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Abstract Three dominant resistance genes, Pr3, Pr4, and
Pr5, were identified by genetic analysis of resistance to
leaf rust in rye (Puccinia recondita f. sp. secalis). Each of
the three genes confers resistance to a broad scale of
single-pustule isolates (SPIs), but differences could be
observed for specific Pr gene/SPI combinations. Resis-
tance conferred by the three genes was effective in both
detached-leaf tests carried out on seedlings and in field
tests of adult plants. Molecular marker analysis mapped
Pr3 to the centromeric region of rye chromosome
arm 1RS, whereas Pr4 and Pr5 were assigned to the
centromeric region of 1RL. Chromosomal localization and
reaction patterns to specific SPIs provide evidence that the
three Pr genes represent distinct and novel leaf-rust
resistance genes in rye. The contributions of these genes to
resistance breeding in rye and wheat are discussed.

Introduction

Rust diseases of the genus Puccinia are some of the most
economially important diseases of cereal and grass crops.
In rye (Secale cereale L.), leaf rust (P. recondita f. sp.
secalis) is the most frequent disease endemic to rye-
cultivating regions of Germany. In European rye collec-

tions, only a minor genetic variance for leaf-rust (LR)
resistance is present. The occurrence of epidemic forms of
LR is associated to appropriate weather conditions and
causes significant yield losses (Kobylanski and Solodu-
khina 1983; Frauenstein 1985; Miedaner and Sperling
1995). Rye-leaf and other cereal rusts are favored by
climatic scenarios in which the average air temperature
increases while precipitation remains about equal (Jahn et
al. 1995). Although LR may be controlled by fungicide
treatment, decreasing market prices for rye, increasing
producer’s prices, and an altered ecological basis of
assessment in agriculture stress the future need of a
genetically based plant protection involving a range of
resistance genes and their combination.

While the level of resistance to LR in modern rye
varieties is low, resistance genes from rye have constituted
a valuable genetic resource for resistances to wheat rusts
both in durum and soft red winter wheat. Translocations
involving the short arm of rye chromosome 1R and
carrying the resistance gene cluster Lr26/Sr31/Yr9 have
been of particular interest and are widely used in winter
and spring wheat breeding programs worldwide (Zeller
and Hsam 1983; Sawhney and Sharma 1999). The
1RS fragment present in most of the T1BL.1RS translo-
cations presumably originates from a Petkus source
(Bartoš and Bareš 1971; Mettin et al. 1973; Zeller 1973;
Zeller and Hsam 1983) and, thus, represents a very narrow
fraction of the genetic variability for rust resistances which
should exist for an outbreeding species such as rye.

There has been a number of studies on the genetical
analysis of qualitative as well as quantitative rye LR
resistance (Parlevliet 1977, 1989; Kobylanski and Solo-
dukhina 1983, 1996; Musa et al. 1984; Solodukhina 1994,
2002; Miedaner et al. 2002). To obtain a more compre-
hensive overview of genes for disease resistances in rye,
we began a systematic evaluation and genetic analysis of a
“world collection” of genebank accessions (Ruge et al.
1999; Roux et al. 2000). Resistance genes for rye LR are
denoted with the Lr gene symbol, which is also used for
resistance genes effective in wheat against wheat LR (P.
triticina). In a previous paper, we proposed using the gene
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designation Pr for genes conferring resistance to rye LR
and reported the mapping of two such genes, Pr1 and Pr2,
on chromosomes 6R and 7R, respectively (Wehling et al.
2003). We report here the genomic localization and
effectiveness of three additional Pr genes, namely Pr3,
Pr4, and Pr5.

Materials and methods

Plant material

The plant materials that were used and the genetic
activities carried out are summarized in Table 1. A self-
incompatible BC9 family of Russian origin—Jaroslavna
(resistant) and Ilmen (susceptible; recurrent parent)—was
kindly provided by O. Solodukhina (VIR, St. Petersburg,
Russia) and A.V. Voylokov (St. Petersburg State Uni-
versity, Russia). Crossing the Russian inbred line L7
(Voylokov et al. 1993) to a resistant plant of the BC9

family resulted in the segregating, self-compatible BC9F1
family BAZ-60003. The F2 families BAZ-1086 and BAZ-
1089 were obtained by selfing two resistant individuals
from BAZ-60003.

In 1995, a group of 117 populations obtained from a
world-wide rye collection was tested for LR resistance
under natural field conditions as non-vernalized, vegeta-
tively growing plants. In 1996, a single plant of population
Turkey of Canadian origin was selected based on its field
resistance at the adult-plant stage and crossed to the
susceptible inbred line L301-N. The F2 family BAZ-97-
206-6 was generated by selfing an individual F1 plant of
this cross.

More than 700 additional genebank accessions, kindly
provided by the genebanks located at Warsaw, Gate-
rsleben, and Braunschweig as well as by the State Plant
Breeding Institute, Stuttgart-Hohenheim, and populations
developed at the Institute of Agricultural Crops in Gross
Lüsewitz were tested between 1996 and 2003 for
LR resistance in the field under conditions of natural
infection. Among the potential resistance donors, popula-
tion WSR of German origin was identified as being
resistant based on the non-linear rating scheme (1–9) of
Miedaner and Sperling (1995). Crossing a resistant plant
from the WSR population to L301-N and selfing a derived
F1 plant resulted in the F2 family BAZ-97-211-7.

The three populations—BAZ-60003, BAZ-97-206-6
and BAZ-97-211-7—were employed for mapping studies.

Plants of BAZ-1089 and of six F3 families obtained
from BAZ-97-211-7 individuals as well as most of the
plants of mapping population BAZ-97-206-6 were tested
under field conditions with artificial inoculation to assess
adult-plant resistance. In addition, F3 plants derived from
the mapping populations (resistance from Turkey and
WSR) or BC3S2 derived from the backcross program
(resistance from Jaroslavna) and carrying alleles of either
of the three resistance genes were tested in their reaction to
23 single-pustule isolates (SPIs).

Resistance tests and disease assessment

Different types of resistance tests were employed.

Detached-leaf test

A detached-leaf test was carried out as described (Wehling
et al. 2003). The first and the second true leaf of 14- to 15-
and 21- to 23-day-old plantlets, respectively, were
inoculated in two successive inoculation experiments. A
local LR population sampled from the trial field carried
out in Gross Lüsewitz (GL) was used. We subjected the
plants to a set of 23 SPIs for a more precise characteriza-
tion of the resistance. The SPIs were obtained from 18
different locations in eight regions of Germany and display
different levels of virulence. The virulence complexity of
this set of SPIs has been estimated on a differential set of
23 rye inbred lines and varies from 7 to 21 (Welz 1986; B.
Klocke, unpublished). For example, a given SPI with a
virulence complexity of 16 reacts compatibly with 16 of
the 23 resistant rye inbred lines of the differential set. As
described previously (Roux et al. 2000; Wehling et al.
2003), infection types (ITs) 1 through 4 indicate resistance,
while 5 and 6 denote susceptibility. Mixed types were also
identified and defined as IT 2(5), IT 3(5), or IT 4(5). These
mixed types showed up sporadically and were character-
ized by the occurrence of one predominant IT (2, 3, or 4)
associated with one to three pustules per leaf of IT 5.

Mapping populations BAZ-97-206-6 and BAZ-97-211-
7 were genotyped by progeny testing via the detached-leaf
test. For the progeny test, at least 12 offspring per selfed

Table 1 Plant materials used in
the study

aResistance reactions in de-
tached-leaf tests to single-pus-
tule isolates (SPIs)
bF2 populations genotyped by
progeny test
cF3 progenies derived from the
F2 families

Source of resistance Family Generation Activity carried out:

Segregation analysis Mapping Field test SPI testa

Jaroslavna BAZ-60003 BC9F1 x x
BAZ-1086 F2 x
BAZ-1089 F2 x
BAZ-829-20 BC3S2 x

Turkey BAZ-97-206-6 F2
b x x x

F3
c x

WSR BAZ-97-211-7 F2
b x x

F3
c x x
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individual were assessed. In contrast, plants of mapping
population BAZ-60003 were evaluated per se, and prog-
eny tests were limited to a random sample of 24 mapping
individuals to validate the single plant classification.

Field tests

Segregating generations were tested in the field for adult-
plant resistance following artificial inoculation (slightly
modified according to Miedaner and Sperling 1995). Five-
month-old vernalized plants that had been evaluated by
means of detached-leaf tests for their resistance at the
seedling stage were transferred to the field in March 2000
(BAZ-1089 and BAZ-97-206-6) and 2001 (F3 families
from BAZ-97-211-7). The GL leaf rust inoculum was used
following propagation on plants of susceptible rye cultivar
Pluto. The uredospores were first dried over silica gel for
4 h, then placed in long-term storage at −80°C. A
suspension of LR uredospores (0.14 g dry LR uredospores
per liter 0.02% aqueous agar solution) was then applied to
single plants by inoculating each plant with approximately
7 ml uredospore suspension using a hand-operated
sprayer. Using the beginning of the anthesis (EC 61,
according to Zadoks et al. 1974) as the starting point, we
assessed infestation of the second and the first leaf (F-2, F-
1) below the flag leaf twice—at intervals of 10–12 days—
utilizing the system of Frauenstein and Reichel (1978).

Marker analysis

The analysis of genomic (Saal and Wricke 1999) and
expressed sequence tag (EST)-derived (Hackauf and
Wehling 2002) rye microsatellite (SCM) markers was
carried out as reported by Hackauf and Wehling (2002).
Chromosomal localization of EST-derived SCM markers
was determined using wheat-rye addition lines kindly
provided by S.M. Reader (Department of Crop Genetics,
John Innes Centre, Norwich). The Sec-1 locus of rye was
amplified using the primers o-sec-5′/a and o-sec-3′/r
according to Shimizu et al. (1997). The primers IAG95-

1 and IAG95-2 were used for the marker locus Xiag95, as
described (Mohler et al. 2001). Based on sequence
information available for a wheat receptor-like kinase
gene encoded at the Lr10 disease resistance locus (Feuillet
et al. 1997) and for cDNA anchor markers Xbcd98,
Xpsr596, Xbcd762, and Xbcd921 localized in gene-
containing regions of group 1S chromosomes in wheat
(Boyko et al. 1999), we developed additional sequence-
tagged site (STS) markers (Table 2) using assemblies of
barley and wheat ESTs [tentative consensus (TC)
sequences] provided by The Institute for Genomic
Research (Rockville, Md., http://www.tigr.org).

For each STS assay, 50–100 ng of genomic DNA was
used in a solution containing 1× reaction buffer (Qiagen,
Valencia, Calif.), 1.5 mM MgCl2, 200 μM of each dNTP,
5 pmol of primers, and 0.5 U Taq DNA polymerase
(Qiagen) in a 25-μl volume. Restriction patterns of
cleaved amplicons were visualized on agarose gels by
ethidium bromide staining.

Linkage analysis

Linkage analysis was according to the JOINMAP ver. 3.
program (Van Ooijen and Voorrips 2001). Linkage groups
were determined with a LOD score of 3.0, and the
Kosambi function was applied to convert recombination
values to genetic distances (centiMorgans). The confi-
dence interval error for the recombination value between
Pr3 and Prx7 was calculated by the method of Stevens
(1942).

Results

Inheritance and mapping of resistances

Pr3 resistance derived from Jaroslavna

In BC9F1 family BAZ-60003 carrying Jaroslavna resis-
tance, we observed a monogenic 1:1 segregation (Table 3).
This is expected when a plant heterozygous for a single,

Table 2 Primer sequences for
sequence-tagged site (STS)
markers located on
chromosome 1R of rye (Secale
cereale L.)

STS
marker

Primer sequence (5′→3′) Expected
amplicon (bp)

Observed
amplicon (bp)

Annealing
temperature
(°C)

Lrk10 F: GGCCACTGTGCTTTATCTTTC
R: ATAGCTCCGGTGCAATGTAGCC-
CATCG

661 Approxi-
mately 650

55

TC68078 F: GCAGCAAGATAAGTGGACTGG
R: ATCTGCGATCCAACATTGAAC

934 Approxi-
mately 1,250

55

TC72745 F: GATCATGAAGCAAACCTACCG
R: CAATTGTGTTGATTCCACAGG

748 Approximately
900

55

TC76051 F: GCTAGGGGTTTGAAGAAGCAT
R: AAACGACTCAATGCCTCAGAA

816 Approxi-
mately 1,400

55

TC77841 F: TGGGGACAAGAATCCAATGTA
R: TATGGCAGCAAATGTTCCTCT

506 Approxi-
mately 550

50
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dominant resistance gene is crossed to a homozygous
susceptible individual. Upon selfing a resistant individual
of BAZ-60003, the F2 offspring (BAZ-1086) obtained
significantly deviated from the expected ratio of 3:1, with
the resistant class being under-represented.

To verify the classification of resistant versus suscep-
tible individuals, we conducted progeny tests with 12–19
plants using a random sample of 24 offsprings of the
mapping population BAZ-60003. Twelve plants of BAZ-
60003, which had been classified as resistant with IT 1 or
IT 2, resulted in segregating F2 offspring. Of the remaining
12 individuals, which had been recognized as susceptible
(IT scores 5 or 6), 11 gave rise to homogeneously
susceptible progenies, whereas one plant was reclassified
as heterozygous resistant.

The resistance gene segregating in BAZ-60003 and
derived from Jaroslavna was named Pr3.

Pr4 and Pr5 resistances, derived respectively from
Turkey and WSR

F2 populations BAZ-97-206-6 and BAZ-97-211-7 were
progeny-tested, which allowed us to distinguish homozy-
gous- and heterozygous-resistant plants. For each popula-
tion, the results of the progeny tests on individual plants
indicated the segregation of a single dominant resistance,
with a segregation in agreement with a monogenic 1:2:1
ratio as well as with the 3:1 ratio when heterozygous- and
homozygous-resistant plants were pooled (Table 3). The
two resistance genes derived from Turkey and WSR were
designated Pr4 and Pr5, respectively.

Of the 95 individuals of the Pr4 family BAZ-97-206-6,
four plants proved to be misclassified when tested per se.
Two of these tested as resistant, having IT 3 or IT 4, but
generated a homogeneously susceptible F3 progeny,
whereas two presumed susceptible plants with IT values
of 5 or 6 of this F2 family gave rise to segregating
progenies. Of the remaining 91 F2 individuals of BAZ-97-
206-6, the initial classification was confirmed by progeny
testing. Of the 107 individuals of Pr5 family BAZ-97-211-

7, only one F2 plant was scored as susceptible, having an
IT value of 5 but generating resistant offspring. Progeny
tests of the remaining 106 individuals confirmed the initial
classification carried out on single plants.

To conclude, as previously demonstrated for genes Pr1
and Pr2 (Wehling et al. 2003), the grouping of ITs 1-4 and
5-6 to represent resistant (PrPr, Prpr) and susceptible
(prpr) genotypic classes, respectively, is also valid for the
LR resistance genes Pr3, Pr4 and Pr5 studied in the
present investigation.

Mapping of Pr3, Pr4, and Pr5

In addition to using previously published rye
chromosome 1R PCR-based markers, we utilized se-
quence information on cDNA anchor markers to develop
novel STS markers for this chromosome. Comparing
selected cDNAs against barley and wheat ESTs (Table 4),
we identified conserved DNA sequences that could be
used to design primers suitable for gene amplification
across species. The selected primers yielded single
amplicons from rye genomic DNA that were sufficiently
variable in the selected plant materials to develop and map
cleaved amplified polymorphic sequence (CAPS)-based
markers.

Pr3 was mapped in 60 BC9F1 individuals. The Pr4 and
Pr5 maps were based on 91 and 94 individuals,
respectively, of F2 mapping families classified using a
progeny test into the genotypic classes PrPr, Prpr, and
prpr. Pr4 and Pr5 mapped on genetic intervals of
chromosome 1R—71.6 cM and 67.6 cM, respectively
(Fig. 1). The linear order of the markers compares well
among the genetic rye maps and the physical consensus
map of wheat (Fig. 1). An exception is the BC9F1 map
including Pr3, where the order of markers in the interval
SCM9-Prx7-SCM39-Xscm1 is changed and the genetic
distance between Prx7 and Xpsr162 is comparatively
small. The accuracy of this map is not maximized due to
its low statistical information content, as determined by the
number of informative gametes in the underlying back-

Table 3 Genetic characterization of leaf-rust (LR) resistance derived from populations Jaroslavna, Turkey, and WSR

Source of resistance Family Segregation observed Expected segregation ratio χ2 value

BC F2 Resistant Susceptible

Homozygous Heterozygous

Jaroslavna BAZ-60003a 30 31 1:1 0.02 ns
BAZ-1086b 66 43 3:1 12.14***

Turkey BAZ-97-206-6c 23 51 21 1:2:1 0.60 ns
3:1b 0.42 ns

WSR BAZ-97-211-7c 28 58 21 1:2:1 1.68 ns
3:1b 1.65 ns

ns, Non-significant; ***highly significant (α<0.001) with respect to deviation of the observed segregation from the expected segregation
ratio
aBC9F1 (BAZ-60003)
bSelfing of BC9F1
cClassification based on progeny test
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cross family. Both Pr4 and Pr5 mapped distal of Xscm107,
an EST-derived SSR marker that could be assigned to the
long arm of chromosome 1R (Fig. 2). Our conclusion is

that Pr4 and Pr5 are located on chromosome arm 1RL,
whereas Pr3 co-segregates with the marker locus Prx7 in a
linkage group on chromosome arm 1RS.

Table 4 BLASTN similarity comparison of selected cDNA anchor markers with barley (HvGI) and wheat (TaGI) expressed sequence tagged
(EST) sequences (ND Not determined)

TIGR database HvGIa TaGIb

GenBank Accession Marker BLASTN hit E valuec Identitiesd BLASTN hit E valuec Identitiesd

U51330 Lrk10 ND ND ND ND ND ND
BE438849 Xbcd98 TC68078 1.2e-100 468/471 (99%) TC68671 3.0e-89 441/471 (93%)
AJ440625 Xpsr596 TC72745 7.7e-40 218/240 (90%) TC73156 5.3e-42 219/241 (90%)
BE438904 Xbcd762 TC76051 4.9e-66 314/317 (99%) TC64300 1.2e-59 299/317 (94%)
BE438643 Xbcd921 TC77841 7.6e-84 392/393 (99%) TC88045 4.4e-73 368/394 (93%)
aHordeum vulgare gene index
bTriticum aestivum gene index
c,dFor a description of the BLAST output parameters refer to http://www.ncbi.nlm.nih.gov/Education/BLASTinfo/Blast_output.html

Fig. 1 Mapping of Pr3, Pr4, and Pr5 on rye chromosome arms 1RS
and 1RL, respectively. Genetic distances are given in centiMorgans.
Transversal lines indicate markers in common to genetic rye maps
and extend to markers present in the physical map of wheat. The

three rye LR resistance genes Pr3, Pr4, and Pr5 as well as the genes
Lr26 and Lr33 conferring resistance to leaf rust in wheat are
highlighted.
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Reaction of F2 families to GL inoculum

The F2 families segregating for Pr3, Pr4, and Pr5,
respectively, showed different reactions to the GL inocu-
lum when tested with detached leaves (Table 5). While
resistant individuals of BAZ-1086 (Pr3 from Jaroslavna)
were predominantly classified with an IT score of 2,
resistance phenotypes IT 2, 2(5), 3, 3(5), and 4 were
shown by plants of BAZ-97-206-6 (Pr4, Turkey) and
BAZ-97-211-7 (Pr5, WSR).

Effectiveness of Pr3, Pr4, and Pr5 toward different
SPIs

Individuals homozygous for either Pr3, Pr4, or Pr5 were
analyzed for their reaction toward 23 SPIs of different
origins (Table 6). Pr3 genotypes reacted resistant to
15 SPIs and susceptible to eight SPIs, the latter of which
showed medium (SPI nos. 6, 11) to high (SPI nos. 2–16,
23) virulence complexity. Plants carrying Pr4 or Pr5
proved resistant to 16 SPIs and 17 SPIs, respectively. In
the case of Pr4, only SPIs with high virulence complex-
ities (SPI nos. 17–23) reacted compatible with Pr4
carriers. In contrast, plants carrying Pr5 showed suscep-
tibility to some SPIs with low (SPI no. 2), medium
(SPI nos. 9, 11) or high (SPI nos. 12, 15) virulence
complexity. To summarize, each of the three genes Pr3,
Pr4, and Pr5 conferred resistance to a broad scale of SPIs,
but differences could be observed for specific Pr-gene/SPI
combinations, making each Pr gene unique with respect to
its reaction pattern.

Effectiveness of Pr3, Pr4, and Pr5 at the seedling and
the adult-plant stage

In addition to carrying out the seedling detached-leaf test,
we tested adult plants in the field under artificial infection
conditions. A total of 97, 92, and 72 plants of segregating
Pr3, Pr4, and Pr5 families, respectively, were tested for
their resistance to the GL rust inoculum both in detached-
leaf tests and in the field.

Of the 50 plants of the Pr3 family which had been
classified as being resistant at the seedling stage, 40 also
showed resistance in the field test; seedling resistance
could not be confirmed in the remaining ten individuals at
the adult plant stage. On the other hand, 9 of 47
individuals from the family segregating for Pr3 and
classified as susceptible at the seedling stage revealed
resistance at the adult stage. Thus, for the Pr 3 family the
seedling and adult-stage evalution were 80.4% concordant
(Table 7).

For the Pr4 and Pr5 populations, a higher conformity
(96.7% and 97.2%, respectively) of resistance test data
determined at the seedling and at the adult stage was
observed. In both populations, all individuals resistant as
seedlings proved also to be resistant as adult plants in the
field. Among the plants susceptible at the seedling stage, 3
of 23 (Pr4) and 2 of 30 (Pr5) individuals did not show any
infection as adult plants (Table 7). Correlation of the
phenotypic classifications (resistant/susceptible) which
were obtained from seedlings and adult plants was 0.61
for the Pr3 population and above 0.9 for the Pr4 and Pr5
populations (Table 7). We therefore conclude that Pr3,
Pr4, and Pr5 contribute also to adult resistance to leaf rust.

Discussion

The LR resistance genes Pr1 and Pr2 are located on rye
chromosome arms 6RL and 7RL, respectively (Wehling et
al. 2003). In the present study, three additional genes
conferring resistance to P. recondita in rye have been
assigned and mapped to defined regions of the rye
genome. The symbols Pr3, Pr4, and Pr5 replace their
previous names of Lr-c, Lr-g, and Lr-h, respectively (Ruge
et al. 1999; Roux et al. 2000). The Pr3 gene co-segregates
without recombination with the isozyme marker locus
Prx7 (Fig. 1) mapping to the short arm of rye
chromosome 1R (Voylokov et al. 1998). Thus, Pr3

Fig. 2 Chromosomal localization of the EST-derived SSR marker
Xscm107 using Chinese Spring/Imperial (CS/I) wheat/rye addition
lines. The added rye chromosomes are given at the top of each lane

Table 5 Reaction of F2 families BAZ-1086, BAZ-97-206-6, and BAZ-97-211-7 to GL inoculum in detached-leaf tests

F2 family (Pr gene) Numbers of individuals falling in each IT classa

Resistant Susceptible

1 2 2(5) 3 3(5) 4 5 6

BAZ-1086 (Pr3) 1 58 – 7 – – 22 21
BAZ-97-206-6 (Pr4) – 18 13 25 17 22 17 14
BAZ-97-211-7 (Pr5) – 54 3 28 6 8 22 12
aPlants were classified in IT classes based on the highest score assigned in two experiments, each carried out with two repetitions/individual

197



appears to be localized on chromosome arm 1RS, even
though the 95% confidence interval of the recombination
value between Pr3 and Prx7 is relatively large, extending
to 5 cM. Rye chromosome arm 1RS is known to carry the
LR resistance gene Lr26 (Singh et al. 1990) which confers
resistance to wheat-LR in T1BL·1RS translocation wheat
lines. The position of Pr3 relative to Xiag95 and Xsec1
indicates that the Pr3 gene is most probably not identical
with Lr26 because the latter is reported to be closely
linked to Xiag95 and to the seed-storage protein gene Sec-
1 near the end of the chromosome arm 1RS (Hsam et al.
2000).

Sequence information on wheat and barley ESTs and on
mapped cDNA anchor markers as well as the information
available on the conserved genomic organization across
grass species have facilitated the development of novel
STS markers for rye chromosome 1R. These markers,
together with previously published STS markers, enabled
the mapping of resistance genes Pr4 and Pr5 on 1RL.
Localization of the two genes on the long arm of 1R is
demonstrated by the facts that (1) each of the two genes
mapped distal to Xscm107 and (2) using wheat-rye
addition lines, Xscm107 was localized on 1RL (Fig. 2).
Adjacent to Xscm107, the marker Xscm1 could be

Table 6 Reactions of homozygous Pr3, Pr4, and Pr5 carriers to 23 single-pustule isolates (SPIs) in detached-leaf tests (ND Not determined)

SPI no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Virulence complexity 7 8 9 9 9 11 11 11 11 13 14 16 16 17 17 17 18 18 19 19 19 20 21

Pr Gene IT scores
Pr3 2a 2 2 2 2 5 2 2 2 2 5 5 5 5 5 5 2 2 2 2 2 2 5
Pr4 2 2 2 2 2 3 2 2 2 3 2 2 3 2 2 2 5 5 5 5 5 5 5
Pr5 2 5 3 3 ND 3 3 3 5 2 5 5 3 3 5 3 2 2 3 2 2 2 3
aThe IT score assigned corresponds to the highest of two IT scores recorded in two independent repetitions; the values in bold indicate a non-
compatible host-pathogen reaction

Table 7 Reaction to the LR
inoculum of plants of Pr3-,
Pr4-, and Pr5-segregating fa-
milies at the seedling stage in
detached-leaf tests and at the
adult stage in the field in 2000
(Pr3, Pr4) and 2001 (Pr5)

aThe score assigned corresponds
to the highest of four IT scores
recorded in two experiments,
each carried out with two repe-
titions/plant
bPlants classified resistant at the
seedling stage but not at the
adult stage
cPlants classified susceptible at
the seedling stage but resistant
at the adult stage

Number of plants IT scores Seedlings versus adult plants

Seedlingsa Adult plants Conformity (%) Correlation

Pr3 (n=97) 80.4 0.61
1 1 2(5)
2b 1 6
38 2 2, 2(5), 3, 3(5)
7b 2 5, 6
1 3 3
1b 4 6
2c 5 2(5)
12 5 6
1c 6 2
4c 6 2(5)
1c 6 3
1c 6 4
26 6 6
Pr4 (n=92) 96.7 0.91
11 2 2, 2(5), 3
9 2(5) 2, 2(5), 3
18 3 2, 2(5), 3, 3(5)
10 3(5) 2, 2(5), 3, 3(5), 4
21 4 2, 2(5), 3, 3(5), 4, 4(5)
3c 5 3
6 5 5, 6
14 6 5, 6
Pr5 (n=72) 97.2 0.94
40 2 2, 2(5), 3, 3(5)
2 3(5) 2, 4
1c 5 2
1c 5 3
28 6 5, 6
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assigned to 1RS by means of wheat-rye addition lines (not
shown). Thus, the centromere should be located between
these two markers. The rye linkage maps presented in this
paper are consistent with respect to the order of their
markers with a recently published genetic linkage map of
rye chromosome 1R (Korzun et al. 2001). The genetic
distances relative to Xscm107 compare well with that
between Pr4 and Pr5 (Fig. 1), which suggests that the two
resistance genes reside at closely adjacent sites on 1RL or
even that they belong to the same genetic locus. The
reaction patterns to specific SPIs, though, provide evi-
dence that Pr4 and Pr5 as well as Pr3 represent distinct
LR resistance genes in rye.

The conservation of gene order across large sections of
grass genomes has been demonstrated by comparative
genetic mapping (for review see Gale and Devos 1998a, b;
Devos and Gale 2000; Keller and Feuillet 2000; Laurie
and Devos 2002). Our observation of LR resistance genes
mapping to the centromeric region of rye chromosome
arm 1RL is consistent with a previous report on the
localization of the gene Lr33 in the corresponding
centromeric region of wheat chromosome arm 1BL (Hart
et al. 1993). The large number of ESTs mapped in wheat
(Sorrells et al. 2003) as well as two recently described
disease resistance-gene analogs of the NBS-LRR class
located on barley chromosome arm 1HL (Madsen et al.
2003) provide potential resources from which to develop
further molecular markers for Pr4 and Pr5.

F2 segregation data for Pr3 (BAZ-1086) deviated
considerably from the 3:1 expected ratio, whereas in the
F1 family BAZ-60003 the expected 1:1 ratio was
confirmed (Table 3). For Pr3, a close linkage to the
peroxidase isozyme marker Prx7 was found, and Prx7
itself is tightly linked to the self-incompatibility locus S
(Wehling and Wricke, 1985). On the basis of these linkage
relations and because Pr3 derives from the self-incompat-
ible cv. Jaroslavna, the deviating F2 segregation data for
BAZ-1086 can be explained by tight linkage of Pr3 with a
functional allele (SI) of the self-incompatibility locus S.
This allele may either derive from the resistance donor (cv.
Jaroslavna) or—less likely—from the recurrent backcross
parent (cv. Ilmen). The allele pr3 supporting susceptibility
was probably linked to a non-functional mutant S allele
(Sc) deriving from the inbred line L7 and conferring self-
compatibility. Upon selfing, a strong selection against
gametes bearing the resistance allele Pr3 is expected. As a
result, inbred lines homozygous for Pr3 are not easy to
select for. Meanwhile, a BC3S1 family segregating 3:1 for
Pr3 resistance versus susceptibility (not shown) was found
which derives from a backcross program designed to
create a set of near-isogenic lines. The family mentioned
above possibly resulted from a recombination event
between S and Pr3 and should comprise one-third
homozygous Pr3Pr3 genotypes.

Resistance genes Pr3, Pr4, and Pr5 reacted in a
comparably effective way to different LR inocula: in
fact, the majority of the 23 SPIs tested showed non-
compatible reactions to them. The 23 SPIs were selected
out of 1,200 in the attempt to limit virulence redundance

using a differential tester set of 23 rye inbreds. Of these 23
SPIs, 15 proved to be avirulent toward Pr3, 16 toward
Pr4, and 17 toward Pr5. The remainder of the SPIs reacted
compatibly to the resistance genes but deviated with
respect to their virulence complexity. In contrast to Pr3
and Pr4, which proved to be susceptible to SPIs with,
respectively, medium-to-high and high complexity, Pr5
was overcome by SPIs of low, medium, and high
complexity. Broad effectiveness to a local LR population
from St. Petersburg, Russia as well as to 17 out of 19
monopustule isolates was reported by Soludukhina (2002)
for a resistance derived from Russian cv. Yaroslavna 3.
Using the same sample of 23 SPIs as for Pr3, P4, and Pr5,
detached-leaf tests revealed a lack of compatibility (data
not shown) with the LR resistance genes Pr1 and Pr2
recently described (Wehling et al. 2003). It appears, thus,
that unlike Pr1 and Pr2, a considerable number of virulent
fungal races compatible to the genes Pr3, Pr4, and Pr5 are
already present in German rye-growing areas. The broad-
based effectiveness of the five Pr genes described so far as
well as their unique and complementing specificity might
open the prospect of a sustainable use of monogenic LR
resistances in hybrid breeding combining lines with
different dominant Pr genes in the hybrids.

The uniqueness of the LR resistance from Yaroslavna 3
(Pr3; syn. Lr-c) in relation to other resistances described
so far has been underlined by Soludukhina (2002) who
ruled out, based on the reaction to the LR inoculum, the
identity of Pr3 with LR resistance genes existing in the
accessions Lovashpatonae 2, Gotor 2, Braunrostresistenz 2,
Orlovskaya 9-2, and Talovskaya 12-2.

In the detached-leaf test with GL inoculum, plants
carrying Pr3 nearly exclusively displayed infection type 2.
However, half of these revealed mixed infection types
when tested as adult plants in the field. In contrast, plants
carrying Pr4 or Pr5 showed mixed ITs both in detached-
leaf tests and in the field. The mixed ITs can be interpreted
as being due to the appearance of virulent races among the
local GL rust population—races that were present either at
low frequencies or characterized by a low aggressiveness.
In agreement with the results of Soludukhina (2002), who
noted heterogeneous resistance (type X) in field experi-
ments, we found mixed ITs predominantly at the second
date of disease assessment in adult plants. Assessment of
infection type seems, therefore, to be less reliable when
based on field experiments. Similar conclusions were
drawn by Parlevliet (1989) for rusts in wheat and barley
and Miedaner et al. (2002) for LR in rye.

In the investigation reported here and in the one
reported by Wehling et al. (2003), a total of five dominant
LR resistance genes have been genetically analyzed,
mapped, and characterized in terms of effectiveness. As
a result, marker-assisted use of Pr genes to improve
adapted germplasm and the deliberate combination of
resistance genes to increase LR resistance levels in rye
cultivars is becoming feasible. Furthermore, the five LR
resistance genes now available provide a novel opportu-
nity to broaden the genetic base for LR resistance in wheat
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introgression-breeding programs, provided that the Pr rye
genes prove effective toward P. triticina.

Near-isogenic lines (NILs) provided with Pr3, Pr4, Pr5
as well as additional Pr genes are currently being
developed to compile a standard set of genetically
characterized Pr genes. By means of this set of NILs the
development of tightly linked molecular markers will be
facilitated and investigations on the effectiveness of
pyramiding different monogenic LR resistances as well
as comparative studies on the influence of Pr genes on the
yield potential of rye will become feasible.
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