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Abstract 

Insects are highly successful and their large numbers lead to economic loss 

through crop damage and disease transmission. Insecticides provide a valuable 

tool for control of insect populations. However, as resistance is increasing to 

existing products, new modes of action are required for the development of 

novel products. Understanding of the biological mechanisms underlying stress 

resistance in insects may provide insight into new potential insecticide targets. 

Malpighian tubules are critical for epithelial fluid transport and xenobiotic 

tolerance in insects. The function of Malpighian tubules in desiccation stress 

tolerance was explored by examining changes in gene expression, protein levels, 

fluid transport rates, and metabolism following stress exposure. The results 

indicate a reduction in secretion rate during desiccation that is reflected in 

accumulation of metabolites that are normally processed and excreted by the 

tubules.  

Moreover, the involvement of Drosophila melanogaster diuretic hormones 

corticotrophin releasing factor-like (DH44) and leucokinin (LK) were examined 

using genetic manipulations based on the GAL4-UAS system. Highly selective 

manipulation of the DH44-producing neurons via knockdown of DH44 and neuronal 

ablation indicates that suppression of DH44 signalling contributes to desiccation 

tolerance. This result is supported by the finding that knockdown of DH44 

receptor 2 in the Malpighian tubule principal cells improves survival during 

desiccation stress.  

Previous work suggests the possibility of interaction between LK and DH44 

signalling as LK receptor (LKR) is colocalised to the DH44 neurons. This hypothesis 

is supported by the results of this study as selective knockdown of LKR and DH44 

in the DH44 neurons produced opposing effects on desiccation tolerance. 

Moreover, knockdown of DH44 in the DH44 neurons or ablation of these neurons 

resulted in significantly decreased LKR expression in the Malpighian tubules.  

Finally, a novel role for the Malpighian tubules in starvation tolerance was 

uncovered by the study, with LKR gene expression increasing significantly 

following starvation. Knockdowns of either DH44-R2 or LKR in the Malpighian 



3 
 
tubules significantly impaired starvation tolerance. Here, a mechanism for this 

role of renal epithelia in starvation tolerance is proposed.  
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1 Introduction 

Insects are extremely successful, both in terms of their sheer numbers and in 

their ability to adapt to survive harsh conditions. Because of their numbers, they 

inflict significant economic damage annually through crop losses and the spread 

of disease. Consequently, it is important to be able to control insect 

populations. 

Integrated pest management, which depends on the use of mechanical controls, 

biological controls, and responsible use of pesticides to bring pest populations 

down to below the economic injury level, requires sufficiently effective 

insecticide tools in order to manage insect populations. However, there is 

presently a great need for insecticides employing new mechanisms of action as 

resistance to existing compounds has increased and changes in policy have 

resulted in stringent restriction of the use of some of the effective products, 

particularly in the European market. 

Insects are faced with numerous environmental stressors, many of which they 

have adapted mechanisms to resist. One of the most potent stressors faced by 

insects is desiccation, due to their high surface to volume ratio. If the 

mechanisms of desiccation tolerance are understood, it is possible that methods 

of interfering with them could be developed, laying the foundation for the 

discovery of novel insecticides. 

Survival of desiccation stress has been found to be significantly affected by the 

Malpighian tubules, a key epithelial tissue for fluid homeostasis, detoxification, 

immunity, and stress signalling. The secretion rate of Malpighian tubules can be 

controlled in insects through regulation of diuretic hormones and has been found 

to be suppressed by desiccation exposure. Changes in diuretic hormone signalling 

have been found to be associated with desiccation survival, indicating that 

regulation of these peptides may be an endogenous mechanism of stress 

tolerance in some insects. 

In order to understand the changes underlying Malpighian tubule adaptation 

during desiccation, the model insect Drosophila melanogaster is used. The 

plethora of transgenic D. melanogaster stocks and ease of rearing enables rapid 
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and precise manipulation of specific cells and tissues, including both the brain 

and tubules, in an intact organism. The mechanisms of desiccation survival are 

explored by examining the effect of desiccation on tubule metabolism and by 

genetically manipulating diuretic hormone signalling pathways while monitoring 

changes in stress survival. 

In particular, this study focuses on the role of corticotrophin releasing factor-

like peptide (CRF-like), known as diuretic hormone 44 (DH44) in a number of 

insects including D. melanogaster, in desiccation stress survival and its 

interactions with the leucokinin (LK) signalling pathway. As the endocrine system 

of insects becomes better characterised, it is possible that potential points of 

interference will emerge that can be exploited for the development of 

insecticides with novel modes of action. 

1.1 Insects as pest species 

Insects are highly abundant life forms that have adapted to withstand extreme 

variations in environmental conditions. Their success both in terms of resilience 

and population size makes them particularly potent disease vectors. Plant and 

animal diseases transmitted by insects are responsible for substantial GDP losses 

globally each year (Dhaliwal et al 2015, Oliveira et al 2014). Additionally, biting 

flies, such as the mosquito Aedes aegypti, are responsible for spreading human 

diseases like dengue fever, both in its usual and life-threatening haemorrhagic 

forms (Schneider 2000). Dengue virus is a particularly pressing global concern as 

approximately 40% of the world’s population is at risk of contracting dengue 

virus (World-Health-Organisation 2012). As temperatures continue to increase 

globally and international travel remains common, local transmission of dengue 

fever has spread to Europe and the possibility of an outbreak of dengue fever in 

Europe now exists.  

At present there is no specific treatment or immunization available to combat 

dengue virus, rather disease control efforts focus on managing Aedes populations 

(World-Health-Organisation 2012). This approach relies heavily on strategic 

insecticide spraying, which is expensive and therefore not always economically 

viable (Ranson et al 2010, Schneider 2000). Moreover, the efficacy of this 

method is now being hampered by increased insecticide resistance in Aedes 
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populations (Marcombe et al 2011). Consequently, the development of a novel 

insecticide against Aedes aegypti could renew the effectiveness of dengue 

control efforts, at least until more specific treatments are available against the 

virus itself. By increasing our understanding of the ways in which flies cope with 

environmental stress, it is possible that a new mechanism of population control 

might be uncovered. The variation in the roles and effects of specific 

neuropeptides in differing insect species could potentially enable the 

development of insecticides that target pest species, while sparing beneficial 

ones (Schooley et al 2011). This is particularly important as policy in the 

European Union has recently shifted towards reducing the availability of existing 

pesticides (Jess et al 2014). 

1.2 Drosophila melanogaster 

Research using D. melanogaster has been on-going for well over a century 

(Jennings 2011). During much of this time Drosophila has served as a genetic and 

developmental model and has played a role in seminal discoveries in these fields 

(Dow 2012a). In more recent years, Drosophila has emerged as a model organism 

in many capacities, including as a model for human diseases like Huntington’s 

disease, kidney stones, and inborn errors of metabolism, as well as a model for 

insect pests and insect disease vectors (Campesan et al 2011, Dow & Romero 

2010, Kamleh et al 2008, Schneider 2000). The suitability of D. melanogaster as 

a model organism is enhanced by its published genome, relative ease of lab 

rearing, and diverse tools for genetic manipulation (Adams et al 2000, Dow 

2012a).  

In the present day, the selection of Drosophila as an organism for research is a 

profoundly practical one (Dow 2012a). It is easily kept in the lab and can be bred 

and reared to adulthood in as few as 10 days, requiring only synthetic diet in a 

small vial (Ashburner 1989). With over a hundred flies emerging from a single 

mating pair, statistical power or acquisition of biomass is rarely a concern when 

using Drosophila. Even the small size of the tissues provides an advantage over 

larger organisms – where larger brains might benefit from slicing prior to 

visualisation, the Drosophila brain can be viewed in its entirety using confocal 

microscopy.  
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1.2.1 Epithelial tissue 

Epithelial tissue performs the critically important role in both insects and higher 

organisms of delineating and protecting blood vessels and organs through the 

formation of a cell mono- or multilayer (Guillot & Lecuit 2013). Epithelial tissues 

comprise the first line of defence against pathogens and maintain unique 

physiological environments through the control of transport processes across the 

plasma membrane. As archetypal polarised tissues, epithelia have two surfaces – 

the one which encounters the external environment, called the basolateral 

membrane and the apical membrane, which faces internally to the lumen. 

Epithelial tissues have been studied in Drosophila, making use of its tractability 

as a genetic model (Tepass et al 2001). 

1.2.1.1 Malpighian tubules 

One epithelial tissue in particular, the Malpighian tubule, has become a model 

not only for morphogenesis of epithelia in general, but also for transport 

mechanisms and maintenance of homeostasis, especially in D. melanogaster 

(Beyenbach et al 2010, Dow et al 1994, O'Donnell et al 1996). The Malpighian 

tubules are the primary fluid transporting, or excretory, organ in insects and are 

analogous in function to the vertebrate kidney (Beyenbach et al 2010). They 

carry out critical functions, including regulation of fluid and osmotic 

homeostasis, detoxification, stress signalling, and immune signalling (Chung et al 

2009, Davies et al 2014, Davies et al 2012, Dow 2009, Poupardin et al 2010, 

Terhzaz et al 2015a, Terhzaz et al 2014). The tubules are furthermore part of 

the excretory system, which serves to eliminate metabolic waste, as well as 

excess fluid and solutes (Klowden 2008). The hindgut contributes to water 

homeostasis, mainly via water adsorption (Luan et al 2015). 

The Malpighian tubules are tubular in shape, found in pairs, and joined by a 

shared ureter, as shown in Figure 1.1. The ureter forms a junction with the 

alimentary canal into which it secretes (Wessing & Eichelberg 1978). In 

Drosophila, there are two pairs of tubules, one which projects posteriorly into 

the abdomen, while the other sits anteriorly in the body cavity (Dow & Davies 

2003). Transport and signalling functions are performed by both sets of tubules, 

although differential gene expression suggests that some functions, including 
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calcium handling and ammonia generation, are specialities of only one of the 

two tubule pairs (Chintapalli et al 2012). 

 

Figure 1.1 The D melanogaster Malpighian tubule. 

The Malpighian tubules of D. melanogaster are formed of three distinct segments plus the ureter, 

which joins each pair of tubules to the hindgut (HG). Stellate cells are shown in green, with 

principal cells shown in yellow. MG = midgut. Image from (Denholm et al 2013) used with 

permission from The Company of Biologists Ltd. 

 

The tubules can be further categorised into three segments based on 

physiological differences along the length of the tubule pairs. The transitional 

segment sits between the main segment, which is attached to the ureter, and 

the initial segment, which forms the blind end of the tubules. The main segment 

of the tubules is characterised by two distinctive types of cells: stellate (star-

shaped) cells and principal cells, which are columnar (Sozen et al 1997). Bar-

shaped cells have been observed in the initial segment and may be analogous to 

stellate cells (Sozen et al 1997). 
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Regulation of fluid homeostasis by the Malpighian tubules operates primarily 

through transcellular transport of ions across the epithelium. In D. 

melanogaster, this function is divided between two cell types, with the principal 

cells specialising in cation transport and the stellate cells transporting anions 

(O'Donnell et al 1996, O'Donnell et al 1998). Water movement across the tubule 

epithelium is thought to be driven by the osmotic gradient generated by ion 

transport, with transcellular pathways supporting fluid movement (Donnell et al 

1982, Sofia Hernandez et al 1995). These pathways may be mediated by water 

channels, or aquaporins, as several aquaporin channel homologues have been 

found in D. melanogaster, with at least one localising to the Malpighian tubule 

stellate cells (Beyenbach et al 2010, Kaufmann et al 2005).  

Cation transport in the principal cells is thought to be primarily driven by a 

vacuolar H+-ATPase (V-ATPase) located at the apical membrane of principal cells 

(Allan et al 2005, Beyenbach et al 2010, Dow et al 1994, Wang et al 2004). By 

transporting H+ across this membrane, from the principal cell cytoplasm to the 

tubule lumen, an electrical gradient is created. The membrane voltage drives 

movement of K+ and Na+ across the basolateral membrane, where the ions are 

further transported into the lumen. According to the Wieczorek model, this 

movement is supported by metal-proton exchanging proteins, although the exact 

identity of these exchangers is not entirely clear (Wieczorek et al 1991). Recent 

work has identified a Na+/H+ exchanger that is highly expressed in Drosophila 

epithelia and which is involved in tubule fluid secretion (Chintapalli et al 2015, 

Chintapalli et al 2013b, Day et al 2008). The electrical circuit is thought to be 

completed by the conductance of Cl- by the stellate cells (Dow 2012b). 

Fluid secretion can be stimulated in Drosophila by action on a number of 

receptors located on the basolateral membrane of the tubules. In the stellate 

cells, the diuretic hormone LK stimulates chloride conductance via intracellular 

Ca2+ signalling (Dow 2012b, Terhzaz et al 1999). This is dependent on a CLC 

chloride channel that is found both on the basolateral and apical membrane 

(Cabrero et al 2014). Tyramine, a biogenic amine, can also stimulate chloride 

shunt conductance in the stellate cells through Ca2+ signalling (Blumenthal 2003, 

Cabrero et al 2013). Resting chloride conductance is not dependent on the CLC 

chloride channel and may be underpinned by paracellular routes (Cabrero et al 

2014). 
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In the principal cells, intracellular signalling occurs via secondary messengers 

including calcium, cyclic adenosine monophosphate (cAMP), and cyclic guanosine 

monophosphate (cGMP), particularly in response to stimulation by neuropeptides 

(Davies et al 2014). Cyclic nucleotide signalling increases fluid secretion by 

increasing the membrane potential of the tubules, likely by increasing ATP 

availability to the V-ATPase (Davies et al 2014, Davies et al 2013, Dow et al 

1994). Calcium signalling has multiple effects, influencing V-ATPase function, ion 

transport, and fluid secretion rates (Davies & Terhzaz 2009). Neuropeptides from 

the capa peptide family stimulate fluid secretion by the tubules via cGMP and 

Ca2+ signalling in principal cells (Davies et al 2013, Davies et al 1995). Principal 

cell cAMP signalling is stimulated by neuropeptides DH44 and calcitonin-like DH31 

(Cabrero et al 2002, Coast et al 2001). 

1.2.2 Similarity to pest species 

As a Dipteran, Drosophila is a member of the second largest order of insects, 

including many important disease vectors and crop pests (Dow 2012a). In 

particular, D. melanogaster is closely related to the soft fruit pest Drosophila 

suzukii, which is currently expanding its presence globally (Chiu et al 2013, 

Rota-Stabelli et al 2013). The Southeast Asian species invaded the USA mainland, 

with detection reported in 2008 (Walsh et al 2011). In the same year it was 

found in Mediterranean countries including Spain and Italy. By 2012 it had spread 

to most of the European Union countries, including the United Kingdom, and is 

being recognized as a major threat to soft fruit production (Rota-Stabelli et al 

2013). Recent work sequencing the genome of D. suzukii has identified 

homologous genes in D. melanogaster for 91.2% of protein-coding genes, 

indicating that the model organism is well positioned to support the 

development of new population control strategies (Chiu et al 2013).  

Drosophila also shares similarities with disease vectors Anopheles gambiae, 

Aedes aegypti, and the tsetse fly, which are responsible for the spread of 

diseases including malaria, dengue fever, and trypanosomiasis. These similarities 

include not only genetic homology, but also common physiological features and 

shared mechanisms of insecticide resistance (Daborn et al 2002, Gilleard et al 

2005, Schneider 2000). Many features that could present potential insecticide 

targets, including diuretic hormone signalling to the Malpighian tubules, are 
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broadly conserved across insect species within, and to some extent beyond, the 

Diptera class (Beyenbach et al 2010, Coast et al 2002, Halberg et al 2015). This 

similarity to economically and ethically important species combined with its 

genetic tractability, easy laboratory care, and cost effectiveness, places 

Drosophila in a particularly apt position to act as a model organism for pest 

species to enable understanding of physiological mechanisms that could underlie 

the development of new approaches to population control. 

1.2.3 Genetic toolkit 

The variety of genetic tools that have been developed for use with D. 

melanogaster has made it into an outstandingly useful model for functional 

genomics (Dow 2012a). When these are considered in combination with the ease 

of rearing Drosophila in the lab, it is evident that the fruit fly is a particularly 

time-efficient and cost-effective organism for physiological research. A wide 

variety of fly lines carrying different defined constructs or mutations are 

available from a number of stock centres, including the Bloomington Stock 

Center and the Vienna Drosophila RNAi (ribonucleic acid interference) library. 

One of the key facets of the Drosophila genetic toolkit is balancer chromosomes. 

These involve a series of chromosomal inversions paired with phenotypic markers 

that simultaneously prevent genetic recombination and enable identification of 

flies carrying the balancer chromosome by simple visual inspection (Dow 2012a). 

This makes it possible to keep a genetic construct stable and intact even in a 

heterozygous fly line.  

1.2.3.1 Enhancer trapping 

P-elements, which are a type of Drosophila transposon, are DNA sequences that 

can move within the genome when they are not repressed by naturally occurring 

inhibitors. These have been modified for use as a mutagen (Rubin & Spradling 

1982). One particular application, called enhancer trapping, involves integrating 

transgenic P-element constructs containing a reporter gene into the genome 

downstream of a promoter gene (O'Kane & Gehring 1987). The promoter may 

then drive expression of the reporter gene, resulting in potentially interesting 

expression patterns. 
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1.2.3.2 Heritable RNAi 

When double-stranded RNA (dsRNA) is present in Drosophila, the Dicer enzyme 

cleaves it into small interfering RNAs (Bellés 2009). These couple with the RNA-

induced silencing complex (RISC) to degrade endogenous RNA transcripts. This 

process can be used to inhibit gene expression using transgenic P-elements 

containing a sequence encoding a double-stranded hairpin loop that will produce 

a dsRNA sequence relating to a particular gene of interest when expressed 

(Kennerdell & Carthew 2000). This results in reduced transcript levels as Dicer 

and RISC together degrade the target RNA sequences, which can result in 

corresponding loss-of-function phenotypes (Bellés 2009). 

1.2.3.3 GAL4-UAS System 

One application of the enhancer trapping technique is the GAL4-UAS binary 

expression system (Brand & Perrimon 1993). In Drosophila, the yeast 

transcription factor GAL4 is often positioned near an enhancer sequence for a 

gene of interest using P-elements. This can result in a wide variety of tissue or 

cell-specific GAL4 expression patterns. The UAS promoter sequence is activated 

by GAL4 in yeast, and in Drosophila, genetic sequences can be inserted into the 

genome downstream of the UAS promoter, including sequences coding for 

dsRNAi, fluorescent proteins like GFP, or the gene reaper, which triggers cell 

apoptosis. 

Crossing a fly line containing a GAL4 or ‘driver line’ that expresses GAL4 in a 

particular pattern to a fly line with a genetic construct under control of the UAS 

promoter will cause tissue-specific expression of that construct in the pattern of 

the driver line (Duffy 2002). This approach can be used for a variety of 

applications, such as visualisation of a driver line expression pattern, ubiquitous 

expression of RNAi against a gene of interest, or highly specific ablation of 

defined groups of cells. Performing these kinds of crosses in Drosophila is fairly 

straightforward as newly emerged and therefore virgin flies can be easily 

identified by their distinctive physiological appearance. This makes it possible to 

identify females that have recently emerged and therefore have not yet mated 

(Ashburner 1989). Thus, virgin females can be easily isolated and used to 

combine heritable genetic constructs in a defined manner (Dow 2012a). 
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1.3 Diuretic and antidiuretic hormones 

Two different classes of hormones are known to act on the insect excretory 

system to modify urine production: diuretic hormones act to increase the 

production of urine, while antidiuretic hormones typically increase the rate of 

water reabsorption by the hindgut (Coast et al 2002). These hormones are 

usually produced by neurosecretory cells in the brain and ventral nerve cord 

ganglia (Coast 2006). After release into the circulation, many of these act at 

receptors on the Malpighian tubules. Where these receptors are known, they are 

typically G-protein coupled receptors (GPCR) acting through second messenger 

cascades including cAMP, cGMP, or Ca2+-mediated signalling (Coast 2006), as 

described in section 1.2.1.1.  

Although several diuretic peptides have been identified and functionally 

explored in D. melanogaster, this study focuses on two in particular, CRF-like, or 

DH44, and LK. Both of these peptides have additionally been implicated in 

functions that may not be directly related to their role as a diuretic peptide, as 

described in the following two sections. 

1.3.1 Corticotropin releasing factor-like (DH44) 

CRF-like peptide, also known as DH44 in D. melanogaster as it is 44 amino acids 

long (see Figure 1.2), has been shown to increase fluid production when applied 

to isolated Malpighian tubules (Cabrero et al 2002). This effect is due to its 

action on DH44-R2, a GPCR that is localised to the basolateral membrane of 

principal cells (section 3.2.1.2) in the D. melanogaster Malpighian tubule 

(Cabrero et al 2002, Hector et al 2009). Another DH44 receptor has also been 

identified, DH44-R1 (Johnson et al 2004), however the transcript of this receptor 

is primarily expressed in the adult brain (Chintapalli et al 2007) and its 

sensitivity to DH44 is two-fold higher than the sensitivity of the tubule to DH44 

(Hector et al 2009). Additionally, stimulation of DH44-R1 has been shown to 

increase both cAMP and Ca2+ intracellular levels (Hector et al 2009), rather than 

only cAMP levels, as found when stimulating the tubules with DH44 (Cabrero et al 

2002). Thus, the function of DH44-R1 seems to be distinct from that of DH44-R2.  
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Figure 1.2 Amino acid sequence of DH44 

Amino acid sequence of DH44 previously reported in (Cabrero et al 2002). A = alanine, D = 

aspartate, E = glutamate, I = isoleucine, K = lysine, L = leucine, M = methionine, N = asparagine, P 

= proline, Q = glutamine, R = arginine, S = serine, V = valine. 

 

DH44 also stimulates cAMP phosphodiesterase activity in the tubules, providing a 

mechanism for signal termination through breakdown of cAMP (Cabrero et al 

2002). The cAMP signal appears to be tightly controlled in the Malpighian tubule 

as it is compartmentalised, a process involving roles for the cAMP exchange 

protein and protein kinase A (Borland et al 2009, Efetova et al 2013, Houslay 

2010). This compartmentalisation may serve to distinguish DH44 and DH31 signals, 

as both stimulate cAMP in tubule principal cells (Davies et al 2014). 

DH44 peptide is produced by neuroendocrine cells in the brain, specifically in 

three bilateral pairs of cells in the pars intercerebralis with axons extending to 

the retrocerebral complex of the corpus cardiacum (Cabrero et al 2002). This is 

similar to a number of other insect species (Vanden Broeck 2001). 

1.3.1.1 Functional studies of DH44 peptide in Drosophila 

Consistent with the role of DH44 as a diuretic peptide, RNAi knockdown of DH44-

R2 expression impairs survival during osmotic stress (Hector et al 2009). Recent 

evidence indicates that DH44 peptide may have a role in coordinating the 

response of the excretory system to food intake. Application of DH44 to the gut 

has been found to increase gut contractions, while D. melanogaster with 

mutations of genes Dh44, DH44-R1, or DH44-R2 had a reduced rate of excretion 

when measured in terms of numbers of waste deposits (Dus et al 2015). 

Moreover, the DH44 neurons are activated in response to nutritive sugars, a 

response that could underlie a coordinated response by the gut and Malpighian 

tubules to feeding (Dus et al 2015).  

Reproductive regulation by the DH44 neurons has also been identified in D. 

melanogaster, such that female flies with knockdown of DH44 ejected sperm 

shortly after mating and laid significantly fewer eggs than control flies (Lee et al 

2015). This effect was recapitulated by knockdown of brain DH44-R1, but not by 
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knockdown of DH44-R2, which is most enriched in expression in the adult 

Malpighian tubule (Chintapalli et al 2007). This finding is not entirely 

unprecedented as regulation of feeding and reproduction by a peptide 

homologous to DH44 was found in the desert locust Schistocerca gregaria (Van 

Wielendaele et al 2012). Regulation of reproduction could potentially form part 

of a coordinated response to nutritional status, with unique roles for each of the 

two DH44 receptors. 

DH44 neurons receive inputs from the circadian-timing system, which is known to 

project to the pars intercerebralis (Cavanaugh et al 2014, Hall 2003, Kaneko & 

Hall 2000). The DH44 neurons appear to be involved in rhythms of rest and 

activity in D. melanogaster as these patterns can be disrupted by knockdown of 

Dh44 in the DH44 neurons, by constitutive activation of the DH44 neurons, and by 

ablation of the DH44 neurons (Cavanaugh et al 2014). Although the mechanism 

underlying this effect has not been clarified, Dh44 mRNA and DH44 protein levels 

were not found to be associated with circadian rhythm (Cavanaugh et al 2014). 

Rhythmic locomotion may be associated with feeding and metabolism 

behaviours, as both of these are regulated by circadian rhythm (Xu et al 2008). 

The excretory system may likewise be coordinated by circadian rhythm as 

evidence suggests that the Malpighian tubules have a neural-independent 

circadian pacemaker (Hege et al 1997). 

Overall, the DH44 neurons appear to be involved in a number of behaviours that 

could conceivably be related to feeding. Nutrient detection could coordinate 

excretory responses and signal to the reproductive system regarding the 

availability of nutrients for egg laying. Circadian rhythm could affect feeding 

behaviour via DH44 neurons. This could poise DH44 as a particularly useful 

neuropeptide for coordination of stress responses relating to the availability of 

food or water. In the absence of nutritive substances, the DH44 neurons may 

release less peptide, causing a decrease in reproductive activity and likely 

affecting secretion by the Malpighian tubules and gut movement. 

1.3.2 Leucokinin 

Although up to eight LK peptides have been discovered in insects, only one has 

been identified in D. melanogaster (Terhzaz et al 1999). When applied to 
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isolated Malpighian tubules, D. melanogaster LK acts on stellate cells, increasing 

fluid secretion by elevating intracellular Ca2+ levels and altering chloride shunt 

conductance (Cabrero et al 2014, Radford et al 2002, Terhzaz et al 1999). 

LK has been localised to both the brain and the ventral nerve cord (Cantera & 

Nassel 1992). In adult Drosophila, the brain LK neurons are found in the lateral 

horn of the procerebrum and in the subesophageal ganglia (de Haro et al 2010, 

Liu et al 2015). In the ventral nerve cord, LK neurons are found that project to 

the heart and abdominal body wall (Cantera et al 1992). These are called 

abdominal neurons and can be split into two groups based on their appearance 

during development; the posterior abdominal LK neurons are found in both 

larvae and adults, while the anterior abdominal LK neurons appear only in adult 

flies (Liu et al 2015).  

The LK receptor (LKR) of Drosophila melanogaster is a GPCR that is expressed in 

stellate cells of the Malpighian tubules, two pairs of three cells in the pars 

intercerebralis of the brain, and in the adult gonads (Radford et al 2002). The 

LKR-expressing pars intercerebralis neurons also express DH44 peptide (Cabrero 

et al 2002). 

1.3.2.1 Functional studies of leucokinin signalling in Drosophila 
melanogaster 

The role of LK signalling in fluid homeostasis is supported by the finding that the 

concentration of waste deposits is affected by manipulation of the LK neurons 

(Cognigni et al 2011). More specifically, activating the LK neurons using a heat 

activated ion channel resulted in less concentrated and more abundant deposits, 

which was interpreted to indicate that a higher ratio of fluid to solid waste was 

being excreted by the flies. Conversely, inactivation of LK neurons resulted in 

smaller and more concentrated waste deposits. Persistent inactivation of the LK 

neurons or ubiquitous knockdown of LKR results in bloating with fluid being 

retained outside of the gut, a phenotype that is not recapitulated by neuronal 

knockdown of LKR (Cognigni et al 2011, Liu et al 2015). Thus, it appears that LK 

influences fluid homeostasis specifically through action on LKR in non-neuronal 

tissues, which is consistent with a significant role for LK as a diuretic hormone 

acting on the Malpighian tubules. 
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LK signalling in the D. melanogaster brain has been shown to play a role in 

feeding behaviour, appearing to be particularly important for the termination of 

a meal (Al-Anzi et al 2010). Disruption of expression of the LK neuropeptide or 

receptor genes, via mutation or RNAi knockdown, results in increased meal size 

accompanied by reduced meal frequency. This phenotype can be rescued by 

pan-neuronal expression of either LK or LKR in its respective mutant background. 

Other feeding-related phenotypes have been observed following manipulation of 

LK signalling. For example, silencing of the LK neurons was found to influence 

olfaction and gustatory responses, although no clear pattern has emerged 

(Lopez-Arias et al 2011). Food intake is affected by the LK neurons, as persistent 

inactivation or conditional activation of the LK neurons both result in decreased 

overall food intake (Liu et al 2015). 

Based on the existing research, it appears that LKR in the brain and in the tubule 

may specialise in the regulation of feeding and fluid homeostasis, respectively. 

These two roles may be complementary and contribute to coordination of 

feeding and excretion (Cognigni et al 2011).  

As a neuropeptide involved in regulation of fluid homeostasis, it is not surprising 

that LK signalling has been implicated in desiccation stress tolerance. More 

specifically, conditional or persistent inactivation of the LK neurons was found to 

improve survival during desiccation stress, while conditional activation of the LK 

neurons impaired desiccation survival (Liu et al 2015). Conversely, in another 

report, silencing of the LK neurons via expression of an inward rectifier K+ 

channel, driven by a LK-GAL4 driver resulted in decreased survival during 

desiccation stress (Lopez-Arias et al 2011). This phenotype, however, was 

accompanied by necrosis and reduced lifespan, which calls into question the 

validity of the assay. Changes in levels of LK peptide have also been observed 

following desiccation, with decreases in the abdominal LK neurons being 

reversed by rehydration (Liu et al 2015). 

1.3.3 Neuropeptide neuronal circuits and interplay 

The colocalisation of LKR to the DH44 neurons presents a possibility for 

interaction between the two signalling pathways (Cabrero et al 2002). Both LK 

and DH44 are known to act as diuretic peptides on the Malpighian tubules in D. 
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melanogaster, although each targets a different cell type. In theory, interaction 

in the brain between these two signalling pathways could enable coordination of 

signals to the tubules that could affect both principal cells, through the 

presence of DH44-R2, and stellate cells, via LKR. This could therefore represent 

a coordinated neuronal circuit managing fluid homeostasis.  

Interplay and regulation is not unprecedented in terms of insect neuropeptides 

as synergistic effects on Malpighian tubule fluid secretion have been previously 

noted among diuretic hormones, for example between LK and calcitonin-like 

diuretic hormone, and multiple neuronal circuits have been identified as key 

moderators of tubule function (Carlsson et al 2010, Coast et al 2001). 

Colocalisation is also observed between a number of other neuropeptides, 

including the presence of corozonin expression in DH44-R1 expressing neurons in 

both adult and larval brains (Johnson et al 2005). 

1.4 Stress tolerance in insects 

Insects have been found to have adaptive mechanisms underlying tolerance to a 

wide range of environmental stressors, including cold, heat, desiccation, and 

starvation (Davies et al 2014, Neven 2000, Overgaard & Sørensen 2008, Rion & 

Kawecki 2007, Teets & Denlinger 2013). Adaptation to stress can occur both 

within and across generations of insects, with the former being illustrated 

particularly well by studies of stress hardening and the latter by stress selection 

studies (Bubliy et al 2012, Rion & Kawecki 2007). The relevance of stress 

tolerance to survival of insects outside of the lab is supported by the variability 

in stress resistance observed in naturally occurring populations (Gibbs & 

Reynolds 2012). 

Starvation and desiccation stress, although imposing differing burdens on an 

insect, share the common feature that both arise due to a shortage or lack of a 

critically important resource (Gibbs & Gefan 2009). Thus, the theory underlying 

survival of these stressors is broadly similar. It is thought that survival duration 

during resource scarcity can be extended via three different mechanisms: by 

storing a greater amount of the resource prior to the onset of scarcity, by using 

up resources more slowly, or by lowering the bottom threshold of the resource 

required to remain alive (Gibbs & Reynolds 2012, Rion & Kawecki 2007). A fourth 
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possibility has been considered, in which stressed insects that are housed in 

groups could cannibalise dead members under stressful conditions. This, 

however, has not been observed, at least in wild-type D. melanogaster (Huey et 

al 2004). Physiological changes could theoretically affect any of the three 

survival mechanisms both between generations of stress-selected insects and 

within the lifespan of individual insects that have been exposed to stress. 

Stress hardening studies support the existence of mechanisms enabling stress 

adaptation by individual insects. In Drosophila, the suite of changes that follow 

exposure to resource restriction is sometimes thought of as a ‘survival mode’ 

that could enable the fly to survive longer during periods of environmental stress 

(Rion & Kawecki 2007). As changes in survival occur following an acute period of 

resource scarcity, it is evident that individual flies are able to use phenotypic 

plasticity to adapt within their lifetime to changing environmental conditions 

(Bubliy et al 2012). 

1.4.1 Starvation tolerance 

Energy is critically important for survival. The ability of an individual insect to 

adapt to a nutrient-poor environment can mean the difference between dying or 

surviving until the necessary resources are found. For a population of insects, 

genetic variation in starvation tolerance can enable some individuals to 

reproduce in spite of food scarcity, thus preventing the entire population from 

being wiped out by changes in the environment or habitat conditions. 

Both across and within Drosophila species, there is a large variety in starvation 

tolerance (Gibbs & Reynolds 2012, Herrewege & David 1997, Schmidt et al 2005, 

Sisodia & Singh 2010). This variability in starvation resistance has been 

extensively studied in Drosophila by assessing differences in starvation 

resistance and associated characteristics in different species of Drosophila or by 

measuring phenotypic or genetic changes following laboratory selection for 

starvation resistance (Gibbs & Reynolds 2012, Hoffmann & Harshman 1999, Rion 

& Kawecki 2007). 

One of the most consistent results emerging from studies of variation in natural 

Drosophila populations and from laboratory selection studies is that greater 
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energy storage is associated with greater starvation resistance (Rion & Kawecki 

2007). Although both carbohydrates and lipids have been found to increase as a 

consequence of laboratory selection (Djawdan et al 1997, Schwasinger-Schmidt 

et al 2012), most studies have focused on lipid storage changes (Gibbs & 

Reynolds 2012). A positive association between starvation tolerance and lipid 

energy stores has also been observed both across (Herrewege & David 1997, 

Sharmila Bharathi et al 2003) and within Drosophila species (Ballard et al 2008, 

Goenaga et al 2013, Sisodia & Singh 2010). 

Resource consumption during starvation corresponds with the selection and 

population studies, in that lipids have been found to be consumed by Drosophila 

during starvation (Aggarwal 2014, Marron et al 2003). Female Drosophila have 

been additionally found to consume glycogen stores during starvation stress 

(Aggarwal 2014). Lipid metabolism during starvation may be particularly 

important in certain tissues; mutation of nuclear receptor Drosophila HNF4, 

which is expressed highly in the midgut, gastric caeca, fat body, Malpighian 

tubules, and the oenocytes and which supports lipid catabolism, resulted in 

significantly impaired starvation survival (Palanker et al 2009). Some of the 

energy metabolites consumed during starvation stress may be depleted due to an 

acute increase in activity that occurs in wild-type Drosophila in the absence of 

food (Connolly 1966, Farhadian et al 2012), a behaviour that can be absent in 

laboratory starvation-selected fly strains (Williams et al 2004).  

When experimental evidence is considered in light of the model of resource 

scarcity survival discussed in section 1.2, there is support for the idea that 

Drosophila might enhance starvation survival by storing up greater energy 

resources prior to the onset of stress. In contrast, a reduced rate of consumption 

of energy metabolites could contribute to greater starvation tolerance, but 

there is not a clear association between metabolic rate and differences in 

population starvation survival duration (Gibbs & Reynolds 2012). Likewise, no 

difference in energy threshold requirements has been observed across several 

Drosophila leontia populations with differing starvation stress tolerance levels 

(Aggarwal 2014). 

Although it might seem theoretically advantageous for a Drosophila species to 

maximise its starvation tolerance and thereby be continually prepared to 
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tolerate this stress, these adaptations may require a trade-off and are unlikely 

to be generally adaptive. Indeed, female Drosophila that were subjected to 

periods of acute starvation exposure were found to have a reduced lifespan 

when compared to unstressed controls (Bubliy et al 2012). Thus, the most 

adaptive option may be for individual flies to have inducible mechanisms of 

starvation resistance that are triggered when environmental cues indicate that a 

period of nutrition shortage is underway or soon to begin (Rion & Kawecki 2007). 

Individual flies are able to induce changes that enhance starvation survival in 

response to dietary restriction (Rion & Kawecki 2007). Starvation hardening, 

where insects are exposed to acute dietary restriction prior to a period of long-

term starvation, is associated with improved starvation resistance (Bubliy et al 

2012, Burger et al 2007, Rion & Kawecki 2007) and has been associated with 

reductions in metabolic rate in Drosophila leontia females (Aggarwal 2014). This 

indicates that Drosophila are both able to detect dietary stress and have 

resistance mechanisms for starvation that can be initiated when metabolic stress 

is detected. 

Evidence from gene transcription studies suggests that the mechanisms induced 

by acute starvation stress differ from those that appear following generational 

adaptation to starvation exposure (Gibbs & Reynolds 2012). Specifically, gene 

expression changes observed during starvation exposure (Harbison et al 2005) 

differ from those induced by generational selection for starvation resistance 

(Sorensen et al 2007).  

1.4.1.1 Endocrine response to starvation exposure 

Given that feeding behaviour is known to be linked to neuropeptide signalling, it 

is not surprising that starvation exposure has also been associated with an 

endocrine response (Gibbs & Reynolds 2012). In Drosophila, the changes that 

take place during starvation appear to suppress biosynthesis and support 

catabolism, particularly of lipids (Gibbs & Reynolds 2012).  

The metabolic changes observed during starvation stress in insects are thought 

to be mediated, at least in part, by changes in adipokinetic hormone and insulin 

signalling pathways. Adipokinetic hormone acts to initiate lipolysis, a 
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particularly important source of energy during starvation (Lee & Park 2004, 

Marron et al 2003). Insulin-like peptides are likewise important for metabolism 

and are involved in regulation of nutrient uptake, storage, and catabolism (Gibbs 

& Reynolds 2012). Release of insulin-like peptides depends on amino acid levels 

in the fat body and is decreased during starvation (Geminard et al 2009). 

Interestingly, abdominal neurons containing LK, a peptide which has previously 

been linked to both fluid homeostasis and feeding (section 1.3.2.1), also express 

receptors for insulin-like peptides, providing a possible site of interaction 

between these signalling pathways (Liu et al 2015). Manipulations of tachykinin 

signalling to the Malpighian tubules have also shown an effect on starvation 

survival in Drosophila (Soderberg et al 2011). 

1.4.2 Desiccation tolerance 

As a small insect, Drosophila has a high surface to volume ratio and is therefore 

particularly sensitive to desiccation stress (Schooley et al 2011). Larger flies, 

which have a reduced surface to volume ratio, show greater resistance to 

desiccation (Hoffmann & Harshman 1999). Drosophila species vary greatly in 

desiccation resistance (Matzkin et al 2009), and variation is found also within 

species and may be related to local climate differences, indicating that 

Drosophila likely experience desiccation stress intense enough to create a 

selective pressure (Hoffmann & Harshman 1999). The key adaptations thought to 

enhance desiccation tolerance in Drosophila depend on reducing the rate of 

water loss. These are the impermeable cuticle, behavioural modifications such 

as moving toward more humid areas when available, and a highly developed 

excretory system that is able to release concentrated metabolic waste (Bazinet 

et al 2010, Klowden 2008, Maddrell 1981, Prince & Parsons 1977, Stinziano et al 

2015). Genetic analyses of Drosophila melanogaster native to desert regions and 

of Drosophila selected for desiccation resistance show that fluid homeostasis, 

and in particular, fluid transport regulation in the tubule, is a key factor in 

determining resistance to desiccation (Folk & Bradley 2003, Gibbs & Matzkin 

2001, Telonis-Scott et al 2012). 

Studies of laboratory selection for desiccation tolerance also provide support for 

the importance of reducing the rate of water loss during desiccation exposure 

and have additionally indicated that changes in metabolite rate may affect 
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desiccation survival (Gibbs et al 1997, Hoffmann & Harshman 1999). Reduced 

rate of water loss in desiccation resistant Drosophila strains may be due to 

changes in the cuticle or the spiracles, with the latter being potentially 

associated with changes in metabolic rate (Hoffmann & Harshman 1999). 

However, the evidence for metabolic rate alterations affecting desiccation 

tolerance is mixed (Hoffmann & Harshman 1999) despite an association between 

motor activity and desiccation resistance (Hoffmann & Parsons 1989, Hoffmann 

& Parsons 1993). 

Other mechanisms of desiccation tolerance have been explored in desiccation 

selection studies, such as greater storage of water prior to desiccation onset in 

more resistant strains, or tolerance of a higher percentage loss of body water. 

There is some experimental support for the idea that desiccation tolerant 

species of Drosophila are able to tolerate a lower percentage of body water 

(Ramniwas & Kajla 2013). Conversely, higher water content is only sometimes 

associated with laboratory selection for desiccation tolerance (Hoffmann & 

Harshman 1999).  

Higher glycogen levels are sometimes associated with improved desiccation 

tolerance (Hoffmann & Harshman 1999), a finding that may be due to greater 

water resources in the form of bulk water bound to glycogen (Marron et al 2003). 

Glycogen deposited in the liver and muscle has been found to bind up to five 

times its weight in water (Olsson & Saltin 1970, Schmidt-Nielsen 1997). The 

release of metabolic water when glycogen is consumed could thereby contribute 

to desiccation survival duration (Marron et al 2003).  

1.4.2.1 Endocrine signalling during desiccation stress 

As fluid homeostasis is modulated by the neuroendocrine system in D. 

melanogaster (section 1.3), it is not surprising that there is interaction between 

desiccation tolerance and endocrine signalling (Schooley et al 2011, Terhzaz et 

al 2015b, Treherne & Willmer 1975). In particular, modulation of the signalling 

pathways of the diuretic hormone capa, which acts to increase secretion by the 

Malpighian tubules via its principal-cell specific GPCR receptor capaR, has been 

shown to affect resistance to desiccation stress (Terhzaz et al 2012, Terhzaz et 

al 2015b). LK signalling has likewise been associated with survival during 
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desiccation exposure, and experimental manipulations of the neuropeptide 

tachykinin, which has been found to have a weakly diuretic effect on some 

insects, alters survival time of Drosophila melanogaster exposed to desiccation 

stress (Kahsai et al 2010, Liu et al 2015, Soderberg et al 2011). These findings 

support the hypothesis that utilizing neuropeptide signalling cascades to modify 

fluid transportation represents a distinct and effective method for desiccation 

resistance in insects. 

1.5 Metabolomics 

Metabolomics is a versatile technique enabling rapid identification of a large 

number of small molecules. The term itself was defined in 1998, although 

related methods were used for at least a couple of decades before the definition 

was in place (Oliver et al 1998, Pauling et al 1971). Metabolomic profiling has 

been used quite extensively in the study of plants, but has more recently been 

applied to examine model organisms such as D. melanogaster as well as humans 

(Kamleh et al 2009, Ryan & Robards 2006, Seger & Sturm 2007, Snart et al 2015). 

Although united in the goal of identifying as many metabolites as possible, there 

is a wide range of techniques used in metabolomics almost at every level, 

including sample preparation, separation of metabolites, detection of 

metabolites, processing of data, and statistical analysis of output (Kamleh et al 

2009, Snart et al 2015). 

Perhaps the most distinguishing difference between metabolomics methods is 

the diversity in detection methods. The majority of studies depend on the use of 

nuclear magnetic resonance (NMR) spectroscopy or mass spectroscopy (MS) 

(Dieterle et al 2011, Lei et al 2011). NMR is non-destructive and can provide 

information about metabolite structure, but is less suited for acquiring a wide 

coverage of the metabolome as it is less sensitive than the other techniques 

(Kim et al 2010, Lei et al 2011). MS methods have been found to be able to 

identify a large number of metabolites from samples with relatively low biomass 

when paired with chromatography methods (Snart et al 2015). The ability to 

detect metabolites reliably using small samples is particularly important for 

insect studies, where the metabolic starting material tends to be either a 

limiting factor, or labour-intensive to acquire. 
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1.5.1 Mass spectrometry 

MS is performed by ionizing a sample, thereby producing charged molecules, and 

then distinguishing ions based on their mass to charge ratio, often by 

accelerating the molecules and separating them using either an electric or 

magnetic field. A detector will record the relative abundance of the charged 

particles and their mass-to-charge ratio, which is determined by the degree of 

deflection. This method enables highly accurate measurement of the mass of a 

molecule, which can then be used for metabolite identification. 

1.5.1.1 Chromatography 

Although samples can be directly analysed via MS, most metabolomics 

approaches will involve separating the sample using a chromatography column as 

there are substantial advantages to doing so (Lei et al 2011). In particular, 

chromatography can improve the accuracy of measurements by reducing matrix 

effects, that is the influence of the compounds that are present in a sample on 

the measurement of the metabolite of interest. Among these effects is ion 

suppression, which involves matrix compounds interfering with ionisation 

(section 1.5.1.2) and thereby altering the abundance of charged ions for 

particular compounds (Annesley 2003). This then results in inaccuracy or lack of 

detection of the components that have not been properly ionized (Muller et al 

2002). As chromatography reduces the number of compounds in the solution by 

spreading out the analysis over another dimension, the possibility for 

interactions between compounds is reduced. Chromatography can also separate 

isomers and provides information (e.g. hydrophobicity) that can contribute 

toward identification of isomers. 

There are a number of different chromatography approaches that can be paired 

with MS, although all aim to reduce the complexity of the sample prior to the 

point of injection into the mass spectrometer (Want et al 2007). The two main 

categories of chromatographic methods that are paired with MS are liquid 

chromatography (LC) and gas chromatography (GC) (Kamleh et al 2009). These 

are distinguished by the phase in which the sample travels along the column (i.e. 

as a liquid or as a gas). GC is most suitable for volatile substances, although 

compounds can be derivatised in order to use this method (Xue et al 2008). 
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LC can be performed using a variety of columns, although the main 

distinguishing feature is whether the stationary phase of the column is 

hydrophilic or hydrophobic. The former is called normal phase LC and is most 

suitable for separating polar metabolites, while the latter is termed reversed 

phase LC and enables separation of lipophilic metabolites (Lei et al 2011). 

Innovations include application of ultra-high pressure to the column, which 

enables more efficient metabolite separation (Cielecka-Piontek et al 2013). 

Hydrophilic interaction chromatography (HILIC) is particularly well suited for 

separation of polar metabolites as compounds are separated both via polarity 

interactions and solvation, that is by the association of a solvent with the 

metabolites (Idborg et al 2005, Jandera 2008). When a sample is applied to a 

HILIC column, the stationary aqueous phase interacts more strongly with more 

polar compounds, resulting in elution of increasingly polar metabolites (Cubbon 

et al 2010).  

1.5.1.2 Ionisation 

Following chromatography, the first step in the actual process of MS is to ionise 

the metabolites in the sample to impart a positive or negative charge (Ho et al 

2003). The technique used can greatly influence the metabolite profile 

obtained. When using LC-MS, electrospray ionisation (ESI) is often used and is 

particularly well suited for use with polar compounds, while atmospheric 

pressure chemical ionization is typically used for neutral compounds (Dieterle et 

al 2011, Lei et al 2011). ESI involves applying a high voltage using electricity to a 

liquid sample, resulting in the production of charged liquid droplets (Ho et al 

2003). These are then forced through the electrospray tip, an ultra-fine needle 

(Careri & Mangia 2011). The droplet solvent is evaporated upon exiting the 

needle by a combination of heat and/or drying gas, resulting in an increase of 

charge density that causes electrostatic repulsion and dispersal of aerosolized 

ions (Ho et al 2003).  

ESI can be operated in both positive and negative ion mode, with each polarity 

resulting in detection of a different array of metabolites (Kamleh et al 2009). 

This is due to the variability of metabolite stability in their protonated or 

deprotonated forms. Thus, the comprehensiveness of a metabolic profile can be 

improved by obtaining and integrating data from both polarities. Many MS 
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instruments can alternate between polarities, enabling relatively facile 

acquisition of data from both modes (Lei et al 2011). 

1.5.1.3 Mass analysers and detectors 

The mass-to-charge ratio of the ions cause distinctive patterns of motion that 

can be identified by a mass analyser (Parker et al 2010). There are numerous 

approaches to separating molecules by this ratio, including by the time required 

to reach the detector when accelerating through an electric field (time-of-flight 

spectrometry) or the rotation of electrically excited molecules in a magnetic 

field (Fourier transform ion cyclotron mass spectrometry). Orbitrap mass 

analysers function by trapping ions in orbit around a central electrode (Zubarev 

& Makarov 2013). Each approach has a distinctive resolving power that underlies 

the degree to which components with a highly similar ratio of mass number to 

charge number (m/z) can be distinguished, typically measured in parts-per-

million of the dimensionless m/z (ppm). The accuracy of the Orbitrap mass 

spectrometer is very good, with maximum variability being measured as low as 2 

ppm (Olsen et al 2005). This provides substantial support to metabolite 

identification, as even ions with the same number of nucleons (protons and 

neutrons) can be distinguished based on differences in the exact mass 

(Chintapalli et al 2013a, Watson 2013). Thus, only isomers must be distinguished 

when using the exact mass, and these can often be separated by 

chromatography and information about isomer identity derived from column 

retention times (RT). 

The final stage of MS is detection of the charged ions. The detection method is 

typically linked to the kind of mass analyser that is being used (Kamleh et al 

2009). As the charged molecule comes close to or hits the detector, a charge or 

current is produced. This results in a mass spectrum, or information that can be 

transformed into a mass spectrum and used to determine the m/z of the 

detected species. In order to detect as many compounds as possible, 

amplification may be used to enhance the signal. 
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1.5.2 Untargeted metabolomics 

Metabolomics approaches can be broadly divided into two categories: targeted 

and untargeted (Patti et al 2012). In a targeted experiment, the metabolites 

identified by the metabolomics technique are determined in advance, typically 

with the goal of testing a specific hypothesis (Roberts et al 2012). Untargeted 

metabolomics aims to identify as many metabolites as possible and thereby to 

attain an overall view of the metabolic profile of a sample (Alonso et al 2015). 

Targeted metabolomics can be used to follow up hypotheses generated by an 

untargeted experiment and can offer advantages such as more accurate 

metabolite quantification and greater confidence in metabolite identifications 

by inclusion of standards for all metabolites of interest. 

Targeted and untargeted metabolomics differ in the extent to which they can be 

used for quantitative measurements. When using MS, an external standard 

calibration curve is required for absolute quantification of metabolite levels 

(Patti et al 2012). This can easily be paired with targeted metabolomics, where 

the identity of metabolites of interest is known and standards can be acquired 

ahead of time for calibration. Conversely, in untargeted metabolomics, the key 

metabolites are unknown, making the calibration curve approach untenable. 

Consequently, abundance values obtained from untargeted metabolomics are 

relative in nature (Dane et al 2014). Untargeted experiments will therefore 

often involve comparing a condition of interest to one or more control samples. 

1.5.3 Computational data analysis 

The data generated by metabolomic approaches are extensive and complex. 

Computational approaches have been developed to partly automate the analysis 

process. For example, the freeware MzMatch software package is a customizable 

tool for processing, filtering, and annotating mass spectrum data, enabling 

related peaks to be identified and combined (Scheltema et al 2011). The IDEOM 

interface, which runs in Microsoft Excel, helps guide the user through LC-MS data 

processing, making use of MzMatch (Creek et al 2012). It further facilitates 

analysis by enabling visualisation of relative abundance data. 
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1.5.4 Sample preparation for Drosophila 

One of the main challenges that can arise when using metabolomics methods to 

study insects is a lack of biomass (Snart et al 2015). As D. melanogaster can be 

easily reared under laboratory conditions, sufficient starting material can be 

obtained by pooling samples. The number of flies or tissues required for a 

particular sample will depend in part on the sensitivity of the instrument being 

used to detect the metabolites.  

An issue that can arise particularly when using whole organism samples for 

metabolomics is the possibility of culture media or excreted materials adhering 

to the surface of the insect and therefore being included in the set of 

metabolites extracted from the animal (Snart et al 2015). This can, in part, be 

controlled for by acquiring the metabolic profile of culture media, which can be 

used to judge whether a metabolite might be due to sample contamination. 

Although it would also be possible to rinse the insect off with high-purity water 

prior to metabolite extraction, including insect media as a control may serve an 

additional purpose as highly sensitive metabolomic detection techniques may be 

able to detect differences in gut content. As culture media would be the primary 

contents of the gut, this control would then provide a comparison point to 

determine whether the presence of a metabolite might be due to the presence 

of food in the gut (Snart et al 2015). 

As numerous studies have already used Drosophila in both NMR and mass 

spectrometry based metabolomics, appropriate sample preparation and 

metabolite extraction methods can easily be adapted from these sources (Al 

Bratty et al 2011, Sarup et al 2012). Methodological variations have also been 

published in which Drosophila larvae are studied or where specific tissues are 

dissected and pooled for analysis (Al Bratty et al 2012, Chintapalli et al 2013a). 

1.5.5 Applications of metabolomics to insects 

Metabolomics methods have been applied to insects in at least 40 studies over 

the past decade, with a wide variety of aims (Snart et al 2015). For example, the 

effect of specific mutations on the whole fly metabolome can be used to probe 

the function of unknown proteins (Al Bratty et al 2012). Metabolic profiling of 
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flies with mutations in genes coding for specific metabolic enzymes can provide 

information about unexpected metabolic ramifications and unpredicted effects 

(Kamleh et al 2008). Changes in metabolic profile due to drug exposure have 

also been assessed in flies and can be used to test whether a drug has an 

expected effect on a relatively simple metabolic system before attempting to 

use it in more complex organisms (Al Bratty et al 2011). Male and female flies 

have been compared via metabolomics, and differences potentially relating to 

histone metabolism and egg production were identified (Zhang et al 2014). 

1.5.5.1 Stress studies 

A handful of studies has focused on the effect of environment stress exposure on 

the metabolic profile of D. melanogaster. Extreme temperature exposure is one 

of the main topics that has been explored in this species. Metabolic profiling has 

revealed that moderate and severe heat stress affect metabolism in whole adult 

flies (Malmendal et al 2006, Pedersen et al 2008). Periods of moderate heat have 

been shown to enable the metabolic profile to return to normal more quickly 

during subsequent periods of heat treatment, thus providing support for the idea 

of stress hardening (Malmendal et al 2006). Likewise, cold stress was found to 

significantly alter the metabolic profile of whole flies using a variety of 

metabolomic techniques, including untargeted NMR and targeted GC/MS 

approaches (Colinet et al 2012, Overgaard et al 2007, Pedersen et al 2008, 

Williams et al 2014). Metabolic changes following cold acclimation are 

associated with improved survival and ability to return to metabolic homeostasis 

following subsequent cold exposure. Chronic cold exposure of larvae was found 

to alter metabolite balance and induce restructuring of the glycerophospholipid 

composition of biological membranes (Kostal et al 2011). Warm or cool 

temperatures during development may be more reflective of temperatures that 

D. melanogaster is likely to encounter in the environment; however, only high 

temperatures have consistently been found to affect the metabolomic profile of 

whole flies (Hariharan et al 2014, Kristensen et al 2012).  

Metabolomic studies of stress in D. melanogaster have typically used whole 

organism samples, with a few notable exceptions. D. melanogaster has 

occasionally been divided into subsections for examination, as was done in a 

study of the effect of hypoxia on the metabolic profile of the thorax using 1H 
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NMR spectroscopy (Feala et al 2007). Lack of oxygen availability to the tissue 

was found to result in the accumulation of multiple metabolites. Similarly, adult 

flies raised with dietary restriction were analysed via mass spectroscopy after 

dissection into head, thorax, and abdomen (Laye et al 2015). Although the 

sample types used in these studies are more specific than in whole organism 

studies, each of the sections used requires the blending of multiple distinct 

tissues, which could obscure important metabolomic effects and which prevents 

attribution of metabolic changes to particular tissues (Chintapalli et al 2013a). In 

contrast, the metabolic profile of larval fat body, gut, hemolymph, and body 

wall were examined after cold acclimation, and analysis via GC/LC-MS (Koštál et 

al 2012). This approach of tissue-specific exploration presents the possibility of 

localising the changes in metabolic level and can offer a greater power for 

hypothesis generation and mechanism ideas. 

As with D. melanogaster, most metabolomic studies exploring the effects of 

stress on the metabolic profile of insects have focused primarily or exclusively 

on extreme temperature, and involved using the entire organism. Metabolomic 

studies of extreme temperature have been conducted using larvae of the 

Antarctic midge (Belgica antarctica), flesh flies (Sarcophaga crassipalpis), 

parasitoid wasp (Venturia canescens), and pea aphid (Burke et al 2010, Foray et 

al 2013, Michaud et al 2008, Michaud & Denlinger 2007). 

Only a handful of studies have examined the effects of desiccation on the 

metabolic profile of insects. Desiccation exposure was found to affect 

metabolite abundance in B. antarctica larvae, particularly in pathways relating 

to carbohydrate metabolism, and caused an overall decrease in amino acid 

abundance (Michaud et al 2008). As midge larvae were also exposed to heat and 

freezing stress in the same study, it was found that changes in sugar and polyol 

pools were similar in both freezing and desiccation, while no shared changes 

were observed between heat and desiccation. When mosquito Anopheles 

gambiae larvae were raised under dry season conditions, the female adults were 

found to have reduced levels of tricarboxylic acid cycle intermediates and 

isoleucine, and showed a decrease or no change in polyol and sugar levels 

(Mamai et al 2014). These results suggested that rearing under dry conditions 

results in overall lower metabolic activity than rearing under wet conditions. 

The differences between the results obtained from these two studies may reflect 
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the diversity of species and stress exposure applied. Survival strategies for 

tolerance of chronically dry conditions and acute desiccation are likely to 

diverge, and strategies may differ between insect species. 

The finding that metabolite levels change due to desiccation is consistent with 

research using other more established methods. Changes in the levels of 

metabolites following desiccation have been found to correlate strongly with 

gene expression of metabolic enzymes when examined via next-generation RNA 

sequencing or microarrays in insects (Matzkin & Markow 2009, Teets et al 2012). 

More traditional enzyme or chemical assays have also revealed changes in the 

overall levels of lipids, carbohydrates or protein in response to both desiccation 

and starvation (Marron et al 2003). 

Starvation exposure itself does not appear to have been metabolically 

characterised via metabolomics in an insect. However, the effect of larval 

crowding, and thereby nutrient deprivation, has been explored in adult Aedes 

aegypti (Price et al 2015). Lack of nutrition during development was found to 

result in a higher abundance of free amino acids in the adult fat body and 

changes in expression of genes relating to amino acid degradation and 

metabolism.  

Overall, the variety of results obtained from metabolomic analysis of desiccated 

or starved insects does not give an entirely clear picture of the metabolic 

changes occurring during these stressors. This is mainly due to the scarcity of 

studies exploring this topic and the diversity of stressors applied. As both 

desiccation and starvation can be examined from a chronic or acute standpoint, 

with or without prior hardening exposure, a wide variety of experimental 

approaches can be applied.  

1.5.5.2 Selection studies 

Although stress tolerance selection studies have a long history in D. 

melanogaster (Hoffmann & Harshman 1999, Rion & Kawecki 2007), metabolomic 

analysis of lab-selected tolerant lines has only been applied recently (Malmendal 

et al 2013). Drosophila lines that were selected for survival of heat, cold, 

starvation, or desiccation were found to have a relatively subtle and generally 
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similar effect on the whole fly metabolome (Malmendal et al 2013). Changes 

identified in the stress-selected lines included increases in the abundance of 

maltose and histidine and decreases in levels of nicotinamide adenine 

dinucleotide and choline, as well as overall decreases in many of the lines in 

levels of free amino acids. The results of this study additionally suggested that 

stress tolerance is not dependent on the concentration of specific metabolites 

prior to stress onset, but that accumulation or depletion of metabolites rather 

reflects consequences of adaptations that increase stress tolerance. 

1.5.5.3 Tissue-specific studies 

The majority of metabolomic insect studies have used whole organism samples 

as the source material (Al Bratty et al 2012, Malmendal et al 2006, Williams et al 

2014). However, recent work has indicated that, much like the tissue-specific 

nature of gene expression (Chintapalli et al 2007), individual tissues differ 

significantly from one another in their metabolic profile (Chintapalli et al 

2013a). Some studies have either used a division of an insect, such as the thorax, 

or divided the insect into several parts for analysis (Feala et al 2007, Laye et al 

2015). A few studies have even focused on very specific tissues, primarily the fat 

body (Koštál et al 2012, Price et al 2015). As individual tissues differ so greatly 

in their metabolic profile, studies which aim to investigate mechanisms of stress 

tolerance at a tissue-specific level may greatly benefit from the use of tissue-

specific samples. 

1.5.6 Identification of changes 

When a large number of observations are made using a single set of samples, the 

risk of incorrectly rejecting the null hypothesis and accepting false positives 

becomes a pressing issue (Broadhurst & Kell 2006). Untargeted metabolomics can 

result in hundreds of putative metabolite identifications, each with relative 

abundance values. Depending on the nature of the study, the consequences of a 

type I statistical error, in which the null hypothesis is incorrectly rejected, can 

vary greatly. Thus, the statistical approach used will likely depend on the goals 

of the experiment. 
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In the study presented in this thesis, untargeted tissue-specific metabolomics is 

used as an exploratory tool for hypothesis generation. A false positive could lead 

to a follow-up experiment with negative results, but when contrasted with a 

targeted metabolomics study with the aim of disease diagnosis, it is clear that a 

false positive in this study holds relatively little risk. The consequences of falsely 

excluding true differences should also be taken into account when planning a 

statistical approach for a large dataset. When an exploratory approach is being 

used, it may be preferential to accept a few false positives if a much greater 

number of true positives will then be retained for analysis, rather than setting 

highly stringent criteria in order to make it unlikely that even a single false 

positive will be deemed significant. Thus, a balance between exclusion of true 

differences and inclusion of false differences must be found that is appropriate 

for the aims of each study. 

One approach that can be used to control the false discovery rate, and which has 

been applied in this study is the Benjamini–Hochberg procedure (Benjamini & 

Hochberg 1995). This method controls the proportion of the statistically 

significant differences observed that are due to a type I error. For example, it is 

possible to determine that 1% or 5% of the differences found should be due to 

chance rather than a true difference in the population means. An alternative 

approach which is more suited for experiments where the probability of at least 

one false positive must be controlled are the familywise error rate procedures, 

such as the Bonferroni correction (Broadhurst & Kell 2006). 

1.6 Aims of the thesis 

Although DH44 has been characterised as a diuretic hormone acting on the 

Malpighian tubules in D. melanogaster, and other diuretic hormones have been 

linked to modulation of fluid homeostasis during desiccation stress, the role of 

DH44 neuropeptide during stress exposure has not been investigated. 

Consequently, this study tested the hypothesis that the DH44 signalling system is 

modified by desiccation stress. Evidence is presented supporting suppression of 

the DH44 signalling pathway following desiccation in wild-type flies. These data 

are supported by the finding that knocking down DH44 via RNAi specifically in the 

DH44 neurons improves desiccation tolerance. The study further explores the role 

of the DH44 neurons in stress tolerance by addressing an untouched attribute of 
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these neurons: the colocalised expression of LKR. Given the involvement of LKR 

in the brain in feeding behaviour, this provides a potential interaction point 

between nutritional and fluid homeostasis. A role for the DH44 neurons in 

starvation tolerance is explored, with an emphasis on the possible contributions 

of LK signalling via the DH44 neurons. Finally, changes in Malpighian tubule 

function during desiccation and starvation stress are described using tissue-

specific metabolomic profiling of the Malpighian tubules. This analysis supports 

the neuropeptide work in suggesting that the tubules reduce their rate of 

secretion at the expense of accumulating metabolic end products during both 

desiccation and starvation stress. The specificity of the metabolic changes 

observed in Malpighian tubules following stress exposure is contrasted with the 

relatively unclear picture produced by examining whole flies. Overall, it is clear 

that studies of stress tolerance must move toward tissue-specific analyses in 

order to clarify the mechanisms underlying stress resistance. The results of the 

study are summarised and areas of future investigation are discussed in the final 

section. 
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2 Materials and Methods 

The aim of this chapter is to provide sufficient detail and references so that the 

methods used during the study can be fully understood by the reader and 

replicated by other researchers. Statistical methods used to analyse the 

different types of data produced during the study are described at the end of 

each relevant subsection. Either Microsoft Excel for Mac 2011 or Graphpad Prism 

6 was used to plot, analyse and statistically examine results, unless otherwise 

noted. 

2.1 Drosophila melanogaster 

Drosophila melanogaster was used extensively during this study and the methods 

used to maintain and rear these insects are described in this section. 

Additionally, microdissection of Drosophila tissues is also described here. 

2.1.1 Drosophila Stocks 

All experiments described in this thesis were conducted using Drosophila 

melanogaster. Several of the strains used were available in-house and are 

maintained by the Dow/Davies lab. Those strains that were not available in-

house were ordered either from Bloomington Stock Center or from the Vienna 

Drosophila RNAi Centre, as detailed in Table 2.1. References are given where 

further information about the generation of particular strains has been 

published.  
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Table 2.1 Drosophila stocks used 

Fly ID Strain/Genotype 
(Source) 

Description Reference  

CS Canton-S 
(In-house) 

Isogenic wild-
type 

Flybase 

wh whitehoney 
(In-house) 

w mutant 
allele 
isogenised to 
CS 

Flybase 

DH44-GAL4 w1118; P{y+t7.7 
w+mC=GMR65C11GAL4}attP2 
(Bloomington Stock Center)  

GAL4 element 
under the 
control of a 
2871 residue 
DNA sequence 
in DH44, with 
coordinates 
3R: 5463840-
5466711; 
drives 
expression in 
DH44 neurons 

(Jenett et al 
2012, 
Pfeiffer et 
al 2008) 

DH44-R2-GAL4 w1118; P{y+t7.7 w+mC=GMR18A04-
GAL4}attP2 
(Bloomington Stock Center)  

GAL4 element 
under the 
control of a 
1269 residue 
DNA sequence 
in DH44-R2 
with 
coordinates 
2R: 8367428-
8368697; 
drives 
expression in 
subset of 
neurons in 
brain and 
principal cells 
of Malpighian 
tubules 

(Jenett et al 
2012, 
Pfeiffer et 
al 2008) 

c724-GAL4 w; c724-GAL4 
(Generated in-house) 

Drives 
expression in 
stellate cells 
of Malpighian 
tubules; GAL4 
enhancer trap 

(Sozen et al 
1997) 
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capaR-GAL4 w; ; capaR-GAL4 
(Generated in-house) 

Drives 
expression in 
principal cells 
of Malpighian 
tubules 

(Terhzaz et 
al 2012) 

Actin-GAL4 w; Act5c-GAL4/cyo::GFP 
(In-house) 

Drives 
expression 
ubiquitously 

(Stergiopoul
os et al 
2009) 

UAS- DH44 RNAi y1v1; P{y+t7.7 
v+t1.8=TRiP.JF01822}attP2 
(Bloomington Stock Center)  
 

Expresses 
double-
stranded RNA 
for RNAi of 
DH44 under the 
control of UAS 
promoter 

(Ni et al 
2009) 

UAS-LKR RNAi y,w1118;P{attP,y+,w3`=KK102546
}VIE-260B 
(Vienna Drosophila RNAi 
Centre) 

Expresses 
double-
stranded RNA 
for RNAi of LKR 
under the 
control of UAS 
promoter 

(Dietzl et al 
2007) 

UAS-LKR RNAi y1 v1; P{y+t7.7 
v+t1.8=TRiP.JF01956}attP2 
 (Bloomington Stock Center) 

Expresses 
double-
stranded RNA 
for RNAi of LKR 
under the 
control of UAS 
promoter 

(Ni et al 
2009) 

UAS-DH44-R2 
RNAi 

y,w1118;P{attP,y+,w3`=KK111461
}VIE-260B 
(Vienna Drosophila RNAi 
Centre) 

Expresses 
double-
stranded RNA 
for RNAi of 
DH44-R2 under 
the control of 
UAS promoter 

(Dietzl et al 
2007) 

UAS-DH44-R2 
RNAi 

y1 v1; P{y+t7.7 
v+t1.8=TRiP.JF03289}attP2 
(Bloomington Stock Center) 

Expresses 
double-
stranded RNA 
for RNAi of 
DH44-R2 under 
the control of 
UAS promoter 

(Ni et al 
2009) 
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UAS-DH44-R1 
RNAi 

y1 v1; P{y+t7.7 
v+t1.8=TRiP.JF03208}attP2 
(Bloomington Stock Center) 

Expresses 
double-
stranded RNA 
for RNAi of 
DH44-R1 under 
the control of 
UAS promoter 

(Ni et al 
2009) 

UAS-LK RNAi y1 v1; P{y+t7.7 
v+t1.8=TRiP.JF01816}attP2 
(Bloomington Stock Center) 

Expresses 
double-
stranded RNA 
for RNAi of LK 
under the 
control of UAS 
promoter 

(Ni et al 
2009) 

UAS-reaper w1118 P{w+mC=UAS-rpr.C}27 
(In-house; Bloomington Stock 
Center) 

Expresses 
reaper under 
the control of 
UAS promoter, 
inducing cell 
death 

(Aplin & 
Kaufman 
1997) 

UAS-NaChBac y1 w*; P{w+mC=UAS-NaChBac-
EGFP}1/TM3, Sb1 
(Bloomington Stock Center) 

Expresses 
bacterial 
sodium 
channel that 
increases 
membrane 
excitability 
under the 
control of UAS 
promoter 

(Nitabach et 
al 2006) 

UAS-GFP w; ; UAS-GFP 
(Bloomington Stock Center) 

Expresses GFP 
under the 
control of UAS 
promoter 

 

VDRC control y,w1118;P{attP,y+,w3`= }VIE-
260B 
(In-house; Dr. Edward Green) 

Control for 
VDRC RNAi 
lines; Contains 
an empty 
vector 

 

 

The following RNAi lines were tested for lethality when ubiquitously expressed 

by crossing to driver line Actin-GAL4: UAS-DH44-R1 RNAi, UAS-DH44-R2 RNAi 

(VDRC), UAS-DH44 RNAi, UAS-LK RNAi, and UAS-LKR RNAi (VDRC). Each RNAi line 

was also crossed to wh and the progeny collected as a control. All crosses were 
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viable, with the only noted difference being that UAS-LKR RNAi/Actin-GAL4 flies 

that had inherited both constructs (indicated by straight wings) were lighter in 

colour than those which had inherited the balancer chromosome (indicated by 

curly wings) rather than Actin-GAL4. 

2.1.2 Drosophila Rearing 

Drosophila were reared in vials on standard Drosophila diet at 22°C, 45% relative 

humidity with a 12:12 hour light:dark photoperiod. Drosophila diet contains, per 

litre of water, 10 g agar, 15 g sugar, 30 g glucose, 35 g dried yeast, 15 g maize 

meal, 10 g wheat germ, 30 g treacle, and 10 g soya flour. 

2.1.3 Crossing and Rearing Crosses 

Crosses were established by placing female virgins of one genotype and male 

flies of another together into a vial. Crosses were tipped every 2-3 days. Progeny 

were collected every 2-3 days and separated into groups of either males or 

females. Progeny were tipped every 2-3 days to prevent the food from becoming 

sticky and compromising the health of the flies.  

Female virgins were selected for crosses based on signs of recent emergence, 

including a visible meconium (dark spot on abdomen containing pupation waste 

products), folded wings, and lack of pigment (Ashburner 1989). Females that 

showed only some of these signs or where they were only weakly present were 

kept separately for 3-4 days. Females that laid viable eggs were discarded. 

Crosses were reared and maintained at 26°C, 55% relative humidity with a 12:12 

hour light:dark photoperiod, as the GAL4/UAS system is more efficient at higher  

temperatures (Duffy 2002).  

2.1.4 Dissection of Drosophila   

Prior to dissection, 5-10 day old flies were anaesthetised on ice. Where 

dissections were performed on desiccated or starved flies and some flies in the 

vial were dead, only living flies were used. These were selected by briefly 

removing the flies from the ice and monitoring them for signs of life. Flies that 

moved were transferred quickly back onto the ice, while flies that were unable 

to move were considered to be dead and discarded. Dissections were performed 
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in Schneider’s medium (Invitrogen; see Table 2.7 for composition), as described 

previously (Ashburner 1989, Dow et al 1994) and tissues were transferred from 

the dissection dish every 30 minutes, at minimum, into a bathing solution or 

buffer appropriate for their intended purpose.  

Drosophila brains were dissected for immunocytochemistry using No. 5 Biology 

Grade dissection forceps (Dumont) by first removing the head and the proboscis, 

and then exposing the brain by gripping the eyes and gently pulling apart the 

head capsule. Brains were tidied by carefully removing trachea and any 

remaining eye pigment before being transferred using forceps to a dish for 

fixation, washing, and incubations. 

Malpighian tubules were dissected for RNA extraction by gripping the genitalia of 

the fly and pulling until the abdomen tore open and the gut and tubules were 

exposed. Tubules were removed from the midgut by severing the ureter with the 

forceps. When tubules were used for live imaging or secretion assay, a gentler 

method was used to remove the tubules from the abdominal cavity so as to avoid 

damaging the tubules – in this case, the tubules were extracted from the 

abdomen by using the forceps to tear open the abdomen lengthwise before 

carefully scooping out the tubules and guts. Tubules were not stretched or 

gripped at any point, as this tended to cause them to become ‘leaky’.  

2.2 Nucleic Acid Isolation and Quantification 

Messenger RNA (mRNA) was used to synthesise complementary DNA (cDNA) and 

provide a template for polymerase chain reaction (PCR). Two different methods 

were used to extract RNA, depending on the type of tissue being processed. 

These are described below, as is the method used to quantify mRNA. 

2.2.1 Messenger RNA Extraction and DNase Treatment 

RNA was extracted from 5-10 day old flies, using an equal number of males and 

females using ribonuclease-free (RNAse-free) materials. Samples consisted of 8 

whole flies, 10 bodies, 20 heads, or the Malpighian tubules from 40 flies (80 pairs 

of tubules). RNA was extracted from whole flies, heads, and the bodies of 

Drosophila using acid guanidinium thiocyanate-phenol-chloroform extraction 
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(Chomczynski & Sacchi 1987), while Malpighian tubule samples were processed 

using the solid-phase nucleic acid method (Boom et al 1990, Gauch et al 1998, 

Marko et al 1982). 

Whole fly and body samples were collected in 1.5 ml Eppendorf tubes on ice and 

suspended in 200 µl of TRIzol Reagent (Invitrogen). Samples were typically then 

stored at -80°C until the RNA was extracted. Following thawing on ice, samples 

were homogenized using a hand-held micropestle, then sonicated using an 

ultrasonic cell disruptor (Microson Inc., USA) 3 times for 1 second per 

application. 800 µl of TRIzol Reagent was then added to each sample, and the 

mixture was incubated for 5 minutes at room temperature. 200 µl of chloroform 

was added to each sample, followed by 15 seconds of vortexing, then a 3 minute 

incubation at room temperature. Samples were then centrifuged at 12,000 g for 

15 minutes at 4°C, causing insoluble materials to pellet and separating the 

sample into two phases. 400 µl of the upper aqueous phase was transferred to a 

new 1.5 ml Eppendorf tube. A small volume of the RNA-containing supernatant 

was typically left behind so as to avoid transferring any of the lipid interphase. 

200 µl (0.5x volume of transferred supernatant) of isopropyl alcohol was added 

to the samples, which were then vortexed. RNA was precipitated by incubating 

samples for 10 minutes at room temperature. Samples were centrifuged at 

12,000 g for 10 minutes at 4°C, causing the precipitated RNA to pellet. The 

supernatant was then removed, being careful not to disturb the pellet. The 

pellet was dislodged and washed by adding 600 µl (1.5x volume of transferred 

supernatant) of ice-cold 70% ethanol and vortexing the sample briefly. Samples 

were then centrifuged at 8,000 g for 5 minutes at 4°C. The ethanol was carefully 

removed as completely as possible without disturbing the pellet, samples were 

briefly centrifuged and any remaining ethanol was again removed. The pellet 

was allowed to air-dry, typically for 1 minute, although for up to 3 minutes, if 

required to allow the ethanol to evaporate. RNA was resuspended in 20 µl of 

RNAse-free water by incubating the RNA and pellet at room temperature for 3 

minutes and then flicking the tube gently to mix. Rarely, the RNA did not 

resuspend following this treatment. In these cases, the sample was heated to 

55°C for 1 minute and the sample was again flicked to mix. 

After RNA extraction using the acid guanidinium thiocyanate-phenol-chloroform 

extraction method, RNA concentration was quantified as described in section 
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2.2.2. Samples were then diluted to a concentration of 200 µg/mL, if necessary, 

using RNase-free water, and then DNase treated using the TURBO-DNA-free kit 

(Invitrogen). Typically, 200 µg of RNA was processed per sample, which usually 

equated to a 100 µl sample size. Samples were processed according to the 

manufacturer’s instructions, re-quantified, and then stored at -80°C. 

Malpighian tubule samples were collected in 100 µl RLT buffer (QIAGEN, UK) 

containing 10 µl/ml β-Mercaptoethanol (Sigma-Aldrich, UK). During dissection, 

the buffer was kept on ice and samples were transferred into it every 20 

minutes. Typically, samples were then stored at -80°C until the RNA was 

extracted. Following thawing on ice, samples were homogenised using an 

ultrasonic cell disruptor (Microson Inc., USA), by sonicating 3 times for 1 second 

per application. RNA extraction was then carried out using a QIAGEN RNeasy Mini 

kit and QIAGEN RNAse-free DNase set. The protocol was modified to include 

reloading the RLT buffer into the spin cartridge twice to enhance RNA yield by 

ensuring maximum binding of the RNA to the column. Samples were eluted by 

applying 30 µl of RNA-free water to the column and incubating at room 

temperature for 5 minutes prior to centrifugation. RNA was then quantified by 

spectrophotometry and stored at -80°C. 

2.2.2 Purification of DNA from Agarose Gels 

DNA was purified from agarose gels to produce RT-PCR standards for assessment 

of primer efficiency. After resolution on a 1% agarose gel as described in section 

2.3.3, DNA bands were excised from the gel using a clean scalpel blade. DNA was 

purified using a QIAquick Gel Extraction Kit (QIAGEN, UK) following the 

manufacturer’s instructions. DNA was eluted in nuclease-free water, quantified 

via spectrophotometry and stored at -20°C. 

2.2.3 Nucleic Acid Quantification 

The concentration of mRNA and DNA was estimated by using a NanoDrop 

spectrophotometer (ND-1000 V3.7.1; Thermo Scientific) according to the 

manufacturer’s instructions. The optical density of 1 µl of RNA or DNA sample at 

260 nm was measured after calibration with RNAse-free water. An optical 

density of 1 at 260 nm was taken to indicate a concentration of 40 µg/ml of 
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single-stranded RNA or a concentration of 50 µg/ml of DNA. Ratios of optical 

density at 230 nm, 260 nm, and 280 nm were used to estimate RNA purity as 

described in the T042-Technical Bulletin (Thermo Scientific) associated with the 

NanoDrop Spectrophotometer. 

2.3 Polymerase Chain Reaction 

RNA samples were used to estimate transcript abundance via real-time reverse 

transcription PCR (RT-PCR) based on the use of the TaqMan primer and probe 

system. Gel electrophoresis was used to resolve the RT-PCR products to verify 

that the primers were amplifying only one correctly sized product, and, where 

primers were designed to span an intron, to ensure that genomic contamination 

was absent. The size of expected products that would arise from genomic 

amplicons was calculated by adding the size of the corresponding intron, based 

on sequencing data from Ensembl release 81 (Cunningham et al 2015). 

2.3.1 Synthesis of Complementary DNA 

RNA sample were used to synthesise cDNA using Superscript II Reverse 

Transcriptase (Invitrogen) following the manufacturer’s protocol “First-Strand 

cDNA Synthesis Using SuperScript II RT”. Individual reaction volumes were 200 

µl. Typically 500 ng of RNA was used to prepare each sample of cDNA, but as 

little as 30 ng was used when either the RNA concentration was too low to 

enable a greater quantity of RNA to be added to the reaction or when one 

sample was used for several RT-PCR assays. The same amount of RNA was always 

used to produce cDNA for samples that would be used in the same RT-PCR 

experiment. After synthesis, cDNA was either stored at 4°C for use the same day 

for RT-PCR or stored at -20°C. 

2.3.2 Real Time TaqMan RT-PCR 

Relative abundance of transcripts in cDNA samples was used to identify 

variations in gene expression via RT-PCR. The experiment was carried out using 

TaqMan reagents and according to the TaqMan Gene Expression Assays Protocol 

published by Life Technologies. Briefly, a 10 µl PCR reaction mix was prepared 

on ice containing 5 µl of TaqMan gene expression master mix (Life Technologies), 

0.5 µl of TaqMan primer (reverse 250nM/forward 250 nM) and probe (250 nM) 
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mix, 2.5 µl water, and 2 µl cDNA (usually equating to 50 ng of RNA). Samples 

were pipetted into MicroAmp 0.2 ml Optical 8-Tube Strips, sealed with 8-Cap 

Strips, and amplified in an Applied Biosystems StepOnePlus Real-Time PCR 

system using a standard ramp rate and the thermal cycling conditions detailed in 

Table 2.2 (Gangisetty & Reddy 2009). Four technical replicates were used per 

gene in each assay alongside two ‘blank’ samples containing only TaqMan gene 

expression master mix, TaqMan primer (reverse/forward) and probe mix, and 

water. At least three biological replicates were performed for each RT-PCR 

experiment. 

Table 2.2 Conditions used for RT-PCR with TaqMan primers and probe sets 

Purpose of stage Temperature Duration 
AMPerase activation 50ºC 2 minutes 
Taq activation 95ºC 10 minutes 
Denaturation 95ºC 15 seconds 

40 cycles Annealing 
Extension 
Data collection 

60ºC 1 minute 

 

The RT-PCR primers used generated products of less than 150 base pairs and all 

but one assay spanned an intron/exon boundary within the gene of interest (see 

Table 2.3). Using RT-PCR assays that span such a boundary reduces the risk of 

genomic contaminants influencing the measurements of RNA transcript 

abundance. For genes with more than one known transcript, including DH44 and 

DH44-R2, primers were selected that would detect all known transcripts. For all 

of the primer and probe sets used, the reporter dye FAM was linked to the 5’ 

end of the probe and a nonfluorescent quencher was linked to the 3’ end of the 

probe. Each experiment was set up to include an endogenous control, alpha-

tubulin 84b and at least one gene of interest. Additionally, at least one 

biological control was used and at least one condition of interest. The biological 

variables typically included either a difference in genotype of the flies from 

which the starting material had been extracted for RT-PCR amplification, or a 

difference in experience of flies with the same genotype (i.e. presence or lack 

of a stress exposure).  
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Table 2.3 Primers used for TaqMan RT-PCR 

Gene Amplicon 
size 

Spans 
exon 

Primer sequence or product 
code 

Source 

DH44 63 2-3 Dm02138400_m1 Life 
Technologies 

DH44-R1 59 9-10 Dm01824019_g1 Life 
Technologies 

DH44-R2 85 8-9 Dm01793188_g1 Life 
Technologies 

DH44-R2 68 3-4 Dm01793183_g1 Life 
Technologies 

LK 128 N/A Dm01843317_s1 Life 
Technologies 

LKR 73 3-4 Dm01840198_m1 Life 
Technologies 

alpha-
tubulin 
84b  

114 1-2 Forward:  
CCTCGAAATCGTAGCTCTACA
C reverse:  
ACCAGCCTGACCAACATG  
probe: 
TCACACGCGACAAGGAAAATT
CACAGA 

Integrated 
DNA 
Technologies
(Thomas et 
al 2012) 

 

2.3.2.1 Quantitative PCR Data Analysis 

The main kind of data produced by RT-PCR is a series of amplification curves, 

with one curve being created per sample. A threshold cycle CT value is produced 

for each sample, which is the number of PCR cycles required for the signal from 

the reporter dye to exceed an arbitrary threshold. The thresholds used during 

this study were set at approximately the midpoint of the exponential phase of 

amplification. This was used to calculate a fold change for target genes under 

experimental conditions relative to an endogenous control sample under control 

and experimental conditions, and relative to the target gene under control 

conditions (Pfaffl 2001, Schmittgen & Livak 2008). This comparative method of 

data analysis is called the comparative CT method or 2-ΔΔCT method (Livak & 

Schmittgen 2001). This method requires a minimum of four input values, as 

outlined in Table 2.4. 
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Table 2.4 Input values for ΔΔCT method of fold change calculation 

Name Gene Conditions 
CT T,E Target Experimental 
CT T,C Target Control 
CT E,E Endogenous control Experimental 
CT E,C Endogenous control Control 
 

The first step towards calculating the fold change is to calculate a ΔCT 

individually for the experimental and control conditions: 

ΔCT E = CT T E – CT E E 

ΔCT C = CT T C – CT E C 

These are then used to calculate a ΔΔCT which captures the differences in 

amplification values between both the two conditions and the two genes tested: 

ΔΔCT = ΔCT E – ΔCT C 

Finally, these values are transformed into a fold change of the target gene in the 

experimental condition as compared to its expression in the control condition 

using the following formula: 

Fold change = 2-ΔΔCT 

Use of this method depends mathematically on the amplification efficiency of 

the endogenous control and the target gene being about the same and being 

close to 100% (Livak & Schmittgen 2001). As the TaqMan Gene Expression Assays 

produced by Life Technologies have been shown to have an amplification 

efficiency of 100% ± 10% (Life-Technologies 2012) and the alpha-tubulin 84b 

primers were found to have an efficiency close to 100%, this method is suitable 

for use with these reagents. 

Statistical analysis of the fold change of gene expression under experimental 

conditions relative to a control is complicated by the lack of any variability in 

the values of the control. When using the comparative CT method of qPCR data 

analysis, the value of the control is normalized to 1. Thus, despite performing 
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multiple biological replicates, the value of the control for each set will be 

mathematically transformed to a value of 1. This results in a dataset with 

absolutely no variability. Given this situation, a one-sample t-test can be used to 

statistically evaluate the data (Levenson et al 2006, Roth et al 2009). When 

using a one-sample t-test, a particular value is selected as the hypothesis and a 

set of values is compared to this number to assess the probability that the 

current dataset was observed by chance if the hypothetical value were the true 

value. In this case, the purpose of the statistical test was to assess whether the 

fold change of the gene expression under experimental conditions is significantly 

different from no change. Thus, for this analysis a one-sample t-test with a null 

hypothesis (i.e. a fold change of 1) was compared to the set of fold changes 

values obtained for the experimental condition. In every case a two-tailed test 

was used as no assumptions were made as to whether the fold change would be 

greater or smaller than 1. 

Where fold change of gene expression has been normalised for two sets of 

samples to a control condition, these are compared using a two-tailed two-

sample Student’s t-test. This test was selected in this case as both sets of data 

retain their variance. 

2.3.2.2 Evaluation of primer efficiency 

In order to use the comparative CT method of RT-PCR data analysis, it is 

important to satisfy the underlying assumption of the mathematics that all 

primers used have similar amplification efficiency and that these efficiencies are 

all close to 100% (Livak & Schmittgen 2001). As the alpha-tubulin 84b primers 

were not a predesigned assay, but rather were generated based on a published 

sequence, it was necessary to test the amplification efficiency of the primer 

pair. The amplification efficiencies of DH44, DH44-R1, and both DH44-R2 TaqMan 

Gene Expression Assays (Life Technologies) are guaranteed by the manufacturer 

to be close to 100% efficient. 

PCR product using the alpha-tubulin 84b primers was resolved on an agarose gel 

and purified as described in section 2.2.2. A series of five 100-fold dilutions were 

prepared from the purified DNA product, which were then amplified using the 

alpha-tubulin 84b primers TaqMan under standard RT-PCR conditions (Gangisetty 
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& Reddy 2009). The CT values were plotted against the dilution factor (Figure 

2.1A). A slope of the line of best fit and R2 value for the best-fit line was 

generated in Microsoft Excel using the mean CT values plotted against the power 

of the dilution factor. The slope of this line was used to calculate the 

amplification efficiency of the primers using the equation detailed in Figure 2.1B 

(Rutledge & Cote 2003). Applying this equation to the slope of 3.2763 

determined from the alpha-tubulin 84b primer pair CT plot results in a value of 

1.02, or 102%. This value is within the required margin of error of 100% ± 10% 

and indicates that the primers can be used for comparative CT RT-PCR data 

analysis. 

 

Figure 2.1 Verification of alpha-tubulin 84b primer pair amplification efficiency 

A) CT values obtained via TaqMan RT-PCR with the alpha-tubulin 84b primer pair are plotted on 

the y-axis in a linear scale against the dilution factor of amplified alpha-tubulin 84b primer product 

in a log scale. The slope of the line of best fit for the data points and the R2 of this fit are displayed 

on the graph. B) Amplification efficiency is calculated from the slope of the line of best fit from the 

graph in part A using this equation (Rutledge & Cote 2003). 

 

2.3.2.3 TaqMan primer resuspension 

PrimeTime TaqMan Assay primers and probes ordered from Integrated DNA 

Technologies were resuspended according to the manufacturer’s instructions. 

Assays were resuspended as 20X stocks for use in RT-PCR reactions. 
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2.3.3 Agarose Gel Electrophoresis of PCR product 

When analysing products from RT-PCR reactions by gel electrophoresis, a 2% 

agarose gel in 0.5X TBE (90 mM Tris, 90 mM boric acid (pH 8.3), 2 mM EDTA) with 

0.1 µg/ml ethidium bromide was used, as the primer products were within the 

range of 50-2000 base pairs (Sambrook & Russell 2001) and higher concentrations 

of gel provide better resolution for shorter DNA fragments. Prior to loading, gels 

were submerged in 0.5X TBE, which was used as an electrophoresis buffer, and 

loading dye was added to the samples. 

Approximately 15 µl per sample was loaded into each well, and 500 ng of 1 kb+ 

DNA ladder (Invitrogen) was loaded into one lane on either side of the set of 

samples. Gels were run at 90 V and electrophoresis was ended based on the 

distance travelled by the dye front. The DNA in the gels was visualised using a 

high performance ultraviolet transilluminator (UVP, UK). The 1 kb+ ladder was 

used to estimate DNA fragment sizes. 

2.3.4 Validation of primer sizes 

In order to provide evidence that the TaqMan primers used to detect gene 

expression changes were amplifying the appropriate product, PCR product 

produced using each primer pair of interest was resolved on a 2% agarose gel.  As 

shown in Figure 2.2, the products resolved on the gel were of the expected size 

for each primer set. No bands larger or smaller than those shown in the figure 

were observed when the gel was viewed under UV light. This suggests that non-

specific amplification is unlikely to influence the fluorescent signal released 

during TaqMan qPCR amplification; signal validity is further supported by the 

additional specificity offered by the sequence-specific nature of the TaqMan 

probes themselves.  
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Figure 2.2 Validation of DH44, DH44-R1, alpha-tubulin 84b, LK, LKR, and both DH44-R2 

primer pair product sizes 

 

Agarose gel electrophoresis was used to resolve RT-PCR product samples using 

several different sets of primer pairs. These are listed alongside the size of 

product that is amplified when cDNA is used as a template. Ladder sizes are 

indicated on either side of the blot. 

As all of the primer pairs shown in Figure 2.2 span an intron apart from LKR, the 

presence of genomic contamination would cause two bands to be shown in one 

lane if the product resulting from genomic material was small enough to be 

amplified under the TaqMan qPCR conditions. Using the known location of the 

primer pairs within each gene, the size of products that would be amplified in 

the presence of genomic contamination was calculated and can be found in 

Table 2.5. The products produced by the two pairs of DH44-R2 primers are small 

enough to be within the ideal size range for a qPCR amplicon (50-150 bp), and 

the product produced by the DH44-R1 primer pair is below the maximum 

recommended amplicon size (400 bp). Consequently, it would be expected that 

amplification of these products should be highly efficient. The lack of any 

double band in Figure 2.2 suggests that DNase treatment of the starting RNA 

material has been effective at reducing genomic contamination to a non-

detectable level. The product that would be amplified from genomic 

contamination by the LKR primer pair is 1506 bp and may be too large to be 

amplified under the TaqMan qPCR conditions. As the LK gene does not have any 

introns, it is not possible to exclude genomic contaminants in this way. However, 

the lack of genomic contamination when using alpha-tubulin primers on cDNA 
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synthesised from the same RNA sample suggests that DNase treatment used in 

the study has been effective at minimising the presence of genomic material in 

the RNA samples produced. 

Table 2.5 Size of PCR products produced by primer pairs when using either RNA or DNA as 

amplification material 

Gene Amplicon size (RNA) Product size (DNA) 
DH44 63 2685 
DH44-R1 59 307 

DH44-R2 
(spans exons 8-9) 

85 151 

DH44-R2 
(spans exons 3-4) 

68 120 

LK 63 63 

LKR 59 1506 

alpha-tubulin 84b  114 603 

 

2.4 Immunocytochemistry 

Immunocytochemistry was performed on brains of Drosophila after dissection as 

described in section 2.1.4. Following dissection, brains were fixed in 4% 

paraformaldehyde in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 

10 mM Na2HPO4, 2 mM KH2PO4) for 20 minutes. Samples were washed 5-10 times 

in PBTA (0.5% Triton X-100, 0.1% azide in PBS) for at least 15 minutes per wash. 

Tissues were blocked by incubating with a blocking solution of 10% normal goat 

serum (Sigma) in PBTA for 2 hours, after which the tissues were transferred to a 

solution of primary antibody diluted in blocking solution for incubation overnight 

at 4°C. All primary antibodies used during the study were raised in rabbits; 

details of the antibodies used, their application, source, dilution, and duration 

of incubation can be found in Table 2.6. After incubation with the primary 

antibody, brains were washed with PBTA (changing the solution 5-10 times every 

15 minutes), blocked with blocking solution for 2 hours, and incubated overnight 

in blocking solution with an anti-rabbit fluor-conjugated secondary antibody. If 

more than one primary antibody was to be used on the same tissue, this protocol 

was repeated by again washing and blocking the tissues, then incubating 

overnight with the other primary antibody, washing and blocking, and incubating 

overnight with a fluor-conjugated secondary antibody which responds to a 
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different wavelength than the first one used. Once all antibody incubations were 

complete, tissues were washed four times in PBTA for 15 minutes and twice in 

PBS for 15 minutes. Brains were then mounted on glass microscope slides in 

VectaShield (Vector Lab) and sealed below a 22 mm square glass coverslip using 

glycerol/gelatine (Sigma-Aldrich, UK). 

Although anti-DH44 antibody, which was acquired from Professor Veenstra at the 

Université de Bordeaux, France, has been previously published with use at a 

dilution of 1:2000 (Cabrero et al 2002), it was found that the staining conditions 

detailed above gave clear results at a dilution of 1:4000. 

Table 2.6 Antibodies used for immunocytochemistry 

Antibody Application Source (Publication) Dilution Duration 
Anti-DH44 
(rabbit)  

Primary 
antibody 

Jan A. Veenstra 
(Cabrero et al 2002) 

1:4000 Overnight 

Anti-LKR 
(polyclonal 
rabbit)  

Primary 
antibody 

In-house 
(Radford et al 2002) 

1:1000 Overnight 

Anti-rabbit 
IgG-Alexa 
Fluor 546 
(polyclonal 
goat)  

Secondary 
antibody 

Life Technologies 1:1000 Overnight 

Anti-rabbit 
IgG-Alexa 
Fluor 488 
(polyclonal 
goat) 

Secondary 
antibody 

Life Technologies 1:1000 Overnight 

 

2.4.1 Immunocytochemistry data analysis 

Semi-quantitative analysis of immunocytochemistry assays were carried out first 

by imaging tissues using confocal microscopy, as described in section 2.7. Z-

stack images were then converted to grayscale and collapsed into a single 

image. Image J software was used to determine the mean pixel intensity of 

individual cell bodies (Schneider et al 2012). These values were compared 

statistically using a two-tailed two-sample t-test. 
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2.5 Preparation of Poly-L-lysine Dishes 

Poly-L-lysine (0.1% w/v in H2O, Sigma-Aldrich, MO, US) 35 mm glass-bottom 

dishes (MatTek Corporation, MA, USA) were prepared by pipetting 100 µl poly-L-

lysine solution into the glass-bottom dish and incubating for 30 minutes at room 

temperature. After removing the solution, 100 µl of distilled water was pipetted 

into the dish and immediately removed by flicking. The dishes were then 

allowed to air-dry at room temperature until the water had evaporated, about 

30-60 minutes. 

2.6 Fluorescent-Tagged DH44 Peptide Labelling 

Live Malpighian tubules from 7-10 day old male CS flies were labelled with a 

Drosophila DH44 analogue conjugated at an N-terminal cysteine to fluorophore 

tetramethylrhodamine (TMR)-C5-maleimide 543 BODIPY dye (DH44-F). This is a 

stable fluorophore with high quantum efficiency. The reagent was acquired from 

Dr. Halberg and methods were shaped in collaboration with Dr. Halberg in line 

with recently published methods using fluorophore-labelled LK, capa-1, and DH31 

(Halberg et al 2015). Validation of DH44-F via secretion assay and ligand 

competition assay (see section 2.6.1) was carried out prior to experimental use.  

A concentration of 10-7 M was used for the concentration of DH44-F as it has been 

shown that this concentration is the threshold for DH44 peptide to provoke a 

physiological response in Drosophila Malpighian tubules, in terms of stimulation 

of fluid secretion and stimulation of cAMP signalling (Cabrero et al 2002). This 

suggests that it is a concentration at which a significant proportion of DH44 

receptors are occupied, but it is unlikely that all receptors are occupied as 

higher concentrations of the peptide can provoke a greater increase in fluid 

secretion. However, in order to reduce background fluorescence, it is ideal to 

use as little DH44-F in the bathing solution as possible while still achieving 

detectable receptor occupancy. The appropriateness of this concentration for 

use with DH44-F was verified by a secretion assay confirming that a 10-7 M 

concentration of DH44-F was able to induce a similar increase in fluid secretion 

by isolated Malpighian tubules as a 10-7 M concentration of DH44 peptide (see 2.9 

for details of the secretion assay methodology). 
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For all live tissue experiments, including validation assays, Malpighian tubules 

were dissected as described in section 2.1.4 in Schneider’s medium and 

transferred every 20 minutes into a freshly prepared mixture of Schneider’s 

medium and Drosophila saline (1:1, v/v; see Table 2.7 for composition). Male CS 

flies aged 7-10 days old were used for all experiments and 15 pairs of tubules 

were dissected per condition. After dissections were complete, tissues were 

transferred to incubation solutions, all of which were made up in a 50:50 

mixture of Schneider’s medium and Drosophila saline and contained 500 ng/ml 

4',6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, UK). The composition of 

each of the incubation solutions used for the different types of DH44-F 

experiments performed can be found in Table 2.8. The incubation conditions 

used in all experiments were 15 minutes of gentle agitation at room 

temperature. Tissues were then mounted on poly-L-lysine-covered 35 mm glass-

bottom dishes in PBS, which were prepared as described in section 2.5. The PBS 

was subsequently removed using a pipette and a fresh aliquot of the 

corresponding incubation solution was added to each dish. The tissues were then 

immediately imaged using a Zeiss LSM 510 Meta inverted confocal microscope 

(Zeiss, Oberkochen, Germany). 
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Table 2.7 Composition of Schneider's medium and Drosophila saline 

Components Schneider’s medium (mM) Drosophila saline (mM) 
NaCl 
Na2HPO4!2H2O 
KH2PO4 
CaCl2 
KCl 
MgSO4 
MgCl2 
NaHCO3 
HEPES 

35.9 
2.8 
5.0 
4.1 
21.5 
37 

117.5 
4.3 
 
2 
20 
 
8.5 
10.2  
15 

α-ketoglutaric 
Succinic acid 
Fumaric acid 
Malic acid 

1.4  
0.8  
0.9  
0.7 

 

Glucose 
Trehalose 

11.1  
5.3 

20 

Yeastolate 2 g  
B-alanine 
L-arginine 
L-asparagine 
L-aspartic acid 
L-cysteine 
L-glutamic acid 
L-glutamine 
Glutathione 
Glycine 
L-histidine 
L-isoleucine 
L-leucine 
L-lysine 
L-methionine 
L-phenylalanine 
L-proline 
L-serine 
L-threonine 
L-tryptophan 
L-valine 

5.6  
2.3  
0.3  
4.0  
0.5  
5.4  
12.3  
0.1  
3.3  
2.6  
1.5  
1.1  
11.3  
5.4  
1.5  
14.8  
2.5  
3.5  
1.0  
2.6 

 

Fetal calf serum 18%  
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Table 2.8 Incubation solutions used for DH44-F validation and experiments.  

All solutions were made up in a 1:1 (v/v) mixture of Schneider's medium and Drosophila saline 

Experiment Bathing solutions Purpose 
Optimisation of 
microscopy settings 

500 ng/ml DAPI Minimise baseline detection of 
autofluorescence 

500 ng/ml DAPI 
10-7 M DH44-F 

Assess effectiveness of settings 

Ligand competition 
assay 

500 ng/ml DAPI 
10-7 M DH44-F 

Control condition 

500 ng/ml DAPI 
10-7 M DH44-F 
10-5 M DH44 

Determine whether DH44 can 
compete with DH44-F for receptor 
binding sites; assess binding 
specificity 

Hypothesis testing 500 ng/ml DAPI Negative control 
500 ng/ml DAPI 
10-7 M DH44-F 

Use on multiple biological groups to 
assess differences in peptide 
binding to receptor 

 

2.6.1 Optimisation of Microscopy Settings 

One group of Malpighian tubules was incubated in 500 ng/ml DAPI (negative 

condition), while the other was incubated in 500 ng/ml DAPI plus 10-7 M DH44-F 

(positive condition). After incubation, tissues were mounted on poly-L-lysine-

coated glass-bottom dishes. The negative condition sample was then used to 

adjust the baseline filter and exposure settings used for imaging in order to 

reduce the amount of autofluorescence signal detected. The positive condition 

sample was included to assess the effectiveness of the settings in detecting the 

receptor-ligand complex signal while excluding as much autofluorescence as 

possible. Details regarding the microscopy methods can be found in section 2.7. 

2.6.2 Ligand Competition Assay 

In order to verify the binding specificity of DH44-F, a ligand competition assay 

was performed (Halberg et al 2015). Assuming that DH44 binds to DH44-R2 

reversibly, then the labelled and unlabelled peptide should compete for 

available receptor binding sites. As described mathematically elsewhere 

(Halberg et al 2015, Lepre et al 2004), 10-5 M unlabelled peptide should be able 

to competitively displace 10-7 M labelled peptide, thereby causing an inhibition 

of the receptor-localised fluorescent signal. This was indeed the case and was 
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taken to indicate binding specificity of DH44-F as well as reversibility of DH44 

binding to DH44-R2. 

Two incubation solutions were used for this experiment, one containing both 500 

ng/ml DAPI and 10-7 M of DH44-F (see Table 2.8), with the other containing both 

of these plus 10-5 M DH44. After incubation, samples were mounted on poly-L-

lysine-covered 35 mm glass-bottom dishes and immediately imaged using 

inverted confocal microscopy. 

2.6.3 Live Tissue Labelling with DH44-F  

After validation of the DH44-F labelling and imaging techniques, it was possible 

to use the method to test biological hypotheses. For this kind of experiment, at 

least three groups are required: a negative control, a positive control, and the 

condition of interest.  

In this study, DH44-F labelling was applied to Malpighian tubules dissected from 

7-10 day old male CS Drosophila that had either been desiccated for 24 hours 

(condition of interest; see section 2.8.1 for details regarding desiccation 

methods) or normally fed on Drosophila standard diet (positive control) at 22°C, 

45-55% relative humidity. 15 pairs of Malpighian tubules were dissected from 

desiccated Drosophila, ensuring that they were still alive as described in section 

2.1.4, and 30 pairs of tubules were dissected from the normally fed Drosophila. 

Three incubation baths were prepared as detailed in Table 2.8. The Malpighian 

tubules from the desiccated flies and half of the tubules from the control flies 

were incubated in 10-7M DH44-F and 500 ng/ml DAPI, while the rest of the tubules 

from the control flies were incubated in 500 ng/ml DAPI only (negative control). 

After incubation, samples were mounted on poly-L-lysine-covered 35 mm glass-

bottom dishes and immediately imaged using inverted confocal microscopy as 

detailed in section 2.7. 

2.6.4 Fluorescent Signal Analysis 

As identical slice sizes and microscope settings were used to capture images 

across different biological conditions, it was possible to compare the intensity of 

the fluorescent signal across conditions. Differences in signal intensity were 
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interpreted to be positively correlated with differences in the amounts of 

receptor-ligand complex present (Houchmandzadeh et al 2002). 

As described elsewhere (Halberg et al 2015), intensity profiles were generated 

for individual principal cells of the Malpighian tubule using the Zeiss LSM 510 

Meta confocal software. This involved first measuring the intensity of the 

fluorescent signal across an optical section of the Malpighian tubules by 

measuring this intensity at frequent intervals. More specifically, intensity was 

measured along a straight line that was perpendicular to the length of the 

Malpighian tubules. At least 750 measurements were used to gain a clear picture 

of the intensity profile of the Malpighian tubule staining. This was performed for 

at least 14 pairs of tubules in each biological group. As Malpighian tubules vary 

marginally in their width, data were normalised to the average width of 

measured tubules and average intensity trace ± standard error of the mean 

(SEM) was calculated for each biological set. Average intensity trace was then 

plotted in relation to its position along the plane of the width of the Malpighian 

tubule. Dr. Kenneth Halberg performed this analysis on the data generated from 

the DH44-F labelling of tubules from desiccated and normally fed flies for the 

purposes of this study. 

2.7 Confocal Microscopy 

A Zeiss LSM 510 Meta inverted confocal microscope system (Zeiss, Oberkochen, 

Germany) was used to view and image both fixed and live tissue samples. 

Depending on the desired magnification, a x10, x20, x40 (oil immersion) or x63 

(oil immersion) objective was used. An Argon laser was used to excite 

fluorophores with a 488 nm wavelength and a 505-530 band pass filter was used 

to receive emitted wavelengths. This laser was used to image GAL4/UAS driven 

expression of GFP and the Alexa Fluor-488-conjugated secondary antibody (Life 

Technologies), which emit wavelengths of approximately 520 nm. A He/Ne laser 

was used to excite fluorophores with a 543 nm wavelength and a 561-625 band 

pass filter was used to receive emitted wavelengths. Fluorophores imaged with 

this laser included the TMR-C5-maleimide 543 BODIPY dye conjugated to DH44 

and the Alexa Fluor-546-conjugated secondary antibody (Life Technologies), 

which emit respective wavelengths of approximately 570 nm and 573 nm when 
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excited. DAPI was imaged by exciting it with the standard UV source (mercury 

lamp) and capturing the emitted signal using the confocal photomultipliers. 

Where multiple fluorophore labels were detected in one sample, wavelengths 

were scanned sequentially for each optical section. This eliminates bleed-

through of the fluorescent signal into non-corresponding channels. Images that 

were generated for comparisons of fluorophore signal intensity were captured 

using identical settings, including gain, exposure, and slice thickness. 

2.7.1 Image Processing 

Images were processed using the Zeiss LSM 510 Meta confocal software. In some 

cases the software was used to integrate the signals from multiple image slices 

at different depths (i.e. a Z-stack) in order to generate a single image. Scale 

bars were added to images using the Zeiss LSM 510 Meta software function. 

2.8 Stress Tolerance Assays and Stress Exposure 

Exposure to desiccation and starvation stress was used both to assess the effect 

of genotype on phenotypic ability to tolerate environmental stress and to 

generate samples that were used to assess the effect of these stressors on gene 

expression and metabolite composition of wild-type CS Drosophila. In all cases, 

5-10 day old male flies were used, and the assays were conducted at 22°C with 

45-55% relative humidity.  

If samples were being generated for gene expression or metabolite composition, 

then groups of 30 male flies were either desiccated or starved for 24 hours 

alongside a designated control group using the desiccation or starvation vials 

described in sections 2.8.1 and 2.8.2 below. In these cases, stress exposure was 

usually initiated in the morning to allow time for the required experimental 

protocols to be completed the following day. 

2.8.1 Desiccation Assay 

Desiccation survival assays were performed by placing groups of approximately 

30 flies into empty vials and counting the number of dead flies hourly until 

mortality reached 50%, and then approximately every 2 hours until mortality 
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reached 100% (Kahsai et al 2010, Terhzaz et al 2012, Terhzaz et al 2015b). Flies 

were counted as dead if they did not move upon agitation of the vial. Drosophila 

were typically transferred into empty vials between 4 pm and 6 pm and 

observation of mortality commenced at 9 am the following morning. 

2.8.2 Starvation Assay 

Starvation assay vials were prepared for the starvation assay at least 12 hours in 

advance by preparing a solution of 1% low melting point agar (Roche) and 

pipetting 2 ml into each tube. These were allowed to solidify at room 

temperature. After most of the condensation had evaporated from the interior 

of the tube, the end was blocked using a dense weave cellulose acetate plug. 

Starvation assays were conducted by placing groups of approximately 30 flies 

into the starvation assay vials and counting dead flies every 2 hours until 

mortality reached 50%, and then approximately every 4 hours until mortality 

reached 100% (Iijima et al 2009, Terhzaz et al 2015b). This method differs from 

desiccation stress exposure as the flies are able to access the water content in 

the agar, but do not receive any metabolic sustenance from it nor from the flies 

housed with them (Huey et al 2004). As before, flies were counted as dead if 

they did not move upon agitation of the vial. Drosophila were typically 

transferred into starvation assay vials between 6 pm and 8 pm, and observation 

of mortality commenced around 35 and 39 hours later, between 7 am and 9 am. 

2.8.2.1 The Starvation Assay as a Control for the Desiccation Assay 

As the desiccation stress protocol described in section 2.8.1 involves placing 

Drosophila in empty vials, the flies are not only desiccated, but starved as well. 

To control for the potential contribution of starvation to survival in a desiccation 

stress assay, flies were additionally exposed to a starvation assay. Impaired 

starvation survival within the timeframe of the desiccation assay would indicate 

that poor survival was due rather to a lack of food than to a lack of water. 

Gene expression assays of desiccated flies included samples of flies starved for 

the same period of time to assess the relative contribution of starvation to the 

gene expression changes. Due to the cost associated with metabolomics 

experiments, a starved control was only included in one of the two studies. 
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Consequently, the results of the experiment comparing only unstressed flies to 

desiccated flies should be interpreted in the light of the unknown nature of any 

metabolic effects that the starvation component of the desiccation exposure had 

during this experiment.  

2.8.3 Stress Tolerance Assay Data Analysis 

Survival data were plotted as Kaplan-Meier curves (Kaplan & Meier 1958). These 

graphs plot percentage surviving flies over a period of time. As the percentage 

flies surviving at a given point is taken to be an estimator of the true survival 

pattern of the whole population, it is useful to approximate the variance or 

confidence interval of the survival function. Variance can be estimated 

mathematically and was done so in this study using the Greenwood formula (Cox 

& Oakes 1984). Statistical comparisons of two survival curves were made using 

the Logrank test. This is a nonparametric test that uses comparisons between 

observed and expected number of deaths at each timepoint to test the null 

hypothesis of no difference in survival function between two groups. 

Hazard ratios were calculated to provide an estimate of the effect size in each 

experiment using the Mantel Haenszel approach as this test has been found to 

perform more accurately than the log-rank calculation of hazard when using 

large sample sizes (Bernstein et al 1981). Hazard ratios compare the rate of 

death in the experimental group to the rate of death in the control group. This 

value is representative of the risk over the entire experiment. When interpreting 

the hazard ratio, a number lower than 1 indicates that the experimental group 

has a lower rate of death than the control, a number greater than 1 indicates 

that the experimental group has a higher rate of death than the control, and 1 

indicates that the death rates are the same. A hazard ratio of 2 would indicate 

that, at any given timepoint, the chance of a surviving individual in the 

experimental group dying before the next measurement is twice that of a 

surviving individual in the control group. 

Data are interpreted such that experimental cross progeny must survive 

differently than progeny of both control crosses, and in the same direction when 

compared to each (i.e. experimental cross progeny must survive longer than 

progeny from both control crosses or progeny from both control crosses must live 
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longer than experimental cross progeny) in order for an assay to be considered 

to conclusively reject the null hypothesis. 

2.9 Fluid Secretion Assay 

Measurements of the volume of fluid secreted from excised Drosophila 

Malpighian tubules over time enables calculation of the secretion rate of these 

epithelial tissues. Testing the secretion rate under different biological 

conditions, such as stress exposure or variation in genotype, allows calculation 

of a basal secretion rate, which can provide information about the basic 

functioning of the tubules. Application of diuretic peptides, such as DH44 or LK 

can be used to stimulate secretion above the basal rate and provides a measure 

of the stimulated secretion rate. Exposing excised Malpighian tubules to diuretic 

peptides across different biological conditions can reveal the effect of genetic 

manipulation or stress exposure on the responsiveness of the tissue to particular 

peptides. 

Fluid secretion assays using Drosophila Malpighian tubules were performed using 

the modified Ramsay assay (Ramsay 1954), as described previously (Dow et al 

1994). Drosophila aged 5-10 days old were anaesthetised on ice and dissected as 

detailed in section 2.1.4, with additional care to ensure that approximately half 

of the ureter was retained with each tubule pair. Equal numbers of males and 

females were used and at least 14 pairs of tubules were prepared for each of 

two conditions per assay. Individual tubule pairs were transferred to 9 µl drops 

of 1:1 (v/v) Schneider’s medium: Drosophila saline (Cabrero et al 2002) every 20 

minutes under x25 magnification (see Figure 2.3). These drops contained a small 

quantity of red Amaranth dye to facilitate viewing of emerging secretions and 

were submerged under white, heavy mineral oil (Sigma, UK). Adjacent to each 

drop was a small metal pin, around which was wrapped one end of each tubule 

pair using a fine glass rod after all pairs of tubules had been transferred to the 

assay dish. The other end remained in the 1:1 (v/v) Schneider’s medium: 

Drosophila saline mixture. The ureter was positioned approximately halfway 

between the aqueous drop and the metal pin. 
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Figure 2.3 Modified Ramsay assay for the measurement of secretion by Malpighian tubules 

Apparatus and set-up of the modified Ramsay assay shown. Figure adapted from (O'Donnell 2009) 

with permission from The Company of Biologists Ltd. 

 

Secretion droplets that had accumulated at the common ureter of tubule pairs 

during the assay preparation were removed using a very fine glass rod and the 

Malpighian tubules were left to secrete for 10 minutes. Secreting and non-

secreting tubules were noted at this point and the assay was conducted using 

only the functional tubule pairs. Tubule secretions were then removed and 

measured over the span of 10 minutes, timing it so as to enable secretions to be 

removed and measured from all pairs of tubules every 10 minutes. Secretion 

measurements were made by bringing secretion drops to the surface of the 

mineral oil and measuring the diameter with the eyepiece graticule at x50 

magnification. The diameter was converted into a volume using the equation V = 

(4/3)πr3, where r is the radius of the droplet and V is volume. 

Baseline secretion was measured every 10 minutes for 30 minutes. Starting 

around 20 minutes after the assay had begun, 1 µl of diuretic peptide (10-6 M) 

was pipetted to rest near to the 9 µl drops of 1:1 Schneider’s medium: 

Drosophila saline. This made it possible to add the drop of peptide to the larger 

drop containing the end of one tubule while making the final basal fluid 

secretion measurement for each tubule pair. Stimulated secretion rate was then 

measured every 10 minutes for 30 minutes. Increases in secretion rate following 

application of peptide were taken as an indication of diuretic effect. DH44 

peptide was synthesised by Genosphere Biotechnologies (Paris, France) while LK 
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peptide that was produced by Cambridge Peptides (Birmingham, UK) was 

acquired from Dr. Kenneth Halberg (University of Glasgow, UK). Peptides were 

first diluted to 10-5 M in distilled water, then diluted 10x in 1:1 Schneider’s 

medium: Drosophila saline, and finally diluted 10x again by adding 1 µl of this 

solution to the 9 µl drops of 1:1 Schneider’s medium: Drosophila saline used in 

the secretion assay, resulting in a final concentration of 10-7 M LK or DH44 

peptide. 

2.9.1 Fluid secretion assay data analysis 

Secretion droplet volumes (as determined in section 2.9) were used to calculate 

secretion rate in nl/min by dividing the volume by the 10 minute time interval 

that elapsed between measurements for individual tubule pairs. To determine 

whether the secretion rates of two biological groups differed significantly, 

independent two-tailed two-sample t-tests were applied for each of the 

measurements of secretion rate. For a typical secretion assay, six comparisons 

were made in this way, three for basal secretion results and three following 

stimulation with a peptide. These data were also used to determine whether a 

set of Malpighian tubules responded significantly to the peptide applied (i.e. a 

within-group comparison). After calculating an average basal secretion rate and 

an average stimulated secretion rate for each pair of tubules, these were 

compared using a paired-samples two-tailed t-test. A paired-samples t-test 

should be used when an individual tissue has been tested twice and is being 

compared to itself, as is the case in this instance. 

Percentage change in secretion rate following application of peptide was 

calculated by dividing the maximum secretion rate measured after stimulation 

with the peptide divided by the mean of basal secretion rate across 30 minutes 

for each pair of tubules (MacPherson et al 2004). This value was calculated for 

each sample type used in the secretion assay and compared via independent 

two-sample two-tailed t-testing. 

2.10 Wet and dry weight measurements 

Measurements of wet and dry fly weight were made to identify a potential 

bloating phenotype (Cabrero et al 2014). Drosophila were prepared for 
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measurement of wet weight by briefly anesthetizing flies using CO2 and 

transferring groups of 10 male or female flies to Eppendorf tubes on ice. Group 

weights were then measured using a GR-202 precision balance (A&D, Japan), 

which is accurate to 0.0001 grams. Flies were subsequently killed by being 

placed at -80ºC for 20 minutes. They were then dried at 60ºC for 24 hours with 

the Eppendorf tube lids open to allow air to circulate around the flies. Dried 

flies were then allowed to reach room temperature before being weighed in 

groups on the precision balance. At least five groups were weighed for each 

biological condition tested.  

Total body water weight was determined by subtracting the dry weight of a 

group of flies from the corresponding wet weight measurement for the group. 

Water content was additionally expressed as a percentage of the wet weight 

(Folk et al 2001). Statistical comparisons were made using two-sample two-

tailed Student’s t-tests. 

2.11 Metabolomics 

Untargeted metabolomics was used to assess the effect of desiccation stress on 

metabolite composition of Drosophila melanogaster. This was assessed both at 

the level of the whole organism and at the level of the tissue of particular 

interest for this study, the Malpighian tubules.  

2.11.1 Sample Preparation 

Male CS flies aged 5-10 days old were desiccated, starved, or fed normally for 24 

hours. They were then anesthetised on ice. Where dead flies were present in the 

desiccation and starvation conditions, only living flies were used. Either whole 

flies were used for samples, or Malpighian tubules were dissected as described in 

section 2.1.4. Whole fly samples were composed of six male flies. Adult fly 

tubule samples were composed of 20 pairs of tubules. 

Samples were prepared by placing the whole organism or tissue into 250 µl of 

extraction buffer composed of methanol, chloroform and water (3:1:1 v/v/v) in 

a 1.5 ml microcentrifuge tube chilled on dry ice, as described elsewhere (Al 

Bratty et al 2011, Chintapalli et al 2013a). Where whole flies were used, samples 
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were homogenized in an Eppendorf tube using a plastic mortar. All samples were 

sonicated using an ultrasonic cell disruptor (Microson Inc., USA) for 10 one-

second blasts and then centrifuged for 5 minutes at 13,000 g at 4ºC. The 

supernatant was transferred to a new Eppendorf tube, snap-frozen in liquid 

nitrogen, and stored at -80ºC.  

2.11.2 Hydrophilic Interaction Liquid Chromatography-Mass 
Spectrometry 

Samples were subjected to hydrophilic interaction liquid chromatography-mass 

spectrometry analysis by the Glasgow University Polyomics Group. Liquid 

chromatography was conducted using an UltiMate 3000 RSLC (Thermo Fisher 

Scientific) with a 150 x 4.6 mm ZIC-HILIC (Hydrophilic Interaction 

Chromatography) column running at 300 µl/min, while mass spectrometry was 

completed using an Orbitrap Exactive (Thermo Fisher Scientific) set at 50 000 

resolution. Sample analysis was carried out using switching polarity. The 

capillary temperature was 275ºC, sheath gas flow rate was 40 arbitrary units and 

auxiliary gas flow rate was 20 arbitrary units. Solvent A was 0.1% formic acid in 

water and solvent B was 0.08% formic acid in acetonitrile.  Injection volume was 

10 µl. Gradient details are as follows: 80% B at 0 min, 20% B at 30 min, 5% B at 

32 min, 5% B at 40 min, 80% B at 42 min, 80% B at 47 min. 

2.11.3 Data Processing 

Peaks were selected from the raw metabolomics data using XCMS (Smith et al 

2006), MzMatch/PeakML was used for filtering and grouping (Scheltema et al 

2011), and IDEOM was used to further filter and process the data and identify 

metabolites (Creek et al 2012). Peaks were searched against a list of compound 

masses compiled from KEGG, Metlin, Human Metabolome, and Lipid Maps 

databases (Fahy et al 2007, Kanehisa et al 2016, Tautenhahn et al 2012, Wishart 

et al 2013). A set of standard samples analysed in terms of mass and retention 

times (RT) were used to establish a set of core metabolite identifications. Mass 

and predicted RT (Creek et al 2011) enabled additional putative identifications. 

Where RT was measured directly, as for the standard samples, peaks were 

identified with 5% RT error, while those with calculated RT were identified with 

45% RT error. Positive and negative mode data were combined in the final 
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analyses. Pathway analysis was facilitated using the online tool Pathos (Leader 

et al 2011). 

2.11.4 Confidence ranking of putative metabolite 
identifications 

The level of confidence in the metabolite identification is split into two 

categories. In the first category (level 1 accuracy), a standard was run for that 

particular compound, and the exact mass and retention time was matched to 

sample peaks within 1.5 ppm and 5% retention time. In the second category 

(level 2 accuracy), identification is based on the mass of the compound, with 

isomer predictions based on retention time. Thus, although the most likely 

isomer for each metabolite is listed and discussed, it is possible that the true 

identity of the compound could be a different isomer. Consequently, number of 

alternative isomers is listed in tables. Also included in the second category are 

compounds that were run alongside a standard, but the stringent 5% variability 

in retention time cut off was exceeded. 

2.11.5 Metabolomics data analysis 

Where a metabolite was detected in at least three samples in two conditions, 

statistical comparisons were made using two-tailed two-sample Student’s t-test. 

Although statistical power can be gained when analysing large sets of data by 

assuming that standard deviation is consistent across samples, this is not 

appropriate for untargeted metabolomics as the units of detection are arbitrary 

units and the power of the units recorded can vary widely. Consequently, each t-

test was performed individually without reference to the standard deviation of 

the rest of the dataset. The frequency of false positives was controlled by 

setting a False Discovery Rate using the Benjamini and Hochberg Method 

(Benjamini & Hochberg 1995, Morrow et al 2013, Nkuipou-Kenfack et al 2014). 

This was adjusted to 5% or 1% depending on the stringency desired for the 

analysis, as discussed in section 1.5.6. Values deemed to be different enough to 

warrant further consideration using this method are termed ‘discoveries’ rather 

than ‘statistically significant’.  

The Benjamini-Hochberg method is applied by first ordering the P values 

obtained during a series of t-tests from smallest to greatest and then calculating 
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a Benjamini-Hochberg critical value using the formula (i/m)Q, where i is the 

rank of the P value (the smallest P value has rank 1, and the next rank 2, and so 

on), m is the number of t-tests that was performed, and Q is the false discovery 

rate (in this study, 1 or 5). The Benjamini-Hochberg critical value for each 

metabolite is then compared to the P value. The largest P value for which the P 

value is less than the Benjamini-Hochberg critical value is deemed a discovery, 

as are all P values smaller than this one.
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3 DH44 peptide signalling and stress tolerance 

When exploring whether a neuroendocrine pathway is involved in stress 

tolerance in Drosophila melanogaster, there are two main ways of approaching 

the question. The first is to expose a wild-type Drosophila strain, like CS, to the 

stress conditions of interest and then to determine whether any components of 

the pathway have changed. This can be measured by assessing changes in gene 

expression, tissue function or response to upstream signals, or protein 

expression. The second is to manipulate components of the pathway and then to 

determine whether these changes have any effect on stress tolerance 

phenotypes. 

3.1 Desiccation affects the DH44 signalling pathway in 
wild-type Drosophila melanogaster  

A role for DH44 peptide in desiccation tolerance was proposed based on the 

findings that signalling by other diuretic neuropeptides modulates desiccation 

tolerance in Drosophila (Kahsai et al 2010, Soderberg et al 2011, Terhzaz et al 

2012, Terhzaz et al 2015b), and evidence indicating that fluid homeostasis is a 

crucial aspect of survival during desiccation (Gibbs & Matzkin 2001, Telonis-Scott 

et al 2012). It was hypothesised that wild-type Drosophila would down-regulate 

the DH44 signalling pathway as a consequence of desiccation stress exposure. 

This was explored in several ways and at several biological levels. At the mRNA 

level, changes in gene expression of the three key components of DH44 signalling, 

DH44, DH44-R1, and DH44-R2 were explored following either desiccation or 

starvation stress (section 3.1.1). At the protein expression level, DH44-R2 

presence on the basolateral membrane of the Malpighian tubule principal cells 

was assessed using fluorophore-tagged peptide labelling of live tissue following 

desiccation exposure (Halberg et al 2015) (section 3.2). Finally, at the 

phenotypic level, fluid secretion rates of Malpighian tubules from desiccated 

flies in response to DH44 were measured (section 3.1.2). 

3.1.1 Desiccation, but not starvation, affects expression of genes 
in DH44 signalling pathway 

As desiccation exposure has been found to modify the expression of genes 

involved in the signalling pathways of diuretic neuropeptides, including the capa 
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gene (Terhzaz et al 2015b) and LKR gene (Terhzaz, Cabrero unpublished data), it 

was hypothesised that expression of DH44 or DH44 receptor genes DH44-R1 and 

DH44-R2 might also be affected by desiccation stress. Consequently, RNA 

samples were prepared from all-male groups of normally fed Drosophila and 

compared to RNA prepared from Drosophila that were exposed to desiccation 

stress for 24 hours. As the conditions used for desiccation require the insects to 

be without both food and water, a 24-hour starvation condition was included in 

the assay as an additional control (see section 2.8.2.1). If the effects seen after 

24 hours under these conditions were due to the lack of food rather than to the 

lack of water, the starvation control would be expected to reveal this.  

Gene expression data from the FlyAtlas microarray (Chintapalli et al 2007), 

which is available online at http://flyatlas.org were used to select the tissues 

used for RNA extraction and amplification of particular genes. Specifically, 

where a receptor gene was expressed in both gut and neural tissues, sample sets 

were designed to exclude neural expression.  

The FlyAtlas resource details the tissue-specific expression of approximately 

13,500 genes in Drosophila adults and larvae and can be used both for data 

mining (Chintapalli et al 2013b) and to hone experimental design. As FlyAtlas 

data indicate that DH44 and DH44-R1 expression are enriched primarily in the 

brain and thoracicoabdominal ganglion (see Table 3.1), expression changes in 

these genes were explored using samples extracted from whole flies. 

Conversely, as shown in Table 3.1, DH44-R2 expression is enriched not only in 

the brain of Drosophila, but also in the Malpighian tubules, crop, midgut and 

hindgut. So as to explore potential changes in DH44-R2 in non-neural tissues 

only, expression was analysed by using RNA samples extracted from the bodies of 

Drosophila by removing the heads during sample collection.  
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Table 3.1 Expression of genes in the DH44 signalling pathway in Drosophila tissues. 

Table shows mRNA abundance of DH44, DH44-R1, and DH44-R2 in relevant fly tissues. Data 

displayed are from FlyAtlas (Chintapalli et al 2007) and show the mRNA signal in each sample ± 

SEM as well as the mRNA enrichment in each tissue relative to the signal detected in the whole 

fly. Not detected (ND) indicates that the Affymetrix present call indicated 0 detections out of 4 

biological repeats. Enrichment values of 5 and above are highlighted in yellow, with values over 30 

being indicated in red. Values in between these extremes are highlighted in various shades of 

orange. 

 
DH44 DH44-R1 DH44-R2 

Tissue 
mRNA 
Signal 

Enrich-
ment 

mRNA 
Signal 

Enrich-
ment 

mRNA 
Signal 

Enrich-
ment 

Brain 654 ± 23 31.3 154 ± 6 20.6 136 ± 4 6.1 

Thoracicoabdominal 
ganglion 124 ± 4 5.9 127 ± 7 17 100 ± 5 4.5 
Crop ND ND ND ND 209 ± 11 9.4 
Midgut ND ND ND ND 110 ± 3 5 
Tubule 15 ± 8 0.7 ND ND 410 ± 14 18.5 
Hindgut ND ND ND ND 121 ± 4 5.5 
Testis 77 ± 4 3.7 ND ND ND ND 
Whole fly 20 ± 1   7 ± 0   22 ± 1   

 

RNA extracted from either sets of 10 CS bodies (N = 3) or sets of 8 whole CS flies 

(N = 5) was used to synthesize cDNA and perform RT-PCR using TaqMan probe 

and primer sets for DH44, DH44-R1, and DH44-R2 (spanning exons 8-9), with 

alpha-tubulin 84b as the endogenous control. Comparative CT analysis was used 

to calculate a fold change for each of the genes of interest in the two 

experimental conditions (starvation and desiccation) relative to the control 

condition (normally fed) as shown in Figure 3.1. This method is described in 

section 2.3.2.1, as is the rationale for selection of statistical tests used to 

analyse the data. A two-tailed one-sample Student’s t-test was performed for 

each set of fold changes acquired for each gene under each of the two 

experimental conditions against a null hypothesis of a fold change of 1 (i.e. no 

change in expression). There was a significant difference between the null 

hypothesis and the fold changes obtained for DH44-R2 expression after 24 hours 

of desiccation (M = 0.4167, SD = 0.00577, N = 3), t(2) = 175, p < 0.0001, 

indicating a 58% (95% CI: 57-60%) decrease in expression of DH44-R2 relative to 

normally fed controls. Additionally, there was a significant difference identified 

in DH44 expression following 24 hours of starvation (M = 1.216, SD = 0.158, N = 

3), t(4) = 3.063, p = 0.0376, indicating a 22% (95% CI: 2-41%) increase in 
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expression of DH44 relative to normally fed controls. All other p values obtained 

from this analysis were greater than 0.05; these results are shown in Table 3.2. 

 
Figure 3.1 Gene expression of DH44 is significantly increased by starvation stress and 

expression of DH44-R2 is significantly reduced by desiccation stress. 

Fold change in RNA transcript levels of DH44 (N=5), DH44-R1 (N=5), and DH44-R2 (N=3) following 

24 hours of starvation or desiccation in male CS flies relative to untreated controls (mean ± SEM). 

Exposure to desiccation stress for 24 hours decreased DH44-R2 expression in Drosophila bodies 

by 58%. Starvation exposure increased DH44 expression by 22% in whole Drosophila.  Statistical 

significance is based on one-sample Student’s t-test with null hypothesis of 1.0, *p<0.05 

 

Table 3.2 Two-tailed one-sample Student's t-test analysis of fold change of expression of 

genes in DH44 signalling pathway 

Statistically significant p values are highlighted in boldface red text. 

 DH44 DH44-R1 DH44-R2 
 Desiccated Starved Desiccated Starved Desiccated Starved 
t 0.3108 3.063 1.757 0.5807 175 3.983 
df 4 4 4 4 2 2 
p 0.7715 0.0376 0.3602 0.4699 <0.0001 0.0576 

 

The statistically significant decrease in DH44-R2 expression following desiccation 

exposure represents a 2.4 fold decrease in the expression of this gene relative to 

a normally fed control condition. This result is not due to the starvation stress 

also endured during desiccation stress, as DH44-R2 expression did not decrease 

significantly following a starvation stress exposure of the same duration. 

Consequently, it appears that this change in gene expression is due specifically 

to the lack of water during this experimental manipulation. These results 

indicate that desiccation stress is detected by the tubules and causes CS 

Drosophila to down-regulate expression of the receptor for DH44 peptide, 
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thereby implicating DH44 peptide signalling pathways not only in the stimulation 

of secretion, but also in the regulation of fluid homeostasis during desiccation 

stress. 

Changes in gene expression in response to environmental stress are likely 

mediated by transcription factors. D. melanogaster selected for desiccation 

resistance show enrichment of multiple transcription regulators in whole fly 

(Telonis-Scott et al 2012). As the Malpighian tubules form one of the barriers 

between the internal and external environment and are known to be a stress 

sensing tissue, it is likely that some of these factors are involved in altering gene 

expression in response to desiccation stress in the tubules (Davies et al 2014). 

Indeed, transcriptional changes in the Malpighian tubules in response to 

desiccation stress or following capa-1 stimulation have been found to occur via 

the NF- κB signalling pathway (Terhzaz et al 2014).  

The statistically significant result of an increase in DH44 expression following 

starvation exposure represents a potentially fairly small difference in 

expression. The 95% confidence interval of the increase gives a range of 2-42%. If 

the true mean lies close to the low end of this range, then it would appear that 

while the result may be significant, it is unlikely to be biologically relevant. If 

the true mean lies close to the high end of this range, it could be a potentially 

interesting result to pursue, particularly in light of the recent findings that DH44 

signalling is required in order to select nutritive sugars (Dus et al 2015). As 24 

hours is a relatively short starvation stress exposure (almost no male Drosophila 

were dead in the starvation vials after this period of time, in contrast with 

approximately 50% mortality among flies in the desiccation stress vials), it is 

possible that changes in DH44 expression following starvation stress might be 

more pronounced after longer periods of stress exposure than those used in this 

assay. However, it is also possible that this finding is a false positive. As several 

statistical comparisons were made, it could be argued that a correction for 

multiple testing should be applied to the data. In this case, it is evident that 

only the decrease in DH44-R2 expression would remain statistically significant. A 

formal mathematical correction for multiple testing has not been applied in this 

case, but the possibility of a false positive is considered in the interpretation of 

the data, as discussed elsewhere (Rothman 1990, Saville 1990). 
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Based on the finding that DH44-R2 expression decreases significantly (both 

statistically and numerically) following desiccation exposure, it was hypothesised 

that the Malpighian tubules of desiccated flies would be less responsive to the 

DH44 peptide than those of normally fed controls. 

3.1.2 Effect of desiccation on diuretic response of Malpighian 
tubules to DH44 peptide stimulation 

The effect of desiccation stress on the response of the Malpighian tubules to 

DH44 peptide was evaluated using the modified Ramsay assay (Ramsay 1954), 

which measures fluid secretion by Drosophila tubules (Dow et al 1994). 

Malpighian tubules were dissected from male CS Drosophila that were desiccated 

for 24 hours and from normally fed controls. As detailed in section 2.9, the 

volume of secretion by individual tubule pairs was measured every 10 minutes 

for 30 minutes to determine a baseline secretion rate, after which 10-7 M DH44 

peptide was applied. Stimulated secretion volumes were then measured every 10 

minutes for an additional 30 minutes to determine the secretion rate in response 

to peptide stimulation. Four biological repeats of the assay were performed and 

the data were analysed as described in section 2.9.1. One repeat that is 

representative of the overall data is presented in Figure 3.2A. Details of the 

statistical testing approach used, including the rationale for test selection can 

be found in section 2.9.1. Two-sample two-tailed Student’s t-tests were 

performed on the measurements of secretion rate for each 10 minute time 

interval to compare the values acquired from desiccated flies to those from 

unstressed controls. The secretion rates of Malpighian tubules from desiccated 

flies were significantly lower than those from normally fed flies at all time 

points during baseline measurement and at all time points after stimulation with 

DH44 peptide (p < 0.05, see Table 3.3 for details).  
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Figure 3.2 Fluid secretion rate of excised Malpighian tubules from male CS Drosophila 

following 24 hours of desiccation stress exposure or 24 hours of normal feeding. 
A) Secretion rate of Malpighian tubules from desiccated flies (N=10) is consistently lower than that 

of normally fed controls (N=8) both during 30 minutes of continuous baseline secretion and in 

response to application of 10-7 M DH44 peptide. The graph is representative of four biological 

replicates. B) Malpighian tubules from both desiccated and normally fed flies increase secretion 

rate significantly in response to application of 10-7 M DH44 peptide. C) Secretion rate of excised 

Malpighian tubules increases by approximately 175% following stimulation with 10-7 M DH44 

peptide in both desiccated and control conditions. Mean percentage change from each of four 

biological replicates of the assay is shown and was calculated as described in 2.9.1. * indicates a 

statistically significant difference (p<0.05). All graphs show mean ± SEM. 
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Table 3.3 Two-sample two-tailed Student’s t-test analysis of secretion rate by Malpighian 

tubules following 24 hours of desiccation (N=10) or exposure to control conditions (N=8).  

Statistically significant p values are highlighted in boldface red text. Df = 16 for all comparisons 

 Baseline secretion Stimulated secretion 
Time (mins) 0-10 10-20 20-30 30-40 40-50 50-60 
Desiccated M 0.236 0.180 0.204 0.582 0.635 0.513 
Desiccated SD 0.036 0.035 0.027 0.067 0.054 0.047 
Control M 0.568 0.291 0.334 0.903 0.952 0.902 
Control SD 0.068 0.035 0.046 0.113 0.106 0.148 
t 4.413 2.316 2.555 2.561 2.819 2.741 
p 0.0004 0.034 0.021 0.021 0.012 0.015 

 

Tubule response to peptide application in each of the two conditions was 

assessed as described in section 2.9.1 (Figure 3.2B). A paired-samples two-tailed 

Student’s t-test was performed to compare baseline secretion rate and 

stimulated secretion rate in each of the two conditions (desiccated vs. control). 

There was a significant difference between the baseline secretion rate (M = 

0.21, SD = 0.085) and stimulated secretion rate (M = 0.58, SD = 0.159) in the 

desiccated condition, t(9) = 11.83, p < 0.0001, indicating a 2.8 fold (95% CI: 2.4-

3.1) increase in secretion rate following peptide stimulation. Similarly, there 

was a significant difference between the baseline secretion rate (M = 0.40, SD = 

0.126) and stimulated secretion rate (M = 0.92, SD = 0.336) in the control 

condition, t(7) = 6.173, p = 0.0005, indicating a 2.3 fold (95% CI: 1.8-2.8) 

increase in secretion rate following peptide stimulation. 

In order to compare the response of Malpighian tubules from desiccated 

Drosophila to that of normally fed Drosophila when exposed to DH44 peptide, a 

percentage change for each pair of tubules was calculated as described in 

section 2.9.1. These values were then used to determine a mean percentage 

change for each of the four biological replicates, which are plotted in Figure 

3.2C. As the percentage change in response to peptide stimulation was very 

similar across both conditions, no statistical tests were performed. 

The significantly lower basal secretion rate indicates that desiccation stress in 

general affects the Malpighian tubules by reducing the rate at which fluid is 

excreted. Reduced rate of water loss is associated with improved desiccation 

tolerance; changes in tubule secretion could contribute to this effect (Davies et 
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al 2014, Folk & Bradley 2003, Hoffmann & Harshman 1999, Terhzaz et al 2012, 

Terhzaz et al 2015b). 

The significant increase in secretion rate after DH44 peptide application indicates 

that, in spite of the reduced transcription of DH44-R2 following desiccation (as 

detailed in Figure 3.1), there is sufficient receptor present on the surface of the 

Malpighian tubules after 24 hours of desiccation stress to enable the peptide to 

have an effect on secretion rate. As changes in transcription level do not 

necessarily result in changes in actual protein levels (Taylor et al 2013, Vogel & 

Marcotte 2012), DH44-R2 presence on the surface of the Malpighian tubules was 

investigated using the recently published method of live-tissue fluorophore-

tagged peptide labelling (Halberg et al 2015). 

3.2 Effect of desiccation on DH44 binding to Malpighian 
tubule receptor 

Although immunocytochemistry or western blotting might be the standard 

methods for assessing protein level changes, both depend on the acquisition of a 

reliable antibody against the protein of interest. Moreover, the former requires 

an antibody that is additionally able to penetrate into tissue and the latter 

results in the loss of information about protein localisation. An alternative 

method has recently been used in Drosophila and other insects to probe the 

patterns of expression of peptide receptors (Halberg et al 2015) which uses a 

fluorophore-labelled peptide and live tissue to enable imaging of binding to 

peptide receptors. Here, using fluorophore-labelled DH44 (DH44-F), this method is 

used to provide a semi-quantitative analysis of DH44 peptide-receptor complex 

levels in Malpighian tubules following desiccation (Figure 3.7). As ligand-receptor 

binding dynamics and fluorophore signalling each influence the intensity of 

signal captured during imaging, the method was not used to make any estimates 

of percentage change or relative amount. However, analysis of the fluorescent 

signal intensity can give an idea of whether there is less or more ligand-receptor 

complex present under different conditions (Waters 2009).  

These experiments were carried out in collaboration with Dr. Kenneth Halberg 

(KH). All Drosophila husbandry, dissections, secretion assays, and fluorophore 
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incubations were performed by the author (EC), while the inverted confocal 

microscopy imaging and intensity trace analysis was carried out by KH. 

3.2.1 Validation of tagged DH44  

Prior to labelling and imaging live-tissue with the fluorophore-labelled DH44 (for 

details see section 2.6), it was necessary to first validate the compound itself. 

The first step was to verify that the conjugation of the TMR-C5-maleimide Bodipy 

dye to the peptide near the N-terminal region did not interfere with its ability to 

bind to DH44-R2. This was particularly important as studies of CRF-related 

diuretic hormones in Manduca sexta and Achaeta domesticus have indicated that 

in both species a region near the N-terminus of the peptide is required for 

receptor activation (Coast & Kay 1994, Reagan 1995, Schooley et al 2011). The 

integrity of the binding relationship was assessed by comparing changes in the 

secretion rate of Malpighian tubules in response to DH44-F to changes in the 

secretion rate after stimulation by the unlabelled DH44 peptide. Similar 

responses by the Malpighian tubules (Figure 3.3) were taken to indicate that 

DH44-F was able to bind to DH44-R2 without significant impairment by the 

conjugated fluorophore (Halberg et al 2015). The second step in the compound 

validation process was to determine whether DH44-F binding to DH44-R2 was 

specific. This was assessed by verifying that DH44-F binding was specific to 

Malpighian tubule principal cells, where DH44 binds to affect intracellular 

signalling (Cabrero et al 2002), and by using a ligand competition assay in which 

DH44-F was outcompeted by unlabelled DH44 peptide (Figure 3.5) (Halberg et al 

2015). If DH44-F signal was observed even in the presence of a higher 

concentration of unlabelled DH44 peptide, this would indicate that DH44-F was 

bound to the Malpighian tubule in a different pattern than the unlabelled 

peptide and was therefore not specifically binding in the same way as the native 

peptide. 

3.2.1.1 Malpighian tubule response to labelled and unlabelled DH44 peptide 

The ability of DH44-F to bind to and induce signalling cascades by DH44-R2 in the 

Malpighian tubule was assessed by fluid secretion assay (see section 2.9). 

Malpighian tubules were dissected from male and female CS Drosophila. The 

volume of secretion by individual tubule pairs was measured every 10 minutes 
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for 30 minutes to determine a baseline secretion rate, after which either 10-7 M 

DH44 peptide or 10-7 M DH44-F was applied. Stimulated secretion volumes were 

then measured every 10 minutes for an additional 30 minutes to determine the 

secretion rate in response to stimulation by the two compounds. Basal secretion 

rate was similar across the two groups, as expected given that the tissues were 

dissected from the same group of flies (Figure 3.3A). Moreover, following 

stimulation with either DH44-F or DH44, the fluid secretion rate increased to a 

similar extent. Data were analysed statistically as described in section 2.9.1, 

where the rationale for test selection is also detailed. Two-sample two-tailed 

Student’s t-tests were performed on the measurements of secretion rate for 

each 10-minute time interval. There were no significant differences between the 

two groups at any point (p > 0.05, see Table 3.4 for details). Fluid secretion 

rates of Malpighian tubules stimulated by either labelled or unlabelled DH44 were 

also compared by calculating a percentage change in secretion rate (see section 

2.9.1), as shown in Figure 3.3B. A two-sample two-tailed Student’s t-test did not 

indicate any significant difference between the groups, t(15) = 0.712, p = 0.49. 

 

Figure 3.3 Fluid secretion rate of excised Malpighian tubules from male CS Drosophila 

before and after exposure to either DH44-F or DH44 applied at 10-7 M. 

A) Stimulated secretion rate of Malpighian tubules is similar after application of DH44 (N=7) or 

DH44-F (N=10) at 30 minutes, indicated by the arrow. B) Secretion rate of excised Malpighian 

tubules increases by approximately 127% following stimulation with 10-7 M DH44 peptide and by 

approximately 166% following stimulation with 10-7 M DH44-F. Graphs show mean ± SEM. 
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Table 3.4 Two-sample two-tailed Student’s t-test analysis of secretion rate by Malpighian 

tubules of CS flies at baseline and following exposure to either DH44 (N=7) or exposure to 
DH44-F (N=10). 

 Baseline secretion Stimulated secretion 
Time (mins) 0-10 10-20 20-30 30-40 40-50 50-60 
t 0.091 0.315 0.123 0.559 0.322 1.009 
df 15 15 15 15 15 15 
p 0.41 0.33 0.61 0.78 0.75 0.33 

 

These results show that DH44-F is able to affect the secretion rate of Drosophila 

Malpighian tubules to a similar extent as unlabelled DH44. This suggests that the 

addition of the fluorophore does not significantly affect the function of the 

peptide and that DH44-F is likely binding to DH44-R2 to an extent that is 

biologically relevant. 

3.2.1.2 DH44-F labels principal cells, but not stellate cells 

After determining that DH44-F was capable of stimulating Drosophila Malpighian 

tubules similarly to unlabelled DH44, it was necessary to verify that DH44-F binds 

to the Malpighian tubule principal cells, as this is where the unlabelled 

neuropeptide binds to DH44-R2 (Cabrero et al 2002). In a prior study, DH44 

stimulation induced signalling via cAMP in principal cells, but did not affect 

either cAMP or Ca2+ levels in stellate cells (Cabrero et al 2002). Additional 

evidence for the localisation of DH44-R2 to tubule principal cells was generated 

by assessing the expression of a DH44-R2-GAL4 driver line and by knocking down 

DH44-R2 levels by expression of dsRNAi against DH44-R2 in principal cells only 

(section 3.4.1). 

Malpighian tubules from wild-type flies were labelled using 10-7 M DH44-F and 

DAPI, then viewed and imaged using confocal microscopy. It was found that 

principal cells and not stellate cells were specifically labelled by DH44-F (see 

Figure 3.4). This supports existing evidence that DH44 binds DH44-R2 that is 

present in the principal cells and not the stellate cells of the tubules (Cabrero et 

al 2002). 
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Figure 3.4 DH44-F labels principal cells (PC), but not stellate cells (SC) of Malpighian tubules. 

Malpighian tubule labelled with 10-7 M DH44-F (red) and DAPI (blue). Scale bar indicates 25 µm. 

This figure is the result of a collaborative experiment with Dr. Kenneth Halberg: Dissections and 

tissue incubations were performed by EC. Image acquisition and figure preparation were by KH. 

 

3.2.1.3 Unlabelled DH44 peptide competes with labelled DH44 peptide 

The binding specificity of DH44-F was assessed using a ligand competition assay, 

as described in section 2.6.2. This experiment was conducted using an Zeiss LSM 

510 Meta inverted confocal microscope. Microscopy settings were optimised for 

imaging of live Malpighian tubules using a pair of samples in which one sample 

was incubated only with DAPI and the other was labelled with DH44-F and DAPI 

(see section 2.6.1). The main goal of the optimisation process was to minimise 

baseline detection of autofluorescence in the tubules. All images captured 

during this experiment used the same settings in order to make it possible to 

compare the signal intensities. 

The ligand competition assay itself involved incubating freshly dissected 

Malpighian tubules from CS Drosophila with DAPI and either 10-7 M DH44-F, or a 

mixture of 10-7 M DH44-F and 10-5 M DH44. As shown in Figure 3.5, the signal from 

DH44-F was strongly reduced by the addition of a higher concentration of DH44. 
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Also, as in section 3.2.1.2, Malpighian tubule principal cells, but not stellate 

cells, were labelled by DH44-F. 

 

Figure 3.5 Binding specificity of fluorophore-labelled DH44 validated by sharp reduction in 

fluorescent signal during competitive inhibition with unlabelled DH44 peptide 

DH44-F labels principal cells (PC), but not stellate cells (SC) of Malpighian tubules and is displaced 

by incubation with higher concentrations of unlabelled peptide. Scale bars indicate 25 µm. Images 

are representative of N=10 pairs of tubules in each group which were observed by inverted 

confocal microscopy. Both images were taken using identical microscopy settings. This figure is the 

result of a collaborative experiment with Dr. Kenneth Halberg: Dissections and tissue incubations 

performed by EC. Image acquisition and figure preparation by KH. 

 

As DH44 peptide was able to almost entirely abolish the DH44-F signal and did not 

leave any notable areas of fluorescence, the results suggest that DH44-F binds to 

receptors on the Malpighian tubules in the same pattern as DH44 peptide.  

3.2.2 Labelling of Malpighian tubule principal cells by fluorescent 
tagged DH44 is decreased following desiccation 

Live tissue labelling was performed as described in section 2.6.3. Male CS 

Drosophila were either exposed to 24 hours of desiccation stress or fed normally. 

Malpighian tubules were dissected from the flies, incubated in 10-7 M DH44-F and 

immediately imaged using inverted confocal microscopy, resulting in images like 

those shown in Figure 3.6. The average intensity trace ± SEM for at least 14 pairs 

of tubules in each biological group was plotted as a function of distance, as 

detailed in section 2.6.4. As shown in Figure 3.7, the signal intensity from the 

DH44-F labelling was overall lower following desiccation exposure, when 

compared to normally fed controls. The point of maximum intensity in the 
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control sample was selected for statistical comparison. A two-sample two-tailed 

Student’s t-test did not indicate a statistically significant difference between 

the mean intensities of the labelling between the two groups, t(27) = 0.792, p = 

0.44. 

 

Figure 3.6 Labelling of basolateral membrane of Malpighian tubule principal cells by DH44-F 

is affected by desiccation stress exposure. 

Scale bar indicates 5 µm. Images are representative and were obtained by inverted confocal 

microscopy. Both images were taken using identical microscopy settings. This figure is the result of 

a collaborative experiment with Dr. Kenneth Halberg: Dissections, tissue incubations, and figure 

preparation were performed by EC. Images acquired by KH. 
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Figure 3.7 Desiccation exposure affects fluorescent signal intensity when Drosophila 
Malpighian tubules are labelled with DH44-F. 

Malpighian tubules were extracted from control and desiccated male CS flies and labelled with 

DH44-F . Confocal microscopy was used to image the tubules, producing optical sections. Intensity 

of the fluorescent signal labelling principal cells was semi-quantitatively measured across the cells 

in a line perpendicular to the surface of the tubules. Signal intensity is plotted relative to distance 

from the basolateral membrane of the tubules, showing mean signal intensity ± SEM. DH44-F signal 

shows a trend toward decreased labelling following desiccation exposure, as compared to normally 

fed controls. Further details about intensity trace analysis can be found in section 2.6.4. This figure 

is the result of a collaborative experiment with Dr. Kenneth Halberg: Desiccation stress exposure, 

dissections and tissue incubations were performed by EC. Image acquisition, intensity trace 

analysis, and figure preparation were by KH. 

 

Although analysis of the data presented in Figure 3.7 did not result in rejection 

of the null hypothesis of no difference in labelling between the groups, it seems 

likely that this could be due to the use of a small sample size. Further repetition 

of the experiment to increase the number of samples analysed would serve to 

increase the statistical power of the experiment and would provide a clearer 

picture of the true difference between the groups. However, in the absence of 

such additional data, the current data do appear to indicate a trend toward 

decreased signal intensity after desiccation stress exposure relative to 

unstressed control samples. 

Given the validation data indicating that DH44-F and DH44 bind in similar patterns 

to the Malpighian tubules and have the same physiological affect on the tissue, a 

decrease in DH44-F labelling following desiccation exposure suggests that less 

DH44 is bound to the tubules. This could be due to a decreased availability of 
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DH44-R2 at the cell surface, which complements the prior finding that DH44-R2 

gene expression is down-regulated following desiccation exposure. Overall, these 

two pieces of evidence suggest a decrease in DH44-R2 production and 

availability as a consequence of 24 hours of desiccation exposure in male wild-

type (CS) Drosophila. 

3.3 Manipulation of DH44-producing neurons affects 
stress tolerance 

One way to explore how a gene or its product is involved in a process is to 

impede expression of that gene and then to assess whether a phenotype related 

to the process of interest emerges, a method called reverse genetics (Dow & 

Davies 2003). In this study, the role of DH44 peptide signalling in desiccation 

tolerance was probed by assessing the affect on stress tolerance both after 

manipulating the neurons that produce DH44 peptide and after knocking down 

the expression of its receptor in the target tissue of interest, DH44-R2 in the 

Malpighian tubules. The results of the former set of experiments are related 

here, while the latter results are described in section 3.4.2. 

DH44 peptide is expressed in two sets of three neurons in the pars intercerebralis 

in the Drosophila brain (section 1.3.1) (Cabrero et al 2002). To modify DH44 

signalling, expression of the DH44 gene was specifically manipulated in these 

neurons using the GAL4/UAS system (Brand & Perrimon 1993, Fischer et al 1988). 

So as to make the manipulations as specific as possible, a highly specific driver 

line with expression limited to the DH44-producing neurons was used to knock 

down DH44 expression or to ablate these neurons. 

3.3.1 DH44 peptide expression 

Immunocytochemical labelling of DH44 peptide with anti- DH44 antibody (details 

in Table 2.6) was used in adult Drosophila brain to reconfirm peptide 

localisation, as shown in Figure 3.8 and using methods described in section 2.4. 

It was additionally found that this pattern of labelling could be achieved using a 

1:4000 dilution of the antibody, while publications have reported using a 1:2000 

dilution. 
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Figure 3.8 DH44 peptide is localised to the pars intercerebralis of the D. melanogaster brain. 

Staining the adult Drosophila brain with anti-DH44 antibody reproduced the previously identified 

pattern of labelling in the pars intercerebralis (Cabrero et al 2002, Cavanaugh et al 2014, Park et al 

2008). Location of pars intercerebralis is indicated by a white arrow. The secondary antibody used 

was anti-rabbit IgG-Alexa Fluor 546 (polyclonal goat). Scale bar indicates 100 µm. The image was 

acquired using inverted confocal microscopy. 

 

3.3.2 DH44-GAL4 driver line selection 

In order to probe the function of the six neurons shown to contain DH44 peptide, 

a highly specific driver line with an expression pattern restricted to these 

particular neurons was required. The collection of GAL4 lines produced by the 

Janelia Farm FlyLight Project Team proved to contain a candidate line in which 

GAL4 is expressed under the control of a known short fragment of genomic DNA 

from the DH44 gene (Jenett et al 2012). The team produced four different GAL4 

driver lines under the control of defined cis-regulatory fragments of the DH44 

gene between 1903 and 3723 residues in length. The location of these fragments 

relative to the DH44 gene is shown in Figure 3.9. Expression data available online 

at the Janelia Farm website indicate that only driver line R65C11 cleanly drives 

expression in only the six neurons known to contain DH44 peptide. Interestingly, 

this driver line is the only one created by the team in which the cis-regulatory 

DNA sequence used contains elements upstream of both the Dh44-RA and Dh44-

RB protein coding sequences. In contrast, expression was less specific, almost 

non-existent, or unrelated to DH44 peptide localization when the enhancer 

fragments used were from different regions of the DH44 gene. Overall, this 

suggests that there are particular regulatory genetic sequences located in the 
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3R:5463840-5466711 region of the D. melanogaster genome which are crucial to 

the spatial specificity of DH44 gene expression (Arnone et al 2004, O'Kane & 

Gehring 1987). 

 

Figure 3.9 Location of cis-regulatory sequences relative to DH44 transcripts used to 

construct GAL4 driver lines. 

Four GAL4 lines were generated by the Janelia Farm FlyLight Project using different sections of 

the DH44 gene to drive expression. The location of these cis-regulatory fragments are shown 

relative to their position along the two DH44 protein coding sequences, Dh44-RA and Dh44-RB. 

Sequence location information obtained from the Janelia Farm FlyLight Project website (Jenett et al 

2012). 

 

The driver line denoted by Janelia Farm as R65C11 was selected for 

manipulation of the DH44-containing neurons. As indicated in Table 2.1, this line 

will be referred to as DH44-GAL4. 

3.3.3 DH44-GAL4 driver line characterisation 

The specificity of the DH44-GAL4 driver line was evaluated by crossing males 

from this line with virgin females of the UASmCD8::GFP genotype (see Table 

2.1). These flies express cytosolic GFP when Gal4 protein binds to the upstream 

activation sequence (UAS), activating gene transcription (Duffy 2002). Progeny 

from the DH44-GAL4 cross with UAS-mCD8::GFP were aged to 5-7 days old, after 

which brains were removed by careful dissection (N=10) as described in section 

2.1.4. Immunocytochemical labelling with the anti-DH44 antibody was performed 

using methods detailed in section 2.4 and brains were imaged using inverted 

confocal microscopy (section 2.7).  

As shown in Figure 3.10, DH44 immunostaining confirmed that the DH44-GAL4 line 

drives expression in DH44-producing neurons. Additional dissections revealed that 

the DH44-GAL4 line does not drive expression in the Malpighian tubules. 
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Figure 3.10 Expression pattern of DH44-GAL4 line colocalises with the staining pattern of 

DH44 peptide in DH44-producing neurons of the pars intercerebralis.  

A) Staining pattern of DH44 peptide in brains of Drosophila expressing GFP under the control of 

DH44-GAL4 promoter labels pars intercerebralis, as indicated by the white arrow. Scale bar 

indicates 100 µm. B) Cytosolic GFP expression pattern in Drosophila brains when driven by DH44-

GAL4 construct. C) Merge of images A and B show that DH44-GAL4 driver line drives expression of 

UAS-GFP construct in the same neurons that contain DH44 peptide. DH44 immunostaining indicates 

that the DH44-GAL4 line drives expression in DH44-producing neurons. Image is representative of N 

= 10, with the same pattern observed in all samples. 

 

As the DH44-GAL4 driver was found to be a highly specific GAL4 driver with an 

expression pattern coinciding with that of the DH44 peptide, it was used for 

manipulation of the DH44-producing neurons. 

3.3.4 Ablation of DH44-producing neurons and RNAi knockdown 
of DH44 via UAS/GAL4 system 

The high specificity of the DH44-GAL4 driver line made it possible to manipulate 

the DH44-producing neurons in a very selective manner. Two different methods 

of altering these neurons were selected: expression of an RNAi construct against 

DH44 mRNA and ablation of the neurons by inducing expression of reaper. Probing 

neuron function through genetically induced ablation, as performed in this 

study, necessarily requires a highly selective driver line so that the results can 

be attributed to the effect on the neurons of interest, and not to ablation of any 

other cells or neurons. Although RNAi targeted against DH44 mRNA might have 

achieved fairly high selectivity due to the limited nature of DH44 expression, 

selective expression of the construct in the target tissue of interest reduces the 

possibility of unintended or off-target effects and serves to increase confidence 

that any effects observed are due specifically to the planned manipulation (Ma 

et al 2006, Seinen et al 2011). 
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The DH44-GAL4 driver line was crossed with flies that express double-stranded 

RNA for RNAi of DH44 under the control of a UAS promoter, UAS-DH44 RNAi line 

(see Table 2.1). As a control, the DH44-GAL4 driver line was additionally crossed 

to wh flies. This line was used rather than the homozygous DH44-GAL4 parental 

line to control for genetic background (i.e. single copy of DH44-GAL4) in all 

assays using these lines. The progeny from both crosses were aged to 3-7 days, 

after which brains were removed by gentle dissection and subjected to 

immunocytochemistry using antibody against DH44 and anti-rabbit IgG-Alexa 

Fluor 546 (N ≥ 8). Examination via confocal microscopy revealed that DH44 

peptide expression in the pars intercerebralis was clearly visible in the progeny 

from the control cross (Figure 3.11A), but abolished in the pars intercerebralis of 

the progeny from the DH44-GAL4/UAS-DH44 RNAi cross (Figure 3.11B).  

The DH44-GAL4 driver line was also crossed with flies that express the gene 

reaper under UAS control, resulting in DH44-GAL4/UAS-reaper progeny. 

Expression of reaper induces cell death (Al-Anzi et al 2010, Aplin & Kaufman 

1997). The progeny from this cross were aged to 3-7 days, after which brains 

were extracted and subjected to immunocytochemistry using DH44 antibody and 

anti-rabbit IgG-Alexa Fluor 546 (N ≥ 5). Examination via confocal microscopy 

revealed that DH44 peptide expression in the pars intercerebralis was ablated 

through this experimental manipulation, as shown in Figure 3.11C. 

 

Figure 3.11 Elimination of characteristic DH44 peptide staining pattern in pars intercerebralis 

achieved via RNAi knockdown and neuronal ablation.  

A) Adult Drosophila brains from DH44-GAL4/wh flies stained for DH44 show labelling in the pars 

intercerebralis when imaged via inverted confocal microscopy. Scale bar indicates 100 µm, arrow 

indicates location of the pars intercerebralis. B) DH44-GAL4/UAS-DH44 RNAi brains do not show 

any staining of DH44 peptide in the pars intercerebralis. C) Ablation of DH44 neurons eliminates the 

distinctive DH44 staining pattern. Images are representative of N ≥ 5, with patterns observed being 

consistent for all samples within each biological group. 
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The effect of the DH44-producing neuron manipulations on DH44 gene expression 

was tested via RT-PCR. DH44 gene expression in the heads of each of the 

experimental crosses (DH44-GAL4/UAS-DH44 RNAi and DH44-GAL4/UAS-reaper) was 

compared to crosses of each parental control to wh. See Table 3.5 for a list of 

the crosses used in this experiment and their purposes. 

Table 3.5 Crossing scheme for assessing the effect of DH44-producing neuron manipulation 

on DH44 gene expression  

Cross Purpose Details 
DH44-GAL4/wh Control One copy of driver construct 
DH44-GAL4/UAS-DH44 RNAi Experimental RNAi knockdown of DH44 
wh/UAS-DH44 RNAi Control One copy of RNAi construct 
DH44-GAL4/UAS-reaper Experimental Ablation of DH44-producing neurons 
wh/UAS-reaper Control One copy of ablation construct 
 

RNA was extracted from the heads of adult progeny from the crosses listed in 

Table 3.5 and used to synthesize cDNA as described in sections 2.2.1 and 2.3.1. 

RT-PCR was performed using TaqMan probe and primer sets for DH44 with alpha-

tubulin 84b as the endogenous control. Head RNA was used rather than whole fly 

RNA as extracting RNA from the tissue of interest was found to result in the 

amplification signal being identified earlier during the PCR process, suggesting a 

greater enrichment of the target sequences in these tissues as compared to in 

the whole organism. Comparative CT analysis was used to calculate a fold change 

for DH44 expression relative to the control cross DH44-GAL4/wh, the only control 

in common across the two groups, as shown in Figure 3.12. The comparative CT 

method is described in section 2.3.2.1, as is the rationale for selection of 

statistical tests used to analyse qPCR data. 

Four statistical comparisons were planned as the progeny of the experimental 

crosses were to be compared to each of their two related controls. As the 

expression level of DH44 in the DH44-GAL4/wh samples was set at a value of 1 in 

order to calculate relative expression, the relative expression values obtained 

for each experimental cross were compared to this control using a two-tailed 

one-sample Student’s t-test against a null hypothesis of a fold change of 1 (i.e. 

same expression level as the DH44-GAL4/wh control). There was a significant 

difference between the null hypothesis and the relative expression obtained for 

DH44 expression from the heads of cross DH44-GAL4/UAS-DH44 RNAi (M = 0.48, SD 
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= 0.202, N = 4), t(3) = 5.131, p = 0.0143, indicating a 52% decrease in expression 

relative to the control progeny. There was also a significant difference between 

the null hypothesis and the relative expression obtained for DH44 expression from 

the heads of cross DH44-GAL4/UAS-reaper (M = 0.61, SD = 0.188, N = 4), t(3) = 

4.125, p = 0.0258, indicating a 39% decrease in expression relative to the control 

progeny. The final two comparisons were made using a two-tailed two-sample 

Student’s t-test as the values for the other two controls were normalized to the 

DH44-GAL4/wh control and so retained a distribution of error, which is required 

for two-sample t-testing. Testing in this way revealed a statistically significant 

difference between DH44 expression from the heads of cross DH44-GAL4/UAS-DH44 

RNAi and those of cross wh/UAS-DH44 RNAi (M = 1.34, SD = 0.402, N = 4), t(6) = 

3.788, p = 0.0091, indicating a 64% decrease in expression in the experimental 

cross progeny relative to the control cross progeny. There was also a statistically 

significant difference between DH44 expression from the heads of cross DH44-

GAL4/UAS-reaper and those of cross wh/UAS-reaper (M = 1.66, SD = 0.450, N = 

3), t(5) = 4.287, p = 0.0078, indicating a 63% decrease in expression in the 

experimental cross progeny relative to the control cross progeny. 

 
Figure 3.12 RNAi knockdown of DH44 in DH44 neurons and ablation of DH44 neurons affects 

mRNA levels of DH44 in the heads of cross progeny. 

DH44 expression is significantly reduced in head following expression of RNAi against DH44 in DH44 

neurons (N=4) and following ablation of DH44 neurons (N≥3), mean ± SEM shown. Statistical 

significance is based on two-tailed one-sample Student’s t-testing with null hypothesis of 1.0 when 

compared to DH44-GAL4/wh, or based on two-tailed two-sample Student’s t-testing when 

comparing experimental crosses to UAS-DH44 RNAi/wh or UAS-reaper/wh, *p<0.05. 

 

As all of the statistical tests indicate that DH44 transcript level is significantly 

lower in the experimental crosses than in the control crosses, the manipulations 
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of the DH44 neurons outlined in Table 3.5 have been effective. The data also 

suggest that the majority of DH44 expression in the head of Drosophila is in the 

DH44 neurons as manipulation of this small subset of cells was able to 

significantly influence the DH44 transcript levels in the whole sample. 

When considered together, the results of the RT-PCR and immunocytochemistry 

experiments indicate that the crosses outlined in Table 3.5 have been effective 

at manipulating DH44 transcript and protein levels. Furthermore, due to the 

highly specific nature of the driver line, this was achieved while expressing the 

RNAi/reaper constructs in the DH44 neurons. As these manipulations were 

deemed to be successful and significant, the next step taken was to determine 

whether manipulation of the DH44 signalling pathway has an effect on 

desiccation tolerance. 

3.3.5 Manipulation of DH44-producing neurons affects survival 
phenotype 

In order to test the hypothesis that the DH44 peptide is involved in modulating 

desiccation resistance, progeny from all five crosses listed in Table 3.5 were 

exposed to a desiccation stress assay. This provided a dataset with two different 

methods of decreasing DH44 levels in the brain, thus decreasing DH44 availability. 

Flies with the DH44-GAL4 driver construct were also crossed to those with a low 

threshold voltage-gated bacterial sodium channel expressed under UAS control, 

called UAS-NaChBac. This bacterial sodium channel has been shown to increase 

membrane excitability (Nitabach et al 2006) and was introduced with the aim of 

increasing DH44 availability.  

The desiccation tolerance assay is conducted by placing groups of male flies 

aged 5-10 days old in an empty vial and scoring survival until all flies have died 

(section 2.8.1) (Kahsai et al 2010, Terhzaz et al 2012). As the desiccation stress 

protocol used requires Drosophila to be placed in empty vials, this necessitates 

that they be not only desiccated, but starved as well (section 2.8.2.1). So as to 

rule out any possibility that the phenotype shown during desiccation stress was 

due to starvation rather than to lack of water, flies were exposed to a starvation 

assay (section 2.8.2). 
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It was hypothesised that the flies with manipulated DH44 neurons would survive 

differently than the control crosses when exposed to desiccation stress across all 

three manipulations. In the neuronal ablation condition, results of this kind 

would indicate an involvement of the DH44 neurons in desiccation tolerance, 

while the DH44 RNAi knockdown condition would more specifically indicate 

reduction of DH44 peptide in these neurons as affecting desiccation tolerance. 

Overexcitation of the DH44 neurons by expression of UAS-NaChBac was 

anticipated to have an opposite effect to DH44 neuron ablation and DH44 RNAi 

knockdown. 

In terms of starvation tolerance, it was expected that starvation would not play 

an important role in survival within the timeframe of the desiccation stress 

assays. This would indicate that the results observed during the desiccation 

exposure assay were due to the effect of the absence of water rather than due 

to the lack of food. However, as the starvation assays were conducted past the 

threshold of where a potential influence on desiccation would be detected, the 

assay also detects effects of these manipulations on starvation tolerance. There 

is a precedent for a potential effect of DH44 neuron manipulation on starvation 

survival both as recent evidence has implicated the DH44 neurons in nutrient 

sensing (Dus et al 2015) and as the DH44 neurons also express LKR, which has 

been shown to be involved in the regulation of feeding and meal size (Al-Anzi et 

al 2010). The statistical significance of changes in survival was tested as 

described in section 2.8.3. 

3.3.5.1 DH44 RNAi knockdown results in increased desiccation tolerance, but 
does not affect starvation tolerance 

The effect of targeted DH44 knockdown via RNAi (genotype details in Table 3.5) 

on desiccation and starvation tolerance was assessed using experimental 

methods described in sections 2.8.1 and 2.8.2. The rationale for the use of the 

statistical methods applied to the survival data is detailed in section 2.8.3 along 

with further information about the individual tests and interpretation of their 

results, where applicable. The reasons for inclusion of a starvation assay 

alongside a desiccation assay are described in section 2.8.2.1.  
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As shown in Figure 3.13A, knockdown of DH44 expression in the DH44 neurons was 

found to significantly extend survival time during desiccation exposure. 

Specifically, Logrank testing indicated that DH44-GAL4/UAS-DH44 RNAi flies 

(Median survival = 24 hours) survived significantly longer than both DH44-

GAL4/wh (Median survival = 19 hours), X2(1) = 58.78, p < 0.0001, and wh/UAS-

DH44 RNAi (Median survival = 21 hours), X2(1) = 25.25, p < 0.0001. The ratio of 

the rate of death of DH44-GAL4/UAS-DH44 RNAi flies relative to the rate of death 

of DH44-GAL4/wh was 0.12 (95% CI: 0.07-0.21), representing an 8.2 fold decrease 

in death rate and a 26% increase in median survival time. The ratio of the rate of 

death of DH44-GAL4/UAS-DH44 RNAi flies relative to the rate of death of wh/UAS-

DH44 RNAi was 0.37 (95% CI: 0.25-0.54), representing a 2.7 fold decrease in death 

rate and a 14% increase in median survival time. 

Knockdown of DH44 expression in the DH44 neurons was found to significantly 

affect survival time during starvation exposure relative to only one of the two 

controls, as shown in Figure 3.13B. Specifically, Logrank testing indicated that 

the DH44-GAL4/UAS-DH44 RNAi flies (Median survival = 42 hours) survived for a 

significantly shorter period than DH44-GAL4/wh (Median survival = 44 hours), 

X2(1) = 32.48, p < 0.0001, but for a period no different than wh/UAS-DH44 RNAi, 

X2(1) = 0.80, p = 0.37. The ratio of the rate of death of DH44-GAL4/UAS-DH44 

RNAi flies relative to the rate of death of DH44-GAL4/wh was 1.84 (95% CI: 1.49-

2.28), indicating a 1.8 fold increase in death rate with a 5% decrease in median 

survival time. 
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Figure 3.13 Knockdown of DH44 in the DH44 neurons affects survival during desiccation and 

starvation stress exposure. 

A) Survival of male DH44-GAL4/UAS-DH44 RNAi cross progeny (N=74) exceeds that of progeny 

from control crosses DH44-GAL4/wh (N=51) and wh/UAS-DH44 RNAi (N=75) during desiccation 

stress. The graph is representative of three biological repeats. B) Survival of male DH44-

GAL4/UAS-DH44 RNAi cross progeny (N=283) does not differ significantly from that of progeny 

from control cross wh/UAS-DH44 RNAi (N=279), but is significantly lower than that of progeny from 

control cross DH44-GAL4/wh (N=210) during starvation stress. Data are pooled across four 

biological repeats. Statistical comparisons were made using the Logrank test, *p<0.05. 

 

The increase in desiccation tolerance by DH44-GAL4/UAS-DH44 RNAi flies 

compared to both controls indicates that reducing DH44 peptide levels in these 

neurons provides an organismal advantage under these circumstances. The 

overall longer survival for all crosses under starvation stress as compared to 

desiccation stress indicates that the latter is a more severe stress. 

Although a statistically significant reduction in survival for DH44-GAL4/UAS-DH44 

RNAi flies was observed relative to one of the two control crosses, the biological 

significance of this difference is less obvious. The DH44-GAL4/UAS-DH44 RNAi 

progeny differed from the one control to approximately the same extent that 

the control crosses differ from each other, making it unlikely that the data 

should be taken as an indication of DH44 knockdown being disadvantageous to 

starvation survival. Rather, as DH44-GAL4/UAS-DH44 RNAi survival fell within the 

range of the control crosses, it seems more likely that the manipulation does not 

affect starvation survival to a great extent. 
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Overall, the data indicate that knockdown of DH44 mRNA in the DH44 neurons 

affects desiccation tolerance in adult male Drosophila in a way that cannot be 

explained by a lack of food availability during the desiccation stress assay. 

Moreover, the direction of this influence is such that a decrease in DH44 peptide 

levels in the brain causes increased desiccation tolerance. 

3.3.5.2 DH44-producing neuron ablation results in increased desiccation 
tolerance and increased starvation tolerance 

The effects of DH44 neuron ablation via reaper expression (genotype details in 

Table 3.5) on desiccation and starvation tolerance was assessed using 

experimental methods described in sections 2.8.1 and 2.8.2. The rationale for 

the use of the statistical methods applied to the survival data is detailed in 

section 2.8.3 along with further information about the individual tests and 

interpretation of their results, where applicable. The reasons for inclusion of a 

starvation assay alongside a desiccation assay are described in section 2.8.2.1. 

As shown in Figure 3.14A, DH44 neuron ablation was found to significantly extend 

survival time during desiccation exposure. Specifically, Logrank testing indicated 

that DH44-GAL4/UAS-reaper flies (Median survival = 23 hours) survived 

significantly longer than both DH44-GAL4/wh (Median survival = 19 hours), X2(1) = 

48.62, p < 0.0001, and wh/UAS-reaper (Median survival = 21 hours), X2(1) = 

20.71, p < 0.0001. The ratio of the rate of death of DH44-GAL4/UAS-reaper flies 

relative to the rate of death of DH44-GAL4/wh was 0.16 (95% CI: 0.09-0.26), 

representing a 6.4 fold decrease in death rate and a 21% increase in median 

survival time. The ratio of the rate of death of DH44-GAL4/UAS-reaper flies 

relative to the rate of death of wh/UAS-reaper was 0.38 (95% CI: 0.25-0.58), 

representing a 2.6 fold decrease in death rate and a 10% increase in median 

survival time. 

DH44 neuron ablation was found to significantly increase survival time during 

starvation exposure, as shown in Figure 3.14B. Specifically, Logrank testing 

indicated DH44-GAL4/UAS-reaper flies (Median survival = 55 hours) survived 

significantly longer during starvation exposure than both DH44-GAL4/wh (Median 

survival = 46 hours), X2(1) = 70.64, p < 0.0001 and wh/UAS-reaper (Median 

survival = 48 hours), X2(1) = 52.52, p < 0.0001. The ratio of the rate of death of 
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DH44-GAL4/UAS-reaper flies relative to the rate of death of DH44-GAL4/wh was 

0.37 (95% CI: 0.29-0.47), indicating a 2.7 fold decrease in death rate with a 20% 

increase in median survival time. The ratio of the rate of death of DH44-

GAL4/UAS-reaper flies relative to the rate of death of wh/UAS-reaper was 0.48 

(95% CI: 0.39-0.58), indicating a 2.1 fold decrease in death rate with a 15% 

increase in median survival time. 

 

Figure 3.14 DH44 neuron ablation affects survival during desiccation and starvation stress 

exposure. 

A) Survival of male DH44-GAL4/UAS-reaper cross progeny (N=68) exceeds that of progeny from 

control crosses DH44-GAL4/wh (N=51) and wh/UAS-reaper (N=69) during desiccation stress. The 

graph is representative of 3 biological repeats. B) Survival of male DH44-GAL4/UAS-reaper cross 

progeny (N=254) exceeds that of progeny from control crosses DH44-GAL4/wh (N=213) and 

wh/UAS-reaper (N=325) during starvation stress. Data are pooled across four biological repeats. 

Statistical comparisons are made using the Logrank test, *p<0.05 

 

The increase in survival duration during both desiccation and starvation stress in 

the flies with the DH44 neuron ablation relative to controls indicates that 

absence of these neurons provides an advantage under both stress conditions. 

However, the nature of ablation as a technique means that it does not clarify 

what aspect of the neurons is involved in generating the effect. 

Ablation of the DH44 neurons increases desiccation tolerance to a similar extent 

as RNAi knockdown of DH44 in the DH44 neurons (Figure 3.13A). Thus, it seems 

likely that the phenotype observed is primarily due to interference with DH44 

signalling. Conversely, while DH44 neuron ablation enhances starvation 
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tolerance, reduction of DH44 expression via RNAi does not affect starvation 

survival (Figure 3.13B). This indicates that DH44 neuron ablation does not affect 

starvation through manipulation of DH44 signalling alone. DH44 neuron ablation 

also affects LKR, which is colocalised with DH44 in the DH44  neurons (Cabrero et 

al 2002), and additionally disrupts neuronal signalling connections as the DH44 

neurons were not only manipulated, but eliminated altogether. The possibility 

that abolition of LKR in the DH44 neurons underlies this phenotype was tested via 

RNAi knockdown of LKR (see section 4.3.3). 

3.3.5.3 Overexcitation of DH44-producing neurons results in increased 
desiccation tolerance 

Male Drosophila in which a low threshold voltage-gated bacterial sodium channel 

was expressed in the DH44 neurons and the progeny of two control crosses (DH44-

GAL4/wh and wh/UAS-NaChBac) were exposed to both a desiccation stress assay 

and a starvation stress assay. Expression of this transgene results in 

hyperpolarisation of neurons, which can result in neurotransmitter or peptide 

release occurring more readily. In this case, it was expected that increased 

release of DH44 would impair desiccation survival. Experimental methods used 

are described in sections 2.8.1 and 2.8.2. The rationale for the use of the 

statistical methods applied to the survival data is detailed in section 2.8.3 along 

with further information about the individual tests and interpretation of their 

results, where applicable. 

As shown in Figure 3.15, increasing the excitability of the DH44 neurons was 

found to significantly extend survival time during desiccation exposure. 

Specifically, Logrank testing indicated that DH44-GAL4/UAS-NaChBac flies 

(Median survival = 22 hours) survived significantly longer than both DH44-

GAL4/wh (Median survival = 21 hours), X2(1) = 21.37, p < 0.0001, and wh/UAS-

NaChBac (Median survival = 20 hours), X2(1) = 13.90, p = 0.0002. The ratio of the 

rate of death of DH44-GAL4/UAS-NaChBac flies relative to the rate of death of 

DH44-GAL4/wh was 0.62 (95% CI: 0.51-0.76), representing a 1.6 fold decrease in 

death rate and a 5% increase in median survival time. The ratio of the rate of 

death of DH44-GAL4/UAS-NaChBac flies relative to the rate of death of wh/UAS-

reaper was 0.55 (95% CI: 0.40-0.75), representing a 1.88 fold decrease in death 

rate and a 10% increase in median survival time. 
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Figure 3.15 Expression of a low threshold voltage-gated sodium channel in DH44 neurons 

results in improved survival during desiccation exposure. 

Survival of male DH44-GAL4/UAS-NaChBac cross progeny (N=158) exceeds that of progeny from 

control crosses DH44-GAL4/wh (N=352) and wh/UAS-NaChBac (N=90) during desiccation stress. 

Data are pooled across six biological repeats. Statistical comparisons were made using the 

Logrank test, *p<0.05 

 

Although the increase in survival duration during desiccation stress in the flies 

with hyperpolarised DH44 neurons relative to both controls is statistically 

significant, the increase in median survival time is small (approximately 8%). An 

effect size twice as large (approximately 16%) was observed when DH44 peptide 

was knocked down in the DH44 neurons (Figure 3.13A) and an approximately 20% 

increase in median survival was found when ablating DH44 neurons (Figure 

3.14A). Thus, it is not evident that increasing excitability of the DH44 neurons 

has a significant effect on desiccation tolerance. 

If the subtle increase in desiccation tolerance represents a true effect, then the 

result is unexpected given the prior findings that decreasing DH44 peptide in the 

brain results in increased desiccation tolerance (sections 3.3.5.1 and 3.3.5.2). 

This might potentially be explained by a secondary effect of having the DH44 

neurons in a constantly over-excited state. Indeed this would not be 

unprecedented as constitutive hyperpolarisation of LK neurons did not affect 

desiccation tolerance, while conditional hyperpolarisation did have an effect 

(Liu et al 2015), suggesting that compensatory mechanisms affected the 

phenotype observed when using a constitutive manipulation. Perhaps conditional 

rather than constitutive expression of a hyperpolarising construct would yield 

different results when applied to the DH44 neurons as well by preventing the 

development of compensatory mechanisms prior to the onset of desiccation. 
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3.3.6 DH44 RNAi knockdown does not affect percentage of body 
water 

As the DH44 peptide acts on the Malpighian tubules to stimulate fluid secretion, 

it is possible that reducing the availability of DH44 peptide could result in the 

build-up of fluid or bloating phenotype due to reduced fluid secretion by the 

Malpighian tubules. This can be measured by weighing flies to obtain a ‘wet 

weight’ measurement, and then drying them and re-weighing the sample groups 

to obtain a ‘dry weight’ measurement, as described in section 2.10 (Cabrero et 

al 2014). If manipulation of the DH44 neurons causes excess fluid to build up, the 

wet weight of the experimental cross progeny outlined in Table 3.5 would 

exceed those of the control cross progeny, while dry weights of all groups would 

be similar. A reduced wet weight in the experimental group would suggest that 

these flies have reduced hemolymph content relative to controls, if the dry 

weights of all groups are similar. Differences in dry weight would suggest that 

the flies themselves are differently sized. Flies are weighed in groups of 10 flies 

due to the small weights that must be measured. The percentage of the weight 

of the fly that is due to water content can be calculated from the wet and dry 

weights, assuming that all of the weight that is lost during the drying phase is 

due to loss of water (Folk et al 2001).  

Wet and dry weight measurements were acquired for DH44-GAL4/UAS-DH44 RNAi 

flies and controls (genotype details in Table 3.5). The results from the 

experimental group were compared to each of the control groups using two-

tailed two-sample Student’s t-tests for all measurements (wet weight/dry 

weight/percentage water), and treating the data separately for males and 

females. As shown in Figure 3.16A and statistically detailed in Table 3.6, female 

DH44-GAL4/UAS-DH44 RNAi flies had significantly lower wet and dry weights than 

DH44-GAL4/wh flies. Male DH44-GAL4/UAS-DH44 RNAi flies had a significantly 

lower wet weight than DH44-GAL4/wh flies, but dry weights did not differ. 

Neither male nor female DH44-GAL4/UAS-DH44 RNAi flies differed significantly 

from wh/UAS-DH44 RNAi flies in either wet weight or dry weight. As shown in 

Figure 3.16B and statistically detailed in Table 3.7, neither male nor female 

DH44-GAL4/UAS-DH44 RNAi flies had significantly different percentage of body 

water than either control. 
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Figure 3.16 Flies with DH44 RNAi knockdown in DH44 neurons weigh significantly less than 
control, but have similar percentage of body water. 

A) Flies with genotype DH44-GAL4/wh have a significantly higher wet weight than those with 

genotype DH44-GAL4/UAS-DH44 RNAi, regardless of sex. Female flies with genotype DH44-

GAL4/wh have a significantly higher dry weight than females with genotype DH44-GAL4/UAS-DH44 

RNAi. N=3 for all genotypes. B) Male and female flies with DH44 knockdown in the DH44 neurons 

have a percentage body water that is similar to progeny of control crosses.  All statistical 

comparisons were made using two-sample two-tailed Student’s t-testing, *p<0.05. Graphs show 

mean ± SEM. 

 

Table 3.6 Two-sample two-tailed Student’s t-test analysis of wet weight and dry weight in 

Drosophila with DH44 expression knocked down in the DH44 neurons (N=3) compared to 

progeny of control crosses (N=3). Data are presented for each sex separately. 

Statistically significant p values are highlighted in boldface red text. 

Females       
       
Group Weight M (mg) SD t df p 
DH44-GAL4/wh Wet 13.73 0.1856 3.436 4

  
0.0264 

DH44-GAL4/ 
UAS-DH44 RNAi 

Wet 12.27 0.3844 
2.004 4 0.1156 

wh/UAS-DH44 RNAi Wet 13.43 0.4372 
DH44-GAL4/wh Dry 4.533 0.0333 3.004 4 0.0398 
DH44-GAL4/ 
UAS-DH44 RNAi 

Dry 3.900 0.2082 
1.643 4 0.1757 

wh/UAS-DH44 RNAi Dry 4.500 0.300 
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Males       
       
Group Weight M (mg) SD t df p 
DH44-GAL4/wh Wet 9.033 0.120 6.147 4 0.0036 
DH44-GAL4/ 
UAS-DH44 RNAi 

Wet 8.267 0.033 
0.530 4 0.6240 

wh/UAS-DH44 RNAi Wet 8.367 0.186 
DH44-GAL4/wh Dry 3.000 0.1155 2.598 4 0.0602 
DH44-GAL4/ 
UAS-DH44 RNAi 

Dry  2.700 0.0 
0.277
3 

4 0.7953 
wh/UAS-DH44 RNAi Dry  2.733 0.1202 
 

Table 3.7 Two-sample two-tailed Student’s t-test analysis of percentage body water in male 

and female Drosophila with DH44 expression knocked down in the DH44 neurons (N=3) 

compared to male and female progeny of control crosses (N=3).  

Genotype DH44-GAL4/wh wh/UAS-DH44 RNAi 
Sex Females Males Females Males 
t 1.446 0.6036 1.187 0.03371 
df 4 4 4 4 
p 0.2218 0.5787 0.3010 0.9747 

 

The statistically lower weight observed in DH44-GAL4/UAS-DH44 RNAi flies 

relative to control DH44-GAL4/wh is observed across both males and females for 

the wet weight measurements and in females in the dry weight measurements. 

This same trend is seen in the values observed for males in the dry weight 

measurements, with the control group having a mean weight of 3.0 and the 

experimental group having a mean weight of 2.7, although the result falls 

slightly short of statistical significance (p = 0.06). Nevertheless, these data 

together indicate that it is likely that the DH44-GAL4/UAS-DH44 RNAi flies are 

smaller than DH44-GAL4/wh flies. The mean weights observed for the wh/UAS-

DH44 RNAi control cross are also generally higher than those of the experimental 

group for female flies, although the greater standard deviation in these 

measurements has prevented the differences from being identified as 

significantly different. This trend was not present for male flies, however. 

Overall, the data do not indicate a bloating phenotype, but the approximately 

11% lower weight (mean of the weight change in experimental group relative to 

DH44-GAL4/wh control for both sexes and both wet and dry measurements) in the 

experimental group relative to the DH44-GAL4/wh control will be considered in 

the analysis of the stress tolerance assays. 
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The lack of effect of DH44 RNAi knockdown on body water content indicates that 

this manipulation of the DH44 neurons does not cause a bloating phenotype. 

3.4 Role of tubule receptor DH44-R2 in stress tolerance 

DH44 peptide binds to and activates DH44-R2 (Hector et al 2009), which shows 

enriched expression in the Malpighian tubules (Table 3.1). In order to assess 

whether DH44-R2 in the Malpighian tubules is involved in desiccation tolerance, 

a highly specific method of downregulating DH44-R2 presence in the tubules was 

sought. The first step toward achieving this aim was to verify the previously 

reported localisation of DH44-R2 to the principal cells of the tubules (Cabrero et 

al 2002). This was assessed by crossing a DH44-R2-GAL4 driver line to a UAS-GFP 

line (see Table 2.1 for fly line details) and evaluating the expression pattern of 

the driver in the tubules via confocal microscopy (see section 2.7). These data 

indicated a specific expression pattern localised to the principal cells of the 

tubules and excluding the stellate cells (Figure 3.17), a finding that agrees with  

DH44-F labelling results (Figure 3.4). 

A Malpighian tubule principal-cell specific driver line, capaR-GAL4 (Terhzaz et al 

2012), was then used to drive expression of double-stranded RNAi against DH44-

R2 in order to specifically knock down the expression of this receptor (Figure 

3.18; see Table 2.1 for fly line details). The effect of the knockdown on fluid 

secretion was used to assess the role of DH44-R2 in fluid homeostasis (Figure 

3.19), while the effect of tubule DH44-R2 on desiccation and starvation 

tolerance was examined via survival assay (Figure 3.20). 

3.4.1 Evidence for localisation of DH44-R2 to Malpighian tubule 
principal cells 

DH44 affects fluid homeostasis by binding to DH44-R2 in the principal cells of the 

Malpighian tubule (Cabrero et al 2002). This localisation was reconfirmed by 

crossing a DH44-R2-GAL4 driver line to a UAS-GFP line and imaging the 

Malpighian tubules using confocal microscopy. GFP signal was observed in the 

main segment, but not in the initial and transitional segments of the tubules. 

Additionally, expression was not present in all tubule cells and lack of staining in 

the typical shape of stellate cells was observed (see Figure 3.17). The specificity 
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of this expression pattern indicates that expression of this gene occurs only in 

the principal cells and not in the stellate cells of the Malpighian tubules. 

 

Figure 3.17 Expression pattern of DH44-R2-GAL4 in the Malpighian tubule revealed by 

crossing to UAS-GFP. 

GFP labels principal cells (PC), but not stellate cells (SC). Scale bar indicates 25 µm. 

 

These data support published research in indicating that DH44-R2 is likely 

expressed and present only in the principal cells of the Malpighian tubules 

(Cabrero et al 2002).  

3.4.2 Knockdown of DH44-R2 in the principal cells of the 
Malpighian tubules 

DH44-R2 expression in the Malpighian tubules was knocked down via RNAi in a 

highly specific way using driver line capaR-GAL4 (Terhzaz et al 2012). CapaR is 

the receptor of the diuretic hormone capa. This line was selected as it drives 

expression in principal cells of the Malpighian tubules. As a control, capaR-GAL4 

was crossed to the ‘VDRC control line’ (see Table 2.1 for details). A RNAi line 

expressing double-stranded RNAi against DH44-R2 purchased from Bloomington 

Stock Center (Table 2.1) was crossed with the capaR-GAL4 driver and was not 

found to significantly affect DH44-R2 expression when compared to progeny of 

crosses in which each parental line was crossed to wh. This line was therefore 

not used for any further assays in this study. 
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Malpighian tubules were dissected from capaR-GAL4/UAS-DH44-R2 RNAi and 

capaR-GAL4/VDRC control flies that were 5-10 days old. RNA was extracted and 

used to synthesise cDNA. RT-PCR was performed using DH44-R2 TaqMan primer 

and probe set (spanning exons 8-9) and alpha-tubulin 84b as the endogenous 

control. Comparative CT analysis was used to calculate a fold change for DH44-R2 

expression relative to the control cross, as shown in Figure 3.18. The 

comparative CT method is described in section 2.3.2.1, as is the rationale for 

selection of statistical tests used to analyse qPCR data. 

As the expression level of DH44-R2 in the control samples was set at a value of 1 

to calculate relative expression, the relative expression values obtained for the 

experimental cross were compared to this control using a two-tailed one-sample 

Student’s t-test against a null hypothesis of 1 (i.e. no difference in expression 

levels). There was a significant difference between the null hypothesis and the 

relative expression obtained for DH44-R2 expression from the Malpighian tubules 

of cross capaR-GAL4/UAS-DH44-R2 RNAi (M = 0.395, SD = 0.104, N = 3), t(2) = 

10.11, p = 0.0097, indicating a 60% (95% CI: 35-86%) decrease in expression in 

the experimental cross progeny relative to the control cross progeny. 

 

Figure 3.18 RNAi knockdown of DH44-R2 in the principal cells of the Malpighian tubules. 

Expression of dsRNAi against DH44-R2 in the principal cells of the Malpighian tubules results in a 

60% decrease in DH44-R2 expression in the Malpighian tubules when compared to control cross 

progeny. Mean ± SEM shown, with N=3 for both genotypes. Statistical comparison was made 

using a one-sample two-tailed Student’s t-test against a null hypothesis of 1, *p<0.05. 

 

The significantly lower DH44-R2 expression in capaR-GAL4/UAS-DH44-R2 RNAi  

flies relative to the control provides evidence that the DH44-R2 RNAi 
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successfully targeted the DH44-R2 mRNA. However, as the DH44-R2 mRNA level 

was only reduced by 60% by this manipulation, it appears that the RNAi line used 

is not able to fully eliminate the DH44-R2 mRNA. Nonetheless, as an effective 

knockdown was achieved, flies with reduced DH44-R2 mRNA levels were exposed 

to assays probing the phenotypic effect of this manipulation, including secretion 

assay and survival assays. In future experiments, this knockdown could 

potentially be enhanced by driving overexpression of Dicer alongside the DH44-

R2 dsRNAi (Dietzl et al 2007). 

3.4.2.1 Knockdown of DH44-R2 in the Malpighian tubules does not affect 
secretion phenotype 

The effect of DH44-R2 knockdown in the Malpighian tubule principal cells via 

DH44-R2 RNAi on basal and DH44-stimulated fluid secretion rates was assessed. 

Malpighian tubules were dissected from capaR-GAL4/UAS-DH44-R2 RNAi and 

capaR-GAL4/VDRC control flies (see section 2.1.4). The modified Ramsay assay 

was carried out as described in section 2.9. Data were analysed statistically as 

described in section 2.9.1, where the rationale for test selection is also detailed. 

As shown in Figure 3.19A, the basal secretion rate was similar across the two 

groups and the fluid secretion rate increased to a similar extent following 

stimulation with DH44 peptide. Two-sample two-tailed Student’s t-tests were 

performed on the measurements of secretion rate for each 10-minute time 

interval. There were no significant differences between the two groups at any 

point (p > 0.05, see Table 3.8 for details). Malpighian tubule response to the two 

compounds was also compared by calculating a percentage change in secretion 

rate, as shown in Figure 3.19B. A two-sample two-tailed Student’s t-test did not 

indicate any significant difference between the groups, t(21) = 0.7053, p = 

0.4884. 



  124 
 

 

Figure 3.19 Basal and DH44-stimulated secretion rate are similar in Malpighian tubules of 

flies with DH44-R2 knockdown. 

A) DH44-stimulated secretion rates by excised Malpighian tubules are similar in control progeny 

(N=15) and in flies expressing dsRNAi against DH44-R2 (N=8) in the main segment principal cells. 

10-7 M DH44 application timepoint indicated by the arrow. Mean ± SEM shown for data pooled 

across three biological repeats. B) Secretion rates of excised Malpighian tubules increases to a 

similar extent following stimulation with 10-7 M DH44 peptide in both the control group and in flies 

with RNAi knockdown of DH44-R2 in the Malpighian tubules. 

 

Table 3.8 Two-sample two-tailed Student’s t-test analysis comparing basal and DH44-
stimulated secretion rates by Malpighian tubules of flies with DH44-R2 knockdown in the 

principal cells of the Malpighian tubules (N=8) to secretion rates by Malpighian tubules of 

control flies (N=15). 

 Baseline secretion Stimulated secretion 
Time (mins) 0-10 10-20 20-30 30-40 40-50 50-60 
t 0.5821 1.285 0.3577 1.075 0.7369 0.1462 
df 21 21 21 21 21 21 
p 0.5667 0.2127 0.7241 0.2944 0.4693 0.8852 

 

As the basal secretion rate was similar across both the control group and the 

Malpighian tubules with a DH44-R2 knockdown, it appears that DH44-R2 

knockdown did not affect fluid homeostasis under non-stimulated conditions for 

this tissue. Furthermore, the similarity in DH44-stimulated secretion rates 

between DH44-R2 knockdown and control tubules support the idea that this 

manipulation has only partially affected DH44-R2 levels (60% mRNA reduction, 

Figure 3.18) resulting in sufficient receptor expression to enable a response to 

DH44. Thus, either 40% expression level of DH44-R2 can still initiate the signalling 

cascades required to affect fluid homeostasis in response to DH44, or the 

knockdown in mRNA levels may not necessarily correspond to a significant effect 
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on DH44-R2 protein levels (Taylor et al 2013, Vogel & Marcotte 2012). DH44-R2 

protein levels following DH44-R2 knockdown could be semi-quantitatively 

assessed by labelling with DH44-F. It is possible that a more complete knockdown 

of DH44-R2 would have an effect on the ability of the Malpighian tubules to 

respond to the DH44 peptide. 

3.4.2.2 Knockdown of DH44-R2 results in increased desiccation tolerance 
and decreased starvation tolerance 

The effect of knocking down DH44-R2 in the Malpighian tubules principal cells on 

desiccation and starvation tolerance was assessed using experimental methods 

described in sections 2.8.1 and 2.8.2. The rationale for the use of the statistical 

methods applied to the survival data is detailed in section 2.8.3 along with 

further information about the individual tests and interpretation of their results, 

where applicable. The reasons for inclusion of a starvation assay alongside a 

desiccation assay are described in section 2.8.2.1. 

As shown in Figure 3.20A, knockdown of DH44-R2 expression in the main segment 

principal cells of the Malpighian tubules was found to significantly increase 

survival time during desiccation exposure. Specifically, Logrank testing indicated 

that capaR-GAL4/UAS-DH44-R2 RNAi flies (Median survival = 21 hours) survived 

significantly longer than capaR-GAL4/VDRC control (Median survival = 20 hours) 

during desiccation stress, X2(1) = 12.18, p = 0.0005. The ratio of the rate of 

death of capaR-GAL4/UAS-DH44-R2 RNAi flies relative to the rate of death of 

capaR-GAL4/VDRC control was 0.63 (95% CI: 0.48-0.82), representing a 1.6 fold 

decrease in death rate and a 5% increase in median survival time. 

Knockdown of DH44-R2 expression in the Malpighian tubules was found to 

significantly decrease survival time during starvation exposure, as shown in 

Figure 3.20B. Specifically, Logrank testing indicated that capaR-GAL4/UAS-DH44-

R2 RNAi flies (Median survival = 44 hours) survived significantly worse than 

capaR-GAL4/VDRC control (Median survival = 48 hours) during starvation stress, 

X2(1) = 10.90, p = 0.001. The ratio of the rate of death of capaR-GAL4/UAS-

DH44-R2 RNAi flies relative to the rate of death of capaR-GAL4/VDRC control 

was 1.6 (95% CI: 1.2-2.1), with a 9% lower median survival time. 
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Figure 3.20 Knockdown of DH44-R2 in Malpighian tubule principal cells affects survival 

during desiccation and starvation stress exposure. 
A) Survival of male capaR-GAL4/UAS-DH44-R2 RNAi cross progeny (N=174) exceeds that of 

progeny from control cross capaR-GAL4/VDRC control (N=155) during desiccation stress. Data are 

pooled across 5 biological repeats. B) Survival of male capaR-GAL4/UAS-DH44-R2 RNAi cross 

progeny (N=125) is worse than that of progeny from control cross capaR-GAL4/VDRC control 

(N=136) during starvation stress. Data are pooled across five biological repeats. Statistical 

comparisons were made using the Logrank test, *p<0.05. 

 

The increase in median survival during desiccation stress in DH44-R2 knockdown 

flies indicates that reduced expression, and therefore potentially reduced 

receptor protein levels, provide an advantage under these circumstances. The 

effect of the DH44-R2 knockdown on survival duration was quite modest (5%), 

which is not entirely surprising given the lack of effect that the knockdown had 

on the secretion rate of excised Malpighian tubules (Figure 3.19). The subtle 

nature of the desiccation survival phenotype may be due to insufficiency of the 

DH44-R2 knockdown (Figure 3.18). Overall, the data suggest that DH44-R2 in the 

Malpighian tubules is involved in desiccation tolerance and agree with the 

findings that knockdown or ablation of DH44 in the DH44 neurons improves 

desiccation tolerance (Figure 3.13A and Figure 3.14A). 

The shapes of the curves show a slightly larger difference between survival 

percentage in the control and DH44-R2 knockdown groups in the first 

approximately 20 hours of the assay (Figure 3.18). This might suggest that lack 

of DH44-R2 could be most advantageous prior to this timepoint. If this is a true 

effect, this could be due to DH44-R2 levels being endogenously reduced to a 

similar extent after 24 hours of desiccation exposure (58%, Figure 3.1). However, 
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replication of the assay with a more complete DH44-R2 knockdown would likely 

be better able to tease apart such subtle effects. 

Decreased survival duration during starvation stress in the flies with the DH44-R2 

knockdown in Malpighian tubules relative to control cross progeny indicates that 

reduction of expression of this receptor impairs starvation tolerance. Ablation of 

the DH44 neurons was found to improve starvation survival (Figure 3.14B), 

similarly implicating DH44 signalling in starvation tolerance. However, it is 

possible that a reduction of DH44-R2 in the tubules could cause a general 

survival disadvantage in spite of the lack of an effect on secretion rate 

phenotype in the Malpighian tubules (section 3.4.2.1). Exposure to an acute 

period of desiccation stress can impair starvation tolerance (Bubliy et al 2012); 

reduction of DH44-R2 may be one of the mechanisms used by flies to improve 

desiccation tolerance (sections 3.1 and 3.2) and this adaptation could require a 

trade off in fitness in survival of starvation stress. 

3.5 Apparent genetic variation in DH44-R2 coding of 
Drosophila laboratory strains 

RT-PCR results using primers and probes against DH44-R2 spanning exons 8-9 

yielded some unexpected results that initially appeared to suggest that the 

DH44-R2 mRNA was completely absent from certain samples. Via biological 

testing of receptor response and re-analysis of the RNA samples using DH44-R2 

primers and probes spanning exons 3-4, it became evident that DH44-R2 was 

present in the Malpighian tubules of these flies. However, no PCR product is 

observed in these samples if they are resolved on an agarose gel. Consequently, 

it seems likely that the there is genetic variability among Drosophila laboratory 

strains near to DH44-R2 exons 8-9 that interferes with the ability of the primers 

to amplify the relevant cDNA sequences. Re-analysis of mRNA samples by RT-PCR 

that indicated absence of DH44-R2 when using the exon 8-9 spanning primers 

revealed similar levels of DH44-R2 to controls when using exon 3-4 spanning 

primers for DH44-R2. 

RT-PCR analysis of Malpighian tubules capaR-GAL4/UAS-DH44-R2 RNAi flies and 

controls indicated an almost total absence of DH44-R2 transcript in the capaR-

GAL4/wh flies when using DH44-R2 primers and probes which spanned the exon 
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8-9 junction (see Figure 3.21A). Specifically, the results suggested that DH44-R2 

levels in the Malpighian tubules of capaR-GAL4/wh flies were 0.08% that of the 

control UAS-DH44-R2 RNAi/wh. The validity of this result was assessed by 

determining whether the Malpighian tubules of capaR-GAL4/wh flies were able to 

respond to DH44 peptide, which would suggest that there was indeed DH44-R2 

present in the tubules. This was tested via secretion assay. As shown in Figure 

3.21B, the tubules from capaR-GAL4/wh flies were able to respond at least as 

well as those of UAS-DH44-R2 RNAi/wh flies when challenged with DH44 peptide. 

One possible explanation for these results is that one of the DH44-R2 primers is 

not able to anneal to the appropriate template in samples from certain 

Drosophila. Another possibility is that the probe is unable to bind. However, as 

resolving the RT-PCR product on gel shows no band when the starting cDNA is 

synthesised from capaR-GAL4/wh mRNA, this suggests that the issue likely lies 

with the primer binding (Figure 3.21C). 

A similar lack of signal was observed when amplifying DH44-R2 in UAS-DH44 

RNAi/wh Malpighian tubule samples using RT-PCR primers that spanned the exon 

8-9 junction and comparing these results to those obtained from DH44-GAL4/wh 

samples (Figure 3.21D). In this case, the data suggested that the Malpighian 

tubules of UAS-DH44 RNAi/wh flies contained 0.1% of the level of DH44-R2 

transcript of tubules from DH44-GAL4/wh flies. However, re-analysis of the 

samples using a DH44-R2 primer and probe set that spans exons 3-4 revealed 

similar levels of DH44-R2 expression in the two groups (Figure 3.21E).  
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Figure 3.21 Putative genetic variability around the exon 8-9 junction in DH44-R2 mRNA 

interferes with RT-PCR amplification in some Drosophila cross progeny. 

A) RT-PCR amplification of mRNA from Malpighian tubules in flies with DH44-R2 RNAi expressed 

in the principal cells and control cross progeny indicates a DH44-R2 transcript level of 0.0008 

(mean) in capaR-GAL4/wh flies relative to control UAS-DH44-R2 RNAi/wh when the DH44-R2 

primers used span exons 8-9. B) Secretion assay indicates that capaR-GAL4/wh tubules and UAS-

DH44-R2 RNAi/wh tubules respond similarly to DH44 peptide. C) Agarose gel electrophoresis of 

PCR product amplified by RT-PCR of mRNA from Malpighian tubules in flies with DH44-R2 RNAi 

expressed in the principal cells and from control cross progeny. The genetic background of the flies 

from which tubules were extracted is indicated below the gel, while the primer pairs used for 

amplification is indicated above. Specifically, DH44-R2 primers were used to amplify the products 

resolved in the 1st, 3rd, and 5th lanes, while alpha-tubulin 84b primers were used to amplify the 

products resolved in lanes 2, 4, and 6. No product is amplified by DH44-R2 primers spanning the 

exon 8-9 junction in tubules of capaR-GAL4/wh flies, while product is amplified in these samples by 

endogenous control alpha-tubulin 84b, indicating that the samples contain mRNA. D) RT-PCR 

amplification of mRNA from Malpighian tubules in flies with DH44 RNAi expressed in the DH44 

neurons and control cross progeny indicates a DH44-R2 transcript level of 0.001 (mean) in UAS-

DH44 RNAi/wh flies relative to control DH44-GAL4/wh when the DH44-R2 primers used span exons 

8-9. E) RT-PCR amplification of mRNA from Malpighian tubules in flies with DH44 RNAi expressed 

in the DH44 neurons and control cross progeny indicates similar level of DH44-R2 transcript in 

UAS-DH44 RNAi/wh and DH44-GAL4/wh flies when the DH44-R2 primers used span exons 3-4. The 

samples used in this panel are the same as those used in part D. All graphs show mean ± SEM. 

Statistical significance is based on two-tailed one or two-sample Student’s t-test, *p<0.05. 
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Overall, these data indicate that the set of primers used in this study that span 

exons 8-9 of the DH44-R2 gene are not able to amplify product in Drosophila of 

some genotypes. It is interesting that the mRNA can be detected when using a 

primer set spanning a different set of exons. Gene expression patterns as 

assessed by microarray have been found to vary due to different genetic 

backgrounds in D. melanogaster; perhaps some of these variations may be due to 

the sequences used in the probe set (Sarup et al 2011). 

3.6 Discussion 

The primary aim of the experiments described in this chapter was to gather 

evidence regarding the role of DH44 signalling pathways in desiccation tolerance. 

This question was explored from a variety of angles, with the two main 

approaches used being to expose wild-type flies to desiccation stress and assess 

changes in components of the DH44 pathway after this event, and to manipulate 

the DH44 pathway and assess the effect that this has on survival during 

desiccation stress. Although primarily addressing this main question, the results 

also raise other new questions. 

With regards to the main question of DH44 involvement in desiccation, the results 

overall appear to implicate changes in DH44-R2 expression as a potential 

endogenous mechanism of desiccation survival. Wild-type flies were found to 

have reduced transcript levels of DH44-R2 in bodies only after 24 hours of 

desiccation and less fluorescent-labelled DH44 was bound to the principal cells of 

the Malpighian tubules after 24 hours of desiccation relative to unstressed 

controls, implying reduced receptor presence at least at the surface of these 

cells. Similarly, partially knocking down DH44-R2 in the Malpighian tubules alone 

resulted in improved survival during desiccation. Prior experiments in which 

DH44-R2 was knocked down in the entire fly, thereby including DH44-R2 in the 

brain, found an increase in sensitivity to osmotic challenge when feeding the 

flies a high-salt diet (Hector et al 2009). These results could be explained by the 

involvement of DH44-R2 in the Malpighian tubule on fluid transport as this tissue 

is involved in osmotic stress tolerance (Stergiopoulos et al 2009). The methods 

used, however, do not exclude the possibility that DH44-R2 in the brain is 

responsible for the phenotype observed as a central circuit component 

contributing to the coordination of physiological responses to osmotic stress. The 
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experiments presented here more specifically implicate DH44-R2 in the 

Malpighian tubules in desiccation stress tolerance, and therefore in the 

management of fluid homeostasis in Drosophila, by excluding brain DH44-R2 

from mRNA extractions and by driving RNAi constructs specifically in the tubules. 

Further support for this hypothesis was garnered by manipulating the neurons 

that produce DH44 in Drosophila brain. In these experiments it was found that 

either ablation or RNAi knockdown of DH44 in these neurons has the effect of 

improving survival of flies during desiccation stress. Thus, as in the DH44-R2 

experiments, it was found that decreasing the functioning of the DH44 signalling 

pathways is advantageous for desiccation survival. This further supports the 

hypothesis that downregulation of this signalling pathway could be an 

endogenous mechanism used by Drosophila to improve survival during 

desiccation stress after desiccation conditions have been detected. This is likely 

to be achieved via a decrease in fluid excretion, and therefore better fluid 

retention as a result of DH44 signalling suppression. This idea is supported by the 

finding that DH44 mutants and mutants for DH44 receptors excrete less than 

normal controls when measured in terms of numbers of waste deposits (Dus et al 

2015). 

A 58% decrease in DH44-R2 expression was observed after 24 hours of desiccation 

stress, and a trend toward reduced DH44-F binding to the Malpighian tubules was 

found after a similar period of time. This time point was chosen as it is the time 

after which typically 50% of male wild-type Drosophila have died when exposed 

to desiccation.  Although this change has been found to take place by 24 hours, 

a time course assay would clarify the timescale over which these changes take 

place. The pattern of desiccation survival in flies with a 60% DH44-R2 knockdown 

in the Malpighian tubules indicates that DH44-R2 knockdown may be most 

beneficial in the first 20 hours of the assay, as survival after 20 hours is similar 

in DH44-R2 knockdown and control flies (Figure 3.20A). This suggests that 

reduced DH44-R2 is no longer advantageous after this time point. This could 

potentially be because the extent of knockdown of DH44-R2 via RNAi (60%) is 

very similar to that which was observed to occur in wild-type flies after 24 hours 

(58%).  
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Experimental results also imply a role for the DH44 signalling pathway in 

starvation tolerance. This was not entirely unprecedented as the DH44 neurons 

also have receptors for LK, which have been shown to be involved in the 

regulation of feeding (Kahsai et al 2010). Indeed, ablation of the DH44 neurons 

resulted in increased survival during starvation exposure, while knockdown of 

DH44 expression in the DH44 neurons via RNAi did not clearly affect starvation 

tolerance. However, in spite of the apparent lack of involvement of DH44 in the 

DH44 neurons in starvation tolerance, a decrease in survival during starvation 

exposure was observed following knockdown of DH44-R2 in the Malpighian 

tubules. Consistent with these data was the finding that DH44 expression level is 

slightly increased after mild starvation exposure. These two pieces of data seem 

to imply that decreased receipt of DH44 signal to the tubules is disadvantageous 

during starvation exposure and that flies increase DH44 levels during starvation 

exposure, potentially to increase this signal strength. However, the increase in 

DH44 expression requires investigation of DH44 protein levels and peptide release 

to determine whether changes in mRNA levels result in changes in signal 

strength. If increased DH44 release contributes to starvation survival, it would be 

expected that knockdown of DH44 in the DH44 neurons would impair starvation 

survival, an effect that was not observed in this study. 

Impairment of starvation survival by DH44-R2 knockdown could potentially be 

underpinned by a reduction in food consumption due to bloating, but secretion 

assay showed the tubules of DH44-R2 knockdown flies to be similar in function to 

control flies and no evident bloating was observed. The involvement of the DH44 

neurons in starvation, however, is clearly indicated by the finding that ablation 

of these neurons greatly improves starvation survival. These neurons may be 

involved in circuitry that coordinates the physiological response to starvation, a 

finding that is perhaps consistent with the involvement of these neurons in 

nutrient sensing and the colocalisation of LKR in these neurons, a receptor that 

has been found to affect feeding behaviour (Al-Anzi et al 2010, Dus et al 2015). 

Interpretation of stress survival data for DH44-GAL4/UAS-DH44 RNAi flies and 

controls must be considered in light of the finding that male DH44-GAL4/UAS-

DH44 RNAi flies were shown to weigh less than DH44-GAL4/wh flies when wet 

weight was measured. Several studies have found a positive correlation between 

wet weight of Drosophila and survival of both desiccation and starvation stress, 
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as reviewed elsewhere (Hoffmann & Harshman 1999, Rion & Kawecki 2007, 

Telonis-Scott et al 2006). As the smaller size of the DH44-GAL4/UAS-DH44 RNAi 

flies would then confer a disadvantage during stress survival compared to DH44-

GAL4/wh flies, it would be anticipated that they would not live as long during 

stress exposure and that this would not be the case when compared to control 

cross UAS-DH44 RNAi/ wh, which was not found to differ in size from the 

experimental cross. This was indeed the case during the starvation stress assay, 

and it is possible that this small difference in weight can account for the 

improved survival of DH44-GAL4/wh compared to the two other groups. However, 

wet weight differences would not predict the greater survival of the DH44-

GAL4/UAS-DH44 RNAi flies in spite of the smaller size. Consequently, it appears 

that other factors, potentially related to DH44 peptide signalling, are involved in 

producing this phenotype. 

The finding that a 58% decrease in DH44-R2 expression in the bodies of male 

Drosophila following 24 hours of desiccation exposure does not interfere with 

the stimulation of secretion by DH44 peptide mirrors the results found when 

measuring secretion rate of Malpighian tubules from flies with a 60% knockdown 

of DH44-R2 expression in the tubules. These data collectively indicate that 

decreasing mRNA levels of DH44-R2 to this extent is not enough to interfere with 

the ability of the receptor to respond to the peptide and initiate signalling 

pathways required to induce increased secretion. Although reducing mRNA levels 

doesn’t necessarily equate to a reduction in protein levels, DH44-F labelling of 

Malpighian tubules from desiccated flies did indicate that receptor density at the 

surface of the principal cells was reduced following desiccation exposure. 

However, it seems that receptor density was still high enough in the presence of 

a saturating concentration of DH44 to trigger the cAMP signalling cascades in the 

principal cells that result in increased secretion via altered membrane potential. 

In conclusion, the results presented in this chapter provide evidence that 

suppressing the DH44 signalling pathways, either by manipulating the DH44 

neurons or by affecting the DH44-R2 in the tubules, improves desiccation 

survival. Moreover, wild-type flies show a reduction both in DH44-R2 expression 

in the body and DH44-R2 levels in the Malpighian tubules following desiccation 

exposure. These results together indicate the DH44 signalling pathway as a 

potentially important mechanism that can be used by Drosophila to respond to 
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desiccation stress in order to extend survival duration. Additionally, this study 

has provided new evidence that confirms prior findings that DH44-R2 is present 

in principal cells only (Cabrero et al 2002). The results presented here have also 

indicated that the DH44 neurons and DH44-R2 in the tubules have an effect on 

starvation. Future studies investigating these pathways could further probe the 

nature of the effect using conditional manipulations. 
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4 The role of the leucokinin receptor in 
desiccation and starvation stress tolerance 

As with the DH44 peptide, a role for the diuretic hormone leucokinin (LK) in 

desiccation tolerance can be hypothesised based on the finding that other 

diuretic hormones affect desiccation survival in Drosophila (Kahsai et al 2010, 

Soderberg et al 2011, Terhzaz et al 2012, Terhzaz et al 2015b). Furthermore, a 

role in starvation tolerance is also plausible as LK signalling is involved in the 

regulation of feeding behaviour (Al-Anzi et al 2010, Liu et al 2015). Data 

presented in section 3.3.5.2 also provide some support for this idea as ablation 

of DH44 neurons, and therefore the elimination of LKR in these neurons, had an 

effect on survival during starvation exposure, while RNAi knockdown of DH44 only 

did not have a similar effect (section 3.3.5.1). 

In order to assess whether LK signalling is involved in desiccation or starvation 

stress tolerance, a number of approaches were applied. Changes in gene 

expression of pathway component genes LK and LKR were measured after 

exposure to either desiccation or starvation stress. The involvement of LKR in 

desiccation or starvation tolerance was explored by knocking down expression of 

the receptor in a tissue-specific manner. Specifically, LKR was knocked down in 

the DH44 neurons and in the stellate cells of the Malpighian tubules, enabling the 

role of this receptor in desiccation and starvation tolerance to be separately 

assessed for each of these tissues. 

It was expected that knockdown of LKR in the DH44 neurons would replicate the 

effect of ablating these neurons by extending starvation survival. Conversely, it 

was hypothesised that knockdown of this receptor in the tubules would affect 

desiccation stress tolerance owing to a potential decrease in fluid secretion and 

that this would additionally result in a bloating phenotype. 

4.1 Starvation affects gene expression in wild-type 
Drosophila melanogaster 

Stress exposure has been found to affect the expression of the genes of 

neuropeptides and their receptors (Terhzaz et al 2015b, Zhao et al 2010). 

Consequently, it was hypothesised that LK or LKR gene expression might be 



  136 
 
affected by either desiccation or starvation stress exposure. As this study 

focuses mainly on the role of Malpighian tubule receptors for Drosophila 

neuropeptides, FlyAtlas expression data was considered to determine which 

tissues to use when assessing gene expression changes (Chintapalli et al 2007, 

Chintapalli et al 2013b). As shown in Table 4.1, LK is expressed mainly in the 

brain and thoracicoabdominal ganglion. Whole fly samples were used to probe 

these changes. As LKR is expressed in both neural (brain and thoracicoabdominal 

ganglion) and gut tissues (Malpighian tubules and hindgut), gene expression was 

assessed in bodies only. 

Table 4.1 Gene expression of LK signalling pathway in Drosophila tissues 

Table shows mRNA abundance of LK, and LKR in relevant fly tissues. Data displayed are from 

FlyAtlas (Chintapalli et al 2007) and show the mRNA signal in each sample ± SEM as well as the 

mRNA enrichment in each tissue relative to the signal detected in the whole fly. Not detected 

(ND) indicates that the Affymetrix present call indicated 0 detections out of 4 biological repeats. 

Enrichment values above 5 are highlighted in yellow, with values over 40 being indicated in red. 

Values in between these extremes are highlighted in various shades of orange. 

 
Leucokinin Leucokinin receptor 

Tissue mRNA Signal Enrichment mRNA Signal Enrichment 
Brain 165 ± 6 5.2 78 ± 2 8.1 

Thoracicoabdominal 
ganglion 1537 ± 33 47.9 108 ± 4 11.3 
Crop ND ND ND ND 
Midgut ND ND ND ND 
Tubule ND ND 348 ± 44 36.2 
Hindgut ND ND 57 ± 6 6 
Testis ND ND 6 ± 2 0.7 
Virgin spermatheca ND ND 22 ± 1 2.31 
Mated spermatheca ND ND 26 ± 3 2.78 
Whole fly 32 ± 1   9 ± 0   

 

Wild-type CS flies were exposed to either 24 hours of desiccation stress or 24 

hours of starvation stress. RNA was then extracted from either bodies (N = 3) or 

whole flies (N = 5) and used to synthesize cDNA. RT-PCR was performed on the 

samples using TaqMan probe and primer sets for LK and LKR, with alpha-tubulin 

84b as the endogenous control. Comparative CT analysis was used to calculate a 

fold change for each of the genes of interest in the two experimental conditions 

(starvation and desiccation) relative to the control condition (normally fed) as 
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shown in Figure 4.1. The comparative CT method is described in section 2.3.2.1, 

as is the rationale for selection of statistical tests used to analyse qPCR data.  

A two-tailed one-sample Student’s t-test was performed for each set of fold 

changes acquired for each gene under each of the two experimental conditions 

against a null hypothesis of a fold change of 1 (i.e. no change in expression). 

There was a significant difference between the null hypothesis and the fold 

changes obtained for LKR expression after 24 hours of starvation (M = 1.966, SD 

= 0.07917, N = 3), t(2) = 21.12, p = 0.0022, indicating a 97% (95% CI: 77-116%) 

increase in expression of LKR relative to normally fed controls. All other p values 

obtained from this analysis were greater than 0.05; these results can be found in 

Table 4.2. 

 

Figure 4.1 Fold change in RNA transcript levels of LK and LKR following 24 hours of 

starvation or desiccation in male CS flies relative to untreated controls. 

Exposure to starvation stress for 24 hours increased LKR expression in Drosophila bodies (N=3) 

by 97%, but did not alter LK expression in whole flies (N=5) . Mean ± SEM shown, with statistical 

significance based on one-sample Student’s t-test with null hypothesis of 1.0, *p<0.05 

 

Table 4.2 Two-tailed one-sample Student's t-test analysis of fold change of expression of 

genes in DH44 signalling pathway 

Statistically significant p values are highlighted in boldface red text. 

 LK LKR 
 Desiccated Starved Desiccated Starved 
t 0.2061 0.4783 0.7610 21.12 
df 4 4 2 2 
p 0.8467 0.6574 0.5261 0.0022 
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The statistically significant increase in LKR expression following starvation 

exposure for 24 hours represents a 2 fold change in expression relative to the 

unstressed controls. As the samples used to assess expression changes of this 

gene were derived from bodies only, this indicates that the changes observed in 

expression are not due to an increase of expression in the brain. This then 

suggests that LKR in the Malpighian tubules and hindgut may play a role in 

enabling Drosophila to survive starvation stress exposure. The effect of LKR 

knockdown in the Malpighian tubule on starvation tolerance further explores this 

possibility, as detailed in section 4.2.1.3. 

Changes in gene transcription have been observed to occur as early as 6 hours 

after flies are transferred to starvation conditions (Hentze et al 2015). Moreover, 

starvation periods of 18 hours induce starvation acclimation that enhances 

survival during subsequent longer bouts of starvation exposure (Bubliy et al 

2012). The increase in LKR expression after 24 hours of starvation exposure may 

therefore indicate that stress-induced gene expression is initiated significantly 

before the metabolic stress becomes fatal, which in the male D. melanogaster 

used in this study tended to begin around 35 hours after the onset of starvation. 

4.2 Role of Malpighian tubule LKR in stress tolerance 

The increase in LKR expression in wild-type Drosophila bodies following 

starvation stress exposure (section 4.1) could be due to changes in LKR 

expression in multiple tissues – Malpighian tubule and hindgut are both enriched 

for LKR transcript; the whole body samples could additionally contain some 

thoracicoabdominal ganglion where LKR transcript is also enriched, or tissues 

that normally have low levels of LKR expression could potentially increase 

expression levels under stress conditions. The role of LKR involvement in stress 

tolerance was further investigated using RNAi knockdown.  

4.2.1 Knockdown of LKR in the stellate cells of the Malpighian 
tubules 

In order to knock down LKR expression in the Malpighian tubules, a highly 

specific driver line was sought. As the receptor is localised on the basolateral 

membrane of Malpighian tubule stellate cells (Radford et al 2002), a stellate-cell 

specific driver was used, c724-GAL4 (Table 2.1) which drives expression in the 



  139 
 
stellate cells and bar-shaped cells of the initial segment of the anterior tubules 

(Sozen et al 1997). The specificity of the driver was verified by crossing the line 

to UAS-GFP. 

LKR transcript levels in the Malpighian tubules were manipulated by crossing 

c724-GAL4 flies to Drosophila with a UAS-LKR RNAi construct or to flies with an 

empty vector (VDRC control). The effectiveness of the knockdown was assessed 

by extracting RNA from dissected tubules, synthesising cDNA, and performing RT-

PCR using TaqMan primers and probe sets for LKR and alpha-tubulin 84b. 

Comparative CT analysis was used to calculate a fold change for LKR expression 

relative to the control cross. The comparative CT method is described in section 

2.3.2.1, as is the rationale for selection of statistical tests used to analyse qPCR 

data. 

As the expression level of LKR in the control samples was set at a value of 1 to 

calculate relative expression, the relative expression values obtained for the 

experimental cross were compared to this control using a two-tailed one-sample 

Student’s t-test against a null hypothesis of 1 (i.e. no difference in expression 

levels). As shown in Figure 4.2, there was a significant difference between the 

null hypothesis and the relative expression obtained for LKR expression from the 

Malpighian tubules of c724-GAL4/UAS-LKR RNAi flies (M = 0.085, SD = 0.019, N = 

3), t(2) = 82.64, p = 0.0001, indicating a 91% (95% CI: 87-96%) decrease in 

expression relative to the control. 
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Figure 4.2 RNAi knockdown of LKR in the stellate cells of the Malpighian tubules results in a 

91% decrease in LKR mRNA levels in the Malpighian tubules when compared to control 

cross progeny 

Mean ± SEM shown for three biological replicates. Statistical comparison was made using a one-

sample two-tailed Student’s t-test against a null hypothesis of 1, *p<0.05. 

 

The significant decrease in LKR transcript levels after RNAi knockdown in the 

stellate cells indicates that the approach has successfully targeted LKR mRNA. 

Moreover, as driving RNAi against LKR in only the tubule stellate cells was able 

to significantly affect overall LKR levels, it supports previous evidence that LKR 

expression in this tissue is indeed specific to the stellate cells as obtained by 

antibody binding and by labelled LK binding (Halberg et al 2015, Radford et al 

2002). 

The phenotypic effects of LKR knockdown in the stellate cells of the Malpighian 

tubules on fluid homeostasis and stress tolerance was explored by secretion 

assay (Figure 4.3), measurement of body water (Figure 4.4), and desiccation and 

starvation exposure (Figure 4.5). 

4.2.1.1 Knockdown of LKR reduces the fluid secretion response to LK 
peptide 

The effect of LKR knockdown in the Malpighian tubule stellate cells on fluid 

homeostasis was assessed using the modified Ramsay assay, as described in 

section 2.9. Data were analysed statistically as described in section 2.9.1, where 

the rationale for test selection is also detailed. 
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As shown in Figure 4.3A, the basal secretion rate was not affected by knockdown 

of LKR in the stellate cells of the Malpighian tubules, while the LK stimulated 

secretion rate was significantly impaired in c724-GAL4/UAS-LKR RNAi flies at all 

three measurement timepoints (p < 0.05; see Table 3.3 for statistical details). A 

percentage change following stimulation relative to basal secretion for each pair 

of tubules was calculated (see Figure 4.3B) and compared across groups using a 

two-sample two-tailed Student’s t-test. The secretion rate of Malpighian tubules 

from control flies following stimulation with LK was found to be 177% (SD = 

8.224) of the basal secretion rate, while the secretion rate of tubules from c724-

GAL4/UAS-LKR RNAi  flies was 131% (SD = 5.601) of basal secretion; these values 

were statistically significantly different t(34) = 4.625, p < 0.0001. 

 

Figure 4.3 Malpighian tubules of flies with LKR knockdown in the tubules have a reduced 

response to LK relative to control cross progeny. 

A) Basal secretion rates of live Malpighian tubules from control flies (N=18) and flies with LKR 

knockdown in tubule stellate cells (N=18) are similar. Secretion rate after stimulation with 10-7 M LK 

is significantly lower in LKR knockdown tubules than in control tubules. Peptide application 

timepoint indicated by the arrow. Mean ± SEM shown with data pooled across two biological 

repeats. B) Percentage change in secretion rates following LK stimulation for tubules from c724-

GAL4/UAS-LKR RNAi flies differs from those of tubules from control line. Statistical significance 

tested using unpaired two-sample two-tailed Student’s t-test, *p<0.05. 
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Table 4.3 Two-sample two-tailed Student’s t-test analysis comparing basal and LK-

stimulated secretion rates by Malpighian tubules of flies with LKR knockdown in stellate 
cells (N=18) to secretion rates by Malpighian tubules of control flies (N=18). 

Statistically significant p values are highlighted in boldface red text. 

 Baseline secretion Stimulated secretion 
Time (mins) 0-10 10-20 20-30 30-40 40-50 50-60 
LKR RNAi M 0.8793 0.8372 0.8865 1.077 1.039 1.021 
LKR RNAi SD 0.0779 0.0714 0.0855 0.1089 0.0994 0.1085 
Control M 0.8668 0.9356 0.9250 1.429 1.406 1.445 
Control SD 0.0642 0.0811 0.0649 0.0895 0.0856 0.0770 
t 0.1242 0.9105 0.3588 2.499 2.796 3.192 
df 34 34 34 34 34 34 
p 0.9019 0.3690 0.7220 0.0175 0.0085 0.0030 

 

The similarity in basal secretion rate between c724-GAL4/UAS-LKR RNAi flies and 

the control indicates that this manipulation does not affect fluid homeostasis 

under non-stimulated conditions for this tissue. The significantly lower response 

to LK peptide in c724-GAL4/UAS-LKR RNAi flies relative to the control indicates 

that the manipulation interferes with the ability of the tubule to respond to the 

LK. Based on this finding, it appears that constitutively targeting dsRNA against 

LKR using the GAL4/UAS system was effective at reducing not only transcript 

levels, but also receptor protein level and availability in the tubules. Moreover, 

these results add to the substantial body of evidence indicating that LK is the 

ligand which activates LKR in the tubule stellate cell (Halberg et al 2015, 

Radford et al 2002, Rosay et al 1997, Terhzaz et al 1999).  

4.2.1.2 LKR knockdown in the Malpighian tubules does not affect 
percentage of body water 

Inhibition of LK signalling pathways has previously been shown to result in a 

bloating phenotype of the abdomen (Liu et al 2015) and an inflated crop in the 

gut (Al-Anzi et al 2010). The phenotype observed by Liu and colleagues is 

thought to be due to an increase in hemolymph volume. This could potentially 

be due to the loss of the diuretic action of LK on the Malpighian tubule, thereby 

disrupting one of the neuropeptide signalling pathways which increase fluid 

secretion. Based on this evidence of the importance of LK signalling for fluid 

homeostasis, it was expected that knockdown of LKR in the Malpighian tubules 

would cause a build-up of fluid that could be detected as a weight difference 

and a change in the percentage of the body weight that is due to water. It was 
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also expected that this weight difference would disappear after the flies were 

killed, dried, and re-weighed, as any extra hemolymph volume would have then 

evaporated.  

Groups of 10 male or female c724-GAL4/UAS-LKR RNAi flies and c724-GAL4/VDRC 

control flies were weighed in groups both after being briefly anesthetised with 

CO2 to obtain a ‘wet weight’ and then after being killed and dried for 24 hours 

to obtain a ‘dry weight’ (section 2.10). As shown in Figure 4.4A, neither wet nor 

dry weight in either males or females was found to be different between c724-

GAL4/UAS-LKR RNAi flies and control when analysed using two-tailed two-sample 

Student’s t-tests (see Table 4.4). A percentage water for each group of ten flies 

was calculated, as shown in Figure 4.4B and also showed no statistically 

significant differences between groups in either males or females (Table 4.5). 

 

Figure 4.4 Weight measurements comparing LKR RNAi knockdown in the Malpighian 

tubules to control crosses does not indicate any differences in either females or males. 

A) Neither male (N=5) nor female (N=6) flies with genotype c724-GAL4/UAS-LKR RNAi differ in 

wet or dry weight from flies with genotype c724-GAL4/VDRC control. Mean ± SEM shown. B) Male 

and female c724-GAL4/UAS-LKR RNAI flies have a percentage body water that is similar to 

progeny of a control cross. 
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Table 4.4 Two-sample two-tailed Student’s t-test analysis of wet weight and dry weight in 

Drosophila with LKR expression knocked down in the stellate cells of the Malpighian 
tubules (Females N=6; Males N=5) compared to progeny of control cross c724-GAL4/VDRC 

control. 

Sex Females Males 
Measurement Wet weight Dry weight Wet weight Dry weight 
t 0.9325 0.8987 7.6 x 10-7 0.1690 
df 10 10 8 8 
p 0.3730 0.3899 >0.9999 0.8700 

 

Table 4.5 Two-sample two-tailed Student’s t-test analysis of percentage body water in male 

(N=5) and female (N=6) Drosophila with LKR expression knocked down in the stellate cells 
of the Malpighian tubules compared to male and female progeny of control cross c724-

GAL4/VDRC control. 

Sex Females Males 
t 0.4115 0.1785 
df 10 8 
p 0.6894 0.8628 

 

The similarity of both wet weights and percentage water of c724-GAL4/UAS-LKR 

RNAi and control flies indicates that the reduction in LKR levels in the tubules, 

which was shown to impair stimulation of secretion rate by LK (Figure 4.3), does 

not cause a bloating phenotype. This suggests that the organism is able to 

maintain fluid homeostasis, at least in terms of hemolymph volume. Several 

diuretic neuropeptides are present in Drosophila (Coast et al 2002) and the 

biogenic amine tyramine activates the same signalling cascades as LK in the 

tubule stellate cells (Cabrero et al 2013); one or more of these signalling 

pathways may be able to maintain fluid homeostasis when LKR is constitutively 

knocked down. If compensation by other signalling pathways or possibly by an 

increase in LK production or release is enabling fluid homeostasis in c724-

GAL4/UAS-LKR RNAi flies, then a conditional interference with tubule LKR could 

potentially result in fluid retention and an associated bloating phenotype.  

The similarity in dry weights of c724-GAL4/UAS-LKR RNAi and c724-GAL4/VDRC 

control progeny indicates that knocking down LKR in the tubules does not 

interfere with growth or development. 
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4.2.1.3 Knockdown of LKR affects starvation tolerance, but not desiccation 

tolerance 

The role of Malpighian tubule LKR in desiccation and starvation stress tolerance 

was investigated by exposing flies with LKR RNAi knockdown in the tubule 

stellate cells to stress survival assays using experimental methods described in 

sections 2.8.1 and 2.8.2. The rationale for the use of the statistical methods 

applied to the survival data is detailed in section 2.8.3 along with further 

information about the individual tests and interpretation of their results, where 

applicable. The role of the starvation assay as a control for desiccation exposure 

is described in section 2.8.2.1. 

An effect on desiccation survival is not unprecedented as LK is a diuretic 

hormone which acts on the Malpighian tubules and other diuretic hormone 

signalling systems have been found to affect desiccation survival (Kahsai et al 

2010, Terhzaz et al 2012, Terhzaz et al 2015b). Data presented in section 4.1 

additionally indicate a potential role for non-neural LKR in starvation survival. A 

Logrank test was used to compare experimental and control group survival for 

statistical significance. 

Knockdown of LKR mRNA levels in Malpighian tubule stellate cells did not 

significantly affect survival during desiccation exposure (Figure 4.5A), X2(1) = 

0.1108, p = 0.7393. Starvation survival differed significantly between groups, 

with c724-GAL4/UAS-LKR RNAi (Median survival = 54 hours) flies surviving for a 

significantly shorter period than c724-GAL4/VDRC control flies (Median survival = 

68 hours), X2(1) = 59.40, p < 0.0001 (Figure 4.5B). The ratio of the rate of death 

of c724-GAL4/UAS-LKR RNAi progeny relative to the rate of death of c724-

GAL4/VDRC control progeny was 3.7 (95% CI: 2.6-5.2), with a 26% lower median 

survival time. 
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Figure 4.5 LKR RNAi knockdown in Malpighian tubule stellate cell impairs survival during 

starvation stress, but not during desiccation stress. 

A) Survival of c724-GAL4/UAS-LKR RNAi flies (N=496) does not differ from that of c724-

GAL4/VDRC control flies (N=552) during desiccation stress. Data are pooled across 9 biological 

repeats. B) Survival of c724-GAL4/UAS-LKR RNAi flies (N=114) is significantly shorter than that of 

c724-GAL4/VDRC control flies (N=114) during starvation stress. Data are pooled across five 

biological repeats. Statistical comparisons were made using the Logrank test, *p<0.05. 

 

The similarity in survival between c724-GAL4/UAS-LKR RNAi flies and the control 

line does not support the hypothesis that LKR is involved in desiccation 

tolerance. This is consistent with the lack of a bloating phenotype in c724-

GAL4/UAS-LKR RNAi flies (Figure 4.4). The results could indicate that 

constitutive knockdown of LKR has induced compensatory mechanisms as other 

studies have found an effect on hemolymph volume and desiccation survival 

when manipulating LK signalling (Liu et al 2015). This possibility could be tested 

using a conditional manipulation of LKR in the Malpighian tubules.  

The significant reduction in survival during starvation stress in c724-GAL4/UAS-

LKR RNAi flies suggests that LKR in the Malpighian tubule modulates starvation 

tolerance and that significant reduction of LKR levels interferes with the ability 

of the organism to respond in an adaptive manner when food is not available. As 

interference with LK signalling pathways was previously found to induce a 

bloating phenotype in Drosophila (Liu et al 2015), it is conceivable that the 

observed reduction in starvation tolerance after manipulating tubule LKR could 

be due to a bloating-related impairment of feeding. However, as knockdown 
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flies were found to have a similar percentage body water as control flies (section 

4.2.1.2), this explanation seems unlikely.  

LK signalling has been linked to feeding (Al-Anzi et al 2010, Liu et al 2015), 

although a role for LKR in the Malpighian tubules in starvation tolerance has not 

previously been identified. A distantly related neuropeptide, tachykinin, has 

been found to be important for starvation tolerance in Drosophila (Kahsai et al 

2010). This peptide acts on the tachykinin receptor in Malpighian tubule 

principal cells, and principal-cell specific manipulation of the tachykinin 

receptor modifies survival during starvation stress (Soderberg et al 2011). 

Although the role of the Malpighian tubules in fluid homeostasis is well 

established (Dow 2013), evidence also indicates that the tubules are critically 

important for multiple processes including detoxification, immune signalling, 

and oxidative and osmotic stress (Chahine & O'Donnell 2011, Davies et al 2014, 

Davies et al 2012, Naikkhwah & O'Donnell 2011, Terhzaz et al 2010). The data 

presented here implicate the Malpighian tubule stellate cells in whole organism 

survival during dietary restriction. A possible mechanism which could underlie 

this effect is discussed in section 4.4. 

4.3 Role of LKR in the DH44-producing neurons in stress 
tolerance 

In addition to its localisation in the Malpighian tubule principal cells, LKR has 

been shown to be present in the DH44 neurons in the pars intercerebralis of the 

Drosophila brain (Cabrero et al 2002). As a role for DH44 in the DH44 neurons in 

desiccation tolerance was identified (section 3.3) and a role for the DH44 neurons 

was observed in starvation tolerance (section 3.3.5.2), the contribution of the 

LKR in these neurons to tolerance of desiccation and starvation was assessed. 

Although a role for LKR in the Malpighian tubules in starvation survival was found 

in section 4.2, LKR in the brain may have a different role, or may not be 

involved in modulating stress survival. 

4.3.1 Colocalisation of LKR to DH44-producing neurons 

Prior to manipulation of LKR in the DH44 neurons, the colocalisation of LKR and 

DH44 was reconfirmed by double-labelling adult Drosophila brains with DH44 
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antibody overnight (Cabrero et al 2002), followed by an overnight incubation 

with anti-rabbit Alexafluor goat 546. Brains were then labelled with anti-LKR 

antibody (Radford et al 2002) overnight followed by incubation with anti-rabbit 

Alexafluor goat 488 overnight. After washing in PBS, brains were mounted on 

slides and analysed using confocal microscopy. 

Colocalisation of DH44 peptide and LKR was clearly observed in the pars 

intercerebralis of the wild-type adult Drosophila brain, as shown in Figure 4.6. 

Staining using the LKR antibody alone also reveals additional staining in a medial 

dorsal area of the brain which is of much lower intensity than the six neurons in 

the pars intercerebralis (Figure 4.7). 

 
Figure 4.6 Double staining of a wild-type Drosophila brain shows that DH44 peptide and LKR 

colocalise in six neuronal cell bodies of the pars intercerebralis. 

A) Staining pattern of anti-DH44 antibody in wild-type brains. Scale bar indicates 100 µm, arrow 

indicates location of the pars intercerebralis B) Staining pattern of anti-LKR antibody in wild-type 

brains. C) Merging the DH44 and LKR staining patterns shows colocalisation to six neurons in the 

par intercerebralis.  

 

Colocalisation of DH44 and LKR indicates that the LKR is present in the DH44 

neurons, as shown previously (Cabrero et al 2002). It is therefore possible that 

the role of the DH44 neurons in starvation tolerance identified in section 3.3.5.2 

could be modulated by LKR in the DH44 neurons. 

4.3.2 Manipulation of LKR in the DH44-producing neurons via 
neuron ablation and RNAi knockdown of LKR 

LKR in the DH44-producing neurons was manipulated to assess its involvement in 

desiccation and starvation tolerance. In particular, as a significant increase in 

starvation survival duration was observed when the DH44 neurons were ablated, 

but not when DH44 was knocked down in these neurons, it was hypothesised that 
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the LKR present in these neurons could be responsible for the survival 

phenotype. The validity of the latter hypothesis was assessed first by confirming 

that LKR in the DH44 neurons was indeed eliminated by the ablation of the 

neurons. Then a LKR knockdown via RNAi expressed against LKR in the DH44 

neurons was applied and the effectiveness of the knockdown assessed. 

As LKR is expressed both in the nervous system of Drosophila and in the 

Malpighian tubules (Table 4.1), exploration of the role of this receptor in the 

DH44 neurons cannot be achieved using LKR mutants or an ubiquitous knockdown. 

Consequently, a tissue-specific RNAi approach was applied. Two UAS-LKR RNAi 

lines were crossed to the DH44-GAL4 driver (for assessment of driver line 

specificity, see section 3.3.3). Each of the parental lines was additionally 

crossed to wh to provide control cross progeny. The effectiveness of the 

knockdowns at reducing LKR in the DH44 neurons was assessed by staining adult 

brains with anti-LKR antibody and viewing via confocal microscopy (Radford et al 

2002). Images were taken of controls and experimental crosses using identical 

settings. Where this method showed differences in staining intensity, signal 

intensity was quantified (Figure 4.8). RT-PCR was additionally used to attempt 

to quantify the changes in receptor expression (Figure 4.9). 

Progeny of a cross between UAS-LKR RNAi line from Bloomington Stock Center 

(Table 2.1) and DH44-GAL4 driver line did not show any effect on LKR staining 

intensity relative to the control cross progeny. Conversely, crossing a UAS-LKR 

RNAi line from the VDRC (Table 2.1), which was also used to effectively 

knockdown LKR in the Malpighian tubules (Figure 4.3), to DH44-GAL4 was found 

to reduce the intensity of LKR staining, as shown in Figure 4.7A-B. 

LKR in the DH44 neurons was additionally manipulated by ablating the DH44 

neurons via a cross between DH44-GAL4 and UAS-reaper. As LKR is colocalised 

with DH44 in the DH44 neurons (Figure 4.6), it was anticipated that ablation of 

these neurons would abolish the specific pattern of six labelled cell bodies in the 

pars intercerebralis. This was indeed found to be the case, as shown in Figure 

4.7C. 
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Figure 4.7 Manipulation of LKR in pars intercerebralis achieved via neuronal ablation and 
RNAi knockdown of LKR. 

A) Adult Drosophila brains from DH44-GAL4/wh flies stained for LKR show clear labelling in the pars 

intercerebralis when imaged via inverted confocal microscopy. Scale bar indicates 100 µm. B) 

Progeny from the cross between DH44-GAL4 and UAS-LKR RNAi show less intense staining of 

LKR in the pars intercerebralis when viewed using identical confocal settings to part A. C) Ablation 

of DH44-producing neurons via a cross between DH44-GAL4 and UAS-reaper eliminates the pars 

intercerebralis LKR staining pattern of six neurons, while not affecting staining in the medial dorsal 

regions of the brain. 

 

The finding that DH44 neuron ablation eliminates labelling of these neurons by 

anti-LKR antibody confirms that LKR is present in the DH44 neurons. The 

reduction in anti-LKR labelling in the pars intercerebralis when RNAi was 

expressed in the DH44 neurons against LKR indicates that this method has been 

successful in partially reducing the presence of the receptor in this area of the 

brain. This is consistent with the finding that driving expression of the same 

UAS-LKR RNAi line in the stellate cells of the Malpighian tubules significantly 

reduced LKR mRNA levels in the tubules (Figure 4.2) and significantly reduced 

tubule response to LK peptide (Figure 4.3). 

The reduction in anti-LKR labelling in the pars intercerebralis observed when 

visually inspecting brains from DH44–GAL4/UAS-LKR RNAi cross progeny and DH44–

GAL4/wh progeny was semi-quantitatively analysed by quantifying mean pixel 

intensity of stained cells (Liu et al 2015). The images used to generate these 

values were taken using identical confocal microscopy settings and the brains 

used were stained in parallel. All six neurons which are typical of the staining 

pattern of LKR in the pars intercerebralis were visible in both the control and 

knockdown samples. 
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As shown in Figure 4.8, the mean pixel intensity of the control samples (M = 

81.8, SD = 10.1, N = 12) was significantly higher than that of DH44-GAL4/UAS-LKR 

RNAi flies (M = 31.3, SD = 3.87, N = 12) when compared using an unpaired two-

sample two-tailed Student’s t-test, t(22) = 4.688, p = 0.0001. 

 

Figure 4.8 Knockdown of LKR in DH44 neurons results in reduced anti-LKR 

immunocytochemical staining 
Mean pixel intensity of cells labelled with anti-LKR antibody using grayscale images in Image J is 

lower in flies with LKR knockdown (N=12) than in controls (N=12). Graph shows mean ± SEM. 

Statistical significance tested using an unpaired two-sample two-tailed Student’s t-test, *p<0.05. 

 

This data supports the results of the visual inspection, which appeared to 

indicate that there was a reduction of LKR staining intensity when the receptor 

was knocked down using RNAi. Thus, there is less LKR present in the DH44 

neurons of DH44–GAL4/UAS-LKR RNAi flies than in these neurons in DH44–GAL4/wh. 

The possibility of additionally quantifying the manipulations of LKR in the DH44 

neurons using RT-PCR was explored by first determining whether ablation of the 

DH44 neurons affected levels of LKR mRNA in head samples. As the RNAi 

knockdown was observed to be only a partial knockdown, while DH44 neuron 

ablation fully eliminated the LKR staining in the pars intercerebralis, it was 

expected that LKR mRNA levels would be more likely to be affected following 

ablation rather than following LKR RNAi knockdown. RNA from heads of DH44–

GAL4/UAS-reaper and two controls was extracted and LKR mRNA levels were 

assessed using RT-PCR. As a comparative CT approach was applied, primer and 
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probe sets for LKR and endogenous control alpha-tubulin 84b were used. The 

comparative CT method is described in section 2.3.2.1, as is the rationale for 

selection of statistical tests used to analyse qPCR data. Fold change of LKR 

expression relative to DH44–GAL4/wh heads was calculated; relative expression of 

LKR in DH44–GAL4/UAS-reaper heads was compared to DH44–GAL4/wh using a one-

sample two-tailed Student’s t-test with a null hypothesis of 1 (i.e. equal level of 

expression) and compared to UAS-reaper/wh using a two-tailed two-sample 

Student’s t-test. 

LKR levels in the heads of DH44–GAL4/UAS-reaper flies was not significantly 

different from either control (Figure 4.9). Specifically, LKR expression did not 

differ significantly from DH44–GAL4/wh, t(3) = 1.893, p = 0.15, or UAS-reaper/wh 

samples, t(6) = 0.057, p = 0.96. 

 

Figure 4.9 Ablation of DH44-producing neurons does not significantly affect mRNA levels of 

LKR in the heads of cross progeny. 

Graph shows mean ± SE of four biological replicates. 

 

As this approach was not able to identify changes even after abolition of LKR 

staining in the pars intercerebralis, it was not used to attempt to quantify 

changes in LKR expression in flies with a LKR knockdown in the DH44 neurons, as 

this was expected to have a smaller effect on overall LKR levels in the head. 
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4.3.3 LKR RNAi knockdown in the DH44 neurons affects stress 
tolerance 

As DH44  signalling via the DH44 neurons was shown in section 3.3 to be involved 

in desiccation stress, LKR that is colocalised to the DH44 neurons has a potential 

to affect fluid homeostasis by modifying DH44 neuron function. Moreover, as the 

DH44 neurons were found to affect starvation survival, it is possible that LKR in 

these neurons could have a role in starvation tolerance. 

The specific contribution of LKR in the DH44 neurons to stress tolerance was 

explored by exposing flies in which LKR expression was partially knocked down in 

the DH44 neurons (Figure 4.8) to desiccation and starvation tolerance assays 

using experimental methods described in sections 2.8.1 and 2.8.2. The rationale 

for the use of the statistical methods applied to the survival data is detailed in 

section 2.8.3 along with further information about the individual tests and 

interpretation of their results, where applicable. The role of the starvation assay 

as a control for desiccation exposure is described in section 2.8.2.1. 

As shown in Figure 4.10A, LKR knockdown in the DH44 neurons significantly 

impaired survival time during desiccation exposure. Specifically, Logrank testing 

indicated that DH44-GAL4/UAS-LKR RNAi flies (Median survival = 24 hours) 

survived for a significantly shorter period than both DH44-GAL4/wh (Median 

survival = 26 hours), X2(1) = 59.58, p < 0.0001, and wh/UAS-LKR RNAi (Median 

survival = 26 hours), X2(1) = 24.59, p < 0.0001. The ratio of the rate of death of 

DH44-GAL4/UAS-LKR RNAi flies relative to the rate of death of DH44-GAL4/wh was 

2.38 (95% CI: 1.91-2.97), with an 8% decrease in median survival time. The ratio 

of the rate of death of DH44-GAL4/UAS-DH44 RNAi flies relative to the rate of 

death of wh/UAS-LKR RNAi was 1.75 (95% CI: 1.40-2.18), with an 8% decrease in 

median survival time. 

Logrank testing also indicated statistically significant differences in survival 

during starvation stress between DH44-GAL4/UAS-LKR RNAi flies and controls 

(Figure 4.10B). Specifically, Logrank testing indicated that DH44-GAL4/UAS-LKR 

RNAi flies (Median survival = 48 hours) survived for a significantly shorter period 

than DH44-GAL4/wh (Median survival = 52 hours), X2(1) = 18.28, p < 0.0001. 

Logrank testing also identified a difference in survival between DH44-GAL4/UAS-
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LKR RNAi flies and wh/UAS-LKR RNAi (Median survival = 48 hours), X2(1) = 4.412, 

p = 0.0357. The ratio of the rate of death of DH44-GAL4/UAS-LKR RNAi flies 

relative to DH44-GAL4/wh was 1.42 (95% CI: 1.21-1.67), with an 8% decrease in 

median survival time. A hazard ratio for survival of DH44-GAL4/UAS-DH44 RNAi 

relative to wh/UAS-LKR RNAi is not reported as the survival lines cross, indicating 

that hazard is not proportional across time in this dataset. Median survival time 

was the same in these two groups. 

 

Figure 4.10 LKR RNAi knockdown in the DH44 neurons impairs survival during desiccation 

stress. 
A) Survival of male DH44-GAL4/UAS-LKR RNAi flies (N=229) is shorter than that of controls DH44-

GAL4/wh (N=260) and wh/UAS-LKR RNAi (N=210) during desiccation stress. Data is pooled across 

five biological repeats. B) Survival of male DH44-GAL4/UAS-LKR RNAi flies (N=448) differs 

significantly from that of wh/UAS-LKR RNAi (N=429), and is significantly lower than that of DH44-

GAL4/wh (N=438) during starvation stress. Data are pooled across nine biological repeats. 

Statistical comparisons were made using the Logrank test, *p<0.05 

 

The significant reduction in desiccation survival in Drosophila with LKR 

knockdown in the DH44 neurons implicates these neurons in desiccation 

tolerance. Interestingly, the direction of the effect is opposite to that observed 

when knocking down DH44 in the DH44 neurons or when ablating the neurons 

altogether (section 3.3), and contrasts with the finding that knocking down 

DH44-R2 in the Malpighian tubules improves desiccation survival (section 3.4.2.2) 

This suggests that LKR in the DH44 neurons may oppose DH44 signalling pathways 

during desiccation stress. 
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A statistically significant reduction in starvation survival for DH44-GAL4/UAS-LKR 

RNAi flies was observed relative to only one of the two control crosses. As the 

survival of LKR knockdown flies is not clearly different from both controls, the 

assay does not provide strong evidence that LKR in the DH44 neurons is involved 

in starvation tolerance. Moreover, the data clearly do not replicate the 

starvation survival phenotype observed when ablating DH44 neurons (section 

3.3.5.2). This could potentially be due to insufficiency of the LKR knockdown 

(Figure 4.7). 

4.4 Discussion 

The goal of the experiments presented in this chapter were to investigate 

whether LK signalling is involved in desiccation and starvation stress tolerance. 

Specifically, the study was designed to assess whether LK signalling via LKR in 

the DH44 neurons affects survival during stress through RNAi manipulations of LKR 

in these neurons. Contrasting these phenotypic results with those obtained by 

knocking down LKR in the Malpighian tubules highlights the tissue-specific nature 

of receptor involvement in stress tolerance. These findings are further informed 

by gene expression analysis of stress-exposed wild-type flies. The results 

presented in the chapter and considered in this discussion are summarized in 

Table 4.6. 

Table 4.6 Summary of results investigating role of LK signalling in survival of desiccation 

and starvation stress 

HR = Hazard ratio 

 Desiccation Starvation 
LK expression following stress 
exposure 

No change No change 

LKR expression following 
stress exposure 

No change 2 fold increase 

LKR knockdown in Malpighian 
tubules: survival phenotype 

No change 26% decrease median 
survival duration; 3.7 HR 

LKR knockdown in DH44 
neurons: survival phenotype 

8% decrease median 
survival duration; 
approx. 2.1 HR 

No change 

 

Evidence for the involvement of LK signalling in desiccation tolerance was 

somewhat limited. No changes in either whole fly LK expression or non-neural 
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LKR expression (i.e. body samples) were found following 24 hours of desiccation 

exposure. Consistent with these results was the finding that knockdown of LKR in 

the stellate cells of the Malpighian tubules does not affect desiccation survival. 

These results together seem to suggest that LKR in the body of flies does not 

affect desiccation tolerance, at least under the conditions used in this study. 

This is consistent with functional studies of the Malpighian tubules, in which the 

principal cells have been identified as playing an important role in stress 

signalling and survival (Davies et al 2014). The evidence for principal cell 

involvement in desiccation tolerance includes modulation of desiccation survival 

by manipulation of the DH44 (Chapter 3) and capa family signalling pathways, 

which affect fluid homeostasis through the principal cells (Terhzaz et al 2012, 

Terhzaz et al 2015b). Perhaps neuropeptide modification of secretion rate 

during desiccation is specialised to the principal cells. 

It is also possible that a role for LKR in the Malpighian tubules in desiccation 

stress tolerance could be found using other methods. In particular, constitutive 

knockdowns can yield different results from conditional manipulation, 

presumably due to the development of compensatory mechanisms (Liu et al 

2015). Although the results of the secretion assay indicated that constitutive 

knockdown of LKR in the Malpighian tubules impairs stimulation of secretion rate 

by LK peptide (section 4.2.1.1), it is possible that compensatory mechanisms 

could occur elsewhere in the organism to maintain fluid homeostasis. For 

example, it is possible that flies with LKR knockdown in the tubules might 

produce and release higher levels of LK to compensate for reduced sensitivity of 

the target tissue. Alternatively, as there are several different diuretic 

neuropeptides in Drosophila (Coast 2006), the organism may shift dependency 

away from LK signalling toward other diuretic peptides when LKR in the 

Malpighian tubules is compromised. Signalling by the biogenic amine tyramine to 

tubule stellate cells has been shown to affect intracellular calcium to a similar 

extent and thereby to increase fluid production (Cabrero et al 2013). Tyramine 

signalling could therefore have the potential to compensate for a constitutive 

reduction in LK signalling. It would be interesting to explore these questions 

further by using a conditional knockdown approach to manipulate LKR in the 

stellate cells of the Malpighian tubules. Additionally, knockdown of multiple 

diuretic neuropeptide receptors in the Malpighian tubules could have the 
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potential to uncover a synergistic effect if there is redundancy between peptides 

in desiccation stress signalling. 

LK signalling via the DH44 neurons was implicated in survival of desiccation 

stress. Specifically, knockdown of LKR in the DH44 neurons resulted in impaired 

desiccation tolerance. These results suggest that LKR modifies the signalling of 

the DH44 neurons during desiccation exposure, and may therefore indicate that 

LKR in these neurons is involved in regulating the release of DH44 peptide. 

Although LKR expression was not found to change in the bodies of Drosophila 

following desiccation, it is possible that changes in LKR expression in the brain 

could occur in response to a lack of fluid availability. Assessing changes in 

Drosophila brains following desiccation stress exposure could provide evidence 

as to whether changes in LKR levels in the brain are an endogenous mechanism 

of desiccation resistance. 

The possibility that compensatory mechanisms may modify the phenotype of 

Drosophila with LKR expression knocked down in the Malpighian tubules is not 

unlikely when considered in the context of other experiments involving 

manipulation of LK signalling. It was previously found that activation of LK 

neurons (described in section 1.3.2) results in increased excretion and 

inactivation of these neurons results in reduced secretion (Cognigni et al 2011). 

Persistent inactivation, however, resulted in a twofold increase in defecation 

rate. This indicates that persistent changes in LK signalling pathways can induce 

compensatory changes in the regulation of fluid homeostasis. The absence of a 

bloating phenotype in flies with LKR knockdown in the tubules (section 4.2.1.2) 

is somewhat surprising given prior findings that even constitutive inactivation of 

the LK neurons in Drosophila cause the abdomen to become bloated (Cognigni et 

al 2011, Liu et al 2015). This contrast seems to suggest that LK neuron 

manipulation has farther reaching consequences than preventing LK from acting 

on the Malpighian tubules. Or perhaps the LK neurons are able to compensate for 

changes in the Malpighian tubule LKR levels, while the tubules do not modify 

sensitivity to LK when neuron functionality is impaired. 

The findings of this study additionally indicate that a 91% knockdown of LKR in 

tubules is sufficient to interfere with tubule response to LK peptide. A 65% 

knockdown of capaR in the tubules was previously found to impair tubule 
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response to capa-1 diuretic peptide (Terhzaz et al 2012), although a 60% 

knockdown of DH44-R2 did not impair stimulation of secretion rate by DH44 

(section 3.4.2.1). 

As LK signalling has previously been linked to feeding (Al-Anzi et al 2010, Liu et 

al 2015), a potential role for this neuropeptide in starvation tolerance is not 

unprecedented. Somewhat unexpected, however, was the finding that LKR 

knockdown in the DH44 neurons did not affect survival during starvation, while 

knockdown of LKR in the Malpighian tubules significantly impaired starvation 

survival. Likewise expression of LKR in the bodies of Drosophila that had been 

exposed to starvation survival for 24 hours was 2-fold that of unstressed 

controls. Overall, these results indicate that non-neural LKR, including that in 

the Malpighian tubules, may be important in Drosophila for supporting survival in 

the absence of food. This then raises questions regarding how fluid secretion 

might interact with metabolism and processing of food. 

The Malpighian tubules are critical tissues not only for fluid homeostasis, but 

also for detoxification (Chung et al 2009, Davies et al 2014, Dow 2009, Terhzaz 

et al 2014). Evidence indicates that lipid metabolism in the fat body is a 

particularly crucial source of energy during starvation (Palanker et al 2009). 

Lipid mobilisation results in waste products being released into the hemolymph, 

which are then taken up by the Malpighian tubules for processing and excretion 

(Palanker et al 2009). Interference with this process by reducing the ability of 

the Malpighian tubules to increase fluid secretion, potentially in response to 

changes in hemolymph osmolarity, could affect the ability of the organism to 

mobilise energy resources. Thus, it could be interference with the role of the 

Malpighian tubule in detoxification, rather than in fluid homeostasis, that affects 

starvation tolerance when LKR is knocked down in the tubules. Moreover, the 

LKR gene has seven predicted binding sites for transcription factors (Radford et 

al 2002), thereby providing several possible sites that could be used to modify 

gene expression during stress exposure. 

The data presented in this chapter support the previously reported findings that 

LKR is colocalised to the DH44 neurons (Cabrero et al 2002), by indicating that 

LKR is certainly present on the DH44 neurons, as ablation of the DH44 neurons 

abolished LKR signal in the pars intercerebralis (section 4.3.2). Likewise, the 
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RNAi manipulation of LKR in the Malpighian tubules has provided additional 

support for previous findings of LKR function in tubule stellate cells (Halberg et 

al 2015, Radford et al 2002) as knockdown of LKR in the stellate cells alone 

decreased LKR mRNA levels in the tubules by 91% and additionally affected the 

ability of the tissue to respond to synthetic LK peptide. 

The opposing effects on desiccation tolerance observed when knocking down LKR 

or DH44 in the DH44 neurons suggests that the LKR acts in these neurons to affect 

the same signalling pathways as DH44 during desiccation. Moreover, the finding 

that ablating the neurons altogether has the same effect as knocking down DH44 

suggests that LKR plays a role upstream of DH44 signalling. Because of the 

opposing nature of the effects observed, it also seems that LKR in the DH44 

neurons acts in opposition to DH44 signalling. It seems possible that activating 

LKR in the DH44 neurons could potentially inhibit DH44 signalling, perhaps by 

suppressing DH44 synthesis, neuron firing or release of DH44 peptide.  

If LKR does act to suppress DH44 signalling via the DH44 neurons, this could 

provide an interface where diuretic neuropeptides LK and DH44 could be co-

regulated. As LK acts on stellate cells and DH44 on principal cells in the 

Malpighian tubules, these peptides could together regulate fluid secretion by 

both key secretory cell types in the Malpighian tubules. Interactions between 

neuropeptides and even classical neurotransmitters in the form of modulatory 

circuits have been proposed to occur elsewhere in the Drosophila brain (Carlsson 

et al 2010, Taghert & Nitabach 2012). DH44 and LK signalling interactions are 

explored in the following chapter. 
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5 Effect of manipulation of DH44-producing 
neurons on Malpighian tubules  

Manipulation of the DH44 neurons, which also express LKR (Cabrero et al 2002, 

Radford et al 2002) affects desiccation tolerance (section 3.3.5.1), and in the 

case of neuronal ablation, also modifies starvation tolerance (section 3.3.5.2). 

Knockdown of DH44-R2 in the principal cells of the Malpighian tubules also 

affects both desiccation and starvation survival (section 3.4.2.2) and LKR 

knockdown in the stellate cells of the tubules impairs starvation survival (section 

4.2.1.3). Thus, manipulation of the DH44 neurons could potentially influence 

desiccation or starvation tolerance by altering the abundance or functionality of 

DH44-R2 or LKR in the Malpighian tubules. Potential changes in receptor levels 

were explored by assessing gene expression of DH44-R2 and LKR in the tubules, 

while potential effects of DH44 neuron manipulation on fluid homeostasis in the 

Malpighian tubules were explored via secretion assay. 

5.1 Manipulation of DH44 neurons affects DH44-R2 gene 
expression levels in Malpighian tubules  

The effect of DH44 neuron manipulation on gene expression of DH44-R2 in the 

Malpighian tubules was assessed. RNA was extracted from sets of 80 pairs of 

tubules from DH44-GAL4/UAS-DH44 RNAi flies, DH44-GAL4/UAS-reaper flies and 

controls aged 5-10 days old. Samples were used to synthesise cDNA and TaqMan 

RT-PCR was performed using primer and probe sets detecting DH44-R2 (spanning 

exons 3-4) and alpha-tubulin 84b, the endogenous control. Comparative CT 

analysis was used to calculate a fold change for DH44-R2 relative to controls for 

each of three biological repeats. The comparative CT method is described in 

section 2.3.2.1, as is the rationale for selection of statistical tests used to 

analyse qPCR data. Relative expression of DH44-R2 in DH44-GAL4/UAS-DH44 RNAi 

and DH44-GAL4/UAS-reaper tubules was compared to DH44–GAL4/wh using a one-

sample two-tailed Student’s t-test with a null hypothesis of 1 (i.e. equal level of 

expression) and compared to either UAS-reaper/wh or UAS-DH44 RNAi/wh using a 

two-tailed two-sample Student’s t-test. 

DH44-R2 transcript level in DH44-GAL4/UAS-DH44 RNAi tubules was significantly 

higher than in both controls (Figure 5.1). Specifically, there was a significant 
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difference between the null hypothesis (comparison to DH44–GAL4/wh) and the 

relative expression level of DH44-R2 in DH44-GAL4/UAS-DH44 RNAi tubules 

(M=3.215, SD=0.4672), t(2) = 4.742, p = 0.0417, indicating a 222% increase in 

expression relative to control flies. There was also a statistically significant 

difference between DH44-R2 expression in DH44-GAL4/UAS-DH44 RNAi tubules and 

UAS-DH44 RNAi/wh (M=1.307, SD=0.1275), t(4) = 3.941, p = 0.0169, indicating a 

146% increase in expression. DH44-R2 transcript level in DH44-GAL4/UAS-reaper 

tubules did not differ significantly either from UAS-reaper/wh, t(4) = 1.442, p = 

0.2227, or from the null hypothesis (comparison to DH44–GAL4/wh), t(2) = 2.277, 

p = 0.1505. 

 

Figure 5.1 Manipulation of DH44 neurons affects mRNA levels of DH44-R2 in the Malpighian 
tubules. 

Mean ± SEM shown for three biological replicates for all genotypes. DH44-R2 expression is 

significantly increased in the Malpighian tubules following expression of RNAi against DH44 in DH44-

producing neurons. DH44-GAL4/UAS-DH44 RNAi compared to DH44-GAL4/wh  via two-tailed one-

sample Student’s t-test with null hypothesis of 1.0 and to UAS-DH44 RNAi/wh  via two-tailed two-

sample Student’s t-test, *p<0.05 

 

The increase in DH44-R2 expression in the Malpighian tubules following DH44 

knockdown in the DH44 neurons indicates that the tubules are affected by the 

neuronal manipulation. Given the finding that DH44 peptide staining is abolished 

in the pars intercerebralis of the DH44 knockdown flies, it is likely that the 

tubules receive lower levels of stimulation by DH44 than controls. The tubules 

may be increasing expression of DH44-R2 to compensate for the reduced 

strength of the DH44 signal. There is a trend towards increased DH44-R2 



  162 
 
expression in the DH44-GAL4/UAS-reaper tubules as well, although this 

difference was not significantly different from controls. The effect of these 

expression changes on receptor availability could be evaluated by labelling with 

DH44-F. 

5.2 Manipulation of DH44 neurons affects LKR gene 
expression levels in Malpighian tubules  

Gene expression changes in Malpighian tubule LKR were assessed following 

manipulation of the DH44 neurons. RNA was extracted from sets of 80 pairs of 

tubules from DH44-GAL4/UAS-DH44 RNAi flies, DH44-GAL4/UAS-reaper flies and 

controls aged 5-10 days old. Samples were used to synthesise cDNA and TaqMan 

RT-PCR was performed using primer and probe sets detecting LKR (spanning 

exons 3-4) and alpha-tubulin 84b, the endogenous control. Comparative CT 

analysis was used to calculate a fold change for LKR relative to controls for each 

of three biological repeats, as described in section 2.3.2.1. Relative expression 

of LKR was compared across samples as described in section 5.1. 

LKR transcript level in DH44-GAL4/UAS-reaper tubules was significantly lower 

than in both controls (Figure 5.2). Specifically, there was a significant difference 

between the null hypothesis (comparison to DH44–GAL4/wh) and the relative 

expression of LKR in DH44-GAL4/UAS-reaper tubules (M=0.4584, SD=0.0095), t(2) 

= 56.89, p = 0.0003, indicating a 54% decrease in expression relative to control 

flies. There was also a statistically significant difference between LKR expression 

in DH44-GAL4/UAS-DH44 RNAi tubules and UAS-reaper/wh (M=1.131, SD=0.1728), 

t(4) = 3.885, p = 0.0178, indicating a 59% decrease in expression. LKR transcript 

level in DH44-GAL4/UAS- DH44 RNAi tubules (M=0.7914, SD=0.06727) was 

statistically significantly different than UAS-DH44 RNAi/ wh (M=1.239, 

SD=0.1363), t(4) = 2.943, p = 0.0422, indicating a 36% decrease in expression 

relative to control. However, LKR transcript level in DH44-GAL4/UAS- DH44 RNAi 

tubules did not differ significantly from the null hypothesis (comparison to DH44–

GAL4/wh), t(2) = 3.101, p = 0.0901. 



  163 
 

 

Figure 5.2 Manipulation of DH44 neurons affects mRNA levels of LKR in the Malpighian 

tubules. 

Mean ± SEM shown for three biological replicates for all genotypes. LKR expression is significantly 

reduced in the Malpighian tubules following ablation of DH44 neurons or expression of RNAi against 

DH44 in DH44 neurons. DH44-GAL4/UAS-reaper were compared to DH44-GAL4/wh  via a two-tailed 

one-sample Student’s t-test with null hypothesis of 1.0 and to UAS-reaper/wh  via a two-tailed two-

sample Student’s t-test. DH44-GAL4/UAS-DH44 RNAi were compared to UAS-DH44 RNAi/wh  via a 

two-tailed two-sample Student’s t-test, *p<0.05 

 

The significant decreases in LKR expression in the Malpighian tubules following 

manipulation of the DH44 neurons indicates that the tubules are affected by the 

loss of these neurons. This effect is somewhat surprising as the DH44 neurons 

appear to release only DH44 peptide, begging the question of why LKR expression 

in the tubules might change in response to alterations in signalling by these 

neurons.  

Increased expression of LKR in the tubules in response to DH44 knockdown could 

be consistent with a general compensatory mechanism in which diuretic peptide 

signalling pathways are more heavily depended upon to maintain fluid 

homeostasis in the absence of DH44 signalling. However, as DH44 acts on principal 

cells, compensatory mechanisms by stellate cells, in which LKR is expressed, 

might not be expected. In any case, compensation would be anticipated to result 

in increased expression of diuretic peptide receptors in the Malpighian tubules. 

The data presented here show the opposite effect occurring, at least in the case 

of LK: downregulation of LKR in the tubules. Therefore the data are not 

compatible with a compensation model, and suggest that another mechanism is 

responsible for the effect observed. 
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In theory, a decrease in expression of LKR by the tubules could indicate that the 

tubules are being exposed to a higher dose of LK peptide than controls and that 

the tubules are maintaining homeostasis by reducing expression of the receptor. 

If this is the case, then this indicates a role for the DH44 neurons in regulation of 

LK release. The more subtle decrease in LKR expression in the tubules after 

knockdown of DH44 in the DH44 neurons suggests that DH44 signalling itself may be 

involved in regulating LK neurons, although the observed decrease in expression 

was only statistically significant relative to one of the controls. The presence of 

LKR on the DH44 neurons could signify the presence of a regulatory feedback loop 

controlling LK levels. 

Interestingly, this is not the only instance in which LK and DH44 signalling via the 

DH44 neurons were found to have opposite effects. In section 3.3.5.1, it was 

shown that knockdown of DH44 in the DH44 neurons improves desiccation 

tolerance, while knockdown of LKR in the DH44 neurons resulted in impaired 

desiccation survival (section 4.3.3). The first set of experiments suggests that 

LKR activation may act to inhibit signalling by the DH44 neurons, while these data 

could indicate that reduced DH44 release by the DH44 neurons is interpreted by 

the Malpighian tubules as an increase in LK signalling. 

5.3 RNAi knockdown of DH44 in DH44-producing neurons 
does not affect fluid homeostasis in Malpighian 
tubules 

Malpighian tubules were excised from flies in which DH44 expression was knocked 

down via RNAi in the DH44 neurons and from UAS-DH44 RNAi/wh flies. These were 

used to perform a fluid secretion assay, as described in section 2.9. Data were 

analysed statistically as described in section 2.9.1, where the rationale for test 

selection is also detailed. 

Three biological repeats of the assay were performed. The data from these were 

pooled together and are shown in Figure 5.3A. Two-sample two-tailed Student’s 

t-tests were performed on the measurements of secretion rate for each 10 

minute time interval to compare the values acquired from DH44-GAL4/UAS-DH44 

RNAi flies to UAS-DH44 RNAi/wh flies. No significant differences were noted at 

any time point between the groups (p > 0.05, see Table 5.1 for details). 
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Malpighian tubule response to 10-7 M DH44 stimulation was also compared by 

calculating a percentage change in secretion rate, as shown in Figure 5.3B. A 

two-sample two-tailed Student’s t-test did not indicate any significant 

difference between the groups, t(35) = 0.6967, p = 0.4906. 

 

Figure 5.3 Malpighian tubules of flies with DH44 knockdown in the DH44-producing neurons 

show a similar secretion rate to control cross progeny, both at a basal level and after 

stimulation with 10-7 M DH44 peptide. 

A) Basal secretion rate and secretion rate of excised Malpighian tubules after application of 10-7 M 

DH44 peptide is similar in DH44-GAL4/UAS-DH44 RNAi flies (N=20) and in control (N=17). 

Application timepoint of DH44 peptide is indicated by the arrow, mean ± SEM; data are pooled 

across 3 biological repeats. B) Secretion rate of excised Malpighian tubules increases to a similar 

extent following stimulation with 10-7 M DH44 in both the control group and in flies with RNAi 

knockdown of DH44 in the DH44 neurons. 

 

Table 5.1 Two-sample two-tailed Student’s t-test analysis comparing basal and DH44-

stimulated secretion rates by Malpighian tubules of flies with DH44 knockdown in DH44 

neurons (N=20) to secretion rates by Malpighian tubules of control flies (N=17). 

 Baseline secretion Stimulated secretion 
Time (mins) 0-10 10-20 20-30 30-40 40-50 50-60 
t 0.0257 0.0631 0.1185 0.3068 0.2277 0.3404 
df 35 35 35 35 35 35 
p 0.9797 0.9501 0.9063 0.7608 0.8212 0.7356 

 

Malpighian tubules of DH44-GAL4/ UAS-DH44 RNAi flies secrete similarly to 

controls in terms of basal secretion, and respond similarly to stimulation with 

DH44 peptide. The absence of a secretion phenotype might be considered 

surprising given the finding that DH44-R2 expression in the tubules is more than 

doubled in DH44 knockdown flies when compared to controls. However, 
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consistent with these results, overexpression of capaR, the receptor for another 

diuretic neuropeptide, was not found to affect fluid secretion basal rates or 

response to peptide (Terhzaz et al 2012). This receptor is found in the same cell 

type as DH44-R2 in the tubules, although downstream signalling mechanisms 

differ (section 1.2.1.1). Specifically, while the capa peptide family alters fluid 

secretion in the tubules through cGMP and Ca2+ signalling, DH44 signals via cAMP 

(Cabrero et al 2002, Davies et al 2013, Davies et al 1995). Therefore, it may be 

that the presence and activation of more receptor does not affect downstream 

signalling in the principal cells to an extent that could alter the secretion 

response. Alternatively, the results presented might indicate that the increase in 

DH44-R2 expression in DH44 knockdown flies does not correspond to an increase 

in DH44-R2 protein levels. This possibility could be investigated using DH44-F 

labelling.  

5.4 Ablation of DH44-producing neurons does not affect 
fluid homeostasis in Malpighian tubules 

Malpighian tubules were excised from flies in which the DH44 neurons were 

ablated using UAS-reaper and used to perform a fluid secretion assay with UAS-

reaper/wh used as a control. The assay was performed as in section 2.9. Data 

were analysed statistically as described in section 2.9.1, where the rationale for 

test selection is also detailed. 

Three biological repeats of the assay were performed. The data from these were 

pooled together and are shown in Figure 5.4A. Two-sample two-tailed Student’s 

t-tests were performed on the measurements of secretion rate for each 10 

minute time interval to compare the values acquired from DH44-GAL4/UAS-DH44 

RNAi flies to control flies. No significant differences were noted at any time 

point between the groups (p > 0.05, see Table 5.2 for details). Malpighian tubule 

response to 10-7 M DH44 stimulation was also compared by calculating a 

percentage change in secretion rate, as shown in Figure 5.4B. A two-sample two-

tailed Student’s t-test did not indicate any significant difference between the 

groups, t(25) = 0.1719, p = 0.8649. 
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Figure 5.4 Ablation of DH44 neurons does not affect the basal secretion rate of Malpighian 

tubules or the ability of the tubules to respond to DH44 peptide. 

A) Baseline secretion rate and secretion rate following stimulation with 10-7 M DH44 peptide are 

similar in flies with ablated DH44 neurons (N=15) and in UAS-reaper/wh (N=12), mean ± SEM; data 

were pooled across 3 biological repeats. B) Ablation of DH44 neurons does not influence the 

percentage change in secretion rate following stimulation with DH44 peptide. 

 

Table 5.2 Two-sample two-tailed Student’s t-test analysis comparing basal and DH44 -

stimulated secretion rates by Malpighian tubules of flies with DH44 neuron ablation (N=15) to 

secretion rates by Malpighian tubules of control flies (N=12). 

 Baseline secretion Stimulated secretion 
Time (mins) 0-10 10-20 20-30 30-40 40-50 50-60 
t 1.557 1.218 1.478 0.8718 1.101 1.551 
df 25 25 25 25 25 25 
p 0.1320 0.2345 0.1520 0.3916 0.2813 0.1334 

 

Malpighian tubules of DH44-GAL4/UAS-DH44 RNAi flies secrete similarly to controls 

in terms of basal secretion and respond similarly to stimulation with DH44 

peptide. These data are consistent with those discussed in section 5.3 and are 

not surprising given the finding that DH44-R2 expression is only moderately 

increased in the tubules following ablation of DH44 neurons (section 5.1). 

5.5 Discussion 

The experiments detailed in this chapter were carried out to investigate the 

interactions between the DH44 neurons and the DH44-R2 and LKR in the 

Malpighian tubules. The purpose was to explore whether these interactions exist 

and to investigate whether they have any functional consequences. Overall, the 
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results support the idea that signalling by the DH44 neurons affects the 

Malpighian tubules, as expression levels of DH44-R2 and LKR are altered by 

manipulation of the DH44 neurons. Specifically, knockdown of DH44 appears to 

have a direct effect on the tubules such that DH44-R2 expression is increased. 

Conversely, LKR expression is decreased in the tubules following DH44 

knockdown, an effect which is not clearly explainable at present, but which is 

likely related to the presence of LKR in the DH44 neurons and which suggests an 

indirect effect on LK signalling to the tubules via these neurons. The results 

could be taken to indicate that DH44 release normally has an inhibitory effect on 

LK signalling. Functionally, the changes in receptor levels were not found to 

alter basal fluid secretion rates by the tubules, and the increase in DH44-R2 

expression did not translate into any changes in the tubule secretion response to 

DH44 peptide. 

The evidence presented in this chapter complements previous experiments in 

which knockdowns of LKR and DH44 in the DH44 neurons were found to have 

opposite effects on desiccation tolerance (sections 3.3.5.1 and 4.3.3). From 

those results, it was suggested that activation of LKR in the DH44 neurons may 

inhibit DH44 release. Here, the results suggest that DH44 signalling may inhibit LK 

release. If this is indeed the case, then the interaction between the signalling 

pathways of these two diuretic neuropeptides could serve to enable coordinated 

regulation of peptide levels for both peptides. This kind of co-regulation might 

be particularly useful as LK and DH44 act to increase secretion rate via different 

cell types, thus potentially enabling coordination of a whole-tissue secretory 

response. Both LK and DH44 signalling are involved in feeding behaviour, with 

DH44 signalling being stimulated by nutrient detection and LK signalling in the 

brain being required for normal meal termination (Al-Anzi et al 2010, Dus et al 

2015). Interaction between the two might underlie the timing of the tubule 

response to a meal. 

The results presented in this chapter must also be considered in light of the 

desiccation phenotypes observed following manipulation of the DH44 neurons. 

Are these genuine results, or are the phenotypes observed due to compensatory 

changes in receptor level in the Malpighian tubules? In sections 3.3.5.1 and 

4.3.3, it was found that manipulation of the DH44 neurons, either via knockdown 

of DH44 or ablation of the neurons, resulted in improved desiccation survival. The 
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trend toward increased expression of DH44-R2 in the Malpighian tubules of these 

flies found in section 5.1 is unlikely to underlie this phenotype as lower levels of 

DH44-R2 in the Malpighian tubules were found to improve desiccation tolerance 

(section 3.4.2.2). Similarly, the decreased expression of LKR observed in the 

flies with DH44 neuron manipulations detailed in section 5.2 does not explain the 

phenotype as knockdown of LKR in the tubules was not found to affect 

desiccation survival (section 4.2.1.3).  

Ablation of DH44 neurons was found in section 3.3.5.2 to result in improved 

survival during starvation, a finding that contrasts with a significant impairment 

in starvation tolerance following knockdown of LKR in the Malpighian tubules 

(section 4.2.1.3). Based on the latter, the significant decrease in LKR expression 

in tubules following DH44 neuron ablation could be expected to result in impaired 

starvation survival. As the opposite effect was observed, it is evident that the 

starvation phenotype cannot be explained by compensatory changes in 

Malpighian tubule LKR levels. Conversely, it is possible that the compensatory 

trend toward increased DH44-R2 levels might affect the starvation phenotype as 

DH44-R2 knockdown in the tubules was found to impair starvation tolerance. 

This could be explored by assessing the effect of DH44-R2 overexpression in the 

Malpighian tubules on starvation tolerance. However, if this were true, then it 

would be expected that flies with DH44 knockdown in the DH44 neurons would 

also have improved starvation survival, which was not the case (section 3.3.5.1). 

Thus, overall, these results serve to improve confidence in the survival 

phenotypes reported elsewhere as in most cases, compensatory changes in the 

Malpighian tubule receptor expression are inconsistent with the direction of the 

phenotype observed. Moreover, the results support the existence of interaction 

between the LK and DH44 signalling pathways, although the details of this 

interaction remain to be explored. 
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6 Desiccation, starvation, and the metabolic 
pathways of Drosophila  

Desiccation stress and starvation stress have both been found to affect the levels 

of carbohydrates, lipids, and proteins in multiple Drosophila species (Marron et 

al 2003). Changes in affected proteins are not limited only to protein levels, but 

also protein structure, as desiccation stress has been associated with 

aggregation and denaturation of proteins (Prestrelski et al 1993). This might be 

partly due to shortages of water for hydrogen-bonding, leading proteins to form 

hydrogen bonds with other molecules (Hayward et al 2004). Lipid changes 

include dehydration causing membrane phospholipids to lose association with 

water, triggering changes in membrane fluidity (Crowe et al 1992). 

The metabolic effect of stress exposure on insects has recently been explored 

using metabolomics. This has revealed numerous changes in the metabolic 

content of insects in response to stress (Laye et al 2015, Mamai et al 2014, 

Michaud et al 2008, Price et al 2015). This approach offers two advantages over 

assays measuring either levels of individual compounds or overall levels of 

categories of metabolites: many metabolites can be measured using the same 

set of samples, and specific metabolites can be identified with a fair degree of 

confidence. Thus, it is possible to obtain a ‘snapshot’ of the metabolic status of 

an insect (Snart et al 2015).  

Changes in the metabolite profile of insects following desiccation have been 

explored in the Antarctic midge, Belgica antarctica, where desiccation exposure 

was found to alter levels of numerous metabolites (Michaud et al 2008, Teets et 

al 2012). Metabolic changes were also observed in Anopheles gambiae after 

exposure to dry season conditions (Mamai et al 2014). The effect of starvation 

stress on the metabolome does not seem to have been specifically examined in 

insects, although long term dietary restriction of D. melanogaster and larval 

crowding resulting in nutritional deprivation in Aedes aegypti have both been 

found to affect metabolic profile (Laye et al 2015, Price et al 2015). 

As desiccation stress was previously found to alter metabolism in D. 

melanogaster, an untargeted metabolomics approach was applied to whole 

organism samples to investigate the nature of some of these changes (section 
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6.1). As noted in section 2.8.2.1 and discussed in section 6.1.3, the desiccation 

exposure method used in this study inherently involves starvation exposure. 

Consequently, the effects on metabolite levels presented in section 6.1 could 

potentially be explained rather by lack of food than by lack of water. The 

metabolic profile of Malpighian tubules following desiccation was additionally 

explored (section 6.2) because individual D. melanogaster tissues differ 

significantly in their metabolic profiles (Chintapalli et al 2013a) and the tubules 

are a critical tissue for the maintenance of homeostasis and stress survival 

(Davies et al 2014, Davies et al 2012). This experiment included tubules of 

starved flies as a control and the results following desiccation and starvation are 

compared to draw out any effects potentially caused by lack of food rather than 

by lack of water. Both experiments should be considered exploratory in nature 

and were carried out with the intention of gaining an overall picture of the 

metabolic changes induced by desiccation. The metabolomics methods used for 

both experiments are detailed in section 2.11. 

6.1 Metabolomics of desiccation stress in the whole fly  

Sets of 30 male wild-type CS Drosophila melanogaster were placed either in 

empty vials for 24-26 hours to induce desiccation stress or in regular vials 

containing food for the same amount of time. Following stress exposure, 

metabolites were extracted from flies as described in section 2.11.1. This was 

repeated using food samples, as an additional control. As a starvation control 

was not included in this experiment, it is not possible to fully distinguish 

between metabolic changes due only to lack of water rather than due also to the 

starvation aspects inherent in the desiccation procedure (see section 2.8.2.1). 

The inclusion of food as a control, however, was useful in this initial experiment 

as a proof-of-principal for the technique and can be used to some extent to 

differentiate food-related metabolites, as discussed in section 6.1.3.  

Five biological replicates for each sample type were resolved alongside 

standards and quality control samples using hydrophilic interaction liquid 

chromatography-mass spectrometry analysis, as detailed in section 2.11.2. The 

quality control samples which were run alongside the experimental samples 

yielded consistent results, indicating that the instruments were operating 

appropriately. The intensity values achieved from the samples were high in both 
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conditions and in the food samples and consistent across replicates; total ion 

current for each sample type during positive polarity detection is shown in 

Figure 6.1. Very little was detected in the blank sample, as expected. 

 

Figure 6.1 Positive ionisation total ion current for metabolomics of whole D. melanogaster 

and Drosophila standard diet 

Five biological samples of desiccated flies, control (unstressed flies), and Drosophila food were 

resolved using hydrophilic interaction liquid chromatography-mass spectrometry analysis. Total ion 

current is consistent within sample types, and low in the blank. Units shown are arbitrary ‘relative 

abundance’ values. Abbreviations: B = blank, CWF = control whole flies, DWF = desiccated whole 

flies. 

 

Over 750 features (peaks) were identified in the sample sets, as exemplified by 

selected peaks shown in Figure 6.2. After filtering, 153 polar metabolites were 

putatively identified. Exact mass was used as the primary identifier and a cut off 

of 1.5 ppm deviation from the predicted formula mass was set (Chintapalli et al 

2013a). This stringent criteria for mass specificity excludes isobaric compounds 

from the possible metabolite identifications as isobaric compounds almost 

always differ in mass by at least 5 ppm (Watson 2013). Comparison of actual 

retention time relative to estimated retention time of compounds was used to 

predict the most likely metabolite, which is considered in this analysis as a 

‘putative identification’. Identification confidence was categorised into two 

ranks, as detailed in section 2.11.4. 
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Figure 6.2 Relative abundance peaks for metabolites resolved using LC-MS 

Chromatograms for individual metabolites showing relative signal intensity as detected by the 

Orbitrap Exactive for five replicates of three different sample types against retention time (RT) in 

minutes on the ZIC-HILIC column. A) L-Glutamate has a high relative abundance in food and is 

clearly detected in whole fly samples. B) 5,6-Dihydrouracil is detected primarily in desiccated flies, 

with some minimal abundance detected in control flies and no detection in food. C) L-Asparagine  

is relatively abundant in food and is also detected in flies. D) L-Proline is similarly abundant in 

desiccated and control flies, while relatively lower in abundance in food. 

 

Among the putatively identified metabolites, only those that were detected in at 

least three out of five biological replicates in at least one of the sample sets 

(control whole fly, desiccated whole fly, or food) were retained for further 

analysis. Following the screening process, 153 metabolites remained. A principal 

component analysis was performed on these metabolites to determine whether 

samples clustered according to type (Laye et al 2015, Michaud et al 2008). Lack 

of clustering would suggest that sample types do not differ in a systematic or 

significant way, while clustering of fly metabolic samples by sample collection 

date, for example, could indicate that conditions on the day of sampling 

influence metabolism more significantly than the stressor applied. As shown in 

Figure 6.3, samples clearly clustered into three categories, indicating that there 

are distinct features of each category of sample. In particular, the main 
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principal component, which accounts for 54.2% of variability observed across the 

samples, serves to separate the two sets of fly samples from food samples. This 

indicates that the metabolic profiles of flies differ substantially from that of 

their food, which is not at all surprising. The second principal component 

accounts for a smaller proportion of the variability, 14.8%, and separates the 

control fly samples from the desiccated fly samples. As these samples cluster 

independently without any overlap, it is clear that they differ substantially in 

their metabolic profiles, although the small proportion of variance accounted for 

by this separation indicates that they do not differ as strongly from one another 

as flies differ from food. It is also interesting to note that the control fly samples 

cluster more tightly than the desiccated fly samples, showing that variability in 

the latter set of samples is greater. 

 

Figure 6.3 Principal component analysis of metabolite profile of control and desiccated D. 

melanogaster and Drosophila standard medium 

Sample types cluster distinctly when plotted against the first and second principal components. 

Each point indicates an individual biological replicate. Abbreviations: PC1 = Principal component 1, 

PC2 = principal component 2 
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As the principal component analysis indicated that there are substantial 

differences between sample types which outweigh variability within sample sets, 

the metabolic dataset was further analysed to determine the identity of the 

metabolites that differ most significantly between sample groups. The specific 

nature of the systematic metabolite differences between desiccated and control 

flies is explored in the following section, 6.1.1, while metabolite features 

distinguishing control flies from Drosophila diet are described in 6.1.2. In both 

cases, a statistical method is applied based on two-tailed two-sample Student’s 

t-tests and controlling for errors of multiple testing by applying a False Discovery 

Rate using the Benjamini and Hochberg method (Benjamini & Hochberg 1995, 

Morrow et al 2013, Nkuipou-Kenfack et al 2014). The statistical approach used is 

further detailed and explained in section 2.11.5, while the justification for using 

the applied approach is discussed in section 1.5.6. 

6.1.1 Effect of desiccation on the whole fly metabolome 

As indicated by the principal component analysis (Figure 6.3), desiccated flies 

differ substantially in their metabolic profile from unstressed control flies. 

However, it should be noted that some of these differences may be due to the 

starvation aspects inherent in the procedure used to desiccate the flies (see 

sections 2.8.2.1 and 6.1.3). A statistical approach was applied to identify the 

most robust metabolic changes incurred by desiccation exposure. The method 

used takes into account within-group variability and compares it to between-

group variability, meaning that although it might exclude large differences if 

they are highly variable, it will select those that are most reliable. Metabolites 

selected by this method are then considered in terms of their fold change 

following desiccation. A further set of metabolites is considered in this section 

that cannot be compared statistically due to infrequent detection in either 

desiccated or control fly samples. These comparisons are not excluded from 

analysis as they can represent some of the greatest changes in metabolite 

abundance. 

Relative abundance of metabolites in the whole fly following 24 hours of 

desiccation or in unstressed controls was compared using individual two-tailed 

two-sample Student’s t-tests (i.e. without assumption of consistent standard 

deviation across metabolites). Only metabolites that were detected in at least 
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three out of five biological samples in both the stressed and unstressed 

conditions were evaluated in this way. After applying all selection criteria, 123 

metabolite abundances were compared. Statistical results were filtered by 

setting the False Discovery Rate at 5% using the Benjamini and Hochberg method 

(Benjamini & Hochberg 1995, Morrow et al 2013, Nkuipou-Kenfack et al 2014). 

This could be considered a permissive level of false positives, but the goal of this 

experiment is to gain an idea of the overall fingerprint of metabolic changes 

during desiccation stress in Drosophila, so it is advantageous to include more 

true differences at the expense of a few false ones rather than to exclude a 

large proportion of potentially interesting changes in order to reduce the 

possibility of false positives to a very low level.  

Using the statistical methods outlined above, 38 metabolites were found to 

differ in abundance between desiccated and unstressed whole fly metabolite 

samples, as detailed in Table 6.1. Raw p values are shown (i.e. without 

adjustment), with the cut-off determined by the Benjamini-Hochberg procedure. 

With a False Discovery Rate of 5%, it can be estimated that approximately 2 of 

these results are expected to be due to random scatter of data.  

Table 6.1 Relative abundance of metabolites in desiccated and unstressed whole fly 

compared using two-tailed two-sample Student’s t-tests, with False Discovery Rate set at 

5% using the Benjamini and Hochberg method. 

Degrees of freedom for statistical testing of all discoveries is 8. 

Putative 
metabolite 

Control 
WF mean 

Desiccated 
WF mean 

Difference SE of 
difference 

t 
ratio 

P value 

Betaine 48776120 9717035 39059080 1999840 19.5 <0.0001 
2-Phenyl-
acetamide 

387494 1846859 1459365 170053 8.58 <0.0001 

O-
Acetylcarnitine 

25950700 72434880 46484180 5739185 8.10 <0.0001 

Adenosine 769012 2713816 1944804 255746 7.60 <0.0001 
sn-glycero-3-
Phosphocholine 

5874373 10538310 4663933 621464 7.50 <0.0001 

5-Hydroxy-
indoleacetate 

1305405 2431307 1125901 152368 7.39 <0.0001 

Imidazole-4-
acetate 

85940 581949 496009 82291 6.03 0.0003 

5-Oxoproline 148096 1118717 970621 161520 6.01 0.0003 
Hydroxymethyl-
phosphonate 

5735 24858 19123 3201 5.97 0.0003 
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4-Guanidino-
butanoate 

181809 66122 115687 19678 5.88 0.0004 

L-Pipecolate 324586 94123 230463 40033 5.76 0.0004 
O-Acetyl-L-
homoserine 

28051 156818 128768 22484 5.73 0.0004 

L-Carnitine 108982600 88388600 20593960 3865595 5.33 0.0007 
Imidazole-4-
acetaldehyde 

15450 27421 11972 2302 5.20 0.0008 

L-Tyrosine 
methyl ester 

6935019 1597940 5337078 1042459 5.12 0.0009 

L-Leucine 898288 2364706 1466418 290821 5.04 0.0010 
L-Tyrosine 342523 147867 194656 39894 4.88 0.0012 
N-
Acetylglutamine 

42063 185290 143228 32136 4.46 0.0021 

5,6-
Dihydrouracil 

46392 391715 345323 77731 4.44 0.0022 

4-Methylene-L-
glutamine 

71511 212071 140561 31810 4.42 0.0022 

4-Trimethyl-
ammoniobutano
ate 

228409 129616 98793 23079 4.28 0.0027 

Glutathione 3238472 1383376 1855096 449981 4.12 0.0033 
3-Butynoate 1702516 3428942 1726427 422882 4.08 0.0035 
D-Alanine 16074 142373 126300 31652 3.99 0.0040 
L-Aspartate 158876 97006 61870 15829 3.91 0.0045 
Phenyl-
acetaldehyde 

14429 65249 50820 13024 3.90 0.0045 

Dopamine 1429761 450068 979693 257572 3.80 0.0052 
4-(beta-
Acetylamino-
ethyl)imidazole 

55532450 47554770 7977679 2100442 3.80 0.0053 

Homoarginine 12938 4906 8032 2158 3.72 0.0059 
(S)-1-Pyrroline-
5-carboxylate 

269032 130730 138302 37734 3.67 0.0064 

L-Glutamate 3153347 1999391 1153956 322355 3.58 0.0072 
L-Threonine 354349 651861 297512 83216 3.58 0.0072 
3-Butyn-1-ol 6256 3046 3210 905 3.55 0.0075 
4-
Hydroxyphenyl-
acetaldehyde 

141000 93353 47646 13458 3.54 0.0076 

Acetylcholine 584684 21289 563394 161465 3.49 0.0082 
N6-Acetyl-L-
lysine 

22707 60529 37822 10898 3.47 0.0084 

Adenosine 2',5'-
bisphosphate 

249888 97337 152551 46348 3.29 0.0110 

N6,N6,N6-
Trimethyl-L-
lysine 

67618 31157 36461 11467 3.18 0.0130 
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A fold change was calculated for individual metabolites by dividing mean 

relative abundance in stressed flies by mean metabolite relative abundance in 

unstressed flies, to determine which were most depleted or most enriched 

following 24 hours of desiccation. Metabolites were evenly split into the two 

categories, with 19 metabolites being enriched following desiccation and 19 

metabolites being depleted. These are displayed in Table 6.2 and Table 6.3, 

respectively. Pathway involvement information is listed in the tables and was 

acquired from Kyoto Encyclopedia of Genes and Genomes (Kanehisa et al 2014). 

The number of alternative isomers for individual masses is additionally indicated 

in metabolite tables, as identified by IDEOM software (Creek et al 2012). 

Confidence in the metabolite identification was ranked as described in section 

2.11.4, and is indicated in the tables. 

Table 6.2 Metabolites enriched in D. melanogaster following 24 hours of desiccation stress. 

Exact mass and retention time (RT) listed with the name of the most likely isomer. Fold change 

indicates abundance in desiccated flies relative to unstressed flies. 

Mass RT Name Rank Isomers 
Fold 
change Pathway 

89.0477 11.4 D-Alanine 2 8 8.86 
Amino acid 
metabolism 

114.0430 11.5 5,6-Dihydrouracil 2 7 8.44 
Nucleotide 
metabolism 

129.0427 10.3 5-Oxoproline 1 5 7.55 
Amino acid 
metabolism 

126.0429 11.3 Imidazole-4-acetate 1 1 6.77 
Amino acid 
metabolism 

161.0687 11.3 O-Acetyl-L-homoserine 1 9 5.59 
Amino acid 
metabolism 

135.0684 7.5 2-Phenylacetamide 2 3 4.77 
Amino acid 
metabolism 

120.0575 5.6 Phenylacetaldehyde 2 7 4.52 
Amino acid 
metabolism 

188.0797 10.6 N-Acetylglutamine 1 1 4.41 Unassigned 

111.9925 10.8 
Hydroxymethyl-
phosphonate 2 1 4.33 

Amino acid 
metabolism 

267.0967 9.7 Adenosine 1 2 3.53 
Nucleotide 
metabolism 

158.0691 14.5 
4-Methylene-L-
glutamine 2 1 2.97 

Carbohydrate 
metabolism 

203.1158 11.4 O-Acetylcarnitine 1 0 2.79 
Amino acid 
metabolism 

188.1161 14.0 N6-Acetyl-L-lysine 2 6 2.67 
Amino acid 
metabolism 
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131.0947 11.4 L-Leucine 1 11 2.63 
Amino acid 
metabolism 

84.0211 11.6 3-Butynoate 2 1 2.01 
Carbohydrate 
metabolism 

191.0582 11.2 5-Hydroxyindoleacetate 2 4 1.86 
Amino acid 
metabolism 

119.0583 13.6 L-Threonine 1 10 1.84 
Amino acid 
metabolism 

257.1028 13.6 
sn-glycero-3-
Phosphocholine 1 0 1.79 

Lipid 
metabolism 

110.0481 10.8 
Imidazole-4-
acetaldehyde 2 1 1.77 

Amino acid 
metabolism 

 

Table 6.3 Metabolites depleted in D. melanogaster following 24 hours of desiccation stress 
Exact mass and retention time (RT) listed with the name of the most likely isomer. Fold change 

indicates abundance in desiccated flies relative to unstressed flies. 

Mass RT Name Rank Isomers 
Fold 
change Pathway 

145.1103 15.9 Acetylcholine 1 5 0.04 
Lipid 
metabolism 

117.0790 11.6 Betaine 1 15 0.20 
Amino acid 
metabolism 

195.0896 7.4 L-Tyrosine methyl ester 2 5 0.23 
Amino acid 
metabolism 

129.0790 12.4 L-Pipecolate 2 8 0.29 
Amino acid 
metabolism 

153.0790 7.5 Dopamine 1 4 0.31 
Amino acid 
metabolism 

145.0851 14.3 4-Guanidinobutanoate 2 2 0.36 
Amino acid 
metabolism 

188.1273 20.6 Homoarginine 2 4 0.38 
Amino acid 
metabolism 

427.0295 13.8 
Adenosine 2',5'-
bisphosphate 1 5 0.39 

Nucleotide 
metabolism 

307.0838 13.1 Glutathione 1 2 0.43 
Amino acid 
metabolism 

181.0740 12.8 L-Tyrosine 1 10 0.43 
Amino acid 
metabolism 

188.1525 19.1 
N6,N6,N6-Trimethyl-L-
lysine 2 1 0.46 

Amino acid 
metabolism 

113.0477 9.8 
(S)-1-Pyrroline-5-
carboxylate 2 5 0.49 

Amino acid 
metabolism 

70.0420 14.3 3-Butyn-1-ol 2 2 0.49 
Carbohydrate 
metabolism 

145.1103 13.0 
4-Trimethylammonio-
butanoate 1 5 0.57 

Amino acid 
metabolism 
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133.0375 13.5 L-Aspartate 1 3 0.61 
Amino acid 
metabolism 

147.0531 13.4 L-Glutamate 2 13 0.63 
Amino acid 
metabolism 

136.0525 9.3 
4-Hydroxyphenyl-
acetaldehyde 2 15 0.66 

Amino acid 
metabolism 

161.1052 13.0 L-Carnitine 1 1 0.81 
Amino acid 
metabolism 

153.0902 7.8 
4-(beta-Acetylamino-
ethyl)imidazole 1 2 0.86 

Amino acid 
metabolism 

 

Twelve metabolites could not be included in the statistical analysis as they were 

not detected in at least three of the five biological replicates for both stressed 

and unstressed fly samples, as listed in Table 6.4. Including these samples would 

be unlikely to identify even large differences as the statistical power of the 

analysis would be very low. However, some of these differences, particularly 

where a metabolite is detected in all five biological replicates from one 

condition and in few or none of the replicates from the other, can represent 

some of the greatest changes in metabolite level and thusly, should not be 

excluded from consideration. 

Table 6.4 Metabolites detected reliably only in desiccated or control D. melanogaster 

Mean relative abundance of putative metabolites in control and desiccated samples. SEM was 

calculated where possible (i.e. at least two detection values). Number of detections out of sets of 

five biological replicates are indicated for both control and desiccated sample sets. 

Putative metabolite Control mean 
± SEM 

Desiccated mean 
± SEM 

Detections 
Control Desiccated 

D-Alanyl-D-alanine 20257 ± 2167  3 0 
D-Galactosamine 18417 ± 7955  3 0 
L-Arginine phosphate 63551 ± 13260 4593 ± 2398 5 2 
6-Amino-2-oxohexanoate 21445 9862 5 2 
trans-Cinnamate 1232 ± 63 1339 ± 336 4 2 
5-Aminopentanamide 2048 ± 243 2533 ± 21 4 2 
L-Lysine 1,6-lactam 4864 16956 ± 6122 1 3 
L-Lysine 123141 ± 

30859 
329227 ± 50569 2 3 

8-Methoxykynurenate 4646 11661 ± 1519 1 5 
D-Serine  8336 ± 581 0 5 
5-Aminoimidazole 23350 1336239 ± 

337216 
1 5 

6-Acetamido-2-
oxohexanoate 

8942 100792 ± 26883 1 5 
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For nine of the twelve metabolites, a fold change was calculated using the mean 

relative abundance from samples in which the metabolite was detected. 

However, two metabolites were not detected in desiccated flies despite being 

reliably detected in control samples. In these cases, it was assumed that the 

metabolite abundance was below the threshold of detection in the desiccated 

fly samples, and failure to detect the metabolite was taken as an indication that 

these samples contained lower levels of the metabolite than in the control 

samples. Due to the lack of information regarding relative abundance and the 

difficulty of estimating the threshold of detection for individual metabolites, 

these data cannot be used to calculate a fold change, but can only be used to 

give an indication of an increase or a decrease in metabolite levels. 

Among the six metabolites detected reliably only in desiccated D. melanogaster, 

all were found to increase in abundance following desiccation (Table 6.5). Of the 

six metabolites detected reliably in unstressed flies, but not in desiccated flies, 

four were found to be depleted following desiccation and two were found to 

increase slightly in abundance (Table 6.6). Confidence in the identity of 

metabolites is indicated in the tables in the rank column; the ranking categories 

used are detailed in section 2.11.4. 

Table 6.5 Relative abundance of metabolites detected reliably only following 24 hours of 

desiccation stress 

Exact mass and retention time (RT) are listed with the name of the most likely isomer. Fold change 

indicates abundance in desiccated flies relative to unstressed flies. No fold change indicates that 

the metabolite was detected only in desiccated flies. 

Mass RT Name Rank Isomers 
Fold 
change 

Pathway 

105.0426 10.6 D-Serine 2 2   
Amino acid 
metabolism 

83.0484 11.4 5-Aminoimidazole 2 1 57.23 
Nucleotide 
metabolism 

145.0739 13.6 
6-Acetamido-2-
oxohexanoate 2 5 11.27 

Amino acid 
metabolism 

128.0950 14.1 L-Lysine 1,6-lactam 2 2 3.49 
Amino acid 
metabolism 

145.0739 13.6 L-Lysine 1 7 2.67 
Amino acid 
metabolism 

219.0533 10.6 
8-
Methoxykynurenate 2 1 2.51 

Amino acid 
metabolism 
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Table 6.6 Relative abundance of metabolites detected reliably in unstressed flies, but not 

following 24 hours of desiccation stress 
Exact mass and retention time (RT) are listed with the name of the most likely isomer. Fold change 

indicates abundance in desiccated flies relative to unstressed flies. No fold change indicates that 

the metabolite was detected only in unstressed flies. 

Mass RT Name Rank Isomers 
Fold 
change 

Pathway 

160.0848 12.7 D-Alanyl-D-alanine 2 3   
Amino acid 
metabolism 

179.0793 13.6 D-Galactosamine 2 9   
Carbohydrate 
metabolism 

254.0779 14.9 
L-Arginine 
phosphate 2 0 0.07 

Amino acid 
metabolism 

187.0845 7.6 
6-Amino-2-
oxohexanoate 2 8 0.46 

Amino acid 
metabolism 

148.0525 5.0 trans-Cinnamate 2 6 1.09 
Amino acid 
metabolism 

116.0950 20.0 
5-
Aminopentanamide 2 1 1.24 

Amino acid 
metabolism 

 

6.1.1.1 Desiccation stress significantly affects multiple metabolic pathways 

Multiple metabolic pathways were significantly affected by desiccation 

exposure, although some of the changes detailed in this section may be due to 

starvation exposure, as described in section 2.8.2.1 and discussed in section 

6.1.3. Of the metabolites identified in desiccated or unstressed whole flies, the 

vast majority are components of amino acid metabolism pathways (Figure 6.4A). 

Metabolites were additionally identified that are components of other metabolic 

pathways, including nucleotide metabolism, lipid metabolism, metabolism of 

cofactors and vitamins, and carbohydrate metabolism. Three metabolites were 

identified that have not been associated with any metabolic pathways on the 

KEGG database, 6-methylaminopurine, N-acetylglutamine, and phenylhydrazine 

(Kanehisa et al 2014). Only N-acetylglutamine was found to change following 

desiccation. This metabolite increased in abundance; it is produced by adding an 

acetyl group to the amino acid glutamine. It has been found in human urine and 

is highly enriched in patients with the inborn error of metabolism involving 

aminoacylase I deficiency (Sugahara et al 1994, Van Coster et al 2005). Thus, 

although it has not been specifically placed in a metabolic pathway, it is likely 

related to amino acid metabolism. 
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Interestingly, 29% of the identified metabolites changed by at least 2-fold 

following desiccation. This suggests that overall the majority of the metabolites 

between fly samples is the same, even when faced with intensive stress 

exposure. When metabolite changes were examined in individual metabolism 

areas, the percentage of identified metabolites was found to increase or 

decrease in each metabolism area to a fairly similar extent, with the exception 

of nucleotide metabolism (Figure 6.4B). Three of the 16 identified components 

of nucleotide metabolism increased in abundance following desiccation, while 

only one was found to be decreased. The proportionally most changed metabolic 

area was carbohydrate metabolism, where 4 of the 6 identified metabolites 

changed. Amino acid metabolism was also strongly affected by desiccation 

stress, with changes in 35% of identified metabolites known to be involved in this 

metabolic pathway. These were fairly evenly split, although a higher number of 

metabolites was enriched than depleted following desiccation. There were no 

changes in any of the seven identified metabolites involved in the metabolism of 

cofactors and vitamins. Lipid metabolism was only moderately affected, with 

one metabolite of the eight identified increasing in abundance and one 

decreasing in abundance following desiccation stress. 
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Figure 6.4 Desiccation stress affects metabolite levels in multiple metabolic pathways 

A) The majority of metabolites identified in either desiccated or unstressed whole flies is involved in 

amino acid metabolism. B) Percentage of metabolites from each metabolism area enriched or 

depleted following desiccation, calculated by dividing the number of metabolites in each category 

that are either significantly higher or lower in abundance in desiccated flies by the number of 

metabolites in total identified in that category in the entire whole fly dataset. 

 

This snapshot of metabolic change following desiccation supports previous work 

in indicating that changes in lipid, protein, and carbohydrate levels occur during 

desiccation exposure (Marron et al 2003). In work by Marron and colleagues, 

desiccation over the course of 9 hours was found to result in progressively 

decreasing lipid and carbohydrate levels, as well as an initial increase in protein 

levels during the first 6 hours, followed by a slight decrease at 9 hours. In the 

present study, a much longer period of desiccation was applied (24 hours) with a 

higher percentage of relative humidity. However, in both cases, the metabolic 

profile was assessed at the point at which approximately 50% of flies had died.  

Although changes in overall metabolite levels cannot be determined using this 

dataset, the substantial changes observed in abundance of metabolites involved 

in carbohydrate metabolism support the findings that carbohydrate metabolism 

is significantly affected by desiccation. Few lipids were identified in this study, 

but changes were observed in lipid metabolism components, as in the study by 

Marron and colleagues.  
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Enrichment in amino acid and nucleotide metabolism compounds suggests that 

this metabolic area increases in activity or results in product accumulation in the 

absence of water. However, this enrichment could also be due to the starvation 

component of desiccation exposure as these products may also accumulate as 

body proteins and nucleic acids are broken down. To distinguish the relative 

contribution of starvation to this metabolic change, it would be necessary to 

include a starvation control, as described in section 2.8.2.1. Regardless, it is 

likely that it would be difficult to eliminate some of the products of metabolism 

during dehydration as excretion is decreased to conserve liquid. This could also 

indicate that proteins are being degraded and potentially metabolised during 

desiccation, possibly due to protein instability during osmotic stress or due to 

the lack of dietary protein intake. Desiccation stress is linked to osmotic stress; 

as liquid levels decrease, the concentration of molecules in the remaining water 

increases (Levis et al 2012). The osmolality of the insect hemolymph has been 

found to increase during desiccation stress (Williams & Lee 2011) and results in 

water being pulled out of cells, which can result in cell damage (Levis et al 

2012). Greatly reduced body water levels, which accompany severe desiccation, 

have also been connected with changes in cell membrane composition 

(Holmstrup et al 2002) and induce increased expression of heat shock proteins 

(Hayward et al 2004), presumably to handle denatured proteins. Thus, it is 

possible that amino acids may accumulate in whole Drosophila during 

desiccation as proteins become denatured. It is also likely that the lack of food 

has required breakdown of proteins, contributing to increased amino acid levels. 

6.1.2 Metabolite profile of Drosophila is distinct from metabolite 
source 

As unstressed D. melanogaster have unlimited access to standard Drosophila 

medium and as this substrate is their sole source of input metabolites, it could 

be possible that the metabolite profile of the flies would be highly influenced by 

the metabolites present in their food. To test for this possibility, the metabolic 

profile of Drosophila medium, the recipe for which is detailed in Materials and 

Methods, was acquired and compared to the metabolic profile of unstressed 

whole flies. This assay was run in parallel with that discussed in section 6.1.1 

and the unstressed whole fly samples used in this analysis are the same samples 

which were contrasted with the metabolomic profile of desiccated flies. 
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After applying the filtering rubric described in section 6.1.1 to the metabolite 

profiles of whole unstressed D. melanogaster and Drosophila medium, 105 

metabolites remained that were reliably detected (meaning that the metabolite 

was detected in at least three of the five biological replicates) across both 

sample types. There were a further 39 metabolites that were only detected 

reliably in one sample type. 

The set of 105 reliably detected metabolites was statistically compared as 

detailed and explained in section 2.11.5. The justification for using the selected 

tests is discussed in section 1.5.6. Briefly, relative abundance of metabolites was 

compared using individual two-tailed two-sample multiple t-tests. The False 

Discovery Rate was set relatively conservatively at 1% using the Benjamini and 

Hochberg method, as the purpose of the analysis was to determine whether the 

metabolite content of the samples was broadly similar or broadly different, so it 

was desirable to limit the number of false positives permitted by the analysis. 

The result of this test was that 69 of the metabolites were deemed to differ in 

abundance between Drosophila and Drosophila medium, as detailed in Table 

6.7. 

Table 6.7 Relative abundance of metabolites in Drosophila standard diet and unstressed 

whole fly compared using two-tailed two-sample Student’s t-tests, with False Discovery 

Rate set at 1% using the Benjamini and Hochberg method. 

Putative 
metabolite 

Control 
mean 

Food 
mean 

Difference SE of 
difference 

t ratio df P value 

4-(beta-
Acetylamino-
ethyl)-
imidazole 

55532450 19550 55512900 1229366 45.16 8 <0.0001 

Methyl-
imidazole-
acetic acid 

1949 13773 11825 192 61.71 7 <0.0001 

O-Acetyl-
carnitine 

25950700 38352 25912350 631932 41.01 8 <0.0001 

L-Carnitine 108982600 1512028 107470500 3024548 35.53 8 <0.0001 
Xanthurenic 
acid 

6098079 4423 6093656 210994 28.88 8 <0.0001 

N(pi)-Methyl-L-
histidine 

12899570 73279 12826300 578329 22.18 8 <0.0001 

Choline 
phosphate 

60522920 1011789 59511130 3063404 19.43 8 <0.0001 

Nicotinamide 343909 3580728 3236819 187716 17.24 8 <0.0001 



  187 
 
Hypoxanthine 1554895 49152 1505743 100996 14.91 8 <0.0001 
(S)-1-
Pyrroline-5-
carboxylate 

269032 31914 237118 16380 14.48 8 <0.0001 

L-Histidine 25184650 781368 24403280 1711768 14.26 8 <0.0001 
L-Proline 54969030 2212052

0 
32848510 2614851 12.56 8 <0.0001 

7-
Methyladenine 

1809414 7081 1802333 148334 12.15 8 <0.0001 

Imidazole-4-
acetaldehyde 

15450 270298 254848 21377 11.92 8 <0.0001 

2-Phenyl-
acetamide 

387494 61058 326436 27980 11.67 8 <0.0001 

Cytosine 193665 48933 144732 12728 11.37 8 <0.0001 
3-Amino-3-(4-
hydroxy-
phenyl)-
propanoate 

9876 142388 132513 11660 11.36 8 <0.0001 

2,3-Dihydroxy-
indole 

144398 12418 131980 11873 11.12 8 <0.0001 

4-Hydroxy-
phenylacetald
ehyde 

141000 8306 132693 13148 10.09 8 <0.0001 

Isopyridoxal 9950 53984 44035 4560 9.66 8 <0.0001 
3,4-Dihydroxy-
phenyl-
acetaldehyde 

1655 15308 13653 1438 9.50 8 <0.0001 

L-Methionine 1242532 177482 1065050 112570 9.46 8 <0.0001 
Betaine 48776120 8892901

0 
40152900 4329275 9.27 8 <0.0001 

Adenine 276495 1807865 1531370 167503 9.14 8 <0.0001 
Indoxyl 2647 11172 8526 956 8.91 8 <0.0001 
Glutathione 3238472 22436 3216036 321479 10.00 7 <0.0001 
Choline 5992200 1868825

0 
12696050 1466885 8.66 8 <0.0001 

Piperideine 77007 2393870 2316863 278850 8.31 8 <0.0001 
L-Pipecolate 324586 7764506 7439919 896443 8.30 8 <0.0001 
2,3,4,5-
Tetrahydro-
pyridine-2-
carboxylate 

61871 15298 46574 5683 8.20 8 <0.0001 

L-Glutamine 9375278 1111404 8263874 1075609 7.68 8 0.0001 
sn-glycero-3-
Phospho-
choline 

5874372 3076292
0 

24888550 3332920 7.47 8 0.0001 

AMP 2985102 423474 2561628 347413 7.37 8 0.0001 
L-Tyrosine 
methyl ester 

6935018 109434 6825584 952831 7.16 8 0.0001 

Adenosine 769012 9323396 8554385 1196553 7.15 8 0.0001 
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Imidazole-4-
acetate 

85940 49731 36209 5233 6.92 8 0.0001 

6-Methyl-
aminopurine 

1973 31658 29685 4351 6.82 8 0.0001 

L-Alanine 4621750 597103 4024647 590622 6.81 8 0.0001 
3-Butynoate 1702516 39593 1662923 244433 6.80 8 0.0001 
5-Hydroxy-
indoleacetate 

1305405 6835 1298570 151674 8.56 6 0.0001 

2-
Oxobutanoate 

10184 15036 4852 716 6.77 8 0.0001 

6-Amino-2-
oxohexanoate 

21445 55659 34214 5255 6.51 8 0.0002 

Benzoate 2809 6570 3761 597 6.30 8 0.0002 
D-Alanine 16074 140276 124202 20613 6.03 8 0.0003 
Riboflavin 44833 1810 43023 5955 7.22 6 0.0004 
N-Acetyl-
glutamine 

42063 3939 38123 5559 6.86 6 0.0005 

Homoarginine 12938 138490 125552 22171 5.66 8 0.0005 
L-Methionine 
S-oxide 

4627536 54981 4572555 810937 5.64 8 0.0005 

Dopamine 1429761 86603 1343157 240006 5.60 8 0.0005 
Phenylacetic 
acid 

2233200 26303 2206898 396746 5.56 8 0.0005 

Phosphono-
acetaldehyde 

268697 28717 239980 43448 5.52 8 0.0006 

Butanoic acid 53755 23622 30133 5468 5.51 8 0.0006 
4-Acetamido-
butanoate 

4602 32769 28167 5305 5.31 8 0.0007 

Purine 6439 2829 3610 570 6.33 6 0.0007 
4,8-Dihydroxy-
quinoline 

21874 3754 18120 3649 4.97 8 0.0011 

4-Imidazolone-
5-propanoate 

6493 369637 363144 77136 4.71 8 0.0015 

4,6-Dihydroxy-
quinoline 

80712 5352 75360 16039 4.70 8 0.0015 

4-Guanidino-
butanoate 

181809 2061238 1879429 406007 4.63 8 0.0017 

L-Lysine 1,6-
lactam 

18616 42370 23754 5154 4.61 8 0.0017 

5,6-Dihydroxy-
indole 

58077 22292 35785 7800 4.59 8 0.0018 

(Z)-4-Hydroxy-
phenyl-
acetaldehyde-
oxime 

48680 143505 94826 20921 4.53 8 0.0019 

Guanine 306905 210965 95940 21511 4.46 8 0.0021 
L-Nor-
metanephrine 

90077 16081 73996 16871 4.39 8 0.0023 
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5-Oxo-
pentanoate 

1926 844 1082 255 4.25 8 0.0028 

L-Histidinal 2105 16298 14193 3220 4.41 7 0.0031 
Phenyl-
acetaldehyde 

14429 25962 11533 2793 4.13 8 0.0033 

N6,N6,N6-
Trimethyl-L-
lysine 

67618 454777 387159 96235 4.02 8 0.0038 

Indole 317478 162323 155155 40499 3.83 8 0.0050 
D-Alanyl-D-
alanine 

20257 158826 138569 34058 4.07 6 0.0066 

 

Of the metabolites which were found to differ, 29 of these were enriched in 

food (Table 6.8), while the remaining 40 metabolites had a lower relative 

abundance in food than in D. melanogaster whole fly samples (Table 6.9). An 

enrichment value for each metabolite was calculated by dividing mean relative 

abundance in Drosophila standard diet by mean abundance in unstressed flies. 

Confidence in the identity of metabolites is indicated in the tables in the rank 

column; the ranking categories used are detailed in section 2.11.4. 

Table 6.8 Metabolites enriched in Drosophila medium relative to D. melanogaster 

Exact mass and retention time (RT) are listed with the name of the most likely isomer. Enrichment 

indicates abundance in food relative to unstressed flies. 

Mass RT Name Rank 
Iso-
mers 

Enrich
ment Pathway 

156.0534897 10.98 
4-Imidazolone-5-
propanoate 2 3 56.93 

Amino Acid 
Metabolism 

83.07351307 12.68 Piperideine 2 3 31.09 
Amino Acid 
Metabolism 

129.0790116 12.40 L-Pipecolate 2 8 23.92 
Amino Acid 
Metabolism 

110.048071 10.81 
Imidazole-4-
acetaldehyde 2 1 17.50 

Amino Acid 
Metabolism 

149.0701189 8.05 
6-
Methylaminopurine 2 4 16.05 Unknown 

181.0739999 7.34 

3-Amino-3-(4-
hydroxyphenyl)-
propanoate 2 10 14.42 

Amino Acid 
Metabolism 

267.0967386 9.66 Adenosine 1 2 12.12 
Nucleotide 
Metabolism 

145.085105 14.27 
4-Guanidino-
butanoate 2 2 11.34 

Amino Acid 
Metabolism 

188.1272714 20.63 Homoarginine 2 4 10.70 
Amino Acid 
Metabolism 
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122.0480414 7.43 Nicotinamide 2 3 10.41 

Metabolism 
of Cofactors 
and 
Vitamins 

152.0472903 4.88 

3,4-Dihydroxy-
phenyl-
acetaldehyde 2 24 9.25 

Amino Acid 
Metabolism 

89.04770451 11.41 D-Alanine 2 8 8.73 
Amino Acid 
Metabolism 

160.0847796 12.73 D-Alanyl-D-alanine 2 3 7.84 
Amino Acid 
Metabolism 

139.0745703 8.27 L-Histidinal 2 2 7.74 
Amino Acid 
Metabolism 

145.0739106 9.53 
4-Acetamido-
butanoate 2 8 7.12 

Amino Acid 
Metabolism 

140.0585567 9.95 
Methylimidazole-
acetic acid 2 6 7.07 

Amino Acid 
Metabolism 

188.1524518 19.15 
N6,N6,N6-
Trimethyl-L-lysine 2 1 6.73 

Amino Acid 
Metabolism 

135.0545473 10.16 Adenine 1 0 6.54 
Nucleotide 
Metabolism 

167.0582933 12.20 Isopyridoxal 2 8 5.43 

Metabolism 
of Cofactors 
and 
Vitamins 

257.1028521 13.60 
sn-glycero-3-
Phosphocholine 1 0 5.24 

Lipid 
Metabolism 

133.0527497 12.34 Indoxyl 2 6 4.22 
Amino Acid 
Metabolism 

103.0997071 20.08 Choline 1 0 3.12 
Amino Acid 
Metabolism 

151.0633549 8.31 

(Z)-4-
Hydroxyphenyl-
acetaldehyde-
oxime 2 16 2.95 

Amino Acid 
Metabolism 

145.0739224 13.58 
6-Amino-2-
oxohexanoate 2 8 2.60 

Amino Acid 
Metabolism 

122.0367885 5.13 Benzoate 2 5 2.34 
Amino Acid 
Metabolism 

128.0949645 13.01 
L-Lysine 1,6-
lactam 2 2 2.28 

Amino Acid 
Metabolism 

117.0789853 11.64 Betaine 1 15 1.82 
Amino Acid 
Metabolism 

120.0575421 5.69 
Phenyl-
acetaldehyde 2 7 1.80 

Amino Acid 
Metabolism 

102.0316985 10.89 2-Oxobutanoate 2 7 1.48 
Amino Acid 
Metabolism 
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Table 6.9 Metabolites low in abundance in Drosophila medium relative to D. melanogaster 

Exact mass and retention time (RT) are listed with the name of the most likely isomer. Enrichment 

indicates abundance in food relative to unstressed flies. 

Mass RT Name Rank 
Iso-
mers 

Enrich
ment Pathway 

153.0902043 7.79 

4-(beta-Acetyl-
aminoethyl)-
imidazole 1 2 0.0004 

Amino Acid 
Metabolism 

205.0375758 10.45 Xanthurenic acid 2 1 0.001 
Amino Acid 
Metabolism 

203.1158034 11.43 O-Acetylcarnitine 1 0 0.001 
Amino Acid 
Metabolism 

149.0701668 14.24 7-Methyladenine 2 4 0.004 
Nucleotide 
Metabolism 

191.0582397 11.27 
5-Hydroxy-
indoleacetate 2 4 0.01 

Amino Acid 
Metabolism 

169.0850918 12.44 
N(pi)-Methyl-L-
histidine 1 4 0.01 

Amino Acid 
Metabolism 

307.0838331 13.06 Glutathione 1 2 0.01 
Amino Acid 
Metabolism 

136.0524836 7.24 Phenylacetic acid 2 15 0.01 
Amino Acid 
Metabolism 

165.0459709 12.71 
L-Methionine S-
oxide 2 3 0.01 

Amino Acid 
Metabolism 

161.1051846 12.99 L-Carnitine 1 1 0.01 
Amino Acid 
Metabolism 

195.0896182 7.39 
L-Tyrosine methyl 
ester 2 5 0.02 

Amino Acid 
Metabolism 

183.0661009 13.67 Choline phosphate 1 0 0.02 
Lipid 
Metabolism 

84.02113415 11.61 3-Butynoate 2 1 0.02 
Carbohydrate 
Metabolism 

155.0694982 13.91 L-Histidine 1 4 0.03 
Amino Acid 
Metabolism 

136.0385378 11.21 Hypoxanthine 1 2 0.03 
Nucleotide 
Metabolism 

376.1383014 9.22 Riboflavin 1 1 0.04 

Metabolism 
of Cofactors 
and Vitamins 

136.0524917 9.27 
4-Hydroxy-
phenylacetaldehyde 2 15 0.06 

Amino Acid 
Metabolism 

153.0789796 7.52 Dopamine 1 4 0.06 
Amino Acid 
Metabolism 

161.0476401 8.78 
4,6-
Dihydroxyquinoline 2 6 0.07 

Amino Acid 
Metabolism 

149.04768 11.22 2,3-Dihydroxyindole 2 7 0.09 
Amino Acid 
Metabolism 

188.0796961 10.56 N-Acetylglutamine 2 1 0.09 Unknown 

123.9926044 13.63 
Phosphono-
acetaldehyde 2 0 0.11 

Amino Acid 
Metabolism 

146.0691284 13.98 L-Glutamine 2 5 0.12 
Amino Acid 
Metabolism 

113.0477368 9.66 
(S)-1-Pyrroline-5-
carboxylate 2 5 0.12 

Amino Acid 
Metabolism 
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89.04769804 14.17 L-Alanine 1 8 0.13 
Amino Acid 
Metabolism 

347.0630677 12.57 AMP 1 6 0.14 
Nucleotide 
Metabolism 

149.0510923 11.73 L-Methionine 1 4 0.14 
Amino Acid 
Metabolism 

135.0684509 7.5 2-Phenylacetamide 2 3 0.16 
Amino Acid 
Metabolism 

161.0476045 6.65 
4,8-
Dihydroxyquinoline 2 6 0.17 

Amino Acid 
Metabolism 

183.0895607 6.15 L-Normetanephrine 2 2 0.18 
Amino Acid 
Metabolism 

127.063321 6.61 

2,3,4,5-
Tetrahydropyridine-
2-carboxylate 2 6 0.25 

Amino Acid 
Metabolism 

111.0432725 12.04 Cytosine 1 0 0.25 
Nucleotide 
Metabolism 

149.0477148 6.69 5,6-Dihydroxyindole 2 7 0.38 
Amino Acid 
Metabolism 

115.0633622 12.77 L-Proline 1 3 0.4 
Amino Acid 
Metabolism 

116.0473142 15.85 5-Oxopentanoate 2 8 0.44 
Amino Acid 
Metabolism 

120.0436185 10.91 Purine 2 0 0.44 
Nucleotide 
Metabolism 

88.05242781 7.35 Butanoic acid 2 6 0.44 
Carbohydrate 
Metabolism 

117.0579005 11.84 Indole 2 1 0.51 
Amino Acid 
Metabolism 

126.0429456 11.36 Imidazole-4-acetate 1 1 0.58 
Amino Acid 
Metabolism 

151.0494064 12.62 Guanine 1 2 0.69 
Nucleotide 
Metabolism 

 

Metabolites that were not detected in at least three of the five replicates for 

both Drosophila diet and unstressed fly samples could not be included in the 

statistical analysis as the statistical power of such comparisons would be very 

low. There were 39 metabolites that were detected reliably only in either 

Drosophila medium or D. melanogaster whole organism samples, as listed in 

Table 6.10. 
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Table 6.10 Metabolites detected reliably only in Drosophila diet or control D. melanogaster 

Mean relative abundance of putative metabolites in Drosophila medium or in D. melanogaster. 

SEM are calculated where possible (i.e. at least two detection values). Number of detections out of 

sets of five biological replicates is indicated for both control and desiccated sample sets. 

Putative metabolite Mean whole fly ± 
SEM 

Mean Drosophila diet 
± SEM 

Detections 
Flies Diet 

S-Adenosyl-L-
homocysteine 

  57185 ± 15213 0 5 

3-Oxalomalate   15802 ± 2377 0 5 
(S)-2-Aceto-2-
hydroxybutanoate 

  14670 ± 3071 0 5 

6-Hydroxymelatonin   3373 ± 525 0 5 
D-Serine   3334 ± 469 0 5 
L-2-Aminoadipate 4148 121880 ± 33525 1 5 
Deoxyadenosine 2171 33046 ± 9802 1 5 
L-Ornithine 4303 ± 344 57236 ± 5452 2 5 
Formylanthranilate 2449 15195 ± 4352 1 5 
6-Acetamido-2-
oxohexanoate 

8942 23999 ± 3698 1 5 

L-Lysine 123141 ± 30859 112841 ± 15103 2 5 
D-Glucose 98400 ± 5522 11681339 ± 1361909 2 3 
L-Asparagine 918473 ± 43125 13937882 ± 2467085 2 3 
L-Threonine 473360 ± 146377 1516973 ± 53686 2 3 
[FA 
hydroxy,oxo(7:0/2:0)] 
4-hydroxy-2-oxo-
Heptanedioic acid 

6402 ± 791 20237 ± 4379 2 3 

L-Serine 138972 ± 7097 408311 ± 73602 2 3 
Sucrose 10869809 ± 349552 27435803 ± 3088555 2 3 
(R)-2-Hydroxyglutarate 1574892 ± 67893 2876504 ± 154610 2 3 
(S)-Malate 13550483 ± 30525 17976923 ± 4563536 2 3 
Melatonin 1288 1392 ± 213 1 3 
Taurine 4931560 ± 310946 168735 ± 8997 2 3 
Adenosine 2',5'-
bisphosphate 

249888 ± 39851 15867 ± 4489 5 2 

Kynurenate 12148 ± 1848 2686 ± 1258 5 2 
Pyrrole-2-carboxylate 21489 ± 1775 4752 ± 503 5 2 
5-Methylcytosine 27109 ± 12534 690 5 1 
Ergothioneine 129434 ± 9992 9705 5 1 
Indole-3-acetaldehyde 46162 ± 38516 90850 5 1 
4-(2-Aminophenyl)-2,4-
dioxobutanoate 

1240359 ± 114173   5 0 

sn-Glycerol 3-
phosphate 

338802 ± 29291   5 0 

Ethanolamine 
phosphate 

153996 ± 15992   5 0 

4-Pyridoxolactone 102742 ± 18166   5 0 
S-Adenosyl-L-
methionine 

87164 ± 22164   5 0 

L-Arginine phosphate 63551 ± 13260   5 0 
5,6-Dihydrouracil 46392 ± 1367   5 0 
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Inosine 44314 ± 6670   5 0 
1,2-Dihydroxy-5-
(methylthio)pent-1-en-
3-one 

19652 ± 2961   5 0 

Hydroxymethyl-
phosphonate 

5735 ± 363   5 0 

3-Hydroxy-N6,N6,N6-
trimethyl-L-lysine 

5376 ± 819   5 0 

Cytidine 5280 ± 673   5 0 
 

For 22 of the 39 metabolites reliably detected only in either food or D. 

melanogaster, a fold change was calculated using the mean relative abundance 

from samples in which the metabolite was detected. A fold change could not be 

calculated for 17 of the metabolites as they were detected only in one sample 

type. These values can therefore only be used to indicate whether a metabolite 

is higher or lower than in the detected sample group, presuming that a failure to 

detect a metabolite in all five replicates indicates that the abundance is below 

the detection threshold, and therefore lower than in a sample group where the 

metabolite is detected. 

Of the 21 metabolites detected reliably in Drosophila standard medium, but not 

in whole flies, all but two were found to be higher in abundance in food (Table 

6.11). There were 18 metabolites detected reliably in flies, but not in Drosophila 

medium. Of these, all but one were lower in abundance in food than in whole fly 

samples (Table 6.12). Confidence in the identity of metabolites is indicated in 

the tables in the rank column and is graded as detailed in section 2.11.4. 
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Table 6.11 Relative abundance of metabolites detected reliably in Drosophila diet, but not in 

whole D. melanogaster 
Exact mass and retention time (RT) listed with the name of the most likely isomer. Enrichment 

indicates abundance in Drosophila standard medium relative to unstressed flies. No enrichment 

value indicates that the metabolite was detected only in food. 

Mass RT Name Rank 
Iso-
mers 

Enrich-
ment Pathway 

384.12147 12.92 
S-Adenosyl-L-
homocysteine 1 1   

Amino Acid 
Metabolism 

206.0060312 16.08 3-Oxalomalate 2 0   
Carbohydrate 
Metabolism 

146.0578536 12.61 
(S)-2-Aceto-2-
hydroxybutanoate 2 15   

Amino Acid 
Metabolism 

248.115974 5.23 
6-
Hydroxymelatonin 2 0   

Amino Acid 
Metabolism 

105.0426156 10.62 D-Serine 2 2   
Amino Acid 
Metabolism 

180.0632166 13.95 D-Glucose 2 56 118.71 
Carbohydrate 
Metabolism 

161.0687656 14.06 L-2-Aminoadipate 1 9 29.38 
Amino Acid 
Metabolism 

251.1017706 8.51 Deoxyadenosine 1 3 15.22 
Nucleotide 
Metabolism 

132.0534168 14.07 L-Asparagine 1 5 15.18 
Amino Acid 
Metabolism 

132.0897911 19.36 L-Ornithine 1 5 13.30 
Amino Acid 
Metabolism 

165.0426005 6.47 
Formylanthranilat
e 2 7 6.20 

Amino Acid 
Metabolism 

119.0583286 13.66 L-Threonine 1 10 3.20 
Amino Acid 
Metabolism 

190.0476755 14.61 

[FA 
hydroxy,oxo(7:0/2
:0)] 4-hydroxy-2-
oxo-Heptanedioic 
acid 2 3 3.16 

Amino Acid 
Metabolism 

105.042633 14.50 L-Serine 1 2 2.94 
Amino Acid 
Metabolism 

187.0844723 7.53 
6-Acetamido-2-
oxohexanoate 2 5 2.68 

Amino Acid 
Metabolism 

342.1163953 14.53 Sucrose 1 41 2.52 
Carbohydrate 
Metabolism 

148.0370399 13.47 
(R)-2-
Hydroxyglutarate 2 17 1.83 

Amino Acid 
Metabolism 

134.0214348 13.98 (S)-Malate 1 3 1.33 
Carbohydrate 
Metabolism 

232.1212102 4.98 Melatonin 1 1 1.08 
Amino Acid 
Metabolism 

146.1054016 20.74 L-Lysine 1 7 0.92 
Amino Acid 
Metabolism 

125.0145923 13.87 Taurine 2 0 0.03 
Lipid 
Metabolism 
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Table 6.12 Relative abundance of metabolites detected reliably in D. melanogaster, but not 

in Drosophila diet 
Exact mass and retention time (RT) listed with the name of the most likely isomer. Enrichment 

indicates abundance in Drosophila standard medium relative to unstressed flies. No enrichment 

value indicates that the metabolite was detected only in whole fly samples. 

Mass RT Name Rank 
Iso-
mers 

Enrich
ment Pathway 

207.0532466 12.80 
4-(2-Aminophenyl)-
2,4-dioxobutanoate 2 5   

Amino Acid 
Metabolism 

172.0137575 13.34 
sn-Glycerol 3-
phosphate 2 2   

Lipid 
Metabolism 

141.0191169 14.34 
Ethanolamine 
phosphate 2 1   

Amino Acid 
Metabolism 

165.0426097 12.94 4-Pyridoxolactone 2 7   

Metabolism 
of Cofactors 
and 
Vitamins 

398.1372279 14.60 
S-Adenosyl-L-
methionine 2 0   

Amino Acid 
Metabolism 

254.0779323 14.86 
L-Arginine 
phosphate 2 0   

Amino Acid 
Metabolism 

114.0429874 11.54 5,6-Dihydrouracil 2 5   
Nucleotide 
Metabolism 

268.0807277 11.27 Inosine 2 2   
Nucleotide 
Metabolism 

162.0349772 15.18 

1,2-Dihydroxy-5-
(methylthio)pent-1-
en-3-one 2 2   

Amino Acid 
Metabolism 

111.9925495 10.76 
Hydroxymethyl-
phosphonate 2 1   

Amino Acid 
Metabolism 

204.1474057 17.20 

3-Hydroxy-
N6,N6,N6-
trimethyl-L-lysine 2 0   

Amino Acid 
Metabolism 

243.085453 12.14 Cytidine 1 3   
Nucleotide 
Metabolism 

125.0589432 6.81 5-Methylcytosine 2 3 0.03 
Nucleotide 
Metabolism 

427.0295328 13.83 
Adenosine 2',5'-
bisphosphate 1 5 0.06 

Nucleotide 
Metabolism 

229.0884558 14.04 Ergothioneine 2 1 0.07 
Amino Acid 
Metabolism 

189.0426178 5.94 Kynurenate 2 5 0.22 
Amino Acid 
Metabolism 

111.0321016 13.10 
Pyrrole-2-
carboxylate 2 6 0.22 

Amino Acid 
Metabolism 

159.0683734 11.88 
Indole-3-
acetaldehyde 2 3 1.97 

Amino Acid 
Metabolism 
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6.1.2.1 Metabolic profile of food diverges highly from that of whole D. 

melanogaster  

Metabolites identified in either D. melanogaster flies or in Drosophila medium 

include 95 that are associated with amino acid metabolism (Figure 6.5A). The 

next most represented pathway was nucleotide metabolism, with 16 

identifications. In decreasing order, the remaining metabolites are involved in 

lipid metabolism, carbohydrate metabolism, metabolism of cofactors, and 

metabolism of vitamins and cofactors. Three metabolites were additionally 

identified that have not been assigned to a metabolic area in the KEGG 

database; these are: N-acetylglutamine, phenylhydrazine, and 6-

methylaminopurine. These are the same three unassigned metabolites identified 

in desiccated and unstressed whole fly samples and discussed in section 6.1.1.1.  

 

Figure 6.5 Drosophila standard diet differs greatly in metabolic content from D. 

melanogaster whole flies 

A) The number of metabolites identified in the entire dataset involved in different metabolic 

processes is heavily weighted toward amino acid metabolism metabolites. B) Percentage of 

metabolites from each metabolism area enriched or depleted in food, calculated by dividing number 

of metabolites in each category that are either significantly higher or lower in abundance in food by 

the number of metabolites in total identified in that category in the entire whole fly dataset. 

 

When metabolites were screened to include only those that are higher or lower 

in abundance by at least 2-fold in food relative to flies, then it is found that 73% 



  198 
 
of metabolites are differently abundant. This is much higher than the 

differences found between desiccated and control whole fly (29%), clearly 

indicating that flies and food differ to a much greater extent. Although this is 

entirely expected, it provides a validation of the method used, even at this 

exploratory stage, by identifying a greater proportion of differences between 

sample sets that are clearly more divergent in nature. 

Metabolite abundance differences between flies and food were further examined 

by plotting as a percentage change of the identified metabolites in the dataset 

(Figure 6.5B). There were slightly more metabolites related to carbohydrate 

metabolism enriched in food than depleted in food, while metabolites related to 

nucleotide metabolism and lipid metabolism were frequently enriched in flies. 

6.1.3 Food-enriched metabolites decrease following desiccation 

The desiccation method used in this study requires D. melanogaster to be placed 

into empty vials without water or food (see section 2.8.1). Consequently, flies 

are simultaneously starved and desiccated (see section 2.8.2.1). Thus, after 24 

hours of desiccation exposure, metabolites that were present in the fly due to 

any recent meals should be decreased. However, by comparing only the 

metabolic profiles of stressed and unstressed flies, it is not possible to 

distinguish the origin of metabolites that have decreased in abundance following 

desiccation. Including the metabolic profile of food into this comparison can be 

used to narrow down the range of metabolites included in the analysis. 

Theoretically, metabolites which are present in the fly due to consumption of 

Drosophila medium should be enriched in food when compared to fly samples, 

and should additionally be enriched in recently fed flies (control) relative to flies 

that have not eaten in 24 hours (desiccated). This analysis therefore sheds light 

on the more specific reasons underlying the depletion of some metabolites 

following desiccation (Table 6.3 and Table 6.6). It also identifies some 

metabolites as potentially interesting which were excluded from comparisons of 

stressed and unstressed fly samples due to infrequent detection of relative 

abundance. 

Metabolites were screened initially by including only those with at least three 

detections out of five biological replicates for food samples and at least one 
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detection in control D. melanogaster samples. As previous analyses found that 

detection frequency is associated with a higher relative abundance (e.g. Table 

6.11), apart from a few exceptions, these values were selected to ensure that 

only potentially food-enriched metabolites were included in the analysis. A low 

number of detections for control samples was selected to avoid eliminating any 

potentially interesting metabolites from the analysis. No threshold was required 

for the desiccated flies as the metabolites of particular interest in this case 

would include those that were reduced below the detection threshold of the 

instruments. Metabolites were further screened to include only those with an 

enrichment of at least 1.5 in food relative to unstressed D. melanogaster, and to 

likewise require an enrichment of at least 1.5 in control flies relative to 

desiccated flies. Eighteen metabolites were identified by this approach as 

potentially being specifically meal-related metabolites, as shown in Table 6.13. 

Table 6.13 Meal-specific metabolites are highly enriched in Drosophila medium and 

decrease in abundance following desiccation stress 

An asterisk indicates that the comparison was deemed a discovery using the Benjamini and 

Hochberg method, while NS (not significant) indicates values that were included in the analysis but 

which were not discoveries. Where neither label is present, the values were not compared 

statistically. Abbreviations: CWF = control whole flies, DWF = desiccated whole flies 

Putative metabolite 

Detections Enrichment 

CWF DWF Food 
Food/ 
DWF 

Food/ 
CWF 

CWF/ 
DWF 

D-Glucose 2 3 3 188.40 118.71* 1.59 NS 
L-2-Aminoadipate 1 0 5   29.38   
L-Pipecolate 5 5 5 82.49 23.92* 3.45* 
Piperideine 5 5 5 50.30 31.09* 1.62 NS 
4-Guanidinobutanoate 5 5 5 31.17 11.34* 2.75* 
3-Amino-3-(4-
hydroxyphenyl)propanoate 5 5 5 28.34 14.42* 1.97 NS 
Homoarginine 5 5 5 28.23 10.70* 2.64* 
D-Alanyl-D-alanine 3 0 5   7.84*   
Sucrose 2 2 3 28.11 2.52 11.14 
6-Methylaminopurine 5 5 5 25.46 16.05* 1.59 NS 
2-Oxobutanoate 3 3 3 18.43 10.61* 1.74 NS 
3,4-
Dihydroxyphenylacetaldehyde 5 4 5 15.21 9.25* 1.64 NS 

N6,N6,N6-Trimethyl-L-lysine 5 5 5 14.60 6.73* 2.17* 
4-Acetamidobutanoate 5 5 5 13.38 7.12* 1.88 NS 

Betaine 5 5 5 9.15 1.82* 5.02* 
Isopyridoxal 5 5 5 8.45 5.43* 1.56 NS 

6-Amino-2-oxohexanoate 5 2 5 5.64 2.60* 2.17 
L-Glutamate 5 5 5 4.33 2.74 NS 1.58* 
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6.1.3.1 Energy metabolites are depleted by desiccation exposure 

One of the most expected results of 24 hours of desiccation exposure in a small 

organism like D. melanogaster is the consumption of metabolites that can be 

used to generate energy. This is especially the case as starvation exposure is 

inherent in the desiccation exposure assay applied (see section 2.8.2.1). As a 

starvation only control was not included in this experiment, metabolite increases 

and decreases following desiccation exposure could be due to the lack of food 

rather than due to lack of water. In the absence of metabolic input (i.e. food), 

those metabolites that should be the most depleted are those that cannot be 

synthesised by the fly. As carbohydrates are considered to be the main energy 

source for Diptera, two metabolites that were identified in the study and which 

might be particularly depleted by the desiccation exposure applied are glucose 

and sucrose (Sacktor 1965, Steele 1981). 

Indeed, in this study, both glucose and sucrose were found to be decreased in 

abundance in flies following 24 hours of desiccation exposure (Table 6.13). 

Glucose levels were less depleted than sucrose in desiccated flies relative to 

unstressed flies, possibly because D. melanogaster can release glucose from 

stored glycogen or, perhaps more importantly in the fly, from trehalose (Reyes-

DelaTorre et al 2012). Sucrose, conversely, is derived solely from the diet. 

The enrichment of both glucose and sucrose in Drosophila diet relative to the 

flies themselves is consistent with the expectation that flies acquire these 

metabolites primarily or exclusively from food. Although glucose is required as a 

ready energy source, it is thought that excess glucose is quickly converted into 

trehalose for storage (Steele 1981). Thus, it is not surprising that the level of 

glucose in the fly was found to be lower than that of Drosophila medium. 

Another metabolite that could conceivably be depleted in flies due to 

metabolism in the absence of food is aspartate, which can be used for cellular 

metabolism after aspartate transaminase catalyses its conversion into 

oxaloacetate (Wu 2009). Aspartate levels were found to significantly decrease in 

the Antarctic midge,  Belgica antarctica, following desiccation stress (Michaud et 

al 2008). Likewise, in this dataset it was found that aspartate was significantly 

reduced in abundance in desiccated D. melanogaster (Table 6.3). 
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6.1.3.2 Lysine degradation pathway is affected by desiccation exposure 

Lysine cannot be synthesised by D. melanogaster and is therefore an essential 

amino acid (Al Bratty et al 2012). It does, however, undergo catabolism. The 

primary source of lysine in insects is from the breakdown of proteins (Nation 

2015b). Thus, is it not surprising that in the absence of dietary protein, 

decreases are observed in the levels of several metabolites relating to the 

breakdown of lysine from protein, as shown in Figure 6.6. 
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Figure 6.6 Catabolism of protein lysine in D. melanogaster is significantly affected by 

desiccation exposure 

Relative abundance of metabolites in the protein lysine catabolism pathway is shown in desiccated 

or unstressed whole flies. Arrows indicate direction of metabolism. A solid arrow indicates a direct 

relation, while dashed arrows indicate that a metabolic intermediate step is thought to exist, but 

was not detected in this experiment.  

Protein lysine 
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Perhaps a surprising outlier in the overall generally depleted abundance of 

protein lysine degradation metabolites is the increased level of glycine. As 

proteins can be broken down to provide substrate for the tricarboxylic acid 

cycle, it is possible that glycine may accumulate in desiccated flies as a by-

product of increased protein lysine catabolism. Although glycine itself can be 

broken down, the predominant pathway of glycine degradation, via the glycine 

cleavage enzyme, involves the production of ammonium. As it appears that 

ammonia may accumulate in flies during desiccation stress (see section 6.2.2.7), 

it is possible that glycine degradation may become unfavourable under these 

conditions. 

Substantial changes are also found in the abundance of metabolites of the L-

lysine degradation pathway, as shown in Figure 6.7. Indeed, in this dataset, the 

lysine catabolism pathway is the single metabolic pathway with the most 

identified changes in metabolite levels.  
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Figure 6.7 Lysine degradation is significantly affected by desiccation in D. melanogaster 

Relative abundance of metabolites in the lysine degradation pathway is shown in desiccated or 

unstressed whole flies. Arrows indicate direction of metabolism. A solid arrow indicates a direct 

relation, while dashed arrows indicate that a metabolic intermediate step is thought to exist, but 

was not detected in this experiment.  

5"Amino"pentanoate,
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Changes in abundance of metabolites in both lysine degradation pathways have 

previously been observed in D. melanogaster with the y mutation using 

metabolomics methods (Al Bratty et al 2012). These changes were linked to 

alterations in histone binding and consequent modifications of gene expression. 

Regulation of lysine catabolism has been linked to stress in plants (Galili et al 

2001), although it is not entirely clear how this might play a role in desiccation 

survival in an insect. Moreover, further experimentation would be required to 

elucidate whether the observed changes are due to desiccation alone, or if they 

have been caused by the starvation component of desiccation exposure (see 

section 2.8.2.1). 

6.1.3.3 Desiccation induces changes in cell signalling molecules 

In theory, desiccation stress might induce changes in cell signalling molecules in 

order to coordinate adaptive alterations that could enhance survival. For 

example, reductions in metabolic rate could have a survival effect during 

desiccation by consuming less energy resources and thereby producing fewer 

metabolic end products requiring excretion. As starvation exposure occurs 

concomitant with desiccation, reducing the metabolic rate could equally be a 

mechanism for enhancing survival of a period of metabolic restriction of 

unknown duration. One way to reduce energy consumption is to reduce 

movement (Steele 1981). Therefore, it could be possible that neurotransmitters 

associated with movement and activity in D. melanogaster might be reduced in 

abundance following a period of intensive stress like desiccation or following 

mild starvation exposure. Two neurotransmitters which are associated with 

movement and which were identified in this dataset are dopamine and 

acetylcholine. 

A number of studies have linked dopamine signalling in D. melanogaster to 

activity level and amount of sleep (Friggi-Grelin et al 2003, Lima & Miesenbock 

2005, Yellman et al 1997). When production of dopamine is impaired in the 

nervous system, flies move less and sleep more (Riemensperger et al 2011), and 

changes in dopamine levels have been linked to changes in metabolic rate (Ueno 

et al 2012). Dopamine production has been found to be decreased in D. 

melanogaster following 24 hours of starvation stress (Neckameyer & Weinstein 
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2005). Desiccation stress, which also comprises a starvation component, may 

therefore result in an overall decrease in dopamine levels as well. 

Acetylcholine has been associated with movement in insects. It is highly 

abundant and is the primary excitatory neurotransmitter in the central nervous 

system of D. melanogaster (Lee & O'Dowd 1999, Lewis & Smallman 1956, O’Kane 

2011). Insect motor functions require acetylcholine signalling, and interference 

with the breakdown of acetylcholine results in consumption of energy resources 

via uncontrolled activity (Gauthier 2010, Nation 2015a), a result that is also 

produced by neonicotinoid insecticides (Gibbons et al 2015). Thus, it is possible 

that reductions in acetylcholine levels may have the opposite effect of overall 

reducing total movement in flies. 

In this study, levels of both dopamine and tyrosine, which is used to produce 

dopamine via the intermediary L-3-4-dihydroxyl-phenylalanine (Hsouna et al 

2007, Nagatsu et al 1964), were decreased by at least 130% following desiccation 

stress (Table 6.3). Similarly, acetylcholine levels were greatly reduced, with a 

staggering 25-fold lower level of acetylcholine in desiccated flies relative to 

control flies (Table 6.3). It is possible that these reductions in metabolite levels 

may correspond to a reduction in energy consumption through movement 

suppression. 

This is not the first instance of neurotransmitter changes being observed in 

insects following desiccation stress via metabolomics analysis. Levels of the 

primary inhibitory neurotransmitter γ-aminobutyric acid were elevated twofold 

following desiccation of the midge Belgica antarctica (Michaud et al 2008).  

In the present study, a 3.53 fold increase was observed in the abundance of 

adenosine following desiccation (Table 6.2). Extracellular adenosine acts as a 

neurotransmitter and has been found to be released following systemic or 

cellular stress (Hasko et al 2002, Sperlagh et al 2000). It is thought that it may 

be involved in coordinating stress-related responses and may be induced in this 

case in response to intense desiccation stress and/or mild starvation stress. 
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6.2 Metabolomics of desiccation and starvation stress in 
the Malpighian tubules 

Many studies of insect metabolism and metabolites have relied on whole 

organism samples (Chintapalli et al 2013a). However, as it has become evident 

that individual tissues differ not only in their gene expression profiles 

(Chintapalli et al 2007), but also in their metabolite profiles (Chintapalli et al 

2013a), the importance of examining not only whole-organism but also tissue-

specific profiles has become clear. Although whole organism samples can provide 

an overall picture of metabolic changes, even dramatic tissue-specific changes 

may not be detected as individual tissues only contribute a small percentage to 

the overall metabolite levels of the whole organism (Chintapalli et al 2013a). 

Indeed, recent insect studies using metabolomics have involved more specific 

sample types than whole organism studies, such as profiling of mosquito fat body 

(Price et al 2015) and division of D. melanogaster into thorax, abdomen, and 

head (Laye et al 2015). However, even within the abdomen, the metabolic 

enrichment profiles of midgut and Malpighian tubules differ significantly and 

potentially interesting metabolite profiles may be lost by combining these two 

tissue types (Chintapalli et al 2013a). 

As a key regulator of homeostasis and hemolymph osmolality (Luan et al 2015) 

and as a tissue critically involved in stress survival (Davies et al 2014), the 

Malpighian tubules can therefore be expected to be particularly involved in and 

affected by desiccation stress. Fluid secretion rate by the tubules following 

desiccation is depressed (section 3.1.2), and changes have also been observed in 

diuretic peptide receptor levels of stressed flies (Terhzaz et al 2015b). 

Consequently, it is likely that the metabolic profile of the tubules would be 

particularly affected by desiccation stress. 

6.2.1 Metabolic profile of Malpighian tubules is distinct from fly 
and food 

Five biological replicates of two additional sample types were run alongside the 

sample sets of desiccated flies, control flies, and food. Both were extracted 

from 20 pairs of D. melanogaster Malpighian tubules, one from desiccated flies 

and the other from unstressed (control) flies. However, the variability within 
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these groups resulted in there being no statistically significant differences 

between tubules from desiccated and control flies. Consequently, this 

experiment was repeated using a larger sample size, as detailed in section 6.2.2.  

Although desiccated flies, control flies, and food separate into clear clusters 

when plotted via principal component analysis (Figure 6.3), including the 

desiccated and control Malpighian tubule samples resulted in a clear clustering 

by sample type (Figure 6.8). Specifically, both Malpighian tubule sample sets 

clustered closely together, as did the desiccated and control whole fly samples; 

food clustered independently. This analysis therefore shows that the differences 

due to sample type are much greater than the differences incurred by 

desiccation stress. This is not surprising and indicates that, in general, 

differences in metabolite abundance within sample types are more subtle and/or 

less numerous than the differences between food and flies. The more subtle 

these effects, the larger the sample size required to identify them, as was found 

in this study when five replicates did not give sufficient statistical power for 

identifying changes in metabolite levels. 

Further examination of the two principal components shown in Figure 6.8 can 

provide information about the extent of the differences between the sample 

groups. The main principal component, which accounts for 35.8% of the 

variability, clearly separates the food from the whole fly samples. Malpighian 

tubules, however, do not share all of these differences as they lie rather on the 

midline between the food and whole fly samples in terms of the first principal 

component.  The substantial difference between the Malpighian tubules and the 

other two sample types is indicated by the second principal component, which 

accounts for 28.3% of the variability. Overall, these data support previous work 

in showing that individual insect tissues have metabolic profiles which diverge 

greatly from the whole organism profile (Chintapalli et al 2013a). 
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Figure 6.8 Principal component analysis of metabolite profile of whole fly and Malpighian 

tubules of control and desiccated D. melanogaster and Drosophila standard medium 

Samples cluster into type, with food, Malpighian tubules, and whole fly showing distinct clusters 

when plotted against the first and second principal components. Each point indicates one of five 

individual biological replicates per sample type. Abbreviations: PC1 = Principal component 1, PC2 

= principal component 2, MT = Malpighian tubules 

 

As evidence indicates that the Malpighian tubules differ substantially in their 

metabolic profile and as this tissue is particularly important for stress and 

desiccation survival, the metabolic profile of Malpighian tubules following 

desiccation stress was again probed, as described and discussed in section 6.2.2. 

6.2.2  Malpighian tubule metabolite profile following severe 
desiccation or mild starvation 

Sets of 30 male wild-type CS Drosophila melanogaster were desiccated or 

starved for 24-26 hours, as described in section 0. Malpighian tubules were 

dissected from living flies only (section 2.1.4) and metabolites were extracted 

from sets of tubules as detailed in section 2.11.1. Including starvation as a 

specific sample set in the experiment enabled the effects of the starvation 

component of desiccation exposure to be clarified (section 2.8.2.1) and 
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therefore making it possible to elucidate desiccation-specific metabolic effects 

(section 6.2.2.4). Eight biological replicates were performed for desiccated and 

starved flies, and seven biological replicates were used for control samples. 

As in section 6.1, exact mass was used to identify metabolites with a maximum 

deviation of 1.5 ppm. Retention time was used to predict the most likely 

isomeric identity of metabolites. Of over 420 features (peaks) across the three 

sets of Malpighian tubule samples, 72 metabolites were identified with high 

confidence, including 29 that were run alongside compound standards. 

Identification confidence is split into two categories as described in section 

2.11.4. Detection frequency was very consistent across sample types, with all 

metabolites identified being detected at least three times in control, 

desiccated, and starved Malpighian tubules. 

Principal component analysis of relative metabolite abundance in Malpighian 

tubules of desiccated, starved, and control flies revealed distinct clustering of 

each group, as shown in Figure 6.9. Together, the first and second principal 

components account for 52.1% of the variability. Neither component clearly 

distinguished sample types, with clusters rather being separated partly by each 

component. The most tightly clustered group was the control tubules, indicating 

that this group had the lowest variability between biological replicates. 

Starvation and desiccation exposure resulted in increasing inter-replicate 

variability, which corresponds with the intensity of the stress: 24 hours of 

desiccation stress is severe as approximately 50% of the flies are dead at this 

point (only living flies were included in the samples as detailed in section 2.1.4), 

while 24 hours of starvation stress is rather mild, with almost 100% of flies 

surviving this degree of starvation exposure. Thus it appears that the greater the 

severity of the stress, the greater the variability in the metabolic profile of the 

Malpighian tubules. Interestingly, the metabolite profile of starved Malpighian 

tubules clustered between those of control tubules and desiccated tubules, 

indicating that desiccated and starved samples share many similarities, but the 

extent of the changes in the desiccated tubules is greater than in starved 

tubules.  



  211 
 

 

Figure 6.9 Principal component analysis of metabolite profile of Malpighian tubules of 

control, starved, and desiccated D. melanogaster 

Samples cluster into type when plotted against the first and second principal components. Each 

point indicates one of eight individual biological replicates for starved and desiccated samples and 

one of seven biological replicates for control samples. Abbreviations: PC1 = Principal component 1, 

PC2 = principal component 2. 

 

Metabolic changes were assessed using a statistical approach to identify robust 

changes, as detailed and described in section 2.11.5. The rationale for the 

selection of the applied tests can be found in section 1.5.6. A cross-comparison 

analysis reveals desiccation and starvation-specific changes and can be found in 

section 6.2.2.5. 

6.2.2.1 Effect of desiccation on metabolic profile of Malpighian tubules 

To determine statistically which metabolites differed to an interesting extent 

following desiccation, relative abundance of all 72 reliably detected metabolites 

in Malpighian tubules from desiccation flies and from control flies were 

statistically compared using individual two-tailed two-sample multiple t-tests 
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(see section 2.11.5 for details of statistical approach used and section 1.5.6 for a 

discussion of the rationale used in test selection). The results of this comparison 

should be considered together with the statistical comparison of differences 

between the metabolic profile of tubules from desiccated and starved flies 

(section 6.2.2.4). As starvation exposure is inherent in the desiccation protocol 

applied (section 2.8.2.1), desiccation-unique changes in metabolite profile are 

revealed not by comparing control samples to desiccated samples, but rather 

starved samples to desiccated samples.  

The False Discovery Rate was set at 5% using the Benjamini and Hochberg 

method, as the experiment is exploratory and the goal of the analysis was to 

identify as many potentially interesting changes in metabolite level as possible. 

The result of the test was that 22 metabolites were found to differ in abundance 

in the Malpighian tubules following desiccation exposure (Table 6.14). 

Table 6.14 Relative abundance of metabolites in Malpighian tubules (MT) of desiccated and 

unstressed flies compared using two-tailed two-sample Student’s t-tests, with False 

Discovery Rate set at 5% using the Benjamini and Hochberg method. 

Putative 
metabolite 

Control 
MT 
mean 

Desiccated 
MT mean 

Difference SE of 
difference 

t 
ratio 

df P value 

Urate 488794 3652733 3163940 171665 18.4 13 <0.0001 
L-Arginine 
phosphate 

2910.71 1174.88 1735.84 124.724 13.9 13 <0.0001 

L-Tryptophan 2187179 5628447 3441268 248171 13.9 13 <0.0001 
Choline 
phosphate 

1114944 293724 821220 77720.6 10.6 13 <0.0001 

Orotate 418 2069.12 1651.12 164.711 10.0 13 <0.0001 
Kynurenate 11849.4 83178.5 71329.1 7935.46 9.0 13 <0.0001 
myo-Inositol 45182.9 5315.12 39867.7 5280.56 7.5 13 <0.0001 
Quinate 3563.14 955.286 2607.86 389.865 6.7 12 <0.0001 
L-
Arabinonate 

7562.86 2217.62 5345.23 865.022 6.2 13 <0.0001 

Xanthine 8703 22336.5 13633.5 2226.2 6.1 13 <0.0001 
Pyridoxine 7010.43 11296.5 4286.07 749.558 5.7 13 0.0001 
Adenine 62898.9 108505 45605.8 9584.75 4.8 13 0.0004 
Choline 180737 121668 59068.3 12626.6 4.7 13 0.0004 
L-Formyl-
kynurenine 

19139.6 31456.4 12316.8 2785.38 4.4 13 0.0007 

4-(beta-
Acetylamino-
ethyl)-
imidazole 

6235 19072 12837 2949.7 4.4 12 0.0009 
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sn-glycero-3-
Phospho-
ethanolamine 

2107.29 7558.5 5451.21 1346.38 4.0 13 0.0014 

L-Methionine 3386285 5690111 2303826 601356 3.8 13 0.0021 
L-Kynurenine 2554834 3690158 1135325 299021 3.8 13 0.0022 
4-Guanidino-
butanoate 

14106.9 10179.5 3927.36 1043.1 3.8 13 0.0024 

Taurine 3378.57 2083.62 1294.95 377.138 3.4 13 0.0044 
Allantoin 2636.29 5877.38 3241.09 1002.82 3.2 13 0.0066 
sn-glycero-3-
Phospho-
choline 

38502.3 113588 75085.8 26602 2.8 13 0.0144 

 

Relative abundance of the metabolites identified as discoveries was used to 

calculate a fold change following desiccation for individual metabolites. This was 

accomplished by dividing mean relative abundance in tubules from desiccated 

flies by mean metabolite relative abundance in tubules of unstressed flies. The 

majority of significantly changed metabolites (14/22) were found to be enriched 

following desiccation, as shown in Table 6.15. The remaining 8 metabolites were 

depleted in tubules following desiccation stress (Table 6.16). Confidence in the 

identification of the metabolites is indicated in the rank column of the tables, 

and the categories used described in section 2.11.4. 

Table 6.15 Metabolites enriched in Malpighian tubules following 24 hours of desiccation 

stress 

Exact mass and retention time (RT) are listed with the name of the most likely isomer. Fold change 

indicates abundance in Malpighian tubules of desiccated flies relative to abundance in tubules of 

control flies. 

Mass RT Putative 
metabolite 

Rank Isomers Fold 
change 

Pathway 

168.028253 11.0 Urate 2 0 7.47 Nucleotide 
metabolism 

189.0424562 7.2 Kynurenate 2 5 7.02 Amino Acid 
Metabolism 

156.01703 9.3 Orotate 1 1 4.95 Nucleotide 
metabolism 

215.0559022 13.2 sn-glycero-3-
Phospho-
ethanolamine 

2 0 3.59 Lipid 
metabolism 

153.0899901 7.5 4-(beta-
Acetylamino-
ethyl)imidazole 

2 2 3.06 Amino Acid 
Metabolism 

257.1026638 12.6 sn-glycero-3-
Phosphocholine 

1 0 2.95 Lipid 
metabolism 

204.0897503 11.1 L-Tryptophan 1 5 2.57 Amino Acid 
Metabolism 
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152.0333471 10.5 Xanthine 2 2 2.57 Nucleotide 

metabolism 
158.0438878 12.6 Allantoin 2 2 2.23 Nucleotide 

metabolism 
135.054426 9.5 Adenine 1 0 1.73 Nucleotide 

metabolism 
149.0509534 10.9 L-Methionine 1 4 1.68 Amino Acid 

Metabolism 
236.0795459 9.8 L-

Formylkynurenine 
2 1 1.64 Amino Acid 

Metabolism 
169.0737163 7.9 Pyridoxine 1 3 1.61 Metabolism 

of Cofactors 
and Vitamins 

208.0846274 10.5 L-Kynurenine 2 1 1.44 Amino Acid 
Metabolism 

 

Table 6.16 Metabolites depleted in Malpighian tubules following 24 hours of desiccation 

stress. 

Exact mass and retention time (RT) are listed with the name of the most likely isomer. Fold change 

indicates abundance in Malpighian tubules of desiccated flies relative to abundance in tubules of 

control flies. 

Mass RT 
Putative 
metabolite Rank Isomers 

Fold 
change Pathway 

180.0633576 10.6 myo-Inositol 2 56 0.12 
Carbohydrate 
metabolism 

183.0659647 12.7 Choline phosphate 2 0 0.26 
Lipid 
metabolism 

192.0634033 11.1 Quinate 2 5 0.27 
Amino Acid 
Metabolism 

166.0476796 11.6 L-Arabinonate 2 7 0.29 
Carbohydrate 
metabolism 

254.0782377 13.8 
L-Arginine 
phosphate 2 0 0.40 

Amino Acid 
Metabolism 

125.0145762 12.9 Taurine 1 0 0.62 
Lipid 
metabolism 

103.0996119 19.3 Choline 2 0 0.67 
Amino Acid 
Metabolism 

145.0850238 13.3 
4-Guanidino-
butanoate 2 2 0.72 

Amino Acid 
Metabolism 

 

6.2.2.2 Desiccation stress significantly affects multiple metabolic pathways 
in Malpighian tubules 

When compared to the whole fly samples, relatively few metabolites were 

identified in the Malpighian tubules (73 in tubules, 131 in whole flies). These can 

be divided into categories based on their role in metabolism and the number of  

metabolites identified the Malpighian tubules and involved in each type of 
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metabolism is shown in Figure 6.10A. When the number of metabolites identified 

per metabolic category is compared for Malpighian tubules and whole flies 

(Figure 6.4A), it can be seen that a different pattern of metabolite identification 

is present in each sample. In particular, a smaller proportion of the identified 

metabolites is involved in amino acid metabolism (58% rather than 69%). On the 

other hand, 10 metabolites related to carbohydrate metabolism were detected 

in the Malpighian tubules, while only 6 metabolites in this pathway were found 

in whole fly samples. There is a relatively higher proportion of metabolites 

identified involved in nucleotide metabolism and lipid metabolism in the 

Malpighian tubules than in flies. These values suggest that carbohydrate 

metabolism may be particularly important in the Malpighian tubules, while 

amino acid metabolism may be less active in this tissue than in flies as a whole. 

A percentage of changed metabolites was calculated for desiccated Malpighian 

tubules by grouping changed metabolites into metabolism areas and dividing by 

the total number of metabolites identified in the dataset for each metabolic 

area, as shown in Figure 6.10B. As desiccated samples were compared to control 

samples, some of the metabolite changes identified may be due to the 

starvation component of desiccation exposure (see sections 2.8.2.1 and 6.2.2.4). 

Metabolites relating to nucleotide metabolism and metabolism of cofactors and 

vitamins were exclusively enriched in the Malpighian tubules following 

desiccation, while metabolites relating to carbohydrate metabolism were 

depleted. Conversely, some metabolites relating to amino acid metabolism and 

lipid metabolism were enriched, while others were depleted. 
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Figure 6.10 Desiccation stress affects metabolite levels in multiple metabolic pathways in 

the Malpighian tubules 

A) The majority of metabolites identified in the Malpighian tubules is involved in amino acid 

metabolism. B) Percentage of metabolites from each metabolism area enriched or depleted 

following desiccation is calculated by dividing number of metabolites in each category that are 

either significantly higher or lower in abundance in desiccated Malpighian tubules by the number of 

metabolites in total identified in that category in the entire tubule dataset. 

 

The depletion of carbohydrate metabolites in the Malpighian tubules following 

desiccation may be due to the starvation component of desiccation stress, as 

tubules from starved flies had similar decreases in the same two metabolites 

following a similar period of starvation (see Table 6.23; myo-Inositol and L-

Arabinonate). Similarly, the enrichment of cofactor and vitamin metabolites in 

the tubules following desiccation may not be especially significant as it depends 

on changes in only one metabolite (Pyridoxine) and is based on a fold change of 

only 1.61. The enrichment of nucleotide metabolism metabolites, however, is 

particularly interesting as 5 different metabolites were found to be enriched in 

the tubules following desiccation. Only one of these (Allantoin), may be due to 

the starvation aspects of desiccation (see discussion of Table 6.23). 
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6.2.2.3 Effect of starvation on metabolic profile of Malpighian tubules 

Changes in relative abundance of metabolites in the Malpighian tubules following 

mild starvation stress (24 hours) were tested statistically by comparing the 

relative abundance of 72 metabolites using individual two-tailed two-sample 

multiple t-tests as described in section 2.11.5. The rationale for the selection of 

the applied tests can be found in section 1.5.6. By applying a False Discovery 

Rate of 5% using the Benjamini and Hochberg method, the test identified eight 

metabolites as differing in abundance in the Malpighian tubules following 

starvation exposure (Table 6.17). 

Table 6.17 Relative abundance of metabolites in Malpighian tubules (MT) of starved and 

unstressed flies compared using two-tailed two-sample Student’s t-tests, with False 

Discovery Rate set at 5% using the Benjamini and Hochberg method.  

Degrees of freedom of all comparisons is 13. 

Putative 
metabolite 

Control 
MT mean 

Starved 
MT mean Difference 

SE of 
difference 

t 
ratio P value 

myo-Inositol 45182.9 6006.38 39176.5 5278.23 7.4 <0.0001 
Quinate 3563.14 1219.25 2343.89 368.289 6.4 <0.0001 
Choline 
phosphate 1114944 566049 548895 88688.1 6.2 <0.0001 

L-Arabinonate 7562.86 2454 5108.86 876.763 5.8 0.0001 
Kynurenate 11849.4 22993.2 11143.8 2323.17 4.8 0.0003 
Xanthine 8703 12425.8 3722.75 997.971 3.7 0.0025 
Allantoin 2636.29 8267.25 5630.96 1535.58 3.7 0.0028 
Urate 488794 1349164 860371 258029 3.3 0.0054 

 

A fold change for metabolites with significantly altered relative abundance was 

calculated by dividing mean relative abundance in Malpighian tubules from 

starved flies by mean metabolite relative abundance in tubules of unstressed 

flies. Metabolites were evenly split into enriched and depleted metabolites, with 

four metabolites being enriched in the tubules following starvation (Table 6.18) 

and four being depleted in tubules (Table 6.19). The categories and method used 

for confidence ranking can be found in section 2.11.4 and is indicated in tables 

in the rank column. 
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Table 6.18 Metabolites enriched in Malpighian tubules following 24 hours of starvation 

stress. 
Exact mass and retention time (RT) are listed with the name of the most likely isomer. Fold change 

indicates abundance in Malpighian tubules of starved flies relative to abundance in tubules of 

control flies. 

Mass RT 
Putative 
metabolite Rank Isomers 

Fold 
change Pathway 

158.0438878 12.6 Allantoin 2 2 3.14 Nucleotide metabolism 
168.028253 11.0 Urate 2 0 2.76 Nucleotide metabolism 
189.0424562 7.2 Kynurenate 2 5 1.94 Amino Acid Metabolism 
152.0333471 10.5 Xanthine 2 2 1.43 Nucleotide metabolism 

 

Table 6.19 Metabolites depleted in Malpighian tubules following 24 hours of starvation 

stress. 

Exact mass and retention time (RT) are listed with the name of the most likely isomer. Fold change 

indicates abundance in Malpighian tubules of starved flies relative to abundance in tubules of 

control flies. 

Mass RT 
Putative 
metabolite Rank Isomers 

Fold 
change Pathway 

180.0633576 10.6 myo-Inositol 2 56 0.13 
Carbohydrate 
metabolism 

166.0476796 11.6 
L-
Arabinonate 2 7 0.32 

Carbohydrate 
metabolism 

192.0634033 11.1 Quinate 2 5 0.34 
Amino Acid 
Metabolism 

183.0659647 12.7 
Choline 
phosphate 2 0 0.51 Lipid metabolism 

 

6.2.2.4 Metabolic profile following desiccation differs significantly from 
changes following starvation 

As the method used to desiccate flies involves removing both food and water, it 

is possible that the effect of starvation on metabolism could account for some or 

all of the differences in metabolite relative abundance observed after 

desiccation. The inclusion of Malpighian tubules from starved flies as a control 

sample makes it possible to determine which metabolites are altered in 

abundance by desiccation in a way that is different from the effects of 

starvation. Potential desiccation-specific metabolic changes were identified by 

using individual two-tailed two-sample multiple t-tests to compare relative 

abundance of metabolites in the Malpighian tubules following desiccation stress 

or starvation stress as described in section 2.11.5. The rationale for the 

selection of the applied tests can be found in section 1.5.6. A False Discovery 
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Rate of 5% was applied % using the Benjamini and Hochberg method. A total of 

13 metabolites were considered to be discoveries using this approach, as shown 

in Table 6.20. 

Table 6.20 Relative abundance of metabolites in Malpighian tubules (MT) of desiccated and 

starved flies compared using two-tailed two-sample Student’s t-tests, with False Discovery 

Rate set at 5% using the Benjamini and Hochberg method. 

The degrees of freedom of all statistical tests is 14. 

Putative 
metabolite P value 

Starved 
MT mean 

Desiccated 
MT mean Difference 

SE of 
difference 

t 
ratio 

Urate <0.0001 1349164 3652733 2303569 286625 8.0 
Kynurenate <0.0001 22993 83179 60185 7582 7.9 
Orotate <0.0001 702 2069 1368 193 7.1 
L-Tryptophan <0.0001 3146869 5628447 2481578 371812 6.7 
L-Arginine 
phosphate <0.0001 2857 1175 1682 267 6.3 
Pyridoxine 0.0001 7955 11297 3341 582 5.7 
Adenine 0.0001 61518 108505 46987 8790 5.3 
Xanthine 0.0004 12426 22337 9911 2115 4.7 
sn-glycero-3-
Phosphoethanol
amine 0.0011 2374 7559 5184 1268 4.1 
Inosine 0.0013 20668 35048 14380 3599 4.0 
4-(beta-
Acetylaminoeth
yl)imidazole 0.0017 8363 19072 10709 2777 3.9 
Choline 
phosphate 0.0022 566049 293724 272325 72810 3.7 

L-Formyl-
kynurenine 0.0050 21956 31456 9500 2853 3.3 

 

Enrichment in the tubules of desiccated flies relative to those of starved flies 

was calculated by dividing mean relative abundance in tubules from desiccated 

flies by mean metabolite relative abundance in tubules of starved flies. Almost 

all of the metabolites identified by the statistical testing were found to be 

enriched in the tubules of desiccated flies relative to starved flies (Table 6.21), 

while only two metabolites were found to be depleted (Table 6.22). 
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Table 6.21 Metabolites uniquely enriched in Malpighian tubules during desiccation when 

controlling for effect of starvation 
Exact mass and retention time (RT) are listed with the name of the most likely isomer. For details of 

confidence ranking, see section 2.11.5. Enrichment indicates abundance in Malpighian tubules of 

desiccated flies relative to abundance in tubules of starved flies. 

Mass RT 
Putative 
metabolite Rank Isomers Enrichment Pathway 

189.0424562 7.2 Kynurenate 2 5 3.62 
Amino Acid 
Metabolism 

215.0559022 13.2 

sn-glycero-3-
Phospho-
ethanolamine 2 0 3.18 

Lipid 
metabolism 

156.01703 9.3 Orotate 1 1 2.95 
Nucleotide 
metabolism 

168.028253 11.0 Urate 2 0 2.71 
Nucleotide 
metabolism 

153.0899901 7.5 

4-(beta-
Acetyl-
aminoethyl)-
imidazole 2 2 2.28 

Amino Acid 
Metabolism 

152.0333471 10.5 Xanthine 2 2 1.80 
Nucleotide 
metabolism 

204.0897503 11.1 L-Tryptophan 1 5 1.79 
Amino Acid 
Metabolism 

135.054426 9.5 Adenine 1 0 1.76 
Nucleotide 
metabolism 

268.0808697 10.4 Inosine 1 2 1.70 
Nucleotide 
metabolism 

236.0795459 9.8 
L-Formyl-
kynurenine 2 1 1.43 

Amino Acid 
Metabolism 

169.0737163 7.9 Pyridoxine 1 3 1.42 

Metabolism 
of Cofactors 
and Vitamins 

 

Table 6.22 Metabolites uniquely depleted in Malpighian tubules during desiccation when 

controlling for effect of starvation 

Exact mass and retention time (RT) are listed with the name of the most likely isomer. For details of 

confidence ranking, see section 2.11.5. Enrichment indicates abundance in Malpighian tubules of 

desiccated flies relative to abundance in tubules of starved flies. 

Mass RT 
Putative 
metabolite Rank Isomers Enrichment Pathway 

254.0782377 13.8 
L-Arginine 
phosphate 2 0 0.41 

Amino Acid 
Metabolism 

183.0659647 12.7 
Choline 
phosphate 2 0 0.52 

Lipid 
metabolism 

 



  221 
 
Overall, fewer metabolites were identified as significantly changed in abundance 

when comparing tubules from desiccated flies to those from starved flies than 

when comparing desiccated tubules to control tubules. 

6.2.2.5 Shared trends in metabolite abundance changes in desiccation and 
starvation 

The contributions of dehydration and starvation to the overall changes in 

individual metabolite levels following desiccation can be separated by comparing 

the enrichment values of the significantly changed metabolites identified in 

sections 6.2.2.1, 6.2.2.2, and 6.2.2.4, as shown in Table 6.23. Almost all 

metabolites identified as discoveries in the comparisons detailed in sections 

6.2.2.2 and 6.2.2.4 were also identified as significant when comparing 

desiccated to control samples. The only exception to this rule was inosine, which 

was only identified as changed when comparing metabolite profiles of 

desiccated tubules to starved tubules. Upon further inspection, it can be seen 

that this was due to the abundance of inosine increasing slightly (18 %) following 

desiccation and decreasing somewhat (30%) in abundance following starvation. In 

all other cases, metabolite abundance either changed in the same direction 

following desiccation and starvation or changed in only one condition and 

remained approximately constant in the other. 
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Table 6.23 Significant changes in abundance of metabolites in the Malpighian tubules 

following either desiccation or starvation stress exposure 
Relative abundances that were found to be significantly different between sample sets are 

indicated by an asterisk to the left of the enrichment value. DMT = desiccated Malpighian tubules, 

CMT = control Malpighian tubules, SMT = starved Malpighian tubules 

Putative metabolite 
Enrichment 

DMT/ CMT SMT/ CMT DMT/ SMT 
Urate * 7.47 * 2.76 * 2.71 
Kynurenate * 7.02 * 1.94 * 3.62 
Orotate * 4.95   1.68 * 2.95 
sn-glycero-3-
Phosphoethanolamine * 3.59   1.13 * 3.18 
4-(beta-
Acetylaminoethyl)imidazol
e * 3.06   1.34 * 2.28 
sn-glycero-3-
Phosphocholine * 2.95   1.13   2.61 
L-Tryptophan * 2.57   1.44 * 1.79 
Xanthine * 2.57 * 1.43 * 1.80 
Allantoin * 2.23 * 3.14   0.71 
Adenine * 1.73   0.98 * 1.76 
L-Methionine * 1.68   1.22   1.38 
L-Formylkynurenine * 1.64   1.15 * 1.43 
Pyridoxine * 1.61   1.13 * 1.42 
L-Kynurenine * 1.44   1.18   1.23 
Inosine   1.18   0.70 * 1.70 
4-Guanidinobutanoate * 0.72   0.86   0.84 
Choline * 0.67   0.76   0.89 
Taurine * 0.62   0.82   0.75 
L-Arginine phosphate * 0.40   0.98 * 0.41 
L-Arabinonate * 0.29 * 0.32   0.90 
Quinate * 0.27 * 0.34   0.78 
Choline phosphate * 0.26 * 0.51 * 0.52 
myo-Inositol * 0.12 * 0.13   0.88 

 

When comparing the metabolites that changed in abundance following 

desiccation to those that changed following starvation, it can be seen that 24 

hours of starvation exposure did not affect the abundance of any tubule 

metabolites that were not also significantly affected by desiccation (Table 6.23). 

Indeed some of these metabolites exhibit similar enrichment in starved tubules 

and in desiccated tubules, suggesting that these effects on metabolite levels can 

be explained by the starvation component of the desiccation stress method 

used. This is particularly the case for metabolites that decrease in abundance 
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following desiccation or starvation stress. More specifically, abundance of L-

arabinonate, quinate, and myo-inositol were very similar in tubules following 

either desiccation or starvation, when compared to unstressed controls. In 

contrast, L-arginine phosphate decreased significantly only in desiccated 

tubules, suggesting that this change is unique to the stress encountered only in 

the desiccation condition. Choline phosphate decreased in tubules by 

approximately 50% following starvation, but approximately 75% following 

desiccation, suggesting that metabolic processes involving this metabolite are 

affected in both conditions, although more strongly in desiccation.  

All of the significantly changed metabolites that were enriched in starved 

tubules were even more abundant in desiccated tubules, apart from allantoin. 

This metabolite was actually more enriched in starved tubules, indicating that 

while this metabolite may be increased following desiccation, it is most likely 

due to the lack of food encountered by the flies during desiccation. 

Overall, these results indicate the merit of including starvation as a control for 

desiccation, when the desiccation methods used require the flies to be 

simultaneously starved. Comparing enrichment of metabolites across these three 

conditions reveals changes that are unique to each stressor. 

6.2.2.6 Pigment precursors are enriched in Malpighian tubules during 
desiccation 

Tissue-specific metabolomics analysis of D. melanogaster has revealed that the 

Malpighian tubules are especially enriched in tryptophan, despite generally low 

abundance of amino acids in this tissue (Chintapalli et al 2013a). Moreover, 

downstream metabolites L-kynurenine, 3-hydroxy-L-kynurenine, 

hydroxykynurenate, L-formylkynurenine and 5-hydroxy-L-tryptophan were also 

found to be highly enriched in the tubules, a finding consistent with prior 

research showing that the tubules actively take up tryptophan (Sullivan et al 

1980). Tryptophan metabolism is thought to be particularly active in the 

Malpighian tubules as tryptophan is a pigment precursor and the tubules are 

known to collect and process visual pigment precursors (Tearle 1991). 

In the present study, tryptophan was found to be enriched in the tubules of 

desiccated flies relative to control flies, as was many of its downstream 
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metabolites (Figure 6.11). Prior studies have found changes in abundance of 

metabolites in this pathway in response to cold exposure and cold stress 

acclimation (Overgaard et al 2007, Williams et al 2014). Most of the metabolites 

in the tryptophan processing pathway that were previously identified as enriched 

in the Malpighian tubules were identified in this study as well (Chintapalli et al 

2013a). The only exception was hydroxykynurenate, which was not detected. 

However, two additional downstream components of the pathway were 

identified, kynurenate and xanthurenic acid. Kynurenate was one of the most 

highly accumulated metabolite following desiccation identified in tubules in this 

study, with a 602% increase in abundance. Kynurenate was additionally found to 

be enriched in the tubules of starved flies, although not to the same extent as in 

desiccated flies (increase of 94%). The three upstream metabolites show a trend 

towards enrichment during starvation although this was not statistically 

significant. The accumulation of metabolites in the tryptophan degradation 

pathway shows some parallels after desiccation and starvation: in both cases, 

the most enriched metabolite is kynurenate, followed by tryptophan, with the 

remaining two linking metabolites being relatively mildly enriched.  
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Figure 6.11 Tryptophan metabolism in the Malpighian tubules is significantly affected by 

desiccation stress 

Relative abundance of metabolites in the tryptophan degradation pathway is shown in tubules from 

unstressed flies or in tubules dissected following desiccation or starvation. Arrows indicate direction 

of metabolism. A solid arrow indicates a direct relation, while dashed arrows indicate that a 

metabolic intermediate step is thought to exist, but was not detected in this experiment. The red 

box outlines all metabolites that are increased in abundance in desiccated tubules.  
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The accumulation of tryptophan and its degradation products supports the idea 

that the Malpighian tubules normally process these metabolites. It is likely that 

the metabolites accumulate due to the decreased rate of secretion known to 

occur after severe desiccation. The increase in some of the pathway metabolites 

after starvation is somewhat more surprising, although it is possible that energy 

shortages due to lack of nutrient input may impair tubule functioning, as the 

tissue is known to require abundant energy resources in order to maintain 

operation of the vacuolar H+ ATPase and for K+ conductance (Beyenbach 2001, 

Wu & Beyenbach 2003). 

It is interesting that while kynurenate accumulates to a great extent following 

desiccation, 3-hydroxykynurenine does not. This could potentially be 

advantageous to survival as evidence indicates that kynurenate is a protective 

compound while 3-hydroxykynurenine can have toxic effects (Campesan et al 

2011, Williams et al 2014). 

The metabolomics study examining changes in levels of metabolites in the entire 

fly following desiccation also revealed increases in abundance of metabolites 

resulting from tryptophan degradation. In particular, kynurenate levels were 

higher in desiccated flies, as were downstream metabolites 8-methoxy-

kynurenate and 4,8-dihydroxy-quinoline. However, the inter-sample variability 

was very high, so these results should be regarded cautiously. 

6.2.2.7 Desiccation and starvation interfere with nitrogen clearance pathway 

Purine degradation results in the production of xanthine and the downstream 

product uric acid, which can be used to form urate in salt form. Many insects 

take up these compounds via the Malpighian tubule for excretion, which serves 

as one of the main pathways of eliminating excess nitrogen (Dow 2013, O'Donnell 

2009). In some insects uric acid is pumped into the tubules in a manner that is 

proportional to the concentration of urate in the hemolymph (O'Donnell et al 

1983). Uric acid is not always excreted, but can be stored temporarily in the 

Malpighian tubules, sometimes as crystals (Dow & Romero 2010). As urate has 

strong antioxidant properties, this may protect the tissue from reactive oxygen 

species resulting from energy metabolism by mitochondria (Dow 2013, Hilliker et 

al 1992). Thus, it is evident that the tubules are a particularly important tissue 
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for the accumulation and excretion of waste products that are high in nitrogen. 

When the Malpighian tubules are not functioning properly, urate can 

accumulate; urate deposits were found in tubules with mutated morphology and 

atypical expression of the Na+/K+-ATPase pump (Gautam et al 2015). 

Uric acid can be further metabolised into allantoin, and ultimately to ammonia, 

which has been found to increase in concentration in the hemolymph of 

desiccated blister beetles, Cysteodemus armatus (Cohen et al 1986). However, 

as accumulation of ammonia can be toxic (Withers 1992), ammonia molecules 

may be stored by converting glutamate to glutamine, a process that consumes 

one molecule of ammonia per conversion. The ratio of glutamine: glutamate can 

indicate the level of ammonia production occurring in a particular tissue. The 

Malpighian tubules have been found to have a particularly high glutamine: 

glutamate ratio in D. melanogaster relative to other tissues, presumably due to 

its role in ammonia production (Chintapalli et al 2013a, Chintapalli et al 2012). 

Accumulation of orotate (orotic acid) can also be indicative of increased levels 

of ammonia in a tissue and can occur as a result of urea cycle disorder, an 

inborn error of metabolism (Bachmann & Colombo 1980, Kesner 1965). 

Interestingly, following desiccation, urate is highly enriched in the Malpighian 

tubules, as are its precursors xanthine and adenine and downstream metabolite 

allantoin, as shown in Figure 6.12. Further evidence of the accumulation of 

metabolites in this pathway is provided by a significantly higher ratio of 

glutamine: glutamate in the tubules following desiccation (M = 3.96, SD = 0.47) 

than in unstressed flies (M = 2.94, SD = 0.23), t(13) = 5.230, p = 0.0002 (Figure 

6.13A). Many of the increases in purine degradation pathway metabolites are 

also observed in the tubules following starvation, although typically to a lesser 

extent. Likewise the ratio of glutamine: glutamate is elevated in the tubules of 

starved flies (M = 3.64, SD = 0.58), t(13) = 3.006, p = 0.0101. These results 

suggest that the tubules may be accumulating ammonia, which is additionally 

supported by the increase in abundance of orotic acid by 395% following 

desiccation. Increased ammonia load in the tubules may be a reflection of 

changes in the entire fly, as the whole fly glutamine: glutamate ratio following 

desiccation (M = 5.60, SD = 0.17) is significantly higher than in control flies (M = 

2.95, SD = 0.19), t(8) = 10.17, p < 0.0001, as shown in Figure 6.13B. 
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Figure 6.12 Purine metabolism in the Malpighian tubules is significantly affected by 

desiccation and starvation stress 

Relative abundance of metabolites in the purine degradation pathway is shown in tubules from 

unstressed flies or in tubules dissected following desiccation or starvation. Arrows indicate direction 

of metabolism. A solid arrow indicates a direct relation, while dashed arrows indicate that a 

metabolic intermediate step is thought to exist, but was not detected in this experiment.  
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Figure 6.13 Ammonia load, as indicated by the ratio of glutamine: glutamate, is increased 

following desiccation and starvation stress in D. melanogaster  
A) The ratio of glutamine: glutamate is significantly increased in the Malpighian tubules (MT) 

following starvation or desiccation stress. B) The ratio of glutamine: glutamate is significantly 

increased in whole fly (WF) D. melanogaster following desiccation stress, * p < 0.05 (two-sample 

two-tailed Student’s t-test). 

 

The consistently increased levels of multiple metabolites in the purine 

degradation pathway following desiccation indicate that there is an 

accumulation of metabolites that typically lead to the excretion of excess 

nitrogen. Insects often excrete nitrogen in highly insoluble forms like uric acid to 

prevent water loss, but in instances of intense dehydration, it is possible that 

nitrogen may be stored as uric acid rather than excreted to reduce water loss. 

Reductions in secretion by the tubules have previously been found to result in 

urate deposits (Gautam et al 2015). Alternatively, urate may be stored in the 

tubules during periods of stress to protect against oxidative stress. The 

moderate increases in some metabolites involved in purine degradation following 

starvation stress may likewise be due to potentially decreased energy 

availability to the tubules preventing normal secretion, or accumulation of urate 

as a protection mechanism. It additionally appears that there is a heightened 

burden of ammonia in the tubules following desiccation, and to a lesser extent 

following mild starvation exposure. This, however, may not be as high as in 

other tissues of the fly.  

The effects of desiccation on the kynurenine pathway and purine metabolism 

may be connected. Changes in purine metabolism have been associated with 
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altered abundances of metabolites in the kynurenine pathway (Al Bratty et al 

2012). Thus, it is interesting to find in the present study that the two most 

accumulated metabolites in the tubules following desiccation are from these two 

associated pathways. 

6.2.2.8 Glycerophospholipid metabolism is affected by desiccation 

Periods of osmotic stress can result in alterations in membrane phospholipids, 

and has been found to affect the levels of different kinds of 

glycerophospholipids (Crowe et al 1992, Holmstrup et al 2002, Tomcala et al 

2006). Cold stress, and to a lesser extent desiccation stress, was found to affect 

thoracic muscle and fat body tissues of the insect Pyrrhocoris apterus such that 

there was an increase in glycerophosphoethanolamines (GPEtns), while 

simultaneously reducing the levels of glycerophosphocholines (GPChols) 

(Tomcala et al 2006). Likewise, in D. melanogaster larvae, chronic cold exposure 

was found to result in an increased of GPEtns and an associated decrease in 

levels of GPChols (Kostal et al 2011). 

In the present study, only two phospholipids were detected, sn-glycero-3-

phosphoethanolamine and sn-glycero-3-phosphocholine, both of which were 

found to significantly increase in tubules following desiccation, but not after a 

similar period of starvation. Choline and choline phosphate (phosphocholine), 

which are required for the formation of GPChols, were both found to be 

significantly decreased in abundance in the tubules following desiccation. 

Phosphocholine was also lower in abundance in tubules following starvation 

exposure. One possible reason why phosphocholine and choline levels may be 

reduced is that choline is an essential nutrient for D. melanogaster (Tilghman & 

Geer 1988). However, dietary restriction of choline has been found to result in 

reduced levels of GPChols (Tilghman & Geer 1988), a result that contrasts with 

the increase in GPChol levels found following desiccation in this study both in 

Malpighian tubules and in the whole fly. Clearly long-term restriction of choline 

intake affects metabolism differently than a short period of total food and water 

deprivation in D. melanogaster. 

In the whole fly samples, increases in the levels of sn-glycero-3-

phosphoethanolamine and sn-glycero-3-phosphocholine were also observed 
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following desiccation, although only the latter change was statistically 

significant due to high variability in sn-glycero-3-phosphoethanolamine levels in 

desiccated flies. Conversely, desiccation was not found to influence abundance 

of choline and phosphocholine in the fly as a whole. 

Overall, these results suggest that changes take place in the composition of lipid 

membranes during desiccation. This is consistent with research indicating that 

the intensive osmotic stress of desiccation can alter the structure of lipid 

membranes (Holmstrup et al 2002, Levis et al 2012). It also appears that the 

significant decrease in choline and phosphocholine may be a tissue-specific 

effect of desiccation in the Malpighian tubules, as whole fly samples did not 

reflect similar changes. 

6.2.2.9 Osmolyte levels are reduced following desiccation 

The Malpighian tubules are able to transport taurine and other osmolytes via the 

Na+/Cl−-dependent neurotransmitter/osmolyte transporter family (Huang et al 

2002). Based on the role of this metabolite as an osmolyte, it is not surprising 

that the relative abundance of taurine following desiccation is significantly 

decreased. As liquid availability decreases, the concentration of osmolytes and 

ions in the lumen and cell bodies of the tubules may increase, resulting in 

decreased transportation of small molecules into the tubules. 

6.3 Discussion 

The numerous changes observed in whole fly metabolite levels following 24 

hours of desiccation exposure provides evidence that the metabolism of D. 

melanogaster is greatly affected by the absence of food and water. In 

particular, changes were seen in the lysine degradation pathway, as well as in 

the levels of the activity-related neurotransmitters dopamine and acetylcholine. 

Many more metabolites were identified as changing in abundance, although 

many were not closely associated within metabolic pathways. 

Far fewer metabolites were identified as changing in abundance in the 

Malpighian tubules after desiccation relative to the whole fly dataset, although 

these were found to segregate more clearly into several specific categories. In 

particular, tryptophan and purine degradation were disrupted, causing the 
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accumulation of multiple metabolites in each pathway, and evidence indicated 

an associated impairment of nitrogen clearance. Moreover, the 

glycerophospholipid balance in the tubules was altered, suggesting that 

restructuring of lipid membranes took place, and the level of the osmolyte 

taurine was found to be decreased. When considered together, these changes 

imply that the tubules from desiccated flies do not eliminate toxins and 

metabolic waste as quickly as those of unstressed flies. This is consistent with 

the finding that the baseline secretion rate of the Malpighian tubules of D. 

melanogaster is significantly reduced by desiccation exposure (Chapter 3). This 

could signify a change from normal secretory function towards water 

conservation. The changes observed additionally support the idea that the 

tubule environment has been significantly shaped by the lack of water, in that 

alterations in lipid membrane are associated with extreme lack of water, and a 

reduction in the level of osmolytes could be a result of attempting to maintain 

osmotic balance within the tissue in the face of greatly decreased fluid 

availability (Crowe et al 1992). 

When the whole fly dataset and the Malpighian tubule dataset are contrasted, it 

is evident that analysis of a whole organism cannot sufficiently capture the 

nuances of metabolic changes during stress exposure and survival. Every tissue 

has a unique metabolite profile in D. melanogaster, and blending these together 

can make it difficult to identify metabolites that are abundant only in particular 

tissues (Chintapalli et al 2013a). Moreover, each tissue may respond differently 

to the stress such that critical changes may be overshadowed by more abundant 

metabolites, or opposite changes in various tissues may obscure important stress 

effects. 

The metabolic changes observed after desiccation in the Malpighian tubule 

samples fit more clearly into known metabolic pathways when contrasted with 

the plethora of diverse changes observed in the whole fly samples. This suggests 

that the tubules may serve to support specific metabolic pathways. Most 

importantly, these data provide clear evidence that while whole-organism 

metabolomics may seem to be a useful time-saving measure, tissue-specific 

metabolomics is better suited to answer questions regarding the effect of stress 

on metabolism. It could even be argued that more useful information can be 

acquired by breaking down tissues into sub-units. In the Malpighian tubules, for 
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example, the posterior and anterior tubules have been found to serve unique 

functions (Chintapalli et al 2012), and examining these separately following 

desiccation may provide even more detailed insight. 

Some of the changes observed in the Malpighian tubules following desiccation 

were also found in the whole fly dataset, suggesting either that these changes 

occur in more than one tissue in the fly or that even a small tissue like the 

tubules can affect the overall profile of the entire organism. However, in all 

cases, pathway analysis revealed that a greater number of metabolites from the 

affected pathways were identified in tubules than in the whole fly. This made 

pathway analysis substantially easier and more robust in the tubule samples, 

again providing support for the use of tissue-specific samples for metabolomic 

analysis of insects. 

The inclusion of starvation as a control for desiccation in the Malpighian tubule 

samples showed that lack of water affects the metabolome of D. melanogaster 

to an extent that is significantly greater than starvation in 24 hours. All of the 

metabolites that changed significantly during starvation also changed 

significantly in desiccated flies. Several of the decreases were similar in extent 

following desiccation and starvation, suggesting that perhaps these decreases 

are due simply to the absence of food. Conversely, almost all of the metabolites 

that increased in abundance during starvation increased to a much greater 

extent following desiccation. It is interesting that several of these changes are 

shared given the different nature of the stressors and the much greater 

mortality observed during 24 hours of desiccation than during 24 hours of 

starvation exposure in male flies. This suggests, then, that even mild starvation 

stress may affect tubule functioning long before the stress exposure becomes 

critical or fatal. Thus the Malpighian tubules may help to adapt the fly to survive 

not only reduced water availability, but also situations of food scarcity.  

In both datasets, a second controls was included and contrasted with the 

desiccated and unstressed samples. In the whole fly dataset, food was used as 

the second control, and in the Malpighian tubule dataset, tubules from starved 

flies were used to control for the effect of food deprivation during desiccation 

exposure. The two different controls allowed different comparisons to be made 

and supported the main data of the experiments in different ways. In particular, 
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the inclusion of food as a control alongside the whole fly dataset identified that 

glucose and sucrose were enriched in food, as expected, and that these 

metabolites are depleted in the flies in the absence of food. Additionally, at a 

very basic and fairly obvious level, the food data confirmed that the 

metabolomic profile of food differs more from flies than desiccated and 

unstressed flies differ from each other. Results like these that are consistent 

with expectations increase confidence that metabolomics is able to identify 

metabolites accurately and that the method is useful for determining the 

relative abundance of a metabolite. The starvation control, on the other hand, 

was able to provide information about changes that are unique to desiccation. 

The food control may be most useful for proof-of-principal questions, while a 

control like starvation for a stress experiment can be used to ask questions 

about the specific effect of an individual kind of stressor. 
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7 Conclusions and Future Work 

The aim of this chapter is to summarise the main findings of the research. 

Evidence for the effect of desiccation stress on Malpighian tubule function is 

described, based on metabolomics and physiological approaches. The role of 

DH44 signalling in desiccation stress tolerance is reconciled to the experimental 

data involving manipulation of the DH44 signalling pathway. Evidence for 

interactions between LK and DH44 signalling is summarised, as are data indicating 

a role for peptide signalling in starvation tolerance. Finally, areas of 

investigation that could arise from the present work are discussed. 

7.1 Conclusions 

The Malpighian tubules of D. melanogaster are involved in desiccation tolerance 

(Terhzaz et al 2012, Terhzaz et al 2015b). Manipulation of diuretic hormone 

signals to this tissue alters survival during desiccation, as summarised in Figure 

7.1. Moreover, endogenous changes in signalling pathways are observed in 

desiccated flies. The DH44 pathway, which contributes to survival of 

environmental stress and fluid homeostasis, may provide a target for the 

development of a novel insecticide mode of action (Audsley & Down 2015, Ruiz-

Sanchez & O’Donnell 2015). Targets identified in D. melanogaster can be 

expected to be particularly useful for the development of products that can 

control populations of the invasive pest species D. suzukii due to the similarity in 

neuropeptide sequences (Audsley et al 2015). The similarity of the sequence of 

D. melanogaster DH44 peptide to that of insect vectors of human disease, 

including Aedes aegypti and Anopheles gambiae, supports the possibility that 

this signalling pathway could be a potential target for an insecticide in these 

insects as well (Schooley et al 2011). 
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Figure 7.1 RNAi knockdown of DH44 and LKR in the DH44 neurons, ablation of the DH44 

neurons, and knockdown of DH44-R2 and LKR in the tubules affects stress survival 

A) Desiccation tolerance is increased by knockdown of DH44 in the DH44 neurons, ablation of the 

DH44 neurons, and by knockdown of DH44-R2 in the Malpighian tubule principal cells. Knockdown 

of LKR in the DH44 neurons impairs desiccation survival.  B) Starvation survival duration increases 

following ablation of the DH44 neurons. Knockdown of DH44-R2 in the Malpighian tubule principal 

cells or of LKR in stellate cells impairs survival of starvation. Green arrows indicate that 

manipulation (RNAi knockdown or neuron ablation) increased stress survival duration. Red arrows 

indicate that manipulation decreased stress survival duration. Grey equals sign indicates that 

manipulation did not affect survival duration. 

 

7.1.1 The Malpighian tubules are significantly affected by 
desiccation stress 

Metabolomics analysis of changes in metabolite abundance following desiccation 

in the whole fly and Malpighian tubules revealed alterations in a number of 
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metabolic pathways. Comparison of the two datasets indicated accumulation in 

the tubules of metabolites from urate degradation and tryptophan metabolic 

pathways. Although some of these patterns were also observed in the whole fly 

samples, more metabolites from these pathways were identified in the tissue-

specific dataset enabling the overall trends to be more clearly distinguished. 

These datasets therefore indicate that stress studies in insects may be most 

informative when carried out in a tissue-specific manner, a conclusion that is 

supported by research indicating that individual D. melanogaster tissues exhibit 

distinct metabolic profiles (Chintapalli et al 2013a). Following desiccation stress, 

the metabolic profile of Malpighian tubules changes in a way that is distinct from 

that of the entire fly. Thus, while metabolic analysis of the whole organism may 

be the quicker option, speed may come at the consequence of obscuring 

interesting and informative stress-induced metabolic changes. 

Physiological study of Malpighian tubule function, via Ramsay’s secretion assay, 

indicates that tubules from desiccated flies have a reduced basal secretion rate. 

Moreover, after stimulation with DH44 peptide, the tubules did not reach the 

same rate of secretion as control tubules. Thus, it seems that tubule secretion is 

suppressed by desiccation. These data complement the findings of the 

metabolomic analysis, which showed accumulation of several types of 

metabolites that are normally cleared by the tubules following desiccation, 

including pigment precursors and purine degradation compounds rich in 

nitrogen. This accumulation may be reflective of the reduced secretion rate of 

the tubules following desiccation. Thus, based on both the metabolic and 

physiological experiments applied in this study, it is evident that the Malpighian 

tubules are a tissue that is significantly affected by organismal exposure to 

desiccation stress. 

7.1.2 DH44 signalling modifies desiccation tolerance 

Evidence that DH44 signalling influences D. melanogaster survival during 

desiccation emerged from studies of changes in signalling pathways in wild-type 

flies, and by genetically manipulating DH44 signalling and observing the effect on 

survival phenotypes. Specifically, wild-type flies had reduced DH44-R2 gene 

expression and DH44-R2 protein levels in the Malpighian tubules following 

desiccation, when measured using RT-PCR and DH44-F labelling. These findings 
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suggest that suppression of the DH44 signalling pathway may be an endogenous 

mechanism of desiccation tolerance in D. melanogaster. Genetic manipulations 

of the DH44 signalling pathway revealed that reduced levels of DH44 in the DH44 

neurons are advantageous for desiccation survival, as is knockdown of DH44-R2 

in the Malpighian tubules. These data are consistent with the experiment in 

wild-type flies as they likewise indicate that suppression of DH44 signalling 

improves desiccation tolerance. The plausibility of the results presented here is 

bolstered by the literature as involvement of diuretic neuropeptide signalling 

pathways in desiccation survival has been previously reported (Kahsai et al 2010, 

Terhzaz et al 2012, Terhzaz et al 2015b). 

7.1.3 LK and DH44 signalling pathways interact 

The colocalisation of LKR and DH44 in the pars intercerebralis of the D. 

melanogaster brain suggests the possibility of interaction between the LK and 

DH44 signalling pathways (Cabrero et al 2002). Two experiments presented in this 

study support this idea. Firstly, knockdown of LKR in the DH44 neurons affects 

desiccation tolerance in a direction that is opposite to that observed when DH44 

is knocked down in these neurons. This finding is consistent with LK acting on 

the DH44 neurons via the LKR to suppress DH44 release. Secondly, manipulation of 

DH44 levels in the DH44 neurons via neuronal ablation or DH44 knockdown resulted 

in significantly reduced expression of the LKR gene in the Malpighian tubules. 

This change in gene expression supports an effect of signalling via the DH44 

neurons on LK signalling to the Malpighian tubules. One possibility is that DH44 

signalling suppresses LK release into circulation; if this were the case, then 

knocking down DH44 peptide would result in increased levels of circulating LK, 

and therefore a higher exposure of the Malpighian tubules to LK, which could 

result in a compensatory decrease in LKR expression. Overall, the results suggest 

that there is an interaction between LK and DH44 signalling. As DH44 signals to 

the principal cells in the Malpighian tubules and LK to the stellate cells, 

interaction between these two pathways could enable coordination of fluid 

homeostasis by these two cell types in renal epithelia. More experimental 

evidence is required, however, to validate the existence and nature of this 

interaction. 
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7.1.4 Diuretic peptide signalling to the Malpighian tubules alters 
starvation tolerance 

Cell-type specific knockdown of DH44-R2 and LKR in the Malpighian tubules had 

similar effects on starvation tolerance – in both cases, survival was impaired. 

Likewise, LKR expression was significantly increased following 24 hours of 

starvation exposure. These results suggest that peptide signalling to the tubules 

is important during starvation and that interference with the ability of the 

tubules to increase secretion rate in response to diuretic peptides impairs 

starvation tolerance. Secretion during starvation may be important due to the 

role of the Malpighian tubules in detoxification. The tubules are involved in 

processing and excreting the metabolic by-products created by lipid catabolism 

in the fat body; increased lipid metabolism during starvation may require the 

tubules to secrete at higher rates to clear accumulated metabolites (Marron et 

al 2003, Palanker et al 2009). Diuretic hormone signalling may be involved in 

increasing the tubule secretion rate as required during this process and 

interference with reception of these signals may result in the accumulation of 

toxic metabolites.  

7.1.5 Limitations of the study 

The GAL4-UAS system of genetic manipulation is a very powerful one that can 

enable relatively facile alterations in the expression profile of a wide variety of 

genes, particularly when used to drive expression of RNAi constructs (Duffy 

2002). However, RNAi expression carries the risk of creating off-target or 

unintended effects on the cross progeny. In this study, the risk was minimised by 

restricting the expression of RNAi constructs using highly specific GAL4 driver 

lines. 

The GAL4-UAS genetic manipulations used in this study were all constitutive, in 

that they were not triggered but were rather expressed throughout the life of 

the fly. This can induce the development of compensatory mechanisms (Liu et al 

2015). In the present study, some of these potential mechanisms were explored 

by assessing gene expression and peptide stimulation of secretion rate in the 

Malpighian tubules of flies with manipulated DH44 neurons. Although changes in 

gene expression were found, analysis of the changes indicated that they were 
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unlikely to underlie the survival phenotypes observed. Conditional manipulation 

of the DH44 and LK signalling pathways during desiccation and starvation stress 

could be informative, particularly where no phenotype was observed. In a 

similar study, constitutive manipulations were found to obscure phenotypes that 

were later revealed via conditional manipulations (Liu et al 2015). 

Due to the large divergence in survival time between male and female D. 

melanogaster during stress exposure, the study used only male flies for 

experiments involving stress exposure. Gender-specific differences have been 

observed in gene expression of receptors for neuropeptide F and sex-peptide in 

the Malpighian tubules, and differences in the metabolic profiles of whole fly 

male and female Drosophila have been identified (Chintapalli et al 2012, Zhang 

et al 2014). 

7.2 Future work 

The main aim of the study, to investigate the role of DH44 in desiccation 

tolerance, was satisfied in that all of the results produced indicated that DH44 

peptide signalling is involved in desiccation survival. As with most research 

investigations, however, a number of lines of future inquiry arise from the work 

as well. These are discussed below, as are a number of approaches that could be 

used to extend the present work in breadth and detail. 

One of the main questions arising from the present work is the role that diuretic 

peptides play to modify Malpighian tubule function during starvation stress. This 

study provided evidence of involvement of both the DH44 and LK signalling 

pathways in survival of starvation. Previous work showed tachykinin signalling to 

the Malpighian tubule as a starvation survival modifier, although the mechanism 

of this effect was not investigated (Soderberg et al 2011). Signalling in the 

Malpighian tubules has been implicated in the survival of a wide variety of 

environmental stresses, including cold, desiccation, osmotic challenge, and 

immune stress (Davies et al 2014, Davies et al 2012, Naikkhwah & O'Donnell 

2011, Terhzaz et al 2015b). Malpighian tubule function during starvation could 

be explored physiologically, via a secretion assay and using metabolomics 

approaches. Changes in basal secretion rate and patterns of metabolite 

accumulation could provide insight into potential changes in tubule function 
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during this stressor. The involvement of LK in signalling during starvation stress 

could be explored by determining the secretion rate following LK stimulation of 

starved tubules, and by knocking down LK peptide. As LK is expressed in several 

tissues and cell types, if a starvation phenotype were discovered, it could be 

informative to knockdown LK more selectively in subsets of the LK-expressing 

cells (Cantera & Nassel 1992, de Haro et al 2010, Liu et al 2015). 

One possible mechanism which might underlie the effects observed on starvation 

tolerance following knockdown of DH44-R2 and LKR in the Malpighian tubules 

could be via indirect effects on feeding (Liu et al 2015). Although a bloating 

phenotype was not observed in the LKR knockdown flies, interference with the 

ability of the tubules to respond to diuretic peptide signals, which are induced 

by nutrient sensing (DH44) or thought to be involved in the termination of feeding 

(LK), could result in a feeding phenotype (Al-Anzi et al 2010, Dus et al 2015). 

This could be assessed using a capillary feeder assay, which enables precise 

measurement of food consumption of groups of flies over time (Ja et al 2007). 

The second main area of investigation suggested by the present study is further 

exploration of the nature of the interaction between the LK and DH44 signalling 

pathways. Based on the present research, it is hypothesised that LK and DH44 

interact, and that furthermore, they act in a feedback loop to regulate the 

release of each other. In order to explore the validity of this model, a 

peptidomics approach could be used to evaluate changes in LK and DH44 levels in 

circulation following conditional RNAi knockdown of each peptide (Brockmann et 

al 2009, Predel et al 2004, Salisbury et al 2013, Schoofs & Baggerman 2003). 

Further work is also required to fully delineate the neuronal pathways of DH44 

signalling. Although DH44-R1 immunocytochemical and in situ hybridisation has 

been performed, the pattern of expression of DH44-R2 in the D. melanogaster 

brain has not been investigated despite Flyatlas data indicating enriched 

expression in this tissue (Chintapalli et al 2007, Johnson et al 2005, Lee et al 

2015). A means for LK influence on DH44 signalling is evident as LKR is expressed 

in the DH44 neurons. It is possible that characterisation of the DH44-R2 

expression pattern in the brain may clarify a potential mechanism of DH44 

influence on LK release. 
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The work presented in this thesis could be further developed both in breadth 

and in detail. In terms of detail, it could be interesting to perform both gene 

expression and metabolomic analysis on desiccated flies along a time course to 

determine when the observed changes occur and whether they are gradual or 

sudden. This would also provide a confirmation of the results presented here in 

that artefact changes in metabolite abundance, which can occur due to the 

rapid flux inherent in metabolism, would be unlikely to emerge across multiple 

time points. In terms of breadth, the methods presented in this thesis could be 

applied also to female D. melanogaster and to larvae in order to determine 

whether DH44 signalling is also involved in desiccation tolerance in these sample 

groups. 

Finally, as D. melanogaster is a well-established model for insect disease 

vectors, this work could be extended to assess desiccation tolerance mechanisms 

in D. suzukii and Aedes aegypti (Dow 2012a, Schneider 2000). Neuroendocrine 

signalling appears to be conserved across Diptera and similarities in DH44 and LK 

function for fluid homeostasis have been observed in Drosophila and Aedes 

(Cabrero et al 2002, Clark et al 1998, Halberg et al 2015, Jagge & Pietrantonio 

2008, Radford et al 2002, Radford et al 2004). The plausibility of shared 

desiccation tolerance mechanisms is also supported by the substantial similarity 

in tubule function across Dipteran species (Beyenbach et al 2010, Dow & Davies 

2006). 
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