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Abstract Using mixed resistance gene analogs as
probes, a putative resistance gene (KR1) was isolated
from soybean and characterized further. The KR1 protein
consists of a Toll/interleukin receptor (TIR) domain, a
nucleotide binding site (NBS) domain, an imperfect leu-
cine-rich repeat (LRR) domain and two C-terminal trans-
membrane segments. Due to these features, KR1 repre-
sents a distinct member in the TIR-NBS-LRR class of
resistance genes. Southern-blot analysis indicated that
there were several KR1-related sequences within the soy-
bean genome, and two polymorphic loci were mapped
onto linkage group L. KR1 was induced by SA treatment
and soybean mosaic virus (SMV) infection in the resis-
tant line (Kefeng 1). An orthologue (NR1) and a homo-
logue (NR2) of the KR1 gene were also identified in the
SMV susceptible-line Nannong1138-2. Sequencing anal-
ysis revealed that NR2 was highly homologous to KR1
and NR1, but had a 21-bp deletion. Moreover, the NR1,
NR2 transcription and the ratio of NR1/NR2 was up-reg-
ulated by viral infection in Nannong1138-2. These re-
sults indicated the complexity of the regulatory mecha-
nism in the plant responses to SMV infection.
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Introduction

Plants have developed complicated defense mechanism
during evolution to resist the harmful pathogens they 
encountered. The mechanism involves the interaction of
the plant resistance (R) gene product with the component
from the pathogen. This interaction further activates the
signal transduction pathway, thus leading to defense 
responses. These defense responses include a hypersen-
sitive response that results in localized cell death, and
other general responses such as strengthening of the cell
wall, formation of phytoalexin etc. (Hutcheson 1998).

Isolation of the R genes is beneficial to the engineer-
ing of disease resistance in economically important crops.
Until now, by using map-based cloning and transposon
tagging, more than 30 R genes have been isolated and
characterized from different plant species (Hammod-
Kosack and Jones 1997; Hulbert et al. 2001). These R
gene products can be classified into five classes based 
on their structural features and the majority fell into the
TIR-NBS-LRR class (Hammod-Kosack and Jones 1997;
Ellis et al. 2000). In this class, the protein is composed of
a Toll/interleukin receptor (TIR), a nucleotide binding
site (NBS) and several leucine-rich repeats (LRRs). This
structural specificity makes it possible to isolate potential
R genes by the homology-based cloning technique, espe-
cially from those plants with a relatively large genome
(Leister et al. 1996). A large number of plant resistance
gene analogs (RGAs) have been identified from different
plant species (Ohmori et al. 1998; Seah et al. 1998; 
Creusot et al. 1999; Leister et al. 1999; Li and Chen
1999; Mago et al. 1999; Rivkin et al. 1999). Linkage
analysis showed that these RGAs were distributed
throughout the genome and existed in microclusters.
Some RGAs have been demonstrated to be linked with
the known R genes, and at least 21 resistance loci were
linked with RGAs in Arabidopsis thaliana (Aarts et al.
1998; Speulman et al. 1998). A R gene Lr10 was also iso-
lated from wheat by RGA screening (Fenillet et al. 1997).

Soybean is one of the important crops in China and is
seriously harmed by soybean mosaic virus (SMV). Pre-
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viously we have found a molecular marker that is linked
to the SMV R gene (Zhang et al. 1999). A new defense
gene SbPRP and four RGAs were isolated from the
SMV-resistant variety Kefeng1 (He et al. 2001a, 2002).
Other genomic research was also performed (He et al.
2001b; Wu et al. 2001). In the present study, the cloned
analogs (He et al. 2001a) were used to obtain homolo-
gous sequences from the soybean library. A full-length
cDNA KR1 of the R gene homologue was obtained. Se-
quencing analysis indicated that it is a new gene of the
TIR-NBS-LRR class. Its genomic organization and map-
ping was investigated by RFLP analysis, and its expres-
sion in response to SMV infection and other treatments
was examined by the RT-PCR method. The possible
functions of the KR1 gene and its homologues in the
SMV susceptible line were also discussed.

Materials and methods

Plant materials and nucleic acid extraction

Seeds of the soybean [Glycine max (L.) Merr.] SMV-resistant
cultivar Kefeng1 were grown in the greenhouse or in pots filled
with vermiculite. Leaves were harvested for DNA extraction with
the method described previously (Chen et al. 1991).

Two-week-old seedlings were used in the following treatments.
Samples from all the treatments were harvested at the indicated
times and stored at –70 °C for RNA isolation. Total RNA isolation
was performed following the description by Zhang et al. (1995). For
salicylic acid (SA) treatments, seedlings were sprayed with 2.0 mM
of SA until running off. For virus inoculation, each leaf of the soy-
bean seedling was gently rubbed with carborundum and inoculated
with a suspension of the soybean mosaic virus (SMV) strain Sa by
using a soft brush. For wounding treatment, attached leaves were
cut and leaves from the uncut seedlings were used as controls.

Construction and screening of soybean cDNA library

Total RNA from Kefeng1 leaves, which have been treated with
2.0 mM of salicylic acid for 24, 36, 48 and 72 h respectively, was
combined and used for mRNA isolation by the PolyA Tract mRNA
Purification System III (Promega). A cDNA library was construct-
ed with the ZAP-cDNA Gigapack III Gold Cloning Kit according
to the instruction manual (Stratagene), except that cDNA size frac-
tionation was performed on a 1.0% agarose gel of low gelling tem-
perature. The second-strand cDNA was ligated with the Uni-ZAP
XR vector and then packaged with the Gigapack III Gold Packag-
ing Extract (Stratagene). After screening, the inserts in the corre-
sponding positive plaques were excised into the pBluescript SK
phagemid according to the manufacturer’s instruction (Stratagene).

The membranes for hybridization were prepared according to
the instruction manual (Stratagene). DNA was crosslinked to the
membranes under UV light for 3 min. Hybridization was per-
formed for 16 h at 65 °C with α-32P-dCTP-labeled soybean resis-
tance analogs as a mixed probe (He et al. 2001a). The filters were
washed with 2 × SSC, 0.1% SDS, and 1 × SSC, 0.1% SDS, for
15 min and 10 min at 68 °C, respectively.

Southern hybridization and RFLP mapping

Genomic Southern-blot analysis was carried out as described pre-
viously (Chen et al. 1991). Hybridization was performed for 16 h
at 65 °C with α-32P-dCTP-labeled full-length KR1 cDNA as a
probe. The filters were washed with 2 × SSC, 0.1% SDS; 1 × SSC,
0.1% SDS and 0.5 × SSC, 0.1% SDS for 15 min at 68 °C, respec-

tively. The mapping population is a RIL population NJRIKY from
a cross between Kefeng1 and Nannong1138-2 (He et al. 2001b;
Wu et al. 2001). The linkage location of KR1 was analyzed by the
software Mapmaker 3.0 version.

RT-PCR analysis

Total RNA was treated with DNAase I (GIBCOL) to remove the
genomic DNA contamination. The first strand of cDNA was syn-
thesized by using 4 µg of total RNA with cDNA synthesis Kit
(Promega) in a 20 µl reaction volume. The specific primers were
designed according to the 3′ sequence of KR1. The sense primer is
5′-ACAAATTCCCAGCCATTGC-3′ and the antisense primer is
5′-TGTTCTCTCTTATCTGCATC-3′. The expected length of the
amplified fragment is 609 bp. The total volume of PCR reaction is
25 µl, containing 1 µl of the first-strand cDNA, 0.8 µM of each
primer, 1 × PCR Buffer, 0.4 µM of dNTP and 1 U of Taq DNA
polymerase. The reaction was denatured at 94 °C for 5 min, and
then subjected to 30 cycles of 94 °C denaturation for 1 min, 56 °C
annealling for 1 min and 72 °C extension for 1 min, plus a final
extension at 72 °C for 10 min. The PCR products were separated
on an agarose gel and quantified using the Imaging DensitoMeter
(Model GS-670, Bio-Rad). A soybean Tubulin gene, amplified
with primers 5′-AACCTCCTCCTCATCGTACT-3′ and 5′-GACA-
GCATCAGCCATGTTCA-3′, was used as a control in the experi-
ment. The experiments were repeated three times with the same
results and one of them was presented. The ratio of the target band
intensity to the Tubulin band intensity represented the relative ex-
pression level of the target gene.

Sequencing analysis

The sequences of the cDNA clones were determined using the Taq
Dye Primer Cycle Sequencing Kit (Amersham) and the ABI 373A
automatic sequencer. The nucleotide and amino-acid sequences
were compared with those released in GenBank databases by us-
ing the BLAST analysis program. The structure of the KR1 do-
main was analyzed with the EMBL Database (http://smart.embl-
heidelberg.de). The nucleotide sequence of the KR1 has been de-
posited in the GenBank database under the accession number
AF327903. The RT-PCR fragments were cloned into the pGEM-T
vector according to the manufacturer’s protocols (Promega). Se-
quencing analysis was performed as described above. The acces-
sion number of NR2 in Genbank is AF410848.

Results

Isolation and structure analysis of soybean KR1 gene

A soybean cDNA library was constructed using mRNA
from a cultivar of Kefeng1 (SMV resistant). The library
was screened by the mixed probes of soybean RGAs,
which were cloned in a previous study (He et al. 2001a).
Two positive clones were obtained after screening 8 ×
106 plaques, and the one with the longest insert was se-
quenced and analyzed further. The nucleotide sequence
of this cDNA is 3,672 bp in length containing a 3,372 bp
open-reading frame that was flanked by 5′- and 3′-un-
translated regions of 99 bp and 201 bp, respectively. The
deduced polypeptide showed similarity to other R genes,
thus it was designated as KR1 (Kefeng1 Resistance gene)
(Fig. 1). The KR1 protein shared 23.3% identity with the
N protein encoded by the tobacco mosaic virus (TMV)
resistance gene from tobacco (Whitham et al. 1994),
20.6% identity with the L6 protein encoded by the flax
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Fig. 1A–C Comparison
of the KR1 protein with other
proteins encoded by different
resistance genes. A Compari-
son of the deduced amino-acids
sequences from KR1, tobacco
N and lini L6. Dashes were 
introduced for maximum align-
ment. Arrows indicate the po-
tential N-linked glycosylation
sites. Kinase 1a, 2a, 3a, NBS
domain 2, two perfect LRRs
and two transmembrane re-
gions (TRANS) are overlined.
Identical residues are shaded
in black. B Schematic represen-
tation of the structure of the
KR1 protein and other plant 
resistance gene products. The
names of each domain are indi-
cated. The domain structure
was analyzed in the EMBL
Database (http://smart.embl-
heidelberg.de). C Cluster anal-
ysis of KR1 with other resis-
tance gene products. The
sequences cited here are 
tobacco N (U15605), Lini L6
(U27081), rice Xa1 (AB002266)
and Arabidopsis RPS2
(U14158). The length of each
pair of branches represents
the distance between sequence
pairs. The units at the bottom
of the tree indicate the number
of subtitution events
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rust resistance gene (Lawrence et al. 1995), 13.9% iden-
tity with the RPS2 protein encoded by a resistance gene
from Arabidopsis thaliana (Bent et al. 1994), and 10.9%
identity with the Xa1 protein encoded by a rice resis-
tance gene (Yoshimura et al. 1998). KR1 clustered with
the N protein but not the others (Fig. 1C). By compari-
son with the R gene products, several domains were
identified in KR1, including a TIR domain (amino acids
of 15–157), a NBS domain (amino acids of 197–450)
and an imperfect LRR domain (amino acids of 566–885)
(Fig. 1A and B). These domains distinguished KR1 from
products of other classes of R genes, e.g. the tomato cf-2
(Dixon et al. 1996), the tomato Pto (Martin et al. 1993)
and the rice Xa21 (Song et al. 1995), which have an 
extra-cytoplasmic LRR domain or a serine/throenine 
kinase domain, or both (Fig. 1B). The TIR domain is
conserved among the compared proteins. After the TIR
domain, the conserved sequences of GLGGVGKTT
(amino-acids 225–233), KVLLILDDVD (amino-acids
299–308), DLIGPGSRVIITRDK (amino-acids 320–335)
and GLPLAL (amino-acids 388–393) were identified,
which corresponded to the kinase 1a (P-loop), kinase 2a,
kinase 3a and NBS domain-2 consensus motifs, respec-
tively (Wang et al. 1999; Graham et al. 2000). LRR do-
mains were also identified. However, most LRR motifs
are imperfect except for two of them (amino-acids
702–725 and amino-acids 837–859) (Fig. 1A). There are
ten potential N-linked glycosylation sites NXS/T in the
KR1 protein, which may interact with other proteins in a
defense reaction signal-transduction pathway as suggest-
ed by Cai et al. (1997). In C-terminal regions, two poten-
tial transmembrane segments (TRANS, amino-acids

1,020–1,040 and amino-acids 1,100–1,120) were also
identified. This special feature made KR1 a distinctive
type among members of the TIR-NBS-LRR class of pro-
teins. It is interesting to note that the sequence LVFLIS
was repeated in the second TRANS segment (Fig. 1A
and B). The reason for this is unknown. 

Southern hybridization and linkage location 
of soybean KR1

Southern-hybridization analysis was performed to inves-
tigate the genomic organization of KR1. The genomic

Fig. 2A, B Southern hybridization and mapping analysis of the
KR1 gene. A Southern hybridization analysis of KR1. Ten micro-
grams of genomic DNA from Kefeng1 (K) and Nannong1138-2
(N) were digested with restriction enzymes. After electrophoresis
on a 0.8% agarose gel, fragments were transferred onto Hybond
N+ nylon membrane and hybridized with the labeled KR1 probe.
Numbers on the right indicate the size of DNA markers. Two poly-
morphic DNA fragments (KR1E and KR1T) in this study were in-
dicated by arrows. B Mapping of the KR1 gene. The polymorphic
loci in both EcoRI- and TaqI-digestion (KR1E and KR1T) were
mapped on linkage group L of the soybean genome

Fig. 3A–C Expression of the KR1 gene in response to viral infec-
tion in SMV-resistant and susceptible lines of soybean. A RT-PCR
analysis of KR1 expression in response to SMV infection.
The products were separated on a 3.5% agarose gel. K stands
for Kefeng1 and N for Nannong1138-2. The KR1 fragment
(609 bp) from Kefeng 1 was indicated by an arrow on the left side.
The two fragments from Nannong 1138-2 were designated NR1
(609 bp) and NR2 (588 bp) respectively, and indicated by arrows
on the right side. Tubulin was amplified as a control. B Quantifi-
cation of the KR1 expression in resistance line Kefeng 1.
The DNA bands intensities were quantified and the KR1 expres-
sion level was represented by the ratio of KR1 band intensity
to Tubulin band intensity. The value at 0 (d) was arbitrarily set to 1
and other values were compared with it. C The change of the ratio
(NR1/NR2) in susceptible line Nannong 1138-2. The quantitation
was as in B and the ratio of NR1/NR2 was plotted against the in-
fection time
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DNAs from SMV-resistant line Kefeng1 and SMV-sus-
ceptible line Nannong1138-2 were digested with EcoRI,
EcoRV, DraI, BamHI, HindIII and TaqI, respectively. As
shown in Fig. 2A, there were several hybridizing bands
in each digestion and these bands represented the KR1
gene or its homologous sequences in soybean. The poly-
morphisms were detected between the two cultivars in
all the six digestions. EcoRI and TaqI-digestions were
selected to analyze a population of the soybean recombi-
nant inbred lines NJRIKY, which was derived from a
cross between Kefeng 1 and Nannong1138-2 (He et al.
2001b; Wu et al. 2001). As a result, two DNA fragments
corresponding to two polymorphic loci (KR1E and
KR1T) were mapped to the linkage group L (Fig. 2B). 

Expression of the KR1 gene in susceptible 
and resistant cultivars in response to SMV infection

The RT-PCR method was used to examine KR1 gene ex-
pression in response to SMV infection because its tran-
scripts were undetectable by Northern analysis. The
products of RT-PCR were separated on a 3.5% agarose
gel and it can be seen from Fig. 3A that there was one
expected fragment (609 bp) in Kefeng 1 (SMV-resis-
tant). However, there were two DNA bands in Nannong
1138-2 (SMV-susceptible) and the corresponding genes
were designated NR1 and NR2 respectively. The KR1 ex-
pression was steadily increased in Kefeng 1 (Fig. 3B). In
Nannong1138-2, the NR2 fragment was prevalent in un-

Fig. 4A, B A Comparison
of the nucleotide sequences
from the DNA fragment KR1
(609 bp), NR1 (609 bp)
and NR2 (588 bp) in Fig. 3A.
The sequences underlined
are the specific primers for
RT-PCR. B Comparison of the
deduced partial amino-acid 
sequences from KR1, NR1 and
NR2. Dashes indicate the gap
in sequences. The underlined
sites indicate the divergences
among KR1, NR1 and NR2
or KR1, NR1 and NR2, in both
A and B



in the 3′ end was also detected in NR2 when compared
with NR1 (Fig. 4A), resulting in a deletion of seven ami-
no acids (FLVFLIS) in the second transmembrane seg-
ment of NR2 (Fig. 4B). This result indicated that NR2 is
different from KR1 and NR2 but highly homologous.
The occurrence of the NR2 gene in the susceptible line
may suggest its involvement in the SMV susceptibility. 

KR1 expression in response to salicylic acid 
and wounding

The relationship of salicylic acid (SA) with plant disease
resistance has been extensively studied (Delaney et al.
1994; Durner et al. 1997). RT-PCR analysis was thus
performed to investigate the KR1 expression in response
to SA treatment. The results presented in Fig. 5A indi-
cated that the KR1 mRNA accumulation increased upon
SA treatment, and reached a maximum at 60 h after the
initiation of the experiment and then declined. Wound-
ing, as one mechanical factor, influenced a series of gene
expressions during the pathogen attack. KR1 expression,
as indicated in Fig. 5B, was also induced by wounding in
the first 6 h and then decreased. This probably indicates
that KR1 functioned an the early stage of the wounding
response. 

Discussion

In the present study, we have isolated a R gene homo-
logue (KR1) from SMV resistant variety Kefeng 1, and
KR1 encodes a protein of the TIR-NBS-LRR type. A
number of RGAs and one full-length R gene homolog,
LM6, have been isolated from soybean (Kanazin et al.
1996; Yu et al. 1996; Graham et al. 2000).

Although KR1 is different from other R gene homo-
logues from soybean, all of these sequences encode puta-
tive proteins with domain features of the (TIR)-NBS-
LRR class of genes. The NBS domain is necessary for
the function of ATP or GTP binding. This domain 
may function as a kinase and activate other proteins
(Whitham et al. 1994; Lawrence et al. 1995). LRR do-
mains play roles in protein-protein interaction. The TIR
domain is highly homologous to the receptor of signal
transduction in mammals and Drosophila (Hashimoto 
et al. 1988; Sims et al. 1989) but may not be necessary in
these genes. In addition to the domains described above,
the KR1 protein has two putative transmembrane seg-
ments in its C-terminal end (Fig. 1B). The presence of
these two transmembrane segments may suggest that
KR1 is localized on the cell-membrane system. How-
ever, precisely where KR1 is localized remains to be
identified.

Some R genes were expressed constitutively and at a
very low level (Hammond-Kosack and Jones 1997).
However, several R genes were induced by SA or patho-
gens, as in the case of Xa1 and Pib from rice (Yoshimura
et al. 1998; Wang et al. 1999), DD6 from soybean 
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inoculated Nannong1138-2 seedlings, whereas the NR1
fragment gradually became prevalent in inoculated Nan-
nong1138-2 seedlings and finally predominated over the
NR2. The ratio of NR1/NR2 was substantially up-regulat-
ed by SMV infection (Fig. 3C). 

The three DNA fragments from both Kefeng 1 and
Nannong1138-2 in Fig. 3A were cloned, sequenced and
compared (Fig. 4A, B). It showed that the fragment from
Kefeng 1 is the expected sequence of KR1 (609 bp). The
large fragment (NR1) in Nannong1138-2 is almost iden-
tical to KR1 (609 bp) except for two base differences.
This difference led to two amino-acids changes, with one
from Thr and Ser, and one from Lys to Glu. The varia-
tion possibly reflected the molecular divergence among
different cultivars. The small fragment (NR2) in Nannong
1138-2 was obviously different from KR1 and NR1.
There were 16 sites of single-base divergence between
NR1 and NR2, leading to 14 corresponding differences in
amino acids between NR1 and NR2. A deletion of 21 bp

Fig. 5A, B Expression of the KR1 gene in response to salicylic
acid and wounding treatment. A The time course of KR1 expres-
sion upon SA treatment. SA treatment was performed by spraying
with SA solution. The RNA from the treated materials was sub-
jected to RT-PCR analysis. The band intensity was quantified
and the relative mRNA levels were represented, determined
by the ratio of the KR1 intensity to the Tubulin intensity. The value
at 0 (h) was arbitrarily set to 1 and all other values were compared
with it. B Expression of the KR1 gene in response to wounding.
Attached leaves were cut and collected at the indicated times af-
ter initation of the wounding treatments. The leaves from the un-
cut seedlings were used as a control. RT-PCR analysis
and the quantification were performed as in A



(Seehaus and Tehhaken 1998) and RPW8 from A. thali-
ana (Xiao et al. 2001). In the present study, KR1 was up-
regulated by the signal molecule of SA, implying that
KR1 may play roles in a SA-dependent defense response
pathway. KR1 expression was also induced by wounding,
and wound-induced KR1 expression peaked at a very
early stage of the treatment. This expression pattern is
different from that observed for SA treatment, which 
exhibited a higher expression at a later stage of the treat-
ment. This difference in the time course of expression
may reflect the different roles played by KR1 in the dif-
ferent responses.

KR1 expression was steadily induced upon SMV in-
fection in the resistant line. Therefore KR1 was possibly
involved in the soybean resistance to SMV. One ortho-
logue (NR1) and one homologue (NR2) were also identi-
fied in the SMV susceptible line Nannong1138-2. NR1,
NR2 and the ratio of NR1/NR2 were up-regulated by
SMV infection. It is possible that KR1 and NR1 func-
tioned in the resistance responses in resistant and suscep-
tible lines respectively. However, due to the presence of
NR2 in the susceptible line, the NR2 may form a hetero-
dimer with NR1 and interfere with the normal function
of the NR1 homodimer, hence leading to the reduced re-
sistance of SMV. The dimerization of the resistance pro-
tein during the resistance response has been suggested
previously (Song et al. 1995; Dixon et al. 1996). Alter-
natively, NR2 was possibly not localized at the right
place due to the deletion of seven amino acids in the
transmembrane segments and leads to the loss of resis-
tance to SMV in the susceptible line. Another possibility
exists that NR2 functioned in a negative regulatory
mechanism in the plant response to SMV infection. Fur-
ther research on transgenic plants, biochemical proper-
ties and the linkage with SMV resistance will reveal the
functions of KR1, NR1 and NR2 in defense responses.

Acknowledgements This work was supported by National Key
Basic Research Special Funds, P. R. China (G1998010209), 
and National Transgenic Research Projects (J99-A-004) and 
(J00-A-008-02).

References

Aarts M, Lintel GM, Hekkert BL, Houub E, Beynon JL,
Stiekema WJ, Pereira A (1998) Identification of R-gene ho-
mologous DNA fragments genetically linked to disease resis-
tance loci in Arabidopsis thaliana. Mol Plant-Microbe Interact
11:251–258

Bent AF, Kunkel BN, Dahlbeck D, Brown KL, Schmidt R, 
Giraudat J, Leung J, Staskawicz BJ (1994) RPS2 of Arabidop-
sis thaliana: a leucine-rich repeat class of plant disease resis-
tance genes. Science 265:1856–1860

Cai DG, Kleine M, Kifle S, Harloff HJ, Sandal NN, Marcker KA,
Klein-Lankhorst RM, Salentijn EMJ, Lange W, Stiekema WJ,
Wyss U, Grundler FMW, Jung C (1997) Positional cloning 
of a gene for nematode resistance in sugar beet. Science
275:832–834

Chen SY, Zhu LH, Hong J, Chen SL (1991) Molecular biological
identification of a rice salt tolerant line. Acta Bot Sinica
33:569–573

Creusot F, Macadre C, Ferrier CE, Riou C, Geffroy V, 
Sevignac M, Dron M, Langin T (1999) Cloning and molecular
characterization of three members of the NBS-LRR subfamily
located in the vicinity of the Co-2 locus for anthracnose resis-
tance in Phaseolus vulgaris. Genome 42:254–264

Delaney TP, Uknes S, Vernoij B, Friedrich L, Weymann K, 
Negrotto D, Gaffney T, Gut-Rella M, Kessmann H, Ward E,
Ryals JA (1994) A central role of salicylic acid in plant 
disease resistance. Science 266:1247–1250

Dixon MS, Jones DA, Keddie JS, Thomas CM, Harrison K,
Jones JD (1996) The tomato Cf-2 disease resistance locus
comprises two functional genes encoding leucine-rich repeat
proteins. Cell 84:451–459

Durner J, Shah J, Klessig DF (1997) Salicylic acid and disease 
resistance in plant. Trends Plant Sci 2:266–274

Ellis J, Dodds P, Pryor T (2000) Structure, function and evolution
of plant disease resistance genes. Curr Opin Plant Biol
3:278–284

Fenillet C, Schachermayr G, Keller B (1997) Molecular cloning of
a new receptor-like kinase gene encoded at the Lr10 disease
resistance locus of wheat. Plant J 11:45–52

Graham MA, Marek LF, Lohnes D, Cregan P, Shoemaker RC
(2000) Expression and genome organization of resistance gene
analogs in soybean. Genome 43:86–93

Hammond-Kosack KE, Jones DA (1997) Plant resistance genes.
Annu Rev Plant Physiol Plant Mol Biol 48:575–607

Hashimoto C, Hudson KL, Anderson KV (1988) The Toll gene of
Drosophila, required for dorsal-ventral embryonic polarity, 
appears to encode a transmembrane protein. Cell 52:269–279

He CY, Zhang ZY, Chen SY (2001a) Isolation and characterization
of soybean resistance gene analogs. Chinese Sci Bull
46:1984–1988

He CY, Zhang ZY, Wang YJ, Zheng XW, Yu DY, Chen SY, Gai JY
(2001b) Microsatellite marker analysis of a soybean recombi-
nant inbred lines NJRIKY. Acta Genet Sinica 28:171–181

He CY, Zhang JS, Chen SY (2002) A soybean gene encoding a
proline-rich protein is regulated by salicylic acid, an endoge-
nous circadian rhythm and by various stress. Theor Appl 
Genet 104:1125–1131

Hulbert SH, Webb CA, Smith SM, Sun Q (2001) Resistance gene
complexes: evolution and utilization. Annu Rev Phytopathol
39:285–312

Hutcheson SW (1998) Current concepts of active defense in
plants. Annu Rev Phytopathol 36:59–90

Kanazin V, Marek LF, Shoemaker RC (1996) Resistance gene ana-
logs are conserved and clustered in soybean. Proc Natl Acad
Sci USA 93:11,746–11,750

Lawrence GJ, Finnegan EJ, Ayliffe MA, Ellis JG (1995) The L6
gene for flax rust resistance is related to the Arabidopsis bac-
terial resistance gene RPS2 and the tobacco viral resistance
gene N. Plant Cell 7:1195–1206

Leister D, Ballvora A, Salamini F, Salmini F, Gebhardt C (1996)
A PCR-based approach for isolating pathogen resistance genes
from potato with potential for wide application in plants. 
Nature Genet 13:421–429

Leister D, Kurth J, Laurie DA, Yano M, Sasaki T, Graner A,
Schulze-Lefert P (1999) RFLP- and physical-mapping of 
resistance gene homologues in rice (O. sativa) and barley 
(H. vulgare). Theor Appl Genet 98:509–520

Li ZY, Chen SY (1999) Molecular cloning, chromosomal mapping
and expression analysis of disease resistance gene homlogues
in rice. Chinese Sci Bull 44:1202–1207

Mago R, Nair S, Mohan M (1999) Resistance gene analogues
from rice: cloning, sequencing and mapping. Theor Appl 
Genet 99:50–57

Martin GB, Brommonschenkel SH, Chunwongse J, Frary A,
Ganal MW, Spivey R, Wu T, Earle ED, Tanksley SD (1993)
Map-based cloning of a protein kinase gene conferring disease
resistance in tomato. Science 262:1432–1436

Ohmori T, Murata M, Motoyoshi F (1998) Characterization of 
disease resistance gene-like sequences in near-isogenic lines
of tomato. Theor Appl Genet 96:331–338

792



Whitham S, Dinesh-Kumar SP, Choi D, Hehl R, Corr C, Baker B
(1994) The product of the tobacco mosaic virus resistance
gene N: similarity to Toll and the interleukin-1 receptor. Cell
78:1101–1115

Wu XL, He CY, Wang YJ, Zhang ZY, Dong FY, Zhang JS,
Chen SY, Gai JY (2001) Construction of a high-density 
genetic linkage map and genome analysis of soybean. Acta
Genet Sinica 28:1051–1061

Xiao SY, Ellwood S, Calis O, Patrick E, Li TX, Coleman M, 
Turner JG (2001) Broad-spectrum mildew resistance in Arab-
idopsis thaliana mediated by RPW8. Science 291:118–120

Yong ND (2000) The genetic architecture of resistance. Curr Opin
Plant Biol 3:285–290

Yoshimura S, Yamanouchi U, Katayose Y, Toki S, Wang ZX,
Kono I, Kurata N, Yano M, Iwata N, Sasaki T (1998) Xa1, a
bacterial blight-resistance gene in rice, is induced by bacterial
inoculation. Proc Natl Acad Sci USA 95:1663–1668

Yu YG, Buss GR, Saghai-Maroof MA (1996) Isolation of a sup-
perfamily of candidate disease-resistance genes in soybean
based on a conserved nucleotide-binding site. Proc Natl Acad
Sci USA 93:11,751–11,756

Zhang JS, Gu J, Liu FH, Chen SY (1995) A gene encoding a trun-
cated large subunit of Rubisco is transcribed and salt-inducible
in rice. Theor Appl Genet 91:361–366

Zhang ZY, Chen SY, Gai JY (1999) Molecular markers linked to Rsa
resistant to soybean mosaic virus. Chinese Sci Bull 44:154–158

793

Rivkin MI, Vallejos CE, McClean PE (1999) Disease-resistance
related sequences in common bean. Genome 42:41–47

Seah S, Sivasithamparam K, Karakousis A, Lagudah ES (1998)
Cloning and characterization of a family of disease resistance
gene analogs from wheat and barley. Theor Appl Genet
97:937–945

Seehaus K, Tehhaken R (1998) Cloning of genes by mRNA differ-
ential display induced during the hypersensitive reaction of
soybean after inoculation with Pseudomonas syringae pv gly-
cinea. Plant Mol Biol 38:1225–1234

Sims JE, Acres B, Grubin CE, McMahan CJ, Eignall JM,
March CJ, Dower SK (1989) Cloning the Interleukin-1 recep-
tor for human T cells. Proc Natl Acad Sci USA 86:8946–
8950

Song WY, Wang GL, Chen LL, Kim HS, Pi LY, Holsten T, 
Gardner J, Wang B, Zhai WX, Zhu LH, Fauquet C, Ronald PC
(1995) A receptor kinase–like protein encoded by rice disease
resistance gene, Xa21. Science 270:1804–1806

Speulman E, Bouchez D, Holub E, Beynon JL (1998) Disease 
resistance gene homologs correlate with disease resistance loci
of Arabidopsis thialiana. Plant J 14:467–474

Wang ZX, Yano M, Yamanouchi U, Iwamoto M, Monna L, 
Hayasaka H, Katayose Y, Sasaki T (1999) The Pib gene for
rice blast resistance belongs to the nucleotide binding and leu-
cine-rich repeat class of plant disease resistance genes. Plant J
19:55–64


