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Resistance gene analogues of Arabidopsis thaliana:

recognition by structure

Jerzy CHE£KOWSKI, Grzegorz KOCZYK

Institute of Plant Genetics, Polish Academy of Sciences, Poznañ, Poland

Abstract. Following completion of Arabidopsis thaliana sequencing projects, multiple
resistance gene analogues (RGAs) have been identified. In this work a review of
the current state of knowledge available in protein databases and scientific articles
is presented. Putative resistance genes were identified by using BLAST searches as
well as HMM fingerprints (the latter to infer existence of characteristic domains).
The representation of all five classes of putative resistance genes in Col-0 ecotype was
examined, along with the statistics on RGAs present on all five chromosomes of
Arabidopsis thaliana.
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Introduction

Genes involved in defensive reactions of plants in response to infections have
been cloned and examined in many diverse plant species. In this work we specifi-
cally attempt to analyse the current state of knowledge concerning the set of genes
involved in defence reactions of Arabidopsis thaliana. While the definition of de-
fence-related genes can be formulated to encompass genes as diverse as
metacaspases (involved in apoptotic cell death) and oxidase proteins (involved in
respiratory burst), we will concentrate on the elements involved in pathogen rec-
ognition. This subset of RGAs (resistance gene analogues), homologous to known
plant disease resistance genes, is the subject of our analysis.

The RPS2 gene of A. thaliana, which confers resistance to Pseudomonas

syringae (bacteria), by recognition of the avirulence gene avrRpt2 was the first
cloned resistance gene (BENT et al. 1994). Other genes followed – RPM1, Pto
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and Xa21 among them (GRANT et al. 1995, LOH, MARTIN 1995, SONG et al.
1995). Now over 40 resistance genes from various plant species are well charac-
terized and recognized for their functional as well as structural properties.
Of these perhaps the best recognized are A. thaliana genes of the RPP loci, provid-
ing resistance to Pseudoperonospora parasitica (pathogen causing downy mil-
dew), RPW loci providing resistance to Erysiphe cichoraceum (pathogen
responsible for powdery mildew) and RPS loci involved in resistance to
P. syringae infection.

Those genes are generally either dominant or semidominant. Regardless
of species of origin or molecular make-up, the protein products of these genes pos-
sess three properties in common: pathogen recognition (which is recognition
of the corresponding Avr-gene-related ligand); signalling cascade activation
(which they can exhibit themselves or through recruited kinases); capacity for
rapid evolution of specificity.

The classes of proteins described in Table 1 generally fulfill these criteria
(ELLIS et al. 2000), either by themselves or in cooperation with other proteins,
such as EDS1 or PAD1. It was not until the introduction of modern sequencing
and cloning methods that such structural (and functional) classification of genes’
protein products became possible. In particular, sequencing and preliminary anal-
ysis of complete genomic information of the model plant A. thaliana has given
the researchers considerable insight into the field (ARABIDOPSIS GENOME

INITIATIVE 2000, MICHELMORE 2001). The results are summarized in Table 2.
In recent works (JONES 2001, BLAKE et al. 2002), these estimates have been
changed to incorporate two major classes of putative resistance genes, related to
TIR-NBS-LRR and CC-NBS-LRR classes (those results are also included in Ta-
ble 2).
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Table 1. Structural classes of resistance genes (HAMMOND-KOSACK, JONES 1997)

Class Abbreviation Description of coded protein

1a TIR-NBS-LRR Intracellular proteins with amino terminal domain homologous

to Drosophila Toll protein as well as a nucleotide binding site (NBS)

and leucine-rich repeat (LRR) domains

1b CC-NBS-LRR Intracellular proteins with amino terminal coiled-coil as well as a nu-

cleotide binding site (NBS) and leucine-rich repeat (LRR) domains

2 Pto Intracellular serine/threonine protein kinases

3 Cf-9 Extracellular proteins, with LRR domain, single transmembrane re-

gion and short cytoplasmic carboxyl terminus

4 Xa-21 Extracellular proteins, with LRR domain, single transmembrane re-

gion and cytoplasmic kinase domain

5 SA-CC Intracellular proteins, with signalling anchor as well as a coiled-coil

domain



Such studies became possible as increasing amounts of data were submitted
and put into the GenBank as well as into thoroughly annotated, high fidelity
A. thaliana databases, e.g. MAtDB (SCHOOF et al. 2002) and TIGR initiatives.
These results frequently consist not only of putative (or established) resistance
genes but also of their subsequent annotation and assessment of initial functional
predictions.

Databases and methods

As there is no set standard for annotation of NCBI accessions according to their
functional prediction, the RGAs of A. thaliana could not be extracted by simple
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Table 2. Resistance gene analogues (RGAs) of A. thaliana (ARABIDOPSIS GENOME

INITIATIVE 2000); updated after JONES (2001) and BLAKE et al. (2002)

Class Members Notes

Related to CC-NBS-LRR class

CC-NBS-LRR 51

NBSCC - LRR 4 subscript indicates NBS related to those
of CC-NBS-LRR class

CC-NBS 4

CC 1

NBSCC 1 subscript indicates NBS related to those
of CC-NBS-LRR class

Related to TIR-NBS-LRR class

TIR-NBS-LRR 82

NBSTIR - LRR 2 subscript indicates NBS related to those
of CC-NBS-LRR class

TIR-NBS-LRR-X 5

TIR-NBS-TIR-NBS-LRR 2

TIR-TIR-NBS-LRR 2

TIR-NBS 19

TIR-X 30

X-TIR-NBS-X 2

Representatives of other classes

Pto ca 100 no established resistance genes

Cf-9 ca 30 no established resistance genes

Xa21 ca 174 mostly putative development-related genes, not
resistance genes

SA-CC 5 putative signal anchor (SA for transmembrane in-
sertion) and a coiled coil domain; two loci
RPW8.1 and RPW8.2



Boolean queries (i.e. keyword searches) over the entire database. Therefore it was
our goal to sift through existing data, by automatized searches over the entire
Arabidopsis protein set, to find RGAs of significant similarity (and/or sufficiently
similar structure) to known plant disease resistance genes.

This was done by first defining a set of “core” sequences representing major
RGA classes mentioned above, as well as interesting exceptions (like RPW8
genes), which were subsequently used as references in similarity searches versus
protein sequence databases. A similar approach to estimating the presence
and number of resistance gene analogues (or putative resistance genes) in wheat
and other cereals was reviewed in a previous paper (CHE£KOWSKI et al. 2002).
We partially modelled the present work on that approach. However, due to a pos-
sible proliferation of false positives, we desired a stronger degree of confidence
in our results. Therefore profile HMMs, from the Pfam database (BATEMAN et al.
2002) were chosen to augment our search with insight into occurrence of domains
frequently present in RGA classes. In the framework used by Hidden Markov
Models, the HMM of any domain is considered as an automaton that “produces”
sequences with a certain probability for each different sequence. The higher
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Table 3. Reference set of sequences used for BLASTP comparisons

Class Gene Species Pathogen Accession

TIR-NBS-

LRR

RPP5 Arabidopsis thaliana
Peronospora parasitica AAF08790.1

N Nicotiana tabacum Tobacco Mosaic Virus A54810

L6 Linum usitatissimum Melampsora lini T18546

M Linum usitatissimum Melampsora lini AAB47618.1

CC-NBS-

LRR

RPS2 Arabidopsis thaliana Pseudomonas syringae

p.v. tomato

NP_194339.1

RPM1 Arabidopsis thaliana Pseudomonas syringae

p.v. maculicola

NP_187360.1

I2 Lycopersicon

esculentum

Fusarium oxysporum

f.sp. lycopersicon

AAD27815.1

Pto Pto Lycopersicon

esculentum

Pseudomonas syringae

p.v. tomato

AAF76313.1

Cf-9 Cf-9 Lycopersicon

pimpinellifolium

Cladosporium fulvum CAA05274.1

CLV2 Arabidopsis thaliana n/a NP_176717.1

Xa21 Xa21 Oryza sativa Xanthomonas oryzae p.v.

oryzae

T04313

FLS2 Arabidopsis thaliana protein recognizes mi-
crobial flagellin

NP_199445.1

SA-CC RPW 8.1 Arabidopsis thaliana,
ecotype Ms-0

Erysiphe cichoraceum AAK09266.1

RPW 8.2 Arabidopsis thaliana,
ecotype Ms-0

Erysiphe cichoraceum AAK09267.1



the likelihood ratio (defined as the ratio of probability of generating a particular
sequence by using the domain model to the probability of generating a given se-
quence by using a null model) for the given sequence, the stronger the evidence in
favour of presence of a particular domain.

Our plan consisted of an analysis of the entire Arabidopsis protein set (num-
bering 109956 sequences, of all ecotypes, as extracted by the GenBank Taxonomy
Browser). This set was merged with the TIGR A. thaliana protein set. To facilitate
searches (and allow for correlation of our findings to the mapped Col-0 genome)
redundant, identical sequences were removed from this set (which afterwards
numbered 45946, yielding initial redundancy level of over 50%).

For analysing the datasets (the first from 45946 GenBank accessions, the sec-
ond consisting of only the genes present in the TIGR A. thaliana database – 27288
accessions), we used two strategies described below.

1. Use of Hidden Markov Models (EDDY 2001) from the Pfam database
(BATEMAN et al. 2002), with additions as described below in case of coiled-coil
domain and MEME-derived motifs (BAILEY, ELKAN 1994, BAILEY, GRIBSKOV

1998), to perform searches over the sequence sets in order to determine the exis-
tence of the following domains:
– TIR – Toll Interleukin Receptor (TIR Pfam fingerprint and MEME profile).
The MEME profile was made using the MEME program on a set of
80 TIR-NBS-LRR sequences found during HMM searches.
– NBS – Nucleotide Binding Site (NB-ARC Pfam fingerprint). As both TIR
and NBS domains are largely specific to the resistance genes (and RGAs),
we have decided to include the proteins of lesser similarity to the “core” set se-
quences in the results – provided that at least one of these domains was present
(MEYERS et al. 1997, JONES 2001).
– CC – Coiled-Coil domain (TIGR Hidden Markov Model and NCOILS program,
LUPAS et al. 1991).
– Ser/Thr kinase domain (Pfam fingerprint).
– LRR – Leucine-Rich Repeat (LRR Pfam fingerprint).
– TM – Transmembrane Domain (TM-HMMer analysis, KROGH et al. 2001)

The HMMer program (version 2.2) was used to conduct these analyses, except
where noted otherwise. Gathering thresholds from the Pfam database were used as
cutoff values – these are generally recommended as a good choice for both sensi-
tivity and specificity reasons. Cutoff values were used in a whole or nothing ap-
proach, meaning that either sequence scored above the cutoff and domain
presence was recorded, or the domain presence was not recorded at all. The only
exception was the coiled-coil HMM, from the TIGR database, where this value
was not provided and an E-value of 10.0 was used as a cutoff instead.

2. Use of known R genes, members of the classes outlined in Table 2 (as well as
their closest Arabidopsis homologues) for BLASTP (ALTSCHUL et al. 1997)
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searches over sets of all potential candidate genes. These closest Arabidopsis

homologues were CLAVATA2 (whose activity is related to enlarged meristems
and no resistance function is associated with it) and FLS2 (which is the only
Arabidopsis LRR kinase with assigned role in resistance – namely flagellin recog-
nition) genes, belonging respectively to Cf-9 and Xa21 classes. Entire sets men-
tioned earlier were so examined. All sequences that have been chosen for
the reference “core” set are given in Table 3. The searches were conducted by us-
ing the web-based version of BLASTP in order to take advantage of higher sensi-
tivity provided by the composition-based statistics option. A threshold was set
on the E-value of obtained hits in order to take into account only highly significant
matches (E � 10–20).

The genes that satisfied both criteria (significant similarity to known resistance
genes and detected domains with E-values scoring above the gathering thresh-
olds) are our candidates and a subject of this paper.

At this point, it must be clearly stated that although the presence of domains
augmented by significant similarity detected by local alignment to the “core” set
sequences allows us to classify genes by their protein products – the candidates
found are RGAs but not necessarily resistance genes in function. Structure is
the directly inferred attribute here, not function.

Results

The search provided us with the following results in regard to the protein classes
found in the Col-0 ecotype TIGR protein set (first value) and the GenBank
non-redundant set (second value, after “vs.”): (1) TIR-NBS-LRR-related RGAs
(in total 138 vs. 214): TIR-NBS-LRR – 82 vs. 125 RGAs, TIR-NBS – 13 vs. 23
RGAs, TIR – 43 vs. 66 RGAs; (2) CC-NBS-LRR-related RGAs (in total 53 vs.
98): CC-NBS-LRR – 47 vs. 79 RGAs, CC-NBS – 6 vs. 19 RGAs; (3) putative
NBS-LRR resistance genes with significant homology to the “core” set and with
neither TIR nor CC domains (in total 13 vs. 37). In case of these truncated genes it
is a distinct possibility that either TIR or CC domains are present but HMM fin-
gerprints were not sensitive enough to detect them: NBS-LRR – 9 vs. 16 potential
RGAs, NBS – 4 vs. 21 potential RGAs; (4) putative RGAs homologous to the
Xa21 gene or FLS2 gene, with predicted protein kinase and LRR domains, as well
as a transmembrane domain – 167 vs. 263 potential RGAs; (5) putative RGAs ho-
mologous to the Pto gene, with a predicted protein kinase domain only, and no
transmembrane domain – 114 vs. 188 potential RGAs. As there are over 800
serine-threonine kinases (i.e. kinase domain is not, by itself, RGA specific), sig-
nificant similarity to Pto was an a priori constraint; (6) putative RGAs – homolo-
gous to the Cf-9 gene or CLAVATA2 gene, with predicted LRR
and transmembrane domains only – 49 vs. 69 potential RGAs; (7) RGAs
of SA-CC class proteins – 3 vs. 6 RGAs.
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Figure 1. Resistance gene analogues – division by structural classes (refers to Col-0 ecotype
TIGR protein set)

Figure 2. Resistance gene analogues – division by structural classes (refers to the GenBank
distinct proteins set, containing known sequences from all ecotypes)



These results are also shown (as percentages) in Figures 1 and 2 (representa-
tions of RGA classes in both protein sets).

The SA-CC class (RPW8 homologues) needs a special mention as it was not
uncovered by the Arabidopsis Genome Initiative (which assembled accessions
from ecotype Columbia) but was established later in Ms-0 ecotype (XIAO et al.
2001). Hence it is referred to in the GenBank database (by RPW8 as well as the
closest marker Atp4k10) but not in TIGR or MAtDB databases. Of the 3 RPW8
homologues having the coiled-coil domain (characteristic of the SA-CC class) we
found one At3g50470 – identical to the HR3 protein. HR3 was one of the five
originally examined RPW8 proteins (XIAO et al. 2001) from the Ms-0 ecotype.
At3g50470 was annotated only as “hypothetical protein” in both TIGR
and MAtDB databases.

The above estimates for the Columbia ecotype give us an approximate number
of RGAs in A. thaliana, as the list consists of 537 genes spread over all chromo-
somes in the following proportions: chromosome 1 – 176 (33%); chromosome 2
– 65 (12%); chromosome 3 – 83 (15%); chromosome 4 – 70 (13%);
chromosome 5 – 143 (27%).

Discussion

In the course of our examination approximately 2% (549 RGAs in the set of 27288
AGI accessions) of the Arabidopsis proteome were revealed to be proteins exhib-
iting the predicted structure of one of the outlined resistance gene classes and sig-
nificant similarity to one of the genes from the “core” set. It is worth noting that so
far only in case of the three RGA classes (namely TIR-NBS-LRR, CC-NBS-LRR
and SA-CC) there has been a significant number of confirmed resistance genes.

Searches for RGAs in various plant species have been reported in the literature.
The existing knowledge of structure of plant resistance genes (and – as utilized
above – their protein products) was found to be useful in identifying candidate re-
sistance genes in model plants, like A. thaliana (ARABIDOPSIS GENOME

INITIATIVE 2000), as well as important crop species like wheat and barley
(CHE£KOWSKI et al. 2002).

Detection of domains in protein (or translated nucleotide) sequences has en-
abled a higher degree of confidence in the obtained results, than would be possible
if we relied solely on the similarity searches. This confidence has been highest
in case of TIR domains, as confirmed by both existing database annotations and
high degree of similarity to known TIR-NBS-LRR resistance genes. From
the bioinformatical point of view, these genes are easiest to detect – sharing three
readily detectable domains and substantial similarity between homologues from
different species.

By the same token, our confidence has been lowest in case of protein kinases
(Pto analogues) – due to the above-mentioned widespread presence of the kinase
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domain in various proteins – which, in turn, scales down the significance of ob-
tained matches. Such proteins as Pto and Fen kinases are an example of small
changes in structure, having profound effects in terms of physiological changes
(LOH, MARTIN 1995).

Conclusions

The question is: may the identified A. thaliana putative resistance genes be useful
in increasing the sensitivity of R gene searches in such important monocot crop
species as wheat and barley? A definitive answer can come only from empirical
confirmation of protein function, but we can suppose that even the genes that are
not likely to have a function in resistance (in A. thaliana – the RGAs of Cf-9
and Xa21 classes) can and do act as a potential reservoir of such resistance, by vir-
tue of possible recombination (MEYERS, MICHELMORE 1998). As similarity of
orthologues is frequently higher than the similarity of paralogous RGAs
(MEYERS, MICHELMORE 1998), a study of the model plant genome was, in our
opinion, justified.

Also it has been established (PAN et al. 2000) that the two main groups of resis-
tance genes (namely TIR-NBS-LRR and CC-NBS-LRR) underwent divergent
evolution in cereal and dicot genomes – with cereal NBS-LRR proteins being in-
variably of the CC-NBS-LRR variety. Therefore it is the proteins within
the CC-NBS-LRR class that are most likely to show significant similarity to their
counterparts in cereals – and these constitute, in our opinion, the best direction
for future analysis.

A wider subject of interest to consider are genes involved in defensive reac-
tions at large. These consititute a group that is both numerous and extremely poly-
morphic. And while our subject of interest encompassed only a selective search
for RGAs – an interesting future direction could lie in the analysis of other genes
required for resistance, like NDR1 or EDS1, or other genes involved in signal
transduction during the hypersensitive response, which were not incorporated
in the present analysis. Complications to consider lie in establishing a set of com-
mon blocks, like the domains used here to identify RGAs – which is a necessary
condition for utilizing the approach outlined above.
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