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Abstract—Herbivore-inducedplant volatilescanfunction asindirect defense
signalsthatattractnaturalenemiesof herbivores.Severalparasitoidsareknown
to exploit theseplant-provided cuesto locatetheir hosts.Onesuchparasitoid
is the generalistCotesiamarginiventris, which is, amongothers,attractedto
maizevolatilesinducedby caterpillardamage.Maizeplantscanbeinducedto
producethe sameblendof attractive volatilesby treatingthemwith regurgi-
tantof Spodoptera species.We collectedandanalyzedtheregurgitant-induced
emissionsof two plantspecies(cowpeaandmaize)andof eightMexicanmaize
varietiesandfoundsignificantdifferencesamongtheirvolatileemissions,bothin
termsof totalquantityandthequalityof theblends.In aY-tubeolfactometer, the
odorsof thesameartificially inducedplantspeciesandMexicanvarietieswere
offeredin dualchoiceexperimentsto näıvematedfemalesof C. marginiventris.
Waspspreferredcowpeaover maizeodorand,in 3 of 12 combinationswith the
maizevarieties,they showeda preferencefor theodorsof oneof thevarieties.
A comparisonof the odor collectionwith resultsfrom the behavioral assays
indicatesthatnotonly thequantityof thevolatileemissions,but alsothequality
(composition)of thevolatileblendsis importantfor attractionof C.marginiven-
tris. Theresultsarediscussedin thecontext of thepossibilityof breedingcrop
varietiesthatareparticularlyattractive to parasitoids.

Key Words—Inducedplantvolatiles,parasitoid,olfactometer, Cotesiamargin-
iventris, Spodoptera littoralis, Zeamays, Vigna unguiculata, parasitoidattrac-
tion, odorvariability.
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INTRODUCTION

Herbivore-inducedodorshave beensuggestedto benefitplantsin differentways
(Vet andDicke,1992;TurlingsandBenrey, 1998;Sabeliset al., 1999;Dicke and
van Loon, 2000).Over the last 15 years,it hasbecomeevident that theseodors
areimportantfor theattractionof naturalenemiesto themicrohabitatof theirprey
(e.g.,Dicke et al., 1990a;Turlingset al., 1990a;Steinberg et al., 1993;Du et al.,
1998;Röseet al., 1998).The blendof odorsreleasedby plantsafter herbivore
attackis variable,dependingon theplant(speciesandvariety)andtheherbivore
that feedson it, althoughsomecompoundsarecommonto many inducedblends
(for reviews seeDicke, 1994,1999).It is known that Europeanmaizevarieties
andtheirwild ancestorsdiffer considerablyin qualityandquantityof odorsif in-
ducedto producevolatilesby treatingscratchedleaves with Spodoptera littoralis
(Lepidoptera:Noctuidae)regurgitant(Gouingueńeet al.,2001).Wedefinediffer-
encesin thequality of theodorblendsasdifferencesin thepresenceof specific
compoundsin theblendand/or theproportionsamongcompounds.Thisvariation
amongmaizevarietiescouldhave importantconsequencesfor pestmanagement,
asbiologicalcontrolmaybemoreeffective for varietiesthatarehighly attractive
to naturalenemies.This maybeparticularlytrue for countriesin Latin America
wherethemajorpestsof maizeareleaf-feedingSpodopteracaterpillars(for review
seeAndrews,1988).

Young Spodoptera caterpillarscan be parasitizedby Cotesiamarginiven-
tris (Hymenoptera:Braconidae),a commonsolitary endoparasitoidthat attacks
Lepidopteranlarvae during the first and secondinstar (Jalali et al., 1987).
C.marginiventrisfemalesarestronglyattractedbytheodorsemittedbycaterpillar-
damagedmaizeseedlings(Turlings et al., 1990a,1991a)andspendmore time
on caterpillar-damagedplantsthanon artificially damagedor unattacked plants
(Loke et al., 1983).Maizeplantsinfestedwith a Spodoptera larva parasitizedby
C.marginiventrisproducemoreseedsthanplantsinfestedwith ahealthycaterpil-
lar (FritzscheHoballahandTurlings,2001),which could translateinto a higher
yield for maizecultivarsthatareparticularlyattractive to theparasitoid.Hence,it
seemsimportantto know which factorsdeterminetheattractivenessof thecrop.

Herewereportonhow differencesin inducedvolatileemissionsamongdiffer-
entplantgenotypesmayaffecttheattractivenessof thesegenotypesto parasitoids.
We first comparedtheemissionsof maizeandcowpeaandtheir attractivenessto
C. marginiventris. The former plant speciesis known to releaselarge amounts
of inducedvolatiles (e.g.,Turlings et al., 1998),while the latter releasesrela-
tively little, but canbequiteattractive (WhitmanandEller, 1990).Furthermore,
we investigatedthe attractivenessof eight Mexican maizecultivars. In Y-tube
olfactometer, näıve C. marginiventrisfemaleswereoffereda choicebetweenthe
odorsof thetwo respectiveplantspeciesor12pairedcombinationsof theMexican
maizevarieties.Comparisonof theresultsfrom thesebehavioral assayswith the
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odor blendsthat werecollectedfrom the variousplantsrevealedthat for näıve
waspsattractivenessis not simply a matterof quantityof volatiles,but that the
qualityof theblendis importantaswell.

METHODSAND MATERIALS

GrowingandTreatmentof Plants. Plantsusedin all experimentsweregrown
in plasticpots(6 cm high, 8 cm diam.) in fertilized commercialsoil (Coop)in a
climatechamber(23◦C, 60%relative humidity, and16L:8D,50,000lumens/m2).
Two-week-old Vigna unguiculata (var. kpodii-guegue, obtained from IITA)
Africa) and 10-day old Zea mays (var. Delprim and varietiesobtainedfrom
CIMMYT, Table1) plantswereusedfor the experiments.To inducethe plants
to producevolatiles,we scratchedtwo leaves (thesecondandthird leaf of maize
and first and secondof cowpea)of eachplant with a razor blade(an areaof
2–4 cm2/leaf) and subsequentlyappliedon eachdamagedsite 10 µl of regur-
gitant. Regurgitant was collectedfrom fourth andfifth instarS. littoralis cater-
pillars (for the method,seeTurlings et al., 1993a)andkept at−70◦C until just
beforeutilization. After treatment,plantswere placedfor 5 hr (plant species)
and6 hr (varieties),underthreefluorescentlamps(SylvaniastandardF36W133-
T8 cool white, 5000 lumens/m2 at pot height), before they were usedfor the
volatile collection and olfactometerexperiments.It is known that 5–6 hr after
treatmentcornplantsemitrelatively largequantitiesof inducedvolatiles(Turlings
etal., 1998).

Insects. S.littoralis caterpillarsandeggsweresuppliedweeklyby Syngenta
(Stein,Switzerland).Eggswere incubatedin Petri dishes(9 cm diam., 1.5 cm
high) on moistfilter paper. Emergedcaterpillarswerefed with artificial diet and
kept in plastic-boxes(15× 9× 5 cm) underambientlaboratoryconditions.This
non-nativehostcausesasimilarreactionin plantsasthenaturalhostS.frugiperda
(FritzscheHoballah,unpublisheddata).

TABLE 1. VARIETY NUMBER, NAME, ORIGIN, AND SEED COLOR OF 8 MEXICAN CORN

VARIETIES USED FORVOLATILE COLLECTION AND CHOICE EXPERIMENTS

Variety Name Origin, seeds color

1 Its 2 Sint. A1# Bulk PR-99-A 761-A yellow
2 Its 2 Sint. A1# Bulk PR-99-A 761-B white
3 Its 2 Sint. B3# Bulk PR-99-A 761-B white
4 Its 2 Sint. A1# Bulk PR-98-B 5766-A yellow
5 Its 2 Sint. B1# Bulk PR-98-B 5766-B white
6 P36 C9 HC60-B-1-BBBBBBBBB-2 CL-03618 PR-99 A 402-16 yellow
7 CML287(P24F26*P27F1)-4-1-B-1-1-BB-F-####-BBB PR-98 A 479-11 yellow
8 CL-00331SINT.AM.TSR-23-3-2-3-2-BB-F-##-B-B CML413 PR-98 A 474-16 yellow
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ThesolitaryendoparasitoidC.marginiventristhatwasusedin theexperiments
originatedfrom theUSDA-ARS, Biological ControlandMassRearingResearch
Unit. For the rearingof parasitoids,25 young caterpillars(3–4 daysold) were
offeredto a singlematedfemale(4–7daysold) for 3 hr in a plasticbox (9.5 cm
diam., 5 cm high). The caterpillarswere further rearedon artificial diet in an
incubator(25◦C and16L:8D)until cocoonformation.Cocoonswerekeptin Petri
dishesuntil adultemergence.Emergingadultsweresexed andkeptin cages(30×
30× 30cm)atamale–femaleratioof 1:2,with distilledwateroncottonandhoney
asa food source.Thecageswerekept in the laboratoryunderambientlight and
temperatureconditions.

Volatile Collection. After treatmentandlight exposure,plantswereplaced
in a climatechamber(CMP4030,Conviron, Winnipeg, Canada)andtheemitted
volatileswerecollected.Theclimatechamberwasprogrammedat20◦C andwith
a light intensityof 14,500lumens/m2 (light provided by 28 lamps,16 Sylvania
150-WVHO CoolWhiteand12Sylvania100-WSatin).Volatileswerecollected
from six plantssimultaneouslyin anautomatedcollectionsystemasdescribedby
HeathandManukian(1992)andTurlings et al. (1998).Glasscylinders(9.5 cm
diam.,54 cm high) wereplacedover theplantsandrestedon a Teflondisk con-
sistingof two halveswith a hole in themiddlefor thestemof theplant.Air was
pushed(1 liter/min) througha charcoalfilter andintroducedfrom thetop of each
cylinder over theplants.Super-Q traps(25 mg, 80/100mesh,Alltech, Deerfield
State)wereattachedlaterallyatthebaseof eachcylinder. Trapswereconnectedto
anautomatedvolatilecollectionsystem(ASU,ARS,Gainesville,Florida)through
whichtheairwaspulledoutat0.8liters/minduring2hr. Thecollectionperiodwas
programmedwith theuseof thesoftwareTESS(Version1.0,ARS, Gainesville,
Florida).After eachcollection,volatileswereextractedfrom thetrapswith 150µl
methylenechloride,and200ng of n-octaneandnonyl acetatewereaddedasin-
ternalstandards.Aliquots (3 µl) of the sampleswere injectedon column,with
anautomatedinjectionsysteminto a Hewlett PackardmodelHP 6890gaschro-
matographequippedwith a flameionizationdetector. TheapolarEC-1capillary
column(30 m × 0.25mm ID, 0.25µm film thickness,Alltech Associates)was
heldat50◦Cfor 3minandthenprogrammedat8◦Cpermin to230◦C,whereit was
maintainedfor 9.5min. Thecolumnwas precededby a deactivatedretentiongap
(10m× 0.25mmID, Connex) andadeactivatedprecolumn(30cm× 0.530mm
ID, Connex). Helium (24 cm/sec)was usedascarriergas.We collectedandana-
lyzedtheodorof treatedcowpeaandmaizeplants(N = 6)aswell asof 8Mexican
varieties(N = 5 for eachvariety).HewlettPackardGCChemstationsoftwarewas
usedto quantify all major componentsby comparisonto the known quantityof
internalstandards.Initial identificationof mostcompoundswasbasedoncompar-
isonsof retentiontimesfrom previousstudies(Turlingset al., 1998;Bernasconi
et al., 1998).Conformationof identity by comparisonof retentiontimeswith the
syntheticsampleswas obtainedfor nerolidol (Fluka), (E)-β-farnesene(Denka
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International),geranyl acetate(Fluka),(Z)-3-hexenol (Fluka),(Z)-3-hexenyl ac-
etate(Sigma),linalool (Fluka), indole (Fluka), andβ-myrcene(Sigma).A few
compoundswereidentifiedonly with theuseof theWiley library aftermassspec-
trometryanalysis(Agilent 5973,transferline 230◦C, source230◦C, quadrupole
150◦C, ionizationpotential70 eV, scanrange0–400amu).Thesecompoundsare
2-hexenol,β-sesquiphellandrene,β-bisabolene,andcycloisosativene/α-ylangene.
Theseidentificationsareregardedastentative andaremarkedassuchin the re-
mainderof thetext.

ANOVA and Student-Newman-Keuls post-hoctest were usedto compare
thetotal quantityof volatilesemittedamongvarieties(dataln-transformed).The
Mann-Whitney testwas usedto comparedifferencesin total emissionsbetween
plant speciesandamongsinglecompoundsemittedby thedifferentspeciesand
plantvarieties.Testswerecarriedoutwith theprogramSPSS10.0for Windows.

ChoiceExperiments.A Y-shapedolfactometerwasusedto testtheattractive-
nessof plantodorsto C.marginiventrisfemales.Thesystem,basedonadesignby
SabelisandVan de Baan(1983),consistedof a centraltube(13.5cm long,4 cm
diam.)andtwo lateralarms(12 cm long,4 cm diam.)endingwith a glassfrit (to
createa homogeneousairflow andto prevent escapeof test insects).The lateral
armstaperedoff into 0.5-cmtubesto which Teflontubingwas connected.Teflon
tubeswereusedto introducethe odorsinto the Y-tube.To limit visual distrac-
tionsfor theinsects,theY-tubeolfactometerwasplacedinsideawhitepaperbox,
which was openon top (for illumination) andon thefront side(for observation).
An office lamp(60W, 750lumens/m2) illuminatedtheolfactometer. A blackand
white stripedpatternfor visual orientationwas placedunderthe Y-tube.Plants,
treatedandincubatedin thesameway as for volatile collections,wereplacedin
plasticbagsthat werethenheat-sealed.Humidified andpurified (with activated
charcoal)air was pushedinto eachbagvia Teflontubingandairtight connectors
at pot height.Theair passedover theplantsandinto theTeflontubesconnected
with thearmsof theolfactometerata rateof 0.8 liters/min.

Waspswereusedonly onetimeandreleasedsinglyat thebaseof thecentral
arm of the Y-tube.In a first experiment,they wereofferedthe odor of induced
cowpeaandmaize(var. Delprim).In subsequentexperiments,they hadthechoice
betweentheodorof two differentinducedMexicanmaizevarieties.Twelveof the
36possiblecombinationsof theeightMexicanvarietieswererandomlychosenfor
thesetests.It was not our goal to determinewhich of theeightvarietieswerethe
mostattractive, but to establishif only thequantityor alsothequalityof theblends
wereimportantfor theattractionof C. marginiventris. Näıve (noexperiencewith
hostsor plants)waspswereplacedindividually in the baseof the olfactometer
andobservedfor 10 min. If a waspdid not make a choiceafterthis period,it was
removed andrecordedasa “no choice.” Waspsthatwalked to theendof oneof
thearmsandstayedthereat least5 secswererecordedashaving madea choice
for theodorofferedthroughthatarm.After four to seven individualsweretested,
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theolfactometerwas turnedsuchthat thedirectionof thearmswas reversedand
anotherfour to seven waspsweretested.Eachcombinationof odorsourceswas
testedsix to ninetimeswith differentplantsandon differentdays.Eachtime the
positionof the two differentodor sourceswas switched.A minimum of 67 and
maximumof 94waspsweretestedin the12combinationsof maizeodorsources.

A binomial testwas usedto determinesignificantpreferencesfor an odor.
The numberof waspsthat chosethe highestandlowestvolatile emitting maize
varietieson eachexperimentalday was comparedwith a Wilcoxon signedrank
test.This testwas carriedout usingdataof all experimentaldaysto determineif
thequantity(regardlessof quality) of theodorwas importantfor theattractionof
thewasps.

RESULTS

Volatile Collection. Thetwo plantspecies,cowpeaandmaize,differeddra-
matically in the quantitiesof volatiles emitted(Figure 1). The total amountof
volatiles collectedduring the experimentwas almost53 times higher in maize
(4141.35± 460.2 ng/2hr) thanin cowpea(77.9± 20.9 ng/2hr) (N = 6, Mann-
Whitney test: P = 0.004, Z = −2.882). The two plant speciesreleasedseveral
identicalcompounds,but cowpeadidnotreleasebenzylacetate,phenethylacetate,
1-H-indole, (E)-β-caryophyllene,“β-sesquiphellandrene,” or (E, E)-4,8,12-
trimethyl-1,3,7,11-tridecatetraene,andit releasedonly tracesof (Z)-3-hexenyl ac-
etate,(E)-β-ocimene,α-(E)-bergamotene,(E)-β-farnesene,“β-bisabolene,” and
nerolidol(Figure1). In contrast,cowpeaemittedconsiderableamountsof (E)-2-
hexenalandsignificantlymore(Z)-3-hexenolthanmaizeplants(Figure1).

Among the Mexican maizevarietieswe alsofound differencesin the total
amountsof volatilescollected(N = 5,ANOVA: df= 7, F = 10.589,P< 0.001,
Figure2). Variety 1 emitted14 timesmorethanvariety 8 (Figure2). We com-
paredthe emissionsof volatiles for the varietiesthat were shown to be differ-
entially attractive to C. marginiventris (seebelow). Variety 4 releasedsignif-
icantly more(Z)-3-hexenal,(Z)-3-hexenol,andphenethylacetatethanvariety7
(Figure3A). Variety4 did not releasegeranyl acetateor (E)-β-ocimene,andva-
riety 7 did not release“cycloisosativene/α-ylangene”or “β-sesquiphellandrene”
(Figure 3A). Variety 1 releasedsignificantly more (Z)-3-hexenyl acetate,(E)-
4,8-dimethyl-1,3,7-nonatriene,benzylacetate,phenethylacetate,geranyl acetate,
and“cycloisosativene/α-ylangene”thanvariety6 (Figure3B). Variety6 did not
release(Z)-3-hexenyl acetate,(E)-β-ocimene,benzylacetate,or phenethylac-
etate(Figure3B). Variety 1 releasedsignificantlymorelinalool, benzylacetate,
phenethyl acetate,1-H-indole, geranyl acetate,α-(E)-bergamotene,(E)-β-
farnesene,and“β-sesquiphellandrene”thanvariety5 (Figure3C). Variety5 did
notproduce“cycloisosativene/α-ylangene”(Figure3C).
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FIG. 1. Mean amount(±SE) of volatiles collectedfrom cowpeaand maizeplantsthat
wereartificially damagedandtreatedwith regurgitantof Spodoptera littoralis caterpillars.
Collectionsstarted5 hr aftertreatmentandlasted2 hr. Asterisksabovebarsindicatesignif-
icantdifferences(Mann-Whitney test(two-tailed):∗P < 0.05, ∗∗P < 0.005) in releaseof
a specificcompounds.Thecompoundsare:1, 1-(Z)-3-hexenal;2, (E)-2-hexenal;3, (Z)-
3-hexenol; 4,“2–hexenol”; 5, β-myrcene;6, (Z)-3-hexenyl acetate;7, (E)-β-ocimene;8,
linalool; 9, (E)-4,8-dimethyl-1,3,7-nonatriene;10, benzylacetate;11, phenethylacetate;
12, 1-H-indole;13, geranyl acetate;14, (E)-β-caryophyllene;15, (E)-α-bergamotene;16,
(E)-β-farnesene;17, “β-bisabolene”;18, “β-sesquiphellandrene”;19, nerolidol;20, (E,E)-
4,8,12-trimethyl-1,3,7,11-tridecatetraene(compoundswithin quotationmarksweretenta-
tively identifiedby comparisonof theirMS-spectrawith thoseof theWiley library).

ChoiceExperiments.Cowpeaodorsweremoreattractive to Cotesiamarg-
iniventristhanmaizeodors(Binomial test,P = 0.007,Figure4). Theparasitoids
showedonly apreferencein 3 of the12combinationsof Mexicanmaizevarieties
tested(Figure4). In onecase(var. 1 vs. var. 5), the waspswereattractedto the
variety releasingmore volatiles (Figures2, 3C, and 4). However, in two cases
(var. 4vs.var. 7andvar. 1vs.var. 6), thevarietiestestedreleasedthesameamounts
of volatiles(Figures2, 3A,B, and4), andthepreferencemusthave beendueto a
differencein odorquality.

Thenumberof waspsoneachexperimentalday(89experimentaldaysin total)
choosingthehigheremittingmaizevarietyon thatday(mean± SEwasps,4.6±
0.25)wascomparedwith thenumberof waspsoneachexperimentaldaychoosing
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FIG.2. Meanamount(±SE)of volatilescollectedfromdifferentvarietiesof maizeseedlings
(10 daysold) that wereartificially damagedand treatedwith regurgitant of Spodoptera
littoralis caterpillars.Volatileswerecollected6 hr after treatment,for 2 hr. Lettersabove
barsindicatesignificantdifferencesbetweenvarietiesin thetotalamountreleased(Student-
Newman-KeulsposthoctestafterANOVA: df= 7, F = 10.589, P < 0.001).

theloweremittingmaizevariety(3.8± 0.24wasps).It revealedamarginally sig-
nificant preferencefor the variety that emits larger amounts of volatiles
offered in the dual choice test (Wilcoxon signed rank test: P = 0.045, Z =
−2.008).

→
FIG. 3. Mean amount (±SE) of individual compounds collected from maize varieties that
were artificially damaged and treated with regurgitant ofSpodoptera littoraliscaterpil-
lars. Collections started 6 hr after treatment and lasted 2 hr. Asterisks above bars indicate
significant differences (Mann-Whitney test (two-tailed):∗P < 0.05, ∗∗P < 0.005, ∗∗∗P <

0.001), between the two plant varieties (A: between varieties 4 and 7, B: 1 and 6,
and C: 1 and 5). The compounds are:1, 1-(Z)-3-hexenal;2, (E)-2-hexenal;3, (Z)-3-
hexenol;4, β-myrcene;5, (Z)-3-hexenyl acetate;6, (E)-β-ocimene;7, linalool; 8, (E)-
4,8-dimethyl-1,3,7-nonatriene;9, benzyl acetate;10, phenethyl acetate;11, 1-H-indole;
12, geranyl acetate;13, “cycloisosativene/α-ylangene”; 14, (E)-β-caryophyllene;15,
(E)-α-bergamotene;16, (E)-β-farnesene;17, “β-sesquiphellandrene”;18, (E,E)-4,8,12-
trimethyl-1,3,7,11-tridecatetraene (compounds within quotation marks were tentatively
identified by comparison of their MS-spectra with those of the Wiley library).
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FIG. 4. Number of choices made by na¨ıveCotesia marginiventrisin dual choice tests with
various plant combinations offered in a Y-tube olfactometer. Asterisks indicate a significant
difference within a choice test (∗P < 0.01, ∗∗P < 0.001,∗∗∗P < 0.0001 andns indicates
no significant difference (binomial test).

DISCUSSION

Difference in Induced Volatile Emission among Plant Species and Vari-
eties.Differences in herbivore-induced odor emissions among plant species geno-
types have been demonstrated in several studies (Takabayashi et al., 1991, 1994a;
Loughrin et al., 1995; Geervliet et al., 1997; Halitschke et al., 2000; Ozawa et al.,
2000). In maize, these differences can be considerable (Gouinguen´e, et al., 2001).
The current study confirms that different plant species, but also different varieties,
release qualitatively and quantitatively different blends of induced odors. The 11
most important compounds that were collected from induced maize plants are par-
tially shared with other plant species for which induced volatiles have been studied
(Table 2). The only compound released by all plant species is (Z)-3-hexenol, and
in 12 of 14 cases, (Z)-3-hexenyl acetate and (E)-4,8-dimethyl-1,3,7-nonatriene
are also shared (Table 2).
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Wefoundlargequalitativeandquantitativedifferencesin inducedodorblends
betweenthe plant species,maizeandcowpea,andto a lesserextent amongdif-
ferentmaizevarieties.Cowpeareleasedalmostexclusively greenleaf volatiles,
as was found by Whitman and Eller (1990), and maizereleasedmore indole,
linalool, anda rangeof terpenoidsthat differedin thepresence,proportion,and
amountamongvarieties.Amongmaizevarieties,thedifferencein total emission
of volatileswas striking, with a 14-fold differencebetweenlowestandhighest
emittingvariety. Whencomparingtheodorsreleasedby plantsinfestedby Pieris
larvae,Geervlietetal. (1997)showeddifferencesin odorblendsreleasedbydiffer-
entplantspeciesandcabbagevarieties.Takabayashiet al. (1991,1994a)founda
qualitativeandquantitativedifferencein volatilecompoundsemittedbetweentwo
varietiesof appleattackedby thesamespidermite.In acomparisonof Spodoptera
exigua-infestedleaves from differentcottonvarieties,naturalizedcottonreleased
seven timesmorevolatilesthancommercialcultivars(Loughrinetal.,1995).One
constraintof usinginsectsto induceodoremissionsis thatobserveddifferences
couldbeduesimply to thefactthatherbivoreseatmoreor lessof aspecificplant
speciesor variety. Usingelicitorsmayallow for a moreprecisecomparison.This
wasdoneby Halitschkeet al. (2000),whotreatedtheleavesof threegenotypesof
Nicotianaattenuatawith methyl jasmonateandfounda differencein thepattern
of emittedcompounds.Thestandardizedtreatmentof theMexicanmaizevarieties
in our studyrulesout any variabletreatmenteffects.The resultscorroboratethe
tremendousvariability in inducedodoremissionsin thegenusZea(seeTurlings
etal., 1998;Gouingueńeet al., 2001).

Responsesof Natural Enemiesto Plant Odors. It is known that parasitoids
show innatepreferencesto odorsof specificundamagedplantspecies(Ngi-Song
et al., 1996;Vaughnet al., 1996;Benrey et al., 1997).Furthermore,parasitoids
show innatepreferencesfor odorsof specificplant varieties.For example,the
parasitoidCampoletissonorensiswasattracteddifferentiallyto odorsreleasedby
differentcottonvarieties(Elzenetal.,1986).In contrast,theparasitoidDiaeretiella
rapae, did not distinguishamongsix grassvarietiespresentedin a flight tunnel
assay(Vaughnet al., 1996). If plantsaredamagedby herbivores,odorssubse-
quentlyproducedandreleasedby the plantsareconsiderablymoreattractive to
parasitoidsthanodorsof undamagedplants(Turlingsetal.,1991b;Steinberget al.,
1993;Blaakmeeretal.,1994;Agelopoulosetal.,1995;Finidori-Logli etal.,1996;
Bertschyet al.,1997;Corteseroetal.,1997;Röseetal.,1998).Choiceexperiments
carriedout in flight tunnelsandin semi-fieldplotsshow thatparasitoidshavepref-
erencesfor specificherbivore-attackedplantspecies(Drostetal.,1988;Geervliet
etal., 1996;Du etal., 1998;DeMoraesandLewis, 1999).

Our studycomparedthe attractionof C. marginiventris femalesto cowpea
andmaizeandamongmaizevarieties,focusingexclusively onodorcues.Cowpea
odorswerepreferredover maizeodorsby näıve C. marginiventrisfemales.This
wassomewhatsurprisingbecausecowpeareleasedmuchlessthanmaize.Wehad
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expectedthequantityof odorsto bepositively correlatedwith attractiveness,asis
indicatedby dose-dependentresponsesof naturalenemiesin severalstudies(Eller
et al., 1988;Turlings et al., 1990a,1991b;Ngi-Songet al., 1996;Vaughnet al.,
1996;Weissbeckeretal.,1999).Althoughthedual-choiceexperimentswith maize
varietiesshowedthat,in general,C.marginiventrisismoreattractedtohighreleas-
ing maizevarieties,in afew combinationsfemalesshowedpreferencesevenif the
quantitiesof odorsproducedby thetwo varietiesdid notdiffer. Theseresultsindi-
catethatsomecompoundsaremoreimportantthanothersfor attractionof wasps,
andthat theproportionsamongcompoundsin theblendcouldplay animportant
role.Cowpeareleasedrelatively largerproportionsof greenleaf volatilesas(Z)-
3-hexenol, a very commoncompoundamongplant-inducedvolatiles(Table2),
thanmaize.Corteseroet al. (1997)analyzedthe responsesof C. marginiventris
femalesto cottonplantsandsuggestedthatthey primarily cuein onrecentlydam-
agedplants,whichareknown to releasegreenleafvolatiles.Otherparasitoidslike
Microplitis croceipesandNeteliaheroicaarealsoattractedto greenleafvolatiles,
especiallyto differenthexenolsandhexenals,whenthey areofferedindividually
in aflight tunnel(WhitmanandEller, 1990).TheparasitoidAphidiusrhopalosiphi
was stronglyattractedto the two greenleaf volatiles(Z)-3-hexenyl acetateand
(E)-2-hexenal in Y-tubeexperiments(WickremasingheandVan Emden,1992).
Thesesamechemicalsareinvolved in the attractionof C. glomerata to infested
or regurgitant-treatedcabbageplants(Mattiacciet al., 1994).Greenleaf volatiles
areprobablythemostcommonvolatilesreleasedbyplantsdamagedbyherbivores
(Table2), which couldexplain why naturalenemieswithout previousexperience
(näıve)arestronglyattractedto them.(Z)-3-hexenol,which is sharedby all plant
specieslistedin Table2,elicitsstrongresponsesin thetwo-spottedstinkbugpreda-
tor Perillus bioculatus, while β-caryophyllene,a terpenoidsharedby half of the
plantspecies,elicitedonly weakresponses(Weissbeckeretal.,1999).Yet,theim-
portanceof specificplantvolatilesandmixturesof volatileshasbeensuggestedfor
theattractionof somenaturalenemies.Thelacewing Chrysopacarnea, a preda-
tor of small insects,was caughtmoreoften in trapscontainingβ-caryophyllene,
thanin trapsthat containedlimonene,bisabolene,or caryophylleneoxide (Flint
et al., 1979).In contrast,β-caryophyllenedid not elicit antennapalpationby the
parasitoidCampoletissonorensis, whereascaryophylleneoxidedid (Elzenet al.,
1984).The EAG responseof the two spottedstinkbug Perillus bioculatuswas
strongfor a α-zingibereneandbicyclogermacrenemixture, but low/whenthese
two compoundswereofferedsingly to the predator(Weissbecker et al., 2000).
The volatile compoundborneol,extractedfrom garry oak, Quercus garryana,
attractedthetachinidparasitoidCyzenisalbicans(Rolandetal., 1995).

InnateVersusLearnedResponses.Generally, näıve femalesrespondpoorly
to odorcues,but a contactexperiencewith hostsand/or hostfecesincreasesthis
responsiveness(Dmoch et al., 1985; Wardle and Borden,1989; Whitman and
Eller, 1990;Steinberg et al., 1992).Theseexperiencescanincreasethe insects’
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motivation to searchfor a host,but this is alsothe resultof associative learning
of the encounteredodors(Turlings et al., 1990b,1993b;Vet and Groenewold,
1990).C. marginiventris femalesalsoshow a dramaticincreasein responsesto
herbivore-damagedmaizeplantsin aflight tunnelafterthefemaleshavecontacted
a host-damagedplant (Turlings et al., 1989, 1990b,1993b).The olfactometer
assaysallowed us to better test odor preferencesin näıve females.The strong
responsesto cowpeaindicatethat the innatepreferenceis for themostcommon
herbivore-attackedplantvolatiles,thegreenleafvolatiles.Onceahostis encoun-
tered,typical host-inducedvolatiles,like specificterpenoids,may be associated
with host-presence,andthewaspswill usethesemorereliablecuesin searchingfor
morehosts(VetandDicke,1992).Thefactthatnäıve femalesarelessresponsive
to specificodor cuescould explain why we found only threeclearpreferences
amongthe 12 combinationstestedin the Y-tubeolfactometer. Nevertheless,the
resultssuggestthatC. marginiventrishassomeinnatepreferencefor certainodor
blends.To reveal the key compoundsin theseblends,it would be useful to test
theresponseof theparasitoidsto plantsthatdiffer only in a singlecompoundas
suggestedby Dickeandvan Loon (2000).

Selectionof Varietiesand Waspsfor Their Use in Biological Control. The
selectionof varietiesthatarehighly attractive to parasitoidsor selectionof para-
sitoidsthatareparticularlyresponsive to specificodorscouldbeusedto enhance
biological control programs,as suggestedby Loughrin et al. (1995) and Bot-
trell and Barbosa(1998).The exploitation of parasitoidassociative learningin
pestmanagementhasalsobeensuggested(WardleandBorden,1985;Lewis and
Martin, 1990;PapajandVet,1990;Vet andGroenewold, 1990).

Someof theMexicanmaizevarietiestestedhereappearto bemoreattractive
thanothers.Field studieswill demonstrateif thesedifferencesin attractiveness
are reflectedin parasitismrates.The high geneticvariability observed in odor
emissionsamongmaizelines(Gouingueńe et al., 2001)make it an idealplant to
optimizeits attractiveness.

In summary, we confirmedthat therearequalitative andquantitative differ-
encesin herbivore-inducedodorblendsamongmaizevarieties.Both quality and
quantityof thevolatileblendswereimportantfor theattractionof inexperiencedC.
marginiventris. Basedontheresults,wespeculatethatgreenleafvolatiles,which
arethemostcommonvolatilesproducedby herbivore-damagedplants,couldbe
importantfor theattractionof näıvegeneralistparasitoidssuchasC. marginiven-
tris. Morespecificcompounds,suchasterpenoids,couldbelearnedassociatively
duringhostencounters.However, furtherstudieswill have to establishprecisely
which compoundsareresponsiblefor the observed differencesin attractiveness
andif suchdifferencescanbeusedto enhancebiologicalcontrol.
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TURLINGS, T. C. J., WÄCKERS, F. L., VET, L. E. M., LEWIS, W. J., LEWIS, A . C., andTUMLINSON,
J. H. 1993b. Learningof host-findingcuesby hymenopterousparasitoids,pp. 51–78,in D. R.
Papajet al. (eds.).InsectLearning.EcologicalandEvolutionaryPerspectives.Chapman& Hall,
New York.

TURLINGS, T. C. J., LENGWILER, U. B., BERNASCONI, M. L., and WECHSLER, D. 1998.Timing of
inducedvolatileemissionsin maizeseedlings.Planta207:146–152.

VAUGHN, T. T., ANTOLIN, M. F., andBJOSTAD, L. B. 1996.Behavioral andphysiologicalresponsesof
Diaeretiella rapaeto semiochemicals.Entomol.Exp.Appl.78:187–196.

VET, L. E. M. and DICKE, M. 1992.Ecologyof infochemicaluseby naturalenemiesin a tritrophic
context. Annu.Rev. Entomol.37:141–172.

VET, L. E. M. and GROENEWOLD, A. W. 1990.Semiochemicalsandlearningin parasitoids.J. Chem.
Ecol.16:3119–3135.

WARDLE, A. R. and BORDEN, J. H. 1985.Age-dependentassociative learningby Exeristesroborator
(F.) (Hymenoptera:Ichneumonidae).Can.Entomol.117:605–616.

WARDLE, A. R. and BORDEN, J. H. 1989.Learningof an olfactorystimulusassociatedwith a host
microhabitatby Exeristesroborator. Entomol.Exp.Appl.51:271–279.

WEISSBECKER, B., VAN LOON, J. J. A., and DICKE, M. 1999. Electroantennogramresponsesof a
predator, Perillus bioculatus, andits prey, Leptinotarsadecemlineata, to plantvolatiles.J. Chem.
Ecol.25:2313–2325.

WEISSBECKER, B., VAN LOON, J. J. A., POSTHUMUS, M. A., BOUWMEESTER, H. J.,andDICKE, M. 2000.
Identificationof volatilepotatosesquiterpenoidsandtheirolfactorydetectionby thetwo-spotted
stinkbugPerillus bioculatus. J. Chem.Ecol.26:1433–1445.

WHITMAN , D. W. and ELLER, F. J. 1990.Parasiticwaspsorientto greenleaf volatiles.Chemoecology
1:69–76.

WICKREMASINGHE, M. G. V. and VAN EMDEN, H. F. 1992.Reactionsof adult femaleparasitoids,
particularlyAphidiusrhopalosiphi, to volatile chemicalcuesfrom thehostplantsof their aphid
prey. Physiol.Entomol.17:297–304.

18


