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Abstract—Maize plantsunderattackby caterpillarsemit a specificblend of
volatilesthatis highly attractve to parasiticwasps Thereleaseof thesesignals
is inducedby elicitorsin the caterpillarregurgitant. Studiessuggesthatplants
respondlifferentlyto differentherbivorespeciesndevento differentherbvore
stagesthusproviding parasitoidsindpredatorawith specificsignals We tested
if this is the casefor differentlarval instarsof the noctuid moth Spodoptea
littoralis whenthey feed on maizeplants.Cut maizeplantswereincubatedn
diluted regurgitant from second third, or fifth instar caterpillars.Therewere
no differencedn total amountreleasedafter thesetreatmentsput therewere
smalldifferencesn thereleaseof the minor compoundghenethylacetateand
a-humuleneRegurgitantof all threeinstarscontainedhe elicitor volicitin. To
testthe effect of actualfeedingby the larvae,pottedplantswereinfestedwith
caterpillarsof oneof thethreeinstars andvolatileswerecollectedthefollowing
day The intensity of the emissionswas correlatedwith the numberof larvae
feedingonaplant,andwith theamounbf damagénflicted,but wasindependent
of theinstarthat causedhe damageWe alsousedartificial damageo mimic
the mannerof feedingof eachinstarto testthe importanceof physicalaspects
of damagedor the odor emission.The emissionwas highly variable,but no
differencesavere found amongthe differenttypesof damageln olfactometer
tests,Microplitis rufiventris a parasitoidthat canonly successfullyparasitize
secondandearlythird instarS.littoralis, did not differentiateamongthe odors
of maizeplantsattacled by differentinstarlarvae. The odor analysesaswell
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asthe parasitoids responseidicatethat maizeodorsinducedby S.littoralis
provide parasitoidsvith poorinformationonthelarval developmentastage We
discusgheresultsin thecontext of variability andlack of specificityin odorous
plantsignals.

Key Words—Ilarval instar inducedplantvolatiles,specificity-reliability 6-arm
olfactometerZeamays Spodopted littor alis, Microplitis rufiventris

INTRODUCTION

Plantssubjectedo feedingdamageby insectsrespondvith thereleaseof charac-
teristicblendsof volatilesthatattractparasitoid@indpredatorgDicke andSabelis,
1988;Dickeet al.,1990;Turlingsetal.,1990;Steinbeg et al.,1992;McCall etal.,
1993;AgelopoulosandKeller, 1994;Mattiaccietal., 1994;Roseetal., 1996;Du
etal., 1998). Thesereleasedy attacled plantsaretriggeredby elicitorsin oral
secretion®f the herbivores(Dicke et al., 1993; Turlings et al., 1993a;Mattiacci
etal.,1994).In theregurgitantof the caterpillarPieris brassicagthemainelicitor
was identifiedasthe enzymeg-glucosidas¢Mattiaccietal., 1994).Alborn etal.
(1997,2000)identified a nonproteinelicitor from the regumitant of Spodoptea
exigua(LepidopteraNoctuidae),N-(17-hydroxylinolengl)-L-glutamine named
volicitin. In maize plants,volicitin triggersa responsesimilar to that triggered
by S.exiguafeeding.Theinducedodoris composednainly of terpenoidsaandis
highly attractiveto thebraconidparasitoid€otesiamaminiventris(Hymenoptera:
BraconidaepandMicroplitis croceipedHymenopteraBraconidaefAlborn etal.,
1997;Turlingsetal., 2000).

Interestingly M. croceipesannotparasitizeS.exigualarvae,but is neverthe-
lesshighly attractedo maizeodorsinducedby this nonhostMcCall etal., 1993;
Turlings et al., 1993a).This potentiallimitation to the reliability of herbivore-
inducedplantsignalshasbeendiscussedby Vet andDicke (1992).They arguethat
the large quantitiesof the plant-pravided cuesmalke themhighly detectableput
they may be poor indicatorsof herbivore identity. However, somerecentstudies
suggesthatplantsignalscanbeherbivorespecific DeMoraesetal. (1998)demon-
stratethattheparasitoidCardiochiles(Toxoneuon) nigriceps(HymenopteraBra-
conidaexandistinguishodorsfrom plantsdamagedby its specifichostfrom odors
inducedby a nonhostDifferencesn the attractvenesgo the waspsweremainly
ascribedto quantitatve differencesn a few compoundseleasedy the plants.
Guerrieriet al. (1999) shaved that differentaphid specieslicit differentemis-
sionsin beanplantsandthat the aphid parasitoid Aphidiuservi (Hymenoptera:
BraconidaeAphidiinae),canusetheseto distinguishplantsinfestedby its host,
Acyrthosiphorpisum(HomopteraAphididae),from thoseinfestedby a nonhost,
Aphisfabae(HomopteraAphididae).Thesestudiessuggesthat herbivorescan
inducespecificsignalsin plantsthat give information on the identity of poten-
tial hostsfor parasitoidsput in someother systemsthis appearaot to be the



case(McCall et al., 1993; Turlings et al., 1993a).Another intriguing example
of specificityis thatreportedby Takabayashet al. (1995)who shaved thatthe
parasiticwaspCotesiakariyai (HymenopteraBraconidaexandifferentiatebe-
tweenmaizeplantsunderattackby younginstarsandlate instarsof Pseudaletia
sepaata (LepidopteraNoctuidae)ln contrastjn the cabbageystemcomposed
of cabbageplants-Pieris brassicae(Lepidoptera:Pieridae)€otesiaglomenta
(HymenopteraBraconidae)the parasitoiddoesnot discriminatebetweerplants
infestedby first andfifth instars(Mattiacci and Dicke, 1995). This was surpris-
ing becausehemicalanalyse®f collectedcabbagedorssuggestethatthe host
instarsdifferedin the odorthey inducedin the plant. The specificity of plantre-
sponseseemdo differ for differentsystemsandthereliability of theinformation
providedby the chemicalsignalsvariesaccordingly

In the currentstudy we testedif, in thetritrophic systemcomprisingmaize
plants, S. littoralis (Boisd.) caterpillars,and the endoparasitoidM. rufiventris
(Kok.),theinducedodor differswith the developmentaktageof the herbivore on
the plantandwhethersuchdifferencesaredetectecandusedby the wasp,which
canonly attackearly instars.For this purposeyolatilesemittedby maizeplants
thatweresubjectedo varioustreatmentsverecollectedandanalyzedPlantswere
incubatedn theregurgitantof secondthird, andfifth instars.They werealsosub-
jectedto actualfeedingdamageby thesethreeinstars.Finally, artificial damage
was usedto mimic the damagecausedby the instars.We also testedif M. ru-
fiventrisdistinguishecamongthe odorsfrom plantsattacled by differentinstars.
The amountof damagewas the main factorthat determinedhe intensity of the
odor emissionsandtheir attractvenessNo major differencesverefoundin the
identitiesandrelatives ratiosof the variouscompoundsThe resultsindicatethat
in this systemodoremittedby the maizeplantprovidesno or poorinformationon
herbioreinstar

METHODSAND MATERIALS

Plants. Maizeof thevariety Delprim was used.Seedaveresown in individ-
ual plasticpots(360ml, 10 cmdiam.7 cm high) filled with fertilized soil (Coop,
Switzerland).Plantswere grown in a climate chamber(type 10'US/H-5 DU-PI,
WeissUmwelttechnik,Switzerland)at 23°C, 60% relative humidity, 45,000lux,
andundera 16L:8D light regime. Plants9—10daysold were usedfor all experi-
ments,atwhich agethey carry3-4leaves.

Insects.S. littoralis larvae and eggs were receved weekly from Syngenta
(Stein,Switzerland) Batchesof eggswereplacedon moistfilter paperin a Petri
dish.Newly hatchedarvaewereput on maizeleaves (var. Delprim),in transpar
entplasticboxes(13.5 x 15 x 5¢cm).Larvaeof secondthird, andfifth instarswere
used. Regumitant was collected as described by Turlings et al.
(1993a).



A colory of the parasitoidM. rufiventriswas startedwith cocoonsprovided
by Dr. E. Hegazi (University of Alexandria,Alexandria,Egypt). The colory was
maintainedn S.littor alis larvaefed with artificial diet. At emegenceadultswere
sexed andkeptin plasticcageg30 x 30 x 30cm,Bugdorml, MegaView Science
EducationServiceCo, Ltd, Taiwan)underlaboratoryconditions(25 + 3°C, 40%
relative humidity). Insectawvereprovidedwith honey, andcagesweresprayedvith
waterdaily to compensatéor relatively dry lab conditions.

Collectionand Analysisof InducedOdor. Two systemswvereusedto collect
inducedodorsfrom plants.Thefirst systemwas an all glasspush—pullodor col-
lectionsystemmodifiedfrom Turlingsetal. (1991).It consistf threecylindrical
Pyrex glasspiecesThefirst tube(14 cm) containsaglassfrit, whichensuresam-
inar airflow into thesecondube.It endswith a 6-cmmaleground-glasgoint that
is connectedo afemalecounterparbf thesecondube (29 x 7 cm). Thissecond
tubeendsin afemalegroundglassjoint (3 cm) thatfits theinlet of thethird tube,
which tapersdovn andendsin a glassscrew fitting. An openscrav capwith a
Teflon-careredrubberferrule (6 mm ID) connectsa collectiontrap atits upwind
endonthethird glasstube,while thedonnwind endof thefilter is connectedvith
plastictubingto flowmeterq5-channelAdjustableVacuumFlow Volatile Collec-
tion SystemmodelVCS-5ASP-MAN,Analytical ResearclsystemsGainesville,
Florida,USA), which areconnectedo a vacuumpump.Humidified and purified
airis pushedandpulledthroughtheglasstubesatarateof 600ml/min. Collection
trapsweremadeasdescribedy HeathandManukian(1994).Beforeeachcollec-
tion, filters wererinsedwith 500 il of pentanefollowedby 500 ul of methylene
chloride.

The secondsystemwas designedo collect from growing plants(Turlings
etal., 1998). The aerial part of a plantwas placedin a vertical cylinder (9.5 x
54 cm), while the pot was placedoutside separatedrom the restof the plantby
a Teflondisk (Turlingsetal., 1998).Purifiedandhumidifiedair was pushednto
eachcylinderatarateof 1 liter/min. For collectionsair was pulledthroughatrap
held atthe baseof the cylinder, at arateof 0.8liters/min,while therestof theair
ventedthroughthe holein the bottom, thus preventing outside,impure air from
entering.The automatecpart of the collectionsystem(Analytical ResearctBys-
tems)controlledthe flow. Theclimatechambe(CMP4030,Corviron, Winnipeg,
Canada)n which the collectioncylinderswerehousedwas keptat 17.5C. Due
to irradiationheat thetemperaturénsidethecylinderswas 23 £ 3°C. During the
light cycle, light intensitywas about20,000lm/m?.

After eachcollection filterswereextractedwith 1501 of methylenechloride
(Lichrosoly, Merck), and200 ng of n-octaneandnoryl acetatgSigma)in 10 ul
methylenechloridewereaddedo the samplesasinternalstandards.

Analysesweredonewith an Hewlett PackardHP 6890seriesGC equipped
with anautomatedan-columninjectionsystemHP G1513A) andaflameioniza-
tion detector A 3-ul aliquotwas injectedonto an apolarEC-1 capillary column



(30m x 0.25mm ID, 0.25um film thicknessAlltech Associatesprecededy
adeactvatedretentiongap(10m x 0.25mm ID, Conn&) anda deactvatedpre-
column(30cm x 0.530mmID, Conn&). Helium (24 cm/sec)was usedascarrier
gas.Following injection, the columntemperaturavas maintainedat 50°C for 3
min, increasedo 230°C a 8°C/ min, andheldat230°C for 9.5min. Thedetector
signhalwas processedvith HP GC Chemstatiorsoftware. Compoundidentities
hadbeendeterminedn previousstudies(Turlingsetal., 1998;Gouingueg et al.,
2001).

Effectof Regurgitant on Inductionof Odor. Oral secretion®f secondthird,
andfifth instarsweretestedThreeplantswereused Thecutstemof eachseedling
wasincubatedn asolutionof regurgitant(10%in distilled water)duringonenight
(14-15hr). Controlswereincubatedn distilled wateronly. Beforecollection,the
partof the stemthathadbeensubmegedin the solutionwas cut off, andthefresh
cutwas wrappedn a pieceof moistcottonto avoid desiccationThreeplantsthat
weretreatedwith the sameregurgitant solutionwere placedtogetherin a glass
tubefor odor collection. The experimentwas replicatedl3 times. Total amounts
aswell asthecompositiorof theinducedodorblendemittedby the plantstreated
with differentregumitantswerecompared.

Compositionsof the threeinstarswere comparedo detectary variationin
elicitor quality or quantity Regurgitantsamplesverecollectedasdescribedibove.
To denatureenzymesandto eliminatebacterialdegradation.eachsampleof oral
secretiorwas dilutedwith anequalamountof acetonitrileimmediatelyafter col-
lection. Samplesverecentrifugedat 14,000rpm (EppendoriCentrifuge5415)to
remove solids,andthe supernatanivas filtered through0.45-and0.22.m steril-
izing membranegMille x-HV andMille x-GV, Millipore Bedford,Massachusetts,
USA). For quantitatve analyses5 ul of the internalstandardN-palmitoleq!-L-
glutaminesolution(1 ng/ul) in CH3CN/H,O (8:2v/v) wereaddedo eachsample
(50 ul) asaninternalstandardTen microlitersof eachsamplewereanalyzedoy
HPLC with UV detectionat 200 nm (constaMetric4100 pump, SpectroMon-
itor 3200 detectoy SpectraSystemAS 3500 autosamplerThermo Separation
Products,Riviera Beach,Florida, USA). A reverse-phaseolumn (YMC-Pack
ODS-AMQ, 250 x 4.6 mm ID, YMC, Kyoto, Japan)was eluted(1 ml/min) with
a solvent gradientof 20—95%CH3;CN (High Purity Solvent, Burdick & Jack-
son,Muskegon, Mississipi,USA) containing0.8%aceticacid (Aldrich, Mil wau-
kee,WisconsinUSA), in water(Milli-Q UV PLUSsystemMillipore) containing
0.5% aceticacid, over 40 min, andthenreturnedto the initial conditionsat 45
min. Columntemperaturevas maintainedat 60°C. The detectorresponseo the
internalstandardvas usedto calculateheamountf N-(17-hydroxylinolengl)-
L-glutamine(volicitin), N-(17-hydroxylinolegl)glutamine,17-hydroxylinolenic
acid, 17-hydroxylinoleic acid, N-linolengyl-L-glutamine, N-linoleoyl glu-
tamine, linolenic acid, and linoleic acid. These were isolated and identi-
fied earlierin beetarmyworm (S. exigua) oral secretiongAlborn et al., 2000),



and the structuresconfirmed by using methods describedin Mori et al.
(2001).

Effect of Feedingby Second,Third, and Fifth Instars. To testif larvae of
differentinstarsnduceddifferentvolatiles,we collectedodorfrom plantsattacled
by differentnumbersof larvae.For secondnstars,eitherl, 5, 10, 25, 50, or 70
larvaewereplacedononeplant.For third instarsthenumbersverel, 5, 10,20, 0r
50larvae.Thesenumbersnverechoserto obtaincomparablemountf damage.
For thefifth instarsthedensitiesverelower. Dueto thesizeandfeedingrateof the
larvaeonly1,2,3,4,5,0r 10larvaewereputonaplant.A cellulosebag(Celloclair,
Liestal, Switzerland)was placedover eachplantto preventescapef caterpillars.
Larvaewereplacedontheplantsin theeveningandwereallowedto feedfor 15hr.
They wereremoved justbeforeanodorcollection.After collection,theamountof
damageon plantswas estimatedsisually andexpressedsthe percentagef leaf
surfaceremoved.

Effect of Different Typesof Damage. The damagecausedby the different
instarsof S. littoralis is different. Young instarsgrazethe surface of the leaf,
creating“windows” and leaving mostof the veinsintact, while late instarsre-
move all partsof aleaf. Intermediatenstarscombinebothtypesof damagethey
partly grazeon the leaves andremove small partsof tissue.To determineif the
differenttypesof damageare correlatedwith differencesn odor emissionswe
mimicked the caterpillardamage.To mimic second-instadamagethe surface
of the leaf was removed with a razorbladein orderto leave the veinsintact.
In eachcase,2 cm? were damagedoer leaf. To mimic third-instardamagethe
samemanipulationwas done,and the leaves were cut in someplaces.Again,
2 om? weredamagederleaf. For fifth-instardamage10 holeswerepunchedoer
leaf. Holeswere4 mm in diametey which correspondso a surfaceof 5 cm? per
leaf, but the damagedhrearemainingwas considerablyless.For all treatments,
10 ul of caterpillarregumgitant were appliedon the damagedarea.Two plants
wereusedpertreatmentPlantsweretreatedin the evening(18:00hr), andkept
in thedarkuntil collection(09:30hr the next morning). This was replicatednine
times.

DoesM. rufiventrisDistinguishamongPlantsFed on by DifferentInstars of
S.littoralis? Choicetestswereconductedn a six-armolfactometerlt consistsof
anairtightthree-parsystenof glasschambersnterconnectetly TeflontubesOn
the bottom, six glasschambersachcontaina small growing plant, andpurified
andhumidifiedair enterghesechambersAir passesver theplantsandis pushed
to theupperpartof the systemwhereit entersghe armsof the olfactometerHalf
the air is pulled out at the upperpart of the chamberthroughvolatile collection
traps(HeathandManukian,1994),which allows for trappingpartof thevolatiles
duringeachbioassayTheupperpartconsistof asix-armglassstar andeacharm
is connectedvith a Teflontubeto anodor sourcechambeifrom the bottompart.
Thus,theair from eachchambepasseshroughonearmto thecentralchambeof



thestar This centralchambeiis a glasscylinder thatextendsinto the middle part
of the systemwherethewaspsarereleasedAt the bottom,just below therelease
point, theremainingair is pulled out of the systemWaspshatarereleasedn the
chambereadilywalk upin thedirectionof alight sourcethatis placedabove the
olfactometerOncethey have reachedhis upperpartthey canmake a“choice” for
anodorby walking into oneof thearms.

As odorsourcesthreeundamageglantswerealternatedwvith plantsfed on
by eachinstarof S.littor alis caterpillarsn thesix bottomchambersThemaximum
emissionof odor occurredat about60% damageon a plant, independenbf the
instar Thisamountof damagevas correlatedo acorrespondinglumberof larvae
for eachinstartestedBasednthis, plantswerefed onby either60secondnstars,
30thirdinstarspr 3fifth instarsfor 15hr. Odoremissiongrom plantsfedonbythe
differentinstarswerecollectedfor 3 hr. Four groupsof six femaleparasitoidsvere
testedeachday Onegroupof six was naive femaleswhile the othertrials were
conducteavith sixfemalewaspghathadhadanovipositionexperiencewith plants
thathadbeendamagedy eithersecondthird, or fifth instarsovernight.During
suchexperiencesfemaleparasitoiddearnto associatehe odor they encounter
with the presencef hostsandbecomemoreresponsie to this odor (Lewis and
Tumlinson,1988;Turlingsetal.,1993b;Vet et al., 1995).If theodorsdifferamong
thethreeinstarsthisisreflectedn theresponsesf thedifferentexperiencegroups.
Thepositionof theplantsremainedhe sameon a particulardayto avoid aneffect
of odor contaminatiorin the arms,but the positionof treatedplantsandcontrol
plantswas changedetweerdaysof experimentsThe day beforeeachreplicate,
thesystemwasthoroughlywashedrinsedwith solvents,andtheglasspartsplaced
in anoven at 250°C for severalhours.Experimentsvereconductedn 10different
days(60 waspsperexperiencetype).

Statistical AnalysesThe total amountof inducedodor releasedvas com-
paredusingone-way ANOVA. Datawereln-transformedo complywith ANOVA
assumptionsThe Student-Nevman-Keulstestwas usedasthe posthoctestfor
multiple comparisonComparisorof theamountsof the 20 dominantcompounds
was doneusingamultivariateANOVA. The DunnettT3 posthoctestwas usedfor
multiple comparisons.

Quadraticaregression®n In-transformediatawere performedto testfor the
effect of the quantityof damageon thereleaseof inducedvolatiles. The analysis
was donefor eachinstarseparatelyConfidencantervals of equationcoeficients
werecalculatecandcomparedFor comparisorof theodorblendsinducedby the
threeinstars,dataweregroupedin five damageclassesMultivariateanalysisof
variancewas performedo compareheeffect of instarandof the classof damage
onthereleasenf six dominantcompoundsDunnettT3 posthoctestwas usedfor
multiple comparison.

Chi-squareanalysiswas performedo testfor differencesamongproportions
of waspsthatchoosehedifferentodorsthey wereoffered.
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Fic. 1. Averagetotal amount+ SE of inducedodor emitted by maize seedlingsafter
incubationin asolutionwith regurgitantof aspecificinstar Incubationin waterwas usedas
control. Differentlettersabose eachbar indicatedifferencesamongtreatmentsiccording
to Student-Nevman-Keulsposthoctestafterone-way ANOVA (F = 16.138; P < 0.001)

RESULTS

Effect of Reggurgitant on Odor Induction. No significantdifferenceswere
foundin thetotalamountof inducedvolatilesemittedby maizeplantsincubatedn
regurgitantsolutionsfrom secondthird, andfifth instarsof S.littoralis (Figurel).
As expected plantsincubatedonly in waterreleasedsignificantlylesscompared
to plantsincubatedn regurgitantsolutions(Figurel).

Compositionof the odor blend inducedby the different regurgitants was
not significantly different, except for the compoundsphenethylacetateand a-
humulenewhichwerereleasedn higherrelative proportionsby plantsincubated
in fifth-instarregurgitantsolutionascomparedo othertreatmentgFigure?2).

Analysis of the regumgitant of the threeinstarstestedshaved that all con-
tainedvolicitin. For all instars,linolenic acid dominatedthe compositionof the
regurgitant. The ratios of the different compoundspresentvaried amongthe
threeinstars(Figure 3). Only onesampleof second-instaregurgitant was avail-
able, so no statistical analysiswas performed, but any possible difference
amongthethreeinstarsis not dramatic,andall instarsproducedvolicitin.

Effectof Feedingby SecondThird, and Fifth Instars on InducedEmissions.
Thepercentagef damagealoneto maizeplantswas correlatedvith thenumberof
larvaefeeding.Not surprisingly the relationshipbetweerthe quantityof damage
andthenumberof larvaedifferedfor thedifferentinstargFigure4). For eachinstar
the amountof volatilesreleasedandthe amountof damagenflicted closelyfit a
quadratiaelationshigFigure4). Themaximumemissiorof inducedodoroccurred
in plantsfrom which about60% of the surface had beenremoved (Figure 4).
The confidenceintenals for eachcoeficient of the three equationsoverlapped
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FiG. 2. Averagerelative amount SEof themaincompoundseleasedy maizeseedlings
afterincubationin a solutionwith regumitant of a specificlarval instar Incubationin wa-
terwas usedascontrol. Differentlettersabove barsindicatesignificantdifferencesamong
treatmentdor the different compoundsaccordingto Student-Nezman-Keuls test. Peak
identities:(1) (2)-3-hexenal,(2) (E)-2-hexenal,(3) (Z)-3-hexen-1-ol,(4) (E)-2-hexen-1-
ol, (5) B-myrcene(6) (Z)-3-hexen-1-ylacetate(7) linalool, (8) (3E)-4,8-dimethyl-1,3,7-
nonatriene(9) phenethylacetate(10) indole, (11) geratyl acetatg12) unknawn, (13) 8-
caryophyllene(14) (E)-«-belgamotene(15) (E)-8-farneseng(16) «-humulene(17) un-
known sesquiterpeng18) g-bisabolenet (E, E)-a-farneseng19) 8-sesquiphellandrene,
(20) (3E,7E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene

almostcompletely which meansthat the amountof inducedvolatilesreleased
aftercaterpillarfeedingdid not differ amongthethreeinstars.

Thequality of the odorblendalsodependean the amountof damagedone
by eachinstar (Figure 5). Therewere no olvious differencesamongthe three
instarstested. Two sesquiterpenesy-belgamoteneand (E)-B-farnesenewere
dominantin the odor blendfor all instars.Figure5 illustratesthe ratios of the
maincompoundsn theinducedblendfor five classe®f damagendfor thethree
instars.Multivariateanalysisof varianceindicatedthattheinstarhadno effecton
the amountof the differentinducedvolatiles(F = 1.164, P = 0.279),while the
classesfdamagdadaneffect(F = 1.676,P = 0.004),andtheintercepbetween
the instar and the classeswas not significant(F = 0.896, P = 0.755). Among
the compoundsJinalool, indole, 8-caryophyllene x-belgamoteneand (E)-8-
farnesenavere releasedn significantly differentamountsamongthe different
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Fic. 3. Relatveamountmeant SE)of thedifferentcomponentpresentn theregurgitant
of 2nd, 3rd, and5thinstarsof S.littoralis.

classeof damageThe relatve amountof linalool decreasedvhenthe amount
of damageancreasedexceptbetwee0 and60% of damagevhereplantsdam-
agedby secondinstarsemitted a large amountof linalool. The proportion of
indole increasedn the odor blend with the amountof damage The proportion
of g-caryophyllenén theinducedodorblendincreasedlightly with theamounbf
damage (Figure 5). About 20% of the induced odor was composed of
a-begamotenewhich represented slightly higher proportionwhen 40-60%
of aplantwas damagedThesamerendwas obseredfor (E)-B-farneseneayhich
was themainsubstancén theinducedblend(about40%, Figureb).

Effectof Different Typesof Damage. Total amountsof inducedvolatilesfor
thethreetypesof damageverenotsignificantlydifferentfrom eachother butwere
differentfrom the undamagegblant (Figure6). Multivariateanalysisof variance
indicatedthat the type of damagealso had no effect on the compositionof the
blend(Figure7, F = 1.728,P = 0.923).

DoesM. rufiventris DistinguishamongPlants Fed on by Different Instars?
Femaleparasitoidssignificantly preferredthe odor of plantsthat were fed on
by larvaeto undamagedlants;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 secondthird, andfifth instars(In-
transformeddata) versuspercentagef damageon plants.Secondinstar: F = 285864,
P < 0.001(grey line); third instar: F = 16.685, P < 0.001 (blackline); fifth instar:F =
33.879,P < 0.001(dashedlackline).

experiencedwith odorsof plantsfed on by secondinstarsshaved a slight but
significantpreferencdor the odor of plantsfed on by third instars(Figure 8B).
Interestingly fewer femaleschosethe odor of plantsattacled by fifth instars,but
thistrendis likely dueto the lower quantitiesof volatilesemittedby theseplants
(Figure9), whichshavedlessdamagehanplantseaterby secondandthird instar
larvae.

DISCUSSION

In all casesthe threedifferentinstarsinducedan emissionof volatilesin
maize Regurgitantof thethreeinstaranducedsimilarvolatileblendspothin terms
of quantityandquality. The only differencewas a higheremissionof phenethyl
acetatenda-humulendtwo of theminorcompoundsyvhenplantswereincubated
in fifth instarregurgitant (Figure2). The compositionof regumitantsof thethree
differentinstargestedshavednomajordifferencegFigure3), andall threeinstars
producethe known elicitor volicitin (Alborn etal., 1997).

The total amountof volatiles releasedwas correlatedwith the amountof
damagedoneby thelarvae.No differencesverefoundamonginstarswhencom-
paringplantswith equalamountsof damageThis was confirmedby mimicking
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FiGc. 5. Averagerelatve amountof the six main inducedvolatiles (mean+ SE) emitted
for five classe®f damagedoneon plants.Differentlettersabove barsindicatesignificant
differencedetweerclasse®f damaggo = 0.05) afterDunnetts T3 posthoctest.

the damagedoneby the differentdevelopmentaktagesThe type of damagedid
notaffecttheemissionof inducedvolatiles.Whenlarvaewerefeedingdirectly on
maizeplants,differencesn therelative amountsof the six dominantcompounds
weredueto the amountof damagenflicted on plants.Femalesof the parasitoid
M. rufiventrisdid not shav differencesn their preferencdor odorinducedby the
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FiG. 6. Averagetotal amount(mean+ SE)of inducedodoremittedby maizeplantsafter
threedifferenttypesof damage Undamagedlantssened as controls. Different letters
above eachbarindicatesignificantdifferencesafter Student-Nevman-Keulsposthoc test
(e = 0.05)

differentinstars.Theremay be somesubtledifferencesn the odor profilesthat
we may not have detectedbecauseof the limitations of the analyticalmethods
used but theresponsef thewaspsdoesnot provide ary evidencefor differences
(Figure8).

In contrastto the resultsfound here, Takabayashet al. (1995) found that
differentdevelopmentaktagesf P. sepaata differently affectedthe emissionof
volatilesin maizeandthatthe parasiticwaspC. kariyai usesthesedifferencego
locatesuitableyounghosts.Late instarsof P. sepaata do notinducetherelease
of volatiles,while earlyinstarsdo. Takabayashétal. (1995)suggesthatthe plant
releasesglifferentblendsof inducedodorthatprovide the parasitoidwith informa-
tion on stageandsuitability of the herbivore. This hypothesisvas not supported
in a systemstudiedby MattiacciandDicke (1995). The parasitoidC. glomeata
doesnotdiscriminateamongcabbagelantsinfestedby differentinstarsof Pieris
brassicaeeven thoughit alsocanonly attackyounginstars.Femalewaspsare
moreresponsie whenthey have previously encounterea suitablehostandthey
areableto learnthe surroundingodor during suchanencounteiTurlingset al.,
1993b;Vet et al., 1995).McCall etal. (1993)shavedthatMicroplitis croceipesn-
creasedts responsienessfterencounteringts host,andthe effectivenesf this
learningprocesslsoincreasesvith thenumberof experienceshewaspshadpre-
viously. Turlingsetal. (1993b)describedssociatie learningin C. marginiventris
andhow this generalisis capableafterasingleexperienceto distinguishamong
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FiG. 7. Averagerelatve amountof the differentcompoundof the inducedodourblend
(mear++ SE).(1) (2)-3-hexenal,(2) (E)-2-hexenal,(3) (Z2)-3-hexen-1-o0l,(4) (E)-2-hexen-
1-ol,(5) B-myrcene(6) (Z)-3-hexen-1-ylacetate(7) linalool, (8) (3E)-4,8-dimethyl-1,3,7-
nonatriene(9) phenethylacetate(10) indole, (11) geraryl acetatg12) unknawn, (13) 8-
caryophyllene(14) (E)-a-belgamotene(15) (E)-B-farneseng(16) «-humulene(17) un-
known sesquiterpend18) 8-bisabolene+ (E,E)-a-farneseng(19) g-sesquiphellandrene,
(20) (3E,7E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene

odorsemittedby plantsthatareeaterby differenthostspecieskor M. rufiventris
evenwhenfemalewaspshada previous experiencewith the odorof maizeplants
fed on by the differentdevelopmentabktagesthey did not distinguishamongthe
inducedodorof plants. Thepreferencédor plantsattacledby third instarswhenfe-
maleshadanexperiencewith theodorof maizefed onby secondnstars(Figure8)
alsoindicateghatthedifferenceamongtheblendsis small. This canbeexplained
by thefactthattheamountof inducedodoremittedin this experimentwas higher
for the maizeplantsattacled by third instars(Figure9). The behaior of M. ru-
fiventrisconfirmedthe resultsobtainedby analyticalmethodghatinducedmaize
odor doesnot significantly differ whendifferentlarval instarsfeedon the plant.
Hence thevolatile signalappeardimited in the specificinformationit provides.
The specificityof inducedsignalin plantshasbeendemonstrateih several
tritrophic systems.The aphid parasitoidAphidiuservi can distinguishbetween
plantsfed on by its host Acyrthosiphonpisumand plantsfed on by a nonhost
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the plants F = 2.793,P = 0.079).
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aphid. This distinctionis suggestedo be dueto a specificcompoundg-methyl-

5-hepten-2-onepf which the emissionincrease®nly whenthe parasitoids host
feedsontheplant(Du etal.,1998).De Moraesetal. (1998)foundthatthespecialist
parasitoid,Cardiochiles nigriceps canuseplantvolatilesto differentiateamong
plantsinfestedbyits hostfrom plantsinfestedby acloselyrelatedhon-hosspecies.
In this casetheratiosof inducedvolatilesin the odorblendfrom plantsattacled

by thetwo differentnoctuidhostswas somevhatdifferent.Thus,in somesystems,
inducedodorsfrom plantsseemto give parasitoidsnformationon the suitability

of the herbivore feedingon the plant, while in others(e.g.,MattiacciandDicke,

1995)they do not.

Due to differencesamongplant speciesand genotypegGouingueg et al.,
2001)aswell asvariation causedby abiotic factors(Gouingue and Turlings,
2002),inducedplantsignalscanbevariable.lt seemaunlikely thatgeneralispar
asitoidssuchasM. rufiventrishave adaptedo respondo specificplantcues.Our
resultsconfirm this notion; the volatile signalinducedby S. littoralis, a gener
alist herbivore, on maizedoesnot seemto be a reliable indicator of herbivore
stage.Othercuesthaninducedplant odorsmight provide parasitoidswvith more
specificinformation. Thesearelikely to comefrom by-productsof hostlarvae.
C. maminiventris for instancejs alsoattractedby herbvorefrassandmothscale
of S.frugiperda (Loke and Ashley, 1984). Suchkairomoneshat comedirectly
from the hostaremorereliablethanplantodors,but far lessdetectablg Vet and
Dicke, 1992). Consideringthe high variability in the readily available induced
plantsodors,evenwithin a specie{Gouingueg et al., 2001),it may be adaptve
for the waspsto be flexible and exhibit specificity in their response®nly after
repeatedxperiencesith rewardingodorblends.
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