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Abstract

Gustation underlies much insect behaviour, including finding and assessing food and egg laying
sites. Drosophila are capable of learning sensory information about their environment, however,
whether they are capable of learning gustatory information about their larval environment and using
this information to modify their adult behaviour is as yet unknown. A behavioural assay was therefore

designed to try to resolve this issue.

Varying the concentration of carbohydrate in the larval diet had varying effects on adult food
preference depending on carbohydrate type. When sucrose and glucose concentrations in the larval
diet were reduced, adults were more likely to feed on these reduced carbohydrate content media but for
sucrose were less likely to lay their eggs on it. When trehalose and fructose concentration in the larval
diet was reduced, adults showed no preference for either food medium to feed and lay their eggs on.
Reducing the protein concentration in the larval diet led the adults having a preference for the high
yeast medium to both feed and lay their eggs on. Finally, increasing concentrations of NaCl in the
larval diet had an affect on adult feeding preferences at some concentrations although no clear pattern

was apparent.

When sucrose concentration in the larval diet of the learning and memory mutants dunce and
rutabaga were varied there was no subsequent affect on adult food preferences. This was also the case
when the mushroom bodies (the putative centres for learning and memory in insects) were ablated.
This provides strong evidence that cAMP and MB’s are involved in the effect of larval diet on adult
food choice, although exactly how this effect is achieved remains unclear. One possibility is that
learning and memory may be involved, although further experiments would be required to determine

whether this is indeed the case.

The food choices an individual makes will have a huge impact on its health and survival. Recent
studies in mammals have also shown that this impact can continue into subsequent generations. The
aim of the final chapter of this thesis was therefore to determine the affects of the food types used in
the choice experiments on the health of the flies over 5 generations. Results showed that diet effected
several traits in Drosophila, including fecundity, development time, survival and larval locomotion.
Diet had no effect on starvation resistance. In addition, high concentrations of NaCl in the diet reduced
larval fitness increasingly over 5 generations and low levels of carbohydrate in the diet increased
survival in subsequent generations. These results therefore provide a strong case for the use of
Drosophila as a model organism for gaining a further understanding of the developmental origins of

health and disease in humans.
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Chapter 1. General Introduction

1.1 Chemosensory Modulation — Gustation and Olfaction

1.1.1 What is Gustation?

There are two main mechanisms whereby animals can detect the properties of
their environment. The first is via the physical senses, using either touch or vision.
The second is to detect molecules within the environment via the chemical senses.
This includes both the sense of smell (olfaction) and the sense of taste (gustation).
Olfaction involves the detection of molecules in the atmosphere, whereas gustation
involves the detection of molecules dissolved in solution (Boudreau and Tsuchitani,
1973; Dunipace ef al, 2001; Singh, 1997). Both of these senses are important to the
animal in order to find and assess the quality of a potential food source (Baker et al,
2002; Simmonds et al, 1992; White and Chapman, 1990), to avoid noxious and
harmful chemicals in the environment (Hunt et al, 1999; Meunier et al, 2003), in the
finding of potential mates (Fukaya et al, 2004; Savarit ef al, 1999) and to assess the
suitability of potential oviposition, or egg laying, sites (Baur et al, 1998; Chess and
Ringo, 1985; Oyeyele and Zalucki, 1990).

1.1.2 Detection of Chemosensory Stimuli

The sensory organ involved in chemoreception in insects is the basiconic
sensillum. Basiconic sensilla are diverse structures, but are commonly sensory hairs
or pegs innervated by the dendrites of chemosensory neurons (Dethier, 1955). The
number of chemosensory neurons per sensillum varies greatly and can be anything
between two and fifty neurons (Chapman, 1982; Ochieng et al, 1998). The number
and distribution of sensilla on an insect also varies depending on species, size, sex
and age. Caterpillars, for example, have very few sensilla (Faucheux, 1995)
whereas other insects such as beetles can have thousands (Zacharuk, 1985).
Sensilla can be found all over an insect’s body but are usually concentrated in

specific regions. These regions are most commonly found on the tarsi, antennae,



maxillae, labium, labrum, and cibarial cavity (Rogers and Newland, 2003).

Chemosensory sensilla can be sub-divided into two groups based on their
structure and function (Chapman, 1982). The first of these groups contains sensilla
involved in the detection of gustatory stimuli. These sensilla are uniporous i.e. they
have a single pore at the tip (Fig. 1.1). The dendrites of the chemosensory neurons
innervating these uniporous sensilla are usually unbranched fibres (Ochieng et al,
1998). Gustatory sensilla have a general distribution over the surface of the body
(Rogers and Newland, 2003), but are found at higher densities on the mouthparts
where they are involved in feeding and on the ovipositor for oviposition and
oviposition site selection (Mitchell et al, 1999). The second of the two sub-
divisions are the olfactory sensilla. These are generally multiporous and contain
chemosensory neurons with highly branched dendrites (Ochieng ef al, 1998). Many
of the olfactory sensilla can be found on the antennae, but they can also be found on
the mouthparts (Keil, 1999). In Drosophila olfactory sensilla are exclusively found
on the third segment of the antennae and the maxillary palp (Dunipace et al, 2001;
Vosshall et al, 2000). In Drosophila larvae the dorsal organ is involved in olfaction

and the terminal organ in gustation (Heimbeck et al, 1999; Oppliger et al, 2000).

The dendrites of the chemosensory neurons are surrounded by a dendritic sheath
that divides the sensillum into two parts, the dendritic chamber and the sensillar
chamber (Fig. 1.1) (Keil, 1999; Mitchell et al, 1999). A chemical stimulus from the
environment enters the sensillum through the apical pore. Here it moves across the
sensillar lymph and comes into contact with the dendrites of the chemosensory
neurons. Some chemicals are able to diffuse across the sensillar lymph, but other
hydrophobic chemicals are unable to diffuse, therefore carrier proteins present in the
lymph transport these chemicals to the dendrites of the chemosensory neurons
(Ronnett and Moon, 2002; Shanbhag et al, 2001). The dendrites of the
chemosensory neurons express receptors for the chemical stimuli. There are at least
54 gustatory receptors (Clyne et al, 2000; Dunipace et al, 2001; Scott et al, 2001)
and at least 57 olfactory receptors (Vosshall et al, 2000) in Drosophila. Individual
olfactory neurons are thought to-express only one receptor type (Heimbeck et al,

1999; Vosshall et al, 2000). This information is then transduced into an electrical



signal that is conducted via the axons of the chemosensory neurons to the central

nervous system for further processing (Lessing and Carlson, 1999).
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Figure 1.1: Cross-section through a gustatory basiconic sensillum. The sensillum is
a specialised structure of the insect cuticle innervated by several chemosensory
neurons (pink) and a single mechanosensory neuron (blue). Basiconic sensilla are
used by insects to detect both gustatory and tactile information. Chemosensory
information enters the sensillum through the apical pore, where it travels across the
senisllar chamber and comes into contact with the dendrites of the chemosensory
neurons in the dendritic chamber. The dendrites of the chemosensory neurons have
receptors on their surface which are able to detect this chemosensory information

and transduce it to the central nervous system.



1.1.3 Processing of Chemosensory Information within the Central Nervous System

Much more is known about the central processing of olfactory information than
that of gustatory information. The chemosensory neurons of the gustatory sensilla
on the mouthparts in both larval and adult Drosophila project to a region of the
central nervous system called the suboesphageal ganglion (Fig. 1.2), and it is here
that the processing of the gustatory information is thought to occur (Dunipace et al,
2001; Mitchell er al, 1999; Shanbhag and Singh, 1992). The axons of the olfactory
neurons project to the antennal lobe (in the larvae called the larval antennal lobe)
where the processing of the olfactory information occurs (Fig. 1.2). Each olfactory
neuron expresses one olfactory receptor gene (Heimbeck et al, 1999; Vosshall et al,
2000). All the olfactory neurons that express the same receptor project to specific
regions within antennal lobe, producing a spatial map of olfactory input in both
adults and larvae (Dunipace et al, 2001; Python and Stocker, 2002; Scott et al,
2001; Vosshall et al, 2000). In the antennal lobe, this segregation of odour type to a
specific area is reflected in the glomeruli that are activated by that odour (Vosshall
et al, 2000). In addition, this olfactory information is also processed by other brain
structures called the mushroom bodies (Fig. 1.2). These are the putative centres for
olfactory learning and memory (de Belle and Heisenberg, 1994; Lessing and
Carlson, 1999). Gustatory information is probably also sent to higher centres of the
insect brain, although definitive evidence for this is lacking (Mitchell ez al, 1999).
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Figure 1.2: The adult Drosophila brain (adapted from Gerber et al, 2004a).
Olfactory neurons project to the antennal lobe (blue) and the gustatory neurons to
the subesophageal ganglion (yellow) where the chemosensory information is
further processed. The mushroom bodies (red) are the putative centres for learning

and memory in insects.



1.2 Learning and Memory
1.2.1 What is Learning and Memory?

Finding a suitable definition for learning and memory has been a contentious
issue for many years. Thorpe (1963) defined it as “that process which manifests
itself by adaptive changes in individual behaviour as a result of experience”. This
definition has been criticised due to the use of the word ‘adaptive’ as there are some
learned behaviours that cannot be described as such, for example the ‘starving-to-
death-at-Lucullian-banquets’ phenomenon shown by some Lepidopterous larvae
(Scriber, 1982). These larvae will starve to death rather than feed on another food
source once they have experienced something else (Scriber, 1982). More recently,
other definitions have been favoured, such as “a change in behaviour with
experience” suggested by Szentesi and Jermy in 1990. It is this latter definition that

will be used to define ‘learning’ in this thesis.

There has been much research into learning and memory in insects and there are
many examples of learning in the literature. For example, when honeybees were
offered a sucrose solution paired with an odour, they quickly learnt to extend their
proboscis in response to the odour alone (Bitterman ez al, 1983). In Drosophila,
when an odour is paired with an electric shock, the flies quickly learn to avoid that
odour (Quinn et al, 1974). Insects have also been shown to learn information about
their environment and use this to modify their behaviour, for example: crab spiders
(Misumena vatia) have been shown to choose their hunting site based on previous
experience (Morse, 1999). Previous experience can also affect choice of egg laying
site (Jaenike, 1982; Jaenike, 1983) or a food source (de Boer and Hanson, 1984;
Jermy et al, 1968; Rowell — Rahier, 1984) (see Chapters 3 and 4).

1.2.2 Classifications of Learning

Learning is generally divided into two major types: ‘non-associative’ learning

involves the presentation of one stimulus alone, and is further divided into



habituation and sensitisation; ‘associative learning’ involves the presentation of one

stimulus in relation to another. These types of learning are described below.

Habituation is the waning of a response to a specific stimulus after repeated
exposure (Papaj and Prokopy; 1989; Szentesi and Jermy, 1990). For example, fifth
instar larvae of Schistocerca gregaria fed only on the feeding deterrent, nicotine
hydrogen tartrate (NHT), over several days ate significantly more NHT

contaminated leaves than naive individuals (Szentesi and Bernays, 1984).

Sensitisation is a type of learning that involves an increase in the response to a
stimulus but does not involve associating the stimulus with another stimulus (Papaj
and Prokopy, 1989; Szentesi and Jermy, 1990). For example, upon tactile
stimulation Aplysia will withdraw its gill. If for several days prior to this stimulus
an individual is given electric shocks, the withdrawal time will be longer than for
those that have not previously been shocked (Pinsker et al, 1973). This type of

learning may therefore account for the effects of experience on behaviour.

Associative learning involves the association of one stimulus with another
stimulus or response (Papaj and Prokopy, 1989; Szentesi and Jermy, 1990). For
example, experiments using Drosophila melanogaster paired an electric shock with
a specific odour (Quinn et al, 1974). When then given the choice of two odours the

flies avoided the odour that had been previously associated with the electric shock.

1.2.3 Memory Formation

Memory develops over time and different phases take different lengths of time to
form (Hammer and Menzel, 1995). There are five distinct phases involved in
learning and memory. The first phase is ‘acquisition’, or ‘learning’, this is followed
by the formation of ‘short-term memory’, followed by formation of ‘medium-term
memory’, then finally ‘Anaesthesia-resistant memory’ and ‘long term memory’
form in parallel (Dubnau and Tully, 1998). Short-term memory decays rapidly, at

which point medium-term memory takes over. Medium-term memory is considered



an early form of memory (DeZazzo and Tully, 1995). Repeated learning trials then
lead to long term memory formation (Hammer and Menzel, 1995). Long term
memory is protein synthesis dependent (Agranoff ef al, 1966; Hyden and Lange,
1970; Montarolo et al, 1986; Yin et al, 1994) and can last for more than a week in
Drosophila (Yin et al, 1995). When a memory is initially formed it can be
disrupted by cold-shock, however, after approximately 2 hrs the memory becomes
insensitive to this cold shock. This phenomenon is known as ‘anaesthesia-resistant’
memory (Tully ef al, 1994b). This type of memory appears to be protein synthesis
independent (Yin et al, 1994).

1.2.4 The Evolutionary Benefits of Learning

A common argument for the evolutidnary benefit of learning is that the ability to
learn which utilisable resource is most abundant will be advantageous as it will
reduce search time and hence energy wastage (Papaj, 1986). In addition, it is argued
that learning may provide an adaptive benefit to an individual because in an
environment where resources are spatially and temporally distributed, utilisation of
the substrate that allows the most offspring to survive into the next generation
would be advantageous (Mery and Kawecki, 2002; Prokopy et al, 1982). Learning
may also allow the Iinsect to feed on a suitable substrate that it would normally find
deterrent (Szentesi and Jermy, 1990) whilst avoiding food sources that are noxious
(Stadler and Hanson, 1978). In addition, some studies have shown that switching
between food sources can affect the efficiency of food utilisation (Grabstein and

Scriber, 1982; Scriber, 1982).



1.3 Learning and Memory through Metamorphosis

There is evidence from many different species that animals are capable of
learning and memory, including honeybees (Carew, 2000), rats (Lundy et al, 2004),
spiders (Punzo, 1988) and humans (Brunstrom, 2004). Learning has also been
clearly demonstrated in both larval (Gerber et al, 2004a; Neuser et al, 2005) and
adult Drosophila (Le Bourg and Buecher, 2002; Quinn ef al, 1974). However, an
insect’s life cycle is punctuated by metamorphosis and whether learning can be
retained through metamorphosis is a much more contentious issue. To fully
investigate this issue, an understanding of what occurs during metamorphosis is first

required.

1.3.1 Metamorphosis

There are two forms of metamorphosis in insects. The first is incomplete
metamorphosis, which involves three stages and occurs in insects such as
grasshoppers. Initially an egg is laid, which then hatches into a nymph. This
nymph appears as an immature adult and undergoes several moults in which wings
and sexual organs gradually grow until the imaginal moult turns the nymph into a
winged and sexually mature adult (Sehnal er al, 1996). The second form of
metamorphosis is complete metamorphosis and this occurs in holometabolous
insects. In this case an insect transforms from a simple larva to a complex adult,
punctuated by a pupal stage (Highman, 1981). Drosophila undergo holometabolous
development, and a diagram of the Drosophila life cycle can be seen in Figure 1.3.
The cycle starts with an egg beihg laid. A larva will hatch from this egg and
undergo three larval stages before pupariation occurs and a pupa is formed. It is at
this stage of the life cycle that metamorphosis occurs to form an adult fly that
emerges during the final imaginal moult (Gilbert, 2000).



Figure 1.3. Holometabolous development in Drosophila melanogaster. At 25 °C, the
st instar larvae will hatch from the egg after approximately 21 hrs. 118 hrs afier
the egg was laid, pupariation will occur to form the pupae. 221 hrs after the initial

egg laying event, an adult fly will emerge (Roberts and Standen, 1998).

Along with the obvious changes in the appearance of the organism, there is also
a pronounced rearrangement of the chemosensory system during metamorphosis.
Many of the larval sensilla and chemosensory neurons are lost during
metamorphosis and are replaced by adult sensilla and chemosensory neurons
originating from the imaginal discs (Gendre et @/, 2004). Many adult interneurons

also only differentiate during metamorphosis (Allen et al, 1998). Some larval

10



interneurons, however, are retained through metamorphosis and persist in the adult
organism (Stocker et al, 1997). This is also the case for some sensory (Gendre et al,

2004; Shepherd and Smith, 1996) and motor neurons (Tissot and Stocker, 2000).

1.3.2 Are There Structures Capable of Retaining Learnt Information Through

Metamorphosis?

The putative centres for learning and memory in the central nervous system are
the mushroom bodies (de Belle and Heisenberg, 1994) (Fig. 1.2). A subset of
interneurons within the mushroom bodies, called Kenyon cells, survive
metamorphosis (Technau and Heisenberg, 1982). It is therefore possible that
information learnt during the larval stage could be retained by these cells and so
persists in the adult (Gerber et al, 2004b). In the case of olfactory learning and
memory, the projection interneurons of the antennal lobe (the area where olfactory
information is processed) are also retained through metamorphosis. These
interneurons could therefore also be involved in the retention of learnt information
through metamorphosis (Ray, 1999; Tissot and Stocker, 2000). How this allows for
retention of memory is, however, still unknown (Ray, 1999).

1.3.3 Is There Any Evidence for the Retention of Learnt Information Through

Metamorphosis?

At a meeting of the American Association of Economic Entomologist’s, Hopkins
(1917) suggested that adult individuals may have a preference to oviposit upon the
host which they fed on as larvae. This is now known as the ‘Hopkin’s Host
Selection Theory’ and has since been assumed to depend on learning and memory
(Corbet, 1985; Wiklund, 1974). Much research has been conducted to elucidate
whether this theory is correct. Several studies using the holometabolous mealworm
Tenebrio molitor have provided evidence for the retention of learnt information
through metamorphosis (Alloway, 1972; Borsellino ef al, 1970; Somberg et al,

1970). Similar results have been found in other insects, such as the parasitic wasp
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Hyssopus pallidus (Gandolfi er al, 2003), the house fly Musca domestica (Ray,
1999) and the locust (Goldsmith er al, 1978). For example, fifth instar hoppers
(Locusta migratoria migratorioides) were trained to maintain leg flexion by being
subject to electric shock when the leg was extended. After metamorphosis the adult
locusts were then tested for the retention of memory through metamorphosis and
results showed when trained as hoppers to maintain leg flexion adults were also
much less likely to extend their legs than those that had not be trained as hoppers
(Goldsmith er al, 1978).

Studies of this phenomenon in Drosophila have proved variable. One of the
earliest studies was conducted by Thorpe (1939) who raised Drosophila larvae on a
medium containing 0.5% peppermint essence. At the pupal stage, these individuals
were washed and isolated. Upon eclosion, the adult flies were placed into an
olfactometer, with one arm containing 0.5% peppermint essence and the other being
unscented. Results showed that flies had a much greater acceptance for the 0.5%
peppermint essence if they had been raised in the presence of this odour as larvae
compared to those who had been raised on an unscented medium. Thorpe
concluded that these results provided evidence for the retention of learnt
information through metamorphosis. Later repeats of these experiments have
shown varied results. In some cases studies have supported Thorpe’s results
(Hershberger and Smith, 1967; Manning, 1967; Rietdorf and Steidle, 2002). In
other cases the results have provided no evidence for the retention of memory
through metamorphosis (Jaenike, 1982 and 1983; Monteith, 1962; van Emden ef al,
1996; Wiklund, 1974). In the case of Jaenike’s study (1982), not only was there no
observed change in the behaviour of the adults when the larvae were raised on 0.5%
peppermint essence, but there was also no change in behaviour when the larvae
were raised in the presence of other chemicals, such as sodium chloride. A more
recent experiment claiming to provide evidence for the retention of memory through
metamorphosis was conducted by Tully er al in 1994b. In this case, Drosophila
larvae were raised in the presence of an odour paired with an electric shock. Results
showed that the larvae were able to learn to avoid the odour that was paired with the
electric shock, and that this avoidance behaviour could still be detected in the adult

flies (Tully et al, 1994b).
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The experiment by Tully er al (1994b) has been highly criticised due to the
questionable relevance of an electric shock as a reinforcing stimulus (Barron and
Corbett, 1999). Many of the other studies claiming to support the Hopkins Host
Selection Theory have also been criticised as there is a possibility that the change of
behaviour with larval diet may be due to the newly emerging adults coming into
contact with traces of their larval environment on the pupal cases. If this is the case,
it would be early adult rather than larval experience affecting adult behaviour. The
hypothesis that early adult rather than larval experience affects subsequent
behaviour is called the Chemical Legacy Hypothesis (Corbet, 1985). This theory
suggests that minute quantities of chemical from the larval environment persist
either on or in the insect’s body. Upon emergence, the adult comes into contact
with these chemical cues which then modify the chemosensory responsiveness of
the adult (Corbet, 1985). This theory could therefore explain the effects of larval

diet on adult behaviour described above.

13



1.4 The Effect of Diet on Health

It has long been known that diet can have an impact on health in mammals.
For example, fatty acids in the diet have been shown to increase serum cholesterol
levels which can significantly increase the risk of coronary heart disease (Amano et
al, 2004). In addition, high dietary glycaemic load combined with a low intake of
cereal fibre significantly elevates the risk of type 2 diabetes (Salmeron ef al, 1997).
Diet has also been implicated in the risk of several different cancers including breast
cancer (McCann et al, 2007; Silvera et al, 2005), ovarian cancer (Silvera et al,
2007) and colorectal cancer (McCarl et al, 2006). Diet can also affect the risk of
haemorrhagic stroke (Levitan et al, 2007). The food choices an individual makes

can therefore have a major impact on their future health.

More recently evidence has suggested that maternal diet can also influence the
health of the offspring (see Chapter 6). For example, poor foetal growth has been
linked with an increased risk of glucose intolerance and metabolic syndrome in later
life (de Rooij et al, 2006). It has also been linked with other adulthood diseases
such as cardiovascular disease (Painter er al, 2006; Roseboom et al, 2000),
hypertension (Stein et al, 2006), obesity (Ravelli et al, 1976; Ravelli et al, 1999,
Stanner et al, 1997; Stein et al, 2007), affective disorder (Brown et al, 2000),
antisocial personality disorder (Neugebauer et al, 2004) and schizophrenia (Hoek et
al, 1998; St Clair et al, 2005). This effect has also been shown to continue through
to the following generations. For example, a lack of protein in utero can affect
glucose metabolism for 3 generations in rats (Benyshek et al, 2006). The food
choice an individual makes will therefore also have a major impact on the health of

subsequent generations.

Diet has also been shown to affect several measures of health in insects. These
measure include starvation resistance (Burger et al, 2007; Chippindale et al, 1997),
fecundity (Burger et al, 2007; Butler and O’Neil, 2007; Kyneb and Toft, 2004;
Naya et al, 2007; Roff and Gelinas, 2003), development time (Azidah and Sofian-
Azirun, 2006; Butler and O’Neil, 2007; Kyneb and Toft, 2004), mortality/survival
(Butler and O’Neil, 2007; Kyneb and Toft, 2004) and life span (Burger et al, 2007;
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Butler and O’Neil, 2007; Chippindale et al, 1997). In addition, diet has also been
shown to affect some of these characteristics over several generations (Amarillo —
Suarez and Fox, 2006; Fox et al, 1995; Spitzer, 2004). For example, in the seed-
feeding beetle Stator limbatus maternal diet was shown to affect development time
of offspring irrespective of offspring diet (Amarillo — Suarez and Fox, 2006). The
fact that diet can affect life history traits in insects across several generations leads
to the possibility that they could be suitable model organisms for gaining an
understanding of the underlying mechanisms involved in the effect of diet on future

generations.
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1.5 Aims and Objectives

The aim of this project was to determine whether diet had an affect on adult
behaviour and life history traits in Drosophila melanogaster. In Chapter 3 the effect
of larval diet on adult oviposition preferences was analysed. The aim of this chapter
was to determine whether Hopkins Host Selection Theory (see Section 1.3.3) that
larval diet can influence adult oviposition preferences is correct. To do this,
Drosophila larvae were raised on several diets varying in the concentration of one
component and then as adults offered the choice of either the diet upon which they
were raised or a standard diet. In parallel with these experiments other larvae were
raised on a standard diet and as adults offered the same choices. The results of these
experiments could then be compared to determine whether larval diet can indeed
affect adult oviposition preferences. In addition, flies were also raised for several
generations on specific diets to determine if the oviposition preferences of these
adults are affected by diet upon exposure to that diet over several generations.
Chapter 4 goes onto look at the effects of varying several components of the diet

upon adult feeding preferences using similar methods to those described in Chapter
3.

The aim of Chapter 5 was to gain a further understanding of the possible
mechanisms underlying these changes in adult behaviour with varying larval diet.
As mentioned in Section 1.3.3, the Hopkins Host Selection Theory suggests that the
effects of larval diet on adult behaviour are due to learning and memory. To
determine whether this was the case two learning and memory mutants, dunce and
rutabaga, were tested for the effects of larval diet on adult behaviour to see if these
mutations had any affect on adult behaviour. In addition the mushroom bodies
(MBs) of the flies were ablated to determine whether it is these central structures
which are involved in the storage of the information from the larval stages and into

the adult.

The final aim of this project was to determine what effects these choices had on
several life history characteristics in the flies (Chapter 6). These characteristics

included development time, fecundity, starvation resistance, larval fitness and
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survival. In addition, flies were kept on these diets for 5 generations to determine if
there was any change in the life history characteristics when exposed to these diets
for several generations. This could lead to the possibility of using insects as a
model organism for gaining a better understanding of the effects of diet on health

and disease as has been described in mammals.
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Chapter 2: General Methods

In this chapter the techniques for routine fly culture and anaesthesia are
described, along with methods key to several of the following chapters. Methods

specific to different assays are included in the relevant chapters.

2.1 Stock Flies

Throughout this report ‘flies’ or ‘Drosophila’ refers to the Oregon R strain of
Drosophila melanogaster. This stock was acquired from the Department of
Developmental and Cell Biology, University of Southampton and was originally
obtained from the Bloomington Stock Centre.

2.2 The Incubator

All flies involved in an experiment were kept in an incubator (LMS 305)
maintained at 25.5°C + 0.2°C. The flies were kept in a L12:D12 light cycle, with
the lights coming on at 7:30 am and going off at 7:30 pm. The door was not opened
during the dark phase of this cycle. Open containers of water were kept in the

incubator, maintaining the humidity between 52% and 62%.

2.3 Handling of the Flies

The flies were handled as gently and as little as possible. Stock flies were
maintained in 30 ml vials containing a standard medium (see Section 2.5) adapted
from that described by Ashburner and Roote (2000) and transferred to fresh vials
regularly. Transferral involved tapping the flies from one vial to another. About
twenty flies were kept in each vial, and the flies were periodically anaesthetised to
ensure that both sexes were present in the vial and that there was no evidence of

unexpected phenotypes.
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2.4 Anaesthetising the Flies

Laboratories routinely anaesthetise flies to make the handling of them easier.
The three most common anaesthetics used are carbon dioxide (CO,), ether and
chilling (Barron, 2000). All of these methods, however, come with their own

problems.

The use of ether is the traditional method of anaesthetising Drosophila.
Experiments have shown that ether can significantly reduce locomotor activity in
flies up to 18 days after the initial anaesthetic (van Dijken et al, 1977). The use of

ether has also been criticised due to the health and safety risks involved.

Chilling usually involves putting the flies over ice for a short period of time.
The use of this method risks over-anaesthetising the flies (Greenspan, 1997), and
studies have also shown that chilling can disrupt recently acquired memory (Quinn
and Dudai, 1976).

CO; is currently the most widely used form of anaesthesia for Drosophila
(Greenspan, 1997). Anesthetising the flies using this method usually involves
inserting a tube with CO, flowing through it into the vial containing the flies. Once
the flies are anaesthetised they are transferred onto a porous plate that also has CO»
flowing through it. This keeps the flies anaesthetised until they are removed from
the porous plate. There are also several reported problems with this method of
anaesthetisation. Experiments by Perron et al (1972) have shown that CO, can
increase mortality in O to 3 hr old flies and decrease fecundity if exposed for longer
than 15 mins. In addition, carbon dioxide has been shown to increase motor
activity, but the effects on locomotion do not last as long as the effects of ether (van
Dijken et al, 1977).

In this study, the use of anaesthesia was avoided as far as possible. On the
occasions where it was required, however, CO, was the anaesthetic of choice since
the side effects are minimal and there are no reported effects on learning and

memory. Individuals involved in an experimental procedure were not anaesthetised
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at any point during their development, and as adults were not anaesthetised until
three days after eclosion. In addition, the length of exposure to CO, was kept to a
minimum, with the maximum exposure time being 10 mins. In this way, anaesthesia
was not used at any point where is has been shown to have a detrimental effect on

the flies.

2.5 The Food Media

2.5.1 Ingredients

The food medium used in this study was a recipe adapted from Ashburner and
Roote (2000). The ingredients required to prepare 50 ml of this medium are
presented in Table 2.1.

Ingredient Amount Supplier

Micro agar 03¢g Duchefa Biochemie

Plain flour 2.06¢g McDougalls Foods Ltd

Dried Active Yeast 09¢g Allinson, Westmill Foods Ltd.
Distilled Water 50 ml

Methyl-4-hydroxybenoate (Nipagin) | 0.15g Sigma

100% Ethanol 1.5ml

Table 2.1: The ingredients and quantities required to prepare 50 mi of standard
food media.

Carbohydrate was also added to the food, although the carbohydrate type and
concentration was varied in these experiments. The carbohydrates used were
sucrose, fructose, trehalose or glucose. In order to compare the results from each of
these carbohydrates, the concentration of these carbohydrates was kept constant in

the standard medium, at 257.2 mM. Table 2.2 shows the amount of the different
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carbohydrates required to make up 50 ml of standard food at a concentration of

257.2 mM.

Carbohydrate Amount Supplier
Sucrose 44 ¢ Fischer Scientific
D-(-)-Fructose - 232¢g Sigma
D-(+)-Trehalose 487 ¢ Sigma

Dihydrate

D-(+)-Glucose 232 ¢ Sigma

 Table 2.2: Amount of each of the carbohydrates required to make up 50 ml of
standard medium with 257.2 mM of carbohydrate.

In addition to varying the carbohydrate type, carbohydrate concentration was
also varied. The concentrations used were 0%, 12.5%, 25% or 50% of the amount

used in the standard media.

Further, in one set of experiments sodium chloride was added to the standard
sucrose food medium to determine whether the concentration of NaCl in the diet
had an effect on behaviour. The concentrations of NaCl used in these experiments
were 13 mM, 25 mM, 50 mM, 100 mM or 200 mM. The amounts of NaCl required
to make up 50 ml of food medium are described in Table 2.3.

NaCl Concentration Used | Amount Required (g) | Supplier

13 mM 0.03799 Fischer Scientific
25 mM 0.0731

50 mM 0.1461

100 mM 0.2922

200 mM 0.5844

Table 2.3: Amounts of NaCl added to the food media to make 50 ml of food

containing the specified concentrations of NaCl.
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The final variation made to the food was varying the amount of yeast. The
standard amount of yeast added to make 50 vials of food was 7.5 g. As with the
carbohydrates, this was reduced to 0%, 12.5%, 25% or 50% of the standard amount
of yeast.

It must be noted that only one component of the food was varied at any one time,
for example when the concentration of NaCl was varied the concentration of all the
other food components were at the concentrations described in the standard medium
(see Table 2.1).

2.5.2 Preparing the Food Medium

The agar, flour, carbohydrate, yeast and distilled water were all added to a
saucepan and heated. NaCl was also added where required. The mixture was
continuously stirred until it came to the boil. The mixture was then removed from
the heat and allowed to cool. The methyl-4-hydroxybenoate was dissolved in
ethanol and then added to the mixture and thoroughly stirred. This acts as a fungal
inhibitor within the food medium. The food was then poured into 30 ml vials
(unless otherwise stated), 7 ml per vial. The vials were then plugged with a
polyurethane foam plug and placed in a refrigerator at 4°C. The vials were used
within two days, and allowed to warm to room temperature for 20 mins before any

flies were placed in them.
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Chapter 3: Does Larval Diet Influence Adult Egg Laying

Preferences?

3.1 Introduction
3.1.1 Egg Laying Behaviour in Insects

Oviposition, or egg laying, involves a complex sequence of behaviours whereby
the female has to detect, accept and lay her eggs on a specific host or substrate.
Studies have shown that female insects are initially attracted to a possible
oviposition substrate by both olfactory (Thorpe and Jones, 1937) and visual (Papaj,
1986; Rausher, 1978) cues. When the substrate or host is reached, the female will
then further examine it using gustation (taste) (Bénédet et al, 2002). This involves
sampling with the legs, mouthparts and ovipositor (Baur et al, 1998; Oyeyele and
Zalucki, 1990). At any point during these sampling behaviours the female could
reject the substrate, but if it is accepted then oviposition occurs. This complex set
of behaviours suggests that the female is making a specific decision as to whether
the substrate is appropriate for egg laying or not. This therefore suggests that

females must have a preference to lay their eggs on some substrates over others.

3.1.2 What is Oviposition Preference and Why is it Important?

Oviposition preference is the likelihood that an organism will lay its eggs on a
particular substrate or host when given the choice (Sheeba et al, 1998). In their
natural environment insects will come across many different potential oviposition
sites, and studies have shown that insects often have a hierarchy in their preference
for the different oviposition sites available to them (Omkar, 2005; Prokopy et al,
1982; Sadeghi and Gilbert, 1999; Wiklund, 1974). Many factors have been
implicated that could be used by the female to assess the suitability of an
oviposition substrate, including colour (Carpenter et al/, 2001), texture (Chess and

Ringo, 1985) and the presence of other larvae (Chess and Ringo, 1985).
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Oviposition preferences are important because possible oviposition sites will
vary in their quality. The choice the female makes will therefore affect her
offspring’s fitness (Chess and Ringo, 1985; Tabashnik, 1981). It has been
hypothesised that the female will show a preference for the substrate that the larvae
will develop best on, hence increasing its fitness. This is called the Optimal
Oviposition Theory (Jaenike, 1978) and the results from several studies support it
(Omkar, 2005; Sadheghi and Gilbert, 1999; Smiley, 1978). For example, in a study
on the relationship between oviposition preference and offspring performance in a
generalist predatory ladybird, a strong positive correlation was found between the
preference bof the female for various aphid species and the performance of her
offspring (Omkar, 2005). However, in many cases there is little or no evidence that
female preference has any effect on larval fitness (Pawlitz and Bultman, 2000;
Scheirs et al, 2004; Smiley, 1978) and in some cases female oviposition preference
can actually reduce larval survival (Badenes — Perez et al, 2006; Chess and Ringo,
1985; Digweed, 2006; Lu et al, 2004). For example, when the diamondback moth
(Plutella xylostella) was offered a choice of yellow rocket, Chinese cabbage or
common cabbage, almost all of the eggs were laid on the yellow rocket. When the
survival of these individuals was studied, however, very few of the larvae on the
yellow rocket (less than 10%) survived to pupation whereas 87-100% of the larvae

on the cabbage plants survived to pupation (Lu et al, 2004).

Several possible reasons for this apparent lack of association between female
oviposition preferences and larval fitness have been suggested, including selection
of enemy free space (Jaenike, 1985; Price er al, 1986; Thompson, 1987),
competition (Digweed, 2006; Whitham, 1980) and host abundance (Chew, 1977).
In addition, in some cases it appears that females simply lay their eggs on the
substrate which they themselves feed, independent of whether this is the best
substrate for larval development (Jaenike, 1986; Scheirs et al, 2000; Scheirs and de
Bruyn, 2002; Scheirs et al, 2004).

Oviposition preferences vary between species, but studies have shown that
oviposition preferences can also vary within species (Sadeghi and Gilbert, 1999;
Sheeba et al, 1998; Singer, 1983). If there is such a variation in oviposition

preferences both within and between species, what is controlling this variation?
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Several factors have been described which could be involved in this, and these are

introduced below.

3.1.3 Genetic Control of Oviposition Preferences

There is much evidence to support the suggestion that oviposition preferences
are genetically controlled. For example, in an experiment using the swallowtail
butterfly Papilio machaon, larvae were raised on various host plants (Wiklund,
1974). As adults they were provided with a choice of egg laying sites. All of the
adults showed a preference for the same host plant irrespective of larval diet. This
lack of affect of environmental factors suggests that the oviposition preferences
observed must be under genetic control (Wiklund, 1974). Genetic control of
oviposition preferences has also been shown in other species of butterfly (Smiley,
1978) as well as other insects including weevils (Reitdorf and Steidle, 2002;
Wasserman and Futuyma, 1981), sawflies (Knerer and Atwood, 1973), houseflies
(Pimetel et al, 1967) and fruit flies (Klaczko et al, 1986). Studies in Lepidoptera
suggest that oviposition preferences are determined by loci on the X chromosome
(Thompson, 1988; Janz, 1998). In addition, olfactory binding proteins have been
shown to be important in the selection of oviposition sites in Drosophila (Matsuo et
al, 2007). Drosophila sechellia is a specialist of Morinda citrifolia but its closest
relatives (including Drosophila melanogaster) avoid this fruit due to its toxic
nature. Genetic manipulation studies have shown that this difference in preference

is due to odourant binding proteins 57d and 57e (Matsuo et al, 2007).

3.1.4 Learning of Oviposition Preferences

Learning has also been implicated in controlling oviposition preferences. It is
argued that learning may provide an adaptive benefit to an individual because in an
environment where resources are spatially and temporally distributed learning to lay
eggs on the substrate that will allow the most offspring to survive into the next
generation would be advantageous (Mery and Kawecki, 2002; Prokopy et al, 1982).

In addition, it has been argued that resources will often vary in their abundance over
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time and so the ability to learn which utilisable resource is most abundant will be
advantageous as it will reduce search time and hence energy wastage (Papaj, 1986;
Davis and Stamps, 2004). There are two main stages during the life cycle of
holometabolous insects where learning of oviposition preferences could occur, and

these are introduced below.

a) Learning of Oviposition Preferences during the Adult Stage

There is much evidence to suggest that adult experience of a particular host or
substrate can affect subsequent adult oviposition behaviour (Cadieu et al, 2000;
Hoffman, 1985; Jaenike, 1982 and 1983; Mery and Kawecki, 2002; Prokopy et al,
1982). The information that is learnt by the adult can be chemical (Mery and
Kawecki, 2002) or visual (Papaj, 1986). In some cases experience of a substrate
increases the adult preference for that substrate (Akhtar and Isman, 2003; Anderson
et al, 1995; Cadieu et al, 2000; Hoffman, 1985; Jaenike, 1982 and 1983; Prokopy et
al, 1982; Vet and van Opzeeland, 1984). For example, in Drosophila the addition
of peppermint oil or ethanol to the food media, or the use of apple and tomato as a
food source, increased the preference of the females for these substances as egg
laying sites when given a choice (Jaenike, 1982; 1983). However, in others cases
preference is decreased by previous exposure (Cadieu et al, 2000; Hoffman, 1985;
Mery and Kawecki, 2002). For example, in Drosophila when offered the choice of
apple or orange, previous exposure to apple increased the number of eggs laid on
orange (Hoffman, 1985). In other cases, however, there is no evidence for the effect

of adult experience on female egg laying preferences (Tabashnik, 1981).
b) Learning of Oviposition Preferences during the Larval Stages

The Hopkins Host Selection Theory suggests that adult individuals will have a
preference to oviposit on the host that they fed on as larvae. This theory comes
from comments made by Hopkins at a meeting of the American Association of
Economic Entomologists (Hopkins, 1917) and has since been assumed to depend on
learning and memory (Corbet, 1985; Wiklund, 1974). Several studies claim to
support this theory (see Section 1.3.3), however much of this work involved

olfactory associative learning and has not looked at the effect of larval experience
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on adult egg laying choices. Some studies do, however, claim to have shown that
larval diet can affect adult oviposition preferences (Craighead, 1921; Cushing,
1941; Smith and Cornell, 1979; Thorpe and Jones, 1937; Vinson et al, 1977). For
example, in a study using the parasitoid wasp Nasonia vitripennis, results showed
that when this wasp was reared on Musca domestica pupae, these individuals
showed a preference to oviposit on this host as adults (Smith and Cornell, 1979).
Those studies that have looked at the effect of larval diet on adult oviposition
preferences have, however, been criticised as they did not rule out the possibility
that any changes in behaviour could have been due to the newly emerged adults
coming into contact with traces of their larval environment left on the cases of the
pupae and hence be due to early adult learning (Corbet, 1985; Jaenike, 1982 and
1983; van Emden et al, 1996). Therefore, although there clearly is evidence that
information about the larval environment can be learnt and this information retained
through metamorphosis and into the adult, whether this can have an effect on
oviposition site selection remains unclear. In addition, other studies have not found
any influence of larval diet on adult egg laying preferences (Jaenike, 1982 and
1983; Knerer and Atwood, 1973; Monteith, 1962; Rojas and Wyatt, 1999;
Tabashnik, 1981; van Emden et al, 1996; Wiklund, 1974).

Even though in some cases larval diet does not seem to have any influence on
adult oviposition preferences, it has been argued that in the wild there will be an
affect (Corbet, 1985; Jaenike, 1982). As already discussed, there is evidence to
suggest that adult experience can affect oviposition preferences. As individuals will
often pupate near the site of egg laying, the adult is likely to come into contact with
its larval diet upon emergence and hence larval diet could still be an influencing
factor (Jaenike, 1982). Residues of larval diet are also often found on or within the
pupal case, which could then influence adult behaviour without any larval memory

being involved (Corbet, 1985).

3.1.5 What Eﬁ’écts Could These Preferences Have on Future Generations?

As we have seen above, there is mounting evidence for individual variation in

oviposition preference within a species and this can be caused by various different
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factors (see Sections 3.1.3 and 3.1.4). Individual variation in habitat selection can
have important consequences for evolutionary and ecological processes (Davis and
Stamps, 2004). One such factor is the formation of host races. Host races are
defined as populations of the same species that are partially reproductively isolated
from each other due to adaptations to different hosts (Diehl and Bush, 1984). In
order for this to occur, the female must firstly be attracted to, and then be stimulated
to oviposit upon, a new host. The immature stages of the insect must then be able to
survive and develop on this new host (Jaenike, 1982). For example, if experience of
a normally repellent substrate leads these individuals to no longer find it repellent
there could be an increased utilisation of that substrate. This could then lead to
changes in oviposition site preferences which can influence host shift and expansion
(Craig et al, 2001). For example, the freshwater weevil Fuhrychiopsis lecontei is
endemic to Northern America and its native host is the northern watermilfoil
Myriophyllum sibiricum. The weevil has recently expanded its host range to
include the exotic watermilfoil Myriophyllum spicatum, and results from oviposition
preference studies show that weevils raised on the exotic M. spicatum species have
a preference for this species as an egg laying site. The weevil has therefore
expanded its host range to include the exotic watermilfoil species. The results also
suggest that there is the potential for a host shift onto the exotic watermilfoil species
as those raised on this species have an increased preference to oviposit on it (Solarz
and Newman, 1996; Solarz and Newman, 2001). Other studies have also found
evidence for the existence of host races in a variety of species (Abrahamson et al,

2003; Emelianoz et al, 2001; Emelianoz et al, 2004; Martel et al, 2003; Via, 1999).

It has been argued that host shifts can lead to sympatric speciation. Sympatric
speciation occurs when organisms mate in specific habitats and therefore mate
choice is directly associated with habitat choice. If the habitat of choice imposes
strong enough fitness trade-offs, genetic changes are likely to occur to increase the
fitness of the offspring on that host. These genetic changes can then lead to
sympatric speciation (Feder and Forbes, 2007). There is now some evidence to
suggest that sympatric speciation has occurred in indigobirds, which are host-
specific brood parasites (Sorenson et al, 2003). Male indigobirds mimic the song of
their host and females choose both their mate and their host from the song of the

bird they were reared by. Birds reared by a novel host therefore acquire the song of

28



that host which leads to immediate reproductive isolation once a new host is
colonised (Sorenson et al, 2003). In addition, sympatric speciation is thought to
have occurred in apple maggot flies (Rhagoletis polmonella). The ancestral host of
these flies is hawthorn, but with the introduction of the domesticated apple a host
shift occurred about 150 years ago. These flies mate on or nearby their host plant,
to which they are attracted by olfaction (Linn et al, 2003; Linn ef al, 2004). Odour
preference has therefore led to reproductive isolation. In addition, F; hybrids of the
apple and hawthorn host races do not respond to either host fruit volatiles
suggesting that hybrids have a fitness disadvantage (Linn et al, 2004). The odour
preferences of these host races has been shown to have a genetic basis suggesting
sympatric speciation is occurring in this species (Dambroski er al, 2005).
Speciation due to host shifts is also thought to have occurred in other species
(Sachet et al, 2006). In other studies, however, the initial change in preference was
not reinforced over several generations suggesting that changes in preferences may

not always lead to speciation (Smith and Cornell, 1979).

3.1.6 Aims and Objectives

As discussed above, oviposition preferences vary both within and between
species and this variation could be due to several different factors. It is generally
accepted that there is genetic control of oviposition site selection. It is also
generally accepted that adult experience can influence oviposition preferences. The
issue of whether larval experience can affect adult oviposition preferences is still,
however, a contentious issue. This is due to limitations in the previous work that
was conducted in this area. The aim of this chapter is to resolve this issue by raising
fruit flies on diets varying in several different components and then offering the
adults the choice of either the diet they were raised on or a standard diet. As a
control, flies were raised on the standard diet and offered the same choices. The
results of these experiments were then compared to see if larval diet had any affect
on adult food preferences. In addition, to gain a further understanding of how these
preferences may affect the population, flies were raised on specific diets over

several generations.
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3.2 Methods

3.2.1. Determining Whether Larval Diet Affects Adult Egg Laying Site Preferences

The aim of these experiments was to determine whether larval diet can affect
subsequent adult egg laying preferences. To do this, larvae were raised on varying
diets where the concentration of one of the components of the standard diet was
varied (see Section 3.2.5). As adults, these individuals were then offered the choice
of either the diet upon which they were raised or a standard diet to lay their eggs on.
To determine whether any change in preference occurred due to larval diet, control
experiments were run in parallel with these experiments where individuals were
raised on a standard diet as larvae and then as adults offered the same choices. The

results of the two experiments were then compared.

These experiments were complicated by the fact that females do not start laying
eggs immediately after eclosion but instead begin at about 1 d of age and peak
between 3-10 d of age (Jaenike, 1982). It is therefore not possible to test egg laying
preference without the adults firstly being exposed to a food source so that they can
feed. The problem with this is that adult experience is known to affect egg laying
preference (see Section 3.1.4). Two methods were therefore employed to try to
disentangle the effects of larval and adult diets on subsequent adult egg laying
preferences. The first method (see Section 3.2.2) involved offering the flies’ access
to the two food sources that they would be offered when their egg 'laying
preferences were tested (Fig. 3.1). The flies therefore have access to both food
sources at all times before their egg laying preferences were tested. In the second
method (see Section 3.2.3) larvae were raised on a specified diet as before, but the
adults were then fed on only one of the two food sources offered when preferences
were determined (Fig. 3.2). In both methods adult diet may have affected egg
laying preference but statistical analyses in method 2 allowed the effects of the two

feeding stages to be disentangled.
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3.2.2. Method 1 — Giving the Adults a Choice of Food Sources Prior to Egg Laying

Preference Analysis

The basic outline of this method can be seen in Fig. 3.1. A more detailed

description follows.

10 males and 10 females placed into a vial containing a specified medium

A\ 4
After 24 hrs these adults were removed and discarded

\
The eggs laid in these vials were allowed the develop through to the pupal stage

v

Mature pupae were selected (3.2.6), washed (3.2.7) and placed into a choice
chamber (3.2.8)

The flies were left in these chambers for 3 d to ensure they reached sexual maturity

Flies were transferred into a fresh chamber and left to lay eggs for 24 hrs

Flies were removed and discarded and the number of eggs laid on each patch

counted

Figure 3.1: A flow diagram giving an outline of Method 1, used to determine
whether larval diet influences adult food choice. This method involves the adults
being exposed to both food sources for the duration of their adult lives until their

egg laying preferences are tested.
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10 males and 10 females were placed into vials containing a specified medium
(see Section 3.2.5), for example a medium containing no added sucrose (0%
sucrose). 10 vials were set up per food type. These adults were left in these vials
for 24 hrs before being removed and discarded. The eggs laid by these adults were
allowed to develop through to the pupal stage. At this point, 200 mature pupae
were selected from these vials, washed (see Sections 3.2.6 and 3.2.7 respectively)
and transferred into 10 choice chambers (see Section 3.2.8), 20 pupae per chamber.
The choice chamber contained two food sources, one the diet upon which they were
raised and the other a standard medium. For example, if raised on 0% sucrose as
larvae, one of the wells would contain this 0% sucrose medium and the other a
standard 100% sucrose medium. These individuals were left in these chambers for
three days in order to ensure sexual maturity had been reached. They therefore had
a choice of two food types to feed upon during this period. After 3 days the adults
were transferred to fresh choice chambers containing the same food choices and left
for 24 hrs. After 24 hrs the adults were removed and discarded, and the number of
eggs on each food type was counted. To aid accurate counting of egg numbers,
minuten pins were placed onto the food patches dividing them into four smaller
sections. Running in parallel with these experiments, larvae were also raised on a
standard diet and then as adults offered the same choices. For example, in parallel
with the 0% sucrose experiments, larvae were also raised on 100% sucrose and then

as adults offered the choice of 0% or 100% sucrose to lay their eggs on.

3.2.3 Method 2 - Controlling Adult Diet Prior to Egg Laying Preference Analysis

Method 1 involved varying the diets that the larvae were raised on and then
allowing the adults the choice of 2 diets to feed upon for 3 days before egg laying
preferences were tested (see Section 3.2.2). This, however, meant that the effect of
adult feeding on egg laying preferences could not be determined. Therefore a
second method was utilised to determine the effects of both larval and adult diet on
subsequent egg laying preferences. An outline of this method can be seen in Fig.

3.2, followed by a more detailed description below.
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10 males and 10 females placed into a vial containing a specified medium

\ 4
After 24 hrs these adults were removed and discarded

v

The eggs laid in these vials were allowed the develop through to the pupal stage

v
Mature pupae were selected (3.2.6), washed (3.2.7) and placed into a fresh vial

containing either the diet upon which they were raised or a standard diet
The flies were left in these vials for 3 d to allow them to reach sexual maturity

v
Flies were transferred into a choice chamber (3.2.8) and left to lay eggs for 24 hrs

v
Flies were removed and discarded and the number of eggs laid on each patch

counted

Figure 3.2: A flow diagram giving an outline of method 2 used to determine
whether larval diet influences adult food choice. This method involved adults being
exposed to only one food source for the duration of their adult lives until their egg

laying preferences are tested.
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10 males and 10 females were placed into vials containing a specified medium
(see Section 3.2.5), for example 0% sucrose. 20 vials were set up per food type.
These adults were left in these vials for 24 hrs before being removed and discarded.
The eggs that had been laid were allowed to develop through to the pupal stage.
400 mature pupae per food type were then collected and washed as described in
Sections 3.2.6 and 3.2.7. This time, however, instead of being placed into a choice
chamber as they were Method 1, the pupae were instead placed into fresh vials
containing either the diet upon which they were raised or a standard diet. For
example, when raised as larvae on 0% sucrose, half of the pupae collected were
placed into 10 fresh vials containing 0% sucrose and the other half into 10 vials
containing 100% sucrose, 20 pupae per vial. These pupae were allowed to eclose
and the adults allowed to féed in these vials for 3 days. The adults therefore did not
have a choice of diets to feed upon as they did in Method 1. After 3 days, the adults
were collected out of these vials using a pooter and placed into a choice chamber
containing both the diet upon which they were raised as larvae and a standard diet.
A fresh choice chamber was used for each vial of flies. For example, when raised
as larvae on 0% sucrose, the adults were fed on either 0% or 100% sucrose. In the
choice chamber the adults were then offered the choice of both 0% and 100%
sucrose as an egg laying site. After 24 hrs in the choice chambers, the adults were
removed and discarded and the number of eggs on each food type counted. To aid
accurate counting of egg numbers, minuten pins were used to divide the food
patches into 4 smaller sections. In parallel with these experiments, controls were
conducted where larvae were raised on a standard diet and were then subject to the
same protocol. For example, in parallel with the experiment where individuals were
raised as larvae on 0% sucrose, others were raised on 100% sucrose. When pupae
were collected from these 100% sucrose vials they were either placed into vials
containing 0% or 100% sucrose. The adults were left to feed on these diets for 3
days. After 3 days, the adults were removed and placed into a choice chamber
containing both 0% and 100% sucrose and left to lay eggs for 24 hrs. A comparison
could therefore be made of the egg laying preferences of the adults when both larva
and adult diet was varied. This method was used with 0% and 25% sucrose along

with their 100% sucrose controls.
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3.2.4 Does Diet Over Several Generations Affect Oviposition Preference?

In addition to analysing at the effect of larval diet on oviposition preferences in
one generation, the effect of diet on egg laying preferences over several generations
was determined. This was done by placing 10 males and 10 females into a vial
containing a specified food medium. The adults were left for 24 hrs so that eggs
would be laid. The adults were then discarded and the eggs allowed to develop until
the adult stage. The adults that eclosed were then collected, and 10 males and 10
females were again placed into fresh vials of the same medium and allowed to lay
eggs. After 24 hrs these adults were again removed and the eggs again allowed to
develop through to adult flies. This was repeated until the flies had gone through
three generations on each food type. At generation 3 the egg laying preferences of
the adults were determined using Method 1 (see Section 3.2.2). This was done with

0% and 25% sucrose, along with their 100% controls.

3.2.5 Varying the Food Medium

To determine whether gustatory information about larval environment can be
learnt and this information retained through metamorphosis, the diets on which
larvae were raised was varied. In all cases, the medium used was based upon the
standard medium described in Section 2.5. The concentrations of several of the
ingredients in this standard medium were, however, varied. These variations
included changes in the concentration of carbohydrate or yeast within the medium.
The concentrations of carbohydrate and yeast were varied to 0%, 12.5%, 25% and
50% of the amounts used in the standard medium. Carbohydrate type was also
varied, including sucrose, fructose, glucose or trehalose. Finally, varying
concentrations of sodium chloride (NaCl) were also added to the standard sucrose
medium. The concentrations of NaCl used were 13 mM, 25 mM, 50 mM, 100 mM
and 200 mM.
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3.2.6 Selection of Mature Pupae

To use individuals at a similar developmental stage, only mature pupae were
selected from the vials. Mature pupae were recognised by selecting only those that
had well-developed eyes (Fig. 3.3). These pupae were removed from the vials using

a damp paintbrush.

Figure 3.3: The method used to select mature pupae. Early during pupal
development, no eye is visible (left). As the pupae mature, so an orange colour can
be seen as the eye develops (middle). In mature pupae this colour becomes darker
until it becomes a deep red (right). Only pupae with deep red eyes were selected for

the experiments.

3.2.7 Washing of the Puparia

Once removed from the vials, the pupae were washed to ensure that no trace of
the larval diet was left on the pupal cases. This was carried out to discount the
possibility that any changes in adult behaviour could be due to exposure to residues
of food left on the pupal case. Once removed from the vials, the pupae were
transferred to fine gauze and washed with the aid of a soft brush. Firstly, they were
washed in distilled water for 30 s at room temperature, followed by 70% ethanol for

5 s, followed by a further two washes in distilled water for 10 s each. The puparia
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were then placed on filter paper to dry before being transferred to the choice

chamber.

3.2.8 The Choice Chamber

The choice chamber comprised a 90 mm petri dish containing 17 ml of 3% agar.
Two wells, 15 mm in diameter, were made in the agar along the central line of the
plate, each 15 mm from the edge of the plate (Fig. 3.4). The experimental medium
was placed into one of these wells, and the standard medium placed into the other
well. These media were differentially marked with food dye. The colours used
were red (Supercook), green (Supercook) or blue (Supercook) food dye. Initial
experiments were conducted where both wells contained standard media to ensure
there was no innate preference for either the red, green or blue food dye. In
addition, the concentrations of these dyes were varied to find the optimum
concentrations where no innate preferences were present and the eggs could clearly
be seen on top of the food medium. To further control for the possible effect of
food colour on egg laying preferences during the experimental procedure the media
type containing the red dye was varied between the experimental media and the
standard media. When the pupae had developed they were washed and 20 mature

pupae were arranged along the midline of each choice chamber.

3.2.9 Statistical Analysis

For all experiments conducted using method 1, firstly the affect of diet type on
the total number of eggs laid was determined using a three-way ANCOVA, with
dye colour and numbers of males and females in each experiment as covariates. A
3-way ANCOVA was also conducted looking at the effect of concentration on the
number of eggs laid on the experimental medium. In this case, the number of eggs
laid on the experimental medium was first transformed into a binomial distribution.
For method 2, where the effect of adult diet was also incorporated into the
experimental design, a 2-way ANOVA was used. All statistics were conducted
using SPSS version 14.0 for Windows.
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Figure 3.4: The choice chamber. The two wells contain food media, one of which is
the medium upon which the larvae were raised and one is a standard medium.

Pupae were lined up in a row along the centre of the choice chamber in between the

two food sources.

38



3.3 Results

3.3.1 The effect of dye colour on egg laying preferences

Initial experiments were conducted where the two food sources offered to the
flies contained a standard diet. This was done to determine whether the colour of
the food dye had any effect on adult egg laying preferences. Initially the two colours
used were red and green, however with this colour combination the flies always had
a preference for the red food medium/an aversion to the green food medium. This
was repeated for many different combinations of red and green dye concentrations
but in all cases there was a clear preference for the red food dye. Only one example
is shown here, where the red dye is at a concentration of 250 pl/50 ml food and the
green 450 pl/50 ml food (F 1,6 = 52.43, P <0.01) (Fig. 3.5). In this case, 56.9% of
the eggs were laid on the red food medium and 43.1% were laid on the green food
medium (n=1072).

A different colour combination therefore had to be found where the flies would
not show any preference for one particular colour. Red and blue food dye was
therefore tested at several different concentrations. The concentrations found to be
optimal for observing the eggs clearly on the food patches were 0.75 ml dye/50 ml
food for the red dye and 1 ml dye/50 ml food for the blue dye. Results showed no
significant preference for either the red or the blue food media as an egg laying site
at these concentrations (F' 1, 13 = 0.004, P = 0.952) (Fig. 3.6). 48.5% of the total
eggs were laid on the red food medium and 51.5% were laid on the blue medium (n
= 825). Red and blue at these concentrations were therefore used throughout the

rest of this thesis.
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Figure 3.5: The effect of red and green dye on egg laying preferences. A graph
showing the results of the control experiment where adult Drosophila were offered
the choice of two standard diets to lay their eggs on. One of the choices contained
red food dye and the other contained green food dye. ** indicates a significant
difference at the P < 0.01 level. Flies showed a significant preference for the red
food medium as an egg laying site (F | s = 52.43, P < 0.01) (n = 1072).
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Figure 3.6: The effect of red and blue dye on egg laying preferences. Results of a
control experiment where adult Drosophila were offered the choice of two standard
diets to lay their eggs on. One of the choices containing red food dye and the other
contained blue food dye. Results showed that the colour of the food had no
subsequent affect on egg laying preferences (F ; 15 = 0.004, P = 0.952) (n = 825).
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In addition to doing these initial control experiments, the effect of dye colour
was also included as a covariant in the statistical analysis of the raw data. Results
showed that for sucrose (F; ;4 = 0.386, P = 0.535), trehalose (F;59 = 0.692, P =
0.409) and glucose (F; 9 = 2.335, P = 0.131) dye colour had no affect on the total
number of eggs laid by the adults. However, in the cases where dye colour does
have an affect on the total number of eggs laid (fructose: F; 49 = 5.423, P < 0.05;
yeast: F; 5, = 9.438, P <0.01; NaCl: F; ;35 = 5.846, P < 0.05), only for salt does
dye colour have an effect on whether these eggs are laid on the experimental or
control medium (fructose: F; 4 = 3.807, P = 0.06; yeast: F; 54, = 9.438, P <0.01;
NaCl: F; ;g6 = 5.846, P <0.05).

3.3.2 Does the proportion of males and females affect egg laying numbers and

preferences?

Results showed that all cases the number of females had a significant affect on
the total number of eggs laid (sucrose: F; ;49 = 43.920, P < 0.01; fructose: F; g9 =
8.639, P < 0.01; trehalose: F; 49 = 8.844, P < 0.01; glucose: F; 49 = 5.290, P <
0.05; yeast: F; 54 = 21.488, P < 0.01; NaCl: F; ;55 = 49.750, P < 0.01) (data not
shown). The number of males only had a significant affect on the total number of
eggs laid when the carbohydrate being manipulated in the diet was sucrose, with the
number of eggs laid initially increasing with the number of males followed by a
decrease as the number of males became higher (sucrose: F; ;4 = 11.992, P < 0.05;
fructose: F; 40 = 1.682, P = 0.199; trehalose: F; g0 = 0.74, P = 0.786; glucose: F; 9
= 1.525, P = 0.221; yeast: F; s, = 2.125, P = 0.151; NaCl: F; ;85 = 2.764, P =
0.09) (data not shown).

When the effect of larval diet on adult egg laying preferences was analysed with
the number of males and females as a covariate results showed that for glucose and
yeast the number of females present had a significant affect on the egg laying
preferences (glucose: F; g9 = 4.402, P < 0.05; yeast: F; 54 = 4.656, P < 0.05). In
both cases there was a decrease in the number of eggs laid on the experimental
medium as the number females increased. In all other cases there was no affect of

the number of females present on egg laying preferences (sucrose: F; ;49 = 1.352, P
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= 0.247; fructose: F; g9 = 0.341, P = 0.561; trehalose: F; 49 = 2.518, P = 0.117,
NaCl: F; ;86 = 0.034, P = 0.855). The number of males present only had a
significant affect on the egg laying preferences of the females for the yeast and
NaCl experiments (sucrose: F; ;49 = 0.069, P = 0.793; fructose: F; 50 = 1.975 P =
0.164; trehalose: F; g0 = 1.729, P = 0.193; glucose: F; g0 = 0.565, P = 0.455; yeast:
F; 54 = 6.622, P < 0.05; NaCl: F; ;86 = 4.103, P < 0.05). For both the yeast and
NaCl data, as the number of males increased so the proportion of eggs laid on the

experimental medium decreased (data not shown).

3.3.3 Does Larval Diet Influence Adult Food Choice — Results From Method 1

When sucrose concentration was varied in the diet, larval diet had no significant
affect on adult egg laying preference using a 3-way ANCOVA (F' 1, 140 =1.331, P =
0.250) (Fig. 3.7). There was, however, a significant affect of the concentration of
sucrose in the diet irrespective of larval diet (F' 3, 149 = 6.653, P < 0.01). As the
concentration of sucrose in the experimental medium increased so the number of
eggs laid on that medium also increased (Fig. 3.7). There was no significant
interaction between larval diet and sucrose concentration in the experimental
medium on egg laying preference (F' 3 ;40 = 1.635, P = 0.184). No effect of larval
diet was observed for the total number of eggs laid (F' ; 74 = 0.070, P = 0.781),
however, as sucrose concentration in the experimental medium increased, so the
total number of eggs laid decreased, irrespective of larval diet (F' 3 ;40 = 9.309, P <
0.01) (data not shown).
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Figure 3.7: The effect of sucrose concentration in the larval diet on adult egg laying
preference. Means + standard errors for the number of eggs laid on the reduced
sucrose content medium when raised as larvae on that reduced sucrose content
medium (yellow circles) or on the standard, 100% sucrose, medium (pink circles).
** indicates a significant difference at the P < 0.01 level. Larval diet had no
significant affect on adult egg laying preference, however sucrose concentration in
the diet did with an increasing number of eggs being laid on the experimental
medium as the sucrose concentration in that medium increased (n (0% sucrose =
2151; n (12.5% s'ucrose) = 4006; n (25% sucrose) = 3824, n (50% sucrose) =
2846).

When raised as larvae on a 0% sucrose medium, adults laid slightly less eggs on
this medium (30.4% of the total eggs laid; n = 954) than those raised as larvae on a
100% sucrose and subsequently given the same choices (42.7% of the total eggs
laid; n =1197) (Fig. 3.7). When larvae were raised on 12.5%, 25% or 50% sucrose,
adults laid just under half of their eggs on the reduced sucrose content medium
irrespective of larval diet (Fig. 3.7). For example, when raised as larvae on a 25%

sucrose medium, 42.8% of the total eggs were laid on this medium (n = 1855).
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When raised as larvae on a 100% sucrose medium and given the same choices,

46.0% of the total eggs were laid on the 25% sucrose medium (n = 1969).
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Figure 3.8: The effect of fructose concentration in the larval diet on adult egg
laying preference. Means + standard errors for the number of eggs laid on the
reduced fructose content medium when raised as larvae on that reduced fructose
content medium (yellow circles) or the standard, 100% fructose, medium (pink
circles). Varying the fructose concentration in the larval diet had no subsequent
affect on adult egg laying preference at any of the concentrations tested (n (0%
Sfructose) = 2287, n (12.5% fructose) = 3118, n (25% fructose) = 2499; n (50%
fructose) = 3462).

Varying the concentration of fructose in the larval diet had no affect on adult egg
laying preference (F' ; g9 = 5.032, P = 0.280). In all cases adults showed a
preference to lay their eggs on the 100% fructose medium irrespective of larval diet
(Fig. 3.8). For example, when raised as larvae on a diet containing 12.5% fructose,

37.1% (n=2019) of the total eggs were laid on this medium. When raised on 100%
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fructose as larvae and subsequently given the same choices, 31.2% (n = 1099) of the
total eggs were laid on the 12.5% fructose medium. The concentration of fructose
in the diet also had no significant affect on the number of eggs laid on the
experimental medium (F 3 g9 = 0.718, P = 0.545). There was also no significant
interaction between these two factors (F 3 59 = 2.027, P = 0.118). Larval diet also
had no affect on the total number of eggs laid by the adults (¥ ; 9 = 5.032, P =
0.280) but the diet irrespective of larval diet does (F 3 9 = 5.072, P <0.05) with an
increase in the number of eggs laid as the fructose concentration in the larval diet

increased (data not shown).

Varying the concentration of trehalose in the larval diet had no significant affect
on adult egg laying preference (¥ ; g9 = 0.230, P = 0.633). In all cases, adults laid
under half of their eggs on the reduced trehalose content medium irrespective of
larval diet (Fig. 3.9). For example, when raised as larvae on a 25% trehalose
medium, 29.4% of the total eggs were laid on this medium (n = 1525). When raised
as larvae on a 100% trehalose medium and given the same choices, 31.1% of the
total eggs were laid on the 25% trehalose medium (n = 1158). The concentration of
trehalose in the diet did have a significant affect on the number of eggs laid on the
experimental medium (F 3 g9 = 4.759, P < 0.01), irrespective of larval diet. There
was also a significant interaction of larval diet and trehalose concentration in the
experimental medium on the egg laying preferences of the females (F 3 59 = 2.912,
P <0.05). As the concentration of trehalose in the experimental medium increased
so the percentage of eggs laid on that medium increased if raised on the 100%
trehalose medium but decreased if raised on the reduced trehalose medium (Fig.
3.9). Larval diet did have an effect on the total number of eggs laid (F ; s = 8.085,
P < 0.05), with a slow increase in the number of eggs laid up to 25% trehalose and

then a sharp decrease for 50% trehalose (data not shown).
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Figure 3.9: The effect of trehalose concentration in the larval diet on adult egg
laying preference. Means + standard errors for the number of eggs laid on the
reduced trehalose content medium when raised as larvae on that reduced trehalose
content medium (yellow circles) or on the standard, 100% trehalose, medium (pink
circles). * indicates a significant difference at the P < 0.05 level. When raised as
larvae on the reduced trehalose content medium there was an initial decrease in the
fotal number of eggs laid but a subsequent increase for 50% trehalose (n (0%
trehalose) = 2335, n (12.5% trehalose) = 2391, n (25% trehalose) = 2683, n (50%
trehalose) = 1798).

Varying the concentration of glucose in the larval diet had no affect on adult
egg laying preferences (F ; g9 = 3.801, P = 0.06). For example, when raised as
larvae on a diet containing 25% glucose, 45.1% (n = 497) of the total eggs were laid
on this medium. When raised on 100% glucose as larvae and subsequently given the
same choices, 49.7% (n = 382) of the total eggs were laid on the 25% glucose
medium. The concentration of glucose in the diet had a significant affect on egg

laying preferences irrespective of larval diet (F' 3 69 = 8.424, P <0.01). As glucose
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concentration in the diet increased so the number of eggs laid on this medium
decreased (Fig. 3.10). There was no significant interaction of larval diet and
glucose concentration in the experimental medium on egg laying preferences (£ ;, 59

=0.191, P = 0.902).
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Figure 3.10: The effect of glucose concentration in the larval diet on adult egg
laying preference. Means + standard errors for the number of eggs laid on the
reduced glucose content medium when raised as larvae on that reduced glucose
content medium (yellow circles) or the standard, 100% glucose, medium (pink
circles). Varying glucose concentration in the larval diet had no subsequent affect
on adult egg laying preference at any of the concentrations tested (n (0% glucose) =
893, n (12.5% glucose) = 1573, n (25% glucose) = 879, n (50% glucose) = 1402).
The glucose concentration in the diet did have an effect on egg laying preference,
irrespective of larval diet, with the number of eggs being laid on the experimental

medium decreasing as the glucose concentration in the diet increased.

Flies were raised as larvae on diets varying in yeast concentration (0%, 12.5%,
25% or 50% yeast). At 0% and 12.5% yeast, however, very few pupae developed

and therefore the experiments at these concentrations could not be conducted. At
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25% and 50% yeast sufficient pupae developed and results showed that varying the
concentration of yeast within the larval diet did have a significant affect on adult
egg laying preferences (F' ; s¢ = 4.566, P < 0.05). When raised as larvae on a diet
containing reduced yeast concentrations, adults were less likely to lay their eggs on
this medium than if raised on 100% yeast and subsequently given the same choices
(Fig. 3.11). For example, when raised as larvae on 25% yeast, 31.7% (n = 1355) of
the total eggs were laid on this medium whereas when raised as larvae on 100%
yeast, 40.1% (n = 843) of the total eggs were laid on the 25% yeast medium. There
was also a significant affect of diet on egg laying preference irrespective of larval
diet (F ; s¢ = 5.384, P < 0.05), with more eggs being laid on the reduced yeast
content medium for 50% yeast than for 25% yeast (Fig. 3.11).
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Figure 3.11: The effect of yeast concentration in the larval diet on adult egg laying
preference. Means + standard errors for the number of eggs laid on the reducea
yeast content medium when raised as larvae on that reduced yeast content medium
(vellow circles) or the standard, 100% yeast, medium (pink circles). * indicates a
significant difference at the P < 0.05 level. Flies raised as larvae on reduced yeast
content media were less likely to lay their eggs on this media than those raised on a
100% yeast diet and given the same choices. In addition, the higher the
concentration of yeast in the experimental medium, the more eggs laid on it,

irrespective of larval diet (n (25% yeast) = 2198, n (50% yeast) = 2849).
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The concentration of NaCl in the larval diet was varied, there was no
significant affect on adult egg laying preferences (F' ;, 196 = 0.158, P = 0.691). For
example, when raised as larvae on a 100 mM NaCl supplemented medium, 46.8%
(n = 1960) of the total eggs laid were laid on this medium. When raised as larvae
on a standard diet without any additional NaCl, 40.9% (n = 2113) of the total eggs
were laid on the 100 mM NaCl medium. Ignoring larval diet, the concentration in
the experimental medium did have a significant affect on egg laying preference (F
186 = 6.846, P < 0.01) with the number of eggs being laid on the experimental

medium decreasing as the NaCl concentration in the medium increased (Fig. 3.12).
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Figure 3.12: The effect of varying NaCl concentration in the larval diet on adult
egg laying preference. Means + standard errors for the number of eggs laid on the
NaCl supplemented medium when raised as larvae on that medium (yellow circles)
or on the standard, non supplemented medium (pink circles). * indicates a
significant difference at the P < 0.05 level. Larval diet had no subsequent effect on
adult egg laying preference but NaCl concentration in the experimental medium did
affect the number of eggs laid on this medium with the number of eggs being laid on
the NaCl containing medium decreasing with increasing NaCl concentration (n (13
mM = 4792); n (25 mM NaCl) = 5591, n (50 mM NaCl) = 4585; n (100 mM NaCl)
=4073); n (200 mM NaCl) = 3635).
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3.3.4 Does Larval Diet Influence Adult Food Choice — Results From Method 2

Method 2 involved controlling the diet of both the larvae and the adults. Results
showed that for 0% sucrose, larval diet had a significant affect on adult egg laying
preferences (Table 3.1). Adult diet did not have any affect on egg laying
preferences. In addition, there was no significant interaction of the two factors on
egg laying preference (Table 3.1). Flies raised as larvae on 0% sucrose laid
significantly less eggs on this medium as adult when compared to those raised as
larvae on 100% sucrose (Fig. 3.13). In order to compare this to the 0% sucrose data
when employing method 1, a one-way ANOVA was conducted on this data and
results showed that there was a significant affect of larval diet on adult egg laying
preferences for 0% sucrose (F' ; 35 = 4.198, P < 0.05) (Fig. 3.7). This was not
observed in the 3-way ANCOVA initially conducted on this data, but this probably

due to the data being grouped in with the rest of the sucrose concentrations.

Factor d.f SS MS F-ratio P-value
Larval Diet |1 2074.2 2074.2 5.43 <0.05
Adult Diet |1 16.5 16.5 0.043 0.836
Interaction | 1 254.8 254.8 0.67 0.420
Error 36 13764.8 382.4

Table 3.1: The results of the 2-way ANOVA conducted to determine the affects of
both larval and adult diet on subsequent adult egg laying preferences. The result of
the statistical analysis show that for 0% sucrose only larval diet had a significant

affect on adult egg laying preferences.
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Figure 3.13: The effect of sucrose concentration in the larval diet on adult egg
laying preference using method 2 for 0% sucrose. Means + standard errors for the
percentage of eggs laid on the 0% sucrose medium when raised on either a 0% or a
100% sucrose medium as larvae and then as adults fed either a 0% sucrose (yellow
circles) or a 100% sucrose (pink circles) medium. * indicates a significant
difference at the P < 0.05 level. A larval diet of 0% sucrose significantly decreased
the number of eggs laid on this medium when compared to those raised as larvae on
the 100% sucrose medium. Adult diet had no affect on subsequent egg laying
preferences (n = 268).

When the concentration of sucrose in the media was reduced to 25% of the
standard concentration, neither larval diet or adult diet had a significant affect on
adult egg laying preferences (see Table 3.2). In addition, there was no significant
interaction of the two factors on egg laying preference (Table 3.2). In all cases flies
laid the majority of their eggs on the 100% sucrose medium independent of any

previous exposure (Fig. 3.14). Similar results were found when a one-way ANOVA
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was conducted on the 25% sucrose data for method 1 (F ; 3¢ = 0.222, P = 0.640)
(Fig. 3.7).

Factor d.f SS MS F-ratio P-value
Larval Diet |1 293.8 293.8 0.83 0.368
Adult Diet |1 879.7 879.7 2.49 0.124
Interaction | 1 402.0 402.0 1.14 0.294
Error 36 12746.0 354.1

Table 3.2: The results of the 2-way ANOVA conducted to determine the affects of
both larval and adult diets on subsequent adult egg laying preferences. The results
of the statistical analysis show that for the 25% sucrose medium neither larval nor

adult diet had a significant affect on adult egg laying preferences.
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Figure 3.14: The effect of sucrose concentration in the larval diet on adult egg
laying preference using method 2 for 25% sucrose. Means + standard errors for the
percentage of eggs laid on 25% sucrose when raised on either the 25% or the 100%
sucrose medium as larvae and then as adults fed either 25% sucrose (yellow
circles) or 100% sucrose (pink circles). Neither larval nor adult diet had any affect

on subsequent egg laying preferences (n = 282).
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3.3.5 Does Diet Influence Egg Laying Preferences Over Several Generations?

When flies were raised for several generations on either 0% or 25% sucrose and
then their egg laying preferences tested at generation 3, results showed that a 0%
sucrose diet had a significant affect on adult egg laying preferences (¥ | 13 = 12.42,
P <0.05) (Fig. 3.15). For 25% sucrose, 3 generations of feeding on this media had
no subsequent affect on adult egg laying behaviour (¥ ; 13 =0.513, P = 0.483) (Fig.
Sal5

70}
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Figure 3.15: The effect of sucrose concentration in the diet on adult egg laying
preference in generation 3 for 0% sucrose. Means + standard errors for the
percentage of eggs laid on the experimental medium when raised on that medium
(vellow circles) for 3 generations or raised on the 100% sucrose medium (pink
circles) for 3 generations and then given the same choices. * indicates a significant
difference at the P < 0.05 level. When raised for 3 generations on a 0% sucrose
medium, flies laid significantly less eggs on the 0% sucrose medium than those
raised for 3 generations on 100% sucrose and subsequently given the same choices
(n = 1850). A diet of 25% sucrose for 3 generations had no affect on subsequent
egg laying preferences (n = 1261).

53



When raised for 3 generations on a 0% sucrose medium, adults laid less eggs on
this medium (10.8% of the total eggs laid, n = 420) than those raised as larvae on a
100% sucrose and subsequently given the same choices (34.1% of the total eggs
laid, n = 1430) (Fig. 3.15). When raised on a 25% sucrose medium for 3
generations, adults showed no significant preference for food type depending on
larval diet (Fig. 3.15), with 39.8% of the eggs being laid on the 25% sucrose
medium if raised on it as larvae compared to 47.6% when raised as larvae on 100%
sucrose. These results are the same as those found for generation 1 (see Section

3.3.1).

In addition to this, a 2-way ANOVA was conducted to determine whether there
was any change in adult oviposition preference across the generations, i.e. the data
from generation 1 and generation 3 was compared. Results showed that for both
0% and 25% sucrose there was no generational affect of diet upon egg laying
preferences. For 0% sucrose, however, the effect of sucrose concentration over the
generations is very close to being significant (P = 0.06) (0% sucrose: Table 3.3; Fig.

3.16; 25% sucrose: Table 3.4; Figure 3.17).

Factor d.f SS MS F-ratio P-value
Larval Diet |1 3193.9 3193.9 15.10 <0.01
Generation | 1 1697.1 1697.1 8.02 0.06
Interaction |1 439.6 439.6 2.08 0.155
Error 56 11842.7 211.5

Table 3.3: The results of the 2-way ANOVA conducted to determine the affects of
both diet and generation on subsequent adult egg laying preferences. The result of
the statistical analysis show that for the 0% sucrose medium larval diet did have a

significant affect on egg laying preferences but generation did not.
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Factor d.f SS MS F-ratio P-value
Larval Diet |1 132.38 132.38 1.402 0.241
Generation | 1 61.62 61.62 0.652 0.423
Interaction | 1 31.06 31.06 0.329 0.569
Error 56 5289.12 94.45

Table 3.4: The results of the 2-way ANOVA conducted to determine the affects of
both diet and generation on subsequent adult egg laying preferences. The result of
the statistical analysis show that for the 25% sucrose medium neither larval diet nor

generation had a significant affect on egg laying preferences.

The results of the 2-way ANOVA show that when raised as larvae on a 0%
sucrose medium, adults laid significantly fewer eggs on this medium as adult
compared to those raised as larvae on a 100% sucrose medium and subsequently
given the same choices (Fig. 3.16). This is the case for both generation 1 and
generation 3. There is not, however, a significant difference in the number of eggs
laid on the 0% sucrose medium when the results from generation 1 and generation 3

were compared (Fig. 3.16).
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Figure 3.16: The effect of sucrose concentration in the diet on adult egg laying
preference over 3 generations for 0% sucrose. Means + standard errors for the
percentage of eggs laid on the 0% sucrose medium when fed on either a 0% or
100% sucrose medium for 1 generation (white circles) or 3 generations (green
circles). ** indicates a significant difference at the P < 0.01 level. When raised on
a 0% sucrose medium, flies laid less eggs on the 0% sucrose medium than those
raised on a 100% sucrose medium and subsequently given the same choices for
both generation 1 and 3. No significant difference was found in the number of eggs

laid on the 0% sucrose medium when comparing generation 1 with generation 3 (n
=4001).

When flies were raised for 3 generations on a 25% sucrose medium, results
showed that this had no subsequent affect on adult egg laying preferences (Fig.
3.17). There was also no significant difference in the number of eggs laid on the

25% sucrose medium when generation 1 and generation 3 were compared (Fig.

3.17).
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Figure 3.17: The effect of sucrose concentration in the diet on adult egg laying
preference in over 3 generations for 25% sucrose. Means + standard errors for the
percentage of eggs laid on the 25% sucrose medium when fed on either a 25% or a
100% sucrose medium for 1 gemeration (white circles) or 3 generations (green
circles). No significant difference was found in the number of eggs laid on the 25%
sucrose medium for either generation 1 or generation 3. In addition, there was no
significant difference in the number of eggs laid on the 25% sucrose medium when

the results from generation 1 and generation 3 were compared (n =5085).
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3.4 Discussion
3.4.1 The effect of dye colour on egg laying

Before these experiments could begin initial control experiments were required
to determine whether the flies had an innate preference to lay their eggs on a
medium dependent on its colour. Flies were therefore offered the choice to lay their
eggs on either a red or a green medium, both media being 100% sucrose. The
results of this experiment showed that the flies had a preference to lay their eggs on
the red food medium when given this choice. The combination of red and green
food dye was initially chosen as previous data from the lab (A. Massey, unpublished
data) had shown that flies had no innate preference for either red or green food
media as an egg laying site. The reason for this discrepancy in results is unclear but
may be due tb additives in the green dye that were aversive to the flies. It was
decided, however, that a different colour combination should be found. Red and
blue was therefore tested. This combination was chosen as several other studies had
found that flies have no innate preference for either colour when testing feeding
preferences (Meunier et al, 2003; Tanimura et al, 1982). The results of this
experiment showed that colour had no effect on adult egg laying behaviour and

therefore it was this colour combination that was used in the rest of this study.

In addition to these control experiments, the effect of dye colour was also
included as a covariant in the analysis of the effects of diet on the total number of
eggs laid and number of eggs laid on the experimental medium when larval diet was
varied. For the sucrose, trehalose and glucose experiments there was no effect of
dye colour on the number of eggs laid. For the fructose and yeast experiments,
there was a significant effect of dye colour on the total number of eggs laid but not
on the choice of diet these eggs were laid on. Therefore, in these cases, although
there may have been an effect of dye colour on the total number of eggs laid this
would not have had an effect on the results of the experiments looking at the effect
of larval diet on adult egg laying preferences as dye colour did not affect the choices
made by the adults. Finally, for the NaCl experiments, there was a significant effect

of dye colour on both the total number of eggs laid and the choice of egg laying site
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made by the female. Why this was the case is not clear, but this does highlight the

importance of analysing the effect of dye colour in similar experiments.

3.4.2 Does the proportion of males and females affect egg laying numbers and

preferences?

For all food types, there was an increase in the number of eggs laid as the
number of females within the choice chamber increased. It is of no surprise that as
the number of females increased so the number of eggs laid also increased. The
number of males present in the choice chamber only had a significant affect on the
number of eggs laid for the sucrose experiment. In this case there was an initial
increase in the number of eggs laid as the number of males increased followed by a

decrease as the number of males passed 13.

The number of males and females present also had a predictable effect on the
number of eggs laid on the experimental medium. In most cases there was no effect
but for the glucose and NaCl experiments there was a significant affect of the
number of females and for yeast and NaCl a significant effect of the number of
males present. In all cases as the proportion of the respective sex increased so the
number of eggs laid on the experimental medium decreased. This is highly likely to
be due to competition leading to the females having to choose a less attractive
medium as the food source will only be able to provide for a finite number of larvae
(Chess and Ringo, 1985).

3.4.3 Does the Method Used Affect the Results of the Preference Tests?

As mentioned in Section 3.2.1, there is a major problem to overcome when
trying to determine the affect of larval diet on adult egg laying preferences. This
problem is that adult Drosophila do not start laying eggs until about 3 days of age
(Jaenike, 1982). In order to survive, however, the flies have to feed between
eclosion and egg laying and this feeding could affect their egg laying preferences

(see Section 3.1.4). To overcome this problem, two different methods were utilised
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in this study. The first method involved raising larvae on a specified medium and
then providing the adults with both of the food sources they would be offered when
their egg laying preferences were tested (see Section 3.2.2). In the second method
adult diet was controlled, with the adults being fed only one of the two food sources
they would be offered when their egg laying preferences were tested (see Section
3.2.3). The first method is therefore more reflective of what would occur in the
fly’s natural environment, where after eclosion the adults disperse and therefore be
likely to come into contact with other food sources as well as the diet they fed on as
larvae. The second method, however, allowed for the relative affects of the two
feeding stages on egg laying preferences to be determined. When comparing the
results of the two methods (Method 2 was only conducted on 0% and 25% sucrose
and therefore only this data was compared), it is clear that both methods give the
same results i.e. that a larval diet of 0% sucrose can affect adult egg laying
preferences whereas a larval diet of 25% sucrose has no subsequent affect on egg
laying preferences (see Section 3.4.3 for a more detailed discussion of these results).

The two methods therefore provide the same results.

The results of Method 2 showed that adult diet had no affect on later egg laying
preferences. This is contradictory to several other studies in insects (Prokopy et al,
1982) including Drosophila (Cadieu et al, 2000; Hoffman, 1985; Jaenike, 1982 and
1983; Mery and Kawecki, 2002). It does, however, support other studies where
there has been no evidence for the affect of adult diet upon subsequent egg laying
preferences (Jaenike, 1983; Tabashnik, 1981). The variable results of the studies
looking at the effects of adult diet on egg laying preferences may be due to the type
of food used in that study. For example, in a study looking at the effects of adult
exposure to several different diets on subsequent egg laying preferences in
Drosophila, results showed that previous exposure to grape increased adult
preference for grape as an egg laying site whereas previous exposure to apple had
no subsequent affect on egg laying preferences (Jaenike, 1983). It is therefore
possible that the results of this study are due to the type of diet being used rather
than suggesting that adult diet never has an affect on subsequent egg laying

preferences.
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3.4.4 Does Larval Diet Influence Adult Food Choice? — Varying Carbohydrate Type

and Concentration in the Larval Diet

The effect of varying carbohydrate type and concentration in the diet on adult
egg laying preferences was dependent on the carbohydrate type and concentration
used. When the concentrations of sucrose and trehalose were varied in the diet, a
higher percentage of eggs were laid on the experimental medium when the
carbohydrate concentration in this medium was higher. For the fructose
experiments, there was no affect of fructose concentration on the egg laying
preference with the adults always showing a preference for the 100% fructose
medium. Finally, when glucose concentration was varied in the diet, fewer eggs
were laid on the experimental medium as the concentration of glucose in this
medium increased. Only for sucrose was there a significant affect of larval diet on
adult egg laying preference (Section 3.3.3) with adults showing a preference for the
0% sucrose if raised on it as larvae. This suggests that oviposition preferences for
fructose, glucose and trehalose within the medium are innate but that oviposition

preferences for sucrose can be influenced by larval environment.

The difference in response depending on the carbohydrate type being varied
when larval diet was manipulated may be reflective of the concentrations found in
the flies’ natural diet. Drosophila feed on rotting fruit in their natural environment.
Most fruits contain fructose and glucose at relatively high concentrations and most
also contain sucrose, but generally at lower concentrations (Adao and Gloria, 2005;
Li et al, 2002; Ordonez et al, 2005). In addition, concentrations of fructose and
glucose increase as the fruit ripens (Adao and Gloria, 2005; Ordonez et al, 2005).
Trehalose, which is present in yeast, will also increase in concentration as the yeast
concentration increases (Chyb et al, 2003). The fact, therefore, that larval diet had
no influence on adult egg laying preferences for fructose, glucose and trehalose may
be because in their natural environment these two carbohydrates are good indicators

of a suitable food source and are therefore innate.

Varying the concentration of sucrose in the larval diet only had a significant
affect on adult egg laying preferences when sucrose concentration was reduced to

0%. When flies were raised on 0% sucrose as larvae they were less likely to lay
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their eggs on this medium than if they were raised on 100% sucrose and
subsequently given the same choices. There are several possible reasons for this.
Firstly, when raised as larvae on a 0% sucrose medium the adults may be more
sensitive to sucrose due to a lack of carbohydrate in the larval diet and are therefore
more attracted to the high sucrose content medium than those raised on diets
containing high concentrations of sucrose. This has been described in several
species when looking at feeding preference (Abisgold and Simpson, 1987;
Amawaka, 2001; Edgecomb et al, 1994; Friedman et al, 1991; Schiff et al, 1988;
Simmonds et al, 1992; Telang et al, 2001). For example, when Spodoptera
littoralis larvae were raised on a carbohydrate deficient diet and then given the
choice of a carbohydrate or a protein rich diet, they showed a preference for the
carbohydrate rich diet as a food source (Simmonds e al, 1992). In this study, when
larvae were raised on a carbohydrate deficient diet (0% sucrose) and then as adults
offered either a carbohydrate deficient (0% sucrose) or sucrose rich (100% sucrose)
diet, they showed a preference to lay their eggs on the carbohydrate rich diet. The
results of this experiment are therefore similar to that described for feeding
preference when carbohydrate in the diet is firstly restricted. This difference in food
choice depending on previous diet is thought to be controlled by the monitoring of
nutrients in the haemolymph (Abisgold and Simpson, 1987; Amawaka, 2001,
Friedman et al, 1991; Schiff er al, 1988; Thompson, 2003). Another possibility is
that sucrose concentration in the diet is learnt during the larval stages and this
information retained through metamorphosis into the adult fly, where it then has an
impact on egg laying preferences. Carbohydrate concentration can be quite variable
between fruit types (Li et al, 2002) and may therefore be a good component of the
fruits chemistry to learn about in order to recognise the same fruit when living in a
highly complex environment. This may help to decide what food source out of all
the possible options is appropriate as an egg laying site. In addition, high sucrose
levels could be indicative of a fruit being a suitable site for larval development in
the future, as in some fruits the concentration of sucrose decreases during ripening
(Adao and Gloria, 2005). Therefore if the egg is laid on a fruit high in sucrose
content, by the time the egg hatches and the larvae go through the three larval stages

the fruit will begin to rot and so becomes a suitable site for larval development.
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3.4.5 Does Larval Diet Influence Adult Food Choice? - Varying the Concentration
of Yeast in the Larval Diet

When the concentration of yeast in the larval diet was reduced to 0% or 12.5% of
the standard concentrations no pupae developed. A lack of yeast is known to arrest
reproduction in Drosophila (Good and Tatar, 2001). The lack of pupae in the 0%
and 12.5% yeast experiments is therefore probably due to very few eggs being laid

by the adults at the beginning of the experiment.

Reducing the concentration of yeast in the larval diet to 25% or 50% of the
standard concentration had a significant effect on subsequent adult egg laying
preferences for both concentrations. In both cases, when the flies were raised on the
reduced yeast concentration medium they were less likely to lay their eggs on this
medium as adults compared to those raised on 100% yeast and given the same
choices. As with the sucrose data, this may be due either a change in sensitivity to
yeast (Abisgold and Simpson, 1987, Amawaka, 2001; Edgecomb et al, 1994;
Friedman et al, 1991; Schiff et al, 1988; Simmonds et al, 1992; Telang et al, 2001)
due to larval diet or due to the flies learning about the nutritional quality of the diet
as larvae and using this information to decide on a suitable egg laying site as adults
(see Section 3.4.3). As these results do not parallel those found when varying the
concentration of trehalose in the larval diet, other taste qualities as well as trehalose

within the yeast must be processed by the flies.

3.4.6 Does Larval Diet Influence Adult Food Choice? - Varying the Concentration
of Salt in the Larval Diet

Salt is important at low concentrations in the diets of animals, including insects,
but is aversive at high concentrations (Hiroi et al, 2004; Liu et al, 2003). It was
important therefore, to assess the role of salt in adult egg laying preferences. In this
study, varying the concentration of NaCl followed this pattern, with the number of
eggs being laid on the NaCl containing medium decreasing as the NaCl
concentration increased. There was no affect of larval diet on adult egg laying

preferences.
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Low concentrations of NaCl (below 200 mM) are attractive to Drosophila (Hiroi
et al, 2004; Liu et al, 2003) and studies have shown responses to NaCl at
concentrations as low as 10 mM NaCl (Liu et al, 2003). Therefore all of the
concentrations used in this study should have been detectable and attractive to the
flies. In this study, at the two lowest concentrations of NaCl used, a higher
percentage chose to lay their eggs on this diet than on the diet containing no
supplementary NaCl. For the three higher concentrations (50 mM, 100 mM and
200 mM) the eggs were laid approximately equally on the two food sources,
suggesting the adults have no preference for either food type. In this study,
therefore, it was only for 13 mM and 25 mM NaCl that the adults showed a
preference for the NaCl supplemented diet. This difference in results compared to
previous studies (Hiroi et al, 2004, Liu et al, 2003) may be due to many generations
of these flies being raised on a diet containing no supplementary NaCl. They may
therefore have evolved to not require as much salt as the wild flies that have not

been bred for many generations in the laboratory.

3.4.7 Does Diet Over Several Generations Affect Egg Laying Preference?

In addition to analysing whether larval diet influences egg laying preferences in
one generation, flies were kept on either 0%, 25% or 100% sucrose media for 3
generations and then their egg laying preferences tested to determine whether diet
over several generations can affect egg laying preferences. Results (see Section
3.3.4) showed that as for generation 1, if raised on 0% sucrose media for 3
generations flies were less likely to lay their eggs on this media as adults than those
raised on 100% sucrose and subsequently given the same choices. In addition, as
with generation 1 a diet of 25% sucrose for 3 generations had no subsequént affect
on adult egg laying preferences. When the data from generations 1 and 3 for both
0% and 25% sucrose were compared no significant difference in the number of eggs

laid on the experimental medium between the different generations was observed.

It has been argued that changes in egg laying preferences with either adult or

larval diet can lead to the formation of host races and eventually lead to speciation
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(Craig et al, 2001) (see Section 3.1.5). In this case only a larval diet of 0% sucrose
had a subsequent affect on adult egg laying preference and this is unlikely to lead to
host race formation as the effect of a larval diet of 0% sucrose actually decreases the
likelihood of adults laying their eggs on this medium. Several generations of being
raised on this diet did not change the preference of the adults, and they still laid
fewer eggs on this medium when raised on it as larvae. So, in this case, it would
appear that although results show larval diet can affect adult egg laying preferences
this is not likely to have an affect on host race formation or speciation. However,
this study only looked at three generations and it is possible that if raised on these

diets for a longer period of time that changes in preference could occur.

3.4.8 Hopkins’ Host Selection Theory

The results of this study clearly show that the effect of larval diet on adult
oviposition preferences depends on the chemical and concentration in question.
This could therefore explain why in some cases in the literature there has been no
evidence for the effect of larval diet on adult egg laying preferences (see Section
3.1.4). For example, Jaenike (1982) added 171 mM NaCl to the larval diet of
Drosophila and then tested the effect of this on subsequent adult egg laying
preferences. Results showed no significant affect of larval diet on subsequent adult
egg laying preferences. Jaenike (1982) argued that this disproved the Hopkin’s
Host Selection Theory. The results of this thesis, however, show that at lower
concentrations NaCl in the larval diet can affect subsequent adult egg laying

preferences.

The results of this study support the Hopkin’s Host Selection Theory that larval
diet can influence adult egg laying preferences. The fact that in this study the pupae
were thoroughly washed before the adults emerged make it unlikely that the
changes in egg laying behaviour are due to the exposure of the emerging adults to
residues of their larval environment on the pupal case (Corbet, 1985). This,
however, cannot be completely discounted as undetectable levels of contamination

may still have remained, though this is very unlikely.
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3.4.9 Summary

The results from this chapter show that the effect of larval diet on adult
oviposition preferences depends on the chemical and concentration in question. For
some chemicals (i.e. fructose and glucose) no effect of larval diet on adult
oviposition preferences was observed. For other chemicals, an effect was only
observed at certain concentrations (i.e. sucrose and trehalose at a concentration of
0%; NaCl at 13 mM). Finally, when the concentration of yeast in the larval diet was
varied, this affected adult oviposition preferences at both concentrations tested. The
change in adult egg laying preference when sucrose concentration was varied in the
larval diet was also observed even when the methodology was changed. In
addition, adult diet did not have any affect on subsequent egg laying preferences for
both 0% and 25% sucrose.

The fact that the effect of larval diet on adult oviposition preferences depended
on the chemical and concentration in question suggests that the behavioural
responses to some chemicals may be under genetic control whereas the behavioural
responses to others may be learnt. This may therefore explain why in the literature
there is conflicting evidence about the effects of larval diet on subsequent adult
oviposition preferences as different studies have used different chemicals at
different concentrations. This may also explain why in this study no effect of adult

diet on subsequent egg laying preferences was found.

Varying the concentration of some chemicals in the larval diet increased the
female’s preference for it as an oviposition site whereas other chemicals decreased
the female’s preference for it. This suggests that the females may be able to learn
whether their larval environment is suitable for their offspring and hence adapt their
behaviour accordingly. Another possibility is that there is a feedback mechanism
affecting the adults sensitivity to certain components of the diet and therefore if the
females are deficient in carbohydrate, for example, they will be attracted to a
carbohydrate rich diet as adults whereas if deficient in protein they will be attracted
to a high protein diet. The feedback mechanism is therefore specific to the

chemical. The issue of whether the change in egg laying preference with varying
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sucrose concentration in the larval diet is due to learning is investigated in Chapter
5.

Varying the concentration of sucrose in the diet for 3 generations had the same
effect on egg laying preference as was seen in generation 1. No change in egg
laying preferences was observed when the results of generation 1 and generation 3
were compared. This suggests that in this case the change in egg laying preference
with larval diet is unlikely to lead to the formation of host races and possible

speciation.
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Chapter 4: Does Larval Diet Influence Adult Feeding Preferences?

4.1 Introduction

4.1.1 Feeding Behaviour in Insects

In order to feed insects must first detect and then accept a food source. Studies
have shown that individuals are initially attracted to a possible food source by both
olfactory (Devaud, 2003; Hiroi et al, 2004) and visual cues (Dethier, 1954). When
the substrate is reached it is further examined using gustation (taste) (Dethier,
1954). Generally, the first step in the gustatory examination of the food source
involves contact with the taste sensilla of the legs. At this stage if the food is
considered acceptable the insect will extend its proboscis exposing the taste sensilla
on the mouthparts to the food, and again if it is considered acceptable, feeding
occurs (Dethier, 1955; Edgecomb et al, 1994; Pollack and Balakrishnan, 1997). At
any point during these sampling behaviours the food could be rejected (Szentesi and
Bernays, 1984). This sequence of behaviours is quite complex, suggesting that the
insect is making a specific decision about whether the food source is suitable or not
and this in turn suggests that an insect may have specific preferences to feed on

some substrates more than others.

4.1.2 What is Feeding Preference and Why is it Important?

Different insect species have different strategies for feeding. Some are
monophagus, feeding on only one food type. Some are oligophagus, feeding on a
small group of food sources and some are polyphagus, feeding on many different
food sources (Dethier, 1954). Those species that are either oligophagus or
polyphagus often have hierarchies in their feeding preferences (de Boer and
Hanson, 1984). This would be advantageous to an individual as different food
sources vary in their quality and hence affect the fitness of the individual. Although
host plant chemistry and nutritional quality is known to affect feeding preference
(Dethier, 1954; Ehrlich and Raven, 1964) other factors are also thought to drive the
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evolution of feeding preferences. These include predation (Bernays and Graham,
1988), parasitism (Jaenike, 1985; Price et al, 1986), host abundance (Dethier, 1954),
and competition (Dethier, 1954). Feeding preferences are extremely important to an
individual because not only will type of diet affect survival (Jones and Widemo,
2005) but it can also affect lifetime fecundity (Vandekerkhove et al, 2006) and the
survival of the offspring (Jones and Widemo, 2005).

Evidence suggests that feeding preferences are under genetic control (Forister et
al, 2007; Sotka, 2003; Stadler and Hanson, 1978). Some factors, however, can
influence the food choice that an insect will make and these include factors such as

nutritional status and previous experience and are discussed below.

4.1.3 Nutritional Control of Feeding Preferences

Insects require many different nutrients in order to survive (Chapman, 2003), but
not all food sources will contain the right balance of nutrients required by the insect.
After feeding, therefore, the insect may still be deficient in certain nutrients. The
‘geometric framework model’ describes the optimal food choices that an individual
should make on a nutritional basis in order to reach an ideal nutritional state
(Raubenheimer and Simpson, 1999; Simpson and Raubenheimer, 1993; Simpson
and Raubenheimer, 1999). For example, in a study by Simmonds et al (1992)
Spodoptera littoralis larvae were raised on diets deficient in either protein or
carbohydrate. They were then given a choice of either a protein or carbohydrate
rich diet. When raised on a diet deficient in protein, the larvae chose to feed on the
high protein diet, whereas when raised on a diet deficient in carbohydrate the larvae
fed preferentially on the carbohydrate rich diet. This phenomenon is known as
‘dietary self selection’ (Thompson, 2003), and has been described in many different
species of insect (Abisgold and Simpson, 1987; Amawaka, 2001; Friedman et al,
1991; Schiff et al, 1988; Telang et al, 2001) including Drosophila (Edgecomb et al,
1994). Similar results have also been gained from studies looking at dietary self
selection in mammals (Dibattista and Holder, 1998). This change in responsiveness
to certain nutrients with varying nutritional state is thought to be regulated by the

monitoring of nutrients within the haemolymph, although the underlying
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mechanism is at yet unknown (Abisgold and Simpson, 1987; Amawaka, 2001;
Friedman et al, 1991; Schiff et al, 1988; Thompson, 2003). It may, however, be
partly mediated by nitric oxide (Schuppe et al, 2007).

4.1.4 Control of Feeding Preferences by Experience within a Life History Stage

Previous experience has been implicated in contributing to the control of feeding
preferences in insects. For example, in a study by Stadler and Hanson (1978),
larvae of the tobacco hornworm Manduca sexta were raised until the forth larval
instar stage on a specified medium. The preferences of the fifth instar larvae were
then tested, and results showed that the larvae had a preference to feed upon the diet
upon which they were raised (Stadler and Hanson, 1978). This ‘induction of
preference’ has been described in many insects, including both oligophagus (de
Boer and Hanson, 1984; Jermy et al, 1968; Rowell — Rahier, 1984) and polyphagus
species (Grabstein and Scriber, 1982; Jermy et al, 1968; Pszczolkowski and Brown,
2005; Scriber, 1982). These feeding preferences have been shown to be retained
through several larval moults (Jermy et a/, 1968) and in some insects once induction
has occurred the insect will starve to death rather than consume another host plant
(Scriber, 1982). In other cases, however, no induction is observed (Boer and
Hanson, 1984; Chew, 1980; Rowell — Rahier, 1984). This may be due to induction
of feeding preference being variable depending on the food source used (de Boer
and Hanson, 1984; Jermy et al, 1968). Previous experience can also have the
opposite affect on subsequent feeding preferences. For example, when larvae of the
codling moth (Cydia pomonella) were exposed to Gingko leaves treated with
saccharine this caused the larvae to regurgitate. When subsequently offered a
choice of saccharin treated or untreated fruit these larvae avoided the saccharin
treated fruit and had therefore learnt to associate saccharin with a deleterious effect
and therefore avoided it (Pszczolkowski and Brown, 2005). Changes in feeding
preferences dependent on previous experience has also been described in other
species including snakes (Krause and Burghardt, 2001), spiders (Punzo, 2002),
snails (Desbuquois and Degunzan, 1995), nudibranchs (Avila, 1998), turtles
(Berghardt and Hess, 1966) and mammals (Distel and Provenza, 1991; Whitney and
Olson, 2006).
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The mechanisms involved in the induction of feeding preferences are as yet not
clear, although it has been suggested that it could be due to habituation or
sensitisation (Glendinning et al, 2001; Stadler and Hanson, 1978; Szentesi and
Bernays, 1984). Other studies suggest it may be due to changes in the
chemosensory system (Abisgold and Simpson, 1988; Simmonds et al, 1992) or
associative learning (Behmer et al, 1999; Blaney and Simmonds, 1985; Lee and

Bernays, 1990).

4.1.5 Control of Feeding Preferences by Experience between Life History Stages

The possibility that learning could be involved in feeding preferences leads to
the interesting question of whether these preferences can be retained through
metamorphosis and into the adult organism. This idea is similar to the Hopkins’
Host Selection Theory which suggests that larval diet can affect subsequent adult
oviposition preferences (see Section 3.1.4). As previously discussed, there is much
evidence to suggest that information about olfactory and visual cues during the
larval stages can be learnt and this information retained through metamorphosis
(Alloway, 1972; Borsellino et al, 1970; Gandolfi et al, 2003; Hershberger and
Smith, 1967; Manning, 1967; Ray, 1999; Rietdorf and Steidle, 2002; Somberg et al,
1970; Thorpe, 1939; Tully et al, 1994b). In addition, there is some evidence to
suggest that larval diet can affect subsequent adult oviposition preferences (see
Section 3.1.4). Others, however, have found no evidence for the retention of
memory through metamorphosis (Jaenike, 1982 and 1983; Monteith, 1962; van
Emden et al, 1996; Wiklund, 1974). No work, however, has ever looked at whether
feeding preferences learnt during the larval stages have any effect on subsequent

adult feeding preferences.

4.1.6 What Effects Could These Preferences Have on Future Generations?

If feeding experience affects subsequent feeding preferences and this is
continued through the following generations this can have a huge impact on the

species. Firstly, when the adults disperse if they have a preference for their larval
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habitat then dispersal between patches will be dependent on these patches
containing the same food source as the larval diet (Hanski and Singer, 2001). Thus

diet may affect dispersal of the adults and subsequent colonisation of new patches.

In mammals, much research has looked at the effects of diet during pregnancy on
the health of the offspring in later life (see Section 6.1.3). In these experiments,
results have shown that maternal diet can have an affect on birth weight (Stein and
Lumley, 2000) and the likelihood of cardiovascular disease (Kaati et al, 2002) and
diabetes mellitus (Boloker et al, 2002; Kaati et al, 2002) in later life. In insects diet
has also been shown to affect several traits including fecundity (Burger et al, 2007,
Butler and Robert, 2007; Kyneb and Toft, 2004; Naya et al, 2007), life span (Butler
and Robert, 2007; Kyneb and Toft, 2004) and survival (Burger ef al, 2007; Butler
and Robert, 2007). Therefore if feeding preferences are affected by larval diet this

could have a huge impact on the subsequent success of future generations.

4.1.7 What are the Benefits of Learning Food Preferences?

The learning of feeding preferences may be advantageous for several reasons.
Firstly, it may help the insect to find suitable food sources at a later date (Grabstein
and Scriber, 1982; Szentesi and Jermy, 1990). Learning may also allow the insect
to feed on a suitable substrate that it would normally find deterrent (Szentesi and
Jermy, 1990) and avoid food sources that are noxious (Stadler and Hanson, 1978).
In addition, some studies have shown that switching between food sources can

affect the efficiency of food utilisation (Grabstein and Scriber, 1982; Scriber, 1982).

4.1.8 Aims and Objectives

As we can see, feeding preferences within a species can vary for several different
reasons. It is generally accepted that nutritional status and previous experience
within a life history stage can affect feeding preferences. The issue of whether
larval experience can affect adult feeding preferences is still, however, a contentious

issue. In addition, many of the studies looking at the induction of feeding
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preferences have used plants to induce the feeding preferences, which have made it
difficult to determine which constituents of the diet have induced the preferences
observed (Szentesi and Jermy, 1990). This chapter will aim to resolve both of these
issues by raising Drosophila larvae on a defined medium of known content and
subsequently as adults test their feeding preferences. In addition, work in both
mammals and insects suggests that maternal food choice can affect the health and
success of both her offspring and that of subsequent generations and flies will
therefore also be raised for several generations on several different diets to

determine whether diet can also affect feeding preferences over several generations.
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4.2 Methods

4.2.1. Determining Whether Larval Diet Affects Adult Feeding Preferences

The aim of these experiments was to determine whether larval diet can affect
subsequent adult feeding preferences. To do this, larvae were raised on varying
diets where the concentration of one of the components of the standard diet was
varied (see Section 3.2.5). As adults, these individuals were then offered the choice
of either the diet upon which they were raised or a standard diet to feed upon. To
determine whether any change in preference occurred due to larval diet, control
experiments were run in parallel with these experiments where individuals were
raised on a standard diet as larvae and then as adults offered the same choices. The
results of the two experiments were then compared. An outline of the method used
can be seen in Fig. 4.1 followed by a more detailed description of each of the steps

involved.

10 males and 10 females placed into a vial containing a specified medium

|

After 24 hrs these adults were removed and discarded

|

The eggs laid in these vials were allowed to develop through to the pupal stage

|

Mature pupae were selected (3.2.6), washed (3.2.7) and placed into a choice
chamber (3.2.8)

|

The flies (eclosed from pupae of the previous step) were left in these chambers for 3

d before being removed and their feeding preferences determined (4.2.2)

Figure 4.1: A flow diagram giving an outline of the method used to determine

whether larval diet can influence adult feeding preferences.

74



10 males and 10 females aged between 3 — 10 d were placed into a vial
containing a specified medium (see Section 3.2.5), for example a medium
containing no added sucrose (0% sucrose). 10 vials were set up for each food type.
These adults were left in these vials for 24 hrs before being removed and discarded.
The eggs laid by these adults were allowed to develop through to the pupal stage.
At this point, 200 mature pupae per food type were selected from the vials, washed
(see Sections 3.2.6 and 3.2.7 respectively) and transferred into 10 choice chambers
(see Section 3.2.8), 20 pupae per chamber. The choice chamber contained two food
sources, one the diet upon which they were raised and the other a standard medium.
For example, if raised on 0% sucrose as larvae one of the wells would contain this
0% sucrose medium and the other a standard 100% sucrose medium. These
individuals were left in these chambers for three days to feed on the diet of their
choice. After 3 days the adults were removed from these chambers and examined
under a dissection microscope to determine their feeding preferences (see Section
4.2.2). Running in parallel with these experiments, larvae were also raised on a
standard diet and then as adults offered the same choices. For éxample, in parallel
with the 0% sucrose experiments, larvae were also raised on 100% sucrose and then
as adults offered the choice of 0% or 100% sucrose to feed upon. These

experiments were conducted with all the food types described in Section 3.2.5.

4.2.2 Determining Feeding Preferences

To determine the feeding preferences of the flies, the two wells of food offered
in the choice chamber (see Section 3.2.8) were differentially marked with food dye.
The colours used were red (Supercook), green (Supercook) or blue (Supercook)
food dye. Initial experiments were conducted where both wells contained standard
(100% sucrose) media to ensure there was no innate preference for either the red,
green or blue food dye. In addition, the concentrations of these dyes were varied to
find the optimum concentrations where no innate preference for either colour was
present and the feeding preference of the flies could be easily determined. To
further control for the possible effect of food colour on feeding preferences during
the experimental procedure the media type containing the red dye was varied

between the experimental media and the standard media.
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After 3 days within the choice chamber, the feeding preferences of the flies were
determined by drilling a small hole in the top of the choice chamber. This allowed
for a hose with carbon dioxide flowing through it to be inserted into the choice
chamber to anesthetise the flies. While anaesthetised, the flies could then be
examined under a microscope to determine the feeding preferences as the food dye
present in the food medium was clearly visible within the abdomens of the flies
(Fig. 4.2). The number of flies feeding on each food type was counted. The
number that had fed on a mixture of the two media (i.e. both colours visible in the
gut or a dark purple colour if the food was mixed) was also counted. This method
for determining feeding preferences was initially described by Tanimura et al

(1982).

Figure 4.2: The method used to determine adult feeding preferences. When a fly
feeds on a food source containing food dye, this dye is visible within the abdomen
(Tanimura et al, 1982). Thé fly on the left has fed on a medium containing blue
food dye, the fly in the middle red dye and the fly on the right has not fed on cither.

4.2.3 How Long Does the Food Take to Pass Through the Gut?

As the feeding preferences of the flies was only measured at one time point (3d

of age) the time taken for the food to pass through the gut was determined to find

76



out what time frame the results from these experiments represent. To do this, newly
eclosed flies were placed into vials containing only damp tissue paper to avoid
desiccation. This was done to ensure that when later provided with food they would
feed upon it. After 12 hrs, these flies were placed into vials containing food with
either red (0.75 ml/50 ml food) or blue (1 ml/50 ml food) food dye. The flies were
left on these diets for 2 hrs to feed before being collected and separated into vials,
10 per vial, each vial again only containing damp tissue paper. Every 30 mins one
vial containing flies fed on red dye and one containing flies fed on blue dye were
collected and the number of flies with colour still visible in the abdomen were
counted. This was repeated every 30 mins until 2 hrs had passed with no food being

visible in the gut of the flies.

4.2.4 Does Larval Diet Influence the Initial Feeding Preferences of the Adults?

To also determine whether the first food choice that the fly makes is the same as
at the 3 d point, the initial feeding preferences of the flies was also determined. The
method used to do this involved repeating the method described in Section 4.2.1,
but instead of leaving the flies in the choice chamber for 3 d they were left for 3
hrs. This, however, proved unsuccessful with no flies having any colour visible in
their abdomens. This is presumably due to too little food being ingested for it to be
visible in the gut of the flies. A modification in the method was therefore required.
An outline of the modified method can be seen in Fig. 4.3, followed by a more

detailed description below.
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10 males and 10 females placed into a vial containing a specified medium

v
After 24 hrs these adults were removed and discarded

v

The eggs laid in these vials were allowed the develop through to the pupal stage

|

Mature pupae were selected (3.2.6), washed (3.2.7) and placed into a fresh vial

containing only moist tissue paper and left for 24 hrs

|

After 24 hrs the flies were collected and transferred into a choice chamber (3.2.8)

for 2 hrs before being removed and their feeding preferences determined (4.2.2)

Figure 4.3: A flow diagram showing an outline of the method used to determine the
initial feeding preferences of the flies.

10 males and 10 females were placed into a vial containing a specified medium.
10 vials were set up per food type. These adults were left in these vials for 24 hrs
before being removed and discarded. The eggs laid by these adults were allowed to
develop through to the pupal stage. At this point, 200 mature pupae per food type
were selected from the vials, washed (see Sections 3.2.6 and 3.2.7 respectively) and
transferred into 10 fresh vials containing only moist tissue paper, 20 pupae per vial.
The moist tissue paper provided the flies with water to prevent desiccation. These
vials were then checked ever hour and any eclosed flies collected using a pooter and
transferred into another vial again only containing moist tissue paper. The hourly
collection allowed for the starvation period to be known to within 1 hr. After 23
hrs in these vials the flies were collected using a pooter and placed into a choice
chamber (see Section 3.2.8). The choice chamber contained two food sources, one
was the diet upon which they were raised and the other a standard medium. These

individuals were left in these chambers for 2 hrs to feed on the diet of their choice.
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After 2 hrs the adults were removed from these chambers and their feeding
preferences determined (see Section 4.2.2). Running in parallel with these
experiments, larvae were also raised on a standard diet and then as adults offered the
same choices. This was done with 0% and 25% sucrose along with their 100%

controls.

As there was a change in the method used (i.e. the flies were starved for 24 hrs
before their feeding preferences were determined) this experiment was also repeated
leaving the flies in the choice chamber for 2 d to ensure that the change in
methodology had no affect on the feeding preferences at 3 d age. In addition, some
flies were left in the choice chambers for 5 d so their feeding preferences at 6 d of
age could be determined. The egg laying preferences of these starved flies was also
determined at 4 and 7 d of age to determine whether this starvation period had any

affect on egg laying preferences (see Chapter 3).

4.2.5 Filming of Initial Feeding Preferences

The method used to try to determine the initial feeding preferences of the flies
(see Section 4.2.4) led to several unexpected results (see Section 4.3.3). A different
approach was required. The new method involved filming the behaviour of the flies
for the first two hours after eclosion. As before 10 males and 10 females were
placed into vials containing a specified medium, 10 vials per food type. After 24
hrs the adults were removed and discarded. The eggs laid by these adults were
allowed to develop through to the pupal stage. At this point, 50 mature pupae per
food type were selected from these vials, washed (see Sections 3.2.6 and 3.2.7
respectively) and transferred into 5 fresh vials containing only moist tissue paper,
10 pupae per vial. These vials were then checked hourly until an adult had eclosed.
This adult was collected using a pooter. Any other flies that had also eclosed were

‘discarded so that when further flies were collected they would not have been
eclosed for longer than 1 hr. The selected fly was placed into a choice chamber (see
Section 3.2.8) although in this case the food media did not contain any food dye.
This was necessary as the fly was not visible when on the food if it contained dye

when filming. The choice chamber containing the fly was then placed under a video
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recorder (JVC TK-C1380) in a temperature controlled room (22°C). The choice
chamber was placed on top of a white sheet of paper with an outline of the choice
chamber drawn on it in black pen (Fig. 4.4). This was necessary to make the food
patches clearly visible. The fly was allowed 5 mins to acclimatise to the choice
chamber and then recording started and lasted for 2 hrs. The recordings were then
analysed to determine the time spent on each food patch. In addition, a line was
drawn on the sheet of paper directly through the centre of the choice chamber
dividing it into two halves (Fig. 4.4). This allowed for the time spent in each half of
the choice chamber to be determined. This was done with 0% and 25% sucrose

along with their 100% controls.
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Figure 4.4: The modified choice chamber used to film the behaviour of the adults
Jor the first two hours immediately after eclosion. The chamber was placed on top
of a piece of paper with an outline of the chamber drawn onto it so that the food
patches were clearly visible. In addition a line was drawn to split the chamber in

half between the two food patches.

4.2.6 Does Diet Over Several Generations Affect Adult Feeding Preferences?
In addition to analysing the effect of larval diet on feeding preferences in one

generation, the effect of diet on feeding preferences over several generations was

determined. This was done by placing 10 males and 10 females into a vial
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containing a specified food medium. The adults were left for 24 hrs so that eggs
would be laid. The adults were then discarded and the eggs allowed to develop
through to the adult stage. The adults that eclosed were then collected, and 10
males and 10 females were again placed into fresh vials of the same medium and
allowed to lay eggs. After 24 hrs these adults were again removed and the eggs
allowed to develop through to the adult stage. This was repeated until the flies had
gone through three generations on each food type. At generation 3 the feeding
preferences of the adults were determined using as described in Section 4.2.1. This

was done with 0% and 25% sucrose, along with their 100% controls.

4.2.7 Bomb Calorimetry

A bomb calorimeter measures the energy content of a sample. The basic unit of
energy is a calorie, which is defined as ‘the amount of heat required to raise the
temperature of 1 g of water by 1°C’. The bomb calorimeter was used to define the
calorific differences between all the diets described in Section 2.5. A bomb
calorimeter works by igniting a known amount of sample with an electrical current
running through a fuse wire within the bomb. The bomb is pressurised with oxygen
to ensure full combustion of the sample and is placed within a known volume of
water. As the sample combusts so the oxygen expands. The oxygen is allowed to
escape from the bomb through a copper tube which feeds out of the calorimeter. As
the oxygen escapes so the copper tube will also heat up and heat up the water
surrounding it. The increase in temperature of the water allows for the calorific

value of the sample to be calculated.

To use the calorimeter, firstly the bucket was filled with two litres of distilled
water and placed into the bomb calorimeter. The sample was then weighed out,
being as close to 1 g as possible, and placed into the crucible. 10 cm of fuse wire
was connected to the arms of the bomb and the wire bent down so it just touched the
food in the crucible. The seal of the bomb was then moistened and the lid screwed
on. The bomb was then filled with oxygen to a pressure of 450 psi. Electrodes
were attached to the top of the bomb before lowering it into the water bucket. The

combustion was then initiated. Once completed the calorimeter converted the
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calorific value of the food into mega joules per kilogram, the currently accepted
measure of energy (1 calorie is equal to 4.2 joules). To ensure measurements were
accurate, a benzoic acid control was used every 5% run. Benzoic acid should have a
calorific value of 26.45 MJ/kg.

4.2.8 Statistical Analysis

Statistical analyses compared the feeding preferences of flies that had been
raised on the experimental media with those that had been raised on a standard
medium and subsequently given the same choices. The statistical method used
involved arranging the data into a multi-way table using crosstabs and then
analysing it using the Chi Squared test (Agresti, 1996). For the video recording
results and the egg laying analysis, the data was converted to the proportions. This
was then transformed using the arcsine transformation, tested for a normal
distribution using the Kolmogorov-Smirnov test and finally tested for homogeneity
of variance using the Levene’s test before a conducting a one-way ANOVA to test
for significant differences. All analyses were conducted using SPSS Version 14.0

'for Windows.
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4.3 Results

4.3.1 Control Experiments

Initial experiments were conducted where the two food sources offered to the
flies contained a standard diet. This was done to determine whether the colour of
the food dye had any effect on adult feeding preferences. Initially the two colours
used were red and green, however, with this colour combination the flies always fed
on the red food medium. This was repeated with many different combinations of
red and green dye concentrations but in all cases the majority of flies still fed on the
red food medium (Fig. 4.5). Only one example is shown here, where the red dye is
at a concentration of 250 pl/50 ml food and the green 450 ul/50 ml food (¢ = 4.703,
P <0.01) (Fig. 4.5). In this case 81.1% of the adults fed on the red food medium,
2.3% of the adults fed on the green food medium and 16.7% on a mixture of the two
(n=222).

A different colour combination therefore had to be found where the flies fed
equally on both food wells independent of food colour. Red and blue food dye was
therefore tested at several different concentrations. The concentrations found to be
optimal for observing feeding preferences were 0.75 ml dye/50 ml food for the red
dye and 1 ml dye/50 ml food for the blue dye. Results showed no significant
preference for the red or blue food media as a food source at these concentrations (¢
=-0.71; P =0.944) (Fig. 4.6). 42.0% of adults fed on the red food medium, 43.5%
on the blue food medium and 14.5% on a mixture of the two (n = 247).
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Figure 4.5: The effect of red and green food dye on feeding preferences. Results of
a control experiment where adult Drosophila were offered the choice of two
standard diets to feed on. One of the choices contained red food dye and the other
green food dye. ** indicates a significant difference at the P < 0.01 level. Flies

showed a significant preference for the red food medium as a food source (t =

4703, P < 0.01).
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Figure 4.6: The effect of red and blue dye on feeding preferences. Results of a
control experiment where adult Drosophila were offered the choice of two standard
diets to feed upon. One of the choices contained red food dye and the other
contained blue food dye. Results showed that the colour of the food dye had no
subsequent affect on feeding preferences (t =-0.71; P = 0.944).
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4.3.2 Does Larval Diet Influence Adult Feeding Preferences?

Varying the concentration of sucrose within the larval diet had a significant
affect on adult feeding preferences (x* =293.55, d.f. = 14, P < 0.001). In all cases,
when raised as larvae on the reduced sucrose content medium adults were more
likely to feed on this diet than if raised as larvae on the 100% sucrose medium and
as adults offered the same choices (Fig. 4.7). In the case of the 0% sucrose data,
66.5% (n = 339) of adults feeding on this medium when raised on it as larvae
compared to 11.9% (n = 339) feeding on this medium when raised as larvae on the
100% sucrose medium and then as adults given the same choices (Fig. 4.7). When
raised as larvae on either 12.5%, 25% or 50% sucrose, adults also showed a greater
preference to the reduced sucrose content medium than if raised as larvae on the
100% sucrose diet and then as adults given the same choices, although the
difference between the experimental and the control data is not as pronounced as for
the 0% sucrose experiments (Fig. 4.7). For example, when flies were raised as
larvae on 25% sucrose, 29.6% (n = 330) of adults fed on this medium whereas when
raised as larvae on the 100% sucrose medium 17.3% of the adults chose to feed on

the 25% sucrose medium (n = 285).
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Figure 4.7: The affect of varying sucrose concentration in the larval diet on adult

feeding preferences. Yellow bars show the percentage of flies feeding on the
experimental medium, pink those feeding on the 100% sucrose medium and green
those feeding on a mixture of the two. ** indicates a significant difference at the P
< 0.01 level. Results show that varying sucrose concentration in the larval diet has
a significant affect on adult feeding preferences. When raised as larvae on a
reduced sucrose content medium adults showed a preference to feed on this medium
whereas if raised on 100% sucrose and then given the same choices adults show a

preference for the 100% sucrose medium (n = 2633).

Varying the concentration of fructose in the larval diet also had a subsequent
affect on adult feeding preferences (x* =76.02, d.f. = 14, P = 0.01, n = 1140). In
this case, there does not appear to be an effect of larval diet on adult preference for
the concentrations separately but a difference between the concentrations. in all

cases, adults had a preference to feed on the 100% fructose medium (Fig. 4.8). For

86



example, 5% of flies raised as larvae on 0% fructose (n = 187) fed on this medium
compared to 5.7% of flies raised as larvae on a standard diet and subsequently given
the same choices (n = 158). However, when raised on the 12.5% fructose very few
fed on this medium compared to the other data sets. Also, in the case of 25%
fructose, there are a higher number of adults feeding on a mixture of the two diets

than for any of the other concentrations used.
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Figure 4.8: The affect of varying fructose concentration in the larval diet on adult

Percentage of Flies Feeding on Medium

feeding preferences. Yellow bars show the percentage of flies feeding on the
experimental medium, pink those feeding on the 100% fructose medium and green
those feeding on a mixture of the two. Larval diet had no subsequent affect on adult
feeding preferences at any of the concentrations tested (n (0% fructose) = 345, n
(12.5% fructose) = 373; n (25% fructose) = 377, n (50% fructose) = 357).

Varying the concentration of trehalose in the larval diet had a significant affect
on adult feeding preferences (x*=187.191, d.f. = 14, P < 0.001, n = 1185). When

raised on reduced concentrations of trehalose adults showed a preference to feed on
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the 100% trehalose medium. When raised on the 100% trehalose medium,
however, the flies were much more likely to feed on the reduced trehalose content
medium (Fig. 4.9). For example, 8.6% of flies raised as larvae on the 12.5%
trehalose medium (n = 195) chose to feed on this medium compared to 26.9% (n =
187) when raised on the 100% trehalose medium. The flies were also more likely to
feed on a mixture of the two media types if they were raised on the 100% trehalose
medium as larvae in the 12.5%, 25% and 50% trehalose experiments (Fig. 4.5). For
example, when raised as larvae on 12.5% trehalose, 15.2% of the adults fed on a
mixture of the two diets, whereas when raised as larvae on a 100% trehalose
medium 23.7% of these adults fed on a mixture of the two diets. This is in contrast

to the experiments where sucrose concentration within the larval diet was varied.

Varying the concentration of glucose in the larval diet had a significant affect
on adult feeding preferences (y* = 185.051, d.f. = 14, n = 955) although the effect
depended on the concentration tested (Fig. 4.10). When raised as larvae on a 0% or
50% glucose medium, flies showed an increased preference for these media
compared to flies that were raised as larvae on 100% glucose medium and then
subsequently given the same choices. For example, when raised as larvae on 50%
glucose, 56.8% of the adults fed on this medium (n = 139) whereas when raised on
100% glucose and given the same choices, 25.4% of the adults fed on the 50%
glucose medium (n = 146). When raised on 12.5% or 25% glucose as larvae,
however, the adults showed a preference to feed on the 100% glucose medium
irrespective of larval (Fig. 4.10). For example, 5.6% of flies raised as larvae on
12.5% glucose chose to feed on this medium (n = 185) compared to 10.8% when

raised as larvae on a-100% glucose medium (n = 187).
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Figure 4.9: The affect of varying trehalose concentration in the larval diet on adult

feeding preferences. Yellow bars show the percentage of flies feeding on the
experimental medium, pink those feeding on the 100% sucrose medium and green
those feeding on a mixture of the two. ** indicates a significant difference at the P
< 0.01 level. When raised as larvae on a reduced trehalose content medium adulls
were less likely to feed on this medium than if raised on 100% trehalose as larvae
and as adults given the same choices (n (0% trehalose) = 372); n (12.5% trehalose)
= 382); n (25% trehalose) = 362, n (50% trehalose) = 321) .
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Figure 4.10: The affect of varying glucose concentration in the larval diet on adult
feeding preferences. Yellow bars show the percentage of flies feeding on the
experimental medium, pink those feeding on the 100% glucose medium and green
those feeding on a mixture of the two. ** indicates a significant difference at the P
< 0.01 level. When raised as larvae on a 0% or 50% glucose medium adults
showed an increased preference to feed on these media compared to those raised as
larvae on a 100% glucose medium and as adults given the same choices (n (0%
glucose) = 359; n (50% glucose) = 285). When raised as larvae on 12.5% (n =
372) or 25% (n = 277) glucose adults showed a preference for the 100% glucose

medium irrespective of larval diet.

Flies were also raised as larvae on diets varying in yeast concentration (0%,
12.5%, 25% or 50% of the standard concentration). Yeast is the main source of
protein in the medium. In the case of 0% and 12.5% yeast, however, very few

pupae developed and therefore these experiments could not be conducted. For the
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25% and 50% yeast experiments, no significant difference in adult food choice was
found when raised as larvae on a reduced yeast content medium compared to those
raised as larvae on a standard medium (Xz = 4.065, d.f. = 14, P = 0.668, n = 622).
In both cases adults showed a preference to feed upon the standard medium
irrespective of larval diet (Fig. 4.11). For example, when raised as larvae on a 50%
yeast medium, 30.1% of adults chose to feed on this medium (n = 251) whereas
when raised as larvae on a 100% yeast medium and as adults offered the same

choices, 23.4% of adults chose to feed on the 50% yeast medium (n = 283).
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Figure 4.11: The affect of varying yeast concentration in the larval diet on adult

Percentage of Flies Feeding on Medium

feeding preferences. Yellow bars show the percentage of flies feeding on the
experimental medium, pink those feeding on the 100% yeast medium and green
those feeding on a mixture of the two. Larval diet had no subsequent affect on adull
feeding preferences (n (25% yeast) = 582; n (50% yeast) = 534). In both cases
adults showed a preference to feed on the 100% yeast diet irrespective of larval

diet.
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Varying the concentration of NaCl in the larval diet had several effects on adult
feeding preferences (y> = 388.16, d.f. = 14, P < 0.001, n = 2451) (Fig. 4.12)
although there does not appear to be any particular trend across the concentrations.
When raised on a 13 mM NaCl medium as larvae (n = 392), adults were more likely
to accept this medium compared to flies raised as larvae on a standard medium (n =
235) and subsequently given the same choices (Fig. 4.12). When raised as larvae on
25 mM NaCl (n = 379) adults were less likely to feed on this medium but more
likely to feed on a mixture of the two than when raised on the standard medium (n =
306) and subsequently given the same choices (Fig. 4.12). When raised as larvae on
50 mM or 100 mM NaCl, adults showed no preference for either diet. For example,
when raised as larvae on 50 mM NaCl 27.9% fed on this medium, 28.6% on the
standard medium and 43.5% on a mixture of the two. When raised as larvae on a
standard diet and as adults offered the same choices, 25.7% fed on the 50 mM
medium, 38.5% on the standard medium and 35.8% on a mixture of the two. When
200 mM NaCl was added to the standard sucrose food medium adults showed a
preference for that food irrespective of larval diet, with 73.0% of adults feeding on
this medium and when raised on it as larvae compared to 67.5% when raised as

larvae on a standard medium and as adults given the same choices (Fig. 4.12).
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Figure 4.12: The affect of varying NaCl concentration in the larval diet on adult

Larval Diet

feeding preferences. Yellow bars show the percentage of flies feeding on the
experimental medium, pink those feeding on the standard medium and green those
feeding on a mixture of the two. ** indicates a significant difference at the P < 0.01
level. When raised as larvae on a 13 mM NaCl medium adults were more likely to
feed on this medium than if raised on a standard diet and subsequently given the
same choice (n = 627). When raised as larvae on 25 mM NaCl adults were less
likely to feed on this medium but more likely to feed on a mixture of the two than
those raised on a standard diet and subsequently given the same choices (n = 685).
When offered the choice of standard or 50 mM/100 mM adults showed no
preference for either diet and there is no affect of larval diet (n = (50 mM) = 657, n
(100 mM) = 586). Finally, when raised on 200 mM NaCl adults showed a
preference for the 200 mM diet irrespective of larval diet (n = 593).
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4.3.3 How Long Does the Food Take to Pass Through the Gut?

When flies were fed on a red food medium, for the first 4 hrs after feeding all the
flies still had food visible in their abdomens (Fig. 4.13). This then started to
decrease until at 9 hrs only half of the flies had food still visible in the abdomen. At
17.5 hrs after feeding no flies had any colour visible in their abdomens. When flies
were fed on a blue food medium, for the first 2 hrs after feeding all flies still had
food visible in their abdomens (Fig. 4.13). This then started to decrease until at 7.3
hrs only half of the flies had any colour visible in the gut. At 13.5 hrs after feeding

no flies had any colour visible in their abdomens.
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Figure 4.13: The time taken for food to pass through the gut. The blue line
represents the time taken for the blue medium to pass through the gut, the red the
time taken for the red food to pass through the gut.
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4.3.4  Does Larval Diet Influence the Initial Feeding Preferences of the Adults?

Varying the sucrose concentration in the larval diet had no subsequent affect on
the initial feeding preferences of the adults when starved for 24 hrs immediately
after eclosion (x2 =8.783,d.f.=6, P=0.186, n = 589). In all cases adults showed a
preference to feed on the 100% sucrose medium irrespective of larval diet (Fig.
4.14). For example, when raised as larvae on 0% sucrose (n = 219) as larvae 6.2%
fed on this medium as adults and when raised on 100% sucrose (n = 170) as larvae
and as adults offered the same choices 4% fed on the 0% sucrose medium (Fig.
4.14).
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Figure 4.14: The effect of varying sucrose concentration in the larval diet upon the
initial feeding preferences of the flies when starved immediately after eclosion.
Yellow bars show the percentage of flies feeding on the experimental medium, pink
those feeding on the standard sucrose medium and green those feeding on a mixture
of the two. Varying sucrose concentration in the larval diet has no subsequent
affect on the initial feeding preferences of the adults when firstly starved (n (0%
sucrose) = 389; n (25% sucrose) = 379).
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The initial feeding preferences of the flies as described above are in contrast to
the feeding preferences observed at 3 d (see Section 4.3.2). The feeding preferences
at 3 d when initially starved were also therefore analysed. The results of this
experiment showed that there is no significant affect of larval diet upon adult
feeding preferences at 3 d of age when starved for 24 hrs immediately after eclosion
(xz =17.966, d.f. =6, P=0.241,n=607). In all cases adults showed a preference to
feed on the 100% sucrose medium irrespective of larval diet. For example, when
raised on 0% sucrose (n = 214) as larvae 16.8% fed on this medium as adults and
when raised on 100% sucrose (n = 201) as larvae and as adults offered the same

choices, 15.7% fed on the 0% sucrose medium (Fig. 4.15).
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Figure 4.15: The effect of varying sucrose concentration in the larval diet upon the

Percentage of Flies Feeding on Medium

feeding preferences of the flies at 3 d of age when starved immediately after
eclosion. Yellow bars show the percentage of flies feeding on the experimental
medium, pink those feeding on the standard sucrose medium and green those
feeding on a mixture of the two. Varying sucrose concentration in the larval diet
has no subsequent affect on the feeding preferences of the adults at 3 d of age when
initially starved (n (0% sucrose) = 415; n (25% sucrose) = 3835).
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The feeding preferences of the flies at 3 d of age were also therefore in contrast
to the results found when tested at 3 d without being previously starved (see Section
4.3.2). To determine whether the preferences returned back to those expected at the
3 d stage if left for a longer time period, flies initially starved were left to feed in the
choice chamber for 6 d and then their feeding preferences observed. The results of
this experiment show that when starved immediately after eclosion for 24 hrs there
is no significant affect of larval diet upon adult feeding preferences at 6 d of age (x >
=9.467,d.f.=6, P=0.149, n = 628. In all cases adults showed a preference to feed
on the 100% sucrose medium irrespective of larval diet. For example, when raised
on 0% sucrose (n = 191) as larvae 11.2% fed on this medium as adults and when
raised on 100% sucrose (n = 190) as larvae and as adults offered the same choices,

16.1% fed on the 0% sucrose medium (Fig. 4.16).
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Figure 4.16: The effect of varying sucrose concentration in the larval diet upon the

Percentage of Flies Feeding on Medium

feeding preferences of the flies at 6 d of age when starved immediately after
eclosion. Yellow bars show the percentage of flies feeding on the experimental
medium, pink those feeding on the standard sucrose medium and green those
feeding on a mixture of the two. Varying sucrose concentration in the larval diet
has no subsequent affect on the feeding preferences of the adults at 6 d of age when
initially starved (n (0% sucrose) = 381; n (25% sucrose) = 350).
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The results of the feeding analysis when flies were initially starved are all
therefore in contrast to those observed when the flies were not starved (see Section
4.3.2). in order to determine whether this is also the case for the egg laying
preferences (see Chapter 3) the flies were again starved immediately after eclosion
and then their egg laying preferences observed at 4 and 7 d of age. Results show in
all cases larval diet had no subsequent affect on adult egg laying preferences when
initially starved (4 d 0% (n=451): F'; 13=0.535, P=0.474;4d 25% (n=915): F
18=0.38, P=0.848; 7d 0% (n =404): F | 13=1.405, P=0.251; 7 d 25% (n = 752):
F 1 13=0.091, P =0.737). In all cases the adults showed a preference to lay their
eggs on the 100% sucrose medium irrespective of larval diet (Figs. 4.17 and 4.18).
For example, when raised as larvae on 0% sucrose 28.8% of eggs were laid on this
medium at 4 d. When raised on 100% sucrose and as adults offered the same

choices 37.2% of eggs were laid on the 0% sucrose medium (Fig. 4.17).
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Figure 4.17: The effect of varying sucrose concentration in the larval diet upon the
egg laying preferences of the flies at 4 d of age when starved immediately after
eclosion. Means + standard errors for the number of eggs laid on the reduced
sucrose content medium when raised on this medium as larvae (vellow circles) or
raised on the 100% sucrose medium as larvae (pink circles). Varying sucrose
concentration in the larval diet has no subsequent affect on adult egg laying
preferences at 4 d when initially starved (n (0% sucrose) = 451, n (25% sucrose) =
915).
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Figure 4.18: The effect of varying sucrose concentration in the larval diet upon the
egg laying preferences of the flies at 7 d of age when starved immediately after
eclosion. Means + standard errors for the number of eggs laid on the reduced
sucrose content medium when raised on this medium as larvae (yellow circles) or
raised on the 100% sucrose medium as larvae (pink circles). Varying sucrose
concentration in the larval diet has no subsequent affect on adult egg laying
preferences at 7 d when initially starved (n (0% sucrose) = 404, n (25% sucrose) =
732).

4.3.5 Filming of Initial Feeding Preferences

When initial feeding preferences were observed by recording the behaviour of
the flies for the first 2 hrs after eclosion results showed that larval diet had no
subsequent affect on adult food preference for both 0% and 25% sucrose (0% (n =
10): F 1 10=0.222, P =0.648; 25% (n = 8): F' 10=0.008, P =0.931). In both cases
adults showed no preference for either the reduced sucrose content or the 100%
sucrose media (Fig. 4.19). For example, when raised as larvae on 0% sucrose the

flies spent 61.2% of their time on this medium. When raised as larvae on 100%
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sucrose and as adults offered the same choices the flies spent 50.7% of their time on
the 0% sucrose medium (Fig. 4.19). The flies, however, spent very little (> 5%) of

their time on either food sources.
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Figure 4.19: The effect of varying sucrose concentration in the larval diet upon the
time spent on the reduced sucrose content medium by the adults. Means + standard
errors for the time spent on the reduced sucrose content medium when raised on it
larvae (yellow circles) or raised on the 100% sucrose medium (pink circles).
Varying sucrose concentration in the larval diet has no subsequent affect on time
spent on the experimental medium as adults (n (0% sucrose) = 10, n (25% sucrose)

= 3.

The time spent in each half of the choice chamber was also analysed. In this
case there was a significant affect of larval diet on time spent near each food patch
(0% (n=20): F'1,13=4.492, P <0.05; 25% (n=18): F'|,13=5.206, P <0.05). Flies
showed a preference to spend more of their time near to the diet that they had been
raised on (Fig. 4.20). For example, when raised as larvae on 0% sucrose the adults

spent 74.9% of their time near to this food source, however when raised as larvae on
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100% sucrose and as adults given the same choices the adults chose to spend 41.6%

of their time near to the 0% sucrose medium (Fig. 4.20).
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Figure 4.20: The effect of varying sucrose concentration in the larval diet upon the
time spent near the reduced sucrose content medium by the adults. Means +
standard errors for the time spent near the reduced sucrose content medium when
raised on it larvae (yellow circles) or raised on the 100% sucrose medium (pink
circles). * indicate a significant difference at the P < 0.05 level. Varying sucrose
concentration in the larval diet had a significant affect on time spent near the
experimental medium as adults for both concentrations tested (n (0% sucrose) = 20;
n (25% sucrose) = 18), with adults showing a significant preference to spend time

near the diet upon which they were raised.
4.3.6 Does Diet Over Several Generations Affect Feeding Preferences?

When flies were raised for several generations on either 0% or 25% sucrose and
then as adults their feeding preferences tested at generation 3, results showed that

larval diet had a significant affect on adult feeding preferences ()g2 =165.879, d.f. =
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6, P < 0.01, n = 510). In both cases when raised for 3 generations on a reduced
sucrose content medium flies were more likely to feed on this medium that if raised
as larvae on 100% sucrose and as adults offered the same choices (Fig. 4.21). For
example, when raised for 3 generations on 0% sucrose (n = 173), 38% of adults
chose to feed on this medium. When raised for 3 generations on 100% sucrose (n =
184) and then at generation 3 offered the same choices 1.7% of the flies fed on the
0% sucrose medium (Fig. 4.21).
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Figure 4.21: The affect of varying sucrose concentration for 3 generations on adult

Percentage of Flies Feeding on Medium

Larval Diet

feeding preferences. Yellow bars show the percentage of flies feeding on the
experimental medium, pink those feeding on the standard medium and green those
feeding on a mixture of the two. * indicates a significant difference at the P < 0.01
level.  Varying sucrose concentration for 3 generations increased the adults
preference for the diet upon which they were raised (n (0% sucrose) = 381; n (25%
sucrose) = 350).
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Comparing the generation 1 and generation 3 data showed that there was a
significant difference in the feeding preferences of the adults between generations 1
and 3 (0% (n = 512): x> =25.490, d.f. =2, P < 0.01; 25% (n = 517): y* = 27.665,
d.f. =2, P < 0.01). When raised for 3 generations on a reduced sucrose content
medium flies were less likely to feed on this diet than at generation 1 (Fig. 4.22 and
4.23). For example, when raised on 0% sucrose in generation 1 66.5% of adults
chose to feed on this medium. When the feeding preferences were tested at
generation 3, however, 38% fed on the 0% sucrose medium. When the feeding
preferences of the 100% controls run in parallel with these 0% and 25% sucrose
experiments were compared, there was again a significant difference in feeding
preference when comparing the generations (0% control (n = 523): x2 =28.857, d.f.
=2, P < 0.01; 25%: 25% control (n = 472): x> =24.247,d.f. =2, P < 0.01). Again,
when raised for 3 generations on 100% sucrose the adults were less likely too feed
on the reduced sucrose content medium than when raised for 1 generation on the

100% sucrose medium (Figs. 4.22 and 4.23).
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Figure 4.22: The affect of a diet of 0% sucrose for 3 generations on adult feeding
preferences. Yellow bars show the percentage of flies feeding on the experimental
medium, pink those feeding on the standard medium and green those feeding on a
mixture of the two. ** indicates a significant difference at the P < 0.01 level.
Results showed that when raised for 3 generations on 0% and 100% sucrose adults

were less likely to feed on 0% sucrose when compared to generation 1.
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Figure 4.23: The affect of a diet of 25% sucrose for 3 generations on adult feeding
preferences. Yellow bars show the percentage of flies feeding on the experimental
medium, pink those feeding on the standard medium and green those feeding on a
mixture of the two. ** indicates a significant difference at the P < 0.01 level.
Results showed that when raised for 3 generations on 25% or 100% sucrose adults

were less likely to feed on 25% sucrose when compared to generation 1.

4.3.7 Bomb Calorimetry

The results of the bomb calorimetry experiment can be seen in Table 4.1.
Results show there is very little difference in the calorific value of the different food
types. The benzoic acid controls varied between 26.27 MJ/kg and 26.85 MJ/kg (n =
5) suggesting all results are accurate with 0.31 MJ/kg.
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Food type Calorific Value (MJ/kg)
0% carbohydrate 14.07
12.5% sucrose 15.34
25% sucrose 15.55
50% sucrose 15.69
100% sucrose 15.72
12.5% fructose 16.10
25% fructose 16.42
50% fructose 16.84
100% fructose 17.87
12.5% trehalose 15.64
25% trehalose 15.95
50% trehalose 16.93
100% trehalose 17.07
12.5% glucose 15.55
25% glucose 15.67
50% glucose 16.10
100% glucose 16.24
25% yeast 15.41
50% yeast 16.16
13 mM NaCl 15.59
25 mM NaCl 15.61
50 mM NaCl 15.70
100 mM NaCl 15.65
200 mM NaCl 15.66

Table 4.1: The calorific value of the food media. Results show very little difference

in the calorific value of the different food sources.
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4.4 Discussion

4.4.1 Does Larval Diet Influence Adult Food Choice? - Varying Carbohydrate Type

and Concentration in the Larval Diet

This study clearly shows that varying carbohydrate concentrations in the larval diet
can have a significant affect on adult feeding preferences. This affect, however,
depends on the carbohydrate type and concentration used. At certain concentrations
varying the sucrose and glucose in larval diet increased the adult’s preference to feed
on these diets compared to those raised on a standard diet as larvae and as adults
offered the same choices. In contrast to this, varying the trehalose concentration in the
larval diet reduced the adult’s preference for this diet. When fructose concentrations
within the larval diet were varied this had no effect on subsequent adult feeding
preferences, with adults always choosing to feed on the 100% fructose medium
irrespective of larval diet. These results therefore show that feeding preferences can
indeed be affected by larval diet but the affect is dependent on the carbohydrate and

concentration in question.

The difference in the response depending on the carbohydrate type being varied may
be due to their concentrations in the flies’ natural diet. In their natural habitat,
Drosophila feed on rotting fruits such as grapes, bananas and plums (Demerec and
Kaufmann, 1964). Most fruit contains high concentrations of fructose and glucose.
Sucrose is also present in fruit, although generally at lower concentrations (Adao and
Gloria, 2005; Li et al, 2001; Ordonez et al, 2005). As the fruit ripens so the
concentrations of fructose and glucose increase (Adao and Gloria, 2005; Ordonez et al,
2005). In addition trehalose, which is present in yeast, will increase in concentration as
the concentration of yeast increases (Chyb et al, 2003). The fact, therefore, that flies
always chose to feed on a high concentration fructose diet as adults, irrespective of
larval diet, suggests that they may be using this component of the fruit as an indicator

that it is a suitable food source. This would be advantageous to the fly as fructose is
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always in high concentrations in fruit (Adao and Gloria, 2005; Li ef a/, 2001; Ordonez
et al, 2005).

Varying sucrose and glucose concentrations in the larval diet can have an affect on
adult food choice at specific concentrations, with their preference for the reduced
concentration medium increasing if raised on it as larvae. One possible explanation for
may be that the flies lack the enzymes required for the breakdown of these
carbohydrates if not exposed to them. The induction of enzymes by exposure to
specific chemicals in the diet has been previously described for several enzymes (Kang
et al, 1999, Lissemore et al, 1990; Pecsenye et al, 1996). This, however, seems an
unlikely reason for the change in preference as flies that have been previously starved
show a preference for the 100% carbohydrate medium even if raised on the low

carbohydrate content medium as larvae (see Section 4.4.5).

A much more likely possibility is that the larvae are using the concentrations of
sucrose and glucose in the larval diet as an indicator of resource availability so as adults
they can adapt to their environment. As already mentioned, ripe fruit contains high
concentrations of glucose and a low concentration of sucrose (Adao and Gloria, 2005;
Li et al, 2001; Ordonez et al, 2005). Thus, if raised on a diet with low concentrations
of sucrose this would be indicative of a resource rich environment and hence the flies
have a preference for low sucrose concentrations. However, if raised on a diet
containing high sucrose concentrations this would be indicative of a resource limiting
environment and hence flies will become more accepting of the high sucrose
concentration. In the case of glucose the opposite response would be likely. In this
way, flies are able to adapt to their environment and learn to accept food sources that
they may otherwise reject and hence reduce time spent searching for a suitable food
source. Other studies have also shown that habitat preference can be altered in
response to resource availability (Oskos ef al, 2004). The fact that fructose preferences

are innate allows for individuals to utilize rotting fruit if resource availability increases.
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Adult feeding preference when varying the concentration of trehalose in the larval
diet can not be explained by trehalose concentrations in the natural diet of Drosophila.
In this case, when raised as larvae on a low concentration of trehalose, adults show a
stronger preference for the high concentration trehalose medium than when raised on
high concentration trehalose medium and subsequently given the same choices. As
trehalose concentrations increase as the fruit rots (Chyb et al, 2003) these results do not
fit with the expected behaviour if they were learning information about their larval diet
to prepare them for the availability of resources in adulthood. Another factor must

therefore be driving the change of preference with larval diet.

Trehalose is the principal sugar found in the haemolymph of insects. The
concentration of trehalose in the haemolymph is known to be controlled non-
homeostatically by dietary self selection (Thompson, 2003) (see Section 4.1.3). Dietary
self selection involves the selection of a food type dependent on the nutritional status of
the individual. For example, when Spodoptera littoralis larvae were raised on a
carbohydrate deficient diet and then given a choice of a carbohydrate or a protein rich
diet, they showed a preference for the carbohydrate rich food (Simmonds et al, 1992).
The data from this study is therefore the same as that described by Simmonds et al
(1992). When the flies were raised on a diet containing reduced levels of trehalose, the
concentration of trehalose in the haemolymph would also be low. The flies therefore
select the high trehalose content diet as a food medium. When raised on the 100%
trehalose medium, however, the trehalose levels within the haemolymph would be
higher and so their need to find a food source rich in trehalose, and so fewer flies feed
on the 100% trehalose medium. It is also known that Drosophila have a taste receptor
gene specific for detection of trehalose (Chyb et al, 2003). It would appear, therefore,

that the results of this part of the experiment are due to dietary self selection.
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4.4.2 Does Larval Diet Influence Adult Food Choice? - Varying the Concentration of
Yeast in the Larval Diet

A lack of yeast is known to arrest reproduction in Drosophila (Good and Tatar,
2001), and the lack of pupae in the 0% and 12.5% yeast experiments is therefore
probably due to very few eggs being laid by the adults at the beginning of the

experiment.

When larvae were raised on either 25% or 50% yeast, adult feeding preferences was
not significantly different from those raised as larvae on a 100% yeast medium and
subsequently offered the same choices. In all cases adults showed a preference to feed
on the 100% yeast medium. Yeast is used in the medium as a source of protein and like
fructose is an important component of the natural diet of Drosophila, being present in
fermenting fruit (Demerec and Kaufmann, 1964). It is therefore likely that yeast is
such an important component of the adult diet that a preference for a high yeast

medium is innate and cannot be affected by previous experience.

4.4.3 Varying the Concentration of NaCl in the Larval Diet

The results of this study clearly show that varying NaCl concentration in the larval
diet can have a significant affect on subsequent adult feeding preferences. This affect,
however, depends on the concentration used. A significant affect of larval diet was
observed for 13 mM. At all of the other concentrations tested there was clear affect of
larval diet on adult feeding preferences. Previous studies in rats have also shown that
varying the concentration of NaCl in the maternal diet affects the subsequent feeding

choices of the offspring (Cuttis et al, 2004).
NaCl is an important component of the diet in both mammals (Contreras and Lundy,

2000) and insects (Liu et al, 2003). In Drosophila, concentrations below 200 mM have

been shown to be attractive to flies, whereas concentrations over this amount are
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deterrent (Liu et al, 2003). Therefore all the concentrations in this study should be
attractive to the flies. This is reflective in the fact that a high proportion of the flies fed
on either the NaCl supplemented medium or a mixture of the two diets in all cases. The
reason for the significant differences between the feeding preferences of the adults
when raised as larvae on 13 mM compared to those raised on a standard diet is unclear.
At 13 mM NaCl it is possible that the NaCl is only just on the threshold of detectability
and therefore after prolonged exposure to these low concentrations the flies become

more sensitive to it and hence more of them feed on it.

4.4.4 The Affect of Starvation on Food Choice

By assessing the time taken for the food to pass through the gut we can see that the
food choices made by the fly could be representative of a choice made up to 17.5 hours
beforehand. The food preferences as measured at 3 d were therefore not representative
of the initial food choice that the fly makes. In order to determine the initial food
preferences of the flies one of the methods used was to starve the flies for 23 hrs
immediately after eclosion. Results showed that flies always had a preference to both
feed and lay their eggs on the 100% sucrose medium when initially starved, which is in

contrast to the results obtained when not initially starved (see Section 4.4.1).

It is possible that the preferences observed when the flies are initially starved are
reflective of their true preferences and the results obtained when preferences were
measured at 3 d are due to prolonged exposure to the 0% sucrose in the adult stages.
Further experiments, however, show that this is not the case (see Section 4.4.5). The
results of these experiments therefore suggest that starvation in the first 24 hrs after
eclosion can permanently change the feeding preferences of the adults. There are two
possible explanations for this. The first is that hunger affects the choices that the flies
make. One theory aiming to predict the food choices of an individual is called the
“energy budget rule” (Stephens, 1981). This rule states that if an animal has sufficient

energy reserves it will avoid a potentially risky food source. If the animal does not
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have sufficient energy reserves, however, it will be more prone to selecting a
potentially risky food source (Bateson, 2002). For example, a study using Drosophila
larvae showed that the larvae become more likely to feed on noxious foods as the
duration of food deprivation increases (Wu et al, 2005). Therefore, in this study it is
possible that information is learnt about the larval diet and is used by the adult to select
the most suitable food source. When the flies are starved, however, they are more

likely to feed on an unknown food source.

If the change in adult food preference with larval diet seen in the unstarved flies is
due to learning and memory, another possible reason for this change in preference
when starved is that the memory is initially only short term and needs to be reinforced
early in adult life in order for it to become long term. Early adult experience is known
to be important in both egg laying and feeding preference (see Section 3.1.4 and 4.1.4
respectively) (Cadieu et al, 2000; Hoffman, 1985; Jaenike, 1982 and 1983; Mery and
Kawecki, 2002; Prokopy et al, 1982). It is therefore possible that exposure to the diet
on which they were raised is required early in the adult life in order to reinforce the
preferences learnt during the larval stages. The 24 hr period in which the flies were

starved could therefore be sufficiently long for this information to be “forgotten” by the
fly.

The fact that this study has shown that starvation can affect the food preferences of
the flies will have major impact on other work in the field. Starvation prior to the
testing of feeding preferences is a widely used method (Balakrishnan and Rodrigues,
1991; D’Souza et al, 1999; Meunier et al, 2003; Orgad et al, 1998; Rodrigues et al,
1995; Tanimura et al, 1982). However, as the results of this study show, it may lead to
the flies showing a preference for a food type that if not starved they would not choose.

Starving flies should therefore be used very carefully in future research.
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4.4.5 Does Larval Diet Influence the Initial Feeding Preferences of the Adults?

To determine the initial feeding preferences of the flies, their behaviour in the first 2
hrs after eclosion was recorded. Results showed that the flies spent very little of their
time in the first 2 hrs of adulthood on either food patch. Of the time they did spend on
the food patches there was no significant difference in the time spent on the
experimental medium dependent on larval diet. There was, however, a significant
difference in time spent in each half of the chamber dependent on larval diet. When
raised as larvae on the reduced sucrose content medium adults were more likely to
spend their time perched near to this medium than if raised as larvae on a 100% sucrose
medium and then as adults offered the same choices. This would therefore suggest that
in the first two hours of adulthood although the flies spend very little time actually on
their food of choice they have decided what food source they prefer and they perch near
to it ready for when they wish to feed. This data therefore supports the feeding
preferences as measured at 3 d and shows that adults have a preference for the diet
upon which they were raised as larvae. This therefore supports the theory that larval
experience can influence adult behaviour (Hershberger and Smith, 1967; Manning,
1967; Rietdorf and Steidle, 2002; Tully et al, 1994b).

4.4.6 Does Diet Over Several Generations Affect Feeding Preferences?

In addition to analysing the effect of larval diet on adult feeding preference in one
generation, feeding preferences when raised on these diets for 3 generations was also
analysed. Results reflect those of generation 1 (see Section 4.4.1). In addition, when
the results of generation 1 and generation 3 were compared, adults were less likely to
feed on the experimental medium at generation 3 than at generation 1. This was the
case for both the experimentally reared flies and the control reared flies. This was an
unexpécted result and there is no clear reason for the change in preference over the
generations when raised on 100% sucrose. These results do, however, suggest that the

increased preference for the reduced sucrose content medium when raised on it as
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larvae will not continue through the generations as there is a decrease in the preference
for that medium over the generations. This means that a change in adult feeding
preference with larval diet is unlikely to have any long term affects on food choice in
the flies. As discussed in Section 4.1.6, the change in preference with larval diet could,
however, have a long term affect on several life history traits over the following

generations. This is further investigated in Chapter 6.

4.4.7 Learning and Memory through Metamorphosis

The results of this study show that larval diet can indeed affect adult feeding
preferences, but the effect is dependent on the chemical and concentration in question.
This may explain the variable results of similar studies where in some cases
information about the larval environment has been shown to affect adult behaviour
Alloway, 1972; Borsellino et al, 1970; Gandolfi et al, 2003; Hershberger and Smith,
1967, Manning, 1967; Ray, 1999; Rietdorf and Steidle, 2002; Somberg et al, 1970;
Thorpe, 1939; Tully et al, 1994b) and in other cases it has not (Jaenike, 1982 and 1983;
Monteith, 1962; van Emden et al, 1996; Wiklund, 1974).

The results of the experiments where sucrose and glucose concentrations in the
larval diet were varied suggest that the larvae may be learning information about their
environment and retaining this information through metamorphosis and into adulthood.
This would be advantageous because it would help identify suitable food sources in a
highly complex environment. It is also possible, however, that minute traces of the
larval diet remained on the pupal cases and the adults therefore came into contact with
it during emergence and learn their feeding preferences at this point (Corbet, 1985). In
this study this is unlikely as the pupae were thoroughly washed before the adults
emerged. Nevertheless, it is still possible that residues of the larval diet may have
remained inside the pupal case which could have an affect on subsequent adult
behaviour (Corbet, 1985).
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4.4.8 The Affect of Calorific Value on Food Preference

The results of the bomb calorimetry analysis showed very little difference in the
calorific value of the food between the different food types. Similar results were found
by Mair et al (2005). Mair et al (2005) also found that is it the calorific value contained
within the yeast that is of much greater importance to the fly than the calorific value of
the carbohydrate. This may explain why the flies survived on a 0% sucrose medium
but did not on a 0% yeast medium. It has also been found that different food types
induce different levels of food intake in Drosophila (Min et al, 2007), and it may
therefore be the amount of food ingested rather than the calorific value of the food that

is affecting subsequent adult food preferences in this study.

4.4.9 Summary

The results from this study clearly show that varying larval diet can affect adult
feeding preferences, although this effect is dependent on the chemical type and
concentration used. For some of the chemicals used, this effect appears to be due to
dietary self selection (see Section 4.1.3). In other cases the modification of feeding
preferences may be due to learning. Varying the concentration of other constituents of
the larval diet (fructose and yeast) had no subsequent affect on adult feeding
preferences suggesting that the feeding preferences for these chemicals may be innately
controlled. The fact that some varying some chemicals in the larval diet can affect
adult feeding preferences but others do not may explain the conflicting results of

similar studies found in the literature.

When the sucrose concentration in the larval diet was varied and then the very first
food choices of the adult’s analysed results suggest that, as with the analysis at 3 d, flies
show a preference for the diet upon which they were raised. This preference is
reflective, however, in the time spent near to the food source rather than actually on the

food source itself. This would suggest that immediately after eclosion when the flies
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disperse to find a suitable habitat they may not utilise the resource immediately but
perch nearby so that the resources are easily accessible when required. The results
from this Chapter also show that starvation immediately after eclosion can have a
profound affect on the food preferences of the fly. Using starvation as a means of

making the fly feed when required should therefore be used with great caution.

When the flies were raised for 3 generations on a reduced sucrose content media
results showed that these adults still had a preference to feed on the reduced sucrose
content medium when compared to those raised for 3 generations on the 100% sucrose
medium and as adults offered the same choices. This effect of diet upon adult feeding
preferences decreases between generation 1 and generation 3, suggesting that the effect

of larval diet on adult feeding preference will eventually disappear.
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Chapter 5: Does Learning and Memory in The Larval Stages
Underlie the Change in Adult Food Preferences?

5.1 Introduction

The results from the previous two chapters (Chapters 3 and 4) have shown that
larval diet can have an effect on subsequent adult food preferences. One possible
explanation for this is that the larvae are learning information about their diet,
retaining this information through metamorphosis and using it to help to select an
appropriate food source as an adult. Great advances have been made in recent years
into the understanding of the underlying mechanisms involved in learning and
memory. The key question therefore arises as to whether a similar mechanism

underlies the possible learning events described in the previous two chapters.

5.1.1 The Neuroanatomy of Learning and Memory

The central structures thought to be involved in olfactory learning and memory
in insects are the mushroom bodies (de Belle and Heisenberg, 1994; Lessing and
Carlson, 1999; Rausher, 1978). These are present in both the adults and the larvae,
although in larvae the number of neurons is much reduced (Balling et al, 1987).
Selective chemical ablation of the mushroom bodies using the toxin hydroxyurea
(HU) leaves the insect unable to learn in associative olfactory tasks even though
they are still able to detect the stimuli (de Belle and Heisenberg, 1994; Komischke
et al, 2005).

The mushroom bodies are paired structures consisting of approximately 2,200
neurons in each hemisphere in adult Drosophila (Levin et al, 1992), although this
varies depending on previous experience (Balling et al, 1987). They are found in
the dorsal/posterior region of the central brain (Dubnau and Tully, 1998). The
mushroom bodies consist of a calyx, columnar stalk and lobes (Levin et al, 1992).
The calyx is thought to be the main input site, the stalk where the intrinsic neurons

of the mushroom bodies (the Kenyon cells) communicate, and the lobes the main

116



output site (Crittenden et al, 1998). The Kenyon cells are divided into three classes
which further divides the lobes into three distinct areas; the a / 3, o' / B' and y lobes
(Crittenden et al, 1998). It is the Kenyon cells within the mushroom bodies that are
thought to be involved in learning and memory (Isabel et al, 2004; Pascual and
Preat, 2001; Zars et al, 2000).

Olfactory information is detected by sensilla found mainly on the antennae (see
Section 1.1.2). Each chemosensory neuron within these sensilla expresses one
olfactory receptor gene (Heimbeck et al, 1999; Vosshall et al, 2000). All the
chemosensory neurons that express that olfactory receptor project to a specific
glomerulus within the antennal lobe (Dunipace et al, 2001; Python and Stocker,
2002; Scott et al, 2001; Vosshall et al, 2000). This produces a spatial map of
olfactory input in the antennal lobe (see Section 1.1.3) (Dunipace et al, 2001;
Python and Stocker, 2002; Scott et al, 2001; Vosshall et al, 2000). Projection
neurons from these glomeruli relay olfactory information to the mushroom body
calyx where it is transformed into an activation pattern in the Kenyon cells (Jefferis
et al, 2001; Marin et al, 2002; Stocker et al, 1997, Tanaka et al, 2004; Wang et al,
2004; Wong et al, 2002). There is therefore clear evidence that there are
connections between the antennal lobes and the mushroom bodies, allowing for
olfactory learning and memory. In the case of gustatory learning and memory, the
connection is less clear. In honeybees, the VUMmx1 neuron is known to connect
the suboesophageal ganglion with the mushroom bodies (Mobbs, 1982). This
neuron is also known to be involved in appetitive learning and memory (Hammer,
1993). No such connection, however, has been described in the fly. Nevertheless,
studies have shown that associative learning between an olfactory and a gustatory
cue is localised to the mushroom bodies in Drosophila (Hammer and Menzel, 1998;
Schwaerzel et al, 2003). Gustatory information must therefore be reaching the

mushroom bodies of the flies via some as yet unidentified pathway.
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5.1.2 Synaptic Plasticity is thought to Underlie Learning and Memory

To perceive and respond to sensory stimuli, the brain must be able to internally
represent it in some form. The brain must also be able integrate different types of
sensory stimuli (Marin et a/, 2002) which allows the insect to discriminate between
complex sensory information and then respond to it (Wong et al, 2002). Many
studies have shown that insects are also capable of learning information about
sensory stimuli and using that information to adapt their responses to it in the future
(Blaney and Simmonds, 1985; Lee and Bernays, 1990; Mery and Kawecki, 2002,
Quinn et al, 1974; Szentesi and Bernays, 1984). For example, grasshoppers
(Schistocerca americana) are capable of learning to associate a novel food type with
the negative effects induced by the injection of a plant secondary compound (Lee
and Bernays, 1990).

The ability to learn is thought to be due to synaptic plasticity. Synaptic plasticity
is achieved by varying the strength of a signal transmitted through the synapse
(Castellucci et al, 1978). Experience may strengthen these connections by
increasing the amount of neurotransmitter released at the synapse (Balling et al,
1987, Klein and Kandel, 1980). In the case of habituation, the amount of
neurotransmitter released is decreased (Castellucci and Kandel, 1974). It is thought
that plasticity in the Kenyon cells is necessary for learning and memory (Balling et
al, 1987), although definitive evidence that neuronal plasticity occurs in vivo in
these neurons is still lacking (Gerber ef al, 2004b). Several mutants known to be
defective in learning and memory (see Section 5.1.3) have also been shown to be
defective in synaptic plasticity (Davis et al, 1996; Zhong et al, 1992). Thus, there is
strong evidence that synaptic plasticity underlies learning and memory, but how is

synaptic plasticity achieved?

5.1.3 The Underlying Molecular Mechanisms of Learning and Memory

Much work has tried to elucidate the underlying mechanisms of learning and

memory in insects. Drosophila is a particularly attractive model for this as the
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entire genome has been sequenced (Adams et a/, 2000) and molecular genetic tools
are available. Hence much of the work in this area has been conducting using
Drosophila as a model (Davis, 2005). Studies have shown that several factors are
involved in learning and memory, including gene regulation, protein

phosphorylation and the firing patterns of neurons (Roman and Davis, 2001).

Several genes have been described which are known to be involved in learning
and memory. The first to be discovered was the associative learning and memory
mutant, dunce (Aceves-Pina and Quinn, 1979; Dudai et al, 1976; Smith et al,
1979a; Tully and Quinn, 1985). This was then followed by the discovery of other
mutants including rutabaga (Mao et al, 2004; McGuire et al, 2003; Tully and
Quinn, 1985), amnesiac (Quinn et al, 1979; Tully and Quinn, 1985), cabbage
(Aceves — Pina and Quinn, 1979; Smith et al, 1979a) and turnip (Aceves — Pina and
Quinn, 1979; Smith et al, 1979a). In addition, gene mutations that lead to
anatomical defects in the adult brain have also been shown to be defective in
learning and memory, for example mushroom body miniature and mushroom body

deranged (de Belle and Heisenberg, 1996; Heisenberg et al, 1985).

dunce and rutabaga are both highly expressed in the mushroom bodies (Han et
al, 1992; Nighorn et al, 1991) and are both involved in the cAMP signalling
cascade. The dunce gene encodes a cAMP phosphodiesterase (Chen et al, 1986;
Kauvar, 1982) and the rutabaga gene a type I adenylyl cyclase (Levin et al, 1992;
Livingstone et al, 1984). Mutations in these genes lead to impairment in the
associative learning ability of the flies (Dudai et al, 1976; Smith et al, 1979a; Tully
and Quinn, 1985). For example, in a study by Tully and Quinn (1985), adult flies
were exposed to two odours, one of which was paired with an electric shock. When
the flies were then placed into a T-maze, one arm containing the odour originally
paired with the electric shock and the other arm containing the odour which was not
associated with any other stimuli, more than 95% of the wild type flies chose the
odour not associated with an electric shock. dunce and rutabaga flies, however,
were much less likely to choose the correct arm (Tully and Quinn, 1985).
Transgenic expression of these genes in the mushroom bodies can rescue the
learning ability of these flies (Dauwalder and Davis, 1995; Mao et al, 2004;
McGuire et al, 2003; Schwaerzel et al, 2003; Zars et al, 2000). Furthermore, in a
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study by Tully et al (1994b) larvae were trained to avoid an odour paired with an
electric shock. When these individuals were then tested as adults, wild type flies
showed an aversion to that odour. These adults are therefore exhibiting the
retention of memory through metamorphosis. When this experiment was conducted
with dunce and amnesiac mutants, however, the adults showed no aversion to this
odour (Tully ef al, 1994b). Studies on all of these mutants therefore provide strong
evidence that the cAMP pathway is involved in learning and memory. The cAMP
pathway is also known to be involved in learning and memory in other invertebrates
(Antonov et al, 2003; Kandel et al, 1983) and mammals (Villacres et al, 1998; Wu
et al, 1995). The mutations do not, however, completely extinguish learning ability
in the flies (Duerr and Quinn, 1982; Tully and Quinn, 1985), suggesting that other
pathways may also be involved (Dubnau and Tully, 1998).

All of this work has led to a model for the molecular basis for learning and
memory (Davis, 2004 and 2005; Dubnau and Tully, 1998) (Fig. 5.1). The model
suggests that in the case of associative learning both the conditioned and the
unconditioned stimulus converge on the mushroom bodies. This then activates
adenylyl cyclase, encoded by rutabaga, which elevates cAMP levels (Kandel et al,
1983) that in turn activates protein kinase A (PKA) causing the catalytic subunit to
become dissociated from the regulatory subunits. This allows the active PKA to
phosphorylate cytoplasmic targets, causing short term affects on synaptic function.
PKA can also phosphorylate other targets, such as cAMP response element binding
protein (CREB) which is a transcription factor that can alter protein synthesis hence
producing longer-lasting modifications at the synapse (Yin et al, 1994; Yin et al,
1995).
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Figure 5.1: The proposed model for the molecular mechanism underlying
associative learning and memory. The two stimuli converge on the mushroom body
neurons. This activates the rutabaga adenylyl cyclase which leads to an increase in
cAMP levels. The increase in cAMP levels causes the catalytic subunit of PKA to
become dissociated allowing it to then phosphorylate cytoplasmic targets causing a
short term modification in synaptic function. The activated PKA can also
translocate into the nucleus to phosphorylate nuclear targets inducing changes in
gene expression and therefore affecting the response to the stimuli on a longer term

basis (adapted from Dubnau and Tully, 1998).
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5.1.4 Is the Mechanism the Same for All Types of Learning?

Although much of the work described above has been conducted on associative
olfactory learning and memory, there is also some evidence to suggest that there is a
similar mechanism involved in appetitive associative learning (Schwaerzel et al,
2003; Tempel et al, 1983). The neurotransmitters involved, however, are different.
When an electric shock is paired with an odour, dopamine is the neurotransmitter
involved. When a sugar reward is paired with an odour, octopamine is involved
(Hammer and Menzel, 1998; Schwaerzel et al, 2003). However, the underlying
mechanisms involved in habituation and sensitisation are thought to be the same

(Corfas and Dudai, 1991; Duerr and Quinn, 1982; Kandel ef al, 1983).

5.1.5 Aims and Objectives

As we have seen in the previous two chapters, larval diet can influence both
adult egg laying and feeding preferences. Learning, as defined in this thesis as “a
change in behaviour with experience”, is therefore occurring. To gain further
evidence that learning is occurring the underlying mechanisms causing the change
in behaviour with larval diet was investigated. Several mutants have been described
that are defective in learning and memory. Two of these, dunce and rutabaga, have
been extensively studied (Aceves — Pina and Quinn, 1979; Chen et al, 1986; Dudai
et al, 1976; Kauvar, 1982; Levin et al, 1992; Livinigstone et al; 1984; Mao et al,
2004; McGuire et al, 2003; Smith et al, 1979b; Tully and Quinn, 1985) and neither
are known to affect the chemosensory abilities of the flies (Aceves-Pina and Quinn,
1979; Motosaka et al, 2007). In addition, in studies looking at the retention of
associative learning through metamorphosis, the dunce mutation has been shown to
eliminate this ability in the flies (Tully et al, 1994b). These are therefore good
candidates for determining the underlying mechanisms involved in the learning and
memory phenomena described in the previous two chapters. In addition to using
mutants, another method involving chemical ablation of the mushroom bodies will
also be used to further investigate the hypothesis that the same mechanisms and

structures are involved.
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In addition, another interesting question that can be asked is how the flies will
respond if they are unable to taste sugars. One mutant, malvolio, is known to affect
sugar perception (D’Souza et al, 1999; Orgad et al, 1998; Rodrigues et al, 1995).
This mutant will also therefore be tested for the effects of larval diet on adult food

preference.
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5.2 Methods

5.2.1. Determining Whether Learning and Memory or Gustatory Mutants Affect
Adult Feeding and Egg Laying Preferences

To determine whether the changes in adult food preference with larval diet
described in Chapters 3 and 4 were due to learning and memory, two Drosophila
mutants known to be deficient in learning and memory were used. These mutants
were dunce (dncl) (Dudai et al, 1976) and rutabaga (rut’) (Tully and Quinn, 1985)
and were sourced from the Bloomington Stock Centre. The dnc! flies were
homozygous for the mutation and could therefore be used immediately. The
rutabaga flies were balanced with C(1)DX chromosome in which the two X
chromosomes in the female are fused to form a single genetic unit. The genotype of
the females is therefore C())DX, y' /' / Y. C(1 )DX carries the alleles y' and £, '
being body colour defective and ' having forked bristles. Males have the genotype
sc¢® rut' £ Sh'* /Y. Consequently only males in this stock show the rut’ phenotype.
In order to produce homozygous females, males would have to be crossed with X
chromosome balancer females. As the aim of the experiment is simply to determine
whether the same mechanism is involved, and as the dnc and mushroom body
ablation are also being used, it was decided to only use males in the rutabaga

experiment.

In addition to these learning and memory mutants, a gustatory mutant was also
used which is known to be defective in its ability to taste several carbohydrates,
including sucrose (Orgad et al, 1998; Rodrigues et al, 1995). The malvolio (wl 1s.
P{lacW)MvF”) stock was again sourced from the Bloomington Stock Centre. The
mvl mutation is caused by the insertion of a transposable element, is homozygous
for mvl mutation and ready to be used immediately. This gustatory mutant was
chosen because there have been many studies describing the inability of these flies

to taste but no evidence that the mutation affects the flies ability to learn.

The same protocols as described in Chapters 3 and 4 were used to conduct these

experiments (see Sections 3.2.2 and 4.2.1 respectively). Briefly, larvae were raised
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on diets in which the concentration of sucrose was varied. The concentrations used
were 0%, 12.5%, 25% or 50% of the standard concentrations (see Section 3.2.5).
As pupae, they were removed from these diets (see Section 3.2.6), washed (see
Section 3.2.7) and placed into a choice chamber (see Section 3.2.8). 10 choice
chambers were set up per concentration with 20 pupae in each. They were left in
these chambers for 3 days before being removed and their feeding preferences
analysed (see Section 4.2.2). They were then placed into a fresh choice chamber for
a further 24 hrs and then the number of eggs laid on each medium was counted.
Running in parallel with these experiments, flies were also raised as larvae on a
100% sucrose medium and then as adults offered the same choices. The egg count
was not conducted on the rutabaga mutants as the females do not express the rut’
mutation and therefore for the rutabaga mutants only the feeding preferences of the

males were analysed.

5.2.2 Ablation of the Mushroom Bodies Using HU

To ablate the mushroom bodies HU was used. HU inhibits DNA synthesis and
kills dividing cells (Timson, 1975). In the first 8 hours after the larva hatches from
the egg, only the neuroblasts that form the mushroom bodies (the mushroom body
neuroblasts - MBNbs) and one other neuroblast (the lateral neurobalst — LNb) are
proliferating (Ito and Hotta, 1992; Prokop and Technau, 1991). Feeding the larvae
HU during this period therefore kills MBNbs and all Kenyon cell lineages (de Belle
and Heisenberg, 1994) with the exception of the 40 — 300 cells per hemisphere that
developed during embyrogenesis (de Belle and Heisenberg, 1994; Ito and Hotta,
1992). By using HU, the mushroom bodies can be ablated to determine whether it
is indeed these structures that are involved in the affects of larvae diet on adult
feeding preferences as described in Chapters 3 and 4. Figure 5.2 gives an outline of

the method used and is followed by a more detailed description below.

125



10 5 d old males and 20 5 d old females were collected and placed onto an agar
plate containing a thin layer of a specified medium

!

After 2 hrs these adults were removed and discarded

The eggs laid on these plates were continuously monitored and newly hatched
larvae collected hourly

These larvae were placed into a fresh agar plate containing a specified medium
mixed with HU (5.2.3)

After 3 hrs of feeding the larvae were collected, washed and placed into a vial

containing a specified medium
Pupae were collected from these vials, washed, and placed into a choice chamber
(3.2.8)

Adults were allowed to feed for 3 d before their feeding preferences were tested
(4.2.2)

Adults were then placed into a fresh choice chamber for 24 hrs
Flies were removed and discarded and the number of eggs laid on each patch

counted

Figure 5.2: A flow diagram giving an outline of the method used to ablate the

mushroom bodies and then determine the effects of larval diet on adult food choice.

20 female and 10 males were placed into vials containing a standard medium.
The adults were then removed after 24 hrs and discarded. The eggs that were laid
were allowed to develop through to the adult stage. Adults were collected daily and
transferred into fresh vials containing standard medium. In this way the age of the

adults was known. Once these adults were 5 d old, 20 females and 10 males were
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placed onto an agar plate with a thin layer of a specified food medium on top of it.
This food medium was either 0%, 25% or 100% sucrose. The adults were left on
these plates for 2 hrs to lay eggs. The adult were then removed and discarded the
plates checked on an hourly basis to check for newly hatched larvae. Any larvae
that had hatched were collected and placed onto a fresh plate with a thin layer of the
same food medium but with HU added to it (see Section 5.2.3). The larvae were
left to feed on this medium for 3 hrs before being removed and washed in distilled
water. The larvae were then placed into a fresh vial containing the medium they
had been feeding on previously. For example, if immediately after hatching the
larvae were fed on HU mixed with a 0% sucrose medium the vial would also
contain this 0% sucrose medium, but without the addition of the HU. In this way,
the larvae only ever fed on one food type. 50 larvae were placed into each vial.
These larvae were then allowed to develop through to the pupal stage. At this point,
200 mature pupae per food type were selected from the vials, washed (see Sections
3.2.6 and 3.2.7 respectively) and transferred into 10 choice chambers (see Section
3.2.8), 20 pupae per chamber. The choice chamber contained two food sources, one
the diet upon which they were raised and the other a standard medium. For
example, if raised on a 0% sucrose medium as larvae one of the wells would contain
this 0% sucrose medium and the other a standard 100% sucrose medium. These
individuals were left in these chambers for three days to feed on the diet of their
choice. After 3 days the adults were removed from these chambers and examined
under a microscope to determine their feeding preferences (see Section 4.2.2). The
adults were then placed into fresh choice chambers and left for a further 24 hrs
before being removed and discarded and the number of eggs on each food patch
counted (see Section 3.2.2). Running in parallel with these experiments, larvae
were also raised on a standard diet and then as adults offered the same choices. For
example, in parallel with the 0% sucrose experiments, larvae were raised on 100%
sucrose and then as adults offered the choice of 0% or 100% sucrose to feed upon.
These experiments were conducted with 0% and 25% sucrose along with their

100% controls.
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3.2.3 Addition of HU to the Food Medium

The addition of HU to the food was conducted in a fume cupboard. HU was
added to the food just as the food was about to set as in preliminary experiments it
was found that the HU seemed to become inactivated when added to the food when
it was still hot. In addition, the food containing the HU was made up just before the
larvae were placed onto it as it seemed to degrade if left for too long before the
larvae were exposed to it. The food had 50 mg HU / 1 ml food and was mixed well

before being poured onto the plate.

3.2.4 Statistical Analysis of the Data
Statistical analysis of the data was as previously described (see Sections 3.2.9 and

4.2.7). Briefly, for the feeding data the Chi Squared Test of Association was used,
and for the egg laying data a one — way ANOVA was used.
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5.3 Results

5.3.1 The Effect of Varying Sucrose Concentrations in the Larval Diet on the Adult
Feeding Preferences of dnc! Flies

Varying the concentration of sucrose in the larval diet had no subsequent effect
on adult feeding preferences at any of the concentrations tested with the learning
and memory mutant dunce (0% (n = 336): v*=1.163,d.f. =2, P=0.559; 12.5% (n
=336): y% = 2.241, d.f. =2, P = 0.326; 25% (n = 355): x* = 0.241, df. =2, P =
0.886; 50% (n = 323): x> = 0.344, d.f. = 2, P = 0.842). In all cases, regardless of
larval diet, dnc’ adults had a preference to feed on the 100% sucrose medium (Fig.
5.3). For example, when dnc’ flies were raised as larvae on 0% sucrose, as adults
76.3% (n = 182) chose to feed on the standard medium. When individuals were
raised as larvae on the 100% sucrose and as adults given the same choices 71.3% (n
= 184) fed on the 100% sucrose medium. Thus the feeding preferences of the wild

type flies were not shown in the dnc’ flies (see Chapter 4).

5.3.2 The Effect of Varying Sucrose Concentration on the Egg Laying Preferences
of dunce Flies

Varying the concentration of sucrose in the larval diet had no subsequent effect
on adult egg laying preferences at any of the concentrations tested with the learning
and memory mutant dunce (0% (n = 668): F'1 13 =0.128, P = 0.725; 12.5% (n =
325): F 1,13 =0.808, P = 0.381; 25% (n=1572): F | 13=1.670, P = 0.213; 50% (n
= 1160): F ;, 13 = 0.538, P = 0.473). In all cases, regardless of larval diet, dnc’
adults had a preference to lay their eggs on the 100% sucrose medium (Fig. 5.4).
For example, when raised as larvae on 0% sucrose 29.0% of the total eggs were laid
on this medium (n = 290) compared to 33.1% when raised as larvae on the 100%
sucrose medium (n = 378) and as adults offered the same choices. Thus the egg
laying preferences of the wild type flies were not shown in dnc’ flies (see Chapter
3).
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Figure 5.3: The effect of varying sucrose concentration in the larval diet on the
feeding preferences of adult dnc' flies. Yellow bars show the percentage of flies
feeding on the experimental medium, pink those feeding on the 100% sucrose
medium and green those feeding on a mixture of the two. Larval diet had no
subsequent affect on adult feeding preferences at any of the concentrations tested (n
(0% sucrose) = 336; n (12.5% sucrose) = 336, n (25% sucrose) = 355, n (50%
sucrose) = 323).
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Figure 5.4: The effect of varying sucrose concentration in the larval diet upon egg
laying preferences in dnc' flies. Means + standard errors for the number of eggs
laid on the reduced sucrose content medium when raised as larvae on that reduced
sucrose content medium (yellow circles) or the standard, 100% sucrose, medium
(pink circles). Varying the sucrose concentration in the larval diet of dnc' flies had
no subsequent affect on adult egg laying preference at any of the concentrations
tested (n (0% sucrose) = 668; n (12.5% sucrose) = 325; n (25% sucrose) = 1572; n
(50% sucrose) = 1160).

5.3.3 The Effect of Varying Sucrose Concentrations in the Larval Diet on the
Feeding Preferences of rut' Males

Varying the concentration of sucrose in the larval diet had no subsequent effect
on male adult feeding preferences at any of the concentrations tested with the
learning and memory mutant, rutabaga (0% (n =178) : x> = 1.615, d.f. =2, P =
0.446; 12.5% (n = 163): y* =3.361, d.f. =2, P = 0.186; 25% (n = 269): x> = 0.318,
d.f. =2, P=0.853; 50% (n = 277): x> = 0.894, d.f. = 2, P = 0.639). In all cases,

regardless of larval diet, rur’ adults had a preference to feed on the 100% sucrose
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medium (Fig. 5.5). For example, when raised as larvae on 25% sucrose 76.9% (n =
132) of the adults fed on the 100% sucrose medium compared to 74.1% (n = 137)
when raised as larvae on 100% sucrose. Thus the preference of wild type flies was

abolished in 7ut’ flies (see Chapter 4).
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Figure 5.5: The effect of varying sucrose concentration in the larval diet on the

Percentage of Flies Feeding on Medium

feeding preferences of rutabaga flies. Yellow bars show the percentage of flies
feeding on the experimental medium, pink those feeding on the 100% sucrose
medium and green those feeding on a mixture of the two. Larval diet had no
subsequent affect on adult feeding preferences at any of the concentrations tested (n
(0% sucrose) = 178, n (12.5% sucrose) = 163; n (25% sucrose) = 269; n (50%
sucrose) = 277).
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5.3.4 The Effect of Varying Sucrose Concentrations in the Larval Diet on the
Feeding Preferences of MV’ Flies

Varying the concentration of sucrose in the larval diet had no subsequent effect
on adult feeding preferences at any of the concentrations tested with the taste
mutants, malvolio (0% (n = 585): x2 =S st =2 A=t T SO s Te  tn = 2207
x> =1.481,d.f. =2, P=0.477; 25% (n = 438): y* =4.156, d.f. =2, P = 0.125; 50%
(n = 656): x* = 0.639, d.f. =2, P = 0.726). In all cases, regardless of larval diet,
MvP7 adults showed a preference to feed on the 100% sucrose medium (Fig. 5.6).
For example, when raised as larvae on 50% sucrose, 55.8% (n = 131) of adults fed
on the 100% sucrose medium compared to 51.8% (n = 181) when flies were raised

as larvae on 100% sucrose. Thus the feeding preferences of the wild type flies was
abolished in the MvI’” flies.
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Figure 5.6: The effect of varying sucrose concentrations in the larval diet on the
107
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feeding preferences of Mv1”" flies. Yellow bars show the percentage of flies feeding
on the experimental medium, pink those feeding on the 100% sucrose medium and
green those feeding on a mixture of the two. Larval diet had no subsequent affect
on feeding preferences of the adults at any of the concentrations tested (n (0%
sucrose) = 585, n (12.5% sucrose) = 229, n (25% sucrose) = 438, n (50% sucrose)

= 656).
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5.3.5 The Effect of Varying Sucrose Concentrations in the Larval Diet on the Egg
Laying Preferences of Myt Flies

Varying the concentration of sucrose in the larval diet had no subsequent effect
on adult egg laying preferences at any of the concentrations tested with the taste
mutant malvolio (0% (n = 585): F' 1, 13 =1.548, P =0.229; 12.5% (n=229): F | 3=
0.344, P =0.565; 25% (n = 438): F 1,13 =0.743, P =0.400; 50% (n =475): F | ;g=
2.284, P = 0.148). In all cases, regardless of larval diet, Mv/’” adults had a
preference to lay their eggs on the 100% sucrose medium (Fig. 5.7). For example,
when raised as larvae on 0% sucrose, 30.4% of the total eggs laid were laid on the
0% sucrose medium (n = 254) compared to 20.2% of the total eggs when raised as
larvae on the 100% sucrose medium and as adults offered the same choices (n =
331). Thus the egg laying preferences seen in the wild type flies are abolished in
the MvI’” flies.
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Figure 5.7: The effect of varying sucrose concentration in the larval diet upon egg
laying preferences in Mvl°" flies. Means + standard errors for the number of eggs
laid on the reduced sucrose content medium when raised as larvae on that reduced
sucrose content medium (yellow circles) or the standard, 100% sucrose, medium
(pink circles). Varying the sucrose concentration in the larval diet of MvI°’t flies
had no subsequent affect on adult egg laying preference at any of the
concentrations tested (n (0% sucrose) = 585, n (12.5% sucrose) = 229, n (25%
sucrose) = 438, n (50% sucrose) = 475).
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5.3.6 The Effect of Ablating the Mushroom Bodies Using Hydroxyurea on Adult

Food Preferences

To ensure that the protocol used did not affect the feeding preferences of the
flies, some individuals underwent the same procedure as the HU ablated flies, but
no HU was added to the larval food. Results showed that in this case larval diet had
a significant affect on both adult feeding and egg laying preference (Figs. 5.8 and
5.9 respectively). For the feeding analysis, results showed that when raised as
larvae on a 0% sucrose medium adults showed a preference to feed on this medium
when compared to those that had been raised as larvae on a 100% sucrose medium
and then as adults offered the same choices (x2 (n=381)=9745,df. =2, P <
0.01). 61.7% of adults fed on the 0% sucrose medium when raised on it as larvae (n
= 190) compared to 10.4% when raised as larvae on the 100% sucrose medium and
then as adults given the same choices (n = 191) (Fig. 5.8). When raised as larvae on
a 25% sucrose medium adults were more likely to feed on this medium compared to
those that had been raised as larvae on a 100% sucrose medium and then as adults
offered the same choices (X2 (n = 376) = 12.823, d.f. =2, P < 0.05). 36.8% of
adults fed on the 25% sucrose medium when raised on it as larvae (n = 180)
compared to 19.6% when raised as larvae on the 100% sucrose medium and then as

adults given the same choices (n = 196) (Fig. 5.8).
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Figure 5.8: The affect of varying sucrose concentration in the larval diet on adult
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feeding preferences when following the HU ablation protocol but without using HU.
Yellow bars show the percentage of flies feeding on the experimental medium, pink
those feeding on the 100% sucrose medium and green those feeding on a mixture of
the two. * indicates a significant difference at the P < 0.05 level and ** at the P <
0.01 level. When raised as larvae on a 0% sucrose medium adults showed a
preference to feed on this medium whereas if raised on 100% sucrose and then
given the same choices adults show a preference for the 100% sucrose medium (n
=381). When raised as larvae on 25% sucrose adults were more likely to feed on
this diet than those raised as larvae on 100% sucrose and subsequently given the

same choices (n =376).
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Varying the concentration of sucrose in the larval diet of flies undergoing the HU
protocol without actually receiving the HU only had a significant affect on adult egg
laying preference at a concentration of 0% (F' 1,13 = 5.587, P <0.05). When raised
as larvae on a 0% sucrose medium, adults laid less eggs on this medium (35.8% of
the total eggs laid; n = 416) than those raised as larvae on a 100% sucrose and
subsequently given the same choices (43.4% of the total eggs laid; n = 472) (Fig.
5.9). When larvae were raised on 25% sucrose, adults showed no preference to lay
their eggs on this medium as adult (F' 1 13 = 0.271, P = 0.609) with 38.4% of the
eggs being laid on the 25% sucrose when raised on this medium as larvae (n = 534)
compared to 40.9% when raised as larvae on 100% sucrose and as adults offered the

same choices (n =557) (Fig. 5.9).
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Figure 5.9: The affect of varying sucrose concentration in the larval diet on adult
egg laying preferences when following the HU ablation protocol but without using
HU. Means + standard errors for the number of eggs laid on the reduced sucrose
content medium when individuals were raised via the HU protocol without being
exposed to HU. Yellow circles indicate those raised as larvae on the reduced
sucrose content medium and pink those raised as larvae on the standard, 100%
sucrose, medium. * indicates a significant difference at the P < 0.05 level. When
raised as larvae on 0% sucrose adults were less likely to lay their eggs on this
medium than those raised as larvae on 100% sucrose medium and given the same
choices (n = 888). At 25% sucrose larval diet had no subsequent affect on adult
egg laying preference (n = 1091).

Varying the concentration of sucrose in the larval diet of Oregon R flies with
their mushroom bodies ablated had no subsequent effect on adult feeding
preferences at any of the concentrations tested (0% (n = 325): x> = 1.990, d.f. =2, P
= 0.370; 25% (n = 309): x* = 3.828, d.f. =2, P = 0.147). In all cases, regardless of
larval diet, adults showed a preference to feed on the 100% sucrose medium (Fig.

5.10). For example, when raised as larvae on 0% sucrose, 6.1% (n = 185) of adults
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fed on the 100% sucrose medium compared to 8.0% (n = 189) when flies were

raised as larvae on 100% sucrose and as adults offered the same choices.
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Figure 5.10: The effect of varying sucrose concentration in the larval diet on the

Percentage of Flies Feeding on Medium

feeding preferences of mushroom body ablated flies. Yellow bars show the
percentage of flies feeding on the experimental medium, pink those feeding on the
100% sucrose medium and green those feeding on a mixture of the two. Larval diet
had no subsequent affect on adult feeding preferences at any of the concentrations

tested (n (0% sucrose) = 325; n (25% sucrose) = 309).

Varying the concentration of sucrose in the larval diet of Oregon R flies with
their mushroom bodies ablated had no subsequent effect on adult egg laying
preferences at any of the concentrations tested (0% (n = 1599): F'; 13 =3.175, P =
0.092; 25% (n=1959): F'; 13 =10.222, P =0.643). In all cases, regardless of larval
diet, adults had a preference to lay their eggs on the 100% sucrose medium (Fig.

5.11). For example, when raised as larvae on 0% sucrose, 34.9% of the total eggs
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laid by the adults were laid on the 0% sucrose medium (n = 718) compared to
26.8% of the total eggs when raised as larvae on the 100% sucrose medium (n =
818).
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Figure 5.11: The effect of varying sucrose concentration in the larval diet upon egg
laying preferences in mushroom body ablated flies. Means + standard errors for
the number of eggs laid on the reduced sucrose content medium when raised as
larvae on that reduced sucrose content medium (yellow circles) or the standard,
100% sucrose, medium (pink circles). Varying the sucrose concentration in the
larval diet had no subsequent affect on adult egg laying preference at any of the
concentrations tested (n (0% sucrose) = 1599; n (25% sucrose) = 1959).
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5.4 Discussion

5.4.1 Is Larval Diet Learnt and This Information Retained Through

Metamorphosis?

When wild type Drosophila were raised as larvae on diets varying in sucrose
concentration, this was shown to affect both adult feeding and egg laying
preferences (see Chapters 3 and 4). In the case of feeding preference, when raised
as larvae on either 0%, 25% or 50% sucrose the adults showed an increased
preference to feed on these media compared to those raised as larvae on a 100%
sucrose medium and subsequently given the same choices. For the egg laying
preferences, when raised as larvae on 0% sucrose, adults were less likely to lay their
eggs on this medium than if raised on a 100% sucrose diet and subsequently given

the same choices.

When the learning and memory mutants dunce and rutabaga were used in these
experiments, an entirely different result was observed. In these cases, there was no
modification in adult behaviour depending on larval diet, with adults always
preferring the standard medium irrespective of the larval diet. These mutations
therefore in some way impair the flies’ ability to modify their adult behaviour
depending on larval diet. The dunce gene encodes for a cAMP phosphodiesterase,
and the rutabaga gene a type I adenylyl cyclase (Chen et al, 1986; Kauvar, 1982;
Levin et al, 1992; Livingstone et al, 1984). This would therefore suggest that the
cAMP pathway is very important in retaining the effects of larval diet on adult
feeding preferences. The cAMP signalling cascade is thought to underlie synaptic
plasticity (see Section 5.1.3) and so one possible reason for the modification in adult
egg laying and feeding preferences with larval diet may too be due to learning and
memory. Both dunce and rutabaga are highly expressed in the MBs, the structure
in the brains of insects that are thought to be involved in learning and memory (de
Belle and Heisenberg, 1994; Lessing and Carlson, 1999; Rausher, 1978). It is
therefore possible that it is learning and memory that is causing this modification in
adult behaviour. However, the cAMP pathway is also involved in many other

functions, including tasting of carbohydrates at the sensillar level (Liscia et al,
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1989). Therefore although this data suggests that cAMP is involved in someway in
the effects of larval diet on adult food choice, it does not give any indication of how

it 1s doing this.

To further investigate the effects of larval diet on adult food preferences, the
MBs were also ablated using HU. HU inhibits DNA synthesis and kills dividing
cells (Timson, 1975). In the first 8 hours after larval hatching, only the MBNbs and
the LNb are proliferating (Ito and Hotta, 1992; Prokop and Technau, 1991).
Feeding the larvae HU during this period therefore kills MBNbs and all Kenyon cell
lineages (de Belle and Heisenberg, 1994) with the exception of the 40 — 300 cells
per hemisphere that developed during embyrogenesis (de Belle and Heisenberg,
1994; Ito and Hotta, 1992). By using HU, the mushroom bodies can therefore be
ablated to determine whether it is these structures that are involved in the affects of

larvae diet on adult feeding preferences as described in Chapters 3 and 4.

When the mushroom bodies were ablated no effect of larval diet on adult feeding
or egg laying preferences were observed. To ensure that the change in protocol
required in order to ablate the MBs did not affect adult behaviour, wild type flies
were also treated to the same methodology as those that had the mushroom bodies
ablated, but in this case the food medium did not containing HU. The results of
these experiments were as found in Chapters 3 and 4, showing that the change in
adult behaviour observed in the MB ablated flies must be due to the ablation and not
simply due to the change in protocol used. HU has been shown to completely ablate
MBs in 93.5% of flies (de Belle and Heisenberg, 1994) and the data from this
chapter therefore provides strong evidence that ablation of the MBs erases the flies
ability to alter adult behaviour with larvae diet. This, along with the dunce and
rutabaga data therefore provides strong evidence that the change in adult food
preference with larval diet is due to a change in the cAMP pathway in the
mushroom bodies. It could, however, be that the disruption of the cAMP pathway
in the mutants and the ablation of the mushroom bodies are acting separately but

lead to the same affect on behaviour.
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5.4.2 How Does the Taste Mutant malvolio Affect the Feeding and Egg Laying
Preferences of the Flies?

When malvolio flies, which lack the ability to taste carbohydrates, were raised as
larvae on diets varying in sucrose concentration there was no modification in adult
behaviour with varying larval diet. In all cases, the adults chose to feed and lay
their eggs on the 100% sucrose medium irrespective of larval diet. This is an
interesting result considering the flies are unable to taste the difference in the
sucrose contents of the two media. There are two possible explanations for this.
Firstly, the mutants are not impaired in their ability to learn. It is therefore possible
that the choice they make is due to internal feedback mechanisms. If they feed on
the diet containing low sucrose concentrations there will be low concentrations of
carbohydrate in their haemolymph. If they feed on the 100% sucrose medium,
however, the concentration of carbohydrate in the haemolymph will increase (see
Section 4.1.3). It is therefore possible that the flies are learning through a feedback
mechanism which of the two diets contains the best balance of nutrients. Similar
feedback mechanisms have been described in several insect species (Abisgold and
Simpson, 1987; Amakawa, 2001, Friedman et al, 1991).

Another possible reason for these results maybe that the malvolio flies can taste
the sucrose in the 100% sucrose medium due to its high concentration. In a study
by Rodrigues et al (1995) the responses of adult malvolio flies to various
carbohydrates, including sucrose, were investigated. The results showed that these
flies are indeed defective in their ability to taste carbohydrates. This ability was not,
however, completely lost with more than 85% of the flies extending their
proboscises in response to tarsal stimulation of 100 mM sucrose. In addition, when
offered a choice of agar alone or agar plus sucrose at a concentration 100 mM,
100% of the flies choose to feed on the sucrose medium. Therefore, although the
malvolio mutation reduces the flies ability to taste sucrose, it does not completely
erase it and at high enough concentrations the flies are still able to detect the
sucrose. In this thesis, when the concentration of sucrose in the diet was reduced,
the malvolio flies would be unable to detect it according to the results of Rodrigues
et al (1995). When offered the choice of this diet or a standard diet, however, they

would be able to detect the sucrose in the standard medium (which is at a
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concentration of 257 mM) and hence always chose to feed on that medium
irrespective of larval diet. This would also be true of the egg laying data. The flies
would be able to detect the sucrose in the 100% sucrose medium and would
therefore lay their eggs on the reduced sucrose content medium as is seen in the

wild type flies (see Chapter 3).

5.4.3 Summary

The results of this study show that the cAMP mutants dunce and rutabaga do not
have the same feeding and egg laying preferences as those of wild type flies when
sucrose concentration in larval diet was varied. This therefore suggests that cAMP
is involved in the modification in adult food preference with larval diet. cAMP is,
however, involved in many processes, including learning and memory and taste
transduction. Where the affect of the defective cAMP pathway is affecting the
ability of the flies to modify their adult behaviour depending on larval diet therefore
remains unclear. When the MBs were ablated the effect of larval diet on adult food
preference was again extinguished, suggesting that the mushroom bodies play an
important role in the transfer of dietary information from thee larva to the adult.
The mushroom bodies are known to be involved in learning and memory,
suggesting this may be one possible mechanism that may explain the change in

behaviour with larval diet.

When the concentration of sucrose was varied in the diet of the gustatory mutant
malvolio, adults always showed a preference for the 100% sucrose medium
irrespective of larval diet. This is probably due to the flies being able to detect the
high concentrations of sucrose in the 100% sucrose medium but not being able to

detect the sucrose in the lower concentration media.
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6. Does Diet Affect Life History Traits in Drosophila melanogaster?

6.1 Introduction

6.1.1 The Foetal Origins of Adult Disease (FOAD)

The phenotype of an individual is determined by both genetically and
environmentally. The environmental affects upon the phenotype begin very early in life
with the intrauterine environment (Aerts and Van Assche, 2006). This is called
programming, which can be defined as ‘a process whereby a stimulus or insult, at a
critical or sensitive period of development, has lasting or lifelong significance’ (Lucas,
1991). For example, studies have shown that birth weight can be maternally determined
by nutritional supply, with genetics playing a relatively small role (Carr-Hill et al, 1987).
When maternal nutrition is reduced, the foetus is able to reduce its growth and
development to adapt to reduced maternal nutrition (Widdowson and McCance, 1975).
This allows for a means of survival under nutritionally adverse conditions (Desai and
Hales, 1997). For example, for 7 months during the winter of 1944-1945 many areas of
the Netherlands experienced a severe famine due to a German blockade on rail transport.
This meant that no food could be bought into the Western part of the Netherlands by train
and a particularly harsh winter meant that all the canals froze and so no food could be
bought in by barge either. This led to official rations being imposed of less then 1000
calories per person. The famine was then abruptly ended in May 1945 when the Allied
forces liberated the Netherlands and food relief was distributed. Records of birth weight
from this period are available from Midwifery schools and studies of this data clearly
show that malnutrition during pregnancy leads to reduced weight at birth (Stein et al,
1995; Stein et al, 2004; Stein and Susser, 1975). The effect of maternal diet on birth
weight has also been described in other human populations (Andreasyan et a/, 2007) and

in other mammals (Campbell ef al, 2005; Lister and McCance, 1965; Stewart et al, 1975).

It has been hypothesised that programming during foetal development, such as

lowered birth rate due to malnutrition, can lead to disease in later life. This is known as
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the ‘Foetal Origins of Adult Disease’ (FOAD) or the ‘Developmental Origins of Health
and Disease’ (DOHaD) (Aerts and Van Assche, 2006). Many studies have linked low
birth weight with disease in later life, however disease can also occur due to malnutrition
with no effect on birth weight (Lumey, 1998; Ravelli et al, 1999). Some of the adult
diseases that have been associated with foetal malnutrition include diabetes mellitus and
metabolic disorder (Dahri et al, 1995; de Rooij et al, 2006), cardiovascular disease
(Painter et al, 2006; Roseboom et al, 2000), hypertension (Stein et al, 2006) and obesity
(Ravelli et al, 1976; Ravelli et al, 1999; Stanner et al, 1997; Stein et al, 2007). In
addition, psychological disorders have been associated with malnutrition during
pregnancy such as affective disorder (Brown et al, 2000), antisocial personality disorder

(Neugebauer et al, 2004) and schizophrenia (Hoek et al, 1998; St Clair et al, 2005).

6.1.2 The ‘Thrifty Phenotype’ and ‘Predictive Adaptive Response’ Hypotheses

The ‘thrifty phenotype’ hypothesis was suggested to try to explain the link between
poor foetal growth and the increased risk of glucose intolerance and metabolic syndrome
in the adult (de Rooij et al, 2006; Hales and Barker, 1992). The central point of the
theory is that poor nutrition in utero and in early life leads to permanent changes which
can lead to disease in later life (Hales and Barker, 1992). The theory accepts that
genetics also plays a role, but proposes that the environmental factors are the dominant
cause of adult disease (Hales and Barker, 2001). These permanent changes are thought to
be due to selective distribution of nutrients under poor nutritional conditions so that the
development of essential organs such as the brain is conserved at the cost of peripheral
organs such as the liver and pancreas (Hales and Barker, 1992; Hales and Barker, 2001;
Hinchliffe et al, 1992, Merlet — Bénichou et al, 1994). Reduction in the growth of certain
organs leads to permanent changes in their metabolism, structure or both (Desai and
Hales, 1997). There are several pieces of evidence to support this theory (Barker et al,
1993; Curhan et al, 1996; Flanagan et al, 2000; Hales et al, 1991; Hofman et al, 1997;
McKeigue et al, 1998). For example, in Hertfordshire the birth weights of all babies have

been measured since 1911. Follow up studies of these individuals show reduced growth
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in early life is strongly linked with an increased risk of developing impaired glucose

tolerance and metabolic syndrome in adult life (Barker et al, 1993; Hales et al, 1991).

The thrifty phenotype hypothesis explains changes caused by under nutrition but not
over nutrition (Armitage et al, 2005). The thrifty phenotype hypothesis was then
extended by Gluckman and Hanson (2004). Their theory suggested that the foetus uses
maternal nutritional status to predict the postnatal environment and therefore the changes
in utero adapt the offspring to the external environment. This is known as a ‘predictive
adaptive response’ (Gluckman and Hanson, 2004), and the Thrifty Phenotype Hypothesis
has since been extended to include this (Hales and Barker, 2001). If this prediction is
correct the phenotype is normal, however, if the prediction is wrong disease may occurs
(Gluckman and Hanson, 2004). Therefore if an individual received poor nutrition in
utero and then when born remains in an environment of poor nutrition there will be no
adverse effects. Once born, however, if the individual is in an environment of increased
nutrition disease is likely to occur (Gluckman et al, 2005). There are several pieces of
evidence to support this theory. Studies into coronary heart disease (Forsen et al, 1999)
and type 2 diabetes (Forsen et al, 2000; Crowther et al, 1998) have shown that those that
were small at birth and then showed rapid catch-up growth throughout childhood had the
greatest risk of developing disease in later life. It has also been argued that this theory
can explain the rapid increase in diseases such as metabolic syndrome in societies
undergoing rapid economic and nutritional transitions (Gluckman et al, 2005). In rat
models, foetal under nutrition followed by postnatal over nutrition amplified the
likelihood of developing metabolic and cardiovascular abnormalities in the adults (Khan
et al, 2004; Vickers et al, 2000). In addition recent evidence has suggested that prenatal
undernutrition can reduce voluntary locomotor behaviour and increase levels of food
intake in rats (Bellinger et al, 2006; Vickers et al, 2003). This could further exacerbate
the effects of maternal nutrition on disease in later life (Bellinger e al, 2006; Vickers et
al, 2003).
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6.1.3 The Effect of Diet on Future Generations

There is growing amounts of evidence to suggest that the changes induced in the
offspring due to nutritional availability can continue on through subsequent generations
(Kaati et al, 2002; Pembrey et al, 2006; Stein and Lumley, 2000; Stewart et al, 1975;
Torrens et al, 2003; Zambrano et al, 2005). For example in a study looking at the effect
of a low protein diet in rats over 12 generations, results showed that the offspring of these
rats had significantly lower birth weights and when these rats were then placed onto a
normal diet it took 3 generations before the birth weights of the offspring returned to
normal levels again (Stewart et al, 1975). These low protein fed rats also showed slow
growth, delayed sexual maturity, smaller adult size and increased exploratory behaviour

(Stewart et al, 1975).

This intergenerational affect of diet upon phenotype is also apparent in the affect upon
the health of the offspring (Torrens er al, 2003; Zambrano et al, 2005), including
cardiovascular disease (Kaati et al, 2002) and diabetes mellitus (Boloker et al, 2002;
Kaati et al, 2002). For example in a study using rats, females were fed either a normal or
protein restricted diet during pregnancy and lactation. After weaning, these first
generation (F;) offspring received a normal diet. From these F; in utero protein restricted
rats, females were selected and mated. The pregnant F; females were fed a normal diet
throughout pregnancy and lactation. The offspring of these F; females (F,) were also fed
a normal diet post weaning and were again allowed to breed and the F;3 offspring again
kept on a normal diet. Therefore all individuals received a normal diet apart from the F
females during pregnancy, hence the F; females were subject to protein restriction in
utero and throughout lactation. Each generation was tested for measurements relating to
glucose metabolism and results showed that all generations of rats tested where the
original females were fed on a protein restricted diet had an altered glucose homeostasis.
This suggest that even though all the subsequent generations received a normal diet, the
protein restriction suffered by the grandmother (Fy) whilst pregnant had a lasting affect
on the glucose metabolism of subsequent generations (Benyshek et al, 2006). In humans

it is more difficult to determine the intergenerational impact of nutrition in utero because
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of highly variable genetic and environmental factors (Aerts and Van Assche, 2006).
However, there is some evidence to suggest that the effect of early nutrition can continue
through generations (Kaati et al, 2002; Pembrey et al, 2006; Stein and Lumley, 2000).
For example, research has shown that susceptibility to diabetes is higher in offspring that
have descended from grandfathers exposed to an excess of food in early life (Kaati et al,
2002). Similar results have been found for the effects of the grandmother’s early food
supply on offspring mortality (Pembrey et al, 2006). In addition, in Pima Indians if the
mother did not suffer from gestational diabetes in her first pregnancy but did in later
pregnancies then these offspring had a much higher prevalence of diabetes as adults than

the first born (Pettitt, 1996).

6.1.4 What is the Underlying Mechanism Involved in Developmental Plasticity?

The results described above show that variables in the prenatal environment, such as
maternal nutrition, can modify the phenotype of the offspring, and these changes can
contribute to the development of disease in later life. This suggests that in utero nutrition
alters the transcription levels of specific genes which affect metabolic pathways (Burdge
et al, 2007a). The mechanism underlying this phenotypic plasticity is thought to involve
epigenetic regulation of gene expression (Erhuma et a/, 2007). This epigenetic regulation
can be achieved by DNA methylation or covalent modifications to histones (Burdge et al,
2007a). Silencing of genes by DNA methylation has been well described (Bird, 2002;
Weaver et al, 2004). DNA methylation is catalysed and maintained by DNA
methyltransferases (Dnmt) (Bird, 2002) and a protein restricted diet has been shown to
decrease Dnmtl expression (Lillycrop et al, 2007). This provides a possible mechanism

for the effect of maternal diet on the phenotype of the offspring via epigenetic regulation.

Nutrition has also been shown to affect methylation levels of several other genes
(Doherty et al, 2000; Khosla et al, 2001; Lillycrop et al, 2005; 2007; Waterland and
Jirtle, 2003). For example, rats fed a low protein diet were shown to have decreased

methylation and increased expression of peroxisomal proliforator - activated receptor
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(PPAR) alpha and gluoccorticoid receptor (GR) in the liver (Lillycrop et al, 2005). The
expression of the PPARa target genes (acyl CoA oxidase (ACOX)) also increased in
these protein restricted rats (Lillycrop ef al, 2005). This supports the idea that epigenetic
regulation of transcription factors can modify the activity of important metabolic
pathways (Lillycrop et al, 2005; 2007). Altered methylation of PPARa and GR
promotors induced by a protein restricted diet in early life has also been shown to
continue through to the F, generation even when the mothers exposed to protein
restriction during development received a normal diet as an adult and throughout
pregnancy (Burdge et al, 2007b). This suggests altered methylation may also be the
mechanism involved in the affect of nutrition on phenotype across generations (Burdge et
al, 2007b).

6.1.5 What Genes are Involved in Developmental Plasticity?

Recently much work has concentrated on determining which genes are involved in
the effects of in ufero nutrition on adult disease. The work has generally been based
upon a candidate gene approach, concentrating on genes known to be involved in
carbohydrate and lipid metabolism and corticosteroid activity (Burdge et al, 2007a).
There are many genes that have been implicated in the effects of maternal diet on adult
health and disease. These including PPARa (Erhuma et al, 2007; Lillycrop et al, 2005),
PPARy (Erhuma et al, 2007), leptin (Bruce et al, 2006), adiponectin (Bruce et al, 2006;
Sellayah et al, 2006), GR (Bertram et al, 2001; Lillycrop et al, 2005), PEPCK (Burdge et
al, 2007b), ACOX (Lillycrop et al, 2005), Dnmt (Lillycrop et al, 2007), lipoprotein lipase
(LPL) (Lillycrop et al, 2006), carnitine: palmitoyl transferase (CPT) (Lillycrop et al,
2006), nitric oxide synthase (NOS) (Casanello and Sobrevia, 2002; Khorrham et al,
2006), 11 B hydroxysteroid dehydrogenase (11BHSD) (Bertram et al, 2001), insulin
receptor (IR) (Barry et al, 2006), insulin-like growth factors (IGF) (Regnault et al, 2006;
Tosh et al, 2006), tumour necrosis factor alpha (TNFa) and glucose transporter 4
(GLUT4) (Barry et al, 2006, Wyrwoll et al, 2006).
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6.1.6 The Effect of Diet on Life History Traits in Insects

Much of the data so far described has looked at the effect of maternal diet on health
and development in mammalian model organisms. This is because data in humans is
only available when people suffer famine. It may however be possible that invertebrates
such as Drosophila could provide a good model system for trying to gain a further
understanding of the effect of diet upon future health. All animals obtain energy and
nutrients through their food and this is a key factor affecting life history components
(Taylor et al, 2005) and therefore insects may also provide a suitable model for looking at

the effects of diet upon life history traits.

This has been studied to some degree in relation to pest control and evolution but has
never been looked at in relation to human health. In relation to pest control, this has been
an important area of research as it allows for better understanding of host suitability of
pest species (Azidah and Sofian-Azirun, 2006). In the pest control studies, there has been
shown to be relationships between diet and measures such as starvation resistance
(Burger et al, 2007; Chippindale et al, 1997), fecundity (Burger et al, 2007; Butler and
O’Neil, 2007; Kyneb and Toft, 2004; Naya et al, 2007, Roff and Gelinas, 2003),
development time (Azidah and Sofian-Azirun, 2006; Butler and O’Neil, 2007; Kyneb and
Toft, 2004), mortality/survival (Butler and O’Neil, 2007; Kyneb and Toft, 2004) and life
span (Burger et al, 2007; Butler and O’Neil, 2007; Chippindale et al, 1997). However, in
most of these studies the different diets have not been of a defined composition but rather
have been food types found in the insects natural environment (Butler and O’Neil, 2007,
Kyneb and Toft, 2004; Roff and Gelinas, 2003). Some have, however, looked at the
effect of specific components of the diet on life history traits. For example, a protein rich
diet has been shown to increase fecundity, whereas a carbohydrate rich diet decreases
fecundity in the harvestman (Naya et al, 2007). In addition, dietary restriction by
reduction in yeast and sucrose concentrations increases starvation resistance in early life
but decreases it in later life (Burger et al, 2007). Interestingly, there is also some
evidence that diet can affect life history characteristics over several generations

(Amarillo-Suarez and Fox, 2006; Fox et al, 1995; Spitzer, 2004). For example, in the
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seed-feeding beetle (Stator limbatus) offspring matured at a faster rate when the mothers
had been reared on Pseudosamanea guachapele compared to mothers that had been
reared on Acacia greggii, irrespective of offspring diet (Amarillo—Suarez and Fox, 2006).
The fact that diet clearly affects many traits in insects means that invertebrates may
provide a good model for gaining a further understanding of the effects of diet upon the

health of future offspring.

6.1.7 Aims and Objectives

The aim of this Chapter was to determine whether diet can affect factors associated
with the health and development of Drosophila. As already discussed, maternal diet can
have a profound affect on the future health of offspring in mammals and these
experiments aim to determine if the same is true in Drosophila. In order to do this,
several measurements will be made throughout the life cycle of the flies raised on varying
diets. These measurements include locomotion, development time, fecundity, survival
and starvation resistance. The concentration of either sucrose or yeast was varied for
these experiments, the concentrations used being 0%, 12.5%, 50% or 100% of the

concentrations found in the standard diet.
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6.2 Methods

6.2.1 Outline of Methods Used to Determine the Affect of Diet on Life History Traits in

Drosophila

40 females and 20 males placed into egg laying pots for 24 hrs (6.2.2)

Adults removed and number of eggs counted (6.2.2)

80 eggs collected and placed into a fresh vial (6.2.2)

One L3 larvae per vial was collected and its fitness measured (6.2.3)

Number of pupae developing per day counted (6.2.4)

Mature pupae removed and starvation resistance of these adults tested (6.2.5)

Number of adults eclosing per day counted and collected (6.2.4)

These adults were then used for egg laying, starting from the beginning again for the next

generation (6.2.4)

Figure 6.1: An outline of the method used to determine the effect of diet upon several
indicators of health in flies.
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This chapter looks at the effects of the various diets on life history traits in Drosophila
over five generations. Figure 6.1 shows an outline of the methods used and this is

followed below by a more detailed description of each step.

6.2.2 Egg Laying and Collection

40 3 — 8 d old females and 20 3 — 8 d old males were anaesthetised and placed into an
egg laying pot. A 55 mm Petri dish containing a specified diet was placed over the open
end of the egg laying pot. This was repeated 10 times per food type, and the food types
used were 0%, 12.5%, 25%, 50% or 100% sucrose or yeast (see Section 2.5). These egg
laying pots were placed into the incubator for 24 hrs. After 24 hrs, the flies were
anaesthetised, removed and discarded. @ The number of eggs laid on each plate was
counted under the microscope. 80 eggs were then collected using a paint brush and
placed into vial containing the same food type as was in the Petri dish for egg laying. 10
vials were set up per food type per generation. If there was not enough eggs were laid to
set up the 10 vials from these egg lays they were repeated until enough eggs had been

collected. These vials were then placed into the incubator.

6.2.3 Larval Fitness

The vials were checked daily for the emergence of pupae. The day after the first
pupae had developed an L3 larva was gently taken from out of the food using a paint
brush. The larval stage was determined based on size. The larva was placed into a piece
of tubing with some fine mesh attached to one end. It was then gently washed with
distilled water to remove any food left on the larva. Once clean, the larva was placed on
a piece of tissue to dry off. The larva was then placed into the centre of a 90 mm Petri
dish containing 17 ml 3% agar. Underneath this Petri dish was a grid with squares 5 mm
x 5 mm. The number of squares the whole body of the larva entered over in 5 mins was

counted. This was repeated 10 times per food type per generation, 1 larva taken from
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each vial. The Petri dish was washed thoroughly before each experiment, and the Petri

dish changed every 5 tests, or sooner if required.

6.2.4 Development Time and Survival

Once the eggs had been placed into the vials as described in Section 6.2.2, the vials
were checked on a daily basis and the number of pupae developing each day was
counted. In order to count the pupae accurately, a mark was put on the vial by each pupa
when it appeared and the total number of pupae noted. This count was conducted daily
until 5 days had elapsed with no further pupae developing. In addition to this, the
number of flies eclosing each day was also counted. This was done by collecting the
adults each day using a pooter. These adults were then placed into fresh vials of the same
food type to make sure that no additional eggs would be laid in the vials. The adults were
collected on a daily basis until 5 days had passed with no more eclosing. Once these five
days had passed with no adults or pupae emerging the vial was discarded. By counting
the number of pupae and adults on a daily basis, the total number of pupae and adults was

also established, so survival through to the pupae and adult stages was also determined.

The adults that were collected from these experiments were then used to set up the egg
laying (see Section 6.2.2) for the next generation, so starting the experiment from the
beginning again for the next generation. This was repeated for 5 generations for each
food type. However, in some cases the flies did not survive until the 5™ generation and in

these cases the experiments had to be stopped earlier.

6.2.5 Starvation Resistance
20 mature male and 20 mature female pupae per food type per generation were

collected (see Section 3.2.6) and washed (see Section 3.2.7). These pupae were then

placed into fresh vials containing only damp kimwipe paper, 10 per vial with the sexes
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separated. The males and females were kept in separate vials so that as adults they would
not mate. The following day the eclosed flies were collected using a pooter and
transferred into a fresh vial again containing only damp kimwipe paper. This was done to
ensure that the adults did not feed on the pupal cases or any minute traces of food that
may be left on them. These vials were then checked daily for dead adults and the age of
each fly upon death was recorded. The flies were transferred to fresh vials every 2 days
to ensure that there was always a fresh supply of water available. Any dead flies were
removed to ensure that those still alive did not feed on the carcasses. The experiment

continued until all flies were dead.

6.2.6 Statistical Analysis of Life History Trait Data

Where possible, a 2-way ANOVA was conducted comparing the effect of both diet
and generation on each of the life history traits described above. Before the 2-way
ANOVA was conducted, the data was first transformed using the arcsine transformation
for proportional data or the log transformation for all other data. All data was also tested

_for a normal distribution using the Kolmogorov-Smirnov test and for homogeneity of
variance using the Levene’s test. Where the data failed to meet the assumptions of the 2-
way ANOVA a nonparametric 2-way ANOVA (the Scheirer-Ray-Hare test) was used in

its place. All statistics were carried out in SPSS version 14.0.
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6.3 Results

6.3.1 The Effect of Varying the Diet Over 5 Generations on Fecundity

When sucrose concentration in the diet was varied over 5 generations results
showed that both diet and generation had a significant effect on fecundity. In
addition, there was also a significant interaction of both diet and generation (see Table
6.1).

Factor d.f. SS MS F-ratio P-value
Diet 4 215.168 53.792 15.422 <0.01
Generation | 5 817.825 163.565 46.894 <0.01
Interaction | 20 256.123 12.806 3.672 <0.01
Error 252 878.970 3.488

Table 6.1: Results of a 2-way ANOVA conducted to determine the effect of varying

sucrose concentration in the diet over 5 generations on fecundity.

Post hoc tests were conducted to determine which groups significantly differed.
As sucrose concentration in the diet increased so the number of eggs laid by the flies
decreased (Fig. 6.1). When raised on 0% sucrose, more eggs were laid by these adults
than for any other medium. When raised on 12.5% or 25% subrose, more eggs were
laid by these adults than those raised on 100% sucrose. When raised on either 50% or
100% sucrose, fewer eggs were laid than on any other medium. There was also a
significant affect of generation on fecundity, with there being an initial increase in
number of eggs laid from generation 0 to generation 1 followed by a slow decrease
over the following generations for all food types (Fig. 6.2). The effect of diet and
generation also significantly interacted, as can be seen in Figure 6.3. For all food
types apart from 100% sucrose, there was an increase in fecundity between generation
0 and generation 1. This then decreased a little in generations 2-3 and levelled out in

the following generations.
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Figure 6.2: The effect of sucrose concentration in the diet on fecundity. Bars
represent the mean + standard error for the number of eggs laid. Letters above the
bars indicate those that do not significantly differ. Significance is at the P < 0.05
level. Results showed that as sucrose concentration in the diet increased so the

number of eggs laid by the adults decreased.

300 -

b
250 A b. ¢

5 L )
ﬁ d c, d c,.d
@ 200 A T T
(=]
L
kS)
5 150 1
=]
E
é a
< 100 -
(0]
[¢}]
=

50 +

0 T T
0 1 2 3 4 5
Generation

Figure 6.3: The effect of genmeration on fecundity when raised on varying
concentrations of sucrose. Bars represent mean + standard error for the number of
eggs laid. Letters above the bars indicate no significant difference. Significance is at
P < 0.05. Results show that there was an initial increase in the number of eggs laid
between generations 0 and 1. This then decreased slightly before levelling out in

generations 3 — 5.
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Figure 6.4: The effect of sucrose concentration in the diet on fecundity over 5
generations. Data points represent mean + standard error for the number of eggs
laid. Results show that both diet and generation have a significant effect on fecundity,
with the number of eggs being laid initially increasing for all food types apart from
100% sucrose. The number of eggs laid then decreases slightly and levels out

between generations 3-5.

Varying the concentration of yeast in the diet had a significant affect on fecundity
but number of generations raised on these diets did not (Table 6.5). The number of

eggs laid by the adults decreased as yeast concentration decreased in the diet (Figure
6.9).
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SS SS/MSotal d.f. P-value

Concentration | 99335.575 18.922 2 <0.01
Generation 7226.120 1.376 5 0.93
Interaction 24781.367 4.721 9 0.86

Table 6.2: Results of a nonparametric 2-way ANOVA conducted to determine the

effect of varying yeast concentration in the diet over 5 generations on fecundity.
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Figure 6.5: The effect of varying yeast concentration in the diet on fecundity over 5
generations. Data points represent mean + standard error for the number of eggs
laid. Results show that as yeast concentration decreased so the number of eggs laid

also decreased. Generation had no effect on number of eggs laid.
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6.3.2 The Effect of Diet Over 5 Generations on Larval Fitness

Varying sucrose or yeast concentration in the diet had no subsequent affects on

larval fitness at any of the concentrations or generations tested (Tables 6.7 and 6.11

respectively). Although not significant, there does appear to be a trend for a decrease

in larval fitness across the generations with these diets (Figs. 6.11, 6.12, 6.13, 6.14

and 6.15 respectively).

SS SS/MStotal d.f. P-value
Concentration | 27091.043 1.399 4 0.84
Generation 162627.726 8.395 4 0.08
Interaction 92247.544 4.762 16 1.00

Table 6.3: The results of a nonparametric 2-way ANOVA to determine the effects of

sucrose concentration in the diet over 5 generations on larval fitness.
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Figure 6.6: The effect of varying sucrose concentration in the dief over 5 generations
on larval fitness. Results showed no significant affect of sucrose concentration in the

diet on larval fitness for any of the generations.

SS SS/MSotal d.f. P-value
Concentration | 1431.957 ) 2.367 0.31
Generation 3200.182 4 5.288 0.26
Interaction 1408.693 7 2.328 0.94

Table 6.4: The results of a nonparametric 2-way ANOVA to determine the effects of

yeast concentration in the diet over 5 generations on larval fitness.
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Figure 6.7: The effect of varying yeast concentration in the diet over 5 generations
on larval fitness. Results showed no significant affect of yeast concentration in the

diet on larval fitness for any of the generations.

6.3.3 The Effect of Diet Over 5 Generations on Development Time

Varying the concentration of sucrose in the diet had a significant affect on the
development time of both the pupae and the adults (Tables 6.13 and 6.14
respectively). The time taken for both the pupae and the adults to develop was higher
when raised on either a 0% or 100% sucrose diet compared to those raised on 12.5%,

25% or 50% sucrose (Figs. 6.17 and 6.18).
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SS SS/MSotal d.f. P-value
Concentration | 634699.385 30.649 4 <0.01
Generation 42258.692 2.041 4 0.73
Interaction 116539.996 5.628 16 0.99

Table 6.5: The results of a nonparametric 2-way ANOVA to determine the effects of

sucrose concentration in the diet over 5 generations on pupal development time.

SS SS/MSotal d.f. P-value
Concentration | 618451.716 29.857 4 <0.01
Generation 70264.029 3.392 4 0.49
Interaction 108874.799 5.256 16 0.99

Table 6.6: The results of a nonparametric 2-way ANOVA to determine the effects of

sucrose concentration in the diet over 5 generations on adult development time.
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Figure 6.8: The effect of varying sucrose in the diet on the time taken for the pupae to
develop over 5 gemerations. Data points represent means + standard errors for
number days taken for the pupae to develop. Results show that when raised on 0% or
100% sucrose pupae took longer to develop than when raised on 12.5%, 25% or

500% sucrose.
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Figure 6.9: The effect of varying sucrose in the diet on the time taken for the adults fo
eclose over 5 gemerations. Data points represent means + standard errors for
number days taken for the adults to eclose. Results show that when raised on 0% or
100% sucrose adults took longer to eclose than when raised on 12.5%, 25% or 50%

SUucrose.
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Varying the concentration of yeast in the diet had a significant affect on

development time of both pupae and adults (Tables 6.21 and 6.22). In both cases as

yeast concentration in the diet decreased so development time increased (Figs. 6.25

and 6.26). The number of generations the flies were kept on the diets had no effect on

their development time (Tables 6.21 and 6.22).

SS SS/MStotal d.f. P-value
Concentration | 173028.556 26.827 2 <0.01
Generation 984.534 0.152 4 1.00
Interaction 7919.683 1.228 7 0.99

Table 6.7: The results of a nonparametric 2-way ANOVA to determine the effects of

yeast concentration in the diet over 5 generations on pupal development time.

SS S S/MSTotaj d.f. P-value
Concentration | 142390.054 22.363 2 <0.001
Generation 374.362 0.059 4 1.00
Interaction 9217.558 1.45 7 0.98

Table 6.8: The results of a nonparametric 2-way ANOVA to determine the effects of

yeast concentration in the diet over 5 generations on adult development time.
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Figure 6.10: The effect of varying yeast in the diet on the time taken for the pupae to
develop over 5 genmerations. Data points represent means + standard errors for
number days taken for the pupae to develop. Results show that as the concentration
of yeast in the diet decreased so the time taken for the pupae to develop increased.
Keeping the flies on these diets over 5 generations did not affect the time taken for the .
pupae to develop.
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Figure 6.11: The effect of varying yeast in the diet on the time taken for the adults fo
develop over 5 genmerations. Data points represent means + standard errors for
number days taken for the adults to develop. Results show that as the concentration
of yeast in the diet decreased so the time taken for the adults to develop increased.

Keeping the flies on these diets over 5 generations did not affect the time taken for the
adults to develop.
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6.3.4 The Effect of Diet Over 5 Generations on Survival

Varying the concentration of sucrose alone had no significant affect on pupal

survival (Fig 6.29). Doing so over 5 generations, however, did (Table 6.25). As the

number of generations the flies were kept on the reduced sucrose content medium

increased so the numbers surviving through to the pupal stage also increased for all

concentrations (Fig. 6.30).

SS SS/MStotal d.f. P-value
Concentration | 27969.376 1.428 4 0.83
Generation 214253.096 10.937 4 <0.05
Interaction 142260.344 7.262 16 0.97

Table 6.9: The results of a nonparametric two-way ANOVA conducted to determine

the effect of varying sucrose concentration in the diet over 5 generations on the

proportion of individuals surviving through to the pupal stage.
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Figure 6.12: The effect of varying sucrose concentration in the diet over 5
generations on the number of pupae developing. Data points indicate mean +
standard error for the number of pupae developing from the 80 eggs transferred into
each vial. Results showed that sucrose concentration in the diet had no significant
affect on pupal survival. The more generations the flies were kept on the reduced

sucrose content media, the more pupae survived. This can be seen more clearly in

Fig. 6.30.
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Figure 6.13: The effect of the number of generations the flies were kept on a reduced
sucrose content medium on pupal survival. Bars indicate means + standard errors
for the number of pupae developing from the 80 eggs placed in to each vial. Results
show as the number of generations on the reduced sucrose content medium increased

S0 too does the number of pupae developing.
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Varying the concentration of sucrose in the diet also had a significant affect on

adult development (Table 6.26). The number of adults developing was highest for

those raised on a 50% or 100% sucrose diet (Fig. 6.31). The number of generations

the flies were kept on these diets had no significant affect on numbers of adults

developing.

SS SS/MStotal d.f. P-value
Concentration | 358436.664 18.312 4 <0.01
Generation 16481.624 0.842 4 0.93
Interaction 68159.496 3.482 16 1.00

Table 6.10: The results of a nonparametric two-way ANOVA conducted to determine

the effect of varying sucrose concentration in the diet over 5 generations on the

proportion of adults developing from the total number of pupae that developed.
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Figure 6.14: The effect of varying sucrose concentration in the diet over 5
generations on the number of adults developing. Data points indicate mean +
standard error for the number of adults developing from the number of pupae that
developed. Results showed that at high concentrations of sucrose (50% and 100%)
the number of adults developing is higher than for those raised on 0%, 12.5% or 35%
sucrose. The number of generations the flies were kept on these diets had no effect on

the number of adults developing.

When yeast concentration in the diet increased so the proportion of individuals
surviving to the pupal stage increased (Table 6.33; Fig. 6.41). Varying the
concentration in the diet did not, however, have any effect on the number of adults
developing from these pupae (Table 6.34; Figure 6.42). Generation had no effect on

either pupal or adult survival.
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SS SS/MSTotal d.f. P-value
Concentration | 120342.313 18.996 2 <0.01
Generation 15300.422 2415 4 0.66
Interaction 15074.857 2.380 7 0.94

Table 6.11: The results of a nonparametric two-way ANOVA conducted to determine
the effect of varying yeast concentration in the diet over 5 generations on the

proportion of individuals surviving through to the pupal stage.
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Figure 6.15: The effect of varying yeast concentration in the diet over 5 generations
on the number of pupae developing. Data points indicate mean + standard error for
the number of pupae developing from the 80 eggs transferred into each vial. Results
showed that as yeast concentration in the diet increased so the time taken for the

pupae to develop decreased.
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SS SS/MStotal d.f. P-value

Concentration | 4914.895 0.862 2 0.65
Generation 5868.739 1.029 4 0.91
Interaction 6142.887 1.078 7 0.99

Table 6.12: The results of a nonparametric two-way ANOVA conducted to determine
the effect of varying yeast concentration in the diet over 5 generations on the

proportion of adults eclosing from the total number of pupae that developed.
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Figure 6.16: The effect of varying yeast concentration in the diet over 5 generations
on the number of adults developing. Data points indicate mean + standard error for
the number of adults developing from the total pupae that developed. Results showed
that yeast concentration in the diet had no effect on the number of individuals

surviving to the adult stage.
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6.3.5 The Effect of Diet on Starvation Resistance Over 5 Generations

Varying the concentration of sucrose or yeast in the diet had no significant effect

on starvation resistance for either food type tested. Results showed that for sucrose,

adults survived on average for between 3 and 5 days (Table 6.37; Fig. 6.45). When

yeast concentration in the diet was varied, flies survived for 5-6 d when starved

(Table 6.41; Fig. 6.49). These results therefore show that when raised on low yeast

flies are able to resist starvation for longer than those on a varied sucrose diet.

SS SS/MStotal d.f. P-value
Concentration | 23776.488 7.648 4 0.11
Generation 2822.588 0.908 4 0.92
Interaction 9166.322 2.948 16 1.00

Table 6.13: The results of a nonparametric 2-way ANOVA to determine the effects of

sucrose concentration in the diet over 5 generations on adult starvation resistance.
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Figure 6.17: The effect of varying sucrose concentration in the diet over 5
generations on the starvation resistance of adult flies. Data points represent the
mean + standard error for the number of days survived. Results show no significant

effect of sucrose concentration in the diet on starvation resistance.

SS SS/MStotal d.f. P-value
Concentration | 165.635 0.161 2 0.92
Generation 985.719 0.958 4 0.92
Interaction 487.031 0.473 7 1.00

Table 6.14: The results of a nonparametric 2-way ANOVA to determine the effects of

yeast concentration in the diet over 5 generations on adult starvation resistance.
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Figure 6.17: The effect of varying yeast concentration in the diet over 5 generations
on the starvation resistance of adult flies. Data points represent the mean + standard
error for the number of days survived. Results show no significant effect of yeast

concentration in the diet on starvation resistance.
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6.4 Discussion

6.4.1 The Effect of Diet Over 5 Generations on Fecundity

Fecundity is defined as the number of offspring an individual has the capacity to
produce in a life time, and is one of the major measures of fitness used in scientific
research. It is controlled both genetically and environmentally. The number of offspring
an individual can produce in a lifetime has been shown to be affected by many
environmental factors, including food quality (Boggs and Freeman, 2005; Burger et al,
2007; Chippindale et al, 1993; Douglas et al, 2006; Naya et al, 2007 Partridge et al,
2005), moisture content (Ryne et al, 2004) and presence of inhibitory metabolites
(Pompermayer et al, 2001).

In this thesis, the effect of yeast and sucrose concentration over 5 generations was
studied. Much research has looked at the effects of diet on fecundity. For example, a
carbohydrate rich diet has been shown to decrease fecundity (Douglas et al, 2006; Naya
et al, 2007) and a protein rich diet has to increase fecundity in both Drosophila
(Chippindale et al, 1993; Partridge et al, 2005) and in other insects (Boggs and Freeman,
2005; Burger et al, 2007). It has been argued that the decrease in fecundity is a trade off
with an increased life span (Chippindale ez al, 1993), however life span was not measured

in this study so this cannot be either confirmed or rejected.

The results of this study showed that a high sucrose content diet decreased the number
of eggs laid. This is therefore in support of other studies looking at the effect of
carbohydrate content in the diet on fecundity (Douglas et al 2006; Naya et al, 2007). In
addition, when sucrose concentration in the diet was reduced the number of eggs laid
increased between generations 0 and 1 for all concentrations tested. The number of eggs
laid then decreased from generations 2- 5. This may be due to the generation 0 flies all
being raised on 100% sucrose and therefore when moved onto the lower sucrose content
media the number of eggs laid increased. The initial increase in number of eggs laid

when transferred onto a lower sucrose content diet therefore supports previous data which
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has shown that lower carbohydrate diets increase fecundity (Douglas et al, 2006; Naya et
al, 2007). The subsequent decrease in fecundity over the following generations may be
due to maternal effects. When a female lays an egg, that egg contains some energy stores
provided by the mother. It is possible, therefore, that when raised on the reduced
carbohydrate content media the females do not allocate as many resources to the egg due
to the reduction in carbohydrate the female ingests. This may then have an effect on the
fecundity of the next generation. The reduction in allocation to eggs in response to
maternal diet has been described in several studies (Amarillo-Suarez and Fox, 2006;

Moreau et al, 2006; Wallin et al, 1992).

When the concentration of yeast in the diet was reduced the number of eggs laid by
the females was also reduced. In the case of 25% yeast, so few eggs were laid by the
generation 4 flies that these experiments had to be abandoned. There was no generational
effect. These results are therefore similar to previous studies which have also found that
low protein4n the diet leads to reduced fecundity in insects (Boggs and Freeman, 2005;
Burger et al, 2007; Chippindale et al, 1993; Partridge et al, 2005). It has previously been
shown that fecundity and starvation resistance are linked, with reduced yeast
concentrations in the diet leading to a decrease in fecundity and an increase in resistance
to starvation (Chippindale et al, 1993). Similar results have been found in this study,
where a reduced yeast concentration in the diet led to an increase in starvation resistance
(see Section 6.4.5) and a decrease in the number of eggs laid. This would therefore
suggest that energy is either allocated to one or other of these processes (Chippindale et
al, 1993). It has been suggested that this alternate allocation depending on resource
availability may be due to changes in lipid metabolism (Zwaan et al, 1991). The
neuroendocrine system has also been implicated, with the hormones involved in the
formation of yolk proteins being reduced in nutritionally deprived flies (Bownes and
Reid, 1990). Another possibility is that metabolic rates could be reduced in nutritionally
deprived flies, leading to increased starvation resistance when subjected to a nutritionally
poor diet due to a lower metabolic rate than. Fecundity would therefore also be lower in
these nutritionally deprived flies due to resources being allocated preferentially to the fat

body rather than to reproduction (Chippindale et al, 1993).
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The results of both the sucrose and yeast experiments would therefore suggest that
when faced with a low quality diet the insect responds by decreasing fecundity. This
could possibly be to increase life span so that if a better quality diet is found in the future
the female is able to produce eggs then and hence provide the offspring with a greater

chance of survival (Chippindale et al, 1993).

6.4.2 The Effect of Diet Over 5 Generations on Larval Fitness

Larval fitness as described in this study is a measure of the distance moved by the
larvae on a non-nutritive surface. This is in contrast to studies looking at foraging
behaviour, where movement in the presence of food is measured (Pereira and
Sokolowski, 1993; Sokolowski et al, 1997). Recent evidence suggests that prenatal
under nutrition in mammals can reduce voluntary locomotor behaviour, including
distance moved, in rats (Bellinger er al, 2004; Vickers et al, 2003). This is a very
interesting phenomenon, as this means that not only can under nutrition in ufero affect
metabolic process which can lead to an increased risk of disease in later life, but it can
also lead to changes in behaviour that can exacerbate these problems (Vickers et al,
2003). The underlying mechanisms involved in this are not as yet clear, although it is
possible it may be due to the lack of nutrients during development leading to reduced

skeletal muscle which could lead to altered locomotion in the adult (Toscano et al, 2008).

In the present study, the concentration of sucrose or yeast was reduced over 5
generations in Drosophila. In both cases there was no significant affect of diet on larval
fitness for any of the food types used. This is in contrast to the studies in mammals
(Vickers et al, 2003). However, in the mammalian experiments were locomotory
behaviour was affected by nutrition in utero the effects were induced by an over all
reduction in food availability rather than limiting specific nutrients. It may therefore be
that in this study the flies locomotory behaviour was not adversely affected as they were
able to ingest an increased amount of food in order to provide the nutrients necessary for

larval diet to not adversely affect locomotory behaviour in the adults. In order to
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determine whether this is indeed the case further studies would be required where the

total amount food available is reduced rather than just one specific component of the diet.

6.4.3 The Effect of Diet Over 5 Generations on Development Time

The time it takes for an organism to develop through to a sexually reproductive age
will affect its fitness as the longer it takes for an organism to reach this stage the more
likely it is to die before reproducing (Nylin and Gotthard, 1998). Development time is
thought to be an important factor which shapes other life history traits such as adult size,
and development time itself is affected by extrinsic factors such as diet (Kawecki, 1993).
In addition, nutrition has also been linked to age at sexual maturity in human (Euling et

al, 2008) making it of particular interest in this study.

The effect of diet on development time has been well described in insects (Azidah and
Sofian-Azirun, 2006; Butler and O’Neil, 2007; Kyneb and Toft, 2004; Moreau et al,
2006). Many studies have found that as host quality decreases so development time
increases (Nylin and Gotthard, 1998). For example, in Drosophila lower levels of yeast
concentration in the diet lead to increased development time (Gebhardt and Stearns,
1993). Similar results have also been described in other insects (Fox and Dingle, 1994;

Lindroth et al, 1991).

Some have argued that the effects of nutrition on development time are due to
maternal effects (Fox and Dingle, 1994). However, the results of this thesis show no
effect of the number of generations raised on these diets on development time. This
would therefore suggest that it is larval diet that is affecting development time rather than
maternal diet. Other studies have also found little correlation between number of

generations raised on a diet and development time (Thorpe and Bennett, 2003).

In this study, the time taken for the individuals to reach both the pupal and adult stages

was measured. The results showed that the development time for both the pupae and
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adults paralleled one anther for all food types and all generations i.e. the time between the
pupae developing and the adult eclosing did not differ between food types or over
generations. This would therefore suggest that diet has no effect on the time taken for the
flies to undergo metamorphosis. As there is no difference in the development time of the
pupae and the adults, development time will now be discussed referring to both these

stages.

When carbohydrate in the diet was removed, development time increased. In addition
when raised on a 100% sucrose, development time also increased. Varying the
concentration of yeast in the diet also had a significant affect on the development time of
the flies. As the concentration of yeast in the diet decreased so the development time
increased. No generational effect of diet on development time was observed in either the
sucrose or yeast data. The yeast data therefore supports previously published data
looking at the effects of yeast concentration in the diet upon development time (Gebhardt
and Stearns, 1993; Fox and Dingle, 1994; Lindroth et al, 1991). As the lowest and
highest concentrations of sucrose increased the development time of the flies, this would
suggest that the intermediate levels of sucrose in the diet are therefore most suitable for

Drosophila development.

It is thought that the increase in development with decreasing quality of the diet is due
to the larvae extending their period of feeding to gain enough nutrients to be able to under
metamorphosis (Fox and Dingle, 1994). For example, the comma butterfly (Polygonia c-
album) prolonged development time when reared on less suitable hosts in order to
maintain adult size (Nylin, 1988). Others have found that the egg size, and hence the
amount of resources given by the mother to the offspring can affect development time.
For example, in ladybirds species with smaller eggs took longer to develop then those
with larger eggs (Stewart, Hemptinne and Dixon, 1991). Similar results were found in
the beetle Callosobruchus maculatus (Fox, 1993). However, in other studies egg size had
little effect on development time (Nylin, 1992). The reason for these varied results may
be due to the amount of nutrients that the egg can carry (Nylin and Gotthard, 1998). In

this study, there was no effect of diet on development time over the generations,
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suggesting that in this case maternal diet does not affect the amount of nutrients allocated
to the egg. Some evidence has found that the rapamycin and insulin signaling pathways
may underlie the temporal control of development depending on nutritional status
(Rougvie, 2005), although much research is still required to fully understand the role
these pathways play.

6.4.4 The Effect of Diet Over 5 Generations on Survival

Survival in this thesis was measured in two ways. Firstly, it was measured by the total
number of pupae developing from a set amount (80) of eggs. Secondly it was measured
by the number of adult flies that emerged from these pupae. Many other studies have
looked at the effects of diet upon survival in a wide range of insect species (Burger et al,
2007; Fox and Dingle, 1994). For example, the concentration of yeast in the maternal
diet has been shown to affect larval survival in the beetle Callosobruchus maculates (Fox
and Dingle, 1994).

Varying the concentration of sucrose in the diet over 5 generations had various affects
on survival in Drosophila. When the concentration of sucrose in the diet was increased
so the number of individuals surviving to the adult stage increased. This therefore
supports the results of other studies (Burger et a/, 2007; Fox and Dingle, 1994). There is
also a significant effect of the number of generations the flies were kept on the reduced
sucrose content medium on numbers surviving to the pupal stage, with survival
increasing the more generations they were kept on each diet. This may be due to
adaptation to the food type across the generations, so that in each generation more
offspring will survive. It has been well described that insects are capable of adapting to

new hosts in a relative short space time (Ehrlich and Murphy, 1988; Singer et al, 1993).

Varying the concentration of yeast in the diet had a significant affect on the number of
individuals surviving through to the pupal stage, with an increasing concentration of
yeast in the diet leading to more pupae developing. It did not, however, have any affect

on the number of adults developing from these pupae. This would therefore suggest that
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the negative effects of low yeast in the diet are only detrimental to the survival of the
larvae. At the lowest concentration of yeast used, no data was collected for the last
generation. This was due to very few eggs being laid to set up the next generation and
not due to no individuals surviving at all. Several other studies have described the
detrimental effects of a low protein diet on survival (Burger et al, 2007; Fox and Dingle,

1994; Stamp and Harmon, 1991).

It is thought that a poor maternal diet may influence the survival of her offspring as
she will not be able to supply an egg of adequate quality for the individuals to survive.
This thought to be due to reduced quality of the egg yolk and reduced lipid content of the
egg (Rossiter, 1991). When in a resource poor environment the mother is not able to
provide as many resources to her eggs. This has been hypothesised to lead to the eggs
being smaller and subsequently doing less well than the larger eggs. There is many
studies that have shown that females produce smaller eggs when raised on a nutritionally

poor diet (Fox and Dingle, 1994; Wallin et al, 1992)

6.4.5 The Effect of Diet on Starvation Resistance Over 5 Generations

Either a shortage of food or the availability of only low quality food is a major cause
of environmental stress and hence an important source of natural selection in the wild for
every organism (Rion and Kawecki, 2007). The underlying mechanisms involved in
response to nutritional stress also appear to be conserved throughout the animal kingdom
(Partridge et al, 2005) making starvation resistance an interesting measure in this study.
Starvation resistance is also thought to be a good index of the calorific stores the fly has

(Chippindale et al, 1997).

The effect of dietary restriction has been well studied in relation to the aging process
but less so for other life history traits (Rion and Kawaecki, 2007). Some studies have,
however, been conducted with some interesting results. For example, several studies

have shown an increase in starvation resistance when levels of yeast and sucrose in the
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diet were restricted (Burger ef a/, 2007). In addition, when only yeast was restricted
starvation resistance in flies was also shown to increase (Chippindale, 1993). Dietary
restriction in the form of larval overcrowding has also been shown to increase starvation
resistance (Baldal et al, 2005). So there has been an overall finding the dietary restriction

leads to an increase in starvation resistance.

In this study, varying the concentration of sucrose or yeast within the diet had no
subsequent affect on starvation resistance in adult flies for any of the concentrations used.
There was also no affect of these diets on starvation resistance over several generations.
However, when looking at the average number of days the adults survived when raised
on a reduced yeast diet compared to when raised on a reduce sucrose diet there does
appear to be an increase the number of days the adults survive (4-6 d) when raised on the

low yeast diet compared to when raised on a reduced carbohydrate diet (3-5 d).

The results of this study therefore suggest that reducing yeast in the diet may be
stressful to the fly, leading to the induction of the mechanisms required to survive in
adverse conditions whereas reducing carbohydrate in the diet does not.  Genetics has
been indicated to play a role in the effect of diet on starvation resistance. For example,
laboratory selection for starvation resistance leads to a rapid and large increase in
starvation resistance over several generations (Hoffman et al, 2005). It is thought that
dietary restriction leads to the induction of mechanisms which aid survival in adverse
conditions (Burger et al, 2007). Three mechanisms have been suggested for how
starvation resistance may be manipulated. Firstly, a reduction in food availability may
lead to greater reserves being stored. Therefore, when raised on a restricted diet flies
increase their storage of energy reserves to overcome periods of low resources. Hence if
exposed to a poor diet they will increase their energy stores and so will under conditions
of starvation live for longer. For example, several studies have shown that increased
starvation resistance is linked to increased lipid storage (Borash and Ho, 2001; Hoffman
et al, 2005; Kenny et al, 2008). There is also an increase in the enzymes involved in lipid
synthesis (Harshman et al, 1999). There is some evidence to suggest that this increase in

the storage of energy can occur during the larval stages and therefore larval diet can
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influence adult starvation resistance (Chippindale et al, 1996). However, not everyone

has found a correlation between fat content and starvation resistance (Baldal et al, 2005).

The second proposed mechanism for how starvation resistance may be controlled is
that under conditions of reduced food availability the metabolic rate may be reduced
(Djawdan et al, 1997; Simmons and Bradley, 1997). Also, starvation has been shown to
in some cases reduce locomotion and hence reduce energy expenditure (Williams et al,
2004). However, others have found that starvation can lead to an increase in locomotory
behaviour (Knoppien et al, 2000). Finally, it is possible that the minimum amount of
resources required for survival can be reduced (Rion and Kawecki, 2007), although little

work has been conducted to determine whether this may indeed be the case.

6.4.7 Summary

The aim of this chapter was to determine the effects of various diets over 5
generations on several measures of health in Drosophila. This was done to determine
whether Drosophila may be a good model organism for researching the effects of diet
over several generations in mammals (see Section 6.1). Results showed that dietary
restriction affected different traits in different ways. In some cases there was a significant
affect of diet on measures of health in Drosophila (e.g. fecundity). In other cases,
however, there was no effect of diet on the traits measured (e.g. larval fitness). The effect
of diet on the traits measured depended on the food type being used. For example, when
sucrose concentration in the diet was reduced the number of eggs laid increased whereas

when yeast concentration in the diet was reduced the number of eggs laid decreased.

Much work is required in this area in order to determine whether Drosophila may be a
good model organism to use to study the effects of diet on life history traits. One
important factor would be to standardise the methods used so that a clear comparison can
be drawn. For example, some studies define dietary restriction as a reduction in one

component such as in this study. In other case, it is defined a reduction in overall food
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availability (Vickers et al, 2003). It is difficult to compare the results of these two
different methods for dietary restriction as in the first method the individuals may modify

the amount of food ingested in order to compensate for the lack of a specific nutrient.

One interesting observation is that individuals raised on a reduced yeast content
medium took longer to develop into pupae were also able to resist starvation for a longer
time period than those raised on a reduced sucrose content medium. It may be that the
effect of the increased development time of those raised on the reduced yeast content
medium was to allow the individuals to store greater reserves than those on the reduced
sucrose content medium, which then allowed them to survive for a longer time period
when starved immediately after eclosion. It would be of interest to determine the fat

content of flies when raised on these differing diets to determine if this is indeed the case.
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Chapter 7: General Discussion

7.1 Summary of the Data

Chapters 3 and 4 have shown that larval diet can have an affect on subsequent adult
egg laying and feeding preferences. This affect, however, depends on the chemical and
concentration in question. The results from Chapter 5 suggest that this may be due to
learning and memory. This data therefore supports the Hopkins Host Selection Theory
(see Section 3.1.4) and other evidence for the retention of memory through
metamorphosis (see Section 1.3.3). Residues of food on the outside of the pupal case
were eliminated by washing the pupae. Traces of food may, however, remain within
the pupal case (Corbet, 1985). Adults could therefore learn about their larval
environments from these traces upon eclosion. Thorpe (1939), however, found no
evidence for food deposits being found in the pupal case, although some was found
outside the terminal segment of the pupal cast due to the rectum being emptied just
prior to pupation (Thorpe, 1939). It cannot, therefore, be completely excluded that
results are due exposure of the adults to residues of the larval diet within the pupal
cases but this would seem unlikely. Determining the calorific value of the food sources
suggested that it is not this that is affecting the choices of the adults as there was very

little difference in the calorific values of the different food types.

The results of Chapters 3 and 4 showed that the feeding and egg laying preferences
of the flies are often different. For example, when flies were raised as larvae on 0%
sucrose, adults showed a preference to feed on this diet but were less likely to lay their
eggs on this diet than if raised on a standard diet as larvae. These results therefore
suggest that adult feeding and egg laying preferences are differentially controlled. This
may be because feeding preference involves an immediate requirement of the food
source. Egg laying preferences, however, involve a requirement for a food source once
the egg has hatched and through to pupation. Studies have shown that as a fruit ripens
so the sucrose concentration decreases (Adao and Gloria, 2005). It would therefore

follow that when choosing a food source to feed upon low concentration of sucrose

187



would be appropriate. When choosing a food source to lay eggs on, however, a higher
concentration of sucrose would indicate a food source which will be ready for
consumption by the larva when it hatches and is not so ripe that by the time the larvae

hatches the fruit will have rotted away.

Chapter 4 also showed that adult feeding and egg laying preferences can be affected
by starvation. When flies were starved for 24 hrs after eclosion, all of the statistically
significant differences with larval diet seen in Chapters 3 and 4 disappeared. This may
be because flies become more accepting of novel food sources when hungry, or because
food preferences that survive metamorphosis need to be reinforced early in adult life in
order for them to be retained later in adult life. This data therefore brings into question

the use of starvation when studying behaviour.

The results of Chapter 5 suggested that cAMP underlies the change in adult food
preference with larval diet. Results also showed that the mushroom bodies were
important in this process. As discussed in Section 1.6, the MBs are the putative centres
for learning and memory in insects (de Belle and Heisenberg, 1994), and a subset of
MB interneurons, called Kenyon cells, survive metamorphosis (Technau and
Heisenberg, 1982). The cAMP mutants, dunce and rutabaga (the mutants used in
Chapter 5) are both preferentially expressed in the mushroom bodies and are thought to
be involved in learning and memory (Han ef al, 1992; Nighorn et al, 1991). When the
MBs were ablated or these mutants used the affect of diet upon adult food preferences
disappeared, suggesting that it may be learning and memory that is leading to the affect
of larval diet on adult food preferences. However, both the cAMP cascade and the
mushroom bodies are also involved in many other processes, including gustation and
olfaction so there are many possible explanations for how larval diet may affect adult

food preference.

In the final chapter (Chapter 6), the effects of the different diet on the development
and survival of Drosophila was determined. Diet affected several life history traits in

Drosophila, including fecundity, development time, larval fitness and survival. The
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effects, however, depended on the diet type. For example, varying the concentration of
NaCl in the diet significantly reduced larval fitness but for all other diet types there was
no affect on larval fitness. Together, the results of this Chapter suggest that Drosophila
may indeed be a good model organism for gaining a better understanding of the effects

of maternal diet on the future health of the offspring.

7.2 Future Work

The results of Chapters 3, 4 and 5 provide some evidence to suggest that flies may
be capable to learn gustatory information about their larval diet and use this information
to help them to select appropriate food sources as adults. To further investigatet this
possibility it would be interesting determine whether this was also the case for
associative information. In this case, an olfactory stimulus could be paired with the
larval food source. As adults, these individuals could be tested in a T-tube to determine
whether they select the arm containing the odour they were exposed to as larvae or not.
This experiment would be similar to that of Thorpe (1939) (see Section 1.3.3).
However, if results suggest retention of memory through metamorphosis then the same
mutants and the HU ablation procedure as described in Chapter 5 could be repeated to
determine whether it is learning and memory involved and to determine whether this

information is stored in the mushroom bodies.

The results of Chapter 4 showed that the calorific content of the different food
sources do not significantly differ. It may therefore be that the effect of diet upon food
choices may be due to differences in the amount of food ingested for the different diet
types (Min and Tartar, 2006). It would therefore be interesting to determine the amount
of food ingested for the different diets.

Chapter 6 showed that diet can affect certain life history traits in Drosophila. 1t
would be interesting to see if other characteristics are also influenced by diet, such as
fat content (Vermeulen er al, 2006). Another interesting trait to measure would be

pupal and adult size (Ojeda-Avila et al, 2003). In mammals, diet has shown to affect
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birth weight and it would therefore be interesting to determine whether diet affects
weight in Drosophila (Andreasyan et al, 2007; Campbell et al, 2005; Lister and
McCance, 1965; Stein et al, 1995; Stein et al, 2004; Stein and Susser, 1975; Stewart et
al, 1975).

In addition, some of the experiments conducted in Chapter 6 have not yet been
conducted in mammals, e.g. the effect of NaCl in diet on locomotory behaviour. These
experiments therefore need to be repeated in mammals to determine whether similar
results are found. Finally, in Chapter 6 microarrays were also conducted on 0% and
100% sucrose. It would be of interest to repeat these experiments with the protein
restricted flies. This is because much the literature studying the effect of maternal diet
on health of the offspring in mammals has used protein restriction as a model

(Benyshek et al, 2006; Lillycrop et al, 2005; Stewart et al, 1975).

Finally, there have been some interesting results in mammals where protein
restriction that occurred in generation 1 can affect health and gene expression levels in
subsequent generations even when the following generations were maintained on an
unrestricted diet (Benyshek et al, 2006; Burdge et al, 2007). It would therefore be of
great interest to repeat these experiments in Drosophila to determine whether similar
effects are observed. If so, this would provide a very strong case for the use of
Drosophila as a model for understanding the effects of diet in utero on adult health and

disease.
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7.3 Implications

Gaining an understanding of whether gustatory information about the larval diet can
be learnt and remembered and this information retained through metamorphosis and
into the adult fly is important for several reasons. Firstly, if insects are capable of
learning information about their larval diet and this affects subsequent adult feeding
and egg laying preferences this could be of relevance to the pest control industry
(Prokopy et al, 1982; Sheeba et al, 1998). There is an increasing need to find methods
of pest management where the use of pesticides is reduced due to their deleterious
effects on the environment and as resistance to pesticides increases (Gilbert and
Firestein, 2002). An understanding of how an insect selects food could therefore
provide a means to help prevent the damage that they cause to crops (Newland, 1998).
If individuals concentrate their search effort on hosts they have been preconditioned to
through learning then this could further increase the possibility of manipulating and
directing the host choice of pest species (Vinson et al, 1977, Wardle and Borden,
1991). For example, African arboreal ant nest site selection has been shown to be
affected, at least in part, by the larval environment. The habitat preferences of these
ants could therefore be manipulated so that they make nests in crop plants and hence

provide them with protection against herbivores (Djieto — Lordon and Dejean, 1999).

Secondly, understanding oviposition preferences could be important for
evolutionary ecology. Changes in preferences could lead to the formation of different
races within a population that have preferences for different hosts. If these two
populations do not mate due to this difference in host preference this could in time lead
to speciation (Feder er al, 1990; Maynard-Smith, 1966; Olson and Andow, 2002;
Prokopy et al, 1982). Therefore, gaining a better understanding of feeding and
oviposition preferences could allow us to further understand the mechanisms involved
in sympatric speciation. According to Jaenike and Papaj (1992) even modest learning
can have an effect on patterns of host use, increasing the use of that host and hence
accelerating rates of adaptation to that host. This could reinforce genetic differences

among individuals in host preference and therefore facilitate host race formation
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(Jaenike and Papaj, 1992). In addition, if natal habitat can have an effect on adult food
preferences, this could also have a major impact on conservation biology. When
attempts are made to reintroduce animals to habitats this is much more likely to be
successful if the habitat in question is similar to the natal habitat (Davis and Stamps,

2004).

Finally, the results of this study could also have important implications for other
animals, including humans. Studies in both rats and humans have shown that mammals
are able to recognise tastes they encountered prenatally from the maternal diet (Gruest
et al, 2004; Mennella ef al, 2001). In addition, prenatal nutrition has been linked with
obesity in later life, with the nutritional environment in utero affecting subsequent
feeding preferences in rats (Bellinger et al, 2004). If Drosophila are capable of
learning information about larval diet, and this information modifies subsequent adult
feeding preferences, they could be used as a model system to gain a further
understanding into the mechanisms involved in prenatal learning of tastes. In addition,
the experiments looking at the effect of diet on life history traits over several
generations may also provide an insight into the effects of diet upon health described in
mammals. Drosophila is a suitable model organism for much scientific research
because it has a short generation time, many mutants are already available and the

whole genome has now been sequenced (Le Bourg, 2004).
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Appendix

Appendix 1. Additional results used in Chapter 6 experiments

Al.1 The Effect of Varying the Diet Over 5 Generations on Fecundity

Varying the concentration of fructose in the diet had a significant affect across the
generations (Table Al). In all cases accept 100% fructose there was an increase in the
number of eggs laid between generations O and generation 1 (Fig. Al). This is
particularly evident in the 0% fructose data. The number of eggs laid then appears to

level out in the following generations.

SS SS/MStotal d.f. P-value
Concentration | 107753.420 5.252 4 0.26
Generation 226728.888 11.05 5 <0.05
Interaction 307304.564 14.978 20 0.78

Table Al: Results of a nonparametric 2-way ANOVA conducted to determine the

effect of varying fructose concentration in the diet over 5 generations on fecundity.
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Figure Al: The effect of fructose concentration in the diet on fecundity over 5
generations. Data points represent the mean + standard error for the number of eggs
laid.  Results show an initial increase in the number of eggs laid between generations
0 and 1, particularly for 0% fructose. After this the number of eggs laid does not

seem to vary between the generations.

When glucose concentration in the diet was varied over 5 generations results
showed that both diet and generation had a significant effect on fecundity. In

addition, there was also a significant interaction of two (see Table A2).

Factor d.f. SS MS F-ratio P-value
Diet 4 1.705 0.426 28.099 <0.01
Generation | 5 2.978 0.596 39.246 <0.01
Interaction | 20 1.707 0.085 5.625 <0.01
Error 203 3.080 0.015
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Table A2: Results of a 2-way ANOVA conducted to determine the effect of varying

glucose concentration in the diet over 5 generations on fecundity.

Post hoc tests were conducted to determine which groups significantly ditfered.
As glucose concentration in the diet increased so the number of eggs laid by the flies
decreased (Fig. A2). When raised on 0% glucose, more eggs were laid than for any
other medium. This then decreased for 12.5% glucose followed by and increase in the
number of eggs laid by adults raised on 25% or 50% glucose. When raised on 100%
glucose, fewer eggs were laid by these adults than those raised on 0%, 25% or 50%
glucose. There was also a significant affect of generation on fecundity, with there
being an initial increase in number of eggs laid from generation 0 to generation 1
followed by a slow decrease over the following generations for all food types (Fig.
A3). The effect of diet and generation also significantly interacted, as can be seen in
Figure A4. For all food types, there was an increase in fecundity between generation
0 and generation 1. The number of eggs laid then fluctuated between 100 — 250 eggs
for all food types (Fig. A4).
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Figure A2: The effect of glucose concentration in the diet on fecundity. Bars
represent mean + standard error for the number of eggs laid. Letters above the bars

indicate no significant difference. Significance is at the P < 0.05 level. Results show
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that as glucose concentration in the diet increased so the number of eggs laid by the

adults decreased.

300 -

250 - b b
=4
3 Cc
Cc
@ 200 -
g d
5 T
5 150 A
i
2 a
= 100 -
(0]
[+)
=
50 -
0 T . T
0 1 2 3 4 5
Generation

Figure A3: The effect of genmeration on fecundity when raised in varying
concentrations of glucose. Bars represent mean + standard error for the number of
eggs laid. Letters above the bars indicate no significant difference. Significance is at
the P < 0.05 level. Results show that there was a big increase in the number of eggs
laid between generations 0 and 1. This then decreased over the following

generations.
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Figure A4: The effect of glucose concentration in the diet on fecundity over 5
generations. Data points represent mean + standard error for the number of eggs
laid. Results show that both diet and generation have a significant effect on fecundity,
with the number of eggs being laid initially increasing for all food types. The number
of eggs laid then fluctuated between 100 — 250 for all food types.

Varying the concentration of trehalose in the diet had a significant affect across the
generations (Table A3). In all cases there was an increase in the number of eggs laid
between generations 0 and 1 (Fig. A5). This is particularly evident in the 0%
trehalose data. The number of eggs laid then decreased for 0% trehalose and levelled

out for all other food types. '
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SS SS/MStotal d.f. P-value
Concentration | 146691.814 8.165 4 0.09
Generation 362172.408 20.158 5 <0.01
Interaction 52148.835 2.903 20 1.00

Table A3: Results of a nonparametric 2-way ANOVA conducted to determine the

effect of varying trehalose concentration in the diet over 5 generations on fecundity.
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Figure AS5: The effect of varying trehalose concentrations in the diet over 5
generations on fecundity. Data points represent mean + standard error for the
number of eggs laid. Results show an increase in the number of eggs laid between
generations 0 and 1. For 0% trehalose, the number of eggs then decreases over the

Jollowing generations and for all other food types number of eggs laid levels out.
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Varying the concentration in NaCl in the diet had a significant effect on the
number of eggs laid. This effect did not change over the generations (Table A4). As

NaCl concentrations in the diet increased so the number of eggs laid by the adults

decreased (Figure A6).

SS SS/MStotal ol P-value
Concentration | 379684.490 16.639 5 <0.05
Generation 177399.965 7.774 5 0.17
Interaction 106701.298 4.676 22 1.00

Table A4: Results of a nonparametric 2-way ANOVA conducted to determine the

effect of varying NaCl concentration in the diet over 5 generations on fecundity.
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Figure A6: The effect of varying NaCl concentration in the diet on fecundity over 5
generations. Data points represent mean + standard error for the number of eggs
laid.  Results show that as NaCl concentration in the diet increased so the number of

eggs laid decreased. Generation had no effect on number of eggs laid.
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Al.2 The Effect of Diet Over 5 Generations on Larval Fitness

Varying fructose, glucose, trehalose or NaCl concentration in the diet had no
subsequent affects on larval fitness at any of the concentrations or generations tested
(Tables A5, A6, A7 and A8 respectively). Although not significant, there does appear
to be a trend for a decrease in larval fitness across the generations with these diets

(Figs. A7, A8, A9 and A10 respectively).

SS SS/MStotal d.f. P-value
Concentration | 60997.341 3.319 4 0.51
Generation 167152.379 9.095 4 0.06
Interaction 91647.354 4.986 16 1.00

Table A5: The results of a nonparametric 2-way ANOVA to determine the effects of

Jructose concentration in the diet over 5 generations on larval fitness.
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Figure A7: The effect of varying fructose concentration in the diet over 5 generations

on larval fitness. Results showed no significant affect of fructose concentration in the

diet on larval fitness for any of the generations.

SS SS/MSotal d.f. P-value
Concentration | 15784.916 0.943 4 0.92
Generation 96354.455 5.759 4 0.22
Interaction 79679.399 4.762 16 0.99

Table A6: The results of a nonparametric 2-way ANOVA to determine the effects of

glucose concentration in the diet over 5 generations on larval fitness.

SS SS/MStotal d.f. P-value
Concentration | 11860.993 0.621 4 0.96
Generation 136002.507 7.121 4 0.13
Interaction 141308.478 7.399 16 0.96

Table A7: The results of a nonparametric 2-way ANOVA to determine the effects of

trehalose concentration in the diet over 5 generations on larval fitness.
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Figure A8: The effect of varying glucose concentration in the diet over 5 generations
on larval fitness. Results showed no significant affect of glucose concentration in the

diet on larval fitness for any of the generations.
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Figure A9: The effect of varying trehalose concentration in the diet over 5
generations on larval fitness. Results showed no significant affect of trehalose

concentration in the diet on larval fitness for any of the generations.
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Varying the concentration of NaCl in the diet had a significant affect on larval

fitness (Table A8). As the concentration of NaCl in the diet increased so larval fitness

decreased (Fig. A10).

generations they were kept on the NaCl supplemented diet increased.

In addition, larval fitness also decreased as the number of

SS SS/MSotal d.f. P-value
Concentration | 285980.573 11.915 5 <0.05
Generation 447726.891 18.653 4 <0.01
Interaction 74367.867 3.098 18 0.93

Table A8: The results of a nonparametric 2-way ANOVA to determine the effects of

NaCl concentration in the diet over 5 generations on larval fitness.
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Figure AI10: The effect of varying NaCl concentration in the diet over 5 generations
on larval fitness. Results showed that as NaCl concentration in the diet increased so
larval fitness decreased. In addition, for all food types there was a decrease in larval

fitness over the generations.
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Al.3 The Effect of Diet Over 5 Generations on Development Time

Varying the concentration of fructose in the diet had a significant affect on the

development time of both the pupae and the adults (Tables A9 and A10 respectively).

The time taken for both the pupae and the adults to develop was higher when raised

on a 0% fructose diet compared to those raised on all other concentrations of fructose
(Figs. A1l and A12).

SS SS/MSotal d.f. P-value
Concentration | 475067.689 22.979 4 <0.01
Generation 104178.111 5.039 4 0.28
Interaction 246028.982 11.901 16 0.75

Table A9: The results of a nonparametric 2-way ANOVA to determine the effects of

Sructose concentration in the diet over 5 generations on pupal development time.

SS SS/MSotal df. P-value
Concentration | 366863.834 17.748 4 <0.01
Generation 144454.487 6.988 4 0.14
Interaction 250800.660 12.133 16 0.73

Table A10: The results of a nonparametric 2-way ANOVA to determine the effects of

Sructose concentration in the diet over 5 generations on adult development time.
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Figure All: The effect of varying fructose in the diet on the time taken for the pupae
to develop over 5 generations. Data points represent means + standard errors for
number days taken for the pupae to develop. Results show that when raised on 0%
fructose pupae took longer to develop than when raised on the other concentrations

used in this study.
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Figure A12: The effect of varying fructose in the diet on the time taken for the adults
to develop over 5 generations. Data points represent means + standard errors for

number days taken for the adults to develop. Results show that when raised on 0%
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fructose adults took longer to develop than when raised on the other concentrations

used in this study.

Varying the concentration of glucose in the diet had a significant affect on the
development time of both the pupae and the adults (Tables All and Al2
respectively). The time taken for both the pupae and the adults to develop was higher
when raised on a 0% glucose diet compared to those raised on other the
concentrations of glucose used in this study (Figs. A13 and Al4). In addition, the
number of generations the flies were kept on these diets had a significant affect on
development time for both pupae and adults. Although there is no clear pattern in the
effects of glucose concentration over the generations on development time, it would
appear that for all diets apart from 100% glucose (which seems to remain the same
throughout the generations) there is a slow increase in development time over the
generations until generation 5 where development time decreases again (Figs. Al3

and Al4).

SS SS/MSotal d.f. P-value
Concentration | 250795.548 13.059 4 <(0.01
Generation 356759.939 18.577 4 <0.01
Interaction 2469.854 13.002 16 0.67

Table Al1: The results of a nonparametric 2-way ANOVA to determine the effects of

glucose concentration in the diet over 5 generations on pupal development time.

SS SS/MStotal d.f. P-value
Concentration | 218971.099 11.390 4 <0.05
Generation 3310161.544 16.133 4 <0.01
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Interaction 291647.218 15:170 16 0.51

Table A12: The results of a nonparametric 2-way ANOVA to determine the effects of

glucose concentration in the diet over 5 generations on adult development time.
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Figure A13: The effect of varying glucose in the diet on the time taken for the pupae
to develop over 5 generations. Data points represent means + standard errors for
number days taken for the pupae to develop. Results show that when raised on 0%
glucose pupae took longer to develop than when raised on all other concentrations
used in this study. In addition, the time taken to develop increased through the

generations until at generation 5, where it decreased.
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Figure Al14: The effect of varying glucose in the diet on the time taken for the adults
to develop over 5 generations. Data points represent means + standard errors for
number days taken for the adults to develop. Results show that when raised on 0%
glucose adults took longer to develop than when raised on all other concentrations
used in this study. In addition, the time taken to developed increased through the

generations until at generation 5, where it then decreased.

Varying the concentration of trehalose in the diet had a significant affect on the
development time of both the pupae and the adults. There was also a significant
affect of generation on the development time of both the pupae and the adults (Tables
Al3 and Al4 respectively). In the generations 1 and 2, the development time of the
adults and the pupae do not appear to differ depending on trehalose concentration in
the diet. In generations 3 — 5, however, the development time of the pupae and the

adults increased when raised on 0% and 100% trehalose (Figs. A15 and A16).

SS SS/MStotal d.f. P-value
Concentration | 422287.256 20.247 4 <0.01
Generation 45157.256 2.165 4 <0.05
Interaction 225549.904 10.815 16 0.82
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Table A13: The results of a nonparametric 2-way ANOVA to determine the effects of

trehalose concentration in the diet over 5 generations on pupal development time.

SS SS/MSotal d.f. P-value
Concentration | 261206.664 12.517 4 <0.01
Generation 259394.344 12.430 4 <0.01
Interaction 231846.816 11.110 16 0.80

Table A14: The results of a nonparametric 2-way ANOVA to determine the effects of

trehalose concentration in the diet over 5 generations on adult development time.

Time Taken For Pupae to Develop (d)
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Figure A15: The effect of varying trehalose concentration in the diet on the time taken

for the pupae to develop over 5 generations. Data points represent means + standard

errors for number days taken for the pupae to develop. Results show for the first two

generations there was no change in development time for any of the food types. In

generations 3 — 5 there was an increase in development time for both 0% and 100%

trehalose.
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Figure A16: The effect of varying trehalose concentration in the diet on the time taken
for the adults to develop over 5 generations. Data points represent means + standard
errors for number days taken for the adults to develop. Results show for the first two
generations there was no change in development time for any of the food types. In
generations 3 — 5 there was an increase in development time for both 0% and 100%

trehalose.

Varying the concentration of NaCl in the diet had no significant affect on the
development time of either the pupae or the adults. In addition, the number of
generations the flies were kept on these diets had no effect on their development time
(Tables A15 and A16). The development time does, however, seem to increase when

raised on higher concentrations of NaCl (Figs. A17 and A18).

SS SS/MStotal d.f. P-value
Concentration | 26391.638 4.150 5 0.53
Generation 4460.195 0.701 4 0.95
Interaction 15343.711 2.413 12 1.00
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Table A15: The results of a nonparametric 2-way ANOVA to determine the effects of

NaCl concentration in the diet over 5 generations on pupal development time.

SS SS/MStotal d.f. P-value
Concentration | 44468.161 6.981 5 0.22
Generation 4587.925 0.720 4 0.95
Interaction 7492.629 1.176 11 1.00

Table A16: The results of a nonparametric 2-way ANOVA to determine the effects of

NaCl concentration in the diet over 5 generations on adult development time.
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Figure AI17: The effect of varying NaCl concentration in the diet on the time taken for
the pupae to develop over 5 generations. Data points represent means + standard
errors for number days taken for the pupae to develop. Results show that, although
not significant, increased concentration of NaCl in the diet increased the time taken

for the pupae to develop.
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Figure A18: The effect of varying NaCl concentration in the diet on the time taken for
the adults to develop over 5 generations. Data points represent means + standard
errors for number days taken for the adults to develop. Results show that, although
not significant, increased concentrations of NaCl in the diet increased the time faken

for the adults to develop.

Al.4 The Effect of Diet Over 5 Generations on Survival

Varying the concentration of fructose in the diet over 5 generations had no
significant affect on the number of pupae or adults developing (Tables A17 and Al8
respectively). It appears, however, that as with sucrose there is an increase in the
number of pupae developing as the number of generations the flies were kept on the
diets increases (Fig. A19). The statistical analysis shows that this is very close to
being significant (P = 0.08), and it may be that if it were not for the anomalous results
for the 100% fructose at generation 5 this may indeed have proved a significant result.

This affect was not seen in the number of adults developing (Fig. A20).

SS SS/MStotal d.f. P-value
Concentration | 25693.080 1.305 4 0.86
Generation 166135.960 8.438 4 0.08
Interaction 214624.160 10.901 16 0.82
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Table A17: The results of a nonparametric two-way ANOVA conducted to determine
the effect of varying fructose concentration in the diet over 5 gemerations on the

proportion of individuals surviving through to the pupal stage.
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Figure Al9: The effect of varying fructose concentration in the diet over 5
generations on the number of pupae developing. Data points indicate mean +
standard error for the number of pupae developing from the 80 eggs introduced into
each vial. Results showed that varying fructose concentration in the diet had no

significant affect on the number of pupae developing.

SS SS/MSotai d.f P-value
Concentration | 114745.022 5.908 4 0.21
Generation 56441.385 2.905 4 0.57
Interaction 143125.818 7.369 16 0.97
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Table A18: The results of a nonparametric two-way ANOVA conducted to determine
the effect of varying fructose concentration in the diet over 5 generations on the

proportion of adults developing from the total number of pupae that developed.
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Figure A20: The effect of varying fructose concentration in the diet over 5
generations on the number of adults developing. Data points indicate mean +
standard error for the number of adults developing from the total number of pupae
that developed. Results showed that varying fructose concentration in the diet had no

significant affect on the number of adults developing.

Varying the concentration of glucose in the diet had a significant affect on the
number of pupae developing (Table A19). Increasing the concentration of glucose in
the diet up to 50% glucose led to an increase in the number of pupae developing. This
then decreased for 100% glucose (Fig. A21). The number of generations these
individuals were kept on these diets also had a significant affect on the number of
pupae developing (Table A20). There was an initial increase in the number of pupae
developing between generations 1 and 2. Generation 3 remained the same, but the
number of pupae developing then decreased in generations 4 and 5 (Fig. A22).

Varying the concentration of glucose in the diet also had a significant effect on adult
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survival (Table 6.30) with 100% glucose having the highest proportion of individuals

surviving through to adulthood (Fig. 6.36).

Factor d.f. SS MS F-ratio P-value
Diet 4 1791.202 447.800 8.781 < 0.01
Generation | 4 934.817 233.704 4.583 <0.01
Interaction | 16 1976.723 123.545 2.423 <0.05
Error 216 11016.639 50.994

Table A19: The results of a two-way ANOVA conducted to determine the effect of

varying glucose concentration in the diet over 5 generations on the proportion of

individuals surviving through to the pupal stage.
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Figure A21: The effect of varying glucose concentration in the diet on the proportion

of pupae developing. Bars show mean + standard errors for the proportion of pupae

developing from the 80 eggs initially introduced into each vial. Letters indicate those
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bars that are not significantly different. Significance is at the P < 0.05 level. Results
show that the proportion of pupae developing initially increased as the glucose

concentration in the diet increased but then decreased again for 100% glucose.
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Figure 6.35: The effect of the number of generations the flies were kept on a reduced
glucose content medium on pupal survival. Bars indicate means + standard errors
for the number of pupae developing from the 80 eggs placed in to each vial. Letters
indicate those bars that are not significantly different. Results showed an initial
increase in pupal survival as the number of generations on the reduced glucose

content medium increased. This then decreases again in generations 4 and 5.
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Figure 6.36. The effect of varying glucose concentration in the diet over 5

generations on the number of pupae developing. Data points indicate mean +
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standard error for the number of pupae developing from the 80 eggs that were
introduced into each vial. Results showed that both concentration and generation

had a significant affect on the proportion of pupae developing.

SS SS/MSotal d.f. P-value
Concentration | 214393.729 11.665 4 <0.05
Generation 70366.500 3.632 4 0.46
Interaction 52433.989 2.706 16 1.00

Table 6.30: The results of a nonparametric two-way ANOVA conducted to determine
the effect of varying glucose concentration in the diet over 5 generations on the

proportion of adults eclosing from the total number of pupae that developed.
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Figure 6.36: The effect of varying glucose concentration in the diet over 5
generations on the number of adults developing. Data points indicate mean +
standard error for the number of adults developing from the total number of pupae
that developed in each vial. Results showed that concentration had a significant

affect with 100% glucose having the highest proportion of pupae developing.

217




Varying the concentration of trehalose in the diet had no affect on the number of
pupae developing (Table 6.31; Fig. 6.37). It did, however, have a significant affect on
the number of adults developing (Table 6.32). As the trehalose concentration in the
diet increased so the number of adults developing also increased (Fig. 6.38). In
addition, the number of generations these individuals were kept on these diets also
had a significant affect on the number of adults developing (Table 6.32). There was
an increase in the number of adults developing as the number of generations the flies

were kept on the diets increased (Fig. 6.39).

I'ss SS/MSoul af. P-value
Concentration | 50309.544 2.531 4 0.64
Generation 146930.304 7.393 4 0.12
Interaction 249697.696 12.563 16 0.70

Table 6.31: The results of a nonparametric two-way ANOVA conducted to determine
the effect of varying trehalose concentration in the diet over 5 generations on the

proportion of pupae surviving through to the pupal stage.
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Figure 6.37: The effect of varying trehalose concentration in the diet over 5

generations on the number of pupae developing. Data points indicate mean +
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standard error for the number of pupae developing from the 80 eggs introduced into
each vial. Results showed that varying trehalose concentration in the diet had no

effect on the number of pupae developing.

Factor d.f. SS MS F-ratio P-value
Diet 4 1211.955 302.989 6.007 <0.01
Generation | 4 1010.315 252.579 5.008 <0.01
Interaction 16 1610.517 100.657 1.996 < 0.05
Error 225 11348.216 50.437

Table 6.32: The results of a two-way ANOVA conducted to determine the effect of
varying trehalose concentration in the diet over 5 generations on the proportion of

adults eclosing from the total number of pupae that developed.
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Figure 6.38: The effect of varying trehalose conceniration in the diet on the
proportion of adults developing. Bars show mean + standard errors for the
proportion of adults developing from the total pupae developing in each vial. Letters
indicate those bars that are not significantly. Significance is at the P < 0.05 level.
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Results show that the proportion of adults developing increased with increasing

trehalose concentration in the diet.
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Figure 6.39: The effect of the number of generations the flies were kept on a reduced
glucose content medium on adult survival. Bars indicate means + standard errors for
the number of adults developing from the total number of pupae developing in each
vial. Letters indicate those bars that are not significantly different. Significance is at
the P < 0.05 level. Results show an increase in the number of adults developing as

the concentration of trehalose in the medium increased.
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Figure 6.40: The effect of varying trehalose concentration in the diet over 5
generations on the number of adults developing. Data points indicate mean +
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standard error for the number of adults developing from the total number of pupae
developing in each vial. Results showed that varying trehalose concentration in the
diet had no effect on the number of adults developing.

When NaCl concentrations in the diet increased so survival to the pupal stage
decreased (Table 6.35; Fig. 6.43). Varying the concentration in the diet did not,
however, have any effect on the number of adults developing from these pupae (Table

6.36; Figure 6.44). Generation had no effect on either pupal or adult survival.

SS SS/MSotal d.f. P-value
Concentration | 835034.184 34.381 5 <0.01
Generation 131331.136 5.407 4 0.25
Interaction 214987.344 8.857 18 0.96

Table 6.35: The results of a nonparametric two-way ANOVA conducted to determine
the effect of varying NaCl concentration in the diet over 5 generations on the

proportion of individuals surviving through to the pupal stage.

SS SS/MStotal d.f. P-value
Concentration | 158164.621 6.928 5 0.23
Generation 8627.873 0.378 4 0.98
Interaction 97954.190 4.291 18 1.00

Table 6.36: The results of a nonparametric two-way ANOVA conducted to determine

the effect of varying NaCl concentration in the diet over 5 generations on the

proportion of adults eclosing from the total number of pupae that developed.
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Figure 6.43: The effect of varying NaCl concentration in the diet over 5 generations
on the number of pupae developing. Data points indicate mean + standard error for
the number of pupae developing from the 80 eggs transferred into each vial. Results
showed that as NaCl concentration in the diet increased so the time taken for the

pupae to develop also increased.
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Figure 6.44: The effect of varying NaCl concentration in the diet over 5 generations
on the number of adults developing. Data points indicate mean + standard error for
the number of adults developing from the total number of pupae that developed.

Results showed that NaCl concentration in the diet had no effect on adult survival.
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A.1.5 The Effect of Diet on Starvation Resistance Over 5 Generations

Varying the concentration of carbohydrate or NaCl in the diet had no significant

effect on starvation resistance for either food type tested. Results showed that for

xxx, adults survived on average for between 3 and 5 days (Table 6.37; Fig. 6.45).

Finally, when NaCl was added to the diet, flies survived between 4-6 d when starved
(Table 6.42; Fig. 6.50). These results therefore show that when raised high salt diets,

flies are able to resist starvation for longer than those on a varied carbohydrate diet.

SS SS/MSotal d.f. P-value
Concentration | 517.3 0.161 4 1.00
Generation 5599.0 10747 4 0.78
Interaction 27906.2 8.707 16 0.92

Table 6.38: The results of a nonparametric 2-way ANOVA to determine the effects of

fructose concentration in the diet over 5 generations on adult starvation resistance.
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Figure 6.46: The effect of varying fructose concentration in the diet over 5
generations on the starvation resistance of adult flies. Data points represent the
mean + standard error for the number of days survived. Results show no significant

effect of fructose concentration in the diet on starvation resistance.

SS SS/MSotal d.f. P-value
Concentration | 2526.784 1.14 4 0.89
Generation 11541.234 5.209 4 0.27
Interaction 13722.447 6.194 15 0.98

Table 6.39: The results of a nonparametric 2-way ANOVA to determine the effects of

glucose concentration in the diet over 5 generations on adult starvation resistance.

—0— 0% Glucose

7 4 —0O— 12.5% Glucose
—@— 25% Glucose
—@— 50% Glucose
8 - —0— 100% Glucose

Mean Number of Days Survived
()]

Generation

Figure 6.47: The effect of varying glucose concentration in the diet over 5
generations on the starvation resistance of adult flies. Data points represent the
mean + standard error for the number of days survived. Results show no significant

effect of glucose concentration in the diet on starvation resistance.
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SS SS/MSrotal d.f. P-value

Concentration | 13047.404 4.021 4 0.40
Generation 7164.301 20208 4 0.70
Interaction 16801.709 5.178 16 0.99

Table 6.40: The results of a nonparametric 2-way ANOVA to determine the effects of

trehalose concentration in the diet over 5 generations on adult starvation resistance.

—&— 0% Trehalose
—0O— 12.5% Trehalose
7 —8— 25% Trehalose
—@— 50% Trehalose
—O@— 100% Trehalose

Mean Number of Days Survived
(8]

Generation

Figure 6.48: The effect of varying trehalose concentration in the diet over 5
generations on the starvation resistance of adult flies. Data points represent the
mean + standard error for the number of days survived. Results show no significant

effect of trehalose concentration in the diet on starvation resistance.
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SS SS/MSotal i P-value
Concentration | 12480.627 3.325 5 0.65
Generation 10076.085 2.684 4 0.61
Interaction 14213.640 3.787 17 1.00

Table 6.42: The results of a nonparametric 2-way ANOVA to determine the effects of

NaCl concentration in the diet over 5 generations on adult starvation resistance.

Mean Number of Days Survived
(3, ]

—@— 0 mM NaCl
—O— 13 mM NaCl
—@— 25 mM NaCl
—&— 50 mM NacCl
—@— 100 mM NacCl
—O— 200 mM NacCl

Generation

Figure 6.50: The effect of varying NaCl concentration in the diet over 5 generations

on the starvation resistance of adult flies. Data points represent the mean + standard

error for the number of days survived. Results show no significant effect of NaCl

concentration in the diet on starvation resistance.
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A.1.6 Microarrays — An Overview

A microarray is a tool for measuring gene expression. It consists of glass slide
containing samples of many genes arranged in a regular pattern. Each location where
a DNA molecule is located is called a spor. In this experiment the gene expression
levels of two samples were compared. This was done by labelling the mRNA from
the two different samples with two different dyes. These samples are then hybridising
with the microarray. The mRNA will hybridise with the DNA molecule on the
microarray from which it originated. The microarray is then excited with a laser and
scanned for wavelengths suitable for the detection of the dyes. The amount of
fluorescence emitted from each spot corresponds to the amount of nucleic acid bound
to it. For example, if red and green labels are used to label samples 1 and 2
respectively, if mRNA is abundant from sample 1 the spot will be red and if it is
abundant from sample 2 the spot will be green. If both are equal the spot will appear
yellow and if mRNA is not present in either sample it will appear black. Therefore,
from the fluorescence intensities and colours of each spot the relative level of

expression of the gene from both samples can be determined (Causton et al, 2003).

In this experiment the level of expression of two different samples was compared,
generation 1 versus generation 5 for flies raised on both 0% and 100% sucrose.
Therefore, gene expression levels for generation 1 flies raised on 0% sucrose were
compared with levels for generation 5 flies raised on 0% sucrose. In addition, gene
expression levels for generation 1 flies raised on 100% sucrose were compared with
levels for generation 5 flies raised on 100% sucrose. In this study, the microarrays
plus all associated protocols (apart from sample preparation) were conducted by
FlyChip, Cambridge. The following description of methods (apart from sample
preparation) is therefore just a brief description of the methods used by FlyChip.
More detailed methodology can be found on their website (www.flychip.org.uk).

A.1.7 Sample Preparation

50 pg total RNA per slide is required. To ensure that this amount could be

extracted a pilot study was conducted using from 30 adult females. These samples
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were sent to FlyChip, who confirmed that enough RNA could be extracted from these
samples to run the experiments. The samples were prepared for posting to FlyChip by
collecting 30 3 — 10 d old adult females. These were placed into an RNase free 1.5 ml
microfuge tube (Anachem). 300 ul TRIzol (Invitrogen) was added and the sample
which was then homogenised for 60 secs using an RNase free 1.5 ml pellet pestle
(Anachem) over ice. These were then flash frozen in liquid nitrogen and stored in a -
78°C freezer until all samples had been collected. Samples were then sent on dry ice

to FlyChip for further processing.

A.1.8 RNA Extraction, Labelling and Hybridisation

The method used for RNA extraction can be seen on the FlyChip website
(www.flychip.org.uk). The method involved the use of TRIzol (Invitrogen) which
maintains the integrity of the RNA whilst disrupting cells and dissolving cell
components (Chomezynski, 1993). Once extracted, the RNA was reverse transcribed
to produce cDNA. A second strand synthesis was then conducted to produce dsDNA.
The samples were then differentially labelled with the florescent dyes Cy3 (green) and
Cy5 (red) using Klenow labelling. The two samples were then mixed together and
hybridised to the microarray. Image acquisition was then conducted using the
GenePix Axon scanner. The sample labelled with Cy5 was dye swapped in one of the

microarrays to control for any differences between incorporation rates of the dyes.

Microarrays can come in several different formats. In this study a long-
oligonucleotide microarray was used. This is a slide on which oligonucleotide
molecules are attached at fixed locations called spots. The spots are 90-120 pm in
diameter. These oligonucleotides contain between 65 and 69 nucleotides (Cherbas et
al, 2006). There were 18,240 spots on this microarray, 14,444 being transcript

specific and the remainder being controls.
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A.1.9 Processing and Statistical Analysis of Microarray Data

The raw data from a microarray experiment are the digital images. To transform
this into levels of gene expression, the intensity of each spot is measured. This data is
further processed by Flychip to normalise the data. This normalisation involves
correcting for systematic differences between data sets due to differences in
background fluorescence and overall brightness. It also takes into account the dye
swap. The data is presented as a ratio of Cy5/Cy3. The normalised data is therefore

very similar to a log[2] scale.

To analyse the microarray data Cyber-T was used (Baldi and Long, 2001). Cyber
T (http://cybert.microarray.ics.uci.eduw/index.shtml) is a statistical programme that is
based on a ¢ test to determine whether there is any significant change in expression

levels between the paired data.

A.1.10 Determining Homologous Genes Using the Ensembl Database

As mentioned in Section 6.1.6, many genes have been described in mammals
which are known to be involved in the effects of maternal diet on the future health of
the offspring. The aim of this part of the experiment was to determine whether diet
affects these genes in Drosophila. To do this, homologous genes in Drosophila first
had to be identified. The online database, Ensembl (Hubbard et al, 2006), compares
the sequences of human genes with those of Drosophila to provide possible
orthologues. All the genes described in Section 6.1.6 were searched for in Ensembl to
find those that have orthologues in Drosophila. A BLAST analysis was then
conducted (Tatusova and Madden, 1999) to measure the similarity between the human
and Drosophila sequences for all genes where an orthologue was found. The
microarray gene expression data of these genes was then analysed (see Section 6.2.10)
to determine whether there is a change in expression of these genes with diet over

several generations.
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A.1.11 Emsembl Analysis for Homologous Genes
The results of the Ensembl analysis to find homologous genes in Drosophila

showed that only 5 of all the possible human genes have homologues in Drosophila
(Table 6.43). These genes were ACOX3, CHPT1, LPL, NOS and Dnmt.
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Gene Ensemble | Drosophila | Human | Drosophila | Human | Drosophila | 1dentity ® | Positive® | Gaps ¢
Gene orthologue | Length | length overlap * | overlap ?
GR NR3C1 N/A
11BHSD HSDI11B1 | N/A
HSD11B2 | N/A
PEPCK PCK1 N/A
PCK2 N/A
PPARa PPARA | N/A
PPARYy PPARG | N/A
ACOX ACOX2 | N/A
ACOX3 | CG17544 | 700 693 0.988571 | 0.994228 | 0.428571 | 0.594286 | 0.027143
CPT1 CHPT1 CG6016 406 417 0.894089 | 0.870504 | 0.520661 | 0.716253 | 0
LPL LPL CG5966 475 540 0.675789 | 0.625926 | 0.313783 | 0.463343 | 0.067449
Leptin LEP N/A
LR LEPR N/A
ER ESR2 N/A
NOS NOS2A CG6713 1153 1349 0.936687 | 0.849518 | 0.438961 | 0.593074 | 0.072727
GH GH1 N/A
GH2 N/A
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IGF IGF1 N/A
IGF2 N/A
IR INSR N/A
GLUT4 SLC2A4 | N/A
Adiponectin | ADIPOR1 | N/A

ADIPOR2 | N/A
ADIPOQ | N/A

TNFa TNF N/A

HDAC HDAC4 | N/A
HDACY9 | N/A

Dnmt DNMT2 | CG10692 | 391 345 0.951407 | 0.944928 | 0.34375 | 0.536458 | 0.182292

Table 6.43: The results of the Ensembl and BLAST analyses to determine which genes known to be involved in the effect of maternal diet on
health of the offspring in mammals were also present in Drosophila. Results show that only 5 of these genes have homologues in Drosophila. *
overlap indicates the similarity between the two sequences, 1 meaning they are identical; b identity indicates the number of amino acids that are
identical; ° positives indicates the number of amino acids that are either exactly the same or in the same family; ° the number of gaps indicates

the differences between the sequences.
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A.1.12 Results of the Microarray Experiment

A section from one of the microarrays can be seen in Figure 6.51. The results of the
microarray experiment showed that of the 5 genes of interest, only 2 showed a significant
change in expression levels between generation 1 and generation 5 for 0% sucrose (Table
6.44). These two genes were ACOX3 and LPL. Expression levels of ACOX3 decreased
2.4 fold in generation 5 compared to generation 1. Expression levels of LPL increased
2.7 fold in generation 5 compared to generation 1 (Fig. 6.52). For 100% sucrose data,

there was no significant affect of generation on expression levels of any of the genes
(Table 6.45).

Figure 6.51. A section of one of the microarrays. Spots where hybridisation has

occurred can be clearly seen along with the colour.

£33



Gene Mean Intensity | Number of ¢ statistic P- value
Observation

ACOX3 -1.0749 3 -9.132 <0.05

CHPT1 -0.147 3 -0.821 0.50

LPL 1.309 3 7.833 <0.05

NOS2A 0.506 3 3.799 0.06

DNMT2 -0.131 3 -0.919 0.46

Table 6.44: Results of the statistical analysis of the microarray data for the 5 genes of

interest for 0% sucrose. Results show that only 2 of the genes have significantly different

gene expression levels between generation I and generation 5.

Gene Mean Intensity | Number of ¢ statistic P- value
Observation

ACOX3 -0.568 3 -3.683 0.07

CHPTI1 0.021 3 0.754 0.52

LPL 0.084 3 3.756 0.07

NOS2A 0.169 3 1.828 0.21

DNMT2 0.111 3 0.869 0.48

Table 6.45: Results of the statistical analysis of the microarray data for the 5 genes of

interest for 100% sucrose.

significantly different gene expression levels between generation 1 and generation 5.

Results show that none of the gemes of interest have
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Figure 6.52: A graph showing the change in gene expression levels of the genes of
interest between generation 1 and generation 5 for 0% (yellow) and 100% (pink) sucrose.
* indicates a significant difference at the P < 0.05 level. Results show that when raised
for 5 generations on 0% sucrose the ACOX3 gene is down regulated and the LPL gene up

regulated compared to generation 1.

A.1.13 The Effect of Diet Over 5 Generations on Levels of Gene Expression

As discussed in Section 6.1.6, many genes have been implicated in the effects of in
utero nutrition on adult health in mammals. The aim of this experiment was to determine
whether the expression levels of these genes also varied with nutritional status in
Drosophila. To do this, the first step was to determine which of the genes described in
mammals have orthologues in Drosophila. The results of this analysis found 5 genes in

Drosophila homologous to those in mammals. Those genes were ACOX3, CHPT1, LPL,
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NOS2A and DNMT?2. Ofthose 5 genes, only 2 of them were shown to significantly vary
in gene expression levels between generation 1 and generation 5 for 0% sucrose. These 2
genes were ACOX3 and LPL. For 100% sucrose no significant difference on gene

expression levels was observed across the generations.

ACOX is an enzyme that in mammals is regulated directly by PPARa (Tugwood et al,
1992). 1t is involved in the B-oxidation pathway which is important for fatty acid
metabolism. In mammals, research has shown that protein restriction in ufero decreases
methylation levels of PPARa hence increasing mRNA expression. This in turn increases
ACOX levels (Lillycrop et al, 2005). In this study, ACOX levels were decreased when
fed on a 0% sucrose diet for 5 generations. Carbohydrate restriction therefore seems to
have the opposite effect on levels of ACOX expression compared to protein restriction.
However, the results from Lillycrop et al (2005) study only look at the levels of ACOX
in the offspring of protein restricted mothers whereas in this study levels were measure
after 5 generations of a carbohydrate restricted diet. It may therefore be that in mammals
if fed a carbohydrate restricted diet for several generations ACOX levels could decrease

as can be seen in the results of this experiment.

LPL is an enzyme that hydrolyses lipids into fatty acids. Previous studies have shown
that rats maintained on a high carbohydrate diet have elevated levels of LPL in adipose
tissue (Dourmashkin et al, 2005). In a study by Lillycrop et al (2006), the effect of
protein restriction in utero on the expression of several genes involved in lipid
metabolism was investigated. The results showed no effect of protein restriction on LPL
levels. However, LPL levels were shown to increase in offspring exposed to a neonatal
diet containing leptin and a high fat diet post weaning. Desai et al (2006) also reported
no effect of in utero protein restriction on LPL mRNA expression levels. In this study,
however, 5 generations of carbohydrate restriction led to an increase in LPL expression
levels compared to those of generation 1. This could be due to the prolonged exposure to
a reduced carbohydrate diet inflicted in this study compared to the previous studies where

the effects of a restricted diet on LPL levels was only investigated in on generation.

236



The aim of this experiment was to determine whether diet over several generations can
affect levels of gene expression in genes known to be affected by this in mammals. The
results show that although not always responding in the same manner some genes do
indeed vary in their expression levels depending on length of time exposed to a
carbohydrate restricted diet. This would therefore suggest that, as in mammals, dietary
restriction in Drosophila can lead to altered metabolic pathways. Drosophila may
therefore.provide a new model system for further investigating the effects of dietary
restriction on gene expression levels with the aim of gaining a further understanding of

how this may go onto affect disease in later life.

237



References

Abisgold, J. D. and Simpson, S. J. (1987) The physiology of compensation by locusts for
changes in dietary protein. J. Exp. Biol. 129, 329-346

Abisgold, J.D. and Simpson, S.J. (1988) The effect of dietary protein levels and
haemolymph compostion on the sensitivity of the maxiallry palp chemoreceptors of
locusts. J. Exp. Biol. 135, 215-229

Abrahamson, W.G., Blair, C.P., Eubanks, M.D. and Morehead, S.A. (2003) Sequential
radiation of unrelated organisms: the gall fly Eurosta solidaginis and the tumbling flower
beetle Mordellistena convicta. J. Evo. Biol. 16, 781-789

Aceves-Pina, E.O. and Quinn, W.G. (1979) Learning in normal and mutant Drosophila
larvae. Science 206, 93-96

Adams, M.D., Celniker, S.E., Holt, R.A., Evans, C.A., Gocayne, J.D., Amanatides, P.G.,
Scherer, S.E., Li, P.W., Hoskins, R.A., Galle, R.F., George, R.A., Lewis, S.E., Richards,
S., Ashburner, M., Henderson, S.N., Sutton, G.G., Wortman, J.R., Yandell, M.D., Zhang,
Q., Chen, L.X., Brandon, R.C., Rogers, Y.H., Blazej, R.G., Champe, M., Pfeiffer, B.D.,
Wan, K.H., Doyle, C., Baxter, E.G., Helt, G., Nelson, C.R., Gabor Miklos, G.L., Abril,
J.F., Agbayani, A., An, H.J., Andrews-Pfannkoch, C., Baldwin, D., Ballew, R.M., Basu,
A., Baxendale, J., Bayraktaroglu, L., Beasley, E.M., Beeson, K.Y, Benos, P.V., Berman,
B.P., Bhandari, D., Bolshakov, S., Borkova, D., Botchan, M.R., Bouck, J., Brokstein, P.,
Brottier, P., Burtis, K.C., Busam, D.A., Butler, H., Cadieu, E., Center, A., Chandra, 1.,
Cherry, .M., Cawley, S., Dahlke, C., Davenport, L.B., Davies, P., Pablos, B.D., Delcher,
A., Deng, Z., Mays, A.D., Dew, L., Dietz, S.M., Dodson, K., Doup, L.E., Downes, M.,
Dugan-Rocha. S., Dunkov, B.C., Dunn, P., Durbin, K.J., Evangelista, C.C., Ferraz, C.,
Ferriera, S., Fleischmann, W., Fosler, C., Gabrielian, A.E., Garg, N.S., Gelbart, WM.,
Glasser, K., Glodek, A., Gong, F., Gorrell, J.H., Gu, Z., Guan, P., Harris, M., Harris,
N.L., Harvey, D., Heiman, T.J., Hernandez, J.R., Houck, J., Hostin, D., Houston, K.A.,
Howland, T.J., Wei, M.H., Ibegwam, C., Jalali, M., Kalush, F., Karpen, G.H., Ke, Z.,
Kennison, J.A., Ketchum, K.A., Kimmel, B.E., Kodira, C.D., Kraft, C., Kravitz, S., Kulp,
D., Lai, Z., Lasko, P., Lei, Y., Levitsky, A.A., Li, J., Li, Z., Liang, Y., Lin, X., Liu, X.,
Mattei, B., McIntosh, T.C., McLeod, M.P., McPherson, D., Merkulov, G., Milshina,
N.V., Mobarry, C., Motris, J., Moshrefi, A., Mount, S,M,, Moy, M., Murphy, B.,
Murphy, L., Muzny, D.M., Nelson, D.L., Nelson, D.R., Nelson, K.A., Nixon, K.,
Nusskern, D.R., Pacleb, J.M., Palazzolo, M., Pittman, G.S., Pan, S., Pollard, J., Puri, V.,
Reese, M.G., Reinert, K., Remington, K., Saunders, R.D., Scheeler, F., Shen, H., Shue,
B.C., Kiamos, I., Simpson, M., Skupski, M.P., Smith, T., Spier, E., Spradling, A.C.,
Stapleton, M., Strong, R., Sun, E., Svirskas, R., Tector, C., Turner, R., Venter, E., Wang,
AH., Wang, X., Wang, Z.Y., Wassarman, D.A., Weinstock, G.M., Weissenbach, J.,
Williams, S.M., Woodage, T. Worley, K.C., Wu, D., Yang, S., Yao, Q.A., Ye, J., Yeh,
R.F., Zaveri, J.S., Zhan, M., Zhang, G., Zhao, Q., Zheng, L., Zheng, X.H., Zhong, F.N.,
Zhong, W., Zhou, X., Zhu, S., Zhu, X., Smith, H.O., Gibbs, R.A., Myers, E.W., Rubin,
G.M. and Venter JC (2000) The Genome sequence of Drosophila melanogaster. Science
287,2185-2195

238



Adao, R.C. and Gloria, M.B. (2005) Bioactive amines and carbohydrate changes during
ripening of 'Prata’ banana (Musa acuminata x M. balbisiana). Food Chemistry 90, 705-
711

Aerts, L. and Van Assche, F.A. (2006) Animal evidence for the transgenerational
development of diabetes mellitus. Int. J. Biochem. Cell Biol. 38, 894-903

Agranoff, B.W., Davis, R.E. and Brink, J.J. (1966) Chemical studies on memory fixation
in goldfish. Brain Research 1, 303-309

Agresti, A. (1996) Introduction to categorical data analysis. NY: John Wiley and Sons

Akhtar, Y. and Isman, M.B. (2003) Larval exposure to oviposition deterrents alters
subsequent oviposition behavior in generalist, Trichoplusia ni and specialist, Plutella
xylostella moths. J. Chem. Ecol. 29, 1853-1870

Allen, M.J., Drummond, J.A. and Moffat, K.G. (1998) Development of the giant fiber
neuron of Drosophila melanogaster. J. Comp. Neurol. 397, 519-531

Alloway, T.M. (1972) Retention of learning through metamorphosis in the grain beetle
(Tenebrio molitor). Am. Zool. 12, 471-477

Amakawa, T. (2001) Effects of age and blood sugar levels on the proboscis extension of
the blow fly Phormia regina. J. Insect Physiol. 47, 195-203

Amano, Y., Kawakubo, K., Lee, J.S., Tang, A.C., Sugiyama, M. and Mori, K. (2004)
Correlation between dietary glycemic index and cardiovascular disease risk factors
among Japanese women. Eur J Clin Nutr. 58, 1472-1478

Amarillo-Suarez, A.R. and Fox, C.W. (2006) Population differences in host use by a
seed-beetle: local adaptation, phenotypic plasticity and maternal effects. Oecologia 150,
247-258

Anderson, P., Hilker, M. and Lofqvist, J. (1995) Larval diet influence on oviposition
behavior in Spodoptera littoralis. Entomol. Exp. Appl. 74, 71-82

Andreasyan, K., Ponsonby, A-L., Dwyer, T., Morley, R., Riley, M., Dear, K. and
Cochrane, J. (2007) Higher maternal dietary protein intake in late pregnancy is associated
with a lower infant ponderal index at birth. Eur. J. Clin. Nutr. 61, 498-508

Antonov, 1., Antonova, 1., Kandel, E.R. and Hawkins, R.D. (2003) Activity-dependent
presynaptic facilitation and Hebbian LTP are both required and interact during classical
conditioning in Aplysia. Neuron 37, 135-147

Armitage, J.J., Taylor, P.D. and Poston, L. (2005) Experimental models of developmental

programming: consequences of exposure to an energy rich diet during development. J.
Physiol. 565, 3-8

239



Ashburner, M. and Roote, J. (2000) Laboratory culture of Drosophila. In 'Drosophila
Protocols'. Eds Sullivan, W., Ashburner, M. and Hawleys, R.P. pp. 585-600. Cold Spring
Harbour Laboratory Press, New York

Avila, C.A. (1998) Chemotaxis in the Nudibranch Hermissenda crassicornis: Does
ingestive conditioning influence its behaviour in a Y-maze? J. Mollusc. Stud. 64, 215-
222

Azidah, A.A. and Sofian-Azirun, M. (2006) Life history of Spodoptera exigua
(Lepidoptera : Noctuidae) on various host plants. Bull. Entomol. Res. 96, 613-618

Badenes-Perez, F.R., Nault, B.A. and Shelton, A.M. (2006) Dynamics of diamondback
moth oviposition in the presence of a highly preferred non-suitable host. Enfomol. Exp.
Appl. 120, 23-31

Baker, C.F., Montgomery, J.C. and Dennis, T.E. (2002) The sensory basis of olfactory
search behaviour in banded kokopu (Galaxias fasciatus). J. Comp. Physiol. A 188, 553-
560

Balakrishnan, R. and Rodrigues, V. (1991) The shaker and shaking-B genes specify
elements in the processing of gustatory information in Drosophila melanogaster. J. Exp.
Biol. 157, 161-181

Baldal, E.A., van der Linde, K., van der Alphen, J.J.M., Brakefield, P.M. and Zwaan, B.J.
(2005) The effects of larval density on adult life-history traits in three species of
Drosophila. Mech. Aging Dev. 126, 407-416

Baldi, P. and Long, A.D. (2001) A Bayesian framework for the analysis of microarray
expression data: regularized t -test and statistical inferences of gene changes.
Bioinformatics 17, 509-519

Balling, A., Technau, G., and Heisenberg, M. (1987) Are the structural changes in adult
Drosophila mushroom bodies memory traces? Studies on biochemical learning mutants.
J. Neurogenet. 4, 65-73 '

Barker, J.P., Hales, C.N., Fall, H.D., Osmond, C., Phipps, K., and Clark, M.S. (1993)
Type 2 (non-insulin-dependent) diabetes mellitus, hypertension and hyperlipidaemia

(syndrome X): relation to reduced fetal growth. Diabetologia 36, 62-67

Barron, A.B. and Corbet, S.A. (1999) Preimaginal conditioning in Drosophila revisited.
An. Behav. 58, 621-628

Barron, A.B. (2000) Anaesthetising Drosophila for behavioural studies. J. Insect Physiol.
46, 439-442

Barry, J.S., Davidsen, M.L., Limesand, S.W., Galan, H.L., Friedman, J.E., Regnault,
T.R.H. and Hay, W.W. (2006) Developmental changes in ovine myocardial glucose

240



transporters and insulin signalling following hyperthermia-induced intrauterine foetal
growth restriction. Exp. Biol. Med. 231, 566-575

Bateson, M. (2002) Recent advances in our understanding of risk-sensitive foraging
preferences. Proc. Nutr. Soc. 61, 509-516

Baur, R., Haribel, M., Renwick, J., and Stadler, E. (1998) Contact chemoreception related
to host selection and oviposition behaviour in the monarch butterfly Danaus plexippus.
Physiol. Entomol. 23, 7-19

Behmer, S.T., Elias, D.O. and Bernays, E.A. (1999) Post-ingestive feedbacks and
associative learning regulate the intake of unsuitable sterols in a generalist grasshopper. J.
Exp. Biol. 202, 739-748

Bellinger, L., Lilley, C. and Langely-Evans, S.C. (2004) Prenatal exposure to a maternal
low-protein diet programmes a preference for high-fat foods in the young adult rat. Br. J.
Nutr. 92, 513-520

Benyshek, D., Johnston, C. and Martin, J. (2006) Glucose metabolism is altered in the
adequately-nourished grand-offspring (F3 generation) of rats malnourished during
gestation and perinatal life. Diabetologia 49, 1117-1119

Bernays, E. and Graham, M. (1988) On the evolution of host specificity in phytophagous
arthropods. Ecology 69, 886-892

Bertram, C., Trowern, A.R., Copin, N., Jackson, A.A., Whorwood, C.B. (2001) The
maternal diet during pregnancy programs altered expression of the glucocorticoid
receptor and Type 2 11{beta}-hydroxysteroid dehydrogenase: Potential molecular

mechanisms underlying the programming of hypertension in wutero. Endocrinology 142,
2841-2853

Bénédet, F., Leroy, T., Gauthier, N., Thibaudeau, C., Thibout, E., and Renault, S. (2002)
Gustatory sensilla sensitive to protein kairomones trigger host acceptance by an
endoparasitoid. Proc. Royal Soc. Lond. B 269, 1879-1886

Bird, A. (2002) DNA methylation patterns and epigenetic memory. Genes and
Development 16, 6-21

Bitterman, M.E., Menzel, R., Fietz, A. and Schofer, S. (1983) Classical conditioning of
proboscis extension in honeybees (Apis mellifera). J.Comp.Psychol. 97, 107-119

Blaney, W.M. and Simmonds, M.S.J, (1985) Food selection by locusts: the role of
learning in rejection behaviour. Entomol. Exp. Appl. 39, 273-278

Boggs, C.L. and Freeman, K.D. (2005) Larval food limitation in butterflies: effects on
adult resource allocation and fitness. Oecologia 144, 353-361 '

241



Boloker,J., Gertz, S.J. and Simmons, R.A. (2002) Gestational diabetes leads to the
development of diabetes in adulthood in the rat. Diabetes 51, 1499-1506

Borash, D.J. and Ho, G.T. (2001) Patterns of selection: stress resistance and energy
storage in density-dependent populations of Drosophila melanogaster. J. Insect Physiol.
47, 1349-1356

Borsellino, A., Pierantoni, R. and Schieti-Cavazza, B. (1970) Survival in adult mealworm
beetles (Tenebrio molitor) of learning acquired at the larval stage. Nature 225, 963-964

Boudreau J.C. and Tsuchitani, C. (1973) Chemical Sensory Systems. In 'Sensory
Phyiology'. pp. 395-423. Litton Publishing Inc., USA

Bownes, M. and Reid, G. (1990) the role of the ovary and nutritional signals in the
regulation of fat-body yolk-protein gene expression in Drosophila melanogaster. J. Insect
Physiol. 36, 471-479

Brown, A.S., van Os, J., Driessens, C., Hoek, H-W. and Susser, E.S. (2000) Further
evidence of relation between prenatal famine and major affective disorder. Am. J.
Psychiatry 157, 190-195

Bruce, K.D., Sellayah, D., Barnet-Lamb, E., Anthony, F.W., Wang, C., Hanson, M.A.,
Cagampang, F.R.A. and Byrne, C.D. (2006) A high unsaturated fat, high protein, and low
carbohydrate diet during pregnancy and lactation modulates peripheral adipokine
receptor gene expression in adult mouse offspring. Early Human Dev. 82, 494-495

Brunstrom, JM. (2004) Does dietary learning occur outside awareness? Conscious.
Cogn.13, 452-470

Burdge, G.C., Hanson, M.A., Slater-Jefferies, J.L. and Lillycrop, K.A. (2007a)
Epigenetic regulation of transcription: a mechanism for inducing variations in phenotype

(fetal programming) by differences in nutrition during early life? Br. J. Nutr. 97, 1036-
1046

Burdge, G.C., Slater-Jefferies, J., Torrens, C., Phillips. E,S., Hanson, M.A. and Lillycrop
K.A. (2007b) Dietary protein restriction of pregnant rats in the F-O generation induces

altered methylation of hepatic gene promoters in the adult male offspring in the F-1 and
F-2 generations. Br. J. Nutr. 97, 435-439

Burger, J.M.S., Hwangbo, D.S., Corby-Harris, V. and Promislow, D.E.L. (2007) The
functional costs and benefits of dietary restriction in Drosophila. Aging Cell 6, 63-71

Burghardt, G.M. and Eckhard, H.H. (1966) Food imprinting in the snapping turtle,
Chelydra serpentina. Science 151, 108-109

Butler, C.D. and O'Neil, R.J. (2007) Life history characteristics of Orius insidiosus (Say)

fed diets of soybean aphid, Aphis glycines matsumura and soybean thrips,
Neohydatothrips variabilis (Beach). Biol. Cont. 40, 339-346

242



Cadieu, N., El Ghadraoui, L. and Cadieu, J.C. (2000) Egg-laying preference for ethanol
involving learning has adaptive significance in Drosophila melanogaster. Anim. Learn.
Behav. 28, 187-194

Campbell, M.E., Williams, S.J., Veerareddy, S. and Davidge, S.T. (2005) Maternal
nutrient restriction reduces carotid artery constriction without increasing nitric oxide
synthesis in the late gestation rat fetus. Ped. Res. 58, 840-844

Carew, T.J. (2000) Associative Learning in Honeybees. In 'Behavioural Neurobiology'.
Ed. Carew, T.J.) pp. 271-300. Sinauer Associates, Inc, USA

Carpenter, S., Mordue, A. J., and Mordue, W. (2001) Oviposition in Culicoides
impuntatus under laboratory conditions. Entomol. Exp. Appl. 101, 123-129.

Carr-Hill, R., Campbell, D.M., Hall, M.H. and Meredith A (1987) Is birth weight
genetically determined? BMJ 295, 687-689

Casanello, P. and Sobrevia, L. (2002) Intrauterine growth retardation is associated with
reduced activity and expression of the cationic amino acid transport systems y(+)hCAT-
1 and y(+)/hCAT-2B and lower activity of nitric oxide synthase in human umbilical vein
endothelial cells. Circul. Res. 91, 127-134

Castellucci, V.F. and Kandel, E.R. (1974) A quantal analysis of the synaptic depression
underlying habituation of the gill-withdrawal reflex in Aplysia. Proc. Natl. Acad. Sci. 71,
5004-5008

Castellucci, V.F., Carew, T.J. and Kandel, E.R. (1978) Cellular analysis of long-term
habituation of the gill-withdrawal reflex of Aplysia californica. Science 202, 1306-1308

Causton, H.C., Quackenbush, J. and Brazma, A. (2003) Microarray Gene Expression
Data Analysis.' Blackwell Publishing, Oxford

Chapman, R.F. (1982) Chemoreception: The significance of receptor numbers. Adv.
Insect Physiol. 16,247-356

Chapman, R.F. (2003) Contact chemoreception in feeding by phytophagous insects. Ann.
Rev. Entomol. 48, 455-484

Chen, C.N., Denome, S. and Davis, R.L. (1986) Molecular analysis of cDNA clones and
the corresponding genomic coding sequences of the Drosophila duncet+ gene, the
structural gene for cCAAMP phosphodiesterase. Proc. Natl. Acad. Sci. 83, 9313-9317

Cherbas, L., Bogart, K., Zou, Y., Cherbas, P. and Andrews, J. (2006) 'DGRC-2: Spotted
oligonucleotide transcriptome microarrays for the Drosophila community." The Centre
for Genomics and Bioinformatics Report

Chess, K.F. and Ringo, J.M. (1985) Oviposition site selection by Drosophila
melanogaster and Drosophila simulans. Evolution 39, 869-877

243



Chew, F. S. (1977) Coevolution of Pierid butterflies and their cruciferous foodplants. I1.
the distribution of eggs on potential foodplants. Evolution 31, 568-579

Chew, F.S. (1980) Foodplant preferences of Pieris caterpillars. Oecologia 46, 347-353

Chippindale, A.K., Chu, T.J.F. and Rose, M.R. (1996) Complex trade-offs and the
evolution of starvation resistance in Drosophila melanogaster. Evolution, 50, 753-766

Chippindale, A.K., Leroi, A.M., Kim, S.B. and Rose, M.R. (1993) Phenotypic plasticity
and selection in Drosophila life-history evolution .1. Nutrition and the cost of
reproduction. J. Evol. Biol. 6, 171-193

Chippindale, AK., Leroi, A.M., Saing, H., Borash, D.J. and Rose, M.R. (1997)
Phenotypic plasticity and selection in Drosophila life history evolution .2. Diet, mates
and the cost of reproduction. J. Evol. Biol. 10, 269-293

Chomezynski, P. (1993) A reagent for the single-step simultaneous isolation of RNA,
DNA and proteins from cell and tissue samples. Biotechniques 15, 532

Chyb, S., Dahanukar, A., Wickens, A. and Carlson, J.R. (2003) Drosophila Gr5a encodes
a taste receptor tuned to trehalose. Proc. Nat. Acad. Sci. USA 100, 14526-14530

Clyne, P.J., Warr, C.G. and Carlson, J.R. (2000) Candidate taste receptors in Drosophila.
Science 287, 1830-1834

Contreras, R.J. and Lundy, R.F. (2000) Gustatory neuron types in the periphery: A
functional perspective. Physiol. Behav. 69, 41-52

Corbet, S.A. (1985) Insect chemosensory responses: a chemical legacy hypothesis. Ecol.
Entomol. 10, 143-153

Corfas, G. and Dudai, Y. (1991) Morphology of a sensory neuron in Drosophila is
abnormal in memory mutants and changes during aging. Proc. . Natl. Acad. Sci. 88,
7252-7256

Craig, T.P., Horner, J.D., and Itami, J.K. (2001) Genetics, experience, and host-plant

preference in Eurosta solidaginis: Implications for host shifts and speciation. Evolution
55, 773-782

Craighead, F.C. (1921) Hopkins host selection principle as related to certain cerambycid
beetles. J. Agric. Res. 22, 189-220

Crittenden, J.R., Skoulakis, E.M.C, Han, K.A., Kalderon, D. and Davis,R.L. (1998)

Tripartite mushroom body architecture revealed by antigenic markers. Learn. Mem. 5,
38-51

244



Crowther, N.J., Cameron, N., Trusler, J. and Gray, I.P. (1998) Association between poor
glucose tolerance and rapid post natal weight gain in seven-year-old children.
Diabetologia 41, 1163-1167

Curhan, G.C., Willett, W.C., Rimm, E.B., Spiegelman, D., Ascherio, A.L. and Stampfer,
M.J. (1996) Birth weight and adult hypertension, Diabetes mellitus, and obesity in US
Men. Circulation 94, 3246-3250

Curtis, K.S., Krause, E.G., Wong, D.L. and Contreras, R.J. (2004) Gestation and early
postnatal dietary NaCl levels affect NaCl intake, but not stimulated water intake, by adult
rats. Am.J. Physiol. Regul. Integr.Comp. Physiol. 286, 1043-1050

Cushing, J.E. (1941) An experiment on olfactory conditioning in Drosophila guttifera.
Proc. Natl. Acad. Sci. 27, 496-499

D'Souza, J., Cheah, P.Y., Gros, P., Chia, W. and Rodrigues, V. (1999) Functional
complementation of the malvolio mutation in the taste pathway of Drosophila

melanogaster by the human natural resistance-associated macrophage protein 1 (Nramp-
1). J Exp.Biol. 202, 1909-1915.

Dahri, S., Reusens, B. and Remacle, C. (1995) Nutritional influences on pancreatic
development and potential links with non-insulin-dependent diabetes. Proc. Nutr. Soc.
54, 345-356

Dambroski, H.R., Linn, C., Berlocher, S.H., Forbes, A.A., Roelofs, W, and Feder, J.L.
(2005) The genetic basis for fruit odod discrimination in Rhagoletis flies and its
significance for sympatric host shifts. Evolution 59, 1953-1964

Dauwalder,B. and Davis, R.L. (1995) Conditional rescue of the dunce learning/memory
and female fertility defects with Drosophila or rat transgenes. J. Neurosci. 15, 3490-3499

Davis, G.W., Schuster, C.M. and Goodman, C.S. (1996) Genetic dissection of structural
and functional components of synaptic plasticity .3. CREB is necessary for presynaptic
functional plasticity. Neuron 17, 669-679

Davis, JM. and Stamps, J.A. (2004) The effect of natal experience on habitat
preferences. TREE 19,411-416

Davis, R. L. (2005) Olfactory memory formation in Drosophila: From molecular to
systems neuroscience. Ann. Rev.Neurosci. 28, 275-302

de Belle, J.S. and Heisnberg, M. (1994) Associative odor learning in Drosophila
abolished by chemical ablation of mushroom bodies. Science 263, 692-695

245



de Belle, J.S. and Heisenberg, M. (1996) Expression of Drosophila mushroom body
mutations in alternative genetic backgrounds: A case study of the mushroom body
miniature gene (mbm). Proc. Natl. Acad. Sci.USA 93, 9875-9880

de Boer, G., and Hanson, F.E. (1984) Foodplant selection and induction of feeding
preference among host and non-host plants in larvae of the tobacco hornworm Manduca
sexta. Entomol. Exp. Appl. 35, 177-193

de Rooij, S.R., Painter, R.C., Phillips, D.I.W., Osmond, C., Michels, R.P.J., Godsland,
LF., Bossuyt, P.M.M., Bleker, O.P. and Roseboom, T.J. (2006) Impaired insulin secretion
after prenatal exposure to the Dutch famine. Diabetes Care 29, 1897-1901

Demerec, M. and Kaufmann, B.P. (1964) 'Drosophila Guide: Introduction to the Genetics
and Cytology of Drosophila melanogaster.' Carnegie Institution of Washington, D.C.

Desai, M. and Hales, C.N. (1997) Role of fetal and infant growth in programming
metabolism in later life. Biol. Rev. 72, 329-348

Desai, M., Han, G., Gayle, D.A. and Ross, M.G. (2006) Mechanisms of programmed
hypertriglyceridemia and obesity: lipogenic and lipolytic gene expression. Early Human
Dev. 82, 560-561

Desbuquois, C. and Daguzan, J. (1995) The influence of ingestive conditioning on food
choices in the land snail Helix aspersamuller (Gastropoda: Pulmonata:
Stylommatophora). J. Mollus. Stud. 61, 353-360

Dethier, V. G. (1954) Evolution of feeding preferences in phytophagous insects.
Evolution 33, 33-54

Dethier, V.G. (1955) The physiology and histology of the contact chemoreceptors of the
blowfly. Q. Rev. Biol. 33, 348-371

Devaud, J.M. (2003) Experimental studies of adult Drosophila chemosensory behaviour.
Behav. Process. 64, 177-196

DeZazzo, J. and Tully, T. (1995) Dissection of memory formation: from behavioral
pharmacology to molecular genetics. Trends Neurosci. 18,212-218

Dibattista, D. and Holder, M.D. (1998) Enhanced preference for a protein-containing diet
in response to dietary protein restriction. Appetite 30, 237-254

Diehl, S.R. and Bush, G.L. (1984) An evolutionary and applied perspective of insect
biotypes. Ann. Rev. Entomol. 29, 471-504

Digweed, S.C. (2006) Oviposition preference and larval performance in the exotic birch-
leafmining sawfly Profenusa thomsoni. Entomol. Exp. Appl. 120, 41-49

246



Distel, R.A. and Provenza, F.D. (1991) Experience early in life effects voluntary intake
of blackbrush by goats. J. Chem. Ecol. 17, 431-450

Djawdan, M., Rose, M.R. and Bradley, T.J. (1997) Does selection for stress resistance
lower metabolic rate? Ecology, 78, 828-838

Djieto-Lordon, C. and Dejean, A. (1999) Tropical arboreal ant mosaics: innate attraction
and imprinting determine nest site selection in dominant ants. Behav. Ecol. Sociobiol. 45,
219-225

Doherty, A.S., Mann, M.R.W., Tremblay K.D., Bartolomei, M.S. and Schultz, R.M.
(2000) Differential effects of culture on imprinted H19 expression in the preimplantation
mouse embryo. Biol. Reprod. 62, 1526-1535

Douglas, A.E., Price, D.R.G., Minto, L.B., Jones, E., Pescod, K.V., Francois, C.L.M.J,,
Pritchard, J. and Boonham, N. (2006) Sweet problems: insect traits defining the limits to
dietary sugar utilisation by the pea aphid, Acyrthosiphon pisum. J. Exp. Biol. 209, 1395-
1403

Dourmashkin, J.T., Chang, G.Q., Gayles, E.C., Hill, J.O., Fried, S.K., Julien, C. and
Leibowitz, S.F. (2005) Different forms of obesity as a function of diet composition. Int. J.
Obesity 29, 1368-1378

Dubnau, J. and Tully, T. (1998) Gene discovery in Drosophila. Ann. Rev. Neurosci. 21,
407-444

Dudai, Y., Jan, Y.N., Byers, D., Quinn, W.G. and Benzer, S. (1976) dunce, a mutant of
Drosophila deficient in learning. Proc. Natl. Acad. Sci. USA 73, 1684-1688

Duerr, J.S. and Quinn, W.G. (1982) Three Drosophila mutations that block associative
learning also affect habituation and sensitization. Proc. Natl. Acad. Sci. 79, 3646-3650

Dunipace, L., Meister, S., McNealy, C. and Amrein, H. (2001) Spatially restricted
expression of candidate taste receptors in the Drosophila gustatory system. Curr.Biol. 11,
822-835

Edgecomb, R.S., Harth, C.E. and Schneiderman, A.M. (1994) Regulation of feeding
behavior in adult Drosophila melanogaster varies with feeding regime and nutritional
state. J. Exp.Biol. 197,215-235

Ehrlich, P.R. and Raven, P.H. (1964) Butterflies and plants: A study in coevolution.
Evolution 18, 586-608

Ehrlich, P.R. and Murphy, D.D. (1988) Plant chemistry and host range in insect
herbivores. Ecology 69, 908-909

Emelianov, 1., Dres, M., Baitensweiler, W. and Mallet, J. (2001) Host-induced assortative
mating in host races of the larch budmoth. Evolution 55,2002-2010

247



Emelianov, 1., Marec, F. and Mallet, J. (2004) Genomic evidence for divergence with
gene flow in host races of the larch budmoth. Proc. Royal Soc. B 271, 97-105

Erhuma, A., Salter, A.M., Sculley, D.V., Langley-Evans, S.C. and Bennett, A.J. (2007)
Prenatal exposure to a low-protein diet programs disordered regulation of lipid
metabolism in the aging rat. AJP 292, E1702-E1714

Euling, S. Y., Selevan, S.G., Pescovitz, O.H. and Skakkebaek, N.E. (2008). Paediatrics,
121, S167-S171

Faucheux, M.J. (1995) Sensilla on the larval antennae and mouthparts of the European
sunflower moth, Homoeosoma nebulella den. and schiff. (Lepidoptera:Pyralidae). Int. J.
Insect Morphol. Embryol. 24, 391-40

Feder, J. L., Chilcote, C. A., and Bush, G. L. (1990) The geographic pattern of genetic
differentiation between host associated populations of Rhagoletis pomonella (Diptera:
Tephritidae) in the Eastern United States and Canada. Evolution 44, 570-594

Feder, J.L. and Forbes, A.A. (2007) Habitat avoidance and speciation for phytophagous
insect specialists. Functional Ecology 21, 585-597

Flanagan, D.E., Moore, V.M., Godsland, I.F., Cockington, R.A., Robinson, J.S. and
Phillips, D.I.W. (2000) Fetal growth and the physiological control of glucose tolerance in
adults: a minimal model analysis. 4JP 278, E700-E706.

Forister, M.L., Ehmer, A.G. and Futuyma, D.J. (2007) The genetic architecture of a
niche: variation and covariation in host use traits in the Colorado potato beetle. J. Evol.
Biol. 20, 985-996

Forsen, T., Eriksson, J.G., Tuomilehto, J., Osmond, C. and Barker, D.J.P. (1999) Growth
in utero and during childhood among women who develop coronary heart disease:
longitudinal study. BMJ 319, 1403-1407

Forsen, T., Eriksson, J., Tuomilehto, J., Reunanen, A., Osmond, C. and Barker D (2000)
The fetal and childhood growth of persons who develop Type 2 Diabetes. Ann. Intern.
Med. 133, 176-182

Fox, C.W. (1993) The influence of maternal age and mating frequency on egg size and
offspring performance in Callosobruchus maculates (Coleoptera: Bruchidae) Oecologia,
96, 139-146

Fox, C.W. and Dingle, H. (1994) Dietary mediation of maternal age effects on offspring
performance in a seed beetle (Coleoptera, Bruchidae). Funct. Ecol. 8, 600-606

Fox, C.W., Waddell, K.J. and Mousseau, T.A. (1995) Parental host plant affects offspring
life histories in a seed beetle. Ecology 76, 402-411

248



Friedman, S., Waldbauer, G.P., Eertmoed, J.E., Naeem, M. and Ghent, A.W. (1991)
Blood trehalose levels have a role in the control of dietary self-selection by Heliothis zea
larvae. J. Insect Physiol. 37, 919-928

Fukaya, M., Akino, T., Yasuda, T., Yasui, H. and Wakamura, S. (2004) Visual and
olfactory cues for mate orientation behaviour in male white-spotted longihorn beetle,
Anaplophora malasiaca. Entomol. Exp. Appl.111, 111-115

Gandolfi, M., Mattiacci, L. and Dorn, S. (2003) Preimaginal learning determines adult
response to chemical stimuli in a parasitic wasp. Proc. Royal Soc. Lond. B 270, 2623-
2629

Gebhardt, M.D. and Stearns, S.C. (1993) Phenotypic plasticity for life history traits in

Drosophila melanogaster 1. Effect of phenotypic and environmental correlations. J. Evo.
Biol, 6, 1-16

Gendre, N., Luer, K., Friche, S., Grillenzoni, N., Ramaekers, A., Technau, M. and
Stocker, R.F. (2004) Integration of complex larval chemosensory organs into the adult
nervous system of Drosophila. Development 131, 83-92

Gerber, B., Scherer, S., Neuser, S., Michels, B., Hendel, T., Stocker, R.F. and
Heisenberg, M. (2004) Visual learning in individually assayed Drosophila larvae.
J.Exp.Biol. 207, 179-188

Gerber, B., Tanimoto, H. and Heisenberg, M. (2004) An engram found? Evaluating the
evidence from fruit flies. Curr. Opin. Neurobiol. 14, 737-744

Gilbert, ANN. and Firestein, S. (2002) Dollars and scents: Commercial opportunities in
olfaction and taste. Nature Neurosci. Suppl. S, 1043-1045

Gilbert, S.F. (2000) Metamorphosis, regeneration an aging. In 'Developmental Biology'.
pp. 547-584. Sinauer Associates, Inc., Massachusetts

Glendinning, J.I., Domdom, S. and Long, E. (2001) Selective adaptation to noxious foods
by a herbivorous insect. J. Exp. Biol. 204, 3355-3367

Gluckman, P.D. and Hanson, M.A. (2004) Developmental origins of disease paradigm: A
mechanistic and evolutionary perspective. Ped. Res. 56,311-317

Gluckman, P.D., Hanson, M.A. and Pinal, C. (2005) The developmental origins of adult
disease. Matern. Child Nutr. 1, 130-141

Goldsmith, C. M., Hepburn, H. R., and Mitchell, D. (1978) Retention of an associative
learning task after metamorphosis in Locusta migratoria migratoroides. J. Insect Physiol.
24, 737-741

Good, T.P. and Tatar, M. (2001) Age-specific mortality and reproduction respond to
adult dietary restriction in Drosophila melanogaster. J. Insect Physiol. 47, 1467-1473

249



Grabstein, E.M. and Scriber, J.M. (1982) Host-plant utilisation by Hyalophora cecropia
as affected by prior feeding experience. Entomol. Exp. Appl. 32, 262-268

Greenspan, R.J. (1997) 'Fly Pushing: The Theory and Practice of Drosophila Genetics.'
Cold Spring Harbour Laboratory Press, New York

Gruest, N., Richer, P. and Hars, B. (2004) Emergence of long-term memory for
conditioned aversion in the rat fetus. Dev. Psycholbiol. 44, 189-198

Hales, C.N. and Barker, D.J.P. (1992) Type 2 (non-insulin-dependent) diabetes mellitus:
the thrifty phenotype hypothesis. Diabetologia 35, 595-601

Hales, C.N., Barker, D.J., Clark, P.M., Cox, L.J.,, Fall, C., Osmond, C. and Winter, P.D.
(1991) Fetal and infant growth and impaired glucose tolerance at age 64. BAMJ 303, 1019-
1022

Hales, C.N. and Barker, D.J.P. (2001) The thrifty phenotype hypothesis: Type 2 diabetes.
Br. Med. Bull. 60, 5-20

Hammer, M. (1993) An identified neuron mediates the unconditioned stimulus in
associative learning in honeybees. Nature 366, 59-63

Hammer, M. and Menzel, R. (1995) Learning and memory in the honeybee. J. Neurosci.
15, 1617-1630

Hammer, M. and Menzel R (1998) Multiple sites of associative odor learning as revealed
by local brain microinjections of octopamine in honeybees. Learning Memory S, 146-156

Han, P., Levin, L.R., Reed, R.R. and Davis, R.L. (1992) Preferential expression of the
Drosophila rutabaga gene in mushroom bodies, neural centers fro learning in insects.
Neuron 9, 619-627

Hanski, I. and Singer, M.C. (2001) Extinction-colonization dynamics and host-plant
choice in butterfly metapopulations. Am. Nat. 158, 341-353

Hao, X.M., Zhang, S., Timakov, B. and Zhang, P. The Hsp27 gene is not required for
Drosophila development but its activity is associated with starvation resistance. Cell
Stress Chap. 12, 364-372

Harshman, L.G., Hoffman, A.A. and Clark, A.G. Selection for starvation resistance in
Drosophila melanogaster: physiological correlates, enzyme activities and multiple stress
responses. J. Evo. Biol. 12, 370-379

Heimbeck, G., Bugnon, V., Gendre, N., Haberlin, C. and Stocker, R.F. (1999) Smell and

taste perception in Drosophila melanogaster larva: Toxin expression studies in
chemosensory neurons. J. Neurosci. 19, 6599-6609

250



Heisenberg, M., Borst, A., Wagner, S. and Byers, D. (1985) Drosophila mushroom body
mutants are deficient in olfactory learning. J. Neurogenet. 2, 1-30

Hershberger, W.A. and Smith, M.P. (1967) Conditioning in Drosophila melanogaster.
An. Behav. 15, 259-262

Highman, K.C. (1981) A Survey of ilnvertebrate Metamorphosis. In 'Metamorphosis: A
Problem in Developmental Biology'. Eds Gilbert, L.I. and Frienden.E. pp. 43-74. Plenum
Press, New York

Hinchcliffe, S.A., Lynch, M.R.J., Sargent, P.H., Howeard, C.V. and Velzen, D. (1992)
The effect of intrauterine growth retardation on the development of renal nephrons.
BJOG 99, 296-301

Hiroi, M., Meunier, N., Marion-Poll, F. and Tanimura, T. (2004) Two antagonistic
gustatory receptor neurons responding to sweet-salty and bitter taste in Drosophila.
J.Neurobiol. 61,333-342

Hoek, H.W., Brown, A.S. and Susser, E. (1998) The Dutch Famine and schizophrenia
spectrum disorders. Social Psych. Psych. Epidemiol. 33, 373-379

Hoffman, A.A. (1985) Effects of experience on oviposition and attraction in Drosophila:
comparing apples and oranges. Am.Nat. 126, 41-51

Hoffmann, A.A., Hallas, R., Anderson, A.R., and Telonis-Scott, M. (2005) Evidence for
a robust sex-specific trade-off between cold resistance and starvation resistance in
Drosophila melanogaster. J. Evo. Biol. 18, 804-810

Hofman, P.L., Cutfield, W.S., Robinson, E.M., Bergman, R.N., Menon, R.K., Sperling
M,A. and Gluckman, P.D. (1997) Insulin resistance in short children with intrauterine
growth retardation. J. Clin. Endocrinol. Metabol. 82, 402-406

Hopkins, A.D. (1917) A discussion of C.G. Hewitt's paper on "Insect Behaviour". J.
Econ. Entomol. 10, 92-93

Hubbard, T.J.P., Aken, B.L., Beal, K., Ballester, B., Caccamo, M., Chen, Y., Clarke, L.,
Coates, G., Cunningham, F., Cutts, T., Down, T., Dyer, S.C., Fitzgerald, S., Fernandez-
Banet, J., Graf, S., Haider, S., Hammond, M., Herrero, J., Holland, R., Howe, K.,
Johnson, N., Kahari, A., Keefe, D., Kokocinski, F., Kulesha, E., Lawson, D., Longden, I.,
Melsopp, C., Megy, K., Meidl, P., Ouverdin, B., Parker, A., Prlic, A., Rice, S., Rios, D.,
Schuster, M., Sealy, L., Severin, J., Slater, G., Smedley, D., Spudich, G., Trevanion, S.,
Vilella, A., Vogel, J., White, S., Wood, M., Cox, T., Curwen, V., Durbin, R., Fernandez-
Suarez, X.M., Flicek, P., Kasprzyk, A., Proctor, G., Searle, S., Smith, J., Ureta-Vidal, A.
and Birney, E. (2006) Ensembl 2007. Nucl. Acids Res. 35, D610-D617

Hunt, M., Slotnick, B. and Croft, D. (1999) Olfactory function in the red kangaroos

(Macropus rufus) assessed using odour-cued taste avoidance. Physiol. Behav. 67, 365-
368

251



Hyden, H. and Lange, P.W. (1970) Brain-cell protein synthesis specifically related to
learning. Proc. Natl. Acad. Sci. 65, 898-904

Isabel, G., Pascual, A. and Preat, T. (2004) Exclusive consolidated memory phases in
Drosophila. Science 304, 1024-1027

Ito, K. and Hotta, Y. (1992) Proliferation pattern of postembryonic neuroblasts in the
brain of Drosophila melanogaster. Dev. Biol. 149, 134-148

Jaenike, J. (1978) On optimal oviposition behaviour in phytophagus insects. Theoret.
Pop. Biol. 14, 350-356

Jaenike, J. (1982) Environmental modification of oviposition behavior in Drosophila.
Am. Nat. 119, 784-802

Jaenike, J. (1983) Induction of host preference in Drosophila melanogaster. Oecologia
58, 320-325

Jaenike, J. (1985) Parasite pressure and the evolution of amanitin tolerance in
Drosophila. Evolution 6, 1295-2301

Jaenike, J. (1986) Feeding behaviour and future fecundity in Drosophila. Am. Nat. 127,
118-123

Jaenike, J. and Papaj, D.R. (1992) Behavioural Plasticity and Patterns of Host Use by
Insect. In 'Insect Chemical Ecology: An Evolutionary Approach'. Eds Roitberg, B.D. and
Isman, M.B. pp. 245-264. Chapman & Hall, USA

Janz N. (1998) Sex-linked inheritance of host-plant specialization in a polyphagous
butterfly. Evolution 265, 1675-1678

Jefferis, G.S.X.E., Marin, E.C., Stocker, R.F. and Luo, L. (2001) Target neuron
prespecification in the olfactory map of Drosophila. Nature 414, 204-208

Jermy, T., Hanson, F.E. and Dethier, V.G. (1968) Induction of specific food preference in
lepidodterous larvae. Entomol. Exp. Appl. 11,211-230

Jones, T.M. and Widemo, F. (2005) Survival and reproduction when food is scarce:
implications for a lekking Hawaiian Drosophila. Ecol. Entomol. 30, 397-405

Kaati, G., Bygren, L.O. and Edvinsson, S. (2002) Cardiovascular and diabetes mortality
determined by nutrition during parents' and grandparents' slow growth period. Europ. J.
Human Genet. 10, 682-688

Kandel, E.R., Abrams. T., Bernier, L., Carew, T.J., Hawkins, R.D. and Schwartz, J.H.

(1983) Classical conditioning and sensitisation share aspects of the same molecular
cascade in Aplysia. CSH Symp. Quant. Biol. 48, 821-830.

252



Kang, S.J., Park, J.Y. and Park, K.S. (1999) Effect of dietary carbohydrates on the
expression of GPDH isozymes in Drosophila melanogaster. Korean J. Genet. 21, 19-28

Kauvar, L.M. (1982) Defective cyclic adenosine 3':5'-monophosphate phosphodiesterase
in the Drosophila memory mutant dunce. J. Neurosci. 2, 1347-1358

Kawecki, T.J. (1993) Age and size at maturity in a patchy environment — fitness
maximisation versus evolutionary stability. Oikos, 66, 309-317

Keil, T.A. (1999) Morphology and Development of the Peripheral Olfactory Organs. In
'Insect Olfaction'. Ed. Hansson, B.S. pp. 5-48. Springer, Berlin

Kenny, M.C., Wilton, A., Ballard, J.W.O. (2008) Seasonal trade-off between starvation
resistance and cold resistance in temperate wild-caught Drosophila simulans. Aus. J
Entomol. 47,20-23

Khan, I., Dekou, V., Hanson, M., Poston, L. and Taylor, P. (2004) Predictive adaptive
responses to maternal high-fat diet prevent endothelial dysfunction but not hypertension
in adult rat offspring. Circulation 110, 1097-1102

Khorram, O., Momeni, M. and Ross, M.G. (2006) In utero undernutrition reduces

newborn offspring renal microvascular density and endothelial nitric oxide synthase
(ENOS). Early Human Dev. 82, 502

Khosla, S., Dean, W., Brown, D., Reik, W. and Feil, R. (2001) Culture of preimplantation
mouse embryos affects fetal development and the expression of imprinted genes. Biol.
Reprod. 64, 918-926

Klaczko, L.B., Taylor, C.E. and Powell, J.R. (1986) Genetic variation for dispersal by
Drosophila pseudobscura and Drosophila persimilis. Genetics 112, 229-235

Klein, M., Kandel, E.R. (1980) Mechanism of calcium current modulation underlying
presynaptic facilitation and behavioral sensitization in Aplysia. Proc. Natl. Acad. Sci.
77, 6912-6916

Knerer, G. and Atwood, C. E. (1973) Diprionid sawflies: Polymorphism and speciation.
Science 179, 1090-1099

Knoppien, P., van der Pers, JN.C. and van Delden, W. (2000) Quantification of
locomotion and the effect of food deprivation on locomotor activity in Drosophila. J.
Insect Behav. 13, 27-43

Komischke, B., Sandoz, J.C., Malun, D. and Giurfa, M. (2005) Partial unilateral lesions

of the mushroom bodies affect olfactory learning in honeybees Apis mellifera L. Europ.
J. Neurosci. 21, 477-485

253



Krause, M.A. and Burghardt, G.M. (2001) Neonatal plasticity and adult foraging
behavior in garter snakes (Thammnophis sirtalis) from two nearby, but ecologically
dissimilar, habitats. Herpetol. Monogr. 100-123

Kyneb, A. and Toft, S. (2004) Quality of two aphid species (Rhopalosiphum padi and
Sitobion avenae) as food for the generalist predator Tachyporus hyprnorum (Col.,
Staphylinidae). J.Appl. Entomol. 128, 658-663

Le Bourg, E. and Buecher, C. (2002) Learned suppression of photopositive tendencies in
Drosophila melanogaster. Anim. Learn. Behav. 30, 330-341

Le Bourg, E. (2004) Effects of aging on learned suppression of photopositive tendencies
in Drosophila melanogaster. Neurobiol. Aging 25, 1241-1252

Lee, J.C. and Bernays, E.A. (1990) Food tastes and toxic effects: associative learning by
the polyphagus grasshopper Schistocerca americana (Drury) (Orthoptera: Acrididae).
Anim. Behav. 39, 163-173

Lessing, D. and Carlson, J.R. (1999) Chemosensory behaviour: the path from stimulus to
response. Curr. Opin. Neurobiol. 9, 766-771

Levin, L.R., Han, P., Hwang, P.M., Feinstein, P., Davis, R.L. and Reed, R.R. (1992) The
Drosophila learning and memory gene rutabaga encodes a Ca2+/Calmodulin-responsive
adenylyl cyclase. Cell 68, 479-489

Levitan, E.B., Mittleman, M.A., Hakansson, N. and Wolk, A. (2007) Dietary glycemic
index, dietary glycemic load, and cardiovascular disease in middle-aged and older
Swedish men. Am. J. Clin. Nutr. 85, 1521-1526

Li, B.W., Andrews, K.W. and Pehrsson, P.R. (2002) Individual sugars, soluble, and
insoluble dietary fiber contents of 70 High consumption foods. J. Food Comp. Anal. 15,
715-723

Lillycrop, K.A., Phillips, E.S., Vickers, M.H., Gluckman, P.D., Hanson, M.A. and
Burdge, G.C. (2006) The effect of prenatal under-nutrition, neonatal leptin exposure, and
post-weaning fat intake on the expression of genes associated with lipid-metabolism in
adipose tissue in female rats. Early Human Dev. 82,496

Lillycrop, K.A., Slater-Jefferies, J.L., Hanson, M.A., Godfrey, K.M., Jackson, A.A. and
Burdge, G.C. (2007) Induction of altered epigenetic regulation of the hepatic
glucocorticoid receptor in the offspring of rats fed a protein-restricted diet during
pregnancy suggests that reduced DNA methyltransferase-1 expression is involved in
impaired DNA methylation and changes in histone modifications. Br. J. Nutr 97, 1064-
1073

Lillycrop, K.A., Phillips, E.S., Jackson, A.A., Hanson, M.A. and Burdge, G.C. (2005)
Dietary protein restriction of pregnant rats induces and folic acid supplementation

254



prevents epigenetic modification of hepatic gene expression in the offspring. J. Nutr.
135, 1382-1386

Lindroth, R.L., Barman, M.A. and Weisbrod, A.V. (1991) Nutrient deficiencies and the
gypsy-moth, Lymantria-Dispar - effects on larval performance and detoxication enzyme-
activities. J. Insect Physiol. 37, 45-52

Linn, C.E., Dambroski, H.R., Feder, J.L., Berlocher, S.H., Nojima, S. and Roelofs, W.L.
(2004) Postzygotic isolating factor in sympatric speciation in Rhagoletis flies: Reduced
response of hybrids to parental host-fruit odors. Proc. Natl. Acad. Sci. 101, 17753-17758

Linn, C., Feder, J.L., Nojima, S., Dambroski, H.R., Berlocher, S.H. and Roelofs, W.
(2003) Fruit odor discrimination and sympatric host race formation in Rhagoletis. Proc.
Natl. Acad. Sci. 100, 11490-11493

Liscia, A., Crnjar, A.R., Angioy, A.M. and Barbarossa, [.T. (1989) GTP and CGMP both
enhance, while cAMP depresses, the response to a furanose sugar of taste chemosensilla
in the blowfly Protophormia terraenovae. Comp. Biochem. Physiol. A 94, 257-260.

Lissemore, J.L., Baumgardner, C.A., Geer, B.W. and Sullivan, D.T. (1990) Effect of
dietary carbohydrates and ethanol on expression of genes encoding Sn-glycerol-3-
phosphate dehydrogenase, aldolase, and phosphoglycerate kinase in Drosophila larvae.
Biochem. Genet. 28, 615-630

Lister, D. and McCance, R.A. (1965) The effect of two diets on the growth, reproduction
and ultimate size of guinea-pigs. Br. J. Nutr. 19, 311-319

Liu, L., Leonard, A.S., Motto, D.G., Feller, M.A., Price, M.P., Johnson, W.A.and Welsh,
M.J. (2003) Contribution of Drosophila DEG/ENaC genes to salt taste. Neuron 39, 133-
146

Livingstone, M.S., Sziber, P.P. and Quinn, W.G. (1984) Loss of calcium/calmodulin
responsiveness in adenylate cyclase of rutabaga, a Drosophila learning mutant. Cell 37,
205-215

Lu, J., Liu, S. and Shelton, A.M. (2004) Laboratory evaluations of a wild crucifer
Barbarea vulgaris as a management tool for the diamondback moth Plutella xylostella
(Lepidoptera: Plutellidae). Bull. Entomol. Res. 94, 509-516

Lucas, A. (1991) Programming by Early Nutrition in Man. In 'The Childhood
Environment and Adult Disease'. Eds Bock, G.R. and Whelan, J.) pp. 38-55. John Wiley,
Chichester

Lumey, L.H. (1998) Reproductive outcomes in women prenatally exposed to

undernutrition: a review of findings from the Dutch famine birth cohort. Proc. Nutr. Soc.
57,129-135

255



Lundy, J., Caloiero, V., Bradley, C., Liang, N.C. and Norgren, R. (2004) Furosemide-
induced food avoidance: evidence for a conditioned response. Physiol. Behav. 81, 397-
408

Mair, W., Piper, M.D.W. and Partridge, L. (2005) Calories do not explain extension of
life span by dietary restriction in Drosophila. PLOS Biology 3, 1305-1311

Manning, A. (1967) "Pre-imaginal conditioning" in Drosophila. Nature 216, 338-340

Mao, Z., Roman, G., Zong, L. and Davis, R.L. (2004) Pharmacogenetic rescue in time
and space of the rutabaga memory impairment by using Gene-Switch. Proc.Natl. Acad.
Sci. 101, 198-203

Marin, E.C., Jefferis, G.S.X.E., Komiyama, T., Zhu, H. and Luo, L. (2002)
Representation of the glomerular olfactory map in the Drosophila brain. Cell 109, 243-
255

Martel, C., Rejasse, A., Rousset, F., Bethenod, M.T. and Bourguet, D. (2003) Host-plant-
associated genetic differentiation in Northern French populations of the European corn
borer. Heredity 90, 141-149

Matsuo, T., Sugaya, S., Yasukawa, J., Aigaki, T. and Fuyama, Y. (2007) Odourant
binding proteins OBP57d and OBP57¢ affect taste perception and host plant preference in
Drosophila sechellia. PLOS Biology 5, 985-996

Maynard-Smith, J. (1966) Sympatric speciation. Am. Nat. 100, 637-650

McCann, S.E., McCann, W.E., Hong, C.C., Marshall, J.R., Edge, S.B., Trevisan, M.,
Muti, P. and Freudenheim, J.L. (2007) Dietary patterns related to glycemic index and
load and risk of premenopausal and postmenopausal breast cancer in the Western New
York Exposure and Breast Cancer Study. Am. J. Clin. Nutr. 86, 465-471

McCarl, M., Harnack, L., Limburg, P.J., Anderson, K.E. and Folsom, A.R. (2006)
Incidence of colorectal cancer in relation to glycemic index and load in a cohort of
women. Cancer Epidemiol. Biomarkers Prev. 15, 892-896

McGuire, S.E., Le, P.T., Osborn, A.J., Matsumoto, K. and Davis, R.L. (2003)
Spatiotemporal rescue of memory dysfunction in Drosophila. Science 302, 1765-1768

McKeigue, P.M,, Lithell, H.O. and Leon, D.A. (1998) Glucose tolerance and resistance to
insulin-stimulated glucose uptake in men aged 70 years in relation to size at birth.
Diabetologia 41, 1133-1138

Mennella, J.A., Jagnow, C.P. and Beauchamp, G.K. (2001) Prenatal and postnatal flavor
learning by human infants. Pediatrics 107, 88-94

256



Merlet-Bénichou, C., Gilbert, T., Muffat-Joly, M., Lelievre-Pegorier, M. and Leroy, B.
(1994) Intrauterine growth retardation leads to a permanent nephron deficit in the rat.
Ped. Nephrol. 8, 175-180

Mery, F. and Kawecki, T.J. (2002) Experimental evolution of learning ability in fruit
flies. Proc. Natl. Acad. Sci. 99, 14274-14279

Meunier, N., Marion-Poll, F., Rospars, J.P. and Tanimura, T. (2003) Peripheral coding of
bitter taste in Drosophila. J. Neurobiol. 56, 139-152

Min, K.J., Flatt, T., Kolaots, I. and Tartar, M. (2007) Counting calories in Drosophila
diet restriction. Exp. Geronotol. 42, 247-251

Min, K.J. and Tatar, M. (2006) Drosophila diet restriction in practice: Do flies consume
fewer nutrients? Mech. Age. Dev. 127, 93-96

Mitchell, B.K., Itagaki, H. and Rivet, M.P. (1999) Peripheral and central structures
involved in insect gustation. Microsc. Res. Tech. 47,401-415

Mobbs, P.G. (1982) The brain of the honeybee Apis mellifera. 1 The connections and
spatial organisation of the mushroom bodies. Phil, Trans. Royal Soc. London B 298, 309-
354

Montarolo, P.G., Goelet, P., Castellucci, V.F., Morgan, J., Kandel, E.R. and Schacher, S.
(1986) A critical period for macromolecular synthesis in long-term heterosynaptic
facilitation in Aplysia. Science 234, 1249-1254

Monteith, L.G. (1962) Apparent continual changes in the host preference of Drino
bohemica Mesn. (Diptera: Tachinidae), and their relation to the concept of host-
conditioning. Anim. Behav. 10, 292-299

Moreau, J., Benrey, B. and Thiery, D. (2006) Grape variety affects larval performance
and also female reproductive performance of the European grapevine moth Lobesia
botrana (Lepidoptera : Tortricidae). Bull. Entomol. Res. 96,205-212

Morse, D.H. (1999) Choice of hunting site as a consequence of experience in late-instar
crab spiders. Oecologia 120, 252-257

Motosaka, K., Koganezawa, M., Narikawa, S., Furuyama, A., Shinozaki, K., Isono, K.
and Shimada, I. (2007) Cyclic AMP-dependent memory mutants are defective in the food
choice behavior of Drosophila. J. Comp. Physiol. A 193, 279-283

Murphy, D.D., Launer, A.E. and Ehlrich, P.R. (1983) the role of adult feeding in egg

production and population dynamics of the checkerspot butterfly Euphydrya editha.
Oecologia 56, 257-263

257



Naya, D.E., Lardies, M.A. and Bozinovic, F. (2007) The effect of diet quality on
physiological and life-history traits in the harvestman Pachylus paessleri. J. Insect
Physiol. 53, 132-138

Neugebauer, R., Hoek, H.W. and Susser E (2004) Prenatal exposure to wartime famine
and development of antisocial personality disorder in early adulthood. J4MA 282, 455-
462

Neuser, K., Husse, J., Stock, P. and Gerber, B. (2005) Appetitive olfactory learning in
Drosophila larvae: effects of repetition, reward strength, age, gender, assay type and
memory span. Anim. Behav. 69, 891-898

Newland, P.L. (1998) Avoidance reflexes mediated by contact chemoreceptors on the leg
of locusts. J Comp Physiol A 183, 313-324

Nighorn, A., Healy, M.J.and Davis, R.L. (1991) The cyclic AMP phosphodiesterase
encoded by the Drosophila dunce gene is concentrated in the mushroom body neuropil.
Neuron 6,455-467

Nylin, S. (1988) Host plant specialisation and seasonality in a polyphagus butterfly,
Polygonia c-album (Nymphalidae). Oikos, 53, 381-386

Nylin, S. (1992) Seasonal plasticity in life history traits: growth and development in
Polygonia c-album (Lepidoptera: Nymphalidae). Biol. J. Linn. Soc., 47, 301-321

Nylin, S. and Gotthard, K. (1998) Plasticity in life history traits. Annu. Rev. Entomol. 43,
63-83

Ochieng, S.A., Hallberg, E. and Hansson, B.S. (1998) Fine structure and distribution of
antennal sensilla of the desert locust, Schistocerca gregaria (Orthoptera: Acrididae). Cell
Tissue Res. 291, 525-536

Ojeda-Avila, T., Woods, H.A. and Raguso, R.A. (2003) Effects of dietary variation on
growth, composition, and maturation of Manduca sexta (Sphingidae : Lepidoptera). J.
Insect Physiol. 49,293-306

Olson, D. M. and Andow, D. A. (2002) Inheritance of an oviposition behavior by an egg
parasitoid. Heredity 88, 437-443

Omkar, M.G. (2005) Preference-performance of a generalist predatory ladybird: A
laboratory study. Biol. Control 34, 187-195

Oppliger, F.Y., Guerin, M. and Vlimant, M. (2000) Neurophysiological and behavioural

evidence for an olfactory function for the dorsal organ and a gustatory one for the
terminal organ in Drosophila melanogaster larvae. J. Insect Physiol. 46, 135-144

258



Ordonez, R.M., Vattuone, M.A. and Isla, M.I. (2005) Changes in carbohydrate content
and related enzyme activity during Cyphomandra betacea (Cav.) Sendtn. fruit
maturation. Postharvest Biol. Technol. 35, 293-301

Orgad, S., Nelson, H., Segal, D. and Nelson, N. (1998) Metal ions suppress the abnormal
taste behavior of the Drosophila mutant malvolio. J. Exp. Biol. 201, 115-120

Osko, T.J., Hiltz, M.N., Hudson, R.J. and Wasel, S.M. (2004) Moose habitat preferences
in response to changing availability. J. Wildlife Man. 68, 576-584

Oyeyele, S. O. and Zalucki, M. P. (1990) Cardiac glycosides and oviposition by Danaus
plexippus on Asclepias fruticosa in south-east Queensland (Australia), with notes on the
effect of plant nitrogen content. Ecol. Entomol. 15, 177-185

Painter, R.C., de Rooij, S.R., Bossuyt, P.M., Simmers, T.A., Osmond, C., Barker, D.J.,
Bleker, O.P. and Roseboom, T.J. (2006) Early onset of coronary artery disease after
prenatal exposure to the Dutch famine. Am. J. Clin. Nutr. 84, 322-327

Papaj, D. R. (1886) Interpopulation differences in host preference and the evolution of
learning in the butterfly, Battus philenor. Evolution 40, 518-530

Papaj, D.R. and Prokopy RJ (1989) Ecological and evolutionary aspects of learning in
phytophagus insects. Ann. Rev. Entomol. 34, 315-350

Partridge, L., Piper, M.D.W. and Mair, W. (2005) Dietary restriction in Drosophila.
Mech. Age. Dev. 126, 938-950

Pascual, A., Preat, T. (2001) Localization of long-term memory within the Drosophila
mushroom body. Science 294, 1115-1117

Pawlitz, R. J. and Bultman, T. L. (2000) Host selection by a mycophagus fly and its
impact on fly survival. Ecography 23, 41-49

Pecsenye, K., Lefkovitch, L.P.,, Giles, B.E. and Saura, A. (1996) Differences in
environmental temperature, ethanol and sucrose associated with enzyme activity and
weight changes in Drosophila melanogaster. Insect Biochem.Mol. Biol. 26, 135-145

Pembrey, M.E., Bygren, L.O., Kaati, G., Edvinsson, S., Northstone, K., Sjostrom, M.,
and Golding, J. (2006) Sex-specific, male-line transgenerational responses in humans.
Euro. J. Human Genet. 14, 159-166

Pereira, H.S. and Sokolowski, M.B. (1993) Mutations in the larval foraging gene affect
adult locomotory behavior after feeding in Drosophila Melanogaster. Proc. Natl. Acad.
Sci. USA 90, 5044-5046

Perron, J.M., Huot, L., Corrivault, G-W. and Chawla, S.S. (1972) Effects of carbon
dioxide anaesthesia on Drosophila melanogaster. J. Insect Physiol. 18, 1869-1874

259



Pettitt, D.J. (1996) Diabetes in Subsequent Generations. In 'Diabetes and Pregnancy: An
International Approach to Diagnosis and Management'. Eds Dornhurst, A and Hadden,
D.R. pp. 367-376. John Wiley and Sons Ltd, Chichester

Pimetel, D., Smith, G. J. C., and Soans, J. (1967) A population model of sympatric
speciation. American Naturalist 101, 493-504

Pinsker, H.M., Hening, W.A., Carew, T.J. and Kandel, E.R. (1973) Long-term
sensitization of a defensive withdrawal reflex in Aplysia. Science 182, 1039-1042

Pollack, G.S. and Balakrishnan, R. (1997) Taste sensilla of flies: function, central
neuronal projections, and development. Microsc. Res. Tech. 39, 532-546

Pompermayer, P., Lopes, A.R., Terra, W.R., Parra, J.R.P., Falco, M.C. and Silva-Filho,
M.C. (2001) Effects of soybean proteinase inhibitor on development, survival and

reproductive potential of the sugarcane borer, Diatraea saccharalis. Entomol. Exp. Appl.
99, 79-85

Price, P. W., Westoby, M., Rice, B., Atsatt, P. R., Fritz, R. S., Thompson, J. N., and
Mobley, K. (1986) Parasite mediation in ecological interactions. Ann. Rev. Ecol. Syst. 17,
487-505

Prokop, A. and Technau, G.M. (1991) The origin of postembryonic neuroblasts in the
ventral nerve cord of Drosophila melanogaster. Development 111, 79-88

Prokopy, R. J., Averill, A. L., Cooley, S. S., and Roitberg, C. A. (1982) Associative
learning in egg laying site selection by apple maggot flies. Science 218, 76-77

Pszczolkowski, M.A. and Brown, J.J. (2005) Single experience learning of host fruit
selection by lepidopteran larvae. Physiol. Behav. 86, 168-175

Punzo, F. (1988) Learning and localization of brain function in the tarantula spider,
Aphonopelma chalcodes (Orthognatha: Theraphosidae). Comp. Biochem. Physiol. A 89,
465-470

Punzo, F. (2002) Food imprinting and subsequent prey preference in the lynx spider,
Oxyopes salticus (Araneae: Oxyopidae). Behav. Proc. 58, 177-181

Python, F. and Stocker, R.F. (2002) Adult-like complexity of the larval antennal lobe of
D. melanogaster despite markedly low numbers of odourant receptor numbers. J. Comp.
Neurol. 445, 374-387

Quinn, W.G., Harris, W.A. and Blaney, W.M. (1974) Conditioned behaviour in
Drosophila melanogaster. Proc. Natl. Acad. Sci. USA 71, 708-712

Quinn, W.G. and Dudai, Y. (1976) Memory phases in Drosophila. Nature 262, 576-577

260



Quinn, W.G., Sziber, P.P. and Booker, R. (1979) The Drosophila learning and memory
mutant amnesiac. Nature 277,212-214

Raubenheimer, D. and Simpson, S.J. (1999) Integrating nutrition: a geometrical
approach. Entomol. Exp. Appl. 91, 67-82

Rausher, M. D. (1978) Search image for leaf shape in a butterfly. Science 200, 1071-
1073. 1978

Ravelli, A.C.J., van der Meulen, J H.P., Osmond, C., Barker, D.J.P. and Bleker, O.P.
(1999) Obesity at the age of 50 y in men and women exposed to famine prenatally. Am. J.
Clin. Nutr. 70, 811-816

Ravelli, G.P., Stein, Z.A. and Susser, M.W. (1976) Obesity in young men after famine
exposure in utero and early infancy. New Eng. J. Med. 295, 349-353

Ray, S. (1999) Survival of olfactory memory through metamorphosis in the fly Musca
domestica. Neurosci. Letters 259, 37-40

Regnault, T.R.H., Keng, J., Roper, M., Wilkening, R.B., Hay, W. and Friedman, J.E.
(2006) IUGR is associated with loss of stress kinase sensing and dissociation of AKT-
MTOR signaling in liver and skeletal muscle. Early Human Dev. 82,498

Rietdorf, K. and Steidle, J. L. M. (2002) Was Hopkins right? Influence of larval and early
adult experience on the olfactory response in the granary weevil Sitophilus granarius
(Coleoptera, Curculionidae). Physiol. Entomol. 27, 223-227

Rion, S. and Kawecki, T.J. (2007) Evolutionary biology of starvation resistance: what we
have learned from Drosophila, J. Evol. Biol. . 20, 1655-1664

Roberts, D.B. and Standen GN (1998) The elements of Drosophila biology and genetics.
In 'Drosophila: A Practical Approach'. Ed. Roberts, D.B. pp. 1-53. IRL Press, Oxford

Rodrigues, V. Cheah, P.Y., Ray, K. and Chia, W. (1995) malvolio, the Drosophila
homologue of mouse NRAMP-1 (Bcg), is expressed in macrophages and in the nervous
system and is required for normal taste behaviour. EMBO J. 14, 3007-3020

Roff, D.A. and Gelinas, M.B. (2003) Phenotypic plasticity and the evolution of trade-
offs: the quantitative genetics of resource allocation in the wing dimorphic cricket,
Gryllus firmus. J. Evol. Biol. 16, 55-63

Rogers, S.M. and Newland, P.L. (2003) The neurobiology of taste in insects. Adv. Insect
Physiol. 31, 141-204

Rohlfs, M. and Hoffmeister, T.S. (2005) Maternal effects increase survival probability in
Drosophila subobscura larvae. Entomol. Exp. Appl. 117, 51-58

261



Rojas, J. C. and Wyatt, T. D. (1999) The role of pre- and post-imaginal experience in the
host-finding and oviposition behaviour of the cabbage moth. Physiol. Entomol. 24, 83-89

Roman, G. and Davis, R.L. (2001) Molecular biology and anatomy of Drosophila
olfactory associative learning. BioEssays 23, 571-581

Ronnett, G.V. and Moon, C. (2002) G Proteins and olfactory signal transduction. A»n.
Rev. Physiol. 64, 189-222

Roseboom, T.J., van der Meulen, J.H.P., Osmond, C., Barker, D.J.P., Ravelli, A.C.J.,
Schroeder-Tanka, J.M., van Montfrans, G.A., Michels, R.P.J. and Bleker, O.P. (2000)

Coronary heart disease after prenatal exposure to the Dutch famine, 1944-45. Heart 84,
595-598

Rossiter, M.C. (1991) Maternal effects generate variation in life history: consequences of
egg weight plasticity in the gypsy moth. Funct. Ecol. 5, 386-393

Rougvie, A.E. (2005) Intrinsic and extrinsic regulators of developmental timing: from
miRNAs to nutritional cues. Development, 132, 3787-3798

Rowell-Rahier, M. (1984) The food plant preferences of Phratora vitellinae. Oecologia
64, 375-380 '

Ryne, C., Nilsson, P.A., and Siva-Jothy, M.Y. (2004) Dietary glycerol and adult access to
water: effects on fecundity and longevity in the almond moth. J. Insect Physiol. 50, 429-
434

Sachet, J.M., Roques, A. and Despres, L. (2006) Linking patterns and processes of
species diversification in the cone flies Strobilomyia (Diptera: Anthomyiidae). Mol.
Phylogenet. Evol. 41, 606-621

Sadeghi, H. and Gilbert, F. (1999) Individual variation in oviposition preference, and its
interaction with larval performance in an insect predator. Oecologia 118, 405-411

Salmeron, J., Manson, J.E., Stampfer, M.J., Colditz, G.A., Wing, A.L. and Willett, W.C.
(1997) Dietary fiber, glycemic load, and risk of non-insulin-dependent diabetes mellitus
in women. JAMA 277, 472-477

Savarit, F., Sureau, G., Cobb, M. and Ferveur, J.F. (1999) Genetic elimination of known
pheromones reveals the fundamental chemical bases of mating and isolation in
Drosophila. Proc. Natl. Acad. Sci. USA 96, 9015-9020

Scheirs, J., De Bruyn, L., and Verhagen, R. (2000) Optimization of adult performance
determines host choice in a grass miner. Proc. Royal Soc. London B 267, 2065-2069

Scheirs, J. and De Bruyn, L. (2002) Integrating optimal foraging and optimal oviposition
theory in plant-insect research. Oikos 96, 187-191

262



Scheirs, J., Zoebisch, T. G., Schuster, D. J., and De Bruyn, L. (2004) Optimal foraging
shapes host preference of a polyphagous leafminer. Ecol. Entomol. 29, 375-379

Schiff, N.M., Waldbauer, G.P. and Friedman, S. (1988) Dietary self-selection for
vitamins and lipid by larvae of the corn earworm, Heliothis zea. Entomol. Exp. Appl. 46,
249-256

Schuppe, H., Cuttle, M. and Newland, R.L. (2007) Nitric oxide modulates sodium taste
via a cGMP-independent pathway. Dev. Neurobiol. 67,219-232

Schwaerzel, M., Monastirioti, M., Scholz, H., Friggi-Grelin, F., Birman, S. and
Heisenberg, M. (2003) Dopamine and octopamine differentiate between aversive and
appetitive olfactory memories in Drosophila. J. Neurosci. 23, 10495-10502

Scott, K., Brady, J., Cravchik, A., Morozov, P., Rzhetsky, A., Zuker, C. and Axel, R.
(2001) A chemosensory gene family encoding candidate gustatory and olfactory
receptors in Drosophila. Cell 104, 661-673

Scriber, J.M. (1982) The behaviour and nutritional physiology of Southern armyworm
larvae as a function of plant species comsumed. Entomol. Exp. Appl. 31, 359-369

Sehnal, F., Svacha, P. and Zrzavy, J. (1996) Evolution of Insect Metamorphosis. In
'Metamorphosis: Postembryonic Reprogramming of Gene Expression in Amphibian and
Insect Cells'. Eds Gilbert, L.I., Tata. J.R., and Atkinson. B.G. pp. 4-58. Academic Press,
London

Sellayah, D., Bruce, K.D., Wang, C., Anthony, F.W., Hanson, M.A., Byrne, C.D. and
Cagampang, F.R. (2006) High fat and protein diet during pregnancy and lactation alters
hypothalamic adiponectin receptor gene expression in adult mouse offspring. Early
Human Dev. 82, 503

Shanbhag, S.R., Park, S.K., Pikielny, C.W. and Steinbrecht, R.A. (2001) Gustatory
organs of Drosophila melanogaster: fine structure and expression of the putative odorant-
binding protein PBPRP2. Cell Tissue Res. 304, 423-437

Sheeba, V., Madhyastha, A., and Joshi, A. (1998) Oviposition preference for novel versus
normal food resources in laboratory populations of Drosophila melanogaster. J. Biosci.
23, 93-100

Shepherd, D. and Smith, S.A. (1996) Central projections of persistent larval sensory
neurons prefigure adult sensory pathways in the CNS of Drosophila. Development 122,
2375-2384

Silvera, S.A., Jain, M., Howe, G.R., Miller, A.B. and Rohan, T.E. (2005) Dietary

carbohydrates and breast cancer risk: a prospective study of the roles of overall glycemic
index and glycemic load. Int.J.Cancer 114, 653

263



Silvera, S.A., Jain, M., Howe, G.R., Miller, A.B. and Rohan, T.E. (2007) Glycaemic
index, glycaemic load and ovarian cancer risk: a prospective cohort study. Public Health
Nutr. 10, 1076-1081

Simmonds, M.S.J., Simpson, S.J. and Blaney, W.M. (1992) Dietary selection behaviour
in Spodoptera littoralis: The effects of conditioning diet and conditioning period on
neural responsiveness and selection behaviour. J. Exp. Biol. 162, 73-90

Simmons, F.H. and Bradley, T.J. (1997) An analysis of resource allocation in response to
dietary yeast in Drosophila melanogaster. J. Insect Physiol. 43, 7797-788

Simpson, S.J. and Raubenheimer, D. (1993) A multi-level analysis of feeding behaviour:
the geometry of nutritional decisions. Phil. Trans. Royal Soc. London B 342, 381-402

Simpson, S. J. and Raubenheimer, D. (1999) Assuaging nutritional complexity: a
geometircal approach. Proc. Nutr. Soc. 58, 779-789

Singer, M. C. (1983) Determinants of multiple host use by a phytophagous insect
population. Evolution 37, 389-403

Singer, M.C., Thomas, C.D. and Parmesan, C. (1993) Rapid human-induced evolution of
insect host associations. Nature 366, 681-683

Singh, R.N. (1997) Neurobiology of the gustatory systems of Drosophila and some
terrestrial insects. Microsc. Res. Tech. 39, 547-563

Smiley, J. (1978) Plant chemistry and the evolution of host specificity: New evidence
from Heliconius and Passiflora. Science 201, 745-747

Smith, K.D., Steinberg, E. and Rodriguez-Rigau, L.J. (1979) Learning in normal and
mutant Drosophila larvae. Science 206, 93-96

Smith, M.A. and Cornell, H.V. (1979) Hopkins host-selection in Nasonia vitripennis and
its implications for sympatric speciation. Anim. Behav. 27, 365-370

Sokolowski, M.B., Pereira, H.S. and Hughes, K. (1997) Evolution of foraging behavior in
Drosophila by density-dependent selection. Proc. Natl. Acad. Sci. USA 94, 7373-7377

Solarz, S.L. and Newman, R.M. (2001) Variation in host plant preference and
performance by the milfoil weevil, Euhrychiopsis lecontei Dietz, exposed to native and
exotic watermilfoils. Oecologia 126, 66-75

Solarz, S.L. and Newman, RM. (1996) Oviposition specificity and behavior of the
watermilfoil specialist Euhrychiopsis lecontei. Oecologia 106, 337-344

Somberg, J. C., Happ, G. M., and Schneider, A. M. (1970) Retention of a conditioned
avoidance response after metamorphosis in mealworms. Nature 228, 87-88

264



Sorenson, M.D., Sefc, K.M., and Payne, R.B. (2003) Speciation by host switch in brood
parasitic indigobirds. Nature 424, 928-931

Sotka, E.E. (2003) Genetic control of feeding preference in the herbivorous amphipod
Ampithoe longimana. Marine Ecol. 256, 305-310

Spitzer, B.W. (2004) Maternal effects in the soft scale insect Saisetia coffeae (Hemiptera:
Coccidae). Evolution 58,2452-2461

St Clair, D., Xu, M., Wang, P., Yu, Y., Fang, Y., Zhang, X., Gu, N., Feng, G., Sham, P.
and He, L. (2005) Rates of adult schizophrenia following prenatal exposure to the
Chinese famine of 1959-1961. JAMA 294, 557-562

Stadler, E. and Hanson, F.E. (1978) Food discrimination and induction of preference for
artificial diets in the tobacco hornworm, Manduca sexta. Physiol. Entomol. 3, 121-133

Stamp, N.E. and Harmon, G.D. (1991) Effect of potassium and sodium on fecundity and
survivorship of Japanese beetles. Oikos 62, 299-305

Stanner, S.A., Bulmer, K., Andres, C., Lantseva, O.E., Borodina, V., Poteen, V.V. and
Yudkin, J.S. (1997) Does malnutrition in utero determine diabetes and coronary heart

disease in adulthood? Results from the Leningrad siege study, a cross sectional study.
BMJ 315, 1342-1348

Stein, A.D., Ravelli, A.C.J. and Lumey, L.H. (1995) Famine, 3rd-trimester pregnancy
weight gain, and intrauterine growth - the Dutch Famine Birth Cohort Study. Human
Biol. 67, 135-150

Stein, A.D. and Lumey, L.H. (2000) The relationship between maternal and offspring
birth weights after maternal prenatal famine exposure: The Dutch Famine Birth Cohort
Study. Human Biol. 72, 641-654

Stein, A.D., Zybert, P.A., van de Bot, M. and Lumey, L.H. (2004) Intrauterine famine
exposure and body proportions at birth: the Dutch Hunger Winter. Int. J. Epidemiol. 33,
831-836

Stein, A.D., Zybert, P.A., van der Pal-de Bruin, K. and Lumey, L. (2006) Exposure to
famine during gestation, size at birth, and blood pressure at age 59-4y: evidence from the
dutch famine. Eur. J. Epidemiol. 21, 759-765

Stein, A.D., Kahn, H.S., Rundle, A., Zybert, P.A., van der Pal-de Bruin, K. and Lumey,
L.H. (2007) Anthropometric measures in middle age after exposure to famine during
gestation: evidence from the Dutch famine. Am. J. Clin. Nutr. 85, 869-876

Stein, Z. and Susser, M. (1975) The Dutch Famine, 1944-1945, and the reproductive
process. L. Effect on six indices at birth. Ped. Res. 9, 70-76

265



Stephens, D.W. (1981) The logic of risk-sensitive foraging preferences. Anim. Behav. 29,
628-629

Stewart, L.A., Hemptinne, J.L. and Dixon, A.F.G. (1991). Reproductive tactics of
ladybird beetles: relationships between egg size, ovariole number, and development time.
Funct. Ecol. 5, 380-

Stewart, R.J.C., Preece, R.F. and Sheppard, H.G. (1975) Twelve generations of marginal
_ protein deficiency. Br. J. Nutr. 33,233-253

Stocker, R.F., Heimbeck, G., Gendre, N. and de Belle, J.S. (1997) Neuroblast ablation in
Drosophila P[GAL4] lines reveals origins of olfactory interneurons. J. Neurobiol. 32,
443-456

Stockhoff, B.A. (1993) Diet heterogeneity - Implications for growth of a generalist
herbivore, the gypsy moth. Ecology 74, 1939-1949

Szentesi, A. and Bernays, E. (1984) a study of behavioural habituation to a feeding
deterrent in nymphs of Schistocerca gregaria. Physiol. Entomol. 9, 329-340

Szentesi, A. and Jermy, T. (1990) the role of experience in host plant choice by
phytophaugs insects. In 'Insect-plant interactions'. Ed. Bernays, E. pp. 39-74. CRC Press,
Florida

Tabashnik; B.E. (1981) Individual variation in oviposition preference in the butterfly,
Colias eurytheme. Oecologia 50, 225-230

Tanaka, N.K., Awasaki, T., Shimada, T. and Ito, K. (2004) Integration of chemosensory
pathways in the Drosophila second-order olfactory centers. Curr. Biol. 14, 449-457

Tanimura, T., Isono, K., Takamura, T. and Shimada, I. (1982) Genetic dimorphism in
taste sensitivity to trehalose in Drosophila melanogaster. J. Comp. Physiol. 147,433-437

Tatusova, T.A. and Madden, T.L. (1999) BLAST 2 Sequences, a new tool for comparing
protein and nucleotide sequences. FEMS Microbiol. Letters 174, 247-250

Taylor, E.N., Malawy, M.A., Browning, D.M., Lemar, S.V. and DeNardo, D.F. (2005)
Effects of food supplementation on the physiological ecology of female Western
diamond-backed rattlesnakes (Crotalus atrox). Oecologia 144, 206-213

Technau, G. and Heisnberg, M. (1982) Neural reorganisation during metamorphosis of
the corpura pendunculata in Drosophila melanogaster. Nature 295, 405-407

Telang, A., Booton, V., Chapman, R.F. and Wheeler, D.E. (2001) How female
caterpillars accumulate their nutrient reserves. J. Insect Physiol. 47, 1055-1064

Tempel, B. L., Bonini, N., Dawson, D. R., and Quinn, W. G. (1983) Reward learning in
normal and mutant Drosophila. Proc. Natl. Acad. Sci. 80, 1482-1486

266



Thompson, J. N. (1987) Variance in the number of eggs per hatch: oviposition behaviour
and population dispersion in a seed parasitic moth. Ecol. Entomol. 12, 311-320

Thompson, J.N. (1988) Evolutionary genetics of oviposition preference in swallowtail
butterflies. Evolution 42, 1223-1234

Thompson, S.N. (2003) Trehalose - The insect blood sugar. Adv. Insect Physiol. 31, 206-
285

Thorpe, K.W. and Bennett, R.L. (2003) Colorado potato beetle (Coleoptera :
Chrysomelidae) survival and fecundity after short- and long-term rearing on artificial
diets. J. Entomol. Sci. 38, 48-58

Thorpe, W. H. and Jones, F. G. W. (1937) Olfactory conditioning in a parasitic insect and
its relation to the problem of host selection. Proc. Royal Soc. London B 127, 56-81

Thorpe, W.H. (1939) Further studies on pre-imaginal conditioning in insects. Proc.
Royal Soc. London B 127, 424-433

Thorpe, W.H. (1963) 'Learning and Instinct in Animals.' Meuthuen and Co Ltd., London
Timson, J. (1975) Hydroxyurea. Mut. Res. 32, 115-132

Tissot, M. and Stocker, R.F. (2000) Metamorphosis in Drosophila and other insects: the
fate of neurons throughout the stages. Progr. Neurobiol. 62, 89-111

Toscano, A.E., Manhaes-de-Castro, R. and Canon, F. (2008) Effect of low-protein diet

during pregnancy on skeletal muscle mechanical properties of offspring rats. Nutrition
24, 270-278

Tosh, D., Lane, R., Callaway, C., McKnight, R., McMillen, C., Ross, M. and Desai, M.
(2006) Maternal food restriction affects postnatal hepatic IGF1 MRNA and chromatin
structure in IUGR offspring. Early Human Dev. 82, 500

Tugwood, J.D., Isseman, 1., Anderson, R.G., Bundell, K.R., McPheat, W.L. and Green, S.
(1992) The mouse peroxisome proliferator activated receptor recognizes a response
element in the 5' flanking sequence of the rat acyl CoA oxidase gene. EMBO J. 11, 433-
439

Tully, T. and Quinn, W.G. (1985) Classical conditioning and retention in normal and
mutant Drosophila melanogaster. J. Comp. Physiol. A 157,263-277

Tully, T., Cambiazo, V. and Kruse, L. (1994) Memory through metamorphosis in normal
and mutant Drosophila. J. Neurosci. 14, 68-74

van Dijken, F.R., van Sambeek, M.J.P.W. and Scharloo, W. (1977) Influence of

anaesthesia by carbon dioxide and ether on locomotor activity in Drosophila
melanogaster. Experientia 33, 1360-1361

267



van Emden, H.F., Sponagl, B., Wagner, E., Baker, T., Ganguly, S. and Douloumpaka, S.
(1996) Hopkins host selection principle, another nail in its coffin. Physiol. Entomol. 21,
325-328

Vandekerkhove, B., Van Baal, E., Bolckmans, K. and De Clercq, P. (2006) Effect of diet
and mating status on ovarian development and oviposition in the polyphagous predator
Macrolophus caliginosus (Heteroptera : Miridae). Biol. Control 39, 532-538

Vermeulen, C.J., Van De Zande, L. and Bijlsma, R. (2006) Developmental and age-
specific effects of selection on divergent virgin life span on fat content and starvation
resistance in Drosophila melanogaster. J. Insect Physiol. 52,910-919

Vet, L.E.M. and van Opzeeland, K. (1984) The influence of conditioning on olfactory
microhabitat and host location in Asobara tabida (Nees) and A. rufescens (Foerster)
(Braconidae: Alysiinae) larvae parasitoids of Drosophilidae. Oecologia 63, 171-177

Via, S. (1999) Reproductive isolation between sympatric races of pea aphids. [. Gene
flow restriction and habitat choice. Evolution 53, 1446-1457

Vickers, M.H., Breier, B.H., McCarthy, D. and Gluckman, P.D. (2003) Sedentary
behavior during postnatal life is determined by the prenatal environment and exacerbated
by postnatal hypercaloric nutrition. AJP 285, R271-R273

Vickers, M.H., Breier, B.H., Cutfield, W.S., Hofman, P.L. and Gluckman, P.D. (2000)
Fetal origins of hyperphagia, obesity, and hypertension and postnatal amplification by
hypercaloric nutrition. AJP 279, E§3-E87

Villacres, E.C., Wong, S.T., Chavkin, C. and Storm, D.R. (1998) Type I adenylyl cyclase
mutant mice have impaired mossy fiber long-term potentiation. J. Neurosci. 18, 3186-
3194

Vinson, S.B., Barfield, C.S. and Henson, R.D. (1977) Oviposition behaviour of Bracon
mellitor, a parasitoid of the boll weevil (Anthonomus grandis). 11. Associative learning.
Physiol. Entomol. 2, 157-164

Vosshall, L.B., Wong, A.M. and Axel, R. (2000) An olfactory sensory map in the fly
brain. Cell 102, 147-159.

Wallin, H., Chiverton, P.A., Ekbom, B.S. and Borg, A. (1992) Diet, fecundity and egg
size in some polyphagous predatory carabid beetles. Entomol. Exp. Appl. 65, 129-140

Wang, Y., Guo, H.F., Pologruto, T.A., Hannan, F., Hakker, I., Svoboda, K. and Zhong,
Y. (2004) Stereotyped odor-evoked activity in the mushroom body of Drosophila
revealed by green fluorescent protein-based Ca2+ imaging. J. Neurosci. 24, 6507-6514

Wardle, A.R. and Borden, J.H. (1991) Effect of prior experience on the response of
Exeristes-Roborator (Hymenoptera, Ichneumonidae) to a natural host and microhabitat in
a seminatural environment. Environ. Entomol. 20, 889-898

268



Wasserman, S. S. and Futuyma, D. J. (1981) Evolution of host plant utilisation in
laboratory popultations of the sourthern cowpea weevil, Callosobruchus maculatus
fabrcius. Evolution 35, 605-617

Waterland, R.A. and Jirtle, R.L. (2003) Transposable elements: Targets for early
nutritional effects on epigenetic gene regulation. Mol. Cell. Biol. 23, 5293-5300

Weaver, 1.C.G., Cerroni, N., Champagne, F.A., D'Alessio, A.C., Sharma, S., Seckl, J.,
Dymov, S., Szyf, M. and Meaney, M.J. (2004) Epigenetic programming by maternal
behavior. Nat. Neurosci.7, 847-854

White, P.R. and Chapman, R.F. (1990) Tarsal chemoreception in the polyphagus
grasshopper Schistocerca americana: behavioural assays, sensilla distributions and
electrophysiology. Physiol. Entomol. 15, 105-121.

Whitham, T. G. (1980) The theory of habitat selection: Examined and extended using
pemphigus aAphids. 4m. Nat. 115, 449-466

Whitney, T.R. and Olson, B.E. (2006) Conditioning ewes and lambs to increase
consumption of spotted knapweed. Appl. Anim. Behav. Sci. 100, 193-206

Widdowson, E.M. and McCance, R.A. (1975) A review: New thoughts on growth. Ped.
Res. 9, 154-156

Wiklund, C. (1974) Oviposition preference in Papilio machaon in relation to the host
plants of the larvae. Entomol. Exp. Appl. 17, 189-198

Williams, A.E., Rose M.R. and Bradley, T.J. (2004) The respiratory pattern in
Drosophila melanogaster selected for desiccation resistance is not associated with the
observed evolution of decreased locomotory activity. Physiol. Biochem. Zool. 77, 10-17

Wong, A.M., Wang, J.W. and Axel, R. (2002) Spatial representation of the glomerular
map in the Drosophila protocerebrum. Cell 109, 229-241

Wu, Q., Zhao, Z., and Shen, P. (2005) Regulation of aversion to noxious food by
Drosophila neuropeptide Y- and insulin-like systems. Nat Neurosci 8, 1350-1355

Wu, Z., Thomas, S.A., Villacres, E.C., Xia, Z., Simmons, M.L., Chavkin, C., Palmiter,
R.D. and Storm, D.R. (1995) Altered behavior and long-term potentiation in Type I
adenylyl cyclase mutant mice. Proc. Natl. Acad. Sci. 92, 220-224

Wyrwoll, C.S., Mark, P.J. and Waddell, B.J. (2006) Fetal programming of plasma insulin
and skeletal muscle expression of GLUT4 and UCP3. Early Human Dev. 82, 504

Yin, J.C.P., Wallach, J.S., Del Vecchio, M., Wilder, E.L., Zhou, H., Quinn, W.G. and
Tully, T. (1994) Induction of a dominant negative CREB transgene specifically blocks
long-term memory in Drosophila. Cell 79, 49-58

269



Yin, J.C.P., Del Vecchio, M., Zhou, H. and Tully, T. (1995) CREB as a memory
modulator: induced expression of a dCREB2 activator isoform enhances long-term
memory in Drosophila. Cell 81, 107-115

Zacharuk, R.Y. (1985) Antennae and Sensilla. In 'Comparative Insect Physiology,
Biochemistry and Pharmacology'. (Eds Kerkut, G.A. and Gilbert, L.I.) pp. 1-69.
Pergamon, Oxford

Zars, T., Fischer, M., Schulz, R. and Heisnberg, M. (2000) Localisation of a short-term
memory in Drosophila. Science 288, 672-679

Zhong, Y., Budnik, V. and Wu, C.F. (1992) Synaptic plasticity in Drosophila memory
and hyperexcitable mutants - role of cAMP cCascade. J. Neurosci. 12, 644-651

Zwaan, B.J., Bijlsma, R. and Hoekstra, R.F. (1991) On the developmental theory of

ageing. 1. Starvation resistance and longevity in Drosophila melanogaster in relation to
pre-adult breeding conditions. Heredity 66, 29-39

270



