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l,lánls Êrssess indrciblc dclènsc mechanisms lo efièotively combêl
invalion by microbial pathogcns or attack by hcrbivorous insccts. Rcsearch
on defens€ signaling pathways ÍEvealcd thd induced dctènscs oga'nsr
pothogens and heóivores are regulated by a nelwork ofinl€Íconnecling
signaling pathways in which th€ plant signalmolecules sàlicylicacid (SA),
jÀsmonic acid (JA) and cihyl0nc (EI) play e dominant role (ClÍr,cbruok,
200 | ; P'ctcrsê and Van Loon, 1999). In mÈr'y cas{s, ottÈck by pothosens or
h€rbivoÍEs is associAtcd wi$ cnhanccd pÍoduction ofthesc hormoncs ànd a
concomitanr aclivation ofdislinct scts of dcfènsc-rclatcd gcncs (Mdcck ct
el., 2000; REymond el al., 2000i Schenk ct nl., 2000). Moreovcr, exogcnous
application of SA, JA or I l'often results in an ónhanc€d l€lel of rcsistance
ívan w€es er nl.. 1999).

t,itlle is krown eboui how plants intEgnl,e signals g€nemt€d by dillèrunL
inducers ofreshtance into spccific dclbnsc rcsponscs. An sclhc{oplcd
hypothesis is thal lhis isaccomplished by modulation of diffcrcnt signaline
pathways. l her€ h ample elidenc€ thêl SA-, JA-, ond ET-dcpendcni
dcibnsc pathways c.n aLTcct cnch other's signaling, eilheÍ posilively or
negàtiv€ly (for rcvicw scc Picicrso cr a1., 2001a). This so'allêd cruss-ralk
b€lween pathMys p.ovidcs a Brcal regulatory potenlidl for &liva(ing
muiliple rcsis1ànce nechanjsms in varyine combinations and may help thc
plur to píoritiTÊ lhe activation of a pffticular dcfcnsc pathway ovcr
motbcr. thereby providing àn oplimol deíense egainsi the irvader
cncountcrcd. lr is oll€n dsumed thd SA-dependenl d€ l'ens€s and JAruT-
dependeni deÍènses dc mutually exclusive due tó negalive crcss-talk
(F€lton aÍd KoÍh 2000). Tïis may navê ïn enomous impacl on crop planls
thàt gáined iirproved Íesisrance to @rtain diseasos or pcsts, eilher thruugh
gcnetic enginecíng o I key l'aclors of defenscaignalirg palhways, or upon
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trcatncDt with chcmical pldt proteltants that minic the action of specific
defense si8nalilg molcculcs.

SÁ,JA And ET: Impoíánt Signah in Induced Rsistlnce

^ 
classic exanple of syslemically induccd resistanc. is aclivated after

primary inlèo1ion with a necrutising palhogen, renderiÍg diíaÍt. unh fected
plant pans Ínorc rcsistírt lowtrrds u brcad speclrum oi virulent pathogcns.
l his fom of indu@d rcsi$ancc is oiion relèned to ls systsnic acquired
resisLance íSA lt). fhe mset ofSAR is associatcd with incrcNd lcvch ofSA
(Mélrau, 2001), and the coordinatc activation of a spcciiic sct of gcncs
cícodins palhosènesis-relalÈd (PR) proteins (van Loon, I997). Tmnsgenic
NahC piants tbêt cannol accumulal€ s^ aE iÍcapable of developir8 s^R and
do not sho* PR gcnc activalior upon pafiogen infeotion indicaling thal SÀ is
a rcccssary intcrmcdiatc in 1Ie SAR sjgnaling pathwuy (Cullhey ct ul., I 993).

^nolher 
key componenl in the SAII palh$ry is the regulatory protein

N PR I . Mulants affeclEd in the À/'),U gcne ncc mulalc normal lcvels of SA
in rcsponsc 1,o puthogen inle0rion but failto mount S^R (caoetal., 1994).
Upon induclion ol S^R" Nl'Rl activates /i/È/ geneexpression b)
physically iníomctine with a subclu-ss ofb,sic leucine zipp€r proÊin
Ílnscription faclors that bind 1i0 promot€| scquenccs requircd lbr SA-
inducible /8 genc o,rpÍlssion (ZhanC clal., 1999), suggcsting a dircor link
hers.en \l,l{ | acrir iD Ànd ícgularion of P,{ gcDc cxprcssioD.

Anothcf type ofi,rduccd lesislan@ is trigg€Èd by selected íÉins of non-
palhogcnic, biological contol ba{jtcda tkd coloíize plant ruots. Similar 1o
pa$ogcn-induccd SAR, thc induccd rcsisrance is sysitNicrlly &tivitcd ard is
€ lT€cliv€ agÈinsx varjous panho8cns. This typc of induccd djsralc rosistrncc is
olïcn rel€ned to as Íhizobacl]Jria-mcdiêtcd induccd systcmic .csistincc (lSR;
lor rcvjêws see Van Loon elal., 1998j Pict fsc cr nl.,2001b). in
Afóidopsis,ISR hNbcen shown 1o lunction indcpndently of SA and Pn
Scnc a.rivarion (Picr.$e el al., I 99ól van wees €L à1., 1997). lníead, lsR
signaling rcquircsan intecl.csponsc io both JA a [T (Pictee et al. 1998;
lbn ot al.,2001a). lhe stare of ISR is ror associarcd with incrcrscs ií thc
exprcssion olknoBn de lens€-Íelaled sen€s (van wees et { ., 1999).
l{oweveÍ. upon challengê with e pa$ogen. IsR-cxpressing plarts show an
cnharÉd exprossion ol cêI1ain .l^-rÈsponsjle gen€s. suggesling fial ISR-
cxprcssin8 tissuc is primed 10 elivale specilic J 

^-inducibl€ 
genes iaslêr of

to a hi8hcr lclel upon alt&k (van wees et à1.. 1999).l'his phenomenon oi
priming hff àlso bcen dcscribcd lbr ott'er lypes of induccd rcsistane
(conralh elà1..2001: Zimmeíli er a1.,2000).

Althou8h SÀR and ISR follow dislincl sienaling pathways. they a,'€ both
blocked i! mutmt npl1 pldts. Elucidation of the sequence of I SR-signaling
cvcrts rcvcalcd rhat NPR I luctions do]|nst.eam of the JA and ihe E l
rcsponsc (Pictenc ct al., 1998). [videDtly, NPRI isnotonly Èquired ior the
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SA-deperdert extfesior of PR geres that m &tivated during SAR, but
dso foí the JA- and U l-derendenL aclivalioí ofso lar unidenlifred defense
.esronses in rhizobacteria-mediated ISR.

DilïeÍentirl ElTectiven$s of SAR lnd I SR

SA, JA and ET arc involved to diÍlèrenl extents jn balal rcsistan0c
against specifrc pathogens. MutaÍ analyses in Arabidopsis showcd that
brsal resislance against Prlórorpolap4lar,rica dd tunip crinkle virus
Orv) is @ntrolled predominantly by n SA-dcpcndsnt pathway (Delmey er
al-, 1994! Kachroo et al.,2000i Thomtna ct al.. 1998). By @rtrlí, bNal
€sistance agairsl ,11t?/rara á/arsrcirok is dependenl on J^ ( lhomma et
at, | 948), s hc.eas bajel resi:ttdncc aqain.\ heudohono! syringae pv.
tonab (fstl ard Xakthona@ conp$ltk p\. arnotaciae MA lound to b.
conlrclled by a combined adion of SA, JA and ET (Pieterse êt al., I 998;
'lon €l al.,200lb). Comparisoí ofthe cffcciivcncas ofSA"dependen( SAIt
and J^/Dl-dependent ISR agêinst th€se diflerênt Arabidopsh palhogens,
rcvcaled $at SÀR is predominantly eff€cliv€ against pathogens Lhal in non-
induc€d plants are esist€d throush S^-dep€hdent bassl rcshtan!€
mcchenisms, wlrcrcas ISR is predominanlly eÍïeclive against pathogens thal
in non-induccd plÀnts uc rosistcd through JAlET-dopcndcnt basal rcshtancc
lEsponses ('lbn êt al., 2001b).

No Crosiíalk Betwcer SARand ISR

N€galivc intcractions bctwccn SA" and JA/ET"dcpcndcnt dctbnsc
palhwàys have been r€peat€dly demonstmicd, fccding thc notion that SA-
and J^/tj1'den€ndent d€fcnses arc mutually cxclusivc (tbr rcvicws sec
fcl rorardKoÍh,2000; Pierers€€1à1.,2001À). lo inv€í igatethepossibi l i ty
ofncgrfivc cross"Ulk belween the S^R lndthe ISR signaling pathwáy, we
aciivaicd bolh pathways siÍluftftícously snd dclcmincd thc lcvcl ol
Dro(eclion againsr Prr, which is scnsitivc to both SÀR and ISR.
Simultanêous activalion of S^R and ISR resulted in an addiiive eJïeci on
the level of induced lroteclion ogainst this palhogen. In Ar$idopsis
gcnorypes thàt are blocked in eiher S^ll or lslt, this addjtive eif€c( was nol
evidcnt. Morcovcf, induction oflSR did not allèct thc expression ofthe
SAR mdkef gene Pn- / in plarls expíessiíg S^li. 'l ogêtheí, hes€
observations denonstate that rhc SAR dd thc ISR pathway arc compatiblc
and th lhere h no significmt cros-*rlk betw@n thes paihways (Vu
w@s et d., 2000). l'hereiore. combinins SAR ard ISR p.ovides 0'
athaclire tool foí impíovement ofdis€asc control.
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rig. l: (A) Tïe JA-rcsponsl\e l'Dttt.2 sene is down-.esulaled ir laL€.
stagcs of PÍ inlèotion whon the SA-inducible PR-l gpne is highly
cxpfcssed. (B) Exoeenous applicêlion of SA supprcsses both steady-state
end MeJ^-induced mRN^ levels of th€ JA"responsive genes ,Ox2 and
PDll.2 in wiidnype Col-0 nlnnts but not in mulanr rpl,/ p/arh. The blots
wen slso hybridized wi{r a pruh) lbr p-tubulin (IUr) 1o cheok lbr equal
loading.

Negrtivr Cros!-tdk Betwêeí SA- ,nd JA-Dopeídêít Dof€nsos

Allhough Van Wees elal. (2000) demonsrÍated thal SA- and.lA-
dcpcndcnt dcfènscs are not n€ccssarily muturlly €xclusivê, olhe. studies
have shown that activation ofÈc SAR pelhwey car ncgalivcly elïi:cl ccrtain
JA-depend€n! resislanc€ r€spons€s. This ncgrtivc cross-talk is thought to bc
lauscJ b) SA-mediÊred suppression of JA-rcsÍnnsive gene expression.
possibly rhrough th€ inhibitionofJA biosyntlesis and action (s€c Picic6e ei
al. 200 I a nnd rêfereÍces h€rèin). Pfev'ously, Van Wees €1 al. ( | 999) showed
thàt thc JA-rcsponsivc gcÍes PDlrl.2, /Sf, and tdx2 arÊ trànsienlly
exprEsscd upon inÍlciion wilh Prr. AÍbr a srong induction in early stages of
infleclion, the genes we.c sieniÍicanlly down-rc8ulated in lhe lai$ staecs
when S^-inducibl€ /,/èg€nes wer€ m:r'dmally cxpressed (see FiB. 1A for
rcsulbofPDF/.2 and /n" 1). llom rhis it was posrulared thal cÍoss-lalk
berwccn SA- and JAd€pcndent pàthways is involvÊd in the orch€stralion of
lhe dcfcnsc i)sponsc a8ainst tlE inváding pÀthogen.

To invcstigar. thc molecule mechaíism o I S^-mediated supprcsrion of
,^ siBnoling, we nonilorcd biosynthesis of JA ánd lhe expr€ssion of JA-
respo sive genes in Arabidopsis genorypcs col-o, NahG and ,p/.i. Upon
infection with frr. NahGolanrs accumulaicd 32-tuld morc JA the wild-
t!?c col'o pldts ( 1 990 veÍsus 6I nÊ/g FW), suge€sling thal JA bioslnthesis
tlos signilicdtly suppresed by SA iÍ wildlype planLs. ConsisLent wilh lhh,
infected NalG phíts accrmtrlatcd signiÍicdtly higher levels of t escripts
of the JA-íesponsive genes PDI|.2, WP, aid LO 2.
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furtheÍnore. exogenous application of SA inhibited sleadt-state undor
|{cl{-ind.icèd PDITt-2, vS?, ànd rOX2 nRNA levels in wild-1ype Col-0
pluls. Holever, in mutant rpl/ plants $is inhibíjon ]{as Íot apparent Gee
FiB. 18 tbr rsults ofPrl'l., and ,O,\2). indicating lhat SA-mediatcd
inhibilior oIJA'inducible gme qprcsior fr'nclions viaNPRl.

1-OX2 encodes a key enzyme in the ocladecànoid parhway leading 10
biosynthcsis of JÀ.'lïus, S^-6edia1ed inhibilion of ,O.{2 gene expression
mi8hl be su1Ïcicnt to inhibií JA pÍoducíon. To inlestigate this we
nonilof€d JA production in Prtinfccted transgenic S-12 plánts. which havc
*verely r€duced lcvcls ofthc LOX2 isozyme duc to co-supprcssion ofthc
,Ox2 sene (Bellet al., 1995). The Íeduced LoX2levels iÍ S-12 plants have
no eífect or $e stcndy"íate JA lcvcl, but the wound-induced production of
JA is blocked (llell er d, l t95). fwo drys afler Prr infection, infected Col"
0 lcaves showed sI 8"Íold incrEase in JA leveh @mpared 10 lhe waler
codrol (115 vcNus 15 ry/g FW). ln contmsl, water'treated and Psr-inijoted
S- l 2 plants showcd s'milar, low bald levcls of JÀ (8 vcrsus 19 nClg rW),
indicoting rhat suppression of the ro,l2 gcnc k sufiicicntto block
pàthosen-induced production of JA (Pictcrsc ct al., 2000).

ln view oflhe above m€ntioned r€sults we hypolh€size ftat S^-medialed
inhibition ofJA signaline js based on M NPI{l-dep€ndent suppression of
JA-Ítsponsivc genc expÍession. Consequently, supprcssion ol'Lhe JA-
rcsnonsi\c l.Ol2 gcrc. and possibly alro orhcr JA-rcsponsilc gcncs
inlolved in JA biosynthesis, leads ío an inhibition of JA b;osynthcsis. Thc
mode of a!tion oflhe N Pll-dêpendent do$Ír.rcgulalion of JA-responsive
gcnc cxprcssion by s is ounen y invesligaGd.
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