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Abstract Leaf rust is one of the most important diseases
of wheat worldwide, particularly in the Great Plains re-
gion of the USA. One long-term strategy for the control
of this disease may be through durable genetic resistance
by gene pyramiding. An important step in this strategy is
identifying molecular markers linked to different leaf
rust-resistance genes. Here we report the molecular tag-
ging of a leaf rust-resistance gene that may have the po-
tential for durable resistance through further genetic ma-
nipulation and gene pyramiding. Lr39 was previously
designated for a leaf rust-resistance gene introgressed
from Aegilops tauschii accession TA1675 into the com-
mon wheat germplasm WGRC2. Lr40 was designated
for a gene derived from Ae. tauschii accession TA1649
and is present in germplasm WGRCY7. These genes are
now believed to be alelic to Lr21, which was transferred
to wheat from a different accession of Ae. tauschii. Mo-
lecular mapping of Lr39 and Lr40 indicates that both
genes come from TA1649. WGRC2 and WRGC7 aso
have a similar infection type against rust culture
PRTUS6. We suggest the designation of the gene in
WGRC2 should be changed to Lr40. RFLP marker
KSUD14 (locus Xksud14) was found 0.2-cM proximal to
Lr40 in a WGRC2/Wichita F, population (218 individu-
als), and co-segregated with the gene in a WGRC7/
Wichita F, population (165 individuals). A PCR-based
molecular marker developed from the sequence-tagged-
site (STS) of Xksud14 was mapped to the same locus as
the RFLP marker KSUD14 in both populations.
KSUD14 has the structure of a resistance gene analog
(RGA) including kinase2a and kinase3 domains similar
to the Cre3 gene of wheat and the rust resistance gene
Rp1-D of maize. When the PCR products amplified from
KSU14 STS were cleaved with restriction enzyme Mspl,
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an 885-bp fragment was found in WGRC2, WGRC7, the
Lr21 near-isogenic line, and eight accessions of Ae. taus-
chii shown to have resistance gene alleles at the Lr21 lo-
cus. The KSUD14 PCR-based assay provides an excel-
lent marker for Lr40 and Lr21 in diverse wheat breeding
and wild Ae. tauschii populations.
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Introduction

Leaf rust, also called brown rust, is caused by the fungal
pathogen Puccinia triticina, and is the most-widespread
disease of wheat (Kolmer 1996). The fungus produces
small elliptical orange-red pustules on the upper leaf sur-
face, causes premature defoliation that results in shriv-
eled kernels, and may reduce grain yield by as much as
40% (Knott 1989). Utilization of genetic resistance is the
most economical and environment-friendly strategy for
disease control.

To-date, more than 50 leaf rust-resistance genes have
been identified (for a review see Mclntosh et a. 1995).
Nineteen Lr genes have been tagged by molecular/cyto-
logical markers (for a review see Langridge and Chal-
mers 1998; Seyfarth et a. 1999; Seah et a. 2000; Spiel-
meyer et al. 2000). However, tightly linked PCR-based
markers have been developed only for Lrl (Feuillet et
al. 1995), Lr10 (Feuillet et a. 1997), Lr25 and Lr29
(Procunier et al. 1995), Lr28 (Naik et al. 1998), Lr35
(Seyfarth et al. 1999) and Lr37 (Seah et al. 2000). Mo-
lecular markers, particularly PCR-based markers, allow
for large-scale genotypic selection of individuals in
breeding populations. These markers may be used to
pyramid different leaf rust-resistance genes. Moreover,
molecular markers tightly linked to a gene also are the
starting points for positional cloning of the gene (Martin
et al. 1993; Song et al. 1995).

In our laboratory, we have focused on the mapping of
leaf rust-resistance genes transferred from Aegilops taus-



1008

chii into wheat. To-date, six named genes (chromosome
and/or arm location in brackets) Lr21 (1DS), Lr22a
(2DS), Lr32 (3D), Lr41 (1D), Lr42 (1DS) and Lr43
(7DS) (reviewed in Cox et al. 1994, see Hussien et al.
1997 for Lr43), and two other genes Lr39 and Lr40
whose designations are under consideration, have been
described. In alelism tests, Lr4l segregated indepen-
dently of all other genes. Lr42 was linked to Lr21 on
1DS arm with a recombination value of 0.286+0.23. Cox
et a. (1994) found that Lr39 and Lr40 were aléelic to
Lr21 although Lr39 was mapped previously on 2DS
(Raupp et al. 1991). Six Ae. tauschii accessions (not in-
cluding the donor accessions for Lr21 and Lr40) were
found to have a leaf rust-resistance gene alelic to the
Lr21 locus (for details see Materials and methods sec-
tion). The objective of this study was to identify molecu-
lar markers linked to leaf rust-resistance gene Lr40 and
to further clarify its relationship with Lr21.

Materials and methods

Plant material

The information and pedigrees of the plant materials used in this
study are listed in Table 1. The pedigrees of the resistant germ-
plasm and the origin of donor accessions are listed. Wichita, re-
leased in 1944, is a hard red winter wheat cultivar bred for the
wheat-growing areas of the Great Plains and is susceptible to |eaf
rust. Two F, populations derived from crosses of WGRC2/Wichita
(218 individuals) and WGRC7/Wichita (165 individuals) were
used for molecular mapping. Lr21 (TC), a Thatcher near-isognic
line containing Lr21, was obtained from P. Dyck (Agriculture
Canada). Ae. tauschii accessions TA1691, TA2378, TA2483,
TA2495, TA2527 and TA2528 each have a leaf rust-resistance
genethat isalelic to Lr21 (Miller 1991; Cox et a. 1994, and Cox,
personal communication). TA2460 and TA2540 are the donor ac-
cessions of Lr4l and Lr42, respectively (Cox et al. 1994). Acces-
sion TA1704 is susceptible to the leaf rust pathogen.

Table 1 The plant material used in this study

Germplasm Pedigree/description
KS86WGRC2 Ae. tauschii TA1675/3* Wichita
KS89WGRC7 Wichital//Ae. tauschii TA1649/2* Wichita
Lr21 (TC) Thatcher/Ae. tauschii TA1599
Cultivar

Wichita Hard red winter wheat

Ae. tauschii Origin

accession

TA1649 Iran

TA1675 Turkmenistan

TA1691 Unknown

TA1599 Iran

TA2378 Iran

TA2483 Iran

TA2495 Iran

TA2527 Iran

TA2528 Iran

TA1704 Tajikistan

TA2460 Iran

TA2540 Iran

Plant disease inoculation and scoring

For gene tagging, F, and F,.; progeny plants (20 seeds from each
bagged F, spike) were inoculated with P. triticina culture PRTUS
6, which belongs to race PBJ-10 (Long and Kolmer 1989). Inocu-
lations were conducted at the two-leaf stage as described by
Browder (1971). WGRC2 and WGRC7 were used as resistant
checks and Wichita was the susceptible check. Disease severity
was assessed 8-10 days after inoculation according to the scale of
Roelfs (1985).

Bulk segregant analysis

For bulk segregant analysis, genomic DNA from the F, of 15 ho-
mozygous resistant plants (infection type 1), and 15 homozygous
susceptible plants (infection type 4), were mixed in equal propor-
tions to congtitute the resistant and susceptible bulks. Genomic
DNA was isolated after the method of Riede and Anderson
(1996).

RFLP analysis

Enzyme digestion, gel-electrophoresis, Southern blotting, probe
labeling, and hybridization were performed following the proto-
cols described by Sharp et a. (1988). The probes designated as
KSU (Ae. tauschii cDNA and genomic DNA) were reported by
Gill et a. (1991); the BCD (barley cDNA) probes reported by
Heun et a. (1991), were obtained from M. Sorrells (Cornell,
USA); and the MWG clones (barley genomic DNA) were provid-
ed by A. Graner (IPK, Germany). All probes were prepared by
PCR and purified by spin-column chromatography. The mapping
data were analyzed with MAPMAKER V2.0 for Macintosh
(Lander et a. 1987).

Gliadin gel-electrophoresis

Ten seeds from each F; family were used for gliadin gel-electro-
phoresis analysis. Each seed was cut in half, and the brush-end of
the seed was used for analysis. Five half seeds were bulked for
one sample. The gliadin proteins were extracted after Morris et al.
(1989).

STSanalysis

The primers based on the RFLP clone KSUD14 were devel oped
by Talbert et a. (1994). The reaction mixture was 25 ul including
100-350 ng of template DNA, 1 pmol of each primer, 1 unit of
Tag DNA polymerase (Promega), 1.25 pl of 50 mM MgCl,, 2.5
of 10x buffer, and 2 pl of 2.5 mM dNTPs. PCR was performed in
a Perkin-ElImer PCR System 9700: 5 min at 94°C, followed by
30 cycles of 1 min at 94°C, 1 min at 50°C, and 2 min at 72°C
each. The last cycle was for 5 min at 72 °C. PCR products were
checked in 2.5% agarose gels at 50 V constant voltage for 5 h, or
were digested by the 4-base pair cutter Mspl in a 15-pl volume
containing 1.5 pl of 10x buffer and 10 units of enzyme at 37°C for
3 h, and then separated in 2.2% agarose gels at 35V constant volt-

age.

PCR product cloning

The PCR product was cut from the gel and recovered using a Nu-
cleo Trap kit (Clontech, cat# K3070-1). The purified product was
cloned using a TOPO XL PCR cloning kit (Invitrogen, cat#
K4700-10).



Results
Disease scoring

For the molecular mapping of the genes in WGRC2 and
WGRC7, the two segregating F, populations and the F,.5
families were inoculated with P. triticinia culture
PRTUS6. WGRC2 and WGRC7 had the same pheno-
type, characterized by necrotic flecks or small pustules
surrounded by necrosis. Resistant plants of the two pop-
ulations showed infection types ranging from ;1 to ;2+.
Heterozygous plants gave an intermediate infection type
(;2 to ;2+). Disease scoring of the F,.; families revealed
the genotype of the F, plants from the two populations
(Table 2). The chi-square test indicated that the scoring
results fit a 1:2:1 ratio. The data indicate that a single
dominant gene controls the leaf rust resistance to culture
PRTUSG in each population.

Bulk segregant analysis

To identify molecular markers closely linked to the rust
resistance genes, we used a bulk segregant analysis in
the two populations. The bulks were assayed with ten
1DS-specific  RFLP  markers (KSUD14, KSUE18,
BCD1434, BCD98, CDO0388, CDO099, CDO580,
MWG938, MWG36 and MWG837) using five restriction
enzymes (BamHl, Dral, EcoRI, EcoRV and HindlI1) (for
atotal of 50 combinations). Only markers KSUD14 and
BCD1434 showed polymorphism between the resistant
and susceptible parents and the resistant and susceptible
bulks from the two populations. The polymorphic en-
zyme/probe combinations revealed the same polymor-
phism patterns between the resistant/susceptible parents
and the resistant /susceptible bulks in each population
(data not shown). We noted that the fragments linked to
the gene in the WGRC2 population are the same as those
in the WGRC7 population, which correspond to TA1649
and not TA1675 (Fig. 1). Thus the gene in WGRC2 is
from Ae. tauschii accession TA1649 and not TA1675.
The analysis of the gliadin protein gene (Gli-D1) also
supported this conclusion (data not shown).

Linkage analysis
To determine linkage relationships, Gli-D1, KSUD14

and BCD1434 were mapped in the two F, populations
segregating for the genes conferring resistance to rust
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Fig. 1 RFLP polymorphism between WGRC2/Wichita, WGRC7/
Wichita and their putative donor accessions of Ae. tauschii re-
vealed by KSUD14 with restriction enzyme EcoRV. The arrow in-
dicates the Ae. tauschii specific band in WGRC2, and WGRC7
matches that from TA1649 rather than TA1675

culture PRTUSG (218 plants in the WGRC2/Wichita, and
165 plants in the WGRC7/Wichita, populations). Among
the tested markers, five types of recombination events
occurred between Lr40/Xksud14, Xksudl4/Gli-D1 and
Gli-D1/Xbcd1434 regions in the WGRC2/Wichita map-
ping population (Fig. 2a), including a double cross-over
in the Xksud14/Gli-D1 interval. Recombinants were also
observed in the same marker intervals except in the
Lr40/Xksud14 interval in the WGRC7/Wichita mapping
population (Fig. 2b). Linkage analysis indicated that
XksuD14 is 0.2 cM proximal to Lr40 in WGRC2 (Fig.
2a), but co-segregated with Lr40 in WGRC7 (Fig. 2b).
Gli-D1 and BCD1434 were mapped proximally to the
rust gene in each population.

STSanalysis

In order to develop a more-efficient marker for screening
large populations, an STS marker assay based on the
RFLP clone KSUD14 was developed. The PCR product
amplified from WGRC2 and WGRC7 was approximate-
ly 1.36 kb in length. Two fragments of 1.49-kb and 1.59-kb
in size from Wichita were amplified (Fig. 3). The 1.36-
kb fragment was completely linked to the gene in the
WGRC7/Wichita population and revealed the same re-

Table 2 F, segregation of

genesin WGRC2/Wichitaand ~ CT0sS Genotype (F,) %<12.2_1) P (value)

WGRC7/Wichita populations RR Rr o e
WRGC2/Wichita 58 113 47 1.404 0.5-0.75
WGRC7/Wichita 38 75 52 0.43 0.75-0.9
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Fig. 2 The position of Lr40 in the genetic linkage map of the 1D
short arm of wheat detected in the WGRC2/Wichita (a) and
WGRC7/Wichita (b) populations. In each map the centromere is
towards the bottom end. The recombinant haplotypes detected for
the corresponding map regions are shown on the right. The sym-
bols between markers represent the number of crossovers detected
in that marker interval
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Fig. 3 Gel-electrophoresis patterns revealed by a sequence-
tagged-site marker of XksuD14 in a WGRC7/Wichita population.
A 1.36-kb fragment is present in WGRC7 and all the leaf rust-re-
sistant progenies. Two fragments of 1.49 kb and 1.59 kb in size
are amplified from Wichita and the susceptible progenies. M 1-kb
ladder; R resistant plant; S susceptible plant
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Fig. 4 Gel-electrophoresis patterns of Ae. tauschii accessions re-
vedled by a sequence-tagged-site marker of XksuD14 after diges-
tion with the restriction enzyme Mspl. The 885-bp fragment (as-
terisk) is present in all leaf rust-resistant accessions with an Lr
gene alelic to Lr21 but is absent in the susceptible accession
TA1704, which instead has a 1.0-kb fragment

combinant in the WGRC2/Wichita mapping population
as the RFLP marker KSUD14. The STS marker also was
used to test 12 Ae. tauschii accessions including TA1675
and TA1649. When the products were cut with the 4-
base-pair cutter Mspl, an 885-bp fragment was detected
in WGRC2, WGRCY7, Lr21 (TC) (data not shown), and
all the Ae. tauschii accessions that have a leaf rust-resis-
tance gene mapped at the Lr21 locus (Fig. 4). This sug-
gested that the 885-bp fragment may serve as an assay
for resistant alleles at the Lr21 locus. Instead, a 1-kb
fragment was observed in Wichita and Ae. tauschii ac-
cession TA1704, which are both rust susceptible; acces-
sion TA1675, which has the rust-resistance Lr39 gene on
2DS (Raupp et a. 2000); TA2460, the Lr41 donor acces-
sion, and TA2540, the Lr42 donor accession (data not
shown).

Southern hybridization and sequence data
of the 1.36-kb fragment

The 1.36-kb fragment amplified from TA1649 was
cloned and sequenced (accession number: AF257240).
Blast search of the sequence showed that the cloned
fragment is a resistance gene analog and encodes ki-
nase2a and kinase3 domains similar to the Cre3 gene
from wheat and the rust resistance gene Rp1-D in maize.
Southern hybridization probed with the 1.36-kb fragment
revealed multiple bands in Ae. tauschii accession
TA1649 by Xbal (Fig. 5). Two of the fragments were
transferred into WGRC2 and WGRCY. Nulli-tetrasomic
analysis indicated the fragments transferred into
WGRC2 and WGRCY are located in wheat chromosome
1D.
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Fig. 5 RFLP patterns probed with the 1.36-kb fragment amplified
from Ae. tauschii accession TA1649. Of the four bands revealed in
TA1649, two were transferred to WGRC2 and WGRC7, and are
indicated by an asterisk (*). Nulli-tetrasomic analysis revealed the
chromosome location of specific fragments (shown on the left).
The two fragments transferred from TA1649 to WGRC2 and
WGRCY7 correspond to the fragments on chromosome 1D

Discussion

Raupp et a. (1991) mapped the gene derived from Ae.
tauschii accession TA1675 (Lr39, present in WGRC2) to
chromosome arm 2DS by monosomic and telosomic
analysis. Cox et al. (1994) located the gene on 1DS. Our
mapping data from the population derived from
WGRC2/Wichita support Cox’s result. However, our da-
ta reveded that the gene in WGRC2 used for this study
is derived from TA1649 not TA1675. Thus, the line
8863 (WGRC2) used by Raupp et a. for monosomic
analysis is different from the WGRC2 line used by Cox
et al. and our study. Recently, Raupp et al. (2000) further
confirmed that Lr39 gene tracing to Ae. tauschii acces-
sion TA1675 is present in line 8863 but not in the re-
leased germplasm WGRC2. Furthermore, marker analy-
sis aso confirmed that Lr39 is located on 2D and that it
isdistinct from all other genes derived from Ae. tauschii.
Based on their data and the data reported in this paper,
we suggest that rust-resistance genes present in WGRC2
and WGRC7 should be tentatively designated Lr40
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pending further alelic studies with Lr21, which are now
underway.

Previous studies revealed that each of the eight Ae.
tauschii accessions collected from different locations in
Iran have a resistance gene alelic, or tightly linked, to
Lr21 (Miller 1991; Cox et a. 1994). Some of the allel-
ism studies used intercrosses among Ae. tauschii acces-
sions with TA1599, the origina donor of Lr21 (Miller
1991). Cox et a. (1994) transferred resistance genes
from Ae. tauschii accessions TA2495 and TA2470 into
wheat, as breeding lines U1866 and U1865, respectively.
All 330 F, plants from the cross U1865/Lr21 (TC) gave a
resistant reaction. All 883 F, plants from the crosses of
U1866 with Lr21 (TC), WGRC2, WGRC7 and 88-307
gave a resistant reaction. 88-307 is a hexaploid wheat
line having an Lr gene from Ae. tauschii accession
TA1691. However, in such F, populations, a susceptible
plant has to result from two recombinant gametes with-
out the resistance allele. If the recombination frequency
between the two tested genes is lower than 0.067 (6.7%),
it is impossible to resolve if these genes are aleles at a
single locus, or different members of a complex locus,
using a population of 883 F, plants. Further studies of
the relationship among the genes that were mapped to
the Lr21 locus are needed. However, the accessions that
have a gene mapped to the Lr21 locus share a common
fragment generated by the PCR-based marker KSUD14-
STS. This fragment is absent in rust-susceptible acces-
sion TA1704 and three other resistance accessions
TA1675 (Lr39), TA2460 (Lr4l) and TA2540 (Lr42).
Therefore, the KSUD14-STS marker assays all alleles or
members at the Lr21 locus.

With one exception, KSUD14 co-segregated with rust
resistance in all 382 F, plants (764 gametes) from the
crosses WGRC2/Wichita and WGRC7/Wichita. KSUD14
is a genomic clone derived from a Pst1-digested library
of Ae. tauschii accession TA1691. The mapping popula-
tion used for constructing the first linkage map of
Ae. tauschii was segregating for a rust-resistance gene
(designated as “RUST") derived from TA1691 (Gill et
a. 1991). The Lr gene was mapped to the Lr21 locus by
alelism analysis (Cox et a. 1994). The “RUST” locus
was mapped to the distal end of 1DS arm 43 cM from
KSUD14 in the Ae. tauschii linkage map (Gill et al.
1991). This population was scored again for rust resis-
tance, KSUD14 and Gli-D1 loci, and we observed seven
recombinants (6.25 cM) between KSUD14 and the rust
resistance gene in a population of 56 F, plants (our un-
published results). These data may indicate higher rates
of recombination in Ae. tauschii than in wheat. Alterna-
tively, the Lr21 family members may be dispersed over a
large genomic region and various members may show
variable rates of recombination with the KSUD14 mark-
er.

The 1.36-kb fragment cloned from TA1649 that de-
tects all Lr21/Lr40 members carries an open reading
frame that may encode 194 amino acids. There are two
motifs including kinase2a and kinase3 domains where
the amino-acid sequences from the cloned fragment
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showed high similarity to the Cre3 gene from wheat and
the rust resistance gene Rpl-D from maize. The cloned
fragment may be part of a gene that belongs to the NBS-
LRR class of plant disease resistance genes.

Why is the 885-bp fragment so highly conserved in
diverse alleles at the Lr21 locus? There are three possi-
ble hypotheses to explain these results. The first hypoth-
esis is that Lr21 and Lr40 are possibly paralogous rust
resistance genes in the Lr21 complex locus. The com-
mon fragment may belong to the same NBS-LRR family
member as Lr21/Lr40, and may be a conserved sequence
in al the members. Multiple fragments amplified from
TA1649 and TA1599 with KSUD14-STS (data not
shown), and multiple hybridization fragments observed
in the Ae. tauschii accessions with KSUD14 (Fig. 5), in-
dicated multiple loci of XksuD14. Sequence comparison
among the fragments amplified with KSUD14-STS from
TA1599 (Lr21 donor), TA1691 and TA1649 showed that
these fragments share over 96% similarity (data not
shown). This may imply that multiple loci of KSUD14
were derived from a common ancestor. The one recom-
binant detected by KSUD14 in the WGRC2 mapping
population has the same sequence as the Xksud14 locus
in the resistant parent but is susceptible to the pathogen
PRTUS6, perhaps due to recombination between the
paralogues.

The second hypothesis is that many different families
of NBS-LRR are clustered in the Lr21/Lr40 region. It
has been found that RgaYr10, which is an unrelated
NBS-LRR resistance-gene analog from KSUD14, identi-
fied at least three gene family members on 1DS of Ae.
tauschii. One of the members cosegregated with
Lr22/Lr40 (Spielmeyer et a. 2000), and cosegregated
with KSUD14 in the populations of WGRC2/Wichita
and WGRC7/Wichita (our unpublished results). It is pos-
sible that KSUD14 represents a different NBS-LRR fam-
ily member from the Lr21/Lr40 gene family and the re-
combination is suppressed in this region among the test-
ed accessions. A similar example is the Mla resistance
gene region on chromosome 5 (1H) in barley. Three dis-
tinct NBS-LRR gene families, cosegregated with Mla,
are located within a 240-kb interval. Recombination
within families was suppressed (Wei et a. 1999).

The third hypothesis is that KSUD14 is a part of a
gene required for Lr21/Lr40 to confer resistance to the
leaf-rust pathogen. A good example isthe Prf genein the
Pto gene cluster (Salmeron et al. 1996). Prf is a member
of the leucine-rich repeat class of plant disease resistance
genes, and is embedded within the Pto kinase gene clus-
ter, 24-kb from the Pto gene. Mutational studies revealed
that Prf and Pto are both required for the signalling path-
way in tomato that leads to resistance to Pseudomonas
syringae pv tomato.

The comparison of physical maps with their corre-
sponding genetic linkage maps revealed that genes are
clustered in high recombination “hot spot” regions. Ac-
cording to the physical map of chromosome 1D, the
RFLP marker KSUD14 is present in the very distal “hot
spot” of the chromosome 1D short arm (Gill et al.

1996). In such aregion of high recombination, a tightly
linked marker 0.2 cM away from the gene would be
physically close to the gene. Therefore, KSUD14 is not
only a very useful marker for gene tagging, but may
also provide a good starting point for the positional
cloning of the gene.
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