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Plants cannot move to escape environmental challenges. Biotic stresses result from a battery of potential
pathogens: fungi, bacteria, nematodes and insects intercept the photosynthate produced by plants, and
viruses use replication machinery at the host’s expense. Plants, in turn, have evolved sophisticated
mechanisms to perceive such attacks, and to translate that perception into an adaptive response. Here, we
review the current knowledge of recognition-dependent disease resistance in plants. We include a few
crucial concepts to compare and contrast plant innate immunity with that more commonly associated with
animals. There are appreciable differences, but also surprising parallels.

ost plants are resistant to most plant

pathogens. Passive protection against

pathogens that are not specialized to

attack a specific host is provided by waxy

cuticular ‘skin’ layers and preformed
anti-microbial compounds. Plant pathogens can be
broadly divided into those that kill the host and feed on
the contents (necrotrophs) and those that require a living
host to complete their life cycle (biotrophs). Microbial
necrotrophy is often accompanied by production of
toxins. Viruses are quintessential biotrophs, although
infection can lead eventually to host cell death. Bacteria
and fungi can adopt either lifestyle. Many insects cause
damage by chewing. They induce a wound response that
includes the production of protease inhibitors and other
anti-feedants such as alkaloids. Additionally, wound
responses include release of volatiles which attract insects
that feed on, or deposit eggs into, the larvae of the
herbivorous insect. By contrast, sap-feeding insects and
nematodes can adopt more intimate and sophisticated
modes of biotrophic parasitism, imposing developmental
responses on the plant cells, leading to the appearance of
galls, root knots or cysts. The plant innate immune
response is highly polymorphic in its capacity to recognize
and respond to biotrophs, and we focus here on this
aspect of plant defence.

Resistance in hosts and avirulence in pathogens

Plant—pathogen interactions, particularly those involving
biotrophic parasites, are governed by specific interactions
between pathogen avr (avirulence) gene loci and alleles of
the corresponding plant disease resistance (R) locus. When
corresponding R and avr genes are present in both host and
pathogen, the result is disease resistance. If either is inactive
orabsent, disease results’. The simplest model that accounts
for this genetic interaction requires that R products
recognize avr-dependent signals and trigger the chain of
signal-transduction events that culminates in activation of
defence mechanisms and an arrest of pathogen growth.
R genes specify a polymorphic component of a particular
recognition event. Specific R-mediated innate immunity is
superimposed onto one or more basal defence pathways.
Basal defences inhibit pathogen spread after successful
infection and onset of disease. The existence of basal
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defence is inferred from the identification of mutants
that are more susceptible to a virulent pathogen than are
their parents (detailed below). Genetic overlap between
specific and basal resistance responses suggests that one
function of R-mediated signalling is to more rapidly and
effectively activate defence mechanisms that are shared by
both pathways*™,

A significant effort by several laboratories in the past
5-10years has resulted in the identification of many R genes
from model and crop species®”’. Functional R genes isolated
so far encode resistance to bacterial, viral, fungal, oomycete
and even nematode and insect pathogens with very
different lifestyles, outside or inside the plant cell. Despite
this wide range of pathogen taxa and their presumed
pathogenicity effector molecules, R genes encode only five
classes of proteins (Fig. 1).

The largest class of R genes encodes a ‘nucleotide-
binding site plus leucine-rich repeat’ (NB-LRR) class of
proteins (Fig. 1). These function, so far, exclusively as R
genes and they are highly evolved (see below) for that
function. Although computer analyses do not predict local-
ization, at least one NB-LRR protein is associated with the
plasma membrane®. Their most striking structural feature
is a variable number of carboxy-terminal LRRs. LRR
domains are found in diverse proteins and function as sites
of protein—protein interaction, peptide—ligand bindingand
protein—carbohydrate interaction®'. In addition, each R
protein contains a conserved nucleotide-binding (NB) site,
which in other proteinsis critical for ATP or GTP binding™.
But it is not clear how or which of these nucleotides is
bound. The nucleotide-binding site is part of a larger
domain that includes additional homology between
R proteins and some eukaryotic cell death effectors such as
Apaf-1and Ced4 (Fig. 2). Thisenlarged region istermed the
NB-ARC or Ap-ATPase domain'**%, By analogy with Apaf-1
function, activation of R proteins may involve Avr-
dependent release of the Ap-ATPase domain from inhibi-
tion by the C-terminal LRRs, followed by multimerization
of acomplex that recruits additional proteins to the amino-
terminal domain for further signalling events. The NB-LRR
class can be subdivided based on deduced N-terminal
structural features: many have a domain with homology to
the intracellular signalling domains of the Drosophila Toll and
mammalian interleukin (IL)-1 receptors (TIR-NB-LRR),
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Figure 1 Representation of the location and structure of the
five main classes of plant disease resistance proteins.

Xa21 and Cf-X proteins carry transmembrane domains and
extracellular LRRs. The recently cloned RPW8 gene product
carries a putative signal anchor at the N terminus.

The Pto gene encodes a cytoplasmic Ser/Thr kinase,

but may be membrane associated through its N-terminal
myristoylation site. The largest class of R proteins,
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whereas others contain putative coiled-coil domains (CC-NB-LRR).
The CC-NB-LRR class probably comprises multiple subfamilies,
varyinginsizeand inthe location of the coiled-coil domain.
Comparative sequence analyses demonstrated that R specificity
resides largely in the LRRs, which are under diversifying selection to
increase amino-acid variability in residues thought to be solvent
exposed™ 8, Construction of domain chimaeras has supported these
findings for both NB-LRR and extracellular LRR classes of R
proteins'®?. Recent evidence indicates that in the L class of flax rust
resistance genes, diversifying selectionalsoactson residuesinthe TIR
domain, and that these residues are apparently co-evolving with the
corresponding LRR domain to provide specificity?, Mechanisms for
the evolution of new specificities include unequal recombination
and gene conversion, as well as accumulation of amino-acid codon
exchanges in members of anciently duplicated gene families.

R-gene diversity
The complete Arabidopsis sequence permits a comprehensive
analysis of the diversity of NB-LRR R-gene sequences in one plant®.,
Annotation revealed ~150 sequences with homology to the NB-LRR
class of R genes. R homologues are unevenly distributed between
chromosomes, with 49 on chromosome 1, 2on chromosome 2,16 on
chromosome 3, 28 on chromosome 4, and 55 on chromosome 5. Not
all of these seem intact. Despite the fact that many previously isolated
R genes seem to reside in local multigene families, there are 46
singleton Arabidopsis R-gene homologues, 25 doublets, 7 loci with
three copies, and individual loci with four, five, seven, eightand nine
NB-LRR-encoding genes. In recent months, the RPP7 family has
been defined asan additional cluster of ~14 copies on chromosome 1
(A. Cuzick and E. Holub, personal communication). A continuously
updated annotation of Arabidopsis R genes by B. Meyers and
colleagues can be found at http://pgfsun.ucdavis.edu/niblrrs/
At_RGenes/. There are more TIR-NB-LRR genes (~60%) than
CC-NB-LRR genes (~40%). Both inverted and direct repeats of Ara-
bidopsis R genes exist, ata ratio of about 3:2. The largest clustersare at
the RPP5 locus, which carries the RPP4 gene and seven other RPP5
homologues, and at the complex RPP7 locus on chromosome 1.
Thus, Arabidopsis has ~100 R loci distributed over all the
chromosomes. This seems a surprisingly small number of genes to
mediate recognition of all possible pathogen-encoded ligands.
Several models could explain this. Perhaps many R proteins actually
perceive the presence of more than one Avr protein, whether that Avr
protein comes from pathogens of similar or different lifestyles. ‘Dual
recognition’ has been demonstrated in a few cases. For example,
RPM!1 recognizes two non-homologous avr genes®?*, the tomato Mi
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gene confers not only nematode resistance butalso aphid resistance,
andalleles of the RPP8/HRT gene recognize an oomycete parasite and
a virus™®®, Similarly, the closely related potato Rx and Gpa2 genes
confer virus and nematode resistance, respectively”. Alternatively, it
is possible that some R proteins recognize conserved pathogen
molecules, and are of ancient origin®**. If this is the case, then it is
plausible that stable polymorphism for ancient R-gene specificity is
important for restricting disease in wild populations. Furthermore,
one locus can evolve to generate an allelic series that can confer
recognition capacity of multiple avr genes. Polymorphism for recog-
nition capacity will be sustained by frequency-dependent selection,
provided that polymorphism for avirulence is present in the
pathogen population®.

Of considerable interestis the identification of truncated forms of
both CC-NB and TIR-NB genes that lack the LRRs. It remains to be
determined whether these are simply the unpurged debris of past
mutation events, or whether they encode adaptor molecules that are
important in signalling, as MyD88 contributes to TIR signalling in
animals®. MyD88 encodes a protein with a TIR domain and a death
domain that recruits IL-1 receptor-associated kinase (IRAK) to Toll-
like receptors or the IL-1 receptor. Alternatively spliced versions of
the TIR-NB-LRR proteins N and L are observed, and may have as yet
unidentified roles in disease resistance®. There are also some unex-
pected structures. Two genes encode, in addition to a TIR-NB-LRR
structure, a WRKY domain that is likely to confer DNA-binding
capacity. WRKY proteinsare plant-specific zinc-finger transcription
factorsthatare transcriptionally activated during some plant defence
responses®. In addition, one TIR-NB-LRR gene has been annotated
to carry notonly aWRKY, butalso a protein kinase domain.

The Col-0 genome sequence represents a single, inbred haplo-
type, and comparison to other inbreds (termed accessions) will
require additional work. Forexample, RPM1 isabsent from accession
Nd-0 (refs 26, 36). Conversely, there may be Nd-0 R genes that are
lacking from Col-0, such as the newly isolated RPWS8 class of R gene
(see later). The RPP8 gene is single copy in Col-0, and duplicated in
La-er*, and the RPP4/5 haplotypes in Col-0 and La-er are extremely
diverged®. Extensive analysis by DNA sequencing and gel blot
hybridization of homologues from multiple accessions will provide
further insights into R-gene evolution.

The other four classes of R genes are structurally diverse (Fig. 1).
Inaddition, some members of these gene families have demonstrated
functions in cellular and developmental processes unrelated to
defence. Pto from tomato encodes a Ser/Thr kinase that confers resis-
tance to Pseudomonas syringae strains carrying avrPto. Pto might
function through a phosphorylation cascade, triggered by direct
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Figure 2 Comparison of R proteins with proteins involved in cell death in animal cells.
In addition to the nucleotide-binding site, Apaf-1, R proteins and Ced4 carry further
homologies in the NB-ARC domain that might suggest similarity in mode of action***,
In Apaf-1, the WD-40 repeats seem to confer negative regulation of cell death that is
relieved on binding cytochrome c, resulting in CARD domain multimerization,
caspase-3 recruitment and apoptosis. Conceivably, the R proteins undergo Avr
product-dependent multimerization of their N-terminal domains and recruitment of
additional signalling proteins.

AvrPto-Pto interaction®*“. Pto function requires the NB-LRR
protein Prf*:. The rice Xa21 gene encodes a transmembrane receptor
carrying a large extracellular LRR domain and an intracellular
protein kinase domain“, Chimaeras of Xa21 and arelated LRR recep-
tor-like kinase that recognizes the brassinosteroid hormone show
that specificity for this class of R protein also resides in the LRRs**,
The tomato Cf-X genes encode single pass membrane proteins with
extracellular LRRs*, These last two structural classes are reminiscent
of the Arabidopsis CLV1 and CLV2 genes, which may function
together to recognize an extracellular peptide ligand encoded by
CLV3 (ref. 46). Intriguingly, FLS2, a gene required for Arabidopsis to
recognize a conserved amino-acid sequence present in bacterial
flagellin, also encodes a CLV1/Xa21 homologue®’. A new R gene in
Arabidopsis (RPWS; ref. 37) encodes a small, probable membrane
protein with a possible coiled-coil domain and essentially no other
homology to known proteins.

Whether these other structural classes of R proteins use signal-
transduction cascades similar to those used by the NB-LRR family is
not yet known, although three findings suggest they do. First, Prf
functions with Pto, as noted above. Second, the Arabidopsis PBS1
gene (required for the function of the RPS5 NB-LRR gene, but not the
related RPM1 and RPS2 genes) is also a Ser/Thr kinase, suggesting
that these two classes of proteins may often function together in R
signal-transduction pathways*. There are over 50 Arabidopsis
protein kinase genes that are strongly homologous to Pto. Third,
RPW8 activity, and the activity of several TIR-NB-LRR proteins, is
dependent on EDS1 (ref. 37). Arabidopsis also carries homologues of
other R-gene classes, including 174 homologues of the Xa21 class of
LRR receptor-like kinase. There are also 30 genes that resemble
Cf-9, or CLV2, in that they encode extracellular LRRs and a short
cytoplasmic domain. The nature of signal-transduction cascades
downstream of activation of these classes is so far unknown.
Whether any of these function as the polymorphic component in
pathogen recognition, or in concert with NB-LRR proteins, remains
to be determined.

LRR receptor polymorphism in animal innate immunity

Animal innate immune systems also use LRR receptors, of the extra-
cellular variety, called Toll-like receptors or TLRs (named after the
first member identified; Fig. 3). The mammalian and Drosophila
innate immune receptors couple to internal cell-death signals, kinase
cascades and effector arms that are transcriptionally activated
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(reviewed inrefs49,50). There are probably ~15-20 TLR genesin the
human genome, and perhaps twice that number of TIR domain-
containing proteins (D. Golenbock, personal communication).
TLRs recognize a limited, but highly conserved and common, set of
pathogen-encoded structures that may represent signatures for a
given pathogen class. Recent reports of combinatorial functions of
TLR proteins suggest a modest expansion of the germline
repertoire®. However, it seems that the overall recognition potential
is limited, albeit to important and non-mutable ligands such as
lipopolysaccharide (LPS).

In addition, there is a class of intracellular NB-LRR proteins that
also have a role in animal innate immunity. Surprisingly, these are
structurally analogous to the NB-LRR class of plant R proteins. These
mammalian Nod proteins contain N-terminal caspase-activating
recruitment domains (CARDs) and NB-ARC/Ap-ATPase domains,
like Apaf-1. But the Nod proteins also carry C-terminal LRRs, like
plantR proteins, instead of WD-40 repeats, like Apaf-1. Intriguingly,
Nod1 (also called CARD4) confers recognition of bacterial LPS and
subsequent NF-kB activation in a TLR4-independent manner®.
Although Nod1l is broadly expressed in many cell types, Nod2 is
expressed primarily in monocytes, a key cell type that binds and can
engulf bacteria in the animal innate immune system®. NF-«B
activation following Nod2 stimulation occurs probably through a
directinteraction with the RICK Ser/Thr protein kinase, mediated by
the Nod2 CARD domains®. Most important, mutations in Nod2
have recently been implicated in Crohn’s disease®*, an inflammato-
ry bowel disorder that phenotypically resembles an autoimmune
disease. The LRR domains of both Nod1 and Nod2 are required for
function. The existence of ~30 Nod genes with similar NB-LRR
structures, but possessing varied N-terminal domains, suggests
mammals may carry a system of intracellular receptors that, like
plant R proteins, determines recognition of intracellular ligands.
There is currently no evidence that polymorphism in either the
TLR or Nod proteins further contributes to diversity. It could be
that subsequent to the evolution of the adaptive immune system,
there was no evolutionary pressure for expansion of TLRs in animals
as they were already adapted to recognize key, non-mutable
pathogen-encoded ligands.

Complex evolution

If several proteins in the recognition and response pathway are
functionally polymorphic, then the optimal set of proteins will need
to evolve together. The existence of cytoplasmic and transmembrane
classes of R protein indicates that some are specialized to detect
secreted ligands or surface components from the pathogen, and some
are dedicated to recognize ligands that appear inside the cell (see
below). The discovery of multiple types of both intracellular and
transmembrane R proteins suggests that polymorphism may exist
notonly in recognition but also in several elements in response path-
ways. In plant breeding, this polymorphism may be uncovered
experimentally in simple pairwise comparisons of resistant and
susceptible inbred host lines. Yet it is probable that selective pressure
is not acting on only a single pathogen recognition element,
assuming that the LRRs are either directly or indirectly responsible
for ligand contact. Selection could act to diversify and then fine-tune
the output of the response. NB-LRR proteins probably work in
complexes. Thus, it may be that genetic buffering®, whereby evolu-
tionary experiments in polymorphism are protected by redundancy,
and by flexible, yet robust signalling processes, facilitates phenotypic
variation. This, in turn, allows a flexible evolutionary space in which
todiversify several elements of the system.

Because most proteins work in complexes, it is perhaps
unsurprising that co-evolution of the components is required for
optimization. This strategy is most easily detected in outbred
populations, and can be revealed as quantitative trait differences
among inbred species. Hamiltonetal.*” proposed that the main selec-
tive advantage leading to the retention of sexual reproduction and
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outcrossing is that polymorphism at loci contributing to parasite
recognition will restrict loss of fitness due to disease. According to
this model, if a host population is extremely heterogeneous in its
recognition capacity, then mostisolates of the parasite will not be able
to grow on most hosts. In the absence of outcrossing, such polymor-
phism would be more likely to be lost, unless it is maintained by
selection (Fig. 4). Furthermore, if sexual recombination between
parasites leads to exchange of dominant avirulence genes, then most
progeny of most parasites will not be able to find a host. There is still
debate about whether such frequency-dependent selection, in which
rare resistance (recognition) specificities are less likely to be
overcome by the parasite, is the main explanation for the enormous
diversity of human haplotypes at major histocompatibility complex
(MHC) loci. An alternative model proposes that this diversity can be
explained by overdominance (heterozygote advantage), through
which heterozygotes have twice the recognition capacity and resis-
tance of any homozygote. Many plant species, including Arabidopsis,
reproduce by self-fertilization, and overdominance cannot explain
the extreme polymorphism of R loci compared with other loci in
such species. This inference is of general significance, because it
implies that frequency-dependent selection could be part of the
explanation for MHC polymorphism inanimals, and is perhaps even
sufficient to explain it. The restriction of parasite success in plant
varietal mixtures is consistent with this overall concept, and the
approach deserves further exploration as a strategy to provide more
durable resistance in crop varieties (Fig. 4).

NB-LRR proteins are probably intracellular and are likely to be
receptors for an avr-encoded ligand, or to function in a protein com-
plex that is the functional receptor. Although a cytoplasmic location
of an R protein isunsurprising for those conferring resistance to viral
pathogens, the existence of intracellular NB-LRR R proteins active
against microbial pathogens implies that the ligands from bacterial
and fungal pathogens are also intracellular. Plantand animal bacteri-
al pathogens, like P. syringae, use a type 111 delivery system to traffic
proteins into host cells (reviewed in refs 58, 59). Avr-R recognition
for several bacterial systems (reviewed in ref. 60) occurs inside the
plantcell following expression of avr genes using plant transcription-
al control signals. Curiously, expression of bacterial Avr proteins in

Figure 3 Comparison of R proteins with proteins
involved in animal innate immunity. Toll in Drosophila,
and TLRs in mammals, are activated by extracellular
ligands. They carry extracellular LRRs (such as Xa21
and Cf-9), but also carry a cytoplasmic TIR domain.
Upon activation, the TIR domain recruits death domain-
containing adaptor proteins, and the protein kinases
PELLE or IRAK. PELLE and IRAK are the animal proteins
that are most homologous to Pto. Pto requires the
NB-LRR protein Prf to function.

IRAK
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disease-susceptible plants can lead to delayed, weak cytotoxic effects,
suggesting that Avr proteins may have additional targets inside
disease-susceptible plant cells*~*, Based on analogy to mammalian
pathosystems, it is inferred that type 111 effectors from phytopatho-
genic bacteria are translocated into the host cell, although direct
demonstrations of this are rare®. Despite these recent advances, little
is known about how the subcellular localization, and site of action,
of type Il effector proteins influences initiation of disease, or
resistance, in hosts of the appropriate genotype®.

Many fungal pathogens form intimate membrane contacts with
host cells at the surface of specialized feeding structures called
haustoria, which could facilitate the traffic of disease effectors into
the host. It will be of great significance to isolate avr genes from
haustorial pathogens, such as rusts, powdery mildews and downy
mildews. Several secreted Avr proteins from Cladosporium
fulvum have been defined that trigger resistance mediated by
transmembrane R proteins of the Cf-X family®®®°. However, they do
notseem to interact directly with their corresponding Cf-X proteins.
Indeed, Avr9 peptide binds with 70-picomolar affinity to a plasma
membrane protein that is present even in tomato lines that lack
Cf-9 (ref. 70). The rice blast (Magnaporthe grisea) avrPita gene has
been isolated; it encodes a putative secreted metalloprotease. The
corresponding R protein (Pita) is of the CC-NB-LRR class (although
the LRRsare rather degenerate), and AvrPitaand Pitainteract direct-
ly in yeast two-hybrid and in vitro experiments™. Although M. grisea
is not a haustorial pathogen, this suggests that fungal and downy
mildew Avr proteins might be secreted proteins that are internalized
by or translocated into the plant cell and recognized intracellularly.

R proteins as guards of cellular machinery

The ‘guard hypothesis’ providesan intriguing conceptual framework
for the action of disease effectors and the R-protein complex. It was
put forward in an attempt to rationalize why Pto protein kinase
requires the NB-LRR protein Prf to activate defence upon
recognition of AvrPto™. According to this model, Pto is a general
component of host defence, perhaps in a pathway for response to
nonspecific elicitors of phytopathogenic bacteria. The function of
AvrPto for P. syringae is to target Pto and suppress this nonspecific
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One R gene type

Five R gene types

Figure 4 R-gene monoculture and R-gene polycultures. Different R genes are
indicated by different colours. R-gene polycultures are proposed to give more durable
resistance for three reasons. (1) Any pathogen race that can overcome only one R
gene will give rise to a much slower epidemic. (2) Any such pathogen race that
undergoes an additional mutation to overcome another R gene is likely to be less fit
than a race that can overcome only one R gene, because avr genes are likely to
encode pathogenicity factors. (3) High inoculum of avirulent races is likely to promote
systemic acquired resistance, reducing the susceptibility of the plants to otherwise
compatible pathogens.

defence pathway. Prf is thus an NB-LRR protein that ‘guards’ Pto,
detects its interdiction by AvrPto (or any other bacterial effector),
and then activates defence. More generally, in this model, R proteins
physically associate with cellular targets of bacterial type I11 effectors
of disease. These targets could include plant defence components or
host proteinswhose function is modified to nourish the extracellular
bacterial colony. Generally, when the type Ill effector enters a
resistant host cell, and interacts with a target, the resulting complex is
recognized by the R protein, which is thus activated to initiate disease
resistance. In the absence of a specific R protein, the host target is
not guarded from the virulence function of the type Il effector, and
disease ensues.

In one mechanistic scenario (Fig. 5) the R protein could bind its
guardee constitutively, but disengage upon type Il effector binding
to the guardee, resulting in an active R protein. This would be
consistent with the observation that overexpression of Prf leads to
constitutive disease resistance”. This model suggests that NB-LRR
proteins, and the signalling pathways they mediate, are negatively
regulated by their guardees. Alternatively, R-protein recruitment
could be conditioned by engagement of the type 11 effector with its
cellular target protein. A subsequent conformational change would
then lead to enhanced affinity of the guardee—effector complex for
the R protein, triggering resistance. Both models are consistent with
the general lack of direct interaction between NB-LRR proteins and
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Avr proteins. Each scenario is consistent with the conceptual frame-
work that R proteins monitor whether a cellular protein is under
attack from a pathogen effector protein.

There are several predictions from the guard hypothesis. First, R
proteins may interact constitutively with their ‘guardees. Such
interactors will be targets of virulence factors required for successful
infection, and/or components of defence signalling™. These possibili-
ties are not mutually exclusive if the nominal target of virulence has
also evolved a role in the stability of an R-containing complex whose
structural integrity is required for resistance. For example, the viral
coat protein of turnip crinkle virusis the Avr protein detected by HRT
in this case. It interacts in yeast with an Arabidopsis NAC protein,
probably a transcriptional regulator. Mutants in the coat protein that
do not interact with this NAC protein are still virulent, but lose the
ability to trigger HRT-mediated resistance™. Thus, this particular
NAC protein is required for HRT function. It could also be required
for basal defence and be a target for the coat protein, if the latter can
also act as a virulence factor. Second, the complex of the effector with
its target might be present in both susceptible and resistant host cells,
except that in the latter the R protein will also be part of the complex.
Thissuggests thatamutation in an R-protein partner mightresultina
loss of resistance conferred by that R protein, perhaps explaining the
pbsl mutant phenotype. Third, if a limited number of host protein
complexes are targets of the effector set from a given pathogen, then
one host protein complex might be a target for multiple pathogen
effector molecules. Thissuggests that multiple R proteins could physi-
cally associate with the same host protein complex and hence with
each other. Thisnotion may explain the functional interference of two
structurally related R proteins™”, and the counter-intuitive finding
that a particular type 11 effector could be co-immunoprecipitated
with the ‘wrong’ R protein™. Fourth, acorollary of these predictionsis
that the number of host cellular targets of type 111 effectors may in fact
be limited, and potentially targeted by several effectors. This is sup-
ported by at least two examples of a single R protein having the ability
to recognize two different effectors®?’. In addition, the Arabidopsis
PBS1 gene is also a Ser/Thr kinase and could be the RPS5 ‘guardee’.
Further support is provided by the fact that 46 of the Arabidopsis NB-
LRR genes are single copy. This implies that they are ancient and
provide effective resistance. Their effectiveness could be due to strict
structural constraints on the corresponding type 111 effectors that are
in turn targeted to a limited set of cellular targets. For the Cf-X class of
R protein, Cf-9 could ‘guard’ the Avr9-binding ite that is presenteven
instocks that lack the Cf-9 gene™.

The guard hypothesisis by no means proven, but itis does provide
a step beyond the previous notion that R proteins are simply direct
receptors for Avr proteins. This elicitor/receptor model may still be
true for some systems, but for many others, the lack of direct R/Avr
interaction issufficiently convincing that it can be excluded.

Signal transduction and the effector arm

Genetic screens, almost exclusively in Arabidopsis, have defined loci
required for R-gene action. Such loci are likely to encode proteins that
function either as guardees (described above) or to mediate the series
of biochemical events outlined below?®. Note that a protein required
for assembly of a cellular component targeted by a type 111 effector
and guarded by an R protein might have multiple functions. Several
mutants were identified by loss of a particular R function, and then
tested for loss of additional R functions. Some of the resulting muta-
tions are R specific, as they eliminate one specificity, whereas others
define common steps in signal-transduction pathways required for
theaction of several Rgenes. Thisisacritical experimental step, asitis
often easier to measure subtle effects on R-gene functions that are
different than the one used in the original screening. These screens
are inefficient; typically ~90% of the mutants are r alleles®. These
results suggest that most mutations in the other genes required for
the R signal pathway in question might be lethal, or that these steps
are encoded by genes with overlapping or redundant functions.
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Loci required for basal defence have also been defined*®. Mutants
inthese loci express enhanced disease susceptibility (eds) phenotypes
and support more growth of virulent pathogens than the wild-type
plant. Some of them also are required for the function of one or more
R genes, and some are also required for pathogen-nonspecific
systemic acquired resistance (SAR). Their requirement during
R-dependent signalling proves that basal and specific defence
systems can overlap.

Several genes required for multiple R functions are known. The
ndrland eds1 mutants were defined in screens for loss of race-specific
resistance to strains of the bacterium P. syringae or the oomycete
Peronospora parasitica®®, EDS1 and NDR1 are each required for the
function of different NB-LRR R genes®. The R genessuppressed by the
ndrl mutation are not affected by eds1 mutants, and vice versa. eds1
suppresses TIR-NB-LRR R genes, whereas ndr1 suppresses a subset of
CC-NB-LRR resistance proteins. Although these observations
suggest a model in which EDS1 and NDR1 mediate distinct R gene-
dependentsignalling pathways, there are several examples of CC-NB-
LRR R genes which function independently of both EDS1 and NDR1
(refs 84, 85). RAR1 is required for the function of some, but not all,
barley Mla resistance genes®®. Differences in the amino-acid sequence
between proteins encoded by RAR1-dependent and RAR1-indepen-
dent Mla alleles are only around 5% (refs 87, 88). Thus, signalling
proteins can discriminate between highly related R proteins. RAR1 is
a novel zinc-coordinating protein, which, in higher metazoans, is
co-linear with a protein domain homologous to the yeast SGT1
protein. SGT1 regulatesdelivery of targets to the SCF protein degrada-
tion machine®. Thus, upon activation, RAR1 may target a negative
regulator of disease resistance and the hypersensitive response for
degradation. Alternatively, the RAR1-containing SCF complex is a
critical host target for a variety of powdery mildew effectors, and is
therefore guarded by the products of several Mlaalleles.

a b

c / i d

Figure 5 The guard hypothesis for R-protein function. a, A cellular complex of
proteins (blue), which includes both the ‘guardee’ molecule (red) and an NB-LRR
protein (grey, shaded from the N terminus through NB and LRR domains), is a target
for a bacterial type Il effector of disease (orange). b, Binding of the type Ill effector to
its targets results in disassociation and activation of the NB-LRR protein and thus
disease resistance. c, Alternatively, the NB-LRR protein may not be part of the target

complex until after type Ill effector binding. d, Recruitment to the type IIl
effector/target complex would then activate the NB-LRR protein.
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The earliest events following R engagement are calcium influx,
alkalinization of the extracellular space, protein kinase activation,
production of reactive oxygen intermediates (ROIs) and nitric oxide,
and transcriptional reprogramming. Studies using both nonspecific
and race-specific elicitors have documented the chain of events that
most rapidly ensue upon pathogen perception by plants. Plant cell
cultures are more amenable to reproducible biochemical and
pharmacological study than are whole plants. Elicitation of parsley
cellswith the PEP13 peptide derived from anon-race-specificelicitor
from Phytophthora megasperma, elicitation of Arabidopsis cellswith a
conserved peptide derived from bacterial flagellin, and tobacco cells
expressing the tomato Cf-9 gene elicited by the Avr9 peptide system
have revealed essentially similar processes®*2. Changes in ion fluxes,
including calcium influx, occur within minutes of elicitation.
Subsequently, ROIs (including H,O, and/or O;) are produced and
mitogen-activated protein kinase and other protein kinase pathways
are activated®*. The ROls may be involved in pathogen elimination,
subsequent signalling of downstream effector functions, or (most
likely) both. Studies on whole plants using bacterial strains
recognized by NB-LRR R genes have revealed similar processes™. In
addition, nitric oxide (NO) has been shown to accumulate through
anasyet unidentified biosynthetic pathway® %,

Within 15 minutes, a set of new transcripts can be identified,
comprising ~1% of total messenger RNA, these encode additional
signalling molecules including protein kinases and transcription
factors®. The protein kinases are upstream or independent of the
oxidative burst, and presumably result in the activation of latent tran-
scription factors required for defence gene activation'®. NO and ROI
could also contribute to rapid transcriptional activation of a battery of
‘defence genes’ inand surrounding the infected cell. Functions of these
defence genes include biosynthesis of salicylic acid, induction of ethyl-
ene biosynthesis, cell-wall strengthening, lignification, production of
various antimicrobial compounds, and a form of rapid cell death
termed the ‘hypersensitive response’ (reviewed in ref. 101, and see
review in this issue by Lam, Kato and Lawton, pages 848-853). It is,
however, still unclear which of these events are causal mediators of
R-gene action, and which are not. In addition to local resistance to
infection, this set of events can also lead to establishment of SAR'®,

Transcriptional reprogramming establishes the ‘effector’ arm of
the plant innate immune system. The defence response is clearly
controlled by interacting signalling pathways. For example, in
tobacco and Arabidopsis, enzymatic blocking of salicylic acid accumu-
lation'®, or mutation of the EDS16/SID2 which blocks salicylic acid
biosynthesis'®, seriously impairs basal defence locally and induction
of SAR indistal tissues. A key to understanding systemic signalling was
the identification and isolation of the Arabidopsis NPR1/NIM1
gene®™, This gene transduces a salicylic acid-dependent signal to
distal tissues, functions in a local basal-defence pathway, and is
required for the action of a small number of tested R genes, but is not
generally required for R-gene function. Ethylene signalling is also
important in basal defence and can be required combinatorially with
NPR1/NIM1 for function of at least the Arabidopsis CC-NB-LRR gene
RPS2 (ref. 107). Jasmonic acid mediates wound responses and
responses to necrotrophic fungal pathogens. Interestingly, the
jasmonic acid signal pathway can act antagonistically to the salicylic
acid pathway, allowing the response to be marshalled in a focused
manner'®*®, Large-scale studies of gene expression profiling are
beginning to dissect this transcriptional output. The impact of co-
regulatory circuits is beginning to be appreciated, with the finding
that the cis-element bound by the plant-specific WRKY transcription

factors isthe common element in aset of SAR co-regulated genes™.

The road at ‘Rest and Be Thankful’

Itis traditional in summing up to joyfully celebrate the past decade’s
substantial achievements by those on whose shoulders we now stand,
while soberly and seriously looking ahead at the new horizons that
have come into view. There is a parking area and scenic view on a
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small backroad in western Scotland between Loch Lomond and the
sea where the tourist is bid to ‘Rest and be Thankful’ Looking back-
wards, down the tortuous route climbed to this point, the traveller
breathes relief. However, a look forward, down the road yet to run,
reveals more of the same twists and drops. The field retains many
enduring challenges and mysteries. Molecular geneticists need to
grapple with identifying the avr genes of fungal pathogens that
potentially traffic disease effectors into the host via haustoria. The
completion of the Arabidopsis genome sequence, and the imminent
completion of the genomes of several model bacterial plant
pathogens (Xylellafastidiosa and X. citri, Ralstonia solanacearum and
P. syringae DC3000) provide a rich new field for bioinformaticists
and cell biologists to investigate gene function. Itistobe hoped thatin
the next few years the genome sequences of rice blast (M. grisea),
powdery mildew (Blumeria graminis) and other fungal pathogens
will become available to the public sector. The availability of
expression arrays and new proteomics tools will enable a complete
transcriptional and post-transcriptional description of the defence
response, at least in model plants. Such descriptive work is an essen-
tial prelude to further investigations of mechanisms. Despite the
7yearsthat have elapsed since the isolation of the first R genes, there is
agreat deal still to learn about how R proteins function to confer Avr
recognition. The challenge of determining how R proteins work
requiressome change in focus towards biochemistry and cell biology.
And despite some plausible interpretations, there is still a great need
to do more field experiments to study how R genes work in natural
populations, and to test approaches using genetic polymorphism to
provide more durable disease resistance in crops. o
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