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Cloning of plant disease resistance genes is now
commonplace in model plants. Recent attention has turned to
how the proteins that they encode function biochemically to
recognize their cognate Avirulence protein and to initiate the
disease-resistance response. In addition, attention has turned
to how the Avirulence proteins of pathogens might alter
susceptible hosts for the benefit of the pathogen, and what
plant proteins might be required for that process.
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Abbreviations
Avr avirulence 
CC coiled coil
CP coat protein
HR hypersensitive response 
LRR leucine-rich repeat 
NBS nucleotide-binding site 
pv. pathovar
PVY Potato Virus Y 
R resistance 
TCV turnip crinkle virus 
TIR Toll-Interleukin receptor

Introduction

‘O body swayed to music, O brightening glance,

How can we know the dancer from the dance?’

From Among Schoolchildren by William Butler Yeats, 1928

The majority of potential pathogens are stopped before
they infect — the majority simply cannot start their lifecy-
cles on most plants. When the pathogen is, in principle,
capable of initiating infection, plants have at least two sets
of genetically defined overlapping defense modes that they
can deploy. These responses further reduce the range of
plants that pathogens can infect. The first is a basal defense
that limits the growth of virulent pathogens (reviewed in
[1] and by Glazebrook, pp 301–308, and Dong, pp 309–314).
The second is mediated by the now familiar plant disease
resistance (R) genes (reviewed in [2] and by Jones,
pp 281–287). R proteins determine the recognition of a spe-
cific molecule produced by pathogens. These elicitors of
the resistance response are called avirulence (Avr) proteins

because their recognition by the corresponding R proteins
of the host results in the activation of a suite of defense
responses. R-dependent responses are often, but not
always, coupled with rapid programmed cell death of the
host, termed the hypersensitive response (HR). If either R
or avr genes are missing then recognition does not occur
and disease ensues. This ‘gene-for-gene’ recognition gov-
erns plant resistance against diverse classes of pathogens,
including bacteria, fungi, viruses, nematodes, and insects.

A set of structurally similar R proteins determines the
recognition of a diversity of Avr proteins. The vast majority
of R genes encode proteins containing a nucleotide-binding
site (NBS) and leucine-rich repeats (LRRs). In animal sys-
tems, LRRs mediate protein–protein interactions in
ligand–receptor models [3]. The NBS-LRR R proteins can
be further subdivided into two major classes on the basis of
their amino-terminal sequences, featuring either a coiled
coil (CC) or a Toll-Interleukin receptor (TIR) homology
domain. There are around 150 NBS-LRR genes in the
Arabidopsis genome [4]. In contrast, Avr proteins show little
or no homology to one another. Furthermore, most Avr pro-
teins, with the exception of some virally encoded proteins,
have no deduced or experimentally defined functions.
The simplest model for R–Avr protein interactions is that
R proteins are receptors and Avr proteins are ligands.

Intuitively, one would expect the selective pressure exerted
by frequently occurring R genes to cause pathogens to jetti-
son their avr genes. Thus, the maintenance of avr genes in
pathogen populations suggests that these genes play a role in
pathogen virulence on susceptible hosts, a notion supported
experimentally in several cases (reviewed in [5]). This is
most easily understood for the viral-encoded proteins that
are recognized by host R proteins, but are also required by
the virus for replication, processing or envelopment. We pre-
sume that some Avr proteins contribute to virulence of the
pathogen through direct interaction with host proteins. Avr
proteins could inhibit the host proteins required for estab-
lishing basal or specific defenses. On the basis of these
concepts, one function of R proteins might be to ‘guard’ 
virulence targets and to intercept incoming Avr proteins at, or
close to, their cognate virulence target [6]. In this (by no
means exhaustive) review, we focus on the current status of
the R–Avr pas de deux. In particular, we examine how this
dance might reflect a ‘cutting in’ by R proteins on a more
sophisticated dance between Avr proteins and their actual
partners of choice, their virulence targets.

Circling the dance floor: right time, right place
One prediction of the guard hypothesis is that the cellular
location of the Avr protein will determine the location of
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not only the R protein, but also the virulence target of the
Avr protein (see Table 1). During the infection of tomato
by the fungus Cladosporium fulvum, Avr proteins are secreted
into the extracellular space. These Avr proteins are recog-
nized by members of the Cf-X class of R proteins. Cf-X
proteins possess a putative single-pass transmembrane
domain, extracellular LRRs and a short cytoplasmic region
with no known homologies. Studies of Cf-9 confirm that it
is localized to the plasma membrane [7]. Hence, the cellular
location of Cf-9 is consistent with both the cellular location
of C. fulvum Avr proteins, and with the extracellular, non-
invasive life-style of C. fulvum. Cf-9 protein was also
localized to the endoplasmic reticulum [8]. Plants expressing
Cf-9 carrying amino alterations in potential endoplasmic
reticulum (ER)-localization sites are, however, still resis-
tant [9]. Additional extracellular C. fulvum proteins have
been identified and shown by reverse genetics to function
as virulence factors. Importantly, tomato genotypes have
also been identified that recognize these proteins as Avr
proteins [10,11]. Taken together, these data indicate that
R proteins can be localized to similar cellular locations as

their putative ligands and predict the location of possible
virulence targets.

Many bacterial pathogens live in the intercellular spaces of
their host. Yet, a growing body of data suggests that bacte-
rial Avr proteins are translocated directly into the host cell
via the Type-III secretion system. This system is evolu-
tionarily conserved among bacterial pathogens of plants
and animals (reviewed in [5,12,13]). We term the putative
translocated proteins ‘Type-III effector proteins’.

The characterization of several Type-III effector proteins
suggests that they are localized to specific subcellular com-
partments in the host cell. The amino-acid sequences of
several Pseudomonas syringae Type-III effector proteins
contain potential amino-terminal myristoylation and
palmitoylation sites, which are normally found only in
eukaryotic proteins [14]. Myristoyl and palmitoyl groups
can act as tethers, attaching the fatty-acid-modified 
proteins to membranes. We have demonstrated that myris-
toylation sequences in the P. syringae AvrRpm1, AvrB, and

Table 1

Summary of Avirulence protein properties.

Avr Protein Pathogen Homology with and/or Location in the Common domain Location of the 
possible virulence function* plant cell* for avirulence and matching R gene*

virulence function†

AvrPphC Pseudomonas syringae Interferes with the plant NR‡ NR NR
pv. phaseolicola defense response [36•• ]

AvrPphF Pseudomonas syringae Interferes with the plant NR NR NR
pv. phaseolicola defense response [36•• ]

AvrRpt2 Pseudomonas syringae Interferes with the plant NR NR NR
pv. tomato defense response [37•]

AvrRpm1 Pseudomonas syringae Enhances growth [55] Plasma NR Plasma
pv. maculicola membrane [14] membrane [15]

AvrPto Pseudomonas syringae Enhances growth [31] Plasma No [30] NR
pv. tomato membrane [16]

AvrBst Xanthomonas campestris Ubiquitin-like protease [26•] NR Yes [26•] NR
pv. campestris

AvrXa7 Xanthomonas oryzae Transcriptional activation domain Nucleus [23•] Yes [23•] NR
pv. oryzae required for virulence [24•]

AvrBs2 Xanthomonas campestris Agrocinopine synthase (from NR Recognition region NR
pv. vesicatoria Agrobacterium tumefaciens) [51] localized in the portion

with highest homology
to synthase [52]

AvrBs3 Xanthomonas campestris Transcriptional activation domain Nucleus [19] Yes [21] NR
pv. glycinea required for virulence [19]

PthA Xanthomonas citri Transcriptional activation Nucleus [53] NR NR
domain required for
virulence/causes cell
hyperplasia [53]

VirPphA Pseudomonas syringae Interferes with the plant NR NR NR
pv. phaseolicola defense response [35]

AvrPitA Magnaporthe grisea Protease [40•• ] NR Yes NR
Avr9 Cladosporium fulvum NR Exoplasmic [56] NR External plasma

membrane [56]
Nla Potato Virus Y Proteinase NR Yes [29] NR
Coat protein Turnip Crinkle Virus coat protein NR No [54] NR

This table summarizes what is known about the location, virulence and avirulence function of the effectors treated in this review, and shows
how interdependent these elements are for the dual function of these proteins. *On the basis of sequence analysis and/or experimental data.
†On the basis of experimental data. ‡NR = none reported.
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AvrPphB proteins are required for their localization to the
plasma membrane of host cells. Furthermore, these
sequences are required for bacteria expressing AvrRpm1
and AvrB to elicit a resistant response by plants expressing
the cognate RPM1 protein, a plasma-membrane-associated
protein [15]. Even more intriguing is that both the myris-
toylation and palmitoylation sites of AvrRpm1 are required
for bacteria to be fully virulent on susceptible hosts [14].
This indicates that the putative virulence target of AvrRpm1
may also be associated with the plasma membrane. 

AvrPto was also shown to require N-myristoylation sites to
localize to the host plasma membrane and trigger Pto func-
tion [16]. Pto, the cognate R protein to AvrPto, also carries
putative N-myristoylation sequences, indicating that Pto
may be associated with the plasma membrane.
Localization of Pto to the membrane has yet to be demon-
strated, however, and Pto can function without the
consensus myristoylation site if driven from a strong pro-
moter [17]. Additionally, a putative N-myristoylation site
has been identified in the amino-acid sequence of RPS5, a
NBS-LRR protein of Arabidopsis that recognizes the bac-
terial Avr protein AvrPphB [18].

Recognition of P. syringae AvrPphB has been shown to
specifically require RPS5 and PBS1 [19]. PBS1 has been
cloned and encodes a serine-threonine kinase that appears
to be functionally distinct from Pto [20]. Interestingly, like
AvrPphB and RSP5, PBS1 also contains a putative
N-myristoylation site, potentially placing all three of these
players at the membrane.

Which one is my partner?
AvrBs3 family proteins of various Xanthomonads require
nuclear-localization sequences for transport to the nucleus,
and for virulence and R-dependent recognition [21,22,23•].
Thus, the corresponding R proteins might also localize to
the nucleus. The exact role of these Avr proteins in the
nucleus is still unclear, but this family may be involved in
inducing or repressing the expression of host genes. A tran-
scriptional activation domain of AvrXa7 is required for
avirulence and virulence on rice [23•]. When this domain is
substituted with that of the unrelated herpes simplex viral
protein16 (VP16), avirulence but not virulence activity is
restored. This result suggests that the recognition by Xa7
mediated by the transcriptional activation domain of
AvrXa7 is not sequence-specific, but rather is due to some
interaction with the transcriptional machinery of the host.
The AvrXa7 activation domain is, however, required for
virulence, perhaps because it interacts with a host factor to
modify the expression of host target genes during disease. 

The AvrBs3 family of proteins from Xathomonas spp.
requires the presence of NLS sequences for recognition on
resistant hosts. Recent work on family member AvrBs4,
however, demonstrates that its NLS sequences are dis-
pensable for recognition by Bs4 on tomato [24]. This work
suggests that recognition (interception?) by R proteins can

occur at different points along intracellular paths taken by
translocated type-III effectors to their cellular target.
Cloning and analysis of R proteins that recognize distinct
AvrBs3 family members should shed light on this puzzle.

The AvrBs3 proteins may be the first known case of a family
of effectors having undergone diversification aimed at a set
of related host targets. Recently, several closely related
members of this family (members of the AvrXa-X proteins
from X. oryzae) were mutagenized in one strain [25]. Each
mutation caused a different (and ultimately additive)
impact on virulence. Moreover, none of the avrXa-X genes
tested could complement the loss of virulence function
normally encoded by other family members. Thus, their
functions are non-redundant. One possible scenario is that
these genes are evolving to not only evade host R func-
tions, but also to maximize the number of interactions they
can have with individual members of a host protein family
that are the virulence targets. The more of these related
targets that can be affected the more efficient the
pathogen will become.

Just holding hands or really a close dance?
The most effective R protein would be one that recognizes
the domains of its cognate Type-III effector that are
required for virulence. In this case, effector mutations that
result in the loss of or decreased resistance responses would
presumably carry a fitness cost to the pathogen. Recent
mutational analyses of two homologous Type-III effectors
indicate that such ‘effective’ R proteins might exist. The
X. campestris Type-III effector AvrBsT is related to Yersinia
pestis YopJ protein. The regions of homology include con-
served sequences that encode a putative protease catalytic
domain. Directed mutations of YopJ in one of the three con-
served residues required for function in related proteases
resulted in the loss of Yersinia pestis virulence on its normal-
ly susceptible host. The same mutations in avrBsT resulted
in the loss of recognition by the normally resistant
Nicotiania benthamiana plants [26•]. Similarly, X. campestris
pathovar (pv.) vesicatoria mutants were recently isolated
that can partially overcome the pepper Bs2 gene and also
have reduced avrBs2 virulence activity on bs2 plants [27].
The avrBs2 gene was the first for which a requirement for
bacterial fitness was demonstrated [28], giving rise to the
notion that Bs2-mediated resistance would be stable.
Sequence analysis of the variant avrBs2 genes isolated from
strains growing on Bs2 heterozygous plants suggests that
evolutionary pressure favors loss of avirulence but mainte-
nance of virulence activities.

A similar example of an ‘effective’ R protein is found in
potato. The Ry R protein recognizes the Potato Virus Y
(PVY) Nla protein as an avirulence protein. Nla is a pro-
teinase and mutations of the active proteinase domain
compromise Ry recognition [29]. A different virus whose
proteinase has the same specificity as PVY’s, but is only
63% identical to the PVY proteinase, also triggers Ry func-
tion. What is not clear is whether Ry recognizes the Nla
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active site directly or via a product of Nla’s enzymatic
activity. Either way, this site is required for both the viru-
lence and avirulence functions of Nla.

AvrPto from P. syringae pv. tomato (Pst) enhances the viru-
lence of the pathogen on susceptible plants; strains
expressing avrPto grow to higher population levels than
those lacking avrPto [30,31]. The tomato Ser-Thr kinase
R protein Pto recognizes AvrPto. A physical interaction
between AvrPto and Pto has been demonstrated using the
yeast two-hybrid system, and mutations that abolish the
interaction in yeast abolish the induction of HR [32,33].
Therefore, this R–Avr pair offers a unique system in which
to examine the domains of an Avr protein required for both
avirulence and virulence. 

AvrPto has been randomly mutagenized in two separate
studies. In one, of nine non-Pto-interacting AvrPto deriva-
tives carrying point mutations, six resulted in forms of
AvrPto that were incapable of conferring enhanced viru-
lence upon Pst strains. However, the other three mutants
still conferred enhanced virulence [30]. In another study, 44
amino-acid substitutions were randomly generated within
the central section (amino acids 30–124) of AvrPto, which
had previously been demonstrated to be sufficient for the
interaction with Pto in yeast [34]. Surprisingly, 36 of these
AvrPto derivatives still interacted with Pto in the yeast two-
hybrid system. Of these 36 derivatives, all that were tested
also continued to elicit a Pto-dependent response in planta.
The authors did not report whether any of these mutants
were also compromised in causing enhanced virulence.
Taken together, these results may indicate that the overall
structure of this AvrPto domain, and not a particular set of
amino-acid motifs, is required for recognition by Pto. Thus,
both the recognition of specific motifs required for viru-
lence and flexibility in recognition of Avr protein structures,
may each provide effective R function.

Bacterial pathogens carry suites of effectors that may be deliv-
ered into host plants. Jettisoning a ‘defeated effector’ may be
beneficial in overcoming resistant hosts, but might be costly
to the long-term fitness of the pathogen on susceptible hosts.
Recent studies indicate that some bacterial pathogens encode
additional proteins that ‘mask’ the presence of a particular Avr
effector. For example, in Pseudomonas syringae pv. phaseolicola,
the Type-III effector AvrPphF masks an unknown avr gene
[35,36••]. Nevertheless, in this evolutionary war, the hosts
have developed the ability to recognize the masking effector:
in another strain of P. syringae pv. phaseolicola AvrPphF is rec-
ognized. Moreover, the avirulence activity of AvrPphF can
itself be masked by yet a third Type-III effector, AvrPphC,
which is an avirulence determinant on soybean. Inhibition of
host responses may also explain the virulence function of
AvrRpt2 [37•]. This Type-III effector strongly interferes with
the RPM1-dependent HR [38] and weakly inhibits RPS4 or
RPS5 function while not inhibiting HR [37•]. It remains
unclear whether these differences result from the interaction
with the same or distinct plant targets. 

Which hand do I hold?
Several lines of evidence indicate that the LRR domains
of R proteins may act as determinants of specificity and
ligand binding. The portions of LRR sequences corre-
sponding to the putative solvent exposed residues are
undergoing diversifying selection (see Jones, pp 281–287
and [39]). Recently, the LRR-like domain of the rice resis-
tance protein Pita was shown to be required for interaction
with Avr-Pita in the yeast two-hybrid system and by far-
western analysis. Furthermore, mutations in either
Avr-Pita or Pita that abolished resistance also abolished the
interactions in vitro [40••]. This is the first demonstrated
interaction between an LRR-containing R protein and its
cognate Avr protein.

Swapping of domains between homologous proteins fur-
ther maps specificity to the LRRs (see Jones, pp 281–287).
One tantalizing result from Jeff Ellis and his colleagues
suggests that LRRs from the flax L proteins might deter-
mine specificity combinatorially with an amino-terminal
domain. These authors first created chimeric L proteins,
analyzed transgenic plants for response, and found that the
LRRs determined L specificity [41]. However, they sub-
sequently analyzed two functionally distinct L alleles that
are sequence identical in the LRRs, but differ in the
amino-terminal domain. Their results suggest that a sub-
domain of the TIR is required for specificity and is also
under diversifying selection [42••]. Thus, it is possible that
the LRRs are necessary but not sufficient for the specific
recognition of Avr proteins and that LRRs and amino-
terminal domains have co-evolved to function in a
coordinated manner.

Recent genetic analysis of natural variation in RPS2 func-
tion indicates that recognition of AvrRpt2 also requires
unidentified host genes [43]. The Arabidopsis Po-1 ecotype
is susceptible to P. syringae expressing avrRpt2. The Po-1
RPS2 allele can, however, complement a fully susceptible
rps2 mutant allele in Col-0. Conversely, Col-0 RPS2 con-
fers full resistance when expressed in a Po-1 background.
A cross between Col-0 and Po-1, and subsequent quantita-
tive trait locus (QTL) mapping suggests that one or more
loci located near RPS2 are also required for RPS2 function.
Domain swaps between the RPS2 genes of Po-1 and Col-0
led to the identification of just six amino acids in the LRRs
that are required for function in the different genetic back-
grounds. The allele-specific nature of this response
suggests that LRR regions may interact directly with the
host factors required for RPS2 function.

LRRs may interact with other common host components
of defense. This hypothesis was initially suggested after
studies of a loss-of-function allele of RPS5, an Arabidopsis
R gene encoding an NBS-LRR R protein. This allele inter-
feres with resistance pathways that are mediated by other
NBS-LRR R proteins [18]. These findings suggest that
the LRRs interact with a host protein that is common to
several R-gene-mediated pathways. Dominant negative
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mutants have also been generated in domains other than
LRRs. Mutations in the TIR or NBS gave rise to dominant
negative alleles of tobacco N [44•]. Similarly, mutations in
the CC or amino-terminal hydrophobic regions of RPS2
resulted in dominant negative alleles [45•]. It is unclear if
these dominant negative alleles of N or RPS2 interfere with
resistance mediated by other NBS-LRR resistant proteins.

What about the chaperones?
Several loci have been identified that are required for one or
more R genes (see review by Glazebrook, pp 301–308 and
[1]). The current challenge is to determine whether their
corresponding proteins form complexes with R proteins as
described in the preceding section. In tomato, Pto-mediated
resistance against P. syringae expressing avrPto requires Prf,
an NBS-LRR protein [46]. Use of constitutively activated
Pto kinase demonstrated that Prf acts at or downstream of
Pto in the signaling cascade [47]. This suggests that a
ternary complex of Pto, Prf and AvrPto is necessary to acti-
vate resistance. However, physical interaction among Prf
and Pto and/or AvrPto remains to be reported. Several puta-
tive interactors of AvrPto and Pto have been identified in
the yeast two- and three-hybrid systems (summarized in
[48]). Several, of these encode transcription factors that are
associated with ethylene and defense responses. These
transcription factors are phosphorylated by Pto in vitro.
Current models suggest that the interaction of AvrPto with
Pto activates the Pto kinase; the resistance response is medi-
ated by the activation of these, and other, Pto partners [48].
Only Prf has, however,  been demonstrated to be required
for Pto-dependent resistance. The data are also consistent
with a model in which Pto constitutively activates proteins
that are involved in basal defense and this activation is abro-
gated by interaction with AvrPto. Therefore, inhibition of
Pto function may result in the induction of specific resistance
against avrPto-expressing pathogens.

The turnip crinkle virus (TCV) coat protein (CP), in addi-
tion to having an obvious role in virulence, is also an Avr
protein. TCV-CP triggers the NBS-LRR HRT gene in
Arabidopsis. CP interacts in yeast two-hybrid screens with
a NAC-family transcriptional activator. TCV expressing
CP mutants that no longer interact with this protein are,
however, virulent on HRT plants. Thus, this additional
interaction may be required for the HRT-elicited resistant
response [49•]. Whether HRT interacts with the transcrip-
tional activator or if the interaction occurs before or after
HRT action is unknown.

There is also evidence that at least RPS2 can interact
with Type-III effectors other than its cognate Avr protein.
This may support the notion that a limited set of host
proteins are targets for virulence effectors and are
guarded by multiple R proteins. A co-immunoprecipitation
assay demonstrated that RPS2 interacted with its cognate
Avr protein, AvrRpt2. Surprisingly, immune complexes
between RPS2 and AvrB also formed [50•]. Pathogens
expressing avrB elicit resistant responses on plants

expressing RPM1, but not RPS2. This finding suggests
that perhaps more than just cognate R proteins interact
with Avr proteins in planta, but that only specific R–Avr
protein complexes can trigger resistance.

Most models that explain how R proteins specifically
recognize their corresponding Avr protein have been artic-
ulated on the basis of the lines of evidence discussed
above. Yet, one would expect the regions that are most
variable among R proteins should be involved in the speci-
ficity of resistance responses. The region between the
amino-terminal CC or TIR domain and the start of the
NBS region is highly variable. We speculate that this vari-
able region is involved in binding to additional host
proteins, and these additional interactions may also deter-
mine specificity. It is this combinatorial diversity that Luck
et al. [42••] have defined as evolving in concert with the
LRRs of L proteins.

Conclusions
The dance floor is getting crowded; a plethora of resistance
and avirulence genes have now been cloned. We are now
on the cusp of understanding the mechanisms by which
their protein products function during the complex inter-
play between host and pathogen. Localization studies have
shown that R proteins are ideally positioned on the dance
floor to ‘cut in’ and dance with the Avr proteins. Further
characterization of R and Avr proteins has shown that
recognition is most likely not a simple receptor–ligand
interaction. We may be able to use this information to pre-
dict where the true and heretofore shady partners of Avr
proteins, their putative virulence targets, will be localized.
Additional host factors are probably required for recogni-
tion and signaling for resistance. Parents and chaperones
watch with cautious eyes in an attempt to discern the
dancers from the dance.
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