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Abstract The wheat (Triticum aestivum L.) cultivar
‘Stephens’ has been grown commercially in the USA
Pacific Northwest for 30 years. The durable resistance of
‘Stephens’ to stripe rust (Puccinia striiformis f. sp. tritici)
was believed to be due to a combination of seedling and
adult plant resistance genes. Multilocation field trials,
diversity array technology (DArT), and simple sequence
repeat (SSR) markers were used to identify quantitative
trait loci (QTL) for resistance. Recombinant inbred lines
were assessed for stripe rust response in eight locations/
years, five in 2008 and three in 2009. The data from
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Mt. Vernon, WA, differed from all other environments, and
composite interval mapping (CIM) identified three QTL,
QYrst.orr-1AL, QYrst.orr-4BS, and QYrpl.orr-6AL, which
accounted for 12, 11, and 6% of the phenotypic variance,
respectively. CIM across the remaining six environments
identified four main QTL. Two QTL, QYrst.orr-2BS.2 and
QYrst.orr-7AS, were detected in five of six environments
and explained 11 and 15% of the phenotypic variance,
respectively. Two other QTL, QYrst.orr-2AS and QYr-
pl.orr-4BL, were detected across four and three of six
environments, and explained 19 and 9% of the phenotypic
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variance, respectively. The susceptible parent ‘Platte’
contributed QYrpl.orr-4BL and QYrpl.orr-6AL, with the
remaining QTL originating from ‘Stephens’. For each
environment, additional minor QTL were detected, each
accounting for 6-10% of the phenotypic variance. Differ-
ent QTL with moderate effects were identified in both
‘Stephens’ and ‘Platte’. Significant QTL x environment
interactions were evident, suggesting that specificity to
plant stage, pathogen genotype, and/or temperature was
important.

Introduction

Stripe rust (Puccinia striiformis Westend. {. sp. tritici Erik.,
Pst) has received increased attention in North America
since the appearance of more virulent and aggressive races
detected in the past decade. These races caused yield losses
even in areas where the disease was previously rarely
detected and they are more threatening to wheat worldwide
than the older races (Chen 2005; Hovmgller et al. 2008;
Markell and Milus 2008; Milus et al. 2006, 2009). Host
plant resistance is the most cost-effective and environ-
mentally sound means of controlling stripe rust. Deploy-
ment of single, major genes for resistance is consistently
compromised due to the genetic variability of the pathogen,
emphasizing the need to breed for durable resistance. The
soft white winter wheat cultivar ‘Stephens’ (Kronstad et al.
1978) has been widely planted for 30 years in the Pacific
Northwest, USA, and has maintained durable resistance to
stripe rust (Santra et al. 2008). High-temperature adult
plant (HTAP) resistance genes are believed to have con-
tributed significantly to the durability of ‘Stephens’ to
stripe rust (Chen 2005; Chen and Line 1995a, Chen and
Line 1995b; Santra et al. 2008).

Durable resistance to stripe rust is thought to be con-
ferred by the additive effect of several minor genes (Lu
et al. 2009). It is often expressed only in the adult plant
stage and when spring temperatures rise above a threshold
level (Chen and Line 1995a). The presence of adult plant
resistance is characterized by reduced rates of disease
development resulting from longer latent periods, low
infection frequencies, smaller uredinial size, and reduced
duration and quantities of spore production due to frequent
failure of haustorium formation (Li et al. 2006; Milus et al.
2006; Niks and Rubiales 2002).

Screening, identifying, and understanding sources of
disease resistance through the use of molecular markers are
becoming routine tasks in breeding programs. This source
of information aids in the decision-making process for
performing crosses and maintaining lines for further eval-
uation. The objective of this work was to identify and
locate QTL underlying genetic variability for stripe rust
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resistance across locations in a recombinant inbred line
(RIL) population developed from a cross between
‘Stephens’ and the stripe rust susceptible line ‘Platte’.

Materials and methods
Plant material and field analysis

The population for this study consisted of 156 Fe-derived,
F; recombinant inbred lines (RILs) from a cross between
‘Stephens’ (a cultivar with moderate to high levels of adult
plant resistance to stripe rust) and ‘Platte’ (a cultivar highly
susceptible to stripe rust). ‘Platte’ was released in 1999 by
HybriTech Seed International and has the pedigree
Tesia79/Chatt’S’//Abilene (USDA-AMS 2009). ‘Stephens’
(CI 017596) is a cultivar released in 1978 in the Pacific
Northwest (Kronstad et al. 1978), with the pedigree Pull-
man Selection 101/Nord-Desprez (Wheat Pedigree On Line
2009).

F¢ seed harvested from the greenhouse was used to
establish plots in the field. The parents and the RIL prog-
eny were evaluated in the field in randomized complete
blocks with two replications at five locations in 2008 and
three locations in 2009. Locations for 2008 were: Toluca,
Mexico (MX); Corvallis, Oregon (OR); Pendleton, OR;
Pullman, Washington (WA) and Mt. Vernon (WA). In
2009, the locations were: Mt. Vernon, WA; Corvallis, OR;
and Toluca, MX.

Plots consisted of two rows, 1 m long. The percent rust
severity for each plot was evaluated according to the
modified Cobb scale (Roelfs et al. 1992). Multiple readings
were taken for each location. For all locations except
Mt. Vernon, disease occurred only at the adult plant stage
where first readings were taken after the susceptible parent
showed 60-80% severity in the adult growth stage (GS)
Zadoks 50-60 and the last readings were taken within the
adult plant stage GS 70-80 (Supplementary Table 1). Ini-
tial readings at Mt. Vernon were taken at the early jointing
stage (GS 30-31), when the susceptible parent showed
around 80% severity and subsequent notes were taken at
the adult plant stage around GS 55 when the susceptible
parent showed 100% severity.

For all locations except Toluca, rust was established by
natural infection. Artificial inoculation in Toluca was ini-
tiated about 4 weeks after planting by inoculating suscep-
tible spreader rows. Two spreader rows were located at the
beginning and end of each block. The suspension of rust
urediniospores was in lightweight mineral oil (Sotrol 170®
Chevron Phillips Chemical Company, The Woodlands,
TX, USA) with the Pst isolate known as MX-94.11. This
isolate and all of the detected races in Corvallis (12 in 2008
and 5 in 2009) and Pendleton (5 in 2008 and 4 in 2009) are
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Table 1 Mean (£standard error), highest, and lowest disease severity score, coefficient of variation, and heritability on a plot basis (£standard

error) for parents and 156 recombinant inbred lines in each environment

Year Location Stripe rust severity (%) h? Coefficient
Parents RiLs of variation
Platte Stephens Mean Min Max
2008 Mt. Vernon 100 2.0 45.0 (£9.8) 1.0 100 0.78 (£0.03) 31.28
Whitlow 37 6.0 27.9 (£7.5) 0.5 70 0.51 (£0.05) 374
Toluca 83 2.0 229 (£7.0) 1.0 85 0.69 (£0.04) 46.6
Corvallis 100 0.0 29.5 (£9.5) 0.5 100 0.79 (£0.02) 47.0
Pendleton 86 0.0 15.9 (£8.6) 0.5 87 0.57 (£0.05) 81.0
2009 Mt. Vernon 81 10.0 36.2 (£7.5) 5.0 97 0.82 (£0.02) 23.0
Toluca 50 9.0 21.1 (£6.1) 5.0 50 0.41 (£0.06) 41.2
Corvallis 100 2.0 50.0 (£8.0) 0.5 100 0.64 (£0.04) 29.0

Disease severity scores were based on % leaf area covered by stripe rust on a plot basis. P values were <0.0001 for genotype for all combinations

of year and location

virulent on seedlings of ‘Stephens’. At Mt. Vernon, the
natural population was a mixture of 14 races (all virulent
on seedlings of ‘Stephens’) in 2008 and 14 similar races in
2009 with 39 of 40 isolates virulent on seedlings of ‘Ste-
phens’ (X.M. Chen and A. Wan, unpublished).

Molecular analysis and map construction

Parental and F¢ plant DNA from young leaves were extracted
using the DNeasy Plant DNA extraction kit (QIAGEN).
DNA concentration was tested using a NanoDrop ND-1000
UV-vis Spectrophotometer. A final volume of 15 ng/uLL was
sent to Triticarte Pty. Ltd., Canberrra, Australia, to be gen-
otyped with DArT (Diversity Array Technology) markers
(Akbari et al. 2006). Additional simple sequence repeat
(SSR) markers were screened for polymorphism between
‘Platte’ and ‘Stephens’ using approximately 50 ng genomic
DNA extracted from young leaves (Riera-Lizarazu et al.
2000). PCR amplifications were done using the recom-
mended annealing temperature for the respective SSR
markers. Visualization of the amplified SSR products was
done using agarose gel electrophoresis (3%) stained with
ethidium bromide (Leonard et al. 2008). Once loci associated
with the resistant parent were identified, additional SSR
markers in the vicinity were selected using linkage maps
available in the GrainGenes 2.0 database (2009).

Genotypic data from the 156 RILs were used to create a
genetic linkage map with the software JoinMap v. 4.0 (Van
Ooijen and Voorrips 2001). The original map was con-
structed using a total of 735 markers (681 DArTs and 54
SSRs), from which a subset of 161 markers (7 SSR and 154
DATrT), spaced every 10 cM, were used to construct the 32
linkage groups, representing chromosomal areas from all
common wheat chromosomes. Genetic distances were
calculated using the Haldane function (Haldane 1919). For

each linkage group, the best marker loci order was deter-
mined using maximum likelihood in Join Map 4.0.

Statistical and QTL analyses

The final disease reading for each location/year was used to
perform all statistical and QTL analyses. This was done
because the maximum number of QTL and the highest
levels of phenotypic variance explained were identified in
the final disease reading. Moreover, all QTL identified in
early readings were also identified with the final reading.

The PROC GLM procedure in SAS version 9.1.3 (SAS
Institute, Inc., Cary, NC, USA) was used to calculate least
squares means. The PROC MIXED was used to calculate
family heritability (%) on a plot basis as h* = o¢/op = af/
(a% + aez/r), where the variance components are: aé,
genetic variance; ag, phenotypic variance; o7, family var-
iance; ag, error variance; and r, number of replications
(Holland et al. 2003). For all tests, a probability level of
P < 0.05 was used.

Analyses across environments were done using the
PROC MIXED procedure of SAS. The RILs, environ-
ments, and RILs x environment were considered to be
fixed effects. The site regression (SREG) model (Yan and
Kang 2003; Yang et al. 2009) was used to study geno-
type X environment interaction and it was fitted using the
PROC MIXED procedure; the biplot of the first two
components was employed to visualize the pattern of
responses of RILs in environments.

Based on SREG results, two sets of data were used to
perform separate QTL analyses. One dataset comprised Mt.
Vernon results for 2008 and 2009. A second dataset was
produced from the remaining six environments. QTL
analysis was performed using composite interval mapping
(CIM) in WinQTL Cartographer v.2.5 software (Wang
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et al. 2007). Window size was set at 10 cM with five
cofactors identified for each dataset section using forward
and backward stepwise regression. Likelihood odds (LOD)
thresholds for declaring statistical significance were cal-
culated by 1,000 permutations (Churchill and Doerge
1994). Permutation thresholds for a type I error rate with a
probability of 0.05 were 2.9 for each individual environ-
ment and 3.0 for data combined across environments. The
additive effects (a) and phenotypic coefficients of deter-
mination (R?) for individual QTL were estimated by CIM
(Tang et al. 2006).

Results
Molecular analysis and map construction

The map with 161 markers, 7 SSR and 154 DArT, com-
prised 32 linkage groups, representing areas from the 21
chromosomes of common wheat and covering 1,786 cM.
Final linkage groups were assigned to each chromosome
with data from Triticarte’s wheat map alignment (Triticarte
2009) and maps available on the GrainGenes 2.0 database
(2009). The largest chromosome mapped was 2B with
224.5-cM and the shortest was 3D with 3.6-cM length.

Phenotypic values and statistical analysis

Significant disease levels were obtained in each location,
with ratings for the susceptible parent ‘Platte’ ranging from
37% at Pullman to 100% at Corvallis and Mt. Vernon
(Table 1). The resistant parent, ‘Stephens’ scored consis-
tently low for stripe rust severity, ranging from O to a
maximum of 10%. Heritabilities (k%) were moderate to
high depending on the environment, ranging from 0.41 in
Toluca 2009 to 0.82 in Mt. Vernon 2009. Coefficients of
variation (CVs) ranged as 23-81%, likely due to variation
in the magnitude of disease severity among environments.
P values indicated significant differences among genotypes
for each environment (Table 1).

Disease severities of the RILs in each environment
suggest a quantitative, rather than qualitative response to
stripe rust (Supplementary Fig. 1). Responses were con-
tinuous with a higher preponderance of progeny with lower
ratings. There was little indication of transgressive segre-
gation, as severity ratings of RILs generally fell within
parental values.

The biplot resulting from the SREG analysis explained
81% of the variance in RIL response to environments for
disease severity. Environments were clustered based on
genetic correlations in two groups: Mt. Vernon 2008 with
Mt. Vernon 2009 versus all remaining environments
(Fig. 1). The length of an environment vector indicates the
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Fig. 1 Genotype and genotype x environment biplot based on an
SREG model

magnitude of differences among genotypes for that specific
environment.

QTL analysis: Mt. Vernon 2008 and 2009 dataset

The QTL that contributed to disease resistance at Mt.
Vernon were located on chromosomes 1AL, 1DS, 3AL,
4AL, 4BS, 6AL, and 7BS (Table 2; Fig. 2). Three of these
QTL were detected in the combined analysis for both years.
The QTL in chromosome 1AL is linked to marker wPt4399,
the QTL in chromosome 6AL to DArT marker 378849
and the QTL in chromosome 4BS to marker wPt5265.
These markers accounted for 12, 11, and 6%, respectively,
of the total 37% of phenotypic variance in Mt. Vernon
(Table 3). The QTL identified on chromosomes 1DS, 3AL,
4AL, and 7BS were detected in one of the 2 years of testing,
with phenotypic variance ranging from 6 to 11% (Table 2).
At Mt. Vernon, all QTL were contributed by ‘Stephens’
with the exception of that on chromosome 6 AL, which was
contributed by ‘Platte’.

QTL analysis for all locations except Mt. Vernon

QTL contributing to disease resistance at these locations
were identified on chromosomes 2AS, 2BS (2 QTL), 4BL,
5AS, and 7AS (Fig. 3). The QTL detected over multiple
locations included QYrst.orr-2AS, QYrst.orr-2BS.2, QYr-
st.orr-4BL, and QYrst.orr-7AS, explaining 19, 11, 9, and
15% of the phenotypic variance, respectively. Total phe-
notypic variance explained by these four QTL is approxi-
mately 50% (Table 3). QYrst.orr-2BS.2 linked to marker
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Table 2 QTL for stripe rust response at Mt. Vernon in 2008 and 2009, including position and peak on the linkage map, closest linked markers,
likelihood odds (LOD) scores, estimated additive effects (a), and phenotypic coefficients (Rz)

QTL Name QTL Closest Mt. Vernon 2008 Mt. Vernon 2009

peak cM marker > >

LOD a R LOD a R

QYrst.orr-1AL 17.8 wPt4399 6.8 —10.8 14
QYrst.orr-3AL 29.6 wPt1652 3.1 —9.1 10
QYrst.orr-4AL 44.8 wPt9901 3.0 -7.6 7
QYrst.orr-7BS 0.0 wPt7653 3.1 -7.3 6 . . .
QYrst.orr-1DS 23.0 379337 . . . 33 —5.6 11
QYrpl.orr-6AL 0.0 378849 . . . 3.0 4.2 6
QYrst.orr-4BS 44.0 wPt5265 2.8 —7.1 6 5.2 -59 12

Negative additive effect values indicate that the resistance allele is derived from ‘Stephens’

Fig. 2 Linkage map with DArT 1A 1D 4A
markers showing chromosomes
with QTL based on data sets 0.0 wPt-9181 ~
from Mt. Vernon in 2008 and 0.0 A — 304610 8 0.0 wPt-6997
2009 8.5 378503 195 379337 | % 79 wPt-7924
2 4
23.3 348363 > =
o N
525 ~l_|—wPt-7946 388 —~—— Wit'gzg; { S
447 WPt-3904 57.0 ~ [~ wPt3707 484 Wt 2
52.4 wPt-3698 52.5 — I~ rPt-7987 G
' 725~ wPt-6963
641 ——— wPt-2872 78.3 — [~ wPt-0413 0.0 —f——wPt-2788
739 ~l_~ wPt-1426
78.8 wPt-6654 97.1 wPt-0077 291 — | 343531
00 A o453 = 109.5 117430 31.1 ~ |~ wPt-4290
a 35.7 — [~~304211
176~ | wPt-4399 { S
— [2]
203~ 376404 é:
1475 ——— wPt-3157 61.1 ——wPt-9819
6A 7B 4B
0.0 wPt-7653 { !
~
= 0
an TS 20.8 WPt-4025 ? X
14.2 wPt-3965 . 2
, wPt-0837 o
275 844425 0.0
37.9 < — wPt-7127 $ 152 — | —378781
5 19.8 — < —~wPt-3147
00 —f— wPt-1642 :% 0.0 WP-4300 446 312980
9.1 —— 378849 { o 6.5 :©:th-6104

wPt0408 and QYrst.orr-7AS linked to DArT marker marker wPt5738, was detected in two locations, while
wPt4319 were detected in five environments. QYrst.orr- QYrst.orr-5AS, linked to DArT marker tPt4184, was
2AS, close to marker wPr0003, was detected in four envi- detected in one location. All resistance QTL were con-
ronments. QYrst.orr-4BL, linked to DArT marker 3712980,  tributed by ‘Stephens’ with the exception of QYrst.orr-4BL
was detected in three locations. QYrst.orr-2BS.1, linked to that was contributed by ‘Platte’.
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Table 3 Combined QTL analysis associated with disease response (LOD) scores, estimated additive effects (a), phenotypic coefficients
for Mt. Vernon and the rest of the locations, including position and (R?), and total phenotypic coefficients (TR?)
peak on the linkage map, closest linked markers, likelihood odds

QTL name QTL peak cM Closest Mt. Vernon All locations except Mt. Vernon
marker > > > >

LOD a R TR LOD a R TR
QYrst.orr-1AL 16.0 wPt4399 5.2 -7.2 12 38
QYrst.orr-4BS 44.0 wPt5265 54 -7.2 11 37
QYrpl.orr-6AL 0.0 378849 3.1 52 6 36 . . . .
QYrst.orr-2AS 6.0 wPt0003 . . . . 7.8 -7.8 19 55
QYrst.orr-2BS.2 94.0 wPt0408 . . . . 4.1 —6.1 11 53
QYrst.orr-4BL 0.0 312980 . . . . 4.4 54 9 46
QYrst.orr-7AS 2.0 wPt4319 . . . . 8.4 -17.1 15 49

Negative additive effect values indicate that the resistance allele is derived from ‘Stephens’

Fig. 3 Linkage map with DArT 2A 2B 4B
markers showing chromosomes - -
with QTL detected at locations 0.0 —+— wPt-0003 { < 0.0 —— wpPt-3459 [ &
except Mt. Vernon ‘\&‘ 57 — T~ wPt-5738 { ‘g 0.0 wPt-5265
° ’ °
19.7 wPt-1657 ;_5 i
& &
)
40.2 ~— tPt-4627 )
—T1— <II'
51.5 —— 346154 45.5 wPt-8004 44.6 312080 L £
56.2 wPt-5374 =
68.4 wPt-3983 3
o~
I}
o
102.9 wPt-0408 -
o
116.7 wPt-2110 14
= 7A
138.9 ~—— 304362 =
144.1 — [ 375042 0.0 wPt-7734
151.3 —| [~ 345237
173.5 wPt-9190 32.0 wPt-7299
46.1 wPt-3393
5A 53.5 WPt-0205
~ n 210.4 ——1— wPt-0471 65.9 378288
0.0 tP-4184 T S 2203 ~_1-343718
£ 2245 — wPt-4559
18.5 ——— WPt-5096 ; 87.6 —<— 310551 2
= ~
0.0 —— wPt2697 & 0.0 ~— wpt4319 [ £
8.6 wPt-7769 6.6 —| wPt-1023 t &
16.5 — wPt-6869 g
28.8 ~—— 373063
33.2 - 344315 0.0 :@: wPt-0008
10.8 wPt-4880
Of the 11 QTL identified in ‘Stephens’, only three were  phenotypic variance, respectively. These QTL were
detected in four or more locations (excluding Mt. Vernon). detected at Corvallis, Pendleton, and Toluca (Table 4).

These three QTL are QYrst.orr-2AS, QYrst.orr-2BS.2, and Based on these three QTL, a simulation for additive
QYrst.orr-7AS, overall explaining 19, 11, and 15% of the interactions was done in SAS version 9.1.3 (SAS Institute,
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Table 4 QTL associated with disease response for all locations except Mt. Vernon, including position and peak on the linkage map, closest
linked markers, likelihood odds (LOD) scores, estimated additive effects (a), and phenotypic coefficients (Rz)

QTL name QYrst.orr-2BS.2 QYrst.orr-7AS QYrst.orr-2AS QYrpl.orr-4BL QYrst.orr-2BS. 1 QYrst.orr-5AS
QTL peak cM 96.0 2.0 6.0 0.0 9.7 2.0
Closest marker wPt0408 wPt4319 wPt0003 312980 wPt5738 tpt4184
Toluca 2008
LOD 32 5.9 3.8 4.50
a —-53 —6.4 -5.5 5.40
R 9.0 13.0 9.0 9.00
Toluca 2009
LOD 2.7 5.7
a -3.0 -3.0
R? 10.0 13.0
Corvallis 2008
LOD 2.8 6.1 5.2 5.0
a —8.2 —10.1 —11.5 94
R 8.0 12.0 15.0 10.0
Corvallis 2009
LOD 43 10.0 6.7
a -7.9 —12.1 —-9.7
R’ 8.0 20.0 13.0
Pendleton 2008
LOD 3.1 5.2 5.9 3.0
a —6.2 —6.1 -79 -5.5
R’ 13.0 12.0 20.0 10.0
Whitlow 2008
LOD 4.90 3.6 3.80
a 4.50 —44 —4.30
R? 11.00 10.0 10.00

Negative additive effect values indicate that the resistance allele is derived from ‘Stephens’
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Fig. 4 QTL combinations and their confidence intervals with three
QTL found in this study and their possible effect on stripe rust
severity averaged across all locations. All three QTL were contributed
by ‘Stephens’

Inc., Cary, NC, USA). An additive interaction is seen for
QYrst.orr-2BS.2 + QYrst.orr-7AS, but when QYrst.orr-2AS,
QYrst.orr-2BS.2, and QYrst.orr-7AS are combined, there is

higher variability in disease response (Fig. 4). All data were
analyzed for epistasis with the IMI procedure in QTL Car-
tographer v.2.5, but no significant results were found.

Discussion

Resistance to wheat stripe rust is often described with
regard to the plant growth stage at which it is expressed and
the effects of temperature on expression (Chen 2005). In
most of the locations, disease occurred only in the adult
plant stages. In other cases (Mt. Vernon), heavy seedling
epidemics could have interfered with the detection of adult
plant resistance QTL by masking the effect of minor genes.
In no case did we have a method to determine the effect of
temperature on the expression of resistance. Though
resistance of ‘Stephens’ wheat can be considered durable
sensu Johnson (1981), we cannot determine if the QTL we
identified will be durable in other combinations of QTL or
in different genetic backgrounds. Given these complica-
tions, we consider the QTL that we identified in this paper

@ Springer
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Table 5 Summary of QTL identified, closest DArT marker, and relationship to previous studies of wheat stripe rust resistance

Chromosome DArT marker QTL name References
associated

1A wPt4399 QYrst.orr-1AL Chen et al. (1995) (YrDal); Crossa et al. (2007)

1D 379331/wPt7946 QYrst.orr-1DS Calonnec and Johnson (1998) (Yr25); Crossa et al. (2007)

2A wPt0003/wPt1657 QYrst.orr-2AS Bariana and MclIntosh (1993) (Yr!7); Boukhatem et al. (2002), Chhuneja
et al. (2008); Crossa et al. (2007), Eriksen et al. (2004) (Yr32); Mallard
et al. (2005)

2B wPt5738 QYrst.orr-2BS.1 Bariana et al. (2001); Borner et al. (2002); Boukhatem et al. (2002);

WPt0408 QYrst.orr-2BS.2 Crossa et al. (2007); Dedryver et al. (2009); Guo et al. (2008); Luo et al.

(2005); Mallard et al. (2005); McDonald et al. 2004 (Yr27, Yr31);
Rosewarne et al. 2008 (Yr5, Yr7, Yr27); Zhang et al. (2009) (Y75, Yr7)

3A wPt1652 QYrst.orr-3AL Chen et al. (1995) (YrTr2); Crossa et al. (2007)

4A wPt0032 QYrst.orr-4AL Chen et al. (1995) (YrHVII, YrMin); Crossa et al. (2007)

4B 312980 QYrst.orr-4BL Chen et al. (1995) (YrCle, YrMor and YrYam); Crossa et al. (2007); Lu
et al. (2009); Suenaga et al. (2003)

5A tPt-4184 QYrst.orr-5AS Bariana et al. (2006) (Yr34); Boukhatem et al. (2002); Crossa et al.
(2007); Calonnec and Johnson (1998)

6A 378849 QYrst.orr-6AL Lillemo et al. (2008); Marais et al. (2006) (Yr38); Crossa et al. 2007

TA wPt4319 QYrst.orr-7AS Borner et al. (2002); Crossa et al. (2007)

7B wPt7653 QYrst.orr-7BS Crossa et al. (2007) (Yr2, Yr6, Yr39); Rosewarne et al. (2008); Suenaga

et al. (2003)

as contributing to quantitative resistance, but also that
QYrst.orr-2AS, QYrst.orr-2BS.2, and QYrst.orr-7AS may
have special importance because of their constant detection
in more than four locations.

Some QTL combinations appear to have an additive
resistance effect, especially QYrst.orr-2BS.2 and QYrst.orr-
7AS. Lines carrying just one of these QTL did not seem to
be as resistant as lines identified with both QTL or in other
combinations. QYrst.orr-2BS.2 showed an increased addi-
tive effect with advancing plant age (data not shown).
However, this effect was not observed for the QTL in
chromosome 2AS and 7AS; their additive effect seemed
stable over time. The remaining QTL detected in only one
or two locations were identified in ‘Platte’. There was no
opportunity to draw strong conclusions regarding temporal
expression of resistance of these QTL.

Disease response in two mega-environments

In the present study, many QTL contributing to the stripe
rust resistance of ‘Stephens’ were detected. QTL detected
in Mt. Vernon were clearly different from those detected in
the remaining locations. A unique response in the
Mt. Vernon location was reported previously for barley
stripe rust, caused by P. striiformis f. sp. hordei (Vales
et al. 2005). Because of the mild climate all year long and
its separation from the inland Pacific Northwest by the
Cascade Mountains, Mt. Vernon is known to produce its
own stripe rust inoculum and infections at the seedling stage
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are common. Mt. Vernon is a relatively small wheat-pro-
ducing region and stripe rust races present at this location
are more diverse when compared with the other locations
(Chen 2005). The presence of seedling resistance genes and
diverse races may result in different QTL being identified at
this site. Relatively low temperatures and frequent dew
formation make ‘Stephens’ less resistant in Mt. Vernon than
in other locations (Chen and Line 1995a, b).

Santra et al. (2008) reported that a QTL on chromosome
6BS was mainly responsible for the resistance in ‘Ste-
phens’ in Mt. Vernon. They also suggested that this QTL
was of the HTAP resistance type, i.e., resistance that is
expressed at the adult plant stage and when weather
becomes warm (Qayoum and Line 1985). In this study, we
did not detect a QTL on chromosome 6BS despite the fact
that we evaluated markers that cover the region in which
the 6BS QTL was reported to reside. The presence of
seedling epidemics could have interfered with the detection
of high-temperature QTL in chromosome 6B in our
experiment. Also, the QTL and/or alleles contributed by
the susceptible parent ‘Platte’ could have interfered in the
expression of this QTL. Furthermore, ‘Stephens’ is known
to be a heterogeneous cultivar (Kronstad et al. 1978) and
the ‘Stephens’ plant used as the parent for the RILs in this
study could be a different genotype compared to the one
used by Santra et al. (2008).

A large number of wheat stripe rust resistance QTL have
been reported in the same chromosome regions as in our
study (Table 5). Given the inability of QTL analyses to
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provide precise chromosomal positions, it is uncertain
whether the QTL being reported in this study are the same
as those identified in other studies or if they are compo-
nents of a common region rich in rust resistance genes
(e.g., Boukhatem et al. 2002; McDonald et al. 2004).

Summary and implications for breeding

From the 13 QTL identified, 7 were seen at one location/year.
Those were located in chromosomes 1AL, 3AL, 4AL, 7BS,
1DS, 6AL, and 5AS. The phenotypic variances explained by
each of these 7 QTL were in the range of 6-14%. Two QTL,
QYrst.orr-4BS and QYrst.orr-2BS.1, were detected at two
locations and explained between 6 and 12% of the phenotypic
variance. QYrst.orr-4BL was detected at three locations
explaining between 9 and 11% of the phenotypic variance.
QYrst.orr-2AS was detected in four locations and explained
between 9 and 20% of the phenotypic variance. QYrst.orr-
2BS.2 and QYrst.orr-7AS were detected in five locations. The
phenotypic variance explained by QYrst.orr-2BS.2 was
between 8 and 13%. QYrst.orr-7AS explained 12-20% of the
phenotypic variance. None of the QTL identified in this study
had an additive effect larger than 12 or explained more than
20% of the phenotypic variance. Although a high number of
QTL were found in the study, only 65% of the phenotypic
variance (resistance) was explained when accounting for all
environments.

In total, we identified 13 QTL that provide resistance to
stripe rust in this population, and 11 came from ‘Stephens’.
Thus, ‘Stephens’ could possess a unique configuration of
genes, with additive effects, which are responsible for its
durable resistance. Furthermore, none of the QTL detected
in this study for the Oregon and Washington locations can
be attributed to race-specific seedling resistance as almost
all races detected in these locations in 2008 and 2009 are
virulent on seedlings of ‘Stephens’ (X.M. Chen and
A. Wan, unpublished data). Chen and Line (1995a, b)
reported the presence of two-to-three HTAP resistance
genes behind the durable resistance in ‘Stephens’. In
addition, combinations of seedling and adult plant resis-
tance genes are thought to be responsible for the resistance
that ‘Stephens’ has shown over the past 30 years (Chen
2005). Still, in recent years, the resistance of ‘Stephens’ in
the Pacific Northwest has been largely contributed by
HTAP resistance. Thus, determining the relationship
between the QTL detected in this study and HTAP-type
resistance would provide additional insights into the
durable resistance of ‘Stephens’.

Although we detected many QTL for stripe rust resis-
tance located in similar positions to those reported by
others (Table 5), questions still remain regarding the use-
fulness of MAS for this trait because of the number of
factors involved and uncertainties related to the expression

of these QTL in multiple genetic backgrounds and the
interaction of these QTL when pyramided with other adult
plant resistance genes. Although Singh et al. (2009)
recently concluded that three-to-five additive genes
(mainly slow-rusting genes) could provide durable resis-
tance in wheat cultivars, not impossible to achieve in a
MAS program, population sizes larger than that used in our
study may be required to identify a sufficient number of
lines with combinations of QTL that provide high levels of
resistance.
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