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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES 

CENTRE FOR BIOLOGICAL SCIENCES 

Masters of Philosophy 

THE INFLUENCE OF L-ARGININE ON THE SELF-MEDICATION BEHAVIOUR OF 

DROSOPHILA MELANOGASTER LARVAE 

By Elizabeth Margaret Ann Robertson 

The theory of self-medication works on the premise that sick animals will change 

their diet to incorporate food substances that are not part of their usual diet, that 

will cure or alleviate the disease. It is a behaviour that is rarely seen in healthy 

animals. Immunonutrition is another form of self -medication usually used by 

humans and is the use of specific nutrients to alleviate symptoms, stimulate the 

immune system and promote recovery.    

  In this study we investigate the self-medication ability of Drosophila melanogaster 

larvae when given the choice of food containing differing concentrations of L-

arginine. L-arginine is essential amino acid known to benefit the D. melanogaster 

immune system. L-arginine concentrations of up to 50mM promote the 

encapsulation response in D. melanogaster parasitised by the endoparasitic wasp 

Asobara tabida with a maximum encapsulation rate achieved with 50 mM L-

arginine.  

  In a series of choice tests using 0mM, 10mM, 50mM and 250mM L-arginine it was 

established that both unparasitised and parasitised larvae were able to 

discriminate between different L-arginine concentrations and parasitised larvae 

discriminated in favour of 50mM L-arginine. This suggests that self-medication 

behaviour may occur in parasitised D. melanogaster larvae with regards to L-

arginine. 
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Chapter 1.  

General Introduction 

1.1 Introduction 

Organisms are subject to attack by pathogens and parasites and have evolved 

different mechanisms and behaviour to prevent, fight or limit the damaged caused 

by attacks. For example, the immune response plays a key role in fighting infection 

and disease and self-medication is a behaviour that is adopted by many animals to 

boost immunity. 

1.1.1 Immunity 

To effectively fight disease and pathogens both vertebrates and invertebrates 

require the ability to identify an invading organism as being distinct from its self 

(non-self recognition) once the physical barriers of the body, such as skin and 

mucus membranes of vertebrates (Owen et al. 2013) and the cuticle of 

invertebrates (Schmid-Hempel 2005), have been breached . This recognition of 

non-self is achieved by pattern recognition receptors (PRRs) on immune cells that 

are able to identify sugars, proteins and other cell surface components of the 

invading organisms called pathogen-associated molecular patterns (PAMPs) 

(Gillespie et al. 1997; Lavine & Strand 2002; Wood 2006; Takeuchi & Akira 2010; 

Owen et al. 2013) and is the beginning of the immune response. Examples of PRRs 

include Toll-like receptors (TLRs), C-type lectin receptors (CLRs) and 

Peptidoglycan recognition proteins (PGRPs) (Lemaiter & Hoffmann 2007; 

Takeuchi & Akira 2010; Wang & Wang 2013). In vertebrates there are two immune 

defence mechanisms that are used to combat infection; the innate and the 

adaptive. By comparison it has been demonstrated that invertebrates only have 

one, the innate system (Vilmos & Kurucz 1998). 
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Vertebrate immunity 

In addition to the physical barriers of an organism the innate immune system of 

vertebrates there are an array of cells including phagocytic cells and natural killer 

(NK) cells (Wood 2006; Owen et al. 2013).  Phagocytic cells, such as human 

macrophages and neutrophils, are those that bind to and ingest invading 

pathogens before breaking them down internally   amart  n & Chandra 2001) 

using molecules such as hydrogen peroxide (H2O2) and nitric oxide (NO) (Owen et 

al. 2013). NK cells recognise and destroy cells that have been infected by some 

viruses and bacteria (Wood 2006; Owen et al. 2013). PRRs in addition to self-

nonself recognition can activate infected cells to produce antimicrobial peptides 

(AMPs) and cytokines. AMPs are short chains of amino acids (less than 100) that 

can disrupt the membranes of and subsequently enter microbes such as bacteria 

and fungi ultimately leading to the microbes death (Owen et al. 2013). Cytokines 

are small proteins that are diverse in structure, and which have varied roles within 

the innate immune system such as cell communication and recruitment of cells to 

the site of infection (Wood 2006; Owen et al. 2013). The innate immune system is 

fast acting, within a few hours of infection, and of short duration (a few days). The 

innate immune response can recognise and distinguish between broad categories 

of microbial pathogens. For example, gram negative bacteria can be distinguished 

from gram positive, and from fungi, and the response to these pathogens types 

differs. The innate immune response is the same for all pathogens/diseases of a 

particular type regardless as to how many times a particular pathogen has been 

contracted and as a result the innate system is said to be non-specific and to have 

no memory of previously encountered pathogens (Samartín & Chandra 2001). 

By comparison the adaptive response is slow to act, usually taking a few days, and 

long lasting (Beck & Habicht 1996). The immune cells of this system are 

lymphocytes which differ in type and function. There are two major types of 

lymphocyte B and T lymphocytes. B lymphocytes produce specialist immune 

proteins called antibodies which are capable of identifying and destroying a 

specific invading pathogen directly (Wood 2006). The antibodies remain within 

the body once the infection has passed and if reinfection from the same pathogen 

occurs the immune response is swift due to the pathogen specific antibodies 
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already circulating within the body (Weiss et al. 2010). T lymphocytes on the other 

hand produce cells called T cells and these work in conjunction with another 

immune molecule called major histocompatibility complex (MHC) to destroy 

pathogens (Wood 2006). It has been found that in the case of malaria the adaptive 

response can take much longer than a few days to form (Marsh & Kinyanjui 2006). 

Malaria is a disease caused by parasites of the genus Plasmodium and is 

transmitted through the bite of female Anopheles mosquitoes (Hafalla et al. 2011). 

In areas where malaria is endemic naturally acquired immunity, as opposed to that 

acquired through vaccination, results after repeated infection over a number of 

years (Marsh & Kinyanjui 2006; Weiss et al. 2010; Hafalla et al. 2011). This 

acquired immunity, however, only protects against the clinical disease, preventing 

symptoms and actual illness, but it does not protect against the actual parasite 

(Hafalla et al. 2011).  

Invertebrate immunity 

The innate immune system of invertebrates, like that of vertebrates is rapid in its 

response to infection and has several components usually divided into humoral 

and cellular responses (Vilmos & Kurucz 1998; Strand 2008; Castillo et al. 2011). 

In insects, the humoral response includes the synthesis of antimicrobial peptides 

within the fat body (Gillespie et al. 1997; Castillo et al. 2011), melanisation and 

haemolymph clotting (Vilmos & Kurucz 1998). The cellular response includes 

phagocytosis (ingestion of small particles), nodule formation and encapsulation 

which respond to large foreign targets and which are produced by haemocytes 

(Vilmos & Kurucz 1998; Laughton et al. 2011). Haemocytes are immune cells 

which circulate freely within the haemolymph of invertebrates and are usually 

classified by function and morphology though their names can be species specific 

(Strand 2008; Castillo et al. 2011). Invertebrate immune systems were previously 

thought to have no memory or specificity as the system lacked the components of 

the adaptive system, such as antibodies, that produce these properties (Gillespie et 

al. 1997; Hoffmann & Reichhart 2002). More recently, however, it has been 

recognised that invertebrate immune responses have at least some adaptive 

componants (Kurts & Armitage 2011). As an example of this Kurtz & Franz (2003) 

found that the immune system of the copepod Macrocyclops albidus was more 
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efficient against the tapeworm Schistocephalus solidus when it had previously been 

infected by them demonstrating that invertebrate immune systems have memory 

and are able to elicit immune responses to a specific infection. Despite the 

differences between vertebrates and invertebrates there are similarities in their 

immune systems some of which are summarised in table 1. 

Table 1: Comparison of vertebrate and invertebrate immune systems  

Attributes Vertebrates Invertebrates References 

Innate Immunity 
   

Self/non-self 

discrimination 

Uses PRRs to identify 

PAMPs of pathogens 

Types of PRRs 

include Toll-like 

receptors and C-type 

lectin receptors 

Uses PRRs to identify 

PAMPs of pathogens 

PRRs found Toll-like 

receptors and C-type 

lectin receptors 

Lemaiter & Hoffmann 

2007  

Takeuchi & Akira 

2010 

 Wang & Wang 2013 

Components Phagocytic cells, 

natural killer (NK) 

cells, antimicrobial 

peptides and 

cytokines 

Phagocytic cells and 

antimicrobial 

peptides 

 

Memory response None Some memory 

response found 

within in a few 

species 

Kurtz & Franz 2003 

Kurtz & Armitage 

2011 

Adaptive immunity 
  

Components Antibodies and T 

cells 

  

Specificity Can distinguish 

between minor 

differences in 

molecular structures 

of pathogens 

No antibodies or 

other components 

associated with 

adaptive immunity 

 

Memory Response Faster response of 

greater magnitude 

with reinfection 

  

PRRs – pathogen recognition receptors, PAMPs- pathogen-associated molecular patterns 
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1.1.2 Self-medication 

Changes in behaviour can often be seen in sick organisms, including lethargy (Hart 

1988) and a reduction in feeding (anorexia) (Halsted 1968; Hart 1988; Kyriazakis 

et al. 1998; Adamo et al. 2010). These behaviours are thought to be an adaptive 

response to infection rather than a side effect of it  (Murray et al. 1978; Hart 1988; 

Kyriazakis et al. 1998), serving to reduce energy expenditure to ensure that 

resources are directed to the immune system and not to other pathways such as 

lipid transport (Adamo et al. 2010). Murray et al. (1978) proposed several 

hypotheses explaining how anorexia may work as a defence against pathogens, 

including the direct deprivation of macro and micro nutrients. A reduction in the 

amount of animal protein and fat ingested during an infection is noticeable and 

would reduce the availability of important vitamins and trace elements to invading 

microorganisms. If this happened during the early stage of an infection, it could 

interfere with replication and proliferation of the microorganism (Murray et al. 

1978). This is supported by Kyriazakis et al. (1998) who demonstrated that a 

reduction in the levels of zinc and iron, resulting from anorexia, inhibited the 

growth of some bacterial and viral pathogens.  Changes in feeding behaviour, other 

than anorexia, have been observed in sick, and in some cases healthy individuals, 

by way of consumption of food sources not usually a part of an organisms normal 

diet.  This change in diet has been referred to as self-medication (Lozano 1998). 

Self-medication is seen in humans but it often referred to as Immunonutrition 

(Evoy et al. 1998; Kratzing 2011; Caglayan et al. 2012). 

Self-medication 

Self-medication behaviour has been documented in chimpanzees (Krief et al. 2004; 

Fowler et al. 2007), livestock (Grade et al. 2009; Cosgrove & Niezen 2000) and 

insects  (Singer et al. 2009; Milan et al. 2012), although the behaviour is subtle and 

often limited to a few individuals within a group. For example, chimpanzees have 

been observed undertaking leaf swallowing behaviour in which leaves of a rough 

texture, many with hooked or spikey hairs are swallowed whole without chewing 

(Huffman 1997; Fowler et al. 2007). This occurs in a few individuals within the 

population, often those that are infected with intestinal parasites, and most 
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commonly during the rainy season when reinfection rates are high (Fowler et al. 

2007). These leaves help with the removal of the intestinal parasites either 

through mechanical removal of the parasites from the intestine (Huffman 1997) or 

by inducing the body to purge its self (Fowler et al. 2007). 

The effects of gastrointestinal parasites on ruminants can include disturbances in 

protein metabolism and a reduction in the ability to absorb minerals (Coop & 

Kyriazakis 2001). It was found that lambs infected with such parasites were able to 

amend this protein disturbance by increasing their consumption of white clover 

(Trifolium repens L.) compared to control lambs when allowed to graze in pastures 

with a mix of grass and clover (Cosgrove & Niezen 2000). A subsequent analysis of 

the clover showed it to have a higher amount of usable nitrogen then grasses such 

as Rye (Ulyatt et al. 1988) which can be used in protein synthesis and other 

biological functions thus allowing the lambs to reduce their food intake and the 

chances of reinfection (Cosgrove & Niezen 2000). 

During reproduction, the amount of nutrients required by females increases, not 

only to maintain normal homeostasis and body function but also to meet the 

demands imposed by reproduction, such as foetal growth and milk production in 

mammals which is to the detriment of the immune system which is reduced  

(Houdijk et al. 2001).  Female baboons (Papio hamadryas anubis), like some other 

primates, have elaborate swellings around the ano-genital area during their 

ovarian cycles. These swellings are hormone dependent and convey information to 

males about when copulation is likely to be most successful (Gesquiere et al. 2007; 

Higham et al. 2008).  Like humans, baboons do not have a single breeding season 

and may have several cycles within a year (Rowell 1969). During the rainy season 

incidences of infection by parasites are high (Fowler et al. 2007) and this combined 

with a reduced immune system due to reproduction increases female mortality 

during this season (Higham et al. 2007). To combat this female baboons consume 

the African Black Plum (Vitex doniana) which reduces/prevents the sexual 

swellings occurring and subsequently reduces reproduction (Higham et al. 2007). 

Consumption of the African Black Plum acts as a contraceptive and reduces female 
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mortality (Higham et al. 2007) demonstrating a possible trade-off between 

increased immune function at the cost of reproduction.  

The value of self-medication has been demonstrated in human traditional 

medicine. Grade et al. (2009) found that there was an overlap in the plants utilised 

by livestock to alleviate illness and those used in preparations by the local people.  

In many cases the same plants were used by both livestock and people to treat the 

same illness. For example, Grade et al. (2009) suggested that the usage of specific 

plants in their traditional remedies came about as a result of observing and 

working with sick and healthy livestock. A similar usage of plants as medicines has 

also been documented in traditional communities that live in close proximity to 

Chimpanzees and other great apes (Huffman 2001). 

Immunonutrition 

Immunonutrition is the use of diet or a specific nutrient to ease, cure or prevent 

disease and is in principle the same as self-medication though associated with 

humans. The immunological properties of a wide range of nutrients have been 

studied, including ginger (Butt & Sultan 2011), selenium (Whanger 2004; Zeng & 

Combs 2008; Chiu et al. 2010), vitamin D (Smolders et al. 2008; Kampman & 

Steffensen 2010) and amino acids (Evoy et al. 1998; Wilmore & Shabert 1998; 

Philip et al. 2003). Some nutrients, such as ginger, have been found to be beneficial 

for more than one disease such as cancer and cardiovascular disease (Manju & 

Nalini 2005; Nicoll & Henein 2009; Butt & Sultan 2011). The properties of others, 

such as vitamin D, are more often closely associated with a particular disease; in 

this case multiple sclerosis (Smolders et al. 2008; Kampman & Steffensen 2010). 

Multiple sclerosis (MS) is a chronic disease that affects the central nervous system 

causing fatigue, limb weakness, visual and sensory disturbance in sufferers 

(Pugliatti et al. 2006) and affects more women than men (Kampman & Brustad 

2008; Kampman & Steffensen 2010). Although there is a genetic component to the 

disease there is increasing evidence that environmental factors can influence MS 

development, as can vitamin D (Hayes et al. 1997; Ebers 2008; Kampman & 

Brustad 2008; Smolders et al. 2008). As the majority of vitamin D is synthesised 

from sunlight by the skin (Smolders et al. 2008) it has been found that high 
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frequencies of MS occur in areas of low sunlight exposure, such a countries of 

increasing latitude from the equator (Pugliatti et al. 2006; Kampman & Brustad 

2008). In Norway, where there can be very little sun light in the winter months, it 

was found that the coastal fishing areas of northern Norway had fewer incidences 

of MS than the land locked dairy lands of the south (Kampman & Brustad 2008). 

This difference in the number of cases of MS was attributed to the difference in 

diets, which is high in fish and seafood in the north compared to the south where it 

is high in animal fat and protein (Kampman and Brustad 2008). Seafood is one of 

the few nutrients, along with egg yolks and certain mushrooms, that are naturally 

high in vitamin D and suggests that the amount of vitamin D obtained from the diet 

in northern Norway is sufficient to compensate for the reduction in the amount 

made by the skin due to the lack of sunlight (Ebers 2008; Kampman & Brustad 

2008). This supports the suggestion by Ebers (2008) that diet and sunlight may 

influence the number of occurrences of MS cases. The changes in attitudes to sun 

exposure, due to its harmful effects, and changes in diet a way from more 

traditional ones will most likely result in more people taking vitamin D 

supplements to compensate for the lack obtained naturally (Kampman & 

Steffensen 2010). 

Immunonutrition is used in the medical profession (Daly et al. 1988; Collins et al. 

2007; Kratzing 2011) including for pre surgery.  In the past it was common 

practice to fast patients before operations to reduce gastric acidity and volume and 

subsequently reduce the risk of aspiration of gastric contents (Kratzing 2011), 

however, this was found to increase metabolic stress and increase recuperation 

time. Kratzing (2011) suggested that carbohydrate loading prior to surgery could 

shorten recovery time by reducing the amount of insulin resistance that occurs as 

a result of all types of surgery. 

The use of immunonutrients by insects is less well documented than it has been in 

humans and other mammals. This is due to the difference in environment and diet 

that are a result of insect larval development. Young hatch from eggs and either 

look like the adults, differing in proportion, size and sexual characteristics, and 

require several molts to attain adulthood; or they are morphologically different 
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and undergo complete metamorphosis to become adults (Huxley 1877). The food 

available to larvae is dependent upon where females laid their eggs. Herbivorous 

insects not only have to contend with nutritional variation within their plant host 

but also, in some cases, the toxins produced to ward off grazers. Many insects are 

intolerant of these toxins and will either eat very little of the plant or avoid it 

altogether, even when laying eggs.  

Some insect species, such as some moths and butterflies, actively lay their eggs on 

these toxic plants and the larvae are not only able to survive eating them but are 

able to sequester or use the toxins of their host plants, retaining them for use as 

adults (Bezzerides et al. 2004; Singer et al. 2009; Lefèvre et al. 2010). For example 

Monarch butterflies (Danaus plexippus) infected with a protozoan parasite, which 

affects their wings, have been found to preferentially lay their eggs on milkweed 

plants containing high concentrations of the plant secondary compounds 

Cardenolides (Lefèvre et al. 2010). Whilst the behaviour was not shown to cure the 

adults it was found to reduce parasite growth and accumulation in the caterpillars 

(Lefèvre et al. 2010). Pyrrolizidine alkaloids (PA) are toxic compounds found 

within the plant genus Crotolaria and within the larvae of the moth Utetheisa 

ornatrix which feed on it (Bezzerides et al. 2004; Eisner & Meinwald 1995). It has 

been demonstrated that the PA sequestered by U. ornatrix larvae was used by the 

adults to protect their eggs from parasitisation. During courtship males transfer 

packets of sperm (spermatophores) to females and these packages contain some of 

the PA the male sequestered as a caterpillar (Eisner & Meinwald 1995). A 

proportion of the PA from both male and female are then bestowed upon the eggs, 

affording them protection from parasites. This protection can be bestowed even if 

the female is PA free as long as the male sequestered it (Eisner & Meinwald 1995). 

This demonstrates the complexity associated with Immunonutrition in insects as 

in many cases it could be more beneficial to future generations rather than the 

current one (Lefèvre et al. 2010). 
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1.1.3 The geometric framework of nutritional behaviour  

Balancing of nutrient intake is important in order to maintain healthy biological 

systems such as growth and reproduction and energetic demands. Food is 

nutritionally complex with different amounts of macro and micro nutrients and as 

a result obtaining the right balance of each nutrient is not straight forward as an 

animal runs the risk of over eating some and under eating others. How an animal 

will utilise individual foods or nutrients can be modelled using the geometric 

frame work model proposed by Simpson & Raubenheimer (1993) and 

Raubenheimer & Simpson (1993). 

The geometric framework (GF) model uses a multidimensional space consisting of 

two or more axes, where each axis represents a nutrient suspected of being 

important to an animal for example protein and carbohydrate; this is referred to as 

a nutrient space (Simpson & Raubenheimer 1995; Raubenheimer & Simpson 1997; 

Simpson & Raubenheimer 2011). Within this space the point at which the optimal 

balance and amount of the nutrients required by an animal to maximise fitness is 

regarded as the intake target (Raubenheimer & Simpson 1997; Simpson & 

Raubenheimer 2011; Simpson & Raubenheimer 2012) and this can change as a 

result of development, reproduction and environment (Simpson & Raubenheimer 

1993; Köhler et al. 2012), as a result the intake target must be determined 

experimentally (Simpson & Raubenheimer 1993). The intake target can be 

partitioned into subtargets such as the nutritional target, which is the requirement 

by the tissues for the optimal level of various nutrients (Raubenheimer & Simpson 

1993; Simpson & Raubenheimer 2011), and the growth target which is the amount 

of nutrients required for optimal growth (Simpson & Raubenheimer 1993). 

A line running though the origin and into the nutrient space is a representation of 

the nutrients within a food and the slope of the line is the balance (or ratio) of the 

nutrients of interest; these are referred to as nutritional rails (Raubenheimer & 

Simpson 1997; Simpson & Raubenheimer 2012) (Fig.1). If a food contained the 

ideal ratio of nutrients required to meet an animal’s needs then the nutritional rail 

for that food would pass though the intake target, as it can be reached by eating the 

food (Fig 1A) (Raubenheimer & Simpson 1993; Raubenheimer & Simpson 1999).  
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Few if any food substances will be nutritionally balanced and therefore animals 

will have to rely on single or several nutritionally imbalanced foods to reach the 

intake target. For nutritionally imbalanced foods, if the nutritional rails lie to one 

side of the intake target then it will not be reached and the animal will have to 

compromise between over eating some nutrients and under eating others, this 

behaviour is referred to as the rule of compromise (Fig 1B) (Raubenheimer & 

Simpson 1993; Raubenheimer & Simpson 1997; Simpson & Raubenheimer 2011).  

For example, if an animal eats to point i in figure 1B then it will reach the intake 

target for nutrient B and under eat nutrient A, whereas if it eats to point ii it will 

obtain the required amount of A but over eat B. By eating to point iii in figure 1B a 

point is reached that is closest to the intake target and the increase in one nutrient 

is balanced by the decrease in the other, this is the closest distance optimization 

rule (Simpson & Raubenheimer 1993). In comparison two nutritionally 

imbalanced foods can be complementary if their nutritional rails are either side of 

the intake target. If an animal eats from just one of the foods then the intake target 

cannot be met, however if the animal eats from both then it can be attained (Fig.1) 

(Simpson & Raubenheimer 1993; Raubenheimer & Simpson 1997).  

The metabolic importance of a nutrient to an animal will dictate how it is regulated 

(Simpson & Raubenheimer 2001) whether by behaviour such as switching foods or 

post-ingestive processes.  Studies have used synthetic food with varying 

concentrations of specific nutrients such as carbohydrate and protein (Theall et al. 

1984; Raubenheimer & Simpson 1993; Chambers et al. 1995; Raubenheimer & 

Simpson 2003; Lee et al. 2006), sugar (Abisgold et al. 1994) and salt (Trumper & 

Simpson 1993). Groups of animals are given one diet out of a range of diets which 

differ only in the ratio of the nutrients of interest and its consumption is measured 

over time (Simpon & Raubenheimer 1993; Simpson & Raubenheimer 2001). This, 

when plotted within the nutritional space of the GF model with a rail for each diet, 

will create an intake array the shape of which may indicate the animals intake 

target for the nutrients in question  as well as determine which (if any) are 

regulated (Fig. 2) (Raubenheimer & Simpson 1993; Simpson & Raubenheimer 

1993; Simpson & Raubenheimer 2011).   
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Figure 1: Two dimensional representation of the geometric framework model for two 

nutrients A and B. It is the intake target of a hypothetical animal and the foods are 

represented by the solid lines projecting from the origin (nutritional rails), the slope of the 

line indicates the balance (or ratio) of A and B the food contains.  Blue arrows indicate the 

changes in nutritional state over time. A) Nutritionally balanced food where the amount of 

nutrients A and B are in the same ratio as the intake target which lies on the rail. B) 

Imbalanced food source, in this case the intake target cannot be met the animal must 

therefore compromise. If the animal eats until point i it satisfies its requirement for nutrient 

B but is deficient in A and at the other extreme at point ii it satisfies its requirement for A but 

over eats B.  Eating to point iii the amount B that is over eaten will equal the amount of A 

that is deficient the ‘closest distance optimization’ rule.  C) Where the animal has two 

nutritionally imbalanced foods, the rails of which lie either side of the intake target , the 

intarget can be reached by eating both foods (as indicated by blue arrows). The axes scales 

can be any biologically meaningful units. Adapted from Simpson & Raubenheimer (1993). 
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For example, if an animal regulated a specific nutrient, then it would eat until the 

intake target for the regulated nutrient is reached regardless of how much of the 

other is eaten.  In this case the array of intake points of would be in a straight line 

perpendicular to the axis representing the regulated nutrient (Fig. 2A) 

(Raubenheimer & Simpson 1993; Simpson & Raubenheimer 1993). If on the other 

hand the two nutrients are both regulated by the animal then the ‘closest distance 

optimization’ rule is likely to apply and the animal will eat until it gets to a point 

closest to the intake target. In this instance the intake points of each diet would 

form an arch (Fig. 2B) (Raubenheimer & Simpson 1993; Simpson & Raubenheimer 

1993).  

The intake arrays suggest how an animal would behave at a specific point in time 

and this can change (as can intake targets) as result of food availability (Trumper 

& Simpson 1993; Rothman et al. 2011). Trumper & Simpson (1993) found that 

when nymphs of the grass feeding locust Locusta migratoria were give a single 

source of salt supplemented food they did not regulate their salt intake. When the 

amount of salt ingested was plotted against the non-mineral nutrients ingested for 

single food diets the intake array created was similar to that of figure 2A, 

suggesting that L. migratoria nymphs employ the strategy ‘eat until the intake 

target for ‘nutrient A’  in this case non-mineral nutrients) is obtained irrespective 

of the amount of B  salt) eaten’  Trumper &  impson 1993). However, when given 

a choice of two foods which differed only in the amounts of salt they contained 

then regulation of salt intake was seen and the amount of salt and non-mineral 

nutrients were similar across experimental groups (Trumper & Simpson 1993). 

Nymphs of L. migratoria when offered one of twenty five foods comprising of 7, 14, 

21, 28 or 35% protein and one of the same levels of carbohydrate regulated both 

protein and carbohydrate simultaneously (Raubenheimer & Simpson 1993) by 

utilizing the closest distance optimization rule. This was also found to be the case 

when L. migratoria nymphs were given pairs of food which differed in their 

protein: carbohydrate ratio (Chambers et al. 1995). For the generalist feeder 

Schistocerca gregaria protein and carbohydrate were also both regulated however 

the intake target differed when compared to that of L. migratoria (Raubenheimer & 

Simpson 2003). 
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In a study of wild mountain gorillas (Gorilla beringei) Rothman et al (2011) found 

that intake targets for protein and non-protein energy not only differed between 

the sexes as well as by age but they also changed depending on the food available 

at the time (Rothman et al. 2011). High protein leaves make up much of the 

gorillas’ diet as fruit is not available for much of the year  Rothman et al. 2008). 

When fruit is available it can be >40% of the gorillas diet compared to <10% 

during the rest of the year (Rothman et al. 2011). 

 

 

Figure 2: Examples of intake arrays from a hypothetical study of animals fed one of twenty 

five foods containing one of five levels of two nutrients A and B, each represented by a line. 

The numbered boxes represent the ratio of A and B in each diet with the first digit being the 

level (1-5) of nutrient A and the second digit the level of nutrient B. The square indicates the 

intake target. And each cross is the intake point  of the respective diet. The pattern of crosses 

indicates a feeding rule the animals employ. A) An intake array when a single nutrient, in this 

case nutrient A, is regulated. Animals eat until the intake target for nutrient A is reached 

regardless of how much of B is eaten. The reverse would indicate that nutrient B was 

regulated and the line would be horizontal. B) Closest distance optimization rule, animals eat 

until they reach a point closest to the intake target. Adapted from Raubenheimer & Simpson 

(1993). 
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When the diets were modelled using the GF model Rothman et al. (2011) found 

that the gorillas prioritized non-protein energy at the expense of ever eating 

available protein. This is in contrast to the Peruvian spider monkeys (Ateles 

chamek) which were found to regulate their protein intake at the expense of 

carbohydrates and lipids (Felton et al. 2009). This form of protein regulation has 

also been found in humans (Simpson et al. 2003; Gosby et al. 2011) and has been 

referred to as the protein leverage hypothesis (Simpson et al. 2003; Simpson & 

Raubenheimer 2005).   

Simpson et al. (2003) found when adult humans were given a free choice of foods 

but were then restricted to low protein- high carbohydrate + fat diets they 

maintained the same protein intake as under free choice conditions but as a result 

over ate carbohydrate + fat.  Others when restricted to high protein-low 

carbohydrate + fat diets after free choice under ate carbohydrate + fat to maintain 

protein intake (Simpson et al. 2003), similar results were obtained by Gosby et al. 

(2011). 

 Protein is a small part of the human diet (Simpson & Raubenheimer 2005) and 

over time and throughout different populations its intake has been more constant 

or changes at a much slower rate than non-protein elements of diet (Martinez-

Cordero et al. 2012; FAOSTAT database 2013). If the amount of protein in the 

overall diet reduces a small amount there will be a large increase in the amount of 

carbohydrate + fat consumed and unless the excess is removed, for example by 

exercise, body weight rises as will the risk of obesity (Simpson & Raubenheimer 

2005). This was demonstrated by Sørensen et al. (2008) in an investigation using 

mice. They found that when mice were fed a low protein diet their overall energy 

intake rose significantly which resulted in a higher body fat content compared to 

mice fed food containing mid and high levels of protein. 

 In humans’ obesity is a growing problem due to the consequences of excess body 

fat on health as it has been associated with type II diabetes, cardiovascular disease 

and cancer (Samartín & Chandra 2001; Kopelman 2007). Changes in diet, as well as 

exercise, reduce obesity and may even help with the associated health problems.  
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Ginger (Zingibar officinale Rosc.) is a spice that has antioxidant (Butt & Sultan 

2011) and anticarcinogenic (Manju & Nalini 2005; Baliga et al. 2011) properties. In 

a study of 1,2 dimethylhydazine (DMH) induced colon cancer in rats Manju & 

Nalini (2005) found that ginger reduced the incidences of cancer as well as the 

number of tumours. They further found that the levels of enzymic and non-

enzymic antioxidents fell in rats treated with DMH compared to controls however 

rats treated with DMH + ginger had antioxidant levels higher than those of DMH 

though the levels did not reach that of the controls (Manju & Nalini 2005). Other 

spices including garlic (Allium sativum) (Butt et al. 2009) and turmeric (Curcuma 

longa) (Aggarwal 2010; Shishodia et al. 2005) have been found to have antioxidant 

properties and be beneficial to a range of diseases including those mentioned 

above (Shishodia et al. 2005; Butt et al. 2009; Aggarwal 2010).  

1.1.4 Amino acids 

Amino acids (AA) are organic substances containing a chain of carbon atoms, an 

amino and an acid group together with a side chain attached to the first carbon 

atom (Fig. 3) (Massey et al. 1998; Wu 2009). The structure of the side chain 

determines the biological and physiological properties of the AA (Massey et al. 

1998; Wu 2009). There are several hundred AA however only twenty are used for 

protein synthesis (Massey et al. 1998) and a few others such as ornithine and 

citrulline have roles in other metabolic pathways (Meijer 2003; Curis et al. 2005; 

Wu 2009).  

The biological importance of AA to animals including humans has been classified 

into Essential and Non-essential AA. Traditionally this classification is based on 

whether the body could synthesise the AA carbon skeleton adequately to meet 

biological demand, where any deficit was met by dietary intake, as is the case for 

Essential Amino Acids (EAA) (Nieves & Langkamp-Henken 2002). Non-Essential 

Amino Acids (NEAA) are synthesised by the body in amounts sufficient to meet 

demand (Wu 2009). There is some suggestion that function should be taken into 

account when AA are classified (Wu et al. 2009) as there are some AA that under 

normal conditions are synthesised in adequate amounts, but under other 

circumstances, such as during development and reproduction, the AA also needs to 
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be obtained through the diet in order to meet biological demand (Nieves & 

Langkamp-Henken 2002). These AAs have been referred to as conditionally 

essential (Wu 2009). In addition to protein synthesis some AAs were also found to 

have a role in some metabolic pathways such as those for growth, reproduction 

and immunity for example arginine (Evoy et al. 1998; Nieves & Langkamp-Henken) 

and glutamine (Wilmore & Shabert 1998) and have been referred to as functional 

AA (Wu 2009).  

 

Figure 3: The basic structure of an amino acid consisting of an amino and an acid group 

attached to a carbon chain. The length of the carbon chain depends on the amino acid. R 

denotes the side chain attached to the first carbon, the structure of which determines the 

amino acids biochemical and physiological properties. 

Many AAs have two structures, which only differ by the fact that they are mirror 

images of each other; these are called enantiomers. The enantiomers have identical 

properties other than the way they rotate polarised light, which is in opposite 

directions (Man & Bada 1987). For this reason they are also known as optical 

isomers and are classified as D- or L- enantiomers depending on whether they 

rotate polarised light to the right (D-) or left (L-). They also have the same 

energetic value (Man & Bada 1987) though their biological function and 

importance differ (Geer 1966; Rock 1971; Ito & Inokuchi 1981; Kraaijeveld et al. 

2011).  
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The biological importance of different amino acids and their enantiomers on 

growth rates in insects have been investigated using Drosophila melanogaster 

(Geer 1966; Kraaijeveld et al. 2011), Argyrotaenia velutinana (Rock 1971) and 

Bombyx mori (Ito & Inokuchi 1981). It was shown that some D- enantiomers, such 

as D-phenylalanine, D- methionine and D- histidine, could replace their L- counter 

parts and be utilised for growth (Geer 1966; Rock 1971) although which D- amino 

acids and to what extent they replaced their L- counter parts was species specific 

(Ito & Inokuchi 1981). For example, Rock (1971) found that for A. velutinana L- 

tyrosine had a sparing effect on D- phenylalanine and L-cystine had the same effect 

on D- methionine.  A. velutinana survival rates and pupal weights were comparable 

to those on control diets however growth rates were reduced when L- tyrosine or 

L –cystine were omitted (Rock 1971). D-arginine and D- lysine, thought unable to 

support development in place of the L- form, were found to be used for growth if 

the amount of the L- form available was restricted (Geer 1966; Rock 1971). 

Kraaijeveld et al. (2011) found that the two enantiomers of arginine have different 

biological functions with regards to the immune system. L-arginine was shown to 

increase the encapsulation rate of D. melanogaster larvae by increasing the amount 

of nitric oxide (NO) within the lamellocytes. On the other hand D- arginine was not 

shown to have any effect on NO production or encapsulation rate (Kraaijeveld et al. 

2011). The taste of the L- and D- forms of many amino acids have been evaluated 

in humans (Solms, Vuataz & Egli 1965; Schiffman & Dackis 1975; Schiffman, 

Sennewald & Gagnon 1981) although no evidence to date compares taste 

preference directly. Initially in humans D- and L- amino acids had been found to 

taste different with D- isomers tasting sweet and L- bitter (Solms et al. 1965), 

though more recent studies have found that the tastes of D- and L- amino acids are 

more complex than that (Schiffman & Dackis 1975; Schiffman et al. 1981). 

Amino acids and immunity 

The role of AA in the immune system is not always clear as they can act directly, 

indirectly or both (Li et al. 2007; Wu 2009). In some case when investigating the 

effects of AA on a disease the results may differ a little from that of controls but 

these differences, though they may be biologically significant, are not always 
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statistically significant. For example, Van Brummelen & du Toit (2007) found that 

L-methionine has a possible role in the supportive treatment of immune 

compromised or deficient humans. This was attributed to improvements in the 

CD4 count and total lymphocyte count, and a general improvement in the quality of 

life. Improvements to CD4 counts were found in both men and women however 

the result was only found to be statistically significant in women (Van Brummelen 

& du Toit). In some cases it is the relationship between one or more AA that affects 

the immune system. The AA arginine plays a key role in the urea cycle and in the 

production of (NO) (Morris 2002; Wu et al. 2009) and can be synthesised from 

citrulline (Morris 2002; Morris 2007) however under times of stress synthesis of 

arginine may not be able to meet biological demand  (Morris 2007). Collins et al. 

(2007) found that human subjects given watermelon juice, which is naturally rich 

in citrulline, had higher levels of arginine in their blood plasma than controls. If 

these levels were maintained then in times of stress biological demand for arginine 

may be met.  

1.1.5 Nitric oxide 

Nitric Oxide (NO) is a small inorganic gas that has been found to have a wide 

functioning role in the biological systems of both vertebrates and invertebrates. It 

is synthesised in the body during the oxidation of L-arginine to citrulline which is 

mediated by the enzyme nitric oxide synthase (NOS) (Rivero 2006).  There are two 

main types of NOS in vertebrates Constitutive (cNOS) and Inducible (iNOS) (Table 

2). cNos is part of cell metabolism and is found in two isoforms neuronal (nNOS) 

and endothelial (eNOS), the NO produced readily crosses cellular membranes so is 

ideally suited to its role as a neurotransmitter (nNOS) and in cardiac homeostasis 

(eNOS) (Rivero 2006). iNOS is absent from resting cells and is activated and 

synthesised in response to cytokines produced as a result of acute infection  and 

produces NO in much higher quantities than eNOS and nNOS (Burgner et al. 1999; 

Rivero 2006).  As a result of its high concentration inducible NO is toxic to many 

kinds of pathogens including viruses, bacteria, fungi and parasites (Rivero 2006).  
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In invertebrates only a single isoform of NOS has been identified in each species 

(Table 2) and its role can be constitutive (Muller 1997) or inducible (Luckhart et 

al. 1998) or in some instances both (Imamura et al. 2002).  

Table 2: The functional roles of different NOS isoforms in vertebrates and invertebrates. 

Adapted from Rivero (2006) 

 
NOS isoforms Role 

Site of 

Production 

Ref.  

Signaling     

Vertebrates Constitutive: 

 eNOS (NOS I) 

nNOS (NOS III) 

Neurotransmitter 

(nNOS), 

cardiovascular 

homeostasis (eNOS) 

Central and 

peripheral 

nervous system 

(nNOS), 

endothelium 

(eNOS) 

Burgner et 

al. (1999) 

Invertebrates NOSa Modulation of 

chemosensory 

signals, long term 

memory, facilitation 

of blood feeding and 

induction of humoral 

and cellular immune 

responses 

Central nervous 

system, antennal 

lobe, visual 

system, salivary 

glands 

Muller 

(1997) 

Defence against infection 
   

Vertebrates Inducible: 

iNOS (NOS II) 

Direct elimination of 

pathogens 

Phagocytic cells 

(macrophages) 

 

Invertebrates NOSa Direct elimination of 

pathogens 

Midgut cells, 

haemocytes and 

fat body 

Luckhart et 

al. (1998)  

Imamura et 

al. (2002) 

aTo date, only a single NOS isoform has been found in each vertebrate species, with either 

a constitutive (signalling role) (Muller 1997) or an inducible (toxic)(Luckhart et al 1998) 

role; though the same isoform has been founds to have a role in both (Imamura et al. 

2002). 
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1.1.6 Insect models 

The study of the biological systems of different genera of invertebrates, such as 

Caenorhabditis (Chalfie et al. 1985; White et al. 1986; Gray et al. 2005; 

Padmanabhan et al. 2012), Drosophila  (Pruzan & Bush 1977; Godoy-Herrera et al. 

1984; Masek & Scott 2010), Danaus (Lefèvre et al. 2010) and Utethesia (Eisner & 

Meinwald 1995; Bezzerides et al. 2004) have been widely used as relatively simple 

models to elucidate similar  systems in vertebrates with the ultimate goal of 

understanding human biological mechanisms. The value of using invertebrates is 

that compared to vertebrates their body structure and biological systems are 

relatively simple. For example the nervous system of the nematode worm C. 

elegans has been defined and a neuronal map developed for its 302 neurons 

(White et al. 1986), a feat that would be next to impossible in humans. Many 

invertebrates also have short life cycles, enabling many generations to be studied 

over a short period of time. Drosophila, have been widely used to investigate many 

diseases and biological systems, for example human neurodegenerative diseases 

(Sang & Jackson 2005; Marsh & Thompson 2006), immune system (Brehélin 1982; 

Fellowes et al. 1998; Meister 2004; Eslin & Doury 2006) and behaviour and 

learning (Niewalda et al. 2008; Fujita & Tanimura 2011). 

Insect parasite-host models are well established as a way of investigating how 

immune systems respond to immune challenges and identifying the mechanisms 

involved (Nappi & Streams 1969; Eslin & Doury 2006; Castillo et al. 2011; 

Laughton et al. 2011). The molecular cell biology of immune responses in 

Drosophila has been intensively studied, and the main regulatory pathways are 

well understood (Lemaitre & Hoffmann 2007). A parasite-host system often used 

to investigate immune function, and the one used in this study is the Asobara 

tabida - Drosophila melanogaster model (Nappi 1981; Kraaijeveld & van Alphen 

1994; Eslin & Prévost 1998; Wertheim et al. 2005; Kraaijeveld et al. 2011). Asobara 

tabida is an endoparasitic wasp (parasitoid) that lays its eggs within the larvae of 

Drosophila melanogaster. The D. melanogaster larvae, if it recognises the A. tabida 

egg as foreign, will mount an immune response of encapsulation and melanisation 

(Hoffmann 1995). The haemocytes of Drosophila Spp. have been well documented 

(Brehélin 1982; Hultmark 2003; Strand 2008) and four types have been found and 
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classed as plasmatocytes, lamellocytes, crystal cells and prohemocytes (Nappi & 

Streams 1969; Brehélin 1982). The prohemocytes are thought to be the progenitor 

of the other cell types (Meister 2004; Strand 2008). Plasmatocytes are the first 

haemocytes to encounter an invading parasitoid egg which they attach to 

(Williams 2007) and send signals for lamellocytes recruitment and proliferation 

(Lemaiter & Hoffmann 2007). Lamellocytes are large flat cells that envelope the 

egg forming a capsule (Brehélin 1982; Hultmark 2003) following this crystal cells 

release enzymes such as phenoloxidase leading to melanisation of the capsule and 

the eventual death of the egg (Hoffmann 1995). Should encapsulation and/or 

melanisation fail then the parasitoid larva within the egg may not be killed.  

Kraaijeveld et al. (2011) demonstrated that when reared on an L-arginine 

containing medium the encapsulation rate of D. melanogaster increased with 

increasing concentration before obtaining a maximum encapsulation rate of almost 

50%.  This led the authors to question whether D. melanogaster larvae were able to 

discriminate between different concentrations of L-arginine and even different AA 

and whether they would discriminate in favour of L-arginine concentration or AA 

beneficial to them, especially with regards to parasitised larvae. The aim of this 

thesis is to address these questions. 

1.1.7 Aims 

Chapter 2 will define the general methods used throughout this study as well as 

determining the ability of D. melanogaster larvae to distinguish between different 

dietary L-arginine concentrations. It will also analyse whether the ability to 

distinguish between L-arginine concentrations differs between unparasitised 

larvae and those parasitised by the endoparasitic wasp Asobara tabida.  

In Chapter 3 we ask whether L-arginine affects the crawling speed and/or feeding 

rate of larvae which could affect their ability to discriminate between L-arginine 

concentrations. Falibene et al. (2012) found that whilst serotonin depressed the 

feeding behaviour of the nectivorous ant Camponotus mus it did not affect ant 

locomotion. This was also found to be the case with wild type Drosophila larvae 

when fed high levels of the amino acid glycine though this could be rescued when 

larvae were returned to a normal diet (Zinke et al. 1999).  
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The final chapter (Chapter 4) analyses the ability of larvae to distinguish between 

different enantiomers of arginine and between different amino acids. Although the 

amino acids preferences have been widely documented in many animals 

(Schiffman et al. 1981; Iwasaki & Sato 1982; Kasahara, Iwasaki & Sato 1987), the 

ability of an organism to choose between two or more amino acid has not been 

directly assessed. 
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Chapter 2.  

L-arginine discrimination by parasitised and 

unparasitised D. Melanogaster larvae  

2.1 Introduction 

The balancing of nutrient intake is important at all stages of an organism’s life 

from developing young to reproductive adults. Many studies have analysed the 

behavioural and developmental effects of different nutrients such as dietary 

protein-carbohydrate composition (Lee et al. 2008; Povey et al. 2009), salt 

(Niewalda et al. 2008), sugars (Burke & Waddell 2011; Fujita & Tanimura 2011) 

and amino acids (Ito & Inokuchi 1981; Iwasaki & Sato 1982). The importance of 

a specific nutrient to an animal will depend not only upon its environment but 

also upon its developmental, reproduction (Simpson & Raubenheimer 1993) 

and immune state (Anagnostou et al. 2010; Ponton et al 2010). 

 Elrayes (2010) found that when D. melanogaster larvae were reared on food 

containing differing concentrations of the amino acid (AA) L-arginine their 

survival rate to adults reduced with increasing L-arginine concentration. Larval 

survival on 10 mM to 100 mM L-arginine reduced by over 10% from that of the 

controls survival level of over 80%. At 250 mM L-arginine very few larvae reach 

adults and none at all above this concentration (Fig. 4) (Elrayes 2010). In 

contrast to this Kraaijeveld et al. (2011) found that L-arginine was beneficial to 

D. melanogaster larvae parasitised by the endoparasitic wasp Asobara tabida as 

it increased D. melanogaster larval ability to encapsulate the wasp’s eggs and 

larva. When D. melanogaster larvae were reared on medium containing L-

arginine concentrations ranging from 10 mM to 50 mM the encapsulation rate 

increased with increasing concentration so that the rate at 50 mM L-arginine 

the encapsulation rate was over twice that of controls (Fig. 5) (Kraaijeveld et al. 

2011).  These two different effects of the same nutrient suggest a possible trade 

off between increased immunity at the cost of survival. 
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Figure 4: Survival of D. melanogaster to adult when reared on medium containing     

different concentrations of L-arginine. Survival decreased with increasing L-arginine 

concentration, reproduced from Elrayes (2010). 

 

  

Figure 5: The encapsulation rate of D. melanogaster larvae parasitised by A. tabida when 

reared on different concentrations of L-arginine containing medium. The encapsulation 

rate increased with increasing concentrations of L-arginine. Bars show mean ± SE, 

reproduced from Kraaijeveld et al. (2011).  
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2.1.1 Aims 

This chapter aims to investigate whether Drosophila melanogaster larvae can 

distinguish between different L-arginine concentrations. If this is successful 

then the differences in the discrimination ability of larvae parasitised by 

Asobara tabida and unparasitised larvae will be investigated.  

Hypothesis 

Given that the L-arginine concentration most beneficial to parasitised larvae (50 

mM) is detrimental to unparastised larvae, if larvae were able to discriminate 

between different L-arginine concentrations then it would be expected that 

unparasitised larvae would favour L-arginine concentration least detrimental to 

their survival (10 mM) and that parasitised larvae would favour L-arginine 

concentrations that maximised immunity (50 mM). 
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2.2 Methods 

2.2.1 Drosophila culturing 

Drosophila melanogaster used throughout this thesis were a strain (AV) 

collected near Avigliano, Italy in 2001 (Wertheim et al. 2005). To ensure a ready 

supply of egg laying Drosophila melanogaster females a cage culture was set up 

in which flies were kept in a Perspex cage (31cm x 31cm x 31cm) in an insectary 

at a temperature of 20° C and a 16:8 h day: night regime and supplied with 

water (a small jar of water upturned onto a petri dish lined with cotton wool) 

and honey as required (Fig. 6).  Twice a week a single 250ml bottle containing 

medium (section 2.2.3) and baker’s yeast  were added to the cage and left for a 

few hours to allow eggs to be laid, where upon the flies were shaken out, the 

bottle removed and stoppered with cotton wool. Kimwipe was added to the 

bottles to remove excess moisture and to supply emerging adults with a surface 

to rest on. Bottles were left beside the cage until adults emerged at which point 

they were shaken back into the cage.   

Two days prior to experimentation a single 250ml bottle containing medium 

and baker’s yeast was added to the cage.  When approximately 100 flies had 

been collected, the bottle was placed in an incubator at 25° overnight to allow 

eggs to be laid. The following morning the flies were shaken back into the cage 

and the bottle containing the eggs returned to the 25° incubator until the 

following day when they were used for experiments.  

A back up culture was also maintained in case the main culture was lost. This 

culture was maintained as a bottle culture and flies from it were not used for 

experiments (See Appendix for culturing details). It was not necessary to use 

this backup culture at anytime during experiments described in this work. 
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Figure 6: D. melanogaster cage culture. The flies were constantly supplied with honey for 

food, on top of a sponge stopper, and water via a beaker upturned into a petri dish of 

cotton wool. The access hole was covered with a stocking and a length of stockinet to 

prevent flies escaping. 

2.2.2 Parasitoid culturing 

The parasitoid Asobara tabida (strain SOS, originally collected near Sospel, 

France in 1983), a natural predator on the larvae of Drosophila species, were 

cultured on a Drosophila species known to have no encapsulation response; 

Drosophila subobscura (Eslin & Doury 2006).  D. subobscura were kept in two 

Perspex cages within an insectary (20° C, 16:8 hour day: night regime). 

Everyday two 250 ml bottles with medium and baker’s yeast were places in 

each cage, with the previous day’s bottles being removed and the adults left to 

emerge. Emerged adults were shaken back into the alternate cage to maintain 

one genetic population. Kimwipe was added to all bottles once out of the cage to 

remove excess moisture and to supply emerging adults with a surface to rest on. 

Every 5 days four bottles (containing medium and yeast) were placed in each 

cage and the 3-4 day old larvae from these bottles were used to culture A. 

tabida. Larvae were washed from these bottles and distributed across eight new 

bottles containing medium and yeast (100-200 larvae per bottle). Following 

anesthetization (using carbon dioxide), five female and 2 male A. tabida (less 

than 3 weeks old) were placed into each bottle. The bottles were left on their 
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side within the insectary (20°C, 16:8 h day: night regime). The emerging 

parasitoids were collected 4-5 weeks later. A. tabida adults were kept in an 

incubator at 7.5 °C in 250ml bottles containing agar, honey for food and 

Kimwipe (to reduce condensation and provide a surface for them to rest on) 

until required. 

2.2.3 Growth medium and L-arginine 

Growth medium used for all Drosophila culturing was made up in accordance 

with that of Fellowes et al.  1998) and contained dried baker’s yeast, sugar and 

salts (Table 3).  

Table 3: Ingredients of the medium used to culture both D. melanogaster and D. 

subobscura. This is also the base medium to which L-arginine was added for 

experimentation. Weights are those added to 1L of water. 

Ingredient Amount (g) Supplier 

Potassium phosphate 1.5 Fisher Scientific 

Tartaric acid 5 Fisher Scientific 

Ammonium sulphate 2 Fisher Scientific 

Magnesium sulphate 0.5 Fisher Scientific 

Sugar 50 Tate & Lyle 

Dried-yeast 35 Allinsons 

Agar 20 Fisher Scientific 

   

For experiments a medium containing L-arginine was used at concentrations of 

10 mM, 50 mM and 250 mM with the absence of L-arginine being deemed 0 mM. 

1L of medium was made up as above and whilst still hot 150 ml was poured into 

a 500ml beaker. A pre-weighed amount of L-arginine (Sigma-Aldrich) was 

washed into a clean beaker with 20ml of deionised water. This solution was 

then added to the hot medium and the beaker topped up to 200ml with more 

medium, brought back to the boil and stirred continuously for 60 seconds 

(Kraaijeveld et al 2011). The amount of L-arginine added corresponded to that 
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needed for one of the above concentrations for 200 ml of medium. The method 

was repeated for all the required concentrations with the remainder of the 

medium used for 0 mM concentration.  It was noted that the appearance of 250 

mM L-arginine medium differed from that of all the other concentrations in that 

is was slightly darker with a yellow/green tinge to it and had a strong pungent 

smell (pers. obs.). It was decided that the pH and osmolality of each L-arginine 

concentration would be tested as a result (see section 2.2.7). 

2.2.4 Petri dish preparation  

A series of choice tests were set up in order to ascertain if 1) unparasitised D. 

melanogaster larvae could distinguish between different concentrations of L-

arginine and 2) if unparasitised and parasitised larvae have different 

preferences for L-arginine?  All choice tests had the same basic petri dish design 

adapted from Miyakawa (1982), Niewalda et al. (2008) and Mishra et al. (2010). 

A 90 mm petri dish was separated into four sections by two strips of clear 

plastic film (overhead transparencies) 87 mm x 10 mm with a 5 mm slit in the 

middle so they fitted together to form a cross. The separators were held in place 

by a thin layer of non-nutrient agar (Fig. 7A). Working with one concentration 

at a time, L-arginine containing medium (section 2.2.3) was added to each 

section of the petri dish to the same level as the top of the separators.  Any leaks 

of the medium into neighbouring sections were gently removed, once cooled, 

using the flat end of a spatula.  Once all the sections were full and the medium 

cool a small amount of non-nutrient agar was pipetted onto the centre of the 

petri dish to act as a platform on which the larvae were to be placed (Fig. 7B).  

All petri dishes were stored in a fridge at 4°C prior to use and removed 30 min 

before they were required for experimentation. 
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Figure 7: Preparation of Experimental plates at two different stages. A) Initial stage, 

non-nutrient agar was used to anchor the dividers in place. The dividers were 2 strips of 

overhead transparency 87 mm x 10 mm with a 5 mm slit in the middle enabling them to 

be fitted together to form a cross. B) Completed plate, with each section containing L-

arginine medium the concentration of which depended on the experiment. In the middle 

(dashed circle) is a small amount of non-nutrient agar to act as a platform on which 

larvae were placed at the beginning of each experiment. 

 

2.2.5 Obtaining parasitised larvae 

D. melanogaster larvae were cultured as previously described (section 2.2.1). To 

obtain parasitised larvae the observation method was used as follows. 25-30 

second instar larvae were placed onto a 5 cm petri dish containing agar and a 

thin layer of yeast suspension. A single A. tabida female was allowed to walk on 

to the underside of the lid, which was then replaced onto the dish. Using a 

binocular microscope the female was observed moving around the yeast patch 

and any larvae parasitised were immediately removed with a paint brush and 

placed onto a plain agar plate to remove any yeast (Eslin & Prévost 2000; 

Kraaijeveld et al. 2001). Once 20-30 parasitised larvae had been obtained they 

were transferred individually to an experimental petri dish and the Asobara 

female or females (if more than one was used to obtain the required number of 

larvae) were discarded. The same practice was used to obtain the required 

number of un-parasitised larvae with the exception that they were not exposed 
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to Asobara females. Parasitisation was deemed to have occurred if the female 

had her ovipositor inserted for more than 10s (Anagnostou et al. 2010). 

A. tabida females were more likely to oviposit in larvae if they had experienced 

the environment before. Therefore the day prior to the experiment 

approximately 100 D. melanogaster larvae were added to a bottle containing 

agar with a patch of yeast in the middle. Five A. tabida females were added to 

the bottle and left for a minimum of 6h (in the insectary, 20°C) after which they 

were transferred to a bottle containing agar and a little honey and kept in the 

insectary to be used the following day (Van Alphen & Galis 1983). 

2.2.6 Larval ability to discriminate between different L-arginine 

concentrations 

To investigate the ability of D. melanogaster larvae to distinguish between 

different concentrations of L-arginine a four way choice test was performed 

using 0 mM, 10 mM, 50 mM and 250 mM L-arginine.  0 mM, 10 mM, and 50 mM 

L-arginine concentrations have been shown to support D. melanogaster larval 

development (Elrayes 2010) and in parasitised larvae 10 mM and 50 mM L- 

arginine were found to increase encapsulation rates (Kraaijeveld et al. 2011). 

250mM L-arginine by comparison was found to be detrimental to larval 

development (Elrayes unpublished data) its inclusion was to see how larvae 

responded when given a choice. Petri dishes were made up as detailed in 

section 2.2.4 with each section containing L-arginine medium at one of four 

concentrations, 0 mM, 10 mM, 50 mM and 250 mM.  Each L-arginine 

concentration was randomly assigned to a section in each petri dish to control 

for any affect neighbouring sections may have had on each other.  

Thirty unparasitised second instar D. melanogaster larvae were placed on the 

agar platform of the petri dish, the lid replaced and the dish placed within the 

insectary for 24 h (20°C, 16:8 Day: night).  24h was chosen to ensure larvae had 

adequate time to sample all sections. After 24h the medium sections and the 

agar platform were carefully separated out into individually labelled petri 

dishes. The numbers of larvae in each section (including those burrowed within 

the medium) were counted.  To ensure that none were counted twice, as they 
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were found the larvae were placed into a drop of water on the lid of the petri 

dish. Larvae that were not obviously within a section (i.e. on the agar platform 

or lid of the petri dish) or that had died were deemed not to have made a choice 

and were excluded from any analysis. Each dish was considered a replicate and 

20 replicates were used. 

It has been shown that D. melanogaster larvae forage in groups (Scherer et al. 

2003) and as a result the choices of an individual larva cannot be considered as 

statistically independent data point.  The proportion of larvae within each 

section was calculated allowing each dish to be considered a replicate. 

Proportions were calculated as: the number of larvae within a section / total 

number of larvae that made a choice. A section corresponded to either 0 mM, 10 

mM, 50 mM or 250 mM L-arginine containing medium. All proportions were 

arcsine-square root transformed to normalise them prior to any parametric 

statistics being performed.  A one sample t-test allows a sample mean to be 

tested against a single number, in this case the proportion of larvae expected 

within each section if they showed no preference. The proportions of larvae 

found within each section were individually tested against the proportions that 

would have been expected from random in a series of hierarchical t-test (using 

Minitab 16 statistical package).  The expected proportions were 0.25 for 

250mM vs. 0/10/50 mM, 0.33 for 0 mM vs. 10/50 mM and 0.50 for 10 mM vs. 

50 mM. Data from each section tested was removed from further comparisons 

and the remaining proportions amended to reflect this. Repeated testing of data 

increases the likelihood that a result will be significant due to chance. The 

Bonferroni Correction of the critical value was used to reduce the errors 

associated with repeat testing and was calculated as the significance level/the 

number of tests required. The revised critical value was 0.5/3 = 0.017. 
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2.2.7 Osmolality and pH 

As the 250 mM sections of L-arginine medium differed in appearance to all the 

other concentrations (section 2.2.3) it was decided to investigate whether the 

osmolality and pH differed between the different concentrations   of L-arginine 

medium. 

10 ml of each concentration of L-arginine containing medium concentration (0 

mM, 10 mM, 50 mM and 250 mM) were made up as above (section 2.2.3) with 

the exception that no agar was added to the medium so as not to damage the 

instruments.  Before testing the samples were shaken thoroughly to ensure 

even mixing as the mixture had a tendency to separate when left to cool. 

Osmolality was measured using The Advanced Micro-Osmometer, model 3300 

(Advanced Instruments Inc.) and pH using an H1 1290 Amplified Electrode 

(Hanna). Five sets, where a set is 10 ml of each L-arginine concentration, were 

tested and the means calculated. In each case osmolality was measured first 

followed by pH.  

To ascertain if the osmolality and pH differed between L-arginine 

concentrations a one-way Analysis of Variance (ANOVA) was performed on 

each data set (using Minitab 16) with response a variable of osmolality or pH 

and the factor L-arginine concentration. A post hoc Tukey test was performed to 

separate out where any differences may have occurred. 

2.2.8 Unparasitised and parasitised discrimination of L-arginine 

To investigate the ability of parasitised and unparasitised larvae to discriminate 

between different L-arginine concentrations a series of two choice tests were 

under taken to determine whether there were differences in unparasitised and 

parasitised D. melanogaster larval discrimination of different concentrations of 

L-arginine. Larvae would be tested with 0 mM vs. 50 mM and 10 mM vs. 50 mM 

with unparasitised and parasitised larvae being tested in parallel. 

Petri dishes were made up as described above (section 2.2.4) with alternating 

sections of either 0 mM and 50 mM L-arginine medium or 10 mM and 50 mM L-

arginine medium. 20-30 parasitised or un-parasitised larvae (obtained as 
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described in section 2.2.5) were individually placed on the appropriate petri 

dish, which were then placed within the insectary for 24 h (20 °C, 16:8 

day/night regime). 24 h were chosen as changes to diet as a result of 

parasitisation which can take several hours to appear will be well established 

by this time (Anagnostou et al. 2010). The petri dishes were then removed and 

the sections and agar platform separated into labelled petri dishes and the 

numbers of larvae within each section (including those burrowed into the 

medium) were counted. Larvae that were not obviously within a section (i.e. on 

the agar platform or the lid of the petri dish) or that had died were deemed not 

to have made a choice and excluded from further analysis. Each dish was 

considered a replicate and 20 replicates per treatment (parasitised and 

unparasitised) and choice (0 mM vs. 50 mM and 10 mM vs. 50 mM) making 80 

in total. The order in which the experimental dishes received parasitised larvae 

was alternated to control for any affects that the time of day and the time taken 

to obtain parasitised larvae may have had on larval choice. 

For each choice test (0 mM vs. 50 mM and 10 mM vs. 50 mM) the proportion of 

larvae within each section for both unparasitised and parasitised treatments 

were calculated and arcsine-square root transformed prior to statistical 

analysis. For each dish the data from the sections containing the same L-

arginine concentration were combined and subsequently used to calculate 

proportions. The proportion of unparasitised larvae, within either 0 mM or 10 

mM L-arginine sections were tested against what would have been expected if 

larvae showed no preference by a one sample t-test.  For each choice test the 

differences between unparasitised and parasitised larval choice, were tested 

using a two sample t-test comparing 50 mM L-arginine sections. Due to the non- 

independence of the data the proportion of larvae within sections containing 

the same L-arginine concentration were used for statistical analysis. The 

statistical package Minitab 16 was used for all statistical analysis. 
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2.2.9 Parasitisation time and larval choice 

As the immune response of D. melanogaster to parasitisation is encapsulation 

which can take several hours to establish (Eslin & Prévost 2000; Wertheim et al. 

2005) and larval feeding behaviour can change as a result of parasitisation 

(Anagnostou et al. 2010) it was necessary to determine the effect of the time 

since parasitisation on diet choice. The effect of parasitisation time on larval L-

arginine choice was established where the parasitisation time was calculated 

as: The time between the first larva parasitised to the first larva transferred to 

the experimental plate. This time was to allow for the collection of the required 

number of parasitised larvae and to ensure they were all transferred to the 

experimental dish at the same time (± 5 min).  

The relationship between the parasitisation time and the larvae L-arginine 

choice was investigated using data from 0 mM vs. 50 mM and 10 mM vs. 50 mM 

choice tests (see section 2.2.8).  A regression analysis was performed (using 

Minitab 16), with a response factor as the proportion of larvae within 0mM L-

arginine sections (for 0 mM vs. 50 mM) or 10 mM L-arginine sections (for 10 

mM vs. 50 mM) and a predictor value of time (min). All proportionate data was 

arcsine-square root transformed prior to statistical analysis.  
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2.3 Results 

2.3.1 Discriminating between L-arginine concentrations 

A series of four choice tests, using 0 mm, 10 mM, 50 mm and 250 mM L-

arginine, were set up to investigate whether un-parasitised D. melanogaster 

larvae could discriminate between medium containing different concentrations 

of L-arginine. After 24 h the proportion of larvae within each L-arginine section 

(arcsine-square root transformed) were analysed in a series of hierarchical 

single sample t-tests. Proportions were tested against a null of 0.25 for 250 mM 

vs. 0 mM/10 mM /50 mM; 0.33 for 0 mM vs. 10 mM /50 mM and 0.50 for 10 

mM vs. 50 mM, with a Bonferroni corrected critical value of 0.017. 

The lowest proportion of larvae was found with in 250 mM L-arginine sections 

(Fig. 8) this proportion was much lower than the expected value of 0.25 

(250mM vs. 0 mM/ 10mM / 50 mM, t19 =  -16.13, P = 0.0001). Though the 

proportion of larvae within the 0 mM L-arginine sections were over 10 times 

higher than those found within the 250 mM sections, it was lower than the 

predicted value of 0.33 (0 mM vs. 10 mM / 50 mM; t19 = -3.12, P = 0.006). The 

highest proportions of larvae were found within the 10 mM and 50 mM L-

arginine sections, though no difference in the proportions of larvae within these 

sections was found (10mM vs. 50 mM, t19 = 0.43, P = 0.671). 
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Figure 8: Average proportion (±SE) of D. melanogaster larvae found within 

medium containing different concentrations of L-arginine (n = 20).  The lowest 

proportion of larvae was found at the highest concentration. 

2.3.2 Osmolality and pH 

Medium containing L-arginine at concentrations of 0 mM, 10 mM 50 mM and 

250 mM were made up without agar in order to test the osmolality and pH, to 

determine whether their properties could influence larval choice. Both 

osmolality and pH were statistically analysed using a one way ANOVA with a 

post hoc Tukey test. 

The osmolality of 0 mM, 10 mM and 50 mM L-arginine was found to be between 

419.8 and 449.2 mOsm/kg compared to 250 mM which was 576.6 mOsm/kg 

(Fig. 9).  A one way ANOVA showed that the differences in osmolality were 

significant (F3, 16 = 11.79, P = 0.0001). A post hoc Tukey test showed that the 

osmolality of 250 mM L-arginine accounted for the difference in osmolality 

found within the different L-arginine containing media. The relationship 

between concentration and osmolality can be simplified to 0 mM = 10 mM = 50 

mM < 250mM L-arginine. 
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Figure 9: Mean osmolality (± SE) of medium (without agar) containing one of four 

different L-arginine concentrations (n = 5). The highest osmolality was seen at the highest 

L-arginine concentration of 250 mM. 

The pH increased with increasing L-arginine concentration (Fig. 10). The three 

lowest L-arginine concentrations were acidic in nature, though the mean pH of 

0mM and 10mM was 2.17 and 2.51 respectively; the mean pH of 50mM was 

4.39. 250 mM L-arginine was alkaline in nature with a mean pH of 9.93. The one 

way ANOVA showed that these differences in pH were significant (F3, 16 = 

232.83, P = 0.0001). The post hoc Tukey test showed the relationship between 

pH and L-arginine concentrations to be 0mM = 10 mM < 50 mM < 250 mM L-

arginine. 
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Figure 10: Mean pH (± SE) of medium without agar containing one of four L-arginine 

concentraions (n = 5). After 10 mM the pH increases with increased concentrations of L-

arginine. 

2.3.3 Unparasitised and parasitised discrimination of L-arginine 

Two types of two choice tests were set up to examine any differences in the 

ability of unparasitised and parasitised D. melanogaster larvae to discriminate 

between L-arginine concentrations. 0 mM vs. 50 mM and 10 mM vs. 50 mM L-

arginine were tested in parallel. For each choice test the proportions of 

unparasitised larvae (arcsine-square root transformed) within 0mM (for 0 mM 

vs. 50 mM) and 10 mM (for 10 mM vs. 50 mM) were statistically analysed using 

a t-test. The proportions were tested against a null of 0.50. The differences in 

the proportions of unparasitised and parasitised larvae within 50mM L-arginine 

sections (for both choice tests) were tested using a two sample t-test. 

For a 0 mM vs. 50 mM choice test the highest average proportions of larvae 

were found within the 50 mM section of L-arginine (Fig. 11) this was true for 

both parasitised an unparasitised larvae. The proportion of larvae within the 50 

mM section was significantly higher than the proportion within 0 mM section 

(unparasitised T19 = -4.72, P = 0.0001), however within each section the 

proportion of unparasitised and parasitised larvae was the same (T28 = -0.03, P 

= 0.976). 
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Figure 11: Average proportion (± SE) of unparasitised (blue; n=20) and parasitised (red; 

n=20) D. melanogaster larvae within L-arginine sections when given a choice of 0 mM vs. 

50 mM. The average proportion of larvae within each section increase with increasing L-

arginine concentration for both parasitised and unparasitised larvae.  

In a 10 mM vs. 50 mM choice test the highest average proportions of larvae 

were found within 50 mM L- arginine sections (Fig. 12) this was true for both 

parasitised and unparasitised larvae.  The proportion of larvae within the 

50mM section was significantly higher than the proportion within the 0 mM 

section (unparasitised, T19 = -2.65, P = 0.016) and within each section the 

proportions of unparasitised and parasitised larvae differed significantly (T38 = 

-2.39, P = 0.022). 
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Figure 12: Average proportion (± SE) of unparasitised (blue; n=20) and parasitised (red; 

n=20) D. melanogaster larvae within each L-arginine concentration when given a choice 

of 10 mM vs. 50 mM. The average proportion of larvae within each section increased with 

increasing L-arginine concentration. 

2.3.4 Parasitisation time and larval choice 

Parasitisation time was calculated as the time between the first D. melanogaster 

larva to be parasitised and the first transferred to an experimental dish. Data 

was taken from 0 mM vs. 50 mM and 10 mM vs. 50 mM L-arginine choice tests. 

The relationship between parasitisation time and L-arginine section choice by 

the larvae was investigated using a regression analysis.  The proportions of 

larvae (arcsine-square root transformed) within 0 mM or 10 mM sections acted 

as response factors and parasitisation time as the predictor. 

Within the 0 mM vs. 50 mM choice tests the majority of parasitisation times 

were between 40 and 60 min long with only four with a time less than 40 min 

and one greater than 60 min (Fig. 13). The regression analysis showed that 

parasitisation time did not significantly affect larval choice (F1, 18 = 1.19, P = 

0.291).  An ANOVA of the residual errors found that the data point at 80 min 

had a large influence on the regression for this reason the regression analysis 

was rerun omitting this data point. Even with this data point omitted no effect 

of parasitisation time on larval choice was found (F1, 17 = 0.01, P = 0.919).  
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Figure 13: The effect of parasitisation time on the proportion of parasitised D. 

melanogaster larvae within 0 mM L-arginine concentration (n = 20) when given a 

choice of 0 mM vs. 50 mM L-arginine medium.  

The parasitisation times in the 10 mM vs. 50 mM choice tests were more widely 

dispersed than the 0 mM vs. 10 mM test, ranging from 30 – 80 min with an 

outlying data point at 115 min (Fig. 14). The parasitisation time was not shown 

to affect larval choice (F1, 18 = 0.01, P = 0.920). An ANOVA of the residuals 

associated with the regression analysis showed the data point at 115 min had a 

large influence on the analysis. As a result the regression was rerun omitting 

this data point. The revised analysis  showed that there was no effect of 

parasitisation time on larval choice, thought the P value was reduced to such 

that it was only just not significant (F1, 17 = 4.05, P = 0.060). 
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Figure 14: The effect of parasitisation time on the proportion of D. melanogaster larvae 

within 10 mM L-arginine concentration (n = 20) when given a choice of 10 mM vs. 50 mM 

L-arginine medium. 
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2.4 Discussion 

This series of investigations looked at whether D. melanogaster larvae could 

distinguish between different concentrations of L-arginine and if there were 

differences in un-parasitised and parasitised larval ability to distinguish 

between L-arginine concentrations. Due to the differences seen in the 

appearance of the L-arginine medium the osmolality and pH were tested to see 

if this may have influenced larval discrimination. The effect of parasitisation 

time on parasitised larvae discrimination ability was also investigated. 

The presence or absence of D. melanogaster larvae within an L-arginine 

concentration sector was interpreted as indicating the ability of the larvae to 

discriminate between different L-arginine concentrations. In the four choices 

experiment though larvae were found within all L- arginine concentrations, the 

greatest proportion were found within 10mM L-arginine , though this was not 

significantly more than expected by chance. By contrast, the proportion of 

larvae within 250mM was significantly lower than expected. Osmolality was 

similar over 0 mM to 50 mM L-arginine and then significantly increased at 250 

mM .  Though the lowest L-arginine concentrations were all acidic in nature 

there was a significant increase in pH from 10mM to 50mM L-arginine and 

again to 250mM L-arginine which was alkaline. As there were such few larvae 

found within 250 mM L-arginine sections together with the fact that the pH and 

osmolality were significantly higher than the other concentrations it was 

omitted from further experiments. 

 In the series of two choice experiments both unparasitised and parasitised 

larvae were able to distinguish between the different L-arginine concentrations. 

In both sets of L-arginine concentrations (0mM vs. 50mM and 10mM vs. 50 mM) 

the highest average proportion of larvae were found within the highest L-

arginine concentration tested, this was true for both parasitised and 

unparasitised larvae. In the 10mM vs.50 mM choice test the average proportion 

of parasitised larvae within 50 mM was significantly higher than unparasitised. 

This differed from the findings of the previous choice test in which the highest 

proportion of unparasitised larvae within 10 mM L-arginine. This could be 

explained by the difference in pH between the two L-arginine concentrations as 
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though they were both are acidic, 10 mM L-arginine is more so than 50 mM L-

arginine (pH 2.51 and 4.39 respectively). The difference in pH could also 

explain the why larval discrimination favoured 50 mM L-arginine in 0 mM vs. 

50 mM choice experiments, as the pH of 0 mM L-arginine is lower than that of 

10 mM. This suggests that though D. melanogaster larvae can tolerate low pH, 

there is an ideal pH range within this. The higher proportion of parasitised 

larvae within 50 mM L-arginine compared to unparasitised larvae could be due 

to the increased demand that parasitisation places on the immune system, 

meaning that a higher quantity of L-arginine is need to maintain the immune 

response. This is in line with the findings of Anagnostou et al. (2010) who found 

that different species of yeast were preferred by D. melanogaster larvae 

depending on whether they were parasitised or not, suggesting that feeding 

behaviour was influenced by the nutritional requirements imposed on the body 

for either development in unparasitised larvae or immune function in 

parasitised larvae, and that the requirement may not be the same (Anagnostou 

et al. 2010). 

Parasitisation time did not have an effect on parasitised larval choice suggesting 

that the changes in feeding behaviour that result from the immune response 

had not been initiated when they were placed onto the experimental plates.  

This supports the findings by Anagnostou et al. (2010) that the immune 

response can take a few hours to emerge, and that it is fully developed within 

24 hours. It is worth noting however, that though the statistical analysis 

indicated that there was no significant relationship between parasitisation time 

and choice between 10 mM vs. 50 mM, when the outlying data at 115 min was 

excluded the relationship only just failed the test of significance. If changes to 

feeding behaviour do occur a few hours after parasitisation then it is probable  

in this case that the behavioural changes were manifest and larvae were already 

predisposed to discriminate in favour of L-arginine concentration already 

shown to be beneficial to them (Kraaijeveld et al 2011). An increased sample 

size may help to clarify this. 

Nakahara & Iwabuchi (2000) found that the pH and osmolality of culture 

medium affected the development of the endoparasitic wasp Venturia 
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canescens. Their developmental time increased with increasing osmolality and 

the osmolality range to for optimal growth was found to be 300 to 450 

mOsm/Kg. Though V. canescens can develop on medium at pH ranging from of 

6.1 to 7.9 the greatest growth was found within the pH range 6.4 to 7.2 

(Nakahara & Iwabuchi 2000). It was also found that the differences in 

development were due to the effects of pH as supposed to the nutrient quality 

of the medium (Nakahara & Iwabuchi 2000).  This supports our idea that 

though D. melanogaster larvae can tolerate a wide pH range, there is an optimal 

range within this.  

It has been shown that high concentrations of amino acids such as glycine and 

lysine decreased the feeding rate of wild type Drosophila larvae resulting in 

retardation of growth, and this adverse effect was reversed when larvae were 

fed normal food (Zinke et al. 1999). It was suggested that amino acids may play 

a role in regulating feeding, in this case making the larvae feel full. This change 

in feeding behaviour is similar to that seen in a Drosophila mutant referred to as 

pumpless (ppl), which moves away from food as opposed to feeding; despite a 

reduction in feeding rate larval locomotion was not impeded in this mutant and 

no physiological mutations of the feeding apparatus were found (Zinke et al. 

1999). It has also been found that D. melanogaster larvae developing on 

medium containing high L-arginine (>100mM) had retarded growth and did not 

survive to eclosion (Elrayes unpublished data), though feeding rate was not 

looked at. These changes in behaviour may help explain why so few larvae were 

found in the highest L-arginine concentration in this experiment. The L-arginine 

caused a cessation of feeding, resulting in it moving away from that 

concentration, normal feeding behaviour was restored once in a lower 

concentration. 
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2.4.1 Future work 

The fact that some amino acids, in high concentrations, affect the feeding rate of 

D. Melanogaster larvae together with the differences seen in the osmolality and 

pH it lends its self to the question: could L-arginine have a physical effect on the 

larvae that may affect is discrimination ability? To investigate this question a 

future investigation will look at the feeding rate and crawling speed of 

Drosophila melanogaster larvae. It would also be interesting to investigate the 

pH and to some extent the osmotic tolerance in order to define their optimal 

range, however that is not possible to do within the time constraints associated 

with preparing this thesis. 
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Chapter 3.  

Does L- arginine affect crawling speed and feeding rate 

of parasitised D. melanogaster larvae? 

3.1 Introduction  

In Chapter 2 it was shown that unparasitised D. melanogaster larvae were able 

to discriminate between different L-arginine concentrations, moreover both 

unparasitised and parasitised distinguished in favour of the highest L-arginine 

concentration (50 mM) when given a choice between two. It was also found that 

the osmolality and pH varied between L-arginine concentrations, with the 

highest values for each being found at the highest L-arginine tested (250 mM).  

Adult female Drosophila in the wild will lay their eggs on decaying plant 

material (Anagnostou et al. 2010). Once the egg has hatched the larvae (first 

instars) feed almost continuously up until they are ready to pupate (Melcher 

2007) by which point they have undergone two molts to second and third 

instars and almost doubled in size (Godoy-Herrera et al. 1984). Once pupation 

has occurred, they remain in that state until emerging as adults 4-5 days later 

(Fig. 15). Developmental times are affected by temperature with high 

temperatures reducing developmental time and low temperatures increasing it.  

Larvae feed by extending and retracting of their mouth hooks in conjunction 

with pumping their pharynx (Sewell et al. 1974). Larval feeding rate is 

important in order that they can attain the correct size and weight needed for 

pupation (Melcher 2007). Sewell et al. (1974) found in Drosophila that the 

greatest increase in feeding was between first  and second instars, after that the 

feeding rate became constant until mid- third instar when the feeding rate 

decreased sharply as larvae entered pupation. 
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Figure 15: Life cycle of Drosophila melanogaster, once the eggs are laid and hatch the 

emerged larvae undergo a further two molts before finally pupating and adults emerge. 

Image from: http://www.cs.uofs.edu/~kapplerk2/drosophila.php 

The effects of different dietary components on feeding have been investigated 

in invertebrates including Drosophila (Zinke et al. 1999; Niewalda et al. 2008), 

ants (Falibene et al. 2012) and Daphnia (Wiklund et al. 2012). When 

investigating the behavioural response of D. melanogaster larvae (Canton-S wild 

type strain) to salt (NaCl) Niewalda et al. (2008) found that larval feeding rate 

was influenced by the concentration tested, with a slight increase in feeding a 

low concentrations (<0.03 M NaCl) and a reduction in feeding at high 

concentrations  ≥0.75 M NaCl). In the nectivorous ant, Camponotus mus, 

serotonin was found to reduce feeding rate in a dose dependent way, with the 

highest reduction in feeding associated with the highest serotonin 

concentration; ant locomotion, however, was not affected by serotonin 

(Falibene et al. 2012). High concentrations of the AA glycine were found to 

reduce the feeding rate of wild type Drosophila larvae resulting in retardation of 

growth, though locomotion was unaffected (Zinke et al. 1999). It was suggested 
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that amino acids may play a role in regulating feeding, in this case making the 

larvae feel full (Zinke et al. 1999).  

Drosophila larvae move by sinking their mouth hooks into the substrate and 

alternatively extending and contracting the muscles within each body segment 

from posterior (tail) to anterior (head) forming a wave like movement called 

peristalsis (Sokolowski 1980; Gomez-Marin & Louis 2012). Larval crawling 

speed increases with larval age though this is more due to the increased size of 

the larvae rather than the fact that they move faster (Godoy-Herrera et al. 

1984). Once larval size has been taken into account larval crawling speed is 

constant through instars (Godoy-Herrera et al. 1984). The act of oviposition by 

parasitoids can its self affect larvae locomotion ability as it has been found that 

some species temporally paralyse their hosts (Chau & Maeto 2009; Desneux et 

al. 2009) and the effect can last up to an hour (Chau & Maeto 2009). This 

paralysis was found to avoid superparasitism (Chau & Maeto 2009; Desneux et 

al. 2009). Parasitoid eggs, in order to survive, need to avoid host defences this 

can be done by attaching to the hosts tissues as seen in some A. strains (Eslin & 

Prévost 200) and by suppressing the immune system using ovarian proteins as 

a technique employed by Campoletis sonorensis (Webb & Luckhart 1996).  

3.1.1 Aims 

To investigate whether a change in behaviour brought about by L-arginine 

could explain the larval discrimination abilities seen in Chapter 2 this chapter 

asks whether L-arginine affects D. melanogaster larval crawling speed or 

feeding rate. 
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3.2 Method 

3.2.1 Larval crawling speed 

55 mm diameter petri dishes were filled with 7 ml of medium containing either 

50 mM L-arginine or 0 mM L-arginine medium made up as described in Chapter 

2. A single parasitised or unparasitised second instar D. melanogaster larvae 

(obtained as described in Chapter 2) was placed within the petri dish and left to 

acclimatise for 30 s before being moved to the centre of the dish and its path 

across the medium continuously recorded for 60 s or until it moved out of the 

field of view at which point the clock was stopped and the time noted. The larva 

was left on the medium for 24 h (20°C, 16:8 day/night regime) after which 

point its path was recorded a second time on the same dish. A camera lucida 

fixed to a binocular microscope was used to enable the larval path to be drawn 

(Kraaijeveld & van Alphen 1995). All recordings were drawn onto paper and 

then transferred to paper marked with a 58mm diameter circular grid of 5 mm 

squares (Fig.16) (Sokolowski 1980).  For each time point any larvae that were 

not actively moving (i.e. dead or feeding within one spot) were excluded from 

statistical analysis. 20 unparasitised and 20 parasitised larvae were tested at 

each of the two L-arginine concentrations (80 larvae in total). 

All images were scanned into the computer and the imaging software ImageJ 

was used to measure path length. Due to the size and in some cases the 

complexity of the images (Fig. 16) they were scaled up 2 times and on a few 

occasions (for very small images) 3 times original size this made them easier to 

evaluate. To make the path lengths comparable, for every image the number of 

pixels per mm was calculated using the set scale function within ImageJ. This 

uses a known distance, in this case 5 mm (the width of a single square in the 

original images) and the number of pixels for the same distance in the scaled 

image (the average of 3 vertical and 3 horizontal measurements). This allowed 

all path lengths to be measured in mm. 
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For each individual larva the initial crawling speed and the crawling speed at 

24h were calculated (path length (mm)/time (s)) and then used to obtain the 

change in crawling speed as follows: Crawling speed at 24h – Initial crawling 

speed. Negative values indicated a reduction in crawling speed and positive 

values an increase.  

A two way ANOVA using a General Linear Model (GLM) was used to evaluate the 

interactions of L-arginine concentration and parasitised state on larval speed 

using the model: 

Crawling speed = [L-arginine] + parasitised + [L-arginine]*parasitised 

Where [L-arginine] is the L-arginine concentration and had two levels 0 mM 

and 50 mM and parasitised is the parasitised state of the larvae, having two 

factors parasitised and unparasitised. 

 

 

Figure 16: An example of a D. melanogaster larval path drawn on to a 58mm circular 

grid of 5mm squares (not to scale). 
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3.2.2 Larval feeding rate 

55 mm diameter petri dishes were filled with a thin layer of non-nutrient agar 

and allowed to cool. 60 μl of either 50 mM L-arginine or 0 mM liquid L-arginine 

medium (culture medium without agar made up as describe in Chapter 2) was 

pipetted on to the middle of the agar dish. As the liquid medium had a tendency 

to separate when left it was thoroughly shaken prior to use.  A single parasitised 

or unparasitised larva was transferred to the liquid medium using a soft paint 

brush and allowed to acclimatise for a period of 30 s.  After this time the 

numbers of cephalopharyngeal retractions observed within 60s were recorded 

using a clicker counter (Joshi & Mueller 1988; Fellowes et al. 1999). This was 

referred to as the feeding rate and was observed using a dissection microscope. 

Larvae were then transferred to an individual 55mm petri dish containing L-

arginine medium of the same concentration as they had been fed for the assay. 

They were then placed within an insectary for 24 h (20°C, 16:8 day/night 

regime) after which time the feeding rate of the larva was measured a second 

time at the same L- arginine concentration. Any larvae that did not begin 

feeding (i.e. dead or moulting) were excluded from statistical analysis. On two 

occasions the larva ceased feeding before the full 60s has passed; in these cases 

the time at which they stopped and the number of contractions were recorded. 

The number of retractions the larvae would have made in 60s was calculated 

using: (number of retractions/time until feeding stopped)*60. 20 unparasitised 

and 20 parasitised larvae were tested at each of the two L- arginine 

concentrations 0 mM and 50 mM (80 larvae in total). For each larva the change 

in feeding rate was calculated as follows: Feeding rate at 24h – Initial feeding 

rate. Negative values indicated the decrease in feeding and positive values and 

increase.  
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A two way ANOVA using a GLM was used to evaluate the interactions of L-

arginine concentration and parasitised state on feeding rate using the model: 

Feeding rate = [L-arginine] + parasitised + [L-arginine]*parasitised 

Where [L-arginine] is the L-arginine concentration and had two levels 0 mM 

and 50 mM and parasitised is the parasitised state of the larvae, having two 

levels parasitised and unparasitised. 
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3.3 Results 

3.3.1 Larval crawling speed 

To determine whether L- arginine affected D. melanogaster larval movement a 

series of locomotion assays were undertaken for both parasitised and 

unparasitised larvae. The larvae were placed on either 0 mM or 50 mM L- 

arginine and the change in crawling speed after 24h was calculated. Negative 

values were reduction in speed whereas positive values were increase in speed. 

The effect of L-arginine concentration and parasitised state on larval speed was 

investigated using a two way ANOVA. 

The average crawling speed increased after 24 h for both unparasitised and 

parasitised larvae across all L-arginine concentrations (Fig. 17). The difference 

between unparasitised and parasitised larval crawling speeds was maintained 

across the L-arginine concentrations (F1, 71 = 0.12, P = 0.733). Despite the fact 

that the changes in parasitised larval crawling speeds were higher than those of 

unparasitised larvae, parasitisation was not found to significantly influence the 

average change in crawling speed (F1, 71 = 1.78, P = 0.187) and neither was any 

interaction between L-arginine concentration and parasitisation found (F1, 71 = 

0.001, P =0.959). 
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Figure 17: Average change in larval crawling speed (mm/s) over 24 h for unparasitised 

(blue) and parasitised (red) D. melanogaster larvae. Larvae were tested on either 0 mM 

(n = 16 unparasitised, n = 19 parasitised) or 50 mM (n = 19 unparasitised, n= 18 

parasitised) L-arginine containing medium after 24h on the corresponding medium. All 

larvae were tested at the beginning of the 24h period to establish an initial crawling 

speed from which the differences were calculated.  

3.3.2 Larval feeding rate 

To determine if L-arginine affected larval feeding a series of feeding assay were 

undertaken for parasitised and unparasitised larvae. The larvae were 

individually placed on either 0 mM or 50 mM L- arginine and the feeding rate 

measured, after 24h the change in feeding rate was calculated. Negative values 

were considered a reduction in feeding rate whereas positive values an 

increase. The effect of L-arginine concentration and parasitised state on larval 

feeding rate was investigated using a two way ANOVA.  

After 24h unparasitised larvae showed a reduction in the average feeding rate 

on 0mM L-arginine and an increase on 50 mM L- arginine by comparison 

parasitised larval feeding rate increased across all L-arginine concentrations 

(Fig. 18). L-arginine concentration was found to affect the average change in 

feeding rate (F1, 70 = 5. 21, P = 0.026) but parasitisation was not (F1, 70 = 0.40, P = 

0.527). No interaction between L-arginine concentration and parasitisation was 

found (F1, 70 = 3.16, P = 0.080). 
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Figure 18: Average change (± SE) in the feeding rate (retraction per min) of 

unparasitised (blue) and parasitised (red) D. melanogaster larvae. Larvae were tested on 

either 0 mM (n = 17 unparasitised, n = 20 parasitised) or 50 mM (n = 19 unparasitised, n= 

15 parasitised) liquid L-arginine medium after 24h on medium containing the 

corresponding L-arginine concentration. All larvae were tested at the beginning of the 

24h period to establish an initial feeding rate from which the difference was calculated.  
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3.4 Discussion 

The aim of this chapter was to determine whether L- arginine affected the 

crawling speed and/or the feeding rate of unparasitised and parasitised D. 

melanogaster larvae. This was to explore whether the ability of larvae to 

discriminate between different L-arginine reported in Chapter 2 could be 

explained by a change in behaviour rather than a choice.  

Crawling speed increased over the 24 h experimental period. L-arginine was not 

found to affect the crawling speed in either unparasitised or parasitised larvae. 

Although the 24h increase in speed was greater for parasitised larvae than 

unparasitised the difference was not significant.  A reduction in the average 

feeding rate over the 24h period was only found in unparasitised larvae at the 0 

mM L-arginine; the average change feeding rate of parasitised larvae was the 

same across the L-arginine concentrations. 

The increased crawling speeds shown by both unparasitised and parasitised 

larvae supports the findings of Godoy-Herrera et al. (1984) though whether a 

constant crawling speed in relation to size would have been found remains to 

be investigated. It is possible that if larval size was taken into account subtle 

changes in larval crawling speed may be seen between unparasitised and 

parasitised larvae. 

Though the change in unparasitised larvae feeding rate appeared to be affected 

by L-arginine concentration it could be attributed to the osmolality or more 

probably the pH of L-arginine medium. Though if this was the case then it 

should also have affected parasitised larvae in the same unless the pH and 

osmolality tolerance of these larvae changes as a result of parasitisation. 

Nakahara & Iwabuchi (2000) found that the optimal pH for growth is a narrow 

range within a wider one that is tolerable to Venturia canescens. Though it was 

not clear if feeding rate was affected by pH, the poor growth seen outside the 

tolerance range (Nakahara & Iwabuchi 2000) may imply it was.  D. 

melanogaster larvae may also have an optimal pH range within a wider 

tolerance range, and if these ranges are partially determined by nutritional or 
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parasitised state, it may account for the differences seen in change in feeding 

rates of parasitised and unparasitised larvae.  

The act of oviposition may also affect larval feeding ability. Desneux et al (2009) 

demonstrated that some parasitoids can cause temporary paralysis in their 

hosts during oviposition and this takes the host some time to overcome. They 

suggested that this was a way of limiting self-superparasitisation as opposed to 

increasing oviposition success by decreasing defensive behaviour (Desneux et 

al. 2009). If D. melanogaster are temporally paralysed by A. tabida and the time 

taken to recover from it is longer than the parasitisation time (Chapter 2) then 

feeding  may have been depressed from the start but by 24h would be fully 

recovered to a normal feeding rate, meaning that average change in feeding rate 

may be higher than it should be. Though this would only affect parasitised 

larvae and not account for depression in feeding of unparasitised larvae. 

Though L-arginine appeared to only affect the feeding rate of unparasitised 

larvae, this was only at the lowest concentration, which was also found to have 

the lowest pH of all the concentrations tested. The effect of osmolality and pH 

on larval discrimination, though not actually tested, cannot be ruled out as 

possible factors affecting larval discrimination. As no effect of L-arginine on 

larval locomotion was found it could be that L-arginine or another factor such 

as pH is acting directly the feeding mechanism. So larvae may be reducing their 

feeding rate as a way of limiting the amount of food ingested or they are taking 

more food per retraction reducing the feeding rate as the food takes longer to 

pass through the pharynx. A simpler explanation may also be that larvae did not 

recover from handling sufficiently well before the initial feeding assay and as a 

result the feeding rate was depressed, this together with the small sample size 

may have led to the reduction in average change of feeding rate seen. The 

sample size for these investigations was small and as result a true indication of 

L-arginine effect on crawling speed and feeding rate may have been obscured.  
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3.4.1 Future work 

If time allowed these investigations would be repeated with a larger sample size 

and with three L-arginine concentrations 0mM, 10 mM and 50 mM. The 

addition of 10 mM L-arginine would allow possible subtle effects that L-arginine 

may have on feeding rate and crawling speed to be investigated. The question of 

interest for the next study, however, follows on from the experiments in 

Chapter 2 and asks can D. melanogaster larvae discriminate between different 

enantiomers of Arginine and also between two different amino acids. 
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Chapter 4.  

The discrimination of arginine enantiomers and leucine 

by D. melanogaster larvae 

4.1 Introduction 

Arginine is an amino acid (AA) essential to many organisms (Rogers & Morris 

1979; Burns et al. 1981; Morris 1985) including D. melanogaster (Geer 1966)  

and has been shown to be part of several biological pathways other that the 

immune system (Massey et al. 1998; Morris 2002; Morris 2007; Wu et al. 2009). 

It has an energetic value of 3,739 KJ per mol. (Wu 2009) and like many AA it has 

enantiomers, also known as optical isomers (Man & Bada 1987). 

In Chapter 2 it was found that D. melanogaster larvae were able to discriminate 

between different L-arginine concentrations, and for both unparasitised and 

parasitised in a series of two choice tests, this discrimination was in favour of 

the highest concentration offered. This corresponded to the L-arginine 

concentration (50 mM) previously found to enhance larval encapsulation the 

most (Kraaijeveld et al 2011). It raised the question of whether D. melanogaster 

larvae could discriminate between arginine enantiomers and between amino 

acids. As this study is interested in larval ability to discriminate in favour of 

concentrations and amino acids shown to improve encapsulation ability (i.e. 50 

mM L-arginine) any amino acid tested against L-arginine should not affect the 

immune system.  

In order to investigate if D. melanogaster larvae could distinguish between 

biological functions of amino acids, the amino acid tested against L- arginine 

must also be an EAA, provide the same energetic value and have a similar 

biological function (where possible) but have no effect on the immune system. 

The amino acids that were classed as EAA’s and were closest to arginine in 

terms of energetic value were leucine (3,582 KJ per mol.) and lysine (3,683 KJ 

per mol.) (Wu 2009). Leucine has no effect on the immune system of mammals 

either directly or indirectly (Li et al. 2011), however,  lysine affects Nitric Oxide 
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(NO) synthesis (Wu 2009) which could indirectly affect the immune system  as 

NO has been shown to play an important role in the encapsulation ability of D. 

melanogaster (Kraaijeveld et al. 2011). For this reason leucine was tested 

against arginine, both were tested in their L- enantiomer forms and at the same 

concentration. 

4.1.1 Aims 

This chapter will look at whether D. melanogaster larval can discriminate 

between amino acids based on their biological function, when the function of 

interest is immunity.  In order to answer this we will investigate whether 1) 

unparasitised and parasitised larvae can distinguish between arginine 

enantiomers and 2) if unparasitised larvae can distinguish between two 

different amino acids, L-arginine and L- leucine. If larvae can differentiate 

between amino acids that convey benefits to the immune system then it would 

be expected that the majority of larvae would choose to feed on L-arginine in 

both investigations.  
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4.2 Method 

4.2.1 Larval ability to discriminate between arginine enantiomers 

To investigate whether parasitised and unparasitised D. melanogaster larvae 

were able to discriminate between the difference enantiomers of arginine a 

series of two choice tests were performed using 50 mM D- and 50 mM L-

arginine. D- Arginine (Sigma-Aldrich) containing medium was made up using 

the same method as that for L-arginine (Chapter 2) with the amount of D-

arginine equating to that needed for 50 mM in 200ml medium. A concentration 

of 50mM L-arginine was used as this elicited the highest increase in 

encapsulation rate (Kraaijeveld 2011) and 50mM D-arginine ensured that 

concentration was not a factor in discrimination .90 mm petri dishes were 

prepared as detailed in Chapter 2 with alternating sections of D- and L-arginine. 

20-30 un-parasitised or parasitised second instar D. melanogaster larvae were 

obtained as detailed in Chapter 2 and transferred to the agar platform of the 

experimental dish and the lids replaced.  The dishes were placed within the 

insectary for 24 hours (20°C, 16:8 day/night regime), after which time the 

sections and  agar plate were separated into individually labelled petri dishes 

and the number of larvae within each section counted (including those 

burrowed within the medium). Any larvae that were dead or undecided (i.e. on 

the agar platform or on the lid of the dish) were excluded from further analysis. 

Each dish was considered a replicate and 20 replicates for both parasitised and 

unparasitised treatments were set up (40 in total). For each replicate the 

numbers of larvae within the two D- or L- arginine sections were combined. 

The proportion of larvae within the D- and L- arginine sections was calculated 

for each treatment. All proportions were arcsine-square root transformed prior 

to parametric statistical analysis. To compare the choices of unparasitised 

larvae the proportions of larvae within the L-arginine sections were tested 

against a null of 50% using a one sample t-test. The null of 50% was used as this 

was the expected proportion of larvae within each section if no discrimination 

was shown. A t-test was performed to compare the proportions of unparasitised 
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and parasitised larvae with D-arginine sections. The statistical package Minitab 

16 was used for statistical analysis. 

4.2.2 Larval ability to discriminate between two different amino 

acids 

To investigate unparasitised D. melanogaster larval ability to discriminate 

between difference amino acids a series of three way choice tests were 

performed using 50 L-arginine, 50 mM L- leucine and 0 mM amino acid 

(culturing medium containing no additional amino acids).  90 mm petri dishes 

were prepared as detailed in Chapter 2 with two sections (opposite each other) 

containing 0 mM amino acid, one section of 50 mM L- arginine and the 

remaining section containing 50 mM L- leucine (Fig 19). L-leucine (Sigma-

Aldrich) medium was made using the same method as that of L-arginine 

(Chapter 2) the amount needed correspond to that required for 50 mM in 

200ml medium. 

30 unparasitised D. melanogaster larvae were obtained a described in Chapter 2 

before being transferred to the agar platform in the middle of the experimental 

dish, the lid replaced and the dish placed within the insectary for 24 hours 

(20°C, 16:8 day/night regime). After 24 hours the sections and agar plate were 

separated into individually labelled petri dishes and the number of larvae 

within each section counted (including those burrowed within the medium). 

Any larvae that were dead or undecided (i.e. on the agar platform or on the lid 

of the dish) were excluded from further analysis. Each petri dish was 

considered a replicate with 20 replicates in total. 
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Figure 19: The arrangement of sections for the three choice tests. O mM amino acid was 

culturing medium with no additional amino acids. The dashed circle indicates the agar 

platform. 

The proportions of larvae within each section were calculated and arcsine-

square root transformed prior to parametric statistical analysis. As each dish 

contained two sections of 0 mM amino acid the number of larvae in both of 

these sections were combined and used to calculate the proportions. To 

compare the proportion of larvae within each section a series of hierarchical 

one sample t-tests were performed. The proportion of larvae within 0 mM 

amino acid vs. L- arginine/ L- leucine was tested against a null of 50 %, and the 

proportion of larvae within L-arginine vs. L- leucine was also tested against a 

null of 50 %.  The null value of 50% was used as this was the expected 

proportion of larvae found within the sections tested if no discrimination were 

shown.  As the proportions of larvae within a section were tested the data was 

removed from further analysis and the remaining proportions recalculated. To 

reduce the errors associated with repeat testing the Bonferroni Correction of 

the critical value was used; calculated as the significance value/ number of tests 

required. The revised critical value was 0.05/2 = 0.025. 
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4.3 Results 

4.3.1 Larval ability to discriminate between arginine enantiomers 

To investigate if parasitised and unparasitised D. melanogaster larvae were able 

to discriminate between the different enantiomers of arginine a series of two 

choice tests were set up. The proportion of unparasitised larvae within L- 

arginine sections were analysed with a one sample t-test against a null of 50%. 

Differences in parasitised and unparasitised choices were tested using a t-test. 

The highest proportion of unparasitised larvae were found within D-arginine 

sections and the highest proportion of parasitised larvae within the L-arginine 

sections (Fig. 20)). Despite this the proportion of larvae within L-arginine 

sections were not found to be significantly different from the proportion found 

within D-arginine sections (Unparasitised, T19 = -0.55, P = 0.590). The 

differences between the proportions of parasitised and unparasitised larvae 

within each sections was also not found to deviate from that expected by chance 

(T38 = -1.07, P = 0.290). 
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Figure 20: Average proportion (±SE) of unparasitised (blue bars, n=20) and parasitised 

(red bars, n=20) D. melanogaster larvae found within medium  containing different 

enantiomers (D- and L-) of arginine at a concentration of 50 mM. 
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4.3.2 Discriminating between amino acids 

In order to investigate whether unparasitised D. melanogaster were able to 

discriminate between different amino acids a three way choice test, 0mM amino 

acid vs. L-arginine vs. L-leucine, was set up. A series of hierarchical t-tests were 

used to compare the proportions (arcsine-square root transformed) of larvae 

within each section. Proportions were tested against a null of 50% for 0 mM 

amino acid vs. L-arginine/ L-leucine and 50% for L- arginine vs. L- leucine with 

a Bonferroni corrected critical value of 0.025. 

The highest proportions of larvae (over 50%) were found within the 0 mM 

amino acid sections and the lowest proportion of larvae within L-leucine 

sections (Fig. 21). The proportions of larvae within 0mM amino acid sections 

were higher than expected from the null (N0= 50%; 0 mM amino acid vs. L- 

arginine/ L- leucine, T19 = 3.24, P = 0.004).  The difference between the 

proportions of larvae within L-arginine and L-leucine sections were not found 

to be significant despite L- leucine having the lowest proportions of larvae (L-

arginine vs. L- leucine, T19 = 1.29, P = 0.213).  
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Figure 21: Average proportion (± SE) of unparasitised D. melanogaster larvae within 

each section of medium when given the choice of 0 mM amino acid vs. 50 mM L- arginine 

vs. 50 mM L- leucine. 0 mM amino acid medium was culture medium with no additional 

amino acid.  Larvae discriminated in favour of 0mM amino acid but did not discriminate 

between L-arginine and L-leucine. 
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4.4 Discussion 

This series of investigations looked at whether of D. melanogaster larvae were 

able to discriminate between different amino based on their biological function. 

A series of choice tests were set up to 1) establish whether parasitised and 

unparasitised D. larvae could discriminate between different enantiomers of 

arginine and 2) whether unparasitised larvae were able to discriminate 

between different amino acids. 

Larval discrimination between arginine enantiomers appeared to differ 

between parasitised and unparasitised larvae with parasitised larvae showing a 

preference for L–arginine and unparasitised larvae for D-arginine. Despite the 

differences in larval discrimination the distribution of larvae across the 

different arginine sections was not statistically significant.  

When given the choice between L- arginine, L- leucine and 0 mM amino acid 

unparasitised larvae discriminated in favour of 0 mM amino acid but appeared 

not to discriminate between L-arginine and L- leucine. The discrimination in 

favour of 0 mM amino acid differs from the findings in chapter 2 where 

unparasitised larvae 10mM L-arginine in the four-way test (fig. 8) though this 

was not significant  and 50 mM L-arginine in the two way tests (figs. 11 & 12). 

In other words they prefered L-arginine to no L-arginine (0mM). 

It is possible that D- arginine was being utilized by the larvae for biological 

functions as well as L-arginine. When investigating the effect of D- and L- amino 

acids on D. melanogaster larval development Geer (1966) found that although 

D- arginine could not be utilised for growth when it completely replaced L-

arginine in the diet, it could be utilised when the amount of L-arginine was 

restricted. As L-arginine is detrimental to larval development (Elrayes 2010) 

but improves immune function of larvae parasitised by A. tabida (Kraaijeveld 

2011) eating both enantiomers of arginine would be beneficial to unparasitised 

and parasitised larvae for different reasons. Unparasitised larvae would be able 

to maintain growth and development whilst reducing the detrimental effects 

associated with high L-arginine concentrations. Parasitised larvae on the other 

hand would be able to maintain both development and the immune response as 
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the majority of L-arginine can be utilized by the immune system and the 

remainder together with D-arginine for development. 

The fact that the majority of larvae favoured 0 mM amino acid may be explained 

by the fact that L-leucine has been found to elicit strong avoidance behaviour in 

Drosophila larvae at a concentration of 0.01M (Miyakawa 1982). The 

concentration of L-leucine used in these experiments was five times higher than 

that used by Miyakawa (1982) therefore an avoidance response would have 

been triggered. If L-arginine tastes/smells like L-leucine then it to is also likely 

to elicit an avoidance response. The high number of larvae with 0 mM amino 

acid would then have been due to avoidance behaviour rather than an actual 

choice. 

Though previous chapters have shown that D. melanogaster larvae  both 

parasitised and unparasitised were able to discriminate between different 

concentrations of a single amino acid, in this series of experiment this ability did 

not appear to extend to discrimination between enantiomers or between 

different amino acids.  

4.4.1 Further work 

Repeating the L-leucine, L-arginine and 0mM amino acid tests with both 

parasitised and unparasitised larvae would possibly give insights into possible 

difference in nutritional requirements of larvae brought about by parasitisation 

and elucidate any avoidance behaviour in greater detail. As L-leucine evokes 

avoidance behaviour at a concentration of 0.01M (Miyakawa 1982) 

concentrations lower than this would be used. It would be interesting to repeat 

the enantiomer choice tests using leucine to see if the lack of discrimination 

shown in this experiment was universal for amino acid. 
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Chapter 5.  

General Discussion 

The experiments within this thesis were designed to investigate Drosophila 

melanogaster larval ability to discriminate between a range of L-arginine 

concentrations, arginine enantiomers and two different amino acids (AA) L-

arginine and L-leucine. This was prompted by the work of Kraaijeveld et al. 

(2011) who found that the encapsulation rate of D. melanogaster larvae 

parasitised by A. tabida increased when larvae were reared on medium 

containing L-arginine. Difference in discrimination ability between parasitised 

and unparasitised larvae may indicate a difference in nutritional requirements 

brought about by parasitisation. The different strategies to obtain these 

requirements maybe explained using the geometric framework (GF) model. The 

effect of L-arginine on locomotion and feeding were also looked at. 

5.1.1 Geometric framework of nutritional behaviour 

The geometric framework (GF) model allows for the mechanisms of nutrient 

regulation to be investigated in a relatively straight forward way (Simpson & 

Raubenheimer (1993). It uses a multidimensional nutrient space consisting of 

two or more axes, where each axis represents a nutrient suspected of being 

important to an animal (Simpson & Raubenheimer 1995; Raubenheimer & 

Simpson 1997). Within this space is the intake target, the optimal balance and 

amount of the nutrients required by an animal to maximise fitness 

(Raubenheimer & Simpson 1997; Simpson & Raubenheimer 2011; Simpson & 

Raubenheimer 2012).  Nutritional rails running though the origin and into the 

nutrient space represent of the food and their slops the balance (or ratio) of the 

nutrients of interest (Raubenheimer & Simpson 1997; Simpson & 

Raubenheimer 2012) (Fig. 1).  An animal eating a single food is confined to 

move along that rail, if the food is balanced then in will reach its intake target if 

not then a compromise will have to be sort (Simpson & Raubenheimer 2001). 

When two or more different foods are available then an animal can reach its 
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intake target by switching between them (Fig. 1) (Simpson & Raubenheimer 

1993; Raubenheimer & Simpson 1997).   

By giving groups of animals a single diet out of a range of diets which differ only 

in the ratio of the nutrients of interest and measuring its consumption over time 

(Simpon & Raubenheimer 1993; Simpson & Raubenheimer 2001) the individual 

dietary intake can be plotted within the nutritional space, creating an intake 

array the shape of which can indicate how the nutrients are regulated at that 

time point (Fig. 2) (Raubenheimer & Simpson 1993; Simpson & Raubenheimer 

1993; Simpson & Raubenheimer 2011). If you have two nutrients of interest 

and one of them is regulated then the animal would eat until the intake target 

for that nutrient is reached regardless of how much of the other is consumed 

and the intake array would be a straight line perpendicular to the axis of the 

nutrient under regulation (Fig. 2A). On the other hand if both nutrients are 

regulated then the animal can use the ‘closest distance optimization’ rule  and 

eat until it gets to a point closest to the intake target where under eating one 

nutrient is balanced by over eating the other(Raubenheimer & Simpson 1993; 

Simpson & Raubenheimer 1993). The intake array in this case would form an 

arch (Fig 2B).   

5.1.2 Summary of results 

In unparasitised larval four choice experiments D. melanogaster larvae were 

able to discriminate between different concentrations of L-arginine showing a 

preference for the lowest L-arginine concentration tested (10 mM) and 

discriminating against the highest (250 mM). In contrary to this both 

unparasitised and parasitised larvae discriminated in favour of 50 mM L-

arginine during the series of two choice tests, even when given 10 mM vs. 50 

mM L-arginine. 

pH was found to increase with increasing L-arginine concentration. With the 

exception of 250 mM L-arginine which was alkaline (pH 10) in nature the 

remaining concentrations were acidic ranging from pH 2 to 4. Osmolality 

showed little variation across 0 mM, 10 mM and 50 mM L-arginine 

concentrations however the osmolality of 250 mM L-arginine was found to be 
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significantly higher. The combination of the low numbers of larvae together 

with the high pH and osmolality of 250 mM excluded it from further 

experiments. 

The time taken to obtain parasitised larvae did not affect larval ability to 

discriminate between L-arginine concentrations.  

D. melanogaster larvae were unable to discriminate between the different 

enantiomers of arginine as well as being unable to discriminate between L-

arginine and L-leucine. In this instance they discriminated in favour of 0 mM 

amino acid (no additional AA) which contradicts the findings above where L-

arginine was preferred over none. 

Larval crawling speed increased for both unparasitised and parasitised larvae 

after 24 h and though parasitised crawling speed was higher than that of 

unparasitised larvae it was not significantly so. After 24h larval feeding rate had 

only decreased for unparasitised larvae fed 0 mM L-arginine. 

5.1.3 Discussion 

The concentrations of L-arginine used within these investigations were based 

on work by Elrayes (2010) and Kraaijeveld et al. (2011) and with the exception 

of 250 mM they all supported D. melanogaster larval development (Elrayes 

2010) and increased encapsulation rates of D. melanogaster parasitised by 

Asobara tabida (Kraaijeveld et al. 2011). 250mM L-arginine by comparison was 

found to be detrimental to larval development (Elrayes unpublished data) 

however it was included to see whether larvae would forage on it when given a 

choice.  

Unparasitised larval discrimination behaviour indicates that L-arginine is 

preferred over no L-arginine (0mM) which may part way explain the changes in 

discrimination from 10 mM in the four choice tests to 50 mM in the two choice 

test 0 mM vs. 50 mM  though not why it occurred for 10mM vs. 50 mM. The 

intake target for L-arginine in unparasitised larvae may not lie within a single L-

arginine concentration, so a compromise is called for and when given a choice 

of diets switching will occur in order to reach it. This behaviour is similar to that 
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predicted by the GF model though the model was not directly investigated. 

Parasitised larvae were only tested against pairs of L-arginine concentrations 

and their discrimination was in favour for the concentration which 

corresponded to the one Kraaijeveld et al. (2011) found promoted the highest 

encapsulation response (50 mM) through an increase in Nitric Oxide (NO). This 

concentration is possibly the closest to the L- arginine intake target for 

parasitised larvae. NO is synthesised from L-arginine and in vertebrates the 

ingestion of large concentrations of L-arginine can lead to a sudden increase in 

NO which, can be harmful (Collins et al. 2007; Wu et al. 2009), this may also be 

true in invertebrates. This effect may be a reason why discrimination against 

250 mM occurred. As larvae ate large quantities of NO were being produced 

making them ‘feel sick’ so they moved away and then avoided that 

concentration. 

Due to the osmolality and pH it is possible that 250 mM L-arginine elicits an 

avoidance response from Drosophila larvae. It is unlikely that osmolality will 

affect larvae as the lower concentrations as they are so similar in value. The pH 

of the lowest L-arginine concentrations on the other hand may have had some 

effect on larvae, but it may have been subtle, as invertebrate larvae are known 

to be able to tolerate a range of pH (Nakahara & Iwabuchi 2000). If intake 

targets for L-arginine can differ between unparasitised and parasitised larvae to 

maintain the immune system, then the pH tolerances may also differ as a result 

of parasitisation in order to limit any detrimental effects of pH as a result of 

changes in diet.  

Parasitisation time did not affect larval discrimination which suggested that the 

immune response had not started or was not far enough advanced to affect 

feeding behaviour. Feeding behaviour can change as a result of parasitisation 

(Anagnostou et al. 2010) and for the purpose of these experiments any changes 

needed to occur during and not to before the experiment. 

 As D- arginine can be utilised for growth alongside the L- form (Geer 1966) it is 

likely that larvae are using it and where D- arginine does not affect immune 

function (Kraaijeveld et al 2011) unparasitised larvae can offset the detrimental 
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effects of increased NO production by eating more D-arginine. Parasitised 

larvae on the other hand could use enantiomers to maintain both growth and 

the immune response. It is also possible that both enantiomers occupy the same 

receptors and it is only post ingestion that any discrimination happens. For 

there to be no discrimination between L-arginine and L-leucine by Drosophila 

larvae it is possible that the intake requirement for L-leucine is much lower 

than that of L-arginine and under tighter regulation. The concentration of L-

leucine available is much higher than required by the larvae so they spend a 

larger proportion of time on no AA (0 mM) to compensate. Another possibility 

is that L-leucine and L-arginine work together and in doing so reduce the intake 

target of each to well below the concentrations used in this experiment. 

It was unlikely that 0 mM amino acid affected unparasitised larval feeding rate 

as it was culture medium with no additional AA, and if it had affected 

unparasitised larvae it should have affected the parasitised as well. It is likely 

that when the initial readings were taken that parasitised larvae had not 

recovered from handling so their feeding behaviour was depressed.   

5.1.4 Conclusion 

D. melanogaster larvae were able to discriminate between different L-arginine 

concentrations but were unable to discriminate between the different arginine 

enantiomers or between arginine and leucine. Discrimination behaviour in most 

cases was not significant; however the sample sizes in all the experiments of 

this thesis were small so some behaviour may have been masked. Small 

differences between parasitised and unparasitised larval discrimination were 

seen and they may be explained using the GF model and the differences in 

intake targets that are likely to occur between parasitised and unparasitised 

larvae (Simpson & Raubenheimer 1993). An avoidance response triggered by L- 

leucine goes some way to explain the discrimination against it by larvae 

however it does not explain the contradictory discrimination against L-arginine 

further investigation is needed to shed light on this. 

 L-arginine had no physical effect on D. melanogaster larvae locomotion or 

feeding, and differences are more likely due to handling errors than L-arginine. 
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However, that being said it is worth noting that pH may have some effect on 

larval behaviour, though to what extent will depend larval pH tolerance. It may 

be worthwhile to ascertain pH tolerance for unparasitised and parasitised as it 

is possible that it can change as a result of parasitisation.  

5.1.5 Further work 

Using isofemale lines the difference in egg laying preferences of D. melanogaster 

females given oviposition sites containing different concentration of L-arginine 

could be investigated. Using a combination of females that have experienced 

parasitisation and those that have not it would be possible to see if females 

oviposition choice would affect subsequent larval discrimination in choice 

experiments similar to those outlined in this study. The choice experiments 

should use a wider range of L-arginine concentrations amino acids as that may 

help partition out the differences in discrimination as a result of parasitisation. 

It may also be possible to incorporate the geometric framework model in to the 

experimental design in order to ascertain the intake targets of different amino 

acids for both parasitised and unparasitised larvae. The possibility of 

synergistic effects of leucine and arginine would be interesting to investigate as 

it may provide new insights into new disease treatments. 
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Appendix 

Drosophila Bottle culture 

 

Drosophila melanogaster were cultured in bottles on a three week cycle. In brief, 

during the first week emerging adults from the previous cycle were collected in 

three bottles containing standard growth medium, a lick of baker’s yeast and a 

piece of Kimwipe, and kept at 7.5°C until the majority of flies had emerged. At 

the beginning of week two the bottles were moved to 20°C; the following day 

the flies were transferred into fresh bottles. The day after the flies were again 

transferred and then incubated at 25°C. At the end of that day if enough eggs 

were laid the adults were transferred back to the previous bottles and returned 

to the 7.5°C incubator, the eggs were incubated at 25°C. If not enough eggs were 

laid then the bottles were left until the following day and the process repeated. 

At the end of the week six bottles were prepared with a lick of yeast; the larvae 

were washed out of their bottles and distributed over the new bottles before 

being incubated at 20°C. During week three the larvae are developing. Adult 

flies from the previous cycle can be transferred to the cage culture or used for 

further experiments. 

 


