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Abstract SHZ-2 is an indica rice cultivar that exhibits
broad-spectrum resistance to rice blast; it is widely used as
a resistance donor in breeding programs. To dissect the
QTL responsible for broad-spectrum blast resistance, we
crossed SHZ-2 to TXZ-13, a blast susceptible indica vari-
ety, to produce 244 BC,F; lines. These lines were evaluated
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for blast resistance in greenhouse and field conditions.
Chromosomal introgressions from SHZ-2 into the TXZ-13
genome were identified using a single feature polymor-
phism microarray, SSR markers and gene-specific primers.
Segregation analysis of the BC,F; population indicated that
three regions on chromosomes 2, 6, and 9, designated as
gBR2.1, gBR6.1, and gBR9.1, respectively, was associated
with blast resistance and contributed 16.2, 14.9, and 22.3%,
respectively, to the phenotypic variance of diseased leaf
area (DLA). We further narrowed the three QTL regions
using pairs of sister lines extracted from heterogeneous
inbred families (HIF). Pairwise comparison of these lines
enabled the determination of the relative contributions of
individual QTL. The gBR9.1 conferred strong resistance,
whereas gBR2.1 or gBR6.1 individually did not reduce dis-
ease under field conditions. However, when gBR2.1 and
qBR6.1 were combined, they reduced disease by 19.5%,
suggesting that small effect QTLs contribute to reduction of
epidemics. The gBR6.1 and gBR9.1 regions contain nucleo-
tide-binding sites and leucine rich repeats (NBS-LRR)
sequences, whereas the gBR2.1 did not. In the gBR6.1
region, the patterns of expression of adjacent NBS-LRR
genes were consistent in backcross generations and corre-
lated with blast resistance, supporting the hypothesis that
multiple resistance genes within a QTL region can contrib-
ute to non-race-specific quantitative resistance.

Introduction

Many genes containing nucleotide-binding sites (NBS) and
leucine rich repeats (LRR) function to confer race-specific
resistance against plant pathogens. This discovery has
accelerated the manipulation of major resistance (R) genes
for disease control in multiple crops. Because of the
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race-specificity, however, major R gene conferred resis-
tance is often vulnerable to adaptation by variable pathogen
populations. In rice, there are approximately 600 NBS-LRR
sequences (Bai etal. 2002). A large proportion of these
sequences exist in chromosomal clusters. Some NBS-LRR
sequences confer race-specific resistance against pathogens
of bacterial blight and blast (Song and Goodman 2001;
Bryan et al. 2000; Ashikawa et al. 2008; Shang et al. 2009;
Liu et al. 2010), but the functions of most of the sequences
are not known. Furthermore, it is not clear whether some
NBS-LRR sequences might contribute to quantitative, non-
race specificity resistance. An interesting question is
whether NBS-LRR sequences have residual effects for dis-
ease resistance after they are “defeated” by genetic shifts in
the pathogens. Ballini et al. (2008) and Vergne et al. (2008)
did a comprehensive analysis of the alignment of resistance
genes and defense genes and published QTL in the litera-
ture. Their results show strong evidence that regions of
blast resistance QTL are enriched with major resistance
genes; however, due to the low resolution of QTL mapping
it prevents further statistical analysis. Thus, there remains a
need to experimentally determine the phenotypic effects of
the NBS-LRR genes. Such information would greatly help
in the design of resistance gene combinations to provide
broad-spectrum resistance.

Although the genetic basis of broad-spectrum resistance
is not well understood, based on the performance records,
some varieties are known to exhibit stable resistance over
time (Liu et al. 2009). Wang et al. (1994) first demonstrated
that the durable blast resistance observed in the traditional
rice variety Moroberekan is controlled by a combination of
qualitative and quantitative genes. Similarly, SHZ-2, a
modern variety grown in South China, exhibits broad-spec-
trum resistance to multiple races of the blast pathogen
because it carries a combination of QTL and major resis-
tance genes (Zhu et al. 1996; 2003; Liu et al. 2004). How-
ever, because it is difficult to measure the level of
quantitative resistance when genes conferring complete
resistance are present, quantitative resistance can be only
estimated based on the presence of markers linked to QTLs
in the absence of the epistatic effect of major resistance
genes.

Using candidate defense genes as markers, we previ-
ously showed a strong association between defense genes
and resistance phenotypes in segregation analysis of RIL
and advanced backcross lines (Liu et al. 2004; Manosalva
et al. 2009). However, since RIL and advanced backcross
lines (BC; generation) are far from isogenic, the specific
effects of individual genes or chromosomal regions are
difficult to ascertain. Traditionally, dissecting the pheno-
typic effects of a QTL would require 7-8 backcross genera-
tions to create near-isogenic lines with and without the target
region. To accelerate the development of near-isogenic lines,
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an approach of selecting for sister lines derived from a
heterogeneous inbred family (HIF) has been proposed
(Tuinstra et al. 1997).

Here, we report the use of the genome-wide genotyping
and phenotypic analysis of pairs of lines derived from HIF
to identify chromosomal regions carrying strong and partial
resistance. Expression analysis of candidate genes within
QTL regions suggested that NBS-LRR sequences are
potential candidates responsible for the phenotypic effects
in the selected lines. Our results support the hypothesis that
individual NBS-LRR genes can play a role in quantitative
resistance, and that this resistance may not be race-specific.
The combination of race-specific and non-race specific
effects of NBS-LRR genes may account for the broad-
spectrum resistance observed in SHZ-2 that is widely used
in rice breeding programs.

Materials and methods
Plant materials

Three parental lines, SHZ-2, TXZ-13, and BC-10, and their
derived progeny formed the core genetic materials for dis-
section of blast resistance under field and greenhouse con-
ditions. SHZ-2 is an indica cultivar with resistance to
multiple races of the blast pathogen (Zhu et al. 1996; 2003;
Liu et al. 2004; Manosalva et al. 2009), whereas TXZ-13 is
a high-yielding indica cultivar but susceptible to blast. BC-10
is a blast resistant progeny selected from the third back-
cross generation (BC;F,) derived from backcrossing SHZ-2
to TXZ-13 (Liu et al. 2004).

To dissect the QTL responsible for broad-spectrum blast
resistance, BC-10 was backcrossed to TXZ-13 to produce
BC,F, progeny (because BC-10 is a BC; progeny). Because
seeds of the BC,F, lines were not enough to evaluate dis-
ease phenotypes in replicated tests under multiple condi-
tions, we advanced the population to BC,F; generation by
single seed descent. In total, 244 BC,F; lines were devel-
oped and they were evaluated in the greenhouse and in the
blast nursery at the IRRI experimental farm in Los Baifios,
the Philippines.

Evaluation of blast resistance phenotypes

To establish that BC-10 has a level of blast resistance com-
parable to that observed in SHZ-2, we evaluated disease
resistance of BC-10, SHZ-2, and TXZ-13 in multiple sites
known to have diverse pathogen populations. Field test
experiments (natural infection) were conducted at three
locations, Yangjiang, Conghua, and Longchuan, in Guang-
dong Province in two crop seasons (March—July and
August-November) each year from 2004 to 2008 (total ten
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seasons). Blast disease was measured for 15 plants ran-
domly selected from each of the three replicated rows
(approximately 60 plants) per entry using the 0-9 scale of
Standard Evaluation System for Rice (International Net-
work for Genetic Evaluation of Rice 1996). The same three
parental varieties were also evaluated under natural infec-
tion in the IRRI blast nursery in the Philippines.

The disease reaction of BC,F; lines was evaluated by
both single-isolate inoculation in the greenhouse and by
exposure to natural pathogen population in the field. For
greenhouse inoculation, we used a virulent isolate PO6-6
which exhibits virulence to most of the rice varieties in the
Philippines. A randomized complete block design with
three replicates was used, with 15 plants/line/replicate
being inoculated and scored as previously described (Wang
et al. 1994; Liu et al. 2004). Field tests against natural inoc-
ulum were conducted in the blast nursery in 2005 and 2006.
A randomized complete block design was used in field
studies, with three replicates of 50 plants/line planted in
16 m x 1.2 m? nursery plots. Three rows of diverse, sus-
ceptible varieties were planted around the plots to maintain
the diversity of the pathogen population and to enhance nat-
ural infection. Diseased leaf areca (DLA) was assessed at
14 days after sowing in the blast nursery using the method
described by Notteghem et al. (1981).

Target preparation and hybridization in microarray-based
genotyping

To identify the chromosomal introgressions of BC-10 from
SHZ-2, a genome-wide genotyping microarray was used
(Edwards et al. 2008). This array consists of 880 oligos that
detect single feature polymorphisms (insertions and dele-
tions) in unique sequences evenly spaced along the chro-
mosomes (medium spacing about 250 kb). DNA was
extracted from the leaves of BC-10 and TXZ-13 by CTAB
method (Murray and Thompson 1980) and digested with
the restriction enzyme Dpnll. The digested genomic DNAs
were labeled separately with Cy3 and Cy5 fluorescent dyes
according to the protocol from BioPrime Array CGH Geno-
mic labeling system, (cat# 18095-012, Invitrogen, Carls-
bad, CA). The Ilabeled targets were purified using
NucleoSpin Extract IT kit (Qiagen PCR purification kit, cat#
28104, Valencia, CA) according to the manufacturer’s
instruction. The purified targets were denatured at 99°C for
S5min in 2XMES buffer containing Herring sperm. The
denatured targets were hybridized overnight in a water bath
at 50°C. Hybridized slides were washed successively for
5 min in each of three solutions, comprising 6 x SSPE plus
0.005% SDS at 50°C, 0.06 x SSPE at room temperature
(RT), and 0.02 x SSC at RT. The hybridized slides were
then dried by spinning at 2,000 rpm at 25°C for 2 min.

Dried hybridized slides were scanned using a Perkin Elmer
Microarray Scanner (ScanArray Gx, Shelton, USA).

Molecular marker analysis

To verify the results of microarray analysis, the introgres-
sion regions of SHZ-2 were monitored in all BC,F; lines
using SSR markers (from GRAMENE, http://www.gram-
ene.org) which were located in or near to the introgression
regions according to the graphical genotypes of BC-10
determined by the microarray assay. In the case where
defense genes in the introgression regions were used as
markers, polymorphism was assayed by TILLING (Raghavan
etal. 2007) in all BC,F; lines. Candidate defense genes,
including germin-like proteins, chitinase, 14-3-3 protein,
and oxalate oxidases, were identified from previous studies
(Liu et al. 2004; Manosalva et al. 2009; Carrillo et al. 2009).
Primer pairs were designed using Oligo Primer Analysis
Software Version 5.0 based on the gene models from TIGR
5.0. Primers were synthesized by the SBS Company (Beijing,
China) (Supplementary Table S1).

Development of heterogeneous inbred families

Pairs of sister lines extracted from heterogeneous inbred
families (HIF) were used for determining the effect of
individual QTL on blast resistance. To develop the HIF,
we identified BC,F; lines that showed segregation of
resistance within a family. Single plants from these fami-
lies were genotyped with markers defining the QTL
regions. Progeny derived from a plant that is heterozy-
gous at the target region yielded two lines homozygous at
the locus; a homozygous line was then selfed to produce
fixed lines for evaluation. We concentrated on extracting
lines that were homozygous at the three QTL on chromo-
somes 2, 6, and 9. Lines with different allelic combina-
tions were evaluated in three independent experiments at
the IRRI blast nursery.

Genome mapping and QTLs analysis

The graphical genotyping of BC-10 was generated using the
software of Graphical Genotyping (GGT) version 2.0 (http://
www.dpw.wau.nl/pv/pub/ggt/www.plantbreeding.nl). Single
marker analysis (Qgene software, in 3.0 versions) was used
to identify markers significantly associated with blast
quantitative resistance. A LOD value greater than 3.0 was
interpreted as a QTL. This conventional cutoff served the
purpose of identifying the location rather than the strength
of a QTL. The actual phenotypic effects of individual
QTL were quantified using pairs of sister lines derived
from HIF.
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6 in Conghua and 6 in Longchuan) (Zhu et al. 1996; 2003;
Yang et al. 2008). The level of susceptibility shown in BC-10
was slightly higher than SHZ-2, though not statistically
significant, across all three sites. TXZ-13 was significantly
more susceptible than SHZ-2 and BC-10 (P < 0.001) across
all locations and seasons (Supplementary Table S4). The
resistance observed in SHZ-2 and BC-10 observed across
locations and years were not absolute immunity, indicating
that these varieties are susceptible to some pathogen iso-
lates at the test sites. Overall, as disease pressure increased
(as indicated by disease severity of TXZ-13), more diseases
were observed on BC-10 and SHZ-2. For example, in
Longchuan, the level of susceptibility of BC-10 was posi-
tively correlated (r = 0.72*) with that of TXZ-13, consis-
tent with the expected behavior of a variety possessing
quantitative resistance.

Chromosomal introgressions in BC-10 from SHZ-2

Chromosomal introgressions from SHZ-2 in BC-10 were
first defined using a genome-wide genotyping microarray
(Edwards et al. 2008). This array consists of 880 oligos that
detect single feature polymorphisms (insertions and dele-

Fig. 1 Graphical genotypes of
BC-10 derived from SHZ-

2 x TXZ-13 showing three
QTLs to blast resistance, :
gBR2.1, ¢BR6.1, and gBRY.1. SFP 813216
The introgressions of SHZ-2 in SFP 392800 1
BC-10 were detected using SFP SR iy
microarrary chips (Edwards

et al. 2008) and confirmed by
SSR markers and gene-specific
markers. The gray bar shows
that the genotype of BC-10 is the
same as the recurrent parent
TXZ-13. The black bars are the
introgressions of SHZ-2 in BC-
10. On the /eft are single feature
polymorphism (SFP) marker
names and their physical posi-
tions on the each chromosome as
defined by the SFP microarray
(Edwards et al. 2008)
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of Graphical Genotyping (GGT) version 2.0 (http://www.
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Fig. 2 Distribution curve of normalized diseased leaf area (DLA) of
a BC,F; lines derived from crossing resistant line BC-10 to TXZ-13 as
assayed in IRRI Blast Nursery

M. oryzae isolate PO6-6 in the greenhouse at IRRI. The
distribution of DLA among the BC,F; lines in both the
blast nursery and greenhouse was skewed toward resistance
(Fig. 2). Pairwise analysis of DLA on the BC,F; lines from
different experiments showed significant correlation in the
levels of resistance between tests (r = 0.70** for the green-
house versus the blast nursery, Philippines). To accelerate
the identification of markers linked to quantitative resis-
tance, 20 BC,F; lines from each of the “tails” of the distri-
bution curve, representing high and low DLA, and five
partial resistance lines (DLA about 16-32%) were selected
for association analysis. We then monitored the introgres-
sion regions of SHZ-2 alleles in 244 BC,F; lines using SSR
markers and SNPs in defense genes assayed by TILLING
method (Raghavan et al. 2007). We were able to define the
introgression regions of SHZ-2 in BC-10 using SFP chips
because the markers used on the SFP chips were anchored
to the rice physical map. In addition, we selected about 300
SSR markers (unpublished data) within or around the intro-
gression regions to validate the SFP results. Thus, by com-
bining the genotyping data from using microarray, SSR

markers, and SNPs of specific alleles, we determined the
intervals on chromosome 2, 6, and 9, which were associ-
ated with blast resistance. Following the recommended
nomenclature of rice QTL (McCouch 2008), the quantita-
tive Blast Resistance loci are tentatively named as gBR2.1,
gBR6.1, and gBR9.1 (Fig. 1). The logarithm of the odds
(LOD) and the contribution of the three QTLs (LOD
value > 3.0) were determined by single marker analysis
using Q-gene software (version 3.05) (Table2). The
gBR2.1 on chromosome 2 was identified by SSR marker
RM6069, with a LOD score of 9.0. It accounted for 16.2%
of the DLA variance. The gBR6.1 on chromosome 6, defi-
ned by SSR markers RM204 and RM584, spanned approxi-
mately 250 kb; it accounted for 14.9% of the DLA
variance. The ¢gBR9.I on chromosome 9, defined by
RM24022, RM7364 and RM5777, spanned 560 kb, and
accounted for 22.3% of the DLA variance.

Estimating QTL effects using sister lines
from heterogeneous inbred families

Based on the QTL analysis, we extracted HIF to define the
phenotypic effect of the three regions on chromosomes 2, 6,
and 9. From 244 BC,F; lines tested in the blast nursery, we
selected 19 families that showed segregation in DLA to
determine the heterozygosity at each of the regions defined
by QTL mapping. Of these families, nine contained plants
that showed heterozygosity in the targeted regions on chro-
mosomes 2, 6, and 9. These plants were selfed to produce
pairs of sister lines that were homozygous at the three QTL
regions (Table 3). These lines were first tested in the green-
house by artificial inoculation using M. oryzae isolate PO6-6,
and then were evaluated in the blast nursery by natural
infection in two independent replicated experiments. These
pairs of lines were referred to as pre-near-isogenic line
(pre-NILs) because, although they differ from each other
with respect to the presence of the target QTL, they are not
sufficiently similar to the recurrent parent TXZ-13 to be
called near-isogenic.

Pairs of lines with fixed homozygous QTL regions are
summarized in Table 3. The pre-NILs derived from each

Table 2 Estimates of marker contribution associated with blast resistance QTL detected in BC-10-derived lines

QTL Marker Chromosome F R? LOD Origin of QTL
gBR9.1 RM24022 9 33.34 0.223 12.9 SHZ-2
gBRY9.1 LRR-1 and LRR-2? 9 30.99 0.210 12.1 SHZ-2
gBR2.1 RM6069 2 22.45 0.162 9.0 SHZ-2
gBR6.1 RM584 and RM204? 6 20.4 0.149 8.3 SHZ-2

Based on single marker analysis (Q-gene software, 3.05 versions)
R% is the relative contribution to DLA variance

# Pair of markers defining the same region
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Table 3 Estimates of the relative contributions of individual QTL to leaf blast resistance

Lines Heterogeneous QTL region® Diseased leaf area (DLA)

inbred family

gBR9.1 gBR6.1 gBR2.1 Green house® Blast nursery 1¢ Blast nursery 2°

22-4 HIF-22 + + + 1.7d 09e 1.3d
22-1 — + + 29.8 ¢ 29.0d 283 ¢
22-8 - + + 32.2 be 28.1d 344c
22-16 — + — 50.5a 49.7 ab 60.5 a
22-10 - + - 51.1a 42.7 be 51.0 ab
18-1 HIF-18 — + + 35.0 be 31.5d 315¢
18-18 - + + 39.7b 35.0cd 40.0 bc
18-14 — — + 573 a 55.0a 57.7a
18-17 — — + 572a 55.4a 62.1a
21-8 HIF-21 + — + 1.3d 0.6¢e 1.2d
21-19 — + + 35.0 bc 30.3d 30.2¢
21-7 — + 55.1a 49.3 ab 55.0a
BC-10 Parental + + + 1.3d 05e 1.3d
TXZ-13 Parental — - - 50.1a 51.0a 49.1 ab
C039 Susceptible check ND ND ND 82.0 82.0 82.0

# + and — indicate presence or absence of QTL in this region, respectively

® Plants were inoculated with M. oryzae isolate PO6-6. Each value represents the mean of disease leaf area (DLA) of two independent experiments.
Disease values with same lower case letters are not significantly different from one another (P < 0.05)

¢ Two independent experiments conducted in the IRRI blast nursery. Disease values are the means of three replicates of DLA. Values with same
lower case letters are not significantly different from one another (P < 0.05)

Fig. 3 Disease lesions of
individual lines with different
QTL derived from a heteroge-
neous inbred family after infec-
tion in the IRRI Blast Nursery.
CO39 is the susceptible control

BC-10 TXZ-13

22-4 22-1 22-8

22-16 22-10 C0O39
Parental lines With g BR2.1, With g 5R2.J and With g BR6.1, without Susceptible
gBR5.J and gBRG6.1, without g3R2.1, and gBRS.1
gBR9.1 gBRO. eontrol

HIF had significantly different DLA; pre-NILs with the
same combination of QTL had similar leaf lesions and sim-
ilar development of DLA (Figs. 3, 4). Lines carrying either
gBR2.1 or gBR6.1, such as 18-14, 18-17 or 22-10, 22-16,
and 21-7, were susceptible to M. oryzae. Lines carrying
gBR2.1 and gBR6.1 (e.g., 22-1,22-8, 18-1, 18-18, and 21-19)
showed partial resistance. Lines carrying gBR9.1 (e.g.,
21-8) showed strong resistance to M. oryzae isolates. Lines
with gBR2.1, gBR6.1, and gBR9.1 (e.g., 22-4) showed the
highest level of resistance. Taken together, the effect of
gBR9.1 was estimated to contribute a 31.4% disease reduc-
tion (Table 4). Although the individual effects of gBR2.1
and gBR6.1 were relatively small, combining the two QTL

could reduce disease by 19.5% (Table 4). While it is obvi-
ous that gBR9.1 is epistatic to gBR2.1 and gBR6.1, we can-
not infer the epistatic relationship between gBR2.I and
gBR6.1 because significant phenotypic effect (P <0.001)
was evident under field conditions only when these two
QTL were together (Supplementary Table S5).

Candidate genes within QTL regions and their expression
patterns

Of the three QTL identified on chromosome 2, 6, and 9, the

regions defined by gBR6.1 and gBR9.1 are sufficiently nar-
row to allow for a search for potential candidate genes
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— e THZ13
— - 221
e 104
— =228
= 4= 22210
——22-10

Diseased leaf area

Days after inoculation

Fig. 4 Disease progress curves as measured by development of the
diseased leaf area (DLA) of different sister lines derived from a heter-
ogeneous inbred family (HIF-22) under natural infection in the Blast
Nursery at IRRI Experimental Farm (see Table 2)

Table 4 Summary of effects of different QTL combinations on reduc-
tion of leaf blast

Genotypic ~ QTL region Average  Reduction
class® of DLA relative to
qBRQ. 1 qBRé.] qBRZ.] (%) recurrent

parent (%)

1 + + L1 31.4°

2 — + 325 19.5¢

3 - + — 52.0 0

4 — — + 57.4 0

5 - - — 50.1 0

# Five genotypic classes with respect to combinations of QTL derived
from heterogeneous inbred families

b Difference between the averages of DLA of 1 and 2
¢ Difference between the averages of DLA of 2 and 3

related to expression of resistance. We examined the gene
models (TIGR version 5.0) in the regions delimited by
gBR2.1, gBR6.1, and gBR9.1 based on the Nipponbare
sequence from Gramene (http://www.gramene.org) (see
Supplementary Table S6, Table S7 and Table S8 for all listing
of genes defined by the three QTLs). In the gBR6.1 region,
there were 36 gene models, of which four were annotated
as predicted defense response-related genes (Supplemen-
tary Table S7). Two adjacent genes were predicted disease
resistance genes that contained a NBS-LRR domain, including
resistance protein LR10 (LOC_0Os06g06850) and disease
resistance RPP13-like protein 3 (LOC_Os06g06860). Within
the ¢gBR9.1 region, there were 49 gene models, of which
only 13 genes had predicted functions (Supplementary
Table S8). Three disease resistance genes with NBS-LRR
domain were found in this region including a leucine rich
repeat family protein (LOC_Os09g15850), and two NBS-LRR
disease resistance proteins (LOC_0Os09g15840 and LOC_
0s09g16000).

To clarify the potential roles of the resistance gene-like
candidates within the gRB6.1 region, we examined their

@ Springer

expression patterns in relation to neighboring genes in
SHZ-2, BC-10, and TXZ-13 (Table 5). Within this region
(gRB6.1), we tested the expression pattern of nine genes
including LOC_0Os06g06780, LOC_0Os06g06790, LOC_
0506206810, LOC_0s06g06850, LOC_0Os06g06860, LOC_
0506206970, LOC_0s06g07030, LOC_0s06g07070, and
LOC_0s06g07100 (Supplementary Table S7). The five
genes adjacent to the resistance gene candidates showed
similar expression patterns over all time points for SHZ-2,
BC-10 and TXZ-13 (data not shown). In contrast, three
resistance gene candidates showed differential response
between resistant (SHZ-2, BC-10) and susceptible (TXZ-13)
varieties (Table 5, LOC_Os06g06810 is included as a refer-
ence). Interestingly, the expression patterns of these four
genes were nearly identical in SHZ-2 and BC-10, but distinct
in TXZ-13, suggesting that the regulatory control of these
genes was transmitted in an intact state from SHZ-2 to BC-10
after three backcross generations. Under ¢gBR6.1, the dis-
ease resistance RPP13-like protein 3 (LOC_Os06g06860)
was induced by M. oryzae in SHZ-2 and BC-10, but not in
TXZ-13. Expression of the RPP13-like sequence was highly
induced by M. oryzae at 24 h after inoculation (HAI). The
expression of resistance protein LR10 (LOC_Os06g06850)
in SHZ-2 and BC-10 was low at zero time point, but
induced by pathogen and mock inoculations at 12 and 24
HAI Induction was sustained by pathogen infection until
48 h. Little or no expression was observed in TXZ-13.

Under the ¢gBR9.1 on chromosome 9, the NBS-LRR dis-
ease resistance gene (LOC_0Os09g16000) was constitu-
tively expressed in TXZ-13 at all time points. For SHZ-2
and BC-10, this candidate resistance gene expressed at a
low level at 0 HAI (Fig. 5, lane 1), but was highly induced
either by spraying with water or with M. oryzae PO6-6 at
12 and 24 HAI (Fig. 5, lane 2 and lane 3), but returned to
the basal level at 48 HAI (Fig. 5, lane 4, lane 5). With mock
inoculation, the gene was expressed at a low level at 0 HAI
(Fig. 5b, lane 1), induced at 12 and 24 HAI (Fig. 5b, lane 2,
lane 3), and remained induced at 48 HAI (Fig. 5b, lane 4,
lane 5) with water. Two other NBS-LRR protein genes
in the ¢RB9.1 region were LOC_Os09g15840 and
LOC_0Os09g15850 that corresponded to the Pi5-1 and
Pi5-2, respectively, identified by Lee et al. (2009). We
attempted to detect the Pi5-1 candidate (LOC_Os09
g15840) by RT-PCR, but were not successful in all three
genotypes, possibly due to the sequence variation between
the indica and japonica varieties. The Pi5-2 candidate
(LOC_0Os09g15850) showed no or very low expression in
SHZ-2 and BC-10 but was constitutively expressed in
TXZ-13 (Table 5). Since both Pi5-1 and Pi5-2 are required
for Pi5 function (Lee et al. 2009), we infer that Pi5 does not
play an important role in conferring resistance in SHZ-2 or
BC-10.
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SHZ-2

TXZ-13

(a)

LOC_0s09g16000

GADPH

(b)
LOC_0s09g16000

GADPH

(c)
LOC_0s09g16000

GADPH

Fig. 5 The expression pattern of the LOC_Os09g16000 (putative NBS-
LRR disease resistance protein) gene using RT-PCR. a Expression of
the LOC_0Os09g16000 gene upon inoculation with PO6-6. Total RNA
was extracted from leaf tissue of SHZ-2 and TXZ-13 at 0, 12, 24, 48,
and 72 h after inoculation (HAI), respectively. b Expression of the
LOC_0s09g16000 gene upon inoculation with sterilized water. Total
RNA was extracted from leaf tissue of SHZ-2 at 0, 12, 24, 48, and 72

Discussion

SHZ-2, an indica cultivar grown in China, exhibits resis-
tance to multiple races of the rice blast pathogen, M. oryzae
(Zhu et al. 1996; 2003; Liu etal. 2004; Table 1). This
broad-spectrum resistance has been attributed to a combi-
nation of genes conferring complete and partial resistance
(Liu et al. 2004; Liu et al. 2009). Using a combination of
RFLP and SSR markers, four QTL regions were identified
that together accounted for 60.3% of the phenotypic varia-
tion (Liu et al. 2004). However, the stability of disease
resistance seen in SHZ-2 and in its derivatives suggested
that more resistance genes or QTL are yet to be discovered
in this variety. Attempts to identify additional QTL have
been hindered by a low degree of polymorphism between
the parental lines. This is particularly problematic in intro-
gressing QTL into popular varieties when both the donor
and recipient varieties are indica type. To help address this
problem, a SFP chip, capable of detecting 880 features, was
used to enable the detection of genomic variation. Our data
suggested that a genome-wide scan of SFP provided a bet-
ter resolution of differences between the donor and recipi-
ent genotypes. We were able to track the QTL and at the
same time locate additional QTL regions. Through a com-
bination of SFP and SSR mapping, we found three QTL
regions on chromosome 2, 6, and 9 using a BC,F; popula-
tion. Based on the map positions, these three QTL regions
are distinct from those identified by Liu et al. (2004), where
three major resistance genes and 4 QTL regions were found
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0 12 24 48 72

HAL ¢ Expression of the LOC_Os09g16000 gene under control condi-
tions. Total RNA was extracted from leaf tissue of SHZ-2 at 0, 12, 24,
48, and 72 h from plants which were not inoculated. Amplification of
the LOC_0Os09g16000 gene and GADPH was at 35 cycles (annealing
temperature: 60.5°C) and 25 cycles (annealing temperature: 58.0°C),
respectively

on chromosomes 2, 7, 8, 10, and 12. The QTL on the chro-
mosome 2 in this study is not in the same region containing
the candidate gene 14-3-3 protein as reported by Liu et al.
(2004). The QTL on chromosome 6 was not detected in Liu
et al. (2004). We compared the location of gRB6.1 with the
meta-QTL compiled by Ballini et al. (2008, 2009), and
found that meta QTL q6G4 (1.22 Mb) and q6G9 (0.33 Mb)
are located beside gRB6.1 (3.16-3.4 Mb). The gBR9.1 on
chromosome 9 was also located near known resistance
genes Pil5 and Pi5/Pi3/Pii (Lin etal. 2004; Jeon et al.
2003; Yi et al. 2004; Lee et al. 2009). The expression pat-
tern of Pi5-2 suggested that it is unlikely that gBR9.1 was
solely contributed by Pi5. However, because the meta
QTLs are defined using published data, it is difficult to pin-
point their locations precisely. Unless allelic tests are done,
we cannot be certain that the QTLs identified in this study
are different from those identified by others. This highlights
the need to assign phenotypic value to chromosomal
regions, where multiple QTLs have been mapped by differ-
ent studies (Ballini et al. 2008; Vergne et al. 2008).

We show that pairs of pre-NILs from different HIF were
highly suitable for estimating the phenotypic contribution
of each new QTL region to resistance. Pre-NIL lines with
different combinations of the three QTL were identified
(Table 3), and these enabled estimates of the phenotypic
effects of individual QTL and their interactions. In terms of
phenotypic variance, the three QTL on chromosome 2, 6,
and 9, appeared to function additively to confer resistance
to blast. gBR2.1 and gBR6.1 accounted for 16.2 and 14.9%
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of the DLA variance, respectively, whereas ¢gBR9.I
accounted for 22.3%. Together the three QTLs accounted
for 53.3% of the DLA variance in the original mapping
population. However, in terms of disease reduction, neither
gBR2.1 nor gBR6.1 individually gave protection against
blast at the seedling stage (Table 4). Effects on disease
reduction were only measurable when the two QTL were
combined. The cumulative effects of these QTLs, which
were manifested as reduced disease over time, were
assessed by following disease progression over 2 weeks on
sister lines planted in the field (Fig. 4). This could be attrib-
uted to reduced initial inoculum, leading to reduced disease
progression. Addition of small QTL effects could be ampli-
fied under field conditions because inoculum would be
reduced resulting in fewer new leaf tissue infections in each
cycle. We only assessed disease at the seedling stage, and,
therefore, cannot predict if the same level of disease reduc-
tion occurred at the panicle stage. These same lines are
being evaluated in blast hot spots in Guangdong, China to
determine the correlation between leaf and neck blast
severity (Zhu XY, unpublished data).

The narrow chromosomal regions defined by ¢BR6.1
and gBR9.1 allowed us to explore candidate genes underly-
ing the QTL. Within these two regions, we found five resis-
tance gene-like sequences with NBS-LRR domains. These
resistance gene-like sequences are expected to code for pro-
teins that interact with avirulence effectors of specific path-
ogen strains. In general, each R-gene and avirulence
effector gene interaction is expected to give a strong
response, thus accounting for the qualitative resistance pro-
vided by a major R gene. It is also common to find clusters
of NBS-LRR genes in the genome (Meyers et al. 1999; Bai
et al. 2002; Richly et al. 2002; Liu et al. 2010). A question
of practical interest is whether non-race-specific quantita-
tive resistance is a manifestation of the collective specific
resistance provided by the clusters of NBS-LRR genes. In
our experiments, the lines were evaluated under field condi-
tions in the blast nursery, where a diverse pathogen popula-
tion was maintained through the planting of susceptible
varieties throughout the year (Chen etal. 1995; C. Vera
Cruz, IRRI, personal communication). It is conceivable that
the interactions between multiple resistance genes and
diverse pathogen strains could trigger a gradation of
defense responses resulting in a phenotypic expression of
quantitative resistance. The genetic materials produced by
this study can be used to address this question.

As a first step to identify the candidate genes within the
QTLs, we examined the expression patterns of the resis-
tance genes and defense response genes by RT-PCR
(Table 5). The expression analysis supports the genotyping
data showing that BC-10 and SHZ-2 have the same allele in
the QTL regions, and that these are different from TXZ-13.
The expression patterns of SHZ-2 and BC-10 were nearly

identical for the differentially expressed genes. In the
gBR6.1 region, the patterns of expression of two adjacent
genes are similar in SHZ-2 and BC-10, suggesting that
coordinated expression patterns are transmitted from the
resistant parent SHZ-2 to the backcross progeny BC-10.
Since disease resistance phenotype was evaluated against
diverse pathogen strains under field conditions, this result
supports the hypothesis that resistance genes within a QTL
region can contribute to non-race-specific quantitative
resistance. On the other hand, the expression patterns of
individual genes within gBR9.1 do not suggest a simple
relationship between resistance gene expression and resis-
tance (Table 5, Fig.5). The allele of LOC_0Os09g16000
gene in gBRY.1 was strongly and constitutively expressed
in TXZ-13 but only weakly expressed in SHZ-2 and BC-10.
However, strong induction of expression was seen in
SHZ-2 and BC-10 by both pathogen inoculation and mock
inoculation. It appears the allele of SHZ-2 is relatively
more responsive to environmental perturbations. Interest-
ingly, a similar pattern of expression was observed in Pib, a
blast-resistance gene that was up-regulated by environmen-
tal conditions, such as humidity and darkness and by chem-
ical signals such as probenazole (Wang etal. 1999).
Although the expression of Pib was low in uninoculated
leaves, it increased in expression at 12 and 24 HAI after
inoculation with both compatible and incompatible races of
M. oryzae (Wang et al. 1999, 2001). It was hypothesized
that it may be advantageous for the rice plant to respond
first to environmental changes that are conducive to patho-
gen infection; the activation of defense genes and specific
resistance genes may thereby prime the plant to respond to
pathogen attack (Wang et al. 1999, 2001). Since we did not
include multiple environmental factors (e.g., humidity,
light, or temperature) in our expression analysis, we cannot
speculate whether the SHZ-2 allele is also induced by envi-
ronmental factors. More detailed work is needed to deter-
mine whether the inductive property of the SHZ-2 allele is
important for the resistance phenotype.

There is increasing evidence that coordinated expression
of multiple functionally related genes within a small chro-
mosomal region could be an important mechanism for
achieving quantitative resistance. Ashikawa et al. (2008)
showed that two adjacent NBS-LRR genes (PikmI-TS and
Pikm2-TS) within a 131-kb region were required for the
expression of specific resistance previously considered to
be controlled by a single locus Pikm in variety Tsuyuake.
Similarly, Lee et al. (2009) found that the complete func-
tion of Pi5 was conferred by two adjacent genes Pi5-1 and
Pi5-2 within a 130 kb region. In a case of basal defense
genes, Manosalva et al. (2009) demonstrated that members
of a multi-gene family encoding germin-like proteins can
play a role in quantitative resistance to blast and sheath
blight. In such a complex locus, the phenotypic contributions
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of individual members could be small, however, collec-
tively, they produce measurable effects. The correlation
between resistance phenotype and expression patterns of
candidate resistance genes in gBR6.1 is consistent with the
hypothesis that NBS-LRR genes are contributors to quanti-
tative resistance; however, direct evidence is needed to
show that the expression of patterns are causally related to
phenotypic resistance. As demonstrated by Manosalva et al.
(2009), systematic silencing of functionally related genes
can be a sound approach to determine whether the NBS-
LRR genes collectively contribute to quantitative resis-
tance.

Our study showed that the extraction of pre-NIL from
HIF, when done in breeding populations with good adapt-
ability, has the advantage of shortening the time in develop-
ing near-isogenic lines that are sufficiently fixed for
quantifying QTL contribution. Because whole genome
genotyping is becoming routine, the use of HIF provides a
rapid approach to isolate pre-NILs for phenotypic compari-
son (Tuinstra et al. 1997; Perchepied et al. 2006). Being
able to quantify the phenotypic contributions of QTL is
critical for adoption of marker-assisted selection for quanti-
tative resistance in breeding. While the use of marker-
assisted selection for major resistance genes is common
place for rice (Fjellstrom et al. 2004; Jia et al. 2002; Yi
et al. 2004), use of markers for the selection of quantitative
disease resistance has not been widely adopted. One reason
is that breeders are not convinced of the breeding value of
QTL for disease resistance, and hence have little incentive
to invest in marker-assisted selection for QTL. We demon-
strated that the accumulation of QTL with moderate effects
can result in significant disease reduction, thus supporting
the notion that small QTL can contribute to stability of the
variety against blast. Because resistance of the pre-NILs
was assayed under natural conditions with diverse pathogen
strains, these QTLs could be suitable for deployment in
different environments. However, it is important to empha-
size that durability is a retroactive assessment of a variety
based on its performance over time and space (Johnson
1981). SHZ-2 was identified as a “durable” resistance vari-
ety based on its historical performance. Although our anal-
ysis shows that multiple QTL could contribute to the stable
resistance observed in SHZ-2 and its derivatives, we have
yet to examine how effective individual QTLs are under
commercial production. In order to test the effectiveness of
these QTL, the HIF lines or NIL derived from them will be
tested in multiple locations.
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