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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Ecotoxicogenomics reveals molecular 
effects of imidacloprid in honey bees.

• Co-expression networks expose critical 
molecular targets of pesticide stress.

• Distinct hub genes identified in inges
tion and contact exposure trials

• Imidacloprid alters key pathways linked 
to cognition, immunity, and 
metabolism.

• Results support regulatory efforts to 
reduce pollinator pesticide exposure.
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A B S T R A C T

This study applies an ecotoxicogenomic approach to investigate the molecular impacts of imidacloprid, a sys
temic insecticide, on Apis mellifera, using RNA-sequencing data to construct co-expression gene networks. We 
hypothesised that oral and contact exposure routes elicit distinct transcriptomic responses, reflected in the 
structure and composition of route-specific co-expression networks. Imidacloprid exposure triggers alterations in 
multiple interconnected pathways, reflecting its widespread impact on essential processes. Two distinct networks 
were derived from ingestion and contact exposure trials, comprising 263 and 249 genes, respectively. Distinct 
molecular responses and hub genes were observed between ingestion and contact exposure routes, revealing 
route-specific mechanisms of imidacloprid toxicity in honey bees. Analysis identified key hub genes, such as Ac3, 
AChE2, A4, and ACSF2 in the ingestion network, and Cryl1, Apid1, Blop, and LOC100577632 in the contact 
network, implicated in essential processes including cellular signalling, energy metabolism, immune regulation, 
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and sensory function. Functional enrichment revealed disruptions in critical biological pathways such as G 
protein-coupled receptor signalling, oxidative phosphorylation, and lipid biosynthesis. These perturbations 
suggest that chronic exposure to imidacloprid may compromise foraging behaviour, cognitive function, immu
nity, and overall colony health. By integrating transcriptomic and network-based analyses, this study offers new 
insights into the potential sub-lethal molecular effects of neonicotinoids on pollinators, reinforcing the need for 
sustainable pest management strategies and tighter pesticide regulations. Future research should further eluci
date the specific roles of hub genes across different exposure scenarios to better inform conservation strategies 
and regulatory policies.

1. Introduction

The honey bee, Apis mellifera, is globally recognized as an important 
pollinator of crops as well as non-cultivated plants (Hung et al., 2018). 
Pollination of crops by honey bees and other insects contributes to food 
production and has been highlighted as a key contribution of nature to 
human society. In Brazil, pollinators contribute approximately US$12 
billion (Giannini et al., 2015), with the Africanized A. mellifera being the 
most prevalent among them.

Modern agricultural practices such as monocultures and intensified 
land use, combined with climate change, can harm the availability of 
pollinators (Chaplin-Kramer et al., 2019; Millard et al., 2023). 
Furthermore, growing evidence indicates that the use of pesticides in 
crop protection has played a significant role in the rising rates of colony 
loss (Sánchez-Bayo et al., 2016; Woodcock et al., 2017; Gao et al., 2020; 
Fent et al., 2020a; Astolfi et al., 2025; de Souza et al., 2025).

Neonicotinoid insecticides, such as imidacloprid, are widely used in 
agriculture and have become a primary focus of environmental research 
due to their potential to cause not only increased mortality but also 
sublethal effects on bees (Simon-Delso et al., 2015; Shi et al., 2017). 
These neurotoxic insecticides selectively target insect nicotinic acetyl
choline receptors, leading to overstimulation of the central nervous 
system, paralysis, and eventual death (Matsuda et al., 2001).

Neonicotinoids are frequently detected in soil, freshwater, and even 
air, highlighting their environmental persistence and capacity to 
contaminate multiple ecological compartments (Mamy et al., 2023). 
Imidacloprid contains a nitro group, which increases its toxicity, with 
lethal doses in the ng/bee range (Pisa et al., 2015). The persistent 
presence of these pesticides in the environment, accumulating in bees, 
pollen, nectar, and honey, leads to significant contamination 
(Blacquiere et al., 2012; Simon-Delso et al., 2015). Environmental 
contamination has a chronic impact on plants, animals and humans.

Imidacloprid is a systemic insecticide capable of translocating 
through plant vascular tissues, reaching nectar, pollen, and other floral 
resources that pollinators collect. It can be applied through various 
methods, including foliar sprays, seed treatments, and soil applications. 
Approximately 60 % of all neonicotinoid applications globally are esti
mated to occur as seed or soil treatments (Jeschke et al., 2011). In 
agricultural environments, environmental contamination occurs via 
multiple pathways, including drift, dust from treated seeds, runoff, and 
uptake by non-target plants (Bonmatin et al., 2015). Consequently, bees 
can be exposed by ingesting contaminated resources (e.g., nectar, pol
len, water) and contact with residues on vegetation or within the hive 
environment. This highlights the importance of conducting both oral 
and contact exposure tests (Schmuck and Lewis, 2016; Paloschi et al., 
2023).

Pollinators, like A. mellifera, can be exposed to both lethal and sub
lethal concentrations of pesticides. While previous studies have reported 
a wide range of sublethal effects caused by imidacloprid (Henry et al., 
2012; Elston et al., 2013; Palmer et al., 2013; Williamson et al., 2013; 
Derecka et al., 2013; Williamson and Wright, 2013; Williams et al., 
2015; Christen et al., 2016; De Smet et al., 2017; Christen and Fent, 
2017; Wu et al., 2017; Bovi et al., 2018; Fent et al., 2020a), the majority 
of these studies have not investigated whether, and to what extent at the 
molecular level, the effects differ depending on whether exposure occurs 

via oral or contact routes.
Once inside the hive, pesticides may be redistributed through 

trophallaxis, food sharing, grooming, and wax contact, exposing multi
ple castes to different exposure routes and doses (Benuszak et al., 2017; 
Tremolada and Vighi, 2014). Such complex transmission dynamics 
make it challenging to determine the origin and pathway of pesticide 
exposure, especially when both ingestion and contact co-occur (Sponsler 
and Johnson, 2017). Despite detecting neonicotinoids in pollen, comb, 
and dead foragers, the exposure routes remain largely undefined in 
many studies (Krupke et al., 2012). Understanding the physiological and 
molecular effects specific to each exposure route may help clarify these 
scenarios.

Our previous studies have shown that both lethal and sublethal doses 
of imidacloprid, administered through different exposure routes, 
significantly alter gene expression patterns in A. mellifera, revealing sets 
of differentially expressed genes and gene ontology enrichments (de 
Castro Lippi et al., 2024a, 2024b, 2025). In this context, identifying 
route-specific hub genes and gene network architecture could be a 
valuable tool to differentiate how bees were exposed in field situations. 
This approach may aid in unravelling in-hive contamination patterns 
and improve diagnostic accuracy in ecotoxicological assessments. Eco
toxicogenomics integrates molecular biology and ecotoxicology to 
assess the effects of environmental contaminants on gene expression, 
particularly in ecologically relevant organisms.

In this study, we used RNA-sequencing data to predict co-expression 
gene networks, using the PCIT algorithm (Reverter and Chan, 2008). We 
hypothesise that oral and contact exposure to imidacloprid elicit distinct 
transcriptomic responses in A. mellifera, reflected by the formation of 
unique co-expression networks and route-specific hub genes. By 
comparing these responses, we aim to elucidate how different exposure 
pathways affect physiological systems and to identify molecular markers 
indicative of each route. Our analysis supports this hypothesis, revealing 
apparent differences in gene network structures between exposure 
types. These findings highlight the need to consider exposure routes 
when assessing pesticide effects and support the development of mo
lecular tools for ecotoxicological studies.

2. Materials and methods

2.1. Animal use and experimental design

The use of bees in this research was approved by the Ethics Com
mittee on the Use of Animals, from the Faculty of Veterinary Medicine 
and Zootechny of the University of the State of São Paulo (CEUA/FMVZ, 
UNESP), registered under protocol number 0093/2020.

The experiment was conducted using ten colonies of A. mellifera 
housed in a 5-frame Langstroth nucleus hive. The beehives were 
standardised to include three brood frames and two frames of food (bee 
pollen and nectar), all of which contained naturally mated queens. Two 
frames containing a sealed brood were removed from each experimental 
colony. Then these frames were carefully wrapped in perforated tissue 
and then returned to their respective hives until the emergence of the 
new bees (Camilli et al., 2022). Approximately one thousand newly 
emerged A. mellifera were individually marked on the thorax using a Uni 
posca pen (Mitsubishi Pencil, Tokyo, Japan). Following the marking 
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process, the bees were reintroduced into their original colonies (de 
Barros et al., 2021; Astolfi et al., 2022).

Twenty-one days after reintroduction, 360 marked A. mellifera 
(foraging phase) were carefully gathered using tweezers. Bees exhibiting 
abnormal behaviours, such as sluggishness, deformities, or physical in
juries resulting from the handling, were substituted with other marked 
bees that were similarly marked and of the same age. The bees were then 
anaesthetised at low temperatures and placed in plastic Petri dishes 
(90x20mm) perforated to ensure ventilation. Six Petri dishes per treat
ment were used, each containing five bees, resulting in 30 bees per 
treatment, kept inside an incubator (33 ± 1,0 ◦C and 75 % humidity) 
(Table 1).

The bees underwent a 3-h fasting period to empty their crop for the 
ingestion test. The food was provided in plastic troughs, with 250 μl 
added per trough onto each plastic Petri dish containing five bees for 50 
μl per bee, corresponding to the average volume of the crop vesicles 
(Crane, 1990). Subsequently, the bees were provided with syrup (honey 
and water, 1:1) containing either a lethal dose (IG50) of 0.081 μg/bee 
(Bovi et al., 2018) or a sublethal dose (IGSUB) of 0.00081 μg/bee of 
imidacloprid, reflecting 1/100 of the LD50 (Gonzalez et al., 2022) 
(Imidacloprid from SIGMA® 37894). A control group of bees was 
maintained and collected similarly but fed uncontaminated honey 
syrup.

For the contact exposure, the fasting period was not applied. Bees 
were topically exposed to imidacloprid (SIGMA® 37894) on the pro
notum using 2 μl of distilled water containing either a lethal dose 
(CONT50) of 0.063 μg/bee, a sublethal dose (CONTSUB) of 0.00063 μg/ 
bee, or distilled water alone for the control group.

After 1 and 4 h of exposure for both ingestion and contact, two live 
bees were collected randomly from the Petri dishes, resulting in 12 bees 
per treatment, for transcriptome analyses. These bees were immediately 
frozen at − 80 ◦C in an ultra-freezer until processing for RNA extraction 
(Astolfi et al., 2022).

2.2. RNA extraction, library preparation, and sequencing

Each A. mellifera head was dissected using stereoscopic microscopes, 
tweezers, and a sterilised scalpel to remove the compound eyes and 
antennae (Astolfi et al., 2022; da Luz Scheffer et al., 2024). For the 
transcriptome analysis, a pool was created using the heads of the bees, 
with three heads per pool for each treatment, totalling four samples per 
treatment. The total RNA was extracted from the bee brain using TRIzol 
reagent (Invitrogen, USA) (Chomczynski and Sacchi, 1987). RNA quality 
and quantity were evaluated using a Qubit fluorometer (Invitrogen, 
USA) and an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., USA) 
(Schroeder et al., 2006). For constructing cDNA libraries, 200 ng of total 
RNA was utilised, following the manufacturer’s instructions in the 
SureSelect Strand Specific RNA Library Preparation Kit (Agilent Tech
nologies, Santa Clara, USA). Subsequently, the library products were 
subjected to sequencing on an Illumina Nextseq platform (Illumina, San 

Diego, USA) in a single-end run with read lengths of 150 bp (Wang et al., 
2009).

2.3. Sequencing data processing and differentially expressed genes

The sequencing data is available at NCBI (https://www.ncbi.nlm.nih. 
gov/bioproject/?term=PRJNA1017469, BioProject code PRJNA1017469). 
The FastQC program (Andrews et al., 2010) was employed to evaluate the 
sequencing quality of the raw reads. Quality control for sequencing data was 
conducted using the Trimmomatic software (Bolger et al., 2014). The 
following filters were applied: elimination of identified adapters, exclusion of 
bases with a quality score below 20 (Phred Score), discarding reads shorter 
than 40 base pairs, and trimming the initial 10 base calls.

The sequencing data was aligned using the Burrows-Wheeler Aligner 
(BWA) software (Li and Durbin, 2009), with the reference sequence 
Amel_HAv3.1 (NCBI accession number GCF_003254395). Using the GTF 
annotation from Amel_HAv3.1, the feature count matrix was generated 
using the HTSeq program (Anders et al., 2015). The tidyverse ecosystem 
R package was utilised for data processing, analysis, and plotting 
(Wickham et al., 2019). The differential expression analysis was per
formed using the edgeR v3.38.4 package, employing a binomial gener
alised log-linear model. Genes with a count per million lower than one in 
at least two samples were excluded. The counts were normalised using 
the TMM normalisation. Multiple tests were corrected using the 
Benjamini-Hochberg false discovery rate (FDR) procedure. Differen
tially expressed genes (DEGs) were deemed significant when the FDR- 
adjusted P-value was less than 0.05, and the absolute value of Log2 
fold change was equal to or greater than 1. The DEGs were identified 
based on differential expression relative to the control group. All treat
ments were contrasted against the control, and genes were considered 
upregulated or downregulated when their expression patterns signifi
cantly differed from those of the control condition (Supplementary 
materials, Table 5).

2.4. Gene co-expression comparison between contact and ingestion group 
samples

For the co-expression analysis, we used two sample groups: one with 
24 samples in the ingestion group and one with 22 samples in the con
tact group, independent of the doses or the time of the exposure to 
Imidacloprid. This sample size was achieved by combining the six 
ingestion treatments and six contact treatments, each consisting of four 
samples. However, two samples from the contact treatment did not meet 
the quality control criteria for sequencing, resulting in two fewer sam
ples in this group.

This analysis aimed to identify genes previously reported as differ
entially expressed (de Castro Lippi et al., 2024a, 2025) that also exhibit 
differential co-expression between the ingestion and contact exposure 
groups. For each group’s expression data, separately, we filtered out the 
genes not expressed, normalised the data with the TMM method, using 
the EdgeR R package and corrected the data for time of exposure (one or 
four hours) with the Limma R package (Leek et al., 2006; Ritchie et al., 
2015). The PCIT algorithm (Reverter and Chan, 2008) was used to 
identify significant correlations among the expressed genes for each 
group. The contact group analysis yielded 243 significant correlations, 
while the ingestion group yielded 261 correlations. To investigate 
whether the differentially expressed genes (DEGs) display distinct co- 
expression patterns compared to the rest of the transcriptome, we 
compared the network structures formed by DEGs to those formed by 
non-DEGs. This approach evaluated whether DEGs are embedded within 
more tightly co-regulated or functionally specialised subnetworks. The 
correlation matrices were filtered to retain only strong correlations: 
higher than 0.85 or lower than − 0.85 involving DEGs. These filtered 
correlations were then used to construct co-expression networks in 
Cytoscape v.3.10.1 (Shannon et al., 2003). The Network Analyzer tool in 
Cytoscape was employed to determine the connectivity degree of each 

Table 1 
Treatments used in the experiment. Each Petri dish contained five bees, totalling 
6 Petri dishes per treatment (n = 30).

Treatment no. Mode of exposure Duration Dose type Number of bees

1 Ingestion 1 h Lethal 30
2 Ingestion 1 h Sublethal 30
3 Ingestion 1 h Control 30
4 Ingestion 4 h Lethal 30
5 Ingestion 4 h Sublethal 30
6 Ingestion 4 h Control 30
7 Contact 1 h Lethal 30
8 Contact 1 h Sublethal 30
9 Contact 1 h Control 30
10 Contact 4 h Lethal 30
11 Contact 4 h Sublethal 30
12 Contact 4 h Control 30
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gene within the networks. This connectivity degree was used to identify 
hub genes, defined as those whose connectivity degree exceeds the 
network’s average connectivity degree by twice the standard deviation. 
In simple terms, the network’s genes with the highest number of 
neighbours were seen as hub genes.

2.4.1. Gene annotation and functional enrichment analysis
Functional enrichment analysis was performed using the STRING 

(Search Tool for the Retrieval of Interacting Genes/Proteins) database, 
version 12.0 (https://string-db.org) (Szklarczyk et al., 2023). Two ap
proaches were employed to identify the primary biological functions 
associated with the proteins of interest: 

1) Single protein enrichment: Functional enrichment was conducted for 
the hub gene by entering its identity into the STRING platform and 
analysing the available enrichment categories, including Gene 
Ontology (GO) biological processes, molecular functions, cellular 
components, and KEGG pathways and Reactome Pathways.

2) Multiple proteins enrichment: To assess the functional associations 
of the hub gene cluster, multiple protein enrichment analysis was 
performed by inputting all proteins within the cluster into STRING. 
The analysis considered the same enrichment categories as described 
above.

The interaction network was generated using the minimum required 
interaction score of 0.400 (medium confidence), and functional 
enrichment was evaluated with a False Discovery Rate (FDR) correction 
set to medium stringency (5 %) to minimise false positives (Sun et al., 
2025). Known interactions from experimental and predictive databases 
were considered for the analysis.

3. Results

Two co-expression networks were created, one based on the inges
tion data (Fig. 1) and another using data from the contact treatment 
(Fig. 2). Results are presented for each network separately.

3.1. Selected DEGs

A set of the significant DEGs used as input for network construction is 
summarised in Supplementary Table 5. These genes were identified 
based on differential expression relative to the control group, with all 
treatments contrasted against the control. Genes were considered up- or 
downregulated when their expression patterns significantly differed 
from control treatments.

Fig. 1. Co-expression gene network constructed from the complete set of significant correlations with differentially expressed genes (DEGs). Edges in the network 
represent significant correlations between differentially expressed genes, represented as circles, labelled with gene symbols. The hub genes are marked in green, and 
the genes that connect with two hubs are marked in blue.
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3.2. Co-expression network analyses: ingestion treatment

The ingestion co-expression network filtered for DEGs is formed by 
263 genes, divided into two sub-networks (Fig. 1). Each sub-network 
had two main clusters and one gene that connected both clusters. The 
hub genes in the ingestion network were: Ac3, AChE2, A4, and ACSF2.

3.3. Co-expression network analyses: contact treatment

The contact co-expression network filtered for DEGs had 249 genes, 
divided into six sub-networks (Fig. 2). Each sub-network had one clear 
hub gene. The hub genes in the contact network were: LOC100577632, 
Cryl1, LOC100576894, Blop, LOC100576745, and Apid1.

3.4. Gene annotation and functional enrichment analysis

Functional annotation and enrichment results for hub genes and 
their clusters in both oral and contact exposure groups are summarised 
in Table 2. These findings demonstrate that imidacloprid modulates 
distinct molecular pathways depending on the exposure route. Genes not 
included in the table did not present relevant annotations or significant 
enrichment. Full details of all annotations and enrichment analyses are 
available in Supplementary Tables 1, 2, 3 and 4.

These results highlight the functional significance of hub genes and 
clusters in metabolism, immune response, neural function, and sensory 
perception pathways, emphasising the broad molecular impact of imi
dacloprid exposure in A. mellifera.

4. Discussion

Although differential expression analysis helps assess pesticide ef
fects, it overlooks the complexity of gene–gene interactions. Network- 

based approaches, such as Partial Correlation Information Theory 
(PCIT), provide a more integrated view of molecular responses (de la 
Fuente, 2010). To our knowledge, this is the first study to apply PCIT to 
investigate pathways and gene networks associated with pesticide 
exposure in honey bees, making it a pioneering contribution to 
ecotoxicology.

Hub genes, which have significantly more connections in a network, 
play a central role in biological processes. They impact various pathways 
governing essential cellular functions (Zhang et al., 2023) and act as 
pivotal regulatory nodes, controlling information flow between genes 
and their networks (Lau et al., 2020). Studying hub genes provides in
sights into core mechanisms driving complex biological functions, 
especially under environmental stressors like pesticide exposure 
(Sohrabi et al., 2020). This discussion focuses on hub genes identified in 
ingestion and contact co-expression networks from RNA-seq data of 
A. mellifera.

Notably, networks might help to discover gene roles and functions 
for genes that are not yet characterized. Using “guilt by association” 
logic, when uncharacterized genes are part of enriched functional 
clusters, this evidence suggests their potential biological roles (Tian 
et al., 2008), generating a hypothesis that can be tested during subse
quent functional studies that directly test gene interactions and uncover 
their contributions within the predicted networks.

4.1. Ingestion co-expression network hubs and their functional roles

4.1.1. Hub gene: adenylyl cyclase 3 - Ac3 (408363)
The Ac3 gene encodes an enzyme involved in cyclic adenosine 

monophosphate (cAMP) production. In A. mellifera, cAMP signalling 
pathways are involved in gustatory response, long-term memory, and 
habituation. From a physiological standpoint, all transmembrane ade
nylate cyclases play an important role as targets in G protein-coupled 

Fig. 2. Co-expression gene network constructed from the complete set of significant correlations with differentially expressed genes (DEGs). Edges in the network are 
significant correlations between differentially expressed genes, represented as circles, labelled with gene symbols. The hub genes are marked in green.
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receptor (GPCR)-mediated signalling (Fuss et al., 2010).
Among the key GPCR-mediated signalling pathways enriched for 

Ac3 are opioid, gamma-aminobutyric acid (GABA), phototransduction, 
and Hedgehog signalling. In insects, GPCRs are activated by various li
gands, such as biogenic amines, neuropeptides, glutamate, and GABA, as 
well as light stimuli in rhodopsins (Calkins et al., 2019). These pathways 
regulate a wide range of physiological processes, including neuronal 
signalling, hormone release, feeding behaviour, pheromone synthesis, 
reproduction, learning, and memory (Fuss et al., 2010; Hauser et al., 
2006; Calkins et al., 2019). During stress, such as acute pesticide 
exposure, GPCRs modulate cAMP or calcium signalling to drive lipid 
mobilisation and support metabolic adaptation (Arrese and Soulages, 
2010).

The enrichment analysis of the Ac3 gene cluster identified pathways 
such as oxidative phosphorylation, ribosome, and metabolic pathways, 
which are directly linked to fundamental cellular processes essential for 
organisms’ survival and proper functioning (Liu et al., 2022). As 
observed in multiple hubs, including Ac3 and A4, oxidative phosphor
ylation has been consistently linked to foraging efficiency and neural 
function in bees (Bezabih et al., 2017; Christen et al., 2018). Disruption 
of this pathway has been linked to impaired foraging and reduced life
span in A. mellifera and has been shown to affect mitochondrial function 
and structure, emphasising oxidative phosphorylation (Christen, 2023; 
Christen et al., 2018).

Similarly, pesticides can impair protein synthesis by downregulating 
ribosomal genes, as observed with flumethrin exposure (Liu et al., 
2022). Thiamethoxam has also been shown to reduce expression of 
genes involved in oxidative phosphorylation and ribosomal function 
(Shi et al., 2017).

Beyond mitochondrial damage, insecticides such as fipronil and 
neonicotinoids alter key metabolic pathways, compromising energy 
balance, brain function, and colony fitness (Belzunces et al., 2012; Lima 
et al., 2024; de Castro Lippi et al., 2024a). Dysregulation of lipid 
metabolism and fatty acid biosynthesis may impair energy storage and 
longevity, contributing to caste-related and behavioural shifts (Hansen 
et al., 2013; Kunieda et al., 2006). Additionally, pesticide exposure can 
affect detoxification processes, including xenobiotic metabolism and 
monooxygenase activity (Ranganathan et al., 2022). These results sug
gest that Ac3 dysregulation by imidacloprid may impair cAMP signal
ling, affecting memory, feeding behaviour, and flight capacity, 

ultimately compromising foraging performance and colony 
productivity.

4.1.2. Hub gene: acetylcholinesterase 2 - AChE2 (406104)
Under normal conditions, acetylcholine (ACh) binds to its receptor 

(AChR), activates ion channels, and is rapidly hydrolysed by acetyl
cholinesterase (AChE). Neonicotinoids mimic acetylcholine and bind 
irreversibly to its receptors, causing continuous neuronal stimulation. 
While they do not directly inhibit AChE, this overstimulation can indi
rectly disrupt AChE function and may impair its regulatory role in 
synaptic signalling. Imidacloprid exposure may change AChE gene 
expression, suggesting persistent stimulation of nicotinic receptors and 
disrupting neural signalling. This continuous excitation impairs nervous 
system function, leading to behavioural changes, muscular dysfunction, 
and compromised locomotion (Azevedo-Pereira et al., 2011), likely 
affecting foraging and overall energy balance.

The hub gene AChE2 was annotated in the glycerophospholipid 
biosynthesis and phospholipid metabolism pathway. Neural membranes 
consist of phospholipids, sphingolipids, cholesterol, and proteins. 
Glycerophospholipids and sphingolipids act as precursors of lipid me
diators (Farooqui et al., 2007). They are associated with maintaining the 
cellular permeability barrier, regulating the activities of membrane- 
associated proteins, and controlling intracellular signalling by acting 
as precursors for signalling molecules (Liu et al., 2023).

The brain lipid composition of A. mellifera predominantly comprises 
glycerophospholipids (88.89 %), sphingolipids (9.23 %), and glycer
olipids (1.88 %) (Morfin et al., 2022). Dysfunction in glycer
ophospholipid metabolism is closely associated with structural and 
functional damage to cell membranes, potentially impairing trans
membrane transport during energy production and the removal of toxic 
molecules (Farooqui et al., 2000; Ventura et al., 2022). This phenome
non could intensify the effects of neonicotinoid insecticides. Moreover, a 
relationship between changes in brain phospholipids and the intensity of 
grooming behaviour after sublethal doses of clothianidin exposure has 
been observed (Morfin et al., 2022).

The GO analysis of the AChE2 hub gene cluster revealed enrichment 
in regulation, signalling, and cellular communication pathways. In in
sects, acetylcholinesterase is associated with promoting apoptosis in 
neurons, a regulated process that results in the death and elimination of 
individual cells without causing significant damage to surrounding 

Table 2 
Summary of functional annotation and enrichment results for hub genes and their respective gene clusters in Apis mellifera following oral and contact exposure to 
imidacloprid. Annotations were obtained from Gene Ontology (GO), KEGG, and Reactome databases. Pathways are grouped by treatment type and analytical level 
(hub gene or gene cluster). Differentially expressed genes (DEGs) were deemed significant when the p-value was less than 0.05. Clusters are a group of genes; each has 
its own p-value and regulation. Genes not included did not show significant enrichment or annotation. Full enrichment outputs are available in Supplementary 
Tables 1–4, and complete DEGs information are available in Supplementary Table 5.

Treatment Level Hub gene/ 
cluster

Database Enriched pathways/terms DEGs p- 
value

Regulation

Ingestion Hub 
gene

Ac3 Reactome G protein-coupled receptor signalling (GPCRs) p < 0.001 Downregulated

Ingestion Cluster Ac3 KEGG Oxidative phosphorylation, ribosome, metabolic pathways – –
Ingestion Hub 

gene
AChE2 Reactome Glycerophospholipid biosynthesis, phospholipid metabolism p < 0.001 Downregulated

Ingestion Cluster AChE2 GO Regulation, signalling, cellular communication – –
Ingestion Cluster A4 KEGG Ribosome, drug metabolism (other enzymes), oxidative phosphorylation, metabolic 

pathways
– –

Ingestion Hub 
gene

Acsf2 Reactome Mitochondrial function 0.002 Upregulated

Ingestion Cluster Acsf2 Reactome Mitochondrial fatty acid β-oxidation, fatty acid metabolism – –
Contact Cluster LOC100577632 GO, 

Reactome
Regulation of transcription (DNA-templated), RNA polymerase II regulation, RNA 
binding, mRNA splicing

– –

Contact Hub 
gene

Cryl1 GO, KEGG Fatty acid beta-oxidation, fatty acid metabolism and degradation, lipid metabolic 
processes, valine, leucine, and isoleucine degradation

p < 0.001 Upregulated

Contact Cluster Cryl1 GO Translation, peptide metabolism, macromolecule biosynthesis and processes – –
Contact Hub 

gene
Blop GO Phototransduction, sensory perception, GPCR signalling, regulation of rhodopsin- 

mediated signalling, and photoreceptor cell maintenance
p < 0.001 Downregulated

Contact Hub 
gene

Apid1 GO Innate immune response, bacterial defence, response to external stimuli p < 0.001 Upregulated
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tissue. This mechanism contributes to tissue renewal and removing 
defective or dysfunctional cells (Knorr et al., 2020). In insects of the 
order Hymenoptera, such as bees, AChE2 is predominantly expressed as 
the primary catalytic enzyme. It plays a crucial role in hydrolysing the 
neurotransmitter acetylcholine at cholinergic synapses and neuromus
cular junctions, thus regulating communication between nerve cells 
(Kim and Lee, 2013). This suggests that neonicotinoid exposure disrupts 
cholinergic signalling, potentially impairing neural communication and 
contributing to affected bees’ cognitive and behavioural deficits.

4.1.3. Hub gene: A4 - apolipophorin-III-like protein (552391)
The A4 gene is involved in lipid transport and plays an important role 

in innate immunity. In Apis cerana, the Apolipophorin-III protein 
demonstrated antibacterial activity against Gram-negative and Gram- 
positive bacteria, suggesting its role in the innate immune response 
following bacterial infection (Kim and Jin, 2015).

The KEGG pathway related to ribosomes was enriched for this hub 
gene cluster. Ribosomes are molecular machines synthesising proteins in 
the cell, composed of amino acid chains linked by peptide bonds 
(Rodnina et al., 2007). Homeostatic imbalance and immune system 
stimulation are closely tied to ribosomal function (Harapas et al., 2022), 
and its activity is critical for normal cell proliferation while being highly 
responsive to metabolic, physiological, and environmental challenges 
(Bianco and Mohr, 2019).

Other KEGG pathways enriched for the A4 hub gene cluster included 
drug metabolism-other enzymes, oxidative phosphorylation, and meta
bolic pathways. Exposure to sublethal and lethal doses of imidacloprid 
altered the expression of genes related to metabolism and the antioxi
dant system (De Smet et al., 2017; de Castro Lippi et al., 2024a; Moreira 
et al., 2025). Antioxidant reactions involve enzymes such as cytochrome 
P450 monooxygenases, catalases, glutathione-S-transferases, and su
peroxide dismutase, which are crucial for detoxifying reactive oxygen 
species and metabolising xenobiotics and pesticides (Gong and Diao, 
2017; Shi et al., 2017).

4.1.4. Hub gene: Acsf2 - Acyl-CoA synthetase family member 2 (552475)
The Acyl-CoA synthetase family member 2 gene is involved in the fatty 

acid (FA) metabolic process. FAs are fundamental for metabolism and 
the maintenance of A. mellifera colonies. These lipids are primarily ob
tained from pollen, which determines the body FA composition in bees 
(Wright et al., 2018). Pollen consumption and lipid increases are asso
ciated with improved bee health, promoting greater survival (Annoscia 
et al., 2017) and reducing insecticide susceptibility (Crone and Gro
zinger, 2021).

In addition to serving as chemical precursors for pheromones and 
secondary metabolites, FAs are essential for energy demands. They are 
also mobilized into the hemolymph during immune challenges, playing 
a role in the synthesis and activity of lipid transport proteins (Zdybicka- 
Barabas and Cytryńska, 2013; Domínguez et al., 2024).

The Reactome pathways annotated for this gene are related to 
mitochondria. In Bombus terrestris, genes involved in mitochondrial 
function were differentially expressed in response to neonicotinoid 
exposure (Colgan et al., 2019). These findings highlight the potential 
effects of neonicotinoids on the bees’ energy metabolism, which could 
impair their foraging ability and compromise colony survival.

The Reactome pathways of Mitochondrial Fatty Acid Beta-Oxidation 
and Fatty Acid Metabolism were enriched for this hub gene cluster. This 
process involves several enzymatic steps resulting in the production of 
acetyl-CoA, NADH, and FADH2, which are utilised in the electron 
transport chain to generate ATP (Talley and Mohiuddin, 2020). Expo
sure of A. mellifera to the pesticide carbendazim altered the metabolomic 
pathways of fatty acid oxidation (Chen et al., 2021). Fatty acid oxidation 
in mitochondria plays a vital role in energy metabolism, and genetic 
disturbances in this pathway can lead to metabolic diseases (Modre- 
Osprian et al., 2009).

4.2. Contact co-expression network hubs and their functional roles

4.2.1. Hub gene: phosphopantothenoylcysteine decarboxylase subunit 
VHS3 (LOC100577632)

No annotation was found for the gene 100577632, which encodes 
phosphopantothenoylcysteine decarboxylase, an enzyme involved in 
coenzyme A (CoA) biosynthesis (Wei et al., 2022). CoA is essential for 
cellular metabolism, with around 4 % of enzymes depending on CoA, its 
thioesters, or 4′-phosphopantetheine. As a key cofactor, 4′-phospho
pantetheine acts as an acyl group carrier in fatty acid, polyketide, and 
nonribosomal peptide synthesis, enabling Claisen reactions and the 
production of peptides and esters. Acetyl-CoA, a central molecule in 
energy metabolism, fuels the tricarboxylic acid cycle (Krebs cycle) 
(Strauss et al., 2001).

CoA participates in over 100 catabolic and anabolic reactions, 
including those involved in the metabolism of lipids, carbohydrates, 
proteins, ethanol, bile acids, and xenobiotics, such as pesticides and 
other environmental stressors (Czumaj et al., 2020). This suggests that 
CoA and its associated enzymes may play a role in mitigating oxidative 
stress and cellular damage caused by environmental challenges. In the 
context of A. mellifera, exposure to imidacloprid could similarly trigger 
stress responses that involve CoA-related pathways. For instance, the 
differential expression of genes linked to CoA biosynthesis, such as 
phosphopantothenoylcysteine decarboxylase, observed in bees exposed to 
sublethal doses of clothianidin (Ramirez, 2018), may indicate an 
adaptive mechanism to counteract pesticide-induced oxidative stress. 
This process could involve enhanced CoA production to support cellular 
detoxification and energy metabolism, helping bees survive pesticide 
exposure.

The cluster associated with LOC100577632 was enriched for 
transcription-related processes, including DNA-templated transcription, 
RNA polymerase II activity, and mRNA splicing. These functions suggest 
that imidacloprid may interfere with core regulatory mechanisms of 
gene expression. This observation is consistent with previous studies 
reporting that pesticide exposure can alter transcriptional regulation in 
A. mellifera (Christen et al., 2017; Fent et al., 2020b; Astolfi et al., 2022).

Transcriptional pausing of RNA polymerase II has been proposed as 
an innate immune response in Drosophila melanogaster, priming the host 
genome by increasing the accessibility of promoter regions associated 
with virally induced genes, enabling a faster response (Xu et al., 2012). 
The innate immune system rapidly activates gene expression programs 
to combat pathogens. A key example is the LPS-induced macrophage 
response, which occurs in two phases: immediate-early gene induction 
(primary response) and subsequent protein synthesis-dependent gene 
expression (secondary response). Transcription initiation regulates these 
phases, as pathogen recognition activates transcription factors that re
cruit RNA polymerase II and general transcription factors to promoters, 
driving gene expression (Medzhitov and Horng, 2009; Smale, 2010). 
Disruption of these transcriptional processes in pesticide-exposed bees 
may compromise their immune responsiveness, making them more 
vulnerable to infections and reducing colony resilience.

4.2.2. Hub gene: Cryl1 - beta hydroxy acid dehydrogenase 1 (406119)
The gene 406119 was frequently enriched for fatty acid-related 

processes, including biological process terms for GO, such as fatty acid 
beta-oxidation, fatty acid metabolic process, and lipid metabolic pro
cess. KEGG pathways included fatty acid degradation, fatty acid meta
bolism, and valine, leucine, and isoleucine degradation. The Cryl1 gene 
plays a crucial role in fatty acid (FA) beta-oxidation and metabolic 
processes, similar to the Acsf2 gene. Dysregulation of fatty acid balance 
in worker A. mellifera impairs their ability to recognize odours, affecting 
flower selection and pollination efficiency (Bennett et al., 2022). Tran
scriptomic analyses revealed that the Cryl1 gene is upregulated, 
potentially increasing fatty acid degradation rates and leading to de
ficiencies in bees. Stressed bees may exhibit reduced energetic capacity 
as energy reserves are mobilized to fuel stress responses (Arrese and 
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Soulages, 2010).
Fatty acid deficiencies have been linked to reduced bacterial growth 

inhibition (Maya-Aguirre et al., 2024). Additionally, oxidative stress 
negatively impacts fatty acid metabolism in the brain, contributing to 
neurodegenerative disorders (Montesinos et al., 2020). A study on 
A. mellifera exposed to the pesticide tebuconazole, an azole-type fungi
cide, revealed significant alterations in brain fatty acid metabolism, 
supporting the hypothesis that pesticides disrupt fatty acid metabolism 
and harm bee health (Mackei et al., 2023).

For the gene cluster, GO enrichment included translation, peptide 
metabolism, and macromolecule biosynthesis. A study on the proteome 
of A. mellifera exposed to environmentally relevant doses of pesticides 
found downregulation of proteins involved in RNA translation and/or 
transport processes, suggesting a reduction in protein synthesis in 
exposed bees (Zaluski et al., 2020). This study, through protein 
expression profiling, could confirm that the observed transcriptomic 
changes were indeed reflected at the protein level.

These findings demonstrate that vital proteins and metabolic pro
cesses are impaired in A. mellifera. Cryl1 upregulation indicates altered 
fatty acid metabolism, potentially reducing bees’ energy reserves and 
impairing olfactory-driven behaviours crucial for efficient pollination.

4.2.3. Hub gene: keratin, type II cytoskeletal 74 (LOC100576894)
No significant enrichment was detected for this hub gene or its 

cluster. However, keratins are known to be the primary intermediate 
filament proteins in epithelial cells, playing a crucial role in maintaining 
cellular structure and integrity (Ehrlich et al., 2019). For terrestrial 
animals, including A. mellifera, the presence of rigid structural proteins 
like keratin or sclerotin is essential to protect against desiccation and 
mechanical stress, as their rigidity relies on numerous cross-linkages 
(Wigglesworth, 1948).

Exposure to contact with imidacloprid may have altered the 
expression of this structural related gene in A. mellifera. This disruption 
might affect the bee’s ability to maintain its physical barrier against 
environmental stressors, potentially leading to increased vulnerability 
to dehydration, pathogens, or other external threats (Micas et al., 2016). 
While no direct enrichment was observed, the potential alteration of this 
gene highlights the broader impact of pesticide exposure on cellular 
structures and protective mechanisms in A. mellifera, which could 
contribute to their overall decline in health and resilience. Studies, such 
as those by Nozal et al. (2003), have shown that xenobiotics like oxalic 
acid can penetrate bee keratin.

4.2.4. Hub gene: Blop blue-sensitive opsin (406128)
The functions of the Blop blue-sensitive opsin gene are like the 

above-mentioned gene: like those of Ac3. The enrichment of this hub 
gene was associated with GO terms related to A. mellifera vision, 
including biological process: phototransduction, sensory perception, G 
protein-coupled receptor signalling pathway, regulation of rhodopsin- 
mediated signalling pathway, and photoreceptor cell maintenance.

A. mellifera possess compound eyes composed of approximately 5500 
ommatidia, each containing a lens, a crystalline cone, and nine photo
receptor cells (Streinzer et al., 2013). These cells detect light and convert 
it into electrical signals essential for vision. A key structure within each 
ommatidium, the rhabdom, houses opsins—light-sensitive proteins that 
undergo conformational changes in response to light (Chapman, 1998; 
Wakakuwa et al., 2005). This process, known as phototransduction, 
enables bees to perceive their surroundings and navigate efficiently 
(Martin et al., 2021; Geng, 2022). It has been observed that phototactic 
behaviour correlates with gustatory responsiveness (Erber et al., 2006). 
Reduced phototactic behaviour in A. mellifera due to pesticide exposure 
may impair their ability to navigate, locate food sources, and respond to 
environmental cues, ultimately affecting pollination, colony efficiency 
and survival. For this hub gene, no enrichment was detected for the 
cluster.

4.2.5. Hub gene: leucine-rich repeat-containing protein 26 (100576745)
No significant enrichment detected for the hub gene nor for the 

cluster.
Leucine-rich repeats (LRRs) are 20–29-residue sequence motifs pre

sent in several proteins with diverse functions. Their primary role seems 
to be providing a flexible structural framework that facilitates pro
tein–protein interactions (Kobe and Kajava, 2001). Leucine-rich repeat 
motif-containing proteins were described as an essential component of 
insect immunity (Albert et al., 2011).

4.2.6. Hub gene: Apid1-apidaecin 1 (406140)
The GO analysis of this gene revealed enrichment in biological pro

cesses related to innate immune response, defence response to bacteria, 
and response to external stimuli. Similar to antimicrobial peptides 
(AMPs), apidermins (APDs)—recognized as structural cuticular proteins 
in insects—exhibit antimicrobial properties and share several similar
ities with AMPs (Danihlík et al., 2015; Kim et al., 2022). In another study 
conducted by our group (de Castro Lippi et al., 2025), exposure to lethal 
and sublethal doses for 4 h led to the upregulation of the apidaecin 
(Apid1) transcript. Disruptions in genes related to immune function may 
lead to consequences comparable to those previously mentioned, 
including reduced immune responsiveness and increased vulnerability 
to pathogens. For this hub gene, no enrichment was detected for the 
cluster.

5. Conclusion

Different exposure routes to imidacloprid triggered distinct gene co- 
expression networks, each characterized by unique hub genes. These 
findings highlight the route-specific molecular mechanisms of toxicity, 
emphasising the importance of considering exposure pathways in eco
toxicological risk assessments. This disruption suggests that exposure to 
neonicotinoids could lead to energetic imbalances, metabolism alter
ation, deficient immune response, and physiological stress, increasing 
the vulnerability of A. mellifera populations to environmental 
challenges.

These results emphasize the urgent need for stricter pesticide regu
lations and sustainable agricultural practices to mitigate the detrimental 
effects of neonicotinoids on pollinators. By integrating transcriptomic 
data with network-based approaches, this study contributes to the field 
of ecotoxicogenomics, offering a systems-level understanding of 
pesticide-induced stress in a key pollinator species. Given the ecological 
and economic importance of A. mellifera in pollination services, these 
molecular-level findings may have broader implications for ecosystem 
functioning. The decline of pollinators can lead to ecological imbal
ances, including reduced plant diversity, which in turn threatens species 
that depend on diverse vegetation (Nath et al., 2023). It potentially also 
compromises agricultural productivity through decreased pollination, 
ultimately endangering global food security.

Future research should focus not only on the long-term effects of 
pesticide exposure but also on characterizing unannotated or poorly 
understood genes within the co-expression networks. This will enable a 
more comprehensive understanding of how gene networks are inter
connected and how they respond to pesticide intoxication, ultimately 
improving our ability to develop targeted conservation strategies for 
A. mellifera populations.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2025.180228.
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Medici, S.K., Damiani, N., 2024. Fatty acid profile of Apis mellifera workers in the 
face of an immune challenge. Apidologie 55, 15. https://doi.org/10.1007/s13592- 
024-01059-7.

Ehrlich, F., Fischer, H., Langbein, L., Praetzel-Wunder, S., Ebner, B., Figlak, K., 
Eckhart, L., 2019. Differential evolution of the epidermal keratin cytoskeleton in 
terrestrial and aquatic mammals. Mol. Biol. Evol. 36 (2), 328–340. https://doi.org/ 
10.1093/molbev/msy214.

Elston, C., Thompson, H.M., Walters, K.F., 2013. Sub-lethal effects of thiamethoxam, a 
neonicotinoid pesticide, and propiconazole, a DMI fungicide, on colony initiation in 
bumblebee (Bombus terrestris) micro-colonies. Apidologie 44, 563–574. https://doi. 
org/10.1007/s13592-013-0206-9.

Erber, J., Hoormann, J., Scheiner, R., 2006. Phototactic behaviour correlates with 
gustatory responsiveness in honey bees (Apis mellifera L.). Behav. Brain Res. 174 (1), 
174–180. https://doi.org/10.1016/j.bbr.2006.07.023. Get rights and content. 

Farooqui, A.A., Horrocks, L.A., Farooqui, T., 2000. Glycerophospholipids in brain: their 
metabolism, incorporation into membranes, functions, and involvement in 
neurological disorders. Chem. Phys. Lipids 106 (1), 1–29. https://doi.org/10.1016/ 
S0009-3084(00)00128-6.

Farooqui, A.A., Horrocks, L.A., Farooqui, T., 2007. Interactions between neural 
membrane glycerophospholipid and sphingolipid mediators: a recipe for neural cell 
survival or suicide. J. Neurosci. Res. 85 (9), 1834–1850. https://doi.org/10.1002/ 
jnr.21268.

Fent, K., Schmid, M., Christen, V., 2020a. Global transcriptome analysis reveals relevant 
effects at environmental concentrations of cypermethrin in honey bees (Apis 
mellifera). Environ. Pollut. 259, 113715. https://doi.org/10.1016/j. 
envpol.2019.113715.

Fent, K., Schmid, M., Hettich, T., Schmid, S., 2020b. The neonicotinoid thiacloprid 
causes transcriptional alteration of genes associated with mitochondria at 
environmental concentrations in honey bees. Environ. Pollut. 266, 115297. https:// 
doi.org/10.1016/j.envpol.2020.115297.

Fuss, N., Mujagic, S., Erber, J., Wachten, S., Baumann, A., 2010. Biochemical properties 
of heterologously expressed and native adenylyl cyclases from the honey bee brain 
(Apis mellifera L.). Insect Biochem. Mol. Biol. 40 (8), 573–580. https://doi.org/ 
10.1016/j.ibmb.2010.05.004.

Gao, J., Jin, S.S., He, Y., Luo, J.H., Xu, C.Q., Wu, Y.Y., Diao, Q.Y., 2020. Physiological 
analysis and transcriptome analysis of Asian honey bee (Apis cerana cerana) in 
response to sublethal neonicotinoid imidacloprid. Insects 11 (11), 753. https://doi. 
org/10.3390/insects11110753.

Geng, H., 2022. Molecular Analyses of Visual Processing and Learning in Honey Bees. 
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