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ABSTRACT

The dielectric effect enforced on charged ions and dipolar molecules by the oscillating electric field of
microwaves may influence electric signaling in plants. In the present study, the exposure of Nicotiana
benthamiana plants to continuous wave 2.45 GHz microwave radiation with 1.9 - 2.1 W m™2 power
density significantly reduced the amplitude of leaf burning-induced variation potential along the plant
stem. The change in amplitude of the variation potential occurred mainly because of a significant
reduction of the depolarization rate. This effect was not observed during the post-microwave exposure
period. The unique characteristics observed in the variation potentials were also observed under
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microwave exposure, suggesting unaffected information delivery to distant locations or unaffected

transport of specific chemicals generated by the injury.

In the natural environment, plants are continuously exposed to
radiofrequency electromagnetic radiation (EMR) from various
communication systems. The main EMR category which plants
are currently exposed to, is microwave radiation. The prominent
microwave range in present day environment is 0.9 - 2.5 GHz,
within which, the higher frequencies are preferred by service
providers to facilitate the increasing traffic and bandwidth
demands." Therefore, frequencies of 2.0 GHz and greater are
becoming predominant in the environment over the lower
frequencies.

Plants maintain communication pathways throughout their
body to mediate its growth, development, and reproduction.
These pathways are mainly categorized as chemical, hydraulic,
and electrical. Chemical pathways are mainly represented by
peroxidases and jasmonates; while, hydraulic pathways are
dependent on the water activity/water potential gradients from
roots to leaves.”* Besides chemical and hydraulic pathways,
electric signals play neuron-like functions in the plant body,
which facilitate rapid communication, particularly between dis-
tant body organs.’

Electric signals are important especially for localized stress and
injury signaling, such as heat, chilling, wounding, pest attack, etc.
Usually, these signals are generated at the site of injury and
propagate as waves of electric potentials (EP) towards the target
destination through vascular tissues.’ These signals bring to their
destination encoded information regarding the stress;” further,
they are important to generate specific reactions to a particular
stress, such as release of chemical compounds, increase or activa-
tion of gene expression, inhibition of certain physiological activ-
ities, etc.*. Usually, EPs are categorized into two types, action
potentials (APs) and variable potentials (VPs). Both, APs and VPs
propagate through the charged ions and compounds involved in

each case. Action potentials propagate by inward and outward
flow of K*, Ca®*, and Cl” ions; whereas, VPs propagate by tran-
sient shut-down of P-type H'-ATPase mediated influx of Ca*",
anion and cation channel activation.>*'’

Electromagnetic radiation consists in oscillating electric
and magnetic fields propagating perpendicular to each other.
This is a common phenomenon to all types of EMR, including
microwaves. Numerous studies have shown the effect of EMR
on plants; clearly, both the electric and magnetic fields of the
EMR affect plants.'"'> However, due to the dielectric activity
enforced on charged ions and dipolar molecules, the effects of
the electric field can be intense. The dielectric activity causes
charged ions and dipolar molecules to align along the direc-
tion of the electric field and to vibrate proportionately to the
oscillation frequency (the wave frequency) of the electric field.
In our previous study, the differential responses of plants to
microwaves, depending on the wave polarization, evidenced
that plants can respond differently to electric field polarity."

As the electric field of microwaves can affect plants and alter
their electric properties, there is a possibility to affect long-
distance electric signaling of plants (i.e., variation potentials).
The charged ions involved in electric signal propagation could
be disturbed by the dielectric activity imposed by the micro-
waves. Therefore, the present research was conducted to inves-
tigate how a burn injury-induced electric potential would be
affected by microwave exposure. Thus, burn injuries were
inflicted on leaves of Nicotiana benthamiana wild-type plants
and the resulting VP along the stem was analyzed for any
possible influence associated with microwave exposure.

Nicotiana benthamiana seeds were planted in peat pellets (36-
mm diameter, Jiffy 7 Peat Pellets) and grown under an 18/8 h
photoperiod, under 90 — 95 pmol m™ s™" of photosynthetically
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active radiation provided by LED straight tube lights with color
rendering index 80 (Model LT-NLD85L-HN, OHM Electric
ING, Japan). Plants were grown to maturity; thus, they had at
least six fully unfolded leaves and were about 15 cm high, prior
to their use for experimentation. The growth medium was mois-
tened only with water for seven days, after which, it was watered
with a 0.01% commercial concentrated growth solution
(Hyponex, Osaka, Japan) every other day. After 14 days, plants
were watered with 0.05% Hyponex solution; to provide contin-
uous moisture, plants growing in peat bags were kept in a tray
containing 0.05% Hyponex solution to about 3 mm in depth.
This promoted vigorous plant growth, so that they grew greener
and relatively large leaf surfaces (Figure 1). All plants were grown
in a growth chamber at constant 23 - 25°C.

All the experiments were conducted in an anechoic chamber
layered with EMR absorbing, ferried containing foams, as
explained previously,'* after the following modifications: the
internal light source was upgraded to six LED straight tube lights
with color rendering index 80 (Model LT-NLD85L-HN, OHM
Electric INC, Japan). The lights were set to an 18/8 h photoper-
iod. Photosynthetically active radiation density was set to 90 -
95 umol m > s™" at plant top by adjusting plant distance from the
light source for each plant. A top mounted exhaust fan (Type
ASEN104519, Panasonic Industrial devices SUNZ Co., Ltd,
Aichi, Japan) was installed outside the chamber to remove
heated air and to improve air circulation inside the cage. The

Figure 1. A representative image of Nicotiana benthamiana wildtype plant
during electric potential recording. Letters a, b and c represent top hanging
transmission microstrip antenna, reading glass electrode, and reference glass
electrode respectively.

cage was kept in a temperature-controlled room where the
temperature inside the cage could be maintained at 23 - 25°C
during the light period (all the studies were conducted only
during the light period).

Burn injury was inflicted on the lower surface of leaves as a
direct exposure to a flame produced by a general purpose,
liquid-petroleum kitchen lighter. Each time, the burn injury
was inflicted at the leaf tip. Therefore, the tip of the leaf
suffered the worst damage; while, the surrounding tissues
(around 35% of the leaf area) were exposed to extreme heat
(Figure 2). Flame was applied for three seconds continuously
on each leaf. Plants were exposed to background electromag-
netic radiation for approximately 30 s during infliction of
burn injury, as the door of the Faraday cage had to be open.

The experimental plants were exposed to microwave treat-
ment from the top downwards. Microwave transmission was
performed using a top hanging microstrip antenna (Figure 1).
During the experiment, plants were exposed to 2.45 GHz
continuous wave frequency microwaves with the power den-
sity at the top of the plant, at 1.9 - 2.1 W m™>. The microwave
generation and the power density measurement systems con-
sisted in the same instrument setup previously reported'*
without modifications.

The EP along the plant stem was measured by inserting a Ag/
AgCl gel-stabilized glass electrode (Unisense RD25, Unisense,
Denmark) <20 pm in diameter into the plant stem, and another
glass electrode (Unisense RD50) <50 pum in diameter, into the
substrate. The reading electrode insertion depth was maintained
at less than 1.5 mm horizontally through the stem. The reference
electrode was inserted halfway through the culture medium
(Figure 1). Electric potential was recorded into a computer
through an mV meter with analog to digital converter (pH/
mV-Meter, Unisense, Aarhus N, Denmark) using the recording
software provided by the manufacturer (Sensor Trace BASIC
3.0, Unisense). Real time sampling was performed continuously
at a sampling rate of 1 Hz, with 0.001 mV sensitivity.

Plant responses were registered before, during, and after
microwave exposure (pre-microwave, on-microwave, and post-
microwave, respectively). A healthy plant was selected from a
stock and transferred into the experimental Faraday cage,
24 hours before initiation of the experiment. This is required
to eliminate the mechanical shock due to transfer. A fresh plant
was used in each case, which was discarded after the experiment.
Insertion of microelectrodes into the plant stem caused EP
excitation; therefore, requiring a period for stabilization. Thus,
prior to treatment application, each plant was incubated for 90 to
120 min, until a steady EP was recorded continuously for 30 min.

Next, the topmost fully unfolded mature leaf (1st leaf) of the
plant was exposed to burn injury. The burn injury-induced
signal (depolarization and repolarization) usually requires 45 -
75 min, depending on plant. Initial burn injury-induced EP was
recorded prior to microwave exposure (pre-microwave). Thirty
minutes after pre-microwave EP recovery, microwave treatment
was initiated and carried on for 30 — 35 more minutes, prior to
the on-microwave recording of burn injury-induced EP. At that
point, while microwave treatment continued, burn injury was
inflicted to the 2" topmost leaf. After the injury signal, micro-
wave treatment was stopped, and the plant was incubated for
another 30 - 35 min before inflicting post-microwave burn
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Figure 2. Microscopic images of a Nicotiana benthamiana leaf without injury and after burn injury. Leaf tip destroyed by flame exposure and fading brown color

toward the unexposed area.

injury to the 3™ topmost leaf. After 15 - 20 more minutes from
post-microwave EP recovery, EP recording was terminated.

The resting potential of each plant exhibited different mV
values and did not remain steady in a single value but varied
slightly over time (Figure 3(a)) and it was not influenced by
the EMR exposure (Figure 4(a)). To make every measurement
conveniently comparable, EP data of pre-microwave exposure,
on-microwave exposure, and post-microwave exposure were
normalized by bringing initial EP value of each measurement
into zero (Ex. EP of on-microwave exposure duration was
normalized by subtracting all EP values from the initial
value at the start of signal propagation). Due to burn injury,
EP depolarization occurs; therefore, maximum EP change
recorded for each signal was compared between three dura-
tions (pre-microwave, on-microwave, and post-microwave).
Further, the time from signal initiation to recovery and polar-
ization rates were compared between three statuses. Although
burn injury EP exhibited common characteristics (Figure 3
(b)), variation in depolarized EP value and EP duration was
noticed between plants. Therefore, when necessary, compar-
isons were made as percent change related to the initial burn
injury EP, which is considered as the control signal for each
plant. Statistical comparisons were performed with IBM SPSS
statistics Version 25. The degree of polynomial distribution of
depolarization and repolarization of EP were determined
using inbuilt options of Microsoft Excel 2016. The depolar-
ization and the repolarization phases were plotted separately,
and best machine distribution was determined.

Burn injury inflicted at the tip of leaves caused complete
cell destruction in the areas directly exposed to the flame. The
surrounding area suffered cellular damage which caused sud-
den cell death. The rest of the lower epidermis showed intact
cell walls; however, excessive heat may have caused protein
denaturation (brownish, decolored entire cell). Vascular tis-
sues were also destroyed near the leaf tip; whereas, vascular
tissues of the surrounding area showed a cell discoloration
gradually decreasing toward the unaffected area (Figure 2).
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Figure 3. (a) Resting potential of a matured Nicotiana benthamiana plant with-
out microwave exposure; (b) Three electric potential signals propagated after
burning injury was inflicted without EMR exposure on first (left side signal),
second (middle signal) and third leaf (right side signal) of the plant (fully
emerged leaves were counted from the top downward). Arrows indicate EP
spikes and dashed circles indicate observed slowing of signal repolarization rate.
The example is representative of at least four similar experiments.

After insertion of the reading electrodes, plant EP increased
gradually for 1.5 - 3 hours and became steady within an mV range
unique to each plant. Stabilized EP (resting potential) exhibited a
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Figure 4. (a) Resting potential of a matured Nicotiana benthamiana plant during
pre-microwave exposure (pre), on-microwave exposure (on) and post-microwave
duration (post); (b) Three electric potential signals propagated after burning
injury was inflicted during, pre-microwave exposure to first leaf (left side signal),
on-microwae exposure to second leaf (middle signal) and post-microwave
exposure to third leaf (right side signal) of the plant (fully emerged leaves
were counted from the top downward). The example is representative of at
least four similar experiments.

slight and slow fluctuation over time, which did not exceed +7 mV
(Figures 3(a) and 4(a)). Upon exposure to burn injury, leaf EP
decreased (depolarized) rapidly at a linear rate until an EP spike
showed, which is a common characteristic of each signal regard-
less of EMR exposure. The rate of rapid depolarization varied
among signals from 0.17 to 1.04 mV s, The EP spike occurred at
a random point as the depolarization stopped and started to
increase (repolarize) for a short time (varying between 30 and
150 s); this EP spike varied in magnitude from 2 to 12 mV among
signals (Figures 3(b)and 4(b)). After this spike, EP started to
decrease following a 2"! degree polynomial distribution
(R* > 0.90), again at a slow rate until reaching a minimum.
After reaching this minimum value, EP started to recover.
Recovery (repolarization phase) followed a 3" degree polynomial
distribution (R > 0.95) and took longer than the decreasing
phase. During the repolarization phase, another common char-
acteristic of the signal was observed, which consisted in a short-
duration reduction in the repolarization rate, after which initial
rate was quickly regained. However, this was not as prominent as
the spike observed in the depolarization phase and not necessarily

exhibit in each plant (Figure 3(b)). The recovered EP reached
approximately the same magnitude as the initial resting potential.

The top three leaves of unexposed plants (control plants
without microwave exposure) subjected to burn injury,
resulted in three distinct EP signals with common character-
istics. However, variations in amplitude were observed among
signals. The mean percent difference between signal ampli-
tude of the first two topmost leaves was 13.6%; while, the
difference between the first and third leaves was 23%
(Table 1). Further, it was observed that the difference between
EP signal amplitudes increased in plants with high vigor,
which is not discussed in the present study. When the time
difference between EP depolarization and repolarization
phases of the signals was considered, the averaged percent
temporal difference remained within 65% to 70% for all
signals (Table 2). The average difference in EP depolarization
rate was 18.6% for first leaf and second leaf, while 2.7% for
first and third leaf. Similarly, the average difference in EP
repolarization rate was 23.5% between first and third leaf
while 0.0% between first and third leaf (Table 3).

Microwave exposure caused a mean reduction of 43.3% in
EP amplitude, compared to the amplitude of pre-microwave
EP, which is a significant change (independent sample t-test
P < 0.05). Again, post-microwave EP regained mean ampli-
tude up to 17.5% of initial EP mean signal amplitude
(Table 1). However, average percent time difference between
EP depolarization and repolarization remained 68% - 77% for
all three recordings (Table 2). The reduction in EP amplitude
was mainly influenced by EP depolarization rate of the on-
microwave exposure signal. The depolarization rate recorded
averaged a 7.0% difference between pre-microwave and post-
microwave durations; while, the on-microwave duration
recorded average was 42.5% over the pre-microwave duration,
which is a significant difference (t-test, P < 0.01). However,
EP repolarization rate differed by 13.3% between pre-micro-

Table 1. Relative EP amplitude difference over initial EP in control experiments
and microwave treatment experiments.

mV
Leaf 1 (pre) Leaf 2 (on) Leaf 3 (post)
Control 288 £ 9.2 326 £ 126 221 £ 11.0
2.45 GHz 365+ 6.3 20.7 £ 54 30.1 + 8.2

The Leaf 1 (pre), Leaf 2 (on), and Leaf 3 (post) represent leaf one, two and three
in control experiments and pre-microwave, on-microwave and post-microwave
treatment stages, respectively. The 2.45 GHz represent 2.45 GHz microwaves
exposed experiments, and the Control represents the experiment continued
without the microwave exposure during the Leaf 2 (on) duration.

Table 2. Percent temporal difference between depolarization and repolarization
of burn injury-induced electric potential.

Leaf 1 (pre) Leaf 2 (on) Leaf 3 (post)
Control 64.6 = 10.6 727 £79 68.0 £ 10.8
2.45 GHz 70.5 + 15.6 68.0 + 13.9 771 £ 09

Leaf 1 (pre), Leaf 2 (on), and Leaf 3 (post) represent leaf one, two and three in
control experiments and pre-microwave, on-microwave and post-microwave
treatment stages, respectively. The 2.45 GHz represent 2.45 GHz microwaves
exposed experiments, and the Control represents the experiment continued
without the microwave exposure during the Leaf 2 (on) duration.



Table 3. Mean depolarization rate (mV s in control experiments and micro-
wave treatment experiment.

~1

mV's
Leaf 1 (pre) Leaf 2 (on) Leaf 3 (post)
Control Dip 0.035 £ 0.014 0.043 £ 0.011 0.036 + 0.003
Gain 0.013 + 0.006 0.017 £ 0.010 0.013 + 0.004
2.45 GHz Dip 0.047 + 0.003 0.027 + 0.004* 0.051 + 0.011
Gain 0.013 £ 0.007 0.015 + 0.003 0.014 + 0.002

Leaf 1 (pre), Leaf 2 (on), and Leaf 3 (post) represent leaf one, two and three in
control experiments and pre-microwave, on-microwave and post-microwave
treatment stages, respectively. Dip and Gain represent depolarization and
repolarization phases, respectively. The 2.45 GHz represent 2.45 GHz micro-
waves exposed experiments, and the Control represents the experiment
continued without the microwave exposure during the Leaf 2 (on) duration.
*indicates significant difference over pre-microwave exposure (P < 0.05).

wave and on-microwave status, and by 7.1% between pre-
microwave and post-microwave status (Table 3).

Burning injury would trigger all three major signaling path-
ways in the plant; hydraulic, chemical, and electric.">'® When
hydraulic signals are considered, a flame causes the destruction
of cells in the area directly exposed, increased osmotic pressure by
expansion of cell plasma in the surrounding area, and expansion
of the water column in vascular tissues. This would cause a sudden
increase of hydrostatic pressure in the whole water column.
Therefore, there could be a flow of water generated from the
damaged area of the leaf toward the intact area of the leaf, and
from the shoots toward the roots. While vascular pressure
increases it can alter the hydrostatic equilibrium of the shoot
cells by drawing more water from the vascular tissues."” The
changing hydrostatic pressure in cells would lead to reducing
the ionic concentration of cytoplasm. Further, stretching of cel-
lular membranes due to the influx of water may affect the
mechanosensitive ion channels which affect membrane voltage
and cytoplasmic ion concentration.'® The VPs of plants are
dependent on the vascular pressure surge along the stem, which
propagates through the hydraulic wave generated at the injury
site.'” The burn injury-induced VP propagation speed can be
reduced greatly with distance. In pea seedlings, VP propagated
40 - 50 cm min " at 5 cm from the wound site and was reduced to
5- 15 cm min~" at 20 cm away from it.*° Similarly, in wheat
seedlings the rate was 24 cm min™' at 3 cm and 4.2 cm min ™"
15 cm away from the wound site.”' However, VP propagation in
the present study was 15 cm min™" at 7 cm distance between
wound site (zero point) and reading electrode (data not pre-
sented), suggesting species-specific propagation speed of VP.
Also, the variation can result from plant size or age.”” The inten-
sity of the signal decreased with distance from the stimulus site,®
which in the present study varied by 13.6% between the first two
top leaves, and by 23% between the first and third leaves.

Microwave exposure caused a significant decline in EP magni-
tude, raising the question as to how the hydraulic pressure-pro-
pelled VP is affected by microwave exposure. Burn injury or
wounding-induced VP can be generated by transportation of
wounding substances and increased by the hydraulic wave
propagation.”** These chemicals can be transported through
the vascular system and induce electron reactions.” The propaga-
tion of VP relates to the transient inactivation of H"-ATPase and
the inhibition of H"-ATPase reduces the amplitude and the velo-
city of depolarization and repolarization of VPs.” Additionally, the
depolarization and the repolarization events of VP can be
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influenced by activation and inactivation of cation and anion
channels. The Katicheva et al.** confirmed the reduction of VP
amplitude by lowered extracellular calcium cation (Ca®),
decreased VP amplitude and depolarization rate by lowering
extra-intra cellular chlorine anion (Cl") gradient and suppressed
VP repolarization by blockage of potassium cation (K*) efflux
channels in wheat leaves. Therefore, one of the reasons for the
alteration of the injury-induced VP upon microwave exposure can
be the dielectric activity enforced on these dipolar (H,0) and
charged molecules. Our previous study confirmed the effect of
microwaves on the rapid fluctuations observed in the resting
potential, the standard deviation of which (SDEP) in
Myriophyllum aquaticum plants, was affected by microwave
exposure.”® Additionally, SDEP responded differently to the polar-
ity of the microwave which caused the vibration direction of
charged ions and dipolar molecules to change.'> Based on this
evidence, we suggest that the reduction of VP amplitude resulted
from the dielectric activity enforced on plants. The influence of
microwaves can be higher on cations than it is on anions, as the
propagation speed during the polarization phase was significantly
reduced. However, further studies that include controlling anion,
cation, H"-ATPase and extra cellular ATP suggested by Roux
et al*® are necessary to determine whether the effect is solely due
to charged ions or a combination of factors.

The VPs in plants exhibited common characteristics of the
signal for a particular stress.”” In this study VPs exhibited a
distinct common EP spike despite microwave exposure. The
reason for these characteristics can be the release of stress-specific
chemicals and long-distance transport through the vascular tis-
sues as necessary information to generate defense/adaptation
mechanisms. On the other hand, release of chemicals to the
vascular system as the response to a wound signal can be involved
with specific characteristics. Therefore, we suggest that the expo-
sure to microwaves did not affect or alter the burn injury-signaling
mechanism. However, it is not known whether the reduced mag-
nitude of the generated VP may not be enough to trigger an
adaptive response mechanism by the plant. This should be further
investigated with regard to injury-related gene expression®** and
release of stress-related chemicals in distant locations.'>*
However, such research must be carefully conducted, as micro-
wave exposure-induced wounding and stress-related gene expres-
sion and accumulation of stress-related substances have been
reported in most studies.'' Moreover, microwave frequency,
power density, polarization and duration of exposure are factors
which are known to determine the nature and the magnitude of
the effects form microwave radiation. On the other hand, plant-
related factors, such as species, growth stage, age and physical
conditions are also very important. Therefore, further studies
should consider these factors to better understand EMR effects
on plant signaling phenomena.
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