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Tissue-specific transcriptome analyses in
Drosophila provide novel insights into the
mode of action of the insecticide spinosad and
the function of its target, nAChRx6

Felipe Martelli,> ©® Thomas A. Ravenscroft,” © William Hutchison® and
Philip Batterham?

Abstract

BACKGROUND: The insecticides spinosad and imidacloprid are neurotoxins with distinct modes of action. Both target nicotinic
acetylcholine receptors (nAChRs), albeit different subunits. Spinosad is an allosteric modulator, that upon binding initiates
endocytosis of its target, nAChRa6. Imidacloprid binding triggers excessive neuronal ion influx. Despite these differences,
low-dose effects converge downstream in the precipitation of oxidative stress and neurodegeneration.

RESULTS: Using RNA-sequencing, we compared the transcriptional signatures of spinosad and imidacloprid, at low-dose expo-
sures. Both insecticides cause up-regulation of glutathione S-transferase and cytochrome P450 genes in the brain and down-
regulation in the fat body, whereas reduced expression of immune-related genes is observed in both tissues. Spinosad shows
unique impacts on genes involved in lysosomal function, protein folding, and reproduction. Co-expression analyses revealed
little to no correlation between genes affected by spinosad and nAChRa6 expressing neurons, but a positive correlation with
glial cell markers. We also detected and experimentally confirmed nAChR«x6 expression in fat body cells and male germline cells.
This led us to uncover lysosomal dysfunction in the fat body following spinosad exposure, and a fitness cost in spinosad-
resistant (nAChRa6 null) males - oxidative stress in testes, and reduced fertility.

CONCLUSION: Spinosad and imidacloprid share transcriptional perturbations in immunity-, energy homeostasis-, and oxidative
stress-related genes. Low doses of other neurotoxic insecticides should be investigated for similar impacts. While target-site
spinosad resistance mutation has evolved in the field, this may have a fitness cost. Our findings demonstrate the power of
tissue-specific transcriptomics approach and the use of single-cell transcriptome data.

© 2023 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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(nAChRs) in the insect central nervous system (CNS). The nAChRs
are ligand-gated cation channels, conserved among insects that,
once activated, lead to calcium ion (Ca**), sodium ion (Na*), or
potassium ion (K*) flux into neurons, regulating a range of neuro-

1 INTRODUCTION

The extensive use of insecticides is the most common way of con-
trolling agricultural pests and insects that vector pathogens.'™
Crop yields are increased by 6-79% as a result of insecticide

use.>* With demands for increased food production to match
the growing global population, insecticides have an important
role. However, there is limited understanding of how low insecti-
cide doses that contaminate environments affect non-pest
insects. This knowledge is important to understand the role of
insecticides on insect population declines.”

Two recent studies conducted in parallel on the effects of low-
dose impacts of the neurotoxic insecticides imidacloprid® and
spinosad’ in Drosophila melanogaster, detailed their distinct
mechanisms of action that yielded similar cascades of damage.
Both insecticides target nicotinic acetylcholine receptors

motor and behavioural responses.® Imidacloprid targets subunits
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NAChRa1, nAChRa2, nAChRa3, nAChRa4, nAChRA1, nAChRA2 and
nAChRg3,%™"" whilst spinosad targets nAChRe6.'*'® An imidaclo-
prid dose of 2.5 ppm creates a long-lasting low Ca?* flux into neu-
rons expressing nAChRs, further reducing their cholinergic
response by more than two-fold. Elevated Ca®* levels likely
explain the observed generation of reactive oxygen species
(ROS) and mitochondrial stress in the CNS.® In contrast, exposure
to 2.5 ppm spinosad prevents Ca>* flux into neurons expressing
nAChRa6. Blocked receptors are rapidly endocytosed'® and shut-
tled to lysosomes, where spinosad likely accumulates.” Lysosomal
dysfunction emerges within 2 h of exposure, followed by
increased ROS levels and mitochondrial defects. Within 2 h of
exposure to either imidacloprid or spinosad, oxidative stress
spreads from the CNS to metabolic tissues, causing lipid stores
to accumulate in the fat body and decrease in Malpighian
tubules.®” In adults, chronic exposure to 0.2 ppm spinosad or
4 ppm imidacloprid causes neurodegeneration and reduced
vision acuity.>” Flies pre-treated with the antioxidant N-
acetylcysteine amide (NACA) show increased tolerance to both
insecticides, supporting a causal role for ROS.®’

To further dissect the downstream effects triggered by low
doses of these insecticides, we performed RNA-sequencing
(RNA-Seq) analyses on the brain and the fat body of Drosophila
larvae exposed to 2.5 ppm spinosad for 2 h. Our findings were
then compared to RNA-Seq analyses of the brain and fat body
of larvae exposed to imidacloprid (2.5 ppm, 2 h) previously pub-
lished by Martelli et al.° We also investigated nAChRa6 expression
by mining single-cell transcriptome data'>"'” and performed co-
expression analyses for the genes enriched by spinosad exposure
and the cells expressing spinosad targets. Both insecticides cause
glutathione S-transferases (GSTs) and cytochromes P450 (P450s)
gene families to be up-regulated in the brain and down-regulated
in the fat body. However, spinosad has unique expression signa-
tures linked to lysosomal function, protein folding, and male
germline differentiation. Together with the nAChRa6 expression
analysis, these results led us to identify lysosomal dysfunction in
the fat body of spinosad-exposed flies and reduced fertility of
nAChRa6 null males. This study underlines the value of using
tissue-specific transcriptomics in studying the response of insects
to insecticides.

2 MATERIALS AND METHODS

2.1 Fly strains and rearing

A susceptible isofemale line, Armenia#14, derived from
Armenia#60 (Drosophila Genomics Resource Center #103394)'°
was used to perform transcriptomics and investigate the effect
of insecticide exposure on lysosomal function in the fat body. To
investigate the expression pattern of nAChRa6 the progeny of a
cross between nAChRa6-T2A-Gal4 (BDSC #76137) and UAS-
mCD8::GFP (BDSC #5130) were examined. The effects of nAChRa6
loss of function on male fertility was assessed using a CRISPR
knockout of nAChRa6 (nAChRa6 KO) generated in the Canton-S
genetic background.” Except where otherwise stated, experi-
ments were conducted at 25 °C using standard fly media.”

2.2 Insecticide dilution and exposure

Dilutions of pure spinosad (Sigma Aldrich, St Louis, MO. USA) and
pure imidacloprid (Sigma Aldrich), in dimethyl sulphoxide
(DMSO), were used. Third instar larvae were exposed to a 2.5 ppm
dose of insecticide (or DMSO for controls) for 2 h in NUNC cell

plates (Thermo-Fisher Scientific, Waltham, MA, USA) containing
5% sucrose solution.®”

2.3 Brain and fat body RNA isolation and transcriptome
analyses of spinosad-exposed larvae

Three biological replicates were prepared per tissue (brain and fat
body) per treatment (exposed group — 2.5 ppm spinosad for 2 h,
and control group). Each replicate consisted of 40 brains or 40 fat
bodies from third instar larvae. Samples were collected in 800 pL
TRIsure (Bioline, Gregory Hills, NSW, Australia) and isolated following
manufacturer's instructions. Prior to RNA library preparation, RNA
was treated with RQ1 RNase-free DNase (Promega, Madison, WI,
USA). RNA quality for each sample was tested by running a 1% aga-
rose gel electrophoresis, and by spectrophotometry (NanoDrop ND-
1000). All samples had at least 2 pg of total RNA, no signs of degra-
dation and an optical density (OD) 260/280 ratio > 1.9. Library prep-
aration [250-300 bp complementary DNA (cDNA) insert], lllumina
sequencing (150 bp paired end), and the analyses of the differen-
tially expressed genes (DEGs) were carried out by Novogene Bioin-
formatics Technology in Singapore. Reads were aligned to the
Drosophila genome and exons using Tophat2.'® Reads representing
gene transcripts were counted using HTSeq, and transcript per kilo-
base per million (TPM) was calculated for gene expression levels. Dif-
ferential expression analysis was performed using DESeq2.%° For
significant DEGs, the adjusted (adj)-P value was set to P < 0.05.

2.4 Transcriptome analyses - brain and fat body of
imidacloprid exposed larvae

The transcriptome analyses of the brain and fat body of third
instar larvae exposed to 2.5 ppm imidacloprid for 2 h were first
published by Martelli et al.® These data are used for comparison
with the spinosad data presented here. Exposures to imidacloprid
and spinosad were conducted in parallel and share the same
control.

2.5 Gene Ontology (GO) and Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathway analyses

Transcriptomic data for each exposure condition (spinosad, imida-
cloprid, and control) and tissue of origin (brain or fat body) were
examined to identify DEGs. DEGs with an adj-P value < 0.05 and
expression fold change >|2| were selected and assigned Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) process using the software DAVID (2021 version).?"** GO
and KEGG terms with a modified Fisher's exact P-value < 0.05 were
then used to generate bar graphs and Venn diagrams using R
(v.4.1.3, packages ggplot2 and ggVennDiagram).

2.6 Co-expression and single-cell transcriptome analysis

of nAChRa6 expression

Single-cell transcriptome analyses were performed using previ-
ously published data sets generated for the Drosophila larval
brain'® (GEO: GSE157202) and the adult brain'’ (GEO:
GSE107451), fat body and testes'® (https://flycellatlas.org/asap).
Data were downloaded and processed using Seurat v32* applying
the described parameters from the original publications and their
assigned cell-specific markers to determine cluster identity. New
clusters were made in the larval brain data using para expression
to identify active neurons, imp expression for mature neurons,
pros expression for immature neurons, elav expression for all neu-
rons, repo for all glial cells, alrm for astrocytes, wrapper for cortex
glia and Indy for surface glia.'® Dot plots were generated by calcu-
lating the average expression of each gene in each cell type in a
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defined cluster. Co-expression values for the larval brain, adult
brain, and adult fat body were calculated by comparing the Pear-
son's co-expression value of nAChRa6 with each gene from the
spinosad transcriptome analyses in either all cells individually
(All), or by calculating the mean expression of all cells in a cluster
and comparing these values (Clusters). Feature plots for nAChRa6
and Ace expression were obtained from scope.aertslab.org'’
using log transform, CPM normalization, and Expression-based
plotting conditions.

2.7 Investigating insecticide impact on lysosomes
LysoTracker staining was used to investigate the impact of insec-
ticide exposure on lysosomes>* in the fat body of third instar lar-
vae. After exposure to 2.5 ppm spinosad or imidacloprid for 2 h,
larvae were dissected in Schneider's media (Thermo Fisher Scien-
tific). Tissues were then transferred to phosphate-buffered saline
(PBS) solution containing LysoTracker Red DND-99 (1:10000)
(Thermo Fisher Scientific) for 3 min. After rinsing once in PBS,
microscopy slides were mounted using Vectashield (Vector Labo-
ratories). Images were obtained with a Leica TCS SP8 (DM600 CS),
software LAS X. A total of six fat body samples were assessed per
treatment. Using the software Imagel, area occupied by lyso-
somes was measured in three different randomly chosen
2500 pm? sections per sample and these numbers averaged. Data
were analysed using one-way analysis of variance (ANOVA) fol-
lowed by Tukey's honestly significant difference (HSD) test.

2.8 Expression pattern of nAChRa6 in Drosophila larvae
and adults

The nAChRa6 expression pattern was assessed in the progeny of
crosses between nAChRa6-T2A-Gal4 (BDSC #76137) and UAS-
mCD8::GFP (BDSC #5130). Tissues were dissected and fixed in 4%
paraformaldehyde (PFA; Electron Microscopy Science) as previ-
ously reported.?> Images were obtained with a Leica TCS SP8
(DM600 CS), software LAS X, and analysed in ImageJ.

2.9 Male fertility assay

The 4-day-old virgin Canton-S nAChRa6 KO males or Canton-S
wild-type (WT) males were crossed to Canton-S WT virgin females.
Males were individually housed, each with three virgins and
allowed to mate for 2 days at 27 °C. Males were then transferred
to afresh vial (kept at 27 °C) with three new 4-day-old virgins each
time being allowed to mate again for 2 days. At the end of the
third mating period, the adults were discarded. Offspring (pupae)
numbers were counted after 7 days. Data were analysed using
one-way ANOVA followed by Tukey's HSD test. Only replicates
where adults survived for the whole mating period were consid-
ered. At least 11 replicates were analysed per genotype. Experi-
ments were conducted using molasses fly media.”

2.10 Investigation of adult testes

Canton-S nAChRa6 KO and Canton-S WT 8-day-old males were
mated and kept under the same conditions used for the fertility
assay. The size of seminal vesicles and ROS levels were assessed.
To assess the size of seminal vesicles, testes were dissected in
PBS and fixed in 4% PFA for 30 min at room temperature. Tissues
were rinsed in PBS containing 0.1% Triton X-100, and then incu-
bated with DAPI (4’ ,6-diamidino-2-phenylindole, final concentra-
tion 10 pg mL™") for 30 min. After rinsing in PBS microscopy
slides were mounted in Vectashield (Vector Laboratories). To
assess ROS levels, samples were stained with dihydroethidium
(DHE) and mounted in Vectashield (Vector Laboratories).”*®

Images were obtained with a Leica TCS SP8 (DM600 CS) using
LAS X software. Seven samples per group were measured for
DHE staining and five for DAPI staining. Data were quantified on
ImageJ software and analysed using a Student's unpaired t-test.

3 RESULTS AND DISCUSSION

3.1 Low-dose exposures to spinosad affect genes

involved in lysosomal function, protein folding, oxidative
stress, metabolism of xenobiotics, and immunity

We began our analysis by comparing the transcriptome profiles of
the brain and fat body of larvae exposed to 2.5 ppm spinosad for
2 h. Nine hundred and seventy-eight genes were exclusively up-
regulated in the brain, and 963 in the fat body, whereas 146 were
up-regulated in both tissues (adj-P < 0.05, fold change > |2|, Sup-
porting Information Table S1) (Fig. 1(A)). Despite their physical
proximity in the larva,?’ these tissues show distinct expression
profiles after spinosad exposure even when, in some cases, they
shared similar GO and KEGG pathway terms (Fig. 1(B),(C)).

The biological and metabolic processes associated with these
genes in the brain involve the metabolism of xenobiotics by
P450s, immune response, lipid metabolism, carbohydrate metab-
olism, amino acids metabolism, vitamin metabolism, protein fold-
ing and glutathione metabolism (Fig. 1(B)). The fat body is
functionally analogous to the vertebrate liver and white adipose
tissue®® and is the centre for energy metabolism and innate
immunity.?° Processes up-regulated in the fat body are involved
in energy production, carbohydrate metabolism, glutathione
metabolism and protein folding (Fig. 1(C)).

Among the genes down-regulated by spinosad exposure,
345 were exclusive to the brain, 263 were exclusive to the fat
body, and only 35 were common to both tissues (adj-P < 0.05;
fold change > |2|) (Fig. 2(A)). The biological and metabolic pro-
cesses associated with these genes in the brain involve morpho-
genesis and development, carbohydrate metabolism, immunity,
and lysosomal function (Fig. 2(B)). Processes down-regulated in
the fat body also involve terms related to morphogenesis, devel-
opment, and immunity. Contrasting what happens in exposed
brains, xenobiotic metabolism by P450s is down-regulated in
exposed fat bodies (Fig. 2(C)).

In comparing the brain and fat body, exposure seems to cause
distinct effects on energy metabolism. Different genes involved
in pyruvate and citrate metabolism are up-regulated in each
organ (Table S1). In the fat body, glycolysis/gluconeogenesis
and the tricarboxylic acid (TCA) cycle seem to be up-regulated
when compared to the brain (Fig. 1(B),(C)). In the fat body, little
impact is observed for lipid metabolism genes. This reinforces
the hypothesis that the lipid accumulation previously reported
in this tissue is mainly the result of lipid deposit transfer from
other tissues such as the Malpighian tubules,®” with increased
lipid droplet formation in the fat body deployed as a protective
measure to prevent lipid peroxidation.>® This may explain the
down-regulation of terms related to P450s and glutathione
metabolism in the fat body when compared to the brain.

P450s comprise a large multigene family that encodes a diverse
class of heme-thiolate enzymes found in all insects.>' Only a subset
of the Drosophila P450 genes are well-characterized, but several
have been implicated in xenobiotic detoxification.>* Evidence of
P450 mediated resistance to spinosad is limited and it cannot be
assumed that every gene up-regulated here contributes to minimiz-
ing exposure impacts. The Malpighian tubules and midgut may be
the primary sites of insecticide metabolism by P450s.3 GSTs are a
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(A) Genes upregulated by spinosad exposure (p-adj < 0.05; fold change > |2|)

(Spinosad vs Control)

Brain

(B) GO (red bars) and KEGG pathway (blue bars)
processes upregulated in the brain by
spinosad exposure

Fat body
(Spinosad vs Control)

(C) GO (red bars) and KEGG pathway (blue bars) processes
upregulated in the fat body by spinosad exposure
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Figure 1. GO and KEGG pathway analyses of genes up-regulated in the brain and the fat body by spinosad exposure. Drosophila larvae exposed to
2.5 ppm spinosad for 2 h. (A) Number of genes exclusively up-regulated in each tissue and the number of overlapping genes between them (adj-
P < 0.05; fold change > |2|). (B, C) Significant GO (red bars) and KEGG pathway (blue bars) processes up-regulated in the (B) brain and (C) fat body of
spinosad-exposed larvae. Modified Fisher's exact test. *P-value < 0.05; **P-value < 0.01; ***P-value < 0.001.

conserved large family of enzymes known for metabolizing a wide
range of endogenous and exogenous substrates.* GSTs are also
important mediators in antioxidant response by conjugating elec-
trophilic compounds to glutathione3* Increased GST activity has
been correlated with resistance to all the major insecticide clas-
ses.3*% From the 35 genes encoding for GST enzymes in Drosophila,
nine were up-regulated in the brain and ten down-regulated in the
fat body (Table S1). The increased expression of GSTs in the brain is
expected since this tissue harbours the target of spinosad and the
accumulation of oxidative stress is first observed there.”

Several genes related to protein folding were up-regulated in
the brain after spinosad exposure, while genes related to lyso-
some function were down-regulated (Figs 1 and 2, Supporting
Information Fig. S1). Lysosomes are acidic organelles rich in
hydrolytic enzymes which recycle a large number of cellular com-
ponents.*® Enlarged lysosomes are observed after a 2-h spinosad
exposure, likely reflecting the trafficking of spinosad-blocked
nAChRs to endocytic vesicles increasing the demand for lyso-
somal digestion in neurons.” In spinosad-exposed brains, a signif-
icant repression of the lysosomal a-mannosidase genes LManlil
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(A) Genes downregulated by spinosad exposure (p-adj < 0.05; fold change > |2]|)

Brain
(Spinosad vs Control)

(B) GO (red bars) and KEGG pathway (blue bars)
processes downregulated in the brain by
spinosad exposure
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spinosad exposure
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Figure 2. GO and KEGG pathway analyses of genes down-regulated in the brain and the fat body by spinosad exposure. Drosophila larvae exposed to
2.5 ppm spinosad for 2 h. (A) Number of genes exclusively down-regulated in each tissue and the number of overlapping genes between them (adj-
P < 0.05; fold change > |2]). (B, C) Significant GO (red bars) and KEGG pathway (blue bars) processes down-regulated in the (B) brain and (C) fat body
of spinosad-exposed larvae. Modified Fisher's exact test. *P-value < 0.05; **P-value < 0.01; ***P-value < 0.001.

(142-fold), LManlV (65-fold) and LManV (95-fold) is observed in
comparison to unexposed brains (Table S1). This is indicative of
the malfunctioning of lysosomal activity, resulting in the accumu-
lation of undigested material that may cause brain cell death.” The
activation of genes involved in protein folding suggests the accu-
mulation of defective proteins, a process correlated with lyso-
somal dysfunction.>’

3.2 The unique and the shared transcriptional signatures
triggered by spinosad and imidacloprid

Next, we compared the brain transcriptome profiles of larvae
exposed to spinosad versus those for larvae exposed to imidaclo-
prid. The expression of 3359 genes is up-regulated by both insec-
ticides (Table S1). Six hundred and eighty-six genes are up-
regulated exclusively by spinosad and 96 by imidacloprid (adj-
P < 0.05; fold change > |2|) (Fig. 3(A)). Spinosad exposure caused
more genes involved in lipid and amino acid metabolism,
response to stimulus, immunity, protein folding, and metabolism
of glutathione and xenobiotics by P450s to be up-regulated in the
brain (Fig. 3(B)). However, imidacloprid led to more genes
involved in cuticle development, lysosomes, neuroreceptors,
and carbohydrate metabolism being up-regulated (Fig. 3(C)).

When comparing the fat body transcriptome profiles 275 genes
were up-regulated by spinosad, 236 up-regulated by imidaclo-
prid, and 2891 shared between both treatments (adj-P < 0.05;
fold change > |2|) (Fig. 4(A)). In the fat body, spinosad exposure
led to the up-regulation of more genes involved with protein fold-
ing, morphogenesis, and development (Fig. 4(B)). Imidacloprid
up-regulated more genes involved with lipid metabolism, immu-
nity, and metabolism of xenobiotics by P450s (Fig. 4(C)).

It is important to stress that under the studied exposure condi-
tions, imidacloprid does not significantly impact larval survival,®
while spinosad kills over 95% of larvae.” Thus, when comparing
the efficiency of these insecticides, the median lethal concentration
(LCs0) of spinosad is 10-20 times lower than that of imidacloprid,*®
despite the dose of 2.5 ppm spinosad being approximately six-fold
lower than 2.5 ppm imidacloprid when based on their molarity.
These contrasting effects on survival are reflected in the expression
profiles created by exposure to these chemicals. One of the most
striking differences between them is the strong repression of genes
involved in lysosome function and the up-regulation of protein fold-
ing genes in spinosad-exposed larvae® This likely occurs because of
the effects these insecticides have at low doses. Spinosad blocks
nAChRa6 leading to the receptor recycle from neuronal membranes,
triggering severe lysosomal disorder.” This is probably not overcome
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(A) Genes differently expressed in brains of spinosad exposed larvae vs imidacloprid exposed larvae
(p-adj < 0.05; fold change > |2|)
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Figure 3. Comparative analyses of GO and KEGG pathway processes affected in the brain by spinosad exposure and imidacloprid exposure. Drosophila
larvae exposed to 2.5 ppm spinosad or imidacloprid for 2 h. (A) Number of genes up-regulated for spinosad and imidacloprid exposures in the brain (adj-
P < 0.05; fold change > |2|). (B, C) Significant GO (red bars) and KEGG pathway (blue bars) processes up-regulated in the brain of (B) spinosad-exposed and

(C) imidacloprid-exposed larvae. Modified Fisher's exact test. *P-value < 0.05; **P-value < 0.01; ***P-value < 0.001.

by the larvae resulting in death. This phenomenon is absent follow-
ing imidacloprid exposure, as it is rapidly metabolized and
excreted.> Despite that, in the brains of imidacloprid-exposed lar-
vae, a greater repression of antimicrobial peptide (AMP) genes is
found compared to spinosad-exposed brains. The opposite effect
is found in the fat body.

Our transcriptome analyses also draw attention to the higher
number of similarities shared between the two insecticides (Figs 3
and 4), than between the two tissues (Figs 1 and 2). This reinforces
that, despite the different modes of action, part of the low-dose
damage revolves around a common denominator, these insecti-
cides' capacity to produce oxidative stress.>” It would be important
to investigate whether similar transcriptional responses are evoked
by other neurotoxic insecticides. It is also important to emphasize
the additional information derived from examining the

transcriptomes of key tissues, rather than those of whole animals
where valuable information may be lost by pooling across all tissues.

3.3 The nAChRa6 single cell expression and co-

expression with genes enriched by spinosad exposure

We next asked whether the genes affected by spinosad exposure
are commonly expressed in cells expressing the spinosad target,
nAChRa6. We started by investigating nAChRa6 expression using
the available single-cell transcriptome data.'>”'” This analysis
revealed that in the larval brain, nAChRa6 is predominantly
expressed in mature/active neurons and motor neurons, with lit-
tle or no expression detected in the other cell types, such as glia
(Fig. 5(A)—(Q)). Acetylcholine esterase (Ace) is expressed in the same
cell types as nAChRa6 in the larval brain (Fig. 5(A)-(C)). Ace termi-
nates impulse transmission by hydrolysis of acetylcholine, the
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(A) Genes differently expressed in fat bodies of spinosad exposed larvae vs imidacloprid exposed larvae
(p-adj < 0.05; fold change > |2|)
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Figure 4. Comparative analyses of GO and KEGG pathway processes affected in the fat body by spinosad exposure and imidacloprid exposure. Drosoph-
ila larvae exposed to 2.5 ppm spinosad or imidacloprid for 2 h. (A) Number of genes up-regulated in the fat body with spinosad or imidacloprid exposure
(adj-P < 0.05; fold change > |2)). (B, C) Significant GO (red bars) and KEGG pathway (blue bars) processes up-regulated in the fat body of (B) spinosad-
exposed and (C) imidacloprid-exposed larvae. Modified Fisher's exact test. *P-value < 0.05; **P-value < 0.01; ***P-value < 0.001.

agonist of nAChRs, thus being required for proper functioning of
nAChRs regardless of their subunit configuration. Surprisingly,
the adult whole-body single-cell transcriptome'® shows that
nAChRa6 is also expressed in a small number of fat body cells with
noteworthy expression in the male germline accessory cells in the
fat body (Fig. 5(D)—(F)), and in later-stage spermatocytes of the
testes (Fig. S2). Ace expression in the fat body is sparser than that
of nAChRa6 (Fig. 5(D)-(F)), but comparable to nAChRa6 expression
in testes (Fig. S2). This indicates that cells expressing nAChRa6 in
the testes would be able to hydrolyse acetylcholine. Some level
of expression of the other nAChRs is also found in the fat body
(Fig. 5(F)). Spinosad's classification as a neurotoxin is contingent
on its target's localization to the brain. nAChRa6 expression out-
side of the CNS suggests a potential for spinosad to target other
tissues. It was important to consider whether some level of tissue
contamination present in the single-cell data could also explain
part of these results, but these cells do not express neuronal or
glial cell markers.'® It is noteworthy that in the fat body (Fig. 5
(F)), among all nAChRs subunits, nAChRa1 shows the most similar
expression patter to that of Ace, according to the single cell data.'®
However, nAChRa6 appears to share a similar expression pattern
to that of nAChRa5."® nAChRa5 and nAChRaé are not known to
be co-expressed. The contrast in how the expression patterns of
nAChRs and Ace genes compare against each other in these two
tissues (Fig. 5(C),(F)) suggests differences in their regulation and
biological role between the fat body and the brain.

To test if the genes perturbed by spinosad are commonly
expressed in the same cells that express spinosad target

nAChRa6, we investigated a list of 116 enriched selected genes
from the transcriptome of spinosad-exposed larvae. These
genes (Table S2) are involved with endocytosis, lysosome func-
tion, proteasome-mediated protein degradation [ubiquitin-pro-
teasome system (UPS)], oxidative response, lipid metabolism,
xenobiotic metabolism, and immunity. In the brain, in most
cases, no positive expression correlation was found between
these genes and nAChRa6 (Tables 1 and S2). This could mean
that, (a) spinosad creates enough perturbation to shift expres-
sion profiles of target cells, and/or (b) the major perturbations
observed in the transcriptome profiles of exposed brains come
from non-target cells. To test hypothesis (b) we investigated
whether the genes in our list are commonly expressed in all
neurons, all glial cells, astrocytes, cortex glia, or surface glia
(Table S2). Glia, particularly surface glial cells, showed a positive
correlation with the genes involved in lysosome function, UPS
and especially oxidative response, xenobiotic metabolism, and
immunity. That is not surprising given that glial cells have been
shown to make a vital contribution to the deleterious accumula-
tion of ROS in neurons.*®*' Glia perform vital roles, providing
support and protection for neurons and cleansing metabolites
and toxic compounds generated by neuronal activity.*> Our
results suggest that at least part of spinosad's impacts on tar-
geted nAChRa6 cells in the brain spills over to glial cells. This
could explain some of the changes in gene expression profiles
in brains of exposed larvae. It is also noteworthy that the same
116 genes generally show positive expression correlation with
nAChRa6 in the fat body (Table 1).
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Figure 5. The nAChRa6 and Ace expression according to the single-cell transcriptome. (A) Detail of nAChRa6 and Ace expression in third instar larval brain
single cell transcriptome.'® (B) Annotated cell clusters in third instar larval brain.'® (C) The nAChRa6 expression is restricted to mature neurons, specifically
motor neurons, Gamma Kenyon Cells (G-KC), and Dorsal Cluster Neurons (DCN). The expression of nAChRa6 is similar to Ace. (D) Detail of nAChRa6 and Ace
expression in adult fat body single cell transcriptome.'® (E) Annotated cell clusters in adult fat body."® (F) In the fat body nAChRa6 is expressed in sensory
neurons, and in male germline differentiating cells (marked with *). Expression of the other nAChR subunits in the fat body shows that non-neuronal
expression of nAChR is also apparent. Ace is expressed in the same cell types as nAChRa6 in the adult fat body. Red-black colour scale represents
minimum-maximum normalized log(CPM + 1) gene expression and a size scale (percentage expressed) represents the number of cells in each cluster
expressing the given gene. LPC, lamina precursor cells; OPC, outer proliferation centre; NB, neuroblast; CB, central brain; GMC, ganglion mother cells;
CPM, counts per million.
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nAChRa6 expression pattern (reported by a CD8 membrane-tagged GFP)

(A) Third instar larva (B) Third instar larval brain

Posterior
spiracles

(C) [ Larval fat body in young adult |(D)|Adu|t male fat body brlghtfleldl Adult male fat body - GFP__|[ Adult male fat body merged]
> N K‘ \ T

3 A
\1" N .

Individual larval fat body \
cell in 2 days old male fly

Fat body
cells

Neuronal Vi

processes N\

(E) Adult male reproductive system | (F) | Testis - bright field | Testis - GFP || Testis - merged |

Testes

Ejaculatory 500 um

-—

duct

Figure 6. Expression pattern of nAChRa6. The nAChRa6-T2A-Gal4 (BDSC #76137) driving the expression of UAS-mCD8:GFP (BDSC #5130). (A) High expres-
sion levels of nAChRa6 are observed in third instar larval neuronal tissue, but not elsewhere. (B) Detail of nAChRa6 expression in third instar larval brain.
(C) High-level expression of nAChRa6 observed in the larval fat body cells present in 2-days old adult male. (D-F) The nAChRa6 expression in 7-day-old
adult male (D) fat body, (E) reproductive system, and (F) testis.
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Figure 7. Spinosad leads to the accumulation of larger lysosomes in the fat body. Larvae exposed to 2.5 ppm of either imidacloprid or spinosad for 2 h.
(A) LysoTracker staining of acidic organelles (lysosomes) in fat bodies. (B) Quantification of the area occupied by lysosomes in fat body sections of
50 pm x 50 pm (n = 6 larvae per treatment, three sections per larva). One-way ANOVA followed by Tukey's HSD test; different letters (a and b) represent
statistically significant differences (P < 0.01).
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3.4 The nAChRa6 expression outside of the central

nervous system and the impact of spinosad

The detection of nAChRa6 expression in fat body and testes'®
(Figs 5(D)—(F) and S2) and the presence of GO terms related to
male reproduction in transcriptome profiles of spinosad-
exposed larvae (Fig. 1(C)), prompted us to further investigate
these tissues. Using a membrane green fluorescent protein
(GFP) reporter we verified nAChRa6 expression in Drosophila lar-
vae and adult males. Whereas no clear nAChRa6 expression was
observed in non-neuronal larval tissues (Figs 6(A),(B) and S3), in
2-day-old adult males nAChRa6 expression was found in the
remnant larval fat body cells (Fig. 6(C)). During metamorphosis,
the larval fat body dissociates forming individual spherical, free-
floating cells, that fuel metamorphosis, and eventually die
when adults reach 3-day-old.**** The adult fat body showed a
low level of nAChRa6 expression (Fig. 6(D)), as expected based
on the adult single-cell transcriptome data. In the male repro-
ductive system, nAChRa6 seems to show strong expression in
germline cells, once again confirming the adult single-cell tran-
scriptome data'® (Fig. 6(F)). Expression of other nAChRs

(A nAChRa6 KO mutants show reduced

subunits (a1, @2, p1, and p2) has been reported in male ejacula-
tory duct neurons.’

Though nAChRa6 expression was not detected in third instar lar-
val fat bodies using the GFP reporter, its expression in this tissue at
other life stages (Fig. 6(C),(D)) led us to investigate whether spino-
sad could trigger lysosomal defects. As in the larval brain, expo-
sure to 2.5 ppm spinosad’ caused lysosome enlargement in
larval fat body. The average 2.2-fold increase in the area occupied
by lysosomes (Fig. 7) is suggestive of lysosomal storage disease,*
known to create mitochondrial instability and generate ROS.*>4¢
This phenomenon could disrupt fat body function and contribute
to an energy imbalance. Exposure to imidacloprid under the same
conditions did not affect the area occupied by lysosomes (Fig. 7).

Following the nAChRa6 expression detected in the testes (Figs 6
(E),(F) and S2), we investigated the effects of nAChRa6 loss of func-
tion in male fertility (Fig. 8). We found that 8-to-10-day-old mutant
males show a drastic reduction in the number of offspring pro-
duced in comparison to WT males (P < 0.0001) (Fig. 8(A)). The
nAChRa6 loss of function has been connected to increased oxida-
tive stress by genome-wide association studies’” and ROS

(B) nAChRa6 KO mutants show increased ROS levels in testes
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Figure 8. The nAChRa6 KO mutants show reduced fertility and increased oxidative stress. (A) Offspring number produced by non-exposed nAChRa6 KO
or Canton-S WT males crossed with Canton-S WT females. At least 11 replicates per genotype. One-way ANOVA followed by Tukey's HSD test; different
letters (a, b, ¢, and d) represent statistically significant differences (P < 0.05). (B) Levels of ROS measures by DHE staining in testes of 8-day-old non-
exposed nAChRa6 KO or Canton-S WT males. (C) Quantification of (B) in terms of normalized fluorescence intensity (n = 7 samples/genotype). (D) Size
of the seminal vesicles of 8-day-old non-exposed nAChRa6 KO or Canton-S WT males. (E) Quantification of (D) in terms of seminal vesicle area in pm
(n =5 samples/genotype). Student's unpaired t-test; ***P-value < 0.001.
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staining’ in the brain. Thus, we investigated oxidative stress in the
testes of 8-day-old mutants and found an average two-fold
increase in ROS levels compared to WT males (Fig. 8(B),(C)).
Mutants also showed an average 40% reduction in the size of
seminal vesicles (Fig. 8(D),(E)). These phenotypes add to a number
of other impacts previously described in nAChRa6 loss of function
mutants — reduced longevity of virgin female flies, defects in
visual acuity, a mild but significantly higher level of ROS in the
brain, and higher levels of lipid stores in the fat body and hemo-
lymph.” The reduced seminal vesicle size and fertility of mutants
found here could be a consequence of the increased oxidative
stress in the testes.*® Here, we first demonstrate a clear link
between nAChRa6 loss of function and reduced male fertility. No
fitness costs have been observed in nAChRa6 null females.*® The
nAChRa6 associated resistance to spinosad has been found in
the field in many species.”®>* The data presented here indicate
that resistance in males should be examined for impacts on
reproduction.

4 CONCLUSIONS

The widespread use of insecticides creates the potential for non-
target organisms, including non-pest insects to be exposed.>
Low-dose concentrations of these chemicals can affect behaviour,
fitness, and development of target and non-target insects.>® The
low doses studied here caused up-regulation of P450 and GST genes
in the brain and down-regulation in the fat body. Both insecticides
seemed to increase the energetic demand of the fat body more than
the brain, with a greater activation of genes related to glycolysis/
gluconeogenesis and TCA cycle. Genes encoding AMPs were among
the most strongly down-regulated in the brain and even more so in
fat body of spinosad-exposed flies, suggesting the potential for
increased susceptibility to pathogens and parasites. Transcriptome
analysis of other tissues, such as the midgut, Malpighian tubules, tes-
tes, and hemolymph are likely to reveal other tissue-specific profiles.
Fat body transcriptome profiles of spinosad-exposed larvae also
revealed disturbance of genes involved in protein folding. This was
further connected to the onset of lysosome dysfunction in fat body
following spinosad exposure. And following the suggestion of dis-
turbance of genes involved in reproduction, we detected reduced
fertility of NnAChRa6 loss of function males, uncovering a potential fit-
ness cost for the target-site spinosad resistant mutation.®*
Together, gene expression changes paint a broad picture that
greatly aligns with the physiological [oxidative stress and reduced
adenosine triphosphate (ATP) levels] and morphological (changes
in lipid deposits across different tissues and neurodegeneration)
impacts observed under low dose acute and chronic exposures.®’
Many other insecticide classes have been shown to produce
markers of oxidative stress.>’>° ROS may be a key element of their
mode of action at low doses. If true, a ROS-induced mechanism of
action might be shared among a vast range of pesticides to which
beneficial insects are unintentionally exposed. Tissue-specific tran-
scriptomics and single-cell transcriptome data used here could be
valuable tools to help dissect the low-dose mode of action of these
insecticides. The increased accessibility and use of spatial transcrip-
tomics methods®® will offer even greater power to examine insecti-
cide impacts within and between tissues.
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