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Abstract

An individual plant cell functions as a complex
dynamic circuit, composed of resistor, capacitor,
and inductor networks created by cellular structures
and macromolecules. Furthermore, high-voltage
electrostatic fields (HVEF) alter its electrical
properties and initiate metabolic changes. This
study aimed to examine the impact of HVEF on
the kinetic properties of potassium (K*) and
phosphate (H2PO ) absorption by Cucumis sativus
L. seedlings, and further probed the regulatory
mechanisms by constructing a cell membrane
potential model. Experimental findings revealed
that HVEF substantially altered the maximum
uptake rate ([,,,,), half-saturation constant (X,,),
and minimum critical concentration (C,,;,) of K
and HyPO, absorption in cucumber seedlings.
Additionally, the regulatory effects displayed a
clear dependence on the intensity of the HVEF.
Potassium uptake increased as the intensity rose
to 1 kV/cm, before declining between 1 and 2
kV/cm. Likewise, phosphate uptake increased as
the intensity reached 0.5 kV/cm, before decreasing
between 0.5 and 2 kV/cm. A spherical cell model,
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based on Poisson’s equation, indicated that HVEF
caused asymmetric membrane potential shifts
(hyperpolarization on the lower hemisphere
and depolarization on the upper hemisphere),
controlling the opening and closing of ion channels.
This research offers a theoretical foundation for the
use of HVEF in modulating plant nutrient uptake.
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1 Introduction

A single plant cell acts as a sophisticated dynamic
circuit, composed of resistor, capacitor and inductor
networks from cellular structures and macromolecules
that encode physiological states via interactions.
Metabolic and biochemical processes reflect changes
in these electrical component networks, with their
energy storage and conversion manifesting as cellular
metabolism [1]. High-voltage electrostatic fields
(HVEF), as an energy form, inevitably alter plant
cellular electrical behavior and induce metabolic
changes when applied to plants.

The biological effects of HVEFs on plants have been
investigated over the last few decades. In addition
to increasing dry weight [2], plant heights, and
leaf surface areas [3], HVEFs have been shown to
improve germination [4, 5], affect photosynthesis
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and respiration rates [6], and alter hydrogen and
carbon dioxide output rates. Moreover, the application
of electric fields can influence nutrient uptake. It
has been proven that HVEFs may accelerate the
cotransport of several ion species, such as nitrogen [7,
8], potassium [9], and phosphate [10], and increase
the amount and activity of plasma membrane enzymes
involved in channels for ion absorption.

The application of electric fields can alter membrane
potential, which plays a crucial role in nutrient
uptake [11]. Some external stresses, such as salt
stress, can also disrupt membrane potential [12]. The
membrane potential, caused by charge separation, can
change the permeability of the plasma membrane
and control the transport of nutrients across the cell
membrane [10, 13, 14]. Conversely, ion uptake can
also alter the membrane potential [15-18]. Therefore,
it is speculated that the effects of HVEFs on ion uptake
may be related to the alteration of membrane potential
induced by these fields.

Soil phosphorus cycling and efficient phosphorus
utilization represent core issues in agricultural
nutrient management. It has been established that
land-use changes and agricultural practices exert a
profound regulatory influence on the entire process
of soil phosphorus cycling and crop phosphorus
absorption [19]. Optimized phosphorus application
measures can not only enhance soil enzymatic activity
but also effectively improve crop nutritional status
and promote biomass accumulation by augmenting
phosphorus incorporation efficiency [20].  This
underscores the significance of exploring artificial
regulation strategies for crop nutrient uptake to
enhance fertilizer use efficiency. ~Moreover, ion
homeostasis serves as the foundation for maintaining
normal plant physiological metabolism, particularly
under abiotic stress such as salinity. Ammonium
nitrate can mitigate the damage caused by salt stress
to Vigna radiata L. by regulating plant physiological
characteristics and phytohormone metabolism to
uphold ion balance [21]. Pseudomonas putida RT12
is also capable of enhancing the salinity tolerance
of peas through the mediation of ion homeostasis,
osmotic adjustment, and reactive oxygen species
detoxification [22]. As a physical regulatory approach,
HVEEF has been proven to exert an influence on crop
ion absorption. Its regulatory effect on ion homeostasis
is expected to provide a novel technical approach
for enhancing crop nutrient utilization efficiency and
stress resistance.

The Michaelis-Menten kinetic equation, which
describes the kinetics of ion absorption, has been
employed extensively to convey the information
about ion uptake by plants [23, 24]. Extracellular
electric-field-induced membrane potential changes
are well described by Poisson’s equation of
electrostatics [11]. However, while some research has
demonstrated the effect of HVEF on ion absorption,
little information has been provided on the kinetics
of HVEF-induced nutrient uptake, particularly in
the simultaneous case of potassium and phosphate..
Besides, the effects of these fields on membrane
potential have not been examined to date. Therefore,
this study investigated the kinetic effect of HVEFs
on potassium and phosphate absorption by plants.
Poisson’s equation was employed to a cell model on
membrane potential that attempted to explain the
kinetics changes caused by HVEF.

2 Material and Methods

2.1 Cucumber plant seedling preparation

Cultivated all over the world, Cucumis sativus L. has
been known for its great demand for potassium
and phosphate. Hence, C. sativus L. was chosen
as experimental material in this work. Cucumber
(C. sativus L.) seeds were surface sterilized with
0.5% (w/v) aqueous formalin for 30 min, washed,
and imbibed with distilled water for 24 h. After
germination, the seedlings were transferred into quartz
sand under a 16 h/8 h light/dark cycle at 25 + 1 °C and
an irradiance of 600 ymol/m? s and cultured with a
regular supply of fresh Hoagland nutrient solution
for 30 days. Next, they were irrigated with 1 mM
CaSOy starvation solutions for 2 days and used for
cell absorption experiments.

2.2 Reagents and solutions

Nutrient solutions were prepared from analytical
grade potassium nitrate and ammonium dihydrogen
phosphate. Double-distilled water was wused
throughout the analyses. Potassium or phosphate
concentrations amounted to 1 mmol/L.

2.3 HVEF treatment system

2.3.1 Experimental setup

HVEF treatments were performed using a
laboratory-scale high electric field apparatus
with a maximum output of 100 kV. As shown in
Figure 1, this apparatus included a BGG100KV/2MA
power generator (Beijing Electrical and Mechanical
Institute, Beijing, China), two rectangular 40 cmx60
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cm stainless steel plates used as electrodes, a
high-voltage controller, a voltmeter, an ammeter , and
an electrostatic shield.

2.3.2 Generation of electrostatic field

The generator created an electric charge that produced
a high voltage between the stainless steel electrodes
(Figure 1). The adjustable cathode—anode distance
provided different electric field strengths. A parallel
plate setup resulted in quasi-uniform interelectrode
fields and the electric field strength was estimated
according to the following equation:

Voltage (kV)
Distance (cm)

(1)

In this study, the output voltage was variable for an
interelectrode distance of 20 cm [15].

Electric field strength (kV/cm) =

2.4 Absorption experiment

Ten starved seedlings were placed in 100 mL beakers
in the presence of the corresponding nutrient solution
(80 mL) and exposed to electric field intensities of 0.5,
1.0, 1.5,2.0, 2.5, and 3.0 kV/cm. The entire experiment
proceeded in an artificial climate chamber at 25 41 °C
with a relative humidity of 60%-70% and a photon
flux density of 200 ymol/m?s. The pH in absorption
solution was 7.5 for KNOj3 and 7.7 for NH,H5PO,,
respectively.

Control seedlings were placed between the same
electrode plates with the voltage switched off, so that
temperature, airflow, humidity, electrostatic shielding
and mechanical support conditions were identical
between control and HVEF treatments.

For each HVEF treatment, five independent beakers
were used, each containing ten starved seedlings
(biological replicates). Ion uptake at a given HVEF
level was calculated as the means of these five
independent experimental units. The first sampling at
10 min was chosen to capture the initial, approximately
linear uptake phase, while subsequent samplings at
60 min intervals allowed us to follow the depletion
of nutrients over a sufficiently long period (7 h)
without excessively disturbing the system. This
sampling scheme provided enough data points to fit
the depletion curves and extract kinetic parameters
while keeping the experimental procedure practical.

The 7-h uptake period was selected to obtain sufficient
depletion data for reliable kinetic fitting. To maintain
transporter activity and membrane integrity during
this period, all experiments were conducted under
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controlled temperature, humidity and light conditions
in an artificial climate chamber, and the seedlings
had been pre-starved in CaSO, solution for 2 days
to minimize metabolic shifts during the measurement.
In addition, the nutrient solutions were not renewed
during the 7-h uptake period, so the observed
depletion curves reflect a continuous uptake process
rather than repeated perturbations.

Because a solution-depletion technique was employed,
each uptake experiment consisted of a full-time course
of nutrient depletion rather than a single end-point
measurement. Kinetic parameters (Imax, /m and Cmin)
were obtained by fitting the Michaelis-Menten model
to the depletion curves for each treatment. These
parameters are therefore model-derived estimates
rather than directly measured variables, and the initial
solution concentrations could not be made identical
in every run. Given these methodological constraints,
conventional ANOVA on the fitted parameters would
be of limited meaning. We therefore interpret the
observed trends with caution and avoid overstatement
of statistical significance.

2.5 Michaelis—-Menten equation

The kinetics of potassium and phosphate uptake by
the test seedlings were evaluated with a linear fit using
the Michaelis—-Menten equation:

Imax : C

J =2 = 2
K, +C (2)

where C'is the ion concentration, I is the uptake rate at
concentration C, Imay is the maximum uptake rate, and
K, is the half-saturation constant [24]. The minimum
critical concentration for ion absorption (Cmin) was
also calculated, when the I was equal to 0.

3 Results

3.1 Potassium Uptake

The variations in Imax and K,,, during HVEF-induced
potassium uptake are shown in Figure 2. When the
electric field intensity increased to 1 kV/cm, Imax
increased remarkably. When the intensity increased
from 1 to 2 kV/cm, Imax decreased substantially.
Afterwards, the uptake rate showed a sharp increase
as the intensity kept on increasing between 2 and
3 kV/cm. In contrast, K,, and Cpin both exhibited
opposite trends with turning points at 1.0 and 2.0
kV/cm (Figure 2). At3.0kV/cm, K, and Cpin reached
minimum values 0.57 and 0.07 mmol/L, respectively.
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Figure 1. Schematic diagram of the experimental HVEF system. HVEF treatments were performed using a
laboratory-scale high electric field apparatus with a maximum output of 100 kV. This apparatus included a
BGG100KV/2MA power generator, two rectangular 40 cmx60 cm stainless steel plates used as electrodes, a high-voltage
controller, a voltmeter, an ammeter , and an electrostatic shield.
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Figure 2. HVEF effects on Imax, K, and Cpin for potassium
uptake by cucumber seedlings. C. sativus L. seedlings were
exposed to electrostatic fields for 7 h at 25 + 1 °C under a
relative humidity of 60%-70% and a photon flux density of
200 pmol/m? s. The control sample was not subjected to
high electrostatic fields.

3.2 Phosphate Uptake

Compared with the control sample, an electric field
intensity of 0.5 kV/cm caused the phosphate uptake
to increase to a maximum value (Figure 3). Imax
decreased from this maximum with increasing HVEF
intensity for phosphate to reach a minimum at2kV/cm.
The phosphate uptake rate sharply increased when the
intensity of electric field increased from 2 to 3 kV/cm.
The variations in K, and Cnin during phosphate
uptake were similar as for potassium uptake (Figure 3).

4 Discussion

4.1 Cell Model

As widely acknowledged, the plasma membrane
of a plant cell can be modified by an applied
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Figure 3. HVEF effects on the kinetics of phosphate uptake.
(a) Imax and K, (b) Cmin. C. sativus L. seedlings were
exposed to the field for 7 h at 25 + 1 °C under a relative
humidity of 60%—70% and a photon flux density of 200
umol/m?s. The control sample was not subjected to high
electrostatic fields.

transmembrane electric potential [25]. Consequently,
the permeability of the membrane can change under
an HVEEF, especially when the field intensity exceeds a
specific threshold [26, 27]. In addition, the cell radius
is much larger than the membrane thickness, and the
membrane conductance is small compared with that
of the internal and external media [28, 29]. Therefore,
the effect of HVEF on ion uptake can be qualitatively
explained by introducing a simple spherical cell model,
in which the starved cell is considered as a uniform
conducting sphere surrounded by a thin insulating
membrane (Figure 4) [11].

In this model, the electrical conductivity of the
extracellular medium, cytoplasm, and membrane are
denoted by Ao, \;, and A,,, respectively. For most
healthy cells, the conductivity of the external and
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cell model

Figure 4. Schematic diagram of cell model. The radius of
cell (a) is much larger than the membrane thickness (9).
The model consists of uniform, spherical shells enclosing
conductive cytoplasm that could induce a calculable spatial
alteration of membrane potential.

internal media are similar and much larger than the
effective membrane conductivity:

Ao~ A >SS A <5>
a

where ¢ is membrane thickness, a is cell radius.

(3)

Under these conditions, the field-induced change in
transmembrane potential for a spherical cell exposed
to a uniform electric field of strength E can be
written as the sum of a direct electric-field term and a
surface-charge term [30]:

AVm = AVm-clirec’r + AVm-surface (4>
The direct term arises from the action of the external
field on the cell as a dielectric particle, and is given by
the classical Poisson solution:

AVm—direc’r = gEaf cos 0 (5)
where 6 is the angle between the radius to the point
of observation and the direction of the applied field,
f is a dimensionless factor that accounts for the
conductivity of the extracellular medium, cytoplasm,
and membrane.

200

= o ) @ ) + (%) A (X0 + \0)

(6)

For most healthy cells, f ~ 1 [24-26].

In the present work, § = 0° is defined at the upper
pole (facing the direction of the field, i.e. toward
the positive electrode), and # = 180° at the lower
pole (opposite to the field direction). This expression
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predicts that the upper pole (6 = 0°) becomes more
positive (depolarized), whereas the lower pole (6 =
180°) becomes more negative (hyperpolarized), while
the equatorial region (6 ~ 90°) is only weakly affected.

The surface-charge term arises from electrophoretic
redistribution of electromobile charges located at the
outer cell surface. Based on Gouy—Chapman theory,
the surface potential (1) associated with these charges
is related to the surface charge density (o) by [30, 31]:

- (T

where R is the gas constant, T is the absolute
temperature, F' is Faraday’s constant, and A is a
parameter that depends on the ionic strength and
dielectric constant of the bathing solution. Combining
this relationship with the description of field-driven
surface charge redistribution, expression for the
surface-charge contribution to AV, is given by [30]:

(7)

AVm—surface = 'QZ}O - (F) i _1{0'0 [(1 — V)

(8)
+ v csch ﬁe‘ﬁ“’se} /A}

where 1)y and oy are the surface potential and
surface charge density, respectively, in the absence
of an applied field. v is the mobile fraction of the
surface component, 3 is a dimensionless parameter
proportional to the product of field strength, cell
radius and the ratio of electrophoretic mobility to
diffusion coefficient (m/D), and cschf = 1/sinh 3
is the hyperbolic cosecant. A is the same parameter as
above and depends on the ionic strength and dielectric
constant of the medium [28-31].

The actual membrane potential is then:

where 1 is the resting membrane potential in
the absence of HVEF. Although the full analytical
form of AV}, surface is complex, the combined model
consistently predicts that the membrane potential
becomes more positive in one hemisphere and more
negative in the opposite hemisphere under a uniform
external field. This angular dependence of V;,, (from
6 = 0° to § = 180°) is the key feature used here to
explain the opening and closing of voltage-gated ion
channels under HVEF.
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For convenience, we define the membrane potentials
at the upper and lower poles of the cell as V; and
Vi, respectively. With the above convention, the
membrane potentials at the two poles can be written
as:

3
W:‘/()+§Eaf+¢0

B <2J;T> sinh—? {0_0 [(1 —v) 4 vfcsch ﬂe—ﬁ} /A}
(10)

Vi = Vo~ o Baf +
— <2};,T> sinh ™! {O'() [(1 —v) +vfcsch 56’8} /A}

(11)

4.2 Application of model

The analysis in 4.1 shows that a uniform HVEF
induces an angularly dependent change in membrane
potential, with the upper pole becoming depolarized
and the lower pole hyperpolarized as the field strength
increases. This asymmetric polarization provides a
simple physical basis for the preferential opening of
inward-rectifying channels (Iin) on the hyperpolarized
side and outward-rectifying channels (/o) on the
depolarized side.

Two types of ion channels showing characteristic
voltage dependence have been identified.
Inward-rectifying ion channels open under
hyperpolarization conditions and facilitate ion
uptake. Outward-rectifying ion channels open under
depolarization conditions and enable an outward ion
current at relatively positive voltages [9]. Because the
plants had been treated with a starvation medium,
the resting membrane potential V, was below the
activation threshold A; for inward-rectifying channels
and had approximately the same value on the upper
and lower hemispheres of the cell.

Changes in cell membrane permeability involving
membrane hyperpolarization and depolarization
occurred in three stages as the applied field increased.

In stage I, the direct field term causes a moderate
polarization of the cell membrane. When the applied
HVEF intensity increases to E; (Figure 5(b)), the
absolute value of the bottom membrane potential (V};)
approaches the critical voltage for inward-rectifying
ion channels (A;), so these channels adopt an “open”
conformational state. In contrast, the top membrane

potential (V;;) does not reach the critical voltage for
outward-rectifying ion channels (A4,), and therefore
Iout channels remain closed. Qualitatively, this can be
written as:

‘/tl < Ao (12)

Vo] = Ai (13)
For field strengths in the range £y < E < Ej
(Figure 5(c)), the area of membrane supporting
outward current (/o) is essentially zero, whereas the
area supporting inward current (/i,) increases with
HVEEF intensity because |V} | increases with E. This
results in a net absorbing area on the lower hemisphere.
In this range, ion absorption increases with the applied
field until nearly the entire lower hemisphere is in the
absorbing state.

In stage I (E ~ E, in Figure 5(d), E > E; in
Figure 5(e)), the entire lower hemisphere of the
cell remains in the absorbing state (/i fully active),
and the I, area changes little with further increases
in field strength. In this stage, the top membrane
potential (V;2) now exceeds the critical voltage A, for
outward-rectifying ion channels, indicating that /¢
channels adopt an “open” conformational state:

‘/1,‘2 > Ao (14)

In this stage, V;2 increases with the applied field, which
leads to an increase in the area supporting I,u. The
difference between the I, and I,y areas decrease as
the intensity increases, until almost the whole upper
hemisphere of the cell is in the outward-rectifying
state (stage II, Figure 5(e) ). This implies that further
increases in HVEF will reduce net ion absorption in
this stage.

In stage III, when the field strength reaches Ej
(Figure 5(f)), the membrane potential at the
depolarized upper pole (Vi3) exceeds a critical value
(V.) for voltage-gating effects and electroporation
occurs, leading to a sharp increase in cell membrane
permeability [32-39]. Using the expression for
AV, (0) (Egs. 7, 9 and 11), this condition can be
summarized as:

|Avm‘9=0° > Ve (15)
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Figure 5. Schematic diagram showing the changes in membrane potential and ion absorption induced by an electric field.
The different colors in the figure indicate different membrane potential (V,,,) which conduct different kinds of ion
current (Iiy), (balance) and (Zoyut).

At this stage, the formation of transient pores in the
membrane greatly enhances transmembrane transport.
Although not fully understood, pore formation may
generate openings through which even large molecules
can enter the cell membrane [35-43], dramatically
enhancing ion and solute uptake.

To further illustrate how HVEF modulates the spatial
distribution of membrane potential, the dependence
of V,, on the angular position § was calculated
for a spherical cell under different field strengths
(Figure 6). In the absence of an applied field, V},
is uniform and equal to the resting potential V5.
As F increases, the direct term %Ea f cos 0, together
with the surface-charge contribution, generates an
approximately cosine-shaped variation in V,: the
upper pole (§ = 0°) becomes progressively
depolarized, while the lower pole (# = 180°) becomes
progressively hyperpolarized, and the equatorial
region (6 ~ 90°) remains close to V. At higher field
strengths, the magnitude of this angular modulation
increases, and V},, at the upper pole approaches the
critical potential V, for electroporation, in agreement
with the three-stage scenario described above.

Taken together, the three stages described above (stage
I: mainly I;,; stage II: competition between I, and
Iout; stage III: electroporation-enhanced transport)
provide a coherent qualitative framework to interpret
the non-monotonic changes in Imax, K and Cmin
for both K™ and HyPO, uptake under HVEF. At
lower fields (E around E; ), HVEF primarily enhances

the effective membrane area for inward ion flux.

At intermediate fields (F between FE; and Es), it
promotes both inward and outward fluxes and may
partially inhibit net uptake. At the highest fields
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(E > E3), electroporation superimposes a non-specific
increase in membrane permeability, which explains
the sharp increase in Ima.x despite the concurrent
expansion of outward-rectifying regions.

E=0.0kV/iem
E=05kV/iem
E=1.0kV/iem
E=15kV/em
E=20kV/iem |
E=25kV/em
—— =~ datal

1000

500
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=500

-1000 -

-1500 -

0 45 90 135 180
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Figure 6. Plasma membrane potential V,,, of an 8-um
diameter spherical cell as a function of angle @ for an initial
membrane potential V; of 60 mV. The value of the mobile
fraction v was 0.9. Electron microscopy provided a mean a

value of approximately 4.0 um [12, 41, 44]. The cell was
exposed to a series of uniform electric fields.

4.3 Prospects and Limitations

HVEEF, as an energy-saving physical regulation method,
has broad application prospects in agricultural
production. By adjusting the intensity of HVEEF, it
may be possible to specifically regulate the uptake of
potassium and phosphate by plants, which is of great
significance for improving fertilizer use efficiency and
reducing environmental pollution. In combination
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with optimized fertilization strategies, targeted HVEF
treatments could thus contribute to more sustainable
nutrient management in intensive cropping systems.

However, several limitations of this study should be
acknowledged. First, all experiments were conducted
under controlled laboratory conditions using nutrient
solutions and starved seedlings. The extent to which
HVEF can influence nutrient uptake in soil-grown
plants under field conditions remains uncertain and
requires further verification. Second, the theoretical
model developed here is tailored to K *+ and HoPO,
uptake and relies on a simplified spherical cell
geometry and steady-state assumptions. Whether the
same mechanisms apply to other nutrient ions, ion
pairs or more complex root architectures needs to be
examined.

Third, the kinetic parameters (Imax, Km and Cmin)
were obtained using a solution-depletion technique
and model fitting. Each uptake experiment consisted
of a full depletion time course rather than a single
end-point measurement, so the kinetic parameters
are model-derived estimates rather than directly
measured variables, and conventional statistical tests
are not straightforward to apply. We therefore
interpret the observed trends with caution and avoid
overstatement of statistical significance. Finally, the
long-term effects of repeated or continuous HVEF
exposure on plant growth, development and metabolic
pathways remain largely unknown. Future work
should address whether chronic HVEF treatments
induce physiological adaptation or stress responses
that might alter nutrient uptake kinetics over longer
time scales and under realistic field conditions.

5 Conclusion

In this study, the kinetics of potassium and
phosphorus uptake by C. sativus L. seedlings
under HVEF conditions were investigated using
the Michaelis-Menten equation. The applied HVEF
intensity substantially altered the rate and affinity of
potassium and phosphate absorption. An intensity
of 1.0 kV/ecm was found to substantially enhance
the absorption by the cucumber seedlings without
causing electroporation of the cells. A cell membrane
potential model was constructed to elucidate the
effect of HVEF on this absorption process. However,
it is unclear whether this mechanism applies to the
uptake of other ion species, necessitating further
investigation. Given that the biological applications
of HVEF require minimal energy, they hold potential
for further exploration to either enhance or inhibit the

uptake of specific ions by plants.

Future work should evaluate the effects of HVEF
on nutrient uptake under field conditions and in
soil-grown plants, and assess whether the proposed
mechanism applies to other essential ions. In
addition, the long-term impacts of repeated HVEF
exposure on plant growth, development and stress
responses remain to be elucidated. Such studies
will help determine how HVEF can be integrated
into sustainable fertilization and crop management
strategies.
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