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Abstract

Key message Potential novel and known QTL for race-
specific all-stage and adult plant resistance to stripe rust
were identified by genome-wide association mapping in
the US PNW winter wheat accessions.

Abstract  Stripe rust (Puccinia striiformis F. sp. tritici; also
known as yellow rust) is a globally devastating disease of
wheat (Triticum aestivum L.) and a major threat to wheat pro-
duction in the US Pacific Northwest (PNW), therefore both
adult plant and all-stage resistance have been introduced into
the winter wheat breeding programs in the PNW. The goal
of this study was to identify quantitative trait loci (QTL) and
molecular markers for these resistances through genome-wide
association (GWAS) mapping in winter wheat accessions
adapted to the PNW. Stripe rust response for adult plants was
evaluated in naturally occurring epidemics in a total of nine
environments in Washington State, USA. Seedling response
was evaluated with three races under artificial inoculation in
the greenhouse. The panel was genotyped with the 9K Illu-
mina Wheat single nucleotide polymorphism (SNP) array and
additional markers linked to previously reported genes and
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QTL for stripe rust resistance. The population was grouped
into three sub-populations. Markers linked to Y7/7 and pre-
viously reported QTL for stripe rust resistance were identi-
fied on chromosomes 1B, 2A, and 2B. Potentially novel QTL
associated with race-specific seedling response were iden-
tified on chromosomes 1B and 1D. Potentially novel QTL
associated with adult plant response were located on chro-
mosomes 2A, 2B, 3B, 4A, and 4B. Stripe rust was reduced
when multiple alleles for resistance were present. The resist-
ant allele frequencies were different among sub-populations
in the panel. This information provides breeders with germ-
plasm and closely linked markers for stripe rust resistance to
facilitate the transfer of multiple loci for durable stripe rust
resistance into wheat breeding lines and cultivars.

Introduction

Stripe rust (Puccinia striiformis F. sp. tritici) is a globally
devastating pathogen of wheat (Triticum aestivum L.) pro-
duction. Wellings (2011) reported that regions including
the US, East and South Asia, Oceania and the Arabian Pen-
insula and Western Europe are currently vulnerable and,
historically stripe rust epidemics have been observed in
these regions. In the US, stripe rust epidemics have been
observed several times since 1957 (Chen et al. 2002). Par-
ticularly, the US Pacific Northwest (PNW), including the
states of Washington, Idaho and Oregon, is a hot spot of
stripe rust infection and epidemics occur almost every
year (Chen 2005). The typical PNW weather patterns of
cool and wet springs with cool and dry summers provide
ideal conditions for stripe rust infection (Chen 2005). Also,
year-round cropping of winter and spring wheat provides
a green bridge for the pathogen to survive and promotes
early infection in spring.
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In the PNW, new stripe rust races have been identi-
fied every year and race composition is diverse with rapid
changes of predominant race (Chen 2005). These condi-
tions cause the average effective life span of resistance,
conferred by all-stage resistance (or seedling resistance)
genes, to be 3.5 years in this region when deployed as sin-
gle genes in cultivars (Chen 2005; Kolmer et al. 2009).
Currently, only two all-stage resistance genes, Yr5 and
Yril5, have been confirmed effective for all races in the
US according to the USDA-ARS Wheat Genetics, Qual-
ity, Physiology and Disease Research Unit (Dr. Xianming
Chen, personal communication). Unlike all-stage resist-
ance, which typically shows race-specific immunity during
the entire plant growth stage, adult plant resistance (APR)
is usually a non-race-specific resistance (Chen 2005) that
provides partial resistance but not immunity. High tempera-
ture adult plant (HTAP) resistance is characterized by sus-
ceptible reactions under low temperatures during seedling
stages, followed by increased resistance when air tempera-
tures are above 21 °C (Chen and Line 1995a, b; Chen 2005;
Carter et al. 2009).

Considering the characteristics of each resistance, all-
stage resistance alone has been ineffective long-term,
because it can easily break down due to the selection pres-
sure placed on the pathogen causing rapid race changes
and race composition diversity in areas like the PNW. Yet
APR alone, especially HTAP resistance, is also inadequate
under the cool, wet summers and extreme inoculum pres-
sure. Therefore, combining both all-stage resistance and
APR in a cultivar seems to be the best strategy for dura-
ble rust resistance. However, distinguishing each resistance
type is difficult, especially when plants carry multiple APR
and effective all-stage resistance genes. Identifying chro-
mosome regions and molecular markers linked to effec-
tive resistance genes would allow introgression of multi-
ple genes into breeding materials through marker-assisted
selection (Kolmer et al. 2009).

To date, 56 officially designated resistance genes and
numerous quantitative trait loci (QTL) for all-stage resist-
ance and APR genes have been reported (Mclntosh et al.
2013; Rosewarne et al. 2013; Basnet et al. 2014; Lu et al.
2014; Zhou et al. 2014). Research has shown that APR is
quantitatively inherited, and QTL associated with HTAP
resistance have been identified in PNW wheat germplasm
(Uauy et al. 2005; Lin and Chen 2007; Santra et al. 2008;
Carter et al. 2009; Lowe et al. 2011). The durability of
major HTAP resistance could be independent from the
number of genes conditioning the resistance. For exam-
ple, the spring wheat cultivar ‘Alpowa’ has only the APR
gene Y739, but this resistance has remained effective (Chen
2013). Minor QTL for APR, which often have environment
specific effects, may also contribute to stable resistance
when combined with other loci (Rosewarne et al. 2013).
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In PNW winter wheat germplasm, the all-stage resist-
ance gene Yrl7 is widely present (Chen 2005), and effec-
tive durable non-race-specific resistance has been incor-
porated in major cultivars (Chen 2013). This resistance is
largely uncharacterized. The development of genome-wide
high-throughput genotyping technologies, such as the
[llumina iselect 9K and 90K wheat SNP arrays enable us
to perform association mapping in a genome-wide asso-
ciation study (GWAS) for stripe rust resistance in PNW
germplasm.

Association mapping has been successfully deployed
for marker—trait associations in durum and bread wheat
including kernel size and milling quality with simple
sequence repeat (SSR) markers (Breseghello and Sorrells
2006). Crossa et al. (2007) conducted association map-
ping for multiple traits including stem rust, leaf rust and
stripe rust responses among historical bread wheat geno-
types from the International Maize and Wheat Improve-
ment Center (CIMMYT). Several markers associated with
stem rust response have also been identified in the CIM-
MYT spring and winter wheat germplasm (Yu et al. 2011,
2012). In durum wheat, several chromosome regions asso-
ciated with leaf rust response (Maccaferri et al. 2010) and
stem rust response (Letta et al. 2013) were identified using
association mapping. As far as we know, no reports have
shown marker—trait associations for stripe rust resistance
in a GWAS with densely located SNP markers in winter
wheat.

In this study, we developed a panel of PNW win-
ter wheat accessions, consisting of commercial cultivars
and advanced breeding lines, selected from wheat breed-
ing programs targeted to the PNW. Our objectives were
the following: (1) conduct an association mapping study
using genome-wide SNP markers to identify chromosome
regions associated with stripe rust responses evaluated in
seedling and adult plants, and (2) evaluate the effect of pyr-
amiding resistant alleles of QTL for adult plant resistance
in PNW winter wheat accessions.

Materials and methods
Plant materials and field evaluation

A total of 402 winter wheat accessions (the PNW winter
panel) including cultivars released from 1947 to 2011,
advanced breeding lines, and significant parental lines
from 15 different winter wheat breeding programs (mainly
from the PNW) were selected for this study (Supplemental
Table 1). These accessions were from five market classes
including club (20.6 %), soft white (72.1 %), soft red
(0.6 %), hard white (11.6 %), and hard red (15.7 %) winter
wheat.
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The PNW winter panel was evaluated for stripe rust
reaction in a total of nine year—location environments.
These locations included two different sites at the Wash-
ington State University (WSU) Spillman Agronomy Farm
(Pullman) located in eastern WA, the USDA-ARS/WSU
Central Ferry Agronomy Farm (Central Ferry) located in
central WA, and WSU North-Western Washington Research
and Extension Center (Mt. Vernon) located in western WA.
Seeds were sown in the field in the fall and maintained
according to conventional commercial winter wheat pro-
duction practices of the region. For the trials in 2012, plots
were prepared as 1-m rows, spaced 35 cm apart, and sown
with 5 g of seed at two different sites in Pullman (Pull-
12 and Pul2-12) and Central Ferry (CF-12). Trials were
designed as a randomized complete block with three rep-
lications. A susceptible check WA7821 was planted every
36 plots. For the trials in 2013, seeds were sown at Pull-
man (Pull-13), Central Ferry (CF-13), and Mount Vernon
(MV-13). Methods used in 2013 were the same as in 2012,
except at MV-13, where 5 g of seeds were hand sown into
each hill plot and spaced 30 cm apart. For the trials in 2014,
seeds were sown at Pullman (Pull-14), Central Ferry (CF-
14), and Mount Vernon (MV-14) using the same methods
as in 2013. All trials in 2013 and 2014 were planted as non-
replicated augmented block designs with WA7821 included
every 36 plots in Pull-13 and CF-13 and every 10 plots in
MV-13 and MV-14. Throughout all trials, WA7821 was
used as an inoculum spreader and evenly planted surround-
ing the plots to increase uniformity of stripe rust infection.

Stripe rust evaluation was conducted under naturally
occurring stripe rust infection. Stripe rust reactions were
rated using the following two metrics: (1) the 0-9 scale
for infection type (IT), as described in Line and Qayoum
(1992), and (2) disease severity (DS), rated as a percent-
age of leaf area in the infected row according to a modi-
fied Cobb scale (0-100) (Peterson et al. 1948). Data col-
lection was initiated when DS became relatively uniform
on WA7821 (approximately Zadoks growth stage 35-45,
depending on the environment). Data were collected
every 7-10 days for a maximum of 3 times, depending on
the environment, until active sporulation was no longer
observed.

Greenhouse evaluation

Race specificity at the seedling stage was tested by inoc-
ulating seedlings of the PNW winter panel with stripe
rust races Pstv-11, Pstv-37, and Pstv-51 (Supplemental
Table 2). Pstv-11 and Pstv-37 were selected because of
their predominance in the PNW and the US in 2011, 2012,
and 2013 (Supplemental Table 2). Pstv-51 was selected
because of its rarity, identified only in 2011, and its viru-
lence to all stripe rust differentials except AvS Yr5 NIL

and AvS Yr15 NIL (Pstv-51 Virulence/Avirulence formula:
Yri, Yr6, Yr7, Yr8, Yr9, YriO, Yri7, Yr24, Yr27, Yr32,
Yr43, Yrd4, YrSp., YrTrl, YrExp2, YrTye/Yr5, Yri5) (Wan
and Chen 2014). Five seeds per accession were planted in
a 28 x 53.3 cm, 72-well tray filled with #1 Sunshine Mix
(Sun Gro Horticulture, Bellevue, WA, USA). The universal
susceptible check, ‘Avocet S’ and the stripe rust differen-
tials were also included in each experiment. Seedlings were
inoculated with urediniospores suspended in isoparaffin
oil at 10 days after planting, when plants were at approx-
imately the two-leaf stage. Inoculated plants were placed
in a dark dew chamber (Percival Scientific, Inc., Perry,
IA, USA) at 100 % humidity for 24 h at 10 °C. Afterward,
plants were moved to a growth chamber (Conviron, Inc.,
Pembina, ND, USA) with a diurnal temperature cycle of
8 °C at night and 16 °C in the day and a 16-h photoper-
iod (Chen and Line 1992). The IT of inoculated plants was
rated at 18-20 days after inoculation using the 0-9 scale
(Line and Qayoum 1992).

Genotyping

Fresh leaf tissues were collected from a bulk of five seed-
ling plants from each accession, freeze dried with a lyo-
philizer (Virtis BenchTop Pro 9L EL-85, SP Scientific),
and ground. Genomic DNA was extracted using a Bio-
Sprint96 machine with the BioSprint96 DNA plant proce-
dure according to manufacturer instructions (http://www.
giagen.com). DNA samples were genotyped at the USDA-
ARS Biosciences Research Lab in Fargo, ND, with the
[lumina Infinium iSelect SNP array for wheat contain-
ing 8632 SNPs using the Illumina BeadStation and iScan
instruments, according to the manufacture’s protocols. SNP
allele clustering and genotype calling was performed using
GenomeStudio v2011.1 software (Illumina). The default
clustering algorithm was initially used to classify each SNP
call into three allele clusters. Manual data curation was
then performed for more accurate genotyping. These SNP
were annotated as described in Cavanagh et al. (2013) and
only co-dominant SNP were used for analysis. The wheat
consensus SNP map developed by Cavanagh et al. (2013)
was used to determine chromosome and chromosome loca-
tion of each SNP.

A total of 20 SSR, STS, or KASPar markers (LGC
Genomics), linked to known stripe rust resistance genes or
to previously reported QTL, were used for additional geno-
typing. For known stripe rust genes, the following mark-
ers were used: Xpsp3000 (Bariana et al. 2002; Wang et al.
2002) and Yr10 F/R and Yr10 F1/R1 (Singh et al. 2009) for
Yri0, Xgwm413 for Yrl5 (Murphy et al. 2009), Xwmcl8
and Xwmc245 for Yrli6 (Agenbag et al. 2012), ventriup-
LN2 for Yrl7 (Helguera et al. 2003), KASPar marker for
Yri8 (Wilkinson et al. 2012), Xbarc187 and Xgwm498 for
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Yr24/26 (Li et al. 2006), Xuhw89 for Yr36 (Uauy et al.
2005; Distelfeld et al. 2006), Xgwm410 for Yr41 (Luo et al.
2008), Xgwm501 for Yr44 (Cheng and Chen 2010), and
KASPar marker for Yr46 (Forrest et al. 2014). Several QTL
for stripe rust resistance located on chromosomes 2A and
4B have been previously reported. Some of these QTL are
likely identical based on their pedigree, chromosome loca-
tions, flanking markers, or markers located within QTL as
summarized in Rosewarne et al. (2013). The markers that
we used were Xgwm359 and Xbarc124 for QTL on chro-
mosome 2A (Hao et al. 2011; Vazquez et al. 2012; Bouk-
hatem et al. 2002) and Xgwm495, Xgwml65, Xgwm538,
and Xwmc692 for QTL on 4B (Suenaga et al. 2003; Agen-
bag et al. 2012; Jagger et al. 2011; William et al. 2006;
Melichar et al. 2008; Zwart et al. 2010; Lu et al. 2009).
Most of the polymerase chain reaction (PCR) amplifica-
tions were carried out with optimum annealing temperature
of each primer pair, referring to the marker information in
GrainGenes2.0 (http://wheat.pw.usda.gov/GG2) and MAS-
Wheat (http://maswheat.ucdavis.edu). For SSR primers
amplifying more than two different alleles, each allele was
scored and used as an independent locus unless the spe-
cific resistant or susceptible allele was previously reported
in the literature. PCR products from markers for Yr/0 and
Yrl7 were separated by 1.5 % agarose gel containing eth-
idium bromide and scored visually under UV-light. Other
PCR products were detected by ABI 3130x1 (Applied Bio-
systems, Grand Island, NY, USA) and scored using Gene
Marker V1.5 (Soft genetics, College Park, PA, USA). Gen-
otyping for KASPar markers were performed by acquiring
end-point fluorescence with the Roche Light-Cycler 480
real-time PCR system (Roche Applied Science).

Statistical analysis

The UNIVARIATE procedure in SAS 9.2 (SAS Institute
Inc., Cary, NC, USA) was used to calculate basic statistics
such as means, median, standard deviation, and minimum
and maximum values of traits in the PNW winter panel. At
most of the field trials, the stripe rust ratings were meas-
ured up to three times. Therefore, the variance of the rating
for each rating date within each environment was calcu-
lated and the rating dates with the greatest variation were
used for marker—trait association analysis.

Association mapping was conducted using TASSEL
v.3.0 (Bradbury et al. 2007). A total of 5777 SNP and 12
SSR or STS or KASPar markers were used after remov-
ing markers with more than 25 % of missing genotypes
and identical genotype calls in the panel. These markers
were further filtered by converting rare alleles with minor
allele frequency (MAF) of 0.05 to missing data. Prior
knowledge of the PNW winter panel implied the presence
of sub-populations due to the different market classes
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represented. Therefore, a mixed linear model (MLM)
was used to determine marker—trait association analysis.
Population structure was accounted for using both the
structure (Q) and kinship (K) methods (Yu et al. 2006). O
was accounted for using a principle component analysis
(PCA) implemented in TASSEL. The first three principle
components (PC) were used as fixed effects for the analy-
sis based on examination of the scree plot for eigenvalues
and corresponding PC (Price et al. 2006). In addition, a K
matrix of genetic relatedness was calculated by TASSEL
and included in the mixed linear model (MLM) as a ran-
dom effect. Multiple testing was performed using the Q
value (Storey and Tibshirani 2003) with a false discovery
rate level of 0.1 to correct the marker-wise test calculated
by TASSEL.

Genome-wide linkage disequilibrium (LD) was ana-
lyzed using all SNPs with a MAF >0.05 in the PNW winter
panel. LD was calculated as squared allele frequency cor-
relation (%) between all SNP pairs within the same chro-
mosome using TASSEL. LD was calculated for each chro-
mosome individually, and then aggregated. Marker pairs
located less than 50 cM apart were considered to be linked,
and LD at each genetic distance (cM) of these linked
marker pairs were plotted to estimate LD decay. Threshold
LD was estimated as the 95th percentile of the distribution
of r* between unlinked SNP pairs that were located on dif-
ferent chromosomes (Breseghello and Sorrels 2006). The
intersection of the fitted curve with this threshold r* was
considered the estimate of the LD range (Wiirschum et al.
2013).

LD (/%) among significant markers was calculated to
estimate boundaries of potential QTL (Berger et al. 2013;
Locatelli et al. 2013; Letta et al. 2013) using GGT 2.0
(van Berloo 2008). QTL boundaries were defined with LD
(r* > 0.2), chromosome location (cM) and the marker—trait
information among these significant markers. Within each
QTL, the marker with the strongest association with stripe
rust response was selected as the main QTL tagging marker
(Letta et al. 2013) using the following factors: (1) phe-
notypic variation explained by the marker (R?); (2) allele
effect; (3) marker-wise p value; (4) the number of environ-
ments in which significant associations were found with the
marker, and (5) the genome specificity of the marker in the
9 K consensus map.

QTL x environment interactions were evaluated using
the MIXED procedure of SAS, with environment and
marker and their interaction as fixed effects. A separate
analysis was conducted for each of the QTL tagging mark-
ers identified above. The QTL tagging markers were used
to calculate the frequency of resistant alleles for each QTL
in the overall PNW winter panel and its sub-populations as
identified by PCA. The resistant allele frequency for each
tagging marker was further analyzed as high frequency
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Fig. 1 Linkage disequilibrium decay in the PNW winter panel based
on LD (%) between linked markers (less than 50 cM apart). Red
curve fitted by locally weighted regression (Loess) and green dashed
line (©* = 0.06) indicates a threshold of 12 (color figure online)

(>0.5), balanced (0.2-0.5), or low frequency (<0.2) (Letta
et al. 2013).

To assess the pyramiding effect of resistant alleles of
QTL for adult plant resistance (APR) identified in this
study, haplotypes at each tagging marker were used. Geno-
types carrying no resistant alleles of QTL for race-specific,
all-stage resistance including YrI7, but carrying resistant
alleles of QTL for APR, were selected. IT and DS, aver-
aged over all environments was regressed against the num-
ber of accumulated resistant alleles for APR using linear
regression with the GLM procedure of SAS.

Results
LD decay and population structure

Linkage disequilibrium was substantial in the PNW winter
panel as indicated by the Loess curve, but LD decay was
also present (Fig. 1). The threshold 7%, calculated as the
95th percentile of the distribution of 7> between unlinked
SNP (2029 markers), was 0.06. The intersection between
the Loess curve and the threshold 7 fell between 14 and
15 cM. LD declined to half of its initial value at about
9 cM.

Prior knowledge of the PNW winter panel implied the
presence of at least two sub-populations consisting of club
(Triticum aestivum ssp. compactum) and the common
wheat market classes which had lax spikes (Triticum aes-
tivum ssp. aestivum). PCA was conducted with all filtered

Fig. 2 Principal component analysis of the PNW winter panel using
SNP genotyping data. Principal component 1 (PC1) and Principal
component 2 (PC2) separated club wheat (closed circle), and hard
(closed square) and soft wheat accessions (closed triangle) in com-
mon wheat

SNP markers and three major sub-populations were iden-
tified using PC1 and PC2, although some genotypes over-
lapped (Fig. 2). PC1 and PC2 accounted for 8.8 and 8.1 %,
of the total variation, respectively. The first group contained
club wheat accessions. The second group contained com-
mon wheat accessions, which were further grouped into
hard wheat, (hard red and hard white market classes) and
soft wheat (soft red and soft white market classes). The
club wheat accessions arose largely from the USDA-Pull-
man breeding program, whereas soft wheat accessions
were from the USDA-Pullman, Washington State Univer-
sity, Oregon State University, the University of Idaho, and
various private breeding programs. The hard wheat sub-
population contained breeding lines from more than one
of these breeding programs (data not shown) and showed a
high level of admixture.

Analysis of stripe rust response

In all seedling tests, the susceptible check ‘Avocet S° was
rated with IT = 9 for all races tested. The PNW winter
panel had a bimodal distribution for resistance with two
modes, a resistant reaction (IT: 1 and 2) and a susceptible
reaction (IT: 8 and 9) across all races tested in the seedling
tests with a higher frequency of the susceptible reaction for
all races. The resistant reaction occurred in approximately
25 % of all accessions for all races, even for race Pstv-51
which carried virulence to all known genes except for Yr5
and YrI5. Only 8.0, 6.7 and 1.2 % of accessions had inter-
mediate reactions (IT: 3-7) for Pstv-11, Pstv-37 and Pstv-51,
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Fig. 3 Distributions of infection type evaluated in the seedling stage
for Pstv-11 (a), Pstv-37 (b) and Pstv-51 (c) in the PNW winter panel

respectively (Fig. 3). In field evaluations, all accessions were
rated for stripe rust response in each environment except Pul-
13 and MV-13, due to poor germination of a few accessions
in these environments. Stripe rust epidemics occurred in all
environments; the susceptible check WA7821 was rated with
IT from 8 to 9 and DS scores from 80 to 100 %. Unlike the
seedling tests, the stripe rust response in field conditions had
a normal to skewed distribution towards low IT and DS. The
mean IT within environments ranged from 2.9 to 5.4. The
DS ranged from 12.0 to 46.8 % for the mean and medians
ranged 3-5 and 5.0-53.0 % within environments (Fig. 4a, b),
indicating the influence of APR genes. The CF-14 had the
most skewed distribution for both IT and DS due to a rela-
tively late start to the stripe rust epidemic in that environ-
ment. Significant correlations (p < 0.0001) for IT and DS
were observed among environments with correlation coef-
ficients ranging from 0.48 to 0.80 for IT and 0.43-0.87 for
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DS. Correlation coefficients for IT and DS between CF-14
and other environments were relatively lower, ranging from
0.48 to 0.62 for IT and 0.43-0.55 for DS. In all environ-
ments, Pstv-11 and Pstv-37 were among the most prevalent
two races, although race composition was diverse. A maxi-
mum 24 races were identified (Supplemental Table 2; http://
striperust.wsu.edu/) under field conditions. Virulence for
Yr17 was prevalent in the predominant races.

GWAS for race-specific stripe rust response

Marker—trait association mapping was performed using
MLM for race-specific seedling responses tested with
Pstv-11, Pstv-37, and Pstv-51. A total of four QTL on
chromosomes 1B and 1D were identified from 15 markers
significantly associated with IT for one or multiple races
(Table 1). Among these QTL, three QTL were located
between 10.7 and 26.3 cM on chromosome 1B. Qyr
wpg-1B.1, identified by IWA6621, IWA1958, IWA4678,
IWA4679, IWA7331, IWA4715, IWA1957, and IWA5301,
was located between 10.7 and 11.6 cM and showed sig-
nificant association with IT for Pstv-51 with R* ranging
from 0.04 to 0.06. Qyrwpg-1B.2 was identified by IWA63,
IWA2583, IWA8557, and IWA2707, and located between
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Table 1 Qujcmti.tative trait loci QTL? Marker® Chr¢ oM Race
(QTL) and significant markers
associated with stripe rust Pstv-11 Pstv-37 Pstv-51
seedling response for Pstv-11,
Pstv-37, and Pstv-51 in the Qyrwpg-1B.1  IWA6621, IWA1958 1B 107 P* - - 1.6E—05
PNW winter wheat panel R¥  _ _ 0.05
IWA4678, IWA4679 IBS 107 P - - 1.5E—04
R* - - 0.04
IWA7331 IBS 110 P - - 2.5E-05
R - - 0.05
* QTL identified by significant IWA4715, IWA1957,IWA5301 1B 116 P - - 2.7E—05
markers from marker—trait 5
- R - - 0.05
associations
b Markers with underline Qyrwpg-1B.2  IWAG63 IBS 18.1 P2 7.0E—06 1.1IE—-07 8.8E—07
showed stronger association R 0.05 0.08 0.06
than others and their statistics IWA2583 IBS 184 P 1.6E—-05 2.8E—-05 7.3E—-05
were used in the table R2 0.05 0.05 0.04
¢ Chromosome and IWA8557 IBS 187 P - 24E—05 7.1E—07
chromosome arm of markers I 0.05 0.07
according to Cavanagh et al. - : :
(2013) IWA2707 IBS 226 P - 2.7E-05 1.6E—04
4" Chromosome position R - 0.05 0.04
according to Cavanagh et al. Qyrwpg-1B.3  IWA7578 1B 263 P - 9.6E-06 -
(2013) R _ 0.06 _
R .
Marker-wise P value Oyrwpg-ID.1  IWAG6960, IWA1396 IDS 155 P  7.6E—05 3.9E—11 9.1E—06
! Phenotypic variation R 006 0.18 0.08

explained by the marker

18.1 and 22.6 cM on the short arm of chromosome 1B.
Qyrwpg-1B.2 showed significant association with IT for
all tested races with R?> ranging from 0.05, 0.05-0.08,
and 0.04-0.07 for Pstv-11, Pstv-37, and Pstv-51, respec-
tively. Qyrwpg-1B.3 was identified by IWA7578 located
at 26.3 cM and showed significant association with IT for
Pstv-37 with R*> = 0.06. The QTL Qyrwpg-1D.1, identi-
fied by IWA6960 and IWA 1396, and located at 15.5 cM on
the short arm of chromosome 1D, was significantly associ-
ated with all tested races with R% = 0.06, 0.18, and 0.08 for
Pstv-11, Pstv-37 and Pstv-51, respectively.

The differentials AVS-Yrl0, AVS-Yrl5 or AVS-Yr24,
located on chromosome 1B, were resistant to Pstv-11 and Pstv-
37, but AVS-Yr10 and AVS-Yr24 were susceptible to Pstv-51
(Supplemental Table 3). Stephens, carrying Yr3a which also is
located on chromosome 1B, was susceptible to all races tested
in this study. Hugenoot, carrying Y725, which is located on
chromosome 1D, was susceptible to Pstv-11 and Pstv-37.

The SSR or STS markers linked to Yr10, Yr24, and Yri5
were used to assess if the 1B QTL identified in this study
were same as these genes. Only two accessions carrying
a resistant allele for Yrl5; therefore, the markers linked to
this gene were excluded from the GWAS because of low
frequency. Although we identified genotypes carrying
resistant alleles for each marker, none of the markers for
Yri0 or Yr24 were significantly associated with IT for any
race evaluated in the PNW winter panel.

GWAS for stripe rust response evaluated in field conditions

Marker—trait association analysis was performed within
each environment for IT and DS evaluated in nine differ-
ent environments (Table 2). A total of 32 markers located
on chromosome 2A, 2B, 2D, 3B, 4A, 4B, 6A, and 6B were
significantly associated with either or both IT and DS from
one or more environments. These markers included Ven-
triup/LN2 for Yrl7. Yrl7 was significantly associated with
IT in Pul2-12 and MV-14 with R* = 0.05 and DS in Pull-
12 with R? = 0.04. Seventeen QTL for stripe rust resistance
in the field were identified. Eight of these QTL were sig-
nificantly associated with either or both IT and DS in more
than one environment.

Five QTL, plus one linked to Xgwm359, are likely simi-
lar to the previously reported QTL identified on chromo-
some 2A as reviewed by Rosewarne et al. (2013). The
QTL Qyrwpg-2A.1, linked to Xgwm359, was significantly
associated with IT evaluated in Pul2-12 with R* = 0.06 and
DS evaluated from Pull-12 and Pull-14 with R* = 0.05.
The resistant allele (214 bp) of Xgwm359 was carried by
Stephens, AGS2000, and another 92 genotypes. The QTL
QOyrwpg-2A.2 was identified by [IWA3382, IWA3686,
IWAS8274, and IWA8091 located at 9.6 cM on the short arm
of chromosome 2A. This QTL was significantly associated
with both IT and DS in up to six environments (Pull-12,
Pul2-12, CF-12, MV-13, Pull-14 and MV-14). The R* of
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Oyr-wpg2A.2 for IT and DS ranged from 0.04 to 0.09 and
0.05-0.07, respectively. The QTL Qyrwpg-2A.3, was iden-
tified by IWA3047 located at 11.1 cM on the short arm of
chromosome 2A. This QTL was significantly associated
with both IT and DS evaluated in three environments: Pull-
12, CF3-12 and Pul-14. The R? of Qyr-wpg2A.3 was 0.04
for both IT and DS. The QTL Qyrwpg-2A.4, was identi-
fied by markers IWA2059, IWA7410 and IWA2696 located
at 29.2 cM on the short arm of chromosome 2A. This QTL
was significantly associated with IT evaluated from Pul2-
12 and DS evaluated from Pull-12. The R?> of Qyrwpg-
2A.4 ranged from 0.03 to 0.04 and equaled 0.04 for IT
and DS, respectively. The QTL Qyrwpg-2A.5 was identi-
fied by IWA5855 located at 186.1 cM. This QTL was sig-
nificantly associated with only DS evaluated from Pull-14
with R? = 0.04. The QTL Qyr.wpg-2A.6 was identified by
marker IWA966 located at 243.8 cM. This QTL was signifi-
cantly associated with only IT evaluated from Pul2-12 with
R* = 0.05.

On chromosome 2B, the QTL Qyr.wpg-2B.1 was identi-
fied by IWA7370 located at 15.1 ¢cM on the short arm of
chromosome 2B. This QTL was significantly associated
with both IT and DS evaluated in Pull-12, Pul2-12, CF-12,
Pull-14, and MV-14. The R? of Qyr-wpg2B.1 for IT and
DS ranged from 0.04 to 0.09 and 0.05-0.06, respectively.
The QTL Qyrwpg-2B.2 was identified by IWA7697 located
at 37.9 cM of chromosome 2B. This QTL was signifi-
cantly associated with only IT evaluated from CF-12 with
R*=0.04.

The QTL with the most consistent association with both
IT and DS evaluated from all nine environments was Qyr.
wpg-2D.1. This QTL was identified by IWA1939 located
at 0 cM on chromosome 2D with an R* ranging from 0.06
to 0.10 and 0.07-0.12 for IT and DS, respectively. The
QTL Qyrwpg-2D.2 was linked to IWA6851 and IWA5211
located between 153.1 and 154.8 cM on the long arm of
chromosome 2D. This QTL was significantly associated
with IT evaluated from Pull-12, Pul2-12 and MV-14 and
DS evaluated from Pull-12, CF-13 and MV-13. The R? of
this QTL for both IT and DS ranged from 0.04 to 0.06.

The only QTL identified on chromosome 3B was Qyr.
wpg-3B.1. This QTL was identified by IWA6930 located at
173.1 cM on the long arm of chromosome 3B. Qyrwpg-
3B.1 was significantly associated with only DS evaluated
from Pull-14 with R* = 0.04.

On chromosome 4A, the QTL Qyrwpg-4A.1 was identi-
fied by IWA1940 and IWA1941, and was located between
65.7 and 66.1 cM on chromosome 4A. This QTL was sig-
nificantly associated with IT evaluated from Pul2-12 and
CF-12 and DS evaluated from CF-13. The R? of Qyrwpg-
4A.1 for IT and DS was 0.04 and 0.05, respectively.

The QTL Qyrwpg-4B.1 was identified by IWA4348
and IWA3736 located at 68.3 cM on the long arm of

@ Springer

chromosome 4B. This QTL was significantly associated
with only IT evaluated from MV-13 with R*> = 0.05. The
QTL Qyrwpg-4B.2 was identified by IWA5408, IWA2595,
IWAG6465, IWA3994, IWA6426, IWA6397, and IWA2031
located between 105.6 and 110.6 cM on the long arm of
chromosome 4B. This QTL was significantly associated
with only IT evaluated in Pul2-12 with R* ranging from
0.05 to 0.06.

The only QTL identified on chromosome 6A was Qyr.
wpg-6A.1, which was identified by IWA3023 located at
135.9 cM on chromosome 6A. This QTL was significantly
associated with only DS evaluated from Pull-14 with
R*=0.04.

The QTL Qyrwpg-6B.1 was identified by IWA7257
located at 112.3 cM on the long arm of chromosome 6B.
This QTL was significantly associated with only IT evalu-
ated from CF-12 with R?> = 0.06. Qyrwpg-6B.2 was identi-
fied by IWA3222 located at 150.0 cM on the long arm of
chromosome 6B. This QTL was significantly associated
with only IT evaluated in Pul2-12 with R? = 0.04.

The PNW winter panel was segregating at loci linked
to Yrl6, Yr36, Yr4l, and Yr44 and markers linked to these
genes were assayed in the PNW winter panel. However,
none of them were significantly associated with stripe
rust responses in any environments. Likewise, Xgwm495,
Xgwml165, Xgwm538 and Xwmc692 markers linked to the
previously reported QTL located on long arm of chromo-
some 4B were segregating, but none were significantly
associated with stripe rust responses in any environments.
None of the accessions in the panel carried a resistant
allele for Yr46, and only 10 accessions carried a resist-
ant allele for YrI8. Therefore, the two markers linked
with these genes were eliminated from GWAS due to low
frequency.

Marker—trait associations across environments
and QTL x environment interactions

QTL significantly associated with IT and/or DS scores
from field conditions were further evaluated for maker—
trait associations across environments and QTL x envi-
ronment interactions based on genotype classes using
the QTL tagging markers (Table 3). All QTL except Qyr.
wpg-6B.1 showed significant associations with IT and DS
across environments. Most QTL also showed significant
QTL x environment interactions except Qyrwpg-2A.1,
Qyrwpg-2A.5 and Qyrwpg-2D.1. F-statistics for most of
the QTL x marker interactions were much smaller than
the F-statistic for corresponding marker—trait associations
except for Qyrwpg-4B.1 and Qyrwpg-6B.1. Examination
of IT and DS scores within environments indicated that sig-
nificant interactions were generally due to changes in scale
rather than rank.
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g}lﬁe 3 F -§tatistic for QTL? Marker® QTL x environ- Marker—trait Least square means
X environmen . . ..
t Int tions ass t

interactions and marker—trait fent tferactions associahions

associations and least square IT¢ DS¢ 1T DS IT DS

means for each marker class

Rallele Sallele Rallele S allele

Qyrwpg-2A.1  Xgwm359 1.53 4.36%* 13.81%* 19.49%* 3.8 4.5 20.6 30.8
Qyrwpg-2A.2 IWA8274 1.77%  1.96%  13.41%*% 16.32%* 3.5 4.5 16.3 30.8
Qyrwpg-2A.3  IWA3047  3.27%% 4.85% 18.78** 31.34%*% 40 4.6 22.2 32.8
Qyrwpg-2A.4  IWA2059 2.03*  3.22%%  735%%  926%* 4.0 4.4 23.2 29.8
Oyrwpg-2A.5 IWA5855 1.89%  4.37%*%  8.97**¥  935%*% 4] 4.8 26.0 35.0
Oyrwpg-2A.6  IWA966 0.83 2.66%*  6.05%*  9.69%* 3.8 44 19.5 29.5
Qyrwpg-2B.1 IWA7370 2.52%  3.57%%  6.01*%* 2272%% 37 44 18.3 30.1
Qyrwpg-2B.2  IWA7697  6.52%% 4,08%*% 18.70%*% 2529%% 39 4.5 21.5 31.3
Qyrwpg-2D.1 IWAI1939 1.49 4.03%%  14.44%%  2027%*% 3.2 4.5 11.7 30.6
Qyrwpg-2D.2 IWAS5211 2.25%  3.88%*% 16.52%* 22.62** 3.6 4.5 17.2 31.6
QOyrwpg-3B.1 IWA6930 1.06 2.68%*  939%k 1] 11** 4.1 4.9 24.8 36.1

* P <0.05, ** P<0.01 Oyrwpg-4A.1  IWAI940 3.1%%  2.42% 14.34%%  827** 4.1 4.8 26.3 32.6

* QTL determined by QOyrwpg-4B.1 IWA4348  7.58%* 596%*%  7.38*%* 12.87**% 4.1 4.5 24.0 31.2

51gn]1(ﬁcatnt .r:larkers' ftr.om Qyrwpg-4B.2  IWA3994  5.29%% 6.22%% 18.65%*% 24.51%% 37 4.7 19.7 33.8

pnarkeriait assoctations Ovrwpg-6A.1 TWA3023 165  273% 1244%% 10.68%* 42 54 268 410

b Tagging markers for the QTL

. fggt, & t Ovrwpg-6B.1 IWA7257 555% 106 280 005 4.1 45 278 284

mection type Oyrwpg-6B.2 IWA3222 1.99%  3.68%% 23.60%* 27.87%% 4.1 5.1 254 387

4 Disease severity

The pyramiding effect of adult plant resistance QTL

To assess the APR pyramiding effect on stripe rust response,
linear regression was conducted with the tagging marker for
each QTL included as independent effects in the model and
IT and DS averaged over all environments as the response
variable. A total of 36 genotypes carrying resistant alleles of
the QTL for presumed APR resistance were selected after
removal of lines with known seedling resistance genes. The
average IT from seedling tests with Pstv-11, Pstv-37, and
Pstv-51 in these selected genotypes were 8.2, 8.6, and 8.0,
respectively, indicating the absence of all-stage resistance
to races tested in this study. All selected genotypes carried
at least four resistant alleles of QTL for APR. There was a
significant pyramiding effect of resistant alleles of QTL for
APR. As the number of cumulative resistant alleles increased,
IT and DS were reduced, with regression coefficients of
—0.39 and —5.44, respectively (P value <0.0001) (Fig. 5).
The R? values of the regression for IT and DS were 0.42 and
0.51, respectively. Based on marker haplotype, AP700CL car-
ried a maximum number of 14 resistant alleles with an aver-
age IT of 2.8 and a DS of 7.3 % over all environments.

Resistant allele frequencies for QTL

The frequency of the resistant alleles for each QTL within
the entire panel and each sub-population was evaluated

using the tagging marker for each QTL (Table 4). In the
entire panel, resistant alleles for Qyrwpg-1B.1, Qyrwpg-
1B.3, Qyrwpg-2A.5, Qyrwpg-3B.1, Qyrwpg-4A.1, Qyr.
wpg-6A.1, and Qyrwpg-6B.2 showed high frequencies,
ranging from 0.59 to 0.92. Resistant alleles for Qyr.wpg-
1B.2, Qyrwpg-1D.1, Yrl7, Qyrwpg-2A.1, Qyrwpg-2A.3,
Oyrwpg-2A.4, Qyrwpg-2B.2, Qyrwpg-2D.2, Qyrwpg-
4B.1, Qyrwpg-4B.2, and Qyr.wpg-6B.1 showed balanced
frequencies ranging from 0.22 to 0.47. Resistant alleles
for Qyrwpg-2A.2, Qyrwpg-2A.6, Qyr.wpg-2B.1, and Qyr.
wpg-2D.1 had low frequencies, ranging from 0.12 to
0.19.

Each sub-population had a different composition of
resistant allele frequencies for each QTL. In club wheat,
resistant alleles for more than half of the QTL showed
high frequencies (>0.5). Particularly, resistant alleles
for Qyrwpg-1B.2, Qyrwpg-1D.1, Qyrwpg-2A.3, Qyr.
wpg-2B.2, and Qyrwpg-4B.2 were found with high fre-
quencies, ranging from 0.52 to 0.78, and unique to club
wheat. In soft wheat, balanced frequencies of resistant
alleles were found for Yr/7 and eight of the total QTL.
Resistant alleles of Qyrwpg-6B.1 showed a high fre-
quency unique to this sub-population. In hard wheat,
although none of the QTL showed a high frequency of
resistant alleles unique to this sub-population, balanced
resistant allele frequencies were found for Yr/7 and
seven of the total QTL.
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Fig. 5 Scatter plot of the number of resistant allele of the tagged
marker and average infection type (IT) (a) and disease severity (DS)
(b) over the six different environments in the 36 selected lines which
carried only QTL associated with IT and/or DS evaluated in the field
conditions

Discussion
LD decay and population structure

We first analyzed the rate of LD decay in this panel, since
this is useful information to assess the level of mapping
resolution. The genome-wide LD reached the threshold
approximately within 14-15 cM and decayed to 50 % of
initial /> value at about 9 cM in this study. This result was
consistent with recent studies by Chao et al. (2010) and
Wiieschum et al. (2013). The rate of LD of decay in the
D genome was slightly slower than the A and B genomes

@ Springer

in this study (data not shown) similar to previous reports
(Chao et al. 2010; Edae et al. 2014; Wiieschum et al. 2013).
This result is likely due to the relative lack of ancestral
recombination on the D genome compared to the other two
genomes.

Prior to conducting a GWAS, assessing population struc-
ture is important because it avoids spurious association (Yu
et al. 2006). In this study, PCA grouped the PNW winter
panel into club wheat and common wheat, which further
loosely grouped into hard and soft wheat. A model-based
analysis by STRUCTURE (Pritchard et al. 2000) also sup-
ported this result by detecting two sub-populations, club
wheat and common wheat (data not shown). However,
the population variability accounted for by PC1 and PC2
was relatively low in this study. This finding is probably
caused by the prevalence of admixture in PNW wheat culti-
vars, in general, due to frequent use of germplasm between
different types and classes for crosses and population
development.

Stripe rust response evaluated in greenhouse and field

In this study, we used a set of accessions represent-
ing the US PNW winter wheat germplasm to conduct
a GWAS for stripe rust resistance. These accessions
showed minimal differences for developmental traits
such as plant height and heading date, but showed
diverse response to stripe rust. Thus, this panel was ideal
to accurately evaluate stripe rust reactions in the field
and to conduct GWAS for both all-stage resistance and
APR. The bimodal distribution of stripe rust response
evaluated from seedling tests indicated that the trait was
controlled by one or a few loci, whereas the distributions
for the field trials were skewed slightly to more resist-
ance, implying that many effective APR QTL were pre-
sent in the panel.

QTL for race-specific all-stage resistance

We identified 15 markers and four QTL for all-stage resist-
ance to one or more races on chromosomes 1B and 1D.
QTL identified on chromosome 1B were all located on the
short arm within a 15.6 ¢cM chromosome region. Interest-
ingly, 98.8 and 95.5 % of the genotypes carrying the resist-
ant allele of Qyrwpg-1B.2 also carried the resistant allele
of Qyrwpg-1B.1 or Qyrwpg-1B.3, respectively, but not
vice versa. This finding could be due to the relatively close
genetic distance, and perhaps interactions, between Qyr.
wpg-1B.2 and other 1B QTL. This relationship was diffi-
cult to dissect using the PNW winter panel because only
one genotype carried the resistant allele of Qyrwpg-1B.2
without the other QTL. We have initiated the generation
of additional bi-parental populations carrying these QTL,
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Table 4 Resistant allele

Type? QTL® Marker® Resistant allele frequency?
frequency of all genotypes and
within each sub-population All (402) Club (83) Soft (232) Hard (87)
(Club, Soft and Hard) using the
tagged marker for each QTL All-stage Oyrwpg-1B.1 IWA4715 0.59 0.88 0.46 0.67
identified in the marker—trait Qyrwpg-1B.2 IWA63 0.22 0.67 0.11 0.07
association Qyrwpg-1B.3  IWA7578 0.74 0.90 0.71 0.68
Qyrwpg-1D.1 IWA6960 0.33 0.71 0.18 0.36
- Yri7 0.22 0.37 0.21 0.10
APR Qyrwpg-2A.1 Xgwm359 0.31 0.37 0.27 0.37
Oyrwpg-2A.2 IWAS8274 0.18 0.18 0.17 0.18
Oyrwpg-2A.3 IWA3047 0.47 0.52 0.44 0.48
4 All-stage resistance (Al Qyrwpg2A4  IWA2059 029 031 0.29 0.26
stage) and adult plant resistance Qyrwpg-2A.5 IWAS5855 0.68 0.63 0.70 0.40
(APR) Qyrwpg-2A.6 TWA966 0.19 0.40 0.15 0.09
® QTL determined by Oyrwpg-2B.1 IWA7370 0.18 0.19 0.17 0.22
significant markers from Oyrwpg-2B.2  IWA7697 0.38 0.78 0.26 0.30
marker—trait associations
¢ Tagging markers for the QTL Oyrwpg-2D.1 IWA1939 0.12 0.17 0.11 0.08
d . Qyrwpg-2D.2 IWA5211 0.26 0.48 0.21 0.18
Resistant allele frequency
within all accessions (All), Qvyrwpg-3B.1 IWA6930 0.69 0.71 0.77 0.41
the club wheat sub-population Qyrwpg-4A.1 IWA1940 0.71 0.54 0.81 0.59
(Club), soft wheat sub- Oyrwpg-4B.1 IWA4348 0.44 0.77 0.29 0.53
population (Soft), and hard 4B2  IWA3994 035 0.70 0.26 0.24
wheat sub-population (Hard). Qyrwpg-4B. : : : :
Brackets show the number of Oyrwpg-6A.1 IWA3023 0.92 1.00 0.93 0.82
accessions in each group. Bold Qyr:wpg-6B.1 IWA7257 0.46 0.13 0.56 0.49
numbers showed the frequency Ovrwpg-6B2  IWA3222  0.75 0.95 0.76 0.52

greater than 0.5

which should provide more suitable materials to elucidate
the potential QTL interactions in this region.

The QTL Qyrwpg-1B.1 appeared to be the same QTL
as Qyrco.wpg-1B.1 from a QTL analysis of stripe rust in a
recombinant inbred line population derived from the club
wheat ‘Coda’ by the PNW soft white winter wheat Brund-
age (Case et al. 2014). Qyrco.wpg-1B.1 was associated with
seedling response for Pst-100 and Pst-127 and adult plant
responses evaluated in multiple environments. Pst-100
and Pst-127 are races that are identified using the old dif-
ferential set. Their virulence patterns are closest to Pstv-37
and Pstv-11, respectively. The resistance was conferred by
Coda and also by Coda’s parent line, the club wheat “Tres’.
Although Pstv-51 was not tested in their study, both Coda
and Tres were included in the PNW winter panel and were
resistant to Pstv-51 (IT = 2). Therefore, Qyrco.wpg-1B.1
is likely associated with a resistant stripe rust response to
Pstv-51 as well. Moreover, Qyrwpg-1B.1 was located
between Xpsp3000 or IWA7298 and IWAS817, which were
flanking markers for Qyrco.wpg-1B.1. Case et al. (2014)
concluded that Qyrco.wpg-1B.1 was likely YrTrl or YrTr2
inherited from Tres, if the monosomic analysis of Tres car-
ried out by Chen et al. (1995) was misinterpreted. However,
both Coda and Tres showed resistance to Pstv-51, which is
virulent to the differential containing YrTrl, AvsYrTr1NIL.

Therefore, Qyrco.wpg-1B.1, and likely Qyrwpg-1B.1, are
not the same as Yr7Trl. Further work will be needed to con-
firm if Qyrco.wpg-1B.1 and Qy-wpgIB.1 are YrTr2.

On the other hand, other 1B QTL identified in this study,
QOyrwpg-1B.2 and Qyrwpg-1B.3, seem to be novel. These
two QTL were not located within either Qyrco.wpg-1B.1 or
Qyrco.wpg-1B.2, another QTL found on chromosome 1B,
in Case et al. (2014). Although several QTL for all-stage
resistance have been found on chromosome 1B, as summa-
rized in Rosewarne et al. (2013), none of them were located
on the short arm of the chromosome. Designated all-stage
resistant genes located on the short arm of chromosome
1B, Yr3, Yri0, Yr24/26 and Yrl5 are not the same as these
QTL, because (1) linked markers for YrI0 and Yr24/26
were not associated with stripe rust response for any races
tested in this study; (2) Pstv-51 is virulent to Y73, Yr/0 and
Yr24/26 and (3) 40 out of 88 accessions carrying a resist-
ant allele at IWA63 for Qyrwpg-1B.2 were susceptible for
the additionally tested race Pstv-40, which is avirulent to
Yri5 (data not shown). Similarly, although Yr25 is the only
designated all-stage resistant gene located on chromosome
1D, it is unlikely that Qyrwpg-1D.1 is Yr25 because Pstv-
11 and Pstv-37 are virulent to Yr25. According to Rose-
warne et al. (2013), QTL identified on chromosome 1D
can be categorized in two regions, named QRYr1D.1 and
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QRYr1D.2. The QTL Qyrst.orr-1DS reported by Vazquez
et al. (2012) was located in QRYr1D.1 with resistance
conferred by Stephens. Stephens was in the PNW winter
panel, was susceptible to all races tested in this study, and
did not carry the resistant allele of Qyrwpg-1D.1. Another
QTL of 1DS, Qyr.caas-1DS, was located in QRY1D.2 and
conferred APR (Ren et al. 2012). Therefore, Qyr.wpg-1D.1
seems to be a novel QTL for all-stage resistance. Allelism
tests and fine mapping for these QTL have been initiated to
confirm whether they are novel resistant genes.

QTL for adult plant resistance

A total of 17 QTL and Yrl7 were significantly associated
with IT and/or DS evaluated from field trials. Yrl7 was
significantly associated with IT evaluated from two envi-
ronments, but not associated with seedling response for
any races tested in this study even though it is an all-stage
resistance gene. The prevalent stripe rust races in the PNW
have virulence to Yr/7 because it has been deployed in the
region since the release of the cultivar ‘Madsen’ in 1986.
The race composition in the PNW is complex; however,
several races such as Pstv-53 are avirulent to Yr/7. Thus,
there could also be an effective APR gene linked to Yr/7.

In the following discussion, we compare the chromo-
some locations of QTL identified in this study with previ-
ously reported genes and QTL using the 9K consensus map
(Cavanagh et al. 2013) and the Coda/Brundage genetic
linkage map, which is currently the only linkage map avail-
able incorporating SNP, SSR, STS and DArT markers
(Case et al. 2014). We did this comparison in order to iden-
tify targets for future allelism tests.

Chromosome 2A

The QTL Qyrwpg-2A.1, Qyrwpg-2A.3, and Qyrwpg-
2A.4 are potentially not Yr32 because they are located on
the short arm of chromosome 2A, not the long arm of the
chromosome where Yr32 is located. Qyrwpg-2A.1 was
linked to Xgwm359. YrR61 was identified by QTL map-
ping in the Pioneer 26R61/AGS2000 population (Hao
et al. 2011), flanked by Xgwm359 and Xbarci24. The dis-
tance between Xgwm359 and Xbarc124 was relatively long
(15 cM) and no markers were mapped between these mark-
ers in the linkage map generated by Hao et al. (2011). In
our GWAS, Xgwm359 was significantly associated with
stripe rust response, and Xbarc124 showed a relatively high
marker-wise P value. AGS2000 carried the resistant allele
of Xgwm359 but the susceptible allele at Xbarc124 in our
study. A QTL linked to wPt-0003 which is closely linked
to Xgwm359 (Sherman et al. 2010), was identified in a Ste-
phens/Platte RIL population where Stephens carried the
resistant allele (Vazquez et al. 2012). Stephens was in our
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panel and also carried the resistant allele for Xgwm359 but
not Xbarcl24. Therefore, Qyrwpg-2A.1 is likely the same
as QYrst.orr-2AS reported by Vazquez et al. (2012).

Oyrwpg-2A.1, Qyrwpg-2A.3, and Qyrwpg-2A.4 were
identified on the short arm of chromosome 2A. Other
QTL have been identified in this region including QYzsun-
2A, which contained wPt-4197, wPt-1041, and wPt-5647
(Bansal et al. 2014). The DArT markers wPt-1041 and wPt-
5647 have been closely linked to Xbcd348 and Xgwm614 in
some linkage maps (Xue et al. 2008; Marone et al. 2012).
In the Brundage/Coda RIL population, however, Xgwm614
was located on a different linkage group from the SNPs that
we associated with Qyrwpg-2A.3 and Qyrwpg-2A.4 (Case
et al. 2014). Therefore, these two QTL are potentially novel
and likely different from QYrsun-2A, but need to be con-
firmed with allelism tests.

The QTL Qyrwpg-2A.5 and Qyrwpg-2A.6 were likely
located on the long arm as well, based on the information
from adjacent markers of /[WA966 (Cavanagh et al. 2013).
Two QTL, QYR2 and QYrinra-2AL have been previously
identified on 2AL. QYR2 is flanked by Xgwm356 and
Xgwm382 in a Camp Remy/Michigan Amber RIL popula-
tion (Boukhatem et al. 2002) and QYrinra-2AL flanked by
Xgwm359 and Xgwm382 in a Recital/Camp Remy popula-
tion (Dedryver et al. 2009). Several of the members of the
PNW winter panel including Hill81, Madsen, and Chukar
have the French wheat HeinesVII, Capelle Desprez, and
Nord Desprez in their pedigree, which were also parents of
both Recital and Camp Remy. However, we are still unclear
if Qyrwpg-2A.5 and Qyrwpg-2A.6 are the same as QYR2
or QYrinra-2AL because there are no genetic maps avail-
able to compare relative distance between IWA5855 and
IWA966 and makers within QYR2 and Qyr.inra-2AL. These
need to be confirmed with allelism tests.

Chromosome 2B

Oyrwpg-2B.1 and Qyrwpg-2B.2 were identified by
IWA7370 and IWA7697, respectively, on chromosome 2B.
Based on the information from adjacent markers of these
two markers, these QTL are likely located on the short arm
of the chromosome (Cavanagh et al. 2013). Yr41, derived
from the spring wheat cultivar ‘Pastor’, is also located on
the short arm of the chromosome 2B (Luo et al. 2008).
However, the marker Xgwm410, which was tightly linked
to Yr41l within previous reports, was neither significantly
detected nor in LD with any markers for Qyrwpg-2B.1 and
Qyrwpg-2B.2 in this study, even though this marker locus
was segregating in the panel. According to Rosewarne et al.
(2013), QTL previously identified on 2BS could be grouped
into two regions, QRYr2B.1 and QRYr2B.2. Two QTLs
derived from Stephens, QYrst.orr-2B.1 and QYrst.orr-2B.2
were grouped in QRYr2B.1 and QRYr2B.2, respectively
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(Vazquez et al. 2012). In our study, Stephens carried the
susceptible allele of Qyrwpg-2B.1 but the resistant allele
of Qyrwpg-2B.2. Therefore, Qyrwpg-2B.2 is likely a same
QTL as QYrst.orr-2B.1. Qyrwpg-2B.2 might also be YrSP,
which is located on the short arm of chromosome 2B. This
suggestion is based on the race compositions for locations
where Qyrwpg-2B.2 was identified and the virulence for-
mula for these races as aforementioned. YrSP is a tempo-
rary gene designation used in the stripe rust differentials.
YrF, a seedling resistance gene, was recently identified on
2BS located more proximal than QRYr2B.1 and QRYr2B.2
(Lan et al. 2014). The QTL Qyrwpg-2B.1 is not likely YrF,
thus Qyrwpg-2B.1 is potentially novel.

Chromosome 2D

Qyrwpg-2D.1 and Qyrwpg-2D.2 were identified by
IWA1939 and IWAG6851, respectively, on chromosome
2D. Based on the information from adjacent markers of
IWA1939, OQyrwpg-2D.1 is likely located on the short arm
of the chromosome. Only one QTL, Qyr.caas-2DS, derived
from the cultivar Libellula, has been located on this region
(Lu et al. 2009). However, we are unclear whether Qyrwpg-
2D.1 is potentially a novel QTL because we were unable to
compare the relative distances between IWA 71939 and flank-
ing markers (Xcfd51 and Xgwm261) of Qyrcaas-2DS. The
other QTL identified on chromosome 2D, Qyrwpg-2D.2,
was located on the long arm of 2D. The gene Yr37 and
several other QTL have been identified on 2DL and were
grouped into two regions QRYr2D.2 and QRYr2D.3 (Marais
et al. 2005; Powell et al. 2013; Rosewarne et al. 2013). Yr37
was transferred into wheat from Aegilops kotschy (Marais
et al. 2005) and linked to Xcfd50 (Heyns et al. 2011). There
were 21 released cultivars carrying the resistant allele of
QOyrwpg-2D.2 in the PNW winter wheat panel. None of
these cultivars have A. kotschy in their pedigree. Based
on the 9K SNP consensus map, the Coda/Brundage link-
age map, and the wheat composite map, markers linked to
Yr37 (Xcfd50) and Qyr-wpg2D.2 (IWA6851) are likely not
closely linked. The QTL derived from the cultivar ‘Claire’,
QYrniab-2D.1 and QYrniab-2D.2, seemed to be grouped
into either QRYr2D.2 or QRYr2D.3 (Powell et al. 2013).
The gene Yri6 is also located in QRYr2D.2, but the mark-
ers Xwmcl8 and Xwmc245, that were linked to Yri6, were
not associated with rust responses nor in LD with any SNP
on chromosome 2D in our study. QPst.jic-2D conferring
seedling resistance in the cultivar ‘Alcedo’ was the only
QTL located in QRYr2D.3 (Jagger et al. 2011). There were
no common recent ancestors in the pedigrees of ‘Alcedo’
and members of the PNW winter panel carrying the resist-
ant allele of Qyrwpg-2D.2, and we are unclear whether Qyr:
wpg-2D.2 was novel due to a lack of genetic maps to com-
pare relative distance.

Chromosome 3B

The QTL Qyrwpg-3B.1 was identified by IWA6930 on
chromosome 3BL at 173.1 cM in the 9K SNP consensus
map. Two QTL, QYrinra-3Bcent from the French culti-
var ‘Renan’ and QYrex.wgp-3BL from the PNW cultivar
‘Alpowa’, have been identified on 3BL (Dedryver et al.
2009; Lin and Chen 2009). One of flanking markers for
QYrex.wgp-3BL, Xgwm340, was located at 88.4 cM on
chromosome 3B in the Coda/Brundage linkage map, and
is flanked by IWA3260 and IWA3504 located at 61.7 and
94.5 cM, respectively. (Case et al. 2014). IWA3260 and
IWA3504 were located on 3B at 26.5 and 76.9 cM, respec-
tively, in the 9 K SNP consensus map (Cavanagh et al.
2013). Moreover, the PNW cultivars Paha, Hill 81 and
Hiller do not carry the resistant allele for QYrex.wgp-3BL
but do carry the resistant allele for Qyrwpg-3B.1. There-
fore, Qyrwpg-3B.1 is different from QYrex.wgp-3BL.
QYrinra-3Bcent is also unlikely Qyrwpg-3B.1, since it is
located more proximal than QYrex.wgp-3BL. Therefore, the
QTL Qyrwpg-3B.1 is potentially novel.

Chromosome 4A

Oyrwpg-4A.1 was identified by IWA1940 and IWA1941 on
chromosome 4A, and located between 65.7 and 66.1 cM
in the 9K SNP consensus map. Yr5/ was recently identi-
fied on chromosome 4AL (Randhawa et al. 2014). An STS
marker for Yr51, sunl06, was developed from the sequence
of wPt-4487, and was located 1.8 cM from the gene. In
the Coda/Brundage linkage map, wPt-4487 was located
between IWA1066 and IWA4689. These two markers were
mapped at 166.6 and 207.1 cM, respectively, on chromo-
some 4A in the 9K SNP consensus map (Case et al. 2014;
Cavanagh et al. 2013). Three QTL were previously identi-
fied on this chromosome, QYrsgi-4A.1, QYrsgi-4A.2, and
QYrst.orr-4AL (Ramburan et al. 2004; Vazquez et al. 2012).
QOyr.sgi-4A.1 and Qyrsgi-4A.2 seemed to be located close
to Yr51 because Xgwml60 was linked to both Qyrsgi-
4A.1 and Qyrsgi-4A.2 and was located only 4.3 cM away
from Yr51 (Randhawa et al. 2014). QYrst.orr-4AL also was
located in a similar region to Yr51. This suggests that Qyr.
wpg-4A.1 might be a novel QTL since it is not linked to
markers for Yr57 in the 9K SNP consensus map.

Chromosome 4B

Both Qyrwpg-4B.1 and Qyrwpg-4B.2 were identified
from single environments and mapped on the long arm
of chromosome 4B. A new gene, Yr62, was identified in
this region by Lu et al. (2014). Y762 confers HTAP resist-
ance and is linked to IWA1923, located at 64.5 cM on 4B
in the 9K SNP consensus map (Cavanagh et al. 2013).

@ Springer



1098

Theor Appl Genet (2015) 128:1083-1101

IWA1923 is linked 3.8 cM away from Qyrwpg-4B.1.
Therefore, Qyr.wpg-4B.1 might be same as Yr62. Many
QTL have been identified on chromosome 4BL as sum-
marized in Rosewarne et al. (2013). We ran selected SSR
markers commonly mapped within these QTL such as
Xgwm495, Xgwm165, Xgwm538, and Xwmc692. Although
these markers were segregating in the panel, they were not
significantly associated with any stripe rust responses and
were not in LD with any significant markers within Qyr.
wpg-4B.2 in this study. Therefore, this QTL is potentially
novel.

Chromosome 6A

The QTL Qyrwpg-6A.1 was identified by IWA3023 on
chromosome 6A. Based on the information from this
marker, Qyrwpg-6A.1 is likely located in the proximal
region of the chromosome. Three minor QTL located in a
similar region have been reported by Lillemo et al. (2008),
William et al. (2006), and Rosewarne et al. (2012). Cur-
rently there are no linkage maps available for comparing
relative distances between IWA3023 and flanking markers
for these previously reported QTL.

Chromosome 6B

QOyr.wpg-6B.1 and Qyrwpg-6B.2 were two other QTL iden-
tified from single environments only, and located on 6BL
based on adjacent markers (Cavanagh et al. 2013). Two
QTL have been previously identified on chromosome 6BL
located in similar regions between Xgwm58 and wPt-6329
(William et al. 2006; Rosewarne et al. 2012). Due to dif-
ficulty in map comparisons between the referenced pub-
lished maps and the SNP map, it is difficult to compare the
relative locations of these QTL and Qyrwpg-6B.1 and Qyr.
wpg-6B.2. Therefore, more work will be needed to identify
if these QTL are novel.

Linkage to major pleiotropic APR genes

Few accessions in the PNW winter panel carried resist-
ance allele at locus linked to the previously identified
pleiotropic APR genes such as Lr34/Yri8/Pm38, derived
from Frontana and other CIMMYT developed wheats, and
none of the accessions carried resistance allele at locus
linked to Lr67/Yr46, derived from Thatcher (Kolmer et al.
2008; Herrera-Foessel et al. 2011). The markers linked to
Sr2/Yr30, originally derived from the cultivar Hope and
present in CIMMYT materials, have not been tested in
this panel, although none of the accessions in the panel
showed pseudo-black chaff, which is tightly linked to
this gene under certain environments. The markers linked
to Lr46/Yr29/Pm39 derived from Pavon (Lillemo et al.
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2008) also have not been tested in this panel due to a lack
of diagnostic markers for this gene. Kolmer et al. (2008)
also reported that none of the PNW wheat in their study
carried the resistant allele for Lr34/Yri8/Pm38, whereas
a significant portion of germplasm from CIMMYT and
south-eastern Australia carry a resistant allele of this gene.
These results suggested that these pleiotropic APR genes
were not historically introduced into PNW winter wheat
germplasm, likely because many of them were derived
from hard red spring wheat. These pleiotropic APR genes
represent a source of additional resistance genes for PNW
germplasm.

QTL by environment interactions

All QTL tagging markers were significantly associated
with both IT and DS across environments except IWA7257,
and 11 out of 17 QTL by environment interactions for IT
were also significant. The QTL x environment interac-
tion effects were a small part of the total genetic varia-
tion for most markers. Closer inspection of the means for
marker classes indicated that the interaction was usually
due to changes in the magnitude of the effect detected
rather than in the rank. Environmental factors, such as
temperature and precipitation, affected the effects of vari-
ous resistance genes across the nine environments. The
marker x environment interaction effect was similar to that
of the total marker main effect for two markers, IWA4348
and IWA7257, for Qyrwpg-4B.1 and Qyrwpg-6B.1, respec-
tively. Both of these QTL were identified only in single
environments, CF12 and MV 13, respectively, and they may
be linked to loci for race-specific resistance. Race Pstv-64
was detected only in CF12 and races Pstv-15, Pstv-75 and
Pstv-78 were detected only in MV13. Further research is
necessary to validate these markers and determine their
race specificity.

Applications for wheat breeding programs

We demonstrated a significant effect due to pyramiding
minor resistant alleles identified by the QTL for APR
found in this study. Similar results have been reported in
GWAS for stem rust resistance (Letta et al. 2013). In our
study, most of the selected accessions carried between
five and nine resistant alleles and some with five alleles
showed the same level of resistance as accessions car-
rying more than nine resistant alleles. This finding
indicates some of the QTL for APR had large effects.
Although eight QTL for APR were consistently identi-
fied in this study, we were unable to separate the rela-
tive effect of each individual QTL from the effect of loci
for all-stage resistance. Our inability to decipher these
effects was because all accessions in this study carried
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at least four resistant alleles for APR and/or at least one
resistant allele for all-stage resistance. Furthermore,
nine QTL identified from a single environment showed
relatively small R? in this study. Still, these minor QTL
could play an important contributing role towards stable
resistance when combined with other loci (Rosewarne
et al. 2013).

The PNW winter panel showed balanced frequencies of
resistant alleles for more than half of the QTL. Each sub-
population had a unique set of QTL contributing to resist-
ance, especially club wheat. This finding implies that a
potential exists for increasing the overall resistance of PNW
winter wheat by increasing crosses among subgroups.

After severe stripe rust epidemics from 2010 to 2012
in the PNW, a consensus was reached that effective dura-
ble resistance requires a combination of APR and all-stage
resistance. This study showed that many QTL for both all-
stage resistance and APR already exist in the adapted PNW
winter wheat germplasm. Markers for these QTL are cur-
rently being used to pyramid major resistance genes and
additional identification of haplotypes can be used within
adapted germplasm to efficiently accumulate all-stage and
APR genes in breeding materials. Discovery of QTL in
greater numbers, along with their locations across several
chromosomes, will facilitate the pyramiding of different
gene combinations and potentially increase their lifespan
as useful sources of resistance. In addition, because PNW
wheat breeders developed strong stripe rust resistance with-
out the use of the widely deployed pleiotropic APR genes,
the recently discovered QTL from our study will be useful
for introgression of new combinations of durable resistance
in other global wheat breeding programs.
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