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Abstract 

Bees are indispensable pollinators for maintaining both ecosystems and agricultural productivity. However, their populations have 

been reduced, potentially attributed to habitat loss, climate change, heightened vulnerability to diseases and parasites, and the use 

of pesticides. Neonicotinoids, acting as agonists of nicotinic cholinergic receptors, have been associated with detrimental impacts 

on bees, including decreased survival rates. In this study, Apis mellifera L. in their foraging phase were exposed to lethal or sublethal 

doses of imidacloprid through ingestion or contact. After 1 and 4 hours, the bees were euthanised and stored in an ultra-freezer  

(−80 °C) for transcriptomic analysis. After 1 hour and 4 hours of all treatments, twenty-four genes were differentially expressed, 

potentially impacting foraging activity and thus pollination, promoting genetic dysregulation, and affecting genes associated with 

odorant-binding proteins (OBPs) and chemosensory proteins (CSPs). This suppression suggests compromised olfactory function 

and chemical communication, essential for foraging and pollination. Additionally, metabolic alterations were observed, influencing 

crucial enzymes involved in carbohydrate and protein digestion, potentially impacting bee performance. Imidacloprid exposure also 

disrupted the gene encoding a circadian clock-controlled protein, which regulates circadian rhythms essential for behaviours like 

orientation, navigation, and sleep, all crucial for colony survival. Evidence of an adaptive response to oxidative stress was observed, 

indicated by increased expression of genes related to hexamerin 70a and vitellogenin. Beyond threats to bee health, substantial 

economic and environmental impacts are evident, underscoring the urgent need for sustainable alternatives in pesticide management 

to ensure bee preservation and global food security. 
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Introduction 

The combined use of apiculture with agriculture presents 

an intriguing approach to enhance the productivity of 

both activities, owing to the pollination services provided 

by bees (Vidal, 2021). Pollination involves the transfer of 

pollen between the male and female parts of flowers, fa-

cilitating fertilization and reproduction, and can be 

achieved through wind and water. Pollination occurs nat-

urally during bees' foraging for natural resources. 

Animal pollination contributes to approximately 35% 

of global agricultural production and plays a vital role in 

maintaining natural ecosystem balance (Klein et al., 

2007). Globally, the majority of crops are entomophilous, 

thus their yield depends on, or at least benefits from, pol-

lination services. The primary categories of crops polli-

nated by insects are vegetables and fruits, followed by 

edible petroleum crops, stimulants, nuts, and spices 

(Khalifa et al., 2021; Gazzea et al., 2023). Consequently, 

pollination has significant economic value due to its en-

hancement of crop quality and quantity, with an esti-

mated worth of €153 billion for global agriculture in 

2005 (Gallai et al., 2009). The production of a ton of 

crops not dependent on insect pollination typically sells 

for an average of €151, compared to an average of €761 

for pollinator-dependent crops (Gallai et al., 2009). 

Bee pollination not only improves yield but also agri-

cultural product quality, impacting various aspects such 

as appearance, nutrient content, and shelf life (Klatt et al., 

2014). Bees are the most significant group of pollinators, 

visiting over 90% of the primary crops (Klein et al., 

2007), and Apis mellifera L. is the most widely distrib-

uted agent globally (Aizen and Harder, 2009), promoting 

food production of plant origin for both humans and ani-

mals (Eilers et al., 2011). In many regions globally, agri-

cultural pollination primarily relies on the managed        

A. mellifera species. These bees are kept in hives that are 

strategically relocated to agricultural areas during crop 

flowering periods (Winfree et al., 2011). 

However, various factors negatively impact pollinator 

health, including climate change, habitat loss, pathogens, 

and parasites (Cox-Foster et al., 2007; Potts et al., 2010; 

Raymann et al., 2018). The decline in the global bee pop-

ulation poses a significant threat to pollination services, 

potentially leading to a decrease in fruit supply by 22.9%, 

vegetables by 16.3%, and nuts and seeds by 22.1% 

(Goulson et al., 2008). Additionally, the use of pesticides 

for crop protection has contributed to increased colony 

loss rates (Pisa et al., 2015; Sánchez-Bayo et al., 2016; 

Woodcock et al., 2017; Gao et al., 2020; Fent et al., 

2020). 

Pollinators might be exposed to lethal and sublethal 

concentrations of pesticides, negatively affecting various 

aspects of their behaviour (Guez et al., 2001), locomotion 

and motor activity (Williamson et al., 2013; Lunardi et 

al., 2017; Bovi et al., 2018), learning, memory (William-

son and Wright, 2013), cognitive development (Palmer et 

al., 2013), colony development (Elston et al., 2013), for-

aging, pollination success (Henry et al., 2012), reproduc-

tive physiology (Williams et al., 2015), and can disrupt a 
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wide range of genes related to metabolism, nutrition, ol-

factory activity and general health of the bees (de Castro 

Lippi et al., 2024; Lima et al., 2024).  

Neonicotinoids, widely used insecticides, are a primary 

focus for investigating their potential association with 

high bee mortality rates (Blacquiere et al., 2012; Simon-

Delso et al., 2014). These neurotoxins act selectively on 

insect nicotinic acetylcholine receptors, disrupting cen-

tral nervous system function (Matsuda et al., 2001). Im-

idacloprid, a notable neonicotinoid, contains nitro, which 

is generally more toxic than cyano-containing com-

pounds like acetamiprid and thiacloprid (Pisa et al., 

2015). Furthermore, bees have shown an attraction to 

nectar containing imidacloprid, suggesting their inability 

to identify neonicotinoids to avoid them (Kessler et al., 

2015). 

Thus, this study aimed to evaluate, through tran-

scriptomic analysis, the effect of imidacloprid (lethal and 

sublethal doses) on A. mellifera in the foraging phase, 

through ingestion and contact tests, aiming to investigate 

genes that may be related to pollination. 

Materials and methods 

The use of bees in this research was approved by the Eth-

ics Committee on the Use of Animals (CEUA/FMVZ), 

registered under protocol number 0093/2020. 

Preparation of the bees 
The experiment was conducted using ten colonies of 

Africanized A. mellifera housed in a 5-frame nucleus 

beehive Langstroth-type. The beehives were standard-

ized to include three brood frames and two frames for 

food (bee pollen and nectar), all of which contained nat-

urally mated queens. Two frames containing a sealed 

brood were removed from each experimental colony, and 

then these frames were carefully wrapped in perforated 

tissue and returned to their respective hives until the 

emergence of the new bees (Camilli et al., 2022). Subse-

quently, approximately 1,000 newly emerged honey bees 

were individually marked on the thorax using a Uni posca 

pen (Mitsubishi Pencil, Tokyo, Japan). Following the 

marking process, the bees were reintroduced into their 

original colonies following the methodology previously 

used in our research (Astolfi et al., 2022). 

Collection of the bees and exposure to pesticides in 
the laboratory 

Twenty-one days after reintroduction, a total of 360 

marked honey bees in the foraging phase were carefully 

collected using tweezers. Any bees displaying abnormal 

behaviours, such as sluggishness, deformities, or physi-

cal injuries caused by handling, were replaced with other 

marked bees of the same age. The bees were then anaes-

thetized at low temperature, and promptly placed in plas-

tic Petri dishes (90 × 20 mm), which were perforated to 

ensure ventilation. Six Petri dishes per treatment were 

used, with each dish containing 5 bees, resulting in a total 

of 30 bees per treatment, kept inside an incubator (33 ± 

1.0 °C and 75% humidity). 

To analyse the acute effect of the neonicotinoid, 1-hour 

and 4-hour periods were selected for the analyses. 

Twelve treatments were assessed: Ingestion test: 1 hour 

of exposure to a sublethal dose, 1 hour of exposure to a 

lethal dose, 1 hour of the control treatment, 4 hours of 

exposure to a sublethal dose, 4 hours of exposure to a le-

thal dose, and 4 hours of the control treatment/ Contact 

test: 1 hour of exposure to a sublethal dose, 1 hour of ex-

posure to a lethal dose, 1 hour of the control treatment, 4 

hours of exposure to a sublethal dose, 4 hours of exposure 

to a lethal dose, and 4 hours of the control treatment. 

The bees underwent a 3-hour fasting period to empty 

their crop for the ingestion test. A consumption of 50 µl 

per bee, corresponding to the average volume of the nec-

tariferous vesicles, was used to calculate the imidacloprid 

concentration (Crane, 1990). The food was provided in 

plastic troughs, with 250 µl added per trough onto each 

plastic Petri dish containing 5 bees (50 µl per bee). Sub-

sequently, 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 LD50/100 

(IGSUB) of 0.00081 µg/bee of imidacloprid (SIGMA® 

37894). A control group of bees, collected in the same 

way but fed uncontaminated honey syrup, was main-

tained. 

For the contact exposure, the fasting period was not ap-

plied. The bees were contaminated on the pronotum re-

gion with 2 µl of distilled water with the lethal dose 

(CONT50) of 0.063 µg/bee or a sublethal dose 

(CONTSUB) of 0.00063 µg/bee of imidacloprid 

(SIGMA® 37894) or just 2 µl of distilled water, for the 

control group (Bovi et al., 2018). After 1 and 4 hours of 

exposure, 2 alive bees were collected randomly from the 

Petri dishes, resulting in a total of 12 bees per treatment, 

for transcriptome analyses. These bees were immediately 

frozen at −80 °C in an ultra-freezer until processing (Al-

stolfi et al., 2022; de Castro Lippi et al., 2024). 

RNA extraction, library preparation, and sequencing 
Each honey bee head was dissected using stereoscopic 

microscopes, tweezers, and a sterilized scalpel to remove 

the compound eyes and antennae (Astolfi et al., 2022). 

The total RNA was extracted from the bee brain using 

TRIzol reagent (Invitrogen, USA). RNA quality and 

quantity were evaluated using a Qubit fluorometer (Invi-

trogen, USA) and an Agilent 2100 Bioanalyzer (Agilent 

Technologies Inc., USA). To assess the extent of RNA 

degradation a 1% agarose gel was used. For the construc-

tion of cDNA libraries, 200 ng of total RNA was utilized, 

following the manufacturer's instructions provided in the 

SureSelect Strand Specific RNA Library Preparation Kit 

(Agilent Technologies, Santa Clara, USA). Subsequently, 

the library products were subjected to sequencing on an 

Illumina Nextseq platform (Illumina, San Diego, USA) in 

a single-bore run with read lengths of 150 bp. 

Sequencing data processing and statistical analysis 
NCBI sequencing data is available at 

https://shorturl.at/hBPX4, BioProject code is 

PRJNA1017469. 

The raw sequencing data was saved in a FASTQ file 

format, which contains comprehensive information about 

the read sequences and their corresponding quality 
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scores. To evaluate the sequencing quality of the raw 

reads, the FastQC program (Andrews et al., 2010) was 

employed. Quality control for sequencing data was 

conducted using the Trimmomatic software (Bolger et 

al., 2014). The following filters were applied: elimina-

tion of identified adapters, exclusion of bases with a 

quality score below 20 (Phred Score), discarding reads 

shorter than 40 base pairs, and trimming of the initial 

10 base calls. Detailed information on the sequencing 

performance, number of mapped reads and mapping 

quality for each sample is available at NCBI with the 

following BioProject number: PRJNA1017469 

(https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1017469). 

The sequencing data was aligned using the Burrows-

Wheeler Aligner (BWA) software, with the reference se-

quence 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). RStudio 

for the R language (R Development Core Team, 2013; 

RStudio, 2015) and the tidyverse ecosystem of packages 

were utilized for data processing, analysis, and plotting. 

The differential expression analysis was performed us-

ing the edgeR v3.38.4 package from the Bioconductor 

software project for the R language, employing a bino-

mial generalized log-linear model. Genes with a count 

per million less than one in at least two samples were 

excluded. The counts were normalized using the TMM 

normalization. Multiple correction tests were conducted 

using the Benjamini-Hochberg false discovery rate 

(FDR) procedure. Differentially expressed genes (DEGs) 

were deemed significantly 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. 

Results 

Twenty-four genes that were differentially expressed and 

may be related to possible impacts on foraging activity 

and, consequently, pollination are presented in table 1. 

Only the differentially expressed genes from each treat-

ment were selected in the present work. 

After 1 hour of sublethal dose exposure (IGSUB), there 

was an upregulation in the transcripts of genes circadian 

clock-controlled protein (LOC409602) and take-out-like 

carrier protein (JHBP-1). Within the same 1-hour period 

of IGSUB treatment, the transcripts of chemosensory pro-

tein genes 1 and 4 (CSP1 and CSP4) and odorant binding 

protein genes 1 and 2 (Obp1 and Obp2) were downregu-

lated. Four hours after IGSUB treatment, transcripts 

of the circadian clock-controlled protein (LOC409602) 

Table 1. Genes differentially expressed which may have impacts on pollination activity. IGSUB: ingestion treatment 

with a sublethal dose; IG50: ingestion treatment with a lethal dose; CONTSUB: contact treatment with a sublethal 

dose; CONT50: contact treatment with a lethal dose. 

Treatment Hour Gene Product Expression P-value 

IGSUB 1 LOC409602 circadian clock-controlled protein upregulation 8.11 × 10−9 

IGSUB 1 JHBP-1 take-out-like carrier protein upregulation 1.92 × 10−5 

IGSUB 1 CSP1 chemosensory protein 1 downregulation 9.19 × 10−4 

IGSUB 1 Obp1 odorant binding protein 1 downregulation 1.61 × 10−3 

IGSUB 1 CSP4 chemosensory protein 4 downregulation 6.24 × 10−3 

IGSUB 1 Obp2 odorant binding protein 2 downregulation 1.10 × 10−9 

IGSUB 4 LOC409602 circadian clock-controlled protein upregulation 3.60 × 10−5 

IGSUB 4 JHBP-1 take-out-like carrier protein upregulation 5.69 × 10−5 

IG50 4 LOC409602 circadian clock-controlled protein upregulation 8.22 × 10−9 

IG50 4 JHBP-1 take-out-like carrier protein upregulation 2.61 × 10−6 

IG50 4 LOC406114 alpha-amylase downregulation 6.03 × 10−4 

IG50 4 Obp1 odorant binding protein 1 downregulation 4.39 × 10−8 

IG50 4 Obp2 odorant binding protein 2 downregulation 1.68 × 10−13 

CONTSUB 1 Obp15 odorant binding protein 15 upregulation 1.29 × 10−5 

CONTSUB 1 LOC406114 alpha-amylase downregulation 3.50 × 10−6 

CONTSUB 1 Hbg3 alpha-glucosidase downregulation 1.19 × 10−4 

CONTSUB 1 LOC410149 carboxypeptidase Q downregulation 1.14 × 10−5 

CONTSUB 4 Obp15 odorant binding protein 15 upregulation 6.35 × 10−6 

CONTSUB 4 Hex70a hexamerin 70a upregulation 1.19 × 10−5 

CONTSUB 4 Vg vitellogenin upregulation 2.27 × 10−6 

CONTSUB 4 LOC408603 glucose dehydrogenase [FAD, quinone] upregulation 6.06 × 10−5 

CONT50 1 Obp15 odorant binding protein 15 upregulation 5.34 × 10−7 

CONT50 1 Obp6 odorant binding protein 6 downregulation 8.91 × 10−8 

CONT50 1 LOC410149 carboxypeptidase Q downregulation 3.13 × 10−5 

CONT50 4 Obp15 odorant binding protein 15 upregulation 5.34 × 10−7 

CONT50 4 Hex70a hexamerin 70a upregulation 3.91 × 10−5 

CONT50 4 Vg vitellogenin upregulation 1.14 × 10−6 

CONT50 4 LOC408603 glucose dehydrogenase [FAD, quinone] upregulation 1.16 × 10−4 
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and take-out-like carrier protein (JHBP-1) were upregu-

lated. Four hours after ingestion of the lethal dose treat-

ment (IG50), there was an upregulation of the genes of 

circadian clock-controlled protein (LOC409602) and 

take-out-like carrier protein (JHBP-1), while there was a 

downregulation of the transcripts of alpha-amylase 

(LOC406114) and odorant binding protein genes 1 and 2 

(Obp1 and Obp2) (figure 1). 

In contact tests with imidacloprid, after 1 hour of sub-

lethal dose exposure (CONTSUB), the odorant binding 

protein 15 gene transcript was upregulated. However, the 

transcripts of alpha-amylase (LOC406114), alpha-gluco-

sidase (Hbg3), and carboxypeptidase Q (LOC410149) 

were downregulated. After 4 hours of CONTSUB treat-

ment, the transcripts of odorant binding protein 15 

(Obp15), hexamerin 70a (Hex70a), vitellogenin (Vg), 

and glucose dehydrogenase [FAD, quinone] 

(LOC408603) were upregulated (figure 2). 

One hour after contact with the lethal dose of imidaclo-

prid (CONT50), there was upregulation of the odorant 

binding protein 15 (Obp15) gene transcript, downregula-

tion of the odorant binding protein 6 (Obp6), and carbox-

ypeptidase Q (LOC410149). After 4 hours of CONT50 

treatment, there was upregulation of transcripts of odor-

ant binding protein 15 (Obp15), hexamerin 70a 

(Hex70a), vitellogenin (Vg), and glucose dehydrogenase 

[FAD, quinone] (LOC408603). 

Discussion 

The impact of environmental stressors, particularly pes-

ticide exposure, on bee populations is a topic of increas-

ing concern due to its potential ramifications on both bee 

health and agricultural ecosystems. Moreover, exposure 

to pesticides like imidacloprid induces alterations in met-

abolic genes, disrupting the expression of key enzymes 

involved in nutrient digestion (Uddin et al., 2022). These 

metabolic shifts may have adverse effects on bee health, 

impairing foraging efficiency, flight performance, and 

overall survival. While bees exhibit adaptive responses to 

oxidative stress induced by pesticide exposure, these re-

sponses may also lead to behavioural changes affecting 

foraging patterns and return rates (Christen et al., 2018). 

Odorant-binding proteins (OBPs) and chemosensory 

proteins (CSPs) are essential for odour recognition and 

chemical communication (Sanchez-Gracia et al., 2009; 

Erban et al., 2017). Insects possess highly sensitive and 

sophisticated olfactory systems to detect and identify var-

ious odours in their environment, with olfactory tissues 

largely mediated by OBPs. These proteins, found in sig-

nificant concentrations in insect lymph, enhance the sen-

sitivity of the olfactory system by transporting odorants 

through the lymph to olfactory receptors. The binding in-

teractions between odours and OBPs likely play a role in 

the initial phase of olfactory molecular recognition and 

Figure 1. Cluster analysis of the differentially expressed genes after 1 and 4 hours of ingestion exposure to the used 

doses (lethal: LD50 and Sublethal: IGSUB).   . < 0.1,   * < 0.05,   ** < 0.01,   *** < 0.00. 
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Figure 2. Cluster analysis of the differentially expressed genes after 1 and 4 hours of topic exposure to the used doses 

(lethal: CONT50 and Sublethal: CONTSUB).   . < 0.1,   * < 0.05,   ** < 0.01,   *** < 0.00. 

signal transduction in insects (Leal et al., 2005). How-

ever, the current misuse of neonicotinoid pesticides in 

monoculture cultivation disrupts the binding of OBPs to 

odours, thus altering this crucial pathway involved in ol-

factory discrimination (Li et al., 2015). 

The ingestion treatments caused a downregulation of 

OBPs genes and CSPs genes. The contact treatment, both 

CONTSUB and CONT50 doses resulted in upregulation 

of the Obp15 transcript gene after 1 and 4 hours, while 

exposure to the lethal dose led to downregulation of the 

Obp6 transcript gene after 1 hour. The aberrant regulation 

of OBP and CSP transcript genes suggests potential im-

pairment in olfactory function and chemical communica-

tion among bees exposed to imidacloprid, consequently 

influencing their behaviours (Li et al., 2019), and poten-

tially compromising foraging and pollination success. 

In the treatment involving ingesting a sublethal and le-

thal dose of pesticide in food, the transcript of the vital 

enzyme alpha-amylase, crucial for nutritional status, was 

downregulated after 4 hours. Following a 1-hour exposure 

to CONTSUB, transcripts of enzymes such as carboxy-

peptidase, alpha-glucosidase, and alpha-amylase were 

downregulated. Alpha-amylase and alpha-glucosidase are 

primary enzymes involved in saccharide hydrolysis, influ-

encing the degradation and digestion of carbohydrates 

(Uddin et al., 2022), whereas carboxypeptidases are key 

proteases engaged in protein hydrolysis. The resultant en-

ergy deficiency from reduced carbohydrate digestion can 

impact colony health, potentially interfering with the en-

ergy supply for the foraging activity. Worker bees heavily 

rely on carbohydrate metabolism products, as well as for 

thermogenesis performed by bees through wing flapping 

(Kunieda et al., 2006). Consequently, alterations in meta-

bolic genes can have adverse effects on pollination by in-

fluencing bee physiology and performance, including for-

aging duration, flight performance, and survival (Kunieda 

et al., 2006; Tison et al., 2016; Christen et al., 2018). 

Following topic exposure to both lethal and sublethal 

doses of imidacloprid for 4 hours, there was an upregula-

tion in the transcription of the glucose dehydrogenase 

(FAD, quinone) gene. This particular enzyme plays a cru-

cial role in carbohydrate metabolism and energy produc-

tion, and its heightened activity could potentially lead to 

increased carbohydrate oxidation, consequently impact-

ing metabolic pathways and overall organismal function, 

including brain function (Fent et al., 2020). Such disrup-

tions have the potential to interfere negatively with for-

aging activities. Moreover, the transcript expression of 

the gene encoding the take-out-like carrier protein 

(JHBP-1) increased after 4 hours of ingestion at both le-

thal and sublethal doses of imidacloprid, and after 1 hour 

of ingestion at the sublethal dose. The JHBP-1 gene is 
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implicated in influencing the development of worker 

bees and their responses to varying food availabilities and 

resources (Fuller et al., 2015). 

The circadian clocks of honey bees serve as fundamen-

tal regulators of behaviours crucial for their survival, in-

cluding foraging orientation, navigation, memory consol-

idation for food sources, sleep patterns, and learn-

ing/memory processes (Moore, 2001). Neonicotinoids 

disrupt the intricate mechanisms controlling bee orienta-

tion and learning, both of which are tightly regulated by 

the bees' internal circadian clocks (Zhang and Nieh, 

2015). Moreover, sleep patterns, under the influence of 

the biological clock, play a pivotal role in reinforcing nav-

igational memory and facilitating social communication 

among foragers to relay information about food source lo-

cations (Klein et al., 2010). The disruption of bees' circa-

dian rhythms and sleep induced by neonicotinoids, likely 

through neuronal stimulation, poses a significant threat to 

bees' navigation abilities, temporal memory consolida-

tion, social communication, and consequently, their for-

aging and pollination activities (Bloch et al., 2017; 

Tackenberg et al., 2020). In the present study, following 

1 hour of exposure to IGSUB and 4 hours to IG50 and 

IGSUB treatments, an upregulation in the transcripts of 

the gene encoding the circadian clock-controlled protein 

(LOC409602) was observed. 

After 4 hours of exposure, both CONT50 and 

CONTSUB treatments through contact resulted in an up-

regulation of hexamerin 70a gene transcripts. Hexamerins 

are pivotal in the storage and utilization of amino acids 

during insect development, with hexamerin 110 and 70a 

being exclusively observed in the body fat of adult bees in 

a caste- and sex-specific manner, notably with foraging 

bees exhibiting the highest expression (Corona et al., 

2007; Martins et al., 2010). The pesticide exposure might 

have induced heightened oxidative stress in bees, leading 

to increased exploration of stored amino acids and poten-

tially compromising the well-being of bees responsible for 

foraging. In a study with A. mellifera, the ingestion of food 

contaminated with imidacloprid increased glutathione pe-

roxidase and catalase activities, which are antioxidant en-

zymes, indicating the occurrence of oxidative stress 

(Balieira et al., 2018). Excessive reactive oxygen species 

(ROS) generation from pesticide exposure led to severe 

oxidative stress in bees, triggering endoplasmic reticulum 

stress-mediated apoptotic pathways (Kumar et al., 2022). 

The upregulation of endoplasmic reticulum stress indicates 

protein misfolding, a hallmark of neurodegenerative dis-

eases caused by proteotoxic stress in insect brains, such as 

those of Drosophila (Rincon-Limas et al., 2012). 

Furthermore, these treatments also induced an increase 

in vitellogenin transcript expression, known for its defen-

sive properties against oxidative stress by scavenging free 

radicals to safeguard bees (Christen et al., 2016). Vitello-

genin levels may also correlate with shifts in foraging be-

haviour, potentially influencing pollen search efforts 

(Amdam et al., 2012), and prompting bees to undertake 

longer and occasionally less efficient foraging flights. As 

a result, these alterations may lead to diminished return 

rates and reduced pollination success due to neurological 

changes induced by neonicotinoid pesticides (Friedrich et 

al., 2004; Schneider et al., 2012; Christen et al., 2016). 

Conclusion 

The findings of this research reveal significant impacts 

on genes related to the physiological and behavioural 

processes of honey bees exposed to imidacloprid, high-

lighting the complexity and scope of the impacts caused 

by neonicotinoids on A. mellifera. It is important to em-

phasize the need for more sustainable management strat-

egies and consideration of potential adverse effects on bi-

odiversity and pollination. In an economic context, the 

decrease in the effectiveness of pollination by A. mellif-

era can cause significant losses in agriculture. Many 

crops rely heavily on pollination to achieve optimal 

yields, and the reduction in food production can directly 

impact farmers and food security. Additionally, the need 

for compensatory measures, such as the introduction of 

alternative pollinators or manual pollination methods, 

may incur additional costs for producers. 
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