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Abstract

The proliferation of wireless and other telecommunications equipment brought about by technological advances in the
communication industry has substantially increased the radiofrequency radiation levels in the environment. The emphasis
is, therefore, placed on investigating the potential impacts of radiofrequency radiation on biota. In this work, the impact
of 2850 MHz electromagnetic field radiation (EMF-r) on early development, photosynthetic pigments, and the metabolic
profile of two Brassica oleracea L. cultivars (red and green cabbage) was studied. On a daily basis for seven days, seedlings
were exposed to homogeneous EMF-r for one, two, and four hours, and observations were carried out at 0-h, 1-h, and 24-h
following the final dose. Irrespective of the duration of harvest, exposure to EMF-r resulted in a dose-dependent reduction in
both root (from 6.3 cm to 4.0 cm in red; 6.1 cm to 3.8 cm in green) and shoot lengths (from 5.3 cm to ~3.1 cm in red; 5.1 cm
to 3.1 cm in green), as well as a decrease in biomass (from 2.9 mg to ~1.1 mg in red; 2.5 to 0.9 mg in green) of the seedlings
when compared to control samples. Likewise, the chlorophyll (from 6.09 to ~4.94 mg g~! d.wt in red; 7.37 to 6.05 mg g~
d.wt. in green) and carotenoid (from 1.49 to 1.19 mg g~! d.wt. in red; 1.14 to 0.51 mg g~' d.wt. in green) contents of both
cultivars decreased significantly when compared to the control. Additionally, the contents of phenolic (28.99—45.52 mg GAE
g~ !in red; 25.49—33.76 mg GAE g~! in green), flavonoid (21.7—31.8 mg QE g™ ! in red; 12.1—19.0 mg QE g~! in green),
and anthocyanin (28.8—43.6 mg per 100 g d.wt. in red; 1.1—2.6 mg per 100 g d.wt. in green) in both red and green cabbage
increased with exposure duration. EMF-r produced oxidative stress in the exposed samples of both cabbage cultivars, as
demonstrated by dose-dependent increases in the total antioxidant activity (1.33—2.58 mM AAE in red; 1.29—2.22 mM
AAE in green), DPPH activity (12.96—78.33% in red; 9.62—67.73% in green), H,O, content (20.0—77.15 nM g~ f.wt. in
red; 14.28—64.29 nM g~! f.wt. in green), and MDA content (0.20—0.61 nM g~! f.wt. in red; 0.18—0.51 nM g~! f.wt. in
green) compared to their control counterparts. The activity of antioxidant enzymes, i.e., superoxide dismutases (3.83—8.10
EU mg~! protein in red; 4.19—7.35 EU mg~! protein in green), catalases (1.81—7.44 EU mg~! protein in red; 1.04—6.24 EU
mg~! protein in green), and guaiacol peroxidases (14.37—47.85 EU mg™! protein in red; 12.30—42.79 EU mg~! protein in
green), increased significantly compared to their control counterparts. The number of polyphenols in unexposed and EMF-r
exposed samples of red cabbage was significantly different. The study concludes that exposure to 2850 MHz EMF-r affects
the early development of cabbage seedlings, modifies their photosynthetic pigments, alters polyphenol content, and impairs
their oxidative metabolism.

Keywords High frequency radiation - Radiofrequency radiation - Red cabbage - Green cabbage - Photosynthetic pigments -
Oxidative stress - Antioxidants - Secondary metabolites

Introduction

The daily usage of cellular phones, Wi-Fi, and other com-
munication devices has increased dramatically since 2000
(Kaur et al. 2021). Most of these devices' function use radi-
ofrequency radiation (RFR), a non-ionizing form of elec-
Extended author information available on the last page of the article tromagnetic field radiation (EMF-r) (Davis et al. 2023). As
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a result of the rapid expansion of the telecommunications
industry, RFR is now continuously transmitted into the envi-
ronment from a variety of sources. This has consequently
increased the frequency with which the living organisms
are exposed to electromagnetic fields (Kaur et al. 2021). At
the end of 2022, there were over 8.4 billion mobile phone
subscriptions, and it is projected to be over 9.2 billion by
2028, and of these, >50% will be 5G subscriptions (Ericsson
Mobile Subscribers Outlook Report 2021; Ericsson Mobil-
ity Report 2023). To maintain the network's functionality,
base stations have increased rapidly as the number of mobile
phone subscribers has increased. Surducan et al. (2020) pre-
dicted a > 30-fold rise in the concentration of RFR in the
environment over the next decade due to the proliferation of
base stations and wireless technology.

The EMF-r emitted by mobile phones has been catego-
rized in Group 2B as a "Possible Human Carcinogen" (IARC
2011). To understand the biological impacts of RFRs, stud-
ies have focussed largely on animals, and the effects have
been well documented in humans, rats, and insects (Vanber-
gen et al. 2019; Choi et al. 2020; Schuermann and Mevissen
2021). In animals, EMF-r has been shown to cause cytotoxic
and genotoxic effects (Cho et al. 2014), induce changes in
the cell cycle (Cleary et al. 1996), enzymatic activity (Oba-
juluwa et al. 2017), and gene expression (Kazemi et al.
2018). In contrast, a smaller number of studies have been
conducted on plant systems. Despite a few reports highlight-
ing the positive effects of EMF-r (Mildaziene et al. 2016,
2019), a vast majority of studies have reported that EMF-r
negatively impacts the growth and development of plant spe-
cies (Vian et al. 2016; Halgamuge 2017; Kaur et al. 2021).
Till date, studies have investigated the negative impacts of
EMF-r on seed germination, growth, and development in
plants at 900 MHz (Tkalec et al. 2009; Sharma et al. 2010),
1800 MHz (Kumar et al. 2020; Stefi et al. 2018), 2100 MHz
(Chandel et al. 2017, 2019b), and 2350 MHz (Chandel
et al. 2019a). The EMF-r affects the metabolic pathways
(in Plectranthus species at 900 MHz; Kouzmanova et al.
2009) and induces gene expression modifications (in rice at
1837.50 MHz; Kundu et al. 2021), impairs starch metabo-
lism (at 1800 MHz in maize; Kumar et al. 2016), enhances
emission of volatile compounds (in Petroselinum crispum
(Mill.) Fuss, Apium graveolens L., and Anethum graveolens
L.; Soran et al. 2104), and induces accumulation of stress-
related mRNA transcripts (in tomato at 900 MHz; Roux et al.
2008).

Of late, the development of new cellular technologies
based on higher frequencies, such as 5G, and the unre-
stricted expansion in smartphone usage have resulted in an
unprecedented concentration of RFR in the natural environ-
ment. Keeping this in mind, we investigated the effects of
2850 MHz electromagnetic field radiation (EMF-r) on the
early development, photosynthetic pigments, and metabolite
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composition of red and green cabbage (Brassica oleracea
L.) cultivars. The 2850 MHz frequency was selected for the
current study as it represents a prominent frequency within
the 5G spectrum, and there is a notable scarcity of research
examining its potential biological effects. Till date, only one
preliminary study has reported the impact of 2850 MHz on
the germination ability and early growth of chickpeas (Johal
et al. 2022). The present study aims to investigate the impact
of 2850 MHz EMF-r, one of the most widely used 5G fre-
quencies, of varying exposures (0, 1, 2, and 4 h) on red and
green cabbage. The observations made at O h, 1 h, and 24 h
allow for the examination of both immediate and delayed
responses, potentially revealing insights into how plants
adapt to or recover from EMF-r stress over time. Cabbage,
being a member of one of the most important and commonly
cultivated vegetable families (Brassicaceae), offers consider-
able nutritional value. The two cabbage cultivars were used
to investigate and identify the differential role of pigments in
imparting defense mechanisms in response to EMF-r.

Materials and methods
Experimental set-up

Red and green cabbage seeds obtained from a local seed
store were disinfected with NaOCI (0.1%; 7-10 min) and
rinsed thoroughly with tap water and then distilled water.
Pre-soaked seeds (for 10 h) were evenly spaced in 15-cm
Petri dishes with Grade 1 Whatman filter paper and a thin
layer of moist cotton. In all, there were four treatments: (i)
Without EMF-r irradiation; (ii) EMF-r exposure for 1 h; (iii)
EMF-r for 2 h; and (iv) EMF-r for 4 h. Three replicates of
15 seeds per Petri dish were maintained for each treatment.
After the development of cotyledons, the Petri dishes were
exposed to 2850 MHz EMF-r daily for 7 days before being
placed in a chamber maintained at 22/16 (+2) °C, 16 h light
photoperiod of 240 mol m™ s~! and a RH of 75 +3%. After
7 days of EMF-r exposure, each group's seedlings were har-
vested at O h, (i1) 1 h, and (iii) 24 h, after the last treatment.

EMF-r treatment system

For the generation of radiofrequency signals, a Vector Signal
Generator (SMBV100A; Rohde & Schwarz, Germany) was
used. The RF signal generator was fitted with an antenna and
a RF power amplifier (ZFL—2500%; Mini-circuits, USA).
Petri dishes were placed 5 cm from the antenna in an EMF-r
shielded chamber (75 cm X 80 cm X 75 cm). Subsequently,
the Petri dishes were irradiated with 2850 MHz EMF-r. The
power flux density was measured using an NBM 550 radia-
tion field meter (Narda, Germany). At 2850 MHz EMF-r,
the average power density was 632.1+39.07 mW m ™2 and
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the specific absorption rate (SAR) was measured to be and
4.85%x 107" W kg~!. Due to the difficulty in calculating the
precise value of SAR on irradiated tissues (Cenesiz et al.
2011), it was approximated using tissue density and elec-
trical conductivity values from the database of dielectric
properties of grey matter tissue at 2850 MHz (Andreuccetti
et al. 1997).

Plant morphology and biomass

Red and green cabbage seedlings were harvested after one
week of exposure to 2850 MHz for 1 h, 2 h, and 4 h daily.
The lengths of the root and shoot were measured with a
gauge ruler and expressed in centimeters (cm). After oven-
drying seedlings at 60 °C for 72 h, seedling biomass was
measured using a weighing scale (A&D Company Ltd.,
Japan; PO008; d=0.1 mg) in milligrams (mg).

Total chlorophyll (TC) and carotenoid (Car) content

These were measured by spectrophotometry using dimethyl
sulphoxide, according to Hiscox and Israelstam (1979).
The TC and Car were calculated using the formulae given
by Arnon (1949) and Lichtenthaler and Wellburn (1983),
respectively, and presented on a dry weight basis (Rani and
Kohli 1991).

Quantitation of total phenolics, flavonoids,
and anthocyanins

The total phenolic content (TPC) was evaluated with the
Folin-Ciocalteu reagent, according to Swain and Hillis
(1959). One millilitre of extract (50 mg of plant tissue or
seedlings mixed into 5 ml of distilled water and centrifuged
at 15,000 g for 25 min) was dissolved in one milliliter of
50% Folin-Ciocalteu reagent. After three minutes, 1.0 ml of
20% Na,CO; was added, and the absorbance was measured
after 30 min using gallic acid as a reference at 700 nm. The
TPC was expressed as mg g~! gallic acid equivalents
(GAE).

The total flavonoid concentration (TFC) was quantified
using methanolic aluminium chloride (Meda et al. 2005).
One millilitre of extract (10 mg plant tissue per millilitre
of distilled water) was mixed with one milliliter of 2%
methanolic AICl;. After 10 min, the absorbance was read
at 415 nm against quercetin as a reference. The TFC was
expressed as mg g~ ! quercetin equivalents (QE).

The total anthocyanin concentration (TAC) was speci-
fied using the pH-differential method (Sutharut and Sudarat
2012). Plant tissue crushed in methanol was vortexed for
30 s and centrifuged (10,000 g for 10 min). Extracts (0.5 ml)
were mixed with 0.5 ml of pH 1 (25 mM potassium chloride)

and pH 4.5 (400 mM sodium acetate) buffers. The opti-
cal density was determined at two wavelengths (510 and
700 nm). The absorbance (Abs) was determined using the
equation:

Abs = (Abss;y — Absy) (Abss g — Absy)

atpH1 at pH 4.5

The concentration of anthocyanin was calculated using
the equation:

A X 449.2 x dilution factor x 1000

Total anthocyanin content (mg L") = 26900 x 1

4492 ¢ ml™! is the mole mass; 26,900 L mol™' em™! is
the molar extinction coefficient (¢); 1 is path length in cm.

Total antioxidant activity (TAA)

The TAA was determined according to Prieto et al.
(1999). One milliliter of reaction solution containing
600 mM H,S0O,, 0.028 M Na;PO,, and 4 mM ammonium
molybdate was mixed into 100 pl of the plant extract.
The samples were incubated at 95 °C for 90 min, and the
optical density was read at 695 nm. TAA was expressed
as mM ascorbic acid equivalents (AAE).

Free radical scavenging activity

It was determined using 1,1’-diphenyl-2-picrylhydrazyl
(DPPH) as per Singh et al. (2009). Plant extract (100 pl)
was mixed with 0.5 ml of 90 pM methanolic DPPH, and the
volume was adjusted to 1.5 ml. A positive control, butyl-
ated hydroxytoluene, and a parallel blank (distilled water
and DPPH solution) were also maintained. After incubating
the samples at 25 °C in the dark for 30 min, the absorbance
was measured at 515 nm.

Hydrogen peroxide (H,0,) content

H,0, levels were determined according to the method
of Velikova et al. (2000). Plant tissue (100 mg) was
homogenized in 10 ml of 0.1% trichloroacetic acid
(TCA) and centrifuged at 12,000 g for 15 min. The
supernatant was mixed with phosphate (PO437) buffer
(pH 7.0, 10 mM) and potassium iodide (1 M). Absorb-
ance was measured at 390 nm, and H,0, content was
quantified using e =0.28 pM~! cm™! and expressed as
nM g~! fresh weight.

Peroxidation of lipids
It was determined in terms of the content of malondialde-

hyde (MDA), according to Heath and Packer (1968). Briefly,
100 mg of plant tissue was homogenized in 10 ml of 0.1%
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TCA and centrifuged at 12,000 g for 15 min at 4 °C. The
supernatant (1 ml) was mixed with 4 ml of 0.5% thiobarbi-
turic acid (in 20% TCA) and again centrifuged at 10,000 g
for 10 min. The absorbance was read at 532 nm and 600 nm,
and the MDA concentration was reported as nM g~! fresh
weight.

Antioxidant enzymes’ assay
Preparation of enzyme extract

Plant tissue (100 mg) was homogenized in 10 ml of 100 mM
PO43_ buffer (pH 7) and centrifuged for 25 min at 15,000 g.
The supernatant was used for the assay of the activities of
superoxide dismutases (SOD), catalases (CAT), and guai-
acol peroxidases (GPX).

Superoxide dismutases

The SOD was assayed for its ability to prevent the pho-
tochemical reduction of NBT (nitroblue tetrazolium)
as per Beauchamp and Fridovich (1971). To 100 pl of
enzyme extract, added 900 ul of reaction mixture (50 mM
PO43_ buffer, 0.1 mM EDTA, 13 mM methionine, 13 uM
riboflavin, 0.05 M sodium carbonate, and 63 uM NBT). Two
sets of replicates (light and dark) were maintained, and the
absorbance was read at 560 nm. The enzyme activity was
expressed as enzyme unit (EU) mg™! protein.

Catalases

The CAT activity was evaluated as per Cakmak and Mar-
schner (1992) and calculated using £ =2.8 mM~! em™!. To
0.1 ml of enzyme extract, 0.9 ml of H,0, (10 mM) was
added, and absorbance was measured at 240 nm. The activ-
ity of CAT was expressed as EU mg ™! protein.

Guaiacol peroxidases

The GPX activity was measured according to Egley et al.
(1983). One hundred microlitres of enzyme extract were
added to 900 pl of reaction mixture containing 25 mM
PO,* buffer (pH 7.0), 0.05% guaiacol, and 1 mM H,0,.
A change in absorbance was recorded for one minute at
470 nm. The enzyme activity was expressed as EU mg™!
protein.

Analyses of secondary metabolites
Secondary metabolites present in two cabbage cultivars were
identified using LC-MS. It was carried out using Waters

micromass Q-TOF coupled to a 2795 separation module
and a Unisol YVR C ¢ column (4.6 mm i.d., 25 cm long,
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thickness 5 um). The LC-MS separation was performed
using two mobile phases: A (90% methanol and 10% water)
and B (40% methyl cyanide, 10% water, and 10% methanol,
v/v/v). The operating conditions were: flow rate of LC sol-
vent program=0.8 ml min~!, 35 °C column temperature,
and injection volume =20 pL. The wavelength of the sys-
tem was set between 190 and 800 nm to detect all the com-
pounds. The compounds in the sample were ionized using
the Electrospray lonization (ESI) process, and a Waters 2996
photodiode was used as an array detector. For mass analy-
sis, the desolvation flow rate, desolvation gas temperature,
and source block temperature were set at 550 Lh™!, 300 °C,
and 110 °C, respectively. The collision energy and gas flow
through the cone were set to 4 eV and 30 L h™!, respectively.
The capillary voltage (the voltage supplied to the electro-
spray capillary to stimulate ionization) was set to 3000 V,
while the cone voltage (the voltage applied to the ion guide
to transmit ions into the source) was set at 30 V. In the
scanning mode, nitrogen and argon gases with correspond-
ing supply pressures of 67 and 5-6 bar and a mass range
of 60—500 mass units were used. The data was processed
using Mass Bank (https://massbank.eu/MassBank/), a spec-
trum database designed to identify secondary metabolites.

Statistical analysis

The data are presented as mean + SE of three replicates.
The significant differences between EMF-r treatments and
observation groups were analyzed using one-way ANOVA
and Tukey’s test at P <0.05. A r-test was employed to assess
the significant differences between red and green cabbage
at P<0.05.

Results
Effect of 2850 MHz on early growth and biomass

EMF-r exposure affected the early growth (root and shoot
length, and biomass) of both red and green cabbage seed-
lings in a dose-dependent manner. In the control (non-irra-
diated group), the root length, shoot length, and biomass
were measured to be 6.1 cm, 5.3 cm, and 2.7 mg in red
cabbage, and 5.9 cm, 4.9 cm, and 2.2 mg in green cabbage,
respectively (Table S1, supplementary material). In samples
harvested immediately after the EMF-r treatment (0 h), root
growth declined significantly by 19 and 34% in red and 22
and 35% in green cabbage at 2- and 4-h of EMF-r treatment,
respectively, over control. Shoot length also decreased sig-
nificantly by ~ 18 and 33% in red cabbage and ~22 and 36%
in green cabbage upon EMF-r exposure for 2- and 4-h. The
biomass of seedlings declined over the control by ~7, 37,
and 55% (significant at P <0.05) in red cabbage and ~ 13,
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Fig. 1 Variations in root length, shoot length and biomass of red and
green cabbage upon exposure to 2850 MHz EMF-r for 0, 1,2 and 4 h
daily for 7 days. Data presented as mean + SE of three biological rep-
licates. Different alphabets (upper case for red cabbage and lower

40, and 59% in green cabbage upon 1-, 2-, and 4-h EMF-r
exposure (Fig. 1).

In control samples harvested after 1 h, the root length,
shoot length, and biomass were found to be 6.1 cm, 5.2 cm,
and 2.8 mg in red cabbage, and 6.0 cm, 4.8 cm, and 2.3 mg
in green cabbage, respectively (Table S1, supplementary
material). However, the root length exhibited a decrease
of ~19-34% in red cabbage and ~21-35% in green cabbage
upon treatment for 2 and 4 h, respectively. Shoot length
declined significantly by ~ 19 to 40% in red cabbage and ~ 18
to 32% in green cabbage upon 2 h and 4 h of EMF-r treat-
ment. The biomass of seedlings showed a reduction of ~ 10,
46, and 60% in red cabbage and ~ 13, 39, and 56% in green
cabbage upon 1, 2, and 4 h of treatment, respectively. Simi-
larly, after 24 h, the root length, shoot length, and biomass
of the control group were found to be 6.3 cm, 5.2 cm, and
2.9 mg in red cabbage, and 6.1 cm, 5.1 cm, and 2.5 mg
in green cabbage, respectively (Table S1, supplementary
material). In contrast, root length (at 24 h after exposure)
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case for green cabbage) represent significant difference among treat-
ment groups at P<0.05 applying post hoc Tukey’s test. * represents
significant difference between the two cabbage cultivars at=P <0.05
using student t-test

declined by ~ 19 and 31% in red cabbage and ~22 and 36%
in green cabbage upon EMF-r treatment for 2- and 4-h,
respectively. Upon 2 and 4 h of EMF-r exposure, a signifi-
cant reduction (15 and 35% in red cabbage and~ 17 and 33%
in green cabbage, respectively) in shoot length was found
over control. However, the biomass of seedlings showed a
decrease of ~ 10, 44, and 55% in red cabbage and ~ 12, 40,
and 56% in green cabbage upon 1, 2, and 4 h of treatment,
respectively (Fig. 1). In general, the three harvested groups
(0, 1, and 24 h) showed a decreasing trend of reduction in
early growth and biomass of both red and green cabbage
seedlings (but not significant). Moreover, there were no sig-
nificant differences in the root and shoot lengths of both red
and green cabbages subjected to EMF-r exposure (except in
samples harvested after 24 h of 4-h treatment). A significant
difference between the two groups in terms of biomass was
observed only in samples that were harvested after the 1-h
treatment.
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Effect of 2850 MHz on the photosynthetic pigment
profile

The chlorophyll and carotenoid contents declined with the
increase in EMF-r exposure time in both cultivars. In the
control samples, chlorophyll content was found to be 5.95,
6.00, and 6.08 mg g~! in red cabbage and 7.37, 7.17, and
7.31 mg g~ ! in green cabbage at 0, 1, and 24 h, respectively.
However, carotenoid content of control samples was 1.43,
1.44, and 1.49 mg g~! in red cabbage and 1.11, 1.14, and
1.13 mg g~ ! in green cabbage, respectively (Table S1, Sup-
plementary material). The chlorophyll content declined over
the control by ~6 and 16% in red cabbage and ~ 8 and 12% in
green cabbage when measured immediately (0 h) after expo-
sure for 2 and 4 h, respectively (Fig. 2). Likewise, carotenoid
content decreased significantly by 7 to 17% in red cabbage
and ~ 13 to 54% in green cabbage upon exposure for 2 and
4 h, respectively, over the control group. Similarly, at 2 h
and 4 h of exposure, samples harvested 1 h after treatment
showed a decrease in chlorophyll content by 13—-18% and
5-11% in red and green cabbage, respectively. A reduction
in carotenoid content upon 2 and 4 h of EMF-r exposure was
found to be ~9 and 13% in red cabbage and ~ 24 and 48% in
green cabbage, respectively, over control. Likewise, in sam-
ples harvested 24 h after treatment, the decrease in chloro-
phyll content was~5 and 15% (red cabbage) and~ 8 and 17%
(green cabbage) after 2 and 4 h of treatment, respectively.
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Fig.2 Total chlorophyll and carotenoid content of red and green cab-
bage upon exposure to 2850 MHz EMF-r for O, 1, 2, and 4 h daily
for 7 days. Data presented as mean + SE of three biological replicates.
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The carotenoid content upon 2 and 4 h of EMF-r exposure
was reduced by ~5 and 13% in red cabbage and~21 and
32% in green cabbage, respectively, compared to the control
samples. Further, green cabbage showed higher chlorophyll
content, whereas red cabbage showed higher carotenoid con-
tent, and the difference in chlorophyll and carotenoid content
between the two cultivars, i.e., red, and green cabbage, was
statistically significant (P <0.05) at 0, 1, 2, and 4 h expo-
sures in all three observation groups (Fig. 2).

Effect of 2850 MHz on phenols, flavonoids,
and anthocyanin content

In both red and green cabbage, TPC, TFC, and TAC were
higher in EMF-treated samples compared to controls.
The phenolic, flavonoid, and anthocyanin content of red
and green cabbage was found to be 34.82, 25.68 mg GAE
g1, 22.40 and 13.60 mg QE g~! and 32.30, 1.20 mg per
100 g d.wt., respectively, in the control samples (Table S2,
supplementary material). The phenolic content of EMF-r
exposed samples harvested immediately (0 h) increased
by 8, 20, and 26% in red cabbage and by 6, 17, and 26%
in green cabbage after 1, 2, and 4 h, respectively, when
compared to the unexposed group (Fig. 3). Likewise, fla-
vonoid content was also increased by ~ 12, 26, and 45%
in red and ~ 5, 25, and 39% in green cabbage upon EMF-r
exposure of 1, 2, and 4 h, respectively. Compared to the

24h
—— Red cabbage
zzzzza Green cabbage

* * E 8 *a ; "E)
2 a EA a ? v b
7 : S ] ab] abl b
Y >z 219 | 19
Al 5 210 11 |
Al g o nmam
n 2 nemn
/ 52 nnn
/l AN NN
/ =
Al nan

= Control 1 2 4

Treatment (h)

T

AB 2
. 8

ab . E
% b

@
| 3
4 a4 o

|_

Treatment (h)

For details of the different letters used in this figure, kindly refer to
the caption of Fig. 1



Environmental Science and Pollution Research (2024) 31:7465-7480

7471

Oh
= 50 = 50
L 8
£ <40 € ~40
oD o
o a0 o [Ts0
°d °5
& @20 & Q20
S E s
— 10 —510
] 8
[e]
I °
= 40 g 4
[5) ]
= C
g <30 g o3
- O T O
= ‘S W
2 G20 §020
S o
> € > 9
& =10 I Eqo
5 I
o % s}
= 0 Control 1 2 4 = 0

Treatment (h)

1h 24h
— Red cabbage
zzzzza Green cabbage
40

< B
2
s < 30
° o
L g
© K20
% 0}

o))
5 E10
I 7
s L1V |1

Control 1 2 4
Treatment (h)

c
i
c
o
o
o
o
c
o
>
o
Y
8
o
l_

g 50 T 50 S 50

c ~ c € C € ~ C

8 =40 A 8 Z 40 B 8 =40 BC

£0 co A A £0a o

c o 30 co 30 c 30 A

© & o

>0 oo >0

ST o [

o -0,20 8 ™20 0 5?20

® g 10 N * * % 5 é 10 . * * © é 10 - * * *

© a | [ab | [oe | |< = a b b © c

o 0 —Contror 1 2 4 8 % Contal 1 2 4 © Control 1 2 4
Treatment (h) Treatment (h) Treatment (h)

Fig.3 Total phenolic, flavonoid, and anthocyanin content of red and
green cabbage upon exposure to 2850 MHz EMF-r for 0, 1, 2, and
4 h daily for 7 days. Data presented as mean+ SE of three biological

control, EMF-r exposed samples exhibited more anthocya-
nin content. Upon 1, 2, and 4 h of irradiation, an increase
of ~6, 23, and 34% and ~ 33, 91, and 116% was observed in
red and green cultivars, respectively. Analysis of phenol,
flavonoid, and anthocyanin content was also done after
EMF-r exposure for 1 and 24 h. In the control samples
harvested at 1 h, the phenolic content in red and green
cabbage was determined to be 29.39 and 25.91 mg GAE
g~!, respectively. The flavonoid content was measured to
be 21.20 mg QE g~ ! in red cabbage and 13.70 mg QE g~!
in green cabbage. Additionally, the anthocyanin content
was found to be 31.20 and 1.20 mg per 100 g d.wt. in
red and green cabbage, respectively (Table S2, Supple-
mentary material). In samples harvested 1-h after EMF-r
exposure, the phenolic content increased by ~ 18, 31, and
51% in red and ~ 7, 21, and 30% in green cabbage upon
1, 2, and 4 h of EMF-r exposure. The flavonoid content

replicates. For details of the different letters used in this figure, kindly
refer to the caption of Fig. 1

after 1, 2, and 4 h EMF-r exposure increased by ~ 16, 36,
and 50% in red and~5, 17, and 32% in green cabbage,
respectively. An increase of ~7, 20, and 30% and ~ 63,
98, and 118% was observed in the anthocyanin content
of red and green cabbage upon EMF-r exposure for 1, 2,
and 4 h, respectively. Similarly, in samples harvested 24 h
after treatment, the phenolic, flavonoid, and anthocyanin
content of red and green cabbage was found to be 28.99
and 25.49 mg GAE g~!, 21.70 and 12.00 mg QE g™, and
28.80 and 1.20 mg per 100 g d.wt., respectively, in the
control samples (Table S2, Supplementary material). The
phenolic content increased in the range of 16 to 25% in
the red cultivar and 8 to 23% in the green cultivar upon
EMF-r exposure of 1 to 4 h, compared to the control. Over
the unexposed samples, upon 1-4 h of EMF-r exposure,
the flavonoid content increased by 6 to 38% in red cabbage
and 12 to 47% in green cabbage, respectively. Anthocyanin
content was enhanced by ~21, 34, and 47% in red cabbage
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and~41, 75, and 108% in green cabbage, respectively,
upon 1, 2, and 4 h of EMF-r exposure compared to the
control (Fig. 3).

In general, the phenols, flavonoids, and anthocyanins
were more abundant in red than green cabbage at 1-4 h of
EMF-r exposure. These differences were statistically signifi-
cant (P <0.05) between red and green cabbage in all three
groups (0, 1, and 24 h after EMF-r treatment). Furthermore,
a statistically significant variation in phenolic content was
observed among the three harvesting groups or the control,
1 h, 2 h, and 4 h treatment groups.
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Fig.4 Total antioxidant activity, free radical scavenging activity, and
H,0, and MDA content of red and green cabbage upon exposure to
2850 MHz EMF-r for 0, 1, 2, and 4 h daily for 7 days. Data presented
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Effect of 2850 MHz on the total antioxidant activity
and radical scavenging activity

In both red and green cabbage, EMF-r exposed samples
had significantly higher total antioxidant activity and radi-
cal scavenging activity than control samples. The anti-
oxidant activity in the control samples was found to be
1.35, 1.37, and 1.33 mM AAE in red cabbage and 1.31,
1.29, and 1.32 mM AAE in green cabbage at 0, 1, and
24 h, respectively. However, DPPH radical scavenging
activity of control samples was 17.98, 16.24, and 12.96%
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in red cabbage and 10.39, 10.44, and 9.62% in green
cabbage at 0, 1, and 24 h, respectively (Table S2, Sup-
plmentary material). The samples harvested immediately
after EMF-r treatment for 1-, 2-, and 4-h showed a sig-
nificant increase in antioxidant activity (80-252%) and
radical scavenging activity (39-335%) in red cabbage and
120-332% and 63-551% in green cabbage, respectively
(Fig. 4). In samples harvested 1 h after the exposure, the
antioxidant activity increased by ~56—197% in red cab-
bage and ~ 120—332% in green cabbage upon 1, 2- and
4 h of EMF-r exposure. The radical scavenging activity
upon exposure for 1, 2, and 4 h increased by ~51—350% in
red and ~70—520% in green cabbage, respectively. Simi-
larly, 24 h after treatment, red cabbage seedlings exhibited
increased antioxidant (~90—265%) and radical scavenging
(~87—464%) activities, while ~75—282%, and ~ 74—560%
increases were observed in green cabbage upon EMF-r
exposure for 1-4 h. A significant difference in the anti-
oxidant activity of red and green cabbage was observed
at 2 h EMF-r exposure treatment in the samples harvested
at 0 h. The radical scavenging activity in red cabbage was
significantly different from that in the green cabbage at 2 h
of EMF-r exposure treatment across all observation groups
(0, 1, and 24 h) and at 4 h EMF-r exposure treatment in
the samples harvested immediately after treatment, i.e., 0 h
observation group. However, no changes were observed
among the three harvesting groups for 0, 1, 2, and 4 h of
EMF-r exposure.

Effect of 2850 MHz on H,0, and MDA contents

The H,0, and MDA content increased significantly in
EMF-r exposed samples compared to the control. In
control, H,O, content was found to be 21.42, 22.38, and
20.00 nM g~! f.wt. in red cabbage, and 15.71, 14.76, and
14.28 nM g_1 f.wt. in green cabbage at 0, 1, and 24 h,
respectively. However, the MDA content of the control
samples was 0.24, 0.23, and 0.20 nM g_1 f.wt. in red
cabbage and 0.21, 0.19, and 0.18 nM g~! f.wt. in green
cabbage at 0, 1, and 24 h, respectively (Table S3, Sup-
plementary material). Upon 1, 2, and 4 h of irradiation,
an increase of ~42—260% and ~39—165% in H,0, con-
tent and ~45—309% and ~33—142% in MDA content
was observed in red and green cultivars, respectively.
in samples harvested immediately after EMF-r treat-
ment (Fig. 4). An increase of ~31—206% was observed
in the H,0O, content in red cabbage and ~45—319% in
green cabbage upon EMF-r exposure for 1-, 2-, and 4-h,
respectively. However, the MDA content was increased
by ~21—152% in red and ~36—163% in green cabbage
upon EMF-r exposure for 1, 2, and 4 h in test samples
harvested 1 h after the exposure.

Similarly, in the case of samples harvested 24 h after
treatment, H,O, content showed an increase of ~35—235%
and ~46—296%, and MDA content increased by ~50—145%
and~44—161% in red and green cabbage, respectively, upon
1-, 2-, and 4-h of treatment over the control (Fig. 4). How-
ever, no significant differences were noticed among the three
observation groups (samples harvested O, 1, and 24 h after
treatment). These alterations were insignificant in both red
and green cabbage at 0, 1, and 4 h of EMF-r exposure.

Effect of 2850 MHz on the antioxidative enzyme
activities

The SOD, CAT, and GPX activities were significantly
higher in 2850 MHz exposed samples compared to
control ones in both cabbage cultivars. In the control
samples harvested at 0 h, the SOD, CAT, and GPX
activities were found to be 3.94, 2.00, and 15.17
EU mg~! protein in red cabbage and 4.19, 1.19, and
14.55 EU mg~! protein in green cabbage, respectively
(Table S3, Supplementary material). Compared to
control, in test samples harvested immediately after
EMF-r treatment (0 h), the activities of SOD and CAT
increased in the range of ~27—106%, ~43—270% in red
cabbage and ~ 19—78%, ~77—425% in green cabbage,
respectively, upon 1-4 h of exposure (Fig. 5). Simi-
larly, GPX activity increased significantly in samples
exposed to EMF-r compared to controls. An increase
of ~40—213% and ~ 25—189% was observed in GPX
activity in red and green cultivars, respectively.

Enzymatic activities were also observed at 1 and 24 h
after EMF-r exposure. In the control samples harvested
at 1 h, the SOD, CAT, and GPX activities were found to
be 4.10, 1.97, and 14.94 EU mg™"! protein in red cabbage
and 4.24, 1.12, and 12.30 EU mg™"' protein in green cab-
bage, respectively (Table S3, Supplementary material). In
seedlings harvested 1 h after the treatment (exposure for
1 to 4 h), the SOD activity was increased by 17—92% and
11-66% in red and green cabbage, respectively. Exposure
to EMF-r for 1 to 4 h increased the activity of CAT by
63—261% (P £0.05) and 107—440% (P <0.05) in red and
green cabbage, respectively. Likewise, an increase in GPX
activity by 28—235% in red cabbage and by 41—225% in
green cabbage was observed upon EMF-r exposure for 1,
2,and 4 h.

In samples harvested at 24 h after EMF-r exposure, the
SOD, CAT, and GPX activities of control samples were
found to be 3.83, 1.81, and 14.37 EU mg‘l protein in
red cabbage and 4.42, 1.04, and 13.57 EU mg~! pro-
tein in green cabbage, respectively (Table S3, supple-
mentary material). The SOD and CAT levels were up-
regulated in samples harvested after 24 h of treatment
by ~ 15—105% and ~ 50—244% in red cabbage and 7—56%
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and ~ 107—443% in green cabbage, respectively, upon
1-4 h of EMF-r exposure. Compared to control, GPX lev-
els increased by ~21—-214% in red cabbage and ~22—159%
in green cabbage, respectively. Higher levels of SOD
enzymes were observed in the 1 h observation group for
red cabbage over green cabbage. Furthermore, the levels of
the CAT enzyme showed a statistically significant increase
(P <0.05) in red cabbage compared to green cabbage. This
difference was significant in the control across all observa-
tion groups (0, 1, and 24 h) (Fig. 5).

Effect of 2850 MHz on the secondary metabolites
of red and green cabbage

The EMF-r irradiated (for 4 h) and control (non-irradiated)
red and green cultivars were harvested immediately after
exposure (0 h), and analyzed for the presence of second-
ary metabolites. In general, control samples showed more
secondary metabolites compared to EMF-r exposed ones.
The LC-MS analysis revealed 348 constituents putatively

@ Springer

identified in the control and EMF-r exposed samples of red
and green cabbage. These belonged to three major groups:
polyphenols, alkaloids, and terpenoids. Of these, polyphe-
nols were the major components. These were significantly
lower in EMF-r exposed red cabbage samples (55% vs.
63% in control samples). Polyphenols were followed by
terpenoids, which constituted 30 and 25% in control and
EMF-r exposed red cabbage, respectively. In contrast,
alkaloids were more abundant in EMF-r exposed (20%)
samples compared to control (7%) samples (Fig. 6 a, b).
However, in green cabbage, these secondary metabolites
were nearly the same in both control and EMF-r exposed
samples (Fig. 6 c, d).

Discussion
The current study revealed the detrimental effects of

mobile phone radiation at 2850 MHz on the early develop-
ment, physiological and biochemical attributes, antioxidant
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Fig.6 de-novo phytochemi-

cal characterization of red and (a)
green cabbage using Liquid
Chromatography and Mass
Spectrometry (LC-MS). (a) red
cabbage, control, (b) red cab-
bage exposed to EMF-r for 4 h,
(c) green cabbage, control, and
(d) green cabbage exposed to
EMF-r for 4 h

63

46

activity, and secondary metabolites of two cabbage culti-
vars, red and green. It is well known that both secondary
metabolites and pigments play a significant role in plant
defense under various abiotic stresses, including EMF-r
(Stefi et al. 2018). Two cultivars of cabbage, i.e., red, and
green, were chosen to investigate if there was any varia-
tion in the responses of different coloured cultivars to the
cell phone EMF-r. The present study is the first to examine
such distinct responses between two cultivars of a plant dif-
fering in pigment content. In response to EMF-r (1-4 h),
early growth (root length, shoot length, and biomass) was
reduced in a dose-dependent manner in both cultivars over
the control. The impact of 1 and 4 h of EMF-r treatment was
more pronounced on the root length and dry weight of green
cabbage compared to red cabbage. In both cultivars, samples
exposed to EMF-r for 4 h showed the greatest growth reduc-
tion. This indicates that the effects of EMF-r on plant growth
and morphology are influenced by the intensity and dura-
tion of exposure in a dose-dependent manner. Such types
of growth inhibitory effects in response to cellphone radia-
tion in the frequency range of 900 MHz, 1805-1850 MHz,
and 1 GHz have also been demonstrated by Sharma et al.
(2009), Chen and Chen (2014), and Racuciu et al. (2015),
respectively. The reduction in plant height could be due to
lignification and cell wall thickening or secondary metab-
olite accumulation due to activation of the Shikmik acid
pathway under EMF-r exposure (Stefi et al. 2018). Vishki et
al. (2012) opined that peroxidases might also be responsi-
ble, as these degrade indole-3-acetic acid (IAA), a growth

I Alkaloid
Polyphenols
B Terpenoids

‘

55

b)
‘

a7

regulator, thereby resulting in a decrease in cell wall exten-
sibility and ultimately root and shoot length under EMF-r
stress conditions.

Photosynthetic pigments—chlorophyll, and carote-
noids— play a vital role in plant growth and development.
The variation in their concentration indicates the health of a
plant, especially under abiotic stress (Wang et al. 2020). In
response to EMF-r exposure (for 0, 1, 2, and 4 h), a decrease
in total chlorophyll and carotenoids content was observed
in both red and green cabbage. In fact, EMF-r of diverse
frequencies alter photosynthetic activity in many plants
(Sandu et al. 2005; Stefi et al. 2017). Chloroplasts are one
of the key targets of reactive oxygen species (ROS). This
could be attributed to ultrastructural alterations in chloro-
plasts (Ahmad et al. 2020), which may be due to ROS over-
production that damages the lipid membrane of the chlo-
roplast, thereby lowering photosynthetic efficiency. This
ultimately leads to lower primary productivity and biomass
in EMF-r exposed samples (Stefi et al. 2017). ROS inhibits
photosystem I and II activity, along with alterations in the
cytochrome bf complex and ATP synthase gene expression
levels in plants (Varshikar and Tan 2017), thereby result-
ing in a significant decrease in chlorophyll and carotenoid
content (Xi et al. 2005; Tkalec et al. 2007; Chandel et al.
2017; Tang et al. 2018). The pigment content was signifi-
cantly different in red and green cabbage irrespective of
EMF-r exposure duration and sample harvest time (0, 1,
and 24 h). The reason for the higher chlorophyll content in
green cabbage is due to its characteristic green color and
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chlorophyll’s ability to absorb light in the blue and red parts
of the electromagnetic spectrum while reflecting green light,
thus indicating high chlorophyll content in the plant (Paci-
ulli et al. 2017). However, in red cabbage, the presence of
anthocyanins enhances the contrast with carotenoid colors
(red, orange, and yellow), thereby making the carotenoids
more prominent (Martinez-Zamora et al. 2021).

Plants develop complex mechanisms that defend against
the detrimental effects of a wide range of abiotic stresses.
Among these, phenolics are the key antioxidants to quench
ROS (Siddhuraju 2007). Cebulak et al. (2017) opined that
abiotic stress such as UV-C, microwave, and ultrasonica-
tion increased the production of phenolic compounds in
chokeberry (Aronia melanocarpa [Michx.] Elliott). Various
abiotic stresses are well known to activate the phenylpropa-
noid biosynthetic pathway, resulting in the accumulation of
numerous phenolic compounds (Yaqoob et al. 2022). These
polyphenolic compounds, because of their redox properties,
neutralize free radicals and quench singlet and doublet oxy-
gen (Siddhuraju 2007). In the present study, it was observed
that, in response to EMF-r, the phenolic and flavonoid con-
tent increased in both cabbage cultivars. Compared to green
cabbage, red cabbage showed a significantly higher phenolic
and flavonoid content. It agrees with a previous study report-
ing an increased content of phenols and flavonoids upon field
radiation exposure in chokeberries (Cebulak et al. 2017).
Furthermore, it is worth noting that the phenolic content
exhibited significant differences in all the post-treatment
observation groups (0, 1, and 24 h). This variation could be
attributed to the induction of oxidative stress, which may
lead to the utilization of phenolic compounds and conse-
quently an overall decline in phenolic levels. These obser-
vations parallel the findings of Rabelo et al. (2020), who
reported a decrease in phenolic compounds in Malpighia
emarginata DC after 7 days of UV-C irradiation, suggesting
that changes in phenolic compounds in response to EMF-r
exposure may evolve over time.

Many genes involved in flavonoid biosynthesis are stimu-
lated under stressful conditions (Shomali et al. 2022). The
production of anthocyanin pigments via the shikimic acid
pathway is greatly enhanced under environmental stresses,
such as visible and UV-B radiation, freezing temperatures,
and water stress (Gao et al. 2021; Shomali et al. 2022). In the
present study, anthocyanin content was enhanced with the
increase in EMF-r exposure duration. Red cabbage showed a
significantly higher anthocyanin content than green cabbage,
in which only traces of the pigment were found. These find-
ings corroborate those of Cebulak et al. (2017), who reported
a significant increase in the anthocyanin pigment content in
chokeberry fruits upon exposure to UV-C radiation.

In the present study, the contents of H,O, and MDA (a
measure of lipid peroxidation), ROS scavenging, and TAA
increased in both cultivars after EMF-r irradiation. These

@ Springer

observations agree with previous studies reporting greater
generation of these oxidative stress markers (H,0, and
MDA) under EMF-r exposure (Chandel et al. 2017; Sharma
et al. 2009; Tkalec et al. 2007). There has been a direct cor-
relation between stress tolerance and a rise in antioxidant
activity and free radical scavenging capability in plants
(Sharma et al. 2012). The rise in antioxidant and radical
scavenging activity in the 2 and 4 h EMF-r exposure treat-
ments in red cabbage may be attributed to its higher antho-
cyanin content. Anthocyanins are known for their strong
antioxidant properties (Ashfaq et al. 2020), which further
contributes to the increased antioxidant activity observed in
red cabbage over green cabbage (Ashfaq et al. 2020). In a
plant system, CAT and SOD are the key enzymes metaboliz-
ing H,0, and superoxide anion radicals and function as the
primary defense against ROS. The superoxide ions are dis-
mutated by SOD into molecular oxygen and H,O,, whereas
H,0, is decomposed by CAT into H,O and O, (del Rio et al.
2018). In the current study, cabbage plants grown under
EMF-r stress showed increased activities of SOD and CAT,
implying enhanced expression of SOD and CAT-encoding
genes in the EMF-r exposed samples (Mosa et al. 2018).
Such findings are in accordance with Buldak et al. (2012)
and Sharma et al. (2009), who observed higher levels of
SOD and CAT in response to EMF-r. A significant enhance-
ment was noticed in the activity of GPX upon EMF-r expo-
sure. The results are in corroboration with those of Sharma
et al. (2010), who demonstrated increased levels of peroxi-
dase and other antioxidant enzymes in Vigna radiata (L.)
R.Wilczek seedlings irradiated with cell phone radiation (at
900 MHz) for 0.5, 1, 2, and 4 h duration. The significant
difference in the enzymatic activity of CAT between red and
green cabbage in control samples across all the observation
groups (0, 1, and 24 h) could be attributed to various genetic,
physiological, and environmental factors.

Plants produce secondary metabolites as defense com-
pounds to minimize oxidative stress—induced damage (Erb
and Kliebenstein 2020). Most of the metabolites found in
the present study belonged to the polyphenol family, fol-
lowed by terpenoids and alkaloids. Increased accumu-
lation of secondary metabolites and induction of plant
defense mechanisms has been reported under various abi-
otic stresses, including extremely low-frequency EMF-r
(Samec et al. 2021). Under long-term exposure to radio
waves (1800 MHz up to 96—144 h), the phenolic and fla-
vonoid contents increased up to 24 h; however, there was a
decline in secondary metabolites upon prolonged exposure
(Upadhyaya et al. 2021, 2022). In our study, the number of
polyphenolic compounds in red cabbage decreased upon
exposure to EMF-r compared to their control counterparts,
while there were no significant variations in polyphenolic
compounds in green cabbage. A possible reason for the
decrease in metabolic compounds could be due to the
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down-regulation of the PAL (phenylalanine ammonia-lyase)
gene (Singh et al. 2012). Furthermore, red cabbage contains
more polyphenolic compounds than green cabbage, which
could explain why there is less damage caused by EMF-r
exposure in red cabbage.

The extent to which plants recover after being exposed
to EMF-r was also investigated in the present study. The
plants were allowed to recover under controlled condi-
tions for 1 and 24 h in the absence of EMF-r. However, the
three observation groups did not vary significantly, thereby
implying that changes persisted over time after exposure to
EMF-r. These observations are supported by the findings
of Chandel et al. (2019b), who reported that exposure of
the Allium cepa L. plant to 2100 MHz incited cytotoxic and
genotoxic damage in root meristem cells, but no significant
difference was found in the samples harvested 24 h after
treatment. In general, exposure to EMF-r stimulates sys-
temic responses within plant tissue that affect whole plant
metabolism. Within the plant system, radiation changes the
electric polarity of the tissues, thereby affecting biomol-
ecules and charged ions. These ultimately alter the ionic
movement, leading to the propagation of improper signals
responsible for morphological, metabolic, biochemical, and
physiological adjustments in plants (Kaur et al. 2021).

Conclusions

The study concludes that the 2850 MHz electromag-
netic field radiation exerts a detrimental effect on plants
by interfering with their functioning at various stages of
growth and development, pigment content, and antioxidant
responses. The effects were dose-dependent, and the maxi-
mum damage was caused at higher exposure durations,
implying that the biological effects are dependent on the
exposure time. Furthermore, EMF-r exposure treatment
reduced growth, biomass, and photosynthetic pigment
content while increasing levels of phenols, flavonoids,
anthocyanins, and overall antioxidant activity compared
to control. The effects of EMF-r were more pronounced in
green cabbage than in red cabbage. The red cabbage con-
tained greater amounts of carotenoids, phenols, flavonoids,
and anthocyanins. These compounds play a significant role
in shielding against oxidative stress, potentially enabling
red cabbage to better manage the stress induced by EMF-r.
The findings obtained from the present study emphasize
the need to better understand the mechanism of EMF-r as
an abiotic stress at the molecular level using genomics and
proteomics approaches.
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