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Abstract Arachis hypogaea L., commonly known as the
peanut or groundnut, is an important and widespread
food legume. Because the crop has a narrow genetic
base, genetic diversity in A. hypogaea is low and it lacks
sources of resistance to many pests and diseases. In
contrast, wild diploid Arachis species are genetically
diverse and are rich sources of disease resistance genes.
The majority of known plant disease resistance genes
encode proteins with a nucleotide binding site domain
(NBS). In this study, degenerate PCR primers designed
to bind to DNA regions encoding conserved motifs
within this domain were used to amplify NBS-encoding
regions from Arachis spp. The Arachis spp. used were
A. hypogaea var. Tatu and wild species that are
known to be sources of disease resistance: A. cardenasii,
A. duranensis , A. stenosperma and A. simpsonii. A total
of 78 complete NBS-encoding regions were isolated,
of which 63 had uninterrupted ORFs. Phylogenetic
analysisof theArachisNBSsequences derived in this study
and other NBS sequences from Arabidopsis thaliana,
Medicago trunculata , Glycine max , Lotus japonicus and

Phaseolus vulgaris that are available in public databases
This analysis indicates that most Arachis NBS sequences
fall within legume-specific clades, some of which appear
to have undergone extensive copy number expansions in
the legumes. In addition, NBS motifs from A. thaliana
and legumes were characterized. Differences in the TIR
and non-TIR motifs were identified. The likely effect of
these differences on the amplification of NBS-encoding
sequences by PCR is discussed.
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Introduction

Arachis hypogaea L., commonly known as peanut or
groundnut, is an important and widespread food legume
with a large tetraploid genome (1C=1.74·109 bp;
Bennet and Smith 1976), compared to that ofArabidopsis
thaliana (1C=1.25·108 bp; The Arabidopsis Genome
Initiative 2000). Although morphologically diverse, ge-
netic diversity in A. hypogaea is low and it lacks sources
of resistance to many pests and pathogens (Kochert
et al. 1996). This is possibly because A. hypogaea has its
origin in a single allotetraploidization event in a hybrid
between two wild diploid species. The resulting plant,
containing two distinct genomes, would have been
reproductively isolated from its wild relatives. Therefore,
all land races of peanuts may be derived from a single
plant (Kochert et al. 1991). Wild diploid Arachis species,
which are native to South America, are, on the other
hand, genetically diverse and rich in sources of disease
resistance (Halward et al. 1992; Galgaro et al. 1997).
Resistances from some wild diploid Arachis spp. can be
transferred to A. hypogaea through complex crosses and
introgression (Simpson 2001).

In the course of evolution, plants have developed
various defense mechanisms to protect themselves
against diseases and parasites. These defenses include:
pre-existing structural defenses, such as thick cuticle and
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Communicated by M.-A. Grandbastien

Electronic Supplementary Material Supplementary material is
available for this article if you access the article at
http://dx.doi.org/10.1007/s00438-003-0893-4. A link in the frame
on the left on that page takes you directly to the supplementary
material.

D. J. Bertioli (&) Æ V. L. Santos Æ G. Pappas Jr
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leaf hairs; the production of inhibitors, such as phenolic
compounds, tannins and lectins; and enzymes such as
glucanases and chitinases (Bowles 1990; Nicholson and
Hammerschmidt 1992). Another class of defense mech-
anism involves the specific recognition of pathogens by
the host plant. Among the cellular events that charac-
terize this type of resistance are an oxidative burst, cell
wall strengthening, induction of defense gene expression,
and rapid cell death at the site of infection (Ryals et al
1994; De Wit 1995; Agrios 1997; Heath 2000). Ongoing
work in many labs is clarifying the structure and mode
of action of the resistance genes (R-genes) involved in
this type of response.

A number of R-genes that control disease resistance
of this type have been identified in the model plant
A. thaliana (eg. Simonich and Innes 1995; Gassmann
et al. 1999; Deslandes et al. 2002) and in several other
plant species (eg. Lawrence et al. 1995; Thomas et al.
1997; Milligan et al. 1998; Wang et al. 1999). R-genes
can be divided into families based upon homologous
domains in their protein products. Many of these resis-
tance proteins are characterised by the presence of so-
called LRR and NB-ARC domains (Meyers et al. 1999).
The LRR (leucine rich repeat, Kobe and Deisenhofer
1994) domain appears to be responsible primarily for
elicitor recognition (Jones and Jones 1997) or, in an
alternative model, act as ‘‘guards’’ of cellular machinery
that are susceptible to attack by pathogens (Dangl and
Jones 2001). The NB-ARC domain is proposed to act in
signal transduction pathways that operate in response to
pathogen attack, and is involved in programmed cell
death in distantly related organisms. It is named after
Nucleotide Binding, human APAF-1, Plant Resistance
Genes and Caenorhabditis elegans CED-4 (van der
Biezen and Jones 1998; Peso et al. 2000). In plants, the
only function so far associated with the NB-ARC is in
disease resistance, which is often manifested by a hyper-
sensitive response involving programmed cell death. For
plant genes it has become more common to refer to the
NB-ARC as the Nucleotide Binding Site domain (NBS).
Although the term NBS has been widely used for some
time, nucleotide binding by this domain has only
recently been demonstrated (Tameling et al. 2002).

The NBSs can be divided into two classes, TIR and
non-TIR, on the basis of the presence or absence in the
complete protein of an N-terminal region homologous
to the T oll and Interleukin Receptor-like regions (TIR)
(Meyers et al. 1999; Pan et al. 2000; Young 2000). The
non-TIR proteins often contain a coiled-coil motif, with
a subset of these coding for a leucine zipper structure
(LZ). The coiled-coil or LZ domain potentially plays a
role in the interaction of R-proteins with molecules
downstream in the signal transduction pathway.

The NBS contains a number of amino acid motifs,
most notably the P-loop, kinase-2 and GLPL motifs,
which are present in both TIR and non-TIR NBSs
(Meyers et al. 1999). Using degenerate PCR primers
designed from these domain sequences, Leister et al.
(1996), Kanazin et al. (1996) and Yu et al. (1996)

developed a targeted technique for isolating R-gene
homologues (RGHs, also called by some authors R-gene
analogs or RGAs) in potato and soybean. Since these
publications, a series of studies have been conducted
using the same strategy. Large numbers of relatively
diverse NBS-encoding regions are typically amplified
when this degenerate PCR approach is used. Cloned
NBS-encoding regions have been shown to be geneti-
cally linked to known R-genes, or indeed to be frag-
ments of known R-genes themselves (Kanazin et al.
1996; Yu et al. 1996; Aarts et al. 1998; Collins et al.
1998, 1999, 2001; Shen et al. 1998; Hayes and Saghai-
Maroof 2000; Donald et al. 2002; Peñuela et al. 2002).

In this study we used degenerate primers designed to
bind to regions encoding NBS motifs to isolate RGHs
from a number of Arachis species known to be sources
of resistances to diseases and pests. The use of primers
based on the P-loop and GLPL motifs resulted in a bias
towards the isolation of TIR-NBS sequences. Therefore,
we also employed a targeted PCR approach using a
primer based on the RNBS-D motif that is specific to
non-TIR-NBSs (Peñuela et al. 2002).

To investigate the basis of the apparent bias in PCRs
using P-loop and GLPL primers, we characterized these
motifs from all NBS sequences available for A.thaliana
and legumes. Differences in the P-loop and GLPL motifs
of TIR and non-TIR proteins were identified, and an
electronic simulation of PCR was used to model the
likely effect of these motif differences on the amplifica-
tion of NBS-encoding sequences.

A phylogenetic study was carried out on the Arachis
spp. NBS sequences obtained in this study and non-
redundant protein sequences of NBSs from A. thaliana,
Medicago trunculata , Glycine max , Lotus japonicus
and Phaseolus vulgaris. The evolution of the NBS and
the representativeness of legume NBS datasets are
discussed.

Materials and methods

Plant material

Arachis spp. seeds were kindly supplied by Dr. José Valls, curator
of the Germplasm Bank at EMBRAPA Recursos Geneticos e
Biotecnolgia. Seeds were germinated as described by Nelson et al.
(1989) and plants were maintained in the greenhouse. The species
used for this study were all from the taxonomic section Arachis
(accession numbers in parentheses): A. cardenasii (GKP10017),
A. duranensis (V14167 and K7988), A. hypogaea var. Tatu,
A. stenosperma (V7762 and V10309) and A. simpsonii (V13710).

PCR amplification, cloning and sequencing

Young leaves were harvested before expansion and frozen imme-
diately in liquid nitrogen. DNAs were extracted by the CTAB
method (Rogers and Bendich 1988). Primers P1B-fwd, P3D-rev,
P3A-rev, P1A-fwd and P3D-rev for PCR (Table 1) were designed
using a protein alignment of the following sequences (database
accession numbers are given in parentheses): L6 rust R-gene from
Linum usitatissimum (gi 7488901), R-gene N against tobacco
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mosaic virus from Nicotiana glutinosa (gi 1086263), gene NL 25
from Solanum tuberosum mRNA (gi 3947733), gene RPS5 of
A. thaliana for resistance to Pseudomonas syringae (gi 15221252),
R-gene Mi-1 against nematodes and aphids from Lycopersicon
esculentum (gi 7489037) and gene Rpp 8 of A. thaliana (gi 17064876).
The sequence of primer RNBS-D-rev was kindly provided by
NevinYoung.PrimerLM638wasdevelopedbyKanazin et al. (1996).

Six out of the nine possible primer combinations were used:
P1B-fwd with P3D-rev, P1B-fwd with P3A-rev, P1A-fwd with
P3D-rev, LM638 with P3A-rev, LM638 with P3D-rev, and LM638
with RNBS-D-rev. The positions of the primers are shown in
Fig. 1. PCRs were performed in a 25-ll volume containing each
dNTP at 200 lM, each primer at 1 lM, 1 U of Taq DNA poly-
merase, 2.5 ll of 10 · PCR buffer (Gibco-BRL), and 10–100 ng of
genomic DNA. All PCR mixtures were overlaid with mineral oil
and incubated on a MJ PT-100 thermocycler (MJ Research). The
conditions used for PCR were 92 C for 5 min, 35 cycles of 92 C for
1 min, 48 C for 1 min, and 72 C for 1 min, with a final extension at
72 C for 5 min.

PCR products were visualized on a 1% agarose gel by staining
with ethidium bromide. Bands of the appropriate sizes were excised
from the gel and purified using a QIAquick gel extraction column
(Qiagen, Valencia, Calif.). In some cases, total PCR products were
prepared for cloning by size-exclusion spin-chromatography in
Sepharose. Purified PCR products were cloned into a plasmid
vector using a pGEM-T-Easy cloning kit (Promega, Madison,
Wis.). Escherichia coli was transformed by electroporation. Bacte-
ria were plated onto LB medium containing ampicillin, X-Gal and
IPTG, and recombinant plasmids were chosen by blue/white
selection. Selected colonies were grown in LB with ampicillin for
the purification of plasmid DNA. Plasmid DNA was purified by
alkaline lysis (Sambrook et al. 1989) and sequenced on an Applied
Biosystems 377 using either the DYEnamic Terminator Cycle
Sequencing Kit (Amersham Pharmacia Biotech) or the ABI BigDye
Terminator Sequencing Kit according to the manufacturer’s
instructions. Selected clones were sequenced in both orientations.
To estimate the rate of mutation caused by PCR, the contig con-
taining the largest number of independent clones (95) in the Staden
database was selected (see below for information in the Staden
database). The total number of bases sequenced in independent
clones and the number of bases that differed from the consensus
were calculated.

Production of contigs

First, traces representing sequences similar to R-genes were sepa-
rated from those that did not or were of poor quality. The PERL

script (http://www.perl.com/) phredPhrap (http://www.phrap.org/)
was used to read the chromatograms and produce a FASTA se-
quence multifile with vector masked. This was used as the input file
for a BLASTX sequence similarity search (Altschul et al. 1997)
against a local database consisting of the A. thaliana R-genes and
their homologues listed at http://niblrrs.ucdavis.edu/ (Meyers et al.
2002). A PERL script was then used to read the BLAST output and
move chromatograms with significant e-values into a ‘‘hits’’ folder
and the others into a folder ‘‘non-hits’’.

The ‘‘hit’’ chromatograms were entered into a Staden database
(Staden 1996). Default parameters were generally used although
higher stringency values were used during assembly, with maximum
pads per read of 5 and maximum percent mismatch of 1. Data were
then edited, contigs split and contigs joined using the ‘‘find internal
joins’’ function where necessary. For processing, a reading repre-
senting an individual clone was joined to a contig if it had up to
three base differences. However, even a single base difference was
considered to be sufficient to keep two contigs separate if the
base differences were supported by multiple clones. For the addi-
tion of new batches of chromatograms to the database the
‘‘assemble independently’’ function allowed the addition of new
data without the undesirable joining of very similar contigs in the
older data. Old and newly formed contigs were then joined using
the ‘‘find internal joins’’ function. Primer sequences were removed
manually. Contigs were considered complete when both primers
had been removed and if the sequence was of high quality. Contigs
were exported and complete ones were translated. Only sequences
with contiguous ORFs were used for the major part of the
comparative analysis.

Construction of the G. max, M.trucatula, P. vulgaris
and L. japonicus dataset

Prior to searches of public databases, two hidden Markov models
(HMMs) were made using 46 of the A. thaliana non-TIR NBS-
LRR protein sequences, and 99 of the A. thaliana TIR NBS-LRR
sequences. Alignments were made using T-Coffee (Notredame
et al. 2000), and HMMs were made using HMMER (http://
hmmer.wustl.edu/; Eddy 1998). The HMMs were used to generate
consensus sequences for these two gene subfamilies. We then used
the consensus sequences as TBLASTN queries (Altschul et al.
1997) against the following public nucleotide sequence databases:
(1) the TIGR June 2002 Gene Indices for Glycine max and G. soja,
Medicago truncatula and Lotus japonicus (containing CAP4 EST
contigs and EST singletons) and (2) the Genbank nucleotide NR
database from July 28, 2002. Caveats should be mentioned

Fig. 1 Schematic representation
of some NBS motifs (not to
scale). The arrows show the
positions of the primers used
for this work

Table 1 Primer sequences used for amplification ofArachis spp. genomic DNA

Primer Motif Motif sequence Primer sequencea

P1a-fwd P-loop GM[PG]G[IVS]GKTT GGIATGCCIGGIIIIGGIAARACIAC
P1b-fwd P-loop GM[PG]G[IVS]GKTT GGIATGGGIGGIIIIGGIAARACIAC
P3a-rev GLPL GLPL[TAV][LAV][KND] AIITYIRIIYIAGIGGYAAICC
P3d-rev GLPL GLPL[TAV][LAV][KND] AIITYIRIIRYYAAIGGIAGICC
LM638 P-loop GGVGKTT GGIGGIGTIGGIAAIACIAC
RNBS-D-rev RNBS-D CFLYCALFP GGRAAIARISHRCARTAIVIRAARC

aI, inosine. Codes for degenerate positions are: R, A/G; Y, C/T; S, G/C; H, A/C; V, A/C
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regarding the use of EST sequences. EST sequences and EST
contigs are inherently prone to sequence errors, which may in-
clude misassembly (combination of non-identical alleles or sepa-
rate gene sequences or chimera generation), mis-sequencing,
inclusion of clone-artifact chimeras, or partial reads. The Glycine
Gene Indices predominantly consist of sequences from G. max
(with approximately 90 EST libraries), but also include five
libraries constructed from G. soja. Our sequence processing
methods should minimize some errors of these types. Specifically,
use of translated sequences that are good matches to consensus
protein sequences from relatively highly-conserved domains re-
duces the likelihood of the inclusion of widely divergent chimeras
in these regions. Use of protein rather than nucleotide sequences
should reduce the inclusion of additional alleles or gene variants
that are due to synonymous site changes. Nevertheless, counts
from EST sequences and EST contigs should be treated as
approximate.

All sequences were checked for redundancy, translation quality
and completeness using PERL scripts and also manually.
Sequences from the databases that appeared to be incomplete
between (but not including) the P-loop and GLPL motifs were
removed, as were sequences with stop codons or ambiguities.
Regions outside the NBS and redundant sequences were also
removed.

The A. thaliana dataset

All putative protein sequences from A. thaliana (Schoof et al. 2002),
retrieved from http://mips.gsf.de/ were searched using a HMM
(Eddy 1998) of the NB-ARC. Proteins with significant matches
were used to conduct a search of the Pfam database (http://
Pfam.wustl.edu/; Bateman et al. 2002).

Sequence analysis and phylogenetic reconstructions

Arachis and Arabidopsis sequences were initially aligned using
ClustalX (Thompson et al. 1997), with default parameters. For the
purpose of constructing the alignments, consensus P-loop GKTT
and GLPL sequences were added to the Arachis sequences.
Alignment files were edited and interpreted using Jalview
(http://www.ebi.ac.uk/�michele/jalview/download.html). To iden-
tify insertion-deletion (indel) regions, we modelled the alignment
using a hidden Markov model, and then realigned the sequences to
the model. We used HMMER (Eddy 1998) with stringent param-
eters for alignment ‘‘match states’’ (archpri=0.7 and gap-
max=0.3). This assigns all remaining residues in an alignment to
‘‘insertion states’’ or ‘‘deletion states,’’ and these indel sites were
removed prior to tree construction. All alignments (ClustalX and
hmmalign alignments with and without indel sites removed) are
available in Electronic Supplementary Material.

Sequence Logos were made using http://weblogo.berkeley.edu/
(Schneider and Stephens 1990).

Phylogenetic trees were constructed using both maximum
parsimony and neighbor-joining (NJ) techniques. These gave
generally similar tree topologies, and are available in Electronic
Supplementary Material. Topologies generated by each of these
methods were then used as the basis for computing maximum
likelihood branch lengths. Parsimony trees were calculated
using the ’protpars’ program in the Phylip suite (ver. 3c; available
from the author, J. Felsenstein, Department of Genetics, Univer-
sity of Washington, Seattle). This produced a single most-parsi-
monious tree, which was fed to the Tree-Puzzle program (Schmidt
et al. 2002) for calculation of maximum likelihood branch
lengths. The model of substitution was that of Adachi and
Hasegawa (1996), amino acid frequencies were calculated from the
input trees, and rate heterogeneity was allowed with 8 Gamma rate
categories.

Results

PCR amplification, cloning and sequencing

Almost all PCRs yielded a major band of the expected
size upon agarose gel electrophoresis. This band was, in
the case of P-loop and GLPL primers, about 500 bp
long, and in the case of LM638 and RNBS-D-rev, about
700 bp in length (Fig. 1, Table 1, Meyers et al. 1999).
However, sometimes a number of other, non-specific
bands were also amplified. In the former case, direct
cloning of PCR products worked well, in the latter,
purification of the band of the expected size from the
agarose gel gave the best results.

The primers used had a high proportion of inosine
bases. When transformed into bacteria, we found that
these were converted into guanosines. This had the
effect of turning regions of the P1a-fwd and P1b-fwd
primers into poly-G tracts. Our tests showed that
the DYEnamic Terminator Cycle Sequencing Kit
(Amersham Pharmacia Biotech) was better at seq-
uencing through these regions than the ABI BigDye kit.
In the contig with the largest number of clones, a total
of 37,219 bases were sequenced with 26 ‘‘PCR muta-
tions’’. This gives a PCR mutation rate of 7 · 10)4

errors per base cloned.

Production of contigs

A total of 1333 sequences from more than 1000 inde-
pendent colonies were generated. Of these, 664 were
NBS encoding sequences and 669 non-NBS encoding
sequences. The proportions of NBS and non-NBS
encoding sequences varied with each cloning; most
notably the primer combination LM638 and RNBS-D-
rev gave a lower percentage of NBS-encoding sequences.
However, this was compensated for by the fact that the
sequences isolated using these primers encoded non-TIR
type NBSs, which made up only a small proportion of
the sequences generated by the other primer combina-
tions. Analyses of the sequences which did not encode
NBS sequences showed that a large proportion of them
were retroelement sequences.

Processing of the 664 sequence traces in the Staden
database gave a total of 127 contigs. The average length
of read used was 423 bp and the average number of
reading characters per consensus character was 4. This
coverage considerably reduces the number of PCR er-
rors that are incorporated into contigs. Of the total 127
contigs, 78 were complete and of high quality between
the primer sequences used for amplification. Of these
complete sequences, only 63 had contiguous ORFs. Of
the other 15 contigs that presented stops in all reading
frames, one was represented by only a single clone
(S5_A_190P) and may be a PCR mutant, but the other
14 were isolated independently several times, and
probably represent fragments of pseudogenes.
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Most complete sequences had the expected sizes of
about 500 bp or 700 bp. However, a few were anoma-
lous. One sequence, named C8_XY_340, isolated using
P-loop and GLPL primer combinations, in two inde-
pendent PCRs from A. cardenasii, was 1018 bp long
(Genbank Accession No. AY157783). The GLPL motif
sequence was the rare variant GSPL; perhaps because of
this, the GLPL-based primer did not bind to this site,
but to a 3¢-distal site, explaining the larger and unex-
pected size of this product. Two additional sequences
(C8_X_301P and C8_Y_309P), also isolated from A.
cardenasii, were shorter (126 and 290 bp, respectively),
and, since they had multiple stops, were apparently
amplified from pseudogenes.

Sequence analysis and phylogenetic reconstructions
based on data from Arachis spp.

Conceptual translations of the 63 NBS-encoding
sequences from Arachis spp. gave 61 non-redundant
protein sequences. These sequences were very divergent,
and clearly formed two groups in phylogenetic analyses
(Fig. 2). In the largest group, with 45 sequences, the
kinase-2 motifs can be characterized by the absence of a
tryptophan residue. This missing tryptophan is typical of
TIR-NBS sequences (Meyers et al. 1999). The smaller
group had a total of 16 sequences, 14 of which had tryp-
tophan residues in the kinase-2 motif, while two had gly-
cine residues. Searches ofGenbank found fiveA.hypogaea
NBS sequences with contiguous ORFs. All these se-
quences were TIR-NBSs, and these were also included in
the analyses. For Genbank Accession Nos., see Table 2.

Phylogenetic analyis of sequences from G. max,
M. truncatula, P. vulgaris and L. japonicus

In total, 37 G. max, 43 M. truncatula, 21 P. vulgaris and
2 L. japonicus non-redundant NBS protein sequences
that were unambiguous and complete between P-loop
and GLPL motifs were obtained from public databases.
These sequences grouped clearly into TIR-NBS and
non-TIR-NBS like the sequences from Arachis spp.
These sequences were used in the phylogenetic analysis
presented in Fig. 2.

Phylogenetic analyis of sequences from A. thaliana

A domain search against the 25458 putative A. thaliana
proteins with the program HMMer (http://hmmer.wus-
tl.edu/; Eddy 1998) yielded 157 significant homologies to
the NB-ARC (This compares to 149 reported by The
Arabidopsis Genome Initiative 2000). These 157 NB-
ARC containing proteins were used for a second
HMMer search for all Pfam-defined domains. As
expected, numerous LRR and TIR domains were also
found in the NB-ARC containing proteins. In addition,

there were significant homologies to other domains: one
zinc finger FYVE domain, two WRKY DNA binding
domains, and one Mob1 phocein domain, which is a
highly conserved domain present in human and yeast
that is involved in mitotic checkpoint regulation. These
extra domains may reflect as yet uncharacterised diver-
sity in the function of NB-ARC domains in plants.

Multiple alignments using ClustalX (Thompson et al.
1997) of these NB-ARC regions from A. thaliana showed
that the data were very divergent and formed two main
groups and two small outlying groups (data not shown).
The largest group, with a total of 101 sequences, con-
sisted almost entirely of TIR-associated NB-ARCs, and
the other large group comprised 52 sequences of NB-
ARCs not associated with TIR domains. One of the
smaller outlying groups consisted of three NB-ARCs not
associated with any other domain detected by HMMER
and the other group of the single NB-ARC sequence
associated with a Mob1 phocein domain.

There were differences in the motifs between TIR-
NBSs and non-TIR-NBSs, most notably in the kinase-2
motif. In the non-TIR-type sequences this typically had
a characteristic tryptophan which was absent in TIR-
NBS sequences (Meyers et al. 1999). The P-loop and
GLPL motifs also differed. In almost all non-TIR-NBS
sequences, the P-loop and GLPL sequences were GKTT
and GLPL, respectively. On the other hand, in the TIR-
NBS sequences, deviations from these patterns were
common. This greater variability of TIR-NBS motifs
compared to non-TIR-NBS motifs contrasts with the
greater global variability of non-TIR-NBSs compared to
TIR-NBSs (Cannon et al. 2002; also apparent in Fig. 2).
To illustrate this difference in motifs, Sequence Logos
(http://weblogo.berkeley.edu/; Schneider and Stephens
1990) were made from the P-loop, kinase-2 and GLPL
motifs of TIR-NBSs and non-TIR-NBSs. For compar-
ison, Sequence Logos were also made for all legume P-
loop, kinase-2 and GLPL motifs available in the protein
NR database (Fig. 3).

These differences in the P-loop and GLPL motifs
between TIR and non-TIR NBSs could cause bias in the
amplification of NBS-encoding sequences using redundant
primers, resulting in the over- or under-representation of

Fig. 2 Legume and Arabidopsis NBS phylogeny. Phylogeny based
on the NBS domain between the P-loop and GLPL domains for
available Arachis species (Ax), Medicago truncatula (Mt), Glycine
max (Gm), Phaseolus vulgaris (Pv), Lotus japonicus (Lj), and 50
representative Arabidopsis thaliana (At) sequences. The tree
topology was calculated using neighbor joining, and branch lengths
were calculated using maximum likelihood. Bootstrap support,
based on 1000 data sets, is indicated as follows: *=700–799,
**=800–899, ***=900–1000. The Arachis sequences come from
A. hypogaea, A. stenosperma , A. cardenasii , A. duranensis and
A.simpsonii. Clades are indicated for discussion purposes. The
figures adjacent to each clade name show the number of sequences
from each species, or genus, in that clade. Counts for A. thaliana
were taken from corresponding clades in a tree of 147 sequences
(calculated based on extended NBS domains). Gene names and
additional information for all sequences are given in the order in
which they appear in the tree in Table 2
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certain sub-classes of NBSs. To simulate this, we sear-
ched all A. thaliana NB-ARC regions for motifs defined
as: P-loop [AG]xxxxGK[ST] and GLPL [GLS][LNGF]
[PR][LI]. From the entire set of 157 NB-ARCs, only
53% (83 sequences) had both these motifs. Out of the
52 Non-TIR-NBSs, 92% (48 sequences) contained these
motifs. In contrast, out of a total of 101 TIR-NBS
sequences, only 33% had these motifs (33 sequences).

Phylogenetic reconstructions based on all sequences
from legumes and A. thaliana

The phylogeny in Fig. 2 is a reconstruction of possible
evolutionary relationships amongNBSs fromA. thaliana,
Arachis spp., M. truncatula , G. max , P. vulgaris and
L. japonicus. In order to keep the number of seq-
uences within reasonable limits, only 50 representative
A. thaliana sequences are shown. These were chosen
based on their phylogenetic positions in a tree of all
A. thaliana sequences.

For purposes of discussion, clades have been identi-
fied. We tried to choose deeply-rooted clades that had
both good bootstrap support and relatively long branch
lengths, although not all clades are well supported.
Phylogenies making use of other taxa and more sites
flanking the NBS suggest that some clades are better
supported than is indicated in this data set. Clade A, for
example, corresponds to the moderately well-supported
clade N1.1 in Cannon et al. (2002), and contains the
same make-up of two A. thaliana sequences and
M. truncatula sequences (differing, of course, by the
addition of Arachis sequences).

Of the 20 indicated clades, 14 are in the TIR-NBS
subfamily and six are in the non-TIR-NBS subfamily.
Of the six non-TIR clades, five contain both legume and
A. thaliana sequences, and the remaining clade contains
a single A. thaliana sequence. In contrast, of the 14 TIR-
NBS clades, only two contain both legume and A. tha-
liana sequences, while six clades are legume specific and
six are A. thaliana specific. In general, bootstrap support
is lower for clades containing both A.thaliana and
legume sequences.

The phylogenetic results indicate several clades (e.g.
A, O, T) that contain many representatives from all well-
sampled legume genera. These may be indications of
sequence types that have expanded in the legumes. In
contrast, other clades (e.g., E and I) are much more
sparsely represented and may contain sequences that
have been maintained at low copy number, or perhaps
have been lost from some legume genera (though the
absences could easily be an artifact of sampling).

Discussion

The genome sequence of A. thaliana is now essentially
complete and that of Oryza sativa is also nearingC
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completion. These plants have been chosen for large-
scale sequencing partly because of their unusually small
genomes. Crop plants with large genomes are unlikely to
be sequenced in the foreseeable future; therefore one of
the challenges for genomics is to use the information
available from completely sequenced organisms to fur-
ther the understanding and manipulation of non-model
species.

One way to do this is to identify genes or gene fam-
ilies with particularly important characteristics (candi-
date genes) in model organisms, and then clone and
characterize homologues from non-model organisms.
Peanut and its wild relatives are clear examples of plants
that will not have their genomes sequenced in the fore-
seeable future. Therefore, we are following a candidate
gene strategy to study disease resistance in Arachis spp.
We have amplified R-gene NBS homologues from Ara-
chis spp., and have used information from model plants
and public databases to help provide a context for the
Arachis sequences.

Sequence comparisons of known R-genes and their
homologues have allowed the construction of primers
for the P-loop and GLPL motifs, and the amplification
of NBS encoding regions. In legumes, primers for P-loop
and GLPL motifs seem to amplify many more TIR-
NBS- than non-TIR-NBSs encoding regions (Yu et al.
1996). Our work with Arachis spp. showed this same
bias: using P-loop and GLPL primers, we generated 55
NBS encoding sequences with contiguous ORFs, but
only 10 were of the non-TIR type. Since TIR-NBS- and
non-TIR-NBS encoding genes generally do not seem to
occur together in the same clusters (Richly et al. 2002),
candidate gene approaches could be handicapped by this
bias in PCR. Therefore, we used a non-TIR-NBS
specific primer (RNBS-D-rev; Peñuela et al. 2002) to
isolate six extra non-TIR-NBS encoding sequences,
providing a better representation of NBS sequences.

We were interested in how the bias towards TIR-NBS
encoding sequences could occur in PCR. To study this,
we analyzed the complete set of NBS sequences from
A. thaliana, and showed that P-loop and GLPL motifs
are more variable in TIR-NBSs than in non-TIR-NBSs
(Fig. 3). From this it follows that primers designed using
consensus motifs are likely to bind a smaller proportion
of TIR-NBS than non-TIR-NBS sequences. This will
lead to an under-representation of TIR-NBS sequences
amplified by PCR. Surprisingly, this bias was exactly the
opposite of that observed in legumes. To investigate this
further, legume motif sequences available from
GenBank and from this study were also used to make
Sequence Logos (Fig. 3). Although the number of le-
gume P-loop and GLPL motifs identified was small, the
characteristics of these motifs in legumes seemed to be
generally similar to those from A. thaliana (Fig. 3).
Therefore, our preferred hypothesis for the observed
bias in PCR is that there are more TIR-NBS than non-
TIR-NBS encoding sequences in legume genomes, so the
difficulties encountered in amplifying non-TIR-NBS

encoding sequences from legumes can be explained by
competition in PCR (Bertioli et al. 1995).

In order to investigate the diversity of the NBSs in
Arachis spp., we made a phylogenetic study of the de-
rived protein sequences. For context, we chose to use
NBS datasets from A. thaliana (because it is the most
complete) and from M. truncatula, G. max , P. vulgaris ,
and L. japonicus because of their importance in legume
studies.

For the comparative analysis of sequences, only NBS
protein regions with unambiguous sequences that were
complete between the P-loop and GLPL motifs were
used. Searches of public databases yielded 43
M. trunculata, 37 G. max, 21 P. vulgaris and 2 L. japo-
nicus sequences. This compares with the 61 non-redun-
dant sequences obtained from Arachis spp. in this study
and the 5 A. hypogaea sequences in GenBank. Of course,
although these counts in no way estimate actual NBS
domain numbers in these species, they do crudely indi-
cate sampling levels in this analysis. A search of the set
of putative proteins in A. thaliana with the HMMer
model of the NB-ARC gave 157 significant homologies.
The combined set of all legume and A. thaliana NBS
sequences would have been too large for reasonable
phylogenetic tree calculations or visualizations. There-
fore, based on preliminary neighbor-joining trees of
A. thaliana and legume sequences, we chose 50 repre-
sentative A. thaliana sequences for use in the final tree
(Fig. 2). These were made up of phenotypically defined
A. thaliana genes, as well as members of all phyloge-
netically basal sequences and members of all the
remaining more derived clades.

The legume-Arabidopsis evolutionary tree shows
several important features

Firstly, most legume sequences fall within legume-
specific clades. This is consistent with other studies that
have found that many major sequence clades in this gene
family are family-specific (Meyers et al. 1999; Pan et al.
2000; Cannon et al. 2002). This implies significant birth
and/or death of particular sequence types following the
split between Brassicaceae and Fabaceae (Michelmore
and Meyers 1998). For example, clades O and T are well
represented in M. truncatula, G. max , P. vulgaris , and
Arachis spp., but have no representatives from
A. thaliana. Similarly, Clade A contains two A. thaliana
sequences, but many more legume sequences (44).
Because the A. thaliana genome has been completely
sequenced we can confidently infer that, in these clades,
the number of R-gene sequences has expanded in le-
gumes, or that loss of these sequence types has occurred
in A. thaliana, or both. There seems no reason to believe
that the expansion of legume R-gene copy number in,
e.g., clade A is due to whole-genome expansions in the
legumes, because high copy numbers are not seen uni-
formly across the gene family, and because there are
precedents for dramatic expansion of particular lineages
through local gene duplications (Meyers et al. 1999;
Michelmore and Meyers 1998; Noel et al. 1999; Peñuela
et al. 2002; Richley et al. 2002; Young 2000).
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Secondly, most A. thaliana sequences fall within
Arabidopsis -specific clades. For instance, clade J, which
contains the phenotypically defined RPP5 gene, contains
58 close homologues in A. thaliana and none from any of
the legume species in this study. This clade has strong
bootstrap support and is deeply separated from all other
clades. It must be borne in mind, however, that this
observation of ‘‘no legume sequences in clade J’’ (or any
other clade) depends on the assumption of sufficient and
sufficiently unbiased sampling from the legumes.

Thirdly, while some clades have expanded or con-
tracted dramatically within a family, other clades seem
to be more stable. Clade I, which contains small num-
bers of sequences from A. thaliana and from the four
well-sampled legume species ( Arachis spp., M. trunca-
tula , G. max and, to a lesser degree, P. vulgaris), may
show this type of stability. Similarly, clade D contains
one A. thaliana sequence (which happens to be the
RPM1 R-gene), and possible orthologues from G. max
and L. japonicus, and four orthologue candidates from
A. cardenasii.

The largest legume clades are represented by mem-
bers from all of the well-sampled legumes. It is

interesting to note that Arachis spp. sequences are
present in more clades (12) identified in Fig. 2 than
representatives from M. truncatula (6) G. max (7)
P. vulgaris (6) or L. japonicus (2). It is to be expected that
continued sampling in other legume taxa will also fill out
these clades, but the broad representation of Arachis
sequences throughout the gene family does provide a
useful early indication of legume R-gene diversity. This,
sequence diversity, together with the more basal place-
ment of Arachis within the Papilionoids, establishes the
Arachis spp. sequences as important references for this
gene family. As would be expected, in the more sparse
clades, fewer genera tend to be represented. This might
be due to insufficient sampling and/or indicate that these
rarer sequence types were lost from one or more taxa.
If any of these smaller clades are found to contain
sequence types that are responsible for unusual disease
specificities or functions, it might be worthwhile to try to
isolate the orthologous sequences from the other agro-
nomically important crop species. For example, it will be
interesting to find whether clade D contains M. trunca-
tula or P. vulgaris orthologs of the sequences from the
Arachis spp., G. max , or L. japonicus.

In plants, the only function attributed to NBS se-
quences so far is in pest and disease resistance. In
numerous studies, NBS markers have been shown to be
linked to disease resistance. A notable recent example of
this is the work done in tomato by Zhang et al. (2002), in
which 29 RGHs were mapped near 25 R genes or
QTL loci.

Our group has developed a mapping population of
F2 plants from a cross between the wild diploids
A. stenosperma and A. duranensis. The parents of this
population show contrasting responses to two root-knot
nematode species: Meloidogyne arenaria and a popula-
tion of M. javanica isolated from the forage peanut
A. pintoi; and two leaf-spot agents, Cercosporidium
personatum and Cercospora arachidicola. We intend to

Fig. 3 Sequence logos. Sequence logos (Schneider and Stephens
1990) are depicted for P-loop, kinase-2 and GLPL motifs for non-
TIR and TIR NBSs from A. thaliana and legumes. The A. thaliana
sequences used were the 153 that could be separated clearly into
TIR-NBSs and non-TIR-NBSs. For legumes, motif sequences from
legume NB-ARC sequences in Genbank and the Arachis sequences
isolated in this study were used. P-loop and GLPL sequences that
were probably derived from PCR primers were excluded; hence, for
the legumes, the number of sequences contributing to each Logo is
variable, as indicated below each Sequence Logo. Although the
numbers of sequences contributing to P-loop and GLPL Logos are
limited for the legume sequences, the degree of similarity between
A. thaliana and legume motifs is striking. The lines terminated with
3¢ indicate the regions usually used for primer design. The arrows
indicate amino acid residues which are less conserved in TIR than
in non-TIR motifs. This is likely to contribute to the bias in PCR
towards the isolation of non-TIR sequences
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place the RGHs isolated in this work, together with
disease resistances, on a diploid map of Arachis spp.
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