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ABSTRACT

Stripe rust (incited by Puccinia striiformis f. sp. hordei) and stem rust
(incited by P. graminis f. sp. tritici) are two of the most important diseases
affecting barley. Building on prior work involving the introgression of the
resistance genes rpg4/Rpg5 into diverse genetic backgrounds and the
discovery of additional quantitative trait locus (QTLs) for stem rust
resistance, we generated an array of germplasm in which we mapped
resistance to stripe rust and stem rust. Stem rust races TTKSK and QCCJB
were used for resistance mapping at the seedling and adult plant stages,
respectively. Resistance to stripe rust, at the adult plant stage, was
determined by QTLs on chromosomes 1H, 4H, and 5H that were previously
reported in the literature. The rpg4/Rpg5 complex was validated as a source
of resistance to stem rust at the seedling stage. Some parental germplasm,

selected as potentially resistant to stem rust or susceptible but having other
positive attributes, showed resistance at the seedling stage, which appears
to be allelic to rpg4/Rpg5. The rpg4/Rpg5 complex, and this new allele,
were not sufficient for adult plant resistance to stem rust in one
environment. A QTL on 5H, distinct from Rpg5 and a previously reported
resistance QTL, was required for resistance at the adult plant stage in all
environments. This QTL is coincident with the QTL for stripe rust
resistance. Germplasm with mapped genes/QTLs conferring resistance to
stripe and stem rust was identified and is available as a resource to the
research and breeding communities.
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Barley (Hordeum vulgare) is an ancient crop, with production
beginning some10,000 years ago (Badr et al. 2000). Today, barley is
the fourthmost important cereal crop in theworld (FAOSTAT2017)
and is grown in a wide range of environments (Hayes et al. 2003). A
versatile crop with multiple end-uses, barley is essential for the
manufacturing of malt and beer. It is important as a staple crop in
many areas around the world (e.g., highlands of Asia and Africa),
but is also gaining popularity for human consumption in western
diets due to its high nutritional value (Meints et al. 2016). Due to the
large scientific community researching barley, it is a suitable model
crop for studying the implications of climate change and un-
derstanding key relationships between science and agriculture
(Muñoz-Amatriaı́n et al. 2014b). Given the scenario of changing
environmental conditions affecting key crop production areas,
research on biotic and abiotic stresses has become more critical.
Two of the most important diseases affecting barley production are
stem rust and stripe rust, caused by Puccinia graminis f. sp. tritici
andP. striiformis f. sp.hordei, respectively (Dean et al. 2012). These
diseases can have a significant negative impact on barley yield and
malting quality through reductions in kernel components such as

plumpness, weight, and germination (Chen and Kang 2017; Roelfs
1985; Steffenson 1992).
P. graminis f. sp. tritici race TTKSK (isolate Ug99) and its

variants are a serious threat to wheat and barley production
worldwide (Singh et al. 2015; Steffenson et al. 2017). Cereal rust
pathogens, such as race TTKSK, are a persistent problem for cereal
production as spores can migrate within and across continents and
become adapted to prevailing conditions (Ali et al. 2014). The most
common stem rust resistance gene in barley (Rpg1) is not effective
against TTKSK; thus, barley production is vulnerable if this race is
introduced to the region (Steffenson et al. 2013, 2017). The rpg4/
Rpg5 complex is the only locus known to confer resistance to
TTKSK in barley (Steffenson et al. 2009; Zhou et al. 2014). This
complex contains three tightly linked genes (Rpg5, HvRga1, and
HvAdf3) that are inherited as a single unit. Markers targeting
polymorphisms in Rpg5 have been used to introgress this complex
into different elite barley lines (Derevnina et al. 2014; Sharma
Poudel et al. 2018). However, this complex appears to interact
with other genes when it is introgressed into different genetic
backgrounds (Hernandez et al. 2019). More detailed studies are
needed to evaluate the introgression of rpg4/Rpg5 into a wide range
of genetic backgrounds.
Over the past 40 years, the barley stripe rust (BSR) pathogen has

moved around the world. It is most problematic in production areas
with cool wet weather, where it can cause yield losses of up to 70%
(Chen andKang 2017; Chen et al. 1995; Line 2002). Since its initial
detection in Colombia in 1975 (Dubin and Stubbs 1986), the disease
spread throughout theAmericas, reaching theUnitedStates in 1991.
Since then, the disease has become a constant threat to barley
production (Chen et al. 1995; Marshall and Sutton 1995; Roelfs
et al. 1992). Breeders can deploy genetic resistance using major
effect resistance genes of which at least 26 different ones are known
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(Chen and Line 1999, 2003). Additionally, numerous other studies
have identified and mapped quantitative trait loci (QTL) for
resistance at the seedling and adult plant stages (Belcher et al.
2018; Castro et al. 2003a; Esvelt Klos et al. 2016; Gutiérrez et al.
2015).
Although fungicides can protect barley against these rusts and

other fungal pathogens, host resistance is the preferred method of
control (Chen and Kang 2017), as growing resistant cultivars is
more economically and environmentally appropriate (Steffenson
and Smith 2006). Two major types of resistance have been
described and targeted. All-stage resistance is expressed at all
growth stages, usually controlled by genes conferring major effect
qualitative resistance (gene-for-gene), and is primarily race
specific. By contrast, adult plant resistance is expressed only at
the adult growth stage, is manifested by a slow progression of
disease development that is quantitatively inherited, and is not
markedly affected by different pathogen races (Castro et al. 2003b;
Chen and Kang 2017; Mundt 2018). Although introgression of
qualitative resistance genes is relatively simple, the risks involved in
deploying gene-for-gene resistance are well known as new virulent
races can more easily overcome resistance (Chen 2005; Parlevliet
1983). Adult plant resistance has greater potential to be durable, but
multigene inheritance requires extensive field testing. One success-
ful approach is to develop lines that carry both all-stage resistance
and adult plant resistance in order to provide more durable
resistance. However, if the resistance genes being introgressed are
from exotic sources, it can be a challenge to maintain regional
adaptability and agronomic performance (Steffenson and Smith
2006). Current genetic tools, such as marker assisted selection, can
enable plant breeders tomap and introgress desirable rust resistance
genes and QTLs into adapted barley germplasm more efficiently
and productively (Esvelt Klos et al. 2016; Yan and Chen 2006). The
molecular marker-facilitated incorporation of multiple resistance
genes into a single barley genotype (gene pyramiding) has proven to
be an effective way to achieve durable resistance for several plant
pathogens (Mundt 2018).
Access to germplasm resources, collaborative phenotyping,

open-source tools for QTL analysis, and more affordable DNA
sequencing/genotyping have had a synergistic effect in terms of
facilitating progress in identifying alternative alleles at known
disease resistance loci andQTLs. A key tool for genetics research is
the reference barley genome sequence (Mascher et al. 2017)
because it facilitates the integration of phenotypic data with
different sequencing platforms to identify candidate genes (Muñoz-
Amatriaı́n et al. 2014b). Thousands of markers can be used to scan
the entire genome for QTLs and to subsequently fine-map their
determinants (Bayer et al. 2017; Comadran et al. 2012). High-
throughput SNP genotyping platforms have been widely used to
genotype populations and/or multiple accessions for genetic
diversity analysis (Muñoz-Amatriaı́n et al. 2014a), association
analysis (Belcher et al. 2018; Case et al. 2018b), and QTLmapping
(Esvelt Klos et al. 2016; Sharma Poudel et al. 2018).
The aim of this study was to evaluate the introgression of the

rpg4/Rpg5 resistance gene complex in a diverse set of barley lines
with varying degrees of stripe rust resistance. Accordingly, the
objectives of this paper were to (i) identify the effects of the rpg4/
Rpg5 complex introgression at the seedling and adult plant stages
in a set of lines with different genetic backgrounds; (ii) map other
determinants of resistance interacting with the rpg4/Rpg5
complex at both stages; (iii) map genomic regions associated
with resistance to stripe rust in the same population; and (iv)
identify lines carrying resistance to both stem rust and stripe rust
as potential breeding material. This research benefited from the
framework of prior reports on genes and QTLs conferring
resistance to stem rust (Case et al. 2018b; Hernandez et al.
2019; Sallam et al. 2017; Sharma Poudel et al. 2018) and stripe rust
(Castro et al. 2002b, 2003b; Esvelt Klos et al. 2016; Richardson
et al. 2006; Vales et al. 2005).

MATERIALS AND METHODS

Plant materials. A set of 358 doubled haploid barley lines
(hereafter referred to as Cycle II) were derived from eight crosses
among five TTKSK-seedling resistant selections from Cycle I
(Hernandez et al. 2019), five putatively TTKSK-seedling suscep-
tible Oregon State University (OSU) breeding lines, and three
potentially TTKSK-seedling resistant sources from University of
California (UC)-Davis (Table 1). The selection of Cycle I parents
was based on their phenotype as well as the presence of the
resistance alleleRpg5 and themost significant SNPs definingQTLs
on 5H and 7H as reported by Hernandez et al. (2019). The
susceptible parents were selected based on other positive attributes,
such as malting quality, naked caryopsis, and resistance to stripe
rust, leaf rust and/or leaf scald. Based on data from stem rust
nurseries grown at Njoro, Kenya and Debre Zeit, Ethiopia from
2010 to 2017, UC-Davis lines (UC1231L, UC1322, and UC1266)
were moderately susceptible to moderately resistant to prevailing
races of stem rust at the adult plant stage. Of the 358 progeny, 281
are two-rowed, 77 are six-rowed, 31 require vernalization, 327 do
not require vernalization, 305 are covered (hulled), and 53 are naked
(hulless).

Resistance to stripe rust at the adult plant stage. BSR
field evaluations were conducted in 2018 and 2019 at Corvallis, OR
(denoted CV18 and CV19) and Davis, CA (DV18 and DV19). A
combination of location-years was used to evaluate adult plant
resistance for BSR. Lines were planted in 1-m single rows with
20 cm between rows. For the 2018 and 2019 seasons, trials were
planted 27 and 17 October in Corvallis and 14 and 12 November in
Davis, respectively. Randomized complete block designs with two
replicates and three common checks were used in all environments.
The checks were as follows: (i) Robust, a highly susceptible six-
rowed spring barley; (ii) Thoroughbred, a moderately to highly
susceptible six-rowed winter variety; and (iii) DH130910, a two-
rowed facultative selection from the OSU barley breeding program
with resistance to several diseases, including BSR. Due to seed
availability problems, checks DH130910 and Thoroughbred were
replaced with Full Pint (resistant) and Baronesse (susceptible) in
DV18. Both are two-rowed springs. A border composed of an equal
mixture of Robust and Thoroughbred surrounded each experiment.
Artificial inoculationwas conducted to augment natural infection in
all trials, except for CV18. At Davis, rust inoculations were carried
out on the susceptible spreader plants (at Zadoks growth stage [GS]
31 to 34) (Zadoks et al. 1974) by needle-injecting into stems a
mixtures of urediniospores of three BSR races (P. striiformis f. sp.
hordei 46, P. striiformis f. sp. hordei 48, and P. striiformis f. sp.
hordei 72) collected in the same field the previous season. At
Corvallis, artificial inoculation was performed in 2019 using BSR
races P. striiformis f. sp. hordei 33 andP. striiformis f. sp. hordei 52,
kindly provided by Xianming Chen (USDA-ARS) and previously
increased in a plant growth chamber. A mixture of the susceptible
checks (Robust and Thoroughbred) was used as a spreader and
planted every five rows throughout the experiment. The spreaders
were inoculated with amixture of spores and talcum powder (in a 1:
10 ratio) twice, 10 days apart, during the tillering stage (Zadoks GS
29 to 31). In CV19 and DV18, adult plant reactions were evaluated
three times between the heading (Zadoks GS 50) and grain filling
stages (Zadoks GS 80), when the susceptible checks exhibited an
infection level above 50% severity. In DV19 and CV18, a single
rating was taken on each plot around Zadoks GS 80. Disease
severitywas rated as the percentage of diseased leaf area on a single-
row plot basis. For those environments with multiple ratings
throughout the season, the highest score for each line was used for
association mapping. A scale from 0 to 9 was used for recording the
infection types (ITs)where 0 = no visible signs or symptoms and 9 =
abundant sporulation, with no necrosis or chlorosis (McNeal et al.
1971). Heading date was recorded as the Julian calendar day when
50% of heads in a plot emerged at both locations in both years.
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Resistance to stem rust at the seedling stage. The Cycle II
panel, parents, and checks were scored for their ITs to P. graminis f.
sp. tritici TTKSK in the Biosafety Level 3 Containment Facility at
the University of Minnesota (St. Paul, MN). A randomized
complete block design with two replicates and replicated controls
was used. The accessions Q21861 (PI 584766) and Q/SM20 were
used as resistant controls. Q21861 carries Rpg1 and rpg4/Rpg5
resistance gene complex, whereas Q/SM20 carries only the rpg4/
Rpg5 gene complex derived from Q21861. Hiproly (PI 60693) and
PI 532013 were used as susceptible controls; these accessions have
susceptibility alleles at both loci. When the first leaves of plants
were fully expanded (five plants per pot), theywere inoculated with
P. graminis f. sp. tritici TTKSK and evaluated for their ITs using a
0 to 4 scale 12 to 14 days postinoculation as described in Steffenson
et al. (2017). Briefly, seeds were planted in a greenhouse and grown
at 20 to 22�Cwith a 14 to 16 h photoperiod supplemented by 400-W
sodium vapor lamps. Rust isolate 04KEN156/04 of race TTKSK
(previously increased on susceptible wheat host McNair 701) was
used as the inoculum source. For inoculation, a urediniospore
suspension (0.017 mg of uredinospores per 1 ml of oil) was applied
at a rate of 0.149 mg of rust per plant. Inoculated plants were then
moved to a dark mist chamber where the relative humidity was
maintained near 100%. After 12 to 14 days, stem rust ITs were
assessed based on the 0 to 4 scale developed by Stakman et al.
(1962) as modified for barley by Miller and Lambert (1955). For
association analysis, IT scores were transformed to a categorical
value as described by Zhou et al. (2014). A coefficient of infection
(CI) threshold of 2.7was used to classify germplasm as resistant (CI
£ 2.7) or susceptible (CI > 2.7) based on previous reports
(Hernandez et al. 2019; Sallam et al. 2017).

Resistance to stem rust at the adult plant stage. TheCycle
II panel was evaluated for stem rust resistance at the adult plant
stage in field trials conducted at the University of Minnesota (St.
Paul, MN) during two growing seasons (MN18 and MN19). Due
to the harsh winters in Minnesota, the trial was spring planted (7
May 2018 and 14 May 2019), and only barley lines without a
vernalization requirement (spring and potentially facultative types)
were successfully evaluated. Heading dates were recorded as days
after planting in both years. Out of 358 lines, 327 exhibited
complete stem elongation during both growing seasons (i.e., they

did not require vernalization) and were used for association
analysis. Disease assessment was performed when plants were
between the heading and hard dough stages of development
(ZadoksGS 55 to 87).P. graminis f. sp. tritici race QCCJBwas used
to evaluate resistance at the adult plant stage in this nursery.We used
this race as a surrogate for race TTKSK due to the impossibility of
using race TTKSK for field trials in the United States. The
resistance conferred by rpg4/Rpg5 complex to both races has been
shown to be genetically equivalent (Arora et al. 2013; Steffenson
et al. 2009;Wang et al. 2013). Q21861, Steptoe, and PI 532013were
used as checks. Q21861 is the resistant check, possessing bothRpg1
and the rpg4/Rpg5 resistance complex. Steptoe and PI 532013
are susceptible and highly susceptible controls, respectively. A
randomized complete block design with two replications was used
in both years. Strips of paired plots were surrounded by two
continuous rows of a susceptible barley spreader; this facilitated
the even distribution of inoculum across the experiment. The
spreaders were needle-injectedwithP. graminis f. sp. triticiQCCJB
urediniospores at the tillering stage (Zadoks GS 29 to 31) as
described byCase et al. (2018b). Briefly, 1 g of fresh urediniospores
was suspended in 1 liter of distilledwater and 6 drops of 20%Tween
20. Then, 1 ml of solution was injected into the stems of spreader
plants a 1 meter intervals. A direct foliar inoculation was also done
to augment disease levels in the nursery. For this inoculation, a
hand-held ultra-low sprayer (Mini-ULVA, Micron Group, Here-
fordshire, UK), was used to apply the spores at a rate of 1 liter per
800 plots. Resistance and the adult plant stagewas assessed visually
as disease severity (0 to 100%) on stem and leaf sheaths of each
tested line using a modified Cobb scale (Peterson et al. 1948).

Phenotypic data analysis. Histograms were used to visualize
the phenotypic data distributions, including checks, obtained from
each environment. To improve normality of the original phenotypic
data, the mean of each line was subjected to log10, square root, and
arcsine transformations. The Shapiro-Wilk normality test was
performed in R (R Development Core Team 2015) to compare the
normality of transformed and untransformed data. Pearson
correlation coefficients for severity between diseases and across
environments were calculated in R to determine the consistency of
disease assessments. Variances for genotype, environments, and
genotype by environment interactions were estimated in a mixed

TABLE 1. Parental accession information of the Cycle II barley population

Line Pedigree Origin IT-Ma (GR)b CIc MN18d MN19 Genotypee

DH140512f SH98076/Full Pint Oregon, U.S.A. (Oregon State University) 0; (R) 0.5 3.0 67.5 rpg4/Rpg5
DH140278 SH98076/Full Pint Oregon, U.S.A. (Oregon State University) 00; (R) 0.1 5.0 41.0 rpg4/Rpg5
DH140279 MC0181-11/Full Pint Oregon, U.S.A. (Oregon State University) 0;1- (R) 0.8 6.5 80.0 rpg4/Rpg5
DH140030g SH98076/10.1151 Oregon, U.S.A. (Oregon State University) 0; (R) 0.5 NA NA rpg4/Rpg5
DH140213 SH98076/10.1151 Oregon, U.S.A. (Oregon State University) 1-0; (R) 1.3 3 6 rpg4/Rpg5
Thunderg Wintmalt/Charles Oregon, U.S.A. (Oregon State University) 0;1- (R) 0.8 NA NA rpg4/Rpg5
10.0860g Wintmalt/Charles Oregon, U.S.A. (Oregon State University) 23-1 (MS) 3.1 NA NA rpg4/Rpg5
UC1231L F6 22IBYT7//UC933/UC1047 California, U.S.A. (UC-Davis) 3-2 (S) 3.4 7.5 17.5 _
UC1322 Z05500120/CIMMYT 7862 California, U.S.A. (UC-Davis) 0; (R) 0.5 5.0 27.5 _
UC1266 Tamalpais (UC1134)//Madera/UC937 California, U.S.A. (UC-Davis) 10; (R) 1.6 7.5 15.0 _
DH130939 Full Pint/VIOLETTA Oregon, U.S.A. (Oregon State University) 0;1 (R) 0.9 17.5 NAh _
DH130004 SHORT11-7 (TC6W265)//HERZ 29494/

2991 (35)
Oregon, U.S.A. (Oregon State University) 23-1 (MS) 3.1 25.0 NAh _

DH120412g SHORT11-7 (TC6W265)//HERZ 29494/
2991 (35)

Oregon, U.S.A. (Oregon State University) 10; (R) 1.6 NA NA _

a Infection type mode (IT-M) after infection by Puccinia graminis f. sp. tritici race TTKSK observed on parental accessions based on the 0 to 4 rating scale
originally developed for wheat by Stakman et al. (1962) and modified for barley by Miller and Lambert (1955) and B. J. Steffenson (unpublished data).

b General reaction (GR): MR, moderately resistant; MS, moderately susceptible; R, resistant; and S, susceptible.
c Coefficient of infection (CI) mean from two replicates calculated as described by Zhou et al. (2014).
d Disease severity after infection by P. graminis f. sp. tritici race QCCJB under field conditions in Minnesota during 2018 and 2019 (MN18, MN19).
e Allele types are shown for the Rpg4 and Rpg5 loci when there was amplification with allele-specific primers. _ indicates no amplification. See text for definition
of Rpg5Xx.

f Parents selected as resistance donors from Cycle I population are in bold. Those in standard font were selected as susceptible (originating from Oregon State
University), and those in italic font were potentially resistant (from University of California, Davis).

g Parents with vernalization requirements were not evaluated under spring planting conditions.
h Seed not available for these parents during MN19.

1084 PHYTOPATHOLOGY



linear model using lme4 in R, where variables were included as
random effects. Broad-sense heritability (H2) estimates were
calculated for each disease using the restrictedmaximum likelihood
method (REML)by a randomeffectmodel. The best linear unbiased
predictions (BLUPs) for each line across environment were
obtained.

Genotyping. Leaf tissue from the Cycle II panel was collected
at the seedling stage from single plants grown in a greenhouse at
OSU. Leaf tissue was sent to the USDA-ARS Regional Small
Grains Genotyping Laboratory at Fargo, ND for DNA extraction
and genotyping. The panel was genotyped using the barley 50K
Illumina iSelect SNP array (Bayer et al. 2017), and allele calls were
made using Genome Studio software (Illumina, San Diego, CA).
The single nucleotide polymorphisms (SNP) markers were filtered
to remove markers with a minor allele frequency of less than 5%,
missing values at greater than 10%, and heterozygosity at greater
than 5%. This filtering process resulted in a set of 28,587 markers.
Missing genotyping information was imputed using a stochastic
imputation method based on allele frequency using an R custom
script (R Development Core Team 2015) Additional SNP in-
formation, such as chromosome and base pair position, was
obtained from two online resources, BARLEYMAP (Cantalapiedra
et al. 2015) and the IPK Barley BARLEX server (https://
webblast.ipk-gatersleben.de/) based on the reference genome
(Mascher et al. 2017).
Linkage disequilibrium, population structure, and kinship

characterization. Markers with known map coordinates were
analyzed with TASSEL v5 (Bradbury et al. 2007) to calculate the
linkage disequilibrium (LD) squared allele frequency correlation
(r2) estimates using a sliding window of 25 adjacent markers to
identify nonredundant SNPs. Out of 28,587 SNPs, 9,918 markers
were in perfect LDwith another adjacent marker (LD = 1) and were
removed, resulting in a final number of 18,669 SNP markers. This
final number of markers was used for the calculation of a kinship
matrix and subsequently for the genome-wide association study
(GWAS). Principal component analysis was performed in R (R
Development Core Team 2015) using 18,669 markers, and the
output was used as a covariate in the association analysis.

GWAS. Phenotypic data obtained for stripe and stem rust for
each line and the filtered set of 18,669 SNP markers were used to
identify marker-trait associations for resistance to both diseases
using TASSEL v5 software (Bradbury et al. 2007). Marker-trait
associations for resistance at the adult plant stagewere evaluated for
all single environments and BLUPs across environments. Associ-
ation mapping was conducted using three different models: (i) a
general linear model accounting only for population structure (Q
model), (ii) a mixed linear model accounting only for kinship (K
model), and (iii) a mixed linear model including population
structure as a fixed effect and kinship as a random effect (Q + K
model). TheQmodel can be defined as y =Xa+Qv + e; theKmodel
can be denoted as y = Xa + Zu + e; and the Q + K model can be
defined as y = Xa + Qv + Zu + e, where y = the vector of mean
severity for each line, a = the vector of marker effects, v = the vector
of fixed population effects, u = random genetic background effects,
and e = residuals. X, Q, and Z are incidence matrices that connect
response variables with effects. To account for population structure,
the first three principal components from the PCAwere included. A
kinship matrix was estimated using the final SNP set (18,669
markers) to account for genetic relatedness among lines in theCycle
II panel. To avoid false positive associations arising from multiple
test comparisons in the evaluatedmodels, a false discovery rate (q <
0.1) was used to control for Type I error in R (Benjamini and
Hochberg 1995). SNPs that were associated with resistance and
landed in the same genomic regionwere assumed to detect the same
QTL if the LD between them was greater than 0.5 and they showed
consistent direction effects. The marker with the strongest
association was used as a tag SNP. The effects of different allele
combinationswas performed using lines carryingRgp5 and loci that

were significantly associated with stem rust resistance at both
growth stages. The most significant marker at each locus was used
to identify lines carrying specific genotypes. For the adult plant
stage, the same marker was used for allele combination analysis in
both years. To further compare mean differences among different
allele combinations, a Tukey’s comparison test (a = 0.05) was
performed.

Candidate genes. Using the BARLEYMAP database (Canta-
lapiedra et al. 2015), common markers were used to compare
whether the QTLs detected in this study were aligned with
previously reported QTLs. As reported by Sallam et al. (2017), a
2-Mb region surrounding the most significant marker at a defined
QTL peak was used to search for high confidence genes in the
reference genome assembly (Mascher et al. 2017).

RESULTS

Phenotypic analysis. Stripe rust resistance. The Cycle II
panel was tested in four environments (CV18_19, DV18_19) for
resistance to stripe rust at the adult plant stage. Controls reacted
as expected. DH130910, the resistant control, exhibited low to
moderate severity scores across all environments, ranging from 1.5
to 20%. Robust and Thoroughbred, both used as susceptible checks,
consistently showed higher severity values, ranging from 35 to 85%
and 20 to 80%, respectively (Supplementary Fig. S1). As data
transformation did not improve normality, rawdatawere used for all
analyses. Significant differences were observed among lines, with
phenotypic means ranging from 9 to 36% across environments and
an overall mean of 21%. Genetic variance, error variance, and
broad-sense heritability were estimated across all environments.
Variance components for genotypes were highly significant at both
locations, and environment and G × E effects were also significant.
Heritabilities weremoderate to high, ranging from 0.62 in Corvallis
to 0.74 in Davis. The IT rating exhibited the highest heritability at
0.83 (Supplementary Table S1). Because a high correlation between
disease severity and IT was observed for both years in Davis (r =
0.80), only severity values will be reported hereafter. Pearson
correlations for BSR severity within and across locations were 0.71
and 0.68, respectively (Supplementary Table S3). According to the
BLUP analysis across locations, 97 lines (26.2%) were highly
resistant (mean SEV= 4.4%) compared with the 68 (18.3%) highly
susceptible lines (mean SEV = 48.4%) (Fig. 1B).
Stem rust resistance at seedling stage. As shown in Figure 1A, at

the seedling stage the resistant and susceptible checks behaved as
expected. Some of the parents and progeny, however, did not behave
as expected. As shown in Table 1, the Cycle I resistant parents all
had resistant phenotypes. However, three of the OSU “susceptible”
parents (Thunder, DH130939, and DH120412) chosen as recipients
for introgression of the rpg4/Rpg5 complex were actually resistant.
Two of three putatively resistant UC-Davis parents (UC1322 and
UC1266) were also resistant. The resistance of these parents was
confirmed in a second round of phenotyping (Supplementary Table
S2). The resistance status of the OSU “susceptible” parents was
further confirmed by the resistant phenotypes of their progeny
(Table 2). Segregation for resistancewas observed for just one of the
three parents but in a low percentage (5 out of 67 lines susceptible),
and one of the two resistant UC-Davis selections segregated for
resistance.Using a resistance threshold ofCI£ 2.7, 88% (n= 311) of
the progeny were resistant to TTKSK and only 11% (n = 40) were
susceptible. Within the resistant class, 75% of the progeny had CI
values less than or equal to the resistant controls (Q21861 and Q/
SM20).
Resistance to stem rust at the adult stage. The adult plant stage

disease severities were markedly different from the seedling stage
disease evaluations and theywere also different across years (MN18
versus MN19). Parental lines and progeny with vernalization
requirements could not be assessed under spring planted conditions.
Therefore, data on these entries are missing in Tables 1 and 2. The
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adult plant data are thus based on 327 DH lines, nine parents, and
three checks. Disease severities were higher in 2019 than in 2018
as evidenced by Steptoe (23% inMN18 and 60% inMN19) and PI
532013 (40% in MN18 and 50% in MN19. The resistant check,
Q21861, also had a higher disease severity in 2019: 3% (MN18)
versus 22% (MN19). The higher disease severities in 2019 may
be due to maximum daily temperatures over 27�C in a 6-day
period during the logarithm phase of rust epidemic. These
temperatures likely reduced the effectiveness of the rpg4/Rpg5
complex, which is sensitive to high temperatures (Jin et al. 1994;
Steffenson et al. 2017). Higher inoculum pressure may also have
played a minor role.
The progeny also showed different phenotypic distributions for

resistance at the adult plant versus seedling stage, and betweenyears
for the adult plant reaction (Table 2, Supplementary Fig. S2). At the
seedling stage, there were markedly more resistant lines compared
with adult plant stage evaluations in MN18 and MN19 (Fig. 2).
Using the mean of check Q21861 plus one standard deviation as a
threshold to identify resistant lineswithin each year, 40 (12%) of the
progenywere resistant in 2018 (threshold = 5.3%), whereas in 2019
(threshold = 33%), 141 (43%) of the progeny had lower levels of
disease thanQ21861.However, possibly due to higher temperatures
in 2019, the number of resistant progeny may be inflated by partial
escapes due to earlymaturity. Therefore, the 2019 datawere divided
into two groups: early heading date (HD < 59, n = 168) and late

heading date (HD³ 59, n= 157 [MN19HD59]) (Supplementary Fig.
S3). In the early HD group, 98 (58%) lines were classified as
resistant based on comparison with the check, whereas only 43
(27%) lines were classified as resistant in the late HD group
(MN19HD59). Using a predefined severity threshold of 10% in
order to adjust for the performance of resistant check across years,
fewer resistant lines in MN19HD59 than in MN18 were observed
(Fig. 2). As shown in Supplementary Figure S4, there were always
fewer resistant lines at the adult plant stage compared with the
seedling stage, but the number of resistant lines at the adult stage is a
function of comparing to a control or a defined threshold.
Allele-specific genotyping for Rpg5. All of the Cycle I TTKSK

resistant parents were positive for Rpg5 (the dominant resistance
allele) (Table 1). Of the putatively susceptible OSU parents, none
were positive for Rpg5. Two (Thunder and 10.0860) were positive
for rpg5 (the recessive susceptibility allele). Three (DH130939,
DH130004, and DH120412) showed no amplification product.
Genotypes that failed to amplify for either allele at the Rpg5 locus,
and that were resistant at the seedling stage, are referred to as
Rpg5Xx in the remainder of this report. At the seedling stage, one of
the two of the rpg5 allele types was resistant and two of the Rpg5Xx
types were resistant. The three UC-Davis putatively resistant
parents all showed no amplification product (Rpg5Xx). At seedling
stage, two of the three UC-Davis lines with Rpg5Xx exhibited a
resistance reaction (Table 1).
Of the 358 progeny inCycle II, 190 (53%)were positive forRpg5,

29 (8%) were positive for rpg5, and 139 (39%) were Rpg5Xx. As
shown in Table 2, progeny segregated as expected for allele type at
the Rpg5 locus. For example, progeny of Rpg5 × Rpg5Xx crosses
segregated 1:1. Using a threshold of CI £ 2.7 to define resistance, at
the seedling stage 177 of the Rpg5 progeny were resistant and 10
were susceptible; 21 of the rpg5 progeny were resistant and 8 were
susceptible. Of the Rpg5Xx types, 25 were susceptible, and 113
were resistant, with 9 of these rated as highly resistant (mode 00;
CI = 0.125). In terms of resistance at the adult plant stage, where only
parents and progeny without a vernalization requirement could be
evaluated, 9.4% of lines carrying Rpg5 expressed equal or lower
disease severity compared with control Q21861 and only 3.3%
were susceptible comparedwith PI 532013 during 2018. In 2019, a
remarkable increase in the number of susceptible lines carrying
Rpg5 (24.5%) was observed along with an increase in the number
of resistant lines (15.3%). A similar trend was observed for lines
carrying RpgXx in both years (Supplementary Table S4).
Considering adult plant disease severity in 2018 and 2019
(MN19HD59), seven (2%) lines had an average disease severity
mean of £6% (Supplementary Table S5). Of these, five were
positive forRpg5 and twowere positiveRpg5Xx. All were resistant
at the seedling stage.

Genome wide association analysis. Stripe rust. The model
including PC and K was used for the analysis (PC + K model) and
heading date was included as covariate in the model. Four loci, two
located on the short arm of 1H, one on 4H, and one on 5H were
associated with resistance to BSR based on BLUPs obtained across
all locations and years (Fig. 3E). The QTL peak on 1H was
subdivided into two resistance QTLs: 1H.a at 3700002 Mb (4.96
cM) and 1H.b at 8935735 Mb (11.46 cM) based on linkage
disequilibrium analysis (R2 < 0.2) using the most significant
markers at each locus, JHI-Hv50k-2016-3887 and BOPA2_12_
30918, respectively. The most significant marker on 4H was JHI-
Hv50k-2016-264205 at 616425085 Mb (97.45 cM). Marker JHI-
Hv50k-2016-311988 at 529074874 Mb (72.8 cM) was the most
significant SNP on 5H. Total phenotypic variation for stripe rust
explained by those four QTL reached amaximum of 46% (Table 3).
Stem rust resistance at seedling and adult stages. At the

seedling stage, two QTLs were found to be associated with
resistance to stem rust. As shown in Figure 3A and Table 3, the
largest effect is on chromosome 5H and is located at the genome
coordinates of Rpg5. The second QTL is on chromosome 3H

Fig. 1. Phenotypic frequency distribution for A, seedling resistance, expressed
as coefficient of infection (CI) values, after infection by Puccinia graminis f.
sp. tritici race TTKSK and B, best linear unbiased predictions (BLUPs) across
four environments (Corvallis 2018_2019 and Davis 2018_2019) for disease
severity at the adult plant stage, expressed as percentage (%) in response to
Puccinia striiformis f. sp. hordei in the Cycle II barley population. CI and
severity mean values for resistant and susceptible checks are shown. The
phenotyping for seedling resistance to stem rust was conducted in a Biosafety
Level 3 Containment Facility at the University of Minnesota.
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(QTL3). The adult plant phenotype data from MN18 revealed two
QTLs: both on 5H (Fig. 3B and Table 3). One of the QTLs is at the
genome coordinates of Rpg5 and the other is at 70.14 cM. Using all
phenotype data fromMN19, oneQTLwas detected on chromosome
2H (Fig. 3C and Table 3). This QTL coincides with the genome
coordinates of Ppd-H1, a flowering time locus (Digel et al. 2016).
When heading date was included as a cofactor with the complete
data set, no QTL were detected. GWAS was then performed on the
two subgroups of the 2019 data (HD < 59 and HD ³ 59). In the early
group, no QTLs were detected. In the late group, a QTL on 5H was
identified (Fig. 3D and Table 3). The most significant SNP at this
QTL is ;5.4 cM proximal to the most significant marker for the
resistance QTL at the adult plant stage identified in MN18.
UsingRpg5 allele-specific amplification data, lineswith different

allele combinations for Rpg5 and QTL3 were compared for stem
rust resistance at the seedling stage (Supplementary Fig. S5). Upper
and lowercase letters were used to indicate resistance and
susceptibility alleles, respectively. Significant mean differences
for stem rust severity were observed among haplotypes based on CI
scores. The CI mean of lines carrying the susceptible rpg5/qtl3
haplotype was higher (CI = 2.3) compared with the mean of lines
carrying the Rpg5/QTL3 haplotype (CI = 0.8). Using the same
approach as for the adult plant stage, there were significant
interactions between QTL5 and Rpg5 in MN18 and MN19HD59
(Fig. 4). In MN18, the rpg5/qtl5 genotypes had the highest average
severity (31%). In contrast, Rpg5/QTL5 genotypes had an average
severity of 13%. Genotypes with the resistance alleles at one locus
(e.g., Rpg5/qtl5 and rpg5/QTL5) were not statistically different (24
and 20%, respectively). In MN19HD59, the rpg5/qtl5 genotypes
had an average severity of 64%, whereas the Rpg5/QTL5 genotypes
had an average severity of 38%, and the rpg5/QTL5 genotypes were
not significantly different from this group (47% severity). Themean
difference between the Rpg5/QTL5 and Rpg5/qtl5 (57% severity)
genotypes was significant.

Candidate genes. Stripe rust. An inspection of a 2-Mb region
surrounding themost significant SNPs usingBLUPswas performed
to detect candidate genes using the most recently published
reference genome assembly (Mascher et al. 2017). At 1H.a, the
most significant marker JHI-Hv50k-2016-3887 is ;0.04 Mb
downstream of HORVU1Hr1G001540, a disease resistance pro-
tein RPM1. This gene has been associated with resistance to
Pseudomonas syringae in Arabidopsis (Tornero et al. 2002). The
marker BOPA2_12_30918 (1H.b) is ;0.1 Mb from HOR-
VU1Hr1G004140, a disease resistance gene based on the reference
genome. The high confidence gene HORVU4Hr1G080720, a
leucine-rich repeat receptor-like protein kinase family protein,
was located;0.5Mb downstream from themost significant marker
on 4H (JHI-Hv50k-2016-264205). At 5H, marker JHI-Hv50k-
2016-311988 is located ;0.3 Mb downstream from the basic

leucine-zipper 42 gene HORVU5Hr1G070540, a gene reported as a
master regulator of many central developmental and physiological
processes including plant defense (Alves et al. 2013).
Stem rust. Two QTLs on 3H and 5H were found to be associated

with resistance for stem rust at the seedling stage. The most
significant marker associated with QTL on 3H was JHI-Hv50k-
2016-200274, which is located in the same contig as HOR-
VU3Hr1G081050, a receptor kinase 2 gene that has been associated
with pathogen recognition in plants (Goff and Ramonell 2007). The
most significant marker associated with the QTL on 5Hwas SCRI_
RS_155322, located at 640002826Mb (150.07 cM). This marker is
;0.7 Mb upstream from the rgp4/Rpg5 resistance complex
(640765916 Mb) (Mascher et al. 2017). The proximity of the
marker associated with resistance to the rpg4/Rpg5 complex
suggests that we were able to detect the effect of this complex in
our Cycle II barley population, as was also found in other previous
studies (Case et al. 2018b; Hernandez et al. 2019; Moscou et al.
2011; Steffenson et al. 2009). At the adult stage, two QTLs were
associated with resistance in MN18. The most significant SNP was
JHI-Hv50k-2016-311904 on 5Hat 528355399Mb (70.14 cM). This
marker is ;0.3 Mb from HORVU5Hr1G070360, a protein kinase
family gene, which is involved in a diverse array of plant responses
including development, growth, hormone perception, and the
response to pathogens (Goff and Ramonell 2007). SCRI_RS_

Fig. 2. Number of resistant progeny in the Cycle II population using different
thresholds (Q21861 and 10%) to define resistance, expressed as disease se-
verity after infection by Puccinia graminis f. sp. tritici race QCCJB, at adult
plant stage under field conditions at the University of Minnesota in 2018
(MN18) and 2019 (MN19HD59). MN19H59 refers to the subset of lines with
heading dates ³59 days after planting in 2019. At seedling stage, resistance is
defined as lines exhibiting a coefficient of infection £2.7 after infection by P.
graminis f. sp. tritici race TTKSK in a Biosafety Level 3 Containment Facility
at the University of Minnesota.

TABLE 2. Segregation for resistance to Puccinia graminis f. sp. tritici in Cycle II barley population progeny

Seedlinga MN18b MN19b MN19HD59c Genotyped

Pedigree N R S N R S R S N R S Rpg5 rpg5 Rpg5Xx

DH140512/UC1322 26 26 0 26 10 16 15 11 16 9 7 21 5
DH140512/DH130004 75 67 8 71 7 64 32 39 30 9 21 35 40
DH140512/10.0860 44 35 9 33 1 32 7 26 25 5 20 24 19
DH140278/DH130939 46 46 0 46 1 45 9 16 26 3 23 21 25
DH140278/Thunder 23 23 0 19 0 19 3 37 12 2 10 13 10
DH140279/DH120412 67 62 5 67 2 65 25 42 26 2 24 40 27
DH140030/UC1231L 40 27 9 28 5 23 19 8 11 6 5 16 24
UC1266/DH140213 37 25 9 37 14 23 31 5 11 7 4 20 17

a N = total number of progeny per cross. R = resistant and S = susceptible as defined as CI £ 2.7 and CI > 2.7, respectively, for seedling reaction after infection by
Puccinia graminis f. sp. tritici race TTKSK at the seedling stage.

b Adult plant stage, R = resistant and S = susceptible as defined as severity £5.3% and severity >5.3% in MN18 and as £33.0% and >33.0% in MN19, respectively,
after infection by P. graminis f. sp. tritici race QCCJB in 2018 and 2019.

c MN19HD59 refers to DH progeny in 2019 with heading dates ³59 days after planting.
d Allele type at the Rpg5 locus is shown when there was allele-specific amplification and as Rpg5Xx when there was no amplification with allele-specific primers.
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10924 was the most significant marker for the second QTL, which
mapped on 5H at 641259883 Mb (151.25 cM) and corresponds to
the rpg4/Rpg5 resistance complex. In MN19HD59, JHI-Hv50k-
2016-312045 was the most significant marker and is located at
529392430Mb (75.56 cM). The closest high confidence gene to this
marker was HORVU5Hr1G070610.2 (529545296 Mb), a receptor
kinase 2 gene.

DISCUSSION

The results of this experiment highlight key themes in plant
disease resistance, breeding, and genetics. These include (i) the
importance of developing a catalog of multiple, mapped resistance
genes and QTLs, (ii) expression of seedling stage versus adult plant
stage resistance, (iii) the influence of environmental factors in

disease resistance phenotyping, and (iv) the development of
germplasm with resistance to multiple diseases.
New sources of stem rust resistance are an essential component of

a long-term disease management strategy. Unfortunately, new
sources of resistance are relatively rare, despite extensive screening
and characterization efforts (Arora et al. 2013; Case et al. 2018b;
Sallam et al. 2017; Steffenson et al. 2017; Zhou et al. 2014). Based
on a previous population (Cycle I) generated from a set of different
crosses (Hernandez et al. 2019), a new population (Cycle II) was
developed to continue studying the implications of introgressing the
rpg4/Rpg5 stem rust resistance complex, and QTL alleles
discovered in Cycle I, into diverse barley germplasm. Five lines
from Cycle I that exhibited high levels of resistance at the seedling
stage and had all three resistance alleles (Rpg5, QTL5, and QTL7),
were chosen as the resistant parents. The recipients of the

Fig. 3. Manhattan plots from the genome-wide association study (GWAS) of coefficient of infection (CI) values from the Cycle II barley population after infection
by Puccinia graminis f. sp. tritici race TTKSK at seedling stage under controlled environment conditions, A, disease severity values after infection by P. graminis f.
sp. tritici race QCCJB at the adult plant stage under field conditions in B, 2018 and C and D, 2019, and E, best linear unbiased predictions (BLUPs) for disease
severity after infection by P. striiformis f. sp. hordei in the Cycle II barley population across four environments (Corvallis 2018_2019 and Davis 2018_2019) at
adult plant stage. Panel C shows the GWAS Manhattan plot of all phenotypic data from 2019 and panel D shows the GWAS Manhattan plot of phenotype data from
Cycle II lines with heading dates ³59 days after planting.

1088 PHYTOPATHOLOGY



resistance gene/QTL introgressions were selected based on their
breeding potential (elite material from OSU) and the possibility of
pyramiding new sources of stem rust resistance from UC-Davis
material. The presence of a QTL for resistance at the seedling stage
on 5H in the Cycle I selections was inferred from the allele type at
the most significant SNP.
Unexpectedly, three lines from theOSUbarley program thatwere

thought to be susceptible (Thunder, DH120412, and DH130939)
exhibited a resistant reaction at the seedling stage. Additionally,
potential new sources of stem rust resistance were confirmed in the
UC-Davis material. The lines fromOSU and UC-Davis that did not
amplify for Rpg5 but exhibited resistance at the seedling stage are
potentially new sources of resistance. The lack of segregation in
progeny of crosses between Rpg5-positive parents and those where
no amplification was observed leads us to hypothesize that an
alternative allele at Rpg5, or at a tightly linked locus, is involved.
Further studies will be required to design and validate a new set of
markers.
As reported by Hernandez et al. (2019) and Sharma Poudel et al.

(2018), the rpg4/Rpg5 complex is necessary but not sufficient to
confer resistance. Hernandez et al. (2019) found that QTL5 and
QTL7 are required to confer resistance in lines carrying Rpg5.
Sharma Poudel et al. (2018) found that locus Rrr1 (required for
rpg4-mediated resistance 1) is required along with the rpg4/Rpg5
complex to confer resistance. In this study, neither QTL5 nor QTL7
were found to be associated with resistance at the seedling stage.
However, QTL3 was found to be interacting with Rpg5, as lines
carrying that combination expressed a significantly lower level of
disease compared with lines carrying only Rpg5. The requirement
of other elements to achieve higher levels of resistance in the
presence ofRpg5 is confirmed by lines carrying theRpg5 resistance
allele but exhibiting a susceptible reaction at seedling stage.
Previous studies have also detected resistance in this region on 3H.
Sallam et al. (2017) found a QTL on 3H close to this region
conferring resistance to stem rust race MCCFC. At the adult stage,
Case et al. (2018a) found a significant QTL ;8.19 cM distal
associated with resistance to stem rust race QCCJB. Although those
detected QTLs were defined as minor QTLs, they may play key
roles in defense.
To effectively incorporate different sources of resistance,

resistant germplasm identified at the seedling growth stage must
be confirmed at the adult plant stage (Gyawali et al. 2018; Park
2008; Singh et al. 2015). For this reason, genotypes evaluated for
stem rust at the seedling stage were also tested under field

conditions in MN18 and MN19. These experiments confirmed the
utility of race QCCJB as a surrogate to detect the rpg4/Rpg5
resistance complex, when it is not possible to use race TTKSK. The
surrogate race, however, may not respond the same as race TTKSK

Fig. 4. Box plots for the four two-locus haplotypes (alleles Rpg5 and QTL5)
based on disease severity values for the Cycle II barley population after infection
by Puccinia graminis f. sp. tritici race QCCJB in A,MN18 and B,MN19HD59.
MN19H59 refers to the subset of lines with heading dates ³59 days after
planting in 2019. Means for haplotypes followed by the same letter are not
significantly different according to Tukey’s honestly significant test (P > 0.05).

TABLE 3. Single nucleotide polymorphism (SNP) markers significantly associated with resistance to stem rust and stripe rust in the Cycle II barley population.

Seedlingb MN18c MN19c MN19H59d BLUP-Seve

Marker Chromosomea Positiona cMa P value R2f P value R2 P value R2 P value R2 P value R2

Stem rust
SCRI_RS_155322 5 640002826 150.07 4 × 10

_9 0.10 _ _ _ _ _ _ _ _
JHI-Hv50k-2016-200274 3 608425214 90.16 3 × 10

_6 0.06 _ _ _ _ _ _ _ _
JHI-Hv50k-2016-311904 5 528355399 70.14 _ _ 2 × 10

_7 0.08 _ _ _ _ _ _
SCRI_RS_10924 5 641259883 151.25 _ _ 4 × 10

_5 0.05 _ _ _ _ _ _
JHI-Hv50k-2016-73712 2 29727848 19.90 _ _ _ _ 2 × 10

_6 0.07 _ _ _ _
JHI-Hv50k-2016-312045 5 529392430 75.56 _ _ _ _ _ _ 3 × 10

_5 0.11 _ _
Stripe rust

BOPA2_12_30918 1 8935735 11.76 _ _ _ _ _ _ _ _ 3 × 10
_16 0.20

JHI-Hv50k-2016-3887 1 3700002 4.96 _ _ _ _ _ _ _ _ 3 × 10
_8 0.09

JHI-Hv50k-2016-264205 4 616425085 97.45 _ _ _ _ _ _ _ _ 7 × 10
_5 0.04

JHI-Hv50k-2016-311988 5 529074874 72.84 _ _ _ _ _ _ _ _ 7 × 10
_5 0.04

a Chromosome assignment, position in the reference barley genome sequence, and position in each linkage group according to POPSEQ consensus map (cM) from
the reference assembly (Mascher et al. 2017).

b Reaction to Puccinia graminis f. sp. tritici race TTKSK at seedling stage.
c Reaction to P. graminis f. sp. tritici race QCCJB at the adult plant stage in 2018 and 2019 (MN18, MN19).
d MN19H59 refers to the subset of lines with heading dates ³59 days after planting in 2019.
e BLUP-Sev represents the best linear unbiased predictor for stripe rust severity, after infection by P. striiformis f. sp. hordei, across 2018_2019 seasons in Davis
and Corvallis.

f R2, proportion of phenotypic variance explained by SNP markers.
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to other genetic factors conferring resistance. Based the adult plant
phenotype data from 2018, the rp4/Rpg5 complexwas confirmed as
an important and necessary source of resistance to stem rust.
However, this complex alone was not sufficient to reduce disease
symptoms to an acceptable level: 27 lines with Rpg5 had disease
severities of ³30%. Hernandez et al. (2019) found that the highest
level of seedling stage resistance was found when Rpg5 was
combined with resistance alleles at QTL5 and QTL7. Although
QTL7 was not detected in MN18, a QTL on 5H was found to be
associated with high levels of resistance at the adult plant stage in
Cycle II. This QTL, however, is over 10 cM distal to the QTL
conferring resistance at the seedling stage reported by Hernandez
et al. (2019). Using a diverse panel of advanced breeding lines
and cultivars from 10 U.S. barley breeding programs, Zhou et al.
(2014) reported that 11_11355 at 527152265 Mb (;72.71 cM)
had a significant marker association with resistance at the adult
stage. Case et al. (2018b) reported the same marker associated
with resistance at this growth stage. Moscou et al. (2011), using
a biparental population from the cross Q21861 × SM89010,
detected a resistance QTL on 5H at 74.9 cM, supporting the notion
that this region on 5H is important for stem rust resistance at the
adult stage.
The results of MN19 added an environmental dimension to the

assessment of resistance to TTKSK at the adult plant stage, using
race QCCJB as a surrogate. In 2019, higher temperatures, which are
more likely to occur with climate change (IPCC 2018), resulted in
higher disease severities than in 2018. The loss of effectiveness of
the rgp4/Rpg5 complex under high temperatures is well docu-
mented (Jin et al. 1994; Steffenson et al. 2017; Sun and Steffenson
1997). Confirmation of this temperature sensitivitywas provided by
the disease phenotype of the resistant control Q21861, which
reached 21% severity in MN19. Furthermore, using MN19 adult
plant field data, the rpg4/Rpg5 complex was not detected as a
determinant of resistance. This underscores thevalue of the 5HQTL
complex, which remained an effective and significant determinant
of resistance under the higher temperatures experienced in 2019.
The effects of this QTL are apparent in the GWAS (Fig. 3B and D)
and in the two-locus haplotype analysis (Fig. 4), where the
importance of the 5H QTL, in both years, is apparent. The 2019
data also revealed the effects of interaction between higher
temperature and maturity. Without correction for heading date,
the only “resistance” QTL was coincident with Ppd-H1, a locus at
which the functional allele is associated with accelerated flowering
under long-day conditions (Turner et al. 2005). The presence of this
dominant allele, combined with higher temperatures at flowering,
resulted in earlier maturity and partial disease escape. The QTL on
5H at cM 75.56 was only detected when the Cycle II GWAS for

resistance at the adult plant stage was performed on genotypes with
heading dates ³59 days.
The possible occurrence of multiple resistance alleles in this

region (70.14 to 75.56 cM) of 5H is supported by the fact that all of
the Cycle I parents were resistant in MN18 but only one was
resistant inMN19.Haplotype analysis of the progeny fromCycle II,
however, did not identify consistent diagnostic patterns for higher
resolution analysis of this ;6 cM region. A more thorough
understanding of the QTL region located between 70.14 and 75.56
cM could be facilitated by analysis of a biparental population
homozygous for rpg5 but with recombinants in the 5H QTL region
at the adult plant stage and under high temperature conditions.
The stripe rust QTLwe found on 1H is described in the literature.

Using a doubled haploid population derived from the cross of Shyri
and Galena, Toojinda et al. (2000) mapped a stripe rust resistance
QTL on the short arm of 1H explaining 28 to 50% of phenotypic
variation from adult stage field data. The parent Shyri contributed
this resistance allele. Based on the same population but with
phenotypic values derived at the seedling stage, Castro et al.
(2002b) identified a major QTL associated with resistance to three
P. striiformis f. sp. hordei races (PSH1, PSH13, and PSH14). This
QTL is coincident with the QTL reported by Toojinda et al. (2000).
Richardson et al. (2006) usedmarker assisted selection to introgress
and validate thismajorQTL into the susceptible genetic background of
cultivarBaronesse.Weconfirmed thismajor effectQTL inourCycle II
population, which expressed a large effect for resistance at the adult
plant stage across locations. The resistance locus found on 4H has
also been previously described in different populations. Using
Calicuchima-sib as a source of resistance, Chen et al. (1994) found a
QTL on 4H associated with stripe rust resistance at the adult stage.
Castro et al. (2002b) used the same population and a larger set of
markers to validate resistance from Calicuchima-sib for seedling and
adult plant stages at the same genomic region. This QTL was further
introgressed into the susceptible background of cultivar Harrington,
which confirmed the resistance effects of the 4H locus. Esvelt Klos
et al. (2016) identified a major QTL on 4H conferring resistance at the
seedling and adult stages using a biparental population from cross
Lenetah×GZ.Calicuchima-sibwas also the source of resistance found
on 5H at the seedling and adult plant stage. Chen et al. (1994) and
Castro et al. (2002a) found a significant QTL on 5H chromosome
explaining 57 and 67.8% of phenotypic variation, respectively. The
former Mexico-based ICARDA/CIMMYT program, under the di-
rection of the late Dr. Hugo Vivar, was the source of the stripe rust
resistance QTLs on chromosomes 1H, 4H, and 5H (Chen et al. 1994;
Toojinda et al. 2000) in the OSU program. These QTL alleles have
remained effective against prevailing races in the United States since
their first deployment 25 years ago. In this report, we confirm the

TABLE 4. Selected doubled haploids from Cycle II barley population with resistance to Puccinia graminis f. sp. tritici race TTKSK at seedling stage and race
QCCJB at the adult plant stage and P. striiformis f. sp. hordei at adult plant stage

Line Pedigree IT-Ma MN18b MN19HD59c BLUP-Sevd Row type Hull type Vernalization requiremente

DH160419 UC1266/DH140213 0;1 6.0 8.5 6.4 6 Naked V_

DH160733 DH140512/UC1322 0;1_ 4.0 6.0 2.5 2 Covered V_

DH160734 DH140512/UC1322 0; 6.5 15.0 2.5 2 Covered V_

DH160745 DH140512/UC1322 0; 5.0 11.5 2.6 2 Covered V_

DH160748 DH140512/UC1322 0; 2.0 3.0 2.6 2 Covered V_

DH160754 DH140512/UC1322 0; 1.0 7.0 2.0 2 Covered V_

DH161043 DH140512/UC1322 0;1 3.0 3.0 2.5 2 Covered V_

DH161921 DH140512/DH130004 0;1 11.0 12.5 3.5 2 Covered V_

DH161926 DH140512/DH130004 0;1 4.0 6.0 8.1 2 Covered V_

DH161927 DH140512/DH130004 0;1 12.5 15.0 7.5 2 Covered V_

DH161914 DH140512/10.0860 0;1_ 5.0 7.0 3.1 2 Covered V_

DH160779 DH140030/UC1231L 10; 2.0 5.0 4.2 6 Naked V_

a Infection type mode (IT-M) after infection by P. graminis f. sp. tritici race TTKSK.
b Adult plant stage severity after infection by P. graminis f. sp. tritici race QCCJB in 2018.
c MN19HD59 refers to DH progeny in 2019 with heading dates ³59 days after planting.
d BLUP-Sev represents the best linear unbiased predictor for stripe rust severity after infection by P. striiformis f. sp. hordei, across 2018_2019 seasons in Davis and Corvallis.
e Lines without (V_) vernalization requirements based on greenhouse evaluation under controlled conditions.
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continued effectiveness of these resistance QTLs at the adult stage in
recent years and at representative test sites in Oregon and California.
The range of races used to inoculate these trials confirms the nonrace
specificity of these resistance loci. Furthermore, the BLUPs used to
detect significantgenomic regionsassociatedwith resistance is a robust
analysis that confirms the effect of these QTL across different
environments. As a whole, pyramiding multiple resistance genes
improves durable resistance against BSR. However, the lack of new
resistance genes/QTLs is a concern.
The Mexico-based ICARDA/CIMMYT program was also a likely

source of the rpg4/Rpg5 complex locus discovered in Q21861 (Dill-
Macky et al. 1992; Jin et al. 1994). In this report, we confirm the
necessity of this locus for resistance, at the adult plant stage, to stem rust,
as well as its insufficiency. Additional factors are necessary for
resistance, including one ormore of theQTLsdiscovered at the seedling
and adult plant stages. Interestingly, the stripe rust resistance QTL on
chromosome5H is in the same;6 cM interval as theQTL(s) associated
with resistance to stem rust at the adult plant stage. Genes/QTLs
conferring resistance tomultiple specificities of the samepathogen, or to
different pathogens, have been reported (Chen et al. 2003; Inukai et al.
2006). These effects can be due to tight linkage or pleiotropy. The
purposeful introgression of the 5H BSR QTL into OSU and UC-Davis
germplasm may have inadvertently led to the introgression of QTL(s)
for resistance to stem rust at the adult plant stage and an additional
safeguard against stem rust under high temperature conditions. The
resistant germplasm described in Table 4 is a resource available to the
research and breeding communities. It was developed using abundant
genome-wide markers to map and validate genes/QTL conferring
resistance to the twopathogens.Thesegenotyping tools, orderivativesof
them, will be useful in systematically and efficiently pyramiding
resistance genes/QTL and selecting for other economically important
traits in new germplasm.

Conclusions. We have expanded the germplasm base of adapted
barley germplasm resistant to TTKSK, beginning with introgression of
the rpg4/Rpg5 complex from the invaluable genetic stock Q21861, and
culminating with the additional introgression of a QTL on chromosome
5H, which continues to confer resistance under higher temperature
conditions. Higher temperature conditions at flowering are increasingly
likely with climate change. The lack of Rpg5 amplification in
“susceptible” parents chosen as recipients for introgression of the rpg4/
Rpg5 complexand the absenceof segregation at seedling stage in crosses
of this germplasm with known carriers of rpg4/Rpg5 suggests the
presence of an alternative allele at Rpg5 or at a tightly linked locus.
Research is underway to determine the basis of Rpg5Xx. We have
validated the continued effectiveness of theBSR resistanceQTLson1H,
4H, and 5H and identified a potential overlap of resistance to the two
rusts on chromosome 5H. Research is underway to develop a deeper
understanding of the genetic architecture of this important region.
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