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Abstract 

The investigation of the effects of artificial 50 Hz electric field (E-field) frequency on Apis mellifera is a relatively new 
field of research. Since the current literature focuses mainly on short-term effects, it is unknown whether E-fields have 
permanent effects on bees or whether their effects can be neutralized. In this study we assessed gene expression 
immediately after exposure to the E-field, as well as 7 days after exposure. The aim of this work was to identify poten-
tially dysregulated gene transcripts in honey bees that correlate with exposure time and duration to E-fields.

Newly emerged bees were marked daily with a permanent marker (one color for each group). Then bees were 
exposed to the 50 Hz E-field with an intensity of 5.0 kV/m or 10.0 kV/m for 1–3 h. After exposure, half of the bees were 
analyzed for gene expression changes. The other half were transferred to a colony kept in a mini-hive. After 7 days, 
marked bees were collected from the mini-hive for further analysis. Six regulated transcripts were selected of tran-
scripts involved in oxidative phosphorylation (COX5a) and transcripts involved in endocrine functions (HBG-3, ILP-1), 
mitochondrial inner membrane transport (TIM10), and aging (mRPL18, mRPS30).

Our study showed that in Apis mellifera the expression of selected genes is altered in different ways after exposure 
to 50 Hz electric fields -. Most of those expression changes in Cox5a, mRPL18, mRPS30, and HGB3, were measurable 7 
days after a 1–3 h exposure. These results indicate that some E-field effects may be long-term effects on honey bees 
due to E-field exposure, and they can be observed 7 days after exposure.
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Background
While pollinators including the honey bee (Apis mellifera 
L.) search and collect food and water, they are exposed 
to many biological (pathogens, parasites, predators), 
chemical (e.g. substances used in agriculture), and 
physical stressors (e.g. electromagnetic) [1–4]. The 
electromagnetic fields in the bee environment cover a 
variety of frequencies - from low (1–50 Hz) to high (up to 
5 GHz - wireless LAN) [5]. Bees may not only be exposed 
to such electromagnetic fields from various artificial 
sources in urban areas, but also in rural areas e.g. power 
lines, transmission towers, base transceiver stations, 
Wi-Fi networks, electrical devices and installations [6]. 
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Honey bees flying at a height of about 2 m near a power 
line are exposed to electric field (E-field) of 50 Hz with an 
intensity of 10 to 12 kV/m. Approximately 5 m or more 
above the ground, a honey bee is exposed to an E-field 
of 5–7  kV/m. This occurs when high obstacles stand in 
its way [7, 8]. The investigation of the effects of artificial 
50  Hz E-field frequency on Apis mellifera is a relatively 
new field of research. Recently, scientists demonstrated 
that 50 Hz E-field- with intensity levels of 5.0, 11.5, 23.0, 
and 34.5  kV/m and different exposure times change 
honey bee activity and biochemical parameters under 
laboratory conditions [3, 9–13]. A 50 Hz frequency is used 
in most countries for power systems [14]. The E-field-
exposed bees showed less self-grooming and contact with 
other individuals than the control bees [3, 10]. Other 
studies found that bees’ abilities to learn, orientation, 
and feed or walk were reduced after acute exposure to a 
50 Hz low-frequency E-field [15]. 60 Hz E-field with an 
intensity above 150 kV/m caused vibrations in the honey 
bee wings, antennae and hair. Their behaviour, shown 
by the “hot foot” reaction and stinging activities, was 
altered only if the bee was on a conductive substrate [16]. 
Furthermore, because of exposure to 50 Hz E-fields with 
the intensity of 5.0  kV/m, 11.5  kV/m, 23.0  kV/m, and 
34.5 kV/m for 1, 3, 6, and 12 h, the activity of antioxidant 
enzymes (superoxide dismutase (SOD), catalases (CAT), 
and acidic, neutral, and alkaline proteases were altered 
[3, 11–13]. Additionally, Migdał et  al. [15] found that 
changes in the concentration of total protein, glucose, 
and triglycerides in worker bee haemolymph are linked 
to the intensity and exposure time of the treatment. 
This indicates a relationship between the level of 
nutrients in bee haemolymph and the action of E-fields 
with a frequency of 50 Hz and various intensities. Such 
changes can lead to disturbances in energy production 
in the mitochondria and disorders in the metabolism of 
proteins, fats, and sugars [17]. The study presented here 
aimed to investigate the effects of honey bees exposure 
to 50  Hz E-fields with. For this purpose, one-day-old 
worker bees were exposed to an E-field and checked after 
exposure and seven days later. The collected material 
was analysed through expression analysis of transcripts 
involved in oxidative phosphorylation (COX5a) and 
transcripts involved in endocrine functions (HBG-3, ILP-
1), mitochondrial inner membrane transport (TIM10), 
and aging (mRPL18, mRPS30), by qPCR. Transcripts 
were chosen because they regulate crucial biological 
processes like energy metabolism, aging, and nurse bee 
conversion to foragers. There has already been evidence 
that these transcripts are affected by other stressors 
[18–21]. Oxidative phosphorylation plays an important 
role in energy metabolism and consists of various 
complexes such as NADH dehydrogenase. The transcript 

cox5a, studied here encodes an important protein of the 
cytochrome C oxidase complex [22]. Therefore, altered 
expression of these transcripts could be the molecular 
reason for changes in mitochondrial metabolism and 
reduced lifetime. The endocrine transcripts analysed 
in the present study play an important role in the 
transition of nurse bees to foragers and expression levels 
differ between nurse bees and foragers [23]. Nurses 
and foragers differ in mRNA levels of specific genes 
including buffy, mRPS and others (vitellogenin, hbg3, 
mmp1, Kr-h1), and this is associated with differences in 
behaviour [24]. It can be dangerous for the entire honey 
bee colony if these processes are disrupted.

Materials and methods
Rearing worker honey bees
Frames with capped brood were taken from colonies 
with queens originated from the same mother-queen 
Apis mellifera carnica from the apiary of the Institute 
of Veterinary Biochemistry, Freie Universitaet Berlin, 
Berlin, Germany (52.42898 °N, 13.23762 °E) and put 
into an incubator with temperature of 35.5  °C ± 0.5  °C 
and relative humidity of 70% ± 5%) to emerge. Honey 
and bee pollen were provided ad libitum until the bees 
were transferred to the cages. Newly emerged bees were 
marked daily with a permanent marker (one colour for 
each group). Each group consisted of 300 bees. After 
exposure, 15 bees were analysed for gene expression 
changes (5 replications with 3 bees each). The half (150 
bees) were transferred to a colony kept in a mini-hive. 
After 7 days, marked bees were collected from the mini-
hive for gene expression analysis (Fig.  1). After 7 days 
were analysed gene expression in 15 bees (5 replications 
with 3 bees each). The mini-hive was located outside 
and bees could fly freely, allowing the colony to behave 
naturally. However, because of their age (~ 7 days), 
experimental bees didn’t leave the hive for long time.

E‑field set up
One-day old worker bees were put into plastic cages 
(dimension of ø1 = 55 mm, ø2 = 95 mm, h = 130 mm). In 
the experimental groups one-day old worker bees were 
exposed to the 50  Hz E-field (ELF -Extremely Low Fre-
quency) with the intensity of 5.0 or 10.0 kV/m for 1–3 h. 
The measured value of E-field in the area where mini-
hive were kept was < 1.0 kV/m. Bees from control group 
were not exposed to the E-field but marked with a marker 
and placed in the same hive as the experimental group. In 
the exposure system, a homogeneous 50 Hz E-field was 
generated using a plate capacitor as described by Migdał 
et al. [11]. The field intensity was fixed to 5.0 kV/m and 
10.0 kV/m.
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The heterogeneity and fluctuations of field intensity in 
the exposure area did not exceed 5%. The field intensity 
and its distribution were measured by an Electromagnetic 
Field Standards and Metrology Laboratory accredited 
testing laboratory PCA AB-361using the ESM-100-
meter No. 972,153 with the calibration certificate 
LWiMP/W/056/2021 of February 15, 2023, issued by 
the accredited calibration laboratory PCA AP-078. The 
stability of the field strength during the experiment 
was monitored by controlling the voltage applied to the 
exposure system.

Selected gene expression analysis
Worker honey bees were exposed to the E-field for 1–3 h. 
1 h after exposure, the bees were frozen for analysis, the 
next part of bees was frozen 7 days after exposure (15 
worker bees were taken each frozen), frozen in liquid 
nitrogen and then stored at -80  °C until further use. Six 
significantly regulated transcripts were selected related 
to energy production and metabolism in mitochondria: 
Cox5a, mRPL18, mRPS30, ILP1, HBG3, and M10. For 
all genes the reference genes were RPS5 and RPS18 [25]. 
The primers used for gene expression analysis are listed 
in Table 1.

RNA‑extraction
RNA-extraction was performed using the Quick-RNA™ 
Miniprep Kit (Zymo Research Europe GmbH, Freiburg, 
DE). Briefly, 2 Individuals were pooled and lysed in 
a lysing Matrix S (MP Biomedicals, Heidelberg, DE) 
containing 800  µl of lysis buffer using a BeadBlaster 
(Benchmark Scientific, Edison, USA). Tubes were then 
centrifuged at 12.000 x g at 4 °C for 10 min. Supernatant 
was transferred into a clean microcentrifuge tube 
containing 1x volume 100% Ethanol. The solution was 
then used according to manufacturer’s protocol. RNA 
was eluted in a total volume of 50  µl  ddH2O. Quantity 
and quality of total RNA was analysed using an Agilent 
RNA 6000 nano chip on a 2100 Bioanalyzer (Agilent 
Technologies, California, USA). Isolated RNA was stored 
at -80 °C until further use.

First strand cDNA‑Synthesis
Protoscript ® II Transcriptase (New England Biolabs, 
Inc., Ipswich, USA) has been used according to manu-
facturer’s protocol. Briefly, 1 µg DNA-free RNA has been 
incubated with 1  µl d(T)23VN-Primer (5µM) and 1  µl 
Random Primer Mix (5µM) at 65 °C for 5 min in a total 

Fig. 1 Experimental design: one-day old worker bees were exposed to the 50 Hz E-field with the intensity of 5.0 or 10.0 kV/m for 1–3 h
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volume of 8  µl. Thereafter 12  µl of Protoscript Master-
mix was added and sample has been incubated at 42  °C 
for 60 min and heat inactivated at 80 °C for 5 min. cDNA 
was then diluted by addition of 80 µl ddH2O and stored 
at -20 °C in adequate aliquots.

RT‑qPCR
Expression analysis was performed by means of SYBR 
Green detection chemistry using the Biozym Blue 
S’Green 2× Mix and the PikoReal Real-Time PCR-System 
(Thermo Scientific). All reactions were carried out 
using clear PikoReal-96-well plate (Thermo Scientific) 
that were sealed with adhesive films. The following 
RT-qPCR protocol was applied: denaturation at 95  °C 
for 5 min, followed by 40 amplification cycles including 
95  °C for 5  s and 60  °C for 30 s, the fluorescence signal 
was acquired at 60 °C. A subsequent melting curve (60–
95 °C) was performed as quality control with continuous 
fluorescence measurement and final cooling to room 
temperature following a published protocol [26]. PCR 
reactions were performed using a master mix containing 
2× Mix SYBR with 1 µl of diluted cDNA template. After 
dispensing 9 µl of master mix in respective sample wells 
of a 96 well plate, 0.5  µl of each forward and reverse 
primer (each 4 µM) were added and amplified as 
mentioned above. Samples containing water instead of 
RT-reaction served as negative controls.

Statistical analysis
The normality of the data distribution was analysed 
using the Shapiro-Wilk test. The statistical significance 
of differences between groups was determined by the 
Kruskal-Wallis test using the package “pgirmess” for 
“kruscalmc” function with Holm correction. For all tests, 
RStudio was used with a significance level of α = 0.05.

Results
One-day-old bees generally had higher Cox5a expression 
than seven-day-old bees, but not all differences were 
significant (Fig.  2A). Cox5a expression in one-day-
old bees in treated groups was not different from the 
control group. However, in the case of seven-day-old 
bees, expression was significantly different between 
experimental and control groups. Comparing bees 
exposed for the same time to the same intensity, 
significant differences can be found after exposure to 
10 kV/m for 1 and 3 h, and to 5 kV/m for 3 h between 
one-day-old and seven-day-old bees. There was no 
significant difference between one-day-old and seven-
day-old control bees.

In most cases, seven-day-old bees in experimental 
groups had lower mRPL18 expression than control bees 
and one-day-old bees (Fig.  2B). mRPL18 expression in 
one day old bees in experimental groups was not different 
from the control group, except in the 5  kV/m1h1d 
group. In the case of seven-day-old bees, expression was 
significantly different between the 10kV1h7d group and 
control group, and the 5  kV/m3h7d group and control 
group. Comparing bees exposed for the same time to 
the same intensity, significant differences can be noticed 
between one-day-old and seven-day-old bees exposed 
to 10  kV/m for 1  h. There was no significant difference 
between one-day-old and seven-day-old control bees.

Seven-day-old bees in experimental groups had lower 
mRPS30 expression than control bees and one-day-old 
bees, but not all differences were significant (Fig.  2C). 
mRPS30 expression in bees in experimental groups 
was not different from the control group. Comparing 
bees exposed for the same time to the same intensity, 
no significant differences can be noticed between one-
day-old and seven-day-old. There was no significant 

Table 1 Primers used in gene expression analysis

Target gene Primers Sequence for & rev (5’‑3’) GenBank No.

Cox5a ame COX5a for TCG CAT GAT GGA CCA CAA GA XM_392368.6

ame COX5a rev AGG TAC AAG ATC CAT AGC CGC 

mRPL18 ame mRpL18 for ACT GCA TTT TGG CAT AAA CTTGA XM_625002.5

ame mRpL18 rev TGC AAG CAC ACG TCC TAC AA

mRPS30 ame mRpS30 for ACA GGC TTG TTA TCA AGG TTT TTC A XM_396435.6

ame mRpS30 rev TGA CCA GTA TTG GCC ATT TGTT 

ILP1 ame ILP1 for GGG GTA CCA TGG GAA GTA ACC GTC CTAAG AB253763.1

ame ILP1 rev ACG CGT CGA CTC AAA CTG CCT CCT TAA GAT T

TIM10 ame Tim10 for TCG CAT AAT AGC GTG GTC ACA XM_006571277.2

ame Tim10 rev ACC ATC CAA TCG CTA TCT TCGT 

HBG3 ame HBG3 for TAC CTG GCT TCG TGT CAA C NM_001011608.1

ame HBG3 rev ATC TTC GGT TTC CCT AGA GAATG 
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difference between one-day-old and seven-day-old 
control bees.

One-day-old bees had higher ILP1 and Tim10 
expression than seven-day-old bees, but those differences 
were not significant (Fig.  3A, B). ILP1 and Tim10 
expression in experimental groups was not different from 
that of the control group. One-day-old and seven-day-
old bees exposed to the same intensity for the same time 
showed no significant differences. Gene expression in 
one-day-old control bees did not differ significantly from 
that of seven-day-old control bees.

HBG3 expression in one day old bees in experimental 
groups was not different from the control group (Fig. 3C). 
However, seven-day-old bees exposed to 10  kV/m for 
1 h and to 5 kV/m for 3 h displayed significantly differ-
ent expression levels than control group. Comparing bees 
exposed for the same time to the same intensity, no sig-
nificant differences can be noticed between one-day-old 
and seven-day-old bees. There was also no significant dif-
ference between one-day-old and seven-day-old control 
bees.

Discussion
Changes in honey bee gene expression detected in  
our experiment suggest alterations in mitochondrial  
metabolism and energy production. They may be  
related to the research of Migdal et  al. in which it the 
formerly observed levels of total protein, glucose, and 
triglycerides in honeybee haemolymph. They showed 
changes the lowest protein concentration in worker 
honeybee haemolymph was found in the control group 
(0.13  mg/mL), but the highest protein concentrations  
in the experimental groups were exposed to 23.0  kV/m  
and 34.5  kV/m for 12  h. Furthermore, glucose concen-
trations in bee haemolymph were lower in experimental 
groups. The E-field also decreased triglycerides concen-
tration in bee haemolymph [9]. In our previous study,  
we showed that immediately after exposure to 50  Hz 
E-fields with the intensity of 5.0  kV/m, 11.5  kV/m, 
23.0 kV/m, and 34.5 kV/m for 1, 3, 6, or 12 h, the activity  
of antioxidant enzymes (such as superoxide dismutase 
(SOD) and catalase (CAT)) and nonenzymatic antioxi-
dant concentration (creatinine and albumin) in workers’  

Fig. 2 Cox5a (A), mRPL18 (B), mRPS30 (C) relative level of expression in the haemolymph of one-day and seven-day-old bees exposed to 50 Hz 
E-field with intensity of 5.0 or 10.0 kV/m for 1–3 h. The honey bee groups were named as follows: control group 1 day or 7 days = control1d, 
control7d; 5 kV/m treatment for 1 h either 1 or 7 day = 5 kV/m1h1d, 5 kV/m11h7d; 5 kV/m treatment for 3 h either 1 or 7 day = 5 kV/m3h1d, 5 kV/
m3h7d; 10 kV/m treatment for 1 h either 1 or 7 day = 10 kV/m1h1d, 10 kV/m1h7d; 10 kV/m treatment for 3 h either 1 or 7 day = 10 kV/m3h1d, 10 kV/
m3h7d. There were 5 replications with 3 bees for each group

Fig. 3 ILP1 (A), Tim10 (B) and HBG3 (C) relative level of expression in the haemolymph of one-day and seven-day-old bees exposed to 50 Hz E-field 
with intensity of 5.0 or 10.0 kV/m for 1–3 h. The honey bee groups were named as follows: control group 1 day or 7 days = control1d, control7d; 
5 kV/m treatment for 1 h either 1 or 7 day = 5 kV/m1h1d, 5 kV/m11h7d; 5 kV/m treatment for 3 h either 1 or 7 day = 5 kV/m3h1d, 5 kV/m3h7d; 
10 kV/m treatment for 1 h either 1 or 7 day = 10 kV/m1h1d, 10 kV/m1h7d; 10 kV/m treatment for 3 h either 1 or 7 day = 10 kV/m3h1d, 10 kV/m3h7d. 
For each group was 5 replications with 3 bees
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haemolymph changed [11, 12]. Furthermore, AST,  
ALT, and ALP activity in honey bees’ haemolymph  
significantly decreased [12], and neutral, and alkaline  
proteases activity was altered [3]. In this study, we  
measured gene expression one hour after exposure and 7 
days later. In general, we found no significant expression  
changes of selected genes shortly after exposure in one-
day-old bees in the experimental groups compared to the  
control group. While after 7 days, Cox5a, mRPL18 and 
HBG3 expression in the experimental groups differed 
from control bees, in many cases significantly lowered 
concentrations (Fig.  2). The result regarding changes 7 
days after exposure is important because it indicates that 
the effect is observed only after a longer period and may 
cause long-lasting effects. Many changes occur during 
the life of honey bee workers, the first visible changes 
occur on the 7th − 8th day after hatching, the mushroom 
body in the brain grows, the microbiome stabilizes, and 
the diet and vitellogenin level change. All this also affects 
the expression of selected groups of genes [27–32]. If 
changes occur during this period caused by an external 
factor, it will affect the remaining periods of the work-
er’s life. This relationship was demonstrated in the work 
Goblirsch et al., where one-day-old bees were exposed to 
nosemosis, which resulted in a non-standard vitellogenin 
expression system and juvenile hormone levels [33]. 
In the study of Suzhen et  al. for superoxide dismutase 
(SOD) after 7 days of exposure to flumethrin, its activity  
significantly decreased. Which resulted in changes in 
the body’s antioxidant level [34]. Bee colonies exposed 
to stress for a long time are characterized by a higher 
level of expression of aggression genes in the brain [35]. 
This is also confirmed by research by Christen et  al. on 
the impact of short-term exposure of honey bee workers 
to neonicotinoids. They showed a significant increase of 
AChRα1, AChRα2, vitellogenin, and catalase transcripts 
after 24  h of exposure and persisted after cessation of 
exposure [36]. Our test results indicate no significant 
changes immediately after exposure. However, these 
changes are visible 7 days after exposure.

E-fields at 50  Hz alter honey bee behaviour, protease 
activity, antioxidant, and detoxification enzymes. Those 
changes may impair crucial metabolic cycles in honey 
bees [3, 9–13, 37].

To determine whether exposing honey bees to E-field 
can cause persistent changes and trigger a response in 
honey bee organism we analysed the expression profile of 
Cox5, mRPL18, mRPS30, ILP1, Tim10, and HBG3 genes.

Cytochrome C oxidase (COX) is a mitochondrial 
enzyme that functions at the end of the respiratory 
chain and plays a key role in the regulation of aerobic 
production of energy [38, 39]. It is not yet fully 
understood what its subunits do, but it is known that 

they play a role in enzyme assembly/stability, and 
dimerization. Furthermore, they protect the catalytic 
core from reactive oxygen species (ROS) and modulate 
the enzyme’s catalytic activity [39–41]. Cox5a is involved 
in oxidative phosphorylation. In our study, seven-day-old 
bees in all experimental groups had significantly lower 
Cox5a expression than control bees (Fig.  2A). Altered 
expression of Cox5a can reduce lifespan or change flight 
behaviour. The shortened lifespan of individuals may 
weaken the bee colony, just as a disturbed flight may 
cause problems collecting nectar and returning to the 
hive [21].

In model organisms (such as mice and nematode 
Caenorhabditis elegans) mitochondrial ribosomal protein 
(MRP) genes have been linked to aging and longevity [42, 
43]. The mRPL18 gene encodes a protein component of 
the larger 39  S subunit of the mitochondrial ribosome. 
It may also assist in mitochondrial import of nucleic-
encoded 5 S rRNA [44]. mRPS30 is a protein coding gene. 
Its related pathways include mitochondrial translation 
and protein metabolism [45]. In this study, seven-day-
old bees in experimental groups (10 kV/m1h and 5 kV/
m3h7d) had significantly lower mRPL18 expression than 
control bees (Fig. 2B). This may reduce the production of 
energy necessary for protein metabolism and translation. 
All this can translate into cellular metabolism and its 
functioning.

HBG3 encode alpha-glucosidase, enzyme which 
converts nectar sucrose into glucose and fructose [46, 
47]. This enzyme occurs in the hypopharyngeal glands 
of worker honeybees - nurse bees secrete mainly major 
royal jelly proteins, whereas foragers secrete mainly 
alpha-glucosidase III [48]. In this study, we noticed 
significantly lower HBG3 expression in seven-day-old 
bees in 10  kV/m1h7d and 5  kV/m3h7d groups than 
in control bees (Fig.  3C). HBG3, among other genes, is 
involved in the transition of nurse to forager bees [24]. 
The above change may disturb the biological composition 
of the bee colony by reducing the number of foragers.

Many scientific studies focus on the impact of 
electromagnetic fields (EMF) in different frequencies 
on animals, including humans, and its possible impact 
on health [49–51]. Publications in the last two decades 
show the impact of radio waves (900 and 902  MHz) 
not only on individual cells, their genetic information 
(DNA) or tissues, but also on learning, concentration, 
problem solving and human cognitive skills [52, 53]. In 
the case of nematodes (Caenorhabditis elegans) waves 
50  MHz to 1  GHz with prolonged exposure resulted 
in thermal shock, accelerated puberty by 40% and 
increased stress hormone concentration compared to 
the control group [54]. Studies indicate EMF (50  Hz, 
1.05 mT) cytogenetic effect on lymphocytes [55]. In this 
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context it was reported that extremely low frequency 
E-fields can contribute to changes in methylation in the 
mouse genome (50 Hz 1 mT, 2 mT, and 3 mT), learning 
abilities (50 Hz 1mT, 8mT) and body weight (50 Hz 250 
µT, 500 µT, or 1 mT) [56–59]. The grapevine snail (Helix 
pomatia) as a model organism was subjected to an E-field 
of various frequencies from 8 Hz to 300 Hz. In the case 
of temporary exposure, hyperpolarization of nerve cells 
was observed [60]. Exposure from 0.5 to 120  h caused 
mainly a linear increase in mortality, while long-term 
exposure (2 months) caused changes at the cellular level 
contributing to DNA integrity loss, damage to lysosome 
membranes and oxidation disorders [61].

Conclusion
Our study showed that the expression of selected genes 
in the honey bee Apis mellifera is altered in different 
ways after exposure to electric fields (E-field). Most 
of those expression changes, which are mainly related 
to mitochondrial metabolism and energy production, 
were measurable only 7 days after a 1- or 3 h exposure. 
These results indicate that some EMF effects are not be 
observed immediately after exposure, but that there 
may be long-term effects on honey bees. Finally, these 
molecular changes in transcript pattern detected here for 
the first time need to be investigated further in order to 
elucidate their effects both on the individual bee and on 
the entire colony.
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