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The following dissertation consists of six sections: a general introduction, three
manuscripts, a general conclusion, and an overall bibliography. The three manuscripts
report on: (1) identifying genetic interactions in diverse germplasm developed during
introgression of a major gene conferring resistance to stem rust (Puccinia graminis f.
sp. tritici), (2) mapping genetic resistance for two of the most important diseases
affecting barley (stem rust and stripe rust (Puccinia striiformis f. sp. hordei)) and (3)
genetic analysis of components of winter-hardiness: low temperature tolerance (LTT),
vernalization (VRN) sensitivity, and short-day photoperiod (PPD) sensitivity. The
first manuscript reports introgression of stem rust resistance conferred by the
rpg4/Rpg5 complex into diverse germplasm in order to prepare for the eventual
arrival of race TTKSK. This race is a particular threat because more than 95% of
cultivated barley accessions tested are susceptible. A range of disease reactions –
from susceptible to resistant – in germplasm with the rpg4/Rpg5 introgression
revealed that alleles at this complex locus are necessary but not sufficient for seedling
resistance. Alleles at quantitative trait loci (QTLs) were identified that, together with
rpg4/Rpg, conferred resistance. The second manuscript reports development of
germplasm, with potentially different end-use qualities, that has adult plant resistance
to stripe and stem rust. We validated QTLs for stripe rust resistance reported in

previous studies, identified QTLs for adult plant resistance to stem rust under
environmental conditions where rpg4/Rpg5 is not effective, and developed lines with
resistance to both diseases. The third manuscript describes the association mapping of
LTT and VRN sensitivity in a germplasm array developed from crosses designed to
develop winter-hardy germplasm for use in the development of two-row winter and
facultative malting varieties. QTLs, and corresponding candidate genes previously
reported in the literature were principal sources of variation. The germplasm
developed described in these three manuscripts is available to the breeding and
research communities.
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Chapter 1: General Introduction
Barley: history and principal germplasm groups:
Domestication of major modern cereal crops started ~ 10,000 years before the present
(yBP) (Zohary and Hopf 2000). Based on plant domestication applied by humans,
wild species were deliberately selected to increase seed recovery (Li et al. 2006) and
seed production (Harlan et al. 1973; Zohary and Hopf 2000). As an example, plants
from wild barley (Hordeum spontaneum C), which served as a the primary gene pool
for domestication of cultivated barley (Hordeum vulgare L) were selected based on
characteristics such as: non shattering, determinate growth habit, increased seed set
and inflorescence number, larger seed size, and rapid germination (Harlan et al.
1973). Evidence suggests that barley was first domesticated in the Fertile Crescent, an
area that today spans Israel, Palestine Syria, Turkey, Iraq, and Iran (Harlan and
Zohary 1966). After more than 10,000 years, barley today is the world’s fourth most
important cereal crop after wheat, rice, and maize (FAOSTAT 2014).

Morphological variants were selected in cultivated barley shortly after domestication.
Two of the most important variants are head (inflorescence) type and kernel type. The
barley head contains a triplet of spikelets at each rachis node. In two-row barley, only
the central spikelet is fertile, whereas in six-row barley all three spikelets are fertile.
Considering barley around the world, both head types are present in approximately
equal frequencies and there is no intrinsic yield advantage to either type. The
prevalence of a particular type in any given geographical region is usually a function
of which type was first introduced and what the barley was/is used for. Two-row
types are usually preferred by the malting, brewing, and distilling industries due to a
higher likelihood of producing plump kernels of uniform size (Schwarz and Li 2011).
Therefore, two-row types predominate where barley is used for malting. Both sixrow and two-row types are used for feed and food. The gene responsible for two-row
vs. six-row was cloned and described by Komatsuda et al. (2007).
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Most cultivated barley accessions are covered, meaning that the lemma and the palea
(which together form the hull) strongly adhere to the seed at maturity. In naked
barley, the hull is easily removed during harvest and this type is preferred for human
consumption since the hull consists of insoluble dietary fiber (Meints and Hayes
2019). Naked food barley currently accounts for a small percentage of world
production: on a worldwide basis, most barley is used for feed and malting (Newman
and Newman 2008). The positive nutritional properties of barley foods accounts for
increasing utilization of naked barley in western diets (Meints et al. 2016). However,
almost all malting barley varieties are covered, due to the importance of the hull as a
filtration medium during brewing. Barley varieties used for feed are usually selected
for grain yield only, and as a consequence are usually covered: the hull accounts for
~10 to 13% of seed weight (Meints and Hayes 2019). The gene responsible for naked
vs. covered was cloned and described by Taketa et al. (2004).

Contemporary barley breeding:
Barley breeding has focused primarily on agronomic performance in covered types
destined for the malting and brewing industries, due to higher economic value, as
compared to feed and food uses. At the same time, barley serves a model crop for
genetic analysis (Muñoz-Amatriaín et al. 2014b). Economic importance and genetic
relevance make barley an important crop, given the challenges of climate change
(Windes et al. 2019). In order to realize the potential of barley, redoubled efforts
directed at understanding resistance to biotic and abiotic stresses are essential. Plant
diseases are a principal biotic stress, and low temperature injury is a major abiotic
stress. Breeding for resistance to these stresses within a framework of agronomic
performance and end-use quality will be most effective when based on an
understanding of the underlying genes and genetic mechanisms controlling these
traits. Key considerations are choice of germplasm and assessment of the main and
interaction effects of target alleles. These considerations, in turn, will assist in setting
objectives and selecting breeding methods.

3

Significant advances in genome sequencing and high-throughput single nucleotide
polymorphism (SNP)-based genotyping have dramatically increased the capacity to
detect genome regions associated with target traits (Bayer et al. 2017). Moreover, the
release of a high-quality barley reference genome sequence (Mascher et al. 2017) has
provided invaluable information regarding sequence variation in major genes and
candidate genes underlying QTLs. These genomic tools allow breeders to dissect the
genetic basis of target traits in detail. High-density barley SNP array platforms
accelerate gene/QTL analysis, allow for genome-wide association studies (GWAS),
and enable marker-assisted selection (MAS).

One of the main goals of barley breeders is to release varieties that have high yields,
good end-use qualities, and stable resistance to important pathogens. In the Pacific
Northwest of the United States, stripe rust (Puccinia striiformis f. sp. hordei) (Psh)
and stem rust (Puccinia graminis f. sp. tritici) (Pgt) are important pathogens. Malting
and food end-uses are both important. Two-row covered types are required for
malting. Naked types, with either type of inflorescence morphology, are required for
most food uses. Pyramiding genes/QTLs associated with resistance to stem and stripe
rust in naked and covered germplasm and characterizing the resulting germplasm via
high-throughput genotyping, will increase our understanding of the genetic basis of
resistance to these rusts as well as the likelihood of developing productive varieties
with a friendly environmental footprint.

Disease resistance and gene pyramiding:
In crop plants, genetic resistance to diseases is a key requirement for
environmentally-sound production (Chen and Kang 2017). Pathogen-host interactions
lead to the classification of resistance as qualitative or quantitative. Qualitative
resistance describes genes with large effects that interact on a gene-for-gene basis
with the pathogen. This type of resistance is race-specific and is relatively
straightforward to use in the development of new resistant cultivars. The main
problem with this type of resistance is the lack of durability (Parlevliet 1977).
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Quantitative resistance is more complex than qualitative resistance and describes
polygenic inheritance and a continuum of resistance phenotypes. This type of
resistance is not race-specific: no gene-for-gene interaction is found between the host
and pathogen. Therefore, this type of resistance is assumed to be more durable.
However, because quantitative resistance is conferred by race non-specific genes
with minor effects, breeding for quantitative resistance can be more difficult than
breeding for qualitative resistance (Mundt 2018). A solution is to assemble multiple
resistance genes into a single genotype. This can involve pyramiding genes and/or
quantitative trait loci (QTLs) identified in different resistance donors (Kumar et al.
2010). Determining the locations of genes conferring resistance to pathogens of
importance on linkage maps improves the efficiency of introgression and expedites
the development of new resistant varieties.
Stripe rust is one of the major threats to worldwide barley production. Developing
resistant varieties is therefore a major objective of many barley breeding programs
(Chen et al. 1994; Chen and Kang 2017). Numerous mapping populations have been
used to identify genomic regions conferring resistance to stripe rust (Belcher et al.
2018; Esvelt Klos et al. 2016; Verhoeven et al. 2011). These genes have been
introgressed individually, or in combinations, into susceptible backgrounds and
resistance has been achieved. Another rust affecting barley production is stem rust.
This pathogen has caused yield losses throughout the world. In 1942, Rpg1 was
discovered and subsequently widely deployed (Brueggeman et al. 2002; Steffenson
1992). Rpg1 provided a unique example of durable qualitative resistance until the
arrival of a new race of Pgt (QCC) in the late 1980s (Roelfs et al. 1991). After
screening over 18,000 accessions, Q21861 was identified as a source of resistance to
race QCC (Jin et al. 1994b). A recessive and temperature-sensitive gene - rgp4 - was
identified as the source of resistance in Q21861. This gene mapped to the long arm of
chromosome 5H (Borovkova et al. 1995). Currently, the highly virulent Pgt race
TTKSK (Jin et al. 2008) is a main threat for wheat and barley production worldwide.
More than 95% of barley varieties and accessions tested are susceptible, including
those with Rpg1 (Steffenson et al. 2017; Steffenson et al. 2009; Steffenson et al.
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2007). Subsequent analyses identified Q21861 as also a source of resistance to
TTKSK, due to a complex locus involving rpg4 and Rpg5 (Steffenson et al. 2009).

Winter hardiness
This complex trait has a long history of genetic analyses (Francia et al. 2016; Rizza et
al. 2016; von Zitzewitz et al. 2011) and involves three main components: lowtemperature tolerance (LTT), vernalization sensitivity (VRN) and short-day
photoperiod sensitivity (PPD) (Hayes et al. 1993). Low temperature tolerance is an
induced response and it is lost during the vegetative stage to reproductive stage
transition. Vernalization sensitivity delays the transition until a minimum amount of
“cold units” are achieved and short-day PPD delays the transition until daylength is
sufficient (Mahfoozi et al. 2000). Both PPD and VRN can act to promote a timely
reproductive transition and therefore reduce the risk of low temperature injury. A
concern with VRN alone is that sufficient “cold units” can be achieved early in the
winter and a transition to reproductive growth initiated during permissive warming
periods. A return of low temperatures can lead to low temperature injury. These
temperature oscillations are increasingly likely with climate change (IPCC 2018).
Short-day PPD sensitivity, in contrast, can delay the transition until the risk of low
temperature injury is reduced. Daylength will not change with climate change. Three
QTLs located on three different chromosomes VRN-H1 (5H), VRN-H2 (4H), and
VRN-H3 (7H) interact, in an epistatic fashion, to determine vernalization sensitivity.
Known function genes have been identified for each of these QTLs, and genetic
mechanisms proposed for each of them. VRN-H1 is related to flowering induction.
Deletions in the first intron of HvBM5A determine VRN sensitivity or the lack thereof
(von Zitzewitz et al. 2005). One or more zinc finger CCT transcription factors, ZCCTA, ZCCT-B, and/or ZCCT-C, are the determinants of VRN-H2 (Yan et al. 2004).
Gene deletions determine VRN sensitivity or the lack thereof. The determinant of
VRN-H3 is HVFT1 (Trevaskis et al. 2007). First intron mutations in HvFT1 are
associated with early flowering under long days (Turner et al. 2005). The loci
controlling photoperiod responses are PPD-H1 (2H) and PPD-H2 (1H). The null
allele at PPD-H1 results in insensitivity to long-day conditions due to a change in
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amino acid sequence in the CCT domain (Turner et al. 2005). Allelic variation at this
locus is not associated with winter hardiness. The determinant of PPD-H2 is HvFT3:
loss of function deletions in, or of, the gene lead to sensitivity to short-day conditions.
Under these conditions, the null allele causes a plant to remain in a vegetative state
until a sufficient day length (> 12 h) is received (Faure et al. 2007).

Based on PPD, VRN and LTT, three growth habits of barley are defined: winter,
facultative and spring (von Zitzewitz et al. 2011). Winter types are highly responsive
to VRN, have varying degrees of PPD, and have high LTT. Facultative types are not
VRN sensitive, are sensitive to short-day conditions, and have high LTT. Spring
types are not VRN sensitive, have low LTT and their short-day PPD state is not
relevant as they are planted during spring (long day conditions). The only
combination of alleles that leads to VRN sensitivity is Vrn-H2__/vrn-H1vrn-H1/vrnH3vrn-H3. A deletion of VRN-H2, together with appropriate alleles at VRN-H1 and
VRN-H3, leads to no VRN sensitivity and the potential for facultative growth habit.
Facultative growth habit (sensu von Zitzewitz et al. 2011) requires short-day PPD,
and LTT equal to winter types. Facultative and winter types can achieve equal levels
of LTT: in other words, VRN sensitivity is not a prerequisite for maximum LTT in
barley (Rizza et al. 2011). LTT is conferred by genes/QTLs other than the VRN and
PPD loci.
Three QTLs are associated with LTT: FR-H1 (Francia et al. 2004; Galiba et al. 1995),
FR-H2 (Francia et al. 2004), and FR-H3 (Fisk et al. 2013). Fr-H1 and Fr-H2 are on
5H and Fr-H3 is on 1H. The FR designations refer to “frost resistance”. The
candidate genes for FR-H1 and FR-H2 are HvBM5A and a cluster of CBF family
members, respectively (Francia et al. 2007; Fu et al. 2005). The relationship between
FR-H1 and HvBM5A is pleiotropic and is better described in terms of timing of the
vegetative to reproductive transition rather than as LTT per se (Dhillon et al. 2010;
Rizza et al. 2016). CBF genes are transcription factors that regulate plant responses
to a range of abiotic stresses, including LTT (Francia et al. 2007; Skinner et al. 2005).
No candidate gene for Fr-H3 is reported.
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Molecular breeding strategies targeting biotic and abiotic stress resistance:
The inclusion of DNA-based technologies into the plant breeding pipeline was
predicted by Tanksley et al. (1989) to dramatically improve genetic gains in crops.
To a great extent, that prediction has proven correct. A contemporary plant breeding
pipeline incorporating DNA-level markers often starts with QTL detection (Kearsey
and Farquhar 1998). In the next step, marker strategies are used for allele
introgression and/or validation (Hospital et al. 1997). Marker-based strategies have
been extraordinarily useful tools for dissection of quantitatively inherited resistance to
abiotic and biotic stresses, using bi-parental populations (Fisk et al. 2013; Francia et
al. 2004) and association mapping panels (Gutiérrez et al. 2011; von Zitzewitz et al.
2011). Marker-assisted selection, to be effective, must be more efficient than
phenotypic selection (Bernardo 2008). Current MAS methods are most useful in
tracking a few major qualitative genes rather than many small-effect quantitative
genes (Dekkers and Hospital 2002). An alternative approach to MAS for
quantitatively inherited traits that can bypass the QTL mapping step is genomic
selection (GS) (Asoro et al. 2011; Meuwissen et al. 2001). Even with GS, however, it
is valuable to use polymorphisms in known function genes related to target traits of
interest (or polymorphisms in linkage disequilibrium with these genes) as these can
provide a feedback loop for validating predicted allele effects and interactions.

The goal of this research was to develop barley germplasm of different growth habits,
and potential for different end-uses, with mapped genes/QTLs conferring resistance
to stripe rust, stem rust, and winter hardiness. To achieve this goal, abundant
genome-wide SNPs were integrated with phenotype data sets using the tools of
GWAS. The effects of known genes and QTLs were validated, and new QTLs were
detected. The knowledge and germplasm developed are available to the breeding and
research communities for MAS, GS, and/or deeper exploration of the basis of genetic
variation and selection responses.
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Chapter 2: Introgression of rpg4/Rpg5 into barley germplasm
provides insights into the genetics of resistance to Puccinia graminis
f. sp. tritici race TTKSK and resources for developing resistant
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Abstract
Stem rust (incited by Puccinia graminis f. sp. tritici, Pgt) is a devastating disease of
wheat and barley in many production areas. The widely virulent African Pgt race
TTKSK is of particular concern because most cultivars are susceptible. In order to
prepare for the possible arrival of race TTKSK in North America, we crossed a range
of barley germplasm - representing different growth habits and end-uses- with donors
of stem rust resistance genes Rpg1 and rpg4/Rpg5. The former confers resistance to
prevalent races of Pgt in North America, and the latter confers resistance to TTKSK
and other closely related races from Africa. We produced doubled haploids from
these crosses and determined their allele type at the Rpg loci and haplotype at 7,864
SNP loci. The doubled haploids were phenotyped for TTKSK resistance at the
seedling stage. Integration of genotype and phenotype data revealed that: (1) Rpg1
was not associated with TTKSK resistance; (2) rpg4/Rpg5 was necessary but not
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sufficient for resistance; and (3) specific haplotypes at two quantitative trait loci
(QTLs) were required for rpg4/Rpg5 to confer resistance to TTKSK. To confirm
whether lines found resistant to TTKSK at the seedling resistance were also resistant
at the adult plant stage, a subset of doubled haploids was evaluated in Kenya.
Additionally, adult plant resistance to leaf rust and stripe rust (incited by P. hordei
and P. striiformis f. sp. hordei, respectively) was also assessed on the doubled
haploids in field trials at three locations in the USA over a two-year period. Doubled
haploids were identified with adult plant resistance to all three rusts, and this
germplasm is available to the research and breeding communities.

Key Words
Stem rust, barley, TTKSK, seedling, resistance

Introduction
Barley (Hordeum vulgare L.) is the fourth most important cereal crop in the world
(FAOSTAT 2014) and over 800,000 ha were produced in the USA in 2017 (USDANASS 2015). The total economic impact of the crop is estimated at ~$1.2 billion/year
due to the critical importance of barley in the manufacturing of malt and beer
(USDA-NASS 2012). Barley as a human food also has tremendous potential to assist
in addressing health challenges including heart diseases, Type I diabetes, and obesity
(Meints et al. 2016).

However, abiotic and biotic stresses are continual threats to barley production and
quality. A particularly serious disease threat is stem rust, incited by the
basidiomycetous fungi Puccinia graminis f. sp. tritici (Pgt) Eriks & Henn (wheat
stem rust pathogen) and Puccinia graminis f. sp. secalis (Pgs) Eriks & Henn (rye
stem rust pathogen) (Roelfs 1985; Steffenson 1992). Since 1942, barley losses due to
wheat stem rust in the USA have been largely controlled through deployment of the
resistant gene Rpg1 (Roelfs 1985; Steffenson 1992). However, a new widely virulent
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race of Pgt, designated TTKSK (isolate synonym Ug99), was described from Uganda
in 1999 (Pretorius et al. 2000). TTKSK has the potential to be a major threat to wheat
and barley production in the USA and around the world. In wheat, TTKSK is virulent
on the widely deployed resistance gene Sr31, as well as other Sr genes (Jin and Singh
2006; Pretorius et al. 2000) and could negatively impact more than 90% of world’s
wheat production (Singh et al. 2008; 2006). TTKSK is also widely virulent on barley,
including varieties and germplasm carrying Rpg1 (Steffenson and Jin 2006;
Steffenson et al. 2013). Steffenson et al. (2017) found that >95% of the barley
germplasm surveyed is susceptible to this race. Currently, at least one of the races
within the Ug99 lineage has been found throughout Africa (Uganda, Kenya, Ethiopia,
Eritrea, Egypt, South Africa, Tanzania, Zimbabwe, Mozambique) and in the Middle
East (Yemen and Iran) (Mukoyi et al. 2011; Nazari et al. 2009; Pretorius et al. 2010;
2012; Wolday et al. 2011). Deployment of resistant varieties is the most effective,
economical, and environmentally-appropriate approach to managing this disease
(Pilet-Nayel et al. 2017; Steffenson and Smith 2006).

Eight genes/loci conferring resistance to different races of Pgt in wild and cultivated
barley have been described (Case et al. 2018b; Mamo et al. 2015; Zhou et al. 2014).
The most effective and well-characterized source of all-stage resistance to race
TTKSK, is the rpg4/Rpg5 complex first reported in barley accession Q21861 (PI
584766) and mapped to chromosome 5HL (Steffenson et al. 2009). Based on high
resolution mapping, rpg4/Rpg5 is known to be a complex locus consisting of multiple
genes in physical proximity (Wang et al. 2013). Briefly, this complex locus is further
subdivided into RMRL1 and RMRL2. Three genes have been characterized at
RMRL1: Rpg5 (encoding a NBS-LRR protein kinase), HvRga1 (encoding a NBSLRR domain protein), and HvAdf3 (an actin depolymerizing factor-like gene). The
gene(s) within RMRL2 have yet to be fully characterized. Although rare
recombinants have been found, the rpg4/Rpg5 locus can be viewed, tactically, as a
single major gene protecting the barley crop from virulent races like TTKSK and
isolates of Pgs. Strategically, a more durable defense could be built on multiple,
diverse sources of resistance. Gene stacking can provide durability and increased

11

levels of resistance, as was shown for barley stripe rust (Castro et al. 2003a; Castro et
al. 2003b; Edae et al. 2018)

Despite extensive characterization of the wild and cultivated Hordeum germplasm
pools, sources of resistance to race TTKSK other than rpg4/Rpg5 are rare (Case et al.
2018b; Sallam et al. 2017; Steffenson et al. 2017; Zhou et al. 2014). Development of
TTKSK resistant barley varieties can be achieved by introgressing rpg4/Rpg5 into
adapted germplasm, followed by the pyramiding of any newly-discovered resistance
alleles as they are discovered. Pyramiding resistance into adapted germplasm with
acceptable agronomic characteristics can be facilitated by marker-assisted selection
(MAS) (Arunakumari et al. 2016; Castro et al. 2003a; Friedt and Ordon 2007; Mohan
et al. 1997; Richardson et al. 2006). The success of marker-assisted pyramiding,
however, can vary depending upon the genetic background: introgressed alleles may
not always have the anticipated effects on levels of resistance (Bilgic et al. 2005;
Steffenson and Smith 2006). Therefore, the performance of MAS introgression lines
must be validated by field or greenhouse experiments. In the case of TTKSK,
phenotyping is challenging since the race is not yet present in the USA. Therefore,
phenotyping can only be conducted in a Biosafety Level 3 Containment Facility,
where space and resource considerations dictate seedling assessments of large
germplasm arrays. Assessing resistance levels in adult plants relies on international
nurseries where race TTKSK occurs. A key resource for US breeders is the USDAARS Kenya Stem Rust Nursery, although the number of barley varieties and elite
germplasm accessions that can be assessed in this trial is limited.

A goal of the Oregon State University Barley Project is to develop barley germplasm
representing different potential end-uses with resistance to multiple diseases,
including the African stem races typified by TTKSK. The objectives of this research
were to: 1) introgress rpg4/Rpg5 into diverse genetic backgrounds; 2) assess the
effectiveness of rpg4/Rpg5 in these different genetic backgrounds; 3) determine if
other genes/QTLs conferring resistance to TTKSK could be identified; and 4) assess
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the resistance of TTKSK-resistant germplasm to stripe rust (incited by P. striiformis f.
sp. hordei) and leaf rust (incited by P. hordei).

Materials and Methods
Plant material
Crosses between parental accessions, hereafter referred to as ‘parents’, reported to be
resistant or susceptible to TTKSK, were made in 2014 (Table 2.1). The resistant
parents MC0181-11, SH98076, SB97197, TR02272, and MC0181-31, were provided
by Dr. B. J. Steffenson at the University of Minnesota based on their seedling
resistance to race TTKSK. These resistant donors were developed by Drs. B.
Rossnagel, A. Beattie (Crops Development Centre, University of Saskatchewan,
Saskatoon, Canada) and B. Legge (Agriculture and Agri-Food Canada, Brandon,
Manitoba, Canada). All resistance donors have Q21861, a source of rpg4/Rpg5, in
their pedigree. In brief, MC0181-11 and MC0181-31 were selected from the cross of
SH00752 x 9-1, where Q21861 was a parent of 9-1. Doubled haploid progeny from
the cross of Q21861 x SM89010 (Steffenson et al. 1995) were used as parents in
developing SH98076 and SB97197. TR02272 is a backcross-derived line with
Q21861 as the donor parent and AC Metcalfe as the recurrent parent. The susceptible
parents used in this study were selected based on different characteristics, such as
growth habit, hull type, spike type, and malting quality profile. Full Pint, 04_028_36,
and Violetta, are varieties or elite lines with covered caryopses (hulled) and feature
target traits including resistance to stripe rust, leaf rust, powdery mildew (incited by
Blumeria graminis f. sp. hordei), and malting quality. 10.0691, 10.1151, Karma,
Oscar, and Tibet 37 are naked caryopsis types (hulless,nud/nud) (Taketa et al. 2004)
of particular interest for use as human food. One hundred and nineteen doubled
haploids were produced at Oregon State University from the F1 of TTKSK resistant x
TTKSK susceptible crosses (Table 2.2) using the anther culture protocol described by
Cistué et al. (2011). These doubled haploids constitute the “TTKSK Cycle I
population”, hereafter referred to as the Cycle I population. This designation is based
on the continuing development of new TTKSK-resistant doubled haploids

13

populations. For example, Cycle II phenotyping, genotyping, and analyses are in
progress (http://barleyworld.org/ug99, accessed August, 2018) and Cycle III
germplasm development is in progress. The Cycle I population and parents were
genotyped with the Infinium iSelect 9K Genotyping BeadChip (Illumina, Inc., San
Diego, CA, USA; Comadran et al. (2012)) and used to perform a genome wide
association study (GWAS). Progeny (N=117) were genotyped with allele-specific
primers for the Rpg1 and Rpg5 stem rust resistance genes at Functional Bioscience
Inc. (Madison, WI, USA) following the procedures described below. Two doubled
haploids (of the original 119) were dropped because they did not produce sufficient
seed. For analyses of segregation ratios, 110 doubled haploids were used, for the
reasons described below.

TTKSK resistance phenotyping at the seedling stage
In 2015, the parents, Cycle I population, and controls were phenotyped at the seedling
stage for response to Pgt race TTKSK in the Biosafety Level-3 (BSL-3) Containment
Facility at the University of Minnesota in St. Paul. The experiment was designed as a
randomized complete block with two replications and replicated controls. Plant
growth conditions and inoculation procedures were as described in Steffenson et al.
(2017). Briefly, five seeds of each barley genotype were planted per pot. Plants were
grown in a greenhouse at 20-22°C with supplemental lighting provided by 400W
sodium vapor lamps for 14 hr/24 hr period. The irradiance at canopy level was 300
μmol m-2 s-1. Isolate 04KEN156/04 was used as the source of Pgt race TTKSK. The
inoculum was previously increased on susceptible wheat host McNair 701 (CI15288),
collected, desiccated, and stored in tubes at -80°C until needed. A rust spore
suspension (0.017 mg urediniospores/1ml oil) was applied to seedlings with fully
expanded primary leaves at a rate of 0.149 mg rust per plant. After inoculation, plants
were transferred to a dark mist chamber where the relative humidity was maintained
near 100%. Twelve days after inoculation, stem rust infection types (ITs) were
assessed on the first leaves of plants based on the 0-4 scale developed for wheat
(Stakman et al. 1962) as modified for barley by Miller and Lambert (1955). All ITs
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observed on each doubled haploid, parent, and control were recorded as previously
described by Sun and Steffenson (2005). When two or three ITs were observed on an
accession, IT scores were recorded in order of prevalence. For GWAS, IT values
were transformed to numerical values as described by Zhou et al. (2014), who
showed that the numeric transformation reflects biological and epidemiological
differences in the host-parasite interactions. The coefficient of infection (CI), was
then calculated as described by Zhou et al. (2014). For chi-square tests, mean CI
values were calculated from two replicates. A threshold of 2.8 was used to classify
germplasm as resistant (mean CI < to 2.8) or susceptible (mean CI > 2.8) based on
histogram distribution of CIs and previous reports (Sallam et al. 2017).

TTKSK resistance phenotyping at the adult stage
Selected entries from the Cycle I population were evaluated for stem rust resistance at
the adult stage in trials conducted at Njoro (Kenya) in 2016 and 2017. Resistant
entries were selected only on controlled environment phenotypic data, as the
genotyping was in progress. Field trials were a collaboration between USDA-ARS,
the International Maize and Wheat Improvement Center (CIMMYT), and the Kenya
Agricultural & Livestock Research Organization (KALRO). In each year, all of the
lines were vernalized for 6 weeks at 4°C, then transplanted to the field in hill plots,
spaced approximately 30cm apart. A mixture of stem rust susceptible, local spring
wheat cultivars were planted in a continuous strip directly adjacent to each hill plot to
provide adequate rust inoculum. No hill plot was more than 10cm away from the
spreader. Plants in the spreaders were inoculated at booting and heading growth
stages by injecting urediniospores directly into stems in order to promote infection
and spore production. The inoculum in both years included race TTKSK, TTKST,
and TTKTK. Stem rust severity was assessed between grain milk and dough
development (Zadoks GS71-83). Disease severity was recorded as the percentage of
stem and leaf sheath tissue infected with stem rust, using the modified Cobb scale (0100%) (Peterson et al. 1948).
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Phenotyping for resistance to other rusts
The 117 doubled haploids used for allele identification at the Rpg1 and Rpg5 loci (see
below) were phenotyped for resistance to stripe rust and leaf rust. Data were obtained
from multiple field trials conducted in Davis (CA, USA), Corvallis (OR, USA) and
Mount Vernon (WA, USA) during the 2016 and 2017 seasons. All locations
consistently have natural inoculum and favorable conditions for the development of
these diseases. The experiment was designed as a randomized complete block with
two replications at each location. Field ratings were taken between heading and
before senescence. Disease severity was recorded as a percentage of the leaf area
infected with stripe and leaf rust (including necrotic and chlorotic areas) on a per plot
basis. An 80% reduction in severity, as compared with the susceptible check, was
used as the threshold to separate susceptible versus resistant lines. Phenotypic
information is available online at http://barleyworld.org/barley-stripe-rust-bsr
(accessed August, 2018).

SNP genotyping
Leaf tissue from the Cycle I population and parents was collected at the seedling
stage from greenhouse-grown plants at Oregon State University (Corvallis, OR, US)
and sent to the USDA-ARS, Regional Small Grains Genotyping Laboratory at Fargo,
ND (US) for DNA extraction and genotyping with the 7,864 SNP markers
represented on the Infinium iSelect 9K Genotyping BeadChip (Illumina, Inc., San
Diego, CA, USA; Comadran et al. (2012)). After filtering for minor allele frequency
(MAF < 0.05) and missing data (> 10%), 5,470 SNPs were used for subsequent
analyses. In order to define SNP positions in the genome, the consensus map from
Muñoz-Amatriaín et al. (2014a) and the barley reference genome from Mascher et al.
(2017) were used.

Allele-specific genotyping at Rpg1 and Rpg5
DNA was extracted from 117 Cycle I lines and parents in the Center for Genome
Research and Biocomputing at Oregon State University (Corvallis, OR, USA).
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Genotyping and sequencing were performed at Functional Bioscience Inc. (Madison,
WI, USA) as described by Steffenson et al. (2017). Briefly, primers amplifying the
serine threonine protein kinase domain (Rpg5+) or the protein phosphatase 2C
domain (rpg5-) were used to discriminate the functional Rpg5 allele from the nonfunctional rpg5 allele. Following the nomenclature of Mamo et al. (2015), the primer
combinations were LRK-F1/LRK-R1 and RpgQ-F6/PP2C-R2. Doubled haploids and
parents showing a PCR product from primers LRK-F1/LRK-R1 were sequenced to
assay for the infrequent allele that gives a false positive as a result of a single C
insertion that causes a truncated non-functional RPG protein. The Rpg1 assay was
conducted as described by Eckstein et al. (2003) and later modified by Derevnina et
al. (2014).

Association Mapping
Phenotypic distributions for seedling reaction to race TTKSK were visualized using
histograms. Phenotypic means were then transformed using log10, square, and square
root transformations. The Shapiro-Wilk test was performed in R (R Development
Core Team 2015) to compare normality of the transformed and untransformed CI
means. To detect associations between SNP markers and stem rust phenotypes at the
seedling stage, GWAS was performed in TASSEL (version 5.2.40) (Bradbury et al.
2007) using a mixed linear model (Q+K) (Yu et al. 2006). Using principle component
analysis, (PCA), the first three principal components (PCs) were used to construct the
Q matrix. These PCs were selected based on screening the eigenvalues and
corresponding PCs (Price et al. 2006). The K matrix was used to account for genetic
relatedness within individuals. Both component were calculated using TASSEL
(version 5.2.40). The significance of the marker-trait associations was based on falsediscovery-rates (FDRs) of 5% and 10% as described by Benjamini and Hochberg
(1995). Subsequently, the FDR (5%) was calculated using only selected SNPs
mapping to regions of chromosomes 4H, 5H, and 7H where near-significant effects
were detected using all markers and where major genes and/or QTLs have been
reported for resistance to leaf rust, stem rust, and/or stripe rust. The targeting of
specific regions using a subset of SNPs was based on the rationale and examples
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provided by (Lipka et al. 2013; Lipka et al. 2015). To further investigate the
significance of marker: CI main-effects and interactions, we followed the example of
(Castro et al. 2003b) in which the most significant SNPs at each QTL were used in
an ANOVA as independent variables with two levels each, where each level
corresponds to an allele. The sums of squares and significance for each QTL, and
their interactions, were estimated. These analyses were performed in R (R
Development Core Team 2015), where F-statistics for the sources of variation were
estimated using the Type III sums of squares.

Data availability
All phenotype and genotype data are available at https://barleyworld.org/ug99.

Results
Phenotypic analysis of seedling resistance to TTKSK
Inoculation of germplasm with race TTKSK at the seedling stage resulted in clearly
recognizable differences, with most of the CI values skewed to the right side of the
distribution (Supplementary Figure Appendix A6). Based on this frequency
distribution of CI values, and the threshold value reported by Sallam et al. (2017), a
CI of 2.8 was used as the threshold value to differentiate between resistance and
susceptibility. The resistant control Q21861 (with resistance genes Rpg1 and
rpg4/Rpg5) exhibited low ITs ranging from 0;1 (CI 0.8) to 10;2 (CI 1.6). A second
resistant control Q/SM20 (with resistance genes rpg4/Rpg5) also showed low ITs,
ranging from 0;1 to 120; (CIs of 0.8 to 2.1). The susceptible controls Steptoe and
Hiproly reacted as expected, with ITs of 3 (CI 4) and 3- to 33+ (CIs of 3.5 to 4.1).
Parents MC0181-11, SH98076, and TR02272 exhibited low ITs: 210;, 0;, and 1-20;
(CIs of 2.5, 0.5, and 1.8), respectively. However, parents MC0181-31 and SB97197
showed high ITs: 3- and 23- (CIs of 3.3 and 3.2), respectively. These values were
unexpected, considering that Q21861 figures in the pedigrees of these parents and
these accessions were described as resistant in prior reports (Steffenson et al. 2017).
The parents selected as recipients of TTKSK resistance alleles were susceptible, with
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ITs ranging from 2 to 3+ (CIs of 3.4 to 4.1). The most susceptible parental accession
was 04_028_36 (CI of 4.1). For the Cycle I population, the highest, lowest, and mean
CI values were 4.1, 0.5, and 3.3, respectively.

Segregation for resistance was observed in all crosses, except those involving
MC0181-31 and TR02272 (Table 2.2). All eight progeny derived from MC0181-31
were susceptible. Only two doubled haploids were derived from TR02272, and the
lack of observed segregation could be due to the low sample size. Therefore, the
doubled haploid progeny from these two crosses were excluded from subsequent
analyses. This led to the final set of 110 doubled haploids used for the analyses
described in this report. Crosses involving MC0181-11 gave the highest proportion
of resistant progeny (31% of lines being resistant), while SH98076 crosses had the
highest number of resistant progeny (n=15). The CIs in resistant progeny from these
parents ranged from 0.5 to 2.8. Low numbers (3 of 40) of resistant progeny were
observed from crosses involving SB97197. Resistant progeny derived from parents
MC0181-11 (n=4) and SB97197 (n=3) had the same average CI of 2.4. The CIs of the
three doubled haploids derived from SB97197 (DH140270 DH140411, DH140510)
were lower than the CI of SB97197 (2.3, 2.7 and 2.3 vs. 3.2).

If rpg4/Rpg5 was the sole determinant of resistance to TTKSK, a 1:1 ratio would be
expected in F1-derived doubled haploids made from crosses between parents with
rpg4/Rpg5 and susceptible parents without rpg4/Rpg5. Considering the doubled
haploid progeny of each cross separately, different segregation ratios for
resistance/susceptibility were observed. Only progeny from one cross (MC0181-11 x
Full Pint) had an acceptable fit to a 1:1 ratio (Supplementary Table Appendix A1).

Considering all progeny derived from each of the resistance donors as distinct subpopulations (Table 2.3), only the progeny derived from MCO181-11 fit a 1:1 ratio,
but there was a better fit to a 1:3 ratio. A 1:3 ratio for resistance/susceptibility was
observed in the progeny derived from SH98076. Both 1:1 and 1:3 ratios were rejected
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for progeny derived from SB97197. When 110 doubled haploids were considered for
segregation analysis, (excluding the progeny derived from MC0181-31 and
TR02272), 22 were classified as resistant, with a CI mean of 2.1 and a range of 0.5 to
2.8. Eighty-eight doubled haploids were classified as susceptible, with a CI mean of
3.7 and a range of 2.9 to 4.1. These data do not fit the 1:1 ratio (χ2 = 38.76, P = 0.00)
expected for segregation of one gene. Rather, the data fit a 1:3 ratio (χ2 = 1.35, P =
0.24), for which the simplest explanation is independent assortment of alleles at two
loci.

Genetics of TTKSK resistance based on Rpg5 and Rpg1
All parental lines selected as donors of rpg4/Rpg5 were positive for the Rpg5
(resistance) allele (Table 2.1). The susceptible parents 04_028_36, Violetta, 10.0691,
10.1151, and Karma generated amplicons with the RpgQ-F6/PP2C-R2 primer
combination, diagnostic of rpg5 (the susceptibility allele). In the case of Full Pint and
Tibet 37, no amplicon was generated using primers targeting the Rpg5 alleles. The
phenotypically susceptible parent Oscar has the Rpg5 allele, according to the
diagnostic primers. However, re-sequencing revealed a single cytosine insertion
resulting in a premature stop codon and therefore a truncated RPG5 protein, as
described by Arora et al. (2013). All parental germplasm selected as a source of
resistance to TTKSK tested positive for the Rpg1 allele. Three of the TTKSKsusceptible parents (Table 2.1) amplified for rpg1; the remaining five failed to
amplify using Rpg1-specific primers and are therefore rpg1 homozygotes. Chi-square
tests revealed 1:1 segregation ratios for alleles at the Rpg5 and the Rpg1 loci, as
determined by allele specific primers (Table 2.4, Supplementary Table Appendix
A2).

Integrating resistance phenotype and resistance genotype
The allelic state at Rpg5 was not diagnostic of TTKSK resistance: 67% (n=43) of
doubled haploids with Rpg5 were susceptible to TTKSK using the CI >2.8 criterion.
Within the TTKSK-susceptible Rpg5 types, CI values ranged from 2.9 to 4.0. Within
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the TTKSK-resistant Rpg5 types, CI values ranged from 0.5 to 2.8. All rpg5 types
were susceptible: CI values ranged from 3.3 to 4.1. A chi-square test for
independence, comparing Rpg5 and rpg5/null marker genotypes for the number of
resistant vs. susceptible DHs, was performed. The result confirms that there are
different numbers of resistant and susceptible progeny in the two allele classes (χ2,
1df = 21.2, P < 0.001). Considering the only cross showing a 1:1 segregation ratio
(MC0181-11 x Full Pint), all resistant lines are carrying Rpg5 . However, two out of
three susceptible lines are positive for Rpg5. The allele sequences of the
phenotypically susceptible lines with Rpg5 were compared against Q21861 to
determine if susceptibility was a result of a non-functional RPG5 protein. There were
no differences in sequence, confirming that phenotypically susceptible lines have the
same Rpg5 allele present in Q21861. Considering Rpg1, there were 60 doubled
haploids with the Rpg1 allele: 9 were phenotypically resistant to TTKSK. There were
57 doubled haploids with the rpg1 or null alleles and 12 were phenotypically resistant
to TTKSK. All the resistant lines considered in the analysis of Rpg1 are carrying the
resistant Rpg5 allele. The chi-square test for independence comparing Rpg1 and
rpg1/null marker genotypes for the number of resistant vs. susceptible DHs was not
significant (χ2, 1df = 0.72, P = 0.39). These results indicate that Rpg1 is not a
determinant of resistance to TTKSK in the Cycle I population.

TTKSK resistance at the adult plant stage
In 2016, extremely low rust severities at Njoro precluded obtaining any meaningful
data on the germplasm. In 2017, doubled haploids that were resistant at the seedling
stage showed moderate to high levels of resistance at the adult plant stage, with
disease severities ranging from 1 to 20% (Supplementary Table Appendix A3). The
parents were not included in this trial. One doubled haploid (DH140410) had a
disease severity of 40%. This doubled haploid is rpg5rpg5 and has an average CI of
3.3. A second doubled haploid (DH140508) had a disease severity of 30% and was
Rpg5Rpg5 with a seedling CI of 3.4.
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Resistance to other diseases
A range of responses to stripe rust were observed in the 117 doubled haploids
evaluated in multi-location field trials. Data are available at
http://barleyworld.org/barley-stripe-rust-bsr (accessed April 2018). Doubled haploids
exhibiting resistance to all three rusts are shown in Table 2.5.

Association analysis
None of the statistical transformations improved the normality of the data, based on
the results of the Shapiro-Wilk test. Therefore, GWAS analysis was performed on
untransformed CI means. The first three principal components - explaining 34% of
the genetic variation - were incorporated into GWAS model. The first two principal
components explained 18.5 and 9.7% of the genetic variation respectively
(Supplementary Figure Appendix A7). The comparison between observed and
expected association p values in a quantile-quantile (QQ) plot is shown in
Supplementary Figure Appendix A8. Using a FDR threshold of 5%, nine significant
marker-trait associations were detected in the Cycle I population (Figure 2.1,
Supplementary Table Appendix A4). The significant markers (SCRI_RS_192640,
SCRI_RS_168091, SCRI_RS_181059, SCRI_RS_168668, BOPA2_12_30716,
SCRI_RS_165835, SCRI_RS_2824, BOPA1_5428-146, SCRI_RS_1458) map to a
~5 Mb region (638 - 643 Mb) on chromosome 5H (Mascher et al. 2017). This region
corresponds to a 4.4 cM region on the consensus linkage map of Muñoz-Amatriaín et
al. (2014a), from 153.8 to c158.2 cM. The rpg4/Rpg5 locus is in this interval,
according to the alignment of the consensus map and the barley genome sequence
(Mascher et al. 2017; Muñoz-Amatriaín et al. 2014a). The most significant marker
was SCRI_RS_192640, which explained 24% of phenotypic variation and is in
linkage disequilibrium with the other significant markers in the significant interval
(𝑅𝑅 2 > 0.7).
Hypothesizing that we could not detect minor QTLs that could account for the lack of
fit to the expected 1:1 ratio and for the TTKSK-susceptible lines with the Rpg5 allele
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due to the small sample size of the Cycle I population, we used a 10% FDR threshold
to detect additional loci. At this FDR, 16 additional SNPs were significantly
associated with stem rust resistance. Of these, 13 are in the same genome region as
those associated with rpg4/Rpg5 at FDR 5% (Figure 2.1, Supplementary Table
Appendix A4). We found two additional significant regions, on chromosomes 5H and
7H. The 5H region included one significant SNP (BOPA1_3333-1209) located at
~542 Mb (76.3 cM) and accounted for 11% of the phenotypic variation. Two
significant SNPs (SCRI_RS_149709 and BOPA2_12_20832) mapped to 134.9 cM
(~629 Mb). Each accounted for 10% of the phenotypic variation.

Subsequently, following the example of Lipka et al. (2013) and Lipka et al. (2015) we
chose a subset of 2,030 SNPs mapping to regions of the genome where QTLs
associated with resistance to multiple rusts are reported (chromosomes 4H, 5H, and
7H; (Castro et al. 2003a; Chen et al. 1994; Gutiérrez et al. 2015; Hayes et al. 1996).
Using this approach, we identified three regions containing 25 SNPs significantly
associated with resistance to TTKSK at the seedling stage. These regions coincide
with those identified on 5H and 7H using all marker data and an FDR threshold of
10%. There were no significant SNPs detected on chromosome 4H with either
approach.

Individual and joint effects of marker alleles on the TTKSK seedling resistance
phenotype
The doubled haploids in the Cycle I population were assigned to groups defined by
the combinations of alleles at Rpg5 and the 5H and 7H QTLs (Figure 2.2). In this
figure “+” and “-” indicate resistance and susceptibility alleles at QTLs, respectively.
The combination of the three most significant SNPs accounted for 45% of the
phenotypic variation in stem rust resistance. The allele combination Rpg5/7H+/5H+
had the lowest mean CI (2.4) and was present in 25 doubled haploids. The highest
mean CI (3.9) was found in the 32 doubled haploids with the rpg5/7H+/5Hhaplotype. The mean CI of the doubled haploids with the Rpg5/7H+/5H+ haplotype
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was significantly lower than that of any other combination of alleles at the three loci.
The TTKSK-resistant parents were also Rpg5/7H+/5H+, except MC0181-31 and
TR02272 which had the “-” allele at the 5H QTL. The ratio of Rpg5/7H+/5H+ vs. all
other allele combinations (25:94) fits a 1:3 ratio (χ2 = 1.01, P = 0.31). There were
approximately equal numbers of doubled haploids in four of the haplotype classes,
fewer in two classes and none in two classes. These deviations from the expected
eight classes were due to the low frequency of “-” alleles at the 7H QTL. When an
ANOVA was performed using the most significant SNPs at each QTL, the F-statistics
were significant for Rpg5, the QTL on 5H (QTL5), and the QTL on 7H (QTL7).
Significant interactions were detected for Rpg5*QTL5 and Rgp5*QTL7. The lack of
QTL5*QTL7 and Rpg5*QTL5*QTL7 genotypes did not allow testing the
significance of these interactions (Figure 2.2).

Discussion
We implemented a defensive breeding strategy in order to prepare barley producers
and users for the eventual arrival of stem rust race TTKSK to North America. In this
region, barley crops have been protected against stem rust epidemics by Rpg1
(Steffenson 1992), but this gene does not confer resistance to TTKSK (Steffenson and
Jin 2006; Steffenson et al. 2009). Moreover, there are few sources of resistance to
TTKSK: of 1,924 barley accessions screened for seedling resistance, less than 5%
were highly or moderately resistant (Steffenson et al. 2017). Although several QTLs
have been reported that confer varying degrees of resistance to TTKSK, only
rpg4/Rpg5 provides high levels of resistance at the seedling and adult stages (Mamo
et al. 2015; Moscou et al. 2011; Steffenson et al. 2009). Jin et al. (1994b) first
reported line Q21861, originally from the ICARDA/CIMMYT program in Mexico, as
a source of resistance to race QCC (now designed QCCJB) of stem rust. Breeding
programs based in Manitoba and Saskatchewan, Canada quickly took advantage of
the reported resistance of Q21861 to QCCJB and introgressed the resistance into
agronomically competitive backgrounds. These new carriers of the Q21861 resistance
are two-row, have spring growth habit, and include both covered (hulled) and naked
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(hulless) types (with and without adhering hulls, respectively). The resistance to race
QCCJB was subsequently found to co-segregate with the rpg4/Rpg5 resistance to race
TTKSK (Steffenson et al. 2009). Our goal was to introgress the rpg4/Rpg5 complex
from the Canadian germplasm into a broader array of accessions representing a range
of growth habits (spring, facultative, and winter) and end uses (malting and food).

At the outset, this appeared to be a relatively straightforward exercise involving
alleles at a complex locus that behaved as a single Mendelian factor. There was the
additional benefit of a perfect allele-specific marker for Rpg5 to track inheritance. We
were optimistic that the Cycle I population could have breeding value and be of
assistance in higher resolution analysis of the relationship of rpg4/Rpg5 with different
genetic backgrounds. Phenotyping for TTKSK resistance was available, thanks to the
extensive collaborative infrastructure provided by the Biosafety Level-3 Containment
Facility at the University of Minnesota for seedling assessments and the Kenya
nurseries, coordinated by the USDA-ARS, for confirming adult plant resistance. We
were able to transfer and detect the presence of rpg4/Rpg5 in doubled haploid
progeny derived from crosses between donors of resistance and susceptible recipient
parents. However, we encountered unexpected phenotypes in some resistance donors
and phenotypic ratios in the progeny that did not support mono-factorial inheritance.
These discoveries provided opportunities to assess the role of known genes in
different genetic backgrounds and to design and implement effective breeding
strategies for resistance to TTKSK and other diseases in barley.

The donors selected as resistant, all with the resistance allele at the Rpg5 locus
validated by allele-specific genotyping, exhibited a range of responses when
phenotyped for TTKSK at seedling stage. Three (MC0181-11, SH98076 and
TR02272) were highly resistant. Two (MC0181-31 and SB97197) were moderately
susceptible. The latter result was surprising, given that members of our research team
had observed, in previous studies, highly resistant reactions in all donors at the
seedling stage (Steffenson et al. 2017). We found that MC0181-31, and the 10
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doubled haploids derived from crosses with it, were susceptible. We can rule out
inadvertent selfing in the process of crossing, based on several lines of evidence. The
doubled haploids derived from MC0181-31 segregated for Rpg1, a locus at which
only MC0181-31 has the dominant allele. Haplotype inspection and re-sequencing
provided additional evidence that the presumed F1 plants used for doubled haploid
production were indeed F1s. Analysis of progeny with Violetta as the other parent
revealed the susceptible haplotype at markers in the genome region where rpg4/Rpg5
is located. When genome regions corresponding to QTLs on 5H and 7H were
analyzed, haplotypes from both parents were found, validating parentage. The larger
number of doubled haploids (n=40) produced from crosses with SB97197, compared
with those from crosses involving MCO181-31 (n=8), provided a greater opportunity
to explore the inheritance of resistance to TTKSK. Three doubled haploids with
greater resistance than the donor parent were recovered, suggesting that an additional
resistance allele is involved in this genetic background and that this allele traces to the
susceptible parent 04_028_36. The implication is that moderately susceptible
genotypes may have “unexpected” resistance alleles and that these alleles may
account for observed patterns of transgressive segregation. These findings on the
level of resistance conferred by rgp4/Rpg5, tracing to Q21861, when deployed in
different genetic backgrounds, can afford geneticists paths to explore regarding the
role of genetic background on the effects of “major” resistance genes.

Analysis of phenotypic data in the Cycle I population leads to the hypothesis that
rpg4/Rpg5 is necessary but not sufficient to confer resistance to race TTKSK: 67%
(n=43) of doubled haploid lines carrying the Rpg5 allele were susceptible. Variation
in infection type, ranging from 0; to 2, has been found in landraces and wild types
carrying the Rpg5 allele associated with resistance (Steffenson et al. 2017). The
existence of additional genes, beyond rpg4/Rpg5, is supported by previous research
using different generation types for genetic analysis. Jin et al. (1994a) used F2
populations derived from Q21861 crosses and reported 1:3 segregation ratios for
resistance/susceptibility in some of these populations. This was essential in
confirming the recessive nature of rpg4. In the current study, considering all cross
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progeny, the best fit was also a 1:3 ratio. However, in doubled haploids (as opposed
to F2s) this ratio suggests, in the simplest interpretation, the additive effects of alleles
at two unlinked loci. There are reports in the literature that the rgp4/Rpg5 alleles may
require additional genetic factors in order to confer resistance to TTKSK. Jin et al.
(1994a) found that in some F2 populations there was a 1:15 ratio of
resistance/susceptibility to race QCCJB, suggesting two unlinked recessive genes
associated with resistance. Mamo et al. (2015), reported that the F3 families from
crosses segregating for Rpg5 did not fit a 1:2:1 ratio for resistance to race TTKSK,
suggesting that more than one gene is conferring resistance. Evaluating resistance to
race QCCJB under field conditions using F3 lines derived from the cross Hiproly-15 x
Q21861, Fox and Harder (1995) also reported a segregation ratio of 1:15. (Sharma
Poudel et al. 2018) also reported additional factors required for rpg4-mediated
resistance. Cumulatively, these reports, and the results from the current study, point to
an essential role for another gene (or genes) if rpg4/Rpg5 is to confer a high level of
resistance to TTKSK. The F2 and F3 data from the prior reports suggest that resistance
at the unknown locus (or loci) is controlled by recessive alleles.

Identifying the other gene, or genes, is essential for a complete understanding of the
genetic basis of resistance to TTKSK, and for effective marker-assisted selection.
Using GWAS, we detected associations of SNP markers with seedling resistance to
TTKSK at genomic regions different from those for rpg4/Rpg5. These associations
approached the 5% FDR using all markers and exceeded the 5% FDR when we
targeted a subset of markers reported in the literature to be associated with resistance
to stem rust, leaf rust, and stripe rust. Although small populations, such as the one
used for the current study, have been used successfully for GWAS (Galeano et al.
2012; Gutiérrez et al. 2011; Wang et al. 2011), the power to detect a significant true
association between a trait and genotype is a function of allele frequency and
population size (Long and Langley 1999; Myles et al. 2009). In our case, population
size is certainly an issue affecting capacity to detect associations at the generally
accepted FDR of 5%. Also, the low frequency of the “-” allele on 7H is affecting the
capacity to detect significance for this minor QTL. Support for the possible biological
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relevance of the QTLs on 5H and 7H comes from: (1) the resistance mapping
literature; (2) phenotypic classification of Cycle I doubled haploids based on
haplotypes at rpg4/Rpg5 and the two QTLs; and (3) candidate genes coincident with
the 5H and 7H QTLs.

Using the consensus map of Muñoz-Amatriaín et al. (2014a), the putative QTL
detected on chromosome 5H is at 73.1-76.3 cM (~541 Mb). Zhou et al. (2014) and
Case et al. (2018b) used GWAS to map QTLs associated with TTKSK resistance at
both adult and seedling plant stages and reported significant marker-trait associations.
Using the significant markers they reported and the consensus map of MuñozAmatriaín et al. (2014a), these QTLs are at 68.5-71.5 cM (~532 Mb) on 5H. Mamo et
al. (2015) reported a seedling stage resistance QTL at 88.8 cM (~561 Mb), as
determined using the same consensus mapping process. Moscou et al. (2011) using a
bi-parental doubled haploid population, reported an adult plant resistance QTL at 74.9
cM. Case et al. (2018a) using a bi-parental population derived from resistant parent
PI382313 and susceptible parent Hiproly, found the most significant QTL for stem
rust resistance at 74-86 cM on chromosome 5H and hypothesized that this could be
due to Rpg3. This locus could not be placed on the consensus map due to a lack of
common markers. Rrr1 (required for rpg4-mediated resistance 1) was mapped to the
telomeric region of 5H (153.47 cM) in the progeny of Pinnacle and Q2186 (Sharma
Poudel et al. 2018). On chromosome 7H (long arm), we detected a putative QTL at
cM 135 (~629 Mb). There are reports in the literature of QTLs related to resistance to
TTKSK on chromosome 7H (Moscou et al. 2011; Sallam et al. 2017; Zhou et al.
2014) but not coincident with the QTL we detected. There are also reports of
genes/QTLs on 7H, at the same chromosome arm position as the QTL we detected,
related with resistance to stripe rust, leaf rust, and other races of stem rust (Castro et
al. 2003a; Chen et al. 1994; Gutiérrez et al. 2015; Hayes et al. 1996; Rossi et al.
2006). The coincidence of genes/QTLs conferring plant resistance to multiple
specificities of the same pathogen, or different pathogens, has been previously
reported (Inukai et al. 2006; Sato et al. 2001).
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The classification of the Cycle I population based on allele composition at Rpg5 and
two QTLs explains the observed phenotypic segregation ratio for TTKSK resistance
of 1 resistant: 3 susceptible. These results also support the phenotypic classification
system (resistant doubled haploids defined as CI < 2.8). Steffenson et al. (2017)
reported that the effects of rpg4/Rpg5, and other major genes conferring resistance to
rusts, can be affected by environmental signals (e.g. temperature), epidemiological
considerations (e.g. disease pressure), and genetic background. In the Cycle I
population, the highest level of resistance was observed in doubled haploids carrying
the resistant allele at Rpg5, and specific inferred alleles at the additional 5H QTL, and
the 7H QTL. All other combinations were significantly more susceptible than the
most resistant haplotype. The lack of doubled haploids with a “-” allele at the 7H
QTL suggests that some susceptible parents may have “+” alleles at this locus. From
a plant breeding perspective, introgression of resistance alleles based only on genetic
information is an attractive proposition. However, introgression of major resistance
genes into a diversity of genetic backgrounds can reveal previously unknown loci
with roles in resistance. Marker-assisted selection for specific loci known to be
essential for resistance – such as rpg4/Rpg5 – can thus be a useful screening tool, but
phenotypic validation is essential and can assist in revealing additional genes in the
resistance pathway.

Survey of a 2-Mb region surrounding significant SNPs from the 5H and 7H QTL
regions, based on the barley reference genome sequence (Mascher et al. 2017),
revealed 15 high confidence genes with annotations related to disease resistance. On
chromosome 5H, BOPA1_3333-1209 is contained in HORVU5Hr1G074340.2, a
gene annotated as a chitinase family protein. Chitinases play a major role in plant
defense (Xu et al. 2016) and are reported to be associated with resistance to fungal
diseases in barley, peanut, and banana (Backiyarani et al. 2015; Chen et al. 2010;
Grover 2012; Prasad et al. 2013). On chromosome 7H, SCRI_RS_149709 is located
in HORVU7Hr1G110200.15, a gene encoding a transmembrane protein receptor-like
kinase (RLK). Transmembrane protein kinases participate in a diverse range of
processes, including disease resistance (Shiu and Bleecker 2001) and are associated
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with pathogen resistance in rice and tomato (Sessa and Martin 2000; Song et al.
1995). This candidate gene search provides support for the biological relevance of the
detected QTLs, although deeper characterization is essential before cause-effect
relationships are established. Candidate genes and adjoining sequences can also
enrich the number of markers in target regions. The availability of candidate gene,
QTL, and cloned gene information can assist in achieving the long-term goal of
durable resistance to rusts in cereal crops. Introgression of rpg4/Rpg5 - together with
the 5H and 7H QTL alleles - is a first step.

Validation of seedling resistance at the adult plant stage is essential. In the case of
race TTKSK, this is hard to achieve due to the limited numbers of lines that can be
tested in the Kenya nurseries and the reliance on environmental conditions favoring
epidemic development. It is encouraging that doubled haploids resistant at the
seedling stage, with Rpg5, are also resistant at the adult stage. Doubled haploid
(DH140508) has Rpg5, but was rated susceptible at the seedling stage (CI 3.4),
evidence that genotyping for Rpg5, without phenotyping, will not always select for
TTKSK resistance.

Pyramiding additional major genes and QTLs is the next step: successful examples
for other plant diseases have been described (reviewed by Pilet-Nayel et al. (2017)).
Pyramiding can also assist in increasing the overall level and spectrum of disease
resistance, ultimately leading to broad-spectrum resistance (Friedt and Ordon 2007).
For example, while Rpg1 is not directly associated with TTKSK resistance, its
presence may trigger residual resistance to TTKSK and other rusts (Steffenson et al.
2017). More broadly, multiple diseases are likely to threaten crop production in any
given environment. For example, barley stripe rust is an important disease in the
Pacific Northwest of the US (Line 2002) and leaf rust is becoming increasingly
prevalent in the region. We therefore screened the Cycle I population for adult plant
resistance to stripe and leaf rust in multi-environment field trials and identified
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doubled haploids with resistance to TTKSK and these other rusts (Table 2.5 and
Supplementary Table Appendix A5).

Conclusion
This study underscores the importance of germplasm and data exchange in order to
meet the challenges of current and emerging diseases, while at the same time
developing varieties that meet quality and agronomic expectations. For example,
Q21861 was first reported as a source of resistance to stem rust QCCJB in 1994 (Jin
et al. 1994a). Subsequently, Sun et al. (1996) found that this accession confers
resistance to P. graminis f. sp. secalis isolate 92-MN-90. This resistance cosegregated with resistance to race QCCJB (Brueggeman et al. 2008) found that the
rpg4/Rpg5 complex locus consists of four genes and that rpg4 and Rpg5 are required
to confer resistance to QCCJB, although Rpg5 is required for resistance to rye stem
rust. Later, Steffenson et al. (2009) found that resistance to TTKSK co-segregated
with resistance to QCCJB and 92-MN-90. This resistance was then introgressed into
adapted genetic backgrounds (Beattie, Legge, and Rossnagel, personal
communication). The work of Brueggeman et al. (2008) and Arora et al. (2013) led to
the development of a perfect marker for Rpg5. Meanwhile, the international barley
community developed genomics resources, including SNP arrays (Close et al. 2009) ,
consensus maps (Muñoz-Amatriaín et al. 2014a; Muñoz-Amatriaín et al. 2011), and a
reference genome sequence (Mascher et al. 2017). Twenty-four years after the
initiation of this process, we provide this Cycle I germplasm, characterized at the
phenotypic and genotypic levels, as a community resource for continued genetic
analysis and breeding.
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Tables
Table 2.1: Parental accession reactions to seedling inoculation with Puccinia graminis f. sp. tritici race TTKSK.
Line
MC0181-11

Origin
Saskatchewan, Canada (University of Saskatchewan)

IT-M (GR)a
210; (R)

CIb
2.5

Genotypec
Rpg1, rpg4/Rpg5

MC0181-31

Saskatchewan, Canada (University of Saskatchewan)

3- (MS)

3.3

Rpg1, rpg4/Rpg5

SH98076

Saskatchewan, Canada (University of Saskatchewan)

0; (R)

0.5

Rpg1, rpg4/Rpg5

SB97197

Saskatchewan, Canada (University of Saskatchewan)

23- (MR)

3.2

Rpg1, rpg4/Rpg5

TR02272

Manitoba, Canada (Agri-Food Canada)

1-20; (R)

1.8

Rpg1, rpg4/Rpg5

Oregon, USA (Oregon State University)

2;3- (S)

3.4

------, ------------- d

Germany (Ackerman Saatzucht GmbH & Co.)

33+ (S)

4.1

rpg1, Rpg4/rpg5

Gemany (Saatzucht Josef Breun GmbH & Co)

3 (S)

4.0

rpg1, Rpg4/rpg5

Oregon, USA (Oregon State University)

3 (S)

4.0

rpg1, Rpg4/rpg5

Oregon, USA (Oregon State University)

3 (S)

4.0

------, Rpg4/rpg5

Tibet (USDA NSGGC PI 60205 )

23 (S)

3.7

------, Rpg4/rpg5

Washington, USA (Washington State University)

3- (S)

3.5

------, rpg4/Rpg5 e

Tibet (James Hutton Institute, Scotland)

23 (S)

3.7

------, ------------- d

Full Pint
04_028_36
Violetta
10.0691
10.1151
Karma
Oscar
Tibet 37

a Infection type mode (IT-M) observed on parental accessions based on the 0-4 scale of Stakman et al. (1962) as modified for barley by Miller and Lambert (1955). GR is the
general reaction: R = resistant, MR = moderately resistant, MS = moderately susceptible and S = susceptible.
b

Coefficient of infection mean from two replicates calculated as described by Zhou et al. (2014).

c

Rpg1 and rpg4/Rpg5 are resistant genotypes and rpg1 and Rpg4/rpg5 are the susceptible genotypes.

d

No PCR amplification product.

e

Rpg5+ allele amplicon, premature stop codon.
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Table 2.2: Number of doubled haploids produced from each cross. Reaction classification was recorded based on the threshold coefficient of infection ≤ 2.8.
Pedigreea

MC0181-11 x 10.1151

Number of DH
1

Resistant
0

Susceptible
1

MC0181-11 x Tibet 37

2

1

1

MC0181-11 x Full Pint

6

3

3

10.0691 x MC0181-11

3

0

3

04_028_36 x MC0181-11

1

0

1

MC0181-11 X ______

13

4

9

MC0181-31 x Oscar

5

0

5

Violetta x MC0181-31

3

0

3

MC0181-31 X ______

8

0

8

SH98076 x 10.1151

34

8

26

SH98076 x Karma

1

1

0

SH98076 x Full Pint

20

5

15

Violetta x SH98076

1

1

0

SH98076 X ______

56

15

41

SB97197 x 04_028_36

29

3

26

SB97197 x Violetta

11

0

11

SB97197 X ______

40

3

37

Violetta x TR02272

2

0

2

TR02272 X ______
Total DH lines
a Total

2

0

2

119b

22

97

numbers of doubled haploid progeny for each donor parent are given in bold. Progeny excluded from genetic analyses are given in italics.
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b Lines

used for GWAS.

Table 2.3: Chi-square tests for coefficient of infection, at the seedling stage, in the TTKSK Cycle I population. Doubled haploids from each pedigree are
classified as resistant or susceptible based on a coefficient of infection threshold of 2.8.
Number of DH lines

1:1

1:3

Total

Resistant

Susceptible

χ2

All

110

22

88

38.76

0.00

1.35

0.24

MC0181-11 x__

13

4

9

1.92

0.16

0.23

0.63

SH98076 b

57

15

42

12.79

0.00

0.05

0.81

40

3

37

28.90

0.00

6.53

0.01

Pedigreea

x__

SB97197 x__
a Progeny
b One

from parents MC0181-31 and TR02272 were excluded from the chi-square test.

doubled haploid with phenotype, but no genotypic information was included for segregating analysis.

Prob(>χ2)

χ2

Prob(>χ2)
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Table 2.4: Chi-square tests for allele-specific markers targeting Rpg5 and Rpg1 in the TTKSK Cycle I population.
Number of DH linesa
Type

Rpg5

Resistant

21

0

Susceptible

43

40

Total

64

53

a 117/119

rpg5

1:1
null

χ2

Number of DH lines
Prob

1:1

Rpg1

rpg1

null

0

9

2

10

13

51

21

24

60

57

1.03

(> χ2)

0.31

doubled haploids were genotyped for Rpg5 and Rpg1, respectively.

χ2

0.10

Prob
(> χ2)

0.78
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Table 2.5: Selected doubled haploids from the TTKSK Cycle I population with resistance to stripe rust
(incited by Puccinia striiformis f. sp. hordei), leaf rust (incited by Puccinia hordei) and TTKSK stem
rust (incited by Puccinia graminis f. sp. tritici).
Stripe

Leaf

Stem

Kenya

Kenya

Growth

Spike

Hull

Rusta

Rusta

Rustb

'16c

'17c

Habitd

typee

Type

SH98076/Full Pint

10.0

13.7

0.7

NDf

10.0

S

Two

Hulled

DH140078

SH98076/10.1151

10.0

3.0

1.6

ND

ND

F

Two

Hulless

DH140512

SH98076/Full Pint

6.0

8.7

1.9

0.0

1.0

S

Two

Hulled

DH140080

SH98076/10.1151

1.7

7.3

1.9

0.0

10.0

F

Two

Hulless

DH140515

SH98076/10.1151

3.3

7.3

2.2

0.0

1.0

F

Two

Hulless

DH140030

SH98076/10.1151

11.7

10.0

2.3

0.0

10.0

W

Six

Hulless

DH140077

Violetta/SH98076

3.3

10.3

2.8

0.0

1.0

W

Two

Hulless

8.3

3.3

2.8

0.0

1.0

S

Two

Hulled

Line

Pedigree

DH140278

DH140076

MC0181-11/Full
Pint

DH140273

SH98076/Full Pint

3.3

10.3

2.8

0.0

10.0

S

Two

Hulled

DH140215

SH98076/10.1151

3.3

10.7

2.8

ND

ND

F

Six

Hulless

Disease severity expressed as percentage. Data collected in field evaluation in Corvallis, OR, Davis, CA and
Mount Vernon, WA.
a

Coefficient of infection based on infection type as described by Zhou et al. (2014). Data was collected in a
Biosafety Level 3 Containment Facility at University of Minnesota.
b

c

Field stem rust evaluations in the field. Disease severity expressed as percentage.

d

F = facultative, S = spring, W = winter.

e

Two = Only central spikelets fertile. Six = All spikelets fertile. Komatsuda et al. (2007).

f

No data for lines in that year
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Figures

Figure 2.1: Manhattan plot from GWAS of seedling resistance to TTKSK using coefficient of infection
(CI) means in the TTKSK Cycle I population. The y axis and x axis correspond to –log10 p-values and
chromosome physical position based on reference genome from Mascher et al. (2017) for each SNP,
respectively. The continuous line indicates the 5% FDR. The dotted line indicates the coincident
threshold levels at FDR 10% using all SNPs and at 5% using a subset of SNPs.
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Figure 2.2: Coefficients of infection in the TTKSK Cycle I population, classified according to multilocus haplotype at Rpg5 and minor QTL regions on chromosomes 5H and 7H. “+” and “-” refer to
resistance and susceptibility alleles, respectively. Bars represent the mean for each haplotype plus or
minus standard error.
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and development of resistant germplasm
1

Javier Hernandez, 2Alicia del Blanco, 1Tanya Filichkin, 1Scott Fisk, 2Lynn

Gallagher, 1Laura Helgerson, 1Brigid Meints, 3Chris Mundt, 4Brian Steffenson,
1

1

Patrick Hayes

Department of Crop and Soil Science, Oregon State University, Corvallis, OR

97331; 2Department of Plant Sciences, University of California-Davis, Davis, CA
95616; 3Department of Botany and Plant Pathology, Oregon State University,
Corvallis, OR 97331; 4 Department of Plant Pathology, University of Minnesota, St
Paul, MN 55108.

Abstract
Stripe rust (incited by Puccinia striiformis f. sp. hordei) and stem rust (incited
by Puccinia 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 QTLs for
stem rust resistance, we generated an array of germplasm in which we mapped adult
plant resistance to stripe rust and both seedling and adult plant resistance to stem rust.
Stem rust races TTKSK and QCCJB were used for seedling and adult plant resistance
mapping, respectively. Resistance to stripe rust 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 seedling resistance QTL for
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stem rust identified in prior research, was required for adult plant resistance 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.

Key Words
Stripe rust, stem rust, barley, TTKSK, QTL, multi-resistance

Introduction
Barley (Hordeum vulgare L) is an ancient crop, with production beginning some
10,000 years ago (Badr et al. 2000). Today, barley is the fourth most important cereal
crop in the world (FAOSTAT 2017) 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 understanding key
relationships between science and agriculture (Muñoz-Amatriaín 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 (Pgt) and Puccinia striiformis f. sp. hordei
(Psh), 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).
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Pgt 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 bred into
barley (Rpg1) is not effective against TTKSK; thus, barley production is vulnerable if
this race is introduced to the region (Steffenson et al. 2017; Steffenson et al. 2013).
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 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 and Kang 2017; Chen et al. 1995; Line 2002). Since
its initial detection in Colombia in 1975 (Dubin and Stubbs 1986), the disease spread
throughout the Americas, reaching the US 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 are known (Chen and Line 1999; Chen and Line
2003). Additionally, numerous other studies have identified and mapped quantitative
trait loci (QTL) for seedling and adult plant resistance (Belcher et al. 2018; Castro et
al. 2003a; Esvelt Klos et al. 2016; Gutiérrez et al. 2015).
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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 (ASR) 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 (APR) is expressed only at adult
growth stages, 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 genefor-gene resistance are well known as new virulent races can more easily overcome
resistance (Chen 2005; Parlevliet 1983). APR has greater potential to be durable, but
multi-gene inheritance requires extensive field testing. One successful approach is to
develop lines that carry both ASR and APR 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 markerassisted selection (MAS), can enable plant breeders to map 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 markerfacilitated 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 and QTLs. 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
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candidate genes (Muñoz-Amatriaín 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-Amatriaín et al. 2014a), association analysis
(Belcher et al. 2018; Case et al. 2018b), and QTL mapping (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. 2003b; Castro et al.
2002b; Esvelt Klos et al. 2016; Vales et al. 2005).
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Materials and Methods
Plant materials
A set of 358 doubled haploid barley lines (hereafter referred to as Cycle II) were
derived from 8 crosses among five TTKSK-seedling resistant selections from Cycle I
(Hernandez et al. 2019), five putatively TTKSK-seedling susceptible Oregon State
University (OSU) breeding lines, and three potentially TTKSK-seedling resistant
sources from University of California (UC)-Davis (Table 3.1). The selection of Cycle
I parents was based on their phenotype as well as the presence of the resistance allele
Rpg5 and the most significant SNPs defining QTLs 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 disease resistance. Based on
data from stem rust nurseries grown at Njoro, Kenya and Debre Zeit, Ethiopia from
2010 – 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 2-rowed, 77 are 6-rowed, 31 require vernalization,
327 do not require vernalization, 305 are covered (hulled) and 53 are naked (hulless).

Adult plant resistance to stripe rust
Barley stripe rust (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 APR 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: (1) Robust, a highly
susceptible six-rowed spring barley; (2) Thoroughbred, a moderately to highly
susceptible six-rowed winter variety; and (3) 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
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DV18. Both are two-rowed spring types. A border composed of an equal mixture of
Robust and Thoroughbred surrounded each experiment. Artificial inoculation was
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 GS 31-34)
(Zadoks et al. 1974) by needle-injecting into stems a mixture of urediniospores of
three BSR races--Psh 46, Psh 48, and Psh 72--collected in the same field the previous
season. At Corvallis, artificial inoculation was performed in 2019 using BSR races
Psh 33 and Psh 52, kindly provided by Dr. 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 a mixture of spores
and talcum powder (in a 1:10 ratio) twice, 10 days apart, during the tillering stage
(Zadoks GS 29-31). 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 severity (SEV) was rated as the percentage of diseased leaf area on a singlerow 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 0-9
was used for recording the infection types 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.

Seedling resistance to stem rust
The Cycle II panel, parents, and checks were scored for their infection types (ITs) to
Pgt-TTKSK in the Biosafety Level-3 Containment Facility at the University of
Minnesota (St. Paul, MN USA). A randomized complete block design with two
replicates and replicated controls was used. Q21861 (PI584766) 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
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Q21861. Hiproly (PI60693) and PI 532013 were used as susceptible controls; they
have susceptibility alleles at both loci. When the first leaves of plants were fully
expanded (five plants per pot), they were inoculated with Pgt-TTKSK and evaluated
for their ITs using a 0 to 4 scale 12-14 days post inoculation as described in
Steffenson et al. (2017). Briefly, seeds were planted in a greenhouse and grown at 20
to 22°C with 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 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 12-14 days,
stem rust ITs were assessed based on the 0-4 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 2.7 was 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).

Adult plant resistance to stem rust
The Cycle II panel was evaluated for stem rust resistance at the adult plant stage in
field trials conducted at the University of Minnesota (Saint Paul, MN) during two
growing seasons (MN18 and MN19). Due to the harsh winters in Minnesota, the trial
was spring planted (7 of May in 2018 and 14 of May in 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 (Zadoks GS 55-87). Pgt race QCCJB was used
to evaluate APR in this nursery. This race is virulent to Rpg1 and therefore can be
used as surrogate race to test for resistance to TTKSK, as both races are virulent to
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this gene (Arora et al. 2013; Case et al. 2018b). Q21861, Steptoe, and PI 532013 were
used as checks. Q21861 is the resistant check, possessing both Rpg1 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-injected with PgtQCCJB urediniospores at the tillering stage (Zadoks GS 29-31) as described by Case
et al. (2018b). Briefly, 1 g of fresh urediniospores was suspended in 1 L of distilled
water 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, Herefordshire, UK), was used to apply the
spores at a rate of 1 L per 800 plots. Adult plant resistance was assessed visually as
disease severity (0-100%) 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 linear model using lme4 in R, where variables
were included as random effects. Broad sense heritability (𝐻𝐻 2 ) estimates were

calculated for each disease using the restricted maximum likelihood method (REML)
by a random effect model. The best linear unbiased predictions (BLUPs) for each line
across environment were obtained.
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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 stochastic imputation methods. Additional SNP information, 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 (𝑟𝑟 2 ) estimates using a sliding window of 25 adjacent markers to identify
non-redundant SNPs. Out of 28,587 SNPs, 9,918 markers were in perfect LD with

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.
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Genome Wide Association Mapping
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 adult plant resistance were evaluated for all single environments and
BLUPs across environments. Association mapping was conducted using three
different models: 1) a general linear model accounting only for population structure
(𝑄𝑄 model), 2) a mixed linear model accounting only for kinship (𝐾𝐾 model) and, 3) a
mixed linear model including population structure as a fixed effect and kinship as a
random effect (𝑄𝑄 + 𝐾𝐾 model). The 𝑄𝑄 model can be defined as 𝑦𝑦 = 𝑋𝑋𝑋𝑋 + 𝑄𝑄𝑄𝑄 + 𝑒𝑒; the

𝐾𝐾 model can be denoted as 𝑦𝑦 = 𝑋𝑋𝑋𝑋 + 𝑍𝑍𝑍𝑍 + 𝑒𝑒; and the 𝑄𝑄 + 𝐾𝐾 model can be defined as
𝑦𝑦 = 𝑋𝑋𝑋𝑋 + 𝑄𝑄𝑄𝑄 + 𝑍𝑍𝑍𝑍 + 𝑒𝑒, where 𝑦𝑦 = the vector of mean severity for each line, 𝑎𝑎 = the

vector of marker effects, 𝑣𝑣 = the vector of fixed population effects, 𝑢𝑢 = random

genetic background effects, and 𝑒𝑒 = residuals. 𝑋𝑋, 𝑄𝑄, and 𝑍𝑍 are incidence matrices that
connect response variables with effects. To account for population structure, the first
three principal components from the PCA were included. A kinship matrix was

estimated using the final SNP set (18,669 markers) to account for genetic relatedness
among lines in the Cycle II panel. To avoid false positive associations arising from
multiple test comparisons in the evaluated models, a False Discovery Rate (𝑞𝑞 < 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 region were 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 combinations was performed using lines
carrying Rgp5 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 (𝛼𝛼 = 0.05) was
performed.
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Candidate genes
Using the BARLEYMAP database (Cantalapiedra 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 adult plant stripe rust resistance. 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 Figure Appendix B6 A-D). As data
transformation did not improve normality, raw data were 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 GxE effects were also significant. Heritabilities were moderate to
high, ranging from 0.62 in Corvallis to 0.74 in Davis. The infection type rating
exhibited the highest heritability at 0.83 (Supplementary Table Appendix B1).
Because a high correlation between SEV and IT was observed for both years in Davis
(r = 0.80), only severity values will be reported hereafter. Pearson correlations for
barley stripe rust severity within and across locations were 0.71 and 0.68, respectively
(Supplementary Table Appendix B3). 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).
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Stem rust resistance at seedling stage. As shown in Figure 3.1A, at the seedling stage
the resistant and susceptible checks performed as expected. Some of the parents and
progeny, however, did not perform 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 Appendix B2). The resistance status of the OSU “susceptible”
parents was further confirmed by the resistant phenotypes of their progeny (Table
3.2). Segregation for resistance was observed for just one of the three parents but in a
low percentage (5 out 67 lines susceptible), and one of the two resistant UC-Davis
selections segregated for resistance. Using a resistance threshold of CI ≤ 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).

Stem rust resistance at adult stage. The adult plant stage disease severities were
markedly different from the seedling stage disease evaluations and they were also
different across years (MN18 vs. 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 3.1 and 3.2. The adult plant
data are thus based on 327 DH lines, 9 parents, and 3 checks. Disease severities were
higher in 2019 than in 2018 as evidenced by Steptoe (23% in MN18 and 60% in
MN19) and PI 532013 (40% in MN18 and 50% in MN19). The resistant check,
Q21861, also had a higher disease severity in 2019: 3% (MN18) vs. 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. 1994a; Steffenson et al. 2017). Higher
inoculum pressure may also have played a minor role.
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The progeny also showed different phenotypic distributions for resistance at the adult
plant vs. seedling stage, and between years for the adult plant reaction (Table 3.2,
Supplementary Figure Appendix B7). At the seedling stage, there were markedly
more resistant lines compared to adult plant stage evaluations in MN18 and MN19
(Figure 3.2). Using the mean of check Q21861 plus one standard deviation as a
threshold to identify resistant lines within each year, 40 (12%) of the progeny were
resistant in 2018 (threshold = 5.3%), whereas in 2019 (threshold = 33%), 141 (43%)
of the progeny had lower levels of disease than Q21861. However, possibly due to
higher temperatures in 2019, the number of resistant progeny may be inflated by
partial escapes due to early maturity. Therefore, the 2019 data were divided into two
groups: early (HD <59, n = 168) and late heading date (HD≥59, n = 157
(MN19HD59)) (Supplementary Figure Appendix B8). In the early HD group, 98
(58%) lines were classified as resistant based on comparison to the check, whereas
only 43 (27%) lines were classified as resistant in the late HD group (MN19HD59).
Using a pre-defined 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 (Figure 3.2). As shown in Supplementary Figure Appendix B9, there
were always fewer resistant lines at the adult plant stage compared to 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 3.1). 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 rpg5 allele types was
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resistant and two of the Rpg5Xx types were resistant. The three UC-Davis putatively
resistant parents all showed no amplification product (Rpg5Xx). At the seedling stage,
two of the three UC-Davis lines with Rpg5Xx exhibited a resistance reaction (Table
3.1).

Of the 358 progeny in Cycle II, 190 (53%) were positive for Rpg5, 29 (8%) were
positive for rpg5, and 139 (39%) were Rpg5Xx. As shown in Table 3.2, progeny
segregated as expected for allele type at the Rpg5 locus. For example, progeny of
Rpg5 x 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 adult plant resistance, 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 to control
Q21861 and only 3.3% were susceptible compared to 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 Appendix B4). Considering adult plant disease severity in 2018 and 2019
(MN19HD59), seven (2%) lines had an average disease severity mean of ≤6%
(Supplementary Table Appendix B5). Of these, 5 were positive for Rpg5 and 2 were
positive Rpg5Xx. All were resistant at the seedling stage.

Association mapping
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
barley stripe rust based on BLUPs obtained across all locations and years (Figure
3.3E). The peak on 1H was split into two resistance loci, 1H.a at 3700002 Mb (4.96
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cM) and 1H.b at 8935735 Mb (11.46 cM) based on linkage disequilibrium analysis
(𝑅𝑅 2 < 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 a maximum of 46%
(Table 3.3).

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 3.3A
and Table 3.3, the largest effect is on chromosome 5H and is located at the genome
coordinates of Rpg5. The second QTL is on chromosome 3H (QTL3). The adult plant
phenotype data from MN18 revealed two QTLs: both on 5H (Figure 3.3B and Table
3.3). One of the QTLs is at the genome coordinates of Rpg5 and the other is at cM
70.14. Using all phenotype data from MN19, one QTL was detected on chromosome
2H (Figure 3.3C 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 co-factor with the complete data set, no QTL were detected (Supplementary
Figure Appendix B10). GWAS was then performed on the two subgroups of the 2019
data (HD<59 and HD≥59). In the early group, no QTLs were detected. In the late
group, a QTL on 5H was identified (Figure 3.3D and Table 3.3). The most significant
SNP at this QTL is ~5.4 cM proximal to the most significant marker for the adult
plant resistance QTL identified in MN18.

Using Rpg5 allele-specific amplification data, lines with different allele combinations
for Rpg5 and QTL3 were compared for stem rust resistance at the seedling stage
(Supplementary Figure Appendix B11). 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
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(CI = 2.3) compared to 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 (Figure 3.4). 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). The mean 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 the most significant SNPs
using BLUPs was 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 protein 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
HORVU1Hr1G004140, 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 ~0.5 Mb downstream from the most
significant marker on 4H (JHI-Hv50k-2016-264205). At 5H, marker JHI-Hv50k2016-311988 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).
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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
HORVU3Hr1G081050, a receptor kinase 2 gene that has been associated with
pathogen recognition in plants (Goff et al. 2007). The most significant marker
associated with the QTL on 5H was SCRI_RS_155322, located at 640002826 Mb
(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 5H
at 528355399 Mb (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_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 529392430 Mb (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: (1) the importance of developing a catalog of
multiple, mapped resistance genes and QTLs, (2) expression of seedling vs. adult
plant resistance, (3) the influence of environmental factors in disease resistance
phenotyping, and (4) the development of germplasm with resistance to multiple
diseases.
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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 that had all three
resistance alleles (Rpg5, QTL5, and QTL7), were chosen as the resistant parents. The
recipients of the 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 seedling
resistance QTL on 5H in the Cycle I selections was inferred from the allele type at the
most significant SNP.

Unexpectedly, three lines from the OSU barley program that were thought to be
susceptible (Thunder, DH120412, 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 from OSU 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 Rpg5positive 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 was 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
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carrying Rpg5. Sharma Poudel et al. (2018) found that locus Rrr1 (required for rpg4mediated resistance 1) is required along with the rpg4/Rpg5 complex to confer
resistance. In this study, neither QTL5 or 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 to lines carrying only Rpg5. The requirement of other elements to
achieve higher levels of resistance in the presence of Rpg5 is confirmed by lines
carrying the Rpg5 resistance allele but exhibiting a susceptible reaction at the 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 for assessing adult plant resistance to TTKSK. Based on data from the adult
plant phenotype data from 2018, the rp4/Rpg5 complex was 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 ≥30%. 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 adult plant resistance in
Cycle II. This QTL, however, is over 10 cM distal to the seedling resistance QTL
reported by Hernandez et al. (2019). Using a diverse panel of advanced breeding
lines and cultivars from ten US barley breeding programs, Zhou et al. (2014),
reported that 11_11355 at 527152265 Mb (~72.71 cM) had a significant marker
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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 x 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 documented (Jin et al. 1994a;
Steffenson et al. 2017; Sun and Steffenson 1997). Confirmation of this temperature
sensitivity was 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 the value of the 5H QTL 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 (Figure 3.3B and 3.3D) and
in the two-locus haplotype analysis (Figure 3.4). 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
adult plant resistance was performed on genotypes with heading dates >59 days.

The possible occurrence of multiple resistance alleles in this region (cM 70.14- cM
75.56) of 5H is supported by the fact that all of the Cycle I parents were resistant in
MN18 but only one was resistant in MN19. Haplotype analysis of the progeny from
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Cycle 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
between cM 70.14 and cM 75.56 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 QTL we 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 28-50% 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 Psh races (PSH-1, PSH13, and PSH14). This QTL is coincident
with the QTL reported by Toojinda et al. (2000). Richardson et al. (2006) used MAS
to introgress and validate this major QTL into the susceptible genetic background of
cultivar Baronesse. We confirmed this major effect QTL in our Cycle II population,
which expressed a large effect for adult plant resistance 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 bi-parental population from cross Lenetah × GZ. Calicuchima-sib was
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 Mexicobased ICARDA/CIMMYT program, under the direction of the late Dr. Hugo Vivar,
was the source of the stripe rust resistance QTLs on chromosomes 1H, 4H, and 5H in

61

the OSU program (Chen et al. 1994; Toojinda et al. 2000). These QTL alleles have
remained effective against prevailing races in the US since their first deployment 25
years ago. In this report, we confirm the 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 non-race
specificity of these resistance loci. Furthermore, the BLUPs used to detect significant
genomic regions associated with 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 barley stripe rust. 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 and Rees 1992; Jin et
al. 1994a). In this report, we confirm the necessity of this locus for adult plant
resistance to stem rust, as well as its limitations. Additional factors are necessary for
resistance, including one or more of the QTLs discovered at the seedling and adult
plant stages. Interestingly, the stripe rust resistance QTL on chromosome 5H is in the
same ~6 cM interval as the QTL(s) associated with resistance to stem rust at the adult
plant stage. Genes/QTLs conferring resistance to multiple specificities of the same
pathogen, 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 adult plant stem rust resistance
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 two pathogens. These
genotyping tools, or derivatives of them, will be useful in systematically and
efficiently pyramiding resistance genes/QTL, and selecting for other economically
important traits in new germplasm.
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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 complex and the absence of 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 the BSR resistance QTLs on 1H, 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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Tables
Table 3.1a: 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

a Infection-type mode (IT-M) after infection by Puccinia graminis f. sp. tritici race TTKSK observed on parental accessions based on the 0–4 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).
b

General reaction (GR): MR, moderately resistant; MS, moderately susceptible; R, resistant; 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 Puccinia graminis f. sp. tritici race QCCJB under field conditions in Minnesota during 2018 and 2019 (MN18, MN19).

Allele types are shown for the Rpg4 and Rpg5 loci when there was amplification with allele specific primers. The ‘-------‘ symbol indicates no amplification. See text for
definition of Rpg5Xx.
e

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 in
italic were potentially resistant (from University of California, Davis)

f

g

Parents with vernalization requirements were not evaluated under spring planting conditions.

h

Seed not available for these parents during MN19.
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Table 3.1b: Parental accession information of the Cycle II barley population. (Continued)
Line

Pedigree

Origin

IT-Ma (GR)b

CIc

MN18d

MN19

Genotypee

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

California, U.S.A (UC-Davis)

10; (R)

1.6

7.5

15.0

-------

(UC1134)//Madera/UC937
DH130939

Full Pint/VIOLETTA

Oregon, U.S.A (Oregon State University)

0;1 (R)

0.9

17.5

NAh

-------

DH130004

SHORT11-7 (TC6W265)//HERZ

Oregon, U.S.A (Oregon State University)

23-1 (MS)

3.1

25.0

NAh

-------

Oregon, U.S.A (Oregon State University)

10; (R)

1.6

NA

NA

-------

29494/2991 (35)
DH120412g

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

Infection-type mode (IT-M) after infection by Puccinia graminis f. sp. tritici race TTKSK observed on parental accessions based on the 0–4 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).
a

b

General reaction (GR): MR, moderately resistant; MS, moderately susceptible; R, resistant; 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 Puccinia graminis f. sp. tritici race QCCJB under field conditions in Minnesota during 2018 and 2019 (MN18, MN19).

Allele types are shown for the Rpg4 and Rpg5 loci when there was amplification with allele specific primers. The ‘-------‘ symbol indicates no amplification. See text for
definition of Rpg5Xx.
e

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 in
italic 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.
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Table 3.2: Segregation for resistance to Puccinia graminis f. sp. tritici in Cycle II barley population progeny.
Pedigree

a

Seedling

MN18

MN19

MN19HD59d

Genotypee

Na

Rb

S

N

Rc

S

R

S

N

R

S

Rpg5

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

DH140278/DH130939

46

46

0

46

1

45

9

16

26

3

23

21

DH140278/ Thunder

23

23

0

19

0

19

3

37

12

2

10

13

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

rpg5

Rpg5Xx

19
25
10

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

c 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 Puccinia graminis f. sp. tritici race QCCJB in 2018 and 2019.
d

MN19HD59 refers to DH progeny in 2019 with heading dates ≥ 59 days after planting.

e

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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Table 3.3: Single nucleotide polymorphism (SNP) markers significantly associated with resistance to stem rust and stripe rust in the Cycle II barley population.
Marker

chra

posa

cMa

Seedlingb

MN18c

MN19c

MN19H59d

BLUP-Seve
p value

R2

p value

R2f

p value

R2

p value

R2

p value

R2

Stem Rust
SCRI_RS_155322

5

640002826

150.07

4 x 10-9

0.10

----

----

----

----

----

----

JHI-Hv50k-2016-200274

3

608425214

90.16

3 x 10-6

0.06

----

----

----

----

----

----

JHI-Hv50k-2016-311904

5

528355399

70.14

----

----

2 x 10-7

0.08

----

----

----

----

SCRI_RS_10924

5

641259883

151.25

----

----

4 x 10-5

0.05

----

----

----

----

JHI-Hv50k-2016-73712

2

29727848

19.90

----

----

----

----

2 x 10-6

0.07

----

----

3 x 10JHI-Hv50k-2016-312045

5

529392430

75.56

----

----

----

----

----

----

5

0.11

BOPA2_12_30918

1

8935735

11.76

----

----

----

----

----

----

----

----

3 x 10-16

0.20

JHI-Hv50k-2016-3887

1

3700002

4.96

----

----

----

----

----

----

----

----

3 x 10-8

0.09

JHI-Hv50k-2016-264205

4

616425085

97.45

----

----

----

----

----

----

----

----

7 x 10-5

0.04

JHI-Hv50k-2016-311988

5

529074874

72.84

----

----

----

----

----

----

----

----

7 x 10-5

0.04

Stripe rust

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

b

Reaction to Puccinia graminis f. sp. tritici race TTKSK at seedling stage.

c

Reaction to Puccinia 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 ≥ 59 days after planting in 2019.
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e BLUP-Sev represents the best linear unbiased predictor for stripe rust severity, after infection by Puccinia striiformis f. sp. hordei, across 2018-2019 seasons in Davis and
Corvallis.
f

𝑅𝑅 2 b Proportion of phenotypic variance explained by SNP markers.
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Table 3.4: 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 Puccinia striiformis f. sp. hordei at adult plant stage.
Vernalization

BLUP-

a

MN18b

MN19HD59c

Sev

Row Type

Hull Type

requiremente

Line

Pedigree

IT-Ma

d

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-

Infection-type mode (IT-M) after infection by Puccinia graminis f. sp. tritici race TTKSK.

b

Adult plant stage severity after infection by Puccinia graminis f. sp. tritici race QCCJB in 2018.

c

MN19HD59 refers to DH progeny in 2019 with heading dates ≥ 59 days after planting.

BLUP-Sev represents the best linear unbiased predictor for stripe rust severity after infection by Puccinia striiformis f. sp. hordei, across 2018-2019 seasons in Davis and
Corvallis.
d

e

Lines without (V-) vernalization requirements based on greenhouse evaluation under controlled conditions.
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Figures

Figure 3.1: 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 2018-19 and Davis 2018-19) 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.

70

Figure 3.2: Number of resistant progeny in the Cycle II population using different thresholds (Q21861
and 10%) to define resistance, expressed as disease severity 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 ≥ 59 days
after planting in 2019. At seedling stage, resistance is defined as lines exhibiting a coefficient of
infection (CI) ≤ 2.7 after infection by Puccinia graminis f. sp. tritici race TTKSK in a Biosafety Level
3 Containment Facility at the University of Minnesota.
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Figure 3.3: Manhattan plots from the 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 Puccinia graminis f.
sp. tritici race QCCJB at the adult plant stage under field conditions in 2018 (B), and 2019 (C,D), best
linear unbiased predictions (BLUPs) for disease severity after infection by Puccinia striiformis f. sp.
hordei in the Cycle II barley population across four environments (Corvallis 2018-19 and Davis 201819) at adult plant stage (E). Panel C shows the GWAS Manhattan plot of all phenotype data from 2019
and panel D shows the GWAS Manhattan plot of phenotype data from Cycle II lines with heading
dates ≥ 59 days after planting.
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Figure 3.4: 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 ≥
59 days after planting in 2019. Means for haplotypes followed by the same letter are not significantly
different according to Tukey’s Honestly Significant test (𝑝𝑝 > 0.05).
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Abstract
Barley (Hordeum vulgare L.) is a versatile crop of worldwide importance. While
barley-based foods have distinct healthful properties, barley grain is a critical
substrate for the malting, brewing, and distilling industries. These add the greatest
economic value to the crop. Superior winter hardiness is one tool for ensuring the
continued sustainable production of barley in the face of climate change. Fall-sown
varieties are higher yielding and provide more ecosystem services than their springsown analogs - if they survive the winter. Although the net trend is towards higher
global temperatures, low temperature episodes remain a threat to fall-planted barley.
Cloned genes and QTLs provide a framework for understanding the genetic basis of
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winter hardiness and its component traits: low temperature tolerance (LTT),
vernalization sensitivity, and short-day photoperiod sensitivity. With the goal of
achieving maximum LTT in germplasm with malting quality, a panel of 382 doubled
haploids (DHs) was developed from crosses between barleys with maximum LTT,
identified in a worldwide survey, and sources of barley germplasm with malting
quality. These DHs were tested in 12 environments, seven of which were informative.
The largest-effect QTLs were Fr-H1 and Fr-H2. QTLs for LTT were also attributable
to Fr-H3 and PPD-H2. The latter is particularly important for facultative growth
habit. Some novel QTLs, with lesser effects, were detected. Possible reasons for the
continued detection of variation at major QTLs are discussed. This project provides
two-row facultative germplasm with malting quality backgrounds, to the research and
breeding communities.

Key Words
Winter-hardiness, Fr-H1, Fr-H2, low temperature tolerance

Introduction
Barley (Hordeum vulgare L.) is a unique crop due to its dual importance for
agriculture and science. It is the fourth most important cereal crop in the world
(FAOSTAT 2014). It is a model diploid genetic system for the Triticeae family with a
reference genome sequence, well-documented genetic resources, and a trove of
quantitative trait locus (QTL) literature on biotic and abiotic stress tolerance traits
(Muñoz-Amatriaín et al. 2014a and references therein). Practical significance and
scientific value make barley a strong tool for mitigating the negative impacts of
climate change on agriculture. Domesticated barley is classified into several major
categories according to head morphology (two-row vs. six-row) and grain type
(covered vs. naked). Genetically speaking, these traits show monogenic inheritance
and the genes responsible are cloned: in two-row barley one central floret per spikelet
is fertile whereas in the six-row all three spikelets are fertile (Komatsuda et al. 2007).
In covered types, the lemma and palea adhere to the seed whereas in naked types the
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grain threshes free of the husk (Taketa et al. 2004). These simple traits, however,
define principal end-uses: the malting, brewing, and distilling industries - which add
the greatest economic value to barley – usually demand two-row, covered types.
Naked barley is gaining importance for human consumption due to its high nutritional
value and this type of grain may have long-term advantages for the malting, brewing,
and distilling industries (Meints and Hayes 2019). However, current overall usage of
naked barley is minor. In both cases, resistance to abiotic stresses, including winter
hardiness, is critical.

Winter hardiness is a trait of critical importance in a time of global warming. Global
warming is leading to overall higher temperatures, shorter optimum growing seasons,
less water available for agriculture, and volatile oscillations in temperature and
precipitation (Climate Change Position Statement Working Group 2011). Fallplanted grains offer water use efficiency and agricultural diversification opportunities,
along with weed suppression, reduction of herbicide needs, soil erosion prevention,
reduced loss of nutrients and enhancement of soil health (Clark 2008). However,
regions optimum for fall-sowing are often subject to short-term low temperature
events, such as those that occurred in regions of North America in the winters of 2018
and 2019 (NOAA, 2019). In order to ensure a sustainable and long-term supply of
barley, greater winter hardiness is required.

Winter hardiness is a complex trait that can be further divided into three component
traits - low-temperature tolerance (LTT), vernalization sensitivity (VRN), and
photoperiod sensitivity (PPD) (Cuesta-Marcos et al. 2015 and references therein).
Subsets of genes are involved in each of the three component traits, many of which in
turn interact and/or respond to environmental cues. To achieve maximum LTT, a
period of acclimation is required. During this phase, suites of genes are up- and
down-regulated (Fowler and Thomashow 2002). Acclimation is achieved during the
vegetative stage of growth: once the transition to the reproductive stage occurs, LTT
is lost. An exception is “reproductive frost tolerance”, a very different phenomenon
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from vegetative stage LTT (Frederiks et al. 2012). Vegetative stage LTT is the focus
of this report, and most prior research on the topic (Cuesta-Marcos et al. 2015)

Vernalization sensitivity delays the vegetative to reproductive transition until a
minimum number of “cold units” are achieved, whereas short-day PPD delays the
transition until a sufficient number of daylight hours/24 h period are received
(Mahfoozi et al. 2000). Both PPD and VRN can delay the vegetative to reproductive
transition until the risk of low temperature injury is reduced. Of the two physiological
traits, PPD provides the best insurance against low temperature injury; even with
climate change, day length will not change. VRN, on the other hand, is not
dependable insurance against low temperature injury. In some environments,
sufficient “cold units” can be achieved, when there is still high risk for low
temperature injury. The genetic pathways associated with VRN, PPD, and LTT were
recently summarized by Cuesta-Marcos et al. (2015) and were reviewed in depth by
von Zitzewitz et al. (2011) and Fisk et al. (2013). In brief, three genes/QTL located
on three different chromosomes interact in an epistatic fashion to determine VRN.
These loci are: VRN-H1 (5H), VRN-H2 (4H), and VRN-H3 (7H). HvBM5A, a
meristem floral identity gene, is synonymous with VRN-H1. Deletions in intron I of
this gene lead to vernalization insensitivity (von Zitzewitz et al. 2005). The
determinants of VRN-H2 are one or more physically linked members of a family of
ZCCT zinc finger CCT transcription factors, ZCCT-A, ZCCT-B, and/or ZCCT-C
(Yan et al. 2004). HVFT1 is the determinant of VRN-H3 (Trevaskis et al. 2007). First
intron mutations in HvFT1 are associated with early flowering under long days
(Turner et al. 2005). The two loci controlling photoperiod response are PPD-H2 (1H)
and PPD-H1 (2H). The determinant for PPD-H2 is HvFT3. Loss of function
deletions in, or of, the gene lead to sensitivity to short-day conditions. Under these
conditions, the plant remains in a vegetative state (Faure et al. 2007). Loss of function
mutations in PPD-H1, corresponding to a change in the CCT domain, lead to
insensitivity to long-day conditions (Turner et al. 2005). Allelic variation at this
locus, while a key determinant of grain yield potential, is not associated with winter
hardiness.
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Based on these three components of winter hardiness (PPD, VRN, and LTT), three
growth habits are described: winter, facultative and spring (von Zitzewitz et al. 2011).
Winter types are highly responsive to vernalization with varying degrees of PPD and
LTT. Facultative types also have varying degrees of LTT, are not vernalization
sensitive, and in order for maximum LTT, they should have short-day PPD
sensitivity. Spring types do not have LTT, are not vernalization sensitive, and shortday PPD sensitivity is not relevant because they are grown under long day conditions.
The only combination of VRN alleles that leads to VRN is Vrn-H2__/vrn-H1vrnH1/vrn-H3vrn-H3. Any other combination corresponds to spring or facultative
growth habit (Szűcs et al. 2007). Comparable degrees of LTT are observed in
facultative and winter types (reviewed in Cuesta-Marcos et al. 2015; Rizza et al.
2016). Therefore, VRN, while often positively correlated with winter hardiness, is not
a prerequisite for maximum LTT. Facultative growth habit has advantages for
breeders and producers (Windes et al. 2019). For breeders, facultative growth habit
facilitates accelerated generation advance. For producers, facultative varieties offer
the flexibility of fall or spring planting- a key attribute for dealing with climate
volatility.

Three major QTLs for LTT have been identified: FR-H1 (Francia et al. 2004; Galiba
et al. 1995) and FR-H2 (Francia et al. 2004)on chromosome 5H, and FR-H3 (Fisk et
al. 2013) on chromosome 1H. The candidate genes for FR-H1 and FR-H2 are
HvBM5A (VRN-H1) and a cluster of CBF family members, respectively (Francia et al.
2007; Fu et al. 2005). HvBM5A has an indirect pleiotropic effect on VRN and LTT
(Dhillon et al. 2010; Francia et al. 2016). For VRN, as noted previously in this report,
there is allelic variation in HvBM5A attributed to various deletions in the first intron.
The pleiotropic effect on LTT arises from the timing of the vegetative to reproductive
transition. Once this transition occurs, LTT is lost (von Zitzewitz et al. 2011).
Therefore, although HvBM5A underlies a LTT QTL in many reports, the mechanism
underlying the QTL is not LTT per se but rather the timing of the transition from the
vegetative to the reproductive stage. Interestingly, FR-H1 is usually the largest-effect
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LTT QTL, regardless of germplasm base and method of phenotyping the trait. The
cluster of CBF gene family members underlying Fr-H2 has been extensively studied,
given the role of these transcription factors in determining tolerance to a range of
abiotic stresses, including LTT (Skinner et al. 2006). Individual members of the gene
family are predicted to be of specific importance to LTT, and there is evidence that
copy number variation may be related to the degree of LTT (Knox et al. 2010). Fr-H2
is usually the second-largest determinant of LTT, regardless of population type and/or
germplasm. To date, no candidate genes have been identified for Fr-H3, and this QTL
has only been identified in specific germplasm tracing to the University of NebraskaLincoln (USA) breeding program (Fisk et al. 2013). In most LTT mapping
experiments, “minor” QTL are often reported, but these tend to be germplasm and/or
environment specific. Ultimately, a catalog of LTT QTL detected in multiple
germplasm accessions will be useful for the systematic characterization of
physiological mechanisms and marker-assisted selection (MAS) to pyramid as many
favorable alleles as possible in single genotypes. Marker-assisted selection and/or
genomic selection could be of tremendous value given the importance of the trait, its
low heritability, and the challenges of obtaining reliable phenotype data.

The germplasm array described in this report is referred to as the AMBA-SNB LTT
panel, as it had its genesis in the vision of the American Malting Barley Association
(AMBA) and Sierra Nevada Brewing (SNB) to ensure a long-term, sustainable supply
of malting barley in the face of climate change. The goal of the project was to
develop two-row, covered germplasm with superior LTT and malting quality. The
specific objectives were: i) assess AMBA-SNB LTT panel for low temperature
tolerance under field conditions across several locations during two years, ii) asses
VRN under green house and field conditions to determine vernalization requirements,
iii) integrate phenotypic and genotypic information to map genome regions associated
with LTT and VRN in the AMBA-SNB LTT panel, and iv) identify potential
candidate genes responsible of VRN and LTT variations.
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Materials and Methods
Plant material
Ten parents (highlighted in bold in Table 1) were chosen from the TCAP LTT panel
based on the phenotype of maximum winter survival in four environments during the
first of two years of phenotyping. Five parents were contributed by the Oregon State
University and Virginia Polytechnic Institute breeding programs. These parents were
selected based on winter survival and malting quality. Preference was given to
facultative genotypes. Crosses were designed so that at least one parent was a tworow. A total of 669 doubled haploids (DH) lines were produced: 482 two-row and
187 six-row. Three hundred eighty two of the 482 two-row DHs were advanced to the
phenotyping and genotyping experiments described in this report: 100 two-row DHs
were eliminated based on visual selection against poor agronomic type during the first
cycle of field seed increase.

Phenotyping
Two winter-hardiness traits were evaluated: LTT and VRN. Low temperature
tolerance was assessed as field survival in 12 field trials over a two-year period. In
2018, field trials were grown at Wooster, Ohio (OH18); Ithaca, New York (NY18);
Lincoln, Nebraska (NE18); St. Paul, Minnesota (MN18); Blacksburg, Virginia
(VA18); and Corvallis, Oregon (OR18). In 2019, field trials were grown at Wooster,
Ohio (OH19); Lincoln, Nebraska (NE19); St. Paul, Minnesota (MN19); Bozeman,
Montana (MT19); Madison, Wisconsin (WI19); and Corvallis, Oregon (OR19). At
each location except OR18, OR19, and MT19, the DH entries were un-replicated
single rows (1 m/row) with repeated checks: Thunder (winter), DH130910
(facultative), and Full Pint (spring). At OR18, OR19, and MT19 two-replicate
randomized complete block (RCB) designs were used. In OH18, survival was
recorded in a binary fashion as “dead” or “alive”. In WI19, survival was scored as the
number of plants per plot, and in OH19 survival was rated as 100% (30 plants per
plot; the target seeding rate) or as the number of plants per plot, in the case of winter
injury. In all other trials, survival was based on a visual assessment of percentage of

80

surviving plants, on a per plot basis. Data obtained from NY18, NE18, VI18, OH18,
OH19, WI19 and MT19 were used for association mapping of LTT. Other trials were
excluded due to 100% survival (OR18 and OR19) and 100% mortality (NE19, MN18,
and MN19). Vernalization sensitivity was assessed as days to flowering of
greenhouse-grown plants at Corvallis, Oregon from January 28 to June 27 in 2017.
Seed was sown directly into cell packs (5 x 6 x 5.5 cm) and no vernalization
treatment was applied. Day length was set at 16h light/24h period with supplemental
lighting provided and greenhouses were maintained at ~ 18°C. Lines flowering before
the spring check Full Pint (77 d) were considered as lines without vernalization
requirements. Flowering time in lines with vernalization, was measured in OR18 and
OR19 fall-planted trials. Heading date was recorded as the Julian calendar day when
50% of heads in a plot emerged in both years. All phenotype data are available online
at www.barleyworld.org/AMBA-SNB.

Genotyping
Leaf tissue was collected at the seedling stage from single plants grown in a
greenhouse at Oregon State University (Corvallis, OR, USA). Leaf tissue was sent to
the USDA-ARS Regional Small Grains Genotyping Laboratory at Fargo, ND, USA
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 27,061 markers. Missing
genotyping information was imputed using stochastic imputation methods. Additional
SNP information, 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). All genotype data are available online at
www.barleyworld.org/AMBA-SNB.
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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 (𝑟𝑟 2 ) estimates using a sliding window of 25 adjacent markers to identify
non-redundant SNPs. Out of 27,061 SNPs, 5,082 markers were in perfect LD with

another adjacent marker (LD = 1) and were removed, resulting in a final number of
21,979 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).
Population structure was calculated in STRUCTURE v2.3.4. to determine the number
of subpopulations (Q populations) present in this panel. A subset of 2,592 markers in
linkage equilibrium with each other and evenly distributed across the genome were
used. The hypothetical number of subpopulations ranging from 𝑘𝑘 = 1 to 12 were
assessed based on an admixture model of 10,000 burn-in iterations followed by
10,000 Markov chain Monte Carlo replications using 3 independent runs. The

STRUCTURE outputs were used to determine the most probable final number of
subpopulations derived using ∆𝐾𝐾 (Evanno et al. 2005) that is implemented in the

Structure Harvester (Earl 2012). The package adegenet implemented in R software
was used to confirm the number of sub-populations using a Bayesian Information
Criterion (BIC) model-based cluster analysis on genetic markers. A Principal
Component Analysis was assessed in R (R Development Core Team 2015) using
21,979 markers and the output was used as covariate in association analysis.

Association analysis
Phenotypic data obtained from each of the informative locations and the filtered set
containing 21,979 SNP markers were used to identify marker-trait associations for
LTT using TASSEL v5 software (Bradbury et al. 2007). The associations were
performed separately for each informative data set using three different models 1)
General Linear Model (GLM) accounting just for population structure (𝑄𝑄 model), 2) a
mixed linear model (MLM) that account just for kinship (𝐾𝐾 model) and 3) a mixed
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linear model that include population structure as fixed effects and kinship as a
random effect (𝑄𝑄 + 𝐾𝐾 model). The 𝑄𝑄 model can be defined as 𝑦𝑦 = 𝑋𝑋𝑋𝑋 + 𝑄𝑄𝑄𝑄 + 𝑒𝑒, and
the 𝑄𝑄 + 𝐾𝐾 model can be defined as 𝑦𝑦 = 𝑋𝑋𝑋𝑋 + 𝑄𝑄𝑄𝑄 + 𝑍𝑍𝑍𝑍 + 𝑒𝑒, where 𝑦𝑦 = vector of

mean severity for each line, 𝑎𝑎 = the vector of marker effect, 𝑣𝑣 = vector of fixed

population effect, 𝑢𝑢 = is a random genetic background effect and 𝑒𝑒 = residuals. 𝑋𝑋, 𝑄𝑄
and 𝑍𝑍 are incidence matrices that connect response variables with effects. For the 𝐾𝐾
model, the equation can be denoted as 𝑦𝑦 = 𝑋𝑋𝑋𝑋 + 𝑍𝑍𝑍𝑍 + 𝑒𝑒, following the same

description as above. A p value was obtained for each individual marker included into
the mixed model. A false discovery rate (FDR) correction was applied to p values to
establish the threshold for statistical significance (q value) (Benjamini and Hochberg
1995). The q value is the expected proportion of false positives obtained when a
marker is found significant. A q value < 0.05 was defined to determine marker
significance. Single nucleotide polymorphisms (SNPs) that were associated with LTT
but landed in the same genomic region were assumed to detect the same QTL if the
LD between them was higher than 0.5 (LD > 0.5) and they showed consistent
direction effects. The marker with the strongest association was used as a tag SNP for
a QTL.

Candidate genes
Common markers were used to compare whether the currently detected QTLs aligned
with previously reported QTLs using the BARLEYMAP database (Cantalapiedra et
al. 2015). As suggested by Sallam et al. (2017), a 2Mbp 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).
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Results
Phenotypic analysis
Of the 12 environments where the AMBA-SNB panel was tested for LTT over a twoyear period, there was differential survival in seven. Within each location, three
controls were used to validate phenotypic information and they reacted as expected:
the spring line Full Pint exhibited the lowest levels of LTT whereas the DH130910
(facultative) and Thunder (winter) exhibited the highest and similar levels of LTT
(Fig 1 A-G). As data transformation did not improve normality, raw data were used
for subsequent analyses. In OH18, where LTT was assessed as “alive” or “dead”,
88% of the panel survived. The LTT means for NY18, NE18, VA18, and MT19 were
66%, 25%, 91%, and 9%, respectively with an overall average of 56%. Pearson
phenotypic correlations were, in general, low between environments (Table 2). The
highest correlation (r = 0.35) was observed for OH18: VA18 and the lowest (r = 0.009) was for WI19:MT19. Under greenhouse conditions, 111 DHs (29%) of the
panel flowered within 77 days of the spring check and were therefore classified as
vernalization insensitive. The remainder of the population was classified as
vernalization responsive.

Population structure and kinship
Of the 34,356 SNPs on the Illumina 50K chip, 21,979 SNPs were retained after
filtering for missing values, minor allele frequency, and markers in perfect LD (r = 1).
These filtered markers were used for genetic relatedness (kinship) and association
mapping. Using a sub-set of 2,592 evenly distributed markers in linkage equilibrium,
two main groups (𝑘𝑘 = 2) were identified based on the ∆𝐾𝐾 parameter using the

software STRUCTURE (Pritchard et al. 2000). Based on hierarchical Ward

clustering, those two groups were further divide into seven sub-groups (Fig 2A).
Group 1 was sub-divided into two sub-groups and group 2 was sub-divided into five
sub-groups. The groupings corresponded to subsets of DH lines with the same
pedigrees. The principal component analysis based on filtered SNPs confirmed the
genetic clustering results (Fig 2B). The first two principal components explained
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23.6% of variability. The first three principal components were used as covariates for
association analysis along with kinship matrix. The Ward clustering, genetic
similarities, and LTT are integrated in Figure 3. Genetic similarity was in
concordance with the Ward clustering, in which seven major groups were defined.
Low (0 to 30), medium (31 to 60), and high (61 to 100) survival percentages were
assigned to a range from red, white, and blue colors, respectively, in heat maps for
each environment. Group seven had the lowest proportion of DHs with high LTT. In
other groups, there were similar numbers of lines with high and low LTT.

Association mapping
LTT. The PC + K model was used to correct for population structure and relatedness.
No significant associations were detected between markers and LTT phenotypes for
NE18, WI19, or MT19 (Fig 4E, F, H). In the other four environments, there were
significant SNP:LTT phenotype associations. In NY18, there were two QTLs
detected (Figure 4A). On chromosome 1H, the QTL peak is at 526789548 Mb
(100.78 cM), which is ~ 7 cM distal from Ppd-H2 (~514 Mb; 93.06 cM). On
chromosome 6H, the most significant SNP was at 537724874 Mb (80.85 cM). There
are no LTT or LTT-related QTLs reported in this region on 6H. Together, both QTL
explained 9.7% of the phenotypic variation in LTT. In OH18, there were three QTLs
detected on chromosome 5H spanning a ~65 Mb (~ 47 cM) region (Figure 4B). In
order of significance, the QTLs were at 594973951 Mb (122.6 cM), 549530684 Mb
(85.56 cM) and 529392430 Mb (75.56 cM). Together, these three QTLs explained
17.7% of the phenotypic variation in LTT. The LD among these markers was low
(𝑅𝑅 2 = 0.23), suggesting they are associated with different QTLs. The QTL at

594973951 Mb is coincident with Fr-H1 and the second QTL ~10 cM proximal is
coincident with Fr-H2. There are no LTT or LTT-related QTLs reported in the
vicinity of the third QTL on 5H. In VA18, six LTT QTLs were detected (Figure 4C).
There were two QTLs on 1H: at 17901406 Mb (27.14 cM) and 425627548 Mb (54.53
cM). The most significant marker (JHI-Hv50k-2016-14476 at 17901406 Mb) is ~14
cM distal to the peak for Fr-H3. The most significant marker on 2H was JHI-Hv50k2016-145032 (760984602 Mb; 147.31 cM). There are no LTT or LTT-related QTLs

85

reported in the vicinity of this 2H QTL. On 5H, there were three QTLs (Figure 4D).
The most significant association was found with marker JHI-Hv50k-2016-335244
(597666955 Mb; 125.5 cM) and was coincident with Fr-H1. The second QTL at JHIHv50k-2016-320627 (561602001 Mb; 95.49 cM) co-localizes with Fr-H2. The third
QTL on 5H was defined by JHI-Hv50k-2016-316067 (546795948 Mb; 80.73 cM).
The LD among markers on 5H was low (𝑅𝑅 2 = 0.04), suggesting they are associated
with different QTLs. When all six QTLs were considered together, they explained

37.4% of the phenotypic variation in LTT. In OH19, the significant SNP (JHI-Hv50k2016-335244): LTT phenotype association on 5H (Figure 4G) co-localizes with FrH1 and explains 7.7% of phenotypic variation.

VRN. Under un-vernalized conditions in the greenhouse, two QTLs were detected. On
chromosome 4H, the most significant marker was SCRI_RS_142792 (639214877
Mb; 116.23 cM) co-locates with Vrn-H2 (Figure 4I). On chromosome 5H, JHIHv50k-2016-335720 (598321142 Mb; 125.76 cM) was the most significant marker
and is coincident with Vrn-H1. Together, these two QTLs explained 41.6% of the
phenotypic variation in heading date without vernalization. The average heading date
from OR18 and OR19 identified five QTLs (Figure 4J). On 1H, a QTL at 513783841
Mb (92.21 cM), was coincident with Ppd-H2. On 3H, JHI-Hv50k-2016-204905QTL
(631824854 Mb; 108.43 cM) was the most significant marker and co-localized with
the semi-dwarf gene (sdw1). A QTL on chromosome 4H (625046820 Mb; 103 cM)
coincided Vrn-H2. On 7H, at 32776379 Mb (29.96 cM), a QTL coincided with VrnH3. A second QTL was on 7H at 631752499 Mb (120.82 Mb), where the most
significant marker was JHI-Hv50k-2016-506722. Together, these QTLs explained
56.1% of the phenotypic variation in flowering time.
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Discussion
Field evaluations to discriminate genotypes with different degrees of winter survival
are essential for developing varieties with LTT. While controlled freeze tests are
useful, the capacity to include a full range of factors affecting winter survival makes
field evaluation essential. Winter survival is not just associated with a low
temperature stresses per se; it results from a combination of interacting factors that
may not always occur at the same times, locations, and during the same year (Gusta
and Wisniewski 2013). Field assessments that generate useful data based on
differential survival are not easy to obtain: for example, in this study, only 4/12
environments generated data that identified LTT QTLs. Differences in low
temperature stresses lead to large experimental errors and inconsistencies across sites,
hindering dissection of the genetic components associated with LTT among tested
lines (Rizza et al. 2016). In this study, phenotypic correlations among LTT scores at
different locations were low. Nonetheless, the phenotype data were useful in
identifying QTLs, indicating the relative power of genotype:phenotype associations.
Low temperature tolerance QTL are based on an “end-point phenotype” using DNA
polymorphisms detected by SNPs markers. Ultimately, it will be useful to monitor
gene expression and to apply proteomics and metabolomics tools to the thorough
characterization of diverse germplasm during acclimation, stress, and recovery.

In the many QTL reports on LTT in barley published over the past ~ 20 years, Fr-H1
and Fr-H2 figure prominently. After numerous cycles of crossing, selection, and
evaluation, these same QTLs are detected. In the current study, there were significant
marker: trait associations in the vicinity of these two QTLs. The expectation would be
that favorable alleles would have been fixed at these loci. However, they continue to
be significant sources of variation. One possible explanation is that there are other
genes that are contributing to LTT which are physically linked with HvBM5A and/or
the CBF gene cluster. This is certainly plausible, as Cuesta-Marcos et al. (2015)
identified other candidate genes for LTT in both these regions and proposed that the
concept of “super-gene” complexes merited further exploration. In the current study,
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six candidate genes with annotations related to LTT and/or flowering were identified
in these same regions (Table 3), and there is overlap with the candidates reported by
Cuesta-Marcos et al. (2015). It is also possible that copy number variants could
account for phenotypic variation at what are assumed to be significant SNPs in a
single copy gene. In the case of Fr-H2, copy number variants are reported to be
associated with varying levels of LTT (Knox et al. 2010). Finally, genes, such as
HvBM5A, that are fundamental for growth and development are likely regulated by
many other genes, which are in turn regulated by environmental signals. Deletion
polymorphisms in the first intron (Fu et al. 2005) are important in regulating the
expression of this large (11,610 bp) gene. Promoter polymorphisms with functional
implications are also reported (Yan et al. 2003), and it is likely that other regions of
the gene could be subject to regulation. Rizza et al. (2016) demonstrated that
promoter and intron 1 polymorphisms in HvBM5A explained 29% and 57% of the
phenotypic variation in LTT, respectively. Non-coding DNA sequences distant from
the gene, could also have key regulatory roles, as was recently shown in the case of
UPA1 in teosinte (Tian et al. 2019).

Polymorphisms in HvBM5A need to be considered in light of variation at other loci as
well. When VRN-H2 was included in their LTT model, Rizza et al. (2016) reported
that the two-locus haplotype explained a higher percentage of phenotypic variation
than the single locus model based on HvBM5A alone. These authors also reported that
facultative growth habit types, with VRN-H2 deletions and no VRN, had LTT values
equal or superior to winter growth habit types. The potential for facultative types to
achieve levels of LTT comparable to winter types is now documented in different sets
of barley germplasm (Cuesta-Marcos et al. 2015; Fisk et al. 2013; von Zitzewitz et al.
2011). Short-day PPD, mediated by PPD-H2, is a key consideration in selection and
deployment of facultative varieties (Karsai et al. 2008). When Rizza et al. (2016)
included PPD-H2 in their model, the loss-of-function recessive allele was a key
driver of LTT in winter and facultative accessions. In NY18, we found a large effect
QTL on 1H associated with LTT that may be due to allelic variation at PPD-H2. The
importance of short-day PPD for facultative growth habit is not apparent in studies
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directed at mapping VRN because these studies, of necessity, are undertaken under
greenhouse/controlled environment conditions with long day photoperiods. Prior
work (Szűcs et al. 2007), and the current study, highlight the key roles of VRN-H2
and VRN-H1 in determining VRN under controlled environment conditions. Under
field conditions, PPD-H2 can be a determinant of heading date, as it was in this study
and in the pioneering work of Pan et al. (1994). Interestingly, sdw1 was identified as a
determinant of flowering time in this study: the pleiotropic effects of this dwarfing
gene on heading date are documented (Hellewell et al. 2000).

The coincidence of VRN-H1 with VRN and LTT is due to the indirect pleiotropic
effects of HvBM5A on LTT via timing of the vegetative to reproductive transition.
The lack of LTT QTLs in association with VRN-H2 supports the argument that
deletion of this gene does not affect LTT as long as favorable alleles at other LTT
QTLs are present. When the DH lines in this panel are sorted by their two-locus VRNH2/VRN-H1 haplotype, the facultative and winter growth habit groups have the same
levels of LTT (Table 4), and this level is greater than genotypes without the VRN-H2
deletion and the “spring” allele at VRN-H1. Cuesta-Marcos et al. (2015) reported the
same effect, using a set of near-isogenic lines for alleles at the three VRN loci.
Furthermore, the lack of coincidence of any other LTT-related QTLs with VRN is
further evidence that there is not necessarily a causal relationship of VRN with LTT.
Vernalization sensitivity is an excellent insurance policy to complement short-day
PPD, but the price paid for delayed generation advance by breeders and limited
planting options for growers may not be worth it. Of the 382 DH lines in this panel,
58 are facultative sensu von Zitzewitz (2011): they are VRN-H2 deletions, short-day
sensitive due to the loss-of-function allele at PPD-H2, have the “winter” allele at
VRN-H1, and are in the top 20% of survivors across at least three locations (OH18,
VA18, and OH19)(Table 5). This germplasm is available to the research community
for further breeding and genetic analysis.
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With the cost of whole genome sequencing and interpretation becoming affordable, it
is time to extensively characterize facultative and winter germplasm: to date the
reference barley genome is based on spring habit varieties. This ascertainment bias
may well limit our understanding of the true architecture of facultative and winter
barley germplasm. A more complete understanding may explain the continued
apparent roles of Fr-H1 and Fr-H2 in LTT, as well as provide a firmer basis for the
candidacies of other genes (as shown in Table 3) as determinants of LTT QTLs.
Ultimately, a deeper understanding of the genetic basis of LTT, and its relationship to
agronomic and quality traits, will assist in ensuring the continued contributions of
barley to human health and happiness – in the face of challenges due to climate
change.
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Tables
Table 4.1: Parents of the American Malting Barley Association (AMBA) and Sierra Nevada Brewing
(SNB) AMBA-SNB LTT panel. Parents listed in bold were selected from the TCAP-LTT panel.
Vernalization

Parent

Sourcea

Spike typeb

Admire-1

TCAP-LTT USDA-GRIN

6

+

Antelope

TCAP-LTT; JHI

2

+

MOB745

TCAP-LTT; USDA-GRIN

6

+

MOB2301

TCAP-LTT; USDA-GRIN

2

+

MOB2566

TCAP-LTT USDA-GRIN

2

+

NB10425

TCP-LTT; UNL

6

+

NB10440

TCP-LTT; UNL

6

+

Scala

TCAP-LTT; KWS

2

+

SC85942

TCAP-LTT; SR

2

+

Violetta

TCAP LTT; SB

2

+

DH130004

OSU

2

-

DH120293

OSU

2

-

DH10.1044

OSU

2

-

VA11B-141

VPISU

6

+

VA11B-143

VPISU

6

+

sensitivityc

TCAP-LTT: Triticeae Coordinated Project Low Temperature Tolerance Panel; USDA-GRIN: United States
Department of Agriculture Germplasm Resources Information Network; JHI: James Hutton Institute, Scotland;
UNL: University of Nebraska – Lincoln, USA; KWS: Kleinwanzlebener Saatzucht, Germany; SR: Secobra
Recherches, France; SB: Saatzucht Breun, Germany; OSU: Oregon State University, USA; VPISU: Virginia
Polytechnic Institute and State University, USA.

a

b

Spike type refers to inflorescence type (2-row or 6-row).

Vernalization sensitivity refers to a requirement for vernalization in order for a genotype to flower in an
agronomically relevant timeframe (+) vs. flowering without vernalization.
c
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Table 4.2: Pearson correlation coefficients for low temperature tolerance across seven locations
evaluated.
NY18a
NY18
OH18
VA18
NB18
WI19
OH19

OH18

VA18

NB18

WI19

OH19

MT19

0.15

0.16

-0.04

-0.04

0.13

-0.02

0.35

-0.03

0.09

0.12

-0.02

0.03

0.11

0.32

-0.02

-0.05

0.06

-0.07

0.06

-0.01
0.02

MT19
a Locations: NY18, New York 2018; OH18, Ohio 2018; VI18, Virginia 2018; NE18, Nebraska 2018; WI19,
Wisconsin 2019; OH19, Ohio 2019.
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Table 4.3a: Single nucleotide polymorphism (SNP) markers significantly associated with LTT in the AMBA-SNB LTT panel.
Known coMarker

Chra

cMa

Posa

p

R2b

Gene

Identifierc

Descriptiond

segregating locie

LTT
NY18
JHI-Hv50k-2016-47558

1

100.8

526789548

4.80E-06

0.06

HORVU1Hr1G081010

Nuclear transcription factor Y subunit C-3

Ppd-H2

JHI-Hv50k-2016-416566

6

80.9

537724874

9.10E-05

0.04

HORVU6Hr1G079410

Homeobox-leucine zipper protein family

-

JHI-Hv50k-2016-333872

5

122.6

594973951

3.50E-08

0.08

HORVU5Hr1G094290

calmodulin 1

Fr-H1

JHI-Hv50k-2016-316836

5

85.6

549530684

2.00E-06

0.06

HORVU5Hr1G076130

Proteasome subunit beta type-1

Fr-H2

JHI-Hv50k-2016-312045

5

75.6

529392430

2.10E-04

0.04

HORVU5Hr1G070540

basic leucine-zipper 42

-

OH18

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

b

𝑅𝑅 2 Proportion of phenotypic variance explained by SNP markers.

e

Gene name is according to barley genome annotation (Cantalapiedra et al. 2015).

d

Gene function is listed for cases where the SNP marker is close of a gene implicated in flowering or LTT.

e

Closest QTL/gene with a known function associated with photoperiod, vernalization or low temperature tolerance.
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Table 4.3b: Single nucleotide polymorphism (SNP) markers significantly associated with LTT in the AMBA-SNB LTT panel (Continued).
Known coMarker

Chra

cMa

Posa

p

R2b

Gene

Identifierc

Descriptiond

segregating locie

LTT
VA18
JHI-Hv50k-2016-335244

5

125.5

597666955

1.70E-17

0.21

HORVU5Hr1G095130

Beta-glucosidase C

Fr-H1

JHI-Hv50k-2016-316067

5

80.7

546795948

1.40E-04

0.04

HORVU5Hr1G075350

Transcription factor RADIALIS

-

JHI-Hv50k-2016-320627

5

95.5

561602001

1.60E-04

0.04

ACA29496.1

C-repeat binding factor 6

Fr-H2

JHI-Hv50k-2016-31384

1

54.5

425627548

2.30E-04

0.04

HORVU1Hr1G058300

JHI-Hv50k-2016-145032

2

147.3

760984602

6.30E-04

0.03

HORVU2Hr1G125520

Cytochrome P450 superfamily protein

FLT-2HL

JHI-Hv50k-2016-14476

1

27.4

17901406

7.80E-04

0.03

HORVU1Hr1G008290

MADS-box transcription factor 27

Fr-H3

5

125.5

597666955

7.10E-08

0.08

HORVU5Hr1G095130

Beta-glucosidase C

Fr-H1

Calcium-dependent lipid-binding (CaLB
domain) family protein

Ppd-H2

OH19
JHI-Hv50k-2016-335244

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

𝑅𝑅 2 Proportion of phenotypic variance explained by SNP markers.

Gene name is according to barley genome annotation (Cantalapiedra et al. 2015).

d

Gene function is listed for cases where the SNP marker is close of a gene implicated in flowering or LTT.

e

Closest QTL/gene with a known function associated with photoperiod, vernalization or low temperature tolerance.
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Table 4.3c: Single nucleotide polymorphism (SNP) markers significantly associated with LTT in the AMBA-SNB LTT panel (Continued).
Known coMarker

Chr

a

cMa

Posa

p

R2b

Gene

Identifierc

Descriptiond

segregating locie

Flowering
Greenhouse
Oxysterol-binding protein-related protein

SCRI_RS_142792

4

116.2

639214877

9.60E-25

0.31

HORVU4Hr1G088060

JHI-Hv50k-2016-335720

5

125.8

598321142

3.60E-10

0.11

HORVU5Hr1G095460

oligopeptide transporter

Vrn-H1

JHI-Hv50k-2016-204905

3

108.4

631824854

8.40E-25

0.31

HORVU3Hr1G090450

MLO-like protein 1

sdw1

JHI-Hv50k-2016-42496

1

92.2

513783841

2.70E-12

0.13

BAH24199.1

FT-like protein 3

Ppd-H2

JHI-Hv50k-2016-506722

7

120.8

631752499

5.90E-05

0.04

HORVU7Hr1G110930

JHI-Hv50k-2016-267614

4

103.0

625046820

1.60E-04

0.04

HORVU4Hr1G083360

JHI-Hv50k-2016-457677

7

30.0

32776379

1.60E-04

0.04

HORVU7Hr1G022410

2A

Vrn-H2

Field

MMS19 nucleotide excision repair protein
homolog
PIN2/TERF1-interacting telomerase
inhibitor 1
RNA-binding protein mde7

-

Vrn-H2
Vrn-H3

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

b

𝑅𝑅 2 Proportion of phenotypic variance explained by SNP markers.

e

Gene name is according to barley genome annotation (Cantalapiedra et al. 2015).

d

Gene function is listed for cases where the SNP marker is close of a gene implicated in flowering or LTT.

e

Closest QTL/gene with a known function associated with photoperiod, vernalization or low temperature tolerance.
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Table 4.4: Mean comparisons among tested environments for LTT. AMBA-SNB LTT panel was
divided in growth habit: winter, facultative and spring based on genotypic information.
NY18

OH18

VA18

OH19

Wintera

68 ab

94 a

94 a

26 a

Facultative

65 a

90 a

94 a

25 a

Spring

53 b

58 b

67 b

14 b

a

Growth habit defined based on genotypes on Vrn-H1 and Vrn-H2.

b

Means with different letter are significantly different (𝑝𝑝

< 0.05) based on Tukey analysis.
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Table 4.5a: Selected doubled haploids from AMBA-SNB LTT panel with high LTT across 3 locations
(OH18, VA18, and OH19) during two season evaluations with facultative growth habit.

b

VI18

Row

Spike

Vernalization

OH19

Type

type

sensitivityb

Line

Pedigree

DH161201

Admire-1 (DFG)/DH130004

100

95

100

2

Covered

-

DH161218

Antelope/DH130004

100

95

100

2

Covered

-

DH161227

Antelope/DH130004

100

90

100

2

Covered

-

DH161249

NB10440/DH120293

100

95

100

2

Covered

-

DH161252

NB10440/DH120293

100

95

100

2

Covered

-

DH161277

NB10440/DH120293

100

100

100

2

Covered

-

DH161776

Antelope/DH130004

100

90

100

2

Covered

-

DH161782

Antelope/DH130004

100

100

100

2

Covered

-

DH161993

Antelope/DH130004

100

95

100

2

Covered

-

DH161999

Antelope/DH130004

100

95

100

2

Covered

-

DH162078

Admire-1 (DFG)/DH130004

100

95

100

2

Covered

-

DH162082

Admire-1 (DFG)/DH130004

100

95

100

2

Covered

-

DH162093

Admire-1 (DFG)/DH130004

100

95

100

2

Covered

-

DH162104

Antelope/DH130004

100

95

100

2

Covered

-

DH162112

Antelope/DH130004

100

90

100

2

Covered

-

DH162118

Antelope/DH130004

100

100

100

2

Covered

-

DH162121

Antelope/DH130004

100

90

100

2

Covered

-

DH162132

Antelope/DH130004

100

100

100

2

Covered

-

DH162138

Antelope/DH130004

100

95

100

2

Covered

-

DH162140

Antelope/DH130004

100

95

100

2

Covered

-

DH162142

Antelope/DH130004

100

95

100

2

Covered

-

DH160715

NB10440/DH120293

100

95

100

2

Covered

-

DH160965

NB10440/DH120293

100

100

100

2

Covered

-

DH161251

NB10440/DH120293

100

100

100

2

Covered

-

DH161264

NB10440/DH120293

100

95

100

2

Covered

-

DH161265

NB10440/DH120293

100

95

100

2

Covered

-

DH161270

NB10440/DH120293

100

95

100

2

Covered

-

a Locations:

OH18a

OH18, Ohio 2018; VA18, Virginia 2018; OH19, Ohio 2019.

Lines without (-) vernalization requirements based on greenhouse evaluation under controlled conditions.
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Table 4.5b: Selected doubled haploids from AMBA-SNB LTT panel with high LTT across 3 locations
(OH18, VA18, and OH19) during two season evaluations with facultative growth habit (Continued).

b

VI18

Row

Spike

Vernalization

OH19

Type

type

sensitivityb

Line

Pedigree

DH161274

NB10440/DH120293

100

95

100

2

Covered

-

DH161777

Antelope/DH130004

100

95

100

2

Covered

-

DH161784

Antelope/DH130004

100

90

100

2

Covered

-

DH161787

Antelope/DH130004

100

95

100

2

Covered

-

DH162080

Admire-1 (DFG)/DH130004

100

90

100

2

Covered

-

DH162135

Antelope/DH130004

100

90

100

2

Covered

-

DH162139

Antelope/DH130004

100

95

100

2

Covered

-

DH160716

NB10440/DH120293

100

95

100

2

Covered

-

DH160941

Antelope/DH130004

100

90

100

2

Covered

-

DH160946

Antelope/DH130004

100

100

100

2

Covered

-

DH160947

Antelope/DH130004

100

95

100

2

Covered

-

DH160948

Antelope/DH130004

100

90

100

2

Covered

-

DH160953

Antelope/DH130004

100

95

100

2

Covered

-

DH160960

NB10440/DH120293

100

95

100

2

Covered

-

DH160962

NB10440/DH120293

100

95

100

2

Covered

-

DH160969

NB10440/DH120293

100

100

100

2

Covered

-

DH160972

NB10440/DH120293

100

95

100

2

Covered

-

DH161203

Admire-1 (DFG)/DH130004

100

95

100

2

Covered

-

DH161215

Antelope/DH130004

100

90

100

2

Covered

-

DH161217

Antelope/DH130004

100

100

100

2

Covered

-

DH161269

NB10440/DH120293

100

75

100

2

Covered

-

DH161271

NB10440/DH120293

100

95

100

2

Covered

-

DH161754

Admire-1 (DFG)/DH130004

100

90

100

2

Covered

-

DH161780

Antelope/DH130004

100

95

100

2

Covered

-

DH161810

NB10440/DH120293

100

95

100

2

Covered

-

DH162096

Admire-1 (DFG)/DH130004

100

100

100

2

Covered

-

DH162098

Admire-1 (DFG)/DH130004

100

100

100

2

Covered

-

a Locations:

OH18a

OH18, Ohio 2018; VA18, Virginia 2018; OH19, Ohio 2019.

Lines without (-) vernalization requirements based on greenhouse evaluation under controlled conditions.
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Table 4.5c: Selected doubled haploids from AMBA-SNB LTT panel with high LTT across 3 locations
(OH18, VA18, and OH19) during two season evaluations with facultative growth habit (Continued)
Line

Pedigree

DH162099

Spike

Vernalization

OH18a

VI18

OH19

Type

type

sensitivityb

Admire-1 (DFG)/DH130004

100

100

100

2

Covered

-

DH162101

Admire-1 (DFG)/DH130004

100

95

100

2

Covered

-

DH162149

Antelope/DH130004

100

100

100

2

Covered

-

DH162150

Antelope/DH130004

100

100

100

2

Covered

-

a Locations:
b

Row

OH18, Ohio 2018; VA18, Virginia 2018; OH19, Ohio 2019.

Lines without (-) vernalization requirements based on greenhouse evaluation under controlled conditions.
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Figures

Figure 4.1a: Phenotypic frequency distributions for winter survival (a-g); days to flowering without vernalization
under greenhouse conditions (h), and days to flowering under field conditions (I) of the AMBA-SNB barley
GWAS panel. For winter survival trials, the checks used were: Full Pint = spring; DH130910 = facultative;
Thunder = winter. The environments were A, New York 2018 (NY18), B, Ohio 2018 (OH18), C, Virginia 2018
(VA18), D, Nebraska 2018 (NE18), E, Wisconsin 2019 (WI19), F, Ohio 2019 (OH19), G, Montana 2019 (MT19),
H, OR greenhouse, I OR18, OR19 field. More specific location information and assessment procedure details are
provided in the Materials and Methods.
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Figure 4.1b: Phenotypic frequency distributions for winter survival (a-g); days to flowering without vernalization
under greenhouse conditions (h), and days to flowering under field conditions (I) of the AMBA-SNB barley
GWAS panel. For winter survival trials, the checks used were: Full Pint = spring; DH130910 = facultative;
Thunder = winter. The environments were A, New York 2018 (NY18), B, Ohio 2018 (OH18), C, Virginia 2018
(VA18), D, Nebraska 2018 (NE18), E, Wisconsin 2019 (WI19), F, Ohio 2019 (OH19), G, Montana 2019 (MT19),
H, OR greenhouse, I OR18, OR19 field. More specific location information and assessment procedure details are
provided in the Materials and Methods (Continued).
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Figure 4.2: Population structure. A. Hierarchical distance between lines in AMBA-SNB LTT panel using 2,592 SNP. Grouping color based on Ward clustering. B. Principal
component analysis of the AMBA-LTT panel using 21,979 SNPs.
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Figure 4.3: Population relatedness and its association with low temperature response. A. Ward clustering analysis
based on genotypic information of AMBA-SNB LTT panel. B. Kinship matrix for lines in the AMBA-SNB LTT
panel. C. LTT response of lines to frost events across all locations with phenotypic information.
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Figure 4.4a: Manhattan plots from the GWAS of low temperature phenotypic values of AMBA-SNB LTT panel
for locations (A), New York 2018 (NY18), (B), Ohio 2018 (OH18), (C), Virginia 2018 (VA18), (D), zoom in on
chromosome 5H from GWAS in VA18, (E), Nebraska 2018 (NE18), (F), Wisconsin 2019 (WI19), (G), Ohio
2019 (OH19), (H), Montana 2019 (MT19). Panel (I), corresponds to Manhattan plot for flowering time under
controlled conditions without vernalization and (J), corresponds to Manhattan plot for flowering time under fall
planting condition using means from 2018 and 2019.
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Figure 4.4b: Manhattan plots from the GWAS of low temperature phenotypic values of AMBA-SNB LTT panel
for locations (A), New York 2018 (NY18), (B), Ohio 2018 (OH18), (C), Virginia 2018 (VA18), (D), zoom in on
chromosome 5H from GWAS in VA18, (E), Nebraska 2018 (NE18), (F), Wisconsin 2019 (WI19), (G), Ohio
2019 (OH19), (H), Montana 2019 (MT19). Panel (I), corresponds to Manhattan plot for flowering time under
controlled conditions without vernalization and (J), corresponds to Manhattan plot for flowering time under fall
planting condition using means from 2018 and 2019 (Continued).
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Chapter 5: General Conclusions
Molecular markers are commonly used in the breeding process to develop new
varieties of crop plants. Markers can be used to provide a dense genome-wide
perspective or to target only a specific trait of interest (Hospital et al. 1997). The
capacity to accurately characterize and dissect quantitative traits, such as disease
resistance and winter hardiness, has been expanded due to advances in genotyping. In
barley, an example is the high-throughput 50k Illumina Infinium iSelect assay (Bayer
et al. 2017). Using different population arrays of doubled haploids, along with highthroughput genotyping methods, we identified and explored barley genome regions
associated with: i) introgression of the stem rust resistance complex rpg4/Rpg5, ii)
resistance to stripe and stem rust and iii) winter hardiness and vernalization
sensitivity. Based on evidence derived from these projects, we demonstrated that
integration of phenotypic data with high-throughput genotyping can contribute to a
better understanding of quantitative traits and we confirmed the utility of GWAS by
validation of known genes/QTLs and by discovery of novel QTLs.

Breeding for quantitative traits requires significant effort and resources and progress
requires germplasm and data interchange among breeding programs. As an example,
after finding that the un-adapted line Q21861 was a valuable source of resistance to
stem rust, numerous collaborations were required - over a 20-year period - to map,
clone and develop molecular markers for introgressing resistance genes into different
genetic backgrounds. Although specific markers were developed to tag the rpg4/Rpg5
resistance complex derived from Q21861, we discovered in our Cycle I project that
additional loci are required for resistance in some genetic backgrounds. Detection of
these genetic interactions was enabled by the availability of germplasm, a SNP array,
a consensus map, and a reference genome sequence.
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Potential new sources of resistance must be evaluated and their alleles introgressed
into adapted germplasm. This expansion of the resistant germplasm pool must include
different end-uses and agronomic characteristics in order to maximize diversity and
utility. Moreover, disease resistance in adapted germplasm must be constantly
monitored and improved for a wide range of diseases. In our Cycle II project we
detected a QTL required for adult plant stem rust resistance that is distinct from the
rpg4/Rpg5 complex. This is an adult plant resistance QTL and is high temperaturetolerant, in contrast to temperature-sensitive rpg4/Rpg5 complex. The overlapping
genome coordinates of QTLs conferring resistance to stripe and stem rust opens the
question of pleiotropy vs. clustering of genes associated with resistance to different
pathogens. Deeper genetic analysis of new germplasm will be required to unwrap the
genetic basis of overlapping resistance QTLs.

Successful breeding for low temperature tolerance also requires germplasm
interchange, as was highlighted in the previous section on breeding for disease
resistance. Finding new sources of variation and compiling them in adapted
germplasm is key to continued progress. We found new QTLs associated with winter
survival that merit further investigation. Most intriguing, however, was the continued
significance of Fr-H1 and Fr-H2. Our expectation was that favorable alleles at these
loci would be fixed. These findings open up new horizons for investigation: are there
novel alleles at these loci? Alternatively, are positive alleles at these loci fixed and the
observed significance of marker loci is due to other, tightly linked genes? The LTT
puzzle is far from solved. Expression and physiological studies are required to more
fully understand the mechanisms which are operative under different conditions, time
points, and in different environments. The LTT achieved with facultative growth
habit germplasm that we document provides additional proof that winter growth habit
is not required for maximum LTT. Breeding for the facultative ideotype could be a
valuable tool for dealing with climate change, as it allows for accelerated generation
advance in plant breeding and provides growers flexibility in planting time.
Moreover, the use of molecular markers to target specific allele combinations at VrnH1, Vrn-H2 and Ppd-H2 while simultaneously selecting for LTT via phenotype,
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MAS, and/or GS could speed up the process of developing facultative varieties with
different end-uses.

Integrating phenotypic information across environments is essential for obtaining the
accurate phenotypic data required for validating known genes/QTLs and identifying
new ones. Furthermore, identification and validation of markers for allelic variants at
loci determining resistance and adaptation traits is essential for continued progress in
the breeding process. A “minimum tool kit” targeting the most valuable allelic
variants will be a valuable and essential resource for developing varieties with
requisite resistances, agronomic performance, and quality.
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Appendix
Appendix A
Supplementary Table A2: Chi square tests for coefficient of infection, at the seedling stage, in the TTKSK Cycle I population. Doubled haploids from each
pedigree are classified as resistant or susceptible based on a coefficient of infection threshold of 2.8.
Number of DH lines
Totala

Cross

Resistant

MC0181-11 x Full Pint

6

MC0181-31 x Oscar

1:1

1:3

Susceptible

χ2

Prob(>χ2)

χ2

Prob(>χ2)

3

3

0.0

1.0

2.0

0.2

5

0

5

5.0

0.0

1.7

0.2

Violetta x MC0181-31b

5

0

5

5.0

0.0

1.7

0.2

SH98076 x 10.1151c

35

8

27

10.3

0.0

0.1

0.8

SH98076 x Full Pint

20

5

15

5.0

0.0

0.0

1.0

SB97197 x 04_028_36

29

3

26

18.2

0.0

3.3

0.1

SB97197 x Violetta

11

0

11

11.0

0.0

3.7

0.1

a Crosses

with more than five doubled haploids were included.

b Two

doubled haploids with phenotype, but no genotypic information were included for segregation analysis.

c One

doubled haploid with phenotype, but no genotypic information was included for segregation analysis.
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Supplementary Table A2: Segregation analysis for allele-specific markers targeting Rpg5 and Rpg1 in 109 doubled haploids derived from three resistant parents
in the TTKSK Cycle I population.
Number of DH lines

1:1

Number of DH lines

1:1

Pedigree

Total

Rpg5

rpg5 /null

χ2

Prob (>χ2)

Rpg1

rpg1 /null

χ2

Prob (>χ2)

All

109

58

51

0.5

0.50

54

55

0.01

0.92

MC0181-11 x _

13

8

5

0.7

0.40

3

10

3.77

0.05

SH98076 56 x_

56

32

24

1.1

0.28

30

26

0.29

0.59

SB97197 x_

40

18

22

0.4

0.52

21

19

0.10

0.75
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Supplementary Table A3: Adult plant evaluation of a sub sample of doubled haploids from the TTKSK
Cycle I population to race TTKSK in field trials in Kenya, Africa.

Line

Pedigree

2016
(%)

DH140030

SH98076/10.1151

0

10

------, rpg4/Rpg5

DH140076

MC0181-11/Full Pint

0

1

------, rpg4/Rpg5

DH140077

Violetta/SH98076

0

1

Rpg1, rpg4/Rpg5

DH140080

SH98076/10.1151

0

10

Rpg1, rpg4/Rpg5

DH140213

SH98076/10.1151

0

1

------, rpg4/Rpg5

DH140273

SH98076/Full Pint

0

10

------, rpg4/Rpg5

DH140274

SH98076/Full Pint

0

20

------, rpg4/Rpg5

DH140278

SH98076/Full Pint

NDa

10

------, rpg4/Rpg5

DH140280

MC0181-11/Full Pint

0

1

Rpg1, rpg4/Rpg5

DH140281

MC0181-11/Full Pint

0

ND

------, rpg4/Rpg5

DH140409

SB97197/04_028_36

0

10

Rpg1, rpg4/Rpg5

DH140410

SB97197/04_028_36

0

40

rpg1, Rpg4/rpg5

DH140421

SH98076/Full Pint

0

1

------, rpg4/Rpg5

DH140426

SH98076/10.1151

0

20

Rpg1, rpg4/Rpg5

DH140507

SB97197/04_028_36

0

20

rpg1, rpg4/Rpg5

DH140508

SB97197/04_028_36

0

30

rpg1, rpg4/Rpg5

DH140512

SH98076/Full Pint

0

1

------, rpg4/Rpg5

DH140515

SH98076/10.1151

0

1

Rpg1, rpg4/Rpg5

MC0181-11

ND

ND

Rpg1, rpg4/Rpg5

MC0181-31

ND

ND

Rpg1, rpg4/Rpg5

SH98076

ND

ND

Rpg1, rpg4/Rpg5

SH98073

0

ND

ND

SB97197

0

ND

Rpg1, rpg4/Rpg5

TR02272

0

ND

Rpg1, rpg4/Rpg5

Orca/Harrington // Harrington/3/D1-72
(D1-72=Shyri/Galena)

0

10

------, -----------

Fridericus x Maja/Legacy //
Maja/3/Doyce

0

ND

-------, Rpg4/rpg5

30

40

ND

Full Pint

10.1151
Thoroughbredb
a

Non data for lines in that year.

b

Susceptible line used as a check in field trials.

2017
(%)

Genotype
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Supplementary Table A4: Markers significantly associated with resistance to stem rust race TTKSK at
seedling stage in the TTKSK Cycle I population.
Marker

Chra

cMa

bpb

p value

q valuec

R2d

SCRI_RS_192640

5H

154.07

638828950

2E-08

0.00

0.24

SCRI_RS_168091

5H

153.77

638454516

7E-07

0.00

0.19

SCRI_RS_181059

5H

153.77

638461095

7E-07

0.00

0.19

SCRI_RS_168668

5H

640505059

1E-06

0.00

0.19

BOPA2_12_30716

5H

642949970

6E-06

0.00

0.16

SCRI_RS_165835

5H

641554680

2E-05

0.01

0.15

SCRI_RS_2824

5H

643314387

3E-05

0.02

0.14

BOPA1_5428-146

5H

156.01

638929788

7E-05

0.03

0.13

SCRI_RS_1458

5H

156.7

639355529

7E-05

0.03

0.13

BOPA1_5757-248

5H

156.7

640705320

2E-04

0.06

0.12

SCRI_RS_118326

5H

156.7

640710136

2E-04

0.06

0.12

SCRI_RS_194030

5H

640004946

2E-04

0.06

0.11

SCRI_RS_155322

5H

156.7

640002824

2E-04

0.06

0.11

BOPA1_2290-796

5H

156.7

640334655

2E-04

0.06

0.11

BOPA1_3333-1209

5H

76.34

542984299

2E-04

0.06

0.11

SCRI_RS_157318

5H

164.47

646856689

3E-04

0.06

0.11

SCRI_RS_6902

5H

156.7

640715740

3E-04

0.06

0.11

SCRI_RS_65371

5H

156.7

640717425

3E-04

0.06

0.11

BOPA1_485-1369

5H

158.18

641065683

3E-04

0.06

0.11

BOPA2_12_30666

5H

161.41

642941039

3E-04

0.06

0.11

SCRI_RS_102066

5H

162.37

643831518

3E-04

0.06

0.11

SCRI_RS_149709

7H

629581599

4E-04

0.08

0.10

BOPA2_12_20832

7H

134.91

628962539

4E-04

0.08

0.10

SCRI_RS_160975

5H

162.37

643857635

5E-04

0.08

0.10

BOPA1_4066-328

5H

162.96

646304688

6E-04

0.10

0.10

158.28

a Chromosome

and genetic position according to the consensus map of Muñoz-Amatriaín et al. (2014a).
Significant SNPs using a subsample are given in italics.
b Single
cq

nucleotide polymorphism (SNP) base pair position according to Mascher et al. (2017).

value (multiple testing corrected p-value) according Benjamini and Hochberg (1995).

d R2,

phenotypic variation explained by SNP marker.
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Supplementary Table A5. TTKSK-resistant (CI < 2.8) doubled haploids from the TTKSK Cycle I
population showing degree of resistance to stripe rust (incited by Puccinia striiformis f. sp. hordei),
leaf rust (incited by Puccinia hordei) and TTKSK stem rust (incited by Puccinia graminis f. sp. tritici).
Leaf
Rusta

Stem
Rustb

Kenya
2016c

Kenya
2017c

Growth
Habitd

Head
typee

Hull

Line

Pedigree

Stripe
Rusta

DH140517

SH98076/Karma

0.0

NA

0.5

ND

ND

W

Two

Hulless

DH140278

SH98076/Full Pint

10.0

13.7

0.7

ND

10

S

Two

Hulled

DH140279

MC0181-11/Full Pint

54.2

0.3

1.3

ND

ND

S

Two

Hulled

DH140078

SH98076/10.1151

10.0

3.0

1.6

ND

ND

F

Two

Hulless

DH140337

SH98076/10.1151

32.5

NA

1.6

ND

ND

F

Two

Hulless

DH140549

SH98076/10.1151

15.0

NA

1.8

ND

ND

F

Six

Hulless

DH140512

SH98076/Full Pint

6.0

8.7

1.9

0

1

S

Two

Hulled

DH140080

SH98076/10.1151

1.7

7.3

1.9

0

10

F

Two

Hulless

DH140418

SH98076/Full Pint

2.5

NA

1.9

ND

ND

S

Two

Hulless

DH140515

SH98076/10.1151

3.3

7.3

2.2

0

1

F

Two

Hulless

DH140510

SB97197/04_028_36

6.3

NA

2.3

ND

ND

F

Two

Hulled

DH140030

SH98076/10.1151

11.7

10.0

2.3

0

10

W

Six

Hulless

DH140270

SB97197/04_028_36

47.5

3.3

2.3

ND

ND

F

Two

Hulled

DH140300

SH98076/10.1151

22.5

NA

2.5

ND

ND

F

Six

Hulless

DH140518

MC0181-11/Tibet 37

5.0

NA

2.7

ND

ND

S

Two

Hulless

DH140077

Violetta/SH98076

3.3

10.3

2.8

0

1

W

Two

Hulless

DH140076

MC0181-11/Full Pint

8.3

3.3

2.8

0

1

S

Two

Hulled

DH140411

SB97197/04_028_36

8.8

NA

2.8

ND

ND

W

Two

Hulled

DH140280

MC0181-11/Full Pint

19.2

46.7

2.8

0

1

S

Two

Hulless

DH140273

SH98076/Full Pint

3.3

10.3

2.8

0

10

S

Two

Hulled

DH140215

SH98076/10.1151

3.3

10.7

2.8

ND

ND

F

Six

Hulless

Type

a Disease

severity expressed as percentage. Data collected in field evaluation in Corvallis, OR, Davis, CA and
Mount Vernon, WA.
b Coefficient

of infection based on infection type as described by Zhou et al. (2014). Data was collected in a
Biosafety Level 3 Containment Facility at University of Minnesota.

c Field
d

stem rust evaluations in the field. Disease severity expressed as percentage.

F = facultative, S = spring, W = winter.

e Two

= Only central spikelets productive. Six = All spikelets productive. Komatsuda et al. (2007).
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Supplementary Figure A6: Phenotipic dristribution of coeficient of infection in the 119 lines used for
GWAS analysis when inoculated with Puccinia graminis f. sp. tritici pathotype TTKSK.
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Supplementary Figure A7: Scatter plot of principal components (PC1 vs PC2) based on genotype
information from SNPs markers using 119 doubled haploids used for GWAS. Lines are labeled
according the crosses were derived.

125

Supplementary Figure A8: Quartile-quartile (QQ) plot for seedling resistance in 119 doubled haploid.
The logistic regression p values are plotted. The horizontal and vertical axes represent expected p
values under null distribution and observed p values, respectively.
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Appendix B
Supplementary Table B1: Genetic, environment, and genetic by environment interaction variance and
broad sense heritability (H2) for barley stripe rust and stem rust on the Cycle II barley population.

Stripe Rust

Stem rust

OR

CA

MN

Mean

17.63

24.7

29.92

Min

0

0

0

Max

100

90

95

Var(G)

0.32

0.32

0.29

Var(E)

0.23

0.35

0.17

Var(GE)

0.31

0.11

0.18

Var(e)

0.13

0.21

0.34

H2

0.62

0.74

0.62
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Supplementary Table B2: Parents of the Cycle II barley population showing infection type (IT) and
coefficient of infection (CI) to a second seedling inoculation with Puccinia graminis f. sp. tritici race
TTKSK, row type, hull type and vernalization requirements.
Vernalization
Line

IT

2a

CI

2b

Row type

Hull type

requirementc

DH140512

10;

1.63

2

Covered

V-

DH140278

10;

1.63

2

Covered

V-

DH140279

1-0;

1.25

2

Covered

V-

DH140030

1

2.00

6

Naked

V+

DH140213

21

2.75

6

Naked

V-

Thunder

1

2.00

2

Covered

V+

10.0860

3-

3.50

2

Covered

V+

UC1231L

33-

3.88

6

Covered

V-

UC1322

10;

1.63

2

Covered

V-

UC1266

1

2.00

6

Naked

V-

DH130939

10;

1.63

2

Covered

V-

DH130004

213-

2.75

2

Covered

V-

DH120412

1

2.00

2

Covered

V-

Infection type mode (IT-M) observed on parental accessions based on the 0-4 scale of Stakman et al. (1962) as
modified for barley by Miller and Lambert (1955).
a

b

Coefficient of infection mean from two replicates calculated as described by Zhou et al. (2014).

c Lines

with (V+) and without (V-) vernalization requirements based on greenhouse evaluation under controlled
conditions.
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Supplementary Table B3: Pearson correlation coefficients of stripe rust (incited by Puccinia striiformis
f. sp. hordei) and stem rust (incited by Puccinia graminis f. sp. tritici) across environments.
Stripe rusta
Env
CV18
CV19
DV18
DV19
MN18

CV18

Stem rustb

CV19

DV18

DV19

MN18

MN19

0.76

0.67

0.59

0.28

0.26

0.79

0.7

0.29

0.32

0.67

0.35

0.36

0.33

0.35
0.53

MN19
Adult plant stage severity after infection by Puccinia graminis f. sp. tritici race QCCJB in 2018 and 2019
Adult plant stage severity after infection by Puccinia striiformis f. sp. hordei across Davis and Corvallis during
2018-2019 seasons.
a

b
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Supplementary Table B4: Percentage of progeny from Cycle II barley population classified as resistant
or susceptible based on disease severity thresholds for MN18 and MN19HD19 carrying different
alleles.
Seedlinga

MN18b

MN19HD59c

Type

Rpg5d

rpg5

RpgXx

Rpg5

rpg5

RpgXx

Rpg5

rpg5

RpgXx

Resistanta

49.4

5.9

31.6

9.5

0.0

2.8

15.3

1.9

10.2

Susceptible

2.8

2.2

6.1

3.4

2.4

6.1

24.2

8.9

19.7

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.
a

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 MN19HD59, respectively, after infection by Puccinia graminis f. sp. tritici race
QCCJB in 2018 and 2019.
b

c

MN19HD59 refers to DH progeny in 2019 with heading dates ≥ 59 days after planting.

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.
d
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Supplementary Table B5: Progeny exhibiting average disease severities after infection by Puccinia graminis f. sp. tritici race QCCJB equal to or lower than 6%
across both years (MN18, MN19HD59) and resistance reactions after infection by Puccinia graminis f. sp. tritici race TTKSK at seedling stage.
Vernalization
IT-M(GR)c

MN18

MN19HD59a

Row Type

Hull Type

requirementb

Line

Pedigree

DH160733

DH140512/UC1322

0;1- (R)

4.0

6.0

2

Covered

V-

DH160748

DH140512/UC1322

0; (R)

2.0

3.0

2

Covered

V-

DH160754

DH140512/UC1322

0; (R)

1.0

7.0

2

Covered

V-

DH161043

DH140512/UC1322

0;1 (R)

3.0

3.0

2

Covered

V-

DH161926

DH140512/DH130004

0;1 (R)

4.0

6.0

2

Covered

V-

DH161914

DH140512/10.0860

0;1- (R)

5.0

7.0

2

Covered

V-

DH160779

DH140030/UC1231L

10; (R)

2.0

5.0

6

Naked

V-

a

MN19HD59 refers to DH progeny in 2019 with heading dates ≥ 59 days after planting.

b

Lines with (V+) and without (V-) vernalization requirements based on greenhouse evaluation under controlled conditions.

Infection type mode (IT-M) observed on parental accessions based on the 0-4 scale of Stakman et al. (1962) as modified for barley by Miller and Lambert (1955). GR is the
general reaction: R = resistant, MR = moderately resistant, MS = moderately susceptible and S = susceptible.
c
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Supplementary Figure B6: Histogram distribution of adult plant resistance based on disease severity
scores after infection by Puccinia striiformis f. sp. hordei in the Cycle II barley population in
environments A, Corvallis 2018, B, Corvallis 2019, C, Davis 2018, D, Davis 2019. Mean values for
resistant and susceptible checks are shown (Continued).
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Supplementary Figure B7: Box plot distribution of Puccinia graminis f. sp. tritici race QCCJB adult
plant stage phenotypic data of Cycle II population during seasons 2018 and 2019 (MN18, MN19).
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Supplementary Figure B8: Histogram distribution of adult plant resistance based on disease severity
scores after infection by Puccinia graminis f. sp. tritici race QCCJB in the Cycle II barley population
during seasons 2018 (MN18) A, and 2019 (MN19) B. Plot C, refers to the subset of lines with heading
dates ≥ 59 days after planting in 2019.
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Supplementary Figure B9: Number of resistant progeny in the Cycle II barley population using
different thresholds to define resistance, expressed as disease severity 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 ≥ 59 days after planting in 2019. At the seedling stage, resistance is defined as lines
exhibiting a coefficient of infection lower than control Q/SM20 after infection by Puccinia graminis f.
sp. tritici race TTKSK.
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Supplementary Figure B10: Manhattan plot from the GWAS of disease severity values from the Cycle
II barley population after infection by Puccinia graminis f. sp. tritici race QCCJB under field
conditions in 2019. Manhattan plot was constructed using a model controlling for heading dates in
season 2019.
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Supplementary Figure B11: Box plots for the four two-locus haplotypes (alleles Rpg5 and QTL3)
based on coefficient of infection (CI) values for the Cycle II barley population after infection by
Puccinia graminis f. sp. tritici race TTKSK. Means for haplotypes followed by the same letter are not
significantly different according to Tukey’s Honestly Significant test (𝑝𝑝 > 0.05).
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