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Stellingen
1. Het is gemakkelijker om aan te tonen, dat een bepaald gedragsmechanisme
optreedt, dan het bewijs te leveren dat dit gedrag door een bepaalde diersoort
niet gebruikt wordt.
Dit proefschrift
2, Het publiceren van negatieve resultaten zou gestimuleerd moeten worden om de
kloof tussen theorie en praktijk te verkleinen.
Dit proefschrift
3. Hoewel anekdotes geen defimitief bewijs leveren over het belang van

gedragsprocessen, kumnen deze een belangrijke bijdrage leveren aan

hypothesevorming en toetsing van gedragsoecologische theorieén.
Godfray, H.C.J. 1994, Parasitoids, behavioral and evolutionary ecology. Princeton
University Press, New Jersey.

4. Biologische bestrijdingsprojekten, die inzicht verschaffen in het niet slagen van
een vestiging van een natuurlijke vijand, zijn ook succesvol.
Mackauer, M, Ehler, L.E. and Roland, J. {eds.) 1990. Critical issues in biological control.
Intercept. Andover.

5. Daar verschillende natnurlijke vijanden het sexferomoon van hun gastheer
gebriken als kairomoon, verdient dit fenomeen aandacht bij de toelating van
gecombineerde sexferomoon/insecticide produkten, daar de veronderstelde
selektieve werking van het attracticide ook de populatie van de natuurlijke
vijand kan beinvliceden.

Minks, A K. 1990. In: Behavior modifying chemicals for insect management: applications
of pheromones and other attractants. Ridgway, R.L. Silversten, R.M. and Inscoe, M.N.
(eds.). Marcel Dekker, New York. pp. 557-568.

6. Het feit, dat het gedrag van natuurijjke vijanden is aangepast aan een pumt-
bronverdeling van attractantia, maakt de praktische uitvoering van
gedragsmanipulatie met behulp wvan chemische signaalstoffen vrijwel
onmogelijk.

Lewis, W.J., Beevers, M., Nordlund, D. A, Gross. HR. and Hagen, K.S. 1979. J. Chem.
Ecol. 5: 673-680.

7. Een onderschatte factor in het slagen van bestrijding, gebaseerd op de
verwarringstechniek met feromonen, is de rol van natuurlijke vijanden, die door
het ontbreken van insekticide-applicaties niet meer onderdrukt worden en dus

¢en belangrijke rol kunnen spelen bij de reductie van plaagpopulaties.
Cardé, R.T. and Minks, A K. 1995. Annu. Rev. Entomnol. 40: 559-585.



8. De destructieve werking van de microsporide Nosema op msektenkweken is
mndrukwekkend en verdient meer aandacht.
Walters, H.S. and Kfir, R. 1993. African Entomol. 1: 57-62.

9 Het enige feit betreffende de origine van de mens dat absoluut zeker is, is dat de
discussie erover zal blijven doorgaan.

Avise, J.C. 1994, Molecular markers, natural history and evolution, Chapman and Hall,
New York.

10.  De bureaucratie en geldverspilling van westerse insteilingen op het gebied van
ontwikkelingssamenwerking doen niet onder voor die van de landen waarvoor
ze bedoeld zijn.

Hancock, G. 1989. Lords of poverty. MacMillan, London.

11.  Omnder elke klik van de mus zitten het bloed, zweet en tranen van een
onbekende programmeunr.
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General Introduction

BEHAVIORAL ECOLOGY OF PARASITOIDS AND BIOLOGICAL CONTROL
Behavioral ecology is concerned with the evolution of adaptive behavior in relation
to ecological circumstances (Krebs and Davies, 1981). Because an individual’s success
at surviving and reproducing depends on its behavior, natural selection will favor
animals with efficient foraging strategies. Insect parasitoids forage for hosts that
directly support the development of their progeny. The lifetime reproductive success
of a female parasitoid is depended on the number and quality of hosts located and
utilized in her lifetime. Thus, host foraging in parasitoids is closely linked to fitness,
which make parasitoids ideal organisms to study the adaptive value of foraging
decisions (Godfray, 1994). These foraging decisions include for example where to
search for hosts and for how long (e.g. Van Alphen and Vet, 1986; Stephens and
Krebs, 1986; Vet et al., 1995). Once a host is located the female has to decide
whether the host should be accepted and if so, how many eggs to lay and in which
sex ratio (e.g. Waage, 1986; Godfray, 1987; Van Alphen and Visser, 1990). The
behavioral ecology of insect parasitoids is not only interesting from a theoretical
evolutionary perspective, but also from an applied perspective, because parasitoids
are frequently used in biological control of insect pests.

In biological control parasitoid establishment and parasitism rates are often
variable. For biological control to be a reliable and efficient method insight is needed
in the foraging behavior of the natural enemy used. The ability of parasitoids to
locate and attack hosts is a key determinant of how well a given parasitoid
population performs. Thus variability in this host-location ability can be a major
source of inconsistent results in biological control with parasitoids.

The need to improve the scientific basis of biological control is increasingly being
expressed (Van Lenteren, 1980; Mackauer et al, 1990). A more complete
understanding of the ecology and behavior of natural enemies is critical when we
want to increase the reliability and predictability of biological control with insect
parasitoids (Lewis et al., 1990; Luck, 1990). Behavioral ecology theory forms a
suitable framework to design research programs for biological control (Waage, 1990;
Luck, 1990), such as the development of selection criteria for biological control
agents, the improvement of mass-rearing of selected natural enemies and the
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evaluation of success or failures of released natural enemies.

VARIATION IN PARASITOID BEHAVIOR

Intraspecific variation in parasitoid physiology and behavior has long been speculated
to be one of the factors responsible for variability in effectiveness of biological
control. For instance, biological control workers frequently refer to races, strains or
biotypes that differ in biological traits considered to be important for successful
biological control (e.g. Gonzilez et al., 1979; Caltagirone, 1985). Failure of a
biolagical control project may result from an incorrect identification of the species
involved or a selection of an inappropriate strain.

Especially in augmentive (seasonal) releases of laboratory reared parasitoids it is
essential that a strain is selected with the highest efficiency against the target pest
species in a given environment to minimize seasonal production costs. Among the
criteria used for this selection are traits related to reproductive capacity and
searching activity (e.g. Chambers, 1977; Bigler, 1989; van Lenteren, 1991). Several
researchers have explored the possibilities to manipulate the behavioral plasticity of
parasitoids (Lewis and Martin, 1990), either before release (e.g. Gross et al., 1975) or
in the field (e.g. Lewis and Martin, 1990), especially for parasitoids used in
inundative and seasonal programs. In classical biological control, where a new
natural enemy is introduced in a particular region without repeated releases, the
central concern is that genetic variation for attributes that affect success is either not
collected or is lost during the importation and colonization process (Roush, 1990;
Hopper et al., 1993). Among the criteria considered to be important in introduction
programs are physiological compatibility (i.e parasitoid virulence) and climatic and
phenological (ecological) adaptability.

PHENOTYPIC PLASTICITY

The behavior of parasitoids is not fixed, but variable within and among individuals
of a population. The proximate basis for this behavioural plasticity includes the
physiological state and the informational state (i.e. learning processes) of the animal.
Among the physiological factors influencing female parasitoid foraging decisions are;
eggload (e.g. Rosenheim and Rosen, 1991), hunger status (e.g. Wickers, 1994;
Heimpel and Rosenheim, 1995) and disease (Hamm et al., 1988). The informational
state (i.e. internal view of external environment) of a parasitoid is influenced by its
foraging experiences. For instance, parasitoid behavior may change after an
experience with parasitized hosts (e.g. Visser. et al, 1992), the presence of
conspecifics (Visser et al., 1990) or related species (Janssen et al., 1995) and after
experiencing different day-lengths during its development (Roitberg et al., 1992). The
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General Introduction

role of learning in parasitoid host foraging is well studied (recent reviews: Vet and
Groenewold, 1990; Turlings et al., 1993; Vet et al., 1995) and considered as an
important factor influencing parasitoid foraging behavior (Lewis et al., 1990; Vet et
al,, 1990). It has been demonstrated that parasitoid females can learn to associate
odors and/or visual cues with successful host location (e.g. Arthur, 1966; Lewis and
Tumlinson, 1988). Odor learning in host foraging is very common in parasitoids and
is sometimes triggered by pre-adult learning, as a consequence of development in a
particular host and its food, but more commonly as an adult by experience during

foraging.

GENETIC DIVERSITY

Parasitoid populations utilize different resources over the species’ entire geographical
range and local populations may experience different selection pressures. Populations
from different regions may thus each be adapted to utilize specific resources and a
generalist species can actually consist of specialist local populations (Fox & Morrow,
1981; Futuyma & Peterson, 1985). The differentiation of populations within a
species may result in populations that differ biologically from other conspecific
populations and are referred to as a strain or race (Diehl 8 Bush, 1984). The
identification of strains is based on biological parameters such as host and habitat
specificity, diapause habit and climatic adaptability (Roush, 1990; Hopper et al,
1993). Well known and studied examples of biological differences in morphologically
identical species or strains are Aphytis spp. (Rosen, 1994) and Trichogramma spp.
(Pak, 1988; Pinto and Stouthamer, 1994). For instance, recognition of biological
differences between morphologically identical strains of Aphytis maculicornis Masi
was the key to successful biological control of olive scale, in California (DeBach et
al, 1971).

An uncritical list of reports on intraspecific variation in parasitoid traits is given
by Ruberson et al. (1989). Using iso-female lines, Prevost and Lewis (1990) made an
attempt to reveal genetic variation for olfactory responses within a parasitoid
population. Reviews of reports on between-population variation in parasitoid (life
history) traits in relation to biological control are given by Gonzélez et al. (1979)
and Caltagirone (1985) and more detailed lists are given by Hopper et al. (1993) and
Unruh and Messing (1993). Although often discussed as genetic differences, inter-
strain variation is only weak evidence for genetic differences, as emphasized by
Hopper et al. (1993). Populations often originate from different environments
and/or are tested under different conditions, hence conditioning effects (1.e. early-
adult learning) can mimic genetic differences. Furthermore, what was originally
thought to be variation among strains has sometimes turned out to be variation
among sibling species {e.g. Vet et al., 1984; Haardt and Holler, 1992).
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What follows is a selective overview of the available evidence of the existence of
parasitoid strains, with emphasis on the relation to biological control.

Micro-habitar-adapted strains

For phytophagous insects there is ample evidence for intraspecific variation in
physiological adaptation to specific host plants and differential selection of host
plants as oviposition site (Futuyma and Peterson, 1985; Jaenike, 1990; Jaenike and
Holt, 1991; Via, 1990).

Natural enemies have evolved in a multitrophic system and the behavior and
physiology can be influenced by the habitat (i.e. food plant) of their hosts. Thus,
natural enemy populations may become locally adapted to a particular micro-habitat
of their host. Populations may differ in their behavioral response to stimuli from the
hosts’s micro-habitat or they may differ in their physiological adaptation to a
particular food of their host. There are only a few studies which have studied plant-
adaptation in parasitoid populations.

One example of physiological adaptation of parasitoids to plants is the relation
between Cotesia congregata (Say), its host Manduca sexta L. and the food plants
tomato and tobacco. The survival of C. congregata is directly affected by host-
ingested nicotine, a major alkaloid of tobacco (Barbosa et al., 1991). Kester and
Barbosa (1991) showed that two populations of C. congregata, which differed in their
present and historical exposure to tobacco, differed in their tolerance to dietary
nicotine and willingness to search on tobacco plants (Kester and Barbosa, 1994),
suggesting an adaptation to tobacco by the (Marlboro!) parasitoid population with
the longest exposure to tobacco.

Differentiation in behavioral response to stimuli from the host’s micro-habitat has
been demonstrated for populations of the Drosophila parasitoid Asobara tabida
{Mollema, 1988; Kraaijeveld et al., 1994) and the existence of plant-specific strains has
been postulated for the stemborer parasitoid Cotesia flavipes (Mohyuddin et al.,
1981).

Host-adapted strains ‘

One of the key factors of a successful biological control program is the ability of the
released parasitoid population to successfully parasitize the local host population.
Parasitoid populations may be physiologically adapted to particular host species (or
local populations of a particular host species). Simmonds (1963) gives several
examples of host-adapted geographic strains of the stemborer parasitoids Paratheresia
claripalpis Wulp, Palpozenilla palpalis (Ald.) and Lixophaga diatraea. To give a typical
example, Mexican and Trinidad strains of P. claripalpis were both able to develop on
D. saccharalis larvae, but only the Mexican strain was able to develop on its
sympatric host Zeodiatraea lineolata (Simmonds, 1963). Other well studied examples
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of a differential preference, acceptance and host suitability between parasitoid
populations have been demonstrated for Leptopilina boulardi (Bouletreau, 1986) and
Asobara tabida (Kraaijeveld and van der Wel, 1995; Kraaijeveld et al., 1995).

Climate adapted / seasonal synchronized strains

In classical biological control, the released parasitoid population should be adapted
to the local (new) climate and the biology of the parasitoid must be well
synchronized with that of the host, so that it is in phase with the susceptible stages
of the host. This synchronization must extend through quiescent stages of the host’s
annual cycle (as in diapause) or there must be alternative hosts that can carry the
natural enemy through such phases. It has been demonstrated that parasitoid
populations from different altitudes or regions may differ in their diapause behavior
(e.g. Kenis, 1994; Kraaijeveld and van Alphen, 1995) or that specific diapause
behavior may be obtained through selective breeding (e.g. Van Houten et al., 1995).
There are several examples of the application of climate adapted parasitoid strains
in biological control programs (e.g. Flint, 1980; Pak and Heiningen, 1985).

A multiple strain approach has been applied in a (classical) biological control project
against the Argentine stem weevil Listronotus bonariensis (Coleoptera) in New
Zealand. Here several strains from a range of ecoclimatic zones in South America
of the parasitoid Microctonus byperdodae (Braconidae) were released in equal numbers
at different sites (Goldson et al., 1993). Using morphometric identification it was
demonstrated that particular strains established in particular regions, reflecting
differences in diapause ability (Phillips et al., 1994).

Insecticide vesistant strains

Several authors have advocated selective breeding in the laboratory to obtain strains
of a parasitoid adapted to given environmental conditions (e.g. Hoy, 1979).
Especially in the field of insecticide resistance some progress has been made in
obtaining insecticide resistant strains of predators (e.g. Hoy, 1985) and parasitoids
(e.g. Spollen and Hoy, 1992).

OBJECTIVE OF RESEARCH
The aim of the research presented in this thesis was to provide insight in the
foraging behavior of a parasitoid used in biological control of stemborers. Cotesia
flavipes, a larval parasitoid used worldwide in biological control against tropical
stemborers, has a wide host range in diverse habitats. The existence of different
geographic, host and/or plant specific strains in C. flavipes has been postulated. This
hypothesis is based on laboratory studies on plant preference behavior of different
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strains (Mohyuddin et al., 1981; Shami & Mohyuddin, 1992), and on anecdotal notes
of increased local (field) parasitism rates after release of particular parasitoid strains
(Mohyuddin, 1990b). One of the initial objectives of the present research was to
achieve insight into the factors causing the assumed differences between C. flavipes
strains. Therefore we determined to what extent the reported plant and host
specificity in C. flavipes has a genetic basis or is due to phenotypic plasticity through
learning. We determined the behavioral plasticity (i.e. learning processes) and genetic
diversity (between population variation) in the preference for and performance on
particular plant-host-complexes. In addition to this, the behavioral ecology of this
stemborer parasitoid was addressed from a more theoretical perspective, It was
investigated how the life history of the parasitoid and its foraging environment may
have shaped its foraging strategies, with respect to the role of learning, the pattern
of clutch size allocation and the acceptance of low quality (i.e already parasitized or
unsuitable) hosts.

OUTLINE OF THESIS

The behavioral ecology of C. flavipes was investigated from an applied as well as a
theoretical perspective. In the first part gaps in the knowledge on behavioral
ecology of C. flavipes are studied which include the long- and short-range searching
behavior, some aspects of the life history and host discrimination abilities. The
second part focuses on the intraspecific variability in C. flavipes behavior and here
we determine to what extent the reported plant and host specificity in C. flavipes has
a genetic basis or is due to phenotypic plasticity through learning.

Elucidation of volatile stimuli involved in host location

Earlier reports on the foraging behavior of C, flavipes mainly focused on the short-
range behavior, in particular the contact-response to larval frass (Kajita and Drake,
1969; Mohyuddin, 1971; Mohyuddin et al,, 1981; Leerdam et al., 1985). The use of
volatile infochemicals in the long-range host micro-habitat location is well
documented for several parasitoid species (Vet and Dicke, 1992), but was never
investigated for C. flavipes. Recent studies have demonstrated that several herbivore-
infested plant species release volatiles attractive to insect predators and parasitoids,
The release of these chemical signals (i.e. herbivore induced synomones) is not
restricted to the infested plant parts, but occurs systemically throughout the plant
(for review see Dicke, 1994). The experiments described in chapter 2 determined the
plant and/or host origin of olfactory stimuli involved in location of stemborer
infested plants. It was further investigated whether the endophytic feeding larvae in
the stem part of the plant could induce the systemic release of herbivore induced
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synomones by the undamaged leaves of the plant.

Short range host location and life history

It is generally accepted that C. flavipes females attack the stemborer larvae by
ingressing the stemborer tunnel (Smith et al., 1993). However, the actual foraging
behavior on an infested plant and inside a stemborer tunnel was never investigated.
Chapter 3 focuses on some aspects of the life history, such as initial eggload, clutch
size allocation and longevity, and describes the foraging behavior of female C.
flavipes on stemborer infested maize plants. Furthermore, the behavior of the
parasitoid and host inside a stemborer tunnel was investigated using artificial
transparent tunnels. The experiments revealed that attacking a defending stemborer
larva in the confined space of a tunnel is very risky for the parasitoid female. A
considerable proportion of the parasitoids is killed by the defending host. The
possible consequences of this risky foraging strategy for the evolution of life history
traits and foraging decisions in C. flavipes are discussed.

Utilization of previous visited sites and hosts

Superparasitism is the deposition of eggs in a host that has already been parasitized
by the female itself or by a conspecific. Many parasitoid species are able to detect
the previous presence of conspecifics, a phenomenon referred to as host
discrimination (van Lenteren, 1981; van Alphen and Visser, 1990). In chapter 4 the
fitness consequences of superparasitism and the behavioral mechanism of host
discrimination are described for C. flavipes. Considering the risky foraging strategy
it is hypothesized that C. flavipes has evolved an innate ability to discriminate and
that the time-saving and life-saving benefit of discrimination is greatest if a female
can parasitized hosts by means of external cues, before contacting the offensive host.

Phenotypic variation: behavioral plasticity through learning

Theory on the adaptive value of learning in foraging suggests that an animal foraging
in a predictable homogeneous environment and/or making only a few foraging
decisions is not expected to use learning in foraging (Papaj and Lewis, 1993). For
insect parasitoids, learning during foraging is well documented (Turlings et al., 1993;
Vet et al., 1995). Host seeking females can learn olfactory and visual cues associated
with their hosts or the hosts micro-habitat and experience can strongly affect
preference for major foraging cues. In chapter 5 the role of odor learning in host
foraging in C. flavipes is discussed, using experimental procedures similar to other
parasitoid learning studies. The learning mechanisms priming (i.e. increase in
response) and preference-induction in C. flavipes were determined at two stages in
the life cycle of the parasitoid: upon emergence from the stemborer tunnel and at
oviposition. It is hypothesized that early-adult learning could be the basis for the
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plant-specific strains in C. flavipes that Mohyuddin et al. (1981) postulated. Taking
the ecology of C. flavipes into account it is further hypothesized that adult learning
does not play a significant role in host foraging in this parasitoid species.

Genetic variation: behavioral and physiological strain comparison

Local parasitoid populations may be specifically adapted to their sympatric major
plant host complex. Local variation in the use of resources has important
implications for the evolution of ecological specialization and is relevant to host race
formation and speciation (Futuyma and Peterson, 1985; Bush, 1994). It also has
important implications for biological control, because the selection of appropriate
strains is a significant factor in successful biological control (Roush, 1990; Lewis et
al., 1990).

The existence of plant and/or host specific strains in C. flavipes has been
postulated by Mohyuddin et al. (1981). In chapter 6 experiments are presented that
investigated the between-population variation in plant-host-complex preference and
reproductive success in C. flavipes. The behavior and physiology (i.e. virulence)} was
compared of six different geographic strains of C. flavipes that differed in the plant-
host-complex from which they were obtained. Two strains originated from C
partellus on maize and four strains from other stemborers species on sugarcane. The
comparisons were made under controlled conditions in a comparative setup. First
it was established if the strains differed in micro-habitat preference and in host
species acceptance and subsequently if the strains differed in their reproductive
success on different host species.

Genetic variation: molecular identification of strains and cryptic species

The differentiation of populations within species in biologically different populations
are referred to as a strain or race (Diehl and Bush, 1984). Species can be seen as a
common gene pool that is variable due to the different (environmental) local
circumstances. Using modern molecular techniques the variability within a gene pool
can be characterized (Avise, 1994). An important genetic marker used to separate
species and strains is ribosomal DNA (fDNA) and in particular the (non coding)
internal transcribed spacer {(ITS). In comparison with coding regions, spacer regions
evolve rapidly and can be used for comparison of closely related species or
populations {e.g. Sappal et al., 1995; Van Kan et al,, 1996). The objective of the study
was to see whether we could differentiate the six geographic C. flavipes strains nsed
in the present study with the use of molecular techniques, based on PCR followed
by nucleotide sequencing of rDNA-ITS. Furthermore, it was tested whether the
cryptic Cotesia spp. in the Cotesia flavipes complex (C. flavipes, C. chilonis and C.
sesamiae) could be distinguished with this technique. If successful, the origin of a
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particular field population may be elucidated and a fast identification technique for
the cryptic C. flavipes complex species may be available. Unfortunately, the
experiments are still in progress and due to time constraints the results are not
presented in this thesis but will be published later.

PLANT HOST PARASITOID SYSTEMS
The research presented in this thesis deals with the braconid parasitoid C. flavipes,
a natural enemy of gramineous stemborers. What follows is an overview of the
biology of stemborers, their host plants and a review of the research done on C.

Sflavipes.

The hosts

Stemborers are chiefly Lepidoptera belonging to the families Pyralidae (e.g. Chilo
Zincken; Diatraea Guilding; Ostrinia Hiibner) and Noctuidae {e.g. Busseols Thurav;
Sesamia Guenée) (reviews: Bleszynski, 1969; Harris, 1990). The life cycle of these
stemborer species is very similar. Adult moths usually deposit their eggs in clusters
on plant leaves and stems. Early-instar larvae feed cryptically in the leaf whorl
before tunnelling into the stem. Older larvae feed in excavated tunnels inside the
plant stem. The feeding tunnel is maintained relatively clean and stemborer larvae
deposit their frass outside the entrance of the tunnel. Pupation normally occurs in
the stem in a pupal chamber constructed near the tunnel entrance.

The plants

The host range of lepidopteran stemborers consists mainly of grasses (Graminae),
sedges (Cyperacaea) and cat-tails (Typhacaes). Economically important plants attacked
by stemborers include the staple food crops of maize (Zez mays), millet (Pennisetum
spp.), sorghum (Sorghum bicolor) and sugarcane (Saccharum officinarum). These
cultivated plants were each domesticated from their wild relatives between 7000-
12000 years ago. Through domestication the small seeded perennial wild grasses were
converted into large-grained annual plants that may have lost resis-
tance/compensation mechanisms against stemborers. For instance, maize has lost its
ability to tiller (i.e. formation of young shoots after damage) and stemborer survival
is much higher on maize compared to selected wild grasses (Rosenthal and Welter,
1995), probably due to a lower silica content in maize compared to wild grasses
(McNaughton et al., 1985; Setamou et al., 1993).

Stemborers are considered as one of the most economical important pests of maize,
sorghum and sugarcane. Crop losses are attributed to the stem tunnelling habit of
the later-instar larvae. Tunnelling in young gramineous plants usually destroys the
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apical meristem and stops growth of the injured shoot, creating a ’deadheart’
condition, Extensive larval tunnelling weakens the stem and provides sites for
invasion by plant pathogens (Seshu Reddy and Walker, 1990). The concealed lifestyle
of stemborer larvae inside stems has certainly enhanced their potential to be
transported around the world on propagative plant material. There is an anecdotal
example related to the work presented in this thesis. In 1639 the Dutch introduced
several plant species of economic interest on the island of Mauritius, including
sugarcane from Indonesia (Batavia). In 1850 the sugarcane stemborer Chilo
sacchariphagus was reported for the first time on the island. In the same year a
shipment from Java of about a million sugarcane cuttings of sugarcane was received
in Mauritius and with it apparently arrived the sugarcane stemborer C.
sacchariphagus, which is now the major pest species in sugarcane on Mauritius
(Williams, 1983).

The parasitoids

Despite their hidden lifestyle stemborers do not escape parasitism. Parasitoids have
evolved several amazing strategies to attack their concealed hosts inside the plant
stem. Smith et al.(1993) divided the attack tactics of parasitoids of stemborer larvae
in six categories. Parasitoids with the Probe and sting’ tactic probe with their
ovipositor into the leaf sheet to find early-instar larvae. Other species probe through
the exit hole of the tunnel to find mature larva. A related tactic is the *wait and
sting” strategy, where the parasitoid inserts her long ovipositor through one of the
tunnel holes and then waits till the host larva passes by and is close enough for
oviposition. Parasitoids with the ’Drill and sting’ strategy have long and strong
ovipositors and drill through the plant stem with their ovipositor to parasitize the
host. Several Tachinid parasites have the "Planidial ingress’ tactic, where the female
larviposits a mobile maggot at the tunnel entrance that will actively search for the
host larva. Other tachinid parasitoids with the "Bait and wait’ tactic lay their eggs
at the tunnel entrance and require that the eggs are ingested by the host for
parasitism to occur. Finally some small parasivoid species with the “Ingress and sting’
tactic are small enough to enter the tunnel and parasitize the host there.

Cotesia flavipes: Biology

The research described in this thesis deals with the behavioral ecology of Cotesia (=
Apanteles) flavipes, a parasitoid with the ’ingress and sting’ tactic. There are three
morphologically similar species of Cotesiz which attack tropical stem borers. Cotesia
chilonis is native to Japan, Cotesia flavipes originates from the Indo-Australian region
and Cotesia sesamiae is native to Africa. Polaszek and Walker (1991) grouped the
three species as the *Cotesia flavipes complex” after the most well known species used
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in biological control.

Basic studies on the behavioral and physiological aspects of parasitism by C
flavipes are reported by Moutia and Courtois (1952), Gifford and Mann (1967), Kajita
and Drake (1969), Mohyuddin {(1971), Wiedenmann et al. {1992) and Ngi Song et al.
(1995a). These studies revealed that the gregarious endoparasitoid C. flavipes has a
short lifespan of a few days and an initial eggload of around 150 eggs. A female C.
Sflavipes allocates around 40 eggs in a host and the highest reproductive success is on
the later larval instars (4-6th). The egg to adult development time is around 20 days
and the sex ratio is usually female biased (60-70%). Arakaki and Ganaha (1986)
studied the mating behavior of C. flavipes and found a high level of sib mating
directly after emergence from the stemborer tunnel.

There are only a few reports on the host foraging behavior of C. flavipes and
they mainly focus on the contact response to larval frass (Kajita and Drake, 1969;
Mohyuddin et al., 1981; Inayatullah, 1983). The only detailed report on the foraging
behavior of C. flavipes is the study by van Leerdam et al. (1985). They investigated
the role of larval frass in the short range host location behavior in C. flavipes. The
characteristic response of C. flavipes to larval frass consists of a decreased rate of
locomotion coupled with increased searching on and around the frass, with the
parasite exhibiting close antennal contact with the faecal substrate (van Leerdam et
al., 1985). Fresh frass can elicit oviposition attempts by the parasite (Mohyuddin et
al., 1981). Van Leerdam et al.(1985) found that the substance in frass that elicited a
response was water soluble: aqueous frass extracts elicited positive responses in
contact experiments with C. flavipes. They further found that oral secretions of D.
saccharalis larvae elicited a response and suggested that mandibular gland stimulants
could be involved in the attractiveness of the frass. Recently, Ngi-Song et al. (1995b)
investigated the role of volatile chemicals in the host-micro-habitat location in C.

flavipes.

Biological control with C. flavipes

Classical biological control involves the introduction and establishment of exotic
natural enemies against introduced pest species. Sometimes, exotic parasitoids are
introduced against endemic pests. The latter is referred to as the *new association’
approach (Hokkanen and Pimentel, 1989). C. flavipes has been used in new and old
association approaches and has been introduced into more than 40 countries in the
tropics for biological control of pyralid stemborers in the genera Chilo and Diatraca
(Polaszek and Walker, 1991). The movement of C. flavipes material around the
world is complex and often difficult to uncover. The major movements are
presented in figure 1.1. The main basis of the worldwide introductions are field
populations collected and redistributed by the IIBC (International Institute for
Biological Control) station in Pakistan. The C. flavipes population in Pakistan
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Fig 1.1. Overview of major movements of Cotesiz flavipes material around the world.

probably originates from imported Japanese material (Alam et al., 1972). An
important basis for the distribution of C. flavipes in the new world is the IIBC
station in Trinidad, which used material from Pakistan to establish a colony of C.
flavipes on the neotropical host D. saccharalis. This formed the basis for
introductions in North, Central and South America against Diatraea spp. in
sugarcane and maize,

At the moment C. flavipes is widespread in the Indo-Australian region and due
to introductions against Chilo partellus (Alam et al. 1972; Overholt et al. 1994),
Diatraea saccharalis (Gifford & Mann, 1967; Alam et al,, 1971; Fuchs et al., 1979;
Macedo et al., 1993} and Chilo sacchariphagus (Betbeder-Matibet & Malinge, 1968),
C. flavipes now also occurs in the Caribbean, major parts of North and South
America (Polaszek & Walker, 1991) and recently in East-Africa (Omwega et al,,
1995). From field studies it is known to successfully parasitize more than 20 host
species in more than 15 plant species, including economically important stemborers
in maize, sorghum, sugarcane and rice (table 1.1).

The research project described in this thesis complemented a collaborative project
of the Department of Entomology of the Wageningen Agricultural University and
the International Centre for Insect Physiology and Ecology (ICIPE) on the
biological control of stemborers in Africa (Overholt et al., 1994). One of the main
stemborer species in Africa is C. partellus (Swinhoe). C, partellus is an Asian species
that was first reported in Africa from Malawi around 1930, and which has now
spread to most countries in eastern and southern Africa (Harris, 1990). In many of
the areas it has invaded, C. partellus is considered to be the most economically
important pest of maize and sorghum (Seshu Reddy and Walker, 1990). C. flavipes
was imported into Kenya from Pakistan in 1991 to investigate its potential for
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Table 1.1 Reported field populations of C. flavipes, where plant species and host

species are mentioned.

Host species Plant species Country
PYRALIDAE
Chilo auricilins Dudgeon Saccharum officinarum  India!, Indonesia?

Chilo batri Fletcher
Chilo ceylonicus Hampson

Chilo infuscatellus Snellen

Chilo orichociliellus
Chilo partellus (Swinhoe)

Chilo polychrysus (Meyrick)
Chilo sacchariphagus (Bojer)

Chilo suppressalis (Walker)

Craphalocrocis medinalis (Gue-

nee)
Diatraea centrella (Moschl.}
Diatraea flavipennella (Box)
Diatraea impersonatella (Walker)
Diatraea lineolata (Walker)

Diatraca saccharalis (Fabricius)

Sacciolepis interrupta
Vetiveria zizamoides
Vetiveria zizamoides
Saccharum officinaram
Vetiveria zizamoides
Zea mays L.

Zea mays L.

Sorghum bicolor L.
Coix lackryma-jobi L.
Saccharum spontaneum
Oryza sativa
Saccharum officinarum

Oryza sativa

Saccharam officinarum
Oryza sativa

Saccharum officinaram
Saccharum officinarum
Saccharum officinarum
Zea mays

Saccharum officinarum

India®

India’

India’

Taiwan!, India®
India’

Kenya*

Nepal®, India’?, Kenya’
Pakistan'®, Comoro Islands!!

India®”
India’
India*
Malaysia®

Indonesia’, Madagascar®?, Mau-
ritius*, Taiwan’

Japan®
Taiwan*

$ri Lanka'

Trinidad”

Brazil

Guadeloupe®, Trinidad”™®
Mexico?!, USAZ

Brazil?#, USA®, Peru™,
Carribean”, Guadeloupe™, Tri-
mdad??®, Costa Rica’, Argen-
tina®, Barbados®
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Host species Plant species Country
Sorghum vulgare USAZ
Zea Mays TUSAZ, Mexico™
Donacoscaptes stensellus (Hamp- Saccharum officinarum  India®*
sQ,(n-Acigcmm (=Bissetia)} stentellus)
Elasmopalpus lignosella (Zeller) Zea mays USA®2
Eorewma loftini Dyar Zea mays USA2, Mexico®
Scirpophaga incertulas (Walker) Oryza sativa India*, Hong Kong”
{=Tryporya incertulas)
Saccharum officinarum  Taiwan'
NOCTUIDAE
Mythimna loreyi Duponchel Saccharam officinarum  Taiwan'
Sesamia calamistis Hmps Zea mays Kenya¥

Sesamia inferens (Wlk.)

Sesamia grisescens Walker

TORTRICIDAE

Tetramoera schistaceana {Snellen)

Saccharum officinarum
Oryza sativa

Frianthus arandinacens
Typha angustata
Saccharum officinarum

Saccharum qfficinarum

Taiwan®, India®, Japan®
India®, Indonesia®

India’

Pakistan®

Papua New Guinae®

Taiwan*

References: 1= Nair 1988; 2= Sunaryo & Suryanto 1986; 3= Nagarkatti & Nair 1973; 4= Cheng et al.
1987; 5= Maninder & Varma 1982; 6= Neupane et al. 1985; 7= Subba Rao et al. 1969; 8= Singh et al.
1975; 9= Omwega et al. 1995; 10= Mohyuddin 19903; 11 = Breniere et al. 1985; 12=0oi 1974; 13=
Betbeder-Matibet & Malinge 1968; 14= Moutia & Courtois 1952; 15= Kajita & Drake 196%; 16=
Rajapakse & Kulasckare 1982; 17=Vignes 1981; 18= Planalsucar 1979; 19= Overholt & Smith 1950; 20=
Mahadeo 1985; 21 = Rodriquez-del-Bosque et al. 1990; 22= Youm et al. 1990; 23= Macedo 1978; Macedo
et al. 1984; 24 = Macedo et al. 1993; 25= Fuchs et al. 1979; 26= Charpentier et al. 1971; 27« Ayquipa et
al. 1979; 2B= Cueva et al. 1981; 29= Coclk 1985; 30= Delattre 1978; 31 = Badilla et al. 1991; 32= Alam et
al. 1971; 33= Mathur 1967; 34= Chaudhary 8& Chand 1973; 35= Varma et al. 1981; 36= Nath & Hikim
1978; 37 = Thorton et al. 1975; 38= Kumar & Kalra 1965; 39~ Arakaki & Ganaha 1986; 40= Rothschild
1970; 41= Carl 1962; 42= Kuniata 8 Sweet 1994; 43= Willink et al. 1983. 44= Overholt pers. comm.
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suppressing C. partellus populations in East-Africa (Overholt et al., 1994). It was
released in 1992 and is now considered to be established in Kenya and Tanzania
(Omwega et al., 1995; Overholt pers. comm.).

C. flavipes strains
The existence of different geographic, host and/or plant specific strains in C. flavipes
has been postulated. This hypothesis is based on laboratory studies on plant
preference behavior of different strains (Mohyuddin et al., 1981; Shami & Mohyud-
din, 1992}, on anecdotal notes of increased local field parasitism rates after release of
particular parasitoid strains (Mohyuddin, 1990b} and on variation in reproductive
success on D. saccharalis among strains of C. flavipes (Wiedenmann and Smith, 1995).
The publication of Mohyuddin et al. (1981) formed the basis for the frequently
cited existence of plant specific strains in C. flavipes. In a comparison of the USA-
strain of C. flavipes (reared from D. saccharalis on sugarcane) and the Pakistan-strain
(reared on C.partellus on maize}, Mohyuddin et al.(1981) found that the USA-strain
had a higher response upon contact to sugarcane frass and the Pakistan-strain a
higher response to maize frass. A differential response to volatile stimuli emanating
from frass was reported by Shami and Mohyuddin (1992). In olfactometer
experiments Shami and Mohyuddin (1992) found that a maize strain was more
attracted to maize frass and a sugarcane strain was more attracted to sugarcane frass.
In selective breeding experiments Shami and Mohyuddin (1992) tried to reveal the
genetic basis for this differential preference. They showed that the preference of the
maize-strain for maize frass could be reversed in a preference for sugarcane frass
when reared on Chilo infuscatellus fed on sugarcane for five successive generations.
The reverse could also be shown: the preference of the sugarcane strain for sugarcane
frass could be reversed to a preference for maize frass after a selective breeding for
a preference for maize frass for five generations only. The results of these artificial
selection experiments indicated that there could be a genetic basis for the host-plant
preference. However, Shami and Mohyuddin (1992) found that reciprocal crosses
between the two strains did not alter the preference in the predicted direction: the
progeny of the crosses preferred the host-plant of their mother. This result indicated
that there could be a learning-induced preference for the host or host-plant the wasps
developed on and emerged from. The research presented in this thesis aimed to
elucidate the origin of the postulated host-plant preferences.
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Host microhabitat location by the stemborer parasitoid Cotesia
flavipes: the role of herbivore volatiles and locally and systemically
induced plant volatiles.

ABSTRACT The origin of olfactory stimuli involved in the host-microhabitat
location in Cotesia flavipes, a parasitoid of stemborer larvae, was investigated in a
Y-tube olfactometer. The response of female C favipes towards different
components of the plant-host-complex, consisting of a maize plant infested with
two or more larvae of the stemborer Chilo pariellus, was tested in dual choice tests.
The concealed lifestyle of the stemborer larvae did not limit the emission of
volatiles attractive to a parasitoid. A major source of the attractive volatiles from
the plant-host-complex was the stemborer-injured stem, inciuding the frass produced
by the feeding larvae. Moreover, the production of volatiles atractive to a
parasitoid was not restricted to the infested stem-part but occurs systemically
throughout the plant. The uninfested leaves of a stemborer-infested plant were
found to emit volatiles that attract female C. flavipes. We further demonstrate that
an exogenous elicitor of this systemic plant response is situated in the regurgitate
of a stemborer larva. When a minor amount of regurgitate is inoculated into the
stem of an uninfested plant, the leaves of the treated plant emit volatiles which
attract female C. flavipes.

INTRODUCTION
In the evolutionary arms race between herbivores and their natural enemies,
herbivores have evolved several traits to reduce their vulnerability to enemies. One
of these traits can be a specific behavior that reduces the recognition and detection
by natural enemies. It has been argued that the stemboring habit of several herbivore
species avoids proximity of feeding damage cues and reduces accessability for natural
enemies, which may have been one of the reasons for its evolution (Strong et al.,
1984). However, an absolutely safety from natural enemies is virtually impossible.
Although attack by enemies imposes selection on victims to reduce vulnerability,
counter-selection works on enemies to improve their efficiency in finding hiding
hosts (Jeffries 8 Lawton, 1984). Despite their hidden lifestyle, stemborer larvae have
a broad range of natural enemies, which are able to locate and artack the larvae

Published as: Potting, R.P.J.; Vet, L.EM. & Dicke, M. (1995). Host microhabitat location by the stemborer
parasitaid Cotesia flavipes: the role of locally and systemically induced plant volatiles. fournal of Chemical
Ecology 21: 525-539.
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which feed inside the plant tissue (Baker et al.,, 1949; Smith et al.,, 1993). The
response of stemborer parasitoids to contact chemicals is well described (Leerdam
et al., 1985), but there are only a few studies that focus on the volatile stimuli
involved in the host searching by stemborer parasitoids (Roth et al., 1982; Ding et
al., 1989a,b; Ma et al., 1992).

For other parasitoids the use of volatile infochemicals in their long-range search
for suitable hosts is well documented (Vinson, 1976; Nordlund et al., 1988; Vet &
Dicke, 1992). Many natural enemies are known to discriminate between volatile
chemicals emitted by uninfested and herbivore-infested plants. Chemical stimuli
emanating from the plant-host-complex can originate from the herbivore, the plant
or from interactions between the herbivore and the plant. The response to volatile
cues {rom the plant-host-complex is well described for parasitoids of leaf feeding
caterpillars. For instance, the braconids Cotesia marginiventris, Cotesta glomerata and
Cotesia rubecula are highly attracted by odors emanating from herbivore-damaged
plants, whereas odors from larval frass or the larvae themselves are far less attractive
to these parasitoids (Turlings et al., 1991a; Steinberg et al., 1992; Geervliet et al,,
1994). Although odors from the host or host-products are very reliable indicators for
host presence, their long range detectability is very low (Vet et al., 1991). Turlings
et al. (1991b} demonstrated that larvae and frass only release volatiles in very low
quantities, whereas plant volatiles are released in relatively large amounts. Plant
odors play an important role in the foraging behavior of larval parasitoids, especially
plant volatiles that are released by plants infested by herbivores. Damage by
herbivores can increase the emission of plant volatiles enormously (Dicke et al.,
1990a; Turlings et al., 1990) and these plant volatiles can be specific indicators of
herbivore identity (Dicke et al., 1990a,b). If these chemicals attract natural enemies
whose activities are favourable to the plant, they are called herbivore-induced
synomones {Vet & Dicke, 1992). Recent studies have demonstrated that the plant
has an active role in the production of such herbivore-induced synomones (for
review see Dicke, 1994). The release of these chemical signals is not restricted to the
infested plant parts, but occurs systemically throughout the plant (Dicke et al,
1990b; Takabayashi et al., 1991; Turlings & Tumlinson, 1992; Dicke & Dijkman,
1992).

In contrast to leaf-feeding herbivores, the larvae of stemborers have a concealed
lifestyle and feed inside the plant. This present research deals with the foraging
behavior of Cotesia flavipes (Hymenoptera: Braconidae), a gregarious larval
endoparasitoid of tropical stemborers. C. flavipes attacks the last larval instars, by
ingressing the stem through the entrance hole of the stemborer tunnel (Smith et al.,
1993). C flavipes is indigenous to South-East Asia where it attacks several stemborer
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species in maize, sorghum, rice, sugarcane and various wild grasses. This parasitoid
has been extensively used in classical biological control programmes against Chilo
partellus (Alam et al., 1972; Overholt et al., 1994), Diatraea saccharalis (Gifford &
Mann, 1967; Alam et al., 1971; Fuchs et al., 1979) and Chilo sacchariphagus
(Betbeder-Matibet & Malinge, 1968). Earlier reports on the searching behavior of
C. flavipes mainly focused on the short range searching behavior, in particular the
contact-response to larval frass (Kajita & Drake, 1969; Mohyuddin 1971; Mohyuddin
et al., 1981; Van Leerdam et al,, 1985). Potting et al. (1993) and Ngi-Song et al.
(1994) demonstrated that female C. flavipes are attracted to odors emanating from
stemborer-infested maize plants.

The purpose of the present research was to elucidate the sources of the volatile
stimuli responsible for this attraction. This was achieved by testing the attractiveness
of different components of the plant-host-complex, which consisted of a maize plant
with two or more feeding C. partellus larvae in the stem. We provide evidence that
the production of volatiles attractive to a parasitoid is not restricted to the infested
part of a plant but occurs systemically throughout the plant. We further
demonstrate that an exogenous elicitor of this systemic plant response is present in
the regurgitate of a stemborer larva.

MATERIALS AND METHODS

Insects

The Chilo partellus culture originated from a colony maintained by the International
Centre for Insect Physiology and Ecology in Nairobi Kenya. The culture was
maintained in temperature controlled rooms (25 °C) at 50-70% RH and a light/dark
regime of 16L:8D. Adult moths were kept in an oviposition cage lined with waxed
paper to provide suitable oviposition sites. Egg masses were cut from the paper daily
and transferred to a closed petri dish containing moist cotton wool to maintain high
humidity. Three to four egg masses (blackhead-stage) were transferred to one litera
glass jars with 125 ml artificial diet prepared according to the procedure described
by Seshu Reddy & Davies (1978) and Ochieng et al. (1985). The covers of the jars
were provided with a hole and were lined with stainless steel screen to prevent
escape of the larvae. As moths emerged they were transferred to an oviposition cage.
The larvae used in the experiments and for the maintenance of the parasitoid culture
(see below) were always removed from the artificial diet as fourth instar and allowed
to feed on fresh maize stems for at least 24 h.

Cotesia flavipes was obtained from the International Institute for Biological Control,
Pakistan, where it was collected from C. partellus in maize. In Wageningen, the
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parasitoid culture was maintained on C. partellus at 25 °C, 70% RH and a 16-h
photophase, Individual, mated, females (1 day old) were offered one host larva with
some fresh larval frass to stimulate oviposition. Parasitized larvae were reared on cut
maize stems kept in one litera jars.

Cocoons were collected from the stem pieces one to two days prior to emergence
and transferred to a 250 ml bottle with agar medium lined with a polyester top with
a drop of honey. One day after emergence the adult wasps were placed in an
incubator at 15 °C. All experiments were conducted with naive (no oviposition
experience), mated females that were two to four days old.

Plants

Maize plants (Zesx mays cv. Anjo) were grown in a greenhouse at 20-25 °C, 50-80
%RH and a 16L:8D light regime. When the light intensity dropped below 500 lux
in the photophase artificial light was used. Plants were watered daily and when
necessary treated with AA Kasaerosol (Schering AAgrunol B.V.} against aphid
infestation.

Olfactometer setup

Responses of C. flavipes females to volatile chemicals emitted by different odor
sources were measured in a Y-tube olfactometer. The olfactometer consisted of a
glass Y-shaped tube, The two arms of the Y-tube were connected to a flow meter
and an odor source container. Odor sources were placed in containers, which
consisted of 500 ml glass bottles. Air was blown through the odor source containers
and introduced into the arms of the Y-tube. By balancing the input through the
arms (4 1/min) and the output through the common tube (8 |/min) two laminary
air flows were created. For more details of the olfactometer see Steinberg et al.
(1992}, The environmental conditions in the bioassay room were 25-27 °C, 40-70%
RH.

Bioassay procedure

Individual female parasitoids were introduced into the base tube of the Y-tube
olfactometer and their behavior was observed during a five min period. If the test
female walked towards an odor source and crossed the ’choice line’ (4 cm after
division of the base tube) and stayed there for more than 15 s, it was recorded as a
choice for the odor source in that arm. To circumvent any asymmetrical bias in the
setup the odor sources were exchanged after having tested five parasitoids. For each
combination 40-50 wasps were tested. The choice of the females was analyzed with
a Chi-square test {cr=0.05).
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Odor sources

Uninfested vs. infested maize plants.

Uninfested plants consisted of four to six weeks old plants (40-50 cm tall). An
infested plant was obtained by introducing two fourth-instar C. partellus larvae
into two holes bored in the stem of a plant at a distance of 10 cm from each other.
The larvae were allowed to feed overnight. Prior to the bioassay, the test plant was
cut into four parts: three pieces of stem and the remaining part with the leaves of
the plant. Care was taken that the tunnel of the stemborer larvae never reached the
part with the leaves. The four parts of each test plant were introduced into the odor
source container. Three odor sources were tested: 1. clean air, which consisted of an
empty odor source container (AIR); 2. the complete plant-host-complex (PHC) with
two feeding larvae and 3. an uninfested plant (UNINFEST). The combinations
tested were AIR versus UNINTEST and UNINFEST versus PHC. In an additional
experiment it was tested whether an artificially damaged maize plant emitted
attractive volatiles. In this test the plants were not cut into pieces. An artificially
damaged plant (ART-DAMAGE) was obtained by puncturing 5 holes in the stem.
To mimic feeding behavior of the stemborer larvae this was repeated every 15
minutes. The combination tested was ART-DAMAGE versus AIR. Forty wasps
were tested in each choice situation.

Stem wvs. leaves.

To investigate which part of the PHC emitted attractive volatiles the following
combinations were tested. 1. Stem pieces of an uninfested plant (UNINF-STEM)
versus stem pieces of an infested plant (PHC-STEM), 2. leaves of an uninfested plant
(UNINF-LEAF) versus leaves of an infested plant (PHC-LEAF) and 3. leaves of an
infested plant (PHC-LEAF)} versus stem pieces of the same infested plant (PHC-
STEM). All three combinations were tested on the same day and 47 wasps were
tested in each choice situation.

Stem.

To determine the origin of attractive volatile chemicals, the different components
of an infested stem were tested in dual choice tests. These were infested stem pieces
with or without feeding larvae, larvae, larval frass, and artificially damaged
{uninfested) stem-pieces. The stem of two months old maize plants (flowering stage)
was cut in pieces of 12 cm. Five pieces of stem were used as odor source. A standard
infested stem-piece was obtained by boring a hole on each side of the stem-piece and
introducing one larva in each hole. The ten larvae were allowed to feed for 60 h.
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The following odor sources were tested:

INFESTED  Five stemborer infested stem pieces, consisting of maize stems with
two larvae in their stemborer tunnel filled with frass.

HERB-DAM  As INFESTED buat larvae removed prior to experiment.

DAM-STEM  As HERB-DAM but all frass removed ptior to experiment.

LARVAE 10 water-washed larvae, removed from INFESTED.

FRASS Frass removed from INFESTED.

ART-DAM  Artificially damaged stem pieces (10 holes bored in each stem piece,
12 hours prior to the start of the experiment).

The following choice tests were made:

1) INFESTED vs. ART-DAM; 2) HERB-DAM vs. ART-DAM,; 3) INFESTED vs.
HERB-DAM; 4) DAM-STEM vs. FRASS+LARVAE; 5) LARVAE vs. FRASS (in
this test both odor sources placed directly in Y-tube). The choice tests were
performed on separate days and 40 wasps were tested in each choice situation.

Leaves

In this series of experiments the odor sources consisted of the leaves of treated
plants. All plants used consisted of singly potted maize plants, four to six weeks old.
In the stem of each plant two holes were bored, 10 cm apart. The leaves were
obtained by cutting the stem just below the whorl, in such a way that all the leaves
were still attached to the stem part.

The treatments tested were: undamaged leaves which were removed from a host-
infested plant, 24 h or 48 h after infestation (LARVAE-24h; LARVAE-48h) and
undamaged leaves from a regurgitate-treated plant (REGURGITATE).

To obtain a regurgitate-treated plant, five pl regurgitate from fourth instar C
partellus larvae was inoculated in each hole and the test plant was incubated for 24
h at 25 °C before removing the leaves. The regurgitate was collected following the
method described by Mattiacci et al. (1994). A larva was held with a pair of soft
forceps and teased at the mouthparts with a microcapillary tube. In this way five to
ten pl regurgitate could be obtained from one larva. In all tests the control
(CONTROL) odor source consisted of the leaves of a standard treated plant (with
two artificially bored holes), incubated as long as the treatment it was tested against.
In the first series the choice tests CONTROL vs. LARVAE-24h and CONTROL
vs. LARVAE-48h were tested on the same day (40 wasps tested in each
combination). In a second series the choice tests CONTROL vs. REGURGITATE
and CONTROL vs. LARVAE-24h were tested on the same day (50 wasps tested in
each combination).
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Figure 2.1 The response of C.flavipes to volatile chemicals emitted by C.partellus-infested
and uninfested maize plants in a Y-tube olfactometer. In each dual choice test 40 females
were tested. The bars indicate the number choosing for a particular odor source, Asterisks
indicate statistically significant preferences within tests (chi-square, P < £.05).

RESULTS
Uninfested vs. infested maize plants.
Volatiles emanating from a stemborer-infested maize plant attracted all responding
parasitoids, when offered versus an uninfested plant (Fig 2.1a). Parasitoids were not
attracted to odors emanating from uninfested maize plants or artificially damaged
maize plants (Fig. 2.1b,c).

Stem vs.leaves.

Although the response level was low, the females that made a choice preferred the
odors emanating from the undamaged leaves of a stemborer-infested plant, when
offered together with undamaged leaves from an uninfested plant (Fig. 2.2a), hence
the emission of attractive volatiles is not restricted to the site of damage, but occurs
throughout the plant. Volatiles emanating from the infested stem part of the plant
{with the feeding larvae) attracted the majority of the parasitoids, when tested against
undamaged stems or the leaves of the very same infested plant (Fig. 2.2b,c).
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Figure 2.2 The response of C flavipes to volatile chemicals emitted by different parts of the
Plant-Host-Complex in a Y-tube olfactometer. In each dual choice test 47 females were
tested. The bars indicate the number choosing for a particular odor source. Asterisks
indicate statistically significant preferences within tests (chi-square, P <0.05).

INFESTED * ART-DAM
HERB-DAM * ART-DAM
S o 0 L)
INFESTED HERB-DAM m
DAM—STEM * FRASS + LARVAE ";g,m:l
e LARVAE - FRASS * S

I 1 T 1 1 Ll ¥ Ll 1

40 30 20 10 0 10 20 30 40

number of chaices

Figure 2,3 The response of C,flavipesto volatile chemicals emitted by different components
of C.partellus-infested stem pieces. In each dual choice test 40 females were tested. The bars
indicate the number choosing for a particular odor source. Asterisks indicate statistically
significant preferences within tests (chi-square, P <0.05). For more information on odor
sources see Materials and Methods.
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Stem.

The parasitoids were clearly more attracted to odors emanating from stemborer-
damaged stem pieces, when tested against artificially damaged stem pieces (Fig. 2.3a).
A stemborer damaged stem consists of feeding larvae in their tunnel filled with larval
frass. The infested stems remained attractive even when the feeding larvae were
removed (Fig. 2.3b). The feeding activity of the larvae did not significantly enhance
the attractiveness of the infested stems. The parasitoids did not make a distinction
between infested stems with or without larvae (Fig. 2.3c). When the larvae and their
frass were removed from the infested stems and tested against the remaining stem,
the latter was the most attractive (Fig. 2.3d). Frass by itself is also an attractive
component of a stemborer infested stem. The majority of the parasitoids was
attracted to frass when tested against larvae (Fig. 2.3¢).

Leaves

Leaves of a stemborer-damaged plant, which had not been in contact with the
feeding larvae in the stem, emitted attractive volatiles (Fig. 2.4). Leaves from a plant,
where two stemborer larvae were allowed to feed for 24 h or 48 h attracted the
majority of the parasitoids when tested against leaves from a plant with two
artificially bored holes. The induced effect was clear after 24 h of feeding and was
not significantly enhanced by a longer feeding time (Fig. 2.4). An elicitor of the
systemic production of the plant produced synomones seems to be present in the
regurgitate of the feeding larva. If larval regurgitate was inoculated into the stem, the
leaves of the treated plant started to emit attractive volatiles and a similar response
was obtained as with the leaves from a plant with two feeding larvae inside the stem

(Fig. 2.4).

DISCUSSION
Plants have evolved several characteristics to defend themselves against herbivore
attack. These direct defense mechanisms include plant structures that prevent
herbivore settlement, detrimental chemicals in the plant tissue or the systemic
production of defensive chemicals (Juniper 8 Southwood, 1986; Tallamy & Raupp,
1991). An indirect defense mechanism of plants is to promote the effectiveness of
natural enemies of the herbivore (Price et al. 1980; Dicke & Sabelis, 1988). This may
be achieved by mediating an interaction between the herbivore and its natural
enemies. Evidence is accumulating that plants are actively involved in the release of
chemical signals which attract natural enemies of the herbivore (see Dicke 1994 for
review). The emission of these volatiles by infested plants is not limited to the
damaged sites but occurs throughout the plant, even in undamaged leaves (Dicke et
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Figure 2.4 The response of C. flavipes to volatile chemicals emanating from the undamaged
leaves of stemborer infested maize plants vs control leaves and to undamaged leaves from
a regurgitate treated plant vs contrel leaves. For more information on odor sources see
Materials and Methods. The bars indicate the number choosing for a particular odor source.
Asterisks indicate statistically significant preferences within tests (chi-square, P <0.05),

al. 1990b, 1993; Takabayashi et al. 1991; Turlings & Tumlinson, 1992). All this
research involves externally feeding herbivores. The present study provides evidence
that even when a plant is injured by a herbivore that feeds inside the stem, the
whole plant emits chemical signals which attract a natural enemy of the herbivore.
The concealed lifestyle of the stemborer larvae was found not to limit the emission
of plant synomones. Female C. flavipes can discriminate between odors emitted by
uninfested and stemborer-infested maize plants (Potting et al. 1993; Fig. 2.1). A
major source of the attractive volatiles from the plant-host-complex is the stemborer-
infested stem (Fig. 2.2). A stemborer-infested stem consists of a feeding larva inside
a tunnel filled with larval frass. The larvae feeding inside the stem appear to trigger
the emission of attractants by the plant, but do not emit attractants themselves. The
frass produced by the feeding larvae was an attractive component, but odors
emanating from a stemborer-injured stem are even more attractive (Fig 2.3). This
parallels results from other studies in which herbivore-damaged plants or plant parts
were more attractive to natural enemies than the herbivore or its products (Roth et
al, 1982; Turlings et al. 1991a; Steinberg et al. 1993; McCall et al. 1993; Geervliet et
al. 1994).

The release of the attractive volatiles is not restricted to the infested stem part
but occurs systemically throughout the plant. Female C. flavipes are attracted to
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volatiles released by the undamaged leaves of a stemborer-infested plant (Fig. 2.4).
The systemic release of these volatiles probably enhances the detectability of the
infested plant for natural enemies. However, when given a choice between the odors
emanating from the leaves and from the stem of an infested plant, the majority of
the parasitoids was attracted to the infested stem. This may indicate that at close
range the parasitoid is able to find the infested part of the plant. A similar result was
reported by Dicke et al. (1993) who found that predatory mites preferred host-
damaged leaves when offered versus undamaged leaves which emitted herbivore-
induced synomones in response to an endogenous elicitor. A factor that induces the
systemic response seems to be present in the regurgitate of the larva. When
regurgitate was inoculated into the stem, the leaves of the treated plant emitted
volatiles which attracted female C. flavipes. It remains to be investigated whether a
regurgitate component itself or an endogenous elicitor induced by the regurgitate is
transported through the stem to the leaves which start to produce attractive
volatiles. Some recent studies have focused on the elicitor that triggers the systemic
response of herbivore-infested plants. Dicke et al. (1993) extracted an elicitor that is
transported from infested leaves to uninfested leaves. Turlings et al. (1993) could
induce the production of plant volatiles by placing maize seedlings in diluted
regurgitate from several species of caterpillars and a grasshopper. Recently Mattiacci
et al. (1994, 1995) shed more light on the elucidation of the factor responsible for
the induced plant response. They showed that an elicitor present in the gut
regurgitant of Pieris brassicae caterpillars induced the release of synomones by
mechanically damaged cabbage leaves (Mattiacci et al. 1994). They identified the
enzyme B-glucosidase, a component of the regurgitant of P. brassicae caterpillars, as
an elicitor of the synomone release by P. brassicae infested leaves (Mattiacci et al.
1995). Glucosidases seem to be common enzymes among herbivorous insects
(Mattiacci et al. 1995) and it remains to be investigated if they are responsible for the
induced plant responses in different plant-host-complexes, which could indicate that
the plant response is a general response to attack by herbivorous insects.

A detailed analysis of the specific chemicals involved can establish whether there
are qualitative and/or quantitative differences in the volatile blends emanating from
the stem or the leaves of an infested plant. An identification of the specific chemicals
can furthermore reveal whether the same terpenoids are involved as is shown for the
maize - Spodoptera exigua - C. marginiventris system (Turlings et al. 1990; 1991b) and
the maize - Pseudaletia - Cotesia kariyai system (Takabayashi et al. 1994).

In their search for the host habitat, parasitoids may exploit volatile cues from
uninfested plants (Vinson, 1976; Nordlund et al. 1988; Vinson & Williams, 1991).
For example, a response towards volatiles from uninfested maize plants was
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demonstrated for Macrocentrus grandii (Ding et al. 1989a; Udayagiri & Jones, 1992)
and Eriborus terebans (Ma et al. 1992), two larval parasitoids of Ostrinia nubilalis, In
the present study female C. flavipes were not attracted to odors from uninfested or
artificially damaged maize plants (Fig. 2.1). However, Ngi-Song et al. (1994) reported
that C. flavipes was attracted to uninfested maize plants in a bicassay similar to the
one used in our study. The discrepancy in these results could be due to different
maize cultivars or to a different method of rearing the plants. In our study plants
were grown in a greenhouse and treated regularly against aphids and other
herbivores when necessary. Ngi-Song et al. (1994) used plants grown under field
conditions and it is likely that they were infested with herbivores, which could have
resulted in non-host damage and subsequent release of herbivore-induced synomones.
Vinson & Williams (1991) reported a similar finding: the parasitoid Campoletis
sonorensis was attracted to uninfested plants grown in a greenhouse, which were
exposed to aphids and thrips, whereas it did not respond to uninfested plants grown
in a herbivore free environmental chamber.

Through their concealed lifestyle stemborer larvae have created a partially enemy
free space, especially for predators like birds and spiders. However, especially
parasitoids have evolved the ability to successfully locate and attack the larvae inside
the plant tissue (Smith et al. 1993). Stemborer larvae have to feed and defecate, and
although they do this inside the plant tissue it does not prevent the release of
attractive volatiles either through the frass they produce or through the volatiles
which are produced systemically by the plant as a response to the feeding activity
of the larvae. This study demonstrates that a stemborer parasitoid can exploit these
plant-produced volatiles to locate the host-microhabitat.
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Foraging behavior and life history of the
stemborer parasitoid Cotesia flavipes.

ABSTRACT The short range foraging behavior of female C. flavipes was studied on
stemborer infested plants, in patches with host-related products and in artificial
transparent tunnels. In addition, the longevity under specific conditions and the
potential and realized fecundity of female C. flavipes was determined. Larval frass,
caterpillar fegurgitate and holes in the stem are used in host location by C. flavipes.
Nao differences are found in the behavior of C. flavipes on maize plants infested
with the suitable host, Chilo partellus (Lepidoptera: Pyralidae), or the unsuitable
host, Busseols fusca (Lepidoptera: Noctuidae). Attacking a stemborer larva inside the
stem is risky for the parasitoid. The mortality rate of the parasitoids inside the stem
is high: 30-40% of the parasitoids are killed by the spitting and biting stemborer
larva. C. flavipes is relatively short lived: without food the parasitoids die within
two days, with food and under high humidity conditions they die within 5-6 days.
C. flavipes is pro-ovigenic and has around 150 eggs available for oviposition. A
relatively large proportion of the available egg load (20-25%) is allocated to each
host, so female C. flavipes are egg depleted after parasitizing 5-6 hosts only.

INTRODUCTION
In their evolutionary game of hide and seek with natural enemies, some herbivores
have adapted a concealed lifestyle, such as stemborers and root feeders. It has been
hypothesized that an endophytic feeding style provides a physical refuge for certain
herbivores. Feeding inside plant tissue makes it more difficult for enemies to locate
and attack potential hosts (Askew and Shaw, 1986; Hawkins, 1994). However, being
part of the evolutionary game, some parasitoids have developed behavioral and
morphological characteristics allowing them to utilize hosts with these concealed
lifestyles. Larval parasitoids of stemborers have evolved several fascinating strategies
to attack their hosts inside the plant stem (Baker et al., 1949; Smith et al., 1993). For
instance, some parasitoid species have long or strong ovipositors with which they
drill through the plant tissue to attack their cryptic hosts. Some tachinid parasitoids
larviposit a mobile maggot at the tunnel entrance thar actively searches for the host.
Other tachinid parasitoid species deposit their eggs in the tunnel, and these eggs only
develop when they are ingested by the host (refs. in Bennett 1969). Finally, some

Submitted as: Potting, R.P.J.; Overholt, W.A., Osae-Danso, F.Q. and Takasu, K. (1995). Foraging behavior
and life history of the stemborer parasitoid Cotesiz flavipes. . Insect Behavior.
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small parasitoid species ingress the stemborer tunnel and parasitize the host there.
Here we study the parasitoid Cotesia flavipes (Hymenoptera: Braconidae), which
utilizes the last tactic. C. flavipes has been used worldwide for biological control of
pyralid stemborers in maize, sorghum and sugarcane (Polaszek and Walker, 1991)
and has recently been introduced in East Africa for the control of the introduced
stemborer, Chilo partellus (Lepidoptera: Pyralidae}, in maize and sorghum (Overholt
et al., 1994a). Indigenous stemborers in maize and sorghum in East Africa include
Chilo ovichalcociliellus (Pyralidae), Busseola fusca and Sesamia calamistis (Noctuidae).
Ngi-Song et al. (1995) demonstrated that these native stemborer species are suitable
hosts for C. flavipes with the exception of B. fusca, in which the eggs of the
parasitoid are encapsulated.

Although C. flavipes has been categorized as a parasitoid that enters the
stemborer tunnel (Smith et al., 1993), the foraging behavior on infested plants has
never been thoroughly studied. We investigated the foraging behavior of C. flavipes
on maize plants infested by C. partellus or B. fusca and determined the mortality
risks involved in attacking a stemborer larva inside the tunnel. In addition, the role
of host related products in host location in C. flavipes was examined.

Kajita and Drake (1969) reported that the potential fecundity of C. flavipes was
approximately 159 and that the mean clutch size was 36.5 eggs in Chilo suppressalis
larvae. Theoretically, a female C. flavipes can thus be completely depleted of eggs
after parasitizing four hosts. We investigated the progeny allocation among hosts of
individual female parasitoids, and determined whether C. flavipes is depleted of eggs
after parasitizing four hosts only. Furthermore, we measured the life history traits
longevity and fecundity in C. flavipes. The possible consequences of the ingress tactic
for the evolution of life history traits and foraging decisions in C. flavipes are
discussed.

MATERIALS AND METHODS

Insects

A colony of C. flavipes originating from Pakistan was maintained on laboratory-
reared fourth instar C. partellus larvae. Larvae of C. partellus, C. orichalcociliellus, B.
fusca and S. calamistis were reared on artificial diets described by Ochieng et al.
(1985) and Onyango and Ochieng-Odero (1994). For more details on the rearing
procedures we refer to Ngi-Song et al. (1995). Larvae of Spodoptera exempta were
reared according to the method described by Janssen (1994). For the experiments,
1-2 days old mated female C. flavipes were used, that were naive with respect to
oviposition or contact with host related cues. '
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Experimental procedures

Adult Longevity

The longevity of mated females was measured at four different temperatures (22 °C,
25 °C, 28 °C and 31 °C), two humidities(35-40 % RH and 70-80% RH) and with or
without food. Females were kept individually in glass vials (2.5 x 7 cm), with or
without a drop of honey as food and with or without a layer of agar agar to
maintain a high humidity. The lifespan of ten individuals was measured for each
treatment combination. The light intensity in all incubators was 450 lux in the 12
h photophase. Mortality was recorded every two hours until all the insects had died.
Treatment effects were tested using analysis of variance with temperature, humidity
and food as main effects.

Fecundity

The potential fecundity of individual females was measured by dissecting one day
old, mated females (n=35) and recording the number of ovarian eggs. The realized
fecundity was determined by offering individual females two hosts (one in the
morning and one in the afternoon) each day until they died. Fourth instar C.
partellus larvae fed upon maize stems were used as hosts. Individual females (n=20)
were kept in a glass vial at 25 °C, 70-80% RH and fed with a drop of honey. The
experiment was terminated after five days, when all females had died. The
parasitized larvae of each female were maintained individually on artificial diet and
dissected 5-7 days after parasitization to assess the number of parasitoid progeny.
The clutch size was assumed to be equal to the number of parasitoid larvae present
5-7 days after oviposition, as C. flavipes eggs or larvae are not encapsulated by C.
partellus (Ngi-Song et al., 1995). Wasps that were killed by the host or escaped
during the experiment were excluded from the analysis. The oviposition time on the
first host was measured using a stopwatch. The oviposition time was defined as the
duration of ovipositor insertion in the host.

Foraging behavior on plant

The foraging behavior of 20-23 C. flavipes females on uninfested maize plants and
maize plants infested by C. partellus or B. fusca was observed in a temperature
controlled room (23-26 °C, RH 65-75%). Uninfested maize plants (tassel stage, 70-
110 cm) obtained from a farmer’s field were used as a standard clean maize plant.
Stemborer infested plants were obtained by introducing two larvae into holes bored
horizontally in the stem, spaced 10 cm apart, with the first hole 5 cm from soil
level. The larvae were introduced into the plant 18 h prior to the first experiment.
During this time the larvae bored a small tunnel in the stem and most of them
pushed some frass out of the artificially bored entrance hole.
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A female wasp was released on the stem 25 cm above soil level, thus 10 cm above
the top hole on infested plants. The behavior and the location of the parasitoid on
the plant was observed continuously and recorded with a portable computer
programmed as an eventrecorder. The following parameters were recorded: behavior:
Stand, Walk, Fly, Preen, Examine frass; location: Stem, Tunnel Entrance, Inside Tunnel,
Whorl, Leaves. The stem of the plant was divided into two parts. The lower part (20
cm above soil level) included the two holes and stemborer tunnels. The upper part
included all parts of the plant higher than 20 cm above soil level. Experiments were
terminated after 90 minutes or when the parasitoid left the plant by flying or
walking away on the soil. After each replicate the plant was removed and replaced.
If the parasitoid entered the stemborer tunnel, the larva in that hole was removed
after the experiment, introduced into a vial containing artificial diet and dissected a
few days later to determine if it was parasitized. For wasps that did not come out
of the tunnel by the time the observation ended, the stem was opened to check if
the wasp was dead or alive.

Contact stimuli involved in tunnel location

1. Response to holes in stem.

The behavior and residence time on untreated stems and stems with three artificially
bored holes were recorded. The holes were bored 2.5 cm apart and the treatment
zone was defined as the area 2.5 cm below the lowest hole and 2.5 cm above the
highest hole. A female wasp (naive, 2 days old) was released at the centre of the
treatment zone {10 cm) and the time spent in the treatment zone was measured. For
the stems with holes the number of visits to the holes and the time spent inside the
holes was recorded as well.

2. Response to host and non-host related products.

The response to frass and caterpillar regurgitate was tested in a petridish setup. Frass
was collected from 4th-5th instar larvae of the stemborers C. partellus, C.
orichalcociliellus, B. fusca and . calamistis feeding on maize stems and from larvae of
the leaf feeder S. exempra feeding on maize leaves. The regurgitate of larvae of C.
partellus and S. exempta was collected by holding a larva with a soft forceps and
teasing the mouthparts with a microcapillary pipet (Sigma, 5 pl). The regurgitate (5
ul) was applied to clean maize stem particles. The material to be tested (0.3 gr) was
placed at the centre of a circular filterpaper (Whatman #3, 9 cm) that was placed in
a glass Petri dish. The treatment zone was defined as the area 7 cm around the test-
material, marked with a thin pencil line. The residence time of individual C. flavipes
females inside the treatment zone was measured. In the first series the response to
frass from different stemborer species (C. partellus, C. orichalcociliellus, B. fusca and
S. calamistis) was compared. In the second series the response to regurgitate of
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Longevity (days)

2°C 25 °C 28 °C 31 °C
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Figure 3.1 Average longevity (£ SE, n=10) of C. flavipes females at four different
temperatures and four different experimental conditions, DRYNC = Low humidity and
no food; HUMNO = high humidity and no food; DRYHON = Low humidity with
honey; HUMHON = high humidity with honey.

C. partellus was tested. C. partellus frass and clean maize stem particles served as
controls. In the third series the response to frass and regurgitate of S. exempta was
tested with C. partellus frass and clean maize stem particles as controls. The different
test materials in the three series of assays were all tested on the same day.

Bebavior inside tunnel

To record the behavior of the parasitoid inside the stemborer tunnel an artificial
transparent tunnel with a feeding larva was created by using small glass tubes (6 x
0.5 cm). Glass tubes were filled with maize stem pieces and one fourth instar C.
partellus larva was introduced into the tube. The tube was plugged with cotton wool
at both ends and the larva was allowed to feed overnight and create a tunnel filled
with larval frass. The behavior of individual female C. flavipes and the C. partellus
larva inside the artificial tunnel was recorded.

RESULTS
Adult Longevity
There were significant effects of temperature (F=62.8, DF =3, P <0.0001), humidity
(F=262.8, DF=1,P < 0.0001) and food availability (F=148.2, DF=1, P < 0.0001)
on the longevity of C. flavipes females. Lower temperatures, a humid environment
and the availability of honey as a food source increased the lifespan of C. flavipes
females (fig 3.1). The average life span of fed females in a humid environment (70-
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Figure 3.2 Clutch size allocation of C. flavipes in subsequently encountered hosts.
Individual females were offered ten hosts in five days. Solid dots and line indicate the
average number {z SE) of parasitoid larvae present 5-7 days after parasitization. Open dots
and dashed line indicate cumulative percentage of individual realized fecundity. Numbers
of females for oviposition number: 1,2,3 (n=18); 4,5,6 (n=17); 7 (n=16}; 8 (n=12); 9 (n=10);
10 (n=3).

80% RH) at 22°C was 6.1 days, whereas fed parasitoids in a dry environment (35-
40% RH) at 31°C lived an average of only 8 hours. There was a significant
interaction between humidity and food (F=65.2, DF =1, P <0.0001). The availability
of honey under humid conditions extended the lifespan of the parasitoids by a factor
of 4 to 10, depending on temperature (fig 3.1).

Fecundity

C. flavipes is a pro-ovigenic species and has a fixed complement of eggs upon
emergence. Dissection of 1 day old females revealed that the mean egg load was
144.2 (SD=232.4, n=35, range 84-212). For the first host the mean oviposition time
was 7 s (SD=2.9, n=17, range 4-15} and the mean number of parasitoid progeny was
46.1 (SD=4.0, n=17, range 17-75}). There was no significant correlation between
oviposition time and clutch size (r=0.43, n=17, P>0.05). The realized fecundity,
measured as the total number of progeny allocated to all attacked hosts, was 155.1
(SD=39.9, n=18, range 90-253). The clutch size allocated to hosts decreased with
oviposition number (fig. 3.2). After the third host the females had allocated almost
80% of their initial egg load (fig. 3.2), which was estimated with their realized
fecundity. Most females were depleted of eggs after they had parasitized four to five
hosts. These females kept accepting hosts, with oviposition times upto 3040 sec, but
were unable 1o lay eggs.
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Table 3.1 Behavior of C. flavipes fernales on uninfested maize plants and maize plants artificially
infested with two fourth-instar larvae of C. partellus or B. fusca. Significant differences are indicated
by different letters. Means (+5E) tested with Mann-Whitney U test, ratios with Gtest (P < 0.05,
Yates correction). 'Excluding wasps that died inside stem. 2Of those wasps that located and entered
tunnel,

Treatment of maize plant

Parameter Chilo partellus Busseola fusca Uninfested
Mean residence time 25172 (£559,n=19)  3513a (2691, n=13) 835b  ($302,
on plant (s)" n=20)
Percentage visiting 61% a (n=23) 86%a  (n=22) 25% b (n=20)
lower part of plant

Percentage locating 57% a (n=23} 77%a  (n=22}

entrance tunnel

Latency time location 418 (180, n=13)  23% (71, n=17)

entrance tunnel {5)

Mean time spent inside 2138a (£656, n=9) 16702 (736, n=98)

stem (5)!

Percentage killed 3% a (n=13) 47% a2 (o=17)

inside stem

Parasitization perc.? 23%a  (n=13) 24% s (n=17)

Foraging bebavior on plants

The mean foraging time of C. flavipes on infested plants was significantly longer
than on uninfested maize plants. There was no difference in the time spent on C.
partellus or B.fusca infested maize plants (Table 3.1). After release on the stem the
parasitoids immediately started walking, sometimes interrupted by periods of
standing or preening. On infested plants a significantly higher fraction of the
parasitoids visited the lower part of the stem compared to females on clean plants
(Table 3.1). Most wasps found the spot of infestation within 5 min. The entrance
hole of the tunnel was usually filled with frass pushed out of the tunnel by the
feeding stemborer larva. After contacting the frass the female started antennating it
and immediately tried to enter the tunnel by crawling through the frass. The time
spent inside the tunnel varied considerably (3-5209 s). Sometimes the parasitoid re-
entered the tunnel several times, probably when she was unable to reach the larva.
The mortality rate of the parasitoids inside the tunnel was high: 31% of the wasps
that entered a C. partellus tunnel and 47% of the wasps that entered a B, fusca tunnel
died. The wasps that died were bitten or squeezed to death by the stemborer larva.
Some wasps were found stuck to very wet frass inside the tunnel. When a female C.
flavipes entered a tunnel, 23% of the C. partellus larvae and 24% of the B, fusca larvae
were successfully parasitized. Only four of the seven parasitoids that successfully
parasitized a larva survived the host attack. For these wasps the handling time and

45




Chaprer 3

their behavior after a successful attack could be calculated. The handling times,
defined as the time spent inside the host tunnel, were 16 sec, 206 sec, 489 sec and
2765 sec. After exiting a tunnel in which larvae were successfully parasitized, the
parasitoids remained 27 min, 40 min, 72 min and 88 minutes on the plant. Of the
45 wasps with which we initiated our experiments, only one found and entered the
other tunnel on the same plant after  successful host attack.

Contact stimuli involved in tunnel location

Larval frass offered in the Petri dish setup was intensively antennated and searched
as previously described by Mohyuddin et al. (1981) and van Leerdam et al. (1985).
Sometimes the parasitoid tried to find a way through the frass, a behavior similar
to that observed on infested plants when the tunnel entrance was blocked with frass.
C. flavipes females responded to the frass from the four stemborer species, and the
only significant difference was the higher residence time on C. partellus frass
compared to that on B. fusca frass (fig 3.2a). Regurgitate of C. partellus applied to
maize particles also elicited a response in C. flavipes females. The parasitoids stayed
significantly longer in a patch containing regurgitate than in a patch containing clean
maize, and the response towards regurgitate was as high as the response to larval
frass (fig 3.3b). Even frass and regurgitate from the leaf feeder §. exempia elicited a
response in C. flavipes. The response to regurgitate of S. exempta was as strong as the
response to C. partellus frass (fig 3.3¢).

To investigate whether the presence of larval frass stimulated the parasitoid to
enter a tunnel, the response of C. flavipes to an artificially bored hole in a clean
maize stem was examined. The majority of wasps (80%) released on a stem with
holes entered and examined the holes. The mean time spent examining artificial
holes was 130 sec. Parasitoids stayed significantly longer (Mann-Whitney U test,
P <0.05) on the stem with three artificially bored holes (423 + 73 sec, n=30) than
on a clean maize stem (43 + 8 sec, n=30).

Bebavior inside tunnel

Because the behavior of the wasps inside a stemborer tunnel could not be observed,
the behavior of wasps in an artificial transparent tunnel was investigated. All females
immediately tried to enter the tunnel. The female wasp needed only very small
openings in the larval frass filled tunnel to continue her search. Once the female
contacted the host, she immediately inserted her ovipositor into the host and
remained motionless for a few seconds, usually with raised wings. After oviposition,
the female immediately turned around and walked out of the tunnel, and typically
started preening once outside the tunnel. When contacted by the parasitoid, most
larvae exhibited a defensive behavior by moving vigorously, spitting and attempting
to bite the parasitoid. If the parasitoid attacked the head region of the host, it was
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almost always bitten or squeezed to death by the agitated larva. Very often the
wasps could not reach the host because the tunnel was blocked with larval frass.
These wasps tried for 5-15 min to find an opening in the frass before leaving the
tunnel.

DISCUSSION

C. flavipes has a relatively short lifespan compared to other stemborer parasitoids
(Smith et al., 1993). Without food all parasitoids died within 48 hours, as was also
reported by Wiedenmann et al. (1992). However, there was a synergistic effect of
high humidity and honey: under these conditions C. flavipes females lived 4-10 times
longer. Feeding increases longevity in numerous parasitoid species {Jervis and Kidd,
1993). It is unknown what food sources C. flavipes utilizes in nature. It may feed
from extrafloral nectaries as a food source, or it may feed from wound fluids or
larval frass on infested plants. In our observations we noticed that some wasps
seemed to feed on plant juices and fresh larval frass.

The realized fecundity, measured as the total number of progeny allocated to the
hosts, resembled the potential fecundity, measured as the egg load in one day old
females that had never oviposited. If we take the realized fecundity as the indicator
of the total eggload, C. flavipes has around 150 eggs available for oviposition. In each
of the first three encountered hosts 35-45 eggs per host are laid. After oviposition
in the third host, a female has allocated almost 80% of her available eggs, and
approximately 40 eggs remain available for oviposition. If we assume that a clutch
size of 40 eggs or more is the optimal clutch size in fitness terms, a female parasitoid
can allocate all the remaining eggs to the fourth host, or decrease the clutch size and
spread the progeny among several hosts. Under laboratory conditions C. flavipes
females seem to do the latter and lay smaller clutches when they become egg limited.
This is in agreement with clutch size models that predict small clutches when there
is a risk that the parasitoid will run out of eggs (Parker and Courtney, 1984).
However, under natural field conditions it may be very rare for a female to
parasitize more than four hosts. After all, the probability that the female does not
survive a successful parasitization is quite high. Around 40% of the wasps are killed
inside the stem. Furthermore, the parasitoid may be time constrained to find
another accessible host.

For a pro-ovigenic parasitoid, the number of expected host encounters in the
lifetime can be estimated by dividing the potential fecundity (egg load upon
emergence) by the optimal clutch size. An approximation of the optimal clutch size
could be the mean clutch size found in the first encountered hosts. Reasoning this
way, we expect a C. flavipes female to find 3-4 hosts only in her lifetime, if we
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assume that the optimal clutch size is 40 and the potential fecundity is 150 eggs.

The probability of host encounter is influenced by factors such as the host range
of the parasitoid, the availability of the susceptible host stage and the mortality rate
at oviposition and between host encounters. One of the main factors responsible for
the low number of expected host encounters in the lifetime of C. flavipes may be the
high mortality rate at oviposition. Models for optimal progeny allocation predict
that when host encounter rates are low, the optimal clutch size increases to a
maximum value, which is the clutch size that maximizes fitness per host attacked
(Parker and Courtney, 1984; Iwasa et al, 1984; Waage and Godfray, 1985). It
remains to be investigated if this is true for C. flavipes. However, it is evident that
C. flavipes allocates a relatively large proportion (20-25%) of the available eggload
(155) to the first encountered host. As a consequence of the high mortality risk at
oviposition the investment per host is high, as future opportunities to find other
hosts may be low.

The role of the probability of host encounter in the evolution of progeny
allocation is particularly expressed in parasitoid species that share the same foraging
niche, such as parasitoids of larval stemborers. Stenobracon deesae is a parasitoid that
also attacks the last larval stages of C. partellus larvae that feed inside the stem.
However, this parasitoid has a different attack strategy, it stays outside and
parasitizes the larva by ingressing her long ovipositor through the entrance of the
stemborer tunnel. The mortality rate due to host defense is thus negligible. §. deesae
allocates one egg per host and the reported mean realized fecundity is 23 (Narayanan
and Chaudhuri, 1954). Reasoning the same way as above, the expected number of
host encounters in the lifetime of S. Deesae is around 20 and the investment per host
is low (4%) compared to C. flavipes.

To locate the host-microhabitat, female C. flavipes use olfactory stimuli that are
emitted by the infested stem, but also by the undamaged leaves of infested plants
(Potting et al., 1995). To locate the larva or pupa inside the tunnel, stemborer
parasitoids use stimuli from frass (Roth et al., 1978; Leerdam et al., 1985), vibrations
from the host (Hailemichael et al., 1994) or are stimulated by holes in the plant stem
(Pfannenstiel et al., 1992). A host seeking response in C. flavipes was elicited by
larval frass and holes in the stem. Holes in an uninfested stem elicited an entrance
response in C. flavipes, so frass seems not to be essential for this, By examining holes
without frass, the parasitoid may find other ways to enter to the stemborer tunnel
if the main exit hole is blocked with frass. Van Leerdam et al. {1985) found that C.
flavipes did not respond to dry frass and suggested that fresh frass could indicate to
the parasitoid that it has found a tunnel with a feeding larva. A runnel with dry frass
could indicate that a tunnel was found where the larva has left (Berger, 1992) or has
pupated. An active component in the frass may be situated in the gut regurgitate of
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caterpillars. The regurgitate from its aboriginal host, C. partellus, as well as
regurgitate of the leaffeeder S. exempta, elicited a response in C. flavipes females.
This similar response may have been induced by common gustatory enzyme(s)
present in caterpillar regurgitate, such as glucosidases {(Mattiacci et al., 1995). There
are several reports that mandibular and gland secretions of lepidopterous hosts are
an important source of short range attractants and arrestants for parasitoids (Vinson
and Lewis, 1965; Corbet, 1971). Factors present in the regurgitate of larvae not only
elicit a response upon contact, but also induces the release of volatiles by the leaves
of an infested plant that attract female C. flavipes (Potting et al., 1995).

Once the parasitoid has found an entry to the stemborer tunnel it will try to
reach the larva by crawling through the frass. The time spent inside the tunnel is
probably dependent on the location of the larva and the amount of frass in the
tunnel. The low parasitization rate (23-24%) of the larvae in tunnels that were visited
by parasitoids was probably caused by larval frass blocking the tunnel and the larva
being out of reach for the parasitoid.

It is a risky undertaking for C. flavipes to attack a stemborer larva inside the stem.
Stemborer larvae do not passively undergo the parasitoid attack but defend
themselves vigorously as was observed in the artificial glass tunnel. C. favipes does
not paralyze the larva before oviposition as some other ingressing stemborer
parasitoids, such as Microbracon (=Habrobracon) brevicornis (Braconidae) (Genieys,
1925) and Goniozus spp. (Bethylidae) (Smith et al., 1993). Although oviposition only
lasts for a few seconds in C. flavipes, the female can not always avoid being killed
by the spitting and biting larva. Takasu and Overholt (unpublished data) studied the
defense behavior of C. partellus in more detail, using the same artificial glass tunnel.
They found that parasitoids approaching the larva towards the head had a high
probability of being killed. However, the majority of the parasitoids that were killed
were able to parasitize their host successfully.

When a parasitoid has a high mortality risk at each oviposition, life history theory
predicts a high selectivity to avoid waste of progeny (Iwasa et al., 1984; Ward, 1992).
The parasitoid should not risk her life for low quality hosts. In this study we found
that C. flavipes did attack the unsuitable host B. fusca under semi-natural conditions.
To risk your life and waste eggs in an unsuitable host does not seem to be an
adaptive strategy. However, there is no co-evolutionary history between C. flavipes
and B. fusca: C. flavipes originates from the Indo-australian region and B. fusca from
the African continent. C. flavipes has not been under any selection pressure to avoid
B. fusca or to circumvent its host defense mechanism.

As was discussed earlier, the number of expected host encounters is very low for
C. flavipes. So, another possibility is that C. flavipes is so time constrained that she
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will accept any host she finds in her foraging niche. The opportunity to attack
another host may be limited. Furthermore, the probability of making a mistake by
artacking an unsuitable host could be rare in the field. We would expect C. flavipes
to have the ability to circumvent the host defense system of the prevailing stemborer
species where it has evolved. Thus, C. flavipes may be a very opportunistic forager
and accept any host it encounters inside the plant stem. However, it remains to be
investigated whether C. flavipes avoids sympatric unsuitable hosts or already
parasitized hosts. The response to host-related products by C. flavipes seems not be
host-species specific. Although there was a difference in the response to frass from
C. partellus and B. fusca in the petri dish setup (fig. 3.3), there were no significant
differences in the behavior of C. flavipes on plants infested with C. partellus or B.
fusca (table 3.1). Ngi-Song et al. (1995} found that C. flavipes accepted C. partellus,
C. orichalcociliellus, B. fusca and S. calamistis at an equal rate for oviposition.

When an opportunistic forager is introduced into a foreign region, new parasitoid-
host associations can develop when related host species occur in the same niche as
the aboriginal host species (Hokkanen and Pimentel, 1989). An example of this is
the successful biological control of the neotropical pyralid, Diarraea saccharalis, with
C. flavipes in the Caribbean (Alam et al., 1971), North America (Fuchs et al., 1979)
and Brazil (Macedo et al., 1993). However, this opportunistic foraging strategy could
also pose problems in biological control programmes in areas where an unsuitable
host occurs, such as B. fusca in Africa (Overholt et al., 1994a). In this study we have
shown that C. flavipes will spend time and progeny and risk her life attacking this
unsuitable host. C. flavipes is the most successful parasitoid that has been used
against tropical gramineous stemborers (Overholt, 1994). At face value, C. flavipes
has a remarkable life history for a successful biological control agent. It has a short
lifespan and at best can parasitize only a few hosts. However, C. flavipes attacks the
last larval stages of the host that are concealed in the stem and have a high survival
rate (Overholt et al., 1994b}. Furthermore, C. flavipes is gregarious, has a female
biased sex ratio (Kajita and Drake, 1969) and sib mating seems to be common
(Arakaki and Ganaha, 1986), so any problems in mate finding secem to be
circumvented.

To conclude, the attack of a defending larva inside the stem is not without risk for
a female C. flavipes. Due to the relatively high mortality rate inside the stem, the
expected number of host encounters in the lifetime of C. flavipes is low. As a
consequence, C. flavipes has an opportunistic foraging strategy and invests a high
proportion of the available eggload in each encountered host.
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4

Fitness consequences of superparasitism and mechanism of host
discrimination in the stemborer parasitoid Cotesia flavipes.

ABSTRACT The fitness consequences of superparasitism and the mechanism of host
discrimination in Cotesiz flavipes, a larval parasitoid of concealed stemborer larvae
was investigated. Naive females readily superparasitized and treated the already
parasitized host as an unparasitized host by allocating the same amount of eggs as
it an unparasitized host. However, there was no significant increase in the number
of emerging parasitoids from superparasitized hosts due to substantial mortality of
parasitoid offspring in superparasitized hosts. Furthermore, the developmental time
of the parasitoids in a superparasitized host was significantly longer than in a singly
parasitized host and the emerging progeny were significantly smaller (body length
and head width). Naive females entered a tunnel in which the host was parasitized
4 hours previously and accepted it for oviposition. Experienced females {(oviposition
experience in unparasitized host} refused to enter a tunnel with a host parasitized
by herself or by another female. In experiments where the tunnel and/or host was
manipulated it was demonstrated that the female leaves a mark in the tunnel when
she parasitizes a host. The role of patch marking in C. flavipes is discussed in
relation to the ecology and life history of the parasitoid.

INTRODUCTION
In parasitoids lifetime reproductive success is tightly linked to the number and
quality of hosts that are chosen to parasitize, since these hosts provide the resources
for the parasitoid’s offspring. Because hosts represent a limited discrete resource the
fitness per offspring generally declines with increasing clutch size. Superparasitism,
the deposition of eggs in or on a host that has already been parasitized by a
conspecific, generally results in reduction in survivorship of larvae and/or size,
longevity and fecundity of ensuing adults. In this respect parasitized hosts are often
referred to as low quality hosts and foraging theory predicts that the optimal
response to encountering an already parasitized host is often rejection of that host
(Twasa et al., 1984; Parker and Courtney, 1984). Such responses require that the
parasite has the ability to distinguish parasitized from unparasitized hosts, a

Submitted as: Potting, R.P.J.; Snellen, H.M. and Vet, L.EM. (1996). Fitness consequences of superparasitism
and mechanism of host discrimination in the stemborer parasitoid Cotesiz flavipes. Bebavioral Ecology and
Sociobiology.
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phenomenon often referred to as host discrimination (van Lenteren, 1981).
Mechanisms to avoid superparasitism are avoidance of previously searched areas and
the rejection of already parasitized hosts.

Host discrimination is frequently mediated through employment of patch or host
markers, chemical substances deposited by egg-laying females. Intraspecific
communication with chemical markers left behind by ovipositing females is well
described in insect parasitoids (van Lenteren, 1981; Van Alphen and Visser, 1990)
and herbivorous insects (Roitberg and Prokopy, 1987). The avoidance of
superparasitism is adaptive when sufficient unparasitized hosts can be found.
However, under certain conditions supetparasitism is an adaptive strategy, for
example when hosts are scarce and individual parasitoids have to compete with
others for hosts (e.g. Visser et al., 1990). Under these circumstances it may be
beneficial for a female to distinguish between hosts attacked by itself or hosts
attacked by others to avoid competition among its own progeny. The ability to
distinguish between a host parasitized by itself or a conspecific, through the use of
individualized chemical markers, has been demonstrated for several parasitoid species
(refs. in van Dijken et al., 1992).

The ability to discriminate was examined in Cotesia flavipes (Hymenoptera:
Braconidae), a gregarious endoparasitoid of stemboring moth larvae in graminaceous
plants. To attack the concealed host, C. flavipes enters the stemborer tunnel.
Handling a host inside a tunnel may be time consuming as the parasitoid has to
enter the tunnel, crawl through the frass to reach the host, oviposit and then crawl
back to exit the tunnel. The handling time, defined as the time spent inside the
tunnel, is dependent on the accessability of the larva and can be considerable (range
16-2765 sec {n=17), Potting et al. 1995a). The time taken to oviposit only lasts for
4-6 seconds, a fraction of the total handling time. Handling a host inside a tunnel is
not only time consuming, but also risky. Attacking a defending larva in the confined
space of a tunnel involves a substantial mortality risk to the female parasitoid.
Potting et al. (1995a) showed that 30-40% of the parasitoids do not survive the
attack, because they are killed by the spitting and biting stemborer larva. However,
the majority of the killed females have successfully parasitized their offensive host
(Takasu and Overholt, 1995). Potting et al. (1995a) argue that, as a consequence of
this high mortality risk at each host encounter of this parasitoid species, C. flzvipes
is expected to encounter only a few hosts in its lifetime.

Discrimination may confer an advantage on C. flavipes females by reducing the time
spent in handling low quality hosts and by avoiding a superfluous mortality risk.
Parasitoids can detect parasitized hosts or previously visited sites by detecting
external cues on the host or substrate (e.g. Greany and Oatman, 1972; Wickers et
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al., 1995) or by detecting internal cues after oviposition (e.g. Vet et al., 1984).
Internal stimuli are reliable indicators of previous parasitism but involve direct
handling of the host before they are detected. External cues at the feeding site of the
host can be quickly detected and are reliable indicators if host movement is
restricted, as in feeding stemborer larvae. We hypothesize that the time-saving and
life-saving benefit of discrimination would be greatest if C. flavipes could detect
parasitized hosts by means of external cues, before contacting the offensive host.

Many parasitoid species avoid superparasitism after they have had an oviposition
experience. Despite the vast amount of reports on host discrimination abilities of
experienced individuals (van Lenteren, 1981; van Alphen and Visser, 1990), there is
a scarcity on data whether truly naive wasps have an innate ability to discriminate
(Henneman et al., 1995). It can be hypothesized that C. flavipes may have evolved
an innate ability to discriminate, as there are considerable fitness penalties in
attacking a previously parasitized host. Each host attack involves a mortality risk
and furthermore the pro-ovigenic C. flavipes is egg-limited as it has only 150 eggs
available for oviposition, with a normal clutch size of around 40 (Potting et al.,
1995a).

In this study we examine the effect of superparasitism and mechanisms of host
discrimination in C. flavipes. The host used in the experiments was one of its natural
hosts, the stemborer Chilo partellus (Lepidoptera: Pyralidae). In the first experiment
we determined the fitness consequences of superparasitism in C. flavipes by
comparing the survival probability of progeny and size of ensuing adults in singly
and superparasitized hosts. The second experimental series tested the ability of naive
female C. flavipes to discriminate and tested whether experienced females
discriminated between hosts parasitized by themselves and those parasitized by
conspecifics. In the third experiment we investigated whether internal or external
cues are used in host discrimination in C. flavipes.

MATERIALS AND METHODS
Insects
A colony of C. flavipes that originated from Pakistan was maintained on laboratory-
reared fourth instar C. partellus larvae. For more details on the rearing procedures
of parasitoid and host we refer to Potting et al. (1995b). For the experiments, 1 day
old mated female C. flavipes were used that were naive with respect to oviposition
or contact with host related cues.

57



Chapter 4

Experiment 1: Reproductive success

To determine if there are any fitness consequences involved in superparasitism we
determined the parasitoid’s reproductive success when ovipositing in single
parasitized and unparasitized hosts. Unparasitized fourth instar C. partellus larvae
were individually exposed to individual naive female C. flavipes. These single
parasitized larvae were divided in two groups. One group was used to estimate the
parasitoid’s clutch size. Clutch size was estimated by dissecting parasitized larvae and
determining the number of progeny present 5 days after oviposition. We assumed
that mortality during the egg stage was insignificant. The second group was used to
determine the reproductive success in single parasitized hosts. The reproductive
parameters determined were: development time, defined as period from oviposition
until adult emergence from cocoon; number of produced cocoons and number, sex
and size of emerged adults. Size of parasitoids was determined under a
stereomicroscope, measuring body length from head to tail. To obtain
superparasitized hosts once-parasitized hosts were exposed to a second attack by
naive female C. flavipes. As above, one part of the superparasitized larvae was used
to estimate the total number of parasitoid’s eggs and the other part was used to
determine the reproductive success. Parasitized larvae were reared on maize stems
at 25 + 1 °C, 70 + 5% RH and 16L8D photoregime.

Experiment 2: Host discrimination

In this experiment we examined the ability of female C. flavipes to discriminate
between parasitized and unparasitized larvae. We compared the response of naive (no
oviposition experience) and experienced (one oviposition 2-4 h prior to bioassay)
females to an unparasitized or a parasitized host. To determine if female C. flavipes
avoid self-superparasitism the offered parasitized host consisted of a larva parasitized
by herself or a larva parasitized by a conspecific.

C. flavipes attacks the concealed larvae ingressing the stemborer tunnel. To record
the behaviour of the parasitoid inside the tunnel an artificial transparent tunnel with
a feeding larva was created by using small glass tubes (fig 4.1). Glass tubes (6 x 0.5
cm) were filled with maize stem pieces and one fourth instar C. partellus larva was
introduced into the tube. The tube was plugged with cotton wool at both ends and
the larva was allowed to feed overnight to create a tunnel filled with larval frass. The
behavior of individual female C. flavipes was observed for 5 minutes after they were
placed near the opening of the glass wbe. It was recorded whether the wasp
contacted the larva and whether this resulted in oviposition. To obtain experienced
females and parasitized hosts, individual one-day old wasps were allowed to
parasitize a fresh host in a glass tube, 2-4 h prior to the bioassay. If the wasp was
killed by the host larva, the glass tube and host were discarded. To allow for the
possible role of chemical markers left on the substrate by parasitizing females,
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Figure 4.1 Schematic representation of artificial glass tunnel setup used in experiments.

parasitized hosts were offered in their original glass tube. In the bioassay the female
was introduced from the side of the tunnel where the previous parasitizing female
left the tunnel. The discrimination ability of naive females was tested by offering
naive females an unparasitized host or a parasitized host (in a visited tunnel).
Experienced females were distributed in three groups that were offered either an
unparasitized host (to check their motivation to oviposit), a self-parasitized host, or
a conspecific-parasitized host. Forty wasps were tested for each treatment. All
treatment groups were always tested on the same experimental days.

Experiment 3: Marking of host or substrate

In this experiment we examined whether female C. flzvipes leave a chemical mark
in the tunnel and/or on the host after a successful parasitization. The same
procedure and bioassay was used as in the previous experiment. In this experiment,
experienced females (one oviposition) were offered four different tunnels. The tunnel
was either not visited before by a conspecific female (FRESH) or previously visited
by a female that parasitized a host there (VISIT). The host inside the tunnel was
either unparasitized (UNPA) or parasitized (PARA). The following combinations
were tested: FRESH/UNPA, FRESH/PARA, VISIT/PARA, VISIT/UNPA. Thirty
five, one day old females were tested for each combination.

RESULTS

Reproductive success

Figure 4.2 shows the estimated number of eggs present in single and superparasitized
hosts and the number of produced cocoons and surviving adults from single and
superparasitized hosts. The mean number of eggs (estimated by the number of
parasitoid progeny present five days after parasitization) in a superparasitized host
was - almost exactly - doubled compared to single parasitized hosts. This indicates
that naive females allocate the same amount of eggs in both host types. In spite of
the higher initial number of parasitoid progeny in superparasitized hosts, this did
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Figure 4.2 Mean numbers (+ s.e) of C. flavipes estimated eggs, produced cocoons and
ensuing adults (n=30) from single (black bar) and superparasitized (shaded bar) fourth instar
larvae of C. parielius. Asterisks indicate significant differences (v-test, P < 0.05).

not result in an increase in the number of produced parasitoids per host. Offspring
egg to adult mortality was significantly higher in superparasitized hosts (58%)
compared to single parasitized hosts (16%). Due to this substantial mortality of
parasitoid offspring in superparasitized hosts, there was only a small significant
increase in the number of produced cocoons and no significant increase in the
number of emerging parasitoids (fig 4.2). In table 4.1 the other reproductive
parameters that were measured are presented. The parasitoid development time from
egg stage to emerging adult was significantly prolonged for one day in
superparasitized hosts. Furthermore, the size of male and female parasitoids
emerging from superparasitized hosts was significantly smaller. There was no
significant difference in the sex ratio of surviving adults from single or
superparasitized hosts.

Host discrimination

The previous experiment revealed that naive C. flavipes readily accept a parasitized
host. However, in this experiment hosts were offered unconcealed in a petri dish,
away from their feeding site, which could have excluded the role of possible external
cues at the feeding site of the host. Therefore, in the following experiment the host
acceptance behavior of naive and experienced females was observed in a semi-natural
setup of transparent glass tunnels. In this bioassay the percentage of females making
contact with the host is an indicator of the willingness of the female to enter and
traverse the tunnel. Naive females readily accepted a previously parasitized host
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Table 4.1 Mean egg-adult development time {days}, sex ratio (% females}, body length males and
body length females (x0.1mm) of C. favipes from single and superparasitized fourth instar larvae
of Chilo partellus. P <0.05 indicates significant differences (t-test).

One oviposition Two ovipositions

mean  (4.SE, n) mean  (4SF, n) P (t-test)
Development time (ggg-adulc) 19.2 (0.8, 20) 201 .9, 25) 0.001
Sex ratio (% female) 529 (240, 31) 476 (227,33 s
Body length female 18.0 (1.9, 28) 16.5 (1.6, 31} 0.003
Body length male 18.0 (.7, 31) 165 (1.7, 32) 0.0009

inside its original tunnel. There was no significant difference in the percentage of
natve females that made contact with or oviposited in an unparasitized host or
parasitized host (fig 4.3: NAIVE UNPA and NAIVE CONS).

In contrast to naive females, experienced females were more reluctant to enter a
previously visited tunnel with a parasitized host. This was evidenced by the
significantly lower percentage of experienced wasps making contact with and
ovipositing in a previously parasitized host in a previously visited tunnel (fig 4.3:
EXPE-CONS and EXPE-SELF), compared to the percentage of experienced females
contacting and accepting an unparasitized host in a fresh tunnel (fig 4.3: EXPE-
UNPA). Experienced females were not only more reluctant to crawl through a
previously visited tunnel but also the percentage of hosts accepted for oviposition
after contact was significantly lower. The percentage of contacts resulting in
oviposition was 47% for hosts parasitized by conspecifics and 50% for self-parasitized
hosts, whereas the acceptance of an unparasitized hosts by experienced females was
90%. There was no significant difference in the behavior of experienced females in
tunnels visited by herself or by a conspecific (paired G-tests EXPE-CONS vs EXPE-
SELF for contact and ovipos., P > 0.05), indicating an inability of the wasp to
recognize a tunnel or host which it has just visited as distinct from a tunnel or host
visited previously by another female,

Marking of bost or substrate

The avoidance behavior of experienced parasitoids in the previous experiment
indicated that the wasp perceived a repellent mark (external cue) in a previously
visited tunnel. To determine the source of the external cue, we manipulated the
contents of the experimental tunnels and observed the acceptance behavior of
experienced females. The results are summarized in figure 4.4. As control we first
tested the willingness of experienced females to accept a fresh unparasitized host in
a fresh unvisited tunnel (FRESH UNPA) and a parasitized host in its original tunnel
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| |
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Figure 4.3 Discrimination by naive (NAIV) and oviposition experienced (EXPE) females
of C flavipes between unparasitized (UNPA), conspecific (CONS) and self parasitized
(SELF) fourth instar larvac of C. partellus in artificial glass tunnels. Black bars indicate
percentage of females (n=35} making contact with larva inside tunnel. Shaded bars indicate
percentage (n=35) ovipositing in larva. Bars with different letters {capitals for contact; lower
case for oviposition) are significantly different (paired G-tests, P <0.05).

(VISIT PARA). As was found in the previous experiment, experienced females were
reluctant to enter and traverse a tunnel previously visited by a parasitizing female.
However in this experiment there was no significant reduction in the acceptance of
a host after contact (83% for FRESH UNPA and 71% for VISIT PARA, G-test,
P >0.5). Replacing the parasitized host by a fresh unparasitized host (VISIT UNPA)
does not significantly increase the willingness of experienced females to enter and
traverse a previously visited tunnel, indicating that the female perceives a chemical
mark on the substrate in the tunnel (left behind by the previous female). This was
also evidenced by the fact that when a parasitized host was transferred to a fresh
unvisited tunnel significantly more parasitoids traversed the tunnel and contacted the
host (FRESH UNPA in fig 4.4), compared to the treatments with a previously
visited tunnel (VISIT PARA and VISIT UNPA).

DISCUSSION
Fitness consequences of superparasitism
In general there are fitness penalties for a superparasitizing female parasitoid, due to
increased competition for limited resources among progeny inside the host (van
Lenteren, 1981; Waage, 1986). Clutch size theory predicts that gregarious parasitoids
are (in general) expected to lay a clutch which maximizes (or nearly maximizes) the

62




Superparasitism and site discrimination
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Figure 4.4 Behavior of oviposition experienced females of C. flavipes in manipulated
artificial glass tunnels. FRESH = unvisited fresh tunnel; VISIT = tunnel visited previously
by conspecific female parasitizing host; UNPA = unparasitized fourth instar C. parielius
larva; PARA = parasitized fourth instar C. partellus larva. Black bars indicate percentage
of females making contact with larva inside tunncl. Shaded bars indicate percentage
ovipositing in larva. Bars with different letters (capitals for contact; lower case for
oviposition} are significantly different (paired G-tests, P < 0.05).

number of surviving offspring per parasitized host (Godfray, 1987; 1994). In
gregarious parasitoids superparasitism thus generally results in increased competition
among progeny for resources. Qur results indicate that the fitness consequences of
superparasitism in C. flavipes are a prolonged development time, a decreased survival
probability of the progeny and smaller size of the ensuing adults (table 4.1, fig 4.2).
Our results support data from other studies, suggesting that superparasitism delays
the development of the progeny (e.g. Wylie, 1983; Eller et al., 1990; Harvey et al.,
1993), increases larval mortality (e.g. Vinson and Sroka, 1978; Vet et al., 1994) and
results in smaller offspring {e.g. Harvey et al., 1993; Vet et al., 1994; but see for
exception Bai and Mackauer, 1992).

For several parasitoid species it has been demonstrated that there is an inverse
relationship between the number of progeny per host and their size (e.g. Hardy et
al., 1992; Vet et al., 1994). There are several fitness penalties for being small. Smaller
females may have a shorter lifespan and a smaller initial eggload (Waage, 1986;
Godfray, 1994) and recently Visser (1994) showed that also searching ability of
females can be related to their size.

Besides fitness consequences for the female’s progeny, there are also direct fitness
consequences for the superparasitizing female. Handling a host inside the stemborer
tunnel is time consuming for the short lived C. flavipes female (2-4 days, Potting et
al., 1995a), but also risky as 30-40% of the females is killed by the defending host
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(Potting et al., 1995a). Thus, a female may waste searching time and risk her life in
handling a previously parasitized host inside a tunnel. Handling a parasitized host
may take even longer and be more risky than a unparasitized host. Parasitized C.
partellus larvae have the tendency to block the tunnel with larval frass, complicating
its accessibility to the parasitoid (Potting et al., 1995a). Takasu and Overholt (1995)
showed that parasitized larvae are more aggressive than unparasitized larvae,
resulting in a higher probability of parasitoid mortality.

To conclude, there are substantial fitness penalties for a female C. flavipes
superparasitizing a host. Besides a lower fitness of offspring from superparasitized
hosts the female wastes time in attacking a (low quality) host inside the tunnel, but
more important, she exposes herself to a (superfluous) substantial mortality risk.

Optimal clutch size

Especially for animals whose lifetime reproductive success is limited by opportunities
to reproduce, clutch size theory predicts a maximization of the fitness gain per
clutch (Godfray, 1987). This may be true for C. flavipes, which has a short lifespan
and a high mortality risk at each host encounter, resulting in a low number of
expected lifetime host encounters (Potting et al., 1995a). It is clear that doubling the
clutch size overshoots/exceeds the optimal clutch size in fourth instar C. partellus
larvae. Due to mortality of supernumaries in superparasitized C. partellus larvae the
number of produced adults was equal to that of single parasitized hosts (fig 4.2).
Although it needs more rigorous testing, our results indicate that female C. flavipes
lay an optimal (or near optimal) clutch size in fourth instar C. partellus larvae.
Wiedenmann and Smith (1995), using Diatraea saccharalis as a host, found that the
number of produced adults from superparasitized hosts was twice the number
produced from singly parasitized hosts. Superparasitism in this host species may thus
be more profitable than in C. partellus. An explanation could be that the neo-
tropical D. saccharalis is a relatively new host for the old world parasitoid C. flavipes.
Therefore C. flavipes may not yet have adapted to lay an optimal clutch size in this
new host species, but still shows the sub-optimal strategy to maximize progeny
production on its ancestral (original) host species.

Experience induced discrimination

In spite of the substantial fitness penalties for superparasitizing a host naive C.
flavipes readily superparasitize. In our experiments naive females readily accepted a
parasitized host, either unconcealed or within an artificial tunnel. However, females
with an oviposition experience were reluctant to enter a previously utilized
stemborer tunnel and superparasitize. The finding that previous experience decreases
the willingness to superparasitize seems to be common in insect parasitoids (Klomp
et al,, 1980). Whether a female has to learn to distinguish between a used or unused
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host or whether the female is adopting a conditional strategy based on the perceived
density of unparasitized hosts remains a matter of debate (for recent discussion see:
Henneman et al., 1995). Recently Henneman et al. (1995) explored whether a
differential egg load may be another factor responsible for the difference in behavior
between naive and oviposition experienced females. As emphasized by Rosenheim
(1993) it is difficult to distinguish learning from effects of changes in eggload on
behavior. Especially for gregarious parasitoids the decrease in egg load with each
oviposition can be considerable. A naive female C. flavipes allocates 30% of her total
eggload to the first encountered host (Potting et al., 1995a). An egg-limited parasitoid
may discount superparasitizing against the chance of finding sufficient unparasitized
hosts in which to lay her few remaining eggs (Speirs et al., 1991). The increased
choosiness after an oviposition experience may thus certainly be induced by the
reduction in eggload and warrants more investigation.

Naive C. flavipes readily superparasitize, despite the fitness penalties involved in
superparasitizing a host. Our initial hypothesis that C. flavipes may have evolved an
innate ability and willingness’ to avoid previously visited tunnels with parasitized
hosts does not hold. We did not find any evidence of discrimination in naive C,
flavipes females. There was no difference in acceptance behavior of parasitized or
unparasitized hosts (fig 4.3) and there was no significant difference in the clutch size
in both host types (fig 4.2). For several parasitoid species it has been demonstrated
that naive females (with no previous oviposition experience) have the ability to
discriminate between parasitized and unparasitized hosts. Naive females may reject
parasitized hosts (Bai and Mackauer, 1990; Vlkl and Mackauer, 1990) or may lay
significantly smaller clutches in parasitized hosts compared to unparasitized hosts.
The latter has been demonstrated for Trichogramma evanescens (Van Dijken and
Waage, 1987), Cotesia glomerata (Tkawa and Suzuki, 1982) and Pediobins foveolatus
(Hooker and Barrows, 1992).

The lifetime expectancy of host encounter rate is very low in C. flavipes. The
pro-ovigenic C. flavipes is equipped with an eggload sufficient to parasitize 3-4 hosts
only (Potting et al., 1995a). The lack of an innate ability or willingness to
discriminate in C. flavipes may be due to these constrained opportunities to find and
parasitize hosts. The best strategy for a (just emerged) naive female C. flavipes is to
accept the first encountered host, irrespective its quality. This opportunistic behavior
may change after a successful attack in an unparasitized host. The increased
choosiness after an oviposition experience may be due to the fact that the fitness
penalties of superparasitism may outweigh the risk of not finding another
unparasitized host. The possible future (additional) fitness payoff is high when the
female is able to find and successfully attack an additional unparasitized host.
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seff-parasitism s conspecific superparasitism

For a superparasitizing female it can be adaptive to distinguish self-parasitized hosts
from conspecific parasitized hosts. The experiments reported here suggest that
experienced C. flavipes does not recognize the site and host which it has just utilized
as distinct from the site and host utilized previously by another female. The ability
to recognize individual-specific marks has been demonstrated in five parasitoid
species (van Dijken et al., 1992; Hubbard et al.,, 1987; Visser, 1993; V&lkl and
Mackauer, 1990; Wickers and Lewis 1995}, while it was not found in four other
species (Van Alphen and Nell, 1982; Bai and Mackauer 1990; Van Dijken and
Waage, 1987; Gates, 1993). As argued previously, the lifetime host encounter rate is
very low in C. flavipes. For parasitoids that encounter parasitized hosts only rarely,
the selection pressure for identification of self-parasitized hosts will be small (Visser
et al., 1992).

Marking of visited tunnel

The function of site and host discrimination in C. flavipes is clear: a discriminating
female saves searching time, avoids the wastage of eggs and avoids a direct mortality
risk. The mechanism of discrimination is the recognition of an external cue on the
tunnel substrate. Our initial hypothesis that C. flavipes utilizes external cues on the
substrate before contacting the defending (aggressive) host seems to hold.
Experienced female C. flavipes are reluctant to enter and traverse a tunnel with a
parasitized larva (fig 4.3,4.4) suggesting the parasitizing female marks the substrate.
The exact source of the substance eliciting the avoidance behavior can not be
elucidated conclusively from our experiments. We can not exclude the possibility
that the mark is applied on the host and that through the movement of the host the
tunnel is contaminated with the mark. However, (although we did not test this in
detail) we observed several times that females were also reluctant to enter and
traverse a tunnel where the host had not moved significantly after being attacked by
the previous parasitoid, indicating active substrate marking. We can not exclude the
existence and use of internal cues. However, we expect that internal marks are not
used as these involve direct host handling, which imposes a direct mortality risk to
the parasitoid.

Although the reports are scanty, host or substrate marking seems to be quite
common in hymenopterous parasitoids (Godfray, 1994). Recently, the Dufour’s
gland has been established as the source of both internal and external chemical
markers in the Ichneumonid Venturia canescens (Harrison et al., 1985; Hubbard et
al., 1987). There are only a few reports of the discriminatory ability of stemborer
parasitoids. The tachinid Lixophaga diatreae, an ectoparasitoid of stemborer larvae,
larviposits a mobile maggot at the tunnel entrance that actively searches for the host
inside the tunnel. Roth et al. {1982) reported that female L. diatreae readily
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larviposited at previously larviposition sites, but that females started to avoid sites
where a larva was deposited 24 hours previously. This could indicate that L. diatrata
can or starts to discriminate a utilized site after the parasitoid grub has successfully
located and attached to the host in the tunnel. The mechanisms of host
discrimination in this interesting system warrants more investigation,

It is generally hypothesized that marking evolved primarily as a means for
individuals to avoid superparasitizing hosts they themselves previously parasitized,
and that secondary benefits accrue when other individuals also avoid such marked
hosts (Roitberg and Prokopy, 1987). Our study indicates that a utilized stemborer
tunnel is recognized at least 4 hours after previous parasitization. It remains to be
investigated how long this mark lasts, before it evaporates or wears off.
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The relation between parasitoid ecology and learning: the absence
of learning in the stemborer parasitoid Cotesia flavipes.

ABSTRACT Theory on the adaptive value of learning in foraging suggests that an
animal foraging in a predictable homogeneous environment and/or making only a
few foraging decisions is not expected to use learning in foraging. For insect
parasitoids, learning during foraging is well documented. Host seeking females can
learn olfactory and visual cues associated with their hosts or the hosts micro-habitat
and experience can strongly affect preference for major foraging cues. We studied
the role of learning in host foraging in Coresia flavipes (Hymenoptera: Braconidae),
a parasitoid of stemborer larvae with an ecology where learning is expected to be
of low adaptive value. Using experimental procedures similar to other parasitoid
learning studies, we determined the role of the learning mechanisms priming and
preference-induction in the foraging of C. flzvipes. We did not find any evidence
that C. flavipes uses odour learning in host-microhabitat location. There was no
significant effect of the development and emergence environment on the response
level or preference towards infested plant odours, Neither did we find evidence that
experience with a particular plant-host-complex during foraging influences
subsequent foraging decisions in C. flavipes females. The absence of learning in C.
flavipes, which seems an exception among the parasitoids studied, is discussed in
relation to its ecology.

INTRODUCTION

In the past decade, awareness has grown of the importance of learning in the
foraging behaviour of insects (Papaj & Lewis, 1993). Apart from a theoretical
perspective, where the main research interest is focused on the mechanisms and
functions of learning (Gould and Marler, 1984; Real, 1994), there are also several
practical considerations that have raised the interest in insect learning (Papaj &
Prokopy, 1989; Prokopy & Lewis, 1993). The role of learning in the foraging
behaviour of parasitoid wasps is well studied (Turlings et al., 1993), not only because
they are used in biological control (Lewis et al., 1990}, but also because they are
ideal laboratory animals to test theoretical questions in behavioural ecology (Vet et
al., 1995).

In parasitoids the lifetime reproductive success is tightly linked to the number and

Submitted as: Pouting, R.P.J., Otten, H and Vet, 1.E.M. (1995). Parasitoid ecology and learning: the absence
of learning in the stemborer parasitoid Cotesiz flavipes. Animal Bebaviour.
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quality of parasitized hosts, since these hosts provide the resources for the
parasitoid’s offspring. As a consequence there is a tight linkage between successful
host location and parasitoid fitness, and we expect that parasitoids have evolved the
ability to use or learn to use those stimuli that enhance the probability of finding
suitable hosts. Insect parasitoids use olfactory and visual cues in their search for
hosts. Experience with a host or host-related products can have various effects on
parasitoid behaviour (Turlings et al., 1993; Vet et al., 1995). Experience can make the
wasps more responsive to certain odours (priming) or the wasps can learn to respond
to the specific odours that they encounter during the experience (preference
induction). Both learning mechanisms can be induced by experiences at various stages
of the life cycle of the parasitoid. Parasitoids develop in and emerge from a host that
is feeding in a particular micro-habitat. They can thus use information acquired
immediately upon emergence, which can originate either from their cocoon (e.g.
Hérard et al., 1988) and/or from the host-microhabitat from which they emerge (e.g.
Vet, 1983; Kester & Barbosa, 1991). Many studies have shown that parasitoids can
learn visual or olfactory stimuli associated with successful host location and use these
odours in subsequent foraging decisions {reviewed by Turlings et al., 1993; Vetet al,,
1995). In these olfactometer and windtunnel studies the response towards and
preference for a particular resource is tested for individuals with different rearing
histories or different pre-bioassay experiences. To give a typical example, Cotesia
marginiventris is a generalist parasitoid that attacks the larvae of many Lepidoptera.
Turlings et al. (1989, 1990) demonstrated that an experience with host-infested leaves
dramatically increased the subsequent response by C. marginiventris females to host
related cues in olfactometric bioassays. Furthermore, Turlings et al., (1990, 1993)
demonstrated preference shifts in favor of the experienced plant-host combination.
The ability to learn has now been demonstrated in more than 20 different parasitoid
species and learning in parasitoids seems to be the rule rather than the exception
(Turlings et al,, 1993).

Several authors have emphasized the importance of considering an animals ecology
when studying and interpreting its learning abilities (Johnston, 1982; Bolles &
Beecher, 1988; Kamil, 1994). If learning is of adaptive significance in foraging we
may expect correlations between ecology and learning mechanisms. It has been
hypothesized that the adaptive value of learning in foraging is dependent on the
predictability of the environment (Stephens, 1993) and the number of lifetime
foraging decisions (Roitberg et al., 1993). Stephens (1993) argues that the value of
learning about a resource depends upon its variability or patchiness in space and
time. If the resource is constant, then a fixed or innate response is favoured, while
intermediate variability favors assessment of learning. Roitberg et al. (1993) proposed
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that the frequency of decisions an animal makes while foraging for a particular
resource may also be a factor 1o be considered in the evolution of learning. They
argue that the value of learning in animal decision making is dependent upon the
frequency of (reproductive) decisions. Animals making only a few decisions are not
expected to learn. Both hypotheses are not mutually exclusive, for instance a
polyphagous parasitoid foraging in a heterogeneous variable environment is expected
to be faced with more foraging decisions than a parasitoid foraging in a
homogeneous habitat. Two conditions where learning may not be found are thus
a predictable homogeneous foraging environment and a low number of lifetime
foraging decisions. We studied the role of learning in the foraging behaviour of a
parasitoid with an ecology which seems to meet both conditions for the absence of
learning.

Cotesia flavipes (Hymenoptera: Braconidae) is a gregarious endoparasitoid of
lepidopterous stemborer larvae in gramineous crops as maize, sugarcane and
sorghum and several wild perennial grasses (Nagarkatti & Nair, 1973). It can be
envisaged that C. flavipes has evolved its foraging strategy in a homogeneous
environment, consisting of stemborer larvae in huge fields of perennial grasses.
Besides foraging in a homogeneous environment, C. flavipes is expected to encounter
only a few hosts in its lifetime. C. flavipes ingresses the stemborer tunnel and
parasitizes the larva inside the stem. This ingress tactic is not without risk for the
parasitoid, as 30-40% of the parasitoids do not survive the attack, because they are
killed by the defending stemborer larva (Potting et al., 1996}. However, the majority
of females that are killed have successfully parasitized their host (Potting et al.,
1996). As a consequence of the high mortality rate at each oviposition, the number
of reproductive decisions is very low in C. flavipes.

To locate the host-microhabitat, C. flavipes females use olfactory stimuli that are
released by infested plants (Potting et al., 1995). We studied the learning mechanisms
priming and preference-induction in C. flavipes, at two stages in the life cycle of the
parasitoid: upon emergence from the stemborer tunnel and during adult life at
oviposition. Taking the ecology of C. flavipes into account we hypothesize that adult
learning does not play a significant role in host foraging in this parasitoid species.

MATERIALS AND METHODS
Insects
Female C. flavipes, aged 2-4 days, were obtained from a laboratory culture
established from wasps collected in Pakistan from Chilo partellus (Lepidoptera:
Pyralidae). Parasitoids were reared on fourth instar C. partellus feeding on maize
stems or artificial diet. Unless stated otherwise 1-2 days after cocoon formation the
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cocoon masses were transferred to a bottle topped with a polyester stop. Parasitoids
were fed honey and kept at 15 °C. The hosts C. partellus and Sesamia calamistis
(Lepidoptera: Noctuidae) were reared on an artificial diet according to the method
described by Ochieng et al. (1985). For all experiments fourth instar host larvae were
used that were allowed to feed for at least 48 hr on fresh plant stems.

Plants

Maize {cv Anjo) and sugarcane (cv PQOJ 8043) were grown under greenhouse
conditions in Wageningen, the Netherlands. For the experiments with wild sorghum
and host species selection experiments (see below) wild sorghum and maize plants
were obtained from the field in Nairobi, Kenya. The diameter of stems used was 1.5
cm for maize and wild sorghum and 3 cm for sugarcane.

Bioassay

The preference of C. flavipes females for particular odour sources was examined in
dual choice tests in a Y-tube olfactometer. For details of the Y-tube olfactometer we
refer to Steinberg et al. (1992) and Potting et al. (1995). Parasitoid females were
individually introduced in the base tube of the olfactometer and given a maximum
of 5 min to make a choice for one of the arms of the olfactometer. The observation
was counted as a choice when the wasp passed the finish line in one of the arms for
a period of 15 seconds. As odour sources we used stemborer infested maize plants
or stem pieces. Infested maize plants were obtained by boring two holes in the stem
and introducing two fourth instar larvae. The larvae were allowed to feed overnight.
Infested stem pieces were obtained by introducing 2 larvae into holes bored in a
stem piece of 10 cm. Five stem pieces were used as one odour source and the ten
larvae were allowed to feed for 60h prior to the experiment. Parasitoids with
different experience histories were tested alternately on the same day. To test for
experience effects the G-test with Yates correction (x=0.05) was used (Sokal and
Rolf, 1981).

Treatments / experiments

1. INCREASE IN RESPONSIVENESS (PRIMING)

Early adult experience upon emergence

To determine whether experience with a stemborer infested stem upon emergence
influences the responsiveness of the parasitoids we compared the response of C.
flavipes females that experienced different emergence environments. Three different
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cocoon formation and emergence environments were tested. 1 CONTROL:
parasitoid cocoon formation in and emergence from stemborer tunnel in maize stem.
2 GLASS: Emergence on glass from cocoon that was formed from parasitized larva
that was transferred from maize stem to glass bottle 1-2 days prior to parasitoid
cocoon formation. 3 ISOLATED: same treatment as GLASS but parasitoids were
dissected out of and isolated from their cocoon 1-2 days before emergence. The
response to an infested maize plant was tested, with an uninfested maize plant as
control. The treatment (experience) groups were tested in two blocks: CONTROL
vs GLASS (n=>56) and CONTROL vs ISOLATED {n=103).

Adult experience

To determine whether an experience with a host or host product increased the
responsiveness of female C. flavipes towards infested plant odours three different
experience groups were compared. 1 NAIVE: parasitoids that had not contacted frass
or a host. 2 FRASS: 15-30 minutes prior to the test parasitoids were allowed to
contact fresh larval frass (from C. partellus fed upon maize) for 30 sec.

3 FRASS+HOST: parasitoids were allowed to oviposit in a C. partellus larva fed
upon maize 15-30 min prior to the bioassay. The response to infested maize stem
pieces was tested, with uninfested maize stem pieces as control (n=40).

2. PREFERENCE INDUCTION

Early adult experience upon emergence

To determine whether the development and emergence environment could induce
a preference for the experienced plant-host-complex we conducted choice experiments
with different plant species and host species. Treatment groups consisted of
parasitoids that had developed on and emerged from C. partellus (Cp) feeding inside
maize, sugarcane or wild sorghum stems and parasitoids that had developed on and
emerged from S. calamistis (Sc) feeding on maize. Treatment groups were compared
in three blocks: 1 Cp-maize vs Cp-sugarcane (n=62), 2 Cp-maize vs Cp-wild
sorghum (n=40) and 3 Cp-maize vs Sc-maize (n=40). Due to logistic reasons we used
parasitoids reared from larvae feeding on artificial diet for the Cp-Maize group in the
second block (Cp-maize vs Cp-wild sorghum ).

In the first two blocks we first tested the response potential to odours from infested
stems of the two plant-host-complexes under consideration (uninfested vs infested).
The same infested stem pieces were then offered simultaneously to test for
preference for a plant-host-complex.
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Adult experience at oviposition

This experiment tested whether an oviposition experience with a particular plant-
host-complex induced a preference for this plant-host-complex. Parasitoids used for
this experiment had developed on and emerged from C. partellus (Cp) feeding on
maize, except for block 2 (see below), where larvae had fed on artificial diet. One
hour prior to being tested a female was allowed to oviposit in a C. partellus larva
that had been feeding on maize, sugarcane or wild sorghum or a §. calamistis (Sc)
larva that had fed upon maize. Larvae were offered together with some fresh frass
produced on the plant they were fed upon. Wasps with the following experiences
were compared in three blocks (n=40}: 1 Cp-maize vs Cp-sugarcane, 2 Cp-maize vs
Cp-wild sorghum and 3 Cp-maize vs Sc-maize. Preference for a plant-host-complex
was tested for both treatment groups in a choice situation. As control, females with
no oviposition experience were used (naive).

RESULTS
Effect of experience on responsiveness
We tested the response level, defined as the percentage of the tested females that
walked upwind and made a choice for one of the odour fields, for females that had
a different emergence environment or adult experience. The results are summarized
in figure 5.1. In all the tests the females had a significant preference for the odour
field with the infested plant odours (chi-square, P <0.05}. Parasitoids that had formed
their cocoon outside a stemborer tunnel on glass and emerged in this environment
had the same response level as the control group that had formed their cocoon in
and emerged from a stemborer tunnel in maize (fig 5.1a). There was no significant
difference in responsiveness {chi-square, P =0.92, DF=1) and choice distribution for
infested or uninfested plant odours (chi-square, P=0.70, DF = 1) between parasitoids
from different development and emergence environments.
Even parasitoids that were dissected out of and isolated from their cocoon as a pupa
and emerged in a glass environment had a similar response as the control group (fig
5.1b). There was no significant difference in responsiveness (chi-square, P=0.67,
DF=1) and choice distribution (chi-square, P=0.87, DF=1).
Giving the parasitoids a contact experience with larval frass or an oviposition
experience prior to the bioassay did not increase the responsiveness towards infested
plant odours (fig 5.1c). There was no significant difference in the response level (chi-
square, P=0.89, DF=2) and choice distribution (chi-square, P=0.77, DF =2) between
the different experience groups.
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Figure 5.1 The role of priming in the response to odours in C. flavipes. Grey bars indicate
overall response level (percentage making choice for one of odour fields) and black and
white bars indicate choice {percentage of choice for particular odour field) of C. flavipes
females with different emergence environments {A & B) or different adult experiences (C)
to odours from a uninfested (UNDAMAGED) or C. partellus infested maize plant
(INFESTED) in Y-tube olfactometer. Emergence environments: CONTROL = cocoon
formation in and emergence from maize stem, GLASS = cocoon formation on and
emergence from glass, ISOLATED = cocoon formation on glass, emergence dissected out
of and isolated from cocoon on glass. Adult experience: NAIVE = no contact with frass
or host; FRASS = experience with C. partellus frass; OVIPOSITION = as FRASS and with
oviposition in C. partellus larva. There were no significant differences in response levels and
choice distributions in experiment A (n= 56}, B (n= 103) and C (n= 40}.

Preference induction for experienced plant-host-complex

In the preference induction experiments we tested if there was a preference shift for
the experienced plant-host-complex in two phases of the parasitoid life: upon
emergence and during adult life at an oviposition. The response potentials to the
odour sources used in the plant preference experiments are summarized in figure 5.2.
Parasitoids responded to odours from stemborer infested stems of maize, sugarcane
and wild sorghum, irrespective of their previous development and emergence
environment. There were no significant differences in responsiveness (paired G-tests,
«=0.05) and choice distributions (paired G-tests, o=0.05) between the treatment
groups.
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Figure 5.2 Response to odours from C. pertellusinfested maize, sugarcane and wild
sorghum stems by C flavipes females with different development and emergence
environments. Black bars indicate choice percentage for odours from C. partellus
INFESTED stem pieces. Grey bars indicate choice for uninfested (UNDAMAGED) stem
pieces. Treatment groups developed on and emerged from larva feeding inside stems of
maize {MA), sugarcane (SU), wild sorghum (WS) or a vial containing artificial diet (AD).
There were no significant differences in choice distributions in response 1o infested maize
{n= 53), sugarcane (n~ 63} and wild sorghum (n= 40).

maize Us sugarcane
In the preference test with infested maize and infested sugarcane we found no

significant preference for the plant-host-complex the parasitoids had developed on
and emerged from (fig 5.3a) (chi-square, P=0.26, DF=1). An oviposition experience
with either a host in maize or sugarcane did not induce a significant preference
either (fig 5.3b) (chi-square, P=0.60, DF=2).

maize vs wild sorghum

In the preference test with infested maize and infested wild sorghum both groups
were attracted more to infested maize than to infested wild sorghum (fig 5.4a). There
was no significant preference induction for the environment the parasitoids had
developed in and emerged from (chi-square, P=1, DF=1). There was also no
preference induction found after an oviposition experience with a larva in maize or
wild sorghum (fig 5.4b). No significant difference was found in the choice
distributions between the experience groups (chi-square, P=0.21, DF=2).
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Figure 5.3 The role of development and emergence environment in preference induction in C.
JSlavipes. Choice between C. partellus-infested maize vs C, partellus-infested sugarcane. (A} Early adult
experience: development on and emergence from larva feeding inside sugarcane stem or maize stem.
(B) Adult experience: no oviposition experience (NAIVE} or oviposition experience with larva
feeding on maize (ovip. maize) or sugarcane (ovip. sugarcane}. No significant preference induction
for experienced plant-host-complex in experiment A (n=62) and B (n=40).
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Figure 5.4 The role of development and emergence environment in preference induction in C.
Flavipes. Choice between C. partellus-infested maize vs C, partellus-infested wild sorghum. (A) Early
adult experience: development on and emergence from larva feeding on wild sorghum (W-sorghum
reared) or artificial diet (Art.diet reared). (B) Adult experience: no oviposition experience (NAIVE)
or oviposition experience with larva feeding on maize (ovip. maize) or wild sorghum (ovip. W-
sorghum}, No significant preference induction for experienced plant-host-complex in experiment
A (n=40) and B (n=40).
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Figure 5.5 The role of development and emergence environment in preference induction
in C. flavipes. Chaoice between C. partellus-infested maize vs S. calamistis-infested maize, (A)
Early adult experience: development on and emergence from Chilo partelfus (Chilo reared)
or Sesamia calamistis (Sesamia reared) larva feeding on maize. (B} Aduit experience: no
oviposition experience (NAIVE) or oviposition experience with C, parteflus larva (Ovip.
Chilo) or §. calamistis larva {ovip. Sesamia). No significant preference induction for
experienced plant-host-complex in experiment A {n=40)} and B (n=40).

C. partellus vs 5. calamistis

The results of the experiments that tested for a host species preference induction are
summarized in figure 5.5. There was no significant preference induction for the host
species the parasitoids had developed in and emerged from (fig 5.5a; chi-square,
P=0.77, DF=1). There was also no preference induction for the host species
experienced at oviposition (fig 5.5b). No significant difference was found in the
choice distributions between the experience groups (chi-square, P=0.56, DF=2).

DISCUSSION

For an animal to optimize its foraging it is necessary to estimate the encounter rate
distribution of the resources in its foraging environment. This estimation can be
done by cognitive processes such as learning or through evolved "rules

of thumb” in evolutionary time (Real, 1991; Stephens, 1993). Learning allows an
individual to adapt its foraging effort to the most profitable resource sites. Also for
an insect parasitoid, in search for hosts to lay its eggs, learning can be an adaptive
mechanism to increase the encounter rate with suitable hosts (e.g. Papaj & Ve,
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1990). A parasitoid may build up its information on the environment in which it
is foraging by experience upon emergence and by learning stimuli that are associated
with successful host location.

Early adult learning

If there is a correspondence between the foraging environment of the mother and
her daughters, information obtained at the development and emergence site may be
of adaptive value for emerging wasps. For several parasitoid species it has been
demonstrated that cues encountered during or directly after emergence from their
cocoon can be important in priming (e.g. Hérard et al., 1988} and in preference
induction (e.g. Kester & Barbosa, 1991). Caubet & Jaisson (1991) and Cortesero &
Monge (1994) demonstrated for two parasitoids of concealed hosts a learning
sensitive phase prior to emergence from the host’s feeding site. Potentially, a C.
flavipes female that emerges inside the stemborer tunnel can acquire information
from the host larva, its own cocoon or the larval frass encountered while exiting the
tunnel, We did not find any evidence for early-adult learning in C. flavipes. Wasps
that had emerged from a cocoon, that was formed outside the stemborer tunnel,
responded equally well as wasps that emerged from a stemborer-tunnel in a plant
stem (fig 5.1a). The response level was also not decreased when wasps were isolated
from their cocoon (fig 5.1b). Furthermore, we did not find a preference induction
for the plant species or host species from which C. flavipes emerged (fig 5.3a, 5.4a,
5.5a). Mohyuddin et al. (1981) postulated the existence of plant specific strains in C.
flavipes. They reported that C. flavipes strains from sugarcane or maize had a
preference for the plant and host species from which they originated. Our results
indicate that the reported existence of plant-specific strains in C. flavipes (Mohyuddin
et al.,, 1981) is thus not induced by early adult conditioning, but may originate by
genetically induced preferences.

Adult learning

Numerous studies with insect parasitoids have shown that adult learning (i.e.
oviposition. experience) can strongly modify the response to host-related cues
(Turlings et al., 1993; Vet et al., 1995). One of the effects of adult learning is an
increase in responsiveness to odour cues, a much appreciated and described effect by
students of parasitoid foraging behaviour. Furthermore, parasitoids can learn to
associate odours with successful host location (e.g. Lewis & Tumlinson, 1988; Vet
& Groenewold, 1990). In the present study we did not find any evidence that adult
learning can influence behavioural decisions in C. flavipes. Naive females had a high
innate response towards infested plant odours. Contact with larval frass or an
oviposition experience prior to the bioassay did not increase the response level

81



Chapter 5

further (fig 5.1c). Neither could we demonstrate a preference induction. C. flavipes
females did not prefer the plant species or host species, with which they had an
oviposition experience (fig 5.3b, 5.4b, 5.5b).

We can conclude that C. flavipes (apparently) does not use odour learning in host-
microhabitat location. Learning in host foraging seems to be widespread in
parasitoids and has been demonstrated in egg, larval and pupal parasitoids from
several different families such as Eucolidae, Braconidae, Ichneumonidae, Preromalidae
and Trichogrammatidae. Restricting ourselves to larval parasitoids of the family
Braconidae to which C. flavipes belongs, preference odour learning has been
demonstrated in: Asobara rufescens, Asobara tabida (Vet & Opzeeland, 1984), Bracon
Mellitor (Vinson et al., 1977), Cotesia congregata (Kester & Barbosa, 1991), Cotesia
glomerata (Geervliet et al., 1994), Cotesia marginiventris (Turlings et al., 1989, 1990),
Diaeretiella rapae (Sheehan & Shelton, 1989), Macrocentrus grandii (Ding et al., 198%;
Udayagiri & Jones 1993), Microplitis croceipes (Lewis & Tumlinson, 1988; Eller et al.,
1992) and Opius dissitus (Petitt et al., 1992).

There are many pitfalls in comparing learning abilities of different species
(Rosenheim, 1993; Kamil, 1994). The failure of a species to perform well in a
particular test does not necessarily mean the species lacks the ability for which it is
supposedly tested. As argued by Kamil (1994) it is theoretically impossible to prove
that there is no set of circumstances in which an animal can learn a particular task.
One could argue that we tested only a limited range of plant and host species or that
C. flavipes might be able to learn other stimuli such as visual cues as has been
demonstrated for other parasitoid species (Arthur, 1966; Wardle 8& Borden, 1989;
Wickers & Lewis, 1994). However, taking the risk that we discard learning while
it may be expressed under a different set of circumstances, we are confronted with
an interesting phenomenon that contrasts to the many occasions where learning is
so easily demonstrated in other parasitoid species.

As predicted by the hypotheses stated earlier, two factors may be responsible for
the unimportance of learning in foraging in C. flavipes: a predictable foraging
environment and the restricted number of lifetime foraging decisions. It can be
hypothesized that C. flavipes has evolved its foraging strategy in a homogeneous
predictable environment that consists of large fields of perennial grasses with one or
two prevailing stemborer species. The experienced world is thus highly predictable
and the wasp does not need to acquire information from its environment to
determine future encounter rates. Under these conditions we expect fixed responses
that are not influenced by experience (Stephens, 1993). The second factor that may
be responsible for the absence of learning may be the low frequency of host
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encounter in the lifetime of the parasitoid. Potting et al. (1996) demonstrated that
a female C. flavipes is expected to attack only 2-4 hosts in its lifetime,

To study the adaptive significance of learning in foraging one can compare the
learning abilities of populations of the same species that are confronted with
different foraging environments (micro-evolutionary approach) or compare the
learning abilities of different species (macro-evolutionary approach). Only a few
studies have used the micro-evolutionary approach to study the adaptiveness of
learning. For example, Papaj (1986} studied the local adaptation for learning in a
monophagous and a biphagous population of the butterfly Battus philenor. He found
that the two populations of B. philenor were equally capable to learn visual cues (leaf
shape) of a particular host species. The macro-evolutionary approach, where the
learning abilities of different species are compared, has been used, for instance to
compare the learning abilities of specialist and generalist parasitoids (Vet et al., 1995;
Poolman Simons et al., 1992; Geervliet et al., 1993). A species comparative approach
can also be used for parasitoids attacking stemborer larvae. For three parasitoid
species, that all attack the stemboring larva of Ostrinia nubilalis (Lepidoptera:
Pyralidae), the role of learning in the foraging behaviour has been studied. Ma et al.
(1992) found that the ichneumonid Eriborus terebrans (Gravenhorst) was more
responsive to odours after an oviposition experience. A preference induction for the
experienced micro-habitat was demonstrated for the braconid Macrocentrus grandii
(Goidanich) (Ding et al., 1989; Udayagiri and Jones 1993) and the ichneumonid
Exeristis roborator (F.). Learning was well studied for £. roborator and it has been
demonstrated that it can learn the colour (Wardle, 1990), form upon contact (Wardle
and Borden, 1990) and odour (Wardle and Borden, 1989) associated with a host-
microhabitat.

Although these stemborer parasitoids attack their hosts in the same foraging niche
as C. flavipes, they have a different life history and artack strategy, which influences
the two factors that we hypothesize to be important for learning. Firstly, E.
terebrans, E. roborator and M. grandii are all 2-3 times bigger and are relatively long
lived compared to C. flavipes (few weeks vs several days). All three species allocate
a single egg to each encountered host, whereas C. flavipes is gregarious. A rough
estimate of the expected host encounter rate is the maximum number of hosts that
an individual female can parasitize under laboratory conditions. C. flavipes is already
egg depleted after parasitizing 5-6 hosts only (Potting et al., 1996), whereas the
reported mean realized fecundity is 400 for E. roborator (Baker, 1949) and 200 for
M. grandii (Parker, 1931). Furthermore, C. flavipes attacks the concealed larvae by
ingressing the stemborer tunnel, exposing itself to a considerable mortality risk,
whereas the other species reach the larva with their long ovipositor by drilling
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through the plant tissue or probing through the exit hole of the tunnel. The longer
lifespan and negligible mortality rate at oviposition enhances the host encounter rate
compared to the small, short lived and ingressing C. flavipes. The frequency of host
encounter may thus be the decisive factor in the evolution or retention of learning
abilities in these stemborer parasitoids.

Secondly, concerning the environmental variability hypothesis it is likely that,
although these four stemborer parasitoids all attack larvae in perennial grasses, the
actual experienced environmental variability in these learning species is much higher
than for C. flavipes. For instance, E. roborator is a polyphagous parasitoid attacking
concealed hosts in a variety of micro-habitats such as maize (e.g. Ostrinia nubilalis),
pine (i.e. Rhyacionia buoliana), cotton (e.g. Pectinophora gossypiella) and apple (e.g.
Cydia pomonella). Due to its longer lifespan (and better flight capabilities) the area
covered in the lifetime of E. roborator may thus be much larger and more diverse
than that of C. flavipes. The area covered in the lifetime of a female C. flavipes (e.g.
a field of sugarcane or maize) could be a patch in the foraging environment of E.
roborator. 'The environmental variability a female E. roborator encounters in its
lifetime is thus much higher than for C. flavipes that forages in a relatively
homogeneous environment.

We can only speculate whether C. flavipes has never evolved the ability to use
learning in host foraging, has lost the ability to learn or does not express the learned
information. Papaj (1993b) hypothesizes that learning as an optimization mechanism
may be an ancestral trait and may have persisted in environments where we do not
expect it. Using simulation models Papaj showed that we may expect evolution
towards congenital responses and/or evolution towards faster and faster learning for
animals foraging in a predictable environments (Papaj 1993a) or for animals with a
limited number of foraging experiences (Papaj 1994). Our results indicate that C.
flavipes does not use learning (anymore) and fully relies on its congenital responses.
Animals are not expected to express learning in situations in which the information
needed to guide behaviour is completely predictable. There could be fitness penalties
when learning is used in a homogeneous predictable environment. Learning can be
less efficient and certain than reliable innate information: it takes time to learn and
mistakes can be made by irrelevant correlations. Animals that do not learn have a
fixed (innate) expectation of the available resources in their world and they may
have evolved rules of thumb for host foraging decisions. One rule of thumb in C.
flavipes could be: do not be choosy and respond to odours from an infested plant
irrespective of the plant or host species. It remains to be investigated which common
odour(s) are used by C. flavipes as host seeking cues.
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Geographic variation in host selection behavior and
reproductive success in the stemborer parasitoid
Cotesia flavipes (Hymenoptera: Braconidae) .

ABSTRACT Local parasitoid populations may be adapted to their sympatric major
plant host complex. Parasitoid strains may thus differ in their propensity to search
for a particular host or micro-habitat or they may differ in their physiclogical
compatibility with particular host species. Cotesia flavipes, a larval parasitoid used
worldwide in biological control against tropical stemborers, has a wide host range
in diverse habitats. The existence of plant and/or host specific strains in C. flavipes
has been postulated. To provide insight in the existence of strains in C. flavipes we
compared the host selection behavior and physiological compatibility with different
stemborers of six different geographic strains of C. flavipes that differed in the plant-
host-complex they were cobtained from. The results of the host selection
experiments indicate that there is no interspecific variation in host selection
behavior among C. flavipes strains. However, our comparative experiments show
variation in reproductive success among strains. The most significant result was that
the strain with the longest period of co-existence with the new host D. saccharalis,
had the highest reproductive success on this host species. We argue thar the earlier
reported existence of C. flavipes strains is not based on a differential host selection
behavior, but on differences in phystological compatability between local parasitoid
and host population.

INTRODUCTION
Many insects utilize diverse resources over the species’ entire geographical range and
local populations may experience different selection pressures. Populations from
distinct regions may be adapted to utilize specific resources. A putatively generalist
species can actually consist of specialist local populations (Fox & Morrow, 1981;
Futuyma & Peterson, 1985). The differentiation of populations within species may
result in populations that differ biologically from other conspecific populations and
are referred to as a strain or race (Diehl and Bush, 1984; Kim and McPheron, 1993).
Intraspecific variability in hymenopteran parasitoids is well known and has been
reported for ecological, behavioral and physiological traits, such as climatic
adaptability, diapause, host selection and virulence (reviewed by: IHopper et al.,,

Subrnitted as: Potting, R.P.J., Vet, LLEM. and Overholt, W.A. (1996). Geographic variation in host selection
behavior and reproductive success in the stemborer parasitoid Cotesiz flavipes (Hymenoptera: Braconidae).
Bulletin of Entomological Research.
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1993; Unrubh and Messing, 1993). Local variation in the use of resources has
important implications for the evolution of ecological specialization and is relevant
to host race formation and parasitoid speciation (Diehl and Bush, 1984; Bush, 1994).
Plant and/or host specific strains may result from the combination of selection
pressures on physiological (i.e. virulence) and behavioral traits (host selection). For
instance, strain specific variation in host selection and virulence has been reported
for the hymenopterous parasitoids Cotesia congregata (Kester and Barbosa, 1991,
1994) and Asobara tabida (Kraaijeveld and van der Wel, 1995; Kraaijeveld et al.,
1995). Over time resource specific strains may evolve towards distinct species as
suggested by Vet and Janse {1984) for A. tabida and A. rufescens. Local variation in
the use of resources also has important implications for biological control, because
the selection of appropriate strains is a significant factor in successful biological
control (Roush, 1990; Lewis et al., 1990). For example, it is important to choose a
strain that ensures seasonal synchronization with its host (e.g. Kenis, 1994} as well
as a strain that has the ability (potential) to search for and utilize the target host
species in its micro-habitat (Lewis et al., 1990).

We studied the variation in host selection and virulence among strains of a parasitoid
used worldwide in biological control against stemborers, Following Diehl and Bush
{(1984) we define a strain here as "the cultured offspring of a sample taken from a
field population at a certain time and locality’. The braconid Cotesia flavipes
Cameron is a gregarious endoparasitoid of lepidopterous stemborer larvae that is
indigenous and widespread in the Indo-Australian region {fig 6.1). Due to intro-
ductions against Chilo partellus (Alam et al., 1972; Overholt et al., 1994), Diatraea
saccharalis (Gifford & Mann, 1967; Alam et al., 1971; Fuchs et al.,, 1979; Macedo et
al., 1993) and Chilo sacchariphagus (Betbeder-Matibet & Malinge, 1968) C. flavipes
now also occurs in the Caribbean, major parts of North and South America
(Polaszek & Walker, 1991), several Indian Ocean islands and recently in East-Africa
(Omwega et al.,, 1995). Across its geographic range C. flavipes attacks noctuid and
pyralid stemboring larvae. From field studies it is known to successfully parasitize
more than 20 host species in more than 15 plant species, including economically
important stemborers in maize, sorghum, sugarcane and rice (Potting and Polaszek,
unpubl). The existence of different geographic, host and/or plant specific strains in
C. flavipes has been postulated. This hypothesis is based on laboratory studies on
plant preference behavior of different strains (Mohyuddin et al., 1981; Shami &
Mohyuddin, 1992), on anecdotal notes of increased local (field) parasitism rates after
release of particular parasitoid strains (Mohyuddin, 1990} and on variation in
reproductive success on D. saccharalis among strains of C. flavipes (Wiedenmann and
Smith, 1995).
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Name initial year and site of collection Original host species / plant species Laboratory host / dier

INDO 1994, Sumatra, Indonesia C. sacchariphagus [ sugarcane

MAU 1994, Mauritius C sacchariphagus / sugarcane

PAK-N 1991, Rawalpindi, North Pakistan C partelius / maize C partelius / Maize

PAK.S 1993, South Pakistan C. partellus / maize C. partellus / AD1

TEXAS 1993, Rio-Grande Valley, Texas, USA D. saccharalis / sugarcane D. saccharalis / AD2

THAI 1990, Thailand C. sacchariphagus/ C. infuscatellus / D. sacchavalis / AD2
sugarcane

Figure 6.1 Origins and original host species and plant species of six Cotesia flavipes strains used in
present study, AD1 = sorghum based aruficial diet (Ochieng et al., 1985); AD2 = sugarcane based
artificial diet (Martinez et al., 1988). World map shows approximare geographic range of C. flavipes
(shaded areas) and site of initial collection.

In the present study we compared the behavior and virulence of six geographic
strains of C. flavipes that differed in the plant-host-complex from which they were
obtained. Two strains originated from C. partellus on maize and four strains from
other stemborer species on sugarcane. In this paper we first report experiments to
establish if strains differ in microhabitat preference and in host species acceptance,
and subsequently if the strains differ in their reproductive success on different host
species. To locate the host-microhabitat, C. flavipes females use olfactory stimuli that
are released by stemborer-infested plants (Potting et al., 1995b; Ngi-Song et al.,
1995b). One of the sources of attractive volatiles from the plant-host-complex is the
frass produced by the feeding larvae. To determine variation in plant-host-complex
preference among strains we tested the preference for a particular frass source in an
olfactometer setup. Furthermore, we examined host acceptance and subsequent
reproductive success of different host species by the different strains. To determine
the reproductive success of the different strains on different host species, we
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measured the development time, number and sex of progeny and, as a fitness
measure, the weight of the emerging wasps. In our comparative experiments, a maize
strain was tested against one or two sugarcane strains on the same experimental days
with the same alternative odor sources or hosts, to rule out any day effect. The
alternative odor sources or hosts consisted of the original plant and host species of
the strains under consideration.

If strains are locally adapted to the prevailing plant-host-complex (PHC), we
expect that the strains may exhibit a preference for the PHC from which they
originated and a higher acceptance ratio for the aboriginal host species. Furthermore,
we expect the highest physiological compatibility (i.e. reproductive success) with the
strain’s original host species.

MATERIALS AND METHODS

Parasitoids

Six geographic C. flavipes strains were used for the experiments. The origin and
plant-host-complex from which they were collected are given in figure 6.1. The
wasps of the Mauritius and Indonesia strain were collected in the field and not
maintained in the laboratory. The other strains had been reared in the laboratory
for several years on C. partellus (Pakistan-South) or D. saccharalis (Texas and
Thailand) feeding on artificial diet. For rearing methods of these strains we refer to
Ngi-Song et al. (1995a) and Wiedenmann et al. (1992). The Pakistan-North strain was
maintained on C. partellus feeding on maize stems as described by Potting et al.
(1995b). Prior to emergence parasitoid cocoon masses were transferred to 150 ml.
bottles with an agar medium to maintain a high humidity. Adult parasitoids were
fed with undiluted honey and stored at 15 + 0.5 °C until used for the experiments.
For the experiments, 1-3 days old females were used, which were naive with respect
to frass and host contact.

Hosts

The pyralids Chilo partellus, Chilo auricilius and Diatraea saccharalis larvae were
reared on artificial diets (Ochieng et al., 1985; Martinez et al., 1988). Chilo
sacchariphagus larvae were field collected from sugarcane plantations in Mauritius.
For the experiments, mature stemborer larvae (approx. 4th instar) were used that
had fed for at least 48 h on maize (C. partelius) or sugarcane (C. auricilius, C.
sacchariphagus, D. saccharalis).

Plants
Maize (Zea mays, cv Anjo) and sugarcane (Saccharum officinarum, cv POJ2878) were
grown in a greenhouse. Stem pieces (15 cm) from maize in the flowering stage and
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mature sugarcane plants (g 4-5 cm) were used in the experiments.

Plant-host-complex preference

The preference for odors from a particular plant-host-complex was tested in a Y-tube
olfactometer (Steinberg et al., 1992). Odor sources were placed directly in the two
arms of the Y-tube, behind the double screen mesh. Odor sources consisted of 2 g
frass, produced by stemborer larvae feeding on maize stems or sugarcane stems. In
one experiment (with Indonesia strain) the odor sources consisted of an uninfested
maize plant and C. partellus-infested maize plant, prepared and tested as described
by Potting et al. (1995b). Individual female parasitoids were introduced into the
central olfactometer tube. Walking upwind the parasitoid could choose one of the
olfactometer arms. The observation was counted as a choice when the female passed
the finish line in one of the arms for a period of 15 seconds. Individuals that had not
made a choice within 5 minutes were counted as ’no choice’. For more details on
the test procedure, refer to Potting et al. (1995b). To rule out any day effect, the
reponse of two or three strains were always tested on the same test days, where the
maize strain from Pakistan-North served as a control. Prior to the dual choice tests,
where maize frass was tested against sugarcane frass, the response potential to a
particular frass source was measured, by testing the frass source against clean air. To
determine whether the quantity or quality of volatiles from frass induced a
preference for a particular frass source, a small dose-response experiment was carried
out. In this test wasps of the PAK-N strain were offered a choice between different
quantities {1 g vs 8 g of different frass sources (C. partellus/maize vs C.
anricilius/sugarcane). Prior to these choice tests the attractiveness of the lowest
quantity (1 g) was tested with clean air as control.

Host acceptance

Individual female C. flavipes were introduced in a glass Petri dish (9 cm) containing
a stemborer larva with 2-3 g fresh frass produced by the same stemborer species. The
behavior of the female was observed for 5 min and the time taken to accept the
larva as a host was recorded, as well as the oviposition time. For each test a new
host and fresh frass was used. To rule out any day effect the acceptance ratio (i.e.
percentage of hosts accepted for oviposition) of two strains for two host species were
always tested on the same test days.

Reproductive success

The reproductive succes of the C. flavipes strains was tested in two separate blocks.
In the first series the reproductive succes/parameters of PAK-N and INDO were
determined with C. partellus on maize and C. auricilius on sugarcane as hosts species.
In the second series the reproductive success of the strains from PAK-N, PAK-S,
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TEXAS and THAI was determined with C. partellus on maize and D. saccharalis on
sugarcane as hosts.

The reproductive parameters measured were: clutch size, number of produced
cocoons and the number and sex ratio of emerged adults from parasitized larvae.
Larvae were parasitized by individual females and reared on maize stem pieces (C.
partellus) or sugarcane stem pieces (C. anrictlius, C. sacchariphagus, D. saccharalis) at
2541 °C, 70+5% RH and photoperiod regime of 16L:8D. Due to unexpected
mortality of parasitized hosts as a result of a disease, no reliable data were obtained
on the number of parasitized hosts producing parasttoid offspring. The reproductive
success of the tested strains on the tested host species was therefore analyzed for
hosts that produced at least more than one parasitoid. Clutch size was estimated by
dissecting a part of the parasitized larvae 5-7 days after oviposition and counting the
number of parasitoid larvae. The developmental time was measured as the period
from oviposition until parasitoid adult emergence from their cocoon. In one
comparison (PAK-N and INDO), the emerged parasitoids from each parasitized host
were dried for two days at 65 °C and subsequently weighed on a micro-balance. The
individual female dry weight was estimated from the total dry weight of all emerged
parasitoids from one host. Because individual parasitoid weighings revealed that
males were significantly (1.08x) heavier than females (-test, T= -2.03, P <0.05,
DF =150), individual female dry weight was corrected for sex ratio.

RESULTS

Plant-host-complex preference

In the control tests, where the initial response potential for a particular frass
source was tested (frass vs air), all strains responded to the offered frass sources (fig
6.2). There was no significant difference in the percentage of females that responded
to frass produced by C. sacchariphagus feeding on sugarcane or C. partellus feeding
on maize for wasps of the strains from Pakistan (G-test, P >0.5) Mauritius (G-test,
P>0.1) and Indonesia (G-test, P >0.1} (joined response bars in fig 6.2). Wasps of the
PAK-N strain responded to sugarcane frass produced by D. saccharalis and the
TEXAS and THAI strain both responded to maize frass produced by C. partellus (fig
6.2). The INDO strain was attracted to odors from a C. partellus infested maize
plant (fig 6.2). In the dual choice tests females were exposed to odors from maize
frass (from C. partellus) or sugarcane frass (from either C. awricilius, C.
saccharipbagus, or D. saccharalis). The results, as summarized in figure 6.3, show that
there were no differences in preferences for maize vs sugarcane frass for the strains
tested. With the PAK-N strain as control, no significant shifts in the choice
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Figure 6.2 The percentage of C. flavipes females from different strains responding to odors
from sugarcane or maize frass from different stemborer species in a Y-tube olfactometer.
Bars indicate response level (grey) and percentage choosing for air (white) or frass (black).
Connected bars indicate blocks tested on same experimental days. Numbers indicate number

of females tested.

distribution were found for the strains: PAK-S (G=0.08, df=1, P>0.5), MAU
{G=0.77, df=1, P>0.5) and INDO (G=0.70, df=1, P>>0.5} for the choice between
maize frass (C. partellus) and sugarcane frass (C. sacchariphagus); TEXAS and THAI
(G=2.06, df=2, P>0.1) for the choice between maize frass (C. partelius) and
sugarcane frass (D. saccharalis) and INDO (G=0.08, df=1, P>>0.5) for the choice
between maize frass (C. partellus) and sugarcane frass (C. auricilius).

The choice for maize or sugarcane frass seems to be dependent on the quantity
rather than on the quality of the released odors. The choice for maize or sugarcane
frass by the PAK-N strain could be manipulated by increasing the amount of frass
(fig 6.4). Although 1 g of maize or sugarcane frass could attract wasps when tested
against air (fig 6.4), the wasps significantly preferred (G=10.3, df=1, P <0.01) the
arm in the olfactometer with 8 g maize or sugarcane frass in the dual choice tests (fig
6.4).

Host acceptance

The results of the host acceptance experiments are summarized in figure 6.5, where
the bars indicate the time until host acceptance (acceptance speed) and the
percentages within the bars the percentage of hosts accepted for oviposition
(acceptance ratio). In the first series females from the PAK-N and MAU strain
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PN MA PN IN PN PS8 PN TX TH PN IN

Figure 6.3 Choice of C. flavipes strains for odors from sugarcane or maize fras from different
stemhborer species in Y-tube olfactometer. Bars indicate percentage choosing for particular odor
source. Strains are indicated by: PN: Pakistan North, MA: Mauritius, IN: Indonesia, PS: Pakistan
South, TX: Texas, TH: Thailand. Maize stemborer in all tests C. partellus; sugarcane borer species
used in test A, B, C: C. sacchariphagus, D: D\ saccharalis and E: C, auricilins. Connected bars indicate
blocks tested on same experimental days, significant preference differences within blocks were tested
with G-test for goodness of fit (P < 0.05). Numbers of females for: A (n="56); B {n=46); C (n=45);
D,E (n=40).
n.s.

wor [ -

Cholces %
(-]

Figure 6.4 Response of C. flavipes 1o different quantities of frass in olfactometer. Odor sources
consisted of AIR: clean air; M-1, M-8: 1 g or 8 g frass from C. partellus feeding on maize; $-1, 5-8:
1 g or 8 g frass from C. auricilius feeding on sugarcane. Differences in choice distribution were
tested with G-test for goodness of fit {P<0.05) for connected bars. Numbers of females for: AIR
vs 1 g frass (n=50); 1 g frass vs 8 g [rass (n=>55).

96




Variation among strains

accepted C. partellus and C. sacchariphagus in an equal rate for oviposition (within
strain pairwise G-tests, P>0.01). For the PAK-N and MAU strain, there was no
significant difference in the time until acceptance for the two host species (fig 6.5a).
However, MAU females that originated directly from the field, accepted their hosts
significantly slower than females from the laboratory strain from PAK-N (host
species pooled, Mann Whitney U-test, P < 0.0001). A similar pattern was found in
the second series where the acceptance speed and ratio for C. partellus on maize and
C. auricilius on sugarcane were determined for the INDO and PAK-N strains (fig
6.5b). There were no significant differences in the acceptance speed (Mann Whitney
U-tests, P>>0.05) and acceptance ratios (G-tests, P>0.5) for the two host species
within strains. However, INDO females accepted their hosts significantly slower
(host species pooled, Mann Whitney U-test, P <0.01) and at a significantly lower
rate (host species pooled, G-test, P<0.0001) compared to the PAK-N females (fig
6.5b).

In the third series, the acceptance speed and ratio for C. partellus on maize and
D. saccharalis on sugarcane were determined for the TEXAS, THAI and PAK-N
strain (fig 6.5¢). There was no difference in acceptance ratio, because the three strains
accepted all offered hosts. However, THAI (Mann Whitney U-test, P < 0.0001) and
TEXAS (Mann Whitney U-test, P < 0.01) accepted C. partellus significantly slower
than D. saccharalis. There was no significant difference in the acceptance speed of the
two host species in the PAK-N strain (fig 6.5¢).

Reproductive success

Chilo partellus vs Chilo auricilius

In the first series the reproductive succes of the PAK-N and INDO strain was
determined with C. partellus on maize and C. auricilius on sugarcane as host species.
The results are summarized in table 6.1 and fig 6.6. There was no significant
difference in the number of progeny allocated by the two strains in the two host
- species (Two way ANOVA: STRAIN (F=0.64, P>0.4), HOST (F=1.0, P> 0.3} and
STRAIN*HOST (F=3.5, P>0.05). However, the survival rate (mean number
emerged / mean clutch size) was higher for the PAK-N strain (fig 6.6). The PAK-N
strain produced significantly more offspring on C. partellus than the INDO strain
(table 6.1). Furthermore, the PAK-N strain developed significantly faster on both
host species than the INDO strain (table 6.1}. No significant differences were found
in the sex ratio of the emerged progeny of the two strains on the two host species.
However, ANOVA indicates there was a significant strain*host interaction. The
PAKX strain produced the lowest ratio of males on C. partelius, whereas the INDO
strain produced the lowest ratio of males on C. auricilius (table 6.1). There was no
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Host acceptance
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Figure 6.5 Host acceptance of different stemborer species by C. flavipes strains. (A)
Acceptance of C partellus and C. saccharipbagus by C. flavipes strains of Pakistan and
Mauritius (n=25). (B) Acceptance of C partellus and C. awricilius by C. flavipes strains of
Pakistan and Indonesia (n=25). (C) Acceptance of C. partellus and D. saccharalis by C.
favipes strains of Pakistan, Thailand and Texas (n=20). Bars indicate dme {mean (sec} + SE)
till acceptance of host, percentage within bars indicate percentage of accepted hasts.
Asterisks indicate significant differences in acceptance time (t-test, P <0.05).
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PAKISTAN-N INDONESIA
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Figure 6.6 Estimated clutch size, number of produced cocoons and number of emerging
adults of C. flavipes strains from Indonesia and Pakistan on C. partellus on maize (black
bars) and €. auricilius on sugarcane (shaded bars). Differences between strains were tested
with t-test for unequal variances (P <0.05). Numbers above bars indicate sample size.

significant difference in the individual dry weight of parasitoids emerging from C.
partellus or C. auricilius (table 6.1). ‘

Chilo partellus vs Diatraea saccharalis

In this series the reproductive success of the strains from PAK-N, PAK-S, TEXAS
and THAI was determined with C. partellus on maize and D, saccharalis on
sugarcane as hosts. The results are summarized in fig 6.7 for TEXAS and PAK-N
and table 6.2 for PAK-N, PAK-S, TEXAS and THAI There was no significant
difference in the clutch size (estimated by number of progeny present after five days)
allocated to C. partellus or D. saccharalis larvae by C. flavipes females from TEXAS
and PAK-N (fig 6.7). However, significant differences in the survival rate of the
parasitoid progeny were found. Both TEXAS and PAK-N had a significantly higher
survival rate in C. partellus compared to D. saccharalis (fig 6.7). All the strains tested
in this series produced signifantly more offspring on C. partellus than on D.
saccharalis (table 6.2). There was no significant difference in the number of offspring
produced among the strains on C. partellus (F=1.85, P>0.1, DF=3), but a
significant difference was found in the number of offspring produced among the
strains on D. saccharalis (F=9.14, P<0.0001, DF=3). The strain from TEXAS
produced significantly more offspring on D, saccharalis than C. flavipes from PAK-N,
PAK-S and THAI (Tukey multiple range test, P <0.05). No significant difference
was found in the egg to adult development time on the different host species (table
6.2) and between the strains (One way ANOVA, C. partellus: F=1.21, P>0.3,
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PAKISTAN-N TEXAS
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Figure 6.7 Estimated clutch size, number of produced cocoons and number of emerging
adults of C flavipes strains from Texas and Pakistan on C partellus on maize and D.
saccharalis on sugarcane. Differences between strains were tested with ttest for unequal
variances (P < 0.05). Numbers above bars indicate sample size.

DF=3; D. saccharalis: F=1.54, P>0.2, DF=3). There was no significant difference
in sex ratio of emerged C. flavipes from the different host species within a strain
{table 6.2) and between the strains (One way ANOVA, C. partellus: F=1.37,P>0.2,
DF=3; D. saccharalis: F=1.93, P>0.1, DF=3).

DISCUSSION
Biological control programmes in which an exotic natural enemy is introduced into
a new environment offer an opportunity to test ecological and evolutionary
hypotheses (Greathead, 1986). Introduction of a parasitoid population can induce
artificial allopatric speciation, by forcing the parasitoid to locally adapt to its new
host or host-micro-habitat. This scenario could induce the formation of adapted
parasitoid races and over time even distinct species. In biological control the
performance of a released parasitoid population is dependent on its behaviour and
physiology. The parasitoids not only must be able to locate the potential hosts
successfully, but also must be able to develop in these hosts. The failure or succes
of a parasitoid introduction can thus be dependent on the behaviour of the
parasitoids (i.e. host selection) and/or on the physiological compatibility between
the introduced parasitoid strain and the local host population. In this study we
compared the host selection behavior and physiclogical compatibility with different
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Table 6.2 Development time (days), number of progeny produced, sex vatio (% males) for C. flavipes
strains from Pakistan, Texas and Thailand on C, parrellus on maize and D. saccharalis on sugarcane.
Results of one way ANOVA are indicated (P <0.05). Differences between means within a strain
are indicated by different letters (-Test for unequal variances, P < 0.05),

Development time Egg- Progeny produced Sex ratic

Adult {days) per host (% males)
STRAIN / host species n mean sD mean Sb mean SD
PAKISTAN (NORTH)
Chila partellus 2 18.1a 0.5 35.6a 9.0 4062 347
Diatraea saccharalis 14 18.8a 1.8 14.3b 6.2 56.2a 423
TEXAS
Chilo partellus 24 18.5a 1.1 39.0a 12.2 48.8a 39.5
Diatraca saccharalis 20 18.3a 0.7 26.7b 8.5 330 29.2
THAILAND
Chilo partelius 15 18.4a 0.8 3Lia 13.4 64.8a 376
Diatraea saccharalis 10 19.5a 12 18.4b 7.0 58.8a 297
PAKISTAN (SOUTH)
Chilo partellus 12 18.5a 0.8 38.8a 74 45.6a 307
Diatraea saccharalis 7 18.4a L& 14.9b 7.8 44.2a 25.0
One way ANOVA for strain DF F P F P F P
Chilo partellus 3 1.21 n.s 1.85 n.s. 137 n.s.
Diatraea saccharalis 3 1.54 ns 2.14 0.0001 193 n.s.

stemborers of six different geographic strains of C. flavipes that differed in the plant-
host-complex they were obtained from.

Host selection

The existence of plant specific strains in C. flavipes has been postulated by previous
researchers and is based on results of differential responses to various frass sources
in contact experiments (Mohyuddin et al, 1981; Inayatullah, 1983) and in
olfactometer experiments (Shami 8 Mohyuddin, 1992). Among-population variation
in host selection may result from genetic differences between populations or from
phenotypically plastic responses due to different development and emergence
environments (i.e. early adult learning). Potting et al. (1995¢) demonstrated that early
adult learning does not play a significant role in plant and host species selection in
C. flavipes, indicating that the proposed strain existence may be based on genetic
differences.

However, we did not find any evidence for plant/host specific strains in our host
selection and acceptance experiments. The populations that originated from C
partelius on maize (PAK-N and PAK-S) responded to all offered sugarcane frass
sources in the olfactometer and (PAK-N) accepted the sugarcane borers (C. auricilius,
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C. sacchariphagus, Diatraea saccharalis) as a host. The MAU, INDO, TEXAS and
THAI populations, all originating from sugarcane stemborers, responded to maize
frass and all accepted the maize stemborer C. partellus. In the dual choice tests in the
olfactometer, where strains were tested at the same time in a sound comparative
manner, no significant differences between the strains were found for the preference
for maize or sugarcane frass (fig 6.3). The preference for maize or sugarcane (in our
experimental setup) seems to be based on quantitative differences rather than
qualitative differences between odors emanating from frass, as evidenced by the dose-
response experiment (fig 6.4).

There was no significant difference in the acceptance ratio of the original host
and the alternative host by the tested strains (fig 6.5). The only difference found was
that TEXAS and THALI took a longer time before accepting C. partelius compared
to their original host D. saccharalis, but there was no significant difference in the
acceptance ratio. This low specificity in response towards odors from different frass
sources and low specificity in host species acceptance was not due to loss of
specificity of laboratory cultures (PAK-N, TEXAS, THAI) as the two tested field
strains (INDO and MAU) also had a low specificity. The only significant difference
found was that the two field strains were more reluctant to accept the hosts under
the artificial laboratory conditions. Both strains took a longer time before they
accepted the unconcealed host and in case of the INDO strain also at a significantly
lower acceptance rate. It seems quite common that initiating a parasitoid culture
with material from the field is difficult in the first generations (i.e host acceptance)
and alleviates after several generations, probably due to an (artificial) selection
process for acceptance behavior in the laboratory.

To conclude, our results indicate that there is no strain specific variation in host
selection behavior in C. flavipes. This contradicts the results of Mohyuddin et al.
(1981) and Shami and Mohyuddin (1992). Reasons for this discrepancy may be due
to differences in biological material, experimental setup and procedures. For instance,
we used as sugarcane stemborer species C. sacchariphagus, D. saccharalis and C.
auricilius, whereas Mohyuddin et al. (1981) used Acigona steniellus and Shami and
Mohyuddin (1992) used Chilo infuscatellus. A second factor may be due to
procedural differences. A differential preference among strains can only be
demonstrated by testing the strains under similar conditions at the same time. For
instance, our small dose-response experiment demonstrated that the preference for
frass from maize or sugarcane source could be controlled by manipulating the
quantity of frass (fig 6.4). In our experiments a maize strain was always tested at the
same time against one or more sugarcane strains with the same odor sources to rule
out any day or condition effects. It is not clear whether this was done by
Mohyuddin et al. (1981) and Shami and Mohyuddin (1992).

Potting et al. (1995a) argue that, as a consequence of the high mortality rate at
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each host attack inside the stem, C. flavipes is expected to encounter only a few
hosts in its lifetime. They further argue that due to this low host encounter rate C.
flavipes has a low specificity within its narrow foraging niche consisting of
stemboring larvae in gramineous plants. Besides the present study, this low
specificity has been demonstrated several times in C. flavipes. For instance, Gifford
and Man (1967) reported acceptance of seven unsuitable host species. The acceptance
of a host and subsequent encapsulation of parasitoid progeny has been reported for
the economically important stemborers Ostrinta nubilalis (Chiang and Palmer, 1978),
Eldana saccharina (Conlong unpubl)) and Busseola fusca (Ngi-Song et al., 1995a).
When a parasitoid with a low specificity is introduced into a foreign region, new
parasitoid-host associations can develop when related host species occur in the same
niche as the aboriginal host species (Hokkanen & Pimentel, 1989). An example of
this is the succesfull biological control of Diatraea spp. with C. flavipes in the new
world (Alam et al., 1971; Fuchs et al., 1979).

Reproductive success
Our comparative experiments show variation in reproductive success among strains.
For instance, the PAK-N strain developed faster and had a higher survival rate in
both host species compared to INDO strain (table 6.1). This could indicate that the
laboratory PAK-N strain is better adapted to the laboratory conditions than the
INDO field strain. The only significant difference found in the comparison of the
reproductive success of the INDO and PAK-N strains on C. partellus and C.
auricilius was the lower percentage of males produced on the host species from
which they originated (table 6.1). Whether this difference in sex ratio is based on a
sex linked differential mortality needs further study. The differences in reproductive
success among strains were more pronounced in the comparison of reproductive
success on C. partellus and D. saccharalis (table 6.2, fig 6.7). In new host-parasitoid
relations, selection will favor physiological adaptation of the parasitoid to its new
host. The relative suitability of a certain host is likely to depend on the co-
evolutionary history of the parasitoid with that particular host. For instance, the
association between the old world parasitoid C. flavipes and the new world host D.
saccharalis is novel. As expected, all strains had a lower survival on D. saccharalis
compared to C. partellus, their ancestral host (table 6.2). Interestingly, the TEXAS
strain had the highest survival rate on D. saccharalis compared to the other tested
strains. The strain from Texas has the longest co-evolutionary history with the new
host D. saccharalis, since it was introduced and established in 1977 in Texas, USA
on D. saccharalis in sugarcane (Fuchs et al., 1979). Wiedenmann and Smith (1995)
also found that the TEXAS strain had a higher reproductive success on D, saccharalis
compared to the THATI strain.

Qur results corroborate anecdotal reports of variation in virulence of C. flavipes
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strains. Mohyuddin (1990) reported that in Pakistan C. flavipes established on C,
partellus in maize, but did not succesfully parasitize C. infuscatellus and Acigona
steniellus in sugarcane. After release of sugarcane strains of C. flavipes from
Indonesia, Thailand and Barbados, C. flavipes established succesfully on C
infuscatellus and A. steniellus. However, it was not investigated whether this was due
to a difference in virulence and/or a differential preference. Mohyuddin (1990}
further reported that a local population of C. flavipes in Indonesia was found to
parasitize Chilo sacchariphagus succesfully, but was encapsulated by another
sympattic host Chilo auricilius. After introduction of a C. flavipes sugarcane strain
from Thailand, the field parasitization rate of C. auricilius increased from 0-15%. On
Mauritius, C. flavipes is unable to develop on the sympatric S. calamistis (Rajabalee
and Govendasamy, 1988), whereas a strain from Pakistan successfully attacks §.
calamistis in Kenya (Ngi-Song et al., 1995a). Variation in physiological compatibility
is also reported in a close relative of C. flavipes, the Alrican stemborer parasitoid
Cotesia sesamiae {Polaszek and Walker, 1992). Within its geographic range C.
sesamiae encounters different host species complexes. For instance, in East and
Southern Africa the stemborer Busseola fusca occurs primarily in areas 800 m above
sea level. A population of C. sesamize from the coastal area of Kenya is unable to
develop in B. fusca, because their eggs are encapsulated (Ngi-song et al., 1995a),
whereas C. sesamiae populations from higher altitudes in Kenya successfully attack
the sympatric host B. fusca (Ngi-Song and Overholt, unpubl. data).

In comparing the virulence of parasitoid strains, it has to be stressed that a
difference in physiological compatibility between strains may reflect a difference in
virulence of the (tested) parasitoid populations, but may also reflect a difference in
the ability of the host population in encapsulating the parasitoids progeny. In a
detailed study of the relationship between the parasitoid Asobara tabida and its
drosophilid hosts, Kraaijeveld and coworkers not only showed in controlled
laboratory experiments that there was variation in virulence between parasitoid
populations (Kraaijeveld and van der Wel, 1995), but that there was also vanation
in encapsulation ability between host populations (Kraaijeveld and van Alphen,
1995),

Although biological control programs offer an opportunity to evaluate the
environmental impact on populations, few direct comparisons have been made of
behavior and physiology of parasitoids before and after introduction on different
host species, Le Masurier and Waage (1993) found that a recently introduced
population of Cotesia glomerata in the USA had a higher attack rate on Pieris rapae,
a host generally avoided in its aboriginal home Europe. It would be interesting to
test under controlled conditions, whether the American C. glomerata population is
also physiologically better adapted to P. rapae than its European congener, which
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performs relatively poor on this host species (Geervliet and Brodeur 1992).

To conclude, our results indicate that there is no significant variation in host
selection behavior among strains in C. flavipes, but we did find significant variation
in virulence among strains. The reported anecdotal cases of increased parasitization
rates of sugarcane stemborers after introduction of sugarcane strains (Mohyuddin,
1990) may thus not be due to a differential preference behavior, but to an increased
physiological compatibility between the introduced parasitoid strain and the local
host population.
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Classical biological control involves the introduction of an exotic natural enemy
to control an introduced pest species. In 1991 the department of Entomology of
the Wageningen Agricultural University started a collaborative project with the
International Centre for Insect Physiology and Ecology (ICIPE) in Nairobi
Kenya, on the biological control of stemborers in Africa. The gregarious endopa-
rasitoid Cotesia flavipes (Hymenoptera: Braconidae) was chosen as the natural
enemy to be introduced against the accidentally introduced pest Chilo partellus
(Lepidoptera: Pyralidae) in East-Africa (Overholt et al., 1994; Omwega et al,,
1996). The research described in this thesis was related to this project and
addressed several aspects of the behavioral ecology of this parasitoid. In the first
part, gaps in the knowledge on behavioral ecology of C. flavipes are studied
which include the long- and short-range searching behavior, some aspects of the
life history and host discrimination abilities. The second part focuses on the
intraspecific variability in C. flavipes behavior and here we determine to what
extent the reported plant and host specificity in C. flavipes has a genetic basis or
is due to phenotypic plasticity through learning.

Micro-babitat and host location in Cotesia flavipes

The first part addresses the origin of the olfactory stimuli involved in host-
microhabitat location {chapter 2) and the contact stimuli involved in tunnel and
host location on a stemborer infested plant (chapter 3}. In chapter 2 it is demon-
strated that a major source of the attractive volatiles from the plant-host-complex
is the stemborer-injured stem, including the frass produced by the feeding larvae.
Moreover, the production of volatiles attractive to a parasitoid is not restricted to
the infested stem-part but occurs systemically throughout the plant. The unin-
fested leaves of a stemborer-infested plant emit volatiles that attract female C
Sflavipes. An exogenous elicitor of this systemic plant response is situated in the
regurgitate of a stemborer larva, When a minor amount of regurgitate is inocu-
lated into the stem of an uninfested plant, the leaves of the treated plant emit
volatiles which attract female C. flavipes. Evidence is accumulating that plants are
actively involved in attracting natural enemies (Dicke, 1994). However, whether
plants have specifically evolved the ability to release volatiles that attract natural
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enemies of the herbivore that is attacking them remains a matter of debate (Bruin
et al. 1995).

Foraging bebavior on stemborer infested plant

Once a female C. flavipes has located a stemborer infested plant, it has to locate
the concealed host inside the plant stem. In chapter 3 the behavior of female C.
flavipes on stemborer infested plants was investigated. It is demonstrated that
larval frass, caterpillar regurgitate and holes in the stem are used in host location
by C. flavipes. After locating the exit hole of the stemborer tunnel, where larval
frass has accumulated, the parasitoid female tries to enter the stemborer tunnel.
This can take a long time because the tunnel is often blocked by larval frass and
the female sometimes has to squeeze through small holes. The response to host
products by C. flavipes seems not to be host species specific. Female C. flavipes
respond to frass from four different stemborer species and one leaf feeder. No
differences are found in the behavior of C. flavipes on maize plants infested with
the suitable host, Chilo partellus (Lepidoptera: Pyralidae), or the unsuitable host,
Busseola fusca (Lepidoptera: Noctuidae). Attacking a concealed stemborer larvae in
the confined space of stemborer tunnel is not only time consuming but also
risky. It is demonstrated that 30-40% of the parasitoids is killed by the spitting
and biting stemborer larva. Takasu and Overholt (1996) showed that a female
parasitoid has a high probability (0.9) to be bitten to death when it approaches
the host towards the head. However, the majority of the females were first able
to successfully parasitize its offensive host before being killed. A female C.
Ffavipes needs only a few seconds to inject around 45 eggs into its host. The high
probability of mortality at each host encounter results in a very low expectation
of the number of lifetime host encounters. The possible consequences of this low
lifetime host encounter rate for the evolution of life history- and foraging
strategies formed the basis of a large part of this thesis.

Life bistory of Cotesta flavipes

C. flavipes is relatively short lived: without food the parasitoids die within two
days, with food and under high humidity conditions they die within 5-6 days. In
chapter 3 the fecundity and clutch size allocation of C. flavipes was investigated.
It is demonstrated that C. flavipes is pro-ovigenic and has around 150 eggs
available for oviposition. In the first encountered hosts 35-45 eggs per host are
laid. Thus, a relatively large proportion of the available egg load (20-25%) is
allocated to each host, and a female C. flavipes is equipped with an eggload to
parasitize 3-4 hosts only. Especially for animals whose lifetime reproductive
success is limited by opportunities to reproduce, clutch size theory predicts a
maximization of the fitness gain per clutch (Godfray, 1987). This may be true for
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C. flavipes, which has a short lifespan and a high mortality risk at each host
encounter, resulting in a low number of expected lifetime host encounters
(Chapter 3). In chapter 4 it is demonstrated that the number of produced adults
from superparasitized hosts is equal to that of singly parasitized hosts. This
indicates that female C. flavipes indeed lay an optimal clutch size in fourth instar
C. partellus larvae.

Host- and bost-site discrimination

The fitness consequences of superparasitism and the mechanism of host dis-
crimination in Cotesia flavipes are described in chapter 4. Naive females readily
superparasitized and treated the already parasitized host as an unparasitized host
by allocating the same amount of eggs as in an unparasitized host. However,
there was no significant increase in the number of emerging parasitoids from
superparasitized hosts due to substantial mortality of parasitoid offspring in
superparasitized hosts. Furthermore, the developmental time of the parasitoids in
a superparasitized host was significantly longer than in a singly parasitized host
and the emerging progeny were significantly smaller (body length and head
width). Naive females entered a tunnel in which the host was parasitized 4 hours
previously and accepted it for oviposition. Experienced females (oviposition
experience in unparasitized host) refused to enter a tunnel with a host parasitized
by herself or by another female. In experiments where the tunnel and/or host
was manipulated it was demonstrated that the female leaves a mark in the tunnel
when she has parasitized a host. The function of the avoidance of superparasitism
in C. flavipes is clear: a discriminating female saves searching time, avoids the
wastage of eggs and avoids a direct mortality risk. The mechanism of host
discrimination is the recognition of a chemical mark on the tunnel substrate.

The role of learning in host foraging

Many studies have shown that parasitoids can learn visual or olfactory stimuli
associated with successful host location and use these odours in subsequent
foraging decisions (reviewed by Turlings et al., 1993; Vet et al., 1995). The ability
to learn has now been demonstrated in more than 20 different parasitoid species
and learning in parasitoids seems to be the rule rather than the exception
(Turlings et al., 1993). In chapter 5 the role of learning in host foraging in C.
flavipes was investigated. Using experimental procedures similar to other para-
sitoid learning studies, the role of the learning mechanisms priming (i.e. increase
in response) and preference-induction in the foraging of C. flavipes was deter-
mined. No evidence was found that C. flavipes uses odour learning in host-
microhabitat location. There was no significant effect of the development and
emergence environment on the response level or preference towards infested
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plant odours. Neither was any evidence found that experience with a particular
plant-host-complex during foraging influences subsequent foraging decisions in C,
Sflavipes females.

Recent discussions of animal learning emphasize the importance of considering
an animals ecology when studying and interpreting its learning abilities. Recently,
it has been hypothesized that the adaptive value of learning in foraging is
dependent on the predictability of the environment (Stephens, 1993) and the
number of lifetime foraging decisions (Roitberg et al., 1993). Learning is not
expected when the foraging environment is highly predictable (i.e. the resource is
constant) and when animals make only a few decisions while foraging. Taking
the ecology of C. flavipes into account it is hypothesized that two factors may be
responsible for the lack of learning in foraging in C. flavipes: a predictable
foraging environment and the restricted number of lifetime foraging decisions.

EVOLUTION OF LIFE HISTORY AND FORAGING STRATEGIES
Evolutionary ecological theory concentrates on the interpretation of form and
function of individuals as adaptations to their environment. Theories of life
history evolution predict what sorts of life history should evolve in specified
ecological circumstances (e.g. Stearns, 1992; Roff, 1992) and optimal foraging
theory addresses the problem of choice among resources or habitats (e.g. Krebs
and Davies, 1981; Stephens and Krebs, 1986). It is tempting to relate the ecology
of C. flavipes with its life history characteristics and its foraging tactics. The
stemborer parasitoid C. flavipes has a peculiar ecology. It not only forages for
hosts in a relatively homogeneous and predictable habitat, but it also has a risky
attack tactic resulting in a low number of expected lifetime host encounters.

The small C. flavipes attacks stemborer larvae by entering the stemborer
tunnel (chapter 3). To reach the host, the parasitoid female has to squeeze
through small holes in the tunnel which is filled with larval frass. It has been
suggested that the dorso-ventral body shape, which is typical of the Cotesia
species belonging vo the Coresia flavipes complex is an adaptation to this ingress
behavior (Kimani, pers. comm.). Attacking a host in the confined space of a
stemborer tunnel is not without risk for the female parasitoid. At each host
attack the female has a considerable risk to be killed by its aggressive host
(chapter 3). The short oviposition time (around 40 eggs in 3-4 seconds) may be
an adaptation to this mortality risk. The majority of the females that are killed
have already successfully parasitized their host.

The relatively high mortality risk at each host encounter in combination with
the short lifespan results in a very low number of expected lifetime host encoun-
ters. This is reflected in the eggload of a female at emergence, which is just
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enough to parasitize 3-4 hosts (chapter 3). When the probability of surviving to
find another host is small, optimal progeny allocation models predicts an optimal
"Lack’ clutch size, where fitness is maximized per host (Waage & Godfray, 1985;
Godfray 1987). Although it was not tested in depth the results of the superpara-
sitism experiments (chapter 4) indicated that C. flavipes lays an optimal clutch
size.

The foraging environment of a female C. flavipes can be envisaged as a homo-
geneous and stable habitat, consisting of a field of perennial grasses with a few
prevalent stemborer species. In chapter 5 it is hypothesized that this predictable
foraging environment together with the Jow number of expected lifetime host
encounters plays a part in the absence of (odor) learning in C. flavipes host
foraging. In chapter 4 it is demonstrated that female C. flavipes leave an external
mark on the tunnel substrate after parasitization. It is generally hypothesized that
marking evolved as a means for individuals to avoid superparasitizing hosts they
themselves previously parasitized (Roitberg and Prokopy, 1987). A female C
flavipes saves time and avoids a superfluous mortality risk by avoiding utilized
host tunnels.

When a parasitoid has a high mortality risk at each oviposition, life history
theory predicts a high selectivity to avoid waste of progeny (Iwasa et al., 1984;
Ward, 1992). The parasitoid should not risk her life for low quality hosts, such as
unsuitable hosts or already parasitized hosts, However, naive female C. flavipes
(no oviposition experience) seem to have a very opportunistic host selection
behavior., In chapter 3 it is demonstrated that C. flavipes did attack the (new)
unsuitable host B. fusca and in chapter 5 it is found that naive females did utilize
a previously parasitized host. The lack of an innate ability or willingness to avoid
low quality hosts in C. flavipes may be due to the constrained opportunities to
find and parasitize hosts. Each animal faces a evolutionary trade off between
reproducing now or in the future, whereby survival chances play a determining
role. The best strategy for a recently emerged naive female C. flavipes is to accept
the first encountered host, irrespective its quality. Superparasitism pays when
future expectancy of host encounter rate is very low. The lower fitness increment
of superparasitism (in comparison with single parasitism) will always outweigh
the fitness penalty of not finding any unparasitized host.

In chapter 5 it is demonstrated, however, that females with oviposition experi-
ence do avoid previously utilized stemborer tunnels. The increased choosiness
after an oviposition experience in an unparasitized host may be due to the fact
that, the parasitoids assessment of host availability has changed. When there is a
high chance of finding unparasitized hosts it does pay to reject. Furthermore, in
contrast to naive females, oviposition experienced females that superparasitize run
the risk to encounter a host they themselves previously parasitized (Van Alphen
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and Visser, 1990). A safe strategy of females that have already parasitized one or
more hosts may be to avoid any already parasitized host to avoid competition
among her own progeny.

VARIATION IN PARASITOID BEHAVIOR AND BIOLOGICAL CONTROL

In biological control the performance of a released parasitoid population in the
field is dependent on the ability of individual females to locate hosts. The
behaviour of parasitoids is not fixed and predictable, but most of the times highly
variable. This variation in behaviour can be an obstacle in the effective use of
natural enemies in biological control, so it is necessary to understand the sources
of variation in behavior (Vet et al., 1990; Lewis et al., 1990). In this way we can
predict the general behavior of the natural enemy population in the field better
and we may even be able to manipulate it.

Behavioral variation may exist because individuals differ genetically in
propensity to find or accept different hosts. Secondly, individuals may differ
because they have experienced different environments (i.e. learning).

Local variation in parasitoid behavior and physiology

The existence of plant specific strains in C. flavipes has been postulated by
Mohyuddin and coworkers {e.g. Mohyuddin et al., 1981; Mohyuddin, 1990).
However, the genetic and/or phenotypic basis for this reported specificity has
never been addressed thoroughly. For instance, early adult conditioning can
mimic genetic differences between parasitoid strains. However, in chapter 5 we
demonstrated that there is no early adult conditioning for the development and
emergence environment in C. flavipes, indicating innate (genetic) differences
among strains. Therefore, the between population variation in behavior and
physiology of C. flavipes populations was investigated in more detail in chapter
6. The host selection behavior and physiological compatibility with different
stemborers (i.e. parasitoid virulence) was compared for six different geographic
strains of C. flavipes that differed in the plant-host-complex they were obtained
from. The results of these host selection experiments indicated that there is no
interspecific variation in host selection behavior among C. flavipes strains, which
contradicts the finding of the Mohyuddin research group. However, the compara-
tive experiments did show variation in reproductive success among strains. The
most significant result was that the strain with the longest co-existence time with
the new host D. saccharalis, had the highest reproductive success on this host
species. It is argued that the earlier reported existence of C. flavipes strains is not
based on a differential host selection behavior, but on differences in physiological
compatibility between local parasitoid and host population. C. flavipes has been
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used on a worldwide scale in biological control against stemborers with varying
degree of success (Polaszek and Walker, 1991). The failure of biological control
with C. flavipes may be due to the introduction of an inappropriate strain, The
present study has demonstrated that there is no differential plant preference
among strains, but that there are differences in parasitoid virulence among strains.
For a reliable biological control with C. flavipes it is thus important to select a
strain that is physiologically adapted to the target host population.
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Het foerageergedrag van parasitaire wespen is een interessant onderwerp voor
gedragsoecologisch onderzoek. Ten eerste vanuit een evolutionair oecologisch
gezichtspunt. Bij sluipwespen bestaat er een directe correlatie tussen foerageren
en reproduceren. Het reproduktieve succes van een sluipwesp is afhankelijk
van het aantal en de kwaliteit van de gastheren, die ze in haar leven kan
vinden en parasiteren. De natuurlijke selectiedruk op een zo efficiént mogelijk
foerageerproces is dus groot. Daardoor zijn sluipwespen dankbare
onderzoeksobjekten om foerageertheorieén te testen, die onderzoeken of
individuen zich als optimale besluitvormers gedragen bij de beslissingen die
ze nemen tijdens het zoeken naar geschikte prooien of voedselbronnen.

Een tweede aspect, dat het onderzoek naar het foerageergedrag van
sluipwespen aantrekkelijk maakt is dat parasitaire wespen steeds vaker ingezet
worden bij de biologische bestrijding van insektenplagen. Om een betrouwbare
en voorspelbare biologische bestrijding met sluipwespen te waarborgen is het
van belang om een goed inzicht te verkrijgen in het foerageergedrag van de
ingezette natuurlijke vijanden, bijvoorbeeld in de factoren die een rol spelen
bij de voorkeur die een sluipwesp kan hebben voor een bepaalde gastheer op
een bepaald gewas (plant-gastheer-complex).

Het onderzoek gepresenteerd in dit proefschrift richtte zich op de
gedragsoecologie van Cotesia flavipes (Hymenoptera: Braconidae), een sluipwesp
die wereldwijd meerdere malen is ingezet bij de biologische bestrijding van
stengelboorders. Stengelboorders zijn rupsen (Lepidoptera: Pyralidae,
Noctuidae), die zich in de door henzelf gemaakte tunnels voeden van het
stengelweefsel van de plant. Door hun verborgen levenswijze, zijn
stengelboorders moeilijk met conventionele (chemische) methodes te bestrijden
en zijn ze beruchte plaaginsekten in bijvoorbeeld suikerriet (bijv. Diatraea
saccharalis), mais (bijv. Ostrinia nubilalis ) en rijst (bijv. Chilo suppresalis). Een van
de economisch gezien belangrijkste stengelboorders op het Afrikaanse
continent is de mais-stengelboorder Chilo partellus. In de zestiger jaren is C.
partellus vermoedelijk vanuit zuidoost Azi€ per ongeluk geintroduceerd op het
Afrikaanse continent en breidt zich nog continu uit, waarschijnlijk door het
ontbreken van een aangepaste natuurlijke vijand gemeenschap. In
samenwerking met de vakgroep Entomologie van de Landbouw Universiteit
Wageningen onderzoekt het International Centre For Insect Physiology and
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Ecology (ICIPE) in Kenya, sinds 1992 de mogelijkheid om C. partellus biologisch
te bestrijden met parasitaire wespen uit het corsprongsgebied van C. partellus.
Als hoofdkandidaat voor een introductie in Kenya werd C. flavipes gekozen, die
al in andere delen van de wereld met succes is geintroduceerd tegen
verschillende soorten stengelboorders in suikerriet en mais. Het hier
gepresenteerde onderzoek was gerelateerd aan bovenstaand project en richtte
zich op enkele evolutionaire en toegepaste aspecten van de gedragsoecologie
van C. flavipes.

In het eerste deel van dit proefschrift wordt de lokalisatie van stengelboorder
aangetaste planten en het verdere foerageerproces op deze planten behandeld.
Het tweede deel van het proefschrift richt zich op de in de literatuur
gerapporteerde (intraspecificke) variabiliteit van plant- en gastheerkeuze van
C. flavipes. Hier wordt nagegaan in hoeverre deze variabiliteit fenotypisch
bepaald is door leerprocessen. Daarnaast wordt door middel van een
vergelijking van verschiliende C. flavipes stammen bepaald in hoeverre deze
variabiliteit een genetische basis heeft.

Lokalisatie van geinfecteerde planten en gastheren

Met behulp van een Y-buis geurmeter wordt in hoofdstuk 2 aangetoond dat
C. flavipes de aanwezigheid van een gastheer in een maisplant kan waarnemen
door middel van vluchtige stoffen, die vrijgegeven worden door een aangetaste
plant. Ondanks haar verborgen levenswijze kan de stengelboorderlarve niet
verhinderen dat de plant vluchtige stoffen afgeeft die natuurlijke vijanden van
de stengelboorder aantrekt. Deze voor C. flavipes attractieve stoffen worden niet
alleen vrijgegeven op de plaats van aantasting (de stengel met daarin de
stengelboorderlarven), maar door de hele plant heen. Ook de onbeschadigde
bladeren van dezelfde plant geven attractieve stoffen af. Een stof die deze
systemische plantrespons oproept bevindt zich in het speeksel van de
stengelboorderlarve. Door het toedienen van enkele druppeltjes rupsenspuug
in de stengel van een onaangetaste maisplant kon dezelfde systemische reactie
van de plant geinduceerd worden en werden de bladeren van de behandelde
plant attractief voor C. flavipes.

Het gedrag van C. flavipes op stengelboorder-geinfecteerde planten wordt
onderzocht in hoofdstuk 3. Na landing op een geinfecteerde plant vindt de
vrouwelijke sluipwesp de ingang van de stengelboorder tunnel vrij snel,
waarschijnlijk door stimuli van de geaccumuleerde uitwerpselen bij de
ingang/uitgang van de tunnel. Vervolgens kruipt ze naar binnen op zoek naar
de stengelboorderlarve. Het gedrag in de tunnel werd geobserveerd met
behulp van kunstmatige transparante tunnels. Zodra de wesp contact maakt
met de larve steekt ze haar legboor in de larve en parasiteert die binnen enkele
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seconden. De larve zelf reageert zeer agressief en begint onmiddellijk heftig te
bewegen, te spugen en te bijten. Dit defensieve gedrag van de veel grotere
gastheer maakt het parasiteren tot een risicovolle onderneming voor de
sluipwesp: 30-40% van de sluipwespen wordt dood gebeten of dood gedrukt
tegen de tunnelwand. Echter, het merendeel van de gedode sluipwespen is
toch nog in staat geweest om de larve te parasiteren. Vervolg onderzoek door
Takasu en Overholt heeft aangetoond dat 90% van de gedode wespen haar
gastheer succesvol heeft geparasiteerd.

Voortplantingsstrategie Colesia flavipes

In hoofdstuk 3 werd de fecunditeit en de verdeling van de legselgrootte
onderzocht. Door middel van het uitprepareren van de ovaria van pas
uitgekomen wespen en door het bepalen van de legselgrootte in opeenvol-
gende gastheren kon vastgesteld worden dat C. flavipes pro-ovigeen is. Dat wil
zeggen, dat de eivoorraad van de sluipwesp bij uitkomst van de cocon
compleet is (150 eieren) en er geen eieren tijdens het verdere leven afgerijpt
worden. De legselgrootte per gastheer is gemiddeld 45 eieren. Na 5-6
parasiteringen heeft de sluipwesp geen eieren meer beschikbaar voor
ovipositie. In hoofdstuk 3 wordt bediscussieerd dat de lage levensverwachting
van het aantal te parasiteren gastheren als gevolg van de hoge mortaliteitskans
per parasitering weerspiegeld wordt in een relatieve kleine eivoorraad en een
hoge investering per geparasiteerde gastheer.

Herkenning van eerder bezochte locaties

In het voorgaande hoofdstuk werd aangetoond dat het parasiteren van een
agressieve gastheer in een tunnel een risicovolle onderneming is. Men
verwacht, dat de sluipwesp niet haar leven riskeert voor gastheren, die een
lage reproduktieve waarde hebben, zoals gastheren die al eerder geparasiteerd
zijn. De risicospreiding zal het grootste zijn indien de wesp al geparasiteerde
gastheren kan herkennen voordat ze contact maakt met de defensieve gastheer.
In hoofdstuk 4 wordt de fitness consequentie van superparasitisme onderzocht
en het mechanisme dat gebruikt wordt, om eerder geparasiteerde gastheren en
eerder bezochte tunnels te herkennen. Naieve vrouwtjes accepteerden een al
eerder geparasiteerde gastheer en verdubbelden het aantal eieren in de al
geparasiteerde gastheer. Dit resulteerde echter niet in een verhoging van het
aantal uitgekomen wespen per gastheer, door de hoge mortaliteit van
juvenielen in de gastheer. Bovendien was de ontwikkelingsduur significant
langer en waren de uitgekomen wespen significant kleiner in dubbel
geparasiteerde gastheren. In tegenstelling tot naieve vrouwtjes, mijden
vrouwtjes met een eileg-ervaring een tunnel die al eerder bezocht is door
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henzelf of een ander vrouwtje. Het kon worden aangetoond dat sluipwespen
dit onderscheid kunnen maken, door herkenning van een door de voorgangster
achtergelaten chemische markering op het tunnelsubstraat.

De rol van leerprocessen in het zoekgedrag

Het is algemeen bekend dat sluipwespen beinvloed worden door ervaringen
die ze opdoen bij het kruipen uit hun cocon en vooral bij het vinden van een
gastheer. Na het succesvol parasiteren van een gastheer hebben individuen
vaak een verhoogde motivatie om op gastheer-gerelateerde stimuli te reageren,
een verschijnsel dat sensitisatie genoemd wordt. Daarnaast kunnen
sluipwespen vorm, kleur en vooral geur leren associéren met het vinden van
een bepaalde gastheer of plantensoort, resulterend in een preferentie voor de
ervaren stimulus. Vooral olfactorisch leren is goed onderzocht en beschreven
voor meer dan 20 soorten sluipwespen.

In hoofdstuk 5 werd onderzocht in hoeverre leerprocessen een rol spelen bij
het zoekgedrag van C. flavipes. De rol van sensitisatie en preferenticinductie
werd onderzocht in een Y-buis opstelling, waarin twee verschillende
geurvelden werden aangeboden aan individuen met een verschillende
voorervaring. De test groepen verschilden in de gastheersoort waarin zij waren
opgegroeid en/of de voedselplant waarop hun gastheer zich had gevoed
{(vroeg-adulte ervaring) of hadden een verschillende eileg-ervaring met een
bepaald plant-gastheer-complex (adulte ervaring). Er werd geen enkele
aanwijzing gevonden, dat leerprocessen een rol spelen bij het
gastheerzoekgedrag van C. flavipes. Er was geen significant effect van de
ontwikkelings- en uitkomst omgeving op het respons niveau (percentage dat
door de geur wordt aangetrokken) en op de eventuele voorkeur voor een
bepaald plant-gastheer-complex. Ook werd er geen sensitisatie of preferentie-
inductie gevonden na een eileg-ervaring met een bepaald plant-gastheer-com-
plex. Dit is een van de eerste studies waarbij het leren van geuren bij een
hymenoptere parasitoid niet kon worden aangetoond, ondanks dat het grondig
is onderzocht. In hoofdstuk 5 wordt beargumenteerd dat de adaptieve waarde
van leerprocessen in het foerageergedrag van C. flavipes klein is. Een van de
redenen is dat de levensverwachting van het aantal gastheerontmoetingen door
de hoge mortaliteitskans bij elke parasitering klein is. Hierdoor is de adaptieve
waarde van de informatie, die de sluipwesp bij elke parasitering eventueel kan
onthouden en gebruiken bij verdere foerageerbeslissingen (=leren) gering.

Lokale variatie in- gedrag en fysiologie van populaties
Insektenpopulaties uit verschillende regionen of van verschillende habitats
kunnen specifiek aangepast zijn aan hun ecologische omgeving. Indien er
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duidelijke morfologische of biologische verschillen bestaan tussen populaties,
spreekt men van biotypes of stammen. In de literatuur is verschillende malen
het bestaan van plant-aangepaste stammen van C. flavipes geopperd. In
hoofdstuk 6 is dit nader onderzocht, door het gedrag en de fysiologie van zes
geografische populaties van C. flavipes te vergelijken. De zes stammen, uit
Pakistan, Mauritius, Indonesié en de Verenigde Staten verschilden in de
plantensoort (suikerriet of mais) en/of de gastheersoort (Chilo partellus, Chilo
sacchariphagus of Diatraea saccharalis) waarvan ze verzameld waren. In
olfactometer experimenten werd onderzocht of een stam een voorkeur heeft
voor de plantensoort van origine (suikerriet of mais). Verder werd onderzocht
of de stammen verschilden in de acceptatie van verschillende gastheersoorten
en werd het reproduktieve succes (aantal geproduceerde nakomelingen) op
verschillende gastheersoorten vergeleken. Er werd geen verschil gevonden in
de plant/gastheer preferenties tussen de onderzochte C. flavipes stammen in de
olfactometer experimenten en de gastheer-acceptatie experimenten. Er werden
echter wel verschillen gevonden in het reproduktieve succes van de
verschillende stammen op de verschillende gastheren. De populatie uit de
Verenigde Staten, die de langste coéxistentie met een nieuwe gastheersoort (D.
saccharalis) heeft gehad, had het hoogste reproduktieve succes op deze
gastheer. In de discussie van hoofdstuk 6 wordt beargumenteerd, dat het
bestaan van plant-specifieke C. flavipes stammen niet berust op een
gedifferentieerde plant- en/of gastheerselectie, maar eerder berust op een
verschil in fysiologische aanpassing aan bepaalde gastheer soorten. Voor een
betrouwbare biologische bestrijding van stengelboorders met C. flavipes is het
dus van belang, om een populatie te selecteren, die goed fysiologisch is
aangepast aan de lokale gastheersoort.
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