2004) deceptive; several members were arranged in tandem
arrays, and one such array colocalized with a singleperformed QTL analyses of independent inoculation

experiments using three pathogen isolates and found bacterial blight QTL. However, GST genes were located
in two of the BS-QDR regions examined. A somewhatthat most rice blast QTL also exhibit race specificity.

The significant association of QTL with R genes and similar gene arrangement was identified for the mito-
chondrial transcription termination factor gene family,RGAs, the residual phenotypic effects of R genes on

virulent isolates, and the race specificity of QTL are whose function is not well understood. Genes harboring
common protein domains exhibit a potentially broadconsistent with the hypothesis that R genes contribute

to quantitative resistance. range of functions, and ascribing QTL to genes sharing
functional motifs requires a further understanding ofOn the other hand, analyses of gene and trait loci

distributions in eukaryotic genomes have provided evi- the actions of individual family members. The result of
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this analysis does not clearly implicate any single gene longs to a multigene family (Devoto et al. 2003), the
rice Mlo homolog located in this section of chromosomefamily; the range of disease QTL surveyed in this study

is potentially conditioned by diverse genes. 3 was shown by transformation to partially complement
the mlo phenotype in barley (Elliott et al. 2002). AlsoOne potential cause of variation in quantitative phe-

notypes is differences in the levels of gene expression. present in this region were genes resembling other
classes of putative R genes (i.e., protein kinases andGenes putatively responding to pathogen infection were

identified through differences in representation in avail- an LRR transmembrane protein kinase), indicating the
presence of other R gene classes in QTL regions devoidable EST libraries and located on the disease-QTL map.

This approach has been used in studies conducted in of sequences resembling the NBS-LRR class.
Physical clustering of genes involved in common bio-both animal and plant systems (Ewing et al. 1999; Mégy

et al. 2002; Ventelon-Debout et al. 2003). In this study, synthetic pathways has been described in eukaryotic ge-
nomes (Lee and Sonnhammer 2003; Qi et al. 2004).a set of genes showing differential representation in rice

blast disease-related libraries was identified using the Multiple linked genes required for a complete pheno-
type have been described in yeast, lending support toBonferroni method for multiple test correction. These

genes exhibited a nonrandom association with rice blast a more complex genetic explanation for some QTL
(Steinmetz et al. 2002). In a BS-QDR-associated seg-QTL but not all disease QTL, indicating their trait-

specific relationship. The annotation of these genes im- ment on rice chromosome 9, putative clusters of path-
way-related genes were observed. While clustering ofplies a diverse range of functions, some of which are

recognizable as potentially playing a role in plant de- homologous defense-related genes has been attributed
to the evolutionary processes by which variation at thesefense on the basis of previous studies. These genes may

be logical targets for further validation and functional genes is generated, this explanation does not seem to
apply to clustering of nonhomologous defense-relatedanalysis. The present analysis should, however, be

viewed with caution because of several weaknesses in genes. Clustering of nonhomologous genes contribut-
ing to a trait, such as genes contributing to a giventhe data set utilized. The number of ESTs available for

analysis was limited, so that genes expressed at low levels pathway, may be advantageous because linkage would
favor the maintenance of positive epistatic interactions.may not be detected. To mitigate the risk of type I error,

a high threshold of significance had to be applied, such Further analysis is required to determine whether the
disease QTL examined in this study are controlled bythat large differences in representation were required

to declare disease responsiveness (e.g., twofold differ- single genes, groups of genes with additive effects, or
sets of genes with epistatic effects.ence in expression might be important, but would not

register as significant). Ideally, this analysis would be A large number of genes associated with plant defense
were found in both the QTL and non-QTL genomicconducted on genotype(s) expressing broad-spectrum,

quantitative resistance, but most data were from the fractions. Whether or not defense-related genes can be
validated as candidate genes for QDR, two alternativesusceptible genotype Nipponbare.

To avoid an excessive bias based on EST frequency hypotheses can be considered regarding the number of
genes associated with this trait: (1) that functional allelicanalysis, we examined the gene annotations derived

from BLASTp searches against Arabidopsis proteins for variation is restricted to a subset of genes (the oligogenic
or finite model for QDR) or (2) that there are a largeselected chromosomal segments. Several noteworthy

positional candidate genes were identified through in- number of genes potentially contributing to QDR and
functional allelic variation has been detected for onlyspection of the genes underlying disease-implicated

chromosomal segments, considering both gene annota- a subset because of the limited germplasm sampled (the
polygenic or infinite model for QDR). The large num-tion and the results of EST frequencies in disease-related

libraries. Intriguing candidates associated with the telo- ber of candidate genes identified, together with the fact
that new QTL were found in each additional study,meric segment of chromosome 3, which was associated

with resistance to three diseases and a lesion mimic suggests that the number of QTL could be large.
Combining different forms of resistance (i.e., qualita-phenotype, included the homolog of the maize lethal

leaf spot-1 (lls1) gene and a homolog of the barley Mlo tive and quantitative) may improve both the spectrum
and durability of resistance. A disease QTL summarygene. The lls1 gene was recently identified and deter-

mined to condition cell death in response to biotic and highlights certain opportunities and challenges in
breeding via marker-assisted selection (MAS) for BSR.abiotic stress (Gray et al. 2002). This gene is a logical

candidate to condition spl3, a lesion mimic mutant Chromosomal segments associated with resistance to
multiple diseases have been “tagged,” providing an op-mapped to this region. Other lesion mimic genes coloca-

lized with disease QTL, making them potentially useful portunity to validate and transfer potential BS-QDR into
locally adapted rice varieties using MAS. Because thefor further analysis in correlating mutant phenotypes

with quantitative variation and testing the hypothesis of genomic segments associated with BS-QDR detected in
different mapping populations are unlinked, it shouldRobertson (1984). The mlo major gene confers durable

resistance in barley to powdery mildew. While Mlo be- be possible to combine these loci from different germ-
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of protein database search programs. Nucleic Acids Res. 25: 3389–plasms into individual genotypes. Due to the potential
3402.

of loci carrying favorable alleles in repulsion and the Benjamini, Y., and Y. Hochberg, 1995 Controlling the false discov-
ery rate: a practical and powerful approach to multiple testing.many colocalizing QTL associated with different paren-
J. R. Stat. Soc. B 57: 289–300.tal alleles for some genomic regions, it will be necessary

Bent, A. F., 1996 Plant disease resistance genes: function meets
to narrow QTL confidence intervals prior to gene pyra- structure. Plant Cell 8: 1757–1771.

Bubeck, D. M., M. M. Goodman, W. D. Beavis and D. Grant, 1993miding. Furthermore, a broader perspective including
Quantitative trait loci controlling resistance to gray leaf spot inQTL data on agronomic traits would assist in developing
maize. Crop Sci. 33: 838–847.

a molecular-based pyramiding scheme. Ishimaru et al. Burge, C., and S. Karlin, 1997 Prediction of complete gene struc-
tures in human genomic DNA. J. Mol. Biol. 268: 78–94.(2001) constructed a rice “function map” of QTL data

Cai, W., and H. Morishima, 2002 QTL clusters reflect characterassociated with physiological and agronomic characters.
associations in wild and cultivated rice. Theor. Appl. Genet. 104:

The QTL locations reported in their study can be easily 1217–1228.
Cao, H., X. Li and X. Dong, 1998 Generation of broad-spectrumcompared with our integrated disease-QTL map, since

disease resistance by overexpression of an essential regulatorythe data are anchored onto the same genetic map. Such
gene in systemic acquired resistance. Proc. Natl. Acad. Sci. USA

comprehensive data sets will provide a basis toward the 95: 6531–6536.
Causse, M. A., T. M. Fulton, Y. G. Cho, S. N. Ahn, J. Chunwongsedevelopment of genotypes containing desirable alleles

et al., 1994 Saturated molecular map of the rice genome basedfor multiple traits in coupling (Peleman and van der on an interspecific backcross population. Genetics 138: 1251–
Voort 2003). 1274.

Chen, H., S. Wang, Y. Xing, C. Xu, P. M. Hayes et al., 2003 Compara-In this study, preexisting resources were used to make
tive analyses of genomic locations and race specificities of lociinferences regarding QDR, thus establishing directions for quantitative resistance to Pyricularia grisea in rice and barley.

for future research. An analytical synthesis of genetic Proc. Natl. Acad. Sci. USA 100: 2544–2549.
Cochran, W. G., 1954 Some methods for strengthening the com-maps of quantitative and qualitative resistance allowed

mon �2 tests. Biometrics 10: 417–451.visualization of a range of data types in a map-based Darvasi, A., and A. Pisante-Shalom, 2002 Complexities in the
format. Evidence for BS-QDR emerged from this analy- genetic dissection of quantitative trait loci. Trends Genet. 18:

489–491.sis. Further evidence supporting the hypothesis that R
Devoto, A., H. A. Hartmann, P. Piffanelli, C. Elliott, C. Simmonsgenes contribute to QDR was identified. The gene con- et al., 2003 Molecular phylogeny and evolution of the plant-

tent of chromosomal segments conditioning quantita- specific seven-transmembrane MLO family. J. Mol. Evol. 56:
77–78.tive resistance to multiple pathogens was inspected. On

Doebley, J., 1993 Genetics, development and plant evolution. Curr.the basis of the range of criteria applied, a large number Opin. Genet. Dev. 3: 865–872.
of defense-related genes were identified as credible posi- Dong, J., C. Chen and Z. Chen, 2003 Expression profiles of the

Arabidopsis WRKY gene superfamily during plant defense re-tional candidates. Caution is required, at this stage, and
sponse. Plant Mol. Biol. 51: 21–37.

chromosomal segments associated with BSR must be Elliott, C., F. Zhou, W. Spielmeyer, R. Panstruga and P. Schulze-
Lefert, 2002 Functional conservation of wheat and rice Mlosystematically dissected through detailed genetic and
orthologs in defense modulation to the powdery mildew fungus.phenotypic analysis before the genes conditioning quan-
Mol. Plant-Microbe Interact. 15: 1069–1077.

titative, potentially broad-spectrum resistance can be Ewing, R. M., A. B. Kahla, O. Poirot, F. Lopez, S. Audic et al.,
1999 Large-scale statistical analyses of rice ESTs reveal corre-narrowed to a number that will permit experimental
lated patterns of gene expression. Genome Res. 9: 950–959.validation through inactivation and/or complementa-

Fan, W., and X. Dong, 2002 In vivo interaction between NPR1 and
tion. Our long-range approach does not depend on transcription factor TGA2 leads to salicylic acid-mediated gene

activation in Arabidopsis. Plant Cell 14: 1377–1389.candidates only, as hypotheses emerging from this phase
Fokunang, C. N., T. Ikotun, A. G. O. Dixon and C. N. Akem, 2000of research will be tested by genetic dissection of puta-
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