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Abstract We determined the effects of microwave radiation and static magnetic field on the
gene activity in Drosophila by measuring the dimensions of puffing the salivary gland polytene
chromosomes of Drosophila melanogaster Meigen following exposure of eggs to the radiation
and magnetic field. Drosophila eggs were exposed to either microwave radiation of 36.64 GHz
frequency and 1 W/m2 intensity for 30 s, a static magnetic field of 25 mT for 5 min, or both.
The diameter of puffs was measured in squashed salivary gland preparations extracted from
larvae from those eggs as they entered the prepupal stage. The puffs measured were 50CD,
63F, 71CE, 72CD (chromosome 3L) and 82EF, 83E, 93D (chromosome 3R). Results
demonstrated that (a) microwave radiation exposure decreased puffing activity in puffs 63F,
71CE, and 82 EF but had no effect on puffing at 72CD, 93D and 50CD; (b) exposure to
magnetic fields only did not change puff activity, but magnetic field exposure appeared to
enhance the impact of microwave radiation exposure at locus 83F by decreasing puff activity;
(c) puffs 63F, 71CE, and 82EF were smaller when exposed to microwave radiation and
magnetic field combined than with microwave radiation alone, and; (d) no apparent changes
were observed at the 93D puff after exposure to microwave radiation and the combined
treatments.
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The biological effects of electromagnetic fields (EMF) have been intensively

investigated in connection with animal navigation (Kishkinev 2015; Marley et al.

2014), plant growth and development (Maffei 2014), possible health hazards (Berg

et al. 2006; Vecchia et al. 2009), and medical uses (Raffin and Siebner 2014). The

mode of action of EMF on living cells is likely related to regulation of gene activity

(Blank and Goodman 2009; Goodman and Blank 1998, 2002; Goodman et al. 1987,

1992, 1993; Lin et al. 2001). EMF exposure has been shown to induce quantitative

and qualitative changes in transcriptome and proteome (Ennamany et al. 2008;

Nikolova et al. 2005; Remondini et al. 2006; Stock et al. 2012; Trivino et al. 2012;

Zhao et al. 2007), but other studies indicate slight to no changes (Sakurai et al.

2011, 2012, 2013; Zeng et al. 2006). Proteomic analysis of ex vivo human tissues
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and cell lines also revealed differences among cells exposed and not exposed to

microwaves (Karinen et al. 2008; Nylund et al. 2009, 2010). Transcriptome changes

were observed in osteocyte-like cells (MLO-Y4) exposed to static magnetic fields

(12 and 16 T) for 48 h with expression of enzymes, peptide hormones, and G-

protein receptors genes (Wang et al. 2015). The interactions of different types of

electromagnetic radiation also have been studied. Lai and Singh (2005) showed

that simultaneous exposure to a temporally incoherent magnetic field blocked

microwave-induced DNA damage in brain cells of rats. Yao et al. (2008) also

reported that magnetic fields often block other effects induced by microwaves.

Some of these interaction effects are reviewed Manti and D’Arco (2010).

We selected the Drosophila melanogaster Meigen polytene chromosomes to

further assess the impact of electromagnetic radiation on gene regulation. The

system is well studied, and one can assess quantitatively the observed changes in

chromosomal puffing patterns. Earlier, we reported the effect of low-intensity

microwave radiation on the puffing pattern of D. melanogaster polytene

chromosomes (Shakina et al. 2011). We also demonstrated the effects of magnetic

field and microwave exposure, individually and combined, on the rate of

development, fecundity, embryonic mortality, and pupal lethality of D. melanogaster

(Gracheva et al. 2015). Herein, we examined the effects of successive exposures to

these electromagnetic radiation sources on the puffing pattern in Drosophila

polytene chromosomes. Our results are expected to have broad applicability.

Materials and Methods

Drosophila melanogaster wild type inbred line Canton-S used in this study was

obtained from the Drosophila collection of the Department of Genetics and Cytology

of the V.N. Karazin Kharkiv National University (Kharkiv, Ukraine). Flies were grown

in a standard sugar-yeast medium at a temperature of 24 6 0.5*C. Five-day-old

females were collected and used for oviposition. Eggs from these females were

collected 2 h after oviposition began, immediately exposed to the respective

radiation treatments, and placed on the rearing medium. Larvae were removed from

the medium as they entered the prepupal stage (0-hr prepupae). Squash

preparations of the polytene chromosomes in salivary glands of these larvae were

stained with 2% orcein solution in acetic acid (45%) and studied at magnification

(8003) as per methods of Sullivan et al. (2000). Puff size was assessed only in

chromosomes with the degree of polyteny 1,024. Puffs were identified by the

updated maps of gene location in D. melanogaster originally cited by Bridges (1921)

and updated by Lindsley and Grell (1968).

The reaction of seven chromosomal puffs to exposure to microwaves and static

magnetic fields were measured. Those puffs were 50CD (chromosome 2R), 63F,

71CE, 72CD (chromosome 3L), and 82EF, 83E, 93D (chromosome 3R) (Fig. 1).

Diameters of puffs were measured using an ocular micrometer and compared with

the width of the adjacent disc of the chromosome not involved in the puffing. Puff

size is correlated with the level of transcriptional activity (Gruenbaum 2015); thus,

the ratio of size of the puff to the size of the adjacent disk (puff:disk ratio) was used

to assess puff activity (e.g., 50CD/51B, 63F/64B, 71CE/73A, 72CD/73A, 82EF/84A,

83E/84A, 93D/93F). All puffs studied are involved in development, except the puff
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Fig. 1. Microphotographs of seven Drosophila melanogaster puffs taken into
investigation in the present work. (A) 50CD (chromosome 2R); (B) 63F
(chromosome 3L); (C) 71CE (chromosome 3L); (D) 72CD (chromosome
3L); (E) 82EF (chromosome 3R); (F) 83E (chromosome 3R); (G) 93D
(chromosome 3R).
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93D which is the heat-shock puff. The average size of one puff was determined by

examining 25–65 nuclei in each variant of experiment in 5–17 larvae, with no more

than five nuclei in each salivary gland preparation.

The source of microwave radiation was a semiconductor device, based on a

Gunn diode, designed and manufactured by V.N. Bykov (Department of Theoretical

Radiophysics, V.N. Karazin Kharkiv National Univ.). The device produced a

frequency of 36.64 6 0.05 GHz, which was delivered through the pyramidal horn

antenna on the device (30 3 30 mm at the edge of the horn). Drosophila

melanogaster eggs were exposed to microwaves at room temperature (24*C) with

the eggs placed in an open area and at 15 cm from the edge of the antenna, thus

ensuring uniformity of radiation exposure. The power density of the microwave

radiation on the surface of the exposed eggs was 1 W/m2 with an exposure time of

30 s. This intensity was approximately 10,000 times greater than the microwave

radiation that normally occurs in urban areas (Hutter et al. 2006).

The static magnetic field of 25 mT intensity was produced by a magnet

(permalloy, 26 39 3 1.8 cm). Its intensity was determined using the IMI-3 Hall effect

magnetic sensor (International Magna products Inc., Russia). The eggs were

placed on the N-pole of the magnet for 5 min at room temperature. The strength of

the magnetic field in our tests was approximately 1,000 times greater than the

terrestrial, or background, magnetic field strength (Hulot et al. 2010).

Treatments were exposure to (a) microwave radiation only, (b) magnetic field

only, (c) microwave followed by magnetic field, and (d) magnetic field followed by

microwave. The control consisted of exposure to neither microwave nor magnetic

field. Mean values and associated standard errors were calculated for at least 25

measurements for each treatment (Figs. 2–8). Paired means of puff dimensions

were compared with a Student’s t-test (Student [W.S. Gosset] 1908). An analysis of

variance (ANOVA; Steel and Torrie 1960) was conducted to compare puffing

patterns among all treatment means.

Results

The ANOVA revealed a significant impact by electromagnetic factors on the

puffing pattern of the 63F (F¼ 8.924; df¼ 4; P , 0.05), 71CE (F¼ 7.4505; df¼4; P

, 0.05), 83E (F¼2.454; df¼4; P , 0.05), and 93D (F¼3.362; df¼4; P , 0.05) loci

of the polytene chromosomes of the salivary glands of D. melanogaster prepupae;

however, the impact at the 50CD (F¼1.2126; df¼4; P . 0.05), 72CD (F¼0.700; df

¼ 4; P . 0.05), and 82EF (F ¼ 2.0033; df ¼ 4; P . 0.05) was not significant. In

comparison to the untreated control, exposure to the microwave radiation

decreased the puff size by 25% (t ¼ 4.44; df ¼ 137; P , 0.001) at the 63F loci

(Fig. 2), 37% (t¼ 4.69; df¼ 88; P , 0.001) at the 71CE loci (Fig. 3), and 28% (t¼
2.21; df¼ 66; P , 0.001) at the 82EF loci (Fig. 5). Puff size at the 83E loci was not

significantly impacted by exposure to either microwave or magnetic field alone, but

the puff size was reduced by exposure to the microwave radiation followed by the

magnetic field exposure (Fig. 6).

Likewise, exposure to microwave radiation followed by exposure to the magnetic

field induced significant reductions in puff size in comparison to the controls at 63F

(17% reduction; t ¼ 3.11; df ¼ 140; P , 0.05 [Fig. 2]), 71CE (25% reduction; t ¼
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3.04;df¼88; P , 0.05 [Fig. 3]), and 83E (16% reduction; t¼3.87; df¼65; P , 0.05

[Fig. 6]). And, compared to the puff dimensions following exposure to microwave
radiation only, the successive exposure to magnetic field followed by microwave
decreased puff dimensions at 63F, 71CE, 82EF, and 93D (Figs. 2, 3, 5, 7). Puff

dimensions at 72CD, 93D, and 50CD did not react to microwave exposure (Figs. 4,
7, 8).

Discussion

All loci examined in this study are related to development, with their diameter
changing as development of the larvae progresses. These changes are attributed to

ecdysone concentration (Ashburner 1967; Thummel 1990). The puff 93D, one of
the largest heat-shock puffs (Ashburner 1970; Lakhotia 2011; Lindquist 1986), is

also an early-late ecdysone-stimulated puff (Ashburner 1967; Thummel 1990). The
lack of observed impact of electromagnetic radiation on the 93D puff is of special

interest because its activity has been connected with the biological effects of
microwave exposure and its accompanying thermal effects. Furthermore, the

biological effect of microwave radiation has been assessed by specific absorption
rate (SAR) (Vecchia et al. 2009).

Our results presented herein agree with results of our previous study showing
puff decrease in Drosophila larvae from radiation-exposed eggs. Shakina et al.

Fig. 2. The 63F/64B puff:disk ratio in Drosophila melanogaster larvae
developed from the exposed eggs. Here and below: the bars in
Figures 2–8 are marked by two asterisks (**) if probability level of
difference from control was P , 0.01 and by one asterisk (*) if P ,

0.05.
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Fig. 3. The 71CE/73A puff:disk ratio in Drosophila melanogaster larvae
developed from the exposed eggs.

Fig. 4. The 72CD/73A puff:disk ratio in Drosophila melanogaster larvae
developed from the exposed eggs.
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Fig. 5. The 82EF/84A puff:disk ratio in Drosophila melanogaster larvae
developed from the exposed eggs.

Fig. 6. The 83E/84A puff:disk ratio in Drosophila melanogaster larvae
developed from the exposed eggs.
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Fig. 8. The 50CD/51B puff:disk ratio in Drosophila melanogaster larvae
developed from the exposed eggs.

Fig. 7. The 93D/93F puff:disk ratio in Drosophila melanogaster larvae
developed from the exposed eggs.
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(2011) reported that the microwave-induced (frequency 36.64 GHz; power density
0.40 W/m2) decreased puff diameter at the 71CE, 82EF, and 83E loci, that puff
dimensions at loci 21F, 22C, 23E, 63F, and 72CD were not changed significantly,
and some tendency for decreasing puff size was observed at loci 21F, 23E, 63F,
and 72CD. In our present study, we detected a decrease of activity at 71CE and
82EF, but also at 63F, which may be due to the increase of microwave radiation
surface power (1 W/m2) in the present study.

Exposure to microwave followed by magnetic field exposure appeared to reduce
the impact of exposure to microwave radiation alone at the 63F, 71CE, 82EF, and
93D loci (Figs. 2. 3, 5, 7). If, after exposing eggs to the magnetic field they were
subsequently exposed to microwave radiation, an increase in puff size was
sometimes observed, namely at 93ED (t-test: t¼ 2.36; df¼ 52; P¼ 0.026) (Fig. 7).
Therefore, the reactions of puffing activity to sequential treatment of Drosophila
eggs with microwave followed by magnetic field exposure is apparently subtle and,
thus, reveals no distinct protective or restorative effect by the magnetic field
following microwave-induced impacts.

Initially, the observed decrease of activity of puffs after exposure to microwaves
appears to contradict results obtained in previous studies showing increases in
transcription activity in the polytene chromosomes induced by electromagnetic
radiation (72 Hz frequency) measured by 3H-uridine radioautography (Goodman et
al. 1987, 1992, 1993); however, the apparent contradictions might be attributed to
the differing methodologies employed. Goodman et al. (1987, 1992, 1993) used
low-frequency electromagnetic radiation while we used microwave radiation. Also,
the former studies assessed impact immediately after exposure of the cells to the
radiation while we exposed eggs to the radiation and assessed impact later in the
development of the larvae.

Regulation of chromosomal puff activity as shown in our work presented herein
agrees with the differential gene activity reaction to electromagnetic radiation
reported by others (Karinen et al. 2008; Nylund et al. 2009; Remondini et al. 2006;
Stock et al. 2012) as well as the conclusion of the occurrence of gene promoters in
response to electromagnetic exposure (Blank and Goodman 2009; Goodman and
Blank 1998, 2002; Lin et al. 2001). We further add that this postulation of positive
regulation of gene promoters might be supported by two points. One, the
electromagnetic-induced genome activity may not be connected with activation of
gene activity but with depression of genes. Repression of gene activity was shown
in our results herein and were also supported by previous studies with Drosophila
following microwave exposure (Shakina et al. 2011), the phenomenon of chromatin
condensation (heterochromatinization) in human cells induced by exposure to
microwaves and magnetic fields (Shckorbatov 2012, 2014; Shckorbatov et al.
1998), and in several studies of transcriptome changes in cells after electromag-
netic exposures (Ennamany et al. 2008; Fedrowitz and Löscher 2012; Feng et al.
2013; Nikolova et al. 2005; Remondini et al. 2006, Stock et al. 2012; Trivino et al.
2012; Wang et al. 2015). Second, the phenomenon of electromagnetic-induced
gene regulation may embrace not only gene promoters but also other regulatory
elements (enhancers, LCRs) and by the other mechanisms of regulation of gene
activity, namely by chromatin condensation (heterochromatinization).

In conclusion, D. melanogaster larvae that developed from eggs exposed to
monochromatic microwave irradiation (36.64 GHz; 1 W/m2 intensity) and also
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exposed to a static magnetic field (25 mT intensity) exhibit changes in puffing

pattern in the polytene chromosomes. Exposure to the low-level microwave

irradiation usually reduces puff diameter with puffs related to insect development.

However, successive exposure to microwave radiation and magnetic fields does

not modify those effects.
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