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Abstract The dominant gene Rdg2a of barley conferring
resistance to the hemi-biotrophic seed-borne pathogen
Pyrenophora graminea is located in the distal region of
chromosome arm 1 (7H)S. As the first step towards
isolating the gene, a high-resolution genetic map of the
region was constructed using an F, population of 1,400
plants (ThibautRdg2axMirco). The map included six
classes of resistance gene analogues (RGAs) tightly
associated with Rdg2a. Rdg2a was delimited to a genetic
interval of 0.14 cM between the RGAs ssCH4 and
MWGS851. Additional markers were generated using the
sequence from the corresponding region on rice chromo-
some 6, allowing delimitation of the Rdg2a syntenic
interval in rice to a 115 kbp stretch of sequence. Analysis
of the rice sequence failed to reveal any genes with
similarity to characterized resistance genes. Therefore,
either the rice-barley synteny is disrupted in this region,
or Rdg2a encodes a novel type of resistance protein.
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Introduction

Leaf stripe, which is caused by the seed-transmitted
fungus Pyrenophora graminea, is a common disease in
barley districts with a cold sowing season. In susceptible
cultivars, the disease causes brown stripes on the leaves,
stunted growth and severe yield reductions (Porta-Puglia
et al. 1986). A serious outbreak of the disease is
anticipated under certified organic farming conditions in
countries of the European Union where seed treatments
are not allowed. Resistance genes are therefore desirable
for controlling leaf stripe disease. Both polygenic partial
resistance (Skou and Haar 1987; Pecchioni et al. 1996;
Arru et al. 2002, 2003a) and race-specific resistance genes
have been identified. Rdgla, conferring complete resis-
tance to a subset of P. graminea isolates, has been
mapped on the long arm of barley chromosome 2 (2H)
(Giese et al. 1993; Thomsen et al. 1997). Rdg2a,
conferring complete resistance to the most virulent Italian
isolate of P. graminea (Dg2), has been mapped to barley
chromosome 1 (7H) (Tacconi et al. 2001). Plants
containing Rdg2a are almost immune to disease caused
by avirulent isolates, exhibiting no brown stripes on the
leaves. Rdg2a-containing breeding lines selected using
Dg2 also appear to be resistant to the natural field
populations of the pathogen, suggesting that Rdg2a may
have a useful range of activity (Arru et al. 2003b); this
view is also supported by the fact that when the near-
isogenic lines Mirco and MircoRdg2a are inoculated with
the isolates Dgl12, Dgl19 and Dgl0, which are virulent
towards Mirco, the resistant NIL shows complete resis-
tance to Dgl2 and Dgl9 and a partial resistance to Dg10
(G. Vale, A. Haegi, unpublished results). Assessment of
resistant barley accessions indicated that Rdg2a is wide-
spread throughout the world in both six-rowed and two-
rowed genotypes. Molecular markers have been devel-
oped to facilitate Rdg2a selection in breeding populations
(Arru et al. 2003b).

Most of the cloned plant disease resistance genes
encode proteins containing nucleotide binding site (NBS)
and leucine rich repeat (LRR) domains (Hammond-
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Kosack and Parker 2003). In addition to known resistance
genes, plant genomes contain hundreds of other NBS-
LRR encoding genes, called resistance gene analogues
(RGAs) (The Arabidopsis Genome Initiative 2000; Goff
et al. 2002). RGAs may represent undiscovered resistance
genes of complete or partial effect. Alternatively, they
may perform some function unrelated to resistance (Dangl
and Jones 2001; Backes et al. 2003). Several classes of
RGAs, which are unrelated to one another at the DNA
level, have been mapped to the Rdg2a region. These
include pic20 (Ayliffe et al. 2000; Rostoks et al. 2002),
Hvb9 (Leister et al. 1999), ssCH4 (Seah et al. 1998),
ABGI1019 (Brueggeman et al. 2002), MWG851 (Madsen
et al. 2003) and the highly similar BE216309 (Kleinhofs
laboratory, http://barleygenomics.wsu.edu/) and S-9202
(Madsen et al. 2003). This region also contains the stem
rust resistance gene Rpgl encoding a novel receptor-
kinase-like resistance protein (Brueggemann et al. 2002).
The region immediately surrounding Rpg/ shows a high
level of synteny with a region on the short arm of rice
chromosome 6, although a Rpgl homologue is absent
from this region (and the whole rice genome; Kilian et al.
1997; Han et al. 1999; Rostoks et al. 2002).

In the present work, we performed fine mapping of the
Rdg2a resistance gene in a large segregating population.
RGA markers mapping in the region, representing
potential candidates for Rdg2a, were tested for co-
segregation with Rdg2a. Furthermore, we developed
additional markers closely linked to Rdg2a using the
genomic rice sequence from the related region on rice
chromosome 6. In this way, we defined a 115 kbp stretch
of sequence as the syntenic interval for Rdg2a in rice.
This work provides a useful advance towards isolating the
Rdg2a gene.

Materials and methods
Mapping and resistance assays

A Thibaut (resistant)xMirco (susceptible) cross was used to
generate F, populations for Rdg2a mapping. The genotype for the
Rdg2a locus was determined for all F, individuals (medium-
resolution population) or for selected F, recombinants (high-
resolution population), by performing leaf stripe resistance assays
on F3 progeny, essentially as described by Tacconi et al. (2001).
Isolate Dg2, which is avirulent with respect to the resistance gene
Rdg2a, was used to inoculate germinating seeds artificially. For
each F, plant, two independent inoculation experiments were
performed, each using 60 F3 seeds (20 per pot). The development of
the disease symptoms was followed in a growth chamber, under a
regime of 16 h daylight (21°C) and 8 h darkness (16°C).

Map construction was performed using the MAPMAKER
computer program (Lander et al. 1987), using the Kosambi
mapping function to convert recombination frequencies into
centimorgans (cM). Upon checking the marker order against the
raw mapping data, a number of individuals were found to have
allele combinations only possible as a result of (typically rare)
double or triple recombination events within a small genetic
interval. This prompted the re-scoring of the markers from re-
isolated DNA of these individuals. In almost all cases, this showed
the original markers to be mis-scored. However, re-scoring

continued to show unexpected allele combinations for two
individuals, which were consequently removed from the analysis.

PCR marker development

Procedures used for PCR marker development were essentially
those used by Collins et al. (2001). Chromosomal positions of rice
BAC and PAC clones sequences were obtained from the physical/
genetic rice maps (http://rgp.dna.affrc.go.jp/cgi-bin/statusdb/irgsp-
status.cgi). EST and rice genomic sequences were downloaded and
used in BLAST searches (Altschul et al. 1997) at NCBI (http://
www.ncbi.nlm.nih.gov/). Barley or wheat ESTs with a DNA
identity of 85% or greater with the rice sequences were considered
as potential orthologues. In cases where a barley EST could not be
identified, primers based on a wheat EST were used to amplify the
corresponding gene from barley DNA. Genomic DNA to be used as
PCR template was isolated from barley leaves according to Stein et
al. (2001). PCRs from barley genomic DNA template were
performed in volumes of 20 ul (or multiples thereof), containing
2.0 mM MgCl,, 0.2 mM of each dNTP, 0.3 uM of each primer, 5%
DMSO, 0.5 U Tag polymerase, and 90 ng template DNA. The PCR
program comprised one cycle of 2 min at 94°C; 35 cycles of 40 s at
94°C, 50 s at 65°C, 1 min 20 s at 72°C, and a final extension 72°C
for 7 min. Gel-purified PCR products were directly sequenced to
verify identity (by comparison to the original sequence), and to
identify polymorphisms between the parents of the mapping
population. In cases where primers were based on EST sequences,
the genomic amplification products often contained additional
sequence due to introns. When sequence polymorphisms identified
between the mapping parents were not within restriction sites, PCR
markers were made by introducing a restriction site into the PCR
product using the dCAPS strategy (Neff et al. 1998). For PCR
markers, 20 ul of PCR mixture was digested overnight in a volume
of 25 ul containing 1x restriction enzyme buffer, 1.5 U of
restriction enzyme and 0.5 ug/ul of acetylated BSA. The resulting
fragments were size fractionated in 2% agarose gels (or 3% agarose
for the marker BV078160).

Conversion of the RAPD marker SCQ-97
to CAPS marker ScOPQ9

Previously, the Rdg2a-linked RAPD fragment SCQ-97¢y was cloned
and sequenced, a specific pair of primers made, and the primers
used to amplify and sequence the fragment from the mapping
population parents, Thibaut and Mirco (Tacconi et al. 2001). Since
no sequence polymorphism was identified within the fragment, we
recovered additional sequence flanking the original fragment, by
using an adapter-mediated PCR method (Siebert et al. 1995). Using
a pair of nested primers facing outwards from the SCQ-970y
sequence, we obtained a 1.2 kbp amplification product, which
was cloned, sequenced, and verified as a SCQ-97y-flanking
sequence by virtue of a 90 bp overlap with 100% identity to the
original fragment. A pair of specific primers spanning the new
sequence was made and used to recover and sequence the interval
from the mapping parents. A sequence polymorphism was identi-
fied, enabling development of the CAPS marker ScOPQ9 (Table 1;
Fig. 1).

RGA clones used to make RFLP probes

The ssCH4 RGA clone (AF052396) was kindly provided
by Wolfgang Spielmeyer and Evans Lagudah (CSIRO Plant
Industry). The ABG1019 RGA clone (AY339782), briefly de-
scribed by Brueggeman et al. (2001), was isolated by PCR
from barley Morex BAC DNA using degenerate primers based
on the conserved P-loop (NBS1-F, GTC/GC/GGGG/AAAGACG/
AACC/TCTTG) and GLPL (GLP-R1 (AGA/GGCA/GAGC/
GGGA/GAGA/GCCA/TC/TCACATTT) motifs of the resistance
protein NBS domain. PCR reactions of 20 ul contained 40 ng of
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Table 1 CAPS and dCAPS (d)

. Marker Primer Restriction enzyme
markers tested for linkage to the
Rdg2a locus. For each CAPS ScOPQ9 5'-GGCACAGTAACATTACCTTGATTGTG- Merl
marker the sequence of the 5'-CCAGTTGTCCAGCCTAAACAGGCATA-
P”mers‘agdt thgeizsirgl“o“ o MWGSSI 5 -TGACAAGCTACACGGCACCAACTACGCC- Aoyl
ﬁ?&lﬁh‘-ﬁiq oo shown T 5'-CTTGCAATTCTTCGTGCAATACCAGC-
9202 5'-CCGGCTTGCAGAACTTGAGAGTCG- Tagl
5-TGGAAAATGACTGTGAGACGGTGATCC
BV078153 5-GCCTGCAAAATCATGCAGCAGCTCA- Alul
5'-CGCGCCAATCCGGGTTATCAAGAAG-
BV078155 5'-CGTCAGAGTCGTCTGCATCAATTTCACG- Ddel
5'-CGTGAACGCAAGCACTTCTTCATCCAAG-
BV078160(d) 5'-CCAAGCTAGAAGGAAACCTTCCACTCT- Van91l
5'-GCATGATGACGACACGTGGCTT-
BV078159(d) 5'-CGGTGGACGCTCGGCACGATGGCGA- Hhal
5'-GTACTTCCTGGCGATCCTGCCCTGGCG-
BV078158 5'-GCTGCAGCTGGAGAAGAGCCTAAGC- Clal
5-GACCAGCTCAGTCTCCACTTCCATG-
bp ScOPQ9 MWGS851 bp identical to BE216903 and was independently isolated by Madsen
and co-workers (2003).
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Fig. 1 CAPS markers linked to the Rdg2a locus. Ethidium bromide
stained gels were used to resolve restriction enzyme digested
fragments amplified from Thibaut (/), Mirco (2) and six F,
individuals to demonstrate allele segregation (3-8). DNA fragment
sizes (bp) are indicated

pooled BAC DNA, 0.2 mM dNTP mix, 20 pmol of each primer,
1 U of Red Tag DNA polymerase (Sigma), and 2 ul of 10x Red Tag
reaction buffer. The PCR program consisted of 95°C for 4 min; 35
cycles of 95°C for 1 min, 62°C for 1 min, and 72°C for 1 min; a
final extension step of 72°C for 7 min. A single band was visualized
on a 1% agarose gel migrating at ~ 550 bp. ABG1019 showed
significant similarity to NBS-LRR resistance proteins in a
BLASTX search and was mapped to barley chromosome 7H bin
01 in the SteptoexMorex mini mapper population (Brueggeman and
Kleinhofs, unpublished data). The pic20 probe was derived from
the most proximal member of the pic20 RGA gene cluster on 7H
(pic20C; Rostoks et al. 2002) by amplifying a 724 bp section of the
gene (nucleotides 63 to 786 of AF414173) from Thibaut genomic
DNA. The fragment identity was confirmed by sequencing.
Likewise, the b9 RGA probe was derived by amplifying a 548 bp
segment (156 to 704 of AF032687) from Thibaut. The barley EST
BE216309 was identified by searching the Triticeae EST database
for homology to the rice Pib-like gene on rice PAC OSJN-
Ba0007020 (AP003487) (Rostoks, Johnson and Kleinhofs, unpub-
lished, http://barleygenomics.wsu.edu/). The clone S9202 is nearly

RFLP analysis

Genomic DNA for RFLP analysis was prepared using a modified
CTAB method (Saghai-Maroof et al. 1984). Genomic DNA was
subjected to restriction digestion as recommended by the restriction
enzyme manufacturers (Promega), separated in 0.8% agarose gels,
and blotted as recommended by the manufacturers of the membrane
(Immobilon-Ny+, Millipore). aP*>-dCTP labelled DNA probes
were made by the random hexamer priming method (Feinberg and
Vogelstein 1983), using gel-purified PCR products or excised clone
inserts as template. Filters were hybridized under standard condi-
tions (Sambrook et al. 1989), washed to medium stringency, and
subjected to autoradiography using the Biomax MS (Kodak)
system.

Search for resistance gene-like sequences in the rice sequence

Rice genomic sequence from the Rdg2a syntenic region of
chromosome 6 was used in BLASTX searches of the database to
reveal any potential homologies to known resistance proteins.
Initial searches were conducted using 4 kb sections. To maximize
sensitivity, additional searches were performed after removing
regions with strong homologies to multiple entries (e.g. retrovirus
polyproteins). Readouts were scanned for resistance proteins of all
classes, as defined in Table 2 of Hammond-Kosack and Parker
(2003).

Results

Defining an Rdg2a interval

With the aim of identifying flanking markers suitable for
screening for recombination around Rdg2a, we further
developed the map of Tacconi et al. (2001), using a
slightly expanded segregating population (Fig. 2A). The
population, derived from a Thibaut (resistant)xMirco
(susceptible) cross, comprised the 128 previously de-
scribed F, segregants, plus 90 additional F, plants. We
used the PCR-based markers ABG704, MWG2018 and
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Fig. 2 A-C Consecutive stages of high-resolution mapping at the
Rdg2a locus. The first map (A) was constructed using a population
of 218 F, plants. Markers ABG704 and ScOPQ9 were used to screen
a population of 1,400 F, plants, and the resulting 93 recombinants
used to construct the second map (B). The two barley genetic maps
are not drawn to scale. RGAs in B are shown in bold. The three
CAPS markers derived from rice ESTs (BV078155, BV078153,
BV078160) enabled alignment to a rice physical contig of
453,648 kb comprising three PAC clones and one BAC clone (C).
Arrows between B and C indicate the position of homologues present

PBI35, previously developed from RFLP markers (Tac-
coni et al. 2001; Fig. 2A). In addition, the RAPD marker
OPQ-9799 (Tacconi et al., 2001) was converted into a
more robust, co-dominant, CAPS marker (ScOPQ9), and
the RFLP probe MWGO0851 mapping to the region
(Graner et al. 1994) was used to derive a PCR-based
marker (see Materials and methods; Table 1, Fig. 1). The
molecular markers plus the resistance locus were scored
in the population, yielding a map of the region (Fig. 2A).
The order of the loci in this map differ from the one
previously obtained (Tacconi et al. 2001), and we
attribute this to the poor information originally provided
by the dominant RAPD marker OPQ-97yy. Based on the
map, we chose the ABG704 and ScOPQ9 PCR markers
which flank Rdg2a by 4.2 ¢cM and 0.9 cM, respectively
(Fig. 2A), for conducting the recombinant screen.

in the rice sequence. Question marks indicate loci which mapped to
positions unlinked to Rdg2a in barley. Genetic distances (cM) as well
as number of recombinants observed for specific intervals on the
high resolution map are shown. Physical scale in rice is indicated on
the right in C. Note that BE216309/S9202 has a homologue
approximately 400 kb proximal to D24970 in rice (not shown).
Distances for markers proximal of ScOPQ9 were obtained using the
93 recombinants, although the observed recombination frequency
was halved to correct for expected positive interference arising from
selected recombination in the ABG704-ScOPQ?9 interval

Selection of recombinants for fine mapping

For fine mapping of the Rdg2a gene, 1,400 ThibautxMir-
co F, plants were screened for recombination between
ABG704 and ScOPQ9. A total of 93 F, recombinant
plants were identified. Only these recombinants were
subjected to additional marker analysis and were Rdg2a
genotyped by F3 progeny resistance assays.

Testing for co-segregation between Rdg2a
and resistance gene analogues

A number of RGAs have been previously mapped on the
short arm of barley chromosome 7HS. To investigate
whether any of these could represent candidates for
Rdg2a, we tested for co-segregation between these RGAs
and Rdg2a in the panel of 93 recombinants. MWGS851
had previously been shown to be an RGA (Madsen et al.
2003). The RGA S-9202 (Madsen et al. 2003) was
developed into a PCR marker (Table 1, Fig. 1). All other
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Fig. 3 RFLP analysis of RGA clones linked to the Rdg2a locus.
Restricted genomic DNA of Thibaut (7H), Mirco (M) and of five F,
individuals (to demonstrate allele segregation) was hybridized with

RGAs were mapped using RFLPs (Fig. 3). RGA RFLP
probes comprised b9 (Leister et al. 1999), ssCH4 (also
called Rlch4; Seah et al. 1998), ABG1019 (Brueggeman
et al. 2001), pic20C (as defined by Rostoks et al. 2002),
and the barley EST BE216309 which has high homology
to S-9202. The relative positions determined for the
RGAs (Fig. 2B) were in complete agreement with locus
positions obtained previously using other mapping pop-
ulations (Ayliffe et al. 2000; Brueggeman et al. 2001;
Madsen et al. 2003). None of the RGA loci co-segregated
with Rdg2a. However, the ssCH4 and MWGS851 loci
tightly flanked the Rdg2a locus and were located
respectively only 2 recombinants (0.07 cM) distally and
2 recombinants proximally (Fig. 2B). The cloned resis-
tance gene Rpgl is positioned between a pic20 gene
cluster and ABG704 (Brueggeman et al. 2002; Rostoks et
al. 2002), distal of Rdg2a (Fig. 2B). All other members of
the Rpgl gene family present in cv. Morex have also been
cloned and mapped (Brueggeman and Kleinhofs, unpub-
lished). These data make it unlikely that Rdg2a belongs to
the Rpg! gene family.

Barley-rice synteny in the Rdg2a region

The distal part of the short arm of rice chromosome 6 is
the region of the rice genome most related to the distal
part of barley chromosome arm 7HS (Kilian et al. 1997).
To facilitate exploitation of the available rice genomic
sequence for marker generation and candidate gene
identification in our program to isolate Rdg2a, we set
out to more precisely define the conservation between
these two chromosome segments in the vicinity of Rdg2a.
At the time of this study, the sequence of the short arm of
rice chromosome 6 generated by the public rice genome
sequencing consortium (Delseny 2003) was essentially
complete, enabling detection of sequences in this region
by BLASTN searching. The ScOPQ9 sequence did not
identify any related sequence in BLASTN searches of the

(Dral)
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the RGAs probes indicated above. Polymorphic hybridizing
fragments are indicated by an asterisk in Thibaut and Mirco. Size
markers (kb) are shown

Table 2 Accession numbers of the Thibaut STSs and of the rice
ESTs anchored to the chromosome 6 genomic contig. In the third
column, the accession numbers of barley or wheat ESTs used to
design oligonucleotide primers are shown

STS Rice EST Barley (B) or wheat
accession no. (W) ESTs
BV078155 AU032852 AV920572 (B)
BV078153 AU056781 BJ462078 (B)
BV078160 AF486280 (D24970) BF267183 (B)
BV078159 AU78644 BE416659 (W)
BV078158 U90344 AJ467364 (B)
BV078156 AC007017 BE214582 (B)
BV078157 U20184 BE193581 (B)
BV078154 X85187 CA001705 (B)

available rice genome sequence. Except for BE216309/
S9202 (see below), none of the RGA classes from 7HS
identified close homologues on rice chromosome 6.
Instead, close homologues of these RGAs were identified
on other rice chromosomes (data not shown). The poor
conservation shown between the RGA locations in barley
and rice prompted us to compare locations of other gene
types.

Rice sequences from the interval spanned by rice
genomic PAC clones P0644B06, P0514G12 and
P0029D06 (Fig. 2C) were used to identify ESTs from
barley or wheat, representing potential orthologues of the
rice genes. Oligonucleotide primers based on the barley or
wheat EST sequences were used to PCR amplify
fragments of the corresponding barley genes from the
two parents of the Rdg2a mapping population. The
products were directly sequenced to identify polymor-
phisms between the mapping parents suitable for PCR
marker generation. For 19 rice genes, homologous barley
or wheat ESTs were identified, and primers designed for
amplification of the barley genes. Fragments from 8 of the
barley genes were successfully PCR-amplified from
Thibaut and Mirco genomic DNA, leading to the iden-
tification of barley STSs (Table 2). Sequence polymor-
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phisms were identified for five of the genes, and a PCR
marker was developed for each of them (Table 1).
Markers corresponding to the STSs BV078159 and
BV078158 were not linked to the Rdg2a locus, nor were
they linked to each other (Fig. 2C). This indicates either
an exception to the synteny, or failure to identify the true
orthologue of the rice genes. The other three markers,
corresponding to the STSs BV078153, BV078155 and
BV078160 (Fig. 1), mapped to the Rdg2a region in an
order colinear with their counterparts in rice (Fig. 2B, C).
The fragments for which no sequence polymorphism was
identified (STSs BV078156, BV078157 and BV078154)
were used to probe blots of DNA of Thibaut and Mirco
digested with eight different restriction enzymes, but no
RFLPs were identified.

RGA BE216309/59202 has three close homologues at
dispersed locations on rice chromosome 6 (data not
shown). The most distal BE216309/59202 homologue on
the short arm (protein BAA90798.1) is located on PAC
P0425F02, approximately 400 kb proximal to D24970.
However, given the dispersed nature of the BE216309/
S9202 family on rice chromosome 6, and the lack of rice-
barley conservation in the position of other RGAs in this
region, it is uncertain whether the position of the rice gene
on PAC P0425F02 corresponds directly to the mapped
BE216309/59202 locus on barley 7HS.

The markers BV078155 and BV078153 define the
smallest Rdg2a syntenic interval in rice (Fig. 2C). The
current annotations for this 115 kbp sequence interval
(entries AP001129 and AP000616) did not include any
predicted protein with assigned similarity to a known
resistance protein. Additionally, our own analysis of this
DNA sequence interval (see Materials and methods) did
not reveal any potential to encode any resistance protein-
like sequence. This indicates that either an orthologue of
Rdg2a does not occur in this rice interval due to a
breakdown in synteny, or that Rdg2a encodes a type of
resistance protein not yet described.

Discussion

In this work, the Rdg2a P. graminea resistance gene on
barley chromosome arm 7HS was subjected to high-
resolution mapping using an F, population representing
2,800 gametes. Rdg2a was located to a marker interval
defined by ssCH4, located 0.07 ¢cM (2 recombinants)
distally, and MWG&51, located 0.07 ¢cM proximally. The
recombinants and markers identified here will be invalu-
able resources for the isolation of this gene. Furthermore,
the Rdg2a syntenic interval established in rice, compris-
ing 115 kbp of completely sequenced genomic DNA, may
provide a source of further markers closely linked to
Rdg2a.

Ideally, the distance between the Rdg2a locus and one
of the closest flanking markers ssCH4 and MWGS851
would be less than about 100 kb, a distance that could be
bridged using an average sized BAC clone. Cloning of a
gene from greater distances would require a chromosome

walk, an endeavour that is likely to be fraught with
difficulty in the large genome species barley. Based on
the average ratio of physical to genetic distance in the
barley genome of 4 Mb/cM, the distances of ssCH4 and
MWGS851 from Rdg2a would be 280 kbp each. However,
the ratio of physical to genetic distance varies substan-
tially between different regions of the genome, and is also
influenced by genetic background. Most recombination in
Triticeae chromosomes occurs close to the telomeres
(Kiinzel et al. 2000), suggesting that the markers may in
fact be closer to Rdg2a. However, on a finer scale,
adjacent chromosome regions may also recombine at
vastly different frequencies. In the region spanning the
pic20 and Rpgl loci (Fig. 2C), the ratio of physical to
genetic distance for six marker intervals was found to
vary from 350 kb/cM to greater than 25 Mb/cM
(Brueggeman et al. 2002; Rostoks et al. 2002). Clearly,
the physical distances of ssCH4 and MWG851 from
Rdg2a can only be determined empirically. The actual
distances may be revealed by our current efforts to use
these flanking probes to recover BAC clones containing
the Rdg2a locus.

We used a single high-resolution mapping population
to map six classes of RGAs (Fig. 2B) previously reported
to map to the distal region of chromosome arm 7HS (Seah
et al. 1998; Leister et al. 1999; Ayliffe et al. 2000;
Brueggeman et al. 2001; Madsen et al. 2003). Although
these RGAs all have predicted products resembling NBS-
LRR resistance proteins, they are unrelated at the DNA
level. The pic20 gene family has a cluster of five
members on 7HS (Rostoks et al. 2002). The b9 locus on
7HS also represents a cluster of RGA gene family
members, as determined using a probe made using the b9
maize orthologue picl5 (Collins et al. 2001). BE216309
hybridized to two bands in cv. Morex that co-segregated
in a small mapping population, suggesting that there may
be two family members. Therefore, this region of 7HS
contains a high concentration of RGAs of diverse
sequence, in addition to the Rpgl resistance gene
encoding a receptor-kinase like protein, and the presently
uncloned Rdg2a resistance gene. Other clusters contain-
ing diverse RGAs and resistance genes have been
described in plant genomes (Leister et al. 1998; Wei et
al. 1999; Huang and Gill 2001; Hulbert et al. 2001; Ling
et al. 2003; Madsen et al. 2003). These studies demon-
strate that RGAs can provide a useful source of markers
closely linked to resistance genes. High-resolution resis-
tance-segregating mapping populations such as the one in
our study are essential for eliminating closely linked
RGAs as candidates for functional resistance genes.

Curiously, only one of the six classes of RGAs mapped
in the vicinity of Rdg2a in barley (BE216309/59202) had
a homologue present in the corresponding region of rice
chromosome 6. A homologue of the Rpgl kinase-
encoding resistance gene is also absent from the region
and indeed, the whole rice genome (Han et al. 1999;
Brueggeman et al. 2002). These results partly support the
assertion that RGAs evolve relatively rapidly and that
they often provide exceptions to rice-barley synteny



(Leister et al. 1998). However, two genes in the rice
syntenic interval that are not RGAs also map to non-
syntenic locations in barley (Fig. 2C). The absence of any
sequences resembling resistance genes in the Rdg2a
syntenic interval either means that an Rdg2a orthologue is
absent from the interval, or that Rdg2a encodes an
unknown type of resistance protein. In any case, other
genes in the interval may enable the generation of further
genetic markers in barley that are closer to Rdg2a.
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