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HOST LOCATION IN A SPECIALIST PARASITOID WASP VIA
OLFACTORY CUES — A PHYSIOLOGICAL, BEHAVIOURAL AND
MORPHOLOGICAL STUDY

by Helga Groll

For successful host location, parasitoids are thought to have evolved different
strategies to filter relevant olfactory cues which indicate the presence of the host.
Because of their versatility in their ecology and behaviour, as well as their fine
tuned olfactory system to volatile compounds of the host and host plant, they have
gained increasing recognition as model organisms to study learning and behaviour
in an adaptive ecological context. However, neural and cellular mechanisms of
olfactory detection and processing in parasitoids are mainly unknown.

In this thesis physiological, behavioural and morphological experiments were
used to determine neural and behavioural mechanisms of host location via
olfactory cues in the specialist parasitoid Cotesia vestalis. C. vestalis showed
significant antennal responses to a range of odour compounds. Behavioural
experiments, however, have demonstrated that only the herbivore-induced plant
volatile linalool attracts C. vestalis males and females, but 1-nonanol has a
repulsive effect on females. A morphological study of the antennal lobe, the first
brain area where olfactory information is processed, revealed 40 ordinary
glomeruli in both males and females. In addition, a complex of 2-3 enlarged
glomeruli (MGC) was found in males. The courtship behaviour observed in males
and the MGC suggest that males could use sex pheromones to locate females.
Finally, calcium imaging studies showed glomerular activity to olfactory
stimulation in bees but not in parasitoids.

In conclusion, the degree of host specialisation in C. vestalis appears to influence
olfactory learning in males and females, which favours learning of volatiles
related to its host and host plant, as well as the morphological organisation of the
antennal lobe. Larger, fewer and possibly specialised glomeruli could enhance
processing of odour cues which are important for this parasitoid.



“I cannot persuade myself that a beneficent and omnipotent God would have
designedly created parasitic wasps with the express intention of their feeding
within the living bodies of Caterpillars.”

Charles Darwin; 22 May 1860, Letter to Asa Gray
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Chapter 1

CHAPTER 1

GENERAL INTRODUCTION

Parasitoid wasps (parasitoids) are insects whose larvae feed on other
arthropods (usually insects), eventually causing the death of the host (Godfray,
1994). To successfully locate a host, parasitoids use olfactory cues from the host
plant, the host, or cues associated with the host, such as frass, pheromones or silk
(Turlings et al., 1991; Potting et al., 1999; Wolfling and Rostés, 2009). Many of
their hosts are crop pests, which makes parasitoids important organisms for use in
biological pest control, contributing to enormous savings in agriculture (Simpson
etal., 2011).

The influence of host specialisation on the parasitoid’s ability to learn
relevant olfactory cues has been widely studied in recent years (Smid et al., 2007,
Van den Berg et al., 2010). Parasitoids vary strongly in their host specialisation,
and even closely related wasps show differences in learning and memory. It is
thought that these differences are an adaptation to optimise their fitness related to
their host specialisation (Hoedjes et al., 2011). However, many of these studies
have neglected the neuronal and cellular mechanisms behind learning, acquisition
and storage of memory, and it is only recently that progress in this area has been
made (Bleeker et al., 2006b; Collatz et al., 2006; Van den Berg et al., 2010). To

understand how parasitoids use olfactory information for host location it is
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essential to integrate knowledge from olfactory perception to processing and
behavioural output.

For decades, scientists have tried to unravel the processes that are involved
from perception, processing, learning and storing olfactory information (Firestein,
2001). One of the driving questions is to understand the cellular organisation and
mechanism on which olfactory driven behaviour is based (Axel, 1995; Axel,
2005). Moreover, if neural and genetic mechanisms underlying olfactory
perception and learning are similar among species, where and why do changes in
inter-species variation in learning and memory formation occur? One way to
understand these differences is to combine different areas of research to analyse
the olfactory pathway and investigate learning and memory, and also consider the
ecological relevance of a certain cue for an animal.

The overall aim of this thesis was to determine behavioural and neuronal
mechanisms of host location in the specialist parasitoid C. vestalis by analysing
olfactory perception and learning, and by investigating the anatomical structures
underlying olfactory processing. Integrating behavioural, morphological and
physiological methods will provide us with more insight into complex olfactory

processing in a parasitoid wasp.

1.1. Host location in parasitoids via olfactory cues

To reproduce, parasitoid wasps oviposit into the host, which eventually
leads to its death. Many of the parasitoid wasps are considered beneficial insects
because they control populations of agricultural pests (Bianchi et al., 2006;
Uefune et al., 2011). Research in parasitoids has mainly focussed on their ecology
and their use in pest control (Bianchi and Wéckers, 2008; Kaplan, 2011). Due to
the versatility of their ecology and behaviour, as well as their fine-tuned olfactory
system to plant volatiles, they represent valuable animal models for the study of
learning and behaviour in an adaptive ecological context (Hoedjes et al., 2011).
Many of the beneficial parasitoids are from the family Braconidae, which are
estimated to have between 50,000 and 150,000 different species. Depending on

the species and the host stage they use, one can distinguish between egg-, larval-
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or adult parasitoids. Parasitoids also differ in their host specialisation. Parasitoids
can be considered specialists (one species) or generalists (several species), not
only at the host level, but also at the host plant level. Vet and Dicke (Vet and
Dicke, 1992) suggested four categories of specialisation: Group A are specialist
parasitoids on a host and host plant level, meaning that these parasitoids only
prefer one host species that can only be found on one host plant species; group B
are generalists at a host level, but specialists at a plant level; group C are
specialists on a host level, but generalists at a host plant level, and group D are
generalists at a host and host plant level.

For successful reproduction, parasitoids have to locate their host. Host
searching behaviour can be divided into several stages, and includes host habitat
finding, host finding, host recognition, and host acceptance (Vinson, 1976). For
successful host location, parasitoids are thought to have evolved different
strategies to filter relevant olfactory cues which indicate the presence of the host
(Vet and Dicke, 1992), often through the detection of chemical signals emitted by
the host plant and host. Parasitoids of phytophagus hosts (hosts feeding on plant
matter) face a dilemma to distinguish essential olfactory cues from a huge range
of olfactory cues in the atmosphere (Fig. 1.1). Essential olfactory cues include
those from the host habitat, the host plant and from the host (pheromones, faeces,
saliva, or the host itself). These olfactory cues, however, differ in their
composition, concentration, working distance and reliability (Bruce and Pickett,
2011).

In their reliability-detectability hypothesis, Vet and Dicke (Vet et al., 1991;
Vet and Dicke, 1992) argued that olfactory cues released by the host may be
reliable cues for natural enemies, but are characterised by a low detectability due
to the herbivore needing to remain inconspicious, as well as the herbivore’s
smaller biomass. Olfactory cues from the plant may contain less specific
information; however, they are released in a vast amount and can be detected over
a greater range. These major constraints have led to adaptated strategies in the
parasitoid to improve host location. Hence, over time plants have evolved
different mechanisms (inducible and constitutive) as a defence against herbivores,
while parasitoids have evolved strategies to distinguish between hosts (Van
Valen, 1973; Allison and Hare, 2009), a situation often referred to as an

“evolutionary arms race” (Ehrlich and Raven, 1964; Loxdale et al., 2011).

3



Chapter 1

Parasitoids can use an “infochemical detour”, where they orient towards host
pheromones (Vet et al., 1991; Vet and Dicke, 1992). These are detectable over a
greater range and give specific information. Another strategy is the detection of
“herbivour induced synomones” such as volatiles emitted upon herbivore attack.
As a third strategy parastoids learn to associate highly detectable cues with

reliable ones, which will be explained in detail in section 1.2.

A

Pollinator

Carnivore

Plant
pathogen

Competitor

or parasitic plant
-

2

_—
“ Herbivare

C:—-ﬁ:Herbivore

; Competitor
[— n or parasitic plant
Mycorrhizae 3 “\

¥ HIPV:
¥ / s k Entomopathogenic
E nematode

Fig. 1.1 Herbivore-induced plant volatile (HIPV) emission of a plant during herbivore
attack. A plant can be damaged from below and above ground. While many laboratory studies
recreate simplified scenarios involving one plant, one herbivore and one parasitoid, situations in
the natural environment are usually more complex. There, a plant can be attacked by several
herbivores, which in turn can attract a range of natural enemies. Taken from (Dicke and Baldwin,
2010).
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1.1.1. Herbivore-induced plant volatiles

Plants emit volatile organic compounds (VOCs) as a herbivore-induced
defence, defending the plant directly by inducing a repellent or a toxic effect
(Kessler and Baldwin, 2001), or indirectly, by attracting natural enemies of the
herbivore, for example parasitoids (Halitschke et al., 2008). Upon attack or egg
deposition by herbivores, VOCs are either specifically induced as a herbivore
response (qualitative changes), or emitted in a higher concentration (quantitative
changes), or in different ratios (Hilker and Meiners, 2006; Dicke and Baldwin,
2010; Hilker and Meiners, 2010; Bruce and Pickett, 2011). Plant volatile blends
can be very complex and consist of hundreds of compounds and contain
information about the plant species (Mumm and Hilker, 2005), herbivore species
(Shiojiri et al., 2010) and even the developmental stage of the herbivore
(Takabayashi et al., 1995; Yoneya et al., 2009). Different biosynthesis pathways
can be involved (Fig. 1.2), such as the octadecanoid pathway with the
phytohormone jasmonic acid, the shikimic acid pathway with the phytohormone
salicylic acid, and the ethylene pathway (Bruinsma et al., 2009; Bruce and Pickett,
2011).

Green leaf volatiles

Although mechanical damage can cause volatile emission, it differs from
herbivore-induced volatile emission, due to the presence of bioactive compounds
in insect saliva (Gatehouse, 2002). Constitutive compounds, including green leaf
volatiles (GLVs) are usually fatty acid derived including C6 alcohols, esters, and
aldehydes such as cis-3-hexanal, hexanal and cis-3-hexen-1-ol, (Z)-3-hexen-1-ol,
(£)-3-hexenyl acetate, and are released immediately after mechanical or herbivore
damage from plant organelles (Turlings et al., 1990; Fall et al., 1999; Allmann
and Baldwin, 2010). In maize they are released 30 min post herbivore attack

(Turlings et al., 1998).
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Herbivore-induced plant volatiles

Herbivore-induced plant volatiles (HIPVs) are usually released as a delayed
response to herbivore feeding (Dicke, 2009). HIPVs include various terpenes
(mono-, sesqui- and homoterpenes) and phenylpropanoids (e.g., methyl salicylate,
indole) which are released in an increased amount as a result of herbivore
infestation (Vuorinen et al., 2004). Most of the HIPVs appear to be common to
many plant species, and among the most commonly induced terpenes are the
monoterpene linalool, the sesquiterpenes (E,E)-a-farnesene and B-caryophyllene
and the homoterpenes DMNT (4,8-dimethylnona-1,3,7-triene) and TMTT (4,8,12-
trimethyltrideca-1,3,7,11-tetraene) (Holopainen, 2004; Mumm and Dicke, 2010).
Some monoterpenes, such as linalool, are de novo synthesised after herbivore
damage and emitted from the whole plant while sesquiterpenes are emitted from
the herbivore-damaged foliage of plants (Holopainen, 2004). Terpenoids appear to
affect the behaviour of a large range of insects. Linalool, for example, was shown
to be either attractive (Colazza et al., 2004; Yan and Wang, 2006; Gregg et al.,
2010; Schmera and Guerin, 2012) or repellent (Jongsma, 2004; Zhang et al., 2004;
McCallum et al., 2011) to insects. Transgenic plants with an enhanced linalool
emission can thus have a positive effect on natural enemies, such as increasing the
attractiveness of a plant (Kappers et al., 2005) or increasing the repellent effect on
herbivores (Yang et al., 2008; McCallum et al., 2011). Enhanced linalool emission

in plants can therefore be beneficial for biological pest control.

Glucosinolates

In addition, glucosinolates, which are secondary plant metabolites for
defence (e.g. found in Brassicaceae species) that are released in response to
herbivore feeding are hydrolysed into toxic substances (e.g., isothiocyanates or
nitriles), have recently been shown to be beneficial for parasitoids (Kos et al.,
2012). It was suggested that for C. vestalis glucosinolates including benzyl
cyanide might be important for long-range orientation, while GLVs and terpenes
might provide more information about the host at a shorter range (Pinto et al.,
2007b). Glucosinolates might generally form reliable synomones for parasitoids
of Brassica herbivores to indicate host presence (Agelopoulos and Keller, 1994),

although it was found that in contrast to benzyl cyanide, traces of methyl
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thiocyanate, nitrile and allyl nitrile were also detected in the emission of intact

plants (Pinto et al., 2007b).
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Fig. 1.2 Common plant volatiles as a response to herbivore attack. Upon herbivore infestation
the plant releases certain odour compounds, which give the parasitoid specific information about
the host. Two groups of volatiles can be found: green leave volatiles (GLVs), which are
immediately released after mechanical or herbivore damage; and herbivore-induced plant volatiles
(HIPVs), which are released at a later stage and give more specific information about the host.
Modified from (Gatehouse, 2002).

1.1.2. Volatiles from undamaged plants

Many parasitoids are able to distinguish between mechanically damaged
plants, host damaged plants, or undamaged plants, with host damaged plants
eliciting the highest behavioural response in parasitoids (D'Alessandro and
Turlings, 2005; Connor et al., 2007; Allison and Hare, 2009). For egg parasitoids,
however, plant volatiles induced by host feeding are not necessarily an indicator
for the presence of host eggs. Some studies have demonstrated that egg

parasitoids, e.g. Trichogamma spp., respond to volatiles from undamaged plants
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(Reddy et al., 2002). In some cases, egg parasitoids use plant volatiles induced by
the oviposition of the host onto the host plant (Hilker and Meiners, 2006). Also, in
many egg parasitoids, plant volatiles can induce an arrestment of the parasitoid

after hatching, rather than an attraction (Fatouros et al., 2008).

1.1.3. Host cues

Host cues, such as faeces or saliva are more reliable, but less detectable over
a longer range. Host pheromones, however, can be detected over longer distances
and represent a very reliable cue (Vet and Dicke, 1992). Especially for egg
parasitoids, sex pheromones, anti-sex pheromones and aggregation pheromones
are a strong indicator for the egg stage of the host (Lewis et al., 1982; Fatouros et

al., 2005; Huigens et al., 2010).

However, not only the recognition of suitable host plants or hosts is
important, it is also necessary to recognise unsuitable ones (Zhang and Schlyter,
2010). Studies have demonstrated a repellent effect of non-host volatiles (NHVs)
in several insect species (Nottingham et al., 1991; Mauchline et al., 2005; Zhang
and Schlyter, 2010; Jactel et al., 2011), indicating, that the repellent effect and
avoidance learning of NHVs are important to distinguish unsuitable habitats,

hosts, or plants from suitable ones (Zhang and Schlyter, 2010).

1.1.4. The model species Cotesia vestalis

The parasitoid used in this study was Cotesia vestalis (Haliday) (former
plutellae Kurdjumov) (Hymenoptera: Braconidae). It is a widely distributed,
primary solitary larval specialist of the Diamondback Moth (DBM), Plutella
xylostella (L.) (Lepidoptera: Plutellidae) (Velasco, 1982; Verkerk and Wright,
1996). The DBM is one of the most serious crop pests of cruciferous plants
(plants of the family Brassicaceae) throughout the world (Talekar and Shelton,
1993; Sarfraz et al., 2005). The DBM is attacked in various developmental stages
by parasitoids. Larval parasitoids are the most efficient and predominant ones, in

particular Diadegma insulare (Cresson) and C. vestalis. C. vestalis has a
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considerable potential as a biological control agent (Alizadeh et al., 2011),
because it is the only larval parasitoid which can survive in lowland areas of the
tropics and subtropics (Talekar and Shelton, 1993; Verkerk and Wright, 1996).

C. vestalis parasitoids lay one egg into their host larvae (2" and 3" instars -
developmental stage) to ensure complete development of the parasitoid larva (Fig.
1.3). The parasitoid larva emerges during the 4™ instar phase and builds a cocoon,
which it leaves as a fully grown parasitoid (3-7 mm) after two to four days.
Females attack their hosts during their whole adult life span (5-35 d), although
higher attack rates occur during the first 2 days after hatching (Nofemela, 2004).
C. vestalis has a relatively high temperature tolerance, but prefers temperatures
between 21-33°C, with the highest parasitisation rate at 21°C (Nofemela, 2004).

Several of the nearly 1000 Cotesia species are not only used for biological
pest control of caterpillars, but also as model organisms in studies of host-
parasitoid interaction, genetics, or behavioural ecology (Michel-Salzat and
Whitfield, 2004). Research has been conducted into two related Cotesia species,
C. glomerata, a generalist, and C. rubecula, a specialist (Smid et al., 2003;
Bleeker et al.,, 2006a; Smid et al., 2007). Both parasitoids attack Pieris sp.
caterpillars, but show great differences in learning and memory. Similarities or
differences to each of these related Cotesia species will also be discussed in this

study.
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Fig. 1.3 The life cycle of C. vestalis. After infestation with the Diamondback Moth (DBM) the
plant emits specific plant volatiles which are attractive to C. vestalis. The parasitoid inserts its egg
via oviposition into the caterpillar, where the larva develops. To emerge from the host the
parasitoid eats its way through the caterpillar, leading to its death. The parasitoid larva forms a
cocoon, from which the adult emerges after 4-6 days. Scale bar= 500 um. Picture of C. vestalis
ovipositing DBM taken from (Center for Ecological Research, 2011)
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1.2. Olfactory released behaviour and learning

While many of the behaviours in an animal are innate, other behavioural
responses can be learned, or innate behaviour can be improved through learning
(Lorenz, 1981). Animals can learn to associate and memorise stimuli from their
environment, but not all forms of learning are similar. Depending on the nature
and complexity of the information acquired, several learning phenomena can be

distinguished.

1.2.1. Learning through conditioning

Habituation (a decrease of a response to a repeated stimulus that has no
explicit outcome) and sensitisation (an increase of a response after stimulation
with a relevant stimulus) are the simplest forms of learning (Kandel and Schwartz,
1982; Rankin et al., 2009; Thompson, 2009). Both can be described as non-
associative learning, in which an animal changes its response as a consequence of
its experience with a single stimulus.

Associative learning, on the other hand, implies the establishment of a new
link between stimuli, or between a given action and its outcome. This comprises
classical (Pavlovian) and operant conditioning, respectively. Classical (Pavlovian)
conditioning, based on Ivan Petrovich Pavlov’s work (Pavlov, 1927; Pavlov,
2010), describes a contingency between two stimuli; the unconditioned stimulus
(US); and the conditioned stimulus (CS). Pavlov (Pavlov, 1927; Pavlov, 2010)
showed this with an example of saliva production of a dog during food
consumption. When presented with food, the dog shows an increase in saliva
production (US), a spontaneous response to a biologically relevant stimulus. If the
presence of food is then paired with an irrelevant stimulus such as the sound of a
bell (CS), the dog will learn to associate the bell (CS) with food. As a result,
ringing the bell alone will elicit increased saliva production. The previously
neutral stimulus (CS) has become capable of evoking the same response as the
unconditioned stimulus (US) initially did.

This type of learning is very important for survival in animals. Depending

on the nature of the US (appetitive-positive reinforcement or aversive-negative
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reinforcement) animals will learn to seek or avoid certain stimuli. This learning
paradigm is widely used in research investigating principles of learning and
memory in mammals as well as invertebrates (Kuwabara, 1957; Gormezano et al.,

1962; Bitterman et al., 1983; Tully and Quinn, 1985; Colomb and Brembs, 2010).

1.2.2. Synaptic plasticity underlying learning and memory

Many invertebrates are capable of processing information in a flexible way
and exhibit adaptive behaviour that is responsible for their evolutionary and
ecological success (Menzel, 1999). Experiments with fruit flies, nematodes and
snails have revealed specific pathways that are involved in learning, memory, and
synaptic plasticity, short- and long-term changes in synaptic connections (Tully
and Quinn, 1985; Griinbaum and Miiller, 1998; Kandel, 2001; Comas and Petit,
2004; Amano and Maruyama, 2011). Invertebrates with a fully sequenced
genome, such as Drosophila bring the advantage of a gene collection of mutant
flies. This can be used in the research of learning and memory to study the
consequences of mutations (Tully and Quinn, 1985; Kahsai and Zars, 2011).

Learning leads to memory, which is a dynamic and self-organizing process
of information storage which requires time to develop, and proceeds through
different phases (Menzel, 1999). It is not caused by an increase in neurons, but by
an increase in synaptic strength (Cajal, 1894) and the formation of new
connections (Hebb, 1949) between neurons. These connections can change in
strength in response and either increase (potentiation) or decrease (depression),
also known as synaptic plasticity. Temporary changes are referred to as short-term
memory (STM) (short-term potentiation), while persistent changes lead to long-
term memory formation (LTM) (long-term potentiation) (Bliss and Lemo, 1973;
Kandel, 2001; Lemo, 2003).

Synaptic plasticity is an important process during learning and memory
formation. Two mechanisms for Hebbian (or associative) plasticity involve the
NMDA (N-methyl-D-aspartate) and AMPA (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) receptors, which are ionotropic glutamate receptors
(Lamprecht and LeDoux, 2004). During synaptic transmission, the release of a
neurotransmitter is triggered by an action potential in the presynaptic cell. The

depolarisation of the presynaptic cell leads to an influx of Ca*" through voltage-
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dependent calcium selective ion channels. Ca®" ions bind to proteins and in turn
lead to transmitter release into the synaptic gap (Fatt and Katz, 1953).

A pre-synaptic glutamate release activates AMPA and NMDA receptors.
Na" ions enter through AMPA receptors into the postsynaptic cell, resulting in a
depolarisation of the postsynaptic cell (Fig. 1.4) (Shepherd and Huganir, 2007).
With pre-synaptic glutamate release and coinciding depolarisation of the post-
synaptic cell, Mg*" ions initially blocking the NMDA ion channels are displaced,
allowing Ca®" to enter the cell. This consequently improves the sensitivity of the
post-synaptic cell to the neurotransmitter through initiating a cascade of processes

leading to morphological changes at the synapses (Malenka and Bear, 2004).
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Fig. 1.4 Molecular mechanism involved in synaptic plasticity. A) Glutamate release from
presynaptic neurons leads to activation of AMPAR (o-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor) and to the depolarisation of the postsynaptic membrane. B) The
depolarisation leads to a displacement of Mg®" on the NMDA (N-methyl-D-aspartate) channels,
causing an influx of Ca?". C) Kinases activated by Ca’" modulate the activity of their substrates,
which lead to morphological changes at the synapse, or induced RNA transcription. D) Synaptic

changes are stabilised through protein synthesis. Taken from (Lamprecht and LeDoux, 2004).
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1.2.3. Memory dynamics

At least two different phases of memory formation can be distinguished in
both vertebrate and invertebrate models (Table 1.1) (Menzel, 1999): a short-term
memory (STM), induced by local synaptic changes and by a single conditioning
trial, and a long-term memory (LTM), mediated by the activation of transcription
factors to translate new proteins, which modify synaptic function. Intermediate
forms of memory (MTM) can be found in several animal models, such as, for
example the molluscs Aplysia or Lymnea, or vertebrates, and can require protein
of existing proteins but not RNA synthesis of new proteins (Sutton et al., 2001;
Sutton et al., 2002; Sangha et al., 2003; Grimes et al., 2011). In Drosophila
memory phases coexist in parallel (Tully et al., 1990; Tully et al., 1994; Margulies
et al., 2005). These consist of STM and MTM (lasting less than 24 h), which are
formed in a serial order. Anaesthesia-resistant memory (ARM) (lasting 4 d) and
LTM (lasting 7 d), however, are developed in parallel.

In ants, memory phases have been found to be similar to those found in bees
(Josens et al., 2009; Guerrieri et al., 2011). In bees (Menzel, 1999), however, two
phases of LTM were discovered. Early LTM (eLTM) depends on the translation
of already existing mRNA and is induced by massed training), while late LTM
(ILTM) depends on the transcription and translation of new proteins, and is

induced by spaced conditioning (Schwérzel and Miiller, 2006).

Table 1.1 Memory phases in different species. ARM= anaesthesia resistant memory, eLTM=
early long-term memory, ILTM= late long-term memory, MTM= intermediate memory STM=
short-term memory, ? = so far unknown

Species STM ARM MTM eLTM ILTM Reference
Bee 20 min - 1h-12h|{1d-2d >3d Menzel, 1999
Drosophila 1h 1d-4d 5h 5h-7d Tully et al., 1994; Margulies et al., 2005
Ants > 5 min ? 1h-12h{1d-2d?| >3d Josens et al., 2009; Guerrieri etal, 2011
Lymnea |afew min 3h >6h Sangha et al., 2003
Aplysia 30 min - 1h-3h >1d Sutton et al., 2001
Rat 1-3h - 5h >1d Grimes etal., 2011
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Protein synthesis is the process in which cells build new proteins, beginning
with amino acid synthesis and the transcription of nuclear DNA into messenger
RNA, followed by the translation into new proteins. Protein synthesis is essential
for LTM formation and occurs within the cell body (transcription) and cytoplasm
(translation) and concerns neurotransmitters, receptors and new synaptic pathways
(Kandel, 2006). Synaptic responses such as LTP or long-term facilitation (LTF),
which are long lasting changes in the strength of synaptic connections and
“cellular correlates” of learning and memory, have also been shown to be
dependent on protein synthesis (Lynch, 2004). Only LTM depends on the
transcription and the translation of new proteins, while MTM depends on the
translation of existing proteins (Sutton et al., 2001; Sutton et al., 2002; Sangha et
al., 2003; Grimes et al., 2011).

Transcription consists of three phases (Alberini, 2009): initiation, in which
the enzyme RNA polymerase binds to the double stranded DNA; elongation, in
which nucleotides are added to the 3’ end of the chain, and termination, which
consist of the release of the RNA polymerase. Several of the transcription factors,
proteins with which RNA polymerase needs to interact to function, are involved
in synaptic plasticity and memory formation, e.g., CREB (cAMP response
element-binding protein). LTM can thus also be inhibited by disrupting CREB
(Sakamoto et al., 2011; Chen et al., 2012). Protein synthesis occurs in multiple
waves, and several time windows for transcription and translation have been
shown to exist, usually around the time of training and a few hours later (Igaz et

al., 2002; Epstein et al., 2003; Bekinschtein et al., 2007).

1.2.4. Learning and memory in parasitoids

Parasitoids are thought to have developed associative learning to improve
host finding strategies by linking reliable cues with detectable ones (Vet and
Dicke, 1992). Host derived stimuli may be recognized innately, but during their
life time parasitoids will associate them with surrounding stimuli (Turlings et al.,
1993; Penaflor et al., 2011).

Behavioural experiments have revealed that learning capacities of
parasitoids are not necessarily restricted to a certain life period. Learning is

known to take place during different life periods such as a pre-imago (Cortesero
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and Monge, 1994), post emergence (van Emden et al., 2008), or as an adult (Du
et al., 1997). It has also been shown that associative learning can occur not only
after oviposition (Vet and Groenewold, 1990; Takasu and Lewis, 2003) and host-
associated chemicals (Eller et al., 1992; Meiners et al., 2003), but also after
contact experience with food (Takasu and Lewis, 1996; Wickers et al., 2002).

Whereas some studies (Collatz et al., 2006) suggested that oviposition is not
essential for associative learning, it has, however, been demonstrated that learning
with an oviposition experience results in higher learning rates (Vet and
Groenewold, 1990). Moreover, parasitoids are also able to learn and associate
odours which they would not encounter in their natural environment (DeJong and
Kaiser, 1991; Olson et al., 2003).

Parasitoids show a strong variability in their host searching
behaviour/preference, indicating that strong differences in the acquisition and
storage of memory (Table 1.2) are related to their ecological strategy (Bleeker et
al., 2006a; Smid et al., 2007; Hoedjes et al., 2011). Generalists will encounter a
variety of host related olfactory cues. Hence, an alteration of an innate response
will benefit their reproductive success (Simons et al., 1992) and they appear to
have a more flexible learning system than specialists (Bleeker et al., 2006a).
Specialists on the other hand only need to improve their innate response to host
related odour cues, as they will encounter less variability in host cues and HIPVs.
In many specialists, memory consolidation seems to be slower and less flexible,
and memory seems shorter than in generalists (Cortesero et al., 1995; Fujiwara et
al., 2000; Fukushima et al., 2001; Kaiser et al., 2003).

Smid and colleagues (Smid et al., 2007) examined memory formation in two
related Cotesia species. LTM formation differed in C. glomerata and C. rubecula
depending on the number of conditioning trials. Protein synthesis dependent
memory is already formed after 1 CT in C. glomerata, whereas C. rubecula needs
three spaced trials. Memory consolidation is complete within 4 h in C. glomerata
whereas it takes 2-3 d in C. rubecula. C. glomerata’s memory trace is exclusively
protein synthesis-dependent while C. rubecula has a protein synthesis-
independent memory trace (ARM), which lasts about 48 h after spaced
conditioning. In both wasps LTM is transcription and translation dependent. A
molecular study (Van den Berg et al., 2010), however, showed that CREB

expression in C. glomerata and C. rubecula was, with the exception of two low
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abundant transcripts (which was higher in C. glomerata), similar in these two

wasps.

Table 1.2 Memory duration in parasitoid species. G= generalist, HS= host specialisation, No.
exp.= number of experience (conditioning trials) and type of conditioning, spaced= spaced
conditioning, massed= massed conditioning.

Parasitoid HS No. exp. | Memory Reference
Eupelmus vuilletti G massed 7d Cortesero et al., 1995
Cotesia glomerata G |1 or3 spacedimassed 5d Smid et al., 2007

Lariophagus distinguendus| G massed 6d Mueller et al., 2006
Cotesia marginiventris G 1 >2d | Martinand Lewis unp.ex Turlings et al., 1993
Leptopilina heterotoma G 1 <2d Poolman-Simons et al., 1992

Nasonia vitripennis G 1 4d Schurmann et al., 2009
Cotesia vestalis S massed <1h Chapter 2
Cotesia congregata S |4 h exposure 7d Kester and Barbosa, 1991
Cotesia kariyai S 1 <1d Fujiwara et al., 2000; Fukushima et al., 2001
Cotesia rubecula S 3 spaced 5d Smid et al., 2007
Microplitis croceipes S 1 1d Takasu and Lewis, 2003
Leptopolina boulardi S 1 <1d Kaiser and DeJong, 1993
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1.3. The olfactory pathway

Animals have developed a highly sensitive system to detect and process
olfactory information which enables them to search for food and mates, to identify
predators and hosts, and to communicate within their species (Ache and Young,
2005). With their highly sensitive olfactory system, parasitoids can distinguish
volatiles emitted by the plant upon herbivore attack from irrelevant “background”

odours (De Bruyne and Baker, 2008).

1.3.1. Peripheral olfactory perception

On the antennae of insects, a variety of olfactory, gustatory, mechano-
sensory and thermo-sensory sensilla can be found (Keil, 1999). The olfactory
chemoreceptors are located in the antennae in innervated hair structures, the
sensilla. Olfactory wall pore sensilla differ in their morphology and include
sensilla trichodea, basiconica, coeloconica and placodea. A smaller number of
olfactory sensilla can also be found on the maxillary and labial palpi, tarsi and on
the ovipositor (Obonyo et al., 2011; Zhang et al., 2012). ORNs are embedded in
the sensilla (Keil, 1999) (Fig. 1.5). Usually, an insect olfactory sensillum can
consist of one or several bipolar ORNs (Chapman, 1982), but in bees, one
sensillum placodeum is innervated by up to 30 ORNs (Esslen and Kaissling,
1976) and in locusts and sphecid wasps, up to 50 and 140 ORNSs, respectively,
innervate one sensillum basiconicum (Martini, 1986; Ochieng et al., 1998).

The usually bipolar insect ORN has one olfactory cilium (“outer dendritic
segment”) that is, depending on type of sensillum, either unbranched (e.g.,
sensillum trichodeum) or multiply branched (e.g., sensillum basiconicum) (Keil,
1999). Below the cuticle, ORN axons collect into bundles which unite in the

antennal nerve.
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ORN

SC

Fig. 1.5 Schematic representation of the general structure of ORNs in insects and
vertebrates. A) ORNSs are the first afferent connection to the antennal lobe. The sensillum located
on the antennae consists of one or several ORNs. Below the cuticle ORN axons collect to bundles
which merge in the antennal nerve which connects to the AL. The schematic drawing represents a
single walled olfactory s. trichodea, which is usually innervated by one to three ORNs and
numerous wall pores. B) In vertebrates, cilia of the ORN reach into the mucus layer. ORN axons
bundle into the olfactory nerve which connects to the olfactory bulb. AL= Antennal lobe, AX=
Axon, CI= Cilia, DE= Dendrite, ORN= Olfactory receptor neuron, PO= Pores, SC= Support cell,
SL= Sensillum lymph. Adapted from (Eckert et al., 2000; Sanchez-Gracia et al., 2009).

Odour molecules diffuse through the pores into the sensillum lymph to
water-soluble odorant-binding proteins (OBPs), which are thought to transport the
odour molecules to the corresponding olfactory receptor (OR) on the olfactory
receptor neurons (ORNs) (Galizia and Sachse, 2010). As the odour molecules
pass through the pores into the cuticle, and through the sensillum lymph, they
experience a range of transformation cascades (Lerner et al., 1990), while they
transform from a chemical molecule into an electric signal.

ORs in insects have 7 trans-membrane domains and have long been assumed
to be G-protein coupled receptors (GPCRs), that activate G-protein based
signalling cascades (Buck and Axel, 1991; Axel, 2005; Buck, 2005), but recent
studies have shown that they can act as ionotropic receptors (Sato et al., 2008;

Wicher et al., 2008; Benton et al., 2009). Although ORs vary between species,

19



Chapter 1

similarities have been observed between vertebrates. Invertebrates, on the other
hand, have similar, but independently (non-homologous) expanded families of
GPCRs (Ache and Young, 2005). The Or83b, for example, is conserved between
insect species, and orthologes have been found in Drosophila (DmOr83b)
(Vosshall, 2003), Anopheles (AgOr7) (Hill et al., 2002), moths (HivrR2) (Krieger
et al., 2004) and the honeybee (AmOr2) (Robertson and Wanner, 2006).

GPCRs activate second messengers such as cAMP or inositol 1,4,5-
trisphosphate (IP3), which opens ligand gated ion-channels. The influx of Na" into
the cell leads to a depolarisation of the membrane, and if a certain threshold is
reached, to the generation of action potentials (Galizia and Sachse, 2010). The
ORNSs thus respond to the chemical information with a receptor potential that
generates action potentials. These action potentials contain information about
odour quantity and quality, as well as the time course, and are sent to the first
integration centre in the brain, the antennal lobe (AL).

The number of ORNs and OR set the limit to the range of odours that can be
detected (De Bruyne and Baker, 2008). Each receptor is specific to a number of
odour molecules (Keller and Vosshall, 2003) and ORNs express one or a small
number of ORs (Su et al.,, 2009). ORNs respond to one or a few chemical
molecules, and individual odorants activate subsets of ORs so that the identity of
an odour is encoded in the activity pattern of different sets of ORN classes (Su et
al., 2009). Receptors vary in their breadth of tuning and in moths, for example, a
high sensitivity to a narrow range of molecules such as HIPVs, or pheromone
components, has been demonstrated (Boeckh and Ernst, 1983; Rostelien et al.,
2005). Often, ORNSs for plant volatiles are located in the same olfactory sensillum
(Stensmyr et al., 2003), which enhances the fine scale spatio-temporal resolution
in the AL (Bruce et al., 2005). In Drosophila and mammals, axons of ORNs
expressing the same receptor, converge in the same glomerulus in the antennal
lobe (AL) (Mombaerts et al., 1996, Vosshall et al., 2000). Here, ORNs synapse
with PNs, which transport the information into higher brain centres, such as the
mushroom bodies (MB). Glomeruli are connected via LNs, which can often be

inhibitory (Bargmann, 2006; Martin et al., 2011).
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1.3.2. Central olfactory information processing

Once the olfactory signal is transformed into an electrical signal, it is
transported via the antennal nerve into the first olfactory relay, the olfactory bulb
in vertebrates, the antennal lobe (AL) in insects, and the olfactory lobe in
crustaceans. The AL is a paired structure located at the front of the brain below
the antennae, and is organised into functional synaptic units, the glomeruli. A key
feature of the glomerular organisation of the olfactory system is that glomeruli do
not receive topographically-organised input, but input from ORNs expressing the
same receptor gene (Eisthen, 2000).

The number of glomeruli is known to be species dependent and influenced
by evolutionary rank and it is thought to be greater in social hymenopterans
(Rospars, 1988; Baier and Korsching, 1994). Contrary to vertebrates,
invertebrates show a large variation in the number of glomeruli, ranging from 40
in Drosophila (Laissue et al., 1999), 60-70 in Lepidoptera (Rospars, 1983), 160 in
honeybees (Arnold et al., 1985), to approximately 1000 in locusts (Rospars, 1983;
Arnold et al., 1985; Laissue et al., 1999; Kurylas et al., 2008). Although a great
deal is understood about the ecology of parasitoids, very little is known about
olfactory integration, processing and pathway, and so far, only one study has
investigated the anatomy of the first brain area processing olfactory information;
the antennal lobe (Smid et al., 2003). They found around 188 glomeruli in the
generalist parasitoid C. glomerata and 196 glomeruli in the specialist parasitoid C.
rubecula (Smid et al., 2003).

Glomeruli contain synaptic connections of afferent receptor axons of the
ORN:S, local, often inhibitory interneurons (LNs), and projection neurons (PNs)
(Fig. 1.6), and it has been shown that the volume and size of glomeruli also
change with age and experience due to an increase in synaptic connections
(Devaud and Masson, 1999; Hourcade et al., 2009). LNs create lateral
connectivity of glomeruli, while PNs convey processed information to higher-
order brain areas such as the MBs in insects and the olfactory cortex in
vertebrates.

LNs are diverse in their morphology and pharmacology. Some LNs branch
in all glomeruli, some in a subpopulation only, some receive input in certain

glomeruli and form output in others. They can also vary in intraglomerular
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arborisations, either innervating the cortex, the core, or both. They can be
inhibitory or excitatory (Galizia and Rossler, 2010). A fundamental difference
between vertebrates and insects is that lateral excitation is non-topographic in
insects, while no such evidence has yet been found in vertebrates, and only
excitation between mitral/tufted cells (M/T cells) in the same glomerulus has been
observed. Furthermore, presynaptic inhibition of ORN axons is a major pathway
for lateral cross talk between glomeruli in insects, while presynaptic inhibition is
strictly intraglomerular in vertebrates (Wilson, 2008). Most of the PNs are
uniglomerular (uPNs), branching in one glomerulus only. There are, however,
multiglomerular PNs (mPNs), which are thought to be responsible for collecting
combinatorial activity patterns (Galizia and Réssler, 2010).

The number of ORNs projecting into the AL depends on the species. In
cockroaches and moths, for example, around 200,000 — 300,000 ORNSs project
into the AL (Sanes and Hildebrand, 1976; Boeckh and Selsam, 1984). In bees, the
number depends on the cast. Worker bees have a much lower number (65,000)
compared to drones (300,000) (Esslen and Kaissling, 1976). In vertebrates for
example, 25,000 ORNs converge in one glomerulus (Allison, 1953).

The branching of the ORNSs into the glomeruli is important for information
coding. Only ORNs expressing the same receptor connect into the same
glomerulus. In some arthropods, both uniglomerular and multiglomerular
branching can be found (Schmidt and Ache, 1992). Each glomerulus receives
highly convergent input from a large number of ORNs. Depending on the nature
of an odour, a certain number of ORNs from across the antenna are active and

converge upon and synapse with a certain number of interneurons.
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Fig. 1.6 Schematic view of the primary olfactory processing centre in vertebrates and insects.
In the olfactory bulb, ORNs synapse with M/T and periglomerular (PG) cells. M/T cells further
connect with granular cells (GR). In the AL a similar organisation is found, where ORNs synapse
with PNs, and LNs. Taken from (Ache and Young, 2005).

1.3.3. Selective information coding in the antennal lobe

In addition to an analogous structure of the olfactory system, similarities in
odour processing in the AL and OB have been found among the animal kingdom.
As previously mentioned, spatially distributed ORNs expressing the same OR
converge on one or a small number of glomeruli. This way, input from spatially
separated ORNSs is enhanced, which in turn increases the sensitivity of the system.
This suggests that functionally similar input must be a key to how olfactory
information is processed. Indeed, glomerular activity patterns have been found
across the animal kingdom (Friedrich and Korsching, 1997; Joerges et al., 1997;
Rubin and Katz, 1999). A glomerulus may thus be innervated as part of the code
for different odours, but an odour is generally coded in a specific pattern of
activated glomeruli (Cinelli et al., 1995; Christensen et al., 1996; Joerges et al.,
1997). These patterns are equal between individuals within a species but differ

between species, suggesting that these patterns have a strong genetic basis
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(Friedrich and Korsching, 1997). However, responses can still be plastic and
learning can modify the intensity of the active patterns (Faber et al., 1999). Many
of the ORNSs are broadly tuned, and glomeruli, which respond to a certain odour,
are likely to respond to other odours with similar structure, carbon chain length or
category (Laska et al., 1999; Rubin and Katz, 1999; Sachse et al., 1999). In female
moths, a selectivity was shown for linalool, a common plant-produced volatile,
which elicits a strong response in specific enhanced glomeruli, the large female
glomeruli (LFGs) (King et al., 2000).

Furthermore, pheromone specific pathways have been found. ORNs in male
moths have been shown to be tuned to female sex pheromones (Berg et al., 1998)
and pheromone sensitive ORNSs often branch widely within the macroglomerular
complex (MGC) (Hansson et al.,, 1992), whereas ORNs responding to plant
related odours connect within ordinary glomeruli (Boeckh et al.,, 1984;
Christensen and Hildebrand, 1987b). This coding system is called “combinatorial
labelled line system” (Fig. 1.7 B), where there is an anatomical as well as
functional separation in the AL (Galizia and Rdssler, 2010).

The macroglomerular complex found in moths usually consists of 2-3
enlarged glomeruli (Christensen and Hildebrand, 1987b; Hansson et al., 1991b)
situated at the entrance of the AL, which is specialised for pheromone processing
(Boeckh and Boeckh, 1979; Matsumoto and Hildebrand, 1981). Pheromone
processing in moths has been intensively studied (Haupt et al., 2010; Martin and
Hildebrand, 2010; Belmabrouk et al., 2011). It was shown that major pheromone
components such as (E,Z)-10,12-hexadecadienol (bombykol) triggers mating
behaviour in silkmoths (Kaissling et al., 1978). The antennae of male silkmoths
has 17,000 sensilla trichodea (Steinbrecht, 1973), each containing two types of
ORN:Ss, which are sensitive to one of the two components (Kaissling et al., 1978).

Due to their shape, the three subdivisions of the MGC are often referred to
as (cumulus, toroid, and horseshoe) (Kanzaki et al., 2003). The pheromone
responsiveness of MGC-PNs correlates with their dendritic arborisations in the
subdivisions of the MGC (Kanzaki et al., 2003). Macroglomeruli have also been
found in other insects, such as ants, bees or cockroaches (Prillinger, 1981; Arnold

et al., 1985; Kleineidam et al., 2005).
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Similarities in the olfactory system between invertebrates and vertebrates
can be found from the detection of odours by G-protein-coupled receptors
(GPCRs) and olfactory receptor proteins (ORPs) with a specific affinity for an
odour, to the convergence of olfactory receptor neurons (ORNs) into synaptic
contacts located in the glomeruli, and central processing of olfactory formation in
the glomeruli. This glomerular organisation can be found throughout the animal
kingdom, which suggests that it is a successful way to integrate and process
olfactory information. While glomeruli can be found in neopteran insects, they are
not present in those which have secondarily lost odorant-sensitive antennae
(Strausfeld et al., 1998), or insects of the division of Palacoptera (primitive group
of winged insects), such as mayflies, damselflies and dragon flies (Strausfeld and
Hildebrand, 1999). On the other hand, glomeruli have been found in Onychophora
(Schiirmann, 1995), an ancient animal group (fossils more than 500 million years
old have been found), but not in nematodes or basal hexapods such as bristletails,
silverfish or firebrats (Strausfeld and Hildebrand, 1999). This suggests that the
glomerular structure has evolved independently, as a functional adaptation for
odour processing, either through convergent adaptations or homology, and is not
due to a common ancestor of arthropods, molluscs and craniates (Strausfeld and

Hildebrand, 1999; Eisthen, 2000; Ache and Young, 2005).
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Fig. 1.7 Different parallel olfactory processing pathways. The AL is shown in yellow, different
distinctive groups of glomeruli are shown in orange, and specialised glomeruli are represented in
green. A) True labelled line system, which can be found in CO, detection in flies. B)
Combinatorial labelled line system, e.g. sex pheromone detection in moths. C) Duplicated system,
e.g. the I-APT and m-APT system in honeybees, where uPNs leave the AL in distinct output tracts
to mediate different properties for odour perception. D) Separate coding system, where glomeruli
are connected via specialised LNs, to extract odour quality information (bees, flies). E) Interactive
separate processing system, a hypothetical network, where glomerular subsystems are connected to
code for the same odours. Taken from (Galizia and Réssler, 2010).
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1.4. Thesis aim, structure and outline

The overall aim of this thesis was to determine behavioural and neuronal
mechanisms of host location in the specialist parasitoid C. vestalis. This was
carried out by combining physiological, behavioural and morphological
experiments to investigate how olfactory information is coded and processed in a
parasitoid brain. This will contribute to the understanding of how and why inter-

specific variations in learning and memory occur.

Chapter 2 Antennal and behavioural responses of the parasitoid C. vestalis to
olfactory compounds

Electroantennogram recordings were used to investigate if there were
antennal responses to odour compounds. Odour choice bioassays were applied to
assess the importance of different plant volatiles. To determine the extent of
learning in the parasitoid, behavioural experiments investigating memory
formation were conducted. Furthermore, the attractiveness of olfactory cues and
courtship behaviour in males was investigated.

Hypotheses:

- C. vestalis shows a stronger antennal response to linalool than to 1-

nonanol
- C. vestalis can learn linalool but not 1-nonanol.
- C. vestalis does not form a long-term memory.

- C. vestalis males can learn HIPVs in order to locate females.

Chapter 3 Optimisation of a staining protocol for C. vestalis antennal lobes
and glomeruli

Fluorescent staining protocols used in morphological and imaging studies
were adapted for the use in a parasitoid’s brain. Three fluorescent dyes and two
types of microscopes, as well as different mounting and dissection procedures

were tested to identify the optimum approach.
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Chapter 4 The morphology of the antennal lobe of C. vestalis: a confocal
microscopy study

Brain morphology was determined by the size, volume and number of

glomeruli using staining methods established in Chapter 3.

Hypotheses:

- Due to differences in their host preference and specialisation, the number
and size of glomeruli of C. vestalis is different compared to Cotesia
glomerata and C. rubecula.

- There are no gender differences in ordinary glomeruli in C. vestalis.

- Males possess in addition to ordinary glomeruli macroglomeruli, enlarged
glomeruli for pheromone detection.

- Females possess enlarged glomeruli for the detection of HIPVs.

Chapter 5 Calcium imaging of imaging brain activity in the antennal lobe of
C. vestalis
The aim was to identify regions glomerular activity while imaging at
different depths in the antennal lobe. For calcium imaging, a method was adapted
for the use in parasitoids to investigate spatio-temporal activity patterns in the AL.
Hypotheses:
- The odours elicit different activity patterns in the AL.
- These patterns are different to other insect species, but similar within
individuals of C. vestalis.
- No gender differences in ordinary glomeruli exist.
- Learning leads to an increase in calcium and modifies the glomerular
activity pattern.

- Plant odours do not elicit activity in the male MGC.
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CHAPTER 2

ANTENNAL AND BEHAVIOURAL RESPONSES
OF THE PARASITOID COTESIAVESTALIS TO
VOLATILE COMPOUNDS

2.1. Introduction

Many parasitoid wasps locate their hosts via olfactory cues emitted by the
plant and host. It is thought that associative learning of rewarding stimuli,
amongst others, improves the ability of parasitoids to find their host (Vet and
Dicke, 1992; Hoedjes et al., 2011). Parasitoids show a great variety in host
specialisation, and their learning and memory abilities have been shown to vary
greatly even between closely related species. These differences are thought to be
caused by the parasitoid’s host specialisation (Geervliet et al., 1998b; Tamo et al.,
2006; Smid et al., 2007).

To understand how and at what level a parasitoid detects, selects and
integrates olfactory cues for host location it is important to investigate peripheral
perception at the antennae as well as behavioural responses to the stimuli. The aim
of the work presented in this Chapter was to investigate antennal as well
behavioural responses of C. vestalis to different olfactory cues to understand how

C. vestalis uses olfactory cues for host location.
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For parasitoid wasps, host location is essential for reproductive success. To
find a host, parasitoids rely on chemical cues emitted from a host-infested plant,
as well as on host cues, such as pheromones, host frass, silk or saliva (Webster et
al., 2010; Bruce and Pickett, 2011). However, parasitoids face a “reliability-
detectability” problem (Vet and Dicke, 1992), and while host cues are the most
reliable indicator for host presence, they are not as effective and detectable over a
long range as plant volatiles. To overcome this problem, parasitoids have evolved
several strategies to detect hosts. The detection of plant volatiles released as a
response to herbivore attack is one way to locate hosts. Among the compounds are
green leaf volatiles (GLVs), released immediately after mechanical or herbivore
damage, and herbivore-induced plant volatiles (HIPVs), released as a delayed
response to herbivore feeding (Dicke et al., 2009). This information is detectable
over a long distance, but is less reliable than, for example, host cues. However,
parasitoids can improve their foraging strategy if they learn to associate detectable
information with reliable ones. This way, HIPVs can become a more reliable
indicator of host presence.

Parasitoids show a huge variation in their ability to learn, which appears to
be strongly influenced by their host specialisation. Generalist species, which use a
variety of hosts, usually demonstrate more flexibility in learning than a specialist
species, which often displays a more rigid learning ability (Smid et al., 2007). A
few studies have investigated orientation and foraging behaviour in C. vestalis
(Liu et al., 2006; Pinto et al., 2007b; Roux et al., 2007; Pinto et al., 2008), but
learning and memory in this parasitoid have been less frequently explored
(Durrant, 2007). C. vestalis is highly specialised, and studies have shown that it
selectively prefers host plants exclusively infested by its host (Shiojiri et al.,
2006).

EAG studies have shown that related Cotesia species are able to detect many
olfactory compounds (Smid et al., 2002) but not all compounds are expected to
have an effect on their behaviour (Park et al., 2001; Gouinguen et al., 2005;
Mumm and Dicke, 2010). The composition of volatiles contains herbivore-
specific information (Turlings et al., 1990; Dicke, 1999; Ngumbi et al., 2009),
which is processed differently in the brain of a parasitoid, depending on its life
strategy (Geervliet et al., 1996). Indeed it has been shown that generalist

parasitoids have a higher sensitivity to GLVs, whereas specialists demonstrate a
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higher sensitivity to HIPVs on an antennal as well as a behavioural level (Vet and
Dicke, 1992; Chen and Fadamiro, 2007).

One way to determine the impact of learning is to measure the ability of an
animal to remember events (Hoedjes et al., 2011), which involves a complex
cascade of biological processes (Menzel, 1999). Studies in parasitoids have so far
revealed differences in the formation of LTM, depending on the degree of host
specialism (Collatz et al., 2006; Smid et al., 2007). However, unlike other insect
animal models such as the honeybee, or Drosophila, memory formation in
parasitoids remains widely unexplored. Parasitoids, therefore, make a useful
model organism to study species-specific adaptations of learning and memory due
to ecological constraints.

The basis of neural and genetic mechanisms underlying learning ability and
memory has been shown to be similar across vertebrate and invertebrate species.
Different dynamic phases in memory have been distinguished: short-term memory
(STM), or anaesthesia resistant memory (ARM), intermediate memory (MTM),
which is not dependent on the synthesis of new proteins, and long-term memory
(LTM), which requires protein synthesis (Tully et al., 1994). LTM is usually
formed after multiple trials (Tully et al., 1994; Margulies et al., 2005), but it has
been shown that in certain parasitoid species, one trial conditioning is sufficient to
induce LTM (Collatz et al., 2006; Smid et al., 2007). Persistent molecular changes
to create LTM are known to require gene expression and as a result the synthesis
of new proteins (Kandel, 2001). Studies have demonstrated the necessity of
protein synthesis in LTM in many animals by blocking transcription or translation
of mRNA with a transcription blocker such as Actinomycin D (ACD), or
translation blockers such as anisomycin (Agranoff et al., 1967; Squire and
Barondes, 1970; Wiistenberg et al., 1998). ACD acts by binding to the pre-melted
DNA within the transcription initiation complex and thus prevents elongation of

RNA chains (Sobell, 1985).

Parasitoids use pheromones over a long range for attraction and over a short
range for species recognition and courtship, although in many parasitoid species,
pheromone components have not yet been identified (Eller et al., 1984; DeLury et
al., 1999; Danci et al., 2006). Courtship behaviour mediated by female sex

pheromones has been demonstrated in several species (Tagawa, 1977; Decker et
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al., 1993; Steiner et al., 2006), including parasitoids (Keeling et al., 2004). It can
be defined as a sequence of behaviour displayed by males, such as attraction,
recognition, orientation, wingfanning vibration, mounting and antennation leading
to copulation (Ruther et al., 2000; McClure et al., 2007) when they come into
contact with females. Males initiate courtship behaviour long before antennal
contact with the female, which suggests that females produce pheromones (Ruther
et al., 2000; McClure et al., 2007). However, it was shown that males display
courtship behaviour not only in the presence of females, but also when presented
with female extracts only (Vinson, 1972; Tagawa, 1983). This has also been
shown in C. vestalis, where female body parts or extracts elicited courtship
behaviour in males (Tagawa, 1977; Tagawa, 1983). Morphological studies of the
antennal lobe (AL) of moths revealed that they possess specialised enlarged
glomeruli which form a macroglomerular complex (MGC) for pheromone
processing (Masante-Roca et al., 2005; Jarriault et al., 2010), which have also
been found in C. vestalis (Chapter 4).

The aim of this study was to investigate antennal as well behavioural
responses of C. vestalis to different olfactory cues, to understand how C. vestalis
uses olfactory cues for host location. Peripheral responses were measured using an
electroantennogram and behavioural responses as well as memory dynamics of
the specialist C. vestalis were investigated using behavioural bioassays. Both
genders were used, as only a few studies have investigated the ability of males to
detect and learn to recognise odours (Takasu et al., 2007; Villagra et al., 2008). A
well documented HIPV (linalool) (Pinto et al., 2007a), as well as an odour cue (1-
nonanol), which is not part of the HIPVs emitted from Brassica rapae var. Wong
bok (Durrant, 2007) but learned in honeybees (Guerrieri et al., 2005a), were used.
In addition, courtship behaviour was observed in males, to use as an indicator to
determine if they use sex pheromones to locate females. This investigation was
carried out because a MGC was found in males (Chapter 4), and previous studies
have shown that MGC process pheromone information. Furthermore, to analyse to
what degree olfactory information is learned and stored, memory dynamics were
investigated in female wasps using the transcription blocker Actinomycin D. It
was assumed that in a specialist parasitoid such as C. vestalis olfactory learning is
limited to odours relevant for host location. It was further hypothesised that males

use HIPVs and pheromones to locate females.
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2.2. Materials and methods

2.2.1. Materials

Plants

Chinese cabbage (Brassica rapa, Wong bok cultivar) plants were grown in a
glasshouse compartment at 24 + 2°C with 60 + 15% relative humidity. Seeds were
sown in 0.3 1 plastic pots filled with standard JS2 potting compost (Levingtons,
Ipswich, Suffolk, UK) with no extra fertiliser added and grown under a L16:D8
light-dark photoperiod.

Insects

Adult P. xylostella were kept at a temperature of 19 + 2°C with 60 £ 15%
relative humidity at a L16:D8 photoperiod and were fed with Chinese cabbage. C.
vestalis were kept at a temperature of 20 + 1°C with 55 £ 5% humidity, and a
L16:D8 photoperiod and were provided with honey water. For parasitisation, C.
vestalis and P. xylostella larvae were kept in Perspex cages with nylon mesh
covering two sides to enhance ventilation. Parasitisation was carried out up to
three times a week. Second or third instar larvae were placed with female
parasitoids and left for a maximum of 24 h to ensure successful oviposition
behaviour of the parasitoid. Insects used in the following experiments were kept
in a room free of plant volatiles to ensure that only “naive” animals that have not
previously been exposed to any host plant volatiles or the host and have not been
given oviposition experience, were used. Environmental conditions in the room
were maintained at 20 = 1°C with 55 £ 5% relative humidity and a L16:D8
photoperiod. The photo phase was between 0600 — 2200 h.

Odours

For the experiments presented in Chapter 2 (and Chapter 5), linalool and 1-
nonanol (I mg/ml in hexane, Sigma-Aldrich) were used as a conditioned odour
stimulus to determine whether C. vestalis can perceive and learn these individual
chemicals. In a previous study (Durrant, 2007) with C. vestalis, (E)-B-
caryophyllene and (Z)-3-hexenyl acetate, two highly emitted volatiles during
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caterpillar infestation, have already been used as conditioned odours. Therefore, in
the current study, linalool, a common attractant in plant interactions and by
parasitoids well perceived HIPV was used in this study (Vuorinen et al., 2004;
Pinto et al., 2007a; Unsicker et al., 2009; Egigu et al., 2010). Linalool is also
frequently used in imaging studies in moths (Saveer et al., 2012). 1-nonanol
occurs naturally in orange oil and grapefruit and was shown not to be part of the
HIPVs emitted by Brassica rapa var. Wong bok upon attack with DBM (Durrant,
2007). Therefore, it should be a “novel” chemical for C. vestalis not associated
with plant defence in the tritrophic system used in the present study. However, 1-
nonanol is an odour well learned by bees, and therefore often used in behavioural
experiments with bees (Guerrieri et al., 2005a). However, due to time restrictions,
only one repeat was conducted for a-farnesene and limonene in females only.
These HIPVs were therefore excluded from data analysis (Appendix 1).

For conditioning and bioassay 20 pl of the odour source was micropipetted
onto a filter paper (3 cm?) and placed into a clear Polystyrene plastic container
(diameter: 8.65 cm, height: 4.5 cm) (ODOUR ONLY and HP conditioning), or
onto a petridish (FOOD conditioning). For the bioassay the filter paper was placed
near the orifice of each side of the arm of the Y-tube olfactometer (bioassay). In

the bioassay 20 ul hexane was used in the second arm as the control odour.

2.2.2. Antennal responses of Cotesia vestalis to different odour compounds
measured by EAG

Electrophysiology

To measure antennal responses of C. vestalis to olfactory cues,
electroantennogram (EAG) recordings were conducted at Rothamsted Research
(UK) under the supervision of Christine Woodcock. Upon interaction between a
chemical compound and an olfactory receptor a change of voltage across the cell
membrane results in depolarisation. The intensity of the receptor potential
determines the frequency of action potentials travelling to the nervous system
(Schneider, 1957). The summation of receptor potentials from various sensilla is
measured with an electroantennogram (EAG) (Schneider, 1957). For the EAG,
Ag-AgCl glass electrodes were filled with saline solution (composition as in

Maddrell (Maddrell, 1969) but without glucose): NaCl (7.55 g/l), KCI1 (0.64 g/l),
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CaCl (dihydrate) (0.22 g/1), MgCl, (1.73 g/l), NaHCOs (0.86 g/1), NazPO4 (0.61
g/1). Male and female parasitoids were chilled for 1 min and the head excised. The
indifferent electrode was placed within the head capsule, and the tips of both
antennae were removed to ensure a good contact prior to being placed within the
recording electrode (Suckling et al., 1996). The signals were passed through a
high impedance amplifier (UN-06, Syntech, The Netherlands) and analysed using
a customised software package (Syntech).

The stimulus (2 s duration) was delivered into a purified airstream (1
/min) flowing continuously over the preparation, using a stimulus controller
(Syntech CS-02). Samples (10 pul) of the standard solutions of test compounds (1
mg/ml and 5 mg/ml in hexane) were applied to filter paper strips and the solvent
allowed to evaporate (30 s) before the strip was placed in the cartridge. The
control stimulus was hexane (10 pl). Fresh cartridges were prepared for each
stimulation and five replicates were conducted for each odour. The odour delivery
system, which employed a filter paper strip in a disposable Pasteur pipette
cartridge, has been described previously (Wadhams et al., 1982). Three
compounds, decanal, 1-nonanol and linalool, were tested against both females and
males, five replicates of each. To compensate for the naturally occurring loss of
response during the course of the measurements, the antennal response to hexane
(control) was measured before and after every run-through. The results were
expressed as a percentage of the artificial 1 mV signal (i.e. 1 mV = 100%).
Significant differences between test solutions and the hexane control were
calculated using a Wilcoxon test. For the calculations of significance to the
control the average of hexane stimulations before and after the treatment was
taken. The different volatiles were not statistically compared due to differences in
volatility and the relationship between the dose of a compound applied to filter

paper and the amount of compound released.

2.2.3. Behavioural response of Cotesia vestalis to odour compounds

Conditioning
An attraction to green leaf volatiles (GLVs) and host-induced plant volatiles
(HIPVs) for C. vestalis females has been previously shown (Potting et al., 1999;

Pinto et al., 2007b). Learning a new odour via oviposition or food conditioning,
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however, has received less attention (Durrant, 2007). This experiment tested
whether C. vestalis can learn different olfactory cues, and whether there were
gender differences in learning when animals were trained to linalool, and 1-
nonanol. Conditioning consisted of three groups per gender, in which animals
were exposed to a stimulus over a period of 10 min (Fig. 2.1 and 2.2). For
conditioning, naive parasitoids were used 2 - 4 d after eclosion. Experiments were
conducted over several days to account for any daily variability due to
atmospheric conditions, which is known to influence the parasitoid’s performance

(Villagra et al., 2005; McClure et al., 2007; Villagra et al., 2008).

. ConditioningI . Y-tube test

1 1 1
-10 min 0 min 15 min

Fig. 2.1 Time line showing the experimental protocol used for the three different
conditioning (treatment) groups. Animals were conditioned for 10 min and tested 15 min
after conditioning.

a) HP conditioning

In the host/plant (HP) group, animals were kept in clear Polystyrene plastic
containers (diameter: 8.65 cm, height: 4.5 cm) (Fig. 2.2 A). Animals were
presented with the odour (linalool or 1-nonanol), the host plant (a cabbage leaf
which has been previously infested with caterpillars 24 h before conditioning), as
well as the host (caterpillar); males were presented 1 female and allowed to
copulate with a female and females allowed to oviposit. During the conditioning it
was verified if copulation took place. Only one male and one female were used at
a time for the conditioning. As copulation was only observed in two cases for

linalool, males experiencing copulation were excluded from data analysis.

b) FOOD conditioning

To use a paradigm where both genders had the same learning experience,
males and females were food conditioned to the odours mentioned above (FOOD
group). Individuals of the FOOD group were kept in 1 ml glass vials (8 x 40 mm
polyethylene plug glass) with a string of tissue (Fig. 2.2 B). 20 ul sucrose (1 M)
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was pipetted onto the string and the vial placed over a 3 cm’® filter paper
containing 20 pl of linalool or 1-nonanol on petridishes (10 x 1.5 cm diameter)

(Wiéckers et al., 2002; Wickers et al., 2006).

c) ODOUR ONLY conditioning

In the control group (ODOUR ONLY) individuals were kept with the odour
stimulus alone. ODOUR ONLY individuals were kept in clear Polystyrene plastic
containers (diameter: 8.65 cm, height: 4.5 cm) (Fig. 2.2 C).

A HP ll P ./ e
& L .

« Odour source /
Odour source .. Odour source \ 2
i, — =

Fig. 2.2 The setup of the different conditioning groups. A) HP: males experienced the presence
of a female, the host, the host plant and the conditioned odour. Females experienced the host, the
host plant and were allowed to oviposition. B) FOOD conditioning: the odour was presented
simultaneously with a food source (sucrose) applied on a tissue string. C) ODOUR ONLY:
insects were exposed to the odour only presented on a filter paper without any associative
stimulus. HP= host and host plant, P= Parasitoid.

Behavioural bioassay

Responses of parasitoids to linalool and 1-nonanol were tested in a Y-tube
olfactometer (Fig. 2.3). This is an established, commonly used method for
measuring choice responses in parasitoids to a control and trained odour (Du et
al., 1996; Girling et al., 2011). The olfactometer had an internal diameter of 1.5
cm, a 9.5 cm stem and 10 cm arms at a 60° angle. Bioassays were conducted
between the third and sixth hour of the insect’s photo phase (McClure et al.,
2007). A continuous air flow was created by an air-pump (Neuberger ICN F,
Freiburg, Germany) and regulated with a flowmeter (Fig. 2.3). Air was delivered
via Teflon tubing through an activated charcoal filter for air purification. The air
was further passed through distilled water for humidification and through each of
the Y-tube’s arms, one containing 20 pl of hexane as a control, and the other

containing 20 pl of linalool or 1-nonanol (1 mg/ml) as the conditioned odour. Air
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was adjusted with a flowmeter (Airflow GPE limited, Leighton Buzzard UK) and
kept constant at 200 ml/min. The airflow was started 15 min before the

experiment began to allow the system to stabilise.

Teflon tubing

Air pump
Y-tube

T

-

—
Flow meter Charcoal filter Water Parasitoid

Fig. 2.3 The bioassay setup. Arrows indicate direction of air flow, which was regulated by a flow
meter, and passed through a charcoal filter and distilled water via Teflon tubing. In the Y-tube, 1
indicates “first choice” and 2 indicates “final (second) choice”.

Individual parasitoids were tested 15 min after conditioning for 5 min. Time
measuring started with the individual entering the stem of the Y-tube. A choice
was defined when the individual spent more than 30 s in the upper arm of the Y-
tube. The time of first entry into the Y-tube, the first arm entered, first choice
(after the cross junction), final choice (upper arm of the Y-tube), and the number
of times entered in an arm were recorded. Behavioural traits associated with
mating such as wingfanning were also recorded. Individuals which remained
stationary for 2 min were excluded from data analyses. The olfactometer was
reversed 180° after every animal to avoid side bias. The Y-tube was replaced after
testing 8 individuals (or a conditioning group) to avoid any errors caused by
possible odour traces from the parasitoid. Odour sources were replaced after each

animal.
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To standardise visual cues, the olfactometer was enclosed by white sheets. A
light source comprising of two 15 W fluorescent tubes produced a light intensity
of 1.7 kix. The tubes were covered with prismatic reflectors to ensure an even
distribution of light and placed above the olfactometer. Preference for either
control or experienced odour in the Y-tube was analysed with a goodness of fit
Chi-square test. Comparison between each conditioning group was conducted
using ANOVA. The set up followed designs previously established and used in
bioassays (Girling et al., 2011).

2.2.4. Characteristics of memory formation in Cotesia vestalis

To test the impact of learning, an additional experiment was conducted to
investigate long-term memory formation in female C. vestalis. The response to the
conditioned odour 1-linalool was tested after 1 h, 1 d, 2 d and 3 d following
conditioning (Collatz et al., 2006). In this experiment, female insects were trained
to linalool in the HP group only. For conditioning, females were put in groups of
5 in the Polystyrene plastic containers previously described for 20 min. The
longer exposure time ensured that the females had oviposition experience (Potting
et al., 1999). Insects were trained in two different treatment groups: a control
group (sugar group), which only received sugar water, and the ACD group, which
received sugar water and the transcription blocker Actinomycin D (ACD) at a
concentration of 0.5 mM (Smid et al.,, 2007). Actinomycin D (Sigma) was
prepared as a 1 mM stock solution. This was obtained by mixing 3.68 mg ACD in
3 ml DMSO (6.4 mM) (Dimethyl sulfoxide, Sigma). For a concentration of 0.5
mM ACD, 2.5 ml of the stock solution was mixed with 5 ml of 2% sucrose (0.1 g
sucrose per 5 ml water). Animals were fed 2 pl ACD 24 h before the experiment,
and 2 h after testing (1 h for the 1 h group) (Tully et al., 1994; Wiistenberg et al.,
1998; Collatz et al., 2006), to ensure that the drug had been consumed (Smid et
al., 2007) and because it was shown that the effectiveness of the drug is dependent
on the time of administration (Wiistenberg et al., 1998). In chicks, for example,
two time windows for inhibition were found: at the time of training, and 3 — 4 h
after training (Igaz et al., 2002). It was also shown that in bees, a critical time
period of up to 6 h after training was found to be important for protein synthesis

(Griinbaum and Miiller, 1998; Wiistenberg et al., 1998) and often several time
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windows for protein synthesis can take place (Agranoff et al, 1967,
Bourtchouladze et al., 1998; Bekinschtein et al., 2007).

Parasitoids were subsequently tested in the Y-tube olfactometer after 1 h, 1
d, 2 d and 3 d following conditioning (Fig. 2.4). Preference for either control or
experienced odour in the Y-tube was analysed with a goodness of fit Chi-square
test. Comparison between each treatment group was conducted using ANOVA
(Lunney, 1970). To account for any daily variability due to atmospheric
conditions, experiments were conducted over several days and an even number of
parasitoids of the sugar group and the ACD group was used for each treatment

and test day (Marchand and McNeil, 2000).

. ACD/sugar . ConditioningI ACD/sugar Y-tube test
1 1

1 I7 1

-1d 0 min 20 min 1h

: ACD/sugar | ConditioningI ACD/sugar , Y-tube test
1

1
1 I7 1 1 I7 1

-1d 0 min 20 min 2h 1d/2d/3d

Fig. 2.4 Time line showing the experimental protocol used for investigating the memory
dynamics in C. vestalis. Animals were fed with ACD and sugar or sugar only 24 h prior and 1 or 2
h after conditioning.

2.2.5. Courtship behaviour in the parasitoid Cotesia vestalis

Males initiate courtship behaviour long before antennal contact with the
female, suggesting that females produce pheromones (Ruther et al., 2000;
McClure et al., 2007). In Chapter 4, a macroglomerular complex (MGC) was
found in males, which is known to process pheromone information. Therefore, in
this experiment, courtship behaviour in male parasitoids in the presence of a
female was used as an indicator for sex pheromone communication in C. vestalis.
Thus, a complex investigation of courtship behaviour in this species was

conducted to explore the possibility of pheromone communication in C. vestalis.
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Behavioural essays were used in different combinations to test if courtship
behaviour was displayed, which sex was responsible for the attraction of the
opposite sex, and to determine if an attraction between individuals of the same sex
or to a different species exists (males-only, females-only, males with females, and
males with females of a different parasitoid species).

To observe whether courtship behaviour was influenced by mating status,
males and females were paired as mated male and female, as well as virgin male
and female. As it was shown that mating behaviour is influenced by time
(McClure et al., 2007), copulation success was measured by the occurrence of
courtship behaviour in male/female pairs, mornings - am (0800 h - 1000 h), and
afternoons - pm (1200 h - 1600 h), for both mated and virgin individuals.

For observation, individuals were placed together in pairs in clear
Polystyrene plastic containers (diameter: 8.65 cm, height: 4.5 cm). Behaviour was
observed continuously over a period of 5 min and elements of courtship and other
behaviour were noted (Table 2.1). Four elements of courtship behaviour were
distinguished (Vinson, 1972; McClure et al., 2007): orientation was recorded
when a male orientated towards another insect; antennal contact was defined as
touching the body of another individual with the antennae; wingfanning in
combination with abdominal raising was based on the number of times males
displayed wing vibration; attempted copulation was recorded when a male
mounted another insect and attempted copulation; copulation was recorded when
successful copulation took place. Other behaviour was classified as walking,
exploring (walking with antennae touching the ground), grooming (cleaning of
extremities), antennal touch (the individual continuously moved its antennae
while touching it with its front legs) and immobile (the individual remained
completely still).

Six pairs of 2 d old individuals were observed in each experiment and
behavioural assays were carried out over several days to account for any daily
variability due to atmospheric conditions (Marchand and McNeil, 2000).
Behaviour was noted as number of occurrences and was then transformed into
percentage of the total behaviour per individual. For statistical analysis, the
percentage of courtship behaviour per individual was arcsine transformed and

different groups were analysed with a Student’s t-test (McDonald, 2009).
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Table 2. 1 Parameters of courtship- and other behaviour

Orientation Male is orienting towards other individual
- The individual is touching the body of another
3 Antennal contact L .
o individual with the antennae
>
©
© Male is displaying rapid wing vibration that is
'g_ Wingfanning and abdominal raise sometime accompanied by raising the
= abdomen
[}
5 . . o
8 Attempted copulation Male is mounting another |r1d|V|duaI and
attempts copulation
. Male is mounting another individual and
Copulation ) .
succeeds in copulation
Walking The individual is walking around the container
. The individual is walking around the container
Exploring o .
5 while its antennae are touching the ground
0
>
2
2 Grooming The individual is cleaning its extremities
2
5 The individual is continuously moving its
Antennal touch antennae while touching them with its front
legs
. The individual is remaining still without
Immobile . . .
displaying any behaviour

Cleaning of plastic and glassware

After each experiment the glassware used was cleaned and dried thoroughly
to eliminate residual volatiles which may otherwise affect the results of
subsequent experiments. Equipment was first soaked with Decon 90 (Decon
Laboratories Limited, UK) and rinsed with hot water. Glassware was then
scrubbed with acetone and rinsed with distilled water before being dried in an
oven at 200°C for a minimum of 3 h. Plastic containers used for conditioning

procedures and courtship behaviour were only used once.
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2.3. Results

Part 1 Plant volatile studies

2.3.1. Antennal responses of Cotesia vestalis to different odour compounds
measured by EAG

This experiment was conducted to establish if male and female C. vestalis
can detect different plant volatiles at a peripheral level. The antennal response of
male and female C. vestalis to linalool and decanal, 1-nonanol and a control
stimulus (hexane) was tested using an EAG.

Odours were presented in 5 runs in a different order each time, with hexane
as a start and end stimulus after each run. Both genders detected the different
volatiles and showed an EAG response to all test compounds with similar signal
amplitudes (Fig. 2.5) and rate (Fig. 2.6). An example of one of the 5 runs is shown
in Figure 2.5. The signal increased after odour onset. Linalool (5 mg/ml) had the

longest response which lasted for 5-6 s before it returned to baseline.

A | hexane i decana I in 1 | mananal
| | I |
1!'__[?:1_—.___'? rT_f_—:__ ! Y -— ﬂ_/_/,’:__-
i U/ ; v
! ! : !
: na : hexang : T : 1m
R o A — ——— -
1 A 711
I A 1 1 Hll T
! ! ! !
B 1 hexans lirn aecanal nonanol

w
:

lin 5 | haxanea 1 1Tmv I 1my

Fig. 2.5 Signal intensities of males (A) and females (B) for the different compounds. The
signal amplitude of one run is shown for the different compounds for males and females. Signal
intensities were similar in both genders (y-axis). Decanal and 1-nonanol elicited the highest
response of the signals tested. Red line x axis: 7= 7 s, blue line y-axis: 1= 1 mV for all compounds.
Lin 1= Linalool (1 mg/ml); Lin 5= Linalool (5 mg/ml). 1 mV= Amplitude of the artificial 1 mV.
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The results shown in Figure 2.6 comprise responses to the compounds at 1
mg/ml (1-nonanol, linalool, decanal) and 5 mg/ml (linalool) and are expressed as
a percentage of the artificial 1 mV signal (i.e. 1 mV = 100%). Responses to all
compounds tested were significantly higher than responses to the hexane control

(p<0.05). There was no significant difference between genders (p>0.05).

200 -
180 - *
160 - "

140 * *

120 -

60 -

40 -

20

hexane 1-nonanol linalool 1 linalool 5 decanal

Compounds

Fig. 2.6 EAG responses of C. vestalis to different odour compounds. 1-nonanol, linalool 1 and
decanal had a concentration of 1 mg/ml. Linalool 5 had a concentration of 5 mg/ml. Data were
normalised as a percentage of the 1 mV signal (I mV signal is 100%). * indicates a significant
difference between mean responses to the different compounds and mean response to hexane
(control) at the level p<0.05 compared to hexane for both genders.
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2.3.2. Behavioural response of Cotesia vestalis to a linalool

To determine if males and females use associative learning during host
(female) location, animals were trained in different conditioning groups to
linalool. In the HP group, animals were presented with the host, host plant and
linalool. Females were allowed to oviposition, and males were allowed to mate
with females. In the FOOD group, animals received sugar water in the presence of
the odour, and in the ODOUR ONLY group, animals were exposed to the odour
alone, without any additional stimulus. The animals’ ability to learn was tested by
placing them in a Y-tube olfactometer bioassay with one arm containing the
conditioned odour (linalool) and the other a control odour (hexane). A choice was
recorded if the animal spent more than 30 s in the upper half of an arm.

In both genders, animals trained in the HP group showed a higher preference
for linalool in the Y-tube olfactometer when presented with the choice of a
conditioned stimulus (linalool) and a control stimulus (hexane) (Fig. 2.7 A, B).
Linalool was preferred by 50% of males and 76% of females. Only 14% of
females went to the control instead of linalool and none of the males chose the
control odour. To compare the response between control and conditioned stimulus
within each conditioning group and gender, a heterogeneity Chi-square test
(goodness of fit) was used. Significantly more males (x> = 11, df= 1, p<0.05) and
females (> = 7.2, df= 1, p<0.05) subjected to the HP group chose linalool rather
than the control odour in the Y-tube.

Both genders showed a lower preference for linalool in the FOOD group and
ODOUR ONLY group and no significant difference was found for the other
conditioning groups for either of the genders. The percentage of males that did not
respond in all the conditioning groups was extremely high (over 50%), suggesting
that linalool is less attractive to males than it is to females. However, looking at
the actual percentage of animals (excluding the no choice animals), males showed

a high preference for linalool in all conditioning groups (over 60%).
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A male B female
n nc % n nc%
* 1
23 50 HPC 22 10
O control
25 68 FOOD 22 27 2
ODOUR ONLY
29 67 25 58
-7‘0 -E;O -3L0 -10 10 30 5;0 7‘0 -7‘0 -5;0 -310 1 0 1‘0 3‘0 50 7‘0
% Response % Response

Fig. 2.7 Responses of C. vestalis in a Y-tube olfactometer to a control stimulus (hexane) or
trained stimulus (linalool). Individuals were subjected to 3 conditioning groups (Host/plant (HP);
FOOD and ODOUR only). A) Response to male parasitoids trained with linalool. B) Response of
female parasitoids trained with linalool. * indicates a significant difference between control and
linalool at the level p<0.05. Contrast 1-3 indicates a significant difference between conditioning
groups at the level p<0.05. The percentage of wasps that failed to respond within the 5 min time
period are displayed as nc-no choice and were excluded from data analysis. The total number of
tested animals (n) for each conditioning group is displayed to the left of the corresponding bars.

To compare the conditioning groups and both genders with each other, a 1-
way ANOVA was used. The only significant difference could be found in females
between the HP and ODOUR ONLY group (F2,44= 4.050, p<0.05). This suggests
that an associative connection between the conditioned odour and the HP was

stronger in females.

To summarise, when males and females were trained with linalool, both
genders significantly preferred linalool in the HP group. Comparison between
treatments, however, only revealed a significant difference between the HP and
ODOUR ONLY group in females. The generally high percentage of males
making no choice and the lack of significant difference between the conditioning
groups in males, suggests that, although males prefer linalool in the HP

conditioning, a stronger associative trace is formed in females.
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2.3.3. Behavioural response of Cotesia vestalis to a 1-nonanol

EAG measurements (section 2.3.1) showed that animals responded to
linalool, decanal and 1-nonanol. To investigate whether C. vestalis could also
learn an odour which is not part of their tritrophic system, animals were trained in
different conditioning groups to 1-nonanol, as previously described in section
2.3.2.

Overall, response to the conditioned stimulus was lower when conditioned
to 1-nonanol (Fig. 2.8 A, B). Males showed the highest response in the HP group,
but more individuals chose the control odour (35%) over 1-nonanol (25%). In
females a high percentage (43%) of individuals chose the control odour over 1-
nonanol (5%).

Furthermore, both genders had a lower response rate in the FOOD group.
Only 14% of males chose 1-nonanol and 9% the control. In females 29% (67%
actual percentage excluding no choice animals) preferred 1-nonanol and only 14%
chose the control.

The response in the ODOUR ONLY group was also very low. In males, the
percentage choosing 1-nonanol and the control was equal (15%). Only 14% of
females chose 1-nonanol and 24% the control. In all groups and genders the
percentage of individuals not making a choice was higher when they were treated
with 1-nonanol. The only significant difference was found in the HP group, where
females significantly preferred the control stimulus over 1-nonanol (y* = 5.4, df=

1, p<0.05).

47



Chapter 2

A male B female

n nc % n nc%

21 40 HP 20 57 *

21 78 FOOD 23 57
W nonanol

25 65 ODOUR ONLY 20 62
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Fig. 2.8 Responses of C. vestalis in a Y-tube olfactometer to a control stimulus (hexane) or
trained stimulus (1-nonanol) Individuals were subjected to 3 conditioning groups (Host/plant
complex (HP); FOOD and ODOUR only). A) Response to male parasitoids trained with 1-
nonanol. B) Response of female parasitoids trained with 1-nonanol. * indicates a significant
difference between control and 1-nonanol at the level p<0.05. The percentage of wasps that failed
to respond within the 5 min time period are displayed (nc-no choice) and were excluded from data
analysis. The total number of tested animals (n) for each conditioning group is displayed to the left
of the corresponding bars.

A 1-way ANOVA showed no significant gender (;Fgo= 3.314, p<0.05) or
conditioning difference (F;¢= 0.952, p<0.05) for I-nonanol. Generally, the
percentage of insects not eliciting a response within the 5 min time interval for 1-
nonanol was high with a no choice rate over 50% in all groups.

A statistical comparison (uGLM) between linalool and 1-nonanol showed a
significant difference between gender (F;i36= 7.382, p<0.05), odour (F;i36=
13.696, p<0.05) and conditioning and odour (F; 136= 5.248, p<0.05). In summary,
experience with 1-nonanol in the HP group resulted in avoidance learning in
females, but was not learned in any of the other conditioning procedures in

females or males.
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Part 2 Memory dynamics

2.3.4. Characteristics of memory formation in Cotesia vestalis

Experiments were conducted to determine whether C. vestalis would form
long-term memory after experience with linalool during HP conditioning. To
assess memory dynamics, females were fed the irreversible transcription blocker
Actinomycin D (ACD), known to inhibit protein synthesis and consequently the
formation of LTM. Females were fed either sucrose only (sugar group), or a
transcription blocker diluted in sucrose (ACD group), 24 h before training and up
to 2 h after training and tested in a Y-tube 1 h, 1 d, 2 d and 3 d following training.
In the Y-tube their choice between a control stimulus (hexane) and the
conditioned stimulus (linalool) was recorded. Like previous experiments, a choice
was recorded when the individual spent more than 30 s in the upper half of an
arm.

Female parasitoids in the sugar group (Fig 2.9 A) showed the highest
response 1 h after conditioning, with 76% of the animals choosing linalool in the
Y-tube. Over time, their response decreased to 21% and was lowest after 3 d. The
number of individuals with no choice increased with time, suggesting that the
odour became increasingly unattractive to the females. Comparison within each
testing time using a Chi-square test (goodness of fit) revealed no significant
difference between responses to control or linalool at any time point. Therefore,
despite an initially higher response to linalool when tested 1 h after training,
female parasitoids failed to establish an associative connection to the learned
odour, indicating no LTM was formed.

Individuals of the ACD group (Fig 2.9 B) showed similar responses to
linalool when tested after 1 h, 2 d and 3d. The number of females preferring
linalool over the control decreased after 1 h from 57% to 15% tested 3 d after
training. After 1 d, females failed to respond to the learned odour, and while a
high percentage of females made no choice (67%), 33% preferred the control over
linalool. A Chi-square test (goodness of fit), comparing responses between the

control odour and linalool within each group, only revealed a significant
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difference for females tested 1 day after training (X2= 5.4, df= 1, p<0.05) (Fig.

2.9), where it led to an avoidance reaction in females.

A sugar B ACD

n nc% n nc%

20 25 1h 21 10

23 40 1d 18 67 d *

Ocontrol
m linalool

27 56 2 19 32 2d

Iulr

UL

24 54 3d 20 50 a
-70 -50 -30 -10 10 30 50 70 -70 -50 -30 -10 10 30 50 70
%Response % Response

Fig. 2.9 Responses of C. vestalis in a Y-tube to a control odour and linalool at different time
points following conditioning. A) The sugar group received sugar water only. There was no
significant difference between control and linalool at any of the time points. B) Animals were fed
with ACD 24 h before and 1/2 h after training. At 1 d, animals only responded to the control odour
and avoided linalool. * indicates a significant difference between control and linalool at the level
p<0.05. The percentage of wasps that failed to respond within the 5 min time period is also
displayed (nc-no choice).

A 1-way ANOVA comparing the different time points (Fig. 2.10) within the
sugar group showed no significant difference between the different time points
(3Fs;1= 0.821, p>0.05). By comparison, within the ACD group, a significant
difference between times could be found (sF47= 3.161, p<0.05); however only
between 1 h group and 1 d (F;24= 9.463, p<0.05).

A comparison between sugar and ACD groups showed a significant
difference between time (F3,90= 2.914, p<0.05) as well as group (F;go= 6.174,
p<0.05), but no group and time interaction (Fs,go= 1.007, p>0.05). With the
exception of animals tested after 1 h (F; 2= 10.857, p<0.05) and 1 d (F, ;o= 5.400,
p<0.05), no significant difference was found between individuals of the ACD and

sugar group.
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Fig. 2.10 Responses of C. vestalis females to linalool at different time points following
conditioning. Parasitoids in the sugar group only received sugar water, while parasitoids in the
ACD group were fed with sugar water containing the transcription blocker ACD. Contrasts 1-4, 2-
4 and 3-4 were significantly different at the level p<0.05.

Part 3 Pheromone studies

2.3.5. Courtship behaviour in the parasitoid Cotesia vestalis

Although males learned linalool in the HP group, the formed association
was not as strong as in females (Section 2.3.2). This result and the MGC found in
Chapter 4 could indicate that males use sex pheromones in combination with
HIPVs to locate females. The courtship behaviour experiments presented in this
section investigated whether males display courtship behaviour in the presence of
a female. To account for the influence of time and mating status, virgin and mated
individuals were observed in the morning and the afternoon. Animals were placed
together in different combinations, such as males-only, females-only, mated males
and females, virgin males and females, as well as males with females of a

different species.
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In the presence of a female of the same species, males initiated courtship
behaviour (n= 24). This included a chain of consecutive behaviours (Fig. 2.11).
The male started orienting towards the female and pursuing it (Fig. 2.11 A, B)
which was followed by wingfanning (Fig. 2.11 C). The wingfanning behaviour
was sometimes accompanied by raising the abdomen (Fig. 2.11 D). Locomotory

activity increased and contact with the female was attempted (Fig. 2.11 E, F).

Fig. 2.11 Behavioural elements of C. vestalis courtship behaviour. A) Orientation: in the
presence of a female, males initiated orientation. B) Chase: after orientation, males were often
observed following the female. C) Wingfanning: wingfanning often already occurred during
orientation and chasing the female. During this behaviour the male was fanning its wings at a high
frequency. D) Abdominal raise and wingfanning: wingfanning was often accompanied by an
abdominal raise. E) Antennal contact: once the female remained still, the male tried to approach
the female and initiate antennal contact. F) Contact and attempted copulation: in 94% of the
observations, the female refused the male and walked off after antennal contact. Total number of
pairings observed = 24.

The receptive female allowing copulation did not display any behaviour that
could be linked with the release of a pheromone, although it was observed that in

the case of accepting the male, the female stopped and lifted the abdomen slightly
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and allowed copulation. Copulation only occurred in one case. Hence, in 94% of
the observations, the female refused copulation and walked off after attempted
contact by the male.

Courtship behaviour was observed in mated and virgin males, although
virgin males displayed more courtship behaviour (80%) (Fig. 2.12). Within both
groups, no diel effect was found (Mated: t= 0.813, df= 5, p>0.05; Virgins: t=
5.801, df= 5, p>0.05). However, between-group comparison showed that mated
males in the morning displayed significantly less courtship behaviour than virgin
males (t= -2.721, df= 5, p<0.05). Furthermore, virgin males spent most of their
time displaying courtship than other behaviour, such as for example, walking,
grooming or remaining immobile (t= 6.164, df= 5, p<0.05).

In summary, courtship behaviour was found in mated and virgin males,
tested at any time. Only virgins, however, displayed significantly more courtship

behaviour than other behaviour.
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Fig. 2.12 Behavioural responses of mated and virgin males tested in the morning (am) and
afternoon (pm). Courtship behaviour was significantly higher in virgin males than in mated males
tested in the morning. Virgin males showed significantly more courtship behaviour than other
behaviour. n= 6 per group. Contrasts 1-5; 5-6 and 7-8 and are significantly different at the level
p<0.05.
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The different behavioural elements of courtship behaviour revealed
differences depending on mating status and time (Fig. 2.13). Mated males in the
morning displayed significantly less orientation than virgin males in the morning
(t= -3.697, df= 5, p<0.05). Also, virgin males showed more orientation in the
morning than virgin males in the afternoon (t=-3.697, df=5, p<0.05).

Wingfanning behaviour in virgin males made up about 50% of the
behaviour. Virgin males tested in the morning and afternoon displayed
significantly more wingfanning than mated males tested in the afternoon (t= -
3.006, df= 5, p<0.05; t=-2.812, df= 5, p<0.05). Antennal contact did not depend
on mating status or time.

In summary, wingfanning was the most frequently used element of courtship
behaviour, followed by orientation, suggesting that wingfanning is the most

important element in the courtship sequence.
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Fig. 2.13 Courtship elements of mated and virgin males tested in the morning (am) and
afternoon (pm). Wingfanning behaviour was the dominant element in courtship behaviour, which
was significantly higher in virgin males. Orientation, antennal contact and copulation were less
frequent. n= 6 per group. * indicates a significant difference at the level p<0.05.
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In the absence of females, no courtship behaviour was observed (Fig. 2.14).
Males spent their time displaying other behaviour, such as antennal movement,
grooming, walking, exploring, or remaining immobile. In females-only
observations, no courtship behaviour could be observed. In addition, males
displayed significantly less courtship behaviour in the presence of females of a
different species (Asobaria tabida) than mated and tested in the afternoon (t=
2.182, df= 5, p<0.05), as well as virgin males tested in the morning (t= 8.370, df=
5, p<0.05) and afternoon (t= 7.864, df= 5, p<0.05). However, the only courtship
behaviour observed was orientation towards the female of a different species, and
one male initiated antennal contact, but no wingfanning occurred. Furthermore,
their general activity increased. This suggests that orientation and antennal contact
were in this case used as a means of exploring the female of a different species.

In summary, C. vestalis males display courtship behaviour in the presence of
a female of the same species which could be an indicator for pheromone
communication in this species. Courtship behaviour in C. vestalis does not appear
to be restricted to a certain time period in the day and wingfanning appears to be

the dominant element in courtship behaviour.

100 -

HH

90 ~

80

70 -

60 -

50 | courtship behaviour

O other behaviour

% Response

40 -
30 -
20 -

10 ~

: N

male vs male female vs female male vs female
other species

Fig. 2.14 Behavioural responses of males only, females only and males presented with a
female of a different parasitoid species. There was no courtship behaviour in males or females
only groups. Males paired with a female of another parasitoid species sometimes approached the
female. n= 6 per gender and group.
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2.4. Discussion

The aim of this study was to investigate antennal as well as behavioural
responses of C. vestalis to different olfactory cues, to understand how C. vestalis
uses olfactory cues for host location. Therefore, EAG studies and behavioural
bioassays were carried out to investigate antennal and behavioural responses of
the parasitoid to olfactory cues. The hypothesis was that in a specialist parasitoid
learning is more restricted to odours relevant for host location. Learning in
females through oviposition is well known (Kaiser et al., 2009; Costa et al., 2010).
However, little work has been carried out to investigate the ability of male
parasitoids to detect and learn odours. It was argued that because C. vestalis is a
solitary specialist, HIPVs are also important for males, to locate females. Also,
pheromones emitted by the female may play an important role to attract males

over longer distances.

2.4.1. Antennal responses of male and female C. vestalis to linalool and 1-
nonanol
Antennal responses to olfactory cues as an indicator for specialisation?

In this experiment parasitoids responded to all odours tested. Measurements
of EAG responses in C. vestalis revealed significant responses to the control for
all compounds tested, in males and females. EAGs are useful to screen for
receptive ORNs upon odour stimulation, however, some studies have shown
contrasting conclusions (Park et al., 2001; Sen et al., 2005), indicating that EAG
activity alone is not an exact indicator of the “relevance” of certain compounds to
an animal (Suckling et al., 1996). Ngumbi (Ngumbi et al., 2009; Ngumbi et al.,
2010) demonstrated that specialists had greater EAG responses to host specific
odours and HIPVs, while generalists demonstrated greater antennal responses to a
variety of odour compounds (Chen and Fadamiro, 2007). However, in moths and
other parasitoid species, similar EAG responses of specialists and generalists have
been found (Smid et al., 2002; Gouinguen et al., 2005). This suggests that

although EAGs can be an indicator to test which odours can be perceived, they are
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less suitable as an indicator for host specialisation and differences in response

levels might also depend on the volatility of compounds (Germinara et al., 2009).

Antennal responses of males and females

EAG studies in males and females also show a great variety of responses
depending on the species. Although some studies revealed no gender differences
(L1 et al., 1992; Park et al., 2001; Dweck et al., 2010), others have shown that in
some cases, males are prone to respond more strongly to certain volatiles
(Germinara et al., 2009). In the current study, males had a slightly higher antennal
response to the compounds tested, but no significant gender differences could be
found. In both genders the compound concentration influenced the antennal
response. A higher concentration of linalool elicited higher EAG responses than
the lower concentration. Previous studies (Whitman and Eller, 1990; Jyothi et al.,
2002) have found that females have a lower threshold and a higher sensitivity to
certain compounds, for example, it has been shown that Microplitis croceipes and
Cotesia marginitventris females respond more to GLVs and males more to
inducible compounds such as terpenoids which are released later (Chen and
Fadamiro, 2007).

Response differences to the odour compounds could be explained by the
difference in the number of receptor neurons tuned to compounds, the number and
type of sensilla and the volatility of an odour. In C. vestalis, seven types of
sensilla have been identified in males and females, three of which are thought to
be olfactory sensilla; sensilla placodea, sensilla trichodea WP and sensilla
coelonica I (Keil, 1999; Ochieng et al., 2000; Roux et al., 2005). In total, 771 and
621 olfactory sensilla were found in males and females, respectively, which have
also been identified across insect species (Akers and Getz, 1992; Larsson et al.,
2001). In species where pheromone detection plays a bigger role it was shown that
males had more sensilla, especially sensilla placodea (Hansson et al., 1989;
Anderson et al., 1995; Ansebo et al., 2005). It was thought that these sensilla
could contain ORNs stimulated by sex pheromones and plant volatiles, or volatile
compounds that stimulate pheromone receptors (Hansson et al., 1989; Anderson et
al., 1995; Ansebo et al., 2005), and thus increase the response of a sex pheromone
specific ORN (Ochieng et al., 2002). Morphological studies of the antennal

sensilla in C. vestalis, C. rubecula and C. glomerata showed that males in these
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species had a higher number of sensilla placodea (Bleeker et al., 2004; Roux et al.,
2005). In summary, male and female C. vestalis showed antennal responses to the

compounds tested, indicating that they have receptors for these odour compounds.

2.4.2. Behavioural responses of male and female C. vestalis to linalool and 1-
nonanol

Is olfactory learning related to the “ecological relevance” of an odour to improve

host location?

To overcome the problem of identifying the right cues for host location, it is
thought (reliability-detectability hypothesis) that parasitoids have learned to
associate reliable cues from the host with HIPVs, which are detectable over a
greater distance than odour cues from the host (Vet and Dicke, 1992). Hence,
learning to recognise HIPVs can be seen as an evolutionary adaptation to improve
host location and thus fitness.

In the current study, learning increased the responsiveness of C. vestalis to a
generic HIPV linalool, while 1-nonanol, an odour not associated with their
tritrophic system (Durrant, 2007), resulted in avoidance learning. It has previously
been shown that generalists are more “flexible” in changing their preference than
specialists (Geervliet et al., 1998b). Generalists, contrary to specialists, have a
variety of hosts, and learning different cues of their host-plant complex would
therefore be beneficial. For a specialist it is essential to be able to discriminate
HIPVs from non-HIPVs and thus, learning of non-HIPVs would be irrelevant and
costly for them. This suggests that their olfactory system is fine tuned for specific
HIPVs of their host-plant complex, which remain constant. In turn, innate
preference to “relevant” HIPVs may also be relatively high and improved through
learning.

However, there have been cases in which specialist parasitoids were shown
to learn new or “ecologically irrelevant” odours (DeJong and Kaiser, 1991). This
has also been demonstrated in C. vestalis, where females were able to learn
vanillin (Durrant, 2007). On the other hand, it has been previously discovered that
HIPVs can elicit avoidance behaviour too (Durrant, 2007; Snoeren et al., 2010).
This suggests that olfactory learning in parasitoids might not only depend on host

specialisation and the “ecological relevance” of an odour, but also on the
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functional group, type and concentration of odour (Smith and Menzel, 1989; Getz
and Smith, 1990; Daly et al., 2001; Meiners et al., 2002; Ngumbi et al., 2009).
Furthermore, it has been argued that the degree of host specialisation alone
might not be a good indicator to what extent animals rely on innate cues (Steidle
and Van Loon, 2003). Indeed, it was found that innate responses can also be

important for generalists (Steidle and Van Loon, 2003; Pefiaflor et al., 2011).

Responses to HIPVs: a cue for hosts and reproduction?

It has been shown in the past that female parasitoids are able to learn odours
through oviposition (Potting et al., 1999). Learning in males, however, has
received less attention (Goh and Morse, 2010). In this study, EAG and
behavioural studies were used in both genders to test the hypothesis whether
HIPVs are important for males as well as females. Indeed, measurements of
antennal responses of C. vestalis have shown that males perceived all of the
compounds tested (section 2.3.1). Furthermore, males learned linalool, but not 1-
nonanol in the HP conditioning group. Copulation did not appear to be essential
for learning, as males did not succeed in copulation. Hence, just the presence of
the female was sufficient to induce learning in males. However, a high number of
animals did not make a choice, which suggests that linalool might be less
attractive to males (Girling et al., 2006) than to females. This might be caused by
the quality of reward (the lack of copulation), and it can be hypothesised that the
association would have been stronger if copulation had taken place.

In summary, it can be assumed that HIPVs play a different role for males
and females. The reproductive success of males is dependent on when and where
females are available, while females need to locate the host for successful
reproduction. Especially in solitary specialist species, the chance to encounter
females is less than in generalists. Therefore, being able to detect and associate an
odour with the presence of a female (in the case of the male), or the presence of a
host (in the case of the female); or avoid those which are not an indicator for
female/host presence can be of an advantage. From these results it can be
suggested that C. vestalis males use HIPVs as a cue to locate females and females

prefer volatiles indicating host presence.
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Food conditioning: differences in neural pathways depending on conditioning
paradigm?

Appetitive food conditioning is widely used in the insect world (Guerrieri et
al., 2011; Roussel et al., 2011; Salloum et al., 2011; Sanford and Tomberlin, 2011;
Simdes et al., 2011). Successful food conditioning has been shown in previous
studies in other parasitoid species (Lewis and Takasu, 1990; Wickers et al., 2002;
Wickers et al., 2006). In this study, however, neither males nor females were able
to learn via food conditioning, regardless of the odour. Animals showed more
response to linalool, but both odours failed to induce a significant association in
any of the conditioning groups. A lack of learning the odour 1-nonanol has also
been observed in previous studies (Meiners et al., 2002). Interestingly, females
trained to 1-nonanol in the FOOD group showed a higher preference to the odour
than females in the HP group. This reinforces the possible aversive effect of 1-
nonanol on females in the HP group. One explanation might be that the odour
needs to be relevant to the natural context. Hence, HIPVs could be better learned
with oviposition conditioning, and floral odours with food conditioning. This
might also indicate different pathways for food and oviposition conditioning,
which differs to the suggestion of Bleeker (Bleeker et al., 2006b), who suggested
that oviposition learning could be mediated by the VUMmx1 neuron, which is
known to mediate PER (proboscis extension conditioning) in bees (Hammer,

1993).

2.4.3. Temporal dynamics and memory formation

To determine the impact of learning, experiments investigating LTM
formation were conducted. It has been shown, that memory dynamics in
parasitoid are different to, for example, memory dynamics in honeybees, and so
far, in certain parasitoid species LTM formation is completed after already 1 d
(Collatz et al., 2006; Smid et al., 2007). In C. vestalis, however, the memory trace
began to wane after only 1 h (in the sugar group). Although the response rate was
still around 60%, no significant differences were found compared to responses to
the control odour (hexane) at any of the time points tested. Additionally,
responses to linalool at day 2 and 3 were only 25% and 15%, respectively, which

is similar to the response rate of parasitoids experiencing a non-associative
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exposure (ODOUR ONLY) to an odour (Section 2.3.2). These results indicate that
no LTM formation occurred. This is different to other studies of the related
specialist species, C. rubecula, where LTM was formed despite a decline of
responses to the learned stimulus after 1 day (Bleeker et al., 2006a). Responses of
C. vestalis to the odour at 1 h,1 d, 2 d and 3 d could be due to a combination of

non-associative and associative learning (Bleeker et al., 2006a).

Learning and the influence of the inter-trial interval (ITI)

One explanation for this result could be the ITI. In the experiment
investigating LTM formation, females were placed with the conditioned odour for
20 min during the HP treatment. This relates to a training protocol classified as
massed learning (Smid et al., 2007), in which the female has a number of
oviposition experiences in sequence, but is not removed from the leaf in between
the trials. This resembles a natural situation in which the parasitoid would
encounter a cluster of caterpillars on a plant. However, it has been shown that in
some species, spaced learning trials are needed to establish LTM (Menzel, 2001;
Giurfa et al., 2009).

Generalist parasitoid species, such as Eupelmus vuillet, C. glomerata and
Lariophagus distinguendus, however, showed a memory stable trace up to 7 d
after training, regardless of the training procedure (Cortesero et al., 1995; Miiller
et al., 2006; Smid et al., 2007). In the specialist Leptopilina boulardi (Kaiser et
al., 2003) massed conditioning lead to a memory trace lasting about 48 h and in
Microplitis croceipes memory lasted about 24 h despite spaced conditioning
(Drost et al., 1986). In a few specialist species, on the other hand, spaced learning
was needed for memory formation. In C. rubecula, for example, three massed
learning trials failed to induce learning after 24 h (Smid et al., 2007), which is
similar to results in C. vestalis. Thus, massed learning in C. vestalis might not
induce LTM formation and spaced learning trials could be needed for LTM

formation.

Memory formation and host distribution pattern
In the natural environment insects will not encounter a controlled ITI.
Spaced trials could reflect a longer interval between encounters of scarce hosts or

food sources and therefore require memory formation. Massed learning, on the
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other hand, could reflect a situation where the parasitoid encounters the host on a
regular basis in bigger batches. Hence a memory lasting more than 24 h would be
of little use for a species that experiences regular encounters with a host (Kaiser et
al., 2003). Bleeker (Bleeker et al., 2006) argued that differences in the host
distribution led to differences in memory dynamics between solitary parasitoids
(foraging on a solitary feeding host) and gregarious parasitoids (foraging on a
gregariously feeding host). A solitary parasitoid would encounter many single CT
over a period of time. A gregarious one however, is more likely to encounter one
massed CT, as it will encounter the host in high number patches (Hoedjes et al.,

2011).

Host specialisation and the variability of odour cues

The lack of memory formation in C. vestalis could also be related to a high
innate preference for certain HIPVs. Although a learning experience enhances the
parasitoid’s performance over a brief period, memory formation over a long time
would be too costly. Stephens (Stephens, 1991; Stephens, 1993) argued that the
variability of the environment can influence the value of an innate response. If
between generations variability is low, as it would be for a specialist species, the
value of an innate response would be high. This would result in a low learning
rate, which has also been shown in bumblebees (Ings et al., 2009). Furthermore, if
the innate preference to an odour is important it would be too costly to maintain
LTM formation for a specialist, as the variability in olfactory cues will remain
low.

Costs involved in memory formation have been demonstrated in Drosophila,
where animals producing LTM died earlier than ones that only produced ARM
(Mery and Kawecki, 2005). Likewise, it has been argued that learning has less
impact on initially strong responses (Vet and Dicke, 1992). Therefore, the
attractiveness of initially preferred odours may be enhanced through learning;
while it will be neglected for “ecological irrelevant” odours (which are not part of
volatiles of the host-plant complex).

For generalists on the other hand, environmental stimuli may vary or
change. Therefore, learning different odour cues would increase their host
searching efficiency and allow them to alter their behaviour if necessary. For

generalists it would be more useful to store olfactory information. Depending on
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the variability of odour cues, information could be stored in a more accessible
memory, in which information can easily be modified (such as STM or MTM).
This would also suggest that LTM which has been observed under laboratory
conditions (with a low variability) (Collatz et al., 2006; Smid et al., 2007) might
not be formed under more natural conditions. The degree of foraging
specialisation can therefore not solely be responsible for, but may nevertheless
influence memory formation. It appears that due to its specialisation (and thus a
lower variability in HIPVs), C. vestalis does not rely on memory formation, and it
can be argued that massed learning does not lead to an associative LTM formation

in this species.

Side effects of antibiotics blocking protein synthesis

Evidence suggests that LTM formation is dependent on the synthesis of new
proteins (Giurfa et al., 2009; Guerrieri et al., 2011; Chen et al., 2012). The control
experiment (sugar group) did not provide evidence for a LTM memory formation
in C. vestalis, thus, the lack of response in the parasitoids in the ACD group tested
1 d after conditioning cannot be explained by a disruption of transcription and
thus inhibition of memory formation.

The process of protein synthesis has been shown to occur in critical time-
windows following conditioning (Fulton et al., 2005; Fulton et al., 2008).
Inhibitors of transcription and translation are thus thought to be most effective in
blocking LTM when administered just before or immediately after training (Davis
and Squire, 1984). In the ACD group, animals were therefore fed ACD 24 h
before the experiment, and 2 h after testing (1 h for the 1 h group), to ensure that
the drug had been consumed in the time frame sensitive to protein synthesis
disruption (Griinbaum and Miiller, 1998; Wiistenberg et al., 1998; Igaz et al.,
2002), following the protocol of other studies (Tully et al., 1994; Wiistenberg et
al., 1998; Collatz et al., 2006).

With the exception of testing 1 d after training, responses to the learned
stimulus were similar to the sugar group at other time points. After 1 d, however,
animals showed an avoidance response to the learned odour. These results were
unexpected for a number of reasons. The lack of memory formation after 1 d is
similar to findings in other parasitoids (Collatz et al., 2006; Smid et al., 2007), but

due to the decrease in response to the learned odour over the course of time, one
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would have expected no LTM memory formation and thus no dependency on
RNA synthesis. Previous experiments in parasitoids (Collatz et al., 2006; Smid et
al., 2007) did not test the effect of ACD at time points beyond 24 h, however, if
ACD was blocking protein synthesis, responses after 2 d and 3 d should be
affected as well, as the effects of this drug are irreversible (Igaz et al., 2002).

The fact that the memory impairment only took place at one time point
could suggest that (ACD) had a toxic effect on the animal. Actinomycin D, like
other protein synthesis inhibitors, is a highly toxic (Waksman and Woodruff,
1940, 1941; Philips et al., 1960) DNA binding molecule (Kersten et al., 1960),
which has been shown to inhibit the growth of tumours (Sugiura, 1960;
Malogolowkin et al., 2008; Ferrari et al., 2010), gram-positive bacteria (Waksman
and Woodruff, 1942) and even reverse transcription in the HIV virus
(Paramanathan et al., 2011) and fungi (Schoenian et al., 2011). Apart from
blocking RNA synthesis (Kirk, 1960) by inhibiting polymerase A, an enzyme
essential for DNA replication, it was further shown that ACD also inhibits cell
growth, RNA loss, causes shrinking of cytoplasm and inhibits biosynthesis (Reich
et al., 1962). ACD can intercalate (via a planar tricyclic phenoxazone ring)
between double stranded DNA (dsDNA) base pairs (SOBELL et al., 1971) and
bind to single-stranded DNA (ssDNA) (Zhou et al., 2007), thus preventing
elongation by RNA polymerase. A recent study (Paramanathan et al., 2012) has
found that by binding to pre-melted dsDNA, as found in transcription bubbles
(destabilised duplexes, where duplex DNA is unwound at the forward end of
RNA polymerase and rewound at its rear end) (Berg JM et al., 2002), ACD stops
RNA synthesis and thus leads to cell death (Paramanathan et al., 2012).

Toxic effects of the drug after 1 d have been discussed in several papers
(Squire and Barondes, 1970). Squire (Squire and Barondes, 1970) suggested that
an impaired memory retention 1 d after training is not due to ACD inhibiting
RNA synthesis needed for LTM formation, but caused by toxic effects of ACD.
They have also been found to occur after 1 d in rat neurons (Rizzuto and
Gambetti, 1976). Rizzuto (Rizzuto and Gambetti, 1976) demonstrated that
intracranial injection of ACD resulted in a status spongiosus (fluid-filled spaces)
of the white matter in the cerebrum, cerebellum, brain stem and optic nerve within
48 h after injection, caused by vacuole formation within the myelin sheath.

Although it was suggested that this was a result of the inhibitiory effect of ACD, a
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direct toxic effect of the drug can nevertheless not be excluded. Barondes and
Cohen (Barondes and Jarvik, 1964; Cohen and Barondes, 1966) argued that the
effectivity of ACD as a protein synthesis inhibitor is difficult to interpret, as
concentrations suitable for affecting protein synthesis are accompanied by toxic
side effects of the drug. Even smaller doses of the drug led to chromatolysis,
necrosis and/or electrical abnormality (Nakajima, 1969). Hence, toxic effects

could cause avoidance learning observed in the current study.

Aversive conditioning

The avoidance reaction observed at 1 d post treatment could also be caused
by a taste aversive reaction (Garcia and Kimeldorf, 1957). Application of the drug
in the 1 h or 2 h following treatment with the HP and the odour could have caused
an aversive form of STM which was not affected by the drug’s disruption of
protein synthesis. This could have been induced by classical forward conditioning,
as the CS (the odour) was preceding the drug. Studies in rodents or snails (Garcia
et al., 1955; Sugai et al., 2007) have shown that taste aversion learning can usually
be induced by only one conditioning trial and does not necessarily require a short
spacing between CS and US, leading to a long-lasting avoidance.

Taste avoidance STM would, however, not explain the lack of avoidance
response at 1 h testing, as so far, a delayed response in aversive taste conditioning
has not been shown yet. However, the exposure of 1 h might have not been
sufficient to cause an aversion, contrary to an exposure of 2 h. In this case, it
could be suggested, that 2 h post exposure to ACD induced aversive STM lasting
1 d, as only long-term taste aversion memory depends on protein synthesis
(Rosenblum et al., 1993; Gal-Ben-Ari and Rosenblum, 2011) and consequently
the degradation of proteins (Rodriguez-Ortiz et al., 2011), but not STM (Houpt
and Berlin, 1999). Tully (Tully et al., 1994) demonstrated in his study about
memory formation in Drosophila that feeding 35 mM of the proteinsynthesis
inhibitor Cycloheximide (CHX) 12-15 h before training and until 24 h after
training did not lead to aversive behaviour or any deleterious effects of the drug.
Deleterious effects of CHX such as death of the animal, increased after 24 h from
19% dead animals to 100% dead animals 96 h later, contrary to feeding with
sucrose, which resulted in 3% and 12% dead animals, respectively (Tully et al.,

1994).
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In summary, the avoidance response observed in the ACD group at 1 d
following conditioning could be due to an aversive STM formation. However,
considering the toxicity of the drug, it is likely to be due to toxic effect occurring

at 1 d, which has also been shown in other studies (Squire and Barondes, 1970).

2.4.4. Courtship behaviour

A macroglomerular complex for pheromone processing was found in C.
vestalis males (Chapter 4). Bioassays were conducted to determine if males
exhibit courtship behaviour, which can be an indicator for pheromone
communication. It was further investigated if courtship behaviour is dependent on
time and mating status of the animal.

C. vestalis displayed a sequence of courtship behaviour, including
orientation towards the female, abdominal raise and wingfanning, and antennal
contact. Courtship behaviour often includes the extensive use of the antennae and
antennal contact is thought to be important for transferring a contact pheromone to
the female to initiate mating (Bin et al., 1999; Romani et al., 2008). In the current
study, wingfanning was the most dominant element observed during courtship
behaviour and males initiated wingfanning before antennal contact with the
female. It has been found that wingfanning occurs as a response to pheromone
detection and increases the airflow and consequently the rate of interception of
pheromone on the male antennae (Loudon and Koehl, 2000). Wingfanning can be
elicited from a distance of up to 120 m from the pheromone source in male gypsy
moths (Elkinton et al., 1987). This suggests that the high percentage of
wingfanning behaviour could be an indicator for pheromone detection in males.
Moreover, behavioural elements such as wingfanning and antennation could
involve acoustical communication (Joyce et al., 2008; Villagra et al., 2011).
Wingfanning produces a courtship song, which contains specific information
about the male (Simmons et al., 2010; Villagra et al., 2011). The courtship song
can even induce molecular changes in the female (Immonen and Ritchie, 2011). It
has been shown that the material in which the animals are held can influence
mating success to some extent (Joyce et al., 2008), which might have caused the
low copulation rate observed in the current study. Another explanation for the low

copulation rate observed could be the quality of the male. Inbreeding as a result of
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laboratory culturing leads to a higher number of diploid males (De Boer et al.,
2007a; De Boer et al., 2008), which produce less offspring but still exhibit
courtship behaviour (De Boer et al., 2007b).

It was shown that courtship behaviour is influenced by time (McClure et al.,
2007). Female parasitoids, such as, for example, the egg parasitoid Anaphes
listronoti, have been shown to be most active during the early hours of their photo
phase (Cormier et al., 1998). In the current study, however, courtship behaviour
was observed in the morning as well as in the afternoon.

In the current study, courtship behaviour was influenced by mating status.
Although courtship behaviour was observed in mated and virgin males, only
virgin males displayed more courtship behaviour than other behaviour. Mated
males have less need to find new females, so their courtship activity is lower
compared to virgin males. Although courtship behaviour was less frequent in
males, mated males did, however, not avoid mated females, as it has been found
in fruit flies (Dukas, 2005). Virgin males showed a higher response to virgin
females. This is in accordance with other studies, which found a male preference

towards virgin females (King et al., 2005; McClure et al., 2007).

Antennal sensilla for pheromones

It has been shown that certain sensilla are associated with sex pheromones.
In moths, sensilla trichodea have been found to contain pheromone receptors
(Kaissling et al., 1978). Similar observations have been made in parasitoids. In
Trichogamma sp, sensilla trichodea Type 4 were the most abundant and were
possibly involved in pheromone detection (Barlin and Bradleigh Vinson, 1981;
Hansson et al., 1991a; Olson and Andow, 1993; Amornsak et al., 1998).

In C. vestalis males, s. trichodea are less abundant than in females. Sensilla
placodea, however, are more numerous in males (Roux et al., 2005). In
Microplitis, it was argued that sensilla placodea could be important for mate
location in males (Ochieng et al., 2000; Bleeker et al., 2004). Both parasitoid
species, C. vestalis and M. croceipes, are solitary specialists and could therefore
encounter females less frequently. Studies have shown that s. placodea are
sensitive to HIPVs in males and females, leading to the hypothesis that males may

use HIPVs in conjunction with pheromones to locate females (Vareschi, 1971).
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Sensilla placodea contain several dozens of receptor neurons (Hansson, 1999),
some of which might therefore be a receptor for pheromones in males and a
receptor for kairomones and HIPVs in females.

In conclusion, male C. vestalis are likely to use a combination of sex
pheromones and HIPVs to locate females. This suggest that C. vestalis might
posses glomeruli specifically for pheromone processing. Indeed, a MGC for

pheromone processing was found in male C. vestalis (Chapter 4).

To summarise, it has been found that in the specialist parasitoid C. vestalis,
peripheral detection of an odour does not always lead to a behavioural response.
While linalool and 1-nonanol elicited antennal responses, only linalool was
learned in a positive associative context, while 1-nonanol induced avoidance
behaviour in females. Olfactory information of an odour might thus be filtered
according to “ecological relevance and context”, and only volatiles associated
with the host-plant complex induce preference learning. It was further shown that
males can learn to recognise HIPVs such as linalool. The results of this study
suggest that males use HIPVs to locate females. Sex pheromones could play an
additional role in the detection of females. The temporal nature of memory
formation in C. vestalis remains inconclusive. Further studies will be needed to
clarify whether the lack of response after 1 d was due to toxic effects of ACD, or

aversive learning.

68



Chapter 3

CHAPTER 3

OPTIMISATION OF A STAINING PROTOCOL
FOR COTESIA VESTALIS ANTENNAL LOBES
AND GLOMERULI

3.1. Introduction

One central question in olfactory neurobiology is how olfactory information
is represented in the glomerular activity pattern in the glomeruli in primary
olfactory processing centres, such as the olfactory bulb (OB) in vertebrates and
the antennal lobe (AL) in invertebrates (Christensen et al., 1996). Experiments
described in Chapter 2 have shown that despite a similar antennal response to the
herbivore induced plant volatile linalool, a common plant volatile (Pinto et al.,
2007a), and 1-nonanol, which is not part of the HIPVs emitted from Brassica
rapae var. Wong bok (Durrant, 2007), behavioural responses differed between
genders. While both genders learned linalool, 1-nonanol was avoided by females
avoided and not learned by males. This suggests that olfactory information in a
specialist parasitoid is integrated in the brain according to ecological relevance.
As a first step in determining how olfactory information is processed and stored in
the brain of C. vestalis it is crucial that we have a clear understanding of the
anatomical and morphological organisation of the AL in this species.

Numerous studies have been devoted to the exploration of neural networks

in the olfactory bulb in vertebrates (Buck, 1996; Leon and Johnson, 2003) and the
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AL in invertebrates (Hildebrand and Shepherd, 1997; Hansson and Anton, 2000;
Galizia and Rdssler, 2010). Many different approaches have been taken to reveal
their organisation, including morphological (Matsumoto and Hildebrand, 1981;
Flanagan and Mercer, 1989a), molecular (Dudai et al., 1976; Buck and Axel,
1991; Riitzler and Zwiebel, 2005), physiological (Cook and Milligan, 1972;
Kanzaki et al., 1989; Galizia and Kimmerle, 2004), and behavioural methods (von
Frisch, 1919; Kuwabara, 1957; Vareschi, 1971). The aim of the current study was
to identify suitable staining methods for morphological description of the AL by

adapting staining methods used in other insects for the use in C. vestalis.

Histology

Much of our knowledge about the structure and organisation of the nervous
system has been derived from histological staining techniques (Cajal, 1906; Golgi,
1906). These staining techniques are generally used to reveal the morphology of
single neurons, or groups of sensory or motor neurons and sections through the
nervous system. A common approach is the cobalt staining method where the dye
is injected intracellularly or backfilled through cut axons (Pitman et al., 1972;
Newland, 1990). This method is sufficient to reveal larger fibres or soma, but is
often not able to produce a more detailed resolution of dendritic branches (Davis,
1982). Staining intensity can be enhanced by additional silver staining, a method
that was first established by Timm (Timm, 1958). Initially adapted from
Strausfeld (Strausfeld and Obermayer, 1976) and Bacon (Bacon and Altman,
1977), this combined method has been frequently used to stain neurons (Tyrer and
Bell, 1974; Bacon and Altman, 1977; Pfliiger, 1980; Davis, 1982; Pfliiger et al.,
1988; Todd et al., 1995; Strausfeld and Okamura, 2007).

Fluorescence

Fluorescent staining complements the fundamental power of light
microscopy in the ability to analyse spatial and functional distribution of cellular
components (Agard et al., 1989). The great advantage of fluorescence labelling is
the possibility of simultaneously observing cellular components in live tissue,
which have been stained with markers of different emission wavelength to
identify their spatial and temporal distribution (Stemmer et al., 2008), as well as

intense and selective staining of neurons in live tissue (Strausfeld and Hausen,
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1977). Fluorescent staining procedures have developed from the use of proteins
and lipids as fluorescent markers (Taylor et al., 1984) to immuno-fluorescence
methods using tagged antibodies (Leitch and Laurent, 1996; Laissue et al., 1999;
Berg et al, 2002; Skiri et al., 2005). Fluorescence is used widely, from
morphological studies (Smid et al., 2003; Skiri et al., 2005) to measuring
membrane potential (Ross et al., 1977), or intracellular pH (Paradiso et al., 1987).
Since the 1970s, axon tracing has been carried out using dyes such as Lucifer
Yellow (Stewart, 1981), the dialkylcarbocyanine dye Dil (1,1'-dioctadecyl-
3,3,3'3'-tetramethylindocarbocyanine perchlorate) (Honig and Hume, 1989) or
Procion dyes (Stretton and Kravitz, 1968) .

Fluorescent dyes such as the voltage sensitive dye RH795 or Neutral Red
have been frequently used to label glomeruli in ALs in bees (Galizia et al., 1997;
Sachse et al., 1999; Dupuy et al., 2010). They are also applied after calcium
imaging with Calcium Green 1-AM, as Calcium Green 1-AM does not stain
glomerular borders and an identification of glomeruli with this dye alone would

not be possible (Galizia and Vetter, 2005).

Microscopy

The fluorescence widefield microscope brought new possibilities to
morphological studies (Fonta et al., 1993). Its principle is to excite the
fluorescently labelled preparation with a short wave length from a light source and
filter the emitted light (Lichtman and Conchello, 2005). Software products
associated with widefield microscopy made it possible to create 3D images of the
stack sections. However, focus problems due to the thickness of the preparation as
well as fluorescence from other parts of the preparation can result in unclear
structure and loss of detail (Amos and White, 2003), especially for morphological
studies. This means that regardless of where the microscope was focussed,
illumination causes the entire preparation to emit light. This problem can be
overcome by using construction of the confocal laser scanning microscope.
Although it was invented by Minsky in 1955 (Minsky, 1988), it was only in the
late 1970s that it was investigated again by Brackenhoff (Brakenhoff et al., 1986;
Brakenhoff et al., 1989), as in earlier years, confocal laser scanning microscopy
(CLSM) was limited by the lack of fast processors, storage devices and also by
expensive lasers (Amos and White, 2003).
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The principal of CLSM is the illumination of an object with a laser beam,
with only signals from this spot and the focal area being detected. Illumination is
further regulated by a pinhole narrowing the fluorescent light. This reduces the
out of focus structure interference experienced with widefield microscopy
(Sheppard and Wilson, 1982) resulting in a clearer visualisation. Furthermore, the
thickness of the sections can be regulated as needed (Foldes-Papp et al., 2003),
and the same preparation can be sectioned at different intervals. Optical sections
can then be fused into digitised 3D reconstructions with the help of software

programmes (Foldes-Papp et al., 2003).

3D reconstructions

Advances in microscopy and software have also created more possibilities in
the 3D reconstruction of optical sections of the brain, which enables the
construction of 3D standard brain maps. These are a suitable tool to study the
spatial relationship between neurons innervating different brain structures.
Morphological maps of the brain structure of invertebrates were created to
identify glomeruli and compare physiological results at a glomerular level
between individuals and across species, including two parasitoid species, Cotesia
glomerata and C. rubecula (Flanagan and Mercer, 1989a; Galizia et al., 1999a;
Laissue et al., 1999; Berg et al., 2002; Sadek et al., 2002; Smid et al., 2003;
Greiner et al., 2004; Kurylas et al., 2008; El Jundi et al., 2009).

Signal measurements in the brain

A thorough understanding of brain function not only requires morphological
characterisation of neurons but also of their physiological properties.
Electrophysiological recordings followed by dye labelling of neurons for light
microscopy have brought great insight into the functional properties and
morphology of neurons (Matsumoto and Hildebrand, 1981; Tolbert et al., 1996;
Newland et al., 2000). Recordings have been conducted in many studies analysing
olfactory information processing in insects, measuring signals at the sensilla on
the antennae (Anderson et al., 1995; Todd et al., 1995), olfactory receptor neurons
(Rostelien et al., 2000; De Bruyne et al., 2001; Marshall et al., 2010), projection
neurons (Flanagan and Mercer, 1989b; Kanzaki et al., 1989; King et al., 2000;
Sadek et al., 2002), or interneurons (Suzuki and Tateda, 1974; Burrows et al.,
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1982; Fonta et al., 1993). Recordings have further been conducted in other brain
areas such as the MBs (Homberg, 1984; Schildberger, 1984; Gronenberg, 1986),
the optical lobes (Okamura and Strausfeld, 2007; Strausfeld and Okamura, 2007;
Strausfeld et al., 2007), the unpaired median neuron maxillare 1 (VUMmx1) in
honeybees (Briunig, 1991), the dorsal unpaired median neuron (DUM) in locusts
(Burrows et al., 1982), or motor neurons (Galizia et al., 1997).

In studies of primary olfactory centres, imaging has found increasing use, as
it allows the analysis of the spatiotemporal patterns of signalling pathways in
several glomeruli simultaneously. This is based on detecting either changes in
trans-membrane voltage, using dyes such as RH795 (Galizia et al., 1999c; Sachse
and Galizia, 2002; Galizia and Vetter, 2005; Deisig et al., 2006), or measuring
changes in intracellular ions such as calcium using calcium sensitive dyes
(Wachowiak and Cohen, 2001). Calcium imaging studies investigating glomerular
activity patterns in olfactory integration centres such as the olfactory bulb, or the
AL during odour application found a wide use, from vertebrates (Kauer, 1988;
Friedrich and Korsching, 1997; Rubin and Katz, 1999; Wachowiak and Cohen,
2001; Wachowiak et al., 2002; Wachowiak and Shipley, 2006) to invertebrates
(Joerges et al., 1997; Galizia et al., 1999b) and have been frequently combined
with electrophysiological analyses (Cayre et al., 1999; Stosiek et al., 2003; Galizia
and Kimmerle, 2004; Carlson and Coulter, 2008). Calcium sensitive dyes, in
particular, have gained in popularity for studies in vertebrates (Kauer, 1988;
Cinelli et al., 1995; Friedrich and Korsching, 1997; Cossart et al., 2003; Cossart et
al., 2005; Ohki et al., 2005), as well as invertebrates (Joerges et al., 1997; Faber et
al., 1999; Galizia et al., 1999b; Galizia et al., 1999c; Galizia and Vetter, 2005).
Bath applied calcium sensitive dyes can be loaded into neurons without injection,
providing a less invasive method than electrophysiological studies (Aston-Jones
and Siggins, 1995).

The aim of the current study was to optimise the methods used for
dissection, mounting and staining, as well as choosing the right microscope and
dye, to find the optimum approach to investigate the morphology of the AL and
its functional units, the glomeruli (Chapter 4). A further aim was to optimise the

loading protocol for a dye used in calcium imaging studies (Chapter 5).
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3.2. Materials and methods

3.2.1. Insect preparations

Mounting of Asobara tabida

At the start of the project C. vestalis were not available, as the C. vestalis
and P. xylostella culture first had to be established. The parasitoid species 4.
tabida was therefore used to become acquainted with handling methods. Insects
were anesthetised with CO, and inserted through a 100 pl pipette tip (the base of
the tip was cut off so that the top end was reduced to the size of 1 cm) and their
mouth parts fixed to the tip with super glue (Loctite, Precision Superglue, Henkel
Loctite, UK). Once the glue was dry, the insect was placed under a dissecting
microscope, and the cuticle of the head was carefully cut off to expose the brain.
For this procedure, different instruments were tested, including tweezers, needles
and a scalpel. A small blade fixed in a blade holder (World Precision Instruments,

USA) proved to be the most efficient tool for removal of the cuticle.

Mounting of C. vestalis

To serve as an insect holder, the base of a 1 ml pipette tip was cut off so that
the top end was reduced to the size of 1 cm. After insects were anesthetised with
CO, they were pushed through the tip. The antennae were gently extracted from
the tip and the mouthparts fixed with super glue (Loctite) to the tip to stabilise the
head (Fig. 3.1 A). Once the glue was dry the insect was placed on the stage of an
upright dissecting microscope, the cuticle of the head carefully removed and the
ALs exposed (Fig. 3.1 B, D). Complete removal of the cuticle revealed the ALs,
optical lobes, and mushroom bodies (Fig. 3.1 C).
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Fig. 3.1 Mounting procedure for C. vestalis. A) C. vestalis was fixed in a pipette tip. This
fixation method ensures a successful dissection of the brain, as the head remains stable (glued to
the tip). B) C. vestalis with removed cuticle, the two ALs became visible (circled areas in B, C and
D indicate the right AL). C+D) View onto the brain. OL= Optical lobe, MB= Mushroom body.
Scale bar=200 um.

Plexiglas stage for insect mounting

Two different types of acrylic blocks (2 x 2 x 2 cm) were constructed to
position the mounted animal during in vivo imaging, following previous designs
of mounting blocks used for Drosophila (Fiala and Spall, 2003) (Fig. 3.2). The
first version provided an acrylic block, with a hole (5 mm diameter, 7 mm depth)
in the middle of the block, into which the animal mounted in the pipette tip was
placed (Fig. 3.2 A, C). The second version consisted of a block with two thin
grooves onto which the animal was glued with abdomen facing downwards (Fig.
3.2 B, D). In both cases the head was covered with a cover slip to prevent

desiccation of the brain.
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Fig. 3.2 The Plexiglas stages serving as parasitoid holder. Acrylic blocks with A) A hole into
which the insect mounted into a pipette tip was placed. B) 2 grooves. The parasitoid was glued
into one of the groove, abdomen downwards. C) Dorsal view onto the stage with the hole. Inside is
the insect mounted in a tip (black arrow), stabilised with Blu-Tack. D) Dorsal view of the holder
containing grooves with the parasitoid (black arrow).

3.2.5. Fixing the antennae

For calcium imaging experiments it is essential to keep the antennae intact,
dry, and restrained in their movement. First, soft wax was placed onto the side of
the pipette tip containing the mounted insect. A parafilm (1-2 mm width) strip was
gently placed over the head, holding the antennae down to the front and its ends
fixed onto the soft wax. The parafilm was gently pulled to the front over the
antennae to reveal the cuticle just behind the base of the antennae. Gaps between
the preparation and the parafilm were filled with soft wax to prevent saline
reaching the antennae. This created a small incubation chamber for the dye

surrounding the head capsule.
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3.2.6. Exposing the brain

To expose the brain an incision was made at the base of the antennae,
followed by cuts to the side of the compound eyes. The final cut was made
parallel to the antennae, just above the ocelli, and the cuticle removed to expose
the brain. Saline was immediately applied to the brain to prevent desiccation. The
brain was rinsed several times to remove excess enzymes, which could destroy
brain structures as suggested (Galizia and Vetter, 2005). Tracheal tissue in the
brain cavity had to be carefully removed from the ALs. All dissections were

conducted using a blade fixed to a blade holder.

3.2.7. Staining procedures

The dyes used in this study were selected because of their great success in
experiments with other insects (Galizia and Vetter, 2005). However, due to the
much smaller size and different anatomy of C. vestalis the staining procedure had
to be optimised for this species. Three different staining methods were
investigated in this study: the calcium sensitive dye Calcium Green 1-AM, the cell
membrane dye RH795 and the intracellular dye Neutral Red.

For dye loading experiments, as well as the brain morphology, the head was
cut off and placed in an incubation chamber which consisted of a slide with a
small chamber made of Blu-Tack (Fig. 3.3). The dyes were bath applied to the
brain and a cover slip placed onto it. Afterwards, the preparation was incubated in

the dark for 1 h to prevent bleaching and to allow the dye to penetrate.

Staining with Calcium Green 1-AM

The protocol was adapted from a dye loading procedure applied in bees
(Galizia and Vetter, 2004) using the green fluorescent dye Calcium Green 1-AM
(Calcium Green™-1-AM, cell permeant, Molecular Probes, Invitrogen, UK).

The dye (50 pg) was diluted in 50 pl Pluronic F-127 (Molecular Probes,
Invitrogen, UK), which is a non-ionic detergent useful for solubilising large dye
molecules to facilitate cell loading. After vortexing for 1 min, the dye was then
diluted in 800-900 pl saline solution (Locust saline: 140 mM NaCl, 10 mM KClI,
4 mM CaCl,, 4 mM NaHCO;, 6 mM NaH;PO;, in 5 1) and vortexed for 1 min. The
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dye (50 pl; 40 uM) was bath applied to the brain and a cover slip placed over it.
The preparation was placed in a humid polystyrene box and placed in an incubator
at 13°C for 45 min to enable the dye to penetrate deep into the brain. The low
temperature is thought to prevent intracellular esterase activity (Galizia and
Vetter, 2005). Following this, the preparation was placed at room temperature for
15 min to promote cleavage of the acetoxymethyl from the dye. Finally, the brain

was rinsed three times with 50 pl saline solution to remove excess dye.

Staining with RH795

To increase dye penetration (Sachse and Galizia, 2002) protease (Type XIV,
Sigma-Aldrich, UK) dissolved in saline solution was applied to the brain for 3
min after removing the cuticle. The head was removed from the body and placed
onto a cover slide holding a small incubation chamber made of Blu-Tack. Before
applying the dye RH795 (20 uM), the brain was washed with saline. During an
incubation period of 45 min to 1 h, the preparation was placed in the dark to
prevent bleaching. Brains were washed three times with 50ul saline solution

before viewing under a microscope.

Staining with Neutral Red

After removing a patch of cuticle on the head, insects were stored in 4%
paraformaldehyde (PAF) or 2-4% glutaraldehyde over night at 4°C. The
preparation was rinsed after 24 h with PBS (0.1 M) three times (5 min each) and
was then placed in Neutral Red (Sigma-Aldrich, UK) (on a shaker) for 3 h. After
the staining procedure the preparation was again washed in PBS three times (5
min each). This was followed by dehydration in an alcohol series: (50%, 70% 5
min each; 90%, 95% each 10 min and 100% with molecular sieve granules (UOP
Type 3A, Fluka-Sigma-Aldrich, UK), three times for 5 min each). The insects
were then placed into methyl salicylate for at least 48 h at -18°C to clear the brain
tissue (Skinner, 1986).

The dissected brain was then mounted in DPX (Pathlore, UK) or
Fluoromount (Sigma-Aldrich, UK) on a cover slide, and a cover slip separated by

imaging spacers was placed over the preparation to avoid crushing the brain.
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Mounting Dissection and decapitation Staining and incubation
+——— Dye

NN A

Mounting in incubation chamber Staining and incubation

Fig. 3.3 Mounting and staining procedure of C. vestalis. After the insect was mounted in the top
end of a pipette tip, the cuticle was removed and the head separated from the body. The open head
capsule was placed into an incubation chamber and the dye applied. Brains are always viewed
from dorsal. A= Anterior, L= Lateral, P= Posterior. These orientation markers are indicating the
orientation of the AL in brain images obtained through microscopy in Chapter 3, 4 and 5. Scale
bar=200 pm.

3.2.8. Microscopy

Widefield microscopy

Images were taken with a 12 bit high-resolution camera (Roper Scientific,
USA) attached to an upright microscope (Nikon E800) in the epi-fluorescence
mode (Excitation: 460-500 nm, Emission: 510 nm long pass filter). Images and
stack series were processed using MetaMorph software (Version 6.2., Molecular

Devices, UK).

Confocal laser scanning microscopy

A confocal microscope (Leica TCS SP2 FCS MP) was used for the imaging
procedure (Table 3.1). For preparations stained with Calcium Green 1-AM, an
argon laser line with 488 nm excitation was used (Emission: 500-600 nm). Images

were processed using the Leica LCS Software program. For brains stained with
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RH795 an argon laser with an excitation of 514 nm was used (Emission: 590-720
nm). For brains stained with Neutral Red a solid state laser with an excitation of
561 nm was used for the imaging procedure (Emission: 550-650 nm).

For a comparison of the staining quality between the dyes using wide field
and confocal microscopy the relative frequency of visibility was calculated by
counting in how many preparations glomeruli were identifiable. For a quantitative
dye analysis, mean, minimum, and maximum A-fluorescence for each dye was
calculated from the brain stack series. To calculate the A-fluorescence the mean of
the background fluorescence was subtracted (obtained through selecting a region
of interest outside the preparation) and divided from the stack series using the
Leica software tool Arithmetic and Boolean logic — Image and

constant/Arithmetic with world coordinates.

Table 3.1 Excitation and emission rates in nanometre (nm) of fluorescent dyes used in the
experiments.

Dye Excitation Emission
Calcium Green 1-AM 488 nm 500-600 nm
RH795 514 nm 590-720 nm
Neutral Red 561 nm 550-650 nm

3.2.9. Survival times of insects mounted on acrylic blocks

To investigate the viability of animals with a dissected brain their survival
over time was measured. Therefore, insects were mounted on a Perspex stage as
previously described (Section 3.2.4.) and their brain dissected. Survival was
verified every 5 min by observing antennal movements, as well as reaction to the
mechanical stimulus of touching the antennae with a pin. This served as a
preliminary experiment to produce a protocol to promote the viability of the
parasitoid during in vivo calcium brain imaging experiments (Chapter 5). For

statistical analysis a general linear model (GLM) was conducted (SPSS Inc. 17.0).
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3.3. Results

3.3.1. Mounting and dissection methods

Calcium imaging experiments are performed over a period of approximately
2 h, thus it is important to ensure the viability of animals. The mean survival time
of insects mounted in the block with a hole was 129 + 30 min (mean + SEM; n=
10), while those mounted on a block with grooves had an average survival of only
50 £ 15 min (mean £ SEM; n= 11) (Fig. 3.4). There was a significant difference
between the two methods (GLM: F,=5.413, p<0.05) (Fig. 3.4). Therefore,
Perspex stages with a hole became the preferred choice for further calcium

imaging experiments (Chapter 5) due to the extended survival period.
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Fig. 3.4 Survival time of parasitoids mounted in acrylic blocks containing a hole or groove.
(hole: n= 10; groove: n= 11). There was a significant difference between the two methods (*
indicates a significant difference of p<0.05).
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3.3.2. Evaluation of fluorescent dyes using confocal and fluorescence
widefield microscopy of the antennal lobe of C. vestalis
The suitability of fluorescence widefield and confocal microscopy was

compared using three fluorescent dyes for brain morphological studies.

3.3.2.1. Evaluation of fluorescence widefield microscopy and CLSM using

Calcium Green 1-AM

Calcium Green 1-AM is widely used during in vivo imaging studies in
insects (Galizia et al., 1997; Joerges et al., 1997; Galizia et al., 1999¢). To ensure
that dye loading with the current protocol was successful in parasitoid ALs,
differences between stained and unstained preparations were investigated.

With fluorescence widefield microscopy the ALs, as well as the mushroom
body complex, were readily identifiable without staining (Fig. 3.5 A), due to the
autofluorescent nature of the brain tissue. However, the preparation showed a
weaker fluorescence (n= 5) compared to preparations labelled with a fluorescent
dye.

Initial experiments using the dye Calcium Green 1-AM without the addition
of the non-ionic detergent Pluronic F-127 proved to be unsuccessful and were
similar to unstained preparations (n= 4) (Fig. 3.5 B). Calcium Green 1-AM
dissolved in Pluronic F-127 resulted in fluorescent staining of the brain in which
clear anatomical structures were present (Fig. 3.5 C). Thus, Pluronic F-127
appeared to be essential when using Calcium Green 1-AM and was used for all
following brain stainings.

The ALs were located below the antennae and detectable as round
structures. They were distinguishable from the other brain parts. Its sub-units, the
glomeruli, were small, round structures. Boundaries of glomeruli were only
visible in 17 out of 65 preparations (relative frequency 22%; n= 65). Additionally,
some preparations required a higher exposure time (up to 10 s) to obtain an
illuminated image of the brain. Furthermore, because of the small working
distance of the objective, it was impossible to measure the complete depth, and
sections into deeper regions of the AL resulted in a blurred image. Hence, a full

morphological description of the AL was not possible.
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With CLSM, glomeruli were only visible in 23% of preparations (relative
frequency; n= 23) (Fig. 3.5 D) using the dye Calcium Green 1-AM; a similar
outcome as obtained with fluorescence widefield microscopy. However, using
CLSM enabled depth measurements of the ALs by optical sectioning, though a
detailed description of the AL was not possible, due to a lack of detail in the

glomerular structures.

Fig. 3.5 Comparison of widefield microscopy and CLSM using Calcium Green 1-AM. A)
View of a male brain of C. vestalis without staining using widefield microscopy. The ALs are
visible, however the glomeruli are less defined. The mushroom body complex is easily
distinguishable in the posterior area and does not consist of distinct structures. B) Calcium Green
1-AM staining without Pluronic F-127 using widefield microscopy. The AL outlines and the
mushroom body complex are visible. However, no glomerular borders can be seen. C) Staining
with Calcium Green 1-AM diluted in Pluronic F-127 using widefield microscopy. Glomeruli
(arrow) are very distinctive in the upper regions of the AL. Due to the thickness of the preparation
it was not possible to get clear images simultaneously of both sides of the brain. D) Average stack
projection of a brain stained with Calcium Green 1-AM using confocal microscopy. Mushroom
body and AL borders are hard to locate and glomeruli are not identifiable. A= Anterior, P=
Posterior, AL= Antennal lobe, MB= Mushroom body, OL= Optical Lobe. A-C) Scale bar= 100
um. D) Scale bar= 50 pum.
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3.3.2.2. Evaluation of fluorescence widefield microscopy and CLSM using

RH795

Using fluorescence widefield microscopy to evaluate preparations stained
with the dye RH795 resulted in a higher visibility of glomeruli than staining with
Calcium Green 1-AM (relative frequency: 72%; n= 18). However, due to the
thickness of the preparation, as well as blurred image resolution in deeper regions
of the AL, it was not possible to determine the actual depth of the preparation, nor
borders of glomeruli. Furthermore, background fluorescence, caused by
fluorescence from the deeper regions of the preparation (Fig. 3.6 B), made it more
difficult to distinguish glomerular borders.

With CLSM, 57% of glomeruli were visible (relative frequency; n= 61).
Figure 3.6 shows images of the same preparation, using confocal and widefield
microscopy. Using CLSM provided better images in terms of contrast of the
glomerular borders, as well as out-of-focus interference. The image resolution
with CLSM (Fig. 3.6 A) showed a clear improvement of structure detail around
the glomerular borders in both ALs simultaneously, and background fluorescence
was eliminated with a confocal microscope. The glomerular borders were more
definite, especially when focussing along the z-axis (Fig. 3.7 A-D). Moreover,
some preparations showed more detailed staining (Fig. 3.12 C, D), where the
outlines of some glomeruli appear brighter. This is probably caused by more
intensely stained interneurons, which absorbed more of the dye. CLSM had the
advantage that depth measurements obtained through optical sections of the AL
could be performed. This provides a 3D description of the brain structures for

future experiments (Chapter 4).
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Fig. 3.6 Left and right male ALs stained with RH795. A) Widefield microscopy image of the
same preparation in the upper region of the AL. Two enlarged glomeruli, so called macroglomeruli
(MG1, MG2) are visible in the left AL. However, due to focus problems, the right AL is blurred
and glomeruli can not be identified. A= Anterior, P= Posterior. Scale bar= 50 um. B) CLSM
image of the average stack projection of the AL shows a better resolution and glomerular borders
are better emphasised in the left and right side. There is no out-of-focus halo as seen in B.
Additionally, the antennal nerve entrance (AN) into the AL is visible on the right AL above the
macroglomerular complex (See Chapter 4 for a more detailed description of the AL) (MGC;
indicated by the white arrow).
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Fig. 3.7 Evaluation of CLSM using RH795. Optical sections through a right male AL.
Glomerular borders remain visible even in deeper planes. Sections were taken at different depths
from top (A) to bottom (D) of the AL. A) 16.2 pm. B) 19.8 um. C) 25.2 pum. D) 32.4 um. A=
Anterior, L= Lateral, M= Medial, P= Posterior. Scale bar=20 pm.

3.3.2.3. Evaluation of CLSM using Neutral Red

The dye Neutral Red was tested with CLSM only, as this microscope has
been identified as the better option for morphological analyses (Section 3.3.2.2.).
Neutral Red is a fluorescent dye used for intracellular staining of neurons (Evans
and O'Shea, 1978; Matsumoto and Hildebrand, 1981; Honegger et al., 2002;
Sandoz, 2006; Dupuy et al., 2010). Glomeruli were visible with a relative
frequency of 31% (n= 13). Fluorescence signals were detected throughout the AL;
however, glomerular borders were only obvious in the upper sections of the
preparation (Fig. 3.8 A, B). With increasing depth, no glomerular borders were
distinguishable (Fig. 3.8 C, D). The AL appeared as one fused structure, which

might be caused by the fixation process, rather than the actual staining procedure
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(Fig. 3.8 D). Moreover, in some preparations the fixation process caused ripping

of the AL in upper and deeper sections (Fig. 3.9 A-D).

Fig. 3.8 Fluorescent staining with Neutral Red of a female right AL from top (A) to bottom
(D). The outlines of glomeruli were in general less clear with this dye and became blurred with
increasing depth (C, D). Sections were taken at different depths from top (A) to bottom (D) of the
AL. A) 7 pum. B) 9 um. C) 12 pum. D) 18 um. A= Anterior, L= Lateral, M= Medial, P= Posterior.
Scale bar= 50 pm.

Fig. 3.9 Fluorescent staining with Neutral Red of a male right AL from top (A) to bottom
(D). The preparation shows a fissure in the tissue in some parts of the AL. Sections were taken at
different depths from top (A) to bottom (D) of the AL. A) 1 um. B) 3 um. C) 5 um. D) 9 um. A=
Anterior, L= Lateral, M= Medial, P= Posterior. Scale bar= 50 pm.
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3.3.2.4. Quantitative analyses of the dyes Calcium Green 1-AM, RH795, and
Neutral Red

Size comparison

To compare the three dyes with each other, brain measurements obtained
using confocal microscopy were analysed. The results showed that preparations
stained with Neutral Red were smaller compared to those stained with Calcium
Green 1-AM or RH795. Both Calcium Green 1-AM and Neutral Red had less
fluorescence in deeper regions and therefore a smaller depth size. A statistical
comparison of the size of the brain structures revealed that preparations stained
with Neutral Red were significantly smaller than those stained with RH795 (Fig.
3.10). It showed a significant difference between the RH795 and Neutral Red in
AL length (mGLM: Fy¢4= 5.415, p<0.05) and depth (mGLM: F,4,= 12.887,

p<0.05). No significant difference in the dimensions of glomeruli was found.
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Fig. 3.10 Comparison of brain structures viewed with confocal microscopy and stained with
Calcium Green 1-AM, RH795, and Neutral Red. Calcium Green 1-AM (Ca Green): all/alw: n=
9, d: n= 14; gll/glw: n= 4; RH795: all/alw: n= 50, d: n= 85; gll/glw: n= 98; Neutral Red: all/alw:
n= 17, d: n= 29; gll/glw: n= 10. * indicates a significant difference in AL length and depth
between RH795 and Neutral Red (p<0.05). all= antennal lobe length; alw= antennal lobe width;
ald= antennal lobe depth; gll= glomerular length; glw= glomerular width.
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Fluorescence labelling intensity

To determine the efficiency of fluorescence labelling, the relative
fluorescence value changes (A-fluorescence (AF/F)) of preparations stained with
Calcium Green 1-AM, RH795 and Neutral Red were analysed. The mean and
minimum intensities were very similar for Calcium Green 1-AM and RH795
when observed through fluorescence widefield microscopy. (Fig. 3.11 A). With
CLSM, the mean (ANOVA: F,3= 8.714, p<0.05), minimum (ANOVA: F;3=
7.555, p<0.05) and maximum (ANOVA: F; 3= 9.658, p<0.05) intensities between
the dyes were significantly different. The minimum intensity was lower in all dyes
compared to fluorescence widefield microscopy (Fig. 3.11 B). From all dyes,
RH795 showed the highest mean and peak intensity with both microscopes. In
confocal microscopy, only one image plane at a time is scanned. Hence no
additional fluorescence from other regions interferes with the scanned focus plane.
It is also possible to scan deeper into the preparation where fluorescence of the
preparation is lower. Therefore, the minimum intensity with confocal microscopy
was lower than with fluorescence widefield microscopy.

In summary, RH795 in combination with CLSM provided better quality
images in terms of visibility of glomeruli and depth analysis of the AL (Fig. 3.12),
and will be used in the following Chapter (Chapter 4) for a more detailed

description of the brain morphology of C. vestalis.
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Fig. 3.11 Comparison of AF/F intensity between different dyes. A) Fluorescence widefield
microscopy: Calcium Green 1-AM (Ca Green): n= 3; RH795: n=2 and B) CLSM: Calcium Green
1-AM (Ca Green): n= 7; RH795: n= 18; Neutral Red: n= 8. AF/F was calculated by subtracting
and dividing the mean amplitude of background fluorescence from the stack series.
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Fig. 3.12 Comparison between different fluorescent dyes using CLSM. Left row: (A, C, E)
View of the exposed brain, white arrow indicates the AL. Scale bar= 150 pum. Right row (B, D, F)
zoom into the AL. Scale bar= 50 um. A, B) Calcium Green 1-AM. Glomerular outlines are not
identifiable. C, D) Male AL and glomeruli stained with RH795. Glomerular borders are very
distinctive. MG1 and MG2 indicate two macroglomeruli. E, F) Brain fixed with glutaraldehyde
and stained with Neutral Red. Glomeruli were less identifiable in fixed tissue. White arrow
indicates damages to the tissue. A= Anterior, L= Lateral, M= Medial, P= Posterior.
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3.4. Discussion

Results presented in this Chapter have shown that the use of RH795 in
combination with CLSM resulted in a higher fluorescence and visibility of
glomeruli, and therefore proved to be the most suitable method for a brain
morphology study of C. vestalis (Chapter 4). This is further supported by the
ability to make optical sections through the preparation and to analyse its depth.

Calcium Green 1-AM and Neutral Red were less suitable for investigating
the morphology of the AL. However, this experiment demonstrated that dye
loading (Calcium Green 1-AM) is possible in parasitoids and can thus be used

during in vivo imaging studies (Chapter 5).

Preparation and mounting

The aim of this study was to develop a mounting and preparation procedure
for a small insect to allow dissection and staining of brain structures. A stable
fixed positioning of the insect was essential for dissection as well as for in vivo
imaging as movement could result in false signals during imaging. It was further
important to create a small incubation chamber around the brain for dye
incubation. This ensured that the brain was kept moist so that sufficient dye could
penetrate brain cells.

Exposing the brain was a difficult procedure in a small parasitoid. First, it
was crucial not to damage the antennal nerve or the AL. Second, the cut had to be
big enough to reveal the AL structures. Third, non-neural tissue had to be
removed to obtain access to the AL and to allow the dye to penetrate the neurons.
Non-neural tissue not only blocks the access to the AL, but it is also highly
autofluorescent, which could lead to signal interference during in vivo imaging
(Galizia and Vetter, 2005).

A mounting procedure was developed following a method used for
Drosophila (Fiala and Spall, 2003). The version of an acrylic block containing
grooves proved to be less useful for mounting parasitoids, since the ventral part of
the body was covered in glue to keep it restrained within the groove on the
Perspex stage. Their survival time was considerably reduced during these
experiments. Cyanoacrylate, the basis of superglue reacts with water to form a

polymer, which can lead to desiccation and death in the case of an animal of such
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a small size (Cary et al., 2000; Galizia and Vetter, 2005). Covering the body may
not only cause desiccation of the preparation but could also affect respiration,
restricting tracheal pumping movement as well as closure of spiracles (Weis-
Fogh, 1967; Slama, 1988, 1999). An adapted version, where the preparation was
placed into a Perspex stage containing a hole, provided a useful alternative. The
parasitoid was first mounted in a pipette tip and the glue was only put near the
mouthparts to stabilize the head. The glue did not cover the whole body and
therefore did not block the spiracles. Hence, desiccation and restriction in
breathing was less of an issue. The mean survival time of the parasitoid at around
2 h was sufficient for the duration of calcium imaging experiments.

Many studies have reported that access to the AL is restricted, and in vivo
imaging could only be conducted in some parts of the AL (Faber et al., 1999;
Dupuy et al., 2010). Although the AL is always located below the antennae
(section 1.3.2), the actual position of the antennae varies between insect species
(Fig. 3.13). Hence, the method used to dissect the preparation needs to be adapted
for each insect species, including C. vestalis. The current method provided a view
over most of the AL. In addition, a cover slip could easily be stabilised onto the

stage and thus prevent desiccation of the open brain.
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Fig. 3.13 The position of the antennae in different insects. A) C. vestalis. B) A. mellifera. C) D.

melanogaster (Moorhouse, 2005). D) F. exsectoides (Nobile, 2011). Scale bar in all pictures= 0.5
mm.

Staining

To characterise the morphology of the Cotesia brain and conduct imaging
studies, three fluorescent dyes were tested and staining methods modified where
applicable. In the past, brain morphology was studied using histological methods.
To reveal structures, histological sections had to be conducted. Considering the
small head size of Cotesia (about 500 pum), less invasive procedures such as

optical sectioning could be advantageous.

With technical advances, brain studies were conducted using fluorescent
probes (Amos and White, 2003). Fluorescent dyes have been shown to possess
certain advantages over dyes used in histological studies in some animals, such as
more distinct staining of fine structures like e.g. dendritic arborisations and
imaging in live tissue (Masante-Roca et al., 2005; Helge et al., 2007; Lofaldli et
al., 2010; Seki et al., 2010). The fluorescent dyes RH795 (Galizia et al., 1997;
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Sachse et al., 1999; Malun et al., 2002) and Neutral Red (Matsumoto and
Hildebrand, 1981; Sandoz, 2006; Dupuy et al., 2010) are frequently used for
morphological staining in insects. In the present study, staining with RH795
provided the best results over the other dyes tested. The glomerular borders were
visible in most of the preparations and the fluorescence was highest when using
RH795. In the current study, some glomerular borders, especially around the
MGC, were more intensely labelled as RH795 is a voltage sensitive dye

specifically staining cell membranes (Galizia et al, 1997; Le Calvez and

Ulfendahl, 2000; Wang et al., 2008).

Using Neutral Red resulted in several disadvantages such as glomeruli were
less distinguishable and glomerular borders were hard to locate. With increasing
depth the preparations were fused to one structure, making it impossible to
identify glomeruli. Furthermore, some preparations were damaged. The AL
dimensions but not glomerular dimensions were also significantly smaller using
Neutral Red. These problems could be related more to the fixation process than
the dye itself. During fixation, the brain is stored in a fixative over night, stained,
and dehydrated in an alcohol series followed by clearing in methyl salicylate.
Formaldehyde penetrates tissue quickly, but reactions with proteins occur slowly
(Kiernan, 2000). A brief fixation process can promote hardening of the specimen
due to reduced or stopped autolysis. Proteins that are not completely fixed can
coagulate. This could explain the hardened surface of the AL (Kiernan, 2000).

During the dehydration process, ethanol was used to remove water from the
preparation. This led to shrinkage of the material. It was shown that at higher
alcohol concentrations the tissue also begins to harden and shrink (Puchtler and
Meloan, 1985). Shrinkage of the tissue due to osmotic processes has also been
described in other studies using glutaraldehyde as a fixative (Hopwood, 1967,
Drobysheva et al., 2008). An explanation for the shrinkage of the AL but not the
glomeruli could be that glomeruli are neuropils containing dense synaptic contacts
of neurons. The AL, however, can contain other tissue, such as fat cells and other
cell bodies, which may be more susceptible to loss of water and substance during
the fixation procedure and this could result in a greater shrinkage of the tissue

surrounding the glomeruli, causing the volume of the AL to diminish.
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Shrinkage of certain parts of the brain therefore makes Neutral Red less
informative, as the position of the AL and consequently glomeruli could change.

An identification of landmark glomeruli may thus become more difficult.

The use of Calcium Green 1-AM for morphological purpose has reportedly
resulted in a lack of labelling glomeruli (Sachse et al., 1999; Galizia and Vetter,
2005). However, the dye is a reliable indicator for cell activity, as Calcium Green
1-AM binds to intracellular calcium. Once split from the AM esters, it remains
inside the cell (Galizia and Vetter, 2005). Olfactory stimulation of the antennae
results in depolarisation of the cell, followed by an influx of calcium (Cossart et
al., 2005), which can be detected with this dye. Hence, Calcium Green 1-AM was
used in calcium imaging experiments (Chapter 5), but not for morphological

studies (Chapter 4).

Microscopy

Using fluorescence widefield microscopy, glomerular borders were
detectable but it led to some limitations in describing the anatomy of the AL.
Focal clarity throughout the preparation was limited due to depth of the
preparation as well as out-of-focus fluorescence, which has been reported in other
cases (Amos and White, 2003). Moreover, clarity was reduced due to fluorescence
from deeper regions of the preparation, resulting in a greater amount of out-of-
focus fluorescence. This in turn can complicate a description of the AL and
glomerular dimensions.

With CLSM, clearer images of the brain could be obtained, similar to the
findings in other studies (White et al., 1987; Amos and White, 2003; Svoboda and
Yasuda, 2006). Using the CLSM resulted in a more detailed image of the brain
structures for several reasons. Due to the illumination of one focal plane at a time
there was no out-of-focus fluorescence of the preparations. A depth measurement
could be obtained by a laser beam scanning through the preparation at variable
section intervals. Imaging in deeper regions of the preparation resulted in a better
resolution of the glomeruli, but thicker preparations could cause a problem even
for CLSM. The deeper the focus into a preparation, the smaller the fraction of
photons reaching the plane, and the higher the possibility of beam scattering,

resulting in a loss of resolution. This however, can be compensated for by higher
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laser power, which is adjustable, emitting more light in deeper regions and less in
upper regions (Svoboda and Yasuda, 2006). There is also less bleaching and

optical sections can be merged into a 3D reconstruction.

In conclusion, the current study described a mounting and dissection
protocol for a characterisation of the morphology of the AL in C. vestalis. The
protocol permits stabilised mounting of the parasitoid to conduct staining
experiments and image acquisition. The current study further demonstrated the
successful use of CLSM in combination with the fluorescent dye RH795 for
future anatomical studies (Chapter 4) and Calcium Green 1-AM for calcium

imaging studies (Chapter 5).
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CHAPTER 4

THE MORPHOLOGY OF THE ANTENNAL
LOBE OF COTESIAVESTALIS: A CONFOCAL
MICROSCOPY STUDY

4.1. Introduction

Parasitoids rely on the detection of volatiles to find a suitable host. This
requires a very sensitive olfactory system to detect and filter relevant information.
Due to their different host specialisation and resulting differences in learning and
memory abilities (Smid et al., 2007), they represent ideal animal models for a
comparative investigation of olfactory processing. However, very little research
has focused on the investigation of central olfactory processing mechanisms in
parasitoids (Smid et al., 2003; Bleeker et al., 2006b).

The results presented in Chapter 2 have shown that males and females of the
parasitoid species C. vestalis can detect a well-documented HIPV (linalool) (Pinto
et al., 2007a), as well as an odour cue (1-nonanol), which is not part of the HIPVs
emitted from Brassica rapae var. Wong bok (Durrant, 2007) at a peripheral level.
The behavioural output, however, differed between genders. While females were
able to learn linalool in a positive association, 1-nonanol elicited an avoidance
reaction. Males learned linalool but did not learn 1-nonanol.

Optical imaging studies in insects have shown a broad spatio-temporal

activity pattern in the glomeruli (Joerges et al., 1997). For a better understanding
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of olfactory processing in a parasitoid and to investigate whether behavioural
differences are also represented in different glomerular activity patterns it is first
necessary to describe the morphology of the brain structures underlying olfactory

processing.

Glomeruli are the functional units of the antennal lobe (AL). They are
spheroid-like structures, which are often surrounded and separated by glial cells
(Homberg et al., 1989), and their morphology and physiology has been reviewed
in the past (Christensen and Hildebrand, 1987a; Homberg et al., 1989; Galizia and
Rossler, 2010). In the glomeruli, olfactory receptor neurons (ORNs) synapse with
projection neurons (PNs) and local interneurons (LNs) (Homberg et al., 1989;
Hildebrand and Shepherd, 1997; Galizia and Rdssler, 2010). Synapses are mainly
found in the cortical layers of the glomeruli, but bees also show synaptic
connections in the central regions. In most cases, the synaptic connection consists
of one presynaptic and two or more postsynaptic elements (Hansson, 1999). Most
ORNSs expressing the same receptor, project into one or two specific glomeruli.
The theory that glomeruli are functional units has further been supported by
different sensilla mapping onto specific groups of glomeruli in Drosophila (Couto
et al., 2005; Fishilevich and Vosshall, 2005). Furthermore, in Hymenoptera,
distinctly clustered glomeruli are innervated by different antennal sensory tracts
(Kirschner et al., 2006; Zube et al., 2008). This principle is found throughout the
animal kingdom (Strausfeld and Hildebrand, 1999) and reinforces the theory that
glomeruli are functional units involved in coding odour quality.

In parasitoids, only one morphological study has investigated the anatomy of
the antennal lobe so far (Smid et al., 2003). In this study (Smid et al., 2003), axon
tracing was used to visualise the glomeruli in the AL. Smid and collegues (Smid
et al., 2003) found a similar number of glomeruli in the two related Cotesia
species, C. glomerata (~188 glomeruli) and C. rubecula (~196 glomeruli). The
organisation of the glomeruli within the AL of the related Cotesia species (Smid
et al., 2003) was similar to that found in other Hymenoptera (Zube et al., 2008).

In insect species which use sex-pheromone communication, a sexual
difference in glomerular structure has been observed (Christensen and Hildebrand,
1987b). In moths, it has been shown that some glomeruli code specific olfactory

information, and that there are gender differences in the glomerular organisation
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of the AL. Male moths have a sexually dimorphic cluster of enlarged glomeruli
forming the macroglomerular complex (MGC) which exclusively processes
information about pheromones (Rospars, 1983; Christensen and Hildebrand,
1987b). The MGC is innervated by local LNs (Matsumoto and Hildebrand, 1981)
and each sub-unit encodes specific pheromone component information (Hansson
et al., 1992). In the male sphinx moth, the male MGC is characterised by three
enlarged glomeruli, the cumulus (C), the toroid 1 (T1) and toroid 2 (T2)
(Heinbockel et al., 1998). Four types of MGC-PNs have been characterised
(Kanzaki et al., 2003) (toroid-PNs, cumulus-PNs, horseshoe-PNs, and c_t-PNs)
and it was shown that the pheromone responsiveness of these PNs correlates with
their dendritic arborsation in the subdivisions of the MGC (Kanzaki et al., 2003).
PNs innervating the cumulus were shown to respond to the minor pheromone
component and PNs innervating the toroid responded to the major pheromone
component (Hansson et al., 1991b; Kanzaki et al., 2003). The pheromone input is
modified by LNs and responses in the MGC are more broadly tuned than in the
ORNs (Jarriault et al., 2010).

In some lepidopteran species, like the sphinx moth Manduca sexta, a female
homologous to the male MGC, so called “large female glomeruli” (LFGs), can be
found (King et al., 2000; Reisenman et al., 2004; Kalberer et al., 2010). They
consist of two relatively large glomeruli in the dorsolateral region of the AL, close
to the entrance of the antennal nerve (AN). They are unique for females and are
approximately the same size as the largest ordinary glomeruli (Rdossler et al.,
1998).

The variety host specialisation in parasitoids suggests that differences in
olfactory information processing exist not only at an antennal or behavioural
level, but also at a central level in the brain. The aim of this study was to analyse
the morphology of C. vestalis to determine whether the general organisation of
glomeruli in the AL of C. vestalis is similar to other Hymenoptera. Also, male and
female brains were compared to determine if differences in behaviour (Chapter 2)
could be due to differences in the morphology. The morphology of the AL was
investigated using the methods established in Chapter 3. It is thought that due to
their differences in host specialisation, the size and number of glomeruli differs
from those in C. glomerata and C. rubecula (Smid et al., 2003). Furthermore, C.

vestalis show courtship behaviour in the presence of females (Chapter 2), which
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suggests that males have specialised glomeruli for pheromone processing.
Therefore, the current study also investigated whether there are segregated regions
for pheromone and non-pheromone processing, as well as specialised glomeruli

for the detection of HIPVs.
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4.2. Materials and methods

To investigate the morphology of the AL, the brain was stained with RH795
(Invitrogen) as described in Chapter 3. Optical sections were taken through the
brain from dorsal to ventral with a confocal microscope. An argon laser with an
excitation wavelength of 514 nm was used for the imaging procedure (Emission
wavelength: 590-720 nm).

For quantitative analysis, brain dimensions were first analysed using manual
measurements (manual data). In order to compare male and female brains,
measurements of brain structures were conducted along the length and the width
of the AL and glomeruli (Fig. 4.1 A, B). The AL and glomeruli were measured in
the average projection of the stack series. Two to four glomeruli were measured
per preparation. With the exception of the macroglomeruli, which could be easily
identified as “landmark glomeruli”, different glomeruli were selected for the
measurements each time. The dimensions of each structure were statistically
compared using a univariate/multivariate general linear model (GLM) and
ANOVA (SPSS 17.0).

For three dimensional (3D) analyses, the AMIRA software package (Visage
Imaging GmbH, Version 5.3) was used to calculate the volume of the AL and
glomeruli. This was carried out by tracing every third slide with the “lasso tool”
(Fig. 4.2). This ensured that changes in shape could be accounted for throughout
the slides. After the last slide the stack series was interpolated to combine the
stacks and to determine the volume. The number of glomeruli was calculated by
counting manually through each of the stack series. This number was then

compared with results obtained from using AMIRA software.
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Fig. 4.1 Dimension measurements of the AL and glomeruli. A) The AL was measured in the
stack average projection along the length and width for each side in both genders. B) Two to four
glomeruli were measured along the length and width (as in the AL) per preparation in the stack
average projection. Scale bar= 30 pm. L= Length, W= Width, A= Anterior, L= Lateral, M=
Medial, P= Posterior.

Calculating volumes from manual measurements

To compare manual and 3D analyses the volume of AL and glomeruli had to
be modelled with measurements obtained from manual calculations. The AL was
modelled as an ellipsoid as this best fitted its shape (Fig. 4.1 A). Its volume (V)

was calculated using

where a, b and c¢ are width, length and height axis radii respectively. The
glomerular shape equates to a sphere (Rospars and Hildebrand, 2000; Berg et al.,
2002). Therefore, the glomeruli were modelled as spheres (Fig. 4.1 B); their

volume (V) was calculated using

where r is the radius.
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Fig. 4.2 3D measurements of glomeruli and the AL. 3D measurements enabled a more exact
volume analysis as they could account for changes in shape through depth, which is shown in the
figure top to bottom. The red colour indicates the selected areas of glomeruli (left) or the AL
(right) (outlined using the lasso tool) through different depths of the preparation. Scale bar= 30
pwm.
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4.3. Results

In order to investigate the morphological structure of the AL in C. vestalis to
detect possible gender differences, male and female brains were dissected, stained,
and imaged using confocal microscopy. To analyse the data, measurements of the
AL were first conducted manually, and the number of glomeruli were identified
through counts of the stack series. Secondly, the AL and glomerular volume was

calculated using AMIRA software.

4.3.1. Description of the AL and glomeruli through manual measurements

Antennal lobe

To identify the structures underlying olfactory processing, the AL
dimensions were first measured over two dimensions (length and width). To
calculate the AL volume, depth measurements were taken from the stack series
data. These measurements were then used as a reference to determine whether the
number of counted glomeruli was accurate.

Overall, a total of 85 ALs were obtained from male and female parasitoids.
The AL is a round to ellipsoid structure consisting of single units, the glomeruli,
and is located in the dorsal area below the antennae. It measured 179 = 5 um
(mean + SEM; n= 50) x 136 + 4 um (mean £ SEM; n=50) x 115 £ 3 pm (mean +
SEM; n= 85) (L x W x D — length x width x depth; left-right; male-female fused
data) (Fig. 4.3). An ANOVA analysis showed a significant gender difference in
the left AL length (F,23= 5.156, p<0.05) and left AL depth (F;,4,= 6.330, p<0.05).
Based on these measurements, the AL volume was 13 x 10° pm® and 18 x 10°

um’, for males and females, respectively.
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Fig. 4.3 Comparison between male and female mean AL size of left (IAL) and right (rAL)
side. Female structures were in general larger; a significant difference, however, was only found in
the 1ALl and d. 1= length, w= width, d= depth. Male IAL: 1, w: n= 15; d: n=27; rAL: |, w: n= 16,
d: n=28. Female 1AL: I, w: n= 8, d: n= 15; rAL: I, w: n= 11, d: n= 15. * indicates a significant
difference at p<0.05.
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Glomeruli

To determine if C. vestalis had a similar glomerular organisation to other
insects and if peripheral and behavioural differences (Chapter 2) were due to a
difference in the morphology, the number and size of glomeruli were analysed in
both genders.

In both genders, ordinary glomeruli were arranged in several layers around a
central core devoid of glomeruli (Fig. 4.4 A-C). The central core did not extend
through the entire AL (Fig. 4.4 D-F). In addition to the three sex-specific

glomeruli in males, an average of 32 + 3 (mean + SEM; n= 23) ordinary glomeruli

could be identified in males and females (Fig. 4.5).

Fig. 4.4 Optical sections through the female right AL from top (A) to bottom (D). A central
core devoid of glomeruli is visible (A-C). A) 16.15 pm depth. B) 19 pm depth. C) 20.9 pm depth.
D) 22.8 um depth. E) 24.7 um depth. F) 32.3 pum depth. Scale bar= 30 um. A= Anterior, L=
Lateral, M= Medial, P= Posterior.
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Fig. 4.5 Number of ordinary glomeruli (glom) and the macroglomerular complex (MGC) in
left (1IAL) and right AL (rAL) for males and females. Male glom 1AL: n= §, rAL: n= 7; MGC
IAL: n= 22, rAL: n= 8; female glom IAL: n= 3, rAL: n= 5. There was no significant gender or side
difference in the number of ordinary glomeruli.
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Glomerular size remained constant throughout the different individuals, with
an average size of 23 x 22 + 0.6 um (mean = SEM; n= 98; length x width).
Statistical analysis showed that there was no significant difference between left
and right side (Fy,97= 1.537, p>0.05), or gender difference (Fi,97= 2.322, p>0.05),
nor an interaction between side and gender (F,9;= 1.317, p>0.05). This is shown
in Figure 4.6 and suggests a similar organisation of ordinary glomeruli in males
and females. The estimated volume of a glomerulus was 5, 575 pm’. Therefore,
based on the average number of glomeruli, the AL should measure 1.8 x 10° pm’.
Due to the discrepancy of estimated AL volume and the estimated total volume of
glomeruli, a 3D analysis was carried out, the results of which are described in

section 4.3.2.
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Macroglomerular complex (MGC)

Moths have enlarged glomeruli, so called macroglomeruli, for pheromone
processing (Christensen and Hildebrand, 1987b). So far, no gender differences in
parasitoids have been described. Courtship behaviour is known to be mediated by
pheromones (Tagawa, 1977; Decker et al., 1993; Steiner et al., 2006). In C.
vestalis males courtship behaviour was induced by the presence of a female
(Chapter 2), suggesting that male C. vestalis detect sex pheromones. Therefore,
male parasitoids could use sex pheromones (in addition to HIPVs) to locate
females. It was thus hypothesised that macroglomeruli can be found in C. vestalis
males.

Indeed, enlarged and long shaped glomeruli, so called macroglomeruli,
were found in males in the current study. The macroglomerular complex (MGC)
consisted of 3 + 0.3 (mean + SEM; n= 15) enlarged glomeruli (54 =2 pm x 31 +
lum; mean + SEM; n= 22) near the entrance of the antennal nerve. Contrary to
ordinary glomeruli, which appeared to be of a round shape, macroglomeruli were
of an elongated shape (Fig. 4.7 A-D). The first and second most distal
macroglomerulus (MG1, MG2) were of an elongated shape, with the MG2
adjacent to MG1. The third macroglomerulus (MG3) was smaller and more
roundly shaped than MG1 and MG2 (Fig. 4.8) and was located closer to the MG1.
There was a significant difference in length (ANOVA; Fs,35= 75.897; p<0.05) and
width (ANOVA; Fs,g5= 16.823; p<0.05) between the MGC and ordinary male
glomeruli (Fig. 4.6).

In summary, this part of the study showed that the AL of C. vestalis had a
similar glomerular organisation to that found in other hymenopterans (Zube et al.,
2008). The glomeruli were organised peripherally around a central core, which did
not contain glomeruli. No gender differences were found in size and number of
ordinary glomeruli. An average of 32 glomeruli was identified. Hence, it would
appear that behavioural differences (Chapter 2) were not due to a different
morphology of the AL. In addition, males possess a MGC, similar to that found in

moths suggesting that C. vestalis males can detect and process pheromones.
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Fig. 4.7 Optical sections through the male left AL from top (A) to bottom (D). The progression
of ordinary as well as two macroglomeruli (green outline and marked with MG1, MG2) is shown
at different depths in the AL. Their size differed significantly from ordinary glomeruli. A) 7 um
depth. B) 10 um depth. C) 12 um depth. D) 16um depth. Scale bar=30 um. A= Anterior, L=
Lateral, M= Medial, P= Posterior.

Fig. 4.8 View of the three macroglomeruli, MG1, MG2 and MG3 in an average projection.
MG1 and MG2 were characterised by an elongated shape, whereas MG3 was usually smaller and
round. Scale bar= 50 um. A= Anterior, L= Lateral, M= Medial, P= Posterior.
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4.3.2. 3D analysis of the AL and glomeruli using AMIRA software

Manual measurements have shown that male and female C. vestalis possess
an average of 32 ordinary glomeruli (section 4.3.1). However, a previous study
(Smid et al., 2003) which investigated the anatomy of the AL of two related
Cotesia species, C. glomerata (~188 glomeruli) and C. rubecula (~196
glomeruli), found a higher number of ordinary glomeruli in these two species
(Fig. 4.9).

In the current study, volume calculations of the AL and the total glomerular
volume were not identical. The AL volume was considerably higher and this
could be explained by the limitations of manual measurements, which did not
account for changes of the shape of the AL with depth of the preparation.

In order to obtain more accurate measurements to validate results described
in section 4.3.1, 3D volume calculations were conducted using the software
program AMIRA. Optical sections obtained using confocal microscopy were
analysed with AMIRA, and AL volume and total glomerular volume were
calculated for direct comparison with manual measurements. This was done by
tracing the entire AL and individual glomeruli with AMIRA and interpolating
every third optical stack. The AL volume served as a volume guideline. In
addition, the volume range of ordinary and gender-specific glomeruli was given.
An evaluation of manual data and 3D data using one female AL as well as the
average value of all preparations was conducted to compare the two methods

(Appendix 2).
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Fig. 4.9 Comparison of brain sections of C. glomerata, C. rubecula and C. vestalis. Brain stack
series from top to bottom of C. Glomerata (left column), C. rubecula (middle column) modified
from (Smid et al., 2003). C. vestalis (right column). Scale bar= 50 um. A= Anterior, D= Dorsal,
L= Lateral, M= Medial, P= Posterior, V= Ventral.
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Antennal lobe

As with manual measurements, the AL volume was calculated as a reference
volume. The AL volume measured 4.3 x 10° + 3.5 x 10* um® (mean + SEM; n=
15) for males and 4.3 x 10° + 4.6 x 10* um3 (mean £ SEM; n=9) for females (Fig.
4.10 A, C). Measurements excluded the central core in the AL, but could not take
into account any intra-glomerular space. The core itself measured 8.3 x 10% + 1.5
x 10* pm’ for males (mean + SEM; n= 13) and 1 x 10’ + 2.3 x 10* um’ for females
(mean = SEM; n= 12). It made up 15% of the AL volume in males and 23% in
females. In summary, volume measurements of the AL using AMIRA more
precise as it allowed the volume of the central core to be removed and changes in

shape with depth to be considered.

Glomeruli

For a more precise volume and number of glomeruli, glomeruli were traced
with AMIRA. An average of 40 + 3 (mean = SEM; n= 9) ordinary glomeruli for
males and 41 + 6 (mean + SEM; n= 8) for females could be identified. The mean
total volume of glomeruli per AL was 1.5 x 10°+ 2 x 10* um3 for males (mean +
SEM; n= 7), excluding the MGC, and 2.6 x 10°+4.8x 10* um3 including the male
MGC (mean = SEM; n= 7) (Fig. 4.10. D; Fig. 4.11). For females, the total volume
of ordinary glomeruli was 1.3 x 10>+ 3 x 10* pm’ (mean + SEM; n= 8) (Fig. 4.10.
B; Fig. 4.11). Compared to the AL volume, the total glomerular volume was
smaller by 2.8 x 10° pm® and 2.9 x 10° pm” for males and females, respectively.
An uGLM showed no significant difference between genders (F;seo= 3.680,
p>0.05) or side (F;seo= 0.022, p>0.05). There was no significant interaction
between gender and side (F; s¢0= 1.269, p>0.05).
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Fig. 4.10 Antennal lobe (AL) volume and total volume of glomeruli. A) 3D reconstruction of a
female AL from which the AL volume was calculated. The central core was excluded from
volume calculations but the gaps between the glomeruli could not be removed. B) 3D
reconstruction of glomeruli (in a certain stack plane) of the female AL from which the total
glomerular volume was calculated. The glomerular volume was smaller than the AL volume. C)
3D reconstruction of a male AL. D) 3D reconstruction of glomeruli of the male AL (in a certain
stack plane). Scale bar= 30 um. A= Anterior, L= Lateral, M= Medial, P= Posterior.
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Fig. 4.11 Comparison between AL volume and total glomerular volume in males and
females. The glomerular volume (glom) of males and females is given without the volume of
macroglomeruli and large female glomeruli, respectively. Ordinary glomeruli and
macroglomeruli/large female glomeruli (glom+MGC/LFG) comprise the total glomerular volume
in males and females including the macroglomerular complex (MGC) and large female glomeruli
(LFG), respectively.

Arnold (Arnold et al., 1985) suggested that glomeruli occupy about 40% of
the AL. Based on the AL volume and total volume of ordinary glomeruli,
glomeruli make up 35% of the AL volume in males, and 33% in females. In males
ordinary glomeruli and MGC made up 65% of the AL. In total, the core and
glomeruli made up 50% (80% including MGC) of the AL in males, and 56% in
females. However, measurements did not take into account spaces between the
glomeruli as well as other structures such as cell bodies.

In two related species, Cotesia glomerata and C. rubecula the volume of
glomeruli was found to be 1.7 x 10>+ 2.5 x 10* um’ (mean £ SEM; n=2) and 3.1
x 10°+ 3.4 x 10* um3 (mean + SEM; n= 2), respectively (Fig. 4.12 A) (Smid et al.,
2003). Despite the similar total glomerular volume, the number of glomeruli was

much higher in Cotesia glomerata (188 + 1.5; n=2) and C. rubecula (196 + 2.5;
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n= 2) (Fig. 4.12 B). The size rank of ordinary glomeruli, however, was
considerably smaller, ranging from 145 to 3,732 and 95 to 6,920 um’, in C.
glomerata and C. rubecula, respectively. Based on these values, the average
volume of an ordinary glomeruli is 1,939 + 1,794 um’ (mean + SEM; n=2) for C.
glomerata and 3,508 + 3,413 pm’ (mean + SEM; n=2) for C. rubecula. In C.
vestalis, the volume of single glomeruli ranked between 416 to 16,212 pum’ in
males, and between 272 to 21,185 um’® in females. The average volume of an
ordinary glomerulus was 3,719 + 528 pm’ (mean = SEM; n= 7) in males, and
3,777 + 288 um’® (mean + SEM; n=7) in females. There was no significant gender
difference between ordinary glomeruli (uGLM: F; ;3 = 0.509, p>0.05). The
frequency distribution of the glomerular volumes is given in Figure 4.13 and 4.14.
Volumes are expressed as percentages of the total glomerular volume to correct

for differences in total brain volume and size of individuals.
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Fig. 4.12 Comparison of total glomerular volume and number of glomeruli between Cotesia
species. A) Total glomerular volume. C. glomerata had a similar volume to C. vestalis, whereas
the volume of C. rubecula was double. B) The number of glomeruli. Both C. glomerata and C.
rubecula had nearly five times more glomeruli than C. vestalis.
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Fig. 4.13 Frequency distribution of glomeruli in male C. vestalis. The values of four males are
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Fig. 4.14 Frequency distribution of glomeruli in female C. vestalis. The values of seven
females are represented as percentages of total glomerular volume. F1-7= female 1-7.

117



Chapter 4

Macroglomerular complex (MGC)

To confirm that the enlarged glomeruli found through manual measurements
were indeed macroglomeruli, volume measurements were conducted. The MGC
had a volume ranging from 18,123 to 91,583 pm’. The average volume of a
macroglomerulus was 38,267 + 528 pm’ (mean + SEM; n= 8) (Fig. 4.15), which
was about ten times larger than an ordinary glomerulus. There was a significant
difference between ordinary male glomeruli (uGLM: F;3=9.512, p<0.05) and the
MGC.

To verify that the larger size of macroglomeruli was not caused by a size
difference in the individuals, a correlation analysis (Pearson’s) was conducted
between the volume of three male brains and their body sizes (Kuebler et al.,
2010). The correlation coefficient was 0.28 (r’= 0.28, p>0.05), indicating no
correlation between the individual’s size and the size of the glomeruli. Hence,
macroglomeruli were not influenced by the animal’s size, suggesting that C.
vestalis males indeed use pheromone detection and therefore have enlarged

glomeruli designated to pheromone processing.

Large female glomeruli (LFG)

With manual measurements, no significant differences in glomerular size in
females could be found. With AMIRA measurements, however, in three out of
seven female preparations, larger glomeruli were noticeable. When analysing their
volume it was found that they were about four times larger than ordinary
glomeruli. A statistical comparison revealed a significant difference between
ordinary glomeruli and large female glomeruli (LFGs) (ANOVA: F, j25= 144.753,
p<0.05) (Fig. 4.15). Ordinary glomeruli had a volume of 3,166 % 360 um’ (mean
+ SEM; n= 7), and LFGs a volume of 11,901 + 976 um3 (mean = SEM; n= 3).
Unlike the MGC, however, the LFG could not be identified at a certain position in
the AL. Also, they did not have a characteristic shape which would facilitate their
identification. It can therefore only be speculated that in C. vestalis the enlarged

glomeruli correspond to the LFG.
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Fig. 4.15 The average volume of ordinary male and female glomeruli and macroglomeruli
(MGC). The MGC was about ten times larger than ordinary glomeruli, whereas the LFG was only
four times larger. a and b indicate a significant difference at p<0.05 between ordinary glomeruli
and macroglomeruli/LFGs. Maleglom: n= 9, femaleglom: n= 8, MGC: n="7, LFG: n= 3.

In summary, 3D calculations of the AL and its glomeruli showed no
significant gender difference in the ordinary glomeruli. The average number of
glomeruli was 40. In males, significantly enlarged glomeruli were found, which
are thought to form the MGC. In addition, enlarged glomeruli were found in
certain female preparations, which could correspond to the LFGs responsible for
processing HIPVs found in moths. Moreover, these results enabled a more direct
comparison with the results of Smid’s study (Smid et al., 2003). The current study
has shown that C. vestalis had fewer but larger glomeruli than C. glomerata and

C. rubecula.
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4.4. Discussion

The aim of the current study was to investigate the morphology of the AL in
C. vestalis. Therefore, the organisation of the male and female C. vestalis AL was
analysed by describing size, number and volume of the glomeruli, and the volume
of the AL. Several hypotheses were formulated and tested. Firstly, the number of
glomeruli could explain behavioural differences (Chapter 2). Secondly, the
segregated regions for pheromone and non-pheromone processing found in other
insect species also occur in C. vestalis. This would therefore result in enlarged
glomeruli in males. Thirdly, females could possess LFGs, which have been
previously found in moths (King et al., 2000). These LFGs process certain host-
plant volatiles (HIPVs), such as linalool. Finally, it was expected that C. vestalis
might differ from its related Cotesia species, C. glomerata and C. rubecula, due to

a different host specialisation.

Gender comparison of C. vestalis

Similar to other species, C. vestalis showed common morphological
characteristics; for example, glomerular organisation was located in the peripheral
layer of the AL around a central core devoid of glomeruli (Zube et al., 2008). In
many hymenopteran species, males are known to exhibit a smaller behavioural
repertoire than females, and as a consequence, an often lower number of
glomeruli (Zube et al., 2008; Kuebler et al., 2010; Stieb et al., 2011). This is
contrary to findings in the current study, which has demonstrated that there were
no significant gender differences in size and number of ordinary glomeruli.
However, in the related Cotesia species, generalist C. glomerata males had fewer
glomeruli, while in C. rubecula no gender differences were found (Smid et al.,
2003). This suggests that differences in learning are less likely to be due to
morphology of the AL, but more to differences in central processing of an odour.
Furthermore, these results support the hypothesis (Chapter 2) that HIPVs play an
important role for males to locate females. Processing of HIPVs could thus take
place in both genders, which will be described in the following Chapter (Chapter
5).
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Macroglomeruli in males

Macroglomeruli are well documented in other species such as moths, bees,
cockroaches and ants. In most cases it was shown that macroglomeruli are
involved in the detection of sex pheromones (Arnold et al., 1985; Rospars, 1988).
In social insect species showing a division into casts (e.g. ants) macroglomeruli
process, for example, trail pheromones instead of sex pheromones (Kleinadam,
05; Kelber, 09).

It was hypothesised that C. vestalis males use sex pheromones in addition to
HIPVs to locate females (Chapter 2). This study revealed for the first time the
evidence of a MGC in parasitoid males, which consisted of 2 to 3 significantly
enlarged glomeruli. Their shape and position are similar to those found in other
species (Kuebler et al., 2011). Macroglomeruli can be identified by their location,
shape, size, or volume. They are usually located near the antennal nerve, and are
often of a distinctive elongated cylindrical shape. In Heliothide moths, three
distinctive macroglomeruli have been identified (Huetteroth and Schachtner,
2005); the cumulus, the toroid and the horseshoe. The cumulus is the first and
most distal located MG and is elongated and cylindrical. The toroid is sometimes
also U-shaped, while the horseshoe gets its name from its characteristic shape.

In C. vestalis, two macroglomeruli were of an elongated shape. A third was
more variable in size and of a rounder shape. The average volume of a
macroglomerulus was 38,267um’. It was about ten times larger than the average
volume of an ordinary glomerulus (3,719um?). This is in accordance with findings
in leaf-cutting ants, where it was found that the macroglomerulus can be
approximately 9-10 times the volume of ordinary glomeruli (Kleineidam et al.,
2005). In two species Atta vollenweideri and A. sexdens the macroglomerulus had
a volume of 70,181 pm® and 73,589 pm’, respectively, whereas ordinary
glomeruli had an average volume of 7,577 um’ and 7,994 um’, respectively
(Kleineidam et al., 2005).

In Lepidoptera, it is assumed that the number of MGC compartments is
correlated to the number of behaviourally active components in the pheromone
blend (Huetteroth and Schachtner, 2005). Its increased size results from a higher
number of ORNSs, and it therefore has a lower threshold to odours (Vickers and

Baker, 97; Berg et al 98). This enables males to locate females over longer
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distances, and in the case of parasitoids could increase their sensitivity to female

pheromones amongst the numerous environmental odours.

In summary, size, volume, shape, as well as position of the enhanced
glomeruli found in males indicate the existence of a MGC in C. vestalis. The MGs
and the observed courtship behaviour (Chapter 2) provide further evidence for
pheromone communication in C. vestalis. The necessity for a MGC could further
be related to the host specialisation of this parasitoid species. The location of the
host can vary; hence, males rely on the efficient detection of relevant odour cues
to locate females for mating. Females thus need to be able to attract males from a
distance (Fauvergue et al., 1995). This could be important for solitary species
such as C. vestalis. Hence, enlarged glomeruli solely for the detection of

pheromones, might be important for male C. vestalis.

Large female glomeruli

In some female moths, female equivalents to the MGC, called “large female
glomeruli” (LFGs) have been found (Rossler et al.,, 1998; King et al., 2000;
Rospars and Hildebrand, 2000) which are approximately the same size as the
largest ordinary glomeruli (Rospars and Hildebrand, 2000; Kleineidam et al.,
2005).

In this study, it can only be speculated that specialised LFGs can be found in
females. LFGs are reportedly not substantially larger than ordinary glomeruli (in
moths LFGs range between 92-100 pm in diameter, while ordinary glomeruli
range between 45-100 um in diameter) (Rospars and Hildebrand, 2000). In C.
vestalis, larger glomeruli have been found using AMIRA. In certain preparations a
few enlarged glomeruli, which were about four times larger than the average
glomerulus, could be identified. These glomeruli could represent LFGs, which
have been found in moths (King et al., 2000). However, their shape and position
was variable, which made them less easy to identify compared to the MGC in
males.

It was shown, that certain LFGs respond uniquely or more specifically to
HIPVs such as linalool (King et al., 2000). Central neurons with arborisation in
the ILFG respond more to linalool and other monoterpenoids, and may be

involved in processing information about host plants or courting males (King et
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al., 2000; Shields and Hildebrand, 2001). This has also been supported by King
(King et al., 2000), who found that the corresponding ORNs of type-A trichoid
sensilla are tuned to terpenoids and aromatic esters, which are HIPVs. LFGs
might also process information about male pheromones, which often contain a
mixture of volatiles associated with plants; for example, linalool (Ljungberg et al.,
1993). Hence, due to its host specialisation, and also the observation that the
female’s presence induces courtship behaviour in males (Chapter 2), it is possible
that C. vestalis females have functionally specialised glomeruli. In C. rubecula, a
related specialist parasitoid, fused glomeruli were found at the location where a
MGC was found in males (Smid et al., 2003), which supports the results of the
current study that specialists have LFGs for processing HIPVs. Calcium imaging
studies can visualise the response pattern of those glomeruli to, for example,

linalool (Chapter 5).

Antennal lobe

To determine the accuracy of glomerular measurements, the AL volume was
analysed as a reference volume using manual measurements, as well as with the
software program AMIRA. With both methods, the AL volume was larger than
the total glomerular volume. Manual measurements differed greatly, as they could
not take into account any intra-glomerular spaces, areas devoid of glomeruli
(central core), or changes in shape of the AL with depth.

The average AL volume was 4.3 x 10° um’ when analysed with a software
program and did not differ between sides or genders. Manual measurements,
however, showed a gender difference in the length and depth of the left AL. Brain
asymmetry has mainly been shown in vertebrates but a few studies have referred
to differences in invertebrates (Bisazza et al., 1998; Vallortigara et al., 1999).
Asymmetry can occur on a morphological level, as differences in gene expression,
or on a functional level. A study in Drosophila suggests that asymmetry is
important for long term memory formation (Pascual et al., 2004). Indeed, studies
in bees confirmed this theory (Rogers and Vallortigara, 2008; Frasnelli et al.,
2010b). Research has shown that the right antenna appears to be important for
olfactory learning, and bees with a covered right antenna did not recall any
odours, contrary to bees with the left antenna covered (Letzkus et al., 2000).

These functional differences suggest that differences would also occur in their
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morphology. It was shown that the right antenna of bees contained more sensilla
placodea than the left (Letzkus et al., 2006; Frasnelli et al., 2010a; Anfora et al.,
2011). A morphological study of the antennae of C. vestalis, however, has shown
that while females had a higher number of s. trichodea WP (olfactory) and
trichodea TP I and II (chemosensory-gustatory), males had a higher number of
sensilla placodea (olfactory). However, there was no difference in side
distribution (Roux et al., 2005). Hence, the difference found in the left AL length
is more likely to be caused by experimental handling differences than

lateralisation.

The number of ordinary glomeruli is species specific

The number of glomeruli is known to be species-specific and vary
accordingly (Rospars, 1988). For a better understanding of odour coding in the
glomeruli of C. vestalis it is essential to know their distribution and number. An
average of 40 glomeruli could be identified in Cofesia males and females. This is
similar to the number of glomeruli found in Drosophila and other insects. Insects
show, contrary to vertebrates, a great variation in the number of glomeruli (Fig.
4.16). In vertebrates, on the other hand, an increased number of glomeruli from
lower to “higher origin” can be found (zebrafish 80, rodents 2000) (Baier and
Korsching, 1994). In invertebrates, the number of glomeruli can range from as
low as 40 in Drosophila (Laissue et al., 1999), 50 in mosquitoes (Ignell et al.,
2005), up to 1000 in locusts and hornets (Hanstrom, 1928). Some insects such as
Hemiptera (Homoptera) have no glomeruli (Kristoffersen et al., 2008).
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Fig. 4.16 Species-specific variation in the number of glomeruli. The number of glomeruli is
species-specific, and generally higher in social Hymenoptera.

Compared to C. glomerata (188 glomeruli) and C. rubecula (196 glomeruli)
(Smid et al., 2003), however, the number of identified glomeruli in C. vestalis is

surprisingly small. This could be explained by the following arguments:

a) Body size
One explanation could be that body size and length of the antennae play a
role in the number of glomeruli. Both C. glomerata and C. rubecula are larger
than C. vestalis, and have longer antennae and larger sensilla (Table 4.3) (Bleeker

et al., 2004; Roux et al., 2005).
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Table 4.3 Comparison of body size, the length of antennae and glomeruli between C.
glomerata, C. rubecula and C. vestalis. Modified from (Bleeker et al., 2004; Roux et al., 2005)
and the current study (number of glomeruli in C. vestalis). The number of glomeruli is given as the
mean number found in these species (C.g and C.r n= 2; C.v n=9). Body size and length of
antennae give values of females (first value) and males (second value).

C. glomerata | C. rubecula C. vestalis
Body size 6-7 mm 6-7 mm 4-5 mm
Length of antennae 2.8-3.7 mm 3.8-3.9 mm 2.1-2.9 mm
Number of glomeruli 188 196 40

C. rubecula has, as the biggest parasitoid of these three related Cotesia
species, the highest number of glomeruli (Smid et al., 2003). Although size has
generally been ruled out as a factor influencing the number of glomeruli
(Masante-Roca et al., 2005), a positive correlation between body size and number
of antennal sensilla was previously suggested (Bleeker et al., 2004), and has also
been found in bees (Johnson and Howard, 1987). However, based on the values
presented in Table 4.3, the number of glomeruli in female C. vestalis would be
between 108-141, and 134-147 in males. However, based on the body size, or size
of antennae, these estimated numbers would also result in a higher number in C.
glomerata as well as C. rubecula. Therefore, body size alone cannot be an

indicator for the number of glomeruli.

b) The number of sensilla and ORN

It has been demonstrated that in some insects the number of glomeruli is
also closely related to the number of receptors. In Drosophila, the number of
glomeruli corresponds approximately to the number of olfactory receptor
molecules (Vosshall et al., 2000). Consequently, there could be a positive
correlation between the number of sensilla, the number of ORNSs, and the number
of glomeruli. Thus, the size and number of glomeruli could be influenced by the
amount and kind of odours that need to be distinguished (Couto et al., 2005) and
may thus be related to the complexity of plant volatiles. In the case of C. vestalis,
only certain host specific HIPVs might be relevant and thus result in a lower
number of ORs/ORNs and glomeruli. Studies of the antennal structure in C.
glomerata, C. rubecula and C. vestalis have shown that the length of sensilla was

similar in C. glomerata and C. rubecula, but shorter in C. vestalis (Bleeker et al.,
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2004; Roux et al., 2005). The exact number of olfactory sensilla is only known in
C. vestalis; however, s. coeloconica I were less abundant in C. vestalis than in C.
glomerata and C. rubecula. However, s. trichodea TP II were only present in C.
vestalis. Therefore, differences in the number of olfactory sensilla could lead to
differences in the number of glomeruli and might be not only influenced by the

degree of host specialisation but also the type of host.

c) Host specialisation and phylogenetic relations

Although it was suggested that the degree of specialisation is not linked to
the number of antennal sensilla (Roux et al., 2005), it is so far unknown whether it
could influence the number of glomeruli. In fact, studies have shown that C.
glomerata and C. vestalis are more closely related than C. rubecula (Michel-
Salzat and Whitfield, 2004). Despite being closely related, C. glomerata, C.
rubecula and C. vestalis differ not only in the degree of specialisation, but also in
the preferred host species. C. glomerata parasitises several Pieris species, but
prefers P. brassicae, while C. rubecula only parasitises P. rapae. C. vestalis’s
host, on the other hand, is Plutella xylostella. Due to parasitoids’ great variation in
learning and memory it may be possible that the number of glomeruli could vary
considerably. Hence, in parasitoids, the number of glomeruli might correlate with
their degree of host specialisation, rather than the degree of phylogenetic relation,
contrary to findings in moths (Skiri et al., 2005).

Not only the host, but also the degree of host specialisation might influence
the number and size of glomeruli. Specialists like C. vestalis and C. rubecula
could have more synaptic connections and thus larger glomeruli to amplify
relevant signals and discriminate between specific HIPVs. This was also
suggested in previous studies, which stated that specialists have to adapt to find
hosts that occur with a lesser density (Geervliet et al., 1998a). Indeed, behavioural
studies in C. vestalis have shown that specialists are more responsive to HIPVs
(Chapter 2). This in turn helps them to target their host plants more efficiently.
Hence, more synaptic connections could be needed to filter specific volatiles,
rather than showing a great responsiveness to a variety of odours as has been
shown in generalists. Generalists need to distinguish between more relevant
HIPVs, and could, as a consequence have a higher number of ORNs and OR and

thus a higher number of glomeruli.
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d) Other explanations

Differences in the number of glomeruli can also be influenced by the role of
social behaviour. As the number of glomeruli is higher in social insects than in
solitary ones (Galizia et al., 1999a; Kleineidam et al., 2005; Kleineidam and
Rossler, 2009), one could assume that solitary wasps possess fewer glomeruli.
This would support findings in C. vestalis but contradict those in C. rubecula.

Another explanation for the low number of glomeruli could be that visual
cues play an additional role for C. vestalis. It has been shown that species with a
lower number of olfactory glomeruli have a more developed visual sense
(Nishikawa et al., 2008; Kuebler et al., 2010; Stieb et al., 2011). A few studies
have investigated visual learning in parasitoids, and suggested that olfactory, as
well as visual cues, play a role in their foraging behaviour (Turlings et al., 1993).
Although olfactory cues are more reliable and detectable over longer distances,
visual cues could enhance their foraging success at shorter distances (Wéckers and
Lewis, 1994). A study using C. vestalis suggested that this species does indeed
use visual cues to locate food sources (Kugimiya et al., 2010). Therefore, this
parasitoid might use olfactory cues to locate the host from a greater distance, and

visual cues could become important at a closer range.

e) Methodological differences

Methodological differences could provide an explanation for the observed
difference between the numbers of glomeruli found in C. vestalis compared to C.
rubecula and glomerata. In the current study, a bath applied dye has been used,
rather than axon tracing, which was the method used by Smid (Smid et al., 2003).
The dye RH795 has been frequently and successfully applied to label glomeruli in
other Hymenoptera (Galizia et al., 1997; Sachse et al., 1999; Malun et al., 2002).
It is a voltage sensitive dye which specifically stains cell membranes (Galizia et
al.,, 1997; Le Calvez and Ulfendahl, 2000; Wang et al., 2008). RH795 is bath
applied with an incubation period of usually not more than 1 hr, and its
penetration into the tissue is increased by adding protease (Sachse and Galizia,
2002). One disadvantage of using a bath applied dye, however, is that it does not
guarantee that all glomeruli will be labelled with the same intensity (unequal
labelling) (Galizia and Vetter, 2005). This could be caused by a lack of

penetration of the dye into the tissue, in particular in deeper regions or layers
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within the AL, resulting in weaker tissue labelling. Therefore, glomeruli which
were only partially stained may not have been seen and this could have led to their

number being underestimated.

In Smid’s study, however, (Smid et al., 2003), glomeruli were labelled
using biotin dextran amide as axonal tracer. With this method, axonal projections
reaching into the glomeruli were traced from their source (the cell body or soma)
to their point of termination (the synapse; anterograde tracing), and in the case of
the suboesophageal ventral unpaired median neurons (VUM), axonal projections
were stained from their point of termination (the synapse) to their source (the cell
body or soma; retrograde tracing) (Smid, pers. communication). This method
ensures a more targeted labelling of the synaptic connections within the glomeruli.
In addition, brains of C. glomerata and C. rubecula were incubated in heptane to
increase dye permeability and subsequently incubated in streptavidin for 24 hr
(conjugated to FluoroLinkCy2 and bovine serum albumin and 0.25% Triton X-
100) to visualise biotin dextran. Such a way of labelling ORN axons is a suitable
method to study structure, distribution, physiology and development of olfactory
glomeruli (Braubach et al., 2012) and it is very likely that with this method, all
glomeruli were equally labelled. Consequently, more evenly stained glomeruli can
be counted more accurately. This technique, involves, however, fixation of the
tissue, which was found to cause a disadvantage for morphological studies in C.

vestalis (Chapter 3).

In summary, the glomerular organisation in C. vestalis was similar to other
hymenopterans. No gender differences were found in ordinary glomeruli.
Therefore, gender differences in behaviour (Chapter 2) were not due to a different
morphological organisation of the AL. In addition to 40 ordinary glomeruli,
gender-specific glomeruli have been identified. The MGC and the courtship
behaviour observed in males (Chapter 2) could indicate that females produce
pheromones which are detected by the male.

The low number and larger volume of ordinary glomeruli raises speculation that
for a specialist parasitoid like C. vestalis, the detection of specific HIPVs is

essential for successful host location. Fewer and larger glomeruli could amplify
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the relevant odour cues and facilitate their detection. In addition, enlarged
glomeruli found in females could be responsible for processing specific HIPVs.
Moreover, a comparison with two closely related Cotesia species revealed that the
number of glomeruli can differ even between closely related species, depending

on host type and degree of host specialisation.
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CHAPTER §

CALCIUM IMAGING OF BRAIN ACTIVITY IN
THE ANTENNAL LOBE OF COTESIA VESTALIS

5.1. Introduction

For parasitoids, volatile cues from the host-habitat, the host-plant and the
host are important for host location and hence reproduction (Vet and Dicke,
1992). Experiments described in Chapter 2 have shown that for the specialist
parasitoid Cotesia vestalis the peripheral (antennal) perception of odours is similar
in males and females. However, gender differences were found at a behavioural
level. While both genders learned linalool, a common plant volatile (Pinto et al.,
2007a), gender differences were found for 1-nonanol, which is not part of the
HIPVs emitted from Brassica rapae var. Wong bok (Durrant, 2007). Females
avoided 1-nonanol and males did not learn it, suggesting that for this specialist
parasitoid, the “ecological relevance” of an odour could be important. These
results raise the question of how olfactory information is represented at a central
level and whether males and females show similar or different activation patterns
of glomeruli.

Previous studies in vertebrates as well as invertebrates have shown that
odours evoke specific spatio-temporal activity patterns in glomeruli which are
conserved within a species (Friedrich and Korsching, 1997; Joerges et al., 1997,

Galizia et al., 1999b; Rubin and Katz, 1999). Although the functional organisation
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in the honeybee appears to be genetically pre-determined, odour coding is also
experience-dependent and can be altered via learning experiences (Faber et al.,
1999; Rath et al., 2011). To date, very little is known about neural processing in a
parasitoid brain (Smid et al., 2003). Brain imaging can provide a valuable insight

into selective odour processing influenced by host specialisation of a parasitoid.

Spatio-temporal properties of odour processing

Every odour generates a specific glomerular activity pattern and every
glomeruli has a characteristic response, which can be tonic, phasic tonic or slow
phasic (Galizia and Menzel, 2001). Odour representation is symmetrical in both
sides of the AL suggesting that the functional identity of a glomerulus is
genetically encoded (Faber et al., 1999). Guerrieri (Guerrieri et al., 2005b)
demonstrated that only differential or side-specific, but not absolute conditioning,
evoke changes in glomeruli patterns in the antennal lobe. Absolute conditioning,
as an elementary form of learning, involves only the association of one odour to a
reward, whereas in differential conditioning the animal learns to distinguish
between a rewarded and one non rewarded odour (Guerrieri et al., 2005b). This
could cause differences in neural processing and therefore lead to a different

glomerular activity pattern.

Functional odour processing

In many moth species, research has shown that in males, plant odours are
processed in ordinary glomeruli (Galizia et al., 2000b; Skiri et al., 2004) while the
MGC is responsible for coding pheromone information. Non-pheromones have
been shown to elicit higher inter-individual differences in glomerular activity
patterns than pheromones (King et al., 2000; Reisenman et al., 2004). The
functional division of pheromone and odour processing pathways has recently
been challenged by a study in moths which found that ordinary glomeruli did
process plant odours in addition to pheromones (Varela et al., 2011). However, in
the species used by Varela (Varela et al., 2011), both sexes can detect sex
pheromones emitted by females and pheromone and plant-odour processing
pathways seem to be less separated than in other moths. In C. vestalis males it was

shown that with the exception of the pheromone processing macroglomerular
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complex (MGC), the glomerular structure of the AL was the same in males and
females (Chapter 4).

Plant odours have been shown to elicit combinatorial activity patterns in
ordinary glomeruli in both males and females (Hansson et al., 2003; Reisenman et
al., 2005). In many female moths, so called large female glomeruli (LFGs) have
been identified which process plant related odours such as linalool (King et al.,
2000; Kalberer et al., 2010). Linalool is emitted from floral and vegetative parts of
many plants, including Brassicaceae plants, which are host plants of C. vestalis

(Knudsen et al., 1993).

The aim of the current study was to understand how olfactory cues are
processed in a parasitoid brain and to investigate neural mechanisms of host
location. Therefore, calcium imaging based on measurements of neural activity
using fluorescent imaging was used in this study. To test the suitability of the
protocol and equipment, several control experiments were carried out before using
the parasitoid as a model. This involved adapting the calcium imaging protocols

currently used in bees for use with the parasitoid C. vestalis.
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5.2. Materials and methods

Animals

For brain dissection, parasitoids were fixed in a pipette tip as previously
described in Chapter 3. To summarise, C. vestalis was mounted in an acrylic
block and the cuticle on the dorsal side of the head removed to reveal the ALs. To
ensure the antennae remained dry throughout the experiment, the antennae were
shielded with parafilm and holes between the brain cavity and antennae were
sealed with hard wax.

Calcium imaging has often been used to investigate spatio-temporal activity
patterns of the glomeruli in bees, using a fluorescence microscope (Joerges et al.,
1997; Deisig et al., 2010). In the current study, a confocal microscope was chosen
due to the lack of availability of a fluorescence microscope and also because of its
better spatial resolution. Hence, bees were used as a reference model to test the
suitability of a confocal microscope for calcium imaging studies in the parasitoid.
Bees were captured at the entrance of a hive and cooled on ice for approximately
4 min, to allow mounting into a 1 ml pipette tip. The tip had been cut on both
sides to fit the size of the bee. To immobilise the bee it was mounted in the tube
and insulating tape was placed around its neck to prevent movement of the head
(Fig. 5.1 A). The head was further restrained by gently applying hot wax around
the tape (Fig. 5.1 B). Both antennae were held back with a fine wire to prevent
antennal movement. To reveal the ALs a small window behind the antennae was
cut into the cuticle and tracheal tissue and air sacs were removed (Fig. 5.1 B-D).

For imaging a 10x objective was used for both bees and parasitoids.
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Tracheae

Prdom

Fig. 5.1 The honeybee preparation. A) The honeybee was secured in a pipette tip and fixed with
tape. The head was additionally fixed with hot wax to prevent movement. B) Top view of the
restrained bee after an incision in the cuticle is made, exposing the bee’s brain covered with
tracheae. C) Exposed brain of the bee with completely removed tracheae. D) Higher power view
of the exposed bee brain. AL= antennal lobe, AN= antenna, MB= mushroom body, Tracheae =
tracheal tissue. Scale bar= 100pm.

Dye preparation

Following preliminary studies (Chapter 3), the fluorescent dye Calcium
Green 1-AM (Invitrogen, UK) was used for all experiments. Calcium green 1-AM
is a calcium-sensitive dye bound to an acetoxymethyl group (AM) and is
frequently used in calcium imaging studies (Galizia and Vetter, 2005). Inactive in
its AM-bound form, it only becomes active inside cells, when esterases cleave the
AM group and leave the dye active and cell-impermeant within the cell (Galizia
and Vetter, 2005). During imaging, the dye responds to changes in calcium levels

brought about by changes in neuronal activity in synaptic signalling. The dye
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mainly measures a compound signal of the activity of olfactory receptor neurons
(ORNSs), but also of local interneurons (LNs), projection interneurons (PNs) and
possibly glial cells (Galizia and Menzel, 2001).

A detailed description of dye preparation can be found in Chapter 3. In
summary, 50 pg dye was diluted with 50 pl Pluronic F-127 and vortexed for 1
min. It was then added to 950 pl saline solution and again vortexed for 5 min.
Several control experiments were conducted to test the suitability of the protocol

developed in the current study for use with parasitoids.

Staining protocol for potassium chloride experiments

a) Rat hippocampal neurons

The suitability of Calcium Green 1-AM for parasitoids in combination with
a confocal microscope was first tested in rat hippocampal cells (supplied by
Angela Cheung). A cell culture of 6 d old neurons was stained with 200 pul dye
and 1000 pl saline solution. During a 45 min incubation period the cell culture
was placed in an incubator kept at 37°C (Hajieva et al., 2009). Cells were washed
with locust saline solution (Chapter 3) three times before imaging. Imaging was
conducted with a 20x water dipping lens using the same parameters as described
in Chapter 3. To determine if a calcium increase could be detected with a confocal
microscope, potassium chloride (KCI) was used as a depolarisation agent.
Potassium chloride depolarises neurons, causing an influx of Ca’" via voltage-
gated calcium channels. The neurons remained in the well used for cell culturing
and were covered with 1000 ul saline solution. The experiment did not consist of
a constant saline flow with changing concentration but a bathing chamber
containing 1000 pl saline solution, into which, during imaging, 40 ul KCI were
pipetted. To test at which concentration KCI was effective, different
concentrations of KCI were used (60 mM, 2 M and 4 M). This resulted in a final
KCI concentration of 2.4 mM, 80 mM and 160 mM respectively. For the time
series, images were taken over 100 frames at 247 ms/frame (4 frames/s) in a 256 x

256 pixel frame, using the same laser settings as described in Chapter 3.
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b) Parasitoid AL

To test the suitability of Calcium Green 1-AM for calcium imaging with a
confocal microscope in a parasitoid brain, insects were mounted and dissected as
described in Chapter 3. After removal of the cuticle, the head was removed and
placed into the incubation chamber. After the incubation period, the brain was
washed with saline solution to remove residual dye traces. To determine if a
change in fluorescence and thus an increase in calcium could be detected, 20 ul
KCI was added into the bathing chamber containing 500 pul saline solution. KCl
was applied in different concentrations (2 M, 4 M), resulting in a final KCI
concentration of 80 mM and 160 mM, respectively. Imaging was conducted with
a 20x water dipping lens. Images were taken over 100 frames at 247 ms/frame in a

256 x 256 pixel frame, using the same laser settings as described in Chapter 3.

Staining protocol for calcium imaging experiments during odour stimulation

The insect brain was washed with saline solution several times before 50 pl
of Calcium Green 1-AM (40 pM) was applied. A cover slip was placed above the
brain to prevent desiccation (Fig. 5.2). During incubation, the preparation was
placed into a fridge (13°C) for 45 min, followed by 15 min incubation time at
room temperature. During incubation the preparation was placed in a box to avoid
photo bleaching of the dye. Before imaging, the brain was washed once more with

saline solution to remove residual dye traces.

Cover slip

Antennal lobe

Antennae odour source.

/
T

Odour stimulus
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Odour application with a syringe in preliminary imaging experiments

a) Bee imaging

In preliminary experiments, different odours (citronella oil, clove oil, 1-
nonanol) were applied manually with a 10 pl syringe during calcium imaging. The
odour (40 ul) was pipetted on filter paper (1 cm). For the final experiments only
1-nonanol was used, as it elicits conspicuous responses in the AL in other studies
(Deisig et al., 2006). Imaging with no stimulus was used as a control. Three
repeats per position in the AL were conducted with an inter-stimulus interval (ISI)
of 2 min within one repeat set (no stimulus, 1-nonanol) and an inter-trial interval

(ITT) of 5 min during each repeat set.

b) Parasitoid imaging

For preliminary imaging experiments with Cotesia, linalool (an important
HIPV (Pinto et al., 2007a); 5 mg/ml ether) and 1-nonanol were used. For
parasitoids, the same protocol was used as in bees and odours were presented in a

vh 1Y

set of “no air”, “air” and “odour” over 3 repeats.

Controlled odour delivery set up

To avoid possible mechanical stimulation during odour application with a
syringe, an improved set up consisting of a continuous airflow into which the
odour was introduced was developed. The airflow was regulated with a flowmeter
(0.8 1/min) and connected to a stimulus controller (Syntech, The Netherlands)
(Fig. 5.3). A Y-tube (internal diameter of 1.5 cm, a 11.5 cm stem and 9 cm arms
at a 60° angle) was connected to the stimulus device via Teflon tubing. One arm
was connected to the continuous airflow (0.8 1/min) and the other arm was
connected to the odour source flow. The odour (10 ul) was applied onto 1 cm?
filter paper at the base of the arm connected to the stimulus device. The animal
was placed at a 2 cm distance from the stem of the Y-tube and odours were
applied for 4 s with an ISI of 2 min and an ITI of 5 min. Imaging was conducted
at several depths in the AL per preparation and per depth (position) three to five

stimuli repeats were carried out.
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Fig. 5.3 Schematic drawing of the controlled odour delivery setup. A continuous airflow (0.8
1/min) was passed through a stimulus generator, which delivered a constant airflow into which the
odour stimulus was inserted. The odour stimulus was pipetted onto filter paper and placed into the
Y-tube arm connected to the odour source channel (No. 1 in the figure). The other arm was
connected to the airflow and continuous flow (No. 2 and 3). Once the olfactory stimulus was

activated, the airflow stopped. This ensured that the continuous airflow remained constant
throughout the experiment.

Confocal microscope

Calcium imaging was conducted using a confocal microscope (Leica TCS
SP2, Leica Microsystems) in a xyt - time sampling mode (2 spatial and 1 temporal
dimension). For excitation, a 488 nm Argon Laser with an excitation rate of 520-
650 nm was used. Pinhole range and intensity were adjusted for each preparation.
Imaging with bees was conducted over 24.04 s, 400 ms/frame (2.5 frames/s) and
an image size of 512 x 512 pixels with 8 bit resolution. Odour application lasted 4
s. In KCI experiments and imaging with parasitoids, image size was 256 x 256
pixels with 8 bit resolution. The sampling rate of the laser was 800 Hz. A bi-
directional scanning mode was used to increase the speed. Images were taken over

a 24.5 s period at 247 ms/frame (4 frames/s).
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Data processing

Data processing followed well established examples of calcium imaging
studies in Hymenoptera (Galizia and Vetter, 2005) using Calcium Green 1-AM as
a fluorescence marker. Data were analysed using custom written software
(provided by Oliver Dewhirst) (MATLAB, R2011b, MathWorks, UK). Each
image consisted of 2 spatial dimensions (X, y) and one temporal dimension (t).
Raw data were filtered in the two spatial dimensions using a median filter with a
size of 5 pixels in order to reduce photon noise. To correct for bleaching in the
temporal dimension, the median value of all pixels of each frame was subtracted
from each pixel in each frame (baseline correction). To detect changes in
fluorescence, relative fluorescence value changes (4F/F) were calculated as (F-
Fo)/Fy. Background fluorescence (Fy) was defined as an average of 11 frames
before odour or KCI stimulation (frames 5-15) (Sandoz, 2006). Regions of interest
(ROIs) and their data points were constructed using the same software and ROIs
inside and outside the AL were selected for data analysis. To facilitate the
identification of active regions, images presented in the results section are shown
in false colour coding (F-F)) with dark blue indicating lowest fluorescence and

red highest fluorescence.

Statistical analysis

Odour stimulation was repeated 3 — 5 times per preparation and the average
intensity before, during and after odour onset was statistically compared. To see
whether a calcium increase shown by an increase in fluorescence occurred during
odour stimulation, several regions in and outside the AL were selected. To ensure
the recorded signal was only due to neuronal activity, strict criteria were set, such
as no activity outside the AL and increase of fluorescence inside the AL during
odour stimulation, followed by a decrease after stimulation.

Means of intensity before, during and after odour application were compared
using a paired t-test. In experiments with bees, frames before (5-15), during (20-
30) and after (40-50) odour stimulation corresponded to 2 s —6.1's, 8.1 s—12.2 s
and 16.3 s — 20.4 s, respectively. In imaging experiments with the parasitoid,
frames before (5-15), during (31-49) and after (50-60) odour stimulation
corresponded to 1.2 s —3.7s,7.7s—12.1 sand 12.4 s — 14.9 s, respectively.
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5.3. Results

5.3.1. Temporal pattern of odour evoked activity in the honeybee antennal
lobe

In order to determine whether the dissection and staining method was
successful and suitable for imaging experiments with parasitoids, imaging
experiments were first conducted in the honeybee. The honeybee is a well-studied
model organism and considerably larger than a parasitoid. From three out of seven
individuals a response to olfactory stimulation was recorded (Table 5.1), from
which the one with the best signal was chosen as an example (Fig. 5.4 A).

In bees, no fluorescence increase was observed before olfactory stimulation
(Fig. 5.4 B). During olfactory stimulation, however, changes in fluorescence level
became apparent (Fig. 5.4 C). A maximum increase was found 2 s following
odour onset (Fig. 5.5 A). The response returned to baseline after 4 s (n= 3). The
maximum response amplitude was approximately 0.06% AF/F. No signal increase
was detected in the ROI outside the AL (Fig. 5.5 B) and in three ROIs inside the
AL (Fig. 5.5 C).

The average of frames before (5-15), during (20-30) and after (40-50) odour
stimulation over 3 stimuli repeats was determined and statistically compared (Fig.
5.5 E). In ROI 2, ROI 3, ROI 5, ROI 7, and ROI 9 the amplitude of the signal
increased during odour stimulation and then decreased once stimulation had
ceased. Statistical tests, however, showed no significant difference between before
and during odour onset, nor during and after odour onset. However, comparison
between before and after odour onset revealed a significant difference for ROI 2,
ROI 3, ROI 5, ROI 7, and ROI 9 (ROI 2: T= 6.089, df= 2, p<0.05; ROI 3: T=
16.118, df= 2, p<0.05; ROI 5: T=-10.949, df= 2, p<0.05; ROI 7: T=-12.859, df=
2, p<0.05; ROI 9: T=-4.311, df= 2, p<0.05).

Comparison of signals from regions inside the AL with the region outside
the AL (ROI 8) only revealed significant differences before stimulation in ROI 3
(ROI 3: T=-4.554, df= 2, p<0.05) and after stimulation in ROI 2, 3, 5 and 7 (ROI
2: T= 6.463, df= 2, p<0.05; ROI 3: T= -7.757, df= 2, p<0.05; ROI 5: T= 8.407,
df= 2, p<0.05; ROI 7: T=-5.135, df= 2, p<0.05). A control trial in which a time
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series was recorded without olfactory stimulation (Sachse and Galizia, 2003) did
not show any increase in fluorescence levels (Fig. 5.5 D, F).

Therefore, it can be said that the observed fluorescence increase during
olfactory stimulation is due to changes caused by calcium increase as a result of
olfactory detection. In summary, an increase in fluorescence levels was
measurable during olfactory stimulation, suggesting glomerular activity during
olfactory stimulation can be detected in the honeybee AL using confocal

microscopy.

Fig. 5.4 Calcium imaging in the honeybee. A) View onto the AL. B) Fluorescence intensity
remained at the baseline before olfactory stimulation. C) Olfactory stimulation led to an increase
in fluorescence. L= Lateral, M= Medial, P= Posterior, V= Ventral. Scale bar = 30 pm.
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Fig. 5.5 Stimulation with 1-nonanol leads to fluorescence changes in the honeybee. A) During
olfactory stimulation, an increase in fluorescence of 0.06% AF/F was observed. Shaded areas
indicate odour onset. B) There was no increase in the ROI outside the AL. C) ROIs inside the AL
with no fluorescence increase during olfactory stimulation. D) During a time series without
stimulation inside the AL, no change in fluorescence was observed. E) Odour stimulation was
repeated 3—5 times per preparation and the average intensity before, during and after odour onset
was statistically compared. The average intensities increased during odour stimulation and
decreased after odour stimulation. F) Average intensities of a time series with no stimulus did not
show the characteristic pattern of increase followed by a decrease. Shaded areas in A, B and C
indicate odour stimulation. Lighter shaded areas in D highlight the frames corresponding to the
time of stimulation in A, B and C. b= before, d= during, a= after odour onset. Frame interval= 2.5
frames/s.
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Tab. 5.1 Summary of the experiments measuring neuron responses to KCI and olfactory
stimulation. The table shows the number of recorded antennal lobe (No. ALs), the total number of
recordings (No. rec), and the number of interpretable results (No. interpret. results). The comments
section provides additional information about the experiments. For experiments using KCl in
hippocampal neurons (Hip. KCI) and in the AL of C. vestalis (AL KCl) one recording was
conducted. For experiments using olfactory stimulation, recordings were conducted at 3-5
positions in the AL (positions at different depth levels), and per position the olfactory stimulus was
repeated 3-5 times. Prelim.= preliminary.

controlled

No.
Experiment No. ALs| No.rec |interpret. Comments
results
10 5 (60mM: | 2 prep. no signal, 3 prep. frame
Hip. KCI 10| 6omM: 350 prep. glos,s prep.
5,4M:5)|
29
AL KCI 29 (.60m.|\/l:. 8 (ZM: 3; | 8 prep. S|gnal loss or unsuff|C|ent
7; 2M: 5;] 4M: 5) dye loading, 13 prep. no signal
4M: 17)
Preliminary experiments were
conducted using manual odour
Bee imading orelim 7 36 0 stimulation and could not be
ging p ) interpreted due to the movement
of the preparation caused by
breathing
Only 1 bee fulfilled the set criteria
. . (no signal outside the AL, increase
Bee imaging controlled 7 36 3 . o
during odour application, followed
by decrease)
Preliminary experiments were
- . . conducted using manual odour
Cotesia imaging prelim. 10 59 0 stimulation but no signal could be
detected.
No signal could be detected. The
preparation in Fig. 5.9 shows an
Cotesia imaging 34 337 0 increase during odour stimulation

in ROI 8, but this is not
significantly different from the ROI
outside the AL.
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5.3.2. Stimulation with KCl in hippocampal neurons

To test the suitability of calcium imaging in parasitoids, control experiments
using KCl as a stimulant in hippocampal neurons, as well as in the AL, were
conducted. Subsequently, calcium imaging of the AL during odour stimulation in
the parasitoid was carried out.

In this experiment, 6 d old hippocampal neurons were stained with Calcium
Green 1-AM and stimulated with KCl to determine whether an increase in
calcium was detectable as a change in fluorescence (n= 10; Fig. 5.6). Five
preparations showed an increase in fluorescence upon stimulation with KCI, while
no effect was observed in two preparations. Three preparations experienced a
signal loss upon KCl application and were excluded from data analysis. Figure 5.6
A shows the average stack projection of three neurons connected via axons.
Regions of interest (ROI) 1-3 contained the three neurons, ROI 4 defined the
axons, and ROI 5 was a region outside the neurons.

No change in fluorescence was observed in the frames before stimulation
with KCI (Fig. 5.6 B, D). Upon stimulation with KCl an increase in fluorescence
levels could be observed (Fig. 5.6 C, D). Peak fluorescence intensity in the
different ROIs was between 0.3-0.5% AF/F. Fluorescence intensity was highest
approximately 6 s after stimulation (Frame 70) and reached maximum response
amplitude of 0.5% AF/F in ROI 3. In the region outside the neurons (ROI 5) no
change in fluorescence was observed (Fig. 5.6. E). Hence, KCl increases calcium
and thus the fluorescence intensity in hippocampal neurons to a level which is
detectable using Calcium Green [-AM in combination with a confocal

microscope.
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Fig. 5.6 Stimulation with KCI increases fluorescence in hippocampal neurons. A) Average
stack projection of the time series showing 3 neurons connected via axons (white arrow). B) Frame
5 showing the neurons before stimulation. No fluorescence activity could be detected. C) Frame
70 showing the neurons after stimulation, in which an increase in fluorescence in ROI 1-4 is
visible. D) The graph shows the AF/F intensity values before, during and after stimulation with 60
mM KCIl. The maximum response amplitude was 0.5% AF/F. E) No changes in fluorescence were
observed in the ROI outside the neurons. Black arrow indicates stimulus onset. Frame rate= 4

frames/s. Scale bar = 100pum.
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5.3.3. Stimulation with KCl in the AL of C. vestalis

This experiment was designed to determine if the current dye loading
protocol was suitable to detect changes in calcium and thus fluorescence in the
AL (Fig. 5.7 A) of C. vestalis. Eight out of 20 preparations showed an increase
upon stimulation with KCI. A further 16 preparations were excluded from data
analysis because either no signal was detected or a complete signal loss occurred.

To see whether changes in fluorescence could be detected in the glomeruli,
different ROI were selected, covering glomeruli in different areas in the AL (ROI
2-6, ROI 7-9), while ROI 5 comprised an area outside the AL.

Before stimulation, no increase in fluorescence was found (Fig. 5.7 B).
When stimulated with KCI, a visible increase in fluorescence and thus calcium
increase in the glomeruli could be measured (Fig. 5.7 C, D). Fluorescence
intensity reached a maximum 4 s after stimulation with a maximum amplitude of
0.6% AF/F in ROI 3. Fluorescence levels eventually returned to baseline 13 s to
30 s after stimulus onset. There were differences in fluorescence level and time of
excitation in different glomeruli and some glomeruli responded less or later to
KCI (Fig. 5.7 D). In the region outside the AL no increase was observed (Fig. 5.7.
E). In twelve cases a signal loss/drop in fluorescence was observed due to a
change in the volume of solution between brain and objective (Perisse et al.,
2009) when adding KCl.

To summarise, stimulation with KCl leads to an increase in Ca®" in the
glomeruli which is shown as an increase in fluorescence. Changes in fluorescence
were thus measurable using Calcium Green 1-AM and a confocal microscope and
the amount of Ca®* released into the cell during action potentials is detectable with

the equipment used in these experiments.
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Fig. 5.7 Stimulation with KCI increases fluorescence in the glomeruli of C. vestalis. A) View
onto the average stack projection of the time series of the AL and its units, the glomeruli. B) The
AL and the ROI before stimulation with KCl. C) During stimulation with KCIl an increase in
fluorescence was visible in the different regions of the AL. D) The graph shows intensity changes
before (Frames 0-38), during and after KCI (4 M) stimulation. Black arrow indicates stimulus
onset. For a better data representation Frame 38 is not presented in ROI 2, 3, 6-8. L= Lateral, M=
Medial, P= Posterior, V= Ventral. Frame rate= 4 frames/s. Scale bar = 30 pum. Note ROI labelling

starts at 2.
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5.3.4. Calcium imaging during odour stimulation in the AL of C. vestalis

Preliminary experiments in this study (sections 5.3.1, 5.3.2.1) suggest that the
staining protocol works sufficiently well to detect calcium changes in the AL. To
investigate if stimulation with a HIPV and non-HIPV would generate different
activity patterns in the AL and whether these patterns were different between
males and females, calcium activity in the brain was measured with live imaging
during olfactory stimulation.

In the current study 337 recordings from 34 different ALs were made. Figure
5.8 shows one example of imaging studies in the left AL (Fig 5.8 A) using
linalool as an olfactory stimulus. There was no difference in fluorescence intensity
before and during odour stimulation (Fig. 5.8 C, D). During olfactory stimulation,
intensity changes in regions inside and outside the AL remained below 0.05%
AF/F and did not increase during stimulation with the odour inside or outside the
AL (Fig. 5.8 E, F). Analysis of the average (n= 3) intensity values from before,
during and after olfactory stimulation (Fig. 5.8 B) suggests that intensity values
increase during and post stimulation. Analysis of the data, however, revealed no
significant difference between the time points for linalool. Furthermore there was
no difference between regions inside and outside the AL.

In summary, stimulation with the HIPV linalool did not lead to an increase in
calcium and therefore no specific spatial activity patterns in the glomeruli could

be observed in any of the preparations.
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Fig. 5.8 Stimulation with linalool does not lead to changes in fluorescence in C. vestalis. A)
View onto the AL. B) The histograms demonstrate the intensity averages before and during odour
stimulation (given as an average of 3 repeats). C) and D) No increase in fluorescence was found
before and during odour stimulation. E) The graph shows average intensities of 3 repeats over the
course of the imaging period for ROIs inside the AL. F) There were no changes in fluorescence in
a ROI outside the AL. Shaded areas indicate stimulation with linalool. b= before, d= during, a=
after odour onset. L= Lateral, M= Medial, P= Posterior, V= Ventral. Frame rate= 4 frames/s.
Scale bar =30 pm.
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Figure 5.9 shows an example of imaging in the left AL (Fig. 5.9 A). No
difference in fluorescence intensity could be found before and during stimulation
with 1-nonanol (Fig. 5.9 C, D). Intensity changes lay below 0.05% AF/F in ROIs
inside and outside the AL (Fig. 5.9 E, F). A comparison of average responses
before, during, and after odour stimulation showed a slightly higher fluorescence
signal during odour stimulation followed by a decrease after stimulation in ROI 2-
4, and ROI 8 (Fig. 5.9 B). A significant difference before and during odour
stimulation was only found in ROI 8 (ROI 8: T=-4.849, df= 2, p<0.05). However,
there was no significant difference between ROI 8 and the region outside the AL
(ROI 6). Therefore, stimulation with 1-nonanol did not lead to changes in

fluorescence intensity over time.
To summarise, olfactory stimulation with either a HIPV or a non-HIPV did

not result in measurable changes of fluorescence in the AL, suggesting that no

glomerular activity during olfactory stimulation could be detected.

151



Chapter 5

0.06
0.05 -

0.04 sb

AF/F (%)

RO ROWM4 ROI5 ROI6 ROI7

0.1+ 0.1 5
—ROR
0.08 - —FRoB 0.08 4
—Ro#M
——ROB RO
0.06 § ROIB 0.06 - ——ROI7
w0041 L 004
S S
0.02 % M 0.02 1
. \ IM‘&,
@\4@ i Y I anms
0 —&—7',——5 TRV 7——7—ﬁv!—\,\1 1 il J% 0 L '
5 10 15 20 5 10 15 20
-0.02 - -0.02 -
Time (s) Time (s)

Fig. 5.9 Stimulation with 1-nonanol does not lead to changes in fluorescence in C. vestalis. A)
View onto the AL. B) The histograms demonstrate the intensity averages before, during and after
odour stimulation (given as an average of four repeats). C) and D) There was no difference in
fluorescence before and during odour stimulation. E) Time curves for an average of four repeats
over the course of the imaging period for significant areas inside the AL. F) Time curves for an
average of four repeats over the course of the imaging period for significant areas outside the AL.
Shaded areas indicate stimulation with 1-nonanol. b= before, d= during, a= after odour onset. L=
Lateral, M= Medial, P= Posterior, V= Ventral. Frame rate= 4 frames/s. Scale bar = 30 um. *
indicates a significant difference at p<0.05. Note ROI labelling starts with 2.
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5.4. Discussion

The aim of this study was to investigate how C. vestalis processes olfactory
stimuli in the first neuropil responsible for olfactory coding (the AL). Olfactory
stimulation in bees caused an increase in calcium in the AL which was measured
as an increase in fluorescence. While stimulation with a depolarisation agent
(KCI) led to detectable changes in calcium level in hippocampal neurons and
neurons of the parasitoid AL, olfactory stimulation in parasitoids did not lead to

detectable changes in calcium.

5.4.1. Development of calcium imaging methodology

In the current study a staining protocol and imaging method used in other
insects (Fiala and Spall, 2003; Galizia and Vetter, 2005) was adapted for
investigating glomerular activity in a parasitoid AL. The transferability of a
method from one species to another is often not a trivial matter (Galizia et al.,
1999b). Therefore, a series of control experiments were conducted to aid this
process. Firstly, the suitability of the procedure was tested in hippocampal
neurons. Experiments using Calcium Green 1-AM in conjunction with a confocal
microscope and KCI as a depolarisation agent resulted in a fluorescence increase
upon stimulation in hippocampal neurons. Secondly, the same experiments were
conducted in the AL of C. vestalis. Stimulation with KCI led to a measurable
increase in calcium and thus fluorescence intensity in the glomeruli. In both
experiments a maximum response amplitude of approximately 0.6 % AF/F was
observed.

Calcium is involved in many biochemical cascades as well as changes in the
mediation of synaptic potentials or gene transcription. In neurons, such changes in
intracellular calcium concentration can occur due to neuronal depolarisation, and
thus serve as an indicator of neuronal activity (Fiala and Spall, 2003). To analyse
whether the observed fluorescence during KCIl stimulation and olfactory

stimulation is due to neuronal activity, the calcium concentration can be
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calculated from the fluorescence intensity. This estimated calcium concentration
can thus be used to see whether these values equate to calcium levels found during
neuronal activity.

Based on the data sheet of Calcium Green 1-AM (Johnson and Spence,
2010), at 39.8 uM free Ca®’, the fluorescence emission is 1.35% AF/F. With a
fluorescence emission of 0.5% AF/F, as observed in hippocampal neurons under
KCl stimulation, a concentration of 14.21 uM free Ca** could be assumed. With
an emission of 0.6% AF/F as observed in the AL of C. vestalis during KCl
stimulation, a maximum of 17.7 pM free Ca®" was estimated to be present.
Generally, the concentration of Ca*" during an action potential increases from 100
nM to 100 uM within a few hundred microseconds (Zimmerberg, 2000).
Stimulation with KCl leads to a large depolarisation; hence a higher fluorescence
signal can be expected compared to experiments measuring neuronal activity
during olfactory stimulation.

Imaging studies of glomerular activity during olfactory stimulation in
Hymenoptera (Galizia et al., 1999b; Sachse et al., 1999; Galizia et al., 2000b;
Carlsson et al., 2002), however, showed relatively low fluorescence levels. In
bees, fluorescence intensities from below 0.1% AF/F up to 0.2% AF/F have been
measured (Sachse et al., 1999), whilst slightly higher intensities have been found
in studies in ants and moths (Galizia et al., 1999b; Galizia et al., 2000b; Carlsson
et al.,, 2002). Calcium Green 1-AM is especially suited for imaging at lower
calcium concentrations, as it has a higher fluorescence at lower calcium
concentrations compared to other dyes, and therefore facilitates the detection of
calcium changes (Johnson and Spence, 2010). In the current study, a maximum of
1.71 pM free Ca*" during olfactory stimulation was calculated based on the peak
fluorescence intensity observed in bees. Similar levels have also been measured in
the lobster, where odour stimulation led to an increase of 1 uM Ca** (Ukhanov et
al., 2011). This is in contrast to imaging studies in parasitoids, conducted in the
current study (section 5.4.4), where only 0.14 uM free intracellular Ca’" was
calculated to be present during olfactory stimulation. This concentration
corresponds to a resting potential, suggesting no glomerular activity occurred

during olfactory stimulation.
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5.4.2. Calcium imaging in bees

Calcium imaging studies are frequently conducted in the honeybee;
however, these experiments are usually carried out with a fluorescent microscope
(Galizia and Vetter, 2005). For the current study, however, a confocal microscope
was chosen due to its availability and higher spatial resolution. Therefore, to
investigate if imaging on a confocal microscope was possible, bees were used to
test the suitability of the equipment. During olfactory stimulation, a calcium
increase was observed which can be described as an intracellular calcium increase
from the extracellular medium, directly related to neuronal activity (Galizia and
Kimmerle, 2004; Roussel et al., 2010). In the AL, the measured signal results
from a compound signal of LNs, PNs and glial cells (Galizia and Vetter, 2005),
but most likely it is caused by presynaptic ORNs (Galizia et al., 1998).

The signal intensities of up to 0.06 % AF/F found in the current study were
in a similar range to other calcium imaging studies in honeybees (Sachse et al.,
1999; Sandoz, 2006). In general, glomerular activity patterns are dynamic and not
all glomeruli respond simultaneously at the odour onset. Patterns usually evolve
within 2 s after stimulus onset (Galizia and Menzel, 2000). This is consistent with
the results found in the current study, where a peak in fluorescence is observed
around 2 s following olfactory stimulation. When 1-nonanol was used as an
olfactory stimulus, a fluorescence peak 2 s after odour application was observed,
which returned to the baseline after about 4 s after odour onset.

Olfactory signals have slow temporal dynamics compared to other senses (Galizia
et al., 2000a). A recent study (Mota et al., 2011) showed that excitatory signals in
visual processing reached a maximum amplitude around 1 s post stimulation. It
has been suggested (Galizia et al., 2000a) that bees recognise an odour more
precisely after 2 s than directly after olfactory stimulation. Although they can
respond to an odour after only 0.5 s, differential conditioning requires odour
pulses of at least 1 s duration. This is a relatively long processing time in
comparison to, for example, pheromone pulses in moths, where a response is
recorded within milliseconds (Kaissling, 1996; Bau et al., 2002). This suggests
that it is not temporal, but the quality of floral odour processing that is more
important for bees and consequently, spatial odour representation in the AL

becomes more unique within 2 s after odour onset (Galizia et al., 2000a). This
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would make more sense in an ecological point of view, where fine tuned odour
discrimination for a bee is important at a closer distance to the food source.
Therefore, odour quality and thus perception differs when a bee is hovering over a

flower compared to a free flight situation.

5.4.3. Calcium imaging in the parasitoid AL

The calcium imaging method developed in the current study worked
successfully in bees and with KCl stimulation in hippocampal and parasitoid AL
neurons. However, when applied to parasitoids to measure glomerular activity
patterns during olfactory stimulation with a HIPV and a non-HIPV, no change in
fluorescence was observed. One explanation for this result could be the choice of
microscope type. Calcium imaging studies are usually conducted with a
fluorescence microscope and a CCD camera system (Galizia and Vetter, 2005).
With a CCD camera, pixels are recorded at the same time and also have less noise
(Galizia and Vetter, 2005). Recent studies, however, have demonstrated imaging
using a 2-photon system (Haase et al., 2011a; Haase et al., 2011b). The advantage
of a 2-photon system is that it provides better spatial resolution; however, because
it is a scanning device, different points in space are imaged at a different time.
Another explanation for the lack of response could be that imaging was conducted
at a depth in the AL where the glomeruli were not activated during stimulation by
the odours used in this study.

It has been shown that not all dyes are suitable for certain insects (Galizia
and Vetter, 2005). An explanation for the lack of signal during olfactory
stimulation could be that although Calcium Green 1-AM was suitable to detect
higher changes of calcium increase during KCI stimulation, a calcium increase
during odour stimulation did not result in a high enough concentration to elicit an
increase in fluorescence. In this case, a different fluorescent dye, or a combination
of fluorescent dyes could be used for the future (Galizia and Vetter, 2005; Deisig
et al., 2010; Rath et al., 2011). Using double staining can be used to observe the
input-output function of olfactory glomeruli, as dextran dyes selectively stain
PNs, while AM dyes mainly measure the signal of ORNs (Sachse and Galizia,
2003; Galizia and Vetter, 2005).
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Differences in the cytoarchitecture of glomeruli in C. vestalis could also
cause differences in imaging responses. The innervation pattern in this species
could be different to other insects, such as bees, moths or ants. It was suggested
that in vespide wasps and locusts the cytoarchitecture was different compared to
other insects, and that they might not form functional units in those species
(Galizia and Vetter, 2005). Locusts and vespide wasps have around 1000 very
small not individually identifyable glomeruli (Ernst and Boeckh, 1983; Hansson
and Anton, 2000). In two related Cotesia species, it was shown that no glomeruli
with ORN terminals were found in C. glomerata and C. rubecula (Smid et al.,
2003). If this is the case in C. vestalis, a different fluorescent dye might be more
appropriate, as Calcium Green 1-AM records signals mainly from ORNSs, but also

from PNs and LNss.

Whilst calcium imaging using bath applied dyes has been successful in
insects such as moths, bees or ants, previous studies have shown that the
successful detection of signals can be as low as 25% (Sachse and Galizia, 2003;
Skiri et al., 2004). This demonstrates the difficulty of this procedure even in
animals a minimum of 10 times larger the size of C. vestalis. It can be
summarised that with the current methodology, no glomerular activity in the AL
of C. vestalis could be detected during olfactory stimulation. However, calcium
imaging in bees as well as KCI experiments in hippocampal neurons and AL

neurons of parasitoids were successful using confocal microscopy.
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CHAPTER 6

GENERAL DISCUSSION

6.1. Key findings

6.1.1. Peripheral odour input and behavioural output

Results presented in sections 2.3.1 — 2.3.3 show that there are differences
between olfactory input and behavioural output in the specialist parasitoid
C. vestalis. Although parasitoids (males and females) could detect HIPVs
(linalool) and an odour not associated with their tritrophic system (1-
nonanol), learning differed between genders. Both genders could learn
linalool, but only females learned to avoid 1-nonanol. This suggests that
odours are filtered in the brain according to their ecological relevance and
host location can be improved by learning relevant odour cues.

When female parasitoids were tested at several time points following
training, a decline in the response to the conditioned odour was already
present after 1 h (section 2.3.4). Individuals fed with a transcription
blocker to prevent LTM formation showed a similar trend, with the
exception of animals tested 1 d following conditioning. At 1 d, the
response to the conditioned odour was completely inhibited. These results

suggest that under the current training protocol, no memory formation was
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occured in C. vestalis; however, more experiments will be needed to verify

this.

The olfactory pathway

Similar to other hymenopteran species, C. vestalis showed common
characteristics of AL morphology; for example, glomerular organisation
was located in a peripheral layer of the AL around a central core devoid of
glomeruli (Chapter 4). The variation in the number of glomeruli was
small within individuals and genders. An average of 40 ordinary glomeruli
was found. The lifestyle of a parasitoid, whether solitary or social; their
ecological strategy, whether generalist or specialist; as well as the number
of olfactory receptors (the higher the number, the greater the number of
glomeruli) could therefore influence brain morphology. It can be argued
that for C. vestalis, the degree of specialisation, type of host and strong
innate preference (Chapter 2) determines the number of glomeruli,
suggesting that fewer odours need to be processed.

In addition to ordinary glomeruli, a MGC, consisting of 2-3 enlarged
glomeruli, was found in males. This, in combination with their courtship
behaviour (Chapter 2), could be an indicator for sex pheromone

communication in this species.

6.1.3. Central processing

Calcium imaging experiments in bees revealed glomerular activity during
olfactory stimulation (section 5.3.1). Experiments in hippocampal neurons
and the parasitoid AL using KCI as a depolarisation agent suggested that
this dye is suitable for calcium imaging in parasitoids (sections 5.3.2,
5.3.3). However, no glomerular activity was found when the parasitoid

was stimulated with a HIPV or a non-HIPV.
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6.2. General discussion - From peripheral perception and
central processing to behavioural output

The aim of the present research was to determine the behavioural and
neuronal mechanisms of host location in a specialist parasitoid wasp, Cotesia
vestalis, a parasitoid of Plutella xylostella, which is one of the major crop pests of
Brassicaceae plants. To achieve this, physiological, behavioural and
morphological studies were combined to investigate the neural processes and
pathways underlying olfactory processing, learning and memory in this parasitoid.

The olfactory system of insects is designed not only to detect and
discriminate amongst a huge range of odour molecules but also to detect changes
in their concentration. Lower concentrations attract an animal over long distances
but at the source, the insect will be exposed to higher concentrations (Pelz et al.,
1997; Rains et al., 2004). Therefore, the animal must possess fine-tuned olfactory
sensory organs to detect and process odour molecules which vary greatly in their
nature, functional groups, chain lengths, or chirality (Malnic et al., 2004). This
explains the high number of olfactory receptors, for example 62 OR in Drosophila
(Bargmann, 2006), in comparison to other senses, such as vision, where only three
photoreceptors are required (Wald, 1953; Nathans et al., 1986).

How do parasitoids overcome the challenge of identifying the relevant odour
cues to enhance their ability to detect hosts and hence improve their fitness? Does
the reliability-detectability dilemma apply to all parasitoids? Can we predict
learning abilities from known host specialisation? Can we predict form from
function and vice versa?

Results presented in this study (Chapter 2) have demonstrated that for C.
vestalis, in an environment with a low variability of odour compounds, HIPVs can
be a reliable source for host location, which can be improved through learning.
Host specialisation, therefore, may provide an indication of the learning and
memory abilities of a parasitoid, but not necessarily for the detection of odour
compounds. The broad detection of a variety of odour compounds, however,
could still be linked to the evolution of parasitoids from a generalist to a specialist
species. In this sense, the reliability-detectability dilemma might present a bigger

problem for generalists, which need to learn to distinguish between a variety of
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odour cues, than for specialists. Specialism could thus represent an adaptation of
the parasitoid to improve host location. Adaptations in the olfactory system are
likely to have evolved to favour innate “reliable” cues, suggesting changes in their

morphology in favour of enhancing these signals.

Can we predict morphological brain structures from an insect’s behaviour?
From the results of this study it can be suggested that for C. vestalis, the degree of
host specialisation, the type of host, and the innate preference for a HIPV are an
indicator for the number of glomeruli, suggesting that fewer glomeruli are needed
to process fewer odours. The lifestyle of a parasitoid (whether solitary or social)
and their ecological strategy (whether generalist or specialist) could therefore
influence the brain morphology. Thus, if ecology influences brain morphology,
we can expect other insects with similar ecological and lifestyle patterns to show a
similarity in brain morphology.

The current study and Smid’s study (Smid et al., 2003) are the only
morphological studies of the AL of parasitoids. They demonstrate that even
closely related wasps can show differences in the size and number of glomeruli.
Differences in host type and host specialisation of parasitoids could therefore not
only cause differences in learning and memory, but also differences in the
morphology of the AL.

Social insects are thought to have a higher number of glomeruli than solitary
insects (Rospars, 1988). Hence, it could be hypothesised that the number of
glomeruli correlates with levels of social organisation in insect colonies. Indeed, a
high variability in the number of glomeruli can be found within the different casts
of social insects, indicating that the number (and size) of glomeruli is related to
the complexity of odour processing. In social insects, the ecology or behavioural
richness can indeed be an indicator for the number of glomeruli. Just as behaviour
could be an indicator for an either high or low number of glomeruli, the number of
glomeruli could indicate the richness of the behavioural repertoire of an animal.
The example of the parasitoid wasps C. glomerata and C. rubecula demonstrates,
however, insects do not necessarily need to be social insects in order to have a
high number of glomeruli.

Experiments presented in Chapter 2 suggest that males can learn relevant

plant volatiles and therefore host specialisation, like in females, could influence
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their learning ability. In addition to HIPVs, males could use sex pheromones to
locate females. The courtship behaviour observed in males did predict form and
function of the glomeruli, as they possess a MGC, which is a complex of several
enlarged glomeruli for pheromone processing (Chapter 4). Specialised glomeruli
have been found in many insects, either for detecting female pheromones,
intraspecific pheromones, or glomeruli specialised for the detection of plant
volatiles for oviposition and food sites (King et al., 2000; Ibba et al., 2010;
Kuebler et al., 2010; Hu et al., 2011). This suggests to a certain degree that form
can be predicted by function; and the way the morphology is related to the
physiology and behaviour comes back to explain how glomeruli are linked to their

function in processing odours.

The ability of insects to become highly specialised, which allows them to
adapt and thrive within their environment, is likely to be one of the reasons to
explain their success. The adaptation of the olfactory system in insects living in
such diverse ecological niches shows how form is dependent on function and vice
versa. Whilst much progress in understanding the behavioural, physiological,
neural and genetic mechanisms underlying olfaction has been made by scientific
research, there is still a lack of understanding as to how the neural circuitry can
adapt. None of the different disciplines alone, however, can be a sole indicator for
behaviour, morphology and physiology. Combining and integrating findings of
these different disciplines and perspectives is therefore essential for a
complementary understanding of olfactory processing in parasitoids and other
insect species. This study has shown that in addressing a question using different
approaches, such as physiological, behavioural and morphological ones, can
improve our understanding of how structure and function underlying olfactory
processing are related.

Parasitoids could thus represent new model organisms in order to understand
a range of biological phenomena, such as olfactory processing, learning abilities
or memory formation, and more importantly, how adaptations shaped by
evolution and ecological strains have modified and specialised neural circuits

underlying those phenomena.
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6.3. Further implications

Olfaction plays an essential role not only in the life of insects, but also in
insect behaviour relevant to humans. Beneficial insects such as natural enemies of
other insects, or pollinators, play an important role in the ecosystem (Van Naters
and Carlson, 2006; Carey and Carlson, 2011). Diseases mediated by insect vectors
such as malaria, dengue fever or Chagas disease, a drastic decline of major
pollinators such as the honeybee, or famine which occurs as a result of insect crop
pests, make investigations into the neurobiology of olfaction more important than
ever. For these insects, olfactory cues in host location play a crucial role.

The discovery of infochemical use by natural enemies together with learning
abilities of parasitoids created the idea of enhancing natural responses of
parasitoids, and their application as biological pest control (Vet and Dicke, 1992).
Parasitoids would represent a useful model organism, not only for their functional
use as a biological pest control, but because of the vast range of diverse ecological
environments they inhabit, and also because of differences in their ability to learn
and memorise information. These properties make them suitable models to
investigate learning and memory in a multi-disciplinary approach, combining
ecological, evolutionary and physiological studies.

The reduction of scientific findings and possible explanations to only one
level, also known as the reductionist approach, can only provide limited
understanding. Mechanisms of olfactory processing and host detection are
influenced by a number of causes and events. In breaking it down into its essential
parts it might be possible to understand the whole although the latter cannot be
understood merely as the sum of its parts. Thus, a combination of reductionist
(neurophysiology, genetics) and ecological approaches will be most productive in
devising appropriate measures to control, monitor, and predict insect-borne
diseases.

Comparison of a wide range of insects will also help us to understand insect
olfaction to its whole extent. Insects have evolved over hundreds of millions of
years and are extremely diverse. Taking this into account will help us to
understand how evolution has shaped olfactory pathways over time in different
species to meet their needs (Carey and Carlson, 2011). Because of the conserved

genetic pathways underlying learning and memory, parasitoids provide a wealth
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of information, contributing to a better understanding of learning and memory in
higher animals. This can be applied in the research of neurodegenerative diseases
(Dubnau, 2003).

In addition, greater understanding of the capability of parasitoids to detect
very low concentrations of odours could lead to improvements in electronic
chemical detectors such as the E-nose (Cyranose) (Rains et al., 2004). Artificial
noses (E-noses) mimic an animal’s olfaction to detect odours and chemical
components. These devices have many applications, ranging from medical
diagnostic systems (Dent et al.,, 2011), the food and cosmetic industries
(Nakamoto et al., 1993; Ampuero and Bosset, 2003; Zheng et al., 2009),
environmental protection (Baby et al., 2000; Henderson et al., 2010), to the
detection of harmful substances (Romain et al., 2009).

A biomedical interest in olfaction could not only help in the development of
artificial sensors, but also in the treatment of neurodegenerative disorders, as there
is a link between these disorders and a loss of smell (Hawkes, 2003). Furthermore,
people suffering from anosmia (complete olfactory dysfunction) experience a
decrease in life quality which can result in mood changes, decreased appetite,
sexual dysfunction and a lack of awareness of dangerous toxins (Hoover, 2010).
Parasitoids could thus represent new model organisms to study various

applications and thereby lead to an improvement in the quality of life for humans.

6.4. Conclusion

This study has shown that learning in C. vestalis could depend on the
“ecological relevance” of an odour. When analysing the morphological structure
of the AL, a glomerular organisation similar to that in other insects was found.
Whilst further study is required to investigate central odour processing in
parasitoids in more detail, the morphological experiments carried out in this study
demonstrate that in males and possibly in females, a functional division of odour
processing takes place. Males had a MGC to process pheromone information,
whereas larger glomeruli were found in females (possible LFGs), which could be
involved in processing information about HIPVs. By using different approaches,

this study has contributed to the understanding of how the specialisation of C.
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vestalis can influence olfactory processing, as well as the brain structures

underlying olfactory processing.

6.5. Future work - what next

The results of this study provide a number of insights for future research. In
the current study, differences between oviposition and food learning were found.
To determine whether different neuronal pathways are involved in oviposition and
food learning, future experiments could compare whether different odours elicit
different responses depending on the conditioning procedure. For a better
comparison between the two paradigms, the same number of conditioning trials
and inter-trial intervals could be used.

In the current study it was found that a non-HIPV had an aversive effect on
females. To test if this effect was truly aversive, the role of neurotransmitters in
appetitive and aversive learning could be explored. Octopamine is involved in
appetitive learning, while dopamine is known to be involved in aversive learning
(Schwirzel et al., 2003; Vergoz, 2007; Agarwal et al., 2011). Dopamine could
further be used to test whether non-HIPVs have an aversive effect in females.
Moreover, antennal as well as behavioural responses to a greater range of HIPVs
and non-HIPVs could be tested. A study by Sarfraz (Sarfraz et al., 2005)
suggested that C. vestalis might not be as specialised as had been previously
assumed, and it showed that the parasitoid preferred noxious weed ragwort
(Senecio jacobaea L.) over cabbage plants. Future experiments could therefore
explore antennal responses to more odour compounds, such as for example non-
crucifer plant volatiles and cabbage volatiles. To determine if different olfactory
sensilla are used for processing functional odours, single cell recordings from
specific ORNs could be made.

The experiments investigating the memory dynamics of C. vestalis showed
different results compared to the results of other studies. The question of whether
LTM formation occurs in C. vestalis still remains unanswered. An understanding
of the memory dynamics will provide a better insight into olfactory learning in
this specialist species. Therefore, future experiments could repeat the LTM

experiment using different concentrations of the transcription blocker, as well as
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using translation blocker. Moreover, the animals could be tested after shorter time
intervals. Furthermore, to investigate if the number of trials influences memory
formation in C. vestalis, different conditioning paradigms such as 1 CT, massed
and spaced learning could be applied.

In the current study, courtship behaviour in males indicated the possibility of
pheromone communication in C. vestalis. More studies are required, however, to
confirm that pheromone communication effectively occurred in the present case.
Evidence from both physiological and behavioural perspectives will be necessary
to support this claim. For example, behaviour of males to female extracts could be
observed, and EAG measurements could be conducted to test antennal responses
to female extracts. A lack of copulation was observed in males. It is possible that
this might have been caused by the material of the container in which the insects
were tested (Joyce et al., 2008). Future experiments could use different materials,
for example glass, to determine if this enhances copulation success in males. It
can be assumed that associative learning would be stronger if males experienced a
full reward (copulation).

For the future, a comparison between more parasitoid species will provide
new insight into how the organisation of the AL is related to biological constraints
(e.g. host specialisation). Furthermore, selective neuron staining could be
conducted for a better understanding of the connectivity of neurons within the
glomeruli of C. vestalis and to characterise the morphology of different types of
AL neurons. Anterograde (Stieb et al., 2011) or retrograde dye fills (Dacks et al.,
2006) could be conducted to label ORN axons, to investigate, whether ORNs in C.
vestalis innervate the entire volume of the glomerulus, as found in sawflies
(Dacks and Nighorn, 2011); the outer rind only, as found in bees (Kirschner et al.,
2006); or the distal part of the glomerulus, as found in moths (Oland et al., 1990).
Via backfill staining, the output tracks of PNs in to higher brain centres could be
labelled, to analyse how many antennoprotocerebral tracts (APT) can be found in
C. vestalis, to allow comparison to other Cotesia species (Smid et al., 2003) and
other insect species (Homberg et al., 1988; Kirschner et al., 2006; Zube et al.,
2008; Dacks and Nighorn, 2011). To visualise pre- and postsynaptic connections
in the glomeruli, glomeruli could be double labelled with an antibody to synapsin

and f-actin-phalloidin staining (Rdssler et al., 2002).
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In addition, volume comparisons of glomeruli before and after learning
could be made. It has been shown that learning increases glomerular volume
(Devaud and Masson, 1999; Hourcade et al.,, 2009). Therefore, if long-term
synaptic plasticity (Chapter 2) existed in C. vestalis, it would result in increasing
glomerular volume.

One of the more important unresolved questions in this study was how
olfactory information is processed in the AL. The limitations of this thesis lay in
the investigation of central processing. Three unresolved key questions are
whether calcium imaging is possible in a parasitoid brain, how it could be
achieved and what it would show us. A morphological study in two related
Cotesia species has shown that no glomeruli with ORN terminals were found in
C. glomerata and C. rubecula (Smid et al., 2003). If this is the case in C. vestalis,
a different fluorescent dye might be more appropriate, as Calcium Green 1-AM
records signals mainly from ORNs, but also from PNs and LNs. For future
experiments, Dextran dyes such as Fura-dextran which specifically stains PNs, or
a combination of Fura-dextran and Calcium Green 1-AM could be applied
(Galizia and Vetter, 2005; Deisig et al., 2010; Rath et al., 2011), as it has been
shown that not all dyes are successful in certain insects (Galizia and Vetter, 2005).

Imaging brain activity during olfactory stimulation could show us in which
spatio-temporal patterns odours are encoded in a parasitoid brain, and if these
patterns change depending on experience or relevance of an odour. It could give
as answers to the question of whether responses to HIPV are genetically
determined (innate). If specialists really had a stronger innate preference to certain
HIPVs it could be expected that, similar to pheromone coding, its glomerular
activity pattern would not be modified (or only marginally) through associative
learning and there would also be less inter-individual differences in the pattern.
Specialised glomeruli for HIPV processing could be identified. Furthermore,
pheromone processing in the MGC could be investigated to confirm the division

into functionally segregated pathways and glomeruli in C. vestalis.
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Appendices

Appendix 1: Additional volatiles tested in an EAG
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Fig. A.1 EAG responses to different volatiles including a-farnesen and limonene (Smg/ml).

Appendix 2: Evaluating manual and 3D data

To better illustrate differences and similarities between manual and AMIRA
measurements, results obtained by the two methods are compared in the following
section. One female AL, which showed clear glomerular structures, as well as the
mean values of all preparations were used to compare AMIRA data and manual

measurements data.
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Evaluation of one female AL

When measured with AMIRA, the AL volume was 4.3 x 10° pm’, and the
total glomerular volume 1.1 x 10° pm’. The average volume of a glomerulus was
1,890 + 187 um’. The core volume measured 16,856 pm’. Hence, the glomeruli

made up 26% of the AL, and the central core 4% (Table A.1).

Table A.1 Comparison between manual measurements and AMIRA of one female AL. The
table shows volume measurements for one female AL and its glomeruli measured with AMIRA
and manually. The percentage values (%) relative to the AL volume are given.

AMIRA Manual AMIRA Manual
Vol in um® | Vol in ym® % %
Number of glomeruli 59 37 - -
AL volume 43x10° | 7.6x10° 100 100
Total glomerular volume 1.1x10° | 15x10° 26 20
Average glomerular volume 1890 4189 0.44 0.53
Core volume 16857 5721 4 0.75

Using the manual measurement data taken from one female (Fig. 4.4) gave

3
. The central core measured

an estimated AL volume of 7.6 x 10° pm
approximately 5,721 um®. A total of 37 glomeruli could be identified. With the
measured average size of a glomerulus (20 x 20 pm) the average glomerular
volume would be 4,189 um’. The total glomerular volume would therefore be 1.5
x 10° um’. In this case, the glomerular volume would make up 20% of the AL,
and the central core only 0.75%.

Manual measurements, however, could not consider the volume difference
of single glomeruli, as it was shown that single glomeruli can range between 272
to 21,185 pm’. In this preparation, the size rank of glomeruli lay between 274 to

6,375 um’. In summary, both methods gave a similar glomerular volume (1.1 x

10° um® and 1.5 x 10° pm®), but not AL volume.

Evaluation of average data

Using the average values of manually and software obtained data, 32 and 40
glomeruli could be identified (n=23; 9) (Table A.2). As previously shown, with
both methods volume measurements of the AL were considerably larger with both

measurements, as they included spaces between the glomeruli and other
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structures, such as cell bodies. The average volume of a glomerulus obtained
through software measurements (3,777 + 288 um’) was smaller than the estimated
volume of 5,575 pm’, which was based on manual measurements. The glomerular
volume ranged between 1.3 x 10° um® with software calculations to 1.8 x 10° pm’,
with manual measurements.

Comparing AMIRA and manual measurements data with one preparation
and the average data (Table 4.1, 4.2), showed that AMIRA calculations had less
variation between the volume measurements of the AL. In terms of glomerular
size and AL volume, AMIRA measurements had the advantage that changes in

dimension and shape through depth were taken into account.

Table A.2 Comparison between manual measurements and AMIRA using the average data
of female preparations. The table shows the volume measurements for the mean values of AL
and glomeruli measured with AMIRA and manually. The percentage values (%) relative to the AL
volume are given.

AMIRA Manual AMIRA Manual
Vol in ym® | Vol in ym® Y% %
Number of glomeruli 40 32 - -
AL volume 43x10° | 18x10° 100 100
Total glomerular volume 1.3x10° | 1.7x10° 30 9.4
Average glomerular volume 3777 5575 0.86 0.31
Core volume 97447 - 23 -

In summary, with both methods (manual and AMIRA), no gender difference
in ordinary glomeruli was found and the total glomerular volume was similar in
both methods. Furthermore, with both methods, segregated regions for pheromone
and non-pheromone processing were found in males. The macroglomeruli were
significantly larger than ordinary glomeruli. In addition, analysis with AMIRA
also found a few enlarged glomeruli in females.

With both methods, the AL volume was considerably larger than the total
glomerular volume, which suggests that the AL volume can only be used as a
rough guideline to estimate the number of glomeruli. Contrary to manual

measurements, no side differences were found in the AL with AMIRA.
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