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Plant Defense Responses Coming To Shape
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Although still poorly understood, accumulating evidence
clearly supports that plants also have a good immune
system which have been developed and acquired during
the evolution. The lack of specific mobile immune cells
like a B or T cell in plants additionally suggests that
most plant cells have capacity for defending themselves
against numerous pathogens. Rapidly growing advances
in understanding plant defense responses implicate that
plant and animal immune responses are evolutionarily
convergent although their origins are thought to be
different. On the basis of recent findings, here current
understanding of plant defense responses will be dis-
cussed.
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Precise activation of immune responses in host organisms

relies on the detection of attempting pathogens. This patho-

gen detection is dependent on the recognition of pathogen-

derived nonself molecules by host receptors. A pathogen-

associated molecular pattern (PAMP) defines an evolution-

arily conserved structural unit present only on/in a pathogen

species. Although pathogens have additional pathogen-only

molecules called effectors, a marked difference is the con-

servation of a PAMP but not an effector within a species.

Host cells utilize a variety of surface or intracellular re-

ceptors called pattern recognition receptors (PRRs) to

recognize PAMPs. The successful recognition of a PAMP

by a cognate PRR then directly or indirectly initiates

defense signaling via its signaling module such as a protein

kinase domain or a protein kinase-recruiting motif, and in

the end enables a host cell to repel the attacking pathogens

(Boller and He, 2009).

It is now generally believed that plant cells also use

various PRRs to detect pathogens by recognizing PAMPs.

In Arabidopsis, so far three PRRs have been identified.

FLS2 recognizes bacterial flagellin (Gomez-Gomez and

Boller, 2000; Zipfel et al., 2004) (Fig. 1). It was originally

identified by screening Arabidopsis mutants that are

insensitive to the active flagellin fragment, flg22 that arrests

the plant growth (Gomez-Gomez and Boller, 2000).

Although the introduction of wild-type (WT) FLS2 gene

into the mutant plants restores the sensitiveness to flg22, it

took however several years to identify its role in resistance

to bacterial pathogens. Many plant pathologists are

introducing bacteria directly into plant tissues by using a

syringe or vacuum. But this kind of bacterial inoculation

method is artificial, because in nature bacteria enter the

plant tissue through stomata or wound sites. By mimicking

the natural inoculation by spraying bacterial suspension

onto the leaves, it was found that FLS2 plays a role in

limiting bacterial growth in the plant tissues by in part

restricting bacterial entry (Zipfel et al., 2004). The FLS2-

associated stomatal closure was recently shown to be

required for Arabidopsis resistance to bacterial pathogens,

because the pathogenic bacterium Pseudomonas syringae

DC3000 produces and uses a polyketide toxin, coronatine

for re-opening the closed stomata to enter the plant tissues

(Melotto et al., 2006).

The second PRR identified in Arabidopsis is the EFR that

recognizes bacterial elongation factor Tu (EF-Tu) (Zipfel et

al., 2006) (Fig. 1). Although it is still unclear how the

intracellular EF-Tu functions as a PAMP to be recognized

by the surface PRR, reports that EF-Tu was found at cell

surface in Mycoplasma pneumoniae and Lactobacillus

johnsonii suggest its possible activity as a PAMP (Dallo

et al., 2002; Granato et al., 2004). Unlike Arabidopsis,

Nicotiana benthamiana is not able to respond to EF-Tu

indicating failed acquisition of or mutation in EFR gene

during the evolution in N. benthamiana (Kunze et al.,

2004). However, the acquired responsiveness to EF-Tu in

EFR-expressing N. benthamiana suggests that the associated

signaling components are conserved and that EFR is the

surface PRR for EF-Tu (Zipfel et al., 2006). Interestingly, it

was shown that EFR is required for basal defense against

Agrobacterium tumefaciens, since Arabidopsis efr mutant

plants permit more T-DNA integration into their genomes

(Zipfel et al., 2006). This can also explain why the rate of

Agrobacterium-mediated transformation is higher in N.

benthamiana.
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Both FLS2 and EFR belong to typical leucine-rich repeat

receptor-like kinases (LRR-RLKs). They interact with their

cognate PAMPs through the extracellular LRR motif and

initiate defense signaling via the intracellular protein kinase

domain by phosphorylating an unknown substrate. Retain-

ed responsiveness of fls2 plants to EF-Tu and of efr plants

to flagellin, respectively, indicates that FLS2 and EFR are

separate sensory modules (Zipfel et al., 2006). However,

flagellin and EF-Tu treatment renders the expression of the

same gene populations in Arabidopsis, suggesting that their

signalings are converged (Zipfel et al., 2006). Activation of

the same MAP kinases by flagellin and EF-Tu (Zipfel et al.,

2006) implies that the signaling convergence may occur at

the upstream step of MAP kinase activation. Intrestingly,

bacterial extracts are still able to mount defense activity in

fls2 and efr mutant plants (Zipfel et al., 2004; 2006),

suggesting that plants to detect bacterial pathogens possess

more PRRs yet to be identified for bacterial PAMPs other

than flagellin and EF-Tu.

Chitin is a rigidifying structural component of the fungal

cell walls and is known to be a plant defense-triggering

molecule. Recently, two chitin signaling-required proteins

have been identified in plants. CEBiP, isolated by affinity

chromatography in rice, binds chitin through the extra-

cellular LysM motif that is found in many carbohydrate-

interacting proteins (Kaku et al., 2006). In plants, the func-

tion of LysM motif as an oligosaccharide-binding module

was revealed in the Nod factor receptors. The rhizobia-

derived lipochitin-oligosaccharide, Nod factor is thought to

be recognized by the extracellular LysM domain of Nod

factor receptors in legume plants to initiate the symbiotic

interactions (Limpens et al., 2003; Madsen et al., 2003;

Radutoiu et al., 2003). Since silencing of CEBiP gene

results in severe defect in the chitin responsiveness in rice

(Kaku et al., 2006), it is regarded as an important compo-

nent of chitin signaling. However, lack of the protein kinase

domain suggests CEBiP as a co-receptor rather than a true

receptor likely to amplify the chitin signal. On the basis of

sequence similarity to CEBiP, CERK1 was identified as a

key molecule in the chitin signaling in Arabidopsis (Miya et

al., 2007; Wan et al., 2008). CERK1 however contains the

intracellular protein kinase domain in addition to the extra-

cellular LysM motif. Impaired defense activity of cerk1

mutant plants against fungal pathogens Alternaria brassici-

cola and Erysiphe cichoracearum (Miya et al., 2007; Wan

et al., 2008) indeed supports its role in resistance to fungal

pathogens. The direct binding of CERK1 to chitin (Iizasa et

al., 2010) and loss of chitin responses in cerk1 plants (Miya

et al., 2007; Wan et al., 2008) suggest that CERK1 is a true

Arabidopsis chitin PRR (Fig. 1). 

β-glucan is the major constituent of the oomycetal and

fungal cell walls, and has also long been known to elicit

plant defense responses. Likely due to relatively weak res-

ponses, however a β-glucan-binding receptor has not been

identified yet. Like the rice CEBiP, soybean glucan-binding

protein (GBP) was isolated by affinity chromatography and

originally proposed as a plant β-glucan PRR (Umemoto et

al., 1997). However, GBP is lacking of a signal peptide to

be secreted, the transmembrane (TM) motif and the intra-

cellular protein kinase domain (Umemoto et al., 1997).

Therefore, GBP is now regarded as a β-glucan-trimming

enzyme for better recognition of β-glucan by a cognate

PRR, since it has been recently shown to be secreted and

possess a β-glucanase activity (Fliegmann et al., 2004).

Interestingly, it was recently reported that the activity of

FLS2 and EFR is heightened by BAK1 (Chinchilla et al.,

2007), a co-receptor of brassinosteroid signaling via inter-

acting with BRI1 (Li et al., 2002; Nam and Li, 2002).

Indeed, it is well known that the activation of CD4+ T cell

requires the co-receptor CD4 to facilitate the interaction

between the T cell receptor (TCR) and an antigen peptide

presented by the major histocompatibility complex protein

(MHC) in antigen-presenting cells (Kwon et al., 2008c).

However, the affinity of FLS2 to flg22, the conserved

minimum fragment of bacterial flagellin, in wild-type (WT)

and bak1 mutant plants is indistinguishable (Chinchilla et

al., 2007). It seems therefore that BAK1 may modulate the

signaling activity of FLS2 to amplify flagellin-stimulated

signals for more powerful defense responses. In addition,

the ligand-dependent interaction between FLS2 and BAK1

(Chinchilla et al., 2007) suggests that BAK1 acts as a mole-

cular switch by changin its interacting partners depending

on an external cue; FLS2 when stimulated by bacterial

flagellin or BRI1 by brassinosteroid. Recently reported

additional role of CERK1 in resistance to bacterial patho-

gens (Gimenez-Ibanez et al., 2009) also supports the impor-

tance of PRR/co-receptor or PRR/PRR coordination in

plant defense responses.

Initiated defense signals by PRRs are then rapidly trans-

duced via the MAP kinase cascade machinery to reprogram

the infected cells (Asai et al., 2002). With this reprogramm-

ing, cells become competent to defend themselves against

attempting pathogens by producing antimicrobials. Although

animal immune cells utilize a few transcription factors such

as NFkB and NFAT, plant cells depend on a large number

of transcription regulators like WRKYs and TGA factors

(Kwon et al., 2008c). Since the Arabidopsis genome con-

tains 72 WRKY and 10 TGA genes, it is likely that many

WRKYs and TGAs work redundantly in the regulation

defense gene expression. For example, WRKY18, 40 and

60 are highly homologous and comprise a distinct subgroup

in the WRKY phylogenic tree (Eulgem et al., 2000). Through

the Leu zipper domain, they interact with themselves and

with each other. Interestingly, the affinity of WRKY18 to
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W-box (TTGACC/T), the binding site of WRKYs, was

shown to be enhanced by interaction with WRKY40 or

WRKY60 suggestive of their cooperative interactions.

Consistently, the resistance to P. syringae pv. tomato

DC3000, an Arabidopsis-pathogenic bacterium, becomes

visibly compromised in wrky18 wrky40 wrky60 triple

mutant plants compared to either single mutant (Xu et al.,

2006). This strongly supports the redundant role of

WRKYs in defense responses. Alternatively, there is also a

possibility that WRKYs and TGAs are sub-functionalized

in yet-unresolved small and particular defense reactions.

Strikingly, it was recently reported that genes, whose

expression is regulated by flagellin, EF-Tu and chitin, are

overlapped (Wan et al., 2008), suggesting that at least these

three signaling pathways are converged at an early point

(Fig. 1). Although more plant PRRs must be identified and

characterized, this may suggest that plant defense responses

might be expressed through a common/shared signaling

pathway.

Plants are able to spread alarming signal(s) from an

infected site to become ready to protect yet uninfected

tissues from pathogen attack. This phenomenon is called

‘systemic acquired resistance (SAR)’ and is known to be

controlled by salicylic acid (SA), a key defense hormone

(Durrant and Dong, 2004). Screening of mutants that fail to

induce the expression of pathogenesis-related proteins

(PRs) by SA revealed NPR1 as a central factor in SAR

(Cao et al., 1994; Delaney et al., 1995; Cao et al., 1997;

Ryals et al., 1997). NPR1 localizes to both cytosol and

nucleus, but SA treatment or pathogen infection trans-

locates NPR1 into the nucleus, leading to the induction of

PR genes expression (Kinkema et al., 2000). NPR1 proteins

are present in the cytosol as high molecular oligomers that

are unable to enter the nucleus (Mou et al., 2003). Recent

biochemical and genetical analyses revealed that NPR1

forms a homo-oligomer via S-nitrosylation-mediated disul-

fide bonds and its monomer is released by thioredoxins

(Tada et al., 2008). Constitutive release of NPR1 monomer

results in NPR1 movement into the nucleus and subsequent

induction of PR1 in the absence of an inducer (Mou et al.,

2003; Tada et al., 2008). Therefore, plant cells changes the

intracellular redox status in response to pathogen infection

to release NPR1 monomer from an oligomer and trans-

locate NPR1 into the nucleus to induce the expression of

defense-associated genes. TGA transcription factors bind

the PR1 promoter and these interactions are increased by

SA treatment (Despres et al., 2000). Since TGAs interact

with NPR1 and the enhanced binding of TGAs to PR1

promoter is abolished in the absence of NPR1 (Despres et

al., 2000; Zhang et al., 1999), NPR1 is suggested to regulate

the expression of PR genes via direct interaction with TGA

transcription factors. The impaired induction of PR1 gene

expression and the compromised resistance to P. syringae

pv. tomato DC3000 only in tga2 tga5 tga6 triple mutant

plants (Zhang et al., 2003) support the idea that TGAs

function redundantly to transduce a defense signal from

NPR1.

Plant cells have long been known to secrete numerous

polypeptides and small molecules in response to pathogen

attack (Kwon et al., 2008a). Representatives are PRs and

secondary metabolites (Dixon, 2001; van Loon et al., 2006).

However, the limited or little activity of a single member

when overexpressed in transgenic plants strongly suggests

that these secreted molecules work cooperatively as a cock-

tail in plant defense responses to restrict pathogen growth

and terminate pathogenesis. So far, two distinct secretory

pathways required for plant immune responses have been

identified in Arabidopsis. One is an efflux-mediated secre-

tion that involves the PEN2 peroxisome-associated glucosyl

hydrolase and the PEN3 plasma membrane (PM)-residing

ABC transporter (Lipka et al., 2005; Stein et al., 2006) (Fig.

1). Indole glucosinolate derivatives generated by PEN2 are

supposed to be transported out via PEN3 (Bednarek et al.,

2009), since both PEN2 and PEN3 are genetically placed

in the same pathway. The involvement of PEN2 in the

flagellin-triggered signaling through the indole glucosi-

nolate metabolism (Clay et al., 2009) suggests multiple

Fig. 1. A schematic view of current understanding of plant
defense responses. Pathogen-derived non-self molecules, bacterial
flagellin and EF-Tu and fungal chitin, are recognized cognate
PRRs, FLS2, EFR and CERK1, respectively. This PAMP
recognition drives infected host plant cells to reprogram by
changing the gene expression patterns through the MAP kinase
cascade. Plant defense-associated molecules such as PRs and
secondary metabolites that are produced in response to pathogen
attack are then secreted as a cocktail via the PEN2/PEN3 efflux
pathway and/or the PEN1/SNAP33/VAMP721/722 exocytic
pathway.
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functions of PEN2-hydrolyzed products of indole

glucosinolates in plant immunity as a signaling component

as well as the secreted antimicrobial.

The other identified secretory pathway is the SNARE

complex-driven exocytosis that engages the PEN1 PM-

resisdent syntaxin, the SNAP33 adaptor and the vesicle-

associated membrane proteins (VAMPs) 721/722 (Fig. 1).

PEN1 gene was originally identified via screening of

Arabidopsis mutants that allow more penetration of a non-

adapted fungus, Blumeria graminis which normally fails to

enter Arabidopsis epidermal cells (Collins et al., 2003).

Subsequent study revealed that the PEN1 syntaxin forms

SDS-resistant ternary SNARE complex with SNAP33 and

VAMP721/722 (Kwon et al., 2008b). While PEN1 is

involved in resistance only to non-adapted fungi such as B.

graminis and E. pisi, VAMP721/722 are required for

defense against the oomycete pathogen Hyaloperonospora

parasitica, the adapted ascomycete Golovinomyces orontii

as well as non-adapted fungi (Kwon et al., 2008b). This

suggests that VAMP721/722 interact other PM syntaxins

than PEN1 for resistance to H. parasitica and G. orontii.

Interestingly, it was recently reported that in N. benthami-

ana NbSYP132 but not NbPEN1 is required for defense

against the pathogenic bacterium P. syringae pv. tabaci

expressing the AvrPto (Kalde et al., 2007). Correlation

between down-regulation of NbSYP132 gene and delayed

secretion of PR1a (Kalde et al., 2007) suggests that

VAMP721/722 interact with and form ternary SNARE

complex with SYP132 rather than PEN1 for disease resis-

tance to the bacterial pathogen, because it was recently

found that depletion of VAMP721/722 in Arabidopsis allows

more growth of P. syringae pv. tomato DC3000 (Yun and

Schulze-Lefert, unpublished data).

Delayed focal deposition of callose, a component of

inducible cell walls called papilla at fungal penetration

sites, in both pen1 and VAMP721/722-depleted plants

(Assaad et al., 2004; Kwon et al., 2008b) suggests cell wall

building blocks and/or cell wall-modifying enzymes as

potential cargo delivered and released via the PEN1-

SANP33-VAMP721/722 secretory pathway. More suscep-

tibility of the VAMP721/722-depleted plants to the virulent

oomycete H. parasitica and the adapted ascomycete G.

orontii (Kwon et al., 2008b) indicates that the VAMP721/

722 vesicles transport additional antimicrobial cargo. Inter-

estingly, all secretory machinery proteins mentioned above

are focally concentrated at pathogen-contacting sites (Kwon

et al., 2008c). This conceptually similar mechanism to focal

secretion seen in activated animal T cells proposes that

plant cells also focally release out antimicrobials to more

effectively kill the parasites with undiluted high concen-

tration and/or to protect themselves from damage by their

own toxic cargo.
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