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Interaction between plants and their pathogens is complex, involving multifaceted recognition of pathogens by the plants
and, on the other hand, subtle evasion fromghathogens. Plants perceive pathogens through direct recognition of common
molecular patterns in microbes and direct recognition of effectors or their perturbation on cellular components by the
pathogens. Recognition of microbe- or pathogen-associated molecular patterns triggers innate immunity that renders plants
resistant to most potential microbial pathogens. Recognition-dependant immunity in plants largely relies on polymorphism
of resistance gene products that confer specificity towards host-specialised pathogens, which, in turn, induces more specific
resistance that is effective against host-specialised pathogens. The deployment of effective resistance involves signalling of
pathogen recognition through complex signalling cascades, transcriptional reprogramming, and defence-related genes, which
all contribute to an arrest of pathogen growth. Our current insights into effector biology and to which the plants respond,
provide a detailed information on the evolutioparms race between plants and their pathogens. These will lead to an
improvement of current strategies for crop improvement and protection.
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Disease in plants is rare because most plants are resistant The Plant Surveillance SystemThere are two branches
to most pathogens. Howeavdn extensively cultivated  of the plant immune system (Jones and Dangl 2006). The
genetically identical plants, coevolutionary arms race first system uses transmembrane pattern recognition
between pathogens and plants is not uncommon. Plants areceptors (PRRs) that perceive slowly evolving microbial -
constantly challenged by a battery of potential pathogensor pathogen-associated molecular patterns (MAMPs or
ranging from fungi, oomycetes, bacteria, insects, nematodesPAMPSs) and the other uses R proteins that percefeetefs
and viruses. Unlike animals, plants are sessile, unable tgroduced by host-specialised pathogens (FigAYPs or
escape pathogen attack. Plants lack mobile cells able tdMAMPs can trigger initiation of RMP-triggered immunity
deliver somatically generated, adaptive immune responsegPTI) (Nurnbergegt al. 2004), which is probably the first
to sites of infection. Nevertheless, every plant cell is perception-based response against microbial infection that
independently able to mount defence responses againsnakes most plants immune to most potential pathogens.
microbial attack. Moreovem order for potential pathogens PTI contributes to the so-called non-host resistance or basal
to become actual pathogens in plants, they must overcomeesistance. Howeverhost-specialised pathogens,
multifaceted defence mechanisms, from physical barrier particularly biotrophic microbes, have evolved the ability to
preformed antimicrobial compounds, and recognition- suppress or interfere with PTI by releasing effector proteins
dependent immunity mediated by resistanBe genes into the plant apoplast or the plant cell cytosol.
(Dangl and Jones 2001). Pathogens able to breach beyond The second and more elevated deployment of host
the passive lines of defence layers may seek persuasive arichmune response is initiated by recognition of specific
subtle relationships with the host to dodge the surveillanceelicitors encoded by pathogen avirulenéerf genes and
system. Interaction between plants and their pathogensence, designated adesftortriggered immunity (ETI)An
seems to be an intricate relationship involving subtle evasionavirulence protein refers to the recognised effector protein
(in pathogens) and recognition (in plants) mechanisms. Hosthat renders pathogens avirulent in their host plafus.
plant immunity to pathogen attack largely relies on the genes and their cognate host resistane genes,
polymorphic capacity oR gene products that perceive contribute to the basis of the so-called gene-for-gene model
specific elicitors produced by pathogens (Dangl and Jonef host—pathogen incompatibilith plant is resistant if it
2001; Jones and Dangl 2006; Bent and Mackey 2007). Incarries cognat® genes to the correspondifgr genes in
theory any pathogen-derived molecule could act as anthe interacting pathogenSlternatively; if either is inactive
elicitor for re-programming the transcriptional or or absent, disease results. Thus, gene-for-gene interaction
physiological states of plants into defence mode. On thebetweenR and Avr determines the outcome of plant-
other hand, pathogens continue to evolve their virulencepathogen relationship: incompatible (resistant plant,
machinery to subvert host defence responses. Here, we reviewavirulent pathogen) or compatible (susceptible plant,
both virulence system in pathogens and resistance systendirulent pathogen) interactions.
in plants in turn, the evolutionary arms race involving both  Surprisingly R-mediated resistance and basal resistance
pathogen and host, and we present updates to the field basegive similar defence responsesi¢kt al. 2003). Here, we
on recent findings on molecular plant-pathogen interactions.define basal resistance as a fmhimmunity in susceptible
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Fig 1 Model for the plant immune system for bacteria. Left to right, the evolution of bacterial resistance through recognition of pathogen-
associated molecular patterns (such as bacterial Oagellin) by extracellular receptor-like kinases (RLKs) that triggers the deployment of basal
immunity that requires MAP kinase signalling cascades and transcriptional reprogramming in the nucleus mediated by WRKY transcription factors.
This type of immunity confers the plant resistant to most potential pathogens. Some pathogenic bacteria have evolved the machinery to dodge
the recognition by RLKs by releasingfeftor proteins that suppress the basal immumitythe absence of cognate plant resistance proteins, plants
are susceptible and therefore the bacteria proliferate in the apoplast. Plants, on the other hand, have evolved to produce resistance proteins that
recognise the &fctors either directly or indirectlyn the figure, the resistance proteins are represented by CC-NB-LRRIBAUB-LRR (see
text). These proteins recognise the activity of the effectors and trigger the so-called effector-triggered immunity (ETI) that is efficient to limit
the growth of the bacteria.

hosts challenged by virulent pathogens. This similarity in LRR), and the other consists of coiled-coil domain (CC-NB-
defence output suggests that ETI is an accelerated antdRR). To a lesser extent, the other classes of R proteins
magnified version of basal resistanceigé\et al. 2007). consist of receptor-like kinases (RLKs), membrane-anchored
However whether theR-mediated resistance and basal receptor- like proteins (RLPs), and serine-threonine protein
resistance superimpose similar signalling cascades or not ikinases that are mostly transmembrane or membrane-
not yet understood. In addition, even though the gene-for-associated. The NB-LRR proteins function so far exclusively
gene relationship may imply a simple ligand-receptor in disease resistance. Plant NB-LRR proteins share broad
interaction betweeAvr and R proteins, there are, in other similarity with mammalian CAERPILLER/nucleotide
cases, demonstrations in which R proteins recogivse  oligomerisation domain (NOD)/NOD-like receptor (NLR)
proteins indirectly (Mackest al. 2002;Axtell and $askawicz proteins family (Thg and Davis 2005), and 8ND ATPases
2003; Mackeyet al. 2003; Shaet al. 2003; Rooneyt al. (Leipe et al. 2004). The most common feature of most R
2005).The notion of indirect recognition 8fr proteins by  proteins is the presence of an LRR domain in variable length.
R proteins implies that R proteins monitor the structural In other proteins, LRR domains function in protein-protein
integrity of plant proteins that are the nominadjets ofAvr interaction, protein-ligand binding, and carbohydrate-
proteins. Thus, a third component is required in this model,protein interaction (Kajava 1998). Indeed, domain swapping
which could be the virulence gt of Avr proteins.This experiments suggest that LRR domain play a role for R
model is known as “guard hypothesis”, denoting R proteinsproteins — effectors interaction specificity (E#tsal. 1999;
guard the “guardee”, the molecular target of effector proteins.Lucket al. 2000). In addition, comparative sequence analyses
All functional Rgenes known so far confer resistance to predicted that LRR is solvent-exposed and is under
fungal, bacterial, viral, and even insect and nematodediversification pressure from highly evolving pathogen
pathogens with very different lifestyles. Despite the ability effectors (Michelmore and Meyers 1998; Kobe and Kajava
to confer resistance against a broad diversity of pathogens2001). For instance, the fldx allelesL2 andL10, differ
R genes encode only five classes of proteins. The largesin amino acid sequences of their LRR domains and
class of R proteins contains a “nucleotide binding site andrecognise different effectors. Swapping the LRRXfwith
leucine-reach repeat” (NB-LRR) domains and thought to bethat of L2 changed its specificity in effector recognition
cytoplasmic (although they could be membrane-associated)Ellis et al. 1999). Howeveranalyses of flax Lproteins
Based on the N-terminal structures, the NB-LRR class carsuggested that besides of LRR, TIR domain is also under
be subdivided into two subclasses: one that has homologyliversification pressure and this domain determines
to the intracellular signalling domains of tBeosophila the specificity of Lproteins with the correspondirfgyr
Toll and mammalian interleukin (IL)-1 receptors (TIR-NB- proteins ofMelamsporalini (see below) (Luckt al. 2000).
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Based on animal model, the TIR and CC domains from plantslso trigger PTI. Similarlychitin, glucan, and gosterol,
are suggested to be involved in protein-protein interactionswhich are major constituents of fungal cell wall, are also
that recruit host signalling partner proteins. Recent workelicitors of PTI.
suggests the role fanR domain in stabilisation of Rk The N- and C-termini of flagellin are more conserved
interaction (directly or indirectly) and defence signalling among bacteria compared with the central pa22-amino-
based on observationMicotiana N protein that associates acid peptide (flg22) from the N-terminus of flagellin is
with the Tobacco mosaic virus (TMV) — derivedfedtor sufficient to induce activation of many cellular responses in
protein, p50 (Burch-Smith and Dinesh-Kumar 2007; Burch- Arabidopsisthaliana (Felix et al. 1999) flg22 is perceived
Smithet al. 2007).The N'STIR domain is necessary for N— by FLAGELLIN SENSING 2 (FLS2), a receptor-like kinase
p50 association, and the TIR domain itself is sufficient to (RLK) that contains extracellular LRRs and intracellular
associate with p50. This domain interacts with p50 indirectly serine/threonine kinase domain (Goémez-Gémez and Boller
and requires other yet unknown proteins for N activation 2000). FLS2 binds to flg22 and acts in early stages of pathogen
and defence signalling to ensue. The central domain of Hnvasion (Chinchillat al. 2006). Early activation of FLS2 is
proteins (the NB domain) has a nucleotide-binding pocketinferred from mutants lackinfys2 that are more sensitive to
and modular functions fé&TPase activity to hydrolygeTP flagellin from Pseudomonas syringae pv. tomato DC3000 in
invitro (Tamelinget al. 2002). Mutations in the conserved spray application, but not in syringe infiltration into the leaf
motifs of NB domain impair it&TPase activitybut notits  apoplast (Zipfelet al. 2004; Sunet al. 2006).A rapid
binding capacityand cause autoactivation leading to deployment of defence responses following perception of
pathogen-independent hypersensitive response (HRJlg22 by FLS2 requires SOMAC EMBRYOGENESIS
inductionin planta (Tamelinget al. 2006).The Lr10 leaf RECEPTOR KINASE (SERK)3/brassinosteroid-associated
rust resistance gene of wheat is unusual in a way that the Ncinase (BAK)1, which is also an RLK (Chinchitisal. 2007;
terminus of the CC domain is under strong diversifying Heeseet al. 2007). SERK3/BAK1 links signal perception
selection (Carolinest al. 2009). Moreoverresistance  and transduction in PTI, not only to flg22-dependent PTI,
conferred by Lrl@equires two related, yet unidentified CC- but also to some unrelatedAMPs-dependent PTI,
NB-LRR proteins. suggesting a role for this RLK in integrating diversé/i®

Very little is known about the mechanism of NB-LRR perceptions into downstream responses. Downstream of
protein activationActivation of these proteins involves intra-  flagellin perception by FLS2 is the activation of MAP kinase
and intermolecular conformational changes and seems to beascade and WRKY transcription factor that culminate in
under negative regulation. Mutation in the LRR domain or induction of defence responses. Howevarabidopsis
NB domain can lead to autoactivation and trigger auto-plants overexpressing WRKY showed enhanced resistance
defence responses, suggesting that intramolecular twist oto both bacteria and fungi, suggesting that resistance
domain interaction negatively regulates NB-LRR activation mechanisms following flagellin perception are not specific
(Bendahmanet al. 2002; Shiranet al. 2002). Heat shock to bacteriaAlternatively, plants respond toAMPs and
protein 90 (HSP90) and other receptor cochaperones aractivate defence responses using diverse MAP kinase
involved in NB-LRR folding, rendering it signal-competent cascade components and transcription factors that converge
prior recognition of pathogen effectors or their targets to signal multiple RMPs perception (Asat al. 2002).
(Fuenteet al. 2005).Activation of NB-LRR involvesAvr- Plant perception of bacterial elongation factor and
dependent release®TPase domain from inhibition by LRR  cold shock proteins (EF-Tu) activates similar defence
followed by multimerisation that forms a complex, which responses to flg22 (Kunzeal. 2004; Zipfelet al. 2006). In
recruits additional proteins to the N terminus for signalling Arabidopsis, EF-Tu is perceived by another RLK protein
(DeYoung and Innes 2006). called EFR. The first 18-amino-acids of EF-Tu are sufficient

Micr obial Pattern RecognitionTriggers PTI. In plants, to induce expression of genes that are also activated upon
distinguishing between self and non-self through perceptionflg22 recognition (Zipfelet al. 2006). Moreoverflg22
to widely conserved microbial molecules is perceived by can activate transcription &FR. Hence, it is likely that
pattern-recognition receptors (PRRs) that are mostlysimilar defence responses comprising PTI following
receptor-like kinases (RLKs). RLKs are transmembranePAMP recognition convege on common signalling
proteins consisting of divergent extracellular domains pathways. HoweverArabidopsis double mutant lacking
involved in ligand interaction and intracellular kinase fls2 andefr-1 is still able to induce PTI after treatment
domains that modulate downstream signalling. Microbial with Agrobacterium cell extracts (Zipfelet al. 2006). It
patterns perception subsequently prompts REhough hints a possibility that there should be additionaMPs
the complete mechanism of PTI has not been elucidatedand corresponding receptors. There are over 600 RLKs
studies on bacterial flagellin, a subunit protein of flagella, genes irArabidopsis thaliana, and it is possible that many
have provided invaluable information on the induction are AMP receptors function to recognise a broad range
of PTI. Induction of PTI involves mitogen-activated protein of PAMPS.
(MAP) kinase signalling cascade, expression of defence- PTI Suppression and Host Resistanckogically, it would
related proteins, reactive oxygen species (ROS) burstbe surprising if pathogens were to cafy genes without
and cell wall strengthening or callose formation, all of any other functions other than to allow recognition by the
which contribute to an arrest of pathogen growth correspondind? genes. One possible explanation is that
(Nurnbergeret al. 2004). In addition to flagellin, Gram-  Avr proteins often act as virulence factors in the absence of
negative bacteria also contain lipopolysacchavidch can R proteins partner (susceptible plants). In contrast to most
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R genes, effector genes are remarkably diverse (Luderer anammunity by targeting RNA-binding proteins that possess
Joosten 2001An individual strain of a bacterial pathogen RNA-recognition motifs (RRMs) (Fet al. 2007).ADP-
delivers effectors into its hosts ranging from 20 to nearly ribosylation of RNA-binding proteins affects RNA
100 effectors. They are also diverse in their biological metabolism and plant defence transcriptome, and eventually
functions that all contribute to the virulence of pathogenssuppresses plant immunigynother mechanism of virulence
in plants. Compared withAMPs, which conceptually are in P. syringaeis that this bacterium impedes host cell vesicle
surface-derived structural molecules, effectors are relativelytransportTheP. syringae HopM efector manipulateARF-
high-evolving molecules that often function as virulence EGF proteins likely to be involved in host vesicle transport
factors. (Nomuraet al. 2006). In fungi, exocytosis is an important
Plant pathogenic microbes release effectors to attain astep during infection as a mean of delivering a cargo of
subtle evasion to host plant defence responses. Effectormolecules required for pathogenicity including effectors. In
from bacteria are delivered into host cell cytoplasm or apoplastMagnaporthe grisea, an integral membrane P-typgéPase,
through their type 1l secretion system (TTSS) machinery MgAPT?2, is required for exocytosis during infection in plants
(Petnicki-Ocwiejaet al. 2002:Alfano and Collmer 2004). Some  (Gilbertet al. 2006).M. grisea mutants lacking MgAPT2 are
pathogenic fungi and oomycetes use specialised feedinglefective in the ability to secrete several extracellular
structures called haustoria to facilitate intimate interface withenzymes and form abnormal Golgi-like cisternae. The enzyme
their hosts. Both systems deliver effectors that function inis also required by the fungus for successful foliar and root
virulence, either by inhibiting or mimicking cellular process infection, but in incompatible interaction, it triggers a rapid
in plants.To achieve this, most fefctors have function in  induction of plant defence responses. Plant pathogens may
suppressing PTI. For example, resistance to non-hosalso exploit the “compatibility factor” in plants for their
PseudomonasrequiredNONHOST1 (NHO1) that is activated  virulence. For instance, PthXol, a type lll effector from
upon recognition of flagellin. HowevedHO1 is inefective Xanthomonas oryzae strain PXO99A target©s8N3, a
against virulenP. syringae DC3000. DC3000, as many other dominant susceptibility gene in rice that is induced during
strains has flagellin that is potent in triggering PTI, but this disease developmentgiget al. 2006). PthXol is a member
form of immunity fails to halt DC3000 growth because it of transcription activatelike (TAL) effector family RNA-
produces déctors that contribute to PTI suppressié. mediated silencing o®s8N3 leads to resistance against
least nine effectors were defined to be capable of suppressingX0O99A infection, but not to other strains. In addition to
NHOL1 expression (Let al. 2005). PTI suppression is also Os8N3, PXO99A affects the expression of two additional
evident in bean deploying more rapid and elevated defenc@lant genesQsTFX1 and OsTFIIAyL (Sugioet al. 2007).
responses againBt syringae mutant strain that is unable OsTFX1 encodes a bZIRranscription factgrwhereas
to inject any type lll-effectors compared with bean treated OsTFIIAyl encodes a subunit of the transcription factor I1A
with the isogenic wild-type strain @t al. 2007). Hence, thatresidesin chromosome 1 of rice, respectielgression
the diminishing of PTI allows pathogens to achieve of both genes is dependent on two type Il effectors, pthXo6
successful colonisation in host plants. Plants have evolvednd pthXo7An interesting evidence is found in interaction
R proteins as a surveillance system for effector traffic in betweerLOV1in A. thaliana and victorin fromCochliobolus
host plantsR-mediated responses (ETI) are typically victoriae. LOV1 confers susceptibility i@. thaliana to C.
characterised by host programmed cell death (PCD), a fornvictoriae (Loranget al. 2007). Surprisingly OV1 encodes a
of hypersensitive response that is usually restricted to theCC-NB-LRR protein that shares extensive similarity to the
site of pathogen ingress, leaving the surrounding cellsRPP8resistance gene famil@. victoriae produces victorin,
unaffected (Hofiugt al. 2007). ETI is aimed to restrict the a host-selective toxin (HST), necessary for the fungus to
fitness of successful pathogen capable of suppressing PTktauseVictoria blight disease in oa#lthoughLOV1, in the
Although the mechanism of arresting pathogen growth bypresence of victorin, confers susceptibilityGovictoriae,
HR is unclearat least in pathosystems ungiging R-Arr it also induces the production of defence-related proteins
interaction, HR is the most common and effective defencesimilar to resistance-like physiolagyonetheless, alterations
response against pathogens. Morept#R is not always in known defence response pathways do not alter
observable, nor it iger sea requirement for ETI. Thus, itis  susceptibility toC. victoriae, suggesting that these defence
unclear what actually retards the growth of pathogens inresponse pathways are dispensable for susceptibility towards
resistant host plants. C. victoriae. These demonstrate that a plant NB-LRR gene
What biochemical functions do effectors govern to can confer both resistance and susceptibility
achieve successful colonisation in plants? Most pathogen Some pathogens are shown to be able to subvert plant
effectors that have been characterised biochemicallydefence by suppressingmediated host resistance.
exhibited proteolytic activitysuggesting that virulence Interaction betweeRusarium oxysporum f.sp.lycopersici
mainly involves host protein degradation. Howewée (Fal) and tomato plants is race-cultivar specific. Races of
enzymatic activities of many effectors remain obscure sinceFol are historically named according to tRegene that
their sequence and structure predictions do not give cluesounters them in order of their discoveRpol race 1 is
to their cellular functions. Some effectors have unique countered by thé (Immunity) gene and the unlinkdell
characteristics and are likely to act in a diverse fashion forgene;Fol race 2 is virulent towardsandl-1 tomato plants,
virulence. Here, we highlight only some new examples. but is impeded bi+2; andFol race 3 is virulent oh I-1, and
HopU1 from the bacterial pathog@nsyringae is a mono- I-2 tomato plants, but is stoppedIb$ (Fig 2). Surprisingly
ADP-ribosyltransferase (ADP-R that suppresses plant Avrlthatis only present ifol race 1 and recognised by the
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Fig 2 he gene-for-gene interaction betwéasarium oxysporum f. sp.lycopersici (Fol) with tomato plants. The interaction betwdenl with
tomato plants is race-cultivar specifisirows indicate the resistance in tomato plants conferred by the resistance genes against their corresponding
avirulence genes iRol races.Fol race 1 that carries all th/R1, AVR2, andAVR3 is countered by the (Immunity) gene and the unlinkdel gene;
Fol race 2 is virulent towardsandl-1 tomato plants, but is impeded b; andFol race 3 is virulent o, I-1, andl-2 tomato plants, but is stopped
by 1-3. However some naturaFol race 1 isolates are known to be virulentle?and/orl-3 plants, and introduction cAVRL in race 2 and race
3 renders them gaining virulence b2 and|-3 plants, while removal oAVR1 in race 1 leads to loss of virulence towatei plants.AVR1 that is
present only inFol race 1 and recognised by thendl-1 genes, suppresses th@ andl-3-mediated resistance.

| andl-1 genes, suppresses th andl-3-mediated  biotrophic pathogens, whereas JA activates defence
resistance (Houtermaabal. 2008). Somé&ol race 1 strains  responses to necrotrophic pathogens. In compatible
are known to be virulent da2 and/orl-3 plants (Mest al. interaction, SA- and JA-dependent pathways are mutually
1999; Repet al. 2005), and introduction @wrlinrace 2and  antagonistic in a way that activation of SA as a response to
race 3 renders them gaining virulencd ¢handl-3 plants, a biotrophic pathogen renders a plant more susceptible to a
while removal ofAvrl in race 1 leads to loss of virulence necrotrophic pathogen when both pathogens are in close
towardsl-3 plants. Suppression &-mediated resistance proximity (Spoektal. 2007). Howeveltthe trade-dfcontrol
has also been observed in bacteria (Janjustwalc 2006; is weak in spatial inoculation of both pathogens and absent
Rosebroclet al. 2007) and oomycetes (Detial. 2008). in incompatible interaction. The latter suggests a mechanism
Molecular events following pathogen recognition by R of plants to prevent the growth of necrotrophic pathogens
proteins involve ion fluxes, activation of MAP kinase and in cells undergoing programmed cell death. It seems that
other protein kinases accompanied by production of reactiveplants tightly regulate the tradeoffs between SA and JA to
oxygen intermediates (ROIs) (Ligteriekal. 1997; Romeis  prevent unfavourable signal interactions and maximise their
et al. 1999) and nitric oxide (NO) (Delledoneeal. 1998; versatility to defend themselves from multiple attackers.
Durneretal. 1998; Delledonnet al. 2001), and transcriptional  Programmed cell death is typically accompanied by systemic
reprogramming of genes mostly involve in defence acquired resistance, which is broad spectrum and long
responses (Kagt al. 1992). Biochemical changes ensued lasting. JA, but not SA, acts as a mobile signal in transmitting
upon elicitation by non-specific and race-specific elicitors long-distance information and mediates the systemic
are rapid. lon fluxes occur within minutes, ROIs and NO areacquired resistance (SAR) (Trumaat al. 2007).
subsequently produced, and protein kinases pathways ar€ranscriptional signature of JA-mediated SAR overlaps with
activated. Downstream of these pathways is activation oflocal basal defence and wounding, as well as herbivory
defence genes function in induction of hormonal signalling responses, indicating that JA-dependent signalling pathways
molecules, cell wall strengthening, production of are evolutionarily conserved that mediate biotic and abiotic
antimicrobial compounds, and programmed cell death as aesponses. SA is known to regulate plant defence responses
form of hypersensitive response, all of which contribute to mediated byR genes. Interplay between SA-mediated
resistance (Hammond-Kosack and Jones 1996; McDowelresponses and MAMP-triggered responses involve
and Dangl 2000). Non-specific, systemic acquired resistanceverlapping functions of two SA signalling componehiz2
(SAR) establishment is also preceded by these eventand PAD4, which in Arabidopsis, disruption of these
(Durrant and Dong 2004). The deployment of defencecomponents affects MAMP-triggered responses to flg22 of
responses is dependent on salicylic acid (SA), jasmonic acidPseudomonas syringae pv. tomato DC3000 (Budaet al.
(JA), and ethylene that act as regulators of signalling2008).
pathways mediating plant responses to pathogens with Recognition of Pathogen EffectorsSequence analyses
different lifestyles. SA mediates defence responses againstf many effectors usually do not give clues on their cellular
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functions (Kampetret al. 2006; Does and Rep 2007). effectors as well. RIN4 (RPM1 interacting 4) is required for
Nonetheless, some can be identified as having enzymatiBPM1-mediated resistance #rabidopsis againstP.
activities or other cellular functions. Those that have cellularsyringae carrying two unrelated type Il fefctors AvrRpm1
functions would logically target host proteins for virulence, andAvrB (Mackeyet al. 2002). RIN4 also mediates interaction
and R proteins would recognise these perturbations on hostetween the RPS2 (resistancePt@yringae pv. tomato 2)
proteins. Plants recognise pathogéfiectors either through and theP. syringae AvrRpt2 type IIl efector (Axtell and
direct R-Avr interaction or indirectly through recognition of Staskawicz 2003; Mackeg al. 2003) As in the case of RRS1-
changes in structural integrity of host proteins following S and PopP2 interaction (see above), RPS2 co-
their interaction withAvr proteins (Jones and Dangl 2006). immunoprecipitates witAvrB and produces nonproductive
The simplest model for RaA interaction would be R complex (Leister and Katagiri 2000). The corresponding R
proteins, specified by the LRR domain, recogAigeproteins  protein forAvrB is RPM1. Such overlapping interactions
directly (the receptor-ligand model). Domain swapping andsuggest that either direct or indirect interaction of \R/A
mutational analysis revealed that the LRR domain goverrdoes not necessarily imply R proteppes se confer gene-
recognition specificity in R proteins. Howeyeas will be  for-gene specificityOther component(s) are required to form
described herein, only few demonstrations of directdR-A active and specific complexes of effector recognition.
interaction have been described. Direct R-ifiteraction is RIN4 is a 211-acylated-amino acid that possesses plasma
possibly best exemplified by the flax L5, L6, and L7 R proteinsmembrane-associated domain, which is by far known to be
with the correspondingvrL567 protein in flax rust fungus, manipulated by three different bacterial type IIl effectors
Melampsoralini (Doddset al. 2006). The- loci encode NB-  and “guarded” by two NB-LRR proteinvrRpm1 andivrB
LRR proteins with diierent specificities téwvr proteins in ~ both interact and phosphorylate RIN4, and such modification
various strains d¥. lini. In yeast, L5, L6, and L7 R proteins induces activation of RPM1 (Mackey al. 2002).The P.
interact physically witlAvrL567 protein with specificities  syringae AvrRpt2 is a cystein protease that is autoprocessed
consistent with responses observedlanta, indicating and activated inside host cells, which then it destroys RIN4
that recognition specificity between these proteins is basethy cleaving it at two sites (Kiret al. 2005). This cleavage
on direct interactionAmino acid sequence dérences in  has two consequences: activation of RPS2 on one hand,
AvrL variants render dérent recognition in both flax and and interference of RPM1 function on the other hand.
yeast, and variation in specificity is associated with severaBesides RIN4, additional host proteins may also be the targets
polymorphic sites. of AvrRpm1 oAvrRpt2 since the elimination of RIN4 did not
Direct R-Avr interaction is also observed in the rice Pi-ta abolish the virulence to a weakly pathogenic strain
protein and thévr-Pita protein froniMagnaporthe grisea possessing these effectors in susceptible plaim4 (pm1
(Jiaet al. 2000). Based on yeast two-hybrid system iand rps2) (Belkhadiret al. 2004). RIN4 interacts with NDRhd@n-
vitro binding assaysivr-Pita binds specifically to LRR race specifidiseasaesistance 1), a GPIl-anchored protein
domain of Pi-taAnother example is the RRS1-R protein that that is required for the activation of both RPM1 and RPS2
interacts with a nucleus-targeted type Il effectdr (Day et al. 2006). In Solanaceae, the mechanism of RIN4
Ralstonia solanacearum, PopP2 (Deslandest al. 2003). degradation overlaps between tomato d&fidotiana
RRS1-R, a member of TIR-NB-LRR is an unusual R proteinbenthamiana (Luo et al. 2009). This degradation is induced
because it has the WRKY motif characteristic of some planby an efector AvrPto from P syringae and dependent on
transcriptional factors. Physical interaction between RRS1tesistance proteins Pto and Prf in tomato awd
R and PopP2 was observed in yeast although the domains benthamiana. Analysis on elector secretome iR. syringae
RRS1-R responsible for the interaction could not bereveals other &ctors, besides @&vrRpt2, which can also
determined. Instead, a full-length RRS1-R protein is requirectlicit RIN4 proteolysis. This suggests that RIN4 could be a
for such interaction. Nuclear localisation of RRS1-R requirescommon taget for several éctors fromP. syringae.
interaction with PopP2, and indeed, both proteins are Another example of indirect interaction has been shown
colocalised in the nucleus of protoplasts. InterestjiRfRS1-  in the interaction between the RPS5, a CC-NB-LRR protein
S, a protein with high similarity to RRS1-R but present in in Arabidopsis and theAvrPphB, a type Il géctor fromP.
susceptible ecotype also binds to PopP2 in yeast and igringae (Shacet al. 2003) RPS5 is NDR1-independent, and
colocalised into the nucleus. Howeyvarmany cases, simple  its activation requires PBS1yA°phB susceptible 1), which
physical interaction does not necessarily imply the detections a serine-threonine protein kinase that is cleaved by
of effectors by R proteinper se. As mentioned above, AvrPphB. Both kinase activity and cleavage of PBS1 are
pathogen effectors may be recognised by R proteinsequired for RPS5 to function, suggesting that cleaved PBS1
indirectly. retains its enzymatic activity and contributes to the activation
Observation in many other pathosystems failed to detecbf RPS5. Similar tédwrRpt2,AvrPphB is a cysteine protease
direct R-Avr interaction, and this led to the formulation of that is self-cleaved and activated inside host cells and is
“guard hypothesis”, which proposes that an R protein detectasonetheless able to cleave PBS1 at a site in the kinase
the perturbation of a host protein by the cognave activation region homologous to its own cleavage site. Direct
determinant. The host protein is the molecular target for theand indirect recognition of effectors by R proteins will result
virulence function of th&vr determinant and, on the other in different consequences on how pathogens modify their
hand, the surveillance target of the cognate R protein foeffectors in order to evade the surveillance system in their
such interference. One host protein may be guarded by moreosts. Effectors that are recognised directly will undergo
than one R proteins and may be the target of several pathogeliversification but retain their virulence capacityhereas
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effectors that are recognised indirecthey will be discarded development as well as response to abiotic stress. Some
by the pathogenglthough discarding suchfefctors might  effectors mimic plant hormones to suppress PTI. Coronatine,
be such a significant penalty for the pathogens, evidenca small protein produced B syringae mimics jasmonic
indicated that the polymorphism in such effectors is presencacid that can suppress salicylic acid signalling pathway
or absence. necessary for defence against biotrophic pathogens (Zhao
In plant populations, the guarded effector targets areet al. 2003; Brookst al. 2005).Taken togetheplants seem
evolutionary unstable depending on the presence or absente regulate the interplay between PTI, ETI, abiotic stress,
of theRgene. Opposing selection forces occur in the guarde@nd hormonal metabolism to counteract pathogen attack.
effector targets predicted from evidence that many pathogegertain plant NB-LRR proteins act in the nucleus to trigger
effectors have multiple targets in the host and most effectordownstream signalling and defence pathways. Mildew
retain their virulence despite the absence oRlgene. In  (MLA) R proteins in barley function in the nucleus to confer
the absence of the R protein, the guardee proteins will beesistance against the powdery mildew fungus. MLA10 R
under selective pressure to evade manipulation by effectorgrotein recognises thel0Avr protein, and this recognition
while, on the other hand, in the presence of R protein thénduces association of MLA10 and WRKY transcription
guardee proteins will be under selective pressure to improvéactors in the nucleus (Shest al. 2007). The WRKY
perception by the effectors. These conflicting selection forcesranscription factors suppress the PTI and MLA interferes
impose evolutionary constraints on the guarded effectomwith the WRKY suppression to de-repress PTI, therefore
targets that would be relaxed in the presence of a “decoytiefence ensues. This evidence suggests a common
that mimics the operative guarded effector targets by actingranscriptional factors function in PTI and ETI as well as an
as a coreceptor regulatifigggene activation (Hoorn and integration of mechanism of defence responses conferred
Kamoun 2008). The decoy would arise from duplication of by PRR and R proteins to distinct pathogen signals.
guarded effector target genes followed by subsequent Although in many observations HR is effective in
evolution, or evolve independently by mimicking effector arresting pathogens, knosdge on the mechanism of how it
targets. Decoy exclusively functions in effector perceptioncan arrest pathogen growth is lacking. Nonetheless, in some
with no association in development, disease, or resistancgathosystems, necrotic HR is not involved in arresting
Distinctive to the guard hypothesis, decoy does not supponpathogen growth. For example, potato Rx protein can mediate
pathogen fitness in the absenceRfQjene. Evidence an extreme resistance against potato virus X (PVX) without
supporting the decoy model is inferred from several cases afausing a necrotic HR (Bendahmaatel. 1999). In other
effector perception involving RIN4 (Belkhadiral. 2004; case, resistance to wilt pathogefissarium oxysporum,
Lim and Kunkel 2004; Chishol®t al. 2005;Takemoto and  which colonises plants in the vascular system, does not
Jones 2005), RCRS3 (Shakbettal. 2008), Pto (Mucyret al. involve PCD distinctive to most resistance responses to foliar
2006; Xianget al. 2008), and Bs3 (Schornaekal. 2008; pathogens. Thus, cell death and pathogen arrest in disease
Zhou and Chai 2008). Howeyéne decoy model still requires resistance might represent separable mechanisms.
experimental evidence, and therefore, it is a challenging®rogrammed cell death is specific to ETI and is generally not
platform for our understanding on effector perception. associated with basal defences. Several pathogen effectors
Conclusion and Conundrum.Immunity of plants to  can suppress PCD either by altering expression of some
pathogens is largely dependent on the polymorphisnerucial plant genes or by interfering key components involved
capacity of PRR and R proteins that recognise pathogein signalling pathways. Therefore, some pathogens target
molecular patterns arr proteins or their interference on PCD as a form of HR in ET!I for their virulence in host plants.
plant defence system. Recognition of MAMPS¥Ps is a  This indicates the evolutionary arms race between host
prerequisite of PTI that confers plants resistant to potentiaplants and pathogens is extending beyond the first level of
non-host pathogens. PTI seems to be effective in protectingT!-
plants against most non-host pathogens but ineffective to We need to understand the coevolution of pathogen
host-specialised pathogens. Evidence from studies oeffectors andR genes in plants. Why are most plants
bacterial type IIl effectors suggest that effector proteinsresistant to most pathogens? Host specificity seems to be
contribute to the virulence of pathogens by suppressinghe chosen strategy for pathogens to survive as a
PTI. Such interference is countered by plants through Reonsequence of purifying selection to maintain intrinsic
proteins that recognigivr proteins (direct interaction) or function of effectors. Plants, on the counterpart, maintain
their perturbation on host proteins (indirect interaction). Thethe stable effector/R interaction to overcome pathogen
resulting ETl is highly effective in such it is able to restrict Virulence.The better understanding&fAvr coevolution in
pathogen growth and spread. Howetkere are still more  the biological population levels would help improving
questions than answers as to our understanding on plastrategy to depyplantimmune system morefegtively.
immunity is still very limited.
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