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Abstract 

Nicotinic acetylcholine receptors (nAChRs) are ligand-gated ion channels that 
mediate neurotransmission at cholinergic synapses. The nAChRs are mainly 
expressed in the central nervous system and are highly conserved across a wide 
range of insect species. Neonicotinoids and spinosyns are two classes of 
insecticide that target nAChR subunits to kill pest insects. Mutations in genes 
encoding several nAChR subunits in various insect species, as well as in 
Drosophila melanogaster, have been documented as conferring insecticide 
resistance. 

Chemical control including insecticides has been a key tool in controlling pest 
insects. The cycle of insecticide use, resistance evolution and insecticide 
replacement has been continuing for the past decade, leading to many pest 
species carrying resistance to multiple classes of insecticides. This thesis 
examines the interplay between different insecticides and nAChR mutations that 
are associated with resistance to one insecticide but result in hypersensitivity to 
another, a phenomenon called negative cross-resistance. The negative cross-
resistance relationship presents insecticides that could complement current 
rotation strategies for resistance management, and this warrants further analysis 
to understand the mechanism. 

Examination of loss-of-function mutations on the nAChR subunits in this thesis, 
confirmed the previous identification of the Dα1 and Dβ2 subunits as targets for 
neonicotinoids, as well as the Dα6 subunit as a target for spinosyns. This study 
also identifies the Dα2 subunit as an additional target for imidacloprid. 
Importantly, mutations on these subunits were also associated with insecticide 
hypersensitivity, suggesting negative cross-resistance. The neonicotinoid-
resistant, Dα1 mutants were hypersensitive to spinosyn, except for a full knockout 
allele, while the spinosyn-resistant, Dα6 mutants were all hypersensitive to 
neonicotinoids. Additionally, negative cross-resistance was found between two 
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neonicotinoids, nitenpyram and imidacloprid in the Dα2 mutants. Analysis of 
different allelic variations at the gene encoding these subunits indicates that this 
is not an allele specific phenotype. 

Combining the negative cross-resistance relationship and analyses of molecular 
changes induced in the nAChR subunits mutants, our study initiated to 
characterise the changes at the synapse that underlie the negative cross-
resistance phenotype. A mechanism involving nAChR compensatory changes in 
levels of another receptor subunit/subtype was hypothesised to cause the 
phenotype. Following measurement of transcriptional changes and subunit 
protein changes, the study classified few correlations between nAChR subunit 
expressions and the negative cross-resistance, and these vary between the 
mutants suggesting other possible route(s) for the insecticide hypersensitivity. 

A genome-wide differential gene expression analysis in specific neuronal cell 
types of larval brain revealed differentially expressed genes in the Dα1 and Dα6 
mutants. Interestingly, gene ontology enrichment analysis indicates 
dysregulation of cellular processes, including oxidative stress, protein trafficking 
and proteasomal degradation pathways in the mutants, that may contribute to the 
insecticide hypersensitivity. Dysregulation of oxidative stress may predispose the 
nAChR mutants to further insecticide-induced increase in oxidative levels. Finally, 
blocking dynamin-mediated endocytosis and proteasome activity, using chemical 
inhibitors, showed protection against larval movement reduction following 
imidacloprid and/or spinosad exposure. These findings indicate that the relatively 
straightforward phenotypic observation of insecticide hypersensitivity in response 
to loss of a receptor subunit is most likely underpinned by several complex 
changes in neurons, altering the sensitivity of their response to insecticides and 
their capacity to cope with downstream effects of insecticide exposure. 
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Chapter 1 :  Introduction 

 Nicotinic acetylcholine receptor (nAChR) 

 nAChRs are Cys-loop ligand-gated ion channels 

Neurons pass information as electrical or chemical signals at synapses, a close 
contact point between two neurons where they communicate to each other. 
These signals are typically propagated as action potentials that requires 
exchange of ions such as Na+, K+, Ca2+ and Cl–, across cellular membranes via 
protein channels or receptors. When an action potential reaches the presynaptic 
terminal of a neuron, chemical messengers or ligands called neurotransmitters 
are released, which later bind and activate the receptors at the postsynaptic 
membrane (Borst and Sakmann 1996; Lee and Sine 2005). This opens up the 
channels resulting in an influx of ions into the neuron, converting the chemical 
signal back to action potential. This whole process is known as 
neurotransmission. The channel receptors, including the nicotinic acetylcholine 
receptors (nAChRs) are essential in mediating rapid transduction of chemical 
signals into electrical signals in the nervous system, allowing organisms to quickly 
respond to stimuli. 

nAChRs are members of the Cys-loop subfamily of the ligand-gated ion channels 
(LGIC), which are a superfamily of oligomeric ionotropic receptors that respond 
to ligands. They are commonly transmembrane ion-channels that become 
permeable to ion flows in response to the binding of their native ligand. Members 
of the Cys-loop LGIC subfamily are usually similar in structure and related 
through evolution (Lester et al. 2004; Ortells and Lunt 1995). The subfamily 
includes other receptor classes such as γ-aminobutyric-acid (GABA) receptors, 
5-hydroxytryptamine type 3 (5-HT3) receptors and glycine receptors (Lester et al. 
2004). While all receptors under the Cys-loop LGIC subfamily are ionotropic 
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receptors, nAChRs and 5-HT3 receptors have excitatory effects and are selective 
for cation flow, while GABA and glycine receptors exhibit inhibitory effects and 
are permeable to anions when open (Ortells and Lunt 1995). Insect nAChRs are 
mainly expressed in the central and peripheral nervous system, while in 
vertebrates they are also expressed in neuromuscular junctions, NMJ (Millar and 
Gotti 2009; Unwin 2013). 

 nAChR identification and characterisation 

Acetylcholine (ACh) was the first neurotransmitter to be discovered and its 
receptor, the first  pharmacological receptor to be characterised (Loewi 1921). 
This characterisation of nAChRs was initiated by isolation from electric organ of 
the electric eel, Electrophorus electricus, which is packed with nAChRs. Later, 
the discovery of α-bungarotoxin (α-BTX) provided a method for nAChR 
purification. α-BTX, a toxin from venom of Taiwanese krait snake, Bungarus 
multicinctus, has high binding affinity for nAChRs at the NMJ. It inhibits nAChR 
function leading to respiratory failure and paralysis (Changeux, Kasai, and Lee 
1970; Lee and Chang 1966). The integration of these discoveries allowed for the 
nAChR to be purified from the electric organs using affinity chromatography with 
beads labelled with α-BTX (Meunier et al. 1971). 

Currently, only nuclear magnetic resonance (NMR) structures of human nAChRs 
have been reported and these have been limited to the transmembrane domain 
of the receptor (Bondarenko et al. 2012, 2014). The crystal structure of a 
complete neuronal nAChRs is not yet available, however predictions of their 
general tertiary and quaternary structure have been inferred from the muscle-
type nAChRs due to the high homology between the two receptor proteins 
(reviewed in Karlin 2002). Muscle nAChRs are mainly expressed postsynaptically 
at the NMJ, connecting the nervous and muscular system to control muscle 
contraction (Fagerlund and Eriksson 2009; Wang, McIntosh, and Rich 2018). It 
was demonstrated that nAChRs isolated from electric organs of Torpedo genus 
are very similar to the mammalian muscle nAChRs (Conti-Tronconi and Raftery 
1982). Because of the high degree of conservation between these nAChRs, 
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studies using X-ray crystallography and electron microscopy have provided 
insight into the protein structure. 

Examination of muscle nAChRs purified from Torpedo marmorata using electron 
microscopy revealed ring-like particles made up of several subunits surrounding 
a central hydrophilic core (Cartaud et al. 1973). Later, detailed 4Å resolution 
crystal structure of the Torpedo nAChR revealed the 3D structure and 
arrangement of the receptor subunits (Figure 1.1A) (Unwin 2005). Purified 
polypeptides were then sequenced to reveal several distinct, yet related, receptor 
subunits. X-ray crystallographic structures of ACh binding protein (AChBP) 
isolated from snail, Lymnaea stagnalis were also becoming available around the 
same time (Brejc et al. 2001). AChBP is a homolog of the nAChR extracellular 
amino-terminus domain (24% sequence identity with human α7 extracellular 
domain). These AChBPs are secreted by glial cells as homopentamers that 
resemble nAChRs but lacking the transmembrane and intracellular domains 
(Celie et al. 2005; Hansen et al. 2004; Smit et al. 2001). The resolved AChBP 
structure helped to define the ligand-binding domain of nAChR (Figure 1.1B). 

 nAChR structure 

Like all members of Cys-loop LGIC family, nAChRs are pentameric channel 
receptors composed of five nAChR subunits which form a barrel-like arrangement 
around a central pore (Figure 1.2A). Each of these highly conserved subunits 
commonly consists of a large extracellular amino-terminus domain which 
contains a signal peptide and the ligand-binding domain, followed by four 
transmembrane domains (TM1 to TM4) with a large intracellular loop of variable 
length between TM3 and TM4. The subunit ends with a short extracellular 
carboxy-terminus (Figure 1.2B).  
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Figure 1.1 Early 3D structures revealed pentameric arrangement of nAChR 

 (A)(i) Side and (ii) top down view of the Torpedo receptor highlighting pentameric 
structure of α2βδγ nAChR (α, purple and light green; β, pink; δ, orange; γ, dark green). 

The 3D structure highlights the extracellular ligand-binding region, the transmembrane 
spanning domain and the intracellular region of the receptor. PDB 2BG9. (B)(i) Side and 
(ii) top down view of the molluscan AChBP α-subunit homopentamer that helped to 
resolve the ligand-binding region of nAChR. PDB 1I9B. 

Figure 1.2 nAChR structure and arrangement 

Opposite (A) Pentameric nAChR highlighting barrel-like arrangement of five individual 
subunits around a central pore. Note, two molecules of acetylcholine (ACh) are required 
to efficiently activate the receptor. (B) Each individual subunit is composed of 
extracellular-binding domain, followed by four transmembrane domains (TM1-TM4) with 
a large intracellular loop connecting the TM3 and TM4. (C) The principle face contributes 
loops A, B and C, while the complementary face contributes loops D, E and F to ligand 
binding. Important, conserved residues for the ligand binding are also highlighted. 
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Each nAChR subunit has four transmembrane domains. TM2 contributes to the 
lining of the central ion pore (Hucho, Oberthür, and Lottspeich 1986). Meanwhile, 
TM1 and TM3 form an outer circle, and TM4 is furthest away from the central 
channel. All TM domains protect TM2 from the phospholipid environment 
(Tierney and Unwin 2000). TM2 is an alpha-helical domain with conserved 
residues at both ends of the helix. These well-conserved residues govern cation 
selectivity of the channel (Corringer, Le Novere, and Changeux 2000), which is 
also contributed to by residues of the short intracellular linker between TM1-TM2 
(Jensen, Schousboe, and Ahring 2005). Unlike the short linkers between TM1-
TM2 and TM2-TM3, TM3-TM4 is separated by a large intracellular domain 
(Figure 1.2B). This intracellular domain is varied in length and not conserved 
among the different subunits. This region contains predicted sites for 
phosphorylation that are important for the receptor function (Nashmi et al. 2003). 
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Thus, the variability of these domains might have functional consequences on 
the hypothesised roles in subunit/receptor maturation, trafficking, assembly, 
distribution, clustering and gating (Breitinger et al. 2009; Kracun et al. 2008; 
Mukherjee et al. 2009; Pollock, Pastoor, and Wecker 2007). 

The extracellular nAChR ligand-binding domain contains six loops (loops A-F) 
and a characteristic Cys-loop motif. Loops A-F contribute to the orthosteric pocket 
for ligand binding (Figure 1.2C). nAChR subunits are grouped into either α 

subunit or non-α subunit (β, δ, ε or γ) with the defining difference being that the α 

subunit contains two conserved adjacent cysteines (YXCC motif) in loop C which 
non-α subunits lack (Corringer et al. 2000). The two cysteines of the YXCC motif 
form a disulphide bond which is important for ligand binding. Upon ligand binding, 
rearrangement of the disulphide bond in loop C will initiate a series of 
conformational changes leading to receptor activation. The orthosteric pocket for 
ligand binding usually occurs between the cleft of two nAChR subunits where the 
principal face is always provided by an α subunit. The principal face contributes 
loops A, B and C, while the complementary face contributes loops D, E and F to 
the binding pocket (Figure 1.2C)(Sine, Wang, and Bren 2002). Given the 
important of the loop C YXCC motif, functional ACh-binding nAChRs are only 
predicted to form from α-subunit homopentamers while heteromeric nAChRs 
require at least one α subunit (Corringer et al. 2000). 

The characteristic Cys-loop defining the LGIC subfamily consists of two 
disulphide bond-forming cysteines which are separated by thirteen highly 
conserved amino acid residues. The Cys-loop is located in proximity to the 
transmembrane domain and has a functional role in mediating conformational 
changes from the ligand-binding domain to the transmembrane domains for 
channel opening (Miller and Smart 2010).  
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 nAChR gating and function 

nAChRs adopt three main functional states; a closed resting state, an open ion-
conductive state upon ligand binding, and a closed desensitised state that is 
insensitive to further ligand activation (Figure 1.3A-B). Binding of chemical 
messengers, which have been referred to by several different terms including 
ligand, transmitter or agonist, can cause the opening of the nAChR channel. The 
neurotransmitter ACh, the endogenous ligand for nAChR, binds to the ligand-
binding site leading to a conformational shift of all subunits present in the receptor 
complex to trigger channel opening (Wells 2008; Yamodo et al. 2010). This 
usually happens in microseconds, and thus the entire receptor structure is 
thought to be well tuned to accommodate for the rapid conformational changes, 
which also explains why the subunit structures are well-conserved.  

The exact conformational changes involved in the process remain unclear, 
however, evidence suggests they involve the anchoring of the ligand-binding 
domain to the TM2-TM3 linker through mediation by the Cys-loop (Unwin 2005). 
This leads to rotation of the TM2 helices, removing the hydrophobic residues from 
the central pore and increasing the diameter of the pore for ion flow (Althoff et al. 
2014; Miyazawa, Fujiyoshi, and Unwin 2003). Mutations at the interface between 
the ligand-binding domain and the transmembrane domain were described to 
affect, not only the channel opening, but also the rate of receptor desensitisation 
(Bouzat et al. 2008). Other ligands of nAChR include agonists (nicotine, 
epibatidine, and choline) which activate the receptors and antagonists 
(mecamylamine, dihydro-β-erythroidine, and hexamethonium) which block the 
receptor, preventing ion flow. The varying subunit combinations that form 

nAChRs were shown to influence receptor pharmacology (Figure 1.3C)(Ihara et 
al. 2003; Lansdell et al. 2012).  
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Figure 1.3 Three conformational states for nAChRs 

Illustrations highlight changes in (A) conformational state of an nAChR and (B) changes 
in inward current in response to ACh. Prior to ligand activation, the nAChR exists in the 
resting state, R with the channel closed. Activation of the nAChR in response to ligand 
binding, leads to an open conformation, O, associated with ion flow through the channel, 
a fast, inward current. A decay in current back to initial (zero current) indicates 
inactivation of the receptor, entering its desensitised state, D. (C) Heterologous 
expression studies have demonstrated that nAChRs differing in subunit composition 
differ in receptor gating and responses to ligand (Ihara et al. 2003; Lansdell et al. 2012). 

nAChRs mainly function to transmit rapid neurotransmitter signals, typically in 
neuronal tissues, from the presynaptic to the postsynaptic cells. In general, the 
activation of nAChRs leads to membrane depolarisation via influx of cations (K+, 
Na+ and Ca2+) through the receptor channels, and thus, changes the extracellular 
and intracellular cation concentration (Letz et al. 1997). When expressed 
presynaptically, nAChRs can also directly or indirectly increase neurotransmitter 
release (Marchi and Grilli 2010). Muscle nAChR functions postsynaptically at the 
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NMJ, between neurons and skeletal muscles, mediating an ACh signal to 
generate a muscular response.  

Although mainly expressed in neurons, nAChRs are also expressed in other cell 
types including glia, endothelial cells, skin cells and multiple cell types in lungs, 
digestive system and immune system, with many of these cells also releasing 
ACh (Fujii et al. 2017; Gahring, Persiyanov, and Rogers 2004; Grando et al. 1995; 
Heeschen et al. 2001; Wang et al. 2002; Wessler and Kirkpatrick 2008). Similarly, 
other components of cholinergic system were found to be expressed in 
considerable amounts in many of these tissues (Fujii et al. 2017; Wessler and 
Kirkpatrick 2008). Taken together, these indicate involvement of cholinergic 
activity in modulation of cellular functions in non-neuronal cells. For instance, 
there is evidence that nAChRs regulate an inflammatory signal in the immune 
system through distinct intracellular pathways. It was suggested that cholinergic 
activity is involved in the regulation of cytokines for inflammatory response (Fujii 
et al. 2017). Meanwhile in the epidermis, nAChRs potentially regulate cell 
adhesion and lateral cell migration (Grando et al. 1995; Grando, Pittelkow, and 
Schallreuter 2006). Nicotine-mediated angiogenesis and tumour growth were 
also associated with nAChR expression in endothelial cells and lungs (Heeschen 
et al. 2001). Note that many of these potential nAChR functions in non-neuronal 
tissues are still not well-understood and thus, require further characterisation. 

Due to important nAChR roles in these systems, it has been found that in 
humans, mutations in nAChRs are associated with neurological disorders such 
as epilepsy, muscular disorders such as congenital myasthenia and autoimmune 
disorders such as myasthenia gravis (Bertrand et al. 2002; Engel and Sine 2005; 
Noridomi et al. 2017; Webster et al. 2014). The importance of nAChR function in 
the central nervous system also has led to interest in the receptors as potential 
drug targets to treat nicotine addiction, Alzheimer’s disease, Parkinson’s disease 
and schizophrenia (Crooks, Bardo, and Dwoskin 2014; Dineley, Pandya, and 
Yakel 2015; Gotti, Zoli, and Clementi 2006; Quik, Bordia, and O’Leary 2007). 
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 Regulation of nAChR expression 

 Transcriptional and post-transcriptional regulation 

nAChR biogenesis is complex and involves multiple levels of regulation. The first 
level of nAChR expression is controlled by transcriptional regulation of the genes 
encoding subunits. Cell-specific expression of nAChR transcripts was reported in 
early studies where the composition of nAChRs was observed to differ, 
qualitatively and quantitatively, in different mammalian cell-types tissues, at 
different stages of cells differentiation and during development (Boulter et al. 
1990; Kues, Sakmann, and Witzemann 1995; Nery et al. 2010). In mammals, the 
α3 and β4 transcripts are abundantly expressed in the autonomic nervous system 
while the α4 and β2 transcripts predominate in the central nervous system 
(Albuquerque et al. 1995). Different regions of the brain were also found to have 
different levels of nAChR subunit transcripts, which could indicate distinct roles 
of different nAChR subtypes in the brain (Albuquerque et al. 1995; Alkondon and 
Albuquerque 2004; Gotti and Clementi 2004).  

Similarly, transcriptional regulation was reported in insects, where specific 
nAChR subunit transcripts were enriched in different types of neurons. Dα1 and 

Dα6 were suggested to be the main functional subunits in Drosophila 
melanogaster ventral lateral neurons as their transcripts were more abundantly 
expressed than the other subunits (Rosenthal et al. 2019). The study also 
indicated that while both Dα1 and Dα6 transcripts expression change throughout 
larval development, only Dα1 transcript level can be modulated via external 
factors such as light conditions (Rosenthal et al. 2019). Modulation of nAChR 
transcripts in response to external factors such as neuronal injury has also been 
described in mice (Kelso et al. 2006). These changes in transcript expression 
could imply that transcriptional regulation of nAChRs can be altered in response 
to external factors, however, the role of post-transcriptional modification on 
protein levels was not investigated in the studies, and thus, its involvement should 
not be excluded.  

Post-transcriptional modification may provide an additional level of regulation to 
nAChR subcellular localisation. microRNA (miRNA) which generally target 3’ 
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UTR of mRNA transcript leading to mRNA degradation or protein translation 
inhibition, is among the significant regulators of gene expression at the post-
transcriptional level (Ambros 2004). As miRNA machinery has been shown to be 
involved in broad range of biological processes, it is likely that they also mediate 
nAChR expression changes. It was previously shown that miRNA is involved in 
nicotine-induced nAChR upregulation in Caenorhabditis elegans. The normal 
induction fails to occur in a mutant of alg-1 gene that encodes a key Argonaute-
family member involved in miRNA-mediated inhibition (Rauthan et al. 2017). 
Further, nicotine treatment leads to the downregulation of an miRNA predicted to 
regulate β2 mRNA, miR-542-3p. In turn, when miR-542-3p is over-expressed in 
a cell line, it leads to reduced β2 expression (Hogan et al. 2014). Other post-
transcriptional processes that are important for regulation of receptor expression 
include translation, phosphorylation, glycosylation, trafficking, assembly, 
ubiquitination and degradation. 

 Trafficking, assembly and degradation 

Assembly of ion channels, including nAChRs, is relatively slow and inefficient. 
Only about 30% of synthesised subunits assemble into functional nAChR 
receptors upon acquiring correct subunit folding and undergoing post-
translational modifications (Govind, Walsh, and Green 2012; Wanamaker, 
Christianson, and Green 2003). The rules that govern nAChR subunit assembly 
into functional receptors have not yet been fully understood. The assembly of the 
pentameric structure is likely to be tightly regulated by multiple mechanisms. 
Various studies have shown multiple combinations of nAChR subunits in 
heterologous systems, some of which are not observed in vivo. For instance, the 
mammalian α7 subunit has been successfully co-expressed with α5, β2, or β3 

subunits to form heteromeric receptors in heterologous system (Khiroug et al. 
2002; Palma et al. 1999; Yu and Role 1998), while only homomeric α7 have been 

observed in neurons (Drisdel and Green 2000). If indeed many of the subunits 
can assemble to form functional receptors that are not formed in vivo, then rules 
governing nAChRs assembly and expression must be tightly regulated. Several 
accessory or chaperone proteins have also been described to assist with nAChR 
maturation, assembly and trafficking. The importance of these proteins is clearly 
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illustrated as several studies have shown there are difficulties in expressing 
recombinant nAChRs in non-neuronal cell lines (Cooper and Millar 1997; Kassner 
and Berg 1997; Millar 2009). 

Studies on vertebrate nAChR subunits have demonstrated the requirement of 
protein chaperones such as RIC-3 in facilitating nAChR maturation (folding and 
assembly) and for the heterologous expression of functional nAChRs (Ben-David 
et al. 2016; Halevi et al. 2002; Lansdell et al. 2005). Mutations in the ric-3 gene 
were  initially characterised as impacting cholinergic transmission (Nguyen et al. 
1995). Later, a screen for genes required for ACh receptor activity in C. elegans 
revealed that RIC-3 is specifically needed for receptor maturation (Halevi et al. 
2002). RIC-3 chaperone activity has been described as highly specific to nAChRs 
and 5-HT3 receptors (Halevi et al. 2002, 2003). Other chaperone proteins found 
to interact with nAChR subunits to facilitate their maturation include UNC-50 and 
14-3-3eta (Eimer et al. 2007; Jeanclos et al. 2001). In addition, proper 
glycosylation was also reported to be necessary for nAChR folding as well as 
insertion into the plasma membrane (Gehle et al. 1997; Sumikawa and Gehle 
1992). 

Endoplasmic reticulum (ER) processes including synthesis, degradation and ER-
exit play important roles in the regulation of any membrane receptor, including 
neurotransmitter receptors at the neuron (Ramírez and Couve 2011). ER 
associated degradation (ERAD) for example, is highly important in continuously 
clearing unassembled protein subunits in ER, and thus, regulating concentrations 
of assembling receptor pools. A study has shown that blocking proteasome 
involved in the degradation process accumulates nAChR subunits in the ER 
membrane, which in turn increases receptor assembly and delivery to cell 
membrane (Christianson and Green 2004). This is supported by another study 
showing that proteasome inhibitor PS-341 treatment increases the levels of α3, 

β2 and β4 subunits in rat cell lysates enriched for the ER/Golgi content (Rezvani, 
Teng, and De Biasi 2010).  

Ubiquitination also serves an important role in nAChR regulation. UBXD4 (also 
known as UBXN2A), a ubiquitin regulatory X (UBX)-containing protein present in 
the ER and Golgi, was found to interact with α3 and α4 subunits (Rezvani et al. 
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2009). Reduction in α3 ubiquitination and its degradation were demonstrated 

when UBXD4 binds to the subunit. Overexpression of the protein was described 
to increase the cell surface expression of α3-containing nAChR subtypes 
(Rezvani et al. 2010). UBXD4 was then found to interact with an E3 ubiquitin 
ligase, modulating its function in the ubiquitination of nAChR subunits (Teng, 
Rezvani, and De Biasi 2015).  

nAChRs expression is also critically dependent on its trafficking from the ER to 
the cell surface. VILIP-1 is a myristoylated neuronal calcium-sensor protein in 
human, that has a role in signal transduction and is known to regulate clathrin-
dependent receptor recycling (Brackmann et al. 2005). The protein has been 
described to be an interacting partner for α4β2 nAChRs. VILIP-1 co-expression 
with recombinant α4β2 nAChRs in Xenopus laevis oocytes was shown to double 
the receptor expression levels and triple their agonist sensitivity (Lin et al. 2002). 

Several other nAChR-interacting proteins have also been described in Drosophila 
melanogaster. A study identified Hasp (Hig-anchoring scaffold protein), a 
synaptic matrix protein in D. melanogaster brain with a domain similar to LEV-9 
of C. elegans (Nakayama et al. 2016). LEV-9 was previously reported to be 
required for the clustering of levamisole-sensitive ACh receptors in the nematode 
species (Briseño-Roa and Bessereau 2014). Hasp regulates Drosophila nAChRs 
synaptic localisation via a matrix component (Hig) by one of two possible 
mechanisms; (1) by physical interaction with the nAChR subunits which either 
maintains the receptor clustering or prevents their degradation or (2) by signal 
transduction into the cytoplasm of postsynaptic terminals which induces 
clustering of nAChRs. Analysis of loss-of-function Hig or Hasp mutants 
demonstrated a reduction in synaptic distribution of Dα6 and Dα7 leading to 

compromised cholinergic synaptic activity (Nakayama et al. 2016). Therefore, it 
is clear that additional cofactors are critical for correct nAChR function and 
maintenance and alterations in their expression levels could influence how an 
insect may respond to compounds that bind nAChRs. 
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 Changes in nAChR expression 

nAChRs do not behave like other receptors which are generally downregulated 
in expression in response to chronic stimulation by an agonist. As described by 
their  name, nAChRs are targets for nicotine which binds to the ACh-binding site 
and acts in a similar manner, activating the receptors (Gotti et al. 2009). Extended 
exposure to the agonist nicotine results in upregulation of nAChRs in the brains 
of human, mice and rats. Benwell et al. has shown higher levels of nAChRs in 
smokers post mortem brains compared to non-smokers, especially in brain areas 
associated with smoking (Benwell, Balfour, and Anderson 1988). The same 
observations were described in earlier studies using brains from rats and mice 
(Marks, Burch, and Collins 1983; Schwartz and Kellar 1983), where extended 
exposure to nicotine increased levels of α4β2 nAChRs. However, transcriptome 

analysis performed using the mouse brain exposed to nicotine revealed no 
changes in α2, α3, α4, α5 or β2 mRNA levels suggesting the upregulation was 
due to post-transcriptional mechanisms (Marks et al. 1992). Subsequent studies 
showed a decrease in nicotine binding when the extended nicotine exposure is 
ceased (Breese et al. 1997; Collins, Romm, and Wehner 1990; Mamede et al. 
2007; Marks, Stitzel, and Collins 1985). Significantly, this upregulation is specific 
to certain subtypes of nAChRs, especially some α4β2-containing nAChRs (Flores 
et al. 1992; Zhang et al. 1995); the α5 subunit in the α4β2-containing nAChRs did 
not lead to the same outcome (Mao et al. 2008). An autoradiographic study 
demonstrated a different situation where chronic exposure of nicotine decreases 
α6-containing nAChRs, but not in the presence of β3 subunits (Perry, Mao, Gold, 
et al. 2007). 

Most evidence of nAChR upregulation in the literature has been demonstrated 
via chronic nicotine exposure, to the extent that nicotine has been described as 
the best-known pharmacological chaperone of the receptors (Lester et al. 2009). 
As suggested by the term pharmacological chaperone, nicotine is likely triggering 
intracellular process that selectively changes the receptor number. Various 
studies conducted to identify the underpinning mechanism have produced 
evidence for the involvement of processes including increased nAChR subunit 
maturation and assembly (Harkness and Millar 2002; Sallette et al. 2005), 
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reduced subunit degradation (Rezvani et al. 2007), enhanced nAChR trafficking 
(Darsow et al. 2005), and activation of second messenger pathway involving 
protein kinase C, PKC (Gopalakrishnan, Molinari, and Sullivan 1997; Nashmi et 
al. 2003). Although these studies suggested different mechanisms, many of them 
are not mutually exclusive and it is likely that more than one process is involved. 
It is also possible that the nAChR upregulation is activity dependent. Exposure to 
other agonists and antagonists of nAChR have been found to upregulate receptor 
expression, however the mechanism by which this was mediated is still not known 
(Zambrano et al. 2015, Nguyen et al. manuscript in preparation). 

Another recent study demonstrated that Drosophila Dα6-containing nAChRs 
were downregulated when acutely or chronically exposed to spinosyn, an 
insecticide that binds to nAChRs in insects (Nguyen et al. manuscript in 
preparation). When the proteasomal degradation pathway was blocked, the 
spinosyn-induced Dα6 downregulation was inhibited, suggesting involvement of 

protein degradation in the process (Nguyen et al. manuscript in preparation). In 
other studies (refer Section 1.1.5.2), blocking the proteasomal degradation 
pathway has also been reported to upregulate nAChR expression. This highlights 
the complex nature of nAChR regulation and how it can vary between different 
subunits. 

 nAChRs are conserved across various species including insects 

Genomic sequence data revealed that features of nAChR subunits are 
evolutionary conserved across animal phyla. For instance, genes encoding 
Drosophila melanogaster α5-α7 subunits share more than 50% sequence identity 
to vertebrate α7 gene, and the sequence identity is even higher when compared 
to the gene ortholog in other invertebrate species such as Heliothis virescens 
(Grauso et al. 2002). Soon after the identification of nAChR subunit from T. 
marmorata, DNA probes were used to isolate cDNA clones from other animal 
species. The completion of many genome projects has led to identification of all 
nAChR family members in a wide variety of species, including insects. The high 
conservation of nAChR families also has allowed for comparison between various 
studies of nAChRs from different animal species. 
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The largest known vertebrate nAChR family belongs to the pufferfish, Fugu 
rubripes, with 28 subunits identified (Jones, Elgar, and Sattelle 2003). Meanwhile, 
the most extensive nAChR gene family belongs to C. elegans, which has at least 
29 subunits described so far (Jones and Sattelle 2004). Mammals generally have 
approximately 16 genes encoding α1-α7, α9-α10, β1-β4, δ, ε or γ subunits, while 

chicken has an additional α8 subunit (Millar 2003; Millar and Gotti 2009). By 
comparison, insect nAChR families are smaller, with only 10-12 subunit genes on 
average. For example, D. melanogaster has 10 subunit genes (Jones and 
Sattelle 2010). Despite overall homologies with their vertebrate counterparts, 
insect nAChRs show distinct pharmacological characteristics (Tornøe et al. 
1995). The differences in binding and sensitivity to certain chemical toxins are of 
particular interest in studying their differences in structure and function. 

 Drosophila melanogaster as a model to study insect nAChR family 

 Drosophila melanogaster as model organism 

The vinegar fly, D. melanogaster serves as a powerful genetic model given the 
ability to systematically manipulate its genome and the availability of a massive 
array of genetic resources. The ease and low cost of maintaining stocks in the 
lab, coupled with a short generation time make this an easy organism to work 
with. Many biological and cellular processes have been characterised through 
investigation in Drosophila, including studies in the area of animal development 
and behaviour, neurobiology, and human genetic diseases. D. melanogaster is 
exposed to insecticides in the field. Resistance strains of various classes of 
insecticides have been identified in the field (Perry, Batterham, and Daborn 
2011), and/or generated in the lab through mutagenesis or gene manipulation 
(Perry and Batterham 2018).   

The extensive molecular tools available for this model organism has been kept 
up to date with the latest advances. Generation of new mutations to study various 
phenotypes has been conducted in Drosophila for many years through chemical 
mutagenesis. This followed by the availability of techniques for genetic mapping, 
gene cloning and gene overexpression. The research community was later 
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introduced with Minos-mediated integration cassette (MiMIC) transposon system 
which has utilised cassette swapping approach to generate gene disruption 
mutations, gene tagging as well as protein tagging (Venken et al. 2011). Recent 
advancement introduced Clustered Regularly Interspaced Short Palindromic 
Repeats (CRISPR) also known as CRISPR/Cas9 editing in Drosophila, making 
genome editing as well as other genetics strategies a lot faster and easier (Gratz 
et al. 2013). Other toolkits available in this model organism include the libraries 
of various gene disruption mutants as well as RNAi lines for gene knockdown, 
UAS/GAL4 system and many more. 

 Drosophila nAChR subunits and subtypes diversity 

To date ten neuronal nAChR subunits have been identified from D. melanogaster 
representing the smallest nAChR family currently known (Table 1.1). These 
include seven α subunits (Dα1-Dα7) and three non-α subunits, classified as β 

subunits (Dβ1-Dβ3). nAChR subunit genes from the fruit fly and other insect 
species were previously compared to reveal that each of the insect species has 
equivalent nAChR subunits to those in D. melanogaster with greater than 60% 
identity in their amino acid sequences (Jones and Sattelle 2010). The distinct 
features of the subunits are also conserved. Majority of insect nAChR families 
consist of nine core and well-conserved subunits, α1-α8 and β1, where in 

Drosophila the α8 orthologue lacks the YXCC motif in loop C, thus referred to as 
Dβ2 subunit (Figure 1.4A). It was also shown that each of these insects owns at 

least one subunit with low sequence homology (less than 29% identity) to rest of 
the subunits. These particular subunits are described as divergent subunits which 
represent species-specific nAChR subtypes and Dβ3 is the only divergent subunit 

identified in D. melanogaster (Figure 1.4B)(Lansdell and Millar 2002).  
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Table 1.1 Ten neuronal nAChR subunits of D. melanogaster 

Subunit  Alias Gene ID Identification/Reference 

Dα1 ALS, nAChRα1, 
nAcRα-96Aa CG5610, FBgn0000036 Bossy et al. 1988 

Dα2 SAD, nAChRα2, 
nAcRα-96Ab CG6844, FBgn0000039 Sawruk 1990 

Dα3 nAChRα3, 
nAcRα-7E CG2302, FBgn0015519 Schulz et al. 1998 

Dα4 nAChRα4, 
nAcRα-80B CG12414, FBgn0266347 Lansdell and Millar 2000a 

Dα5 nAChRα5, 
nAcRα-34E CG32975, FBgn0028875 Grauso et al. 2002 

Dα6 nAChRα6, 
nAcRα-30D CG4128, FBgn003215 Grauso et al. 2002 

Dα7 nAChRα7, 
nAcRα-18C, gfA CG32538, FBgn0086778 Grauso et al. 2002 

Dβ1 ARD, nAChRβ1, 
nAcRβ-64B CG11348, FBgn0000038 Hermans-Borgmeyer et al. 

1986 

Dβ2 SBD, nAChRβ2, 
nAcRβ-96A CG6798, FBgn0004118 Sawruk et al. 1990 

Dβ3 nAChRβ3, 
nAcRβ-21C CG11822, FBgn0031261 Lansdell and Millar 2002 

 

Figure 1.4 nAChR subunits are conserved in various insect species  

Opposite (A) Amino acid alignment spanning Loop E to TM1 domain of ten Drosophila 
nAChR subunits showing the conserved Cys-loop motif that consists of two disulphide 
bond-forming cysteines (purple shading) which are separated by thirteen highly 
conserved residues. Yellow shading highlights the two conserved adjacent cysteines 
(YXCC motif) in loop C present α, but not β subunits. (B) Phylogenetic tree of insect 

nAChR subunits grouped according to subunits present in D. melanogaster. The majority 
of insect nAChR families have orthologues of nine core subunits (α1-α8 and β1). In D. 
melanogaster the α8 orthologue lacks the YXCC motif in loop C and is thus referred to 

as the Dβ2 subunit. Commonly there are 1-6 divergent subunits in insect nAChR families; 
Dβ3 is the only divergent subunit identified in in D. melanogaster. The nAChR tree is 
adapted from Somers (2015). Species; Ag, A. gambiae; Am, A. mellifera; Bm, B. mori; 
Dm, D. melanogaster; Ha, H. armigera; Nv, N. vitripennis; Tc, T. castaneum. D. 
melanogaster GABA receptor, Rdl was used as an outgroup. 
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Even though insect nAChR subunit family including Drosophila’s is considered 

limited compared to the large number of nAChR subunits in the vertebrate or the 
nematode species, post-transcriptional modifications including alternative 
splicing, RNA editing and other alteration such as truncation of the nAChR 
subunit gene transcripts have considerably broadened the subunit diversity 
(Grauso et al. 2002; Jones and Sattelle 2010; Lansdell and Millar 2000a). While 
some of these changes are conserved across insect species, others are not, 
resulting in species-specific nAChR subunit isoforms (Jones and Sattelle 2010; 
Yao et al. 2009). Alternative splicing for insect nAChR genes has been described 
in species including A. melifera, B. mori and T. castaneum where multiple 
isoforms have been observed for the α3, α4, α6 and α7 nAChR subunits (Dupuis 
et al. 2012; Rinkevich and Scott 2009; Shao, Dong, and Zhang 2007). In 
Drosophila, alternative splicing occurs commonly in two nAChR subunits; Dα4 

and Dα6, generating species-specific isoforms with variations in the Cys-loop, 
loops E and B of the subunits. These variant isoforms effectively diversify the 
nAChRs function by modulating the assembly of the receptor and their ligand 
binding properties (Grauso et al. 2002; Lansdell and Millar 2000a). Another post-
transcriptional modification, RNA A-to-I editing of nAChR subunit transcript, 
particularly for the α6 subunit, has also been described for several insect species 

including D. melanogaster (Jin et al. 2007). For instance, the modification of 
specific adenosine (A) residues to inosine (I) in the extracellular N-terminal region 
of Dα6 pre-mRNA transcripts has the potential to result in altered ligand binding 
properties (Jin et al. 2007; Jones and Sattelle 2010). These post-transcriptional 
modifications have largely contributed to the diversification of insect nAChRs to 
counterpart the compact gene families. 

In combination with the diverse subunit availability, a vast array of nAChR 
subtypes can be formed. However, like in many other species, the combination 
of nAChR subunits that comprise natively expressed nAChRs in D. melanogaster 
is still largely unknown. Efforts to investigate this have found difficulty expressing 
functional insect nAChRs in heterologous systems (Millar and Lansdell 2010). To 
eliminate issues with the expression of functional nAChR in heterologous system 
altogether, many studies have also resorted to approaches such as 
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immunoprecipitation to characterise nAChR complex composition. Using this 
method, a study confirmed co-assembly of Dα1 and Dα2 into the same receptor 

complex (Schulz et al. 2000). Later, another study using two-step immunoaffinity 
chromatography and co-immunoprecipitation revealed the existence of receptor 
complex that includes Dα1, Dα2 and Dβ2 or, Dβ1 and Dβ2 (Chamaon et al. 
2002). Dα3 and Dβ1 were also previously co-immunoprecipitated together 
suggesting existence of nAChR complex that contain the two subunits (Chamaon 
et al. 2000).  

Later, successful attempts of heterologous co-expression of insect nAChR 
subunits in combination with vertebrate β subunit or chimeric subunit were 
reported (Huang et al. 1999; Lansdell and Millar 2000a, 2000b). Heterologous 
expression of Drosophila-only receptors containing certain combinations of α-
subunits (Dα5, Dα6 and Dα7) were successfully demonstrated in Xenopus 
oocytes. These subunits generated different combinations of homomeric and 
heteromeric nAChRs (Lansdell et al. 2012). In addition, these heterologous 
expressions of insect nAChRs have also provided advances in the investigation 
of pharmacological properties of Drosophila nAChRs. For example, individual 
Dα1, Dα2 and Dα3 subunits were demonstrated to form functional nAChR with 

different binding affinity for imidacloprid, an insecticide that binds nAChRs, when 
co-expressed with rat β2 subunits in Drosophila S2 cells (Lansdell and Millar 
2000b). The study provided an overview on subunit combinations and their 
properties, although these hybrid receptors might not reflect the pharmacology of 
native insect-only receptors. Table 1.2 summarises possible nAChR subtype 
combinations in D. melanogaster, pointed out by the literature. However, despite 
these findings, the combinations of subunits assembled into native Drosophila 
nAChR are still not clear. 
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Table 1.2 Summary of published evidence for the assembly of particular 
nAChR subunit combinations 

Combination Radioligand  Experiment Reference 

Dα1+Dα2 - Co-IP Schulz et al. 
2000 

Dα3+Dβ1 - Co-IP Chamaon et 
al. 2000 

Dα1+Dα2+Dβ2; 
Dβ1+Dβ2 - Co-IP, immunoaffinity 

chromatography 
Chamaon et 
al. 2002 

Dα1+ratβ; 
Dα2+ratβ2; 
Dα3+ratβ2; 
Dα3+ratβ4 

Epibatidine, α-BTX, 
imidacloprid, MCCh 

Heterologous expression 
in Drosophila S2 cells 

Lansdell and 
Millar 2000b 

Dα4+ratβ2 Epibatidine, α-BTX Heterologous expression 
in Drosophila S2 cells 

Lansdell and 
Millar 2000a 

Dα1+chickenβ2; 
Dα2+chickenβ2 

Nitenpyram, 
imidacloprid, 
CH-IMI, DN-IMI 

Heterologous expression 
in Xenopus oocytes 

Ihara et al. 
2003 

Dα5+Dα6* Nicotine, ACh, 
Spinosyn 

Heterologous expression 
in Xenopus oocytes 

Watson et al. 
2010 

Dα5*; Dα7*; 
Dα5+Dα6*; 
Dα5+Dα7*; 
Dα5+Dα6+Dα7* 

Epibatidine, α-BTX Heterologous expression 
in Xenopus oocytes 

Lansdell et al. 
2012 

*co-expression with RIC-3 
MCCh, methylcarbamylcholine; CH-IMI, nitromethylene analogue of imidacloprid; DN-IMI, 
denitrated derivative of imidacloprid; Co-IP, co-immunoprecipitation 

 Functional roles of nAChRs in D. melanogaster 

The contributions that specific subunits make to particular functions in D. 
melanogaster, or insects more generally, are largely unknown. However, some 
functions have recently been associated with these subunits in studies using loss-
of-function mutations. Loss-of-function mutants have been reported for eight out 
of ten D. melanogaster nAChR subunits. These include Dα1, Dα2, Dα3, Dα4, 
Dα7, Dα6, Dβ2 and Dβ3 (Luong 2018; Perry et al. 2008, 2012; Perry, McKenzie, 
and Batterham 2007; Somers et al. 2015; Somers, Luong, Batterham, et al. 2017; 
Watson et al. 2010). That homozygous mutants are viable suggests that none of 
these subunits are by themselves essential for life. Similar observations have 
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been made in knockout mice where the lack of any one of the nAChR subunits, 
including α4, α5, α6, α7, α9, β2, β3 and β4 did not show any obvious external 

abnormality or lethality (Champtiaux and Changeux 2004). However, some of the 
nAChR subunits have proven otherwise. A study using RNAi to reduce Dα5 
expression in the Drosophila prothoracic gland, a major tissue for hormone 
production resulted in an embryonic lethal phenotype suggesting a role for this 
gene in development (Mitchell 2012). Difficulty in generating a loss-of-function 
mutant for Dα5 subunit was attributed to lethality (Christesen et al. manuscript in 

preparation). Where functional redundancy does exist, double- or triple-knockout 
mutants may be useful in detecting the involvement of multiple subunits in 
undetected functions (Müller 1999). For example, β2 and β4 single-mutant mice 
did not show any visible abnormalities in terms of survival and growth while the 
double-mutant mice displayed severe phenotypes (Xu et al. 1999). 

In contrast to viability, other functions have been associated with specific 
subunits. Analysis of Drosophila Dα7 mutants has demonstrated that this subunit 
is necessary for giant fiber-mediated escape behaviour (Fayyazuddin et al. 
2006). Several subunits have been shown to contribute to various aspects of 
sleep behaviour. Knockouts of Dα1 and Dα2 presented with significantly shorter 
bouts of sleep and reduced lifespan (Luong 2018). The Dα3 subunit was 

associated with a protein factor that promotes sleep, Sleepless (SSS); RNAi 
knockdown of Dα3 was shown to increase sleep duration of SSS mutant strains 

(Wu, Robinson, and Joiner 2014). A full knockout of Dα1 was reported to have 
reduced motility and reduced mating (Somers 2015; Somers, Luong, Mitchell, et 
al. 2017). 

A variety of chemical insecticides exert control over insect pests by targeting 
nAChRs and perturbing their function (Raymond-Delpech et al. 2005). Unlike the 
endogenous ligand, ACh, which is tightly regulated by balancing the levels of 
enzymes that synthesize (choline acetyltransferase, ChAT) and degrade 
(acetylcholinesterase, AChE) ACh, the level of these insecticides is not regulated 
by the endogenous system. Most of them bind to nAChRs constitutively, leading 
to overstimulation of the central nervous system (Figure 1.5). The topics of pests, 
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insecticides and resistance management are among the main foci of the thesis 
and this will be addressed in the following sections. 

 Insecticides and resistance 

 Development of insecticide for pest managements 

Human populations are growing rapidly. Concurrent with a decline in arable land 
available for agriculture, the world’s population is estimated to reach nine billion 

by 2050. Increasing food production on less land poses a huge challenge. Pest 
species pose a constant threat because they cause substantial crop losses and 
directly threaten human health. Insects cause a loss of 18% to 20% of annual 
global crop production at a cost of approximately US$470 billion (Sharma, 
Kooner, and Arora 2017).  These losses are expected to rise with global warming. 
For example, it has been predicted that there will be large yield losses for three 
major grain crops (wheat (46%), maize (31%) and rice (19%)) with a 2°C increase 
in global temperature (Deutsch et al. 2018). Under such circumstances, the total 
yield losses for these crops would be reduced by about 200 metric megatons per 
year (Deutsch et al. 2018). In terms of human health, many insect species spread 
diseases. Pest species such as cockroaches and flies spread bacteria that cause 
diseases including salmonellosis, shigellosis and trachoma, while mosquitos 
vector pathogens that cause diseases such as Malaria and Dengue 
(Khamesipour et al. 2018; Tatfeng et al. 2005). 

Various strategies have been deployed with the aim of achieving sustainable 
insect pest control. Non-chemical approaches have included the use of natural 
predators, physical barriers such as netting, non-pest competitor species and 
meiotic drive to spread a deleterious allele within populations (Fishel 2013; 
Hoffmann et al. 2011; Lindholm et al. 2016). More recently this armoury has been 
expanded with the use of endosymbionts including Wolbachia (Hoffmann et al. 
2011) and the potential to use gene drive if regulatory approval is given. To date, 
these pest control strategies have been generally less effective than application 
of chemical pesticides (National Research Council 2000). 
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Nicotine and dichlorodiphenyltrichloroethane (DDT) were among the first 
chemical compounds introduced for pest management. We know nicotine as an 
active ingredient in tobacco products, but its native biological role is as a plant 
defence compound for plants of the Solanaceae family. Nicotine was once widely 
used as an insecticide, ceasing with the increasing realisation of the extent of its 
human health impacts (Mishra et al. 2015). Synthetic pesticides were developed 
to fulfil the need for better chemical control. DDT was the first synthetic pesticide 
introduced in the 1940s. Upon its introduction, DDT became a popular choice and 
used widely in crop protection due to its effectiveness and low toxicity towards 
humans (Jarman and Ballschmiter 2012). Later, DDT was found to cause chronic 
toxicity to non-target wildlife (Carson et al. 1962), but its usage was only officially 
banned in 2001 at the Stockholm Convention. 

In the 1950s, integrated pest management (IPM) was introduced to maximise 
pest control while minimising the usage of pesticides, thus reducing its harmful 
effects to humans and the environment (Smith et al. 1967). IPM integrates 
biological, cultural and chemical approaches to achieve the best outcomes, 
weighing up the economic and environmental effects. While IPM has great value 
and is widely touted, global insecticide usage remains high. Approximately 4.4 
billion pounds of global pesticide usage are recorded each year, where the 
highest usage contributed by China and the USA, while over 88 million pounds 
are contributed by the usage in Australia alone (Grube et al. 2011; Sharma et al. 
2019). The global pesticide usage is estimated to reach 7.8 billion pounds by end 
of 2020 (Sharma et al. 2019). 

 Neonicotinoids and spinosyns target nAChRs 

nAChRs are targeted by five groups of insecticides neonicotinoids, nicotine, 
sulfoximines, butenolides and spinosyns (Sparks and Nauen 2015). The primary 
focus here is on the neonicotinoids and spinosyns and their nAChR targets as 
these insecticides are used in the research to be described. The neonicotinoids 
are the most widely used class of insecticides (Sparks, Hahn, and Garizi 2017), 
and the spinosyns are an increasingly used organic alternative. 
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 Neonicotinoids  

Pest control has improved greatly with the discovery of the neonicotinoid class of 
insecticides. It started with the discoveries of nitromethylene and nithiazine in 
1970 and continued with the introduction of chloropyridinyl and nitroimine 
moieties in the 1980s which have considerably increased insecticidal activity 
(Foster 1990). These discoveries led to the introduction of a more stable 
compound, imidacloprid by Kagabu and coworkers in the early 1990s which 
became the top-selling insecticide for many years (Kagabu 1999). Imidacloprid 
has more than 3000-fold-higher insecticidal activity compared to nicotine, 
depending on species (Jeschke and Nauen 2008). Following imidacloprid, other 
compounds with a similar structure were developed; the resemblance of all these 
insecticides to nicotine and nicotinoids gave rise to the name, neonicotinoids 
(Figure 1.5B-C). Neonicotinoids including imidacloprid, nitenpyram, cycloxaprid, 
clothianidin, thiamethoxam, dinotefuran, thiacloprid, and acetamiprid represented 
more than 26.6% of the global insecticide market, valued over US$4.9 billion in 
2016 (Sparks et al. 2017). The market value of imidacloprid sales exceeded US$1 
billion of the market, making it the top selling insecticide in 2008 (Pollak 2011). 

Neonicotinoids act as agonists for postsynaptic nAChRs, binding with much 
higher affinity than nicotine (Brown et al. 2006; Yamamoto et al. 1995). They act 
on nAChRs in a similar way to ACh, binding to the extracellular interface between 
two nAChR subunits, activating the receptor. However, unlike ACh, they are not 
hydrolysed by the enzyme AChE (Thany 2010). They are persistent in modulating 
the receptors, leading to a constitutive influx of cations into neurons (Brown et al. 
2006). At appropriate insecticide concentrations, this over-stimulation of the 
nervous system leads to the death of an insect (Figure 1.6). The neonicotinoid 
binding site was first determined using [3H]Imidacloprid as the radioligand (Latli 
and Casida 1992). A high affinity binding site was shown to be conserved across 
a broad range of insect species (Chao, Dennehy, and Casida 1997; Lind et al. 
1998; Nauen, Ebbinghaus‐Kintscher, and Schmuck 2001; Tomizawa and Casida 
2001; Tomizawa, Latli, and Casida 1996; Wiesner and Kayser 2000; Zhang et al. 
2000). Vertebrate nAChRs bind neonicotinoids with low affinity compared to 
insect nAChRs (Matsuda et al. 2005; Matsuda and Sattelle 2004). This explains 
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the higher level of neonicotinoid toxicity for insects compared to vertebrates 
(Tomizawa and Casida 2004). 

 

 

Figure 1.5 Chemical structure of nAChR ligands 

Structure of (A) acetylcholine, ACh, (B) nicotine, (C) neonicotinoids and (D) spinosyns. 
ACh is the neurotransmitter for cholinergic neurons. It binds and activates nAChRs. 
Neonicotinoids including nitenpyram and imidacloprid are derivative of nicotine, while 
spinosyns such as spinosad (spinosyn A/D mixture) are macro lactone products of 
bacterial fermentation. They are commercialised as insecticides targeting nAChRs.  
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Figure 1.6 Acetylcholine action versus insecticides action on nAChR 

Neurotransmitter acetylcholine (ACh) activates postsynaptic nAChRs, mediating 
channel opening, and thus, neurotransmission in a form of cation flow through the 
receptors. This is tightly regulated by the rate of neurotransmitter release from pre-
synaptic vesicles and level of enzymes that regulate ACh levels, including 
acetylcholinesterase, AChE. Neonicotinoids bind nAChRs in a similar manner to ACh. 

Neonicotinoids were previously classified as safe for agricultural use because of 
their low toxicity to vertebrates. More recently, concerns have been raised about 
the impact of low dose neonicotinoid exposures on populations of non-targeted, 
non-pest insects. Population sizes for many non-pest insects have been 
plummeting over the last decade (Henry et al. 2012; Morrissey et al. 2015; 
Pistorius et al. 2009). While many factors could contribute to population crashes 
and there is no evidence of neonicotinoids being responsible, there is evidence 
of neonicotinoid impacts on the behaviour of non-pest insects, particularly 
honeybees, Apis mellifera. Imidacloprid and two other insecticides of 
neonicotinoid class have been banned in the European Union since 2018 due to 
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the concerns about their impact on this species which is so vital for pollination of 
crops (European Commission 2018). In addition, increasing studies were linked 
imidacloprid to the poisoning of bird species including songbirds, partridges and 
pigeons around the world (Millot et al. 2017; Rogers et al. 2019). Thus, it has 
become more important now to understand the selectivity of neonicotinoids for 
nAChRs. As a starting point the nAChRs to which neonicotinoids bind need to be 
identified. 

In Drosophila, neonicotinoids have been found to mainly target nAChRs that 
include Dα1 and Dβ2 subunits based on the insecticide resistance strains (Perry 
et al. 2008, 2012; Somers, Luong, Batterham, et al. 2017), which will be 
discussed further under the topic of insecticide resistance. Individual nAChR 
combinations of Dα1, Dα2 and Dα3 subunits co-expressed with rat β2 subunits, 

were all demonstrated to form a binding site for imidacloprid (Table 1.2)(Lansdell 
and Millar 2000b). Later, co-expression of Drosophila Dα1 and Dα2 subunits in 

Xenopus oocytes with chicken β2 subunits showed that Dα2/β2 receptors can be 

activated by imidacloprid and nitenpyram, however, only nitenpyram strongly 
activates Dα1/β2 receptors (Ihara et al. 2003). These findings suggest that the α-
subunits play an important role in the selectivity of neonicotinoids on nAChR. The 
difference in residues between these α-subunits could be important for affinity 
enhancement of selective neonicotinoid. Interestingly, the heterologous 
expressions of Dα1 with distinct vertebrate β2 subunits showed different receptor 

pharmacology to imidacloprid (Table 1.2)(Ihara et al. 2003; Lansdell and Millar 
2000b). When the rat β2 subunits were swapped with alternative vertebrate non-
α subunit including the rat β4 subunits, the hybrid receptors showed lower binding 

affinity for imidacloprid (Lansdell and Millar 2000b). This indicates that the β-
subunits can also play an important role in neonicotinoid sensitivity. The 
importance of the β-subunit was further supported by another study where a 
vertebrate β2 subunit, with its amino acid residues mutated to be more insect-
like, showed higher sensitivity to imidacloprid (Shimomura et al. 2006). 
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 Spinosyns 

Another highly valued class of insecticide, spinosyns, are naturally derived 
macrocyclic lactones produced as fermentation products of actinomycete 
bacterial species, Saccharopolyspora spinosa (Mertz and Yao 1990; Salgado 
and Sparks 2005). Spinosad is a natural mixture of two spinosyns, A and D, with 
chemical structure comprised of a tetracyclic ring system attached to a neutral 
sugar and an amino sugar moiety (Figure 1.5D) (Kirst 2010; Mertz and Yao 1990). 
Spinosad has been used widely in crop protection since it was first registered in 
the US in 1997. In 2007 spinoteram, another mixture of semi-synthetic spinosyn 
derivatives, was commercialised (Sparks et al. 2012). 

Studies to date have deduced that spinosyns act on the insect nervous system 
in a different manner from other insecticide classes (Somers et al. 2015; Watson 
et al. 2010; Martelli et al. manuscript in preparation; Nguyen et al. manuscript in 
preparation). While incompletely defined, the mode of action for spinosyns is 
considered unique. Available evidence suggests that spinosad mainly acts on 
insect nAChRs as an allosteric agonist, and that it may also have some effect on 
the GABA receptor function (Salgado 1998; Watson et al. 2010). Spinosyns have 
been found to bind to a different binding site from the ACh ligand binding domain 
on nAChRs, unlike neonicotinoids. Spinosyn A was demonstrated to activate 
nAChRs that have been simultaneously bounded by α-BTX, suggesting 
synergistic activity with ACh (Salgado and Saar 2004). It was initially thought that 
spinosad binding led to hyperexcitation of nAChRs (Salgado 1998), but 
subsequent studies have indicated inhibition (Martelli 2020; Salgado and Saar 
2004). 

Spinosyns and neonicotinoids appear to target different nAChR subunits.  The 
evidence for this is a lack of cross resistance to spinosyns in neonicotinoid 
resistant strains and vice versa (Perry et al. 2008, 2012; Perry, McKenzie and 
Batterham 2007; Salgado and Saar 2004; Watson et al. 2010). To date, the Dα6 

nAChR subunit provides the only known target site for spinosad in D. 
melanogaster. Dα6 null mutants are highly resistant  to spinosad (Perry, 
McKenzie and Batterham 2007). Radioligand binding studies indicate that 
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neonicotinoids do not bind to Dα6-containing nAChRs (Lansdell and Millar 2004), 
underlining further selectivity and specificity of these two classes of insecticides 
for different α-subunits. There is no evidence of any involvement of β-subunits in 
spinosad sensitivity. While the precise binding site of spinosad remain unknown, 
Somers et al. (2015) found that it is located between the TM3 and C-terminal 
region of the Dα6 subunit. This was demonstrated in an in vivo system where 
only a Dα6/Dα7 chimeric subunit containing the Dα6 C-terminal region was able 
to rescue spinosad susceptibility in a Drosophila Dα6 null mutant (Somers et al. 
2015). This correlated well with observations of spinosad resistance in strains of 
the melon thrip, Thrips palmi and the western flower thrip, Frankliniella 
occidentalis that had a G275E amino acid replacement in their respective Dα6 

orthologues (Bao et al. 2014; Puinean et al. 2013). This amino acid is located 4 
residues away from TM3 segment. 

 Insecticide resistance 

The extensive and persistent application of insecticides in crop protection has led 
to the appearance of resistance in many insect pest species due to increased 
selection pressure. Pests become resistant by evolving physiological 
modifications to protect them from the insecticide. Various protective 
mechanisms implicated in insecticide resistance have been reported. These 
include (1) increased insecticide metabolism (Markussen and Kristensen 2010a; 
Schmidt et al. 2017), (2) behavioural modification for insecticide avoidance 
(Zalucki and Furlong 2017), (3) enhanced transport of the insecticide including 
rapid excretion of the toxic compounds or secretion of the insecticide away from 
vulnerable tissues (Fusetto et al. 2017; Gott et al. 2017), (4) inefficient penetration 
of the insecticide through cuticle (Gott et al. 2017), and (5) modification/loss of 
the target receptors that bind to the insecticide (Pedra et al. 2004; Perry et al. 
2008, 2015; Watson et al. 2010). Although all these mechanisms may contribute 
to insecticide resistance, target receptor modification/loss often leads to highest 
level of resistance that render the insecticide ineffective. Lower levels of 
resistance associated with the other mechanisms that can often be overcome by 
using higher doses or increased application frequencies. The following section 
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will focus on target site modification/loss considering studies using lab-based 
mutants and field derived resistant strains. 

Mutations in genes encoding multiple nAChR subunits have been implicated in 
neonicotinoid resistance (Table 1.3). A study on a resistant strain of brown 
planthopper, Nilaparvata lugens identified  a Y151S amino acid replacement in 
two nAChR α-subunits, Nlα1 and Nlα3 (encoded by genes orthologous to Dα1 
and Dα3, respectively) that result in reduced binding affinity for imidacloprid 
(Table 1.3)(Liu et al. 2005). In D. melanogaster, multiple studies on lab generated 
mutants have also discovered more than one nAChR subunit gene can confer 
neonicotinoid resistance when mutated. Selection for nitenpyram resistance in 
the progeny of flies exposed to the chemical mutagen EMS led to the 
identification of a mutation in Dα1 that disrupts the C-terminal structure of Dα1, 

including the TM4 domain of the protein (Perry et al. 2008). This study also 
identified several mutations in Dβ2 which result in resistance to nitenpyram 
(Table 1.3)(Perry et al. 2008). Compared to a specific amino acid substitution in 
N. lugens, all the mutations in Drosophila resulted in more drastic loss of function 
and some are distant from the ACh binding site. When the levels of resistance 
were quantified, the Dα1 and Dβ2 mutants demonstrated cross-resistance to 
other neonicotinoids, including imidacloprid (Perry et al. 2012). Later, Somers 
and colleagues reported a full knockout of Dα1 that shows similar resistance level 
to imidacloprid, compared to the EMS-generated mutant, but even higher levels 
for nitenpyram (~50-fold resistance)(Somers, Luong, Batterham, et al. 2017). 
However, there were interesting differences in responses of these Dα1 and Dβ2 
mutants to the insecticide dinotefuran, suggesting the involvement of other 
nAChR subunits as dinotefuran target (Perry et al. 2012; Somers, Luong, 
Batterham, et al. 2017). While individual combination of Dα2 or Dα3 subunits with 

rat β2 subunits were previously mentioned to form imidacloprid-binding site (refer 
to Section 1.3.2.1), whether or not mutation to these subunits implicates 
insecticide resistance has not been explored.  

Recent evidence indicates that the Drosophila Dβ1 subunit also contributes to 

nAChRs targeted by neonicotinoids; elevated imidacloprid and nitenpyram 
resistance was observed in flies where the Dβ1 subunit was knocked out in the 
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brain using a somatic CRISPR/CAS9 technique (Perry et al. manuscript in 
preparation). The involvement of nAChR β1 as a neonicotinoid target was also 

demonstrated in other insect species. Earlier study in N. lugens identified N133D 
substitution in the nAChR β-subunit, Nlβ1 (encoded by gene orthologous to Dβ1) 
following RNA A-to-I editing results in imidacloprid insensitivity (Yao et al. 2009). 
Later, a novel R81T replacement in the β-subunit of aphid Myzus persicae was 
identified to be the causal mutation for one of imidacloprid resistant strains 
isolated from field populations (Bass et al. 2011). The analogous R81T 
replacement in the β1 subunit was demonstrated to also confer neonicotinoid 
resistance in Aphis gosypii and D. melanogaster (Homem et al. 2020; Shi et al. 
2012). The amino acid threonine residue at this position was described to be 
important for imidacloprid binding at the binding pocket of the receptor (Shi et al. 
2012).  

Thus far, only mutations in Dα6 have been associated with resistance to 

spinosyns in D. melanogaster (Table 1.3). These include a knockout mutant 
identified over a deficiency chromosome in a resistant strain showing elevated 
resistance to spinosad. The null mutation of Dα6 subunit causes over 1000-fold 
of resistance to spinosad, a significantly higher level of resistance compared to 
those found for target site mutations associated with neonicotinoid resistance 
(Perry, McKenzie and Batterham 2007). Various other Dα6 mutations induced by 
chemical mutagenesis have also been associated with spinosad resistance, with 
the majority of them leading to premature truncation of the Dα6 subunit (Somers 
et al. 2015; Watson et al. 2010).  The high level of resistance observed in these 
mutants are consistent with Dα6 being the major target for spinosyn insecticides.  

In comparison, the lower levels of resistance observed for neonicotinoid target 
site mutants is consistent with the evidence that multiple subunits are targeted by 
these insecticides.  
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Table 1.3 nAChR mutations implicated in resistance to neonicotinoids and 
spinosyns 

Gene Mutation Resistance Reference 
Nlα1  
(Dα1 ortholog) Y151S substitution Imidacloprid Liu et al. 2005 

Nlα3  
(Dα1 ortholog) Y151S substitution Imidacloprid Liu et al. 2005 

Dα1 11bp deletion resulting in 
altered TM4 

Neonicotinoids - 
nitenpyram, 
imidacloprid 

Perry et al. 
2008, 2012 

Dβ2 
 

EMS2, 352* truncation;  
EMS3, L351Q substitution;  
EMS4; L118 replacement 

Neonicotinoids -
nitenpyram, 
imidacloprid 

Perry et al. 
2008, 2012 

Mpβ1 
(Dβ1 ortholog) R81T substitution Imidacloprid Bass et al. 

2011 
Agβ1 
(Dβ1 ortholog) R81T substitution Imidacloprid Shi et al. 2012 

Dβ1 R81T substitution 
Neonicotinoids - 
acetamiprid, 
imidacloprid 

Homem et al. 
2020 

Dα6 
 

Null mutation resulting in no 
detectable transcript Spinosad 

Perry, 
McKenzie and 
Batterham 
2007 

Dα6 Various mutation alleles, i.e., 
DAS1, DAS2 Spinosad Watson et al. 

2010 

Dα6 
 P146S substitution Spinosad 

Somers et al. 
2015; Watson 
et al. 2010 

Tpα6 
(Dα6 ortholog) G275E substitution Spinosad Bao et al. 2014 

Foα6 
(Dα6 ortholog) G275E substitution Spinosad Puinean et al. 

2013 
Pxα6 
(Dα6 ortholog) 

Mis-splicing resulting in 
TM3/TM4 truncation Spinosad Baxter et al. 

2010 
Pxα6 
(Dα6 ortholog) 

3 amino acids deletion in 
TM4 Spinosad Wang et al. 

2016 
Bdα6 
(Dα6 ortholog) 

Various mutations alleles, 
i.e., truncated transcripts Spinosad Hsu et al. 2012 

Nl, Nilaparvata lugens; D, Drosophila melanogaster; Tp, Thrips palmi; Fo, Frankliniella 
occidentalis; Px, Plutella xylostella; Bd, Bactrocera dorsalis 
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As the Dα6 subunit is highly conserved in insect species, it is not surprising that 

mutations in orthologues have been described with the same resistance 
phenotype (Perry, McKenzie and Batterham 2007). Besides the G275E 
replacement in the Dα6 subunit orthologues of T. palmi and F. occidentalis (Bao 
et al. 2014; Puinean et al. 2013), mutations in the Dα6 orthologues of many other 
species have also been associated with resistant to spinosad (Table 1.3)(Baxter 
et al. 2010; Hsu et al. 2012; Wang et al. 2016). 

 Phenomenon of negative cross-resistance 

Negative cross-resistance is a phenomenon where a mutant allele that confers 
resistance to one insecticide, confers hypersensitivity to another insecticide 
(Pittendrigh et al. 2014). By the term hypersensitivity or hyper-susceptibility, it 
means that the mutant strain now has increased susceptibility to one insecticide 
compared to the existing susceptible strain. This is of interest given that, where it 
exists, negative cross-resistance could be exploited to maintain control in 
populations that are resistant to an insecticide. Negative cross-resistance has 
been reported in various pest insect species as well as in the model insect, D. 
melanogaster (Table 1.4).  

One of the best studied examples, the parats-1 mutant of D. melanogaster, was 
shown to be resistant to DDT while having increased susceptibility to 
deltamethrin, a pyrethroid class insecticide (Pedra et al. 2004). Both DDT and 
pyrethroid insecticides target the voltage-gated sodium channel, VGSC (Lee et 
al. 1999; Pittendrigh et al. 1997; Vijverberg, van der Zalm, and van der Bercken 
1982). The parats-1 allele introduced a single mutation in the α-subunit of the 
channel. In the case of the para sodium channel, negative cross-resistance was 
shown to be allele specific – other DDT resistant parats mutants did not show 
negative cross-resistance with deltamethrin (Pittendrigh et al. 1997). Negative 
cross-resistance has also been associated with VGSC mutations in several other 
insects including the house fly Musca domestica and tobacco budworm Heliothis 
virescens (Elliott et al. 1986; Khambay et al. 2001; McCutchen et al. 1997). kdr 
and super-kdr are pyrethroid-resistant mutations that lead to, one or two amino 
acid replacements, respectively. kdr strains of both M. domestica and H. 
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virescens have increased sensitivity to neurotoxic peptide, AaIT (Elliott et al. 
1986; McCutchen et al. 1997). super-kdr strains of M. domestica have increased 
sensitivity to N-alkylamides (Khambay et al. 2001). 

Negative cross-resistance can also occur due to mutations that impact insecticide 
metabolism. D. melanogaster strains with metabolic resistance to DDT were 
reported to be more sensitive to phenylthiourea than control strains. It was 
hypothesised that these DDT-resistant strains have an increased capacity to 
metabolize phenylthiourea into phenylurea, a more toxic compound, and thus, 
leading to greater toxicity in the resistant insects (Ogita 1961b, 1961a). Increased 
cytochrome P450 activity was also invoked to explain the hypersensitivity to 
diazinon in a pyrethroid resistant strain of the horn fly, Haematobia irritans (Barros 
et al. 2002; Cilek, Dahlman, and Knapp 1995; Sheppard and Marchiondo 1987). 
Similarly, omethoate-resistant strains of Aphis gossypii were described with 
increased sensitivity to bifenthrin, which may be attributed by reduced AChE 
sensitivity or increased cytochrome P450 activity (Shang et al. 2012). 

Table 1.4 Summary of mutations implicated with negative cross-resistance 
in insect species 

Insect Mutation/factor Insecticide/ 
toxin pair Reference 

D. melanogaster parats-1 mutation in VGSC DDT and 
deltamethrin 

Pedra et al. 
2004 

M. domestica super-kdr mutation in VGSC Pyrethroids and 
N-alkylamides 

Khambay et 
al. 2001 

M. domestica kdr mutation in VGSC AaIT and 
pyrethroids 

Elliott et al. 
1986 

H. virescens kdr mutation in VGSC AaIT and 
pyrethroids 

McCutchen 
et al. 1997 

H. irritans Hypothesis of increased 
cytochrome P450 activity 

Pyrethroids and 
diazinon 

Sheppard 
and 
Marchiondo, 
1987 

D. melanogaster 
Hypothesis of increased 
capacity to metabolize 
phenylthiourea 

DDT and 
phenylthiourea 

Ogita 1961b, 
1961a 

A. gossypii 
Reduced AChE sensitivity or 
increased cytochrome P450 
activity 

Omethoate and 
bifenthrin 

Shang et al. 
2012 
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 Mechanisms for negative cross-resistance 

Based on these reported cases, negative cross-resistance can be explained by 
several different mechanisms (Figure 1.7). It can be generated by (1) a single 
mutation in a gene encoding an insecticide target. This occurs if the mutation 
decreases the capacity for one insecticide to bind target, while increasing the 
capacity of a different insecticide to bind at the same time. This includes the 
mutations in D. melanogaster, M. domestica and H. virescens that all involved a 
mutation in the gene encoding VGSC. However, exact changes at the target site 
that responsible for the insecticide hypersensitivity were never characterised. 
Additionally, negative cross-resistance can occur due to (2) a mutation that 
changes metabolic response to multiple insecticides. Here the changes in 
metabolic processes involved increased detoxification of one insecticide while 
reducing the detoxification capacity for a different insecticide. However, again, 
the exact molecular changes that impact this metabolic response are still not 
clear. 

Mutations at two distinct loci could also produce resistance to one insecticide and 
hypersensitivity to another. This is more accurately classified as negatively 
correlated resistance (Pittendrigh et al. 2014). While negative cross-resistance 
has been of interest for resistance management as it provides hypersensitivity of 
the resistant strain to a different compound, negatively correlated resistance will 
be less effective for this purpose. The reason for this is that the two mutations for 
negatively correlated resistance may not necessarily be inherited through 
generations, depending on how tightly linked the two loci are.  
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Figure 1.7 Negative cross-resistance versus negatively correlated 
resistance  

Negative cross-resistance occurs if a mutation in a single gene that affects an insecticide 
target site or alters metabolic responses to insecticides, leading to resistance to 
insecticide A and increased sensitivity to an insecticide B. A negatively correlated 
resistance involves mutations at two distinct sites where ‘mutation 1’ confers resistance 

to insecticide A and ‘mutation 2’ confers hypersensitivity to insecticide B. 

 Insect resistance management 

The evolution of resistance is almost inevitable and, in many cases, occurs 
rapidly in the absence of carefully designed Insecticide Resistance Management 
(IRM) strategies. IRM is a component of IPM intended for forecasting and 
delaying of resistance development to all insecticides (Vorley and Dittrich 1994). 
Various strategies have been investigated to find a best way to use the available 
insecticides considering application options such as rotations, mixtures, and 
mosaics (Roush 1989) and the use of insecticides with differing modes of action 
(Sparks and Nauen 2015).  
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Negative cross-resistance has provided new opportunities for IRM. As the 
frequency of resistance to one insecticide rises, the second insecticide can be 
deployed to maintain control. Theoretically, sustainable control could be achieved 
by timely rotations of two different insecticides. There are examples that 
underscore this approach. Following the identification of the DDT-resistant, 
parats-1 mutation, Pedra et al. (2004) showed that after five generations of 
selection using the negative cross-resistance compound, deltamethrin, parats-1 
allele frequency was reduced significantly in the population compared to control 
(Pedra et al. 2004). Yamamoto et al. (1993) were able to reduce the frequency of 
N-methylcarbamate resistance in Nephotettix cincticeps populations using 
another carbamate, N-propylcarbamate, for which there was negative cross-
resistance. Resistance was attributed to a mutation in AChE that simultaneously 
increased sensitivity to N-propylcarbamate. Alternating these carbamates 
application was demonstrated to shift the resistant allele frequencies back and 
forth in the population (Yamamoto, Kyomura, and Takahashi 1993). A similar 
strategy was used to control tick infestations by applying acaracides, 
chlorfenvinphos, and amitraz to resistant tick population affecting a Kenyan cattle 
herd (Kamidi and Kamidi 2005). 

 Rationale for the study 

Insecticide resistance poses a major threat to human health and food production, 
rendering insecticides ineffective, requiring the costly development of new 
chemicals that can satisfy ever stricter regulatory constraints being applied due 
to the environmental concerns. In theory, the identification of negative cross-
resistance relationships between insecticides would give a huge advantage in the 
management of resistance in the population, extending the lifespan of available 
insecticides. Rotation or mixtures of appropriate insecticides could be effective in 
reducing resistant allele frequencies in field populations although the 
effectiveness of such approaches would depend on various factors that require 
further investigation. No company has marketed products that take advantage of 
negative cross-resistance. The limited number of examples of the phenomenon 
could be a reason for this, but there are other factors. A given agrochemical 
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company may not have the two suitable insecticides required to control a given 
pest in their product range. Nonetheless, the appropriate agencies and 
consultants could advise growers on choices of suitable products that would be 
available from different companies.  In reality, such advice would depend on 
negative cross-resistance research which has, thus far, been limited in scope in 
terms of the number of examples investigated and the extent to which the 
underlying mechanisms have been investigated. Filling these gaps is vital if 
negative cross-resistance is to fulfil its potential for sustained insect pest control. 

nAChRs continue to be a popular target for increasing numbers of insecticides. 
Mutations conferring resistance have been characterised in pest populations and 
have been recovered following mutagenesis and gene manipulation in the lab in 
the D. melanogaster model system. A number of examples of negative cross-
resistance have been observed in these mutants (described in Chapter 2, Section 
2.1.1) affording the opportunity to investigate the underlying mechanism(s) and 
possibly opening up fresh avenues for pest control in the field. In probing 
mechanism, a deeper understanding of the biology of nAChRs and the functions 
of individual subunits is required. The identity of the individual subunits that 
combine to form nAChRs is largely unknown as are the mechanisms controlling 
correct trafficking and localisation to the plasma membrane. The observation that 
homozygous loss-of-function mutants for some of the subunits are viable 
provides evidence some of these subunits are not required. Further 
characterisation of insect nAChR subunits to test for possible functional 
redundancy between some of the subunits and to better understand the 
‘redundancy rules’ could be instructive for future insecticide design. Resistance 
is more likely to evolve if it targets a single redundant nAChR subunit than if it 
targets combinations of subunits that are non-redundant. Negative cross-
resistance could be totally explained in terms due to differences in the way in 
which two insecticides respond to a mutant target (as suggested for the parats-1 

mutant). Alternatively, given that there is a family of nAChR subunit genes, there 
is the possibility that it could be explained by a compensatory regulatory 
mechanism whereby a mutation impacting one subunit alters the expression of 
others. These possibilities will be explored in this thesis. 
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 Research questions 

This thesis will address some of the gaps in our understanding of target site 
resistance and how the insect nervous system adapts to mutations that can 
confer resistance and negative cross-resistance. It investigates the redundancy 
rules and investigates changes in gene expression in resistant mutants and under 
conditions of insecticide exposure.  Much of the research to be described would 
only be possible in the Drosophila model system due to the variety of powerful 
tools available for the manipulation of genes and gene expression. Although 
Drosophila is not a pest species it has long been utilised as model to study 
insecticide mode of action as well as mechanisms of resistance (reviewed in 
Perry et al. 2011). The nAChR genes to be studied here have conserved 
orthologues in pest species, so the findings of this research are likely to have 
wider application. 

This thesis will address the following questions: 

Chapter 2 

1. Which nAChR subunits and which insecticides are involved in negative 
cross-resistance relationships? 

2. Is the negative cross-resistance phenotype an allele specific event? If it is, 
does a particular type of nAChR subunit mutation lead to the negative 
cross-resistance phenotype? 

3. What are the likely mechanisms involved in negative cross-resistance? 

Chapter 3 

1. What are the nAChR subunit gene expression changes in backgrounds 
that have the negative cross-resistance phenotype?  

2. How does nAChR subunit expression change and does it support the 
nAChR compensation hypothesis for negative cross-resistance? 

3. What functional pathways are affected in the mutants? 
4. Do the findings from different transcriptional analyses (RNAseq and 

Targeted DamID) performed correlate with each other? 



Chapter 1 Introduction 

 

42 

 

Chapter 4 

1. Where in the brain are the nAChR subunits involved with the negative 
cross-resistance phenotype being expressed? Are they expressed in the 
same cells? 

2. Is there any change in protein level of nAChR subunits that could explain 
the negative cross-resistance phenotype? 

3. Can other pathways possibly involved in negative cross-resistance be 
targeted for further investigation? 

 Thesis structure 

The thesis continues with Chapter 2, which examines negative cross-resistance 
profiles in various nAChR subunit mutants of D. melanogaster. CRISPR-
generated mutants for eight nAChR subunit genes were investigated for altered 
toxicity to two neonicotinoids, nitenpyram and imidacloprid, as well as a spinosyn, 
spinosad, using larvae-to-adult toxicology bioassay. Mutants for the Dα1, Dα2 

and Dα6 subunits displayed negative cross-resistance. With the exception of a 
single allele of Dα1, the negative cross-resistance phenotypes observed are not 
allele specific. This chapter discusses the variation in insecticide toxicity 
observed for the different mutant alleles and highlights possible changes in the 
nAChR subunit population that could mediate the negative cross-resistance. 

Chapter 3 describes changes at transcriptional level that could be responsible for 
negative cross-resistance phenotype in the nAChR subunit mutants. Genome 
wide transcriptome analysis were performed in first instar larvae using RNAseq 
to reveal differentially expressed genes in Dα1, Dα2 and Dα6 mutants. A cell-
specific transcriptomic approach utilising targeted Dam Identification (DamID) 
was also used to analyse transcriptional changes in specific neuronal cells that 
are expressing Dα6, in Dα1 and Dα6 mutants. This chapter discusses the 
biological pathways identified from differentially expressed genes and their 
possible contribution to the negative cross-resistance. 

Chapter 4 investigates localisation of the nAChR subunits in the larval brain and 
measures subunit protein expression in Dα1 and Dα6 mutants that may explain 
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the negative cross-resistance phenotype. T2AGAL4 system was utilised to allow 
for GAL4 expression under the control of endogenous nAChR gene. An approach 
using a fluorescently tagged nAChR subunit was later used to measure changes 
in subunit levels in the mutant backgrounds. Additionally, the chapter analyses 
involvement of previously identified biological pathways in the mechanism of 
negative cross-resistance using commercial chemical inhibitors, assayed with a 
larval movement assay, the Wiggle Index. 

Finally, Chapter 5 brings together the observed negative cross-resistance profiles 
and the findings of altered transcription and protein expression in nAChR subunit 
mutants. It presents mechanisms that may contribute to the insecticide 
hypersensitivity and considers the importance of these findings for future 
resistance management. 
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Chapter 2 :  Identification of negative 

cross-resistance between insecticides in 

nAChR subunit mutants  

 Introduction 

The widespread use of insecticides in agriculture has been a key factor in the 
control of insect pests. However, this control is almost inevitably compromised by 
the evolution of insecticide resistance, which in turn, drives a search for 
alternative chemical compounds with different mode of actions. This cycle of 
resistance and replacement has led to many pest species developing resistance 
to multiple classes of insecticides. It is now becoming more difficult and expensive 
to discover and develop novel insecticides (Sparks and Nauen 2015). Given 
these challenging circumstances, the phenomenon of negative cross-resistance 
between insecticides would be extremely valuable for resistance management. 
Application of insecticides in the context of a negative cross-resistance 
phenotype theoretically has the ability to overcome the impact of existing 
resistant alleles, extending the period over which some current generation 
insecticides may be used to control pests. An understanding of the mechanism 
underpinning negative cross-resistance may assist in optimising control 
strategies but the mechanisms for the known examples have not been defined in 
detail (refer Section 1.3.4). 

 Negative cross-resistance in nAChR mutants 

Previous studies have implicated the Dα1 and Dβ2 nAChR subunits as targets 

for neonicotinoids while current evidence suggests that spinosyns only target the 
Dα6 nAChR subunit (Perry et al. 2008, 2012, 2015; Perry, McKenzie and 
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Batterham 2007; Somers et al. 2015; Somers, Luong, Batterham, et al. 2017; 
Watson et al. 2010). Studies on D. melanogaster have identified neonicotinoid-
resistant and spinosyn-resistant strains, characterising loss-of-function mutations 
in these nAChR subunits (refer Section 1.3.3). Importantly, the two insecticides 
are classified by IRAC as having distinct modes of action (Sparks and Nauen 
2015) and published cross resistance data provides evidence supporting the 
hypothesis that the subunits that they target are not co-assembled into the same 
receptor, i.e. they have distinct targets (Perry et al. 2012, 2015; Perry and 
Batterham 2018). Therefore, as might be expected, insects resistant to one of 
these insecticide classes due to a target site mutation are not cross resistant to 
the other insecticide class (Perry et al. 2008, 2012; Salgado and Saar 2004; 
Watson et al. 2010). In fact, the opposite may be true. 

A closer examination of the insecticide resistance phenotypes observed for 
different nAChR subunit loss-of-function mutants suggests that there are at least 
some mutations that confer resistance to one compound and hypersensitivity to 
another (Perry et al. 2012; Perry, McKenzie and Batterham 2007). This leads to 
the possibility that there exists a negative cross-resistance relationship between 
these insecticide classes. Negative cross-resistance is defined as a phenotypic 
characteristic based on insecticide toxicity where a mutant allele is observed with 
increased resistance to one insecticide and increased susceptibility to another 
insecticide at the same time (refer to Section 1.3.4). The nitenpyram-resistant 
strain, Dα1EMS1, was shown to have increased susceptibility to spinosad as 
compared to the control (Perry et al. 2012) and the D. melanogaster strain used 
to identify Dα6 as a spinosad target has increased sensitivity to nitenpyram 
(Perry, McKenzie and Batterham 2007; Trent Perry, personal communication). 
This relationship is however not always observed. A full knockout of Dα1, Dα1KO 
that is resistant to neonicotinoids, shows wildtype susceptibility (LC50) to spinosad 
(Somers 2015). Taken together, these data suggest that this phenomenon could 
be allele specific or influenced by the genetic background. 

Studies on insects other than D. melanogaster, also appear to provide evidence 
for a negative cross-resistance relationship between neonicotinoids and 
spinosyns. In H. virescens, a spinosad-resistant strain was shown to be more 



Chapter 2 

 

47 

 

susceptible to a neonicotionid, acetamiprid (Roe et al. 2010). The basis of the 
spinosad resistance in this species has not yet been determined. Additionally, a 
spinosad-resistant strain of M. domestica, characterised with dysregulated 
expression of cytochrome P450 genes, was also indicated with negative cross-
resistance to neonicotinoids (Markussen and Kristensen 2012), however it was 
not clear which genes were involved. For the examples involving mutations in 
nAChR subunit genes, the observation of negative cross-resistance has led to 
the hypothesis that a change in one nAChR subunit may affect the susceptibility 
of a compound that binds to another subunit. Roe et al. suggested that there 
might be some degree of interaction between the target sites of the two 
insecticides (Roe et al. 2010). Given that we now know that neonicotinoid and 
spinosyn insecticides have distinct targets, this hypothesis can be elaborated to 
suggest that a mutation in a gene encoding a subunit targets by one insecticide, 
leads to a compensatory change in the expression of a subunit(s) targeted by the 
other. Changes in expression could mean differences at the transcriptional or 
post-transcriptional level. Alternatively, compensation could arise through 
changes in metabolic responses to the insecticides (Section 1.3.4.1). 

 Chapter overview  

This chapter builds on earlier research and the published literature, examining 
mutations in nAChR subunits targeted by neonicotinoid and spinosyn classes of 
insecticide. In contrast to earlier studies, by examining a range of mutant alleles 
the extent to which the negative cross-resistance phenomena is allele specific 
will be ascertained. By establishing which nAChR subunit mutations confer 
negative cross-resistance, a platform will be established for further studies to 
investigate the mechanism(s) that might be responsible for the phenomenon. 
Given neonicotinoids alone account for the largest portion of 26.6% from the total 
global insecticide sales and spinosyns contribute a substantial portion of 1.6% 
(Sparks et al. 2017), understanding the nature of the negative cross-resistance 
relationship between the two insecticide classes may be valuable in informing 
insecticide resistance management strategies. This potential would be 
maximised if negative cross-resistance proves not to be allele specific. 
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 Research questions 

This chapter will answer the following research questions: 

1. Which nAChR subunits and which insecticides are involved in negative 
cross-resistance relationships? 

2. Is the negative cross-resistance phenotype an allele specific event? If it is, 
does a particular type of nAChR subunit mutation lead to the negative 
cross-resistance phenotype? 

3. What are the likely mechanisms involved in negative cross-resistance? 
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 Materials and Methods 

 Fly strains 

Previously generated D. melanogaster loss-of-function mutant strain for eight of 
the ten known nAChR subunits and their corresponding background strains were 
used in the first part of the study. The fly stocks and corresponding gene 
mutations are listed in Table 2.1. Dα1ΔDH, Dα2Δ(3)4E, Dα3Δ1020, Dα4ΔBA, Dα6KO, 
Dα7ΔD6, Dβ2E145A and Dβ3ΔB4.2 mutants were generated in the genetic 
background of an actin>Cas9 expressing strain (Bloomington Drosophila Stock 
Centre, BDSC #54590) using CRISPR/Cas9 genome editing (Perry et al. 
manuscript in preparation). The X chromosome was later replaced with the X 
chromosome from a white-eyed strain, w1118 (BDSC #5905) to eliminate Cas9 
expression in all the mutants (the control background strain is renamed as wAC9 
in comparison to the original control, AC9) except for two, the Dα3Δ1020 and 
Dα7ΔD6 mutants. These genes are located on the X chromosome and so Cas9 is 
still expressed in these flies.  

Other fly strains with different alleles for Dα1, Dα2 and Dα6 were also included in 
this study (Table 2.2).  Specifically, these were: - 

1. Dα1EMS1 and Dα1Nit11 (Dα1Q533*) were generated by ethyl methane- 
sulfonate (EMS) mutagenesis of Armenia14 (Perry, McKenzie and 
Batterham 2007).  

2. Dα6EMS6 (Dα6W337*) and Dα6EMS7 (Dα6nx), also generated by the EMS 
mutagenesis of Armenia14, each carrying a Dα6 mutation that confers 
spinosad-resistance (Perry et al. 2015).  

3. A Dα1 full knockout mutant, Dα1KO, that was previously generated in the 
w1118 background using ends-out gene targeting (Somers, Luong, 
Batterham, et al. 2017).  

4. A Dα6 amino acid replacement mutant (P146S), Dα6P146S, generated on 
the background of RAL059 (BDSC #28129). This allele exhibits 
incomplete dominance for spinosad resistance (Somers et al. 2015). 
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5. Dα1P141S was generated by introducing the P141S amino acid change to 
an analogous site in Dα1, in the background of wAC9 as described in 
Section 2.2.2.  

6. A Dα2 full knockout mutant, Dα2KO, generated using CRISPR/Cas9 editing 
in the background of wAC9 (Luong 2018). 

Table 2.1 List of CRISPR/Cas9-generated mutant strains of various nAChR 
subunits in the study 

 

Table 2.2 List of different Dα1, Dα2 and Dα6 subunit alleles in the study 

Allele Background Inheritance Mutation and protein alteration 

Dα1EMS1 Armenia14 Recessive 11bp deletion; altered TM4 domain 
Dα1Nit11 Armenia14 Recessive Q533stop; truncated peptide right after 

TM4 domain 
Dα1P141S wAC9 Dominant P141S; single amino acid change in 

extracellular ligand-binding domain 
Dα1KO w1118 Recessive full gene deletion; null mutation 
Dα2KO  wAC9 Recessive full gene deletion; null mutation 
Dα6EMS6 Armenia14 Recessive W337stop; truncated peptide 13 residues 

after TM3 
Dα6EMS7 Armenia14 Recessive unknown; no detectable transcript 
Dα6P146S RAL059 Dominant P146S; single amino acid change in 

extracellular ligand-binding domain 

Strain Background Inheritance Mutation and protein alteration 

Dα1ΔDH wAC9 Recessive partial deletion inside exon 6; altered 
extracellular ligand-binding domain 

Dα2Δ(3)4E wAC9 Recessive deletion spanning exon 2-5; truncated 
peptide inside extracellular ligand-
binding domain 

Dα3Δ1020 AC9 Recessive two partial deletions at the 3’ end and 5’ 
end of the gene 

Dα4ΔBA wAC9 Recessive full gene deletion; null mutation 
Dα6KO   wAC9 Recessive full gene deletion; null mutation 
Dα7ΔD6 AC9 Recessive full gene deletion; null mutation 
Dβ2E145A wAC9 Recessive E145A; single amino acid change in 

extracellular ligand-binding domain 
Dβ3ΔB4.2 wAC9 Recessive full gene deletion; null mutation 
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 Generation of Dα1P141S 

The CRISPR/Cas9 system guided by a small guide RNA (sgRNA) was used to 
create the Dα1 P141S mutation in the AC9 background. Two sgRNAs flanking 
the codon for residue 141, GATGGAAAATATGTTAGATT and GAAACATGTC-
TGCTCGTCGA, were designed and cloned into U6b-sgRNA-short plasmids 
following digestion with BbsI (Ren et al. 2013). To introduce the P141S mutation, 
a single-stranded oligodeoxynucleotide (ssODN) was used as a homology repair 
template for the CRISPR-mediated mutation. The ssODN was designed to span 
3R:24,407,199 – 24,407,517 and includes the GCC to ACT mutation at base 
position of 3R:24,407,423 – 24,407,425, taking account that Dα1 gene is 
transcribed from a negative direction. The mutation also introduced an additional 
restriction fragment length polymorphism (RFLP) site, which is recognised by the 
restriction enzyme, HphI. DNA sequence for the ~500bp ssODN is provided as 
follow, where the introduced P141S mutation is highlighted in blue while the Hphl 
recognition sites are underlined: 

5’-GTGGAGAAAAAAACTTTCTATCGCCAACAAAATGCTTTACAAAAAAAATTT 

AAGTCCTGATATATATTTGAAAGTTAAATCATTGAAAGATAACATTAAAGGATA

TCACATTGATATACCTAAAATATTAGTTCAATCAATATGTAAATCGTTAGTAAA

TCCAATATCTTCTCCATCGTTTTTTTTTTCCATTTCAGCGCCGATGGCAACTAT

GAAGTGACAATAATGACAAAAGCAATTCTTCATCACACGGGCAAAGTGGTGTGG

AAATCACCCGCCATTTACAAATCCTTCTGCGAAATTGATGTCGAGTACTTTCCC

TTTGATGAACAAACCTGTTTCATGAAGTTCGGATCCTGGACCTACGATGGTTAC

ATGGTGAGTTGGGGATTTGATGGCGGGGATGACCCAGAAGCCATCATCCGAAGG

GAGGCAACAGCTGGCAGCTCTGGCCACGAACAGATTATCCCCCGGCCCATCAAT

CAAAATCGAAGCAA-3’ 

150 ng/uL of each sgRNA and 500 ng/uL of ssODN were co-injected into AC9 
embryos using a standard Drosophila microinjection protocol (Gratz et al. 2015). 
Positive CRISPR events were identified using insecticide screening. Briefly, 
individual survivors were mated to virgin double balancer flies. This strain has 
balancer chromosomes for the major autosomes in Drosophila, chromosomes II 
and III. Balancer chromosomes carry multiple inversions to suppress 
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recombination and a dominant phenotypic marker that allows the presence of the 
balancer chromosome to be detected in heterozygotes. The F1 male progeny of 
cross were backcrossed to the double balancer virgin females and their progeny 
was screened on a discriminating dose of imidacloprid. Survivor males were 
crossed back to the virgin double balancer females before being made 
homozygous.  

The presence of P141S mutation was checked via the introduced RFLP site 
described earlier. DNA was extracted using a standard single fly prep protocol 
(Gloor and Engles 1992) and fragments containing the P141S mutation were 
amplified using GTTCGGCACTTTTAGTCGATTTCG forward and CGAGTCA-
AGGCAACGTTTG reverse primer. Restriction enzyme HphI (New England 
Biolabs) cut the PCR product twice, instead of once, when the introduced 
sequence is present. The PCR product was also sequenced to confirm the P141S 
mutation. Off-target sites for each sgRNA were checked online 
(http://tools.flycrispr.molbio.wisc.edu/targetFinder) and the off-target regions 
were sequenced to make sure that no off-target mutations were present. 

 Fly media 

All fly media containing ingredients has been previously described (Perry et al. 
2012). The standard fly media used for fly rearing contained 7.9 g of potassium 
tartrate, 0.5 g of calcium chloride, 5.25 g of agar, 11.8 g of dried yeast, 52.6 g of 
glucose, 26.3 g of sucrose, 65.8 g of semolina, 11 mL of acid mix (412 mL/L of 
propionic acid and 42 mL/L of orthophosphoric acid in distilled water) and 16 mL 
of tegosept (50g of tegosept dissolved in 950 mL of 95% ethanol) per litre, topped 
up using water.  

Apple juice plates of varying size (50 mm or 90 mm clear petri dish plate) were 
used for the collection embryos and larvae. They contained 200 mL of apple juice, 
20 g of agar, 7 g of dried yeast, 26 g of sucrose, 52 g of glucose and 6 mL of 
tegosept per litre, topped up using water. 

http://tools.flycrispr.molbio.wisc.edu/
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 Insecticide compounds 

Nitenpyram (270.72 gmol-1 Pestanal®; Sigma-Aldrich), Imidacloprid (255.66 
gmol-1 Pestanal®; Sigma-Aldrich) and Spinosad (10 gL-1 Success®; Yates) were 
purchased commercially. For media preparation, nitenpyram and spinosad were 
diluted in distilled water, whereas imidacloprid was diluted in dimethyl sulfoxide 
(DMSO). Each insecticide was diluted to make a stock solution containing 1000 
ppm of the active ingredient. All stock solutions were stored at 4°C in the dark 
because, to varying degrees, these insecticides are light sensitive. 

 Insecticide toxicology bioassay 

Insecticide toxicology bioassays were performed on first instar D. melanogaster 
larvae as described previously (Perry et al. 2012). Flies were allowed to lay eggs 
on 50 mm apple juice plates, in mass-bred cages for up to 24 hours. Embryos 
were collected, washed and spread onto 90 mm apple juice plates. After 24 
hours, for each vial, 50 first instar larvae were transferred onto standard fly media 
containing varying doses of insecticide. The insecticide was pre-mixed into 
freshly cooked, molten fly media to achieve the desired final concentration and 
the fly media was allowed to set in vials for several hours. Fly media containing 
only the solvent for the insecticide being tested (distilled water or DMSO) served 
as a control. Vials containing the first instar larvae being assayed were kept in 
the dark at 25°C. The total number of adult flies eclosed were counted and 
recorded after 18 days. Typically, three replicates of five different doses of each 
insecticide were used in a series of bioassays for each mutant and its appropriate 
genetic background control strain, i.e., an average total of 750 larvae per strain, 
per insecticide were tested. 

 Data analysis 

Analyses were performed in R software using a custom R script for the insecticide 
toxicology bioassay (Appendix 1). The mortality data from the toxicology bioassay 
was corrected for control mortality using Abbott’s correction (Abbott 1925). Probit 
analysis of the corrected mortality data was used to develop regression lines and 
determine the LC50, the concentration that was lethal to 50% of the tested larvae 
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(Finney 1947). The Student’s t-test was used to test for statistical significance 
between LC50 values for a given mutant and its appropriate genetic background 
control strain, wAC9 or AC9. The resistance ratio and its 95% confidence limits 
were calculated, comparing the LC50 of each mutant strain and its respective 
control strain (Robertson et al. 2009). A resistance ratio that had 95% confidence 
limits that did not include 1.0 were considered statistically significant (α = 0.05). 

When required, the level of dominance (DLC) based on the LC50 values, and 
effective dominance (DML) at several insecticide concentrations were calculated 
(Bourguet et al. 2000; Roush and McKenzie 1987). 
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 Results 

 Profiling mutants of different nAChR subunits for insecticide 

cross-resistance and negative cross-resistance 

To profile the toxicity of neonicotinoid and spinosyn insecticides against flies with 
different nAChR subunit mutations, first instar larval toxicology bioassays were 
performed on available mutants of nAChR subunits Dα1, Dα2, Dα3, Dα4, Dα6, 

Dα7, Dβ2 and Dβ3 generated using the CRISPR/Cas9 system (Perry et al. 

manuscript in preparation). The analyses were conducted, comparing each 
mutant to their wildtype background strains, wAC9 and AC9. Toxicity levels of 
three insecticides, nitenpyram, imidacloprid and spinosad were determined by 
dosage mortality analysis where LC50 values for each of Drosophila strains tested 
were calculated. In addition, a resistance ratio comparing each mutant and its 
respective wildtype strain was determined to compare resistance levels between 
the different mutant strains.  

The two wildtype strains, wAC9 and AC9 showed very similar response levels to 
all three insecticides (Figure 2.1A-C). LC50 values for wAC9 and AC9 were not 
significantly different in terms of the toxicity to nitenpyram, imidacloprid or 
spinosad. Comparing the nitenpyram toxicity levels on the nAChR subunit 
mutants, the Dα1ΔDH and Dβ2E145A mutants showed the highest levels of 
resistance, ~7.5-fold and ~12-fold resistance respectively (Figure 2.1A & D). As 
expected, these mutants also showed cross-resistance to imidacloprid. 
Interestingly, the level of resistance level to imidacloprid (more than 20-fold) was 
higher than that observed for nitenpyram (Figure 2.1B & D). Another mutant, 
Dα2Δ(3)4E, was also observed to have a noteworthy level of imidacloprid 
resistance (~8-fold). Dα2 has not been previously associated with neonicotinoid 
resistance. Looking at spinosad toxicity levels, only the Dα6 mutant is expected 
to be resistant based on the literature. Accordingly, only the Dα6KO mutant 
showed a strikingly high level of resistance (~2100-fold)(Figure 2.1C-D). These 
data are consistent with published findings for resistance testing of  Dα1, Dα6 or 
Dβ2 loss-of-function mutants (Perry et al. 2008, 2012, 2015; Watson et al. 2010).  
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Figure 2.1 Relative toxicity of nitenpyram, imidacloprid and spinosad on 
nAChR subunit mutants  

Bar graphs showing LC50 values for mutants for each of eight nAChR subunits exposed 
to (A) nitenpyram, (B) imidacloprid and (C) spinosad in larval-to-adult toxicology 
bioassays. Error bars indicate 95% fiducial limits. Statistical analysis was performed 
using the Student’s t-test where (*) denotes P < 0.05. (D) Bar graph summarised 
resistance ratio in log10 scale for the mutant strains compared to their respective genetic 
background control strain. Error bars indicate 95% confidence limits of the ratio where 
intervals excluding 1 (dotted line) are considered statistically significant. 

The Dα2Δ(3)4E, Dα3Δ1020, Dα4ΔBA, Dα7ΔD6 and Dβ3ΔB4.2 strains also showed a 
statistically significant level of spinosad resistance, but the levels were very low 
(less than 2-fold) compared to the over 2000 fold observed for Dα6 mutant (Figure 
2.1D). Similarly, a slight increase in nitenpyram resistance levels (less than 2-
fold) were recorded for some of the mutants (Dα3Δ1020, Dα7ΔD6), and the same for 
imidacloprid (Dα4ΔBA, Dα7ΔD6, Dβ3ΔB4.2). 
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Three of the mutants showed negative cross-resistance. Dα1ΔDH was 
approximately 1.5-fold more sensitive to spinosad compared to the control strain 
wAC9, indicating negative cross-resistance between neonicotinoids and 
spinosad (Figure 2.1D). Dα6KO was 3-fold more sensitive to nitenpyram and 2.2-
fold more sensitive to imidacloprid, showing an opposite negative cross-
resistance relationship between neonicotinoids and spinosad. These 
observations were consistent with other studies. Interestingly, Dα2Δ(3)4E showed 
a significant hypersensitivity (4-fold) to nitenpyram, while being ~8-fold resistant 
to imidacloprid. This is the first observation of negative cross-resistance involving 
a mutant for a single nAChR subunit and two insecticides from the same chemical 
class. 

 Generation and characterisation of Dα1P146S  

Somers et al. (2015) have demonstrated that a mutation which resulted in a single 
amino acid replacement, P146S, in the Dα6 subunit led to spinosad resistance. 

The spinosad-resistance was found to be an incompletely dominant trait where 
F1 generation from the cross between Dα6P146S and the wildtype (susceptible) 
background parent had an intermediate level of spinosad resistance (Somers et 
al. 2015). Here the same amino acid replacement was introduced into analogous 
site, P141S in the Dα1 subunit to test whether dominant resistance could occur 

via other subunits, targeted by neonicotinoid insecticides. Utilising the 
CRISPR/Cas9 system, in combination with a homology repair template, a 
targeted CCG to TCA mutation in exon 6 of Dα1 that leads to Proline to Serine 
replacement at residue P141 in Dα1 (analogous site of P146 in Dα6) was 

introduced in the background of wAC9 (Figure 2.2). Positive genome editing 
events were isolated by screening for a dominant imidacloprid phenotype. The 
events were made homozygous for sequence analysis to confirm that the desired 
mutation had been created. None of the predicted off-target changes were 
detected on chromosome III, while the non-targeted chromosomes were replaced 
with ones from wAC9 to eliminate any off-target events. The mutant Drosophila 
strain is referred to as Dα1P141S. 
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Figure 2.2 Alignment of Dα1P141S and Dα1 transcripts  

(A) The amplified region of Dα1P141S transcript (A1_P141S) was sequenced and aligned 
to the consensus Dα1 transcript (FBtr0084619). The targeted CCG to TCA that led to 
Proline to Serine replacement at residue P141 is indicated by the red box. (B) Colour-
coded amino acid residues encoded by both transcripts showed no other amino acid 
changes introduced in the region. 

To characterise the insecticide resistance level of this newly generated strain, the 
individual strains Dα1P141S, wAC9 as well as their F1 progeny were screened on 
nitenpyram and imidacloprid using the first instar larval toxicology bioassay. LC50 
values and the corresponding resistance ratio (RR) were determined and 
summarised in Table 2.3. Dα1P141S and the F1 had significantly higher LC50 
values than wAC9, for both nitenpyram and imidacloprid. Notably, the F1 had an 
intermediate level of resistance between the two parental strains, indicating that 
the allele is not completely recessive or dominant. Dα1P141S was 3.2-fold more 
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resistant to nitenpyram while the F1 showed only 1.2-fold resistance compared 
to wildtype. Similarly, Dα1P141S was 9.5-fold more resistant to imidacloprid while 
the F1 showed only 2-fold resistance compared to wildtype. The level of 
dominance (DLC) was calculated from the LC50 values as previously described 
(Bourguet et al. 2000), and DLC values were presented at 0.19 and 0.27 for 
nitenpyram and imidacloprid, respectively, indicating that both resistance 
phenotypes were inherited as an incomplete recessive trait. 

Table 2.3 Nitenpyram and imidacloprid toxicity level in the Dα1P141S mutant 

Strain Nitenpyram 
LC50 (95% FL)a 

Nitenpyram 
RR (95% CI)b 

Imidacloprid 
LC50 (95% FL)a 

Imidacloprid 
RR (95% CI)b 

wAC9 1.39  
(1.29-1.51) 

1.00  
(0.95-1.05) 

0.18  
(0.15-0.23) 

1.00  
(0.90-1.12) 

F1 of Dα1P141S 
x wAC9 

1.73  
(1.59-1.90) 

1.24  
(1.18-1.31) 

0.33  
(0.30-0.37) 

1.98  
(1.78-2.20) 

Dα1P146S 4.45  
(3.99-4.89) 

3.20  
(2.97-3.44) 

1.74  
(1.40-2.14) 

9.46 
(8.14-11.00) 

a Lethal insecticide concentration (ppm) for 50% mortality with its 95% fiducial limits 

b Resistance ratio relative to wAC9 with 95% confidence limits of ratio 

The dominance level of these insecticide resistance traits is dependent of 
insecticide dose. Hence, the effective dominance (DML) was calculated using 
corrected mortality data at a range of different insecticide doses (Bourguet et al. 
2000; Roush and McKenzie 1987). The DML values decrease with increasing 
insecticide concentration. Nitenpyram resistance ranged from being incompletely 
dominant at the lowest dose to completely recessive at the highest dose tested 
(Table 2.4). Similarly, imidacloprid resistance was incompletely dominant at the 
lowest dose and completely recessive at the highest dose tested (Table 2.5).  
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Table 2.4 Effective dominance level of Dα1P141S over nitenpyram doses 

Concentration (ppm) Strain Corrected mortalitya DMLb 

1.2 
wAC9 22.4 

0.60 F1 9.3 
Dα1P141S 0.0 

1.8 
wAC9 84.3 

0.40 F1 52.6 
Dα1P141S 7.0 

2.1 
wAC9 94.1 

0.20 F1 78.8 
Dα1P141S 16.4 

4.0 
wAC9 100.0 

0.10 F1 95.9 
Dα1P141S 47.7 

6.0 
wAC9 100.0 

0.00 F1 99.8 
Dα1P141S 66.0 

a Percentage mortality corrected for control mortality using Abbott's formula 
b Effective dominance at a particular nitenpyram concentration 

Table 2.5 Effective dominance level of Dα1P141S over imidacloprid doses 

Concentration (ppm) Strain Corrected mortalitya DMLb 

0.2 
wAC9 49.6 

0.50 F1 33.1 
Dα1P141S 17.6 

0.3 
wAC9 76.3 

0.40 F1 47.6 
Dα1P141S 17.6 

0.5 
wAC9 92.4 

0.30 F1 72.6 
Dα1P141S 30.2 

1.0 
wAC9 100.0 

0.20 F1 89.5 
Dα1P141S 30.2 

1.5 
wAC9 100.0 

0.01 F1 99.2 
Dα1P141S 33.6 

2.5 
wAC9 100.0 

0.00 F1 100.0 
Dα1P141S 57.1 

a Percentage mortality corrected for control mortality using Abbott's formula 
b Effective dominance at a particular imidacloprid concentration 
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 Analysis of allelic specific variation for nAChR subunits 

associated with negative cross-resistance 

To further investigate the observed negative cross-resistance phenotype, we 
tested various mutant alleles for the three nAChR subunits that showed negative 
cross-resistance, Dα1, Dα2 and Dα6. Screening was conducted on the three 
insecticides – nitenpyram, imidacloprid and spinosad. Insecticide LC50 values for 
each of these strains and their genetic background controls are summarised in 
Table 2.6. 

 Susceptibility level of background strains 

Four wildtype background strains, Armenia14, wAC9, w1118 and RAL059, in which 
the mutants being tested were generated, were tested. Armenia14 and w1118 had 
similar susceptibility levels to nitenpyram (LC50 0.84 ppm and 0.54 ppm 
respectively), while wAC9 and RAL059 showed significantly reduced 
susceptibility to nitenpyram compared to the other two strains (LC50 1.39 ppm and 
1.73 ppm, respectively). wAC9 showed a slightly higher LC50 for imidacloprid 
compared to Armenia14 and w1118, while RAL059 was observed with 40-fold 
higher LC50 compared to the other three wildtype strains on average. In terms of 
relative toxicity of spinosad to these strains, Armenia14, w1118 and RAL059 all 
showed comparable susceptibility levels (LC50 0.024 ppm, 0.024 ppm and 0.022 
ppm, respectively). However, the LC50 of spinosad for the wAC9 was significantly 
lower (0.013 ppm). As the susceptibility levels were varied between the 
background control strains, it was essential to take account of these differences 
when comparing the toxicity levels of each insecticide on the mutant strains 
generated from these different backgrounds. Hence, the resistance ratio was 
calculated by comparing the LC50 for each mutant to their corresponding wildtype 
background strain. 
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Table 2.6 Toxicity of nitenpyram, imidacloprid and spinosad to the Dα1, Dα2 
and Dα6 mutants and their respective background control strains 

 Allele Nitenpyram  
LC50 (95% FL)a 

Imidacloprid  
LC50 (95% FL)a 

Spinosad  
LC50 (95% FL)a 

Ba
ck

gr
ou

nd
 s

tra
in

 

Armenia14 0.84 (0.73-0.93) 0.11 (0.09-0.13) 0.024 (0.020-0.029) 

wAC9 1.39 (1.29-1.51) 0.18 (0.15-0.23) 0.013 (0.011-0.015) 

w1118 0.54 (0.48-0.60) 0.12 (0.11-0.12) 0.024 (0.021-0.027) 

RAL059 1.73 (1.52-1.94) 5.40 (4.68-6.57) 0.022 (0.019-0.026) 

Dα
1 

m
ut

an
t 

Dα1EMS1 12.33 (10.65-17.00) 2.13 (1.57-2.83) 0.006 (0.005-0.007) 

Dα1Nit11 6.45 (5.17-8.13) 1.60 (1.34-1.84) 0.014 (0.012-0.016) 

Dα1DH 10.67 (9.25-12.71) 3.56 (3.26-3.86) 0.007 (0.006-0.009) 

Dα1P141S 4.45 (3.99-4.89) 1.74 (1.40-2.14) 0.008 (0.007-0.009) 

Dα1KO 26.41 (23.06-30.52) 2.74 (2.34-3.13) 0.021 (0.019-0.023) 

Dα
2 

m
ut

an
t Dα2∆3(4E) 0.35 (0.28-0.40) 1.49 (1.22-1.72) 0.011 (0.007-0.014) 

Dα2KO 0.83 (0.11-0.89) 2.46 (2.20-2.72) 0.015 (0.012-0.019) 

Dα
6 

m
ut

an
t 

Dα6EMS6 0.30 (0.27-0.33) 0.069 (0.043-0.085) 4.67 (3.11-6.79) 

Dα6EMS7 0.39 (0.35-0.44) 0.070 (0.061-0.079) 24.96 (19.30-29.91) 

Dα6P146S 0.66 (0.52-0.78) 0.79 (0.65-0.97) 1.27 (1.02-1.76) 

Dα6KO 0.43 (0.36-0.48) 0.077 (0.064-0.091) 30.50 (25.82-40.69) 

a Lethal insecticide concentration (ppm) for 50% mortality with its 95% fiducial limits 
Blue shading indicates that the LC50 of the mutant strain is significantly higher than LC50 of the 
respective background control strain, whereas red shading indicates that it is significantly lower.  
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 Dα1 mutant alleles 

This study includes five mutant alleles of the Dα1 subunit; Dα1EMS1, Dα1Nit11, 
Dα1P141S, Dα1DH and Dα1KO strain. The results consistently showed that all Dα1 
mutation alleles were resistant to nitenpyram, at resistance levels ranging from 
3-fold to 50-fold (Figure 2.3A). The full knockout allele, Dα1KO showed the highest 
resistance level to nitenpyram (over 40-fold higher than the other Dα1 alleles on 
average). All the alleles were also cross-resistant to imidacloprid with resistance 
level ranging from 10-fold to 23-fold (Figure 2.3B). This time, similar level of 
resistance was recorded between Dα1KO and other Dα1 mutation alleles. The 
resistance levels presented are consistent with the previously reported toxicity 
levels (Perry et al. 2012; Somers, Luong, Batterham, et al. 2017). 

Four of the Dα1 mutants showed a hypersensitivity to spinosad (2.7-fold to 4-fold 
more sensitive) when compared to their background controls (Figure 2.3C), 
reflecting the same negative cross-resistance relationship indicated previously 
(Section 2.3.1). Dα1KO showed a slightly lower LC50 compared to its background 
strain, w1118, but this difference was not statistically significant. In order to verify 
if the negative cross-resistance phenotype is dominant, flies carrying the Dα1EMS1 
truncation allele were crossed to the Dα1KO strain. The F1 generation of the 
crosses showed a similar spinosad sensitivity level to the one observed for the 
homozygous Dα1EMS1 mutant (Table 2.7), indicating that the hypersensitivity to 
spinosad is dominant.  
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Figure 2.3 Insecticide toxicity for five Dα1 mutants  

Bar graphs showed resistance ratio for (A) nitenpyram, (B) imidacloprid and (C) 
spinosad, measured using first instar larval toxicology bioassays on five Dα1 mutant 
strains compared to their respective background control strains. Graphs were plotted on 
log10 scale and error bars indicate 95% confidence limits of the ratio. Intervals that 
exclude 1 (dotted line) are considered statistically significant (*). n.s., not significant 

Table 2.7 Spinosad toxicity level in Dα1EMS1, Dα1KO, and F1 generations of 
the two strains 

Strain LC50 (95% FL)a RR (95% CI)b 

Armenia14 0.024 (0.020-0.029) 1.00 (0.89-1.10) 

Dα1EMS1 0.006 (0.005-0.007) 0.24 (0.22-0.27) 

Dα1KO 0.021 (0.019-0.023) 0.87 (0.78-0.97) 

F1 of ♀Dα1EMS1 x ♂Dα1KO  0.005 (0.004-0.006) 0.21 (0.19-0.24) 

F1 of ♂Dα1EMS1 x ♀Dα1KO 0.006 (0.006-0.007) 0.26 (0.24-0.29) 
a Lethal insecticide concentration (ppm) for 50% mortality with its 95% fiducial limits 
b Resistance ratio relative to Armenia14 with 95% confidence limits of ratio 
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 Dα2 mutant alleles 

Two Dα2 mutants were examined, the previously examined Dα2Δ(3)4E and another 
full knockout mutant, Dα2KO. Both mutants were resistant to imidacloprid and 
negatively cross-resistant to nitenpyram. The Dα2Δ(3)4E mutant was 
approximately 7-fold resistant to imidacloprid and the Dα2KO showed even higher 
resistance level to imidacloprid (approximately 14-fold in magnitude), compared 
to the background strain, wAC9 (Figure 2.4B). In terms of hypersensitivity to 
nitenpyram, Dα2Δ(3)4E was 3-fold more sensitive to nitenpyram, while Dα2KO 
showing a modest, but significant, level of hypersensitivity (1.2-fold) compared to 
the control (Figure 2.4A). Neither mutant showed any significant difference in 
response to spinosad (Figure 2.4C). 

 

Figure 2.4 Insecticide toxicity for two Dα2 mutants  

Bar graphs showed resistance ratio for (A) nitenpyram, (B) imidacloprid and (C) 
spinosad, measured using toxicology bioassays on first instar larvae of two Dα2 mutant 
strains, compared to their respective background strains. Graphs were plotted on log10 
scale and error bars indicate 95% confidence limits of the ratio where intervals that 
exclude 1 (dotted line) are considered statistically significant (*). n.s., not significant  
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 Dα6 mutant alleles 

Four Dα6 mutants were examined, Dα6EMS6, Dα6EMS7, Dα6P146S and the 
previously examined Dα6KO. As expected, all the Dα6 alleles showed high levels 
of resistance to spinosad ranging from 58-fold to 2100-fold, when compared to 
their background controls (Figure 2.5C). This strongly supports prior findings in 
the literature, demonstrating that Dα6 gene is the main target for spinosad 
(Somers et al. 2015; Watson et al. 2010). The spinosad resistance levels for Dα6 
alleles were also similar to the previously reported values, except for Dα6P146S 
(Luong 2018; Perry et al. 2012). Somers and colleagues reported 28-fold 
resistance to spinosad  for the Dα6P146S mutant in comparison to the background 
strain, RAL059 (Somers et al. 2015). The difference between the two studies is 
that spinosad LC50 for RAL059 measured here was lower than that measured by 
Somers et al. (2015). Similar LC50 values for Dα6P146S were measured in both 
studies. 

All four of the Dα6 mutants showed a significant elevation in sensitivity to both 
nitenpyram and imidacloprid. The mutants showed a similar level of 
hypersensitivity to nitenpyram, ranging from 2-fold to 3-fold compared to their 
background controls (Figure 2.5A). However, the hypersensitivity levels to 
imidacloprid were more varied between the different mutants. Dα6EMS6 and 
Dα6EMS7 showed a 1.6-fold increase in sensitivity to imidacloprid, while Dα6P146S 
and Dα6KO were 6.8-fold and 2.3-fold more sensitive to imidacloprid respectively, 
when compared to the background controls (Figure 2.5B). In summary, every 
Dα6 mutant showed spinosad resistance and neonicotinoid hypersensitivity, a 
noteworthy inverse of the negative cross-resistance relationship observed for the 
Dα1 mutants. 
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Figure 2.5 Insecticide toxicity for four Dα6 mutants 

Bar graphs showing the resistance ratio for (A) nitenpyram, (B) imidacloprid and (C) 
spinosad, measured using toxicology bioassays on first instar larvae of multiple four Dα6 
mutants, compared to their respective background strain. Graphs were plotted on a log10 
scale and error bars indicate 95% confidence limits of the ratio, where intervals excluding 
1 (dotted line) are considered statistically significant (*). n.s., not significant 

  



Chapter 2 

 

68 

 

 Discussion 

 Neonicotinoid resistance 

The results presented in this study indicate that the Dα1, Dα2 and Dβ2 subunits 

are the main constituents of the one or more major nAChR subtypes targeted by 
neonicotinoids. This contention is supported by various studies on the 
heterologous expression of these subunits and the neonicotinoid resistance 
observed in other strains tested (Ihara et al. 2003; Lansdell and Millar 2000b; 
Perry et al. 2008, 2012; Somers, Luong, Batterham, et al. 2017). Although the 
Dα3, Dα4, Dα7 and Dβ3 mutants tested were resistant, the level of neonicotinoid 
resistance observed (less than 2-fold) was much lower than that observed for 
Dα1, Dα2 and Dβ2 (Figure 2.1). These subunits might contribute to receptor 
subtypes that are either less abundant or bind neonicotinoids less efficiently. The 
combination of Dα3/rat β2 in heterologous system was evidenced to provide a 

high affinity binding site for imidacloprid (Lansdell and Millar 2000b), but it is not 
known to what implications this has in evaluating the function of Drosophila-only 
nAChR subunit combinations. 

Dα2 mutations in the subunit confer resistance to imidacloprid, but not 
nitenpyram. These two neonicotinoid insecticides are classified by Insecticide 
Resistance Action Committee (IRAC) as having the same mode of action (Sparks 
and Nauen 2015), but it would seem that there may be a difference in the 
efficiency with which they bind different nAChR subtypes. Target site resistance 
involving the α2 subunit has not been previously reported in Drosophila, but a 
study on thiamethoxam- and imidacloprid-resistant field strains of M. domestica 
reported 60% lower copy number of Mdα2 transcript in some of the strains 
compared to the susceptible control (Markussen and Kristensen 2010b). The 
level of nitenpyram toxicity to these strains was not examined. That the Dα2 

subunit may be included in imidacloprid but not nitenpyram targets, suggests that 
there could be two different receptor subtypes; one including Dα1, Dα2 and Dβ2 

subunits targeted by both neonicotinoids and another consists of only Dα1 and 

Dβ2 targeted by imidacloprid, not nitenpyram. In suggesting that imidacloprid has 

more targets than nitenpyram, this hypothesis could, at least in part, explain why 
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imidacloprid is typically significantly more toxic than nitenpyram in Drosophila. 
Consistent with this hypothesis, co-immunoprecipitation studies on native protein 
preparations identified Dα1/Dα2/Dβ2 and Dα1/Dβ2 native receptors, but not a 

Dα2/Dβ2 subtype (Chamaon et al. 2002). In discussing receptor subtypes there 
is a complicating factor. A receptor is composed of five subunits, so in considering 
heteromeric receptors such as Dα1/Dβ2 we do not know how many subunits of 

Dα1 and Dβ2 are included, or whether other subunits such as Dβ1 are also co-
assembled. 

Compared to earlier studies, an extensive range of Dα1 mutant alleles has been 
assayed here with two neonicotinoids. While all mutant strains showed 
neonicotinoid resistance, the levels of resistance varied (Figure 2.3A-B). This 
may be an indicator of variation in the severity of the impact of the lesions on the 
functional capacity of Dα1. Dα1EMS1 and Dα1Nit11 both described as truncation 
mutants have a significant level of resistance to both neonicotinoids. The level of 
resistance in both cases is less than that observed for the knockout mutant, 
Dα1KO, possibly suggesting that some Dα1 function is retained in the truncation 
mutants.  In a heterologous expression system, it has been shown that the co-
expression of a truncated Dα1 along with Dα2 and chicken β2 subunit is 

assembled into functional, but impaired, receptors (Schulz et al. 2000). It is 
therefore possible that these truncated subunits are still providing some level of 
function, mechanically or structurally, to the receptor complex.  

Dα1P141S was generated to create a single amino acid replacement analogous to 
Dα6P146S in the Dα1 subunit. The P146S replacement in Drosophila Dα6 was 

associated with spinosad resistance and this phenotype was characterised as an 
incompletely dominant trait (Somers et al. 2015). The proline residue at this site 
is highly conserved. It sits in a conserved region located just before the Cys-loop 
motif and contributes to the complementary face of orthosteric ligand-binding 
pocket (Chiara, Xie, and Cohen 1999). Here, a Proline to Serine amino acid 
replacement at P146 analogous site for Dα1 subunit, P141, was introduced using 

CRISPR/Cas9. The mutant allele, Dα1P141S, conferred resistance to both 
neonicotinoids at levels similar to that of the truncation alleles, Dα1EMS1 and 
Dα1Nit11 (Table 2.6, Figure 2.3). That the resistance level is lower than that 
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observed with Dα1KO suggests that this mutant does not have a complete loss of 
function. It is likely that the mutant subunit is being assembled into nAChR 
complexes. A replacement of Proline, adjacent to orthologous P141 site in human 
muscle-type nAChR subunit, εP121L was associated with congenital myasthenic 
syndrome, where it was found that the mutation affects nAChR opening (Ohno et 
al. 1996). Although a mutation engineered into the orthologous P141 site (εP120) 

in the same muscle-type subunit did not lead to as large an effect, reduced ligand 
gating was still recorded (Gupta, Purohit, and Auerbach 2013). 

The neonicotinoid resistance for Dα1P141S was characterised as an incomplete 
recessive trait, but the analysis of concentration-dependent dominance level of 
the phenotype suggests that the resistance is partially dominant at a low 
insecticide concentration (Table 2.4 and Table 2.5). This is similar to the 
dominance profile reported for Dα6P146S (Somers et al. 2015) and is consistent 
with the hypothesis that the mutated subunit is incorporated into receptors 
targeted by these insecticides (Somers et al. 2015). The concentration-
dependent dominance can be understood in terms of the proposed role that 
P141S mutation impacts, i.e. gating. If the Dα1 subunit is incorporated into 

heteromeric receptors, in heterozygotes at least 50% of these will contain the 
mutated subunit and have reduced gating function. Hence, a higher concentration 
of neonicotinoids will be required to mediate a similar response to one provided 
by the wildtype. Of course, in homozygotes this value will be 100%, and thus, 
leading to even higher neonicotinoid resistance levels. 

Interestingly, the full knockout allele, Dα1KO showed an even higher resistance 
level on nitenpyram compared to the other Dα1 alleles, but this was not observed 
with imidacloprid (Figure 2.3A-B). One possible explanation is that the receptor 
subunit with high affinity for nitenpyram failed to form in the absence of Dα1, 

whereas a subtype that is targeted by imidacloprid may still be present, possibly 
in a modified form. For example, Dα1 may be replaced by another subunit that is 

normally present in the impacted nAChR subtype e.g. Dα2 might replace Dα1 in 

the Dα1/Dα2/Dβ2 nAChR complex. This could account for the resistance data if 

Dα1/Dα2/Dβ2 subtypes have the highest affinity for both neonicotinoids and the 

newly formed Dα2/Dα2/Dβ2 nAChRs are responsive to imidacloprid, but not 
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nitenpyram. However, it was demonstrated that although the Dα2/Dβ2 receptor 

is formed in a heterologous expression system, the complex was insensitive to 
α-BTX, so a native Dα2/Dβ2 subtype consisting of only these two subunit types 
was suggested to not likely to exist in flies (Chamaon et al. 2002). We do not 
know to what level this holds true. It could be that another nAChR subunit is 
required to stabilise this combination of subunits. An examination a double-
knockout of Dα1 and Dα2 to determine whether levels of imidacloprid resistance 
are elevated would be revealing. 

 Spinosyn resistance 

Studies on a range of insect species and D. melanogaster have associated the 
loss of α6 subunit function with spinosyn resistance (Bao et al. 2014; Perry et al. 
2015; Perry, McKenzie and Batterham 2007; Puinean et al. 2013; Wang et al. 
2016; Watson et al. 2010). Indeed, to date, only mutants of α6 orthologs have 
been shown to be spinosyn resistant, suggesting α6 is the principle nAChR 

subunit targeted by spinosyn. Here mutants of the Dα2, Dα3, Dα4, Dα7 and Dβ3 

subunits showed very low-level resistance in comparison to the 2000-fold 
observed for Dα6 knockout mutant (Figure 2.1). Thus, it is unlikely that any of 
these subunits contribute to a significant percentage of the nAChRs targeted by 
spinosad. The Dα6 subunit may form a homomeric nAChR subtype targeting 

spinosad, given that the closely related subunits, Dα5 and Dα7, were previously 
shown to successfully form functional homomeric nAChRs that is functional 
(Lansdell et al. 2012). It should be noted that attempts to produce functional 
homomeric Dα6 receptors in the same study failed. In contrast, previous 
radioligand-binding assays showed that both Dα6 and Dα7 chimeric subunits 

(fused to the C-terminal domain of the 5-HT3 receptor) form a functional αBTX-
binding homomeric receptors in Drosophila S2 cell line (Lansdell and Millar 
2004). It is not clear that the results from these experiments can be definitive in 
assessing the likelihood of homomeric Dα6 receptors forming in vivo. 

One nAChR subunit, Dα5, has not been assessed for insecticide responses.  The 
Dα5 subunit has proven difficult to study due to lethality or infertility issues of Dα5 
knockout flies (Christesen et al. manuscript in preparation), so testing with toxicity 
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bioassays has not been possible. Thus, the Dα5 subunit cannot be excluded as 
a possible spinosad target, particularly given evidence that Dα5 and Dα6 subunits 

form a heteromeric nAChR spinosyn-responsive subtype when expressed in 
Xenopus oocytes (Watson et al. 2010). 

A range of different Dα6 mutation alleles generated in different genetic 
backgrounds are described in this study. All of these mutants are highly resistant 
to spinosad (Figure 2.5C). The Dα6EMS7 had been previously reported to have a 
spinosad resistance level of over 1000-fold (Perry et al. 2015). That finding was 
replicated here. This mutant was generated with EMS mutagenesis. While the 
causative lesion remains unknown, there is no Dα6 transcript that can be 
detected in this mutant using real-time qPCR (Perry et al. 2015). Dα6EMS7 is 
therefore classified as a full knockout allele. The discrepancy in resistance levels 
between Dα6EMS7 (~1200 fold) and Dα6KO (~2100 fold) may indicate a very low 
level of expression from the Dα6EMS7 allele. The other two alleles, Dα6EMS6 

(truncated subunit) and Dα6P146S (single amino acid replacement in ligand binding 
domain) both showed lower resistance levels compared to the two knockouts, 
again suggesting that there may be some retained function of the impaired 
nAChR subunit that allows the insecticide to act, albeit at a low level. 

 Negative cross-resistance relationships 

Mutants for three different subunits, Dα1, Dα2 and Dα6, were shown to have 

negative cross-resistance phenotypes. Negative cross-resistance was observed 
between the neonicotinoid and spinosyn insecticides in the Dα1 and Dα6 

mutants. In contrast to earlier studies, here different mutant alleles for each 
nAChR subunit gene were examined to ascertain whether the negative cross-
resistance phenomena are allele specific. It appears that the phenotype is fairly 
consistent where almost all Dα1 and Dα6 mutants examined here were negative 
cross-resistant. In general, the negative cross-resistance phenotype does not 
appear to be an allele-specific phenomenon, but the level of negative cross-
resistance does vary between alleles. 

Four of the five Dα1 mutants tested were resistant to the two neonicotinoids, while 
showing elevated sensitivity towards spinosad (Figure 2.3C). This was not true 
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for Dα1KO which was highly resistant to neonicotinoids but yielded a non-
significant reduction in LC50 for spinosad. This allele-specific observation will be 
discussed in Section 2.4.4.  

All four Dα6 mutants tested here were highly resistant to spinosad while being 
hypersensitive to both neonicotinoids (Figure 2.5). In examining these mutants, 
there was no correlation between the level of resistance to neonicotinoids and 
the level of sensitivity to spinosad. 

The examination of the two Dα2 mutants produced a surprising outcome. The 
mutants were resistant to imidacloprid. This led to an expectation that they would 
also be resistant to the other neonicotinoid, nitenpyram, but when tested they 
proved to be hypersensitive (Figure 2.4). Again, as the two different Dα2 mutants 
showed negative cross-resistance, the phenotype is likely not allele specific. 
Further, these mutants showed wildtype sensitivity to spinosad. As suggested in 
Section 2.4.1, it is likely that Dα1, Dα2 and Dβ2 subunits form multiple nAChR 

subtypes, and that each has a different affinity for different neonicotinoids. This 
may provide a foundation understanding the negative cross-resistance 
phenotype observed in the Dα2 mutants. 

Based on these, we might have expected the Dβ2 mutant would lead to the same 
negative cross-resistance phenotype given the fact that the subunit is among the 
targets for neonicotinoids. However, loss of Dβ2 did not result in negative cross-
resistance to another insecticide. Given that mutation in Dβ2 led to the same 
neonicotinoid resistance to when Dα1 is mutated, Dα1 and Dβ2 are both likely to 

participate in the same neonicotinoid binding site. This is supported by the fact 
that imidacloprid resistance level of a double mutant of Dα1 and Dβ2 did not 
deviate significantly from the level seen for Dα1 or Dβ2 mutant alone (Perry et al. 
2012). As mentioned previously, unlike other non α-subunits, Dβ2 is more closely 

related to the α-subunit, α8 in other insect species (Figure 1.4B). Evolutionary 
speaking, the case could be different for when Dβ2 is completely deleted. The 
lack of negative cross-resistance to spinosad may be due to the fact that the Dβ2 

subunit is more dispensable compared to the other subunits observed with the 
phenotype. However, given there is insecticide resistance when the subunit is 
affected, it should not be the case. 
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 Possibility for nAChR compensation 

None of the published mechanisms (Section 1.3.4.1) fully explain the examples 
of negative cross-resistance identified here. As neonicotinoids and spinosyns are 
known to have different targets, a mutation that changes binding affinity for 
neonicotinoids would not result in increased binding affinity for spinosyn, and vice 
versa. Here, negative cross-resistance was observed for mutations that impacted 
the insecticide binding site and those that did not. Further, many of the mutant 
alleles were generated through targeted mutation, ensuring that only a single 
mutation was created in a single nAChR subunit gene. The change in binding site 
mechanism would require mutations in two nAChR subunit genes. In its simplest 
form a mechanism underpinned by changes in metabolism can be rejected as 
the genes conferring negative cross-resistance do not encode metabolic 
enzymes, but it is possible that a mutation in a nAChR gene may initiate metabolic 
changes that lead to insecticide hypersensitivity although direct evidence of this 
has not been previously reported.  

Considering the nAChR gene family is highly conserved in protein structure, it is 
also possible that a mutation in one nAChR subunit may impact the expression 
of other subunits. This compensation mechanism could have impacts at the 
nAChR subunit or subtype level that lead to the negative cross-resistance 
phenotype (Figure 2.6). A precedent for a compensation in response to loss of 
nAChR subunits has been previously documented in mammals. Mouse α6 

subunits (not orthologous to Dα6) were previously shown to co-assemble 
together with α4 and β2 subunits (Klink et al. 2001). A study using a mouse α6 
knockout strain detected an increase in the amount of other nAChR subtypes with 
different pharmacological properties (Champtiaux et al. 2002). In the study, the 
authors described a replacement α6 by α4 in α4α6α5(β2)2 receptor complexes in 
the α6 knockout mice, following an increase in αCTXMII-resistant, epibatidine 
binding sites (Champtiaux et al. 2002). However, the exact molecular mechanism 
behind this is unknown. It is not known whether this is through assembly of 
additional α4 into the nAChR subtype, or simply an upregulation of an existing 

nAChR subtype with the αCTXMII-resistant, epibatidine binding sites. A similar 
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compensation mechanism was proposed for α4 knockout mice, but  this has not 
been investigated further (Klink et al. 2001).  

Applying the compensation hypothesis to the current context, a mutation in a 
single nAChR subunit would change the population of nAChR subtypes at the 
membrane, in tissues targeted by insecticides, leading to the observed negative 
cross-resistance phenotype (Figure 2.6). A mutation in an nAChR subunit 
targeted by one insecticide would lead to a compensatory increase in the number 
of nAChRs of a subtype(s) targeted by a second insecticide, and thus, lead to 
hypersensitivity. 

 

Figure 2.6 A mechanism by which nAChR compensation could lead to 
negative cross-resistance 

Figure illustrates a detection of; mutated receptor subunit in nAChR subtype(s) that is 
target for an insecticide A, or the resulting dysregulation in synaptic signalling, as a 
mechanism triggering nAChR compensation leading to upregulation of nAChRs of a 
subtype(s) targeted by an insecticide B. Hence, this would lead to negative cross-
resistance, where the mutant confers resistance to the insecticide A but is hypersensitive 
to the insecticide B. 

In accounting for the negative cross-resistances observed here with a 
compensation hypothesis some predictions can be made. Dα1 mutants would 
lead to an upregulation of Dα6-containing subtype conferring spinosad 
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hypersensitivity (Figure 2.7). Conversely, an upregulation of Dα1-containing 
subtypes in Dα6 mutants would lead to nitenpyram and imidacloprid 
hypersensitivity. Dα2 mutants require a more complex explanation given that both 
neonicotinoids, imidacloprid and nitenpyram seem to target the Dα1 and Dβ2 

subunits. It is proposed that the loss of Dα2 leads to an increase in the proportion 

of Dα1/Dβ2 subtypes that may provide lower binding affinity for imidacloprid than 
Dα1/Dα2/Dβ2 subtype (Figure 2.7). This would result in increased sensitivity to 

nitenpyram, but not imidacloprid. Compensation may occur at a subunit level 
(Dα1 replacing Dα2 subunit in the original Dα1/Dα2/Dβ2 subtype) or at a subtype 
level (upregulation of native Dα1/Dβ2 subtype to compensate for the loss of 

Dα1/Dα2/Dβ2 subtype), assuming the presence of Dα1/Dβ2 subtype in wildtype 

flies.  
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Figure 2.7 Proposed nAChR combinations for insecticide targets in subunit 
mutants 

Opposite. Diagram illustrates the proposed nAChR subtypes, exist in the wildtype flies, 
that are targets for neonicotinoids (Dα1/Dα2/Dβ2 subtype that provides high affinity 

binding site for both nitenpyram (NIT) and imidacloprid (IMI), and Dα1/Dβ2 subtype that 
provides high affinity binding for NIT only). Meanwhile, homomer of Dα6, or heteromer 
of Dα5/Dα6 maybe exist as nAChR subtypes that are targets for spinosad (SPIN). In Dα1 
mutants, upregulation of the Dα6-containing subtype by mechanism of nAChR 
compensation could lead to the observed SPIN hypersensitivity. Similarly, in Dα6 
mutants, upregulation of the Dα1-containing subtypes by the same mechanism could 
result in the NIT and IMI hypersensitivity. In Dα2 mutants, loss of Dα2 may lead to 
compensation at subunit or subtype levels, leading to an increase in the proportion of 
Dα1/Dβ2 subtypes, thus, the NIT hypersensitivity. 

These hypotheses could be tested using the appropriate mutants for the nAChR 
subunits and antibodies for the individual subunits. The use of tagged receptor 
subunits would also allow changes in protein levels to be examined. There are 
complicating factors in testing these predictions. Firstly, to explain for the 
observation of negative cross-resistance, this nAChR compensation only needs 
to occur in the neurons targeted by these insecticides. At this point, it is not clear 
whether this involves all neurons or subsets of them. If it is specific to a subset of 
neurons, changes in the levels of a particular nAChR may be difficult to detect. 
Secondly, while the compensation hypothesis points to changes in expression, 
this could occur at many different levels – transcriptional, translational or post-
translational levels. Testing at any one of these levels may not resolve the 
question of whether compensation is occurring or not. The second point is 
underscored by the lack of a negative cross-resistance phenotype for Dα1KO 

mutant. That negative cross-resistance occurs in Dα1 mutants where protein is 
produced suggests that protein expression of the mutated subunit is required for 
the negative cross-resistance mechanism to occur. In mutants that still express 
a modified or truncated Dα1 protein the sensing of defects in the receptor 

complex or in synaptic signalling may be sensed, triggering compensation. The 
strongest support for this comes from the result testing dominance, where the 
presence of the allele that showed negative cross-resistance (Dα1EMS1) in the 
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Dα1KO background leads to the negative cross-resistance phenotype (Section 
2.3.3.2). By way of contrast, there is evidence that protein expression is not 
required for the negative cross-resistances observed for Dα2 and Dα6 mutants. 
In both cases, negative cross-resistance is observed in full gene deletion 
mutants. These differences point to the possibility that different mechanisms may 
explain the examples of negative cross-resistance identified here. 

 Negative cross-resistance insecticides for pest control 

Negative cross-resistance may be useful to complement other resistance 
management strategies, helping to supress the development of resistance and 
thus extending the life of insecticides in the field. It may be possible to manage 
existing resistance to an insecticide A by applying a different insecticide B to 
which field populations have been rendered hypersensitive. Under these 
circumstances the ‘resistance’ allele for insecticide A will be selected against, 

offering the opportunity to again use insecticide A. Rotation would be one of a 
number of options possible where negative cross-resistance exists. The potential 
for exploiting negative cross-resistance for control has been demonstrated in 
various studies as presented in Section 1.3.5, where the frequency of resistance 
alleles has been easily manipulated with the application of the negative cross-
resistance compounds (Kamidi and Kamidi 2005; Pedra et al. 2004; Yamamoto 
et al. 1993).  

Applying this to our findings, the observed negative cross-resistance relationship 
between neonicotinoids and spinosyns could benefit the management of 
resistance to these two insecticide classes simultaneously, extending their 
current life in the field. In some cases, allele specificity may be a barrier but, in 
the case of target site resistances to neonicotinoids and spinosyns studied here, 
almost all of the alleles tested had the same negative cross-resistance 
relationships. While the research conducted here has used Drosophila, the 
targets are conserved in insects. Field strains resistant to either of these 
insecticide classes due to target site mutations could be tested for negative cross-
resistance.  
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Understanding the mechanism(s) that underlie negative cross-resistance may 
assist with an informed approach to identifying which combinations of insecticides 
and mutations might have a negative cross-resistance relationship. The following 
chapters of this thesis investigates the negative cross-resistance relationships 
identified here, aiming to associate changes in protein and gene expression with 
this phenomenon.
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Chapter 3 :  Dissecting mechanisms for 

negative cross-resistance through 

transcriptional analysis 

 Introduction 

The composition of native nAChR complexes and the regulatory mechanisms for 
their expression are still largely unknown (refer Section 1.2.2). The complexity of 
the Drosophila CNS, as well as the diverse cell types in the brain, make it hard to 
pinpoint where the nAChRs are specifically expressed. Regulation of nAChR 
expression is likely to occur at a number of levels, one of which is certain to be 
transcription. Thus, analysis of transcriptomes of the insect model in specific cell 
types and life stages is likely to be useful in determining the distribution of 
nAChRs, as well as the regulatory factors behind their expression. The negative 
cross-resistance phenomenon provides a useful set of alleles that can be studied 
for changes in gene expression patterns. The compensation mechanism 
proposed to explain negative cross-resistance, could occur at the transcriptional 
level. This possibility will be investigated here. 

 Transcriptional profile of the Drosophila nAChR family 

Previous transcriptional analyses in Drosophila have shed some light on 
localisation of nAChR gene expression. Single-cell transcriptome analysis of the 
adult Drosophila midbrain generated from a Drop-seq experiment has allowed for 
expression comparisons to be made for specific genes (including the nAChR 
subunit genes) in different neuronal cell types (Croset, Treiber, and Waddell 
2018). Most of the nAChR genes were shown to be broadly expressed across 
the different neuronal cell types of the midbrain. The Dα1, Dα5, Dα6, Dα7 and 
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Dβ1 genes were expressed in more cells than the other subunits. Patterns of co-
expression limit the range of receptor subtypes that could be present in a given 
cell type. The expression of the Dα1, Dα5, Dα6 and Dβ1 genes is highly 
correlated as is the expression of the Dα1, Dα2 and Dβ1 genes (Figure 3.1, 
Croset et al. 2018). These combinations of co-expressed subunits show that the 
nAChR subtypes proposed to be targeted by the neonicotinoid and spinosyn 
classes could be formed (refer Section 2.4.1, Section 2.4.2 & Figure 2.7). 

 

Figure 3.1 Single-cell transcript analysis of nAChR gene expression  

(A) Bar graph shows percentage of cells of adult Drosophila midbrain expressing nAChR 
subunit genes. (B) Pearson correlation Z-scores for expression correlation between 
nAChR subunit gene pairs. Figure obtained from Croset et al. (2018). 

The expression profile of the nAChR genes change across developmental stages 
and in response to extrinsic factors. nAChR gene expression was reported to be 
non-identical at different stages of mammalian cell differentiation and synapse 
development (Boulter et al. 1990; Kues et al. 1995; Witzemann et al. 1996). 
Similar observations were described in Drosophila larvae, where the Dα1 and 
Dα6  genes were shown to be expressed at different levels in young and mature 
neurons (Rosenthal et al. 2019). nAChR transcript levels are also modulated by 
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external factors such as neuronal injury and light conditions (Kelso et al. 2006; 
Rosenthal et al. 2019). Despite these findings, the biological importance of 
selective subunit expression for specific functional roles at different stages of 
development or at different conditions remains poorly understood. 

 Impact of insecticides on Drosophila transcriptome 

Transcriptomic profiles of Drosophila tissues upon insecticide exposure, have 
also recently become available (Martelli 2020). Studies of brain and fat body 
tissue collected from larvae exposed to imidacloprid or spinosad found that 
various biological functions were disturbed. Specifically, the study identified 
dysregulated expression of genes involved in metabolism of lipids, 
carbohydrates, amino acids, hormones and xenobiotics, as well as genes 
associated with pathways related to immune response and oxidative 
phosphorylation (Martelli 2020). It was also proposed that the signal from the 
insecticide’s action, originating in the brain are transmitted to other tissues such 

as the midgut and fat body, affecting their function (Martelli 2020). Supporting 
this, an earlier study showed modifications in the transcriptome profile of 
mosquitoes, Aedes aegypti in response to various insecticides including atrazine, 
permethrin and imidacloprid, where genes encoding transporters, detoxification 
enzymes and components of mitochondrial respiratory chain were particularly 
affected (David et al. 2010). Importantly, similar to the study conducted on 
Drosophila tissues, genes associated with xenobiotic response and tolerance 
were dysregulated (David et al. 2010). Despite the low concentrations of 
insecticide used in both studies and the subtle phenotypic effects on the 
organisms tested, a significant alteration in transcriptome profiles was observed 
(David et al. 2010; Martelli 2020). This raises concerning questions about the 
hidden impact of insecticides on non-targeted arthropods species that share 
ecosystems with pests. 

 Targeted DamID for cell-specific transcriptional analysis 

While single cell sequencing is powerful it has some limitations in that in a 
complex tissue, such as the brain, it is not yet possible to identify all of the cell 
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types for which transcriptome sequences are produced (Croset et al. 2018). 
Methods that allow for the transcriptomes of particular cell types to be 
characterised such as the use of cell sorting techniques using cell-specific 
fluorescent markers (Berger et al. 2012) are of value. In this context targeted 
DamID offers a useful alternative. 

DNA adenine methyltransferase (Dam) is a protein from Escherichia coli that 
methylates adenines at the N6 position (m6A) of GATC motifs. Dam identification 
(DamID) utilises Dam fused to a DNA-binding or chromatin-binding protein of 
interest to allow for targeted DNA methylation in close proximity of protein 
binding. This strategy was introduced in Drosophila to offer an in vivo alternative 
to the techniques available such as chromatin immunoprecipitation (ChIP) and 
since then, it has been applied to various other model organisms including mice, 
C. elegans, Arabidopsis thaliana and human cells (Germann et al. 2006; Schuster 
et al. 2010; van Steensel and Henikoff 2000; Tosti et al. 2018; Vogel, Peric-
Hupkes, and van Steensel 2007). In comparison to bacteria, the methylation of 
adenine is almost non-existent in eukaryotes. Indeed it was only relatively 
recently that evidence of m6A methylation and its potential epigenetic roles in 
Drosophila came to light (Zhang et al. 2015). Unregulated expression of Dam has 
been found to be toxic, although the basis of this is not fully understood. Thus, 
DamID necessitates a very low expression of the Dam, achieved by exploiting a 
basal or ‘leaky’ promoter of transcription (van Steensel and Henikoff 2000). 
Another strategy makes use of a bi-cistronic construct where Dam is inserted as 
second open reading frame (ORF) and the expression relies on translational re-
initiation between the ORFs (Kozak 2001; Luukkonen, Tan, and Schwartz 1995; 
Southall et al. 2013). This is the strategy that was utilised in this work. 

DamID is becoming a versatile tool in studying protein-DNA interactions and 
mechanisms of gene regulation (Aughey, Cheetham, and Southall 2019). With 
recent advances, spatial and temporal control to the system has also been made 
possible by utilising the sophisticated genetic tools available in Drosophila. 
Accordingly, targeted DamID has allowed for cell-specific profiling of protein-DNA 
binding without the need for cell isolation (Figure 3.2). This was introduced by 
Southall et al. (2013) who first performed a cell-specific DamID or ‘targeted 
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DamID’  in Drosophila neuroblast and neuroepithelial cells (Southall et al. 2013). 
The analysis not only provided insights into the transcriptionally active regions of 
the genome, but also, allowed for differential gene expression analysis between 
the two different cell types. This strategy provides a powerful method to obtain 
readouts of cell-specific transcription. 

 

Figure 3.2 Application of targeted DamID for transcriptional analysis 

A Dα6 promoter drives the expression of GAL4 in cells that normally express Dα6. GAL4 
binding to its UAS leads to the transcription of a bi-cistronic construct with mCherry as 
the first ORF and Dam fused to RNA Pol II as the second. Translation of Dam-RNA Pol 
II is greatly reduced, relying on ribosome re-initiation of the second ORF. The RNA Pol 
II fused to Dam transcribes genes normally expressed in Dα6 expressing cells and Dam 
methylates GATC motifs in close proximity of RNA Pol II binding. Methylated DNA 
regions can be isolated and amplified for whole genome sequencing. 

 Chapter overview 

Chapter 2 identified negative cross-resistance relationships between 
neonicotinoids and spinosad in Drosophila strains carrying mutations in the 
nAChR Dα1 and Dα6 subunits. In order test whether this negative cross-
resistance is due to compensation at the transcript level, DamID was used to 
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examine the level of RNA Pol II binding to the nAChR subunit genes in larval cells 
that normally express Dα6 in mutants for these two genes. While nAChR 
compensation may occur at other levels (e.g. the post-translational level), the use 
of target DamID provides a unique opportunity to examine changes in the level 
of the initiation of transcription across the genome in cells lacking the function of 
a specific nAChR subunit. It is possible that changes in the expression of genes 
other than the nAChR subunit genes may confer negative cross-resistance. A 
broader RNAseq analysis on Dα1, Dα2 and Dα6 mutant larvae also allows both 
this and the compensation hypothesis to be tested. 

 Research questions 

This chapter will answer the following research questions: 

1. What are the nAChR subunit gene expression changes in backgrounds 
that have the negative cross-resistance phenotype?  

2. How does nAChR subunit expression change and does it support the 
nAChR compensation hypothesis for negative cross-resistance? 

3. What functional pathways are affected in the mutants? 
4. Do the findings from different transcriptional analyses (RNAseq and 

Targeted DamID) performed correlate with each other? 
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 Materials and Methods 

 Fly strains 

All stocks were reared on standard fly food at 18 °C or 25 °C. For RNA 

sequencing of whole larvae, the mutant strains for Dα1 (Dα1ΔDH), Dα2 (Dα2Δ(3)4E) 
and Dα6 (Dα6KO) were analysed in comparison to the background control wAC9 
(Section 2.2.1). Fly strains containing a UAS-LT3-NDam (UAS-Dam-only) or 
UAS-LT3-NDam-RpII215 (UAS-Dam-RNA Pol II) construct on either 
chromosome II or III were obtained from the Andrea Brand lab, Cambridge, UK 
(Southall et al. 2013). The flies were crossed into the background the Dα1 mutant, 
Dα1EMS1 and the Dα6 mutant, Dα6EMS6 as well as the genetic background control 
strain, Armenia14 (Section 2.2.1).  

A previously published GAL4 driver strain that contains an enhancer element 
from the proximal region of the Dα6 gene locus, Dα6>GAL4 was used to drive 
Dam expression (Perry et al. 2015). The Dα6>GAL4 driver rescues the 
phenotype of a loss of Dα6 when used to express the wildtype Dα6 subunit in a 
knockout strain (Perry et al. 2015). A strain expressing GAL80 under the control 
of tubulin promoter, tub>GAL80ts was similarly crossed into the background of 
Dα1EMS1, Dα6EMS6 and Armenia14 to allow for temporal control of the GAL4 
expression. The fly strains generated through fly crossing are listed in Table 3.1. 

Table 3.1 Drosophila strains generated for targeted DamID experiment 

Strain Genotype 

Control UAS-Dam-only w1118; UAS-LT3-NDam; Armenia14 

Control UAS-Dam-RNA Pol II w1118; UAS-LT3-NDam-RpII215; Armenia14 

Dα1EMS1 UAS-Dam-only w1118; UAS-LT3-NDam; Dα1EMS1 

Dα1EMS1 UAS-Dam-RNA Pol II w1118; UAS-LT3-NDam-RpII215; Dα1EMS1 

Dα6EMS6 UAS-Dam-only w1118; Dα6EMS6; UAS-LT3-NDam 

Dα6EMS6 UAS-Dam-RNA Pol II w1118; Dα6EMS6; UAS-LT3-NDam-RpII215 

Control Dα6>GAL4 driver Dα6>GAL4; tub-GAL80ts; Armenia14 

Dα1EMS1Dα6>GAL4 driver Dα6>GAL4; tub-GAL80ts; Dα1EMS1 

Dα6EMS6 Dα6>GAL4 driver Dα6>GAL4; Dα6EMS6; tub-GAL80ts 
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 RNA extraction 

RNA extraction was performed on samples containing dissected tissue or whole 
larvae. Samples were homogenised in TRIsure (Bioline) for at least 5 minutes. 
RNA was extracted using 0.2 volumes of chloroform and then precipitated using 
1 volume of isopropanol, following manufacturer’s instructions. The RNA pellet 
was washed with 75% ethanol before being resuspended in RNase-free water 
(Sigma). To remove DNA traces, RNA was treated with RQ1 RNase-free DNase 
(Promega) and the reaction was stopped using RQ1 Stop solution (Promega). 
Sample quality was tested by running a 1% agarose gel electrophoresis. RNA 
purity was evaluated using a Nanodrop spectrophotometer. RNA concentration 
was quantified using a Qubit 2.0 fluorometer (Thermo Fisher). 

 RNAseq and analysis 

Flies were allowed to lay eggs on a fresh juice plate over a 3-hour laying period. 
Eggs were left at 25 °C overnight and hatched larvae were cleared the next 

morning. Freshly hatched larvae over a 3-hour hatching period were collected 
into new plates to synchronise the larval development stage and after 5 hours, 
100 first instar larvae (5 to 8 hours old) were flash-frozen in liquid nitrogen. RNA 
was extracted as described in the previous section. Library preparation and 
Illumina sequencing were carried out by Novogene Bioinformatics Technology in 
Singapore.  

For analysis, reads were aligned to the Drosophila genome and exons using 
Tophat2 (Kim et al. 2013). Reads representing gene transcripts were counted 
using HTSeq (Anders, Pyl, and Huber 2015), and transcript per kilobase per 
million (TPM) was calculated for gene expression levels. Differential expression 
analysis was performed using DESeq2 (Anders 2010) and for significant DEGs, 
adjusted p-value was set to p < 0.05. Functional gene ontology (GO) enrichment 
analysis of the DEGs was performed using the Database for Annotation, 
Visualisation, and Integrated Discovery (DAVID) online tool (https:// 
david.ncifcrf.gov) with a cut-off p-value set to p ≤ 0.05. 
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 Targeted DamID 

 DNA extraction 

UAS-Dam-only or UAS-Dam-RNAPolII male flies were crossed to the GAL4 
driver females containing GAL80ts for the respective nAChR mutant backgrounds 
(Table 3.1). The experimental crosses were maintained at 25°C. For egg 
collection, flies were allowed to lay eggs on a fresh juice plate over a 4-hour laying 
period to synchronise embryo development. Eggs were then collected and 
transferred into vials containing standard fly media. Eggs were left to hatch, and 
larvae were reared at 18°C (restrictive temperature) for 6 days. Larvae were then 
shifted to 29°C (permissive temperature) for 24hr before dissection. For each 
sample, 50 brains of third instar larvae were dissected into 1X PBS (phosphate 
buffered saline, Sigma) and stored at -80°C until ready to be processed. Three 
replicates of each biological sample were prepared.  

Genomic DNA was extracted using pre-made cetyltrimethylammonium bromide 
(CTAB) extraction buffer (50 mM Tris pH 8.0, 20 mM EDTA, pH 8.0, 1.1 M NaCl, 
0.4 M LiCl, 1% CTAB, 2% PVP40, 0.5% Polysorbate TWEEN® 20, 0.2% β-
mercaptoethanol). Briefly, the tissue sample was homogenised in CTAB 
extraction buffer. Proteinase K (Bioline) was added to digest contaminating 
proteins and then, the sample was treated with RNase A (Thermo Fisher) to 
remove RNA traces. The mixture was centrifuged at maximum speed for 5 
minutes and supernatant was transferred into a fresh tube. Following addition of 
1 volume of phenol:chloroform:isoamyl alcohol mixture (Sigma) and 
centrifugation at maximum speed for 5 minutes, the top aqueous phase 
containing DNA was transferred into a fresh tube. DNA was precipitated using 1 
volume of isopropanol and washed with 75% ethanol. The DNA pellet was 
resuspended in TE buffer (10mM Tris HCl pH 8.0, 0.1mM EDTA pH 8.0). 

 Methylated DNA processing 

Dam-methylated DNA was processed and amplified as previously described 
(Marshall et al. 2016). Briefly, the DNA sample was digested with DpnI (NEB) 
overnight. Digested DNA was then purified using a Qiagen PCR Purification kit 
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following manufacturer’s instructions. Up to 750 ng of the purified DNA was used 
for DamID adaptor ligation reaction. Complementary DamID adaptor oligos (50 
μM AdRtop, 50 μM AdRbtm; Integrated DNA Technologies, IDT) were hybridised 

with an incubation at 95°C which was left to cool down to room temperature. The 
double-stranded adaptors were ligated to the previously purified DNA sample 
using T4 DNA Ligase (NEB). The ligated sample was then digested with DpnII 
(NEB). The DNA fragments were amplified by polymerase chain reaction (PCR) 
using MyTaq™ DNA Polymerase (Bioline) and DamID-PCR primers (IDT) as 
detailed in the published protocol (Marshall et al. 2016). Amplified fragments were 
again purified, and the adaptor sequences were removed by performing AlwI 
(NEB) digestion. Compared to the original protocol, the DNA sample here was 
not further fragmented to a mean size of 300bp, thus the final fragments 
concentrated between 200bp to 1,500bp. Finally, the DNA fragments were size 
selected using Agentcourt AMPure XP magnetic beads (Beckman Coulter) 
before library preparation. Sample quality was tested by running an agarose gel 
electrophoresis. DNA concentration was quantified using Qubit 2.0 fluorometer 
(Thermo Fisher). 

Table 3.2 Adaptors and primers for targeted DamID 

Primer Sequence (5’ to 3’) Use 

AdRtop CTAATACGACTCACTATAGGGCA
GCGTGGTCGCGGCCGAGGA DamID adaptors 

AdRbtm TCCTCGGCCG 

DamID-PCR GGTCGCGGCCGAGGATC DamID PCR 

DamChk_Fwd AACGGCCTGTGTCGTTACAA Check UAS-LT3-NDam 
construct DamChk_Rvs CCACCTTTTTACGTGTGCCG 

DamPolChk_Fwd GGACGAACTGCTGGCTTTGTA Check UAS-LT3-NDam-
RpII215 construct DamPolChk_Rvs TTGGATTGTGTGGCGAGACC 

 Library preparation and sequencing 

DNA libraries were prepared using the TruSeq Nano DNA LT Library Prep kit 
(Illumina) with the 24-barcode kit according to the manufacturer's instructions, 
apart from the following modification; adaptor enrichment was performed using 
six cycles of PCR. Libraries were then run on a 5400 Fragment Analyser system 



Chapter 3 

 

91 

 

(Agilent) with the High Sensitivity NGS Fragment kit for quality check. 18 indexed 
libraries were pooled and run with single-end 86bp reads on a NextSeq 550 
System (Illumina) with the high-output option to yield at least 400 million reads. 
The read output numbers that were returned from the DNA sequencing are listed 
in Table 3.3. 

Table 3.3 Amount of reads from targeted DamID sequencing and 
percentage of read mapped to the reference genome 

Sample Sample ID/ 
replicate Read output Percentage of 

mapped reads (%) 

Control Dam-only 
WTC1 32,110,418 94.04 
WTC2 37,281,013 92.03 
WTC3 28,501,695 95.18 

Control Dam-RNA Pol II 
WTP1 25,000,303 91.38 
WTP2 30,282,821 92.91 
WTP3 27,052,004 91.33 

Dα1EMS1 Dam-only 
A1C1 32,249,348 94.91 
A1C2 31,981,343 94.68 
A1C3 19,395,969 94.08 

Dα1EMS1 Dam-RNA Pol II 
A1P1 22,757,427 70.02 
A1P2 27,308,463 92.69 
A1P3 28,789,626 91.81 

Dα6EMS6 Dam-only 
A6C1 28,475,873 94.55 
A6C2 35,742,737 94.53 
A6C3 31,541,881 94.84 

Dα6EMS6 Dam-RNA Pol II 
A6P1 26,689,475 94.74 
A6P2 31,806,534 95.11 
A6P3 32,317,864 94.66 

  



Chapter 3 

 

92 

 

 Analysis 

FASTQ sequence read files were processed using the damidseq_pipeline Perl 
script (https://owenjm.github.io/damidseq_pipeline) to generate log2 binding ratio 
of Dam-RNAPolII/Dam-only and GATC bedgraph as reported previously 
(Marshall and Brand 2015). Each data set replicate was analysed separately 
using Drosophila genome annotation release 6.17. To test for the consistency 
between the biological replicates, the generated bedgraphs were compared via 
Pearson’s correlation and a single outlier (with a correlation less than 0.80 

between biological replicates) was removed from downstream analysis (Figure 
3.3). RNA Pol II-binding enrichment sites were called using the polii.gene.call Perl 
script (https://github.com/owenjm/polii.gene.call) where each gene transcript was 
assigned a mean ratio between the biological replicates and a false discovery 
rate (FDR). FDR threshold of less than 0.05 was set for a significant RNA Pol II-
binding enrichment. 

A differential expression analysis was conducted using an R package, NOIseq 
(Tarazona et al. 2015). The Dam-RNA Pol II/Dam-only ratio sets were input into 
NOIseq-real using the option for upper quartile normalisation. The R script used 
for this is attached in the Appendix 2. For significant DEG, the probability 
threshold was set to q ≥ 0.9. The output was scripted to include a list of significant 
downregulated and upregulated DEGs with corresponding log2 fold change 
compared to the control, Armenia14. 

GO enrichment analysis of the DEGs was performed using the DAVID online tool 
with p ≤ 0.05. Identification of over-represented DNA motifs for transcription factor 
(TF) binding was performed using Clover tool (Frith et al. 2004). Essentially, sets 
of promoter sequence (up to 1,000bp upstream of the transcription start site) of 
the DEGs were extracted using BioMart online tool (https://asia.ensembl.org) and 
scored for the presence of TF motifs listed on TRANSFAC database (Wingender 
et al. 1996). For significant overrepresented motifs in the promoter set, the p-
value was set to p ≤ 0.01.  
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Figure 3.3 Pearson’s correlation of Dam-RNAPolII/Dam-only bedgraph files 
generated for each sample replicate  

Only A6P1 was identified as an outlier with correlation below 0.8 between the biological 
replicates, and thus, excluded from downstream analysis. 

 Reverse transcription and quantitative real-time PCR 

30 brains from third instar larvae were dissected out for RNA extraction (Section 
3.2.2). Total RNA up to 2 μg was reverse transcribed to cDNA using GoScript 
Reverse Transcription System (Promega), following manufacturer's instructions. 
Quantitative real-time PCR, qPCR was performed with at least three replicates of 
a 12 μL reaction containing diluted cDNA, 250nM of gene-specific primers and 
QuantiTect SYBR® Green PCR Master Mix (Qiagen), on a CFX384 Real-time 
PCR Detection System (Bio-Rad). The samples were subjected to a standard 
thermal profile: 95 °C for 5 minutes followed by 40 cycles of 95 °C for 10 seconds 

and 60 °C for 30 seconds. Primer oligos (IDT) used in the study are listed in Table 
3.4.   
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Table 3.4 Primers for real-time qPCR 

Gene Name Sequence (5’ to 3’) 

nAChR Dα1 
Da1 RT F 511 CGCTTAGAGACGTTCCGTTC 
Da1 RT R 511 ATGGTTCGAAGCAATTCCAG 

nAChR Dα2 
Da2 RT F 0112 AAGTGGGATCCCTCGGAGTA 
Da2 RT R 0112 TGCCGGTATAGTGGAGGATG 

nAChR Dα3 
Da3 RT F3 GGAAGAGGAGAGCACAAGGG 
Da3 RT R3 AAGATCCACAGGAACAGGCG 

nAChR Dα4 
Da4 RT F 0712 ACCGTGCATGGGAATATCAT 
Da4 RT R 0712 CCAGCAAAGGAACAACCAAT 

nAChR Dα5 
Da5 RT ex2 F CAGCACGCAAATATTAAACGG 
Da5 RT ex3 R TTTTCATGATATCCTGCTAGGC 

nAChR Dα6 
Da6 L1 CAATATCTGGCTCCCAAACC 
Da6 R1 TCGTGAAGAGCGTGAAAACAA 

nAChR Dα7 
Da7 L1 CCCACCAGCCCACATATTAC 
Da7 R1 AATGTCGCTTGTTTCGTCCT 

nAChR Dβ1 
Db1 R1 AAATCTCGATGATGCGATCC 
Db1 L1 GAGTTCATTGCCGAGCACTT 

nAChR Dβ2 
Db2 25/8/10 F GAGCAATGGGTACACCAACG 
Db2 25/8/10 R GCAGCACTTCGGGTGTTAAG 

nAChR Dβ3 
Db3 8/10 RT F CCGTACATCCGAAACAAAGG 
Db3 8/10 RT R  GAAGTCAGCCCCATAAGAAGC 

CG13220 
CG13220_RT_F TGGGCAGTGCCTTCTACATTT 
CG13220_RT_R CGTACGCACCTCGCTTGTT 

Rpl11 
RpL11_RT_F CGATCCCTCCATCGGTATCT 
RpL11_RT_R AACCACTTCATGGCATCCTC 

Pcd 
RZ_Pcd_FW CAGCAACGAGTAGAAGCCTGT 
RZ_Pcd_RV GCGCGTTCCTGTTCGTTTAG 

CG43324 
RZ_CG43324_FW CATCAACTTGCAGCTACGGC 
RZ_CG43324_RV CGCGAAACGGATTCACCTTC 

CG13227 
RZ_CG13227_FW GCGGTGGTTTCCAGAGAACT 
RZ_CG13227_RV TGGGGCAGCACAAAAGAAGT 

CG17272 
RZ_CG17272_FW ACATTGATGAGTTCCGTGAGTG 
RZ_CG17272_RV ATGATGTCCAGGAAGTCGGC 

Ocho 
RZ_Ocho_FW GTCGAAGCGAGAACATCCCA 
RZ_Ocho_RV GAAGAATTGACCGAGCAGCG 

Trip1 
RZ_Trip1_FW ACCATCATCACAGGTCACGATAA 
RZ_Trip1_RV GCACATCAGGGACTCCGAAT 
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Primer specificity was determined using melting curve analysis. Standard curve 
was generated to ensure high amplification efficiencies for each primer set. All 
gene expressions were normalised to two reference genes, CG13220 and Rpl11 
using standard calculation method published previously (Taylor et al. 2019). The 
results were analysed using ‘comparative ΔΔCt method’ and presented as 2−ΔΔCt. 
Student’s t-test was performed to test if the difference between two data sets is 
statistically significant. MIQE checklist of the qPCR analysis is provided in 
Appendix 3. 
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 Results 

 RNAseq analysis of Dα1ΔDH, Dα2Δ(3)4E and Dα6KO first instar larvae 

 nAChR gene expression levels in Dα1ΔDH, Dα2Δ(3)4E and Dα6KO 

To uncover transcriptional changes in nAChR mutants that showed negative 
cross-resistance, RNA sequencing (RNAseq) was performed on 5-8 hours old 
first instar larvae of the Dα1ΔDH, Dα2Δ(3)4E and Dα6KO mutants and compared to 
gene expression in the wildtype strain, wAC9. The expression of all 10 subunit 
genes was detected in the wildtype first instar larvae (Figure 3.4A). Most of the 
transcript levels observed here matched gene expression patterns reported for 
first instar larvae in the Flybase (Graveley et al. 2011). Notably, the larvae 
expressed a high level of Dβ1 and very low levels of Dα3 and Dβ3. 

Differential expression analysis was performed using DESeq2 to identify genes 
that are differentially expressed in the nAChR mutants compared to the wildtype 
control (Figure 3.4B). Looking at the nAChR gene expression in Dα1ΔDH strain, 
Dα7 and Dβ1 mRNA levels were significantly downregulated (log2FC of -0.28 
and -0.16, respectively). In Dα2Δ(3)4E, Dα2 mRNA level was significantly reduced 
(log2FC of -0.70), which can be attributed to the mutation in the gene. In addition, 
Dα6 transcript was 1.2-fold upregulated, while Dα7 transcript was 1.1-fold 
downregulated in Dα2Δ(3)4 strain (log2FC of 0.30 and -0.15, respectively). Dα6 
mRNA level was greatly downregulated in Dα6KO, (log2FC of -2.17) due to the 
null mutation of the Dα6 gene. Significant downregulation of Dα5 and Dα7 mRNA 
expression were also observed in Dα6KO strain (log2FC of -0.86 and -0.27, 
respectively).   
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Figure 3.4 Analysis of receptor subunit transcript expression in nAChR 
mutants exhibiting negative cross-resistance  

RNAseq was performed using RNA extracted from whole first instar larvae. (A) 
Histogram representing relative transcript expression levels of ten nAChR subunit genes 
in the wildtype strain, wAC9. (B) Differential expression of nAChR subunit genes in 
nAChR mutants, Dα1ΔDH, Dα2Δ(3)4E and Dα6KO compared to the wildtype strain. Log2 fold 
change values were plotted and error bars indicate standard error values. Statistical 
significance was measured by Benjamini-Hochberg adjusted p-value from the DESeq2 
analysis, where asterisk (*) denotes P < 0.05. 
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Note that Dα1ΔDH and Dα2Δ(3)4E alleles introduced a small deletion in the gene 
encoding Dα1 and Dα2 respectively, thus, the remaining coding region of the 
genes are still expected to result in positive transcript expression in the mutants 
(Appendix 4A-B)(Perry et al. manuscript in preparation). On the other hand, 
Dα6KO allele is deleted for the entire coding region of the Dα6 gene, with only 
parts of the 5’UTR and 3’UTR are outside the deletion region (Luong 2018). 
These regions, apparently, can still be picked up by the RNAseq, giving a positive 
Dα6 transcript expression, hence, resulted in just 4.5-fold downregulation of Dα6 
mRNA in Dα6KO that could have been higher in magnitude considering the null 
mutation (Appendix 4C). 

 GO enrichment analysis of DEGs identified in Dα1ΔDH, Dα2Δ(3)4E and 

Dα6KO mutants 

Differential expression analysis on the RNAseq data identified 1,558 DEGs in the 
Dα1ΔDH mutant; 913 genes were upregulated, and 645 genes were 
downregulated. The Dα2Δ(3)4E mutant showed 815 DEGs with 447 upregulated 
genes and 368 downregulated genes. The Dα6KO mutant had 1,096 DEGs with 
766 genes that were upregulated and 330 genes that were downregulated. 
Identification of a larger number of DEGs in Dα1ΔDH may be consistent with that 
observation that the Dα1 mutant has more severe fitness cost compared to the 
other two mutants (Perry et al. manuscript in preparation). To better understand 
these gene expression changes, GO enrichment analysis was used to place 
these DEGs into functional groups. The analysis was performed using DAVID 
online, a functional annotation tool that assigned these genes GO terms for three 
categories; biological processes, molecular functions, and cellular components. 
GO terms significantly enriched based on the DEG sets (p ≤ 0.05) are presented 

in Figure 3.5.   
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Figure 3.5 Gene ontology analysis of DEGS identified in nAChR mutants, 
Dα1ΔDH, Dα2Δ(3)4E and Dα6KO 

(A) Venn diagram illustrating the number of DEGs identified in whole first instar larvae of 
the Dα1ΔDH, Dα2Δ(3)4E and Dα6KO mutants compared to the wildtype control. (B) Heatmap 
summarising GO terms enriched in upregulated or downregulated DEGs from each 
nAChR mutant. (C) Bar chart representing GO terms enriched in 247 DEGs commonly 
identified in all three mutants. Number of DEGs associated with the terms are listed next 
to each bar. 
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GO term enrichment analysis on these DEGs identified pathways that were 
similarly affected in all three mutants, including terms associated with 
transmembrane transporter activity, hydrolase activity and lysosomal pathway. In 
all three mutants, transmembrane transporter activity was enriched in the 
downregulated DEG sets, while both hydrolase activity and lysosome were 
enriched in the upregulated DEG sets (Figure 3.5B). DEGs associated with 
oxidoreductase activity were mainly enriched in upregulated DEG sets in Dα1ΔDH 
and Dα6KO, while enriched in downregulated DEG set in Dα2Δ(3)4E. Notably, GO 
terms associated with fatty acid and lipid metabolism were affected only in 
Dα1ΔDH, while terms associated with oxidative stress and proteolysis were 
affected mainly in Dα6KO (Figure 3.5B). Terms associated with peptidase activity 
were only enriched in upregulated DEG set of Dα2Δ(3)4E. Interestingly, some of 
these DEGs were commonly identified among the three mutants (Figure 3.5A). 
Narrowing down the analysis, 247 common DEGs between Dα1ΔDH, Dα2Δ(3)4E and 
Dα6KO showed enrichment for GO terms associated with oxidative stress, 
proteolysis, fatty acid metabolism, glutathione metabolism, lysosomal activity, 
transmembrane transport activity and regulation of immune response (Figure 
3.5C).  
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 Cell-specific transcriptional analysis of Dα1EMS1 and Dα6EMS6 

using targeted DamID 

 RNA Pol II binding profile of Dα6-expressing cells 

The transcriptional analysis on whole larvae may not have been sensitive enough 
to detect cell- or tissue-specific gene expression changes in the nAChR subunit 
mutants. Therefore, a cell-specific transcription analysis was conducted using 
targeted DamID and genome-wide DNA sequencing. This was performed on a 
different Dα1 allele, Dα1EMS1 and Dα6, Dα6EMS6 that both have high levels of 
negative cross-resistance, in comparison to the wildtype control, Armenia14. The 
analysis looked at RNA Pol II occupancy in cells that are expressing Dα6 in larval 
brain (Figure 3.2 & 3.6A), taking into account that these cell-types are more likely 
to have been affected due to the nAChR subunit mutation, particularly in the case 
of the Dα6 mutant. Dam protein fused to RNA Pol II was expressed using 
Dα6>GAL4 driver and temporally regulated within a 24-hour period (early third 
instar to wandering third instar larval stages) using temperature-sensitive 
negative regulator of GAL4, GAL80ts (Matsumoto, Toh-e, and Oshima 1978; 
McGuire, Roman, and Davis 2004). The 24-hour period of Dam expression is 
used to minimise saturation and/or toxicity of Dam activity for the analysis. Larval 
brains were extracted for methylated DNA and these regions were sent for DNA 
sequencing. 

In total, 1,891 protein-coding genes with significant RNA Pol II occupancy were 
identified in the Dα6-expressing cells of Armenia14, 1,754 genes in the Dα1EMS1 
and 2,350 genes in the Dα6EMS6. Among the genes that were significantly bound 
by Pol II are genes previously shown to be generally expressed in the larval brain 
(Figure 3.6A-B). Neuronal markers including elav, CadN and nSyb were 
significantly bound by RNA Pol II in all three strains, as anticipated since the cell 
types that are expressing Dα6 would be expected to be of neuronal lineage 
(Figure 3.6Bi-ii). A trio of TFs that are important for mushroom body development 
(dac, ey and toy) were also significantly occupied by RNA Pol II, indicating 
expression of the subunit gene in the mushroom bodies (Figure 3.6Biii-v). 
Reassuringly, lack of RNA Pol II occupancy on glial markers such as repo and 
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nrv2 suggested that the Dα6 is not expressed in glia cells and the expression is 
relatively specific to the targeted cells (Figure 3.6Ci-ii). This is consistent with the 
observation of a very low expression of nAChR genes in cells clustered as glia, 
in the previous single cell transcriptomic analysis (Croset et al. 2018). 

Gene markers for different neuronal cell types including VAChT (cholinergic), 
VGluT (glutamatergic), and Gad1 (GABAergic) were also significantly bound by 
RNA Pol II in all three strains (Figure 3.6Bvi-viii), indicating expression of the Dα6 
gene in these fast neurotransmitter-releasing neurons. In addition, significant 
RNA Pol II occupancy on DAT, kek1, mub and ple indicate possible Dα6 
expression in the dopamine releasing neurons (Figure 3.6Bix-x). Meanwhile, 
there was no or low RNA Pol II occupancy on Tbh, tdc2, CG34113, SerT and Trh, 
excluding Dα6 expression in octopamine or serotonin releasing neurons (Figure 
3.6Ciii-v). Positive RNA Pol II binding on motor neuron markers, Futsch and Toll-
6 (Sanyal, 2009) was also observed (Figure 3.6Bxi-xii). The analysis also 
identified significant RNA Pol II binding on genes that are mainly enriched in the 
salivary glands including Sgs4, Sgs5, Sgs7, Sgs8, and ng1 (Furia et al. 1993; 
Lehmann 1996). It is possible that these genes are also being transcribed in the 
CNS, although, possible tissue contamination during sample collection cannot be 
ignored. 

Looking at nAChR subunit genes which are anticipated to be expressed in these 
target cells, only Dα1 and Dβ1 were significantly occupied by RNA Pol II in all 
three strains (Figure 3.7A & G). Statistical analysis suggested that Dα2, Dα5 and 
Dα6 were significantly occupied in only Dα6EMS6 (Figure 3.7A, D & E), while Dβ3 
was significantly occupied in the wildtype strain only (Figure 3.7H). Other nAChR 
subunit genes showed an RNA Pol II binding ratio and an associated FDR below 
than what was deemed significant for a positive RNA Pol II occupancy.  
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Figure 3.6 RNA Pol II occupancy in Dα6-expressing cells revealed co-
expression of genes associated with different neuronal cell types  

(A) Dα6 promoter was used to drive Dam-RNA Pol II expression in the third instar 
larval brain for the targeted DamID analysis. Neuronal markers that are positively 
or negatively bound by Dam-RNA Pol II in Dα6-expressing cells were listed. (B-
C) RNA Pol II occupancy/binding peaks on genes associated with neuronal cell 
type in the wildtype strain, Armenia14. Y-axis represents log2 ratio change 
between Dam-RNA Pol II and Dam-only (reference) samples. 
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Figure 3.7 Differences in RNA Pol II occupancy on the nAChR subunit genes 
in neuronal cells of nAChR mutants 

(A-H) RNA Pol II occupancy/binding peaks on ten Drosophila nAChR subunit genes in 
the mutants, Dα1EMS1 (red shading) and Dα6EMS6 (green shading) compared to the 
wildtype strain, Armenia14 (grey shading). Y-axis represent log2 ratio change between 
Dam-RNA Pol II and Dam-only (reference) samples. Respective gene annotation is 
indicated below, with all known transcripts illustrated to show exonic and intronic regions 
of the gene.  
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 Differential analysis on RNA Pol II occupancy in nAChR mutants  

To identify other genes that were specifically expressed or highly enriched in the 
mutant strains, RNA Pol II occupancy was compared between the mutants and 
the wildtype strain. Another R package that is commonly used for RNAseq 
analysis, NOIseq was adapted to perform the differential analysis following the 
logic that a DamID analysis on RNA Pol II occupancy would reflect a 
transcriptomic analysis using RNAseq. While this analysis was employed on a 
targeted DamID experiment, it is important to note that upregulated DEGs would 
correspond to genes that are preferentially bound by RNA Pol II in the mutant 
compared to the control strain. Conversely, the downregulated DEGs correspond 
to genes that are preferentially bound in the control compared to the mutant 
strain. 

NOIseq probability cut-off was set at 90% (q ≥ 0.9) for genes that differed 
significantly between the mutant and the control. The analysis identified 379 
protein-coding DEGs in Dα1EMS1, of which 275 genes were upregulated and 104 
genes were downregulated in comparison to the wildtype (Figure 3.8A, List of 
DEGs is provided in Appendix 5). Meanwhile, of 1,717 protein-coding DEGs that 
were significant in Dα6EMS6, 1,001 genes were upregulated and 716 genes were 
downregulated compared to the control (Figure 3.8B, List of DEGs is provided in 
Appendix 6). Importantly, none of the nAChR subunit genes were detected as 
differentially expressed by the statistical analysis.   
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Figure 3.8 Differential analysis of RNA Pol II occupancy revealed 
dysregulated genes in Dα6-expressing neuronal cells of nAChR mutants  

Scatter plots represent gene expression values signify by log2 of RNA Pol II occupancy 
in (A) Dα1EMS1 and (B) Dα6EMS6 as output by the NOISeq analysis. Significantly 
upregulated genes are highlighted in red while significantly downregulated genes are 
highlighted in green (probability, q ≥ 0.9). 
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 Validation of targeted DamID gene expression using qPCR 

To validate the gene expression profile of the targeted DamID analysis, real-time 
qPCR was used to measure mRNA expression of selected DEGs in whole brains 
dissected from third instar larvae. Although, the targeted DamID was performed 
in the specific cells that are expressing Dα6, it was hoped that this analysis might 
be able to pick up some of the gene expression changes if the difference was 
significant enough. Initially, mRNA expression of the nAChR subunit genes were 
analysed. Matching this with the data from the targeted DamID, the expression 
levels of most of these subunit genes did not deviate significantly from the mRNA 
levels in the wildtype control. Importantly, no expression changes were recorded 
for Dα1, Dα2 or Dα6 genes (Figure 3.9A). This data therefore does not support 
the hypothesised nAChR compensation, at least at the transcriptional level. 
Significant upregulation of Dα3, Dα5 and Dβ3 transcript were observed in 
Dα6EMS6, although the upregulation levels were less than 2-fold compared to the 
wildtype expression. 

The mRNA expression levels for selected DEGs identified from the targeted 
DamID analysis were also analysed. Correlated mRNA expression changes in 
comparison to the preferential RNA Pol II occupancy were observed for some of 
these genes. For instance, significantly higher mRNA levels of Pcd and CG43324 
was recorded in Dα6EMS6 mutant compared to the wildtype control, matching the 
upregulation from the targeted DamID analysis (Figure 3.9B-C). Similarly, 
significant upregulation of CG13227 and downregulation of CG17272 mRNA 
levels were recorded in Dα1EMS1 mutant compared to the wildtype control (Figure 
3.9B-C). We also observed an opposite gene expression profile from the two 
analyses. Several genes including Ocho and Trip1 showed an opposite 
expression levels to the expression profile presented by the RNA Pol II 
occupancy data (Figure 3.9B-C). While Ocho appeared to be downregulated in 
Dα6EMS6 in term of RNA Pol II occupancy, an increase in mRNA levels was 
observed in the whole brain of both mutant strains. Trip1 is upregulated in 
Dα1EMS1 based on targeted DamID analysis but reduced mRNA level was 
recorded from the whole brain analysis. These discrepancies could be explained 
by the differences in the cell types that the two analyses were based on. Analysis 
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of mRNA level from Dα6-expressing cells would better reflect the targeted DamID 
analysis. 

 

Figure 3.9 Gene expression verification using real-time qPCR 

(A) Relative mRNA expression of nAChR subunit genes in third instar brain of Dα1EMS1 
and Dα6EMS6 compared to the wildtype control. (B) Fold change in RNA Pol II occupancy 
of selected DEGs identified from the targeted DamID experiment. (C) Relative mRNA 
expression of the identified DEGs in third instar brain, measured using real-time qPCR. 
Relative mRNA expression values were normalised to reference genes, CG13220 and 
Rpl11. Error bars indicate SEM with biological replicates, n > 5. Student’s t-test was 
performed for statistical significance, where asterisk (*) denotes P < 0.05.  
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 GO enrichment analysis on Dα1EMS1 and Dα6EMS6 DEGs 

Among the DEGs identified from the targeted DamID analysis, 274 of the DEGs 
were shared by the Dα1EMS1 and Dα6EMS6 mutants. There were 105 Dα1EMS1-
specific DEGs and 1443 Dα6EMS6-specific DEGs (Figure 3.10A). Again, to better 
understand the differential RNA Pol II occupancy between the mutants, we 
looked for functional pathways that correspond to these DEGs using a GO 
enrichment analysis. 

Analysis of the DEGs common to Dα1EMS1 and Dα6EMS6 revealed enrichment of 
GO terms involving translation, glutathione metabolic process, locomotion and 
reproduction (Figure 3.10C). Meanwhile, analysis of Dα1EMS1-specific DEGs 
revealed enrichment of limited number of GO terms with notably functions in 
mitochondrial function, endomembrane system and lipid oxidation (Figure 3.10B). 
We observed many more GO terms for Dα6EMS6-specific DEGs, as expected by 
the huge number of DEGs compared to the other sets. These genes were 
enriched for functions involved mainly in neuron development, protein folding, 
vesicle-mediated transport, lysosomal activity, endosomal transport, protein 
degradation and response to oxidative stress (Figure 3.10D). 

Looking at upregulated and downregulated DEG sets separately, GO terms 
associated with translational process were enriched in upregulated DEG sets 
from both Dα1 and Dα6 mutant (Figure 3.11A). Again, we observed an 
enrichment of GO terms involved in glutathione metabolism that play important 
roles in antioxidant defence and xenobiotic metabolism, in the DEG sets of both 
mutants. Specifically, these terms were significantly enriched in the upregulated 
DEG set of Dα1EMS1 while in Dα6EMS6, they were enriched in the downregulated 
DEG set (Figure 3.11A). The genes that were grouped under this term 
predominately belonged to the GST gene family (Figure 3.11B). In addition, 
genes involved in lipid metabolism were generally upregulated in both mutants 
(Figure 3.11A-B), while genes involved in oxidation-reduction processes were 
only affected in the Dα6 mutant where they were mainly downregulated (Figure 
3.11C).  
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Previously, the GO term associated with lysosomal activity was only enriched in 
Dα6EMS6-specific DEGs, however, when upregulated and downregulated DEG 
sets were analysed separately, the GO term was significantly enriched in both 
the upregulated DEG sets of the Dα1 and Dα6 mutants (Figure 3.11A). Several 
genes associated with lysosome function were upregulated in Dα6EMS6 while few 
of these were also upregulated in Dα1EMS1 (Figure 3.11C). This can indicate 
oxidative stress or disturbance in normal redox state of cells that may also 
damage the protein and lipid environment. GO terms associated with protein 
maturation such as protein folding and transport, as well as protein degradation 
were generally enriched in the upregulated DEG sets in Dα6EMS6 and, indeed, 
these genes were generally upregulated in Dα6EMS6, but not Dα1EMS1 (Figure 
3.11A-C).  
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Figure 3.10 GO enrichment analysis of DEGs identified in Dα6-expressing 
neuronal cells of the nAChR mutants  

(A) Venn diagram illustrating the number of DEGs identified in Dα1EMS1 and Dα6EMS6, 
based on differential analysis of the RNA Pol II occupancy in Dα6-expressing cells of the 
third instar larval brain. Bar charts represent significant GO terms enriched in (B) 
Dα1EMS1-specific DEGs, (C) overlapping DEGs, and (D) Dα6EMS6-specific DEGs. The 
number of DEGs associated with the GO terms are listed next to each bar.  
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Figure 3.11 Differential RNA Pol II occupancy analysis revealed genes and 
associated GO terms that are upregulated or downregulated in Dα6-
expressing neuronal cells of nAChR mutants  

(A) The heatmap summarises GO term enrichment in the upregulated or 
downregulated DEG set of Dα1EMS1 and Dα6EMS6. (B-C) Bar graphs represent the 
fold change in RNA Pol II occupancy of selected DEGs associated with the 
dysregulated functional pathways in the nAChR mutants.  
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 Motif enrichment analysis on Dα1EMS1 and Dα6EMS6 DEGs 

In order to identify TFs that were possibly mediating these gene expression 
changes, a motif overrepresentation analysis was performed on the promoter 
sequences of the DEG sets. A computational program called Clover was utilised 
to analyse these sets of promoter sequences and score for enrichment of 
recognised TF motifs in the sequences (Frith et al. 2004). This analysis identified 
a significant number of overrepresented motifs in the promoters of the Dα1EMS1 

DEGS (Table 3.5) and Dα6EMS6 DEGs (Table 3.6). Common TF binding motifs 
overrepresented in both of the DEG sets include Br, Slp1, Pnr, Brk, BEAF-32, 
Mad, Mirr, and Ara which suggest involvement of the corresponding TFs in 
regulating the gene expression changes. More of these overrepresented motifs, 
belonging to Fkh, Cf2, Trl, Dl and Deaf1 binding sites, were detected in Dα6EMS6 
DEGs’ promoters. In looking for these TFs in the DEG sets, downregulation of 
slp1, brk, BEAF-32, fkh and mirr genes was found in the Dα6 mutant, but not in 
the Dα1 mutant (Figure 3.12A). 

Table 3.5 Significantly overrepresented motifs in promoters (1 kb upstream 
of the transcriptional start site) of genes that were differentially expressed 
in Dα1EMS1 

a Raw score indicates random fragments matched to the target TF motif 
b P-value is provided by the Clover program. p<0.01 indicates statistically significant enrichment 
of motifs in promoter sequences relative to background  

Motif Associated TF Raw 
scorea 

P-value relative to backgroundb 
chromosome 2R chromosome 3R 

MA0013.1 Br (var.4) 123 <0.001 <0.001 
MA0458.1 Slp1 102 <0.001 <0.001 
MA0536.1 Pnr 81.8 <0.001 <0.001 
MA0012.1 Br (var.3) 76.7 <0.001 <0.001 
MA0213.1 Brk 65.9   0.001   0.009 
MA0529.1 BEAF-32 62.6 <0.001 <0.001 
MA0535.1 Mad 41.0   0.001   0.003 
MA0233.1 Mirr 28.5 <0.001 <0.001 
MA0210.1 Ara 17.1 <0.001 <0.001 
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Table 3.6 Significantly overrepresented motifs in promoters (1 kb upstream 
of the transcriptional start site) of genes that were differentially expressed 
in Dα6EMS6 

Motif Associated TF Raw 
score a 

P-value relative to background b 
chromosome 2R chromosome 3R 

MA0010.1 Br 646 <0.001 <0.001 
MA0458.1 Slp1 569 <0.001 <0.001 
MA0013.1 Br (var.4) 566 <0.001 <0.001 
MA0536.1 Pnr 411 <0.001 <0.001 
MA0012.1 Br (var.3) 392 <0.001 <0.001 
MA0213.1 Brk 370 <0.001 <0.001 
MA0529.1 BEAF-32 352 <0.001 <0.001 
MA0446.1 Fkh 277 <0.001 <0.001 
MA0015.1 Cf2 250 <0.001 <0.001 
MA0205.1 Trl 234 <0.001 <0.001 
MA0535.1 Mad 216 <0.001 <0.001 
MA0233.1 Mirr 164 <0.001 <0.001 
MA0210.1 Ara 91.9 <0.001 <0.001 
MA0022.1 Dl 62.1   0.001   0.002 
MA0185.1 Deaf1 37.8 <0.001 <0.001 

a Raw score indicates random fragments matched to the target TF motif 
b P-value is provided by the Clover program. p<0.01 indicates statistically significant enrichment 
of motif in promoter sequences relative to background 

The top 5 overrepresented TF motifs shared by both mutants (Br, Slp1, Pnr, Brk 
and BEAF-32) were analysed using functional enrichment analysis (Figure 
3.12B). GOMo tool was used to associate these motifs to GO terms from the 
database (Buske et al. 2010). The GOMo analysis indicated that isoforms of Br 
(proteins of Broad-Complex transcription factor) were associated with GO terms 
related to translational activity, ubiquinone activity, photoreceptor cell 
development and response to hypoxia. The Fork-head domain transcription 
factor, Slp1, was associated with GO terms for response to stress and 
neurogenesis. Here, the GOMo analysis also indicated that Pnr (a zinc-finger 
transcription factor of GATA family) is involved in mRNA splicing activity, protein 
folding, translational initiation, ubiquitin-protein ligase activity and vesicle-
mediated transport, while Brk (a transcriptional repressor) involves in dendrite 
morphogenesis, chromatin assembly and also a few GO terms under 
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reproduction. BEAF-32, an insulator protein known to regulate Hippo pathway 
activity for neuronal cell fate in the retina (Jukam et al. 2016), was shown in the 
analysis to associate with GO terms for regulation of signal transduction, 
spliceosome, ubiquitination and exocytosis. 

 

Figure 3.12 Overrepresented motif and its associated TF, on promoters of 
Dα1EMS1 and Dα6EMS6 DEGs  

(A) Bar graph shows expression of TF-encoding DEGs associated with overrepresented 
motifs in Dα1EMS1 and Dα6EMS6 DEGs. (B) Top 5 overrepresented motifs in both nAChR 
mutants DEGs. Logo represents motif associated with TF binding and bar chart shows 
significant GO terms associated with the motif. 
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 Discussion 

 Targeted DamID versus RNAseq for transcriptional analysis 

In this chapter, two different techniques were adapted for transcriptional analysis 
of expression changes occurring in nAChR subunit mutants. Real-time qPCR 
analysis was also used in an attempt to validate gene expression changes. 
Although each of these techniques were adapted to different sets of conditions 
including developmental stages, cell types and mutant alleles, the analyses were 
all looking at transcriptional changes in nAChR subunit mutants that showed 
negative cross-resistance. The RNAseq performed here was a broader analysis, 
looking at transcripts from RNA extracted from whole first instar larvae. On the 
other hand, the targeted DamID looked at RNA Pol II binding profile in specific 
Dα6-expressing cells of third instar larval brains. In addition, the real-time qPCR 
was performed on RNA extracted from third instar larval brain in an attempt to 
cross-validate for gene expression changes observed from the targeted DamID 
analysis. While the RNAseq looked at first instar larvae as the insecticide 
toxicology bioassay (refer Chapter 2) reflects insecticide effects on larvae at this 
developmental stage, other transcriptome analyses were performed in third instar 
brains to match the protein expression analysis in Chapter 4. 

Targeted DamID allows transcriptomic analysis of particular cell types at a 
specific time point in development without the need for time-consuming 
techniques such as cell sorting or immunoprecipitation. Based on previous 
studies (Southall et al. 2013) and the data presented here, this technique is 
sensitive enough to detect the transcriptional activity of highly expressed genes, 
but shows limited sensitivity for genes producing stable transcripts that do not 
require an active transcription. In contrast, RNAseq requires prior steps of cell 
sorting or enrichment to perform a cell specific transcriptional analysis. This can 
be time consuming and may disturb gene expression profiles in the process. 
Despite this, RNAseq provides a more accurate estimation of transcript levels 
(Wang, Gerstein, and Snyder 2009).  

Overall, RNAseq provided a comparable number of DEGs in the first instar larvae 
of the Dα1ΔDH, Dα2Δ(3)4E and Dα6KO mutants (Figure 3.5). Given that RNA was 
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extracted from whole larvae, the results showed general changes in the whole 
organism due to the receptor subunit mutation. As the nAChR subunit genes are 
largely expressed in the nervous system, this method will provide a reasonable 
estimate of their expression levels in that tissue, allowing the levels in the mutants 
and control to be compared. For genes that have a broader pattern of expression, 
it is impossible to discern whether observed differences are due to changes in 
the nervous system or in tissues outside of it or both. Martelli (2020) has provided 
compelling evidence that the interactions between imidacloprid and spinosad and 
their respective nAChR targets generates oxidative stress that perturbs 
metabolism both in the brain and in metabolic tissues (Martelli 2020). The 
possibility that mutations that change the proportions of nAChR subtypes present 
in neuronal cells could have downstream impacts outside the brain.  

The targeted DamID provided a specific analysis on cells expressing the Dα6 

subunit. The gene profile may depict changes that are specific to these cells. The 
differential analysis of RNA Pol II occupancy revealed almost four times more 
DEGs in Dα6EMS6 as were detected for the Dα1EMS1 mutant (Figure 3.8). This 
could obviously be a consequence of performing the analysis in Dα6-expressing 
cells only. As indicated by the single cell transcriptomic study on Drosophila 
midbrain, while the majority of Dα1-expressing cells (73%) co-express Dα6, 27% 
express Dα1 but not Dα6 (Croset et al. 2018). While these estimates come from 
a study of the adult brain, Dα6 is also widely expressed in the third instar larval 
brain (Figure 3.6A). Nonetheless, there will be a significant number of cells that 
express Dα1 but not Dα6, so the analysis would miss gene expression 
differences in these cells caused by the presence of the Dα1 or Dα6 mutations. 
The discrepancy in DEG numbers could also indicate that loss of Dα6 function 

has a more drastic impact on neuronal signalling than the loss of Dα1, 

precipitating more downstream changes in gene expression. These possibilities 
are not mutually exclusive. From the outset it needs to be recognised that the 
downstream changes in expression could reflect a level of chaos introduced by 
the loss of function or be a part of a controlled response to counterbalance it, or 
a mixture of the two. 
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 nAChRs are expressed in various neuronal cell types 

Examining the distribution of nAChRs in neuronal tissues should provide clues 
towards their function. Although it is well-known that nAChRs are key elements 
of the cholinergic neurotransmission, nAChR expression has also been described 
in other type of neurons including, but not limited to, GABAergic, dopaminergic 
and glutamatergic neurons (McGranahan et al. 2011; Ngolab et al. 2015; Yan et 
al. 2018). Perhaps nAChRs play significant roles, not only in the cholinergic 
neurons, but also globally in mediating responses of other neurotransmitters. 
Supporting this notion, it was found that a significant number of cells from 
Drosophila adult midbrain are expressing more than one neurotransmitter (Croset 
et al. 2018). This was also similarly detected in cells from the larval brain (Brunet 
Avalos et al. 2019). 

Our cell-specific transcriptomic analysis identified positive expression of markers 
for cholinergic, glutamatergic, GABAergic as well as dopaminergic neurons, in 
cells that are expressing Dα6 (Figure 3.6A-B). The expression of Dα6 in these 
neurons may support the role of nAChRs in modulation of non-cholinergic 
mediated synaptic transmission. A recent study has found that activation of the 
nAChR by its agonists mediates dopamine release in Drosophila larval brain 
(Pyakurel, Shin, and Venton 2018). Interestingly, when tested, neonicotinoid-
stimulated dopamine release was significantly reduced in the Dα1EMS1 mutant, 
suggesting involvement of this nAChR subunit in this process (Pyakurel et al. 
2018). Further, the targeted DamID analysis performed here also indicated that 
the Dα6 subunit is not expressed in octopaminergic or serotonergic neurons 
(Figure 3.6C). However, whether other nAChR subunit genes are expressed in 
octopaminergic and serotonergic neurons is not clear. Nicotine mediated nAChR 
activation can induce serotonin and octopamine neuronal activity (Fuenzalida‐

Uribe et al. 2013; Garduno et al. 2012). Thus, it is possible that different nAChR 
subunits are expressed in these neurons.  

The study also revealed expression of genes known to be expressed in 
mushroom bodies and motor neurons in the Dα6-expressing cells (Figure 3.6A-
B). Dα6 promoter expression was also shown to be localised in these regions in 
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the larval brain (Perry et al. 2015). Collectively, this is not unexpected given that 
mushroom body Kenyon cells are known to be highly cholinergic (Barnstedt et al. 
2016). Given mutations on nAChR subunits have been found to affect various 
behavioural pathways (Fayyazuddin et al. 2006; Luong 2018; Somers, Luong, 
Mitchell, et al. 2017; Wu et al. 2014), it was not surprising to find expression of 
genes present in motor neurons. 

 nAChR genes expression in Drosophila larvae 

In Drosophila, the nAChR genes are expressed in the CNS. The RNAseq analysis 
on first instar larvae detected expression of all 10 subunit genes. Notably, these 
genes were expressed at varying levels which may indicate different roles that 
the subunit plays at this stage of development (Figure 3.4). Dβ1 is the most highly 
expressed gene, whereas Dα3 and Dβ3 were both lowly expressed. The 
transcript levels observed here match those reported for first instar larvae in the 
Flybase database (Graveley et al. 2011). There is one exception. Flybase 
indicates a higher level of Dβ3 expression, similar to the level observed for Dα2.  
Given that the two analyses were performed independently with different fly 
strains, the overall level of concordance is very good. 

The cell-specific transcriptional analysis on third instar brains provided more 
detailed expression levels for the gene family. Most of the nAChR subunit genes 
showed relatively low levels of RNA Pol II occupancy in Dα6-expressing cells, 
suggesting low levels of active transcription. Across the three Drosophila strains 
analysed, only the Dα1, Dα2, Dα5, Dα6, Dβ1 and Dβ3 genes showed significant 
RNA Pol II occupancy in the Dα6-expressing cells (Figure 3.7). In some cases, 
significant levels were only observed in particular strains. Dα1 and Dβ1 appeared 
to be the most highly expressed subunits in the Dα6-expressing cells, having high 
RNA Pol II occupancy in all three strains (Figure 3.7A & G). This is consistent 
with the single cell transcriptome data indicating co-expression of Dα1, Dα5 and 
Dβ1 are highly correlated with Dα6 expression in the adult brain (Croset et al. 
2018). Nonetheless, the targeted DamID analysis failed to record significant RNA 
Pol II binding to Dα6 in the Dα1EMS1 and Armenia14 strains, despite the analysis 
being performed in Dα6-expressing cells. In contrast to this observation, Flybase 
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indicates that Dα6 is expressed at significant levels in the CNS of the third instar 
larvae. In fact, Dα6 was shown to be the most highly expressed nAChR gene in 
the third instar CNS (Brown et al. 2014). Given the low RNA Pol II occupancy on 
the Dα6 (Figure 3.4E), it is possible that the mRNA is stable, and that the gene 
only requires a low level of active transcription to maintain the relatively high 
transcript levels detected by RNAseq as reported in Flybase. 

 Differential nAChR gene expression in mutants that showed 

negative cross-resistance 

Transcriptional analyses were performed in Dα1 and Dα6 mutant backgrounds to 
identify gene expression changes that may be responsible for the negative cross-
resistance relationship described in Chapter 2, between neonicotinoids and 
spinosad. Similarly, a Dα2 mutant was included to identify gene expression 
changes that may explain the negative cross-resistance relationship between 
nitenpyram and imidacloprid. The RNAseq data did not reveal any nAChR gene 
expression changes in first instar larvae that would support the nAChR 
compensation hypothesis proposed in Chapter 2. Specifically, the analysis did 
not provide evidence of any significant upregulation of the spinosad target, Dα6 
in Dα1ΔDH, or of neonicotinoids targets, Dα1, Dα2, Dβ1 or Dβ2 subunit in Dα6KO 
mutant (Figure 3.4B). Also, there was no upregulation of transcript levels for the 
nitenpyram targets, Dα1 or Dβ2, in the Dα2Δ(3)4E mutant (Figure 3.4B). While 
looking at a subset of cells in the brain in third instar larvae, the targeted DamID 
data support this conclusion. There was no significant enrichment of RNA Pol II 
binding for any of these nAChR subunit genes in the Dα1EMS1 and Dα6EMS6 
mutants compared to the wildtype (Section 3.3.2.1). Similarly, the real-time qPCR 
analysis did not reveal any significant changes in mRNA levels for these genes 
(Dα1, Dα2, Dα6, Dβ1 or Dβ2) in the third instar brains of the Dα1EMS1 and Dα6EMS6 
mutants (Figure 3.9A). In summary, no evidence has been found to support the 
hypothesis that compensation at the transcriptional level is responsible for the 
observed negative cross-resistance phenotypes, despite having examined two 
different life stages, whole brains, a subset of cells in the brain and whole animals 
using qPCR, targeted DamID and RNAseq. Thus, if receptor compensation 
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involving the nAChR subunits does occur, it must involve post-transcriptional 
processes. 

There were significant nAChR gene expression changes unrelated to the 
negative-cross resistance phenotype. As expected, the RNAseq analysis showed 
that Dα6 was significantly reduced or absent, in Dα6KO, a full gene deletion 
mutant (Figure 3.4B). A low transcript expression of Dα6 however was still 
detected from the remaining 5’UTR and 3’UTR regions of the gene in the Dα6KO 
strain (Appendix 4)(Luong 2018). There is possibility that these regions are 
encoding regulatory elements for other subunit genes, but this has not been 
reported previously. Given that the number of reads mapped to these regions has 
not changed in comparison to the wildtype background (Appendix 4), it is unlikely 
that regulatory elements encoded by these UTR regions, if any, would influence 
the any gene expression in the mutant. Mixed observations were found for the 
partial deletion mutation alleles, where Dα1 expression was not affected in 
Dα1ΔDH, while, Dα2 transcription was significantly reduced in Dα2Δ(3)4E (Figure 
3.4B). The Dα1 mutation in Dα1ΔDH is a small exonic deletion in a region encoding 
the ligand-binding domain, whereas, the Dα2Δ(3)4E deletion eliminates a 
substantial Dα2 encoding region that is predicted to truncate the protein after the 
ligand-binding domain (Appendix 4). The nature of the mutations may influence 
the level of gene expression observed. In addition, the RNAseq analysis also 
identified significant downregulation of Dα7 and Dβ1 transcripts in Dα1ΔDH, 
downregulation of Dα7 transcript in Dα2Δ(3)4E, and downregulation of Dα5 and 

Dα7 transcript in Dα6KO. However, most of these changes in expression levels 
are relatively small (less than 2-fold). None of these expression changes can be 
readily reconciled with the negative cross-resistance phenotype observed for the 
respective mutants based on our current knowledge of nAChR subunits targeted 
by neonicotinoids and spinosyns.  

The targeted DamID analysis in specific neuronal cells of third instar brain did not 
identify any transcriptional changes for the nAChR genes. However, the real-time 
mRNA quantification using whole brain sample indicated significant upregulation 
of Dα3, Dα5 and Dβ3 in Dα6EMS6 (Figure 3.9A). Again, these are relatively small 
changes in expression (less than 2-fold). Given that neonicotinoid resistance was 
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previously recorded when Dα3 and Dβ3 were mutated, albeit at low resistance 
levels (Section 2.3.1), the upregulation of Dα3 and Dβ3 transcripts in Dα6EMS6 
could contribute to the elevated neonicotinoid sensitivity. However, again, the 
lack of evidence that Dα3 and Dβ3 are directly targeted by neonicotinoids 
provides a setback to this argument.  

Notably, an opposite expression change was observed for Dα5 when comparing 
findings between the two Dα6 mutant strains, Dα6EMS6 and Dα6KO from the real-
time mRNA quantification and the RNAseq (Figure 3.4B). The discrepancy might 
be due to the different development stages at which the analyses were performed 
(first instar larval stage versus third instar stage), particularly given previous 
analysis of nAChR gene family expression demonstrated that these genes are 
differentially expressed in different stages of Drosophila development (Rosenthal 
et al. 2019). A compounding factor for the dissimilarities in the gene expression 
could be due to the differences between mutant alleles of Dα6.  

In general, gene expression changes in the nAChR mutants examined here 
suggest that some nAChR subunit mutations can impact transcript levels for other 
subunits. One example of possible pathways by which these gene expression 
changes could occur is via nonsense-mediated RNA decay (NMD). NMD 
provides surveillance pathway on RNA quality in eukaryotes including 
Drosophila, where transcript that harbours premature stop codons is being 
targeted for degradation (Nickless, Bailis, and You 2017). This pathway has also 
been known to recruit expression of other genes as part of the compensatory 
mechanism (Bunton-Stasyshyn, Wells, and Teboul 2019). The premature stop 
codon introduced by Dα6EMS6 may trigger NMD, which then recruits expression 
of the other subunit genes including the Dα3, Dα5 and Dβ3 to mitigate the results 
of the mutation. However, to what extent this hypothesis will be held true requires 
further investigation. Also, clearly a very small number of subunit mutations have 
been examined here, so no generalisations can be made about the types of 
mutations in which genes might trigger such expression changes of other subunit 
genes. A systematic analysis with a variety of alleles in the different subunit genes 
would provide some clarity. 
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 Dysregulation of oxidative stress in the nAChR subunit mutants 

The analyses performed also aimed to uncover whether overall changes in the 
transcriptomes of the nAChR mutants would provide clues as on the impact of 
the absence or reduced function of receptor subunits and how neurons adjust to 
it. It was hoped that this might provide insights into processes that the nAChR 
subunits play a role in. 

Functional enrichment analyses were performed to identify pathways affected by 
the loss of receptor subunit function. Various studies in many species including 
Drosophila, have associated nAChRs with regulation of oxidative stress 
(Krishnaswamy and Cooper 2012; Weber et al. 2012). In Drosophila, Dα6 gene 
has been specifically associated with oxidative stress (Weber et al. 2012). Here 
dysregulation of multiple oxidation-reduction processes was observed in all of the 
nAChR subunit mutant strains tested. RNAseq analysis of the Dα1ΔDH, Dα2Δ(3)4E 
and Dα6KO mutants revealed that over 10% of the common DEGs (28 out of 247) 
were involved in oxidoreductase activity (Section 3.3.1.2). These include the 
cytochrome P450 family genes - Cyp4ad1, Cyp6a16, Cyp6g1, Cyp9b1, Cyp9h1, 
Cyp28d2 and Cyp309a1 and the glutathione-s-transferase genes - GstD1, 
GstD3, GstD5 and GstD10. These genes have also been associated with other 
pathways in arthropods, including metabolism of xenobiotics (for example, 
insecticides) and many other hormonal and chemosensory processes (Chung et 
al. 2009; Low et al. 2007; Ranson et al. 2001; Ranson and Hemingway 2005; 
Rewitz, O’Connor, and Gilbert 2007; Tang and Tu 1994). Some GSTs, including 
GSTD1 have peroxidase activity and can act to ameliorate oxidative stress (Tang 
and Tu 1994). Interestingly, the genes classified under the term ‘oxidoreductase 

activity’ were upregulated in Dα1ΔDH and Dα6KO mutant, but generally 
downregulated in Dα2Δ(3)4E mutant, based on RNAseq on whole first instar larvae 
(Section 3.3.1.2, Figure 3.5).  

Looking at the cell-specific transcriptional analysis we also observed 
dysregulation of pathways associated with oxidative stress in the Dα6EMS6 
mutant. GO terms associated with glutathione metabolism and oxidation-
reduction processes were significantly enriched in DEGs of Dα6EMS6, with these 
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genes found to be generally downregulated (Section 3.3.3). Dα1EMS1 showed less 
evidence of oxidative stress pathways being affected, although, common 
glutathione metabolism related terms and corresponding DEGs were also 
detected in the analysis of Dα1EMS1 mutant (Section 3.3.3). The opposite direction 
of gene expression changes in oxidative stress pathways between the RNAseq 
and the targeted DamID analysis may indicate tissue-specific responses. Tissue-
specific variability in oxidative stress associated gene expression have previously 
been described in mice (Kim, Kim, and Son 2018), and a finding correlated with 
human gene expression databases (Liu et al. 2008; Xiao et al. 2010). Additionally, 
genes involved in lipid metabolism, a pathway that has been extensively 
mentioned to be affected alongside altered oxidative stress levels (Borza 2013; 
Chen et al. 2019; Logan-Garbisch et al. 2014) were also affected in these 
neuronal cells of Dα1EMS1 and Dα6EMS6 (Figure 3.10 & Figure 3.11).  

Based on the pathways we find disrupted in our nAChR subunit mutants, 
crosstalk likely exists between oxidative stress processes and nAChR cholinergic 
functions. Various studies have demonstrated modulation of nAChR expression 
or function by changes in extracellular ROS levels (Campanucci, Krishnaswamy, 
and Cooper 2008; Gao, Liu, and Guan 2008; Krishnaswamy and Cooper 2012; 
Yu et al. 2003). In humans, oxidative stress was reported as mechanism 
connected to the reduced nAChR protein expression in many conditions for 
example, fluorosis, chronic sleep deprivation and Alzheimer’s disease (Gao et al. 
2008; Xue et al. 2019; Yu et al. 2003). Elevated ROS levels and oxidative stress 
were demonstrated to inactivate nAChRs in neurons (indicated by depression of 
ACh-evoked synaptic currents), thus disrupting cholinergic signalling 
(Campanucci et al. 2008). This was proposed to be mediated by the conserved 
Cys residues in the subunit’s TM1-TM2 linker that is vulnerable to oxidation 
(Krishnaswamy and Cooper 2012). On the other hand, neuronal overactivation 
has been demonstrated to lead to ROS generation in Drosophila presynaptic 
NMJs. This in turn mediates structural plasticity at the synaptic terminals and 
leads to effects on insect behavioural functions (Oswald et al. 2018). 

The nAChR Dα6 gene has also been directly associated with oxidative stress in 
a previous genome-wide association study (Weber et al. 2012). When tested, a 
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Dα6 mutant strain from Drosophila Gene Disruption Project database showed 
increased susceptibility to an oxidative stress inducing treatment (Weber et al. 
2012). Here, this study identifies various dysregulated genes associated with 
oxidative stress in all of the Dα6 mutants examined. Although they were generally 
downregulated in neuronal tissue that is expressing Dα6, observations from 
whole larvae RNAseq indicated overall upregulation of these genes. It is likely 
that the metabolic tissues are largely impacted by changes in oxidative stress 
level. Collectively, from the literature and this study, it is anticipated that mutations 
in Dα6 subunit lead to changes in pathways that alter the capacity of the insect 

to regulate oxidative stress levels, and thus, would make flies more vulnerable to 
further changes in oxidative level. Both imidacloprid and spinosad treatments 
were shown to induce oxidative stress in neuronal and metabolic tissues of 
Drosophila (Martelli 2020), so it is interesting to see that the Dα6 mutants have 
increased toxicity only to imidacloprid but not spinosad. This indicates that the 
subsequent oxidative stress induction was only triggered after the insecticide 
binding or action on the target receptors. Indeed, spinosad exposure in a Dα6 
knockout was not observed to further increase the oxidative stress level over and 
above that of the mutant itself (Martelli 2020). 

 Protein translation, trafficking and degradation were affected in 

the nAChR subunit mutants 

This study observed various other pathways that were affected due to mutations 
impacting nAChR subunits. Notably, pathways involved in neuronal development 
and function were affected in the both Dα1 and Dα6 mutants, as anticipated due 
to the localisation of nAChRs and importance at various stages of neuronal 
development (Rosenthal et al. 2019; Zoli et al. 2018). Interestingly, pathways 
associated with protein processes including protein translation, maturation, 
trafficking and degradation were more significantly affected in neuronal cells of 
Dα6EMS6 than in the Dα1EMS1 mutant (Section 3.3.3). The targeted DamID 
analysis identified GO terms related to translational activity as the most 
significantly enriched terms and most of the genes under these terms were 
upregulated in both Dα1EMS1 and Dα6EMS6 (Figure 3.11). This may indicate 
increased translation of proteins that are needed to compensate for loss of the 
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nAChR subunit, or it may also be an increased translation of proteins that are 
involved in various biological functions in response to stress. Without proteomic 
profiles for these mutants, we cannot be sure on what type of proteins are being 
upregulated in response to the subunit mutation. 

These analyses also revealed enrichment for DEGs related to protein processes 
including protein trafficking and degradation, significantly in the cell-specific 
transcriptional analysis of the Dα6EMS6, but not for the Dα1EMS1 mutant (Figure 
3.11). These pathways however were not detected in RNAseq analysis from 
whole first instar larvae, indicating tissue-specific changes due to the mutation of 
Dα6 subunit. Previously, spinosad exposure has been demonstrated to lead to 

Dα6 protein degradation (Nguyen et al. manuscript in preparation). As spinosad 
binds allosterically to the C-terminal region of nAChR Dα6 subunit rather than the 

ligand-binding domain (Puinean et al. 2013; Somers et al. 2015), the structure of 
the nAChR complex is thought to be disrupted upon the binding, leading to its 
degradation (Nguyen et al. manuscript in preparation). The same process may 
be triggered in response to the mutations in the nAChR subunits that lead to mis-
folded subunits and/or a dysfunctional receptor complex. Clearance of the 
dysfunctional nAChR complex from the membrane would explain the observed 
upregulation of pathways involved in vesicle-mediated trafficking and 
proteasome-mediated degradation in the Dα6 mutants.  

The proteasome-mediated degradation of Dα6 was further examined and found 

to involve lysosomal activity. The Dα6-containing receptors have been observed 
to co-localise with lysosomes after the spinosad exposure (Felipe Martelli, 
personal communication). Consistent with these data, in addition to upregulation 
in proteolysis and proteasome activity, our analysis identified upregulation of 
lysosomal and ubiquitination activity in the neuronal cells of Dα6EMS6 mutant 
(Figure 3.11), all of which contribute to protein degradation processes. 
Endosomal activity, which may play a  sorting role in the degradation of 
dysfunctional synaptic proteins (Uytterhoeven et al. 2011), was also dysregulated 
in these cells.  

The increased proteasome and lysosome activity were also observed in the 
Dα6KO larvae, even though no enrichment of GO term associated with vesicle-
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mediated trafficking was represented among the DEGs (Figure 3.5B). Given that 
a full gene deletion should not produce any protein at all, the need for clearance 
of dysfunctional Dα6-containing receptors is not expected. This could indicate 
possible degradation of other unknown proteins due to the loss of this nAChR 
subunit. It may be that the nAChR subtype that requires Dα6 cannot exist alone, 

and thus, the rest of subunits or the incomplete nAChR complex are being cleared 
from the cell when Dα6 is lost. Similarly, these may include chaperone proteins 

or accessory proteins that are regulating, and specific to, the Dα6-containing 
nAChRs. 

Downregulation of slp1, brk and BEAF-32 in the Dα6 mutant (where binding 
motifs of these TFs were also overrepresented in the DEGs in the mutant) were 
also identified from the targeted DamID analysis (Section 3.3.4). Further, the TFs 
encoded by these genes may be responsible for mediating the observed 
expression changes for genes described under pathways such as neuron 
development, protein transport and protein degradation, based on the GOMo 
analysis (Section 3.3.4). These regulatory proteins could be acting as a repressor 
or activator on the genes in mediating the expression changes. Looking at known 
downstream genes of the TFs that bind to these recognised motifs, many of these 
genes were not affected in Dα1EMS1 and Dα6EMS6. Dpp expression is 
demonstrated to be mediated and maintained by Pnr, while Brk was reported to 
block Dpp, during embryo development (Herranz and Morata 2001; Jazwinska, 
Rushlow, and Roth 1999). Here, brk expression is significantly downregulated in 
Dα6EMS6 (Figure 3.12), but no significant changes in Dpp gene expression were 
observed in the mutant. Previous work has also demonstrated that BEAF-32 
regulates rhodopsin expression; an RNAi-mediated block in BEAF-32 leads to 
Rh5 upregulation and Rh6 downregulation (Jukam et al. 2016). The analysis here 
did record a 4.5-fold upregulation of Rh5 in Dα6EMS6 (Appendix 6), correlated with 
the downregulation of BEAF-32, but no change in Rh6 expression was recorded 
in the mutant. Taking these together, it is difficult to suggest a relative contribution 
of each TF to the dysregulated pathways in the mutant using data from the 
targeted DamID and the GOMo analysis alone. Targeting these TFs in the future 
could shed light on the specific downstream target genes, and thus molecular 
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pathways, that are responsible for the phenotypic changes observed in the 
mutant. 

 Association of the dysregulated pathways with negative cross-

resistance 

Enrichment of the GO terms associated with protein translation, maturation and 
trafficking in the nAChR subunit mutants could also be explained by the proposed 
nAChR compensation mechanism that leads to the negative cross-resistance 
phenotype. Protein folding and trafficking are important for nAChR subunit 
maturation and assembly (Brodsky and Skach 2011), and thus, if a compensation 
mechanism is triggered due to the loss of one of the receptor subunits, it is 
reasonable for genes involved in regulating these pathways to be upregulated. 
However, the only significant upregulation of protein folding and trafficking activity 
observed was in the Dα6-expressing neuronal cells of the Dα6EMS6 mutant, not 
Dα1EMS1 (Figure 3.11). This suggests that there are possibly two independent 
mechanisms in response to the mutations in Dα1 and Dα6 that lead to negative 
cross-resistance, which may or may not involve nAChR compensation. Further 
examination of these mutants is required. 

The transcriptional analyses presented in this chapter also indicated another 
possible route by which the increased sensitivity to another insecticide may 
occur. The elevated level of oxidative stress in the mutants may predispose them 
to increased sensitivity for another insecticide’s action, particularly to insecticides 

that increase oxidative stress. Removing the target for the insecticide would more 
than compensate for the increased oxidative stress burden, however, for the 
other compound, the target is still present, but in a hypersensitised insect. Both 
neonicotinoids and spinosad were shown to increase oxidative stress in cellular 
environment (Ge et al. 2015; Martelli 2020; Xu et al. 2018). As loss of the 
insecticide target did not further elevate oxidative stress upon the insecticide 
exposure (Martelli 2020), it is likely that the oxidative stress is triggered by the 
binding of the insecticide to its target site. Thus, nAChR mutants that are resistant 
to insecticides, may be hypersensitive to other insecticides that cause oxidative 
stress. 
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For the negative cross-resistance between imidacloprid and nitenpyram in Dα2 
mutants, the fact that the two neonicotinoids are likely to have overlapping 
targets, further complicates the situation in understanding possible mechanisms 
behind the phenotype. If oxidative stress is found to be similarly affected in Dα2 
mutant, the observed hypersensitivity to nitenpyram, but not spinosad, would be 
harder to explain as spinosad is the one that induces oxidative stress (Martelli 
2020) and nitenpyram was never examined. The RNAseq analyses highlighted 
expression changes for genes associated with oxidoreductase activity in 
Dα2Δ(3)4E (Figure 3.5), but evidence of oxidative stress in this mutant is not as 
strong as it is for the Dα1 and Dα6 mutants. There could be a distinct molecular 
mechanism responsible for the negative cross-resistance observed between 
imidacloprid and nitenpram. In addition, the possibility that nAChR compensation 
occurs at the protein level still needs to be examined in the background of Dα2 
mutant. There could be upregulation of nAChR subtype that is a target for 
nitenpyram, but not imidacloprid as explained in Chapter 1, that could mediate 
the negative cross-resistance.  
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Chapter 4 :  Chemical and genetic 

dissection of mechanisms for negative 

cross-resistance 

 Introduction 

The Drosophila larval NMJ serves as an ideal model to understand how the 
synapse functions. The neuronal lineages are well characterised, expression of 
many genes has been studied both at whole brain (Cahoy et al. 2008; Pacifico et 
al. 2018; Torres-Oliva et al. 2018) and more recently, at single cell resolution 
(Brunet Avalos et al. 2019; Croset et al. 2018). The localisation of proteins in this 
tissue can be studied using many genetic tools. Currently nAChRs are known to 
play roles in several neuronal pathways associated with visual system, learning 
and memory, sleep, addiction and motor function (Fayyazuddin et al. 2006; 
Rosenthal et al. 2019; Somers, Luong, Mitchell, et al. 2017; Su and O’Dowd 2003; 

Wu et al. 2014). What is poorly understood is how a neuron compensates for the 
loss of function for an nAChR subunit. In addition to initiating calcium signalling 
upon its activation, presynaptic and postsynaptic nAChRs also regulate 
neurotransmitter release and synaptic plasticity (Dani and Bertrand 2007; 
MacDermott, Role, and Siegelbaum 1999). In addition to influencing the 
regulation of its own receptor density at the synapse (Section 1.1.5), altered 
nAChR signalling also dictates synaptic homeostasis. Hence, the absence of 
specific receptor subunits or receptor subtypes could significantly impact neural 
signalling through altered expression of other nAChR subunits or cause 
dysregulation of other cellular processes. Either of which could contribute to the 
negative cross-resistance mechanism being examined here. 
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 Neuronal synaptic plasticity 

A neuron has the capacity to modulate its sensitivity to signalling, and in so doing, 
its output, in response to external signals. Importantly, adaptive mechanisms 
enable the nervous system to restore normal functionality in response to 
perturbations (Davis 2006; Vitureira, Letellier, and Goda 2012). Some of these 
adaptive changes include modulation of (1) number of receptors at the 
membrane, (2) the pool of synaptic vesicles, (3) the amount of neurotransmitter 
released into synapse, or (4) receptor sensitivity to its ligands (Castillo 2012; 
Gaiarsa, Caillard, and Ben-Ari 2002; Lüscher and Malenka 2012; Scheler 2004). 
These modulations are collectively described as homeostatic plasticity and have 
been observed in both vertebrates and invertebrates (Glanzman 2010). This 
fundamental property is known as synaptic plasticity. It serves to fine tune 
signalling to optimise various neural and behavioural functions. However, the 
molecular events that mediate this complex mechanism still elude us. Availability 
of the Drosophila model system has facilitated the detailed investigation of these 
processes at the NMJ using forward genetic approaches. 

 Regulation of synaptic plasticity 

Various factors have been demonstrated to induce homeostatic synaptic 
plasticity. Genetic mutations in Drosophila glutamate receptors at the NMJ that 
decrease the receptor sensitivity result in a compensatory increase of presynaptic 
neurotransmitter release, restoring normal levels of synaptic activity (Davis and 
Goodman 1998; Petersen et al. 1997). Mutations in other genes (Pak, dorsal, 
cactus or nanos) that reduce clusters of glutamate receptors at the NMJ were 
reported to have similar effects (Albin and Davis 2004; Heckscher et al. 2007; 
Menon et al. 2009). Similarly, postsynaptic expression of Kir2.1 potassium 
channels in muscles, which impairs muscle depolarisation, increases presynaptic 
neurotransmitter release, a response likely to be compensating for reduced 
muscle excitability (Paradis, Sweeney, and Davis 2001). Changes in the level of 
neurotransmitter receptors in response to age-related neuronal damage is 
another example of neuronal plasticity. Striatum from both animal models and 
patients with Parkinson’s disease indicate upregulation of postsynaptic dopamine 
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receptors, correlated to dopamine deficiency (Donnan et al. 1991). Meanwhile, a 
significant decrease in α4β2-nAChR in hippocampus and basal forebrain has 
been observed in patients with Alzheimer’s dementia (Sabri et al. 2018). The 
findings from these studies have helped to identify pathways and targets for the 
development of novel treatment strategies for these and other neurological 
diseases (Hoskin, Al-Hasan, and Sabbagh 2018; Quik et al. 2007; Quik and 
Wonnacott 2011). In α6 knockout mice, replacement of α6 by α4 in α4α6α5(β2)2 
receptor complexes was suggested based on the pharmacological properties of 
the upregulated nAChR subtype, which may indicate nAChR subunits can directly 
compensate for each other (Champtiaux et al. 2002; Klink et al. 2001). Other 
conditions, such as elevated ROS generation, have also been shown to mediate 
plasticity at presynaptic NMJs (Oswald et al. 2018).  

Homeostatic plasticity at the synapse has been observed in the Drosophila visual 
system. Ventral lateral neurons (LNvs) are critical neurons for circadian rhythm 
and light-related behaviours in larvae (Mazzoni, Desplan, and Blau 2005). 
Additionally, the structure of LNvs and their physiological response can be 
modulated by light stimulation (Malpel, Klarsfeld, and Rouyer 2002; Yuan et al. 
2011). Increased light exposure reduced the size of dendritic arbors in LNvs and 
its calcium response (Yuan et al. 2011). Interestingly, a recent study 
demonstrated that nAChR Dα1 and Dα6 play important roles in LNvs plasticity, 
with flies carrying mutations in these receptor subunits having a reduced dendrite 
volume and calcium response in LNvs (Rosenthal et al. 2019). However, neither 
mutant showed any further reduction in compensatory response upon increased 
light exposure, indicating that both the light conditions and the nAChR mutations 
are involved in the same cellular pathway (Rosenthal et al. 2019). 

 Chapter overview 

In Chapter 3, transcriptomic analysis on whole larvae and targeted cells showed 
significant expression of nAChR subunit genes in the larval brain and differences 
in gene expression in nAChR mutant backgrounds. The observed changes in 
nAChR mRNA expression in the mutants did not fit with the hypothesis that the 
negative cross-resistance is occurring due to compensation at the level of 
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transcription. Thus, if direct nAChR subunit compensation occurs, it needs to be 
at the post-transcriptional level. This chapter analyses protein localisation and 
the expression levels of the nAChR subunits, again using Dα1 and Dα6 mutants 
that exhibit a negative cross-resistance phenotype between neonicotinoids and 
spinosyn. This chapter also examines candidate pathways revealed through the 
transcriptional analysis. Using known chemical inhibitors against some of these 
pathways suggests possible involvement in the negative cross-resistance 
phenotype. 

 Research questions 

This chapter will answer the following research questions: 

1. Where in the brain are the nAChR subunits involved with the negative 
cross-resistance phenotype being expressed? Are they expressed in the 
same cells? 

2. Is there any change in protein level of nAChR subunits that could explain 
the negative cross-resistance phenotype? 

3. Can other pathways possibly involved in negative cross-resistance be 
targeted for further investigation? 
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 Materials and Methods 

 Fly strains 

T2AGAL4 or Trojan GAL4 is one of MiMIC-compatible cassettes made available 
recently. It utilises a SA-T2A-GAL4-polyA cassette that can be exchanged into 
the MiMIC strains (Diao et al. 2015; Lee et al. 2018). The T2AGAL4 cassette 
contains a splice acceptor with an in-frame stop codon to truncate the targeted 
gene, followed by T2A, a ribosomal skipping site that allows translational 
readthrough of the GAL4 coding region that follows the T2A site (Diao and White 
2012). Thus, the system both truncates the original gene product at the insertion 
site and produces GAL4 protein which essentially places GAL4 expression under 
the control of a gene’s native enhancers.  

Previously generated Drosophila T2AGAL4 strain of Dα6, Dα6-T2AGAL4 (Lee et 
al. 2018) was obtained for this study. T2AGAL4 strains for Dα1 that had been 
generated using a CRISPR-mediated integration cassette, (CRIMIC) were kindly 
provided by Wei Chen (personal communication). The T2AGAL4 system disrupts 
the native subunit gene product and these strains are resistant to respective 
insecticides that target the nAChR subunit. A reporter strain, UAS-mCD8::GFP 
was used to visualise gene expression localisation of the T2AGAL4 drivers. Fly 
strains obtained for the study is listed in Table 4.1. 

Transgenic flies carrying a yellow fluorescent protein (YFP) tagged Dα1 

construct, UAS-Dα1-YFP (Somers 2015) or Dα6 construct, UAS-Dα6-YFP 
(Nguyen et al. manuscript in preparation) were used with the corresponding 
T2AGAL4 drivers to track subunit protein localisation under different conditions. 
Importantly, these YFP-tagged subunit constructs were validated to restore 
native levels of susceptibility to neonicotinoid and spinosad, in Dα1 and Dα6 
mutants respectively (Somers 2015; Nguyen et al. manuscript in preparation). 
These constructs were also crossed into previously described Dα1 mutants 
(Dα1EMS1 and Dα1KO) or Dα6 mutants (Dα6EMS6 and Dα6KO) described in Section 
2.2.1, to examine subunit expression in the mutant backgrounds (Table 4.2).  
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Table 4.1 Drosophila strains obtained for the study 

Strain Genotype Stock 

Dα1-T2AGAL4 w; +; Dα1.TG4/TM6b,Tb Batterham lab stock 

Dα6-T2AGAL4 yw; Dα6-MI01466.TG4.1; + BDSC #76137 

UAS-mCD8::GFP yw; P{w[+mC]=UAS(FRT.stop)mCD8-
GFP.H}11/CyO 

BDSC #30125 

UAS-Dα1-YFP w; UAS-Dα1-YFP; + Batterham lab stock 

UAS-Dα6-YFP w; +; UAS-Dα6-YFP Batterham lab stock 

BDSC, Bloomington Drosophila Stock Centre 

Table 4.2 Drosophila strains generated for in vivo tracking of fluorescent 
tagged subunit in nAChR mutants 

Strain Genotype Purpose 

Control Dα1-T2AGAL4 w1118; +; Dα1.TG4/TM6b, Tb Crossed to express 
Dα1-YFP in control 
background Control UAS-Dα1-YFP w1118; UAS-Dα1-YFP; + 

Dα6EMS6 Dα1-T2AGAL4 w1118; Dα6EMS6; Dα1.TG4/TM6b, Tb Crossed to express 
Dα1-YFP in Dα6EMS6 
background Dα6EMS6 UAS-Dα1-YFP w1118; Dα6EMS6, UAS-Dα1-YFP; + 

Dα6KO Dα1-T2AGAL4 w1118; Dα6KO; Dα1.TG4/TM6b, Tb Crossed to express 
Dα1-YFP in Dα6KO 
background Dα6KO UAS-Dα1-YFP w1118; Dα6KO, UAS-Dα1-YFP; + 

Control Dα6-T2AGAL4 w1118; Dα6-MI01466.TG4.1; + Crossed to express 
Dα6-YFP in control 
background Control UAS-Dα6-YFP w1118; +; UAS-Dα6-YFP 

Dα1EMS1 Dα6-T2AGAL4 w1118; Dα6-MI01466.TG4.1; 
Dα1EMS1/TM6b, Tb 

Crossed to express 
Dα6-YFP in Dα1EMS1 
background Dα1EMS1 UAS-Dα6-YFP w1118; +; Dα1EMS1, UAS-Dα6-YFP 

Dα1KO Dα6-T2AGAL4 w1118; Dα6-MI01466.TG4.1; 
Dα1KO/TM6b, Tb 

Crossed to express 
Dα6-YFP in Dα1KO 
background Dα1KO UAS-Dα6-YFP w1118; +; Dα1KO, UAS-Dα6-YFP 
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 Western blotting 

 Protein extraction 

20 adult flies were collected in a fresh tube and flash-frozen in liquid nitrogen. Fly 
heads were decapitated by vigorous shaking and separated using a mesh sieve 
on a bed of dry ice. Heads were homogenised in extraction buffer containing 1X 
RIPA Lysis Buffer (Abcam) and 1X cOmplete™ Mini Protease Inhibitor Cocktail 
(Sigma) using a bead beater. The sample was boiled at 100°C for 5 minutes 
before being centrifuged at maximum speed at 4°C for 10 minutes to clear the 
supernatant from the debris. For larval brain samples, brains from 20 third instar 
larvae were dissected in 1X PBS. Brains were homogenised in the same 
extraction buffer by vortexing and left on ice for 15 minutes. The sample was 
centrifuged at maximum speed at 4°C for 10 minutes. Finally, the supernatant 
was transferred into a fresh tube. Protein concentration was quantified using 
Qubit Fluorometric Quantitation. 

 Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis 

and blotting 

SDS-polyacrylamide gel made up of 4% stacking gel (top) and 10% resolving gel 
(bottom) was prepared on a 1mm vertical gel cast (Bio-Rad) following 
manufacturer’s instructions. The 10% resolving gel contained 1.8mL of 40% bis-
acrylamide solution (Sigma), 1.5mL of 1.5 M Tris-HCl pH 8.8, 60μL of 10% SDS, 

60μL of 10% ammonium persulfate, 6μL of TEMED (Sigma) and 2.625mL of 
water. The 4% stacking gel contained 150μL of 40% bis-acrylamide solution, 
375μL of 0.5 M Tris-HCl pH 6.8, 15μL of 10% SDS, 15μL of 10% ammonium 

persulfate, 1.5μL of TEMED and 97μL of water.  

45ug of protein sample was diluted in 1X loading buffer (62.5mM Tris-HCl, pH 
6.8, 3% SDS, 10% glycerol, 0.1% bromophenol blue, 100mM dithiothreitol) and 
heated at 100°C for 5 minutes before loading onto the gel. The sample was run 
on 1X Tris-Glycine buffer, pH 8.3 (25mM Tris base, 192mM Glycine, 0.1% SDS), 
in a Mini-PROTEAN Tetra Cell (Bio-Rad) at constant voltage of 70V for 10 
minutes, then 150V for 1-2 hours. Resolved proteins were transferred onto an 
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Immobilon-P PVDF transfer membrane (Thermo Fisher) in transfer buffer 
containing 25mM Tris base, 192mM glycine and 10% methanol, using an XCell 
II Blot Module electroblotting set up (Thermo Fisher). The module was run in an 
XCell Surelock™ Mini-Cell (Thermo Fisher) on ice at a constant current of 250mA 
for 1.5 hours.   

 Immunostaining and protein detection 

The membrane was blocked with 3% BSA or 5% skim milk powder in 1X Tris-
Buffered Saline-Tween (10mM Tris-HCL, pH 7.5, 150mM NaCl, and 0.01% w/v 
Polysorbate TWEEN® 20) for 1 hour at room temperature. Then, the membrane 
was incubated with a primary antibody overnight at 4°C and washed three times 
before incubation with a secondary antibody for 1 hour at room temperature. The 
following primary antibodies; rabbit anti-Dα6 1:1000 (Watson et al. 2010) and 
rabbit anti-β actin 1:2000 (Abcam), and secondary antibody, HRP-conjugated 
anti-rabbit IgG 1:5000 (Cell Signaling) were used in the study. Detection of protein 
bands was performed by chemiluminescence using Clarity™ Western ECL 

Substrate (Bio-Rad) following manufacturer’s instructions and viewed using a 
ChemiDoc Imaging System (Bio-Rad). Protein bands were analysed and 
quantified relative to housekeeper, β actin using Image Lab software (Bio-Rad). 

 Confocal microscopy 

For live confocal imaging, third instar larval brains were dissected out in ice-cold 
1X PBS. The brains were then mounted in VectaShield® mounting medium 
(Vector Laboratories) for imaging. All samples were viewed and imaged on Leica 
SP5 AOBS Inverted Confocal Microscope using Leica Application Suite 
Advanced Fluorescence software. Images were assembled from a Z-stack with 
a Z-step interval of 2μm, using the 20x dry objective or 40x oil immersion 

objective. Further image analysis was performed using Fiji software (Schindelin 
et al. 2012). 
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 Compounds 

Imidacloprid (Confidor®, Bayer Crop Science Australia) and spinosad (Chem 
Service Inc) were purchased commercially. Imidacloprid was diluted in distilled 
water, whereas spinosad was diluted in DMSO or ethanol to prepare a 
10,000ppm stock solution. Stock solutions were stored at 4°C in the dark. 
Chemical inhibitors including dynasore (Abcam, ab120192), bortezomib (Abcam, 
ab142123), nordihydroguaiaretic acid, NDGA (Abcam, ab142582) and PYR-41 
(Abcam, ab141469) were also purchased commercially. Dynasore, which is an 
endocytosis inhibitor, was diluted in ethanol to a 50 mM stock and stored at -
20°C. Bortezomib, which is a proteasome inhibitor, was diluted in ethanol to a 1 
mM stock and stored in the dark at -20°C. NDGA, which is a naturally occurring 
antioxidant and an inhibitor of protein transport from the ER to Golgi, was diluted 
in ethanol to a 1mM stock and stored at room temperature. PYR-41, which is a 
ubiquitin-activating enzyme E1 inhibitor, was diluted in ethanol to a 1mM stock 
and stored at -20°C. 

 Larval movement assay (Wiggle Index) 

Larval movement assay or Wiggle Index was performed to measure the response 
of larvae to insecticide exposure over a period of time as previously described 
(Denecke et al. 2015). Adult flies were allowed to lay eggs over 24 hours on 
standard fly media. Eggs were allowed to hatch, and larvae were kept at 25°C for 
68 hours. Larvae were washed on mesh and placed onto a 50mm juice plate 
using the 20% sucrose extraction method (Nichols, Becnel, and Pandey 2012). 
25 similar-sized third instar larvae per replicate/well, were collected into a 24-well 
flat bottom plate filled with 200μL of 5% sucrose solution and left to acclimatise. 

Larvae were pre-treated with 500μM of dynasore, 10μM of bortezomib, 1mM of 
NDGA or 500μM of PYR-41 by substituting the appropriate amount of liquid with 
pre-diluted stock solutions and left in the dark for 1 hour. For control, larvae were 
pre-treated with the highest ethanol concentration used in the chemical pre-
treatment step (10% in this study). 5X insecticide stock solutions were prepared 
in 5% sucrose and 50μL of the stock was added to each well to make up a desired 

insecticide concentration (3ppm for imidacloprid and 2ppm for spinosad). After 
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mixing by agitation, 50μL of total liquid was removed to bring back the final 
volume to 200μL. 

A 30 second video of larval movement was taken for each well at 0, 15, 30, 60, 
90, and 120 minutes using a Nikon video recorder. Each of the captured videos 
was converted to a set of 750 images using Video Jpg Converter (DVDVideoSoft 
software). The images were input into an R package for Wiggle Index (https:// 
github.com/shanedenecke/WI_Analysis). The package utilised Fiji software to 
measure light intensity of each image and generate a heat map which was used 
to calculate movement between the images in the set. The relative movement 
ratio (RMR) was calculated by comparing the movement at each time point to the 
baseline movement at time point, 0 min. Data analysis were performed in R studio 
software. 
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 Results 

 Western blot analysis of Dα6 subunit protein level in Dα1 mutants 

The hypothesis that a mutation in a nAChR subunit gene leads to an increase in 
transcription of another nAChR subunit gene(s) providing an explanation for 
negative cross-resistance has been rejected (refer Chapter 3). Compensatory 
expression changes at the translational or post-translational levels could also 
account for the observed negative cross-resistance. This possibility is 
investigated here. 

A native Dα6 antibody was available for protein quantification (Watson et al. 
2010). Dα6 subunit protein levels in the Dα1 mutants that do and do not exhibit 
negative cross-resistance, Dα1EMS1 and Dα1KO respectively, were measured.  
Western blotting analysis of protein extracted from the third instar larval brain and 
adult brain showed Dα6 specific bands. The band intensities were normalised to 

those of the housekeeper, β-actin (Figure 4.1). Analysis from the adult brain 
revealed a 2.3-fold down-regulation of Dα6 protein levels in Dα1EMS1, meanwhile 
no significant changes in Dα6 were recorded for Dα1KO, compared to the wildtype 
control, Armenia14 (Figure 4.1A-B). In examining protein levels in the dissected 
larval brain, similar trends of reduced expression of Dα6 were observed in both 

Dα1EMS1 and Dα1KO, compared to the control, however, these changes in protein 
level were not significant (Figure 4.1C-D). In summary, the protein analyses 
showed no upregulation of Dα6 protein level in Dα1EMS1 and Dα1KO that could 
support altered protein levels of the subunits as the mechanism underlying 
spinosad hypersensitivity observed in these mutant strains. Unfortunately, no 
native Dα1 antibody is currently available for secondary staining for the reverse 
analysis of Dα1 levels in Dα6 mutants.  
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Figure 4.1 Analysis of Dα6 subunit protein level in Dα1 mutants  

Western blots of (A-B) adult head and (C-D) larval brain extracts from Dα1 mutants, 
Dα1EMS1 and Dα1KO were incubated with anti-Dα6 and the loading control anti-β actin. 
Graphs show relative expression of the Dα6 bands compared to wildtype control, 
Armenia14. Student’s t-test was performed for statistical significance, where P < 0.05 is 
considered significant (n ≥ 4). n.s., not significant  



Chapter 4 

 

143 

 

 Analysis of Dα1 and Dα6 expression in mutants that showed 

negative cross-resistance using YFP-tagged nAChR subunits 

In order to quantify protein expression levels of nAChR Dα1 and Dα6 subunits, 
an optimised in vivo tracking system of YFP-tagged Dα1 and Dα6 subunits, the 
expression of which could be controlled using the UAS/GAL4 system, was used 
(Brand and Perrimon 1993). For this, T2AGAL4 strains of Dα1 and Dα6 which 
contain a cassette that truncates the subunit gene product at the insertion site 
and produces GAL4 protein were used (Diao and White 2012). Dα6-T2AGAL4 
strain had a T2A-GAL4 cassette inserted in the intronic region of Dα6 at position 
2L:9,863,534(-) between exon 2 and exon 3, which truncates the subunit product 
just after residue K22 (Figure 4.2B)(Diao et al. 2015). Meanwhile, the cassette 
was inserted at position 3R:24,412,847(-) of Dα1 (between exon 4 and exon 5) 
using CRIMIC, in the generation of the Dα1-T2AGAL4 strain and this truncates 
the protein product at residue Q79 (Figure 4.2A)(Wei Chen, personal 
communication). This essentially places GAL4 expression under the control of 
the native enhancers of the nAChR subunit gene being examined. As both T2A-
mediated protein truncations occur before loop D inside the extracellular ligand-
binding domain of the nAChR subunit, a subunit expression close to a null 
mutation is expected.  

Initially, a UAS-mCD8::GFP reporter was used to visual the gene expression 
patterns of nAChR Dα1 and Dα6 in third instar larval brains. Both subunit genes 
showed similar fluorescent localisation patterns in the larval brain (Figure 4.3A-
F). Dα1 and Dα6 showed a very similar localisation of expression in the cortex of 
the VNC (Figure 4.3B & E) and in the central brain, prominently in cell bodies as 
well as the mushroom bodies (Figure 4.3C & F). These T2AGAL4 strains are a 
valuable tool to drive GAL4 expression in the same pattern as the nAChR that it 
disrupts. Despite observing variations in fluorescence levels for the two genes, it 
was not possible to compare fluorescence levels due to the nature of GAL4-
mediated amplification of the expression and the different laser intensities used 
in imaging the brains to accommodate the varying intensity of GFP signals.  
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Figure 4.2 T2AGAL4 drivers for nAChR Dα1 and Dα6 

Schematic diagrams show sites of T2AGAL4 cassette insertion in coding intron of (A) 
nAChR Dα1 and (B) nAChR Dα6, which is positioned at 3R:24,412,847(-) and 
2L:9,863,534(-) respectively. The T2AGAL4 insertions result in expression of GAL4 
under the control of endogenous gene regulatory sequences, while truncating the Dα1 
and Dα6 protein products after residue Q79 and K22, respectively. 

Figure 4.3 Localisation patterns of GFP reporter under the control of Dα1 
and Dα6 T2AGAL4 drivers in larval brain  

Opposite. Confocal images show expression patterns of UAS-mCD8::GFP reporter 
driven by (A-C) Dα1-T2AGAL4 and (D-F) Dα6-T2AGAL4 in neurons of third instar larval 
brain, with magnifications of ventral nerve cord (VNC) and optical lobe. Scale bars are 
100μm. 
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Subsequently, the YFP-tagged Dα1 (Dα1-YFP) and Dα6 (Dα6-YFP) constructs 
were expressed under the control of the Dα1-T2AGAL4 or Dα6-T2AGAL4 drivers, 
in the Dα6 and Dα1 mutant backgrounds, respectively. Again, third instar larval 
brains were dissected for the analysis. Overall, a similar localisation of 
fluorescent Dα1 and Dα6 in the larval brain as found for the UAS-mCD8::GFP 
reporter was observed. The visualisation indicated a similar pattern of Dα1-YFP 
localisation in all three different genetic backgrounds - wildtype, Dα6EMS6 and 
Dα6KO (Figure 4.4A-C). Similarly, the localisation patterns of Dα6-YFP were very 
similar in brains of the wildtype, Dα1EMS1 and Dα1KO strains (Figure 4.4D-F). 

Quantification of the fluorescence signal showed a significant increase in 
fluorescent signal (~35% increase) in Dα6EMS6 brains compared to the wildtype 
control, suggesting upregulation of Dα1 in the mutant (Figure 4.4G). However, 
the analysis did not record any significant change in Dα1 signal in the full 
knockout mutant, Dα6KO. Analysis of Dα1 mutants revealed no significant 
changes in Dα6-YFP signal, in either Dα1EMS1 or Dα1KO brains (Figure 4.4H). The 
observation of no changes in Dα6 expression in Dα1 mutants is consistent with 
results from western blotting analysis on protein extracted from the third instar 
larval brains (Section 4.3.1). 



Chapter 4 

 

146 

 

 

Figure 4.4 Analysis of fluorescently tagged nAChR subunit expression in 
Dα1 and Dα6 mutants  

(A-C) UAS-Dα1YFP expression driven by Dα1 T2AGAL4 and (D-F) UAS-Dα6YFP 
expression driven by Dα6 T2AGAL4, in third instar larval brain of Dα6 mutants and Dα1 
mutants, respectively. Comparisons were made to expression of the respective YFP-
tagged subunit in the wildtype. Scale bars are 100μm. Graphs show quantification of the 
fluorescence intensity of (G) Dα1-YFP and (H) Dα6-YFP in the respective nAChR 
mutants compared to the wildtype control. Student’s t-test was used for statistical 
significance, where P < 0.05 is considered significant (n ≥ 6). n.s., not significant 
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 Larval movement response to inhibition of possible pathways for 

negative cross-resistance 

Given the above results suggest that the negative cross-resistance mechanism 
is unlikely to be due to altered receptor levels, several candidate pathways 
identified from the DEGs analysis of Dα1 and Dα6 mutants were examined. 
Chemical inhibitors were used to block these pathways and changes to third 
instar larvae response to insecticides, imidacloprid and spinosad was recorded. 
A larval motility assay, the Wiggle Index, was performed to measure the response 
to the insecticides. Both imidacloprid and spinosad have been shown to reduce 
larvae motility (Denecke et al. 2015). Bortezomib is a proteasome-specific 
inhibitor, used to block the proteasomal degradation pathway that might be 
responsible in the clearance of non-functional nAChR in the mutants (Chen et al. 
2011). Similarly, the ubiquitination pathway, which might be involved in ubiquitin-
proteasome degradation, was targeted using PYR-41, a ubiquitin-activating 
enzyme E1 inhibitor. To test for the involvement of protein trafficking, dynasore 
(dynamin inhibitor) and NDGA (ER-to-Golgi transport inhibitor) were included in 
the analysis.  

Third instar larvae of a wildtype strain, Armenia14 were pre-treated with the 
chemical inhibitors for 1 hour prior to measuring larval motility in response to the 
addition of 3 ppm imidacloprid or 2 ppm spinosad. In the absence of insecticide, 
no significant differences in larval response to the individual chemical inhibitor 
compounds were observed when compared with the controls (Figure 4.5A). In 
examining the impact of the insecticides in isolation, there was a more rapid 
decline in RMR with imidacloprid than spinosad. The difference between the 
RMR values for imidacloprid and the control were significant after 15 minutes of 
exposure. After 60 minutes the decline in RMR was significant for both 
insecticides (Figure 4.5B). At the 90- and 120-minute time points the RMR values 
for the two insecticides were the same. 
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Figure 4.5 Larval motility response to inhibitors and insecticides 

(A) Wiggle index analysis of Armenia14 in response to 1-hour pre-incubation with 10μM 
bortezomib, 500μM dynasore, 500μM PYR-41 or 1mM NDGA compared to the controls 
- water or 10% ethanol (EtOH). (B) Wiggle index analysis of Armenia14 in response to 
exposure to 3pmm imidacloprid or 2ppm spinosad. Error bars indicate 95% confidence 
intervals. Statistical significance between the treatment and control was evaluated using 
two-way ANOVA, followed up with Student’s t-test for analysis at specific time points. 
Asterisk (*) denotes P < 0.05. 

Pre-treatment with either bortezomib or dynasore, significantly delayed RMR 
changes in response to spinosad exposure. After 90 minutes of spinosad 
exposure, the RMR values were 0.72 for bortezomib and 0.88 for dynasore, 
compared to 0.42 for the control (Figure 4.6E-F). In contrast, only pre-treatment 
with dynasore significantly delayed the RMR drop in response to imidacloprid 
exposure (Figure 4.6A-B). After 30 minutes of imidacloprid exposure, the RMR 
values were 0.81 for dynasore, compared to 0.56 for the control (Figure 4.6B). 
Pre-treatment PYR-41 or NDGA did not have any significant impact on RMR 
values for larvae exposed to either imidacloprid or spinosad (Figure 4.6C-D and 
G-H).  
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Figure 4.6 Larval motility response to insecticides following pre-treatment 
of bortezomib, dynasore, PYR-41 and NDGA  

Wiggle index analysis of Armenia14 in response to (A-D) 3pmm imidacloprid or (E-H) 
2ppm spinosad, after 1-hour pre-incubation with 10μM bortezomib (blue), 500μM 
dynasore (red), 500μM PYR-41 (yellow) or 1mM NDGA (green) compared to pre-
incubation with 10% EtOH as a control. Error bars indicate 95% confidence intervals. 
Statistical significance between the treatment and control was evaluated using two-way 
ANOVA, followed up with Student’s t-test at specific time points. Asterisk (*) denotes P 
< 0.05.  
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Dα1EMS1 and Dα6EMS6 larval responses were then analysed using the same 
methods. When comparing responses at 3 ppm imidacloprid exposure, 
significantly higher RMR values were recorded for Dα1EMS1 than Armenia14. 
Dα6EMS6 showed significantly lower RMR values compared to the Armenia14, after 
30 minutes of exposure (Figure 4.7A). In response to 2 ppm spinosad, Dα6EMS6 

showed significantly higher RMR values than Armenia14. Dα1EMS1 showed 
significantly lower RMR value than Armenia14 but only at the 60-minute time point. 
The response was similar to that of Armenia14 at the later time points (Figure 
4.7B). These observations further demonstrated that Dα1EMS1 and Dα6EMS6 have 
a reduced response to imidacloprid and spinosad, respectively, matching their 
resistance phenotypes.  

Both bortezomib and dynasore pre-treatment delayed the RMR drop in spinosad-
treated Dα1EMS1 (Figure 4.8E-F). Similarly, dynasore pre-treatment (but not 
bortezomib), significantly reduces the RMR drop in imidacloprid-treated Dα6EMS6 
(Figure 4.8C-D). Neither of the pre-treatments impacted the RMR values for 
Dα1EMS1 larvae in response to imidacloprid or the Dα6EMS6 larvae in response to 
spinosad (Figure 4.8A-B and G-H). 

 

Figure 4.7 Larval motility responses indicate negative cross-resistance 
between imidacloprid and spinosad in Dα1EMS1 and Dα6EMS6  

Wiggle index analysis of Armenia14, Dα1EMS1 and Dα6EMS6 in response to (A) 3pmm 
imidacloprid or (B) 2ppm spinosad. Error bars indicate 95% confidence intervals. 
Statistical significance between the treatments was evaluated using two-way ANOVA, 
followed up with Student’s t-test at specific time points. Asterisk (*) denotes P < 0.05. 
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Figure 4.8 Dα1 and Dα6 mutant’s larval motility response to insecticides 
and inhibitor pre-treatments  

Wiggle index analysis of Dα1EMS1 and Dα6EMS6 in response to (A-D) 3ppm imidacloprid 
or (E-H) 2ppm spinosad, after a 1-hour pre-incubation with 10μM bortezomib (blue) or 
500μM dynasore (red) compared to pre-incubation with 10% EtOH as control. Error bars 
indicate 95% confidence intervals. Statistical significance between the treatments was 
evaluated using two-way ANOVA, followed up with Student’s t-test at specific time points. 
Asterisk (*) denotes P < 0.05.   
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 Discussion 

 Analysis of nAChR subunits localisation in third instar larval 

brain using T2AGAL4 strains 

The histological localisation of nAChR subunits in Drosophila has always required 
secondary staining, whether using immunohistochemistry, antigen-based 
detection, in situ hybridisation or even when examining the localisation of 
transcripts (Chamaon et al. 2002; Jonas et al. 1990; Lansdell and Millar 2000a; 
Sawruk et al. 1990). This requirement has been bypassed for the localisation of 
Dα6  expression by cloning the promoter region of the Dα6 gene to engineer a 
construct which was used to drive the expression of wildtype Dα6 cDNA in a 
pattern that restored spinosad sensitivity to a Dα6 mutant (Perry et al. 2015). 
While providing some evidence of appropriate expression, this promoter 
sequence may not precisely recapitulate the pattern of expression for the 
endogenous gene, as there may be distal regulatory elements located outside 
the specific regions cloned into the constructs. To examine whether Dα1 and Dα6 
are expressed in the same cells, and thus might be co-assembled or have the 
potential to compensate for each other, T2AGAL4 strains were used to visualise 
the native expression patterns of the two genes in the larval brain.  

Similar gene expression patterns for the Dα1 and Dα6 subunits were observed 
based on the expression of a membrane GFP reporter by the T2AGAL4 drivers 
(Figure 4.3). The localisation was mainly in the central brain and the VNC of the 
larval brain, which has been reported for Dα6 based on its promoter expression 
(Perry et al. 2015). Noticeably, the fluorescent signals were localised in the cortex 
of the VNC and in the motor neurons. Expression in the cortex of the central brain, 
possibly in the cell bodies and the mushroom bodies, was observed for both 
subunits. A recent study has also demonstrated high expression of Dα1 and Dα6 
in mushroom bodies of adult brain using a similar T2AGAL4 system (Kondo et al. 
2020). This correlates with the findings reported here for larval brains. The 
targeted DamID analysis also indicated positive transcription of Dα1 in Dα6-
expressing neuronal cells (Section 3.3.2.1). Combining these observations, it is 
highly likely that Dα1 and Dα6 subunits are expressed in a similar subset of 
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neurons. These T2AGAL4 strains also provided a tool with which we could 
examine changes in protein levels. 

 A system to examine Dα1 and Dα6 nAChR subunit protein levels  

Fluorescently tagged proteins are valuable tools for the visualisation of proteins 
in living cells. Here, a strategy that made use of full-length cDNA constructs with 
the protein tag, in combination with Dα1 and Dα6 Minos-mediated transposon 
gene trapping strains, was employed to express the tagged receptor under the 
control of the appropriate endogenous regulatory elements (Morin et al. 2001; 
Venken et al. 2011). The Dα1-T2AGAL4 and Dα6-T2AGAL4 express GAL4 while 
truncating the gene products early, inside the extracellular ligand-binding domain 
of the nAChR subunits (Figure 4.2). This allowed for expression of the tagged 
subunit construct in a null background. The YFP tags are located around non-
conserved residues inside the large intracellular loop, between the TM3 and TM4 
of both Dα1 and Dα6 subunit (Somers 2015; Nguyen et al. manuscript in 
preparation). This positioning avoided any conserved protein residues or 
domains known to be important for the receptor function and was informed by the 
position of tags in vertebrate nAChR subunits (Nashmi et al. 2003). Importantly, 
these constructs has been demonstrated to restore native levels of susceptibility 
to neonicotinoids and spinosad, in Dα1 and Dα6 mutants respectively (Somers 
2015; Nguyen et al. manuscript in preparation), suggesting that the tagged 
subunits are assembled into functional receptors and are, therefore, a valid 
alternative to examine the nAChR subunit protein levels.  

Despite these, it is important to note that, here, the systems were set up to be 
heterozygous at both the T2AGAL4 insertion and the protein tag construct 
insertion. Co-expression of the native, non-tagged subunit alongside the protein 
tag construct is expected but, assuming that there is no discrimination against 
expression of either of the two alleles, it still provides a valid system to measure 
protein expression changes. Expression of Dα1-YFP and Dα6-YFP using the 
same T2AGAL4 drivers showed that the localisation patterns were very similar to 
those shown using CD8 reporter expression (Figure 4.3 and Figure 4.4). A lower 
fluorescence signal was observed for the tagged subunits compared to the 
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labelled membrane CD8 reporter protein. This could be due to co-expression of 
the tagged and non-tagged subunit or suggesting that, despite the transcriptional 
amplification by the UAS/GAL4 system, the level of the tagged nAChR proteins 
is being tightly regulated.  

 Negative cross-resistance phenotypes are not correlated with 

nAChR subunit protein level changes  

As the transcriptional analysis did not detect any nAChR gene expression 
changes that would provide a simple explanation for the negative cross-
resistance phenotype, protein levels were examined.  

 Dα6 levels in the Dα1 mutant backgrounds: - 

In the Dα1EMS1 mutant, that produces truncated Dα1, the upregulation of Dα6 
subunit was hypothesised as a possible compensation mechanism that might 
lead to the spinosad hypersensitivity. Negative cross-resistance was not 
observed in the full knockout, Dα1KO, so no compensatory effect expected. These 
two mutants, therefore, provided an ideal test for the compensation hypothesis. 
Western blotting analysis using Dα6 specific antibody showed reduced 
expression of Dα6 in Dα1EMS1 in adult heads, but no significant changes were 
observed in dissected third instar larval brains. The result from larval samples 
was supported by the observation of no significant changes in Dα6 level in larval 
brains of Dα1EMS1, in the YFP-tagged subunit analysis (adults were not examined 
as toxicology was only performed on larvae). Downregulation Dα6 in Dα1EMS1 in 
adult may have an impact on spinosad sensitivity, however the level of insecticide 
sensitivity in adult flies was never measured. It is possible that nAChR 
compensation may occur at different Drosophila life stages based on these 
observations, however examining this is beyond the scope of this study, focussed 
on characterising the negative cross-resistance mechanism in Drosophila larvae. 
Thus, in summary, these data provide no support for the compensation 
hypothesis that predicted an increase in Dα6 protein levels to account for the 
spinosad hypersensitivity observed in Dα1EMS1 larvae. Elevated levels of the Dα6 
protein were not detected in Dα1EMS1 larvae. With or without the compensation 
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hypothesis, there was no reason to expect anything other than the lack of change 
in Dα6 levels observed in the Dα1KO mutant. 

 Dα1 levels in the Dα6 mutant backgrounds: - 

Analysis of YFP-tagged Dα1 subunit in Dα6 mutants revealed upregulation of 
Dα1 levels in larval brains of Dα6EMS6, consistent with the negative cross-
resistance profile and the expectation that an upregulation of Dα1 may 
compensate for the mutated Dα6 subunit, leading to increased sensitivity to 
neonicotinoids. However, no significant change in Dα1 level was recorded for the 
Dα6KO, despite the fact that this mutant is also hypersensitive to neonicotinoids. 
Thus, fluorescent tagged protein quantification showed a compensatory increase 
of Dα1 in one Dα6 mutant allele that could explain nitenpyram and imidacloprid 
hypersensitivity. However, the lack of Dα1 upregulation in the Dα6 knockout 
suggests that this is either allele specific or that a different mechanism for the 
increased neonicotinoid sensitivity exists. Unfortunately, a Dα1 specific antibody 
could not be obtained to confirm these Dα1 expression changes in the Dα6 
mutants. 

The results presented in both Chapter 3 and this chapter suggest that 
compensation of the nAChR subunits is not involved in the negative cross-
resistance phenotypes examined here and that other changes must underlie the 
phenotype.  
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 Inhibition of candidate functional pathways behind the 

insecticide hypersensitivity altered larval movement response to 

insecticides 

The lack of evidence for expected changes in nAChR subunit expression raised 
the possibility that negative cross-resistance may not necessarily be dependent 
on the nAChR subunit level, but rather an accumulation of other changes at the 
synapse that contribute to the observed insecticide hypersensitivity. For example, 
an entirely indirect mechanism stemming from perturbations to oxidative stress 
and ROS levels in nAChR mutants, identified from transcriptional analysis, may 
increase their susceptibility to the insecticides (refer Section 3.4.5). Protein 
trafficking and ubiquitin/proteasome-mediated degradation are pathways 
associated with nAChR assembly and regulation. The targeted DamID analysis 
on mutants of Dα1 and Dα6 revealed enrichment of DEGs associated with these 
pathways (refer Section 3.4.6). Hence, in this chapter, endocytic trafficking, 
ubiquitination and protein degradation were disrupted to determine whether they 
impacted the insecticide response and could contribute to the mechanism of 
insecticide hypersensitivity. 

The Wiggle Index was utilised to measure larval response following insecticide 
exposure (Denecke et al. 2015). While the assay showed Dα6EMS6 
hypersensitivity to imidacloprid, Dα1EMS1 hypersensitivity to spinosad was only 
observed at the 60-minute time point (Figure 4.7B). At all other time points the 
responses of the mutant and wild type control were not significantly different. It is 
possible that the concentration of spinosad used oversaturated the response in 
both Dα1EMS1 and wildtype after 60 minutes. A lower concentration of spinosad 
might be able to better differentiate the spinosad sensitivity levels between the 
two strains. 

The candidate pathways associated with the insecticide hypersensitivity in the 
mutants were blocked using chemical inhibitors. Significant changes in larval 
movement response to insecticide were only observed in the wildtype following 
pre-treatment of dynasore (an inhibitor of dynamin-mediated endocytosis) or 
bortezomib (an inhibitor of the proteasome), but not PYR-41 (an inhibitor of E1 
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ubiquitin-activating enzyme) or NDGA (an inhibitor of ER-to-Golgi transport) 
(Figure 4.6). 

 Pre-treatment of dynamin-mediated endocytosis using dynasore 

altered larval movement response to imidacloprid and spinosad 

Dynamin is essential for clathrin-dependent vesicle formation in endocytosis, as 
well as in post-Golgi vesicle-mediated transport (Abazeed, Blanchette, and Fuller 
2005; Damke et al. 1994). In addition, clathrin-mediated endocytosis has been 
described to regulate fundamental processes including receptor turnover 
(McMahon and Boucrot 2011). These activities can be inhibited by dynasore, a 
compound classified as a dynamin inhibitor and the effect is reversible (Macia et 
al. 2006). Given vesicle formation is essential for receptor trafficking and 
turnover, inhibiting dynamin activity was expected to disturb normal nAChR 
activity and function. Indeed, our study demonstrated a delay in response to 
insecticides, for both imidacloprid and spinosad exposure (Figure 4.6B & F). 
Results from our assays using the lipoxygenase inhibitor, NDGA (reported to 
inhibit ER-to-Golgi protein transport (Fujiwara et al. 1998)) however suggest that 
clathrin-mediated transport prior to nAChR expression at the membrane is 
unlikely to be involved in the insecticide response, given that it did not have an 
effect (Figure 4.6D & H). Thus, it is likely that the dynamin-mediated endocytosis 
activity is the one essential for insecticide response. It could be that inhibition of 
this pathway using dynasore may disrupt nAChR internalisation for degradation 
which appears to be involved in spinosad-mediated insecticidal response 
(Nguyen et al. manuscript in preparation). Despite that, a similar effect of 
dynasore pre-treatment was also observed upon imidacloprid exposure, 
suggesting that this may not be specific to spinosad.  

Inhibition of dynamin-mediated endocytosis using dynasore has been shown to 
decrease the insecticidal toxicity of Vip3Aa (Jiang et al. 2018). Vip3Aa is a 
vegetative insecticidal protein secreted by Bacillus thuringiensis that is toxic to 
Lepidopteran pests (Bergamasco et al. 2013). Vip3Aa was shown to bind the Sf-
SR-C scavenger protein receptor and mediate dynamin-mediated endocytosis in 
exerting its toxic effect. Treatment of a Spodoptera frugiperda cell line with 
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dynasore reduced Vip3Aa entry into cells, and thus, decreased Vip3Aa toxicity 
(Jiang et al. 2018). If this is among the mechanisms by which imidacloprid and 
spinosad mediate their insecticidal activity, this could explain the reduced 
imidacloprid and spinosad toxicity upon dynasore pre-treatment observed here. 
However, there is no evidence indicating imidacloprid internalisation into the cell 
is required for its insecticidal toxicity. Dynasore can also suppress synaptic 
vesicle endocytosis (Chung et al. 2010). Stimulation of neurotransmission 
requires rapid recycling of synaptic vesicles and endocytosis (Ertunc et al. 2007; 
Sara et al. 2002). Exposure to the pyrethroid insecticide, deltamethrin depletes 
synaptic vesicles at motor nerve terminals of M. domestica and this is correlated 
with the gradual block of neurotransmission (Schouest, Salgado, and Miller 
1986). Thus, if the inhibition of endocytosis by dynasore affects vesicle recycling 
for neurotransmitter release, it may disturb synaptic efficiency, reducing the 
excitation caused by imidacloprid or spinosad, explaining the slower response to 
the insecticide that was observed in the assay. 

In terms of the requirement for dynamin-mediated endocytosis and trafficking for 
the mechanism of insecticide hypersensitivity, dynasore did not provide any 
additional impact on the response to imidacloprid and spinosad, in the 
imidacloprid-sensitive, Dα6 mutant and spinosad-sensitive, Dα1 mutant, 
respectively (compared to the wildtype control)(Figure 4.8D & F). These mutants 
are also highly resistant to insecticide that targets the mutated nAChR subunit, 
evidenced by the lack of any significant reduction in larval movement under 
conditions of insecticide exposure (Figure 4.8B & H). Under these two 
circumstances, effect of dynasore may have been masked. In contrast to 
wildtype, Dα1 and Dα6 mutants do not show any further changes in nAChR-
mediated plasticity at the synapse upon exposure to light, indicating that both the 
light condition and the mutations on nAChR are involved in the same cellular 
pathway (Rosenthal et al. 2019). Similarly here, the endocytic trafficking pathway 
could be involved in the same cellular pathway as insecticide hypersensitivity. 
Thus, using a wider range of resistant/sensitive alleles and more concentrations 
of these compounds perhaps could provide further insight into the role that this 
mechanism may be playing.  
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 Inhibition of proteasome-mediated degradation pathway using 

bortezomib altered the larval movement response to spinosad 

In eukaryotes, the ubiquitin–proteasome system (UPS) regulates multiple cellular 
processes including signal transduction, cell cycle, transcriptional activation and 
programmed cell death (Willis et al. 2010). It also functions to eliminate misfolded 
or damaged proteins in the cell (Adams 2004; Goldberg 2003). UPS-mediated 
protein degradation has been largely associated with nAChR trafficking. The 
system regulates the amount of nAChRs that are assembled and the clearance 
of unassembled subunits in the ER/Golgi compartment, as well as nAChR 
turnover at the membrane (Christianson and Green 2004; Rezvani et al. 2010). 
Blocking the UPS pathway inhibits the response of Drosophila larvae to spinosad 
by preventing Dα6 from being removed from the membrane (Nguyen et al. 
manuscript in preparation). UPS-mediated protein degradation involves two 
separate steps, ubiquitination and proteasomal degradation (Figure 4.9). In this 
study, the effect of inhibiting both pathways upon insecticide exposure was 
examined. 

A protective effect against spinosad exposure was observed when proteasome 
activity was blocked. Bortezomib is a drug designed to bind the proteasome and 
inhibit its function (Chen et al. 2011). Due to this activity, bortezomib has also 
been used as a chemotherapy treatment of multiple myeloma and mantle cell 
lymphoma (Hambley, Caimi, and William 2016). Bortezomib pre-treatment 
significantly delayed the reduction in larval movement upon spinosad exposure 
(Figure 4.6E). However, no effect of bortezomib pre-treatment was observed 
upon imidacloprid exposure (Figure 4.6A). This indicates that the proteasome-
mediated degradation plays an important role in the effect of spinosad, but not of 
imidacloprid. The short period of bortezomib treatment used may not have any 
effect on expression of receptors that are already at the membrane. Thus, 
insecticide action on these receptors should not be different, unless the 
proteasome activity is required in the mode of action.  
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Figure 4.9 Ubiquitin–proteasome system (UPS) in eukaryotes  

UPS-mediated protein degradation involves two separate steps, ubiquitination and 
proteasomal degradation. Ubiquitination involves a cascade of ubiquitin-activating 
enzymes. Ubiquitin (Ub) is activated by E1 ubiquitin-activating enzyme and conjugated 
by a thioester bond. This is the transferred to E2 ubiquitin-activating enzyme. Then, with 
assistance of E3 ubiquitin-activating enzyme it is transferred to the target protein. The 
growing polyubiquitin chain is recognised by proteasome for protein hydrolysis. 
Illustration from Maupin-Furlow (2012). 

Spinosad’s allosteric activity leads to an elimination of Dα6-containing nAChR 
receptors through UPS-mediated degradation (Nguyen et al. manuscript in 
preparation). This explains the observation of delayed spinosad-mediated 
response when proteasome was blocked in this study. By way of contrast, given 
that imidacloprid acts as nAChR agonist, it is unlikely that the targeted receptors 
are removed from the membrane or degraded. This is based on the many reports 
of upregulation of nAChRs in response to chronic stimulation by agonists such 
as nicotine (Benwell et al. 1988; Marks et al. 1983; Schwartz and Kellar 1983). 
Again, substantial differences in spinosad-mediated response were not observed 
after bortezomib treatment in the mutants (Figure 4.8E & G). The same level of 
protective effect against spinosad response was observed in the spinosad-
sensitive mutant Dα1EMS1 (compared to the response in the wildtype control). The 
masked response in the mutant suggests the possibility that the protein 
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degradation pathway involved in the mode of action of spinosad may not be 
mutually exclusive to the mechanism of insecticide hypersensitivity. 

The proteasome has the additional capacity to recognise and degrade proteins, 
that have been tagged with polyubiquitin chains, which serve as markers for 
degradation (Voges, Zwickl, and Baumeister 1999). Ubiquitination of receptors at 
the membrane also provides a mark for internalisation, although ubiquitin 
independent endocytosis has also been reported (Bulut et al. 2013; Huang, Goh, 
and Sorkin 2007; Marmor and Yarden 2004). Perturbation of the ubiquitination 
pathway is common in neurodegenerative diseases. Alzheimer’s disease patients 

were previously described with reduced levels of E1 ubiquitin-activating enzyme 
(López Salon et al. 2000). E1 ubiquitin-activating enzyme catalyses the first step 
of the ubiquitination process, followed by ubiquitination by E2 and finally, E3 
ubiquitin-activating enzyme (Figure 4.9)(Maupin-Furlow 2012). Theoretically, 
inhibition of E1 activity should block protein ubiquitination, and thus, prevents 
UPS-mediated degradation. However, here, no inhibition or delay in spinosad-
mediated motility response was observed using pre-treatment with PYR-41, an 
inhibitor of E1 ubiquitin-activating enzyme (Figure 4.5G). Despite the observation 
of enrichment of the ubiquitination pathway alongside proteasome-mediated 
degradation from the cell-specific transcriptional analysis in the Dα6 mutant 
(Section 3.3.3), the lack of change in insecticide response following PYR-41 pre-
treatment suggests that the Dα6-containing nAChR degradation activated by 
spinosad exposure is independent of the E1 enzyme. Future investigation could 
block other ubiquitin-activating enzymes of this pathway, including the E2 and E3 
enzyme, to further test the role of protein ubiquitination in nAChR degradation 
and its role in the mode of action of spinosad.
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Chapter 5 :  Discussion 

 Understanding the nAChR subtypes that are targets for insecticides 

Several classes of insecticide, including the neonicotinoids and spinosyns, target 
nAChRs (Sparks and Nauen 2015). Neonicotinoids alone represent the most 
used insecticides, occupying more than 26% of the global insecticide market, 
meanwhile, the market share of the spinosyns is growing, with current demand 
in more than 80 countries (Santos and Pereira 2020; Sparks et al. 2017). 
Accordingly, members of the nAChR family have been an important focus for 
insecticide research to understand the mechanism by which insecticide interacts 
with the receptor, impacting function. This study, conducted in D. melanogaster, 
has identified an additional nAChR subunit that is targeted by insecticides. It has 
also provided insights into the subunit combinations that may assemble into 
pentameric nAChR subtypes that respond to particular insecticides/classes. 

 Neonicotinoid nAChR targets 

In line with previous studies, this study found that the Drosophila nAChR subunits, 
Dα1 and Dβ2 are targets of neonicotinoid insecticides (Perry et al. 2008, 2012; 
Somers, Luong, Batterham, et al. 2017). Here, mutations that disrupt these 
receptor subunits were shown to confer a high level of resistance to both 
nitenpyram and imidacloprid. Significantly, the Dα2 subunit was also identified as 

a target for imidacloprid. Unlike the Dα1 and Dβ2 mutants, the Dα2 mutants were 
only resistant to imidacloprid, showing selectivity between neonicotinoid 
insecticides at the nAChR subtype level. While highly similar at the protein level 
(~50% similarity Dα1 vs Dα2) there are only a few differences in key residues at 

the N-terminal loops (A-F) that coordinate ligand binding (Matsuda et al. 2009). 
Another difference between these subunits is potentially extensive N-
glycosylation predicted for the Dα1 subunit (absent from Dα2), that could 
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influence receptor assembly or selectivity (Tomizawa and Casida 2003). Various 
combinations of the Dα1, Dα2 and Dβ2 subunits are likely to assemble into the 

main nAChR subtypes targeted by neonicotinoid compounds in D. melanogaster. 
These subunits were co-immunoprecipitated (Chamaon et al. 2002), and 
heterologous expression have shown that the Dα1 and Dα2 can co-assemble 
with a vertebrate β subunit to form an imidacloprid-sensitive receptor (Lansdell 
and Millar 2000b). Taken together, these support the hypothesis that these 
subunits are assembled into the same nAChR.  

Considering the orthosteric ligand-binding site on the nAChR is provided by an 
interface between two subunits, there is the additional complication that there 
could be different interfaces present in a receptor subtype, depending not only 
on the subunit stoichiometry, but also the order in which the subunits are 
assembled. Multiple receptor subtypes have been shown to bind neonicotinoids 
in other insect species (Bass et al. 2011; Lind et al. 1998; Xu et al. 2010). Also, 
nAChRs with low- and high-affinity binding sites for neonicotinoids can be present 
in insects (Bass et al. 2011; Xu et al. 2010). Thus, it could be that Dα1, Dα2 and 
Dβ2 are assembling into multiple nAChR subtypes with different stoichiometries 
and that these respond to neonicotinoids. Alternatively, different combinations of 
these subunits may form receptors targeted by neonicotinoids. These possibilities 
are not mutually exclusive. Combining the findings from this study, with those 
from heterologous expression studies (Chamaon et al. 2000; Ihara et al. 2003; 
Lansdell and Millar 2000b; Schulz et al. 2000), there are at least two nAChR 
subtypes that are responsive to neonicotinoids. One consists of Dα1, Dα2 and 
Dβ2 and is responsive to both neonicotinoids. Another, consists of only Dα1 and 
Dβ2, is responsive to imidacloprid but not nitenpyram. 

It is important to note that contribution of Dβ1 subunit was not analysed in this 
study. Homozygous deletion of Dβ1 disrupts pupal eclosion, and adults are poorly 

viable (Christesen et al. manuscript in preparation). For this reason, a Dβ1 

mutation was made homozygous in the nervous system using somatic CRISPR. 
These flies were found to have a high level of resistance to both nitenpyram and 
imidacloprid (Perry et al. manuscript in preparation). Considering this 
observation, it is likely that Dβ1 also contributes to neonicotinoid targets. Dα3 
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was also shown to co-immunoprecipitate with Dβ1 (Chamaon et al. 2000), and 
RNAi knockdown of Dα3 confers nitenpyram resistance (Mitchell 2012). 
However, in this study, relatively low level of resistance to nitenpyram 
(approximately 1.5-fold) was found for the Dα3 mutant, and the mutant was not 
resistant to imidacloprid (Figure 2.1). Hence, a direct contribution of Dα3 as 
neonicotinoids binding site on nAChR is not likely. 

 Spinosyn nAChR targets 

Based on toxicity profiles presented in this study and results from earlier studies, 
only mutations in the Dα6 gene are associated with high resistance levels to 
spinosyns (Perry et al. 2015; Perry, McKenzie and Batterham 2007; Somers et 
al. 2015; Watson et al. 2010). The α6 subunit is highly conserved among insect 

species, so it is not surprising that α6-mediated resistance has been discovered 
in many species (Bao et al. 2014; Baxter et al. 2010; Hsu et al. 2012; Puinean et 
al. 2013; Wang et al. 2016). It is possible that Dα6 is the only subunit that 

contributes to the nAChR targeted by spinosyns. However, heterologous 
expression in Xenopus oocytes showed that the Dα6 subunit did not form 

functional homomeric receptors (Lansdell et al. 2012; Watson et al. 2010). While 
heterologous expression studies may not always reflect the in vivo situation, the 
possibility that Dα6 forms heteromeric receptors that are targeted by spinosyns 

needs to be considered. Dα6 has been shown to form functional heteromeric 

nAChRs with Dα5, and with both Dα5 and Dα7. These studies were conducted 

using Xenopus oocytes with co-expression of a chaperone protein, RIC-3 
(Lansdell et al. 2012; Watson et al. 2010). The Dα5/Dα6 receptor was shown to 

respond to spinosyn A (Watson et al. 2010). Flies carrying a deletion of Dα7 were 
analysed in this study and only exhibited a very low level of resistance to spinosad 
(less than 1.5-fold resistance, compared to the over 2000-fold resistance by the 
Dα6 knockout; Figure 2.1). A homozygous Dα5 mutant strain is not available. 
MiMIC insertions into the gene that would truncate the protein are homozygous 
lethal at early larval stages, so this mutant is unsuitable for toxicity assays 
(Danielle Christesen, personal communication). The lack of data on Dα5 means 

we cannot discount the possible contribution of this subunit to nAChRs targeted 
by spinosyns. 
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 nAChRs are not completely redundant 

Functional redundancy is often a feature of multigene families. In the extreme 
case of some tandemly arrayed families, the DNA sequence of gene family 
members can be extremely similar due to homologous recombination and gene 
conversion (Graham 1995; Hurles 2005). In this context, all family members have 
the same functional capacity. A mutation that eliminated one family member is 
likely to have no detectable phenotype. The nAChR gene family is very different; 
there is significant sequence divergence between the family members (Figure 
1.4). Nonetheless, functional redundancy could exist. Consider a mutation that 
eliminates the function of a family member that has a role in maintaining normal 
patterns of sleep. The mutant may have normal sleep behaviour if the mutation 
led to the loss of one or more receptor subtypes, but other existing receptor 
subtypes provided sufficient function to enable normal patterns of sleep to be 
maintained. An alternate explanation would see the loss of subtype(s) due to the 
mutation compensated for by other subtypes that included one or more subunits 
that would not normally function in the maintenance of patterns of sleep. In the 
circumstance where one receptor subtype is replaced by another, the 
replacement is unlikely to have precisely the same electrophysiological 
properties. This would have repercussions for neural signalling, the detection of 
which would depend on their severity and the sensitivity with which phenotypic 
change could be measured. A level of functional redundancy is observed when 
considering viability. While Dβ1 and Dα5 mutants are poorly viable and lethal, 
respectively, loss-of-function mutants for the other subunits are all viable 
(Fayyazuddin et al. 2006; Luong 2018; Somers, Luong, Mitchell, et al. 2017; 
Christesen et al. manuscript in preparation; Perry et al. manuscript in 
preparation). There is also a level of functional redundancy, in the capacity to 
bind neonicotinoids. Four subunits (Dα1, Dα2, Dβ1 and Dβ2) have been 
implicated in neonicotinoid binding. Loss of function of any one of these subunits 
leads to a moderate level of resistance, as observed here and in earlier studies 
(Perry et al. 2008, 2012; Somers, Luong, Batterham, et al. 2017), because a 
population of subtypes capable of binding the insecticide remains present. In 
stark contrast, there may be no redundancy in terms of spinosad binding. To date, 
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Dα6 is the sole target identified, although Dα5 warrants further investigation (refer 

Section 2.4.2). Nonetheless Dα6 mutants have extremely high levels of 
resistance.  

In terms of compensation, a mechanism involving the upregulation of nAChR 
subunits was invoked at the outset of this research to explain negative cross-
resistance. While there is a similar expression pattern of the Dα1 and Dα6 

subunits in the larval CNS (Figure 4.3 and Figure 4.4), suggesting that the 
neonicotinoid and spinosyn targets are likely being expressed in the same cells, 
we found that there was not a strong case for the compensation being altered 
expression at either the transcript or protein level. None of the genes that encode 
for the nAChR subunits targeted by neonicotinoid and spinosyn were upregulated 
in the mutants (Chapter 3). The only evidence found, that was consistent with this 
hypothesis, was the ~35% upregulation of Dα1 protein levels observed in the 
background of Dα6 mutant, Dα6EMS6 (Section 4.3.2, Figure 4.4), supporting a 
case for it to possibly underlie neonicotinoid hypersensitivity in the mutant. 
However, as a limited number of alleles for a subset of the nAChR genes has 
been investigated, the possibility that compensation may occur with loss of 
function of other alleles or genes cannot be discounted.  

In looking for evidence of compensation involving nAChR gene expression, major 
shifts in the expression of other genes were discovered. Chapter 3 presented 
evidence that transcriptomic changes occur in first instar larvae when the Dα1, 
Dα2 and Dα6 subunits are lost. Similar perturbations were observed in the 
neuronal cells of third instar larval brains of Dα1 and Dα6 mutants. Pathways 
including transmembrane transport, oxidoreductase activity and proteolysis were 
shown to be affected in first instar larvae based on the analysis of differentially 
expressed genes in the Dα1ΔDH, Dα2Δ(3)4E and Dα6KO mutants (Section 3.3.1.2). 
Evidence of disruption in nervous system development and neuronal cell function 
was more apparent when specific neuronal cells were analysed, particularly in 
the Dα6EMS6 strain (Section 3.3.3). These indicate that the loss of the nAChR 
subunit function led to dysregulation of the several pathways involved in neuronal 
activity as well as stress responses in the CNS, something which could possibly 
lead to neurodegeneration. A recent study found an increase in the size and 
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number of vacuoles in the adult brain of an Dα6 knockout mutant. This suggests 
that accelerated neuronal degeneration may be occurring in the mutant (Martelli 
2020).  

The Dα1 and Dα6 mutants also appear to have very different expression profiles. 
This probably reflects a difference in their roles in signalling at the synapse. In 
the cell-specific targeted DamID analysis, both the Dα1 and Dα6 mutants affected 
basic functions linked to nervous system activity (including GO terms for brain 
development, eye development and locomotor behaviour), but the Dα6 mutant 
was shown to affect more processes relevant to neuronal function (Figure 3.10 
and 3.11). Combining our data with various previous studies, it is highly likely that 
these nAChR subunits provide distinct functions in contributing to neuronal 
activities in the CNS. While significant impacts on gene expression are observed 
in mutants, it is not clear the extent to which they ameliorate the impact of the 
loss of subunit function, as compared to compounding it (for further discussion 
see Section 5.4).  

The nAChR genes studied here are widely expressed in the nervous system 
(Figure 3.6 and Figure 4.3). They also have the potential to be incorporated into 
multiple receptor subtypes with differing properties. Considering these factors, 
any given subunit could impact a wide variety of receptor functions and traits. 
Exemplifying this, a loss of Dα1 function has been associated with defects in 
sleep, courtship, mating and longevity (Somers, Luong, Mitchell, et al. 2017). But 
to date none of the nAChR subunit mutants, including this knockout, have been 
meticulously examined for a wide range of developmental, morphological, 
behavioural, fitness and life history traits. Both the capacity for individual subunits 
to have multiple functions and the transcriptional perturbations observed here, 
suggest that such studies are likely to be revealing. Given that for any give mutant 
there is both a loss of nAChR subunit function and substantial shifts in gene 
expression, it may not be possible to unambiguously assign mutant phenotype to 
the loss of function. 

This study also informs discussions on fitness costs associated with insecticide 
resistance (Somers, Luong, Batterham, et al. 2017). That resistant mutations 
disrupt nAChR function may well incur fitness cost. Equally, it is likely that there 
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are optimal patterns of gene expression that allow insects to adapt to their 
environment. The disruption of gene expression may reduce the capacity to 
survive and reproduce in the field. 

While the research conducted has wider implications, the focus of this thesis was 
negative cross-resistance, so the balance of this discussion returns to this theme. 

 nAChR subunit mutations lead to insecticide hypersensitivity 

The nervous system, and in particular synaptic connections, are highly adaptable 
and plastic (refer Section 4.1.1). This plasticity is essential in maintaining 
balanced and correct signalling in the nervous system, controlling various 
important behavioural and motor functions. Deficits in particular signalling 
pathways may be compensated for by alterations of existing pathways or the 
addition of novel pathways (refer Section 4.1.2). Here, the perturbations of 
synaptic signalling due to mutations in nAChR subunits has led to the detection 
of negative cross-resistance between insecticides. Chapter 2 identified a 
negative cross-resistance relationship between neonicotinoids and spinosyns in 
Dα1 and Dα6 mutants, while Dα2 mutants have negative cross-resistance to two 
neonicotinoids, nitenpyram and imidacloprid. This phenotype was observed for a 
variety of nAChR subunit mutations, including a single amino acid replacement, 
an altered ligand-binding domain, truncation of a protein subunit and a complete 
loss of gene expression. Thus, it is likely that the loss of receptor function, rather 
than a particular type of mutation, underlies negative cross-resistance. While 
there was a correlation between the severity of the receptor subunit modifications 
and the level of insecticide resistance (single amino acid replacement < protein 
truncation < null expression), the level of hypersensitivity to the second 
insecticide did not follow a clear pattern.  

In seeking to understand the phenomena investigated in this thesis, it is clear that 
in the subunit mutants, downstream perturbations of gene expression are 
involved and that nAChR expression changes are not. It may, therefore, be more 
productive to focus on ‘insecticide hypersensitivity’ rather than negative cross-
resistance. 
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 Expression changes in nAChR mutants implicates several pathways 

in insecticide hypersensitivity 

The targeted DamID analysis identified transcriptional changes that are specific 
to the neuronal cells (Section 3.3.2). These changes are more likely to result 
directly from loss of the nAChR subunit than those detected by the RNAseq 
analysis for whole first instar larvae (Section 3.3.1). The RNAseq analysis reflect 
changes inside and outside the nervous system. The idea that the loss of nAChR 
subunit function inside the nervous system could impact gene expression 
changes outside of it, is extremely interesting and worthy of further investigation. 
However, some changes outside the nervous system could mask those inside it. 
Indeed, the targeted DamID analysis demonstrated more obvious evidence for 
altered gene expression and clearly identified neuronal development and 
synaptic signalling as pathways that were disrupted in the Dα1 and Dα6 mutant, 
compared to the RNAseq analysis (Figure 3.10 and Figure 3.11).  

The targeted DamID analysis identified differentially expressed genes in the 
neuronal cells, associated with pathways that could be mediating insecticide 
hypersensitivity in these mutants. Enrichment of pathways indicating an increase 
in oxidative stress levels was apparent in the Dα6 mutant and it was also 
observed in Dα1 mutant, albeit to a lesser extent. This was also found in the 
RNAseq analysis of the first instar larvae. The association between nAChRs and 
oxidative stress has been made before. The Dα6 gene was associated with 
increased susceptibility to an oxidative stress inducing treatment (Weber et al. 
2012). Interestingly, both imidacloprid and spinosad treatments were shown to 
induce oxidative stress in neuronal and metabolic tissues of Drosophila (Martelli 
2020). These mutants, especially the Dα6 mutant, may have a reduced capacity 
to deal with oxidative stress, making them vulnerable to further elevation of 
oxidative stress. An elevation of oxidative stress may contribute to insecticide 
hypersensitivity. We tested two different classes of insecticide here, however, 
many other pesticide compounds including organophosphates, permethrins, 
paraquat as well as ivermectin, have been demonstrated to induce oxidative 
stress, and thus, the mutants may also be hypersensitive to these compounds 
(Boussabbeh et al. 2016; Lukaszewicz-Hussain 2010; Ogueji et al. 2020; Tarimo 
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et al. 2018; Touaylia et al. 2019). Dα1 and Dα6 mutants should be tested for 
sensitivity to these compounds.  

The targeted DamID also showed that genes associated with protein regulation, 
including trafficking, ubiquitination and degradation, were differentially expressed 
in the neuronal cells of the Dα6 mutant (Figure 3.10 and Figure 3.11). This was 
observed to a lesser extent in the Dα1 mutant. Protein level regulation such as 
folding and trafficking are important for nAChR subunit maturation and assembly 
(Brodsky and Skach 2011), meanwhile the ubiquitin-proteasome system (UPS) 
regulates nAChR assembly, turnover and clearance at the membrane 
(Christianson and Green 2004; Rezvani et al. 2010). Dysregulation of these 
functions could disturb insecticide responses of the mutants. Many of these 
genes were upregulated in the Dα6 mutant (Figure 3.11).  

When the chemical inhibition of these pathways was examined, dynamin-
mediated endocytic transport, but not ER-to-Golgi transport, reduced sensitivity 
of the Dα6 mutant to imidacloprid (Figure 4.8D). A similar observation was made 
for the Dα1 mutant, which became less sensitive to spinosad (Figure 4.8F), 
indicating involvement of the dynamin-mediated endocytic transport in mediating 
the response to both insecticide classes. Dynamin is essential for clathrin-
dependent endocytosis, as well as vesicle-mediated transport, regulating 
fundamental processes, including receptor turnover (Abazeed et al. 2005; Damke 
et al. 1994; McMahon and Boucrot 2011). Inhibition of the proteasome using 
bortezomib only delayed the larval response to spinosad in the Dα1 mutant 
(Figure 4.8E). The results indicate that changes in both endocytic trafficking and 
proteasome-mediated degradation pathways could play a role in hypersensitivity 
to spinosad, while only endocytic trafficking pathways appear to be involved in 
hypersensitivity to imidacloprid. 

The extent to which dysregulation of these pathways (oxidative stress, dynamin-
mediated endocytosis and proteasome-mediated degradation) may account for 
the observed insecticide sensitivity is not clear. Further investigations on these 
dysregulated pathways in the subunit mutants may be able to shed more light on 
their contribution to the observed insecticide hypersensitivity. A direct assay to 
test insecticide toxicity level following induction or inhibition of these pathways 
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may be revealing. For example, including treatment using an antioxidant with the 
insecticide toxicology bioassay (Section 2.2.5) could indicate if the insecticide 
hypersensitivity can be modulated by reducing oxidative stress level in the 
mutants. Insecticide hypersensitivity appears to be a much more complicated 
mechanism than the initial hypothesis of nAChR subunit compensation proposed 
and will require a lot more work to unravel. 

 Implication of insecticide hypersensitivity for pest control 

Insecticide resistance poses a major threat to food and fibre production, 
rendering insecticides ineffective, placing more pressure on other available 
chemicals and requiring the development of new chemicals, an expensive task 
made more difficult due to ever stricter regulatory constraints. Current 
approaches to delay the evolution of insecticide resistance are the rotation or 
sequential use of compounds with different modes of action. In recent years these 
approaches have been recommended by IRAC, which has classified various 
commercially available insecticides into different groups or subgroups according 
to their mode of action for this purpose (Sparks and Nauen 2015). However, the 
combinations of insecticides that work best together were not described in detail.  

Chapter 2 provided evidence that the hypersensitivity is present across a range 
of Dα1, Dα2 and Dα6 alleles, although levels do vary between them. Therefore, 
it is reasonable to assume the strategy could apply to a range of nAChR subunit 
mutations conferring spinosyn or neonicotinoid resistance that might arise in the 
field. This reciprocal hypersensitivity could manage resistance to these two 
insecticide classes simultaneously, extending their current life in the field. 
Application of neonicotinoids and spinosyn in rotation, would be predicted to 
result in suppression of spinosyn resistant strains by neonicotinoids and vice 
versa. This strategy focuses on target site resistance, but it should be noted 
metabolic cross resistance to these insecticides has not been reported. The 
proposed strategy should not increase risk of metabolic resistance emerging. As 
this study also provided evidence for nAChR specificity for different insecticides 
from the neonicotinoid class, substituting different neonicotinoid compounds in 
turn, as part of a rotational strategy (neonicotinoid-imidacloprid, spinosyn, other 
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compound, neonicotinoid-nitenpyram, spinosyn, other compound) could also 
provide some suppression of target site resistance to these compounds. This 
may not be practical as compounds may not be suitable for the same field 
application methods or against the same insect pests, hence a broader analysis 
of hypersensitivity could provide further combinations that may be useful in more 
situations. Neonicotinoids and spinosyns do share some applications, in 
particular as flea treatments for companion animals (nitenpyram – Capstar®, 
imidacloprid – Advantage® and spinosad – Comfortis®)(Vo et al. 2010).   

Although the experiments described here have been conducted in an organism 
that is not a pest, give that (1) the orthology of genes conferring resistance to 
neonicotinoids and spinosyns in D. melanogaster and pest species and (2) 
resistance to both classes of insecticides exists in pests, these findings should 
apply to pest species. Furthermore, it should be noted that there are several other 
classes of insecticides targeting nAChRs - sulfoximines, butenolides, and two 
newly introduced compounds, cycloxaprid and the mesoionics (Sparks and 
Nauen 2015). Here, combinations from just two insecticide classes have been 
tested. There is obviously the potential for other ‘negatively cross-resistant’ 

combinations to exist, particularly given that hypersensitivity in testing two 
chemical compounds of the same class, nitenpyram and imidacloprid. Similarly, 
if insecticide-induced oxidative stress is the main cause of the insecticide 
hypersensitivity in these nAChR mutants, hypersensitivity to a variety other 
insecticide compounds might be identified. Both the mutants used here and the 
spinosad-resistant field strains of the many pest species that carry α6 mutations 
would be useful for this purpose. 

 Conclusion and future directions 

This study has highlighted the fact that there are still many unknowns in insect 
nAChR biology and that much more work can be done to addressing questions 
around nAChR compensation and receptor assembly. It has been established 
that insecticides, used as (semi-)selective nAChR probes, together with 
insecticide resistance phenotypes of nAChR mutants, can assist with the task of 
dissecting which receptor subunits may co-assemble.   
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Insecticide hypersensitivity does not appear to be due to the receptor but is likely 
to result from altered gene expression in pathways that are perturbed due to its 
loss. These pathways may provide new targets for future insecticide development 
or synergists that could enhance the efficacy of insecticides or assist in 
overcoming resistance. Although the reciprocal hypersensitivity relationship 
between Dα1 and Dα6 mutants was characterised here, the mechanism behind 
the insecticide hypersensitivity requires further study. Despite the similar negative 
cross-resistance phenotypes between mutations in different nAChR subunits, the 
changes in gene and protein expression observed differed between these 
mutants. This may indicate an allele-specificity of the molecular changes, 
complicating our attempts to understand the phenomenon. It is unlikely that the 
negative cross-resistance phenotype in the nAChR mutants is mediated by the 
same mechanism, given the observed differences in gene expression.  Future 
studies taking advantage of the sophisticated genetic tools available in 
Drosophila to interrogate the different genes and pathways could help to resolve 
this.   

Insecticide resistance has always been an issue and it is becoming more so for 
these compounds which have now been in use for the best part of three decades. 
Some mutations in the nAChRs targeted by insecticides are viable and highly 
resistant. The Myzus persicae β1R81T mutation and various α6 mutations in a 
range of insect pests are posing problems for pest management in the field. This 
study highlights the potential for the incorporation of insecticides with reciprocal 
sensitivities as an option for future resistance management. This could extend 
life of current generation insecticides in the field. Insecticide resistance through 
mutations in nAChR subunit targets is likely to come with a cost to synaptic 
signalling and potentially cause hypersensitivity. Early testing of resistant pests 
as they arise in the field could lead to the rapid implementation of an effective 
resistance management strategy. In turn, this will assist in suppressing the 
frequency of resistant insects and help to safeguard the efficacy of insecticides 
so that they remain a viable control option. 
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Appendix 1: R Script for Toxicology Bioassay 
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Appendix 2: R Script for NOIseq-real Differential Expression Analysis 
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Appendix 3: MIQE Checklist for qPCR Analysis 

Sample/Template Details Checklist 

Source 
If cancer, was biopsy 
screened for adjacent 
normal tissue? 

Drosophila melanogaster 3rd 
instar brain 

Method of preservation Liquid 
N2/RNAlater/formalin Liquid N2 

Storage time (if 
appropriate) 

If using samples >6 
months old < 2-month-old  

Handling fresh/frozen/formalin Frozen 
Extraction method TriZol/columns TRIsure extraction 

RNA: DNA-free Intron-spanning 
primers/no RT control 

Intron-spanning primers, 
DnaseI, PCR check 

Concentration Nanodrop/ribogreen/microf
luidics 

Qubit Fluorometric 
Quantitation 

RNA: integrity Microfluidics/3':5' assay Agarose Gel 

Inhibition-free Method of testing Dilution curve, PCR efficiency 
<100%  

Assay optimisation/validation 

Accession number RefSeq XX_1234567 

Da1; NM_001275988.2, 
Da2; NM_170146.2, 
Da3; NM_001298086.1, 
Da4; NM_001316465.1, 
Da5; NM_001370005.1, 
Da6; NM_001273373.2, 
Da7; NM_001298507.1, 
Db1; NM_079203.3, 
Db2; NM_170147.3, 
Db3; NM_080359.4, 
CG13220;NM_001273958.1 
RpL11; NM_001299685.1, 
Pcd; NM_058012.4, 
CG43324;NM_001259470.2 
CG13227; NM_136802.3, 
CG17272; NM_142660.4, 
Ocho; NM_001259830.1, 
eIF3i; NM_078754.4  

Amplicon details exon location, amplicon 
size See Table 3.4 

Primer sequence even if previously 
published See Table 3.4 

In silico BLAST/Primer-BLAST/m-
fold 

Primer-BLAST, 
electrophoresis, melt curve 

empirical 
primer 
concentration/annealing 
temperature 

10μM, 60deg 

Priming conditions 
oligo-
dT/random/combination/ta
rget-specific 

oligo-dT 
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PCR efficiency dilution curve 

Da1 = 1.92, Da2 = 1.83,  
Da3 = 1.98, Da4 = 1.89, 
Da5 = 1.88, Da6 = 1.79, 
Da7 = 1.77, Db1 = 1.92, 
Db2 = 1.88, Db3 = 1.88, 
CG13220 =1.86,  
RpL11 =2.03, 
Pcd = 2.02,  
CG43324 = 2.05, 
CG13227 = 2.10,  
eIF3i = 2.01, 
CG17272 = 2.00,  
Ocho = 1.90  

Linear dynamic range spanning unknown targets 2-fold serial dilution  

Limits of detection LOD detection/accurate 
quantification 

Da1 > CT 31, Da2 > CT 29, 
Da3 > CT 36, Da4 > CT 29, 
Da5 > CT 30, Da6 > CT 26, 
Da7 > CT 27, Db1 > CT 31, 
Db2 > CT 25, Db3 > CT 28, 
CG13220 > CT 35,  
RpL11 > CT 30,  
Pcd > CT 32, 
CG43324 > CT 29,  
CG13227 > CT 28,  
CG17272 > CT 29, 
Ocho > CT 31,  
eIF3i > CT 30  

Intra-assay variation copy numbers not Cq CG13220; 0.376, 
RpL11; 1.22 

RT/PCR 

Protocols detailed description, 
concentrations, volumes 

12ul total reaction. 5ul SYBR 
Green PCR Master Mix, 
0.25μl F, 0.25μl R, 4.5μl H2O 
and 2μl Template 

Reagents supplier, Lot number QuantiTect SYBR green PCR 
kit, Qiagen 

Duplicate RT DCq Triplicate 

NTC Cq & melt curves CT value or melt curve not 
detected 

NAC DCq beginning:end of 
qPCR N/A 

Positive control inter-run calibrators  Inter-run Calibrator 
Data analysis 
Specialist software e.g., QBAsePlus 2-ΔΔCT method 

Statistical justification e.g., biological replicates 5 biological replicates for 
each cross 

Transparent, validated 
normalisation e.g., GeNorm summary 

Target and housekeeper 
validated at the same life 
stage 
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Appendix 4: Region spanning gene deletion in Dα1ΔDH, Dα2Δ(3)4E and Dα6KO 

 

Graphs show read count (y-axis) of RNAseq reads mapped to (A) Dα1, (B) Dα2 
and (C) Dα6 gene, in Dα1ΔDH, Dα2Δ(3)4E and Dα6KO mutants respectively, in 
comparison to the wildtype strain, wAC9. Red markings indicate region of the 
gene that was removed using CRISPR/Cas9 in the mutants. RNAseq did not pick 
up any reads mapped to these regions in the mutants. Respective gene 
annotation is indicated below the graph, with all known transcripts illustrated to 
show exonic and intronic regions of the gene.  
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Appendix 5: List of DEGs in Dα1EMS1 Mutant 

Gene Log2FCa Probabilityb Gene Log2FCa Probabilityb 
7B2 1.8820 0.0059 CG44242 1.2784 0.0204 
abs 0.9401 0.0847 CG44253 1.9526 0.0295 
Acp98AB 1.6976 0.0315 CG44257 1.5652 0.0176 
Ady43A 1.6893 0.0588 CG44259 1.8468 0.0119 
Ald -0.8074 0.0654 CG44303 0.7629 0.0920 
Arp6 1.2848 0.0368 CG44314 0.8747 0.0583 
Arpc1 -1.0623 0.0605 CG44362 1.1704 0.0326 
Arpc4 1.2260 0.0625 CG4452 -0.8844 0.0762 
AttA 1.8689 0.0624 CG44532 0.7500 0.0873 
azot 1.6795 0.0601 CG4725 1.4357 0.0455 
b 0.7761 0.0763 CG4860 -1.0470 0.0613 
Blos3 1.2053 0.0463 CG4935 1.4041 0.0616 
Calr -0.6509 0.0961 CG5009 1.9696 0.0235 
CG10184 1.0848 0.0840 CG5013 0.8161 0.0773 
CG10205 -1.3149 0.0190 CG5144 -0.8542 0.0686 
CG10222 1.1589 0.0525 CG5210 1.2304 0.0883 
CG10286 -1.2509 0.0374 CG5267 1.5367 0.0329 
CG10298 -0.8551 0.0674 CG5532 1.3233 0.0389 
CG10306 1.0741 0.0496 CG5721 1.0291 0.0918 
CG10483 0.7110 0.0968 CG5860 1.0537 0.0940 
CG10616 1.1186 0.0722 CG5973 0.8165 0.0829 
CG10731 0.8829 0.0575 CG6028 1.2362 0.0290 
CG10845 0.8614 0.0917 CG6308 1.2505 0.0456 
CG10864 1.3358 0.0688 CG6628 1.1378 0.0468 
CG11191 0.6837 0.0931 CG6638 1.1906 0.0965 
CG11317 1.3165 0.0343 CG6660 1.3532 0.0604 
CG11388 -0.9754 0.0441 CG6686 0.9264 0.0966 
CG11577 -0.7512 0.0990 CG6746 1.0376 0.0607 
CG11753 -1.0886 0.0389 CG6812 0.9692 0.0455 
CG11825 -0.7366 0.0893 CG6908 1.2646 0.0255 
CG11858 1.5008 0.0323 CG7126 2.5270 0.0222 
CG12016 0.8766 0.0648 CG7133 0.8300 0.0838 
CG12091 1.0466 0.0415 CG7203 -0.9134 0.0488 
CG12170 -1.1964 0.0385 CG7214 -1.0990 0.0521 
CG12264 1.0403 0.0927 CG7289 1.0260 0.0923 
CG12279 0.9960 0.0616 CG7296 1.0537 0.0356 
CG12309 0.9131 0.0651 CG7299 1.1013 0.0445 
CG12321 1.2826 0.0547 CG7506 1.5281 0.0248 
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CG12926 -2.1710 0.0269 CG7593 0.9639 0.0544 
CG12948 0.9830 0.0520 CG7967 -0.7247 0.0954 
CG13042 0.9047 0.0573 CG8004 -1.1711 0.0586 
CG13050 1.2817 0.0535 CG8066 0.7246 0.0867 
CG13056 2.1420 0.0266 CG8206 -0.7373 0.0925 
CG13058 0.8627 0.0836 CG8245 0.9478 0.0570 
CG13060 -1.6975 0.0105 CG8248 0.9764 0.0638 
CG1307 -0.6976 0.0932 CG8319 1.3698 0.0386 
CG13108 1.2394 0.0306 CG8353 -1.4124 0.0246 
CG13110 2.0084 0.0898 CG8372 2.1406 0.0478 
CG13123 1.1119 0.0500 CG9016 0.7233 0.0908 
CG13151 1.1793 0.0665 CG9263 1.3733 0.0585 
CG13228 1.1482 0.0284 CG9471 1.2688 0.0844 
CG13255 -0.7485 0.0850 CG9570 1.2464 0.0367 
CG13298 1.3313 0.0198 CG9669 -0.6984 0.0992 
CG13437 1.1505 0.0552 CG9890 1.3093 0.0733 
CG13484 -1.0334 0.0420 CG9922 1.0000 0.0755 
CG13541 0.9755 0.0551 CG9960 0.6869 0.0881 
CG13562 1.0048 0.0833 ClC-b 0.8172 0.0967 
CG13748 0.9798 0.0574 Cpr67Fa1 1.0934 0.0406 
CG13751 1.2614 0.0477 Cpr92F 1.3035 0.0488 
CG13807 -1.0128 0.0420 Cpr97Ea 0.7175 0.0983 
CG13877 1.2726 0.0265 Cpr97Eb 0.9567 0.0440 
CG13891 1.3267 0.0182 CREG 0.7891 0.0773 
CG13994 1.8742 0.0350 croc 0.7918 0.0858 
CG14212 1.8369 0.0181 Cyp28a5 0.8302 0.0946 
CG14298 1.0649 0.0663 Cyp4p1 1.0406 0.0660 
CG14321 0.8569 0.0616 Cyp4p2 1.4534 0.0995 
CG14377 -0.8194 0.0619 dgt2 -0.7643 0.0904 
CG14419 -1.2352 0.0402 Dim1 1.6717 0.0651 
CG1444 -0.7074 0.0870 DnaJ-1 -0.7548 0.0756 
CG14488 1.2614 0.0523 DnaJ-60 0.8143 0.0882 
CG14550 1.5644 0.0456 dos -0.8555 0.0733 
CG14667 1.7736 0.0096 Dpy-30L1 1.3870 0.0173 
CG14795 1.0760 0.0570 Dsor1 -0.8059 0.0802 
CG14817 0.9472 0.0532 E(spl)m5-HLH -1.4691 0.0548 
CG15019 0.8354 0.0805 E(spl)m7-HLH -1.2404 0.0304 
CG15027 2.2001 0.0155 E(spl)mγ-HLH -1.1762 0.0391 
CG15071 -2.4585 0.0120 edin 0.8565 0.0896 
CG15282 -0.8904 0.0764 eIF-5A 0.8458 0.0653 
CG15386 -1.0089 0.0486 emc 0.7251 0.0791 
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CG15390 -0.7999 0.0845 ems 0.8904 0.0560 
CG15482 -0.9182 0.0475 Ercc1 1.7056 0.0911 
CG15771 0.6830 0.0941 fan 1.4490 0.0484 
CG15863 0.8667 0.0581 Fibp 0.7146 0.0978 
CG15908 -1.0372 0.0482 Fis1 -1.0383 0.0369 
CG16824 1.0731 0.0358 FRG1 0.8407 0.0865 
CG16853 1.1055 0.0909 fzy 0.8683 0.0836 
CG17028 0.9751 0.0513 gprs 0.9303 0.0758 
CG17107 1.4610 0.0203 Gr2a 1.0890 0.0441 
CG17260 0.8102 0.0980 gsb 0.9877 0.0427 
CG17272 -3.4455 0.0021 GstD1 1.1586 0.0274 
CG17803 0.8758 0.0552 GstD9 1.2162 0.0403 
CG17996 1.1673 0.0576 GstE10 1.1540 0.0921 
CG1827 0.9787 0.0679 GstE8 -1.6895 0.0284 
CG18343 -1.2302 0.0388 GstE9 -2.0087 0.0180 
CG18731 0.6867 0.0972 Gyc32E 1.0195 0.0956 
CG1882 1.0666 0.0633 Hex-A 0.8843 0.0538 
CG2017 0.7103 0.0923 His4r -0.6962 0.0882 
CG2120 1.2956 0.0520 HLH3B -0.9676 0.0467 
CG2316 -0.8599 0.0919 HLH4C -1.0596 0.0430 
CG2680 0.8100 0.0665 holn1 -1.8639 0.0198 
CG2911 1.0344 0.0448 Hsc70-3 -0.8413 0.0645 
CG2915 -1.7655 0.0144 Hsp67Bc 1.4527 0.0146 
CG30178 1.5810 0.0450 Hug 0.7751 0.0758 
CG30196 -0.8128 0.0717 Jon99Fi -2.0704 0.0287 
CG30273 1.3840 0.0373 Kaz1-ORFB 0.7720 0.0711 
CG30355 1.2721 0.0616 l(2)34Fc 0.6821 0.0985 
CG30379 1.0805 0.0618 lectin-33A 1.0952 0.0847 
CG30380 0.8832 0.0647 lig3 0.8327 0.0936 
CG31088 -0.7092 0.0877 link 1.0803 0.0793 
CG31457 1.2657 0.0748 Listericin -0.9114 0.0504 
CG31548 -1.2131 0.0324 Max 0.9044 0.0981 
CG31606 3.0061 0.0537 MED21 0.7574 0.0856 
CG31642 0.9867 0.0711 metl 1.6778 0.0102 
CG31712 -2.0954 0.0125 Mocs1 -1.5980 0.0270 
CG31717 0.9296 0.0498 mos -0.8136 0.0890 
CG31812 0.8102 0.0915 mRpL2 0.9663 0.0502 
CG31820 1.9856 0.0198 mRpL35 0.8761 0.0641 
CG31855 -0.8358 0.0751 mRpL55 0.8648 0.0586 
CG31861 -1.7542 0.0208 MSBP 0.6986 0.0916 
CG31867 2.5545 0.0181 Nap1 0.7914 0.0741 
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CG31952 0.7889 0.0742 NC2beta 1.0666 0.0497 
CG31961 1.0912 0.0840 ND-13A -1.0548 0.0461 
CG32109 -1.3017 0.0382 ND-30 0.6887 0.0985 
CG32147 0.8290 0.0609 ND-42 0.7079 0.0941 
CG3222 1.0800 0.0819 Npc2b 0.7326 0.0837 
CG32225 0.6992 0.0922 Nup50 0.7980 0.0879 
CG32368 1.0628 0.0468 Obp56d -0.7202 0.0801 
CG32625 1.1377 0.0288 Obp56e -1.3224 0.0298 
CG32655 1.3092 0.0532 Obp99a -1.2013 0.0668 
CG32762 1.4566 0.0644 Ocho -0.9978 0.0483 
CG32806 0.9208 0.0479 or 1.0684 0.0702 
CG33098 0.7203 0.0892 Or59c 1.3609 0.0642 
CG33127 1.6039 0.0504 OstDelta 2.4393 0.0283 
CG33178 0.6640 0.0984 Pcd 2.1984 0.0041 
CG3348 1.1465 0.0352 Pex16 1.0763 0.0571 
CG33644 1.3374 0.0766 PGRP-LF 0.8789 0.0738 
CG33774 -0.8530 0.0698 Phm 0.7395 0.0858 
CG33785 -1.2711 0.0476 phtf 1.1009 0.0566 
CG33786 -1.2711 0.0476 Ppcdc 0.9080 0.0678 
CG33946 -1.4283 0.0567 prel -0.9510 0.0817 
CG34008 1.0363 0.0961 Prp38 -0.7759 0.0755 
CG34021 1.2535 0.0712 Pu 0.8380 0.0716 
CG34045 1.3128 0.0712 qkr58E-1 0.8507 0.0727 
CG34117 1.1637 0.0457 qkr58E-3 -0.8016 0.0836 
CG34125 0.9255 0.0635 Rack1 -1.7798 0.0120 
CG34167 -1.8552 0.0169 Rad51C 1.0229 0.0973 
CG34169 1.3175 0.0655 RagC-D 1.1067 0.0802 
CG34179 0.8860 0.0926 Ref1 -0.6800 0.0954 
CG34180 2.0429 0.0140 Roe1 1.4384 0.0393 
CG34215 1.2304 0.0578 RpL18A -0.9046 0.0526 
CG34253 -1.3590 0.0795 RpL21 1.0615 0.0365 
CG34264 0.8415 0.0847 RpL23A -0.7016 0.0899 
CG34296 1.0559 0.0344 RpL36 -0.7959 0.0658 
CG34445 0.7603 0.0780 RpL39 1.0451 0.0367 
CG34446 0.8478 0.0618 RpL8 1.2687 0.0460 
CG34457 -1.7562 0.0554 RpLP2 0.8252 0.0603 
CG3517 0.8555 0.0862 RpS15Aa 0.7706 0.0878 
CG3557 -0.9736 0.0729 RpS20 1.2142 0.0349 
CG3609 -0.9922 0.0455 RpS24 1.6485 0.0135 
CG3776 0.8539 0.0966 RpS28a 4.0277 0.0006 
CG3909 1.2398 0.0344 RpS30 0.8792 0.0574 
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CG40228 -0.6838 0.0943 Rrp42 0.8096 0.0932 
CG4186 1.9936 0.0641 Sc2 1.1562 0.0605 
CG42269 0.7310 0.0824 Scox 1.2360 0.0310 
CG42371 -1.0089 0.0486 scramb2 0.7407 0.0927 
CG42382 1.4867 0.0582 Sec61beta 1.3815 0.0187 
CG42456 0.8766 0.0648 SelG -1.6520 0.0297 
CG42489 -0.7887 0.0807 Sfp79B 1.3281 0.0407 
CG42495 1.1577 0.0558 SmB 1.5391 0.0276 
CG42496 0.9080 0.0678 Snapin 0.6869 0.0881 
CG42497 1.2199 0.0421 spict -0.7601 0.0805 
CG42498 1.5644 0.0456 sun -0.9198 0.0625 
CG42562 0.9017 0.0549 Tapdelta 0.6517 0.0971 
CG42568 0.8143 0.0882 Tes -0.7372 0.0904 
CG4278 1.0744 0.0987 TfIIB 1.2908 0.0837 
CG42847 -1.2533 0.0725 Tgi 0.6823 0.0996 
CG43085 -0.9942 0.0935 thoc7 1.2101 0.0638 
CG43107 1.1290 0.0938 Thor -0.9550 0.0551 
CG43198 -1.0872 0.0904 Tim10 1.2199 0.0421 
CG43245 1.3471 0.0526 Tim8 -1.1134 0.0621 
CG43293 0.9161 0.0575 Trip1 0.8516 0.0706 
CG43295 -0.9522 0.0854 trus 1.1334 0.0842 
CG43350 1.2218 0.0511 Uch 0.9410 0.0554 
CG43389 0.8473 0.0814 UQCR-C2 -0.8601 0.0656 
CG43400 1.3295 0.0451 Vamp7 -1.4729 0.0277 
CG43788 -0.9237 0.0916 VepD 0.8280 0.0673 
CG43886 0.9446 0.0673 w 1.4905 0.0296 
CG44002 1.4625 0.0716 yellow-d2 0.8395 0.0620 
CG4407 1.3690 0.0708 Zip89B 1.2026 0.0367 
CG4415 0.9306 0.0539 

 
  

a Log2 fold change of Dam-RNA Pol II/Dam-only 
b NOIseq probability = 1-q (q ≥ 0.9) 
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Appendix 6: List of DEGs in Dα6EMS6 Mutant 

Gene Log2FCa Probabilityb Gene Log2FCa Probabilityb 

140up 2.7719 0.0175 CG6138 1.3209 0.0327 
7B2 0.5572 0.0902 CG6175 -0.8215 0.0927 
AANATL2 0.7370 0.0935 CG6179 -0.6818 0.0837 
Aatf 1.0661 0.0527 CG6310 0.9998 0.0593 
aay -0.8212 0.0424 CG6337 0.7913 0.0546 
Abp1 1.3502 0.0302 CG6357 1.1794 0.0269 
Acp98AB 1.5130 0.0298 CG6398 -1.2641 0.0403 
Act42A 1.1162 0.0260 CG6424 0.5944 0.0961 
Act5C -0.7803 0.0518 CG6481 0.8548 0.0733 
Ada 0.8813 0.0827 CG6550 1.1421 0.0511 
Adam 0.8256 0.0508 CG6567 1.1766 0.0364 
AdenoK -0.6193 0.0987 CG6610 -2.0201 0.0094 
Adf1 0.8500 0.0461 CG6621 1.4727 0.0526 
Adk2 0.7097 0.0626 CG6628 1.9222 0.0114 
AdSL -1.9679 0.0212 CG6638 1.3115 0.0651 
Ady43A 2.0992 0.0297 CG6650 0.7686 0.0862 
aft 1.1682 0.0292 CG6660 2.2415 0.0177 
AGBE 0.9191 0.0690 CG6674 1.0952 0.0384 
akirin -1.0395 0.0329 CG6683 1.4924 0.0073 
alc -1.3505 0.0191 CG6685 0.6182 0.0929 
Ald -0.9505 0.0296 CG6723 -1.4265 0.0577 
Aldh-III -0.7917 0.0629 CG6724 1.4607 0.0182 
AlkB 0.7008 0.0737 CG6726 0.9684 0.0870 
alpha-Man-IIa 1.2638 0.0465 CG6738 0.8384 0.0898 
alpha-PheRS 0.6207 0.0934 CG6746 1.9749 0.0127 
alphaTub67C 0.8889 0.0634 CG6762 0.7380 0.0823 
Amyrel 0.7098 0.0735 CG6796 1.9976 0.0160 
aop -0.8075 0.0788 CG6812 0.7513 0.0541 
aos -0.8783 0.0776 CG6834 -1.2835 0.0786 
AOX3 -1.1980 0.0733 CG6845 0.9232 0.0898 
AP-2mu 1.0686 0.0402 CG6891 -0.9289 0.0642 
APC10 -1.0056 0.0478 CG6907 1.0790 0.0764 
aph-1 1.2252 0.0391 CG6908 -2.0466 0.0136 
Aplip1 1.0551 0.0320 CG7048 1.3862 0.0130 
Aprt 0.6797 0.1000 CG7058 0.8942 0.0777 
Arc1 -0.6757 0.0760 CG7071 0.6225 0.0897 
Arf102F -0.6657 0.0753 CG7102 -0.7982 0.0817 
ArfGAP1 0.7344 0.0851 CG7126 2.9598 0.0114 
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Arfrp1 0.9300 0.0517 CG7133 1.3228 0.0267 
Arl6 1.3030 0.0396 CG7166 0.9610 0.0700 
Arp6 1.6351 0.0156 CG7172 3.4087 0.0202 
Arpc1 -1.2881 0.0360 CG7200 0.9911 0.0531 
Arpc5 1.0582 0.0407 CG7203 -5.1040 0.0005 
Asciz -1.3878 0.0143 CG7214 -2.1002 0.0203 
AsnS 0.7739 0.0562 CG7239 0.8949 0.0794 
asrij 0.6851 0.0975 CG7265 0.8259 0.0607 
Atg12 1.6320 0.0079 CG7275 0.6570 0.0967 
Atg4a 0.7331 0.0649 CG7276 1.8420 0.0988 
Atg4b -1.0109 0.0648 CG7296 -5.1431 0.0034 
Atpalpha 0.5494 0.0965 CG7299 -1.0480 0.0545 
ATPsynC 0.9504 0.0290 CG7329 0.8698 0.0954 
ATPsynγ 0.7552 0.0749 CG7352 1.0285 0.0374 
AttA 2.2827 0.0318 CG7371 1.5138 0.0608 
awd -1.1728 0.0176 CG7429 1.1274 0.0290 
azot 1.4006 0.0656 CG7465 -1.8800 0.0571 
b -1.9216 0.0199 CG7488 2.2801 0.0173 
B-H1 -1.3820 0.0253 CG7506 2.0616 0.0088 
b6 -0.5880 0.0961 CG7548 -4.0625 0.0209 
Bacc -0.6226 0.0746 CG7556 -0.9000 0.0821 
Baldspot 0.7579 0.0634 CG7593 0.9088 0.0429 
bap -1.6529 0.0612 CG7600 0.8770 0.0675 
Bap55 1.6595 0.0348 CG7601 1.3603 0.0435 
bc10 -1.0920 0.0392 CG7630 0.8309 0.0453 
BCL7-like 0.6120 0.0938 CG7656 -0.7979 0.0822 
Bdbt 0.8507 0.0850 CG7668 -0.9555 0.0513 
BEAF-32 -0.5747 0.0964 CG7702 -1.1246 0.0851 
beag 0.9556 0.0694 CG7798 -0.9408 0.0709 
Bet1 0.9247 0.0478 CG7810 1.7269 0.0234 
BHD 1.0646 0.0369 CG7872 -1.0317 0.0323 
bic -0.6843 0.0692 CG7896 -1.0669 0.0698 
Blos3 1.8587 0.0144 CG7963 0.8462 0.0534 
blow -1.1447 0.0841 CG7966 -1.2421 0.0856 
bnb -1.0889 0.0479 CG7974 1.3176 0.0267 
boca -0.6315 0.0763 CG7988 0.9022 0.0597 
bonsai 1.1598 0.0475 CG8026 0.8081 0.0697 
borr -1.3526 0.0393 CG8032 1.2636 0.0520 
bou -3.1408 0.0022 CG8038 1.3731 0.0143 
bowl -2.0287 0.0203 CG8046 -1.6296 0.0812 
brk -0.8473 0.0618 CG8066 -1.5726 0.0220 
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Bro 0.8103 0.0814 CG8072 0.9129 0.0891 
BthD 0.8799 0.0585 CG8078 1.2933 0.0331 
btl -1.3982 0.0483 CG8089 0.8904 0.0741 
btn 0.9942 0.0929 CG8134 0.6484 0.0925 
by -1.1759 0.0464 CG8180 -0.9139 0.0637 
cag 0.7954 0.0597 CG8192 -1.4879 0.0288 
CAH1 -1.4597 0.0304 CG8230 -0.8881 0.0790 
Calr -1.2337 0.0137 CG8235 -0.8223 0.0648 
cas -1.2035 0.0757 CG8245 1.5720 0.0134 
cathD -1.1622 0.0274 CG8248 1.1144 0.0378 
cav 0.6120 0.0801 CG8303 -1.0732 0.0687 
Ccdc56 1.2261 0.0271 CG8317 -1.6532 0.0291 
Ccp84Aa -0.9443 0.0631 CG8319 1.8592 0.0154 
Ccp84Ab -5.5000 0.0006 CG8331 0.7016 0.0762 
Ccp84Ac -5.4119 0.0006 CG8349 4.3169 0.0597 
Ccp84Ad -3.0154 0.0048 CG8353 -2.0827 0.0096 
Cda5 -1.0170 0.0802 CG8360 0.6420 0.0988 
Cdc37 1.0603 0.0440 CG8369 -2.7622 0.0061 
Cdk4 -1.4666 0.0367 CG8372 2.6746 0.0226 
Cdk5alpha 1.3850 0.0175 CG8399 -0.9803 0.0930 
cdm 1.2184 0.0487 CG8441 -0.7551 0.0663 
ced-6 -0.8902 0.0611 CG8460 0.7185 0.0748 
cer -1.4530 0.0093 CG8490 -1.1295 0.0252 
CG10026 -1.3015 0.0375 CG8498 1.0078 0.0432 
CG10082 0.7058 0.0723 CG8500 1.2013 0.0220 
CG10096 0.9200 0.0801 CG8507 0.7738 0.0875 
CG10097 0.9200 0.0801 CG8517 -2.1586 0.0192 
CG10104 1.5485 0.0627 CG8543 -1.7443 0.0475 
CG10163 0.7599 0.0577 CG8563 -1.2878 0.0469 
CG10205 -5.5368 0.0002 CG8620 1.6285 0.0074 
CG10208 1.1221 0.0386 CG8630 -1.0011 0.0838 
CG10211 -1.4007 0.0397 CG8673 0.7903 0.0839 
CG10222 1.2068 0.0365 CG8728 1.2528 0.0892 
CG10237 -1.0396 0.0652 CG8740 -1.0446 0.0631 
CG10252 1.1665 0.0494 CG8745 1.8618 0.0099 
CG10262 1.2066 0.0475 CG8788 -1.9190 0.0235 
CG10286 -0.9971 0.0378 CG8814 0.8320 0.0801 
CG10298 -2.5444 0.0126 CG8891 2.3420 0.0279 
CG10306 1.4454 0.0194 CG8916 0.8290 0.0766 
CG10326 0.8334 0.0461 CG9030 1.2293 0.0300 
CG10336 1.0695 0.0987 CG9117 0.9015 0.0593 
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CG10343 0.9952 0.0706 CG9134 -1.0776 0.0609 
CG10344 -1.0030 0.0832 CG9135 0.8536 0.0569 
CG10345 -1.2896 0.0523 CG9246 0.9333 0.0839 
CG10347 0.8816 0.0901 CG9254 1.3333 0.0471 
CG10348 -0.8857 0.0957 CG9263 1.8151 0.0266 
CG10359 -1.0184 0.0772 CG9267 1.1299 0.0562 
CG10395 1.4260 0.0579 CG9336 -1.9414 0.0234 
CG10405 1.4250 0.0699 CG9338 -2.0641 0.0193 
CG10428 1.0116 0.0666 CG9376 0.7411 0.0768 
CG10433 -2.0142 0.0252 CG9389 1.9045 0.0080 
CG10435 -0.8632 0.0891 CG9391 0.8158 0.0622 
CG10466 -0.7022 0.0767 CG9427 -1.0864 0.0629 
CG10470 0.8285 0.0888 CG9451 -0.9582 0.0960 
CG10483 1.0558 0.0335 CG9471 1.2369 0.0692 
CG10495 0.9288 0.0647 CG9570 0.9816 0.0418 
CG10527 -0.6266 0.0788 CG9577 -1.3151 0.0427 
CG10566 0.9660 0.0324 CG9578 -1.4716 0.0190 
CG10570 -1.0783 0.0497 CG9586 0.6660 0.0760 
CG10581 1.6403 0.0149 CG9593 1.1140 0.0329 
CG10602 1.0323 0.0340 CG9601 0.8068 0.0662 
CG10639 1.3400 0.0329 CG9609 0.7173 0.0759 
CG10657 -1.4080 0.0767 CG9662 1.1587 0.0389 
CG10660 -0.9257 0.0891 CG9666 1.0723 0.0672 
CG10663 -1.4490 0.0495 CG9684 1.0730 0.0532 
CG10731 2.0581 0.0038 CG9689 -1.5073 0.0457 
CG10754 0.8299 0.0431 CG9698 2.7401 0.0051 
CG10793 1.3244 0.0258 CG9701 -1.4676 0.0360 
CG10809 1.2286 0.0456 CG9717 -0.9843 0.0960 
CG10863 0.7026 0.0608 CG9769 0.9123 0.0440 
CG10864 2.0156 0.0245 CG9773 0.9717 0.0793 
CG10866 -1.0571 0.0975 CG9780 -0.6067 0.0765 
CG10898 0.7546 0.0990 CG9782 -1.6532 0.0234 
CG10924 -1.0130 0.0732 CG9791 1.1128 0.0776 
CG10933 -1.4499 0.0378 CG9799 1.1792 0.0844 
CG10939 -1.4770 0.0325 CG9813 1.2079 0.0565 
CG10959 1.3213 0.0434 CG9815 -0.9970 0.0672 
CG10970 -0.8273 0.0813 CG9855 1.0436 0.0448 
CG10973 1.9033 0.0110 CG9865 0.7461 0.0789 
CG10984 1.1724 0.0338 CG9890 1.1285 0.0733 
CG11052 0.7973 0.0564 CG9899 -0.8191 0.0717 
CG11068 -1.3452 0.0601 CG9914 -1.0477 0.0531 
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CG11095 0.7283 0.0825 CG9917 0.9138 0.0724 
CG11103 0.8016 0.0592 CG9919 0.8872 0.0400 
CG11127 2.3839 0.0122 CG9922 1.1775 0.0429 
CG11137 0.8922 0.0511 CG9948 0.6713 0.0791 
CG11170 -1.1422 0.0525 CG9960 1.1008 0.0201 
CG11191 1.5922 0.0077 CG9970 0.9291 0.0501 
CG11226 1.5716 0.0220 CG9975 1.1078 0.0339 
CG1124 -0.7720 0.0887 CG9977 0.6999 0.0915 
CG11269 -1.4655 0.0225 CG9986 1.2967 0.0335 
CG11275 -2.0322 0.0136 CheB93a 0.9150 0.0850 
CG1136 -1.1218 0.0575 Chrac-14 0.9107 0.0442 
CG11373 1.2977 0.0224 Ciao1 1.3419 0.0310 
CG11438 -2.1401 0.0078 cid -0.8903 0.0618 
CG11449 -0.9554 0.0605 CkIIalpha-i1 1.2652 0.0527 
CG11454 2.0727 0.0162 Clamp 0.6737 0.0693 
CG1146 -0.9590 0.0771 Clc 0.6370 0.0798 
CG11474 1.2421 0.0382 ClC-b 1.4471 0.0271 
CG11529 -1.6984 0.0503 CngB 0.8879 0.0658 
CG11539 1.1904 0.0419 cnir 1.0290 0.0657 
CG11560 0.7106 0.0759 cold -0.7747 0.0865 
CG11563 1.4549 0.0297 Coop -1.0463 0.0766 
CG11668 -1.7586 0.0618 corto -0.6057 0.0990 
CG11710 0.7712 0.0819 COX4 0.7512 0.0737 
CG11722 0.8190 0.0786 COX7A 0.8334 0.0797 
CG11752 0.9907 0.0264 COX7AL 1.7274 0.0113 
CG11756 1.3835 0.0308 COX8 -1.1593 0.0292 
CG11777 0.7374 0.0749 cpb 1.2971 0.0311 
CG11790 -0.7364 0.0671 Cpr100A -4.1102 0.0015 
CG11791 -1.1790 0.0329 Cpr11A -1.0048 0.0746 
CG11825 -2.5339 0.0147 Cpr57A -1.8696 0.0593 
CG11835 1.1928 0.0384 Cpr62Bb -1.3600 0.0384 
CG11852 -3.2169 0.0065 Cpr62Bc -2.0874 0.0126 
CG11858 1.3699 0.0285 Cpr65Ay -5.6504 0.0439 
CG11975 0.9603 0.0645 Cpr66D -1.3178 0.0430 
CG11983 1.1836 0.0400 Cpr67Fa1 -1.5479 0.0280 
CG12006 1.0165 0.0799 Cpr67Fa2 -3.2299 0.0065 
CG12016 1.5506 0.0131 Cpr78Cb -1.3824 0.0505 
CG12025 1.1166 0.0454 Cpr92A -1.4508 0.0538 
CG12056 -0.7099 0.0820 Cpr97Ea -0.8686 0.0750 
CG12107 1.2222 0.0192 Cpr97Eb -3.6865 0.0034 
CG12118 0.6671 0.0702 Cralbp -0.8499 0.0961 
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CG12171 -2.5323 0.0093 crc -0.7084 0.0800 
CG12173 1.3342 0.0359 CrebA -1.1694 0.0584 
CG12194 0.8513 0.0559 CREG 1.2252 0.0218 
CG12207 -0.8912 0.0690 crim 1.1813 0.0462 
CG12253 1.0904 0.0392 Crk -0.6483 0.0967 
CG12264 1.5713 0.0349 Csat -0.7297 0.0955 
CG12279 2.6562 0.0055 CSN5 2.0844 0.0188 
CG12299 -0.9797 0.0610 Csp 0.7043 0.0677 
CG12309 1.6573 0.0134 csul 1.6316 0.0469 
CG1231 -1.1391 0.0249 cv -1.0772 0.0411 
CG12320 0.9585 0.0696 CycC 1.0282 0.0525 
CG12321 1.5325 0.0301 CycD 0.6926 0.0807 
CG12338 1.1760 0.0700 CycH 0.8310 0.0611 
CG12341 0.8068 0.0669 Cyp1 -1.6923 0.0058 
CG12393 0.9924 0.0593 Cyp18a1 -1.0373 0.0535 
CG12481 -3.4971 0.0794 Cyp28a5 -1.1747 0.0835 
CG12560 -1.3017 0.0337 Cyp4p3 -0.8456 0.0616 
CG12581 -1.8770 0.0357 cype 1.7746 0.0072 
CG12637 0.9283 0.0835 Cypl 0.8601 0.0456 
CG12643 -1.3855 0.0204 Cys -2.9271 0.0021 
CG1265 0.7882 0.0655 Cyt-c-d 0.7846 0.0729 
CG12688 -0.8724 0.0752 D -0.7300 0.0785 
CG12730 -0.7499 0.0986 dac 0.8340 0.0479 
CG12784 -0.9216 0.0911 dap -0.9724 0.0943 
CG12795 0.7699 0.0595 daw -1.0846 0.0805 
CG12824 -0.8550 0.0432 Dcp-1 1.4420 0.0122 
CG12862 1.3846 0.0785 Debcl -1.6152 0.0405 
CG12868 -0.7685 0.0567 DENR -0.9772 0.0416 
CG1287 0.7021 0.0840 Dim1 1.7830 0.0444 
CG12883 1.6545 0.0281 DJ-1alpha -1.6337 0.0181 
CG12909 0.7440 0.0959 Dlc90F 1.4421 0.0096 
CG1291 0.9423 0.0695 Dlip1 1.8111 0.0052 
CG12926 -2.4135 0.0197 dmpd 0.9890 0.0791 
CG12945 1.3290 0.0216 DnaJ-60 0.9904 0.0463 
CG12984 0.9571 0.0818 DOR -0.8414 0.0631 
CG1299 -1.0911 0.0594 dos -0.7597 0.0655 
CG13018 0.6559 0.0988 dpn -0.8752 0.0822 
CG13024 -1.4636 0.0380 dpr19 1.4235 0.0240 
CG13038 -0.7626 0.0956 dpr7 0.5890 0.0997 
CG13039 -1.1079 0.0530 Dpy-30L2 -0.8770 0.0709 
CG13040 -2.4528 0.0119 Drsl6 0.6749 0.0988 
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CG13041 -3.4582 0.0079 Duox -0.7764 0.0982 
CG13042 -2.2395 0.0180 E(spl)m2-BFM -3.8473 0.0021 
CG13044 -5.5659 0.0006 E(spl)m3-HLH -1.8506 0.0199 
CG13049 -1.1086 0.0974 E(spl)m4-BFM -2.6837 0.0066 
CG13050 -1.8663 0.0763 E(spl)m5-HLH -2.2029 0.0319 
CG13053 1.1105 0.0495 E(spl)m7-HLH -3.2687 0.0071 
CG13060 -5.9130 0.0018 E(spl)m8-HLH -3.2001 0.0064 
CG13065 -1.3671 0.0562 E(spl)mα-BFM -1.2161 0.0531 
CG1309 0.6547 0.0872 E(spl)mβ-HLH -1.6122 0.0099 
CG13108 0.8748 0.0448 E(spl)mδ-HLH -2.2363 0.0986 
CG13110 1.7296 0.0948 E(spl)mγ-HLH -2.3337 0.0128 
CG13137 1.0863 0.0801 Eb1 1.2741 0.0601 
CG13177 -0.8505 0.0714 Egfr -0.9343 0.0769 
CG13203 -1.0881 0.0965 eIF-5A 1.0394 0.0289 
CG13204 -1.0922 0.0290 eIF2B-alpha 1.9813 0.0291 
CG13220 -0.7894 0.0592 eIF2B-delta 0.7882 0.0794 
CG13223 -2.4387 0.0996 eIF2B-gamma -2.6893 0.0028 
CG13227 -6.7429 0.0005 eIF3-S9 0.7204 0.0674 
CG13228 -3.9197 0.0035 eIF3ga 0.7571 0.0617 
CG13244 1.0279 0.0267 eIF4E-6 2.8309 0.0283 
CG13287 -1.0899 0.0241 eIF5 0.6392 0.0815 
CG13314 -3.8177 0.0023 Eip55E 1.0223 0.0401 
CG13332 -0.8364 0.0681 EloC 0.6951 0.0711 
CG13377 -1.1186 0.0612 Elp3 0.7038 0.0777 
CG13390 1.1671 0.0372 emp -2.4866 0.0224 
CG13403 -1.7822 0.0667 ems -1.2000 0.0261 
CG13405 -0.7753 0.0998 en -0.5989 0.0977 
CG13430 -0.9608 0.0701 EndoG 0.7785 0.0896 
CG13437 0.7816 0.0808 endos 0.6966 0.0972 
CG13481 0.8259 0.0982 Ent1 0.8185 0.0788 
CG13516 -1.1275 0.0487 Ercc1 2.9325 0.0220 
CG13527 0.9795 0.0551 esg -1.0903 0.0340 
CG13532 1.0444 0.0518 Est-Q -1.7215 0.0729 
CG13539 1.3713 0.0350 Ets21C -0.7738 0.0838 
CG13545 -2.8837 0.0026 Ets98B -1.4421 0.0345 
CG13551 -1.2769 0.0362 eve -1.0774 0.0480 
CG13562 1.4007 0.0357 ex -1.0359 0.0629 
CG13563 0.7842 0.0952 ey 0.9211 0.0475 
CG13564 -0.9558 0.0628 Fadd 1.7338 0.0142 
CG13566 1.8632 0.0105 fan 1.0437 0.0659 
CG13578 0.6638 0.0887 Fatp -0.9576 0.0593 
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CG13599 1.0927 0.0615 Fbxl7 -1.0694 0.0744 
CG13606 -1.1203 0.0488 fd59A -1.3552 0.0394 
CG13607 -0.8621 0.0957 fd68A 1.0150 0.0435 
CG13616 0.7890 0.0628 Fdh 0.9203 0.0524 
CG13623 1.4474 0.0155 FeCH 0.9416 0.0489 
CG13641 -1.5214 0.0981 Fer1 -0.8824 0.0540 
CG13643 -1.0795 0.0621 Fer2 -0.7261 0.0800 
CG13676 -2.1241 0.0302 fh 1.6650 0.0153 
CG13713 -1.5656 0.0328 Fibp 1.0169 0.0369 
CG13716 1.2723 0.0992 Fie -1.2083 0.0223 
CG13741 1.3774 0.0556 fig -0.7635 0.0847 
CG13748 -0.7773 0.0859 Fis1 -1.5297 0.0079 
CG13751 3.1340 0.0045 fj -2.1009 0.0146 
CG13773 -1.2956 0.0210 FK506-bp1 0.7942 0.0686 
CG13807 -1.7767 0.0078 FKBP59 0.6984 0.0790 
CG13856 -2.7054 0.0147 fkh -0.6041 0.0928 
CG13876 0.7481 0.0794 Flo1 0.5676 0.0891 
CG13877 -3.6865 0.0130 flr 0.7748 0.0957 
CG13920 0.8865 0.0390 Fmo-2 -0.8873 0.0864 
CG13962 1.2555 0.0973 foi -0.6870 0.0934 
CG13983 0.9131 0.0657 for -0.9258 0.0775 
CG13994 2.6821 0.0123 foxo -0.7372 0.0964 
CG14102 1.1274 0.0822 fs(1)K10 0.7218 0.0978 
CG14104 1.1251 0.0318 fz3 -1.1340 0.0478 
CG14107 -2.1262 0.0624 fzy 0.8752 0.0623 
CG14132 -2.7545 0.0083 Gadd34 1.1160 0.0352 
CG14174 1.0910 0.0312 Gadd45 1.0562 0.0320 
CG14182 0.8222 0.0650 galectin -1.1667 0.0258 
CG14212 1.2961 0.0266 Galk -1.4490 0.0288 
CG14231 -0.9255 0.0429 γSnap1 0.9998 0.0385 
CG14253 -0.9689 0.0872 γTub23C 1.3487 0.0552 
CG14321 2.0872 0.0041 Gapdh1 -1.3563 0.0094 
CG14377 -6.2072 0.0002 Gas41 0.8426 0.0774 
CG14397 -2.4174 0.0350 Gbeta5 0.7602 0.0590 
CG14410 0.8079 0.0928 Gbp -1.9010 0.0219 
CG14419 -3.2779 0.0140 Gbs-70E -1.2114 0.0805 
CG14423 -1.0827 0.0593 gdl -0.8755 0.0667 
CG14439 -1.1273 0.0450 Gel -1.5777 0.0377 
CG14480 2.3208 0.0095 gem -1.1590 0.0644 
CG14550 2.1677 0.0186 GILT1 -2.1676 0.0123 
CG14565 -1.9240 0.0208 gkt 1.0740 0.0557 
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CG14591 0.5845 0.0898 Gld2 1.0108 0.0857 
CG14610 -0.9138 0.0646 glob3 -1.6008 0.0982 
CG14667 2.1731 0.0029 Gp150 -1.3039 0.0436 
CG14671 -1.8927 0.0067 gprs 1.4055 0.0270 
CG14688 -1.3140 0.0555 Gr2a 0.7244 0.0688 
CG14710 1.0704 0.0568 Gr68a 0.7632 0.0733 
CG14721 0.7145 0.0827 Gs2 -0.9961 0.0776 
CG14722 1.1838 0.0611 gsb -2.5943 0.0078 
CG14780 0.9761 0.0645 GstD1 -1.2750 0.0145 
CG14795 1.1035 0.0409 GstD11 1.7700 0.0744 
CG14817 2.7814 0.0023 GstD3 -1.4287 0.0990 
CG14818 0.7662 0.0562 GstD4 -3.3207 0.0829 
CG14883 0.7082 0.0986 GstD9 -0.7608 0.0945 
CG14891 1.1894 0.0435 GstE1 -0.7922 0.0880 
CG14903 0.9779 0.0410 GstE2 -1.1681 0.0604 
CG14921 0.9638 0.0911 GstE3 -1.9681 0.0187 
CG14937 1.0116 0.0757 GstE5 -1.3069 0.0651 
CG14968 -0.9977 0.0714 GstE6 -1.7892 0.0260 
CG14977 0.9744 0.0524 GstE8 -2.4595 0.0162 
CG14983 1.9430 0.0751 GstE9 -2.9281 0.0102 
CG15014 0.6905 0.0937 GstO1 0.6765 0.0760 
CG15027 1.8873 0.0153 GstT3 -0.8669 0.0609 
CG15071 -1.8203 0.0111 GstZ1 0.9968 0.0251 
CG15093 -0.8037 0.0662 GstZ2 0.7524 0.0550 
CG15185 1.4871 0.0723 GV1 -1.3496 0.0395 
CG15258 -1.8496 0.0806 hebe -1.2342 0.0547 
CG15282 -2.6820 0.0211 Hip14 1.1117 0.0475 
CG15317 1.4200 0.0123 HipHop 2.3474 0.0068 
CG15353 -1.3931 0.0246 HIPP1 0.9179 0.0817 
CG15386 -0.9937 0.0348 hkb -0.8105 0.0612 
CG15390 -1.2985 0.0323 HLH3B -1.2760 0.0172 
CG15398 2.0885 0.0664 HLH4C -1.8963 0.0116 
CG15414 -0.8784 0.0920 hng2 1.5697 0.0135 
CG15432 0.6606 0.0680 hng3 -0.8773 0.0593 
CG15440 1.2332 0.0319 hoe2 0.9532 0.0719 
CG15449 0.9341 0.0683 hoip -0.6904 0.0598 
CG15475 -0.7206 0.0866 holn1 0.7763 0.0508 
CG15506 -1.4875 0.0290 HP1b 1.3434 0.0156 
CG15514 0.9055 0.0467 HPS1 -0.8976 0.0691 
CG15517 -2.3393 0.0754 Hsc70-4 -0.7193 0.0557 
CG15528 0.9731 0.0555 Hsp67Bc 0.7429 0.0522 
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CG15535 0.7202 0.0639 Hsp68 0.9123 0.0529 
CG15549 -0.8277 0.0662 Hug 0.5904 0.0893 
CG15561 1.8486 0.0170 hui -2.0441 0.0112 
CG15611 -1.4263 0.0373 hyx 0.8984 0.0444 
CG15614 1.7462 0.0393 Ibf1 1.6691 0.0304 
CG15784 -1.1813 0.0540 icln 1.0665 0.0258 
CG15861 -1.3611 0.0208 ida 1.0282 0.0708 
CG15881 1.5206 0.0171 Idgf4 -2.7756 0.0126 
CG15908 -0.5718 0.0967 ifc 0.8361 0.0583 
CG15914 1.4484 0.0342 imd 1.0298 0.0342 
CG15922 1.4599 0.0081 Ime4 0.7831 0.0968 
CG1598 1.5711 0.0592 ImpL3 -1.2023 0.0156 
CG16716 1.4140 0.0795 in -0.8214 0.0900 
CG16719 0.6265 0.0961 inaD 0.7644 0.0953 
CG16721 0.6072 0.0984 Ing3 -0.7244 0.0832 
CG1673 -0.9085 0.0758 Inx2 -1.0239 0.0591 
CG16753 0.8036 0.0974 Inx3 -1.1001 0.0500 
CG16786 -1.6706 0.0393 Inx5 -0.7679 0.0926 
CG16824 -2.1250 0.0094 Ip259 0.8418 0.0485 
CG16853 1.3360 0.0512 IP3K1 -1.0028 0.0714 
CG16947 -0.8597 0.0882 Ir48c 1.3698 0.0937 
CG16986 1.1863 0.0328 Ir56a 0.6865 0.0863 
CG16989 0.9814 0.0434 Ir76a 1.3287 0.0744 
CG17026 -0.9095 0.0760 Irk1 -0.8910 0.0857 
CG17028 -1.4495 0.0323 IscU -0.8551 0.0602 
CG17029 -1.2185 0.0413 janA 1.3254 0.0278 
CG17032 -1.8230 0.0373 JhI-26 -0.8697 0.0747 
CG17078 1.2146 0.0405 jigr1 -1.2492 0.0299 
CG17104 -1.6294 0.0705 Jon99Fi -2.1549 0.0215 
CG17107 -4.3930 0.0152 Kal1 -1.3416 0.0571 
CG17108 -2.0518 0.0144 Kaz1-ORFB -5.3784 0.0029 
CG17110 0.9780 0.0860 ken -2.3823 0.0233 
CG17118 -0.8614 0.0850 Klc 0.7912 0.0542 
CG17224 -1.2622 0.0656 Klp67A 1.0021 0.0943 
CG17239 -1.4079 0.0867 Kmn1 -0.7876 0.0778 
CG1724 0.8605 0.0957 koko 1.0369 0.0471 
CG17260 1.0258 0.0500 l(1)G0004 -1.0721 0.0335 
CG17265 -1.2472 0.0615 l(1)G0045 1.6586 0.0258 
CG17359 0.8353 0.0679 l(2)34Fc -1.2625 0.0349 
CG17486 -1.3268 0.0142 l(2)k09913 0.9208 0.0864 
CG1750 0.9556 0.0977 l(2)k10201 0.6449 0.0893 
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CG17549 -1.7009 0.0165 l(2)SH0834 1.3092 0.0151 
CG17565 1.0585 0.0886 l(3)01239 0.6310 0.0946 
CG17580 1.7586 0.0361 l(3)03670 0.9546 0.0454 
CG17625 1.1967 0.0352 l(3)04053 -1.9582 0.0226 
CG17662 -1.0412 0.0966 l(3)j2D3 1.5995 0.0386 
CG17672 -0.9852 0.0638 l(3)neo43 0.9755 0.0562 
CG17680 0.7194 0.0802 laccase2 -1.2691 0.0568 
CG17721 -1.2748 0.0137 lbe -0.7681 0.0731 
CG17754 -0.9678 0.0450 lectin-24Db 1.0126 0.0577 
CG17764 -1.4500 0.0671 lectin-29Ca 1.8094 0.0703 
CG17803 -1.1018 0.0248 lectin-33A 1.7130 0.0294 
CG17806 -1.1641 0.0416 lectin-46Ca -1.3225 0.0592 
CG17821 1.0453 0.0784 Lhr 2.4530 0.0196 
CG17829 1.6218 0.0210 lid 0.7858 0.0627 
CG17919 -0.8604 0.0733 lig3 0.8794 0.0653 
CG17991 0.7705 0.0664 link 1.7969 0.0241 
CG17996 2.2023 0.0126 Listericin -3.8132 0.0021 
CG18004 -1.1261 0.0472 lolal 1.0471 0.0692 
CG1806 -1.5402 0.0390 Lsd-2 -0.8432 0.0882 
CG18065 -0.9608 0.0701 MAGE 1.2961 0.0302 
CG18081 1.2575 0.0556 mago -0.9226 0.0762 
CG18178 0.6212 0.0870 magu -1.0163 0.0886 
CG18223 1.3590 0.0495 Mal-B1 0.7523 0.0784 
CG1827 1.7514 0.0167 Mal-B2 1.0120 0.0448 
CG18343 -2.7127 0.0136 MAN1 0.7663 0.0889 
CG1840 -0.8971 0.0817 mats 0.6475 0.0961 
CG1847 0.9496 0.0461 mav -1.0763 0.0391 
CG18472 1.0306 0.0373 Max 1.7783 0.0227 
CG18473 1.2244 0.0284 mbt -0.7368 0.0892 
CG18619 -1.2570 0.0148 MED18 1.8854 0.0208 
CG18641 -1.0771 0.0270 MED20 1.1389 0.0447 
CG18643 1.6067 0.0156 MED21 1.4062 0.0177 
CG18661 0.8664 0.0761 MED28 1.0140 0.0474 
CG18731 1.7154 0.0097 MED9 1.3186 0.0261 
CG18810 0.8863 0.0712 Menl-1 0.6789 0.0814 
CG18815 1.1076 0.0514 Menl-2 0.6789 0.0814 
CG1882 1.0530 0.0485 Mes4 1.2605 0.0394 
CG1896 0.9527 0.0355 metl 1.0679 0.0223 
CG2017 0.8095 0.0524 mfas -1.8973 0.0249 
CG2021 0.7465 0.0820 MFS14 -1.9239 0.0205 
CG2034 -0.6751 0.0835 MFS18 0.8180 0.0703 
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CG2046 1.5408 0.0294 mgr 1.0483 0.0443 
CG2051 1.1846 0.0397 mh 0.7999 0.0813 
CG2065 -2.4466 0.0279 mib2 0.6796 0.0818 
CG2076 0.7249 0.0949 mip40 0.8873 0.0435 
CG2100 1.1814 0.0503 miple2 0.6043 0.0820 
CG2104 1.8079 0.0296 mirr -0.8994 0.0403 
CG2116 0.8902 0.0651 Mkp3 0.7734 0.0727 
CG2120 1.0984 0.0526 mmy -1.0782 0.0563 
CG2124 0.7475 0.0942 mos -0.7759 0.0711 
CG2126 0.7098 0.0878 Mpp6 1.1782 0.0424 
CG2162 -0.8134 0.0712 mr 1.4938 0.0438 
CG2218 0.8984 0.0615 MrgBP 0.6141 0.0808 
CG2310 -1.2281 0.0620 mRpL11 0.8984 0.0811 
CG2321 0.7703 0.0557 mRpL13 0.6535 0.0938 
CG2336 1.1662 0.0521 mRpL15 0.9330 0.0401 
CG2371 1.4036 0.0205 mRpL16 -0.7694 0.0571 
CG2604 1.6370 0.0576 mRpL17 0.7151 0.0978 
CG2611 1.0094 0.0392 mRpL18 0.7198 0.0595 
CG2614 0.8394 0.0979 mRpL19 1.0208 0.0430 
CG2617 1.3903 0.0298 mRpL2 0.6783 0.0710 
CG2765 0.7753 0.0659 mRpL20 1.6412 0.0112 
CG2781 -0.8247 0.0880 mRpL33 0.6389 0.0896 
CG2837 -0.9891 0.0660 mRpL4 -0.6418 0.0889 
CG2841 -0.9115 0.0870 mRpL42 0.7855 0.0702 
CG2862 0.9347 0.0307 mRpL43 1.5503 0.0329 
CG2909 0.6015 0.0955 mRpL55 0.5954 0.0825 
CG2911 1.3666 0.0159 mRpS10 1.1794 0.0184 
CG2915 -1.7248 0.0099 mRpS16 0.6934 0.0700 
CG2975 -1.8073 0.0299 mRpS17 -0.9289 0.0763 
CG2991 -1.1167 0.0565 mRpS25 1.4990 0.0105 
CG30016 -1.1335 0.0398 mRpS28 0.8902 0.0602 
CG30039 1.1674 0.0293 mRpS31 1.5872 0.0216 
CG30105 0.6589 0.0950 mRpS6 1.5407 0.0190 
CG30110 1.1096 0.0869 Ms 1.1758 0.0722 
CG30114 -0.9005 0.0712 ms(3)K81 0.6602 0.0713 
CG30159 -4.3222 0.0101 MSBP 1.3380 0.0156 
CG30178 1.9546 0.0229 msd5 1.2095 0.0323 
CG30184 1.2838 0.0983 Msr-110 -3.0983 0.0086 
CG30192 1.4577 0.0963 mthl1 -0.6569 0.0879 
CG30195 -2.5856 0.0559 mthl9 -1.4967 0.0587 
CG30196 -5.1864 0.0079 Mtl 0.6498 0.0985 
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CG30270 1.3483 0.0386 mtm 0.9428 0.0968 
CG30334 1.1932 0.0532 mtTFB1 1.2261 0.0271 
CG30345 -1.8533 0.0295 Muted 0.6225 0.0897 
CG30378 0.8404 0.0965 Myb 0.9124 0.0435 
CG30380 -0.9164 0.0580 NAA20 -0.6355 0.0817 
CG30414 0.9900 0.0573 nac 0.9562 0.0540 
CG30429 0.9033 0.0683 nAChRbeta3 -0.7580 0.0782 
CG30432 -1.3091 0.0882 nahoda -1.3665 0.0390 
CG30441 1.1212 0.0761 Nap1 1.0596 0.0272 
CG3045 0.9180 0.0623 ND-13A 0.5543 0.0976 
CG30461 1.0187 0.0379 ND-39 -1.2551 0.0364 
CG30479 0.7255 0.0836 ND-42 1.1187 0.0279 
CG30480 0.7702 0.0768 ND-51 0.6912 0.0878 
CG30499 1.9828 0.0038 ND-AGGG 0.8908 0.0676 
CG3091 0.8372 0.0866 ND-ASHI 0.6919 0.0702 
CG31008 -0.8826 0.0596 ND-B12 -0.8058 0.0478 
CG31030 0.7565 0.0566 ND-B14.5B 0.6127 0.0791 
CG31068 0.7611 0.0789 ND-B16.6 0.7348 0.0624 
CG31086 -1.7527 0.0191 ND-B22 1.0740 0.0389 
CG31088 -0.6412 0.0752 ND-MWFE 1.4180 0.0132 
CG31111 0.6269 0.0868 ND-SGDH 1.2728 0.0210 
CG31115 1.3996 0.0536 Neb-cGP 0.6006 0.0892 
CG31121 -1.0225 0.0712 Nedd8 0.8550 0.0637 
CG3119 -0.9044 0.0935 Nf-YA -1.2783 0.0390 
CG31199 1.8077 0.0120 Nf-YB 0.7667 0.0682 
CG31229 -0.8468 0.0508 NfI 0.6044 0.0960 
CG3123 -1.2268 0.0466 Nmda1 -1.0525 0.0390 
CG31344 0.8632 0.0688 nmdyn-D6 0.6126 0.0957 
CG31441 1.1683 0.0402 Noa36 0.7480 0.0690 
CG31457 2.3222 0.0180 noi 0.7435 0.0753 
CG31468 1.8716 0.0290 Non2 0.9539 0.0458 
CG31548 -1.9478 0.0103 Non3 0.9634 0.0726 
CG31642 1.4335 0.0275 Nop56 1.2588 0.0386 
CG31648 1.3099 0.0327 Notum -0.8059 0.0972 
CG31673 -1.2906 0.0491 NP15.6 -0.6394 0.0727 
CG31689 -1.0981 0.0814 Npc1a 1.0517 0.0799 
CG31712 -1.7246 0.0109 Npc2b -2.0992 0.0151 
CG31715 0.9438 0.0479 Npc2f -1.3835 0.0658 
CG31717 1.3233 0.0132 Nplp3 -1.2657 0.0555 
CG31728 -2.5692 0.0105 Nplp4 -1.5873 0.0242 
CG31739 0.8393 0.0610 Ns1 -0.7869 0.0623 
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CG31777 -1.4701 0.0688 Nse1 1.3298 0.0677 
CG31785 0.8210 0.0979 nudC -1.2988 0.0320 
CG31798 1.1037 0.0677 Nup37 1.0012 0.0650 
CG31806 1.1401 0.0606 Nup50 1.2420 0.0294 
CG31812 2.1311 0.0105 Obp28a -0.8796 0.0556 
CG31820 1.9168 0.0154 Obp56a -3.4895 0.0036 
CG31861 -1.8552 0.0138 Obp56b -1.2096 0.0598 
CG31867 1.9106 0.0252 Obp56d -5.6794 0.0006 
CG31910 1.3782 0.0437 Obp56e -3.5899 0.0086 
CG31915 0.9886 0.0857 Obp56f -4.1184 0.0585 
CG31922 1.2549 0.0208 Obp57d -1.8696 0.0593 
CG31952 -1.6978 0.0214 Obp58b -1.9385 0.0757 
CG31957 1.5481 0.0389 Obp83g -3.5462 0.0055 
CG31961 0.9426 0.0821 Obp99a -2.4254 0.0311 
CG3199 0.9318 0.0567 obst-A -1.9661 0.0238 
CG31997 -1.9374 0.0156 obst-B -0.8974 0.0947 
CG32022 1.1995 0.0371 oc -0.6631 0.0863 
CG32039 -0.5786 0.0985 Ocho -3.9149 0.0083 
CG32069 1.7741 0.0101 ocn 2.3779 0.0830 
CG32091 -1.0634 0.0726 Odc2 1.1757 0.0386 
CG32095 0.6490 0.0809 opm 0.7135 0.0820 
CG32109 -1.1546 0.0328 or 1.7075 0.0225 
CG32119 1.2469 0.0248 Or45b 1.7360 0.0502 
CG32170 -0.9636 0.0695 Or59c 1.2354 0.0589 
CG32187 1.6592 0.0075 Orc2 1.1420 0.0415 
CG3222 1.5837 0.0319 Ost48 0.9173 0.0426 
CG32221 0.9601 0.0768 out -1.4200 0.0432 
CG32237 -1.0101 0.0556 Oxp -1.3468 0.0779 
CG32246 1.8060 0.0485 P32 0.6193 0.0956 
CG32280 -1.1088 0.0337 p47 0.8831 0.0478 
CG32391 1.4831 0.0512 pain -0.9983 0.0699 
CG32450 0.6861 0.0650 pasha 0.7825 0.0846 
CG32485 -0.7318 0.0732 Pask 0.8421 0.0765 
CG32512 -0.7596 0.0850 Pcd 2.3209 0.0015 
CG32579 -2.4052 0.0073 PCID2 1.6025 0.0356 
CG32603 -2.8954 0.0039 Pcmt 1.0321 0.0612 
CG32639 -0.9500 0.0730 PCNA 1.5649 0.0413 
CG32645 -1.1052 0.0551 Pen -0.9824 0.0930 
CG32655 1.5552 0.0295 Pex10 1.1337 0.0385 
CG32694 -0.9210 0.0681 Pex14 0.7522 0.0788 
CG32801 1.4166 0.0405 Pex16 2.6097 0.0066 
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CG32803 0.9519 0.0581 Pex5 1.5645 0.0398 
CG32811 1.3305 0.0487 Pgd -1.4658 0.0306 
CG32829 1.5816 0.0206 Pgi -0.6915 0.0612 
CG32845 0.6585 0.0662 Pgk 0.9268 0.0340 
CG3294 -1.2405 0.0961 Pglym78 -1.0457 0.0265 
CG33051 1.1342 0.0234 Pgm 0.8124 0.0488 
CG33062 -0.8792 0.0570 PGRP-SA -0.7072 0.0846 
CG33098 1.9227 0.0065 PGRP-SD 1.4301 0.0438 
CG33107 1.0409 0.0504 Phb2 0.8927 0.0518 
CG33127 1.7076 0.0342 PHGPx -0.9140 0.0808 
CG33137 1.3445 0.0230 Phm 1.1300 0.0256 
CG33170 0.9812 0.0341 Pi3K21B 0.8818 0.0699 
CG33177 -0.9875 0.0548 Pif2 -0.9064 0.0721 
CG33178 -1.4129 0.0207 PIG-U -0.7772 0.0785 
CG33228 0.6850 0.0677 Pino -1.4192 0.0451 
CG33234 0.9883 0.0433 pirk -0.8825 0.0795 
CG33310 0.9591 0.0680 Pis 1.5832 0.0217 
CG33332 0.9550 0.0732 pita 1.2460 0.0193 
CG33474 -2.1662 0.0253 Pld -1.1041 0.0610 
CG3348 -1.1195 0.0379 ple -2.2364 0.0135 
CG33557 -0.9347 0.0751 pot -1.1954 0.0614 
CG3358 0.7568 0.0829 Ppa -0.7338 0.0809 
CG33635 2.5294 0.0017 ppan 0.8651 0.0603 
CG33643 2.4903 0.0709 Ppcdc 0.8501 0.0565 
CG33644 2.4994 0.0175 ppl 0.9395 0.0487 
CG33645 0.8328 0.0818 PpN58A 1.2845 0.0592 
CG33713 -0.7994 0.0610 PQBP1 0.8615 0.0795 
CG33725 -0.8456 0.1000 Prosalpha3 1.8396 0.0177 
CG33785 -1.3488 0.0334 Prosalpha4T1 1.5886 0.0152 
CG33786 -1.3488 0.0334 Prosalpha5 2.4192 0.0317 
CG33792 1.0023 0.0622 Prosalpha6 1.2890 0.0258 
CG33919 0.8938 0.0444 Prosbeta1 1.0014 0.0348 
CG33939 -1.8540 0.0184 Prpk 0.8964 0.0746 
CG33946 -1.8214 0.0358 prt 0.5769 0.0949 
CG33995 0.9518 0.0461 Prx6005 1.4360 0.0458 
CG34008 1.8194 0.0276 psh -1.8280 0.0294 
CG34010 -1.0402 0.0498 Psn 1.1887 0.0675 
CG34021 2.0406 0.0220 pst -0.8840 0.0892 
CG34028 0.8920 0.0950 ptc -0.9605 0.0889 
CG34038 -1.7256 0.0261 Ptp36E 1.0066 0.0348 
CG34045 2.4084 0.0169 put 0.6233 0.0944 
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CG3407 1.3119 0.0294 Pxd -2.4566 0.0204 
CG34115 -1.0499 0.0502 Pym -1.4622 0.0361 
CG34116 1.6891 0.0143 qkr58E-1 0.8095 0.0583 
CG34117 3.3315 0.0027 qkr58E-3 0.7518 0.0591 
CG34125 2.3689 0.0059 Rab14 0.6306 0.0778 
CG34150 0.8523 0.0901 Rab19 0.9272 0.0625 
CG34163 1.1286 0.0205 Rab2 0.8605 0.0422 
CG34167 -2.0557 0.0106 Rab3 1.1191 0.0342 
CG34169 1.5056 0.0392 Rab39 0.6769 0.0949 
CG34179 1.1809 0.0437 Rab4 0.9121 0.0459 
CG34180 2.1660 0.0086 RabX6 0.6782 0.0968 
CG34185 -1.9462 0.0477 Rack1 -1.1889 0.0190 
CG34189 1.7669 0.0185 Rad51C 1.1952 0.0593 
CG34190 1.0154 0.0930 RagA-B -0.7471 0.0618 
CG3420 0.8396 0.0557 RagC-D 1.1831 0.0553 
CG34200 0.7079 0.0606 Ras85D 0.6175 0.0992 
CG34215 1.0220 0.0604 Rb97D 0.7983 0.0937 
CG34219 0.7420 0.0925 Rbp1 0.9537 0.0904 
CG34221 -0.8452 0.0552 Rbp1-like 0.8425 0.0506 
CG34224 -0.8584 0.0788 Rbsn-5 0.6687 0.0766 
CG34231 1.3910 0.0915 Rcd-1 -0.8701 0.0430 
CG34250 -0.6037 0.0907 Rcd2 -0.9009 0.0989 
CG34253 -1.0281 0.0787 Rcd6 -1.4902 0.0403 
CG34254 0.7877 0.0977 ref(2)P 0.9000 0.0680 
CG34263 1.5927 0.0311 Reg-5 -2.3734 0.0160 
CG34264 1.0725 0.0418 rev7 1.4520 0.0287 
CG34286 1.3481 0.0804 RfC3 1.5272 0.0814 
CG34293 0.6685 0.0925 RfC4 1.6452 0.0126 
CG34296 -0.8077 0.0441 Rgk1 0.8957 0.0609 
CG34324 1.0343 0.0897 Rh5 2.1538 0.0422 
CG34328 2.1969 0.0834 rho-7 1.4100 0.0435 
CG34331 -0.9420 0.0893 Rho1 0.6514 0.0825 
CG3436 1.5265 0.0160 RhoL -0.7210 0.0972 
CG34402 0.8172 0.0762 rnh1 1.0966 0.0311 
CG34423 1.0114 0.0770 robl37BC 1.2159 0.0433 
CG34445 -3.0172 0.0133 Roc1a 0.5976 0.0864 
CG34446 -3.2258 0.0101 Rpb10 0.6330 0.0924 
CG34457 -2.0736 0.0390 Rpd3 0.7977 0.0508 
CG3491 0.8960 0.0888 RpL10Ab 1.1454 0.0180 
CG3500 1.6046 0.0094 RpL13A 1.0512 0.0291 
CG3501 0.8923 0.0380 RpL14 -0.7467 0.0524 
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CG3517 1.1887 0.0369 RpL21 1.0082 0.0263 
CG3527 0.7347 0.0800 RpL23 1.0831 0.0242 
CG3534 1.1835 0.0510 RpL23A -1.6956 0.0115 
CG3552 1.0528 0.0377 RpL24-like 0.7203 0.0861 
CG3557 -0.7062 0.0843 RpL27 1.1731 0.0373 
CG3568 1.4322 0.0217 RpL28 0.9000 0.0351 
CG3588 -0.8478 0.0834 RpL3 0.6983 0.0622 
CG3594 1.3602 0.0185 RpL35 0.8050 0.0536 
CG3598 -1.0732 0.0713 RpL35A -0.7331 0.0667 
CG3603 -0.6857 0.0877 RpL36 -0.5512 0.0932 
CG3609 -1.1550 0.0220 RpL36A 1.9895 0.0076 
CG3618 0.6823 0.0751 RpL39 0.6191 0.0765 
CG3678 0.7680 0.0776 RpL4 -1.3181 0.0209 
CG3703 1.0077 0.0503 RpL8 1.3589 0.0304 
CG3764 -0.6759 0.0990 RpL9 1.1179 0.0473 
CG3770 -2.3593 0.0076 RpLP2 -1.7953 0.0033 
CG3792 0.8448 0.0636 Rpn12 0.6967 0.0802 
CG3800 -1.1331 0.0267 Rpn7 0.9452 0.0844 
CG3829 -1.6605 0.0333 Rpn9 0.9770 0.0387 
CG3902 -0.8235 0.0925 RpS10a 1.3579 0.0166 
CG3909 1.2216 0.0251 RpS14b 0.6081 0.0837 
CG3918 -0.6591 0.0784 RpS15Aa 1.4415 0.0190 
CG3955 1.1381 0.0317 RpS17 0.6789 0.0752 
CG3982 2.2774 0.0353 RpS19b 1.8963 0.0276 
CG40228 -1.0523 0.0280 RpS20 1.3684 0.0185 
CG4036 0.9327 0.0566 RpS21 -2.2767 0.0079 
CG4042 1.4506 0.0152 RpS24 1.1597 0.0214 
CG4050 -1.0543 0.0380 RpS27A 0.6608 0.0753 
CG4095 1.0395 0.0690 RpS28-like 0.6840 0.0835 
CG4096 -1.2876 0.0499 RpS28a 2.9004 0.0011 
CG41128 -0.7587 0.0643 RpS29 0.6465 0.0795 
CG4115 -0.9196 0.0760 RpS30 1.2648 0.0162 
CG4133 -0.7907 0.0550 RpS4 0.6435 0.0902 
CG4159 0.9903 0.0810 RpS5b -0.9924 0.0856 
CG4186 3.9193 0.0091 RpS7 1.1946 0.0416 
CG4194 -1.6056 0.0225 RpS9 -0.7146 0.0687 
CG42239 2.5016 0.0022 Rpt2 0.9099 0.0486 
CG42269 -2.3840 0.0119 Rrp42 2.0151 0.0124 
CG4230 0.8642 0.0424 rtet 1.4181 0.0690 
CG42361 0.6418 0.0730 S-Lap4 1.3235 0.0359 
CG42371 -0.9937 0.0348 sc -1.0039 0.0912 
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CG42374 1.0723 0.0672 Sc2 1.8185 0.0197 
CG42379 0.7461 0.0789 scaf -0.8496 0.0931 
CG42380 0.7461 0.0789 sced 0.8351 0.0886 
CG42381 0.7461 0.0789 Scgalpha 1.1652 0.0237 
CG42382 1.4440 0.0473 Scox 1.7067 0.0095 
CG42391 -0.8981 0.0964 SelG -2.4474 0.0169 
CG42395 1.4038 0.0485 Ser -0.9699 0.0785 
CG42445 -1.1544 0.0551 Ser12 2.2014 0.0633 
CG42456 1.5506 0.0131 serp -2.0358 0.0187 
CG42463 -1.0434 0.0459 Sfp24Ba -0.7369 0.0816 
CG42492 0.7684 0.0644 Sfp24F 0.7048 0.0789 
CG42495 2.0359 0.0140 Sfp33A3 1.5942 0.0283 
CG42496 0.8501 0.0565 Sfp53D 1.6799 0.0813 
CG42498 2.1677 0.0186 Sfp79B 1.6466 0.0198 
CG42502 -1.0783 0.0497 Sgf11 0.9813 0.0739 
CG42518 1.3114 0.0262 Sgf29 0.8401 0.0470 
CG42542 -1.3510 0.0718 Shaw 0.8535 0.0593 
CG42554 1.0288 0.0738 shd -0.9928 0.0830 
CG42556 1.2622 0.0740 shu 1.0609 0.0903 
CG42557 0.6385 0.0792 sicily 1.2284 0.0378 
CG42558 0.6385 0.0792 Skeletor -1.6163 0.0405 
CG42559 -2.0719 0.0362 Slh -0.9194 0.0975 
CG42560 -2.0719 0.0362 slim 1.1678 0.0638 
CG42562 -2.2098 0.0131 SLIRP1 -0.7994 0.0610 
CG42568 0.9904 0.0463 SLIRP2 0.8729 0.0749 
CG42615 -1.4536 0.0251 slmo 1.1715 0.0429 
CG42697 -2.0378 0.0219 slp1 -2.2808 0.0194 
CG42718 -2.4886 0.0191 SmF 1.2938 0.0266 
CG42763 1.4395 0.0977 Snap29 0.6049 0.0889 
CG42766 0.8952 0.0517 Snapin 1.1008 0.0201 
CG4278 1.5770 0.0394 snf 0.9882 0.0620 
CG42808 -1.1460 0.0514 sni 0.6685 0.0682 
CG42809 -4.5410 0.0002 Snx1 1.6540 0.0276 
CG42821 -0.7835 0.0967 Sod 0.9172 0.0684 
CG42824 -2.1820 0.0182 Sox21a -0.7615 0.0821 
CG42830 1.8821 0.0160 SoxN -0.8794 0.0482 
CG42846 -0.7508 0.0636 SpdS 0.8249 0.0533 
CG42847 -1.3779 0.0512 Spf45 1.6665 0.0362 
CG42852 -1.9016 0.0864 spn-B 2.1227 0.0298 
CG4300 0.7554 0.0909 Spn28Dc -0.7218 0.0974 
CG43052 -1.5029 0.0847 Spn42Dd -1.5475 0.0558 
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CG43085 1.0109 0.0424 Spn43Ab -1.5338 0.0479 
CG43088 1.2096 0.0987 Spn77Ba -1.6289 0.0477 
CG43091 0.9074 0.0533 Sptr 1.5074 0.0124 
CG43092 1.1265 0.0688 spz3 -3.3615 0.0070 
CG43093 1.4846 0.0528 spz5 -1.0041 0.0603 
CG43116 -1.0525 0.0512 Srp14 1.0633 0.0527 
CG4313 -0.7246 0.0992 Srp9 1.0765 0.0501 
CG43138 -1.3263 0.0452 SrpRbeta 0.8169 0.0538 
CG43156 -1.4516 0.0373 Ssb-c31a 1.2172 0.0277 
CG43191 1.1217 0.0382 ssp 1.0506 0.0369 
CG43198 -1.1974 0.0649 Stam 0.9051 0.0551 
CG43202 -1.2069 0.0391 ste14 1.9103 0.0248 
CG43204 1.4964 0.0161 ste24c 1.0187 0.0379 
CG43229 0.7726 0.0732 stg -1.2946 0.0387 
CG43232 1.2981 0.0253 Stim 0.8041 0.0910 
CG43248 -1.0803 0.0529 stv 0.6797 0.0913 
CG43249 -2.0792 0.0230 Su(fu) 0.8184 0.0877 
CG43292 2.7483 0.0762 Su(var)205 1.0058 0.0386 
CG43293 2.4174 0.0037 Swim -1.4339 0.0347 
CG43324 3.3034 0.0035 Syx16 -0.5835 0.0991 
CG43325 -2.0683 0.0215 Syx17 1.1885 0.0301 
CG43326 -2.1086 0.0206 Syx1A 0.8421 0.0565 
CG43342 1.5666 0.0553 Syx8 1.6452 0.0116 
CG4335 0.8823 0.0916 Taf11 1.0242 0.0353 
CG4338 0.9964 0.0660 Taf12 1.1170 0.0219 
CG43393 -1.3285 0.0532 Taf6 0.7539 0.0774 
CG43407 -0.9203 0.0851 tal-1A -2.1245 0.0084 
CG43675 1.0334 0.0470 tal-2A -2.1245 0.0084 
CG43707 0.7261 0.0743 tal-3A -2.1245 0.0084 
CG43788 -0.7791 0.0864 tal-AA -2.1245 0.0084 
CG43886 -1.5056 0.0530 tap -1.1952 0.0750 
CG43925 1.4012 0.0094 Task6 0.9440 0.0513 
CG4398 1.1153 0.0233 Taz 0.6045 0.0958 
CG44000 0.9518 0.0461 Tcp-1eta 0.6217 0.0938 
CG44001 0.9518 0.0461 Tctp 0.6008 0.0853 
CG44002 1.3656 0.0631 Tdc2 -1.0063 0.0993 
CG4407 1.4183 0.0512 Teh4 0.9099 0.0690 
CG44090 -2.2764 0.0359 tej 1.1124 0.0245 
CG4415 0.6460 0.0762 Tep4 -1.0310 0.0910 
CG44242 3.2828 0.0003 Tes -1.1198 0.0345 
CG44253 -2.3444 0.0859 TFAM -1.1696 0.0403 
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CG44259 -1.3359 0.0333 TfIIB 1.0545 0.0908 
CG44286 -1.9190 0.0235 TfIIFbeta 1.0668 0.0570 
CG44325 -0.7033 0.0973 Tgi -1.4625 0.0319 
CG44329 -0.7864 0.0875 thoc7 2.6291 0.0102 
CG44355 -0.7353 0.0808 Thor -2.1835 0.0128 
CG44362 1.4547 0.0127 Tim8 1.5047 0.0146 
CG4447 1.7349 0.0445 Tina-1 -0.6680 0.0684 
CG4452 -1.0620 0.0437 Tis11 -0.8912 0.0696 
CG44532 1.7017 0.0111 tj -2.0175 0.0091 
CG45066 -1.7512 0.0296 TkR99D 0.6299 0.0974 
CG45068 -1.3281 0.0329 tll -1.2083 0.0824 
CG45069 -1.3281 0.0329 TM4SF -0.6151 0.0786 
CG45085 0.8081 0.0697 tobi 1.2534 0.0740 
CG45307 -0.8233 0.0637 Toll-6 0.6225 0.0791 
CG4553 1.8107 0.0884 Toll-7 -0.7744 0.0543 
CG4572 -0.7858 0.0820 Tom7 1.1626 0.0196 
CG4576 -1.0351 0.0808 tomboy40 0.8750 0.0570 
CG4598 -0.7933 0.0739 Torsin 0.7671 0.0548 
CG4610 0.7117 0.0890 Traf4 -1.3993 0.0502 
CG4617 0.7975 0.0789 Trax 1.1649 0.0482 
CG4679 1.0974 0.0504 trbl -1.7355 0.0245 
CG4721 0.7131 0.0835 Trip1 2.0142 0.0076 
CG4725 2.5772 0.0102 Trs33 -0.9593 0.0642 
CG4788 0.9937 0.0495 trus 1.4341 0.0432 
CG4793 0.7349 0.0715 Trx-2 -1.2989 0.0111 
CG4860 -1.5069 0.0307 Tsf1 -1.0871 0.0817 
CG4866 -0.7975 0.0805 Tsp42Ek -1.5739 0.0170 
CG4882 0.6214 0.0800 Tsp74F -1.9993 0.0309 
CG4927 -0.9945 0.0788 tsr 1.1928 0.0262 
CG4935 2.5890 0.0138 twit -0.9524 0.0741 
CG4962 -3.7892 0.0026 Uba1 0.7056 0.0687 
CG4982 -0.7904 0.0912 Ubc10 -0.6999 0.0811 
CG5010 -1.7669 0.0069 Ublcp1 -1.1739 0.0407 
CG5028 0.6677 0.0971 Uch 0.9427 0.0385 
CG5033 1.1721 0.0997 unc-104 0.8024 0.0677 
CG5056 0.7380 0.0705 und 1.6572 0.0269 
CG5144 -1.0505 0.0336 UQCR-6.4 0.8074 0.0582 
CG5167 -0.9466 0.0453 UQCR-C1 1.0557 0.0262 
CG5188 -0.7616 0.0745 UQCR-C2 -1.1666 0.0267 
CG5191 -0.9747 0.0808 Usp14 0.8649 0.0642 
CG5210 1.1759 0.0748 Usp16-45 -0.7709 0.0700 
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CG5214 -0.6487 0.0897 Vamp7 -1.6234 0.0171 
CG5245 1.0078 0.0388 VepD 0.8015 0.0504 
CG5261 -0.7571 0.0613 verm -2.5390 0.0083 
CG5267 3.0711 0.0049 vfl -0.5900 0.0904 
CG5326 -1.0922 0.0633 Vha100-2 -1.0065 0.0647 
CG5346 -0.7684 0.0774 Vha16-1 0.7469 0.0549 
CG5361 -1.5229 0.0472 Vha26 0.6704 0.0691 
CG5376 2.1337 0.0770 Vha68-2 -1.1651 0.0545 
CG5380 -2.1062 0.0065 VhaAC39-2 1.7488 0.0789 
CG5390 -1.6817 0.0189 VhaM8.9 1.2496 0.0237 
CG5458 2.0227 0.0336 VhaM9.7-b 0.5837 0.0860 
CG5509 1.0291 0.0976 VhaM9.7-c 0.5565 0.0956 
CG5516 0.8255 0.0532 vih 1.0992 0.0202 
CG5532 0.6590 0.0964 Vm32E 2.1702 0.0421 
CG5537 0.8448 0.0646 Vps2 -0.8265 0.0578 
CG5589 1.0888 0.0515 Vps20 0.6656 0.0882 
CG5599 0.8980 0.0831 Vps24 0.8091 0.0642 
CG5646 1.3441 0.0691 Vps28 0.9866 0.0282 
CG5727 0.7386 0.0524 Vps29 1.9470 0.0041 
CG5731 -1.1118 0.0469 vri -0.7030 0.0827 
CG5823 1.2167 0.0936 Vti1b -1.9395 0.0176 
CG5830 0.6804 0.1000 vvl -0.7095 0.0682 
CG5835 -1.2619 0.0545 wac 1.2913 0.0166 
CG5853 -1.3221 0.0549 wap 0.9235 0.0549 
CG5854 0.8952 0.0480 wcd 1.0464 0.0681 
CG5861 0.9501 0.0638 wdp -1.4159 0.0423 
CG5885 1.5273 0.0105 wek 1.5912 0.0732 
CG5902 0.9091 0.0911 wg -0.9203 0.0846 
CG5906 1.6471 0.0848 Wnt5 -0.6294 0.0882 
CG5916 -0.9052 0.0593 wuho 0.7985 0.0826 
CG5928 -1.8129 0.0444 Xbp1 -0.7368 0.0721 
CG5938 1.7195 0.0166 yellow-b -2.1913 0.0236 
CG5961 0.9760 0.0819 yellow-c -1.4945 0.0489 
CG5973 -1.4567 0.0497 yellow-d2 -2.3107 0.0093 
CG5984 -1.3306 0.0466 yellow-h -1.5205 0.0677 
CG5986 1.3443 0.0288 ZC3H3 0.7484 0.0621 
CG5989 0.7747 0.0691 zetaTry -2.4659 0.0650 
CG5991 0.7262 0.0911 Zip89B -1.3117 0.0419 
CG6028 0.5570 0.0987 ZnT33D 0.9790 0.0916 
CG6091 0.8191 0.0903 Zpr1 1.0826 0.0515 
CG6118 -0.8572 0.0975 Zw -1.2005 0.0625 
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CG6136 1.3283 0.0319    

a Log2 fold change of Dam-RNA Pol II/Dam-only 
b NOIseq probability = 1-q (q ≥ 0.9) 
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