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Preliminary Characterization of Race-Speci cElicitors
from Peronosporagparasiticaand Their Ability to Elicit
PhenolicAccumulation in Arabidopsis

S.Soylu  andE.M. Soylu

Intercellularwashing uid (IWF) obtainedfrom the susceptibléArabidopsisaccessioWs-

edslinoculatedwvith Peronospoa parasiticaisolateEmoy-2, containedanelicitor of necrosis
with ecotypespeci city towards Arabidopsisaccessionwith particular resistancegenes.
This elicitor causednecrosison the highly resistantaccessiond.a-er, Nd-1 and partly

on Col-5, but not on the susceptibleaccessiondVs-edsland Oy-0. In resistantplants,

injectionof IWF causedypersensitie reaction(HR)-like cell collapsevhichwasassociated
with the accumulationof phenolicsand lignin-like materialin walls of cells undegoing

cell death. The elicitor is sensitve to proteinaseK and pronaseenzymes,heatingand

autoclaing butinsensitveto periodateoxidation,freezingandthaving, andis notdialyzable.

Resultssuggesthatthe elicitor is a protein. Fractionationexperimentsusingsize-eclusion

membranesevealedthatelicitor activity hasa moleculamweightin excessof 100kDa.
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INTRODUCTION

In nature,plantsare constantlychallengedby an array of phytopathogenianicroor
ganisms. Interactionsbetweenspeci ¢ plant cultivars and de ned racesof potentially
pathogenienicrobesarecateyorizedascompatible(hostsusceptiblepathogervirulent) or
incompatible(hostresistantpathogeravirulent). Incompatibility ofteninvolveslocalized
tissuenecrosis,.e., the hypersensitie reaction(HR) and manifold biochemicalchanges
in the infected host tissue(10). Thesedefensereactions,including the forti cation of
plant cell walls, accumulatiorof phenolicsandbiosynthesiof antimicrobialcompounds
(phytoalexins), are believed to stop the invading pathogen(2,20,22). The induction of
defensereactionsis presumedo be mediatedby an initial recognitionprocessbetween
pathogenand host plant (5,17) which involves detectionof certainunique structuresof
theincompatiblepathogen(avr geneproduct)by recognitionmoleculeqR geneproduct)
in plants. In the molecularinterpretationof this recognition process,each pathogen
avirulencegeneencodedor a speci c elicitor which is recognizedoy the corresponding
plantresistancgieneandtriggersthe defensereactions.Thesegeneticpatternshave been
obsenred in mary plant/pathogerinteractions,and are referredto asthe gene-forgene
hypothesiq19).

In ageneramodel,elicitorsof plantdefenseesponseareclassi edinto two cateyories
dependingon their source. Endogenouslicitors are of plant origin and arise as a
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result of the interactionwith an aggressor Exogenouselicitors may be consideredas
the primary signalsin plant—pathogeiinteraction. They originatefrom the pathogenor
aggressorthemselesandevoke aresponsén cellsin theimmediatevicinity of pathogens.
Theseelicitors aredividedinto two catejories,non-speci cor race-speci ¢,basedon the
speci city which hasinducedplantresponse.

Pathogen-devied non-speci c elicitors induce various defenseresponsesn a large
variety of plant cultivars and species(9). In contrastto non-speci c elicitors, certain
bacterialand fungal avirulence (avr) geneshave beenshavn to encoderace-specic
elicitors which efciently trigger defenseresponsesnly in plant cultivars harboring
the complementaryesistancgR) genein gene-forgeneinteractions(14,16). Although
severalbacterialavr geneshave beencloned,mostly from narrav hostrangepathovarsof
Pseudomonaand Xanthomonaspeciesonly a few fungal avr geneshave beencloned
(5,14). Theseincludethetomatoleaf mold pathogerCladosporiunmfulvum the barley leaf
scaldpathogerRhyntosporiunmsecalis the cowpearustfungusUromycewignae andthe
soybeanpathogerPhytophthoa sojae(1,6-8,13,26,29,31).

The availability of puri ed elicitors that activate plant defenseresponsess a prereg-
uisite for the analysesof signaltransduction. Crude elicitors can be isolatedfrom the
pathogercell wall or from the apoplastwherethe pathogerhasgrown (9). Intercellular
washinguids (IWF) areconsideredo beasourcefor elicitorsreleasedrom intercellularly
growing pathogensluring pathogenesisThis wasdemonstratethy the detectionof race-
cultivar speci ¢ fungal peptideelicitors in the IWF extractedfrom infectedplant leaves
including Arabidopsiq(25).

The obligate biotroph oomycetePeronospoa parasiticais the causalagentof dovny
mildew of crucifers. The pathogendevelopsintercellularly and forms haustoriawithin
mesophlll cells. TheinteractionbetweerP. parasiticaandArabidopsighalianarepresents
agoodmodelsystento dissecthe molecularpathwaysleadingto diseasaesistancg12).
A numberof physiologicalracesof thepathogerandmary Arabidopsisaccessionsarrying
differentgenedor resistancéave beendescribedandagene-forgenerelationshipbetween
themhasbeenproven(11,23).

Theobjective of this studywasto characterizecotypespeci c elicitors(25)in theIWF
obtainedfrom susceptibléhostplantleavesof Arabidopsiscolonizedby a virulentisolate
of P. parasitica The elicitor moleculedetectedvaspartially characterizecndits ability
to elicit plantdefensemechanismsuchasthe accumulatiorof phenolicsandlignin was
examined.

MATERIALS AND METHODS

Plant and pathogen Arabidopsisaccessionsiesistantand susceptiblego P. parasitica
isolateEmoy-2, were obtainedfrom Dr. E. Holub (HRI, WellesbournelJK). Theisolate
usedin the studywas maintainedon susceptibleplantsas describedpreviously (11). P.
parasiticaisolateEmoy-2 wasinoculatedveekly onto4—6-week-oldVs-eds1plantleaves
by sprayingwith a conidial suspensiorof 5 10 sporesml . Inoculatedplantswere
placedin a clearplasticbox to retainsufcient relatve humidity during the experiment.
Plantswerethentransferredo gronth roomsat 18-20 C under16-h photoperiod(150—
200 Em s ).

In orderto bioassayelicitor activity in differentaccession2-week-oldseedlingsvere
transplantedo individual pots (10 cm diam) andkeptin a separategronth room at 18—
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20 C. Under such conditionsplants developedlarge rosetteleaves which were usedin
IWF injections.

Isolation of elicitor from intercellular washing uid IWF was obtainedbasedon a
methodmodi ed from De Wit and Spikman(7). Seven daysafter inoculation(dai), 6-
week-oldWs-edslleaves bearingheary sporulationwere detachedrom the plantsand
gently washedin pre-chilled sterile distilled water (SDW) to remove the conidia and
conidiophoresLeaveswereimmersedn abealer containingSDW andvacuume-in ltrated
(100kPa) for a periodof 15 min, duringwhich the vacuumwasbroken andcreatedevery
3 min in orderto achieve effective in Itration throughtissues.Watersoaled leaveswere
thenblottedwith tissuepaperandtransferredo thebarrelof a20 ml plasticsyringewhich
was placedinto a 50 ml sterile centrifugetube. The leaveswere centrifugedat 10009
for 10 min at 4 C. The extruded IWF was sterilizedby membraneltration (0.22 m,
Millipore, Billerica, MA, USA). IWF obtainedfrom uninoculatecplantsplacedunderthe
sameconditionsin a separatgronth chambemwasusedasa controlin the study

Bioassaysfor elicitor activity The techniqueusedfor injection of Arabidopsisleaves
with IWF wasessentiallythatof Rethageetal. (25), which involvedin Itration of leaves
usinga blunt syringewithout a needle.IWFs werein Itrated using1 ml sterilesyringes
into the lower surfaceof 4—-6-week-oldexpandedrosetteleaves of plantswhich had not
initiated formation of o wering structures.Approximately20-40 | IWF wassufcient
to inoculatean Arabidopsisleaf. Up to four leavesfrom eachplantwerein Itrated, with
atleast ve replicateplantsusedfor eachaccessionTreatedplantswereincubatedn the
growth room. Plantreactiondn in Itrated leaveswereassessedt differenttime intervals
andscaledaccordingo four categories(Ph.D.thesis seniorauthor):rating0 is assignedo
leaveswith novisible symptoms;l: 5-25%o0f areashaving weakHR with little chlorosis;
2: 26-50%0f areashaving HR with chlorosis;3: 51-75%o0f areashaving con uent HR
with chlorosis;4: 76—100%of areashaving completenecrosiswith spreadinghlorosis.

Microscopy wasusedto reveal the reactionsof plantcells. IWF-injectedleaveswere
detachedrom plantsaftervisualobsenationsandthendecolorizedn 100%methanoland
clearedin chloral hydrate. Leaveswere mountedin 50% glycerol and examinedundera
Nikon OptiphotmicroscopgNikon Corp.,Japan)equippedwith differentialinterference
contrastandepi uorescenceoptics. Phenoliccompoundsn unstainedtlearedtissuewere
detectedby their auto uorescencaunderUV irradiation (2A, exciter Iter EX 330-380,
dichroicmirror DM 400,andbarrier Iter BA 420)or bluelight irradiation(B-2A, exciter
Iter EX 450-490, dichroic mirror DM 510, and barrier Iter BA 520). Wall-bound
phenolics uorescegreenor yellow-greenunderbluelight, or bright blue underUV light.
Ligni ed structuresverevisualizedusingthe phloroglucinol/HCltestaccordingto Vallet
etal. (28).

All experimentswere arrangedin a randomizedblock designand performedthree
times,with similarresults.Dataweresubjectedo analysisof varianceandleastsigni cant
differencesverecalculatecatP 0.01.

Polyacrylamide gel electrophoresis Proteinsin IWF were precipitatedby adding 9
volumes of cold acetoneand incubating at -20 C overnight as describedby Lu and
Higgins (18). The precipitatewas pelleted by centrifugation (1500 g, 15 min), and
washedtwice with 90% cold acetone. Supernatantsvere combinedand evaporatedto
dryness. Theresiduesveredissohed in distilled waterat 50% of their original volume.
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Pelletswere air-dried and dissohed in distilled water at the original volume, followed
by centrifugation to remove insoluble material. The materialwas then electrophoresed
on 10% (w/v) polyacrylamideslab gels containing0.375M Tris-HCI (pH 8.8), 0.05%
(w/v) SDS and 0.08% (w/v) N,N-mettylenbis acrylamide. The stackinggel contained
6% (w/v) polyacrylamide,0.250 M Tris-HCI (pH 6.8), 0.05% (w/v) SDS and 1.6%
(w/v) N,N-metlylenbis acrylamide. Bromophenolblue was usedas a marker. The
electrophoresisuffer (pH 8.3) containedd.025M Tris, 0.250M glycine and0.5% (w/v)
SDS.Electrophoretiseparationsvere conductecht 200 volts for 2-3h. A silver staining
methodwas usedto detecthigh molecularweight proteins(silver stainingkit, Bio-Rad
LaboratoriesHerts.,UK). For anestimationof the moleculamweights,broadrangeprotein
markers(2-212kDa, SigmaChemicalCo., St. Louis, IL, USA) wereused.

Chemical, physical and enzymatic treatment of elicitor The stability of an elicitor
to heatwas testedby incubatinglWF at 100 C for 20 min or by autoclaing at 121 C

for 15 min. After cooling to room temperaturethe resulting precipitatewas removed
by centrifugation and both pellet and supernatantvere testedfor biological actiity.

Stability to freezing—thaving wastestedby (i) freezing(-20 C) followedby thaving (room
temperature)pr (ii) refreezingfollowed by thawing (oneor two cycles of freezingand
thawing), andbioassayedSensitvity to proteasesvastestedy incubatingtheelicitor with

pronaseg nal concentratiorD.2mgml ) at 37 C for 4 h or with proteinaseK enzyme
(nal concentratiorD.2 mg ml ) at 37 C for 3 h. After incubation,treatedlWF was
immediatelybioassayedln controls,the enzymesnentionedverepreparedn Tris buffer

insteadof the IWF. Periodateoxidation of the elicitor was carriedout accordingto the
procedureof VandenAckervekenetal. (29). ThelWF wasmixedwith anequalvolumeof

0.02M NalO andincubatedn thedarkat25 C overnight. The samplewasthendialyzed
acainstwaterto remove excessNalO andvacuum-concentrated the original volumeat
45 C. Thesamplewasbioassayedby in Itration into plantleaves.

Protein determination Proteinwas determinedusing a dye-basedssayadaptedrrom
Bradford(3).

Molecular weight of the elicitor Themolecularsizeof the elicitor in IWF wasinitially
determinedby ultramembranéltration using Centriconconcentrator¢Amicon, Beverly,
MA, USA). IWF wascentrifugedat 1000g for 30min over 100kDacut-off ultramembrane.
Themoleculedsn the Itrate andthoseretainedwereassayedor bioactvity.

RESULTS

Race speci city of IWF Phenotypicand genotypic characterizationof interactions
betweenArabidopsisaccessionand Peronospoa isolate Emoy-2, accordingto Holub et
al. (11), is givenin Tablel. InteractionbetweenOy-0 and Ws-edslaccessionandthe
Emoy-2 isolatewasclassedascompatible Ws-edslis amutantline of theWs-3accession
of A. thalianaandit is susceptiblgo all P. parasiticaisolates(24). Interactionshetween
otheraccessiongCol-5,Nd-1 andLa-er)andEmoy-2 isolatewereincompatible.
Six-week-oldWs-eds1plantswereinoculatedwith thevirulent Emoy-2 isolate.IWFs
werehanestedn SDW 7 daiandyielded0.2-0.3ml uid containing310 gml soluble
protein. Theactiities of theIWF from Ws-edslcausedirangeof macroscopicymptoms
in differentaccessionswhich were scoredand summarizedn Table2. The responsef
accession® IWF wasthe sameastheresponseausedy fungal isolateson the cotyledon
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Fig. 1. Localizationof phenolic(A andB) andlignin-like (C and D) compoundsn IWF-injected
Arabidopsisleaves. Sitesfrom susceptibleaccessionVs-eds1(A andC), andresistantaccession
La-er(B andD) 3 daysafterinjectionof IWF. Infectionsiteswereexaminedunderblue (A andB) or
visible (C andD) light. In A, noteinjectedareadoesnotdisplayary speci ¢ uorescencejndicating
absencef phenolicsat reactionsite. B shaws collapsednecroticsite (asterisk)with speci ¢ bright
uorescence(arrow), indicatingaccumulatiorof phenolicsat reactionsite. Arrows indicatethe IWF
did not reachbeyond this point (healtly site). C andD shaw the site of lignin depositionsasdark
precipitates.Note the absencef speci c stainingin cell walls within thein ltrated region (C). In
D, thetypical dark stainingwithin vasculartissue(asterisk)andfaint stainingon associatehecrotic
mesoplgll cell wall (arrows) is indicative of the presencef lignin-lik e materialat the ligni ed cell
walls. A, B andD, bar=50 m; C, bar=100 m.

assaygivenin Tablel. Cultivar speci city, i.e., chlorosisandnecrosisyasinducedonly in
accessiongesistanto theisolate.In La-er, rst visible symptomsappearedschlorosisat
2 dai. This symptomwasfollowedby widespreagellowing andtheappearancef necrotic
patchedy 5 dai. Injectionof IWF into the leavesof susceptibleaccession¥Vs-edsland
Oy-0 causecdheitherchlorosisnor necrosiswvithin 7 dai. However, very faint chlorosiswas
obsenedafterprolongedncubation(morethan10-14dai). IWF obtainedrom healtty or
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Fig. 2. PAGE pro le of IWF obtainedfrom Arabidopsisleaves. Lane 1, molecularweight marker;

lane 2, IWF obtainedfrom uninoculatedleaves; lane 3, IWF obtainedfrom susceptibleleaves
inoculatedwith Emoy-2 isolate, 3 daysafter inoculation. Note that IWF from inoculatedleaves
containedprotein bandsl, 2 and 3, which were not presentin IWF obtainedfrom uninoculated
leaves.

waterinoculatedeavesdid notinduceary chlorosisor necrosisafterinjectionin resistant

andsusceptiblexccessiomeaves.
To testtheactiity of IWF, dilution seriesof IWF wereinjectedinto leavesof resistant

accessionand leaves were scoredfor the presenceof necrosisor chlorosis. Results
revealedthat1/60dilution inducednecrosiccasionallybut 1/40gave amorereproducible
response.

Cytology of the plant reaction Following macroscopiobsenationsandscoring elicitor-
injected leaves were examined by microscopy. In ltration of IWF recovered from
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TABLE 1. Interactionphenotypes obsered on Arabidopsisaccessionn responseo the Emoy-2
isolateof Peronospoa parasitica

Isolate Arabidopsisaccessions
Ws-edsl Oy-0 Col-5 Nd-1 La-er
Emoy-2 S (EH) S(EH) IR (FDL) R (PN) R (FN)

Interactionphenotypesvithin parenthesewere characterizedsfollows: EH, Early (3 dai) andHeary ( 20
conidiophore)sporulation;FDL, necroticFlecking and Delayed-light parasitesporulation( 10 conidiophore);
PN, necrotic Pitting and No sporulation; FN, minute necrotic Flecking and No sporulation. Phenotype
designationsreaccordingo Holub etal. (11).

S, compatibleinteraction;R, intermediatenteraction;R, incompatiblenteraction.

TABLE 2. Mean bioassayresponsen three experimentsof ve different Arabidopsisaccession
leavesinjectedwith IWF obtainedrom Emoy-2-inoculatedeavesof ArabidopsisaccessiotWs-edsl
(scoredfor the presencef necrosior chlorosisat differentdaysafterinoculation,dai)

Accessions Necrosisrating , DAI

1 2 3 5 7
Ws-edsl Oa Oa Oa Oa Oa
Oy-0 Oa Oa Oa Oa Oa
Col-5 Oa Oa 0.26a 0.93b 2.1c
Nd-1 Oa Oa 0.93b 2.9d 3.73e
La-er Oa 0.9b 2.8d 3.0d 3.93e

0, no visible symptoms;1, 5-25%o0f injectedareashaving weakHR with little chlorosis;2, 26-50%of area
shaving HR with chlorosis; 3, 51-75%the areashaving con uent HR with chlorosis; 4, 76—100%of area
shaving completenecrosiswith spreadinghlorosis.

Valuesfollowedby the saméetterdo not differ signi cantly atP  0.01,with LSD = 0.3735.

inoculatedleavesinto the intercellular spacesof leaves of resistantaccessionsesulted
in auto uorescenceof the mesopkll and epidermalcells and accumulationof lignin-
like materialon cell walls (Figs. 1B, D). When the injected leaves were stainedwith
anilineblue,clearbright bluestainingwasalsoobseredunderUV light, indicatingcallose
depositionn epidermabndmesoplyll cell walls. Amongtheresistanaccessionggaction
in La-er was evident 1 dai as scattereduorescing cells in the interweinal areas. With
time, responsesn leaves of both resistantaccessionsvere followed by a progressie
increasen thenumber(Table3) andintensity(Fig. 1B) of uorescencewithin theinjected
area. Reactionobsened on Col-5 werelessdramaticthanthoseobsered on La-erand
Nd-1 (Table3). In contrastno auto uorescencendaccumulatiorof lignin-like material
appearedh susceptibléeaves(Figs. 1A, C) apartfrom alow incidenceof auto uorescence

TABLE 3. Meanauto uorescenceatingsin threeexperimentof vedifferentArabidopsisaccession
leavesinjectedwith IWF obtainedrom Emoy-2-inoculatedeavesof Arabidopsisaccessiots-edsl
atdifferentdaysafterinoculation(dai)

Accessions Auto uorescenceating , DAI

1 2 3 5 7
Ws-edsl Oa Oa Oa Oa Oa
Oy-0 Oa Oa Oa Oa Oa
Col-5 Oa Oa 1.2b 2.53c 3.1d
Nd-1 Oa 1.13b 2.2c 3.86e 4e
La-er 1.13b 2.13c 3.33d 3.93e de

0, no cell auto uorescence;l, 5-25% of the cells auto uorescein injected area; 2, 26-50%of the cells
auto uoresce3, 51-75%of the cellsauto uoresce#, 76—100%of the cellsauto uoresce.
Valuesfollowedby the saméetterdo not differ signi cantly atP  0.01,with LSD = 0.4058.
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TABLE 4. Meanratings of theeffectsof denaturingreatmentsn threeexperimentn theeliciting
actiity in IWF. (Injectedareaof veleaveswasscoredfor the presenc®f necrosisor chlorosisat 7
daysafterinoculation)

Treatments Arabidopsisaccessions
Ws-edsl Oy-0 Col-5 Nd-1 La-er

Heating Oa Oa Oa Oa Oa
Autoclaving Oa Oa Oa Oa Oa
Freezing—-Thaing

1cycle Oa Oa 2.8¢c 3.7d 3.9d
2 cycles Oa Oa Oa Oa Oa
Pronase Oa Oa Oa Oa Oa
Proteinas& Oa Oa Oa Oa Oa
NalO Oa Oa 1.7b 3.7d 3.8d
Dialysis Oa Oa 1.6b 3.6d 3.8d

0, novisible symptoms, 5-25%of theinjectedareashaving weakHR with little chlorosis;2, 26—50%0f the
areashaving HR with chlorosis;3, 51-75%of the areashaving con uent HR with chlorosis;4, 76—100%of the
areashaving completenecrosiswith spreadinghlorosis.

Valuesfollowedby the sameetterdo not differ signi cantly atP  0.01,with LSD = 0.343.

obsenedaroundtheinjectionpoint. No auto uorescencef lignin-like materialwasfound
in accessionmjectedwith wateror with IWF obtainedirom uninoculatedeaves.

Partial characterization of elicitor in IWF  The elicitor found in IWF was subjected
to several physical, enzymaticand chemicaltreatmentsand bioassayedy injection into
resistanplants(Table4).

Necrosis-inducingelicitor actvity was completely abolishedby proteinaseK and
pronaseadigestionsheatingand autoclaing. The elicitor wasinsensitve to one cycle of
freezingand thawing but not tolerantof a further cycle. It wasinsensitve to periodate
oxidation and dialysis against water Theseresults praovide evidence that the active
componentelicitor may be a protein. Buffers in which proteinaseK or pronasewere
incubatedvithout IWF, hadno actvity in thebioassay

Fractionationexperimentsusing size-eclusion membranegevealedthat the elicitor
activity was retainedby a membranewith molecularweight cut-off of 100 kDa. This
indicatedthatthe active necrosis-inducingomponent(shada molecularweightover 100
kDa.

SDS-RAGE of IWF obtainedfrom uninoculatedand inoculated susceptibleleaves
containeda complex patternof proteinsas shavn in Figure 2. IWF from inoculated
leavescontainedproteinbandsl, 2, and3, which werenot presenin IWF obtainedfrom
uninoculatedeaves(Fig. 2).

DISCUSSION

TheinteractionbetweerArabidopsisandtheoomycetepathogerP. parasiticawasused
as a model systemto study the molecularbasisof communicationbetweenplantsand
their pathogens We have determinedan elicitor active componenin IWF of susceptible
Arabidopsideavesinoculatedwith avirulentisolateof thedowny mildew fungus.Bioassay
of the elicitor on resistantand susceptibleArabidopsisaccessionindicatedclearly that
the elicitor presentin IWF seemsto be cultivar-speci c. Cultivar speci city of Emoy-
2 previously reportedby Holub et al. (11) wascon rmed in this study IWF obtained
from compatibleinteractionsnducedchlorosisor necrosisonly in accessionsesistanto
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Emoy-2 but not in cultivars susceptibleo this isolate. Similar elicitor activity in IWF

wasdemonstratetdly Rethageetal. (25) for certainArabidopsigPeronospoa interactions,
which weredifferentfrom thoseusedin our study Similar race-speci cactiity hasalso
beenreportedfor afew host—fungl pathogerinteractiong6). In the caseof tomatoleaves
infectedwith theleaf mold fungusC. fulvum a singlepeptidewhich inducesnecrosisonly

wheninjectedinto tomatoleavesof cultivarsbearingthecorrespondingesistancgene has
beenisolatedand characterized7,15,29). Similar reportsof race-speci celicitors have

beenpresentedor the interactionbetweenbarley andits fungal pathogerR. secalis In

barley plantswith theresistancgeneRrs], therace-speci celicitor NIP1triggeredseveral

defenseaeactions(26). Resultsobtainedby Sutherlandand Deverall (27), however, were
in contrastto our results. In their studya necrosis-inducinglicitor wasobtainedin IWF

from wheatleavesinfectedwith leaf rustfungus,but theresultsshovedthattheelicitor in

IWF wasnhon-speci c.

Most of the isolatedand characterizelicitors are macromoleculeshat vary widely
in their chemical nature. Proteins, oligopolysaccharidesglycoproteins, fatty acids
and derivateshave beenidenti ed that can function as elicitors (9,13,21,31). In the
Peronospos/Arabidopsisinteraction,the necrosis-inducingelicitor presentin IWF also
appearetio beprotein,beingsensitve to heatingandautoclaing, proteinasd andpronase
digestions. By contrast,exposureof IWF to the periodateion, which oxidizes sugar
residueshadno appareneffecton actiity of IWF in thebioassayTable4). Fractionation
experimentsusing size-exclusion membranesndicatedthat the active necrosis-inducing
component(shad a molecularweight over 100 kDa. Rethageet al. (25) reportedthat
SDS-RAGE of IWF obtainedfrom NOCO-and WELA-isolatesinoculatedleavesdid not
revealary race-speci cdifferencesn low M peptides.

Proteinswith a molecularweightabove 15-20kDa do not passfreely thoughthe cell
wall andindeedthe C. fulvum elicitors were small peptides(7,29). It is postulatecthat
plants secretehydrolytic enzymes(e.g. chitinasesand glucanasesyhich may release
the solublefragmentfrom the eliciting agent,e.g. from the fungal hypha, and that the
componentis thendiffusedto the cellsandrecognizeddy the plant cell surfacereceptors
(9). In additionto cell wall component®f pathogenslirectly recognizedy theplantcells,
microbialenzymesgiegradingthe plantcell walls canactivatedefensaesponsemdirectly.
The modeof actionof microbial enzymesgspeciallythatof -1,4-endopolyglacturonic
acidlyasegPGA lyases) hasoftenbeensuggestedtb bedueto their catalyticactiity, i.e.,
elicitor-active moleculesarereleasedrom the plantcell walls (4,21). The modeof action
of elicitor-active materialidenti ed in our studywasnotinvesticated. Thereforewe do not
have ary evidencethatthe elicitor-active materialin IWF is enzymaticand might release
endogenouslicitorsfrom the cell walls. Furtherresearclis neededo clarify thisissue.

Occurrenceof the elicitor in the compatibleinteractionraisesquestionsconcerning
its origin and function. Electrophoresi®f apoplasticl WF revealedthree proteinswith
molecularweights over 100 kDa presentin inoculatedleaves but not in uninoculated
leaves. Bioassayof theselWFs alsoshaved thatnecrosisvasinducedonly by IWF from
inoculatedeaves. Takentogetherthese ndings suggesthattheelicitor in IWF maybe of
pathogeni®rigin.

In resistantplants, productionof the race-speci celicitor by an avirulent race of
pathogeninducesthe HR, which is associatedwith the activation of other defense
responses.The most prominentresponsesssociatedvith the HR are the induction of
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phytoalexins, cell-wall alterations,PR proteins,and generatiorof active oxygenspecies
(2). Inltration of puri ed race-speci celicitors, AVR4 and AVR9 induceddifferential
expressionof acidic chitinaseand 1,3- -glucanasein tomato genotypesCf4 and Cf9,
respectrely (30). Similarly, treatmentof resistanttomato cell-suspensiorcultureswith
the IWFs from incompatibleracesresultedin the activation of NADPH oxidaseandion
ux es(13,31).Suchinductions,obsenedmostabundantlyin resistangenotypescorrelate
well with the differencein geneexpressiorof Cladosporiuntomatointeractions.Speci ¢
HR-associatedecognitionof secretegroteinsfrom C. fulvumwasalsoreportedto occur
in bothhostandnon-hosplants(15). Becleretal. (1) haveisolatedfour differentisoforms
of a proteinelicitor from P. sojae(sojein1-4). Theseproteinsshaved high homologyto
elicitins from other Phytophthoa species.Puri ed sojeinaswell asrecombinantojein
isoformsinducedHR-like lesionsin tobacco.All sojeinisoformsinduceddefense-related
geneslike those encodingpherylalanine ammonialyase, glutathioneS-transferaseand
chalconesynthasen tobaccoandsoybeanplantsandcell cultures.

In Arabidopsis injection of IWF into resistantleaves causedan HR-like necrosis.
Histochemicalstudiesshaved that developmentof HR in elicitor-treatedresistanieaves
was closely associatedvith the accumulationof phenolicsand lignin. Enrichmentof
the cell walls and wall apposition(papilla) with phenolicsor lignin-like polymersis
likely to provide a further barrierto pathogerspread.Several studieshave demonstrated
that phenolic structuresconfer rigidity to host cell walls through peroxidase-mediated
crosslinking of constitutve wall carbolydrates suchashemicelluloseandpectin. Many
phenoliccompoundslsohave beenreportedio have antimicrobialactiity. A furtherrole
for ligni cation in diseaseesistancéhasbeenproposedo involve effectson the fungal
cell wall, so that tips of fungal hyphaein close contactwith lignifying host materials
might becomeligni ed and lose the plasticity necessaryfor hyphal growth (22). In
Arabidopsis inhibition of lignin precursorssuppressedigni cation and causeda shift
towardssusceptibilityto P. parasitica (20).

In conclusionpiochemicaknalysisof theinteractionbetweerplantandpathogensas
contrituted to a greaterunderstandingf the molecularbasisfor signal perceptionand
transductionin plant cells. It is clearthat recognitionbetweenhostplant and pathogen
mediatedby receptordlies at the root of the gene-forgeneconceptas obsered in this
study The underlyingbiochemicalmechanismf elicitor perceptionand intracellular
signaltransductioneadingto the activation of plant defenseare, however, not yet well
de ned. Isolationand puri cation of the elicitor describedn this study andits putative
receptor(R gene)arethe next stepsrequiredtoward elucidatingthe moleculamrmechanisms
by which changesn plantcellularmetabolismareinduced.
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