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Abstract

Evohlion has provided planrs $,irh Írphisticated delènsi!c straregies
to perceive" alrack bv pathogens and iDsecrs. and ro translrte lhat
''pefceplion inn) an appropirre àdrpti!e resporse. Phnl innate
irnmunity is brsed on a surprisingly complex response thrl is hight)
fle](lbl.: in its capacity to recognize and respond ro tbe invadcr
èncorntered. ln the pasl ycrrs. we explored Arabidopsis as a model to
Íudy lhe molecular basis of rhlzobacteÍir induced sysleÍic rcsisrance
(ISR). We drsco!crcd nolel comporents of rhc ISR signating pathway
rnd fevealed that priming fof augmentcd expres!ion of pathoger-
fesponsrve gencs plays an inpoÍtant role in rhis rype o1 induced
resistarce. Currcndy our research is also focused on rhe quesrtuni ho$
are plalts crpàblc of integrating nicÍobill rnd insed,induced signats
i o del?nse rcsponses that are specilicilly directed asainst rhc àlttckefl
'l he alafin signals srlicyli. a.id (SAl. jasnonjc xcid (JA) and efiylene
(r.-ll afe najoÍ reguldlds of plant delènse. Thcir \ignaling palh$,{ys
c.oss.onmuricate,  pro\ id ing the planr $, i th a rcgulatory potenl id l  to
íine-tune its dclcnsc rcxction We discovcrcd rhat the regutalorl p(Íeir
NtlRt lunctic'ns as a modularor in cross talk bel\{een SA rnd JA.
thereby helping the plant to "decide" which defensive strrrcg)r !o follolv,
dcpcndiDg on the type ol artacker encounteÍcd, and thar rhis luuclioD of

lSl l



NPRI is conserv€d anong Arabidopsis accessions àll over the world'
sugge\r ing an rmPoÍranr role foí  pldnr 'ur! i !a l

Rhizobacteria-Induced Systemic Resistance

SCREENING OF ACDS ENHANCER TRAP LINES

Plants develop an enhanced defensive capacity against a broad specbam
of plant pathogens after colonization of the roots by selected strains of non
palhogenic. fluorescenl Preudono as spp (Pieterse et aI 2002; Van Loon
er al. 199U. In Arabidaprtr tÀdliana, this rhizobrcteía-induced systemic
resistance (ISR) tunctions independently of salicylic acid (SA) bur requires
responsiveness to jasnonic acid (JA) and ethylene (ET) (Pieterse et á1.
1998). In contrast to pàthogen induced systemic àcquned resisiance (SAR).

Íhizobacteria-mediated ISR is not associated with changes in the expression
of pathogeÍesis-related (PR) genes (Pieterse et al. 1996) To identify genes

thàt ar€ specifically expressed in response to colonization of the roots bv
IsR-inducing Pr"llr'rorrr lLol?.t(:€/1r WCS'117r bacterià, we screened a
collection of AÍabidopsis enhancer trap lines containing a transposable
element of the,4./rr system and the GUS repoter gene (Léon-

Kloost€rziel et al. 2005). We identified àn erfiancer lrap iine that
specifically showêd GUS rctivity in the rool vascular bundle upon
colonization of the roots by wcs'tl7r- The ET precursor I
aninocycloproprne-l-carboxylate (ACC) mimicked the rhizobacteria
induced GUJ expÍession partem in the root vascular bundle, indicating
that the Dr element was insened in the vicinity of an ET-responsive gene
Analysis of the genes in the close vicinity of Èe ,s elemenl Íevealed
ATTLP t às rhe gene .esponsible foÍ the in cir aclivation of the GUS
reporter gene in the root vascular bundle. Á1217 encodes a thaumatin-
like prolein that belongs to the PR 5 family of pathogenesis-related
prorein\.  iome ul  $hich po\\<.\  anumicrobial  properl ie '

THE TRANSCRIFTOME OF ISR

To identify IsR-related genes. we suneyed the lrànscriptíonal responsc
of ovef 8,000 Arabidopsis genes during ISR (Verhagen et 41 2004). Locrll)'
in fie rcots, IsR-inducing wCS4lTrbacteria elicited a substantial change in
the expression of97 genes- However, systemicaily in thê leaves, none ofthe

-8.000 genes tested showed a consistent change in expression rn response to
colonization of the roots by WCS417r. indicating that the onset of ISR in
thc leaves is nol associated with detectable changes in gene expression
AÍièr challenge inoculation of wcs4lTr-induced plants wilh pathogenic
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P!eudontunds s\-tinse p\ tonan Dc3t)Oo (pst DC3000), 8l genès showed
an ang cDre.l exprcssron paucrn in ISR cxpressiDg ieaves. suggesring Lhar
rhcse geDc\ were p.imed ro respond faster àD(Vor lno* Í;,gty upon
p.rthoscn attack. The nraiority of rhc primed genes was predicted to be
regllated lr! JA and/or El signating (Verhagen et al 2004). pÍiming of
pathogen-irlduced genes has aiso been inrplicated nr other rypes of ind;ed
resisrancc (Conrarh er at. 2002. Kohler et al. 2002: ToD et al 2005), and is
thought to rllow the plnnt ro reaci mo.e efÏèctivelv Lo the invader
encountered. Hencej rhc prnning phenomenor mighr erplain rhe broad_
spectrun .rcrion of rizobactcia medillcd tSR.

N,1YI]7] IS REQUIRED I\ THE ROOTS FOR SYSTÈMIC EXPRESSION
OF ISR

Genechip analysis of roors uncovercd 97 Wcs4tTr-rcsponsjve. root_
\pcific genes. To idenriÍ) their Íolc in ISR lignlrting. we analyzed
knockour nrutants of a subsct of rhese genes. Analysis 01 setecled I-DNA
nrsertion lines rc\e{led Íhat AtMyB72, a R2Rt MyB tike rranscriprion
factor protein, is .ssendal li)r aciilation ot ISI,'. AtMyBT2 is specificàlly
activated in the roors upon colonizarion by WCS.I] jt. AtMyBT2 exprcssjon
could also ile induced by cxogenous appLicalbn of ACC. Disftrptio; of rhe
AtMyBT2 gene b], T-DNA inseíion rerdcred lhe knockouL m;tanl planls
ricapable oí noumi.g WCS4] 7r-medjated ISR againsL the chr e;ging
pathogens PÍ DC:1000 and Hlataper.no,paru patsiíica. WCS|1.1;
mduced expression of ,1/MyB72 \ïas abolished in the ET insensirjve. ISR
nonresponsive murant ?ir2,t, but nor in lhe ISR responsive. SA_defecrile
transtormmt NahG. Moreoler. A|N,IYB72 $as tbund ro physically in|eract
in ritto 'dirh àe ET regutatory proteiD EIL3. These remlrs indjcare thar
mducilor of ISR by r)oÈcolonizing WCS, 7Í-bàcteria is connolled by the
MYB72 transcriptioD facror in tbe roors. and rhat AtMyBT2 is a. intrinsic
pnrr oílo.al, ET dependenl signaling events lhat eventualty lead to sysleDic
e{pression ot ISR in the lea\cs.

MYCz IS INVOI,VLD IN PRIMING FOR JA.RLSPONSIVI] GENE
ITXPRESSIaJN DURING ISR

Cienechip anilysis of leavcs showed rhar Àrrbidopsis planls expressing
\YCS4I 7f-nedialed ISR are pÍimed to express spc.ific sel of gencs fastei
or aL a highcr levei upon artack by litulent ?)r/ DC3000. Notabtt. ISR
constitutes x reinÍbrccmenr ot extanr JA/ET depet](tenr basal jeftnse
responses against Prr DC3000 (Ton er al. 2002). In agreement with this, jt
$,as demonstrared Íhat ISR expfesring tissues are primed ro rcspond ÍàsteÍ
.rDd stronger to JA (Pozo clê1. 2005). Anatysis ofrhe promorcr sequcnces or
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the JA-r€sponsive. IsR-prined genes rêvealed that thev ílÍe signiíicantlv

enrlcma ln tinaing siles foÍ the transcriptioD fÀctor AIMYC2' a kev

regulator of the JA ;gnaling pathway (Lo'enzo et aI 2004) Phcnotvpjc ênd

milecutar analysis ;f plants overexpressing or lacking a lunctional

,ltUVCZ prote;n contiÍned the role of lhis transcription facror in priming

during lSR.

ISR IS EFFECTIVE AGAINST A CENERALIST HERBIVORE, BUT NOT

ACAINST A SPECIALIST

To investigate whetheÍ ISR in AÍabidopsis is elrïtile aq.a'nsl

herbivorous iniects as well, we examined the effect of Wcs4l7r-medixted

ISR aAain.r  lne generr l is l  heÍb,\ore Spot lrPterc cvBua dnd l} le 'per ial in
iet i ' ï re p,"n'- ,"pae PedóÍmance of \ '  '  r ig 'd lanac wa' ' ; !nrf iunr l)
i"á.""a..ISn 

"*rj..'.i.g 
plrnts. resultins in a slower gain in fÍesh weight

ih" p.r t  . .un." or P r"pa, "as nor aIÍecred on ISR e\pre":ng planr '  To

inrel iea" rhe n ech.ni .m oi  Íhe re'rrance ob'ehed agrinn rhe general i ' r

herbivàre. we analvsed the expression of a set of \elfcha$ctenzed'

defênse-related genes in control and ISR plants. before and after inlestation

with S. é-ri8&a ár P rapae Northem blor malvsis showed thai S dris'Ld

r*Ji"s inaïcea the reie 'pon. ive gene PDFI 2 to a much hrsher letel  In

ISR eipre*rng pldnt '  rhan in non inducrd conuor pl lnr '  These 'ugge'r
rhar pr imin-s àrJr-re'pon'r \e g(ne erPre*ion qhiLh i \  d"oci i red $irh

lsR, contr i 'bure. nor only ro parnog"n re' i ' ldnce but al 'o ro rc ' i ' rJnce

against herbivorous insects This priming effect wàs not observcd alter

táaing Uv Z /apd", which is in agreement with the inetÏectiveness of ISR

ugu;""i it'i" hàrbivore. and susseís thxr this specialist iomehow

circumvents this defense response

Cross-Tàlk Betw€en Signaling Pathwavs to l'ine'Tunc D€fensc

SIGNAL SIGNATLIRE AND TRANSCRIPTOME CHANGES DURING

PATHOGEN AND INSECT ATTACK

To understand how plan$ integrate pathogen- and insect induced signals

mlo rDerr l rc delen"e re.pon\e\ '  $e moni lored rhedlnáPrics"r SA JA and

tT. ignahng In afabidop\r '  af ier anacl b) a 'er ol  mi ' Íobir l  parhogen' dnd

rrerbi iorou,-rnsecr '  " i r t '  
arÍ fe*nr mrJe\ of arrdcl  rDe V,^ er Jl  2005)

Á/dàrddpsts Plarts were exposed to a pathogenic leaf bacterium (Pr'

DC300tj), a 
-pathogenic leaf funsus (Álr€r'rdria 

'rdrrl'tcold)' 
tissue-

che$ine ccrerpi l la^- !P /a,ad?' .  cel l  cnnlenl leedrng lhnp'  tFrrnkl i t ' tPl l ' l

oecideial i " t ,  or phloern teedrng dphid'  (M)" ' r  pí l ' rarr '  \4oniror inP rhe
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sigal signature in eêch plant-attacker combination showed that the kinelics

ol SA, JA, and ET production varies gready in both quantitv and timing

Análysis of gbbal gene expÍession profiles demonÍrated that ihe signal

signalurc characteristic of e,tch Árdrrdopsis-altacker combination is

orchestrated inlo a surprisingly complcx set of transcriPtional alterations

Conrparison of thÈ transcripl profiles reveàled thai oonsistenl changes

induced hy prthogenii and insects with very different modes of attack can

show considcrxble overlap. Of alL consislent changes induced bv A.

l)n\siticc,la. P. mpae. nid F. occidentalis, morc than 5070 were also

induced consistently by Prt DC3000. Notably. although these Íbur attackers

atl siimulaied JA biosynàesis, the nàjority ofthe changes in JA responsive

gcne exprcssion were attacker-specific. All together thcse results show thal

SA, JA, and ËT play a prinJry role ir the orchestrêtion o1 the plani s

defense response. bul other regulatory mechanisms, such as pathway cross-

ialk or addilional atlacker-induced signals. eventuallv shape rhc highlv

complex attrcker- specific defènse response

DIFFERENTIAL E}'FECTIVENESS OF HERBIVORE INDUCED

RESISTANCE AGAIN_ST MICROBIAL PATHOGENS

Carerpillars of thc herbivorc P. rupae stimrlate the pÍoduction of JA

and El in Arabidopsis (De Vos el aI 2005), and Íigget a defènse

response rhài atÏecls insect performance on systemic tissues To

iriveÍigate the specirun of effectiveness of this herbivore induced

delènse response. Èe level of proteclion against difïerenl microbiai

pathogens uas examincd. CaierpillllÍ Íeeding significandv reduced disease

caused by Psr DC3000 and Xdníhotnonas .dnP?r,r/r. Although the

necrorrophic lungus Á. ,'drJl.i.old is sensitive 1o JA-dependcnl defenses,

heÍbivore induced resistance was not effective against this pathogen

PDF1.2, a JA responsile maÍker gene for A órdrttsi.ola resistance. wàs

suppressed by Èe regurgilant at P rupae, luggesting that P. .dPde

rniagonizes this JA'dependent defense response Rcsistance againÍ lumip

crinkle lirus (TCV) requÍcs SA. bul not JA and ET NeveÍheless'

herhiloÍe tèedirg strongly affcc€d TCV mulriplication ànd TCV lesrcn

fornation, also in systemic tjssues. Wounding alone wàs nor eÈèctive. bul

applicadon of regurgitanr onro the wounds induced a sirnilar level of

prolecrion. Analysis of SA induced PR 1 expression rcvealed that P

rdpde EÍazÁE primes Aràbidopsis leàves fbr augnented expression oi

SA-dependenl defenses. Herbivore induced ET production was shown to

play positive r role in this process. These resulls demonstrate that insect

ieeding tfiggeÍs a surynsingty conplex defensc response. and provide

evidence lhal both synergistic and antagonistic elfecis of pathwày cross'

talk shape the outcome of the resismnce reaction
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NPRI,DEPENDENT CROSS TALK tsETWEEN SA AND ]A TS
CONSERVED AN'IONG ARABIDOPSTS ACCESSTONS

SA has an antrgonistic effect on JA signaling, a pfocess called prthwá)

cross-talk thrl is believed to àllow the plani to fiDc lune its delense

response. deperdjng on the attacker encouÍleÍed. Analysis of the mutant
,?p,, which is impaired in SÀ signal transduction, rcvealed that SA'
mediaied down Êgulation of lA tccponsive gene exprelln)n rcquires rhc
regulatory protenr NPRI (Pieterse and Vxn Loon 2t104: Spoel et 41 200:l)
FuÍhermore, we hrve shown that nuclcl] localization of NPRI, rvhich is

essential tbr SAR, i! Dot required for the suppression oí JA siSnaling,
indicating ihal cross-talk between SA and JA sign.rling path\\a!s is
modulated though r novel functi{)n of NPR1 ln fie cytosol. wc hrvc
iuíher invesiigaied thc cross-ta1k fhenonenon by exploring nttuallr"

occumng vaÍiation in pathway crosslalk using Arabidopsis accessions thlt
were collected ali over thè \rorld from very direrent habitats Onr rcsults

demonslÍrte thai the antagonisn beiween SA and JA signaling is conservcd
among Afubidopsis accessions, suggesting an importa t role for plant
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