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Over the past century, man-made electromagnetic fields (EMF) have changed the 

natural environment, representing one of the most common and rapidly increasing 

environmental factors as technology advances. Numerous studies of biological effects of 

exposure to EMF have been performed on Drosophila during the last 30 years, showing 

contrasting results. In an attempt to determine whether EMF exposures might affect the 

development of Drosophila, the present study examines phenotypic variations through 

direction and range of changes in several fitness components and wing length and width, 

of Drosophila subobscura isofemale lines, affected by 50 Hz EMF. Embryonal and early 

post-embryonal stages were exposed to homogeneous sinusoidal 0.25 mT EMF of 50 Hz. 

The EMF exposure caused a significantly prolonged developmental time and significantly 

increased the wing size with the opposite direction of directional asymmetry compared to 

the control group. These results shows that even such a weak EMF has the potential to 

modulate, through developmental pathways, some of the fitness-related traits, wing size, 

and wing asymmetry in D. subobscura even after one generation of exposure, showing 

that extremely low frequency (ELF) EMFs have relevant consequences on development, 

adult morphology, and fitness. 

Key words: Drosophila subobscura, electromagnetic fields (EMF), fitness 

components, wing size, directional asymmetry 

 

INTRODUCTION 

Life on earth has evolved in the presence of natural electromagnetic fields (EMFs), 

relatively simple and with few EM energy emitters. Living organisms are well adapted to this 
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constant environmental EMF, and some of them even use EM energy to regulate various cellular 

systems, complex circadian rhythms, the visual system, or the system of orientation and 

navigation. The geomagnetic field exerts a strong influence on some species of insects 

(WILTSCHKO and WILTSCHKO, 1995; DOMMER et al., 2008; YOSHII et al., 2009; PAZ et al., 2012), 

and the most studied one is the honeybee Apis mellifera (HSU et al., 2007), which are able to detect 

static intensity fluctuations as weak as 26 nT (WALKER and BITTERMAN, 1989). However, over the 

past century, this natural environment has sharply changed with the introduction of a vast and 

growing spectrum of man-made EM fields, which represent one of the most common and rapidly 

increasing environmental factors as technology advances. In recent decades, massive introduction 

of EMFs with an enormous range of new frequencies, modulations and intensities has occurred in 

urban environments. Organisms are immersed in man-made environment, especially in the 

extremely low frequency (ELF) range around power-lines or electrical appliances, of such fields 

whose long-term effects are unknown. Different experimental models are used in analysis of 

possible effects and changes in organisms (living systems) exposed to EMF. Most of these studies 

were focused on adverse effects to human health, especially on the cancer causing effect of ELF 

EMF, as well as the beneficial effects of ELF EMF in fracture repair and wound healing (e.g. 

JOHANSSON, 2009; KHEIFETS et al., 2010; MATTSSON and SIMKO, 2012; PALL, 2013). In addition, 

there are a number of studies of ELF EMF which showed a broad range of biological effects, like 

the effect of weak ELF on various cellular functions and important EMF targets in cells. Such are 

signal transduction cascades, cell growth, gene transcription, Ca+2 transport system in the 

membrane, and induction of heat shock gene expression (e.g. BLANK and GOODMAN, 1999; 

SANTINI et al., 2009). 

Although there is growing evidence of EMF effect on cells and organisms, it is still 

unclear how organisms and populations respond and/or adapt to such changes in environmental 

EMFs, but it is clear that changes in environmental EMFs, as a form of anthropogenic stressor, 

may adversely affect demographic and genetic parameters of natural populations of many species. 

Natural populations are globally faced with large-scale habitat alterations, and interests about the 

ability of organisms to adapt to different forms of anthropogenic stressors permanently increase 

(HOFFMANN and PARSONS, 1997; BIJLSMA and LOESCHCKE, 2005; FRANKHAM, 2005). In order to 

avoid anthropogenic stressors, species can respond in a different ways. Fitness components are in 

general, very sensitive to various environmental factors, which can alter age and size at maturity, 

survival, and reproduction directly determining demographic fitness. Phenotypic variability is 

often attributed to adaptation to diverse factors, with microclimatic changes, temperature, 

desiccation, and pollution being some of the factors considered as stressful for Drosophila, as they 

cause declines in fitness and increase phenotypic variability (KRISTENSEN et al., 2003; 

STAMENKOVIĆ-RADAK et al., 2008a; KENIG et al., 2013, 2014). Body size is closely related to 

fitness, and variation in body size has usually both a genetic and an environmental component. 

Insect wing provides a convenient measure of structural body size, and a developing Drosophila 

wing provides an excellent genetic and cell biological system. Changes in the mean, variance, and 

developmental instability of morphological traits, especially the wing, have been commonly used 

to detect environmental stress in Drosophila (STAMENKOVIĆ-RADAK et al., 2008a; KURBALIJA et 

al., 2010a; SAVIĆ et al., 2011; KURBALIJA NOVIČIĆ et al., 2012). Genetic or environmental factors 

can alter symmetry, and the asymmetry of organs that normally show bilateral symmetry, like 

insect wings, can be a consequence of a disturbed developmental process, due to various types of 

genomic or environmental stress (PARSONS, 1992; HOFFMANN et al., 2005). It has been shown that 
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developmental instability is positively associated with the level of stress, which affects individual 

capacity to buffer the processes that otherwise result in the development of a specific phenotype 

(ZAKHAROV, 1981; PALMER, 1996).  

Given the presence of EMFs associated with generation, distribution, and use of electric 

energy, in natural habitat of many species, the objective is to evaluate the effect of ELF EMF on 

Drosophila subobscura phenotypic variation. D. subobscura is a Palearctic species widespread 

throughout Europe, which already showed population level genetic response to various stressful 

conditions, and studies on this species allow for detailed genetic analyses in precisely controlled 

conditions. This study examines variations in fitness components (early fecundity, viability and 

development rate), and phenotypic variation trough the direction and range of changes in the wing 

size and wing asymmetry of two morphological traits (width and length) of isofemale lines of D. 

subobscura, acted upon by ELF EMF in embryonal and early post-embryonal stages. 

 

MATERIALS AND METHODS 

Population sample 

For the present study, D. subobscura flies were sampled from a beech wood-locality 

(Abieto-fagetum, N 43°33'28.43'' and E 20°45'10.96'') at mountain Goč, Central Serbia, 10 months 

before the experiment began. Single gravid females, collected in the wild, were placed in separate 

vials with medium in order to obtain isofemale lines (IF). Offspring of each IF line represented an 

individual strain.  All D. subobscura lines were reared in 50 mL plastic vials, containing 15 mL of 

standard cornmeal medium for Drosophila (water, cornmeal, yeast, sugar, agar, nipagine as 

fungicide), in optimal conditions, at 19oC, approx. 60% relative humidity, light of 300 lux and 

12/12 h light/dark cycles. 

 

Exposure system 

The generation, transmission, distribution, and use of electric energy is associated with 

the production of EMF, delivered at 50 Hz in Europe and New Zealand, and 60 Hz in the USA. 

This range falls within ELF region of the electromagnetic spectrum (frequencies < 300 Hz).  

In the present study three cylindrical coils of insulated copper wire (0,075 mm diameter) 

provided the source of ELF EMF of 0.25 mT and 50 Hz. The coils span 37 cm in diameter and are 

placed at a distance of 23 cm from each other, and connected to the 50 Hz power source through 

an adjustable transformer that produces a magnetic field in a horizontal direction. The 

electromagnet was supplied by a current of 2.8 A, producing a uniform 50 Hz electromagnetic 

field, without any observable temperature fluctuations or vibrations. The intensity of the magnetic 

field was 0.25 mT, with homogeneity better than ± 0.01 mT in the experimental region between 

the coils. The magnitude of the magnetic field was measured and checked using a gaussmeter 

(Hirst gaussmeter GM05 with a PT 2837 probe, Hirst Magnetic Instruments, Cornwall, UK). 

Experimental design 

We used 5–8 days-old females per IF line, placed them individually in vials with food to 

lay eggs for a 24-hour period, and at the end of that period each female was transferred in a new 

vial with fresh medium. The vials with eggs were counted and placed in identical conditions for an 

additional 24 h period of treatment. After that time (a total of 48 h in the field for each vial with 

eggs), the samples were removed from the ELF EMF and development of the flies continued 

without the electromagnetic field source. The vials of each of the IF lines that were placed in the 

electromagnetic field represented the exposed groups. Another group of vials from the same IF 
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lines represented the control, reared in optimal laboratory conditions, in the same time-manner, 

and at a safe distance from the electromagnetic field. All groups were kept under the same optimal 

laboratory conditions. 

The fitness components were estimated individually for each female, both in control and 

exposed groups of F1 generation after exposure. The estimated trait values were: (1) early 

fecundity – number of eggs laid over the first five days; (2) egg to adult viability - number 

(percent) of the hatched adults; (3) developmental time - the average number of days estimated by 

counting adults that have emerged during every 24 hours until hatching of the last adult.  Three to 

five females from each of the IF lines were analyzed for each of the fitness components. 

In addition, flies from the F1 generation were frozen at -20°C, and males were separated 

from females. For wing measurements, left and right wings were cut and prepared on a microscope 

slide, from more than 30 males and 30 females per IF line, from each experimental group. The 

wing length was taken as the distance from the intersection of the third longitudinal vein with the 

anterior cross vein to the wing tip where the third vein ends, and the distance between the ends of 

the second and the fifth longitudinal vein was taken as the wing width (for details see KURBALIJA 

et al., 2010 b). Each wing was photographed with a Canon - Leica system, under 40 x 

magnifications. The measurements were performed on photographs, with Image Tool Software 3.0 

(WILCOX et al., 2002). 

 

Statistical analysis 

Statistical analysis for fitness components was performed by a two-way analysis of 

variance (ANOVA) using STATISTICA 8.0 software package. Before ANOVA tests for normality 

and homogeneity of data variances were confirmed by Jarque-Bera, Bartlett's and Levene's tests, 

and the following data transformations were performed in the cases of departures from normal 

distributions: the square root + 0.5 for female fecundity; for viability the arcsine of square root, 

and the reciprocal formula for development time. 

 

Asymmetry analysis 

In natural populations three different asymmetrical patterns are widespread: fluctuating 

asymmetry, directional asymmetry, and antisymmetry, and they were assessed for two wing traits 

for both sexes, in control and the exposed group. Fluctuating asymmetry (FA) is a pattern of 

bilateral variations in a sample of individuals, where the mean of the left minus right differences 

(L-R) is zero, and the variation has a normal distribution around that mean. In the presence of 

directional asymmetry (DA) the mean is not zero, because DA exists when the same side of a 

bilateral trait is larger than its counterpart for most members of the sample and results in the mean 

of the frequency distribution of left-right paired differences (L-R) being non-zero. Antisymmetry 

(AS) occurs when the most of individuals in a population are asymmetric but it is unpredictable 

which side of an organism shows greater development, resulting in a bimodal distribution of L-R 

differences with a mean equal to zero. 

The asymmetry was assessed following the recommendation of PALMER (1994). Before 

interpreting estimates of asymmetry, several statistical procedures have to be performed. The 

measurement error was estimated for all samples by the two-way ANOVA on a sample of 30 

individuals, measured twice (PALMER, 1994). The non-parametric Shapiro–Wilk test was used to 

test (L-R) for departures from normality, because it is a test optimized for small sample sizes 

(N<50). To test size dependence on the absolute (L-R) linear regression analyses of ((L + R)/2) on 
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|L–R| were done for all samples. Furthermore, the one-sample t-test was done to test a departure of 

the mean of (L-R) from the expected mean of zero. Corrections for multiple comparisons were 

performed using the overall Bonferroni correction (RICE, 1989). 

 

Fitness components  

The mean value with standard error of fitness components, for control and exposed group, 

of each IF line are given in Table 1. It can be seen that in the presence of ELF EMF flies from IF 

lines responded differently in case of early fecundity and egg-to-adult viability. However, in the 

case of developmental time, the exposed flies from all IF lines exhibited longer developmental 

time compared to the control. Developmental time was prolonged in the exposed group. The 

average duration of development was 21.32 ± 0.28 days for the control group, and 21.85 ± 0.29 

days for the exposed group. Moreover, we observed that ELF EMF slows embryogenesis as the 

first adult of the F1 generation in the exposed group was observed at least 24 h later than in the 

control group. 

 

 

Table 1. Mean value with standard error for fitness components of Drosophila subobscura IF lines 

in two experimental groups: control and exposed 

IF line 

Fecundity 

(No. of eggs) 

 

Viability 

(%) 

 

Developmental time 

(No. of days) 

control  exposed  

 

control  exposed  

 

control exposed  

1 54.67 ±17.48 72.33 ± 8.51 

 

87.78 ±4.67 87.69 ±2.16 

 

20.53 ±0.19 21.08 ±0.05 

2 30.67 ± 3.18 20.00 ±13.50 

 

83.17 ±4.92 75.14 ±2.60 

 

20.90 ±0.12 21.47 ±0.10 

3 48.00 ±21.13 61.33 ±11.10 

 

77.98 ±5.67 71.16 ±6.25 

 

21.16 ±0.04 21.67 ±0.28 

4 69.67 ±15.60 83.33 ±21.74 

 

58.39 ±6.09 57.38 ±3.96 

 

20.75 ±0.13 21.21 ±0.07 

5 89.00 ±24.70 70.67 ±12.25 

 

28.19 ±4.36 51.37 ±6.86 

 

23.25 ±0.45 23.81 ±0.62 

mean ±S.E. 58.40 ± 8.61 61.53 ± 7.23 

 

66.24 ± 0.06 67.82 ± 0.04 

 

21.32 ± 0.28 21.85 ± 0.29 

 

 

Table 2. Results of a two-way ANOVA for fitness components of Drosophila subobscura IF lines in 

control and the exposed group 

 

 

Fecundity Viability Developmental time 

Source of variation df MS F p MS F p MS F p 

Treatment 1 0.18 0.05 

 

0.0006 0.03 

 

9.800E-06 12.17 ** 

IF line 4 15.67 4.46 * 0.288 15.23 *** 3.00E-05 37.26 *** 

IF line x treatment 4 2.49 0.71 

 

0.025 1.33 

 

2.620E-08 0.03 

 error 20 3.515 

  

0.019 

  

8.040E-07 

  p<0.05 *, p<0.01 **, p<0.001*** 

     



972                                                                                                               GENETIKA, Vol. 47, No.3, 967-982, 2015 

Results of the two-way ANOVA analysis for fitness components of IF lines D. 

subobscura in the exposed and control groups (Table 2) show that fecundity, viability, and 

developmental time are significantly different among the IF lines analyzed in both experimental 

groups. There were no significant differences in the fecundity or viability of D. subobscura 

between the experimental groups (p ˃ 0.05). The effect of ELF EMF treatment was significant 

only in the case of development time (F = 12.17, p < 0.01). 

 

 

Wing size  

Tables 3.a and 3.b show the mean values and variance for wing parameters in two 

experimental groups. Both the length and width of the wings were found to increase in the exposed 

group. Three-factorial ANOVA on the variability of the wing size trait showed significant 

individual effects of the ELF EMF, genotype, and sex on the wing size, but also treatment x IF line 

interactions, as well as the interaction of all three factors (Table 4.). Overall, the results presented 

in Table 4 show highly significant differences between control and the exposed lines, for both 

traits: wing length (F=89.63, p<0.001) and wing width (F=50.09, p<0.001), with exposed flies 

having a significantly larger wing. Variability in the wing length and width was significantly 

different between genotypes (wing length: F=162.54, p<0.001; wing width: F=169.68, p<0.001) 

and between sexes (wing length: F=1018.7, p<0.001; wing width: F=1393.1, p<0.001). 

Furthermore, for the wing traits analyzed we observed highly significant interaction between the 

treatment and the IF line (wing length: F=4.19, p<0.05; wing width: F=12.71, p<0.001), indicating 

that the effect of treatment depends of the genotype. This was also reflected in the interaction 

treatment x IF line x sex (wing length: F=2.49, p<0.05; wing width: F=3.93, p<0.05).  

 

Table 3a. Wing width of females and males from Drosophila subobscura IF lines from control and 

the exposed group 

 
wing width 

 

sex IF line 
control group exposed group 

 

mean (R+L)/2±SE variance mean (R+L)/2±SE variance 

 

m
a

le
 

1 363.22 ±1.43 62.14 375.13 ±1.48 66.00 

 
2 367.28 ±1.63 80.12 377.31 ±2.07 111.80 

 
3 369.61 ±2.09 132.09 382.48 ±1.51 69.28 

 
4 389.65 ±2.25 152.07 391.49 ±2.58 193.89 

 
5 398.03 ±1.79 96.85 398.37 ±3.53 374.55 

 

fe
m

a
le

 

1 399.44 ±1.34 54.33 404.58 ±1.38 57.53 

 2 404.94 ±2.18 143.01 407.45 ±1.99 119.29 

 3 399.37 ±2.94 258.76 423.04 ±1.42 60.31 

 4 428.84 ±2.17 141.52 423.24 ±2.53 191.70 

 5 436.18 ±1.70 87.35 440.28 ±2.71 220.27 
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Table 3b. Wing length of females and males from Drosophila subobscura IF lines from control 

and the exposed group 

 
 

wing length 

sex IF line 
control group exposed group 

mean (R+L)/2±SE variance mean (R+L)/2±SE variance 

m
a

le
 

1 560.16 ±2.30 158.81 574.66 ±2.31 159.78 

2 610.18 ±3.71 412.73 630.66 ±4.47 520.92 

3 577.92 ±2.75 227.51 602.65 ±2.40 173.39 

4 604.44 ±2.78 232.77 622.17 ±3.95 436.51 

5 640.72 ±2.59 215.58 623.91 ±6.03 1091.89 

fe
m

a
le

 

1 617.87 ±2.25 151.82 617.90  ±2.24 150.89 

2 663.27  ±4.85 706.73 674.34  ±3.84 443.59 

3 632.76  ±4.45 596.60 661.48  ±2.81 237.28 

4 653.61  ±2.67 248.62 657.94  ±3.80 433.62 

5 667.01  ±3.95 416.91 686.07  ±4.04 490.80 

 

Table 4. Results of a three-way ANOVA for wing size variability of Drosophila subobscura IF 

lines in the two experimental groups 

Source of 

variation df 

wing width 
 

wing length 

MS F p 
 

MS F p 

Treatment  1 6698.4 50.09 *** 

 

33825 89.63 *** 

IF line 4 22691 169.68 *** 

 

61339 162.54 *** 

Sex 1 186291 1393.1 *** 

 

384451 1018.7 *** 

Treatment x IF 

line 4 1700.3 12.71 *** 

 

1581.2 4.19 * 

Treatment x Sex 1 84.35 0.63 

  

885.94 2.35 

 IF line x Sex 4 226.93 1.7 

  

1198.1 3.17 

 Treatment x IF 

line x Sex 4 525.95 3.93 * 

 

939.19 2.49 * 

p<0.05 *, p<0.001 *** 

      

Wing asymmetry 

The measurement error was estimated first, to check whether our (L-R) estimate is 

significantly larger than what we would predict given a sampling error alone. There were 

significant interactions between the wing size and the individual (L-R) values for length 

(MS=233.06, p<0.001) and width (MS=181.47, p<0.001), which means that (L-R) has a greater 

value than the measurement error. Thus, we conclude that our estimates of (L-R) are reliable and 

are not mere artifacts of measurement error. 
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Table 5. Means and standard errors of left-right differences (L-R) of the wing width, and results of 

one-sample t-test on wing traits of D. subobscura IF lines in control and the exposed 

group 

sex 

IF 

line 

left-right differences of wing width 

control group exposed group 

 
mean ±SE t pB mean ±SE t pB 

m
a

le
 

1 2.18 ±0.66 3.28 * 2.31 ±0.78 2.95 

 
2 1.10 ±1.05 1.04 

 

2.52 ±0.77 3.18 * 

3 1.49 ±1.02 1.5 

 

4.63 ±0.62 7.5 *** 

4 2.78 ±0.79 3.53 * 3.36 ±0.82 4.03 ** 

5 4.72 ±1.04 3.89 ** 3.41 ±0.88 3.88 ** 

fe
m

a
le

 

1 1.02 ±0.70 1.46 

 

4.33 ±0.92 4.69 *** 

2 2.75 ±1.24 2.21 *** 3.32 ±1.38 2.4 

 
3 3.11 ±1.31 2.38 

 

4.23 ±0.91 4.65 *** 

4 1.82 ±0.91 1.99 

 

3.98 ±0.86 4.62 *** 

5 3.58 ±0.91 3.94 ** 5.32 ±1.23 4.32 ** 

pB – p value after Bonferroni correction; pB<0.05 *, pB<0.01 **, pB<0.001*** 

 

 

Table 6. Means and standard errors of left-right differences (L-R) of the wing length, and results 

of one-sample t-test on wing traits of D. subobscura IF lines in control and the exposed 

group 

 

sex 

IF 

line 

left-right differences of wing length 

control group exposed group 

 mean ±SE t pB mean ±SE t pB 

m
a

le
 

1 -3.95 ±0.91 -4.32 ** -1.76 ±0.87 -2.02 

 2 -3.61 ±0.82 -3.71 * -2.60 ±0.94 -2.71 

 3 -3.09 ±0.91 -3.40 * -1.72 ±0.73 -2.36 

 4 -3.14 ±0.64 -4.90 *** -3.04 ±0.90 -3.32 * 

5 1.39 ±0.87 1.6 

 

-2.03 ±1.07 -1.86 

 

fe
m

a
le

 

1 -3.78 ±0.70 -5.39 *** -2.92 ±0.80 -3.64 * 

2 -3.44 ±0.96 -3.57 * -2.37 ±1.30 -3.18 * 

3 -5.01 ±0.84 -5.06 *** -1.60 ±0.98 -1.64 

 4 -3.31 ±0.85 -3.89 ** -0.09 ±0.97 -0.95 

 5 -0.27 ±0.98 -0.27 

 

-0.87 ±1.11 -0.78 

  pB – p value after Bonferroni correction; pB<0.05 *, pB<0.01 **, pB<0.001*** 
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None of the samples manifests significant deviations from normality. No significant 

correlation between the values of |L–R| and (L+R) / 2 were found to indicate that (L-R) is not 

correlated with the size of the trait, for both traits. 

However, the signed left-right (L-R) size analysis shows that directional asymmetry (DA) 

is present in most of the samples: among the 40 tests performed, 28 showed statistically significant 

presence of DA, and after Borferroni correction 24: 5 in control and 8 in exposed group for wing 

width, and 8 in control and 3 in exposed group for wing length. These results are detailed in Table 

5. and Table 6. with Bonferroni correction. Significant DA was detected in both the control and the 

exposed group, with the same direction within the wing trait and sex. However, it can be seen that 

DA showed the opposite trend between the exposed and unexposed groups: for wing width, DA 

was more present in the exposed group, but for wing length DA was more present in the control 

group. 

DISCUSSION 

The widespread use of electric power at home, the work place and public transport results 

in large amounts of man-made ELF EMF in environment, with exposures being ubiquitous and 

largely unavoidable in modern societies. The question is whether these environmental conditions 

affect natural populations. 

In our experiments, developing embryos from Drosophila subobscura isofemale lines 

exposed to a man-made 0.25 mT EMF of 50 Hz showed that this exposure significantly modifies 

egg to adult development time, wing size, and wing asymmetry, and does not affect viability or 

fecundity. Flies from the exposed embryos showed a significantly prolonged development time, 

larger wings, with opposite direction of directional asymmetry compared to the control, and 

additional dependence of these changes on genotype. The absence of significant interaction 

between the treatment and the line in fitness components indicates that there is a consistent 

response among the IF line to the man-made ELF EMF. The results presented here show that the 

genetic component has a significant effect on the egg to adult viability, fecundity, development 

time, and wing size, and there is a high degree of variation among strains in all the observed traits. 

Previous analyses show that the populations of D. subobscura originating from the same habitat as 

the population used in this work, have a significant level of genetic variability (ANĐELKOVIĆ et al., 

2003; JELIĆ et al., 2009; STAMENKOVIĆ-RADAK et al., 2008 b, 2012). The existing genetic 

variability present in this population is of crucial importance for obtaining any evolutionary 

response, because it allows and determines the ability of populations to respond to a future 

environmental change. 

The ELF EMF, as an environmental factor, affected phenotypic responses of D. 

subobscura through development. Embryonic development of invertebrate and vertebrate species 

can be disturbed by a variety of chemical and environmental stressors; therefore, it is not 

surprising that the possible influence on ELF EMF on embryogenesis was a subject of several 

studies (e.g. MA and CHU, 1993; MICHEL and GUTZEIT, 1999; GRAHAM et al., 2000; GONET et al., 

2009; PANAGOPOULOS et al., 2013; DIMITRIJEVIĆ et al., 2014). Gametogenesis (especially 

oogenesis) and embryogenesis are a far more sensitive biological phase than the later 

developmental stages in all animals. It was shown in experiments on D. melanogaster that ELF 

EMF exposure of developing follicles resulted in elimination of numbers of them, and a 

corresponding decrease in oviposition, while exposure of fertilized embryos (eggs) to the same 

fields did not cause a significant effect (PANAGOPOULOS and MARGARITIS, 2003; GONET et al., 
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2009). Similarly, we did not have significant differences between the control and the exposed 

group in early fecundity and egg-to-adult viability, when fertilized embryos were exposed to ELF 

EMF, but other studies with different experimental protocols detected a reduction in fecundity 

(GONET et al., 2009; PANAGOPOULOS et al., 2013; LI et al., 2013). 

Significant insect responses, in terms of changes in fecundity, egg to adult viability and 

developmental time, important components of fitness, were observed in many of the experiments 

under the influence of ELF EMP (e.g. MICHEL and GUTZEIT, 1999; GRAHAM et al., 2000; 

MIRABOLGHASEMI and AZARNIA, 2002; TODOROVIĆ et al., 2012; DIMITRIJEVIĆ et al., 2014). The 

nature of the response depended upon the complex interactions between frequency, intensity, 

length of exposure, and the condition and type of cell or organism. In this study, developmental 

time, relevant for the whole development and fitness of organisms, was significantly extended 

under the influence of the man-made ELF EMF. Changes in developmental time of insects in the 

presence of ELF EMF can lead to acceleration or deceleration of the cellular processes, shortening 

or extending the developmental time from egg to adult. Results from the experiments published 

show that Drosophila melanogaster exposed to a 80 µT EMF at 60 Hz had a decrease in the 

preadult development time (GRAHAM et al., 2000), which is also recorded using the D. subobscura 

exposed to a 0.5 mT EMF at 50 Hz (DIMITRIJEVIĆ et al., 2014), and Baculum extradentatum 

(Phasmatodea) in 6 mT EMP at 50 Hz (TODOROVIĆ et al., 2012), while Musca domestica (Diptera) 

in an EMP of the same characteristics (50 Hz, 6 mT), had an extension of the developmental time 

from pupa to adult (STANOJEVIĆ et al., 2005), as in the case of Rhizopertha dominica (Coleoptera) 

in ca. 0.2 mT EMF at 50 Hz (STARICK et al., 2005). 

In Drosophila, rapid larval development has a positive impact on larval survival, as a 

result of avoiding increased crowding, reduction of nutrients, increased toxins and microorganisms 

in the breeding sites, both in the field and in the laboratory (for references see JAMES and 

PARTRIDGE, 1995). In the presence of a 50 Hz EMF in the present study Drosophila slowed the 

development, and the decelerated development observed in our experiments is probably a 

consequence of the unfavorable, detrimental condition. Delay in the development resulted in the 

eclosure at a larger adult body size, in terms of the wing size, since in ectotherms body size is 

proportional to development time, and potentially with some fitness benefits gained from a larger 

adult size. Wing size is a complex quantitative trait, with generally low heritability, highly 

sensitive to the environment, observable in significant genotype-environment interaction. Various 

environmental factors, like temperature (PARTRIDGE et al., 1994; NUNNEY and CHEUNG, 1997; 

FRENCH et al., 1998), oxygen levels (PECK and MADDRELL, 2005), infection (DIANGELO et al., 

2009), larval crowding (LEFRANC and BUNDGAARD, 2000; IMASHEVA and BUBLIY, 2003) and 

nutrition (IMASHEVA et al., 1999; SAVIĆ et al., 2011; VIJENDRAVARMA et al., 2011) induce 

alterations in the growth and affect morphometric traits. In Drosophila, the final body size is 

regulated by the rate and duration of growth mostly in the larval but also in pupal stages. In 

regulating the growth rate of the larva, the most important role is attributed to insulin and the 

target of rapamycin (TOR) signaling pathways, which interacts with ecdysone and juvenile 

hormonal systems, to regulate the timing of development, and hence the duration of growth. This 

interaction allows environmental factors to regulate the development time, in order to maintain 

proportional growth, and to ensure that optimal size and proportions are reached, given the larval 

rearing conditions. It was shown that ELF EMF affected in vivo the neurosecretory function of 

Lymantria dispar L. (Lepidoptera: Lymantridae), indicating an intensive synthesis of insulin-like 

neurohormon (ILIJIN et al., 2011), and the activity of medial protocerebral neurosecretory neurons 
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and corpora allata in Cerambyx cerdo L. (Coleoptera: Cerambycidae), indicating increased 

synthesis and release of juvenile hormone (NENADOVIĆ et al., 2005). Insulin signaling and juvenile 

hormonal system leading to a cascade of hormonal changes can be the way in which ELF EMP 

altered growth and proliferation in cells. This can be a possible explanation for directional 

asymmetry obtained in this experiment, as these signaling pathways are connected with other 

pathways involved mainly in tissue polarity, patterning, and timing of development. 

Besides significant developmental delays and increased wing size in both sexes, 

Drosophila flies exposed at early development to a 0.25 mT field also had a disrupted 

developmental stability. Previous experiments have shown that ELF EMP, among other things, 

caused developmental instability. GRAHAM et al. (2000) found that D. melanogaster exposed to a 

weak 80 µT of 60 Hz EMF eclosed earlier, had a significant reduction in weight, significant 

increase in the frequencies of phenodeviants, and elevated fluctuating asymmetry. An ELF EMF 

(100 µT, 50 Hz) action on D. melanogaster embryogenesis, increased the fraction of abnormally 

developed embryos and, in addition, caused developmental delays (MICHEL and GUTZEIT, 1999). 

Moreover, MIRABOLGHASEMI and AZARNIA (2002) used a magnetic field of 50 Hz, 11 mT, and 

observed a significant increase in the number of morphological abnormalities in adult flies from 

the exposed larvae at the 1st, 2nd, and 3rd instars of development, contrary to groups raised from 

the exposed eggs. The effect was positively correlated with the duration of exposure. 

The complex molecular signaling during early embryogenesis is likely to be the most 

susceptible to stressors. So, the asymmetry of organs that normally show bilateral symmetry, like 

insect wings, could be a consequence of a disturbed developmental process, due to various types of 

genomic or environmental stresses during early embryogenesis. The degree of asymmetry in 

bilateral traits is often interpreted as indicative of the degree of perturbation that stressful 

conditions impose on the development (GRAHAM et al., 1993 a, b). Under stressful conditions, 

three forms of asymmetry may change, and there are numerous examples of transitions, e.g. from 

AS to DA, FA to DA, and FA to AS (e.g. GRAHAM et al., 1993 a, b; KLINGENBERG et al., 1998; 

LENS and VAN DONGEN, 2000; SCHNEIDER et al., 2003). Following this line of thinking, the 

evidence that the observed directional asymmetry in both groups had a different developmental 

trajectory, can be interpreted as a developmental disturbance caused by ELF EMF. 

In conclusion, the data presented in the current study showed changes in fitness, size, and 

developmental stability, in the presence of an artificial 50 Hz, 0,25mT EMF. This suggests that an 

EMF ELF represents a stressful factor in terms of the parameters observed in the developing 

embryos of D. subobscura. All species respond to a changing natural environment through altering 

the phenotype and physiology, and man-made EMFs affect developmental processes through 

many mechanisms. Irrespective of the mechanisms of action, this study has shown that a 50 Hz, 

0,25mT EMF affects the development in Drosophila, altering the observed phenotypic traits, with 

a possible huge impact on the fitness. Therefore, it is very important to understand how man-made 

EMFs affect natural populations, and what the future implications of such environmental stress 

are. 
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Izvod 

Elektromagnetna polja (EMP) antropogenog porekla predstavljaju sredinski faktor kojim su živa 

bića u sve većoj meri izložena. Brojne studije na Drosophila kao model organizmu, izvedene u 

poslednjih 30 godina, pokazuju oprečne rezultate u biološkim efektima EMP. Ova studija ispituje 

fenotipsku varijabilnost kroz pravac i opseg promena u komponentama adaptivne vrednosti 

(fekunditet, preživljavanje od jaja do adulta, dinamika razvića) i u veličini i asimetriji krila 

isofemale linija Drosophila subobscura pod uticajem EMP od 50 Hz. Izlaganje embrionalne i rane 

post- embrionalne faze D. subobscura homogenom sinusoidalnom EMP od 0,25 mT i 50 Hz 

izazva značajno produžavanje razvića od jaja do adulta, značajno povećanje i širine i dužine krila, 

kao i promenu asimetrije krila u odnosu na jedinke iz kontrolne grupe. Ovi rezultati pokazuju da 

EMP od 50 Hz slabog intenziteta ima potencijal da kroz razvojne puteve modulira fitnes osobine, 

morgologiju krila kod D. subobscura, čak i nakon jedne generacije izlaganja, ukazujući da 

izlaganje EMP eksremno niske frekvencije ima relevantne posledice na razviće, adultnu 

morfologiju i fitnes. 
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