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Abstract—Evidencefor theuseof defensie compounddor sexual purposess
scarcegventhoughsexual selectiormighthave someimportanceor theevolu-
tion of defensvetraits. Thisstudyinvestigatesheeffectof defense-relatetlaits
andbody size on mating successn two sisterspeciesof leaf beetlediffering
in their type of chemicaldefenseQOreinagloriosaproducesautogenousarde-
nolides,whereasO. cacaliae sequesterpyrrolizidine alkaloidsfrom its food
plant.Larger O. gloriosamaleswith moretoxin or highertoxin concentration
hadamatingadwantagelik ely dueto director indirectfemalechoice.In thelab-
oratory particularpairingsrecurredrepeatedlyin this speciesjndicatingmate
fidelity. O. gloriosafemaleswerealsosubjectto sexual selection possiblyby
malechoice,becausédargerfemalesandthosewith highertoxin concentration
matedmorereadilyandmoreoften.In O. cacaliag in contrastsexual selection
for toxicity andbodysizewasnotdetectedor atbestwasmuchwealer. Because
toxicity is heritablein O. gloriosabut environment-dependeirt O. cacaliag in-
dividualsof the former speciecould be choosingwell-defendedbartnerswvith
“good genes. Our study suggestghat sexual selectionmay contrikute to the
maintenancef heritabledefensie traits.

Key Words—Sexual selection,chemicaldefense cardiacglycosides pyrro-
lizidine alkaloids, sequestratiorvs. de novo synthesis,assortatie mating,
Oreing Chrysomelidae.
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INTRODUCTION

A wide variety of insectspeciesxploit chemicaldefensego protectthemseles
againshaturalenemiegEuwetal.,1967;Brower, 1984;Bowers,1992).Defensve
traitssuchastoxiccompoundsnostlikely evolveinresponséo predatiompressure,
andmaybeconstrainedby variousphysiologicaparametersin additionalmech-
anismselectingfor toxicity may ariseif individuals benefitfrom matingwith a
well-defendegartner Someauthorshave proposedhatdefensie secretionsnay
have a directpheromonakffect, provided that glandsarenot sealedandvolatile
compoundscandiffuse (Attygalle et al., 1991; Eggenbeger and Rowell-Rahier
1993a).In otherspeciesdefensie compound$iave beenshavn to be precursors
of sexual pheromonegTrigo and Brown, 1990; Dussourdet al., 1991; Amano
et al., 1999). Toxicity may be a reliabletrait for assessing@verall matequality,
asit is costly (Zahavi, 1975;Pasteelstal., 1990;Bowers,1992; Anderssorand
Iwasa,1996). However, evidencefor the useof defensie compounddor sex-
ual purposesn insectdn mostcasesoncernglant-derved compoundgNishida
andFukami,1990; Trigo andBrown, 1990;Dussourdet al., 1991;Amanoetal.,
1999).Sexual selectionfor defensie compoundsnay occurwhenindividualsof
the choosingsex benefitfrom this choice. This is the casewith the moth Uteth-
eisaornatrix (Dussourdet al., 1991),wherefemaleschoosemalesadwertisinga
toxin-rich spermatophoreg nuptialgift thatfemalesuseto defendtheir offspring.
In turnip sawflies, more distastefulfemales(i.e., containinggreateramountsof
diterpeneshave greatematingsuccesgAmanoetal., 1999),which mayindicate
male choicefor toxic females.Clearly, moreevidenceis neededo evaluatethe
role of sexual selectionin the evolution of chemicaldefenses.

Two fundamentallydifferent meansof chemicaldefenseoccurwithin the
alpine leaf beetlegenusOreina Chevrolat (Coleoptera,Chrysomelidae)Some
specieslike O. gloriosa,defendhemselesby synthesizingardenolidegautoge-
nousdefenseVan Oycke et al., 1987;EggenbegerandRowell-Rahier 1993a,b).
Other speciesjike O. cacaliae are defendedby pyrrolizidine alkaloids (PAS)
acquiredfrom their food-plant,which they storein defensve glands(toxin se-
questrationRowell-Rahieretal., 1991;Pasteelsetal., 1992).Oreinacacaliaeis,
thus,dependenbn its food-plantfor defenseagainstpredatorsin neitherspecies
aredefensive compoundprovidedto offspringby their mother(Eggenbegerand
Rowell-Rahier 1992;DoblerandRowell-Rahier 1994).However, in O. gloriosa,
the concentratiorof 8 out of 16 cardenolidesn the defensve secretioris herita-
ble (h? = ca.Q5, Eggenbeger and Rowell-Rahier 1992),andthesecomponents
accountfor 31% of the total intrapopulationvariation. Defensve capability is,
therefore atleastpartly geneticallydeterminedThus,in this speciesthereis the
potentialfor selectiorfor “good genes'to operatd Andersson1994),andtoxicity
may be the basisfor matechoiceif detectabldéy the partnerindeed,anindivid-
ual that choosesa well-defendedpartnerwould be favored by naturalselection



becausehis enhanceghe surviva of its offspring throughhigher resistanceo

predatorsin contrastthis would belesslikely in sequesteringpeciesuchasO.

cacaliag wheretoxicity is primarily relatedto hostplantcontentof PAs (Isman,
1977;Ismanetal., 1977;Brower et al., 1984; Bowers,1992). Toxicity will also
be influencedby foragingor physiologicalcorversioncapacity so may sene as

anindicatorof “good genes, but nothingis known aboutthe heritability of these
traits.

Here,we investigatesexual selectionin thesetwo leaf beetlespeciesn the
laboratoryandthefield, usingmodermstandardizethethodgor quantifyingsexual
selection(LandeandArnold,1983;ArnoldandWade 1984a,bBrodieetal.,1995).
In additionto the defensie traits of toxin volume and concentratior(which are
physiologicaltraitsrarelyassesseid thesexualselectiorcontet; Kingsolveretal.,
2001),bodysizewasalsoanalyzedecausé hasbeershavnto affectmatechoice
in mary speciesAndersson1994; Bonduriansly, 2001). Although supposedly
rare and poorly documentedAndersson,1994), male choicefor femalesmay
occurwhenmalesarein someway limited in their numberof matings,or if the
quality of their matesstrongly influencestheir fitness.This may be the casein
toxic insects,so we specificallyinvestigatethis possibility. Lastly, we provide a
generaldescriptionof the matingbehavior of bothspecies.

MATERIALS AND METHODS

Collectionof Beetles.Laboratory ExperimentThisexperimenivasdesigned
to recordthe matingpatternfor eachindividual O. gloriosaandO. cacaliae For
both specieswe collected60 adultsof eachsex. O. cacaliaewas samplednear
La Fouly in the Val Ferret(Valais, SwissAlps, 45.56N, 7.05E, alt. 1500 m)
in early May 2000,whenindividualsemege from the ground,dig out from the
snav, andstartfeedingon Petasitesparadoxus(Asteraceae)lndividuals of this
speciesveresexed usingtheir sexually dimorphictarsi(LohseandLuche,1994).
O. gloriosawas sampledn SaasGrund(Valais,SwissAlps, 46.08N, 7.57E, alt.
1800m) at the beginning of June2000,whenthey startfeedingon Peucedanum
ostruthium (Apiaceae).As sexual dimorphismof tarsi doesnot occur in this
speciesbeetlesveresexed usingbodyweight. Previousstudieshave documented
the weight distribution of both sexes, femalesbeing heavier than males(mean
weightandstandardieviation of femalesandmalesyespectrely, 0.094+ 0.013¢g
and0.067 4 0.0069 ). We avoidedusingindividualsweighingbetweer0.077and
0.091g. Beetledighterthan0.077g weretakenasmales,andthoseheavier than
0.091gasfemalesin anotherexperimentin which sex couldbe checledbecause
femaledarviposited thismethodproducednly a2% errorrate.To minimizedis-
turbanceduringtransportationbeetlesalongwith leaves of their food-plantwere
placedin plasterbottomedboxeswith high humidity.



Field Sampling An instantsamplingwas performedin orderto document
the matingpatternof both speciesn thefield. Adult beetlesnverecollectedat the
samesitesanddatesasfor the laboratoryexperiment.Two cateyoriesof beetles
werecollectedfor eachspeciesmatingcouples(N = 31in O. gloriosa N = 25
in O. cacaliag, andbeetleghatwerenot matingat thetime (31 beetlesof each
sex in O. gloriosa, 25 in O. cacaliag. The samplingdatescorrespondo their
peakmatingtime in the field. We collectedbeetleshatwereactive (feedingand
mating)ontheleavesof theirfood plantswhichshouldrepresenarandomsample
of theindividualsin the populationactive atthetime, asinspectionontheground
underthe food plantsrevealedthe presenceof few beetlesand no mating. The
sex ratioin thefield is typically male-biasedyith up to 84%of individualsbeing
males(Kalbereretal., unpublishediata).Eachmatingpair andsinglebeetlewas
carefully placedinto a separatevial to minimize disturbancewhile transporting
themto thelaboratory All vials were plasterbottomedto ensurehigh humidity,
and provided with a fresh piece of the food-plant. Field-sampledbeetleswere
milkedfor theirdefensie secretiorwithin 24 hr afterarrival inthelaboratory(see
belon). All beetleswerereleasedat their respectie field sitesat the end of the
experiment.

ExperimentaProcedue. Thelaboratoryexperimentastedrom1to30June,
2000,for O. gloriosa andfrom 3 to 30 May, 2000,for O. cacaliae Thesedates
correspondo the mating periodin the field, asindicatedby field obsenations
from theprevious4 years(Knoll, KalbererandNessi,unpublishedlata).For each
specieswe placed30malesand30femaledn eachof two 30- x 50-cmtrays.This
approximatelyeflectghenaturaldensityonplantpatchesn thefield. Beetlesvere
individually markedwith correctionfluid (Tipp-Ex) andbeelabelsontheelytrae.
Defensve secretionsaandweightsof all individualsweretaken within 2 daysat
theendof theexperiment.The holdingtrayshadwetfilter paperat the bottomto
ensurehumidity, andwere placedin the laboratoryat roomtemperaturérange:
19-25C), away from directsunlight.Freshfood-plantswereprovided every day
for food andshelter

We recordedevery mating by inspectionevery 4 hr (point sampling)over
the entire period of the experiment.As preliminary obsenationsindicatedthat
matingslast on average6 hr in both specieswe were confidentthat nearly all
copulationswere obsered. After six nights of obsenation, we confirmedthat
nocturnalcopulationsarerare (only onematingwas obsened); hence no surey
was donebetweenll p.m. and 6 a.m.Eachmating pair was carefully removed
from the tray andkeptin avial until the partnersseparatedAfterwards,beetles
werereleasednto thetraysin orderto keepinsectdensityapproximatelyconstant
in both trays. At the end of the experiment,eachbeetlethat survived (62% of
O. gloriosaand48% of O. cacaliag wasweighedandmilked for its defensive
secretionsaasdescribecbelown. As every copulationwas recorded chronological
orderof matingandthe total numberof copulationscould be determinedor all



individuals,allowing usto correlatethesematingattributesto themeasuredraits.
To estimatethe durationof the differentphase®f mating,12 matingpairsof O.
gloriosaand 13 of O. cacaliaewereobsered every hour for the durationof the
mating.

Measuementof DefensiveSecetions. Defensve secretionavere collected
by holdingthe beetleunderthe microscopeandgently tappingits pronotumand
elytraewith fineforcepsuntil dropsof secretiorappearedfomtheglandopenings.
Thestimuluswas appliedaslongasdefensieliquid couldbeemitted.Dropswere
collectedwith a calibratedglasscapillary, and the volume of the secretion(as
representetdy the heightof theliquid in the capillarytube)was measuredvith a
graduatedenson the microscopeEachsecretiorwas storedindividually in 150
ul of methanoin thefreezer Beetleswereweighedto the nearesti0—“g.

SamplePreparation and ChromataraphicAnalysisof Cardenolides.A pre-
liminary trial revealedthat the spectrophotometrimethoddescribedby Dobler
and Rowell-Rahier (1994) is not sensitve enoughto analyzeindividual secre-
tions.Thus,thesamplesverepreparedandthe concentratiorof total cardenolides
in the secretionsof O. gloriosa determinedusing reverse-phasdigh pressure
liquid chromatographyHPLC) asdescribedoy EggenbegerandRowell-Rahier
(1993b),usinga VarianStarchromatographyvorkstationsystemwith automated
injection.We usedouabain(Sigma)asaninternalstandardandconcentrationare
expresse@sug equiv. ouabainkl. Theminimumdetectedraluewas 0.95ug/ ul
of secretionandthe standardleviation equalled).7%of the mean.

SamplePreparation and Chromataraphic Analysisof PAs. Sampleavere
prepared,and the concentrationof total PAs in the secretionsof O. cacaliae
determinedusing capillary gaschromatographyGC) as describedby Rowell-
Rahieret al. (1991),usinga HP1-MS 30-m x 0.025-mmx 0.25um column,
and senecioninas external standard Concentrationgre expressedas ug equv.
senecioniriul. The minimum detectedvaluewas 0.01 ng/ul, andthe standard
deviation equalled6.4% of the mean.Gaschromatographyoupledwith mass
spectrometrf{GC/MS)was usedto confirmthatthe peakscorrespondetb PAs.

StatisticalAnalysis. Sexual selectionwas quantifiedby calculatinguni- and
multivariatelinearandquadraticselectiorcoeficients(or gradientsusingregres-
sion, following Landeand Arnold (1983) and Arnold and Wade (1984a,b).For
eachsample,we producedstandardized-scoresfor all measuredraits (body
weight, toxin concentrationand secretionvolume) by subtractingthe sample
meanfrom eachvalue and dividing the differenceby the standarddeviation:
z = (x — X)/SDx. For thefield data,we estimatedhe effect of all traitson pair
ing succesgyesor no) andon assortatie matinggiven pairing. Relative pairing
succesgi.e., relative fitnessw; = W, /w) of malesandfemaleswas calculatedas
absolutegairingsucces$l or 0) dividedby anestimateof theoperationabex ratio
[(i.e., meanfitness:Brodie andJanzern(1996)]. Becausef the comple structure
of habitat,the operationalsex ratio could not be reliably estimatedn the field



at the time of sampling.We, therefore,obtainedan estimateof the proportions
of pairedandunpairedmalesandfemalesfrom the laboratoryexperiment.This
estimatewas calculatedas the averageproportionsdeterminedat 9 point sam-
plesin time correspondingo the first 9 daysof the experiment.We usedthe
univariate modelsof relative fitnesson standardizedody size w = ¢ + B,z to
estimatethe linear (81) and w = ¢ + B;z + (y1/2)Z? to estimatethe quadratic
(y1) coeficients. The resulting coeficients g1 and y, are the linear and non-
linear (quadratic)selectiondifferentials,reflecting the combinedeffects of di-
rectandindirect selectionon body size (Endler 1986; Brodie et al., 1995). We
usedthe correspondindrivariatemodelsw = ¢ + B2 pwZbw + B2.1cZc for thelin-
ear(fz,j) andw = ¢+ By, Zow + (v2,0w/2)Z0y + B2 + (V2v/2)Z + VarcZi
for the quadratic(y,j) coeficients,wherethe subscriptsow, tv, andtc refer to
bodyweight,secretionsolume,andtoxin concentrationiespectiely. Thesecoef-
ficientsarethe multivariatelinearandnonlinearselectiongradientyBrodieetal.,
1995).Thedifferenceof theregressiorcoeficientsfrom a slopeof zero(the null
hypothesisof no selection)was testedfor eachspecieswherebyfor the binary
field data,least-squaresegressionwas usedto derive the estimate but logistic
regressionwas usedto testfor significance(Brodie et al., 1995; Blanckenhorn
etal.,1999).Assortatve mating(homogamywith regardto all traitswas assessed
by analogouslyegressingherelative trait valuein onesex on the z-standardized
trait valuein theother Sincefecundityis typically positively correlatedvith body
sizein insects(Honek,1993),femalesize estimategnale reproductve success.
Analogousmodelswere usedin the laboratoryexperiment,usingtwo measures
of matingsuccesseflectingdifferentselectionepisodesseparatelyor eachsex.
Relatve fitnessw; = W, /w was computedas(1) the total numberof matingsof
anindividual divided by the meannumberof matings(which werethe samefor
bothsexesbecaus¢hesex ratioin thelaboratorycagesvas unity); and(2) therank
orderof thefirst matingof anindividual, reflectingtime to first mating,divided by
themeanrankof all matingsthatoccurredduringtheentireexperiment(reflecting
multiple matingsof mary individuals).Assortatve matingwas notassesseinh the
laboratoryas mostbeetlegshatmatealsomultiply. Althoughthereweretwo repli-
catepopulationcagesfor eachspeciesall selectioncoeficientswerecalculated
for bothdatasetscombinedbecausehe estimateslid not differ significantly All
measuredraitsweresquare-root-transformed fit modelassumptions.

Mate Fidelity and RandomMating Simulation. From the results,we sus-
pectedhatmatingswerenotrandomin O. gloriosa becauseertaincombinations
of partnerawvereobseredseveraltimes.In orderto seeif this patternmight have
arisenunderrandommating,we performeda simulationusingthe S-PLUS2000
software.The programdisplayedwo lists of 182randomlychosemumbergbe-
causdherewereanaverageof 182matingspertray)rangingfrom 1 to 30 (because
eachtray contained30 individualsof eachsex). Eachlist representeteetlesof
onese, andmatingeventswererepresentetly thetwo numbersonthesamdine.
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Fic. 1. Observed and calculated numbers of occurrences of repeated mating with a par-
ticular partner one to four times. F@r. gloriosa calculated numbers were obtained by a
simulation assuming random mating. Note that standard errors of theoretical means are too
small to be visualized on the figure.

The program then scored the number of “pairings” (i.e., combinations) occurring
once, twice, or more often. We repeated this simulation 300 times, and recorded
the mean numbers of expected matings in each category, and their standard errors
(Figure 1). A goodness-of-fit Chi-square test was performed to see if the differ-
ences between observed and calculated values were significant. For this test, we
used only two categories (“once the same partner” and “more than once”) because
the expected values were too small in the other categories.

RESULTS

Field Study.Our field sample consisted of 31 and 25 mating pairs, and 31 and
25 single beetles of each sex fargloriosaandO. cacaliaerespectively. Because
of technical problems, there are some missing values for the concentration mea-
surements (Table 1). Toxin volume and concentration were negatively correlated in
0. gloriosa(R = —0.30, P < 0.05), whereas all other traits were uncorrelated. In
O. cacaliae weight and toxin concentration were positively correlated 0.33,

P < 0.01), and volume and concentration negativédty=£ —0.58, P < 0.001).

In O. gloriosa large males and those with large toxin volumes had a mating
advantage, whereas toxin concentration did not influence pairing success (Table 1).
These effects were independent, as uni- and multivariate selection differentials
were congruent. Furthermore, males and females paired assortatively with regard
to body weight and toxin concentration, but not toxin volume (Table 1). Therefore,
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all threetraitspositively affectedmalematingsuccessn O. gloriosa Asidefrom
the assortatie mating,which is reciprocal(however, maleandfemaleestimates
of coursevary quantitatvely), anda negative multivariatelinearselectiorgradient
for toxin volume,femalematingsuccessappearedandomwith regardto all traits
(Tablel).

In O. cacaliaemales,sexual selectiondifferentialsfor pairing successvere
qualitatively similar to thosein O. gloriosa but lower and nonsignificantper
hapsbecausef the lower samplesize (i.e., theretendedto be a positive effect
of body weight and toxin volume on mating successiTable 1). Therewas no
assortatie mating.Toxin volumenegatively affectedthe matingsuccessf O. ca-
caliaefemales put this was not significantin the multivariateanalysis(Table 1).
So again,sexual selectionon femaleswith regardto the threetraits was largely
absentwhereassexual selectionon malebodyweightandtoxin volumemay be
presentNon-linearselectiondifferentialswerelargely non-significanandarenot
presentedn Tablel.

LaboratoryStudy Geneal MatingBehaviorMeanpairingdurationwassim-
ilar in bothspecieg6.1 + 2.8 hr and6.7 + 2.4 hr in O. gloriosaandO. cacaliae
respectrely). We coulddistinguishtwo phasestrue copulation,duringwhich the
malecopulatoryorganwasfully insertednto thefemales reproductve tract,and
“guarding; duringwhichthe maleclingsontothefemales backbut no intromis-
sion occurs.The durationof thesetwo pairing phaseswas differentin the two
speciesin O. gloriosatrue copulationusuallylastedlessthan1 hr (lessthan10
min on average)whereadn O. cacaliaeall matingtime consistedf true copu-
lation. Although the switch betweencopulationandguardingwas obsened only
onceout of the 12 matingsobsered, we think thatthe guardingphaseoccurred
aftertruecopulation Neitherof thetwo specieshavedary apparentourtshipin
bothspeciesmalesoftentried to matewith femaleghatwererunningaway. Most
of the time theseunwilling femaleswere successfuln escapingDirect contest
for accesgo mateswas not evidentin malesor females Althoughin somecases
potentialmale competitorsapproache matingpair andeven climbedontothe
backof themalealreadyin place this never causedhecurrentpairingto end.All
this suggestamatingsystenof malescramblecompetitionfor accesso females,
combinedwith somesortof (director indirect) femalechoice(Andersson;1994;
Rowe etal., 1994;Wiley andPoston,1996).

S«ual SelectionWe obsenedatotal of 384 matingsin O. gloriosaand77
in O. cacaliaeduringthe laboratoryexperiment.Again, the toxin concentration
samplesizewas reducedbecausef technicalproblemsin O. gloriosa, all males
matedandonly 3%of thefemaleglid not,whereasn O.cacaliag 28%of malesand
59% of femalesremainedunmatedThe estimatedaverageproportionof beetles
matingat any pointin time was 9% for O. gloriosaand6% for O. cacaliae This
suggestshat O. cacaliaemight be lessactive overall (at leastin the laboratory)
thanO. gloriosa
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Therewerenosignificantphenotypicorrelationamonghethreetraitsin the
laboratoryexperimentIn contrasto thefield data,bodyweightandtoxin volume
hadnoeffectonthenumberor orderof matingin O. gloriosamales(Table2). Only
toxin concentratiompositively affectedmatingordet i.e., maleswith high concen-
trationmatedirst (Table2). Furthermorefemaleswith highertoxin concentrations
matedmoreoften,andheavier femalesmatedsooner(Table?2).

In O. cacaliag therewereno significanteffectsof ary of thethreetraitson
the numberandorderof matingin the laboratory(Table 2). Nonlinearselection
coeficientswerenonsignificanndarenot presented.

MateFidelity andRandonMating Simulation. Rematingwith thesamepart-
nerwasneverobsenedin O.cacaliae In O.gloriosa repeategbairingsof thesame
two partneramadeup 21% (82 of 384)of all pairingsobsenred (Figure.1). There
were 12 matesthat rematedthreetimes, and 4 matesthat rematedfour times.
(Notethatin thefigurethesenumbersveredividedby 2 to representhesituation
in only oneof thetwo trays.)Our simulationshovedthatwe would expectfewer
rematingsunderrandommating(x? = 32.01,df = 1, P < 0.001;Figure.1).

DISCUSSION

Our studysuggestshatdefensie toxinsandbody sizeplay arole in sexual
selectiorin O. gloriosa aspecieshatautogenouslproducesoxins(Eggenbeger
andRowell-Rahier 1992).Sexual selectionon physiologicalraitsin generaland
ontoxic defensie compoundsn particular is rarelydocumentedh theliterature
(e.g.,Kingsolweretal., 2001).Althoughfield andlab resultsarenot entirely con-
gruent,sexual selectionapparentlyactson male O. gloriosa larger maleswith
eithergreatersecretiorvolume (field) or highertoxin concentratior(laboratory)
haveamatingadvantageThisis possiblydueto direct(active) or indirect(passive)
femalechoice(Rowe etal., 1994;cf. Wiley andPoston,1996).

Moreover, thereareindicationsthatO. gloriosafemalesaresubjecto sexual
selectionaswell, perhapsby malechoice,aslarger femalesmatedmorereadily
andthosewith highertoxin concentratiomoreoften.Malesmightcompetdor the
largestreceptie femaleswhich typically have higherfecundityin mary insects
(Honek,1993).Additionally, sincetoxicity is heritablein thisspeciegEggenbeger
and Rowell-Rahier 1992),individuals could increasethe chanceof survival of
their offspring by choosingwell-defendedpartnerswith “good genes. Although
poorly documentedmnalechoicefor femaleshasbeenshavn to operatén numer
ousspeciegWaring-Wlde, 1996;CunninghanandBirkhead,1998;Amanoetal.,
1999;GwynneandBailey, 1999;Bonduriansly, 2001).Althoughmalechoiceis in
theorymorelik ely to operatevhenthe OSRis balancedr evenfemale-biasedas
is rarein naturebut wasthe casein our lab experiment) the OSRdoesnotin ary
straightforvard way predictobsered differencesn choosinesgBonduriansl,
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2001).However, reportsof malematepreferencegreprimarily from speciesand
situationswith balancedor female-biasedex ratios, especiallywhenmalesare
limited in thenumberof copulationghey canperform,whenmalesdo nothave to

investalot in searchingor females(asoccursin gregariousinsectslike Oreing)

andthereis ample choice,and whenthereis large variationin female quality
(whichis thecasein O. gloriosa). Furthermorein Oreinaspp.,toxinsarecostly
to produce/sequestéfor both sexes),and matingmight be costly (e.g.,in terms
of predation)evenfor males.All theseconditionstogethemay limit the number
of femalepartnersa male cantypically obtainin a seasonpotentially selecting
for male(in additionto female)choicebasedntoxicity. Additionally, in thelab-
oratoryexperimentparticularpairingsrecurredrepeatedlyn O. gloriosa, clearly
indicatingnonrandormmatefidelity. Contraryto thelaboratoryexperimentsexual

selectionon femaleswas largely absentin the field sample,where more pro-
nouncedmale—malescramblecompetitionmay have primarily favoredlarge, fit

malesandrenderednatechoicefor toxicity secondaryHowever, theevidencefor

malechoicein the lab experimentremainsweak,andtherearealternatve inter-

pretationgossiblejncludingalab artifact.

In O. cacaliag in contrastwhich sequestetheirtoxinsfrom theirfood plants
(Rowell-Rahieret al., 1991; Pasteelset al., 1992),suchselectionis absentor at
leastmuchwealer. The smallersampledfor this speciedimit the interpretation
of thedata,asthefield estimate®f sexual selectionin O. cacaliaewereroughly
similarto thoseof O. gloriosa,albeitabit lower (Tablel). Resultsor O. cacaliae
shouldbe regardedas preliminary However, sexual selectionfor “good genes”
would not necessarilyoe expectedn O. cacaliag in which toxin sequestratiors
highly dependenbn the PA contentof their hostplants(cf. Isman,1977;Isman
etal.,1977;Broweretal., 1984;Bowers,1992).First, becauséoxin sequestration
is oftenthoughtto belesscostlythandenovosynthesigeven thoughthisis difficult
to shaw: Pasteel®tal., 1990;Bowers,1992) matechoicefor toxicity maybeless
likelytoevolvein O. cacaliaethanO. gloriosa Secondeventhoughphysiological
sequesteringfficiengy or food-plantchoicemightalsobeheritable ernvironmental
variationshouldbe largein comparisonindeed,in O. cacaliag toxicity was not
consistenpver seven samplingsin a 6-weekexperiment(Labeyrie, unpublished
data).Neverthelessmostotherexamplesof sexual selectionin relationto chem-
ical defenseconcernsequesteringpeciegNishidaandFukami,1990; Trigo and
Brown, 1990; Dussourdet al., 1991; Amanoet al., 1999).In thesestudies this
couldbe associateavith spermatophoresfferedby malesto females which do
notoccurin ourleafbeetles.

Meanpairingdurationwas long (ca.6 hr) andapproximatelysimilarin both
speciesHowever, in O. gloriosa actualintromission(as opposedo guarding)
durationwas much shorter(< 1 hr) thanin O. cacaliag whereit lastsfor the
whole time. We also found that O. cacaliae matedmuch less frequently than
O. gloriosa, althoughwe have no dataon differential activity ratesof malesor
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femalesfor eitherspecieslt is possiblethat thesedifferencesn copulationfre-

queng anddurationbetweerthetwo speciesarerelated,suggestingnoresexual

conflictin O. cacaliae(cf. Rowe et al., 1994). Copulationdurationis typically

correlatedvith inseminatiorandfertilization ratesand/orspermatophorsize(He

and Tsubaki, 1992; Birkhead and Mgller, 1998; Micholitsch et al., 2000), al-

thoughgenital contactdoesnot always imply that spermare being transferred
(Rubenstein1989).Longercopulationsarealsooftenindicative of greatersperm
competitionand should lead to fasterspermdepletion. Everything else being
equal, this should allow O. gloriosa malesto mate more often than malesof

O. cacaliae

Thefield andlaboratoryobsenationsrevealedhatfemalesftensuccessfully
avoid matingsby runningaway. As thereappeardo be no courtship,andfemales
showv no otherrejectionbehaior (suchasshaking;e.g.,Rowe et al., 1994),this
would be their primary expressionof mate choice.However, the use of aerial
or contactpheromonegor sexual attractionis not inconcevablein leaf beetles
(EdwardsandSeabrook1997;Shuetal., 1999;Rutheretal., 2000).For toxicity
to sene in mate choice,somesuchcueis necessaryhat individuals may use
for assessingpxicity of potentialmates As far as we could obsenre, the beetles
only emittheir defensie liquid whendisturbedby a predatoyandnot whenthey
mate.This makesit unlikely thattoxin concentratioris directly assessely mates
beforeor during mating.However, asdefenseglandsareunderneuralregulation
(Schoongeld et al., 1992),it is possiblethat small amountsof secretionsare
releasedrom the glandsin a sexual context as a (contact)pheromong(Trigo
andBrown, 1990;Attygalle etal., 1991;Dussourdetal., 1991;Eggenbegerand
Rowell-Rahier 1993; Amanoet al., 1999). We have no direct evidencefor this
processn Oreinaleaf beetles.

In this study the meansecretionvolume differed betweenthe field sam-
ple and the lab experiment.This is mostlikely dueto different physical con-
ditions, including air humidity, water availability, and temperaturelndeed,the
lab air humidity (ca. 60%) was considerablylower thanin the field. Beetles
may have beenlimited by the quantity of liquid available for producinglarge
volumesof secretionand consequentlynay have reducedthe volume produced
to a threshold(40-43%of the volumein the field) necessaryor effective de-
fense.This could explain why no effect of secretiorvolumewas detectedn the
laboratory

In conclusionyeciprocaimaleandfemalechoicefor well-defendedin addi-
tion to large, partnerscanto somedegreeexplain the matingpatternsobseredin
O. gloriosa, but probablynotin O. cacaliae Even thoughthe exact mechanism
andsignalsinvolvedin sexual selectionarecurrentlyunclear the studysuggests
thatsexual selectionmay contrikbute to the maintenancealthoughnot necessarily
the origin, of defensve traitsin the leaf beetleO. gloriosa and probablyother
speciesaswell.



14

Adnowledgments-We are grateful to Bruno Betschart,ThomasDegen, Laure-Emmanuelle
PerretandTed Turlingsfor supportin chemicalanalysis;YvesBorcard Erick Campanloic Didillon,
HakanHaggstbm, andChristinaTamo for helpingwith labwork; Betty Benrgy, Pierre-YesClaudin,
Karl Gotthard,Philippe Kuipfer, RussellNaisbit, Michael Taborsly, IreneTill, andtwo anorymous
reviewersfor usefulcommentsanddiscussion.

REFERENCES

AMANO, T., NISHIDA, R., KUWAHARA, Y., and Fukami, H. 1999. Pharmacophagouscquisitionof
clerodendrindy theturnipsawfly (Athaliarosaeruficornis) andtheirrolein thematingbehaiour.
Chemoecolgy 9:145-150.

ANDERSSON M. 1994.Sexual Selection PrincetonUniversity PressPrincetonNew Jersg.

ANDERSSON M. andIwAsA, Y. 1996.Sexual selection.TrendsEcol. Evol. 11:53-58.

ARNOLD, S. J. and WADE, M. J. 1984a.0Onthemeasuremertdf naturalandsexual selection‘Applica-
tions.Evolution38:720-734.

ARNOLD, S. J. andWADE, M. J. 1984b On the measuremertf naturalandsexual selection:Theory
Evolution38:709-719.

ATTYGALLE, A. B., MEINWALD, J.,LIEBHERR, J. K., andEISNER T. 1991.Sexual dimorphismin the
defensie secretiorof a carabidbeetle Experientiad7:296—299.

BIRKHEAD, T. R. andMgLLER, A. P. 1998.SpermCompetitionandSexual Selection AcademicPress,
New York.

BLANCKENHORN, W. U., REUTER, M., WARD, P. |., andBARBOUR, A. D. 1999.Correctingfor sampling
biasin quantitatve measuresf selectiorwhenfitnessis discrete Evolution53:286-291.

BONDURIANSKY, R. 2001. The evolution of male mate choicein insects:A synthesisof ideasand
evidence Biol. Rev. 76:305-339.

BoweRs D. M. 1992.The evolution of unpalatabilityand the costof chemicaldefensein insects,
pp.216-244jn B. D. Roitbeg andM. B. Isman(eds.).InsectChemicalEcology Chapmarand
Hall, London.

BRODIE, E. D. and JANZEN, F. J. 1996.0n the assignmenbf fithessvaluesin statisticalanalysesf
selection. Evolution50:437-442.

BRODIE, E. D., MOORE, A. J, AND JANZEN, F. J. 1995.Visualizingandquantifyingnaturalselection.
TrendsEcol. Evol. 10:313-318.

BROWER, L. P. 1984.Chemicaldefencein butterflies,pp. 109-134,in R. I. Vane-Wright,andP. R.
Ackery (eds.).TheBiology of Butterflies.PrincetonUniversity PressPrincetonNew Jersg.

BROWER, L. P, SEIBER, J. N., NELSON, C. J.,LYNCH, S. P, HOGGARD, M. P, and COHEN, J. A.
1984.Plant-determinedariationin cardenolidecontentandthin-layerchromatographyrofiles
of monarchbutterfliesDanaus-pl&ippusrearedon milkweedplantsin California.J. Chem Ecol.
10:1823-1858.

CUNNINGHAM, E. J. A. and BIRKHEAD, T. R. 1998. Sex roles and sexual selection.Anim. Behav
56:1311-1321.

DOBLER, S., and ROWELL-RAHIER, M. 1994. Productionof cardenolidesversussequestratiorof
pyrrolizidine alkaloidsin larvaeof OreinaspecieqColeopteraChrysomelidae)J. Chem.Ecol.
20:555-568.

Dussourn D. E.,HARvIs, C. A., MEINWALD, J.,andEISNER, T. 1991.Pheromonahdertisemenof
anuptialgift by amalemoth (Utetheisaornathrix). Proc. Natl. Acad.Sci.USA88:9224-9227.

EDWARDS, M. A. and SEABROOK, W. D. 1997.Evidenceor anairbornesex pheromonén theColorado
potatobeetle LeptinotasadecemlineataCan.Entomol 129:667—-672.

EGGENBERGER F. andROWELL-RAHIER, M. 1992.Geneticcomponenbf variationin chemicaldefense
of Oreinagloriosa J. Chem.Ecol. 18:1375-1387.



15

EGGENBERGER F. AND ROWELL-RAHIER, M. 1993a.Physiologicaleffects on variationin chemical
defenseof Oreinagloriosa(ChrysomelidaeColeoptera)J. Chem.Ecol. 19:395-410.

EGGENBERGER F. andROWELL-RAHIER, M. 1993b Productionof cardenolidesn differentlife stages
of the ChrysomelidbeetleOreinagloriosa J. InsectPhysiol 39:751-759.

ENDLER, J. A. 1986.NaturalSelectiorin theWild. PrincetonUniversity PressPrincetonNew Jersg.

Euw, J. V., FISHELSON L., PARSONS J. A., REICHSTEIN, T., andROTHSCHILD, M. 1967.Cardenolides
(heartpoisons)in agrasshoppefeedingon milkweeds Nature 214:35-39.

GWYNNE, D. T. and BAILEY, W. J. 1999.Female—femaleompetitionin katydids:Sexual selectionfor
increasedensitvity to a malesignal?Evolution53:546-551.

HE, Y. andTSUBAKI, Y. 1992.Variationin spermatophorsizein thearmyworm Pseudaletissepaata
(LepidopteraNoctuidae)n relationto rearingdensity. Appl. Entomol.Zool. 27:39-45.

HONEK, A. 1993.Intraspecificvariationin body sizeandfecundityin insects:A generarelationship.
Oikos66:483-492.

ISMAN, M. B. 1977 Dietaryinfluenceof cardenolidesnlarval growth anddevelopmenbf themilkweed
bug Oncopeltugasciatus J. InsectPhysiol 23:1183-1187.

ISMAN, M. B., DUFFEY, S. S., and SCUDDER G. G. E. 1977. Variation in cardenolidecontentof
the lygaeid bugs Oncopeltusfasciatusand Lygaeuskalmii kalmii and of their milkweed hosts
(Asclepiasspp.)in centralCalifornia.J. Chem.Ecd. 3:613-624.

KINGSOLVER, J. G., HOEKSTRA, H. E., HOEKSTRA, J. M., BERRIGAN, D., VIGNIERI, S. N., HILL, C.
E.,HOANG, A., GIBERT, P, andBEERLI, P. 2001.The strengthof phenotypicselectionin natural
populationsAm.Nat 157:245-261.

LANDE, R. andARNOLD, S. J. 1983.Themeasuremerudf selectionon correlateccharactersEvolution
37:1210-1226.

LOHSE G. A. and LUCHE, W. H. 1994.Die KaferMitteleuropasG. Evers.(Ed.).14.Krefeld. pp.403.

MicHoLITSCH, T., KRUEGEL, P, andPass, G. 2000. Inseminationand fertilization in the seedbug
Lygaeussimulans(Heteropterat ygaeidae)Eur. J. Entomol 97:13-18.

NISHIDA, R. andFukamI, H. 1990.Sequestrationf distastefutompound$®y somepharmacophagous
insectsJ. ChemEcol. 16:151-164.

PASTEELS J. M., DUFFEY, S.,andROWELL-RAHIER, M. 1990.Toxinsin chrysomelicbeetlesPossible
evolutionarysequencérom de novo synthesido derivationfrom food-plantchemicalsJ. Chem.
Ecol. 16:211-222.

PASTEELS J. M., EHMKE, A., EGGENBERGER F., ROWELL-RAHIER, M., and HARTMANN, T. 1992.
Chemicaldefensein chrysomelidleaf beetles:Storageof hostderived pyrrolizidine alkaloids
versusde novo synthesizeaardenolidesNaturwissenshafteri9:521-523.

ROWE, L., ARNQVIST, G., SH, A., andKRUPA, J. J. 1994.Sexual conflictandtheevolutionaryecology
of matingpatternsWaterstridersasa modelsystem.TrendsEcol. Evol. 9:289-294.

ROWELL-RAHIER, M., WITTE, L., EHMKE, A., HARTMANN, T., andPASTEELS J. M. 1991.Sequestration
of plantpyrrolizidine alkaloidsby Chrysomelidbeetlesandselectie transferinto the defensie
secretionsChemoecolgy 2:41-48.

RUBENSTEIN, D. I. 1989.Spermcompetitionin thewaterstriderGerrisremigis.Anim.Behav 38:631—
636.

RUTHER, J., REINECKE, A., THIEMANN, K., TOLASCH, T., FRANCKE, W., andHILKER, M. 2000.Mate
finding in theforestcockchaferMelolonthahippocastanimediatecby volatilesfrom plantsand
femalesPhysiol.Entomol.25:172-179.

SCHOONEVELD, H., VAN DERBERG, A. A., andVAN NIEROP, S. 1992.Defensgglandsof the Colorado
potatobeetle:Evidencefor neuralregulation.Proc. Exp. Appl. Entomol.3:159-164.

SHU, S.,MBATA, G. N., CORK, A., andRAMASWAMY, S. B. 1999.Sex pheromonef Callosobrutus
subinnotatusJ). Chem.Ecol. 25:2715-2727.

TRIGO, J. R. and BROWN, K. S. 1990.Variationof pyrrolizidine alkaloidsin Ithomiinae:A comparatie
studybetweerspeciedeedingon ApocynaceaeandSolanaceagChemoecolgy 1:22-29.



16

VAN OYCKE, S.,BREAKMAN, J. C.,DALOZE, D., andPASTEELS J. M. 1987.Cardenolidébiosynthesis
in chrysomelidbeetelesExperientiad3:460-462.

WARING-WILDE, J. 1996. Mate choice and competitionin the barklouselLepinotuspatruelis (Pso-
copteraiTrogiidae):The effect of diet quality andsex ratio. J. InsectBehav9:599-612.

WILEY, R. H. and PosTon J. 1996:Indirect matechoice,competitionfor mates,and coevolution of
thesexes.Evolution50:1371-1381.

ZAHAVI, A. 1975.Mate selection—aselectiorfor ahandicapJ. Theor Biol. 53:205-214





