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Abstract
Purpose: To investigate the effects of microwave frequency electromagnetic fields (EMF) on the development of Drosophila
melanogaster.
Materials and methods: Larvae of D. melanogaster were exposed to 10 GHz EMF continuously (3 h, 4 h and 5 h) and
discontinuously (3 h exposureþ 30 min intervalþ 3 h exposure). The percentages and times of transition from larvae to
pupae and from pupae to adults were determined, and the mean offspring number was examined using the offspring of the
females which had been exposed as larvae.
Results: No differences were found in the transition percentages from larvae to pupae and from pupae to adults (p4 0.05).
However, it was found that the mean pupation time was delayed linearly with an increasing electromagnetic field (EMF)
exposure period (p5 0.05). In the 3þ 3-h exposed group (E3þ 3), the mean offspring number was significantly less than
that of the control (p5 0.05).
Conclusions: 10 GHz EMF can cause developmental delay and decrease the number of offspring in D. melanogaster.
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Introduction

Over the last decade, the exponential growth of

mobile communications has been accompanied by a

parallel increase in the density of electromagnetic

fields (EMF). As such, the continued expansion of

mobile communications raises important questions

because EMF have long been suspected of having

biological effects. It has been claimed that EMF,

especially microwave frequency EMF, cause biolo-

gical effects by increasing the temperature, changing

the chemical reactions, or inducing an electrical

current (World Health Organization [WHO] Inter-

national EMF Project 1997, Brent 1999, Somosy

2000, Banik et al. 2003). The effects of EMF have

been handled by using different features in various

organisms by many researchers and different results

have been obtained. In these studies, determining

the effects of EMF upon development was also

considered. In the publications dealing with the

effects of EMF, the effects are not always in the

same direction. For example, Drosophila melanogaster

exposed to a 80 mT field differed from the control

flies in their time of eclosion. Six days after

oviposition, 58.8% of the flies exposed to the

80 mT had eclosed, while only 26.7% of the flies in

the control had done so (Graham et al. 2000). In

contrast, Delgado et al. (1982) reported delayed and

arrested development of chick embryos exposed to a

1.2 mT field at 100 Hz. Developmental delay has

also be reported in fish (Cameron et al. 1985).

In this study, the developmental effects of 10 GHz

EMF were examined by taking into account the

changes in developmental stages and the differences

in mean offspring number in D. melanogaster.

Materials and methods

The organism and environmental conditions

In this study, the wild type Oregon strain of

D. melanogaster was used. The flies were kept in a

Drosophila culture room (Hacettepe University,

Ankara/Turkey) at 25+ 18C and relative humidity
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of 50 – 60% and in 8 h light, 16 h dark periods on a

standard Drosophila medium described by Bozcuk

(1978).

Virgin Oregon females and males of the same age

were crossed in culture bottles. Individuals were then

removed from the culture bottles after 8 h. Some

72+ 4 h later, the third instar larvae were collected

using a 20% sodium chloride (Merck; Durmstadt,

Germany) solution (Idaomar et al. 2002).

EMF exposures

EMF exposures were done by using an electro-

magnetic radiation source (antenna) at 25+ 18C
temperature in Hacettepe University, Microwave

and Aerial Laboratory of Electricity and Electronic

Engineering Department (Ankara, Turkey). The

dosage used was determined taking into account

previous publications and our pilot experiments.

Oregon strain (w.t.) larvae of D. melanogaster were

exposed to a 10 GHz EMF for 3, 4 and 5 h con-

tinuously and 3 hþ 3 h discontinuously with a

30-min interval in between. The groups were

organized according to the dose levels to which they

were exposed.

The EMF source was a horn type antenna

(Figure 1) which produced a pulsed (modulated)

square wave (1 kHz), approximately 5 mW (lowered

power). This had an X-band frequency range

8.2 – 12.4 GHz with a gain of 16 dB. The frequency

was fixed at 10 GHz. The power density of the

antenna was 0.0156 Watt/m2, electric field intensity

was 3.42 V/m and SAR (Specific Absorption Rate)

was approximately 9.8 mW/kg (Dalgic 2003, Dalgic

& Bozcuk 2004).

During the EMF exposure, larvae were placed in

glass tubes (2.567.5 cm) containing drying papers

that had absorbed a 5% sucrose (Merck; Durmstadt,

Germany) solution. The experimental tubes were

kept just opposite the antenna at a distance of 1 m,

and stabilized by a rectangular holder. The larvae in

the control group were kept away from the EMF

source in the same laboratory conditions during the

exposure period.

Observation of developmental stages

EMF exposed and non-exposed (control group)

larvae were placed in 250 ml glass bottles that con-

tained a standard Drosophila medium. The develop-

ment of all experimental groups was observed at 4-h

intervals by recording the number of individuals

passing from larvae to pupae and from pupae to

adults, and the transition periods. After the adults

began to hatch, the 4-hourly observations ended, but

the counting of adults continued until all adults had

hatched from the pupae. From the adults that

emerged, virgin females were collected in order to

Figure 1. Picture (A) and diagram (B) of horn type antenna used for EMF exposure of Drosophila melanogaster larvae (Dalgic 2003).
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use them in the ‘‘determination of the mean offspring

number’’ experiment.

Determination of the mean offspring number

In order to determine the effects of the 10 GHz EMF

on the daily mean offspring number, virgin females,

hatched from the exposed larvae were used. An

exposed female and 3 non-exposed males of same

age were crossed. Parents were removed when the

first pupa was seen. After the first adults began to

hatch, the number of offspring emerging in 10 days

were counted at 24-h intervals.

Statistical methods

The statistical analysis of the results was carried out

using the SPSS 10.0 programme. In the experiment

of the observation of developmental stages, the

determination of the significance of the transition

percentages from larvae to pupae and from pupae to

adults were obtained by an analysis of variance, and

the comparison of the transition period from larvae

to pupae was done by a two-variable t-test. The daily

mean offspring number was calculated with the

analysis of variance (ANOVA) test.

Results

Observation of developmental stages

Effect of the EMF on the transition percentages from

larvae to pupae. The pupated larvae from those

exposed and non-exposed to the EMF were counted

seperately and their transition percentages were

determined (Table I). Pupation percentages were

found to be 95% in the control group, 98.67% in the

3-h exposed group (E3), 93.75% in the 4-h exposed

group (E4), 92% in the 5-h exposed group (E5) and

100% in the 3þ 3 h exposed group (E3þ 3). As

seen, all of the larvae were pupated in the E3þ 3.

Due to the fact that this situation does not allow

variance analysis (as the group variance is 0) the data

of this group were not included in the chart. The

result of a one variable variance analysis showed that

EMF exposures did not have any effect in terms of

the number of pupated larvae (p4 0.05).

Effects of the EMF on the mean pupation time. Table II

shows the effect of different EMF doses on mean

pupation time. The mean pupation time was 55 h for

the non-exposed control group. However, the mean

pupation time increased to 56.8, 58.1, 60.2 and 64.6

in the E3, E4, E5 and E3þ 3 exposure groups,

respectively. This clearly shows that the mean

pupation time was extended according to the EMF

exposure period in comparison to the control group

and that this increase was significant (p5 0.05).

The changes in mean pupation time are shown on

the same graph in Figure 2. As can be seen from this

Figure, the longer the exposure period (dose) becomes,

the greater the extent of the larval period is, so the

mean pupation time is delayed. In other words, EMF

exposures caused a developmental delay by extending

the transition period from larvae to pupae.

Further analysis has shown that the delay occuring

in the first 36 h caused an increase in the mean

pupation time. This situation is shown in Table III

using a t-test, realized in terms of 36-h development

for the control and the exposed groups. As seen in

this table, all the differences between the groups were

found to be statistically significant (p5 0.05). As

seen in Figure 3, the mean pupation time of the

exposed groups were delayed compared to the

control in the first 36 h, and this increase depended

on the EMF-exposure period.

The same studies were repeated after the first 36-h

developmental period (60th h, 80th h, 96th h) and no

reasonable difference was found statistically between

mean pupation times (p40.05). The fact that the

differences in the further phases disappeared indicates

that this delay is an early developmental delay.

Effects of the EMF on adult formation. The transition

rates of EMF exposed and non-exposed flies from

pupae to adult were determined and then compared

statistically. As seen from Table IV, the adult

Table I. The changes of transition percentages from larvae to

pupae depending on EMF exposure period.

Groups No. of larvae No. of pupae

Pupation

percentages+SE SD

Control 100 95 95.00+ 1.92 3.83

E3 148 146 98.67+ 0.84 2.07

E4 189 177 93.75+ 2.25 6.36

E5 174 160 92.00+ 3.49 9.24

E, Exposed group (3, 4, 5 h); SE, Standard error; SD, Standard

deviation.

Table II. The changes of mean pupation time depending on EMF

exposure period.

Group

no. Groups

No. of

pupae

Mean

pupation

time

(hour)+SE SD

Significant

differences

of the

means

1 Control 1998 55.0+ 0.57 25.38 1 – 2* 2 – 4*

2 E3 3018 56.8+ 0.44 24.16 1 – 3* 2 – 5*

3 E4 3431 58.1+ 0.40 23.65 1 – 4* 3 – 4*

4 E5 2914 60.2+ 0.42 22.89 1 – 5* 4 – 5*

5 E3þ3 2714 64.6+ 0.40 20.76

E, Exposed group (3, 4, 5 h, 3þ3 h); SE, Standard error; SD,

Standard deviation; *p50.05.
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Figure 2. 95% confidence intervals of mean pupation time in the control (non-exposed) and the exposed groups (E3, E4, E5 and E3þ3).

Mean pupation time of the exposed groups was extended compared to the control group depending on EMF exposure period.

Table III. The statistical comparisons of mean pupation time in

the control and the exposed groups in the first 36 h.

Groups df T Significance

C – E3 271 2.65 0.008**

C – E4 271 2.49 0.014*

C – E5 271 4.41 0.000***

C – E3þ 3 271 10.33 0.000***

E3 – E4 719 2.38 0.017*

E3 – E5 554 5.21 0.000***

E3 – E3þ 3 342 11.68 0.000***

E4 – E5 554 2.91 0.004**

E4 – E3þ 3 342 8.18 0.000***

E5 – E3þ 3 342 6.25 0.000***

C, Control (non-exposed) group; E, Exposed group (3, 4, 5 h,

3þ3 h); df, degrees of freedom; t, t-distribution; *p5 0.05;

**p50.01; ***p50.001.

Figure 3. 95% confidence intervals of mean pupation time in the control (non-exposed) and the exposed groups (E3, E4, E5 and E3þ3) in the

first 36 h. Mean pupation time of the exposed groups increased compared to the control group depending on EMF exposure period (dose).

Table IV. The changes of transition percentages from pupae to

adult depending on EMF exposure period.

Groups No. of pupae No. of adult

Adult

percentages+SE SD

Control 95 82 86.50+ 2.02 4.04

E3 146 127 87.00+ 2.52 6.16

E4 177 162 91.63+ 1.75 4.96

E5 135 105 77.83+ 6.72 0.17

E3þ3 174 151 86.86+ 2.26 5.98

E, Exposed group (3, 4, 5 h, 3þ3 h); SE, Standard error; SD,

Standard deviation.
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formation rate was found to be 86.5% in the control

group, 87% in the 3-h exposed group (E3), 91.63%

in the 4-h exposed group (E4), 77.83% in the 5-h

exposed group (E5) and 86.86% in the 3þ 3 h

exposed group (E3þ 3). A variance analysis showed

that the differences between the groups were insig-

nificant at a level of p4 0.05.

The effects of the EMF on daily mean offspring numbers

Table V shows the effect of different EMF-exposure

periods on the daily mean offspring number. The

mean daily offspring number per female was 10.44

for the non-exposed control group. However, the

mean daily offspring number was 11.12, 10.60,

10.08 and 8.18 in the E3, E4, E5 and E3þ 3

exposure group, respectively (Table V).

As seen in Table V, there was a statistically

significant reduction in the daily mean offspring

number in the E3þ 3 compared not only to the

control but also to the other exposed groups

(p5 0.05). The other minor deviations, observed

in the other groups, were not significant statistically

(p4 0.05).

Discussion

In this study, the effects of 10 GHz EMF on the

development of D. melanogaster were investigated.

Under the experimental conditions, the factors that

might have affected the development were kept

stable. The heat increase in the system during

exposure was calculated and found to be too small

to cause a significant heating effect. Thus, the

differences in the results were interpreted as being

caused by the EMF used.

In our experiments, it was seen that EMF expo-

sures did not have any effect on the pupation rate,

but that mean pupation time was delayed according

to the increase of exposure period (Figure 2). This

situation implies that exposure to a 10 GHz EMF

causes developmental delay.

In publications dealing with the effects of EMF,

specific effects of exposure have not been clearly

shown, and EMF effects have not always occurred in

the same direction. While in some publications it

was reported that EMF accelerated development

(Graham et al. 2000), in others it was reported that

EMF caused developmental delay (Delgado et al.

1982, Michel & Gutzeit 1999).

Michel and Gutzeit (1999) found that development

was considerably delayed in transgenic Drosophila

embryos exposed to 50 Hz EMF under mild thermal

stress. In another study, fertilized fish eggs were

exposed to 60 Hz EMF to examine the effects of

EMF on embryonic development of vertebrates and a

significant developmental delay was reported (Camer-

on et al. 1985). In another work, it was reported that

100 Hz EMF slowed down the development of

chicken embryos (Delgado et al. 1982). Similarly,

Cecconi et al. (2000) observed that the development

of 33 Hz EMF exposed mouse follicles were sig-

nificantly reduced compared with controls. These

studies show that EMF have a retarding effect upon

developmental time, and support our findings which

suggest that EMF might have caused an extension of

the larval process and a pupation delay.

It is known that developmental time is affected

by many external and internal factors. For example,

several studies have found that mildly stressful deve-

lopmental conditions, e.g., larval crowding, short-

term high temperature exposure and restricted diet,

may lead to increased developmental time (Sorensen

& Loeschke 2004). Lints and Lints (1971b) reported

that changes in environmental factors cause a delay in

developmental phases, from larval growth to death,

by affecting the vital programmes and functions of

molecules.

Many chemical and physical stimuli are known to

drive such responses, including the induction of

oxidative stress and heat shock. One source of a

stress stimulus which has received less attention, but

which is rapidly coming into focus from a biological

and human health perspective, is that of non-ionizing

electromagnetic fields. Increasing use of mobile

telephony in our society has brought a focus on the

potential for microwave electromagnetic radiation

to elicit biological stress responses, in association

with potentially detrimental effects to human health

(Cotgreave 2005).

In the studies dealing with the effects of EMF,

it is emphasized that exposure to non-ionizing

Table V. The effect of EMF exposure on daily mean offspring number of Drosophila melanogaster.

Group no. Groups No. of female No. of offspring

Daily mean

offspring number+SE SD

Significant differences

of the means

1 Control 340 3550 10.44+0.44 8.03

2 E3 380 4226 11.12+0.41 7.98 1 – 5* 3 – 5*

3 E4 800 8483 10.60+0.29 8.16 2 – 5* 4 – 5*

4 E5 650 6550 10.08+0.30 7.70

5 E3þ3 850 6950 8.18+0.25 7.26

E, Exposed group (3, 4, 5 h, 3þ 3 h); SE, Standard error; SD, Standard deviation; *p50.05.
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EMFs could induce stress and damage to the cells

(Laurence et al. 2000, Kwee et al. 2001, Weisbrot

et al. 2003). In order to protect itself, the cell repairs

the proteins damaged due to stress or increases

the production of special proteins. Some of these

proteins are known as ‘‘heat shock proteins (hsp)’’

(Han et al. 1998, Roberts & Feder 1999, Neven

2000, Kwee et al. 2001, Morrow & Tanguay 2003).

In a study carried out to determine the effects of

stress factors such as heat, application of a stress

factor (heat) caused hsp70 to increase and extended

the developmental time. It was stated that the exten-

sion in the developmental time was a response to

stress (Sorensen & Loeschke 2004). And in another

study, it was shown that when the hsp70 transcrip-

tion increased the delay in developmental time was

reduced (Krebs & Feder 1998).

It one accepts that EMF cause cellular stress, it is

reasonable to expect a similar increase in the quantity

of hsp in EMF-exposed cells. It has been shown that

hsp can be induced by EMF at a very low fre-

quency and at microwave frequency (Kwee et al.

2001, Weisbrot et al. 2003, Cotgreave 2005). For

example, during the last 10 years, a number of

studies in in vitro systems have indicated that

continuous wave (CW) radio frequency (RF) emis-

sions, in the range between 750 MHz and 2.4 GHz,

are able to induce the expression of hsp in a large

variety of eukaryotic cell systems (Cotgreave 2005).

In our study, EMF exposure caused developmental

delay that was observed mainly in the first 36 h of

pupation. This change in pupation occuring mainly

in the first 36 h may be due to changes in the

transcription of hsp caused by stress conditions.

Krebs and Feder (1998) reported that the function

of hsp is dependent on the cellular concentration of

hsp. At low to moderate concentrations, hsp behave

as molecular chaperones to protect the cell. On the

other hand, they may harm organismal growth and

development in high concentrations. Hsp transcrip-

tion increases under stress conditions, but decreases

as soon as repair is completed. The EMF that we

applied as a stress factor might have spoilt the usual

development by causing an increase in hsp expres-

sion. Then the disapperance in the pupation delay

after first 36 h could be explained by the return of the

hsp concentration to its previous level after the stress

factor was eliminated.

During the larval-pupal metamorphosis, the ex-

pression of hsp is regulated by the steroid molting

hormone ecdysone and there is a mutual interaction

between the gene areas where they are coded

(Morrow & Tanguay 2003). Thus, hsp synthesis,

induced under stress conditions, might have affected

development by affecting the synthesis of ecdysone,

which is an important hormone in pupation.

In the experiment to determine the daily mean

offspring number of a female, it was observed that

this number for the 3þ 3 h exposed group (E3þ 3)

was less than that of the control group (p5 0.05).

While this value was 10.44 female/day for the control

group, it was 8.18 female/day for the E3þ 3

(Table V). This effect may be related to the length

of the exposure period. It is known that there are

trade-offs between a fast developmental time and

other life history traits. For example, it is possible

that slower developing flies suffer from reduced

fitness in some traits as a consequence of exposure

to food source deterioration (Nunney 1996,

Sorensen & Loeschke 2004). In the experiment to

observe developmental stages, we found that the

larvae in the E3þ 3 pupated more slowly compared

to other groups (p5 0.05). In this group, the

significant reduction in the offspring number may

be related to the developmental delay. Apart from

this, there are some studies reporting that EMF

applications cause damage in imaginal discs

(Mirabolghasemi & Azarnia 2002). EMF exposure

to 72+ 4 h larvae might have affected genital

imaginal discs, thus as a result of this effect a

problem in mating might have occurred. If there is

such an effect it cannot be strong enough to reduce

mating to very low levels.

The effects of EMF on the number of offspring

were investigated in previous works. Marec et al.

(1985) investigated the effect of 2375 MHz micro-

wave irradiation on D. melanogaster and found a

significant decrease in the number of offspring.

On the other hand, it was found that a disconti-

nuous radio frequency signal produced by a

GSM multiband mobile phone (900/1900 MHz;

SAR *1.4 W/kg) increased the number of offspring

in D. melanogaster (Weisbrot et al. 2003). In these

publications, the effects of EMF on the number of

offspring were in opposite directions, but it was clear

that EMF exposure affected the number of offspring

in Drosophila.

In general, it is clear that 10 GHz EMF exposure

has effects upon development. Based on the present

report we conclude that microwave frequency EMF

can cause developmental delay and decrease the

number of offspring. But, the developmental effects

of EMF should be examined in detail at the bio-

chemical and molecular level to clarify the effect

mechanisms.
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