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Abstract – Two-day-old honeybee workers (± 6 h) were placed in cages and supplied with sucrose
solution (1 mol/dm3) ad libitum. Subsequently, the cages with bees were placed in an electric field (E-
field) exposure system with field intensities of 5.0 kV/m, 11.5 kV/m, 23 kV/m, and 34.5 kV/m. The
duration of exposure was 1 h, 3 h, and 6 h. The biochemical parameters SOD (superoxide dismutase),
CAT (catalase), FRAP (ferric ion reducing antioxidant power), and also acidic, neutral, and alkaline proteases in the
worker bee hemolymph were analyzed. The E-field increased activities of antioxidant systems, especially SOD, and
also the proteolytic systems. In the groups: 11.5 kV/m–time 6 h, 23.0 kV/m–time 1 h, and 34.5 kV/m–time 1 h,
FRAP levels were decreased in comparison with the control samples. These findings are discussed in context with
possible consequences for honeybee health in urban and rural environments.
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1. INTRODUCTION

All living organisms are exposed to electro-
magnetic fields (EMF) emitted by electrical and
electronic devices, power lines, and RF (radio fre-
quency) radiation from wireless devices such as
cordless telephones or the antenna of mobile net-
work base stations (Hardell and Sage 2008). Life
on earth is adapted to the natural electromagnetic

field emitted by lightning, other planets, and ani-
mals (Coe et al. 1995). The constantly developing
technologies and the enlarging demand for electric-
ity contribute to the increase of artificial electro-
magnetic fields in the environment (reviewed in
Kim et al. 2019). Bees, against negative factors,
have evolved defense mechanisms at individual
(immunity of 1— innate: humoral and cellular;
and 2— acquired) and colony (especially behavior
as a “superorganism”) levels. Both types of reac-
tions complement each other (Simone-Finstrom
2017; reviewed in Strachecka et al. 2018). The first
line of individual defense is anatomic-
physiological barriers and the cascade of proteolyt-
ic enzymes that are activated in the cuticle and the
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body fat when the immune system detects a path-
ogen or non-self-substance (Bíliková et al. 2001;
Evans and Lopez 2004). When the pathogen
breaks down the anatomical-physiological barriers,
the humoral response, which includes the antioxi-
dant and proteolytic systems, is activated in the
insect organism. Insect enzymes block pathogen
enzymes by competitive and/or non-competitive
inhibition and activate processes in the body fat
whose effect is the translation and transformation
of immune proteins (Nazzi et al. 2014; Evans et al.
2006; Nazzi and Pennacchio 2018). During these
reactions, reactive oxygen species (ROS) are
formed, which are inactivated and/or detoxified
by the antioxidant system, especially by superoxide
dismutase (SOD). SOD catalyzes the dismutation
of superoxide radicals to hydrogen peroxide
(H2O2) and, with the further help of catalase
(CAT), to water (H2O) and molecular oxygen
(O2). (Harrison and Bonning 2010; Farjan et al.
2012; Słowińska et al. 2016). Schuà (1954)
showed that the honeybee avoided being exposed
to a static EF (1.5 kV/m) on feeding places.
Altmann (1959) established that honeybee oxygen
consumption increased by 15% in a static EF (1.4–
2.8 kV/m). Bindokas et al. (1988a, 1988b) proved
that exposure to an intense EF (7 kV/m) caused a
disturbance only if the bees were in contact with a
conductive substrate. Honeybees exposed to con-
ductive tunnels contributed to increased mortality
and abnormal propolization. Honeybee exposure to
60-Hz EF > 150 kV/m caused vibrations of the
wings, antennae, and body hairs (Bindokas et al.
1989). Shepherd et al. (2018) showed that exposure
to an extremely low-frequency EMF impaired
learning ability and flight dynamics, reducing the
success of foraging and feeding by the honeybee.
Odemer and Odemer (2019) proved that mobile
phone radiation may modify honeybee pupal de-
velopment but no further impairment is manifested
in adulthood. This suggests that the increase in
environmental pollution by artificial electromag-
netic fields poses a further challenge to the honey-
bee which it has to face every day. Keep in mind
that the loss of bees contributes to the impairment
of fruit and vegetable productivity, resulting in
economic and, above all, environmental impacts.
If an EMF exerts such an effect on the behavior of
bees, then we hypothesize that this factor may also

contribute to lowering the sensitivity of the bio-
chemical protective barriers of the body. Therefore,
we hypothesized that an electric field (E-field) at
50 Hz has a non-negligible effect on the antioxi-
dant and proteolytic systems of honeybee workers
(hypothesis 1). The longer exposure of the bees to
the E-field, the deeper changes in their organisms
(hypothesis 2). The overall aim of our studies was
to show the effect of a 50-Hz E-field on honeybee
workers in controlled laboratory conditions.

2. MATERIAL AND METHODS

2.1. Test organisms

The experiment was carrying out from 15 June
to 15 August 2019. Twenty honeybee (Apis
mellifera carnica ) colonies from the Wroclaw
University of Environmental and Life Sciences
apiary were treated against Varroa destructor
using amitraz fumigation four times at 4-day in-
tervals, a 12.5 mg/tablet (Amitraz® Biowet
Pulawy), before starting the experiment. To mon-
itor the number of Nosema spp. spores, the he-
mocytometer method was used (30 bees per hive
in three repetitions). Eight-day-old A. mellifera
carnica L. queens originating from the same
mother-queen were artificially inseminated with
the semen of drones from the same father-queen
colony for standardized research material. Insem-
inated queens were individually introduced into
the queen-less colonies and kept in isolators. Each
colony contained one empty comb. After 12 h of
egg laying, the queens were released and isolators
containing combs with eggs were left within the
colonies for further worker-brood rearing. On the
19th day of apian development, the combs with
the already sealed worker brood were transferred
to an incubator (temperature of 34.4 °C ± 0.5 °C
and relative humidity of 70% ± 5%) in which they
were maintained within individual chambers for
1-day-old workers to emerge.

2.2. Experimental setup

For adaptation, 1-day-old workers were placed
within 150 wooden cages (20 × 15 × 7 cm), each
containing 100 workers and two inner feeders
with sucrose solution (Chempur®) at a
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concentration of 1 mol/dm3 ad libitum. The adap-
tation process lasted 24 h at a temperature of
25 °C ± 0.5 °C and relative humidity of 70% ±
5%. Caged bees were maintained in the incubator
in the same conditions described above until being
used for the experiment. Dead bees were utilized.
Bees were divided into 12 groups (Table I). Each
group consisted of ten cages. Bees in the experi-
mental groups were exposed to the following E-
field intensities: 5.0 kV/m, 11.5 kV/m, 23.0 kV/
m, and 34.5 kV/m for 1 h, 3 h, and 6 h. The control
groups were not treated to the artificial electro-
magnetic field, they were under the influence of
an electromagnetic field < 2.00 kV/m. The group
name is the combination of the E-field intensity
and the exposure time. For example, the name of
group with bees exposed to a 5 kV/m E-field for
1 h is 5 kV/m1h. The control group was marked
with the letter C. Bees from the control group
were collected at the same time as the other
groups.

2.3. E-field exposure

A homogeneous 50-Hz E-field was generated
in the exposure system in the form of a plate
capacitor with distance of 20 cm between two
electrodes constructed as a squared cage made
out of wire mesh (dimension 100 cm × 100 cm)
with a 10 mm× 10 mm grid diameter. Electrodes
were connected to a high-voltage transformer
powered by an autotransformer, which allowed
the voltage to be adjusted and the E-field intensity
to be changed. The field intensity was fixed at
5.0 kV/m, 11.5 kV/m, 23.0 kV/m, and 34.5 kV/m.
Changes in the homogeneity and stability of the
E-field intensity were no higher than ± 5% in the
emitter, to which the bees were exposed during
the whole experiment. The E-field intensity and
the homogeneity in the test area were verified by
measurements made by an LWiMP accredited
testing laboratory (certification AB-361 of Polish
Centre for Accreditation) using a ESM-100-meter
No. 972153 with calibration certificate LWiMP/
W/070/2017 dated on 15/02/2017 issued by the
accredited calibration laboratory PCA AP-078.
The measurements were done in the points of
10 × 10 × 5 cm3 mesh inside an empty emitter
(without experimental cages). The stability of the

electric field was maintained by permanently
monitoring the voltage applied to the exposure
system using a control circuit (Figure 7).

2.4. Biochemical analyses

Hemolymph was taken from 100 live bees from
each group after exposure by removing the anten-
nae with sterile tweezers. Hemolymph was collect-
ed in sterile glass capillaries with a volume of 20μl
end-to-end without anticoagulant. The prepared
capillaries were placed in 1.5-ml Eppendorf tubes
filled with 150 μl of 0.6%NaCl (sodium chloride).
The test tubes were placed on the cooling block
during this procedure. The prepared tubes were
transferred to a cryo-box and then frozen at
– 80 °C (Łoś and Strachecka 2018). Determina-
tions of the acidic, neutral, and alkaline protease
activities were done according to the Anson
method (1938) modified by Strachecka and
Demetraki-Paleolog (2011). Superoxide dismutase
(SOD) activities were determined using a commer-
cial Sigma-Aldrich 19160 SOD determination kit.
Catalase activities (CAT) were determined using a
commercial kit from EnzyChromTMCatalase As-
say Kit (ECAT-100). The antioxidant capacity of
the hemolymph was determined by FRAP (Ferric
ion reducing antioxidant power), and the determi-
nation of this parameter was carried out according
to a procedure developed by Benzie and Strain
(1996) and subsequently modified by Thaipong
et al. (2006). Fifteen bees were taken from all
groups for each parameter.

2.5. Data evaluation

The normality of the data distribution was an-
alyzed using the Shapiro-Wilk test. The statistical
significance of data within groups and between
groups was determined by the Kruskal-Wallis
test. For all tests, RStudio (R Core Team, 2018)
and a significance level of α = 0.05 was used.

3. RESULTS

3.1. Superoxide dismutase activity

In all groups, SOD activities were higher in
comparison with the control group. The highest
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SOD activities were recorded in the 34.5 kV/m1h
and 34.5 kV/m6h groups and they were, respec-
tively, 4 and 3.5 times higher than in the control
group (Figure 1). The lowest increase in activity,
at 25%, was for the 11.5 kV/m3h group. A linear
increase of superoxide dismutase activities as a
function of time was observed in the 5 kV/m
groups. In the case of the other groups, SOD
activities changed periodically—high activities
were observed for 1-h exposures, then they de-
creased at 3 h and increased at 6 h.

3.2. Catalase activity

The highest CAT activities were recorded in
the 34.5 kV/m1h group and were 50.31% on
average higher than the control group (Figure 2).
The 5 kV/m groups had similar values to the
control group. In the other groups, these values
were higher. In all experimental groups, especially
in the 11.5 kV/m and 23.0 kV/m groups, CAT
activities changed in waves similar to the SOD
activities.

3.3. Total antioxidant potential

FRAP levels did not show statistically signifi-
cant differences between groups or within groups
(Figure 3). The biggest difference (0.306 μmol/l)
was observed between the 11.5 kV/m6h group
and the 23 kV/m3h group, which was a fluctua-
tion of 0.6%.

3.4. Protease activity

In all experimental groups, the acidic and neu-
tral protease activities were higher than in the
control group (Figures 4 and 5). In the case of
alkaline protease activities, this tendency was ob-
served between the 23 kV/m and 34.5 kV/m
groups and the control group. A linear increase
of acidic protease activities as a function of time
(the longer the exposure time) was observed in the
5 kV/m, 11.5 kV/m, and 23 kV/m groups and in
the 5 kV/m groups in the case of alkaline protease
(but not all results were statistically significant)
(Figure 6).

Table I. Description of groups and intensities in individual groups for frequency of 50 Hz

Name of group Field intensity (kV/m) Exposure
time (h)

Number of replicates Number of individuals per replicate

C1h < 2.00 1 10 100

C3h 3 10 100

C6h 6 10 100

5 kV/m1h 5.01 1 10 100

5 kV/m3h 3 10 100

5 kV/m6h 6 10 100

11.5 kV/m1h 11.50 1 10 100

11.5 kV/m3h 3 10 100

11.5 kV/m6h 6 10 100

23 kV/m1h 23.00 1 10 100

23 kV/m3h 3 10 100

23 kV/m6h 6 10 100

34.5 kV/m1h 34.50 1 10 100

34.5 kV/m3h 3 10 100

34.5 kV/m6h 6 10 100

The group name is the combination of the E-field intensity and the exposure time. For example, the name of group with bees
exposed to 5 kV/m E-field for 1 h is 5 kV/m1h. The control groupwasmarked with the letter C. The control groups were not treated
in the artificial electromagnetic field, they were under the influence of electromagnetic field lower than 2.00 kV/m
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4. DISCUSSION

4.1. Superoxide dismutase activity

The effect of the electromagnetic field on the
bees can be determined using the hemolymph

antioxidants (Figure 1) which are the first defen-
sive mechanism of bees (De la Rúa et al. 2001;
Farjan et al. 2012; Słowińska et al. 2016). The
results of our analysis show that exposure to an E-
field impacts the honeybee’s antioxidant system
(Figure 7). In all groups, superoxide dismutase

Figure 1. Superoxide dismutase (SOD) activity in honeybee hemolymph after exposure to the E-field (50 Hz and
different intensities). The group name is the combination of the E-field intensity and the exposure time. For example,
the name of the group with bees exposed to a 5 kV/m E-field for 1 h is 5 kV/m1h. The control group was marked
with the letter C. The control groups were not treated in the artificial electromagnetic field, they were under the
influence of an electromagnetic field lower than 2.00 kV/m. Different (capital) letters are statistically different at the
P ≤ 0.05 significance level.

Figure 2. Catalase (CAT) activities in honeybee hemolymph after exposure to the E-field (50 Hz and different
intensities). Details as in Figure 1. Different (capital) letters are statistically different at the P ≤ 0.05 significance
level.
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activities were higher than in the control group.
Nearly fourfold higher SOD activities in the
groups treated with an electromagnetic field
indicate that this factor may deregulate ener-
gy metabolism in mitochondria through inter-
actions with complex I, similar to the acari-
cides (Motoba et al. 2000). Moreover, the
electromagnetic field, as a stressor factor,

probably intensifies processes connected with
intercepting reactive oxygen forms and bind-
ing ions (Augustyniak and Skrzydlewska
2004). In addition, Felton and Summers
(1995), Poljšak and Fink (2014), and
Schieber and Chandel (2014) established that
harmful factors (i.e., pesticides) contributed
to an increase in free-radical oxidation

Figure 3. Ferric reducing antioxidant power (FRAP) in honeybee hemolymph after exposure to the E-field (50 Hz
and different intensities). Details as in Figure 1. The differences among groups were not statistically significant.

Figure 4. Acidic protease activity in honeybee hemolymph after exposure to the E-field (50 Hz and different
intensities). Details as in Figure 1. Different (capital) letters are statistically different at the P ≤ 0.05 significance
level.
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abilities which damages the cellular mem-
branes, lipids, proteins, carbohydrates, RNA,
and DNA.

In our study, the values of SOD activities in the
hemolymph of 2-day-old bees in the experimental
groups (Figure 1) were similar to the experiment

of Strachecka et al. (2014) when the workers were
between 18 and 30 days old. The hemolymph of
our workers had higher SOD activities than bees
at the same age from other studies (Słowińska
et al. 2016; Strachecka et al. 2014, 2016).
Słowińska et al. (2016) suggested that old bees

Figure 5. Neutral protease activity in honeybee hemolymph after exposure to the E-field (50 Hz and
different intensities). Details as in Figure 1. Different (capital) letters are statistically different at the P ≤
0.05 significance level.

Figure 6. Alkaline protease activity in honeybee hemolymph after exposure to the E-field (50 Hz and different
intensities). Details as in Figure 1. Different (capital) letters are statistically different at the P ≤ 0.05 significance
level.
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are less susceptible to the harmful factor and the 1-
day-old workers tried to overcome the stress by
increasing their antioxidative potential. Only
Weirich et al. (2002) presented higher values of
antioxidant (in some cases ten times higher) in
different tissues (muscle, hemolymph, ventriculi,
sperm, and spermatheca) of three castes (queen,
worker, drone) in comparison with our research.
These differences may have resulted from age and
seasonal variations between the workers used in
the studies. SOD activities increased in the bee
trials from industrial and urbanized areas—the
reference sample was bees taken from rural areas
(Nikolic et al. 2015). This increase may be caused
not only by environmental pollution but also by
greater exposure of bees to the effect of the elec-
tromagnetic field in urbanized areas than in rural
areas. In turn, Ercal et al. (2001) and Farmand
et al. (2005) suggested that metals are accumulat-
ed in the tissues and increase the formation of free
radicals, which are the cause of the increase in
SOD and CAT activities. Therefore, the electro-
magnetic field, by impairing the worker antioxi-
dative defense, consequently may make them
more sensitive to this factor, which is in agree-
ment with the suggestions of Gregorc et al. (2020)
on the subject of imidacloprid influence.

4.2. Catalase activity

High catalase activities in groups exposed to
the intensities of an E-field from 11.5 to 34.5 kV/
m may indicate a body’s increased need for this

antioxidant enzyme (Figure 2). Catalase is ex-
tremely important in animal cells because it
breaks down hydrogen peroxide into water and
oxygen, thus protecting it from damage. When
water deficiency occurs, catalase shows peroxi-
dase activity. Then, hydrogen donors (ethanol,
methanol, etc.), thanks to which catalase removes
hydrogen peroxide from the cells while oxidizing
these compounds, are necessary. Our results for
the control group are characteristic for 4-day-old
bees. Akyol et al. (2015) presented that catalase
activities change very slowly with the age of bees
and, according to Orr and Sohal (1992), this may
not affect their lifespan. The opposite situation
was shown in the studies of Strachecka et al.
(2014, 2016) and Farjan et al. (2012), where
CAT activities increased with the age of the
workers and affected their vitality and longevity.
Thus, CAT participates in the aging and senes-
cence of the organism (Münch et al. 2008). So, the
increased catalase activities demonstrated in our
studies may shorten the life of honeybee workers.
Corona et al. (2005) showed that old workers, as
foragers, which have the highest levels of flight
activity, also have the highest level of antioxidant
gene expression, thereby their life gets shorter.
The relationship between flight activity, ROS pro-
duction, and longevity was also similar in the case
of Musca domestica (Yan and Sohal 2000). An
increase in catalase activities was observed during
inflammatory reactions in the organism and the
action of mutagenic agents (Adachi et al. 1993).
Dussaubat et al. (2012) showed similar increases

Figure 7. Electric field emitter with experimental cages (a ) and intensity generator (b ).
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in catalase and glutathione activities during
Nosema spp. infections in the bee midgut. This
may indicate that honeybees respond to an elec-
tromagnetic field in a similar way as they do to a
pathogen.

4.3. Total antioxidant potential (FRAP)

In our studies, there were no statistically sig-
nificant differences in the FRAP level between
groups (Figure 3). A similar observation was in
Strachecka et al.’s (2016) studies, where the
FRAP levels in the hemolymph of 14- and 21-
day-old workers treated with bromfenvinphos did
not change. In other studies by Strachecka et al.
(2017), differences in the hemolymph of Osmia
rufa L. females and males were not seen during
the winter months of the diapause. No changes in
the FRAP levels are most likely related to
the capacity of a system to reduce or break
down reactive oxygen species. In our re-
search, the model was 2-day-old workers,
which probably did not suffer considerable
damage from oxidative stress. In addition,
not only do enzymatic antioxidants have an
impact on the FRAP value but so do non-
enzymatic ones. The latter have not been
studied by us. Therefore, when setting the
direction of future research, we believe that
the concentrations of non-enzymatic antioxi-
dants should also be determined.

4.4. Protease activity

We suppose that electromagnetic fields disturb
the functioning of the proteolytic system and the
processes in which it is involved: phagocytosis,
melanization, cellular adhesion molecule recogni-
tion, generation of the reactive intermediates of
oxygen and nitrogen, activation of pro-apoptotic
molecules, synthesis of cytokines and antimicro-
bial peptides, enzyme activation, and molecular
and hormonal signaling, as well as pathogen pro-
tein degrading (Bode et al. 1999; Grzywnowicz
et al. 2008). To accurately confirm this assump-
tion, older bees should also be examined in addi-
tion to the young ones in our study. The stronger
the electromagnetic field and the longer the expo-
sure time, alkaline protease activities were higher

than in the control group (Figure 6) This tendency
is similar as in the studies by Strachecka et al.
(2016) where bees were t r ea ted wi th
bromfenvinphos and the reverse was true where
coenzyme Q10 and curcumine were used
(Strachecka et al. 2014, 2015). According to
Strachecka et al. (2010), the proteolytic system
on the body surface reacts to changes in the degree
of environmental pollution.Moreover, Strachecka
et al. (2016) presented that the activities of these
proteases increased in the hemolymph of workers
treated with bromfenvinphos. Łoś and Strachecka
et al. (2018) reported that during contact with
unfavorable or harmful factors, protease activities
increase drastically on the first of the 3 days and
then decrease, and the activities in old bees were
lower in the treated group than in the control
group. These tendencies are also observed in our
studies in young bees (Figure 4). The reverse
tendencies are observed when bees are treated
with biostimulators and vitamins and they have
higher activities of proteases (Łoś and Strachecka
2018). Ashihara and Crozier (2001) reported that
substances such as caffeine, coenzyme Q10, and
others have long been considered to constitute the
chemical defense against biological stressors.
Kim et al. (2008) suggest that these substances
stimulate the production and/or translocation of
proteases and their inhibitors, and signaling mol-
ecules. The enzymes involved in the proteolytic
system are essential components of insect resis-
tance barriers and are associated with the activities
of the antioxidant systems. The honeybee’s pro-
teolytic system, like other organisms, plays an
important role in the extracellular and/or intracel-
lular digestion of proteins and as activators of
biological processes. It was also shown that the
honeybee is characterized by a lower activity of
proteases than, for example, the fruit fly (Dro-
sophila melanogaster L.) or mosquitoes of the
Anopheles gambiae complex, and it is probably
caused by a greater share of the bee’s social im-
munity. This dependence also applies to other
social insects (Evans et al. 2006). Nevertheless,
the interaction of acidic, neutral, and alkaline pro-
teases is a very important element that creates and
activates the response cascade of the bee organism
to environmental changes. Their presence and
activity are closely related to the expression of
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relevant genes (Zou et al. 2006). Our research
showed a significant increase in the activities of
acidic and neutral proteases in all experimental
groups in relation to the control group.

The effectiveness of the processes that allow
the fight against free radicals depends on the
activities of non-enzymatic antioxidants (co-
enzyme Q10, lycopene, vitamin E, etc.) and
enzymatic antioxidants (SOD, GPx, CAT,
etc.) (Seung-Kwon et al. 2013). Variable ac-
tivities of the antioxidant barrier under the
influence of various environmental factors
were observed in homogenates of the mito-
chondrial sperm and muscle fractions
(Weirich et al. 2002), and its presence was
also confirmed in the venom glands (Peiren
et al. 2008) and the hemolymph of honeybee
workers (Strachecka et al. 2014, 2016).

5. CONCLUSION

Our research showed a negative effect of all
selected intensities of an E-field at 50 Hz on
the organism of honeybee workers in labora-
tory conditions. The length of exposure to
this factor contributes to changes in the ac-
tivities of antioxidants and proteases. We
propose that the electromagnetic field is the
factor to be included as potentially threaten-
ing the honeybee. This phenomenon should
be taken into account in future research.

All biochemical barriers are designed to
protect the body from pathogen penetration.
When a pathogen enters, the barrier should
prevent its spread and destruction of the
body. When the functioning of this complex
defense system is disturbed, “gates” are cre-
ated and various stressors can get inside the
body. All biochemical mechanisms have one
main goal—to maintain homeostasis of the
body. Such mechanisms include, among
others, antioxidant and proteolytic systems.
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