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Molecular Mechanism of Plant Immune Response
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ABSTRACT Disease resistance in plants is often controlled by gene-for-gene mechanism in which avirulence

(avn) gene products encoding by pathogens are specifically recognized, either directly or indirectly by plant disease

resistance (R) gene products and sequential signal transduction pathways activating defense responses are

rapidly triggered. As a results, not only exhibit a resistance against invading pathogens but also plants maintain

the systemic acquired resistance (SAR) to various other pathogens. This molecular interaction between pathogen

and plant is commonly compared to innate immune system of animal. Recent studies arising from molecular

characterization of a number of R genes from various plant species that confer resistance to different pathogens

and corresponding avr genes from various pathogens resulted in the accumulation of a wealth of knowledge on

molecular mechanism of gene-for-gene interaction. Furthermore, new technologies of genomics and proteomics

make it possible to monitor the genome-wide gene regulation and protein modification during activation of disease

resistance, expanding our ability to understand the plant immune response and develop new crops resistant to biotic

stress.
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al. 2001; Holt et al. 2003). £3]
oluf MAHE F23 NIALEAS reactive oxygen
species (ROS), salicylic acid (SA), nitric oxide (NO)E A]
2 gedon Ageld 2R 22, 484 QA
ARY TS 98 A A% 42 Ay
of AEA AA AIAHL 7R = AASEATA (sys-
temic acquired resistance)S X 30} (Martm et al. 2003;
Nimchuk et al. 2003). Flgure 1ol A 9} 7o), o]zj3l A&
Hef o4 W AA W& T2 BAA m A=l o
T Az AEE FofAAN HAHA HAAA (innate
immune system)$} 71 GRS B2 28 7)Ze] v
AAE zstste oz

p;

2 g
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Figure 1. Representation of the location, structure and function
of animal TLRs and NODs and plant R proteins for innate
immune response. Recognitions of pathogen-associated molecular
patterns (PAMPs) by animal TLRs and NODs and avirulent
molecules by plant R proteins involve additional a complex
signal transduction pathway to activate innate immune response.
TIRs; Toll-lke receptors, NODs; nucleotide-binding oligomeri-
zation domain.

EE3) A8 BT A5 AAH PR F4
# 1t} (Holt et al. 2003; Jones and Takemoto 2004). & &A1
NME A FAAZ A2 sh= A2 W A4 Bof
o Zuee A2 ATANESS wieoz A EA %}y
F7re] AEAEe A 7]BA o8l fA4 o &
Az} 7Pde] tiE Bty Agehd AT A B
23} el ngAloln] SR AL P A EA7} oA
2o JAFEREE AN RISk ¥ AT oA
2 A st $eTkE 7R dwskas) dok.

2 (pathogenic effec-
tor molecules)d} o|of] Eo]z o g el AEA] AT
chald o] g a-gol ofaiA] AEA7F AYshs BT
QY Folth. o|eld FATH AR Al 457E
Gt oz FH o FHA; (gene-for-gene) 7HdS
o] 8-3}o] Floroll & 21&-0.2 A4} (Flor 1971). &
A o fAA 7Pdold Wl ¢ AP He] HHd
23 2=} (avirulence gene)st 19t F-8de= 7|FAE
(host plant)e} $-Ada Ao A& A2} (resistance gene)
7} A EA3Hd 63138k 93 (incompatible interaction)
S doA A3y whe-g veRlA Arh a8y weF F
27 FolA & AR gAY E43Ee] ANl
SAE pgow 1 wkg-e 3kd uk-E (compatible
interaction)o] o] Ho] WAgchE vy, thdgl ofvt

oX

rflo o

ox |

(Flax) ¥Z3 59 (Rust) WYT Melampsora lini &
(race)e 7+e] FEALE FHATHoZ ENste Hz=
Aora FAA o AR PAL AR HEAS WAET
(o]
&

asprom Anshs duE MR ol

XNy RHASe £F

AERAABGe] FET LR Ja) H29 tomato,

Arabidopsis, tobacco, rice, pepper, flax 5 ThFsh 2| B4 2

CBE A, Holda, TE, 23 5 AT g2 Ag

o8
WS 7FA TRl A E el Sold AdAdE kst
40 o 719] A& A (R) FAAREe] 2= ATt (Table
D). FuEAL ol AP W 5L Figure 204 A g
njol o] Ba} F2H o2 ME FAMIE ZHA AL gl A
A 6 £F2 EFHr] (Dangl and Jones 2001; Nimchuk et al.
2003).
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Tore] ok o] Ml Wl RaE FejA
Thr kinase 42 7} 3 v} el WAF o2 HE 4
EAFZAZ dold AviPtos} 23 A - 12 Fof 1At
3 AZAY HZE FalA AEAW BlAAE B3t
= Aor By itk (Zhou et al. 1995). Cladospo-
rium fulvum® B1EPA GA Avr9/Avrdo] A&
A E CR9/Cf-4 A dildd F-e ZHA] (carboxyl)
BAR-7F AEF EA3h, o= 2ee] 21 Leucine
Rich Repeats (LRRs) domaing- A ¥lo 2 =g 73
g 7t 3 9l gyl dolr) o]E LRR domaind 3o
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Figure 2. Predicted structures and cellular locations for geneti-
cally defined plant resistance proteins.



b= (apoplast)ell #H]ete Bl Y
AWAZ A4 BE A0 R A ATAERS 4T
A AZALGAAE EA31E A2 F29 31 glv} (Jones
et al. 1994; Joosten et al. 1994). 3, oA E&)H Xan-
thomonas oryzae®| A3A1E RHol:= gA dula Xa2l
< Cf9t PtoZ 2¥AZ 725 7R g} whebA] Xa2l
< Cf9}l Po9] 7558 §7 7H2 Aoz 52491} (Song
et al. 1995). T}A| L3l Xanthomonas oryzae7} £8)8}= o}
2 B A A] %2 effector molecule-g A|E ¥lo @ %5]
LRR domain®] ¢121&lo] A E¢] kinase domaindl] *
3?"4 MM} A5G AR2E FaA AEA N ’%}Oﬁﬂﬁ]
£ 843 & Zlog FSHrh
A7 AE APY gNEdES Zﬂﬂﬁ}ﬂi

o 2eld AR f

g BEel Avo mE

:‘TL_A}E"—_-QQ] HAs wizo] APAF-13} CED-4%+ $-A}3h
ARC motifZ 7}3 nucleotide-binding site (NBS) domain
} LRR domaing &7 7}x& NBS-LRR H]o] $-Ax}
Z6|t}h NBS domain& ATP/GTP 7}4-2alo] 3t NBS-
LRR el A% gude] 727 Uge 4usid] 2
He zA%ed $28 7l5e ¢ Aow 22
der Biezen and Jones 1998). NBS-LRR #3}4 ptalza =
& AFA EE AT S 4 Sa oy
33 2 LAS0R Qs Axd
F55 3 ok =3
NBS-LRR % &} ¢] i"% e ‘%—;’é%% o] te] 2}
TZ4 Aold| ul} coiled-coil (CC) domaing 7} CC-
NBS-LRR #E|9} Zu}8 ¢ Toll domaind ELEFeo
interukin-1 receptor (TIR) domaing 7}7 TIR-NBS-LRR
Y2 MESEY, o]F ojux Yde] CC/TIR domain
A3t © e oA ot Als AT Hojd 7o
2 47T NBS-LRR 9eje) Ay 487 2242
AA AR EAste AP FHAE T 7 2
T7F B B w opel, T ohed A HadEee 7
Holl tigt AgFAdel Flstar Uk (Meyers et al. 2003).

Hol| VMRS fdshs FF9 Erysiphe spp.oll o)
& BEAG ATHT Belslel Reld ARY vy
RPW82 A4 Fo = 7P 2
o gl 722 53 om A3 geizl wua
I FAMde] HE Qe A2 F2E st o (Xiao
et al. 2001). 28| 3L Ralstonia solanacearum<] ¥ A
el Q] Pop2ol] o] A AL FE5H= RRSI A3k
chalz e TIR-NBS-LRR & ejo] A &4 dhilzo] A} =
A 7)5& & Aoz AWZke WRKY domaino] ¢34
H AZE g8 dEolt) (Deslandes et al. 2002;
Deslandes et al.2003)
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coiled-coil domain?+&-

Al23o] pAHUE I . 75

el

MHHEAN FHMRQ| 7=
AEA ] FrEste] HSE VeRlE dREe] o
< effector moleculeS A EAXE Y]] En]3le] 7|5 4]
EA Y] WA WolAAE A7, R HES &
Al

O'C_L_a

3

3 s, /\Hi }.24 o 29 Holg &olatA st= & 7
o Holo] 34 el =44 S5 A FAdsh=y B

o slr} (Abramov1tch et al. 2003; Hauck et al. 2003; Abra-
movitch and Matrin 2004). o]&]3} effector molecule®] 7|5
HUA JREAMY 75 dAE, 71F AEAV Y
%"3 AAE 2AH T 7HEH o2 AYE 5 gl AFA
FAAZ gl Aolw T ok, 2y A2 Ao}
o] 7 Asts) QA A EA ] A2 A Tl
o] Wty o)Z vf7 2§ effector moleculee] ¢14lo] 7}
& A9, o] effector molecule-& ¥|H YA olxlz 285}
of AEAH9 W IS FEgtt) olefgt Aol uiHg
%*é Ql1x}o] 7|58 el effector moleculeo] %344
SeEA gn dxe B2 AE WM E44st
% O]T"r‘“ Al AEA A1) o] effector moleculed] H
A AA=A 7159 alA R olele] Ay A%
AollA o] v AN AxLZA 9] 7]5e] 28 S EAR
o} =27 ¥ Ao 4ztEc) (van der Hoom et al. 2002).
AA7HA B2 F7 vEYd FAREC] A, vlold
2, g AE HYREZRE 2Hd (Table 1). 2
G A= g, A2 3] opmgt
gol A9 glem ol FHxte] AEet A
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gty oz FAA of FARF 7L receptors} ligand
jz},g. 2dg o] nEaAd 9 ligand7t A8
gt recept0r°ﬂ A dgste] A= ¥ A o]

FA8ksl= A0 A2E it (Flor 1971). 1#L}
ceptor/llgand Tdo] HLEE AT Ry g
Jia Y et al. 2000; Deslandes et al. 2003) e ]Bﬂ
AAsk AP FHAE] Bolg
uu;d_‘,]_ & 8kA] r)ruﬂ;d_4 Aglo| /\1
22 71E9) receptor/ligand FEE
o A, 591 ALY e
A3 Agsto] AskA gL, vy
Al 3?_1414 HeA EE” (virulence target)
2 LA Y ) o
19] W85 Qlxj3telx] WA A WolAAE
U= guard B ‘jt“o A B HEH FAE 9
3141 Q1553 Ut} (Axtell and Staskawicz 2003; Mackey
et al. 2003; Shao et al. 2003).
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Table 1. Plant disease resistance (R) proteins and their effectors (Martin et al. 2003)

Class R protein Plant Pathogen(s) or Pest(s) Effector(s) *Function(s)
1 Pto Tomato Pseudomonas AvrPto,
syringae (B) AvrPtoB
2 Bs2 Pepper Xanthomonas AvrBs2
campestris (B)
Dm3 Lettuce Bremia lactucae (F)
Gpa2® Potato Globodera pallida (N)
G. rostochiensis,
Hero Potato G. pallida (N)
HRT® Arabidopsis Turnip Crinkle Virus Coat Protein
12 Tomato Fusarium oxysporum (F)
Mi Tomato Meloidogyne
incognita (N)
. Macrosiphum
Mi Tomato euphorgiae D
Mla Barley Blumeria graminis (F)
Pib Rice Magnaporthe grisea (F)
Pi-ta Rice M. grisea (F) Avr-Pita
R1 Potato Phytophthora
infestans (O)
Rpl Maize Puccinia sorghi (F)
R , R AvrRpml,
RPM1 Arabidopsis P. syringae (B) Avr]g
RPPS Arabidopsis Peronospora
parasitica (O)
RPP13 Arabidopsis P. parasitica (O)
RPS2 Arabidopsis P. syringae (B) AvrRpt2 Protease
RPS5 Arabidopsis P. syringae (B) AvrPphB Protease
Rx1* Potato Potato Virus X Coat Protein
Rx2 Potato Potato Virus X Coat Protein
Sw-5 Tomato Tomato Spotted
Wilt Virus
Xal Rice X oryzae (B)
3 L Flax Melampsora lini (F)
M Flax M. lini (F)
N Tobacco Tobacco Mosaic Virus Helicase
P Flax M. lini (F)
RPP1 Arabidopsis P. parasitica (O)
RPP4 Arabidopsis P. parasitica (O)
RPP5 Arabidopsis P. parasitica (O)
RPS4 Arabidopsis P. syringae (B) AvrRps4
4 Cf-2° Tomato Cladosporium fulvum (F) Avr2
Cf-4* Tomato C. fulvum (F) Avrd
Cf-5° Tomato C. fulvum (F)
Ccf-9 Tomato C. fulvum (F) Avr9
5 Xa2l Rice Xanthomonas oryzae (B)
Hml Maize Cochliobolus
carbonum (F)
HS17! Beet Heterodera schachtii (N)
mio Barley B. graminis (F)
Rpgl Barley Puccinia graminis (F)
RPWS Arabidopsis Erisyphe
chicoracearum (F)
RPSI-R Arabidopsis Rs"(ff;‘;’;’c‘; arum (B) Pop2 Protease
RTM1 Arabidopsis Tobacco Etch Virus
RTM2 Arabidopsis Tobacco Etch Virus
Vel®, Ve2* Verticillium alboatrum (F)

*putative functions of defined effector.



2R dmely Aol olAlmL Xakd CHiAol Zdst

n|H4] ol AvriRpml/AviBZ AvrRpt2e] <] 4
3h4g whia RPMI17 RPS29] 24438 4L Guard 2d
o] o8 Aabd o] o3k vl dude] 1PHA
J gl e] &3} 3PS s, Asters
Ué%}ﬂ 914 Flgure 3011*1 “mo}l:— ket
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”ﬂl% Ziﬁow NE"ﬂ ‘MH“ 7‘4015
Ashd gl RPM13} RPS29] 2
ot} Pseudomonas®) 7+gol A A=

o2 v8 94 BEd AviRpml 3 AviBo] AEAZ 1
T2 WA ¥4 RIN4 e Az 24

oz Adkaly olAka}l A7)t} (Mackey et al. 2002; Mackey et
al. 2003) Moffett 5 (2002)°ll 2] 3t potato virus X (PVX)<]
913 hilgo] gk A4 Gl Rxel Fgs I
AV, RINAS] QRbale Qs sl Ag4 wud
RPM19] &2 domainE (CC NBS 2231 NBS$} LRR)
b Ao delE Mo AR dulde] Fxe 84
oz v Ao AzhAtr} (Moffett et al. 2002; Hwang

et al. 2003). 7 A2 3919 W A NEALAA
ggale]o] AL Zixivk E=3 AU @i AviRpt2
= RIN4 wuiz o] AR w= 7}@240] gﬁg 1‘:_{51_}\;}

(Axtell and Staskawicz 2003; Mackey et al. 2003; Hotson
and Mudgett 2004). RIN4 g o] 442 AT A% Sl
w7 RPS2E 2483 AR Frdth o2 2ol
Ag Az uHAy Buae) Qs APy el

=

AvrRpm1

Apoplast

Cytosol

Resistance Resistance

Figure 3. Indirect detection of Pseudomonas syringae effector
proteins in Arabidopsis.

(A) An R protein complex in Arabidopsis. Recent evidence
indicates that RPMI, RIN4 and RPS2 are components of a
multi-protein complex that is peripherally associated with the
plasma membrane. RPS2 may be associated to this complex via
accessary protein.

(B) Induction of RPM1-mediated resistance by AvrRpml and
AvrB. Pseudomonas syringae effector proteins, AvrRpml and
AvrB interact directly with RIN4, leading to its phosphoryl-
ation and triggering signaling by RPM1 which initiates a resi-
stance response.

(C) Induction of RPS2 resistance by AvrRpt2. The AvrRpt2
effector protein causes degradation of RIN4 and triggers RPS2-
mediated resistance.

‘0/1 fda- o A(‘)] %“l = hl % ]

o3 %4 vy Ay dilAds ¥she @i &
Aol G5 Watg wehs s HuHw gt
%29l native gel chromatography & o] 83, 2
gele) 2 gulds AP Bmde Tshs gl
v T4 dAe] BA9 HEdd G o
g B o) ¥e AT B AR #E dEek T
oA 717 BAlo] WEEE Gdolr} (Rivas et al. 2002;

Belkhadir et al. 2004).
Guard 229 HE

o) §AA o) §7% el e BAE A4 0 A
A IS B i el Aol i Sl
Eo] o] i3 A4 7122 guard B2 A
¥t} (van der Biezen and Jones 1998). A§8}8H4], F-ahr
4 el A3, BrhEe] SATHEE o AR
27+9) Pseudomonas syringae Z5E] 2 EAEZ Ho|st

H 94 gl AvrPtos) 7152 29 Ser/Thr kinase<!
Pto¢} NBS-LRR &E|9] a4 wald Pz} H Q31w
Ptox Z2]3 o2 AvrPtos} 73%?:_!’ et o]} AvrPto$}
= BAgle] JEAEUe 718H Agdst BEd Az
 ¢12}¢] Pti4, Pti5, Pti6%} kmase o] Ptilg &4 3l3lo]
218239 eSS 01.:_6}1:}31 HaE$itt (Zhou, et al
1995). o]2] s A¥ 4 AWSS vtgoR EvtEe] Q3T
] e A 712 gund TdE A )
2uh ABqER Hold AviPor AEAMEU] 7|2
Ade @x|3k=t Fa3 positive regulator?] 7)%5S

3= Ptol) @‘SOM Proo] o3& Pige] 84& Halsto]

o

] 6‘_1 1A A
[e}

c

f\f ok,

AeAe] 724 AgYe R ol 2gE EvlE 4
a7k AR SR P S 4 BEOIE, BAE
o 2L B Feel AE WFE vdehdeh of A%

AvrPto= BlH YA R} opd
gl 128 ARG FeAA
= 758 gk ey Tk e EU}E 2B 7} A3
A AR Pt 3 T zolm, A3t thld Prf
= AvrPtos} Pto B84 E 214 0}711/} AvrPtodl] ¢]3t Pt

9] 2 Jﬁ}% ol atol A B ste o} BAIAY
&1y
H

HARAREA HEAE

Pte] 2218 F147)

= A

?l/ﬂ
o} 4] u
YA7) 3 AFH 0 BE 2ARY) FHANS L
Aol 249 Aot 1 A PPN 48
A 9ol gl %m Hepde walth of 4, Prodl

o2

to
LRR fﬁEH«] A g %‘ﬂ.‘;‘a“P
A e A e Falste] BATFe F4o] dAEE A
S AZE YA AdxZ 2L

Guard 2.9< receptor/ligand 2@ 2= A o] ofg]¥ H]
HA Tl nt A3y gl AL dAEL
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o] 7F53tA @t (van der Hoom et al. 2002). & €4,
A% RPMISH Mi 434 Szt o 29| A= T
] o_]k] E}Bu?g_oﬂ Eo]z4 o7 HPw—o}-b zsq;\]._g_ 27H-’] 1:]—
£ ulgey QAL 2e BU4 B4 s 2PAE
oFT APy TAe BGAT AN Wl 47t
. oleli A9y @) AE71e AR £ A
FAAE 712 A E
ZEs= gHAl A
! Bs2 ¢} Cf9= 159} Eu}ﬁoﬂ/ﬁ ul 7_}7_} _E_o]
44 il AvrBs2 9F Avr9of] Hl
A5 Zol|AE AviBs29} Avr9e]
AahA] 7] gl A

03‘~‘
12 N]O oX,

o
= -5
oE,m

2

o £ N ool e N o RS x©

ARE Aoz ML, A, BE m}a JE
2 A AYY FFo) @71»5 AstA Aok 7
o £l MUY A AYY FAAE b o)
A9ol A7) o8 AL oleH ARES FF
A AEe] 4% BRolt AR faRe o) 3
A 24 gude $Ese ke Fa4e nefd)

oF 8 oz grdn

MBS CHNTO| olFt W XIS BMEIE 93

AsHY 2=

$AMI0) Ao gl B HBeY BuAe SolHe

23T AT AR PolAAE BN A A
4 SAAEe) Bele AR BuAe a2 g 2
2] Fol Azlele A Ao gL A&
FAREo] THAHoE o8 TheAE YIS (Martin
et al. 2003). AR Z X|F7A] AE2 2] forward genetic B3}
VIGS, yeast two hybrid ¥ 5-8& o] &3} reverse genetic
b 78] #1te] DNA microarray HH-& ©]-83te] 2]
2ok g FEAGo Bolsh B FAlAE0] &
S92 ek web AR HEAZH AR @A
oiw%;ﬂ BiOJ—T;L/] zlol 0 o])\l o}I’_ X«]?ﬂ-)\-] H]—o]x.]] ]
Soterh 2eln 2 Hgel Belsh fEAE B9 o
B A Fl5g ST o)F vudse] o &
AEErto tie Aatetd Babgdetd Aol @4 A
sl 753 AUrk

A%y 434S zee AR Aol 47 £
EREEDEIS xﬁw wugol) o3t ug Uy v
o Q14w ABAY DAl Bolale AR el
2 b5 a9 % A AR w4 a3

£-A22 = EvLE ] Rer3 (Kruger et al. 2002)

9} o717 e] PBSI (Shao et al. 2003)3} RIN4 (Mackey
o sl 2000 ol EAAm, 2715 P07 A4
F7h WA Folth AsAT WAe] Bojeks FANSE
U0 g5 ATY fdee AT AVY fo
god Rog HuHI 9 d & TIR-
NBS-LRR @efe] A5y a5 135:78%}01] o
PAD49} EDSI 3RS ot}
o A1 Bade Fasan
o= Nz ARIE Aoz HFo} 2L ABAY 4o
#ao g Aoz AZE} (Zhou et al. 1998; Falk et al.
1999). ¥¥, CC-NBS-LRR #Eje] 484 SAAEe] 4l
S GPIo| dAs o} ATt $)XI3H= NDRI 7
A7} 2EH o2 AAs T (Century et al. 1997). H ol
ubiquitination/26S proteasome 7|53 #&A3F R4RI, SGTI,
18] 3 COP9 signalosome - ALEo0] E4 # 84 -4}
9] 715 Fodt AoE HuEw 9t} (Liu et al. 2002:
Shirasu and Schulze-Lefert 2003; Schize-Lefert 2004). o]
2% Aske B BalEao) AR $AAE trjza
W ARy sl 22 2449 7158 Faska oo
= 3¢ el

Pto, Xa2l ~18]3 Rpgl A3A

FHAIEE kinase T

A& niﬁ}o}ﬂ o™, RPS59F RPM1 A 3Hd whul g o]
914 7]%5o] W23 PRSI RING whalz e w]glad gl
2o «1511/‘1 —501243& AR = AR st
=¥t} (Axtell and Staskawicz 2003; Shao et al. 2003).
olgigk AR AP TiiFoel olgh njyey e
2o AEATUe] GRS AFEA7)5 MAP kinase®
A33kA) 7)) proteomics 239} 37| kinase<} phos-

photaseoﬂ %k Qakste} gelaksl 7o) AsiAd e
of 9l3t HyUA el oAl = Als A A o
o Aoz AZET} (Zhang and Klessig 2001). ¢z o]
Hajo}b <laksl 4L PR FHAE9] 2EE negative I
£ positivesH] 2Adhs TS WAL 2SS S 2
Hdgro A g g s w2 Agshs B 79
A QA Gl g g Ae F, Algeta st A W

AXAE &43lEt) (Eulgem 2005).

g
=
I
=
o
L =
L i
o
rﬁ-
n:
m&
e
£

ol A w1 ste], dxA) kmase/phosphataseoﬂ -]
Aoz By Qe 2AHRA AL corg 4
goll fojshe Aoz HuHy vk I Fae] EAA
84 ArA o] 28H ubiquitin/26S proteasome-2- UH
M2 g il Badde AEF7] (cell cycle), T4

(embryogenesis), 2] 713} 2 2 (flowering time and

O



development), 3§34 (photomorphogenesis), 7| ¥7]
(circadian rhythm), $ 2+ 8- (hormone signaling), >3}
(senescence), W A& F AEAAA dojub= AY BE
8ol Fa3k 247 3lal 9t} (Gagne et al. 2002;

0
O

o[r
mlo

Hare et al. 2003). *3] A& 8 x3kA] Bolo| el chula
A A A= A7IFHe AR Sl
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Tornero et al. 2002), SGT1 (Austin et al. 2002; Azevedo
et al. 2002; Peart et al.2003) 5 SCF complex 2] 4
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COP9 signalosome (Liu et al. 2002)°] ¥ A3A AlsAd
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Holgicty BaE 3 ¢} (Hubert et al. 2003; Takahashi
et al. 2003). oleje Tl BalEArE A% ¥ A 4l
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ERGAANES DY B ofe), 943 Fof HEA
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o Bojgdt Aoz FAX U} (Shirasu and Schulze-
Lefert 2003; Schlze-Lefert 2004).
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Figure 4. A model to explain the quantitative nature of defense
signaling. Molecular recognition of pathogens by R proteins or

“components of the basal defense system generates signal input

for a general signal conversion mechanism. This signal con-
version mechanism is common to both R-dependent and basal
defense pathways and converts signal inputs into gene-
expression output in a quantitatively determined manner.
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Figure 5. Interactions between signal transduction pathways of
salicylic acid, ethylene, jasmonic acid for plant disease resistance.
The ethylene signal transduction pathway can interact with the
JA pathway to co-regulate expression of subset of defense-
related PR genes. Although SA pathway is antagonistic to
ethylene/JA pathway, there are considerable interactions bet-
ween them in systemic acquired resistance. In the edr/ mutant,
ethylene potentiates SA-mediated PR-/ gene expression. In the
absence of CPRS5 and CPR6, the ethylene pathway can also
activate SA-dependent PR-/ gene expression via NPR-ndepen-
dent pathway to promote systemic acquired resistance. In the
ssil mutant, the ethylene/JA- ependent PDFI-2 gene is con-
stitutively expressed.

Moo fo 2 oph oo pot mlo il

(PGPR; Plant Growth Promoting Rhizobacteria)ol] 2]ajA]
A =5+ A3 (ISR; Induced Systemic Resistance)2 JA
o} ET 2sde A2E A2 A/3kal NPRI¢| &J3A
A3l Fr} (Pietrse et al. 1998). ©]2]3F A3}= ISRE SA
o i 25 SAR AE0Y F2st el ARHe
2 Aot 28 oug.

A e A A = Hdete BYdS dAska 1152}"3
FAEE = AEAe o2l Aol &%t %E

& Jsta Faste e HUEde] A2
HI A (arms race)x | A|gsjrh A3 FAx
g dhg mdle A2 YT FHol| digh 214
A A 2e A3 SAze) we FzaAe =
12 At} (Richly et al. 2002). 2y 2] AbE] Ao
M fARke] X3 S e =y, 54 ¥We
A FHAE 7H JRAIE e A7 S
g A el FEska vk AR &
A At sdge Aol o &2
ol AR Ak E4 Hes oS
of HiHYY Axfe] WAl 2leiM #FE o
balancing selection Z.@o] arms race Ed3} A
Tzl v A R 2 9EAS dHsty
a4 AAIE 5L 9t (van der Hoorn et al. 2002).
balancing selection =2 9 F32 of FH=}
& Aok guard SLEo] ojsiA & A 5, §
NI A QlAke] wA o] M= AEAHY AP

3

Q e guardstd = AIF FHAE
A

N

2
2]
s

% i

A

ok

[4

=
s

o

Ty 2 lo
oift
3

£ o
2
Lok 1> H)’ U

ol
o

s

A

==

oSl
10 ox i e o

—

m
ol

_\‘l_,_l

O

o f% 2 ofy 1o o
X
filo =

ﬂ_
2
i
Bd @ m&

do, T b
2
Jl~>§ér3_>.:ﬁr§,mo
TR g

£
N
N
o
X
1
>
il
__)‘4_:“
lo
Y
o
o,
e
R
> F
o o o [ o
2 ko oo o Mo

2

B

B

2

%

2

L

o I

031
>
N
X
™
isi
t‘?‘-‘
id
_1>4 B o (A

D)

ol

ir
of r

b oox

[«
e}
ra
>
2
otk
ox,
rulo
:10
N
_0|L
r\r

2 Md 0}7

lv




ol AgA e WAT 7] FEAEE BAF FEAA
181 7FsakAl dla Ak B9 2 AgAsh HeTs
AA GAA ] 97194 8L Microarray®} Proteome
24 )% WA A A8 W AP AU B &
Zhe] FE o Hdd gl gt AE Axde =

3kA ot ol2 &
o= 8330101: o
ol A guard
A ;q A ohulzl

o S ST FHsIeld Il

o

Lo

ST
o,
i
il
=
oft
(o
e
12
jo

9
H
it
it)
A
lo
K
my
A
poi
2
[RUR
JE‘:
mN

o 1
ogjgmlm
do o iz

oﬁ ox M
et ril
¢
oL
3;% ©
rir

o
o

lo

ox
i‘l
£
)
;

loy
2L
g

=l

1o

ol

o

@
=

ok

ol r:\(g
™

uuﬂg /\luxﬂu._q 1751 1:/_}1@},17‘5__]
d HWzﬂﬂMVH *ﬂg 4 71%
BT B

ol -
Ach

ol

ok

o,

)

05~

2

A,
B
- F

=

)

Og‘;",
i}
Y,
©

v
o =
o o

Hdo

24,

N

AzLE ] o vk o2} AA 71%5E Tet

H}E proteomicsE o]-&dte] AT
az opel sl ¥ v ohel AIsE
post translational modificationol] €%+ Thild
ZQ3 A ol A, A& ¥ 34
AT= 7]&]-0; Kig /\1 cqoﬂ%}/\é B2
Fopo 2ol o2 AYHOT U g 48

E N
i
(o]
0
__}fl_!‘l
N

ol oox & ox 2o fo > S oM 2 ot oA
e
-
N
)
i)
ik
ok
R
09:”;

%]
—

-
off L omd
I
L"
r..Vl

E
o

> 1o
flo

o A
A

J
ox.

RS
i_:“
2
oX P

pe HE ok 1o 9
o
o
ok
o

po)
jo
i
oZ
)
r 1
£

Abramovitch RB, Kim Y-J, Chen S, Dickman MB, Matrin GB
(2003) Pseudomonas type lll effector AvrPtoB induces
plant disease susceptibility by inhibition of host
programmed cell death. EMBO J 22: 60-69

Abramovitch RB, Matrin GB (2004) Strategies used by bact-
erial pathogens to suppress plant defenses. Curr Opin
Plant Biol 7: 1-9

Austin MJ, Muskett P, Kahn K, Feys BJ, Jones JDG,
Parker JE (2002) Regulatory role of SGT1 in early R
gene-mediated plant defenses. Science 295: 2077-2080

Axtell MJ, Staskawicz BJ (2003} Initiation of RPS2-specified
disease resistance in Arabidopsis is coupled to the Avr-
Rpt2-directed elimination of RIN4. Cell 112: 369-377

Azevedo C, Sadanandom A, Kitagawa K, Freialdenhoven A,
Shirasu K, Schulze-Lefert P (2002) The RAR1 interactor
SGT1, an essential component of R gene-triggered
disease resistance. Science 295: 2073-2076

Banerjee D, Zhang X, Bent AF (2001) The leucine-rich
repeat domain can determine effective interaction between
RPS2 and other host factors in Arabidopsis RPS2-
mediated disease resistance. Genetics 158: 439-450

Belkhadir Y, Subramanian R, Dangl JL (2004) Plant disease
resistance protein signaling: NBS-LRR proteins and their
partners. Curr Opin Plant Biol 7: 391-399

‘Boyes DC, Nam J, Dangl JL (1998) The Arabidopsis

thaliana RPMldisease resistance gene product is a
peripheral plasmamembrane protein that is degraded
coincident with thehypersensitive response. Proc. Natl
Acad Sci USA 95: 15849-15854

Century KS, Shapiro AD, Repetti PP, Dahlbeck D, Houb E,
Staskawicz BJ (1997) NDR1, a pathogen-induced com-
ponent required for Arabidpsis disease resistance. Science
279: 1963-1965

Cohn J, Sessa G, Martin GB (2001) Innate immunity in
plants. Curr Opin Immunol 13: 55-62

Dangl JL, Jones JDG (2001) Nature 411: 826-833

Deslandes L, Olivier J, Theulie’res F, Hirsch J, Feng DX,
Bittner-Eddy P, Beynon J, Marco Y (2002) Resistance to
Ralstonia solanacearum in Arabidopsis thaliana is con-
ferred by the recessive RRS1-R gene, a member of a
novel family of resistance genes. Proc Natl Acad Sci USA
99: 2404- 2409

Deslandes L, Olivier J, Peeters N, Feng DX, Khounlotham
M, Boucher C, Somssich [, Genin S, Marco Y (2003)
Physical interaction between RRS1-R, a protein conferring
resistance to bacterial wilt, and PopP2, a type Ill effector
targeted to the plant nucleus. Proc Natl Acad Sci USA
100: 8024-8029 ‘

Devoto A, Muskett PR, Shirasu K (2003) Role of ubiquiti-
nation in the regulation of plant defence against patho-
gens. Curr Opin Plant Biol 6: 307-311

Devoto A, Nieto-Rostro M, Xie D, Ellis C, Harmston R,
Patrick E, Davis J, Sherratt L, Coleman M, Turner JG
(2002) COI1 links jasmonate signalling and fertility to the
SCF ubiquitin-ligase complex in Arabidopsis. Plant J 32:
457-466

Ellis J, Dodds P (2003) Plant pathology: Monitoring a
pathogen-targeted host protein. Curr Biol 13: R400-
R4002

Eulgem T (2005) Regulation of the Arabidopsis defense
transcriptome. Trends Plant Sci in press 10: 71-78

Falk A, Fets B, Frost LN, Jones JDGi, Daniels MJ, Parker JE
(1999) EDS1, an essential component of R gene-
mediated disease resistance in Arabidopsis has homology
to eukaryotic lipase. Proc Natl Acad Sci USA 96:
3292-3297

Flor HH (1971) Current status of the ggene-for-gene concept.
Annu Rev Plant Pathol 9: 275-296

Gagne JM, Downes BP, Shiu S-H, Durski AM, Vierstra RD
(2002) The F-box subunit of the SCF E3 complex is
encoded by a diverse superfamily of genes in Arabidopsis,
Proc Natl Acad Sci USA 99: 11519-11524

Hauck P, Thilmony R, He SY (2003) A Pseudomonas
syringae type lll effector suppresses cell wall-based
extracellular defense in susceptible Arabidopsis plants.
Proc Natl Acad Sci USA 100: 8577-8582



82 . Korean J. Plant Biotechnol.

Hare PD, Seo HS, Yang J-Y, Chua N-H (2003) Modulation
of sensitivity and selectivity in plant signaling by pro-
teasomal destabilization. Curr Opin Plant Biol 6: 1-10

Holt BF Ill, Hubert DA, Dangl JL (2003) Resistance gene
signaling in plants -complex similarities to animal innate
immunity. Curr Opin Immunol 15: 20-25

Hotson A, Mudgett MB (2004) Cystein proteases in phyto-

. pathogenic bacteria: identification of plant targets and
activation of innate immunity. Curr Opin Plant Biol 7:
384-390

Hubert DA, Tornero P, Belkhadir Y, Krishna P, Takahashi A,
Shirasu K, Dangl, JI (2003) Cytosolic HSP90 associates
with and modulates the Arabidopsis RPM1 disease
resistance protein. EMBO J 21: 5679-5689

Jia Y, McAdams SA, Bryan GT, Hershey HP, Valent B (2000)
Direct interaction of resistance gene and avirulence gene
products confers rice blast resistance. EMBO J 19: 4004-
4014

Jones DA, Thomas CM, Hammond-Kosack KE, Balint-Kurti
PJ, Jones JDG (1994) Isolation of the tomato Cf-9 gene
for resistance to Cladosporium fulvum by transposon
tagging. Science 266: 789-793

Jones DA, Takemoto D (2004) Plant innate immunity-direct
and indirect recognition of general ard specific pathogen-
associate molecules. Curr Opin Immunol 16: 48-62

Joosten MHAJ, Cozijnsen TJ, de Wit PJGM (1994) Host
resistance to a fungal tomato pathogen lost by a single
base-pair change in an avirulence gene. Nature 367:
384-386

Katagiri F (2004) A global view of defense gene expression
regulation - a highly interconneted signaling network. Curr
Opin Plant Biol 7: 506-511

Kruger J, Thomas CM, Golstein C, Dion MS, Smoker M,
Jones JDG (2002) A tomato cyctein protease required for
Cf-2 dependent disease resistance and suppression of
autonecrosis. Science 296: 744-747

Kunkel BN, Brooks DM (2002) Cross talk between signaling
pathways in pathogens. Curr Opin Plant Biol 5: 325-331

Liu Y, Schiff M, Marathe R, Dinesh-Kumar SP (2002)
Tobacco Rarl, EDS1 and NPR1/NIM1 like genes are
required for N-mediated resistance to tobacco mosaic
virus. Plant J 30: 415-429

Liu Y, Schiff M, Serino G, Deng X-W, Dinesh-Kumar SP
(2002) Role of SCF ubiquitin-ligase and the COP9
signalosome in the N gene-mediated resistance response
to tobacco mosaic virus. Plant Cell 14: 1483-1496

Mackey D, Belkhadir Y, Alonso JM, Ecker JR, Dangl JL
(2003) Arabidopsis RIN4 is a target of the type Il
virulence effector AviRpt2 and modulates RPS2-mediated
resistance. Cell 112: 379-389

Mackey D, Holt BF I, Wiig A, Dangl JL (2002) RIN4
interacts with Pseudomonas syringae type Il effector
molecules and is required for RPM1-mediated resistance
in Arabidopsis. Cell 108: 743-754

Martin GB, Bogdanove AJ, Sessa G (2003) (Understanding

the functions of plant disease resistance proteins. Annu
Rev Plant Biol 54: 23-61

Meyers BC, Kozik A, Griego A, Kuang H, Michelmore RW
(2003) Genome-wide analysis of NBS-LRR-encoding
genes in Arabidopsis. Plant Cell 15:809-834

Moffett P, Farnham G, Peart J, Baulcombe DC (2002)
Interaction between domains of a plant NBS-LRR protein
in disease resistance-related cell death. EMBO J 21:
4511-4519

Mou Z, Fan X, Dong X (2003) Inducers of plant systemic
acquired resistance regulate NPR1 function through
redox change. Cell 113: 935-944

Muskett PR, Kahn K, Austin MJ, Moisan LJ, Sadanandom A,
Shirasu K, Jones JDG, Parker JE (2002) Arabidopsis
RAR1 exerts ratelimiting control of R gene-mediated
defenses against multiple pathogens. Plant Cell 14:
979-992

Nimchuk Z, Eulgem T, Holt Il BF, Dangl JL (2003)
Recognition and response in the plant immune system.
Annu Rev Genet 37: 579-609

Peart JR, Lu R, Sadanandom A, Malcuit I, Moffett P, Brice
DC, Schauser L, Jaggard DAW, Xiao S, Coleman MJ,
Dow M, Jones JD@, Shirasu K, Baulcombe DC (2002)
Ubiquitin ligase-associated protein SGT1 is required for
host and nonhost disease resistance in plants. Proc Natl
Acad Sci USA 99: 10865-10869

Pieterse CM, van Wees SC, van Pelt JA, Knoester M, Laan
R, Gerrits H, Weisbeek PJ, van Loon LC (1998) A novel
signaling pathway controlling induced systemic resistance
in Arabidopsis. Plant Cell 10: 1571-1580

Richly E, Kurth J, Leister D (2002) Mode of amplification
and reorganization of resistance genes during recent
Arabidopsis thaliana evolution. Mol Biol Evol 19: 76-84

Rivas S, Mucyn T, van den Burg HA, Vervoort J, Jones JDG
(2002) An~400 kDA membrane-associated complex that
contains one molecule of the resistance protein Cf4. Plant
J 29; 783-796

Schlze-Lefert P (2004) Plant Immunity: The origami of
receptor activation. Curr Biol 14: R22-R24

Shao F, Merritt PM, Bao Z, Innes RW, Dixon JE (2002) A
Yersinia effector and a Pseudomonas avirulence protein
define a family of cysteine proteases functioning in
bacterial pathogenesis. Cell 109: 575-588

Shao F, Golstein C, Ade J, Stoutemyer M, Dixon JE, Innes
RW (2003) Cleavage of Arabidopsis PBS1 by a bacterial
type Il effector. Science 301: 1230-1233

Shen Q-H, Zhou F, Bieri S, Haizel T, Shirasu K,
Schulze-Lefert P (2003) Recognition specificity and RAR1/
SGT1 dependence in barley Mla disease resistance genes
to the powdery mildew fungus. Plant Cell 15: 732-744

Shirasu K, Schulze-lLefert P (2003) Complex formation,
promiscuity and multi-functionality: protein interactions in
disease resistance pathways. Trends Plant Sci 8: 252-258

Shiu S-H, Bleecker AB (2003) Expansion of the receptor-like
kinase/pelle gene family and receptor-like proteins in



Arabidopsis. Plant Physiol 132: 530-543

Song W-Y, Wang G-L, Chen L-L, Kim HS, Pi LY, Holsten T,
Gardner J, Wang B, Zhai WX, Zhu LH, Fauquet C,

- Ronald P (1995) A receptor kinase like protein encoded
by the rice disease resistance gene, Xa21. Science 270:
1804-1806

Stirnberg P, van de Sande K, Leyser HMO (2002) MAX1 and
MAX2 control shoot lateral branching in Arabidopsis.
Development 129: 1131-1141

Swiderski MR, Innes RW (2001) The Arabidopsis PBS1
resistance gene encodes a member of a novel protein
kinase subfamily. Plant J 26: 101-112 .

Takahashi A, Casais C, Ichimura K, Shirasu K'(2003) HSP90
interacts with RAR1 and SGT1 and is essential for
RPS2-mediated disease resistance in Arabidopsis. Proc.
Natl. Acad. Sci. USA 20: 11777-11782

Tameling WIL, Elzinga SDJ, Darmin PS, Vossen JH, Takken
FLW, Haring MA, Cornelissen BJC (2002) The tomato R

" gene products |-2 and Mi-1 are functional ATP binding
proteins with ATPase activity. Plant Cell 14: 2929-2939

Tanaka N, Che F-S,Watanabe N, Fujiwara S, Takayama S,
Isogai A (2003) Flagellin from an incompatible strain of
Acidovorax avenae mediates H202 generation accom-
panying hypersensitive cell death and expression of PAL,
Cht-1, and PBZ1, but not of Lox in rice. Mol Plant
Microbe Interact 16: 422-428

Tao Y, Xie Z, Chen W, Glazebrook J, Chang HS, Katagiri F
(2003) Quantitative nature of Arabidopsis response during
compatible and incompatible interaction with the bacterial
pathogen Pseudomonas syringae. Plant Cell 15: 317-30

Thordal-Christensen H (2003) Fresh insights into processes
of nonhost resistance. Curr Opin Plant Biol 6: 351-357

Tor M, Gordon P, Cuzick A, Eulgem T, Sinapidou E,
Mert-Turk F, Can C, Dangl JL, Holub EB (2002) Arabi-
dopsis SGT1b is required for defense signaling conferred
by several downy mildew resistance genes. Plant Cell 14:
993-1003

Tornero P, Merritt P, Sadanandom A, Shirasu K, Innes. RW,
Dangl JL (2002) RAR1 and NDR1 contribute quanti-
tatively to disease resistance in Arabidopsis, and their
relative contributions are dependent on the R gene
assayed. Plant Cell 14: 1005-1015

van den Burg HA, Westerink N, Francoijs K-J, Roth R, Woe-
stenenk E, Boeren S, de Wit PJGM, Joosten MHAJ,
Vervoort J (2003) Natural disulfide bond-disrupted mu-
tants of AVR4 of the tomato pathogen Cladosporium
fulvum are sensitive to proteolysis, circumvent: Cf-4-
mediated resistance, but retain their chitin binding; ability.
J Biol Chem 278: 27340-27346

van der Biezen EA, Jones JDG (1998) Plant disease-
resistance proteins and the gene-for-gene concept.
Trends Biochem Sci 23: 454-456.

van der Hoorn RA, De Wit PJGM, Joosten MHAJ (2002)
Balancing selection favors guarding resistance: proteins.
Trends Plant Sci 7: 67-71

van der Hoorn RA, Jones JDG (2004) The plant proteolytic
machinery and its role in defense. Curr Opin Plant Biol 7:
400-407

Wildermuth MC, Dewdney J, Wu G, Ausubel FM (2001)
Isochorismate synthase is required to synthesize salicylic
acid for plant defense. Nature 414: 562-565

Xiao S, Ellwood S, Calis O, Patrick E, Li T, Coleman M,
Turner JG (2001) Broad-spectrum mildew resistance in
Arabidopsis thaliana mediated by RPW8. Science 291:
118-120

Zhang S, Klessig DF (2001) MAPK cascades in plant
defense signaling. Trends Plant Sci 6: 520-527

Zhou J-M, Loh, Y-T, Bressan RA, Martin GB (1995) The
tomato gene Pti encodes a serine-threonine kinase that is
ohosphorylated by Pto and is involved in the hyper-
sensitive response. Cell 83: 925-935

Zhou N, Tootle TL, Klessig DF, Glazebrook J (1998) PAD4
functions upstream of salicylic acid to control defenses in
Arabidopsis. Plant Cell 10: 1021-1030

(R4DA} 20054 19 59, FeldA} 2005 49 7Y)



