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Abstract 

 

Nicotinic acetylcholine receptors (nAChRs) are responsible for fast excitatory synaptic 

transmission in insect central nervous system. Their role as targets for commercial insecticides have 

resulted in extensive studies on their structure and pharmacological properties. However, many other 

aspects of their fundamental biology remain less understood. For example, what behaviours are 

underpinned by the activity of nicotinic acetylcholine receptors?  Here, we used reverse genetics to 

address this question.  

The precise genome editing power of CRISPR/Cas9 technology was used to generate a 

collection of Drosophila melanogaster lines harbouring precise genomic deletions of the genes of 

interest, including the subunits for the nicotinic acetylcholine receptors as well as a couple of their 

accessory proteins.  The overall strategy was to remove as much as of the genomic locus as possible by 

having two sgRNAs directing Cas9 to cut at the 5’ and 3’ ends of the gene’s coding sequence and 

relying on non-homologous end joining repair to ligate the termini together creating a deletion. In total, 

nine knockout strains were generated for four genes, successfully removing genomic sequences ranging 

from 4 to 83kb in length. For three genes, Dα4, Dα6 and DmRIC3, the same allele was recapitulated for 

three backgrounds.  

The role of nAChRs in regulating sleep behaviour in vinegar flies was investigated using null 

alleles of the receptor subunits. For seven of the ten subunits, flies harbouring null alleles were viable 

as adults for behavioural assays. All mutants showed changes in total sleep amount compared to their 

controls, which most strongly correlated with changes in sleep episode duration. Additionally, 

genotypes carrying partial deletions or point mutations displayed different sleep changes, suggesting 

that allelic variation within subunits can yield different phenotypes. These data confirmed a role in sleep 

regulation for most nAChR subunits. Furthermore, the role of the nAchR accessory proteins were 

considered. Lines with a deletion of the nAChR-specific chaperone DmRIC3 responded to two 

commercial insecticides in similar manner to loss of the subunit Dα1. Those lines also phenocopied 

sleep behaviour of flies lacking receptor subunits. This is the first in vivo evidence of the functional 

significance of DmRIC3 to nAChRs in D. melanogaster.  

Altogether, these results show that significant behavioural changes might be considerable 

fitness costs beyond viability for resistant alleles of genes with important functions in the central 

nervous system such as nAChRs. However, resistance could still arise from disruption to other proteins 

interacting and regulating nAChRs with less severe costs.  
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1.1 Cholinergic signalling 

1.1.1 The nervous system 

Most animals, with the exception of sponges and other basal organisms such as placozoans 

and mesozoans, possess nervous systems with varying degrees of complexity. Some radially 

symmetric animals such as jellyfish have the simplest nervous system, a nerve net, which equally 

distributes neurons across the body and lacks any specialized organs. Animals in many higher 

metazoan orders have a nervous system which contains organs such as the brain and spinal cord that 

function as neural hubs, forming the central nervous system (CNS).  

Information is integrated and processed in the CNS in order to coordinate the activities of all 

parts of the body. In vertebrates, the brain is the command centre of the nervous system and 

considered the most complex organ, containing up to 86 billion neurons in humans and 257 billion 

neurons in African elephants (Herculano-Houzel et al. 2014). The spinal cord controls fast, simple 

reflexes that bypasses the brain such as withdrawing a hand from a hot stove. The spinal cord also 

connects the brain and the peripheral nervous system (PNS) which contain the nerves serving as a 

relay between the brain and spinal cord and the rest of the body. The PNS can be broken down into 

the autonomic nervous system, which controls bodily functions without conscious control (such as 

heart rate and digestion) and the sensory-somatic nervous system, which transmits input from sensory 

organs to the CNS and sends motor commands from the CNS to muscle cells. 

1.1.1.1 Neurons 

Neurons are the building blocks of a nervous system, yet precisely defining a neuron has not 

been as straightforward as one would expect. There is no single genetic marker or structural feature 

that would define all neurons and exclude other cell types (Bucher and Anderson 2015). Hence, a 

neuron is defined by its functional characteristics: a specialized cell that receives, processes, and 

transmits information through chemical and electrical signals.  

Like other cells, each neuron has a cell body, or soma, that consists of all the basic cellular 

organelles. Most neurons also contain two unique structures called axons and dendrites (Figure 1.1). 

Dendrites are thin projections that arise from the soma, branching multiple times to form tree-like 

structures. An axon is a long tube-like extension from the soma that ends in axon terminals; it is 

connected to the soma via the axon hillock. Axons can be extremely long (measured in centimetres) 

and branch into multiple axon terminals at their end.  

Synapse, from the Greek word Συνάψις (synapsis) meaning “conjunction”, is a structure that 

permits neurons to trade information. In a typical case, signals emitted from an axon terminal (the pre-

synaptic neuron) are received by the dendrites (the post-synaptic neuron; discussed further in Section 
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2.4). Because each neuron can simultaneously have many dendrites (inputs) and outputs (axons), the 

potential combinations of signal propagation are nearly endless. Additionally, neural communication 

can be mediated axon-to-axon, dendrite-to-dendrite, and axon-to-cell body synapses. 

 

 

 

Figure 1.1. Structure of two neurons connected through a synapse.  

Each neuron contains a cell body (soma), a tube-like extension (axon) and multiple short projections 

(dendrites). Communications between neurons occur at synapses where axon/dendrite meets another 

axon/dendrite. 
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1.1.1.2 Signalling within neurons 

As neurotransmission is a reiterative process, one could begin the description at any point, but 

the initial detection of an input signal is a logical place to start. First, receptors on the membrane of 

dendrites receive signals from other neurons or the external environment in the form of chemical or 

electrical signals. Depending on the signal received, individual dendrites can deliver either inhibitory 

or stimulatory inputs to the soma, however, a neuron’s ability to “fire” is binary. The axon hillock co-

ordinates this decision by integrating the various dendritic signals into an all or nothing response 

(Clark et al. 2009). If a threshold in the axon hillock is reached and the neuron fires, signals are 

propagated along the axon in the form of an action potential towards axon terminals.  

Action potentials can be defined as a chain reaction of depolarizations passed along an axon. 

This relies entirely on voltage difference between the inside and the outside of the axonal membrane. 

Ions cannot freely move in and out through the neuronal membrane and only diffuse through 

specialized channels. A neuron that is not actively signalling is at resting potential, having a 

preponderance of Na+ outside the cell, K+ inside the cell, and a net intracellular negative charge. The 

Na+/ K+ pump actively exports three Na+ for every K+ imported in order to maintain this potential 

(Reece et al. 2011). During firing Na+ and Ca2+ flow into a neuron, making the inside more positive, a 

process known as depolarization. The cell then resets its potential by closing Na+ channels while the 

slower voltage-dependent K+ channels are still open, allowing K+ to flow out, re-polarizing the 

membrane bringing it back to resting potential.  

An action potential occurs locally at the start of an axon and triggers adjacent membrane to 

depolarize and repeat the same process, resulting in a rapid spreading of changing membrane 

potentials along the axon. A neuron that emits an action potential is often said to "fire”, and the 

frequency with which a neuron fires is measured as “firing rate”. This signal propagates until an axon 

terminal is reached, where there is communication with a corresponding dendrite. In total, this process 

is extremely fast, allowing a chain of neurons to quickly propagate signals over very long distances. 

1.1.1.3 Signalling between neurons 

There are two types of synapses: electrical and chemical. In an electrical synapse, the pre-

synaptic and post-synaptic membranes are physically connected by channel proteins forming gap 

junctions (Figure 1.2). Gap junction channels allow direct exchange of ions, which enable action 

potentials, between neighbouring neurons. Signal transmission at electrical synapses are virtually 

instantaneous and mostly bidirectional, which makes it useful for fast responses, such as defensive 

reflexes, or synchronizing the electrical activity of a group of neurons. 

Chemical synapses, on the other hand, detect a chemical signal from the pre-synaptic synapse 

then convert this to an electrical signal in the post-synaptic cell. Action potential moving along an 
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axon triggers the release of endogenous chemical messengers called neurotransmitters from the pre-

synaptic membrane into synaptic cleft, the space of about 20nm between two synaptic membranes. On 

the post-synaptic membrane, there are receptor proteins that function as both neurotransmitter 

detectors and ion channels. The binding of a specific neurotransmitter to a particular receptor causes 

the channel to open and allow ions to flow into the neuron. An influx of cations depolarizes the 

postsynaptic membrane making it more likely to fire an action potential, known as excitatory post-

synaptic potential (ESP). Neurotransmitter receptors permissible to cations, usually Na+ or Ca2+, are 

hence categorised as excitatory. Conversely, inhibitory receptors allow an influx of anions, usually 

Cl-, generating an inhibitory post-synaptic potential (ISP) by hyperpolarization.  

In contrast to electrical synapses, chemical synapses are slower and unidirectional, but they 

allow significant modifications to and amplification of the signals. The diversity of neurotransmitters 

coupled with the even more diverse groups of neurotransmitter receptors provide for magnificently 

complex computational possibilities, enabling intricate neuronal processes to occur (Zucker et al. 

2014). 

 

Figure 1.2. Chemical synapse and electrical synapse. Reproduced from Pereda (2014). 
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1.1.2 Neurotransmitter signalling 

1.1.2.1 Neurotransmitters 

For the vast majority of neuron-neuron connections, chemical synapses mediate signalling 

through neurotransmitters. To be classified as a neurotransmitter, a molecule is required to satisfy the 

following criteria (Purves et al. 2001): (1) being present within the pre-synaptic neuron, (2) being 

released in response to the Ca2+ influx depolarizing the presynaptic membrane, (3) triggering a 

response in the target post-synaptic terminal via interaction with specific receptors, and (4) being 

inactivated through some mechanism.   

Neurotransmitters are stored in vesicles, clustered beneath the membrane in the axon terminal 

located at the presynaptic side of the synapse. An action potential travels down the neuron’s axon and 

activates voltage-dependent channels, which become permeable to Ca2+ ions. The influx of Ca2+ ions 

causes the vesicles to fuse with the presynaptic membrane and release neurotransmitter into the 

synaptic cleft (Pigino and Morfini 2012). Once released, neurotransmitters diffuse across the synaptic 

cleft to the post-synaptic membrane, where they can bind to specific receptors. Such binding is not 

permanent, as each neurotransmitter molecule will eventually break loose from their receptor to be 

reabsorbed into the presynaptic terminal or be broken down metabolically.  

There are many kinds of neurotransmitters, which adds to the complexity of the nervous 

system. Broadly, they can be divided into neuropeptides and small molecule transmitters. 

Neuropeptides are relatively large molecules composed of 3 to 36 amino acids. Several, such as 

endorphins and oxytocin, have made their way into the public consciousness as “feel good 

chemicals”. Small molecule transmitters are a less well-defined category of chemicals comprised of 

various types of small organic molecules (i.e. anything that isn’t a neuropeptide). For example, 

acetylcholine is a small (~146Da) molecule, and was the first neurotransmitter to be identified in 1921 

by Otto Loewi. Individual amino acids (distinct from peptides) can also serve as neurotransmitters. 

Glutamate is the most abundant amino acid neurotransmitter in the vertebrate nervous system 

(Meldrum 2000), and γ-aminobutyric acid (GABA) is a well-studied inhibitory neurotransmitter 

(Waagepetersen et al. 2002). Nucleic acids (specifically purines) make up another group of 

neurotransmitters. ATP, the energy currency in many cellular processes, has been reported in several 

systems (Burnstock 2006). This list is not exhaustive; it defines the tip of the iceberg in terms of the 

diverse signalling repertoire at play in the nervous system.  

The classical view was that each neuron releases a single neurotransmitter (also known as 

Dale’s principle), however it is now known that multiple neurotransmitters can be released from a 

single synaptic terminal, sometimes even from a single vesicle. One of the original known examples 

of this phenomenon was ATP and acetylcholine, two classical neurotransmitters, being co-released 
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from the electric organ of the electric ray from the Torpedo genus (Whittaker et al. 1972). Since then, 

studies in a myriad of systems have shown that most, if not all, neurons release several different 

chemical messengers (reviewed in Trudeau and Gutiérrez 2007). This phenomenon, termed “co-

transmission”, complicates the classification of neurons and neuronal circuits according to 

neurotransmitter usage. It also reveals the complexity of the possible chemical networks regulating 

neuronal activity. 

1.1.2.2 Neurotransmitter receptors 

Even though neurotransmitters are an important component of chemical synapses, their 

effects on the target neurons are solely dependent on the types of receptors present at the post-

synaptic membrane. Neurotransmitter receptors are divided into two broad categories: the ionotropic 

receptors and the metabotropic receptors (see below and Figure 1.2). A given neurotransmitter also 

has the ability to bind to different receptors which leads to different responses from the post-synaptic 

neuron (Table 1.1). For example, classical neurotransmitters like acetylcholine and glutamate can 

activate both ionotropic and metabotropic receptors. 

Signalling through metabotropic receptors is slow because several steps are needed to mediate 

signal transfer. Metabotropic receptors are not ion channels but indirectly affect ion channels on the 

membrane through the activation of intermediate molecules called G proteins, specialized proteins 

with the ability to bind the nucleotides guanosine triphosphate (GTP) and guanosine diphosphate 

(GDP). For this reason, metabotropic receptors are also called G-protein-coupled receptors. 

Neurotransmitter binding to metabotropic receptors causes conformational changes that result in G-

proteins dissociating from the receptor and interacting directly with effector proteins, such as enzymes 

and ion channels. A signalling cascade ensues involving various intracellular signalling molecules 

such as cyclic adenosine monophosphate (cAMP), cyclic guanosine monophosphate (cGMP), inositol 

phosphates, diacylglycerol, arachidonic acid, and cytosolic ions (Kristiansen 2004).  

In contrast, ionotropic receptors contain at least two functional domains: an extracellular site 

that binds neurotransmitters, and a membrane-spanning domain that forms an ion channel. They are 

also called ligand-gated ion channels (LGICs) to reflect this concatenation. In response to the binding 

of neurotransmitters, LGICs undergo a change in shape, causing the ion channel to open to allow ions 

such as Na+, K+, Ca2+, and/or Cl− to pass through the membrane. The activation of LGICs typically 

occurs within milliseconds and is, hence, responsible for many rapid physiological responses. 
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Table 1.1. Example of major types of neurotransmitters and their receptors 

Category Type Description Examples Metatropic receptors Ionotropic receptors 
Ionotropic 

effects 

Small molecule 

neurotransmitters 

Amino acids Single amino acids 

Glycine Not yet identified GlyR Inhibitory 

Glutamate mGluRs 
iGluRs (AMPARs, KARs, 

NMDARs) 
Excitatory 

GABA GABABRs GABAARs Inhibitory 

Biogenic 

amines 

Made from amino acid 

precursors 

Dopamine 
D1-like, D2-like, 

TAARs 
- - 

Serotonin 5-HT1-2,4-7Rs 5-HT3R Excitatory 

Histamine H1-4Rs HisCls Inhibitory 

Purinergic 
Nucleotide and 

nucleoside 

ATP P2YRs P2XRs Excitatory 

Adenosine P1Rs - - 

Others - Acetylcholine mAChRs nAChRs Excitatory 

Neuropeptides 
A string of three or more 

amino acids 

Endorphins MORs - - 

Oxytocin OXTRs - - 
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1.1.2.3 Ligand-gated ion channels 

LGICs are all multi-oligomeric, meaning they are made of multiple homologous subunits, the 

number of which classifies LGICs into three superfamilies: cysteine loop receptors (CysLGICs), 

ionotropic glutamate receptors (iGluRs) and P2X receptors. While the members within each 

superfamily are structurally similar (shown in Figure 1.3) and evolutionarily related, there is a lack of 

clear evolutionary relationship between the superfamilies. 

All ionotropic glutamate receptors (iGluRs) are activated by the amino acid glutamate, as 

their name would suggest. Individual subunits from this family form tetramers including AMPARs, 

KARs, and NMDARs (Collingridge and Olsen 2009). Upon binding glutamate, functional channels 

allow the influx of cations into the post synaptic neuron thereby promoting excitation. P2X receptors 

form trimeric functional proteins and are activated by the purine ATP (North 2016). Like iGluRs they 

are all cation specific and are thus excitatory (promoting firing in post synaptic neurons).  

The CysLGIC family has far more functional diversity than either the iGluRs or the P2X 

families. They are capable of binding a wide variety of neurotransmitters with both excitatory and 

inhibitory effects. CysLGICs were originally defined by a shared signature structure, a loop formed 

by the disulphide bridge in the extracellular domain. As it turns out, not all members of this family 

share this feature (Jaiteh et al. 2016), so the alternative nomenclature of pentameric LGICs (pLGICs) 

is also used (Smart and Paoletti 2012). The members of CysLGICs include: nicotinic acetylcholine 

receptors (nAChRs), type 3 5-hydroxytryptamine receptors (5-HT3Rs), zinc-activated cation channels 

(ZACs), γ-aminobutyric acid receptors (type A and C, GABAA/CRs), and glycine receptors (GlyRs). 

Of these nAChRs, ZACs and 5-HT3Rs are excitatory, while GABAA/CRs and GlyRs are inhibitory. 

nAChRs were the first to be identified and most extensively characterized, so they have been used as 

the paradigm for LGICs (Ortells and Lunt 1995).  

CysLGICs share highly conserved underlying structure but low sequence homology, only a 

few conserved residues scattered across the polypeptide (Dent 2010). Both anion and cation specific 

(inhibitory and excitatory) channels are thought to descend from the same prokaryotic surface-

signalling protein, sharing a common ancestor 2500 million years ago, but no protein has been 

identified in an extant prokaryotic specieis (Ortells and Lunt 1995). Beta-ketoacyl synthase from 

Streptomyces glaucescent is a possible candidate. Although it has a 15aa Cys-loop, the sequence 

identity is only 11-12% with metazoan nAChRs. The Gloeobacter Ligand-gated Ion Channel (GLIC), 

a proton-gated receptor from Gloeobacter violaceus, has also been identified as a bacterial homolog to 

nAChRs based on X-ray structure and sequence homology (Bocquet et al. 2009). However, GLIC 

does not have the defining Cys-loop nor any intracellular domains. So, if GLIC was an ancestral form 
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of nAChRs, one or more evolutionary events must have happened to add in the remaining elements 

found in these receptors. 

 

 

Figure 1.3. Schematic diagrams depicting structures the subunits of three ligand-gated ion 

channel super families. The topography indicates the locations of the extracellular and intracellular 

termini, number of transmembrane domains (coloured cylinders), disulphide bridge forming residues 

(yellow circles). Red cylinders indicate the transmembrane domain participating in forming the ion 

channel. Grey cylinders indicate the number of subunits present in a functional receptor.  Reproduced 

from Collingridge et. al. (2009).  
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1.1.3 Components of cholinergic signalling 

Cholinergic signalling is neurotransmission mediated by the neurotransmitter acetylcholine. 

Acetylcholine is synthesized from two precursors, acetyl coenzyme A (acetyl-CoA) and choline, in a 

one-step reaction catalysed by the enzyme choline acetyltransferase (ChAT). Choline is transported 

into acetylcholine-synthesizing neurons by the membrane protein choline transporter (ChT), while 

acetyl-CoA is transported from the mitochondria into the cytoplasm. There is an abundance of ChAT 

at nerve terminals, where ACh synthesis occurs, so the availability of precursors tends to be the rate-

limiting factor (Leventer and Rowell 1984). The ACh produced is taken into small vesicles for storage 

and protection from degradation via the vesicular ACh transporter (VAChT). Upon stimulation, the 

vesicles dock and fuse with the pre-synaptic membrane to release ACh into the synaptic space. Two 

types of receptors are activated by ACh: metabotropic muscarinic receptors (mAChRs) and ionotropic 

nicotinic receptors (nAChRs). Binding of ACh to a receptor is brief and reversible. Unbound ACh is 

rapidly broken down by the enzyme acetylcholinesterase (AChE) into inactive metabolites, making it 

unlikely to bind to a receptor more than once (Land et al. 1984). Choline, one of the degradation 

products, is efficiently re-absorbed by the pre-synaptic neurons and there recycled for use in ACh 

synthesis.  

The cholinergic signalling pathway is one of the most important and widespread 

neurotransmission systems in the nervous system. Despite decades of research, there are still many 

unknowns concerning the biology of nAChRs. This thesis aims to investigate the significance of 

nAChRs to modulate biological functions using a model organism. 
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1.2 Nicotinic acetylcholine receptors 

1.2.1 History 

Acetylcholine was the first neurotransmitter to be identified (Ewins 1914), and its receptors 

were also the first membrane-bound pharmacological receptors to be isolated and characterized. The 

concept of a receptor started with the English physiologist John Newport Langley who described a 

“receptive substance” in muscle as “an entity that…receives the stimulus from the nerve and transmits 

it to the effector cell” (1905). An nAChR was first biochemically characterized by Changeux, Kasai & 

Lee (Changeux et al. 1970) who used a tissue particularly rich in cholinergic synapses, the electric 

organ of the electric eel Electrophorus electricus. They isolated the receptors from this organ using 

affinity chromatography with α-bungarotoxin (α-BGT), a toxin present in snake venom that binds 

muscle nAChRs with high affinity (CHANG and LEE 1963). The quaternary structure of nAChRs 

was determined using purified nAChRs from the electric organs of both E. electricus and Torpedo 

marmorata (Hucho and Changeux 1973; Devillers-Thiery et al. 1979). At the same time, based on a 

sequence of 20 amino acids in the N-terminal domain of purified nAChRs, emerging DNA 

recombinant technologies enabled the identification and cloning of a family of genes encoding these 

receptors (Devillers-Thiery et al. 1979). 

1.2.2 Structure 

Like all other members of the Cys-loop ligand gated ion channels, nAChRs form pentameric 

barrel-like structure that can be either homomeric (only one type of subunits) or heteromeric (a mix of 

different types of subunits). nAChR subunits vary in length but share a conserved topology: 1) a large 

extracellular N-terminal domain (NTD) of about 200 amino acids; 2) three α-helical transmembrane 

(TM1-TM3) domains separated by short loops; 3) an intracellular loop (ID) of variable size and amino 

acid sequence between TM3 and TM4 with the latter followed by a variable extracellular C-terminal 

sequence (Figure 1.4).  

1.2.2.1 Ligand-binding domain 

While there is not yet a crystal structure for a complete nAChR, there is one for an 

acetylcholine binding protein (AChBP) secreted by glial cells in mollusks and other invertebrates 

(Smit 2001), that is homologous to the extracellular domain of homomeric nAChRs. Studying the 

structure of the AChBP provided numerous insights into the ligand binding domain structure and 

action, confirming hypotheses previously proposed based on studies using site-directed mutants 

(Corringer et al. 2000). The ACh-binding site is a hydrophobic pocket formed by six loops (called A-

E) in the NTD of two adjacent subunits. Subunits are divided into alpha or non-alpha types based on 

the presence or absence, respectively, of two conserved vicinal cysteines in a “YXCC” motif at the 

apex of loop C (Noda et al. 1982), that are required for ligand binding (Kao and Karlin 1986). The 
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alpha subunits contribute three loops, A, B and C, to the primary interface, while either another alpha 

or a non-alpha subunit contributes loops D, E and F to form the complementary interface (Sine et al. 

2002) (Figure 1.4). Because of their essential role in forming the ligand binding site, only alpha 

subunits can form homomeric receptors, and at least one alpha subunit must be present in heteromeric 

receptors. Homomeric receptors hypothetically can have the greatest number of (identical) binding 

sites. In contrast, heteromeric receptors can have more types of binding sites as there are more 

possibilities with complimentary interfaces from different subunits. Upon ligand binding, the 

rearrangement of bonds nearby resulting in the C-loop moving towards the receptor core initiates a 

series of conformational changes to open the ion channel (Gao et al. 2005). 

1.2.2.2 Ion channel 

All subunits possess a sequence of fifteen amino acids with a pair of cysteines from either end 

forming a di-sulphide bridge in the NTD, constituting the signature “Cys-loop”. The Cys-loop is 

embedded in the transition zone, a relatively hydrophilic extracellular segment close to the 

transmembrane domains. It probably plays a role in the propagation of conformational changes from 

the NTD to the TMs to create a path for ions to travel towards the channel (Miller and Smart 2010). 

The ion channel was identified by the channel blocker chlorpromazine which interacts with amino 

acids within the second transmembrane domain (TM2) (Giraudat et al. 1986). Then, it was confirmed 

that the assembly of five TM2 helices lined the ion channel, while TM1 and TM3 formed an outer 

circle predicted to stabilize the channel and TM4 is located on the periphery, furthest from the channel 

(Tierney and Unwin 2000) (Figure 1.4).  

1.2.2.3 Intracellular domain (ID) 

The ID is the most diverse element of an nAChR subunit, varying from one subunit to another 

but well conserved in the orthologues of each specific subunit across species from fish to humans 

(Papke and Grosman 2014). That is, the ID of any nAChR subunit from one species is more like that 

of the orthologous subunit from another species than it is to the ID of a paralogous subunit from the 

same species. This pattern of conservation/variation has led to a hypothesis that the IDs of different 

subunits may play important and diverse functional roles, such as controlling trafficking and surface 

clustering of different receptors (Kracun et al. 2008). It has been demonstrated that IDs contain 

functionally significant phosphorylation sites (Nashmi et al. 2003). 
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Figure 1.4. Schematic representation of assembled nAChRs. ACh binding site is formed by the 

principle face (loops A, B and C) of an α subunit and the complementary face (loops D, E and F) of 

another subunit. The ion channel is lined by the second transmembrane domain from each subunit, 

while the other transmembrane domains surround the channel to stabilize it. Reproduced from Somers 

(2015).  
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1.2.3 Receptor activation 

1.2.3.1 Conformational changes 

nAChRs exist in three distinct conformational and functional states: resting (closed), activated 

(open), and desensitized. In the absence of any agonist, the receptors are in the resting state with the 

ion channel closed. Upon agonist binding, the receptors are activated through a series of 

conformational changes, leading to the opening of the ion channel. However, the activated state is 

intrinsically unstable, promoting additional conformational changes resulting in a transition to the 

desensitized state. In this state, the receptors are non-conductive and unresponsive to further agonist 

application (Corringer et al. 2000; Papke 2014).  

The energy levels of the three states vary based on the different levels of agonist occupancy, 

meaning conformation transition is regulated by ligand binding (Papke 2014). In other words, the 

probability of a receptor adopting a certain state depends on how many agonist molecules bind to it 

under equilibrium conditions. The resting-closed state is the most stable for unoccupied receptors with 

very low chance of spontaneous opening. In contrast, the transition from the resting state to the open 

states increases in likelihood as more agonists bind, with the desensitized state being the most 

favourable at the end.  

1.2.3.2 Physiology 

At peripheral autonomic ganglia or neuromuscular junctions, activation of post-synaptic 

nAChRs mediates fast and transient synaptic transmission. Pre-synaptic vesicles release high 

concentrations of ACh rapidly causing a large population of unbound resting post-synaptic nAChRs to 

open, en masse, in the first few milliseconds (Land et al. 1984). Rapid channel opening allows an 

influx of Na+ which indirectly activates voltage-gated Ca2+ channels, or an influx of Ca2+ directly 

through selective nAChRs (Fucile 2004). Either scenario would end up generating large synchronous 

currents of short duration (Li and Steinbach 2010), the transient nature of which is due to both the 

subsequent rapid metabolism of ACh and the increase in the number of receptors adopting the 

relatively stable desensitized conformational states.  

It is also increasingly accepted that nAChRs play major modulatory roles in the central 

nervous system (Picciotto et al. 2012). Beyond post-synaptic locations, nAChRs in the brain are also 

localized at pre-synaptic and peri-synaptic (outside the synaptic membrane) sites. At these sites, 

nAChRs appear to modulate the release of a wide range of other neurotransmitters including GABA, 

glutamate, dopamine, serotonin, norepinephrine, and acetylcholine (Wonnacott et al. 1990). nAChRs 

have also been found at somatodendritic synapses, at which their activation depolarises neurons which 

can contribute to long-term potentiation (Hurst et al. 2013).  
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Considering their expression pattern and activity, it is no surprise that disrupted nAChR 

function and/or expression is implicated in the pathophysiology of a wide range of CNS diseases in 

humans. Reduced level of nAChRs in the brain has been associated with neurodegenerative diseases 

such as Alzheimer’s disease and Parkinson’s disease (Posadas et al. 2013). nAChRs have also been 

implicated in mechanisms underlying addictive disorders, including nicotine addiction and alcoholism 

(Sharma and Vijayaraghavan 2008). 

1.2.3.3 Pharmacology 

Chemicals affecting nAChRs can be broadly categorized as agonists or antagonists. Binding 

of an agonist activates the receptors. In contrast, binding of an antagonist inhibits receptor activation. 

Depending on their binding site, antagonists can be either competitive or non-competitive with respect 

to the endogenous ligand(s). Both ACh and nicotine are obvious agonists of nAChRs. α-BTX is 

classified as a competitive antagonist as it binds pseudo-irreversibly to nAChRs at the neuromuscular 

junction causing paralysis and respiratory failure (Loring et al. 1989). Drugs for a number of 

psychiatric and neurological disorders are either agonists or antagonists of nAChRs. For example, 

galantamine, an approved drug for the treatment of Alzheimer's disease, enhances nAChR function by 

binding to a site close to, but non-overlapping with, the ACh-binding site (Akk and Steinbach 2005). 

Varenicline, a drug aiding smoking cessation, has both agonistic and antagonistic properties believed 

to reduce craving while at the same time blocking rewarding effects of smoking (Tonstad 2007). In 

invertebrates, molecules targeting nAChRs are used to control parasitic nematodes (Wolstenholme 

2011) and insect pests of agriculture (Ihara et al. 2017). 

1.2.4 Receptor biogenesis 

Like other membrane proteins, nAChR biosynthesis is a complex process involving post-

translational modification, subunit folding and assembly, and localization.  

Differences in subunit composition and stoichiometry allow a considerable number of potential 

molecular differences to exist among different nAChR subtypes. Different receptor subtypes vary in 

sensitivity to specific agonists, permeability to particular cations, and firing kinetics (Hogg et al. 

2003; Colombo et al. 2013). It is not surprising that receptor assembly is a tightly regulated process to 

ensure correct receptor function. Nonetheless, it is error prone. In fact, only 30% of newly synthesised 

subunits form mature receptors with the correct transmembrane topology (Wanamaker; et al. 2003; 

Millar and Harkness 2008). Assembly of subunits is dependent on proper subunit maturation and 

folding. The nAChR subunit polypeptide is inserted into the ER membrane as it is being translated 

(Alder and Johnson 2004). Then, the nascent polypeptides undergo a series of post-translational 

modifications, including N-glycosylation of specific residues and the formation of appropriate di-

sulphide bonds (Blount and Merlie 1988), to form assembly-ready subunits. The rules determining the 

subunit composition and stoichiometry for functional nAChRs are still unclear, but there seems to be 
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a restricted number of possible combinations based on native nAChRs (Gotti et al. 2006). In order to 

exert their physiological function, nAChRs need to be exported from ER to the cell membrane via the 

secretory pathways. Tight regulation ensures that only correctly assembled receptors are recruited to 

ER-exit sites, such that unassembled subunits are retained in the ER, destined for the lysosomal 

degradation machinery. Unassembled subunits have exposed ER retention signals in the 

transmembrane domain and intracellular domain (Keller et al. 2001) that are buried once subunits are 

assembled into pentamers. After exiting the ER, nAChRs travel in COPII vesicles towards the Golgi 

apparatus and then to their final subcellular destinations, namely the pre- or post-synaptic membrane, 

the peri-synaptic membrane, or the cell soma. Several motifs on the intracellular loop have been 

identified as critical for targeting of different nAChRs to different locations (Williams et al. 1998).  

While not all the details of receptor biosynthesis are fully understood, it is clear that multiple 

proteins interact with nAChRs to regulate this process. Post-translational modification and folding of 

nAChR subunits are facilitated by ER-resident chaperones such as BiP (Blount and Merlie 1991) and 

calnexin (Keller et al. 1996). Surface expression of nAChRs is influenced by interactions with the 

cytoplasmic chaperone 14-3-3η (Jeanclos et al. 2001), the ER and Golgi protein UBXD4 (Rezvani et 

al. 2009), and the peripheral membrane protein VILIP-1 (Lin et al. 2002). The underlying mechanism 

is either to stabilize mature subunits/receptors for subsequent steps or sequestering immature 

subunits/receptors for degradation. Clustering of nAChRs on the cell membrane also involve other 

proteins such as the PDZ-containing scaffold proteins PSD-93, PSD-95, and PICK1 (Conroy et al. 

2003; Baer et al. 2007), which interact with the large intracellular domain and the N-terminal domain. 

As opposed to chaperones that are more general and help a plethora of proteins, there are accessory 

proteins that are nAChR-specific. The biology and function of one of such protein, RIC-3, will be 

discussed further in Chapter 4.  
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1.3 Drosophila melanogaster nAChRs 

D. melanogaster possesses 10 subunits in the nAChR gene family, seven of which are alpha 

(Dα1-Dα7) and three are non-alpha (Dβ1-Dβ3) (Sattelle et al. 2005). This is a relatively compact 

complement compared to the 16 human subunits (Millar and Gotti 2009) and the 29 found in the 

nematode worm Caenorhabditis elegans (Jones et al. 2007). Despite the small number of subunit 

genes, the number of subunit proteins can be much larger through alternative spicing and A-to-I RNA 

editing (Sattelle et al. 2005). For example, Dα4 has two alternatives for exon 4 (Lansdell and Millar 

2000a) while Dα6 has three alternatives for exon 8 and two alternatives for exon 3 (Grauso et al. 

2002). This has a potential to generate a receptor proteome with wide electrophysiological diversity.  

1.3.1 Insecticide targets 

The nervous system is an ideal target for pest control as inappropriate activity of the nervous 

system can have dire consequences, evident in the myriad of neurological diseases we see in humans. 

Indeed, most insecticide classes target receptors or enzymes in the insect nervous system, nAChRs 

being one of the most effective targets (Raymond-Delpech et al. 2005). Two well-known classes of 

insecticide targeting nAChRs are the neonicotinoids and spinosyns. They bind to and activate 

particular nAChR subtypes. Neonicotinoids bind competitively at the ligand binding site (Bai et al. 

1991), while spinosyns bind non-competitively at an allosteric site (Salgado and Saar 2004). Unlike 

the endogenous ligand ACh, these insecticides are not degraded by AChE, causing neuronal over-

stimulation which results in paralysis and eventually death by exhaustion. Neonicotinoids have been 

the fastest growing class of insecticides in modern agricultural pest control. Nicotine, after which 

nAChRs are named, is a plant metabolite that can also act as a chemical defence against herbivores 

and acts with high affinity on vertebrate nAChRs. The synthetically manufactured neonicotinoids are 

chemicals sharing some structural similarity with nicotine but having much higher binding selectivity 

for insect nAChRs. Imidacloprid (1-(6-chloro-3-pyridylmethyl)-2-nitroimino-imidazolidine) was the 

first neonicotinoid to be released and was shown to bind diverse insect nAChRs with high affinity 

(Liu and Casida 1993; Zhang et al. 2000). While based on a naturally occurring molecule, 

neoncotinoids are still considered synthetic insecticides. On the other hand, the spinosyns are a group 

of naturally occurring macrocyclic lactones, fermentation products of the soil actinomycete 

Saccharopolyspora spinosa (Mertz and Yao 1990), and are thus marketed as “organic insecticides”. 

The most widely marketed insecticide among spinosyns is spinosAD which is a mixture of the two 

principal spinosyns, spinosyn A and spinosyn D.  

The problem with chemical pest control is resistance appears to be able to evolve rapidly after 

introduction of an insecticide (Forgash 1984). For insecticides, like imidacloprid and spinosad, that 

target neuronal receptors, resistance mechanisms can arise due to modifications of the targets 

themselves. Indeed, much of the information regarding which subunits specific insecticides bind to 
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has been gathered by finding the genetic basis of resistance. For example, a D. melanogaster mutant 

that was highly resistant to Spinosad was found to have a truncation in the Dα6 gene (Perry et al. 

2007). Likewise, mapping of imidacloprid resistant genotypes suggested that both the Dα1 and Dβ2 

subunits are components of nAChR subtypes targeted by this insecticide (Perry et al. 2008). More 

recent studies have also implicated the Dα2 and Dβ1 subunits (Perry et. al. unpublished). 

Incorrect functioning of nAChRs can be detrimental, as demonstrated by the various 

nAChRs-based neurological diseases and the toxicity of the neonicotinoid and spinosyn insecticides. 

Hence, mutations that can prevent the binding of these insecticides would be expected to also have 

severe consequences to the insects, reducing the probability of naturally occurring resistant alleles. 

Surprisingly, this does not appear to be the case as these mutations have been found in the field at 

frequencies in some pest species that threaten their use (Bass et. al 2011). In fact, based on RNAi-

mediated knockdown analysis, not all nAChR subunits were essential for viability (Mitchell 2012). 

However, it is unlikely that disturbing a subunit of such an important class of neurotransmitter 

receptors come without some consequences. It has been suggested that there is functional redundancy 

between the subunits concerning viability but that nAChRs might play other critical roles. 

Understanding these roles would be critical in predicting the effectiveness of an insecticide targeting 

nAChRs and what fitness costs particular nAChR mutations might have. High fitness costs will limit 

the frequency that a resistance allele might attain, reducing the threat that the allele would pose to 

effective insect pest control. 

1.3.2 Behavioural functions 

Not much is known about the endogenous roles that nAChRs perform in D. melanogaster or 

other insects. Based on our knowledge of nAChR functions in mammals, they are expected to play a 

role in many cognitive functions such as motor control, learning and memory, arousal, anxiety, 

reward, and central processing of pain. Cholinergic neurons have been implicated in all these 

processes, but the identity of individual nAChR subunits or subtypes involved remains largely 

unclear. So far, three behaviours (escape response, sleep, and courtship) have been directly associated 

with specific nAChR subunits in D. melanogaster using mutated alleles and RNAi knockdown. 

In response to a sudden change in light levels, fruit flies exhibit an escape response which is 

essentially a quick jump away as a looming shadow is associated with a potential predator. A 

Drosophila line homozygous for a partially deleted copy of the Dα7 gene failed to exhibit this 

behaviour. Further investigation demonstrated an enrichment of Dα7 protein in the dendrites of the 

giant fibre system (Fayyazuddin et al. 2006), the circuit that triggers the escape response (Wyman et 

al. 1984). Another circuit that can trigger this jump response to a ‘looming stimulus’ has subsequently 

been identified to be cholinergic (Fotowat et al. 2009).  
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Courtship in D. melanogaster is a complex repertoire of stereotypical behaviours, especially for 

the males, involving the integration of several neuronal processes (Greenspan and Ferveur 2000). 

Defective  ACh signalling has been associated previously with abnormal courtship behaviour 

(Greenspan 1980). Disrupting a group of cholinergic neurons in the abdominal ganglion innervating 

the male reproductive system significantly decreased male fertility (Acebes et al. 2004). Deletion and 

RNAi-mediated knockdown of Dα1 has been recently reported to cause delay in courtship initiation as 

well as lower rate of copulation success in males (Somers et al. 2017), confirming a direct role of 

nAChRs in regulating this behaviour.   

Like almost all other species, D. melanogaster exhibits prolonged rest that has all the defining 

characteristics of sleep (Hendricks et al. 2000; Shaw et al. 2000). In mammals, acetylcholine 

generally promotes wakefulness and alertness, but activity of cholinergic neurons is also high during 

rapid eye movement (REM) sleep stage (Watson et al. 2010b). In D. melanogaster, acetylcholine 

might have a more complex role in regulating sleep. Two nAChR subunits have been linked to sleep 

regulation with opposite effects: Dα3 promotes wakefulness (Wu et al. 2014) while Dα4 promotes 

sleep (Shi et al. 2014). The relationship between nAChRs and sleep will be explored further in 

Chapter 3.  
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1.4 Genetic tools in Drosophila melanogaster 

1.4.1 Advantages 

The most attractive reason for studying behaviour in D. melanogaster is the variety of genetic 

resources available in this species. D. melanogaster was first deemed a model organism because of 

the availability of mutants and the ease with which the organism was maintained and crossed in the 

laboratory. In fact, the fundamental principles of heredity such as genes being on chromosomes, the 

existence of sex chromosomes and the concept of allelic varitaion were first elucidated using these 

flies. Since the isolation of the white-eyed mutant a hundred years ago (Morgan 1910), an 

increasingly sophisticated collection of D. melanogaster genetic resources has been developed, 

maintained and freely shared. 

The D. melanogaster genome was fully sequenced in 2000 (Adams et al. 2000). It is very 

well annotated, frequently updated, and easily accessible in a public database (Gramates et al. 2017). 

FlyBase (www.flybase.org) curates published phenotypes, gene expression, genetic and physical 

interactions, and many other datasets concerning Drosophila genetics and genomics (St. Pierre et al. 

2014), allowing researchers access to high-quality and comprehensive information. The Bloomington 

Drosophila Stock Center at Indiana University (Cook et al. 2010) maintains a comprehensive 

collection of mutants, RNAi, misexpression, reporter and other stocks. Other stock centres, such as 

the Harvard Transgenic RNAi Project (TRiP) (Ni et al. 2011) and the Vienna Drosophila Research 

Center (VDRC) (Dietzl et al. 2007), hold more specific sub-sets of resources. Sharing, be it resources 

or knowledge, is a strong defining characteristic of the fly community, facilitating research. Most 

critically, genetic transformation techniques were established early in D. melanogaster (Rubin and 

Spradling 1982) facilitating research and the development of more sophisticated resources for gene 

manipulation. Because these resources allow flexible “programming” of living Drosophila, they are 

invaluable tools for understanding the genetics of behaviour, the focus of the following section. 

1.4.2 Forward vs reverse genetics 

Forward genetics allows researchers to start with an observed phenotype and attempt to 

identify the genes responsible. For a genetic model organism like D. melanogaster, forward genetics 

is relatively simple and extensively used to investigate many fundamental biological problems. 

However, the real strength of Drosophila is the ability to perform reverse genetics, whereby an 

individual gene can be actively manipulated, and to allow a careful examination of the phenotype 

generated. Many genes underlying behaviours in D. melanogaster were first identified with forward 

genetics, but reverse genetic approaches allowed validation of the gene-behaviour link and yielded 

deeper understanding of the function of individual genes.  

http://www.flybase.org/
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Historically, both forward and reverse genetics screens can involve inducing random 

mutations across the genome using mutagens such as Ethyl Methanesulfonate (EMS) or UV light. 

Instead of looking for the mutant line(s) with a phenotype of interest in forward genetics, reverse 

geneticists look for molecular aberrations in their gene(s) of interest. When using the reverse genetic 

approach in combination with mutagenesis that produces random mutations throughout the genome, 

the number and types of alleles generated in genes of interest will be limited. While the alleles 

recovered will be of value, other methods of manipulating genes add further value. 

1.4.3 Manipulating gene expression 

One approach is to alter the expression of a gene in order to probe its function. The most 

widely used system to manipulate gene expression in D. melanogaster is the GAL4/UAS system 

(Brand and Perrimon 1993), taking advantage of the yeast GAL regulon which includes genes 

required for the growth of yeast on galactose. The Drosophila GAL4 system is based around a binary 

approach in which a “GAL4 genotype”, carrying the GAL4 transcription factor expressed in a specific 

spatiotemporal pattern, is crossed to a “UAS genotype” which contains the gene of interest 

downstream of a upstream activation sequence (UAS) promoter which is selectively activated by 

GAL4. A simple cross between these two lines will result in expression of the target gene in a pattern 

dictated by the expression of GAL4 (Figure 1.5). 
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Figure 1.5. The GAL4-UAS system. Separate fly stocks carrying the two components of the system 

are mated together to enable the desired spatiotemporal expression of a transgene of interest (Gene X). 

GAL4 is produced in the cells specified by a 5’ genomic enhancer. It binds to the UAS sequence 5’ of 

Gene X, elevating levels of Gene X expression in those cells. Reproduced from Brand and Perrimon 

(1993).   
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There are many applications for the GAL4/UAS system, driving expression of an extra copy 

of a gene in a wildtype background, we can observe the effects of over-expressing or mis-expressing 

that gene. If a gene has multiple transcript isoforms, functional dissection can be investigated by 

expressing individual isoforms and comparing their phenotypes. In contrast, gene knock-down can be 

achieved by expressing inverted repeat sequences complementary to the gene of interest that will be 

processed into functional siRNAs (small interference RNAs) which leads to the degradation of 

targeted mRNAs. UAS-RNAi lines are available for most genes in the genome (Dietzl et al. 2007).    

The strength of either knockdown or overexpression is dependent on the GAL4 driver line 

used. The ability to find promoters which drive the expression of GAL4 in specific groups of cells at 

appropriate levels is critical to understanding the systems utility. In the context of behaviour, the 

capacity to drive expression in specific regions or neuronal classes within the brain is important. For 

example, several GAL4 drivers have been reported which activate gene expression in the mushroom 

body (a region of the brain involved in olfactory memory in D. melanogaster). Additionally, lines 

specifically expressing GAL4 in several neural circuits have been identified and have aided our 

understanding of the genetics of behaviour (Jenett et al. 2012). 

1.4.4 Getting DNA into the genome 

The generation of GAL4 and UAS lines requires that DNA be introduced into the genome. 

Historically this was done through the use of transposable elements, naturally occurring segments of 

DNA which a corresponding transpose can copy and paste at semi-random locations in the genome 

(McClintock 1953). By inserting the DNA sequence of interest into a transposon, the system has been 

adapted to inject and incorporate genetic information into the genomes of various insects (reviewed 

by Atkinson et al. (2001).  The most widely used system in Drosophila is the P-element system 

(Rubin and Spradling 1982). However, alternative transposons like Hermes, PiggyBac, Mariner, and 

Minos have been developed across different arthropods (Atkinson et al. 2001). The limitation of 

transposable elements is the semi-random nature of their insertions; one cannot predict exactly where 

a transposon will insert into the target genome. Indeed, transposons have frequently been used as a 

mutagenesis tool to create nearly random disruptions of genes (Bellen et al. 2004). Hence, there is 

always the possibility that a transposon will insert into a gene that impacts the trait under 

investigation. Furthermore, the same sequence inserted into different genomic locations can yield 

expression levels that are widely divergent (Levis et al. 1985). With extremely sensitive phenotypes 

such as behaviour, the need for more precise control is paramount.  

The use of recombinases allows site-specific DNA integration. As their name suggests, 

recombinases catalyse a recombination reaction at the enzyme-specific recognition sites present 

between two DNA sequences. Each recognition site is approximately 30–40bp long, containing 
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perfect inverted repeats flanking an asymmetric spacer (Bellen et al. 2004). Under normal conditions, 

the recognition sites are identical, and recombination happens bidirectionally. That is, since the same 

two recognition sites result from any recombination event, the reaction can proceed in both ‘forward’ 

and ‘reverse’ directions. However, directionality can be induced by altering the recognition sites, e.g., 

mutations in the left- or right-side inverted repeats or in the middle spacer sequence. The most 

commonly used recombinase in D. melanogaster is FLP (FLiPpase), which induces recombination 

between FRT (FLP recombinase Recognition Target) sites.  

Integrases comprise a different family of proteins that can also be modified for genome 

engineering in Drosophila. They catalyse an integration reaction between two DNA substrates, each 

carrying an enzyme recognition site containing a short integration core flanked by imperfect inverted 

repeats. Unlike recombinases, these repeats are not identical and are used by viruses to integrate into 

bacterial genomes. The most widely used integrase in D. melanogaster is from the phage φ-C31 

(Bischof et al. 2007). The recognitions sites are known as attB (ATTachment site used by Bacteria) 

and attP (ATTachment site used by Phage) reflecting their original discovery in prokaryotes (Thorpe 

and Smith 1998). Hybrid sites attL and attR are formed on the left and right side of the integrated 

sequence, respectively, preventing further integration events. 

Reactions induced by recombinases and integrases can produce a variety of genetic 

alterations, including DNA deletions, duplications, inversions, translocations, insertions, and 

replacements. When two recognition sites on the endogenous chromosome are paired with two sites 

on an incoming plasmid, replacement occurs, commonly defined as recombinase- or integrase-

mediated cassette exchange (RMCE or IMCE). In practice this can be achieved by introducing 

endogenous DNA by microinjection or by introducing endogenous sources of DNA. The former 

involves the collection of very young (<30 minutes) embryos and injecting DNA, RNA or protein that 

is capable of catalysing the necessary exchange. With some frequency, this event will occur in the 

germ line of an injected embryo, which results in a stable genetically modified organism being 

created. While laborious, it remains the only way of introducing new DNA into Drosophila. Through 

microinjection, stable genotypes can be created which express endogenous sources of recombinases or 

integrases, which eliminates the need for future injections. In vivo RMCE was recently reported to 

introduce a variety of different gene cassettes into pre-existing libraries of Drosophila stocks (Diao et 

al. 2015; Nagarkar-Jaiswal et al. 2015a). Furthermore, endogenous sources of these proteins have also 

been reported to have efficiencies which far exceed those obtained by injecting each component 

(Bischof et al. 2007).   

While recombinases and integrases are highly useful for genomic engineering, they are not 

without disadvantages. When expressed at high levels, recombinases and integrases can have 

detrimental off-target effects (Heidmann and Lehner 2001; Venken et al. 2010). Furthermore, these 
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enzymes rely on incorporating exogenous recognition sites into the genome, increasing labour and 

potentially affecting the surrounding genome. Most importantly, the recognition site is defined by the 

enzyme itself, limiting the number of loci available as targets. All these cons are overcome with 

nucleases. 

1.4.5 Disrupting the functions of genes 

Nucleases cut DNA at a precise location, creating double-stranded breaks or single-stranded 

nicks, and exploit cellular repair mechanisms, such as non-homologous end joining (NHEJ) and 

homologous recombination (HR), to complete genome modification. Three main examples include 

Zinc Finger Nucleases (ZFNs), Transcription Activator-Like Effector Nucleases (TALENs) and 

RNA-guided nucleases (RGNs). 

A ZFN is an artificial restriction enzyme created by fusing the catalytic domain of the 

restriction enzyme FokI and a zinc finger (ZF) array, a series of ZF motifs each of which is 

approximated 30 amino acids long and recognises a certain DNA triplet (Bibikova 2002). Similar to 

ZFNs, TALENs are hybrid proteins composed of the FokI nuclease domain and a DNA-recognising 

domain built from a series of DNA-binding tandem repeats from the transcription activator-like 

effectors (TALEs). Each TALE repeat is approximately 34 amino acids long, two of which contribute 

to recognising a single nucleotide. Linking multiple TALE repeats forms a synthetic DNA-binding 

protein that recognizes more than 20 nucleotides with high specificity (Cermak et al. 2011).  ZFNs 

have been extensively demonstrated to be useful in flies, yet failed to become part of the mainstream 

genetic toolbox due to the cost in terms of money and time. TALENs have enjoyed more success and 

were beginning to be widely applied from 2011 to 2013 (Joung and Sander 2013). However, the 

ability to create TALEN mutants was still complicated, requiring the manual assembly of complex 

DNA constructs that were too big to synthesize de novo. While these manipulations are cumbersome, 

it is possible that TALENs would have been more widely developed, but for the advent of RGNs.  

RGNs are the latest and most powerful tools in the genetic engineering toolbox. While RGNs 

must be individually designed for each gene, they rely on base pair complementarity rather than long 

peptide motifs as a method for DNA recognition (Jinek et al. 2012). In practice this means that these 

RNA molecules (under 100bp) can be ordered from suppliers; each lab does not have to ligate 

successive DNA sequences together. This has unleashed a revolution in genetics, significantly 

reducing the cost of genetic manipulation, while simultaneously increasing its efficiency and 

precision. Like many of the earlier technologies, RGNs were adapted from the adaptive immune 

systems of eubacteria and archaea and are now better known as CRISPR/Cas9 like systems. Further 

discussion on CRISPR/Cas as a gene-editing tool is presented in Chapter II. 
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1.5 Outline of this work 

Insect nAChRs are important pest control targets, but mutated alleles conferring resistance 

have been detected both in natural populations and created in laboratories (Perry et al. 2007; Bass et 

al. 2015). To better gauge if these mutations could cause concerns to widespread insecticide control, a 

better understanding of whether there are fitness costs associated with mutated nAChRs is required.  

As yet, the functions of these receptors in insects have not been well investigated and only a few 

studies on fitness traits have been published. Using the reverse genetics approach in the model 

organism D. melanogaster, this thesis seeks to understand the biology of nAChRs, especially their 

behavioural roles. First, the CRISPR/Cas9 technology was employed to create knockout alleles of 

multiple nAChR subunits and their accessory proteins (Chapter 2). Behavioural phenotypes, 

specifically sleep behaviours, were characterized for flies lacking different nAChR subunits (Chapter 

3). Sleep was selected as the focus of this thesis for several reasons. Firstly, it is a behaviour 

universally present in all animals including insects. Secondly, it is physiologically important, its 

perturbation can lead to significant downstream impacts. Lastly, multiple nAChR subunit genes have 

already been implicated in the regulation of the sleep state in Drosophila melanogaster; the available 

knockouts generated in Chapter 2 would allow the contribution of other nAChR subunits to be 

investigated. The biology of nAChRs were explored further by characterizing nAChR-related 

phenotypes for flies lacking an accessory protein previously proposed to be required for nAChR 

biogenesis (RIC3) (Chapter 4). Finally, these results are discussed with respect to how these receptors 

might be regulating complex behaviours and how these findings might assist with reducing the 

evolution of insecticide resistance in the field (Chapter 5). 
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2.1 Introduction 

2.1.1  General overview of CRISPR 

2.1.1.1 CRISPR 

The use of CRISPR/Cas9 (CRISPR) is thought to be one of the most impactful recent 

innovations in the field of genetics. Manipulating the genome in defined ways has been possible for 

quite some time, but these processes were laborious and expensive (Section 1.4). The availability of 

CRISPR has removed these barriers and allowed non-specialist labs to routinely modify the genome 

to investigate a wide variety of biological processes. 

2.1.1.2 CRISPR/Cas in bacteria 

CRISPR stands for Clustered Regularly Interspaced Short Palindromic Repeats, an acronym 

coined in the early 2000s to describe any segments of prokaryotic DNA consisting of short, roughly 

palindromic, repeated motifs of 30 bases separated by variable spacers of roughly 36 bases (Jansen et 

al. 2002). These variable spacers are in fact pieces of foreign DNA that have been digested into small 

fragments and incorporated into the host genome; essentially “memories” of invading pathogens such 

as bacteriophages. The system is often compared to the adaptive immune system in mammals as these 

“memory” sequences are transcribed to guide endonucleases to destroy the invader’s DNA (Westra et 

al. 2012). These endonucleases and other proteins helping with the initial acquisition of foreign DNA 

fragments are homologous and known as Cas (CRISPR-associated) proteins. 

Currently, CRISPR/Cas systems are widely distributed in the prokaryotic kingdom, having 

been identified in approximately 90% of the archaeal genomes and 50% of the bacterial genomes 

(Makarova et al. 2015). It is unsurprising that there is an enormous diversity between the different 

CRISPR/Cas systems found. One current attempt to classify them proposed two classes that 

encompass five different types of systems. Class I include three types of systems with multi-subunit 

crRNA-effector complexes which perform the final cutting of target DNA. Conversely, class II 

possess two types of systems with a single protein rather than an effector complex (Makarova et al. 

2015).  Furthermore, several variants of Cas proteins have been discovered. Cas9 is the most 

commonly used in CRISPR applications, but Cpf1, discovered in the bacterium Francisella novicida, 

performs similar functions. Interestingly, while Cas9 creates “blunt ends” upon cutting DNA Cpf1 

induces “sticky ends”, which may make it useful in introducing DNA into the genome (Zetsche et al. 

2015). 

CRISPR–Cas involves three distinct stages: adaptation, expression, and interference 

(reviewed by Westra et al. (2012) (Figure 2.1A). The adaptation stage involves the acquisition of 

specific sequences of new foreign DNA (also known as 'protospacers') from invading pathogens. Cas1 
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and Cas2, which are present in most known CRISPR–Cas systems, form a surveillance complex that 

recognises a short protospacer adjacent motif (PAM) in the foreign target DNA and carries out the 

isolation and incorporation of protospacers into the CRISPR array as new spacers.   

During the expression stage, the CRISPR array is transcribed as a precursor transcript (pre-

crRNA). The pre-crRNA molecule is then bound to the multidomain protein Cas9 through specific 

interactions with a conserved portion of the pre-crRNA. Pre-crRNA is then processed into crRNAs by 

an endonuclease domain of Cas9 or by an alternative mechanism involving RNAse III and an 

independent RNA molecule called transactivating CRISPR RNA (tracrRNA). In either case the 

interference stage involves the mature crRNA-endonuclease complex recognizing and cleaving the 

target DNA. Recognition is mediated by a specific portion of the crRNA termed guide RNA, while 

cutting is mediated by an endonuclease domain of Cas9 and takes place 1bp upstream of the NGG 

PAM motif. Importantly, the exact base pair matching near the proximal end (close to the PAM) of 

the crRNA is more critical in determining recognition than the distal end (away from the PAM) 

(Boyle et al. 2017).   

2.1.1.3 CRISPR/Cas as a technology 

Once the inner workings of CRISPR/Cas were understood, the potential to use this 

technology to create customized mutations in other organisms became apparent. In 2012, two 

independent studies showed that a re-constituted CRISPR/Cas9 system was functional in vitro (Jinek 

et al. 2012; Gasiunas et al. 2012); crRNA could be designed to guide Cas9 to cut specific DNA 

sequences in vitro. crRNA and tracrRNA were also fused into single (or synthetic) guide RNAs 

(sgRNAs), creating a minimal two-component system that was an important improvement for future 

use with in vivo applications (Figure 2.1B). In the next two years, the successful in vivo use of 

CRISPR/Cas9 for genome editing was being reported in a a wide variety of systems, including 

mammalian cells (Cong et al. 2013), baker’s yeast (DiCarlo et al. 2013), zebrafish (Hwang et al. 

2013), fruit flies (Gratz et al. 2013), nematodes (Friedland et al. 2013), plants (Jiang et al. 2013), and 

mice (Yang et al. 2013). 

While the ability to create functional null alleles of genes is not new, the specificity of RNA 

guided nucleases is. Mutagenesis approaches such as EMS or transposable elements lack any way to 

specify the targets, leading to unwanted mutations at many sites in the genome. Additionally, while 

other endonucleases such as ZFNs and TALENs also permit such specificity (Section 1.4.5), they can 

be costly and time-consuming. In contrast, a streamlines CRISPR/Cas9 workflow can generate 

multiple mutations quickly with minimal cost at abundant NGG locations in the genome.  

Additionally, the ability to synthesize both Cas9 and sgRNAs in vitro has made it readily adaptable to 

any species with an established transformation method. For example, the first genetically modified 
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insect from the species Helicoverpa armigera was made via CRISPR in the absence of any other 

genetic tools or a sequenced genome (Wang et al. 2016, 2017). 

Figure 2.1. The CRISPR system in bacteria and adapted for gene editing technology. A) 

Schematic diagram of CRISPR/Cas-mediated bacterial immunity defence. Part of the infecting phage 

(blue phage) is incorporated into the bacteria host genome which then guides the endonuclease Cas 

(C) to restrict the incoming phages. Reproduced from Westra et al. (2012). B) The two-component 

system of CRISPR/Cas for in vivo application fused the crRNA and tracrRNA into a chimera (bottom) 

adapted from type II CRSIPR/Cas system in bacteria (top). Reproduced from Jinek et al. (2012). 
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2.1.2  The status of CRISPR in Drosophila melanogaster 

Several groups demonstrated the efficacy of CRISPR/Cas-mediated editing of the Drosophila 

melanogaster genome. However, the frequency of germline mutagenesis has been somewhat variable, 

likely a result of different approaches used to introduce Cas9 and sgRNAs into the fly. Many studies 

have used microinjection of in vitro-transcribed RNAs into fertilized embryos to deliver Cas9 and 

sgRNAs (Yu et al. 2013; Bassett et al. 2014). However, RNA is more difficult to work with and 

costly to produce. While microinjection of RNA or protein is the only way to introduce CRISPR 

machinery into non-model organisms, Drosophila provides other options. Some groups have injected 

expression DNA plasmids to transiently express either or both CRISPR/Cas components (Gratz et al. 

2013; Sebo et al. 2014). Commonly used plasmids to express sgRNA(s) contain a ubiquitous 

Polymerase III promoter derived from the upstream sequence of a Drosophila U6 small nuclear RNA 

gene (Wakiyama et al. 2005). 

Previous experience with ΦC31 integrase shows that increased efficiency can be achieved 

with the endogenous expression of relevant proteins in vivo (Bischof et al. 2007). Much of the 

available evidence concerning CRISPR/Cas9 in D. melanogaster now suggests that Cas9 or sgRNAs 

transcribed from the Drosophila genome yields the highest efficiency of germ-line transmission 

(Kondo and Ueda 2013; Sebo et al. 2014; Port et al. 2014). As a result, there is now a set of 

transgenic lines expressing Cas9 under the control of various promoters of genes including actin 

(ubiquitous), nanos (germline), and vasa (germline) that are available (Port et al. 2014). Similarly, a 

collection of sgRNA expression plasmids that include the attB integration site are available (Port and 

Bullock 2016). These can be used to create transgenic flies expressing multiple sgRNAs, which can 

be used to target several genes at once, or express sgRNAs transiently to induce gene knockdown. 

2.1.3  Chapter overview  

In the current chapter, the aim was to create null alleles for genes encoding subunits for the 

nAChRs and their accessory proteins. In each case the overall strategy was to remove as much of the 

genomic locus as possible by having two sgRNAs directing Cas9 to cut at the 5’ and 3’ ends of the 

coding sequence. Non-homologous end-joining (NHEJ) repair then ligated the hanging ends together 

creating near complete deletions of targeted genes (Figure 2.2A). This was achieved by performing in 

vivo CRISPR, crossing flies expressing sgRNAs and Cas9. For selected genes, the same knockout was 

generated in three different genetic backgrounds (Canton-S, Oregon-R and a Cas9-expressing strain) 

as genetic background can have a major impact on behavioural phenotypes (Sokolowski 2001).  
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Figure 2.2. Strategy for CRISPR/Cas9-mediated gene deletion. (A) Two sgRNAs (yellow lines) 

were chosen for each gene of interest, one targeting the nucleotides at or immediately before the start 

codon, while the other targeted the nucleotides of the stop codon or those immediately 3’ of it. Four 

primers (purple arrowheads) were also designed to flank the sgRNA target regions to enable easy 

molecular diagnosis of Cas9 cutting. (B) Schematic representation of gel electrophoresis of PCR 

products. Two primer combinations would allow for detection of wildtype (WT) allele, while one 

combination would allow for detection of the deletion allele in heterozygous (het) or homozygous 

(hom) animals. All products would be approximately one kilobase. Note that for primers 1 + 4 there 

would be no PCR product for wild type DNA as the intact gene is too large to amplify under the PCR 

conditions used.  
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2.2  Materials and methods  

2.2.1 Drosophila melanogaster stocks and handling 

2.2.1.1 Stocks 

Fly stocks used in this chapter were obtained from Bloomington Drosophila Stock Centre 

(BDSC, Bloomington, Indiana, USA) (Table 2.1). A fly line containing attP40 site on the second 

chromosome (Bloomington #25709) was used to generate sgRNA-expressing strains. Canton-S 

(Bloomington #64349) and Oregon-R (Bloomington #25211) are commonly used wild type lines in 

many behavioural studies. ActinCas9 (Bloomington #54590), a transgenic line expressing the 

endonuclease Cas9 ubiquitously under Actin promoter, was also used to retain consistency with other 

mutants being generated in the laboratory. VasaCas9 and nanosCas9 limit expression of Cas9 to 

germline cells, which would be important if the ubiquitous deletion were lethal. As three different 

genetic backgrounds were used to generate mutations, a collection of strains containing various 

combinations of balancer chromosomes and other chromosomes of interest were created (Table 2.2).   

2.2.1.2 Rearing conditions and media 

Unless otherwise stated, fly stocks were maintained at 25oC, 50-60% humidity, 12h:12h light:dark 

cycle on maize meal medium (H2O 1L, agar 6g, brewer's yeast 35g, glucose 75g, maize meal 73g, 

maltose 46g, soy flour 20g, acid mix 14mL, tegosept 16mL). For embryo collections, flies were 

allowed to lay on apple juice plates (H2O 720mL, 20g agar, brewer's yeast 7g, sucrose 26g, glucose 

52g, apple juice 200mL, tegosept 6mL).  

2.2.2 CRISPR-mediated mutagenesis 

2.2.2.1  sgRNA design 

Target genes 

The genes of interest to be deleted in this study include the subunits for the nAChRs as well 

as one of their accessory proteins, DmRIC3. 6 of the 10 nAChR subunits genes (Dα1, Dα2, Dα3, Dα4, 

Dα6, and Dβ2) were chosen for knockout. Dα7 and Dβ3 knockouts had already been generated by a 

similar method (Yang unpublished), while Dα5 and Dβ1 appear to be essential genes so homozygous 

mutants could not be generated for analysis (Christensen and Yang, unpublished). FlyBase IDs for all 

genes can be found in Table 2.3. 
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Table 2.1. Fly strains obtained for this study 

Name Source Description 

v25709 Bloomington #25709 Contains attB landing site 

ActinCas9 Bloomington #54590 Expresses Cas9 ubiquitously, construct on X chromosome 

VasaCas9 Bloomington #51324 Expresses Cas9 in germline, construct on third chromosome 

NanosCas9 Bloomington #54591 Expresses Cas9 in germline, construct on X chromosome 

Canton-S Bloomington #64349 Commonly used wildtype strain 

Oregon-R Bloomington #25211 Commonly used wildtype strain 

Double 

balancer 
Lab stock 

Contains second and third balancer chromosomes with dominant 

visible markers: curly, irregular facets, humoral, stuble 

FM7 Lab stock Contains balancer X chromosome with dominant visiable marker 

      

 

Table 2.2. Combination of balancer and background chromosomes used for crossing schemes 

Chromosome 

X II III 

Canton-S Cy/If Hu/Sb 

Canton-S Cy/If Canton-S 

Canton-S Canton-S Hu/Sb 

Oregon-R Cy/If Hu/Sb 

Oregon-R Cy/If Oregon-R 

Oregon-R Oregon-R Hu/Sb 

ActinCas9 Cy/If Hu/Sb 

ActinCas9 Cy/If Oregon-R 

ActinCas9 Oregon-R Hu/Sb 

ActinCas9 Cy/If Oregon-R 

ActinCas9 Oregon-R Hu/Sb 

w1118 Cy/If ActinCas9 

w1118 ActinCas9 Hu/Sb 

      

 

Table 2.3. Target genes  

Gene FlyBase ID 

Dα1 FBgn0000036 

Dα2 FBgn0000039 

Dα3 FBgn0015519 

Dα4 FBgn0266347 

Dα6 FBgn0032151 

Dβ2 FBgn0004118 

DmRIC3 FBgn0050296 

 

 Finding sgRNA target loci 

The online tool Target Finder (http://www.tools.flycrispr.molbio.wisc.edu/targetFinder/) was 

used to identify potential CRISPR target sequences for the genes of interests (Gratz et al. 2014). 

http://www.tools.flycrispr.molbio.wisc.edu/targetFinder/
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Regions of about 1kb in length flanking the start and stop codons of each gene were used as input 

sequences. As sgRNAs would ultimately be expressed from U6 promoters (Section 2.1.2), targets 

beginning with a 5’ G nucleotide were preferred, but not considered absolutely essential as the 5’ G 

could be added during sgRNA synthesis. Maximum stringency was chosen to identify potential off-

targets in the rest of the D. melanogaster genome. This meant any genomic sequences (apart from 

those of the gene to be targeted) with 1) an exact match; 2) One mismatch in the 3’ (proximal) half of 

the target sequence and < four mismatches in the 5’ (distal half); 3) Two mismatches in the proximal 

half and one mismatch in the distal half were considered as potential off targets. Only off-targets on 

the same chromosome as the target gene were of concern, as the outcrossing schemes used replaced 

the non-target chromosomes from the genotype in which CRISPR events were generated (details 

below in Section 2.). Target sequences were chosen based on a combination of highest predicted 

efficiency, lowest number of off-targets and smallest distance from the 5’ start codon or the 3’ stop 

codon.  

Verifying sgRNA target loci 

A SNP in the target sequence or PAM renders an sgRNA ineffectual. Thus, rather than 

relying on the reference genome sequence used by the design tool, it was critical to sequence the 

target region in the genetic backgrounds of interest here, Canton-S, Oregon-R and ActinCas9. One 

primer from each pair designed to amplify these regions also acted as diagnostic primers for checking 

CRISPR events downstream (Figure 2.2B) (all primers used are specified in Appendix 1A). 

2.2.2.2  Generating sgRNA-expressing plasmids 

pCFD4 

pCFD4 is an expression vector optimized for rapid generation of transgenic sgRNA flies 

(Figure 2.3A) (Addgene #49411). The plasmid has two of the three D. melanogaster U6 promoters, 

U6:1 and U6:3, to drive simultaneous expression of two sgRNAs. pCFD4 also contains an attB site to 

allow DNA integration into the genome of any fly line containing an attP site if a source of ΦC31 

integrase is present. Cloning of sgRNAs into pCFD4 involves a polymerase chain reaction to generate 

homologous fragments and Gibson assembly to incorporate these fragments into the vector backbone 

(Gratz et al. 2014). Cloning of Dα4 sgRNAs was unnecessary as it had been previously completed 

(Yang unpublished). 
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Figure 2.3. Molecular components for expressing sgRNAs. (A) The expression vector pCFD4 has 

two D. melanogaster promoters U6:1 and U6:3, attB site for integration into the genome, the 

vermillion eye colour marker for phenotypic identification of transformed flies, and ampicillin 

resistance allele AmpR for clone selection in E. coli. Reproduced from Addgene. (B) Template for 

creating homology fragments to incorporate sgRNAs into the pCFD4 backbone. Reproduced from 

(Gratz et al. (2014).  
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Creating homology fragment with large primers 

Fragments containing sgRNAs and overlapping with linearized pCFD4 plasmid were produced via 

PCR using uncut pCFD4 as template. The primers were 72-oligomers designed following the protocol 

from (Port et al. 2014) (Figure 2.3B, Appendix 1A) and ordered from Macrogen. Briefly common 5’ 

and 3’ regions were designed to match with the PCFD4 template while an intermediate 19 

nucleotides, or 20 nucleotides for non-G starting targets, corresponded to the specific CRISPR target 

without the PAM sequence. Q5 high fidelity polymerase (New England Biolabs) was used according 

to the manufacturer’s instructions with a 66-degree annealing temperature and 30 second extension 

time. The expected product was about 600bp. PCR products were electrophoresed on an 1% agarose 

gel to check for quality and quantity, then purified using Wizard® SV Gel and PCR Clean-Up System 

(Promega). 

Gibson assembly 

pCFD4 was linearized with BbsI, separated by electrophoresis and purified using the 

Wizard® SV Gel and PCR Clean-Up System (Promega). Gibson assembly (Figure 2.4; Gibson et al. 

2009) of the linearized vector and the PCR fragments were done using Gibson master mix according 

to the manufacturer’s instructions (New England Biolabs). The resulting product was transformed into 

competent E. coli cells, and selection by ampicillin resistance indicated successful assembly. Resistant 

colonies were grown in overnight culture and purified with PureYield™ Plasmid Miniprep System 

(Promega). Correct integration of sgRNAs into the pCFD4 backbone was verified by standard 

sequencing (Macrogen). The final construct was the original pCFD4 plasmid with two custom 

sgRNAs introduced directly downstream of two U6 promoters. 

2.2.2.3  Generating sgRNA-expressing Drosophila melanogaster strains 

Microinjection 

Purified pCFD4 plasmids containing sgRNAs (100-200ng/μL) were microinjected into 

embryos of v25709 which has vermillion eyes (Table 2.2). pCFD4 contains wild type vermilion allele, 

hence transformed flies were selected on the basis of their wild type red eye phenotype.  

Generation of homozygous strains 

Adult injectees were self-crossed and offspring with wild type eye colour were isolated for 

single pair crosses (one male with one female). DNA was also extracted from these flies, after 

sufficient number of eggs had been laid, and checked for successful integration with PCR using two 

primers, Ext25709 and pCary, which amplify a product of approximately 1.5kb (Appendix 1A). 

Single pair crossing continued until homozygous strains were established.
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Figure 2.4. Steps in Gibson assembly. Overlapping DNA fragments were joined in a single isothermal reaction with added T5 exonuclease, Phusion DNA 

polymerase and Taq ligase.  

  



47 
 

2.2.2.4 Mutagenesis crossing schemes 

The use of balancer genotypes (Table 2.2) allowed the controlled deletion of genes in 

different genetic background via a series of crosses. Depending on which chromosome carried the 

gene of interest, one of three different crossing schemes were used (Figure 2.5), all sharing three main 

stages: initial crossing, detection, and establishment.  

Initial crossing brought the Cas9-expressing chromosome, the sgRNA-expressing 

chromosome, and the chromosome for the gene of interest into one fly over appropriate balancers in a 

specific genetic background. The following steps involved the detection of the deletion. Each 

offspring from the initial crossing was mated and bred individually as independent CRISPR events 

could be recovered from different flies at this stage. After mating these candidate flies were sacrificed 

for DNA extraction and were screened for deletions via PCR (a schematic of the expected diagnostic 

PCR result is shown in Figure 2.1B). For the crossing scheme to create a deletion on the second 

chromosome, an extra PCR reaction was run to select for the absence of the sgRNA-expressing 

insertion in the 25709 strain. Once flies carrying a deletion were detected (and not the sgRNA), a 

series of crosses were performed that established genotypes homozygous for the gene of interest in a 

given background. If the background of interest was ActinCas9, the X chromosome containing the 

Cas9-expressing construct was replaced with the X chromosome from the white-eyed strain w1118 in 

order to remove Cas9 source. The hybrid line w1118ActinCas9 was the background control for these 

mutant strains. 

 

 

 

 

 

 

(next two pages) Figure 2.5. CRISPR-mediated mutagenesis crossing schemes. Steps in each 

scheme for removing genes of interest on the X (A), the second (B) and the third (C) chromosome. 

All schemes include three main stages: initial crossing, detecting desirable alleles and establishing 

homozygous strains.   
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2.3 Results 

2.3.1 sgRNAs 

The sequences of all sgRNAs chosen are listed in Table 2.4 and alignments with the genomic 

regions they target are shown in Appendix 1B. Five out of six nAChR subunit genes had sgRNAs 

targeting the flanking region before the start codon and after the stop codon. In the case of Dα3, the 5’ 

sgRNA targeted pre-start codon region and the last exon. In the case of DmRIC3, one sgRNA targeted 

the first intron and the other sgRNA targeted the second to last intron.  

The presence of any SNPs in the regions of interest for Dα3 could not be verified due to 

difficulty amplifying these regions with PCR (further discussed in Section 2.4.3). No SNPs were 

detected in any sequenced targets except for Dα2 (Table 2.4). Two out of the four SNPs in Dα2 were 

the first flexible nucleotides of the PAM sequence (NGG), so they were deemed trivial. Although the 

other two SNPs could have been genuine polymorphisms, they could also be due to PCR or 

sequencing errors. 

Integration of sgRNA sequences into the pCFD4 are shown in Appendix 1C. The assembled 

pCFD4 plasmid used to create the sgRNA transgenic lines for Dα1 and Dα3 turned out to have 

mismatches compared to the original backbone, indicating errors in the assembly process (Appendix 

1D). This was not the case for Dβ2 with sequencing confirming assembly into the plasmid was correct 

(Appendix 1D). 

Strains expressing sgRNAs were generated without issues and are listed in Table 2.5. 

2.3.2 Null alleles generated 

In total, nine knockout strains were generated for four out of the nine genes of interest (Table 

2.6), successfully removing genomic sequences ranging from 4 to 83kb in length. For two genes, Dα6 

and DmRIC3, the same allele was recapitulated for three backgrounds. Conversely, no successful 

knockouts were achieved for Dα1, Dα3, and Dβ2. 

All knockouts were sequenced to determine the exact molecular nature of the mutations. 

DNA resection (when the ends of DNA breaks get chewed back by enzymes before ligation occurs) 

can occur with DNA double-stranded breaks, so small deletions of a few bases around the PAM site 

where Cas9 cuts were observed in the knockouts, as expected. Since the desired mutations themselves 

were large deletions, these small deletions were generally not a concern. There were also a small 

number of SNPs in the flanking regions that most likely were due to either polymorphisms in different 

genetic backgrounds, or PCR/sequencing errors.
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Table 2.4. Sequences of the sgRNAs chosen and the corresponding target genomic loci. The same region targeted by each sgRNA was sequenced for 

three different genetic backgrounds (w1118ActinCas9, Oregon-R, and Canton-S).  

Region sgRNA name Background Predicted target Sequenced targrt 

5' Dα1_sgRNA_start_2 w1118ActinCas9 GGTCCAACCCTGTAAAGTGGTGG GGTCCAACCCTGTAAAGTGGTGG 

5' Dα1_sgRNA_start_2 Oregon-R GGTCCAACCCTGTAAAGTGGTGG GGTCCAACCCTGTAAAGTGGTGG 

5' Dα1_sgRNA_start_2 Canton-S GGTCCAACCCTGTAAAGTGGTGG GGTCCAACCCTGTAAAGTGGTGG 

3' Dα1_sgRNA_3UTR_1 w1118ActinCas9 TTGATTAACCGTGACAGTGCTGG TTGATTAACCGTGACAGTGCTGG 

3' Dα1_sgRNA_3UTR_1 Oregon-R TTGATTAACCGTGACAGTGCTGG TTGATTAACCGTGACAGTGCTGG 

3' Dα1_sgRNA_3UTR_1 Canton-S TTGATTAACCGTGACAGTGCTGG TTGATTAACCGTGACAGTGCTGG 

5' Dα2_sgRNA_start_1 w1118ActinCas9 CATGTTTAGCGCTGCAATGCTGG CATGTTTAGCGCTGCAATGCTGG 

5' Dα2_sgRNA_start_1 Oregon-R CATGTTTAGCGCTGCAATGCTGG CATGTTTAGCGCTGCAATGCGGG 

5' Dα2_sgRNA_start_1 Canton-S CATGTTTAGCGCTGCAATGCTGG CATGTTCAGCGCTGCAATGCGGG 

3' Dα2_sgRNA_end_1 w1118ActinCas9 TTACAAGCCAATCTGCCTAGAGG TCACAAGCCAATCTGCCTAGAGG 

3' Dα2_sgRNA_end_1 Oregon-R TTACAAGCCAATCTGCCTAGAGG TTACAAGCCAATCTGCCTAGAGG 

3' Dα2_sgRNA_end_1 Canton-S TTACAAGCCAATCTGCCTAGAGG TTACAAGCCAATCTGCCTAGAGG 

5' Dα3_sgRNA5UTR ActinCas9 GTGTGTGTTCTTCAATTTGGTGG could not check 

3' Dα3_sgRNAex1 ActinCas9 TTTCGGTGTCTCTTGGTCAGTGG could not check 

5' Dα4_sgRNA1_front Oregon-R GGAAAGTATCCAAGCTCTGAGGG did not check 

5' Dα4_sgRNA1_front Canton-S GGAAAGTATCCAAGCTCTGAGGG did not check 

3' Dα4_sgRNA6_back Oregon-R GGAAAAGGCTTAATCGCATAAGG did not check 

3' Dα4_sgRNA6_back Canton-S GGAAAAGGCTTAATCGCATAAGG did not check 

5' Dα6_sgRNA_5UTR_1 w1118ActinCas9 TTTCGGTGTCTCTTGGTCAGTGG TTTCGGTGTCTCTTGGTCAGTGG 

5' Dα6_sgRNA_5UTR_1 Oregon-R TTTCGGTGTCTCTTGGTCAGTGG TTTCGGTGTCTCTTGGTCAGTGG 

5' Dα6_sgRNA_5UTR_1 Canton-S TTTCGGTGTCTCTTGGTCAGTGG TTTCGGTGTCTCTTGGTCAGTGG 

3' Dα6_sgRNA_end_1 w1118ActinCas9 AGGACAGTTGAGGGATTGAGAGG AGGACAGTTGAGGGATTGAGAGG 

3' Dα6_sgRNA_end_1 Oregon-R AGGACAGTTGAGGGATTGAGAGG AGGACAGTTGAGGGATTGAGAGG 

3' Dα6_sgRNA_end_1 Canton-S AGGACAGTTGAGGGATTGAGAGG AGGACAGTTGAGGGATTGAGAGG 

5' Dβ2_sgRNA_start w1118ActinCas9 GTTTAATACAACCTCACGGTGGG GTTTAATACAACCTCACGGTGGG 

5' Dβ2_sgRNA_start Oregon-R GTTTAATACAACCTCACGGTGGG GTTTAATACAACCTCACGGTGGG 

5' Dβ2_sgRNA_start Canton-S GTTTAATACAACCTCACGGTGGG GTTTAATACAACCTCACGGTGGG 

3' Dβ2_sgRNA_end_1 w1118ActinCas9 TTAACAATGCTTCCGAGGCTCGG TTAACAATGCTTCCGAGGCTCGG 
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3' Dβ2_sgRNA_end_1 Oregon-R TTAACAATGCTTCCGAGGCTCGG TTAACAATGCTTCCGAGGCTCGG 

3' Dβ2_sgRNA_end_1 Canton-S TTAACAATGCTTCCGAGGCTCGG TTAACAATGCTTCCGAGGCTCGG 

5' RIC3.sgRNA.DRSC.5 w1118ActinCas9 GGCACTCCTCCGAACATCATGGG GGCACTCCTCCGAACATCATGGG 

5' RIC3.sgRNA.DRSC.5 Oregon-R GGCACTCCTCCGAACATCATGGG GGCACTCCTCCGAACATCATGGG 

5' RIC3.sgRNA.DRSC.5 Canton-S GGCACTCCTCCGAACATCATGGG GGCACTCCTCCGAACATCATGGG 

3' RIC3.sgRNA.DRSC.3 w1118ActinCas9 GCAGAGGAGGTTGAGAGCGTAGG GCAGAGGAGGTTGAGAGCGTAGG 

3' RIC3.sgRNA.DRSC.3 Oregon-R GCAGAGGAGGTTGAGAGCGTAGG GCAGAGGAGGTTGAGAGCGTAGG 

3' RIC3.sgRNA.DRSC.3 Canton-S GCAGAGGAGGTTGAGAGCGTAGG GCAGAGGAGGTTGAGAGCGTAGG 

 

Table 2.5.  List of sgRNA-expressing strains generated. 

 

 

 

 

 

 

Table 2.6. List of all knockout strains generated 

Gene Chromosome Background Deletion size 

Dα2 III w1118ActinCas9 ~7kb 

Dα4 III Oregon-R ~73kb 

Dα4 III Canton-S ~73kb 

Dα6 II w1118ActinCas9 ~83kb 

Dα6 II Oregon-R ~83kb 

Dα6 II Canton-S ~83kb 

DmRIC3 II w1118ActinCas9 ~4.3kb 

DmRIC3 II Oregon-R ~4.3kb 

DmRIC3 II Canton-S ~4.3kb 

Strain Description 

Dα1-pCFD4-v09 Expresses sgRNAs targeting Dα1, construct on second chromosome 

Dα2-pCFD4-v09 Expresses sgRNAs targeting Dα2, construct on second chromosome 

Dα3-pCFD4-v09 Expresses sgRNAs targeting Dα3, construct on second chromosome 

Dα4-pCFD4-v09 Expresses sgRNAs targeting Dα4, construct on second chromosome 

Dα6-pCFD4-v09 Expresses sgRNAs targeting Dα6, construct on second chromosome 

Dβ2-pCFD4-v09 Expresses sgRNAs targeting Dβ2, construct on second chromosome 

RIC3-pCFD4-v09 Expresses sgRNAs targeting DmRIC3, construct on second chromosome 
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2.3.2.1 Dα2 

7kb of the Dα2 locus was removed, encompassing the whole genomic sequence of the gene 

and extra segments of approximately 800bp on both ends (Figure 2.6A). Small chew-backs (deletions 

flanking target sequences) on both sides but no other significant alterations were observed (Figure 

2.6B and C). Successful knockout was only achieved in the w1118ActinCas9 background. Crossing 

was done for the other two backgrounds, but no fly carrying a deletion was isolated at Step 4 (Figure 

2.5C). 

2.3.2.2 Dα4 

Dα4 had previously been deleted in the w1118ActinCas9 background using the same in vivo 

CRISPR method (Yang unpublished). Using the same sgRNA-expressing strain, deletions of Dα4 

were obtained in the Oregon-R and Canton-S backgrounds here. The sgRNAs targeted the 5’UTR and 

3’UTR, resulting in the removal of the whole coding sequence of Dα4, about 73kb (Figure 2.7A). For 

both backgrounds, small chew-backs of 20-30bp occurred, and a few mismatches were also observed 

around the ligated region (Figure 2.7B and C).   

2.3.2.3 Dα6 

Target sequences were within the 5’UTR and 3’UTR, resulting in the removal of the whole 

Dα6 coding sequence of about 83kb in all three genetic backgrounds (Figure 2.8A). Similar to 

deletions of Dα4, small chew-backs and a few mismatches around the ligated ends were observed 

(Figure 2.8B and C).  

In addition to using PCR diagnostic tool to identify flies carrying the desired deletions, flies 

potentially carrying the Dα6 deletion were reared on food containing 1ppm of the insecticide spinosad 

(Success™). Dα6 is a known target for spinosad and knockouts have proven to be highly resistant 

(Perry et. al 2015). Furthermore, the Curly of Oster (CyO) balancer is known to disrupt the Dα6 gene 

(Perry et. al 2007). Therefore, flies carrying the Dα6 CRISPR deletion over a CyO balancer would be 

expected to be spinosad resistant, and this selection was used to decrease the amount of PCR screens 

necessary to identify Dα6 nulls. The crossing and screening for Dα6 knockout in w1118ActinCas9 

was carried out by two undergraduate interns (Sabine Audige and Jacob Morrissey).   

2.3.2.4 DmRIC3 

4.3kb of genomic sequence, spanning from the last quarter of exon 1 to the second last intron, 

was successfully removed for all three genetic backgrounds (Figure 2.9A). Again, 20-30bp chew-

backs and a small number of SNPs were observed in the sequences (Figure 2.9B and C). 
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Figure 2.6. Genomic alignment of Dα2 sgRNAs and the deletion allele. Alignment of sgRNA sequences to the target region in Dα2KO. A) Locations of the 

two sgRNAs (orange bar). B) Alignment to the start region (purple bar). C) Alignment to the end region (purple bar).  
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Figure 2.7. Genomic alignment of Dα4 sgRNAs and the deletion alleles. Alignment of sgRNA sequences to the target region in two stocks of Dα4KO. A) 

Locations of the two sgRNAs (orange bar). B) Alignment to the start regions of Dα4KO-Canton-S (light blue) and Dα4KO-Oregon-R (dark blue). C) Alignment 

to the end regions of Dα4KO-Canton-S (light blue) and Dα4KO-Oregon-R (dark blue).  
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Figure 2.8. Genomic alignment of Dα6 sgRNAs and the deletion alleles. Alignment of sgRNA sequences to the target region in three stocks of Dα6KO. A) 

Locations of the two sgRNAs (orange bar). B) Alignment to the start regions of Dα6KO-ActinCas9 (purple), Dα6KO-Canton-S (light blue), and Dα4KO-Oregon-

R (dark blue). C) Alignment to the end regions of Dα6KO-ActinCas9 (purple), Dα4KO-Canton-S (light blue) and Dα4KO-Oregon-R (dark blue). 
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Figure 2.9. Genomic alignment of DmRIC3 sgRNAs and the deletion alleles. Alignment of sgRNA sequences to the target region in three stocks of 

DmRIC3KO. A) Locations of the two sgRNAs (orange bar). B) Alignment to the start regions of DmRIC3KO-ActinCas9 (purple), DmRIC3KO-Canton-S (light 

blue), and DmRIC3KO-Oregon-R (dark blue). C) Alignment to the end regions of DmRIC3KO-ActinCas9 (purple), DmRIC3KO-Canton-S (light blue) and 

DmRIC3KO-Oregon-R (dark blue).
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2.3.2.5 Cross-checking off-target events 

Specific primers were designed across the potential off-target sites and DNA sequencing was 

performed for the evaluation of the off-target effects. All predicted off target sites on the same 

chromosome of the deleted gene were checked by sequencing (Table 2.7). For each predicted site, a 

pair of primers to amplify approximately 1kb fragment spanning the locus was designed (Appendix 

1A). For all loci, gel electrophoresis showed a single clear, crisp band, so the PCR amplicon was sent 

to Macrogen for purification and sequencing. None of the results indicated any off-target activity 

(data not shown). 

Table 2.7. Off-target regions 

2.3.3 Unsuccessful attempts 

No null alleles were detected with PCR for Dα1, Dα3, and Dβ2. For Dα1 and Dα3, the 

mismatches in the pCFD4 backbone (Section 2.3.1) could have interfered with sgRNA expression 

and/or activity, reducing the efficiency of the system. No problem with Dβ2- pCFD4 was detected. As 

existing Dβ2 mutant flies appear less healthy, full knockout of this gene could have been lethal. 

However, crossing ActinCas9 to Dβ2- pCFD4-v09 resulted in viable offspring but no detection of 

deletion allele with PCR. 

Gene Off-target sequence Location (FlyBase03) 

Dα2 GTTGACAACATTCTAGACTATAG 3R:14432176..14432198 

Dα4 ACGCTGATCCCGATCCCGATTCC 3R:21262873..21262895 

Dα4 ATCCTTTAGCTTGATACTGTCCT 3R:15359295..15359317 

Dα4 CCTCACTTTCCAACGATGGCCGA 3R:14478092..14478114 

Dα6 CACAATGATATTCCTCACCAAAG 2R:13247604..13247626 

Dα6 CCGCTCAAGCCCTCAACTCGAGT 2L:13186851..13186873 

Dα6 TATGGCTTTCTCTTGGTCACCAG 2L:16222527..16222549 

Dα6 CTCATGACCAAAAGAAACCGAAA 2L:8569786..8569808 

Dα6 CTCCTCAATCCCTGAACAATCAG 2R:6126199..6126221 

Dα6 CCACTCAATCACTCACGTGCCCA 2R:17360099..17360121 

DmRIC3 CCTACGCTCTCCACCATCCCTCC 2R:17016868..17016890 

DmRIC3 GAAGAGGAGTTTGAGATCGTTGG 2R:21562240..21562262 
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2.4  Discussion 

2.4.1  sgRNA design strategy 

In this chapter, two sgRNAs were designed against each target gene to generate the complete 

dropout of coding sequences with NHEJ. This strategy was chosen to simplify detection as well as 

validation of null alleles. 

2.4.1.1 Ease of detecting CRISPR mutations 

The simplest way to disrupt a locus using CRISPR/Cas9 is to use a single gRNA targeting the 

coding region of a gene of interest, relying on the error-prone NHEJ to produce frameshift mutations. 

Detecting these changes rely on sometimes difficult methods such as high-resolution melting analysis 

(HRMA) (Bassett et al. 2013) and mismatch cleavage assays. HRMA involves incorporating a 

fluorescent dye into the amplification of a small DNA fragment spanning the target locus. A melt 

curve analysis then follows to detect whether multiple melting profiles exists within the products, 

which suggests allelic variant of the locus. Despite high accuracy, the setup costs are high for HRMA 

because a qPCR machine is necessary. The mismatch cleavage assays use enzymes, such as T7 

endonuclease 1 or Surveyor™ nuclease (Vouillot et al. 2015), that recognise and digest heteroduplex 

DNA at mismatches, resulting in fragments that are dissimilar in size if multiple alleles are present. 

The problem with mismatches-based assays is that highly polymorphic loci can give false positives, as 

different wild-type alleles can also form heteroduplex DNA. Furthermore, if mutation frequency is 

very high or near homozygosity, formation of heteroduplex DNA is low leading to false negatives. 

Even though no expensive equipment is needed for mismatch cleavage assays, purchase of special 

enzymes is still required.  

In contrast, the strategy presented here only required routine PCR to screen for mutations, 

which is cheap and simple. The same primers used to check the region before editing were reused for 

detecting deletion (Figure 2.1A). As a result, wild-type, homozygous and heterozygous lines were 

easily distinguishable molecularly (Figure 2.1B). The presence of null allele is reflected by the 

presence of PCR product on the agarose gel, hence false negatives and false positives are less likely. 

2.4.1.2 Utility of the complete dropout 

While a null allele can also be produced with frameshifts or truncations, they often produce 

variants that may retain some functionality or escape nonsense-mediated decay (Lappalainen et al. 

2013). Therefore, these mutations require further molecular validation at the RNA and protein levels 

to prove true loss of function, whereas a complete genomic deletion of coding sequence eliminates 

such requirement. This is especially important for genes with multiple transcripts, such as DmRIC3 

(Figure 2.10A), for which alternative splicing makes the targeting of a single region incapable of 
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removing all possible functional isoforms. Using two sgRNAs also allows for more precise 

modification, such as deleting single domains (Burkard et al. 2017) or the regulatory sequence 

without affecting the remainder of the locus (Zhao et al. 2017).  

However, the strategy used is not without downsides. The use of two sgRNAs may also be 

less efficient if the goal is simple gene disruption, as two independent cutting events are needed. In 

fact, there are many reports of successful CRISPR-mediated loss of functions with high efficiency 

using only one sgRNA (Gratz et al. 2013; Bassett et al. 2013; Yu et al. 2013).  Additionally, two 

sgRNAs theoretically carries twice the frequency of off-target mutations as compared with a single 

sgRNA, which could be minimized by using a double nickase strategy for DSBs (Ran et al. 2013) or 

dimeric Cas9-FokI fusions (Guilinger et al. 2014). While the off-target effects using CRISPR/Cas9 

has not been fully characterised, studies have suggested that for relatively small genomes, such as that 

of Drosophila, off-targets may not be a major issue (Lee et al. 2016; Schaefer et al. 2017). Here, we 

amplified and sequenced regions spanning predicted off-targets and did not observe any perturbation 

in these regions (Table 2.7). 

2.4.2 In vivo CRISPR delivery 

A few major challenges encountered when applying CRISPR/Cas systems for genomic 

engineering are time-consuming molecular screening of positive variants, discussed above, and low 

efficiency of the desired modifications. In principle, a fully transgenic system requires the generation 

of a transgenic fly line for every single or combination of sgRNA(s) of interest that subsequently 

needs to be crossed to a transgenic Cas9 line, making it time consuming initially. Nevertheless, this 

strategy allows high frequency of germline mutations, increases the size limit of deletions, simplifies 

procedure, and enables adapting resources for other uses such as somatic CRISPR. 

2.4.2.1 Overcoming size limitation 

The size of genomic deletions demonstrated by CRISPR tends to correlate inversely with 

frequency of deletion (Canver et al. 2014), i.e. generating big deletions requires high efficiency. Here, 

we reported large deletions of approximately 73kb and 83kb (Table 2.5) for Da4 and Da6, 

respectively. While there have been similarly sized deletions reported for mammal models (Zhang et 

al. 2015), the largest deletion reported for flies to date is 14.2kb of the DSH3PX1 locus (Gratz et al. 

2014). Many genes in Drosophila melanogaster contain multiple big introns, resulting in large gene 

loci despite their small coding sequences. Being able to generate bigger deletions means more 

flexibility in choosing target genes. 

2.4.2.2 Ease of transformation 

With a fully in vivo delivery approach microinjection is also far less cumbersome compared 

to injecting CRISPR/Cas9 components directly.  Firstly, there is a visible phenotype (eye colour) for 
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rapid detection and isolation of transformants. Secondly, transgenics are generated with the ΦC31 

integrase system (Bischof et al. 2007), which is well established and extremely efficient. 

Microinjection is a difficult technique to learn especially for beginners. Having a CRISPR delivery 

system that facilitates the most difficult part of the procedure is an attractive option for laboratories 

too small to employ a full-time injection technician. While platform services have been established for 

Drosophila microinjection, high cost and geographic isolation (e.g. Australia) make the option 

sometimes impractical. 

2.4.2.3 Increased flexibility 

Another benefit of stable transgenic lines is ease of replication. As we have done here, the 

same deletion was generated in multiple genetic backgrounds using one sgRNA expressing strain. 

This allows a more complete characterization of a gene’s function as genetic background can 

influence phenotypic observations (Zimmerman et al. 2012; discussed further in Chapter 3). Having 

transgenic lines also facilitates more efficient sharing between laboratories, in contrast to sharing 

plasmids or sequences as some work has already been done. This is the basis for many fly collections 

such as the Vienna Drosophila Resource Center (Dietzl et al. 2007), the MiMIC RMCE collection 

(Nagarkar-Jaiswal et al. 2015b), and the Zurich ORFeome Project (Bischof et al. 2013).  

Transgenic sgRNA expressing lines can also be used in additional ways by coupling 

CRISPR/Cas to the Gal4/UAS system to analyse null phenotypes somatically. Somatic CRISPR/Cas 

requires only simply crossing of a sgRNA line, a UAS-Cas9 line, and a GAL4 line to express Cas9 in 

a tissue- or time restricted manner. In these flies the sgRNAs are only able to eliminate its target gene 

in tissues where GAL4 (and hence the Cas9) is expressed. This is especially useful for mutations that 

cause lethality or developmental arrest, which are difficult to observe through germline transmission. 

Furthermore, this application allows characterization of gene function in specific cells or tissues, 

similarly to the RNAi system. 

2.4.3  Issues 

Technically, the deletions generated in different genetic backgrounds were not identical 

because of a small number of SNPs flanking the sgRNA cut sites (Figure 2.11), most likely due to the 

stochastic effects of NHEJ. A preventative measure would be supplying homologous DNA template, 

either as single stranded or double stranded DNA fragments, to activate the HDR pathway. We 

deemed such minor differences were unlikely to impact the phenotypes to be examined, considering 

that the coding sequences were significantly larger in size and completely removed.  

In-depth investigation into why some of the genes targeted could not be removed was not 

undertaken, but there are a few possible explanations. At least one member of the nAChR subunit 

family is known to be more important for viability (Christensen unpublished), it is likely knockouts of 
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other subunits might also be lethal or extremely weak. Flies with a single amino acid substitution in 

Dβ2 are less healthy than wild-type flies (Wei Chen personal communication). An alternative 

explanation would be low efficiency of the sgRNAs chosen. It is generally accepted that different 

sgRNAs show different mutagenesis efficiencies (Bassett et al. 2013) without a biological 

explanation, and the predicted efficiency by a computer algorithm might not have been accurate. It 

might also have been an issue of detection with PCR, if a certain pair of primers was unable to 

amplify products, despite each primer working well when paired with another primer. For example, 

there were difficulties amplifying regions of Dα3 from both DNA and RNA templates (data not 

shown). 

More generally, time constraints pose a major drawback of in vivo CRISPR/Cas9. The need to 

generate independent transgenic lines before beginning knockout is was a major limitation. Nine 

knockout strains were generated within the span of a few months, but further work could not be done 

to complete the set, due to time limitations of the project. 

2.4.4 CRISPR/Cas9 moving forward 

An innovation does not always involve uniquely new technology but also includes 

improvements of existing technology, especially in biological research. In the field of genome editing, 

our strategy has advanced the use of CRISPR/Cas9 for genomic engineering in D. melanogaster. 

While the technology was not new, a workflow that is more streamlined and accessible for many 

researchers was developed. The techniques were limited to one Gibson assembly reaction, one simple 

microinjection, general fly crossing, and other routine molecular work. The balancer flies used for 

crossing could easily be re-created, or shared as part of a genome editing toolkit, similar to the toolkit 

to genetically target specific cells in D. melanogaster utilizing transgenic fly lines and simple crossing 

created by Diao and colleagues (2015).  

High-throughput genetic screens are likely to be the next step of CRISPR/Cas9. Indeed, 

laboratories from different parts of the world are independently developing sgRNA libraries to disrupt 

gene function in vivo (Bier et al. 2018). Another focus of development has been multiplexed 

expression of multiple sgRNAs, which could allow simultaneous modifications of multiple genes, 

augmenting modelling of polygenic traits (Port and Bullock 2016). All of these developments can 

benefit in principle from the innovation presented here. More applied uses of CRISPR are also on the 

horizon.  

The success of the initial proof-of-concept study demonstrating the ability of an inserted 

Cas9-sgRNA cassette to self-perpetuate (Gantz and Bier 2015), a phenomenon called mutagenic chain 

reaction or Genedrive, suggests that CRISPR-based systems will likely continue to have a large 

impact in the field of biological research. 
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Advances in technology, regardless how innovative they are, are trivial without meaningful 

applications. The CRISPR/Cas9 strategy and toolkit presented here allows the generation of stable 

germline transmission of precise genetic modifications in any background of choice, which is useful 

for investigating gene function in complex phenotypes such as behaviour. The following chapter 

makes full use of this toolkit to characterize how the deletion of specific genes affects sleep behaviour 

in D. melanogaster.  
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Chapter 3 

 

 

nAChRs and sleep 
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3.1 Introduction 

With the available knockouts of individual nAChR subunits generated in the previous chapters, 

the aim of this chapter was to investigate the endogenous roles these subunits fulfil in controlling 

various sleep behaviours in Drosophila melanogaster.  

3.1.1 Sleep 

Sleep is a period of quiescence characterized by reduced responsiveness to stimuli, which 

differentiates sleep from mere wakeful immobility. It is also reversible, which differentiates sleep 

from coma. In natural conditions, sleep is regulated by two forces: homeostasis and circadian rhythm 

(Borbély et al. 2016). Circadian signals come from both the innate clock unique to each species 

(Sehgal et al. 1992) and environmental cues (Dubruille and Emery 2008), dictating the timing of sleep 

onset. As a result, sleep becomes more frequent and consolidated at certain times during the day, as 

illustrated by nocturnality and diurnality in different species. However, when the need for sleep is 

high, homeostatic processes can override circadian rhythm to initiate and maintain sleep as required 

(Hendricks et al. 2000); most of us have felt the homeostatic sleep drive in the morning following a 

late night at some point in our life. Factors influencing sleep homeostasis include prolonged 

wakefulness (Hendricks et al. 2000), complex social interactions (Lone et al. 2016), and metabolic 

state (Regalado et al. 2017).  

The sleep state puts an animal at a disadvantage in many aspects. There is less time for eating, 

decreased responsiveness to danger, and fewer opportunities for reproduction. Yet, sleep is conserved 

across the animal kingdom from invertebrates to humans (Cirelli and Tononi 2008). Such 

ubiquitousness suggests sleep serves one or more beneficial functions. Indeed, sleep deprivation or 

interruption can lead to detrimental consequences such as cognitive impairment (Van Dongen et al. 

2004) and even death (Rechtschaffen et al. 2002). Despite its universality and importance, the 

molecular basis underpinning sleep and its regulation still largely remains unknown. Hence, simple 

genetic animal models like Drosophila melanogaster have become a popular tool for investigating 

sleep. 

3.1.2 Sleep in Drosophila melanogater 

3.1.2.1 How is it different? 

To distinguish between sleep and wakefulness, distinctive electrophysiological signatures, as 

electroencephalogram (EEG), can be used in animals with well-developed cerebral cortex such as 

mammals, birds, and some reptiles (Sehgal and Mignot 2011). Electrophysiologically, sleep in D. 

melanogaster is accompanied by reduction in neuronal activity as measured by local field potentials 

LFPs (Nitz et al. 2002) and in vivo calcium imaging (Bushey et al. 2015). Like mammals, fruit flies 
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also have dynamic sleep with multiple stages of varying intensities (van Alphen et al. 2013), although 

not characterized by the same EEG signatures that are well known in mammals.  

As measuring electrical activity is not always possible with invertebrates, recognition of the 

sleep state in these animals relies more often on behavioural characteristics: prolonged quiescence, 

adoption of a certain posture, increased arousal threshold, and reversibility upon stimulation 

(Campbell and Tobler 1984).  

3.1.2.2 Sleep paradigms in Drosophila 

For Drosophila melanogaster, definition of sleep has been empirically determined to be any 

period of inactivity spanning 5 or more minutes (Hendricks et al. 2000; Shaw et al. 2000) which can 

be detected by two main ways: light beam crossings or video recordings.   

Drosophila Monitoring Activity System (DAM) (Trikinetics Inc, Waltham, MA, USA), an 

apparatus originally designed to measure circadian rhythms (Konopka and Benzer 1971), detects and 

records the frequency of an individual fly disrupting an infrared beam as it moves across a narrow 

glass tube. As sleep in fruit flies is defined as sustained periods of inactivity, DAM was quickly 

adopted as a method for tracking sleep behaviour (Hendricks et al. 2000). Besides total sleep amount, 

outputs from the DAM also allowed analysis of classic quantitative sleep characteristics such as 

number of episodes, duration of episode, consolidation index and sleep latency. 

Video-based methods have also been designed and validated as alternatives to DAM to 

measure sleep. Specifically, the Drosophila Arousal Tracking system (DART) is an integrated 

platform that allows streamlined tracking and analysis of a comprehensive set of sleep metrics 

(Faville et al. 2015). Importantly, it incorporates the ability to mechanically stimulate flies at regular 

intervals which enables the analysis of additional sleep characteristics such as arousal thresholds and 

sleep intensity. These characteristics reflect sleep quality rather than sleep quantity. As with many 

phenotypes, using different assays may provide complementary information necessary to fully 

understand sleep. 

3.1.2.3 Neural regulation 

Several regions of the adult brain have emerged as sleep-regulating centres in the nervous 

system, namely the mushroom bodies (MBs), the dorsal fan-shaped bodies (dFBs) and the pars 

intercerebralis (PIs). The MB is a structure located in the protocerebrum of the Drosophila brain, and 

traditionally known as the centre for olfactory learning and memory (McGuire et al. 2001; Pascual 

and Préat 2001). Chemical ablation of MBs resulted in sleep loss (Joiner et al. 2006; Pitman et al. 

2006), but both sleep- and wake-promoting neuron populations have been identified in the MBs by 

individually manipulating defined groups of neurons. Specifically, both 201Y neurons and c309 

neurons from different regions in the MBs, increased protein kinase A (PKA) activity in the former 

increased sleep, but in the latter decreased sleep (Joiner et al. 2006). As PKA activity and sleep 

duration are inversely related (Hendricks et al. 2001), this indicated that 201Y neurons are wake-
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promoting while c309 neurons are sleep-promoting. Indeed, inhibiting synaptic activity of c309 

neurons also decreased sleep (Pitman et al. 2006). Furthermore, these neurons were also shown to be 

cholinergic as RNAi-mediated knock-down of either ChAT or vAChT with the c309-GAL4 driver 

significantly reduced sleep (Yi et al. 2013). Another sleep-promoting brain region in Drosophila is 

dFBs, a part of the central complex. Excitability of the dFBs neurons is correlated with increasing the 

need for sleep and it diminishes after rest (Donlea et al. 2014). In other words, dFB neurons are active 

during sleep and inactive during wakefulness. Indeed, artificially activating those neurons by 

expressing the cation channel TrpA1 induces sleep (Donlea et al. 2011), while suppressing their 

activity with the inwardly rectifying K+ channel Kir2.1 induces wakefulness (Liu et al. 2012). 

Finally, using similar neuronal manipulation techniques, neurons in the pars intercerebralis (PI), a 

region of the fly brain that shows some functional overlap with the mammalian hypothalamus, have 

also been shown to promote sleep (Foltenyi et al. 2007; Crocker et al. 2010).  

Individual neurotransmitters have also been assigned regulatory roles. γ-aminobutyric acid 

(GABA) (Chung et al. 2009) and serotonin (Yuan et al. 2006), have been proposed to be sleep-

promoting, while octopamine (Crocker and Sehgal 2008), dopamine (Van Swinderen and Andretic 

2011) and glutamate (Zimmerman et al. 2017) have been suggested to be wake-promoting. The role 

of the neurotransmitter acetylcholine (ACh), however, is less clear. ACh is the main excitatory 

neurotransmitter in insects. Consequently, cholinergic signalling has been proposed to have the same 

wake-promoting effects, as it does in mammals (Brown et al. 2012). However, the details of how 

cholinergic signalling regulates sleep behaviour in insects requires further investigation.  

3.1.2.4 Genetic studies of sleep 

Drosophila offers a powerful tool for genetically dissecting any phenotype of interest, 

including sleep, because of the existing collections of thousands of mutant flies such as the Zuker 

collection of flies with EMS-induced mutations (Koundakjian et al. 2004) or other populations of flies 

with P-element insertions disrupting gene functions (Bellen et al. 2004). Some landmark unbiased 

forward genetic screens with these mutant collections have identified mutations in single genes that 

caused changes in sleep (Cirelli 2003). These screens focused mainly on isolating mutants with 

extreme loss of sleep (more than two standard deviations from population mean) in order to identify 

novel sleep-regulating genes. For example, voltage-dependent potassium channels were independently 

identified as regulators of sleep in multiple of these forward genetic screens. A mutation in the Shaker 

gene, which encodes the alpha subunit of the voltage-dependent potassium channel, reduced sleep to 

one-third of wildtype amount (Cirelli et al. 2005). Null mutations in the gene coding for the 

regulatory beta subunit of the Shaker channel, Hyperkinetic, also resulted in a similar short sleep 

phenotype (Bushey et al. 2007). Sleep loss was also mapped to mutations in another gene encoding a 

membrane protein that regulates Shaker levels and activity, sleepless/quiver (Koh et al. 2008). These 

results pointed to neuronal excitability, or electrical activity of neurons being important for sleep 
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regulation. They also show that gene manipulation can be a powerful tool for understanding the 

molecular basis underpinning sleep.   

Genes in neurotransmitter signalling pathways have also been implicated in maintaining 

normal sleep. Consistent with dopamine being a wake-promoting neurotransmitter, mutations in the 

dopamine transporter (DAT) that decrease the concentration of dopamine in the synaptic space 

resulted in short sleep phenotypes (Kume et al. 2005; Wu et al. 2008). A mutant allele of the GABAA 

receptor gene, Resistant to dieldrin (Rdl), decreases sleep onset which leads to a lower total amount of 

sleep (Agosto et al. 2008). Similarly, there is evidence for the role of nAChRs in regulating sleep. A 

missense mutation allele of the alpha subunit Dα4, named redeye, was shown to cause severe sleep 

loss leading to the conclusion that Dα4-containing nAChRs are sleep promoting (Shi et al. 2014). The 

sleepless/quiver gene regulates the level of not only Shaker but also Dα3; further work on this subunit 

suggests that Dα3-containing nAChRs have sleep-inhibiting roles (Wu et al. 2014). Altogether, these 

studies indicate that cholinergic signalling regulates sleep in a manner that is dependent on the subunit 

composition of the nAChRs involved. The limited number of subunits considered (2 out of the 10) 

precludes a deeper understanding of the role played by nAChRs in sleep, a gap in our knowledge that 

this thesis aims to address.  

3.1.3 Chapter overview  

In this chapter, a series of nAChR genotypes were characterized for their roles in sleep. Many 

individual knockouts, single amino acid substitutions and overexpression genotypes were tested, with 

some yielding significant and repeatable differences in sleep patterns. Several locomotory phenotypes 

were also examined, partitioning out sleep specific phenotypes from impaired locomotion. 

Additionally, several mutants showing severe loss of sleep also had reduced lifespans, indicating a 

possible fitness cost associated with the removal of subunits and the loss of sleep. Together, findings 

from this chapter suggest that individual nAChR subunits play critical roles in insect sleep behaviour 

and overall fitness.   
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3.2 Materials and methods  

3.2.1 Drosophila melanogaster stocks and rearing conditions 

Fly stocks were maintained and assayed at 25oC, 50-60% humidity, 12h:12h light:dark cycle 

on maize meal medium (H2O 1L, acid mix 14mL, agar 6g, brewer's yeast 35g, glucose 75g, maize 

meal 73g, maltose 46g, soy flour 20g, tegosept 16mL). All fly lines used in this chapter and their 

origins are listed in Table 3.1, divided into three main groups as below, and the list of genotypes used 

for each phenotypic assay is detailed in Table 3.2. 

3.2.1.1 Alleles of nAChRs 

All successful receptor subunit knockouts generated (Dα2KO, Dα4KO, and Dα6KO) from 

Chapter 2 were included. Knockouts generated by researchers were also used for assays, including 

Dα7KO and Dβ3KO stocks harbouring full deletions of Dα7 and Dβ3 in the ActinCas9 and 

w1118ActinCas9 backgrounds, respectively. Dα31020 was a line with two partial deletions at the 3’ and 

5’ ends of Dα3 in the ActinCas9 genetic background. Dα1KO harboured an ends-out mediated deletion 

of Dα1 in a w1118 background with the X chromosome replaced with one from the wild type line 

DGRP line 59 (Somers et al. 2017). In addition to full knockouts, strains with mutations of different 

natures were also tested. Dα1partial and Dα2partial contain partial deletions of Dα1 and Dα2, respectively 

(Perry unpublished). Dα1P146S and Dα6P146S had a replacement of a Proline (146) to Serine (Somers et 

al. 2015, Perry unpublished). No alleles for Dα5, Dβ1 and Dβ2 were available for behavioural assays 

due to either homozygous lethality or severely reduced fitness. 

3.2.1.2 Somatic CRISPR-mediated knockout 

The Gal4-UAS system for expressing Cas9 in somatic tissues was combined with sgRNAs to 

generate tissue-specific knockouts in somatic cells (Port et al. 2014). c309-GAL4 has been reported 

previously to drive expression in a group of cholinergic neurons that regulate sleep (Yu et al. 2013). A 

fly strain containing c309-GAL4 construct and UAS-Cas9 construct was generated as illustrated in 

Figure 3.1 using appropriate parental strains ordered from Bloomington Stock Centre (Table 3.1). 

This strain was then crossed to either a strain expressing sgRNAs as described in Chapter 2 to drive 

somatic CRISPR events, or to v25709 strain as the control. 

3.2.1.3 Over-expression 

c309-GAL4 was also used to drive the expression of Dα1, Dα2 and Dβ2 in c309 neurons by 

crossing it to UAS lines each with the appropriate transcript inserted downstream from the UAS 

sequence, or to UAS-null that has the UAS sequence but no coding region present downstream. 
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Table 3.1. List of fly strains used in this study 

Strain Source Description 

Alleles of nAChR subunits and control stocks 

w1118ActinCas9 
Bloomington 

#25709 
ActinCas9 with X chromosome from w1118 

ActinCas9 
Bloomington 

#54590 

Expresses Cas9 ubiquitously from construct on X 

chromosome 

X59w1118 
Somers et al 

2017 

w1118ActinCas9 with wild-type X chromosome from 

DGRP 59  

Oregon-R 
Bloomington 

#25211 
Commonly used wildtype strain 

Canton-S 
Bloomington 

#64349 
Commonly used wildtype strain 

wACOregon-R Lab generated Oregon-R with X chromosome from ActinCas9 

wACCanton-S Lab generated Canton-S with X chromosome from ActinCas9 

DGRP 59 
Bloomington 

#28129 

A wildtype strain from the Drosophila Genome 

Reference Panel 

Dα1partial Lab generated w1118ActinCas9 harbouring Dα1 partial deletion  

Dα2partial Lab generated w1118ActinCas9 harbouring Dα2 partial deletion  

Dα1P146S Lab generated 
w1118ActinCas9 harbouring a substitution of P(146) to 

S(146) in Dα1 

Dα6P146S 
Somers et al. 

2017 

Raleigh 59 harbouring a substitution of P(146) to 

S(146) in Dα6  

Dα1KO 
Somers et al. 

2017 
X59w1118 harbouring Dα1 deletion  

Dα2KO Chapter 2 w1118ActinCas9 harbouring Dα2 deletion  

Dα31020 Lab generated 
ActinCas9 harbouring two Dα3 partial deletions at 3' 

and 5' ends 

Dα4KO Chapter 2 w1118ActinCas9 harbouring Dα4 deletion  

Dα4KO-Canton-S  Chapter 2 Canton-S harbouring Dα4 deletion  

Dα4KO-Oregon-R Chapter 2 Oregon-R harbouring Dα4 deletion  

Dα6KO Chapter 2 w1118ActinCas9 harbouring Dα6 deletion  

Dα6KO-Oregon-R Chapter 2 Oregon-R harbouring Dα6 deletion  

Dα6KO-Canton-S  Chapter 2 Canton-S harbouring Dα6 deletion  

Dα7KO Lab generated ActinCas9 harbouring Dα7 deletion  

Dβ3KO Lab generated w1118ActinCas9 harbouring Dβ3 deletion 

Somatic knockout and over-expression 

c309-GAL4 
Bloomington 

#6906 

Expresses GAL4 under c309 promoter from construct 

on second chromosome 

UAS-Cas9 
Bloomington 

#54592 

Expresses Cas9 under UAS control from construct on 

third chromosome 

v25709 
Bloomington 

#25709 
Contains attB landing site, vermillion eye  
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Table 3.2. List of genotypes used in each assay 

Manipulation DAM DART Longevity 

Dα1 knockout ✔ ✔ ✔ 

Dα2 knockout ✔   ✔ 

Dα3 knockout ✔     

Dα4 knockout ✔   ✔ 

Dα6 knockout ✔   ✔ 

Dα7 knockout ✔     

Dβ3 knockout ✔     

Dα1 over-expression ✔     

Dα2 over-epxression ✔     

Dβ2 over-expression ✔     

Dα2 somatic knockout ✔     

Dα4 somatic knockout ✔     

Dα5 somatic knockout ✔     

Dα6 somatic knockout ✔     

Dα7 somatic knockout ✔     

Dβ1 somatic knockout ✔     

Dα2-pCFD4-v09 Chapter 2 
Expresses sgRNAs targeting Dα2, construct on second 

chromosome 

Dα4-pCFD4-v09 Chapter 2 
Expresses sgRNAs targeting Dα4, construct on second 

chromosome 

Dα5-pCFD4-v09 Lab generated 
Expresses sgRNAs targeting Dα5, construct on second 

chromosome 

Dα6-pCFD4-v09 Chapter 2 
Expresses sgRNAs targeting Dα6, construct on second 

chromosome 

Dα7-pCFD4-v09 Lab generated 
Expresses sgRNAs targeting Dα7, construct on second 

chromosome 

Dβ1-pCFD4-v09 Lab generated 
Expresses sgRNAs targeting Dβ2, construct on second 

chromosome 

UAS-null Lab generated 
Expresses no transcript under UAS, construct on 

second chromosome  

UAS-Dα1 
Somers et al. 

2017 

Expresses a transcript of Dα1 via UAS, construct on 

second chromosome 

UAS-Dα2 Lab generated 
Expresses a transcript of Dα2 via UAS, construct on 

second chromosome 

UAS-Dβ2 Lab generated 
Expresses a transcript of Dβ2 via UAS, construct on 

second chromosome 
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Figure 3.1. Crossing scheme to generate CRISPR-mediated somatic knockout strain. The 

double balancer strain has the X chromosome from the Oregon-R strain (Table 2.2).  
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3.2.2 Assays 

3.2.2.1 Drosophila Activity Monitoring (DAM) 

DAM was used to characterize sleep behaviours resulting from a variety of genetic 

manipulations of individual receptor subunits (Table 3.2). Activity was monitored by recording 

disruptions to an infrared beam by individual flies housed in small glass tubes (6.5cm in length; 

3mm in inner diameter) containing a small amount of food medium. Beam disruptions were 

counted in 1-minute bins using the Trikinetics (Waltham, MA) Drosophila activity monitoring 

system (Pfeiffenberger et al. 2010). Male flies were collected within 24 hours of emergence 

(Day 1) and housed together in groups of 25-30. At Day 3, they were individually gently 

aspirated into glass tubes containing food that had dental wax seal on one end. The DAM was 

setup as per manufacturer's manual. Tubes were positioned in the rack so that the infrared beam 

would be approximately 1cm away from the top of the food. Flies were left undisturbed and 

their activity continuously measured until end of Day 8. Typically, there were 4-6 genotypes in 

each experimental run including the appropriate genetic control strain(s). Raw data were 

scanned and trimmed for analysis of the desired experimental period (Day 5 to 8) with 

DAMFileScan108 software (http://www.trikinetics.com/). 

Circadian rhythm data, measured as locomotion in D:D (continuous darkness), were 

also analyzed using the DAM. The experimental setup and downstream analysis were the same 

to that of a standard sleep assay as described above, except for light being turned off for the 

entire experimental period (Days 5 to 8).  

Sleep metrics were gathered from the raw activity data through custom scripts written 

in the free access R language (R Core Team 2016) (Appendix 2A). A sleep episode was defined 

as any duration of inactivity 5 minutes or longer. Combining all sleep episodes for an 

individual fly yielded the total amount of sleep. Mean episode duration and the mean number of 

episodes were also considered for each genotype as sub-phenotypes. Wake activity was 

calculated as the average number of beam crossings per waking minute. An unpaired two-tailed 

t-test was used to determine statistical significance (P≤0.05) and calculate 95% confidence 

intervals. Quantitative analyses were performed with at least 32 male flies for each genotype in 

each experiment. Unless otherwise specified, all experiments were replicated at least twice.  

A custom R script was written to calculate Cohens’ d (effect size) for t-test using the 

following formula and to compute a heatmap with the “heatmap.2” function (Appendix 2A). 

√
𝑚𝑒𝑎𝑛(𝑠𝑡𝑟𝑎𝑖𝑛) −𝑚𝑒𝑎𝑛(𝑐𝑜𝑛𝑡𝑟𝑜𝑙)

𝑠𝑡𝑑(𝑐𝑜𝑛𝑡𝑟𝑜𝑙) + 𝑠𝑡𝑑(𝑠𝑡𝑟𝑎𝑖𝑛)
2

 

 

http://www.trikinetics.com/
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3.2.2.2 Drosophila ARousal Tracking (DART) 

Independent of the DAM, the DART system was used to collect data on sleep quality 

and depth in selected lines (Table 3.2). Individual flies were transferred to the same glass tubes 

as used for DAM and by the same technique. DART hardware was setup as described 

previously (Faville et al. 2015), and activity was then monitored by filming vials continuously 

and collectively for 8 days using a wide-lens Logitech USB-webcam (QUICKCAM PRO 9000) 

with the infrared filter removed. Each plastic tray can hold up to 17 glass tubes. A maximum of 

6 trays were run in each experiment. Vibrating motors (Precision Microdrives™; model 312–

101) were attached underneath each tray (two motors equally spaced per tray). DART software 

controlled the delivery of vibrational stimuli once every hour with an input voltage of 3.5V to 

deliver a vibration amplitude of 2.4g. The DART software analysis suite was used to compute 

all metrics of interest, associated statistical tests and graphs. Activity in DART was measured 

as speed (mm/sec) of movement detected. Speed difference between pre- and post-stimuli was 

used as a measurement of responsiveness. Responsiveness to stimuli was also measured as the 

relative frequency of detected reactions to stimuli grouped by preceding immobile durations. 

Pair-wise two-tailed t-test was used to calculate statistical significance between average speeds. 

Pair-wise two-tailed z-test was used to calculate statistical significance between sleep intensity 

reaction proportions.  

3.2.2.3 Longevity 

A standard longevity assay was applied to two short sleep and two long sleep mutants 

(Table 3.2). Newly hatched male flies were separated under CO2 anaesthesia and transferred to 

vials containing fly medium. For each genotype, approximately 100 flies were collected, each 

vial containing 20 flies. Flies were maintained in 12:12 L:D condition at 25oC and transferred 

to new vials every two days until all flies died. The number of dead flies were recorded at each 

transfer. Survival analysis with 95% confidence intervals was done using a custom R script 

incorporating two packages, “Icens” and “survival”, while statistical significance was 

determined using log-Rank Test (Cox-Mantel Test) with P≤0.05 (Appendix 2B). 
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3.3 Results 

3.3.1 Sleep changes in receptor knockouts 

3.3.1.1 Subunit knockouts showed altered sleep phenotypes 

The average daily sleep amount was 800-1000 minutes for all three genetic background 

control strains. For the six subunit knockouts, all showed either an increase or decrease in 

amount of sleep, here henceforth referred to as short sleep mutant (Dα1KO and Dα2KO) or long 

sleep mutants (Dα3KO, Dα4KO, Dα6KO, Dα7KO and Dβ3KO) (Figure 3.2). Total night sleep 

amounts were statistically different for all subunit knockouts compared to their genetic control 

strains. For total sleep amount during daytime, significant differences could be observed for 

Dα1KO, Dα2KO, Dα3KO, Dα4KO across all replicates, but only two out of three replicates for 

Dα6KO, Dα7KO and Dβ3KO. Among all knockouts, Dα2KO showed the most severe sleep change 

in sleep quantity. Dα2KO showed the largest decrease in sleep among short sleep mutants 

throughout the day (approximately 200 and 400 minutes less during day and night, 

respectively). Dα3KO showed the largest increase in sleep among long sleep mutants 

(approximately 200 and 200 minutes more during day and night, respectively) (Figure 3.2). 

While more pronounced at night, sleep loss or gain was not limited to either light conditions. In 

fact, changes in sleep amount were consistent across every hour of the day (Figure 3.3).  

3.3.1.2 Subunits knockouts showed altered activity phenotypes 

Activity pattern/rhythm 

Plotting the raw count of beam crossing across time allowed us to observe the overall 

activity pattern of each fly line. The control line ActinCas9 appeared to have an unusual daily 

locomotor activity pattern. In a 12hr:12hr light:dark cycle, “wildtype” strains such as w1118  

typically exhibit two peaks of elevated activity at dawn (morning peak) and dusk (evening 

peak), and reduced activity throughout the night (night sleep) and in the afternoon (siesta) 

(Figure 3.4A). ActinCas9 showed the morning and evening peaks, but also had an additional 

peak of activity during the afternoon instead of the siesta (Figure 3.4B). This loss of siesta was 

not due to artificial levels of Cas9, because the w1118ActinCas9 displayed the same afternoon 

peak despite lacking the Cas9 expressing chromosome (Figure 3.4C). Indeed, this afternoon 

peak appeared to map to one of the autosomes as Canton-S or Oregon-R strains with the X 

chromosome from ActinCas9 still showed the “wildtype” activity profile (Figure 3.5). With 

respect to the knockouts, there were minor alterations to activity patterns in some of them 

compared to their control lines. For example, evening peaks were absent in Dα4KO and Dα7KO. 

Most notably, Dα3KO lost the afternoon peak noted above in the background strain ActinCas9, 

while all other knockouts retained it.
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Figure 3.2. Total sleep amount for different knockouts.  

Difference to control was calculated as the difference between the mean value of each knockout and the mean value for its appropriate genetic control for total 

sleep amount. Circles, squares and triangles represent average measurements from three independent assays. Error bars represent 95% confidence interval. 

Error bars not spanning 0 indicates statistical significance (t-test, p<0.05). Day: light on ZT0-ZT12, Night: light off ZT12-ZT24.
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(current and next page) Figure 3.3. Minutes of sleep per 30-minute interval for all knockouts 

across 24 hours.  

Sleep was calculated as the total number of minutes of all sleep episodes (a period of inactivity of 5 

minutes or longer) every 30 minutes across a 24-hour period. Results were averaged for 85-96 flies of 

each genotype. Time is represented in the Zeitgeber format (white background: light on ZT0-ZT12, 

gray background: light off ZT12-ZT24). Error bars represent 95% confidence interval.  

A. Sleep profile for X59w1118 (black) and Dα1KO (teal).  

B. Sleep profile for ActinCas9 (black), Dα3KO (purple) and Dα7KO (yellow).  

C. Sleep profiles for w1118ActinCas9 (black), Dα2KO (orange), Dα4KO (pink), Dα6KO (green) and Dβ3KO 

(brown) 

 

 

 

 

(Figure 3.3 continues next page) 
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(Figure 3.3 ends)
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(current and next page) Figure 3.4 Activity profiles for all knockouts across 24 hours.  

Activity is calculated as number of beam-crossings per 5-minute interval. Results were averaged for 

85-96 flies each genotype. Time is represented in Zeitgeber format (white background: light on ZT0-

ZT12, gray background: light off ZT12-ZT24).   

A. Activity profile for X59w1118 (black) and Dα1KO (teal)  

B. Activity profile for ActinCas9 (black), Dα3KO (purple) and Dα7KO (yellow) 

C. Activity profiles for w1118ActinCas9 (black), Dα2KO (orange), Dα4KO (pink), Dα6KO (green) and 

Dβ3KO (brown) 

 

 

 

 

 

(Figure 3.4 continues next page) 
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(Figure 3.4 ends) 
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Figure 3.5. Activity profiles of wildtype strains. Activity is calculated as number of beam-crossings 

per 5-minute interval. Results were averaged for 85-96 flies each genotype. Time is represented in 

Zeitgeber format (white background: light on ZT0-ZT12, gray background: light off ZT12-ZT24). 

AC: ActinCas9 (black), Oreg: Oregon-R (pink), Cant: Canton-S (purple), AC_Oreg: Oregon-R with X 

chromosome from ActinCas9 (orange), AC_Cant: Canton-S with X chromosome from ActinCas9 

(green).
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Innate circadian rhythm was investigated by analyzing activity patterns of five knockouts 

(Dα1KO, Dα2KO, Dα4KO, Dα6KO, and Dβ3KO) in D:D condition (continuous darkness) i.e. without light 

cues. Rhythmicity was defined as any change in activity level that occurred at approximately the same 

time every day, especially around perceived dawn and dusk. Overall, some knockouts were somewhat 

rhythmic, while others were not (Figure 3.6). X59w1118 showed two weak peaks of activity, from which 

Dα1KO did not appear to deviate significantly. w1118ActinCas9 showed a clear morning peak and a 

drop of activity at perceived dusk. Dα2KO exhibited an opposite pattern, showing a clear evening peak 

and an activity drop at perceived dawn, but was still rhythmic across days. For Dα4KO, both the 

morning peak and evening drop were less pronounced, and rhythmicity seemed to weaken over days. 

Besides the small, but observable, drop of evening activity matching that of the control, both Dα6KO 

and Dβ3KO lacked a distinct morning peak and clear rhythmicity. It is worth noting that level of 

baseline activity may mask such changes and make it difficult to interpret rhythmicity.  

Level of activity 

Quantifying the true level of activity involved binning the number of beam crossings to only 

periods when the flies were awake (wake activity). From this analysis, significant hyperactivity was 

detected in both Dα1KO and Dα2KO (Figure 3.7). However, like number of sleep episodes, 

distinguishing a trend of wake activity for long sleep mutants was unclear. For example, Dβ3KO was 

hypoactive throughout the day, but Dα4KO and Dα6KO were hypoactive only during daytime. Dα3KO 

and Dα7KO, despite sleeping more, appeared hyperactive during the day. These results clearly showed 

that while some knockout flies exhibited abnormal wake activity, which could be causal of changes in 

sleep amount, it would be unlikely that this was the sole explanation for the differences we observe in 

sleep phenotypes of the knockouts. 

 

 

 

 

 

 

 

 

 

(next three pages) Figure 3.6. Activity profiles for some knockouts in D:D condition across three 

days.  

Activity is calculated as number of beam-crossings per 5-minute interval. Results were averaged for 

85-96 flies each genotype. The genotypes tested included Dα1KO (teal), Dα2KO (orange), Dα4KO (pink), 

Dα6KO (green), and D3KO (brown).
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(Figure 3.6 continues next page) 
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(Figure 3.6 continues next page) 
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(Figure 3.6 ends) 
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Figure 3.7. Difference between each knockout strain and its control for wake activity.  

Difference to control was calculated as the difference between the mean value of each knockout and the mean value for its appropriate genetic control for 

wake activity, which was the average number of beam crossings per waking minute. Circles, squares and triangles represent average measurements from three 

independent assays. Error bars represent 95% confidence interval. Error bars not spanning 0 indicates statistical significance (t-test, p<0.05). Day: light on 

ZT0-ZT12, Night: light off ZT12-ZT24. 
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Responsiveness 

As an attempt to further understand activity and sleep in these mutants, a video-based sleep 

assay called DART (Drosophila Arousal Tracking) was employed. Only the D1KO mutant was tested 

due to technical difficulties in setting up the system and time constraints. In this assay, bouts of 

mechanical vibration were applied to the flies hourly throughout the whole experimental duration. By 

measuring the flies’ responsiveness to such stimuli, additional characteristics of their sleep and 

locomotion can be observed. Measurement of movement speed across time showed Dα1KO moved 

faster compared to its control (Figure 3.8A), consistent with the hyperactivity observed above (Figure 

3.7), but their response to stimuli were consistently weaker regardless of the length of immobile 

periods immediately preceding the stimuli (Figure 3.8B). Similarly, Dα1KO flies were less likely to 

react than the controls flies (Figure 3.8C) which usually indicates deeper sleep in those immobile 

periods. However, this is unlikely as Dα1KO had more sleep bouts that were less than 15 minutes long 

(Figure 3.8D) while flies generally enter deep sleep stages after 20 minutes. This lack of 

responsiveness might be because of locomotor defects rather than increased sleep depth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(next three pages) Figure 3.8. Responsiveness of Dα1KO to hourly mechanical stimulation as 

measured by DART.  

Results were averaged for 40-50 flies per genotype. Error bars are standard errors. X59w1118m: 

males of X59w1118, X59Da1KOm: males of Dα1KO. Yellow and black bars represent measurements 

during daytime and night-time, respectively. 

A. Activity profile as measured by average speed across 24 hours  

B. Amplitude of reaction measured by average speed grouped by preceding immobile duration 

C. Frequency of flies reacting to stimuli grouped by preceding immobile duration 

D. Histogram grouped by immobile duration 
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(Figure 3.8 continues next page) 
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(Figure 3.8 ends) 



90 
 

3.3.1.3 Sleep maintenance is a strong predictor of changes in total sleep amount 

Sleep is a complex phenotype encompassing many characteristics besides the total amount of 

sleep, including: episode number (number of sleep episodes), episode duration (average duration for 

each episode), and latency (duration between light-out and first sleep episode). The amount of total 

sleep can be influenced by any one or combination of these factors. To examine which, if any of these 

could be predictive of sleep amount, a correlation analysis was performed. An increase in sleep 

amount could be due to either more frequent sleep initiation or longer episode duration or both. 

Indeed, the short sleep mutants had mostly shorter episodes, and the long sleep mutants had mostly 

longer episodes, especially at night (Fig 3.9A). In contrast, number of episodes did not show any such 

clear pattern (Fig 3.9B). For example, the long sleep mutant Dα3KO had less sleep episodes, while the 

long sleep mutant Dα6KO had more episodes at night, but less during the day. Furthermore, there were 

greater inconsistencies for episode numbers across different experiments compared to those for 

episode duration. Interestingly, Dα4KO and Dα6KO showed significantly delayed sleep onset after light-

off despite sleeping more overall, supporting the notion sleep initiation did not always associate with 

sleep amount (Figure 3.9C). Correlation analysis showed episode duration to be the strongest 

predictor for total sleep amount in these knockouts with a correlation coefficient of 0.76 (Figure 3.10). 

Hence, the changes in total sleep amount observed were more likely a result of episode duration i.e. 

sleep maintenance, rather than episode number i.e. sleep initiation.  

 

 

 

 

 

 

 

 

(Next page) Figure 3.9. Sleep characteristics of different knockouts compared to control.  

Difference to control was calculated as the difference between the mean value of each knockout and 

the mean value for its appropriate genetic control for  

A. Episode duration;  

B. Number of episodes;  

C. Latency.  

Circles, squares and triangles represent average measurements from three independent assays. Error 

bars represent 95% confidence interval. Error bars not spanning 0 indicates statistical significance (t-

test, p<0.05). Day: light on ZT0-ZT12, Night: light off ZT12-ZT24.
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Figure 3.10. Correlation plot between different quantitative sleep measurements.  

Correlation analysis between averages of total sleep amount (Amount), episode duration 

(Episode_duration), number of episodes (Episode_number), latency (Latency), and wake activity 

(Wake_Activity). Only measurements from full knockouts were used. Numbers in the lower half of 

the table are correlation coefficient (r) values that correspond to the visual representations (ellipses) in 

the upper half of the table. The degree of elongation increases as the corresponding r value deviates 

from 0 towards 1 (right tilt) or -1 (left tilt).   
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3.3.1.4 Functional cluster 

To investigate the relationship between the phenotypes and knockout genotypes mentioned 

previously, Cohen’s d (effect size) was calculated for each quantitative phenotype to generate a 

heatmap and dendrogram (Fig 3.11). The phenotypes included in the analysis were total sleep amount, 

episode duration, number of episodes, latency, and wake activity. All phenotypes except latency had 

both day and night measurements. Each of three experimental replicates included were measured 

independently. The analysis produced two main expected clusters: short sleep mutants versus long 

sleep mutants. The two short sleep mutants, Dα1KO and Dα2KO, formed a tight cluster with each other. 

Among the long sleep mutants, replicates Dα3KO and Dα7KO formed into their own subunit clusters. 

Interestingly, replicated measurements for Dα4KO, Dα6KO and Dβ3KO did not segregate into their own 

subunit clusters. The lack of cluster between replicates of the same subunit mutant and segregation 

between different subunit mutants suggests that variation between replicates was high relative to the 

magnitude of the phenotypic differences among these mutants. Nonetheless, it still suggested higher 

degree of functional similarities between these subunits to each other than to other subunits, at least 

for the phenotypes analysed. This suggests that the removal of certain subunits show more similar 

sleep phenotypes, which may originate from their interactions in vivo.  
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Figure 3.11. Functional clusters of knockouts based on effect sizes of observed sleep phenotypes.  

Phenotypes chosen include sleep amount, episode duration, episode number, wake activity and 

latency, for both day and night. Three measurements for each knockout were included (numbered 1, 2 

and 3). 
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3.3.2 Genetics of sleep phenotypes 

3.3.2.1 Phenotypes observed across genetic background2 

Deletions of Dα4 and Dα6 were created using CRISPR\Cas9 sgRNAs which allowed the easy 

creation of similar deletions in multiple genetic backgrounds. Thus, sleep was also characterized for 

Dα4 and Dα6 knockouts in two other backgrounds, Oregon-R and Canton-S. At a glance, when only 

total sleep amount was considered, the same deletion in different backgrounds causes quantitative, but 

not qualitative, differences. In other words, changes to sleep amount shifted in the same direction, but 

varied in size for deletions of the same gene (Figure 3.12A). One exception was Dα6KO-Oregon-R 

which appeared wildtype for sleep amount. As baseline sleep amount in Canton-S and Oregon-R is 

higher than in w1118ActinCas9, sleep gain for knockouts in those backgrounds appears to be less 

severe. 

When other sleep characteristics were considered, there was significant variation between 

mutants in different backgrounds (Figure 3.12B,C&D). For example, Dα6KO-Canton-S had 

dramatically increased episode duration during daytime while Dα6KO-Oregon-R and Dα6KO showed 

no differences. Similarly, latency was significantly increased for Dα6KO and Dα4KO in w1118ActinCas9, 

but this was not observed in the other backgrounds. Indeed, when heatmap analysis was applied, the 

clusters formed were based on neither genes (Dα4 vs Dα6) or backgrounds (w1118ActinCas9 vs 

Canton-S vs Oregon-R) (Figure 3.13). These data suggest that nAchRs exert context dependent effects 

on various sleep phenotypes, likely owing to the myriad of genetic differences between different 

“wild type” lines. 

 

 

 

(next two pages) Figure 3.12. Sleep characteristics of different Dα4 and Dα6 knockouts 

compared to control across backgrounds.  

Difference to control was calculated as the difference between the mean value of each knockout and 

the mean value for its appropriate genetic control for  

A. Total sleep amount;  

B. Episode duration;  

C. Number of episodes;  

D. Latency.  

Circles, squares and triangles represent average measurements from three independent assays. Error 

bars represent 95% confidence interval. Error bars not containing 0 indicates statistical significance (t-

test, p<0.05). Day: light on ZT0-ZT12, Night: light off ZT12-ZT24.
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(Figure 3.12 continues next page) 
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 (Figure 3.12 ends)
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Figure 3.13. Dα4KO and Dα6KO in different backgrounds do not form functional clusters.  

Phenotypes chosen include sleep amount, episode duration, episode number, wake activity and 

latency, for both day and night. Only one measurement for each knockout was available (numbered 

1).  
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3.3.2.2 Phenotypes observed in allelic mutations 

Previous work on some nAChR subunits had generated other alleles, which were partial 

deletions or single amino acid replacements. It is worth pointing out that not all of these alleles were 

generated using the same method, or in the same genetic backgrounds. In this study, each mutant was 

directly compared to its appropriate control, not to each other. Here, qualitative differences in sleep 

phenotypes were observed between allelic mutations for some, but not all, subunits. 

Two partial deletions were available for Dα1 and Dα2, referred to as Dα1partial and Dα2partial. 

Both were generated using the same CRISPR approach described in Chapter 2 (Yang unpublished). 

Compared to the full knockouts, the partials behaved like a wildtype line with no significant changes 

in sleep amount (Figure 3.14A&B). Interestingly, episode duration in the partials was significantly 

reduced, but total sleep amount appears to be compensated for by a significant increase in episode 

number (Figure 3.15A&B and Figure 3.16A&B). Notably, hyperactivity, which was observed in the 

full knockout, was not observed in the partials either (Figure 3.17A&B). 

Flies with a single amino acid substitution from the proline 146 to serine in Dα6, Dα6P146S, 

showed long sleep phenotypes similar to Dα6KO, albeit less severe (Figure 3.14C). This same 

substitution in Dα1, however, resulted in opposite effect to the full knockout. While Dα1KO flies had 

less total sleep, Dα1P146S flies slept more than control flies during the day (Figure 3.14A). Dα1P146S did 

not affect activity level like Dα1KO, but Dα6P146S appeared hypoactive during the day compared to 

Dα6KO (Figure 3.17A&C).
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Figure 3.14. Total sleep amount of different subunit alleles.  

Difference to control was calculated as the difference between the  

mean value of each knockout and the mean value for its appropriate  

genetic control for  

A. Dα1 alleles;  

B. Dα2 alleles; 

C. Dα6 alleles; 

Circles, squares and triangles represent average measurements  

from three independent assays. Error bars represent 95%  

confidence interval. Error bars not spanning 0 indicates  

statistical significance (t-test, p<0.05). Day: light on ZT0-ZT12,  

Night: light off ZT12-ZT24. 
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Figure 3.15. Number of sleep episodes of different subunit alleles.  

Difference to control was calculated as the difference between the  

mean value of each knockout and the mean value for its appropriate  

genetic control for  

A. Dα1 alleles;  

B. Dα2 alleles; 

C. Dα6 alleles; 

Circles, squares and triangles represent average measurements  

from three independent assays. Error bars represent 95%  

confidence interval. Error bars not spanning 0 indicates  

statistical significance (t-test, p<0.05). Day: light on ZT0-ZT12,  

Night: light off ZT12-ZT24. 
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Figure 3.16. Duration of sleep episodes of different subunit alleles.  

Difference to control was calculated as the difference between the  

mean value of each knockout and the mean value for its appropriate  

genetic control for  

A. Dα1 alleles;  

B. Dα2 alleles; 

C. Dα6 alleles; 

Circles, squares and triangles represent average measurements  

from three independent assays. Error bars represent 95%  

confidence interval. Error bars not spanning 0 indicates  

statistical significance (t-test, p<0.05). Day: light on ZT0-ZT12,  

Night: light off ZT12-ZT24. 
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Figure 3.17. Wake activity of different subunit alleles.  

Difference to control was calculated as the difference between the  

mean value of each knockout and the mean value for its appropriate  

genetic control for  

A. Dα1 alleles;  

B. Dα2 alleles; 

C. Dα6 alleles; 

Circles, squares and triangles represent average measurements  

from three independent assays. Error bars represent 95%  

confidence interval. Error bars not spanning 0 indicates  

statistical significance (t-test, p<0.05). Day: light on ZT0-ZT12,  

Night: light off ZT12-ZT24. 
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As c309 neurons have already been shown to be cholinergic and involved in sleep regulation, 

we attempted to individually knock-out several different nAChR subunits (Dα2, Dα4, Dα5, Dα6, Dα7 

and Dβ1) in these neurons using CRISPR/cas9.  The driver line c309>GAL4 when crossed to UAS-

GFP showed the expected fluorescence pattern in the offspring (data not shown). The sgRNAs for 

Dα2, Dα4, Dα6, Dα7, and Dβ1 had been tested, having been used to produce knockout mutants in this 

study and in other research in the Batterham lab. While a homozygous Dα5 knockout mutant had not 

been produced, the sgRNAs used here produced flies that were mosaic for deletions in the gene, 

validating these sgRNAs also (Christensen personal communications). While some phenotypes were 

significantly different between the somatic knockout genotypes and the controls, the effect size of 

those differences were small compared to the knockout mutants (Figure 3.18). Specifically, a slight 

increase in sleep, mostly during daytime, was observed for c309>Dα4KO, c309>Dα7KO and 

c309>Dβ1KO, while no sleep reduction was seen for any lines. c309>Dα5KO showed no sleep 

phenotype but had reduced wake activity. Latency in c309>Dα6KO was reduced but no overall 

changes in sleep. As knocking out these subunits in c309 neurons did not impact sleep to the same 

severity as ubiquitous knockout, sleep regulating mechanisms of these neurons probably did not 

require these subunits (or the somatic knockout levels were insufficient).  

As transgenic lines containing coding sequences of Dα1, Dα2 and Dβ2 under UAS control 

were also available, these subunits were over-expressed (OE) in c309 neurons. Again, statistically 

significant phenotypes were observed but the magnitude of such differences was small (Figure 3.19). 

For c309>Dα2OE and c309>Dβ2OE but not c309>Dα1OE, an increase in total day sleep was observed. 

For c309>Dα1OE and c309>Dβ2OE, episode duration was increased but episode number was 

decreased. For c309>Dα2OE, only a slight increase in daytime episode duration was observed. Latency 

and wake activity were not affected for any of the over-expression experiments. It was expected that 

over-expressing a subunit would result in an opposite effect to knockout phenotypes, which was not 

the case here.  

 

(Next two pages) Figure 3.18. Sleep characteristics of different somatic subunit knockouts in 

c309 neurons compared to control.  

Difference to control was calculated as the difference between the mean value of each knockout and 

the mean value for its appropriate genetic control for A. Total sleep amount; B. Episode duration; C. 

Number of episodes; D. Latency; E. Wake activity.  

Circles, squares and triangles represent average measurements from three independent assays. Error 

bars represent 95% confidence interval. Error bars not containing 0 indicates statistical significance (t-

test, p<0.05). Day: light on ZT0-ZT12, Night: light off ZT12-ZT24.
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(Figure 3.18 continues next page) 
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(Figure 3.18 ends) 

 

 

(Next two pages) Figure 3.19. Sleep characteristics of different over-expressed subunits in c309 

neurons.  

Difference to control was calculated as the difference between the mean value of each knockout and 

the mean value for its appropriate genetic control for A. Total sleep amount; B. Episode duration; C. 

Number of episodes; D. Latency; E. Wake activity.  

Circles, squares and triangles represent average measurements from three independent assays. Error 

bars represent 95% confidence interval. Error bars not containing 0 indicates statistical significance (t-

test, p<0.05). Day: light on ZT0-ZT12, Night: light off ZT12-ZT24.
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(Figure 3.19 continues next page) 
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(Figure 3.19 ends)
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3.3.3 Shortened longevity in short sleep mutants 

Other studies have demonstrated that mutants suffering loss of sleep tend to have shortened 

lifespan. Thus, we determined whether the loss of any nAChR subunit affected life span. As expected, 

both short sleep mutants had significantly shorter lifespans. A standard longevity assay showed it took 

around 35 days for half of Dα1KO population or Dα2KO population to die, while it took their respective 

control flies almost 55 days and 43 days to reach the same level of mortality (Figure 3.20A & B). For 

the two long sleep mutants tested (Dα4KO and Dα6KO), no significant difference was observed (Figure 

3.20C & D). None of the mutants had any obvious morphological, developmental, or fertility issues, 

based on casual observation, but without extensive examination.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(next two pages) Figure 3.20. Longevity was reduced in short sleep mutants and unchanged in 

two long sleep mutants.  

Kaplan–Meier survival plots of Dα1KO, Dα2KO, Dα4KO and Dα6KO. Dα1KO and Dα2KO had significantly 

shorter median survivorships compared to that of the control (P < 0.01, Mantel–Cox test). 

Survivorships of Dα4KO and Dα6KO were not significantly different from that of the control. 
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(Figure 3.20 continues next page) 
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(Figure 3.20 ends)
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3.4 Discussion 

3.4.1 nAChRs regulate sleep 

The data presented here suggest that a number of nAChR subunits regulate different aspects 

of sleep behaviour. Loss of a single subunit could either increase or decrease total sleep amount, and 

sub-phenotypes are affected differently for each knockout (Figure 3.2).  

Some of the work previously done on nAChRs qualitatively agreed with our findings. For 

instance, RNAi knockdown of Dα3 and Dβ3 in sleepless-expressing neurons, a group of sleep-

promoting neurons, increased sleep (Wu et al. 2014). Furthermore, transcriptional profiling of an 

insomnia-like fly line showed Dα6 and Dβ3 expression levels to be reduced almost 2-fold (Seugnet et 

al. 2009). These studies are consistent with the Dα3KO, Dα6KO and Dβ3KO results presented in this 

chapter; removal of these subunits increased the total amount of sleep and episode length (Figure 3.2 

and Figure 3.9A). Notably, the same transcriptional profiling study also showed reduced levels of 

Dα5, Dβ1 and Dβ2 suggesting these could potentially have sleep-inhibiting roles. While knockout 

mutants for these subunits were not tested here because they were severely unfit, somatic knock-down 

and overexpression of these subunits in the c309 neurons affected sleep phenotypes but not in an 

inhibitory fashion (Figure 3.18 and Figure 3.19). 

Other studies posited results that are seemingly contradictory to the findings of this chapter. 

The reported null allele of Dα4, redeye, showed severe loss of sleep (Shi et al. 2014), but the data 

presented here show that flies lacking Dα4 gained sleep (Figure 3.2). This could be attributed to the 

different alleles of Dα4 considered. A short sleep phenotype was observed when Dα4 was knocked-

down via RNAi or with the redeye mutant which harboured a single amino acid replacement in Dα4. 

The authors argued disruptions were sufficient to act as null alleles, but these disruptions might not 

have fully abolished Dα4 expression, possibly leaving low levels of D4 or protein with impaired 

function.  On the contrary, a complete loss of Dα4 may lead to changes in expression of other 

subunits, compensating for its function in regulation.  We also observed opposite phenotypes between 

the full knockout Dα1KO and the single amino acid substitution Dα1P146S (Figure 3.14A) but not 

between Dα6KO and Dα6P146S (Figure 3.14C). It is possible compensatory mechanisms are only 

applicable to certain subunits or that in some instances, such as for D6, there might be no substitute. 

The mechanism of compensation may also depend upon the type of lesion present in the affected 

gene.  

The data presented here indicate that nAChRs do not regulate sleep behaviour via any one 

mechanism but in a complex manner likely to depend on the activity of different receptor subtypes. 

As many nAChRs are post-synaptic excitatory receptors, nAChRs have been proposed to be wake-

promoting via neuronal excitability (Wu et al. 2014). This mechanism can only explain the increased 

sleep observed for the long sleep mutants, but it cannot explain the reduction in sleep observed for the 
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short sleep mutants (Dα1KO and Dα2KO). Another mechanism proposed is that the level of some 

nAChRs, specifically Dα4-containing receptors, might reflect homeostatic sleep drive and promote 

sleep (Shi et al. 2014). While our data demonstrated that it might not be so simple for Dα4 as 

complete loss of Dα4 function increased sleep, it might be true for Dα1 and Dα2. One way to know is 

to measure the levels of Dα1 and Dα2 protein at different times of the day at which the flies have 

different levels of need for sleep, in a similar way that the cycling levels of Dα4 were analysed (Shi et 

al. 2014). 

3.4.2 Circadian rhythm and activity level 

Even minor changes to timing phenotypes, such as latency or daily rhythm, can indicate a 

disrupted circadian clock. Here, we observed that latency was significantly increased for Dα4KO and 

Dα6KO (Figure 3.9C) and rhythmicity was weakened for Dα4KO, Dα6KO and Dβ3KO (Figure 3.4 and 

Figure 3.5). In mammals, the role of ACh and nAChRs in the circadian machinery is well established 

(O’Hara et al. 1998). In D. melanogaster, it appears they may also play a role. Increased intracellular 

Ca2+, a measurement of neuronal activity, in some core clock neurons is mediated by Dα1, Dα2, and 

Dβ1 (Wegener et al. 2004). Specifically, cholinergic excitation is required to maintain synchrony of 

large lateral ventral neurons (McCarthy et al. 2011). The small lateral ventral neurons responded to 

cholinergic agonist application, although the physiological significance of such response in circadian 

rhythm is unclear (Lelito and Shafer 2012). Even if the clock is intact, impairment in the processes to 

perceive external conditions can also affect aspects of activity rhythm. In the control strains 

(ActinCas9 and w1118ActinCas9) an afternoon activity peak, not commonly seen in other wildtype 

strains, was abolished when Dα3 was disrupted (Figure 3.4). An extra afternoon peak of activity in 

flies has been argued to reflect the cycling inputs of temperature and light in the wild as opposed to 

lab conditions (Vanin et al. 2012). TrpA1, a temperature sensing receptor, appears essential for this 

phenomenon (Green et al. 2015; Das et al. 2015). It is possible ActinCas9 harbours a TrpA1 allele 

inducing the afternoon peak even in consistent laboratory conditions. TrpA1 is on the third 

chromosome in Drosophila, so replacing the X chromosome would not eliminate this peak. But, 

effects of TrpA1 might be modulated by Dα3. Dα3KO still showed anticipation activity for dawn and 

dusk in L:D condition, suggesting the entrainment mechanism to light is functional, but it might 

perceive temperature differently to wildtype. However, this hypothesis was not tested in the current 

study. The observed changes in activity rhythm were unlikely to be the cause of the sleep phenotypes 

observed in knockout flies, as increase or decrease in sleep amount was consistent across all 24 hours 

(Figure 3.3). 

Distinguishing changes in sleep quantity from level of activity is inherently difficult when the 

definition of sleep is inactivity. However, it seems clear the major cause of sleep changes for these 

subunit knockouts was not defects in locomotor activity, but in the sleep maintenance machinery 

(Figure 3.7) observed in many short sleep mutants (Cirelli et al. 2005; Bushey et al. 2007; Koh et al. 
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2008; Wu et al. 2008; Shi et al. 2014). In a screen of almost 3000 lines, daily sleep amount was 

shown to be strongly correlated with bout duration but not with the level of wake activity (Wu et al. 

2008).  

Despite not being the major cause of sleep changes, locomotion was clearly affected in some 

knockout mutants (Figure 3.6 and 3.7), consistent with existing reports of a role for nAChRs in 

locomotion. RNAi-mediated knockdown of Dα1 and Dα3 caused significant locomotor defects in 

third instar larvae (Aleman-Meza et al. 2017). Similarly, Dα2 and Dα7 appeared necessary for 

nicotine-induced hyperactivity (Ren et al. 2012). Unlike vertebrates, glutamate rather than ACh is the 

major neurotransmitter at the neuromuscular junction for D. melanogaster (Johansen et al. 1989). 

Therefore, ACh most likely regulates locomotion through the central nervous system in which 

nAChRs are widely expressed (Croset et al. 2018). 

3.4.3 Subunit coassembly 

nAChRs have previously been shown to have distinct properties based on subunit 

composition (Lansdell and Millar 2000b), and so the other subunits that a given subunit is co-

assembled with could influence the impact that that subunit has on sleep. However, the subunits that 

co-assemble into functional receptors have not been identified due to the difficulty expressing 

nAChRs in heterologous systems (Lansdell et al. 1997). It is, hence, difficult to understand sleep 

regulation based on individual subunit knockout as all subunits function in receptor complexes. 

Common approaches to determining if two proteins interact are usually molecular techniques such as 

yeast-two hybrid, co-immunoprecipitation pull-down or checking co-localization of different 

fluorescent tags under confocal microscope.  In the context of sleep, it would be necessary to identify 

interactions specifically in sleep-associated neurons. Another approach is to recognize that similar 

phenotypes are often observed for mutations impacting different proteins operating in the same 

physiological pathway or different protein subunits forming a functional complex like the nAChRs. 

Hence, the subunits were grouped based on the similarity of the sleep phenotypes of their knockout 

mutants, in order to infer which subunits might be co-assembled. In this analysis the mutants clustered 

into two distinct groups, short sleep and long sleep, potentially reflecting co-assembly of specific 

subunits (Figure 3.11).   A close phenotypic correlation was observed between Dα1 and Dα2 mutants 

and there are existing lines of evidence pointing to the co-assembly of Dα1 and Dα2 (Chamaon et al. 

2000; Schulz et al. 2002). This phenotypic analysis would similarly group Dα4, Dα6, Dα7 and Dβ3, 

suggesting that they may co-assemble into one or more functional receptor subtypes. Indeed, Dα6 and 

Dα7, are closely related and can form functional receptors in heterologous system (Watson et al. 

2010a; Lansdell et al. 2012). However, it should be noted the clusters formed based on phenotype 

could instead reflect co-expression of these subunits in specific functional neuronal circuits, rather 

than co-assembly in receptor complexes. To date the information on the neural expression patterns of 

the various nAChR subunits in D. melanogaster lacks the resolution to address this possibility. 
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3.4.4 Circuitry of sleep 

The contribution of a subunit to sleep may be influenced by its expression pattern in the 

central nervous system. Specifically, subunits expressed in specific neural circuits could have sleep or 

wake promoting roles. While activation of all cholinergic neurons promote wake (Seidner et al. 2015), 

manipulation of different neural clusters could have differential effects, potentially because of the 

different sleep processes they regulate. One group of cholinergic neurons, in the brain gnathal 

ganglion and regions of the thoracic ganglion, are wake-promoting as activating them with the 

temperature-gated depolarizing cation channel dTRPA1 induces wakefulness (Seidner et al. 2015). 

These neurons have a dominant role in triggering homeostatic sleep compensation over other wake-

promoting neurons, and their ACh outputs might serve as sleep need signals to downstream circuits. 

On the contrary, another group of cholinergic neurons in the mushroom bodies are sleep-promoting; 

expressing a temperature-sensitive blocker of synaptic transmission between neurons at elevated 

temperature in these neurons reduces sleep (Pitman et al. 2006). A subset of mushroom body output 

neurons receives signals from sleep-promoting Kenyon cells and propagate homeostatic sleep 

information in the form of cholinergic outputs (Aso et al. 2014; Sitaraman et al. 2015).  

In this chapter these circuits were investigated with a focus on the overexpression and also 

somatic knockout of individual subunits in the c309 neural subset. Previous work had shown that 

knocking down ACh signalling in this circuit results in sleep reduction (Yi et al. 2013). Inhibiting 

activity of all c309 neurons reduces local field potentials (i.e. neuronal excitability), a hallmark of 

Drosophila sleep (Nitz et al. 2002). Changes in sleep as a result of over-expressing some subunits 

(Dα1, Dα2 and D2) were statistically significant, albeit with weaker effects than the corresponding 

knockout mutants (Fig 3.19). Similarly, the attempt to somatically knockout individual subunits in the 

c309 cells resulted in changes in sleep phenotypes (Figure 3.18). This is possibly explained by the fact 

that previous work showed the cholinergic nature of some c309 neurons by staining for either ChAT 

or VAChT, which indicate the production and release but not the reception of ACh (Yi et al. 2013). 

However, it appears that almost every neuron in the brain expresses at least one nAChR subunit based 

on single-cell transcriptomic data available on the database SCope (http://www.scope.aertslab.org). 

There are limitations in over-expressing a gene to investigate native gene function. The level 

of expression of a gene may have a critical role for certain phenotypes, especially a complex one like 

sleep, so quantitative analysis is required to validate the over-expression. Because the native gene 

promoters were not used here, without knowing native expression levels of these subunits in c309 

neurons, interpretation of results should be taken with some caution. Somatic CRISPR also has its 

own limitations. Specifically, measuring the efficiency of somatic CRISPR events proved difficult. As 

CRISPR components were active only in a small group of cells, detection of deletion allele among an 

excess of wildtype allele in the total DNA pool was unsuccessful (data not shown), and it was not 

http://www.scope.aertslab.org/
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possible to isolate just those cells to extract DNA from. The only current option for this is to 

incorporate a fluorescent tag into the wildtype locus and check for reduction in fluorescent signals in 

the specific cells of interest. Alternatively, new sgRNA expression vectors have been designed to 

increase efficiency of somatic CRISPR (Port and Bullock 2016). Future work can use improved tools 

and methods to manipulate relevant genes in individual circuits. 

3.4.5 Neuromodulator 

To add another layer of complexity, effects seen might not be exclusive to cholinergic 

perturbation, but also due to disruption to the release of other neurotransmitters. While nAChRs 

function as excitatory ion channels on the post-synaptic membrane, there are also pre-synaptic 

nAChRs whose activation modulate the release of multiple other neurotransmitters. In Drosophila, the 

release of octopamine, a wake-promoting neurotransmitter, could be induced through activation of 

nAChRs (Fuenzalida-Uribe et al. 2013). Additionally, activation of nAChRs mediates wake-

promoting dopamine release in the larval ventral nerve cord (Pyakurel et al. 2018). Hence, nAChRs 

could directly or indirectly influence sleep machinery in the brain.  

3.4.6 Paradigms to measure sleep 

The DAM is a robust method that has been used extensively in a large number of sleep 

studies, but it is not without drawbacks. One downside of DAM is the amount of information lost 

during the assays. DAM simply outputs the quantity and timing of infrared beam disruptions, which 

do not always accurately represent activity of a fly. Flies of different genotypes show preference for 

different locations in the vial (Faville et al. 2015), meaning a fly line preferentially moving about at 

the top of the tube without crossing the beam in the middle region would appear to be less active, 

overestimating sleep (Zimmerman et al. 2008; Faville et al. 2015). Sleep might also be overestimated 

when a fly is merely immobile or sick. As one defining characteristic of true sleep is decreased 

arousal threshold (Hendricks et al. 2000; Shaw et al. 2000), one can incorporate a mechanism to 

stimulate the flies, mechanical or light-based, with DAM to measure it.  

The DART system overcomes both of these drawbacks. Video recording in DART allows 

accurate detection of fly activity, while the software allows easy control of the different stimulation 

programs. However, DART is more technically difficult to set up as well as more computationally 

demanding. DAM, despite its low-resolution output, is a low-barrier and robust method that has been 

used extensively since 2000. The high-throughput capability of the DAM system to monitor sleep in 

Drosophila melanogaster meant that it was most suitable for this study involving many genotypes that 

had not been previously characterised. 
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3.4.7 Sleep and longevity 

Severe sleep loss generally results in death in rats, fruit flies, roundworms and humans 

(Rechtschaffen et al. 2002; Shaw et al. 2002; Tamakoshi and Ohno 2004). The underlying cause of 

the deleterious effect of sleep loss is unknown, but sleep appears to be tightly linked to other 

physiological processes in the organism such as neurodevelopment (Kayser and Biron 2016), 

immunity (Williams et al. 2007) and metabolism (Knutson et al. 2007). Flies with ‘insomnia’ have 

difficulty maintaining their balance, have elevated levels of dopamine, are short-lived, and show 

increased levels of triglycerides, cholesterol, and free fatty acids (Seugnet et al. 2009). As expected, 

we observed shortened life span in short sleep mutants (Figure 3.20). Interestingly, life span in long 

sleep mutants was unaffected. Few long sleep lines have been reported for Drosophila, and no change 

to lifespan has been reported (Crocker and Sehgal 2008; Harbison et al. 2017). In humans, however, 

long sleep is also associated with increased mortality (Youngstedt and Kripke 2004).  

3.4.8 Genetics of sleep 

Between three lines created in different genetic backgrounds but carrying the same deletion 

mutation for Dα4 and Dα6, there was significant variation when multiple sleep characteristics were 

considered (Figure 3.14 to 3.17). Sleep is a complex trait governed by networks of pleiotropic genes 

(Harbison et al. 2009, 2013). Background-dependent epistatic interactions have been demonstrated to 

be consequential to inferring gene functions based on phenotypes observed. For example, the same 

scallopedE3 allele has a visibly different wing phenotype in Oregon-R background compared to that in 

the Samarkand background, both backgrounds generally being considered “wildtype” (Dworkin et al. 

2009). It is reasonable to expect genetic backgrounds to have a major impact on sleep measurements.  

 Loss of function mutations have been powerful instruments for investigating genes and 

behaviours (Somers et al. 2017). However, more information on gene function could be gained by 

using less severe alleles, such as partial deletions or replacement of a single critical amino acid. We 

observed reduced episode duration when Dα1 and Dα2 were partially deleted, similar to the full 

deletion mutants (Figure 3.12 and 3.13), but no change in total sleep amount, suggesting differences 

in sleep regulations. Interestingly, compared to a knockout, the same single amino acid substitution 

resulted in a less severe sleep phenotype for Dα6 (Figure 3.14C) but an opposite phenotype for Dα1 

(Figure 3.14A), suggesting the different ways these subunits might function to regulate sleep. The 

amino acid substituted, proline 146, is functionally important and conserved in almost all nAChR 

subunits (Somers et al. 2015). It resides in the region between loop E and the Cys-loop of the ligand 

binding domain, hence its disruption is predicted to alter gating but not surface expression of the 

receptor. Nevertheless, given that sleep behaviour was found to be altered to some degree in all 

nAChR mutants, regardless of the genetic background or the nature of mutation, it strongly supports a 

role for nAChRs in sleep regulation. 
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4.1 Introduction 

In Chapter 3, the endogenous role of nAChRs in regulating sleep, was investigated using 

knockouts of individual subunits. To better understand the biology of nAChRs as protein complexes, 

a different approach to disrupt whole receptors would be useful. One approach would be to target 

proteins that are crucial for nAChR function through their physical interactions with nAChRs. 

4.1.1 nAChR interacting proteins 

Given the number of different nAChR subunits, a model of random assembly of these 

subunits into pentamers would suggest that many thousands of nAChR subtypes could be formed.  

However, at this time there is only evidence for the existence of a limited number of subtypes in any 

given species (Gotti et al. 2006), suggesting non-random association.  That subunit composition 

impacts receptor properties (Treinin 2008), further supports the hypothesis that the process of subunit 

assembly into functional nAChRs is selective, not random.  There must be constraints on nAChR 

biogenesis. This process is known to be slow, taking 2 hours from subunit synthesis to surface 

membrane expression of mature receptors (Merlie and Lindstrom 1983) and strictly controlled with 

multiple checkpoints (Keller et al. 2001), possibly due to the complex tertiary structure of subunits as 

well as the diverse composition of receptor subtypes.  

Studies on nAChR subtypes have relied heavily on heterologous expression systems, but one 

long-standing problem with this approach is that it has not be possible to get some nAChR subtypes to 

assemble and function. The choice of an appropriate cell expression system can circumvent these 

difficulties in some cases (reviewed in Millar and Lansdell 2010) but insect nAChRs have been 

particularly challenging (Millar 1999); typically expression is achieved by expressing both insect and 

mammalian subunits to generate hybrid receptors.  These challenges have led researchers to conclude 

that that additional proteins might be needed for efficient receptor expression. 

Over the past few decades, increasing number of proteins that interact with nAChRs have 

been reported, following identification through various interactome analyses with specific mammalian 

nAChR subunits such as mouse β2 (Kabbani et al. 2007), mouse α7 (Paulo et al. 2009), mouse α4 and 

β2 (Mcclure-begley et al. 2013).  The majority of these interacting proteins are expressed ubiquitously 

and belong to general cellular machinery (reviewed in Colombo et al. 2013). For example, BiP and 

Hsp70 are ER-resident chaperones that help polypeptides fold and assemble (Araud et al. 2010). 

COPII is a well-known protein involved in trafficking of mature proteins to Golgi for packaging into 

vesicles (Schwappach 2008). These proteins are not specific to any one class of proteins, acting with 

little discrimination among interacting partners. Other proteins, termed accessory proteins, exhibit 

high specificity for specific proteins, termed target proteins. Accessory proteins physically interact 

with an individual (or a family of) target protein(s) and enable its function without participating in 
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that function directly. For example, an accessory protein may be required to traffic a target protein to 

the appropriate membrane where it performs its function. 

Similar phenotypes may arise from mutations in any one of the proteins functioning in the 

same physiological pathway or part of a multiprotein complex. This is especially useful for 

identifying accessory proteins as opposed to general cellular chaperones whose loss usually result in 

more severe phenotypes, even lethality, due to their wide range of binding partners. Proteins interact 

with each other in dynamic complexes, so the function of any given protein is better understood 

within the context of those interactions. To date, only a few accessory proteins for nAChRs have been 

identified. RIC3 (Halevi et al. 2002) and UNC-50 (Eimer et al. 2007) were both initially studied in 

the nematode C. elegans. More recently, the mammalian NACHO has also been strongly suggested to 

be an important accessory protein (Gu et al. 2016). Among them, only the D. melanogaster ortholog 

of RIC3 has been identified and functionally validated (Section 1.2.4), making it the best candidate to 

target in this chapter. Table 4.1 presents a non-comprehensive list of accessory proteins as well as 

other interacting partners identified to date.  

Table 4.1. Proteins interacting with nAChRs 

Protein Function Reference 

MOLO-1 trafficking, synaptic localization, firing kinetics (Boulin et al. 2012) 

RIC-3 assembly, ER exit (Nguyen et al. 1995) 

NACHO membrane expression (Gu et al. 2016) 

UNC-50 sorting, trafficking (Eimer et al. 2006) 

PSD93 synaptic scaffolding (Parker et al. 2004) 

14-3-3η subunit stabilization (Jeanclos et al. 2001) 

UNC-74 Cys-loop formation (Boulin et al. 2011) 

VILIP1 trans-Golgi membrane trafficking (Zhao et al. 2009) 

UBXD4 proteosome degradation (Rezvani et al. 2009) 

cyclophillin folding, assembly 
(Helekar and Patrick 

1997) 

Lynx1 receptor modulation (Miwa et al. 1999) 

 

4.1.2 RIC3 - the accessory protein 

4.1.2.1 Discovery 

Cholinesterase terminates cholinergic synaptic transmission by hydrolysing acetylcholine. 

Inhibition of cholinesterase activity results in neuronal over-stimulation, which causes 

hypercontraction, paralysis and death to wildtype animals. The ric-3 gene was among those identified 

in a screen for resistance to aldicarb, a cholinesterase inhibitor in mutagenized C. elegans (Nguyen et 

al. 1995). This was the first line of evidence suggesting the involvement of RIC3 in the cholinergic 

signalling pathway. Almost a decade later, a suppressor mutation of deg-3(u662), a dominant 

mutation in the worm nAChR subunit DEG-3 causing neuronal degeneration, was also mapped to the 
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ric-3 locus, suggesting a link between RIC3 and nAChRs (Halevi et al. 2002). In the same study, the 

authors concluded that RIC3 was needed for assembly or trafficking of nAChRs based on 

immunostaining and electrophysiology results. As the first accessory proteins to be identified for 

nAChRs, RIC3 sparked much interest when both nematode and mammalian orthologs were shown to 

enhance expression of nAChRs in otherwise non-permissive cell lines (Halevi et al. 2002, 2003; 

Williams et al. 2004). So far, based on immunoprecipitation and co-localization results, RIC3 has 

been shown to associate specifically with subunits of nAChR and 5-HT3Rs, a group of serotonin 

ionotropic receptors closely related to nAChRs (Halevi et al. 2003; Cheng et al. 2005). No association 

with GABA, glutamate or glycine receptors has been observed (Lansdell et al. 2005).  

4.1.2.2 Structure 

Sequence alignment reveals a common topology between functionally conserved RIC3 

orthologs across taxa: a first transmembrane domain (species-dependent as discussed below), a 

proline-rich spacer, another transmembrane domain, at least one predicted coiled coil domain, and a 

cytosolic C-terminal tail (Halevi et al. 2003) (Figure 4.1).  

 

 

 

Figure 4.1. Conservation of RIC3 structure across species. All identified RIC3 homologs have the 

following domains: transmembrane domain(s) (TM1 and TM2), proline-rich sequence (PRD), coiled-

coil domain(s) (CC1 and CC2). Numbers represent identity percentage relative to C. elegans RIC3 for 

each domain. Reproduced from Halevi et al. (2003). 
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Two hydrophobic regions are found at the C-terminal region of RIC3, serving different 

functions, depending on the species. Both are transmembrane domains in C. elegans and D. 

melanogaster, while mammalian orthologs have a transmembrane domain and an ER-target signal 

(Halevi et al. 2003; Cheng et al. 2007; Wang et al. 2009). Both regions are crucial for RIC3 function, 

as mutant versions lacking these regions are unable to modulate receptor expression (Castillo et al. 

2005; Wang et al. 2009). One suggestion is that they are required for correct localization to the ER 

membrane where interactions with nAChRs during folding and assembly take place (Ben-Ami et al. 

2005; Wang et al. 2009). 

The proline-rich sequence between these two hydrophobic domains is believed to play a role 

in modulating receptor expression (Castillo et al. 2005). One study found deletion of this sequence 

abolished rat RIC3 ability to enhance surface expression of homomeric human α7 (Wang et al. 2009). 

In another study, disrupting this sequence in D. melanogaster prevents DmRIC3 (D. melanogaster 

RIC3) from enhancing receptor expression efficiently (Lansdell et al. 2008).  Several important 

protein-protein interactions involve a single proline residue or proline-rich region (Williamson 1994; 

Kay et al. 2000). Hence, the high concentration of proline residues might be important for RIC3 to 

interact with itself, nAChRs or other proteins.  

Coiled-coil motifs are also well-known for their role in protein-protein interactions, 

specifically oligomerization of subunits (Burmakina et al. 2014). The importance of coiled-coil 

domains in RIC3 has been controversial as studies show contradictory findings. On one hand, results 

from multiple studies suggested that only two transmembrane domains and the proline-rich spacer in 

between are critical for RIC3 function (Castillo et al. 2005; Ben-Ami et al. 2005; Lansdell et al. 

2008).  On the other hand, Wang and colleagues showed that the presence or absence of coiled-coil 

domains was directly related to mouse RIC3 ability to enhance or repress receptor expression (Wang 

et al. 2009), consistent with findings from another study indicating that these domains were required 

for full expression of some but not all receptors (Biala et al. 2009). A model of RIC3 action was 

proposed in which a receptor subunit first binds to an individual RIC3 independently, then self-

association of RIC3 through the interaction between coiled coil domains bring the subunits together to 

form mature receptors (Wang et al. 2009). 

4.1.2.3 Mechanism of actions 

Most functional studies of RIC3 have been in vitro, comparing the effects of heterologous 

expressing nAChRs with RIC3 or by themselves in cell lines. Measurement of binding to specific 

ligands indicates the number of assembled receptors, while electrophysiological reading of ligand-

induced current indicates functional level. Immunohistochemical or fluorescent staining allows 

visualization of the level of nAChRs at different steps in their biosynthetic pathway. 

While the consensus is that RIC3 is an ER protein, it is still unknown whether it travels to 

Golgi and on to the membrane with the receptors.  In COS cells, fluorescently tagged RIC3 was 
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described to colocalize with Golgi marker (Castillo et al. 2005). Biotin labelling of HEK293 surface 

membrane showed both α7 and RIC3 were present (Williams et al. 2004). However, no other studies 

have managed to replicate these findings (Cheng et al. 2005; Wang et al. 2009; Alexander et al. 

2010). Hence, the main site for the interaction of RIC3 and nAChRs is generally accepted to be at the 

ER membrane (Alexander et al. 2010; Walstab et al. 2010).  

Evidence of immature subunit build-up in ER and decreased membrane targeting of receptors 

in the absence of RIC3 suggest an essential role of RIC3 folding, assembly and trafficking of nAChRs 

(Halevi et al. 2002; Lansdell et al. 2005; Castillo et al. 2005). A model of receptor assembly 

enhancement has been put forth by Wang et. al. (2009) proposing that after the nAChR receptor 

subunit-RIC3 complexes come into close proximity through dimerization of the cytoplasmic coiled 

coil domain in RIC3, the subunits bind to each other with their ER lumenal (extracellular) domain. 

Consistent with this model, the intracellular loop of 5-HT3A and α7 receptors has been shown to 

directly interact with RIC3 (Nishtala et al. 2014). 

It is very likely that the differential effects observed for different receptors are also due to the 

varying expression level of RIC3 (Alexander et al. 2010). When native RIC3 mRNA and protein 

levels were measured in permissive cell lines, they were found at very low, near non-detectable 

concentrations, but were still sufficient to enhance receptor expression (Williams et al. 2004; Bennett 

et al. 2012; Dau et al. 2013). This brings forth the question of whether what has been observed from 

heterologous co-expression studies remain true in vivo or is merely an artefact of inconsistent RIC3 

expression levels, underlining the need to study the effects of RIC3 and nAChRs in vivo. 

Most studies concluded that RIC3 only facilitates post-translational receptor maturation and 

ER exit, which eventually results in an increase in surface functional receptor expression. However, it 

has also been suggested that RIC3 could up-regulate subunit expression of mammalian α7 (Castillo et 

al. 2005) and α4β2 (Dau et al. 2013). Whether this is due to increased synthesis or decreased 

degradation is not clear.  

4.1.2.4 Drosophila RIC3 

The D. melanogaster DmRIC3 has multiple isoforms as a result of extensive alternative 

splicing. There are nineteen isoforms identified from cDNA clones on FlyBase, eleven of which have 

been cloned from head library and tested for functions (Lansdell et al. 2008) (Figure 1.3). 

Phylogenetic analysis of sequences of RIC3 from C.elegans, D. melanogaster, frog, mouse and 

human shows that DmRIC3 appears to be the most ancestral and most related to CeRIC3. 

In one study, in vitro co-IP of FLAG-tagged subunits showed interaction between DmRIC3 

and Dα2, Dα3, Dα6, Dβ3, at least with the isoforms tested (Lansdell et al. 2008). In another study, in 

vitro co-expression with RIC3 resulted in functional receptors of various combinations from Dα5, 

Dα6 and Dα7 (Lansdell et al. 2012).  
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4.1.3 Overview  

This chapter aimed to investigate whether the loss of RIC3 would phenocopy the loss of 

nAChRs in an in vivo system. A knockout strain of DmRIC3 generated in Chapter 2 was characterized 

for a range of phenotypes already associated with nAChR subunit knockouts including sleep (Chapter 

3), longevity (Chapter 3), locomotion, and insecticide resistance. The transcript level of each nAChR 

subunit was also quantified in a DmRIC3 knockout strain. Overall, it appeared loss of DmRIC3 did 

result in changes in nAChR transcription as well as some nAChR-related phenotypes. However, the 

effects of these phenotypes were not as severe as previously observed for any single subunit 

knockout.   
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4.2 Methods  

4.2.1 Drosophila melanogaster stocks and rearing conditions 

Fly stocks were maintained and assayed at 25oC, 50-60% humidity, 12h:12h light:dark cycle on 

maize meal medium (ingredients listed in Section 3.2.1). The knockout strain DmRIC3KO was 

generated in Chapter 2 and Xw1118ActinCas9 was its genetic control strain. 

4.2.2 Assays 

4.2.2.1 DAM and longevity assays 

Sleep assays using the DAM and longevity assays were carried out as described in Chapter 2. 

4.2.2.2 Insecticides 

Two insecticides were used in this chapter, imidacloprid (200 gL-1 ConfidorTM, Bayer Crop 

Science) and spinosad (10 gL-1 SuccessTM, Yates). Each formulation was diluted in distilled water to 

the desirable concentrations.  

4.2.2.3 Larval to adult toxicology bioassay 

Insecticide resistance levels were measured using larval to adult toxicology bioassays. Cages 

of adult flies were allowed to lay eggs on grape juice plates (H2O 720mL, 20g agar, brewer's yeast 7g, 

sucrose 26g, glucose 52g, apple juice 200mL, tegosept 6mL) for 24 hours. Eggs were then collected, 

gently washed, transferred onto fresh plates, and incubated at 25oC for 12-16 hours. 50 first instar 

larvae were then transferred onto approximately 80mL of fly food media containing specified 

concentrations of the insecticides and 20-30μL of food dye serving as a visual marker. Concentrations 

used for imidacloprid were: 0.02ppm, 0.04ppm, 0.06ppm, 0.08ppm, 0.11ppm. Concentrations used for 

spinosad were: 0.05ppm, 0.1ppm, 0.15ppm, 0.2ppm, 0.3ppm. As insecticides were dissolved and 

diluted in water, the control vials were food media without any insecticides but with the same 

concentrations of the other media components. Vials were incubated at 25oC in the dark, and number 

of eclosed adults was scored 16 days after. 

Insecticide tolerance levels were calculated from raw survival data corrected using Abbot’s 

correction formula. The dose required to kill 50% of the flies tested (LD50) value for each genotype 

and insecticide were computed with a custom R script (Razi Ghazali unpublished, see Appendix 2C). 

Raw mortality data were corrected for inherent control mortality using Abbott’s formula (Hoekstra 

1987). Resistance ratios and associated 95% confidence intervals were calculated as in Bioassays with 

Arthropods (Robertson and Robertson 2007) and visualized with the R package “ggplot2”.   

4.2.2.4 Wiggle Index motility assay 

Using the Wiggle Index (WI) motility assay (Denecke et al. 2015), the movement response of 

third instar larvae were measured in sucrose solutions with or without insecticides.  Adults (at least 50 
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females and 10 males) which were less than one week old were incubated in vials containing fly food 

media sprinkled with dry active yeast at 25° for 24 hours. The flies were then removed, and larvae 

were allowed to develop in the vials undisturbed at 25° for 3 days. Third instar larvae were extracted 

from food media by pouring 20% sucrose into the vials and gently stirring the food. Separated larvae 

were collected and washed gently with clean water and transferred into a NUNC cell culture treated 

24 well plate (Thermo-Scientific), 25 larvae per well, preloaded with 200μL 5% w/v sucrose (Chem 

Supply; AR Grade). 

 Larvae were filmed for 30 seconds at each of six time points, 0 minutes (start of experiment), 

15 minutes, 30 minutes, 60 minutes, 90 minutes, and 120 minutes. For insecticide response assays, 

after 0-minute recording, 50μL of 5x insecticide stock solution was added to each well and after 

mixing, 50μL of solution was removed to return the total volume to 200μL. The final concentrations 

for each well were 12ppm for imidacloprid and 6ppm for spinosad. The WI ImageJ script was used to 

quantify the WI values estimating the motility of all larvae within one well at one given time point.  

Data were analysed using the R package “insect.toxicology” available on Github 

(https://github.com/shanedenecke/insect.toxicology). The ratio of WI values before and after the 

addition of insecticide were calculated as RMR values (relative movement ratio values). In other 

words, the change in total motility was calculated and used as an estimate of insecticide response. 

Mean RMR values were compared among genotypes using Tukey’s Honestly Significant Difference 

pairwise test (P≤0.05) and visualized with associated 95% confidence intervals using the R package 

“ggplot2” 

4.2.3 Molecular 

4.2.3.1 RT-qPCR 

Primers for all nAChR subunits had been designed and validated previously (Tinna Yang, 

personal communications) (Table 4.2). Three control genes, CG13220, RP24 and RP11, were chosen 

for their stable expression across life stages. For each genotype, total RNA was isolated from three 

biological replicates of 15 early third instar larvae. Samples were homogenized in Trisure (Bioline) 

and phase separated with chloroform. RNA was then precipitated with isopropanol and washed with 

75% ethanol. Extracted RNA samples were quality checked using a Nanodrop spectrophotometer and 

electrophoresed on 1% agarose gel before DNase1 digestion. cDNA synthesis was performed using 

GoScriptTM (Promega) according to the manufacturer’s protocol. Each cDNA sample was diluted 1:20 

before being used for qPCR. Each biological sample was run as three technical replicates. Average 

expression values from the three control genes were used to normalize results between groups, and 

e−ΔΔCt method to calculate expression and statistical significance analysis (Livak & Schmittgen 

2001)  

https://github.com/shanedenecke/insect.toxicology
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Table 4.2. RT-qPCR primers for all nAChR subunits 

Primer name Primer sequence 

Dα1-RT-F-511 CGCTTAGAGACGTTCCGTTC 

Dα1-RT-R-511 ATGGTTCGAAGCAATTCCAG 

Dα2-RT-F-0112 AAGTGGGATCCCTCGGAGTA 

Dα2-RT-R-0112 TGCCGGTATAGTGGAGGATG 

Dα3-RT-F2-0212 GGACTCGAACTGAGGGATCA 

Dα3-RT-R2-0212 TCCATCAGGTTGTAGGTTTGC 

Dα4-RT-F-0712 ACCGTGCATGGGAATATCAT 

Dα4-RT-R-0712 CCAGCAAAGGAACAACCAAT 

Dα5-R1 GATGCACGTATGATGGGTGA 

Dα5-L1 ATGATGACTTCCGGCACAA 

Dα6-R1 TCGTGAAGAGCGTGAAAACAA 

Dα6-L1 CAATATCTGGCTCCCAAACC 

Dα7-R1 AATGTCGCTTGTTTCGTCCT 

Dα7-L1 CCCACCAGCCCACATATTAC 

Dβ1-R1 AAATCTCGATGATGCGATCC 

Dβ1-L1 GAGTTCATTGCCGAGCACTT 

Dβ2-25/8/10-F GAGCAATGGGTACACCAACG 

Dβ2-25/8/10-R GCAGCACTTCGGGTGTTAAG 

Dβ3-8/10-RT-F CCGTACATCCGAAACAAAGG 

Dβ3-8/10-RT-R GAAGTCAGCCCCATAAGAAGC 
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4.3 Results 

4.3.1 Phenotypes of DmRIC3KO 

4.3.1.1 Sleep 

Loss of DmRIC3 resulted in an increased total sleep amount of about 100-200 minutes more, 

making it a long sleep mutant. This increase was mainly due to lengthened episode duration during 

daytime (Figure 4.2), as sleep at night showed no changes except for increased latency. Heatmap 

analysis showed DmRIC3KO fit within the long sleep mutant cluster, specifically with Dα4KO and 

Dα6KO (Figure 4.3). Increased sleep amount and increased latency observed in DmRIC3KO were 

phenotypes shared with Dα4KO and Dα6KO. Furthermore, activity rhythm in L:D conditions of 

DmRIC3KO showed the loss of evening peak compared to that of the control Xw1118ActinCas9 (Figure 

4.4), similar to Dα4KO and Dα7KO (Figure 3.3). Therefore, it appeared DmRIC3KO most closely 

phenocopied Dα4KO sleep behaviours.  
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Figure 4.2. Sleep characteristics of DmRIC3KO.  

Difference to control was calculated as the difference between the mean value of DmRIC3KO and the 

mean value for its genetic control Xw1118ActinCas9 for A. Total sleep amount; B. Episode duration; C. 

Number of episodes; C. Latency. Circles and triangles represent average measurements from two 

independent assays. Error bars represent 95% confidence interval. Error bars not spanning 0 indicates 

statistical significance (t-test, p<0.05). Day: light on ZT0-ZT12, Night: light off ZT12-ZT24. 
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Figure 4.3. Functional clusters of knockouts including DmRIC3KO based on effect sizes of 

observed sleep phenotypes.  

Phenotypes chosen include sleep amount, episode duration, episode number, wake activity and 

latency, for both day and night. Two measurements for DmRIC3KO and three measurements for each 

subunit knockout were included (numbered 1, 2 and 3). 
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Figure 4.4. Activity profiles for DmRIC3KO and Xw1118ActinCas9 across 24 hours.  

Activity is calculated as number of beam-crossings per 5-minute interval. Results were averaged for 

85-96 flies each genotype: DmRIC3KO (teal line) and Xw1118ActinCas9 (black line). Time is 

represented in Zeitgeber format (white background: light on ZT0-ZT12, grey background: light off 

ZT12-ZT24). 
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4.3.1.2 Insecticide response 

nAChRs are targets of spinosad and imidacloprid, so DmRIC3KO was hypothesized to be 

resistant to either or both of these insecticides. The Wiggle Index quantifies the level of thrashing of 

third instar larvae in solution, which was used as a measurement of acute insecticidal effects between 

before and after insecticides were added. Imidacloprid and spinosad both elicited a strong response 

from wildtype larvae, reducing their relative movement to on average 25% and 60% of starting 

motion, respectively, after 120 minutes (Figure 4.5A). In the case of DmRIC3KO, larvae thrashing in 

12ppm imidacloprid solution retained more relative movement (on average 50%) after the same 

amount of time, with the level of movement reduction diverged from the control larvae as soon as 

after 15 minutes. In contrast, 6ppm spinosad resulted in DmRIC3KO larvae losing movement faster 

(starting from 15 minutes) and more (50% after 120 minutes) than control larvae. This phenomenon 

was also recapitulated with the chronic, larval-to-adult insecticide bioassay, in which adult emergence 

rate of first instar larvae placed on food medium containing insecticides was used to measure 

resistance to insecticides.  In this assay, DmRIC3KO larvae were less than 1.5 times more resistant to 

imidacloprid, and only approximately 1.2 times more sensitive to spinosad (Figure 4.5B). While the 

differences in resistance ratios were statistically significant, their effect sizes were very small 

compared to what has been reported for nAChR resistant alleles and smaller than those observed 

using the Wiggle Index. Loss of DmRIC3 increased resistance to imidacloprid but increased 

sensitivity to spinosad. 

4.3.1.3 Locomotion 

Locomotor activity was measured for both larvae and adult flies. Motility of larvae in 

sucrose-only solution was used as a measurement of endogenous level of larval locomotor activity. 

For DmRIC3KO, the level of movement measured by Wiggle Index was consistently lower than for the 

control across 120 minutes of measurement (Figure 4.6A). Locomotion of adult flies was based on 

wake activity from the DAM data, which showed no differences between DmRIC3KO and the control 

regardless of time of day for one experiment but daytime hyperactivity and night-time hypoactivity 

for another experiment (Figure 4.6B). As such, no conclusion could be made with regards to level of 

activity in adult DmRIC3KO. 
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(next page) Figure 4.5. Responses to imidacloprid and spinosad between DmRIC3KO and 

Xw1118ActinCas9.  

A) Wiggle Index Response is shown as relative motility ratio at 12ppm imidacloprid (left panel) and 

6ppm spinosad (right panel) over 120 minutes. The drops in relative movement were significantly 

different between DmRIC3KO (red line with triangles) and its control Xw1118ActinCas9 (black line with 

circles). Error bars represent 95% confidence intervals. B) Resistance ratios as calculated from 

chronic exposure of larvae to imidacloprid (left panel, green bars) and spinosad (right panel, orange 

bars). Significant differences exist between DmRIC3KO and Xw1118ActinCas9 for both insecticides. 

Error bars represent 95% confidence intervals.
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Figure 4.6. Activity level of DmRIC3KO compared to Xw1118ActinCas9. A) Wiggle Index of DmRIC3KO in sucrose solution. Absolute movement of 

DmRIC3KO is significantly lower than that of Xw1118ActinCas9 over 120 minutes. Error bars represent 95% confidence intervals. B) Difference in wake activity 

of adult flies between DmRIC3KO and Xw1118ActinCas9. Difference to control was calculated as the difference between the mean value of each knockout and 

the mean value for its appropriate genetic control for wake activity, which was the average number of beam crossings per waking minute. Circles and 

triangles represent average measurements from two independent assays. Error bars represent 95% confidence interval. Error bars not containing 0 indicates 

statistical significance (t-test, p<0.05). Day: light on ZT0-ZT12, Night: light off ZT12-ZT2.
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4.3.1.4 Longevity 

As nAChR mutants either had reduced lifespan or showed no changes (Chapter 3), DmRIC3KO was 

expected to also exhibit one of these phenotypes. Surprisingly, DmRIC3KO had a significantly longer 

lifespan compared to the control (Figure 4.7). For the mutant flies, half the population died at 55 days 

when all control flies had already died. It took 72 days for all DmRIC3KO flies to die. 

 

 

 

 

Figure 4.7. Longevity was increased in DmRIC3KO. Kaplan–Meier survival plots of DmRIC3KO and 

Xw1118ActinCas9. Difference in survivorship was significantly different (p < 0.01, Mantel–Cox test).  
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4.3.2 Loss of DmRIC3 affected transcription levels of some nAChR subunits 

Transcriptional expression of all nAChR subunits was quantified in 3rd instar larvae of 

DmRIC3KO normalised against its control genotype Xw1118ActinCas9 (Figure 4.8). Due to difficulties 

with primers, results for Dα2 and Dα3 were discarded from analysis. Three out of eight subunits 

measured showed statistically significant differences. Dα1 transcript level in DmRIC3KO was 

increased 2-fold compared to that in the control. In contrast, Dβ3 transcript level was reduced almost 

3-fold. There was only a slight reduction of Dα7 transcript level of less than 1.2-fold. 

 

 

Figure 4.8. Quantification of nAChR subunit expression in the DmRIC3KO background with 

quantitative RT-PCR. Transcript levels were normalised to expression in the control genotype 

Xw1118ActinCas9 (dashed line at 1). Error bars represent 95% confidence intervals. Error bars not 

containing 0 indicates statistical significance. 
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4.4 Discussion 

4.4.1 Phenotypes of DmRIC3KO implicate specific nAChR subunits 

With multiple phenotyping paradigms available for D. melanogaster, complex phenotypes 

can be assayed in higher resolution. The Wiggle Index and chronic exposure bioassays, while both 

useful for measuring response to insecticides, are also looking at fundamentally different biological 

phenomena. The Wiggle Index determines changes in motility behaviours after acute exposure to sub-

lethal doses, more accurately assessing the effects of insecticides on their neuronal molecular targets 

(Denecke et al. 2015). Chronic exposure bioassays measure adult survivorship as a result of chronic 

exposure from first instar stage to higher concentration of insecticides, during which multiple 

physiological processes might be in place to deal with the external insecticidal stress. On the other 

hand, sleep assays only concern changes limited to one developmental stage (adult) and endogenous 

conditions i.e. no external influences. Additionally, sleep phenotypes arise from changes in well-

defined sleep circuitry, while insecticide effects are unlikely to be limited to any specific regions of 

the CNS. These different assays allow the effects of DmRIC3KO to be observed and characterized 

more comprehensively. While larval thrashing in response to exposure to insecticides and sleep can be 

both considered behavioural phenotypes associated with nAChRs, they reflect distinct biological 

aspects of receptor function. Most nAChR subunits appeared to have a role in regulating sleep 

(Chapter 3), so sleep is a good proxy for the activity of multiple nAChR subtypes. In contrast, 

imidacloprid and spinosad target a small number of specific subunits (Perry et al. 2008, 2012).  

As expected, DmRIC3KO flies showed changes in phenotypes associated with mutants of 

nAChRs, including sleep, locomotion, insecticide resistance, and lifespan. However, there was no 

clear correlation with the phenotypes of any individual nAChR subunit being disrupted. Based on 

sleep measurements, DmRIC3KO flies appeared to be a long sleep mutant, phenocopying Dα4KO most 

strongly. However, DmRIC3KO larval responses to insecticides in the Wiggle Index revealed a 

negative cross resistance phenotype previously observed with Dα1KO, i.e. increased resistance to 

imidacloprid but increased sensitivity to Spinosad (Somers et al. 2017). Most unexpectedly, 

DmRIC3KO flies had extended lifespan (Figure 4.7) which was not observed in any subunit knockout 

tested in Chapter 3, rather it was found that Dα1KO and Dα2KO led to a shortened lifespan. From these 

results, it appears the loss of DmRIC3 is likely to be disruptive to multiple nAChR subunits. This is 

consistent with the fact that, as shown previously, multiple subunits (Dα2, Dα3, Dα5, Dα6, Dα7, and 

Dβ3) interact with DmRIC3 (Lansdell et al. 2008, 2012). It is worth pointing out that mammalian and 

nematode RIC3 does not exclusively interact with nAChRs, but also with the ionotropic serotonin 

receptors 5-HT3ARs (Castillo et al. 2005; Cheng et al. 2007). However, no orthologues of 5-HT3ARs 

have been identified in D. melanogaster, we can be confident of phenotypes observed were due to 

perturbed nAChRs. 
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The opposing response of the RIC3 knockout to different insecticides (resistance to 

imidacloprid and susceptibility to spinosad) is worthy of further discussion. Given the proposed 

function of RIC3, one could propose that less imidacloprid targets reach the synaptic membrane in the 

knockout mutant. While this makes sense in terms of RIC3 function, it must be noted that the levels of 

the transcript of one imidacloprid targeted subunit (D1) significantly increase in the RIC3 knockout 

while two others tested (D1 and D2) do not (Fig. 4.8). Of course, we cannot assume that transcript 

levels correlate with nAChR levels at the synaptic membranes in the neurons targeted by imidaloprid.  

Turning to spinosad the simplest explanation for an increase in susceptibility is an increase level of 

the D6 target at the synaptic membrane. Again, there is no evidence of this in the transcript levels 

observed in the RIC3 knockout, where there is no difference to the levels observed in the control. 

Recent unpublished research by Joseph Nguyen in the Batterham lab has shown that the level of D6 

protein decreases significantly and rapidly in Drosophila larvae exposed to spinosad and that this is 

due to degradation of the D6 subunit. Further, pre-exposure to a sublethal dose of spinosad increases 

the tolerance to subsequent exposures to spinosad. Therefore, one untested hypothesis that could 

explain the increased spinosad susceptibility of the RIC3 knockout is that RIC3 counteracts the 

degradation of D6, leaving more spinosad targets at the synaptic membrane. 

For C. elegans, one truncation allele of CeRIC3 resulted in detrimentally uncoordinated and 

starved worms (Halevi et al. 2002), while another truncation allele caused the animals to be 

uncoordinated and fail to grow to full size (Nguyen et al. 1995). Here, like most of the knockouts of 

nAChR subunits, DmRIC3KO flies were viable and did not show any obvious deleterious defects.  

Furthermore, the phenotypes measured were more subtle than those for mutants harbouring individual 

subunit knockouts, suggesting functional receptors are still being produced in the absence of 

DmRIC3. Further investigation is required for us to be able to explain this. The leading hypothesis is 

that there is functional redundancy between accessory proteins. In other words, other interacting 

partners such as NACHO could step in to functionally compensate the loss of DmRIC3, although 

there is not yet any evidence in the literature for this.  

4.4.2 How DmRIC3 affects nAChRs 

The mechanism by which RIC3 interacts with nAChR subunits has been a focus of research 

for many years. In this chapter, we observed significant changes in transcription levels of Dα1 and 

Dβ3 in the absence of DmRIC3 (Figure 4.8). Given that it is hard to envisage how DmRIC3 could 

have a direct role in nAChR transcription, this transcriptional effect is likely to be due to an 

accumulation of unassembled subunits and a lack of mature nAChRs at the membrane as a result of a 

loss of RIC3 function. In this context, it is interesting to note that the transcript levels of some nAChR 

subunit genes are perturbed in the loss of function mutants of other nAChR subunit genes (Ghazali & 

Perry, unpubl). While these data point to a mechanism of compensation, the molecular mechanism by 
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which the levels of the various subunits are monitored and the nature of the signalling that results in 

changes in transcription are not clear. But many lines of evidence do emphasize a post-translational 

role of RIC3 in regulating nAChRs. While some suggest RIC3 promotes co-assembly of the correct 

nAChR subunits through their own oligomerization (Wang et al. 2009), others point to the possibility 

of RIC3 aiding the transport of assembled nAChRs from ER to the plasma membrane (Williams et al. 

2004; Castillo et al. 2005). Future experiments should include characterization of functional 

expression of surface nAChRs in DmRIC3KO flies through immunohistological staining or 

physiological measurements. Additionally, incorporating fluorescently tagged nAChR subunits into 

the DmRIC3KO background will help to determine which step in the receptor biosynthesis pathway is 

most affected.  

Co-expression with RIC3 successfully enhances functional expression of some, but not all, 

receptor subtypes. For example, interactions with RIC3 promotes the assembly of rat α7 into mature 

homomeric nAChRs and their trafficking to the membrane surface (Halevi et al. 2002). On the 

contrary, mammalian α4β2 and α3β2 receptor expression is decreased or completely inhibited in the 

presence of RIC3 in Xenopus oocytes (Halevi et al. 2003). These data suggest that the different 

receptor subunit combinations can have different interactions with RIC3. Interestingly, despite being 

shown to consistently enhance the C. elegans neuronal nAChR DEG-3/DES-2 functional expression, 

Ben-Ami et al. showed that RIC3 specifically promoted the surface trafficking of DEG-3 while 

slightly reducing that of DES-2, suggesting RIC3 interacts individually with each subunit, most likely 

before assembly (Ben-Ami et al. 2009).  

However, some receptors are inhibited by human RIC3 expression, such as mammalian α4β2 

or 5-HT3Rs (Castillo et al. 2005; Cheng et al. 2007). As these receptors colocalize with RIC3 

aggregates inside the ER lumen, it is thought that for these receptors, aggregation of RIC3 retains 

mature, assembled receptors in ER i.e. blocking their forward trafficking to the membrane (Cheng et 

al. 2005; Alexander et al. 2010). Another line of evidence for this is the fact that mammalian α7 

enhancement was attenuated when RIC3 was expressed at high level and the homomeric receptors 

were found in aggregates with RIC3 (Alexander et al. 2010).  

Different effects of RIC3 could be due to several reasons. Studies using a range of deletion 

mutations show that some domains are not always required for RIC3 to assert its effects on nAChRs 

and 5-HT3Rs, depending on the receptor subtype and the species. Each domain is also involved in a 

different aspect of nAChR modulation, as there are naturally occurring RIC3 transcripts in which one 

or more of these conserved domains are missing (Lansdell et al. 2008). Host-specific factors may also 

be responsible for observed differential effects of RIC3. For example, homomeric mammalian α7 

receptors can be readily expressed in Xenopus oocytes and neuronal cells, but not in other mammalian 

cell lines (Cooper and Millar 1997). Specifically, co-expression of nAChRs and RIC3 in different 

systems has revealed chaperone activity of RIC3 is dependent on host cells (Lansdell et al. 2008). 
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Furthermore, the variable sequences may also play a role. Despite having several conserved domains, 

RIC3 orthologs share relatively weak nucleotide homology (Halevi et al. 2003), which may be 

explained by the predicted intrinsically disordered nature of the protein (Biala et al. 2009). This 

means RIC3 lacks a stable tertiary structure encoded in their amino acid sequences (reviewed in 

Oldfield and Dunker (2014), hence allowing greater sequence variability between homologs. This 

lack of rigid structure enables conformational flexibility that can form a variety of interactions with 

different proteins for different functional roles, such as enhancing functional surface expression of 

one nAChR subunit but inhibiting another (Ben-Ami et al. 2009). 

4.4.3 Summary 

This chapter set out to characterize the phenotypes of flies harbouring a null allele of RIC3, 

an important accessory protein of the nAChRs. The DmRIC3KO strain generated from Chapter 2 offers 

a great in vivo system to screen for such changes efficiently. No other in vivo mutant allele of RIC3 or 

phenotypes associated with the locus has been documented besides those in C. elegans. The 

phenocopying effects observed confirm the functional link between RIC3 and nAChRs in D. 

melanogaster, aiding to our understanding of the biology of these receptors and their associated 

proteins. 
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Chapter 5 

 

 

 

Discussion 
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5.1 Ways of understanding the genetics of behaviour 

Finding the genetic underpinnings of any behaviour is challenging as behaviours are arguably 

one of the most complex phenotypes. Even precisely defining what constitutes a behaviour has not 

been an easy task for biologists, as shown by the level confusion and contradiction among the 

responses in a survey carried out by Levitis et al. (Levitis et al. 2009). William M. Baum argued that 

behaviours should be defined through the lens of evolutionary theory (Baum 2013). But experimental 

design demands defining a behaviour in the context of its paradigm, which is challenged by the fact 

that even the simplest behaviour can again be defined by ever-smaller component ‘behaviours’. For 

instance, sleep as a phenotype encompasses sub-phenotypes such as sleep quantity or sleep quality. 

Then, sleep quantity can be measured as total amount of sleep during a given time period, or the 

amount needed without triggering sleep rebound. Similarly, sleep quality can be measured as the 

depth of a specific sleep episode, or the recovery effects after a sleep episode. As a direct result of 

this, any given behaviour is controlled by many genes, and any single gene variant that perturbs it is 

difficult to distinguish from background noise.  

To investigate whether a gene is involved in a certain phenotype, perhaps the simplest and 

most powerful strategy is the classical genetic approach. This requires rendering such a gene non-

functional and observing subsequent phenotypic changes. With modern genetic tools such as 

CRISPR, this has become easier than ever. However, the rationale for choosing this particular strategy 

deserves further discussion. Forward genetic screens, in vitro characterization, and in vivo expression 

are all alternative ways of understanding the role of a gene in a phenotype and are commonplace in 

the biological sciences. Why then were these approaches by-passed in favour of a simpler knock out 

and observe strategy? Chapters 3 and 4 both relied almost exclusively on comparing the knockout of 

specific genes with their wild type controls, and little time was given to secondary ways to study these 

genes. With this in mind, we compare the advantages of knockout studies (in this particular study and 

for these particular genes) with other options such as forward genetic screens, in vitro 

characterization, and in vivo expression. 

Forward genetics approaches can be used to start with observable difference in phenotype and 

work backwards to find the genetic basis of the trait. Resources like the DGRP and Bloomington 

deficiency kit are now common tools for forward genetic screens (Roote and Russell 2012; Mackay et 

al. 2012). To take a recent successful example, Izumi et. al (2016) used the deficiency kit to perform a 

genome wide screen which identified Tsp2A as a novel component of the smooth septate junctions 

connecting intestinal cells. Genome-wide association study on sleep has also been conducted 

(Harbison et al. 2013). Behaviours such as sleep are highly polygenic and tend to be masked by other 

variants and background noise. Nevertheless, working with a standard homozygous genetic 

background in more traditional mutagenesis methods (such as with EMS) has enabled scientists to 
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identify variants that had large enough effects that they could map it to a single locus affecting sleep 

such as the nAChR subunit Dα4 (Shi et al. 2014).  

In vitro characterization of a gene in heterologous systems such as insect cells (e.g. Sf9) or 

Xenopus oocytes encounters different hurdles. Firstly, assumptions about the function of a gene are 

necessary before an appropriate system and assay can be chosen. While basic nAChR biology (e.g. 

ligands and substrates) allows it to be studied in such systems, there have been well reported 

difficulties in heterologously expressing insect receptors (Millar 1999). Also, an in vitro analysis of a 

gene does not go very far in describing its impact on behaviour. Because behaviour is a very complex 

phenotype which integrates signals from many neurons into a single response, understanding the 

biochemistry behind a gene like a nAChR is often difficult to interpret in terms of its relation to any 

single behaviour.  

Expression of a gene in vivo can be accomplished through the use of the now classic GAL4-

UAS system, which continues to undergo improvement (Caygill and Brand 2016). A variety of 

different GAL4 driver lines are available (Jenett et al. 2012; Li et al. 2014), but better drivers may be 

required if the goal is to examine gene function in specific classes of neurons. It is recognized that 

using technologies like the Split-GAL4 system which drives GAL4 expression exclusively in cells 

where the expression of two different enhancers intersect will be required to generate such precision 

(Dionne et al. 2018). However, even with these tools in hand, assumptions must be made about 

where, when, and what to express. In the case of RIC3 and nAChRs, there is currently little 

information about where either these genes are expressed at the cellular level. This situation may be 

improved with the advent of single cell sequencing, but at the moment vast majority of Drosophila 

brain cells for which sequences have been determined are of undetermined classes (Croset et al. 

2018). Using the split-GAL4 system to drive GFP expression in particular cell types may rectify this 

situation.  

Gene knockout, by way of contrast, makes no assumption about the biology of the gene. As 

was demonstrated in Chapter 2, very large knockouts can be generated, so that no transcripts are 

produced (Table 2.6). This was particularly useful in the analysis of DmRIC3 as it is a large gene with 

over 11 transcripts, the roles of which have not been fully characterized (Lansdell et al. 2008). 

CRISPR based mutagenesis was thus chosen as the most logical way to investigate the role of both 

nAChR subunits in sleep and RIC3 in various nAChR related phenotypes. However, once the removal 

of these specific genes has been implicated in specific phenotypes, a more precise dissection of their 

function can be pursued using the tools described above. For example, to describe where the gene is 

required for a particular component of behaviour, knockout of subunits selectively from specific 

neuronal cells using the Split-GAL4 system could be used. This can be done using RNAi (Dietzl et al. 

2007) but would be more efficiently done with in vivo somatic CRISPR (Port and Bullock 2016). We 
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attempted this, as well as over-expression of selected nAChR subunits, with the circuit specific GAL4 

driver c309>GAL4 (Chapter 3) which drives expression in a group of mushroom body Kenyon cells 

(Aso et al. 2009). While the impacts on sleep were generally small, they were significant phenotypes 

(Figure 3.18 and Figure 3.19). Many other neuronal circuits have been identified to have a role in 

sleep regulation such as 24C10, c309, and 30Y (Pitman et al. 2006; Seidner et al. 2015). Determining 

whether, and which, nAChR subunits are involved in the activity of these neurons will add to the 

understanding of the molecular mechanisms underlying sleep.  
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5.2 A better understanding of nAChR biology 

In Chapter 3 we saw that most of the nAChR subunit mutants were viable when deleted and 

that many did not show significant viability defects when removed. Similarly, the knockout mutant 

for the RIC3 chaperon protein was homozygous viable. These data are intriguing given that all other 

indications show that cholinergic signalling is essential for insect survival. Loss of function mutants 

of other proteins in the cholinergic pathway such as acetylcholinesterase and choline acetyltransferase 

are lethal (Greenspan 1980; Kitamoto et al. 2000). Additionally, double mutants of individual 

subunits show synergistic phenotypes; for example, Dα1 and Dα3 double mutants show severe 

phenotypes not present in either mutant and reduced viability (Chen & Perry, unpublished data). Any 

given nAChR subunit will share functions with the other subunits with which it is co-assembled to 

form a particular nAChR subtype. It is also possible that different nAChR subtypes have shared 

functions, meaning that if one subtype is eliminated by the loss of function of a single subunit that a 

mutant phenotype might not be observed for a given trait (e.g. behaviour) under investigation. The 

elimination of more than one subunit, may eliminate more than one nAChR subtype, impacting more 

nAChR functions, moving the phenotype towards the lethality observed in the acetylcholinesterase 

and choline acetyltransferase mutants. The creation of more double mutant combinations could be 

useful in addressing questions of functional redundancy. Again, the precise identification of the cells 

in which particular subunits and receptor subtypes are expressed will be important companion 

information in understanding their function. Single cell sequencing indicates that nAChRs are likely 

expressed in most cells in the Drosophila brain, but that the levels of expression of the different 

subunits vary widely and that their cellular distributions do not fully overlap (Croset et al. 2018).  

In considering functional redundancy, evidence for compensation needs to be noted. In mice 

certain subunits can be expressed to rescue the loss of others (Koval et al. 2011). In D. melanogaster, 

this phenomenon has also been observed showing RNAi-mediated knockdown of some subunits can 

increase expression of other subunits (Tinna Yang, unpublished). More recently similar observations 

have been made with loss of function mutants (Ghazali and Perry, unpublished). Similar observations 

were made in RIC3 loss of function mutants; specific subunits were up or downregulated in a RIC3-

null background (Figure 4.8). It is not known whether these changes are limited to specific cell types 

and the mechanisms by which these regulatory changes occur need to be elucidated. 

In mammals, cholinergic signalling underlies some higher cognitive functions such as 

learning and memory (Poorthuis and Mansvelder 2013; Ballinger et al. 2016). In insects, there is 

evidence that nAChRs may also be involved in learning and memory (Gauthier 2010), courtship and 

mating (Somers et al. 2017) and sleep (Shi et al. 2014; Wu et al. 2014, Chapter 3). Given that there 

has been no systematic investigation, many other insect behaviours may also be dependent upon 

nAChR function. Considering the importance of cholinergic signalling, a mechanism that would 
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compensate for the loss of function of a subunit would be of value in maintaining the functions 

mediated by nAChRs in the nervous system. While the potential for the observed regulatory changes 

observed in loss of function nAChR subunit mutants is clear, as yet there is no evidence that such 

changes are compensatory. For meaningful compensation to occur, a receptor subtype lost due of the 

loss of function of one nAChR subunit, would need to be replaced in the appropriate cells by a 

receptor subtype with a similar functional capacity. Evidence that this happens is not available and the 

technological challenges involved in demonstrating this will make the attainment of such evidence 

exceedingly difficult. It is clear that the observed regulatory changes do not constitute complete 

functional compensation, because mutant phenotypes would not be observed in knockout strains if 

this were the case.  

Cross talk among nAChR subunits also depends on their interaction with many other cellular 

proteins. Some regulate biogenesis processes such as assembly and trafficking, while others modulate 

receptor activity at the synaptic membrane. RIC3 is a well-established, important accessory protein of 

nAChRs because of its highly specific interaction with nAChRs and significant regulation of receptor 

surface expression. But RIC3 is not the only chaperone for nAChRs. In one study, the permissive cell 

line GH4C1 was shown to express human α7 independently of RIC-3 (Koperniak et al. 2013). 

Besides RIC3, two other documented C. elegans chaperones, UNC-74 (Lewis et al. 1980) and UNC-

50 (Lewis et al. 1980; Eimer et al. 2007), are also required simultaneously to express worm nAChRs 

in oocytes (Boulin et al. 2008). In a recent screen involving co-transfecting α7 with each of thousands 

of cDNA clones into human embryonic kidney cells, NACHO was identified to enhance biogenesis of 

α7 synergistically with RIC3 (Gu et al. 2016). With so many players involved, it is unlikely knocking 

out any one of these accessory proteins would completely obliterate all nAChRs. Just as there appears 

to be a degree of functional redundancy among nAChR subunits protecting vital functions, there is 

likely to be redundancy among the proteins that assemble, transport and maintain these receptors. As 

with the nAChR subunits, the generation of double knockouts removing the functions of accessory 

proteins in a pairwise fashion may provide more insight into their functions. 

While recommending the use of knockout mutations in exploring the function of nAChR 

subunits and accessory proteins, a note of caution must be applied. The notion that a knockout 

mutation necessarily confers a loss of function has been shown to be a half truth in this study. A 

number of examples have been provided showing that a loss of function for the gene knocked out, 

leads to changes in expression of other genes (Section 4.3.2 and Section 3.4.1). Hence, without further 

evidence, we cannot be certain that phenotypes observed in knockout mutants are due to the loss of 

gene function. One way to overcome compensatory gene expression is to abolish gene function 

transiently and acutely using DeGradFP technology which reduces levels of GFP-tagged proteins 

through degradation (Caussinus et al. 2011). 
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5.3 nAChRs and insecticide resistance 

One of the fundamental reasons for pursuing nAChRs in this thesis was their status as highly 

effective insecticide targets. Neonicotinoids currently occupy the largest market share of synthetic 

insecticides and are known to target the interface between specific α and β subunits. Additionally, 

spinosad binds to a distinct site on the α6 subunit (Orr et al. 2009). Despite, or perhaps more 

accurately because of, widespread use of these compounds, mutations in subunits which confer 

resistance to these insecticides are frequently detected in the field. While a large body of research has 

gone into cataloguing, detecting and monitoring these mutations (Bass et al. 2015; Ihara et al. 2017), 

some questions remain unanswered. The first of these has been the subject of this thesis and will be a 

fertile field of investigation for many years to come as other behaviours are analysed, i.e., What roles 

do these genes play endogenously? But there are other questions – To what extent does the 

perturbation of gene function impact the frequency of resistance alleles in pest species in the field? 

Are genes involved in receptor biogenesis or other aspects of cholinergic signalling likely to be 

involved in resistance? Do low doses of insecticides affect the behaviours controlled by the receptor 

subunits that they target? 

Lab generated loss of function mutations in genes encoding the nAChR D1 and D2 

subunits confer high levels of resistance to neonicotinoids (Perry et al 2008). Recent research has 

shown that loss of function mutations in the D2 and D1 genes of D. melanogaster also confer 

neonicotinoid resistance (Perry et al., unpubl). Loss of function mutations in the D6 gene confer 

extremely high levels of resistance to spinosad in D. melanogaster (Perry et al. 2007). Given the high 

degree of conservation of nAChRs in insects and the many ways in which loss of function mutations 

may arise, one might expect such resistances to be prevalent in many pests exposed to these 

insecticides. However, the frequency that a resistance mutation attains will be determined by the ratio 

of the level of resistance conferred and the fitness cost incurred. While quantifying resistance is 

relatively simple, an accurate assessment of fitness costs is more complex. 

In chapter 3, we saw that all subunits appear to have some endogenous role in sleep behaviour 

as knockouts of each subunit showed differences in sleep. Likewise, in chapter 4, we saw that RIC3 

also yielded a sleep phenotype, in addition to its insecticide response traits. This finding, or rather this 

type of finding, is important because it suggests that, in assessing fitness, one needs to go beyond the 

easily measured viability. When there is no obvious defect in fecundity or viability when mutants are 

reared under optimal laboratory conditions, it is not hard to forget that there are other components of 

fitness and that in field development under conditions that less than ideal. Defects that seem small 

under lab conditions could incur a much greater fitness cost in the field. The loss of sleep in some 

nAChR subunit knockouts may seem irrelevant to fitness, but prolonged sleep deprivation has been 

shown to have detrimental effects on both survivorship (Shaw et al. 2002) and reproductive capability 
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(Kayser et al. 2014). Indeed, short sleep mutants in this study, Dα1KO and Dα2KO, showed 

significantly shorter lifespan (Chapter 3) and Dα1KO has severe mating defects (Somers et al. 2017). 

Mutations in Dβ2 result in weak flies compared to their genetic control strains (Perry et al., unpubl). 

Returning to the field, for the insecticide spinosad, 6 loss of function mutations along with 

single amino acid replacement mutations have been associated with high level resistance in many pest 

species (Perry and Batterham 2018). While the fitness of the D. melanogaster mutants has not been 

systematically evaluated, here D6KO showed a long sleep phenotype (Figure 3.2) and increased 

longevity (Figure 3.20). For the neonicotinoids, the only nAChR mutation shown to confer field 

resistance is the R81T amino acid replacement found in the subunit gene of the aphid Myzus persicae 

(Bass et al. 2011). Given the intensive global use of neonicotinoids, the lack of mutations in other 

genes, and the lack of loss of function mutations in 1, is likely to be reflective of fitness costs. 

Recently, a homozygous knockout of the D. melanogaster 1 gene was generated (Perry et al., 

unpubl). This mutant able to complete development but was poorly viable. Somatic CRISPR of the 1 

gene in the nervous system produced flies that exhibited high level resistance to the neonicotinoid, 

imidacloprid. These data support a conclusion that while a wide range of loss of function in a range of 

nAChR genes may confer high level resistance to various insecticides, that there is a much smaller 

subset of mutations that may do so in the field because of the constraints imposed by fitness cost.   

 Having considered the nAChR subunits it is appropriate to ask whether mutations in genes 

that control other aspects of cholinergic signalling could lead to insecticide resistance. Removing the 

accessory protein RIC3 resulted in increased resistance imidacloprid and decreased resistance to 

spinosad (Chapter 4), suggesting a mechanism of resistance indirectly involving the nAChR target 

sites. The biogenesis and functioning of the nAChRs are influenced by a network of other proteins, of 

which RIC3 is but one (Jones et al. 2010). This means, that in theory, mutations in those interacting 

proteins would also have the potential to confer resistance. It is unknown, however, if mutations 

leading to indirect target site modification/removal could confer a high level of resistance observed 

for direct target site modification/removal and increase to significant frequencies in natural 

populations of pests. Again, the issue of fitness costs arises. Some accessory proteins impact the 

function of many other proteins, so this may place constraints on the genes, and the range mutations 

within them, that would provide the appropriate resistance:fitness ratio. 

There is evidence that in considering potential mechanisms of resistance, that research has 

been too narrowly focused on insecticide targets. Genome wide association studies have pointed to 

variation in many neurodevelopment genes making a significant contribution to insecticide resistance 

(Battlay et al. 2016; Denecke et al. 2017). It was hypothesized that some of the variants identified 

may altered the number of receptors presented at the synaptic membrane, similar to the impact of 

chaperone proteins like RIC3. 
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Many consider gene families like nAChRs to be poor drug targets because they are members of 

a gene family. The logic is that drug targets should have as few paralogues as possible so that loss of 

function alleles cannot arise and be compensated by other members of the family (Ludin et al. 2012). 

However, this is not what has been observed with nAChRs. Despite the fact that knockout mutants for 

the majority of subunit genes homozygyous viable and despite apparent functional redundancy, the 

nAChRs have proven to be excellent drug targets. Low doses of insecticides directed against them are 

effective in killing a wide range of insect pests. Further, with the exception of the spinosyns, target 

site resistance has been slow to evolve for insecticides directed against the nAChRs. Some 

phenomena pertaining to the nAChRs that we do not understand provide opportunities for new pest 

control measures. The first of these the changes in transcript levels for some nAChR subunit genes, 

when another nAChR subunit is knocked out (Section 5.2). Possibly connected to this, it has been 

observed that target site mutants resistant to spinosad are sensitized to their response to neonicotinoids 

and vice versa (Ghazali and Perry, unpublished). The second of these phenomena is that mutations in 

D1 and D2 have been shown to impact dopamine release (Pyakurel et al. 2018). It is not clear 

whether other neurotransmission pathways are impacted. If these phenomena are understood, it may 

be possible to come up with pest control regimes where synergistic combinations of chemicals could 

be used, reducing the total amount of insecticides required and reducing the likelihood of resistance 

evolving. Alternatively, rotations of chemicals could be used, so that if resistance evolved to one 

chemical, the insect pest would be sensitized to another.   

Finally, the use of insecticides, in particular the neonicotinoids, is becoming increasing 

controversial. Beyond a growing market for fruit and vegetables produced without the use of toxic 

chemicals, there are concerns about the impact of pesticides in the environment. The neonicotinoids 

have been the focus of protests and bans in many nations because of their impact on the behaviour of 

beneficial insects, notably honeybees (Fairbrother et al. 2014). For insecticides like imidacloprid, one 

would expect that knockout mutants in a given nAChR subunit would impact the same behaviours as 

sub-lethal exposures to insecticides targeting that subunit. Clearly, the insecticide would activate the 

nAChR whereas the mutation would remove it, so the nature of the impact on a given behaviour 

would be different. Under these circumstances analysing behaviours perturbed by insecticides 

targeting nAChRs in knockout mutants would be valuable.  
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5.4 Concluding remarks 

 This thesis has incrementally advanced the understanding of nAChRs as vital components of 

the insect nervous system and as insecticide targets. In terms of genetics, a useful pipeline for 

efficiently and precisely removing genes of a multi-gene for use in later experiments has been 

developed. These knockouts were analysed for a set of well-studied sleep parameters and showed that 

all of the subunit genes examined contributed to sleep behaviour. This should precipitate a stronger 

research focus of the function of cholinergic signalling in sleep. Lastly, we considered a knockout of 

well annotated chaperone protein and showed that it had similar (but attenuated) impacts to the 

subunits which it may interacts with. This work has provided preliminary data and reagents for many 

future studies, some of which may be guided by the many unresolved questions discussed here. There 

has been a history of toxins being used to understand the function of receptors in the brain. It is to be 

hoped that the tools of genetics, cell biology and insecticides well continue to be jointly applied to 

strengthen our understanding of how neurotransmission underpins different aspects of behaviour.  
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