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Abstract The activated disease resistance (ADR) 1 gene
encodes a protein that possesses an N-terminal coiled-
coil (CC) motif, nucleotide-binding site (NBS) and
C-terminal leucine-rich repeat (LRR) domains. ADR1
belongs to a small, atypical Arabidopsis thaliana sub-
class containing four CC–NBS–LRR genes. The NBS
region of most NBS–LRR proteins possesses numerous
conserved motifs. In contrast, the LRR domain, which is
subject to positive selection, is highly variable. Surpris-
ingly, sequence analysis revealed that the LRR domain
of the ADR1 sub-class was more conserved than the
NBS region. Sequence analysis identified two novel
conserved motifs, termed TVS and PKAE, specific for
this CC–NBS–LRR sub-class. The TVS motif is adja-
cent to the P-loop, whereas the PKAE motif corre-
sponded to the inter-domain region termed the
NBS–LRR linker, which was conserved within the dif-
ferent CC–NBS–LRR classes but varied among classes.
These ADR1-specific motifs were employed to identify
putative ADR1 homologs in phylogenetically distant
and agronomically important plant species. Putative
ADR1 homologs were identified in 11 species including
rice and in 3 further Poaceae species. The ADR1 sub-
class of CC–NBS–LRR proteins is therefore conserved
in both monocotyledonous and dicotyledonous plant
species.
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Introduction

Pathogen recognition is thought to result from the direct
or indirect interaction between a product of a microbial
avirulence (avr) gene and the corresponding plant dis-
ease resistance (R) gene (Staskawicz et al. 1995). The
most prevalent class of R genes encodes proteins that
contain a nucleotide-binding site (NBS) and C-terminal
leucine-rich repeat (LRR) domains (Dangl and Jones
2001). NBS–LRR proteins were divided into two sub-
families based on the presence or absence of an N-ter-
minal region homologous to the toll/interleukin-1
receptor (TIR) domain (Pan et al. 2000). Most of the
non-TIR NBS–LRR proteins exhibited a coiled-coil
(CC) domain in the N-terminal region (Meyers et al.
1999, 2003).

Comparative analysis of a complete set of Arabidopsis
NBS–LRR genes revealed a greater structural and se-
quence diversity among CC–NBS–LRR (CNL) proteins
compared to TIR–NBS–LRR (TNL) proteins suggest-
ing that CNL proteins may be more ancient than TNLs
(Meyers et al. 2003). Four CNL sub-groups, designated
as CNL clade A, B, C and D, were defined in Arabid-
opsis (Meyers et al. 2003). These four sub-groups were
identified in several plant species and named clade N4,
N3, N2 and N1, respectively (Cannon et al. 2002; Zhu
et al. 2002; Ashfield et al. 2004).

The activated disease resistance (ADR) 1 gene en-
codes a CNL protein that belongs to the smallest and
least characterised Arabidopsis clade CNL-A, which is
also referred to as non-TIR N4 in different plant species
(Cannon et al. 2002; Baumgarten et al. 2003; Meyers
et al. 2003). The N-terminus of ADR1 also possesses a
number of sub-domains typically found in protein kin-
ases (Grant et al. 2003). An activation tagged allele of
adr1, which resulted in ADR1 over-expression, produced
constitutive activation of salicylic acid-dependent
defence genes and conveyed broad-spectrum disease
resistance (Grant et al. 2003). Intriguingly, this
mutant line also exhibited enhanced drought tolerance
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suggesting significant overlap between biotic and abiotic
stress signalling networks (Chini et al. 2004).

Materials and methods

Comparisons and alignments of protein sequences were
performed by ClustalW (http://www.ebi.ac.uk/clustalw/
index.html) (Chenna et al. 2003). The programme mul-
tiple expectation maximisation for motif elicitation
(MEME) was employed to analyse the sequence align-
ment to search for conserved motifs (P-value lower than
5e-20) (Bailey and Elkan 1995; http://meme.sdsc.edu/
meme/website/intro.html).

In order to identify ADR1 homologs in different
plant species, similarity searches were performed using
sequences available, during the period from April 2004
to September 2004, on 37 plant EST databases from The
Institute for Genomic Research (TIGR; http://www.ti-
gr.org/) and Munich Information Centre for Protein
Sequences (MIPS; http://mips.gsf.de/). Consensus se-
quences were derived by Consensus (Bork et al. 1996;
http://www.bork.embl-heidelberg.de/Alignment/consen-
sus.html). The amino acid sequences of the NBS region
were analysed and a phenogram representation of the
neighbour-joining tree was generated using Phyloden-
dron ClustalW (Felsenstein 1989; http://www.es.emb-
net.org/Doc/phylodendron/clustal-form.html). The tree
was rooted using the sequence of the human Apf-1
protein. Bootstrapping provided an estimate of the
confidence for each branch point.

Results and discussion

ADR1 exhibits high sequence identity to three other
ADR1-like (ADR1-L) proteins within the CNL-A clade:
At4g33300 (ADR1-L1), At5g04720 (ADR1-L2) and
At5g47280 (ADR1-L3), which are 68, 65 and 66%
identical to ADR1 respectively (Grant et al. 2003). Two
additional proteins, At5g66900 and At5g66910, are also
found within the clade CNL-A (Meyers et al. 2003).
However, At5g66900 and At5g66910 exhibit only 31 and
30% sequence identity in ADR1 respectively, and
comprehensive sequence analyses classified them into a
different sub-group within the clade CNL-A (Mon-
dragon-Palomino et al. 2002; Meyer et al. 2003).

In order to search for conserved motifs, the pro-
gramme MEME (P-value lower than 5e-20) (Bailey and
Elkan 1995) was employed to analyse the sequence
alignment of the four proteins that comprise the ADR1
family. This analysis did not identify conserved motifs
within the N-terminal CC domain (from ADR1 M1 to
L187). Seven motifs were identified by MEME analysis
of the NBS domain (from ADR1 F188 to N472). Six of
these corresponded to conserved motifs previously de-
scribed for ADR1: P-loop, kinase-2, RNBS-A, GLPL,
RNBS-D and MHDV (Meyers et al. 1999; Cannon et al.
2002; Grant et al. 2003). These six motifs from the

ADR1 protein family were compared with those present
in the complete set of Arabidopsis NBS–LRR proteins.
The RNBS-D and MHDV motifs alone showed se-
quence specificities unique for the ADR1 family (Figs. 1,
2). Only this family and the fellow CNL-A clade mem-
bers At5g66900 and At5g66910 contained a glutamine
(Q) instead of a methionine (M) as the third residue of
the MHDV motif. This methionine is conserved among
all the remaining 156 Arabidopsis NBS–LRR proteins
and was integral to the core sequence (MHDV) defining
the motif name (Meyers et al. 2003). The corresponding
motif will therefore be referred to as QHDV in the
ADR1 protein family.

The presence of an additional ADR-specific motif
(from ADR1 L221 to L234), designated TVS according
to its sequence (Figs. 1, 2), was also uncovered. The
conservation rate of the TVS motif was compared to
that of conserved NBS motifs: 71% of the amino acid
positions within the TVS motif were conserved
throughout the four ADR1 proteins, greater than other
conserved NBS motifs, with the exception of the P-loop
and kinase-2. Among the complete set of Arabidopsis
NBS–LRR proteins, the novel TVS motif was found
only within the ADR1 protein family. The other CNL-A
clade members At5g66900 and At5g66910 lacked the
TVS motif. Furthermore, the TVS motif spanned a
similar, but more defined sequence designated as the
NBS-22 motif (Meyers et al. 2003).

The NBS domain conventionally terminates with the
MHDV motif (Meyers et al. 2003; Ashfield et al. 2004),
while the LRR domain starts approximately 40–65
amino acids C-terminal of this motif. This inter-domain
region is termed the NBS–LRR (NL) linker (Meyers
et al. 2003). The NL sequence is conserved within the
different CNL classes but varies among classes (Meyers
et al. 2003). The NL linker of the ADR1 family is 78
residues long (from ADR1 R473 to S551); and one
motif, designated PKAE according to its sequence, was
identified by MEME analysis within the ADR1 NL
(Figs. 1, 2). Moreover, the ADR1 linker region was the
most conserved NL among the four clades. The putative
PKAE motif showed 71% position identity among the
four ADR1 protein family members. Consequently, this
novel motif exhibited greater conservation than the
other six conserved NBS motifs, with the exception of
the P-loop and kinase-2. Again, the other CNL-A clade
members At5g66900 and At5g66910 lacked this motif.

The LRR domain in R proteins is thought to recog-
nise, directly or indirectly, pathogen molecules (Jia et al.
2000; Dangl and Jones 2001). Structurally, LRRs are
thought to form repeats of b-strand-loop and a-helix-
loop units, with non-leucine residues responsible for
protein recognition (Thomas et al. 1996; Michelmore
and Meyers 1998; Kobe and Kajava 2001). Comparative
analysis of NBS–LRR genes from tomato, lettuce, rice
and Arabidopsis revealed that the non-leucine residues of
the LRR are hypervariable and subject to positive
selection (Parniske et al. 1997; Meyers et al. 1998;
Wang et al. 1998; Noel et al. 1999; Ellis et al. 2000).
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Comprehensive analysis of Arabidopsis NBS–LRR pro-
tein sequences showed that the NBS domain was sig-
nificantly more conserved than the variable LRR region
(Meyers et al. 1999, 2003; Pan et al. 2000).

Comparative analysis of the LRR domain (from
ADR1 R552 to L734) showed 57% position identity
(83% homology) among the four ADR1 proteins. Fur-
thermore, the conserved residues were uniformly dis-
tributed throughout the LRR domain (Fig. 1). Residues
identical among the four ADR1 proteins not only cor-
responded to the amino acids expected to form the
structural backbone of each LRR unit but also repre-
sented amino acids predicted to form b sheets respon-
sible for ligand binding. In contrast, the NBS domain
(from ADR1 F188 to N472), which represents the most
conserved domain of all NBS–LRR proteins, exhibited
50% position identity (75% homology) among the four
proteins of the ADR1 family. These identical amino
acids were predominantly located within the conserved
motifs of the NBS domain (Fig. 1). The ADR1 LRR
domain was therefore more highly conserved than the
NBS domain. To our knowledge, this is the first report
describing this feature in an Arabidopsis R gene family.
These conclusions were consistent with a previous
analysis of the lettuce RGC2 gene family that reported
an alternating pattern of conservation and hyper-vari-
ability within the LRR region (Meyers et al. 1998).

In order to identify ADR1 homologs in different plant
species, similarity searches specifically using the highly
conserved sequence fragment surrounding the TVS,
RNBS-D, QHDV and PKEA motifs were performed on
37 plant EST databases (from TIGR and MIPS). To
minimize errors, only sequences encoding a minimum of
200 amino acids were selected for further analyses. These
searches identified putative ADR1 homologues from 12
plant species, whereas searches of the remaining 25 plant
databases failed to identify sequences significantly
homologous to ADR1. These results were robust, since
the same sequences were also found in a database search
employing the full-length ADR1 protein sequence. The
accession numbers for these ESTs are reported in Fig. 3.
Surprisingly, only one sequence showing high homology
to ADR1 was identified within the complete rice genome.

To assess whether these ESTs represent ADR1 ho-
mologs, the four ADR1 Arabidopsis proteins were
aligned with these 12 amino acid sequences. The differ-
ence in length of the 12 ESTs precluded a comprehensive
analysis of the full-length protein. Therefore only the
TVS, RNBS-D, QHDV and PKAE motif regions were
analysed. Multiple alignments are shown in Fig. 2. Only
the Oryza sativa and Medicago truncatula sequences
homologous to ADR1 were sufficiently extended to in-
clude the TVS motif region, which is located at the N-
terminus of the NBS domain. The RNBS-D, QHDV and
PKAE motifs were highly conserved, even among sev-
eral phylogenetically distant plant species. Moreover, all
sequences exhibited the characteristic glutamine (Q)

Fig. 1 Full-length alignment of the four ADR1 family proteins
generated by ClustalW (Chenna et al. 2003). Amino acids boxed in
black are invariant, whereas residues shaded in grey are conserved
in >75% of the sequences. The six previously reported conserved
motifs of the NBS domain (P-loop, kinase2, RNBS-A, GLPL,
RNBS-D and MHDV) are boxed in black lines (Meyers et al. 1999;
Cannon et al. 2002; Grant et al. 2003). Blue boxes designate novel
conserved motifs (TVS, LMP and PKAE). Individual LRR are
indicated by red lines
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residue in the third position of the QHDV motif region,
which seems to be a unique feature of the ADR1 protein
family (Fig. 2c). The novel PKAE motif, which corre-
sponds to the ADR1 clade-specific NL linker domain,
was also highly conserved (Fig. 2d). These results sug-
gest that the plant sequences reported here are likely to
belong to the ADR1 protein family.

To further investigate this, phylogenetic analysis of
the NBS domains from the ADR1 protein family to-
gether with the NBS domains from the putative protein
homologs was undertaken. The CNL-A clade members
At5g66900 and At5g66910 were included as controls.
RMP1, RPP8 and RPS2 were included as representative
proteins of the CNL-B, CNL-C and CNL-D clades
respectively, whereas RPP1 served as controls from the
TNL family. The phylogenetic analysis revealed that the

Fig. 3 Phenogram representation of the neighbour-joining tree for
the Arabidopsis ADR1 protein family and homologous plant
sequences, which was constructed according to the method of
Saitou and Nei (1987). The amino acidic sequences of the NBS
region were analysed and a tree was generated using Phylodendron
ClustalW (Felsenstein 1989). The NBS sequence from the human
Apf1 protein rooted as an out-group. The number adjacent to each
node indicates the percentage of 1,000 bootstrap replicates that
support it; bootstrap results were not reported for support <50%.
Branch lengths are proportional to the estimated evolutionary
distance

Fig. 2 Multiple sequence alignment of motif regions specific for the
Arabidopsis ADR1 protein family and homologous plant
sequences. Accession numbers of individual plant sequences shown
are: Glycine max TC195419, Gossypium hirsutum CD486153, Lotus
japonicus AV417020, Lycopersicon esculentum AW039749, Medi-
cago truncatula TC87505, Oryza sativa TC149181, Solanum
tuberosum TC62931, Sorghum bicolor TC57671, Triticum aestivum
TC107913, Vitis vinifera CA32EN0005 and Zea mays BG836496. a
Alignment of all available plant sequences containing the novel
TVS motif by ClustalW (Chenna et al. 2003). Amino acids boxed in
black are invariant, whereas residues shaded in dark grey are
conserved in more than 85% of the sequences. Light grey shaded
amino acids are conserved in more than 70% of the sequences. The
ADR1 consensus sequence shown beneath the alignment was
derived by Consensus (Bork et al. 1996). Notations for variable
amino acid are as follows: ‘‘a’’, aromatic (F, Y, W, H); ‘‘l’’,
aliphatic (I, V, L); ‘‘h’’, hydrophobic (aromatic, aliphatic, A, G, M,
C, K, R, T); ‘‘+’’, positive (H, K, R); ‘‘-‘‘, negative (D, E); ‘‘p’’,
polar (positive, negative, Q, N, S, T, C); ‘‘u’’, tiny (G, A, S); ‘‘s’’,
small (tiny, V, T, D, N, P, C); ‘‘.’’, any. b Sequence alignment of all
available plant RNBS-D motif regions by ClustalW. The ADR1
consensus sequence was derived as described above. c Sequence of
the ADR1 family-specific QHDV motif region from all available
sequences aligned by ClustalW. A consensus sequence was derived;
amino acids notations are as described above. d Sequence
alignment of the ADR1 family-specific PKAE motif, which
corresponded to the clade-specific NBS-LRR linker region, created
by ClustalW. Again, a consensus sequence was derived and is
shown below the alignment

b
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NBS sequences derived from the 11 identified ESTs ro-
bustly grouped with the four members of the ADR1
protein family. In contrast, all control sequences
grouped in distant branches of the tree (Fig. 3). These
results suggest that at least 11 of the 12 plant sequences
reported here are likely homologs of the ADR1 protein
family.

The presence of the CNL-A clade (alternatively
termed non-TIR NBS clade N4), which contains the
ADR1 protein family, has been confirmed in many plant
species (Cannon et al. 2002; Zhu et al. 2002). The pre-
vious failure to identify any sequences belonging to this
clade from several Poaceae families suggested that it
might be absent from the monocotyledonous plant
lineage (Cannon et al. 2002). Our analysis, based on
recently available data, has identified sequences with
significant homology to the ADR1 gene family, which
are members of the CNL-A clade, in four Poaceae spe-
cies (Oryza sativa, Sorghum bicolor, Triticum aestivum
and Zea mays). Thus, suggesting the CNL-A clade of
NBS–LRR proteins is in fact present in monocotyle-
donous plants.
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