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Abstract—Thelarchbud moth (LBM) Zeirapher diniana Guereecausesie-
foliation onlarchin the Alps at 8- to 10-yearintenvals, afterwhich populations
crash.Therearetwo LBM hostraces,oneon larch andthe otheron cembran
pine.Thesehostracesaremorphologicallyindistinguishablesadultsbut they
differ geneticallyin larval color types.Furthermorefemalesof eachhostrace
producedistinct pheromoneélendsandshav oviposition preferencesor their
respectie hosts It is notclearto whatextenthostchoicecontributesto assorta-
tive matingin theLBM. Here,we compareheolfactorysensitvities of thetwo
hostracesto the odorsof freshfoliage of the hostplantsusingthe electroan-
tennogran{EAG) techniqueandtheresponsesf thetwo hostracego volatiles
collectedfrom the two hostplantsasanalyzedby gas-chromatography-lird
antennographidetection(GC-EAD). Both sexes of thelarchandcembrarhost
racesshav thesameEAG responseto vaporsof freshlarchandcembramine
foliage. Fifteen plant volatiles identified as chemostimuliby GC-EAD from
larch and cembranpine odorselicited the sameantennograntesponsegrom
the two hostraces.However, the GC-EAD analysedndicatethat the number
and quantity of chemostimuliemanatingirom eachhostplantis different. It
is, therefore mostprobablythe array of olfactoryreceptorgespondingo the
bouquebf volatilesuniqueto eachhostplantthatunderlieshehostpreferences
of thetwo races Whatremainsopenis the extentto which the similarity of the
olfactorysystemsnaycontrikuteto cross-attractionr hefactthatLBM individ-
ualswith intermediatecharacteristicbetweerthetwo hostracesexist, suggests
thatolfactoryperceptiordoesnot hindergeneflow andcontritutesto sustained
geneticdiversitywithin the specie<. diniana.

Key Words—Larch bud moth, Zeirapher diniana, hostraces Pinuscemba, Larix decidua
plantvolatiles,antennogram.
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INTRODUCTION

Thelarchbud moth(LBM) Zeirapheadiniana Guerée(LepidopteraTortricidae)
is renavned for its regular outbreaksin larch forestsin the Alps at 8-10-year
intenvals,causingconspicuouslefoliation(Baltensweileetal., 1977).Population
densityclimbs in four to five generationgo some20,000-foldat peakdensity
Therearetwo LBM hostracespnefeedingonlarch(Larix decidug andtheother
on cembranpine (Pinus cemba). Populationson pine also appearto be cyclic
(Baltensweilerunpublished)andoneoutbreakis reportedfor Northeasterrsia
on Pinuspumila(Khomentarsky et al., 1997).Morphologically thesehostraces
aredistinguishableonly at thefifth instar;larvaeon larchareblackandthoseon
pinearelight yellow-orange This color polymorphismin thelarvaevariesduring
populationcycles(Baltensweileetal., 1977;Baltensweiler1993).

The majorfactorsgoverningreproductve isolationin mostsympatricphy-
tophagousnsecthostracesarehostfidelity and/orotherassortatie matingtraits
suchasthosegovernedby pheromoned-ostfidelity actsasaneffective premating
barrierbetweena wide variety of sympatricallyspeciatinginsectspeciesacross
differentinsectorders.Thereareonly afew reportson hostfidelity in the LBM.
Oneincidentof hostfidelity is known for the larch hostracewhen mothsemi-
gratingfrom the EngadineAlps weregroundedby a cold front over the Lake of
Constancandreorientedsubsequentlyo larchtreeswithin the deciduoudorest
(Baltensweilerand von Salis, 1975). Studieson hostalighting preferencehave
revealeda strongpreferenceby the LBM hostracesto alight on their own host
plants,bothin laboratory(Boveyand Maksyma, 1959;Dres,2000)andfield ex-
perimentEmelianw et al., 2003).However, “infidelity” hasbeenestimatedthe
overall probability of the larchraceadultsto alight on cembrarpineis 13%,and
the probabilitythatpineraceadultswill alighton larchis 11% (Emelianw et al.,
2003).

Assortatve mating mediatedby sex pheromonesiasbeenhypothesizedo
play arole in hostracemaintenanceén the LBM (Guerinetal., 1984).The ma-
jor sex pheromonecomponent®of the two raceswereidentifiedas E11-14: Ac
and E9-12: Ac, with the larch hostraceproducinglargely E11-14: Ac andthe
pine race E9-12: Ac (Baltensweilerand Priesner 1988). Femalesproducethe
two compoundsn their sex pheromoneglandsin ratioscorrespondingo there-
sponsespectraobsenedfor maleg(Guerinetal., 1984),andF1 hybrid malesshov
the sameelectroantennografEAG) responsemplitudesto the two pheromone



componentgPriesner1979; Priesnerand Baltensweiler 1987).Using a quartet
matechoicedesignin thelaboratory(onemaleandonefemaleof eachof thetwo
racespercage) Dres(2000)estimatedheoverall degreeof hybridizationbetween
larch andpine hostracesto be 28%. Long-rangehost-associatedrematingiso-
lation governedby pheromone$asrecentlybeentestedin the field, suggesting
anincompleteprematingisolationbetweerthe two hostraces(Emelianw et al.,
2001).

What allows the cross-attractiometweerthe hostracesGeneflow is esti-
matedto be between2% and 4% per generationNEmelianw et al., 1995; Dres,
2000).Incompletespecificityof theLBM pheromoneystemand/orthehostplant
volatilescould be implicated.Although short-andlong-rangepheromoneattrac-
tion hasbeenstudiedDres,2000;Emeliane et al.,2001),nostudyhasbeermade
ontherole of hostplantvolatilesin thesensoryecologyof theLBM. To studythis,
we comparedhe antennakesponsesf the two hostracesto larchandcembran
pinevolatilesby usingtheelectroantennogratechniqugEAG) (Schneiderl957)
andby gas-chromatography-liekl EAG analysis(Arn etal., 1975)of hostplant
volatiles.In addition,we comparedheantennatesponsesf thetwo hostracego
volatilesemanatingrom larchfoliagedamagedy larval feeding.Larchneedles,
evenonly nibbledat, quickly desiccaten the dry subalpineclimateandturn red-
brown. Commonlyoccurringplantvolatileswerealsotestedo assesthebroader
antennatiscriminationcapabilitiesof thetwo LBM hostraceantennaeTheaim
of the studywas to determinef the antennablfactoryreceptorsensitvity of the
LBM hostracesis selectyely tunedto the detectionof odorsthatareassociated
with their respectie hostplants.

METHODSAND MATERIALS

Insects.Cembrarpineandlarchbranchesnfestedwith LBM lateinstarlar-
vae were collectedat the endof Junel999andon July 1, 2000,in the Engadine
Valley. Larvae were rearedon the respectie hostplantsat 20°C, 80% relative
humidity (RH), in thelaboratoryto permit pupationandadultemegence Moths
weresexed afteremegenceandseparatedo preventmating.

EAG Recodings. Recordingsveremaderom excisedantennaefthemoths.
Thetip of the antennawas cut to facilitate electricalcontact.Chloridizedsilver
wiresin dravn-outglasscapillariesfilled with 0.1%KCI + 1% polyvinylpyrroli-
donewereusedasreferenceandrecordingelectrodesThe antennavas heldin a
humidifiedairstrean{90%—-100%RH, 23°C+2°C) deliveredatl m/secviaawater
jacketedglasstube(6-mmi.d.) whoseoutletwas aboutl cm from the preparation.
The EAG signalwas fed into an AC/DC amplifier (x 100) via a high impedance
preamplifier(x 10),recordedntheharddisk of a PC via a 16-bitanalogue-digital
IDAC card (Syntech,The Netherlands)and monitoredsimultaneouslywith an
oscilloscopgTektronix5103,USA).



TABLE 1. SYNTHETIC PLANT VOLATILES TESTEDAS
CHEMOSTIMULI FORLBM ANTENNAL RECEPTORS

No.2 Compound Source Purity (% GC)
1 (-)-Bornyl acetate Firmenich Unknown
2 (=)-Camphene Fluka 85
3 (+)-Camphor Fluka 97
4 (+)-3-Carene Fluka 98
5 (+)-Carvor-b-¢ Fluka 99
6 (—)-B-Caryophellen2 Fluka 99
7 Citral (cist-trans) Fluka 96
8 Citronellal Fluka >98
9 Eugendt-¢ Fluka 99

10 Geranidt© Fluka 99.3

11 (E)-2-Hexend!© Aldrich 99

12 (E)-2-Hexend?-c Fluka 95

13 Isoprene Fluka 99.5

14 (R)-(+)-Limonené&° Fluka 99

15 p-(—)-Menthyl acetate®  Fluka 99

16 B-Myrcené-¢ Sigma 90

17 (E)-B-Ocimine Firmenich Unknown

18 (1R)-(+)-a-pinend Fluka 99

19 (+)-B-Pinene Fluka 99

20 y-Terpinen&® Fluka 99

21 (+)-a-Terpinea?© Fluka 99

22 a-Terpinolené Fluka 90

23 Sabinerf2 Unknown Unknown

24 (E)-B-farnesenk¢® Bedoukian Unknown

NoteExcept where indicated, compounds with chiral center(s) were

racemic mixtures.

2 Compounds 1-22 were included in the 22-component mixture tested by
GC-EAD and EAG (see text).

b Compounds tested by EAG.

¢ Compounds included in the 11-component mixture.

Antennae were stimulated as described in Guerenstein and Guerin (2001)
by passing 1 ml of charcoal-filtered air thrdu@ 5 mlpolypropylene syringe
containing the stimulus. The latter consisted of either a synthetic plant volatile
at 1 ug source dose (Table 1), the LBM pheromone compong&its-14: Ac
and E9-12: Ac (Institute for Pesticide Research, Wageningen, NL) at 100 ng
source doses, mixtures of 11 and 22 synthetic plant volatiles (Table 1) with each
compound at a source dose of 0.1, 1, and 280fresh or LBM-defoliated larch,
and cembran pine needles (2 g each). An aliquot of a stimulus chemical dissolved
in dichloromethane (DCM, Merck, analytical grade) was deposited on afilter paper
strip that was placed in the syringe after evaporation of the solvent; DCM alone



was usedasa control. The EAG amplitudegresentedretheabsoluteamplitudes
in millivolts generatedby the stimuli minusthe controlvalue(if ary).

Gas-Chomataraphy-CoupledcElectoantenngram Detection (GC-EAD).
Themethodologyis describedn SteulletandGuerin(1994).LBM antennaevere
employed asdetectordo locatebiologically active volatilesin the odorsof fresh
and LBM-defoliatedlarch, and cembranpine. Theseodorswere separatecn a
high-resolutiongaschromatographgapillary column (30 m DBWAX, 0.25-mm
i.d., 0.25uum film thickness J&W Scientific,CA, USA) in agaschromatograph
(Carlo Erba Instruments5160, Mega series,Milan, Italy) with a split-splitless
injector at 200°C (for direct headspacerapor injection), an on-columninjec-
tor (for analysisof extracts),and a flame ionization detector(FID, at 260°C).
The carriergaswasH, (30 cm/secat 40°C). On-columninjectionsweremadeat
40°C, andthe columntemperaturavas programmedht 5°C/min to 230°C (held
for 10 min). The columneffluentwas split (50:50) betweenthe FID andthe an-
tennographiadetector(EAD) and simultaneouslymonitoredby the FID and a
LBM antennaand both signalswere recordedsimultaneouslyon a PC using
a GC-EAD software program(Syntech,The Netherlands)Kovats retentionin-
dices(KIs) for thebiologically active plantvolatilesdetectedverecalculatedvith
referenceto n-alkanes(C,0—Cs) injectedunderthe sameGC conditionsasthe
analyte.

Direct Analysisof Plant \olatiles. Some20 g of freshfoliage of P. cemba
(Pinaceae)reshandLBM-defoliatedL. deciduaPinaceaeprfennelFoeniculum
vulgare (Apiaceae)were placedin airtight glassbottles(200 ml) with a rubber
septumin thelid for 1 hr at roomtemperaturéo allow headspaceaporsampling
with a 5 ml gas samplingsyringe A 2 ml samplewas injectedsplitless(method
describedn McMahonetal., 2001)ontothe columnfor GC-EAD analysis.

Porous Polymer Extracts of Plant \olatiles. Some800g of freshfoliage of
cembrampine andfreshand LBM-defoliatedlarch foliage (800 g each)wereput
in airtight dessicatorg2 I) fitted with inlet andoutlettubes.Charcoal-filteredair
enteredthroughone tube, and a glasscartridge containirg 5 g preconditioned
(Byrneetal., 1975)PorapakQ” (60-80mesh Millipore CorporationUSA) was
attachedo theother A waterpumpsucledair (50 ml/min) over theplantmaterial
to the adsorbentThe porouspolymerwas extractedwith 500 x| DCM (Merck,
analyticalgrade)and2 ul of the extractwereinjectedon-column.

Gas-Chomataraphy-CoupledMassSpectometry(GC-MS).Plantodorex-
tractsanalyzedby GC-EAD were subsequentlyanalyzedby GC-MS in as HP
5890seried| chromatograplinkedto aHP 5971 Amassselectve detecto(MSD;
Hewlett Packard USA), with thecolumnandconditionsasin the GC-EAD analy-
sis(above).Blank controlswereanalyzedasfor therespectre headspacextracts.
Two microliters of extractwereinjectedon-column;the columnwas connected
via a1l-mdeactvatedfused-silicacapillary (0.25-mmi.d.) to the MSD ion source
(temperaturé60° C,ionizationenegy 70eV)with heliumascarriergasat constant



flow (linear velocity ~30 m/secat 40°C). Headspace&aporanalysisby GC-MS
with splitlessnjectionwas performedasdescribedn McMahonetal. (2001)under
thesameconditionsasfor GC-EAD, but in aVarian3400-Saturr8 (CA, U.S.A)),
with the MSD, column,andcarriergasflow asabove.

Biologically active component®f headspaceaporsandvolatile extractslo-
catedby GC-EAD analysisvererelocatedoy GC-MSusingKls, andby compar
ison of chromatogranprofiles.ldentificationof an electrophysiologicallyactive
peakin anextractwas first basedon the matchof its massspectrumwith that of
a known productstoredin a computetbasedlibrary usingthe HP-Chemstation
software. The Kl of an unknovn chemostimulugrom larch and pine was then
comparedvith thatof thelibrary-proposedyntheticanaloguénjectedunderthe
sameconditionsBiologicalactiity with syntheticanaloguesf four chemostimuli
was establishedby GC-EAD with LBM antennagTable2). Specificenantiomers
of compoundsdentifiedin extractswith chiral center(sverenotdeterminedbut
enantiomer®f syntheticchiral productsusedareindicatedin Tablel.

StatisticalAnalysis Becausef thevariationin EAG responsebetweerLBM
antennaetesponsesf a given antennao differentchemostimuliin either EAG
or GC-EAD experimentsverenormalizedoy summingtheresponses millivolts
to all the chemostimuli.The percentcontritution of eachcompoundo this sum
was thensquareroot transformedor statisticalanalysis Whereresponsesf the
sexes did not differ significantly(P > 0.05, ANOVA), maleandfemaleantennal
responsewerepooledwithin ahostrace.EAG andGC-EADresponsamplitudes
ofthehostraceaverethencomparedby ANOVA. All thechemostimulidentifiedin
the GC-EAD analyse®f larchandcembraminevolatileswereincludedin paired
comparisonsgxceptthe cubebol/epicubebgbeakin the cembranpine bouquet
thatelicitedvariedresponsefrom thetwo hostraceantennaeandanunidentified
peak(unidentifiedl, M* 150)in thelarchfoliagebouquethatselectvely elicited
responseomthecembrarpineraceonly. TheEAG responsew freshandLBM-
defoliatedarchfoliage,andto freshcembrarpinefoliage,werecomparedyt test
(unpaired).The vaporsemanatingrom LBM-defoliatedlarch wereanalyzedoy
GC-EAD with both larch and cembranpine hostraceantennaebut the porous
polymercollectedvolatilesfrom LBM-defoliatedlarch wereanalyzedonly with
cembrarmpineraceantennagthe only onesavailable).

RESULTS

EAG Responset® Larch andCemban PineFoliage. Both sexes of thelarch
andcembramineLBM hostracesespondedimilarly to larchandcembrarmpine
foliage vaporscollectedin the stimuluscartridge:cembranpine foliage elicited
EAG responsesf 2.25+ 0.86 (meanEAG responset standarddeviation) and
1.71+ 0.97mV from thecembrarpineandlarchhostracesrespectrely, whereas
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the larch foliage elicited clearly smallerresponsesf 0.91 + 0.58and 1.06 +
0.35mV, respectiely, (N = 12; 6 malesandfemalesfor eachhostrace).These
responsewerenot differenteitherbetweersexes of agivenhostraceor between
the hostraces(P > 0.05). The higherresponsesecordedfrom the antennaef
both hostracesto cembranpine foliage canbe explainedby the higheramount
of volatiles emanatingfrom this host plant (Figures1 and 2). Using the direct
headspaceamplingmethoddescribedhere,we estimatedcampheneat 3 times
more, 8-myrceneat 10 timesmore,limoneneat 75 timesmore,and p-cymeneat
2 timesmorein the headspacef cembrarpine over larch.LBM-defoliatedlarch
elicited EAG response®f 0.69 + 0.31 mV, no differentfrom the 1.05+ 0.16
mV responsegeneratedn pinehostraceantennago freshlarchfoliage (N = 6,
P > 0.05).

GC-EADAnalysisof Larch, Cemban Pine and FennelHeadspacé&/apors.
In fresh larch foliage headspaceapor only the aromatic p-cymeneelicited a
conspicuousindconsistenEAG responsérom maleandfemaleantennaef both
hostraces;the responsevas recordedrom all 7 larch and8 cembranpine host
raceantennaemployed(Figurel andTable2). TheEAD responsesf 3 larchand
6 cembrarpinehostraceantenna¢o LBM-defoliatedlarchvaporsweresimilarto
thoseto freshlarch,wherep-cymenewas againthemostactive chemostimulusn
LBM-defoliatedvapors Aswith freshlarch,responsewererecordedccasionally
to campheneg-myrcene andlimonenein LBM-defoliatedlarchvaporwheneer
theinjectedsamplecontainedhe compoundsn sufiicient quantity

In cembrarpineheadspaceapor in additionto p-cymenethemonoterpenes
campheneg-myrcene andlimoneneelicitedantennatesponsefrom both sexes
of thetwo hostracegFigure2, Table2). Despitethesimilarity of theresponsesf
thetwo hostracego chemostimulfrom bothhostplants,cembrarpinereleased
greatemumberof chemostimulatasuficiently highdoseto stimulateantennaef
boththehostracesThevaporsreleasedrom thetwo hostplantsthereforeinduce
a specificarray of olfactoryresponsesGC-EAD analysisof odorsof a nonhost
plant,fennel,demonstratethe presencef anotherarrayof chemostimulifor the
LBM composedf monoterpeneg-myrceneand 8-ocimene,andthe aromatics
p—cymeneandmethyl chavicol; thesefour compound<licited responsein all
thefemaleantenna®f thetwo hostraceshatwereused(Table?2).

GC-EAD Analysisof Wlatiles Trappedfrom Larch and Cemban pine Ten
constituent®f the porouspolymertrappedvolatilesfrom larchelicitedresponses
from antennaeof both sexes of the two host racesand were identified as the
monoterpeneg-myrcene limonene,S-phellandreney -terpinenethe sesquiter
pene g-farneseneand the aromatic hydrocarbon p-cymene (Figure 3 and
Table2). In addition,isopinocamphonérans-pinocargol,isogermacrenet, and
a-farnesenaveretentatively identifiedby massspectralmatcheswith computer
ized databasespectraAn unidentifiedpeak(M™* 150, KI 1316, unidentified1;
Table?2) elicitedresponsefrom antennaef both sexes of the cembrarpine host
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Fic. 1. Analysis of directly injected larch foliage headspace volatiles by GC-EAD with
LBM larch (LR) and cembran pine host race (PR) antennae |dWer traceis the flame
ionization detector (FID) response and thmper four tracesre EAD responses generated
during elution of the biologically active constituents of the headspace odor from the gas
chromatographic column.

race only. This product was not included in the paired comparisons of response am-
plitudes (Figure 5). The porous polymer extract of LBM-defoliated larch volatiles
induced similar EAD response profiles as induced by fresh larch foliage in the
three cembran pine race female antennae employed. Moreover, the FID detector
response of the GC revealed that the amounts of 10 chemostimuli in the porous
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FiG. 2. Analysis of directly injected cembran pine foliage headspace volatiles by GC-EAD
with LBM larch (LR) and cembran pine (PR) host race antennae. For further details see
text and legend to Figure 1.

polymer extract of fresh larch volatiles were approximately the same in the vapors
of LBM-defoliated larch, but the latter did contain additional components.
Constituents of the volatiles trapped from cembran pine elicited EAD re-
sponses and were identified Asmyrcene and limonene, and the aliphatic ester
a-terpinyl acetate. Thymol methyl ether and a sesquiterpene, which was either
cubebol or epicubebol (Figure 4 and Table 2), were also tentatively identified by
matches with database spectra. The cubebol/epicubebol peak (Kl 1932) induced
the strongest antennal response from both host races. However, the response was
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FiG. 3. Analysis of larch foliage odor as collected on a porous polymer by GC-EAD with
LBM larch (LR) and cembran pine host race (PR) antennae. For further details see text and
legend to Figure 1.

not consistent (observed in 4 of 4 analyses with the cembran pine host race but in
only 3 of 4 analyses with larch host race antennae), and so the cubebol/epicubebol
peak was not included in the paired comparisons (below). Exact chemical identity
of the two chemostimuli with Kis of 1361 (unidentified 2) and 1512 (unidentified
3) could not be established (Table 2, Figure 4). Comparisons of the EAD response
amplitudes of male and female antennae of each host race to the 10 larch- and 6
cembran-pine-identified chemostimuli indicated no significant differences either
between sexes of the same host race or between the two host Pace8.05;
Figure 5). Itis clear, however, that the number and quantity of volatile chemostim-
uli collected from each host plant is unique, and correspondingly the olfactory
response profiles of the LBM host races.

GC-EAD Analysis and EAG Screening of Synthetic Plant Volatiles and
Pheromone Componentbl the 22-component mixture of generally occurring plant
volatiles analyzed by the GC-EAD, 13 compounds elicited electrophysiological
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FiGc. 4. Analysis of cembran pine foliage odor as collected on a porous polymer by GC-
EAD with LBM larch (LR) and cembran pine host race (PR) antennae. For further details
see text and legend to Figure 1.

responses from male and female antennae of both host races. In addition to three
of the chemostimuli identified above from both larch and cembran pine, i.e.,
B-myrcene, limonene, angd- terpinene, 10 other compounds elicited antennal
responses, i.e., citronellak-J-camphor, §)-a-terpineol, §)-carvone, geraniol,
(E)-2-hexenal, E)-2-hexenol, p-(—)-menthyl acetate,~<)-bornyl acetate, and
eugenol. In follow-up EAG tests, 15 compounds identified as chemostimuli for
the LBM (above) were tested at ajlg source dose in the stimulus cartridge.
Each of these compounds elicited similar EAG responses from antennae of either
host race (Figure 6P > 0.05 between sexes and between the host races). Two
mixtures of synthetic plant volatiles containing 11 and 22 components (Table 1)
elicited linear dose-dependent EAG responses, covering 3 orders of magnitude
(0.1, 1, and 1Qwg) from both male and female antennae of the two host races; the
22-component mixture elicited higher responses at all doses tested.
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FiG. 5. Electroantennograhic detector responses (mean EAD respenSE&y of LBM

larch (LR, N = 4) and cembran pine host race (PR,= 4) antennae to chemostimuli
eluting from the chromatographic column in the GC-EAD analysis of larch and cembran
pine headspace volatiles as collected on a porous polymer (from Figures 3 and 4). Values
are percent contribution of each stimulus to the pooled amplitudes generated by all the
chemostimuli from a given antenna, and the standard deviation. Male and female responses
were pooled for each host race as the effect of sex was not signifieantq.05).

In order to establish that we were dealing with LBM host races similar to
those previously described (Priesner, 1979), the responses of the male antennae
were recorded to the LBM host race pheromone components. Male antennae of
the two host races showed higher responses to the respective host race principal
pheromone components, i.e., antennae of the larch host race responded best to
E11-14: Ac, whereas those of the cembran pine host race responded BSst to
12: Ac (N = 6 in each case).

DISCUSSION

The two LBM host races were equally sensitive to the particular suites of
volatile chemostimuli released from larch and cembran pine. Mono- and sesquiter-
penes accounted for over 80% of the chemostimuli identified for the LBM from
larch and cembran pine volatiles. Because both host races feed exclusively on
conifers (Baltensweiler et al., 1977), the predominance of terpenes as chemostim-
uli is not surprising. Antennae of both host races also responded to green leaf
volatiles such asif)-2-hexenol andi)-2-hexenal and to the aromatipscymene,
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FiG. 6. EAG responses of LBM larch (LR) and cembran pine host race (PR) antennae to
a range of plant volatiles. Values are percent contribution of each stimulus to the pooled
amplitudes generated by all the compounds tested on a given antenna, and the standard
deviation (N = 7 and 8 for cembran pine and larch host races, respectively). Male and
female responses were pooled for each host race, as the effect of sex was not significant
(P > 0.05).

eugenol, and methyl chavicol. The responses induced by the green leaf volatiles
were the highest for both host races.

However, there was one unidentified compound in the larch porous polymer
volatile extract that elicited EAD responses only from male and female cembran
pine host race antennae. Otherwise there was no difference in EAG responses of
the sexes of either host race to any of the chemostimuli. Furthermore, females
of both host races responded equally to a suite of chemostimuli from fennel, a
nonhost plant.

Among the 10 compounds chemically identified as stimuli in the porous
polymer extracts of larch, 8 of these could be located in cembran pine by single ion
monitoring (SIM) (isopinocamphone andfarnesene were not detected), whereas
of the 5 identified cembran pine chemostimuli, 4 were detected by SIM in larch
(thymol methyl ether was not detected). High yields of chemostimuli sometimes
interfered with the resolution of products: two distinct FID and corresponding EAD
responses were recorded from both hostraces to limonerge phellandrene from
the porous polymer extract of larch, but these chemostimuli were not resolved in
the cembran pine extract because of overloaded nonresolved peaks. The presence
of both products in cembran pine was, however, confirmed by SIM in GC-MS.
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Antennaeof both the LBM host racesshaved dose-dependernesponses
to mixturesof plantvolatiles, underliningthe gradedresponse®sf the antennal
receptorgo thechemostimuliClearly, behaioral testsarerequiredto investigate
how hostplantodorsaffect LBM hostracebehaiors.

The EAD responseprofiles of the LBM larch raceantennado vaporsof
freshly cut larch foliage and LBM-defoliatedlarch werethe same However, the
EAD profilesinducedby directinjectionof LBM-defoliatedlarchvaporsor by the
porouspolymertrappedextractof thesevolatilesweresimilarto thoseinducedby
freshlarch,but notto thoseinducedby cembrarpine.Furthermorethe quantities
of the chemostimuliwereapproximatelyjthe samein the LBM-defoliated porous
polymerextractasin the freshlarch extract. This would suggesthat the LBM-
defoliatedlarchis probablyperceved as “larch” by the LBM. Despitethis, the
LBM-defoliatedlarchappearsotto providetheLBM with anadequatsubstrate,
especiallycontactchemostimulito induceoviposition (Baltensweileand Rubli,
1999).Thismayexplainthemassnigrationpreviouslynotedrom LBM-defoliated
larchstandsn the EngadingBaltensweilerandvon Salis,1975).

Cross-attractiobetweertheLBM hostracesn thefield hasbeerdocumented
(Emelianw et al.,2001):larchracefemale<allingfrom pineattractedignificantly
morealienmales(37% of thetotal numberof malesattractedthandid larchrace
female<allingfromlarch(2.4%alienmales) Pinefemalescallingfrom eitherpine
or larchinvariably attractedonly 3.6%alien males.This indicatestwo important
points.First, femalesof both hostracescould be matedon eitherhostplant. The
pheromonef eitherhostraceis perceved by at leastsomemales,independentf
hostodors,i.e. the specificity of chemostimulifrom larch or cembranpine does
notinterferewith pheromongerceptionSecondandmoreimportant,assortatie
matingfor thelarchhostraceis enhancedvhenfemalescall from their own host
plant, but this almostbreaksdown whenthesefemalescall from cembranpine.
However, theattractionof pineracemalesto larchracefemaless probablymore
relatedto the mixed pheromonesignalsof somelarch hostracefemales,which
may containsmallamountsf E9-12: Ac (Guerinetal., 1984;Baltensweileand
Priesner1988) thanto thecontext of hostplantvolatilesin whichthepheromonés
perceved.Neverthelessin mixedforestawith equalnumberflarchandcembran
pines,the two hostracesshaved 80%—90%alighting preferencedor their own
hosts,andin laboratorychoiceexperimentsjarch and pine racespreferredtheir
own hostof 63%—69%Emelianw et al.,2003).Eventhoughtheolfactorysystems
of two hostracessharea commonarray of receptorgespondingo a variety of
rather nonspecifichost plant odors, it is the responseof an array of olfactory
receptorgo the bouquetunigueto eachhostplant that may allow eachraceto
discriminateamongdifferenthostplantsby the across-fibepatternof actvated
peripherakeceptorgVisser 1986).

The best-studiednsecthostracesshav remarkablesimilarity in their tran-
sition patternsetweerhostplants.The applemaggotfly, Rhegoletispomonella,
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hashostraceson hanvthorn andapples,andvolatilesidentifiedfrom applesthat

attracttheapplemaggoffly (Feinetal., 1982)werealsoidentifiedfrom havthorn

(Carle et al., 1987). The close similarity in volatile profile betweenapple and

hawthornled Carleetal. (1987)to suggesthatthe chemicalsimilarity in volatile

compositiorfacilitatedthe shift of R. pomonellarom havthornto apple.Despite
thedifferencesn thesuitesof chemostimulive collectedfrom larchandcembran
pine,aclosesimilarity in thevolatile profile hasbeenreportedoy Rappaporetal.

(1996) for alpinelarch and cembranpine. We did not, however, investigatethe

detailsof thevolatile profile of larchandcembrarpine, but comparedhe olfac-

tory responseacrosdothsexes andhostracesof theLBM to chemostimulfrom

eitherhostplant.

Thereis evidencein phytophagousnsectsfor the evolution of monophagy
from polyphagy(EhrlichandRaven, 1964;BernaysandGraham,1988),with the
possiblebenefitof reducedpredation(Jefries and Lawton, 1984). Among sym-
patricallyevolving hostracesthemorenutritiveresourceés usuallypreferred This
is equivalentto the exploitation of larchwith its high nutritive valueby thelarch
hostrace[nitrogenin larch reache25 mg/g needlesbut only 15 mg/gin ever-
greenNorway spruce(Baltensweiler1992)].By contrastL. BM larvaeexploiting
cembranpine mustcopewith higheramountsof toxic oleoresingNorin, 1972).
It hasbeensuggestedhat the more generalistcembranpine race surviving on
evergreengepresentshe original form becausef its moreadaptve characteris-
ticslike slowerrateof post-diapausdevelopmentsignificantlysmalleradultsize,
andgreatersurvival undernutritional stresgBaltensweiler1993;Khomentwsky
etal., 1997).Seasonahndannualvariationin relative hostabundanceandsuit-
ability, a commonoccurrencen nature(Boughton,2000), tendsto opposethe
increasein host choice.Given a choice betweentwo constantplant resources,
aninsectshouldevolve increasedidelity for higherquality or themoreabundant
host(Fry, 1996).However, predictableseasonalariationin hostabundancenakes
it difficult to eliminatecompletelythe vestigesof choiceof an alternatve plant
(BerlocherandFeder 2002).1n the LBM system the disadwantagefor the larch
hostraceis that larch, despitebeingmore nutritive, is susceptiblgo defoliation
at high moth densities.This resultsin a lesssuitableresourcefor the larchrace
at regular 8-yearintenals. At this pointin the cycle, however, the proportionof
light morphscapableof exploiting cembranpine (Baltensweiler1993)is high-
eston larch (Baltensweiler unpublished) Since our datasuggesthat the larch
hostracedoesperceve chemostimulifrom cembrarpine,we have to assumehe
hostplantsmaystill functionasrendezwussitesfor bothhostraces put whether
olfactory perceptionsenesto permit utilization of the alternateresourceis an
openquestion Neverthelessolfactoryperceptiordoesnot actasa definiteselec-
tive barrierfor eitherhostraceto restrictgeneticdiversity within the specie<Z.
diniana
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