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Abstract
High quality molecular markers that are closely 

linked, codominant, and high throughput are critical 
for developing varieties with durable rust resistance. 
We are using a combination of microsatellite, sequence 
tagged site, and Diversity Array Technology markers 
for haplotyping, pyramiding, and mapping stem rust 
resistance genes. The primary goal of our research 
team is to identify and optimize markers for previously 
characterized and novel stem rust resistance genes in 
wheat. The specific objectives are to: 1) optimize markers 
for previously characterized stem rust resistance genes 
to maximize efficiency of the breeding programs, 2) 
haplotype uncharacterized rust resistant genotypes to 
infer novelty and to plan new mapping experiments, 
3) pyramid novel sources of rust resistance, and 4) map 
novel sources of rust resistance, including adult plant 
resistance. To date, we have evaluated 58 markers 
associated with 21 stem rust resistance genes and used 
20 for haplotyping 318 wheat lines and varieties for 
15 Ug99 effective resistance genes. This germplasm 
panel is also being DArT genotyped. For tetraploids, the 
pyramiding includes Sr2, Sr13 and Sr25 in the breeding 
line UC1113 which is a high yielding semi-dwarf durum 
variety with the high-grain protein content gene 
Gpc-B1 and the non-race specific stripe rust resistance 
gene Yr36. The Australian group is developing markers 
for the stem rust resistance genes Sr33 and Sr45 that 
come from Aegilops tauschii and are located on wheat 
chromosomes 1DS. Diagnostic, codominant markers 
for Sr25 and Sr26 have been developed and are being 
pyramided into CIMMYT breeding lines. Three new 
sources of race-specific resistance in CIMMYT-derived 
spring wheat have been mapped and are designated 
SrA, SrB, and SrC. SrA mapped on 3DL, SrB on 3BS and 
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SrC on 5DL. These genes provided moderate levels 
of resistance to stem rust at the seedling stage and 
acceptable to moderate levels at the adult plant stage.  
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Introduction
Stem rust (caused by Puccinia graminis Pers. f. sp. 

tritici Eriks. & E. Henn.) is one of the most serious diseases 
of wheat worldwide. The recent emergence of wheat 
stem rust race Ug99 (TTKSK) threatens global wheat 
production. The high priority of developing durable 
and effective disease resistant wheat varieties is our 
primary goal. Resistance to wheat stem rust is mediated 
by R genes. To date, about 50 stem rust resistance (Sr) 
genes have been identified and mapped to specific 
chromosome positions (McIntosh et al. 2008; see also 
summarized table for stem rust resistance genes and 
markers at http://rustopedia.get-traction.com/traction. 
Among Sr genes identified, however, less than half are 
effective to Ug99 (See Singh et al. 2006 for review). 
Genes effective against Ug99 include Sr28, 29 and Tmp 
from Triticum aestivum, Sr2 and 13 from T. turgidum, 
Sr22 and 35 from T. monococcum, Sr36 and 37 from T. 
timopheevii, Sr32 and 39 from Aegilops speltoides, Sr33 
and 45 from Ae. tauschi, Sr40 from T. araraticum, Sr24, 
25, 26 and 43 from Thinopyrum elongatum, Sr44 from Th. 
intermedium, and Sr27 R and 1A/1R from Secale cereale. 

Host resistance is more effective and durable 
when several stem rust resistance genes are pyramided 
into a single genotype (Pederson and Leath 1988), 
a process that can be facilitated by marker-assisted 
selection. Our objectives are to develop and optimize 
molecular markers for stem rust resistance for use 
in breeding programs, and to provide resources 
necessary for developing varieties with durable rust 
resistance. A large number of inexpensive markers are 
necessary for mapping and cloning genes linked to 
economically important traits and for implementation 
of efficient breeding methods for rapid development 
of rust resistant varieties. Wheat has one of the largest 
collections of ESTs for a major crop species, but the 
least amount of genome sequence information and 
the fewest molecular markers. This is largely because 
marker development for wheat is complicated by 
polyploidy and low polymorphism, especially in 
cultivated germplasm. Single-nucleotide polymorphism 
(SNP) markers have become the technology of choice 
for most organisms because of their high frequency, 
wide distribution in genomes, and adaptation to highly 
multiplex detection systems. However, there are not 
enough SNP markers available for wheat. Consequently, 
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this project will use a combination of microsatellite 
(SSR), sequence tagged site (STS), and Diversity Array 
Technology (DArT) markers for haplotyping, pyramiding, 
and mapping stem rust resistance genes until a SNP 
marker platform is available for cultivated wheat.

The primary goal of this objective is to identify 
robust markers for previously characterized and novel 
sources of stem rust resistance in wheat. The specific 
objectives are to: 

1) optimize markers for previously characterized stem 
rust resistance genes from the primary gene pool 
providing effective stem rust resistance to maximize 
efficiency of breeding programs. The outcome is to 
develop materials and information necessary for 
marker-assisted breeding and to provide resources 
necessary for pyramiding genes for durable 
resistance.

2) haplotype uncharacterized rust resistant genotypes 
to infer novelty and to plan new mapping 
experiments, including identification of haplotypes 
for major resistance loci of uncharacterized sources 
of stem rust resistance. The outcome will provide 
information required for cross-referencing sources 
of rust resistance and develop a catalog of all known 
sources of marker alleles linked to rust resistance 
genes.

3) combine sources of rust resistance and develop 
several different breeding populations homozygous 
for 3 or more stem rust resistance genes. The 
outcome will be availability of molecular markers 
for new sources of stem rust resistance for use in 
breeding programs and resources necessary for 
developing varieties with durable quantitative rust 
resistance.

4) map sources of rust resistance, including QTLs 
for adult plant resistance (APR) in 4 to 6 different 
mapping populations. The outcome for this objective 
will provide new markers for stem rust resistance for 
use in the breeding programs to develop varieties 
with durable quantitative rust resistance.
The Durable Rust Resistance Wheat Project was 

funded by The Bill and Melinda Gates Foundation 
initially for three years. We are responsible for Objective 
6. The specific milestones and timelines for Objective 6 
are as follows:
Year 1: Optimization of markers for previously 
characterized rust resistance gene markers
1.1 Compile & prioritize a comprehensive list of major 

genes, their markers, and genome locations
1.2 Optimize high priority markers for major known 

genes in the first 18 months.
1.3 Optimize high priority markers for newly discovered 

major known genes. 

Year 2. Haplotyping uncharacterized rust resistant 
genotypes to infer novelty and to plan new mapping 
experiments
2.1 Acquire seed of genetic stocks, germplasm and 

varieties for haplotyping
2.2 Haplotype known sources of rust resistance and 

susceptible controls at known loci.
2.3 Haplotype novel sources of rust resistance not 

characterized at major resistance gene loci.
2.4 Assess stem rust resistance gene marker diversity.

Year 3. Pyramiding novel sources of rust resistance
3.1 Make first round of crosses among high priority 

known sources of major genes for pyramiding in an 
adapted background

3.2 Select plants that are homozygous for two genes, 
bulk harvest and deliver to breeding programs.

3.3 Make second round of crosses among high priority 
known sources of effective major genes for 
pyramiding in an adapted background.

3.4 Select plants that are homozygous for three or 
more genes, bulk harvest and deliver to breeding 
programs.

Years 3 and 4. Mapping novel sources of rust resistance
4.1 Identify new sources of rust resistance and develop 

mapping populations.
4.2 Select APR mapping populations based on 

phenotype.
4.3 Genotype 4-6 selected APR mapping populations.
4.4 Analyze rust resistance QTL data for APR, complete 

the mapping of novel sources of rust resistance.

The research team for Objective 6 consists of six 
research groups including James Anderson’s group 
at University of Minnesota, Michael Baum’s group at 
ICARDA, Jorge Dubcovsky’s group at UC Davis, Evans 
Lagudah’s group at CSIRO, Ravi Singh’s group at CIMMYT, 
and Mark Sorrells’ group at Cornell University.

We report here the recent advances for developing 
and optimizing molecular markers for stem rust 
resistance in wheat. 

Section 1. Haplotying uncharacterized 
sources for stem rust resistance in wheat 
using available markers (Contributed by Long-
Xi Yu and Mark E. Sorrells)

Gene selection: To evaluate the quality of the 
markers for stem rust resistance, a survey of stem rust 
resistance genes, including those conferring resistance 
to Ug99, was completed by our group. All mapped 
major stem rust resistance genes were characterized 
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for source, markers available, current research activities, 
and prioritized for this project (http://rustopedia.get-
traction.com/traction). Haplotyping was initiated for 
stem rust resistance genes, including Sr1A1R, Sr2, Sr9a, 
Sr13, Sr15, Sr17, Sr19, Sr22, Sr24, Sr25, Sr26, Sr31, Sr32, 
Sr33, Sr35, Sr36, Sr38, Sr40, Sr45, Sr46, and SrR. Table 1 lists 
the major stem rust resistance genes and linked markers, 
including SSR, STS, BARC, and DArT markers. 

Genetic resources: We started with a diverse 
collection of wheat accessions selected by CIMMYT and 
ICARDA wheat breeders. This collection consists of more 
than 300 lines from CYMMIT and ICARDA programs in 
Africa, China, Turkey and Mexico. In the present study, 
we will report on 260 wheat lines of diverse origins 
including 115 lines from CIMMYT, 43 lines from China, 
and 102 lines of miscellaneous origins. To estimate their 
genetic relationships to known stem rust resistance 
gene sources, we also included wheat lines with known 
Sr genes when available.   

Marker validation: To evaluate the functionality 
and polymorphism for the available markers, we first 
screened 58 markers associated with 21 stem rust 
resistance genes among 16 randomly selected wheat 
lines. Using DNA from leaf tissue, we tested the primers 
for each marker (Table 1) and analyzed the polymerase 
chain reaction (PCR) products using agarose gels. Forty 
six (80%) of the markers amplified clear fragments and, 
of those, 35 (75%) showed polymorphism.

Haplotyping diverse wheat germplasm: We then 
extracted DNA from the other 260 wheat lines and 
analyzed the haplotypes by comparison with known 
sources of stem rust resistance genes. PCR amplification 
was carried out using primers of molecular markers 
associated with major stem rust resistance genes as 
shown in Table 1. PCR products were analyzed using 
both PAGE and ABI 3730. To date, 20 markers associated 
with major genes Sr1A1R, Sr2, Sr9a, Sr13, Sr17, Sr19, 
Sr22, Sr24, Sr25, Sr31, Sr32, Sr35, Sr36, Sr40 and Sr44 were 
analyzed. The sizes of PCR amplicons were recorded. 

To analyze the distribution of alleles linked with the 
stem rust resistance QTLs, we grouped PCR amplicons 
based on their fragment sizes (in bp) among wheat lines 
analyzed. PCR amplicons of the same size were grouped 
together and color coded to help interpretation of 
haplotype structure. Fig. 1 shows haplotype groups for 
10 loci in our panel of accessions. Of those with known 
reactions to stem rust, a group of susceptible and 
moderately susceptible lines were grouped together 
as a susceptible haplotype (blue color). Genotypes 
containing the same gene such as Sr25 or with 
resistant phenotypes were sorted together as resistant 
haplotypes (red color). These preliminary results were 
from a small number of markers and we will use more 

markers to improve the resolution of the relationships. 
DNA of each line was also sent to Triticarte, Australia 
(http://www.triticarte.com.au) for DArT analysis. The 
identified DArT markers will be used for haplotyping and 
association analysis in combination with the phenotypic 
data. Our goal is to be able to predict the stem rust 
resistance genotype. 

Progress in pyramiding stem rust resistance: Our 
pyramiding work is a collaboraton with Dr. Gina Brown-
Guidera, director of the USDA genotyping laboratory in 
Raleigh, NC and Dr. Michael Pumphrey, ARS-Manhattan, 
KS. As the initial targets for pyramiding, we made F1 
hybrids by intercrossing wheat lines with combinations 
of Sr22, 24, 32, 36 and Amigo, and also between the 
sources of these genes and local lines with high yield and 
quality in fall 2008. More crosses will be made between 
these sources of major genes and CIMMYT, Chinese and 
African wheat germplasm. Our goal is to develop wheat 
germplasm with durable resistance to Ug99 for the high 
risk wheat growing regions, especially Africa.
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Section 2. Developing and optimizing 
markers for Sr13 and pyramiding Sr2, Sr13 
and Sr25 in tetraploid what (Contributed by 
Zewdie Abate and Jorge Dubcovsky)

Specific objectives assigned to the UC Davis program
During the March 12, 2008 meeting of the stem 

rust marker group at UC Davis, it was decided that the 
UC Davis program would focus on stem rust resistance 
genes from diploid and tetraploid wheats. It was also 
agreed that the pyramiding activities at UCD would 
incorporate multiple stem rust resistance genes effective 
against Ug99 into high yielding tetraploid backgrounds 
that already have been targeted for the incorporation 
of stripe rust resistance genes. These tetraploid lines 
will be excellent parental lines to deliver multiple Sr 
and Yr genes in simple crosses with germplasm in 
the SEWANA durum production regions. This activity 
will also include the transfer of resistance genes from 
hexaploid to tetraploid wheat. In the area of mapping, 
the UC Davis group will focus on the precise mapping of 
genes Sr13 and Sr25 and on the discovery of new sources 
of resistance against Ug99 in tetraploid wheat and T. 
monococcum mapping populations.
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Table 1 Stem rust resistance genes and linked markers and their primers used for genotyping
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Fig. 1 Haplotype analysis for stem rust resistance for wheat lines of known or unknown resistance. PCR amplicon 
fragment sizes are shown for each accession along with the stem rust reaction or gene if known. R, resistant; S, 
susceptible; MR and MS, moderately resistant and susceptible, respectively. Color codes: pink for resistance (bold), 
blue for susceptible (bold italic) and yellow for unknown phenotypes (underlined) 
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STREAM 1 STREAM 2 STREAM 3

[UC1113-Lr19/Sr25-GPC/Yr36]/ Sr13 source  [UC1113a -Lr19/Sr25-GPC/Yr36]/Sr2 source

F  (Lr19/Sr25, Sr13) F1 (Lr19/Sr25, Sr12) 
[MAS, 03/09

 

BC1F1  F1     BC1F1 [MAS, 05/09]
[MAS 07/09] Lr19/Sr25, GPC/Yr36, Sr13, Sr2 ) 

[MAS, 07/09]

BC2F1 
BC1F1 

BC2F1 [MAS] 
[MAS, 12/09] 

BC3F1 
BC1F2 [MAS] 

BC3F1 [MAS]
 

BC4F1  

For public release by 07/10 

 

BC4F1   

BC4F2  [MAS, 07/2010]
 

BC4F2   [MAS] 

BC4Fn  [PS, MAS]   BCnF1  BCnFn BC4Fn [PS, MAS] 

(Sr2, Sr13, Lr19/Sr25, Yr36/GPC ) 

Fig. 2 Outline for pyramiding Sr2, Sr13, and Sr25 in durum background using three streams (1, 2, and 3) of crosses. 
Marker assisted selection will be used for selecting recombinant plants along with selective phenotypic selection (PS) 
at later generations and to combine the different genes in stream 3.

Gene selection: We completed a survey of available 
stem rust resistance genes in tetraploid wheat. We 
prioritized genes that conferred resistance to Ug99, 
were mapped, and for which molecular markers 
were available. Based on these criteria we selected 
resistance genes Sr2, Sr13, and Sr25 as the initial 
targets for pyramiding.

Sr13 originated from T. turgidum var. dicoccum cv. 
Khapli and was transferred to several wheat cultivars 
grown worldwide (McIntosh et al.1995).

Sr2 was introgressed from T. turgidum var. 
dicoccum cv. Yaroslav and transferred into several wheat 
backgrounds. It provides partial resistance to Ug99 and 
this resistance has been effective for the last 80 years 
(McIntosh et al. 1995; Singh et al. 2006). The resistance 
conferred by Sr2 alone is not sufficient and therefore, it is 
necessary to combine this gene with other Sr genes for 
full protection (Ayliffe et al. 2008).

Sr25 is present in a distal 7EL translocation from 
Th. ponticum. The 7EL translocation also carries leaf rust 
resistance gene Lr19 and yellow flour pigment gene 

Y which is desirable in durum wheat (T. turgidum var. 
durum) (Zhang et al. 2005).
Pyramiding of stem rust resistance genes in tetraploid 
wheat

Recurrent parent: Breeding line UC1113 was 
selected as a recurrent parent for initial pyramiding. This 
line was selected for several reasons. Firstly, UC1113 is 
a high yielding semi-dwarf durum variety with a very 
broad adaptability in California. Secondly, we have 
already introgressed in the high-grain protein content 
gene Gpc-B1 from wild wheat (Uauy et al. 2006) and 
the non-race-specific stripe rust resistance gene Yr36 
(Uauy et al. 2005) in this line. The incorporation of the 
Gpc-B1 gene increased grain protein, iron and zinc by 
approximately 10%. Finally, UC1113 is a public breeding 
line that can be distributed without intellectual property 
constraints. The UC1113 line with Gpc-B1 and Yr36 genes 
has been already deposited in the USDA-ARS National 
Small Grain Collection (PI 638741) (Chicaiza et al. 2006). 
We will incorporate additional recurrent durum parents 
from Ethiopia when we receive the seeds.
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Table 2 Reaction of UC1113 and Kofa for 9 stem rust races

Race QTHJ RCRS RKQQ TPMK TTTT TTKSK TTKSK TTKST TTTSK

UC1113 ; ;1N ; 3+;1 4 4 4 4 4

Kofa ; ;N ; ;1 ;1 0;/2/4 2 2 2

Progress on pyramiding Sr2, Sr13 and Sr25 in 
durum wheat: The initial objective of the pyramiding 
work in tetraploid wheat is to combine the stem rust 
resistance genes Sr2, Sr13 and Sr25 in a common genetic 
background. The presence of multiple resistance 
genes is expected to extend the durability of the 
individual genes. Th. elongatum is the source of Sr25, 
Yaroslav the donor of Sr2 and Khapli for Sr13. The Th. 
elongatum chromosome segment also carries the leaf 
rust resistance gene Lr19. We have completed the 
incorporation of the Sr25/Lr19 genes together with the 
Yr36/Gpc-B1 genes into UC1113 by six backcrosses.

The pyramiding will be carried out in three streams 
(Fig. 2). Stream 1 will be used to combine Sr13 and 
Sr25/Lr19, and Stream 3 to combine Sr2 and Sr25/Lr19. 
Backcrossing 1 and 3 will converge into Stream 2 to put 
the three genes together. The initial cross to combine 
the linked Sr25/Lr19 genes in UC1113 background 
with Sr2 (Yaroslav) was completed in July 2008. We are 
currently growing the F1s to generate the first backcross 
generation to combine different genes in Stream 3.

For stream 1, parents are currently growing F1s 
carrying the Sr25/Lr19 and Sr13 resistance genes (in 
addition to Gpc-B1/Yr36). A line homozygous for the 
three genes (BC1F2) should be available by mid 2010 
(assuming 4 months per generation). Although this line 
would not be fixed for the rest of the genome, it will 
be a useful parental line, and will be distributed to all 
interested wheat breeding programs. We will continue 
the backcrossing program to obtain more stable lines 
for different gene combinations.

Mapping and marker development in 
tetraploid wheat

Sr13 is located on wheat chromosome 6AL 
(Klindworth et al. 2007; McIntosh et al. 1995). 
Unpublished results at USDA-ARS Biosciences Research 
Lab showed that Sr13 is closely linked (≈2cM) to marker 
Xwmc580 (Drs. Shiaoman Chao, North Dakota; and Evans 
Lagudah, CSIRO). The UCD group is collaborating with 
Drs. Chao and Lagudah to define precisely the location 
of Sr13. 

The UCD group used a segregating population 
from the cross between tetraploid lines Kofa (resistant 
to TTTTF and TTKSK) and UC1113 (susceptible to TTTTF 
and TTKSK) to map Sr13 (Table 2). The 93 SSD lines were 

scored against races TTKSK and TTTTF by Dr. Yue Jin and 
a single resistance genes, Sr13, was mapped at the end 
of chromosome 6AL between microsatellite markers 
wmc580 and dupw167 (Fig. 3). The complete molecular 
map has 269 markers (including 23 SNP) and a total 
length of 2,140 cM.

To refine the mapping position of Sr13 we 
are backcrossing the Sr13 region into UC1113 and 
generating BC2F2 segregating seed for high-density 
mapping. The F2 plants will be screened to identify 
recombination events between Sr13 flanking markers 
(Fig. 3). Seed will be saved from plants heterozygous 
at both flanking markers to generate seeds for a high 
density genetic map in order to identify a tightly linked 
diagnostic marker.

Finally, two additional populations are being 
developed for validation of the identity of Sr13 using 
Khapli (CItr4013) as one of the parental lines. The crosses 
Rusty/Khapli and 47-1/Khapli have been completed and 
the F1 plants are currently growing to produce F2 seeds 
for validation. Once closer markers become available 
for Sr13 we will check Kofa, Khapli, and Khapstein (the 
germplasm used to name Sr13) to confirm if they all 
have the same haplotype.

Sr2 is located on the short arm of wheat 
chromosome 3B (Hare and Mcintosh 1979) closely linked 
to microsatellite marker Xgwm533 (Spielmeyer et al. 
2003). Its recessive inheritance of resistance expressed 
at the adult plant stage complicates selection for this 
gene (Knott 1968). Drs. W. Spielmeyer and E. Lagudah 
developed a high-density genetic map of Sr2 and 
designed a diagnostic marker for the gene. They have 
provided us access to this unpublished marker, and 
we have confirmed that it is diagnostic for Sr2 in our 
germplasm. Using this marker we have confirmed the 
presence of Sr2 in our seed source of Yaroslav (Fig. 4), 
which was essential for our pyramiding work.

Sr25 was mapped on the 7EL chromosome segment 
from Th. ponticum distal to the Lr19 locus and close to 
the yellow pigment gene Y (Lr19-Sr25/Y). We developed 
a tetraploid line carrying Sr25, Lr19, and Y in the UC1113 
genetic background (line 1-23, Fig. 5) (Zhang et al. 
2005). This 7EL segment does not recombine with wheat 
chromosomes in the presence of Ph1 so any marker 
for the 7EL segment works as a perfect marker for Sr25 
(Zhang et al. 2005; Zhang et al. 2008). 
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Fig. 3 Genetic map based on a population of 93 single seed descent lines from Kofa (a Ug99 resistant line) / UC1113 (a 
susceptible high yielding advanced durum breeding line) 

To better define the map location of Sr25 within the 
7EL segment we sent the recombinant lines to Kenya 
and based on the resistance scores against Ug99 we 
mapped Sr25 linked to the Phytoene Synthetase 1 gene 
(PSY1) at the distal end of chromosome 7EL (Fig. 5). 

Precise mapping of Sr25 is important for the 
engineering of a shorter segment of 7EL carrying 
Sr25 and also for the engineering of a chromosome 
segment combining Lr19/Sr25 and barley yellow dwarf 
resistance gene Bdv2. Bdv2 was mapped on the distal 
region of chromosome 7JL from T. intermedium, which 
is co-linear with the 7EL region where Sr25 is located. 
In collaboration with Dr. Adam Lukaszewski (University 
of California, Riverside) we developed several lines 
carrying recombinant 7EL/7JL chromosomes and we 
started their characterization with molecular markers. 
We sent those lines to Kenya and to Dr. Yue Jin to test 
their reaction to Ug99. 

We are also developing markers distal to PSY1 to 
better define the position of Sr25. We have selected the 

most distal ESTs (BF483039, BG262960, and BF484041) 
and we are testing them for polymorphism between the 
7E and 7J alleles.

Mapping and marker development in diploid wheat
T. monococcum

In collaboration with Dr. Yue Jin we screened T. 
monococcum lines DV92 and G3116 (parents of the 
mapping population DV92 x G3116 (Dubcovsky et al. 
1996) with seven different stem rust races including 
Ug99 (Table 3). 

We developed a single seed descent mapping 
population from the cross DV92/G3116 (150 lines). 
Results from the evaluation of these lines with races 
RKQQC and TRTTF (Dr. Yue Jin) suggest segregation for 2 
resistance genes (one of them probably Sr21). 

Dr. Yue Jin has completed the screening of a large 
number of T. monococcum accessions and new crosses 
are being made. Once we clarify the genes segregating 
in the available populations we will use these new 
populations to identify new sources of resistance. 



Oral Papers 2009 Technical Workshop 125

bp 
750 
 
500 
400 
300 
  
200  

Ya
ro

sl
av

 O
pa

ta
 8

5
 

La
ng

do
n

 

Fig. 4 The unpublished diagnostic marker for Sr2 
amplifies a ~400 bp band in Yaroslav (PI 2789) and 
Opata 85, but not in Langdon, confirming the presence 
of Sr2 in Yaroslav (Sr2 source of our pyramiding work). 

Table 3 Reaction of three T. monococcum accessions to 
different races of stem rust (Yue Jin 06/08, 01/08, 12/08)

Race G1777 G2528 G3116 DV92

TTTT 3 3- 3 -

TPMK 4 4 4
; 3, 4, 

very LIF

RKQQ 4 4 4 0

TTKSK 1/1 2Z ;12- 22+ 0;

TTKST ; 1 ; 1 2- 22 + 0 ;

TTTSK ; 1 2- ; 1 12 0 ;

TRTT 33+ 33+ 3+4 0

TTKSK= Ug99; TTKST = Ug99 + Sr24 virulence; TTTSK 
= Ug99 + Sr36 virulence; TRTT: race from Yemen with 
virulence on lines with 1AL.1RS. LIF, Low Infection 
Frequency; many leaves with IT 0, 1, or 2
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Section 3. Developing markers for the 
stem rust resistance genes Sr33 and Sr45 
(Contributed by P.K. Sambasivam, U.K. Bansal, 
H.S. Bariana and E.S. Lagudah) 

Background
Diverse species from the Triticeae have been 

explored in attempts to identify new sources of 
resistance to stem rust. Resistance sources from the 
diploid D genome progenitor, Aegilops tauschii, are 

among species containing stem rust resistance genes 
that have been transferred to bread wheat. Three named 
genes derived from A. tauschii are Sr33, Sr45, Sr46; the 
first two genes are located on wheat chromosome 
1DS and the third on 2DS. One of the advantages of 
genes derived from A. tauschii when compared with 
other wheat relatives, is the ease of gene transfer by 
homologous recombination with the corresponding D 
genome of hexaploid bread wheat. The vast germplasm 
resource of so-called synthetic hexaploids obtained 
from crossing tetraploid wheat with A. tauschii provides 
a potentially rich source of genetic variability for rust 
resistance. However, to ensure that unique resistance 
genes can be identified, they need to be differentiated 
from the known genes. A variety of methods that can 
be used include response of a given genotype to a 
range of pathogen isolates, chromosomal location /
genetic analysis and the use of tightly linked or 
diagnostic markers. Similar infection types produced by 
resistance genes present in the tetraploid wheats used 
in creating the synthetic hexaploids can often confound 
the identification of new sources of resistance from A. 
tauschii in the absence of discriminating pathotypes. 
The availability of diagnostic markers for the known 
or named stem rust resistance genes provides a useful 
tool to establish the unique identities of putatively new 
sources of resistance. A diagnostic marker for the Sr46 
gene was recently developed (Lagudah unpublished ).

Efforts to develop markers for Sr33 and Sr45 are 
in progress. Sr33 has shown resistance to a wide range 
of stem rust isolates, and often shows an intermediate 
response. In tests conducted with Ug99, Sr33 provided 
a moderate level of resistance under field conditions in 
Kenya (Jin et al. 2007). Stem rust isolates virulent for Sr45 
have previously been reported. In comparisons between 
Sr33 and Sr45 against isolates where both genes are 
effective, the latter often shows a stronger resistance 
response (McIntosh et al. 1995; Sambasivam et al. 2008). 
Seedling tests conducted using Ug99 (TTKS) have shown 
Sr45 to be effective.

Genetic stocks and marker development
An important variable in the progress and 

success of marker development is the reliability of the 
phenotypic assessment. To ensure accurate phenotyping 
for Sr33 and Sr45, we made use of genetic stocks where 
the respective genes were introduced into the wheat 
variety Chinese Spring (CS) as a single chromosome 
substitution line. The parental stocks for Sr33 designated 
CS(1D5405) and Sr45 designated as CS(1D5406) were 
tested using Puccinia graminis f. sp. tritici (Pgt) pathotype 
34-1,2,3,4,5,6,7,11 (Plant Breeding Institute[PBI] culture 
no. 171) at the seedling stage, and pathotype 98-
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  Xcdo673  Xcdo53  Xpsr129  Xpsr547  Xwg420     STSLr19  Xmwg2062  Xpsr680  Xpsr121  XPSY-1

T#1  +Lr19 +Y 
1-7   +Lr19 +Y 
1-23 +Lr19 +Y 
1-22 +Lr19 +Y 
1-49 - Lr19 +Y 
1-32  - Lr19+Y 

Sr25  

Y 

Fig. 5 Mapping of Sr25 using recombinant lines carrying Lr19 and Y  

1,2,3,5,6 (PBI culture no. 279) was used for adult plant 
stem rust assessment in Australia. Seedling infection 
types were scored on a 0 – 4 scale (McIntosh et al. 1995) 
and adult plant assessments were made on 1 – 9 scale 
(Bariana et al. 2007). CS1D5405 (Sr33) and CS1D5406 
(Sr45) produced low infection types (IT) IT2= and IT;;1-, 
respectively, when tested against Pgt pathotype 34-
1,2,3,4,5,6,7,11 at the seedling stage. The susceptible 
parent Chinese Spring displayed a susceptible response 
(IT3+). At the adult plant stage, resistant parents 
produced a rust response of 4 (CS1D5406) and 5 to 6 
(CS1D5405), whereas the susceptible parent produced 
a high field response of 8. A low resolution mapping 
family based on recombinant inbred lines (<100) 
from the crosses CS(1D5405)/CS and CS(1D5406)/CS 
were phenotyped at the seedling and adult stages. A 
perfect correlation between the seedling and adult rust 
responses was obtained. Using microsatellite markers 
from 1DS, framework maps around the Sr33 and Sr45 
regions were developed (Fig. 6). It was apparent that the 
genetic map resolution was very low as several markers 
immediately distal to Sr45 could not be separated by 
recombination.

To increase the resolution, additional mapping 
families from CS ditelo 1DS/CS(1D5405) and CS 
ditelo1DS/CS(1D5406)  (kindly supplied by J. Dvorak, 
UC Davis) were used to recover recombination events 
that separated the cluster of markers (Fig. 6b). We 
also developed large F2 populations (>2,000) from 
CS(1D5405)/CS and CS(1D5406)/CS for Sr33 and Sr45, 
respectively, and those will be used in constructing 
high resolution mapping families. The ditelocentric 
families will not be used in the high resolution mapping 
because of the anomalous chromosome transmission 
of aneuploidy. Additional markers were developed 

by exploring the co-linearity of ESTs on wheat group 
1 with rice chromosome 5. None of the ESTs mapped 
in the vicinity of Sr33 or Sr45, and all were located in 
more proximal regions. Thus, the targeted Sr33 and Sr45 
regions show negligible co-linearity with the predicted 
syntenic region of rice chromosome 5. Comparative maps 
of wheat and its relatives in the group1S chromosomal 
region were examined for additional markers; however, 
there are very few markers in the Sr33 and Sr45 regions. 
We have since isolated more wheat ESTs and through 
RFLP analysis have identified markers closely linked to 
Sr33 and Sr45. These markers will be tested on the high 
resolution mapping family, and if shown to be tightly 
linked, will provide entry points towards developing 
markers suitable for breeding applications. 

Fig. 6 Low resolution genetic maps of the Sr33 and Sr45 
regions in wheat chromosome 1DS (Sambasivam et al. 
2008)
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Section 4. Developing diagnostic markers 
for Sr25 and Sr26 and pyramiding Sr25 and 
Sr26 (Contributed by Sixin Liu and James A. 
Anderson)

Materials and Methods
Eight wheat lines including two lines 

with gene Sr25, ‘Wheatear’ and CIMMYT line 
C80.1/3*Batavia//2*Weebil, gene Sr26 line Eagle, and 
five lines without gene Sr25 or Sr26, ‘Cranbrook’, ‘Weebil’, 
MN02072-7, MN03130-1-62 and MN03148, were used 
to validate published markers for Sr25 and Sr26 (Table 
4). The PCR protocols were the same as described by 
Liu and Anderson (2003) with the exception of 400 nM 
instead of 100 nM for each primer. The PCR products 
were separated on 3% agarose gels and visualized with 
ethidium bromide under UV light.

Wheat ESTs mapped to deletion bin 6AL8-
0.90-1.00 (Qi et al. 2004) were used to design STS 
(sequence tagged site) markers with software Primer 3. 
Chromosome 6AL-specific markers were identified with 
aneuploid analysis.

Results
Marker Gb (Prins et al. 2001) for gene Sr25 and 

Sr26#43 (Mago et al. 2005) for gene Sr26 were validated 
with eight wheat lines. As expected, a faint 130 bp 
fragment was amplified with marker Gb in the two lines 
with Sr25, Wheatear and C80.1/3*Batavia//2*Weebil. 
The other six lines without Sr25 did not amplify any 
detectable fragment with these primers. Similarly, only 
cultivar Eagle was positive for marker Sr26#43 and no 
PCR product was observed for the other seven lines. 
Since co-dominant markers are needed to distinguish 
homozygous plants from heterozygous plants, we 
decided to develop and test co-dominant markers for 
genes Sr25 and Sr26.

Ayala-Navarrete et al. (2007) developed STS markers 
from wheat ESTs mapped to chromosome 7DL that 
is homoeologous to the translocated segment of Th. 
elongatum containing Sr25 and Lr19.  Among the six 
markers tested on the eight wheat lines, BE404744 and 
BF145935 were co-dominant in marking Sr25. We tested 
both markers with additional lines used to pyramid 
Sr25 and Sr26. Both markers were diagnostic for Sr25. 
However, marker BF145935 consistently worked well 
and was easier to score. We successfully genotyped 
five F2 populations segregating for Sr25 with marker 
BF145935. Therefore, marker BF145935 is a robust co-
dominant marker for Sr25.

Dundas et al. (2007) reported that Sr26 is located in 
the extreme distal portion of the 6Ae#1 chromosome. 

Sixteen wheat ESTs mapped to deletion bin 6AL8-
0.90-1.00 were selected to design STS markers. None 
of the 16 STS markers were co-dominant between 
lines with or without Sr26, but six markers specific to 
chromosome 6AL amplified no PCR product from Eagle. 
We reasoned that multiplex PCR with the combination 
of one 6AL-specific marker and Sr26-specific marker 
Sr26#43 could be used to distinguish Sr26 homozygotes 
from heterozygotes. Because the 6AL-specific marker 
UMN6A-5 (Table 4) consistently worked well and 
amplified a 320 bp fragment from lines without Sr26, we 
combined equal amounts of primer for marker UMN6A-5 
and Sr26#43 to genotype an F2 population segregating 
for Sr26. For the heterozygous plants, the 320 bp allele 
was weaker than the 207 bp allele amplified with primer 
Sr26#43. After doubling the primer concentration for 
marker UMN6A-5, the 6A-specific allele and the Sr26-
specific allele were amplified with similar intensities. Two 
F2 populations segregating for Sr26 were successfully 
genotyped with this optimized, multiplex PCR.

One of the goals of this project is to combine Sr25 
and Sr26 in the genetic background of four high yielding 
CIMMYT lines that are well-adapted to Ug99-affected 
and surrounding regions and already possess at least 
moderate adult plant resistance to Ug99. In fall 2008, we 
made F1 hybrids between each of the CIMMYT lines and 
lines with Sr25 or Sr26. Complex F1’s will be made this 
season and lines containing Sr2, Sr25 and Sr26 will be 
selected using co-dominant markers.

Section 5. Mapping of new sources of race-specific 
resistance in CIMMYT-derived spring wheat 
(Contributed by Sridhar Bhavani and Ravi P. Singh)

Summary: Genomic regions for three putative, 
novel race-specific resistance genes, temporarily 
designated as SrA, SrB and SrC, present in three CIMMYT 
derived spring wheats were determined. Gene SrA 
mapped on 3DL (linked markers Xgwm52, Xgwm341), SrB 
on 3BS (Xgwm566, Wmc231) and SrC on 5DL (Xgwm292, 
Xgwm212). 

Mapping of new sources of race-specific resistance in 
CIMMYT-derived spring wheats

About 150 F3 or F4 lines derived from the crosses of 
susceptible parent PBW343 with three resistant parents, 
viz. ‘Milan/Sha7/3/Thb/CEP7780//Sha4/Lira/4/Sha4/Chil’, 
‘Ning9415/3/Ures/Bow//Opata/4/Ningmai 7’ and ‘Chen/
Ae.Sq//2*Weaver/3/Oasis /5*Borl95’ suspected to carry 
novel race-specific resistance genes, were characterized 
for stem rust responses in the field at Njoro during 
2008 and in the USDA-ARS greenhouse by Dr. Y. Jin. 
The three resistant parents displayed infection types 
2- or 2 in seedling tests and MR to MR-MS (moderately 
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resistant-moderately susceptible) reactions in the field. 
Lines clearly identified as homozygous resistant (HR) or 
homozygous susceptible (HS) were used in mapping 
and results obtained so far are summarized below.

PBW343 X Milan/Sha7/3/Thb/CEP7780//Sha4/Lira/4/
Sha4/Chil – F3 Population

Bulk segregant analysis (BSA) identified SSR markers 
Xgwm52 and Xgwm341 showing linked polymorphisms 
between the parents and bulks (Fig. 7a, b). These 
markers were mapped on 96 F3 families (HR & HS). 
Markers Xgwm341 and Xgwm52 mapped 8.6cM and 
15.6cM, respectively, from the resistance locus on the 
long arm of chromosome 3D. The gene was temporarily 
designated SrA. 

PBW343 X Ning9415/3/Ures/Bow//Opata/4/Ningmai 
7 - F4 Population

SSR markers Xgwm566 and Wmc231 showed linked 
polymorphisms between the parents and bulks (Fig. 
8a, b). These linked markers were mapped on 72 F3 
families (HR & HS). Markers Xgwm566 and Xwmc231 
were mapped 12.5cM and 18cM, respectively, from the 
resistance gene on the short arm of chromosome 3B. 
The gene was temporarily designated as SrB. 

PBW343 X Chen/Ae.Sq//2*Weaver/3/Oasis/5*Borl 95 - F3 
Population

Chromosome 5DL-located markers Xgwm292 
and Xgwm212 showed linked polymorphism between 
parents and bulks (Fig. 9a, b). These linked markers 
were mapped on 47 F4 families (HR & HS). SSR markers 
Xgwm292 and Xgwm212 mapped 10.2cM and 16.1cM 
away from the resistance locus, respectively, on the 
long arm of chromosome 5D. The gene was designated 
SrC. This population also showed segregation for stem 
rust resistance gene Sr2. SSR markers Xgwm493 and 
Xgwm533 (Fig. 9c) showed linked polymorphisms 
between the parents and bulks. It is likely that the HR 
lines we used carried both Sr2 and SrC and that HS lines 
lacked them. 

The majority of the stem rust resistance genes 
characterized so far produce intermediate infection 
types 2 to 2+ at the seedling stage (Sr7a, 7b, 8a, 9a ,9b, 
9d, 9f, 9g, 13, 16, 20, 22, 23, 24, 25, 26, 29, 30, 31, 32, 33, 
34 and 39). The genes characterized during this study 
also provide moderate levels of resistance to stem 

Fig. 7 Molecular markers linked to stem rust resistance 
gene SrA located on chromosome 3DL

Fig. 8 Molecular markers linked to stem rust resistance 
gene SrB located on chromosome 3BS

Table 4 DNA markers for stem rust resistance gene Sr25 and Sr26

Marker Forward primer Reverse primer Reference

Sr25

Gb CAT CCT TGG GGA CCT C CCA GCT CGC ATA CAT CCA Prins et al. 2001

BF145935 CTTCACCTCCAAGGAGTTCCAC GCGTACCTGATCACCACCTTGAAGG
Ayala-Navarrete et al. 
2007

Sr26

Sr26#43 AATCGTCCACATTGGCTTCT CGCAACAAAATCATGCACTA Mago et al. 2005

UMN6A-5 TCGTTTGGGAACACAGCTTA CCGGCGAAATATAATGCAAA This study
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rust at the seedling stage and acceptable to moderate 
levels or resistance at the adult stage. The genomic 
regions identified in this study (3DL, 3BS and 5DL) 
likely represent new genes and sources of resistance 
to Ug99. Selected F3 or F4 lines that were segregating 
for the above genes are being used in developing new 
mapping populations in an attempt to remove maturity 
effects that caused difficulties in phenotyping stem rust 
responses in the field in Kenya. These populations will 
also be used for identifying tightly linked molecular 
markers for use in marker-assisted breeding.

Fig. 9 Molecular markers linked to stem rust resistance 
gene SrC located on chromosome 5DL

References
Ayala-Navarrete L, Bariana HS, Singh RP, Gibson JM et al 

(2007) Trigenomic chromosomes by recombination 
of Thinopyrum intermedium and Th. ponticum 
translocations in wheat. Theor Appl Genet 116:63-75

Ayliffe M, Singh R, Lagudah E (2008) Durable resistance 
to wheat stem rust needed. Curr Opinion in Plant Biol 
11:187-192

Bariana HS, Miah H, Brown GN, Willey N, Lehmensiek A 
(2007) Molecular mapping of durable rust resistance 
in wheat and its implication in breeding. In: Buck HT, 
Nisi JE, Soloman N (eds) Wheat Production in Stressed 
Environments. Developments in Plant Breeding, 
Springer, Dordrecht, No. 12:723-728

Chicaiza O, Khan IA, Zhang X, Brevis JC et al (2006) 
Registration of five wheat isogenic lines for leaf rust 
and stripe rust resistance genes. Crop Sci 46:485-487

Dubcovsky J, Luo MC, Zhong JY, Bransteiter R et al (1996) 
Genetic map of diploid wheat, Triticum monococcum 
L., and its comparison with maps of Hordeum vulgare L. 
Genetics 143:983-999

Dundas IS, Anugrahwati DR, Verlin DC, Park RF et al (2007) 
New sources of rust resistance from alien species: 
meliorating linked defects and discovery. Aust J Agric 
Res 58:545-549 

Hare RA, Mcintosh RA (1979) Genetic and cytogenetic 
studies of durable adult-plant resistances in Hope 
and related cultivars to wheat rusts. Zeitschrift Fur 
Pflanzenzucht 83:350-367

Jin Y, Singh RP, Ward RW et al (2007) Characterisation 
of seedling infection types and adult plant infection 
responses of monogenic Sr gene lines to race TTKS of 
Puccinia graminis f. sp. tritici. Plant Disease 91:1096-
1099

Klindworth DL, Miller JD, Jin Y, Xu SS (2007) Chromosomal 
locations of genes for stem rust resistance in 
monogenic lines derived from tetraploid wheat 
accession ST464. Crop Sci 47:1441-1450

Knott DR (1968) Inheritance of resistance to stem rust 
races 56 and 15B-IL (Can) in wheat varieties Hope and 
H-44. Can J Genet Cytol 10:311-320 

Liu SX, Anderson JA (2003) Marker assisted evaluation of 
Fusarium head blight resistant wheat germplasm. Crop 
Sci 43:760-766

Mago R, Bariana HS, Dundas IS, Spielmeyer W et al (2005) 
Development of PCR markers for the selection of 
wheat stem rust resistance genes Sr24 and Sr26 in 
diverse wheat germplasm. Theor Appl Genet 111:496-
504

McIntosh RA, Wellings CR, Park RF (1995) Wheat rusts, an 
atlas of resistance genes CSIRO, Melbourne, Australia

McIntosh, RA, Yamazaki Y, Dubcovsky J, Rogers WJ et al 
2008. Catalogue of gene symbols for wheat. Gene 
symbols.  In: McIntosh RA (ed) http://wheat.pw.usda.
gov/GG2/Triticum/wgc/2008/GeneSymbol.pdf.

Pederson WL, Leath S (1988) Pyramiding major genes 
for resistance to maintain residual effects. Annu Rev 
Phytopathol 26:369-378

Prins R, Groenewald JZ, Marais GF, Snape JW, Koebner 
RMD (2001) AFLP and STS tagging of I, a gene 
conferring resistance to leaf rust in wheat. Theor Appl 
Genet 103:618-624

Qi LL, Echalier B, Chao S, Lazo GR et al (2004) A 
chromosome bin map of 16,000 expressed sequence 
tag loci and distribution of genes among the three 
genomes of polyploid wheat. Genetics 168:701-712

Sambasivam PK, Bansal UK, Hayden MJ et al (2008) 
Identification of markers linkedwith stem rust 
resistance genes Sr33 and Sr45. In: Appels R, Eastwood 
R, Lagudah ES,Langridge P et al 2008 Proc 11th Int 
Wheat Genetics Symp, Vol 2:351-353. Sydney University 
Press, Sydney, Australia

Singh RP, Hodson DP, Jin Y, Huerta-Espino J et al (2006) 
Current status, likely migration and strategies to 
mitigate the threat to wheat production from race 
Ug99 (TTKS) of stem rust pathogen. CAP review: 
Perspective in Agriculture, Veterinary Science, Nutrition 
and Natural Resources 1:1-13



 Developing and optimizing markers for stem rust resistance in wheat 130

Spielmeyer W, Sharp PJ, Lagudah ES (2003) Identification 
and validation of markers linked to broad-spectrum 
stem rust resistance gene Sr2 in wheat (Triticum 
aestivum L.). Crop Sci 43:333-336

Uauy C, Distelfeld A, Fahima T, Blechl A, Dubcovsky J 
(2006) A NAC gene regulating senescence improves 
grain protein, zinc and iron content in wheat. Science 
314:1298-1300

Uauy C, Brevis JC, Chen X, Khan IA et al (2005) High-
temperature adult plant (HTAP) stripe rust resistance 
gene Yr36 from Triticum turgidum ssp. dicoccoides 
is closely linked to the grain protein content locus 
Gpc-B1. Theor Appl Genet 112:97-105

Zhang W, Lukaszewski A, Kolmer J, Soria M et al (2005) 
Molecular characterization of durum and common 
wheat recombinant lines carrying leaf rust resistance 
(Lr19) and yellow pigment (Y) genes from Lophopyrum 
ponticum. Theor Appl Genet 111:573-582

Zhang XK, Xia XC, Xiao YG, Dubcovsky J, He ZH (2008) 
Allelic variation at the vernalization genes Vrn-A1, 
Vrn-B1, Vrn-D1 and Vrn-B3 in Chinese common wheat 
cultivars and their association with growth habit. Crop 
Sci 48:458-470




