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Simple Summary: The amount of electromagnetic field (EMF) in the environment emitted by elec-
trical and electronic devices, mobile phone masts, or power lines is constantly increasing. Honey
bee can be exposed to the EMF in the environment, *nd the influence of this factor on bees is still
under consideration. Studying the impact of EMF on honey bees can give valuable information
about whether it poses a threat to them. The honey bee is an important pollinator, playing a signif-
icant role in maintaining biodiversity and food production. Our research showed that a 50 Hz elec-
tric field at various intensities reduced the number of occurrences of walking, contacts between
individuals, and self-grooming, and increased the activity of proteases, which are involved in the
immune system response.

Abstract: The effect of an artificial electromagnetic field on organisms is a subject of extensive public
debate and growing numbers of studies. Our study aimed to show the effect of an electromagnetic
field at 50 Hz and variable intensities on honey bee proteolytic systems and behavior parameters
after 12 h of exposure. Newly emerged worker bees were put into cages and exposed to a 50 Hz E-
field with an intensity of 5.0 kV/m, 11.5 kV/m, 23.0 kV/m, or 34.5 kV/m. After 12 h of exposure,
hemolymph samples were taken for protease analysis, and the bees were recorded for behavioral
analysis. Six behaviors were chosen for observation: walking, flying, self-grooming, contact be-
tween individuals, stillness, and wing movement. Bees in the control group demonstrated the high-
est number of all behavior occurrences, except flying, and had the lowest protease activity. Bees in
the experimental groups showed a lower number of occurrences of walking, self-grooming, and
contacts between individuals than the control bees and had significantly higher protease activity
than the control bees (except that of alkaline proteases in the 23.0 kV/m group).

Keywords: proteases; behavior; proteolytic enzymes; electromagnetic field; honey bee immunity

1. Introduction

The amount of electromagnetic field in the environment emitted by electrical and
electronic devices, mobile phone masts, or power lines is constantly increasing [1]. The
effect of the artificial electromagnetic field on organisms is the subject of extensive public
debate and growing numbers of studies. The influence of the electromagnetic field on the
honey bee has also been a topic of various research projects. The honey bee as an element
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of the environment is constantly exposed to various stressors, including electromagnetic
fields of various frequencies and intensities.

50 Hz is a widely used power frequency in most countries [2,3]. If a honey bee flies
at a height of about 2 m above ground in an open space near a power line it is exposed to
an E-field with an intensity of 10-12 kV/m. If high obstacles appear in the honey bee’s
way, it flies about five or more meters above the ground so it is exposed to an E-field with
an intensity of 5-7 kV/m [3-5].

Bees have been proved to avoid feeding places exposed to a static electromagnetic
field (1.5 kV/m) [6]. The success of the foraging of bees was limited by exposure to a low-
frequency electromagnetic field [7]. A 60 Hz electromagnetic field > 150 kV/m caused
wing, antennae, and body vibrations [8]. Migdat et al. [9] show that bees exposed to a 50
Hz electric field (E-field) at various intensities changed the activity of the bees. Bindokas
et al. [10] show that the exposition of the honey bee to conductive tunnels increased mor-
tality. Moreover, an electromagnetic field has an impact on the honey bee’s physiology by
modifying pupal development (mobile phone radiation) [11], increasing oxygen con-
sumption (static field 1.4-2.8 kV/m) [12], or changing biochemical parameters (50 Hz E-
field at 5.0 kV/m, 11.5 kV/m, 23.0 kV/m, and 34.5 kV/m for 1, 3,6, and 12 h) [13,14]. Thus,
previous studies indicate that an electromagnetic field may be one of the threats to honey
bees.

Numerous environmental factors, including anthropogenic ones, have an influence
on the activity of the honey bee’s immune system. Broadly understood environmental
pollution weakens the bee’s immune system and reduces colony health [15,16]. Two types
of immunity can be distinguished in honey bees: individual and social. Individual im-
munity includes anatomical barriers, cellular and humoral immunity, while social in-
cludes behavioral immunity [17,18].

One of the important individual barriers is proteases, which-occur both inside the
honey bee organism and on the surface of its body [14]. The proteolytic system in the
honey bee (Apis mellifera L.) organism is involved in crucial processes, such as protein
digestion, receptor activation, the release of hormones, and activation of the zymogens
[19-22]. Among their various functions, these enzymes play a significant role in the activ-
ity of the immune system. They are one of the basic lines of defense against pathogens
[23].

Behavioral immunity consists of, among others, hygienic instinct, bee fever, and ab-
sconding. Bees show grooming, which includes self-grooming, and social-grooming (allo-
grooming). This behavioral complex helps to reduce, for example, Varroa destructor infes-
tation [16,24].

Our study aimed to show the effect of an electromagnetic field at 50 Hz and variable
intensities on honey bee proteolytic systems and behavior parameters after exposure for
12 h.

2. Materials and Methods
2.1. Bees

Queens originating from the same mother-queen colony were inseminated with the
semen of drones from the same father-queen colony. Ten mother queens were randomly
selected and kept in isolators with empty Dadant combs (435 x 300 mm) for egg-laying.
Each queen was kept in a separate bee colony. On the 20th day of bee development, the
combs with the already sealed worker bee brood were transferred to an incubator with
constant conditions (temperature of 34.4 °C + 0.5 °C and relative humidity of 70% + 5%)
for emerging without adult bees. The combs were transported at the same time and put
together in one incubator. Feed (honey and bee bread) was provided ad libitum.
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2.2. Experimental Design

One-day-old workers were randomly placed in 50 wooden cages (20 x 15 x 7 cm).
Each cage contained 100 workers and two inner feeders with a 50% sucrose solution. Bees
were fed ad libitum. The bees were divided into four experimental groups which were
exposed to the following 50 Hz E-field intensities: 5.0 kV/m, 11.5 kV/m, 23.0 kV/m, or 34.5
kV/m for 12 h, and the control group. The control group was not treated by the artificial
E-field; in this group, the bees were under the influence of an electromagnetic field < 1.00
kV/m. Each group consisted of ten cages. The group name was the E-field intensity to
which the bees were exposed. The control group is marked with the letter C.

2.3. E-Field Generation

A homogeneous 50 Hz E-field was generated in the exposure system in the form of a
plate capacitor with the distance of 20 cm between two electrodes constructed as a squared
cage made out of wire mesh, as per Migdat et al. [9]. In most countries, 50 Hz is a widely
used power frequency [25]. The E-field intensity and the homogeneity in the test area were
verified by an LWiMP accredited testing laboratory (certification AB-361 of Polish Centre
for Accreditation) using an ESM-100-m No. 972153 with calibration -certificate
LWiMP/W/070/2017, dated 15/02/2017 and issued by the accredited calibration laboratory
PCA AP-078. The measurements were done at points of a 10 x 10 x 5 cm? mesh inside an
empty emitter. The stability of the electric field was maintained by permanently monitor-
ing the voltage applied to the exposure system using a control circuit. The field intensity
was fixed at 5.0 kV/m, 11.5 kV/m, 23.0 kV/m, or 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.

2.4. Protease Analysis

Hemolymph samples were collected from 100 bees randomly taken from each group.
The hemolymph was taken after exposure by removing the antennae of a live bee using
sterile tweezers as per Migdat et al. [26]. The hemolymph sample was collected in sterile
glass capillaries with a volume of 20 pL end-to-end without anticoagulant. The prepared
capillaries were placed in 1.5 mL Eppendorf tubes filled with 150 puL of 0.6% NaCl. 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 [27]. Determinations of the acidic,
neutral, and alkaline protease activities were done according to the Anson method [28]
modified by Strachecka and Demetraki-Paleolog [16]. The activities of acidic proteases
were assayed in a buffer of 100 mM glycine-HCI at pH 2.4, neutral ones in a buffer of 100
mM Tris-HCl at pH 7.0, and alkaline ones in a buffer of 100 mM glycine-NaOH at pH 11.2
using the method described by Los and Strachecka [27]. The samples of hemolymph were
collected immediately after the end of exposure to the E-field.

2.5. Behavior Analysis

Twenty-one bees were randomly taken from each group and were placed in a behav-
ioral assessment station made of glass, with a height of 20 cm and a diameter of 40 cm.
Observations were conducted with the use of recorded material (offline). Three bees were
recorded at the same time for 360 s (60 s for adaptation to location change and 300 s for
analysis) using a SONY HDR-CX240E camera (Lund, Sweden). Recorded videos were
transferred to a computer on which Noldus Observer XT 9.0 software was installed. Six
basic behaviors were selected for observation, i.e., walking, self-grooming (self-cleaning
of the body surface, cleaning of antennae, and cleaning of proboscis), flying (between the
walls, the bottom and the lid of the container), stillness (time when the bee remained mo-
tionless), contact between individuals (including trophallaxis and allo-grooming), and
wing movement (exposed Nasonov’s gland).
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For behavioral analysis using the Noldus Observer XT 9.0 software, a project with a
mutually exclusive type of behavior was used (observation for each bee was done sepa-
rately and only one bee was observed at any one time). The project did not use behavior
modifiers in the form of changing conditions or interfering with the insects, as all individ-
uals were assessed under the same conditions. Independent variables in the form of age,
body condition, and damage were excluded, as per Migdat et al. [9].

For analysis, we chose the average duration of behavior (how much time, on average,
bees from one group spent on the behavior) and the number of individual behavior oc-
currences (how many times during the observation individuals from the group displayed
the behavior). The recording of the bees was immediately after the end of exposure to the
E-field.

2.6. Data Analysis

The normality of the data distribution was analyzed using the Shapiro-Wilk test. The
statistical significance of data between groups was determined by the Kruskal-Wallis test
and Dunn’s post hoc rank sum comparision using the package “pgirmess” for “krus-
calmc” function. For all tests, RStudio [29] was used with a significance level of a = 0.05.

3. Results
3.1. Protease Analysis

In all experimental groups, the level of protease activity was higher than in the con-
trol group (Figure 1). Differences between all experimental groups and the control group
were statistically significant except for the 23.0 kV/m group in the case of alkaline prote-
ases (Table 1).

An intensity of 5.0 kV/m increased the activity of acidic proteases by 78%, neutral by
74%, and alkaline by 40% compared to the control group. Bees treated with an intensity
of 11.5 kV/m were characterized by 63% higher activity of acidic proteases, 61% higher
neutral protease activity, and 5% higher alkaline protease activity in comparison to the
control bees. An intensity of 23.0 kV/m caused an increase of acidic protease activity by
142%, neutral protease activity by 125%, and alkaline protease activity by 4% compared
to the control group. Bees exposed to an E-field with an intensity of 34.5 kV/m had 261%
higher acidic protease activity, 74% higher neutral protease activity, and 27% higher alka-
line protease activity compared to the control bees.

acidic proteases neutral proteases alkaline proteases

mC 5.0kv/m m11.5kV/m m23.0kV/m 34.5kV/m

Figure 1. The average protease activity in bee organisms after 12 h under the influence of an E-field at 50 Hz and an
intensity of 5.0 kV/m, 11.5 kV/m, 23.0 kV/m, or 34.5 kV/m. The group name is the E-field intensity to which the bees were
exposed. The control group is marked with the letter C.
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Table 1. Comparison of protease activity between all groups.

Protease Activity (U/mg Protein)

Groups Acidic Neutral Alkaline
C 1.18 (20.11) a 2.45 (+0.07) 2 1.35 (+0.10) =
5.0 kV/m 2.09 (x0.24) b 4.26 (x0.26) ® 1.89 (x0.25) b
11.5 kV/m 1.92 (+0.08) © 3.94 (x0.08) « 1.42 (£0.11) ©
23.0 kV/m 2.84 (x0.07) d 5.52 (£0.25) ¢ 1.40 (x0.09) ac
34.5kV/m 4.24 (£0.32) e 4.26(+0.11) b 1.72 (0.20) 4

The average protease activity in bee organisms after 12 h under the influence of an E-field at 50 Hz
and an intensity of 5.0 kV/m, 11.5 kV/m, 23.0 kV/m, or 34.5 kV/m. The group name is the E-field
intensity to which the bees were exposed. The control group is marked with the letter C. Standard
deviation is shown in round brackets. Different letters (a, b, ¢, d, e) indicate statistical differences
between the groups at the p <0.05 significance level.

3.2. Acidic Proteases

The highest activity of acidic proteases was recorded in bees treated with an intensity
of 34.5 kV/m, while the lowest was in the control group. Among the experimental groups,
the least influence on acidic protease activity was for an intensity of 11.5 kV/m (Figure 1).
All differences between the groups were statistically significant (Table 1) (p-value <2.2 x
10-16).

3.3. Neutral Proteases

An intensity of 23.0 kV/m caused the highest increase of neutral protease activity.
Control bees were characterized by the lowest activity of neutral proteases. Among the
experimental groups, the least influence on neutral protease activity was for an intensity
of 11.5 kV/m (Figure 1). The activity of neutral proteases in bees from the 5.0 kV/m and
34.5 kV m groups did not differ significantly (Table 1) (p-value <2.2 x 1016).

3.4. Alkaline Proteases

The highest alkaline protease activity was recorded within bees exposed to an E-field
with an intensity of 5.0 kV/m while the lowest was in the control bees. Among the exper-
imental groups, the least influence on alkaline protease activity was for an intensity of 23.0
kV/m (Figure 1). The control group and the 23.0 kV/m group did not differ significantly
(Table 1). Changes in the activity of alkaline proteases between the experimental groups
and the control group were smaller compared to acidic and neutral protease activity (p-
value < 2.2 x 10-16),

3.5. Behavior Analysis

Bees in the control group and the 5.0 kV/m group displayed all six behaviors (Figures
2 and 3). For the 11.5kV/m, 23.0 kV/m, and 34.5 kV/m groups, all behaviors were observed
except wing movement. The number of stillness and wing movement observations was
too small to show statistically significant differences between the groups (Tables 2 and 3).
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Contact between Wings movement

Figure 2. The average number of behavior occurrences displayed by bees after 12 h under the influence of an E-field at 50
Hz and an intensity of 5.0 kV/m, 11.5 kV/m, 23.0 kV/m, or 34.5 kV/m. The group name is the E-field intensity to which the
bees were exposed. The control group is marked with the letter C.

Mean duration time [s]
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uC 50kV/m ®m11.5kV/m ®m23.0kV/m ©34.5kV/m

Figure 3. Average time spent on behavior by bees after 12 h under the influence of an E-field at 50 Hz and an intensity of
5.0 kV/m, 11.5 kV/m, 23.0 kV/m, or 34.5 kV/m. The group name is the E-field intensity to which the bees were exposed.
The control group is marked with the letter C.

Table 2. Comparison of the number of behavior occurrences between all groups.

Behavior Parameters

G
Toups Walking Self-Grooming

Flying Stillness

Contact between Individuals

Wing Movement

C 17.57 (+5.83)2  4.13 (+2.35)*
50kV/m  12.08 (£9.05)®  2.33 (+1.88)
11.5kV/m 1574 (+10.32) b 1.97 (£1.97)®
23.0kV/m 1044 (+6.45)°  1.17 (x0.39)®
345kV/m 1651 (29.28)c  1.68 (+1.07)°®

9.64 (+6.89) ® 2.22 (+1.92)
8.37 (+6.29) 2 2.00 (+1.41)
11.77 (+9.57) = 1.00 (+0.01)
7.23 (+6.05) ® 1.50 (+0.71)
13.90 (£9.53)® 1.4 (+0.73)

3.82 (+2.70) »
3.03 (+2.38)
2.73 (+1.41)
2.59 (+1.04)
1.81 (+0.88)

4.07 (+3.07)
1.00
NO
NO
NO

The average number of the behavior occurrences displayed by bees after 12 h under the influence of an E-field at 50 Hz
and an intensity of 5.0 kV/m, 11.5 kV/m, 23.0 kV/m, or 34.5 kV/m. The group name is the E-field intensity to which the
bees were exposed. The control group is marked with the letter C. Standard deviation is shown in round brackets. Different
letters (a, b, c) indicate statistical differences at the p < 0.05 significance level. NO—not observed.
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Table 3. Comparison of the average time spent on each behavior between the groups (s).
Groups Behavior Parameters
P Walking Self-Grooming Flying Stillness Contact between Individuals Wing Movement
C 14.07 (6.47) @ 7.43 (+8.87)2  1.38 (x0.45)* 5.72 (+2.86) 5.99 (+4.00) 2 7.36 (£6.07)
50kV/m 29.78 (+22.95)bc 12.18 (+11.82)> 1.86 (+0.52)® 16.87 (+15.78) 21.66 (+20.89) ® 2.40
11.5kV/m 22.09 (+14.20)> 11.78 (+10.70)® 1.60 (x0.46) @ 17.15 (+20.43) 8.80 (£7.93) « NO
23.0kV/m 3294 (+16.75) ¢  7.98 (+6.80)2  1.73 (+0.72) > 47.71 (£12.52) 6.48 (+3.73) NO
345kV/m 21.46(x13.41)b 12.75(x10.43)® 1.45(x0.25)2 14.07 (+13.54) 8.78 (£7.19) © NO

Average time (s) spent on each behavior by bees after 12 h under the influence of an E-field at 50 Hz and an intensity of
5.0 kV/m, 11.5 kV/m, 23.0 kV/m, or 34.5 kV/m. The group name is the E-field intensity to which the bees were exposed.
The control group is marked with the letter C. Standard deviation is shown in round brackets. Different letters (a, b, c)
indicate statistical differences at the p < 0.05 significance level. NO—not observed.

3.5.1. Number of Behavioral Occurrences

The most frequently shown behavior in all groups was walking and the least stillness
or, in the case of the 5.0 kV/m group, wing movement, which was noticed only once (Fig-
ure 2, Table 2). Bees in the control group demonstrated the highest number of all behavior
occurrences, except flying, which was most often displayed by the 34.5 kV/m group (p-
value = 0.0001). Differences in walking occurrences between the control group and all ex-
perimental groups were statistically significant (Table 2) (p-value < 6.96 x 107). The 23.0
kV/m group displayed the lowest number of flying, walking, and self-grooming occur-
rences. Contact between individuals was displayed least frequently by the 34.5 kV/m
group and stillness by the 11.5 kV/m group. The number of occurrences of contact be-
tween individuals decreased with increasing intensity; however, a statistically significant
difference occurred only between the control group and the 34.5 kV/m group (Figure 2,
Table 2) (p-value = 0.0032).

3.5.2. Time Spent Performing Behaviors

Bees in the control group, the 5.0 kV/m, 11.5 kV/m, and 34.5 kV/m groups, on aver-
age, spent most of the time walking (Figure 3). The average time spent walking by the
control group statistically differed from the other groups (Table 3) (p-value = 3.69 x 10-8).
In the 23.0 kV/m group, the bees remained still most of the time. In all groups, the bees
spent the least time flying (p-value = 0.0001). The control group displayed the shortest
average duration of all behaviors, except wing movement. Walking was displayed the
longest by bees in the 23.0 kV/m group, self-grooming by bees in the 34.5 kV/m group,
flying by bees in the 5.0 kV/m group, stillness by bees in the 23.0 kV/m group, and contact
between individuals in the 5.0 kV/m group.

4. Discussion
4.1. Protease Analysis

Proteases are enzymes that catalyze the hydrolysis of peptide bonds which link
amino acid residues [30]. They occur in all types of organisms—eucaryotic, procaryotic,
and viruses [31]. Proteases are involved in physiological reactions, e.g., digestive, apopto-
sis, blood clotting. The material of our research was the hemolymph in which serine pro-
teases occur [32]. This group of proteases plays an important role in regulatory and sig-
naling processes, digestion, transport, and degradation of the damaged protein. Serine
proteases are involved in the correct action of insect resistance barriers and antioxidant
systems. They are responsible, among others functions, for melanization, wound healing,
and phagocytosis stimulation by taking part in phenol pro-oxidase cascade activation [33].
Based on the optimal pH in which these enzymes are active, proteases can be classified as
alkaline (basic), neutral, or acid.

In our present study, treating bees with an E-field at 50 Hz and an intensity of 5.0,
11.5, 23.0, or 34.5 kV/m for 12 h caused an increase in the level of proteases in comparison
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to the control group (Figure 1, Table 1). The activity of proteases did not increase with
increasing electromagnetic field intensity. In our previous study [13], bees exposed to an
E-field with identical parameters for 1, 3, and 6 h had higher acid and neutral protease
activity than the control group. Regarding alkaline proteases, their activity was higher
only in those bees treated with an E-field with an intensity of 23.0 or 34.5 kV/m. Changes
in the protease activity in the honey bee organism after long exposure (12 h) to an E-field
still persist. The increased activity of proteases in hemolymph was also noticed after treat-
ing bees with bromfenvinphos [34]. The authors assumed that Varroa treatment with
bromfenvinphos markedly suppresses the honey bee biochemical defense levels. We hy-
pothesized that increased protease activity after E-field exposure could also cause such
effects.

Changes in protease activity occurred after treating bees with curcumin, coenzyme
Q10, or caffeine. The addition of curcumin and coenzyme Q10 in sugar syrup caused the
decreased activity of proteases in hemolymph [35,36]. Caffeine caused an increase of neu-
tral protease activity and a decrease of alkaline and acidic protease activity [37]. Bees
treated with Q10, curcumin and caffeine lived longer than control bees [35-37]. Based on
these studies, it can be assumed that these substances have a potentially positive effect on
longevity by decreasing protease activity. Strachecka et al. [15] assumed that the activity
of proteases on the body surface differs in polluted and clean environments.

Additionally, after treating bees with imidacloprid, a decrease in acidic and alkaline
protease activity and an increase in neutral protease activity was noticed regardless of the
doses of insecticide (5 or 200 ppb) [38].

Itis difficult to clearly state what effect the increased activity of proteases has on bees’
immunity. Decreases and increases of protease activity occur in healthy bees and are con-
nected with the age of the insect. The increase of acidic, neutral, and alkaline protease
activity can be noticed until the age of 18-20 days and decreases after this time [34].

4.2. Behavior Analysis

Behavior plays a significant role in insect immunity. Bees as social insects have
evolved mechanisms of individual and social behavioral defense that can minimalize the
presence of pathogens, pests, and parasites [17,18]. Factors that threaten bees often affect
insect behavior and change their activity. These phenomena can influence disease suscep-
tibility by affecting behaviors related to immune responses, like self-grooming (even
when the threatening factor does not alter the immune response of the bee).

In our study, treating bees with an E-field at 50 Hz and an intensity of 5.0, 11.5, 23.0,
or 34.5 kV/m for 12 h caused a reduction in the number of occurrences self-grooming,
contact between individuals, and walking while increasing the average time spent on the
behavior in comparison to the control group (Figures 2 and 3). Contact between individ-
uals is a significant behavior in pheromone transmission and any disorder of this behavior
results in a modification of the relationships between individuals and thus community
functioning. Self-grooming is an important trait that contributes to the defense against
pests, pathogens, and parasites. Thus, if an E-field changes the behavioral pattern of the
honey bee, it can indirectly affect the honey bee’s immune system.

Since bees in the control group changed their behavior more often than the experi-
mental bees, the average time spent on an individual behavior was shorter in the control
group (Figures 2 and 3). Bees in the experimental groups were less active (changing their
behavior less often). Our previous study shows that treating bees with an E-field with the
same parameters for 1, 3, and 6 h caused a similar behavioral change. Bees in the experi-
mental group were cleaning themself and displayed contact between individuals less fre-
quently than the control bees [9]. Our present study shows that bees after longer exposure
(12 h) to an E-field still displayed modified behavioral patterns compared to the control
bees.

Only a few publications have evaluated the impact of an E-field on honey bee behav-
ior; thus, a comparison of the results to other factors was necessary. Changes in honey bee
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activity were observed in studies on the effect of pesticides on bees, in particular, neuro-
toxins, which affect neural processes by affecting the conduction of the electrical signals
between nerve cells (neurons). We can hypothesize that an E-field can also change the
processing and conduction of nerve impulses. Depending on the dose, imidacloprid may
induce an increase or a decrease in activity. The lowest dose used in the studies by Lambin
et al. [39] (1.25 ng per bee) caused an increase in motor activity, while higher doses (2.5
20 ng per bee) caused a decrease. In sublethal doses, cypermethrin, tetramethrin, and tau-
fluvalinate reduced the motor activity in honey bees. In our present study, the E-field
caused a reduction in the number of occurrences of most behaviors (Table 2, Figure 2).
Control bees were more active—they changed behavior more often (41 times on average
during the whole observation time) than bees in the experimental groups (from 23 to 35
times). James and Xu [40] assumed that by influencing the motor activity of bees, neuro-
toxic insecticides can affect disease resistance even not affecting individual immunity.

Imidacloprid provoked problems with coordination, convulsions, excessive agita-
tion, or stillness in honey bees [39,41,42]. Exposure for 12 h to an E-field caused stillness
to be displayed by the bees, but the number of occurrences of this behavior was too small
to show significant differences (Tables 2 and 3). Even so, it is worth paying attention to
the fact that the control bees were still for 5.72 s, while bees in the experimental groups
were motionless for from 14.07 s (34.5 kV/m group) to 47.71 s (23.0 kV/m group) (Table 3).
Bee stillness after contact with imidacloprid results from the disturbance of impulse con-
duction caused by a binding of this insecticide with acetylcholine receptors [39]. Morfin
et al. [43] found that chronic sublethal exposure to clothianidin affected the proportion of
bees grooming intensively and, based on RNAseq, found an effect on pathways linked to
neural function, which could be related to the bees’ ability to perceive external stimuli. It
is possible that E-field and neurotoxic insecticides can cause changes in the bee nerve im-
pulse transmission; however, the mode of action is probably different. Bees exposed to
esfenvalerate and permethrin spent, respectively, 43% and 67% less time in social interac-
tion compared to control bees [44]. Bees in our present work treated with an E-field with
an intensity of 34.5 kV/m or 11.5 kV/m spent on average 47% less time in contact between
individuals than control bees, while bees in the 23.0 kV/m group spent on average 8% less
time on this behavior. Bees treated with an E-field with an intensity of 5.0 kV/m spent on
average 262% more time in contact between individuals. Nevertheless, bees in the control
group displayed this behavior more often than the other groups (Figures 2 and 3; Tables
2 and 3).

Chronic exposure to thiamethoxam significantly impairs a bee’s ability to fly: It re-
duces the flight time (-54%), flight distance (-56%), and its average speed (-7%) [45]. Ac-
cording to our present study, bees in the control group spent the least time flying, alt-
hough, the differences between the groups, except the 5.0 kV/m group, were not statisti-
cally significant (Figure 3, Table 3). Regarding the number of flying occurrences, the 34.5
kV/m group had the highest number of this behavior occurrence (Figure 2). The difference
between this group, the control group, and the 23.0 kV/m group was not statistically sig-
nificant. The bees in the 5.0 kV/m and 11.5 kV/m group flew significantly fewer times than
bees in the 34.5 kV/m group (Table 2). In conclusion, E-fields cause changes in bee behav-
ior, most often by reducing the number of occurrences of individual behavior.

4.3. Behavior and Protease Analysis Comparison

In our present study, the level of protease activity increased in the experimental bee
organisms (Figure 1). Experimental bees also displayed a reduced number of behavior
occurrences in comparison to control bees (Figure 2). In our previous study, bees that were
treated with an E-field for 1, 3, or 6 h have higher activity of neutral and acidic proteases
than control bees. In the case of alkaline proteases, only bees treated with intensities of
23.0 or 34.5 kV/m have a statistically significant higher activity of this enzyme than control
bees [13]. Our previous behavioral research shows that bees in the experimental groups
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have a reduced number of contacts between individuals and self-grooming occurrences
[9].

Bees” immune system response consists both of individual and social immunity,
which includes anatomical barriers, cellular and humoral immunity, and behavioral im-
munity [17,18]. Serine proteases which occur in hemolymph are responsible for melaniza-
tion, wound healing, and phagocytosis stimulation [33].

Based on our present and previous studies [9,13], it can be concluded that bees after
E-field exposure are characterized by higher protease activity and reduced contact with
other individuals and clean themself less often. Protease activity and behavior parameters
analysis can give valuable information about the effect of an E-field on the bees” immun-
ity. Changes in these parameters may indicate the interaction of behavioral immunity and
protease activity, which are designed to protect honey bee’s organisms against environ-
mental stressors (pesticides, pathogens, etc.)

5. Conclusions

The amount of artificial electromagnetic field in the environment is constantly in-
creasing, thus the honey bee is exposed to this factor. In our study, bees in the control
group demonstrated the highest number of all behavior occurrences, except flying, and
had the lowest activity of all types of proteases. Bees in the experimental groups showed
a lower number of walking, self-grooming, and contact between individual occurrences
than control bees and had higher protease activity than control bees. Our results show
that an E-field is potential harmful factor to the honey bee. However, we do not know if
the changes in behavior and protease activity of the honey bee after E-field exposure per-
sist and for how long. It would be important to investigate behavior parameters and bio-
chemical markers at different time intervals after the end of exposure to an E-field. It can
be helpful to determine the interaction between the biochemical marker activity and be-
havioral parameters. Such an observation could provide a better understanding of the
immune response of the honey bee exposing to environmental stressors.

Author Contributions: P.M.—conceptualization, formal analysis, development of methodology,
writing original draft; P.M. and A.M.—writing—review and editing, data curation, development
visualization; P.M., A.M. and A.S.—carrying out the experiment; P.M. and A.S.—carrying out the
experiment and consultation; P.B.—design of E-field exposure system and development of the E-
field parameters used in experiments; A.R.—validation and consultation. All authors have read and
agreed to the published version of the manuscript.

Funding: Wroclaw University of Environmental and Life Sciences, Department of Environmental
Hygiene and Animal Welfare.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable request.

Acknowledgments: This research was supported by Apiary at Research and Didactic Station in
Swojczyce, Wroclaw, Poland.

Conflicts of Interest: The authors have no conflict of interest to declare.

1.  Loriatti, L.; Martinelli, M.; Viani, F.; Benedetti, M. Real-time distributed monitoring of electromagnetic pollution in urban envi-
ronments. In proceedings of the International Geoscience and Remote Sensing Symposium 09 (IGRASS), Cape Town, South
Africa, 13-17 July 2009; Volume 5, pp. 100-103, doi:10.1109/IGARSS.2009.5417724.

2. Gotz, M,; Rapp, M.; Dostert, K. Power line channel characteristics and their effect on communication system design. IEEE Com-

mun. Mag. 2004, 42, 78-86.

3. Maslanyj, M.; Simpson, J.; Roman, E.; Schiiz, J. Power frequency magnetic fields and risk of childhood leukaemia: Misclassifi-
cation of exposure from the use of the ‘distance from power line’ exposure surrogate. Bioelectromagnetics 2009, 30, 183-188.



Animals 2021, 11, 863 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.
29.

30.
31.

32.

33.

34.

Milutinov, M.; Juhas, A.; PrSa, M. Electromagnetic field underneath overhead high voltage power line. In Proceedings of the
4th International conference on Engineering Technologies-ICET, Islamabad, Pakistan, 19-20 October 2009.

Pas$, J. Linie napowietrzne wysokich napie¢—srodowisko elektromagnetyczne a ograniczenia w uzytkowaniu terendw. Biul.
Wojsk. Akad. Tech. 2014, 63, 51-63.

Schua, L. Die Wirkung von luftelektrischen Feldern auf Tiere. Verh. Dtsch. Zool. Ges. 1954, 18, 435-440.

Shepherd, S.; Lima, M.A.P.; Oliveira, E.E.; Sharkh, S.M.; Jackson, C.W.; Newland, P.L. Extremely Low Frequency Electromag-
netic Fields impair the Cognitive and Motor Abilities of Honey Bees. Sci. Rep. 2018, 8, 1-9.

Bindokas, V.; Gauger, J.; Greenberg, B. Laboratory investigations of the electrical characteristics of honey bees and their expo-
sure to intense electric fields. Bioelectromagnetics 1989, 10, 1-12.

Migdat, P.; Murawska, A.; Bienkowski, P.; Berbe¢, E.; Roman, A. Changes in Honeybee Behavior Parameters under the Influence
of the E-Field at 50 Hz and Variable Intensity. Animals 2021, 11, 247, doi:10.3390/ani11020247.

Bindokas, V.P.; Gauger, J.R.; Greenberg, B. Mechanism of biological effects observed in honey bees (Apis mellifera, L.) hived
under extra-high-voltage transmission lines: Implications derived from bee exposure to simulated intense electric fields and
shocks. Bioelectromagnetics 1988, 9, 285-301.

Odemer, R.; Odemer, F. Effects of radiofrequency electromagnetic radiation (RF-EMF) on honey bee queen development and
mating success. Sci. Total Environ. 2019, 15, 553-562.

Altmann, G. Hormon-physiologische Untersuchungen des Stoffwechsels der Honigbiene. Dtsch Bienenwirtsch 1959, 2, 74-76.
Migdat, P.; Roman, A.; Strachecka, A.; Murawska, A.; Bienkowski, P. Changes of selected biochemical parameters of the hon-
eybee under the influence of an electric field at 50 Hz and variable intensities. Apidologie 2020, 51, 956-967, doi:10.1007/s13592-
020-00774-1.

Migdat, P.; Murawska, A.; Strachecka, A.; Bierlkowski, P.; Roman, A. Changes in the Honeybee Antioxidant System after 12 h
of Exposure to Electromagnetic Field Frequency of 50 Hz and Variable Intensity. Insects 2020, 11, 713, doi:10.3390/in-
sects11100713.

Strachecka, A.; Gryzinska, M.; Krauze, M. Influence of Environmental Pollution on the Protective Proteolytic Barrier of the
Honey Bee Apis mellifera mellifera. Pol. ]. Environ. Stud. 2010, 19, 855-859.

Strachecka, A.; Demetraki-Paleolog, J. System proteolityczny powierzchni ciala Apis mellifera w zachowaniu zdrowotnosci
rodzin pszczelich. Kosmos 2011, 60, 43-51.

Buczek, K. Honey bee colony collapse disorder (CCD). Ann. UMCS 2009, 64, 1-7.

Simone-Finstorm, M.D.; Spivak, M. Increased Resin Collection after Parasite Challenge: A Case of Self-Medication in Honey
Bees? PLoS ONE 2012, 7, €34601, doi:10.1371/journal.pone.0034601.

Walter, R.; Clclia, F. Insect digestive enzymes: Properties, compartmentalization and function. Comp. Biochem. Physiol. Part B
Mol. Integr. Physiol. 1994, 109, 1-62.

Rawlings, R.; Barret, A. Evolutionary families of peptidases. Biochem. J. 1993, 290, 205-218.

Otlewski, J.; Jaskolski, M.; Buczek, O.; Cierpicki, T.; Czapinska, H.; Krowarsch, D.; Smalas, A.; Stachowiak, D.; Szpineta, A.;
Dadlez, M. Structure-function relationship of serine protease-protein inhibitor interaction. Acta Biochim. Pol. 2001, 48, 419-428.
Krem, M.; Di Cera, E. Evolution of enzyme cascades from embryonic development to blood coagulation. Trends Biochem. Sci.
2002, 27, 67-74.

Grzywnowicz, K.; Ciotek, A.; Tabor, A.; Jaszek, M. Profiles of the body-surface proteolytic system of honey bee queens, workers
and drones: Ontogenetic and seasonal changes in proteases and their natural inhibitors. Apidologie 2008, 40, 4-19.

Peng, Y.S.; Fang, Y.; Xu, S.; Ge, L. The resistance mechanism of the Asian honey bee, Apis cerana Fabr, to an ectoparasitic mite,
Varroa jacobsoni Oudemans. J. Invertebr. Pathol. 1987, 49, 54-60.

Bukowicki, R.; Sanchez, A. Protection against E-field and radiation at low frequency 50 Hz. In Proceedings of the International
Conference on Electromagnetic Fields, Health & Environment, Madeira Island, Portugal, 27-29 April 2006.

Migdat, P.; Murawska, A.; Roman, A. Modified Standardized Method to Extract and Store Insect Hemolymph with Use of a
Glass Capillary. J. Apic. Sci. 2020, 64, 165-168, d0i:10.2478/jas-2020-0004.

Los, A.; Strachecka, A. Fast and Cost-Effective Biochemical Spectrophotometric Analysis of Solution of Insect “Blood” and Body
Surface Elution. Sensors 2018, 18, 1494.

Anson, M.L. Estimation of pepsin, trypsin papain and cathepsin with haemoglobin. J. Gen. Physiol. 1938, 22, 79-84.

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria.
2018. Available online: http://www.R-project.org/ (accessed on 14 May 2020).

Fruton, J. The Role of Proteolytic Enzymes in the Biosynthesis of Peptide Bonds. J. Biol. Med. 1950, 22, 263-271.

Lopez-Otin, C.; Bond, J. Proteases: Multifunctional Enzymes in Life and Disease. ]. Biol. Chem. 2008, 283, 30433-30437,
do0i:10.1074/jbc.R800035200.

Kanost, M.; Jiang, H. Clip-domain serine proteases as immune factors in insect hemolymph. Curr. Opin. Insect 2015, 11, 47-55,
d0i:10.1016/j.co0is.2015.09.003.

Asgari, S.; Zhan, G.; Zareie, R.; Schmidt, O. A serine proteinase homolog venom protein from an endoparasitoid wasp inhibits
melanization of the host hemolymph. Insect Biochem. Mol. Biol. 2003, 33, 1017-1024.

Strachecka, A.; Olszewski, K.; Paleolog-Demetraki, ]. Varroa treatment with bromfenvinphos markedly suppresses honeybee
biochemical defence levels. Entomol. Exp. Appl. 2016, 160, 57-71, doi:10.1111/eea.12451.



Animals 2021, 11, 863 12 of 12

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Strachecka, A.; Olszewski, K.; Paleolog, ].; Borsuk, G.; Bajda, M. Coenzyme Q10 treatments influence the lifespan and key bio-
chemical resistance systems in the honeybee, Apis mellifera. Arch. Insect Biochem. Physiol. 2014, 86, 165-179.

Strachecka, A.; Olszewski, K.; Paleolog, J. Curcumin stimulates biochemical mechanisms of Apis mellifera resistance and ex-
tends the apian life-span. J. Apic. Sci. 2015, 59, 129-141.

Strachecka, A.; Krauze, M.; Olszewski, K.; Borsuk, G.; Paleolog, J.; Merska, M.; Chobotow, J.; Bajda, M.; Grzywnowicz, K. Un-
expectedly strong effect of caffeine on the vitality of western honeybees (Apis mellifera). Biochemistry 2014, 79, 1192-1201.
Paleolog, J.; Wilde, J.; Siuda, M.; Bak, B.; Wojcik, L.; Strachecka, A. Imidacloprid markedly affects hemolymph proteolysis, bi-
omarkers, DNA global methylation, and the cuticle proteolytic layer in western honeybees. Apidologie 2020, 51, 620—-630.
Lambin, M.; Armengaud, C.; Raymond, S.; Gauthier, M. Imidacloprid-induced facilitation of the proboscis extension reflex
habituation in the honeybee. Arch. Insect Biochem. Physiol. 2001, 4, 129-134.

James, RR.; Xu, J. Mechanisms by which pesticides affect insect immunity. ]. Invertebr. Pathol. 2012, 109, 175-182,
doi:10.1016/j.jip.2011.12.005.

Teteers, B.; Johnson, M.R.; Ellis, M.D.; Siegfried, B.D. Using video-tracking to asses sublethal effects of pesticides on honey bees
(Apis mellifera). Environ. Toxicol. Chem. 2012, 31, 1349-1354.

Charreton, M.; Decourtye, A.; Henry, M.; Rodet, G.; Sandoz, J.C.; Charnet, P.; Collet, C. A locomotor deficit induced by sublethal
doses of pyrethroid and neonicotinoid insecticides in the honeybee Apis mellifera. PLoS ONE 2015, 10, e0144879.

Morfin, N.; Goodwin, P.H.; Hunt, G.J.; Guzman-Novoa, E. Effects of sublethal doses of clothianidin and/or V. destructor on
honey bee (Apis mellifera) self-grooming behavior and associated gene expression. Sci. Rep. 2019, 9, 5196, doi:10.1038/541598-
019-41365-0.

Ingram, E.M.; Augustin, J.; Ellis, M.D.; Siegfried, B.D. Evaluating sub-lethal effects of orchard-applied pyrethroids using video-
tracking software to quantify honey bee behaviors. Chemosphere 2015, 135, 272-277.

Tosi, S.; Burgio, G.; Nieh, J.C. A common neonicotinoid pesticide, thiamethoxam, impairs honey bee flight ability. Sci. Rep. 2017,
7,1201.



