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Preliminary Characterization of Race-Speci�cElicitors
fr om Peronosporaparasiticaand Their Ability to Elicit

PhenolicAccumulation in Arabidopsis
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Intercellularwashing�uid (IWF) obtainedfrom thesusceptibleArabidopsisaccessionWs-
eds1inoculatedwith Peronospora parasiticaisolateEmoy-2,containedanelicitor of necrosis
with ecotypespeci�city towardsArabidopsisaccessionswith particular resistancegenes.
This elicitor causednecrosison the highly resistantaccessionsLa-er, Nd-1 and partly
on Col-5, but not on the susceptibleaccessionsWs-eds1and Oy-0. In resistantplants,
injectionof IWF causedhypersensitivereaction(HR)-likecell collapsewhichwasassociated
with the accumulationof phenolicsand lignin-like material in walls of cells undergoing
cell death. The elicitor is sensitive to proteinaseK and pronaseenzymes,heatingand
autoclavingbut insensitiveto periodateoxidation,freezingandthawing,andis notdialyzable.
Resultssuggestthat theelicitor is a protein. Fractionationexperimentsusingsize-exclusion
membranesrevealedthatelicitor activity hasamolecularweightin excessof 100kDa.
KEY WORDS:Race-speci�celicitor; Arabidopsis; Peronospora; resistance.

INTRODUCTION

In nature,plantsare constantlychallengedby an arrayof phytopathogenicmicroor-
ganisms. Interactionsbetweenspeci�c plant cultivars and de�ned racesof potentially
pathogenicmicrobesarecategorizedascompatible(hostsusceptible,pathogenvirulent)or
incompatible(hostresistant,pathogenavirulent). Incompatibilityoften involveslocalized
tissuenecrosis,i.e., the hypersensitive reaction(HR) andmanifold biochemicalchanges
in the infectedhost tissue(10). Thesedefensereactions,including the forti�cation of
plant cell walls, accumulationof phenolicsandbiosynthesisof antimicrobialcompounds
(phytoalexins), are believed to stop the invading pathogen(2,20,22). The induction of
defensereactionsis presumedto be mediatedby an initial recognitionprocessbetween
pathogenand host plant (5,17) which involves detectionof certainuniquestructuresof
the incompatiblepathogen(avr geneproduct)by recognitionmolecules(R geneproduct)
in plants. In the molecular interpretationof this recognitionprocess,eachpathogen
avirulencegeneencodesfor a speci�c elicitor which is recognizedby the corresponding
plant resistancegeneandtriggersthedefensereactions.Thesegeneticpatternshave been
observed in many plant/pathogeninteractions,and are referredto as the gene-for-gene
hypothesis(19).

In ageneralmodel,elicitorsof plantdefenseresponsesareclassi�edinto two categories
dependingon their source. Endogenouselicitors 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–pathogeninteraction. They originatefrom the pathogenor
aggressorsthemselvesandevokearesponsein cellsin theimmediatevicinity of pathogens.
Theseelicitorsaredividedinto two categories,non-speci�cor race-speci�c,basedon the
speci�city whichhasinducedplantresponse.

Pathogen-derived non-speci�c elicitors induce variousdefenseresponsesin a large
variety of plant cultivars and species(9). In contrastto non-speci�c elicitors, certain
bacterial and fungal avirulence (avr) geneshave been shown to encoderace-speci�c
elicitors which ef�ciently trigger defenseresponsesonly in plant cultivars harboring
the complementaryresistance(R) genein gene-for-geneinteractions(14,16). Although
severalbacterialavr geneshave beencloned,mostly from narrow hostrangepathovarsof
PseudomonasandXanthomonasspecies,only a few fungal avr geneshave beencloned
(5,14).TheseincludethetomatoleafmoldpathogenCladosporiumfulvum, thebarley leaf
scaldpathogenRhynchosporiumsecalis, thecowpearustfungusUromycesvignae, andthe
soybeanpathogenPhytophthora sojae(1,6-8,13,26,29,31).

The availability of puri�ed elicitors that activateplant defenseresponsesis a prereq-
uisite for the analysesof signal transduction. Crudeelicitors can be isolatedfrom the
pathogencell wall or from the apoplastwherethe pathogenhasgrown (9). Intercellular
washing�uids (IWF) areconsideredto beasourcefor elicitorsreleasedfrom intercellularly
growing pathogensduringpathogenesis.This wasdemonstratedby thedetectionof race-
cultivar speci�c fungal peptideelicitors in the IWF extractedfrom infectedplant leaves
includingArabidopsis(25).

TheobligatebiotrophoomycetePeronospora parasitica is thecausalagentof downy
mildew of crucifers. The pathogendevelopsintercellularly and forms haustoriawithin
mesophyll cells.TheinteractionbetweenP. parasiticaandArabidopsisthalianarepresents
a goodmodelsystemto dissectthemolecularpathwaysleadingto diseaseresistance(12).
A numberof physiologicalracesof thepathogenandmany Arabidopsisaccessionscarrying
differentgenesfor resistancehavebeendescribedandagene-for-generelationshipbetween
themhasbeenproven(11,23).

Theobjectiveof thisstudywasto characterizeecotypespeci�c elicitors(25) in theIWF
obtainedfrom susceptiblehostplant leavesof Arabidopsiscolonizedby a virulent isolate
of P. parasitica. Theelicitor moleculedetectedwaspartially characterizedandits ability
to elicit plant defensemechanismssuchasthe accumulationof phenolicsandlignin was
examined.

MATERIALS AND METHODS

Plant and pathogen Arabidopsisaccessions,resistantandsusceptibleto P. parasitica
isolateEmoy-2, wereobtainedfrom Dr. E. Holub (HRI, Wellesbourne,UK). The isolate
usedin the studywasmaintainedon susceptibleplantsasdescribedpreviously (11). P.
parasiticaisolateEmoy-2 wasinoculatedweeklyonto4–6-week-oldWs-eds1plantleaves
by sprayingwith a conidial suspensionof 5 � 10

�

sporesml �

�

. Inoculatedplantswere
placedin a clearplasticbox to retainsuf�cient relative humidity during the experiment.
Plantswerethentransferredto growth roomsat 18–20

	

C under16-h photoperiod(150–
200 
 E m ��� s�

�

).
In orderto bioassayelicitor activity in differentaccessions,2-week-oldseedlingswere

transplantedto individual pots(10 cm diam) andkept in a separategrowth room at 18–
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20
	

C. Under suchconditionsplantsdevelopedlarge rosetteleaves which were usedin
IWF injections.

Isolation of elicitor fr om intercellular washing �uid IWF was obtainedbasedon a
methodmodi�ed from De Wit andSpikman(7). Seven daysafter inoculation(dai), 6-
week-oldWs-eds1leaves bearingheavy sporulationwere detachedfrom the plantsand
gently washedin pre-chilled sterile distilled water (SDW) to remove the conidia and
conidiophores.Leaveswereimmersedin abeakercontainingSDW andvacuum-in�ltrated
(100kPa) for a periodof 15 min, duringwhich thevacuumwasbrokenandcreatedevery
3 min in orderto achieve effective in�ltration throughtissues.Water-soaked leaveswere
thenblottedwith tissuepaperandtransferredto thebarrelof a20ml plasticsyringewhich
was placedinto a 50 ml sterile centrifugetube. The leaveswerecentrifugedat 1000g
for 10 min at 4

	

C. The extrudedIWF was sterilizedby membrane�ltration (0.22 
 m,
Millipore, Billerica, MA, USA). IWF obtainedfrom uninoculatedplantsplacedunderthe
sameconditionsin aseparategrowth chamberwasusedasacontrolin thestudy.

Bioassaysfor elicitor activity The techniqueusedfor injection of Arabidopsisleaves
with IWF wasessentiallythatof Rethageet al. (25), which involvedin�ltration of leaves
usinga blunt syringewithout a needle.IWFs werein�ltrated using1 ml sterilesyringes
into the lower surfaceof 4–6-week-oldexpandedrosetteleavesof plantswhich hadnot
initiated formationof �o wering structures.Approximately20–40 
 l IWF wassuf�cient
to inoculateanArabidopsisleaf. Up to four leavesfrom eachplantwerein�ltrated, with
at least� ve replicateplantsusedfor eachaccession.Treatedplantswereincubatedin the
growth room. Plantreactionsin in�ltrated leaveswereassessedat differenttime intervals
andscaledaccordingto four categories(Ph.D.thesis,seniorauthor):rating0 is assignedto
leaveswith novisiblesymptoms;1: 5–25%of areashowing weakHR with little chlorosis;
2: 26–50%of areashowing HR with chlorosis;3: 51–75%of areashowing con�uent HR
with chlorosis;4: 76–100%of areashowing completenecrosiswith spreadingchlorosis.

Microscopy wasusedto reveal the reactionsof plantcells. IWF-injectedleaveswere
detachedfrom plantsaftervisualobservationsandthendecolorizedin 100%methanoland
clearedin chloral hydrate. Leavesweremountedin 50% glycerol andexaminedundera
Nikon Optiphotmicroscope(Nikon Corp.,Japan),equippedwith differentialinterference
contrastandepi�uorescenceoptics.Phenoliccompoundsin unstainedclearedtissuewere
detectedby their auto�uorescenceunderUV irradiation (2A, exciter �lter EX 330-380,
dichroicmirror DM 400,andbarrier�lter BA 420)or bluelight irradiation(B-2A, exciter
�lter EX 450-490,dichroic mirror DM 510, and barrier �lter BA 520). Wall-bound
phenolics�uorescegreenor yellow-greenunderbluelight, or bright blueunderUV light.
Ligni�ed structureswerevisualizedusingthephloroglucinol/HCltestaccordingto Vallet
etal. (28).

All experimentswere arrangedin a randomizedblock designand performedthree
times,with similar results.Dataweresubjectedto analysisof varianceandleastsigni�cant
differenceswerecalculatedatP 
 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 pelletedby centrifugation (1500 g, 15 min), and
washedtwice with 90% cold acetone. Supernatantswere combinedand evaporatedto
dryness.The residuesweredissolved in distilled waterat 50% of their original volume.
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Pelletswere air-dried and dissolved in distilled water at the original volume, followed
by centrifugation to remove insolublematerial. The materialwas then electrophoresed
on 10% (w/v) polyacrylamideslab gels containing0.375M Tris-HCl (pH 8.8), 0.05%
(w/v) SDS and 0.08% (w/v) N,N-methylenbis acrylamide. The stackinggel contained
6% (w/v) polyacrylamide,0.250 M Tris-HCl (pH 6.8), 0.05% (w/v) SDS and 1.6%
(w/v) N,N-methylenbis acrylamide. Bromophenolblue was used as a marker. The
electrophoresisbuffer (pH 8.3) contained0.025M Tris, 0.250M glycineand0.5%(w/v)
SDS.Electrophoreticseparationswereconductedat 200volts for 2–3h. A silver staining
methodwas usedto detecthigh molecularweight proteins(silver stainingkit, Bio-Rad
Laboratories,Herts.,UK). For anestimationof themolecularweights,broadrangeprotein
markers(2-212kDa,SigmaChemicalCo.,St. Louis, IL, USA) wereused.

Chemical, physical and enzymatic tr eatment of elicitor The stability of an elicitor
to heatwas testedby incubatingIWF at 100

	

C for 20 min or by autoclaving at 121
	

C
for 15 min. After cooling to room temperature,the resultingprecipitatewas removed
by centrifugation and both pellet and supernatantwere testedfor biological activity.
Stability to freezing–thawing wastestedby (i) freezing(-20

	

C) followedby thawing (room
temperature),or (ii) refreezingfollowed by thawing (oneor two cyclesof freezingand
thawing),andbioassayed.Sensitivity to proteaseswastestedby incubatingtheelicitor with
pronase(�nal concentration0.2 mg ml �

�

) at 37
	

C for 4 h or with proteinaseK enzyme
(�nal concentration0.2 mg ml �

�

) at 37
	

C for 3 h. After incubation,treatedIWF was
immediatelybioassayed.In controls,theenzymesmentionedwerepreparedin Tris buffer
insteadof the IWF. Periodateoxidation of the elicitor was carriedout accordingto the
procedureof VandenAckervekenetal. (29). TheIWF wasmixedwith anequalvolumeof
0.02M NaIO� andincubatedin thedarkat25

	

C overnight.Thesamplewasthendialyzed
againstwaterto remove excessNaIO� andvacuum-concentratedto theoriginal volumeat
45

	

C. Thesamplewasbioassayedby in�ltration into plantleaves.

Protein determination Proteinwasdeterminedusinga dye-basedassayadaptedfrom
Bradford(3).

Molecular weight of the elicitor Themolecularsizeof theelicitor in IWF wasinitially
determinedby ultramembrane�ltration usingCentriconconcentrators(Amicon, Beverly,
MA, USA). IWF wascentrifugedat1000g for 30minover100kDacut-off ultramembrane.
Themoleculesin the�ltrate andthoseretainedwereassayedfor bioactivity.

RESULTS

Race speci�city of IWF Phenotypicand genotypic characterizationof interactions
betweenArabidopsisaccessionsandPeronospora isolateEmoy-2, accordingto Holub et
al. (11), is given in Table1. InteractionbetweenOy-0 andWs-eds1accessionsandthe
Emoy-2 isolatewasclassedascompatible.Ws-eds1is amutantline of theWs-3accession
of A. thalianaandit is susceptibleto all P. parasitica isolates(24). Interactionsbetween
otheraccessions(Col-5,Nd-1andLa-er)andEmoy-2 isolatewereincompatible.

Six-week-oldWs-eds1plantswereinoculatedwith thevirulent Emoy-2 isolate.IWFs
wereharvestedin SDW 7 daiandyielded0.2–0.3ml �uid containing310 
 g ml �

�

soluble
protein.Theactivitiesof theIWF from Ws-eds1causedarangeof macroscopicsymptoms
in differentaccessions,which werescoredandsummarizedin Table2. The responseof
accessionsto IWF wasthesameastheresponsecausedby fungal isolatesonthecotyledon
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Fig. 1. Localizationof phenolic(A andB) andlignin-like (C andD) compoundsin IWF-injected
Arabidopsisleaves. Sitesfrom susceptibleaccessionWs-eds1(A andC), andresistantaccession
La-er(B andD) 3 daysafterinjectionof IWF. Infectionsiteswereexaminedunderblue(A andB) or
visible (C andD) light. In A, noteinjectedareadoesnotdisplayany speci�c �uorescence,indicating
absenceof phenolicsat reactionsite. B shows collapsednecroticsite (asterisk)with speci�c bright
�uorescence(arrow), indicatingaccumulationof phenolicsat reactionsite.Arrows indicatetheIWF
did not reachbeyond this point (healthy site). C andD show the site of lignin depositionsasdark
precipitates.Note the absenceof speci�c stainingin cell walls within the in�ltrated region (C). In
D, thetypical darkstainingwithin vasculartissue(asterisk)andfaint stainingon associatednecrotic
mesophyll cell wall (arrows) is indicative of thepresenceof lignin-like materialat the ligni�ed cell
walls. A, B andD, bar=50 � m; C, bar=100 � m.

assaygivenin Table1. Cultivarspeci�city, i.e., chlorosisandnecrosis,wasinducedonly in
accessionsresistantto theisolate.In La-er, �rst visible symptomsappearedaschlorosisat
2 dai. Thissymptomwasfollowedby widespreadyellowing andtheappearanceof necrotic
patchesby 5 dai. Injectionof IWF into the leavesof susceptibleaccessionsWs-eds1and
Oy-0causedneitherchlorosisnornecrosiswithin 7 dai. However, very faint chlorosiswas
observedafterprolongedincubation(morethan10–14dai). IWF obtainedfrom healthy or
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Fig. 2. PAGE pro�le of IWF obtainedfrom Arabidopsisleaves. Lane1, molecularweightmarker;
lane 2, IWF obtainedfrom uninoculatedleaves; lane 3, IWF obtainedfrom susceptibleleaves
inoculatedwith Emoy-2 isolate,3 daysafter inoculation. Note that IWF from inoculatedleaves
containedprotein bands1, 2 and 3, which were not presentin IWF obtainedfrom uninoculated
leaves.

water-inoculatedleavesdid not induceany chlorosisor necrosisafter injectionin resistant
andsusceptibleaccessionleaves.

To testtheactivity of IWF, dilution seriesof IWF wereinjectedinto leavesof resistant
accessionsand leaves were scoredfor the presenceof necrosisor chlorosis. Results
revealedthat1/60dilution inducednecrosisoccasionallybut 1/40gaveamorereproducible
response.

Cytologyof theplant reaction Followingmacroscopicobservationsandscoring,elicitor-
injected leaves were examined by microscopy. In�ltration of IWF recovered from
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TABLE 1. Interactionphenotypes� observedon Arabidopsisaccessionsin responseto theEmoy-2
isolateof Peronospora parasitica

Isolate Arabidopsisaccessions
Ws-eds1 Oy-0 Col-5 Nd-1 La-er

Emoy-2 S� (EH) S (EH) IR (FDL) R (PN) R (FN)
�

Interactionphenotypeswithin parentheseswerecharacterizedasfollows: EH, Early (3 dai) andHeavy ( � 20
conidiophore)sporulation;FDL, necroticFleckingandDelayed-Light parasitesporulation( � 10 conidiophore);
PN, necrotic Pitting and No sporulation; FN, minute necrotic Flecking and No sporulation. Phenotype
designationsareaccordingto Holub etal. (11).

�
S,compatibleinteraction;IR, intermediateinteraction;R, incompatibleinteraction.

TABLE 2. Mean bioassayresponsein threeexperimentsof � ve different Arabidopsisaccession
leavesinjectedwith IWF obtainedfrom Emoy-2-inoculatedleavesof ArabidopsisaccessionWs-eds1
(scoredfor thepresenceof necrosisor chlorosisatdifferentdaysafterinoculation,dai)

Accessions Necrosisrating
�

, DAI
1 2 3 5 7

Ws-eds1 0 a� 0 a 0 a 0 a 0 a
Oy-0 0 a 0 a 0 a 0 a 0 a
Col-5 0 a 0 a 0.26a 0.93b 2.1c
Nd-1 0 a 0 a 0.93b 2.9d 3.73e
La-er 0 a 0.9b 2.8d 3.0d 3.93e

�

0, no visible symptoms;1, 5–25%of injectedareashowing weakHR with little chlorosis;2, 26–50%of area
showing HR with chlorosis;3, 51–75%the areashowing con�uent HR with chlorosis;4, 76–100%of area
showing completenecrosiswith spreadingchlorosis.

� Valuesfollowedby thesameletterdonotdiffer signi�cantly atP � 0.01,with LSD = 0.3735.

inoculatedleaves into the intercellularspacesof leaves of resistantaccessionsresulted
in auto�uorescenceof the mesophyll and epidermalcells and accumulationof lignin-
like materialon cell walls (Figs. 1B, D). When the injected leaves were stainedwith
anilineblue,clearbrightbluestainingwasalsoobservedunderUV light, indicatingcallose
depositionin epidermalandmesophyll cell walls. Amongtheresistantaccessions,reaction
in La-er was evident 1 dai as scattered�uorescing cells in the interveinal areas. With
time, responsesin leaves of both resistantaccessionswere followed by a progressive
increasein thenumber(Table3) andintensity(Fig. 1B) of �uorescencewithin theinjected
area. Reactionsobserved on Col-5 werelessdramaticthanthoseobserved on La-er and
Nd-1 (Table3). In contrast,no auto�uorescenceandaccumulationof lignin-like material
appearedin susceptibleleaves(Figs.1A, C) apartfrom alow incidenceof auto�uorescence

TABLE 3. Meanauto�uorescenceratingsin threeexperimentsof � vedifferentArabidopsisaccession
leavesinjectedwith IWF obtainedfrom Emoy-2-inoculatedleavesof ArabidopsisaccessionWs-eds1
atdifferentdaysafterinoculation(dai)

Accessions Auto�uorescencerating
�

, DAI
1 2 3 5 7

Ws-eds1 0 a
�

0 a 0 a 0 a 0 a
Oy-0 0 a 0 a 0 a 0 a 0 a
Col-5 0 a 0 a 1.2b 2.53c 3.1d
Nd-1 0 a 1.13b 2.2c 3.86e 4 e
La-er 1.13b 2.13c 3.33d 3.93e 4 e

�

0, no cell auto�uorescence;1, 5–25% of the cells auto�uorescein injected area; 2, 26–50%of the cells
auto�uoresce;3, 51–75%of thecellsauto�uoresce;4, 76–100%of thecellsauto�uoresce.

�
Valuesfollowedby thesameletterdonotdiffer signi�cantly atP � 0.01,with LSD = 0.4058.
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TABLE 4. Meanratings� of theeffectsof denaturingtreatmentsin threeexperimentson theeliciting
activity in IWF. (Injectedareaof � ve leaveswasscoredfor thepresenceof necrosisor chlorosisat 7
daysafterinoculation)

Treatments Arabidopsisaccessions
Ws-eds1 Oy-0 Col-5 Nd-1 La-er

Heating 0 a 0 a 0 a 0 a 0 a
Autoclaving 0 a 0 a 0 a 0 a 0 a
Freezing–Thawing
1 cycle 0 a 0 a 2.8c 3.7d 3.9d
2 cycles 0 a 0 a 0 a 0 a 0 a

Pronase 0 a 0 a 0 a 0 a 0 a
ProteinaseK 0 a 0 a 0 a 0 a 0 a
NaIO� 0 a 0 a 1.7b 3.7d 3.8d
Dialysis 0 a 0 a 1.6b 3.6d 3.8d

�

0, no visiblesymptoms;1, 5–25%of theinjectedareashowing weakHR with little chlorosis;2, 26–50%of the
areashowing HR with chlorosis;3, 51–75%of theareashowing con�uent HR with chlorosis;4, 76–100%of the
areashowing completenecrosiswith spreadingchlorosis.

�
Valuesfollowedby thesameletterdonotdiffer signi�cantly atP � 0.01,with LSD = 0.343.

observedaroundtheinjectionpoint. No auto�uorescenceof lignin-likematerialwasfound
in accessionsinjectedwith wateror with IWF obtainedfrom uninoculatedleaves.

Partial characterization of elicitor in IWF The elicitor found in IWF wassubjected
to several physical, enzymaticandchemicaltreatmentsandbioassayedby injection into
resistantplants(Table4).

Necrosis-inducingelicitor activity was completely abolishedby proteinaseK and
pronasedigestions,heatingandautoclaving. The elicitor wasinsensitive to onecycle of
freezingand thawing but not tolerantof a further cycle. It was insensitive to periodate
oxidation and dialysis against water. Theseresults provide evidence that the active
componentelicitor may be a protein. Buffers in which proteinaseK or pronasewere
incubatedwithout IWF, hadnoactivity in thebioassay.

Fractionationexperimentsusing size-exclusion membranesrevealedthat the elicitor
activity was retainedby a membranewith molecularweight cut-off of 100 kDa. This
indicatedthattheactive necrosis-inducingcomponent(s)hada molecularweightover 100
kDa.

SDS-PAGE of IWF obtainedfrom uninoculatedand inoculatedsusceptibleleaves
containeda complex patternof proteinsas shown in Figure 2. IWF from inoculated
leavescontainedproteinbands1, 2, and3, which werenot presentin IWF obtainedfrom
uninoculatedleaves(Fig. 2).

DISCUSSION

TheinteractionbetweenArabidopsisandtheoomycetepathogenP. parasiticawasused
as a model systemto study the molecularbasisof communicationbetweenplantsand
their pathogens.We have determinedan elicitor active componentin IWF of susceptible
Arabidopsisleavesinoculatedwith avirulentisolateof thedowny mildew fungus.Bioassay
of the elicitor on resistantand susceptibleArabidopsisaccessionsindicatedclearly that
the elicitor presentin IWF seemsto be cultivar-speci�c. Cultivar speci�city of Emoy-
2 previously reportedby Holub et al. (11) was con�rmed in this study. IWF obtained
from compatibleinteractionsinducedchlorosisor necrosisonly in accessionsresistantto
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Emoy-2 but not in cultivars susceptibleto this isolate. Similar elicitor activity in IWF
wasdemonstratedby Rethageetal. (25) for certainArabidopsis/Peronospora interactions,
which weredifferentfrom thoseusedin our study. Similar race-speci�cactivity hasalso
beenreportedfor a few host–fungal pathogeninteractions(6). In thecaseof tomatoleaves
infectedwith theleafmold fungusC. fulvum, asinglepeptidewhich inducesnecrosisonly
wheninjectedinto tomatoleavesof cultivarsbearingthecorrespondingresistancegene,has
beenisolatedandcharacterized(7,15,29). Similar reportsof race-speci�celicitors have
beenpresentedfor the interactionbetweenbarley andits fungal pathogenR. secalis. In
barley plantswith theresistancegeneRrs1, therace-speci�celicitor NIP1triggeredseveral
defensereactions(26). Resultsobtainedby SutherlandandDeverall (27), however, were
in contrastto our results. In their studya necrosis-inducingelicitor wasobtainedin IWF
from wheatleavesinfectedwith leaf rustfungus,but theresultsshowedthattheelicitor in
IWF wasnon-speci�c.

Most of the isolatedandcharacterizedelicitors aremacromoleculesthat vary widely
in their chemical nature. Proteins, oligopolysaccharides,glycoproteins, fatty acids
and derivateshave been identi�ed that can function as elicitors (9,13,21,31). In the
Peronospora/Arabidopsisinteraction,the necrosis-inducingelicitor presentin IWF also
appearedto beprotein,beingsensitiveto heatingandautoclaving,proteinaseK andpronase
digestions. By contrast,exposureof IWF to the periodateion, which oxidizes sugar
residues,hadnoapparenteffectonactivity of IWF in thebioassay(Table4). Fractionation
experimentsusing size-exclusionmembranesindicatedthat the active necrosis-inducing
component(s)hada molecularweight over 100 kDa. Rethageet al. (25) reportedthat
SDS-PAGE of IWF obtainedfrom NOCO- andWELA-isolatesinoculatedleavesdid not
revealany race-speci�cdifferencesin low M � peptides.

Proteinswith a molecularweightabove 15–20kDa do not passfreely thoughthecell
wall and indeedthe C. fulvumelicitors weresmall peptides(7,29). It is postulatedthat
plants secretehydrolytic enzymes(e.g. chitinasesand glucanases)which may release
the solublefragmentfrom the eliciting agent,e.g. from the fungal hypha, and that the
componentis thendiffusedto thecellsandrecognizedby theplantcell surfacereceptors
(9). In additionto cell wall componentsof pathogensdirectlyrecognizedby theplantcells,
microbialenzymesdegradingtheplantcell wallscanactivatedefenseresponsesindirectly.
The modeof actionof microbial enzymes,especiallythatof � -1,4-endopolygalacturonic
acidlyases(PGAlyases),hasoftenbeensuggestedto bedueto their catalyticactivity, i.e.,
elicitor-active moleculesarereleasedfrom theplantcell walls (4,21). Themodeof action
of elicitor-activematerialidenti�ed in ourstudywasnot investigated.Therefore,wedonot
have any evidencethat theelicitor-active materialin IWF is enzymaticandmight release
endogenouselicitorsfrom thecell walls. Furtherresearchis neededto clarify this issue.

Occurrenceof the elicitor in the compatibleinteractionraisesquestionsconcerning
its origin and function. Electrophoresisof apoplasticIWF revealedthreeproteinswith
molecularweights over 100 kDa presentin inoculatedleaves but not in uninoculated
leaves.Bioassayof theseIWFs alsoshowedthatnecrosiswasinducedonly by IWF from
inoculatedleaves.Takentogether, these�ndings suggestthattheelicitor in IWF maybeof
pathogenicorigin.

In resistantplants, productionof the race-speci�c elicitor by an avirulent race of
pathogeninduces the HR, which is associatedwith the activation of other defense
responses.The most prominentresponsesassociatedwith the HR are the induction of
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phytoalexins, cell-wall alterations,PR proteins,andgenerationof active oxygenspecies
(2). In�ltration of puri�ed race-speci�celicitors, AVR4 and AVR9, induceddifferential
expressionof acidic chitinaseand 1,3-� -glucanasein tomato genotypesCf4 and Cf9,
respectively (30). Similarly, treatmentof resistanttomatocell-suspensioncultureswith
the IWFs from incompatibleracesresultedin the activation of NADPH oxidaseandion
�ux es(13,31).Suchinductions,observedmostabundantlyin resistantgenotypes,correlate
well with thedifferencein geneexpressionof Cladosporium/tomatointeractions.Speci�c
HR-associatedrecognitionof secretedproteinsfrom C. fulvumwasalsoreportedto occur
in bothhostandnon-hostplants(15). Beckeretal. (1) haveisolatedfour differentisoforms
of a proteinelicitor from P. sojae(sojein1–4). Theseproteinsshowedhigh homologyto
elicitins from otherPhytophthora species.Puri�ed sojeinaswell asrecombinantsojein
isoformsinducedHR-like lesionsin tobacco.All sojeinisoformsinduceddefense-related
geneslike thoseencodingphenylalanine ammonialyase, glutathione-S-transferaseand
chalconesynthasein tobaccoandsoybeanplantsandcell cultures.

In Arabidopsis, injection of IWF into resistantleaves causedan HR-like necrosis.
Histochemicalstudiesshowed that developmentof HR in elicitor-treatedresistantleaves
was closely associatedwith the accumulationof phenolicsand lignin. Enrichmentof
the cell walls and wall apposition(papilla) with phenolicsor lignin-like polymers is
likely to provide a further barrierto pathogenspread.Several studieshave demonstrated
that phenolic structuresconfer rigidity to host cell walls through peroxidase-mediated
crosslinking of constitutive wall carbohydrates,suchashemicelluloseandpectin. Many
phenoliccompoundsalsohave beenreportedto have antimicrobialactivity. A furtherrole
for ligni�cation in diseaseresistancehasbeenproposedto involve effectson the fungal
cell wall, so that tips of fungal hyphaein closecontactwith lignifying host materials
might becomeligni�ed and lose the plasticity necessaryfor hyphal growth (22). In
Arabidopsis, inhibition of lignin precursorssuppressedligni�cation and causeda shift
towardssusceptibilityto P. parasitica(20).

In conclusion,biochemicalanalysisof theinteractionbetweenplantandpathogenshas
contributed to a greaterunderstandingof the molecularbasisfor signal perceptionand
transductionin plant cells. It is clear that recognitionbetweenhostplant andpathogen
mediatedby receptorslies at the root of the gene-for-geneconceptas observed in this
study. The underlyingbiochemicalmechanismsof elicitor perceptionand intracellular
signal transductionleadingto the activation of plant defenseare, however, not yet well
de�ned. Isolationandpuri�cation of the elicitor describedin this studyand its putative
receptor(Rgene)arethenext stepsrequiredtowardelucidatingthemolecularmechanisms
by whichchangesin plantcellularmetabolismareinduced.
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15. LauǵeR.,Goodwin,P.H.,DeWit, P.J.G.M.andJoosten,M.H.A.J.(2000)Speci�c HR-associatedrecognition
of secretedproteinsfrom Cladosporiumfulvumoccursin bothhostandnon-hostplants.PlantJ. 23:735-745.

16. Leach,J.E.andWhite,F.F. (1996)Bacterialavirulencegenes.Annu.Rev. Phytopathol.34:153-179.
17. Lindsay, W.P., Lamb, C.J. andDixon, R.A. (1998) Microbial recognitionandactivation of plant defense

systems.TrendsMicrobiol. 4:181-187.
18. Lu, H. andHiggins, V.J. (1993)Partial characterizationof a non-proteinaceoussuppressorof non-speci�c

elicitorsfrom Cladosporiumfulvum(syn.Fulvia fulva). Physiol.Mol. PlantPathol.42:427-439.
19. Mans�eld, J.W., Bennett,M.H., Bestwick,C.S.andWoods-Tor, A.M. (1997)Phenotypicexpressionof gene-

for-geneinteractionsinvolving fungal andbacterialpathogens:variationfrom recognitionto response.in:
Crute, I.R. and Holub, E.B. [Eds.] The Gene-for-GeneRelationshipin Host–ParasiteInteractions.CAB
International,London,UK. pp.265-291.

20. Mauch-Mani,B. andSlusarenko, A.J. (1996)Productionof salicylic acidprecursorsis a major functionof
phenylalanineammonia-lyasein theresistanceof Arabidopsisto Peronospora parasitica. Plant Cell 8:203-
212.

21. Moniz, de S.M., Subramaniam,R., Williams, F.E. and Douglas,C.J. (1992) Rapid activation of phenyl-
propanoidmetabolismin elicitor treatedhybrid poplar(PopulustrichocarpaTorr. & Grayx Populusdeltoides
Marsh)suspension-culturedcells.PlantPhysiol.98:728–737.

22. Nicholson,R.L. andHammerschmidt,R. (1992)Phenoliccompoundsandtheir role in diseaseresistance.
Annu.Rev. PlantPathol.30:369-389.

23. Parker, J.E.,Feys, B.J.,VanDer Biezen,E.A., Noel, L., Aarts,N., Austin, M.J. et al. (2000)Unravelling R
gene-mediateddiseaseresistancepathwaysin Arabidopsis. Mol. PlantPathol. 1:17-24.

24. Parker, J.E.,Holub,E.B.,Frost,L.N., Falk,A., Gunn,N.D.andDaniels,M.J.(1996)Characterizationof eds1,
amutationin ArabidopsissuppressingresistancetoPeronospora parasiticaspeci�edby severaldifferentRPP
genes.PlantCell 8:2033-2046.

25. Rethage,J., Ward, P.I. andSlusarenko, A.J. (2000)Race-speci�celicitors from the Peronospora parasit-
ica/Arabidopsisthalianapathosystem.Physiol.Mol. PlantPathol.56:179-184.

26. Rohe,M., Gierlich, A., Hermann,H., Hahn, M., Schmidt,B., Rosahl,S. et al. (1995) The race-speci�c
elicitor, NIP1,from thebarley pathogen,Rhynchosporiumsecalisdeterminesavirulenceonhostplantsof the
Rrs1resistancegenotype.EMBOJ. 14:4168–4177.

27. Sutherland,M.W. andDeverall, B.J. (1990)The ubiquity of non-speci�c eliciting activity in intercellular
washing�uids from rust-infectedwheatleaves.PlantPathol.39:50-57.

28. Vallet, C., Chabbert,B., Czaninski,Y. andMonties,B. (1996)Histochemistryof lignin depositionduring
sclerenchymadifferentiationin alfalfastems.Ann.Bot. 78:625-632.

Phytoparasitica31:4,2003 391



29. Van den Ackerveken, G.F., Vossen,P. and De Wit, P.J.G.M. (1993) The AVR9 race-speci�c-elicitorof
Cladosporiumfulvumis processedby endogenousplantproteases.PlantPhysiol. 103:91-96.

30. WubbenJ.P., Lawrence,C.B. andDe Wit, P.J.G.M. (1996)Differential inductionof chitinaseand1,3-� -
glucanasegeneexpressionin tomatoby Cladosporiumfulvumandits race-speci�celicitors.Physiol.Mol.
PlantPathol. 48:105-116.

31. Xing, T., Higgins, V.J. andBlumwald, E. (1997)Race-speci�celicitors of Cladosporiumfulvumpromote
translocationof cytosolic componentsof NADPH oxidaseto the plasmamembraneof tomatocells.Plant
Cell 9:249-259.

392 S.Soylu andE.M. Soylu


