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Abstract A mapping population of 186 recombinant

inbred lines developed from a cross between UC1110, an

adapted California spring wheat, and PI610750, a synthetic

derivative from CIMMYT’s Wide Cross Program, was

evaluated for its response to current California races of

stripe rust (Puccinia striiformis f. sp. tritici) in replicated

field trials over four seasons (2007–2010) in the northern

Sacramento Valley. A genetic map was constructed con-

sisting of 1,494 polymorphic probes (SSRs, DArTs, and

ESTs) mapped to 558 unique loci, and QTL analysis

revealed the presence of four stripe rust resistance QTL

segregating in this population, two from UC1110 (on

chromosomes 3BS and 2BS) and two from PI610750 (5AL

and 2AS). The two QTL of largest effects (on 3BS and

5AL) were validated in independent populations and their

intervals narrowed to 2.5 and 5.3 cM, respectively. The

3BS QTL was shown, by allelism test and genotype, to

carry a gene different from the Yr30/Sr2 complex. Mapped

position also suggests that the 3BS QTL is associated with

a gene different from either Yrns-B1 or YrRub, two stripe

rust resistance genes mapped to this region in other studies.

The 5AL QTL carries a previously unreported partial stripe

rust resistance gene, designated here as Yr48. This paper

discusses the individual contributions to resistance of these

four QTL, their epistatic interactions, and their potential in

durable resistance breeding strategies based on combina-

tions of partial resistance genes.

Abbreviations

AFLP Amplified fragment length polymorphism

ANOVA Analysis of variance

cM centiMorgan (in this population, Kosambi)

DArT Diversity array technology

EST Expressed sequence tag

HTAP High-temperature adult plant

LOD Log of the odds

NIL Near-isogenic line

PST Puccinia striiformis Westend. f. sp. tritici Eriks

QTL Quantitative trait locus or quantitative trait loci,

depending on context

RIL Recombinant inbred line

SSR Simple sequence repeat (microsatellite)

3BS The short arm of chromosome 3B

5AL The long arm of chromosome 5A

2BS The short arm of chromosome 2B

2AS The short arm of chromosome 2A
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Introduction

Present throughout the world’s major wheat growing areas,

the fungal disease stripe rust [causal organism Puccinia

striiformis Westend. f. sp. tritici Eriks. (PST)] is an his-

torical and continuing threat to wheat production, capable

of significant reductions in both grain quality (Dimmock

and Gooding 2002) and yield (Smith et al. 1986) in sus-

ceptible cultivars under conditions conducive to infection.

The development and timely deployment of genetic resis-

tance to this important disease is complicated by the fact

that PST, like the causal agents of leaf rust (P. triticina

Eriks.) and stem rust (P. graminis Pers. f. sp. tritici) of

wheat, is a rapidly evolving population of distinct virulent

races exhibiting a wide and complex range of interactions

with host resistance genes.

In the United States, 59 races of PST, characterized by

unique patterns of virulence on a standard set of 20 dif-

ferential wheat lines, were identified during 35 years of

race surveys conducted between 1963 and 1998. Then, in

the year 2000 alone, 21 new races were detected; and

since that year, nearly 60 more have been identified (Chen

et al. 2010). As a class, these post-2000 races are note-

worthy for their broad virulence profiles (including viru-

lence on the previously effective major resistance genes

Yr8 and Yr9), increased aggression (indicated by reduced

latent periods and faster spore production), and extended

environmental adaptation (specifically tolerance to higher

temperatures) (Chen et al. 2010; Chen 2005, 2007;

Hovmøller et al. 2008; Markell and Milus 2008; Milus

et al. 2009). In California, the rise in frequency of these

post-2000 races led to epidemic levels of stripe rust among

previously resistant varieties in the year 2003, with

statewide yield losses estimated at more than 25%

(Jackson et al. 2003).

This explosion of new races since the year 2000 has

resulted in a situation in which deployed resistance in

California now relies largely upon unknown genes and an

increased presence of Yr5 and Yr15, two major resistance

genes for which rapid deployment was possible due to the

timely availability of molecular markers (Chen et al. 2003;

Sun et al. 1997). Though these two genes thus far remain

effective against races in the region, the regularly observed

defeat of such race-specific genes (most recently Yr8, Yr9,

Yr17, and Yr19) calls into question the long-term effec-

tiveness of strategies of resistance based upon major genes.

Indeed, the race-specificity of such genes, coupled with the

current dynamism observed within the global pathogen

population, is a cause for concern (Hodson and Nazari

2010; Hovmøller et al. 2010) and underscores the urgent

need for alternative defense strategies. Combinations of

partial resistance genes represent one such alternative and

thus are currently of great interest as sources of potentially

more durable (i.e. race non-specific) resistance (see Lowe

et al. 2011 for a recent discussion of the promise of partial

resistance genes in achieving more durable rust resistance).

The mapping study presented here is intended as a

contribution to the long-term, collective research effort

to identify, characterize, and ultimately deploy genetic

sources of partial resistance to stripe rust. The 4 years of

phenotyping in this study were performed under field

conditions in the Sacramento Valley of California, a region

noteworthy for its diverse and burgeoning population of

post-2000 races of PST (broadly speaking, races designated

as PST-78 to PST-80, PST-90, and PST-98 and above; see

Chen et al. 2010). The consistent effectiveness under such

conditions of the resistance QTL described here suggests

their potential relevance to other regions, particularly since

these post-2000 races, many of which were first detected in

California, now predominate in the eastern United States

(Markell and Milus 2008) and carry virulence profiles and

AFLP patterns similar to those found among current races

in Australia, Europe, China, and South Africa (Chen et al.

2009; Hovmøller et al. 2008). Donor lines and flanking

molecular markers for all QTL described and validated

in this paper are publicly available to facilitate their

immediate use by interested wheat breeding and research

programs (see ‘‘Discussion’’).

Materials and methods

Materials

The hexaploid wheat (Triticum aestivum L.) mapping

population used in this study consists of 186 recombinant

inbred lines (RILs) developed via single-seed descent from

the cross UC1110/PI610750. UC1110 (pedigree Chukar///

Yding//Bluebird/Chanate), an adapted California hard

white spring wheat, is an elite breeding line from the UC

Davis breeding program. PI610750 [CIMMYT number

CYG90.248.1, pedigree Croc1/Aegilops tauschii (Synthetic

205)//Kauz], also a spring wheat, is a synthetic derivative

developed under the Wide Cross Program of the Interna-

tional Maize and Wheat Improvement Center (CIMMYT)

in Mexico and was originally registered for its resistance to

Septoria tritici leaf blotch (Mujeeb-Kazi et al. 2000).

A single spike from each F5 RIL was harvested during

the 2007 field season and one F6 seed from each spike was

grown in the greenhouse to provide F7 seed for headrow

increases (Tulelake, CA, USA, 2008). One F7 seed from

each RIL was also sown in the greenhouse, providing tissue

from which genomic DNA was extracted. These single,

large-scale, high-quality DNA extractions per RIL were

archived and used as the templates for all subsequent

genotyping. F8 seed was used for the field trials in both
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2009 and 2010 and was deposited in the National Small

Grains Collection (see ‘‘Discussion’’).

Field trial management

The RIL population was sown in replicated blocks during

the 2007 (3 replications, F5 generation), 2008 (2 replica-

tions; F6), and 2009 (2 replications; F8) growing seasons in

research fields located approximately two miles southwest

of the town of Davis, CA (Yolo County; 38�3104000N,

121�4604400W, elevation 20 m; soil types: Yolo silt loam

and Reiff very fine sandy loam). In 2010, the population

was planted (2 replications; F8) in a commercial field

approximately 5 miles southeast of Grimes, CA, along

the Sacramento River (Colusa County; 39�0201700N,

121�5002900W, elevation 12 m; soil type: Grandbend loam).

Within each block, approximately 30 seeds of each RIL

were sown evenly across one-meter rows, with rows (i.e.

RILs) spaced 30 cm apart to facilitate disease evaluation.

Around and dividing each block, a double row of D6301, a

dwarf variety highly susceptible to stripe rust, was planted

as a spreader.

Trials were sown in November of each season, follow-

ing a pre-plant fertilization of 100 kg N/ha. An additional

50 kg N/ha was applied in February, and the trials were

flood-irrigated as needed, according to commercial pro-

duction practices. In March of each season, chamber-grown

plants (cv. Joaquin) infected with stripe rust race PST-100

were transplanted into the D6301 borders as a safeguard

against the potential absence of naturally occurring inoc-

ulum. Ultimately, such a safeguard proved unnecessary, as

limited tissue samples taken each season revealed the

presence of a representative diversity of post-2000 races at

the time of phenotyping (see ‘‘Results’’).

Disease evaluation

In the field, UC1110 exhibits a moderate level of resistance

to current California races of PST, with an average flag leaf

disease severity of 29% (range 0–85%) at grain fill over the

four seasons of this study (2007–2010). While PI610750

exhibits a similar moderate level of resistance, with an

average disease severity of 23% (range 5–60%), the pop-

ulation of RILs segregates clearly in its reaction to stripe

rust. Images of typical reactions of the parents and the RILs

are presented in Online Resource 1.

In response to the particular segregating characteristics

of this population, an 11-point scale (Table 1 and Online

Resource 1) was developed in an effort to capture in a

single number two standard measures of disease response,

namely the infection type (i.e. S, MS, MR, R) and the

infection severity (i.e. % leaf area affected). In addition to

this 11-point reaction type scale, used in all four seasons,

all entries were also scored for standard disease severity

(i.e. % area of the flag leaf showing symptoms) in 2008,

2009, and 2010. All phenotyping was performed between

early-milk and hard-dough stages (Zadok’s scale, 7.3–8.5).

Genotyping

In a preliminary screen of 1,009 microsatellite markers

(SSRs), the two parent lines were found to be polymorphic

for 447 markers, a high rate of polymorphism (44%)

reflecting the relatively exotic pedigree of PI610750. Of

these 447 markers, 325 were considered reliable due to

their codominant nature. The population was screened with

this codominant subset of 325 putative polymorphic SSRs

using dye-labeled primers on an ABI3130xl, with alleles

scored using the software GeneMapper v3.7. Of these,

usable results were obtained for 229 SSR markers. Con-

currently, the population was screened with diversity array

technology (DArT) markers (Triticarte, Australia), 1,229 of

which were found to be polymorphic among the RILs.

Map construction

Using the publicly available software MAPMAKER/EXP

3.0 (Lincoln et al. 1993), an integrated SSR-DArT genetic

map was developed for this population using the poly-

morphic SSRs and DArTs mentioned above. After reduc-

ing this dataset by merging perfectly linked markers with

one another, linkage groups were assigned to chromosomes

based on published SSR maps; and marker orders within

Table 1 Brief descriptions of the levels of the 11-point reaction type

scale developed for and used to phenotype the population of RILs in

this study

Scalea Description

1 No evidence of stripe rust

2 Flecking; no pustules

3 Trace necrotic striping (\5%); 0-MR pustules

4 Trace necrotic striping (\5%); MS pustules

5 Evident necrotic striping (5–30%); 0-MR pustules

6 Evident necrotic striping (5–30%); MS pustules

7 Abundant necrotic striping ([30%); 0-MR pustules

8 Abundant necrotic striping ([30%); MS pustules

9 S pustules (\30%), not preceded by necrosis

10 Abundant S pustules (30–70%); not preceded

by necrosis

11 Very abundant S pustules (70–100%); not preceded

by necrosis

a Generally speaking, resistant (R) reactions are indicated by scores

1–2, moderately resistant (MR) reactions by 3–6, moderately sus-

ceptible (MS) reactions by 7–8, and susceptible (S) reactions by 9–11.

A more detailed discussion of this scale, including representative

pictures for each level, can be found in Online Resource l
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linkage groups were established based solely on linkage

within this population.

SSR scores within subsequently detected stripe rust

QTL were rechecked using unlabeled primers on vertical

acrylamide gels; and the population was screened with

a few additional targeted markers (barc133, barc147,

Vrn-A2, BE495011, etc.) to provide greater genetic reso-

lution of these regions. Of these additional markers, all

primer sequences are readily available via GrainGenes

(http://wheat.pw.usda.gov) except for the ones reported

here: Vrn-A2 (F 50-ttactggtactcataactgcctctt-30; R 50-agatg

aagcttgggatggat-30) and BE495011 (F 50-tgattactgtagcta

cctcctcct-30; R 50-ggtgcaagatgtgcctgtaa-30).

QTL analysis and model building

Stripe rust resistance QTL were detected in the population

using the publicly available software QTL Cartographer,

version 1.17j (Basten et al. 2004). Specifically, composite

interval mapping (CIM) analysis was performed on

both reaction type (11-point scale) and disease severity

(% infected flag leaf area) data for each season separately,

after averaging the scores of each RIL across all replica-

tions within each season. Permutation analyses were con-

ducted for each phenotypic dataset for each season and, for

simplicity, the highest threshold LOD value (3.3) was

chosen as a uniform threshold for all analyses.

For each QTL detected across multiple seasons in both

phenotypic scales, the marker at the peak of that QTL was

used as a class variable in a simple ANOVA model (SAS

v9.1). Included in this model were all QTL main effects as

well as all first-order interactions among these QTL; both

seasons and blocks within seasons were included as class

variables.

QTL validation

The map positions of the two largest QTL for stripe rust

resistance detected in this population, namely the ones on

chromosomes 3BS and 5AL, were validated via progeny

tests in independent F2 populations. Supporting evidence

for the map position of the comparatively minor stripe rust

resistance QTL on chromosome 2BS is provided by four

seasons of field data for two near isogenic lines (NILs),

sister RILs found to be segregating for stripe rust suscep-

tibility in 2007 (F5 segregants).

Results

The complete genetic map developed for this population,

with total coverage of 3,157 cM and an average marker

spacing of 5.9 cM, is presented along with detailed notes in

Online Resource 2; and a searchable spreadsheet of all

mapped markers is provided in Online Resource 3

(Worksheet 2). Using this genetic map, CIM analysis of

each phenotypic dataset (11-point reaction type and percent

disease severity) for each season revealed the presence of

four distinct stripe rust resistance QTL with significances

exceeding the threshold level of LOD 3.3 over multiple

years. In order of decreasing magnitude of effects, these

QTL are located in the distal region of chromosome 3BS,

in the distal region of 5AL, in centromeric 2BS, and

in 2AS. The presence, relative sizes, and stability over

multiple years of these four QTL can be seen in Fig. 1.

Table 2 presents the virulence profiles of PST races

collected from the fields where the RIL population was

evaluated for disease response. Each year, a small number

of sporulating stripe rust-infected tissue samples were

collected from throughout the population and submitted to

the USDA-ARS Laboratory of the Wheat Genetics, Quality

Physiology, and Disease Research Unit (Pullman, WA,

USA) for race identification, as part of that laboratory’s

ongoing disease surveillance and monitoring work (see

Chen et al. 2002 for a detailed description of methods).

Field-collected spores were pathotyped using either the

standard US set of differentials (years 2007–2009; Chen

et al. 2002) or a new set of monogenic resistance differ-

entials (2010; XM Chen and associates, unpublished data).

These results show that the RIL population was under

pressure from at least eight different broadly virulent post-

2000 races over the course of this investigation. Given the

season-to-season consistency of the resistance QTL

detected in this study, it can be concluded that these QTL

are effective against at least those races listed in Table 2.

Field evaluations of adult plant resistance to stripe rust

can be complicated by seasonal shifts in the pathogen

population, spatially non-uniform disease pressure, envi-

ronmental differences, and variable inoculum loads. Such

factors can introduce substantial noise into an experiment,

thereby reducing the power to detect sources of resistance.

In this particular study, however, four significant stripe rust

resistance QTL were detected consistently across four

seasons and two locations in spite of these variables. The

strong correlation between population replications within

each season, with R2 values ranging from 0.83 to 0.94

(11-point reaction type) and 0.80 to 0.96 (percent disease

severity), indicates limited spatial non-uniformity of dis-

ease pressure within seasons (Online Resource 4, Fig. S1).

Across seasons, shifts in the pathogen population and dif-

ferences in environmental conditions and overall inoculum

load appear to have introduced slightly more variability

into the study than the variation within location. However,

the correlations remain high, with R2 values ranging from

0.76 to 0.86 (reaction type) and from 0.63 to 0.84 (disease

severity) (Online Resource 4, Fig. S2).
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The fact that roughly 1/16 of the population (12 RILs)

exhibits complete susceptibility (average disease severity

C90%) is consistent with the identification of four signif-

icant resistance QTL. And the fact that two of the resis-

tance QTL (on 3BS and 2BS) are contributed by UC1110

and the other two (on 5AL and 2AS) are contributed by

PI610750 provides some insight into the moderately

resistant phenotypes observed for the two parents (see

Online Resource 1). Before proceeding to discuss these

four QTL in more detail, it is worth mentioning that two

other stripe rust resistance QTL of very consistent but sub-

threshold effect were also detected on chromosomes 3DS

Fig. 1 The top graph presents a whole-genome view of the results of

the CIM analysis (global average of all LOD scores across all seasons

and both phenotypic scales) with the threshold LOD of 3.3 indicated by

a dashed horizontal line. All chromosomes in this whole-genome view

are to scale and oriented with the telomere of the short arm to the left.
As throughout this paper, distances are in Kosambi cM, with the

telomere of the short arm positioned at 0 cM. Below is a panel of four

LOD plots, one for each significant QTL region, with the threshold LOD

of 3.3 included in each for scale. Within each plot, solid color lines

indicate the CIM results for reaction type for each season (2007–2010,

see color key in figure); dashed color lines indicate the CIM results for

disease severity for each season (2008–2010). The solid black line is the

average LOD plot of the four seasons of 11-point reaction type data. The

dashed black line is the average LOD plot of three seasons of % disease

severity data. pk QTL peak marker (i.e. the locus associated with the

highest overall average LOD score), d distal flanking marker, p proximal

flanking marker. Hatch marks along the x axes indicate the positions of

mapped loci (see complete genetic map in Online Resource 2)
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and 7AL. While these QTL are presented in Online

Resource 4 (Fig. S3) as a point of interest, they are not

included in any of the subsequent analyses presented here.

The mapped locus associated with the highest overall

average LOD score within each of the QTL regions was

designated the ‘‘peak’’ marker for that region (see Fig. 1).

These four peak markers (gwm533.1 for 3BS, cfa2149 for

5AL, wmc474 for 2BS, and wPt-5839 for 2AS) were then

used as class variables, along with years (2007–2010) and

blocks in the field (nested within years), in an analysis of

variance (ANOVA). The results of this analysis (P values

and % variation explained), including the main effects of

these four QTL and their first-order interactions, are pre-

sented in Table 3. For the 11-point reaction type data, this

ANOVA model accounts for 71.8% of the phenotypic

variation observed in the field; for the percent disease

severity data, this model accounts for 64.5% of the observed

variation. In general, the analyses using the two different

phenotypic scales are in close agreement (see ‘‘Discus-

sion’’). Interaction plots (% disease severity) for the four

QTL are presented in Fig. 2, and equivalent plots for

reaction type can be found in Online Resource 4 (Fig. S4).

The general trend illustrated in the interaction plots

(Fig. 2) is that the observed effects of each of the four QTL

are greater in the absence of resistant alleles from the other

QTL than in their presence (except for the 2BS ? 2AS

combination). The relative slopes of the lines in the inter-

action plots in Fig. 2 are indeed informative in terms of

QTL combinability, but the values of their endpoints do not

accurately represent the individual effects of the four QTL.

The reason for this is that the endpoints of these lines are

the averages of all 186 RILs, classified according to the

two QTL under consideration but making no attempt to

control for the effects of the other two QTL. For example,

the values presented in the 2B 9 2A interaction plot are

biased by the effects of the 3B and 5A QTL. To obtain a

more accurate sense of the individual and combined effects

of these QTL, the flanking markers for the four QTL

regions were used to select subsets of RILs in which these

effects are controlled (e.g. RILs possessing only the 2BS

resistance were selected to represent the effect of the 2BS

QTL, etc.). The results of this more controlled comparison

are presented in Fig. 3, along with a more detailed

description of these subsets of RILs. An equivalent chart

for reaction type data can be found in Online Resource 4

(Fig. S5).

Seeds of the mapping population parents and all RILs

were deposited in the National Small Grain Collection and

are available to interested breeding and research programs

(GSTR numbers 13501–13687; for a table of ID’s, see

Online Resource 3, Worksheet 4) through the USDA

Germplasm Resources Information Network (http://www.

ars-grin.gov). To facilitate the use of this mapping popu-

lation for other QTL studies, full genotypic data for all

RILs are available both through the GrainGenes database

(http://wheat.pw.usda.gov/report?class=mapdata;name=

Wheat,?UC1110?x?PI610750) and in Online Resource 4

(Worksheet 2). Complete phenotypic data for this study is

also available in Online Resource 4 (Worksheet 3).

3BS QTL (henceforth QYr.ucw-3BS)

The QTL of largest effect in this population, contributed by

UC1110, maps to the distal region of the short arm of

chromosome 3B and is linked to locus gwm533.1 (Fig. 4).

Some caution is necessary with regard to this marker

because two different gwm533 loci have been mapped to

chromosome 3B (Röder et al. 1998; Suenaga et al. 2003;

Xue et al. 2008): gwm533.1, located 5–12 cM distal of

gwm493 and perfectly linked to QYr.ucw-3BS in the pres-

ent mapping population (Fig. 4); and gwm533.2, located

approximately 30–40 cM proximal of gwm493 (Röder

et al. 1998; Xue et al. 2008). It is important to note that

Suenaga et al. (2003) also mapped the same two gwm533

loci but inverted their names (gwm533.1 and gwm533.2)

relative to the original map from Röder et al. (1998). The

nomenclature adopted in this paper follows the precedent

of Röder et al. (1998).

Table 2 Virulence profiles of field-collected spores confirm the

presence of a diversity of broadly-virulent post-2000 races of PST

during the course of this study. In light of the limited number (34) of

samples analyzed, this list should not be understood as a compre-

hensive survey of all races present

Race Year Virulence profilea

PST-100 2008 1,3,8,9,10,11,12,16,17,18,19,20

PST-111 2008 1,3,5,8,10,11,12,16,17,18,19,20

PST-113 2007, 2008 1,2,3,8,9,10,11,12,16,17,18,19,20

PST-115 2008 1,3,5,8,9,10,11,12,14,16,17,18,19,20

PST-122 2008 1,2,3,6,8,9,10,11,12,14,16,17,18,19,20

PST-127 2009 1,2,3,5,6,8,9,10,11,12,13,15,16,17,18,19,20

PST-128 2007 1,2,3,6,8,10,11,12,16,17,18,19,20

PST-129 2007, 2008 1,2,3,8,10,11,12,16,17,18,19,20

Undesignated 2010 2,6,7,8,9,26,32,43,44,Tr1,Exp2

Undesignated 2010 2,6,7,8,9,17,26,27,43,44,Tr1,Exp2

Undesignated 2010 2,6,7,8,9,17,26,27,43,44,Tr1,Exp2

Undesignated 2010 2,6,7,8,9,17,26,27,32,43,44,Tr1,Exp2

Undesignated 2010 1,2,6,7,8,9,10,24,27,32,43,44,Tr1,Exp2

a Note that while the virulence profiles for samples taken in 2007–2009

refer to a set of 20 historic differential lines (see Chen et al. 2002), those

for samples taken in 2010 refer to specific resistance genes (e.g. Yr2,

Yr6, Yr7, etc.). Due to this recent transition to a set of monogenic

differentials, the samples collected in 2010 have yet to receive official

race designations
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In terms of disease severity, the main effect of this QTL

alone accounts for 22% of the observed variation in the

field and is associated with an average reduction in disease

severity of 85%, compared with fully susceptible lines. As

indicated by Figs. 2 and 3, the effects of the more minor

2BS and 2AS QTL are essentially nullified in the presence

of the stronger 3BS resistance. Such is not the case, how-

ever, with the QTL on 5AL; though their effects are not

additive, some additional protection is achieved through

the combination of these two QTL (an average reduction in

disease severity of 93%) compared with either alone.

QYr.ucw-3BS validation

To validate the presence and mapped position of the 3BS

QTL, an independent F2 population was developed from

the cross RIL149/RIL233. Since RIL149 is a completely

susceptible line from the original mapping population (i.e.

it lacks all four resistance QTL) and RIL233 carries only

the 3BS resistance (i.e. it lacks the 5AL and 2BS resis-

tances), this F2 population segregates only for the 3BS

resistance, thus Mendelizing the trait. Out of 90 F2 plants

from this cross, 18 were found to be homozygous for the

resistant RIL233 haplotype (based on both flanking mark-

ers and the peak marker gwm533.1), and 19 were found to

be homozygous for the susceptible RIL149 haplotype.

These 37 plants were inoculated in the greenhouse with

spores collected during the 2010 field season and their

reaction types (resistant or susceptible) were found to co-

segregate perfectly with the two gwm533.1 alleles (Fisher’s

exact probability test P \ 0.0001). The details of this

screen, including images of typical reactions, are presented

in Online Resource 5 (Table S1).

QYr.ucw-3BS dissection

The flanking markers for this 2.5 cM region (see Fig. 4)

were determined by means of a detailed characterization of

RILs with recombination events close to the QTL peak

(Online Resource 5, Table S2). The distal flanking marker

(EST-based marker BE446462) is set by the phenotype of

RIL199, a 5AL- and 2BS-resistant line with a recombina-

tion event between this EST marker and peak marker

gwm533.1 and a clear absence of the 3BS resistance (48%

average disease severity, 7.3 average reaction type; refer to

Table S2). The phenotypes of other RILs with recombi-

nation events in this area (e.g. RILs 178 and 204, Table S2)

further confirm BE446462 as a reliable distal flanking

marker. The phenotype of RIL160, a line with a recombi-

nation event between gwm533.1 and barc133, suggests

barc133 as a reliable proximal flanking marker (Fig. 4,

Table S2). Due to the very close proximity (0.5 cM) of this

marker to the peak of QYr.ucw-3BS, two independent F2

populations were developed to validate this boundary: (1)

RIL160/RIL149 (fully susceptible line) and (2) RIL160/

RIL233 (RIL carrying only the 3BS resistance). For each

population, adult F2 plants lacking the 5AL resistance but

homozygous for either of the parental 3BS haplotypes were

inoculated in the greenhouse with field spores collected

during the 2009 field season. The resistant and susceptible

Table 3 Analysis of variance (ANOVA) results from a simple model in which each of the four detected QTL are represented by their peak

markers

Effecta Reaction type (11-point scale) Disease severity (% leaf area)

R2 = 71.8% R2 = 64.5%

P Variation (%) P Variation (%)

3B \0.0001 36.4 \0.0001 22.2

5A \0.0001 6.5 \0.0001 10.2

2B \0.0001 4.2 \0.0001 4.5

2A \0.0001 1.1 \0.0001 2.3

3B 9 2B \0.0001 2.3 \0.0001 3.0

5A 9 2B \0.0001 1.9 \0.0001 2.7

3B 9 5A \0.0001 1.8 \0.0001 2.4

5A 9 2A 0.0137 0.1 \ 0.0001 0.7

3B 9 2A 0.0087 0.1 0.0049 0.3

2B 9 2A 0.1060 (NS) 0.0 0.0647 (NS) 0.1

a The peak markers used to represent the four QTL in this model are gwm533.1 (3B), cfa2149 (5A), wmc474 (2B), and wPt-5839 (2A). Included

in the model are the main effects of the four QTL, the first-order interactions among these QTL, years (not shown), and blocks within the field

(nested within years, also not shown). P values are presented for all main and first-order QTL effects. The overall model R2 values for the two

phenotypic datasets are provided, and the percents of total phenotypic variation explained by each effect are also given
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reaction types showed perfect linkage with gwm533.1

(Freeman-Halton extension of Fisher’s exact probability

test P = 0.007), indicating that RIL160 carries the

QYr.ucw-3BS resistant allele and confirming barc133 as a

reliable proximal marker (Fig. 4, Table S3). Based on these

flanking markers, QYr.ucw-3BS can be assigned to the

Chinese Spring deletion bin 3BS8-0.78-1.00 and appears to

span contigs 986, 412, 960, 1, 541, 11, 344, 6, 287, and

774, listed in the order they appear on the 3BS physical

map (Paux et al. 2008).

Allelism test between QYr.ucw-3BS and Yr30

A number of rust resistance genes and QTL have been

mapped to the distal region of the short arm of chromo-

some 3B, including Yr30 (Singh et al. 2000; Suenaga et al.

2003), Yrns-B1 (Börner et al. 2000; Khlestkina et al. 2007),

and YrRub (Bansal et al. 2010). Given this fact, substantial

work beyond the scope of this current study is needed to

determine if the QTL detected in this population is a novel

gene, a novel allele of a previously mapped gene, or simply

Fig. 2 Two-way interaction

plots for the four detected QTL.

In each plot, the QTL region of

larger magnitude is shown on

the x axis (R resistant,

S susceptible). The two phases

of the smaller QTL are indicated

by the two lines in each plot

(R dotted line; S solid line).

Error bars are ±2 standard

errors, and associated P values

are indicated
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a rediscovery of an already known allele. Until such

comprehensive work is done, no formal gene designation

for this detected QTL is suggested. That being said, an

allelism test was conducted to investigate the relationship

between QYr.ucw.3BS and the adult plant resistance gene

Yr30.

For this test, a population of 300 F2 plants from the cross

RIL233 (donor of QYr.ucw-3BS)/Opata 85 (donor of Yr30;

Suenaga et al. 2003) was planted in the field in Davis in

2010. Of these 300 plants, 7 were found to be completely

susceptible (reaction type 11, disease severity[90%). This

result is compatible with the association of the peak of the

QTL for Yr30 with gwm389 (Suenaga et al. 2003), a

marker which maps in 4–12 cM distal of wms533.1 in other

populations (Kota et al. 2006; Sherman et al. 2010). Based

on this allelism test, it appears that the 3BS QTL detected

in this population, being completely linked to gwm533.1,

carries a gene for stripe rust resistance that is different from

Yr30. This conclusion is strengthened by the fact that

UC1110 does not possess Sr2, the slow-rusting stem rust

resistance complex associated with Yr30 (Singh et al.

2000). The absence of Sr2 in UC1110 is supported by a

recently developed diagnostic marker for Sr2 (Mago et al.

2011), by the 142-bp length of the amplified fragment of

gwm533.1 in UC1110 (Sr2 is associated with a 120-bp

fragment; Spielmeyer et al. 2003), as well as the lack of the

Sr2-associated morphological trait pseudo-black chaff in

both UC1110 and the mapping population.

5AL QTL (henceforth Yr48, see ‘‘Discussion’’)

The second most significant QTL in this population, con-

tributed by the synthetic derivative PI610750, is located in

the distal region of the long arm of chromosome 5A and is

completely linked to the vernalization locus Vrn-A2 (Yan

et al. 2004) (Fig. 5). In terms of disease severity, the main

effect of this QTL alone accounts for 10% of the observed

variation in the field and is associated with an average

reduction in disease severity of 63%, compared with fully

susceptible lines. As indicated by Figs. 2 and 3 (and Online

Resource 4, Figs. S4 and S5), this QTL combines well with

the one on 3BS to enhance the level of protection in the

field. Slight gains in protection were also observed through

its combination with the QTL on 2BS and, to a lesser

degree, the QTL on 2AS.

Yr48 validation

To validate the presence and position of this QTL, an

independent F2 population was developed from the cross

RIL149/RIL167. Since RIL149 is a completely susceptible

line from the original mapping population (i.e. it lacks all

four resistance QTL) and RIL167 carries only the 5AL

resistance (i.e. it lacks the 3BS and 2BS resistances), this

F2 population segregates clearly for the 5AL resistance.

Out of 150 F2 plants, 34 were found to be homozygous for

the resistant RIL167 haplotype (based on the proximal

Fig. 4 Mapped and validated position of stripe rust resistance QTL

QYr.ucw-3BS on the short arm of chromosome 3B (source UC1110).

The black region demarcates the current size of the QTL region

(2.5 cM). This resistance is perfectly linked with gwm533.1 as well as

two other SSR’s and 35 DArT markers. See Online Resource 2 for the

full genetic map

Fig. 3 The effects of different QTL (and pairs of QTL) on disease

severity in otherwise susceptible backgrounds. SUSC the subset of

fully susceptible RILs (i.e. lines with susceptible haplotypes at all

four QTL regions), 3B the subset of RILs possessing only the 3B

resistance, 5A the subset of RILs possessing only the 5A resistance,

3B ? 5A the subset of RILs possessing 3B and 5A resistance only

(i.e. no 2B or 2A resistance), etc. The numbers in parentheses under

each label indicate the numbers of RILs in each class. Bar heights are

averages over all seasons; error bars are ±2 standard errors. For a

detailed list of the RILs in each class, please refer to Online Resource

4 (Figure S3)
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flanking marker wmc727 and the peak marker cfa2149) and

32 were found to be homozygous for the susceptible

RIL149 haplotype. These 66 plants were transplanted as

seedlings into the field at Davis in 2010 and scored at

booting stage under natural infection pressure as either

resistant or susceptible. This binary reaction type was

found to segregate perfectly with the two haplotypes

(Fisher’s exact probability test P \ 0.0001); and the details

of this validation trial, including images of typical reac-

tions, can be found in Online Resource 5 (Table S1).

Yr48 dissection

The flanking markers for this 5.3 cM QTL region (see

Fig. 5) were determined by means of a detailed charac-

terization of RILs with recombination events close to the

QTL peak. The distal flanking marker (wPt-9800) is set by

the phenotype of RIL86, a line with a recombination event

between wPt-9800 and peak marker cfa2149. Because this

line lacks the 3BS and 2BS QTL, its 6.2 average reaction

type and 38% average disease severity clearly indicate that

it carries Yr48. The phenotypes of RIL150 and RIL243,

two lines carrying independent recombination events

between cfa2149 at the peak of the QTL and wmc727,

suggest wmc727 as a reliable proximal flanking marker.

RIL150 is a completely susceptible line (10.9 average

reaction type, 91% average disease severity) that clearly

lacks the 3BS, 5AL, and 2BS resistances. RIL243, lacking

the 3BS and 2BS resistances, is shown by its phenotype to

carry the 5AL resistance (7.0 average reaction type, 38%

average disease severity). Based on these flanking markers,

Yr48 can be assigned to the Chinese Spring deletion

bin 5AL23-0.87-1.00. Dissection data for this QTL is

summarized in Online Resource 5 (Table S4).

Effects of development and temperature

on QYr.ucw-3BS and Yr48

Given the sheer magnitude of its average effect ([80%

reduction in disease severity, Fig. 3), the possibility exists

that QYr.ucw-3BS is a major resistance gene. But con-

trolled chamber inoculations of seedling and adult plants at

low and high temperatures with PST-100, a broadly viru-

lent race of PST representative of the post-2000 group of

races, suggest that QYr.ucw-3BS behaves instead like a

high-temperature adult-plant (HTAP) partial resistance

gene (see Table 4). At the seedling stage, the 3BS QTL

offers no significant protection against PST-100 but does

provide partial resistance at the adult plant stage, particu-

larly under high temperatures. Both the lack of resistance at

the seedling stage and the temperature dependence of the

resistance at the adult plant stage suggest that the 3BS QTL

may carry a partial HTAP resistance gene rather than a

major gene conferring race-specific protection against

PST-100. At the adult stage, the 3BS QTL combines with

the one on 5AL (Yr48) to offer an effective level of

resistance at high temperatures. This combination of

Fig. 5 Mapped and validated position of the partial stripe rust

resistance QTL on the long arm of chromosome 5A (source

PI610750). The gene underlying this QTL is designated Yr48. The

black region demarcates the current size of the QTL region (5.3 cM).

This resistance is perfectly linked with the EST-derived marker

BE495011, as well as vernalization gene Vrn-A2. See Online

Resource 2 for the full genetic map

Table 4 Summary of results of controlled inoculations using post-

2000 stripe rust race PST-100

Linesa QTL class Seedling (IT)b Adult (% severity)c

Low Td High T Low T High T

RILs 62,125,152 SUSC 8.0±0.0 8.0±0.0 87±6 83±2

RILs 139,140,233 3BS 8.0±0.0 8.0±0.0 51±34 38±22

RILs 17,86,143 5AL 8.0±0.0 6.8±1.3 77±15 73±12

RILs 97,263,266 3BS ? 5AL 5.5±1.6 5.7±2.1 47±15 10±10

a Based on haplotypes, RILs 62, 125, and 152 are fully susceptible (no

3BS, 5AL, 2BS, or 2AS resistance); RILs 139, 140, and 233 carry only the

3BS resistance; RILs 17, 86, and 143 carry only the 5AL resistance; and

RILs 97, 263, and 266 carry the 3BS and the 5AL resistances in

combination
b Indicated seedling infection types (typical 1-9 scale) are the averages

(±1 standard error) across all genotypes in each QTL class, with 5

independently scored plants per genotype
c Indicated adult disease severities (% affected area of flag leaf) are the

averages (±1 standard error) across all genotypes in each QTL class, with

3-4 independently scored plants per genotype
d Low temperature tests were conducted using a 4–20�C cycle, and high

temperature tests were conducted using a 10–30�C cycle
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resistance QTL also confers partial resistance at the

seedling stage, a developmental stage at which neither

QYr.ucw-3BS nor Yr48 alone exerts any discernable effect.

2BS QTL (henceforth QYr.ucw-2BS)

A minor but still significant stripe rust resistance QTL in

this population, contributed by UC1110, is located in the

centromeric region of the short arm of chromosome 2B

(see Fig. 1 and Online Resource 2). Assignment to the

short arm is based on the mapping of flanking markers

gwm429 and barc230 to 2BS using nullitetrasomic

(N2AT2B, N2BT2D) and ditelosomic (Dt2BL) cytogenetic

stocks (Sears 1954; Sears and Steinitz-Sears 1978). In

terms of disease severity, the main effect of this QTL

accounts for 4.5% of the observed variation in the field and

is associated with an average reduction in disease severity

of 53.6%, compared with fully susceptible lines. As indi-

cated by Figs. 2 and 3 (and Online Resource 4, Figs. S4

and S5), this QTL combines well with the ones on 5AL and

2AS to enhance the level of protection in the field. In the

presence of the relatively stronger 3BS resistance, how-

ever, the contribution of the 2BS QTL is marginal for this

population over the years of this study.

QYr.ucw-2BS validation

While no independent populations were developed to val-

idate the presence and boundaries of this QTL, a late-

generation (F5) RIL found to be segregating for reaction

type provides support for the role played by this region of

chromosome 2BS in stripe rust resistance. Specifically, in

2007, one single-seed descent line in the mapping popu-

lation was observed to be segregating for stripe rust

resistance (reaction type 5–6 and reaction type 10–11,

respectively). Seeds from two plants within this line, rep-

resenting the two reaction types observed, were harvested

and advanced as two separate RILs (RIL193 and RIL194).

Subsequent genotyping revealed these two RILs to be near-

isogenic lines (NILs), monomorphic at 94.1% of the 559

mapped loci screened in this population. The remaining

5.9% polymorphic loci are concentrated in a 24.5-cM

region on chromosome 2B (including the centromeric 2BS

QTL region) and a small 3.7 cM region on chromosome

7AS (see Online Resource 3, Worksheet 2). Since these

two NILs, based on their haplotypes, lack the 3BS, 5AL,

and 2AS resistances, their relative performances over the

3 years of this study provide information on the putative

role of this region on chromosome 2BS. An ANOVA

comparing disease severity between these two NILs, using

year and block as classification variables, lends strong

support to the existence of a stripe rust QTL on 2BS

(R2 = 99.8%, P \ 0.0001) and provides a more accurate

estimate of its effect in a susceptible UC1110/PI610750

background (average RIL193 severity 99.0%, average

RIL194 severity 68.3%). Assuming the small region on

7AS to play no role (an assumption backed by the 4 years

of data, see Fig. 1), comparison of these NILs supports

both the presence of a stripe rust QTL on 2BS as well as

the reliability of flanking marker gwm429 (see Online

Resource 5, Table S2).

QYr.ucw-2BS dissection

Like the 3BS and 5AL QTL described above, the flanking

markers for this relatively large 24.0 cM QTL region (see

Fig. 1 and Online Resource 2) are based on the charac-

terization of RILs carrying recombination events close to

its peak. The distal flanking marker (gwm429) is set by the

phenotypes of RILs 149 and 150, two fully susceptible

lines with independent recombination events between

gwm429 and peak marker wmc474 and a clear absence of

the 2BS resistance (10.9 and 10.9 average reaction types,

87 and 91% average disease severities). Further evidence

for gwm429 as a distal flanking marker is provided by RILs

193 and 194 (see previous section). Similarly, the proximal

flanking marker (barc230) is set by the phenotype of

RIL72, a fully susceptible line with a recombination event

between barc230 and peak marker wmc474 and a clear

absence of the 2BS resistance (98% average disease

severity, 10.8 average reaction type). Dissection data for

this QTL are summarized in Online Resource 5 (Table S2).

2AS QTL (henceforth QYr.ucw-2AS)

A very minor but still marginally significant stripe rust

resistance QTL in this population, contributed by the syn-

thetic derivative PI610750, is located in the short arm of

chromosome 2A (see Fig. 1 and Online Resource 2).

Assignment to the short arm is based on the mapping of

cfa2201, a marker proximal to the defined QTL region, to

2AS using nullitetrasomic (N2AT2B, N2BT2D) and ditel-

osomic (Dt2AS) cytogenetic stocks (Sears 1954; Sears and

Steinitz-Sears 1978). In terms of disease severity, the main

effect of this QTL accounts for a very small 2.3% of the

observed variation in the field and an average reduction in

disease severity of 31.2%, compared with fully susceptible

lines. As indicated by Figs. 2 and 3 (and Online Resource 4,

Figs. S4 and S5), this QTL combines well with the ones on

5AL and 2BS to enhance the level of protection in the field.

In the presence of the relatively stronger 3BS resistance,

however, the contribution of QYr.ucw-2AS is undetectable

for this population over the years of this study.

Peak LOD scores which surpassed the threshold (LOD

3.3) over multiple seasons and in both phenotypic datasets

(reaction type and disease severity) dictated the inclusion
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of this QTL in the ANOVA model used here, but no sub-

sequent attempt was made in this study to validate its

presence or boundaries in independent populations. The

flanking markers for this very large 34.3 cM QTL region

(see Fig. 1 and Online Resource 2) are based on drops in

two LOD units from the peaks of the averaged curves for

both phenotypic datasets and therefore do not demarcate

this QTL region with the certainty of the flanking markers

for the 3BS, 5AL, or 2BS QTL regions.

Discussion

Through this mapping study of the sources of genetic

resistance to broadly virulent post-2000 races of PST

segregating in the population UC1110/PI610750, a resis-

tance QTL of large effect (QYr.ucw-3BS) was identified

and validated on the short arm of chromosome 3B. Pre-

liminary dissection of this QTL narrowed its size to

\4 cM. Despite its large average effect ([80% reduction

in disease severity, Fig. 3), QYr.ucw-3BS is indicated by its

lack of effect against PST-100 at the seedling stage and its

combinability with Yr48 to be a partial adult plant resis-

tance gene. As such, QYr.ucw-3BS may prove valuable in

breeding strategies for resistance based on combinations of

partial resistance genes, particularly if it can be incorpo-

rated into a cassette of such genes in the 3BS region

(see next section). As the possible race-specificity of

QYr.ucw-3BS has consequences in terms of its usefulness

in providing durable resistance to stripe rust, further

characterization of this QTL is certainly needed. Toward

this end, efforts are underway to fine map and eventually

clone the underlying gene.

This mapping study also identified and validated the

presence of Yr48, a gene underlying the partial stripe rust

resistance QTL on the long arm of chromosome 5A. Pre-

liminary dissection of this QTL narrowed its size to

5.3 cM. Considering the average levels of reaction type

and disease severity observed in the field among RILs

carrying only the Yr48 resistance (6.2 and 33%, respec-

tively) and the good combinability of this gene with the

other three detected QTL in this population, Yr48 also

appears to be a partial rather than a major, race-specific

resistance gene. In further support of this claim, controlled

inoculations with PST-100 showed a lack of resistance at

the seedling stage but a significant contribution toward

effective resistance at the adult plant stage; in combination

with QYr.ucw-3BS, it also provided resistance at the

seedling stage (Table 3). Given the stability of the partial

resistance provided by this gene across the years of this

study, its relatively exotic source (synthetic derivative

PI610750), and the effective role it plays in the gene

combinations investigated in this study, Yr48 represents a

new line of defense that may be of interest to wheat

breeders. As with QYr.ucw-3BS, further characterization of

Yr48 is certainly needed and efforts to clone the underlying

gene are underway.

Though it has been validated and is also likely, based on

its small effect and its good combinability with other QTL,

to be a partial resistance gene, the smaller QTL on 2BS

(QYr.ucw-2BS) further dissection and characterization to

be of practical use to breeding programs. The very small

QTL on 2AS (QYr.ucw-2AS), potentially of little interest to

breeding programs due to the magnitude of its effect, must

be validated and more precisely mapped before its use-

fulness can be ascertained. Due to its relatively small effect

on stripe rust reaction and severity, the development of

near-isogenic lines will likely be required for validating

and dissecting this QTL, an endeavor beyond the scope of

this initial mapping study and perhaps not worth the

investment, at least in terms of developing easily deploy-

able packages of durable resistance.

With regard to methodology, this study illustrates the

essential equivalence, in the context of QTL mapping, of

scoring adult plant reactions to PST in the field using a

canopy-wide reaction type scale versus the more common

leaf-specific disease severity scale. In this population, the

reaction type scale captured a higher proportion of the

variation in stripe rust resistance (71.8%) than the disease

severity scale (64.5%); and the QTL analyses resulted in

equal or larger LOD scores (Fig. 1), suggesting a slight

improvement in scoring phenotype. Moreover, the season-

to-season correlations of RIL phenotypes were found to be

consistently higher using the reaction-type scale (Online

Resource 4, Figure S2), further suggesting that such a

scale, by integrating both infection severity and infection

type in a single number, may be more robust under envi-

ronmental variation and thus more suited to a multi-year,

multi-location field evaluation of adult plant resistance.

The coincidence of the QTL peaks of both scoring

methods is worth mentioning due to the fact that, in our

experience, disease evaluation using a reaction type scale is

much less time intensive, requiring less than half the

amount of time per line, than the finer-scale disease

severity evaluation based on percent leaf area. As the cost

and speed of high-throughput genotyping continue to

improve, any potential gains in phenotyping efficiency

should be given consideration in order to accelerate the

gene discovery process. While a crude reaction type scale

is likely not appropriate for subsequent gene characteriza-

tion work, the nuances of which may be best captured by

disease severity scales, areas under the disease progress

curve, histological studies, or other phenotypes, this study

indicates that it may be sufficient for initial QTL detection

and mapping work in some cases. It is possible, too, that

the relative performance of the scales may offer some
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insight into the character of resistance genes. For example,

the fact that QYr-ucw.3BS explains over twice as much of

the total phenotypic variation in the reaction type scale

than the disease severity scale, while Yr48 explains over

twice as much in the disease severity scale than the reac-

tion type scale, may be an indication of the differences in

mechanism underlying these two sources of resistance.

Gene postulation

QYr.ucw-3BS: Based on an allelism test and the absence of

Sr2 in UC1110 (donor of QYr.ucw-3BS), the gene under-

lying the 3BS QTL appears to be different from Yr30/Sr2.

Several pieces of evidence also suggest that the detected

QTL on 3BS carries a different gene than Yrns-B1. To

begin, the adult plant resistance gene Yrns-B1 has been

mapped 2.5 cM proximal of gwm493 (Börner et al. 2000;

Khlestkina et al. 2007); in this study, in contrast, QYr.ucw-

3BS was mapped 3.6 cM distal of gwm493. Second, in a

screen of 23 German and UK wheat lines, the gwm533.1

allele fragment associated with Yrns-B1 resistance was

found to be 117 bp in size while the resistance on 3BS

from UC1110 is associated with a PCR fragment size of

142 bp. In terms of both mapped location and associated

allele size, it appears that the 3BS QTL detected in this

population may correspond to a stripe rust resistance gene

that is different from Yrns-B1.

In another recent paper (Bansal et al. 2010), a QTL for

stripe rust resistance carried by cv. Rubric (designated

YrRub and likely allelic with Yr4) was also mapped to the

distal region of chromosome 3BS. However, YrRub was

mapped 10.1 ± 4.2 cM distal of gwm533.1, a distance that

suggests the location of YrRub to be outside of the vali-

dated QYr.ucw-3BS region described here. Further support

for the hypothesis that YrRub and QYr.ucw-3BS are dif-

ferent resistance genes is provided by the fact that YrRub is

effective against post-2002 Australian PST races at the

seedling stage (Bansal et al. 2010), a characteristic not

observed for QYr.ucw-3BS (Table 3).

Despite the evidence presented here, the high density of

rust resistance genes in the distal 3BS region means sig-

nificant work remains to determine the potential novelty of

QYr.ucw-3BS. Nevertheless, these results raise the distinct

possibility of engineering, through simple recombination, a

deployable cassette of stripe rust resistance genes in this

region of the short arm of chromosome 3B. Specifically, in

terms of packages of resistance based on stacked adult

plant resistance genes, the combination of QYr.ucw-3BS

and Yrns-B1, along with the Yr30/Sr2 complex, presents a

promising subject of investigation.

Yr48: As for the 5AL QTL identified in this study, the only

other stripe rust resistance gene reported in the long arm of

chromosome 5A is Yr34 (Bariana et al. 2006). But because

this gene maps 27.9 cM distal of one of the peak markers

in this study (gwm291), the QTL in this study appears to

contain a different gene, hereby designated Yr48 (McIntosh

et al. 2010). The additional fact that the adult plant reaction

associated with Yr34 is comparatively quite resistant (10%

R-MR, compare with Fig. 3) also supports this conclusion,

though in and of itself this is not sufficient evidence due to

the presence of different races and environmental condi-

tions in the two studies.

QYr.ucw-2BS: Numerous stripe rust resistance genes have

been mapped to chromosome 2B (e.g. Yr5, Yr7, Yr27, Yr31,

Yr41, Yr43, Yr44, YrP81, YrSP, YrSte, YrV23, and QYr-

lo.wpg-2BS), and no attempt was made in this initial map-

ping study to establish their relationships with QYr.ucw-

2BS. It is worth noting, however, that all but one (QYr-

lo.wpg-2BS) of these previously reported genes are known

race-specific, all-stage resistance genes (Chen 2005; Cheng

and Chen 2008; Luo et al. 2005; Pu et al. 2010; Sui et al.

2009). As with QYr.ucw-3BS and Yr48, the partial resis-

tance provided by QYr.ucw-2BS to a mixture of broadly

virulent PST races (Table 1) suggests that it may not be a

major gene, and seedling inoculations with appropriate

races should prove useful in distinguishing it from the many

all-stage resistance genes in the region. The one previously

mapped and validated QTL for adult plant resistance to

stripe rust is QYrlo.wpg-2BS, a QTL found to be most

strongly associated with wmc474 (135 bp fragment1) from

cv. Louise (Carter et al. 2009). The peak association of QYr-

ucw-2BS with this same marker (wmc474, 136 bp fragment)

suggests that it may be allelic to QYrlo.wpg-2BS; certainly

further study is needed to determine the relationship

between these two QTL. A small but consistent secondary

QTL peak on 2BS, distal of flanking marker gwm429 (see

Fig. 1), suggests that yet another gene may be present and

segregating in the mapping population described in this

study; but in terms of effect sizes, this study indicates that

future investigation should prioritize QYr.ucw-3BS, Yr48,

and possibly QYr.ucw-2BS over this other small QTL on

2BS or the minor QTL on 2AS, 3DS, or 7DL.

Breeding and applications

To be durable, a stripe rust resistance gene, or more likely a

suite of resistance genes deployed in combination, must

offer protection not only against current PST races but also

against future races as they arise and gain in frequency.

Durability, then, is intimately related to the concept of

race-specificity; and until the mechanisms of resistance are

1 The reported fragment length in Carter et al. (2009) of 154 bp

includes a 19-bp M13 tail, which was subtracted here for the sake of

comparison.
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better understood, the durability of any gene or combina-

tion of genes will elude prediction and remain a simple

matter of ‘‘time will tell.’’ Nevertheless, the consistent

detection of the resistance QTL identified in this study,

particularly QYr.ucw-3BS, Yr48, and QYr.ucw-2BS, is an

indication of their promise. Importantly, for 4 years, these

QTL provided significant and consistent levels of protec-

tion against a diverse and evolving natural population of

broadly virulent post-2000 PST races (see Table 1), a fact

which recommends them for further characterization and

utilization.

With narrow QTL regions well defined by publicly

available flanking molecular markers, both QYr.ucw-3BS

and Yr48 are suited for immediate use by interested mar-

ker-assisted breeding programs. In terms of donor lines,

RIL148 (GSTR 13606) and RIL191 (GSTR 13634) are

recommended as adapted spring habit breeding lines car-

rying all three of the larger resistance QTL described in this

paper (on 3BS, 5AL, and 2BS). For research programs

interested in further basic characterization of these resis-

tances, RIL140 (GSTR 13600) and RIL233 (GSTR 13664)

are recommended as sources of the 3BS resistance alone

(i.e. they are susceptible for 5AL and 2BS). RIL4 (GSTR

13504) and RIL167 (GSTR 13618) are recommended as

sources of the 5AL resistance (Yr48) alone.

Despite the relatively exotic origin of the synthetic

derivative PI610750, the chromosomal lengths in the

developed genetic map indicate no significant barriers to

recombination in this population. In fact, the only large

collapse of genetic distance was found in the short arm of

chromosome 1B, a suppression of recombination due to the

presence of the 1RS translocation in PI610750, not its

synthetic pedigree. While it is possible that the wide-cross

origin of PI610750 could affect recombination rates at a

finer scale in certain regions of the genome, the overall size

of this genetic map suggests that this population is well

suited for QTL mapping and trait dissection and that the

RILs listed above may be utilized by breeding programs as

QTL donor lines without significant linkage drag.

Finally, the co-location of resistance QTL with major

genes controlling development can present problems to

breeders interested in their introgression into adapted

germplasm. With this in mind, it is important to point out

that, although Yr48 is completely linked to the vernaliza-

tion locus Vrn-A2, this particular locus has been demon-

strated to be non-functional in most cultivated and wild

tetraploid wheat accessions (Distelfeld et al. 2009),

meaning that the resistance associated with Yr48 is most

likely not an effect of development and that its deployment

should have no significant impact on vernalization

requirement. In a similar vein, although QYr.ucw-2BS

maps to the same chromosome arm as the photoperiod gene

Ppd-B1, the mapped position of Ppd-B1 is 5.4 cM

proximal of gwm257 (Mohler et al. 2004), a marker which

is over 30 cM distal of wmc474, the peak marker for the

QYr-ucw.2BS region. This genetic distance indicates that

there is no causal link between the QYr-ucw.2BS resistance

and Ppd-B1 and no obstacle to recombination between the

two loci. Due to the large size and unvalidated boundaries

of QYr-ucw.2AS region, the relationship of this minor

source of resistance to the Ppd-A1 photoperiod gene

(mapped within 3 cM of wmc177; Wilhelm et al. 2009) is

less certain.
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