
Abstract In soybean, genes controlling resistance to 
numerous diseases have been shown to cluster to regions
on several chromosomes. One such vital chromosomal
region is on the soybean molecular linkage group 
(MLG) F flanked by the RFLP markers K644 and B212.
Here, genes controlling resistance to bacterial blight, 
Phytophthora root rot, and several viral diseases, as well
as QTLs conditioning resistance to corn earworm, root
knot nematode, and white mold have been mapped. We
have previously identified two classes (b and j) of 
disease resistance-related nucleotide binding site (NBS) 
sequences that localize to this cluster of genes. Using
both cDNA and genomic analyses, we have studied one
multi-gene family of sequences representing the previ-
ously reported class j NBS of soybean. This class of
NBS resembles the RPS2-like NBS sequences. RPS2 and
similar resistance genes are referred to as non-TIR be-
cause they do not encode motifs homologous to the Toll-
Interleukin-1 region (TIR). By designing PCR primers
that specifically target these non-TIR-NBS encoding 
sequences, we have amplified at least six class j 
sequence members from soybean. In addition, we have
conducted genomic and cDNA library screenings to
identify additional class j members. In all, we have 
characterized 12 class j NBS sequence members. These
members have been mapped within a 2-cM region of 
the soybean F linkage group. We have also identified 
homoeologous chromosomal regions on linkage groups
A2 and E that contain class j NBS sequences. A BLAST
search of the GenBank database has shown that non-TIR
NBS sequences are present across the legume family. We
have compared these non-TIR sequences from other 
legumes with the soybean clones to assess the level of

diversity within this class of disease resistance-related
sequences.

Keywords Soybean disease resistance · Nucleotide
binding site motif · Gene family

Introduction

Resistance gene clustering

In soybean, the chromosomal region between RFLP
markers K644 and B212 of molecular linkage group
(MLG) F is of particular interest for studies of the genet-
ics and evolution of disease resistance genes. Many loci
conferring resistance to diverse pathogens have been
mapped to this region. These resistance genes include
Rsv1 conferring resistance to soybean mosaic virus (Yu
et al. 1994), Rpg1 to bacterial blight (Ashfield et al.
1998), Rps3 to Phytophthora sojae (Diers et al. 1992),
and Rpv1 to peanut mottle virus (Saghai Maroof, unpub-
lished). In addition, QTLs conditioning resistance to two
root knot nematodes, corn earworm, and white mold
have been located in this region (Tamulonis et al. 1997a,
b; Arahana et al. 1999; Rector et al. 1999).

Clustering of disease resistance genes has been 
studied in numerous plant species (for a review see 
Michelmore and Meyers 1998). Recent molecular charac-
terization of these gene clusters has shown that some con-
sist of active and/or inactive variants conditioning multi-
ple resistance specificities for a single pathogenic organ-
ism. Examples of multi-allelic clustering of resistance
genes to a particular pathogen include the Cf-9 leaf-mold
resistance locus in tomato (Parniske and Jones 1999), the
Rp1 rust resistance locus in maize (Sudupak et al. 1993;
Collins et al. 1999), the Dm downy mildew resistance lo-
ci in lettuce (Meyers et al. 1998a), the Xa21 bacterial
blight resistance locus in rice (Song et al. 1997), and the
M rust resistance gene locus of flax (Ellis et al. 1995).

Other gene-family clusters consist of multiple genes
conditioning resistance to various pathogens. The cluster-
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ing of resistance genes to diverse pathogens has been
poorly characterized at the molecular level. However, ge-
netic mapping has shown that several examples, such as
resistance loci to the fungus Cladosporium fulvum and the
nematode Meloidogyne incognita in tomato (Dickinson et
al. 1993), resistance loci for stem rust, scald, and net
blotch in barley (Spaner et al. 1998), and resistance loci
Rps2 and Rmd in soybean (Polzin et al. 1994) do exist.

Accumulating evidence indicates that the structures of
resistance gene clusters are tandem repeats spanning
short chromosomal regions. These data have given 
some insight into the molecular aspects controlling the
evolution of new recognition specificities to diverse
pathogens. Several hypotheses for the evolution of resis-
tance genes arrayed in complex clusters have been 
put forward. These include unequal crossing-over (e.g.,
Sudupak et al. 1993; Song et al. 1997), interlocus recom-
bination (Parniske and Jones 1999), and birth-and-death
processes (Michelmore and Meyers 1998). However,
evolutionary mechanisms that can be generally applica-
ble to the nature of the clustering of resistance genes 
remain to be demonstrated.

Cloning of NBS/LRR plant disease resistance genes

Molecular characterization of a number of cloned plant
disease resistance genes has provided insight into the
conserved sequence structure within this class of plant
genes. Most resistance genes cloned encode common
conserved motifs characteristic of receptor-like kinases
(for a review see Bent 1996). A major class of character-
ized resistance genes encode a nucleotide binding site
(NBS) region and a leucine-rich repeat (LRR) region.
The finding of the conserved NBS motif in cloned 
resistance genes quickly led to PCR amplification of
similar sequences from other crops, including soybean
and potato, using degenerate primers (Kanazin et al.
1996; Leister et al. 1996; Yu et al. 1996). Most of the
NBS sequences have been mapped near known disease
resistance loci. Subsequent studies from various plant
sources (e.g., Aarts et al. 1998; Collins et al. 1998; Shen
et al. 1998; Meyers et al. 1999; Graham et al. 2000) have
provided evidence that this approach is useful for genetic
and molecular studies of various disease resistance
genes.

One of the objectives of the study reported here is 
to further evaluate the utility of resistance gene-related
sequences in soybean for gene discovery. Previously,
Yu et al. (1996) identified a superfamily of soybean 
sequences using degenerate oligonucleotide primers 
for the NBS region of N from tobacco and RPS2 from
Arabidopsis. The soybean clones were categorized into
11 classes: nine classes more closely resembling the 
N gene, and two classes more closely resembling the
RPS2 gene. Studies of additional NBS-LRR disease 
resistance genes from various plant species have shown
that the genes homologous to N code for a common 
N-terminal motif characteristic of the Drosophila Toll/
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Human Interleukin-1 (TIR) genes (Parker et al. 1997).
Genes resembling RPS2 do not encode this TIR motif
(non-TIR). The N-terminus of RPS2-homologous gene-
products do not seem to contain a conserved motif, 
although several of them have been predicted to contain
a putative leucine-zipper motif (Milligan et al. 1998) or,
more broadly, a coiled-coil motif (Pan et al. 2000). Rela-
tive to the TIR-NBS genes, the non-TIR-NBS sequences
probably are not abundant in soybean. With the excep-
tion of minor representation of non-TIR sequences in the
Yu et al. (1996) study, the presence of non-TIR-NBS in
soybean has not been reported in the literature.

Out of 11 classes characterized by Yu et al. (1996),
one TIR-NBS, class b, and one non-TIR-NBS, class j,
map to the complex region of disease resistance genes on
soybean MLG F. It has been demonstrated previously that
the class b clone represents a single-copy gene on MLG F
(Hayes et al. 2000). In the RFLP analysis of various soy-
bean lines with several restriction endonucleases, the
class j clone, NBS 61, hybridizes to about 10–15 restric-
tion fragments. The many cross-hybridizing bands of the
class j clone in a genomic Southern led us to believe that
it most-likely represents a family of clustered resistance
genes in this region. Recently, Hayes and Saghai Maroof
(2000) reported a second non-TIR-NBS, R14, obtained
from a targeted NBS-based AFLP approach, which also
maps to this region on MLG F. R14 and NBS 61 are
highly homologous (78%) in a pairwise comparison of
DNA sequences, indicating that R14 is another member
of the class j NBS sequence family.

Here, we report cloning, mapping, and sequencing of
additional class j NBS sequences from this region. We
use both PCR and library screening strategies to isolate
these clones. The results show that these sequences may
represent portions of active resistance genes in this vital
cluster of disease resistance loci on MLG F. In addition,
we identify and evaluate class j-homologous sequences
of related legumes obtained by a BLAST search of the
public sequence database.

Materials and methods

Plant materials

The soybean line PI96983 was used as the source of genomic
DNA for PCR amplification of class j NBS sequences. Two soy-
bean populations of the parents PI96983×Lee 68 (243 F2 individu-
als) (Yu et al. 1996) and V71–370×PI407.162 (149 F2 individuals)
(Maughan et al. 1996) were used to map the genetic location of
NBS sequences. The first population was used for mapping clones
on the F linkage group, because numerous tightly linked markers
have been mapped to this chromosomal region in this population.
The second population contains markers spanning all 20 soybean
linkage groups and thus was used for mapping loci in regions out-
side the F linkage group.

Amplification and cloning of class j PCR products

A pair of oligonucleotide primers was designed corresponding to
sequences from regions conserved between NBS61 and R14 (two
soybean non-TIR-NBS). The primer sequences were: class j-F,
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AAT GGG TGG CGT GGG GAA GAC and class j-R, AAT TTA
GCG GAG TTA GCA CAG C. Class j-F corresponds to the nucle-
otide sequence encoding the P-loop amino-acid (M/P)GGVGKT
motif conserved between the N and RPS2 resistance genes. Class
j-R corresponds to a region 5′ of the nucleotide sequence encoding
the conserved kinase 3a motif that is divergent from other NBS
families but highly conserved between NBS61 and R14. This
primer set was used for PCR-amplification of NBS sequences of
about 300-bp fragment size from the soybean genomic DNA of
PI96983. The PCR was in a total volume of 50 µl containing 50 ng
of genomic DNA, 1× reaction buffer, 2.5 mM of MgCl2, 320 µM
of dNTPs, 1 µM of each primer, and 2U of Taq polymerase 
(Gibco-BRL, Rockville, Md.). The PCR conditions consisted of a
hot start (3 min at 94°C) and 34 cycles of 1 min at 94°C, 1 min 
at 37°C, and 2.5 min at 72°C. The reaction was terminated by a 
7-min extension at 72°C, and a 15-min stabilization at 37°C 
followed by a 4°C soak.

The PCR products of about 300-bp size were purified from
agarose gel slices using a Qiaex II gel extraction kit (Qiagen, 
Valencia, Calif.). The purified products were subcloned into the
pCRII-TOPO vector (Invitrogen, Carlsbad, Calif.) or the pCNTR
vector (5prime-3prime; Boulder, Colo.) following the manufactur-
ers’ instructions.

Screening of genomic and cDNA libraries

Using class j specific probes, we screened both cDNA and 
genomic libraries of the soybean lines Williams 82 and L81–4420
(a Williams isoline which contains a chromosomal contribution
for the resistance gene cluster on MLG-F from PI96983). The 
Williams 82 cDNA library was obtained from Stratagene (La
Jolla, Calif.) and was constructed in the Lambda UniZAP XR 
vector using 12-day old greenhouse-grown epicotyl tissue. The
Williams 82 genomic library was also obtained from Stratagene
and was constructed in the FIXII vector. L81–4420 libraries were
custom made by Clontech (Palo Alto, Calif.). The cDNA library
was made from 10-day old, greenhouse-grown, leaf tissue in the
Lambda TriplEx vector. The genomic library was constructed in
the EMBL SP6/T7 vector. Libraries were screened according to
the manufacturer’s protocols.

Reverse transcribed PCR

Total RNA from 2-week old leaf tissue of the line PI96983 was
extracted using the TRIzol total RNA isolation reagent from
Gibco-BRL (Rockville, Md.). Based on the sequence of class j ge-
nomic clones identified in this study, specific primers from the 
5′ region were designed. These primers were used to synthesize
specific amplified cDNA products using the SuperScript one step
RT-PCR kit from Gibco-BRL.

RFLP and sequence analysis

DNA extraction and RFLP analysis were essentially as previously
described (Yu et al. 1994) using six restriction endonucleases
(HindIII, EcoRI, EcoRV, XbaI, DraI and BamHI). Mapmaker/
exp 3.0 was used for genetic linkage and distance determination
(Lander et al. 1987). Marker order was determined at a LOD
threshold of 3.0.

DNA sequencing was done using the Dye Terminator cycle se-
quencing kit and an ABI 377 automated DNA sequencer accord-
ing to the manufacturer’s protocols (Perkin Elmer, Foster City, 
Calif.). Multiple-sequence alignments were constructed with 
Lasergene software from DNAstar (Madison, Wis.). PAUP* was
used for generating phylogenetic trees (Swofford 2000). Values
for non-synonymous and synonymous substitutions (Ka and Ks)
were calculated based on the assumptions set forth in Li (1993)
and were computed using the FENS v0.9(b1.4) software program
which was kindly provided by Dr. Caro-Beth Stewart of the Uni-
versity at Albany, Suny, N.Y..

Results

Isolation of soybean non-TIR-NBS sequences

All of the unique clones identified in this study were
designated NTN for non-TIR-NBS followed by a num-
ber and a letter ‘g’, indicating a genomic-derived clone,
or ‘c’, indicating an expressed NBS sequence. PCR-
amplification of soybean genomic DNA using class j-F
and –R primers resulted in one major product of the 
expected 300-bp size. This product was gel-purified and
cloned. A total of 74 clones were analyzed by RFLP 
using a set of diagnostic Southern blots containing four
soybean DNA samples digested with six restriction 
endonucleases. Clones were grouped based on hybridiza-
tion pattern. At least one representative clone from each
RFLP pattern-group was sequenced. After sequencing, it
was determined that five groups, representing 30 of the
74 clones, contain sequences similar to the non-TIR
class j NBS clones. The remaining 44 clones do not re-
semble NBS-encoding sequences and most likely repres-
ent spurious amplification of non-specific products as a
result of the low annealing temperature. After sequenc-
ing all NBS-encoding clones from the selected hybrid-
ization groups, the five clone-types were further classi-
fied into seven unique NTN sequence types. Two of the
seven sequence types corresponded to the previously 
reported NBS61 and R14 that were originally used to 
design the specific primers.

In addition to the PCR-amplified genomic products,
we analyzed a number of lambda genomic clones isolat-
ed by hybridization of class j-specific probes to the
L81–4420 genomic library. From these analyses we
identified three additional NTN sequences which were
distinct from the PCR-amplified genomic products.

To isolate additional class j NTN clones and to evalu-
ate the expression of the genomic NBS sequences, we
screened cDNA libraries from L81–4420 and Williams
82 with several class j probes. Similarly, we used gene-
specific primers, designed based on the sequenced ge-
nomic clones, to generate reverse transcribed (RT)-PCR
products from PI96983. Expression analysis resulted in
the identification of four additional NTN sequences. 
Furthermore, we confirmed the expression of three NTN
clones, previously identified by genomic analysis. In all,
we have identified 14 unique NTN sequences derived
from three soybean lines.

These 14 sequences have been mapped, both by
RFLP hybridization and PCR techniques. Two clones,
NTN13c and NTN14c (derived from the Williams 82 
library), map to loci on MLGs A2 and E, respectively.
The remaining 12 have been localized to no less than 14
tightly linked or cosegregating loci on MLG F (Fig. 1).
Individual sequence members have been mapped to one
locus or several tightly linked loci flanking the Rsv1
gene.
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Fig. 2A, B Nucleotide se-
quence comparison of all 12
class j NBS (NTN) sequences
mapping to the MLG F. For a
description of NTN clones see
Table 1. A Phylogenetic tree
constructed by the neighbor-
joining method (Saitou and Nei
1987) implemented in Laser-
gene (DNAstar, Madison, Wis.)
after Clustal alignment of the
12 sequences, showing related-
ness of individual clones. I2C-1
was used as an outgroup se-
quence for anchoring the tree.
B Pairwise sequence distance
comparisons of the 12 charac-
terized NTN sequences. The
percent identity is calculated by
direct comparison without 
accounting for phylogenetic 
relationships

Fig. 1 High-resolution map of the multigene family of class j
NBS (NTN) sequences on the molecular linkage group F. All
markers were mapped in the F2 population PI96983×Lee68 which
contains 243 F2 members. Triangles represent map locations of in-
dividual NTN sequence members. Specific NTN designations
were not used because, in some cases, distinguishing the map lo-
cation of one individual sequence member among several highly
related members was not possible

Sequence analysis of the F-linked clones

Because of the high-level of homology between NTN
members and the inherent complexities this creates for
evaluating sequences across genotypes, we only evaluat-
ed MLG F NTN sequences derived from the PI96983
source. The NBS-encoding region for the 12 unique 
F-linked NTN sequences from PI96983 were aligned 
using the Clustal multiple sequence alignment program.
Among the sequence family members, the most diver-
gent members share 77% nucleotide sequence identity
and the most related members are greater than 99% iden-
tical (Fig. 2B).

One sequence group, including NTN1g, 2g, 3g, and
4c, all show the same unique multi-copy hybridization
pattern. This group represents no less than four sequenc-
es on the F linkage group. In fact, when used as an RFLP
probe in our mapping population, this clone group maps
to three unique loci representing four different strongly
hybridizing polymorphic bands. These loci all map with-
in a 1-cM region flanking Rsv1. The four sequence mem-
bers differ by only 2–4 nucleotides per member in the
NBS encoded region between the conserved p-loop and
kinase 3a motifs. The sequence of each PCR-amplified
member was confirmed by sequencing multiple repre-
sentatives.

Another pair of closely related NBS sequences,
NTN10c and 11c, differs by only three nucleotides. The
genomic clones from which these NBS sequences were
derived, were mapped by hybridization, using sequences
3–4 kb downstream from the NBS sequence, in the 
3′ untranscribed region. Mapping data using probe 
sequence from this region were far less complicated 
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Table 1 Members of soybean
class j NBS sequences and their
expression

Clone GenBank MLG Source Expression a

accession#

NTN1g AF314546 F Genomic PCR ND
NTN2g AF314547 F Genomic PCR ND
NTN3g AF314548 F Genomic PCR ND
NTN4c AF314549 F cDNA library/RT PCR Yes
NTN5c AF314550 F Genomic PCR/RT PCR Yes
NTN6g AF314551 F Genomic PCR ND
NTN7g AF314552 F Genomic PCR ND
NTN8c AF314553 F Genomic PCR/RT PCR Yes
NTN9c AF314554 F RT PCR Yes
NTN10c AF314555 F Genomic library/RT PCR Yes
NTN11c AF314556 F Genomic library/RT PCR Yes
NTN12g AF314557 F Genomic library ND
NTN13c NS A cDNA library Yes
NTN14c NS E cDNA library Yes

a Expression was detected by
RT-PCR or cDNA library
screening. ND; not detected.
NS; not sequenced

because only a few bands were visualized by Southern
hybridization.

Non-TIR-NBS among leguminous species

Using several soybean NBS sequences we have
searched the GenBank database of non-redundant nu-
cleotide sequences using BLASTn (Altschul et al.
1997). Of the several hundred NBS sequences which
are in the database, there is a clear group of non-TIR-
NBS sequences which include all monocot NBS se-
quences and a small subset of the dicot NBS sequences
(Meyers et al. 1999; Pan et al. 2000). Based on our own
analysis, one sub-group within the non-TIR sequences
is characterized by two conserved tryptophan residues
which occur just after the highly conserved kinase-2 re-
gion in the deduced amino-acid sequence of these
clones (Fig. 3A and B). All of the NTN sequences eval-
uated in this soybean study fall within this group of 
sequences.

Among the dicot sequences that fall within this con-
served tryptophan sub-group, more than 13 non-soy-
bean, legume sequences, including NBSs from pea,
cowpea, pigeon pea and common bean, have been re-
ported in the GenBank database. These sequences were
compared with the soybean NTN sequences by Clustal
alignment. Interestingly, several of the sequences from
other legumes are closely related to one or several class
j members (Fig. 3A and B). For example, based on de-
duced amino-acid sequences, soybean NTN12g is 72%
similar to the pigeon pea NBS, AF186634. NTN12g is
more similar to this NBS than to any of the other
known members of the soybean NTN multigene family.
Similarly, a common bean NBS (AF084026) is more 
related (75%) to the soybean cDNA, NTN4c, than to
any of the other reported common bean NBS.

Evolutionary conservation among legume 
non-TIR sequences

In order to assess the level of conservation within the
NBS region of the NTN soybean sequences, we calculat-
ed the ratio of non-synonymous (Ka) to synonymous
(Ks) substitutions according to the method of Li (1993).
This method attempts to assess if there is a selective bias
associated with nucleotide changes between sequences.
This bias can either be toward maintaining the amino-ac-
id sequence (purifying selection) or toward the develop-
ment of novel amino-acid sequences (diversifying selec-
tion). Values less than one suggest purifying selection
and values greater than one indicate diversifying selec-
tion. The NBS region of the 12 unique sequences from
linkage group F were evaluated for a total of 66 pairwise
comparisons. The average Ka/Ks ratio is 0.61; however,
only 1/3 of the pairwise comparisons were significantly
less than one based on a standard t-test. This analysis ex-
cludes the highly conserved p-loop and kinase-3a re-
gions because for several of the NTN clones, the primers
used to generate the sequences come from these regions.

In order to make a better assessment of the 5′ portion
of this gene family, we evaluated six of the genomic and
cDNA NTN clones for which we had sequence informa-
tion across the entire 5′ gene region. Pairwise compari-
sons were done for the first 1400 bp of these six 
sequences. This sequence extends from just 3′ of the 
putative ATG start site to approximately 280 bp 3′ of 
the highly conserved sequence coding for the GLPLAL
hydrophobic region. The average ratio of Ka to Ks is
0.47 with 14 of the 15 pairwise comparisons being 
significantly less than one at the 0.001 level (Fig. 4A).

In a second analysis, we selected a subset of seven
soybean NBS-encoding sequences representing the ma-
jor subgroups within the class j family. These sequences
were compared with six highly similar NBS sequences
from other leguminous species including three clones
from common bean, two clones from pigeon pea and one
clone from cowpea. An analysis of the synonymous to
non-synonymous substitutions showed similar results to
those seen within the soybean gene family (Fig. 4B). In a
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Fig. 3A, B Sequence compari-
son of the 12 class j NBS
(NTN) sequences and closely
related non-TIR-NBS from 
other legumes gleaned from the
public sequence database. Nu-
cleotide sequence comparisons
were done from 3′ of the 
p-loop-encoded region to 5′ of
the putative kinase 3a-encoded
region. The phylogenetic tree
(A) was constructed after the
aligned deduced amino-acid 
sequences (B) based on Clustal
alignment followed by manual
adjustment. Residues that
match the consensus are shad-
ed black. NTN sequences in
soybean are as described in 
Table 1. The tree was con-
structed by the neighbor-join-
ing method (Saitou and Nei
1987) implemented in PAUP*
(Swofford 2000). The branch
lengths are proportional to the
average substitutions per site as
indicated by the scale. The soy-
bean and other legume clade
and the non-TIR clade were
supported by 98% and 94%, 
respectively, of 100 bootstrap
replicates. Other NBS sequenc-
es are labelled by their recog-
nized gene name or, in the case
of the legume NBS partial cod-
ing sequences, by their Gen-
Bank accession number. The
Ws demarcate two conserved
tryptophans which were used to
identify this sub-group of non-
TIR-NBS. RPS2 is an example
of a non-TIR-NBS resistance
gene that does not show both of
the conserved tryptophan resi-
dues. N and L6 are TIR-NBS-
encoding resistance genes.
APAF1 is a distantly related
NBS-encoding gene from 
human included as an outgroup
to anchor the tree
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total of 52 cross-species comparisons, the average Ka/Ks
was 0.49. Of the 52 comparisons, 27 were significantly
less than one at the 0.05 level or higher based on a 
standard t-test.

Discussion

The chromosomal region between the RFLP markers,
K644 and B212 of the soybean MLG F, contains numer-
ous members of a multigene family of disease-related 
sequences. We have isolated and characterized the NBS
region for 12 members of this gene cluster belonging 
to the previously described class j gene family (Yu et al.
1996). Because we had previously identified two related
class j sequence members, we were able to design prim-
ers to specifically amplify members of this group. While
we used several strategies to detect family members, it is
likely that we have not identified all of the class j mem-
bers in this region.

The sequence members evaluated here all share simi-
lar RFLP hybridization patterns and significant sequence
identity. Several members differ by as few as two nucle-
otides within the 250-bp stretch between the p-loop and
kinase-3 region (see Fig. 2B). Others are significantly di-
vergent from each other and even show in/dels within
the stretch. For example, NTN12g and NTN7g are only
77% identical and the former is two codons longer than
the latter. It is interesting to note, however, that all 12 se-
quences contain an open reading frame with conserved
sequence motifs across the NBS region.

The level of diversity within the NBS sequence be-
tween members of this soybean gene family are similar

to those observed for another well-studied gene family
surrounding the Dm3 locus in lettuce (Meyers et al.
1998b). A pairwise comparison of synonymous to non-
synonymous sequences in the lettuce gene family has
shown that the 5′ region, including the NBS-encoding
portion, is undergoing purifying selection. Our studies
show similar levels of structural conservation within this
soybean multi-gene family, for the 5′ region. Additional-
ly, we have been able to demonstrate that this selection
pattern holds true across several genera within the legu-
minosae family. Evidence from multiple studies (for a
review see Ellis et al. 2000) suggests that the NBS 
region of NBS/LRR resistance gene products is not 
involved in pathogen recognition but, instead, may be 
involved in triggering a resistance response, once patho-
gen ingress has been detected.

By comparing non-TIR-NBS sequences across sever-
al legume species we observed that in several cases there
is a stronger relationship between sequence members
from related genera than there is between members of
the soybean multi-gene family. In other words, NBS 
sequences from soybean clearly do not form a monophy-
letic cluster in the phylogenetic tree of NBS sequences
from diverse legume species. This observation seems to
suggest that this multi-gene cluster may have arisen prior
to the divergence of these bean species. In addition, this
observation supports the assumption that the non-TIR-
NBS gene family in bean species has evolved by the
birth-and-death process similar to the evolution of the
multigene families of immunoglobin genes and major
histocompatibility complex genes (Nei et al. 1997). The
birth-and-death process has been suggested for the 
evolution of plant disease resistance gene clusters by 
Michelmore and Meyers (1998). However, others have
suggested that interlocus recombination or unequal
crossing-over may have contributed to the generation
and maintenance of multi-resistance gene families in the
studies of Xa21 and the Cf-9 locus (Song et al. 1997;
Parniske and Jones 1999). One common drawback in the
evolutionary studies of plant disease resistance clusters,
including this study, is that genes or NBS sequences
from both functional genes and putative pseudogenes
have been compared. Research in plant disease resis-
tance genes is still premature for such an expectation as
the distinction between functional genes and pseudo-

Fig. 4A, B Graphical (scatter plot) display of pairwise compari-
sons for synonymous substitutions (Ks) vs non-synonymous sub-
stitutions (Ka). Equal substitution rates would fall on the center di-
agonal line. A Comparison of six class j sequence members (NTN
4c, 8c, 9c, 10c, 11c and 12 g) across the entire 5′ region of the
gene, from just 3′ of the putative start site to about 280 bp 3′ of the
highly conserved GLPLAL encoded region. B Comparison of
cross-species substitution among a sub-group of non-TIR-NBS
from soybean, cowpea, pigeon pea and common bean. Calcula-
tions were done based on the alignment of NBS encoding se-
quence from 3′ of the p-loop-encoded region to 5′ of the putative
kinase 3a-encoded region



genes. Although our present results favor the birth-and-
death model for the evolution of this soybean non-TIR-
NBS gene cluster, determination of the mechanisms 
controlling the evolution of bean non-TIR-NBS genes is 
premature.

The study of this family of NTN sequences from soy-
bean has demonstrated that the characterized members
contain an ORF sequence which is undergoing purifying
selection. These results suggest a functional nature for
the full-length gene products associated with these
NBSs. Our future efforts will involve the expansion of
the sequence data collected here to obtain full-length
gene sequence data. Analysis of the entire gene sequence
will provide further insight into the evolution of this im-
portant gene family.
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