
Abstract The soybean [Glycine max (Merr.) L.] linkage
group F contains a vital region of clustered genes for re-
sistance to numerous pathogens including the soybean
mosaic virus resistance gene, Rsv1. In order to develop
new genetic markers that map to this gene cluster, we
employed a targeted approach that utilizes the speed and
high-throughput of AFLP, but modified it to incorporate
sequence information from the highly conserved nucleo-
tide binding site (NBS) region of cloned disease resis-
tance genes. By using a labeled degenerate primer corre-
sponding to the p-loop portion of the NBS region of re-
sistance genes, such as N, L6, and Rps2, we were able to
quickly amplify numerous polymorphic bands between
parents of a population segregating for resistance to
Rsv1. Of these polymorphic bands, bulk segregant analy-
sis revealed four markers that were closely linked to
Rsv1. These markers were cloned and used as probes for
RFLP analysis. The four clones mapped to within a 6-
cM region surrounding Rsv1, the closest being 0.4 cM
away from the gene. Sequence analysis showed that all
four clones contain the p-loop sequence corresponding to
the degenerate primer and that one of the four clones
contains an open reading frame sequence which when
translated is related to the NBS region of other cloned
disease resistance genes. The rapid identification of four
markers closely linked to Rsv1 in soybean demonstrates
the utility of this method for generating markers tightly
linked to important plant disease resistance genes.
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Introduction

In developing a high-resolution map surrounding a gene
of interest, it is important to generate markers that spe-
cifically target that chromosomal region. We used a tar-
geted homology-based approach to develop new markers
surrounding the Rsv1 locus in soybean. Rsv1 is a valu-
able gene conferring resistance in soybean to one of the
more important viral pathogens, soybean mosaic virus
(SMV) (Irwin and Goodman 1981; Thottapilly and Ross-
el 1987; Ren et al. 1997). Rsv1 has been mapped on the
soybean genome to a tight cluster of resistance genes on
the F linkage group (Yu et al. 1994).

The chromosomal region surrounding Rsv1 has been
shown to be a hot spot for disease resistance loci. Resis-
tance genes in this region include Rps3, Rpg1 and Rpv1,
all of which are flanked by the RFLP markers K644 and
B212 (Diers et al. 1992; Ashfield et al. 1998; Saghai
Maroof, unpublished). In addition, quantitative trait loci
for resistance to the root knot nematode and corn ear-
worm have also been reported to reside in this region
(Tamulonis 1997; Rector et al. 1999).

Our initial focus of fine-mapping the Rsv1 region in-
volved the placement of previously reported markers on
a soybean map generated using an F2 population segre-
gating at the Rsv1 locus. Subsequent efforts have in-
volved identifying new markers that map close to this
gene. Yu et al. (1996) developed a targeted technique
that consisted of designing degenerate primers from the
conserved nucleotide binding site (NBS) region of the
disease resistance genes N (Whitham et al. 1994) and
Rps2 (Bent et al. 1994). These resistance genes belong to
a gene family which contains NBS and leucine-rich re-
peat (LRR) domains. The degenerate primers were used
in a polymerase chain reaction (PCR) to amplify NBS
sequences in soybean which were highly similar to the
NBS portion of cloned NBS-LRR disease resistance
genes. These resistance gene analog (RGA) sequences
were mapped to numerous chromosomal regions in soy-
bean where disease resistance genes are known to exist.
Two of these RGA markers, NBS5 and NBS61, were
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mapped to the chromosomal region near Rsv1 (Yu et al.
1996). In a number of plant species, researchers have
used similar approaches to identify RGA probes which
are associated with important disease resistance genes
(Kanazin et al. 1996; Leister et al. 1996; Aarts et al.
1998; Collins et al. 1998; Gentzbittel et al. 1998; Leister
et al. 1998, Ohmori et al. 1998; Shen et al. 1998; Speul-
man et al. 1998).

The success in generating these RGA clones that map
close to resistance genes of interest led us to believe we
could develop a strategy that might more quickly identi-
fy clones which map to the soybean resistance gene clus-
ter on linkage group F near Rsv1. To generate such
clones we used degenerate primers corresponding to a
motif of the conserved nbs region in an amplified frag-
ment length polymorphism (AFLP) reaction (Vos et al.
1995). AFLP is a PCR-based marker system whereby re-
striction-site and size polymorphisms are detected be-
tween lines. DNA is digested with specific restriction en-
zymes and then oligonucleotide adaptors are ligated to
the restriction ends. These adaptors serve as the recogni-
tion site for primers during the subsequent PCR reaction.
Three selective nucleotides at the 3’ end of the primer
ensure amplification of only a small subset of the digest-
ed and ligated genomic fragments. These fragments are
labeled and separated on a polyacrylamide gel in order to
detect polymorphic bands. 

The objective of this study is to develop and test a
PCR-based strategy that combines the speed, efficiency,
and high throughput of AFLP with the resistance-gene-
directed degenerate primer approach. This technique was
used to generate markers tightly linked to Rsv1.

Materials and methods

Genetic materials

The F2 population PI96983 (Rsv1) × Lee68 (rsv1) was used for
bulk segregant analysis and fine mapping of the Rsv1 locus (Yu et
al. 1996). This population consists of 243 F2:3 individuals and the
map contains several markers surrounding the Rsv1 locus. 

Young trifoliolate leaf tissue from greenhouse-grown plants of
12–15 F2:3 individuals from each line was collected. DNA was
isolated by freeze-drying followed by CTAB extraction as de-
scribed by Saghai Maroof et al. (1984).

Marker analysis

DNA from 12 homozygous resistant and susceptible lines of the
F2 population were pooled to form bulk-resistant and bulk-sus-
ceptible samps. These DNAs, along with the parental DNAs
PI96983 (resistant) and Lee68 (susceptible), were digested with
the restriction enzymes EcoRI and MseI, and adaptor sequences
were ligated to the restriction ends as previously described (Vos
et al. 1995; Maughan et al. 1996). An initial round of PCR was
conducted using MseI and EcoRI +1 selective primers, to amplify
a subset of the digested and ligated fragments. Thirty cycles of a
25-µL PCR reaction using 1 × buffer, 0. 9 mM MgCl2, 0.6 µM of
each primer, 0.25 mM dNTP, 0.5 U of Taq polymerase and 150 ng
of template was conducted with denaturation at 94°C for 60 s,
primer annealing at 60°C for 30 s, and primer extension at 72°C
for 30 s. An aliquot of this reaction equivalent to 25 ng of DNA

was then used in a second round of amplification. The EcoRI +1
primer used in the first reaction and a 32P end-labeled degenerate
primer (corresponding to the p-loop region of resistance genes N,
Rps2, and L6) were used in the second-round PCR reaction. The
degenerate primer sequence (5’ GGA ATG GGN GGN GTN
GGN AAR AC 3’) is the same as that used by Yu et al. (1996).
PCR components were essentially the same as the previous reac-
tion with the exception that 0.15 uM of 32P end-labeled and 
0.6 µM of unlabeled degenerate primers were used in combina-
tion with 0.75 µM of the EcoRI adapter-specific +1 primer. This
second round of PCR was conducted using touchdown conditions
beginning at 65°C annealing and reducing by 1°C per cycle to 
56°C, followed by 26 cycles at 56°C. All other cycling conditions
were as in the previous reaction.

Second-round PCR products were separated on a 7-M urea
4.5% polyacrylamide gel for 2.5 h at 60 W. The gel was then
transferred to 3MM paper, covered with plastic wrap, and exposed
to Kodak (New Haven, Conn.) Xomat film for 12–18 h.

PCR products which appeared to be linked to Rsv1, based on
bulk segregant analysis, were excised from the gel by elution in
100 µl of water incubated in a boiling bath as described by Upen-
der et al. (1995). The eluate was PCR-amplified using the same
primers that generated the polymorphic product under the same or
less-stringent conditions. The PCR product was then cloned into
the pCNTR shuttle vector using the General Contractor Cloning
Kit (5 prime, 3 prime, Boulder, Colo.) or PCR fragments were
cloned into the pCR2.1-TOPO vector using the TOPO-TA cloning
kit (Invitrogen, Carlsbad, Calif.). Cloned inserts were amplified
with the original +1 primer and the labeled degenerate primer,
again under the same second-round PCR conditions. These labeled
fragments were then run on a 7 M urea, 4.5% polyacrylamide gel,
along-side labeled parental samples generated under the same con-
ditions to determine those clones that contained the proper size in-
sert based on BSA. Tentatively confirmed positive inserts were
amplified for use as RFLP markers.

The Southern-hybridization procedure was essentially as de-
scribed (Yu et al. 1994). Briefly, 8 µg of parental DNA was digest-
ed individually with the enzymes DraI, EcoRI, EcoRV, HindIII,
XbaI and BamHI, according to the manufacturer’s protocols
(Gibco-BRL, Rockville, Md.). Digested DNA was then separated
on a 1% agarose gel at 70 to 90 mA for 14–16 h. The DNA was
transferred to a Hybond nylon membrane (Amersham, Piscataway,
N.J.) by Southern blotting with a 0.4 N NaOH buffer. Screening
blots were hybridized with α32P-dCTP, random primer-labeled
probe (Ambion, Austin, Tex.). Hybridizing bands were visualized
by autoradiography on Kodak Xomat film. Polymorphic bands
were mapped in the Rsv1 segregating population. Multiple linkage
analysis was determined using MAPMAKER software at LOD 3.0
(Lander et al. 1987).

Sequence analysis

Inserts were sequenced using an ABI377 DNA sequencer. Plasmid
template was prepared using standard alkaline-lysis followed by
purification using QiaexII (Qiagen, Valencia, Calif.). Dye-termi-
nator cycle sequencing was done based on the manufacturer’s pro-
tocols (Perkin Elmer, Foster City, Calif.). Sequence assembly and
analysis was conducted using Lasergene software from DNAstar
(Madison, Wis.).

Results

All 16 possible Eco+1/p-loop primer combinations were
tested with bulk and parental DNA samples. A total of
33 polymorphisms were observed among the approxi-
mately 960 bands visualized. Four dominant markers,
R11 (518 bp), R12 (171 bp), R13 (261 bp) and R14 (312
bp), were identified which appeared to be linked to Rsv1
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based on BSA results. Two examples of linked bands
amplified by this procedure and detected by BSA are
shown in Fig. 1. Amplified products from the putatively
linked bands were excised from the gel and cloned for
further analysis. After confirming proper-sized inserts,
each of the four positive clones was mapped by RFLP to
linkage group F near Rsv1. All four unique positive
clones mapped within 3.5 cM of Rsv1, and two of the
four mapped within 0.6 cM of the gene (Fig. 2).

Sequence analysis of the four linked clones indicated
that all contain the p-loop sequence corresponding to the
degenerate primer used to amplify the sequences. Only
one of the four, however, contains an additional se-
quence which is homologous to other RGA sequences.
This clone, R14 (Genbank Accession # AF222879), co-
segregates with NBS5, another RGA previously identi-
fied by Yu et al. (1996). R14 is 312 nucleotides in
length, excluding the adaptor sequence which had been
ligated to the fragment. This clone maps 0.6 cM from
Rsv1 (Fig. 2). Alignment of R14 with other previously
published soybean NBS sequences (Kanazin et al. 1996;
Yu et al. 1996) showed that it most closely resembles
NBS61, sharing 75% similarity based on Wilbur-Lipman
pairwise alignment (Wilbur and Lipman 1983) (Fig. 3).

Discussion

When fine mapping a gene of agronomic importance,
such as disease resistance loci, it is a useful strategy to
enhance the detection of markers which specifically tar-
get the gene of interest. In addition to bulk segregant
analysis and traditional AFLP, we have employed a nov-
el homology based AFLP approach which has quickly
generated four tightly linked markers to Rsv1, an impor-
tant soybean resistance gene. 

The presence of numerous p-loop-type sequences fa-
cilitated the generation of these molecular markers. In
this study we used a modified AFLP approach whereby
only those sequences that contain a p-loop-like region
near an EcoRI restriction site were amplified and visual-
ized. In the initial digestion and ligation steps, approxi-
mately 87.5% of the soybean genome is eliminated be-
cause Mse/Mse fragments are not detected in the pro-
ceeding steps. In this study we evaluated all 16 possible
primer combinations using only the Eco +1 primer. On
average we obtained 60 AFLP bands per gel lane which
represents no less than 60 p-loop sequences per reaction.
This does not include amplification products that migrate
to the same point on the gel. Based on these observations
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Fig. 1A, B Homology-based AFLP gel of parents and bulks of the
population PI96983 × Lee68 displaying linked polymorphisms with
two primer combinations. Lanes are as follows: 1 PI96983 (Rsv1), 
2 bulk susceptible, 3 bulk resistant, and 4 Lee68 (rsv1). Primer
combinations are as follows: A Eco+C/p-loop (Eco+C/Mse+T), 
B Eco+A/p-loop (Eco+A/Mse+G). Primer combination A amplifies
linked marker R12, and primer combination B amplifies linked
marker R11. Arrows indicate a linked polymorphism

Fig. 2 Genetic map of the region surrounding Rsv1, showing the
map location of four homology based AFLPs, R11, R12, R13 and
R14. All clones were mapped in the population PI96983 × Lee68
which segregates for resistance to Rsv1



we estimate there are no less than 15 000 of these type of
p-loop sequences in the soybean genome. This is based
on the percentage of the genome sampled, the mean
number of products observed per sampling, the total
number of sampling combinations, and the fact that only
one of the two DNA strands is detected by labeled prim-
er annealing per fragment. A significant percentage of
these amplified sequences contain a p-loop-like sequence
but do not contain additional sequences characteristic of
disease resistance genes (unpublished data). 

Of the four clones evaluated in this study, all of which
were linked to Rsv1, one, R14, contains motifs identical
to other cloned NBS sequences. This clone cosegregates
with another RGA, NBS5. Interestingly, overall se-
quence similarity to NBS5 is relatively low at 27.7%
(data not shown). Conversely, R14 is structurally very
similar to a second RGA clone, NBS61, which repre-
sents a multigene family mapping to the Rsv1 region.
These two clones have a similarity of 75.2% (Fig. 3).
Two NBS61 loci (NBS61y and NBS61z, Fig. 2) are lo-
cated, respectively, 0.4 and 0.2 cM away from this clone
suggesting that all of these loci may be related sequences
of a multi-gene family near Rsv1. Like NBS61, R14
shows multiple bands on an RFLP Southern blot. There
are, however, no apparent commonalities between the
banding patterns of these two clones.

The PCR-based marker system developed in this
study, specifically amplifies sequences that contain mo-
tifs known to occur in a number of hypersensitive-re-
sponse-type resistance genes. These NBS-LRR genes all
contain p-loop, kinase-2, and putative kinase-3a motifs.
Using a single restriction enzyme combination and only
a few primer combinations we were able to quickly iden-
tify four markers containing p-loop sequences that tight-
ly flank our resistance gene of interest, Rsv1. Identifica-
tion of additional markers closely linked to other resis-
tance genes, particularly in those regions known to con-
tain RGA clones, or other NBS-LRR type resistance
genes is certainly plausible using this technique. In addi-
tion, it is certainly possible to modify this technique by

using other degenerate primers which correspond to oth-
er conserved motifs from NBS-LRR and other classes of
resistance genes.
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