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Stellingen

Het inschatten van de mogelijkheden voor toepassing van signaalstoffen in de biologische
bestrijding van insektenplagen, en de wijze waarop toepassing dient te geschieden, vereist
een goed begrip van de gedragsveranderingen van natuurlijke vijanden onder invloed van
dergelijke stoffen. Hiervoor zijn direkte gedragsobservaties aan individuele dicren onont-
beerlijk.

Een diffusie-olfactometer, zoals bijvoorbeeld het door Ferreira ez al. (1979) ontwikkelde ap-
paraat, is ongeschikt als instrument voor de bestudering van het oriéntatiegedrag van insek-
ten onder invloed van vluchtige signaalstoffen,

Ferrcira, L.; Pintureaun, B, & Voegelé, J. (1979). Annales de Zoologie et Ecologie animale 11, 271-279.

Dit proefschrift.

Indien de feromonale’ en de kairomonale® werking van eispoelsels van Pieris brassicae op
dezelfde substantie blijken te berusten is dit opnieuw een aanwijzing dat een functionele in-
deling van signaalstoffen de voorkeur verdient boven een gebaseerd op afkomst’.

' Klijnstra, J.W. (1982). Proceedings 5th International Symposium Insect-Plant Relationships (Wagenin-
gen, 1982), pp. 145-151. Pudoec, Wageningen.

*Noldus, L.P.J.J. & van Lenteren, J.C. (1983). Journa! of Chemical Ecology 11, 793-800.
® Dicke, M. & Sabelis, M.W, (1988). Functional Ecology 2, 131-139.

Om optimaal gereedschap voor de gebruiker te zijn dienen computerprogramma’s zé ont-
worpen te worden dat de gebruiker slechts hoeft aan te duiden wat het probleem is, niet hoe
het opgelost dient te worden. Hiervan zijn softwareontwikkelaars zich nog te weinig bewust.

Noldus, L.P.J.J.; van de Loo, E.L.H.M. & Timmers, P.H.A. (1989). Nature, in press.

Het veelvuldig voorkomen van superparasitering en gastheervoeding door de sluipwesp En-
carsia formosa doet vermoeden dat effectieve bestrijding van kaswittevlieg kan worden be-
reikt met geringere aantallen losgelaten sluipwespen dan ot nu toe gebruikelijk.

Noldus, L.PJ.J. & van Lenteren, J.C. (1989). In Critical Issues in Bicological Control (EQ. by M. Mack-
auer, L. Ehler & J. Roland). Intercept, Andover, in press.

Het door Vandersteen geschetste beeld van sluipwespen versterkt de wijd verbreide doch on-
juiste opvatting dat biologische bestrijding met sluipwespen gemakkelijk tot wespenplagen
kan leiden.

Vandersicen, W, (1987), Suske en Wiske. 211, De woeste wespen. Standaard Uilgeverij, Antwerpen, 54
PD-
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Gezien het korte tijdsbestek waarbinnen afwijzing van ongeschikte bladeren door de kaswit-
tevlieg (Trialeurodes vaporariorum) plaatsvindt is het zeer onwaarschijnlijk dat selectie van
voedingsplaatsen geschiedt op basis van de inhoud van zeefvaten.

Noldus, L.P.J J.; Xu, RM. & van Lenteren, J.C. (1986). Journal of Applied Entomology 101, 492-507.

Janssen, J.A.M.; Tjallingii, W.F. & van Lenteren, J.C. (1989). Entomologia experimentalis et applicala,
in press

Het verschil in groeisnelheid van schedelbeenderen tussen mannelijke en vrouwelijke bruin-
vissen (Phacoena phocoena) vit de noordelijke Stille Oceaan en de afwezigheid van een der-
gelijk verschil bij individuen it de Noordzee ondersieunen de verdeling van P, phocoena in
de subspecies P. p. phocoenda en P. p. vomerina.

Noldus, L.PJJ. & de Klerk, R.J.J, (1984). Zoologische Mededelingen Leiden 58, 213-239.

Het zou de objectiviteit bij de beoordeling van wetenschappelijke manuscripten voor publi-
catie ten goede komen indien niet alleen de beoordelaar maar ook de auteur anoniem zou
blijven.

Het grote belang van geurprikkels bij de spionage door sluipwespen vraagt om een geschikte
term. De Nederlandse taal dient derhalve - in aanvulling op ’afluisteren’ en 'afkijken’ - ver-
rijkt te worden met het werkwoord "afruiken’.

Analoog aan een roeiwedstrijd draait wetenschappelijk onderzoek om stellingen: primair is
een goede opstelling en een precieze afstelling maar uiteidelijk gaat het om de juiste instel-
ling.

Ter adstructie van de begrippen homologie en analogie verdient het werk van Gary Larson
een plaats in het universitair curriculum Diermorfologie en Evolutiebiologie.

Larson, G. (1989). The Far Side Wall Catendar. Andrews & McMeel, Kansas City, 365 pp.

De bewering dat vrijdag de dertiende geen geschikte dag zou zijn voor belangrijke evene-
menten is onjuist.

Stellingen behorende bij het proefschrifi "Chemical espionage by parasitic wasps: How
Trichogramma species exploit moth sex pheromone systems” door L.P.J.J. Noldus.

Wageningen, 13 oktober 1989
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search independently. Joop, thanks for the many ways in which you have been a
‘promotor” in the literal sense of the word.

Furthermore, I want to thank my colleagues at the department of Entomology
for their contribution to my scientific education. I recall with pleasure the inspiring
evenings with the PREPAR-club and the many discussions with Louise Vet, Oscar
Minkenberg, Ruurd de Jong, Peter Roessingh, Marcel Dicke and Gé Pak. I am very
grateful for all their constructive comments on draft versions of various chapters.
One particular aspect of the university environment that I have learned to appreciate
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ville, it has been a very instructive period. I have enjoyed the friendship of Mike
Keller and Ted Turlings and appreciated the contact with Yvonne Drost, Fred Eller,
Franck Hérard and Olivier Zanen. In addition I thank Joe Lewis for being an excel-
lent host and for teaching me the basics of snipe hunting.
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man, Frans van Aggelen, Richard Pjeters and Herman Dijkman, plants and insects
were always in stock. Especially during the last months of preparation of the disser-
tation, the photographers Berry Geerligs, Jan Bakker, Wim van Hof and IHein Visser
have done a great job with their skillful help. Frederik von Planta and Piet Kostense
prepared many beautiful illustrations and designed the exquisite cover. Thanks are
also due to Ans Klunder, Truus de Vries, Irene van Nes and Rob van Dijk for their
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from our cooperation.
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PREPAR-evenings were not only useful but also very pleasant. Besides that, playing
squash with Oscar or Dan and playing tennis with Marcel were always good
methods to let off steam.

The evenings with the Leids Promovendi Dispuut "Drop-the-5" forced me to
widen my horizon to other faculties and put things in perspective, and served as a
pleasant preparation for the defence.
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Lucas Noldus
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Samenvatting

Informatieoverdracht tussen insekten is hoofdzakelijk van chemische aard en ver-
loopt door middel van signaalstoffen, ook wel informatiestoffen genoemd. Vrouwelijke
nachtvlinders geven bijvoorbeeld specifieke vliuchtige stoffen af om mannelijke
soortgenoten te lokken. Deze stoffen heten sexferomonen (pepw = dragen, OPUOLVE =
aanzetten, prikkelen). Eiparasieten — insekten (sluipwespen) waarvan de larven zich
ontwikkelen in eieren van andere insekten — maken bij het zoeken naar eferen
gebruik van diverse chemische stimuli, waaronder geur- of smaaksporen van het
gastheerinsekt. Zulke stoffen, waarvan de functie voordelig is voor de ontvanger
maar niet voor de afzender, worden kairomonen genoemd (xopos = profijt, voor-
deel). Termen als feromoon en kairomoon zijn overigens niet verbonden aan stoffen als
zodanig, maar aan functies van stoffen. Daardoor kan een en dezelfde stof in de ene
context functioneren als een sexferomoon en in een andere context als een
kairomoon. Dit proefschrift gaat over eiparasieten die sexferomonen van
nachtvlinders als kairomonen gebruiken en zo het chemisch communicafiesysteem
van hun gastheer uitbuiten. Men kan hier spreken van chemische spionage.

In het hier beschreven onderzoek is het verschijnsel chemische spionage be-
studeerd aan de hand van twee systemen, elk bestaande uit een nachtvlinder en bij
behorende eiparasiet. Het ene systeem omvat de kooluil, Mamestra brassicae, een al-
gemene mot die vaak een plaag vormt op kool en andere scorten groente, en de
parasitaire wesp Trichogramma evanescens. Deze insekten komen algemeen voor in
Europa en gematigd Azié. Tevens is een Amerikaans systeem bestudeerd: de katoen-
mot Heliothis zea, voorkomend op diverse gewassen en een grote plaag vormend op
katoen en mais, en haar parasiet Trichogramma pretiosum. Trichogramina wespen Zzijn
de meest toegepaste insekten ter wereld ten behoeve van de biologische bestrijding
van insektenplagen. Plaagbestrijding met Trichogramma vindt momenteel plaats op
verscheidene miljoenen hectaren veldgewassen.

In het begin van de jaren tachtig bleek uit veldexperimenten dat de parasite-
ringsgraad van eieren van de katoenmot (Heliothis zea) door van nature aanwezige
Trichogranima wespen verhoogd kon worden door katoenvelden te behandelen met
synthetisch sexferomoon van Heliothis. Deze vondst werd al snel gevolgd door
speculaties over het gebruik van vlindersexferomonen ter verhoging van parasite-
ring, door parasieten naar plaaggebieden te lokken. Zo zou men twee vliegen in één
klap kunnen slaan: verwarring van vlinders door toepassing van sexferomonen zou
hand in hand gaan met verhoogde parasitering door Trichogramma. Deze speculaties
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waren echter slechts gebaseerd op indirecte gegevens; het gedrag dat ten grondslag

lag aan de reactie van Trichogramma op vluchtige signaalstoffen was niet bekend. Het

begrijpen van de basisprincipes die de interacties tussen parasiet en gastheer beheer-

sen is van wezenlijk belang voor het vertalen van een bepaald verschijnsel naar een

nieuwe plaagbestrijdingsmethode. Het hier beschreven onderzoek is dan ook uit-

gevoerd om een antwoord te krijgen op de volgende vragen:

1. Vertonen Trichogramma wespen een gedragsverandering bij het waarnemen van
het sexferomoon van de gastheer?

2. Zo ja, hoe reageren deze wespen op het sexferomoon van de gastheer: welke

gedragscomponenten zijn te onderscheiden, wat is het oriéntatiemechanisme?

. Hoe specifiek zijn reacties van Trichogramma op geurstoffen?

4. Hoe functioneert het sexferomoon van de gastheer als een kairomoon in het veld:
hoe kunnen deze wespen die slechts overdag actief zijn geuren waarnemen die 's
nachts door motten worden afgegeven?

W

Alle experimenten behelsden direkte gedragsobservaties. Dit vereiste een geschikte
methode voor het vastleggen, de tijdsregistratie en de analyse van opeenvolgende
gebeurtenissen. Aangezien een dergelijk systeem niet voorhanden was aan het begin
van het onderzoek, bestond de eerste stap uit het ontwikkelen hiervan. Het resultaat
is een geintegreerd softwarepakket voor computergestuurde registratie en analyse
van gedragsgegevens. Het is 26 ontworpen dat het geschikt is voor allerlei soorten
gedragsonderzoek en verschillende typen computers.

De experimenten zijn voorts afhankelijk geweest van betrouwbare afgiftebron-
nen van het sexferomoon van de kooluil (Mamestra) en de katoenmot (Heliothis). Het
sexferomoon van FHeliothis zea is chemisch geidentificeerd zodat er synthetisch
materiaal gebruikt kon worden. De samenstelling van het sexferomoon van Mamestra
brassicae is echter nog niet met zekerheid vastgesteld. Maagdelijke vrouwtjesmotten
geven het sexferomoon af tijdens het ‘roepen’; zij kunnen dus voor onder-
zoeksdoeleinden als afgiftebron van sexferomoon worden gebruikt, mits de omstan-
digheden waaronder dit gedrag optreedt worden geboden. Derhalve is het
‘roepgedrag’, de dagritmiek van het roepen, en de invloed van leeftijd en aantal uren
licht per dag op het roepgedrag van maagdelijke Mamestra vrouwtjes onderzocht.
Gebleken is dat bij een 16L:8D lichtcyclus (16 uur licht, 8 uur donker} roepgedrag
consistent optreedt gedurende de tweede helft van de derde tot en met de vijfde
donkerperiode na uitkomst uit de pop.

De eerste vraag — vertonen wespen een gedragsreactie op het gastheersex-
feromoon - werd onderzocht middels proeven in een vierarmige luchtstroom-
olfactometer (Figuur 5-1). Iet antwoord was positief: Trichogramma wespen bleven
langer in de zcne waardoorheen de geur van roepende vrouwtjesmotten werd
gevoerd dan in zones met schone lucht. Deze reactie trad niet op bij de geur van
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mannetjesmotten of die van niet-roepende vrouwtjes.

Voor een meer gedetailleerde analyse van het oriéntatiegedrag van Trichogram-
ma onder invloed van vluchtige kairomonen (vraag 2) zijn experimenten uitgevoerd
in een windtunnel bij lage luchtsnelheid (Figuur 6-1). Een belangrijk resultaat van
deze proeven is daf, in tegenstelling tot de verwachting, wespen niet werden aan-
getrokken door de geur van de gastheer. Wanneer ze werden blootgesteld aan licht
van bovenaf en een horizontale luchtstroom met schone lucht dan wel lucht met
gastheersexferomoon vertoonden de wespen een windopwaartse beweging onaf-
hankelijk van de geur, terwijl de geur wel opwaartse viucht onderdrukte en de
loopsnelheid reduceerde. Het resultaat hiervan was een verlengde verblijfstijd op het
substraat in geur-beladen lucht. In vliegproeven had het gastheerferomoon tot
gevolg dat wespen kort na het wegvliegen weer landden. Deze resultaten zijn een
aanwijzing dat deze wespen geurbronnen in het veld niet aktief localiseren. Opeen-
hoping van wespen in gebieden met plaagaantasting is wellicht eerder gebaseerd op
een eenvoudig mechanisme van passief met de wind meedrijven, gevolgd door lan-
ding en zoekgedrag op het substraat, met daaropvolgend verirek afhankelijk van lo-
cale windsnelheid en aanwezigheid van signaalstoffen. Een dergelijke strategie lijkt
ook het meest geschikt voor deze wespen, die met hun circa 0.5 mm lichaamslengte
nagenoeg niet in staat zijn om tegen de wind in te vliegen.

Met de reactie van Trichogramma op sexferomonen van motten — doorgaans
mengsels van onvertakte koolwaterstoffen — is de vraag gerezen of wespen op elk
willekeurig mengsel van dergelijke verbindingen zullen reageren indien dat naast
schone lucht wordt aangeboden (vraag 3). Dit bleek niet zo te zijn: Trichogramma
pretiosum reageerde niet op het sexferomoon van Spodoptera frugiperda (een
Amerikaanse mot) noch op een willekeurig samengesteld mengsel van verzadigde
acetaten. Deze resultaten komen overeen met het feit dat Heliothis een algemene gast-
heer is voor Trichogramma pretiosum in het veld, terwijl eieren van Spodoptera zeer zel-
den worden geparasiteerd. Dit laatste is vermoedelijk het gevolg van het feit dat
deze mot haar eieren afzet in pakketten die ze bedekt met een dikke laag schubben,
die de eieren onbereikbaar maken voor Trichogramma.

Zoals de naam al doet vermoeden geven nachtvlinders hun sexferomoon 's
nachts af. Trichogramma wespen zijn echter alleen overdag actief. Een vraag die dus
niet onaangeroerd kon blijven was: "hoe kunnen sexferomonen van motten
functioneren als kairomonen voor wespen in het veld?" (vraag 4). In dit onderzoek is
nagegaan of adsorptie van vluchtige stoffen aan de waslaag van bladeren de
tijdskloof tussen afgifte door motten en waarneming door parasieten kan overbrug-
gen. Wanneer een koolblad werd blootgesteld aan lucht die gevoerd was over een
enkel roepend Mamestra vrouwtje (zie Figuur 8-1) bleek sexferomoon (waarvan
slechts ca. 1 x 107 gram/ uur wordt afgegeven) Zodanig aan het blad te zijn geadsor-
beerd dat het blad direkt na de behandeling gedragsreacties veroorzaakte bij zowel
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mannelijke motten als bij wespen. Mamestra mannetjes werden niet aangetrokken
door met geur behandelde bladeren in een windtunnel van een afstand van 1 meter,
doch vertoonden duidelijke gedragsreacties op zeer korte afstand en na contact met
behandelde bladeren. De verblijfstijd van Trichogramima was aanzienlijk langer op
aldus behandelde bladeren dan op bladeren die waren behandeld met schone lucht
of de geur van een niet-roepend vrouwtje. Op met feromoon behandelde bladeren
brachten wespen ook relatief meer tijd door langs de rand en op de onderzijde in ver-
gelijking met contrdlebladeren. Dat laatste is mel name interessant, aangezien eieren
van Mamestra voornamelijk op de onderzijde van bladeren worden gelegd. Alle
gedragseffecten traden ook op na een periode van vier uur. Na 24 uur leidden met
feromoon behandelde bladeren nog steeds tot verlengde verblijfstijden. Deze resul-
taten zijn het eerste voorbeeld van reacties van motten op geadsorbeerd sexferomoon
afkomstig van één enkele vrouwtjesmot. Daarnaast tonen ze aan dat ‘s nachts af-
gegeven sexferomoon lang genoeg kan worden vastgehouden om overdag als
stimulus voor zoekende parasieten te dienen.

De resultaten van dit onderzoek hebben mogelijke gevolgen voor het gebruik van
Trichogramma in de biologische plaagbestrijding. Een van de hoekstenen van succes-
volle biologische bestrijding is de selectie van een geschikte natuurlijke vijand. De
reactie van Trichogramma op gastheersexferomoon zou als een van de criteria kunnen
dienen bij de selectie van een soort of stam voor massale loslatingen. Er is echter nog
verder onderzoek nodig om vast te stellen in hoeverre reacties van wespen op deze
stoffen de kans op het vinden van eieren onder veldomstandigheden verhogen. Een
ander belangrijk aspect van biologische bestrijding met Trichogramma is massakweek
van wespen. Massakweek van natuurlijke vijanden onder onnatuurlijke omstan-
digheden heeft mogelijk negatieve gevolgen voor de reacties op die signaalstoffen
die in het veld van belang zijn. Indien dit gevaar reéel blijkt te zijn dienen reacties op
signaalstoffen een standaardonderdeel van kwatliteitscontrdle-procedures te worden.
Tot slot kunnen signaalstoffen wellicht gebruikt worden om het gedrag van
parasieten te manipuleren. Enerzijds zou dit gedaan kunnen worden in het veld, met
nauwkeurige in achtneming van het oriéntatiegedrag van wespen in reactie op der-
gelijke stimuli. Anderzijds kan het gedrag mogelijkerwijs worden gemodificeerd
door wespen voordat ze worden losgelaten in contact te brengen met signaalstoffen,
bijvoorbeeld om aangeboren voorkeuren te versterken dan wel om te keren of om
ongewenst vertrek uit het loslaatgebied te voorkomen. Het onderzoek naar de rol
van dergelijke leereffecten in het zoekgedrag van Trichogramma staat echter nog in de
kinderschoenen. Alhoewel er nog heel wat werk verzet moet worden, kunnen uitein-
delijk de hier geschetste toepassingen van signaalstoffen hopelijk bijdragen tot een
groter succes van biologische bestrijding van insektenplagen.




Summary

Interactions between insects are for a great deal mediated by semiochemicals (onpeiov
= sign, signal). For instance, female moths release specific volatile chemicals in order
to attract males of the same species. These substances are called sex pheromones (pepw
= to carry, Oppove = to excite). Egg parasitoids — i.e. insects of which the larvae
develop in eggs of other insects — use various chemical cues in their search for hosts,
including substances originating from the host insect. Such chemicals, of which the
function is advantageous for the receiver but not for the emitter, are called kairomones
(xeapoo = profit, advantage). The terms pheromone and kairomone are not attached to
substances themselves but to functions of substances. One and the same substance
may thus function as a sex pheromone in one context and as a kairomone in a dif-
ferent context. This dissertation deals with egg parasitoids that use moth sex
pheromones as kairomones and thus exploit their host's chemical communication
system. In other words, they commit chemical espionage.

In the research described here, the phenomenon of chemical espionage has been
studied in two systems, each consisting of a moth and its egg parasitoid. The first in-
cludes the cabbage moth, Mamestra brassicag, a common pest on cabbage and other
vegetables, and the parasitic wasp Trichogramma evanescens. These are common
species in Europe and temperate Asia. The second is an American system, namely
Heliothis zea, a moth with common names related to the crops on which it is a pest
(e.g. cotton bollworm, corn earworm or tomato fruitworm), and its parasitoid
Trichogranmna pretiosum. Trichogramma species are the most widely used insects for
biclogical control of insect pests in the world, with areas of application totalling
several millions of hectares.

In the early eighties, field experiments showed that rates of parasitism of
Heliothis zea eggs by naturally occurring Trichogramma wasps could be increased by
treating cotton plots with synthetic sex pheromone of Heliothis. This finding was im-
mediately followed by speculations that moth sex pheromones could be applied to
increase levels of parasitism, by attracting parasitoids to target areas. A mulfitactic
strategy to disrupt communication of the pest and to enhance parasitism by
Trichogramma seemed possible. However, these inferences were merely based on in-
direct evidence; the behaviour underlying responses of Trichogramma to volatile
semiochemicals was unknown. Understanding the basic principles that govern inter-
actions between parasitoid and host is of basic importance if a given phenomenon is
to be translated into a new pest control method. Therefore, the research described
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here has been undertaken in order to answer the following questions:

1. Do Trichogramma wasps show a behavioural response to host sex pheromone?

2. If so, how do these wasps respond to host sex pheromone: which behavioural com-
ponents constitute a response, what is the orientation mechanism?

3. How specific are responses of Trichogramma to odours?

4. How does host sex pheromone function as a kairomone in the field: how can these
wasps that are only active during the day perceive odours released by moths
during the night?

All experiments involved direct observations of behaviour. This required a suitable
method for recording, timing and analysing sequences of events. Since such a system
was not available, the first step in this study has been to develop one. The result is an
integrated software package for computer-aided event recording and data analysis in
observational research. It has been designed in such a way that it can be used for
many types of behavioural research and with different types of computers.

The experiments have further depended on reliable sources of the sex
pheromones of Mamestra and Heliothis. The sex pheromone of Heliothis zea has been
chemically identified and a synthetic blend is available, but the composition of the
sex pheromone of Mamestra brassicas has not yet been established unambiguously.
Virgin female moths release sex pheromone while ‘calling’; they can thus be used as
an experimental source of sex pheromone, as long as the conditions under which this
behaviour occurs’are provided. Therefore, the “calling’ posture, diel periodicity of
calling, and the effect of age and photoperiod on calling behaviour of virgin females
of Mamestra were studied. The results showed that under a 16L:8D cycle (16 h light, 8
h dark) calling occurs consistently during the second half of the third through the
fifth night after emergence from the pupa.

The first question — is there a behavioural response of wasps to host sex
pheromone? - was studied with experiments in a four-arm airflow olfactometer
(Figure 5-1). The answer was positive: Trichogramma spent more time in the zones
through which the odour of calling female moths was drawn than in zones with
clean air. This response was not found with the odour of male moths or non-calling
females,

A more detailed analysis of the orientation behaviour of Trichogramma in
response to volatile kairomones (question 2) has been made in a wind tunnel at low
air speed (Figure 6-1). An important result of these experiments is that, contary to ex-
pectations, wasps were not attracied by host odours. When exposed to overhead light
and a horizontal stream of either clean or pheromone-toaded air, wasps exhibited
upwind movement independent of odour, while odour suppressed upward flight and
reduces walking velocity. The overall result was arrestment, or increased residence
time, on the substrate in odour-loaded air. In flight tests, host sex pheromone caused
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wasps to land shortly after take-off. These results suggest that wasps do not actively
locate odour sources in the field. Aggregation in pest-infested areas may rather be
based on a simple mechanism of passive downwind drift, followed by landing and
locomotion, with subsequent take-off dependent on local wind velocity and presence
of chemical cues. Such a strategy also seems feasible for these wasps which-due toa
size of circa 0.5 mm - are hardly capable of upwind flight.

The response of Trichogramma to moth sex pheromones — which are typically
mixtures of straight-chain hydrocarbons - raised the question whether wasps would
respond to any blend of such compounds when contrasted with clean air {(question
3). This turned out not to be the case: Trichogramma pretiosum did not respond to the
sex pheromone of the fall armyworm moth (Spodoptera frugiperda) nor to an arbitrary
blend of three saturated acetates. These results correspond with the fact that Heliothis
is a common field host of Trichogramma pretiosum, whereas eggs of Spodoptera are
very rarely attacked by this parasitoid. The latter is probably due to the fact that the
eggs of this moth are laid in batches, covered by a thick layer of scales which cannot
be penetrated by the wasps.

Sex pheromones of noctuid moths are released during the night, while
Trichogramma is only active during the day. A question that could thus not be ig-
nored was: "how can moth sex pheromones function as kairomones for parasitoids in
the field?" (question 4). In this study the hypothesis was tested that adsorption of
volatiles to the surface wax of plants can bridge the time gap between odour release
by moths and perception by parasitcids. When a cabbage leaf was exposed to air
passed over a single calling Mamestra moth (see Figure 8-1), sex pheromone (released
atca. 1x 107 g/h) was adsorbed onto the leaf surface to such an extent that the leaf
subsequently elicited behavioural responses in conspecific male moths as well as in
wasps. Mamesira males were not attracted to odour-treated leaves in a wind tunnel
from a distance of 1 m, but showed significant responses at very close distance and
upon contact with treated leaves. On such treated leaves, Trichogramma wasps stayed
significantly longer than on leaves treated with clean air or air passed over a non-
calling female moth. In addition, on pheromone-treated leaves wasps spent relatively
more time along the margin and on the leaf underside than on control leaves, The
latter is of particular interest, since moth eggs are predominantly laid on the under-
side of leaves. All effects persisted for at least four hours. After 24 hours, pheromone-
treated leaves still caused increased wasp residence times. These results are the first
example of responses of moths to adsorbed airborne sex pheromone from a single
female moth. In addition they indicate that sex pheromone released during the night
can be retained long enough to function as a stimulus for searching parasitoids
during daytime.
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The results of this study have potential implications for the use of Trichogramma as
biological control agents. One of the cornerstones of successful biological conirol is
the selection of a suitable natural enemy. The response of Trichogramma to host sex
pheromone might be used as one of the critria in the selection of a species or strain
for mass releases. Obviously, this requires further study to establish to what extent
responses of wasps to these chemicals increase their chance to find host eggs under
field conditions. Another important aspect of biological control with Trichogramma is
mass rearing of wasps. Mass rearing of natural enemies under artificial conditions
may have a negative impact on responses to those semiochemicals which are impor-
tant in the field. If this potential danger turns out to be real, responses to semio-
chemicals should become a standard component of quality-control procedures. Final-
ly, semiochemicals may be used to manipulate the behaviour of parasitoids. This
might either be done in the field, with careful consideration of the orientation be-
haviour of wasps in response to such cues. Alternatively, behaviour could possibly
be modified by exposing wasps to semiochemicals prior to release, e.g. to sirengthen
or reverse innate preferences or to suppress unwanted dispersal out of target areas.
However, research into the role of such learning in the foraging behaviour of
Trichogramma is still in its infancy. Although still a lot of work remains to be done, it
is hoped that the eventual application of semiochemicals as outlined here will con-
tribute to a greater success of biological control of insect pests.
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Chemical Espionage by Parasitic Wasps:
Introduction and Overview

Chemicals as Transmitters of Information

Chemicals are by far the most important conveyors of information for insects. Al-
though temperature, humidity, and visual, auditory and tfactile cues are also part of
the total sensory input to the central nervous system, chemoreception is the
dominant perceptive modality. That chemical stimuli play a role in the behaviour of
insects has been known for more than two thousand years: the first reports date back
to Aristotle (384-322 B.C.) (Morge, 1973). However, the experimental study of be-
haviour-medifying chemicals did not commence until this century. A great leap for-
ward in insect chemical ecology was the first identification of a sex pheromone, bon-
bykol (Butenandt et al., 1959). Advances in techniques for chemical isolation and
identification and the development of a theory of olfactory transmission placed "...
the study of chemical communication ... in the earliest stages of a rich and interest-
ing history” (Bossert & Wilson, 1963). The past decades have verified Bossert &
Wilson’s prediction: the literature now abounds with examples how insects — across
all major taxonomic groups and trophic levels — depend on chemical cues in their
search for and choice of food, a sexual partner, or a habitat or host for their progeny,
and during feeding, marking of resources or the avoidance of danger. Our increasing
knowledge of the complex chemical interactions between organisms has called for a
set of terms to facilitate communication between the investigators. Chemicals in-
volved in the interactions between organisms are called semiochemicals (onpewov =
sign, signal) (Nordlund, 1981). Since this term does not exclude poisonous or alimen-
tary substances, Dicke & Sabelis (1988) proposed the term infochemicals to define
those chemicals that "... in the natural context, convey information in an interaction
between two individuals, evoking in the receiver a behavioural or physiological
response that is adaptive to either one of the interactants or both". Since in this dis-
sertation poisens or nutrients are not under discussion, the more familiar term
semiochemicals is preferably used; in this context it is regarded as a synonym of in-
fochemicals. Semiochemicals are divided into pheromones, which mediate interactions
between organisms of the same species, and allelochemicals, which mediate inter-
specific interactions (Karlson & Liischer, 1959; Dicke & Sabelis, 1988) (Figure 1-1).
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infochemicals

Allelochemicals

Figure 1-1. Structure of semiochemical (infochemical) terminology (from Dicke & Sabelis, 1988;
reprinted with permission).

The word “adaptive’ in the definition of information-transmitting substances points
at their evolutionary origin. As for any trait that is formed and maintained by natural
selection, this brings up the matter of cost-benefit relationships. Depending on
whether the benefit of the response to an allelochemical lies with the organism to
whose biology the substance pertains, with the receiver, or with both, the substance
is termed an allomone, kairomone or synomone, respectively (Dicke & Sabelis, 1988). The
term kairomone has been criticized as evolutionary unsound because it refers to
chemicals not adaptive for the organisms emitting them. For instance, Blum (1977)
argued that there is only evidence of a secondary "kairomonal effect” of chemicals
which primarily serve as pheromones or allomones. However, each chemically
mediated phenomenon deserves independent consideration (Weldon, 1980), all the
more since a substance that functions as a kairomone does not necessarily function
as a pheromone or an allomone for the emitter. Recently, Dicke & Sabelis (1988) have
proposed a similar subdivision of pheromones, based on a cost-benefit criterion, in
(+,) pheromones, (-+) pheromones and (+,+) pheromones. In the following chapters
the term pheromone refers to (+,+) pheromones as defined by Dicke & Sabelis (1988).

Of all semiochemicals, pheromones have traditionally received most attention,
in particular sex pheromones. These are used in mate location and courtship be-
haviour by members of most insect orders (Cardé & Baker, 1984; Tamaki, 1985). The
most spectacular examples of insect communication pertain to moth sex pheromones,
such as the response of male silk moths (Bombyx mori} to a single molecule of female
sex pheromone (Boeckh et al, 1965) and the reported attraction of male moths to
pheromone-releasing females from distances of several miles (e.g. Rau & Rau, 1929;
Collins & Potts, 1932). Other examples of pheromones are the aggregation
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pheromones of bark beetles (Birch, 1984), hemipteran alarm pheromones (Nault &
Phelan, 1984; Blum, 1985), marking pheromones used by various herbivorous and
parasitoid species to mark oviposition sites (van Lenteren, 1981; Prokopy et al., 1984),
trail pheromones of ants (Attygalle & Morgan, 1985) and caterpillars (Fitzgerald &
Peterson, 1983; Roessingh, 1988) and pheromones of social insects such as bees (Duf-
field et al., 1984; Free, 1987), ants (Bradshaw & Howse, 1984) and termites (Howse,
1984).

Allelochemicals often act between organisms in different trophic levels. Many
kairomones and allomones originate from the members of the primary or secondary
trophic level, while the responders belong to a higher level. For instance, plant
odours and contact stimuli can serve as kairomones in host-plant location and accep-
tance by phytophages (Miller & Strickler, 1984; Visser, 1986). The phytophages them-
selves produce chemicals that are used by parasitoids during host finding and accep-
tance (Vinson, 1984z, 1985). Similarly, predators depend on prey kairomones
during their search for food (Greany & Hagen, 1981; Sabelis & Dicke, 1985).
Kairomones can be used to detect the presence of predators and thus to avoid attack.
Alternatively, insects can scare off their predators by releasing repellent allomones,
which have richly evolved in the Heteroptera (Aldrich, 1988). If such substances
prevent the consumption of a toxic prey, they function as synomones rather than al-
lomones. Comparably, plants can prevent herbivory by releasing chemicals that
rebut potential feeders or by producing substances that reduce their palatability
(Schoonhoven, 1981). The order of action can also be reversed, for instance by
predators that release an allomone that attacts the prey (Huheey, 1984).

In the previous examples, either the receiver or the emitter benefitted from the
chemical interaction. In addition, semiochemicals acting between the first and third
trophic level can be advantageous for both. For instance, plants can release
synomones to attract entomophagous insects and thus increase their efficiency in
reducing herbivore damage (Vinson, 1981; Nordlund et al., 1988; Williams et al,
1988). Recent research has shown that the production and release of these attractants
can be induced by the attack by herbivores, and thus represent a case of indirect in-
ducible plant defence (Dicke & Sabelis, 1989).

Chemical Espionage

It should be stressed that terms used to describe semiochemical interactions between
organisms are not attached to particular substances but to functions of those substan-
ces. In many cases there appears to be a one substance — one function coupling, but con-
siderable overlap can exist. Evidence is now accumulating that this may be the rule
rather than an exception. Functional chemical communication systems can be ex-

19



Chapter 1
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Exploitation Systems

Figure 1-2. Diagram showing how signaling systems can be exploited by competitors and natural
enemies in different ways. Exploitation systems depend upon the existence of functional communica-
tion systems (from Otte, 1974; reprinted with permission).

ploited on both sides, by illegitimate receivers of the signals, and by illegitimate sig-
nalers who deceive the receivers (Otte, 1974; Figure 1-2). Several examples of such
exploitation have been described (Haynes & Birch, 1985). A well-documented case of
an illegitimate signaler is that of female bolas spiders (Mastophora sp.) that attract
their prey, male fall armyworm moths (Spodopiera frugiperda), by releasing a chemical
mimic of the moth’s sex pheromone (Eberhard, 1977). lllegitimate receivers of chemi-
cal signals — “chemical spies’ — have been unmasked among a variety of insect groups
(Vinson, 1984a). Several examples are known. of parasitoids and predators of bark
beetles (Scolytidae) that are attracted by the aggregation pheromones of their hosts
and prey, respectively (Wood et al.,, 1982). Several species of myrmecophilic beetles
(i.e. beetles that spend part of their life cycle in ant nests) are able to follow the
chemical trail of their host army ants. This kairomonal effect is not detrimental for
the emitter, since the beetles are symbionts of the ants (Haynes & Birch, 1985). Some
parasitoids locate their hosts via their pheromones used to mark oviposition sites.
For instance, Opius lectus responds to a substance deposited by Rhagoletis pomonella
on infested fruit (Prokopy & Webster, 1978), and Trichogramma wasps react to a sub-
stance present on and around eggs of their butterfly host Pieris brassicae which con-
tains an oviposition-deterring pheromone (Noldus & van Lenteren, 1985k, Pak & de
Jong, 1987). A fourth group of communication signals that are exploited by chemical
spies are sex pheromones. An example is the tachinid fly Trichopoda pennipes that is
attracted by the sex pheromone of the southemn green stink bug, Nezara viridula
(Mitchell & Mau, 1971). Although the sex pheromone systems of Lepidoptera are the
most extensively studied class of intraspecific semiochemicals, only a few cases of
responses of parasitoids to these cues have been documented. Lewis ef al. (1982)
found that rates of parasitism by Trichogramma spp. could be increased by treating
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cotton plots with the synthetic sex pheromone of Heliothis zea. Telenomus remus
responds to components of the sex pheromone of its host Spodoptera frugiperda
(Nordlund et al., 1983).

Well known is the response of Trichogramma egg parasitoids to scales of their
lepidopteran hosts, scattered around the area where they lay eggs (see Chapter 9 for
more details). The active substances in these scales are various alkanes. Although
these kairomones appear merely by-products of the host’s metabolism, they may also
have an intraspecific function: in at least one moth species, alkanes in female body
scales serve as a sex pheromone that elicits copulation attempts in a male upon con-
tact (Grant et al., 1987).

Trichogramma: Biocontrol Agent and
Subject of Basic Research

The research described in this dissertation deals with the exploitation of sex
pheromone communication systems of moths by Trichogramma egg parasitoids. The
genus Trichogramma (Hymenoptera, Chalcidoidea, Trichogrammatidae) comprises
more than 100 species (Voegelé, 1988) which predominantly attack eggs of Lepidop-
tera. Trichograma spp. have traditionally been considered as highly polyphagous
(Mokrzecki & Bragina, 1916; Hase, 1925; Salt, 1935; Sweetman, 1958). However,
evidence is accumulating that considerable inter- and intraspecific variation in host
preference exists (Kot & Plewka, 1974; Stschepetilnikowa, 1974; van Dijken et al.,
1986; Pak, 1988; Hassan, 1989).

Trichogramma wasps are used more than any other entomophagous species for
biological control of insect pests (Stinner, 1977; King et al., 1985b). The Soviet Union
and China lead in area of application, with reported use on together more than 20
million hectares (Ridgway & Morrison, 1985; Li, 1984; Gusev & Lebedev, 1988; van
Lenteren, 1989). Control with Trichogramma is mostly attempted through mass
releases, against at least 28 different herbivorous pest species on some 20 different
crops (Hassan, 1988; Voegelé et al, 1988). However, because of considerable
variability in success of releases and little evidence of consistently successful applica-
tion of Trichogramma, the usefulness of these parasitoids is currently strongly debated
(van Lenteren, 1989). Judging by the numerous attempts of biological control with
Trichogramma over the past 80 years, it is remarkable how little basic research has
been conducted on these insects. The key process between release of an en-
tomophagous insect in the field and successful parasitisation of hosts is the
entomophage’s searching behaviour. This is exactly where large gaps in our
knowledge exist. The pioneer of basic research on Trichograrmma is G. Salt, who made
a detailed study of behavioural and physiological aspects of parasitism by
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Trichogramma (Salt, 1940 and references therein). He was one of the first to realise the
importance of the study of behaviour of parasitoids for their utilization as biological
control agents (Salt, 1958). His work has been continued in recent years by, among
others, H. Klomp, J.M. Schmidt and G.A. Pak (Klomp et al., 1980; Schmidt & Smith,
1989; Pak, 1988; and references therein). Their studies have focused on the processes
that cccur after a wasp has contacted a host, i.e. host acceptance and host suitability
(sensu Doutt, 1959). The process preceding host contact, i.e. searching behaviour, has
received less detailed attention. Several authors have recorded responses of
Trichogramma spp. to plant odours [see Nordlund et al. {1988) for review]. The notion
that host cues play a role in searching behaviour of Trichagramma dates back to Laing
(1937), who first showed that wasps responded to "traces” of host moths. The subject
was left untouched for more than 30 years, until W.]. Lewis and coworkers initiated
an in-depth study of the role of kairomones in the behavioural ecology of Trichagram-
ma [see Lewis & Nordlund (1985) for review]. They showed that scales of moths con-
tain a contact kairomone (Lewis ¢f al., 1972), and that a hexane extract of these scales,
when properly applied, could increase rates of parasitism by Trichogramma (Lewis et
al., 1972, 1975a). Inhibition of flight and klinokinesis turned out to be the mechanism
leading to intensified searching in contaminated areas and increased host finding
(Beevers et al., 1981; Morrison & Lewis, 1981; Gardner & van Lenteren, 1986; Shu &
Jones, 1988).

Lewis ¢t al. are one of the few groups that have investigated the effect of semio-
chemicals on parasitoid behaviour in the field, in the framework of potential use of
these substances in biological control. Initially, a ‘blanket treatment’ of moth scale ex-
tract resuited in increased egg parasitism and seemed a very promising employment
strategy for enhancing Trichogramma’s field performance (Lewis et al., 1972, 19754,b).
However, with increasing plot size, this turned out to be true only at high host den-
sities; at low or medium densities a uniform treatment led to arrestment of wasps in
host-free areas and a decrease of effectiveness. The application of kairomone extract
around host eggs gave the desired effect of enhanced local search without reduced
movement at larger scale (Lewis et al., 1979). This, however, was a very unpractical
and labour-intensive method, and certainly not feasible for large-scale application.
By simulating an increased host density with sterilized moth eggs at the start of the
season, the problem of low density could be bypassed and a simpler kairomone ap-
plication pattern could be used (Nordlund et al., 1981; Gross et al., 1981a, 1984).
However, this was still not a practical solution. A correlation between high activity of
moths and Trichogramma performance (Lewis et al., 1979) suggested that volatile cues
might be critical for consistent efficacy of released wasps independent of host density
(Lewis et al., 1985), This was supported by the finding that a synthetic sex pheromone
blend of Heliothis zea increased rates of parasitism by Trichogramma spp. in cotton
plots (Lewis ef al., 1982). Based on these findings, several authors have speculated
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about the application of moth sex pheromones to enhance the efficacy of parasitoid
releases: it might be possible to attract parasitoids to target areas (Wall, 1984; Vinson,
1986), and a multitactic strategy to disrupt mating of the pest and enhance parasitisa-
tion by Trichogramma appeared possible (Lewis & Nordlund, 1985). However, so far
all evidence about the response of Trichogramma to host sex pheromones stemmed
from indirect observations, and the underlying mechanism was unknown. First, the
stimulus could act directly and cause an overt behavioural response, or act indirectly
by causing a change in the responsiveness to other stimuli (Dickens & Payne, 1985;
cf. releaser vs. primer pheromones {Wilson, 1963]). Second, assuming an overt be-
havigural response, the orientation mechanism was not known.

Until recently, direct-observation studies on searching behaviour of Trichogram-
ma were rare, and with respect to volatile semiochemicals such studies were absent at
the onset of the present investigation. This must partly be due to the minute size of
Trichogramma wasps (0.5-1 mm). Direct observations of searching by very small
arthropods are not impossible, judging by detailed behavioural studies of predatory
mites (Sabelis & Dicke, 1985). However, in contrast to predatory mites, Trichogramma
wasps can fly, which complicates the design of bicassays. Notwithstanding these dif-
ficulties, the need for detailed studies on the foraging behaviour of and the use of
various semiochemicals by Trichogramma has been stressed (Lewis & Nordlund,
1985).

Objective of the Research

The aim of this research was to unravel how and why Trichogramma exploit their
host’s communication system, i.e. use a volatile moth sex pheromone as a kairomone.
It should be obvious from the preceding sections that the motivation for this topic
comes from two sides: (1) chemical espionage by egg parasitoids as a phenomenon of
fundamental ecological and evolutionary interest, and (2) the use of volatile semi-
ochemicals by an important biological control agent. The order in which these two
justifications are listed is not arbitrary: understanding the basic principles that
govern host-parasitoid inferactions is crucial before a given phenomenon can be
translated into a new pest control method. The words ‘how’ and ‘why’ point at dif-
ferent approaches of the problem. "How” refers to the mechanism, i.e. the proximate
causation, while "'why' asks for the function, i.e. the ultimate causation (Mayr, 1982). As
phrased by Holldobler (1984), "... in order to answer the evolutionary why we first
have to understand the physiological how". Therefore, I have started with analysing
the mechanism underlying responses of Trichogramna to host volatiles. Subsequent-
ly, the function of these responses has been addressed.
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Biologically sound bioassays are of prime importance in the study of semio-
chemically mediated behaviour (Kennedy, 1977; Baker & Cardé, 1984; Tumlinson &
Teal, 1987). Especially with respect to volatile semiochemicals the availability of such
techniques has been regarded as a limiting factor for progress in research (Lewis &
Nordlund, 1985). Therefore, a considerable part of the present study has consisted of
the development of proper research methodology and bioassays for the study of ol-
factory responses in Trichogramma. More specifically, I have attempted to answer the
following questions:

— Does Trichogramma show an overt behavioural response to host sex pheromone?

— If so, how do wasps respond to host sex pheromone: which behavioural com-
ponents constitute a response, what is the orientation mechanism?

— How specific are olfactory responses of Trichogramma?

—Is searching by Trichogramma in the field synchronized with release of host
odours? If not, how does host sex pheromone function as a kairomone in the field:
can diurnally foraging parasitoids perceive odours released by moths during the
night?

— What is the adaptive value for parasitoids of responding to host sex pheromone:
does it lead to increased host finding and higher reproduction?

-— What is the relation between responses of parasitoids to semiochemicals and the
quality of those parasitoids as biological control agents?

The Host-Parasitoid Systems

In this study, two Trichogramma species were used: T. evanescens and T. pretiosum. The
former is a palearctic species, and has been studied in combination with one of its
hosts, Mamestra brassicae. Trichogramma pretiosum only occurs in the New World; the
same applies to Heliothis zea, one of its hosts. The experiments with T, pretiosum and
H. zea were conducted at the Insect Biology & Population Management Research
Laboratory in Tifton (Georgia, U.S.A)), in close cooperation with the Insect Attrac-
tants, Behavior & Basic Biology Research Laboratory in Gainesville (Florida, U.S.A.).
Apart from the first experiments with T. evanescens, all other experiments were car-
ried out in Wageningen.

Mamestra brassicae and Trichogramma evanescens

Mamestra brassicae (Lepidoptera; Noctuidae), the cabbage moth, is a common species
throughout Europe (up to central Scandinavia) and temperate Asia to India and
Japan (Figure 1-3}). Adults are greyish-brown with a wingspan of 34-50 mm (Figure
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