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Abstract: Exposure to electromagnetic radiation (ER) in the radio frequency is one of the most common and rapidly growing
environmental factors affecting human. Therefore, given the increasing global growth of telecommunication towers and Wi-Fi waves,
understanding the potential of positive or negative effects of Wi-Fi electromagnetic waves (WEW) on the quality and quantity parameters
of plants is essential. An experiment was carried out during the years 2020-2021 at the Research Farm of Tarbiat Modares University
to investigate the effect of WEW on grain yield, fatty acid composition (FA), oil content, and antioxidant properties of camelina. Seeds
were subjected to Wi-Fi electromagnetic radiation at distances of 15 cm (ER15) and 25 cm (ER25) from the modem for 24 h. The
results showed that electromagnetic waves significantly affected grain yield , increasing it by approximately 23.45%. Additionally, the
amount of oil and protein, crucial components of camelina seeds, exhibited a respective increase of 6.91% and decrease of 2.9% under
Wi-Fi radiation conditions. Total tocopherol decreased by 6.39%, while B-T remained unaffected by Wi-Fi radiation. Furthermore,
the quantity of sterols (brassicasterol, cholesterol, and campesterol) decreased significantly due to Wi-Fi radiation. Based on the fatty
acid profile responses, the maximum content of polyunsaturated fatty acids (XPUFA) was obtained in ER15 treatment, representing
an increase of approximately 1.62%. Consequently, these waves resulted in a decrease in saturated fatty acids (ZSFA) and erucic acid,
thereby increasing the quality of camelina oil. In conclusion, WEW pretreatment has potential to increase grain yield, oil percentage,

and quality of camelina oil.
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1. Introduction

Today, many agricultural lands are exposed to radio
frequencies, and farmers allow the installation of
telecommunication towers on agricultural land due to
the modest financial benefits of agriculture (Upadhyaya
et al.,, 2022). Wi-Fi refers to any system that uses the
IEEE 802.11 standard and was developed by the Institute
of Electrical and Electronics Engineers (IEEE) (Ishak
et al., 2011). Wi-Fi technology employs radio waves
for communication, primarily in the frequency range
of 2.400 to 2.484 GHz and 5.150 to 5.825 GHz (IEEE,
2016). According to researchers, Wi-Fi waves and
other wireless electromagnetic fields produce pulsed
waves that are usually much more biologically active
than nonpulsed electromagnetic waves with the same
frequency and mean wave intensity, leading to biological
effects in living organisms (Van Boxem et al., 2014; Pall,
2015; Panagopoulos et al., 2015). Reports indicate that
electromagnetic waves strongly affect plants (Saleh et
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al., 2020). One of these effects is the thermal effect of
electromagnetic waves, which can be easily absorbed by
plants and cause physiological and metabolic changes,
resulting in final changes in cell metabolism (Kovacs and
Keresztes, 2002; Kaur et al., 2021; Rivero et al., 2022). If
the amount of thermal energy exceeds the capacity of
the plant to absorb, it may increase the thermal load of
the plant’s organs and the entire organism (Kovacs and
Keresztes, 2002; 2017; Rivero et al., 2022). Additionally,
oils are among the compounds that undergo oxidation
during heating. Reactive oxygen species are produced
during heating with microwave electromagnetic waves,
making oils prone to oxidation under microwave heating
conditions compared to standard heat (Borges et al.,
2015; Kishimoto, 2019).
Camelina(CamelinasativaL.Crantz),adicotyledonous
plant, is an industrial oilseed crop belonging to the
Brassicaceae family (Vollmann and Eynck, 2015; Righini
et al., 2019; Gore and Kurt, 2021). It possesses numerous
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properties and uses, including industry, nutrition, and
health. The unique characteristics of camelina oil’s fatty
acids have given it high industrial and food value. (Berti et
al., 2016; Ghobadi etal., 2021). High levels of essential fatty
acids and natural antioxidants give camelina seeds highly
nutritious. These compounds include polyunsaturated
fatty acids, phenolic compounds, tocopherols, vitamins,
phospholipids, and phytosterols (Krzyzaniak et al., 2019;
Estakhr and Ranjbar, 2021; Ghamarnia et al., 2022).
Camelina oil consists of approximately 50% of PUFA,
with alpha-linolenic acid (omega-3 (w-3)) comprising
approximately 28%-50%, and linoleic acid (omega-3 (w-
3)) comprising approximately 15%-23% of the total fatty
acids (Krzyzaniak et al., 2019; Kurasiak-Popowska et al.,
2019; Kurasiak-Popowska and Stuper-Szablewska, 2019;
Zajac et al.,, 2020). The concentration of tocopherols in
camelina oil ranges from 55.6 to 99.4 mg/100 g (Hrastar
et al,, 2012; Zubr and Matthdus, 2002; Rahman et al,,
2018), and the concentration of sterols ranges from 360
to 590 mg/100 g (Belayneh et al., 2018; Marszatkiewicz
et al., 2017). Among tocopherols, gamma-tocopherol
is the most dominant, comprising approximately 90%
(Abramovic et al. 2007). Furthermore, these compositions
not only contribute to antioxidant activity but also
affect the taste and color of the oil (Kurasiak-Popowska
et al. 2019). Also, camelina seed is one of the strongest
biological antioxidants towing to its high alpha-tocopherol
content in vitamin E, requiring no additives for shelf life
(Rostami Ahmadvandi et al., 2021; Rostami Ahmadvandi
and Faghihi, 2021). Additionally, the protein content of
camelina seed ranges from approximately24.5% to 31.7%,
rich in essential amino acids with high biological value,
including leucine, valine, lysine, phenylalanine, and
isoleucine (Batrina et al. 2020).

Several studies showed that free radicals produced
by electromagnetic waves cause the process of lipid
peroxidation in living organisms (Mahato et al., 2022).
Recent studies have further indicated that electromagnetic
waves affect the esterification reaction, which is required
for the formation of fatty acids and biodiesel production
in oil palm (Elaeis guineensis) (Yeong et al., 2019) and
soybean (Glycine max) (Nguyen et al. , 2020).

According to the literature cited, camelina has
abundant reserves of FA, particularly w-3 and w-6, which
play a crucial role in providing human food security.
Conversely, numerous natural antioxidants stabilize
oils and protect unsaturated fatty acids from oxidation.
Nevertheless, studies on the effect of Wi-Fi electromagnetic
wave treatment on grain yield and oil quality of camelina
remain limited. Therefore, our focus in this study is to
enhance grain yield, oil content, fatty acid composition,
and changes in antioxidant properties of camelina through
Wi-Fi radiation.

2. Materials and methods

2.1. Treatments and plant materials

Camelina seeds (Soheil cultivar) were obtained from
Biston Shafa Co. (Kermanshah, Iran). To treat them
with Wi-Fi electromagnetic waves, a Mobin Net Modem
HUAWEI B612s_25d was used. One group of seeds was
exposed to electromagnetic radiation (ER) at a distance
of 15 cm (ER15), while another group was positioned at
a distance of 25 cm (ER25) from the modem (Mobin Net
modem HUAWEI B612s_25d) for a duration of 24 h.

2.2. Farm operations

The irradiated seeds were cultivated in November 2020
at the research farm of the Faculty of Agriculture, Tarbiat
Modares University, Tehran, Iran, (35°44’N, 51°09’E, and
1265 masl). Each experimental unit was considered 3.70
m in length and 1.2 m in width, with a row distance of
50 cm. Control and treated seeds (ER15 and ER25) were
planted in three rows, with a targeted sowing depth of 0.5
cm. At the 2—4 leaf stage, excess seedlings were thinned. To
control the weeds, the plots and the distance between them
were manually weeded twice during the growing season.

2.3. Site characterization

As shown in Table 1, a composite sample of soil from a depth
of 0-30 cm was prepared and sent to the soil laboratory to
determine soil properties at the experimental site.

Based on the coupon classification system, the test
site has a dry and semiarid climate (Peel et al., 2007).
Meteorological parameters, including minimum and
maximum air temperature (°C) and rainfall (mm), were
collected by the Chitgar weather station (35 © 44’ N, 51 °
10" E and 1260 masl) (Figure).

2.4. Data measurements

2.4.1. Grain yield

To determine the camelina grain yield, a 2.0 m* area of
each plot was harvested at physiological maturity (BBCH:
89; Martinelli and Galasso, 2011), and the grain was
subsequently separated from the threshed and weighed.

2.4.2. Protein content

First, the nitrogen value in the seeds was measured using
a spectrophotometer via the indophenol blue method.
Subsequently, the protein content was determined by
multiplying the nitrogen value by 6.26 (Novamsky et al,,
1974).

2.4.3. Oil content

The oil content measurement method was Soxhlet
extraction. Initially, 5 g of ground and dried seeds were
placed into paper extraction. Subsequently, the seed oils
were extracted using 200 mL of n-hexane for 11 h at 60 °C.

2.4.4. Tocopherols and sterols
The camelina seed samples were ground, and the oil from
each sample was separately extracted using the Soxhlet
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Table 1. Soil properties from experimental field (depth of 0-30 cm) before camelina planting during the 2020-2021 growing season.

Soil texture Clay Sand Loam pH ECT 0.C OM TN P K
(%) (dS/m) (%) (mg kg'1)
Sandy loam 10 74 16 7.3 0.90 0.85 1.385 0.15 35 475

“Electrical conductivity (EC); organic carbon (OC); organic matter (OM); total nitrogen (TN).

2020-2021

mmmm Rainfall =—=@=Max Temp

Temperature (°C)

Min Temp

T 60.0

Rainfall (mm)

Figure. Maximum, minimum temperatures and rainfall at the
Chitgar Station, Tehran during 2020-2021 growing season.

method with petroleum ether solvent for 4 h. The resulting
oil was then stored in clean, dark glass containers for
quality measurements.

The identification and determination of tocopherols
in the oil was conducted using high-performance liquid
chromatography (HPLC) in accordance with the AOCS
standard Ce8-89 (Firestone, 1994).

The identification of sterols extracted from oil
was performed in accordance with AOAC standard
no. 51/970, using a gas chromatography (GC) device
equipped with a flame detector. A 30-m HP5 capillary
column with an inner diameter of 0.25 mm was employed
and maintained at a column temperature of 250 °C. The
injection site temperature, detector temperature, and
injection volume were set at 250 °C, 280 °C, and 1 pL,
respectively (Firestone, 1997).

2.4.5. Fatty acid extraction

To determine the composition of FAs through gas
chromatography (GC), samples underwent analysis at
Techno Azma Company using a SHIMADZU machine
(model Nexis 2030), equipped with a 60-m column and an
internal diameter of 0.25 mm. The detector of the device
was FID, and the capillary column was Dikmacap-2330.
The temperature of the injection site and detector was
set to 250 °C and 260 °C, respectively. Additionally, the
injection volume was 1 pL, and the splitting ratio of the
device was set to 1:60. Hydrogen gas with a purity of
99.99% and a flow rate of 2 mL/min was used as the carrier
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gas. The device’s temperature program was configured
such that the initial temperature of 60 °C was maintained
for 2 min. The temperature increased at a gradient of 10
°C per minute until reaching 200 °C. Subsequently, with
a gradient of 5 °C per minute, it reached a temperature of
240 °C and remained at this temperature for 7 min because
there was enough time for all the FAs to leave the column.
The identification of FAs was determined by comparing
their inhibition time with that of pure standard FAs, and
the results were expressed as a percentage.

2.5. Statistical analysis

The data were analyzed using SAS (version 9.3) based on
one-way ANOVA (SAS-Institute, Cary, NC, USA, 1985).
All data were expressed as the mean and standard error
(SE) of the values. Mean comparisons were examined
using the least significant difference (LSD) at p < 0.05.
Pearson correlation was also performed between the data.

3. Results

3.1. Grain yield

The data presented in Table 2 clearly indicate that the Wi-
Fi electromagnetic treatments had a significant effect (p
< 0.01) on grain yield. Specifically, the ER15 treatment
resulted in the highest grain yield compared to the
control plants. However, both ER15 and ER25 treatments
increased grain yield by 23.45% and 9.59%, respectively,
compared to the control plants (Table 3).
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Table 2. Analysis of variance for grain yield and seed quality affected by Wi-Fi electromagnetic waves on camelina.

Tocopherols Sterols
SOV df GY 0C bC a-T B-T y-T o-T Total T Brass  Chol  Camp B-Sit
Block 2 13992.16 0.11 1.37 0.36 0.04 63.40 0.52 61.88 7.20 10.11  244.24 664.33
Treat 2 31395.20" 0.90" 2247 0.18 0.01™  9.81 0.06 14.76" 20.677  14.12° 123.23"  1.00™
Error 4 1497.68 0.0.5 0.04 0.02 0.02 0.55 0.03 0.51 1.01 0.94 7.87 183.83
Total 8
CV (%) 4.02 2.18 0.84 11.99 1322 1.08 4.15 3.41 3.18 6.18 3.18 6.18

GY: grain yield; OC: oil content; PC: protein content; a-T: a-tocopherol; B-T: f-tocopherol; y-T: y-tocopherol; o-T: o-tocopherol; Total
T: total tocopherol; Brass: brassicasterol; Chol: cholesterol; Camp: campesterol; -Sit: p-sitosterol.
ns, * and ** show nonsignificant and significant differences at (p < 0.05), and (p < 0.01) levels of significance, respectively.

Table 3. Effect of Wi-Fi electromagnetic waves on tocopherols and sterols of camelina.

Exposure GY' oC PC a-T y-T o-T Total T Brass Chol Camp
distance  (kg/h) (%) (%) (mg/100g) (mg/100g) (mg/100g) (mg/100g) (mg/100 g) (mg/100 g) (mg/100 g)
867.1+ 3691+ 2488+ 161+ 65.16 + 1.58 + 68.50 +
+ a + a + a
Control 5.8 0.12° 0.30° 0278 2 460 0,240 5 500 26.95+0.81* 30.66 + 1.20*  94.33 + 4.09
1070.5+ 37.43+ 2316+ 1.11% 61.60 + 1.30 £ 64.12 +
+ c + b + b
15cm 3518 0.99° 0.44¢ 011 2.95b 0.22 5 83 21.71 £1.19° 26.32+£0.66> 81.52 +6.25
950.3+ 3758+ 2383+ 135+ 62.82 + 1.40 + 65.71 +
+ b + b + a
25 cm 29.9b 0.20° 0.44b 0.23% 2590 025" 5.57b 24.00 + 1.00> 28.33 + 1.45* 88.33 +5.54

T GY: grain yield; OC: oil content; PC: protein content; a-T: a-tocopherol; f-T: p-tocopherol; y-T: y-tocopherol; 6-T: o-tocopherol; Total
T: total tocopherol; Brass: brassicasterol; Chol: cholesterol; Camp: campesterol.
Each column (mean + SE) with common letters shows nonsignificant differences (p < 0.05) according to LSD test.

3.2. Oil content

The oil content significantly increased under Wi-Fi
electromagnetic exposure compared to the control plants
(Table 2). The highest oil content, 37.99%, was observed
under ER15, representing a 2.9% increase compared to the
control plants (Table 3).

3.3. Protein content

According to Table 2, Wi-Fi electromagnetic treatments
are significantly effective (p < 0.01) in improving protein
content. Wi-Fi electromagnetic decreased protein content
to the lowest levels, reported as 6.91% in the ER15
treatment and 4.22% in the ER25 treatment, compared to
the control plants (Table 3).

3.4. Tocopherols and sterols

Analysis of variance showed that the impact of Wi-Fi
electromagnetic radiation on a-tocopherol content was
significant (p < 0.05) (Table 2). The highest a-tocopherol
content was observed in the control group, while the
lowest content was observed at a distance of 15 cm from
the exposure source (ER15), indicating a decrease of
approximately 28% compared with the control (Table 3).
According to Table 2, the y-tocopherol content of camelina
was significantly affected by Wi-Fi electromagnetic
radiation (p < 0.05). The y-tocopherol content decreased
by 5.5% and 3.6% under Wi-Fi electromagnetic radiation
compared to the control, respectively (Table 3). The results

indicated that the o-tocopherol was affected by Wi-Fi
electromagnetic treatments (p < 0.05) (Table 2). Moreover,
in nonirradiated conditions (control), the highest
concentration of o-tocopherol was observed. The Wi-
Fi electromagnetic waves at 15 and 25 cm decreased the
o-tocopherol content by approximately 17.7% and 11.4%,
respectively. However, no significant statistical difference
was observed between radiation treatments (Table 3).
Analysis of variances revealed a significant effect of Wi-
Fi electromagnetic radiation on total tocopherol levels
(p < 0.01) (Table 2). The highest total tocopherol content
was observed under nonirradiated conditions (control).
Mean comparison indicated a significant decrease in
total tocopherol in camelina seeds exposed to Wi-Fi
electromagnetic radiation, by approximately 4%-6%
(Table 3).

The effect of Wi-Fi electromagnetic radiation on
brassicasterol concentration was found to be significant (p
< 0.01) (Table 2). The minimum values of these traits were
recorded in plants treated with ER15 and ER25, exhibiting
approximately 19.4% and 10.9% reduction compared to
the control, respectively (Table 3). The obtained results
indicate that both ER15 and ER25 treatments led to a
significant decrease in cholesterol content in camelina
seeds (Table 2). The lowest cholesterol content in seeds
was obtained for the 15 and 25 cm treatments, showing
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approximately 14% and 8% reductions compared to the
control (Table 3). According to the results, both ER15 and
ER25 treatments significantly decreased the campesterol
content in camelina seeds (Table 2). Furthermore,
the campesterol content of the seeds decreased with
the increased Wi-Fi radiation. The highest and lowest
campesterol content was observed in the control and
the 15 cm treatment, respectively, with approximately a
13.5% reduction compared to the control. Additionally,
there was no significant difference in campesterol content
between the 25 cm treated and control plants (Table 3).

3.5. Fatty acid composition

According to the results (Table 4), the effect of WEW on
myristic acid was significant (p < 0.01). Approaching the
source of wave radiation (ER15) led to a 33% decrease in
the content of myristic acid compared with the control
condition (Table 5). A significant difference in stearic
acid content was observed in the electromagnetic wave
radiation (p < 0.05) (Table 4). In the conditions of Wi-
Fi radiation, the treatment with ERI5 resulted in an
approximately 6.55% increase in stearic acid compared to
the control, while ER25 showed no statistically significant
difference from the control (Table 5). Analysis of the
obtained results indicated a significant difference in oleic
acid content due to electromagnetic wave radiation (p <
0.01) (Table 4). The results indicated that the proximity
of camelina seeds to the radiation source leads to a
significant decrease in the percentage of oleic acid, with
the lowest levels observed in the ER15 treatment (Table
5). Additionally, a significant difference in eicosanoic
acid content was observed in electromagnetic wave
radiation (p < 0.01) (Table 4). Exposing the seeds to
the radiation source at a distance of 15 cm resulted in a
significant increase in oleic acid content by approximately
1.89% (Table 5). The erucic acid level was significantly
affected by Wi-Fi radiation treatments (p < 0.01) (Table
4). Additionally, the content of erucic acid decreased

by approximately 3.21 as the seeds were closer to the
Wi-Fi radiation source (ER15) (Table 5). According to
the findings, linoleic acid was significantly affected by
electromagnetic waves (Table 4). The treatments employed
led to a significant decrease in linoleic acid compared to
the control, with the ER15 treatment exhibiting a more
significant effect on decreasing this fatty acid (Table
5). Our results clearly showed that the effect of Wi-Fi
waves on the linolenic acid content was significant (p
< 0.05) (Table 4). The highest amount of linolenic acid
was obtained in the ERI15 treatment (approximately
2.58%), and subsequently, the ER25 treatment had the
most significant effect in increasing this fatty acid (Table
5). The composition of saturated fatty acids (SFAs) and
polyunsaturated fatty acids (PUFAs) was significantly
affected by electromagnetic waves, while monounsaturated
fatty acids (MUFAs) remained unaffected by these
conditions. The highest amount of YPUFA was observed
in the ER15 treatment, exhibiting an increase compared
to the control. Additionally, pertaining to the XSFA, the
ERI5 led to a significant decrease (1.47%) compared to
the control (Table 5).

3.6. Correlation of tocopherols and sterols

According to the results presented in Table 6, a positive
correlation was observed between total T and both y-T
(r =1.007) and a-T (r = 0.927). Additionally, a negative
and significant correlation was found between total
tocopherol and o-T (r = -0.65""). Moreover, a positive and
significant correlation was detected between o-T and y-T
(r = 0.897). Among the sterols components of camelina
seed oil, the highest correlation reported was between
cholesterol (Chol) and campesterol (Camp) (r = 0.927).
Generally, no significant correlation was observed among
other sterol components. Furthermore, the highest
positive and significant correlation between tocopherol
and sterol components was observed in Camp with total
T (r=0.97"),y-T (r=0.95"), and o-T (r = 0.907).

Table 4. Analysis of variance for FAs affected by Wi-Fi electromagnetic waves on camelina.

FA composition

SOV af MA" PA SA BA ArA OA EA ErA NrA LA LiA EdA YPUFA XMUFA JXSFA
Block 2 008 0.07 0.02 003 0.003 002 092 0.02 4.07 001 0.11 0.03 0.21 1.30 0.08

Treatment 2 0.097 0.02™ 0.02" 0.00™ 0.01™ 0.08" 0.03" 0.017 4.40™ 0.02" 0.33" 0.00™ 0.18" 4.40" 0.01
Error 4 0.01 0.01 0.01 0.008 0.003 0.004 0.001 0.00 4.40 0.01 0.04 0.00 0.04 4.24 0.001
Total 8

CV - 408 009 145 142 080 0.15 021 039 143 0.18 0.66 142 0.40 6.02 0.35

"MA: myristic acid; PA: palmitic acid; SA: stearic acid; BA: behenic acid; ArA: arachidic acid; OA: oleic acid; EA: eicosanoic acid; ErA:
erucic acid; NrA: nervonic acid; LA: linoleic acid; LiA: linoleic acid; EdA: eicosadienoic acid; YPUFA: polyunsaturated fatty acids;

YMUFA: monounsaturated fatty acids; XSFA: saturated fatty acids.

ns, * and ** show nonsignificant and significant differences at (p < 0.05), and (p < 0.01) levels of significance, respectively.
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Table 5. Effect of Wi-Fi electromagnetic waves on fatty acid composition (%) of camelina.

Exposure distance MAT SA OA EA ErA LA LiA YPUFA YSFA
14.78 + 4,04 + 17.63+ 3214 + 51.85 + 11.52 +
+ a + b + a
Control 0.12+0.01* 2.29+0.02° 13.82 +£0.05 0.33¢ 0.05 0.048 0.10b 0.13b 0.08a
15.07 + 391+ 1745+ 3297+ 52.32 + 11.35 +
1 .08 £0.00° 2.44 +0.03* 13.71 £0.03"
>cm 0.08 +0.00 003 13712003 4. 0.04 002  0.17a 0.22a 0.09b
14.99 + 4,00 1755+ 3233+ 51.95 + 11.38 £
+ b + b + a
25 cm 0.09 £ 0.00° 2.32+0.01° 13.80 +£0.02 031 0,04 0.06° 0.16ab 0.18b 0.11b

"MA: myristic acid; PA: palmitic acid; SA: stearic acid; BA: behenic acid; ArA: arachidic acid; OA: oleic acid; EA: eicosanoic acid; ErA:
erucic acid; LA: linoleic acid; LiA: linoleic acid; YPUFA: polyunsaturated fatty acids; YSFA: saturated fatty acids. Each column (mean +
SE) with common letters shows nonsignificantly differences (p < 0.05) according to LSD test.

Table 6. Pearson correlation coefficients among tocopherols and sterols in camelina affected by Wi-Fi electromagnetic waves.

a-T B-T y-T o-T Total T Brass Chol Camp Sito
a-T 1
B-T 0.17% 1
y-T 0.89” 0.06™ 1
o-T -0.53™ 0.35™ -0.70" 1
Total T 0.92" 0.11™ 1.00™ -0.65" 1
Brass 0.37% 0.88" 0.27" 0.20" 0.32" 1
Chol 0.94" 0.40™ 0.84" -0.31™ 0.88" 0.56" 1
Camp 0.90" 0.34" 0.95" -0.55™ 0.97" 0.53" 0.92" 1
Sito 0.06™ 0.11™ -0.18™ -0.14" -0.19" 0.25™ -0.06™ -0.12" 1

a-T: a-tocopherol; B-T: B-tocopherol; y-T: y-tocopherol; o-T: o-tocopherol; Total T: total tocopherol; Brass: brassicasterol; Chol:

cholesterol; Camp: campesterol; -Sito: p-sitosterol.

ns, * and ** show nonsignificant and significant differences at (p < 0.05), and (p < 0.01) levels of significance, respectively.

3.7. Correlation of fatty acid composition

The results listed in Table 7 showed a significant positive
correlation between linolenic acid and PUFA (r = 0.957).
Additionally, a negative correlation was observed between
linolenic acid and both oleic acid (r = -0.78") and erucic
acid (r = -0.76""). However, no positive correlation was
observed between PUFA and linoleic acid (r = -0.18™),
and similarly, the correlation between PUFA and oleic acid
was negative and significant (r = -0.76"). In addition, no
significant correlation was observed between MUFA and
essential fatty acids, such as oleic, linoleic, linolenic, and
eicosanoic acid. However, based on the results, SFA was
significantly correlated with palmitic acid (r = 0.89™).

4, Discussion

4.1. Grain yield

Our study evaluated various parameters of camelina
seed quantity and quality in response to different
electromagnetic waves. The result of this study shows
that grain yield has significantly increased under Wi-Fi
electromagnetic. Indeed, electromagnetic waves induce
changes in various metabolic activities (such as the Krebs
cycle and chlorophyll content) and gene expression in

plants (Vian et al., 2016). The application of low-frequency
electromagnetic waves increases the final grain yield
of camelina. Additionally, seed pretreatment with such
waves positively impact plant growth and grain yield
(Pietruszewski et al., 2007). Furthermore, long-term
exposure to Wi-Fi waves can induce genetic mutations
and metabolic changes that might result in changes to
vegetation growth and reproduction (Ahloowalia and
Maluszynski, 2001; Sharma et al., 2017). According to our
study, using a microwave device for seed treatment before
planting increases the yield of rapeseed, camelina, and
mustard by 10 to 15% (Bastron et al., 2020). Previously,
the effect of magnetic waves on improving the growth of
wheat (Katsenios et al., 2016; Cecchett et al., 2022) and
soybean yield (Baghel et al., 2018) has been reported.

4.2. Oil content

Electromagnetic radiation causes oxidative stress
and dysfunction of cells through lipid peroxidation,
subsequently leading to the accumulation of hydrogen
peroxide (Sharma et al, 2009; Chandel et al., 2017).
Generally, electromagnetic waves penetrate oil-containing
seeds, inducing interactions within the seeds and
converting electromagnetic energy into heat through two
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Table 7. Pearson correlation coefficients among fatty acid profile in camelina affected by Wi-Fi electromagnetic waves.

MA PA SA OA LA ALA ArA EA EDA BA ErA NA PUFA MUFA SFA
MA" 1
PA -0.21™ 1
SA -0.50™ 0.35™ 1
OA 0.90" -0.52™ -0.53" 1
LA 0.67° 047™ -0.44™ 043~ 1
ALA  -0.67" 046™ 0.76° -0.78" -0.44" 1
ArA 021 -0.31* 0.33™ 0.14™ -0.23™ 0.14™ 1
EA 0.53» -0.17" 0.16™ 0.62™ 0.17™ -0.05" 0.32™ 1
EdA  -0.66" 0.42™ 0.24™ -0.75" -0.29™ 0.45™ -0.51" -0.70" 1
BA -0.47™ 0.31* 0.00* -0.57" -0.02" 0.19™ 0.09* -0.58™ 0.15* 1
ErA 0.46™ -0.78" -0.82" 0.62® 0.01™ -0.76" -0.02™ -0.08™ -0.29 -0.22" 1
NA 0.01™ 0.36™ -0.33" -0.21™ 0.32™ -0.08" -0.36" -0.48™ 0.32™ 0.30™ -0.01™ 1
PUFA -0.56™ 0.68™ 0.68" -0.764" -0.18™ 0.95" 0.02 -0.07" 0.49" 0.21™ -0.83" 0.04™ 1
MUFA 0.21™ 0.29™ -0.38™ -0.00™ 0.42™ -0.17 -0.31" -0.25" 0.13 0.14™ 0.04™ 0.96" -0.04" 1
SFA -0.27" 0.89" 0.69° -0.55" 0.22™ 0.65™ 0.06™ -0.00 0.29" 0.28™ -0.93" 0.11* 0.78 0.05™ 1

" MA: myristic acid; PA: palmitic acid; SA: stearic acid; BA: behenic acid; ArA: arachidic acid; OA: oleic acid; EA: eicosanoic acid; ErA:
erucic acid; NrA: nervonic acid; LA: linoleic acid; LiA: linoleic acid; EdA: eicosadienoic acid; YPUFA: polyunsaturated fatty acids;

YMUFA: monounsaturated fatty acids; XSFA: saturated fatty acids.

ns, * and ** show nonsignificant and significant differences at (p < 0.05) and (p < 0.01) levels of significance, respectively.

mechanisms: dipole polarization and ionic conduction
(Anwar et al., 2015; Franco et al., 2015). The heat from
electromagnetic waves increases the temperature of
biological materials, particularly those associated with the
cell membrane (Banik et al., 2003; Tkalec et al., 2005; Vian
et al,, 2016). To maintain optimal membrane viscosity for
normal cell function, plants adapt their lipid membrane
composition in response to environmental temperature
changes, thereby maintaining optimal membrane fluidity.
(Rawat et al.,, 2021, Yu et al,, 2021). In the present study,
WEW treatment enhanced the oil content in camelina
plants compared to the control. Previous studies have
shown that microwave irradiation improves oil yield
(Ghafoor et al., 2019; Karrar et al., 2020; Mazaheri et al.,
2019). Furthermore, electromagnetic waves have been
used to improve the oil quality in oilseed crops (Koubaa
et al,, 2016). Based on our study, conducted on rapeseed
(Azadmard-Damirchi et al., 2010) and corn (Afzal et al,,
2015), we found that microwave and magnetic field waves
increase the oil yield and oil content, respectively.

4.3. Protein content

Based on the results, the protein content was approximately
4.22%-6.91% lower in plants exposed to WEW than in
control plants. This observation could be attributed to the
role of the electromagnetic fields in changing physiological
processes, such as respiration, photosynthesis, and nutrient
absorption, as well as in biochemical characteristics,
including changes in enzyme activity, protein levels, and
secondary metabolites (Hafeez et al., 2023). Also, the
radiation emitted from mobile phones reduces protein
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synthesis and increases membrane damage and the activity
of antioxidant enzymes (Afzal and Mansoor, 2012). On the
other hand, since there is a negative relationship between
protein and oil storage in the seed (Jasinski et al., 2018),
our study suggests that an increasing in oil percentage is
associated with a decrease in protein content. In our study,
as microwave irradiation increased in rice plants, the
protein content decreased (Zhao et al., 2007). Additionally,
protein solubility increased during short-term microwave
application but decreased with longer treatment durations
(Ashrafetal., 2012).

4.4. Tocopherols and sterols

The composition of tocopherols and sterols in oilseed crops
decreases with heating and storage; hence, the storage
conditions after harvesting seeds are crucial (Ying et al.,
2018; Zaunschirm et al., 2018). Researchers have studied
the effect of microwave irradiation as a heat pretreatment
on the value of tocopherols and phytosterols in oil, as
well as their effect on oxidative stability in rapeseed
plants (Azadmard-Damirchi et al, 2010; Yang et al.,
2013; Wroniak et al., 2016). The results of our study were
consistent with those of Wroniak etal. (2016), who revealed
a significant reduction in the levels of a-T and y-T after
expose to microwaves for 3 min. Additionally, Azadmard-
Damirchi et al. (2010) reported that with the increase
in the exposure time of canola seeds to microwaves, the
content of a-T and y-T decreases. The concentration of
tocopherols and sterols significantly affects the nutritional
value and stability of oils. . Specifically, tocopherols play
a crucial biochemical role in protecting PUFA against
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peroxidation. The highest amount of biological activity is
related to alpha-tocopherol (Ying et al., 2018; Zaunschirm
et al, 2018). Other studies reported that the total
tocopherol content of camelina oil to be in the range of
55.8 to 99.4 mg/100 g (Zubr and Matthaus, 2002; Hrastar
et al, 2012; Marszalkiewicz et al., 2017; Ratusz et al., 2018),
which is consistent with our findings (Table 3). According
to the reports of Ratusz et al. (2018), y-tocopherol (y-T)
predominated in all analyzed camelina oils, comprising
more than 90%, which aligns with the results of our study.
In the study by Ratusz et al. (2018), the y-T content ranged
from 52.41 to 72.30 mg/100 g, consistent with the findings
of Hrastar et al. (2012) and Marszatkiewicz et al. (2017),
who showed that y-T has the most dominance (more
than 90%) in the studied oils. Additionally, a-T, 6-T, and
B-T have been found in the composition of camelina oil,
with respective values of 0.95-2.78, 0.62-2.05, and 0.09-
0.28 mg/100 g (Ratusz et al,, 2018). Our study revealed
significant positive correlations between total T and both
v-T (r=1.00") and a-T (r = 0.92") (Table 6).

Phytosterols, which are mainly found in seed oil, are
important components of oil with antioxidant properties
(Sujith Kumar et al, 2017). They additionally exhibit
cholesterol-lowering effects (Belayneh et al, 2015;
Marszatkiewicz et al., 2017; Ying et al., 2018). Pretreatment
of oilseeds at high temperatures results in the degradation
of phytosterols, thereby significantly affecting their
properties during extraction. Since electromagnetic waves
create a thermal effect on plant tissues, they can affect
the final composition of sterols. According to the results
of our study, sterols showed a significant decrease under
WEW conditions (Table 3). In various research studies
on camelina oil composition, sterol content is commonly
found between 193 and 590 mg/100 g (Giing Ergoniil et
al., 2018; Rahman et al., 2018). Additionally, campesterol,
B-sitosterol, and stigmasterol are generally found in high
levels in plant oils. Previous studies by Ratusz et al. (2018)
showed that the major sterols in the camelina oils were
B-sitosterol (167-262 mg/100 g) and campesterol (74-112
mg/100 g). Our study confirmed these findings. In our
study, the relatively strong relationships between Camp
and Chol (r = 0.92”) was observed and also Camp had a
strong positive correlation with total T (r = 0.97"), y-T (r
= 0.95"), and o-T (r = 0.90") (Table 6). The cholesterol
levels ranged from 25 to 33 mg/100 g, consistent with the
findings of Marszalkiewicz et al. (2017).

4.5. Fatty acid composition

In the present study, the FA composition of camelina (Table
4) was consistent with multiple reports in the research on
camelina fatty acids (Krzyzaniak et al., 2019; Kurasiak-
Popowska et al., 2019; Kurasiak-Popowska and Stuper-
Szablewska, 2019; Zajac etal.,2020). Electromagnetic waves
induce oxidative stress in plants, leading to the production

of ROS in various tissues such as cell membranes, resulting
in lipid peroxidation and affecting the quantity and quality
of fatty acids (Chandel et al., 2017; Mahato et al., 2022).
Based on the results, pretreatment with WEW affects the
FAs composition of camelina seeds. Similar to our study,
Suri et al. (2020) observed a significant difference in the
FA composition of camelina oil between untreated and
treated plants with electromagnetic waves. Several studies
have examined the effect of electromagnetic wave treatment
on changing the fatty acid composition of peanut (Arachis
hypogaea L) (Yoshida et al., 2005), sunflower (Heliantus
annuus L.) (Anjum et al., 2006), pumpkin (Cucurbita spp)
(Yoshida et al., 2006), and camellia (Camellia oleifera Abel.)
(Ye etal.,2021). Among the fatty acid composition, linolenic
acid (C18:3) and linoleic acid (C18:2) are the critical fatty
acids of camelina. These acids serve as precursors for
omega-6 (w-6) and omega-3 (w-3) fatty acids. Given that
the human body cannot synthesize w-6 and w-3 and their
reserves are limited, increasing these compounds in plants
assumes greater significance (Watts et al., 2016). The results
indicate that the 15 cm treatment distance (ER15) increased
the linolenic acid content (Table 5), ultimately increasing
the quality of camelina oil. Additionally, our study revealed
a strong correlation between linolenic acid and PUFA
(r = 0.957). Similar to our study, Uquiche et al. (2008)
reported an increase in the quality of hazelnut oil (Gevuina
avellana Mol) due to microwave electromagnetic radiation.
Furthermore, Sharaf-Eldin (2015) observed a positive effect
of electromagnetic waves on the fatty acid composition of
artichoke seeds (Cynara curriculum), specifically noting
a significant increase in linolenic acid content among the
essential fatty acids.

The resultsindicated that when the samples were exposed
to electromagnetic waves, oleic and linoleic acid content
decreased significantly (Table 5). This finding aligns with
previous studies on hazelnut oil by Uquiche et al. (2008).
Additionally, Ghafoor et al. (2019) observed that microwave
radiation reduces linoleic acid content in poppy seed oil
(Papaver somniferum). Additionally, the results revealed that
a negative correlation was observed between linolenic acid
and both oleic acid (r = -0.78") and erucic acid (r = -0.76").
This finding aligns with the study conducted by Soorni et al.
(2022), which also reported a negative correlation between
linolenic acid and erucic acid. Our results indicated a
significant increase in YPUFA composition under both
wave treatments, while YSUFA composition decreased
under these conditions (Table 5). Wroniak et al. (2016)
reported that no significant changes were observed in the
composition percentages of MUFAs, PUFAs, and SFAs in
rapeseed under microwave electromagnetic treatment.
Another study on Chinese cabbage (Brassica campestris L.)
showed that the composition of YPUFA increased under
UV-B wave stress (Tripathi and Agrawal, 2016).
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5. Conclusion

Most studies conducted on the effects of Wi-Fi
electromagnetic waves emphasize either their harmful or
beneficial effects on the health of living beings. Our study
showed that Wi-Fi electromagnetic waves significantly
increased the grain yield and the percentage of camelina
oil, while also increasing the oil’s quality by increasing the
content of linolenic acid, eicosanoic acid, and YPUFA,
which are critical components of camelina oil. Additionally,
these waves have a positive effect on reducing harmful
erucic acid and YSFA. This finding provides the basis for
further research aimed at reducing this fatty acid through
the radiation of electromagnetic wave radiation, thereby
improving the nutritional properties of camelina oil.
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