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Abstract:

BACKGROUND

Insecticide targets are often identified by mutations that confer resistance, but the intricacies of insecticide
binding and downstream processes leading to insect death often remain obscure. Mutations in a6-like
nicotinic acetylcholine receptor subunit genes have been associated with high levels of resistance to
spinosad across many insect species, including Drosophila melanogaster. Here, we aimed to expand the
understanding of the effects of the natural product insecticide, spinosad on its protein target, the a6
subunit, using genetic tools available in D. melanogaster.

RESULTS

Functional, fluorescently tagged Da6 subunits (Da6Y™") were developed to allow observation of the
protein in vivo. Larvae expressing Da6"™" were exposed to a sub-lethal spinosyn A concentration
(0.025ppm) for six days leading to a 64% reduction in fluorescence relative to unexposed larvae. Direct
application of high-doses of spinosyn A to dissected larval brains resulted in a visible 38.25% decrease in
Da6 " occurring within 20 minutes, indicating that degradation of the Da6 protein was occurring in
response to spinosyn A exposure. Chemical inhibition of the proteasome system using the multiple
myeloma treatment drug, PS-341 reduced the loss of Da6"™ in response to spinosyn A at the 20 minute
timepoint to 6.35%. In addition, in vivo administration of PS-341 prior to spinosad exposure reduced the
effect of spinosad on larval activity.

CONCLUSION

Based on these data, we propose that exposure to spinosad leads to degradation of the a6-like target
protein, a potentially novel element in the mode of action of spinosyns which may contribute to their

toxicity towards insects.
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56 1. INTRODUCTION

57  There are rising concerns about the use of chemical insecticides to control insect pests, due to evidence
58  of collateral damage to beneficial insects, including honey bees, through impacts on behavior and fitness
59 L2 Alink to behavior is not surprising as many classes of insecticide act on targets in the central nervous
60  system, causing fast insect knockdown at extremely low doses 3®°. A more comprehensive understanding
61  of the mode of insecticide action and the downstream effects that are triggered is vital to inform the

62 prediction of resistance mechanisms that may evolve, the design of resistance management strategies,
63  the development of analogues and novel compounds, and the evaluation of the potential impacts on

64  beneficial insects.

65  The nicotinic acetylcholine receptors (NAChRs) are targeted by multiple classes of insecticides. These
66 pentameric proteins are ligand gated ion channels. The ligand, acetylcholine (ACh), binds at the interface
67  of two adjacent subunits. This causes a conformational shift and opens the central ion-permeable pore,
68  mediating fast synaptic transmission . Insecticides can act through the orthosteric ligand binding site
69 and have clear modes of action. One class of insecticides targeting nAChRs, the neonicotinoids (IRAC),
70  act as competitive agonists, activating the receptor 3 5. The mode of action of the spinosyn class of

71 insecticides that also target nAChRs is less clear. The spinosyns (IRAC class 5) are fermentation

72 products of the soil actinomycete, Saccharopolyspora spinosa °. One widely used active ingredient,

73  spinosad (SPIN), is a mixture of two structurally similar macrocyclic lactones, 85% spinosyn A (SPINA)
74 and 15% spinosyn D. Early mode of action studies showed that spinosyn A depolarizes insect neurons,
75  acting on nAChRs in the central nervous system which, in turn, activate motor neurons and cause

76 involuntary muscle contractions leading to paralysis of the insect 112, SPINA prolongs the response of
77 nAChRs to the natural ligand ACh, suggesting that, in contrast to the neonicotinoids, it does not bind to
78  the ligand binding domain and acts allosterically 1> 3. Later work on resistant insects identified a6-like

79 nAChR subunits in Drosophila melanogaster as integral for the mode of action of SPIN with the loss of
80  a6-subunit function conferring high levels of SPIN resistance 1% 4. Further studies on a wide variety of

81 insect species similarly associated high levels of SPIN resistance with orthologs of a6-like nAChR
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subunits 1529, Additional evidence supporting the allosteric interactions of SPIN with the Da.6 receptor
comes from chimeric studies of Da.6 and Da.7 subunits which implicate the a6 transmembrane domain
region with the binding of SPIN 2L,

While developing heterologous expression systems for the analysis of insect nAChRs has until recently
proven difficult 22, pentamers of Da5/Da6 (co-expressed with a chaperone Ric-3) have been functionally
characterized 0 23, Testing of spinosyns showed SPINA can activate the receptor, although Watson and
colleagues also noted that there may be other native receptor subtypes that could have different response
profiles 0.

This study examines the effects of SPIN on its target receptor, Da6, using fluorescently tagged constructs
to conduct both in vivo and ex vivo analysis in D. melanogaster. We characterized impacts of SPIN on
Da6"F* levels and used chemical inhibitors to identify a novel mechanism that may contribute to SPIN
toxicity. Based on our findings we propose an additional component in the mode of action of spinosyns,
whereby in addition to the reported activation of the receptor 1, SPIN binding results in the Da6 subunit
being removed from the membrane and degraded and that this is associated with the toxicity of the

insecticide.

2. MATERIALS AND METHODS

2.1. Media, compounds and solvents used in this study
Each litre of fly media used for rearing flies contained 5g/L agar, 12g/L yeast, 53¢g/L glucose, 27g/L
sucrose, 67g/L semolina, 5ml/L propionic acid, 0.5ml/L phosphoric acid and 1.5g/L p-hydroxy benzoic
acid methyl ester. 10ml of media was added to individual 25mm x 95mm polystyrene vials (Genesee
Scientific). The chemicals used in this study were dissolved in a variety of solvents as follows. Ivermectin
(IVR), (Sigma Aldrich) was dissolved in DMSO. The imidacloprid-containing formulation (IMI) was
Confidor® 200 SC (Bayer Crop Sciences) which was diluted using water as a solvent. The spinosad-
containing formulation (SPINF) was Success® (Yates) and this was diluted using water as a solvent prior
to addition to media for rearing assays or it was diluted using 5% sucrose for the larval activity assays.
Pure spinosyn A (SPINA) was synthesised by Dow Agrosciences, while technical grade spinosad (SPIN)

was purchased from Chem Service Inc and were dissolved in DMSO. PS-341 (Cell signalling
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technologies) was dissolved in DMSO when applied to dissected brains and in ethanol when used for the

larval activity assays.

2.2. D. melanogaster strains used in this study

The D. melanogaster strains used in this study are listed in Table 1.

2.2.1.D. melanogaster crosses
For all experiments using Da6>GAL4 to drive expression of the Da6"™ or Da7Y"P receptor subunits
(GAL4>UAS system 2%), virgin females of the driver line were crossed to males from the appropriate
tagged subunit line. All crosses for analysis of the tagged receptors were in the genetic background of
the hypomorphic da6 allele, da6™. Hence, females were heterozygous for the Da6>GAL4 construct and
both males and females were heterozygous for the 3 chromosome UAS-Da6YFF or UAS-Da7YFP

constructs and homozygous for da6™.

2.3. Sub-lethal exposure of larvae during development
30 1%t instar larvae (1-8 hours post hatching) were counted onto undosed fly media, or onto fly media
containing doses of insecticide (0.025ppm SPINF, 0.08ppm IMI or 0.0025ppm IVR). Vials were kept at
room temperature, in the dark, for six days. Larvae that were exposed were variously used in the relative

movement assay, dissected for imaging or collected for protein quantification.

2.4. Relative movement assay
Larvae, collected after hatching and then reared for 6 days on undosed fly media or on the relevant sub-
lethal exposure doses as described above were used in the assay. Individual wells of a NUNC cell
culture treated 24 well plate (Thermo Fisher Scientific), containing 200ul of 5% sucrose media had 25
larvae placed into them with a minimum of 4 wells used per treatment. Larvae were then filmed at the 0
minute time point and then 50 ul of insecticide was added into the wells, mixed and then 50ul taken out to

return the well volume to 200ul. The final concentrations in assay wells were 14ppm SPINF in 200ul of
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5% sucrose. 30 second video recordings were taken at 0, 15, 30, 45, 60 and 90min timepoints after

addition of insecticide 25.

2.4.1.Relative movement assay following pre-incubation with PS-341
Larvae were prepared as per the standard relative movement assay protocol as described above without
insecticide exposure and placed into wells. There was a step added to pre-incubate larvae, where 50ul of
PS-341 (4000nM) dissolved in EtOH, or a control of EtOH only was added to wells and larvae left for 60
minutes. Following this, 50ul of 10ppm SPIN or SPINF was added to wells as per the original assay
above, with a final well concentration in this assay of 2ppm. Larvae were filmed at time point O (pre

addition of insecticide), 15, 30, 45, 60 and 90 min as described above.

2.5. Western Blot
Replicates of 20-30 larvae from the chronic exposure protocol (control, 0.08ppm IMI, 0.025ppm SPINF
and 0.025ppm SPINA) were individually bisected, their anterior half containing the brain were collected,
snhap frozen and homogenized in 1X Radioimmunoprecipitation assay buffer (10X RIPA buffer, Abcam)
with cOmplete protease inhibitor (Roche) to lyse the samples. Samples were centrifuged at 150009 for 15
minutes and the supernatant collected. A total of 40ug of protein, as measured by Qubit protein assay
(Thermo Fisher Scientific), was boiled in 6X Laemmli loading buffer and loaded onto two replicate 12.5%
polyacrylamide gels and these were run at 150V for 70 minutes and then transferred to a Polyvinylidene
difluoride (PVDF) membrane at 30 volts for 1 hour. Subsequently the membranes were blocked with 5%
skim milk dissolved in Tris-buffered saline. One blot underwent primary antibody incubation overnight at
4°C with the Da6 antibody ° at a concentration of 1/1000 in Tris-buffered saline. For the other blot, we
used the rabbit anti-Beta actin (Cell Signaling Technologies) at a dilution of 1:3000 as a housekeeper to
normalize samples. Both blots were probed using anti-rabbit HRP conjugated secondary antibody (Cell
Signaling Technologies) at a dilution of 1:10000 as per manufacturer’s instructions and protein bands
detected by chemiluminescence using Clarity™ Western ECL substrate (Bio-Rad). Blots were imaged
using the Chemidoc Chemiluminescence Imager (Bio-Rad) and analysed using ‘Image Lab software’ to

quantify band intensity.
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2.6. Quantification of transcript expression levels in larvae developed on sublethal doses of
insecticide
Following manufacturer’s instructions, TriSURE (Bioline) RNA was extracted from the Armenia'#larvae
that had been exposed to sublethal doses of insecticide treatment as described (0.025 ppm SPINF,
control media and 0.08 ppm IMI). 1ug of RNA was used to make cDNA using the GoScript reverse
transcriptase system (Promega). Three technical replicates for each of the 3 biological replicates were
used as templates for the real time PCR which also included a no template control. The Minimum

Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) table is provided (Table
S1) and analysis of relative expression was performed using the 2-24C method 26. The sequence and

purpose of primers used in the study are provided (Table S2).

2.7. Recombineering yellow fluorescent proteins into da6 and da7.
RNA was extracted (using Trizol as per manufacturer's protocol) from whole Armenia'# 3" instar larvae
The cDNA generated using Superscript Il (Invitrogen) was cloned into the pGEM-T-easy plasmid using
primers for da6 and da7 (Table S2). The clones were sequenced (Macrogen, Korea) and clones for da6
and da7 shuttled into the p[ACMAN] vector 2’ using Notl (NEB) digestion and ligation with T4 DNA ligase
(Promega). The protocol for recombineering of the three constructs was performed as per 27, using
primers as indicated in Table S2 to create the GalK and YFP cassettes for each step. The diagnostic
primers were used to determine correct recombineering events. The Da6YFP construct was shuttled to the
pUASTattB vector 28 using Notl (NEB) while Da7Y " was shuttled into the pUASTattB vector using
Xhol/Notl double digest, due to loss of its 5’ Notl site. The Wizard Plasmid miniprep kit (Promega) was
used to purify these prior to sequencing to confirm constructs were correct (Macrogen, Korea). The
verified UAS-Da6"™ and UAS-Da7"™" plasmids were gquantified using a Qubit dSDNA BR Assay kit
(Thermo Fisher Scientific) and the concentration adjusted to 250ng/ul. Individual clones were then

injected into the @X-86Fb,; da6"™ background following a standard D. melanogaster microinjection protocol

29
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2.8. Bioassay to test function of the Da6""" protein
Survival of larvae through to adulthood was assayed using D. melanogaster media dosed with SPINF as
per previous studies ?°. Doses ranged from 0.05ppm through to 0.5ppm SPINF. Vials of fly media, each
having 50 1st instar larvae (8-16 hours post hatching) placed in them (5 replicates), were kept in the dark
at 25°C until adult eclosion was recorded at 16-18 days. Results were corrected for control mortality

(Abbott’s correction) and 95% confidence intervals calculated 2°.

2.9. Confocal Microscopy and image analysis of larval brains
A Leica TCS SP5 confocal microscope (Biological Optical Microscopy Platform, University of Melbourne),
was used for all confocal imaging with the use of the Leica Application Suite. Laser power was adjusted to
20% and the gain settings were adjusted to prevent oversaturation of the image. We used the 514nm
wavelength to image Da6Y"" and Da7"" while the 488nm wavelength was used to image CD8:GFP
tagged protein in larval brains. The 20x objective lens was used in conjunction with a frame rate of 4 and
line rate of 2 to image the brains. Image resolution was 512 x 512 pixels, Z stacks were comprised of 2um
slices. Confocal images were processed with Image J software 3! and 3D stacks were converted to
maximum intensity Z projections. Thresholding was applied to remove background fluorescence and
analysis was limited to these areas. Overall brain fluorescence was measured, and measurements were
pooled into their respective treatment groups. Fluorescence changes were measured as a percentage
change and samples were then pooled into either control or appropriate insecticide treatment groups. A

Student’s t-test was performed comparing all treatments with the undosed control brains.

2.10. Standard ex vivo exposure assay
Brains were dissected from 3" instar D. melanogaster larvae that had reached the late wandering stage
after being reared on fly media. The dissected brains were placed on 8 well cell culture slides (IBIDI) with
8 pl of Vectashield®. After the brain was imaged initially, 2 pl of 120ppm SPINA dissolved in DMSO was
dropped onto the brain (24ppm final SPINA concentration). When imaging dissected larval brains during
the ex vivo exposure assay, we measured maximal intensity Z projection of stacks at time points 0, 10

and 20 minutes, where time 0 was when the drop of insecticide was applied to the larval brain.



221  Thresholding was applied to the stacks to remove background fluorescence and analysis was limited to
222  these areas. Overall brain fluorescence was measured from each time point and a paired t-test was
223  performed, comparing all the time points for individual brains to time 0, which acted as the control time
224  point. Changes in fluorescence were measured as a percentage change.

225

226 2.11. Pre-incubation ex vivo exposure assay

227 Brains were dissected and prepared as per standard ex vivo exposure assay protocol above, however
228 larval brains were pre-incubated with 2ul of 20uM PS-341 (or 2ul 100% ethanol) mixed with 6ul of

229  Vectashield® for 30 minutes before being exposed to 2ul of 30ppm SPINA (6ppm final SPINA
230  concentration). The stacks were imaged before the chemical pre-exposure, immediately after the

231  exposure, 10 minutes after the SPINA exposure and 20 minutes after SPINA was added and data

232  analyzed as per the standard ex vivo assay.
233

234 3. RESULTS AND DISCUSSION

235 3.1. Effects of SPIN exposure during larval development

236 3.1.1.Larvae reared on low doses of SPINF are less affected by subsequent high doses of

237 SPINF.

238 Initially the effects of insecticide exposure during development of wildtype (Armenial4) D.

239 melanogaster larvae was examined. Following six days of exposure to sub-lethal doses of SPINF or
240 IMI, 3" instar larvae were collected and tested for their response to SPINF using a standard relative
241 movement assay 2°. Differences in activity levels of these pre-exposed larvae in response to SPINF
242 exposure was compared. After 90 minutes of the assay, control larvae had a 77.3% reduction in
243 movement, while those raised on SPINF were not as affected, with only a 32.6% reduction in

244 movement (Fig. 1A.). Larvae reared on IMI, a neonicotinoid insecticide that also acts on different
245 nAChRs 2 also did not show any difference in movement compared with controls (Fig. 1A.).

246

247 3.1.2. Development and validation of a tagged Da6 protein to visualize protein levels in vivo

10
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Given the link between spinosyn insecticides and the Da6 subunit, %4, we examined the transcript levels
of da6 and no change was detected for those larvae reared on either SPINF or IMI (Fig. 1B). We then
attempted to quantify Da6 protein levels in wildtype larvae (Fig. S1). We used a polyclonal Da6 antibody
which detected a band of the previously published protein size (approximately ~53kD) and intensity of this
band was analysed (Fig S1A, D). Analysis showed a decreased intensity of this protein band for larvae
that had developed for six days on SPINA (16% decrease) or SPINF (29% decrease) dosed fly media
(Fig. S1D). Interestingly, Da6 protein levels increased 27% when reared on IMI (Fig. S1D), but this does
not result in an altered response to SPINF (Fig. 1A). Strong higher and lower molecular weight bands
were observed both in wildtype and in the da6™ mutant (Fig. S1C) indicating there was non-specific
protein recognition by the antibody. This could impact accurate measurement of changes in protein levels,
particularly if Da6 aggregates were present and masked by these higher molecular weight bands, so an
alternative method of examining Da6 was developed to overcome this.

In order to more accurately assess the impact of spinosad on the Da6 protein in vivo, a transgenic line

expressing a YFP tagged Da6 (Da6Y"") was created (Fig. 2A). We expressed Da6Y™" in the da6™ genetic

background and observed a fluorescence pattern in the dissected brains of 3™ instar larvae (Fig. 2B.) that
is similar to the published expression pattern of the driver 2°. The da6™ mutant is highly resistant to
SPINF 2° and was unaffected at all doses tested (Fig. 2C). The wild type Da6 subunit was able to
complement the null mutation and restore sensitivity to SPINF at all doses (Fig. 2C). The Da6-YFP
subunit partially complemented the null mutation at 0.005ppm SPINF and fully complemented it at 0.1ppm
SPINF and above, indicating the fusion protein was functional and that it can respond to SPINF in a
similar manner to wildtype Da6 (Fig. 2C). Larvae were again reared from hatching on a sub-lethal dose of
0.025ppm SPINA and 0.025ppm SPINF for six days. Imaging revealed a 64% decrease in fluorescence
for larvae reared on SPINA relative to control larvae (Fig. 3A-C) and a 62.8% decrease in levels of
fluorescence in brains of larvae reared on SPINF (Fig. 3C). No decrease was observed in flies

expressing a membrane localized GFP with the da6>GAL4 driver when reared on SPINF (Fig. S2A-C).

3.1.3. Testing effects of SPINF on different subunits and of different insecticides on Da6 levels

indicates a specific rather than general response.

11
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In order to test whether the impact of SPINF on Da6""” was nAChR subunit specific, a closely related
NAChR subunit Da7 (53% identity/63% similarity to Da6) 32, not previously associated with SPIN
resistance 2°, was tested. We tagged Da7 at an analogous position to that of Da6 in the TM3-TM4 loop,
Da7YFP. The fluorescence levels for Da7Y™ in unexposed 3" instar larval brains were lower than for
Da6Y"". This was likely to be due, in part, to native expression of untagged Da7, but also potentially due
to post-transcriptional regulation of Da7Y™" subunit protein levels. Rearing of larvae on sub-lethal doses of
SPINF did not alter levels of Da7 " fluorescence observed (Fig. S3 A-C).

To examine the specificity of the reduced levels of Da6"" in response to rearing on SPINA (Fig. 3),
larvae were also subjected to sub-lethal exposure to IMI and IVR during development. The binding sites
for imidacloprid overlap the ACh binding site 5. The macrocyclic lactone, IVR, targets the insect GluClla
receptor 2334, possibly at a site analogous to the binding site of SPIN on nAChRs 8. IMI exposure
increased Da6Y"" fluorescence (28.73%, p<0.00001 Student’s t-test) (Fig. 3C). IVR exposure did not
significantly impact the Da6""" levels (p=0.114, Student’s t-test), Fig 3C). Of the insecticide treatments

examined in this study, only SPINF or SPINA decreased the expression levels of Da6"™".

3.2. Direct observation of decreasing Da6""" levels in larval brains using an ex vivo assay.
An ex vivo exposure assay was developed to allow a high-dose of SPINA to be directly applied to larval
brains to mitigate factors such as uptake, metabolism and transport, allowing us to assess the speed with
which Da6 levels are impacted. Using this ex vivo exposure assay, fluorescence was again measured
and significant changes were observed from 10 minutes, with a 38.25% reduction in fluorescence
observed at 20 minutes (Fig. 4D-G). There was no observed change in fluorescence for brains exposed

to DMSO only as a control (p=0.136) (Fig. 4A-C & G).

3.2.1. Chemical disruption of the ubiquitin proteasome system inhibits SPINA induced loss of
Da6""" and reduces effects of SPIN and SPINF on larval activity.
The speed of the response we observed suggested a mechanism involving protein degradation rather
than reduced protein production. To further investigate this, we modified our ex vivo exposure assay to

include pre-treatment with a chemical inhibitor of the Ubiquitin Proteasome system (UPS), PS-341. PS-

12
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341 binds to the catalytic site of the 26S subunit of the proteasome and has been shown to inhibit the
function of the proteasome in both vertebrates 3% 3¢ and in D. melanogaster 7. The pre-treatment with PS-
341 limited the reduction in fluorescence to 6.35% over a 20 minute SPINA exposure (p<0.0001, Paired t-
test) (Fig 5. D-G). No change in fluorescence was observed when pre-treating the brains with PS-341
(Fig. 5G).

Based on the earlier observation that sub-lethal pre-exposure to SPINF or SPINA during development
reduced both the level of Da6"™ (Fig 3C) and in the case of developmental exposure to SPINF, the
impact of subsequent SPINF exposure on larval movement (Fig. 1A) we wanted to test whether blocking
the degradation of Da6 using PS-341 would also change the response of larvae to SPIN. The activity
levels of the PS-341 pre-treated wildtype larvae were significantly higher in our movement assay than
those of the ethanol-only control at both 60 and 90 minutes after SPIN exposure (Fig. 5H). At the 90
minute endpoint the final relative movement ratio for PS-341 pre-treated larvae was 0.71 and for solvent
only pre-treated larvae it was 0.42 ( p<0.0001, Student’s t-test) (Fig. 5H). Additional controls showed that
activity levels of PS-341 pre-treated wildtype larvae were similar to those which had not been exposed to
PS-341 (Fig. S4). This result appears counter-intuitive, given that loss of function Da6 mutants are highly
resistant 5. PS-341 appeared to prevent the degradation of the insecticide target, Da6, so we had
expected an increase in the level of sensitivity. Proteasomal inhibitors, and specifically PS-341, are
known to lead to a number of detrimental impacts on cells, particularly neurons, including oxidative stress
and a build-up of misfolded proteins 28 so the reduced effect of SPIN in the presence of PS-341, albeit in
an acute assay, was somewhat surprising. The doses applied in our ex vivo model system are relatively
high in comparison to those known to elicit a response in electrophysiological assays, however given the
congruence between the receptor degradation observed in the chronic assays and the ability of the PS-
341 to both reduce the loss of the fluorescently tagged receptor and reduce the effects of the dose on
wildtype larval activity we believe it provides a valuable tool for examining the interaction of spinosyns and

the Da6 receptor.

4. CONCLUSIONS

4.1. The level of the Da6 subunit responds dynamically to insecticide exposure.

13



332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359

It has long been known that ligands can influence nAChR levels. This is particularly true of nicotine and
its influence in increasing cell surface expression of a4/B2 receptors and other subtypes in the brains of
smokers, in cultured cells and animal models 3%-4!. Chronic exposure to nicotine has also been shown to
down-regulate human a6 containing nAChRs in rat brains (note human o6 is not an ortholog to Da6) 4% 43,
IMI binds at the orthosteric nAChR acetylcholine binding site (as does nicotine), “* and IMI increased the
level of Da6"FF (Fig. 3C). Spinosyn’s likely bind at an allosteric site on the nAChR 3, and here we
demonstrated that exposure clearly results in a decreased level of Da6"" (Fig. 3C, 4D-G.). Such
changes in response to insecticide exposure reflects a dynamism in their nAChR targets not previously
reported and strongly suggests exposure to both high and low concentrations of insecticides may impact

the proportion of different nAChR subtypes present at synapses.

4.2. The degradation of Da6 by the UPS contributes to SPIN’s mode of action
Previous studies on SPIN revealed spinosyn-activated currents in dissected ganglia, so the death of
exposed insects is thought to occur via exhaustion of the nervous system 1. We have shown that the
effects of SPIN are also associated with degradation of the Da6 target and that there is a reduced effect
when proteasomal degradation is impeded. Only one protein degradation pathway was examined here
and so it could be interesting to examine additional pathways in future studies. Based on our data we
hypothesize that an additional mechanism initiated by SPIN binding to Da6 may occur. We propose that
the receptor or the insecticide-receptor complex might enter the proteasome degradation pathway. While
the fate of the SPIN molecule is unknown, if it enters the cell still bound to the receptor, it could be
liberated to act on further intracellular targets. For example, SPIN has been reported to cause cellular
damage via mitochondrial dysfunction, oxidative stress and cell death 4> 45, Alternatively, the degradation
of Da6 could overload proteasome function, also known to cause oxidative stress (for review see 47).
Either of these alternatives could potentially account for the resistance observed in Da6 loss of function
mutants as the absence of the SPIN target means there is no receptor degradation, an effect that is
phenocopied by PS-341 treatment. Hence, in the mutants, SPIN would not be ferried into cells to interact
with other targets and there would be no stress imposed on the degradation system. This could help to

explain why we observed a decrease in the sensitivity of larvae to SPIN when PS-341 was used to inhibit

14
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the proteasome and which, based on our hypothesis, would block the loss of Da6 protein, potentially
leaving more target available for SPIN to bind to, something that might otherwise be expected to result in
a higher sensitivity to SPIN. Overall, our findings suggest there may be an additional or alternative mode
of action for SPIN, beyond the influx of ions into neurons, with the toxicity involving the degradation of the
Da6 receptor target. This suggests a novel mode of action because, to date, the interactions between
other ligand gated ion channels and insecticides have been observed to occur at the membrane
impacting ion flux. While these studies have been conducted in D. melanogaster, the a6 subunit is highly
conserved among insects 2°, so this mode of action may apply to a wide range of pest and beneficial
insects.

In general, our understanding of what transpires downstream of the interaction between an insecticide
and its target is fragmented; SPIN is not an isolated case. There is accumulating evidence of low-dose
insecticide exposures causing significant perturbations of metabolism and energy production 2“8, Given
current concerns about the potential for sub-lethal doses of insecticides to threaten the viability of non-
pest insect populations 4%5%, there is a need to fill the gap in our understanding of what transpires
between the insecticide:target interaction and the behavioral and fitness defects that are being so
intensively investigated. Unravelling the complete mode of action of insecticides, from binding through to
molecular events that lead to the eventual death of the insect for both acute and for chronic exposure
levels, is an important step towards this. These insights may offer opportunities to develop interventions
which can mitigate any collateral impacts or they might assist in the discovery of new, more pest-selective

insecticides that are safer to non-target organisms.
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537 Tables

538 Table 1. D. melanogaster strains used in this study

Name Genotype Source
52

Armenia* + 4+t

Da6>GAL4 w Da6>GAL4 29

Da6>GAL4; da6™ | w Da6>GAL4; Da6™ 29

y w M{eGFP.vas-int.Dm}ZH-2A; da6"™,;

@X-86Fb; da6™ M{RFP.attP}ZH-86FDb. 2
da6™; UAS-Da6"™" | w; Da6™; UAS-Da6" " This study
da6™;UAS-Da7"FF | w; Da6™; UAS-Da7""P. This study
UAS-mCD8-GFP w ; UAS-mCD8-GFP 53
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Figure Legends

Figure 1. The effects of SPINA and SPINF exposure on D. melanogaster 3@ instar larvae. (A)
Movement levels of wildtype larvae at 0, 5, 15, 30, 45, 60, and 90 minutes after exposure to 14ppm
SPINF, relative to their initial movement levels. Prior to the assay, larvae were reared for six days on
either control (CON - closed circles), 0.025ppm SPINF (closed triangles) or 0.08ppm IMI (closed squares)
media. (» p<0.05, = p<0.001 Student’s t-test). (B) Expression of da6 transcript was quantified in D.
melanogaster 3" instar larval brains dissected from larvae that were raised for six days on undosed
(CON) or insecticide dosed media (IMI - 0.08ppm and SPINF - 0.025ppm ). There were no significant
differences in dab6 transcript levels between these conditions. Error bars for A represent 95% confidence

intervals and error bars for B represent the standard error of the mean. For MIQE details see Table S1)

Figure 2. Visualizing and validating function of the Da6"F" subunit. (A) Schematic of the insertion site
for the yellow fluorescent protein (YFP) tag in the Da6Y™" and Da7""" constructs used in this study. YFP
was recombineered 7 into the intracellular loop between transmembrane domains 3 and 4 spaced by a
GAG linker on either side of the YFP tag. (B). Expression of the Da6YFP subunit in dissected 3™ instar
larval brains using the GAL4>UAS system 24, in a da6™ background by the da6 native enhancer
“da6>GAL4" 2°. Strong expression of the Da6 ™ subunit was observed in the mushroom body and in the
ventral nerve cord. (C) To assess function of Da6""", its ability to rescue SPINF susceptibility was
assayed in comparison to expression of wildtype Da6. The tagged Da6 and the wild type Da6 subunit
were expressed by crossing to da6>GAL4 in a da6™ mutant background as per 2°. Survival of flies after
eclosion was recorded with data corrected for control mortality (Abbott’s correction) plotted with 95% Cls.

(*** p<0001 Student’s t-test).
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563  Figure 3. The effect of sub-lethal exposure to SPINF and SPINA can be directly visualized from
564 da6>GAL4;da6™; UAS-Da6"" larvae. (A) Brains dissected from 3" instar larvae raised for six days on
565  control (DMSO only) media and (B) raised on 0.025ppm SPINA. (C) Results from quantification of

566  fluorescence level changes observed in dissected brains from larvae raised for six days on either

567  0.025ppm SPINA; 0.025ppm SPINF; 0.08ppm IMI; or 0.0025ppm IVM (- p<0.001, Student’s t-test)

568 relative to larvae raised on untreated media (95% confidence interval shown).

569

570 Figure 4. Quantification of the impact of SPINA exposure on ex vivo 3rd instar larval brains

571  expressing Da6 ™. Images of dissected brains from da6>GAL4;da6™; UAS-Da6"" after exposure to
572  DMSO alone (A,B,C) or 30ppm of SPINA dissolved in DMSO (D,E,F). (G) Fluorescence measurements
573  of Da6"FF levels from dissected brains exposed to DMSO (n=13) or DMSO+SPINA (n=11) over 20

574  minutes relative to the 0 minute timepoint. Error bars for G denote 95% CI.

575

576 Figure 5. Inhibition of the ubiquitination-proteasome system using PS-341 reduces the effect of
577  SPINA on Da6"FF protein levels and SPIN on larval movement. Representative images from dissected
578 larval brains following acute exposure to 6ppm SPINA pre-incubated for 30 minutes in DMSO at

579  timepoints (A) 0, (B) 10 and (C) 20 minutes or PS-341 at (D) 0, (E) 10 and (F) 20 minutes (see methods).
580 (G) Quantification of fluorescence levels relative to time 0 of Da6"™ in larval brains preincubated in PS-
581 341 then exposed to SPINA. (H) Relative movement levels of wildtype larvae, pre-treated with ethanol
582 (open triangles) or PS-341 (closed triangles) upon exposure to 2ppm SPIN (= p<0.001, Student’s t-test).

583  Blank treatments were also tested (Fig. S4). Error bars for G and H denote 95% CI.
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Inhibiting the proteasome reduces molecular and biological impacts of the natural product insecticide,
spinosad

Joseph Nguyen, Razi Ghazali, Philip Batterham and Trent Perry”

Fluorescently tagged nicotinic acetylcholine receptor subunits reveal spinosad exposure leads to
degradation of Da6. Chemically inhibiting this degradation reduces spinosad’s effects, indicating a
potential involvement in spinosad’s mode of action





