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Quanti�cation of Camalexin in Several Accessionsof
Arabidopsisthaliana Following Inductions with
Peronosporaparasiticaand UV-B Irradiation
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Five accessionsof Arabidopsisthaliana, Ws-3,Nd-1, Ler, Col-5 andOy-0, wereinoculated
with Peronospora parasitica isolate Emoy2 and the accumulationof camalexin within
infected tissueswas measured. The variations in camalexin accumulationin various
accessionsof A. thaliana inducedby a speci�c (P. parasitica isolateEmoy2) and a non-
speci�c elicitor (UV-B irradiation)wereinvestigated.Phenotypicexaminationof Emoy2/Oy-
0 revealed that susceptibilitywas characterizedby extensive asexual sporulationof the
pathogen,whereasearly restrictionof the pathogenin infectedplant tissues,accompanied
by chlorosisand necrosis– which are associatedwith the hypersensitive response– was
observedin Nd-1,Ws-3andLer. Partialresistancedetectedin Col-0wascharacterizedby low
to mediumsporulationof the pathogen.Camalexin wasmonitoredby high pressureliquid
chromatography (HPLC) andfoundto accumulateduringbothcompatibleandincompatible
interactionsand also following treatmentwith the abiotic inducer, UV-B. Among the
accessionstested,Ws-3 yielded signi�cantly more camalexin than the other accessions,
regardlessof which inducers(biotic or abiotic) were used. There was no signi�cant
correlationbetweenresistanceandcamalexin accumulationin the A. thaliana/P. parasitica
interaction. The resultssuggestthat there is geneticvariation in camalexin biosynthesis
amongaccessionsof A. thaliana, ratherthanvariationin typesof induction.
KEY WORDS: Arabidopsisthaliana; Peronospora parasitica; phytoalexin; camalexin;
HPLC;diseaseresistance.

INTRODUCTION

The physiological/biochemicalbasisof resistanceto fungal, Oomyceteandbacterial
pathogenshasbeenassociatedwith both pre-formedandinfection-inducedantimicrobial
compounds(17,18). For example, a pre-formedantimicrobial compound,avenacin(a
saponin),is involved in the resistanceof oatsto Gaumanomycesgraminis f. sp. tritici
(20). Inducible plant defenceresponsesinclude phytoalexins, lytic enzymes,oxidizing
agents,cell wall ligni�cation andpathogenesis-relatedproteins(2,8,14,25).
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Phytoalexins aretoxic, low-molecular-weight compoundsthat areeitherabsentfrom
or very scarcein healthy plants; however, their concentrationin vivo increasesrapidly
aftermicrobialattack(17). Althoughmostphytoalexins have beenshown to possessclear
antimicrobialactivity in vitro, their preciserole in plant defencehasnot yet beenfully
elucidated(15). In somehost–pathogeninteractions,phytoalexin accumulationcorrelates
well with resistance(3,7,11,19).For example,levelsof glyceollinaccumulationin various
cultivarsof soybeanafterinfectionwith Pseudomonassyringaepv. glycineawereinversely
correlatedwith bacterial multiplication (16). Examplesof phytoalexin accumulation
duringcompatibleplant–pathogeninteractionshave alsobeenreported.Theseincludethe
inductionof pisatinby thevirulentOomyceteAphanomyceseutiches(22).

Extensive geneticvariationexists in the interactionbetweenArabidopsisthalianaand
Peronospora parasitica, indicative of a highly co-evolved pathosystem.More than 20
downy mildew resistancespeci�cities have beenmappedto RPP loci on six of the ten
chromosomearmsof A. thalianausingdifferentialresponsesof four standardaccessions
to a diversecollectionof P. parasitica isolates(1,4,5,6,12).Phenotypiccharacterization
of the � ve accessionsof A. thaliana (Col-0, Nd-1, Ws-3, Oy-0 and Ler) following
inoculationwith P. parasitica isolateEmoy2 was reportedpreviously using 14-day-old
plants inoculatedat 7 days (13). According to thoseworkers, Oy-0 exhibited a fully
susceptiblephenotypewhen challengedby P. parasitica isolateEmoy2. Nd-1 and Ws-
3, however, exhibited the pitting phenotypefollowing inoculationwith the sameisolate
characterizedby necroticlesionson cotyledonsandno sporulationof the pathogen.The
Emoy2 isolateof P. parasitica is recognizedby the samegene,in the RPP1locus, in
both accessions.Minute chlorotic �ecks were characteristicin both the Col-0 and Ler
accessions. No sporulationwas reportedon Ler, but low levels of sporulationwere
observedonCol-0.

The sulphur-containing indole derivative camalexin (3-thiazol-2'-yl-indole) is the
predominantphytoalexin producedby A. thaliana after inoculation with P. syringae
(29). Glazebrookand Ausubel (9) isolated three phytoalexin-de�cient (pad) mutants
of A. thaliana accessionCol-0. Respectively, the pad1-1, pad2-1and pad3-1mutants
accumulatedcamalexin to 30%,10%and � 1% (undetectable)of the level found in wild-
typeplantswheninoculatedwith P. syringaepv. maculicolastrainES4326(PsmES4326).
However, noneof themwascompromisedin resistancefollowing inoculationwith avirulent
strainsof P. syringaecarryingtheavirulencegenesavrRpt2or avrRpm1. Thoseworkers
thereforeconcludedthatcamalexin accumulationwasnotcorrelatedwith theavirulenceor
virulencefollowing inoculationwith strainsof P. syringae. They suggestedthatcamalexin
doesnot contribute to resistancein A. thaliana challengedby P. syringae. Camalexin
accumulationasastress-inducedresponseanditspossiblecontributiontodiseaseresistance
maydiffer dependingonthemodeof induction(e.g. differentpathogensor abioticfactors).
To the bestof our knowledge,thereis no reporton the quanti�cation of camalexin in A.
thalianafollowing infectionwith P. parasitica. Therefore,theaim of this researchwasto
investigatethe levelsof camalexin accumulatedin variousaccessionsof A. thalianaafter
infection with P. parasitica and to determinewhetheror not camalexin productionwas
correlatedwith resistancein thatparticularinteraction.Plantswerealsoexposedto UV-B
light to quantifycamalexin accumulationin differentwild-typeaccessions.
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MATERIALS AND METHODS

Plants and pathogen Five wild-type accessionsof A. thaliana(Col-0,Nd-1,Ws-3,Oy-
0 and Ler) were usedin this study. Two-week-oldseedlingswere inoculatedwith P.
parasitica isolateEmoy2 to inducecamalexin synthesis. The researchwas carriedout
in theUK at bothHRI, Wellesbourne,WarwickshireandWyeCollege,Ashford,Kent.

Preparation of inoculum and inoculation procedure Seedlingsof asusceptibleline of
A. thalianacarryingsporulatingmyceliumof P. parasiticawereharvestedandtransferred
to a tubecontainingdeionizedwater. Thetubewasshakenandthenthesporesuspension
wasremoved from thedebrisinto a cleantube. Thesporesuspensionwasadjustedto 4–
5 � 10

�

conidiosporesperml. Two-week-oldtestseedlingswerespray-inoculatedwith the
sporesuspensionof P. parasiticausingaspray-gun.

Assessmentof interaction phenotypes(IPs) The infectedseedlingswere assessed7
daysafter inoculation(dai) accordingto theamountof pathogensporulationandthehost
response.Threeletterswereusedto describetheseverity of diseasedevelopment:H, L and
N, referringto heavy sporulation( � 20 conidiophorespercotyledon),low sporulation( � 5
conidiophorespercotyledon)andnosporulation,respectively. Concerninghostresponses,
chlorotic�ecks werenotedas`F' andnecroticpits werenotedas`P'.

Induction of camalexin with the Emoy2 isolate Fourteen-day-oldseedlingswere
inoculatedwith theconidialsuspensionof theEmoy2 isolate.Theseedlingswereharvested
daily until 5 dai, placedin an appropriatetube, and extractedas describedbelow. If
extraction was not carried out immediatelyafter harvesting, the sampleswere kept at
–20� C.

Induction of camalexin with UV-B irradiation Four- to � ve-week-oldplants were
exposedto UV-B light (280nm) for 2 days,12 h perday. Theleaveswerethenharvested
andextractedasdescribedbelow.

Camalexin extraction Thecamalexin extractionmethodwasbasedon Glazebrookand
Ausubel(9) with someminor modi�cations. Plantsamplesweretaken daily until 5 dai.
Inducedplant tissue( � 0.5 g) wasplacedin a tubecontaining5 ml methanol70% and
boiledin a waterbathadjustedto 65� C for � 40 min. Themethanolextractwasremoved
into acleantube.Thesameamountof chloroformwasaddedto themethanolsolutionand
mixedwell with a vortex mixer. Thechloroformextractwasthentransferredinto a clean
tubeandsolventwasremovedby rotaryevaporationat30–35� C. Thedry residuewaskept
at–20� C prior to furtherevaluation.

High PressureLiquid Chromatography (HPLC) Absolutemethanol(1 ml) wasadded
to dry tissueextract and subjectedto HPLC. Camalexin was quanti�ed using a Waters
Chromatography System(The WatersCorporation,Milford, MA, USA) anda Shimadzu
RF535HPLCFluorescenceDetector(ShimadjuCorporation,Kyoto,Japan)connectedto a
WatersDataModuleIntegrator/Recorder. Theexcitation(318nm) andemission(385nm)
spectraof camalexin wereusedto determineoptimal settingsfor �uorescencedetection.
A WatersSpherisorbS5ODS2,4.6 � 250 mm analyticalcolumnwasusedfor separation.
Theareaundereachpeakon theHPLC tracewasquanti�ed usingJCL6000softwareand
the concentrationwas calculatedfrom a calibrationcurve using pure camalexin kindly
providedby J.Glazebrook(Maryland,USA).Ten-� l aliquotsof thesampleswereanalyzed
using17:83acidi�ed waterandacetonitrile(90%) for over 10 min runningtime at 35� C.

Phytoparasitica31:1,2003 3



Injectionof acamalexin standardwasperformedeverytensamplesto ensuretheareaunder
eachpeakdid not change.

RESULTS

Phenotypecharacterization Interactionphenotypesof all accessionstestedwere re-
portedpreviously by Holub andBeynon (13). The responseof A. thaliana to infection
by P. parasiticacanvary signi�cantly whentheseedlingsgetolder (unpublishedresults).
Fourteen-day-oldseedlingswereusedfor testing,7 daysolder thanthoseconventionally
used by other researchlaboratories(1,4,6,28). However, there were no signi�cant
differencesin the responseof theseaccessionsto the isolate and no differenceswere
observed in meansof sporulationof the pathogen(Table 1). Heavy sporulationof the
isolatewasobserved in the Oy-0 accession,suggestinga compatibleinteractionbetween
Oy-0 andEmoy2 (Fig. 1a).However, minute�ecks on thehostandlow sporulationof the
pathogenwerecharacteristicin Col-0 inoculatedwith thesameisolate(Fig. 1b). Chlorotic
minute�ecks werevisibleby 5 daimacroscopicallyandcharacteristicof theLer accession.
No asexual sporulationof thepathogenwasobservedin this interaction(Fig. 1c). Pitting
necrosisfollowing inoculationwith isolateEmoy2 was obvious by 3 dai and expanded
greatlyby 7 dai in bothWs-3andNd-1 (Figs.1dand1e,respectively).

TABLE 1. Interactionphenotypesof accessionsof Arabidopsisthalianafollowing inoculationwith
Peronospora parasiticaisolateEmoy2

Accessions: Ws-3 Nd-1 Col-0 Ler Oy-0
IP� PN PN FDL FN EH
Resistance
genes

�

RPP1 RPP1 RPP4 RPP4 nr

� Interactionphenotypes:N: no sporulationof thepathogen;L: low sporulationof thepathogen( � 5 sporangio-
phorespercotyledon);H: heavy sporulation( � 20 sporangiophorespercotyledon);D: delayedsporulationwas
seen5 daysafter inoculation(dai); E: early sporulation,sporulationcommenced3 dai. P: pitting necrosis;F:
chloroticminute�ecks. Theplantswere2 weeksold whenthey wereinoculatedwith thesporesuspensionof P.
parasiticaandIPswereassessedat3, 5 and7 dai.

�

Resistancegenesdeterminedfor theaccessionsagainstEmoy2. RPP1in accessionWs-3wasclonedby Botella
et al. (6). Otherdataweretaken from Holub andBeynon(13). Thereis no resistancegenein Oy-0 againstthe
Emoy2 isolate.
nr = no resistancegene.

Camalexin levels in A. thaliana The levels of camalexin that accumulatedin the A.
thaliana accessionsfollowing infection with the Emoy2 isolatevaried greatly andwere
not associatedwith resistanceor susceptibility. Camalexin accumulationwas greatest
in Ws-3 (Fig. 2). The more dramaticaccumulationof camalexin in Ws-3 was clearly
evident by 2 dai and continuedto increaseuntil 4 dai, when the concentrationbegan
to decline. Suprisingly, the Nd-1 accession,which is associatedwith the PN phenotype
whenchallengedwith Emoy2, yieldedtwofold lesscamalexin thanWs-3. Althoughboth
accessions,Nd-1 andWs-3,recognizethepathogenwith theresistancegenesin thesame
locus(RPP1), they accumulatedsigni�cantly differentlevelsof camalexin over the5-day
period. The Emoy2 isolateinducedsimilar amountsof camalexin in bothOy-0 andCol-
0. Inductionof camalexin waslessthan0.5 � g g �

�

f.wt whenit peaked at 5 dai in both
accessions;this is muchlessthanthelevelsobservedin Ws-3andNd-1.
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Fig. 1. Variation in interactionphenotypesamongthe accessionsof Arabidopsisthaliana chal-
lengedby Peronospora parasitica isolate Emoy2. Macroscopicallyvisible characteristicswere
photographed7 dai. a: (top left) Oy-0, heavy asexual sporulation;b: (top right) Col-0, low asexual
reproduction;c: (middle)Ler, minute�ecks, no asexual sporulation;d: (bottomleft) Ws-3; ande:
(bottomright) Nd-1,pitting necrosiswith noasexual sporulation.

In orderto investigatewhethercamalexin wasinducedduringacompatibleinteraction,
the accessionOy-0 was inoculatedwith the sameisolateof P. parasitica. As described
above, Oy-0 doesnot have a resistancegeneagainst this isolate, resulting in a fully
susceptiblephenotypecharacterizedby extensive sporulationof the pathogenbeginning
at 3 dai. HPLC analysisrevealedthat camalexin accumulatedduring the compatible
interactionand reachedhigher levels than thoseobserved in either Col-0 or Ler, rising
to 1 � g g �

�

f.wt by 5 dai (Fig. 2). This resultsuggeststhatcamalexin accumulatesnotonly
in resistantbut alsoin susceptibleinteractionswith P. parasitica.

Camalexin levels following exposure to UV-B In order to determinethe camalexin
responseof theaccessionsto abioticstress,wetreatedtheplantswith UV-B light (280nm)
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Fig. 2. Time courseof inductionof camalexin in � ve accessionsof Arabidopsisthalianachallenged
by Peronospora parasitica isolateEmoy2. Yields arethe mean( � SD) of threereplicatesamples.
Emoy2 is compatiblewith Peronospora parasitica isolateEmoy2; Ler, Nd-1 and Ws-3 are fully
resistantto Emoy2. Col-0exhibitspartialresistanceto Emoy2.

for 2 days,12 h eachday. Theextensive grayishcolor of leaveswasvisible in Ws-3,but
no obviousphenotypicalresponsewasobserved in the four otheraccessions.The treated
leaveswereextractedasdescribedaboveandcamalexin level wasmeasured.BecauseUV-
B is a non-speci�celicitor, it wasthoughtthat camalexin levels would be similar among
all accessions,but it variedgreatlyamongthe accessions(Fig. 3). Ws-3, which gave a
grayishmacroscopicresponse,yieldedover 10 � g g �

�

f.wt camalexin after 2 dai, but the
otheraccessionswerelessresponsiveto thetreatment,yielding1.5 � g g �

�

f.wt in Oy-0and
lessthan0.8 � g g �

�

f.wt in Ler by 2 dai. Theamountof camalexin wasalmostundetectable
in bothNd-1andCol-0,yielding lessthan0.2 � g g �

�

f.wt.

DISCUSSION

Accordingto theresults,RPP1-mediatedresistancein Ws-3 induceda higherlevel of
camalexin thanthetwo othersourcesof resistance,suchasthatconferredby RPP4in Col-
5 andLer andby RPP1in Nd-1. Suprisingly, differentlevelsof camalexin in both Nd-1
and Ws-3 were observed in responseto the Emoy2 isolate,which is recognizedby the
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Fig. 3. Accumulationof camalexin in leavesof the� ve Arabidopsisthalianaaccessions2 daysafter
UV-B treatment(280nm). Yieldsarethemean( � SD) of threereplicatesamples.

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

Camalexin wasalso inducedin compatibleinteractions. Camalexin was detectedin
tissuesof Oy-0 following challengeby thevirulent Emoy2 isolate,reachinglevelshigher
than thoseobserved in either Col-0 or Ler. This may have beenbecausemore cells
were affected during colonization in the Oy-0/Emoy2 interaction,and thereforemore
cells were able to respondto the pathogen. Resultsrevealedthat thereis a correlation
betweencamalexin accumulationandpathogensporulation(but not resistance)in theOy-0
accession,becauseaccumulationincreasedwith time. Camalexin mightnotberequiredfor
resistancein the Oy-0/Emoy2 interaction,andthereforecamalexin accumulationis not a
speci�c responseto theavirulencebut ratherageneralresponseto stress.

Camalexin wasinducedin all accessionstested,but yields variedgreatly. The Ws-3
accessionof A. thaliana accumulatedgreateramountsof camalexin than the restof the
accessionstestedwhentreatedwith UV-B irradiation. It hasbeenreportedthat �a vonoids
and/oranthocyaninsareinducedby UV-B treatmentin 14plantspecies(4). Theepidermis
blocks transmittanceof up to 99% of incoming UV-B radiation (23). Stapleton(26)
reportedthat inductionof �a vonoidsin rye seedlingscanprevent UV-B-induceddamage
to photosynthesis.In this respect,camalexin accumulatedin the A. thaliana accessions
asa stressmetaboliteagainstabioticstressandperhapsit playsa role in preventingDNA
damagein plants.
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In the presentwork therewasno clearcorrelationbetweenresistanceandcamalexin
accumulationin the A. thaliana/P. parasitica isolate Emoy2 interaction. This �nding
showed similarities to previous researchon Brassicaspecies(21,24): the accumulation
of indolephytoalexins by variousBrassicaspp.did not correlatewith theresistanceto the
fungal pathogenLeptosphaeriamaculans. Thepadmutantsof A. thalianaderivedfrom a
screeningfor camalexin de�ciency werenot compromisedin their resistanceto isogenic
avirulent strainsof P. syringaecarryingavrRpt2andavrRpm1genes(9,10). Therefore,it
wassuggestedthatcamalexin doesnot playakey role in resistancein thatparticularhost–
pathogeninteraction.In contrast,Thomma(27) – usingthesamemutants– reportedthat
thepad3mutantwasmoresusceptiblethanwild-typeaccessionCol-0wheninoculatedwith
Alternaria brassicicola, suggestingthatcamalexin playsanimportantrole in resistanceof
A. thalianachallengedby A. brassicicola.

As a non-speci�c inducer, it was expected that all wild-type accessionswould
accumulatesimilar amountsof camalexin; this was, however, not the case,as the yield
varied greatly amongthe accessions(Fig. 3). Similar resultswere obtainedfrom the
inductionby thebiotic speci�c inducer, P. parasiticaisolateEmoy2. Althoughtheisolate
wasrecognizedby thegenesat thesamelocusin boththeNd-1 andWs-3accessions,the
accumulationof camalexin variedsigni�cantly. These�ndings leadus to agreewith the
suggestionby GlazebrookandAusubel(9) andGlazebrooket al. (10) that theremay be
morethanonepathway responsiblefor camalexin biosynthesis.

Phytoalexins asstress-inducedcompoundsarenot theonly defenseresponseproducts
in plants. Thereareotherresponsesthat leadpotentiallyto theprotectionof plantsfrom
invasionby pathogens,suchas lytic enzymes,oxidizing agents,cell wall ligni�cation,
salicylic acid, pathogenesis-relatedproteins,etc. (8). It would be interestingto monitor
other defensesin parallel to camalexin accumulationin theseaccessionsto determine
whethervariationsoccuralsoin theseothersystems.
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