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Abstract The present study investigated the impact of 1800-
MHz electromagnetic field radiations (EMF-r), widely used in
mobile communication, on the growth and activity of starch-,
sucrose-, and phosphate-hydrolyzing enzymes in Zea mays
seedlings. We exposed Z. mays to modulated continuous wave
homogenous EMF-r at specific absorption rate (SAR) of 1.69
+£0.0x10' W kg71 for 3, 1, 2, and 4 h. The analysis of seed-
lings after 7 days revealed that short-term exposure did not
induce any significant change, while longer exposure of 4 h
caused significant growth and biochemical alterations. There
was a reduction in the root and coleoptile length with more
pronounced effect on coleoptile growth (23 % reduction on 4-
h exposure). The contents of photosynthetic pigments and
total carbohydrates declined by 13 and 18 %, respectively, in
4-h exposure treatments compared to unexposed control. The
activity of starch-hydrolyzing enzymes—«x- and (3-amy-
lases—increased by ~92 and 94 %, respectively, at an expo-
sure duration of 4 h, over that in the control. In response to 4-h
exposure treatment, the activity of sucrolytic enzymes—acid
invertases and alkaline invertases—was increased by 88 and
266 %, whereas the specific activities of phosphohydrolytic
enzymes (acid phosphatases and alkaline phosphatases)
showed initial increase up to <2 h duration and then declined
at >2 h exposure duration. The study concludes that EMF-1-
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inhibited seedling growth of Z. mays involves interference
with starch and sucrose metabolism.
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Introduction

Non-ionizing electromagnetic field radiations (EMF-r) in the
frequency range of 800-2100 MHz are the most commonly
used magnetic fields for wireless communication. Today, there
are 7.085 billion mobile phone users, equivalent to 96.2 % of
the world population, with an average of 96.8 subscriptions
per 100 individuals (ITU 2015). Mobile/cellular phones are
the first EMF device with such a high frequency of use in the
history of the world (Kundi 2009). The increasing exposure to
mobile phone radiations and their base stations is a matter of
concern because of possible adverse health effects. The avail-
able literature on the radiofrequency radiations’ exposure
from cell phones is conflicting with both beneficial and harm-
ful effects on biological systems, including birds, insects,
plants (Cucurachi et al. 2013, and references therein) and
humans (Kundi 2009; Khurana et al. 2010). Plants play an
important role in ecosystem being primary producers; thus,
it is pertinent to study the effects of EMF-r on plants. These
being fixed cannot move away from the source of EMF-r and
are thus continuously exposed to EMF-r. In comparison to
other biological systems, relatively less is known about the
ecological/biological effects of EMF-r on plants. A continu-
ous exposure to weak magnetic field may cause discrete biotic
effects at cellular, tissue, and organ level in plants
(Belyavskaya 2004). Unfortunately, the exposure levels are
increasing due to increased use of EMF-r emitting devices.
Plants perceive and respond to radiofrequency
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electromagnetic radiations (Kouzmanova et al. 2009). They
absorb EMF-r, convert these into weak electric currents,
which damage endodermis, and consequently cause cell leak-
age, and make the plants more prone to soil-borne pathogens
(Goldsworthy 2006). Despite the absence of neuronal net-
work, plant neurobiologists believe that the plants are con-
scious and the reactions inside signaling pathways may impart
biochemical basis for learning and ability to retain (Pollan
2013). Cells respond to a variety of environmental stimuli
and electromagnetic energy by changing their morphology
and movements. The electrical component of electromagnetic
energy affects dipolar molecules such as ionic pumps, en-
zymes, nuclear material, and nucleotide molecules (Goodman
et al. 1995). Previous studies reported that the EMF-r nega-
tively affect seed germination, seedling growth, and develop-
ment in plants (Tkalec et al. 2007; Sharma et al. 2009;
Halgamuge et al. 2015). Roux et al. (2007) reported that
EMF-r induces rapid molecular stress response in tomato,
and the response was similar to the one found in response to
cut or wound or burn. Studies have demonstrated a possible
connection between negative impact of EMF-r on the growth
and alterations in physiological processes, such as enzyme
activities (Kouzmanova et al. 2009; Sharma et al. 2010), ox-
idative metabolism (Sharma et al. 2009; Tkalec et al. 2007),
cell death (Sharma et al. 2010), DNA damage (Li and Chow
2001), and alterations in mitosis (Tkalec et al. 2009). Howev-
er, not much is known about the interference of 1800-MHz
EMF-1, widely used in mobile communication, with various
metabolic pathways and the activities of enzymes catalyzing
these pathways in plants. We, therefore, conducted a study to
explore the effect of 1800 MHz EMF-r on the carbohydrate
metabolism in Zea mays (maize). We investigated the changes
in the content of reducing sugars and carbohydrates and ex-
plored the catalytic activity of various carbohydrate-
metabolizing enzymes (acid and alkaline phosphatases, acid
and alkaline invertases, - and [3-amylases, and starch phos-
phorylases) in coleoptiles of maize after !4, 1, 2 and 4 h of
exposure to 1800-MHz EMF-r.

Materials and methods
Materials

Seeds of Zea mays (var. Kohinoor) were purchased locally
from the seed store. Before use, these were surface disinfected
with sodium hypochlorite (0.1 %, w/v) for 15 min and washed
under running tap water followed by distilled water. All the
chemicals and reagents used for biochemical estimations were
of analytical reagent grade and procured from Sisco Research
Laboratory Pvt. Ltd., India; Hi-Media, Mumbai, India; and
Sigma Co., St. Louis, USA.
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EMF-r exposure system

Pre-imbibed seeds (for 12 h in distilled water at 25 °C) were
allowed to germinate in Petri dishes (15-cm dia) underlined
with thin cotton wad and a single layer of Whatman #1 filter
circle moistened with 14 ml of distilled water. In all, there
were five treatment groups, each consisting of five Petri dishes
with ten seeds each. No exposure was given to group-1 (con-
trol), whereas groups 2, 3, 4, and 5 were exposed to
1800 MHz of modulated continuous wave homogenous
EMF-r (similar to mobile phone frequency) for ', 1, 2, and
4 h. EMF-r was generated from radiofrequency (RF) signal
generator (Agilent N9310A; Keysight Technologies, USA)
supplied with 20 dBm (0.1 W) power and attached with an
amplifier (Model No. ZHL-5 W-2GX+; Minicircuits, USA)
and DC-regulated power supply. Exposure system was kept in
an empty separate room coated with special Y shield (HSF54)
RF shielding paint in order to protect from external exposure.
After treatment, the experiment was laid out in a completely
randomized design (CRD) in an environmentally controlled
growth chamber set at day/night temperature of 30/25 (£2)°C,
76+2 % relative humidity, and a 16-h photoperiod of 240 pmol
photon m 2 s~ photon flux density.

The output power density at the plane of exposure was
studied by ScanEM®-C Probe (Model No. CTK015; 3 M
Technologies, USA) attached to RF power density meter
(Spectran, HF-4060, range 100 MHz to 6 GHz; Aaronia
AG, Germany). The average power density received at a dis-
tance of 3 cm from antenna was 332+10.36 mW m >
(1800 MHz) with a specific absorption rate (SAR) of 1.69+
0.0x10™" W kg . SAR value was calculated roughly as it is
quite difficult to evaluate SAR values on exposed tissues di-
rectly (Cenesiz et al. 2011). It was determined by taking the
values of electrical conductivity (o) and tissue density (p) for
the dielectric properties of body tissue at 1800 MHz (o=
1.70 S m ' and p=1030 kg cm °) from IFAC (Institute of
Applied Physics, Sesto Fiorentino, Italy) database
(Andreuccetti et al. 1997).

Morphological parameters

After exposure to EMF-r for 7 days, the seedlings were ran-
domly sampled from each treatment group and the seedling
growth was recorded in terms of root and coleoptile length.
Since the EMF-r-induced detrimental effects were more pro-
nounced in coleoptiles (which are directly exposed to EMF-r
under natural conditions), these were excised and stored at
—40 °C for further biochemical studies.

Chlorophyll estimation

Total chlorophyll was extracted from coleoptiles (25 mg) in
dimethyl sukphoxide (4 ml) at 60 °C for 1 h (Hiscox and
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Israelstem 1979). Its amount was determined spectrophoto-
metrically as per Arnon (1949) and expressed on dry weight
basis as suggested by Rani and Kohli (1991).

Estimation of carbohydrate and reducing sugar content

Carbohydrates were extracted by homogenizing 100 mg of
coleoptiles with 10 ml distilled water in a pre-chilled pestle
and mortar. The homogenate was centrifuged at 15,000g
for 15 min at 4 °C in a cold centrifuge (Sigma Inc., USA).
The supernatant was used for estimating total carbohydrate
and reducing sugar content. Total carbohydrate content
was estimated spectrophotometrically at 620 nm using
anthrone reagent against glucose (50 ug ml™") as a calibra-
tion standard (Loewus 1952). The reducing sugar content
was determined at 520 nm against glucose as calibration
standard, according to the method described by Nelson
(1944).

Enzyme extraction

To extract «- and f3-amylases, 100 mg of plant tissue
(coleoptiles) was homogenized in 10 ml of 0.1 M sodium
PO, buffer (pH 7.0) under ice-cold conditions. Acid and
alkaline phosphatases were extracted in ice-cold 50 mM tris-
maleate buffer (pH 7.0) containing 13 mM mercaptoethanol.
Starch phosphorylases were extracted by crushing 50 mg of
tissue in 5 ml of distilled water. Acid and alkaline invertases
were extracted in 10 mM tris-maleate buffer (pH 7.5) contain-
ing 1 mM mercaptoethanol and 20 mM MgCl,. The homog-
enates were filtered through three layers of cheesecloth and
centrifuged at 15,000g for 25 min at 4 °C in a cold centrifuge.
The supernatants were stored at 4 °C until used for assaying
the enzyme activities. An aliquot (0.5 ml) of the supernatant
was used for protein estimation, using bovine serum albumin
as a calibration standard (Bradford 1976). All steps of the
enzyme extraction including centrifugation were done at
4 °C, and the assays were performed at 25 °C using a UV-
VIS spectrophotometer (Model UV 1800; Shimadzu Corpo-
ration, Tokyo, Japan).

Starch-hydrolyzing enzymes

The activity of x-amylases was determined according to the
method of Muentz (1977). The concentration of remainder
starch after reacting with iodine solution was measured spec-
trophotometrically at 630 nm using starch (50 pg ml™') as
standard. The specific activity of 3-amylases was assayed as
per the method of Bernfeld (1955), later modified by Dure
(1960) using starch as a substrate and dinitrosalicylic acid as
a reaction inhibitor. The absorbance of yellow to orange color
thus developed was measured at 560 nm against a calibration
standard of maltose (50 pug ml™"). The specific activities of

both «- and B-amylases were expressed as pkat mg ' protein.
The activity of starch phosphorylases was determined at
660 nm against a calibration standard of potassium
dihydrogen orthophosphate (Fiske and Subbarow 1952) and
expressed as pkat mg ' protein. One katal (kat) is the amount
of the enzyme required to catalyze the transformation of one
mole of substrate per second.

Sucrose-metabolizing enzymes

The activities of acid and alkaline invertases were measured in
terms of reducing sugars produced, according to the method
given by Nelson (1944). For the estimation of acid invertases,
0.2 M sodium acetate buffer (pH 4.8) was used, whereas for
alkaline invertases, 0.2 M sodium phosphate buffer (pH 8)
was used. Enzymatic assay was conducted spectrophotomet-
rically at 620 nm against a calibration standard of glucose, and
the specific activity of enzyme was expressed as pkat mg
protein.

Phosphohydrolytic enzymes

The activities of phosphohydrolytic enzymes—acid and alka-
line phosphatases—were assayed at 410 nm in terms of p-
nitrophenol, according to the method given by Malik and
Singh (1980). For acid phosphatases, 0.1 M acetate buffer
(pH 5.0) was used, whereas for alkaline phosphatases, 0.1 M
glycine-NaOH buffer (pH 10.5) was used. The activity was
expressed as pkat mg ' protein.

Statistical analyses

For each exposure treatment, five Petri dishes (each with 10
seeds) were maintained in a completely randomized design
with each Petri dish serving as an independent replicate. For
enzyme assays, there were five replicated (independent) tissue
samples (one pooled sample from each Petri dish) as replicate
The data were analyzed using one-way analysis of variance
followed by the comparison of mean values using post hoc
Tukey’s test at P<0.05.

Results
Effect of EMF-r on seedling growth

The effect of EMF-r on seedling length and chlorophyll con-
tent of Zea mays after 7 days of exposure has been presented
in Table 1 and Fig. 1. No difference in the seedling length and
the amount of photosynthetic pigment was observed at lower
exposure period. However, a significant reduction in root
length (17 %), coleoptile length (23 %), and chlorophyll con-
tent (13 %) was observed at 4-h exposure period (Table 1).
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Table 1  Effect of 1800-MHz EMF-r exposure on seedling length and total chlorophyll content in coleoptiles of Zea mays, measured after 7 days
Exposure period (h) Root length (cm) Coleoptile length (cm) Total chlorophyll content (ug mg ' d.wt.)
0 15.7+0.58a 18.0+0.51a 17.6+0.21a
Y2 15.6+0.36a 17.8+0.21ab 17.4+0.33a

15.0+0.56ab 16.9+0.38ab 16.9+0.37a
2 14.2+0.32ab 16.5+0.15b 16.4+0.20ab

13.1+0.43b 13.9+0.19¢ 15.3+0.36b

Data presented as mean+SE; n=>5 for each treatment group. Means with common letters are not significantly different at P<0.05 according to Tukey’s

test

The inhibitory effect was more pronounced on coleoptile
length than on root length (Fig. 1).

Effect on carbohydrate and reducing sugars content

Total carbohydrate content increased up to 1-h exposure treat-
ments over that in the control, whereas it declined by 14 and
18 % (significant at P<0.05) at 2 and 4 h exposure treatments,
respectively (Table 2). The amount of reducing sugars showed
significant increment at >1 h exposure period. It increased by
30, 66, and 82 % at 1, 2, and 4 h exposure treatments, respec-
tively, compared to the control (Table 2).

Effect on starch-hydrolyzing enzymes EMF-r exposure (for
>1 h) significantly increased the activities of o- and f3-
amylases by 24-92 and 28-94 %, respectively, over the con-
trol, during 1 to 4 h of exposure (Table 3). On the contrary, the
activity of starch phosphorylases declined upon EMF-r ex-
posure. It declined by 36, 53, and 74 % in response to 1, 2, and
4 h exposure treatments (Table 3).

Effect on sucrolytic and phosphohydrolytic enzymes

The activities of sucrolytic and phosphohydrolytic enzymes
increased significantly on exposure to EMF-r for >1 h

Fig. 1 Effect of 1800-MHz
EMF-r exposure for 0 h (control),
2,2, and 4 h on seedling growth
in Zea mays
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(Table 4). The activities of acid and alkaline invertases in-
creased by 16-88 and 82-266 %, respectively, on 1 to 4 h of
exposure to EMF-r over the control (Table 4). The specific
activity of acid phosphatases increased by 14 and 23 % at 1-
and 2-h exposure treatment, respectively (Table 4). However,
it declined by 14 % in response to 4-h exposure treatment
(Table 4). The activity of alkaline phosphatases increased over
the control by 21 % at 1-h exposure treatment and then de-
clined by 10 and 28 % at 2- and 4-h exposure treatments,
respectively (Table 4).

Discussion

The present study demonstrated that EMF-r significantly de-
cline the root and coleoptile length of Z. mays, particularly at
higher exposure period of 2 and 4 h, thereby impeding seed-
ling growth. Such a reduction in seedling length on exposure
to EMF-r is corroborated by similar findings made earlier with
cell phone radiations (Sharma et al. 2009; Singh et al. 2012),
radiofrequency EMF-r (Tkalec et al. 2009; Akbal et al. 2012),
and magnetic fields (Pefiuelas et al. 2004). On the contrary,
pre-treatment with magnetic fields has been found to alleviate
the growth inhibition induced by abiotic stresses (Florez et al.
2007; Hajnorouzi et al. 2011). In general, the response(s) of
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Table 2 Effect of 1800-MHz EMF-r on the contents of carbohydrates
and reducing sugars in coleoptiles of Zea mays, measured after 7 days

Exposure Carbohydrates Reducing sugars

Period (h) (ng mg ' fiwt) (ng mg ' fwt)

0 18.3+0.14a 7.6+0.39a

s 18.5+0.15a 7.7+0.23a
19.7+0.28b 9.9+0.23b

2 15.84+0.23¢ 12.6+0.68¢

4 15.1+0.29d 13.8+£0.20d

Data presented as mean+SE; n=5 for each treatment group. Means with
common letters are not significantly different at P<0.05 according to
Tukey’s test

the plant systems to EMF-r are substantial and inconsistent; it
varies with exposure type, strength and duration (intensity and
frequency), oxidative state, and the genotype (Shabrangi and
Majd 2009). The reduction in the photosynthetic pigments on
EMF-r exposure suggests interference of EMF-r with the pho-
tosynthetic machinery, as reported earlier by Hirano et al.
(1998) and Sandu et al. (2005).

In the present study, there was an initial rise in the amount
of total carbohydrates at short duration of exposure (<1 h);
however, at longer duration of exposure (>2 h), a significant
decrease was observed. To the best of our knowledge, no such
report highlighting such a trend in carbohydrate content on
EMF-r exposure is available. Notwithstanding, studies have
reported an increase in total soluble sugar and carbohydrate
content on exposure to 945-MHz radiations in maize
(Khalafallah and Sallam 2009) and to 50 Hz (at 6 kV/m field
strength) electric field in wheat (Hanafy et al. 2006). In con-
trast, exposure to cell phone EMF-r (power density=
8.55 uW cm 2) caused a decline in carbohydrate content in
roots of Vigna radiata, 1 week after exposure (Sharma et al.
2010). Carbohydrate content in the plants varies widely due to
the interaction of plant with environment (Rosa et al. 2004).
To avoid unfavorable abiotic conditions, plants accumulate
different metabolites; and different carbohydrates accumulate
depending on the type of stress (Ranwala and Miller 1998).

However, at higher stress levels, there occurs a decline in
carbohydrate content (Ranwala and Miller 1998), as observed
in our study.

The decrease in carbohydrate content might be due to
the increased activities of starch-hydrolyzing enzymes or
decrease in the photosynthetic pigments as no new carbo-
hydrates are synthesized due to impaired photosynthesis
(as observed in the present study). Starch formed during
photosynthesis is the interim reserve form of fixed carbon,
whereas sucrose is the most suitable source of carbon and
energy. In plant cells, starch is hydrolyzed by «- and f3-
amylases forming glucose and maltose (Niittyla et al.
2004), either independently or cumulatively, which are fur-
ther used in glycolytic pathway or in the synthesis of su-
crose (Stanley et al. 2005).

We observed a significant increase in the activities of -
and (3-amylases on increasing the duration of EMF-r expo-
sure. It is in accordance with an earlier study of Sharma et al.
(2010) who also observed an increase in the activity of amy-
lases in V. radiata roots on EMF-r exposure. The increased
activity of amylases under EMF-r exposure results in an in-
crease in the amount of sugars, an important source of energy
for plants to keep growing under abiotic stress conditions
(Kaplan and Guy 2004; Mahajan et al. 2013).

Invertases regulate the supply of sucrose to different cellu-
lar processes by hydrolyzing sucrose into hexose monomers
(glucose and fructose), whenever needed, and play an impor-
tant role in modulating environmental stresses (Roitsch and
Gonzalez 2004). Hexoses are involved in maintaining osmotic
pressure, defense response, and cell differentiation and devel-
opment (Sturm and Tang 1999). The decreased activity of
invertase(s) suggests interference with the carbon partitioning,
growth regulation, and development (Ranwala and Miller
1998). We observed a dose-dependent increase in the activity
of invertases under EMF-r exposure, thereby limiting the
availability of sucrose in the cells. These findings are in agree-
ment with those of Canli et al. (2011) and Taskin et al. (2013),
who demonstrated increased production of invertases in
Rhodotorula glutinis and Aspergillus niger OZ-3 on exposure
to extremely low frequency magnetic fields.

Table 3 Effect of 1800-MHz

EME-r on the activities of starch- Exposure -Amylases [B-Amylases Starch phosphorylases
hydrolyzing enzymes (x-amy- Period (h) (ukat mg™! protein) (ukat mg™! protein) (ukat mg~" protein)
lases, [3-amylases, and starch
phosphorylases) in Coleoptﬂes of 0 0.38+0.033a 0.052+0.003a 0.076+0.005a
Zea mays, measured after 7 days A 0.38+0.010a 0.054+0.002a 0.077+0.003a
0.47+0.010b 0.067+0.005b 0.049+0.002b
2 0.53+0.005b 0.091+0.001¢ 0.036+0.004b
4 0.73+0.008¢c 0.101£0.002¢ 0.020+0.001¢

Data presented as mean+SE; n=5 for each treatment group. Means with common letters are not significantly
different at P<0.05 according to Tukey’s test
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Table 4 Effect of 1800-MHz
EMF-r on the activities of
sucrolytic (acid and alkaline in-

Acid invertases
(ukat mg ™! protein)

Exposure
Period (h)

Alkaline invertases
(ukat mg " protein)

Alkaline phosphatases
(ukat mg ™" protein)

Acid phosphatases
(ukat mg " protein)

vertases) and phosphohydrolytic

(acid and alkaline phosphatases) 0 3.55+0.07a

enzymes in coleoptiles of Zea A 3.58+0.07a

mays, measured after 7 days 411+0.10ab
2 4.53+£0.21b
4 6.68+0.18¢c

3.07+£0.045a 0.224+0.009a 0.13+0.007a
3.08+0.044a 0.22+0.004a 0.13+0.002a
5.60+0.041b 0.25+0.002b 0.16+0.004b
6.95+0.075¢ 0.27+0.007b 0.12+0.003a
11.25+0.125d 0.1940.008¢ 0.10+0.002¢

Data presented as mean+SE; n=>5 for each treatment group. Means with common letters are not significantly
different at P<0.05 according to Tukey’s test

Phosphohydrolytic enzymes (acid and alkaline phos-
phatases) regulate the inorganic phosphorus (P7) supply
to different parts of growing plants to upkeep the speed
of growth and rate of physiological reactions in plant cells
(Duff et al. 1994). In the present study, the activity of acid
and alkaline phosphatases was increased at lower exposure
duration, whereas a decline was observed at higher expo-
sure period. The increased activity of phosphatases ob-
served at short duration of exposure might be required to
regulate the supply of Pi because of increased respiration
and increased demand of sucrose in the growing seedling
on exposure to EMF-r exposure and thus keep the plant
growing (Agoreyo 2010). However, the decrease in phos-
phatase activity at higher exposure results in lesser avail-
ability of Pi and hence the reduced growth (Olmos and
Hellin 1997).

Conclusions

In summary, our results suggest that 1800-MHz EMF-r
interferes with carbohydrate metabolism. EMF-r exposure
induces alterations in the contents of carbohydrates and
reducing sugars and the activities of starch metabolizing
enzymes: amylases, phosphatases, phosphorylases, and in-
vertases. The study suggests that EMF-r-induced perturba-
tions in carbohydrate metabolism are one of the factors
resulting in growth inhibition on EMF-r exposure. The
present study bears significance in view of the rapidly in-
creasing EMF-r in the communication range in the natural
environment and their possible interference with the phys-
iological and biochemical processes in the plants. The
study implies that proper risk assessment of EMF-r should
be undertaken to develop management strategies for reduc-
ing EMF-r pollution in the natural environment.
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