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ANTENNAL RESPONSESOF THE TWO HOSTRACESOF
THE LARCH BUD MOTH, Zeiraphera diniana, TO LARCH
AND CEMBRAN PINEVOLATILES
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Switzerland
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Abstract—Thelarchbud moth(LBM) Zeiraphera dinianaGueńeecausesde-
foliation on larchin theAlps at8- to 10-yearintervals,afterwhichpopulations
crash.Therearetwo LBM hostraces,oneon larch andthe otheron cembran
pine.Thesehostracesaremorphologicallyindistinguishableasadultsbut they
differ geneticallyin larval color types.Furthermore,femalesof eachhostrace
producedistinctpheromoneblendsandshow ovipositionpreferencesfor their
respectivehosts.It is notclearto whatextenthostchoicecontributesto assorta-
tivematingin theLBM. Here,wecomparetheolfactorysensitivitiesof thetwo
hostracesto the odorsof freshfoliage of the hostplantsusingthe electroan-
tennogram(EAG) technique,andtheresponsesof thetwo hostracesto volatiles
collectedfrom the two hostplantsasanalyzedby gas-chromatography-linked
antennographicdetection(GC-EAD).Bothsexesof thelarchandcembranhost
racesshow thesameEAG responsesto vaporsof freshlarchandcembranpine
foliage. Fifteen plant volatiles identified as chemostimuliby GC-EAD from
larch andcembranpine odorselicited the sameantennogramresponsesfrom
the two host races.However, the GC-EAD analysesindicatethat the number
andquantityof chemostimuliemanatingfrom eachhostplant is different. It
is, therefore,mostprobablythe arrayof olfactoryreceptorsrespondingto the
bouquetof volatilesuniqueto eachhostplantthatunderliesthehostpreferences
of thetwo races.Whatremainsopenis theextentto which thesimilarity of the
olfactorysystemsmaycontributetocross-attraction.ThefactthatLBM individ-
ualswith intermediatecharacteristicsbetweenthetwo hostracesexist, suggests

∗ To whomcorrespondenceshouldbeaddressed.E-mail: patrick.guerin@unine.ch

, , ,

thatolfactoryperceptiondoesnothindergeneflow andcontributesto sustained
geneticdiversitywithin thespeciesZ. diniana.
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plantvolatiles,antennogram.
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INTRODUCTION

Thelarchbudmoth(LBM) Zeirapheradiniana Gueńee(Lepidoptera:Tortricidae)
is renowned for its regular outbreaksin larch forestsin the Alps at 8–10-year
intervals,causingconspicuousdefoliation(Baltensweileretal.,1977).Population
densityclimbs in four to five generationsto some20,000-foldat peakdensity.
Therearetwo LBM hostraces,onefeedingonlarch(Larix decidua) andtheother
on cembranpine (Pinuscembra). Populationson pine alsoappearto be cyclic
(Baltensweiler, unpublished),andoneoutbreakis reportedfor NortheasternAsia
on Pinuspumila (Khomentovsky et al., 1997).Morphologically, thesehostraces
aredistinguishableonly at thefifth instar;larvaeon larchareblackandthoseon
pinearelight yellow-orange.Thiscolorpolymorphismin thelarvaevariesduring
populationcycles(Baltensweileretal., 1977;Baltensweiler, 1993).

The major factorsgoverningreproductive isolationin mostsympatricphy-
tophagousinsecthostracesarehostfidelity and/orotherassortative matingtraits
suchasthosegovernedbypheromones.Hostfidelity actsasaneffectivepremating
barrierbetweena wide variety of sympatricallyspeciatinginsectspeciesacross
differentinsectorders.Thereareonly a few reportson hostfidelity in theLBM.
Oneincidentof hostfidelity is known for the larch hostracewhenmothsemi-
gratingfrom theEngadineAlps weregroundedby a cold front over theLake of
Constanceandreorientedsubsequentlyto larchtreeswithin thedeciduousforest
(Baltensweilerandvon Salis,1975).Studieson host alighting preferencehave
revealeda strongpreferenceby the LBM hostracesto alight on their own host
plants,bothin laboratory(Boveyand Maksymov, 1959;Drès,2000)andfield ex-
periments(Emelianov et al., 2003).However, “infidelity” hasbeenestimated;the
overall probabilityof thelarchraceadultsto alight on cembranpineis 13%,and
theprobabilitythatpineraceadultswill alight on larchis 11%(Emelianov et al.,
2003).

Assortative matingmediatedby sex pheromoneshasbeenhypothesizedto
play a role in hostracemaintenancein theLBM (Guerinet al., 1984).Thema-
jor sex pheromonecomponentsof 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 compoundsin their sex pheromoneglandsin ratioscorrespondingto there-
sponsespectraobservedfor males(Guerinetal.,1984),andF1hybridmalesshow
thesameelectroantennogram(EAG) responseamplitudesto the two pheromone
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components(Priesner, 1979;PriesnerandBaltensweiler, 1987).Using a quartet
matechoicedesignin thelaboratory(onemaleandonefemaleof eachof thetwo
racespercage),Drès(2000)estimatedtheoveralldegreeof hybridizationbetween
larchandpinehostracesto be28%.Long-rangehost-associatedprematingiso-
lation governedby pheromoneshasrecentlybeentestedin the field, suggesting
an incompleteprematingisolationbetweenthetwo hostraces(Emelianov et al.,
2001).

Whatallows thecross-attractionbetweenthehostraces?Geneflow is esti-
matedto be between2% and4% per generation(Emelianov et al., 1995;Drès,
2000).Incompletespecificityof theLBM pheromonesystemand/orthehostplant
volatilescouldbeimplicated.Althoughshort-andlong-rangepheromoneattrac-
tionhasbeenstudied(Drès,2000;Emelianov et al.,2001),nostudyhasbeenmade
ontheroleof hostplantvolatilesin thesensoryecologyof theLBM. To studythis,
we comparedtheantennalresponsesof the two hostracesto larchandcembran
pinevolatilesbyusingtheelectroantennogramtechnique(EAG)(Schneider, 1957)
andby gas-chromatography-linkedEAG analysis(Arn et al., 1975)of hostplant
volatiles.In addition,wecomparedtheantennalresponsesof thetwo hostracesto
volatilesemanatingfrom larchfoliagedamagedby larval feeding.Larchneedles,
evenonly nibbledat,quickly desiccatein thedry subalpineclimateandturn red-
brown. Commonlyoccurringplantvolatileswerealsotestedto assessthebroader
antennaldiscriminationcapabilitiesof thetwo LBM hostraceantennae.Theaim
of thestudywas to determineif theantennalolfactoryreceptorsensitivity of the
LBM hostracesis selectively tunedto thedetectionof odorsthatareassociated
with their respectivehostplants.

METHODSAND MATERIALS

Insects.Cembranpineandlarchbranchesinfestedwith LBM lateinstarlar-
vae werecollectedat theendof June1999andon July 1, 2000,in theEngadine
Valley. Larvaewere rearedon the respective host plantsat 20◦C, 80% relative
humidity (RH), in thelaboratoryto permitpupationandadultemergence.Moths
weresexed afteremergenceandseparatedto preventmating.

EAGRecordings. Recordingsweremadefromexcisedantennaeof themoths.
The tip of the antennawas cut to facilitateelectricalcontact.Chloridizedsilver
wiresin drawn-outglasscapillariesfilled with 0.1%KCl + 1%polyvinylpyrroli-
donewereusedasreferenceandrecordingelectrodes.Theantennawas heldin a
humidifiedairstream(90%–100%RH,23◦C±2◦C)deliveredat1m/secviaawater-
jacketedglasstube(6-mmi.d.) whoseoutletwasabout1 cm from thepreparation.
TheEAG signalwas fed into anAC/DC amplifier (×100)via a high impedance
preamplifier(×10),recordedontheharddiskof aPC via a16-bitanalogue-digital
IDAC card (Syntech,The Netherlands),andmonitoredsimultaneouslywith an
oscilloscope(Tektronix5103,USA).
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TABLE 1. SYNTHETIC PLANT VOLATILES TESTEDAS

CHEMOSTIMULI FORLBM ANTENNAL RECEPTORS

No.a Compound Source Purity (% GC)

1 (−)-Bornyl acetate Firmenich Unknown
2 (−)-Camphene Fluka 85
3 (+)-Camphor Fluka 97
4 (+)-3-Carene Fluka 98
5 (+)-Carvona,b,c Fluka 99
6 (−)-β-Caryophelleneb Fluka 99
7 Citral (cis+trans) Fluka 96
8 Citronellal Fluka >98
9 Eugenolb,c Fluka 99

10 Geraniolb,c Fluka 99.3
11 (E)-2-Hexenalb,c Aldrich 99
12 (E)-2-Hexenolb,c Fluka 95
13 Isoprene Fluka 99.5
14 (R)-(+)-Limoneneb,c Fluka 99
15 p-(−)-Menthyl acetateb,c Fluka 99
16 β-Myrceneb,c Sigma 90
17 (E)-β-Ocimine Firmenich Unknown
18 (1R)-(+)-α-pineneb Fluka 99
19 (+)-β-Pinene Fluka 99
20 γ -Terpineneb,c Fluka 99
21 (+)-α-Terpineolb,c Fluka 99
22 α-Terpinoleneb Fluka 90
23 Sabineneb Unknown Unknown
24 (E)-β-farneseneb,c Bedoukian Unknown

Note:Except where indicated, compounds with chiral center(s) were
racemic mixtures.
a Compounds 1–22 were included in the 22-component mixture tested by

GC-EAD and EAG (see text).
b Compounds tested by EAG.
c 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 through a 5 ml polypropylene syringe
containing the stimulus. The latter consisted of either a synthetic plant volatile
at 1 µg source dose (Table 1), the LBM pheromone componentsE11-14: 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 100µg, fresh 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 a filter paper
strip that was placed in the syringe after evaporation of the solvent; DCM alone
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wasusedasacontrol.TheEAG amplitudespresentedaretheabsoluteamplitudes
in milli voltsgeneratedby thestimuli minusthecontrolvalue(if any).

Gas-Chromatography-CoupledElectroantennogram Detection(GC-EAD).
Themethodologyis describedin SteulletandGuerin(1994).LBM antennaewere
employedasdetectorsto locatebiologically active volatilesin theodorsof fresh
andLBM-defoliatedlarch,andcembranpine.Theseodorswereseparatedon a
high-resolutiongaschromatographycapillarycolumn(30 m DBWAX, 0.25-mm
i.d., 0.25-µm film thickness,J&W Scientific,CA, USA) in a gaschromatograph
(Carlo Erba Instruments5160,Mega series,Milan, Italy) with a split–splitless
injector at 200◦C (for direct headspacevapor injection), an on-columninjec-
tor (for analysisof extracts),and a flame ionization detector(FID, at 260◦C).
ThecarriergaswasH2 (30 cm/secat 40◦C). On-columninjectionsweremadeat
40◦C, andthe columntemperaturewas programmedat 5◦C/min to 230◦C (held
for 10 min). Thecolumneffluentwas split (50:50)betweentheFID andthean-
tennographicdetector(EAD) and simultaneouslymonitoredby the FID and a
LBM antenna,and both signalswere recordedsimultaneouslyon a PC using
a GC-EAD softwareprogram(Syntech,The Netherlands).Kovats retentionin-
dices(KIs) for thebiologicallyactiveplantvolatilesdetectedwerecalculatedwith
referenceto n-alkanes(C10–C30) injectedunderthe sameGC conditionsasthe
analyte.

DirectAnalysisof Plant Volatiles.Some20 g of freshfoliageof P. cembra
(Pinaceae),freshandLBM-defoliatedL. decidua(Pinaceae),or fennelFoeniculum
vulgare (Apiaceae)wereplacedin airtight glassbottles(200 ml) with a rubber
septumin thelid for 1 hr at roomtemperatureto allow headspacevaporsampling
with a 5 ml gas samplingsyringe. A 2 ml samplewas injectedsplitless(method
describedin McMahonetal., 2001)ontothecolumnfor GC-EADanalysis.

PorousPolymerExtractsof Plant Volatiles.Some800g of freshfoliageof
cembranpineandfreshandLBM-defoliatedlarchfoliage(800g each)wereput
in airtight dessicators(2 l) fitted with inlet andoutlet tubes.Charcoal-filteredair
enteredthroughone tube,and a glasscartridgecontaining 5 g preconditioned
(Byrneetal.,1975)PorapakQ (60–80mesh,Millipore Corporation,USA) was
attachedto theother. A waterpumpsuckedair (50ml/min) over theplantmaterial
to the adsorbent.The porouspolymerwas extractedwith 500µl DCM (Merck,
analyticalgrade)and2µl of theextractwereinjectedon-column.

Gas-Chromatography-CoupledMassSpectrometry(GC-MS).Plantodorex-
tractsanalyzedby GC-EAD were subsequentlyanalyzedby GC-MS in as HP
5890seriesII chromatographlinkedtoaHP5971Amassselectivedetector(MSD;
Hewlett Packard,USA),with thecolumnandconditionsasin theGC-EADanaly-
sis(above).Blankcontrolswereanalyzedasfor therespectiveheadspaceextracts.
Two microlitersof extract wereinjectedon-column;the columnwas connected
via a1-mdeactivatedfused-silicacapillary(0.25-mmi.d.) to theMSD ion source
(temperature160◦C,ionizationenergy70eV)with heliumascarriergasat constant
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flow (linearvelocity∼30 m/secat 40◦C). Headspacevaporanalysisby GC-MS
with splitlessinjectionwasperformedasdescribedin McMahonetal.(2001)under
thesameconditionsasfor GC-EAD,but in aVarian3400-Saturn3 (CA, U.S.A.),
with theMSD, column,andcarriergasflow asabove.

Biologically activecomponentsof headspacevaporsandvolatileextractslo-
catedby GC-EADanalysiswererelocatedby GC-MSusingKIs, andby compar-
ison of chromatogramprofiles.Identificationof an electrophysiologicallyactive
peakin anextractwas first basedon thematchof its massspectrumwith thatof
a known productstoredin a computer-basedlibrary using the HP-Chemstation
software.The KI of an unknown chemostimulusfrom larch andpine was then
comparedwith thatof thelibrary-proposedsyntheticanalogueinjectedunderthe
sameconditions.Biologicalactivity with syntheticanaloguesof fourchemostimuli
wasestablishedby GC-EADwith LBM antennae(Table2). Specificenantiomers
of compoundsidentifiedin extractswith chiralcenter(s)werenotdetermined,but
enantiomersof syntheticchiral productsusedareindicatedin Table1.

StatisticalAnalysis.Becauseof thevariationin EAGresponsesbetweenLBM
antennae,responsesof a given antennato differentchemostimuliin eitherEAG
or GC-EADexperimentswerenormalizedby summingtheresponsesin milli volts
to all thechemostimuli.Thepercentcontribution of eachcompoundto this sum
was thensquareroot transformedfor statisticalanalysis.Whereresponsesof the
sexes did not differ significantly(P > 0.05,ANOVA), maleandfemaleantennal
responseswerepooledwithin ahostrace.EAG andGC-EADresponseamplitudes
of thehostraceswerethencomparedbyANOVA.All thechemostimuliidentifiedin
theGC-EADanalysesof larchandcembranpinevolatileswereincludedin paired
comparisons,except the cubebol/epicubebolpeakin the cembranpine bouquet
thatelicitedvariedresponsesfrom thetwo hostraceantennae,andanunidentified
peak(unidentified1,M+ 150)in thelarchfoliagebouquetthatselectively elicited
responsesfromthecembranpineraceonly. TheEAGresponsesto freshandLBM-
defoliatedlarchfoliage,andto freshcembranpinefoliage,werecomparedby t test
(unpaired).Thevaporsemanatingfrom LBM-defoliatedlarchwereanalyzedby
GC-EAD with both larch andcembranpine host raceantennae,but the porous
polymercollectedvolatilesfrom LBM-defoliatedlarchwereanalyzedonly with
cembranpineraceantennae(theonly onesavailable).

RESULTS

EAG Responsesto Larch andCembranPineFoliage. Bothsexesof thelarch
andcembranpineLBM hostracesrespondedsimilarly to larchandcembranpine
foliage vaporscollectedin the stimuluscartridge:cembranpine foliage elicited
EAG responsesof 2.25± 0.86(meanEAG response± standarddeviation) and
1.71± 0.97mV from thecembranpineandlarchhostraces,respectively, whereas

6



P1: FLT

Journal of Chemical Ecology [joec] PP870-joec-466198 June 13, 2003 11:20 Style file version June 28th, 2002

TA
B

LE
2.

A
N

T
E

N
N

A
L

C
H

E
M

O
S

T
IM

U
LI

ID
E

N
T

IF
IE

D
F

O
R

T
H

E
L

A
R

C
H

B
U

D
M

O
T

H
A

N
D

FR
E

Q
U

E
N

CY
O

F
T

H
E

IR
D

E
T

E
C

T
IO

N
B

Y
LB

M
H

O
S

T

R
A

C
E

A
N

T
E

N
N

A
E

IN
T

H
E

O
D

O
R

O
F

H
O

S
T

PL
A

N
T

S
(L

A
R

C
H

A
N

D
C

E
M

B
R

A
N

PI
N

E
),

A
N

D
IN

T
H

A
T

O
F

A
N

O
N

H
O

S
T

PL
A

N
T

(F
E

N
N

E
L)

D
ire

ct
he

ad
sp

ac
eva

po
ri

nj
ec

tio
na

P
or

ou
sp

ol
ym

er
tr

ap
pe

dv
ol

at
ile

ex
tr

ac
tb

P.
ce

m
b

ra
L

.d
e

ci
d

u
a

F.
vu

lg
a

re
d

P.
ce

m
b

ra
L

.d
e

ci
d

u
a

F
re

sh
F

re
sh

D
ef

ol
ia

te
d

F
re

sh
F

re
sh

F
re

sh
D

ef
ol

ia
te

d

LR
P

R
LR

P
R

LR
P

R
LR

P
R

LR
P

R
LR

P
R

P
R

Id
en

tifi
ca

tio
n

C
om

po
un

d
(N
=

7)
(N
=

12
)

(N
=

7)
(N
=

8)
(N
=

3)
(N
=

6)
(N
=

3)
(N
=

2)
(N
=

4)
(N
=

4)
(N
=

4)
(N
=

4)
(N
=

3)
cr

ite
ria

c

C
am

ph
en

e
7

8
1

1
M

R
E

β
-M

yr
ce

ne
7

12
1

1
1

3
2

4
4

4
4

3
M

R
E

Li
m

on
en

e
7

11
1

1
1

4
4

2
4

3
M

R
E

β
-P

he
lla

nd
re

ne
3

3
3

M
R

β
-O

ci
m

en
e

3
2

M
R

γ
-T

er
pi

ne
ne

2
4

3
M

R
E

p-
C

ym
en

e
7

12
7

8
3

6
3

2
3

4
3

M
R

U
ni

de
nt

ifi
ed

1
(M
+

15
0)

0
4

3
U

ni
de

nt
ifi

ed
2

4
4

U
ni

de
nt

ifi
ed

3
4

2
Is

op
in

oc
am

ph
on

e
4

4
3

M
T

hy
m

ol
m

et
hy

le
th

er
4

4
M

Tr
a

n
s-

pi
no

ca
rve

ol
4

4
3

M
β

-F
ar

ne
se

ne
4

4
3

M
R

M
et

hy
lc

ha
vi

co
l

3
2

M
R

α
-T

er
pi

ny
la

ce
ta

te
4

4
M

R
Is

og
er

m
ac

re
ne

-D
4

4
2

M
α

-F
ar

ne
se

ne
4

4
3

M
C

ub
eb

ol
/e

pi
-c

ub
eb

ol
3

4
M

N
o

te
:P

oo
le

dd
at

af
ro

m
m

al
e

an
d

fe
m

al
ea

nt
en

na
e;L

R
=

la
rc

h
ra

ce
an

d
P

R
=

pi
ne

ra
ce

.A
bs

en
ce

of
a

co
m

po
un

dd
ow

n
a

co
lu

m
n

de
no

te
sn

o
re

sp
on

se
fr

om
an

te
nn

ae
to

th
e

do
se

pr
es

en
tin

th
e

he
ad

sp
ac

eo
re

xt
ra

ct
in

G
C

-E
A

D
an

al
ys

is
(s

ee
te

xt
).

a
Fo

lia
ge

he
ad

sp
ac

ein
je

ct
ed

di
re

ct
ly.

b
Fo

lia
ge

he
ad

sp
ac

eco
m

po
ne

nt
str

ap
pe

do
ve

r
a

po
ro

us
po

ly
m

er
.

c
C

rit
er

ia
fo

r
id

en
tifi

ca
tio

no
fa

n
E

A
D

ac
tiv

e
pe

ak
:M

:
m

at
ch

in
gm

as
ss

pe
ct

ra
w

ith
pr

od
uc

ts
in

th
e

H
P

-C
he

m
st

at
io

nd
at

ab
as

e,R
:m

at
ch

in
gr

et
en

tio
nt

im
e

of
th

e
sy

nt
he

tic
an

al
og

ue
,

an
d

E
:m

at
ch

in
ge

le
ct

ro
ph

ys
io

lo
gi

ca
lac

tiv
ity

w
ith

th
at

of
th

e
sy

nt
he

tic
an

al
og

ue
.

d
A

na
ly

si
so

nl
y

by
fe

m
al

es
of

tw
o

ho
st

ra
ce

s.

7



P1: FLT

Journal of Chemical Ecology [joec] PP870-joec-466198 June 13, 2003 11:20 Style file version June 28th, 2002

the larch foliage elicited clearly smallerresponsesof 0.91± 0.58 and 1.06±
0.35mV, respectively, (N = 12; 6 malesandfemalesfor eachhostrace).These
responseswerenotdifferenteitherbetweensexesof agivenhostraceor between
the hostraces(P > 0.05). The higherresponsesrecordedfrom the antennaeof
both hostracesto cembranpine foliage canbe explainedby the higheramount
of volatiles emanatingfrom this host plant (Figures1 and 2). Using the direct
headspacesamplingmethoddescribedhere,we estimatedcampheneat 3 times
more,β-myrceneat 10 timesmore,limoneneat 75 timesmore,and p-cymeneat
2 timesmorein theheadspaceof cembranpineover larch.LBM-defoliatedlarch
elicited EAG responsesof 0.69± 0.31 mV, no different from the 1.05± 0.16
mV responsesgeneratedin pinehostraceantennaeto freshlarchfoliage(N = 6,
P > 0.05).

GC-EADAnalysisof Larch, Cembran Pine, andFennelHeadspaceVapors.
In fresh larch foliage headspacevapor, only the aromatic p-cymeneelicited a
conspicuousandconsistentEAG responsefrom maleandfemaleantennaeof both
hostraces;the responsewas recordedfrom all 7 larch and8 cembranpine host
raceantennaeemployed(Figure1 andTable2).TheEAD responsesof 3 larchand
6 cembranpinehostraceantennaeto LBM-defoliatedlarchvaporsweresimilarto
thoseto freshlarch,wherep-cymenewasagainthemostactivechemostimulusin
LBM-defoliatedvapors.Aswith freshlarch,responseswererecordedoccasionally
to camphene,β-myrcene,andlimonenein LBM-defoliatedlarchvaporwhenever
theinjectedsamplecontainedthecompoundsin sufficientquantity.

In cembranpineheadspacevapor, inadditionto p-cymene,themonoterpenes
camphene,β-myrcene,andlimoneneelicitedantennalresponsesfrom bothsexes
of thetwo hostraces(Figure2,Table2).Despitethesimilarity of theresponsesof
thetwo hostracesto chemostimulifrom bothhostplants,cembranpinereleaseda
greaternumberof chemostimuliatasufficientlyhighdosetostimulateantennaeof
boththehostraces.Thevaporsreleasedfrom thetwo hostplantsthereforeinduce
a specificarrayof olfactoryresponses.GC-EAD analysisof odorsof a nonhost
plant,fennel,demonstratedthepresenceof anotherarrayof chemostimulifor the
LBM composedof monoterpenesβ-myrceneandβ-ocimene,andthearomatics
p−cymeneandmethyl chavicol; thesefour compoundselicited responsesin all
thefemaleantennaeof thetwo hostracesthatwereused(Table2).

GC-EADAnalysisof VolatilesTrappedfromLarch andCembran pine. Ten
constituentsof theporouspolymertrappedvolatilesfrom larchelicitedresponses
from antennaeof both sexes of the two host racesand were identified as the
monoterpenesβ-myrcene,limonene,β-phellandrene,γ -terpinene,thesesquiter-
pene β-farnesene,and the aromatic hydrocarbon p-cymene (Figure 3 and
Table2). In addition,isopinocamphone,trans-pinocarveol, isogermacrene-1, and
α-farneseneweretentatively identifiedby massspectralmatcheswith computer-
ized databasespectra.An unidentifiedpeak(M+ 150, KI 1316,unidentified1;
Table2) elicitedresponsesfrom antennaeof bothsexes of thecembranpinehost
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FIG. 1. Analysis of directly injected larch foliage headspace volatiles by GC-EAD with
LBM larch (LR) and cembran pine host race (PR) antennae. Thelower traceis the flame
ionization detector (FID) response and theupper four tracesare 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

9
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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 asβ-myrcene and limonene, and the aliphatic ester
α-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 (KI 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 races (P > 0.05;
Figure 5). It is 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 Components.In the 22-component mixture of generally occurring plant
volatiles analyzed by the GC-EAD, 13 compounds elicited electrophysiological

11
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FIG. 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.,
β-myrcene, limonene, andγ - terpinene, 10 other compounds elicited antennal
responses, i.e., citronellal, (+)-camphor, (+)-α-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 a 1µg source dose in the stimulus cartridge.
Each of these compounds elicited similar EAG responses from antennae of either
host race (Figure 6;P > 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 10µg) from both male and female antennae of the two host races; the
22-component mixture elicited higher responses at all doses tested.

12
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FIG. 5. Electroantennograhic detector responses (mean EAD responses+ SD) of LBM
larch (LR, N = 4) and cembran pine host race (PR,N = 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 significant (P > 0.05).

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 best toE9-
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 as (E)-2-hexenol and (E)-2-hexenal and to the aromaticsp-cymene,
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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 andα-farnesene 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 host races to limonene andβ-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 racesshowed dose-dependentresponses
to mixturesof plant volatiles,underliningthe gradedresponsesof the antennal
receptorsto thechemostimuli.Clearly, behavioral testsarerequiredto investigate
how hostplantodorsaffectLBM hostracebehaviors.

The EAD responseprofiles of the LBM larch raceantennaeto vaporsof
freshlycut larch foliageandLBM-defoliatedlarchwerethesame.However, the
EAD profilesinducedby directinjectionof LBM-defoliatedlarchvaporsor by the
porouspolymertrappedextractof thesevolatilesweresimilar to thoseinducedby
freshlarch,but not to thoseinducedby cembranpine.Furthermore,thequantities
of thechemostimuliwereapproximatelythesamein theLBM-defoliatedporous
polymerextract asin the freshlarch extract.This would suggestthat the LBM-
defoliatedlarch is probablyperceived as “larch” by the LBM. Despitethis, the
LBM-defoliatedlarchappearsnotto providetheLBM with anadequatesubstrate,
especiallycontactchemostimuli,to induceoviposition(BaltensweilerandRubli,
1999).ThismayexplainthemassmigrationpreviouslynotedfromLBM-defoliated
larchstandsin theEngadine(Baltensweilerandvon Salis,1975).

Cross-attractionbetweentheLBM hostracesin thefieldhasbeendocumented
(Emelianov et al.,2001):larchracefemalescallingfrompineattractedsignificantly
morealienmales(37%of thetotalnumberof malesattracted)thandid larchrace
femalescallingfromlarch(2.4%alienmales).Pinefemalescallingfromeitherpine
or larchinvariablyattractedonly 3.6%alienmales.This indicatestwo important
points.First, femalesof bothhostracescouldbematedon eitherhostplant.The
pheromoneof eitherhostraceis perceived by at leastsomemales,independentof
hostodors,i.e. thespecificityof chemostimulifrom larchor cembranpinedoes
not interferewith pheromoneperception.Second,andmoreimportant,assortative
matingfor thelarchhostraceis enhancedwhenfemalescall from their own host
plant,but this almostbreaksdown whenthesefemalescall from cembranpine.
However, theattractionof pineracemalesto larchracefemalesis probablymore
relatedto the mixed pheromonesignalsof somelarch hostracefemales,which
maycontainsmallamountsof E9-12:Ac (Guerinet al., 1984;Baltensweilerand
Priesner,1988),thantothecontext of hostplantvolatilesin whichthepheromoneis
perceived.Nevertheless,in mixedforestswith equalnumbersof larchandcembran
pines,the two hostracesshowed 80%–90%alighting preferencesfor their own
hosts,andin laboratorychoiceexperiments,larchandpine racespreferredtheir
ownhostof 63%–69%(Emelianov et al.,2003).Eventhoughtheolfactorysystems
of two hostracessharea commonarrayof receptorsrespondingto a variety of
rathernonspecifichost plant odors, it is the responseof an array of olfactory
receptorsto the bouquetuniqueto eachhostplant that may allow eachraceto
discriminateamongdifferenthostplantsby the across-fiberpatternof activated
peripheralreceptors(Visser, 1986).

Thebest-studiedinsecthostracesshow remarkablesimilarity in their tran-
sition patternsbetweenhostplants.Theapplemaggotfly, Rhagoletispomonella,
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hashostraceson hawthorn andapples,andvolatilesidentifiedfrom applesthat
attracttheapplemaggotfly (Feinetal.,1982)werealsoidentifiedfrom hawthorn
(Carle et al., 1987).The closesimilarity in volatile profile betweenappleand
hawthornledCarleetal. (1987)to suggestthatthechemicalsimilarity in volatile
compositionfacilitatedtheshift of R.pomonellafrom hawthornto apple.Despite
thedifferencesin thesuitesof chemostimuliwecollectedfrom larchandcembran
pine,aclosesimilarity in thevolatileprofilehasbeenreportedby Rappaportetal.
(1996) for alpine larch andcembranpine. We did not, however, investigatethe
detailsof thevolatile profile of larchandcembranpine,but comparedtheolfac-
tory responsesacrossbothsexesandhostracesof theLBM to chemostimulifrom
eitherhostplant.

Thereis evidencein phytophagousinsectsfor the evolution of monophagy
from polyphagy(EhrlichandRaven,1964;BernaysandGraham,1988),with the
possiblebenefitof reducedpredation(Jeffries andLawton, 1984).Amongsym-
patricallyevolvinghostraces,themorenutritiveresourceisusuallypreferred.This
is equivalentto theexploitationof larchwith its high nutritive valueby thelarch
host race[nitrogenin larch reaches25 mg/g needlesbut only 15 mg/g in ever-
greenNorwayspruce(Baltensweiler, 1992)].By contrast,LBM larvaeexploiting
cembranpinemustcopewith higheramountsof toxic oleoresins(Norin, 1972).
It hasbeensuggestedthat the more generalistcembranpine racesurviving on
evergreensrepresentstheoriginal form becauseof its moreadaptive characteris-
ticslikeslowerrateof post-diapausedevelopment,significantlysmalleradultsize,
andgreatersurvival undernutritionalstress(Baltensweiler, 1993;Khomentovsky
et al., 1997).Seasonalandannualvariationin relative hostabundanceandsuit-
ability, a commonoccurrencein nature(Boughton,2000), tendsto opposethe
increasein host choice.Given a choicebetweentwo constantplant resources,
aninsectshouldevolve increasedfidelity for higherqualityor themoreabundant
host(Fry, 1996).However, predictableseasonalvariationin hostabundancemakes
it difficult to eliminatecompletelythe vestigesof choiceof an alternative plant
(BerlocherandFeder, 2002).In theLBM system,thedisadvantagefor the larch
hostraceis that larch,despitebeingmorenutritive, is susceptibleto defoliation
at high moth densities.This resultsin a lesssuitableresourcefor the larch race
at regular8-yearintervals.At this point in thecycle, however, theproportionof
light morphscapableof exploiting cembranpine (Baltensweiler, 1993) is high-
eston larch (Baltensweiler, unpublished).Sinceour datasuggestthat the larch
hostracedoesperceive chemostimulifrom cembranpine,we have to assumethe
hostplantsmaystill functionasrendezvoussitesfor bothhostraces,but whether
olfactory perceptionserves to permit utilization of the alternateresourceis an
openquestion.Nevertheless,olfactoryperceptiondoesnotactasadefiniteselec-
tive barrierfor eitherhostraceto restrictgeneticdiversity within the speciesZ.
diniana.
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mélèzeZeiraphera griseana(HB). Vierteljahrsschr. Naturforsch. Ges.Zürich 104:264–274.
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