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Abstract The identification and location of sources of
genetic resistance to plant diseases are important contri-
butions to the development of resistant varieties. The
combination of different sources and types of resistance in
the same genotype should assist in the development of
durably resistant varieties. Using a doubled haploid (DH),
mapping population of barley, we mapped a qualitative
resistance gene (Rpsx) to barley stripe rust in the
accession CI10587 (PI 243183) to the long arm of
chromosome 1(7H). We combined the Rpsx gene, through
a series of crosses, with three mapped and validated
barley stripe rust resistance QTL alleles located on
chromosomes 4(4H) (QTL4), 5(1H) (QTL5), and 7(5H)
(QTL7). Three different barley DH populations were
developed from these crosses, two combining Rpsx with
QTL4 and QTL7, and the third combining Rpsx with

QTL5. Disease severity testing in four environments and
QTL mapping analyses confirmed the effects and loca-
tions of Rpsx, QTL4, and QTL5, thereby validating the
original estimates of QTL location and effect. QTL alleles
on chromosomes 4(4H) and 5(1H) were effective in
decreasing disease severity in the absence of the resis-
tance allele at Rpsx. Quantitative resistance effects were
mainly additive, although magnitude interactions were
detected. Our results indicate that combining qualitative
and quantitative resistance in the same genotype is
feasible. However, the durability of such resistance
pyramids will require challenge from virulent isolates,
which currently are not reported in North America.

Keywords Barley · Stripe rust · Quantitative resistance ·
QTL

Introduction

Genetic resistance to plant diseases is a major objective of
most plant breeding programs. Determining the location
of the gene, or genes, controlling resistance can assist in
the rapid and efficient development of new resistant
varieties. The durability and stability of plant disease
resistance is also a fundamental issue, as it is an important
asset in new cultivars. Considering that durable resistance
is a reasonable and laudable goal, the specific strategies
used to achieve this goal may be improved by thorough
characterization and analysis of the inheritance of resis-
tance.

The term “qualitative resistance” designates Mende-
lian genes of large effect that interact on a gene-for-gene
basis with the pathogen. The term “quantitative resis-
tance”, in this context, refers to resistance that shows
continuous variation and is usually incomplete in expres-
sion. Qualitative resistance usually shows race-specific-
ity, while the race specificity of quantitative resistance is
still an unresolved question. The risks involved in using
gene-for-gene resistance are well-known (Johnson 1981;
Parlevliet 1983; Vanderplank 1963, 1978), and there is
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evidence that pathogen virulence can evolve more quickly
than plant breeders can deploy single resistance genes in
new varieties (Parlevliet 1977). As quantitative resistance
has a higher probability of durability (Parlevliet 1989), it
has been proposed as an alternative to qualitative
resistance. Its main limitation is that it requires extensive
and accurate field-testing, which makes it more difficult
to select for in plant breeding programs.

Pyramiding qualitative resistance genes with different
race specificities has also been proposed as a way to
increase the likelihood of resistance durability (Schaffer
and Roelfs 1985). Putting multiple race-specific genes in
a single genotype minimizes the probability that a single
mutation in the pathogen can overcome all the resistance
genes (Huang et al. 1997; McIntosh and Brown 1997;
Mundt 1991). For example, Singh et al. (2001) pyramided
three bacterial blight resistance genes in rice and dem-
onstrated that this provided a wider spectrum of resistance
to the pathogen population than single genes. Pyramiding
quantitative resistance may also increase the probability
that a variety will show durable resistance. Castro et al.
(2000) have combined three resistance alleles at stripe
rust resistance quantitative trait loci (QTL) in barley in
the same genetic background and validated their effects in
reducing disease severity.

The combination of both types of resistance genes
(e.g., qualitative and quantitative) offers the possibility of
exploiting both the complete effect of the qualitative
resistance gene, or genes, with the theoretical durability
of the quantitative resistance gene, or genes. In other
words, one would expect that in the case of a “break-
down” of the qualitative resistance, the quantitative
resistance genes present in the genotype would act as an
“insurance” policy.

Stripe rust (caused by the fungal pathogen Puccinia
striiformis f.sp. hordei) is a major disease of barley
worldwide, and the development of resistant germplasm
is a major objective of barley breeding programs where
this disease is a production constraint. The lack of
durability of qualitative resistance in this system has been
particularly problematic (Hayes et al. 2001). In a collab-
orative effort to map and exploit quantitative resistance
using molecular tools (reviewed by Hayes et al. 2001), we
have used barley germplasm developed by ICARDA/
CIMMYT with quantitative resistance (Sandoval-Islas et
al. 1998). In the course of this research we have
developed quantitative resistance pyramids combining
three QTL alleles from two different sources (Castro et al.
2003). We were interested in combining these quantita-
tive resistance alleles with a qualitative resistance gene.
Our target as a qualitative resistance donor was CI10587
(PI 243183), an accession from the U.S. National Small
Grains Collection. The location of a resistance gene in
this accession has not been reported.

The objectives of the investigation reported here were
to: (1) map and introgress into an adapted background, the
qualitative resistance gene present in CI10587; (2)
combine, in the same genetic background, the previously
mentioned resistance gene with the three resistance QTL

pyramided by Castro et al. (2003); (3) validate the
estimates of the effects of the qualitative resistance gene
and of the three QTL alleles in the new genetic
background; (4) determine if there were interactions
between the qualitative resistance gene and the QTL
alleles.

Materials and methods

Plant material

Mapping resistance in CI10587

Ninety-four doubled-haploid (DH) lines were derived from the F1
of the cross CI10587 � Galena, using the Hordeum bulbosum
technique as described by Chen and Hayes (1989). CI10587 (PI
243183) is an accession from the U.S. National Small Grains
Collection. It is a two-row, spring-habit barley with resistance to
stripe rust. Galena is a two-row, spring-habit, proprietary malting
barley belonging to the Coors Brewing Company. It is susceptible
to stripe rust (Toojinda et al. 2000).

Development of resistance gene pyramids

After the phenotyping and genotyping of the CI10587 � Galena
population (see below), one DH line (D3-6) was selected and
crossed with var. Baronesse, a high-yielding feed barley variety
well adapted to the Pacific Northwest of the USA. One hundred DH
lines were derived from the F1 of this cross, following the
procedures already described. Two DH lines (D3-6/B-23 and D3-6/
B-61) from this mapping population were selected, based on their
stripe rust resistance and agronomic trait phenotypes, and crossed
with two DH lines from the resistance QTL allele pyramid
population described by Castro et al. (2003). One of these lines
(BCD47) carries stripe rust resistance QTL alleles on chromosomes
4(4H) and 7(5H), while the other (BCD12) carries a stripe rust
resistance QTL allele on chromosome 5(1H). Three crosses were
made between the quantitative and qualitative resistance sources,
and three DH populations were obtained from the F1 of each cross
following the procedures described above. Seventy DH lines were
derived from the D3-6/B-23 � BCD47 cross (hereafter referred to
as population BU), 77 DH lines were derived from the D3-6/B-61 �
BCD47 cross (hereafter referred to as population AJ), and 85 DH
lines were derived from the D3-6/B-61 � BCD12 cross (hereafter
referred to as population OP). The germplasm derivation process is
shown in Fig. 1.

Phenotyping

The field resistance of CI10587, Galena, and the CI10587 � Galena
population to field inoculum was determined in four tests at the
ICARDA/CIMMYT field station located in Toluca, Mexico. The
plant material was evaluated in one-row, 3-m plots at two planting
dates in 1994 and 1996. Spreader rows, planted at 5.25-m intervals
and consisting of a mixture of 15 susceptible genotypes, were
inoculated twice with infected plants placed in the foliage and with
applications of spores suspended in oil. Infected plants and spores
were collected locally. The race composition of this inoculum was
not determined. Due to the fact that the stripe rust severity in these
lines was either lower than 10% or higher than 80%, their reaction
was rated as resistant and susceptible on a plot basis. The DH lines
from the Baronesse � D3-6 cross were tested at Toluca, Mexico,
following the same procedures, in 1997.

The BU, AJ, and OP populations were assessed for field
resistance in four tests over 3 years at Toluca, Mexico, following
the procedures described above. The DH lines and the parents were
planted at one date in 1999 and 2001 and at two dates in 2000.
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Stripe rust was rated as percentage severity on a plot basis rather
than as resistant:susceptible because a range of disease severities
was seen in the germplasm.

Genotyping

In the CI10587 � Galena population, restriction fragment length
polymorphism (RFLP) markers were first mapped on chromosome
4(4H), 5(1H) and 7(5H) in regions where stripe rust resistance QTL
had been detected in other mapping populations (Chen et al. 1994;
Toojinda et al. 2000). When no associations were detected between
stripe rust reaction and marker genotypes at these loci, additional
RFLPs of known location throughout the genome were used for
bulked segregant analysis (BSA) (Michelmore et al. 1991). When a
non-random pattern of association of RFLP alleles on the long arm
of chromosome 1(7H) with stripe rust reaction was observed, other
RFLP loci mapping to this region in other mapping populations
were assayed on the 94 DH lines. RFLP markers were assayed as
described by Kleinhofs et al. (1993). The RFLP marker nomencla-
ture follows that employed by the North American Barley Genome
Mapping Project (Kleinhofs et al. 1993). Sequence-tagged site
(STS) markers on chromosome 1(7H) were assayed, following the
protocols of Mano et al. (1999). SSR markers were added to this
map, as described below, to facilitate alignment with other mapping
populations.

The resistance gene pyramid populations (AJ, BU, OP) were
genotyped using SSR markers of known position on chromosomes
1(7H), 4(4H), 5(1H), and 7(5H). DNA was extracted from leaf
tissue of 2- to 3-week-old plants (one plant per genotype) using the
Qiagen DNAeasy 96 plant kit (Valencia, Calif.). After screening all
available polymerase chain reaction (PCR)-based markers mapping
to those regions, we were able to map 20 markers in the BU
population, 22 in the AJ population, and 23 in the OP population.
SSRs were assayed as described by Liu et al. (1996) and Russell et
al. (1997). The SSR primer sets were developed and mapped by
Ramsay et al. (2000), Liu et al. (1996) and Becker and Heun
(1995). The reverse primers were labeled with FAM, TET, NED, or
HEX fluorescent dyes. DNA amplifications were performed using
either a Perkin-Elmer 9600 (Foster City, Calif.) or MJ Research
PTC-100 (Waltham, Mass.) thermal cycler. PCR reactions were
carried out in a 10-ml reaction mix containing 37.5 ng of template
DNA, 1� PCR buffer, 0.025 U Taq DNA polymerase (Qiagen), 0.2
nM dNTPs and 0.1 pmol forward and reverse primers. Information
on primer sequences and PCR amplification conditions for each set
of primers are available at http://www.scri.sari.ac.uk/ssr (Ramsay et
al. 2000), in Liu et al. (1996) and in Becker and Heun (1995). PCR-
amplified fragments from differentially labeled SSR primers and
with non-overlapping fragment sizes were simultaneously analyzed
in the same gel lane and separated on an ABI Prism 377 DNA
sequencer (Applied Biosystems, Foster City, Calif.) at the Oregon
State University, Central Service Lab, or on an ABI Prism 3700
DNA sequencer at OMIC, Portland, Oregon. gene scan and

Fig. 1 Schematic showing the
development of the qualitative/
quantitative disease resistance
populations. Black boxes re-
present resistance sources and
white boxes represent suscepti-
ble parents
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genotyper software (PE Applied Biosystems) were used for
automated data collection and to determine the allele sizes in base
pairs, based on the internal standard.

Genome mapping and QTL analysis

For mapping the gene conferring resistance in CI10587, we directly
mapped the trait as a marker in the CI10587 � Galena population.
Linkage analyses for all populations were performed using
gmendel 3.0 (Holloway and Knapp 1994) following procedures
described by Toojinda et al. (2000). In the three pyramiding
populations (AJ, BU and OP), QTL were mapped using the multi-
trait option implemented in multiqtl version 1.5. Each dataset
was analyzed with 1,000 permutations in order to establish the
significance of the QTL. A bootstrap simulation (with 1,000
samples) was used for the assignment of each significant QTL to a
defined marker interval.

Genome regions, revealed by the QTL scans, that determine
resistance to stripe rust were used in performing a QTL analysis
analogous to candidate gene analysis, as described by Castro et al.
(2002a), where the genotypes of the flanking markers are used as
independent variables. Recombinant genotypes were not included
in the analysis. Therefore, the independent variables had two levels
each, with each level corresponding to a parental genotype. The
treatment design was a 2 � n factorial, where n is the number of
genome regions detected. The difference between parental marker
class means estimates the additive effect of the QTL flanked by the
markers. Double crossovers between the QTL and marker loci
downwardly bias estimates of the effects. Thus, differences

between parental marker genotype means are conservative esti-
mates of the effects of QTL residing in the n chromosomal regions.
We performed a joint analysis considering the QTL effects as
nested in populations. We also performed the analysis pooling
together the AJ and BU populations, as the QTL source was the
same (BCD-47). Because the results of this joint analysis gave the
same results as the individual population analyses we present the
former. Statistical analyses were performed using the SAS GLM
procedure (2001).

Results

Mapping of qualitative resistance in CI10587

The reactions to stripe rust of the DH lines from the
CI10587 � Galena cross were extremely consistent across
environments. Based on the reaction data pooled across
environments, the ratio of resistant:susceptible plants was
55:45, which fits a 1:1 ratio (P > 0.30 from a chi-square
test). In a DH population, the expectation of segregation
of alleles at a single locus is a 1:1 ratio. We systematically
tested several RFLP markers of known position through
the genome in order to detect associations with the trait. A
non-random pattern of association of RFLP alleles on the
long arm of chromosome 1(7H) with stripe rust reaction

Fig. 2 Alignment of the chro-
mosome 1(7H) maps of the
CI10587 � Galena, AJ, BU and
OP populations. The CI10587 �
Galena map shows the linkage
map location of the stripe rust
resistance qualitative gene
present in CI10587. The loca-
tion of this gene, mapped using
QTL analysis procedures, is
shown in each of the derived
populations. The gaps in the
map of the BU population are
due to monomorphism of the
Bmag385 and Bmag120 mark-
ers in this population
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was observed. Other RFLP loci mapping to this region in
other mapping populations were then assayed on the DH
lines. We mapped the stripe rust resistance gene between
Ris44 and ABG461, and based on known marker positions
we located it on the long arm of chromosome 1(7H)
(Fig. 2). In the rest of the paper we will refer to the
qualitative resistance gene as Rpsx, pending gene assign-
ment.

QTL analysis of qualitative and quantitative
resistance pyramids

In order to determine the reaction of AJ, BU, and OP to
stripe rust at the adult plant stage under field conditions,
we performed QTL analyses of disease severity in these
three pyramid populations. This analysis also allowed the

estimation of the individual effects of the QTL alleles
expected to be present in these populations and their
interactions, inter se and with Rpsx. As described in the
Materials and methods, the genotyping of these popula-
tions was restricted to markers on chromosomes 1(7H),
4(4H), 5(1H), and 7(5H).

For the three populations, a significant QTL was
detected on chromosome 1(7H) (Table 1), in approxi-
mately the same region where Rpsx was expected to map
to (Fig. 2). The resistance alleles corresponded to D3-6/
B23 (in BU) and D3-6/B61 (in AJ and OP). We consider
that Rpsx is the candidate gene for this QTL. No other
QTL was detected in the AJ and BU populations in this
analysis. In the OP population, an additional QTL with a
smaller effect was detected on chromosome 5(1H). It was
located in the expected QTL5 position (Fig. 3), since this
population was expected to segregate for QTL alleles at

Table 1 Summary of signifi-
cance of effects of a barley
stripe rust resistance gene
(Rpsx) and QTL resistance al-
leles. Chromosome locations
are shown in Figs. 2 and 3

Population QTL/Gene Resistance allele donor LOD score P-value

AJ Rpsx D3-6/B23 6.92 <0.0001
BU Rpsx D3-6/B23 11.95 <0.0001
OP Rpsx D3-6/B61 6.73 0.0009

QTL5 BCD12 3.41 0.0136

Fig. 3 Alignment of the maps of chromosomes 4(4H), 5(1H) and 7(5H) in the AJ, BU and OP populations, showing the expected and
actual locations of stripe rust resistance QTL
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this location. Through this analysis, no QTL was detected
in any population at the QTL4 and QTL7 positions.

Considering that there could be a masking effect of
Rpsx on the effect of other resistance QTL, we performed
a second QTL analysis using the subset of lines with
susceptible alleles at Rpsx in each population. The small
sizes of the subpopulations (32 in AJ, 36 in BU, 37 in OP)
limited the power of the QTL analysis, so we considered
any QTL detected as a candidate QTL in the individual
analyses. Only if the ANOVA of the pooled data
confirmed the QTL did we consider it significant.

Via this analysis, we located stripe rust resistance
effects in the QTL4 region in the BU and AJ populations
(Fig. 3) as well as in the QTL5 region in the OP
population. Another QTL candidate was mapped on
chromosome 4(4H) in the AJ and BU population. This
QTL (hereinafter referred to as QTL4B in order to
differentiate it from the expected QR allele) was linked to
Bmac310, more than 40 cM proximal to QTL4. A third
QTL candidate was detected in the OP population linked
to Bmag353 (hereinafter referred to as QTL4C), also on
chromosome 4(4H). Bmac310 and Bmag353 are tightly
linked (Ramsay et al. 2000). The resistance alleles at
these QTL candidates traced to BCD47 (in AJ and BU)
and BCD12 (in OP). A complete map of BCD12 and
BCD47 is not available, so it is not possible to determine
if these QTL resistance alleles are identical by descent,
although it is reasonable to expect so, since we have
detected no resistance alleles in CI10587 or Baronesse in
this region.

We used all of the QTL candidates from the original
mapping populations in a candidate gene analysis,
including QTL7. Although we failed to detect QTL
effects in this region in any of the populations, this QTL
was present in the parental line, BCD47, and was
considered in the development of these populations.
Considering that the same QTL were detected in AJ and

BU and that the common origin of these QTL alleles is
BCD47, the AJ and BU populations were pooled for a
subsequent analysis. The ANOVA results (Table 2)
confirmed the effects of Rpsx, QTL4, QTL4B, QTL4C,
and QTL5, and the lack of significance of the QTL7 main
effect. The qualitative nature of the Rpsx effect is
reflected in the significant interactions with the different
QTL. As seen in Figs. 4 and 5, the different QTL alleles
show their effects only in the absence of the resistance
allele at Rpsx. The disease severity of lines with the
resistance allele at Rpsx in all the populations was
significantly lower. In the absence of the Rpsx resistance
allele, the presence of resistance alleles at QTL4 and
QTL4B in AJ and BU, and at QTL5 and QTL4B in OP,
significantly decreased disease severity. The significant
second and third order interactions (Table 2), with the

Table 2 ANOVA table of the candidate gene analysis for stripe
rust resistance. Only QTL main effects and significant QTL � QTL
interactions are presented. The r2 for the model was 0.609

df M.S. F value Pr > F

Environment 3 11140 37.20 <0.0001
Population 1 4328 14.45 0.0002
Rpsx 1 229276 765.65 <0.0001
QTL4 (AJ/BU) 1 12728 42.50 <0.0001
QTL4B (AJ/BU) 1 1057 3.53 0.0607
QTL7 (AJ/BU) 1 141 0.47 0.4920
QTL5 (OP) 1 1508 5.03 0.0251
QTL4C (OP) 1 1820 6.08 0.0139
Rpsx � QTL4 (AJ/BU) 1 8251 27.55 <0.0001
Rpsx � QTL4B (AJ/BU) 1 1599 5.34 0.0211
QTL4 � QTL4B (AJ/BU) 1 3593 12.00 0.0006
QTL4 � QTL7 (AJ/BU) 1 2840 9.48 0.0022
Rpsx � QTL4C (OP) 1 5539 18.50 <0.0001
Rpsx � QTL4 � QTL4B (A/B) 1 3434 11.47 0.0007
Rpsx � QTL4 � QTL7 (A/B) 1 2959 9.88 0.0017
QTL4 � QTL4 � QTL7 (A/B) 1 1577 5.27 0.0220
Error 719 299

Fig. 4 Least squares means of disease severity in DH lines of the
OP population classified according to the presence or absence of
the resistance alleles at Rpsx, QTL5 and QTL4C QTL regions. Bars
with the same letter are not significantly different (P < 0.05) based
on pairwise comparisons

Fig. 5 Least squares means of disease severity in DH lines of the
AJ and BU populations classified according to the presence or
absence of the resistance alleles at Rpsx, QTL4 and QTL4B QTL
regions. Bars with the same letter are not significantly different (P
< 0.05) based on pairwise comparisons
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exception of the interactions involving Rpsx, were
magnitude interactions that do not lead to changes in
estimates of individual effects.

Discussion

We have mapped a gene conferring qualitative resistance
to barley stripe rust (BSR) on chromosome 1(7H) and
validated its location in three mapping populations
segregating for this source of resistance. Thomas et al.
(1995) mapped a BSR resistance QTL in this region of the
genome. The only qualitative BSR resistance gene
mapped is Yr4, which is on the short arm of chromosome
5(1H) (von Wettstein-Knowles 1992). Rpsx conferred
resistance to races PSH-13, PSH-14, PSH-21, and PSH-31
(R. Line, X. Chen, personal communication). However,
further studies are necessary in order to establish the race
specificity of Rpsx and its identity regarding other BSR
qualitative resistance genes as these are mapped.

Combining qualitative and quantitative resistance
genes in the same genotype presents a challenge to the
plant breeder. The qualitative resistance gene masks the
effects of the quantitative resistance genes, precluding
phenotypic selection for the latter. Molecular marker-
assisted selection (MAS) allows for the pyramiding of
qualitative and quantitative resistance genes, based on the
presence of target resistance alleles as inferred from the
allelic composition of linked molecular markers. Howev-
er, there are no reports in the literature describing the
effectiveness of pyramiding of qualitative and quantita-
tive resistance genes. The durability of such a resistance
pyramid can only be assessed in the presence of a race
that is virulent to Rpsx. Currently, such a virulence pattern
is, fortunately, not present in North America. There is
evidence of a new race in the Andean region (USDA
nursery results 2001) and in these tests CI10587, the
donor of Rpsx, had a severity of 60S. One of the
quantitative resistance donors also showed higher severity
percentages than in our long-term tests in Mexico: the
severity of Orca in the Huancayo test (donor of QTL4 and
QTL7 resistance alleles) was 80S versus 30S in Mexico.
Shyri, donor of QTL5, however, had severity values of 0S
in Huancayo versus 10S in Mexico. All BU, AJ, and OP
lines with Rpsx and one or more resistance QTL allele had
reactions ranging from 0 to 20S. Additional tests are
underway to confirm this apparent effectiveness of the
qualitative and quantitative resistance pyramids. Together
with our longer-term data from Mexico, these results
allow us to be cautiously optimistic about the effective-
ness of combining qualitative and quantitative resistance
in the same genotype. It is clear from Figs. 4 and 5 that
the QTL alleles on chromosomes 4(4H) and 5(1H) were
indeed effective at lowering disease severity in the
absence of the resistance alleles at Rpsx.

The results of QTL analyses of the pyramid popula-
tions (AJ, BU and OP) validate the map location of Rpsx
and also confirm the QTL allele effects reported by
Castro et al. (2002b). Of particular interest is the lack of

significance of QTL7. The original mapping population
estimates of QTL4 and QTL7 (Chen et al. 1994) revealed
QTL7 as having a much larger effect than QTL4, but
Castro et al. (2000) found a change of rank in importance
of these QTL based on the estimates of QTL effects in a
QTL validation population. The AJ and BU populations
represent a second generation of QTL alleles from the
original mapping population and confirmed that these
“realized heritability” estimates of QTL effect are indeed
more robust estimates of allele value than those obtained
in the original mapping population. QTL effect estimates
are reported to be biased, raising concerns about their use
in understanding and manipulating genetic determinants
of quantitative characters (Beavis 1998). We have found
that QTL effect estimates based on derived populations
provide better estimates of QTL effects than source
mapping populations, but whether this is due to bias
estimation or to genetic background is not known.

The detection of a new QTL on chromosome 4(4H) is
intriguing and may help to explain some of the inconsis-
tencies in BSR resistance QTL effects in this region of the
genome. In the original QTL report (Chen et al. 1994),
QTL4 had an effect on disease severity in only one
environment, and the significance threshold of this QTL
extended over more than 40 cM. Castro et al. (2002b)
showed that there were non-coincidental seedling resis-
tance and heading date QTL in the same region and
hypothesized that the adult plant resistance QTL detected
in the source mapping population was actually divisible
into two QTL – one coincidental with a seedling
resistance QTL, and the other coincidental with a heading
date QTL.

The results of the current experiments suggest the
presence of another QTL proximal to QTL4. There is
evidence that resistance genes in plants occur in clusters
(Ellis et al. 1998; Kanazin et al. 1996; Michelmore 1995),
and QTL mapping tools are known to provide poor
resolution in the case of linked QTL (Lynch and Walsh
1997). QTL analysis in a new, larger population of 422
DH lines derived from the cross of BCD47 � Baronesse is
under way and should be of assistance in resolving the
number of QTL on chromosome 4(4H). Preliminary
results (Vales et al. 2002) reveal multiple resistance
significant QTL throughout the long arm of chromosome
4.

Our results support the utility of molecular markers
and QTL analysis for understanding and manipulating
genes determining qualitative and quantitative resistance
to barley stripe rust. We mapped one qualitative resis-
tance gene (Rpsx) and validated its importance, as well as
the importance of two QTL (QTL4 and QTL5) that
determine quantitative resistance to barley stripe rust, in a
new genetic background. We also found that, in the
populations under study, the effects of QTL estimates
based on derived populations were different from those in
the original mapping populations. Whether this is due to
bias or genetic background is not known. We found that
in the case of these genes, qualitative and quantitative
gene interactions and QTL � environment interaction

928



were not significant. Preliminary data indicate that
combining qualitative and quantitative resistance genes
in the same genotype can confer high levels of resistance
in the presence of a race virulent on the qualitative
resistance gene and causing higher severity on the
qualitative resistance source.

Acknowledgements This research was supported by the North
American Barley Genome Project, ICARDA/CIMMYT, American
Malting Barley Association, Oregon Grains Commission, Idaho
Barley Commission, and the Washington Barley Commission.

References

Beavis WD (1998) QTL analyses: power, precision, and accuracy.
In: Patterson AH (ed) Molecular dissection of complex traits.
CRC Press, Boca Raton

Becker J, Heun M (1995) Barley microsatellites: allele variation
and mapping. Plant Mol Biol 27:835–845

Castro A, Corey A, Filichkin T, Hayes PM, Sandoval-Islas JS,
Vivar HE (2000) Stripe rust resistance QTL pyramids in barley.
In: Logue S (ed) Proc 7th Int Barley Genet Symp vol 2.
Department of plant sciences, Waite campus, Adelaide Uni-
versity, Glen Osmond, pp 86–88

Castro A, Chen X, Hayes PM, Knapp SJ, Line RF, Toojinda T,
Vivar H (2002a) Coincident QTL that determine seedling and
adult plant resistance to stripe rust in barley. Crop Sci 42:1701–
1708

Castro A, Hayes PM, Fillichkin T, Rossi C (2002b) Update of
barley stripe rust resistance QTL in the Calicuchima-sib �
Bowman mapping population. Barley Genet Newslett 32:1–12

Castro A, Chen XM, Hayes PM, Johnson M (2003) Pyramiding of
quantitative trait locus (QTL) alleles determining resistance to
Barley Stripe Rust: effects on seedling resistance. Crop Sci 43
(in press)

Chen FQ, Hayes PM (1989) A comparison of Hordeum bulbosum-
mediated haploid production efficiency in barley using in vitro
floret and tiller culture. Theor Appl Genet 77:701–704

Chen FQ, Prehn D, Hayes PM, Mulroney D, Corey A, Vivar H
(1994) Mapping genes for resistance to barley stripe rust
(Puccinia striiformis f.sp. hordei). Theor Appl Genet 88:215–
219

Ellis JG, Lawrence GJ, Peacock WK, Pryor AJ (1998) Approaches
to cloning plant genes conferring resistance to fungal patho-
gens. Annu Rev Phytopathol 26:245–263

Holloway J, Knapp S (1994) gmendel 3.0. Users guide.
Knapps@css.orst.edu

Hayes PM, Castro A, Corey A, Fillichkin T, Johnson M, Rossi C,
Sandoval S, Vales I, Vivar H, Von Zitzewitz J (2001)
Collaborative stripe rust resistance gene mapping and deploy-
ment efforts. In: Vivar H, McNab A (eds) Breeding Barley New
Millennium: Proc Int Symp. CIMMYT, Mexico DF, pp 47–60

Huang N, Angeles ER, Domingo J, Magpantay G, Singh S, Zhang
G, Kumaradivel N, Bennett J, Khush GS (1997) Pyramiding of
bacterial blight resistance genes in rice:marker-assisted selec-
tion using RFLP and PCR. Theor Appl Genet 95:313–320

Johnson R (1981) Durable resistance: definition of, genetic control,
and attainment. Phytopathology 71:567–568

Johnson R (1992) Past, present and future opportunities in breeding
for disease resistance, with examples from wheat. Euphytica
63:3–22

Kanazin V, Marex LF, Shoemaker RC (1996) Resistance gene
analogs are conserved and clustered in soybean. Proc Natl Acad
Sci USA 93:11,746–11,750

Kleinhofs A, Kilian A, Saghai Maroof M, Biyashev R, Hayes PM,
Chen F, Lapitan N, Fenwick A, Blake T, Kanazin V, Ananiev
E, Dahleen L, Kudrna D, Bollinger J, Knapp S, Liu B, Sorrells
M, Heun M, Franckowiak J, Hoffman D, Skadsen R, Steffenson

B (1993) A molecular, isozyme, and morphological map of the
barley (Hordeum vulgare) genome. Theor Appl Genet 86:705–
712

Mano Y, Sayed-Tabatabaei BE, Graner A, Blake T, Takaiwa F,
Oka S, Komatsuda T (1999) Map construction of sequence-
tagged sites (STSs) in barley (Hordeum vulgare L.). Theor
Appl Genet 98:937–946

McIntosh RA, Brown GN (1997) Anticipatory breeding for
resistance to rust diseases in wheat. Annu Rev Phytopathol
35:311–326

Michelmore R (1995) Molecular approaches to manipulation of
disease resistance genes. Annu Rev Phytopathol 15:393–427

Michelmore RW, Paran I, Vasili RV (1991) Identification of
markers linked to disease resistance genes by bulked segregant
analysis: a rapid method to detect markers in specific genomic
regions using segregating populations. Proc Natl Acad Sci USA
88:9828–9832

Mundt CC (1991) Probability of mutation to multiple virulence and
durability of resistance gene pyramids: further comments.
Phytopathology 81:240–242

Liu Z-W, Biyashev RM, Saghai Maroof MA (1996) Development
of simple sequence repeat markers and their integration into a
barley linkage map. Theor Appl Genet 93:869–876

Lynch M, Walsh B (1997) Genetics and analysis of quantitative
traits. Sinauer, Sunderland, Mass.

Parlevliet JE (1977) Evidence of differential interaction in the
polygenic Hordeum vulgare–Puccinia hordei relation during
epidemic development. Phytopathology 67:776–778

Parlevliet JE (1983) Race-specific resistance and cultivar-specific
virulence in the barley-leaf rust pathosystem and their conse-
quences for the breeding of leaf rust resistant barley. Euphytica
32:367–375

Parlevliet JE (1989) Identification and evaluation of quantitative
resistance. In: Leonard KJ, Fry WE (eds) Plant disease
epidemiology, vol. 2. McGraw-Hill, New York, pp 215–248

Ramsay L, Macaulay M, degli Ivanissevich S, MacLean K, Cardle
L, Fuller J, Edwards KJ, Tuveson S, Morgante M, Massari A,
Maestri E, Marmiroli N, Sjakste T, Ganal M, Powell W, Waugh
R (2000) A simple sequence repeat-based linkage map of
barley. Genetics 156:1997–2005

Russell J, Fuller J, Young G, Thomas B, Taramino G, Macaulay M,
Waugh R, Powell W (1997) Discriminating between barley
genotypes using microsatellite markers. Genome 40:442–450

SAS (2001) Statistical analysis system online documentation. SAS
Institute, Cary, N.C.

Sandoval-Islas JS, Broers LHM, Vivar H, Osada KS (1998)
Evaluation of quantitative resistance to yellow rust (Puccinia
striiformis f.sp. hordei) in the ICARDA/CIMMYT barley
breeding program. Plant Breed 117:127–130

Schafer JF, Roelfs AP (1985) Estimated relationship between
numbers of urediniospores of Puccinia graminis f.sp. tritici
and rates of occurrence of virulence. Phytopathology 75:749–
750

Singh S, Sidhu JS, Huang N, Vikal Y, Li Z, Brar DS, Dhaliwal HS,
Khush GS (2001) Pyramiding three bacterial blight resistance
genes (xa5, xa13, Xa21) using marker-assisted selection into
indica rice cultivar PR106. Theor Appl Genet 102:1011–
1015

Thomas WTB, Powell W, Waugh R, Chalmers KJ, Barua UM, Jack
P, Lea V, Forster BP, Swanston JS, Ellis RP, Hanson PR, Lance
RCM (1995) Detection of quantitative trait loci for agronomic,
yield, grain and disease characters in spring barley (Hordeum
vulgare L.). Theor Appl Genet 91:1037–1047

Toojinda T, Broers LH, Chen XM, Hayes PM, Kleinhofs A, Korte
J, Kudrna D, Leung H, Line RF, Powell W, Ramsay L, Vivar H,
Waugh R (2000) Mapping quantitative and qualitative disease
resistance genes in a doubled haploid population of barley
(Hordeum vulgare). Theor Appl Genet 101:580–589

Vales I, Hayes PM, Castro A, Corey A, Mundt C, Capettini F,
Vivar H, Sandoval-Islas S, Schoen C (2002) Resistance to
barley stripe rust: a model for understanding genetically

929



complex traits. In: Plant Anim Genome-10, Abstr, p 178 http://
www.intl-pag.org/pag/10

Vanderplank JE (1963) Plant diseases: epidemics and control.
Academic Press, New York

Vanderplank JE (1978) Genetic and molecular basis of plant
pathogenesis. Springer, Berlin, Heidelberg, New York

von Wettstein-Knowles P (1992) Cloned and mapped genes:
current status. In: Shewry PR (ed) Barley: genetics, biochem-
istry, molecular biology and biotechnology. CAB Int, Walling-
ford, UK, pp 73–98

930


