
Abstract The resistance gene analogue (RGA) pic19 in
maize, a candidate for sugarcane mosaic virus (SCMV)
resistance gene (R gene) Scmv1, was used to screen a
maize BAC library to identify homologous sequences in
the maize genome and to investigate their genomic orga-
nisation. Fifteen positive BAC clones were identified
and could be classified into five physically independent
contigs consisting of overlapping clones. Genetic map-
ping clustered three contigs into the same genomic re-
gion as Scmv1 on chromosome 6S. The two remaining
contigs mapped to the same region as a QTL for SCMV
resistance on chromosome 1. Thus, RGAs mapping to a
target region can be successfully used to identify further-
linked candidate sequences. The pic19 homologous 
sequences of these clones revealed a sequence similarity
of 94–98% on the nucleotide level. The high sequence
similarity reveals potential problems for the use of RGAs
as molecular markers. Their application in marker-assist-
ed selection (MAS) and the construction of high-density
genetic maps is complicated by the existence of closely
linked homologues resulting in ‘ghost’ marker loci anal-
ogous to ‘ghost’ QTLs. Therefore, implementation of ge-
nomic library screening, including genetic mapping of
potential homologues, seems necessary for the safe ap-
plication of RGA markers in MAS and gene isolation.

Keywords RGA · SCMV · Maize · pic19 · Ghost 
marker · BAC

Introduction

Plant pathogens exhibit a high mutation rate from aviru-
lence to virulence, and natural selection favours the
spread of new virulent races. In response to this, there is
a co-evolution in plants that generate novel resistance
protein variants, which are capable of recognising either
the modified avirulence determinant or other pathogen
components (Hammond-Kosack and Jones 1997). One
mechanism for this is the clustering of R genes within
large complex loci. Recombination between clustered 
loci leads to new pathotype-specific resistances. In a
classical study with maize, Saxena and Hooker (1968)
identified genes conferring resistance to Puccinia sorghi.
They found 16 linked, but separate, loci conferring resis-
tance to 16 different pathogen isolates (Rp1A to Rp1N,
Rp5, Rp6). Another mode of clustering of R genes is dis-
played by linkage groups containing genes for recogni-
tion of different pathogens. In lettuce, linkage group I
contains eight genes for resistance to downy mildew
(Bremia lactucae) and a gene for aphid resistance (Pem-
phigus bursarius), whereas in linkage group II two addi-
tional downy mildew R genes are clustered with a gene
for turnip mosaic virus resistance and a gene for resis-
tance to the root pathogen Plasmopara lactucae-radicis
(Landry et al. 1987; Kesseli et al. 1993; Witsenboer et al.
1995; Meyers et al. 1998a).

The recent cloning of a number of R genes by trans-
poson tagging and positional cloning uncovered se-
quence homology in conserved amino-acid domains.
This has been exploited to isolate hundreds of sequences
with homology to R genes, RGAs, based on degenerate
PCR primers derived from the conserved amino-acid do-
mains. RGAs belonging to the same gene cluster dis-
played an even higher degree of sequence homology
than unlinked RGAs (Ellis et al. 1995; Parniske et al.
1997; Meyers et al. 1998a), which can be explained by
the evolution of many R genes by duplication. Circum-
stancial evidence would suggest that all organisms have
experienced at least one round of genome duplication in
their phylogenetic past. Thus all eukaryotes probably are
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ancient polyploids (Leipoldt and Schmidtke 1982).
Therefore, in the plant kingdom a high degree of homol-
ogy between unlinked RGAs is also very likely. This has
been shown for Arabidopsis (Meyers et al. 1999) and
may also be valid for maize with its potential allotetra-
ploid evolution (Gaut et al. 1997). Therefore, the maize
genome contains duplicated chromosome segments with
colinear gene arrangements (Helentjaris et al. 1995).

On maize chromosomes 6 and 3, R gene clusters in-
clude genes conferring resistance to several virus and
bacterial diseases. Chromosome 6S contains R genes for
SCMV, maize dwarf mosaic virus, wheat streak mosaic
virus, high plains virus, rice bacterial streak, sorghum
bacterial stripe and Southern corn leaf blight, whereas
the cluster on chromosome 3L contains genes conferring
resistance to SCMV, wheat streak mosaic virus, high
plains virus, maize mosaic virus and maize chlorotic
dwarf virus (for a review see Quint et al. 2000). There is
strong evidence for the clustering of R genes on chromo-
somes 6 and 3, but the issue of pleiotropy versus cluster-
ing still needs to be solved for both regions.

Collins et al. (1998) isolated and mapped several
RGAs to the maize genome. One of them, pic19, was
mapped as a single-copy RGA to the Scmv1 region on
chromosome 6, and more intense investigations in
SCMV-specific materials suggested pic19 to be a candi-
date gene for Scmv1 (Quint et al. 2002). Hence, RGAs
cosegregating or linked to a target R gene may provide a
tool for the isolation of further linked RGAs based on
homology to members of the same gene cluster. R gene
and RGA clusters have the potential to be highly dupli-
cated and span large physical distances (Meyers et al.
1998a) which might even be interrupted by other se-
quences. Therefore, the isolation of overlapping BAC/
YAC clones spanning flanking markers by chromosome
walking may be time-consuming and ineffective. In con-
trast, the approach outlined in this study fosters isolation
of further candidate genes.

The objectives of this study were to: (1) identify ho-
mologues of pic19, (2) investigate their genomic organi-
sation, (3) determine their map position to clarify wheth-
er they map to (a) the direct neighbourhood within the
same cluster, (b) independent loci or (c) duplicated ge-
nome regions in the maize genome, and (4) evaluate the
use of RGAs for genetic mapping, MAS, and gene clon-
ing on the basis of these results.

Materials and methods

BAC screening

Scmv1 candidate pic19 was previously elongated to 624 bp (Quint
et al. 2002). It was used as a probe to screen a B73 BAC library,
purchased from Texas A & M BAC Center (http://hbz.tamu.edu/
bac.html), covering the genome approximately 4 x. Labelling was
performed by a-32P-dATP/dCTP random priming. Hybridisation
and washing procedures of BAC membranes were conducted at
65 °C as proposed by the supplier (http://hbz.tamu.edu/bac.html).
Autoradiography was carried out for 1 to 2 days at –80 °C with an
intensifying screen.

Restriction analysis

For identification of overlapping BAC clones and classification of
independent contigs, BAC DNA was isolated using the Macherey
& Nagel (Düren) Nucleobond BAC 100 Kit. 2µg of BAC DNA
was digested with 10 U of either BamHI or HindIII in a 30 µl reac-
tion for 4 h at 37 °C. Digested DNA was separated on a 0.8% aga-
rose gel. The presence or absence of bands of the same size was
converted into a 1/0 matrix to identify overlapping BAC clones by
scoring for fragments of common size. This process was per-
formed for both restriction enzymes independently. To identify
false positives to be excluded from further experiments, gels were
blotted and hybridised with pic19 following the same protocols as
mentioned above.

Cloning of pic19 homologues

Specific primers for pic19 (pic19L + pic19X, Table 1) were used
to amplify pic19 homologous sequences out of each BAC clone.
DNA amplification was performed with a standard reaction mix
containing 10 ng of BAC DNA, 10 mM of Tris–HCl (pH 9),
50 mM of KCl, 1.5 mM of MgCl2, 0.3 mM of dNTPs, 0.5 pMol of
each primer and 0.625 U of Taq DNA polymerase (Amersham
Pharmacia, Freiburg). After an initial denaturation step at 94 °C
for 2 min, template DNA was amplified using 35 cycles under the
following conditions: 1 min at 94 °C, 2 min at 55 °C and 2 min at
72 °C. Final extension was conducted at 72 °C for 2 min. Amplifi-
cation products were excised from the agarose gel, extracted with
the Nucleospin Kit (Macherey & Nagel, Düren) and ligated into
pGEM-T (Promega, Mannheim) plasmids. DNA sequencing was
performed using the ALFExpress automated DNA sequencer
(Amersham Pharmacia, Freiburg). Sequencing reaction conditions
were chosen as suggested by the manufacturer (Amersham
Pharmacia, Freiburg). Sequence alignment was performed using
the ALIGN Plus 2.0 software package (http://www.scied.com/
ses_alim.htm).

Mapping populations

Since the BAC library was derived from maize inbred line B73,
all BAC contigs except one were mapped using the commercially
available B73 ¥ Mo17 RI (IBM) mapping population (PopA) con-
sisting of a subset of 94 individuals. PopA contains more than 570
RFLP and SSR markers (Davis et al. 2000; http://www.cafnr.mis-
souri.edu/mmp/ibmmaps.htm). The mapping population is derived
from a cross of B73 ¥ Mo17, which underwent random mating for
four generations.

The last contig was mapped to a subset of 84 individuals of a
D32 ¥ D145 F2:3 mapping population (PopB) containing 100
RFLP and SSR markers (Xia et al. 1999).
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Table 1 Primer sequences used for genetic mapping of BAC 
contigs 1 to 4

BAC Primer 5¢–3¢
contig

1 71L1 GGA AGC ATA TTG TCG TTG T
71R1 GCA TGC TCC GTC GTA TG

2 pic19L TAG ATG ATG TCT GGA CGG CT
230R1 GGC ACA ATA CAG GGA A

3 239L2 AGC CCT TGT GCC AAT AA
pic19X GCA GTT CCT CTC TGC AAC GTG

4 UBC860 (TG)8 RA



Mapping strategy and BAC mapping

The BAC mapping strategy included two steps: (1) the design of
BAC contig-specific primers (Table 1) based on the DNA se-
quence of the pic19 homologues; (2) amplification of contig-spe-
cific PCR products discriminating both parents of the PopA, B73
and Mo17 (PCR conditions a, b). In the case of identical size of
PCR fragments, pic19 homologues were converted to CAPS
markers (c). Independent from the pic19 homologues, contig-spe-
cific amplification of inter-simple sequence repeat (ISSR) frag-
ments in PopA (d) or contig-specific single-copy RFLPs of BAC
subclones in PopB (e) were employed as alternative strategies for
BAC mapping.

DNA amplification was performed in a standard reaction mix
containing 50 ng of genomic DNA, 10 mM of Tris–HCl (pH 9),
50 mM of KCl, 1.5 mM of MgCl2, 0.3 mM of dNTPs, 0.5 pMol of
each primer and 0.625 U of Taq DNA polymerase (Amersham
Pharmacia, Freiburg). After an initial denaturation step at 94 °C
for 3 min, template DNA was amplified using 30 cycles with one
of the three conditions: 45 s at 94 °C, 45 s at 62 °C (a), 48 °C (b)
or 45 °C (c), and 1 min at 72 °C. The final extension step was con-
ducted at 72 °C for 10 min. For CAPS analysis a MseI recognition
site was used to construct polymorphism between the parental
DNAs. Therefore, the PCR product was digested with MseI (10 ml
of the PCR product with 5 U of MseI in a 20-ml volume for 4 h at
37 °C) and separated on 1.5% agarose gels.

The ISSR PCR reaction mix contained 50 ng of genomic
DNA, 10 mM of Tris–HCl (pH 9), 50 mM of KCl, 2.5 mM of
MgCl2, 0.5 mM of dNTPs, 1.0 pMol of the primer and 1.0 U of
Taq DNA polymerase (Amersham Pharmacia, Freiburg). After ini-
tial denaturation at 94 °C for 1 min, template DNA was amplified
using 35 cycles under the following conditions: 30 s at 94 °C, 30 s
at 45 °C and 2 min at 72 °C. Final extension was conducted at
72 °C for 10 min.

Subcloning was performed by double-digesting BAC clones
with 1 U of both BamHI and HindIII in a 30-ml reaction using
200 ng of BAC DNA (Amersham Pharmacia Biotech, Freiburg).
The restriction reaction was conducted at 37 °C for 4 h. After puri-
fication, 50 ng of double-digested BAC DNA was shotgun-cloned
into pBluescript. For identification of single-copy clones, plasmid
DNA was Southern blotted and hybridised using 100 ng of ge-
nomic maize DNA as a probe. Plasmids revealing no signals were
tested for polymorphism between parents of PopB, because PopA
was not available for Southern analysis. Genomic DNA (10 mg) of

84 individuals of PopB was HindIII-digested and Southern blotted
to the Hybond N+ nylon membrane (Amersham Pharmacia Bio-
tech, Freiburg). Hybridisation procedures were identical to those
from BAC screening.

Linkage and statistical analyses

For PopA, linkage groups were constructed using MapMaker for
UNIX version 3.0 (Whitehead Institute, Cambridge, Mass.). Ini-
tially, linkage groups were defined at a LOD of 6.0. The maps
were constructed using the RI self option and the Haldane map
function. All remaining markers were assigned at LOD 4.0. These
computations were conducted at the University of Columbia, Mis-
souri. The IBM population is an intermated recombinant inbred
population. The random mating process increased the average
number of recombination events per individual by approximately
3-fold compared with F2 or RI-derived mapping lines. This is
equivalent with a 3-fold expansion of map distances (Liu et al.
1996). Therefore, all map distances in the IBM map were divided
by three.

For PopB, marker orders and genetic distances were calculated
with MapMaker 3.0b (Lander et al. 1987) using a LOD threshold
of 3.0 and the Kosambi mapping function.

Results

BAC analysis

Southern hybridisation of HindIII-digested B73 genomic
DNA using pic19 as a probe identified six prominent
bands (Fig. 1b). Screening of the BAC library identified
19 positive clones. Four clones were excluded that
showed no positive signals when hybridised to pic19.
Evaluation of the BamHI or HindIII restriction gels of
the remaining 15 BACs resulted in five groups of over-
lapping BAC clones (Table 2).
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Fig. 1 (a) Identification of
overlapping BAC clones and
classification by HindIII 
restriction analysis into contigs
1–5; (b) Autoradiogram of
HindIII-digested DNA of
SCMV susceptible maize 
inbred line F7 (S), SCMV 
resistant maize inbred line
FAP1360A (R) and B73 using
pic19 as a probe



Sequence alignments

RGA sequences homologous to pic19 could be amplified
in four out of the five BAC contigs. Sequence compari-
sons revealed an identity of 94 to 98% among the pic19
RGA homologues of contigs 1 to 4. All differences were
due to single nucleotide changes. Only contig 4 showed
a continuous open reading frame (ORF). Contig 3
showed one stop codon. Contigs 1 and 2 revealed several
frame shifts due to InDels.

Genetic mapping

PCR amplification of the pic19 homologues was not pos-
sible for contig 5. For contigs 1 and 2 [corresponding to
mapping conditions (a) and (b) from the ‘Materials and
methods’ section], SNP primers were designed resulting
in differential amplification on the BAC as well as the
genomic DNA level (Table 2). Genetic mapping placed
both contig 1 and contig 2 into the chromosomal bins
6.00–6.01 within the marker interval rz143a–bnlg1867
(Fig. 2) in PopA. Contig 1 and 2 displayed close linkage
with a genetic distance of 0.37 cM.

For contig 3 (c), differential amplification was possi-
ble on the BAC level. Using the same primer pair, the

parents of the mapping population did not show poly-
morphism. Cloning and sequencing of the regarding pa-
rental fragments revealed a SNP in a MseI recognition
site, which was used as a CAPS marker to place contig 3
in the same marker interval as contigs 1 and 2, cosegre-
gating with contig 2. The evaluation of the marker scores
revealed only two recombinants between contigs 1 and
2. Both individuals did not amplify in contig 3. For the
remaining individuals, contig 3 scores were identical to
both contig 1 and contig 2 scores.

For contig 4 (d), none of the previous approaches was
successful. Screening of the five contigs with ISSR
primers identified a contig 4-specific fragment using
ISSR primer UBC860. The polymorphism was con-
served between the two parental lines B73 and Mo17 
on the genomic DNA level. Contig 4 was mapped to
chromosomal bin 1.10 within the marker interval
umc1431–bnl7.25 (Fig. 2).

It was not possible to amplify pic19 homologues by
PCR from contig 5 (e). Therefore, one member of the
contig, BAC 192O11, was shotgun-subcloned. Subclone
III-17 was used as a single-copy RFLP probe in PopB
and this mapped contig 5 to the end of chromosome 1 in-
to the marker interval umc161a–umc147b (Fig. 2). Since
contigs 4 and 5 were mapped in different populations,
their map distance was not determined.
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Table 2 Grouping of overlapping BAC clones based on BamHI and HindIII restriction analysis

Contig 1 – pic19-1 Contig 2 – pic19-2 Contig 3 – pic19-3 Contig 4 – pic19-4 Contig 5 – pic19-5

71E12 44E24 191F2 181B13 62H1
103E15 230A6 198O20 192O11
1,75O11 267B13 212D24 241P7
2,05O18 239B24

Fig. 2 Genetic mapping of
pic19 homologues to maize
chromosomes 1 and 6



Discussion

Genomic organisation of the pic19 RGA family

Southern hybridisation of pic19 to B73 genomic DNA
revealed six prominent bands (Fig. 1b). Taking into ac-
count the size of the bands on the Southern blot and the
size of the random primed pic19 probe, these six bands
represent between three and six loci in the B73 genome.
The five different contigs of overlapping BAC clones
agree with this hypothesis. However, due to potentially
absent sequences in the used maize BAC library (ap-
proximately 4 ¥ genome coverage) and the high strin-
gency of hybridisation conditions (65 °C), the existence
of further homologues to pic19 cannot be ruled out.

The function of RGAs flanking R genes may be vari-
ous: they might display: (1) R genes conferring isolate-
specific resistance, (2) pseudogenes representing an im-
portant source for the evolution of new resistance-speci-
ficities by recombination or gene conversion with func-
tional genes, or (3) rudiments of already overcome resis-
tances. This study demonstrates, as others before, that
homologous RGAs can be tightly linked. But is also
demonstrates that they can be simultaneously located at
different loci. There is no evidence for duplicated loci
between the two map positions of pic19 homologues in
chromosomal bins 1.10 and 6.00/01 according to the au-
totetraploidy hypothesis (Helentjaris et al. 1995; Gaut
and Doebley 1997). However, initial duplication fol-
lowed by single nucleotide changes is apparently the
driving force in the evolution of these loci. NBS regions
appear to be under purifying selection consistent with its
proposed but unproven effector function (Michelmore
and Meyers 1998).

Clustering of RGA homologues, such as observed in
this study, for pic19 is consistent with reports in maize as
well as other crops. Studies on the Pto, Cf and Dm clus-
ters in tomato and lettuce (Martin et al. 1993; Thomas et
al. 1997; Meyers et al. 1998b) revealed the existence of
numerous RGAs in the direct physical neighbourhood of
R genes. Data from the Arabidopsis genome sequencing
project uncovered 160 R genes (The Arabidopsis Ge-
nome Intiative 2000). The NBS sequences currently in
the databases are located in approximately 21 genomic
clusters and 14 isolated loci (Meyers et al. 1999). Be-
sides the RGA clusters in maize identified by Collins et
al. (1998), Zhao et al. (2001) noted the mapping of two
maize R genes, Rxo and Rpa, to the same position on the
short arm of maize chromosome 6 (Fig. 2) in the Scmv1
region. Furthermore, the authors identified 5–6 RGAs in
the direct neighbourhood of Rxo and Rpa. Therefore,
clustering of homologous sequences within short chro-
mosomal stretches seems also to be a common feature in
the organisation of R genes and RGAs in maize.

Restriction analysis identified five contigs which are
not overlapping with each other. Since contigs 1–3 and
4–5 are mapping to different chromosomes, overlapping
can also be excluded. Genetic mapping identified two re-
combinants between contigs 1 and 2. Furthermore, re-

striction analysis clearly separates contigs 1 to 3. There-
fore, the minimum size of the region covered by the
three contigs on chromosome 6 estimated by the length
of restriction fragments is 450 kbp. Repeated PCR using
contig 3-specific primers did not amplify any product of
the two genotypes recombinant between contigs 1 and 2.
Therefore, it seems likely that these individuals lost 
the corresponding sequence. Pryor et al. (1987) and 
Bennetzen et al. (1988) reported spontanous mutations 
to susceptibility in different rp1 maize rust R genes with
frequencies of up to 0.5%. It has been proposed that the
instability of this region is due to gene conversion or un-
equal crossing-over events between mispaired sequence
repeats during meiosis (Sudupak et al. 1993; Hu and
Hulbert 1994). The same mechanisms could explain the
loss of contig 3-specific sequences in these two recombi-
nant genotypes.

Xia et al. (1999) identified five QTLs for SCMV re-
sistance in PopB. One major QTL mapped near nor on
the short arm of chromosome 6 (Scmv1) and another ma-
jor QTL near the centromere on the long arm of chromo-
some 3 (Scmv2). Three minor QTLs were located on
chromosomes 1, 5 and 10. Quint et al. (2002) mapped
pic19 in PopB to the Scmv1 region on chromosome
6.00/01. Therefore, it was expected that at least one
pic19 homologue maps to this region. Linkage of three
BAC contigs containing pic19 homologues supports the
hypothesis of a R gene cluster rather than one single
pleiotropic R gene in this region. Especially interesting
is the map position of contigs 4 and 5, which map to the
same region as the QTL previously detected for SCMV
resistance on chromosome 1 (Fig. 2). Therefore, these
contigs might as well contain candidate genes underlying
the QTL in this region.

Sequence comparison of pic19 homologues

The pic19 homologues which were amplified by PCR in
four out of the five contigs displayed a very high se-
quence similarity of 94–98% at the nucleotide level. A
comparison of 11 genes of the tomato Cf-4/9 cluster
(Parniske et al. 1997) exhibits an equally high degree of
overall sequence homology (92–99%). Shen et al. (1998)
sequenced part of the NBS motif of cross-hybridising
lettuce RGAs and showed that linked members of the
same RGA families had an identity in the range of
54–98% at the deduced amino-acid level. The authors
defined RGAs displaying at least 50% sequence similari-
ty on the amino-acid level as members of the same RGA
family. The pic19 RGA family includes members clus-
tering at two different genome regions in contrast to the
other discussed RGA families. However, the relationship
between sequence similarity and the physical position of
NBS-encoding RGAs is very complex and cannot be
generalised because some clusters also contain quite di-
verse sequences (Meyers et al. 1999).
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Consequences for gene isolation and development 
of closely linked molecular markers

Our study shows that RGAs mapping to the target region
can be successfully used to identify further-linked candi-
date sequences. This approach is useful with regard to
map-based cloning, which has been successfully used in
maize to clone the Rp1-D gene, a member of the com-
plex locus composed of approximately nine gene homo-
logues, conferring resistance to common rust (Puccinia
sorghi) (Collins et al. 1999).

A second benefit is the possibility to develop closely
linked molecular markers for application of MAS in
practical plant breeding. Furthermore, RGAs were
shown to be highly polymorphic and the rate of success
of converting RGAs into codominant CAPS or dominant
SNP markers is high compared to other genomic se-
quences (Quint et al. 2002).

However, the high sequence similarity of these
linked RGA sequences reveals potential problems for
the use of RGAs as molecular markers. Discrimination
of homologous sequences by PCR might be problematic
because of simultaneous amplification of several homo-
logues (Fig. 3c). Therefore, these indistinguishable and
genetically linked homologues might be mapped as a
single-copy ‘ghost’ marker analogous to a ‘ghost’ QTL
(Martinez and Curnow 1992) as illustrated by an exam-
ple in Fig. 3. Suppose a RGA was sequenced from one
end in two genotypes 1 and 2, and a SNP (SNP1) is
identified between them (in Fig. 3a) and used for map-
ping in a segregating population. Suppose further that
the two real homologous copies RGA1 and RGA2,
which can be distinguished in both genotypes by a sec-
ond SNP (SNP2), remain unrecognised. Hence, scoring
the polymorphism between the parental genotypes 1 and
2 at SNP1 results in a single-copy ‘ghost’ marker repre-
senting RGA1 and RGA2. Using a codominant marker
system in a segregating progeny of the parental geno-
types 1 and 2 results in deviations between the marker
genotypes of the ‘ghost’ RGA and those of the real
RGAs (Fig. 3c, d). The expected genotype frequencies
will be shifted towards heterozygotes. Instead of esti-
mating the correct map positions of RGA1 and RGA2
relative to linked marker loci, the position of the fictive
‘ghost’ marker is estimated. As a consequence, the posi-
tion of the ‘ghost’ marker may change the positions and
even the order of other marker loci and target genes or
QTLs (Fig. 3c, for details see Frisch et al. 2003). Map
distances will be overestimated and the positions of the
fictive ‘ghost’ marker might deviate greatly from the
true marker loci RGA1 and RGA2. The divergence of
the map positions of the ‘ghost’ marker and its real un-
derlying loci grows with the map distance between the
real loci of RGA1 and RGA2. Wrong estimates of map
positions of ‘ghost’ marker loci might have fatal effects
for map-based cloning or MAS. Relative to the position
of this ‘ghost’ marker and other markers, one also ar-
rives at completely wrong estimates of map positions of
the hypothetical target genes.

To avoid these scenarios, the implementation of a ge-
nomic library screening, including genetic mapping of
potential homologues as reported in this paper, seems
necessary for safe application of RGA markers for gene
isolation and MAS. Especially for R genes, it has been
demonstrated that clustering of homologous sequences is
a common feature in the plant kingdom. However, these
complications in the application of RGA sequences as
molecular markers are not restricted to RGAs. They are
existent for all DNA markers derived from potentially
duplicated sequences, such as ESTs from large gene fam-
ilies, AFLPs or other markers located in recombination
hotspots.
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Fig. 3a–d Occurrence of ‘ghost’ markers. (a) Physical organisa-
tion of two homologous linked sequences RGA1 and RGA2 and
two flanking markers M1 and M2; the RGAs can be distinguished
between two genotypes by SNP1 and amongst each other by
SNP2; (b) using SNP1 for scoring the RGA genotype in a segre-
gating population results in the mapping of both homologous se-
quences to one single-copy ‘ghost’ RGA; the map position of this
‘ghost’ RGA may either be in between RGA1 and RGA2 but can
also be outside this interval, and may even result in different or-
ders of marker loci (‘ghost’ RGA in italics). (c) banding pattern of
RGA1 (1), RGA2 (2) and the resulting ‘ghost’ marker (G), simul-
taneous amplification of 1 and 2 would result in banding pattern
G; (d) the resulting scoring of RGA1 and RGA2 with a codomi-
nant marker system; scores for the ‘ghost’ marker are shown in
italics, deviations of scores between the ‘ghost’ marker and one of
the real RGAs are indicated by a shaded background
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