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Abstract—Maize plantsunderattackby caterpillarsemit a specificblendof
volatilesthatis highly attractive to parasiticwasps.Thereleaseof thesesignals
is inducedby elicitors in thecaterpillarregurgitant.Studiessuggestthatplants
responddifferentlyto differentherbivorespeciesandevento differentherbivore
stages,thusproviding parasitoidsandpredatorswith specificsignals.Wetested
if this is the casefor different larval instarsof the noctuidmoth Spodoptera
littoralis whenthey feedon maizeplants.Cut maizeplantswereincubatedin
diluted regurgitant from second,third, or fifth instarcaterpillars.Therewere
no differencesin total amountreleasedafter thesetreatments,but therewere
smalldifferencesin thereleaseof theminor compoundsphenethylacetateand
α-humulene.Regurgitantof all threeinstarscontainedtheelicitor volicitin. To
testtheeffect of actualfeedingby the larvae,pottedplantswereinfestedwith
caterpillarsof oneof thethreeinstars,andvolatileswerecollectedthefollowing
day. The intensityof the emissionswas correlatedwith the numberof larvae
feedingonaplant,andwith theamountof damageinflicted,but wasindependent
of the instarthatcausedthedamage.We alsousedartificial damageto mimic
themannerof feedingof eachinstarto testthe importanceof physicalaspects
of damagesfor the odor emission.The emissionwas highly variable,but no
differenceswerefound amongthe differenttypesof damage.In olfactometer
tests,Microplitis rufiventris, a parasitoidthat canonly successfullyparasitize
secondandearlythird instarS.littoralis, did not differentiateamongtheodors
of maizeplantsattacked by different instar larvae.The odor analysesaswell
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astheparasitoid’s responsesindicatethatmaizeodorsinducedby S. littoralis
provideparasitoidswith poorinformationonthelarvaldevelopmentalstage.We
discusstheresultsin thecontext of variability andlackof specificityin odorous
plantsignals.

Key Words—larval instar, inducedplantvolatiles,specificity-reliability, 6-arm
olfactometer, Zeamays, Spodoptera littoralis, Microplitis rufiventris.

INTRODUCTION

Plantssubjectedto feedingdamageby insectsrespondwith thereleaseof charac-
teristicblendsof volatilesthatattractparasitoidsandpredators(DickeandSabelis,
1988;Dickeet al.,1990;Turlingsetal.,1990;Steinberg et al.,1992;McCall etal.,
1993;AgelopoulosandKeller, 1994;Mattiaccietal., 1994;Röseetal., 1996;Du
et al., 1998).Thesereleasesby attacked plantsaretriggeredby elicitors in oral
secretionsof theherbivores(Dicke et al., 1993;Turlingset al., 1993a;Mattiacci
etal.,1994).In theregurgitantof thecaterpillarPierisbrassicae, themainelicitor
was identifiedastheenzymeβ-glucosidase(Mattiacciet al., 1994).Alborn et al.
(1997,2000)identifieda nonproteinelicitor from the regurgitant of Spodoptera
exigua(Lepidoptera:Noctuidae),N-(17-hydroxylinolenoyl)-L-glutamine,named
volicitin. In maizeplants,volicitin triggersa responsesimilar to that triggered
by S.exigua feeding.Theinducedodor is composedmainly of terpenoidsandis
highlyattractiveto thebraconidparasitoidsCotesiamarginiventris(Hymenoptera:
Braconidae)andMicroplitis croceipes(Hymenoptera:Braconidae)(Alborn etal.,
1997;Turlingsetal., 2000).

Interestingly, M. croceipescannotparasitizeS.exigualarvae,but isneverthe-
lesshighly attractedto maizeodorsinducedby thisnonhost(McCall etal., 1993;
Turlings et al., 1993a).This potential limitation to the reliability of herbivore-
inducedplantsignalshasbeendiscussedby Vet andDicke(1992).They arguethat
the largequantitiesof theplant-providedcuesmake themhighly detectable,but
they maybepoor indicatorsof herbivore identity. However, somerecentstudies
suggestthatplantsignalscanbeherbivorespecific.DeMoraesetal.(1998)demon-
stratethattheparasitoidCardiochiles(Toxoneuron)nigriceps(Hymenoptera:Bra-
conidae)candistinguishodorsfromplantsdamagedby itsspecifichostfromodors
inducedby a nonhost.Differencesin theattractivenessto thewaspsweremainly
ascribedto quantitative differencesin a few compoundsreleasedby the plants.
Guerrieriet al. (1999)showed that differentaphidspecieselicit differentemis-
sionsin beanplantsandthat the aphidparasitoid,Aphidiuservi (Hymenoptera:
Braconidae:Aphidiinae),canusetheseto distinguishplantsinfestedby its host,
Acyrthosiphonpisum(Homoptera:Aphididae),from thoseinfestedby anonhost,
Aphisfabae(Homoptera:Aphididae).Thesestudiessuggestthat herbivorescan
inducespecificsignalsin plantsthat give informationon the identity of poten-
tial hostsfor parasitoids,but in someother systemsthis appearsnot to be the
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case(McCall et al., 1993; Turlings et al., 1993a).Another intriguing example
of specificity is that reportedby Takabayashiet al. (1995)who showed that the
parasiticwaspCotesiakariyai (Hymenoptera:Braconidae)candifferentiatebe-
tweenmaizeplantsunderattackby younginstarsandlate instarsof Pseudaletia
separata (Lepidoptera:Noctuidae).In contrast,in thecabbagesystem,composed
of cabbageplants–Pieris brassicae(Lepidoptera:Pieridae)–Cotesiaglomerata
(Hymenoptera:Braconidae),theparasitoiddoesnot discriminatebetweenplants
infestedby first andfifth instars(Mattiacci andDicke, 1995).This was surpris-
ing becausechemicalanalysesof collectedcabbageodorssuggestedthatthehost
instarsdifferedin theodor they inducedin theplant.Thespecificityof plant re-
sponsesseemsto differ for differentsystems,andthereliability of theinformation
providedby thechemicalsignalsvariesaccordingly.

In thecurrentstudy, we testedif, in thetritrophic systemcomprisingmaize
plants,S. littoralis (Boisd.) caterpillars,and the endoparasitoidM. rufiventris
(Kok.),theinducedodordifferswith thedevelopmentalstageof theherbivoreon
theplantandwhethersuchdifferencesaredetectedandusedby thewasp,which
canonly attackearly instars.For this purpose,volatilesemittedby maizeplants
thatweresubjectedtovarioustreatmentswerecollectedandanalyzed.Plantswere
incubatedin theregurgitantof second,third,andfifth instars.They werealsosub-
jectedto actualfeedingdamageby thesethreeinstars.Finally, artificial damage
was usedto mimic the damagecausedby the instars.We also testedif M. ru-
fiventrisdistinguishedamongtheodorsfrom plantsattackedby differentinstars.
The amountof damagewas the main factorthat determinedthe intensityof the
odor emissionsandtheir attractiveness.No major differenceswerefound in the
identitiesandrelatives ratiosof thevariouscompounds.Theresultsindicatethat
in thissystemodoremittedby themaizeplantprovidesnoor poorinformationon
herbivoreinstar.

METHODSAND MATERIALS

Plants. Maizeof thevarietyDelprimwasused.Seedsweresown in individ-
ual plasticpots(360ml, 10 cm diam.7 cm high) filled with fertilized soil (Coop,
Switzerland).Plantsweregrown in a climatechamber(type 10’US/+5 DU-PI,
WeissUmwelttechnik,Switzerland)at 23◦C, 60%relative humidity, 45,000lux,
andundera 16L:8D light regime.Plants9–10daysold wereusedfor all experi-
ments,atwhichagethey carry3–4leaves.

Insects.S. littoralis larvaeandeggswere received weekly from Syngenta
(Stein,Switzerland).Batchesof eggswereplacedon moistfilter paperin a Petri
dish.Newly hatchedlarvaewereput on maizeleaves (var. Delprim), in transpar-
entplasticboxes(13.5× 15× 5cm).Larvaeof second,third,andfifth instarswere
used. Regurgitant was collected as described by Turlings et al.
(1993a).
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A colony of theparasitoidM. rufiventriswas startedwith cocoonsprovided
by Dr. E. Hegazi (Universityof Alexandria,Alexandria,Egypt).Thecolony was
maintainedonS.littoralis larvaefedwith artificial diet.At emergence,adultswere
sexed andkeptin plasticcages(30× 30× 30cm,BugdormI, MegaView Science
EducationServiceCo,Ltd, Taiwan)underlaboratoryconditions(25± 3◦C, 40%
relativehumidity).Insectswereprovidedwith honey, andcagesweresprayedwith
waterdaily to compensatefor relatively dry labconditions.

CollectionandAnalysisof InducedOdor. Two systemswereusedto collect
inducedodorsfrom plants.Thefirst systemwas an all glasspush–pullodorcol-
lectionsystemmodifiedfrom Turlingsetal. (1991).It consistsof threecylindrical
Pyrex glasspieces.Thefirst tube(14cm)containsaglassfrit, whichensureslam-
inarairflow into thesecondtube.It endswith a6-cmmaleground-glassjoint that
is connectedto a femalecounterpartof thesecondtube(29× 7 cm).Thissecond
tubeendsin a femalegroundglassjoint (3 cm) thatfits theinlet of thethird tube,
which tapersdown andendsin a glassscrew fitting. An openscrew capwith a
Teflon-coveredrubberferrule(6 mm ID) connectsa collectiontrapat its upwind
endonthethird glasstube,while thedownwindendof thefilter is connectedwith
plastictubingto flowmeters(5-channelAdjustableVacuumFlow VolatileCollec-
tion System,modelVCS-5ASP-MAN,AnalyticalResearchSystems,Gainesville,
Florida,USA), which areconnectedto a vacuumpump.Humidifiedandpurified
air is pushedandpulledthroughtheglasstubesatarateof 600ml/min.Collection
trapsweremadeasdescribedby HeathandManukian(1994).Beforeeachcollec-
tion, filterswererinsedwith 500µl of pentane,followedby 500µl of methylene
chloride.

The secondsystemwas designedto collect from growing plants(Turlings
et al., 1998).The aerialpart of a plant was placedin a vertical cylinder (9.5×
54 cm),while thepot was placedoutside,separatedfrom therestof theplantby
a Teflondisk (Turlingset al., 1998).Purifiedandhumidifiedair was pushedinto
eachcylinderatarateof 1 liter/min. For collections,air waspulledthroughatrap
heldat thebaseof thecylinder, at a rateof 0.8 liters/min,while therestof theair
ventedthroughthe hole in the bottom,thuspreventingoutside,impureair from
entering.Theautomatedpartof thecollectionsystem(Analytical ResearchSys-
tems)controlledtheflow. Theclimatechamber(CMP4030,Conviron, Winnipeg,
Canada)in which thecollectioncylinderswerehousedwas keptat 17.5◦C. Due
to irradiationheat,thetemperatureinsidethecylinderswas23± 3◦C. During the
light cycle, light intensitywas about20,000lm/m2.

After eachcollection,filterswereextractedwith 150µl of methylenechloride
(Lichrosolv, Merck), and200ng of n-octaneandnonyl acetate(Sigma)in 10µl
methylenechloridewereaddedto thesamplesasinternalstandards.

Analysesweredonewith anHewlett PackardHP 6890seriesGC equipped
with anautomatedon-columninjectionsystem(HPG1513A) andaflameioniza-
tion detector. A 3-µl aliquotwas injectedontoanapolarEC-1capillarycolumn
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(30 m × 0.25mm ID, 0.25-µm film thickness,Alltech Associates)precededby
a deactivatedretentiongap(10m× 0.25mm ID, Connex) andadeactivatedpre-
column(30cm× 0.530mmID, Connex). Helium(24cm/sec)wasusedascarrier
gas.Following injection, the columntemperaturewas maintainedat 50◦C for 3
min, increasedto 230◦C at 8◦C/ min, andheldat230◦C for 9.5min. Thedetector
signalwas processedwith HP GC Chemstationsoftware.Compoundidentities
hadbeendeterminedin previousstudies(Turlingsetal.,1998;Gouingueńeet al.,
2001).

Effectof Regurgitant on Inductionof Odor. Oral secretionsof second,third,
andfifth instarsweretested.Threeplantswereused.Thecutstemof eachseedling
wasincubatedin asolutionof regurgitant(10%in distilledwater)duringonenight
(14–15hr). Controlswereincubatedin distilledwateronly. Beforecollection,the
partof thestemthathadbeensubmergedin thesolutionwascutoff, andthefresh
cutwaswrappedin apieceof moistcottonto avoid desiccation.Threeplantsthat
weretreatedwith the sameregurgitant solutionwereplacedtogetherin a glass
tubefor odorcollection.Theexperimentwas replicated13 times.Total amounts
aswell asthecompositionof theinducedodorblendemittedby theplantstreated
with differentregurgitantswerecompared.

Compositionsof the threeinstarswerecomparedto detectany variationin
elicitorqualityorquantity. Regurgitantsampleswerecollectedasdescribedabove.
To denatureenzymesandto eliminatebacterialdegradation,eachsampleof oral
secretionwas dilutedwith anequalamountof acetonitrileimmediatelyaftercol-
lection.Sampleswerecentrifugedat 14,000rpm (EppendorfCentrifuge5415)to
removesolids,andthesupernatantwasfilteredthrough0.45-and0.22-µm steril-
izing membranes(Millex-HV andMillex-GV, Millipore Bedford,Massachusetts,
USA). For quantitative analyses,5 µl of the internalstandardN-palmitoleoyl-L-
glutaminesolution(1µg/µl) in CH3CN/H2O (8:2v/v) wereaddedto eachsample
(50µl) asaninternalstandard.Ten microlitersof eachsamplewereanalyzedby
HPLC with UV detectionat 200 nm (constaMetric4100 pump, SpectroMon-
itor 3200 detector, SpectraSystemAS 3500 autosampler, Thermo Separation
Products,Riviera Beach,Florida, USA). A reverse-phasecolumn (YMC-Pack
ODS-AMQ,250× 4.6 mm ID, YMC, Kyoto,Japan)was eluted(1 ml/min) with
a solvent gradientof 20–95%CH3CN (High Purity Solvent, Burdick & Jack-
son,Muskegon,Mississipi,USA) containing0.8%aceticacid(Aldrich, Mil wau-
kee,Wisconsin,USA), in water(Milli-Q UV PLUSsystem,Millipore) containing
0.5% aceticacid, over 40 min, andthenreturnedto the initial conditionsat 45
min. Columntemperaturewas maintainedat 60◦C. Thedetectorresponseto the
internalstandardwasusedto calculatetheamountsof N-(17-hydroxylinolenoyl)-
L-glutamine(volicitin), N-(17-hydroxylinoleoyl)glutamine,17-hydroxylinolenic
acid, 17-hydroxylinoleic acid, N-linolenoyl-L-glutamine, N-linoleoyl glu-
tamine, linolenic acid, and linoleic acid. These were isolated and identi-
fied earlier in beetarmyworm (S. exigua) oral secretions(Alborn et al., 2000),
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and the structuresconfirmed by using methods described in Mori et al.
(2001).

Effect of Feedingby Second,Third, and Fifth Instars. To test if larvae of
differentinstarsinduceddifferentvolatiles,wecollectedodorfromplantsattacked
by differentnumbersof larvae.For secondinstars,either1, 5, 10, 25, 50, or 70
larvaewereplacedononeplant.For third instars,thenumberswere1,5,10,20,or
50 larvae.Thesenumberswerechosento obtaincomparableamountsof damage.
For thefifth instars,thedensitieswerelower. Dueto thesizeandfeedingrateof the
larvae,only1,2,3,4,5,or10larvaewereputonaplant.A cellulosebag(Celloclair,
Liestal,Switzerland)wasplacedover eachplantto preventescapeof caterpillars.
Larvaewereplacedontheplantsin theeveningandwereallowedto feedfor 15hr.
They wereremoved justbeforeanodorcollection.After collection,theamountof
damageon plantswas estimatedvisually andexpressedasthepercentageof leaf
surfaceremoved.

Effect of Different Typesof Damage. The damagecausedby the different
instarsof S. littoralis is different. Young instarsgrazethe surfaceof the leaf,
creating“windows” and leaving most of the veins intact, while late instarsre-
move all partsof a leaf. Intermediateinstarscombinebothtypesof damage:they
partly grazeon the leaves andremove small partsof tissue.To determineif the
differenttypesof damagearecorrelatedwith differencesin odor emissions,we
mimicked the caterpillardamage.To mimic second-instardamage,the surface
of the leaf was removed with a razor bladein order to leave the veins intact.
In eachcase,2 cm2 weredamagedper leaf. To mimic third-instardamage,the
samemanipulationwas done,and the leaves were cut in someplaces.Again,
2 cm2 weredamagedperleaf.For fifth-instardamage,10holeswerepunchedper
leaf. Holeswere4 mm in diameter, which correspondsto a surfaceof 5 cm2 per
leaf, but the damagedarearemainingwas considerablyless.For all treatments,
10 µl of caterpillarregurgitant were appliedon the damagedarea.Two plants
wereusedper treatment.Plantsweretreatedin theevening(18:00hr), andkept
in thedarkuntil collection(09:30hr thenext morning).This was replicatednine
times.

DoesM. rufiventrisDistinguishamongPlantsFed on by DifferentInstarsof
S.littoralis?Choicetestswereconductedin asix-armolfactometer. It consistsof
anairtightthree-partsystemof glasschambersinterconnectedby Teflontubes.On
thebottom,six glasschamberseachcontaina small growing plant,andpurified
andhumidifiedair entersthesechambers.Air passesover theplantsandis pushed
to theupperpartof thesystem,whereit entersthearmsof theolfactometer. Half
the air is pulled out at the upperpart of the chamberthroughvolatile collection
traps(HeathandManukian,1994),whichallows for trappingpartof thevolatiles
duringeachbioassay. Theupperpartconsistsof asix-armglassstar, andeacharm
is connectedwith a Teflontubeto anodorsourcechamberfrom thebottompart.
Thus,theair from eachchamberpassesthroughonearmto thecentralchamberof
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thestar. This centralchamberis a glasscylinder thatextendsinto themiddlepart
of thesystemwherethewaspsarereleased.At thebottom,just below therelease
point, theremainingair is pulledoutof thesystem.Waspsthatarereleasedin the
chamberreadilywalk up in thedirectionof a light sourcethatis placedabove the
olfactometer. Oncethey havereachedthisupperpartthey canmakea“choice” for
anodorby walking into oneof thearms.

As odorsources,threeundamagedplantswerealternatedwith plantsfed on
byeachinstarof S.littoraliscaterpillarsin thesixbottomchambers.Themaximum
emissionof odor occurredat about60% damageon a plant, independentof the
instar. Thisamountof damagewascorrelatedto acorrespondingnumberof larvae
for eachinstartested.Basedonthis,plantswerefedonby either60secondinstars,
30third instars,or3fifth instarsfor 15hr. Odoremissionsfromplantsfedonby the
differentinstarswerecollectedfor 3hr. Fourgroupsof six femaleparasitoidswere
testedeachday. Onegroupof six was naive females,while theothertrials were
conductedwith sixfemalewaspsthathadhadanovipositionexperiencewith plants
thathadbeendamagedby eithersecond,third, or fifth instarsovernight.During
suchexperiences,femaleparasitoidslearn to associatethe odor they encounter
with thepresenceof hostsandbecomemoreresponsive to this odor (Lewis and
Tumlinson,1988;Turlingsetal.,1993b;Vet et al.,1995).If theodorsdifferamong
thethreeinstars,thisisreflectedin theresponsesof thedifferentexperiencegroups.
Thepositionof theplantsremainedthesameonaparticulardayto avoid aneffect
of odorcontaminationin thearms,but thepositionof treatedplantsandcontrol
plantswas changedbetweendaysof experiments.Thedaybeforeeachreplicate,
thesystemwasthoroughlywashed,rinsedwith solvents,andtheglasspartsplaced
in anovenat 250◦Cfor severalhours.Experimentswereconductedon10different
days(60waspsperexperiencetype).

StatisticalAnalyses.The total amountof inducedodor releasedwas com-
paredusingone-wayANOVA. Datawereln-transformedto complywith ANOVA
assumptions.The Student-Newman-Keulstestwas usedasthe posthoc test for
multiplecomparison.Comparisonof theamountsof the20dominantcompounds
wasdoneusingamultivariateANOVA. TheDunnettT3 posthoctestwasusedfor
multiplecomparisons.

Quadraticregressionson ln-transformeddatawereperformedto testfor the
effect of thequantityof damageon thereleaseof inducedvolatiles.Theanalysis
was donefor eachinstarseparately. Confidenceintervalsof equationcoefficients
werecalculatedandcompared.For comparisonof theodorblendsinducedby the
threeinstars,dataweregroupedin five damageclasses.Multivariateanalysisof
variancewasperformedto comparetheeffectof instarandof theclassof damage
on thereleaseof six dominantcompounds.DunnettT3 posthoctestwasusedfor
multiplecomparison.

Chi-squareanalysiswasperformedto testfor differencesamongproportions
of waspsthatchoosethedifferentodorsthey wereoffered.
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FIG. 1. Averagetotal amount+ SE of inducedodor emittedby maizeseedlingsafter
incubationin asolutionwith regurgitantof aspecificinstar. Incubationin waterwasusedas
control.Differentlettersabove eachbar indicatedifferencesamongtreatmentsaccording
to Student-Newman-Keulsposthoctestafterone-wayANOVA (F = 16.138; P < 0.001)

RESULTS

Effect of Regurgitant on Odor Induction. No significantdifferenceswere
foundin thetotalamountof inducedvolatilesemittedbymaizeplantsincubatedin
regurgitantsolutionsfrom second,third,andfifth instarsof S.littoralis (Figure1).
As expected,plantsincubatedonly in waterreleasedsignificantlylesscompared
to plantsincubatedin regurgitantsolutions(Figure1).

Compositionof the odor blend inducedby the different regurgitantswas
not significantly different,except for the compoundsphenethylacetateandα-
humulene,whichwerereleasedin higherrelativeproportionsby plantsincubated
in fifth-instarregurgitantsolutionascomparedto othertreatments(Figure2).

Analysisof the regurgitant of the threeinstarstestedshowed that all con-
tainedvolicitin. For all instars,linolenic acid dominatedthe compositionof the
regurgitant. The ratios of the different compoundspresentvaried amongthe
threeinstars(Figure3). Only onesampleof second-instarregurgitantwas avail-
able, so no statistical analysis was performed, but any possible difference
amongthethreeinstarsis notdramatic,andall instarsproducedvolicitin.

Effectof Feedingby Second,Third, andFifth Instars on InducedEmissions.
Thepercentageof damagedoneto maizeplantswascorrelatedwith thenumberof
larvaefeeding.Not surprisingly, therelationshipbetweenthequantityof damage
andthenumberof larvaedifferedfor thedifferentinstars(Figure4).For eachinstar,
theamountof volatilesreleasedandtheamountof damageinflicted closelyfit a
quadraticrelationship(Figure4).Themaximumemissionof inducedodoroccurred
in plantsfrom which about60% of the surfacehad beenremoved (Figure 4).
The confidenceintervals for eachcoefficient of the threeequationsoverlapped
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FIG. 2. Averagerelativeamount+ SEof themaincompoundsreleasedby maizeseedlings
after incubationin a solutionwith regurgitantof a specificlarval instar. Incubationin wa-
ter was usedascontrol.Differentlettersabove barsindicatesignificantdifferencesamong
treatmentsfor the different compoundsaccordingto Student-Newman-Keuls test.Peak
identities:(1) (Z)-3-hexenal,(2) (E)-2-hexenal,(3) (Z)-3-hexen-1-ol,(4) (E)-2-hexen-1-
ol, (5) β-myrcene,(6) (Z)-3-hexen-1-ylacetate,(7) linalool, (8) (3E)-4,8-dimethyl-1,3,7-
nonatriene,(9) phenethylacetate,(10) indole,(11) geranyl acetate(12) unknown, (13)β-
caryophyllene,(14) (E)-α-bergamotene,(15) (E)-β-farnesene,(16)α-humulene,(17) un-
knownsesquiterpene,(18)β-bisabolene+ (E, E)-α-farnesene,(19)β-sesquiphellandrene,
(20) (3E,7E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene

almostcompletely, which meansthat the amountof inducedvolatiles released
aftercaterpillarfeedingdid notdiffer amongthethreeinstars.

Thequality of theodorblendalsodependedon theamountof damagedone
by eachinstar (Figure 5). Therewere no obvious differencesamongthe three
instarstested.Two sesquiterpenes,α-bergamoteneand (E)-β-farnesene,were
dominantin the odor blend for all instars.Figure5 illustratesthe ratiosof the
maincompoundsin theinducedblendfor fiveclassesof damageandfor thethree
instars.Multivariateanalysisof varianceindicatedthattheinstarhadnoeffecton
theamountof thedifferentinducedvolatiles(F = 1.164, P = 0.279),while the
classesof damagehadaneffect(F = 1.676,P = 0.004),andtheinterceptbetween
the instarand the classeswas not significant(F = 0.896, P = 0.755). Among
the compounds,linalool, indole, β-caryophyllene,α-bergamotene,and (E)-β-
farnesenewere releasedin significantly different amountsamongthe different
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FIG. 3. Relativeamount(mean+SE)of thedifferentcomponentspresentin theregurgitant
of 2nd,3rd,and5th instarsof S.littoralis.

classesof damage.The relative amountof linalool decreasedwhenthe amount
of damageincreased,exceptbetween40 and60%of damagewhereplantsdam-
agedby secondinstarsemitteda large amountof linalool. The proportionof
indole increasedin the odor blendwith the amountof damage.The proportion
of β-caryophyllenein theinducedodorblendincreasedslightlywith theamountof
damage (Figure 5). About 20% of the induced odor was composedof
α-bergamotene,which representeda slightly higher proportionwhen 40–60%
of aplantwasdamaged.Thesametrendwasobservedfor (E)-β-farnesene,which
was themainsubstancein theinducedblend(about40%,Figure5).

Effectof DifferentTypesof Damage. Total amountsof inducedvolatilesfor
thethreetypesof damagewerenotsignificantlydifferentfromeachother, butwere
differentfrom theundamagedplant (Figure6). Multivariateanalysisof variance
indicatedthat the type of damagealsohadno effect on the compositionof the
blend(Figure7, F = 1.728, P = 0.923).

DoesM. rufiventrisDistinguishamongPlantsFed on by Different Instars?
Femaleparasitoidssignificantly preferredthe odor of plants that were fed on
by larvae to undamagedplants;on average87% of the femalesmadea choice
for the odor of damagedplants.When femaleshad no previous experienceor
had experiencewith odorsof plantsfed on by third or fifth instars,no prefer-
enceswerefoundin their choices(Figure8A, C, D). Surprisingly, femalewasps
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FIG. 4. Total amountof inducedvolatilesemittedby second,third, andfifth instars(ln-
transformeddata)versuspercentageof damageon plants.Secondinstar: F = 28.5864,
P < 0.001(grey line); third instar:F = 16.685, P < 0.001(blackline); fifth instar:F =
33.879, P < 0.001(dashedblackline).

experiencedwith odorsof plantsfed on by secondinstarsshowed a slight but
significantpreferencefor the odor of plantsfed on by third instars(Figure8B).
Interestingly, fewer femaleschosetheodorof plantsattackedby fifth instars,but
this trendis likely dueto thelower quantitiesof volatilesemittedby theseplants
(Figure9),whichshowedlessdamagethanplantseatenby secondandthird instar
larvae.

DISCUSSION

In all cases,the threedifferent instarsinducedan emissionof volatiles in
maize.Regurgitantof thethreeinstarsinducedsimilarvolatileblends,bothin terms
of quantityandquality. Theonly differencewas a higheremissionof phenethyl
acetateandα-humulene(twoof theminorcompounds)whenplantswereincubated
in fifth instarregurgitant(Figure2). Thecompositionof regurgitantsof thethree
differentinstarstestedshowednomajordifferences(Figure3),andall threeinstars
producetheknown elicitor volicitin (Alborn etal., 1997).

The total amountof volatiles releasedwas correlatedwith the amountof
damagedoneby thelarvae.No differenceswerefoundamonginstarswhencom-
paringplantswith equalamountsof damage.This was confirmedby mimicking
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FIG. 5. Averagerelative amountof the six main inducedvolatiles(mean+ SE) emitted
for five classesof damagedoneon plants.Differentlettersabove barsindicatesignificant
differencesbetweenclassesof damage(α = 0.05)afterDunnett’s T3 posthoctest.

thedamagedoneby thedifferentdevelopmentalstages.Thetypeof damagedid
notaffect theemissionof inducedvolatiles.Whenlarvaewerefeedingdirectlyon
maizeplants,differencesin therelative amountsof thesix dominantcompounds
weredueto theamountof damageinflicted on plants.Femalesof theparasitoid
M. rufiventrisdid notshow differencesin theirpreferencefor odorinducedby the
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FIG. 6. Averagetotal amount(mean+ SE)of inducedodoremittedby maizeplantsafter
threedifferent typesof damage.Undamagedplantsserved as controls.Different letters
above eachbar indicatesignificantdifferencesafterStudent-Newman-Keulsposthoc test
(α = 0.05)

different instars.Theremay be somesubtledifferencesin the odor profilesthat
we may not have detectedbecauseof the limitations of the analyticalmethods
used,but theresponseof thewaspsdoesnotprovideany evidencefor differences
(Figure8).

In contrastto the resultsfound here,Takabayashiet al. (1995) found that
differentdevelopmentalstagesof P. separata differentlyaffectedtheemissionof
volatilesin maizeandthat theparasiticwaspC. kariyai usesthesedifferencesto
locatesuitableyounghosts.Late instarsof P. separata do not inducetherelease
of volatiles,while earlyinstarsdo.Takabayashietal. (1995)suggestthattheplant
releasesdifferentblendsof inducedodorthatprovidetheparasitoidwith informa-
tion on stageandsuitability of theherbivore.This hypothesiswas not supported
in a systemstudiedby MattiacciandDicke (1995).TheparasitoidC. glomerata
doesnotdiscriminateamongcabbageplantsinfestedby differentinstarsof Pieris
brassicaeeven thoughit alsocanonly attackyoung instars.Femalewaspsare
moreresponsive whenthey have previously encountereda suitablehostandthey
areableto learnthesurroundingodorduringsuchanencounter(Turlingset al.,
1993b;Vet et al.,1995).McCall etal. (1993)showedthatMicroplitis croceipesin-
creasesits responsivenessafterencounteringits host,andtheeffectivenessof this
learningprocessalsoincreaseswith thenumberof experiencesthewaspshadpre-
viously. Turlingsetal. (1993b)describedassociativelearningin C.marginiventris
andhow thisgeneralistis capable,afterasingleexperience,to distinguishamong
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FIG. 7. Averagerelative amountof the differentcompoundsof the inducedodourblend
(mean+ SE).(1) (Z)-3-hexenal,(2) (E)-2-hexenal,(3) (Z)-3-hexen-1-ol,(4) (E)-2-hexen-
1-ol,(5)β-myrcene,(6) (Z)-3-hexen-1-ylacetate,(7) linalool,(8) (3E)-4,8-dimethyl-1,3,7-
nonatriene,(9) phenethylacetate,(10) indole,(11) geranyl acetate(12) unknown, (13)β-
caryophyllene,(14) (E)-α-bergamotene,(15) (E)-β-farnesene,(16)α-humulene,(17) un-
known sesquiterpene,(18)β-bisabolene+ (E,E)-α-farnesene,(19)β-sesquiphellandrene,
(20) (3E,7E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene

odorsemittedby plantsthatareeatenby differenthostspecies.For M. rufiventris,
evenwhenfemalewaspshadapreviousexperiencewith theodorof maizeplants
fed on by thedifferentdevelopmentalstages,they did not distinguishamongthe
inducedodorof plants.Thepreferencefor plantsattackedby third instarswhenfe-
maleshadanexperiencewith theodorof maizefedonbysecondinstars(Figure8)
alsoindicatesthatthedifferenceamongtheblendsis small.Thiscanbeexplained
by thefactthattheamountof inducedodoremittedin thisexperimentwashigher
for themaizeplantsattackedby third instars(Figure9). Thebehavior of M. ru-
fiventrisconfirmedtheresultsobtainedby analyticalmethodsthatinducedmaize
odordoesnot significantlydiffer whendifferentlarval instarsfeedon theplant.
Hence,thevolatile signalappearslimited in thespecificinformationit provides.

Thespecificityof inducedsignalin plantshasbeendemonstratedin several
tritrophic systems.The aphid parasitoidAphidiuservi can distinguishbetween
plantsfed on by its host Acyrthosiphonpisumand plantsfed on by a nonhost
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FIG. 8. The numberof waspsthat chosethe odor of maizeplantsdamagedby either
second,third, or fifth instars,or undamagedplants.The femalewaspswereeithernaive
or experiencedby allowing themto oviposit in a secondinstaron a plant that hadbeen
damagedby eithersecond,third, or fifth instars.

FIG. 9. Total amount of induced odor (mean+ SE) released by plants fed on by second,
third, and fifth instars during the 3hr of collection in the six arm olfactometer collection
system. No significant differences were found among the quantity of volatiles emitted by
the plants (F = 2.793, P = 0.079).
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aphid.This distinctionis suggestedto bedueto a specificcompound,6-methyl-
5-hepten-2-one,of which theemissionincreasesonly whentheparasitoid’s host
feedsontheplant(Duetal.,1998).DeMoraesetal.(1998)foundthatthespecialist
parasitoid,Cardiochilesnigriceps, canuseplantvolatilesto differentiateamong
plantsinfestedbyitshostfromplantsinfestedbyacloselyrelatednon-hostspecies.
In this case,theratiosof inducedvolatilesin theodorblendfrom plantsattacked
by thetwo differentnoctuidhostswassomewhatdifferent.Thus,in somesystems,
inducedodorsfrom plantsseemto give parasitoidsinformationon thesuitability
of theherbivore feedingon theplant,while in others(e.g.,MattiacciandDicke,
1995)they do not.

Due to differencesamongplant speciesandgenotypes(Gouingueńe et al.,
2001)aswell asvariationcausedby abiotic factors(Gouingueńe andTurlings,
2002),inducedplantsignalscanbevariable.It seemsunlikely thatgeneralistpar-
asitoidssuchasM. rufiventrishaveadaptedto respondto specificplantcues.Our
resultsconfirm this notion; the volatile signal inducedby S. littoralis, a gener-
alist herbivore, on maizedoesnot seemto be a reliable indicator of herbivore
stage.Othercuesthaninducedplant odorsmight provide parasitoidswith more
specificinformation.Theseare likely to comefrom by-productsof host larvae.
C. marginiventris, for instance,is alsoattractedby herbivorefrassandmothscale
of S. frugiperda (Loke andAshley, 1984).Suchkairomonesthat comedirectly
from thehostaremorereliablethanplantodors,but far lessdetectable(Vet and
Dicke, 1992).Consideringthe high variability in the readily available induced
plantsodors,evenwithin a species(Gouingueńe et al., 2001),it maybeadaptive
for the waspsto be flexible andexhibit specificity in their responsesonly after
repeatedexperienceswith rewardingodorblends.
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