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Abstract—Biological effects produced by low-energy electromagnetic radiation were often explained by tran-
scriptional induction of the Hsp70 gene. In this study, we investigated a series of important adaptation traits
developed in Drosophila melanogaster strains with different copy numbers of Hsp70 genes when subjected to
microwave irradiation. In our experiments, we used mutant strains with gene deletion in all or several Hsp70
copies. The wild-type strain (Canton-S containing the full set of Hsp70 genes in its genome) was used as a con-
trol. Electromagnetic radiation (power density10 μW/cm2, frequency 37.7 GHz and 65.0 GHz, exposure
duration 5 min) was used for the irradiation of adult f lies (imago). The experimental results showed that expo-
sure to microwave radiation produced no effect on the number of the wild-type offspring (Canton-S with the
full set of Hsp70 genes) by the pupal stage and imago but was accompanied by increased embryonic mortality
and an increased median lifespan. In most cases, exposure to microwave radiation led to adverse effects on
the viability of strains without all copies or with the presence of one copy of Hsp70 genes. In these strains, the
external influence resulted in a lower number of offspring by the imago, an increased number of dead indi-
viduals during the pupal and early stages of imago development, and a decrease in the median and maximum
lifespan of the imago. Interestingly, when the strain containing four copies of Hsp70 was exposed to micro-
wave radiation it was found that individuals tend to show sexual dimorphism in response to such an external
influence: a decrease in the median and maximum lifespan of the female imago and an increase of the lifes-
pan of the male f lies. The results of this study demonstrate the importance of the presence of the full set of
Hsp70 genes in the Drosophila genome to adapt to microwave radiation.
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INTRODUCTION
Electromagnetic radiation (EMR) as a new anthro-

pogenic environmental factor can cause various
genetic effects, thereby modifying the adaptive abili-
ties of organisms. The Hsp70 heat shock proteins play
an important role in the development of resistance to
unfavorable environmental factors. Their role in the
formation of fitness under exposure to low-intensity
EMR remains obscure.

The series of works by M. Blank, R. Goodman,
et al. in experiments on human cell culture showed the
induction of Hsp70 transcription in response to expo-
sure to low-intensity EMR (8 μT, 60 Hz) was shown
[1]. In addition, this treatment led to transient activa-
tion of genes that encode the heat shock transcription
factor 1 (HSF-1) [2]. In human cell cultures exposed
to EMR for 3 h (8 μT, 60 Hz), Hsp70 levels increased

after 20 min of exposure and gradually decreased,
returning to control values 2 h later [3]. Exposure to
EMR (8 μT, 60 Hz, 20 min exposure) induced the
activation and DNA binding of Hsp70 transcription
factors such as HIF, AP-1, and SP-1 [4]. These
results allowed the authors to propose the concept of
a domain that is specifically sensitive to the electro-
magnetic field, which is located in the Hsp70 promoter
[5, 6].

Many contradictory results were obtained in stud-
ies of the regulation of Hsp70 activity by electromag-
netic irradiation of varying intensity on model objects.
As an example, it was shown that the response of a cell
culture to magnetic field and microwaves is deter-
mined by Hsp70 gene activation [7–9]. However, no
change in Hsp70 gene transcription in cells exposed to
electromagnetic fields has been detected. It was shown
in [10] that although EMR does not affect Hsp70 tran-
scription it can significantly increase the constitutive
level of the Hsp70 protein, probably by increasing its
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stability. On the other hand, a sinusoidal magnetic
field with a frequency of 50 Hz increases the level of
Hsp70 mRNA in porcine aortic endothelial cells but
does not affect the Hsp70 protein content [11].

The effect of EMR on Hsp70 expression described
above was studied primarily on various human and
animal cell lines, while only very few experiments have
been performed on model objects. In experiments on
Drosophila, Hsp70 expression levels under exposure to
EMF were assessed. The incorporation of labeled uri-
dine, which was assessed autoradiographically,
showed EMT-activated transcription at 87 loci con-
taining six Hsp70 genes [12]. Cell phone radiation also
caused a 3.6-fold increase in the Hsp70 protein level in
Drosophila larvae exposed for 60 min twice a day for 10
days [13].

New opportunities in studying the mechanisms of
action of EMR in experiments on Drosophila were
opened up after Gong and Golic [14] obtained strains
with deleted Hsp70 genes (Hsp70-null). It was found
that Hsp70 genes are essential for survival under fairly
severe heat shock but are not necessary under milder
heat exposure. This fact indicated that a significant
degree of heat resistance is retained at a reduced num-
ber of Hsp70 copies. In addition, several pleiotropic
effects induced by Hsp70 deletion were demonstrated
[15]. Heat shock exposure in experiments on Drosoph-
ila melanogaster strain Hsp70-null showed the activa-
tion of the synthesis of several inducible and constitu-
tive Hsp. Heat shock caused both the expression of
new gene patterns and an almost complete mortality of
individuals of the Hsp70-null strain [16].

The aim of this study was to investigate some com-
ponents of the fitness of D. melanogaster strains con-
taining different numbers of Hsp70 genes under
microwave irradiation.

MATERIALS AND METHODS
This study was performed on Drosophila melano-

gaster mutant strains containing different copy num-
bers of Hsp70 genes: 8841 (Hsp70-null), 8842, and
1♀41♂. Flies of strain 8841 lack both loci containing
Hsp70 copies (87A and 87B). In f lies of strain 8842 the
87A locus is removed, while the 87B locus containing
four Hsp70 copies is present [14]. The 1♀41♂ trans-
genic strain, which was derived from the 8841 strain by
P-mediated transformation in the laboratory by
M. Evgen’ev [17], contains one Hsp70 copy. The wild-
type Canton-S strain was used as a control because it
was shown earlier [18] that the genome of the wild-
type f lies contained six almost identical copies of
Hsp70 genes.

The f lies were grown on a standard sugar-yeast
medium at 23.0 ± 0.5°С. In the experiments, 2-day-
old virgin imagoes were subjected to external influ-
ences. On the third day, the f lies were crossed and the
indices that characterize fecundity (embryonic mor-
tality and the number of offspring at the pupal and
imago stages) and the lifespan of the parental individ-
uals were assessed.

The characteristics of the external influence. Two-
day-old imagoes were irradiated in test tubes filled
with a temporary medium through cotton wool. Irra-
diation was performed using measuring instruments
included in the Secondary Standard for the Power
Units of Electromagnetic Oscillations in waveguides
in the frequency range of 37.50–78.33 GHz. This stan-
dard is annually subjected to metrological certification
at the National Standard for the Power Units of Elec-
tromagnetic Oscillations in Waveguides (by calibrating
the standards of the absorbed power unit carriers) at
the National Research Center Institute of Metrology
(Kharkov, Ukraine) [19].

The capacities of the standard allow working with
EMP powers ranging from 1 × 10–3 to 1 × 10–2 W at a
total relative error of 0.2 × 10–2–0.5 × 10–2. Rectangu-
lar waveguides of 5.2 × 2.6 mm and 3.6 × 1.8 mm were
used to generate radiation at frequencies up to
37.5 GHz and up to 78.33 GHz, respectively. The open
end of the waveguide was used as an emitter; the test
tube with Drosophila melanogaster imago was placed
(put on the waveguide) in such a way that the far zone
condition was met.

The radiation power at the waveguide exit was mea-
sured with an M1-25-type feed-through power meter.
To compensate for the influence of EMP attenuation
in cotton wool at the irradiation frequency, the
absorption coefficient of cotton wool (3 × 2 cm) was
determined immediately before the experiment using
an M3-22A-type power meter and a thermistor head,
which was 1.25 at a frequency of 65.0 GHz and 1.12 at
a frequency of 37.5 GHz. The power fed to the open
end of the waveguide was set for an energy f lux with a
density of W = 10 μW/cm2 (0.1 W/m2), taking this
coefficient into account using the expression

where D is the EMF energy f lux density, W/m2; Ps is
the radiation power from the source, W; Cd is the coef-
ficient of directional action of the emitter; and r is the
distance to the radiation source, m.

The final parameters of the microwave effect on
imagoes were as follows: a power f lux density W =
10 μW/cm2, frequency F = 37.7 and 65.0 GHz, and an
exposure duration of t = 5 min. During irradiation,
each tube contained 15–20 imagoes. Depending on
the type of experiment, it was necessary to obtain 70 to
200 irradiated f lies of each sex of each strain.

Incorporation of 35S-labeled methionine into D.
melanogaster salivary gland proteins. Third-instar lar-
vae were subjected to heat shock (37.5°С) for 30 min.
Their salivary glands were then isolated and incubated
at 25°С for 40 min in 20 μL of methionine-free
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Fig. 1. Incorporation of methionine S35 into the salivary
glands of Drosophila larvae under normal conditions and
after heat shock (37°С, 30 min): (1) control (strain w1188

containing all six Hsp70 copies), development at normal
temperature; (2) strain w1188 after heat shock; (3) strain
1♀41♂ containing one Hsp70 copy after heat shock;
(4) strain 8841 with deletion of all Hsp70 copies after heat
shock. The positions of Hsp70 and Hsp68 are indicated
with arrows.

1 2 3 4

Hsp68Hsp70
Schneider’s insect medium (Sigma, United States)
supplemented with 1 μL (1 μCi) of 35S-labeled methi-
onine (GE Healthcare, Great Britain). The salivary
glands of the larvae stored at 25°С were used as a con-
trol. The labeled salivary glands were lysed in 20 μL of
Laemmli buffer. Protein extracts were separated by
SDS-PAGE in 10% polyacrylamide gel. Equal
amounts of each sample were used. The incorporation
of the radioactive label was assessed autoradiographi-
cally.

Consideration of indices that characterize the repro-
ductive value of imago. The average number of off-
spring at the imago stage from two parental pairs was
determined. To do this, two pairs of 3-day-old virgin
imagoes were placed in test tubes filled with 5 mL of
nutrient medium for 5 days and all offspring were
counted. In each experimental variant, offspring from
24–30 pairs of individuals were assessed. Simultane-
ously, the number of individuals that died at the pupal
stage was counted.

To determine the stage of embryonic death, unde-
veloped Drosophila eggs were analyzed as described in
[20]. We distinguished the initial stages of cleavage and
formation of blastoderm (the death of individuals
occurred before 5.5 h of embryonic development (I));
the stages of gastrulation and segmentation (the death
of embryos occurred 5.5 to 17 h of development (II));
and the stage of organogenesis (death occurred 17 to
22 h of embryonic development (III)). In total, egg
clutches of approximately 1200 Drosophila females
were analyzed in the experiments.

For each experimental variant, when analyzing the
number of offspring at the imago stage, we calculated
the arithmetic mean value and the standard error of
the mean. The results of the analysis of the indices of
mortality of individuals at the pupal stage and the
embryonic mortality are presented as proportions (%)
with a 95% confidence interval. The confidence inter-
val was calculated according to Jeffreys [21]. The sta-
tistical significance of the differences between the
control and experimental values was estimated using
the Fisher’s test. The null hypotheses were tested at a
significance level of 0.05.

Analysis of the lifespan of the imagos. The average
and median lifespans of Drosophila imagos were calcu-
lated. Virgin individuals (females and males sepa-
rately) were kept on a temporary medium in glass test
tubes (25 individuals in each). In each variant of the
experiment the lifespan of 100–120 imagoes of each
sex was analyzed. The dead individuals were counted
and flies were transferred to a fresh medium every
2 days. The differences in the median lifespan were
compared using the Wilcoxon–Breslow–Gehan test.
The significance of differences in the maximum lifes-
pan (the last 10% of deaths from the sample) was
assessed using the Wang–Ellison test with the Bonfer-
roni correction [22].
BIOPHYSICS  Vol. 66  No. 4  2021
RESULTS AND DISCUSSION
To determine the number of gene copies of heat

shock proteins in strains 8841 and 1♀41♂, we analyzed
the incorporation of 35S-labeled methionine into the
salivary glands of Drosophila larvae of three strains
with different Hsp70 copy numbers. The results cor-
roborated the presence of one copy (strain 1♀41♂) and
the absence of Hsp70 genes in the genome of individ-
uals of the mutant strain 8841 (Fig. 1).

The results of the viability studies showed that in
the control the greatest number of offspring at the
imago stage is characteristic of the wild-type strain
Canton-S and the mutant strain 8842, which contains
four Hsp70 copies (Figs. 2, 3). For the strains with the
deletion of all Hsp70 copies (8841) and with only one
copy of this gene (1♀41♂), the fecundity decreased by
almost two times. The exposure had no significant
effect on the number of offspring at the imago stage in
the wild-type strain but increased the fecundity in the
strains with different Hsp70 copy numbers. As an
example, irradiation at a power of 37.7 GHz increased
the fecundity of strain 8842 by 15.84% relative to the
control (Figs. 4a, 5a), and irradiation at a power of
65 GHz increased the fecundity in strains 8841 and
1♀41♂ by 48.19 and 29.59%, respectively (Figs. 4b,
5b).

The observed effect of microwave irradiation was
mediated by changes in the number of offspring at the
pupal stage. As an example, the exposure of parental
individuals of the strains with the deletion of all Hsp70
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Fig. 2. The number of offspring at the pupal stage in Dro-
sophila strains with different copy numbers of Hsp genes
after electromagnetic exposure. * Significant differences
from the control at p < 0.05.
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copies (8841) and with one copy of this gene (1♀41♂)
at a frequency of 65 GHz increased the number of
pupae by 1.7 and 1.3 times, respectively (Fig. 2). How-
ever, the number of individuals that died at the pupal
stage in the same strains increased, on average, by
1.5 times compared to the control (Table 1).

The results obtained in this study that show an
increase in the fecundity of Drosophila imago under
the influence of microwave irradiation are in good
agreement with our previous results [23]. However, it
should be noted that the literature data are fairly con-
tradictory: there is information about both an increase
in the effect [13] and its absence [24], as well as a
decrease in fecundity [25–27]. The differences in the
obtained results are, apparently, associated with the
differences in the experimental procedures, the
parameters (frequency, power, and duration of expo-
sure) of microwave radiation, the stage of ontogenesis
at which exposure was performed, and the character-
istics of Drosophila strains.
Table 1. The number of deaths at the pupal stage in the offspr

Confidence interval 95%; * significant differences from the control 

Genotype
control

Canton-S 5.9 (4.82–7.18)

8841 13.8 (11.08–17.33)

8842 15.2 (13.73–16.83)

1♀41♂ 16.9 (14.74–19.34)
Analysis of the stages of embryonic death showed
that the number of dead embryos of the wild-type
strain was at a maximum at the initial stages of blasto-
derm fragmentation (the first 5.5 h of development)
and the stage of organogenesis (the last 17–22 h of
development) (Table 2). A decrease in the number of
Hsp70 copies in the genome of the mutant strains
8841, 8842, and 1♀41♂ was accompanied by a
decrease in the viability of embryos at the stage of gas-
trulation and the initial stages of segmentation (5.5–
17 h of development).

Microwave irradiation adversely affects the pro-
cesses of early ontogenesis in Drosophila, increasing
embryonic mortality primarily at the stages of seg-
mentation and organogenesis. In the wild-type strain,
the number of embryos that died at the stage of gastru-
lation and the initial stages of segmentation increased
by 2.29 times (p < 0.05). Similar changes were
observed in strain 8841 (p < 0.05). In individuals of
strain 1♀41♂, an increase in the mortality of embryos
at the initial stages of cleavage was detected (p <0.05).

Thus, exposure to microwave radiation increased
the number of dead embryos in strains 8841 and
1♀41♂ mainly due to the death of individuals at the
later stages of embryonic development. Obviously, this
is one of the factors that lead to a decrease in the num-
ber of offspring in individuals of these strains after irra-
diation.

In the wild-type Canton-S strain, the exposure to
microwave radiation increased the median lifespan of
imagoes of both sexes and increased the lifespan of the
longest-lived individuals (Fig. 3, Table 3). In f lies of
all mutant strains that differed in the Hsp70 copy num-
ber irradiation decreased the lifespan. However, the
features of this process are determined by the specific
set of heat shock genes in the Drosophila genome. As
an example, in the Hsp70-null strain (8841) irradia-
tion led to a decrease in both the median and maxi-
mum lifespan of imagoes of both sexes in all variants of
the experiments (p ≤ 0.05).
BIOPHYSICS  Vol. 66  No. 4  2021

ing of Drosophila individuals exposed to microwave radiation

at p < 0.05.

Experimental variant

37.7 GHz 65 GHz

6.7 (5.22–8.51) 5.9 (4.89–7.10)

13.2 (10.30–16.57) 23.9 (21.40–26.64)*

10.8 (9.51–12.08) 17.5 (15.90–19.28)

16.6 (14.37–19.09) 23.5 (20.68–26.53)*
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Fig. 3. Survival curves of Drosophila imagoes of strains with different numbers of Hsp genes in the control and after electromag-
netic exposure.
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Fig. 4. Fecundity at the imago stage (females) of Drosophila strains with different copy numbers of Hsp genes after electromagnetic
exposure: (a) 37.7 GHz, (b) 65.0 GHz. * Significant differences from the control at p < 0.05.
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Fig. 5. Fecundity at the imago stage (males) of Drosophila strains with different copy numbers of Hsp genes after electromagnetic
exposure: (a) 37.7 GHz, (b) 65.0 GHz. * Significant differences from the control at p < 0.05.
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In the strain with one Hsp70 copy (1♀41♂), a
decrease in the average lifespan was shown only for
males. The long-lived part of the sample (both females
and males) was found to be sensitive to microwave
exposure and the maximum lifespan decreased in all
experimental variants (p ≤ 0.05).

If microwaves are considered as a stressor the
decrease in the median lifespan of females and males
of strain 8841 in our experiments can be explained by
a reduced stress resistance. Obviously, one Hsp70 copy
in males of strain 1♀41♂ was not insufficient to neu-
tralize the effects of extremely high frequencies.
Females of this strain are more resistant to stress and
the median lifespan values in the experiment corre-
spond to the control (Fig. 3).

Strain 8842, which contains four Hsp70 copies,
shows sexual dimorphism in response to microwave
exposure. In females, both the median and maximum
lifespan decreased after irradiation (p ≤ 0.05). The
opposite effect was observed in males: after irradiation
at a frequency of 37.7 GHz a very significant increase
in both the median and maximum lifespan was
detected (p ≤ 0.05) (Fig. 3, Table 3).

The synthesis of heat shock proteins in Drosophila
is not only a universal response to stress but also a
parameter that characterize the age-related changes in
metabolism [28]. As an example, the dose-dependent
effect of Hsp70 on the viability of Drosophila during
aging at normal temperature was shown [29]. The
authors of that study used a transgenic strain with
twelve additional copies of the heat shock protein
genes and a strain with a reduced Hsp copy number
that carried only a residual P-element construct at the
same integration site where additional Hsp70s were
inserted. Experiments with these strains showed that
an increase in the copy number of the Hsp70 genes
improved survival after heat shock. On the other hand,
flies of the mutant strain devoid of Hsp70 copies
BIOPHYSICS  Vol. 66  No. 4  2021
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Table 2. Embryonic death in the offspring of Drosophila individuals exposed to microwave radiation

Confidence interval 95%; * significant differences from the control at p < 0.05.

Genotype Experimental variant

Embryos that died at different stages of ontogenesis, %
(confidence interval 95%)

І (0–5.5 h) IІ (5.5–17 h) ІІІ (17–22 h)

Canton-S

Control 4.2 (3.30–5.32) 3.1 (2.32–4.05) 6.8 (5.67–8.22)

37.7 GHz 3.9 (1.74–7.40) 7.1 (4.06–11.57)* 3.8 (1.74–7.40)

65 GHz 4.2 (2.76–6.13) 5.3 (3.65–7.42) 4.8 (3.20–6.78)

8841

Control 2.0 (0.84–4.09) 21.7 (17.35–26.67) 1.33 (0.45–3.15)

37.7 GHz 0.8 (0.22–2.06) 36.5 (31.84–41.42)* 4.2 (2.49–6.49)

65 GHz 2.2 (0.63–5.81) 29.6 (22.42–37.70) 4.4 (1.88–8.93)

8842

Control 0.7 (0.35–1.22) 4.3 (3.38–5.48) 0.9 (0.55–1.57)

37.7 GHz 0.5 (0.23–1.13) 3.8 (2.82–5.11) 0.9 (0.47–1.62)

65 GHz 0.3 (0.10–0.72) 3.6 (2.67–4.69) 0.3 (0.10–0.72)

1♀41♂

Control 0.8 (0.23–2.14) 19.6 (15.83–23.89) 2.2 (1.02–4.02)

37.7 GHz 1.9 (0.64–4.40) 16.4 (11.92–21.85) 1.4 (0.40–3.71)

65 GHz 4.1 (2.19–6.97)* 24.5 (19.68–29.93) 1.9 (0.71–4.03)

Table 3. The median values of Drosophila lifespan depend-
ing on the exposure to microwave radiation

* Significant differences from the control at p < 0.05.

Genotype Sex
Experimental variant

control 37.7 GHz 65 GHz

Canton-S Females 28 29 30*

Males 21 27* 23

8841 Females 27 22* 25

Males 23 18* 18*

8842 Females 48 44 43*

Males 34 46* 36

1♀41♂ Females 24 24 21

Males 23 21* 14*
showed a shorter lifespan compared to the original
strain and the strain containing additional gene cop-
ies. This difference became more pronounced at ele-
vated temperatures (29°С) [30]. Thus, the results
obtained in this work that demonstrate a decrease in
the lifespan of the Drosophila Hsh70-null strain (8841)
are in good agreement with the results of our previous
studies.

In this study, we investigated the delayed effects of
low-intensity electromagnetic radiation, which were
assessed by the viability of Drosophila imagoes. We
used strains that contain different copy numbers of
heat shock genes. It was shown that the exposure to
EMR of extremely high frequencies enhanced the
mutational process, leading to an increase in the num-
ber of embryos that died primarily at the stages of seg-
mentation and organogenesis. This pattern does not
depend on the number of Hsp70 genes in the Drosoph-
ila genome. However, an increase in the number of
offspring at the imago stage in the mutant strains was
also observed. Apparently, external influence stimu-
lates oviposition in the strains with the reduced num-
ber of heat shock genes, which may be mediated by
changes in the hormonal balance of imago, in partic-
ular, a decrease in the ecdysone titer in the hemo-
lymph [31].

If we compare the effects of irradiation of imagoes
with EMR of extremely high frequencies with different
wavelengths, the same tendency of changes in viability
BIOPHYSICS  Vol. 66  No. 4  2021
indices was observed. Differences were found only
when the median lifespan was analyzed. As an exam-
ple, in strain 8841, this index decreased in both exper-
imental variants, while the effect was more pro-
nounced under the exposure to microwave irradiation
at a wavelength of 37.7 GHz. In strain 1♀41♂ with one
Hsp70 copy, the decrease in the median lifespan in the
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experiment was more pronounced at 65 GHz. The
opposite effect was also shown for strain 8842: an
increase in the median lifespan in males under irradi-
ation at 37.7 GHz (similar results were obtained for the
wild-type strain) and a decrease in this index in
females under irradiation at 65 GHz.

Summarizing the results obtained in this study, it
can be seen that in the wild-type Canton-S strain with
a normal set of heat shock genes, reproductive indices
almost do not change under the influence of micro-
wave irradiation; however, the median lifespan
increases. Strains without Hsp genes (8841) or that
contain one copy of heat shock genes (1♀41♂) were
susceptible to microwave irradiation. The delayed
changes in the viability indices were mostly negative.
As an example, the exposure led to a decrease in the
number of offspring at the imago stage, an increase in
the number of dead individuals at the pupal and early
ontogeny stages (mainly at the late stages of embryonic
development), and a decrease in the median and max-
imum lifespan. Interesting opposite results were
obtained for strain 8842. Individuals of this strain,
which has four Hsp70 copies, showed sexual dimor-
phism in response to microwave irradiation: a decrease
in the median and maximum lifespan of females and
an increase in these parameters in males. Undoubt-
edly, experimental manipulations with the ancient and
highly balanced system of Hsp70 genes [30] led to dis-
turbances in the development of normal stress
response of the organism and to the observed changes
in viability of imagoes after irradiation. The planned
proteomic and transcriptomic methods will provide
insight into the mechanisms that underlie the role of
Hsp70 in the response to microwave irradiation.
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