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Review article

Molecular markers for leaf rust resistance genes in wheat

Jerzy CHELKOWSKI, Lukasz STEPIEN
Institute of Plant Genetics, Polish Academy of Sciences, Poznan, Poland

Abstract. Over 100 genes of resistance to rust fungi: Puccinia recondita f. sp. tritici,
(47 Lr — leaf rust genes), P. striiformis (18 Yr —yellow rust genes) and P. graminis f. sp.
tritici (41 Sr — stripe rust genes) have been identified in wheat (Triticum aestivum L.)
and its wild relatives according to recent papers. Sixteen Lr resistance genes have been
mapped using restriction fragments length polymorphism (RFLP) markers on wheat
chromosomes. More than ten Lr genes can be identified in breeding materials by se-
quence tagged site (STS) specific markers. Gene Lrk 10, closely linked to gene Lr 10,
has been cloned and its function recognized. Available markers are presented in this re-
view. The STS, cleaved amplified polymorphic sequence (CAPS) and sequence char-
acterized amplified regions (SCAR) markers found in the literature should be verified
using Triticum spp. with different genetic background. Simple sequence repeats (SSR)
markers for Lr resistance genes are now also available.

Key words: brown rust, yellow rust, stem rust, RAPD, RFLP, STS, SCAR, resistance genes,
wheat.

Introduction

Common wheat, including spring and winter cultivars, is the most important ce-
real crop both in Poland and in Europe. The biotrophic species Puccinia recondita
f. sp. tritici (synonym Puccinia tritici) is in some regions the principal pathogen of
wheat. The result of infection is leaf rust — an important disease worldwide, caus-
ing in some regions significant losses to cereal growers (McINTOSH 1998). Epi-
demics of wheat leaf rust were observed in southern regions of Poland in 2000 and
are frequently recorded there. The pathogen developed a high number of races oc-
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curring worldwide (ROELFS et al. 1992). Virulences of Lr 9, 19 and 24 have not
been detected in Hungary, Czech Republic, Poland, Germany and Russia so far
(LIMPERT et al. 1996, CSOSZ et al. 2000, GULTYAEVA et al. 2000, MANNINGER
2000).

The number of named and later mapped Lr resistance genes in wheat increased
significantly during the last decade (McINTOSH et al. 1998). However, the wheat
genome (17.3 pg per cell) belongs to the largest among crop species and contains
nearly 17,000 Mbp per haploid nucleus (ARUMUGANATHAN, EARLE 1991).
The size of this genome as well as the high percentage (over 90%) of non-coding
sequences and three genomes A, B and D with 7 homoeologous chromosomes
cause molecular identification and cloning of wheat resistance genes to be diffi-
cult. Each of 42 hexaploid wheat chromosomes has the average size of about 800
Mbp. Physical distance between crossing-overs (=1 ¢cM) varies from 0.3 to 3 Mbp
(FEUILLET et al. 1995). Wild relative species of wheat usually have one genome in
common with wheat, which makes them very helpful for searching and mapping
new resistance genes. Because various wheat-related species carry different
genomes (Triticum sp., genome B; Aegilops speltoides, genome S, similar to B;
Triticum boeoticum, genome A; and Aegilops squarrosa, genome D), they have
been and still are used as sources of resistance genes in breeding. A frequent way
to transfer the resistance genes is using wheat lines with translocation of a chro-
mosome fragment carrying the gene from a wild species. This was done in the case
of genes Lr 19, Lr 24 and Lr 29 derived from Agropyron elongatum (PROCUNIER
et al. 1995, SCHACHERMAYR et al. 1995, PRINS et al. 1996). The development of
new DNA-based assays has led to their application for designing direct and tightly
linked markers — restriction fragments length polymorphism (RFLP), random am-
plified polymorphic DNA (RAPD), cleaved amplified polymorphic sequence
(CAPS), sequence characterized amplified regions (SCAR) and sequence tagged
sites (STS) to identify individual resistance genes in wheat accessions. In a previ-
ous paper markers available for identifying resistance genes to powdery midew of
wheat were reviewed (CHEN, CHELKOWSKI 1999). The aim of this paper is to re-
view the current knowledge on the mentioned markers for Lr resistance genes.

Identification of resistance genes and their localization on
chromosomes

Results concerning identification of Lr, Yr and Sr resistance genes in wheat using
inoculation procedures have been comprehensively described by ROELFS et al.
(1992), and some resistance problems by McINTOSH (1998). Wheat near-isogenic
lines with known leaf rust resistance genes and collections of isolates of rust fungi
have been used to identify the presence of resistance genes in cultivars and sources
of resistance genes (ROELFS et al. 1992). Total of 47 Lr resistance genes are given
in the literature (ROELFS et al. 1992, SINGH et al. 1998, SEYFARTH et al. 1999,
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HELGUERA et al. 2000). Besides new resistance genes identified in common
wheat (like the slow-rusting gene Lr 46, SINGH et al. 1998), there are genes trans-
ferred from other species (like the Lr 24 gene from Agropyron elongatum and
Lr 47 from Aegilops speltoides [=Triticum speltoides], HELGUERA et al. 2000).

A promising procedure to identify resistance genes seems to be identification
of genes by markers for detection of sequences encoding proteins of nucleo-
tide-binding sites and leucine-rich repeats (NBS/LRR). The mentioned sequences
are present in numerous resistance genes, identified in various crop species (to-
mato, potato, wheat, rice, flax) as well as in model plant species: Arabidopsis and
Nicotiana (LEHMANN 1997, SPIELMEYER et al. 1998, LEISTER et al. 1999,
SALAMINI 1999, SALMAN et al. 2000). SPIELMEYER et al. (1998), using RFLP
probes from Aegilops squarrosa (Triticum tauschii) having resistance genes to ce-
real cyst nematode, identified 29 loci suggested to be homological to the resis-
tance gene analogs (RGAs). The mentioned loci showed 30-70% amino-acid
identity to the sequence of the cre locus for cereal cyst nematode from 7. tauschii.
The loci were mapped in genomes A, B and D of wheat; 3 in all genomes (A, B and
D) and 6 in two genomes only (A and B, or B and D). LEISTER et al. (1999) de-
duced peptide sequences of 25 resistance gene homologues from rice and barley.
SALMAN et al. (2000) used RAPD and primers corresponding to NBS/LRR se-
quences for identification of resistance gene candidates in near-isogenic lines.
It was possible to amplify bands and prove the presence of possible resistance
gene candidates in the examined accessions.

Table 1. Number of identified wheat genes of resistance to rust fungi

Gene No. of identified
Pathogen .
symbol resistance genes
Puccinia recondita f. sp. tritici Lr 47* (42)
Puccinia striiformis Yr 18
Puccinia graminis Sr 41

* the last described Lr gene is Lr 47, but some earlier identified genes appeared to be alleles, so
the number of Lr genes is lower. Lr 4, Lr 5, Lr 6, Lr 7 and Lr 8 are not available as separate gene
lines (McINTOSH et al. 1998).

A significant number of Lr resistance genes originate from Triticum aestivum
cultivars, but some resistance genes were originally introgressed into common
wheat cultivars from wild species accessions: Aegilops umbellulata — Lr 9,
Aegilops squarrosa — Lr 21, Lr 22, Lr 32, Lr 39, Lr 40, Lr 41, Lr 42, Lr 43,
Agropyron elongatum — Lr 19, Lr 24, Lt 29, Aegilops speltoides — Lr 28, Lt 35, Lr
36, Lr 47, or Aegilops ventricosa — Lr 37. The following Lr genes have been re-
cently identified in Polish wheat cultivars: Lr 1, Lr 3, Lr 11, Lr 14, Lr 16 and Lr 26.
Unfortunately, these genes, when present as single genes, do not prevent signifi-
cant infection of wheat cultivars. Gene Lr 26 is present in cultivars Aleta,
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Jubilatka, Lama, Lanca, Olma, Turnia and Wilga, carrying translocation
T1BL/1RS from rye genome (KOWALCZYK et al. 2000). Gene Pm 8, conferring
the resistance to Erysiphe graminis, is present in above-mentioned cultivars, as it
has been introduced by the same translocation.

Identification and mapping of Lr resistance genes using
DNA markers and their tagging

Leaf rust resistance genes, namely Lr 1, Lr 9, Lr 10, Lr 13, Lr 19, Lr 23, Lr 24, Lr
25,Lr27,Lr28, Lr29, Lr 31, Lr 34, Lr 35, Lr 37 and Lr 47 have been mapped on
chromosomes, usually by RFLP molecular markers (Table 2).

The first molecular STS marker was developed by SCHACHERMAYR et al.
(1994) for the Lr 9 gene derived from Aegilops umbellulata, and soon results on
the identification of several markers for other Lr resistance genes were published
(Table 2).

RFLP markers are reliable but expensive and labour-intensive, and need DNA
of high purity, so are not suitable for marker-assisted selection. For the reason of
more practical usage, RFLP markers that are completely linked with the given re-
sistance gene, are converted into specific PCR markers — STS or CAPS markers
and RAPD markers can be converted into SCAR markers.

So far STS or SCAR and CAPS markers for genes Lr 1, Lr 9, Lr 10, Lr 24, Lr
28, Lr 35, Lr 37 and Lr 47 have been described in the literature (Table 2). Enzy-
matic marker (endopeptidase Ep-D1c¢) for Lr 19 has also been developed and used
(WINZELER et al. 1995). Moreover, microsatellite markers (simple sequence re-
peats — SSR) for resistance genes Lr 3bg and Lr 18 have been recently developed
(PURNHAUSER et al. 2000).

Gene Lrk 10, close to gene Lr10, has been cloned and sequenced (FEUILLET et
al. 1997). By screening a set of near-isogenic lines carrying different leaf rust re-
sistance genes with a wheat probe encoding a serine/threonine protein kinase,
those researchers detected a polymorphic DNA fragment in the line with Lr 10 re-
sistance gene. This fragment was mapped to the Lr 10 disease resistance locus.
The Lrk 10 is not resistance gene encodes a receptor-like protein called kinase
LRK 10. The LRK 10 enzyme contains a new type of extracellular domain, not
found in any other known plant or animal receptor kinases. Molecular description
of this gene in wheat provides a unique biological system to study the molecular
basis of specifity of wheat-pathogen interaction. Probably this will also allow the
transformation of wheat and manipulation of wheat resistance genes to increase
the resistance durability. Moreover, pyramiding of different resistance genes in
classical breeding process to achieve durable resistance will be facilitated by mo-
lecular markers. Durable resistance may be achieved by combination of several
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Table 2. DNA markers for wheat leaf rust resistance gene identification

Gene Localization Origin Marker type Reference

Lrl 5DL Triticum aestivum RFLP, STS FEUILLET et al. 1995

Lr9 6BL Aegilops umbellulata  RFLP cMW 684, STS,  SCHACHERMAYR et al.
RAPD, RFLP PSR 546 1994

Lr10 1AS Triticum aestivum RFLP, STS SCHACHERMAYR et al.

1997

Lr 13 2BS Triticum aestivum RFLP SEYFARTH et al. 1999

Lr 19 7DL Agropyron elongatum RFLP, RAPD NAIK et al. 1998

Lr23 2BS Triticum aestivum RFLP NELSON et al. 1997

Lr24 3DL Agropyron elongatum RFLP SCHACHERMAYR et al.

PSR 1205, PSR 1203, 1995
PSR 388, PSR 904,
PSR 931, PSR 1067

RAPD OPJ-09

STS; J09/11109/2

Lr24 3DL Agropyron elongatum SCAR DEDRYVER et al. 1996
Lr25 4AL/2RS Secale cereale RAPD, DGGE PROCUNIER et al. 1995
Lr27 1BL/1RS Triticum aestivum RFLP NELSON et al. 1997
Lr28 4AL Aegilops speltoides RAPD OPJ-01, STS NAIK et al. 1998

Lr29 TDS/Ae#t1S  Agropyron elongatum RAPD, DGGE PROCUNIER et al. 1995
Lr 31 4BS Triticum aestivum RFLP NELSON et al. 1997

Lr 34 7DS Triticum aestivum RFLP NELSON et al. 1997
Lr35 2B Triticum speltoides RFLP, STS SEYFARTH et al.1999
Lr37 2A Aegilops ventricosa ~ RAPD, SCAR ROBERT et al. 1999

Lr 47 7AS Triticum speltoides CAPS HELGUERA et al. 2000

genes encoding partial resistance in one cultivar, rather than by a single resistance
gene.

Recently BARTOS et al. (2000) used an STS marker for the Lr 10 gene to iden-
tify this resistance gene in Czech cultivars Alka and Siria. The presence of this
gene was examined by SCHACHERMAYR et al. (1997) in 62 wheat accessions from
European breeding programmes with various genetic backgrounds. The Lr 10
marker has been found to be highly specific for the Lr 10 resistance gene and pres-
ent in 12 accessions.

The development of PCR-based allele-specific markers in polyploid species is
more complex than in diploid species because PCR can result in the amplification
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of multiple fragments of similar size from more than one genome (HELGUERA et
al. 2000). For this reason markers described in published papers, designed for
cultivars and lines used in the first experimental work, may give false-positive an-
swers concerning the presence of the marker in different lines and cultivars with
different genetic backgrounds (not used yet in experiments). Published markers
should be verified before they will be recommended for their application in ge-
netic and breeding programmes.

Partial resistance genes

Partial resistance (PR) in cereal plants is getting recently more attention, also in
research on biotrophic pathogens. QTLs of partial resistance to Puccinia hordei
have been found in barley (NIKS et al. 2000). A high number of quantitative trait
loci (to date 13 QTLs of partial resistance) contributing to the resistance of barley
to Puccinia hordei have been mapped by QI et al. (2000). The mentioned authors,
using AFLP markers (amplified fragments length polymorphism), constructed
linkage map of barley, derived from a cross of the susceptible line L 94 and
the partially resistant line 11b-5 or cv. Vada (NIKS et al. 2000).

FARIS et al. (1999) identified 50 loci conferring defence response (DR) genes,
corresponding to QTLs in wheat. The highest effect on adult plant resistance of
wheat to brown rust was exhibited by gene clusters on chromosome 7BL, coding
catalase, chitinase, thaumatins and ion channel regulators, and on chromosome
4AL, coding oxalate oxidase. Several RFLP markers allow to select desirable
QTLs.

Partial resistance to brown rust in wheat cultivars was identified by ITTU
(2000) in three cultivars out of 86 examined in Romania. So far it has been possi-
ble to identify PR in wheat accessions by inoculation procedure or growing them
under epidemic conditions. It is suggested that genes causing “slow rustingZ, like
gene Lr 34 or Lr 46, are involved in this type of resistance. Contribution of other
minor genes is also likely.

Quantitative resistance has also been proved by BAT et al. (1999) in their stud-
ies on wheat Fusarium scab. The authors identified a major quantitative locus
controlling scab resistance in wheat on chromosome 7A (Figure 1), and also sev-
eral loci of smaller significance, controlling both resistance to infection and to ac-
cumulation of a fungal toxin, deoxynivalenol.

Irrespective of the identification of a high number of resistance genes in wild
wheat-related species, some of them beeing succesfully transferred to cultivated
wheat, the genetic mechanism of partial resistance can operate also in common
wheat and its wild relatives.

The strategy of pyramiding of partial resistance loci to derive resistant
cultivars (horizontal resistance) is actually suggested, with possible contribution
to durable resistance.
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Figure 1. Schematic location of identified Lr (leaf rust), Yr (yellow rust), Sr (stripe rust) and
Pm (powdery mildew) resistance genes in genomes of hexaploid wheat and its wild relatives
(according to McINTOSH et al. 1998)

* Pm 13 and SuPm 8 gene location depends on wheat line; Pm and Lr resistance genes with available STS
markers are bolded

Conclusions

The use of a reliable STS marker may help in resistance breeding of wheat and re-
sistance gene pyramiding, providing durable resistance. However, the resistance
gene that is actually present in the material may be inactive or inefficient. Avail-
able markers should be verified with a possibly wide selection of wheat lines and,
if possible, combined with studies of field resistance to rust fungi.
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