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Abstract A framework linkage map was developed
using 284 F,, recombinant inbred lines (RILs) froma‘Le-
mont’ x‘ Teging’ rice cultivar cross. Evaluation of a subset
of 245 of these RILs with five races of the rice blast
pathogen permitted RFLP mapping of three major resis-
tance genes from Teging and one maor gene from
Lemont. All mapped genes were found to confer resis-
tance to at least two blast races, but none conferred resis-
tance to al five races evaluated. RFLP mapping showed
that the three resistance genes from Teging, designated
Pi-tg5, Pi-tql and Pi-tg6, were present on chromosomes
2, 6 and 12, respectively. The resistance gene from Le-
mont, Pi-Im2, was located on chromosome 11. Pi-tql is
considered a new gene, based on its reaction to these five
races and its unique map location, while the other three
genes may be allelic with previously reported genes. Lines
with different gene combinations were evaluated for dis-
ease reaction in field plots. Some gene combinations
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showed both direct effects and non-linear interaction. The
fact that some of the lines without any of the four tagged
genes exhibited useful levels of resistance in the field
plots suggests the presence of additional genes or QTLs
affecting the blast reaction segregating in this population.
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Introduction

Blast resistance is one of the major objectives in rice
(Oryza sativa L.) breeding in both tropical and temperate
countries. The causal organism, Pyricularia grisea, is
known for its genetic instability, allowing it to overcome
the genetic resistance of host plants (Shull and Hamer
1994). In spite of this, plant resistance has still been the
most-effective and economical control of the disease.
Several cultivars, such as ‘IR36’, ‘Moroberekan’ and
‘Orysica Llanos 5, were found to be durably resistant
(Roumen 1994; Wang et al. 1994; Correa-Victoria and
Zeigler 1995), showing that, in some cases, genetic resis-
tance can provide effective long-lasting protection
against blast. Some major genes, such as Pi-1(t) and
Pi-2(t), have broad resistance spectra (Levy et a. 1995;
Chen et al. 1996), and can prevent disease development
by most lineages of blast in several countries. The pres-
ence of multiple genes, conferring resistance to different
races of blast, has hindered the progress of blast resis-
tance studies (Yu et al. 1987).

Extensive genetic studies were performed in Japan
where 13 major blast genes were identified (Ou 1985),
and a set of lines with single genes that can differentiate
races based on reaction patterns (differentials) were
developed (Inukai et al. 1996a). With the development
of near-isogenic lines (NILs, Mackill and Bonman
1992), several genes from tropical cultivars like ‘ Tetep’,
‘Pai-kan tao’, ‘5173', ‘LAC23 and ‘Apura were identi-
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fied and mapped using RFLPs (Yu et a. 1991; McCouch
et a. 1994; Miyamoto et a. 1996; Rybka et al. 1997).
Allelism of these genes with those of the Japanese differ-
entialsis known (Inukai et a. 1994). Molecular mapping
and classical genetic analysis showed a clustering of the
major blast resistance genes to particular chromosomal
regions (McCouch et al. 1994). Recent reports identified
at least four clusters, with five to eight loci each, located
on chromosomes 4, 6, 11 and 12 (Roumen et al. 1994;
Kawasaki et al. 1996; Wu et al. 1996; Zheng et a. 1996;
Rybka et al. 1997). Any of these clusters may be a gene
family, such as the Xa-21 family reported for rice bacte-
rial blight (Wang et al. 1995) which has a broad spec-
trum of resistance.

Several approaches have been used to study the com-
plex nature of the durable resistance. Mackill and Bonman
(1992) created and used multiple sets of NILs to separate,
and thereby identify, several resistance genes from Tetep,
Pai-kan tao, LAC23 and 5173. Molecular genetic tech-
niques applied to permanent (pure breeding) populations
of doubled-haploid (DH) and recombinant inbred lines
(RILs) have allowed the location of major resistance
genes and quantitative trait loci (QTLS) to specific chro-
mosomal regions (Yu et al. 1991; Wang et a. 1994). How-
ever, severely distorted segregation affected the accuracy
of linkage determination (Wang et al. 1994) and, in some
cases, impelled subsequent revision of the published re-
sults (Inukai et a. 1996b). Crossing NILs to combine spe-
cific resistance genes for the study of genexgene interac-
tionsis a strategy currently being used in IRRI and Japan
(JRGP) to study resistance bacterial blight (Huang et al.
1997) and blast of rice. However, like near-isoline devel-
opment, a number of generations of selection and crossing
are needed to develop lines with several mgjor genesin a
given background.

In the present study, the RIL population used was de-
rived from two parental genotypes which were each re-
sistant to some races of the blast pathogen. The female
parent, Lemont, was considered to be resistant to blast in
the Southern U.S. more than a decade after its release
(Marchetti 1994). Teging has exhibited complete resis-
tance to al blast races known to be present in the U.S.
Thus, this population provided a unique opportunity to
study the genetics of resistance to different races of the
pathogen and to pyramid genes into durably resistant
new genotypes. Resistance of Teging and Lemont
against five races of blast were estimated, by classical
genetic analysis, to be controlled by at least four and two
independent genes, respectively (Tabien 1996; Tabien et
al. 1996). The population available for this study was a
later generation (Fg in 1993) of the LemontxTeging cross
shown by Li et al. (1995) to have less skewing than other
available rice mapping populations, and so was anticipat-
ed to provide a better population for de novo mapping.

Materials and methods

Greenhouse phenotyping of RILs

A population of RILs at the Fg was evaluated using the spray inoc-
ulation method of Marchetti et al. (1987). One set of seedlings,
composed of 245 lines and arranged in a completely randomized
design with three replications, was prepared for each of the five
races. The sets of RILs were seeded at weekly intervals in
25x35x10 cm galvanized steel flats filled with field soil. Each flat
contained 17 test lines, Lemont, Teging, and ‘M-201" (as a suscep-
tible check). Plants were maintained inside the greenhouse until
inoculation.

Five races of blast selected from an historical collection out of
the Southern U.S. (international races 1C-17, 1B-49, IB-54, 1G-1
and |E-1, according to Ling and Ou 1969), were used to inoculate
al the RILs and control lines. Teging is completely resistant to all
Southern U.S. races of blast; Lemont is resistant to most but is
susceptible to 1C-17, I1B-49 and |E-1. These three races were se-
lected for the study because the progeny RILs were expected to
segregate for quantitative or qualitative resistance to them. Be-
cause of varietal susceptibility, these races are also presently the
most prevalent ones in Texas rice fields. Two additional races,
I1B-54 and 1G-1, were included to allow further evaluation of the
resistance genes from Teqing. These five races represent three of
the eight lineages of P. grisea reported in Southern U.S. rice ac-
cessions collected over a 30-year period (Levy et a. 1991; Xia et
a. 1993). Though IE-1 was not included in either lineage study,
the pathogen accessions used to represent 1C-17, 1B-49, 1B-54 and
IG-1 in the present study were the same as those used as reference
racesby Levy et al. (1991).

At 17-21 days after seeding (DAS), a 20-ml single-race spore
suspension with a cell count of 104 to 105 was sprayed over each
seeded flat. Inoculated plants were kept inside the dew chamber
for 16-18 h and then transferred to the greenhouse until scoring
time. The reaction of the RILs to each race was evaluated 8 days
after inoculation (DAI) following Mackill and Bonman (1992).
Average reaction scores of 0-3 were considered incompatible (-)
and indicative of resistance in the host plants, while RILs with av-
erage scores of 4-5 were considered to exhibit compatible (+) re-
actions indicative of the susceptibility of the RIL for the studied
race.

Field phenotyping of RILs

A separate set of RILs was planted in outdoor blast nursery plots
following the procedure of Marchetti (1983) adapted as described
in Tabien (1996). All 245 entries were seeded in single-row plots,
60-cm in length, and arranged in a randomized complete block de-
sign with three replications. Every two entries were separated by
the susceptible check M-201, while Lemont or Teqing was seeded
every 20th row. Spreader rows were planted along the windward
side to enhance the spread of spores to nearby lines. Plots, which
were not inoculated with specific races but were allowed to be
wind inoculated with a natural mix of races, were misted during
morning and evening hours to maximize leaf wetness, which max-
imizes natural inoculation. Percentage diseased leaf area (%DLA)
was estimated visually at 19 days after seeding (DAS) and every
week thereafter for 5 weeks, while a weekly Standard Evaluation
System (SES) rating for blast following Marchetti et al. (1987)
was started at 20 DAS and continued for 5 weeks. Areas under
disease progress curves (AUDPCs) were computed from the serial
%DLA data using the formula of Shaner and Finney (1977).

Genotyping of RILs

F,o progeny of the 245 phenotyped lines, plus progeny from 39
additional lines that had not previously provided sufficient seed
for both phenotyping and further population development (total
284 RILs), were grown in the greenhouse for genotyping. Genom-



ic DNA was isolated from fresh leaf material harvested approxi-
mately 30 days after planting. Seedlings were grown in six-inch
pots lined with plastic bags and filled with a mix of field soil, peat
moss and vermiculite at aratio of 4:3:1. DNA extraction followed
the protocol of Li et a. (1995). DNA digestion using EcoRl,
EcoRV, Xbal and Hindlll, electrophoresis, and Southern blotting
followed standard procedures (Chittenden et al. 1994).

Forty one (out of 101) probes previously used by Li et al.
(1995) in the F, of this pedigree were employed for hybridization,
along with 37 Cornell anchor probes (Causse et al. 1994) and 54
landmark probes from Japan (H. Kurata et al. 1994). Additionally,
two sorghum cDNA probes (“HHU”, provided by P. Westhoff,
Heinrich Heine University, Dusseldorf, Germany), and 25 maize
cDNA probes (“CSU” provided by M. McMullen and E. Coe,
USDA-ARS, Columbia, Mo.) were also evaluated. Probes used
primarily for the comparative alignment of chromosomes were
evaluated in a subset of 60 RILs (indicated with asterisks in
Fig. 1).

Probes were labeled with [32p] d CTP by the random primer
method (Feinberg and Vogelstein 1983). After hybridization for
12-18 h, filters were washed three times using wash solutions of
2x SSC+0.1% SDS, 1x SSC+0.1% SDS, and 0.5x SSC+0.1%
SDS, respectively. Autoradiography was as previously described
(Li et a. 1995).

Data analysis

Discrete greenhouse phenotypic data on resistance (average score
0-3) or susceptibility (average score 4-5) to each of the five races
were analyzed for association with the 217 marker loci using the
Pearson chi-square and Fisher exact tests combined, while field
data were analyzed using PROC GLM (SAS Institute 1988). The
normality of data obtained from plants grown in plots in the blast
nursery was checked using PROC UNIVARIATE PLOT (SAS In-
stitute 1988) and subsequent square-root transformation was done
for %DLA and AUDPC.

The DOS version of Mapmaker Version 3.0 (Lander et al.
1987) was used to establish the framework map. Linkage between
markers was determined by the group command with a LOD score
greater than 6.0 and a recombination fraction of 0.25. All map dis-
tances were in Kosambi centimorgans (cM).

Classical genetic studies suggested that “discrete” phenotypes
in this experiment were influenced by multiple genes (Tabien
1996; Tabien et a. 1996). Marker-phenotype combinations were
analyzed using PROC FREQUENCY/ CHISQUARE (SAS Insti-
tute 1988) to determine significant deviation from an expected
1:1:1:1 ratio for a RIL population, which would suggest the asso-
ciation of the marker with a discrete race-specific phenotype. Be-
cause skewing of the phenotypic data toward resistance was noted
along with skewing of some marker loci toward either the Teging
or Lemont allele, the data were also analyzed using Fisher’s exact
test (two-tailed) which calculates the probability that the observed
data would arise by chance if the null hypothesis (plants with the
Lemont allele have the same proportion of susceptible plants as
those with the Teqing allele) is true. This test is more rigorous
than chi-square when skewing has significantly reduced the
number of individuals in one or more classes in the contingency
table. When a probe-race combination had both a x2 >10.00
(P <0.001) and a Fisher’s exact probability <0.0001 it was consid-
ered indicative of linkage between the probe and a major gene af-
fecting resistance to the studied race. Interval mapping, which can
allow the fine mapping of genes, is too sensitive to miscoring
(Wright et al. 1998) for it to be appropriate for this analysis of
blast resistance.

RFLP markers flanking the genes were used to estimate the
presence or absence of the resistance gene(s) in each inbred line.
This information was used to select subsets of the RILs estimated
to have one, two, three and four major resistance genes. Field
resistance data for each of these subsets of RILs were analyzed us-
ing PROC GLM (SAS Institute 1988). Means were compared us-
ing Fisher’'s LSD at 5%. Possible digenic interactions were evalu-
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ated by two-way ANOVA using PROC GLM, while higher inter-
action was evaluated using PROC RSQUARE and PROC STEP-
WISE regression functions (SAS Institute 1988).

Results and discussion
The framework linkage map

The genetic map (Fig. 1) of 284 RILs and 205 loci has
an average interval length of 10 cM between markers
and covers a total of 1829 cM. Although thisis 338 cM
longer than the saturated interspecific map developed at
Cornell (Causse et a. 1994), this map does not represent
a greater chromosomal length. Probes that are on the
ends of the chromosomes in this map are generally at or
near the ends of the chromosomes on the Cornell map,
except for chromosomes 4, 5, 9, and 12 which have one
or both ends poorly represented in the present map. The
increase in genetic distance in the LemontxTeqing map
is largely due to a general increase in the estimated dis-
tance between probes contained in the two maps, reflect-
ing increased recombination rates in this “narrower” (in-
ter-subspecific) cross, and perhaps also influenced by
lower levels of segregation distortion.

Marker segregation ratios in this population were
closer to Mendelian expectations than in many previous
inter-specific rice populations (Fig. 2), with less bias fa-
voring the indica (Teging) allele than that reported in the
MoroberekanxCO39 population (Wang et al. 1994). For
only seven (3%) marker loci were Teqing (indica) alleles
found in more than 70% of the RILs (expected=50%)
and only one of these exceeded 80% (CDO405 at 84%).
The seven loci skewed toward Teging were al clustered
in two regions, one on chromosome 6 and one on chro-
mosome 7 (Fig. 1). Eleven probes were skewed (>70%)
toward Lemont (japonica) aleles, the most severe of
which was CSU643 on chromosome 2 which contained
74% Lemont alleles. The probes skewed toward Lemont
were scattered among the chromosomes (Fig. 1) and
were not mapped using data from the entire population,
but were each mapped based on a subset of the popula-
tion. This skewing, then, is characteristic of the subset of
the RILs used for comparative alignment purposes but is
not characteristic of the population as awhole.

The framework map was a nearly perfect match with
that determined from an earlier generation of the same
inter-subspecific LemontxTeging cross (Li et al. 1995),
and the order of markers along the chromosomes was
similar to that in an interspecific rice map (Causse et al.
1994). The primary difference between this map and the
interspecific Cornell map was the separation by less than
10 cM of probes that were previously reported to be at
the same locus. Out of 93 markers in common between
this and the Cornell map, the possible re-location of six
markers (RG190, RG29x, CDO395, RZ53, RG20q and
RG91q) was confounded by the fact that two (RG29 and
CDO0395) of these probes exhibited multiple bands in
one of the two populations, suggesting the presence of
multiple loci. Four possible inversions of a maximum
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Fig. 2 Frequency distribution of the percent Lemont allele at 205
loci within a population of 284 recombinant inbred lines from a
LemontxTeqing cross

11-cM in length might have occurred; between CDO118
and RG957 on chromosome 1, RZ260x and RZ273 on
chromosome 2, RG100 and RG450 on chromosome 3,
and RG678 and CDO385 on chromosome 7. Severd
probes that had not been previously mapped (Causse et
al. 1994) segregated in this population, including RG447
(chromosome 1), RG634 (chromosome 2), RZ777 (chro-
mosome 9), CDO1081 (chromosome 9) and CDO226b
(chromosome 9). Among the 52 markers from Kurata et
al. (1994) that were mapped, ten were located on differ-
ent chromosomes than previously reported. Five of the
ten noted differences were with probes that gave multi-
ple bands in either the Lemont/Teging or the (Kurata
et a. 1994) population.

More than 50 marker loci were mapped for the first
time in rice. Some of these involved probes from other
sources (e.g. two HHU probes from sorghum and 25
CSU prabes from maize). Others, like RG447 on the bot-

Fig. 1 Framework rice linkage map consisting of 203 RFLP loci
plus two morphological loci based on 284 recombinant inbred
lines (RILs) from a LemontxTeqing cross. The orientation of each
chromosome follows Causse et a. (1994); numbers are map dis-
tances in cM (Kosambi). Markers with asterisks had data from
less than 100 RILs and were not used to determine resistance gene
positions. Loci marked with H were heterozygous in 210% of the
RILs. Loci marked with T or L had the Teqing or Lemont allelein
more than 70% of the RILSs, respectively. The markers that exhib-
ited the most-significant linkage to each of the four major genes
for blast resistance (Pi-tgl, Pi-tg5, Pi-tg6 and Pi-Im2) are indicat-
ed with a circle. Arrows emanating from the circles indicate addi-
tional probes that exhibited statistically significant linkage. Dia-
monds indicate the estimated location of major blast resistance
genes mapped in various other populations (Yu et a. 1991;
McCouch et al. 1994; Hittalmani et a. 1995; Inukai et al. 1996b;
Miyamoto et al. 1996; Nagvi and Chattoo 1996; Pan et al. 1996;
Rybkaet al. 1997)
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tom of chromosome 1, were due to the ability to map
probes representing monomorphic loci in previous map-
ping populations. Other new loci were due to reportedly
single-copy probes having multiple loci in the present
population. RG1094, previously reported to be single
copy, had six distinct polymorphic bands and four of
these were mapped to chromosomes 11 (two genes), 4
and 10. This is contrary to previous reports of single
copy clones remaining single-copy in other rice popula-
tions (Causse et a. 1994).

Mapping blast resistance genes

Based on the chromosomal locations of molecular mark-
ers determined from chi-square and Fisher’'s exact tests
to be associated with disease resistance, four major resis-
tance genes were identified. These genes were each ef-
fective against two or more races of blast and were locat-
ed on chromosomes 2, 6, 11 and 12 (Table 1).

A resistance gene located on chromosome 2 (Pi-tg5)
conferred resistance to four of the five races: IC-17,
IB-49, 1G-1 and IE-1 (Table 1). For five neighboring
probes located on the bottom half of chromosome 2,
nearly all (81 out of 87) of the plants homozygous for
the Teging allele were classified as resistant to each of
these four races, and 70% (81 out of 116) of the resistant
plants were homozygous for the Teqging allele, indicating
that Teging was the donor of this resistance gene. Based
on the chi-sguare values (x2) and the Fisher exact proba-
bilities for these four races (Table 1), the gene resides
between RG520 and RG446b (Fig. 1). The location of
this gene was very near the estimated location of Pi-b
(Miyamoto et al. 1996).

Four markers on chromosome 6 were linked to a gene
effective against 1C-17, IB-49 and |E-1 (Table 1, Fig. 1).
This gene, originating from Teqging and designated
Pi-tgl, was located between markers C236 and RZ508.
Six major genes were previously reported to be on this
chromosome; however, each of them was located near
RG64 at the top-most segment of chromosome 6
(McCouch et a. 1994; Fig. 1). Because the Pi-tql gene
falls in the bottom half of chromosome 6, it appears to
be a new gene for blast resistance. All the markers asso-
ciated with Pi-tgl on chromosome 6 were skewed. The
most-skewed locus in this region was C236 with 80%
Teqing alleles. Based on an average of 150 RILs and this
level of skewing, the longest distance that can be esti-
mated with precision is 7.3 cM (Kosambi 1944; Manly
1994). The three probes most-closely associated with
this gene were spaced at intervals of 2.2 and 7.2 cM. Al-
though this is sufficiently within the threshold distance
to assert linkage between these probes and Pi-tql, cau-
tion is still warranted in interpreting the chromosomal
location of these probes and this gene. At least one in-
stance exists where major genes tagged with skewed
markers were later found associated with another marker
or re-located on another chromosome (Inukai et al.
19964a).
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Table 1 Ratios of susceptible: resistant phenotypes? observed in RILs inoculated with five individual races of rice blast, and chi-square
values and Fisher exact probabilities for statistically significant associations? between molecular markers and disease response data

Susc.: res.2 IC-17 1B-49 1B-54 1G-1 IE-1

60:181 34:206 68:174 49:192 42:196

x2-value Exact P X2-vaue Exact P x2-vaue Exact P x2-value Exact P x2-value ExactP
Chromosome 2
RG520 48.2 <0.0001 40.3 <0.0001 - - 22.6 <0.0001 55.3 <0.0001
Rz446b 28.8 <0.0001 18.7 <0.0001 - — 20.0 <0.0001 311 <0.0001
RZ446a 35.6 <0.0001 27.1 <0.0001 - - 16.4 0.0008 41.3 <0.0001
RG654 42.9 <0.0001 338 <0.0001 - - 239 0.0006 37.9 <0.0001
RG256 34.6 <0.0001 313 <0.0001 - - 18.9 0.0037 36.0 <0.0001
Chromosome 6
Rz682 12.3 0.0014 14.1 0.0005 — - — - 174 0.0001
C236 33.7 <0.0001 35.8 <0.0001 - - - - 337 <0.0001
RG653 10.1 0.0190 15.2 0.0020 - - - - 234 0.0005
RZ508 28.8 <0.0001 26.2 <0.0001 - - - - 28.8 <0.0001
Chromosome 11
L457b - - - - 19.9 <0.0001 145 <0.0001 - -
G2132b — — - - 19.5 <0.0001 13.1 0.0029 - -
RZ536x - - - - 37.3 <0.0001 225 0.0009 - -
RG1109 - - - - 20.8 0.0170 12.5 0.0690 - -
Chromosome 12
RG341a 33.0 <0.0001 20.6 <0.0001 251 <0.0001 - — 275 <0.0001
RG869 34.7 <0.0001 17.1 0.0001 27.9 <0.0001 - - 275 <0.0001
L102 38.9 <0.0001 279 <0.0001 19.7 <0.0001 - - 31.8 <0.0001
G1468a 35.3 <0.0001 24.4 <0.0001 18.4 0.0001 — — 29.3 <0.0001
Rz397 385 <0.0001 30.3 <0.0001 12.1 0.0051 - - 30.0 <0.0001
Rz257 254 <0.0001 16.0- 0.0010 - - - - 27.6 <0.0001

a Segregation for susceptibility/resistance was noted for some
RILsin the single-race inoculation studies; phenotypic segregation
within the RILs varied depending on the race. The above segrega-

Table 2 Classification of rice plants for genotype (allele type) and
disease reaction for four probes located on chromosome 11 and
two blast races

Probe Allele type Blast Number of plants
reactiond
I1B-54 IG-1
Rz536a Lemont + 3 4
- 59 58
Teqing + 29 25
- 69 72
RG2132b Lemont + 2 2
- 52 52
Teqing + 29 27
- 71 72
L457b Lemont + 1 9
- 48 50
Teqing + 27 24
- 65 73
RG1109 Lemont + 9 7
- 50 52
Teqing + 24 22
- 73 76

a (-)=Incompatible reaction or host resistance, (+)=compatible re-
action or host susceptibility

tion ratios and correlation analyses excluded lines determined to
be heterozyous to a given race

For the four probes mapped to chromosome 11, chi-
square values, Fisher exact probabilities (Table 1) and an-
alyses of genotype-phenotype classification data (Table 2)
all indicate a major gene conferring resistance to both IB-
54 and 1G-1. Determining whether the resistance dlele
was from Lemont or Teging is less straightforward than it
was for the genes on chromosomes 2 and 6 because the
susceptible (+): resistant (=) ratios were significantly dif-
ferent from 1:1 due to a statistically significant reduction
of the susceptible individuals for both the homozygous-
Lemont and the homozygous-Teqing portions of the RIL
population. Among the homozygous-Lemont portion of
the population, plants susceptible to these two races were
especialy rare (2-15%) compared to the homozygous-
Teging portion of the population (25-30%)(Table 2).
Thus, we concluded that the resistance allele for this gene
originated from the Lemont parent, and designated the
gene as Pi-Im2 accordingly. However, the severity of the
reduction of the +: — ratio for the RILs homozygous for
the Teqing allele (Table 2) makes it appear asif the Teqing
alleles at these four loci might also be associated with re-
sistance to IB-54 and 1G-1, suggesting the possibility of a
second gene from Teging also effective against these two
races being nearby on the same chromosome.

Previous reports identified two major genes for blast
resistance linked with RZ536 (Yu et al. 1991; Inukai et



a. 1994; Fig. 1). Pi-1(t) was found to be 14 cM from
Rz536 and Pi-k was reportedly only 4.7 cM from
Pi-1(t). The gene located by us on chromosome 11 and
designated Pi-Im2 was effective against I1B-54 and 1G-1,
which would be as expected if Pi-Im2 was indeed the
same as Pi-kh, an allele of Pi-k. ‘Dawn’ reportedly con-
tains the Pi-kh allele (Kiyosawa 1974) and is an ancestor
of Lemont (Bollich et al. 1985). It cannot yet be ruled
out, however, that Pi-Im2 might be alelic to Pi-1(t)
which was identified from Tetep (Yu 1991), a parent of
Teqing. However, the race specificity of Pi-Im2 detected
by the Fisher exact test is narrower than that of Pi-1(t)
(Chen et al. 1995) so that this would represent a newly
reported allele of this gene. Allelism tests will be neces-
sary to provide conclusive identity of the gene(s) identi-
fied on chromosome 11.

Although the data cannot prove or disprove the possi-
bility of a second resistance gene being associated with
the Teging alelesin this region of chromosome 11, there
are other possible, and even more likely, explanations for
the observed skewing towards resistance among these
RILs. Of the 44 RILs that had the Teqging allele at all
four of these markers and were resistant to 1B-54, 21
also had Pi-tg6 which is aso effective against 1B-54 but
on chromosome 12. Likewise, 15 of the 44 plants con-
tained Pi-tg5 on chromosome 2 which is effective
against 1G-1. The significant reduction in the susceptible
class among the RILs homozygous-Teging for the gene
on chromosome 11 can be explained, at least in part, by
the presence of these two other genes conferring resis-
tance to these same two races.

In fact, the classification data for all probes and allele
types were skewed with varying degrees toward resis-
tance. Unlike the data shown in Table 2, the skewing
usually was not severe and the numbers did not differ
significantly from the expected 1:1 ratio. While much of
this can be explained by multiple genes affecting the re-
sponse to the same race(s), the possible loss of highly
susceptible individuals during population development
cannot be ruled out. The F; generation was grown in
panicle rows in the winter nursery in Puerto Rico. Much
sterility due to neck blast was noted during harvest
(Pinson et a. 1996), and care was taken to avoid selec-
tion for resistance by taking panicles from random
plants. However, some plants had no seed, whether due
to neck blast or other causes (i.e., very late heading, ex-
tremely poor vigor, shattering, etc.). Poor plant stands
were also observed in this generation, which could have
had multiple causes, including rice blast disease. Skew-
ing toward the resistance alele was strongest for Pi-tql
on chromosome 6 (78% Teqing alleles). Unintentional
selection during population development may have con-
tributed to this bias. Interestingly, chromosome 7 aso
had a region with a strong bias toward the Teging allele,
but was not found to have a resistance gene. Co-segrega-
tion of unlinked markers associated with fitness was re-
ported previously in this cross (Li et a. 1997).

Six markers on chromosome 12 showed association
with a gene (Pi-tg6) effective against al five blast races
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except 1G-1 (Table 1). RILs containing Teqing alleles
had susceptiblerresistant ratios ranging from 2:57 to
10:58 (0.03 to 0.14) suggesting that the resistant allele
for Pi-tg6 was from Teging. Similar to the situation pre-
viously discussed on chromosome 11, however, the RILs
containing Lemont aleles were also skewed toward re-
sistance with nearly twice as many resistant lines as sus-
ceptible ones when classified for reaction to 1B-49 and
IB-54 (data not shown). Re-evaluation of these lines rel-
ative to Pi-tg2 on chromosome 6 and Pi-Im2 on chromo-
some 11 showed that the resistance reaction was most
likely due to the presence of these other resistance genes
rather than for an additional gene from Lemont located
on chromosome 12. Relative to the framework map and
the chi-square and exact P values with the adjacent
markers, the Teqging gene (Pi-tq6) was located between
RG869 and L102.

Pi-tg6 is likely to represent the Pi-4(t) locus which was
found closdly linked to RG869 and RZ397 at 5.4 ctM and
3.3cM (Mew et al. 1994, Fig. 1). The linear order of these
closely linked markers was different in the two maps, thus
a direct comparison cannot be made. Pi-tq6 could aso be
similar to the gene from ‘Hong Jiao-Zhan', which also was
reportedly linked to RG869 and RZ397 (Zheng et al.
1996), or to Pi-62(t) from ‘Yashiro-mochi’ reportedly
linked to RG869 (Wu et a. 1996). If Pi-tg6 is dl€lic to Pi-
4(t), this gene most likely originated from Tetep, a progeni-
tor of Teqing which has Pi-4(t) (Inukai et al. 1994). Anoth-
er possible source of Pi-4(t) was ‘Pai-kan-tao’ (McCouch
et a. 1994), dso a Chinese variety. Additional alelism
tests can clarify the identity of Pi-tg6.

Mapping major genesusing RILs

Based on classical genetic analysis of F, plants (Tabien
1996; Tabien et al. 1996), Teging was thought to have
four major genes for blast resistance, two genes each for
resistance to 1C-17, 1G-1 and IE-1, and one each for
IB-49 and IB-54, while Lemont was thought to have two
major genes, one conferring resistance to IB-54 and
IG-1, the other conferring resistance to IB-49 alone
(Table 3). Mapping results using RILs detected most, but
not al, of the genes suggested previously from classical
genetic analysis (Table 3). The classical estimate of
genes in Lemont and Teqing (Tabien 1996; Tabien et al.
1996) was based on the evaluation of F, plants from
Tegingx' Rosemont’ as well as F, plants and RILs (Fg)
from LemontxTeging. Rosemont is known to be suscep-
tible to all the observed races (Bollich et al. 1993), so it
was deduced that all the genes estimated to be segregat-
ing in this population were from Teqing. The two addi-
tional genes then estimated to be segregating in the
LemontxTeging progeny were presumed to be from Le-
mont rather than from Teging. The limited number of F,
plants (80 plants) evaluated in the TegingxRosemont
cross may have, however, smply prevented the classical
analysis from identifying these resistance genes found
from RFLP mapping to be from Teqging. As observed
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Table 3 Reaction of genes identified from Teging and Lemont
rice cultivars using classical genetic analysis® and gene mapping
in arecombinant inbred population using five races of blast

Gene Source Gene  Raced

identifi-

cation IC-17 1B-49 IB-54 1G-1 IE-1

Classicala Teging Pi-tgl - - + + -

genetic Teging Pi-tg2 - + - - +

anaysis Teqing Pi-tg3  + + + + -
Teqing Pi-tg4 + + + - +
Lemont pi-bl1 + - + + +
Lemont Pi-lm2 + + - - +

Mapping  Teging Pi-tgl - - + + -

usingRILs Teging Pi-tg5 - - + - -
Teqing Pi-tg6 - - - + -
Lemont Pi-lm2 + + - - +

aFrom Tabien 1996 and Tabien et al. 1996. Genes from Teqing
were estimated from an F, population of RosemontxTeging.
Genes from Lemont were estimated from an F, plusa RIL popula-
tion of LemontxTeging

b — =Incompatible reaction or host resistance, + =compatible reac-
tion or host susceptibility

previously (Mackill and Bonman 1992), the presence of
multiple genes affecting disease response greatly compli-
cates genetic analysis.

Unmapped Teqing genes may have also been identical
with a gene(s) from Lemont. The genes from Teging
were identified in a cross with susceptible Rosemont but
not with Lemont. If Lemont and Teqing each contained
the resistance allele, the LemontxTeqing RIL population
would not have segregated for thislocus.

Field performance of some gene combinations

Marker data allowed genotype estimation at the four
mapped resistance genes in 122 RILs; inconsistent al-
lelotypes (e.g., from cross-over events) and occasional
missing marker data prevented the genotype estimation
of other lines. Of these 122 RILs, all but 21 were esti-
mated to contain the resistance allele of Pi-tql, the major
gene located in a skewed region of chromosome 6. Of
the 12 RILs estimated to contain a single resistance
gene, six contained Pi-tgl, three contained resistance al-
leles only for Pi-tg5 (chromosome 2), three contained re-
sistance from Pi-Im2 (chromosome 11), and none con-
tained resistance from Pi-tg6 (chromosome 12) alone.
These subsets of RILs containing single genes were not
large enough to study the effects of each gene individual-
ly. Two- and three-gene combinations that did not in-
clude Pi-tql were aso rare, precluding a study of epista-
sis among the resistance genes. It was noted, however,
that all lines having at least one gene exhibited some
field resistance in that they all had very small AUDPC,
%DLA, and alow SES rating compared to M-201. Fur-
thermore, the average AUDPC, %DLA, and SES ratings
decreased as the number of estimated genes per RIL in-

creased (Table 4), although the differences between these
groups were not statistically significant. Thus, we con-
clude that the major genes are impacting field resistance,
but they appear to do so in different ways. Pi-q6 signifi-
cantly affected AUDPC and SES ratings but not %DLA,
while Pi-gl contributed to variation in AUDPC and
%DLA, but not SES ratings. Pi-tg5 was an important de-
terminant of all three traits but Pi-Im2 was not associated
with any of the nursery measured traits. While some of
the phenotypic variation not attributable to direct effects
of the identified major genes could be attributed to gene
interactions (Tabien et a., submitted), the data also
strongly suggest the presence of genetic factors in addi-
tion to these four major resistance genes. For example,
the lines estimated to contain four major genes had high-
ly significant variation for al traits (Table 4). Further-
more, some of the eight lines having susceptible alleles
for all of the four identified major genes exhibited useful
levels of resistance, particularly in terms of AUDPC
(Table5).

Some gene combinations may not significantly in-
crease resistance, as reported in cotton (El-Zik and Bird
1970) and barley (Brown et al. 1996). In the present
study, average AUDPC, %DLA, and SES ratings de-
creased as the number of estimated genes increased from
one to three (Table 4), suggesting that gene-pyramiding
may increase resistance. Increasing the gene number to
four, however, did not appear to further improve resis-
tance. Negative interaction was noted for blast resistance
genes studied in a different rice population (Wang et al.
1994), and was aso reported in cotton (El-Zik and
Bird 1970) where F; plants having a combination of
three genes were more susceptible than those having
only two major genes for resistance to bacterial blight of
cotton.

Major genesidentified using single races in the green-
house may not perform well under field conditions. The
major genes identified both from Lemont and Teging
were not completely effective in the blast nursery. The
same observation was noted for two genes from
Moroberekan found effective against five races of blast
pathogen during greenhouse tests. Lines estimated to
have two major genes had different resistance expression
in two nurseries. The differential response was attributed
to a possible wide array of genes from the resistant par-
ent effective against complex populations of pathogen.
Differential response of a major gene was also reported
on apple scab (Gardiner et al. 1996) where areduction in
resistance was attributed, instead, to the absence of resis-
tance modifying genes.

Breeding implications

Major blast genes can be combined, as is being done for
three genes [Pi-1(t), Pi-2(t), and Pi-4(t)] being pyramided
at IRRI (Mew et al. 1994), and as was done for the US
variety ‘Jefferson’ (McClung et a. 1997). Jefferson’s su-
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Table4 Mean?and standard

deviation of AUDPC, %DLA Line/group AUDPC %DLA SES rating
o s, 2l 548 BT S onech Men  Sandad  Menn  Sendad  Men  Standad
ered togéther, and various sub- deviation deviation deviation
sets of RILs determined from
flanking marker datato contain ~ Lemont 2.6 0.5 24.3 2.6 7 0.5
one, two, three and four major Teqing 2.7 0.1 13.0 0.8 2.7 0.5
genes for rice blast resistance M-201 245 0.3 100.0 0.0 9.0 0.0
All 245RILs 4.2 39 211 19.3 4.9 2.3
min—-max range: 0.0-19.1 0.0-85.3 1.3-8.3
Various subsets? of RILS containing:
No genes 4.9 3.6 25.0 21.2 6.1 0.9
One gene 4.3 2.7 211 14.9 4.9 1.9
Two genes 4.0 3.6 20.6 18.6 4.7 19
Three genes 35 27 16.9 13.2 4.6 1.8
Four genes 4.4 44 22.3 20.0 49 2.0

a Averaged over three field-plot replications
b Each subset contains a mixture of all possible genoytpes. For example, lines containing just Pi-tg5,
Pi-tql, Pi-Im2, or Pi-tg6 would all be included in the subset of RILS containing one gene

Table 5 Several of the eight rice lines estimated to have no major
genes for blast resistance based on the absence of RFLP markers
for Pi-tgl, Pi-tg5, Pi-tg6, and Pi-Im2 that showed useful levels of
disease resistance in the blast nurser

Line/cultivar AUDPC? %DLAP SES ratinge
TQ72 18.60 63.00 6.33
TQ77 8.67 28.33 5.67
TQ167 21.51 56.33 6.67
TQ176 3.13 15.00 5.00
TQ226 9.57 24.00 6.00
TQ234 14.75 20.67 8.00
TQ267 17.48 72.33 7.67
TQ289 10.58 26.33 7.00
Lemont 5.64 24.33 5.67
Teqing 2.70 13.33 2.67
M-201 24.50 100.00 9.00

aCritical LSD=2.70
b Critical LSD=13.83
¢ Critica

perior disease resistance in test plots supports the hypoth-
esis that pyramided lines will perform better than lines
with single genes. This hypothesis might hold true if the
major genes act in an additive fashion as is often expect-
ed. Gene interaction was significant in our field resis-
tance data, however. Negative interaction wherein some
combinations of resistance alleles actually favored sus-
ceptibility, was aso noted in RILs of rice (Wang et a.
1994) and in F, plants of cotton (El-Zik and Bird 1970).
Gene interactions should not be ignored when selecting
genesto include in a pyramiding scheme.

Screening for resistance involving major genes is be-
ing conducted at the earliest generation possible in order
to minimize the number of linesin subsequent screening.
However, some recombinant types might not occur at
this time, especially those involving genes that are
masked by other genes, or genes that are linked in repul-
sion. Additional selfing, asin RIL development, or even
intermating (Liu et al. 1996), may reveal additional de-

sirable recombinant types. Late-generation screening is
being practiced only for traits with low heritability or
those controlled by minor genes. However, this practice
will be important in identifying minor genes and novel
recombinants of major genes, both implicated in durable
resistance.
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