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Quanti cation of Camalexinin Several Accessionsf
Arabidopsisthaliana Following Inductions with
Peronosporagparasiticaand UV-B Irradiation

FigenMert-Turk, Mark H. Bennett, JohnW. Mans eld
andEric B. Holub

Five accessionsf Arabidopsisthaliana, Ws-3,Nd-1, Ler, Col-5andOy-0, wereinoculated
with Peronospoa parasitica isolate Emoy2 and the accumulationof camalein within
infected tissueswas measured. The variationsin camal&in accumulationin various
accession®f A. thaliana inducedby a speci c (P. parasitica isolate Emoy2) and a non-
speci c elicitor (UV-B irradiation)wereinvestigated.Phenotypiexaminationof Emaoy2/Oy-
0 revealedthat susceptibility was characterizedoy extensive asexual sporulationof the
pathogenwhereasearly restrictionof the pathogernin infectedplant tissues,accompanied
by chlorosisand necrosis— which are associatedwvith the hypersensitie response- was
obseredin Nd-1,Ws-3andLer. Partialresistanceletectedn Col-Owascharacterizethy low
to mediumsporulationof the pathogen.Camal&in wasmonitoredby high pressurdiquid
chromatograpp (HPLC) andfoundto accumulataluring both compatibleandincompatible
interactionsand also following treatmentwith the abiotic inducer UV-B. Among the
accessiongdested, Ws-3 yielded signi cantly more camal&in than the other accessions,
regardlessof which inducers (biotic or abiotic) were used. There was no signi cant
correlationbetweerresistanceand camal&in accumulatiorin the A. thaliana/P. parasitica
interaction. The resultssuggestthat thereis geneticvariationin camal&in biosynthesis
amongaccessionsf A. thaliana, ratherthanvariationin typesof induction.

KEY WORDS: Arabidopsisthaliana Peronospoa parasitica; phytoalexin; camalein;
HPLC; diseasaesistance.

INTRODUCTION

The physiological/biochemicabasisof resistanceo fungal, Oomyceteand bacterial
pathogendiasbeenassociateavith both pre-formedandinfection-inducedantimicrobial
compoundg(17,18). For example, a pre-formedantimicrobial compound,avenacin(a
saponin),is involved in the resistanceof oatsto Gaumanomycegraminisf. sp. tritici
(20). Inducible plant defenceresponsesnclude phytoalexins, lytic enzymes oxidizing
agentsgell wall ligni cation andpathogenesis-relatgmtoteins(2,8,14,25).
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Phytoalexins aretoxic, low-molecularweight compoundghat are eitherabsentirom
or very scarcein healtly plants; however, their concentrationin vivo increasegapidly
aftermicrobialattack(17). Althoughmostphytoalexins have beenshavn to possesslear
antimicrobialactiity in vitro, their preciserole in plant defencehasnot yet beenfully
elucidated15). In somehost—pathogemteractionsphytoalexin accumulatiorcorrelates
well with resistancg3,7,11,19) For example levels of glyceollin accumulatiorin various
cultivarsof soybeanafterinfectionwith Pseudomonasyringaepv. glycineawereinversely
correlatedwith bacterial multiplication (16). Examplesof phytoalein accumulation
duringcompatibleplant—pathogeimteractionshave alsobeenreported.Theseincludethe
inductionof pisatinby the virulent OomyceteAphanomycesutiches(22).

Extensve geneticvariationexistsin the interactionbetweenArabidopsisthalianaand
Peronospoa parasitica, indicative of a highly co-evolved pathosystem.More than 20
downy mildew resistancespeci cities have beenmappedto RPP loci on six of the ten
chromosomarmsof A. thaliana usingdifferentialresponsesf four standardaccessions
to a diversecollectionof P. parasitica isolates(1,4,5,6,12). Phenotypiccharacterization
of the ve accessionof A. thaliana (Col-0, Nd-1, Ws-3, Oy-0 and Ler) following
inoculationwith P. parasitica isolate Emoy2 was reportedpreviously using 14-day-old
plantsinoculatedat 7 days (13). Accordingto thoseworkers, Oy-0 exhibited a fully
susceptiblephenotypewhen challengedby P. parasiticaisolateEmoy2. Nd-1 and Ws-
3, however, exhibited the pitting phenotypefollowing inoculationwith the sameisolate
characterizedby necroticlesionson cotyledonsandno sporulationof the pathogen.The
Emoy2 isolate of P. parasitica is recognizedby the samegene,in the RPP1locus, in
both accessions.Minute chlorotic ecks were characteristidn both the Col-0 and Ler
accessions. No sporulationwas reportedon Ler, but low levels of sporulationwere
obsenedon Col-O0.

The sulphurcontaining indole derivative camalein (3-thiazol-2'-yl-indole) is the
predominantphytoalexin producedby A. thaliana after inoculation with P. syringae
(29). Glazebrookand Ausubel (9) isolatedthree phytoalexin-de cient (pad) mutants
of A. thaliana accessionCol-0. Respectiely, the padl-1 pad2-1and pad3-1mutants
accumulatedtamalein to 30%, 10%and 1% (undetectabledf the level foundin wild-
type plantswheninoculatedwith P. syringaepv. maculicolastrainES4326(PSmES4326).
However, noneof themwascompromisedh resistancéollowing inoculationwith avirulent
strainsof P. syringaecarryingthe avirulencegenesavrRpt2or aviRpm1 Thoseworkers
thereforeconcludedhatcamalein accumulatiorwasnot correlatedwith theavirulenceor
virulencefollowing inoculationwith strainsof P. syringae They suggestethatcamal&in
doesnot contrikute to resistancan A. thaliana challengedby P. syringae Camal&in
accumulatiorasastress-induceresponsandits possiblecontritutionto diseaseesistance
maydiffer dependingnthemodeof induction(e.g. differentpathogensr abioticfactors).
To the bestof our knowledge,thereis no reporton the quanti cation of camal&in in A.
thalianafollowing infectionwith P. parasitica Therefore the aim of this researctwasto
investicatethe levels of camalein accumulatedn variousaccessionsf A. thaliana after
infection with P. parasitica andto determinewhetheror not camalein productionwas
correlatedwith resistancén thatparticularinteraction.Plantswerealsoexposedto UV-B
light to quantify camalein accumulatiorin differentwild-type accessions.
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MATERIALS AND METHODS

Plants and pathogen Five wild-type accessionsf A. thaliana(Col-0, Nd-1, Ws-3, Oy-
0 and Ler) were usedin this study Two-week-oldseedlingswere inoculatedwith P.
parasitica isolate Emoy2 to induce camal&in synthesis. The researchwas carried out
in the UK atbothHRI, WellesbourneWarwickshireandWye College, Ashford,Kent.

Preparation of inoculum and inoculation procedure Seedlingf asusceptibldine of
A. thalianacarryingsporulatingmyceliumof P. parasiticawereharestedandtransferred
to atubecontainingdeionizedwater The tubewasshalenandthenthe sporesuspension
wasremoved from the debrisinto a cleantube. The sporesuspensionvasadjustedto 4—
5 10 conidiosporeperml. Two-week-oldtestseedlingsverespray-inoculateavith the
sporesuspensionf P. parasiticausinga spray-gun.

Assessmenbf interaction phenotypes(IPs) The infected seedlingswere assessed
daysafterinoculation(dai) accordingto the amountof pathogersporulationandthe host
responseThreeletterswereusedto describeheseverity of diseaselevelopmentH, L and
N, referringto heavy sporulation( 20 conidiophorespercotyledon)ow sporulation( 5
conidiophorepercotyledon)andno sporulationyespectiely. Concerninghostresponses,
chlorotic ecks werenotedas'F' andnecroticpits werenotedas™P'.

Induction of camalexin with the Emoy2 isolate Fourteen-day-oldseedlingswere
inoculatedwith theconidialsuspensionf theEmoy2 isolate. Theseedlingsverehanested
daily until 5 dai, placedin an appropriatetube, and extractedas describedbelow. If

extraction was not carried out immediately after hanesting, the sampleswere kept at
-20 C.

Induction of camalexin with UV-B irradiation Four to ve-week-oldplantswere
exposedto UV-B light (280nm) for 2 days,12 h perday Theleaveswerethenhanested
andextractedasdescribedelow.

Camalexin extraction Thecamal&in extractionmethodwasbasedon Glazebrookand
Ausubel(9) with someminor modi cations. Plantsamplesweretaken daily until 5 dai.
Inducedplanttissue( 0.5 g) wasplacedin a tube containing5 ml methanol70% and
boiledin a waterbathadjustedo 65 C for 40 min. The methanolextractwasremoved
into a cleantube. The sameamountof chloroformwasaddedo the methanokolutionand
mixed well with a vortex mixer. The chloroformextractwasthentransferrednto a clean
tubeandsolventwasremovedby rotaryevaporationat 30—35 C. Thedry residuewaskept
at—20 C prior to furtherevaluation.

High PressueLiquid Chromatography (HPLC) Absolutemethanol1 ml) wasadded
to dry tissueextract and subjectedto HPLC. Camal&in was quanti ed using a Waters
Chromatograph System(The WatersCorporation Milford, MA, USA) anda Shimadzu
RF535HPLC Fluorescenc®etector(ShimadjuCorporationKyoto, Japankonnectedo a
WatersDataModule Integrator/RecorderThe excitation (318 nm) andemission(385nm)
spectraof camal&in were usedto determineoptimal settingsfor uorescencedetection.
A WatersSpherisorblS50DS2,4.6 250 mm analyticalcolumnwasusedfor separation.
The areaundereachpeakon the HPLC tracewasquanti ed usingJCL6000softwareand
the concentrationwas calculatedfrom a calibration curve using pure camal&in kindly
providedby J.GlazebrooKMaryland,USA). Ten- | aliquotsof thesamplesvereanalyzed
using17:83acidi ed waterandacetonitrile(90%) for over 10 min runningtime at 35 C.
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Injectionof acamal&in standardvasperformedeverytensampledo ensuregheareaunder
eachpeakdid notchange.

RESULTS

Phenotype characterization Interactionphenotypef all accessiongestedwere re-

ported previously by Holub and Beynon (13). The responseof A. thalianato infection

by P. parasiticacanvary signi cantly whenthe seedlinggyetolder (unpublishedresults).
Fourteen-day-olgeedlingsvere usedfor testing,7 daysolder thanthosecorventionally
used by other researchlaboratories(1,4,6,28). However, there were no signi cant

differencesin the responseof theseaccessiongdo the isolate and no differenceswere

obsened in meansof sporulationof the pathogen(Table 1). Heavy sporulationof the

isolatewasobsened in the Oy-0 accessionsuggestinga compatibleinteractionbetween
Oy-0 andEmoy2 (Fig. 1a). However, minute ecks onthehostandlow sporulationof the

pathogerwerecharacteristién Col-0inoculatedwith the sameisolate(Fig. 1b). Chlorotic

minute ecks werevisible by 5 daimacroscopicallandcharacteristiof theLer accession.
No aseual sporulationof the pathogerwasobseredin this interaction(Fig. 1c). Pitting

necrosisfollowing inoculationwith isolate Emoy2 was olbvious by 3 dai and expanded
greatlyby 7 daiin bothWs-3andNd-1 (Figs. 1d andle,respectiely).

TABLE 1. Interactionphenotype®f accessionsf Arabidopsisthalianafollowing inoculationwith
Peronospoa parasiticaisolateEmoy2

Accessions: Ws-3 Nd-1 Col-0 Ler Oy-0
P PN PN FDL FN EH
Resistance RPP1 RPP1 RPP4 RPP4 nr
genes

InteractionphenotypesN: no sporulationof the pathogeni: low sporulationof the pathoger( 5 sporangio-
phoresper cotyledon);H: heary sporulation( 20 sporangiophoreper cotyledon);D: delayedsporulationwas
seen5 daysafter inoculation(dai); E: early sporulation,sporulationcommenced dai. P: pitting necrosis;F:
chloroticminute ecks. The plantswere2 weeksold whenthey wereinoculatedwith the sporesuspensiorf P.
parasiticaandIPswereassessedt 3,5 and7 dai.

Resistancgenesleterminedor theaccessionagainstEmoy2. RPP1in accessioWs-3wasclonedby Botella
etal. (6). Otherdataweretakenfrom Holub andBeynon (13). Thereis no resistanceenein Oy-0 againstthe
Emoy2 isolate.
nr = noresistanceene.

Camalexin levelsin A. thaliana The levels of camal&in that accumulatedn the A.

thaliana accessiongollowing infection with the Emoy2 isolate varied greatly and were

not associatedvith resistanceor susceptibility Camal&in accumulationwas greatest
in Ws-3 (Fig. 2). The more dramaticaccumulationof camalein in Ws-3 was clearly

evident by 2 dai and continuedto increaseuntil 4 dai, when the concentrationbegan

to decline. Suprisingly the Nd-1 accessionwhich is associatedvith the PN phenotype
whenchallengedvith Emoy2, yieldedtwofold lesscamalein thanWs-3. Although both

accessiond\d-1 andWs-3, recognizethe pathogerwith the resistancggenesn the same
locus(RPPJ), they accumulatedigni cantly differentlevels of camal&in over the 5-day

period. The Emoy2 isolateinducedsimilar amountsof camal&in in both Oy-0 andCol-

0. Inductionof camal&in waslessthan0.5 gg f.wt whenit pealedat5 daiin both

accessionghisis muchlessthanthelevelsobseredin Ws-3andNd-1.
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Fig. 1. Variationin interactionphenotypesamongthe accession®f Arabidopsisthaliana chal-
lengedby Peronospoa parasitica isolate Emoy2. Macroscopicallyvisible characteristicavere
photographed dai. a: (top left) Oy-0, heary asexual sporulation;b: (top right) Col-0, low aseual
reproduction;c: (middle) Ler, minute ecks, no asexual sporulation;d: (bottomleft) Ws-3; ande:
(bottomright) Nd-1, pitting necrosiswith no asexual sporulation.

In orderto investicatewhethercamaleain wasinducedduringa compatibleinteraction,
the accessiorDy-0 was inoculatedwith the sameisolateof P. parasitica As described
above, Oy-0 doesnot have a resistancegene against this isolate, resultingin a fully
susceptiblephenotypecharacterizedy extensive sporulationof the pathogenbeginning
at 3 dai. HPLC analysisrevealedthat camal&in accumulatedduring the compatible
interactionand reachedhigher levels thanthoseobsered in either Col-0 or Ler, rising
tol gg f.wtbyb5dai(Fig. 2). Thisresultsuggestshatcamal&in accumulatesotonly
in resistanbut alsoin susceptiblénteractionswvith P. parasitica

Camalexin levels following exposure to UV-B In order to determinethe camal&in
respons®f theaccession® abioticstresswe treatedthe plantswith UV-B light (280nm)

Phytopaasitica31:1,2003 5



Fig. 2. Time courseof inductionof camal&in in ve accessionsf Arabidopsisthalianachallenged
by Peronospoa parasiticaisolateEmoy2. Yields arethe mean( SD) of threereplicatesamples.
Emoy2 is compatiblewith Peronospoa parasitica isolate Emoy2; Ler, Nd-1 and Ws-3 are fully
resistanto Emoy2. Col-0 exhibits partialresistancéo Emoy2.

for 2 days,12 h eachday The extensie grayishcolor of leaveswasvisible in Ws-3, but
no ohvious phenotypicakesponsevasobsenredin the four otheraccessionsThetreated
leaveswereextractedasdescribechbove andcamal&in level wasmeasuredBecauseJV-
B is a non-speci celicitor, it wasthoughtthat camal&in levels would be similar among
all accessionshut it varied greatlyamongthe accessiongFig. 3). Ws-3, which gave a
grayishmacroscopiaesponseyieldedover 10 gg f.wt camalain after 2 dai, but the
otheraccessiong/erelessresponsieto thetreatmentyielding1.5 gg f.wtin Oy-Oand
lessthan0.8 gg f.wtin Lerby 2 dai. Theamountof camal&in wasalmostundetectable
in bothNd-1andCol-0,yieldinglessthan0.2 gg f.wt.

DISCUSSION

Accordingto theresults, RPPEmediatedresistancén Ws-3induceda higherlevel of
camal&in thanthe two othersourcef resistancesuchasthatconferredoy RPP4in Col-
5 andLer andby RPP1in Nd-1. Suprisingly differentlevels of camal&in in both Nd-1
and Ws-3 were obsered in responsdo the Emoy2 isolate, which is recognizedby the
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Fig. 3. Accumulationof camalein in leavesof the ve Arabidopsisthalianaaccessiong daysafter
UV-B treatmen{280nm). Yieldsarethemean( SD) of threereplicatesamples.

resistanceyenesat the samelocus, RPP1, andresultsin the sameinteractionphenotype
(PN).

Camalein wasalsoinducedin compatibleinteractions. Camal&in was detectedn
tissuesof Oy-0 following challengeby the virulent Emoy2 isolate,reachinglevels higher
than thoseobsened in either Col-0 or Ler. This may have beenbecausemore cells
were affected during colonizationin the Oy-0/Emq?2 interaction, and thereforemore
cells were able to respondto the pathogen. Resultsrevealedthat thereis a correlation
betweercamale&in accumulatiorandpathogersporulation(but notresistancein theOy-0
accessiorhbecaus@accumulationncreasedvith time. Camal&in mightnotberequiredfor
resistancen the Oy-0/Emg2 interaction,andthereforecamala&in accumulatioris not a
speci ¢ responseo the avirulencebut rathera generakesponseo stress.

Camaleain wasinducedin all accessionsested,but yields variedgreatly The Ws-3
accessiorof A. thaliana accumulatedyreateramountsof camalain thanthe restof the
accessiongestedwhentreatedwith UV-B irradiation. It hasbeenreportedthat a vonoids
and/oranthoganinsareinducedby UV-B treatmenin 14 plantspecieg4). Theepidermis
blocks transmittanceof up to 99% of incoming UV-B radiation (23). Stapleton(26)
reportedthatinductionof avonoidsin rye seedlingscan prevent UV-B-induceddamage
to photosynthesisin this respect,camal&in accumulatedn the A. thaliana accessions
asa stresametaboliteagainstabiotic stressandperhapst playsarole in preventingDNA
damagen plants.
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In the presentwork therewasno clear correlationbetweenresistanceand camalein
accumulationin the A. thalianaP. parasitica isolate Emoy2 interaction. This nding
shaved similarities to previous researcton Brassicaspecies(21,24): the accumulation
of indole phytoalexins by variousBrassicaspp. did not correlatewith theresistancéo the
fungal pathoger_eptosphaerianaculans The pad mutantsof A. thalianaderivedfrom a
screeningor camal&in de ciency werenot compromisedn their resistanceo isogenic
avirulent strainsof P. syringaecarryingavrRpt2andavrRpmlgeneg9,10). Therefore it
wassuggestedhatcamalein doesnot play akey role in resistancén thatparticularhost—
pathogerinteraction.In contrast,Thomma(27) — usingthe samemutants— reportedthat
thepad3mutantwasmoresusceptibléhanwild-type accessioCol-Owheninoculatedwith
Alternaria brassicicola suggestinghatcamal&in playsanimportantrole in resistancef
A.thalianachallengedy A. brassicicola

As a non-speci c inducer it was expectedthat all wild-type accessionswould
accumulatesimilar amountsof camalein; this was, however, not the case,asthe yield
varied greatly amongthe accessiongFig. 3). Similar resultswere obtainedfrom the
inductionby the biotic speci c inducer P. parasiticaisolateEmoy2. Althoughtheisolate
wasrecognizedy the genesat the samelocusin boththe Nd-1 andWs-3 accessionghe
accumulatiorof camalein variedsigni cantly. These ndings leadusto agreewith the
suggestiorby Glazebrookand Ausubel(9) and Glazebrooket al. (10) thattheremay be
morethanonepathway responsibldor camal&in biosynthesis.

Phytoalexins asstress-inducedompoundsre not the only defensaesponseroducts
in plants. Thereareotherresponseshatleadpotentiallyto the protectionof plantsfrom
invasionby pathogenssuchas lytic enzymesoxidizing agents,cell wall ligni cation,
saligylic acid, pathogenesis-relatgutoteins,etc. (8). It would be interestingto monitor
other defensedn parallel to camala&in accumulationin theseaccessiongo determine
whethervariationsoccuralsoin theseothersystems.
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