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Abstract  

 

Symbiotic microbes are commonly found associated in higher organisms, and often have 

evolved to play an important role in host biology. Researchers have been studying the 

effects that microbial symbionts have on host physiology, their effects on host nutrit ion 

or protection against pathogenic microbial infections, but have recently begun to examine 

how they influence the brain and behaviour. Wolbachia pipientis, a gram-negative alpha-

proteobacteria, intracellular bacterial symbiont infects approximately 40% of all insect 

species, including Drosophila. The fruit fly, Drosophila melanogaster, one of the most 

intensively studied organisms in biology and serves as a model system for the 

investigation of many developmental and cellular processes common to higher 

eukaryotes, and is naturally infected by several strains of Wolbachia. While Wolbachia 

are known to infect numerous host tissues, including the brain, little research has focused 

on how Wolbachia affects the nervous system and behaviour of its host, despite the impact 

behaviour has on host fitness. 

 

This thesis examined the effect three common strains of Wolbachia, two benign strains 

(wMel and wMelCS), and a pathogenic strain (wMelPop), which infect Drosophila, have 

on three essential fly behaviors and the molecular mechanisms Wolbachia may employ 

to alter these behaviours. First, Wolbachia’s effect on male aggression and the influence 

the symbiont has on a monoamine neurotransmitter, octopamine, which controls 

aggression, was explored. Based on these results, additional examination of how 

Wolbachia affects male mating behaviours, specifically male mate success, was 

investigated. These studies into how Wolbachia influences reproductive behaviours 

provided new insight into how certain strains have successfully invaded worldwide 
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Drosophila populations. Finally, examination of Wolbachia’s affect on Drosophila sleep 

and how it influenced additional monoamine neurotransmitters that control sleep, 

dopamine and serotonin, were conducted. Alterations in these behaviours occurred in flies 

infected with one or more tested Wolbachia strains, and demonstrated Wolbachia’s 

influence on a behaviour that dramatically affects many aspects of host health and fitness. 

In addition, Wolbachia-mediated effects on male aggression (chapter 3) and sleep 

(chapter 4) were both associated with changes to monoamine concentration in the brain, 

further demonstrating how symbionts influence the chemical messengers of the brain.  

 

Finally, in chapter 5, analysis on how the pathogenic strain of Wolbachia induced 

pathology in Drosophila under different environmental conditions was conducted. 

Infected fly pathology was found not to be dependent on an increased Octomom copy 

number, but does strongly correlate with increasing temperature. Taken together, this data 

demonstrates that the mechanism/s of wMelPop virulence is more complex than has been 

previously described. 
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Chapter 1: 

General Introduction 



17 

 

A central goal of neuroscience is to understand how neural circuits encode and guide 

complex behaviour (Keene and Waddell, 2007). For decades, the fruit fly, Drosophila 

melanogaster, has been used as a model organism to determine the fundamental genetic 

and neuronal processes that control behaviour. While the vast majority of behaviours are 

determined by genetic variation in the context of a specific environment, recent evidence 

has shown that microbes can also influence animal behaviour, acting as a third epigenetic 

determinant of behaviour (Ott et al., 2014, Su et al., 2013, Rohrscheib and Brownlie, 

2013, Adamo and Webster, 2013).  

 

Insects are commonly infected by the bacterial symbiont Wolbachia pipientis, which 

recently has been shown to influence D. melanogaster brain function and behaviour  

(Peng et al., 2008, Peng and Wang, 2009, Evans et al., 2009, Rohrscheib et al., 2015, 

Champion de Crespigny and Wedell, 2007) . One study in Drosophila has shown that 

Wolbachia influences two insect behaviours, olfactory responsiveness and locomotion, 

which are primarily controlled by monoamine neurotransmitters (Peng et al., 2008, Peng 

and Wang, 2009). Additionally, studies in Wolbachia infected Aedes aegypti mosquitoes 

have also shown altered locomotion (Evans et al., 2009, Turley et al., 2009) which 

correlated with increased brain neurotransmitter concentration (Moreira et al., 2011). It 

is therefore of interest to know what influence Wolbachia has on other behaviours 

controlled by monoamine neurotransmitters, and what biological mechanisms are 

employed to induce these changes.  
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A founding principle of using Drosophila as a model organism to investigate the genetics 

of complex traits such as immunity, development, or behaviour is that genetica lly 

identical flies have similar phenotypes; however the presence of absence of symbionts 

can induce different phenotypes in genetically identical fly stocks (Schneider and 

Chambers, 2008). The effect symbionts have on behaviour is currently not well 

understood. Understanding how Wolbachia influences behaviour will assist in answering 

this question, while providing insight into the underlying mechanisms that control 

behaviour.   
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1.2 DROSOPHILA: A MODEL ORGANISM FOR INVESTIGATING THE BRAIN  

Drosophila is a genus of fruit fly that is often found around overripe or rotting fruit. One 

species of Drosophila, D. melanogaster, is one of the most intensively studied organisms 

in biology and serves as a model system for the investigation of many developmental and 

cellular processes common to higher eukaryotes (Adams et al., 2000, Markow, 2015). 

Drosophila has become one of the prime model systems in brain research. Its brain, which 

is relatively small, consists of about 200,000 neurons (Posey et al., 2001) and it exhibits 

a predictable, well-studied, complex range of behaviours that are often homologues to 

behaviours in mammalian systems (Pandey and Nichols, 2011). Innovative genetic tools 

available for Drosophila allow for new kinds of manipulations of the brain, which permit 

researchers to correlate changes in behaviour with changes in the neural circuitry, leading 

to insight into how the brain functions (Connolly and Tully, 1998, Keene and Waddell, 

2007). For these reasons, Drosophila has been used for decades, and remains the ideal 

behavioural model system (Vosshall, 2007).  
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1.2.1 The Role of Monoamine Neurotransmitters that Control Drosophila 
Behaviour  

Drosophila monoamine neurotransmitter systems and channels are similar to those found 

in the human nervous system (Littleton and Ganetzky, 2000).  Monoamine 

neurotransmitters have a variety of important roles in both Drosophila and vertebrates, 

including behavioural control (Nässel, 1991). Each behaviour is controlled by the 

coordinated action of these monoamines, which are themselves regulated by the enzymes 

required to synthesise each neurotransmitter (Greer et al., 2005). The three major 

monoamine neurotransmitters in Drosophila are: dopaminergic, adrenergic and 

serotonergic. The dopaminergic system is composed of more than one hundred neurons 

spread over approximately 15 clusters per adult brain hemisphere (Mao and Davis, 2009). 

Dopamine (DA) is synthesised from the amino acid tyrosine and is one of the most 

prominent neurotransmitters in the invertebrate system and is an essential regulator of 

numerous behaviours. These behaviours include, but are not limited to, locomotor activity 

(Yellman et al., 1997, Friggi-Grelin et al., 2003, Lima and Miesenböck), sleep and arousal 

(Andretic et al., 2005, Kume et al., 2005, Ganguly-Fitzgerald et al., 2006, Claridge-Chang 

et al., 2009, Lebestky et al., 2009, Andretic et al., 2008), registration of salient stimuli 

(Ye et al., 2004), associative learning (Kim et al., 2007, Krashes et al., 2007, Seugnet et 

al., 2008, Claridge-Chang et al., 2009), aggression (Baier et al., 2002, Alekseyenko et al., 

2010) , and visual attention (Andretic et al., 2005, Van Swinderen and Andretic, 2011, 

van Swinderen, 2007).  
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The Adrenergic system is composed of approximately 40 neurons per brain hemisphere 

(Selcho et al., 2012)  that mostly synthesise one of two neurotransmitters: octopamine 

(Oct) and tyramine (Tyr), both of which are the closest equivalents in Drosophila to the 

adrenergic neurotransmitters epinephrine and norepinephrine (Zhou et al., 2008). 

Octominergic neurons found in the Drosophila nervous system have wide-ranging 

effects on behaviour, including ovulation (Middleton et al., 2006, Rodríguez-Valentín et 

al., 2006), locomotion (Fox et al., 2006), male aggression (Zhou et al., 2008, Rohrscheib 

et al., 2015, Hoyer et al., 2008), sleep (Crocker and Sehgal, 2008), learning and memory 

(Kim et al., 2007), and courtship (Andrews et al., 2014).  

 

The serotonergic system is composed of approximately 40 neurons per brain hemisphere 

(Sitaraman et al., 2008).  Serotonin (5-HT) is an essential neurotransmitter of insects 

(Monastirioti, 1999, Blenau, 2005) that is required for many different physiological and 

behavioural functions, including larval feeding behaviour (Valles and White, 1988, 

Lundell and Hirsh, 1994) and light-dependent locomotion (Rodriguez Moncalvo and 

Campos, 2009), while in adult insects, 5-HT plays a role in olfaction and feeding 

(Neckameyer et al., 2007, Neckameyer, 2010) associative memory (Sitaraman et al., 

2008), sleep and circadian rhythm (Yuan et al., Yuan et al.).  
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1.3 SYMBIOSIS AND HOST BEHAVIOUR  

Animals are a co-dependent mass of their own cells and trillions of microorganisms; 

recent studies of the human microbiome estimate that for every human cell there are 10 

microorganisms, thus 90% of cells in the human body are non-human (Li et al., 2012). 

Symbionts exist in all higher organisms and have evolved to play an important role in 

host biology (Sekirov and Finlay, 2009). Symbionts helped to establish and diversify 

Eukaryotes, and continue to be an important driving force in evolution by inducing 

diverse physiological, morphological, and developmental modifications in the species 

involved (Bauermeister et al., 2012). The word “symbiosis” was first coined by the 

German scientist Heinrich Anton de Bary in his monograph "Die Erscheinung der 

Symbiose" while studying the formation of lichens. He described the phenomenon as “the 

living together of differently named organisms” (de Bary, 1879). We now understand that 

a symbiosis is the close and prolonged relationship between two or more biologica l 

organisms of a different species (Douglas, 2010). In this emerging view, animals and their 

bacterial flora have evolved together to form an extraordinarily complex ecosystem. 

Changes to microbial communities can have serious effects on health. For instance, 

resident bacteria supply essential nutrients, metabolise indigestible compounds, and 

defend against colonisation of opportunistic pathogens (Dillon and Dillon, 2004, 

Lemaitre and Hoffmann, 2007, Leulier and Royet, 2009), demonstrating that the presence 

natural flora plays a key role in regulating the body.  
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A growing body of evidence has also demonstrated that parasitic symbionts can 

manipulate their host‘s behaviour in ways that enhance their transmission within host 

populations (Chapter 2; (Rohrscheib and Brownlie, 2013, Rohrscheib et al., 2015, Shaw 

and Øverli, 2012, Gaskell et al., 2009). The evolutionary interest of a parasitic symbiont 

contradicts that of its host to facilitate its vertical/horizontal transmission, while inducing 

devastating health and fitness effects. Conversely, commensal and/or mutualis t ic 

associations, such as Wolbachia -Drosophila, that cause symbiont- induced alteration of 

host behaviour that benefit both the host and symbiont are rare and less understood  

(Hosokawa et al., 2007).  

 

1.4 Wolbachia pipientis  

Wolbachia pipientis, a gram-negative alpha-proteobacteria, is one of the most common 

intracellular bacteria symbionts in the natural world. Wolbachia infects numerous filar ia l 

nematode, terrestrial isopods, arachnids and an estimated 40% of all insect species 

including. D. melanogaster (Hilgenboecker et al., 2008, Jeyaprakash and Hoy, 2000). 

Wolbachia are maternally transmitted from one generation to the next via the ova of 

infected females, (Hurst et al., 1997) As Wolbachia are maternally transmitted, infect ion 

of insect populations is determined by both the number of Wolbachia infected females in 

a population and their reproductive output compared to Wolbachia-free insects. As such, 

Wolbachia manipulates host sex ratios or reproductive systems by one of four 

mechanisms: i) feminisation of genetically male hosts (Rousset et al., 1992), ii) selective 

death of male offspring in infected females (Jiggins et al., 1998), iii) induction of 

parthenogenesis leading to the development of unfertilised eggs (Stouthamer et al., 1990), 

or most commonly by iv) the induction of cytoplasmic incompatibility that manipula tes 

male sperm and imposes a reproductive cost to uninfected females (Turelli and Hoffmann, 
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1995). Once infected, depending on the species of insect, Wolbachia can be mutualis t ic, 

commensal, or parasitic to its host and in some instances simultaneously (Hosokawa et 

al., 2007, Weeks et al., 2007, Hedges et al., 2008, Brownlie et al., 2009, Brownlie and 

Johnson, 2009, Kremer et al., 2009, Min and Benzer, 1997).  

 

1.4.1 Wolbachia Strains that Infect D. melanogaster  

D. melanogaster flies are naturally infected with one of three Wolbachia strains, wMelCS, 

wMel and wMelPop, all impose weak cytoplasmic incompatibility (CI) (Yamada et al., 

2007), provision metabolites (Brownlie et al., 2009) and protect the insect host against 

viral pathogens (Hedges et al., 2008, Teixeira et al., 2008). Previously, the most common 

strain in wild fruit fly populations was wMelCS, however, it was replaced by a genetica lly 

similar strain, wMel in the early mid-twentieth century (Riegler et al., 2005). wMel first 

established itself and displaced wMelCS as the dominant strain in  North America, 

followed by a rapid sweep through South American, African, European and eventually 

AustralAsian countries in the mid 1980’s (Riegler et al., 2005). How wMel replaced 

wMelCS is not understood as both strains are induce similar phenotypes to the host, 

impose similar CI costs, are both maternally transmitted with equal efficiencies, and 

provide similar fecundity benefits during periods of nutritional stress (Brownlie et al., 

2009, Riegler et al., 2005). Interestingly, however, wMelCS provides a marginal increase 

in viral protection (Chrostek et al., 2013) and some subs trains of CS impose mild 

deleterious fitness costs (reduced lifespan) compared to wMel (Woolfit et al., 2013). 
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A third Wolbachia strain, wMelPop, is also known to infect a limited number of 

Drosophila flab flystocks and unlike wMelCS or wMel, this strain is known to 

dramatically reduce adult-lifespan of infected adult flies (Min and Benzer, 1997). 

Associated with the reduction in lifespan is the proliferation of wMelPop bacteria in 

various adult Drosophila tissues, including the brain. Examination of the brain and eye 

tissue of adult wMelPop infected flies showed that as age progressed, the brain and retinal 

tissues of wMelPop-infected flies became increasingly abnormal (Min and Benzer, 1997). 

More recently, localised over-replication and sub-cellular changes have been observed in 

flies reared at 25°C (Strunov and Kiseleva, 2014). Localisation analyses demonstrate that 

Wolbachia concentrates in the central brain with low density in the optic lobes. In neurons 

of the central brain and ventral nerve cord, Wolbachia localises to the neuronal cell bodies 

but not to axons (Albertson et al., 2013). Comparative genome sequencing of wMelPop 

to wMelCS identified a single 22-kb locus that had triplicated in the wMelPop genome 

(Woolfit et al., 2013, Chrostek et al., 2013); a subsequent study has demonstrated that 

wMelPop over-replication and the resulting reduction in host lifespan correlated with 

increasing copies of a gene region within wMelPop, referred to as the  “Octomom” locus 

(Chrostek and Teixeira, 2015). 
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1.4.2 Wolbachia and Drosophila Behaviour 

Most of the early research on Wolbachia focused the bacteria’s effect on the fitness of 

host reproduction system, however Wolbachia’s systemically infects a wide range of 

tissues, including the adult brain. Wolbachia distribution within the brain and bacterial 

density is primarily determined by the strain. All strains infect the optic lobes at low 

frequencies and predominantly reside in the central brain, however;  wMel and wMelPop 

have relatively even distribution, with wMelPop forming the largest intracellular clusters  

(Albertson et al., 2013). Wolbachia’s ability to infect brain tissue has led to recent studies 

that have examined how this affects fitness on a behavioural level. One of the earliest 

studies into Wolbachia’s effect on host behaviour focused on mate choice (Champion de 

Crespigny and Wedell, 2007, Champion de Crespigny et al., 2005). No direct effect was 

conclusively observed in these studies and more recent work concludes there islittle 

evidence that Wolbachia alters mate choice behaviours {Arbuthnott, 2016 #173}.  

 

 

Additional behaviours not related to reproduction have also been explored. Olfaction, the 

ability to smell, is heavily influenced by Wolbachia in the Drosophila host system. 

Drosophila infected wMel or wMelPop had reduced response to olfactory cues when 

compared to Wolbachia free flies (Peng et al., 2008). Interestingly, under field conditions, 

wMel infected flies displayed increased response to olfactory cues (Caragata et al., 2011). 

Similar enhanced response to odorants was observed in the wRi/D. simulans system, 

where Wolbachia -infected flies took shorter time to enter a food trap and were more 

sensitive to odorant in a T-maze than the uninfected controls. Correlated with the 

observed increase in olfactory response was increased expression of an important odorant 

receptor gene or83b (Peng and Wang, 2009), which is expressed in approximately two-
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thirds of all olfactory receptor neurons (Vosshall et al., 2000, Kalidas and Smith, 2002). 

These results suggest that Wolbachia might increase olfactory response by regulating the 

expression of olfaction-receptor genes in hosts, possibly modifying other behaviour 

associated with the mid-brain centres. 

 

1.4. 3 Wolbachia’s Influence on Monoamine Neurotransmitters 

Dopamine plays a large role in regulating several complex behaviours in insects. A recent 

study demonstrated that certain strains of Wolbachia influence DA levels in the mosquito 

Ae. aegypti (Moreira et al., 2011). The wMelPop strain, when introduced into mosquitoes, 

induces many of the same phenotypes seen in Drosophila, including life shortening, CI, 

and viral interference (Kambris et al., 2009, Moreira et al., 2009, McMeniman et al., 

2008). Additionally, other phenotypes have also been reported in wMelPop infected 

mosquitoes such as altered blood feeding behaviour in infected females (Turley et al., 

2009), and increased locomotor activity and metabolic rate (Evans et al., 2009), 

behaviours closely associated with monoamine neurotransmitters in Drosophila 

(Yellman et al., 1997, Friggi-Grelin et al., 2003, Lima and Miesenböck, 2005, Rodriguez 

Moncalvo and Campos, 2009). To examine a possible relationship between DA and 

previously described behavioural defects in Wolbachia infected mosquitoes, total DA 

levels and the transcriptional profile of several genes involved in the DA biosynthe t ic 

pathway were determined. Total DA levels were significantly higher in wMelPop infected 

mosquitoes, while the expression of three prophenoloxidase (ppo) genes associated with 

DA synthesis were significantly increased relative to Wolbachia free mosquitoes 

(Moreira et al., 2011).  
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1.4.4 Wolbachia’s Influence on Additional Drosophila Behaviours  

As several strains of Wolbachia, both benign and pathogenic, have been shown to localise 

within the Drosophila mid-brain are correlated with changes to olfactory-mediated 

behaviours and in other dipteran species resulted in altered neural dopamine levels, it is 

reasonable to expect Wolbachia might also affect other behaviours. Here I describe the 

effect wMel, wMelCS and wMelPop have on cognitive phenomena controlled by altered 

monoamines levels in the brain, specifically male aggression and male mating success 

(Chapter 3), and sleep (Chapter 4). Additionally, I examined wMelPop dynamics at 

rearing temperatures that extended the range of rearing temperatures used in behavioura l 

experiments, and investigated the link between genome instability and strength of 

pathology (Chapter 5).  
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Chapter 2: 

 

Microorganisms that Manipulate Complex 
Animal Behaviours by Affecting the Host's 

Nervous System 
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2.1 ABSTRACT 

Symbioses occur in all higher organisms and have evolved to play an important role in 

host biology. Researchers have been studying the effects that microbial symbionts have 

on host biology for decades but have only recently begun to examine how they influence 

the brain and behaviour. This review aims to provide several examples of different 

symbionts that have demonstrated the ability to manipulate the behaviour of their hosts 

and described the current evidence for the molecular mechanisms used by the symbiont 

to alter the host’s nervous system and modify behaviour to illustrate the common points 

of interaction between symbiont and host.  

 

2.2 INTRODUCTION 

Symbioses occur in all higher organisms and have evolved to play an important role in 

host biology (Sekirov and Finlay, 2009, Hooper, 2010). Symbionts helped to establish 

and diversify Eukaryotes, and continue to be an important driving force in evolution by 

inducing diverse physiological, morphological, and developmental modifications in the 

species involved (Bauermeister et al., 2012, Godde, 2012). The word “symbiosis” was 

first coined by the German scientist Heinrich Anton de Bary in his monograph "Die 

Erscheinung der Symbiose" (Strasbourg, 1879) while studying the formation of lichens, 

composite organisms which are the result of an association between a fungus and an alga.  

He described the phenomenon as “the living together of differently named organisms. ” 

We now understand that a symbiosis is the close and prolonged relationship between two 

or more biological organisms of a different species; the symbiont is dependent upon the 

host for survival. The impact the symbiont has on it host varies from detrimenta l 

(parasitism), neutral (commensal) or beneficial (mutualistic) (Douglas, 2010, Douglas, 

2011), however many symbiotic relationships do not fit neatly into a discrete category 
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and can deviate between these states under different environmental conditions or through 

time (Brownlie et al., 2009, Hogan, 2011). Much of the symbiosis field has focused on 

understanding the mechanisms by which parasitic symbionts induce disease or how 

mutualists improve or maintain host fitness. Increasingly, symbionts have been observed 

to influence other host fitness traits, including complex behaviours.  

 

Behaviour is a voluntary or involuntary response of an organism in relation to its 

environment (McDonald et al., 2011), which is controlled by the coordinated actions of 

neuronal cells within the brain (Guillery, 2005, Fisar and Hroudova, 2010). The long held 

dogma of behavioural research is that animal behaviour is determined by the complex 

interplay between genetics and the surrounding environment (McGue and Bouchard, 

1998). An increasing body of evidence that shows microbes significantly influence 

animal behaviour (Libersat et al., 2009, Adamo and Webster, 2013, Lafferty and Shaw, 

2013) suggests microbes are a third determinant of behaviour (Forsythe and Kunze, 

2013). These observations are consistent with evolutionary theory predicting that that 

organisms can evolve to manipulate their host to increase their fitness, a process referred 

to as the “extended phenotype” (Dawkins, 1982, Hunter, 2009). Genetic mutations that 

arise within symbionts that enable them to manipulate their host’s behaviour, and in turn 

increase their survival or that of their offspring, will be selected for.  
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While numerous behaviour-modifying microbes have been observed, understanding the 

mechanisms by which microbes manipulate behaviour is a challenging problem for 

biologists. Here we provide several examples of different symbionts that have 

demonstrated the ability to manipulate the behaviour of their animal hosts by altering the 

host's nervous system. We describe the behaviours elicited and discuss the current 

evidence for the molecular mechanisms used. Finally, I outline potential directions for 

future research in this emerging cross-disciplinary field.  

 

 

Table 2.1: Behaviour-modifying microbes and known mechanism  

 

Symbiont Behavioural 
Change 

Mechanism Host 

Spinochordodes tellinii  
(Biron et al., 2005) 

Geotactic and 
water seeking 
behaviour. 

 

Alters neural 
proteins synthesis  

Grasshoppe
r Crickets  

Euhaplorchis californiensis 
(Shaw and Overli, 2012) 
 

Impulse-driven, 
active, and 

aggressive 
behaviour. 

Alters monoamine 
neurotransmitter 
levels and 
signalling  

Killifish    

Toxoplasma gondii 
 (Gaskell et al., 2009) 

Predator evasion, 
fear and anxiety 

behaviour 

Alters dopamine 
neurotransmitter 
levels and 
signalling  

Mice, Rats 

Wolbachia pipientis  
(Peng et al. 2009) 
 

Olfactory cued 

locomotion 
behaviour 

Manipulation of 

gene expression 
and neural 
development  
 

Fruit Flies 

Gut Bacteria in Mice  
(Cryan and Kaupmann, 
2005)  
(Heijtz et al., 2011) 

Anxiety and 

locomotion 
behaviour 

Manipulation of 

gene expression 
and neural 

development  
 

Mice 

Gut Bacteria in Drosophila  
(Sharon et al., 2011, Sharon 
et al., 2010) 

Mate preference 

behaviour  

Manipulation of 
sex pheromones 

Fruit Flies 

HzNV-2  
(Burand et al., 2005) 

Mate calling 
behaviour 

Manipulation of 
sex pheromones 

Moths 
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2.3 MICROBES THAT MANIPULATE NEURAL PROTEIN SYNTHESIS 

2.3.1 Spinochordodes tellinii 

The parasite Spinochordodes tellinii is a nematode hairworm that infects grasshoppers 

and crickets to complete the final stage of its lifecycle. The parasite infects its host either 

by direct infection with larvae or free encysted (in the environment) larvae; and indirect 

infection by larvae encysted within an intermediate host that is consumed by a definit ive 

host (Hanelt and Janovy, 1999). Spinochordodes tellinii continues developing within the 

host until it reaches the point of its aquatic adult stage. The adult worm lives and 

reproduces in the water and therefore must be deposited into a water source to finalise its 

lifecycle. It does this by manipulating host behaviour by causing the host to wander into 

atypical habitats that may contain a water source and causing it to drown by entering the 

water. The adult worms then emerge from the host, where they seek out other adults for 

sexual reproduction (Thomas et al., 2002, Sanchez et al., 2008). These changes are highly 

specific, occurring at night-time, and are completely novel for the grasshopper, which 

naturally avoids drowning. 

 

To understand how S. tellinii manipulates host behaviour, proteomics were used to 

compare the central nervous system and brains of infected and uninfected grasshoppers 

(Biron et al., 2005). Three broad categories of proteins were shown to be influenced by S. 

tellinii (Table 1). The first were proteins that play a direct role in the development of the 

brain, including proteins from the Wnt family and one family of proteins linked to the 

regulation of apoptosis (Caspase Recruitment Domains; CARD). Parasites often regulate 

apoptotic processes to avoid the host immune system, in doing so they indirectly influence 
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development of the host central nervous system (Biron et al., 2005). The second category 

was neural peptides that control water seeking, hI and hK, or geotactic behaviour (the 

oriented movement of an organism in response to gravity); while the third category were 

proteins that regulated neurotransmitter release. It was concluded that S. tellinii induces 

changes to host biochemical interactions, through a combination of indirect and direct 

mechanisms, which in turn directly affect the functioning of the host's central nervous 

system (CNS) and ultimately behaviour (Biron et al., 2005).  

 

2.3.2 Wolbachia pipientis 

Wolbachia pipientis, a gram-negative alpha-proteobacteria, is one of the most common 

intracellular bacterial symbionts on earth infecting numerous filarial nematodes, 

arachnids and at least 40% of all insect species (Jeyaprakash and Hoy, 2000, 

Hilgenboecker et al., 2008, Zug and Hammerstein, 2012). Wolbachia are maternally 

transmitted and are best known for their ability to manipulate host sex determination or 

reproductive systems to promote their transmission; recent studies have also shown that 

Wolbachia can manipulate insect behaviour as well.  

 

Most Wolbachia behavioural studies to date have focused on two related fly species, 

Drosophila melanogaster and D. simulans. In both species, Wolbachia infection is 

correlated with higher mating frequencies in males when compared to uninfected flies 

(Champion de Crespigny et al., 2006). Wolbachia has also been shown to influence 

locomotion behaviour in infected Drosophila in response to olfactory cues, though the 

effects are influenced by host background and environmental conditions (Caragata et al., 

2011). Under controlled laboratory conditions D. melanogaster infected by Wolbachia 

showed reduced olfactory-cued performance compared to Wolbachia free flies (Peng et 
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al., 2008), while field studies showed an increased olfactory response compared to their 

Wolbachia free counter parts (Caragata et al., 2011). Though conflicting, both studies 

demonstrate that Wolbachia do influence D. melanogaster olfactory cued performance 

and that the nature of the modification is contextual.  

 

Wolbachia -infected D. simulans display an increased olfactory-cued performance and 

were more sensitive to odorants in a T-maze than the uninfected controls under standard 

laboratory conditions (Peng et al., 2008, Peng and Wang, 2009). Olfactory response was 

influenced by Wolbachia density, where higher Wolbachia density correlated with a faster 

navigation times to the food source or odorants. Quantitative RT-PCR showed that the 

transcript of an important odorant receptor gene or83b (Table 1), which is expressed in 

approximately two-thirds of all olfactory receptor neurons (Vosshall et al., 2000, Kalidas 

and Smith, 2002), was significantly higher in flies with a fast olfactory response (Peng 

and Wang, 2009). These results suggest Wolbachia increases olfactory response by 

regulating the expression of olfaction-receptor genes in D. simulans. As olfactory 

processes are known to influence learning, memory and attention, Wolbachia may 

inadvertently modify these complex behaviours as well. 

 

2.4 MICROBES THAT MANIPULATE NEUROTRANSMITTER LEVELS AND SIGNALING 

2.4.1 Euhaplorchis californiensis 

Euhaplorchis californiensis are trematodes that live in the gut of Californian shorebirds. 

The parasite produces eggs in the gut of the bird that are then released into the local 

waterways following defecation. The faeces are eaten by horn snails allowing the eggs to 

hatch into larvae within the snail. Interestingly, the parasite can then live within the snail 
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for several generations, inducing sterility. The larva mature into the cercariae stage, the 

free-swimming phase in which a parasitic fluke passes from an intermediate host to 

another, and navigate into marshes, the natural habitat of the killifish, Fundulus 

parvipinnis. The larvae attach themselves to the gills of the killifish and make their way 

along a nerve into the brain cavity. Once fully established in the brain, the fish develop 

thousands of cysts in the brain yet still mature at rates comparable to the uninfected fish.  

A dramatic behavioural change occurs when the parasite reaches high density in the 

hippocampus, in which the fish move to the surface and swim in circles in a flailing 

motion, exposing their silver undersides to the surface, attracting seabirds. The birds catch 

and consume the fish, allowing the completion of Euhaplorchis californiensis life cycle 

(Lafferty and Morris, 1996, Shaw et al., 2010). A recent study by Shaw and Overli (2012) 

suggests a mechanism for how the trematode alters behaviour in the killifish (Table 2.1).  

 

Fish infected with E. californiensis were found to have altered levels and signalling of 

monoamine neurotransmitters, serotonin and dopamine, which control locomotion and 

social behaviour. A direct correlation was found between high parasitic density in the 

hippocampus, an increase in dopaminergic activity, and a decrease serotonergic activity 

in the hippocampus. Additionally low parasitic density in the raphae nuclei, an area within 

the brain stem responsible for anxiety and aggression, was associated with inhibition of 

normally occurring, stress-induced elevation of serotonergic metabolism (Summers and 

Winberg, 2006). This suggests that by altering serotonin and dopamine signalling in the 

fish, E. californiensis may induce changes to impulse-driven, active, and aggressive 

behaviour in its hosts (Shaw and Overli, 2012). 
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2.4.2 Toxoplasma gondii 

One of the most wildly studied parasites that infect the mammalian nervous system is the  

protozoan Toxoplasma gondii.  T. gondii can infect most warm-blooded animals, 

including humans; however its primary host is the domesticated cat. Animals can be 

infected by accidental ingestion of faeces from an infected cat, ingestion of contaminated 

meat, or by transmission from mother to foetus. It is believed that up to a third of the 

human population is infected with T. gondii (Montoya and Liesenfeld, 2004, Torda, 

2001). 

 

Several dramatic behavioural changes that do not occur in the primary feline host are 

noted in infected mice and rats, which are the intermediate hosts for T. gondii. For 

instance, the protozoan has the ability to reduce the rodent’s fear of cats and make the rats 

become attracted to cat urine (Berdoy et al., 2000). Further studies in infected rodents 

show prolonged reaction time to stimuli (Hrda et al., 2000), heightened preference for 

novel stimuli (Webster, 1994, Webster et al., 1994, Berdoy et al., 1995), reduced ability 

to learn (Witting, 1979, Hodkova et al., 2007), and increased general activity and 

locomotion (Hay et al., 1985). Interestingly, infected rats also have a higher capture rate 

in traps (Webster et al., 1994). It is thought that these changes in behaviour reduce the 

rodent’s ability to evade predators, and make it easier for felines to find, capture, and eat 

the infected prey, allowing the parasite to enter the cat and complete its lifecycle. 

 

  

http://en.wikipedia.org/wiki/Coprophagia
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Chronic infection in rodents begins when parasites enter the brain, where hundreds to 

thousands of these parasites group together forming cysts, known as bradyzoites (Denkers 

and Gazzinelli, 1998).  Bioluminescence imaging of the brain of rats infected with T. 

gondii found the number of cysts, and associated inflammation, was highest in the 

amygdala and hippocampal regions of the mouse brain, areas that control anxiety 

(Berenreiterova et al., 2011, Vyas et al., 2007, Hermes et al., 2008). Having established 

high infection densities in these regions, T. gondii then increases the production of the 

neurotransmitter dopamine by 14% (Stibbs, 1985, Skallova et al., 2006, Carruthers et al., 

2007). The genome of T. gondii was found to contain two genes encoding tyrosine 

hydroxylase; that in turn produces dopamine (Table 2.1). These enzymes displayed 

similar kinetic properties to metazoan tyrosine hydroxylases; intriguingly one of these 

enzymes was only induced during formation of the cysts within the rat brain (Gaskell et 

al., 2009). Thus, by producing two enzyme capable of converting L-Tyrosine to L-Dopa 

(Kaufman, 1995), T. gondii are able to increase dopamine biosynthesis in the host. The 

effects of elevated dopamine can be ameliorated and normal behaviour restored using 

dopamine reuptake inhibitors, which reduce the amount of biologically active dopamine 

(Skallova et al., 2006) or by blocking a major dopamine receptor D2 (Webster et al., 

2006).  
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2.5 MANIPULATION OF GENE EXPRESSION AND NEURAL DEVELOPMENT  

2.5.1 Gut bacteria – modulating mammalian brain development, function and 
anxiety states 

Gut flora consists of microorganisms that live in the digestive tracts of vertebrate and 

invertebrate animals, and occur mainly along mucosal surfaces (Sansonetti, 2004). The 

microbes within the gut are primarily made up of hundreds, possibly thousands, of 

bacterial species (Qin et al., 2010), however fungi and protozoa also make up a part of 

the gut flora, but little is known about their interaction with the host (Guarner and 

Malagelada, 2003). The relationship between gut bacteria and its host is largely 

mutualistic and the microorganisms perform a range of useful functions (Backhed et al., 

2005).  For instance, resident bacteria play an important role in host biology, supplying 

essential nutrients, metabolizing indigestible compounds, and defending against 

colonisation of opportunistic pathogens (Dillon and Dillon, 2004, Lemaitre and 

Hoffmann, 2007, Leulier and Royet, 2009). A rapidly growing body of evidence indicates 

that there is an interaction between normal gut bacteria and the function of the central 

nervous system. This is highlighted by the relationship found between anxiety disorders 

and both inflammatory bowel disease and the functional bowel disorders (Creed and 

Guthrie, 1987, Wood, 2007, Walker et al., 2008).  

 

Most scientific research has examined how gut bacteria influences mammalian behaviour. 

Research by Heijtza et al. (2011) used bacteria-free mice to demonstrate that gut 

microbiota impacts motor control and anxiety. Bacteria-free (Germ Free; GF) mice were 

found to have altered behaviour that included anxiety when compared to mice missing 

specific bacterial species (Specific Pathogen Free; SPF) or mice with complete gut 

microbe communities (Heijtz et al., 2011). A second mouse study by Neufeld et al. (2011) 

http://en.wikipedia.org/wiki/Fungi
http://en.wikipedia.org/wiki/Protozoa
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investigated basal behaviour of adult GF female mice compared to SPF mice. Locomotion 

did not differ between either groups. Mice were then tested in an elevated plus maze 

(EMP), which is used to test anxiety-like behaviours and consists of a plus-shaped 

apparatus with two open and two closed arms, with an open roof and elevated off the 

floor. Ordinarily, mice will avoid open spaces to minimize the risk of being seen by 

predators, and spend far more time in the closed than in the open arms when placed in the 

EMP. GF mice spent more time exploring the open arm and decreased time exploring the 

closed arm compared to SPF, signifying decreased anxiety (Neufeld et al., 2011). 

The observed reduction of anxiety correlated with altered expression of genes involved 

in second messenger pathways and synaptic long-term potentiation in hippocampal and 

amygdala brain regions that control motor control and anxiety- like behaviour (Table 2.1) 

(Heijtz et al., 2011). GF mice exposed to gut microbiota early in life display similar 

neurological and behavioural features as the SPF mice, but both differed from the control 

mice. For instance, they both had reduced expression of psd-95 a member of 

the membrane-associated guanylate kinase (MAGUK) family, which is involved in the 

maturation of excitatory synapses (El-Husseini et al., 2000), suggesting that gut bacteria 

are crucial for neural development (Heijtz et al., 2011). Furthermore, GF mice had altered 

expression in three genes (BDNF, 5-HT1A, and NR2B) that influence brain function. 

Expression of brain-derived neurotrophic factor (BDNF), a protein that supports the 

survival of existing neurons, and encourage the growth and differentiation of new neurons 

and synapses (Acheson et al., 1995, Huang and Reichardt, 2001), was increased, and the 

5-HT1A-serotonin receptor sub-type was decreased in the hippocampus and amygdala.

The NR2B subunit of the NMDA receptor was also down regulated in the amygdala. 

Interestingly, a previous study showed that deleting the BDNF receptor TrkB alters the 

way in which newly developed neurons integrate into hippocampal circuitry and lead to 

http://www.pnas.org/content/105/40/15570.full.pdf
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increased anxiety in mice (Bergami et al., 2008). These studies suggest that the absence 

of gut bacteria may affect neural development leading to altered behaviour. Bacteria 

colonise the gut in the days following birth, during a sensitive period of brain 

development, and may potentially induce changes in the expression (Neufeld et al., 2011). 

 

More recent work has begun to investigate the link between specific species of gut 

bacteria and nervous system function. Bravo et al. (2011) conducted a study examining 

how a common probiotic bacterium, Lactobacillus rhamnosus (JB-1), affects emotiona l 

behaviour in the mouse. Wild- type mice were subjected to experiments that 

assess anxiety. These included the previously described EPM assay and stress 

induced hyperthermia (SIH) test in which anxiety induced temperature elevation 

was measures before and after stress stimuli. Treatment of mice with large doses 

of L. rhamnosus (JB-1) resulted in reduced corticosterone (stress hormone) and anxiety-  

and depression-related behaviour compared to untreated mice (Bravo et al., 2011). A 

second study by Matthews and Jenks (2013) investigated behavioural changes associated 

with Mycobacterium vaccae. Mice were fed live M. vaccae prior to being tested in an 

A Hebb–Williams style complex maze, a learning task that can reveal anxiety-related 

behaviours.  Treated mice given M. vaccae had increased maze run times due to 

decreased anxiety behaviours within the maze.  
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Finally, specific bacteria species such as L. rhamnosus (JB-1) were found to influence 

gamma-Aminobutric acid (GABA), the main CNS inhibitory neurotransmitter that is 

involved in regulating many neuronal processes. Alterations in central GABA receptor 

expression are implicated in the pathogenesis of anxiety and depression (Cryan and 

Kaupmann, 2005). Treatment with L. rhamnosus (JB-1) reduced GABAAα2 mRNA 

expression in the prefrontal cortex and amygdala, but increased GABAAα2 in the 

hippocampus. Interestingly, the neurochemical and behavioural effects were not shown 

in vagotomised mice, which points towards the vagus nerve as a major modulatory 

constitutive communication pathway between the gut flora and the brain. Together, these 

findings highlight the important role of bacteria in the bidirectional communication of the 

gut–brain axis and suggest that certain organisms may be useful in stress related 

psychiatric disorders such as anxiety and depression, however further investigation needs 

to be conducted to determine how microorganisms communicate to the brain through the 

vagus nerve (Bravo et al., 2011).  
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2.6 MANIPULATION OF SEX PHEROMONES 

2.6.1 Gut Bacteria in Drosophila melanogaster 

In addition to manipulating neurotransmitters, some microbes have been shown to 

influence ligands of odorant neuron receptors; the most potent of these has been the 

manipulation of invertebrate sex pheromones, thereby influencing mating behaviour. 

Two recent studies by Sharon et al. (2010, 2011) found that gut bacteria influenced mating 

preference in Drosophila melanogaster. In the first study, two wild-type groups of flies 

were reared on separate food media (starch or maltose based food), both of which had the 

ability to influence gut flora due to the unique bacterial populations within the media. 

Adult flies were given the choice to mate with one of two members of the opposite sex – 

one that had been reared on the same food, the other reared on the other food. There was 

a consistent preference, regardless of gender, to mate with flies raised on the same food 

medium. It was concluded adult flies had a stronger preference for mates with the same 

established gut flora profile (Sharon et al., 2011, Sharon et al., 2010).  

 

This hypothesis was extended when Sharon et al. (2011) conducted a second study that 

manipulated the gut bacteria using antibiotics. Adult flies that had been reared on the 

same diet, and assumed to have similar gut flora, were then exposed to broad-spectrum 

antibiotics that disturbed the established gut microbiota. The removal of the gut-bacteria 

also removed the preference for mates reared on the same food medium, suggesting that 

gut flora were responsible for the homogamic mating preference. Further experiments 

tested mate preference in germ-free flies that were subsequently reinfected by a single 

bacterial species, causing a significant increase in mating preference in flies with a newly 

established bacterial species with other flies that infected with the same bacteria, 

compared with antibiotic-treated controls. The second study also investigated possible 
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mechanisms by which these changes to mate-choice might occur. Drosophila, as with 

many other animals, relies on visual and olfactory cues to determine attractiveness prior 

to mating. A number of sex-pheromones are produced by Drosophila and the exact 

composition and ratio of different cuticular hydrocarbons (CH) is heavily selected upon. 

Analysis of the CH composition for antibiotic-treated flies found significant changes in 

at least four of the major CHs when compared to untreated insects (Table 2.1). In most 

cases, removal of gut bacteria correlated with a decrease in CHs. Thus, it appears that 

symbiotic gut bacteria influences mating behaviour by regulating the production of sex 

pheromones (Sharon et al., 2011, Sharon et al., 2010).  

 

2.6.2 Viral: HzNV-2 

HzNV-2 is a rod-shaped, enveloped, sexually transmitted virus that naturally infects the 

corn earworm moth species Helicoverpa zea. Viral replication occurs exclusively in 

the reproductive tissues of the moths and results in sterility (Raina and Adams, 1995), 

however, some asymptomatic female remain fertile that act as carriers transmitting the 

virus vertically to their offspring via their ova (Hamm et al., 1996).  HzNV-2 can also be 

horizontally transmitted during mating; to increase the rate at which this occurs, the virus 

modifies the infected female’s mating behaviour.  For instance, infected females produce 

more mating pheromones and attract more mates than virus-free females. Normally, 

mating pheromones influences female moths to demonstrate “calling” behaviour, which 

includes rapid wing vibrating and release of sex pheromones via the pheromone gland 

(Raina et al., 1989, Kingan et al., 1993, Kingan et al., 1995). This behaviour results in the 

attraction of males that attempt to mate by clasping and holding the female's genita lia 

with their own (Callahan, 1958). After mating, pheromone titres decline and the female 

moths lose sexual interest due to the transfer of male-derived anti-calling factors, 

including a pheromonestatic peptide (PSP) (Kingan et al., 1995). Interestingly, HzNV-2 
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infected females in the presence of males demonstrate increased calling behaviour 

compared to the uninfected controls. Unlike the virus-free females, which discontinued 

calling after mating occurred, infected females continued calling even after male contact. 

Furthermore, HzNV-2 females attracted twice as many males on average as did control 

females (Burand et al., 2005). While it is hypothesised that HzNV-2 alters sex 

pheromones thereby changing insect mating behaviour (Table 1), the exact molecular 

mechanisms by which these manipulations occur are poorly understood. 

 

2.7 FUTURE DIRECTIONS  

There are many symbionts known to modify animal behaviour, understanding the 

mechanisms by which these microbes manipulate behaviour remain a challenging 

problem for biologists. Nevertheless, as demonstrated in this review, there are four 

conserved mechanisms by which symbionts can alter their host’s behaviour: modulat ing 

the biosynthesis of neural peptides and neurotransmitters; modulating the abundance of 

neurotransmitter receptor proteins, disrupting the fundamental architecture and 

development of the central nervous system, and finally, manipulation of sex pheromones. 

All mechanisms, either directly or indirectly, serve to modify their host’s neural 

physiology and function, ultimately resulting in modified host behaviour. Researchers 

investigating how other less-understood microbes alter host behaviour should consider 

first evaluating these previously discovered mechanisms. Understanding which microbes 

influence behaviour, and the mechanisms by which these are achieved, will permit further 

investigation into evolutionary processes such as the extended phenotype, will improve 

our understanding of how animal behaviour is determined, and finally may even lead to 

improved human mental health. 
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  An increasing number of human mental illnesses, such as autism, increased anxiety and 

depression, have been linked to gut flora (Parracho et al., 2005, Desbonnet et al., 2013). 

Consequently, one could imagine that future treatments of mental illness may include 

administration of probiotics that would modify gut flora community structures. Indeed, 

recent clinical trials indicate that for some patients, administration of probiotics are 

capable of improving mental health (Tillisch et al., 2013). To advance this emerging field 

of medical research will require experimental approaches that will describe the microbia l 

community of the gut, and identify behaviour-modifying species. In addition, 

manipulative experiments that seek to either modify microbial communities or the 

molecular signals employed by microbes will be critical to the development of 

therapeutics. As microbiologists and neurobiologists continue to analyse behaviour -

modifying microbes in detail, our understanding of what determines animal behaviour 

will move beyond genetics and environment to include a third and vastly complex 

component – microbes.  
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Chapter 3: 

Wolbachia influences Drosophila reproductive 
behaviour 

 

 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 

 

 

 

All text and data presented in Chapter 3, Sections 3.1 – 3.5, except for data pertaining to 
mate success, have been previously published by Applied Environmental Microbiology. 

The formatting and layout has been modified to meet Griffith University’s formatting 
requirements for a thesis.  
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3.1 ABSTRACT  

Wolbachia are endosymbionts that infect approximately 40% of all insect species and are 

best known for their ability to manipulate host reproductive systems. Though the effect 

Wolbachia infection has on somatic tissues is less well understood, when present in cells 

of the adult Drosophila melanogaster brain, it exerts an influence over behaviours related 

to olfaction. Here we show that a strain of Wolbachia influences male aggression in flies, 

which is critically important in mate competition. A specific strain of Wolbachia was 

observed to reduce the initiation of aggressive encounters in Drosophila males when 

compared against their uninfected controls. To determine how Wolbachia was able to 

alter aggressive behaviour, we investigated the role of octopamine, a neurotransmit ter 

known to influence male aggressive behaviour in many insect species. Transcriptiona l 

analysis of the octopamine biosynthesis pathway revealed that two essential genes , 

tryrosine decarboxylase and tyramine β-hydroxylase, were significantly down regulated 

in Wolbachia infected flies. Quantitative chemical analysis also showed that total 

octopamine levels were significantly reduced in the adult heads.  
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3.2 INTRODUCTION 

Male aggression is an important social behaviour common throughout the animal 

kingdom.  Aggressive behaviours are utilised to secure food, mates, and territory; these 

in turn ensure reproductive success and species propagation (Dierick, 2007). An interplay 

between environmental influence, together with epigenetic and genetic factors (acting 

through neurotransmitters, hormones, and pheromones), shape and influence behaviours 

in animals (Mundiyanapurath et al., 2009, Craig and Halton, 2009, Huber et al., 1997, 

Nilsen et al., 2004, Baier et al., 2002).  Recently, the importance of microbial symbionts 

in directly manipulating host behaviour, often by altering neurotransmitter levels in the 

brain (Rohrscheib and Brownlie, 2013, Adamo and Webster, 2013, Lafferty and Morris, 

1996, Libersat et al., 2009, Champion de Crespigny et al., 2006), has changed the manner 

in which behaviour is viewed. Inherited microbes exert such a strong effect that they, in 

addition to genetics/epigenetics and the surrounding environment, have been described 

as a third major determinant of behaviours (Forsythe and Kunze, 2013).  

 

Wolbachia are reproductive endosymbiotic alphaproteobacteria and are the most common 

intracellular bacteria on Earth - infecting filarial nematodes, arachnids and at least 40% 

of all insect species including the model insect, Drosophila melanogaster (Hilgenboecker 

et al., 2008, Jeyaprakash and Hoy, 2000, Zug and Hammerstein, 2012). Wolbachia are 

maternally transmitted and are best known for their ability to manipulate host sex 

determination or reproductive systems in order to promote germline transmission (Turelli 

and Hoffmann, 1991, Hoffmann and Turelli, 1997). Wolbachia have also been shown to 

influence host metabolic pathways (Brownlie et al., 2009, Kremer et al., 2009, Hosokawa 

et al., 2010), provide protection from pathogens (Hedges et al., 2008, Teixeira et al., 
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2008), influence host lifespan (Min and Benzer, 1997), and play a role in host speciation 

events (Miller et al., 2010).  

 

Wolbachia infections have been correlated to changes in behaviours, including male 

mating frequencies (Champion de Crespigny et al., 2006), mate discrimination (Koukou 

et al., 2006),  and responses to olfactory cues (Peng et al., 2008, Peng and Wang, 2009). 

Wolbachia can also induce host selective mate avoidance, i.e. avoiding mates harboring 

another, incompatible symbiont variant, which could contribute to driving host speciation 

events (Miller et al., 2010). Taken together, these studies suggest Wolbachia act as a 

reproductive parasite of insects by subtly altering mating behaviours that may in turn 

affect both the host and Wolbachia’s ability to flourish together in the wild.   

 

A behaviour that influences reproductive fitness is male aggression. Male Drosophila 

compete with one another to secure resources, territory as well as mate acquirement; thus 

male aggression behaviour is considered to be of ecological significance and influe nces 

male reproductive fitness (Jacobs, 1960, Hoffmann, 1987). While Wolbachia are 

transmitted through maternal and not paternal lines, male reproductive success is critical 

for the spread of Wolbachia into naïve insect populations. The most commonly employed 

manipulation of reproductive systems is cytoplasmic incompatibility, which imposes a 

reproductive cost to Wolbachia-free females after mating with a Wolbachia-infected male 

(Werren et al., 2008). Thus, male reproductive success is a key component of how 

Wolbachia invade insect populations. Evolutionary theory predicts that Wolbachia should 

impose relatively few, if any, detrimental effects upon male mating behaviours, includ ing 

male aggression; yet all strains that infect D. melanogaster are known to infect neural 

tissue (Albertson et al., 2013).  
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Here, we set out to determine if three different Wolbachia strains that infect D. 

melanogaster affect male aggression. We predicted that Wolbachia strains commonly 

found in wild populations of D. melanogaster (Riegler et al., 2005) would have no 

effect on male aggression, while a strain only observed in a limited number of lab stocks 

and known to reduce adult lifespan at restrictive temperatures (Min and Benzer, 1997) 

would modify male aggression. As the wMelPop-CLA strain has been shown to modulate 

biogenic amine neurotransmitter biosynthetic pathways (Moreira et al., 2011) the 

production of the neurotransmitter octopamine (OCT), which is known to regulate male 

aggression in Drosophila (Hoyer et al., 2008), was analyzed using quantitative methods.  
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3.3 MATERIALS AND METHODS 

3.3.1 Fly strains and rearing 

The Drosophila melanogaster strain Canton-S (CS), a strain collected from Canton, Ohio 

USA in 1930 (Ashburner, 1990), was used for all experiments described, and is naturally 

infected by the wMelCS strain; hereto referred as the wMelCS fly strain. Two other 

Wolbachia strains wMel, a benign strain, and wMelPop, a pathogenic strain (Min and 

Benzer, 1997, Wu et al., 2004), were introgressed into the CS background. Briefly, virgin 

females from D. melanogaster yw67c23 infected with the wMel Wolbachia strain were 

mated to males of the CS line. Female offspring were then backcrossed to males of the 

CS line for a total of five generations, generating the wMel fly strain. Virgin females from 

D. melanogaster w1118 infected with the wMelPop Wolbachia strain were mated to males 

of the CS line. Female offspring were then backcrossed to males of the CS line for a total 

of five generations generating the wMelPop fly strain. Tetracycline treatments were 

performed as described previously (Hoffmann et al., 1986)  to generate a genetica lly 

identical fly line that lacked the Wolbachia infection. These lines are hereto referred as 

wMelCS-T, wMel-T, wMelPop-T. Gut flora was reconstituted from the Wolbachia 

infected parental line using standardized methods (Chrostek et al., 2013). All experiments 

were conducted a minimum of seven generations post tetracycline treatment. 
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Drosophila stocks were maintained in bottles on standard food medium made up of 1.6% 

yeast, 6.8% polenta, 0.8% agar, 1.5% sugar, 0.5% propionic acid, and 0.5% w.v. tegosept 

(Ashburner et al., 2005). Adult flies were maintained at 24°C on a 12:12 hour light-dark 

cycle. Bottle populations were maintained at low densities (~100 flies per bottle) to 

minimize the effects of overcrowding. 

 

3.3.2 Male Aggression 

Aggression of adult Drosophila males was determined using a standardized aggression 

protocol (Chen et al., 2002). All fighting pairs had the same Wolbachia infection status, 

i.e. between infected or uninfected pairs. Studies have found that socially naïve flies are 

more aggressive than individuals exposed to other flies (Zwarts et al., 2012), therefore 

male pupae were isolated before eclosion. Twenty pairs of wMelCS, wMel, wMelPop 

infected males, and their genetically paired Wolbachia -free lines (n = 20; 40 males per 

flyline; a total of 240 males) were collected as pupae one day prior to eclosion and isolated 

in individual vials containing standard food medium for the remainder of their rearing 

period. Adult males were maintained at 24°C until 4 days in age. At day 4, individua l 

flies were transferred to plastic Pasteur pipettes for 15 hours of fasting with water. A pair 

of 5 day old flies, the optimal age for observing aggression behaviour (Chen et al., 2002, 

Certel and Kravitz, 2010), were matched by size and placed into a fighting arena for 

filming.  
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Petri dishes (55mm x and 15mm) were divided into top and bottom halves of the fighting 

arena. Small holes were drilled into the bottom to allow fly insertion and the inside of the 

dishes were coated 3 times with clear fluon (HerpTrader, St. Ardeer, Victoria Australia) 

to prevent the flies from climbing up the sides. Eppendorf vial-caps were removed and 

filled with standard food medium and placed in the centre of the arena, acting as a food 

territories for competition between males. The top and bottom of the dish were attached 

with Parafilm. A small square of Parafilm was cut to fit over the entry hole in the bottom 

dish. 

 

Flies are most active in the morning and therefore were only analyzed 1-2 hours after first 

light. Flies were transferred from the starvation pipettes into the entry hole in the bottom 

petri dish of the fighting arena. Once all males were transferred into fighting arenas, ten 

minutes of acclimation time was allowed prior to analysis. The fighting chambers were 

filmed by a High Definition (HD) Sony Handycam (Sony Cooperation) from above for 

20 minutes in well-lit incubator set at 24°C to reduce environmental disturbances. For 

each experiment both Wolbachia infected and uninfected pairs were placed randomly into 

the incubator to minimize position effects within the incubator. 

 

All videos were analyzed manually with iMovie (Apple Inc. California, USA). An 

aggressive encounter was counted when the fighting pairs were at most one fly-body 

length apart and actively engaged in aggressive, previously described offensive 

encounters (Chen et al., 2002). Overall male aggression was determined by three 

behaviours: latency to first aggressive encounter, total number of aggressive encounters, 

and the average length of fight bouts. Data was normalised whereby controls were set to 

a value of 1 and the genetically paired Wolbachia -infected lines were then adjusted by 

the same ratio as that performed for controls. Averages of aggression metrics were 
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compared using a Student’s t-test (SPSS). Locomotion behaviour (fly velocity) for each 

fly line was determined using the Caltech Automated Drosophila Aggression-Courtship 

Behavioural Repertoire Analysis program (CADABRA) to analyze the same 20 minute 

videos that were manually analyzed for aggressive behaviours (Dankert et al., 2009). As 

variance was equivalent, mean velocity (mm / sec) over the 20 minute period was 

compared using a Student’s t-test (SPSS).  

 

3.3.3 Mate-Success 

To determine the mating success of adult Drosophila males infected with different strains 

Wolbachia, we used a protocol similar to one previously described (Rohrscheib et al., 

2015). Male pairs allowed to compete for a virgin female had a different Wolbachia 

infection status, i.e. either between two different strains or between one infected male and 

one uninfected male. To keep the flies naive and eliminate effects of learning and memory 

that may enhance a male’s ability to compete for the female, all flies were collected as 

pupae and isolated before eclosion. Approximately ninety pairs (n = 90; 180 males total) 

and 90 virgin females (n = 90), of different infection status combinations, were collected 

as pupae one day prior to eclosion and isolated in individua l vials containing standard 

food medium for the remainder of their rearing period. Adult males and females were 

maintained at 24°C until 4 days in age. At day 4, individual flies were transferred to 

plastic Pasteur pipettes for 15 hours and offered either water or a 10% black food dye-

water (Queen Fine Foods) solution to produce darkening of the abdomen, allowing for 

easy identification of specific infection statuses during the assay. Effects of food dye were 

examined and controlled for during the assay, in which both competing strains had a 50% 

chance of receiving the dye. A pair of 5-day-old male flies of different infection status 

were matched by size and placed into a previously described competition arena 

(Rohrscheib et al., 2015) with a virgin female.  
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Flies are most active in the morning and therefore were only analysed 1-2 hours after first 

light. Flies were transferred from the holding pipettes into the entry hole in the bottom 

petri dish of the mating chamber. Analysis commenced once all males and the virgin 

female were transferred into fighting arenas. The arenas were monitored for a period of 2 

hours. Once a successful copulation was achieved between the female and one of the 

males (Markow, 1988), the infection status of both the successful and unsuccessful male 

were determined. For analysis, males that successfully mated with the female received a 

score of 1 while unsuccessful males received a score of 0. In the instances where neither 

male successfully copulated with a female within the 2-hour assay period were not 

included in analysis. Statistical difference between mate successes was achieved by T-

test or Mann-Whitney U for non parametric data using SPSS.  

 

3.3.4 High Performance Liquid Chromatography 

Total octopamine concentrations in 5-day-old male fly heads was measured using a 

standard HPLC protocol (Calcagno et al., 2013). Five-day-old Drosophila males were 

snap-frozen in liquid nitrogen, dissected on dry ice and pooled into groups of 10 for HPLC 

analysis. A total of 20 flies were analysed for each Drosophila strain. Heads were placed 

into 100 ml of DE (Deoxyepinephrine) solution and were homogenized via sonication (3-

8 sec), followed by centrifugation at 13 000 rpm for 5 min at 4°C. Samples were then 

syringe filtered and a fixed volume of 20 μl of the resultant supernatant was injected 

directly into the chromatographic system. The system consisted of an autosampler and an 

isocratic HPLC pump (Model 1100, Agilent Technologies, Inc. CA), coupled to a Sunfire 

C18 column (4.6 mm x 150 mm, 5μm; Waters Corporation, MA) and a Coulochem III 

electrochemical detector (ESA Laboratories, Inc. MA), with a flow rate was 1.2 mL per 

minute. Electrochemical detection was obtained with the working electrode set to a 
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potential of +600mV relative to the Ag/AgCl reference electrode. The mobile phase was 

a citrate buffer made with deionized water from a Millipore system (Millipore, MA, 

USA). It consisted of 25mM sodium dihydrogen phosphate anhydrous, 50mM citric acid 

monohydrate, 1.4mM octane sulfonic acid and 1mM ethylenediaminetetraacetic acid 

(EDTA). The pH was adjusted to 4.22 using sodium hydroxide, and acetonitrile 6% (v/v). 

The solution was degassed by vacuum filtration through a 0.22μm cellulose membrane. 

All neurotransmitters standards were prepared daily, using 0.1M perchloric acid. Data 

was quantified with ChemStation software (Agilent Technologies) by calculating peak-

height ratios of each compound relative to the internal standard DE and corrected for 

dilution. Compound identity was determined by retention time and the final amount of 

neurotransmitter described as picograms per head. Averages of total OCT concentrations 

were compared using a Student’s t-test (SPSS). 

 

3.3.5 Gene Expression  

A quantitative reverse transcriptase-PCR assay was used to determine if Wolbachia 

influenced transcription of Tryrosine Decarboxylase 2 (dTdc2) and Tyromine β-

Hydroxylase (Tβh) two genes that encode the OCT biosynthetic pathway relative to the 

housekeeping gene Act 88F (Table 3.1). Act 88F was determined to be stably expressed 

across all experimental conditions (data not shown). A total of 25 male flies were assayed 

5 days of age. Flies were collected by CO2 anaesthesia, snap frozen in liquid nitrogen, 

and stored at -80°C until dissection. Five pools of 5 fly heads (25 heads total) were 

dissected in petri dishes on dry ice and placed into 1.5 ml eppendorf tube. Total RNA was 

purified using Trizol according to manufacturer's protocols (Invitrogen Corp., Carlsbad, 

CA) was conducted immediately after dissection. Total RNA was treated with 3μL of 

DNase I (Roche) for 30 minutes at 37°C in a 30 μL reaction to eliminate genomic DNA. 
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Approximately 0.5 μg of total RNA was reverse transcribed using random primers 

(Invitrogen, Mulgrave, VIC) and reverse transcriptase (Invitrogen, Mulgrave, VIC) 

according to manufacturer's protocols (Invitrogen, Mulgrave, VIC). Gene expression was 

estimated with 2 technical replicates using a standard qPCR assay (McMeniman et al., 

2008). Each qPCR contained 12.5 μl of 2x SYBR pre-mix (QIAGEN), 1 μl of Forward 

primer, 1 μl of Reverse primer, 100 ng of DNA and H2O to a final volume of 25 μl. The 

expression of two genes was estimated relative to Actin 88F (table 1) using the delta-delta 

CT method (Pfaffl, 2001). Averages of expression were compared using a Student’s t-test 

(SPSS). 

 

Table 3.1: Primer sequences  

Gene Forward primer (5′–3′) Reverse primer (5′–3′) 

Act88 ATCGAGCACGGCATCATCAC CACGCGCAGCTCGTTGTA 

dTdc2 ACGCATTGGCAGCATCCTC TGGCAGCAAGCATCGTGAC 

Tβh ATACCCGAAACCGAGTTGG GACACCAGTACGTGGTC 
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3.4 RESULTS 

3.4.1 Male Aggression 

Using a standardized chamber for measuring fly aggression, we assessed the impact that 

Wolbachia infection has on male D. melanogaster aggression, using three established 

parameters (Dierick, 2007, Chen et al., 2002): 1.) the latency, or length of time, it took to 

initiate the first aggressive encounter, 2.) the total number of aggressive encounters, and 

3.) the average length of an individual fighting bout (Fig. 3.1). A total of six fly lines were 

used in this study, all derived from the CantonS background. Three fly lines were infected 

by one of three Wolbachia strains (wMel, wMelCS or wMelPop). Three genetically paired 

fly lines that were cured of their Wolbachia infection following the application of 

tetracycline were independently generated (wMel-T, wMelCS-T or wMelPop-T); all 

comparisons were only made between genetically paired lines. wMelPop infected males 

demonstrated significantly reduced aggression when compared to the uninfected controls. 

Infected flies took on average three times longer to initiate their first aggressive encounter 

(Fig. 3.1A; F-test, (2,38) = 0.44; p = 0.07; T-test p = 0.03), and initiated approximate ly 

half the number of fight bouts within the period analysed (Fig. 3.1B; F-test, (2,38) = 2.41; 

p = 0.08; T-test p = 0.003). Once a fighting bout had commenced, however, wMelPop 

infected males fought for the same length of time as controls (Fig. 3.1C; F-test, (2,38) = 

0.42; p = 0.08; T-test p = 0.75). Thus we conclude that wMelPop reduces the frequency 

of aggressive encounters, but once initiated the duration of a fighting bout was equivalent 

to uninfected male flies. 
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The two benign Wolbachia strains, wMel and wMelCS, had no effect on Drosophila male 

aggression, with male flies displaying similar aggressive behaviours as their genetica lly 

paired control lines. Latency to the first aggressive encounter in wMel (Fig. 3.1A; F-test, 

(2,38) = 0.91; p = 0.88; T-test p = 0.91) and wMelCS (Fig. 3.1A; F-test, (2,38) =0.65; p 

= 0.32; T-test p = 0.86) infected flies were equivalent to controls. Similarly, the total 

number of fights initiated and the length of each bout were equivalent between wMel (Fig. 

3.1B; F-test, (2,38) = 0.90; p = 0.85; T-test p = 0.11; Fig. 3.1C; F-Test, (19,19) = 0.73; p 

=0.55; T-test p = 0.71) or wMelCS (Fig. 3.1B; F-test, (2,38) p = 0.65; 0.40; T-test p = 

0.87; Fig. 3.1C; F-test, (2,38) = 0.84; p = 0.75; T-test p = 0.18) and their uninfected 

controls. Thus we conclude that neither the initiation nor the duration of male aggressive 

behaviour was influenced by wMel or wMelCS.  
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Fig. 3.1: Effect of Wolbachia on D. melanogaster male aggression.  

Graphs show three measurements of aggression: latency, number of fights initiated (total 
encounters), and the average length of an individual fighting bout. Values were 

normalised to those observed for control lines. Error bars represent standard errors of the 
means. Significance was determined by Student's t test (SPSS). *, P < 0.05; **, P < 

0.005; ***, P < 0.001. 
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3.4.2 Baseline Locomotor Activity  

Changes to general locomotor behaviour could influence aggressive behaviours in 

Drosophila. Previous studies had shown no effect on locomotor behaviour in Wolbachia 

infected flies (Peng et al., 2008), while our behavioural analyses identified no difference 

in the average length of a fighting bout. To further analyse the locomotor performance of 

our fly lines (Fig. 3.2), we used CADABRA software to analyze recorded aggressive 

encounters and determine the average velocity of adult male flies (Dankert et al., 2009).  

No significant effects on velocity speed were observed for male flies infected with 

wMelPop (F-test, (2,78) = 1.67; p = 0.11; T-test p = 0.93), wMel (F-test, (2,78) = 0.86; p 

= 0.63; T-test p = 0.11), or wMelCS (F-test, (2,78) = 0.90; p = 0.34; T-test p = 0.12) when 

compared to controls (Fig. 3.2). Thus we conclude the observed increased latency to 

initiate a fight in wMelPop infected flies was not an accidental consequence of reduced 

locomotion, lethargy, or inactivity associated with infection by Wolbachia.  
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Fig. 3.2: Effect of Wolbachia on locomotor behaviour in D. melanogaster.  

Graphs show average velocity of Drosophila males in fighting arenas over a 20-min 
period normalised to that observed for control lines. Error bars represent standard errors 

of the means. Significance was determined by Student's t test (SPSS). 
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3.4.3 Total Octopamine Levels in the Adult Head 

A Wolbachia strain has been shown previously to disrupt the biosynthesis of insect 

neurotransmitters (Moreira et al., 2011). Drosophila male aggression is highly influenced 

by the monoamine neurotransmitter Octopamine (Zwarts et al., 2012). Alterations to OCT 

have been shown to reduce aggressive latency in male Drosophila (Andrews et al., 2014). 

Using HPLC, total OCT levels (pg/head) were determined in 5-day-old Wolbachia 

infected Drosophila and compared to their genetically paired Wolbachia free controls 

(Fig. 3.3). Total OCT levels in wMelPop-infected flies were half that when compared to 

the controls (F-test, (4,18) = 0.38; p = 0.16; T-test p = 0.04). As expected, where no 

change to aggressive behaviour was observed, no difference in total OCT levels were 

observed in the heads of flies infected with wMel (F-test, (4,18) = 0.56; p = 0.40; T-test 

p = 0.90) or wMelCS (F-test, (4,18) = 0.47; p = 0.28; T-test p = 0.91) compared to the 

controls.  
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Fig. 3.3: Total head octopamine in Wolbachia -infected D. melanogaster.  

Total octopamine levels were determined by HPLC analysis (pg/Brain) and normalised 
to those observed for control lines. Error bars represent standard errors of the means. 

Significance was determined by Student's t test (SPSS). *, P < 0.05. 
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3.4.4 Transcriptional Profiling of the Octopamine Biosynthetic Pathway 

To determine how wMelPop reduced neural OCT, and thus increased aggressive latency 

in adult flies, we examined the expression of two genes that encode for the rate limit ing 

enzymes within the OCT biosynthesis pathway using a quantitative Reverse Transcriptase 

PCR assay (q-RTPCR; Fig. 3.4). Expression of dTdc2, which is primarily expressed in 

the brain (Cole et al., 2005), converts tyrosine to tyramine (Try), was decreased by half 

in wMelPop-infected flies compared to the controls (Fig. 3.4A; F-test, (4,8) = 0.60; p = 

0.21; T-test p = 0.006). Additionally, the expression of TβH, which converts TA to OCT, 

was also decreased by half (Fig. 3.4B; F-test, (4,8) = 0.36; p = 0.35; T-test p = 0.002). As 

expected, no difference in expression levels was observed for the OCT biosynthe t ic 

pathway in wMel (Fig. 3.4A; dTdc; F-test, (4,4) = 0.95; p = 0.94; T-test p = 0.32; Fig. 

3.4B; TβH;  F-test, (4,8) = 1.23; p = 0.84; T-test p = 0.33) or wMelCS infected flies (Fig. 

3.4A; dTdc; F-test, (4,8) = 0.71; p = 0.75; T-test p = 0.17; Fig. 3.4B; TβH;  F-test, (4,8) 

= 0.87; p = 0.90; T-test p = 0.16) compared to the controls. Taken together, our data 

demonstrate that wMelPop infection reduced expression of the OCT biosynthe t ic 

pathway, leading to a reduction in total OCT production, which was correlated with 

significantly increased aggressive latency behaviour.  
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Fig. 3.4: Response of octopamine biosynthesis pathway to Wolbachia infection.  

RT-qPCR analysis of mRNA expression of the octopamine biosynthetic pathway 

in Drosophila lines was performed. Graphs show average gene expression ofdTdc2 (A) 
or Tβh (B) relative to the Act88F ratio normalised to that observed in the control fly lines. 
Error bars represent standard errors of the means. Significance was determined by 

Student’s t test (SPSS). *, P < 0.05. 
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3.4.5 Mate Success 

Based on the results demonstrated in the male aggression assay, we decided to further 

evaluate behaviours associated with reproduction in infected male flies. We used 

standardised mate choice-experiments to determine if wMelPop attenuated male 

aggression would influence male mating success, and consequently invasion into a 

Wolbachia-free population. In a parallel experiment, we compared mating success of 

wMel and wMelCS flies to each other as well as to Wolbachia-free flies.  

 

Previous studies have demonstrated that Wolbachia affects male aggression, an important 

behaviour for courtship and mating (Andrews et al., 2014, Rohrscheib et al., 2015). Using 

a standard mating assay, we investigated the affect specific strains of Wolbachia have on 

the copulation success of male Drosophila (Fig. 3.5). First we investigated how the 

pathogenic strain wMelPop, which reduced aggression in male flies, affects mate success. 

Males infected with the wMelPop strain showed reduced copulation with uninfected, 

naïve virgin females compared to the uninfected male flies (Fig. 3.5; F-test (2, 136) = 

0.84; p= 0.76; T-test p < 0.001), in which uninfected flies were 2.2 times more likely to 

successfully copulate with a female. This suggests that reduced male aggression in 

wMelPop-infected flies may influence the ability for males to secure mates.  

 

 

  



69 

 

 

 

 

Fig.3.5: Mating success of male Drosophila infected with wMelPop. 

Graphs show average successful copulation of wMelPop infected Drosophila males with 

uninfected females, compared to uninfected male controls. Error bars represent standard 
errors of the means. Significance was determined by Student's t test (SPSS). *, P < 0.05. 
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Male mating success was then compared among Wolbachia -free, wMelCS and wMel 

infected flies (Table 3.2). We examined male mate success with females infected with 

either wMel or wMelCS to determine if males or female have the largest effect on this 

experiment. We found that despite the infection status of the virgin female (wMelCS, 

wMel, or uninfected), males infected with the wMel strain were significantly more 

successful than males infected with wMelCS at securing the female for copulation. 

Interestingly, wMelCS infected males mated at equivalent frequency as their uninfected 

counterparts, when females were uninfected or infected with wMelCS. wMelCS males 

were, however, less successful than uninfected males when presented with wMel infected 

females. Increased copulation provide Wolbachia infected males the opportunity to 

impose CI, suggesting that wMel infected males are able to impose CI more successfully 

than wMelCS infected males. This may suggest that wMel invasion into a naïve 

population would occur more rapidly than invasion by wMelCS. To determine if wMel 

mating success can explain how wMelCS population was replaced, additional work to 

establish the reproductive output of wMel and wMelCS infected females must be 

conducted.  
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Table 3.2: Mating success of male Drosophila infected with either wMelCS or wMel. 

 

Female Male 1 

(Average) 

Male 2 

(Average) 

SEM N  

 

P Value 

(ANOVA) 

Uninfected wMelCS 
(0.57) 

wMelCS-T 
(0.43) 

0.06 67 0.12 

wMelCS wMelCS 

(0.42) 

wMelCS-T 

(0.57) 

0.07 45 0.14 

wMel wMelCS 
(0.28) 

wMelCS-T 
(0.71) 

0.06 45 < 0.001 

Uninfected wMel 

(0.34) 

wMel-T 

0.65 

0.05 85 < 0.001 

 

wMelCS wMel 
(0.70) 

wMel-T 
(0.30) 

0.07 44 0.20 

wMel wMel 
(0.69) 

wMel-T 
(0.31) 

0.07 42 < 0.001 

Uninfected wMelCS 

(0.36) 

wMel 

(0.64) 

0.05 84 < 0.001 

 

wMelCS wMelCS 
(0.30) 

wMel 
(0.70) 

0.07 44 0.01 

wMel wMelCS 
(0.36) 

wMel 
(0.64) 

0.07 43 < 0.001 
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3.5 DISCUSSION  

Previous studies have described how parasitic microbes that transiently infect their hosts 

manipulate host behaviour in order to complete their lifecycle (Thomas et al., 2002, 

Adamo and Webster, 2013, Rohrscheib and Brownlie, 2013); more recently a growing 

body of evidence has shown stably maintained symbionts can also influence animal 

behaviour (Wood, 2007, Sanchez et al., 2008, Heijtz et al., 2011, Neufeld et al., 2011). 

This study provides evidence that a microbial symbiont, a strain of Wolbachia that infects 

Drosophila melanogaster, correlates with altered male aggressive behaviour of its host. 

Male flies infected with wMelPop displayed increased latency specific to the initiation of 

aggressive encounters without significantly affecting other observed behaviours, 

including the length of time their fights lasted or general locomotor behaviour. These 

observations suggest that wMelPop reduces a fly’s motivation to enter an aggressive 

encounter without affecting its ability to fight once commenced. The mechanism by 

which the initiation of aggressive encounters was reduced by wMelPop were correlated 

with reduced gene expression of specific neurotransmitter biosynthetic pathway and 

subsequent production of specific neurotransmitter.  
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Wolbachia has been shown to increase general locomotor activity in a parasitoid wasp 

(Fleury et al., 2000) and in artificially transinfected Aedes aegypti mosquitoes (Evans et 

al., 2009), while in D. melanogaster Wolbachia -mediated changes to Drosophila 

olfactory-motivated locomotor activity are highly varied and are determined by the 

surrounding environment and host species, but base-line locomotor behaviours were not 

observed to be affected by infection(Peng et al., 2008). As wMelPop is known to establish 

high infection densities and halves adult-lifespan of its host when flies are reared at 29oC 

(Min and Benzer, 1997), the observed reduction in aggressive behaviour may be due to a 

general malaise associated with infection. As all experiments were conducted at 24oC, 5-

day-old flies infected by wMelPop showed no reduction of adult lifespan with surviva l 

rates equivalent to controls at the time of experimentation (Survival of 5-day-old 

wMelPop and wMelPop-T flies reared at 24oC = 100% (n = 120/line); data not shown), 

nor was locomotor function affected (Fig. 3.2) consistent with other studies that had 

shown no effect of wMelPop on general locomotion function (Reynolds et al., 2003, Peng 

et al., 2008). Thus we conclude the changes in male aggression associated with the 

wMelPop infection were not due to changes to general locomotor activity or possible 

higher bacterial loads, but rather due to other points of interaction between wMelPop and 

its male host.  

 

Octopamine (OCT) and octopaminergic neurons are the primary regulators of male 

aggression in Drosophila (Baier et al., 2002, Zhou et al., 2008, Hoyer et al., 2008, Roeder, 

1999), with reduced OCT levels correlating to reduced aggression (Zhou et al., 2008). 

The production of OCT in the brain is controlled by two enzymes: tyrosine decarboxylase 

(dTdc), which converts L-tyrosine to tyramine (Cole et al., 2005) and tyramine-β 

hyroxylase (Tβh) which converts tyramine to OCT (Monastirioti et al., 1996). Drosophila 

infected with wMelPop displayed reduced expression of both dTdc2 and Tβh genes, 
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which correlated with reduced head OCT and reduced male aggression. Neither wMel nor 

wMelCS had a significant effect on the expression levels of dTdc2 and Tβh, or on neural 

OCT levels, correlating with the observed behaviours.  

 

Several studies have shown host gene expression to be modulated by the presence of 

Wolbachia (Kambris et al., 2009, Moreira et al., 2009, Bian et al., 2010, Kambris et al., 

2010, Hughes et al., 2011, Pan et al., 2012, Pinto et al., 2013, Pinto et al., 2012, Rances 

et al., 2012, Xi et al., 2008). The micro-RNA pathway, an important transcriptiona l 

regulatory system in animals including invertebrates, has been shown to be modified by 

wMelPop-CLA in some insect hosts (Hussain et al., 2011, Hussain et al., 2013, Mayoral 

et al., 2014), a strain that is more than 99% genetically identical to wMelPop (Woolfit et 

al., 2013). Thus potentially, wMelPop may be modifying the micro-RNA pathways, 

resulting in suppressed transcription of the OCT biosynthetic pathway, reducing both 

OCT production and male aggression. Alternatively wMelPop, which expresses a 

functional type IV secretion system (Wu et al., 2004), could directly influence 

transcription via the secretion of effector molecules. Such processes have been observed 

in Culex mosquitoes where wPip influenced mosquito gene expression via the secretion 

of wtrM, a putative transcriptional regulator (Pinto et al., 2013).  

 

A second, and not mutually exclusive, possibility is that changes to OCT production are 

due to the high infection density wMelPop establishes when compared to lower-density 

strains such as wMel and wMelCS (Min and Benzer, 1997, McMeniman et al., 2008, 

Woolfit et al., 2013). The higher infection density may result in increased consumption 

of host metabolites, including amino acids upon which Wolbachia growth and 

maintenance are dependent (Foster et al., 2005, Wu et al., 2004). Normally, tyrosine is a 
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nonessential amino acid synthesised from the essential amino acid, phenylalanine (van 

Spronsen et al., 2001). Phenylalanine is both a metabolite consumed by Wolbachia 

(Foster et al., 2005, Wu et al., 2004) and a precursor of several neurotransmitters, 

including OCT and dopamine (Brandau and Axelrod, 1972). Previous studies have shown 

that phenylalanine deficiency results in decreased dopamine synthesis (Lou, 1994). Thus, 

there remains the possibility that localized competition between symbiont and host for 

amino acids, such as phenylalanine, results in an overall reduction in neural 

concentrations of neurotransmitters.  

 

Alternatively, the higher bacterial loads may result in localised damage of the brain. 

Previous studies have shown when wMelPop infected Drosophila were reared at 29oC, 

there was considerable damage to all somatic tissues including the brain (Min and Benzer, 

1997), and more recently localized over-replication and sub-cellular changes have been 

observed in flies reared at 25oC (Strunov and Kiseleva, 2014). While we conducted our 

experiments in the wild-type fly line Canton S reared at 24oC, and observed no reduction 

in adult-lifespan associated with the wMelPop infection (Survival of 5-day-old wMelPop 

and wMelPop-T flies reared at 24oC = 100% (n = 120/line); data not shown), we cannot 

eliminate the possibility that this behavioural phenotype is the result of Wolbachia 

changes to neurophysiology or localized damage to the brain, specifically octopaminergic 

neurons. Such changes could be detected through the use of colocalisation studies to 

determine if wMelPop preferentially infects octopaminergic neurons, and/or correlates 

with a reduction of those neurons.  
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Wolbachia are maternally transmitted from mother to offspring, however for Wolbachia 

to increase their frequency within a population requires either an increase to reproductive 

output or success. By far the most common mechanism Wolbachia employs is 

cytoplasmic incompatibility, which is induced between Wolbachia infected males and 

uninfected females only. Thus this mechanism relies heavily on Wolbachia males being 

as reproductively successful as uninfected males. Studies have shown that Tβh2 knockout 

flies with reduced OCT and aggression resulted in reduced mating success when 

competing with wild-type flies (Zhou et al., 2008). Given that wMelPop also reduced 

OCT levels and male aggression, if similar effects are observed in the wild, then wMelPop 

infected males are likely to be less reproductively successful than uninfected flies, or 

those infected by benign Wolbachia strains. This could explain why attempts to establish 

wMelPop-CLA, a strain derived from wMelPop (McMeniman et al., 2009), in wild 

populations of Aedes aegypti mosquitoes failed, yet wMel was successfully established 

(Walker et al., 2011).  

 

Symbiotic microorganisms are often overlooked as a component of animal behaviour and 

the mechanisms that control these behaviours. We have shown that a common bacterial 

symbiont of Drosophila can modify male aggressive behaviour by modifying 

biosynthetic pathways and reducing neural OCT levels. Given that previous work has 

shown a strain of Wolbachia can influence dopamine in novel insect hosts (Moreira et al., 

2011) there remains the possibility that other behaviours, such as sleep, learning and 

memory, or attention are also modified and affected by Wolbachia.  
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Chapter 4: 

Wolbachia’s Affect on Sleep Behaviour 
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4.1 ABSTRACT 

Sleep is a highly conserved behaviour vital for learning, memory consolidation, neural 

plasticity and immunity. It has been shown previously that the Wolbachia strain, wMelPop,  

alters monoamine neurotransmitter levels in the adult Drosophila and mosquito brain. Altered 

levels of the neurotransmitters, dopamine and serotonin, are collectively associated with 

changes in sleep behaviour in D. melanogaster. Here we show that a certain strains of 

Wolbachia influences sleep in Drosophila, which is critically important for fly health and 

fitness. The wMelCS and wMelPop strains of Wolbachia were observed to increase the 

amount of fly sleep over a 24 hour period when compared against their uninfected 

controls. To determine how Wolbachia was able to alter sleep behaviour, we investigated 

the role Wolbachia infections plays on dopamine and serotonin levels within the brain. 

Transcriptional analysis of the dopamine biosynthesis pathway revealed that two essential 

genes, ple and ddc, were significantly down regulated in Wolbachia infected flies. 

Quantitative chemical analysis also showed that total dopamine levels were significantly 

reduced in the adult heads.  

.   
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4.1 INTRODUCTION  

Sleep is a highly conserved behaviour in both vertebrates and invertebrates essential for 

the optimal health and performance of an organism (Campbell and Tobler, 1984, Cirelli 

and Tononi, 2008). Sleep is a reversible state of reduced responsiveness to the external 

environment and has been defined by a range of behavioural, pharmacologic, molecular, 

and electrophysiological criteria (Campbell and Tobler, 1984, Huber et al., 2004), and is 

vital for numerous biological process including cognition, learning, memory 

consolidation, neural plasticity, immunity, and homeostasis  (Killgore, 2010, Feld et al., 

2013, Gorgoni et al., 2013, Coutanche et al., 2013, Beyaert et al., 2012, Shirasu-Hiza et 

al., 2007). In recent years, the fruit fly Drosophila melanogaster has emerged as a 

promising model for studying the molecular mechanisms that control sleep. Like 

mammals, Drosophila displays a behavioural state that exhibits traits consistent with 

sleep, regulated by circadian and homeostatic mechanisms. Drosophila shows sustained 

periods of immobility, which are associated with an increased arousal thresholds 

(Andretic and Shaw, 2005, Shaw et al., 2000, Huber et al., 2004, Killgore, 2010, Cirelli 

and Tononi, 2008). Sleep increases in young flies, decreases in older flies, and is affected 

by stimulants including caffeine and by hypnotics such as antihistamines (Hendricks et 

al., 2000, Shaw et al., 2000, Hendricks et al., 2003). Furthermore, there are numerous 

similarities between sleep in mammals and flies at a molecular level. Several genes 

modulated by sleep and wakefulness in the mammalian brain are altered in the same way 

in flies (Bushey et al., 2009, Donlea et al., 2009, Gilestro et al., 2009, Bushey and Cirelli, 

2011).  
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The expression of complex behaviours like sleep is generally defined as an interaction 

between two factors: genes and the environment (Scarr and McCartney, 1983), however, 

mounting evidence has shown that a third factor influences behaviour – microbes 

(Rohrscheib and Brownlie, 2013, Bravo et al., 2012, Brown et al., 1990, Diaz Heijtz et 

al., 2011, Ezenwa et al., 2012, Gonzalez et al., 2011). Several symbionts have 

demonstrated the ability to influence the behaviour of their host by directly affecting the 

nervous system. This is usually achieved by one, or a combination, of three conserved 

mechanisms: manipulating the biosynthesis of neural peptides and neurotransmitters , 

modulating the abundance of neurotransmitter receptor proteins, and/or disrupting the 

fundamental architecture and development of the central nervous system (Peng and 

Wang, 2009, Cryan and Kaupmann, 2005, Hanelt and Janovy, 1999, Thomas et al., 2002, 

Diaz Heijtz et al., 2011, Rohrscheib et al., 2015, Rohrscheib and Brownlie, 2013). 

 

Drosophila is known to host several symbiotic species of bacteria including an alpha-

proteobacteria endosymbiont, Wolbachia (Clark et al., 2005, Min and Benzer, 1997). 

Wolbachia infect numerous invertebrate species (Jeyaprakash and Hoy, 2000, Werren et 

al., 2008, Hilgenboecker et al., 2008, Zug and Hammerstein, 2012) that impose a number 

of changes to host sex determination or reproductive systems that enhance maternal 

transmission in host populations (Turelli and Hoffmann, 1991, Rousset and Raymond, 

1991, Hoffmann and Turelli, 1988, Yuan et al., 2015). Wolbachia have also been shown 

to influence host metabolic pathways (Brownlie et al., 2009, Kremer et al., 2009, 

Hosokawa et al., 2010, Hedges et al., 2008), provide protection from viral pathogens 

(Hedges et al., 2008, Teixeira et al., 2008, Wong et al., 2015), influence host lifespan 

(Min and Benzer, 1997), and play a role in host speciation events (Miller et al., 2010). 

Wolbachia have also been shown to influence several Drosophila behaviours includ ing 

mate choice (Champion de Crepingy et al., 2006), olfactory-cued locomotion (Peng et al., 
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2008), male aggression (Rohrscheib et al., 2015), and daytime activity (Vale and Jardine, 

2015).  

 

Here, we set out to determine if three different Wolbachia strains that infect D. 

melanogaster influence fly sleep: wMel and wMelCS two Wolbachia strains commonly 

found in wild populations of D. melanogaster (Riegler et al., 2005) and a third 

pathogenic strain, wMelPop, observed in a limited number of fly lab-stocks (Min and 

Benzer, 1997). As wMelPop has been shown to modulate biogenic amine 

neurotransmitter biosynthetic pathways (Moreira et al., 2011, Rohrscheib et al., 2015) we 

predicted that the production of the neurotransmitter dopamine (DA) and serotonin (5-

HT), would also be modulated. As both neurotransmitters are known to regulate 

Drosophila sleep behaviour (Pfeiffenberger and Allada, 2012, Ueno et al., 2012, 

Riemensperger et al., 2011, Coull, 1998, Lebestky et al.) we predicted that wMelPop 

would influence sleep behaviour in adult Drosophila, while two closely related but non-

pathogenic strains (Woolfit et al., 2013, Chrostek and Teixeira, 2015), would have no 

effect on adult-sleep behaviour.  
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4.2 METHODS 

4.2.1 Fly strains and rearing 

The Drosophila melanogaster strain Canton-S (CS), a strain collected from Canton, Ohio 

USA in 1930 (Ashburner et al., 2005), was used for all experiments described, and is 

naturally infected by the wMelCS strain; hereto referred as the wMelCS fly strain. Two 

other Wolbachia strains wMel, a benign strain, and wMelPop, a pathogenic strain (Min 

and Benzer, 1997, Wu et al., 2004), were introgressed into the CS background 

(Rohrscheib et al., 2015). Tetracycline treatments were performed as described 

previously (Hoffmann et al., 1986)  to generate a genetically identical fly line that lacked 

the Wolbachia infection. These lines are hereto referred as wMelCS-T, wMel-T, 

wMelPop-T. Gut flora was reconstituted from the Wolbachia infected parental line using 

standardised methods (Chrostek et al., 2013). All experiments were conducted a 

minimum of seven generations post tetracycline treatment (Ballard and Melvin, 2007). 

 

Drosophila stocks were maintained in bottles on standard food medium made up of 1.6% 

yeast, 6.8% polenta, 0.8% agar, 1.5% sugar, 0.5% propionic acid, and 0.5% w.v. tegosept 

(Ashburner et al., 2005). Adult flies were maintained at 24°C on a 12:12 hour light-dark 

cycle. Bottle populations were maintained at low densities (~100 flies per bottle) to 

minimise the effects of overcrowding. 
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4.2.2 Drosophila Sleep 

To determine if Wolbachia altered sleep in Drosophila, sleep behaviour was determined 

using the Drosophila Activity Monitor (DAM; TriKinetics). Sleep was quantified by 

tracking locomtor activity, where inactivity of 5-minutes or longer was considered a sleep 

bout (Shaw et al., 2000, Hendricks et al., 2000, Chiu et al., 2010, van Alphen et al., 2013, 

Huber et al., 2004). The wMel, wMelCS and wMelPop infected fly lines were 

simultaneously examined with their genetically paired Wolbachia free lines. Two-day old 

adults (n = 125 – 183) were anaesthetised with CO2 and placed into a 5 mm diameter 

glass activity tube (TriKinetics Inc., Waltham, MA, USA) containing a food source 

(standard fly diet) at one end and a cotton plug at the other end to prevent the flies from 

escaping, yet still enabling gas exchange. Activity tubes were placed into the DAM 

system, and the monitor placed into an incubator at 24°C in a dark room on a strict 12 

hour, light:dark cycle. To obtain the most accurate depiction of normal sleep behaviour, 

the timing of the change in light was synchronised between the incubator where the flies 

were reared and the incubator where the experiment was conducted. The experiment 

recorded data on flies of 5 to 8 days of age. Male flies were placed into the experimenta l 

environment at 3 days of age to allow ample time for the effects of CO2 to wear off, for 

the flies to become accustomed to their environment, and to resume normal sleep activity. 

Data from flies younger than 5 days in age was not used because young flies sleep more 

than mature adult flies (Ben Rokia-Mille et al., 2008).  
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The density of wMelPop increases with time (Min and Benzer, 1997, Chrostek and 

Teixeira, 2015, Woolfit et al., 2013) therefore circadian experiments were adjusted for 

age. Circadian rhythm is normally evaluated for 5 days in light:dark conditions, 

immediately followed by 7 days of dark:dark conditions (Chiu et al., 2010). After age 

adjustment, all circadian assays were conducted in dark:dark conditions for 4 days, from 

ages 5 to 8 days. Raw data was formatted using the 'DAM File Scan 108' program and 

sleep bouts analysed using the script "sleep_metrics" in MATLAB (Mathworks) 

following previous protocols (van Alphen et al., 2013). Mean daily sleep (over 24 hours), 

daytime sleep, night-time sleep, sleep bout 28 durations, and sleep bout number were 

compared between an infected strain and its uninfected counterpart using ANOVA. 

Circadian rhythm profiles were compared using ANOVA. 

 

4.2.3 High Preformance Liquid Chromatography 

Total dopamine (DA) and serotonin (5-HT) concentrations in five-day-old male fly heads 

were measured using a standard HPLC protocol (Calcagno et al., 2013). Five-day-old 

Drosophila males were snap-frozen in liquid nitrogen, dissected on dry ice and pooled 

into groups of 10 for HPLC analysis. A total of 20 flies were analysed for each Drosophila 

strain. Heads were placed into 100 ml of DE (Deoxyepinephrine) solution and were 

homogenised via sonication (3-8 sec), followed by centrifugation at 13 000 rpm for 5 min 

at 4°C. Samples were then syringe filtered and a fixed volume of 20μl of the resultant 

supernatant was injected directly into the chromatographic system. The system consisted 

of an autosampler and an isocratic HPLC pump (Model 1100, Agilent Technologies, Inc. 

CA), coupled to a Sunfire C18 column (4.6 mm x 150 mm, 5μm; Waters Corporation, 

MA) and a Coulochem III electrochemical detector (ESA Laboratories, Inc. MA), with a 

flow rate was 1.2mL per minute. Electrochemical detection was obtained with the 

working electrode set to a potential of +300mV for DA and +600mV for 5-TH, relative 
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to the Ag/AgCl reference electrode. The mobile phase was a citrate buffer made with 

deionised water from a Millipore system (Millipore, MA, USA). It consisted of 25mM 

sodium dihydrogen phosphate anhydrous, 50mM citric acid monohydrate, 1.4mM octane 

sulfonic acid and 1mM ethylenediaminetetraacetic acid (EDTA). The pH was adjusted to 

4.22 using sodium hydroxide, and acetonitrile 6% (v/v). The solution was degassed by 

vacuum filtration through a 0.22μm cellulose membrane. All neurotransmitters standards 

were prepared daily, using 0.1M perchloric acid. Data was quantified with ChemStation 

software (Agilent Technologies) by calculating peak-height ratios of each compound 

relative to the internal standard DE and corrected for dilution. Compound identity was 

determined by retention time and the final amount of neurotransmitter described as 

picograms per head. Averages of total OCT concentrations were compared using One-

Way ANOVA and Mann-Whitney U for non-parametric data (SPSS). 

 

 

4.2.4 Gene expression  

Candidate genes related to DA function were screened to determine if expression 

correlated with the presence of Wolbachia (Supplementary data: Appendix 1.1, Table 

S1.1). A quantitative reverse transcription-PCR assay was used to determine if Wolbachia 

influenced transcription of Tyrosine Hydroxylase  (th) or DOPA decarboxylase (ddc) 

genes that encode the DOPA and 5-TH biosynthetic pathway; all estimates were made 

relative to the expression of Act 88F (Table 4.1; (McMeniman et al., 2008). Additiona lly, 

expression of NF-κB (rel), a transcription protein involved in the immune response to 

several different types of microbial pathogens (Santoro et al., 2003, Rahman and 

McFadden, 2011) was also observed. Act 88F was determined to be stably expressed 

across all experimental conditions (data not shown). A total of 25 male flies were assayed 
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5 days of age. Flies were collected by CO2 anaesthesia, snap frozen in liquid nitrogen, 

and stored at -80°C until dissection. Five pools of 5 fly heads (25 heads total) were 

dissected in petri dishes on dry ice and placed into 1.5 ml eppendorf tube. Total RNA was 

purified using Trizol according to manufacturer's protocols (Invitrogen Corp., Carlsbad, 

CA) was conducted immediately after dissection. Total RNA was treated with 3μL of 

DNase I (Roche) for 30 minutes at 37°C in a 30μL reaction to eliminate genomic DNA. 

Approximately 0.5μg of total RNA was reverse transcribed using random primers 

(Invitrogen, Mulgrave, VIC) and reverse transcriptase (Invitrogen, Mulgrave, VIC) 

according to manufacturer's protocols (Invitrogen, Mulgrave, VIC). Gene expression was 

estimated with 2 technical replicates using a standard qPCR assay (McMeniman et al., 

2008). Each qPCR contained 12.5μl of 2x SYBR pre-mix (QIAGEN), 1μl of Forward 

primer, 1μl of Reverse primer, 100ng of DNA and H2O to a final volume of 25μl. The 

expression of two genes was estimated relative to Actin 88F (table 4.1) using the delta-

delta CT method (Pfaffl, 2001); averages of expression were compared using ANOVA 

(SPSS). 

 

Table 4.1: Primer sequences   

Gen

e 

Forward primer (5′–3′) Reverse primer (5′–3′) 

Act8

8 

ATCGAGCACGGCATCATCAC CACGCGCAGCTCGTTGTA 

th TGGATGATGCCCGTTTCG  CGTCCTCGGTGAGACCGTA  

ddc GCCAAGACAATGGTCGACTTTA

T  

GCAGAACGCGCCCTTTC  

rel GGCATCATACACACCGCCAAGA

AG 

GTAGCTGTTTGTGGGACAACTC

GC 



87 

 

  



88 

 

4.3 RESULTS 

4.3.1 Sleep 

Standard parameters (Shaw et al., 2000, Hendricks et al., 2000, Chiu et al., 2010, van 

Alphen et al., 2013, Huber et al., 2004) were used to measure the impact Wolbachia 

infection has on D. melanogaster sleep and circadian rhythm using the Drosophila 

Activity Monitoring (DAM) system. wMelCS-T control exhibited a typical 24-hour sleep 

profile for adult flies (Chiu et al., 2010, Gilestro, 2012), demonstrating a normal midday 

sleep bout between ZT5-ZT9, and exhibiting morning (ZT2) and evening (ZT12-ZT13) 

peaks of activity (Fig. 4.1A). The controls also demonstrated anticipation of the change 

in light, in which they began to wake up before the lights came on at ZT1, as seen by the 

decline in sleep from ZT19 onwards. Similar behaviours were observed in wMelCS 

infected flies, however these flies showed a significant increase in sleep over a 24-hour 

period (Fig. 4.1A; F(2,337) = 0.95, p = 0.0001). This data demonstrate that infection with 

wMelCS resulted in increased sleep in adult flies. 

 

The control fly line, wMelPop-T, exhibited a typical 24-hour sleep profile for adult flies 

(Chiu et al., 2010, Gilestro, 2012), in which flies exhibited morning and evening peaks of 

activity at ZT2 and ZT12 respectively (Fig. 4.1B). wMelPop infected flies, as was 

observed for wMelCS infected flies, displayed increased sleep across all time points 

compared to the control (Fig. 4.1B; F(2,353) = 0.75; p = 0.0001) including reduced levels 

of peak activity at ZT2 and ZT12. The wMelPop flies were observed to have an extended 

midday sleep bout (ZT3 to ZT10), which was twice as long for infected flies (> 40 

minutes/hour) compared to the uninfected control (ZT5-ZT9; peak sleep length 20 

minutes/hour). Unlike the Wolbachia-free control flies, wMelPop infected flies did not 

exhibit decreased sleep activity between the ZT19 and ZT1 time points that normally 
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characteristic of anticipation of dawn; instead flies abruptly awoke between ZT24 to ZT2, 

as indicated by a sharp decline in sleep behaviour during this period.  

 

Neither the wMel nor the wMel-T flies exhibited anticipation of morning illumination and 

their morning activity peaks were diminished (Fig. 4.1C) in contrast to the other fly lines 

tested (Fig. 4.1A and 4.1B). Typical evening peak in activity were evident for both fly 

lines at ZT13. Both wMel and control flies initiated daytime sleep bouts at the same time 

as the other strains (ZT2), although the duration was considerably longer with midday 

sleep bouts of over 40 minutes/hour observed. As has been recently described (Vale and 

Jardine, 2015), wMel-infected flies displayed increased average daily sleep compared to 

the control (Fig. 4.1C; F(2,251) = 0.91; p = 0.03), though similar to wMelCS, wMel 

infected flies exhibited the same trend in sleep pattern as uninfected controls.  

  



90 

 

Z e it g e b e r  T im e  ( H o u r s )

A
v

e
r

a
g

e
 S

le
e

p
 (

M
in

u
t
e

s
)

1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0 2 1 2 2 2 3 2 4

0

1 0

2 0

3 0

4 0

5 0

6 0

w M elC S

w M elC S -T

Z e it g e b e r  T im e  ( H o u r s )

A
v

e
r

a
g

e
 S

le
e

p
 (

M
in

u
t
e

s
)

1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0 2 1 2 2 2 3 2 4

0

1 0

2 0

3 0

4 0

5 0

6 0

w M e lP o p

w M e lP o p -T

Z e it g e b e r  T im e  ( H o u r s )

A
v

e
r

a
g

e
 S

le
e

p
 (

M
in

u
t
e

s
)

1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0 2 1 2 2 2 3 2 4

0

1 0

2 0

3 0

4 0

5 0

6 0

w M el

w M el-T

A

B

C

 

Fig. 4.1: 24 hour sleep profile of male Drosophila infected with Wolbachia 

Graphs demonstrate the individual sleep behaviours of adult male flies infected with 

wMelCS, wMelPop, or wMel strains of Wolbachia, and the uninfected controls. The average 
minutes of sleep for each Zeitgeber hour was plotted for infected flies and the uninfected 

controls. Error bars representing the standard error mean are too small for visualisation.  
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4.3.2 Total Dopamine and Serotonin Concentration 

Given that wMelPop has been shown previously to disrupt the biosynthesis of insect 

neurotransmitters (Moreira et al., 2011, Rohrscheib et al., 2015), and Drosophila sleep is 

highly influenced by the monoamine neurotransmitter dopamine (DA; (Pfeiffenberger 

and Allada, 2012, Ueno et al., 2012, Riemensperger et al., 2011, Coull, 1998, Lebestky 

et al.) and serotonin (5-HT; (Yuan et al., 2006, Yuan et al., 2005), we used HPLC to 

estimate total DA and 5-HT levels (pg/head) in 5 to 8-days-old flies (Fig. 4.2, 4.3). Total 

DA levels in wMelCS-infected fly heads were on average 2.7 fold less than that observed 

in the controls (Fig. 4.2; F(9,38) = 0.0001; p = 0.0002), and 2.0 fold less in wMelPop 

infected flies relative to controls (Fig. 4.2; F(9,38) = 0.14; p = 0.0001). No reduction in 

DA concentration was observed in wMel-infected fly heads (Fig. 4.2; F(9,38) = 0.95; p = 

0.16).  
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Fig. 4.2: Total head dopamine in Wolbachia -infected D. melanogaster.  

Total dopamine levels were determined by HPLC analysis (pg/Brain) and compared to 

those observed for control lines. Error bars represent standard errors of the means. 
Significance was determined by ANOVA (SPSS). ***, P < 0.001. 
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Total 5-HT levels in wMelCS-infected fly heads were 0.6 fold higher than the 

concentration observed in the controls (Fig. 4.3; F(9,38) = 3.22; p = 0.01). On the 

contrary, total 5-HT levels in wMelPop-infected fly heads were 1.6 times lower in 

concentration than the controls (Fig. 4.3; F(9,38) = 0.14; p = 0.02). Interestingly, total 5-

HT levels in uninfected fly heads were 1.25 fold higher in concentration than the wMel 

infected flies (Fig. 4.3; F(9,38) = 0.03; p = 0.01).  
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Fig. 4.3: Total head serotonin in Wolbachia -infected D. melanogaster.  

Total dopamine levels were determined by HPLC analysis (pg/Brain) and compared to 

those observed for control lines. Error bars represent standard errors of the means. 
Significance was determined by ANOVA (SPSS). *, P < 0.05. 
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4.3.3 Transcriptional Profiling of the Dopamine Biosynthetic Pathway 

To determine if reduction in total DA in the heads of wMelCS or wMelPop infected flies 

correlated with reduced biosynthesis, we examined gene expression of two genes, ple and 

ddc, that encode for the rate limiting enzymes within the DA biosynthetic pathway using 

a quantitative Reverse Transcriptase PCR assay (q-RTPCR; Fig. 4.3). Expression of ple, 

which encodes for tyrosine hydroxylase (TH), the first rate 

limiting enzyme in the catecholamine biosynthetic pathway (Neckameyer et al., 2005), 

was decreased on average two fold in wMelCS-infected fly heads compared to uninfected 

controls (Fig. 4.3A; F(4,18) = 0.59; p = 0.02). Expression of ddc, which converts L-

DOPA to DA (De Luca et al., 2003), was not influenced by wMelCS infection (Fig. 4.3B; 

F(4,16) = 0.74; p = 0.90). In contrast wMelPop-infected flies displayed reduced 

expression of both ple (Fig. 4.3A; F(4,18) = 0.01; p = 0.00002) and ddc (Fig. 4.3B; 

F(4,17) = 0.09; p = 0.003) compared to the controls. As expected, wMel-infected fly 

heads had equivalent gene expression of the DA biosynthetic pathway when compared to 

controls (Fig. 4.3A; ple; F(4,18) = 0.44; p = 0.61; Fig. 4.3B; ddc;  F(4,16) = 0.51; p = 

0.90).  
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Fig. 4.4: Response of dopamine biosynthesis pathway to Wolbachia infection.  

RT-qPCR analysis of mRNA expression of the dopamine biosynthetic pathway 

in Drosophila lines was performed. Graphs show average gene expression of ple (A) 
or ddc(B) relative to the Act88F ratio, compared to that observed in the control fly lines. 

Error bars represent standard errors of the means. Significance was determined by 
ANOVA (SPSS). **, P < 0.005. 
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4.3.4 Transcriptional Profiling of NF-κB 

To determine if reduction in total DA in the heads of wMelCS or wMelPop infected flies 

was associated with an immune reaction in response to Wolbachia infection, we examined 

the expression of NF-κB (Fig. 4.4), a gene involved in the immune response to several 

different types of cellular stress, including microbial pathogens (Santoro et al., 2003, 

Rahman and McFadden, 2011). There was no difference in NF-κB expression in any of 

the observed Wolbachia infected flies, compared to the uninfected controls. (wMelCS; 

F(4,7) = 0.36; p = 0.09; wMelPop; F(4, 8) = 0.17; p = 0.54; wMel; F(4,8) = 0.81; p = 

0.77). This demonstrates that a common immune reaction to microbial pathogens does 

not directly affecting the function of dopaminergic neurons.  
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Fig. 4.5: Expression of NF-κB in response to Wolbachia infection.  

RT-qPCR analysis of mRNA expression of NF-κB in Drosophila lines was performed. 

Graphs show average gene expression of NF-κB relative to the Act88F ratio compared to 
that observed in the control fly lines. Error bars represent standard errors of the means.  
Significance was determined by ANOVA (SPSS).  
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4.4 DISCUSSION 

In some host-microbe systems, parasitic microbes will modify host behaviour in order to 

complete their own lifecycle (Rohrscheib and Brownlie, 2013, Adamo and Webster, 

2013, Diaz Heijtz et al., 2011). This study provides evidence that a common bacterial 

symbiont, Wolbachia, that naturally infects Drosophila melanogaster, correlates with 

altered sleep patterns of its host. Drosophila infected with the pathogenic stain wMelPop 

or the natural, benign strain, wMelCS, displayed increased total sleep over a 24-hour 

period, including elevated day and night sleep bouts, compared to the uninfected controls. 

Previous work has determined that reduction in activity corresponding with periods of 

sleep in infected flies is unlikely to be caused by altered locomotion behaviour 

(Rohrscheib et al., 2015). Interestingly, the most prevalent strain in wild Drosophila 

populations, wMel (Riegler et al., 2005), demonstrated increase daytime sleep, though 

nighttime sleep remained normal. 

 

These observations suggest that wMelPop and wMelCS alters an essential behaviour that 

controls and supports a large range of biological, homeostatic, and neurologica l 

mechanism (Shirasu-Hiza, Dionne et al. 2007, Killgore 2010, Beyaert, Greggers et al. 

2012, Coutanche, Gianessi et al. 2013, Feld, Lange et al. 2013, Gorgoni, D'Atri et al. 

2013). The mechanism by which total sleep duration was increased in flies infected by 

either wMelPop or wMelCS were correlated with reduced expression of genes encoding 

essential enzymes in the biosynthetic pathway and subsequently altered levels of 

neurotransmitters that controls sleep. 

 

Sleep is strongly synchronised by the interaction of dopaminergic and serotonergic 

signalling in most organisms. DA promotes wakefulness and increased arousal (Kume et 
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al., 2005), and increased concentration of DA in the brain is associated with sleep 

deprivation (Pfeiffenberger and Allada, 2012). Likewise, decreased DA signalling results 

in lengthened sleep duration, as demonstrated when neural DA is deficient 

(Riemensperger et al., 2011). Furthermore, while DA controls sleep by increasing the 

arousal state of adult flies, serotonin actively promotes sleep by reducing arousal. 

Increased concentration of 5-HT have been shown to result in increased sleep in wild-

type D. Melanogaster (Yuan et al., 2005, Yuan et al., 2006), as well as to promote sleep 

in short-sleep mutants (Yuan et al., 2006). Total reduction of DA and 5-HT concentration 

suggests a disruption in the cyclical control of the sleep-wake cycle and explains why 

flies infected with wMelPop display significantly prolonged sleep periods. Likewise, 

wMelCS displayed lower overall DA concentrations, suggesting reduced arousal and 

wakefulness, leading to increased sleep, however; elevated 5-HT concentrations in 

wMelCS infected flies point towards a possible compensatory effect. Despite normal 

levels of DA and elevated levels of 5-HT, wMel displayed normal night time sleep 

behaviour, suggesting that DA concretion is a dominating factor controlling sleep in flies. 

 

The way in which Wolbachia alters neurotransmitter levels, especially DA concentration, 

is not completely understood, however our work demonstrated that changes in DA 

correlate with altered expression of genes that encode for essential enzymes in DA 

biosynthesis. Two enzymes, Tyrosine hydroxylase (TH), responsible for the conversion 

of L-tyrosine to L-DOPA (Kaufman, 1995), and DOPA decarboxylase (DDC), 

responsible for the catalyzation of L-DOPA to DA (Devos et al., 2014), were reduced in 

flies infected with wMelPop or wMelCS. As expected, no reduction was displayed in flies 

infected with wMel. Previous work has shown that inhibiting TH (Ueno et al., 2012) or 

DDC (Andretic et al., 2005) increases both sleep and arousal thresholds. Several studies 

have shown host gene expression to be modulated by the presence of Wolbachia (Kambris 
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et al., 2009, Moreira et al., 2009, Bian et al., 2010, Kambris et al., 2010, Hughes et al., 

2011, Pan et al., 2012, Pinto et al., 2013, Pinto et al., 2012, Rances et al., 2012, Xi et al., 

2008, Rohrscheib et al., 2015) suggesting a possible mechanism for how Wolbachia alters 

behaviours like sleep. 

 

A second, and not mutually exclusive, possibility is that changes to DA production are 

secondary effects of immune response in reaction to the presence of neural Wolbachia 

infection. NF-κB is an important transcription protein involved in the immune response 

to several different types of cellular stress and plays a central role in host response to 

infection by microbial pathogens (Santoro et al., 2003, Rahman and McFadden, 2011). In 

Parkinsonian models, translocation of NF-κB is increased in dopaminergic neurons, 

correlating with the oxidative stress induced apoptotic destruction (Hunot et al., 1997). 

Furthermore, inhibiting NF-κB action prevents loss of dopaminergic neurons, reducing 

the disease phenotype (Ghosh et al., 2007).  Previous work has shown that immune 

responses induced by bacterial infection increased sleep in flies, correlating with 

increased response of NF-κb, which was further found to directly affect circadian rhythm 

(Kuo et al., 2010). Wolbachia have been shown to induce oxidative stress in Drosophila 

by unknown mechanisms (Wong et al., 2015). It is therefore possible that immune 

response of NF-κB in reaction to neural Wolbachia infection could lead to increased sleep 

in infected flies, either through direct damage to DA neurons or indirect effects on the 

circadian rhythm. Our data demonstrated that there was no response of NF-κb in infected 

Drosophila brains, further suggesting that alterations to monoamine neurotransmitters are 

the main influence of sleep behaviour.  

A further possibility is that changes to DA production are due to the consumption of host 

metabolites, including amino acids upon which Wolbachia growth and maintenance are 



99 

 

dependent (Foster et al., 2005, Wu et al., 2004). Normally, tyrosine is a nonessentia l 

amino acid synthesised from the essential amino acid, phenylalanine (van Spronsen et al., 

2001). Phenylalanine is both a metabolite consumed by Wolbachia (Foster et al., 2005, 

Wu et al., 2004) and a precursor of several neurotransmitters, including DA (Brandau and 

Axelrod, 1972). Previous studies have shown that phenylalanine deficiency results in 

decreased DA synthesis (Lou, 1994). Thus, there remains the possibility that localised 

competition between symbiont and host for amino acids, such as phenylalanine, results 

in an overall reduction in neural concentrations of neurotransmitters.  

 

Alternatively, the higher bacterial loads caused by high-density strains, like wMelPop, 

may result in localised damage of the brain. Previous studies have shown when wMelPop 

infected Drosophila were reared at 29oC, there was considerable damage to all somatic 

tissues including the brain (Min and Benzer, 1997), and more recently localised over-

replication and sub-cellular changes have been observed in flies reared at 25oC (Strunov 

and Kiseleva, 2014). While we conducted our experiments in the wild-type fly line 

CantonS reared at 24oC, and observed no pathology associated with the wMelPop 

infection (i.e. no reduction in adult lifespan was observed; data not shown, Rohrscheib et 

al, in review), we cannot eliminate the possibility that this behavioural phenotype is the 

result of Wolbachia changes to neurophysiology or damage to the brain, specifically DA 

neurons, however this does not explain the changes displayed in the benign, low density 

strain, wMelCS.  

 

Evidence that some strains of Wolbachia affect behaviour essential for the health and 

survival of its host offer an explanation for why certain strains have been more successful 

in wild populations. Altered sleep has a wide range of fitness costs to Drosophila, 
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including effects on lifespan (Bushey et al., 2010), learning and memory (Li et al., 2009, 

Haynes et al., 2015, Glou et al., 2012), and courtship (Kayser et al., 2014). To date, wMel 

is the most commonly found strain in wild D. melanogaster populations (Riegler et al., 

2005) It is thought to have invaded these populations within the last several thousand 

years, replacing the earlier strain wMelCS (Riegler et al., 2005, Richardson et al., 2012). 

The affect certain strains have on neurotransmitter synthesis, ultimately leading to 

alterations of behaviours essential to host fitness, may explain in part how some strains 

are more successful than others.  

 

Symbiotic microorganisms are often overlooked as a component of animal behaviour and 

the mechanisms that control these behaviours. We have shown that a common bacterial 

symbiont of Drosophila can affect fly sleep by altering biosynthetic pathways and 

reducing neural DA levels. Given that previous work has shown a strain of Wolbachia 

can influence dopamine in novel insect hosts (Moreira et al., 2011) there remains the 

possibility that other behaviours associated with DA, learning and memory, or attention 

are also modified and affected by Wolbachia . 
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Chapter 5: 

Intensity of Mutualism Breakdown is 
Determined by Temperature and Not 

Amplification of Wolbachia Genes 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 
 
 

Chapter 5 has been submitted and is currently under review in PLOS Pathogens. The 
present format corresponds to the format required for publication in the journal. 

 

Rohrscheib, C.E.,  Frentiu, F.D., Horn, E., Ritchie, F.K,  van Swinderen, B., Weible, 

M.W.,  O’Neill, S.L., Brownlie, J.C. Intensity of mutualism breakdown is determined by 
temperature not amplification of Wolbachia genes. Submitted to PLOS Pathogens (2015).   
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5.1 ABSTRACT 

Wolbachia are maternally transmitted intracellular bacterial symbionts that infect 

approximately 40% of all insect species. Though several strains of Wolbachia naturally 

infect Drosophila melanogaster and provide resistance against viral pathogens, or 

provision metabolites during periods of nutritional stress, one virulent strain, wMelPop, 

reduces fly lifespan by half, possibly as a consequence of over-replication. While the 

mechanisms that allow wMelPop to over-replicate are still of debate, a unique tandem 

repeat locus in the wMelPop genome that contains eight genes, referred to as the 

“Octomom” locus has been identified and is thought to play an important regulatory role. 

Estimates of Octomom locus copy number correlated increasing copy number to both 

Wolbachia bacterial density and increased pathology. Here we demonstrate that infected 

fly pathology is not dependent on an increased Octomom copy number, but does strongly 

correlate with increasing temperature. When measured across developmental time, we 

also show Octomom copy number to be highly variable across developmental time within 

a single generation. Using a second pathogenic strain of Wolbachia, we further 

demonstrate reduced insect lifespan can occur independently of a high Octomom locus 

copy number. Taken together, this data demonstrates that the mechanism/s of wMelPop 

virulence is more complex than has been previously described. 
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5.2 INTRODUCTION: 

Symbiosis has played a pivotal role in arthropod diversification, speciation, and the ability 

of these animals to occupy a variety of niches in the natural world. Symbionts fall into 

two broad categories: infectious symbionts that often impose severe fitness costs to their 

host in order to complete their lifecycle, and vertically transmitted endosymbionts that 

form lifelong infections with their host, which range from beneficial to commensal in 

nature (Malke and Buchner, 1967). A key determinate of endosymbiont:host interactions 

is the infection density that the symbiont establishes in their host (Wilkinson et al., 2007). 

If symbiont density is too high, the endosymbiont risks inducing pathology in the host 

and reducing host fitness. On the other hand, if density is too low, the endosymbiont may 

not be transmitted to the next generation (Jaenike, 2009). Density of endoysmbionts may 

be regulated by a combination of microbe or host mechanisms, as well as external factors 

including nutritional status of the host or temperature (Wilkinson et al., 2007, Wang et 

al., 2009, Bordenstein and Bordenstein, 2011, Serbus et al., 2015).  

 

One symbiont that has been shown to be influenced by all of these factors is Wolbachia 

pipientis, a gram-negative alpha-proteobacteria that infects numerous invertebrate 

species, such as filarial nematodes and at least 40% of insect species (Jeyaprakash and 

Hoy, 2000, Hilgenboecker et al., 2008, Zug and Hammerstein, 2012). Most Wolbachia 

manipulate host reproductive systems to enhance their maternal transmission through host 

populations, with a smaller number of strains shown to provide protection against 

microbial infections (Brownlie and Johnson, 2009, Chrostek et al., 2013) or impose 

fitness costs to their host (Braquart-Varnier et al., 2008, Min and Benzer, 1997, Hoffmann 

et al., 2015). The strength of t 
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hese phenotypes correlates with Wolbachia density (Osborne et al., 2009, Chrostek et al., 

2013, Ponton et al., 2015, McGraw et al., 2002), which itself has been shown to be largely 

strain and host dependent.  

 

Wild populations of Drosophila melanogaster are often infected by one of two Wolbachia 

strains, wMelCS or more commonly, wMel (Riegler et al., 2005). A third strain, 

wMelPop, was recovered from a mutant Drosophila laboratory stock (Min and Benzer, 

1997). The abundance and effect each strain has on Drosophila lifespan, or protection 

against viral infection, correlate with Wolbachia density. The wMel strain, which 

establishes the lowest density in the host, has no impact on lifespan but provides the 

lowest level of protection against viral infection; conversely wMelPop establishes the 

highest infection density and significantly reduces adult-lifespan but provides the highest 

level of virus protection (Chrostek et al., 2013). The pathogenicity of wMelPop and its 

ability to over-replicate appear to be independent of host factors, with pathology and 

associated high infection densities observed in novel transinfected hosts (McGraw et al., 

2002), suggesting that genetic factors are responsible. Comparative genomic analyses 

between wMelPop and wMelCS have identified an 8-gene region, referred to as the 

“Octomom” locus, which is triplicated in wMelPop (Woolfit et al., 2013, Chrostek and 

Teixeira, 2015){Chrostek, 2013 #176}. A recent study by Chrostek and Teixeira also 

correlated increased copy number of the Octomom locus with both increased Wolbachia 

infection densities and pathology. How the Octomom locus influences pathology was 

undetermined (Chrostek and Teixeira, 2015). A second determinate of wMelPop 

pathology is the extrinsic temperature the host is exposed to, with pathology positive ly 

correlating to an increase in temperature (Reynolds et al., 2003). Intriguingly, when flies 

are reared at 19oC no pathology is observed, presumably because wMelPop does not over-
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replicate or the rate at which it over-replicates was too slow to reduce host fitness 

(Reynolds et al., 2003).  

 

While wMelPop pathology has been correlated to increasing temperature (Reynolds et 

al., 2003), or bacterial density and Octomom copy number (Chrostek and Teixeira, 2015), 

no studies to date have investigated the effect temperature has on Wolbachia density and 

Octomom copy number. If Wolbachia density determines the strength of pathology, we 

would expect to observe decreasing Wolbachia infection densities as the extrins ic 

temperature decreased. Similarly, if the Octomom copy number determines Wolbachia 

density, and consequently pathology, we would expect to observe a decrease in Octomom 

copy number as the extrinsic temperature decreases.  

 

Here we evaluated the lifespan of adult Canton-S Drosophila infected with wMelPop that 

were reared at four different temperatures, and as expected, observed increased pathology 

as temperature increased. When flies were reared at 18oC, however, we observed an 

extension to adult lifespan, similar to that previously observed at 16oC (Vaisman et al., 

2009). Estimates of wMelPop infection densities showed a bi-modal pattern across the 

different rearing temperatures, with a distinct shift in bacterial growth in the host. 

Absolute density and the rate of growth of Wolbachia were decoupled from the strength 

of pathology. Copy number of the Octomom region was dynamic across time but no 

correlation between temperature and Octomom copy number was observed. Similarly, no 

correlation between Octomom copy number and bacterial density, or strength of 

pathology was observed. Finally, we describe a new pathogenic strain of Wolbachia, 

wMel3562, which maintains the Octomom region at low frequency, established a high 

bacterial infection and reduced adult-lifespan in flies. Taken together, these observations 
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challenge recent evidence of how expansion of the Octomom locus leads to the 

breakdown of mutualism between Wolbachia and host. 

 

5.3 METHODS 

5.3.1 Drosophila fly stocks and Wolbachia strains 

The pathogenic Wolbachia strain wMelPop (Min and Benzer, 1997, Wu et al., 2004), was 

introgressed into the Drosophila melanogaster Canton-S (Ashburner, 1990) stocks as 

described previously (Rohrscheib et al., 2015)  D. melanogaster fly-strain 3562, known 

to have reduced lifespan and a mapped mutation to hyperkinetic (Hk1) (Trout and Kaplan, 

1981, Rogina and Helfand, 1996) was obtained from the Bloomington (Indiana, USA) 

stock centre. The Wolbachia infection from the 3562 flyline, henceforth referred to as 

wMel3562, was introgressed into two different Drosophila genetic backgrounds: BNE, a 

wild-type strain collected from Brisbane, Australia (Yamada et al., 2007) and w1118 a 

heavily inbred white eyed mutant strain. Briefly, virgin 3562 females were mated with 

Wolbachia -free BNE males (BNE-T); female progeny that maintained the FM6 balancer 

were collected and crossed to BNE-T males. Wildtype female progeny were collected and 

backcrossed to the BNE-T background for an additional five generations to create the 

BNE-wMel3562 line. The wMel3562 strain was introgressed into the w1118 background 

from the BNE-wMel3562 flyline by crossing virgin females with w1118 males for five 

generations. Tetracycline treatments were performed as described previously (Hoffmann 

et al., 1986) to generate  genetically identical fly lines that lacked the Wolbachia infect ion; 

hereto referred as wMelPop-T or wMel3562-T. Gut flora was reconstituted using 

standardised methods (Chrostek et al., 2013) and all experiments were conducted at a 

minimum of seven generations post tetracycline treatment.  All flylines were reared from 

embryo to 1-day-old adults at 24oC on a 12:12 hour light-dark cycle.  
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5.32 Drosophila Lifespan 

The lifespan of approximately 200 adult male Drosophila derived from wMelPop or 

wMelPop-T fly-lines reared as described previously were determined at 29°C, 24°C, 21°C 

and 18°C. The lifespan of approximately 200 adult male Drosophila derived from 

wMel3562 or wMel3562-T fly-lines reared as described previously were determined at 

24°C and 29°C. All adults were collected by CO2 anaesthesia immediately following 

eclosion and separated into groups of 20 before being transferred to the desired 

temperature, maintained on standard food medium and kept on a 12:12 hour light-dark 

cycle. Survival was determined every 3-days, until all flies had died. Data was analysed 

using LogRank analysis (Mantel-Haenszel method; proportional hazards model; SPSS).  

 

5.3.3 Estimating wMelPop density and Octomom insert copy number  

Both Wolbachia infection density in adult flies and the copy number of the Octomom 

repeat locus in the Wolbachia genome was estimated using relative qPCR assays 

(McMeniman et al., 2008). Five adult flies reared at 29°C, 24°C, 23°C, 22°C, 21°C, or 

18°C were collected at regular time points. Genomic DNA was isolated using a QIAGEN 

DNeasy Blood & Tissue Kit according to manufacturer instructions (QIAGEN, 

Doncaster, VIC). Total DNA was estimated using an ND-1000 Nanodrop 

Spectrophotometer (Analytical Technologies, Collegeville, PA). To estimate the relative 

abundance of Wolbachia bacteria in each sample, we compared the abundance of the 

single-copy Wolbachia ankyrin repeat gene WD0550 to that of the single-copy D. 

melanogaster gene Act88F (McMeniman et al., 2008). To estimate the copy number of 

the Octomom repeat locus, we compared the abundance of the single copy gene WD0550 

to WD0508 (WD0508F: 5’ TGAGGAAGAAAGTGGAAAGGCA 3’ WD0508R: 5’ 
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ACATGAGCAGAAACTCCTTCCT 3’), a single copy gene located within the 

Octomom repeat locus.  

 

Each qPCR contained 12.5 μl of 2x SYBR pre-mix (QIAGEN), 1 μl of Forward primer, 

1 μl of Reverse primer, 100 ng of DNA and H2O to a final volume of 25 μl. (McMeniman 

et al., 2008). The relative abundance of Wolbachia bacteria to Drosophila or Octomom 

repeat region to the Wolbachia genome was determined using the delta-delta CT method 

(Pfaffl, 2001). Statistical significance was established with Two-Way ANOVA for 

bacterial density and One-Way ANOVA for Octomom copy number (SPSS). 
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5.4 RESULTS 

5.4.1 Survival 

A standard survival assay (Min and Benzer, 1997) was used to confirm that an increase 

in environmental temperature correlated with a reduction in adult lifespan of Drosophila 

infected with wMelPop. We compared the lifespan of adult D. melanogaster infected by 

wMelPop across a range of rearing temperatures (29°C, 24°C, 21°C, 18°C), to 

Wolbachia-free controls (Fig. 5.1; Table 5.1). As expected, we observed the greatest 

pathology associated with the highest rearing temperature; median survival increased for 

both infected flies and uninfected controls as rearing temperatures decreased. 

Additionally, hazard ratios, the ratio of fly death between infected and uninfected 

controls, decrease with a reduction in temperature (24°C and 21°C), demonstrating that 

temperature, infection, and their interaction affect Drosophila survival (Table 5.1). When 

adult wMelPop-infected D. melanogaster were reared at 18°C, wMelPop infection was 

associated with an extended adult lifespan. Similar results have been previously observed 

for adult flies reared at 16oC (Vaisman et al., 2009). Thus we conclude that there is a 

temperature dependent effect of wMelPop on Drosophila survival. 

 

 

 



110 

 

 

Fig. 5.1: Effect of rearing temperature on survival in flies infected with wMelPop.  

Survival curves of male wMelPop-infected flies reared at (A) 29oC, (B) 24oC, (C) 21oC 

and (D) 18oC. Black-shaded circles represent infected flies, and grey-shaded squares 
represent Wolbachia -uninfected tetracycline treated controls (T). Error bars on curves 
represent SEs.  
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Table 5.1. Survival of Drosophila melanogaster infected with wMelPop at different 

rearing temperatures. 

Strain, 

Temp 

N1, N2           

(W +, W-1) 

df1, df2 

(W +, W-1) 

Median Survival 

(Day) 

(W +, W-1) 

Hazard Ratio 

(95%  CI) 

p Value 

wMelPop,  

29°C 

120, 120 119, 119 14, 21 17.8 (11.7-27.0) <  0.0001 

wMelPop,  

24°C 

 

121, 122 120, 121 24, 38 12.2 (8.2-18.1) <  0.0001 

wMelPop,  

21°C 

 

231, 234 230, 233 52, 59 1.7 (1.3-2.1) 0.0002 

wMelPop,  

18°C 

 

198, 203 197, 202 76, 66 0.6 (0.5-0.7) <  0.0001 

wMel3562,  

29°C 

206, 199 205, 198 17, 27 11.29 (8.2-15.4) <  0.0001 

wMel3562,  

24°C 

198, 214 197, 213 52, 60 1.68 (1.3-2.1) <  0.0001 

1. “W -” represent uninfected tetracycline treated paired lines. 
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5.4.2 Wolbachia density  

The capacity of a bacterium to cause disease reflects its relative pathogenicity and the 

degree of virulence is directly influenced by the ability of the organism to cause disease 

despite host resistance mechanisms; it is affected by different variables such as the 

number of infecting bacteria (Casadevall and Pirofski, 2001). Genes that influence 

bacteria virulence are also regulated by temperature, which acts as an 'on-off' mechanism 

for bacterial growth (Konkel and Tilly, 2000). Using a standard qPCR assay 

(McMeniman et al., 2008), we determined if temperature affected wMelPop replication 

over time in adult Drosophila, reared at 29°C, 24°C, 21°C, and 18°C (Fig. 5.2). Flies 

reared at 29°C and 24°C had equivalent bacterial densities until the last day of fly surviva l 

at 29°C (Day 11; F(1,8) = 0.59, p = 0.61). Over-replication of wMelPop continued as flies 

reared at 24°C aged, reaching an average maximum density of approximately 181.6 

Wolbachia genomes to 1 Drosophila genome. This demonstrated a high bacterial density 

before death, despite outliving flies at a similar density, reared at 29°C. Flies reared at 

24°C and 21°C had significantly different bacterial density until the last day of fly 

survival at 24°C (F(1,8) = 0.02, p < 0.0001). Flies reared at 21°C and 18°C had equivalent 

bacterial densities until the last day of fly survival at 21°C  (F(1, 8) = 0.64, p = 0.22).  
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Fig. 5.2: Effect of rearing temperature on wMelPop density in Drosophila 

melanogaster. 

 Mean relative wMelPop density in flies, as determined by qPCR, reared at four different 
temperatures. Errors bars on curves represent SEs.  

 

 

Wolbachia density displayed a bimodal trend between flies raised at high (29°C and 

24°C), and low (21°C and 18°C) temperatures. To determine what temperature would 

shift wMelPop replication from low to high densities, or if an intermediate growth profile 

existed, we estimated wMelPop density in flies reared at 23°C and 22°C. wMelPop 

density in adult Drosophila reared at 23°C was not significantly different compared with 

density in flies reared at 24oC until the last day of fly survival at 24°C  (Day 30; F(1, 8) 

= 1.11 , p = 0.42) a similar result was found when density was measured in flies reared at 

22°C was compared to flies reared at 21°C through to the last day of fly survival at 24°C 

(Day 40;  F(1,8) = 0.60, p = 0.94), demonstrating a bimodal relationship between density 

and temperature. These results suggest wMelPop density is temperature-dependent and 

that density is not correlated with host pathology under these conditions. 

5.4.3 Octomom Copy Number 
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Chrostek and Teixeira have previously postulated a positive correlation between 

increasing copy number of the Octomom locus / wMelPop bacterial density with 

pathology (Chrostek and Teixeira, 2015). Given that temperature does influence bacterial 

density, but that bacterial density does not always correlate with pathology, we set out to 

determine if Octomom copy number correlated with differences observed in Wolbachia 

density at different rearing temperatures, or pathology. Octomom copy number was 

determined by estimating the ratio of WD0508, a single copy gene within the Octomom 

locus, to WD0550, a single copy gene in the wMelPop genome. First we compared copy 

number of WD0508 in 11-day-old flies, the earliest time point in which the bimodal 

density trend was observed from six rearing temperatures (29°C, 24°C, 23°C, 22°C, 21°C, 

and 18°C; Fig. 5.3A; Supplementary data: Appendix 2.1, Table S2.1). On average, 

between 1 to 1.5 copies of the Octomom locus were observed in 11-day-old flies reared 

at 29°C, 24°C, 23°C, 22°C, and 21°C (Fig. 5.3A; S1). These results suggest Wolbachia 

density or pathology is not dependent on Octomom copy in infected Drosophila.  When 

wMelPop infected flies were reared at 18oC there was a significantly lower prevalence of 

the insert, with at least half of the bacterial genomes lacking the Octomom locus (Fig. 

5.3A). As all flies were maintained at 24oC from embryo to one-day-adult flies prior to 

being reared at different temperatures, these results suggest either temperature directly 

affected genome instability at this locus within 11 days or that low temperatures had 

selected for wMelPop variants that lacked or had low copy number of the Octomom locus.  
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Fig. 5.3: Effect of temperature and fly age on Octomom copy number.  

(A) Mean Octomom copy number relative to a single copy wMelPop gene in 11-day old 
flies reared at 29°C, 24°C, 23°C, 22°C, 21°C and 18°C, as determined by qPCR. (B) 

Mean Octomom copy number relative to a single copy wMelPop gene in developing flies 
reared at 24°C (dark-shaded circles) or 21°C (grey-shaded squares) as determined by 

qPCR. Both flylines were reared at 24°C from embryo to eclosion. Days refer to adult fly 
age post eclosion. Error bars represent SE. 
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To further explore how stable the Octomom locus was over time, Octomom copy number 

was estimated in a mixed population of flies reared at 24°C or 21°C, at different time 

points throughout their lifespan (Fig. 5.3B). If Octomom copy number affected the 

strength of pathology, flies reared at 21°C should have lower Octomom frequency for a 

greater period of time when compared to flies reared at 24oC. No significant difference 

was observed for average Octomom copy number in wMelPop infected flies when reared 

at 24°C and 21°C (Fig. 5.3B; Supplementary data: Appendix 2.2, Table S2.2). Copy 

number was initially low in one-day old wMelPop infected flies, but increased in 

frequency by Day 5 and was maintained until Day 17 across both temperatures. 

Interestingly, as wMelPop infected flies aged (Day 22 – Day 40), Octomom copy number 

was not significantly different from that observed in 11-Day-old flies reared at 18oC (18 

oC (-2.43  0.46); 24 oC (-3.03  0.42), [F(1,9) = 1.486 p = 0.92]; 21 oC (-2.20  0.35), 

[F(1,9) =2.06, p = 0.59).  These results demonstrate that temperature and increasing adult 

age, not Octomom copy number, influence wMelPop bacterial density. Furthermore, we 

observed Octomom copy number to be highly variable over developmental time and were 

not correlated to Wolbachia density or host pathology.  

 

To date only two Wolbachia strains that infect D. melanogaster are known to establish 

higher infection densities and reduce adult lifespan: wMelCS (Chrostek et al., 2013) and 

wMelPop (Min and Benzer, 1997) and both were recovered from CantonS Drosophila 

fly-stocks. To determine if other life-shortening Wolbachia strains existed we screened 

short-lived D. melanogaster fly-stocks for the presence of Wolbachia using a standard 

PCR assay (McMeniman et al., 2008). All Wolbachia positive fly-lines were cured of 

their infection and survival was compared. From fly-stock 3562, a mutagenised CantonS 

fly-stock which contains a known mutation in the Hyperkinetic gene (Kaplan and Trout, 
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1969), we recovered a pathogenic strain of Wolbachia that reduced adult lifespan at both 

29oC (Table 5.1; Fig. 5.4; Hazard Ratio = 11.29; 8.23-15.48) and 24oC (Table 1; Fig. 5.4; 

Hazard Ratio = 1.68; 1.34-2.11). Genotyping of the strain, hereto referred as wMel3562, 

confirmed it is a member of the wMelCS/wMelPop clade sharing all known genetic 

markers with both strains (Chrostek et al., 2013, Jaenike et al., 2010, Riegler et al., 2005). 

We then estimated the Wolbachia density (Fig. 5.5) and the copy number of the Octomom 

locus (Fig. 5.6). Similar to wMelPop, wMel3562 over replicated in infected flies (Fig. 

5.5) at both 24oC and 29oC, with densities equivalent to those of wMelPop observed at 

21oC (F(1,8) = 2.61; p = 0.36), and has a higher density than wMelCS when reared at 

29oC. As with wMelPop pathology, the strength of wMel3562 pathology was influenced 

by temperature rather than absolute bacterial density or the rate of bacterial growth (Fig. 

5.5). Measurements of the Octomom locus in 11-day old flies showed that at 24°C, the 

frequency of the locus within the wMel3562 population was low (Fig. 5.6; F(1,8) = 0.14, 

p < 0.001) compared to wMelPop at 24°C, but equivalent to the copy number observed 

in 22 day-old wMelPop infected flies (F(1,8) = 0.10, p =0.86).  
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Fig. 5.4: Daily mortality for wMel3562 infected D. melanogaster. 

Survival curves of male wMel3562-infected flies reared at (A) 29oC and (B) 24oC. Black-
shaded circles represent infected flies, and grey-shaded squares represent uninfected 

tetracycline treated controls (T). Error bars on curves represent SE. 

 

 

Fig. 5.5: Daily wMel3562 bacterial density in adult D. melanogaster. 

Mean relative wMel3562 density in flies reared at 29°C and 24°C, as determined by 
qPCR. Errors bars on curves represent SE. 
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Fig. 5.6: Octomom copy numbers in wMel3562 and wMelPop-infected flies. 

Mean Octomom copy number in wMel3562 relative to a single copy Wolbachia gene in 
11-day old flies reared at 29°C and 24°C. Errors bars represent SE. 
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5.5 DISCUSSION  

This study provides evidence that wMelPop induces host pathology in a temperature 

dependent manner, which is independent of bacterial density or rate of bacterial growth. 

Over replication of wMelPop was observed in Drosophila reared at all evaluated 

temperatures – the rate at which this was observed was bimodal. Flies reared at high 

temperatures (29°C - 23°C) shared similar bacterial density across time and established 

the highest bacterial density in the shortest period of time. Flies reared at low temperatures 

(22°C - 18°C) had similar bacterial densities to each other and had a markedly different 

growth rate and final bacterial density. Interestingly, despite having the same infect ion 

density (e.g. 21/18°C or 29/24°C), infected flies lived significantly longer as rearing 

temperature decreased and even outlived their uninfected counterparts at extremely low 

temperatures, a phenotype that has been previously described at 19°C and 16°C 

(Reynolds et al., 2003, Vaisman et al., 2009). This suggests that the interaction of 

wMelPop and host rearing conditions is a major determining factor in pathology, and that 

strength of pathology was not determined by either absolute bacterial density or the rate 

of growth within the host.  

 

Chrostek and Teixeira recently described a correlation between high and low Octomom 

copy number, wMelPop density and pathology (Chrostek and Teixeira, 2015). Critical to 

these observations were a set of selection experiments whereby they were able to select 

for high or low-copy Octomom wMelPop Drosophila flylines and in turn observed altered 

pathology in accordance with their predictions. A similar selection experiment had been 

previously conducted, however unlike Chrostek and Teixeira’s experiments, this study 

concluded that the changes to pathology were due to host effects and not selection acting 

upon wMelPop (Carrington et al., 2009). The difference between these two studies can 

be attributed to the design of the selection experiment. While both selected for increased 
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or decreased wMelPop pathology for a minimum of 14 generations, based on high/low 

Octomom copy number (Chrostek and Teixeira, 2015) or on survival (Osborne et al., 

2012), only Carrington and colleague’s experiment comprised a series of backcrosses to 

the unselected parental stock in order to determine if selection had acted upon the nuclear 

host genome or the wMelPop genome. As the changes to pathology persisted with the 

host nuclear background they concluded that the observed changes to pathology were due 

to selection upon the host genome and not the wMelPop genome (Osborne et al., 2012). 

In the absence of this additional experiment, it is difficult to determine if the selection 

applied by Chrostek and Teixeira, and its associated changes to pathology, has acted upon 

wMelPop, the host genome or both.   

 

While all estimates of Octomom copy number using qPCR are an average of all wMelPop 

bacteria that infect an individual fly (thus a single fly could harbour both low and high-

copy Octomom wMelPop bacteria) our data showed that Octomom copy number is highly 

variable over the fly lifespan. Low copy Octomom wMelPop variants were observed in 

larval, pupal, and late adult insects, and higher Octomom copy wMelPop variants present 

in younger adults.  Octomom’s variability over time poses a number of questions and can 

be explained by a number of scenarios. The first is that low- or high-copy Octomom 

wMelPop variants might be tolerated at different developmental stages, with low-copy 

number wMelPop selected for in larval and pupal stages, while adult flies might tolerate 

Wolbachia with higher copy numbers of Octomom. Variation of Octomom copy number 

from high- to low-copy number could also be the result of individual flies that harbour 

high-copy Octomom wMelPop dying faster than those infected by low-copy Octomom 

wMelPop. Thus only low-copy Octomom wMelPop strains could be recovered in flies 

older than 17 days. If this were true, then the death rate for flies with low-copy Octomom 

wMelPop should be identical to that of uninfected flies, yet we observed both mortality 
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and wMelPop density continue to increase after 17 days of age while at the same time the 

ratio of the Octomom locus to the rest of the wMelPop genome decreased three fold, from 

a ratio of 1:1 to 1:3 (Fig. 5.3B). A third possibility is that all flies were infected by both 

low and high-copy Octomom wMelPop bacteria, over time the high-copy strains 

simultaneously induced cellular damage to the host, leading to pathology, and died off 

faster than low-copy number strains. A final possibility is that due to frequent 

recombination at the repetitive sequences that flank the Octomom locus, its copy number 

within the wMelPop genome changes over-time as the fly develops and ages.   

 

The role of Octomom copy number variation in pathology is unclear, regardless of how 

observed variation may arise. We observed no difference in Octomom copy number in 

wMelPop genomes when flies were maintained at different temperatures and harboured 

different bacterial densities or experienced different levels of pathology. We also showed 

that in addition to wMelPop-CLA (McMeniman et al., 2008), the wMel3562 strain 

establishes an infection density higher than wMelCS and induces pathology in the fly 

host, however, the Octomom region is absent in wMelPop-CLA (Woolfit et al., 2013) and 

uncommon within mixed D. melanogaster populations of wMel3562 (Fig. 5.6). 

Furthermore, a third strain related to wMel, wAu establishes significantly higher infect ion 

densities than wMel in D. melanogaster (Osborne et al., 2012) and also lacks the 

Octomom region (Iturbe-Ormaetxe et al., 2005, Sutton et al., 2014).  Consequently we 

conclude that wMelPop density, its rate of growth, and the strength of pathology induced 

is unrelated to the copy number of the Octomom locus. 

 

 

The mechanisms by which pathogenic strains of Wolbachia such as wMelPop, wMelPop-

CLA, and wMel3562 over-replicate and induce pathology as flies age, are still unclear, 
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however temperature appears to be a significant force. It is well established that 

temperature affects Drosophila biology and lifespan. When reared at high temperatures, 

adult Drosophila suffer from a general degeneration of cytoplasmic organelles in nerve 

cells while at the same time there is an intense loss of ribosomes in the Malpighian tubules 

(Miquel et al., 1976). As both tissues are heavily infected by wMelPop (Faria and Sucena, 

2013, Rancès et al., 2013, Min and Benzer, 1997, Moreira et al.), the presence of bacteria 

may exacerbate these physiological responses, leading to the observed host pathology. 

Temperature has also been shown to affect Drosophila immune function and their 

response to bacterial pathogens (Feder et al., 2000, Lindquist and Craig, 1988, Linder et 

al., 2008). When reared at 17oC, adult Drosophila display increased gene expression of 

the heat shock protein Hsp83, as well as several immune genes, which both correlate 

with decreased bacterial growth and pathology when compared to flies reared at 25oC or 

29oC (Lindquist and Craig, 1988). Given the decrease in host pathology in wMelPop-

infected Drosophila maintained at low temperatures, it is tempting to speculate that 

similar host immune responses act to attenuate wMelPop pathology.  

 

Despite initial hopes of describing an environment-genotype-to-phenotype link among 

extrinsic temperature, Octomom copy number and pathology, we have demonstrated that 

Octomom copy number is highly variable over time, is unresponsive to extrinsic rearing 

temperature and is not correlated to either bacterial density or pathology. The density of 

wMelPop does not appear to determine pathology as equivalent bacterial densities were 

observed at different rearing temperatures but the strength of pathology differed. Instead 

it appears that a combination of the rate of bacterial growth and temperature determines 

wMelPop pathology.  
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Chapter 6: 

General Discussion 
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Wolbachia are one of the most abundant bacterial endosymbionts on earth and are known 

for their ability to affect host fitness (Zug and Hammerstein, 2012, Hilgenboecker et al., 

2008). Due to the nature of Wolbachia’s reproductive parasitism (Zug and Hammerste in, 

2015), most research has focused on how Wolbachia affects reproductive fitness, despite 

the fact that Wolbachia resides in the majority of host tissues (Dobson et al., 1999), 

including the nervous system (Min and Benzer, 1997). The majority of work on this topic 

has primarily focused on a pathogenic strain due to its phenotype of over-replicating in 

brain tissues and reducing host lifespan (Min and Benzer, 1997), despite recent, 

overwhelming evidence that benign, commensal and mutualistic bacterial symbionts have 

the ability to alter host behaviour (Rohrscheib and Brownlie, 2013, Dinan et al., 2015). 

This study aimed to determine the effects three common Wolbachia strains, two benign 

and one pathogenic, have on Drosophila melanogaster behavioural fitness, and provided 

new insight into the molecular mechanism symbionts use to influence host behaviour. I 

determined that Wolbachia has the ability to influence three behaviours that affect host 

health and fitness, and further demonstrate how symbionts influence neural transmit ters 

(Chapters 3 and 4). Additionally, I successfully established that rearing temperature 

affects the strength of wMelPop-induced pathology more than bacterial density and 

determined that a gene insert located within the pathogenic strain’s genome, previously 

thought to control the strain’s ability to induce pathology, has little to do with the strain’s 

effect on lifespan and bacterial density (Chapter 5). My results provide important new 

knowledge into how different strains of naturally occurring Wolbachia affect host fitness 

and offers new insight into the way symbionts influence the brain on a molecular level to 

control host behaviour.  

7.1 MOLECULAR MECHANIS MS USED BY WOLBACHIA TO ALTER HOST BEHAVIOUR 
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My work demonstrates the strongest behavioural changes in flies infected with the 

pathogenic strain, wMelPop. As shown in chapter 5, wMelPop over-replicates in 

Drosophila as they age and bacterial density is strongly dependent on the rearing 

temperature of the host. This correlated with decreased male aggression, decreased male 

mate success (chapter 3), and increased total fly sleep (chapter 4).  

It is not entirely surprising that we found altered behaviour in flies infected with 

wMelPop. Phenotypic changes correlating with increased Wolbachia density have been 

previously observed in infected insects. Mosquitoes infected with wMelPop-CLA have 

increased locomotion and metabolic rate (Evans et al., 2009), reduced ability of females 

to take a blood fees as they age, and in older females, proboscis defects and shaking of 

the body (Turley et al., 2009). In Drosophila, wMelPop affects olfactory cued locomotion 

(Peng et al., 2008) and leads to increased ROS production (Wong et al., 2015). 

Additionally, wMelPop causes increased cytoplasmic incompatibility (CI), a 

phenomenon where mating between uninfected females and infected males result in a 

reduced number of offspring, while mating between mutually infected pairs result are 

fertile, giving infected females a reproductive advantage (Turelli and Hoffmann, 1995, 

Stouthamer et al., 1999, Rasgon and Scott, 2003, Rasgon et al., 2003). Positive 

phenotypes associated with the high-density strain include host protection against viral 

pathogens by reduced vector competence (Moreira et al., 2009), and reduced replication 

of viral pathogens such as Dengue and Chikugunya (Moreira et al., 2009, Bian et al., 

2010), Plasmodium pathogen (Moreira et al., 2009) and filarial nematode pathogens 

(Kambris et al., 2009). Despite the evidence that there is correlation with increased 

Wolbachia density to changes in host behaviour, the mechanisms for how Wolbachia 

alters behaviour in Drosophila are not completely understood. 

7.1.1: Possible mechanism for altered monomines in infected Drosophila 
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Two behavioural changes in Wolbachia infected flies correlate with altered levels of the 

monoamine neurotransmitters: octopamine, dopamine, and serotonin. This aligned with 

previous data indicating that total DA levels were significantly higher in wMelPop 

infected mosquitoes. This further correlated with an increase in expression of three 

prophenoloxidase (ppo) genes associated with DA synthesis (Moreira et al., 2011), and 

supported a mechanism for alteration altered mosquito behaviours such as locomotion 

(Evans et al., 2009).  

 

Previous work by Thomas et al. (2011) has shown that infection with wMel and wMelPop 

increase melanisation in host female D. melanogaster, which is primarily driven by the 

prophenoloxidase (proPO) activating system (Thomas et al., 2011). Melanisation is a 

major component of the invertebrate immune system. Once hemocytes have encapsulated 

parasites or other foreign bodies, the proPO activating system is used to enclose and 

destroy them (Carton and Nappi). The activation of proPO to phenoloxidase (PO) is a 

terminal component of this cascade. PO catalyses many of the steps in the dopaminergic 

biosynthesis pathway, including the conversion of tyrosine to DA (Huang et al., 2005). 

Since DA may feed into the PO cascade, melanisation can be affected by DA levels 

(Nappi and Christensen, 2005). This suggests that the higher PO activity measured in 

infected hosts could be caused directly or indirectly by Wolbachia affecting DA 

availability.  

As previously discussed in chapters 3 and 4, Wolbachia may affect monoamine levels by 

one or more different mechanisms. Wolbachia might change expression of genes within 

the monoamine biosynthesis pathways through micro-RNA pathways and transcriptiona l 

regulatory system (Hussain et al., 2011, Hussain et al., 2013, Mayoral et al., 2014). 

Alternatively Wolbachia, which is known to expresses a functional type IV secretion 
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system (Wu et al., 2004), could directly influence transcription via the secretion of 

effector molecules. Additionally, Wolbachia are unable to synthesise many essential 

metabolites and must therefore acquire them directly from the host, including amino acids 

upon which Wolbachia growth and maintenance are dependent (Foster et al., 2005, Wu 

et al., 2004). Many amino acids are precursors for neurotransmitter synthesis, includ ing 

synthesis of OCT, DA, and 5-HT (Brandau and Axelrod, 1972). Previous studies have 

shown that deficiency of certain amino acids results in decreased DA synthesis (Lou, 

1994). Thus, there remains the possibility that localised competition between symbiont 

and host for amino acids results in an overall reduction in concentrations of 

neurotransmitters. Finally, we cannot rule out that alterations to monamines are due to 

direct damage by Wolbachia to neurons within the brain. The elevated bacterial loads 

caused by high-density strains, like wMelPop, may result in localised damage, however 

this does not explain the behavioural changes observed in the benign, low-density strain, 

wMelCS and wMel.  
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7.1.2: Possible mechanism for wMelPop over replication  

We must also explore why pathogenic strains like wMelPop over-replicate in insects. As 

discussed in chapter 5, temperature appears to the driving force of bacterial density and 

pathology in Drosophila. It is well-established that temperature affects Drosophila 

biology and lifespan. Previous work has demonstrated that high rearing temperatures 

induce strong degeneration of the brain, with an almost complete loss of the cytoplasmic 

organelles of the nerve cells. Additionally, high temperatures lead to intense ribosomal 

loss in the Malpighian tubules and lipofuscin-ceroid accumulation in the midgut cells 

(Miquel et al., 1976). Though it currently remains unclear how the presence of certain 

strains of Wolbachia exacerbate host pathology.  

 

Like Wolbachia, temperature affects the replication of other vertically transmitted 

bacterial species that infect Drosophila, such as Spiroplasma (Anbutsu et al., 2008, 

Haselkorn et al., 2013).   It is well understood that many species of bacteria have higher 

rates of replication at warmer temperatures. In insects like Drosophila, flies infected with 

bacteria survive for longer when reared at lower temperatures. This effect is likely due to 

the influence of temperature on both bacterial growth and the physiological responses in 

the host (Blanford and Thomas, 2001, Elliot et al., 2002). At a molecular level, 

temperature changes can lead to altered expression of various immune genes and heat 

shock proteins (Feder et al., 2000, Lindquist and Craig, 1988, Linder et al., 2008).  

Previous work has demonstrated that Drosophila infected with both gram negative or 

gram positive bacteria, reared at cooler temperatures, have greater up-regulation of certain 

immune genes than those held at warmer temperatures (Linder et al., 2008). Additiona lly, 

low temperature lead to an up-regulation of Hsp83, a heat shock protein that has been 

shown to be present in infected D. melanogaster (de Morais Guedes et al., 2005) and 

known the be induced by cold stress (Qin et al., 2005). Furthermore, flies housed at cold 
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temperatures had up-regulation of Mtk , an immune protein that commonly responds to 

bacterial infection (Reed et al., 2008, Linder et al., 2008).  This may explain why 

wMelPop density and Drosophila pathology appears to be primarily dependent on 

temperature. One could surmise that the general pathological effects high temperature has 

on the nervous and immune system, in addition to general host biology, would affect the 

host’s ability to suppress replication of wMelPop replication, thus the temperature 

dependent bimodal difference in bacterial density. Further work is needed to determine if 

immune genes and heat shock proteins are up-regulated in Wolbachia -infected 

Drosophila housed at low temperatures, and if heat-shock response systems interacts with 

known immune pathways in insects, as has already been suggested by work with human 

cell lines (Kol et al., 1999, Kol et al., 2000).  

 

Another possible explanation for how wMelPop can increase pathology in a temperature 

dependent manner, without increasing infection density, may be explained by how 

temperature affects Wolbachia structure and health. wMelPop within neuronal cells of the 

brain can change from typical coccoid form to an electron-dense form, with a triple 

membrane resembling degrading bacteria (Zhukova et al., 2008, Min and Benzer, 1997). 

Flies reared at high temperatures (29°C) have an increase number of electron dense forms 

of wMelPop compared to Drosophila reared at low temperatures (16°C). This may 

suggest that the structure wMelPop takes within the cells and not the amount of bacteria 

itself, combined with the general affects of high temperature on neuronal cells, is inducing 

pathology. Though it remains to be seen how electron dense forms of wMelPop cause 

pathogenesis.  
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One explanation may be that electron dense forms are in a current state of degradation 

and induce a Jarisch-Herxheimer reaction by releasing endotoxin within host cells 

(Young et al., 1982, Yang et al., 2010). Like Wolbachia, All gram-negative bacteria 

contain Lipopolysaccharides (LPS) in their outer membrane, which contributes to 

structural integrity, protects the membrane, and elicits immune responses in animals. LPS 

is also a strong endotoxin released in large amount when bacteria degrade, leading to 

increased oxidative stress and organ damage, and be life-threatening. (Wang and Quinn, 

2010, Rietschel and Brade, 1987, Alexander and Rietschel, 2001). Evidence suggests that 

Wolbachia in filarial nematodes contains LPS – Like molecules (Taylor et al., 2001), 

thought LPS within Wolbachia that infects insects is less certain (Foster et al., 2005). If 

high temperatures induce Wolbachia death, then increased release of LPS-like molecules 

into cellular cytoplasm may contribute to host death.  It remains to be seen if LPS-like 

molecules exist in pathogenic strains like wMelPop, and if there is a difference in the 

amount of electron dense wMelPop in Drosophila reared at temperatures where density 

is the same but survival is altered. 
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7.2 CONSEQUENCES OF WOLBACHIA ’S INFLUENCE ON HOST BEHAVIOUR  

Wolbachia are primarily transmitted vertically from female to offspring, with rare 

horizontal transmission in some species (Schuler et al., 2013) and as such modify host 

sex determination or reproductive systems enhance maternal transmission. Cytoplasmic 

incompatibility (CI) imposes a reproductive cost to uninfected females when they mate 

with infected males, and is the most common mechanism employed (Brownlie and 

Johnson, 2009, Landmann et al., 2009, Zabalou et al., 2004). Therefore, Wolbachia 

infected females have a selective advantage over uninfected females, facilitating the rapid 

spread of Wolbachia through insect populations, eventually leading to the replacement 

of an uninfected population to one predominately comprised of Wolbachia infected 

individuals (Landmann et al., 2009, Dobson et al., 2004, Turelli, 2010).  

 

Changes to behaviour can greatly influence the outcome of mating by affecting the 

success of fitness, affecting how many offspring will arise, and affecting the likelihood 

that the organism will actually procreate (Edwards et al., 2009, Laturney and Moehring, 

2012). When the mating habits of organism is compromised by behavioural mutations 

(Horth, 2007, Zwarts et al., 2012), environmental influences (Milligan et al., 2009, 

Markow, 1988), or in this case, infections with a symbiotic microorganism (Rohrscheib 

and Brownlie, 2013, Rohrscheib et al., 2015, Su et al., 2013), different behavioural traits 

that would otherwise benefit the species procreating are compromised. The three 

behaviours tested in this thesis, aggression, mate success, and sleep, have the potential to 

affect the reproductive success in wild Drosophila populations and host fitness (Saleem 

et al., 2014, Dow and Schilcher, 1975, Markow et al., 1978, Kayser et al., 2015, Griffith 

and Ejima, 2009), which may in turn compromise the ability of infected males to impose 

CI.  
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Wolbahcia’s successful invasion into a population is partially dependent upon Wolbachia 

infected males being more reproductively successful than uninfected males (Hurst et al., 

1997, Turelli and Hoffmann, 1991, Jansen and Beebe, 2010, Haygood and Turelli, 2009, 

Turelli, 2010, Hancock et al., 2011). The experiments in this thesis showed that males 

infected with the pathogenic wMelPop strain had reduced mating success against 

uninfected males, and thus provides a possible explanation for why it has  not transmitted 

well in Drosophila, and interestingly in a novel host (Walker et al., 2011). It is therefore 

suggested that future projects evaluating Wolbachia as a biocontrol agent compare 

behavioural phenotypes in the host before proceeding with release experiments.  

Furthermore, mathematical models have identified several factors that will determine if 

Wolbachia  can successfully invade a host population, however, these models have almost 

exclusively focused on infected females (Hurst et al., 1997, Turelli and Hoffmann, 1991, 

Jansen and Beebe, 2010, Haygood and Turelli, 2009, Turelli, 2010, Hancock et al., 2011).  

The work in this thesis suggests that updated mathematical models should take into 

account male mate success as a predictor for Wolbachia transmission.  

 

7.2.1 Additional behavioural phenotypes that may be affected by Wolbachia 

Multiple behaviours regulated by monamine neurotransmitters other than those tested in 

this thesis are important for Drosophila fitness. Therefore one could infer that Wolbachia 

affects a wide range of additional Drosophila behaviours. For instance, changes in OCT 

levels are associated with  ovulation, movement coordination, sleep, and learning and 

memory, and decision making (Rodríguez-Valentín et al., 2006, Certel et al., 2007, Fox 

et al., 2006, Crocker and Sehgal, 2008). Dopamine is well understood to control arousal, 

learning and memory, attention, olfaction, and motor control (Waddell, 2010, Joshua et 

al., 2009, Montague et al., 2004, Andretic et al., 2005, Riemensperger et al., Seugnet et 

al., 2009). Finally, serotonin is required for episodic memory, courtship, and mating 
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(Pooryasin and Fiala, 2015, Sitaraman et al., 2008). Alterations induced by Wolbachia to 

any of these behaviours may have wide-ranging consequences on host health and fitness 

(Hamilton, 1964). Additional work must be conducted to determine if Wolbachia 

influences these behaviours and how alterations in these behaviours may affect host 

fitness and Wolbachia transmission. Furthermore, other high-density Wolbachia strains 

such as wMel3562 are candidates for behavioural analysis.  

 

7.2.2 Behavioural affects on Wolbachia transmission 

Symbiont perpetuation relies on transmission through host generations and plays a pivotal 

role in their evolution (Bright and Bulgheresi, 2010, Ewald, 1987). Many symbionts 

exploit the host’s behaviour to ensure transmission is successful (Rohrscheib and 

Brownlie, 2013, Moore, 2002). The evolutionary interest of a parasitic symbiont 

contradicts that of a host, which sometimes leads altered behaviour that is detrimental to 

host fitness (Moore, 2002, Thomas et al., 2005). On the other hand, mutualistic symbionts 

alter behavioural phenotypes that provide a fitness advantage, though these associations 

are considered rare (Hussa and Goodrich-Blair, 2013). Our study provides new evidence 

that Wolbachia’s influence on host fitness does not fit neatly into a single association 

category, parasitism or mutualism, but appears to be largely influenced on both the strain 

of Wolbachia and the host’s genetic background. 
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Wolbachia’s vertical mode of transmission dictates that it’s in the best interest of the 

symbiont to increase the fitness of fly reproductive behaviours to ensure a high level of 

transmission (Lipsitch et al., 1995); however, it is clear from our research that not all 

Wolbachia strains lead to this outcome. Our work provides new evidence into why certain 

strains of Wolbachia, such as wMel, infect the overwhelming majority of wild D. 

melanogaster across the globe, replacing the previously dominate strain, wMelCS 

(Riegler et al., 2005). Our research suggests that while wMel may not directly increased 

the reproductive fitness of the flies it infects in a mutualistic manner; its influence on 

behaviours that effect reproductive fitness appears to be less severe than that of strains, 

wMelCS and wMelPop. While we could not demonstrate an obvious fitness advantage in 

any of the three tested strains, wMel clearly demonstrated the least detrimental effects on 

host behaviour, likely proving a strong advantaged that would allow wMel infected flies 

to better compete for resources and mates, compared to strains like wMelCS.  

. 
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7.4 Conclusion  

Here I have shown that Wolbachia is associated with changes to male aggression and 

adult sleep behaviour. These changes are correlated with changes to monoamine 

abundance and altered gene expression of the biosynthetic pathways. Finally, temperature 

and not an unstable genetic region within the wMelPop genome is associated with the 

strength of pathology. These surprising results reveal that the presence of Wolbachia, 

regardless of pathology strength, have the ability to alter behaviours essential for host 

survival and fitness.  
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Appendices 1 

S1.1: SUPPLEMENTARY INFORMATION FOR CHAPTER 4:  

Wolbachia’s Affect on Sleep Behaviour 

S1.1.1: Candidate genes related to dopamine function in D. melanogaster  

To establish a potential mechanism for how Wolbachia changes host sleep behaviour, the 

expression of 2 additional genes within the dopamine biosynthesis pathway and two 

dopamine receptors in male flies, reared at 24°C, infection with wMelPop or wMelCS 

were examined. Flies were tested at 5 days of age. The genes evaluated included 

dopamine biosynthesys genes PPO1, PPO2, and Drosophila dopamine receptors DopR1 

and DopR2.  

Table S1: Candidate genes involved in dopamine biosynthesis function in D. 

melanogaster  

 

  

Dopamine Biosynthesis Candidates  

Gene  Description of Mechanism  P-value  

PPO1 Tyrosine and dopamine 
metabolic processes (Cerenius 
and Söderhäll, 2004) 

 
wMelPop 

 
↑ P = 0.02 

 
wMelCS 

 
P = 0.89 

PPO2 L-DOPA monooxygenase and 

dopamine monooxygenase 
activity (Lu et al., 2014) 

 

wMelPop  

 

P = 0.60  

 
wMelCS 

 
P = 0.21 

Dopamine Receptors  

Gene  Description of Mechanism P-value  

DoPR1 Receptor for dopamine mediated 
by G proteins which activate 

adenylyl cyclise (Lebestky et al., 
2009)  

 
wMelPop 

 
↓ P = 0.03 

 
wMelCS 

 
↑ P = 0.04 

DopR2 Receptor for dopamine mediated 
by G proteins which activate 
adenylyl cyclise (Lebestky et al., 

2009) 

 
wMelPop 

 
↓ P = 0.04 

 
wMelCS 

 
↑ P = 0.02 
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Appendices 2 

S2.1: SUPPLEMENTARY INFORMATION FOR CHAPTER 5:  

Intensity of Mutualism Breakdown is Determined by Temperature and Not Amplifica t ion 

of Wolbachia Genes 

S2.1.1: Copy number of WD0508 in 11-day-old flies reared at temperatures (29°C, 

24°C, 23°C, 22°C, 21°C, and 18°C) 

Table S2.1: Statistical analysis of Octomom copy number across rearing temperatures  

Multiple Comparisons 

Dependent Variable:  
Copy_Nu
mber           

Tukey HSD             

(I) Temperature 

Mean 

Difference (I-
J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound 
Upper 
Bound 

29°C 24°C -.19500 .58775 .999 -1.9827 1.5927 

23°C -.28667 .58775 .996 -2.0744 1.5010 

22°C 1.56333 .58775 .114 -.2244 3.3510 

21°C .91167 .58775 .635 -.8760 2.6994 

18°C 3.73667
*
 .58775 .000 1.9490 5.5244 

24°C 29°C .19500 .58775 .999 -1.5927 1.9827 

23°C -.09167 .58775 1.000 -1.8794 1.6960 

22°C 1.75833 .58775 .056 -.0294 3.5460 

21°C 1.10667 .58775 .432 -.6810 2.8944 

18°C 3.93167
*
 .58775 .000 2.1440 5.7194 

23°C 29°C .28667 .58775 .996 -1.5010 2.0744 

24°C .09167 .58775 1.000 -1.6960 1.8794 

22°C 1.85000
*
 .58775 .039 .0623 3.6377 

21°C 1.19833 .58775 .345 -.5894 2.9860 

18°C 4.02333* .58775 .000 2.2356 5.8110 

22°C 29°C -1.56333 .58775 .114 -3.3510 .2244 

24°C -1.75833 .58775 .056 -3.5460 .0294 

23°C -1.85000* .58775 .039 -3.6377 -.0623 

21°C -.65167 .58775 .874 -2.4394 1.1360 

18°C 2.17333
*
 .58775 .010 .3856 3.9610 

21°C 29°C -.91167 .58775 .635 -2.6994 .8760 

24°C -1.10667 .58775 .432 -2.8944 .6810 

23°C -1.19833 .58775 .345 -2.9860 .5894 

22°C .65167 .58775 .874 -1.1360 2.4394 

18°C 2.82500
*
 .58775 .001 1.0373 4.6127 

18°C 29°C -3.73667
*
 .58775 .000 -5.5244 -1.9490 

24°C -3.93167
*
 .58775 .000 -5.7194 -2.1440 

23°C -4.02333
*
 .58775 .000 -5.8110 -2.2356 

22°C -2.17333
*
 .58775 .010 -3.9610 -.3856 

21°C -2.82500
*
 .58775 .001 -4.6127 -1.0373 
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S2.1.2: Copy number of WD0508 in flies reared at 24°C and 21°C across time 

Table S2.1: Statistical analysis of Octomom copy number in flies reared at 24°C and 
21°C, across time (2-WAY ANOVA) 

Multiple  Comparisons 

Dependent 

Variable:  
Copy_Number 

     

Tukey HSD 
      

(I) day 

Mean Difference 

(I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

24°C D1 24°C D5 -1.2760 .36417 .059 -2.5745 .0225 

24°C  D8 -1.6380
*
 .36417 .003 -2.9365 -.3395 

24°C D11 -2.4480
*
 .36417 .000 -3.7465 -1.1495 

24°C D14 -1.1900 .36417 .108 -2.4885 .1085 

24°C D17 -1.4560
*
 .36417 .014 -2.7545 -.1575 

24°C  D22 .2080 .36417 1.000 -1.0905 1.5065 

24°C  D27 1.4440
*
 .36417 .016 .1455 2.7425 

21°C D1 .0440 .36417 1.000 -1.2545 1.3425 

21°C D5 -1.1520 .36417 .138 -2.4505 .1465 

21°C D8 -3.2230
*
 .36417 .000 -4.5215 -1.9246 

21°C D11 -1.7064
*
 .36417 .001 -3.0048 -.4079 

21°C D14 -1.5780
*
 .36417 .005 -2.8765 -.2795 

21°C D17 -1.7740
*
 .36417 .001 -3.0725 -.4755 

21°C D22 -.3080 .36417 1.000 -1.6065 .9905 

21°C D27 1.5200
*
 .36417 .008 .2215 2.8185 

24°C D5 24°C D1 1.2760 .36417 .059 -.0225 2.5745 

24°C  D8 -.3620 .36417 1.000 -1.6605 .9365 

24°C D11 -1.1720 .36417 .121 -2.4705 .1265 

24°C D14 .0860 .36417 1.000 -1.2125 1.3845 

24°C D17 -.1800 .36417 1.000 -1.4785 1.1185 

24°C  D22 1.4840* .36417 .011 .1855 2.7825 

24°C  D27 2.7200
*
 .36417 .000 1.4215 4.0185 

21°C D1 1.3200
*
 .36417 .042 .0215 2.6185 

21°C D5 .1240 .36417 1.000 -1.1745 1.4225 

21°C D8 -1.9470
*
 .36417 .000 -3.2455 -.6486 

21°C D11 -.4304 .36417 .998 -1.7288 .8681 

21°C D14 -.3020 .36417 1.000 -1.6005 .9965 

21°C D17 -.4980 .36417 .991 -1.7965 .8005 

21°C D22 .9680 .36417 .379 -.3305 2.2665 

21°C D27 2.7960
*
 .36417 .000 1.4975 4.0945 
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24°C  D8 24°C D1 1.6380
*
 .36417 .003 .3395 2.9365 

24°C D5 .3620 .36417 1.000 -.9365 1.6605 

24°C D11 -.8100 .36417 .677 -2.1085 .4885 

24°C D14 .4480 .36417 .997 -.8505 1.7465 

24°C D17 .1820 .36417 1.000 -1.1165 1.4805 

24°C  D22 1.8460
*
 .36417 .000 .5475 3.1445 

24°C  D27 3.0820
*
 .36417 .000 1.7835 4.3805 

21°C D1 1.6820
*
 .36417 .002 .3835 2.9805 

21°C D5 .4860 .36417 .993 -.8125 1.7845 

21°C D8 -1.5850
*
 .36417 .005 -2.8835 -.2866 

21°C D11 -.0684 .36417 1.000 -1.3668 1.2301 

21°C D14 .0600 .36417 1.000 -1.2385 1.3585 

21°C D17 -.1360 .36417 1.000 -1.4345 1.1625 

21°C D22 1.3300
*
 .36417 .039 .0315 2.6285 

21°C D27 3.1580
*
 .36417 .000 1.8595 4.4565 

24°C D11 24°C D1 2.4480
*
 .36417 .000 1.1495 3.7465 

24°C D5 1.1720 .36417 .121 -.1265 2.4705 

24°C  D8 .8100 .36417 .677 -.4885 2.1085 

24°C D14 1.2580 .36417 .067 -.0405 2.5565 

24°C D17 .9920 .36417 .339 -.3065 2.2905 

24°C  D22 2.6560
*
 .36417 .000 1.3575 3.9545 

24°C  D27 3.8920
*
 .36417 .000 2.5935 5.1905 

21°C D1 2.4920
*
 .36417 .000 1.1935 3.7905 

21°C D5 1.2960 .36417 .051 -.0025 2.5945 

21°C D8 -.7750 .36417 .740 -2.0735 .5234 

21°C D11 .7416 .36417 .796 -.5568 2.0401 

21°C D14 .8700 .36417 .562 -.4285 2.1685 

21°C D17 .6740 .36417 .888 -.6245 1.9725 

21°C D22 2.1400
*
 .36417 .000 .8415 3.4385 

21°C D27 3.9680
*
 .36417 .000 2.6695 5.2665 

24°C D14 24°C D1 1.1900 .36417 .108 -.1085 2.4885 

24°C D5 -.0860 .36417 1.000 -1.3845 1.2125 

24°C  D8 -.4480 .36417 .997 -1.7465 .8505 

24°C D11 -1.2580 .36417 .067 -2.5565 .0405 

24°C D17 -.2660 .36417 1.000 -1.5645 1.0325 

24°C  D22 1.3980
*
 .36417 .023 .0995 2.6965 

24°C  D27 2.6340
*
 .36417 .000 1.3355 3.9325 

21°C D1 1.2340 .36417 .080 -.0645 2.5325 

21°C D5 .0380 .36417 1.000 -1.2605 1.3365 

21°C D8 -2.0330
*
 .36417 .000 -3.3315 -.7346 

21°C D11 -.5164 .36417 .987 -1.8148 .7821 

21°C D14 -.3880 .36417 .999 -1.6865 .9105 

21°C D17 -.5840 .36417 .962 -1.8825 .7145 

21°C D22 .8820 .36417 .539 -.4165 2.1805 

21°C D27 2.7100
*
 .36417 .000 1.4115 4.0085 
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24°C D17 24°C D1 1.4560
*
 .36417 .014 .1575 2.7545 

24°C D5 .1800 .36417 1.000 -1.1185 1.4785 

24°C  D8 -.1820 .36417 1.000 -1.4805 1.1165 

24°C D11 -.9920 .36417 .339 -2.2905 .3065 

24°C D14 .2660 .36417 1.000 -1.0325 1.5645 

24°C  D22 1.6640
*
 .36417 .002 .3655 2.9625 

24°C  D27 2.9000
*
 .36417 .000 1.6015 4.1985 

21°C D1 1.5000
*
 .36417 .010 .2015 2.7985 

21°C D5 .3040 .36417 1.000 -.9945 1.6025 

21°C D8 -1.7670
*
 .36417 .001 -3.0655 -.4686 

21°C D11 -.2504 .36417 1.000 -1.5488 1.0481 

21°C D14 -.1220 .36417 1.000 -1.4205 1.1765 

21°C D17 -.3180 .36417 1.000 -1.6165 .9805 

21°C D22 1.1480 .36417 .142 -.1505 2.4465 

21°C D27 2.9760
*
 .36417 .000 1.6775 4.2745 

24°C  D22 24°C D1 -.2080 .36417 1.000 -1.5065 1.0905 

24°C D5 -1.4840
*
 .36417 .011 -2.7825 -.1855 

24°C  D8 -1.8460
*
 .36417 .000 -3.1445 -.5475 

24°C D11 -2.6560
*
 .36417 .000 -3.9545 -1.3575 

24°C D14 -1.3980
*
 .36417 .023 -2.6965 -.0995 

24°C D17 -1.6640
*
 .36417 .002 -2.9625 -.3655 

24°C  D27 1.2360 .36417 .079 -.0625 2.5345 

21°C D1 -.1640 .36417 1.000 -1.4625 1.1345 

21°C D5 -1.3600
*
 .36417 .031 -2.6585 -.0615 

21°C D8 -3.4310
*
 .36417 .000 -4.7295 -2.1326 

21°C D11 -1.9144
*
 .36417 .000 -3.2128 -.6159 

21°C D14 -1.7860
*
 .36417 .001 -3.0845 -.4875 

21°C D17 -1.9820* .36417 .000 -3.2805 -.6835 

21°C D22 -.5160 .36417 .987 -1.8145 .7825 

21°C D27 1.3120
*
 .36417 .045 .0135 2.6105 

24°C  D27 24°C D1 -1.4440* .36417 .016 -2.7425 -.1455 

24°C D5 -2.7200
*
 .36417 .000 -4.0185 -1.4215 

24°C  D8 -3.0820
*
 .36417 .000 -4.3805 -1.7835 

24°C D11 -3.8920* .36417 .000 -5.1905 -2.5935 

24°C D14 -2.6340* .36417 .000 -3.9325 -1.3355 

24°C D17 -2.9000
*
 .36417 .000 -4.1985 -1.6015 

24°C  D22 -1.2360 .36417 .079 -2.5345 .0625 

21°C D1 -1.4000
*
 .36417 .023 -2.6985 -.1015 

21°C D5 -2.5960
*
 .36417 .000 -3.8945 -1.2975 

21°C D8 -4.6670
*
 .36417 .000 -5.9655 -3.3686 

21°C D11 -3.1504
*
 .36417 .000 -4.4488 -1.8519 

21°C D14 -3.0220
*
 .36417 .000 -4.3205 -1.7235 

21°C D17 -3.2180
*
 .36417 .000 -4.5165 -1.9195 

21°C D22 -1.7520
*
 .36417 .001 -3.0505 -.4535 

21°C D27 .0760 .36417 1.000 -1.2225 1.3745 
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21°C D1 24°C D1 -.0440 .36417 1.000 -1.3425 1.2545 

24°C D5 -1.3200
*
 .36417 .042 -2.6185 -.0215 

24°C  D8 -1.6820
*
 .36417 .002 -2.9805 -.3835 

24°C D11 -2.4920
*
 .36417 .000 -3.7905 -1.1935 

24°C D14 -1.2340 .36417 .080 -2.5325 .0645 

24°C D17 -1.5000
*
 .36417 .010 -2.7985 -.2015 

24°C  D22 .1640 .36417 1.000 -1.1345 1.4625 

24°C  D27 1.4000
*
 .36417 .023 .1015 2.6985 

21°C D5 -1.1960 .36417 .104 -2.4945 .1025 

21°C D8 -3.2670
*
 .36417 .000 -4.5655 -1.9686 

21°C D11 -1.7504
*
 .36417 .001 -3.0488 -.4519 

21°C D14 -1.6220
*
 .36417 .003 -2.9205 -.3235 

21°C D17 -1.8180
*
 .36417 .001 -3.1165 -.5195 

21°C D22 -.3520 .36417 1.000 -1.6505 .9465 

21°C D27 1.4760
*
 .36417 .012 .1775 2.7745 

21°C D5 24°C D1 1.1520 .36417 .138 -.1465 2.4505 

24°C D5 -.1240 .36417 1.000 -1.4225 1.1745 

24°C  D8 -.4860 .36417 .993 -1.7845 .8125 

24°C D11 -1.2960 .36417 .051 -2.5945 .0025 

24°C D14 -.0380 .36417 1.000 -1.3365 1.2605 

24°C D17 -.3040 .36417 1.000 -1.6025 .9945 

24°C  D22 1.3600
*
 .36417 .031 .0615 2.6585 

24°C  D27 2.5960
*
 .36417 .000 1.2975 3.8945 

21°C D1 1.1960 .36417 .104 -.1025 2.4945 

21°C D8 -2.0710
*
 .36417 .000 -3.3695 -.7726 

21°C D11 -.5544 .36417 .976 -1.8528 .7441 

21°C D14 -.4260 .36417 .998 -1.7245 .8725 

21°C D17 -.6220 .36417 .937 -1.9205 .6765 

21°C D22 .8440 .36417 .613 -.4545 2.1425 

21°C D27 2.6720
*
 .36417 .000 1.3735 3.9705 

21°C D8 24°C D1 3.2230* .36417 .000 1.9246 4.5215 

24°C D5 1.9470
*
 .36417 .000 .6486 3.2455 

24°C  D8 1.5850
*
 .36417 .005 .2866 2.8835 

24°C D11 .7750 .36417 .740 -.5234 2.0735 

24°C D14 2.0330* .36417 .000 .7346 3.3315 

24°C D17 1.7670
*
 .36417 .001 .4686 3.0655 

24°C  D22 3.4310
*
 .36417 .000 2.1326 4.7295 

24°C  D27 4.6670
*
 .36417 .000 3.3686 5.9655 

21°C D1 3.2670
*
 .36417 .000 1.9686 4.5655 

21°C D5 2.0710
*
 .36417 .000 .7726 3.3695 

21°C D11 1.5167
*
 .36417 .008 .2182 2.8151 

21°C D14 1.6450
*
 .36417 .003 .3466 2.9435 

21°C D17 1.4490
*
 .36417 .015 .1506 2.7475 

21°C D22 2.9150
*
 .36417 .000 1.6166 4.2135 

21°C D27 4.7430
*
 .36417 .000 3.4446 6.0415 
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21°C D11 24°C D1 1.7064
*
 .36417 .001 .4079 3.0048 

24°C D5 .4304 .36417 .998 -.8681 1.7288 

24°C  D8 .0684 .36417 1.000 -1.2301 1.3668 

24°C D11 -.7416 .36417 .796 -2.0401 .5568 

24°C D14 .5164 .36417 .987 -.7821 1.8148 

24°C D17 .2504 .36417 1.000 -1.0481 1.5488 

24°C  D22 1.9144
*
 .36417 .000 .6159 3.2128 

24°C  D27 3.1504
*
 .36417 .000 1.8519 4.4488 

21°C D1 1.7504
*
 .36417 .001 .4519 3.0488 

21°C D5 .5544 .36417 .976 -.7441 1.8528 

21°C D8 -1.5167
*
 .36417 .008 -2.8151 -.2182 

21°C D14 .1284 .36417 1.000 -1.1701 1.4268 

21°C D17 -.0676 .36417 1.000 -1.3661 1.2308 

21°C D22 1.3984
*
 .36417 .023 .0999 2.6968 

21°C D27 3.2264
*
 .36417 .000 1.9279 4.5248 

21°C D14 24°C D1 1.5780
*
 .36417 .005 .2795 2.8765 

24°C D5 .3020 .36417 1.000 -.9965 1.6005 

24°C  D8 -.0600 .36417 1.000 -1.3585 1.2385 

24°C D11 -.8700 .36417 .562 -2.1685 .4285 

24°C D14 .3880 .36417 .999 -.9105 1.6865 

24°C D17 .1220 .36417 1.000 -1.1765 1.4205 

24°C  D22 1.7860
*
 .36417 .001 .4875 3.0845 

24°C  D27 3.0220
*
 .36417 .000 1.7235 4.3205 

21°C D1 1.6220
*
 .36417 .003 .3235 2.9205 

21°C D5 .4260 .36417 .998 -.8725 1.7245 

21°C D8 -1.6450
*
 .36417 .003 -2.9435 -.3466 

21°C D11 -.1284 .36417 1.000 -1.4268 1.1701 

21°C D17 -.1960 .36417 1.000 -1.4945 1.1025 

21°C D22 1.2700 .36417 .062 -.0285 2.5685 

21°C D27 3.0980
*
 .36417 .000 1.7995 4.3965 

21°C D17 24°C D1 1.7740* .36417 .001 .4755 3.0725 

24°C D5 .4980 .36417 .991 -.8005 1.7965 

24°C  D8 .1360 .36417 1.000 -1.1625 1.4345 

24°C D11 -.6740 .36417 .888 -1.9725 .6245 

24°C D14 .5840 .36417 .962 -.7145 1.8825 

24°C D17 .3180 .36417 1.000 -.9805 1.6165 

24°C  D22 1.9820
*
 .36417 .000 .6835 3.2805 

24°C  D27 3.2180
*
 .36417 .000 1.9195 4.5165 

21°C D1 1.8180
*
 .36417 .001 .5195 3.1165 

21°C D5 .6220 .36417 .937 -.6765 1.9205 

21°C D8 -1.4490
*
 .36417 .015 -2.7475 -.1506 

21°C D11 .0676 .36417 1.000 -1.2308 1.3661 

21°C D14 .1960 .36417 1.000 -1.1025 1.4945 

21°C D22 1.4660
*
 .36417 .013 .1675 2.7645 

21°C D27 3.2940
*
 .36417 .000 1.9955 4.5925 
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DE LUCA, M., ROSHINA, N. V., GEIGER-THORNSBERRY, G. L., LYMAN, R. F., 

PASYUKOVA, E. G. & MACKAY, T. F. C. 2003. Dopa decarboxylase (Ddc) affects 
variation in Drosophila longevity. Nat Genet, 34, 429-433. 

DE MORAIS GUEDES, S., VITORINO, R., DOMINGUES, R., TOMER, K., CORREIA, A. J., 
AMADO, F. & DOMINGUES, P. 2005. Proteomics of immune-challenged Drosophila 
melanogaster larvae hemolymph. Biochem Biophys Res Commun, 328, 106-15. 

DENKERS, E. Y. & GAZZINELLI, R. T. 1998. Regulation and function of T-cell-mediated 
immunity during Toxoplasma gondii infection. Clin Microbiol Rev, 11, 569-88. 

DESBONNET, L., CLARKE, G., SHANAHAN, F., DINAN, T. G. & CRYAN, J. F. 2013. 
Microbiota is essential for social development in the mouse. Mol Psychiatry [Online]. 

DEVOS, D., LEJEUNE, S., CORMIER-DEQUAIRE, F., TAHIRI, K., CHARBONNIER-
BEAUPEL, F., ROUAIX, N., DUHAMEL, A., SABLONNIERE, B., BONNET, A. M., 
BONNET, C., ZAHR, N., COSTENTIN, J., VIDAILHET, M. & CORVOL, J. C. 2014. 
Dopa-decarboxylase gene polymorphisms affect the motor response to L-dopa in 
Parkinson's disease. Parkinsonism Relat Disord, 20, 170-5. 

DIAZ HEIJTZ, R., WANG, S., ANUAR, F., QIAN, Y., BJORKHOLM, B., SAMUELSSON, A., 
HIBBERD, M. L., FORSSBERG, H. & PETTERSSON, S. 2011. Normal gut microbiota 
modulates brain development and behavior. Proc Natl Acad Sci U S A, 108, 3047-52. 

DIERICK, H. A. 2007. A method for quantifying aggression in male Drosophila melanogaster. 
Nat Protoc, 2, 2712-8. 

DILLON, R. J. & DILLON, V. M. 2004. THE GUT BACTERIA OF INSECTS: Nonpathogenic 
Interactions. Annual Review of Entomology, 49, 71-92. 

DINAN, T. G., STILLING, R. M., STANTON, C. & CRYAN, J. F. 2015. Collective unconscious: 
How gut microbes shape human behavior. Journal of Psychiatric Research, 63, 1-9. 

DOBSON, S. L., BOURTZIS, K., BRAIG, H. R., JONES, B. F., ZHOU, W., ROUSSET, F. & 
O'NEILL, S. L. 1999. Wolbachia infections are distributed throughout insect somatic and 
germ line tissues. Insect Biochemistry and Molecular Biology, 29, 153-160. 

DOBSON, S. L., RATTANADECHAKUL, W. & MARSLAND, E. J. 2004. Fitness advantage 
and cytoplasmic incompatibility in Wolbachia single- and superinfected Aedes 
albopictus. Heredity (Edinb), 93, 135-142. 

DONLEA, J. M., RAMANAN, N. & SHAW, P. J. 2009. Use-dependent plasticity in clock 
neurons regulates sleep need in Drosophila. Science, 324, 105-8. 

DOUGLAS, A., E. 2010. The Symbiotic Habit, Princeton University Press. 
DOUGLAS, A. E. 2011. Lessons from studying insect symbioses. Cell Host Microbe, 10, 359-

67. 



149 

 

DOW, M. A. & SCHILCHER, F. V. 1975. Aggression and mating success in Drosophila 
melanogaster. Nature, 254, 511-512. 

EDWARDS, A., ZWARTS, L., YAMAMOTO, A., CALLAERTS, P. & MACKAY, T. 2009. 
Mutations in many genes affect aggressive behavior in Drosophila melanogaster. BMC 
Biol, 7, 29. 

EL-HUSSEINI, A. E., CRAVEN, S. E., CHETKOVICH, D. M., FIRESTEIN, B. L., SCHNELL, 
E., AOKI, C. & BREDT, D. S. 2000. Dual palmitoylation of PSD-95 mediates its 
vesiculotubular sorting, postsynaptic targeting, and ion channel clustering. J Cell Biol, 
148, 159-72. 

ELLIOT, S. L., BLANFORD, S. & THOMAS, M. B. 2002. Host-pathogen interactions in a 
varying environment: temperature, behavioural fever and fitness. Proc Biol Sci, 269, 
1599-607. 

EVANS, O., CARAGATA, E. P., MCMENIMAN, C. J., WOOLFIT, M., GREEN, D. C., 
WILLIAMS, C. R., FRANKLIN, C. E., O'NEILL, S. L. & MCGRAW, E. A. 2009. 
Increased locomotor activity and metabolism of Aedes aegypti infected with a life-
shortening strain of Wolbachia pipientis. J Exp Biol, 212, 1436-41. 

EWALD, P. W. 1987. Transmission modes and evolution of the parasitism-mutualism continuum. 
Ann N Y Acad Sci, 503, 295-306. 

EZENWA, V. O., GERARDO, N. M., INOUYE, D. W., MEDINA, M. & XAVIER, J. B. 2012. 
Microbiology. Animal behavior and the microbiome. Science, 338, 198-9. 

FARIA, V. G. & SUCENA, É. 2013. Wolbachia in the Malpighian Tubules: Evolutionary Dead-
End or Adaptation? Journal of Experimental Zoology Part B: Molecular and 
Developmental Evolution, 320, 195-199. 

FEDER, M. E., ROBERTS, S. P. & BORDELON, A. C. 2000. Molecular thermal telemetry of 
free-ranging adult Drosophila melanogaster. Oecologia, 123, 460-465. 

FELD, G. B., LANGE, T., GAIS, S. & BORN, J. 2013. Sleep-dependent declarative memory 
consolidation--unaffected after blocking NMDA or AMPA receptors but enhanced by 
NMDA coagonist D-cycloserine. Neuropsychopharmacology, 38, 2688-97. 

FISAR, Z. & HROUDOVA, J. 2010. Common aspects of neuroplasticity, stress, mood disorders 
and mitochondrial functions Act Nerv Super Rediviva 52, 1-20. 

FLEURY, F., VAVRE, F., RIS, N., FOUILLET, P. & BOULETREAU, M. 2000. Physiological 
cost induced by the maternally-transmitted endosymbiont Wolbachia in the Drosophila 
parasitoid Leptopilina heterotoma. Parasitology, 121 Pt 5, 493-500. 

FORSYTHE, P. & KUNZE, W. 2013. Voices from within: gut microbes and the CNS. Cellular 
and Molecular Life Sciences, 70, 55-69. 

FOSTER, J., GANATRA, M., KAMAL, I., WARE, J., MAKAROVA, K., IVANOVA, N., 
BHATTACHARYYA, A., KAPATRAL, V., KUMAR, S., POSFAI, J., VINCZE, T., 
INGRAM, J., MORAN, L., LAPIDUS, A., OMELCHENKO, M., KYRPIDES, N., 
GHEDIN, E., WANG, S., GOLTSMAN, E. & ET AL. 2005. The Wolbachia genome of 
Brugia malayi: endosymbiont evolution within a human pathogenic nematode. Public 
Library of Science Biology, Epub 3(4), e121. 

FOX, L. E., SOLL, D. R. & WU, C.-F. 2006. Coordination and Modulation of Locomotion Pattern 
Generators in Drosophila Larvae: Effects of Altered Biogenic Amine Levels by the 
Tyramine β Hydroxlyase Mutation. The Journal of Neuroscience, 26, 1486-1498. 

FRIGGI-GRELIN, F., COULOM, H., MELLER, M., GOMEZ, D., HIRSH, J. & BIRMAN, S. 
2003. Targeted gene expression in Drosophila dopaminergic cells using regulatory 
sequences from tyrosine hydroxylase. Journal of Neurobiology, 54, 618-627. 

GANGULY-FITZGERALD, I., DONLEA, J. & SHAW, P. J. 2006. Waking experience affects 
sleep need in Drosophila. Science, 313, 1775-81. 

GASKELL, E. A., SMITH, J. E., PINNEY, J. W., WESTHEAD, D. R. & MCCONKEY, G. A. 
2009. A Unique Dual Activity Amino Acid Hydroxylase in Toxoplasma gondii. PLoS 
One, 4, e4801. 

GHOSH, A., ROY, A., LIU, X., KORDOWER, J. H., MUFSON, E. J., HARTLEY, D. M., 
GHOSH, S., MOSLEY, R. L., GENDELMAN, H. E. & PAHAN, K. 2007. Selective 
inhibition of NF-kappaB activation prevents dopaminergic neuronal loss in a mouse 
model of Parkinson's disease. Proc Natl Acad Sci U S A, 104, 18754-9. 



150 

 

GILESTRO, G., TONONI, G. & CIRELLI, C. 2009. Widespread changes in synaptic markers as 
a function of sleep and wakefulness in Drosophila. Science, 324, 109 - 112. 

GILESTRO, G. F. 2012. Video tracking and analysis of sleep in Drosophila melanogaster. Nat. 
Protocols, 7, 995-1007. 

GLOU, E. L., SEUGNET, L., SHAW, P. J., PREAT, T. & GOGUEL, V. 2012. Circadian 
Modulation of Consolidated Memory Retrieval Following Sleep Deprivation in 
Drosophila. Sleep, 35, 1377-1384B. 

GODDE, J. S. 2012. Breaking through a phylogenetic impasse: a pair of associated archaea may 
have played host in the endosymbiotic origin of eukaryotes. Cell & Bioscience, 2. 

GONZALEZ, A., STOMBAUGH, J., LOZUPONE, C., TURNBAUGH, P. J., GORDON, J. I. & 
KNIGHT, R. 2011. The mind-body-microbial continuum. Dialogues Clin Neurosci, 13, 
55-62. 

GORGONI, M., D'ATRI, A., LAURI, G., ROSSINI, P. M., FERLAZZO, F. & DE GENNARO, 
L. 2013. Is sleep essential for neural plasticity in humans, and how does it affect motor 
and cognitive recovery? Neural Plast, 2013, 103949. 

GREER, C. L., GRYGORUK, A., PATTON, D. E., LEY, B., ROMERO-CALDERON, R., 
CHANG, H.-Y., HOUSHYAR, R., BAINTON, R. J., DIANTONIO, A. & KRANTZ, D. 
E. 2005. A splice variant of the Drosophila vesicular monoamine transporter contains a 
conserved trafficking domain and functions in the storage of dopamine, serotonin, and 
octopamine. Journal of Neurobiology, 64, 239-258. 

GRIFFITH, L. C. & EJIMA, A. 2009. Courtship learning in Drosophila melanogaster: diverse 
plasticity of a reproductive behavior. Learn Mem, 16, 743-50. 

GUARNER, F. & MALAGELADA, J. R. 2003. Gut flora in health and disease. Lancet, 361, 512-
9. 

GUILLERY, R. W. 2005. Observations of synaptic structures: origins of the neuron doctrine and 
its current status. Philos Trans R Soc Lond B Biol Sci, 360, 1281-307. 

HAMILTON, W. D. 1964. The genetical evolution of social behaviour. I. J Theor Biol, 7, 1-16. 
HAMM, J., CARPENTER, J. & STYER, E. 1996. Oviposition day effect on incidence of 

agonadal progeny of Helicoverpa zea. Ann. Entomol. Soc. Am., 56, 535-556. 
HANCOCK, P. A., SINKINS, S. P. & GODFRAY, H. C. J. 2011. Population Dynamic Models 

of the Spread of Wolbachia. The American Naturalist, 177, 323-333. 
HANELT, B. & JANOVY, J., JR. 1999. The life cycle of a horsehair worm, Gordius robustus 

(Nematomorpha: Gordioidea). J Parasitol, 85, 139-41. 
HASELKORN, T. S., WATTS, T. D. & MARKOW, T. A. 2013. Density dynamics of diverse 

Spiroplasma strains naturally infecting different species of Drosophila. Fly (Austin), 7, 
204-10. 

HAY, J., AITKEN, P. P. & ARNOTT, M. A. 1985. The influence of congenital Toxoplasma 
infection on the spontaneous running activity of mice. Z Parasitenkd, 71, 459-62. 

HAYGOOD, R. & TURELLI, M. 2009. Evolution of incompatibility-inducing microbes in 
subdivided host populations. Evolution, 63, 432-47. 

HAYNES, P. R., CHRISTMANN, B. L. & GRIFFITH, L. C. 2015. A single pair of neurons links 
sleep to memory consolidation in Drosophila melanogaster. 

HEDGES, L. M., BROWNLIE, J. C., O'NEILL, S. L. & JOHNSON, K. N. 2008. Wolbachia and 
virus protection in insects. Science, 322, 702. 

HEIJTZ, D. R., WANG, S., ANUAR, F., QIAN, Y., BJORKHOLM, B., SAMUELSSON, A., 
HIBBERD, M. L., FORSSBERG, H. & PETTERSSON, S. 2011. Normal gut microbiota 
modulates brain development and behavior. Proc Natl Acad Sci U S A, 108, 3047-52. 

HENDRICKS, J., FINN, S., PANCKERI, K., CHAVKIN, J., WILLIAMS, J., SEHGAL, A. & 
PACK, A. 2000. Rest in Drosophila is a sleep-like state. Neuron, 25, 129 - 138. 

HENDRICKS, J. C., KIRK, D., PANCKERI, K., MILLER, M. S. & PACK, A. I. 2003. Modafinil 
maintains waking in the fruit fly drosophila melanogaster. Sleep, 26, 139-46. 

HERMES, G., AJIOKA, J. W., KELLY, K. A., MUI, E., ROBERTS, F., KASZA, K., MAYR, 
T., KIRISITS, M. J., WOLLMANN, R., FERGUSON, D. J., ROBERTS, C. W., 
HWANG, J. H., TRENDLER, T., KENNAN, R. P., SUZUKI, Y., REARDON, C., 
HICKEY, W. F., CHEN, L. & MCLEOD, R. 2008. Neurological and behavioral 
abnormalities, ventricular dilatation, altered cellular functions, inflammation, and 



151 

 

neuronal injury in brains of mice due to common, persistent, parasitic infection. J 
Neuroinflammation, 5, 48. 

HILGENBOECKER, K., HAMMERSTEIN, P., SCHLATTMANN, P., TELCHOW, A. & 
WERREN, J. H. 2008. How many species are infected with Wolbachia? - a statistical 
analysis of current data. FEMS microbiology letters, 281, 215-220. 

HODKOVA, H., KOLBEKOVA, P., SKALLOVA, A., LINDOVA, J. & FLEGR, J. 2007. Higher 
perceived dominance in Toxoplasma infected men--a new evidence for role of increased 
level of testosterone in toxoplasmosis-associated changes in human behavior. Neuro 
Endocrinol Lett, 28, 110-4. 

HOFFMANN, A. A. 1987. Territorial encounters between Drosophila males of different sizes. 
Anim Behav, 1899-1901. 

HOFFMANN, A. A., ROSS, P. A. & RAŠIĆ, G. 2015. Wolbachia strains for disease control: 
ecological and evolutionary considerations. Evolutionary Applications, n/a-n/a. 

HOFFMANN, A. A. & TURELLI, M. 1988. Unidirectional Incompatibility in Drosophila 
Simulans: Inheritance, Geographic Variation and Fitness Effects. Genetics, 119, 435-444. 

HOFFMANN, A. A. & TURELLI, M. 1997. Cytoplasmic incompatibility in insects. In: 
O'NEILL, S. L., HOFFMANN, A. A. & WERREN, J. H. (eds.) Influential Passengers: 
Inherited Microorganisms and Arthropod Reproduction. Oxford: Oxford University 
Press. 

HOFFMANN, A. A., TURELLI, M. & SIMMONS, G. M. 1986. Unidirectional incompatibility 
between populations of Drosophila simulans. Evolution, 40, 692-701. 

HOGAN, M. 2011. Commensalism Washington, D.C. , Environmental Information Coalition, 
National Council for Science and the Environment. 

HOOPER, L. 2010. Immune adaptations that maintain homeostasis with the intestinal microbiota. 
Nat Rev Immuno, 10, 159-69. 

HORTH, L. 2007. Sensory genes and mate choice: Evidence that duplications, mutations, and 
adaptive evolution alter variation in mating cue genes and their receptors. Genomics, 90, 
159-175. 

HOSOKAWA, T., KIKUCHI, Y. & FUKATSU, T. 2007. How many symbionts are provided by 
mothers, acquired by offspring, and needed for successful vertical transmission in an 
obligate insect-bacterium mutualism? Mol Ecol, 16, 5316-25. 

HOSOKAWA, T., KOGA, R., KIKUCHI, Y., MENG, X. Y. & FUKATSU, T. 2010. Wolbachia 
as a bacteriocyte-associated nutritional mutualist. Proc Natl Acad Sci U S A, 107, 769-
74. 

HOYER, S. C., ECKART, A., HERREL, A., ZARS, T., FISCHER, S. A., HARDIE, S. L. & 
HEISENBERG, M. 2008. Octopamine in male aggression of Drosophila. Curr Biol, 18, 
159-67. 

HRDA, S., VOTYPKA, J., KODYM, P. & FLEGR, J. 2000. Transient nature of Toxoplasma 
gondii-induced behavioral changes in mice. J Parasitol, 86, 657-63. 

HUANG, E. & REICHARDT, L. 2001. Neurotrophins: Roles in Neuronal Development and 
Function. Annu. Rev. Neurosci, 24, 677-736. 

HUBER, R., HILL, S. L., HOLLADAY, C., BIESIADECKI, M., TONONI, G. & CIRELLI, C. 
2004. Sleep homeostasis in Drosophila melanogaster. Sleep, 27, 628-39. 

HUBER, R., ORZESZYNA, M., POKORNY, N. & KRAVITZ, E. A. 1997. Biogenic amines and 
aggression: experimental approaches in crustaceans. Brain Behav Evol, 50 Suppl 1, 60-
8. 

HUGHES, G. L., REN, X., RAMIREZ, J. L., SAKAMOTO, J. M., BAILEY, J. A., JEDLICKA, 
A. E. & RASGON, J. L. 2011. Wolbachia infections in Anopheles gambiae cells: 
transcriptomic characterization of a novel host-symbiont interaction. PLoS Pathog, 7, 
e1001296. 

HUNOT, S., BRUGG, B., RICARD, D., MICHEL, P. P., MURIEL, M.-P., RUBERG, M., 
FAUCHEUX, B. A., AGID, Y. & HIRSCH, E. C. 1997. Nuclear translocation of NF-κB 
is increased in dopaminergic neurons of patients with Parkinson disease. Proc Natl Acad 
Sci U S A, 94, 7531-7536. 

HUNTER, P. 2009. How Smart is Smart? Is Human Intelligence Still Evolving? EMBO Reports. 
HURST, G. D. D., O’NEILL, S. L., HOFFMANN, A. A. & WERREN, J. H. 1997. Cytoplasmic 

sex-ratio distorters. 



152 

 

HUSSA, E. A. & GOODRICH-BLAIR, H. 2013. It takes a village: ecological and fitness impacts 
of multipartite mutualism. Annu Rev Microbiol, 67, 161-78. 

HUSSAIN, M., FRENTIU, F. D., MOREIRA, L. A., O'NEILL, S. L. & ASGARI, S. 2011. 
Wolbachia uses host microRNAs to manipulate host gene expression and facilitate 
colonization of the dengue vector Aedes aegypti. Proc Natl Acad Sci U S A, 108, 9250-
5. 

HUSSAIN, M., O'NEILL, S. L. & ASGARI, S. 2013. Wolbachia interferes with the intracellular 
distribution of Argonaute 1 in the dengue vector Aedes aegypti by manipulating the host 
microRNAs. RNA Biol, 10, 1868-75. 

ITURBE-ORMAETXE, I., BURKE, G. R., RIEGLER, M. & O'NEILL, S. L. 2005. Distribution, 
expression, and motif variability of ankyrin domain genes in Wolbachia pipientis. J 
Bacteriol, 187, 5136-45. 

JACOBS, M. 1960. Influence of light on mating of Drosophila melanogaster. Ecology Ecology, 
41, 182-188. 

JAENIKE, J. 2009. Coupled population dynamics of endosymbionts within and between hosts. 
Oikos, 118, 353-362. 

JAENIKE, J., UNCKLESS, R., COCKBURN, S. N., BOELIO, L. M. & PERLMAN, S. J. 2010. 
Adaptation via symbiosis: recent spread of a Drosophila defensive symbiont. Science, 
329, 212-5. 

JANSEN, C. C. & BEEBE, N. W. 2010. The dengue vector Aedes aegypti: what comes next. 
Microbes and Infection, 12, 272-279. 

JEYAPRAKASH, A. & HOY, M. A. 2000. Long PCR improves Wolbachia DNA amplification: 
wsp sequences found in 76% of sixty-three arthropod species. Insect Mol Biol, 9, 393-
405. 

JIGGINS, F. M., HURST, G. D. D. & MAJERUS, M. E. N. 1998. Sex ratio distortion in Acraea 
encedon (Lepidoptera: Nymphalidae) is caused by a male-killing bacterium. Heredity 
(Edinb), 81, 87-91. 

JOSHUA, M., ADLER, A. & BERGMAN, H. 2009. The dynamics of dopamine in control of 
motor behavior. Current Opinion in Neurobiology, 19, 615-620. 

KALIDAS, S. & SMITH, D. P. 2002. Novel genomic cDNA hybrids produce effective RNA 
interference in adult Drosophila. Neuron, 33, 177-84. 

KAMBRIS, Z., BLAGBOROUGH, A. M., PINTO, S. B., BLAGROVE, M. S., GODFRAY, H. 
C., SINDEN, R. E. & SINKINS, S. P. 2010. Wolbachia stimulates immune gene 
expression and inhibits plasmodium development in Anopheles gambiae. PLoS Pathog, 
6, e1001143. 

KAMBRIS, Z., COOK, P. E., PHUC, H. K. & SINKINS, S. P. 2009. Immune activation by life-
shortening Wolbachia and reduced filarial competence in mosquitoes. Science, 326, 134-
6. 

KAPLAN, W. D. & TROUT, W. E. 1969. The Behavior of Four Neurological Mutants of 
Drosophila. Genetics, 61, 399-409. 

KAUFMAN, S. 1995. Tyrosine hydroxylase. Adv Enzymol Relat Areas Mol Biol, 70, 103-220. 
KAYSER, M. S., MAINWARING, B., YUE, Z. & SEHGAL, A. 2015. Sleep deprivation 

suppresses aggression in Drosophila. Elife, 4, e07643. 
KAYSER, M. S., YUE, Z. & SEHGAL, A. 2014. A critical period of sleep for development of 

courtship circuitry and behavior in Drosophila. Science, 344, 269-74. 
KEENE, A. C. & WADDELL, S. 2007. Drosophila olfactory memory: single genes to complex 

neural circuits. Nat Rev Neurosci, 8, 341-54. 
KILLGORE, W. D. 2010. Effects of sleep deprivation on cognition. Prog Brain Res, 185, 105-

29. 
KIM, Y.-C., LEE, H.-G. & HAN, K.-A. 2007. D1 Dopamine Receptor dDA1 Is Required in the 

Mushroom Body Neurons for Aversive and Appetitive Learning in Drosophila. The 
Journal of Neuroscience, 27, 7640-7647. 

KINGAN, T. G., BODNAR, W. M., RAINA, A. K., SHABANOWITZ, J. & HUNT, D. F. 1995. 
The Loss of Female Sex-Pheromone after Mating in the Corn-Earworm Moth 
Helicoverpa-Zea - Identification of a Male Pheromonostatic Peptide. Proceedings of the 
National Academy of Sciences of the United States of America, 92, 5082-5086. 



153 

 

KINGAN, T. G., THOMASLAEMONT, P. A. & RAINA, A. K. 1993. Male Accessory-Gland 
Factors Elicit Change from Virgin to Mated Behavior in the Female Corn-Earworm Moth 
Helicoverpa-Zea. Journal of Experimental Biology, 183, 61-76. 

KOL, A., BOURCIER, T., LICHTMAN, A. H. & LIBBY, P. 1999. Chlamydial and human heat 
shock protein 60s activate human vascular endothelium, smooth muscle cells, and 
macrophages. Journal of Clinical Investigation, 103, 571-577. 

KOL, A., LICHTMAN, A. H., FINBERG, R. W., LIBBY, P. & KURT-JONES, E. A. 2000. 
Cutting Edge: Heat Shock Protein (HSP) 60 Activates the Innate Immune Response: 
CD14 Is an Essential Receptor for HSP60 Activation of Mononuclear Cells. The Journal 
of Immunology, 164, 13-17. 

KONKEL, M. E. & TILLY, K. 2000. Temperature-regulated expression of bacterial virulence 
genes. Microbes and Infection, 2, 157-166. 

KOUKOU, K., PAVLIKAKI, H., KILIAS, G., WERREN, J. H., BOURTZIS, K. & ALAHIOTIS, 
S. N. 2006. Influence of antibiotic treatment and Wolbachia curing on sexual isolation 
among Drosophila melanogaster cage populations. Evolution, 60, 87-96. 

KRASHES, M. J., KEENE, A. C., LEUNG, B., ARMSTRONG, J. D. & WADDELL, S. 2007. 
Sequential use of mushroom body neuron subsets during Drosophila odor memory 
processing. Neuron, 53, 103-115. 

KREMER, N., VORONIN, D., CHARIF, D., MAVINGUI, P., MOLLEREAU, B. & VAVRE, F. 
2009. Wolbachia interferes with ferritin expression and iron metabolism in insects. PLoS 
Pathog, 5, e1000630. 

KUME, K., KUME, S., PARK, S. K., HIRSH, J. & JACKSON, F. R. 2005. Dopamine is a 
regulator of arousal in the fruit fly. J Neurosci, 25, 7377-84. 

KUO, T.-H., PIKE, D., BEIZAEIPOUR, Z. & WILLIAMS, J. 2010. Sleep triggered by an 
immune response in Drosophila is regulated by the circadian clock and requires the 
NFkappaB Relish. BMC Neurosci, 11, 17. 

LAFFERTY, K. & MORRIS, K. 1996. Altered Behavior of Parasitized Killifish Increases 
Susceptibility to Predation by Bird Final Hosts. Ecology, 77, 1390-1397. 

LAFFERTY, K. D. & SHAW, J. C. 2013. Comparing mechanisms of host manipulation across 
host and parasite taxa. J Exp Biol, 216, 56-66. 

LANDMANN, F., ORSI, G. A., LOPPIN, B. & SULLIVAN, W. 2009. Wolbachia-Mediated 
Cytoplasmic Incompatibility Is Associated with Impaired Histone Deposition in the Male 
Pronucleus. PLoS Pathog, 5, e1000343. 

LATURNEY, M. & MOEHRING, A. J. 2012. The Genetic Basis of Female Mate Preference and 
Species Isolation in Drosophila. International Journal of Evolutionary Biology, 2012, 13. 

LEBESTKY, T. J., CHANG, J.-S. C., DANKERT, H., ZELNIK, L., KIM, Y.-C., HAN, K.-A., 
PERONA, P. & ANDERSON, D. J. 2009. Two Different Forms of Arousal in Drosophila 
are Independently and Oppositely Regulated by the Dopamine D1 Receptor DopR via 
Distinct Neural Circuits. Neuron, 64, 522-536. 

LEMAITRE, B. & HOFFMANN, J. 2007. The host defense of Drosophila melanogaster. Annu 
Rev Immunol, 25, 697 - 743. 

LEULIER, F. & ROYET, J. 2009. Maintaining immune homeostasis in fly gut. Nat Immunol, 10, 
936-938. 

LI, K., BIHAN, M., YOOSEPH, S. & METHÉ, B. A. 2012. Analyses of the Microbial Diversity 
across the Human Microbiome. PLoS One, 7, e32118. 

LI, X., YU, F. & GUO, A. 2009. Sleep Deprivation Specifically Impairs Short-term Olfactory 
Memory in Drosophila. Sleep, 32, 1417-1424. 

LIBERSAT, F., DELAGO, A. & GAL, R. 2009. Manipulation of host behavior by parasitic 
insects and insect parasites. Annu Rev Entomol, 54, 189-207. 

LIMA, S. Q. & MIESENBÖCK, G. 2005. Remote Control of Behavior through Genetically 
Targeted Photostimulation of Neurons. Cell, 121, 141-152. 

LINDER, J. E., OWERS, K. A. & PROMISLOW, D. E. L. 2008. The effects of temperature on 
host–pathogen interactions in D. melanogaster: Who benefits? Journal of Insect 
Physiology, 54, 297-308. 

LINDQUIST, S. & CRAIG, E. A. 1988. The Heat-Shock Proteins. Annual Review of Genetics, 
22, 631-677. 



154 

 

LIPSITCH, M., NOWAK, M. A., EBERT, D. & MAY, R. M. 1995. The population dynamics of 
vertically and horizontally transmitted parasites. Proc Biol Sci, 260, 321-7. 

LITTLETON, J. T. & GANETZKY, B. 2000. Ion Channels and Synaptic Organization. Neuron, 
26, 35-43. 

LOU, H. C. 1994. Dopamine precursors and brain function in phenylalanine hydroxylase 
deficiency. Acta Paediatr Suppl, 407, 86-8. 

LU, A., ZHANG, Q., ZHANG, J., YANG, B., WU, K., XIE, W., LUAN, Y.-X. & LING, E. 2014. 
Insect prophenoloxidase: the view beyond immunity. Front Physiol, 5, 252. 

LUNDELL, M. J. & HIRSH, J. 1994. Temporal and spatial development of serotonin and 
dopamine neurons in the Drosophila CNS. Dev Biol, 165, 385-96. 

MALKE, H. & BUCHNER, P. 1967. Endosymbiosis of Animals with Plant Microorganisms. 
Zeitschrift für allgemeine Mikrobiologie, 7, 168-168. 

MAO, Z. & DAVIS, R. L. 2009. Eight Different Types of Dopaminergic Neurons Innervate the 
Drosophila Mushroom Body Neuropil: Anatomical and Physiological Heterogeneity. 
Frontiers in Neural Circuits, 3, 5. 

MARKOW, T. A. 1988. Reproductive behavior of Drosophila melanogaster and D. 
nigrospiracula in the field and in the laboratory. J Comp Psychol, 102, 169-73. 

MARKOW, T. A. 2015. The secret lives of Drosophila flies. Elife, 4. 
MARKOW, T. A., QUAID, M. & KERR, S. 1978. Male mating experience and competitive 

courtship success in Drosophila melanogaster. Nature, 276, 821-822. 
MAYORAL, J. G., ETEBARI, K., HUSSAIN, M., KHROMYKH, A. A. & ASGARI, S. 2014. 

Wolbachia Infection Modifies the Profile, Shuttling and Structure of MicroRNAs in a 
Mosquito Cell Line. PLoS One, 9, e96107. 

MCDONALD, S., SAAD, A. & JAMES, C. 2011. Social dysdecorum following severe traumatic 
brain injury: Loss of implicit social knowledge or loss of control? J Clin Exp 
Neuropsychol, 1-12. 

MCGRAW, E. A., MERRITT, D. J., DROLLER, J. N. & O'NEILL, S. L. 2002. Wolbachia 
density and virulence attenuation after transfer into a novel host. Proc Natl Acad Sci U S 
A, 99, 2918-2923. 

MCGUE, M. & BOUCHARD, T. J., JR. 1998. Genetic and environmental influences on human 
behavioral differences. Annu Rev Neurosci, 21, 1-24. 

MCMENIMAN, C. J., LANE, A. M., FONG, A. W., VORONIN, D. A., ITURBE-ORMAETXE, 
I., YAMADA, R., MCGRAW, E. A. & O'NEILL, S. L. 2008. Host adaptation of a 
Wolbachia strain after long-term serial passage in mosquito cell lines. Appl Environ 
Microbiol, 74, 6963-9. 

MCMENIMAN, C. J., LANE, R. V., CASS, B. N., FONG, A. W., SIDHU, M., WANG, Y. F. & 
O'NEILL, S. L. 2009. Stable introduction of a life-shortening Wolbachia infection into 
the mosquito Aedes aegypti. Science, 323, 141-4. 

MIDDLETON, C. A., NONGTHOMBA, U., PARRY, K., SWEENEY, S. T., SPARROW, J. C. 
& ELLIOTT, C. J. 2006. Neuromuscular organization and aminergic modulation of 
contractions in the Drosophila ovary. BMC Biol, 4, 17. 

MILLER, W. J., EHRMAN, L. & SCHNEIDER, D. 2010. Infectious Speciation Revisited: 
Impact of Symbiont-Depletion on Female Fitness and Mating Behavior of Drosophila 
paulistorum. PLoS Pathog, 6, e1001214. 

MILLIGAN, S. R., HOLT, W. V. & LLOYD, R. 2009. Impacts of climate change and 
environmental factors on reproduction and development in wildlife. Philosophical 
Transactions of the Royal Society of London B: Biological Sciences, 364, 3313-3319. 

MIN, K. T. & BENZER, S. 1997. Wolbachia, normally a symbiont of Drosophila, can be virulent, 
causing degeneration and early death. Proc Natl Acad Sci U S A, 94, 10792-6. 

MIQUEL, J., LUNDGREN, P. R., BENSCH, K. G. & ATLAN, H. 1976. Effects of temperature 
on the life span, vitality and fine structure of Drosophila melanogaster. Mech Ageing Dev, 
5, 347-70. 

MONASTIRIOTI, M. 1999. Biogenic amine systems in the fruit fly Drosophila melanogaster. 
Microscopy Research and Technique, 45, 106-121. 

MONASTIRIOTI, M., LINN, C. E., JR. & WHITE, K. 1996. Characterization of Drosophila 
tyramine beta-hydroxylase gene and isolation of mutant flies lacking octopamine. J 
Neurosci, 16, 3900-11. 



155 

 

MONTAGUE, P. R., HYMAN, S. E. & COHEN, J. D. 2004. Computational roles for dopamine 
in behavioural control. Nature, 431, 760-767. 

MONTOYA, J. G. & LIESENFELD, O. 2004. Toxoplasmosis. Lancet, 363, 1965-76. 
MOORE, J. 2002. Parasites and the Behavior of Animals, New York, NY, Oxford University 

Press. 
MOREIRA, L. A., SAIG, E., TURLEY, A. P., RIBEIRO, J. M., O'NEILL, S. L. & MCGRAW, 

E. A. 2009. Human probing behavior of Aedes aegypti when infected with a life-
shortening strain of Wolbachia. PLoS Negl Trop Dis, 3, e568. 

MOREIRA, L. A., YE, Y. H., TURNER, K., EYLES, D. W., MCGRAW, E. A. & O'NEILL, S. 
L. 2011. The wMelPop strain of Wolbachia interferes with dopamine levels in Aedes 
aegypti. Parasit Vectors, 4, 28. 

MUNDIYANAPURATH, S., CHAN, Y. B., LEUNG, A. K. & KRAVITZ, E. A. 2009. 
Feminizing cholinergic neurons in a male Drosophila nervous system enhances 
aggression. Fly (Austin), 3, 179-84. 

NAPPI, A. J. & CHRISTENSEN, B. M. 2005. Melanogenesis and associated cytotoxic reactions: 
Applications to insect innate immunity. Insect Biochemistry and Molecular Biology, 35, 
443-459. 

NÄSSEL, D. R. 1991. Neurotransmitters and neuromodulators in the insect visual system. 
Progress in Neurobiology, 37, 179-254. 

NECKAMEYER, W., HOLT, B. & PARADOWSKI, T. J. 2005. Biochemical Conservation of 
Recombinant Drosophila Tyrosine Hydroxylase with its Mammalian Cognates. 
Biochemical Genetics, 43, 425-443. 

NECKAMEYER, W. S. 2010. A trophic role for serotonin in the development of a simple feeding 
circuit. Dev Neurosci, 32, 217-37. 

NECKAMEYER, W. S., COLEMAN, C. M., EADIE, S. & GOODWIN, S. F. 2007. 
Compartmentalization of neuronal and peripheral serotonin synthesis in Drosophila 
melanogaster. Genes Brain Behav, 6, 756-69. 

NEUFELD, K. M., KANG, N., BIENENSTOCK, J. & FOSTER, J. A. 2011. Reduced anxiety-
like behavior and central neurochemical change in germ-free mice. 
Neurogastroenterology and motility : the official journal of the European 
Gastrointestinal Motility Society, 23, 255-64, e119. 

NILSEN, S. P., CHAN, Y. B., HUBER, R. & KRAVITZ, E. A. 2004. Gender-selective patterns 
of aggressive behavior in Drosophila melanogaster. Proc Natl Acad Sci U S A, 101, 
12342-7. 

OSBORNE, S. E., ITURBE-ORMAETXE, I., BROWNLIE, J. C., O'NEILL, S. L. & JOHNSON, 
K. N. 2012. Antiviral protection and the importance of Wolbachia density and tissue 
tropism in Drosophila simulans. Appl Environ Microbiol, 78, 6922-9. 

OSBORNE, S. E., LEONG, Y. S., O'NEILL, S. L. & JOHNSON, K. N. 2009. Variation in 
antiviral protection mediated by different Wolbachia strains in Drosophila simulans. 
PLoS Pathog, 5, e1000656. 

OTT, B. M., CRUCIGER, M., DACKS, A. M. & RIO, R. V. M. 2014. Hitchhiking of host biology 
by beneficial symbionts enhances transmission. Sci Rep, 4, 5825. 

PAN, X., ZHOU, G., WU, J., BIAN, G., LU, P., RAIKHEL, A. S. & XI, Z. 2012. Wolbachia 
induces reactive oxygen species (ROS)-dependent activation of the Toll pathway to 
control dengue virus in the mosquito Aedes aegypti. Proc Natl Acad Sci U S A, 109, E23-
31. 

PANDEY, U. B. & NICHOLS, C. D. 2011. Human Disease Models in Drosophila melanogaster 
and the Role of the Fly in Therapeutic Drug Discovery. Pharmacological Reviews, 63, 
411-436. 

PARRACHO, H. M., BINGHAM, M. O., GIBSON, G. R. & MCCARTNEY, A. L. 2005. 
Differences between the gut microflora of children with autistic spectrum disorders and 
that of healthy children. J Med Microbiol, 54, 987-91. 

PENG, Y., NIELSEN, J. E., CUNNINGHAM, J. P. & MCGRAW, E. A. 2008. Wolbachia 
infection alters olfactory-cued locomotion in Drosophila spp. Appl Environ Microbiol, 
74, 3943-8. 

PENG, Y. & WANG, Y. 2009. Infection of Wolbachia may improve the olfactory response of 
Drosophila. Chinese Science Bulletin, 54, 1369-1375. 



156 

 

PFAFFL, M. W. 2001. A new mathematical model for relative quantification in real-time RT-
PCR. Nucleic Acids Res, 29, e45. 

PFEIFFENBERGER, C. & ALLADA, R. 2012. Cul3 and the BTB adaptor insomniac are key 
regulators of sleep homeostasis and a dopamine arousal pathway in Drosophila. PLoS 
Genet, 8, e1003003. 

PINTO, S. B., MARICONTI, M., BAZZOCCHI, C., BANDI, C. & SINKINS, S. P. 2012. 
Wolbachia surface protein induces innate immune responses in mosquito cells. BMC 
Microbiol, 12 Suppl 1, S11. 

PINTO, S. B., STAINTON, K., HARRIS, S., KAMBRIS, Z., SUTTON, E. R., BONSALL, M. 
B., PARKHILL, J. & SINKINS, S. P. 2013. Transcriptional Regulation of Culex pipiens 
Mosquitoes by Wolbachia Influences Cytoplasmic Incompatibility. PLoS Pathog, 9, 
e1003647. 

PONTIER, STÉPHANIE M. & SCHWEISGUTH, F. 2015. A Wolbachia-Sensitive 
Communication between Male and Female Pupae Controls Gamete Compatibility in 
Drosophila. Current Biology, 25, 2339-2348. 

PONTON, F., WILSON, K., HOLMES, A., RAUBENHEIMER, D., ROBINSON, K. L. & 
SIMPSON, S. J. 2015. Macronutrients mediate the functional relationship between 
Drosophila and Wolbachia. Proceedings of the Royal Society of London B: Biological 
Sciences, 282. 

POORYASIN, A. & FIALA, A. 2015. Identified Serotonin-Releasing Neurons Induce Behavioral 
Quiescence and Suppress Mating in Drosophila. The Journal of Neuroscience, 35, 12792-
12812. 

POSEY, K. L., JONES, L. B., CERDA, R., BAJAJ, M., HUYNH, T., HARDIN, P. E. & 
HARDIN, S. H. 2001. Survey of transcripts in the adult Drosophila brain. Genome Biol, 
2, RESEARCH0008. 

QIN, J., LI, R., RAES, J., ARUMUGAM, M., BURGDORF, K. S., MANICHANH, C., 
NIELSEN, T., PONS, N., LEVENEZ, F., YAMADA, T., MENDE, D. R., LI, J., XU, J., 
LI, S., LI, D., CAO, J., WANG, B., LIANG, H., ZHENG, H., XIE, Y., TAP, J., LEPAGE, 
P., BERTALAN, M., BATTO, J. M., HANSEN, T., LE PASLIER, D., LINNEBERG, 
A., NIELSEN, H. B., PELLETIER, E., RENAULT, P., SICHERITZ-PONTEN, T., 
TURNER, K., ZHU, H., YU, C., LI, S., JIAN, M., ZHOU, Y., LI, Y., ZHANG, X., LI, 
S., QIN, N., YANG, H., WANG, J., BRUNAK, S., DORE, J., GUARNER, F., 
KRISTIANSEN, K., PEDERSEN, O., PARKHILL, J., WEISSENBACH, J., META, H. 
I. T. C., BORK, P., EHRLICH, S. D. & WANG, J. 2010. A human gut microbial gene 
catalogue established by metagenomic sequencing. Nature, 464, 59-65. 

QIN, W., NEAL, S. J., ROBERTSON, R. M., WESTWOOD, J. T. & WALKER, V. K. 2005. 
Cold hardening and transcriptional change in Drosophila melanogaster. Insect Mol Biol, 
14, 607-13. 

RAHMAN, M. M. & MCFADDEN, G. 2011. Modulation of NF-kappaB signalling by microbial 
pathogens. Nat Rev Microbiol, 9, 291-306. 

RAINA, A. K. & ADAMS, J. R. 1995. Gonad-speciWc virus of corn earworm. Nature, 374, 770. 
RAINA, A. K., JAFFE, H., KEMPE, T. G., BLACHER, R., FALES, H., RILEY, C., KLUN, J., 

RIDGWAY, R. & HAYES, D. 1989. Identification of a neuropeptide hormone that 
regulates sex pheromone production in female moths. Science, 244, 796-798. 

RANCÈS, E., JOHNSON, T. K., POPOVICI, J., ITURBE-ORMAETXE, I., ZAKIR, T., WARR, 
C. G. & O'NEILL, S. L. 2013. The Toll and Imd Pathways Are Not Required for 
Wolbachia-Mediated Dengue Virus Interference. J Virol, 87, 11945-11949. 

RANCES, E., YE, Y. H., WOOLFIT, M., MCGRAW, E. A. & O'NEILL, S. L. 2012. The relative 
importance of innate immune priming in Wolbachia-mediated dengue interference. PLoS 
Pathog, 8, e1002548. 

RASGON, J. L. & SCOTT, T. W. 2003. Wolbachia and cytoplasmic incompatibility in the 
California Culex pipiens mosquito species complex: parameter estimates and infection 
dynamics in natural populations. Genetics, 165, 2029-38. 

RASGON, J. L., STYER, L. M. & SCOTT, T. W. 2003. Wolbachia-induced mortality as a 
mechanism to modulate pathogen transmission by vector arthropods. J Med Entomol, 40, 
125-32. 



157 

 

REED, D. E., HUANG, X. M., WOHLSCHLEGEL, J. A., LEVINE, M. S. & SENGER, K. 2008. 
DEAF-1 regulates immunity gene expression in Drosophila. Proceedings of the National 
Academy of Sciences, 105, 8351-8356. 

REYNOLDS, K. T., THOMSON, L. J. & HOFFMANN, A. A. 2003. The effects of host age, host 
nuclear background and temperature on phenotypic effects of the virulent Wolbachia 
strain popcorn in Drosophila melanogaster. Genetics, 164, 1027-34. 

RICHARDSON, M. F., WEINERT, L. A., WELCH, J. J., LINHEIRO, R. S., MAGWIRE, M. M., 
JIGGINS, F. M. & BERGMAN, C. M. 2012. Population genomics of the Wolbachia 
endosymbiont in Drosophila melanogaster. PLoS Genet, 8, e1003129. 

RIEGLER, M., SIDHU, M., MILLER, W. J. & O'NEILL, S. L. 2005. Evidence for a global 
Wolbachia replacement in Drosophila melanogaster. Curr Biol, 15, 1428-33. 

RIEMENSPERGER, T., ISABEL, G., COULOM, H., NEUSER, K., SEUGNET, L., KUME, K., 
ICHE-TORRES, M., CASSAR, M., STRAUSS, R., PREAT, T., HIRSH, J. & BIRMAN, 
S. 2011. Behavioral consequences of dopamine deficiency in the Drosophila central 
nervous system. Proc Natl Acad Sci U S A, 108, 834-9. 

RIEMENSPERGER, T., VÖLLER, T., STOCK, P., BUCHNER, E. & FIALA, A. 2005. 
Punishment Prediction by Dopaminergic Neurons in Drosophila. Current Biology, 15, 
1953-1960. 

RIETSCHEL, E. T. & BRADE, H. 1987. [Lipopolysaccharides, endotoxins and O-antigens of 
gram-negative bacteria: chemical structure, biologic effect and serologic properties]. 
Infection, 15, 133-41. 

RODRÍGUEZ-VALENTÍN, R., LÓPEZ-GONZÁLEZ, I., JORQUERA, R., LABARCA, P., 
ZURITA, M. & REYNAUD, E. 2006. Oviduct contraction in Drosophila is modulated 
by a neural network that is both, octopaminergic and glutamatergic. Journal of Cellular 
Physiology, 209, 183-198. 

RODRIGUEZ MONCALVO, V. G. & CAMPOS, A. R. 2009. Role of serotonergic neurons in 
the Drosophila larval response to light. BMC Neurosci, 10, 66. 

ROEDER, T. 1999. Octopamine in invertebrates. Prog Neurobiol, 59, 533-61. 
ROGINA, B. & HELFAND, S. L. 1996. Timing of Expression of a Gene in the Adult Drosophila 

Is Regulated by Mechanisms Independent of Temperature and Metabolic Rate. Genetics, 
143, 1643-1651. 

ROHRSCHEIB, C. & BROWNLIE, J. 2013. Microorganisms that Manipulate Complex Animal 
Behaviours by Affecting the Host’s Nervous System. Springer Science Reviews, 1, 133-
140. 

ROHRSCHEIB, C. E., BONDY, E., JOSH, P., RIEGLER, M., EYLES, D., VAN SWINDEREN, 
B., WEIBLE, M. W., 2ND & BROWNLIE, J. C. 2015. Wolbachia Influences the 
Production of Octopamine and Affects Drosophila Male Aggression. Appl Environ 
Microbiol, 81, 4573-80. 

ROUSSET, F., BOUCHON, D., PINTUREAU, B., JUCHAULT, P. & SOLIGNAC, M. 1992. 
Wolbachia Endosymbionts Responsible for Various Alterations of Sexuality in 
Arthropods. 

ROUSSET, F. & RAYMOND, M. 1991. Cytoplasmic incompatibility in insects: Why sterilize 
females? Trends in Ecology & Evolution, 6, 54-57. 

SALEEM, S., RUGGLES, P. H., ABBOTT, W. K. & CARNEY, G. E. 2014. Sexual Experience 
Enhances Drosophila melanogaster Male Mating Behavior and Success. PLoS One, 9, 
e96639. 

SANCHEZ, M. I., PONTON, F., MISSE, D., HUGHES, D. P. & THOMAS, F. 2008. Hairworm 
response to notonectid attacks. Animal Behaviour, 75, 823-826. 

SANSONETTI, P. J. 2004. War and peace at mucosal surfaces. Nature Reviews Immunology, 4, 
953-964. 

SANTORO, M. G., ROSSI, A. & AMICI, C. 2003. NF-kappaB and virus infection: who controls 
whom. EMBO J, 22, 2552-60. 

SCARR, S. & MCCARTNEY, K. 1983. How people make their own environments: a theory of 
genotype greater than environment effects. Child Dev, 54, 424-35. 

SCHNEIDER, D. S. & CHAMBERS, M. C. 2008. Rogue Insect Immunity. Science, 322, 1199-
1200. 



158 

 

SCHULER, H., BERTHEAU, C., EGAN, S. P., FEDER, J. L., RIEGLER, M., SCHLICK-
STEINER, B. C., STEINER, F. M., JOHANNESEN, J., KERN, P., TUBA, K., 
LAKATOS, F., KÖPPLER, K., ARTHOFER, W. & STAUFFER, C. 2013. Evidence for 
a recent horizontal transmission and spatial spread of Wolbachia from endemic 
Rhagoletis cerasi (Diptera: Tephritidae) to invasive Rhagoletis cingulata in Europe. Mol 
Ecol, 22, 4101-4111. 

SEKIROV, I. & FINLAY, B. B. 2009. The role of the intestinal microbiota in enteric infection. 
The Journal of Physiology, 587, 4159-4167. 

SELCHO, M., PAULS, D., EL JUNDI, B., STOCKER, R. F. & THUM, A. S. 2012. The Role of 
octopamine and tyramine in Drosophila larval locomotion. J Comp Neurol, 520, 3764-
3785. 

SERBUS, L. R., WHITE, P. M., SILVA, J. P., RABE, A., TEIXEIRA, L., ALBERTSON, R. & 
SULLIVAN, W. 2015. The Impact of Host Diet on Wolbachia Titer in Drosophila. PLoS 
Pathog, 11, e1004777. 

SEUGNET, L., SUZUKI, Y., THIMGAN, M., DONLEA, J., GIMBEL, S. I., GOTTSCHALK, 
L., DUNTLEY, S. P. & SHAW, P. J. 2009. Identifying sleep regulatory genes using a 
Drosophila model of insomnia. J Neurosci, 29, 7148-7157. 

SEUGNET, L., SUZUKI, Y., VINE, L., GOTTSCHALK, L. & SHAW, P. 2008. D1 receptor 
activation in the mushroom bodies rescues sleep-loss-induced learning impairments in 
Drosophila. Curr Biol, 18, 1110 - 1117. 

SHARON, G., SEGAL, D., RINGO, J. M., HEFETZ, A., ZILBER-ROSENBERG, I. & 
ROSENBERG, E. 2010. Commensal bacteria play a role in mating preference of 
Drosophila melanogaster. Proc Natl Acad Sci U S A, 107, 20051-6. 

SHARON, G., SEGAL, D., ZILBER-ROSENBERG, I. & ROSENBERG, E. 2011. Symbiotic 
bacteria are responsible for diet-induced mating preference in Drosophila melanogaster, 
providing support for the hologenome concept of evolution. Gut Microbes, 2, 190-2. 

SHAW, J. C., HECHINGER, R. F., LAFFERTY, K. D. & KURIS, A. M. 2010. Ecology of the 
brain trematode Euhaplorchis californiensis and its host, the California killifish ( 
Fundulus parvipinnis ). J Parasitol, 96, 482-90. 

SHAW, J. C. & OVERLI, O. 2012. Brain-encysting trematodes and altered monoamine activity 
in naturally infected killifish Fundulus parvipinnis. J Fish Biol, 81, 2213-22. 

SHAW, J. C. & ØVERLI, Ø. 2012. Brain-encysting trematodes and altered monoamine activity 
in naturally infected killifish Fundulus parvipinnis. Journal of Fish Biology, 81, 2213-
2222. 

SHAW, P., CIRELLI, C., GREENSPAN, R. & TONONI, G. 2000. Correlates of sleep and waking 
in Drosophila melanogaster. Science, 287, 1834 - 1837. 

SHIRASU-HIZA, M., DIONNE, M., PHAM, L., AYRES, J. & SCHNEIDER, D. 2007. 
Interactions between circadian rhythm and immunity in Drosophila melanogaster. 
Current Biology, 17, R353 - R355. 

SITARAMAN, D., ZARS, M., LAFERRIERE, H., CHEN, Y.-C., SABLE-SMITH, A., 
KITAMOTO, T., ROTTINGHAUS, G. E. & ZARS, T. 2008. Serotonin is necessary for 
place memory in Drosophila. Proc Natl Acad Sci U S A, 105, 5579-5584. 

SKALLOVA, A., KODYM, P., FRYNTA, D. & FLEGR, J. 2006. The role of dopamine in 
Toxoplasma-induced behavioural alterations in mice: an ethological and 
ethopharmacological study. Parasitology, 133, 525-35. 

STIBBS, H. H. 1985. Changes in brain concentrations of catecholamines and indoleamines in 
Toxoplasma gondii infected mice. Ann Trop Med Parasitol, 79, 153-7. 

STOUTHAMER, R., BREEUWER, J. A. & HURST, G. D. 1999. Wolbachia pipientis: microbial 
manipulator of arthropod reproduction. Annu Rev Microbiol, 53, 71-102. 

STOUTHAMER, R., LUCK, R. F. & HAMILTON, W. D. 1990. Antibiotics cause 
parthenogenetic Trichogramma (Hymenoptera/Trichogrammatidae) to revert to sex. Proc 
Natl Acad Sci U S A, 87, 2424-2427. 

STRUNOV, A. & KISELEVA, E. 2014. Drosophila Melanogaster Brain Invasion: Pathogenic 
Wolbachia in Central Nervous System of the Fly. Insect Sci. 

SU, Q., ZHOU, X. & ZHANG, Y. 2013. Symbiont-mediated functions in insect hosts. 
Communicative & Integrative Biology, 6, e23804. 



159 

 

SUMMERS, C. H. & WINBERG, S. 2006. Interactions between the neural regulation of stress 
and aggression. J Exp Biol, 209, 4581-9. 

SUTTON, E., HARRIS, S., PARKHILL, J. & SINKINS, S. 2014. Comparative genome analysis 
of Wolbachia strain wAu. BMC Genomics, 15, 1-15. 

TAYLOR, M. J., CROSS, H. F., FORD, L., MAKUNDE, W. H., PRASAD, G. B. & BILO, K. 
2001. Wolbachia bacteria in filarial immunity and disease. Parasite Immunol, 23, 401-9. 

TEIXEIRA, L., FERREIRA, Á. & ASHBURNER, M. 2008. The Bacterial Symbiont Wolbachia 
Induces Resistance to RNA Viral Infections in PLoS Biol, 6, e1000002. 

THOMAS, F., ADAMO, S. & MOORE, J. 2005. Parasitic manipulation: where are we and where 
should we go? Behavioural Processes, 68, 185-199. 

THOMAS, F., SCHMIDT-RHAESA, A., MARTIN, G., MANU, C., DURAND, P. & RENAUD, 
F. 2002. Do hairworms (Nematomorpha) manipulate the water seeking behaviour of their 
terrestrial hosts? Journal of Evolutionary Biology, 15, 356-361. 

THOMAS, P., KENNY, N., EYLES, D., MOREIRA, L. A., O’NEILL, S. L. & ASGARI, S. 2011. 
Infection with the wMel and wMelPop strains of Wolbachia leads to higher levels of 
melanization in the hemolymph of Drosophila melanogaster, Drosophila simulans and 
Aedes aegypti. Developmental & Comparative Immunology, 35, 360-365. 

TILLISCH, K., LABUS, J., KILPATRICK, L., JIANG, Z., STAINS, J., EBRAT, B., 
GUYONNET, D., LEGRAIN-RASPAUD, S., TROTIN, B., NALIBOFF, B. & MAYER, 
E. A. 2013. Consumption of fermented milk product with probiotic modulates brain 
activity. Gastroenterology, 144, 1394-1401 e4. 

TORDA, A. 2001. Toxoplasmosis. Are cats really the source? Aust Fam Physician, 30, 743-7. 
TROUT, W. E. & KAPLAN, W. D. 1981. Mosaic mapping of foci associated with longevity in 

the neurological mutants Hk1 and Sh5 of Drosophila melanogaster. Experimental 
Gerontology, 16, 461-474. 

TURELLI, M. 2010. Cytoplasmic incompatibility in populations with overlapping generations. 
Evolution, 64, 232-41. 

TURELLI, M. & HOFFMANN, A. A. 1991. Rapid spread of an inherited incompatibility factor 
in California Drosophila. Nature, 353, 440-442. 

TURELLI, M. & HOFFMANN, A. A. 1995. Cytoplasmic incompatibility in Drosophila 
simulans: dynamics and parameter estimates from natural populations. Genetics, 140, 
1319-38. 

TURLEY, A. P., MOREIRA, L. A., O'NEILL, S. L. & MCGRAW, E. A. 2009. Wolbachia 
infection reduces blood-feeding success in the dengue fever mosquito, Aedes aegypti.  
PLoS Negl Trop Dis, 3, e516. 

UENO, T., TOMITA, J., TANIMOTO, H., ENDO, K., ITO, K., KUME, S. & KUME, K. 2012. 
Identification of a dopamine pathway that regulates sleep and arousal in Drosophila. Nat 
Neurosci, 15, 1516-1523. 

VAISMAN, N. Y., ILINSKY, Y. Y. & GOLUBOVSKY, M. D. 2009. Population genetic analysis 
of D. melanogaster longevity: similar effects of endosymbiont Wolbachia and tumor 
suppressor Igl under conditions of temperature stress. Journal of General Biology, 70, 
437-447. 

VALE, P. F. & JARDINE, M. D. 2015. Sex-specific behavioural symptoms of viral gut infection 
and Wolbachia in Drosophila melanogaster. Journal of Insect Physiology, 82, 28-32. 

VALLES, A. M. & WHITE, K. 1988. Serotonin-containing neurons in Drosophila melanogaster: 
development and distribution. J Comp Neurol, 268, 414-28. 

VAN ALPHEN, B., YAP, M. H. W., KIRSZENBLAT, L., KOTTLER, B. & VAN 
SWINDEREN, B. 2013. A Dynamic Deep Sleep Stage in Drosophila. The Journal of 
Neuroscience, 33, 6917-6927. 

VAN SPRONSEN, F. J., VAN RIJN, M., BEKHOF, J., KOCH, R. & SMIT, P. G. 2001. 
Phenylketonuria: tyrosine supplementation in phenylalanine-restricted diets. Am J Clin 
Nutr, 73, 153-7. 

VAN SWINDEREN, B. 2007. Attention-like processes in Drosophila require short-term memory 
genes. Science, 315, 1590-3. 

VAN SWINDEREN, B. & ANDRETIC, R. 2011. Dopamine in Drosophila: setting arousal 
thresholds in a miniature brain. Proc Biol Sci, 278, 906-13. 

VOSSHALL, L. B. 2007. Into the mind of a fly. Nature, 450, 193-197. 



160 

 

VOSSHALL, L. B., WONG, A. M. & AXEL, R. 2000. An olfactory sensory map in the fly brain. 
Cell, 102, 147-59. 

VYAS, A., KIM, S. K., GIACOMINI, N., BOOTHROYD, J. C. & SAPOLSKY, R. M.  2007. 
Behavioral changes induced by Toxoplasma infection of rodents are highly specific to 
aversion of cat odors. Proc Natl Acad Sci U S A, 104, 6442-7. 

WADDELL, S. 2010. Dopamine reveals neural circuit mechanisms of fly memory. Trends in 
neurosciences, 33, 457-464. 

WALKER, J. R., EDIGER, J. P., GRAFF, L. A., GREENFELD, J. M., CLARA, I., LIX, L., 
RAWSTHORNE, P., MILLER, N., ROGALA, L., MCPHAIL, C. M. & BERNSTEIN, 
C. N. 2008. The Manitoba IBD cohort study: a population-based study of the prevalence 
of lifetime and 12-month anxiety and mood disorders. The American journal of 
gastroenterology, 103, 1989-97. 

WALKER, T., JOHNSON, P. H., MOREIRA, L. A., ITURBE-ORMAETXE, I., FRENTIU, F. 
D., MCMENIMAN, C. J., LEONG, Y. S., DONG, Y., AXFORD, J., KRIESNER, P., 
LLOYD, A. L., RITCHIE, S. A., O/'NEILL, S. L. & HOFFMANN, A. A. 2011. The 
wMel Wolbachia strain blocks dengue and invades caged Aedes aegypti populations. 
Nature, 476, 450-453. 

WANG, J., WU, Y., YANG, G. & AKSOY, S. 2009. Interactions between mutualist 
Wigglesworthia and tsetse peptidoglycan recognition protein (PGRP-LB) influence 
trypanosome transmission. Proceedings of the National Academy of Sciences,  106, 
12133-12138. 

WANG, X. & QUINN, P. J. 2010. Endotoxins: lipopolysaccharides of gram-negative bacteria. 
Subcell Biochem, 53, 3-25. 

WEBSTER, J. P. 1994. Prevalence and transmission of Toxoplasma gondii in wild brown rats, 
Rattus norvegicus. Parasitology, 108 ( Pt 4), 407-11. 

WEBSTER, J. P., BRUNTON, C. F. & MACDONALD, D. W. 1994. Effect of Toxoplasma 
gondii upon neophobic behaviour in wild brown rats, Rattus norvegicus. Parasitology, 
109 ( Pt 1), 37-43. 

WEBSTER, J. P., LAMBERTON, P. H., DONNELLY, C. A. & TORREY, E. F. 2006. Parasites 
as causative agents of human affective disorders? The impact of anti-psychotic, mood-
stabilizer and anti-parasite medication on Toxoplasma gondii's ability to alter host 
behaviour. Proc Biol Sci, 273, 1023-30. 

WEEKS, A. R., TURELLI, M., HARCOMBE, W. R., REYNOLDS, K. T. & HOFFMANN, A. 
A. 2007. From parasite to mutualist: rapid evolution of Wolbachia in natural populations 
of Drosophila. PLoS Biol, 5, e114. 

WERREN, J. H., BALDO, L. & CLARK, M. E. 2008. Wolbachia: master manipulators of 
invertebrate biology. Nat Rev Microbiol, 6, 741-51. 

WILKINSON, T. L., KOGA, R. & FUKATSU, T. 2007. Role of Host Nutrition in Symbiont 
Regulation: Impact of Dietary Nitrogen on Proliferation of Obligate and Facultative 
Bacterial Endosymbionts of the Pea Aphid Acyrthosiphon pisum. Appl Environ 
Microbiol, 73, 1362-1366. 

WITTING, P. A. 1979. Learning capacity and memory of normal and Toxoplasma-infected 
laboratory rats and mice. Z Parasitenkd, 61, 29-51. 

WONG, Z. S., BROWNLIE, J. C. & JOHNSON, K. N. 2015. Oxidative stress correlates with 
wolbachia-mediated antiviral protection in wolbachia-Drosophila associations. Appl 
Environ Microbiol, 81, 3001-5. 

WOOD, J. D. 2007. Neuropathophysiology of functional gastrointestinal disorders. World journal 
of gastroenterology : WJG, 13, 1313-32. 

WOOLFIT, M., ITURBE-ORMAETXE, I., BROWNLIE, J. C., WALKER, T., RIEGLER, M., 
SELEZNEV, A., POPOVICI, J., RANCÈS, E., WEE, B. A., PAVLIDES, J., 
SULLIVAN, M. J., BEATSON, S. A., LANE, A., SIDHU, M., MCMENIMAN, C. J., 
MCGRAW, E. A. & O’NEILL, S. L. 2013. Genomic Evolution of the Pathogenic 
Wolbachia Strain, wMelPop. Genome Biol Evol, 5, 2189-2204. 

WU, M., SUN, L. V., VAMATHEVAN, J., RIEGLER, M., DEBOY, R., BROWNLIE, J. C., 
MCGRAW, E. A., MARTIN, W., ESSER, C., AHMADINEJAD, N., WIEGAND, C., 
MADUPU, R., BEANAN, M. J., BRINKAC, L. M., DAUGHERTY, S. C., DURKIN, A. 
S., KOLONAY, J. F., NELSON, W. C., MOHAMOUD, Y. & ET AL. 2004. 



161 

Phylogenomics of the Reproductive Parasite Wolbachia pipientis wMel: A Streamlined 
Genome Overrun by Mobile Genetic Elements. Public Library of Science, 2, E69. 

XI, Z., GAVOTTE, L., XIE, Y. & DOBSON, S. L. 2008. Genome-wide analysis of the interaction 
between the endosymbiotic bacterium Wolbachia and its Drosophila host. Biomed 
Central Genomics, 9, 1. 

YAMADA, R., FLOATE, K. D., RIEGLER, M. & O'NEILL, S. L. 2007. Male development time 
influences the strength of Wolbachia-induced cytoplasmic incompatibility expression in 
Drosophila melanogaster. Genetics, 177, 801-8. 

YANG, C.-J., LEE, N.-Y., LIN, Y.-H., LEE, H.-C., KO, W.-C., LIAO, C.-H., WU, C.-H., HSIEH, 
C.-Y., WU, P.-Y., LIU, W.-C., CHANG, Y.-C. & HUNG, C.-C. 2010. Jarisch-
Herxheimer Reaction after Penicillin Therapy among Patients with Syphilis in the Era of 
the HIV Infection Epidemic: Incidence and Risk Factors. Clinical Infectious Diseases, 
51, 976-979. 

YE, Y., XI, W., PENG, Y., WANG, Y. & GUO, A. 2004. Long-term but not short-term blockade 
of dopamine release in Drosophila impairs orientation during flight in a visual attention 
paradigm. European Journal of Neuroscience, 20, 1001-1007. 

YELLMAN, C., TAO, H., HE, B. & HIRSH, J. 1997. Conserved and sexually dimorphic 
behavioral responses to biogenic amines in decapitated Drosophila. Proc Natl Acad Sci 
U S A, 94, 4131-6. 

YOUNG, E. J., WEINGARTEN, N. M., BAUGHN, R. E. & DUNCAN, W. C. 1982. Studies on 
the pathogenesis of the Jarisch-Herxheimer reaction: development of an animal model 
and evidence against a role for classical endotoxin. J Infect Dis, 146, 606-15. 

YUAN, L.-L., CHEN, X., ZONG, Q., ZHAO, T., WANG, J.-L., ZHENG, Y., ZHANG, M., 
WANG, Z., BROWNLIE, J. C., YANG, F. & WANG, Y.-F. 2015. Quantitative 
Proteomic Analyses of Molecular Mechanisms Associated with Cytoplasmic 
Incompatibility in Drosophila melanogaster Induced by Wolbachia. J Proteome Res, 14, 
3835-3847. 

YUAN, Q., JOINER, W. J. & SEHGAL, A. 2006. A sleep-promoting role for the Drosophila 
serotonin receptor 1A. Curr Biol, 16, 1051-62. 

YUAN, Q., LIN, F., ZHENG, X. & SEHGAL, A. 2005. Serotonin modulates circadian 
entrainment in Drosophila. Neuron, 47, 115-27. 

ZABALOU, S., RIEGLER, M., THEODORAKOPOULOU, M., STAUFFER, C., SAVAKIS, C. 
& BOURTZIS, K. 2004. Wolbachia-induced cytoplasmic incompatibility as a means for 
insect pest population control. Proc Natl Acad Sci U S A, 101, 15042-15045. 

ZHOU, C., RAO, Y. & RAO, Y. 2008. A subset of octopaminergic neurons are important for 
Drosophila aggression. Nat Neurosci, 11, 1059-1067. 

ZHUKOVA, M. V., VORONIN, D. A. & KISELEVA, E. V. 2008. High temperature initiates 
changes in Wolbachia ultrastructure in ovaries and early embryos of Drosophila 
melanogaster. Cell and Tissue Biology, 2, 546-556. 

ZUG, R. & HAMMERSTEIN, P. 2012. Still a host of hosts for Wolbachia: analysis of recent data 
suggests that 40% of terrestrial arthropod species are infected. PLoS One, 7, e38544. 

ZUG, R. & HAMMERSTEIN, P. 2015. Bad guys turned nice? A critical assessment of Wolbachia 
mutualisms in arthropod hosts. Biological Reviews, 90, 89-111. 

ZWARTS, L., VERSTEVEN, M. & CALLAERTS, P. 2012. Genetics and neurobiology of 

aggression in Drosophila. Fly (Austin), 6, 35-48. 


