
Introduction

Leaf rust caused by Puccinia triticina
(syn. P. recondita f. sp. tritici) is one of the most
widespread and regularly occurring rusts on
wheat. The frequencies of virulence to genes Lr9,
Lr19, Lr24, Lr28 and Lr29, as well as the frequen-
cies of virulence to the adult plant resistance gene
Lr35 are low or zero in large parts of Europe
(Winzeler et al. 2000). Genes Lr9 and Lr19 are
the most effective resistance genes in Europe.
The same is probably true for genes Lr24, Lr28
and Lr29, but the effectiveness of these genes fluc-
tuates strongly between locations and years.

Virulence for genes Lr1, Lr3, Lr10, Lr11,

Lr13, Lr14, Lr26 and Lr37 is common in Europe,
the level of protection in the fields is low
(Winzeler et al. 2000; Singh et al. 2001;
Stêpieñ et al. 2003; WoŸniak-Strzembicka 2003).
Growing resistant cultivars is an economical
and environment friendly method of controlling
this pathogen. Genetic resistance to the disease

is available in the form of 51 major genes for leaf
rust resistance.

Of these genes, there are 21 alien genes that
have been transferred into hexaploid wheat from
its wild relatives, e.g. genes Lr9, Lr19, Lr21, Lr24,
Lr35, and Lr37 (McIntosh et al. 2003). DNA
markers for many leaf rust resistance genes have
been identified to date (Table 1). The use of tightly
linked DNA markers will allow plant breeders to
practice indirect selection for the resistance gene
in segregating populations. Detection of a DNA
marker linked to a specific resistance gene, as it
has been demonstrated by several workers in re-
cent years, requires verification prior to its intro-
duction into breeding practice (Melchinger 1990;
Gupta et al. 1999; Koebner and Summers 2002;
Korzun 2002). For example, studies on marker
verification confirmed the validity of molecular
markers linked with genes Lr9, Lr10, Lr19, Lr24,
and Lr47 (Che³kowski et al. 2003). STS markers
of Lr9 and Lr10 were shown to be specific in
a wide range of genetic backgrounds and can
be applied in marker assisted selection
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(Schachermayr et al. 1994; 1997; Bartoš et al.
2000). However, a marker developed for the Lr1
gene is of restricted usefulness in breeding as it
is not specific in 50% of cultivars carrying this
gene (Feuillet et al. 1995; Schachermayr et al.
1997).

The AFLP technique has found various appli-
cations in plant genetics, including bread wheat,
such as the assessment of genetic diversity,
the construction of high-density genetic maps
and as a resource of markers to identify major
genes. The AFLP method was developed as
a highly reproducible marker system (Vos et al.
1995; Vuylsteke et al. 1999). The use of the AFLP
technique based on the methylation sensitive en-
zyme PstI revealed polymorphism that was better
correlated with yield heterosis when compared
to the methylation insensitive enzyme EcoRI
(Barrett and Kidwell 1998). A simplified AFLP
method that uses PstI was recently introduced for
wheat identification purposes (Tyrka 2002). Up to
8% of barley clones generated with PstI were sig-
nificantly similar to coding regions (Michalek
et al. 1999). A specific AFLP fragment linked to
the gene of interest could be converted to a SCAR
marker for easily identifiable single band amplifi-
cation on gels (Paran and Michelmore 1993).

At the time of this experiment DNA markers
linked to several leaf rust resistances gene had al-
ready been reported, but none for Lr37 were pub-

licly available. The aim of this study was to test
the ability of the PstIAFLP method to detect DNA
markers for selected leaf rust resistance genes.
In the first stage, AFLP analyses were run on se-
lected near-isogenic lines to detect line specific
markers. The specificity of candidate markers was
further verified in wider genetic backgrounds.
Finally, the selected AFLP marker was tested in
the mapping population and was converted into
a SCAR marker.

Material and methods

Plant material

Two sources of Tc + Lr1, Tc + Lr9, Tc + Lr10, Tc +
Lr13, Tc + Lr19, Tc + Lr21, Tc + Lr24, Tc + Lr26,
Tc + Lr37 near-isogenic lines and Thatcher were
used. Seeds were supplied by Dr. M. Csosz, Cereal
Research Institute, Szeged, Hungary and by Prof.
R.A. McIntosh and Prof. R.F. Park, University of
Sydney, Camden, Australia. NILs with Lr28 and
Lr35 from the latter source only were used. Plant
materials used for marker validation are listed in
Table 2. Cultivars Frontana, Teewon, Aurora,
Kavkaz, Apache, Bill, Caphan, Corsaire, Renan,
Terza, Titlis, CIM 60/3*Viginta (1009), CIM
60/3*Viginta (1010), CIM 60/3*Zdar (1008),
CIM 90/3* Regina, CIM 91/3* Regina and acces-
sions of wild species: Ae. speltoides D10, Ae.
speltoides 2063, Ae. speltoides D50 were obtained
from the Gene Bank of VURV – Research Insti-
tute of Crop Production, Prague-Ruzynì, Czech
Republic. Cultivars Agent and Agatha 235 were
supplied by Dr. W.J. Raupp, Department of Plant
Pathology, Kansas State University, USA. Seeds
of Polish cultivars: Henika, Santa, Jubilatka and
Turnia were supplied by breeding companies
based in Szelejewo and Polanowice. The F3 popu-
lation segregating for Lr37 (Kris × Nutka) origi-
nated from the collection of the Institute of Plant
Genetics (IPG), Poznañ, Poland and was supplied
by the Szelejewo Breeding Co. Details of all
the cultivars and lines used for marker validation
are given in Table 2.

Template DNA preparation

DNA was extracted from leaves of 1-week-old
plants germinated on Petri dishes using the CTAB
method (Doohan et al. 1998; Stêpieñ et al. 2002).
Tc + Lr19 was excluded from further analyses due
to the unsatisfactory quality of the extracted DNA.
The method of template preparation published
previously (Suazo and Hall 1999) was followed
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Table 1. DNA markers for leaf rust resistance genes in
hexaploid wheat

Leaf rust
resistance gene

Marker type,
reference Source

Lr1 RFLP, STS1,
SSR2, SNP3

Triticum aestivum

Lr9 RFLP5, STS,
RAPD1

Aegilops
umbellulata

Lr10 RFLP, STS1 T. aestivum

Lr13 RFLP1 T. aestivum

Lr19 RFLP5, RAPD1,
AFLP, STS 6

Agropyron
elongatum

Lr24 RFLP5, STS,
SCAR, RAPD1

A. elongatum

Lr26 RFLP, AFLP,
RAPD, STS9

Secale cereale

Lr28 RAPD, STS1 Ae. speltoides

Lr35 RFLP, STS1,6 Ae. speltoides

Lr37 RAPD, SCAR1,
CAPS1,7, SSR1,8

Ae. ventricosa

1reviewed in Che³kowski and Stêpieñ (2001); 2Singh et al. (2004);
3Tyrka et al. (2004); 4Autrique et al. (1995); 5Prins et al. (2001);
6Mohler et al. (2001); 7Gold et al. (1999); 8MAS Wheat (2004);
9B³aszczyk et al. (2004); Helguera et al. 2003



with minor modifications. The amount of 150 ng
DNA was digested with 10 U of PstI (Fermentas,
Lithuania) for 3 h at 37oC in 1 × Buffer O+ (50 mM
Tris-HCl, pH 7.5, 10 mM MgCl2, 100 mM NaCl,
0.1 mg mL–1 BSA) in a total volume of 35 �L.
Five �M concentrations of double stranded PstI

adaptors were prepared (Waugh et al. 1997) from
the PstI adaptor forward: (5’-CTCGTAGACTGC
GTACATGCA-3’) and the PstI adaptor reverse
(5’-TGTACGCAGTCTAC-3’). The amount of
6 �L ligation mix (500 nM PstI adaptor, 1U
Ligase, 120 mM Tris-HCl, 30 mM MgCl2, 30 mM
DTT, 1.5 mM ATP, pH 7.8 at 25oC) was added to
digested DNA to the final volume of 41 �L. Sam-
ples were ligated for 4 h at 37oC, precipitated for
2 h at –20oC with 3 vol. EtOH: AcNa (3 M, pH 5.2)
mix (24:1) and centrifuged for 20 min at
14 000 rpm. DNA was dissolved in 20 �L of water
and stored at –20oC until required.

Nonselective amplification

Nonselective PCR was performed before selective
amplification. PCR reactions were carried out
in a 20 �L volume containing: 5 �L of ligated
and purified DNA as a template, 200 �M of each
dNTP (Amersham Pharmacia Biotech. Ins.),
2.5 mM MgCl2, 0.4 U DyNAzyme II Polymerase
(Finnzymes, Finnland), 1×PCR buffer, and 750 nM
of the PstI Adaptor Forward primer. Amplifications
were carried out in a PTC-100 thermal cycler
(MJ-Research, USA) under the following

programme conditions: 2 min 30 s at 95oC – initial
denaturation, 40 cycles of 1 min 30 s at 94oC,
1 min 30 s at 54oC, 1 min 30 s at 72oC, with the fi-
nal extension of 10 min at 72oC.

Selective amplification

Conditions of selective amplification were as
above with minor modifications: 5 �L of a 10-fold
diluted ligation mix were used as a template.
The thermal profile in selective PCR was more
stringent; after an initial denaturation of 2 min 30 s
at 95oC, 7 cycles of 45 s at 94oC, 45 s at 60–54oC
(decreasing by 1oC per cycle) and 45 s at 72oC fol-
lowed by 38 cycles of 45 s at 94oC, 45 s at 54oC,
45 s at 72oC, with the final elongation of 10 min at
72°C were used. Products were resolved on 1.5%
agarose gel (Appli Chem) containing 0.1% EtBr in
1×TBE buffer (89 mM Tris-borate, 2.5 mM
EDTA). 100 bp GeneRuler DNA Ladder Plus
(MBI Fermentas) was used to establish sizes of
products. A total of 33 selective primers (P31-P50,
P52-P63, P65) were used (GrainGenes 1995).

STS assay

STS-PCR reactions were carried out in a 20 �L
volume containing: 20–40 ng DNA as a template,
200 �M of each dNTP, 2.5 mM MgCl2, 0.4 U
DyNAzyme II Polymerase (Finnzymes, Finland),
1 × PCR buffer, and 250 nM of each primer.
Reactions were carried out under the following
programme conditions: 2 min 30 s at 95oC,
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Table 2. Wheat germplasm used to validate AFLP marker linked to leaf rust resistance gene

Line/cultivar Lr presence Line/cultivar Lr presence

Frontana Lr1 Kavkaz Lr26

Henika Lr1 Rialto Lr26

Santa Lr1 Ae. speltoides D10 Lr28–

Agatha 235 Lr19 Ae. speltoides 2063 Lr28+

CIM 60/3*Viginta (1009) Lr19 Ae. speltoides D50 Lr28+

CIM 60/3*Viginta (1010) Lr19 Apache Lr37

CIM 60/3*Zdar (1008) Lr19 Bill Lr37

Agent Lr24 Caphan Lr37

CIM 90/3* Regina (1011) Lr24 Corsaire Lr37

CIM 91/3* Regina (1012) Lr24 Renan Lr37

Teewon Lr24 Terza Lr37

Apollo Lr26 Titlis Lr37

Aurora Lr26 Ae. ventricosa 0520 Lr37

Brigadier Lr26



7 cycles of 15 s at 94oC, 15 s at 69/62oC
(decreasing by 1oC per cycle) and 15 s at 72oC
followed by 40 cycles of 15 s at 94oC, 15 s at 62oC,
15 s at 72oC, with the final elongation of 4 min at
72oC.

Cloning and sequencing of AFLP products

A polymorphic band of about 530 bp obtained
with the P42 primer was excised from agarose for
5 individuals carrying gene Lr37. DNA fragments
excised from the agarose gel were cloned using
a TA Cloning® Kit (Invitrogen). Colonies posi-
tive for the insert were selected and grown for
plasmid DNA isolation. Subsequently, plasmids
were purified with 0.5 U of exonuclease I and 2 U
of shrimp alkaline phosphatase for 30 minutes at
37°C with inactivation at 80°C for 15 minutes.
DNA sequencing was performed on an ABI
PRISM 310 Genetic Analyzer (USA), using
the ABI Prism BigDye Terminator Cycle Se-
quencing Ready Reaction Kit (Applied
Biosystems, Switzerland). Two to five individual
clones were sequenced for each of the 5 cloned
PCR products. Sequences were compared and an-
alyzed with BLAST searches (Altschul et al.
1990) and the CLUSTAL W programme (Thomp-
son et al. 1994).

Results

Thirty three selective primers were tested on
Thatcher and the 11 NILs. The total number of
bands obtained was 286, which included 61
polymorphic and 16 line specific markers. Primers
produced on average 8.8 (ranging from 4 to 15)
bands with a mean of 2 polymorphic bands (range
0 to 8). Sizes of products varied from 220 to 1850
bp. Line specific bands found in the near-isogenic
lines Tc + Lr1, Tc + Lr9, Tc + Lr10, Tc + Lr13,
Tc + Lr19, Tc + Lr24, Tc + Lr26, Tc + Lr28,
Tc + Lr35 and Tc + Lr37 reproduced in NILs from
both Australia and Hungary were considered as
candidate markers of the respective Lr genes.
Products specific to lines carrying genes Lr9,

Lr10, Lr13 and Lr35 were not found. Candidate
markers for Lr1, Lr19 and Lr28 were not reliable
when tested on different genetic backgrounds.
Examples of the validation studies for markers
obtained for genes Lr24, Lr26 and Lr37 are shown
in Figure 1 a-d.

The specificity of the P60_500 marker for Lr24

was tested on 11 cultivars only. The marker was
present, as was expected, in a set of 5 Lr24 positive

genotypes (CIM 90/3*Regina (1011), CIM
91/3*Regina (1012), Agent, Teewon, Tc + Lr24)
and absent in 5 Lr24 negative genotypes
(Frontana, Agatha, Kavkaz, Rialto, Brigadier).
Of a total of 16 line specific markers, six markers
(P38_670, P41_400, P45_640, P53_670,
P54_630, and P57_550/370) were specific to
the line carrying gene Lr26. Of these six markers,
four were further tested on cv. Kavkaz, Aurora,
Apollo, Rialto, Brigadier, Turnia, Jubilatka
and line Tc + Lr26, along with the negative
controls Frontana, Agatha, Teewon, Henika,
and Santa. Turnia and Jubilatka were found to be
intermixed and were thus excluded from the set of
reference lines. Markers P45_640, P54_630
and P57_370 were diagnostic in the set of 11
varieties. Marker P42_530 generated a polymor-
phic pattern displaying a 530-bp DNA fragment
specific for line Tc + Lr37. This marker was
identified in 9 wheat cultivars carrying gene Lr37

and in Ae. ventricosa accession 0520. The band
was absent in genotypes lacking Lr37 (Frontana,
Agatha, Teewon, Kavkaz, Rialto).

The AFLP markers for three of the 11 leaf rust
resistance genes Lr24, Lr26 and Lr37 were identi-
fied and validated on different sets of reference
cultivars. These results show the potential of
PstIAFLP for generating diagnostic assays for Lr
genes introduced with alien chromatin. Due to
the availability of reliable STS markers for Lr24
and Lr26 genes at the time of the study, we con-
centrated on the marker for gene Lr37.

A mapping population of 100 individuals
tagged with Lr37 specific STS (CsVrga13)
and SCAR (SC-Y15) markers by B³aszczyk et al.
(2004) was used to establish the linkage of
the PstIAFLP marker identified with the Lr37 gene.
The AFLP marker was found to be linked at a dis-
tance of 1.7 cM to the STS/SCAR markers as eval-
uated with MAPL97 software (Ukai et al. 1991).
Because of this close linkage, SCAR-PCR assay
was developed based on the sequenced AFLP prod-
uct P42_530 (AY652952). Five primers were de-
signed using Primer 0.5 software. PCR conditions
were optimized by adjusting the thermal profile, and
specificity was verified on the mapping population.
Primers P42_530_F1 (3’-GCT TCA GGT TCT TCT
CCA CG-5’) and P42_530_R2 (3’-GAA TGC GAT
CTC CAA ATC GT-5’) were selected for direct am-
plification of the Lr37-specific 207-bp DNA frag-
ment. The other primer combinations tested yielded
Lr37 non-specific amplification products.
The best amplification of the chosen SCAR prim-
ers was observed at an annealing temperature
of 64oC. Amplifications were carried out for
the same set of individuals as used for the AFLP
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analysis (Figure 2). A unique band P42_530207

was present in Brigadier, Appache, Caphan, Bill,
Renan, Terza, Titlis, Corsaire, Tc + Lr37,
Ae. ventricosa accession 0520. No amplification
of the 207-bp band was observed in cultivars
Frontana, Agatha, Teewon, Kavkaz, and Rialto,
all of which lack Lr37. Results obtained with
the SCAR marker were consistent with the results
obtained by screening the mapping population us-
ing the AFLP assay.

Discussion

In our study, the PstIAFLP method was demon-
strated to be effective in detecting candidate mark-
ers for 3 out of the 11 Thatcher near-isogenic lines
carrying leaf rust resistance genes. Candidate
DNA markers for the alien-derived genes Lr24,
Lr26 and Lr37 were identified from testing only
33 selective primers. Genes Lr24 and Lr26 were
derived from Agropyron elongatum and Secale
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Figure 2. Amplification profile obtained with STS-PCR with primers P42_530_F1 and P42_530_R2.
Lanes: 1 – Brigadier, 2 – Apache, 3 – Caphan, 4 – Bill, 5 – Renan, 6 – Terza, 7 – Titlis, 8 – Corsaire, 9 – Th + Lr37,
10 – Ae.ventricosa accession 0520, 11 – Frontana, 12 – Agatha 235, 13 – Teewon, 14 – Kavkaz, 15 – Rialto.

Lane M – molecular weight marker – 100 bp DNA Ladder Plus.

Figure 1 a-d. a) Amplification profile obtained with P60 on genotypes differing for the presence/absence of gene Lr24.
Lanes: 1 – CIM90/3 + Regina (1011), 2 – CIM91/3 + Regina (1012), 3 – Agent, 4 – Teewon, 5 – Thatcher + Lr24,
6 – Frontana, 7 – Agatha, 8 – Kavkaz, 9 – Rialto, 10 – Brigadier. b) Amplification profile obtained with P42 on genotypes
differing for the presence/absence of gene Lr37. Lanes: 11 – Brigadier, 12 – Appache, 13 – Caphan, 14 – Bill,
15 – Renan, 16 – Terza, 17 – Titlis, 18 – Corsaire, 19 – Thatcher + Lr37, 20 – Ae. ventricosa, 21 – Frontana, 22 – Agatha
235, 23 – Teewon, 24 – Kavkaz, 25 – Rialto. c, d) Amplification profile obtained with P45 and P54, respectively, on
genotypes differing for the presence/absence of gene Lr26. Lanes: 26 – Kavkaz, 27 – Aurora, 28 – Apollo, 29 – Rialto,
30 – Brigadier, 31 – Turnia, 32 – Jubilatka, 33 - Thatcher + Lr26, 34 – Frontana, 35 – Agatha, 36 – Teewon, 37 – Henika,

38 – Santa. Arrows indicate diagnostic marker. Lane M – molecular weight marker – 100 bp DNA Ladder Plus.



cereale, respectively (Schachermayr et al. 1995;
Brunell et al. 1999). Gene Lr37, together with
the linked genes Yr17 and Sr38, are located within
a segment of the Ae. ventricosum chromosome
2NS translocated to the bread wheat chromosome
2AS (Helguera et al. 2003). The experiment was
not exhaustive enough to find markers for genes
Lr1, Lr9, Lr10, Lr19, Lr13, Lr28 and Lr35.

RFLP or RAPD methods have been used to de-
tect markers for genes Lr1, Lr9, Lr10, Lr24, Lr26,

Lr28 and Lr35 (Schachermayr et al. 1994, 1995,
1997; Feuillet et al. 1995; Iqbal and Rayburn
1995; Naik et al. 1998; Seyfarth et al. 1999).
Markers for gene Lr19 were developed using
AFLP (Prins et al. 2001). RAPD and ISSR mark-
ers linked to genes Lr19 and Lr35, respectively,
were identified more recently (Gold et al. 1999;
Cherukuri et al. 2003), and a SSR marker was de-
veloped for tagging Lr13 (Seyfarth et al. 2000).
Specific RAPD, RFLP, AFLP or ISSR fragments
linked to the gene of interest have been converted
to STS or SCAR markers. Because of the time-
consuming and labour-intensive nature of RFLP
analysis, the use of RFLP markers in breeding is
economically unjustified and there is a need to de-
velop molecular markers such as STS or SCAR
(Schachermayr et al. 1994; Autrique et al. 1995).
Previous studies established that RAPD markers
were of limited use in the construction of linkage
maps in wheat, but that they may be useful in the
characterization of introgressed single chromo-
some segments. Moreover, genetic maps of wheat
based on SSR markers facilitate easy development
of markers directed into a defined region of a chro-
mosome or translocation (Röder et al. 1998;
Somers et al. 2004).

AFLP analysis has been conducted in a number
of crop plants, including bread wheat, to develop
polymorphic markers. A comparison of RFLP,
RAPD and AFLP techniques in terms of their rela-
tive efficiency in detecting polymorphism demon-
strated that AFLP is the most efficient (Gupta et al.
1999). The results of PstIAFLP analysis in wheat
indicate that a simplified AFLP method is useful
for the detection of chromosomal regions carrying
Lr genes derived from these wild relatives
and from rye, as well as in acknowledging the high
frequency of AFLPs in wheat. The other methods
seem better suited for the purpose of identifying
markers closely linked with resistance genes.
A possible reason for the failure in the identifica-
tion of AFLP markers for Lr1, Lr9, Lr10, Lr13,

Lr19, Lr21, Lr28 and Lr35 genes are the relatively
low numbers of loci screened, the close affinity of

the Lr genes donor species, or the small size of
translocation. The general ability of the PstIAFLP
method to detect markers of leaf rust resistance
genes depended on the size of the fragment
introgressed into wheat and on its origin.

AFLP marker P42_530 of the Lr37 gene was
closely linked with STS marker CsVrga13
and SCAR marker SC-Y15 used by
B³aszczyk et al. (2004) in previous experiments.
We succeeded in the conversion of the AFLP
marker into SCAR. The range of band size gener-
ated by PstIAFLP is more similar to that observed
in the RAPD method. This gives a higher chance
to design site specific primers, which is a further
advantage of the simplified AFLP method.

Conclusions

Five candidate AFLP markers were obtained for
genes Lr24, Lr26 and Lr3. The general ability
of the PstIAFLP method to detect markers for leaf
rust resistance genes depended on the affinity
of the Lr bearing segment and its size. AFLP
marker P42_530 for the Lr37 gene was converted
into a SCAR marker that can be directly applied
in a marker assisted breeding process.
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