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TECHNICAL NOTE: 

EFFECT OF HIGH-VOLTAGE ELECTROSTATIC FIELD ON  
INORGANIC NITROGEN UPTAKE BY CUCUMBER PLANTS 

Y. Wu,  J. Zhu,  Y. Li,  M. Li 

ABSTRACT. We investigated the inorganic nitrogen uptake by cucumber (Cucumis sativus L.) plants under high-voltage 
electrostatic field (HVEF). The maximum uptake rates and affinities significantly changed with increasing field intensity. 
Ammonium uptake slightly increased when the field intensity increased to 1.0 kV cm-1 and then decreased between 2.0 and 
3.0 kV cm-1. HVEF contributed to the affinity for nitrate in all treatment groups. The affinity of cucumber seedlings for 
nitrate positively correlated with the intensity of the applied field as the field increased to 1.0 kV cm-1. HVEF enabled the 
seedlings to opt to consume nitrate when two types of nitrogen were present in the nutrient solution. These results can be 
attributed to feedback adjustment and electron transportation in nitrogen assimilation. 

Keywords. Cucumis sativus L., Depolarization, High-voltage electric field, Hyperpolarization, Ion absorption kinetics. 

he biological effects of high-voltage electrostatic 
field (HVEF) on plants have fascinated research-
ers for decades. For instance, HVEF increases 
plant height, dry weight, and leaf surface area 

(Moon and Chung, 2000; Murr, 1963; Nechitailo and Gor-
deev, 2001), promotes seed germination (Moon and Chung, 
2000; Sidaway and Asprey, 1966), and prolongs food stor-
age (Hsieh and Ko, 2008; Knorr, 1999; Zhao et al., 2011). 
HVEF also greatly increases the respiration rates (Ma et al., 
1991; Palanimuthu et al., 2009), hydrogen output rates, and 
carbon dioxide output rates of plants (Sidaway and Asprey, 
1968). Moreover, HVEF significantly enhances the amount 
and activity of water-soluble proteins that are important in 
plant growth and development. Such proteins include plas-
ma membrane enzymes that are crucial for ion absorption 
(Ma et al., 1991). Hence, HVEF may accelerate the cotran-
sport of several types of ions. Since it has advantages of 
non-pollution, low cost, and low energy consumption, 
HVEF is widely employed in seed germination, growth 
promotion, food storage, and scientific research (He et al., 
2014). 

Nutrient elements, such as potassium, phosphate, am-
monium, and nitrate, are crucial for plant growth, and en-

hancing the uptake of nutrient elements is important to im-
prove crop yield. Nutrient uptake is mainly influenced by 
light, temperature, and element content in the soil under 
natural conditions. Little research has been documented 
about the effect of HVEF on nutrient uptake. Wu (1989) 
reported that appropriate HVEF promoted K+ absorption. 
However, little is known about the kinetics of HVEF-
induced nutrient uptake, particularly for inorganic nitrogen. 
This type of nitrogen is an essential element for plant 
growth and can be converted into ammonium or nitrate. As 
an extension of previous reports, this study investigated the 
effect and mechanism of HVEF on inorganic nitrogen up-
take by plants through the Michaelis-Menten kinetic equa-
tion (Saker et al., 1984). 

MATERIALS AND METHODS 
CUCUMBER PLANT SEEDLING PREPARATION 

Cucumber (Cucumis sativus L.) seeds were surface steri-
lized with 0.5% (w/v) aqueous formalin for 30 min, 
washed, and then imbibed with distilled water for 24 h. 
After germination, the seedlings were transferred into 
quartz sand under a 16h/8h light/dark cycle at 25°C ±1°C 
and an irradiance of 600 μmol m-2 s-1. The seedlings were 
cultured with a regular supply of fresh Hoagland nutrient 
solution for 30 d. Subsequently, seedlings with consistent 
appearance were selected, irrigated with 1 mM CaSO4 star-
vation solution for 2 d, and used for absorption experi-
ments. 

REAGENTS AND SOLUTIONS 
Graded ammonium dihydrogen phosphate and potassi-

um nitrate were used to prepare three types of nutrient solu-
tions. The compositions of the nutrient solutions are shown 
in table 1. Ammonium or nitrate concentrations were ad-
justed to 1 mmol L-1. Double-distilled water was used 
throughout the analyses. 
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HVEF TREATMENT SYSTEM 
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, the apparatus included a 
BGG100KV/2MA power generator (Beijing Electrical and 
Mechanical Institute, Beijing, China), two rectangular 
40 cm × 60 cm stainless steel plates as electrodes, a high-
voltage controller, a voltmeter, an ammeter, and an electro-
static shield. 

Generation of Electrostatic Field 
The generator created an electric charge that produced a 

high voltage between the stainless steel electrodes (fig. 1). 
The adjustable cathode-anode distance provided different 
electric field strengths. A parallel plate setup resulted in 
quasi-uniform interelectrode fields. In this study, the output 
voltage was variable for an interelectrode distance of 20 cm 
(Zhao et al., 2011). 

The electric field strength was estimated according to 
the following equation: 

 
d

U
E =  (1) 

where 
E = intensity of HVEF (kV cm-1) 
U = voltage between positive and negative electrodes 

(kV) 
d = interelectrode distance (m). 

ABSORPTION EXPERIMENT 
Ten starved seedlings with consistent appearance were 

placed in 100 mL beakers with the corresponding nutrient 
solutions (80 mL) as a replication. Five replications were 
set in one group for the same treatment, and then seedlings 
of seven groups were exposed to electric field intensities of 
0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 kV m-1, respectively. The 
entire experiment was performed in an artificial climate 
chamber at 25°C ±1°C, relative humidity of 60% to 70%, 
and photon flux density of 200 μmol m-2 s-1. The ion uptake 
reported at each HVEF level was calculated as the mean of 
five replicates. Aliquots were collected manually from the 
nutrient solutions and then placed into PE vessels. Aliquots 

of each absorption experiment were first taken at 10 min 
after the beginning of the experiment and then hourly over 
a 7 h period. 

MICHAELIS-MENTEN EQUATION 
The kinetics of ammonium and nitrate uptake by the test 

seedlings were evaluated with a linear fit using the Michae-
lis-Menten equation (Down and Riggs, 1965): 

 
CK

CI
I

m +
⋅= max  (2) 

where 
C = ion concentration of the solution on the root surface 

(mmol L-1) 
I = uptake rate at concentration C (mmol h-1) 
Imax = maximum uptake rate (mmol h-1) 
Km = half-saturation constant. 
Rearrangement of equation 2 yields: 

 maxII
C

IKm =+  (3) 

Equation 3 was integrated on both sides of equality and 
then simplified to obtain: 

 BItCKC m +⋅=+ maxln  (4) 

where t is the absorption time after the beginning of the 
experiment, and B is the integration constant. 

Parameter C was set as C0 when t was zero. Subsequent-
ly, equation 4 was translated as follows: 

 
C

C
KItCC m

0
max0 ln+⋅=−  (5) 

RESULTS 
AMMONIUM UPTAKE 

The variations in Imax and Km during HVEF-induced 
ammonium uptake are shown in figure 2 (p < 0.05, Tukey 
test). The value of Imax slightly increased when the intensity 
increased to 1.0 kV cm-1 and then significantly decreased 
between 2.0 and 3.0 kV cm-1. The applied field in which 
the intensity was lower than 1.0 kV cm-1 did not remarka-
bly affect Km. However, Km sharply increased between 1.0 
and 1.5 kV cm-1, decreased before the intensity of HVEF 
increased to 2.0 kV cm-1, and then significantly increased 
when the intensity of HVEF increased between 2.0 and 
3.0 kV cm-1. The presence of nitrate in the nutrient solution 
did not affect the overall trends for Imax and Km. The Imax 
values were higher with nutrient solution 1 than with nutri-
ent solution 3 when the intensity of the applied field was 
lower than 1.0 kV cm-1 (fig. 2a). Conversely, the Imax values 
with the two nutrient solutions were basically the same 
when the field intensity was higher than 2.5 kV cm-1. 

NITRATE UPTAKE 
An electric field intensity of 1.5 kV m-1 increased Imax to 

a maximum value (fig. 3a) when nitrate was the only nitro-
gen source (nutrient solution 2) (p < 0.05, Tukey test). Sub-

Table 1. Compositions of nutrient solutions. 
Nutrient Solution NH4H2PO4 KNO3 pH 

1 + - 6.92 
2 - + 7.49 
3 + + 7.20 

Figure 1. System schematic showing BGG100KV/2MA high-voltage 
generator and two rectangular 40 cm × 60 cm stainless steel elec-
trodes. 
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sequently, Imax decreased from this maximum with increas-
ing field intensity and reached a minimum value at 2.5 kV 
cm-1. The nitrate uptake rate slightly increased when the 
field intensity increased from 2.5 to 3.0 kV cm-1. The varia-
tion in Km in the absence of ammonium was similar to the 
variation in the presence of ammonium (fig. 3b). The ap-
proximate trend for Imax was similar when ammonium was 
present (nutrient solution 3) or absent (nutrient solution 2). 
For nutrient solution 2, the values of Km slightly decreased 
when the intensity of the electric field increased from 0 to 
1.0 kV cm-1, followed by a remarkable decrease from 1.0 to 
2.0 kV cm-1. The Km value stabilized at a low level when 
the field intensity was higher than 2.0 kV cm-1. However, 
in the presence of ammonium (nutrient solution 3), Km sig-
nificantly decreased and then stabilized at a low level when 
the field intensity was higher than 1.0 kV cm-1. 

DISCUSSION 
AMMONIUM UPTAKE 

Ammonium uptake involves the following reaction that 
limits the rate of ammonium utilization (Joy 1988): 

 

 
reductant) (oxidized2HPiADPGlu

)(reductant2ATPteoxoglutara2NH2 4

++++→

+++
+

+
 (6) 

In this research, the direction of the applied field was 
vertically downward. The applied field can contribute in 
carrying positively charged hydrogen ions, a type of reac-
tion product, to the lower parts of plants that can promote 
the reaction. Thus, the applied field is conducive to ammo-
nium uptake to some extent. Nevertheless, the applied field 
cannot accelerate the use of glutamine, which is another 
type of reaction product. The accumulation of glutamine 
has feedback inhibition and detrimentally affects the reac-
tion when the reaction is too fast to consume the glutamine 
in time (Lancien et al., 2000). This effect is dominant when 
the reaction rate is increased to a critical extent, causing the 
affinity for ammonium and the ammonium absorption rate 
to decrease. 

An effect called electroporation can increase the cell 
membrane permeability when the intensity of the applied 
field increases beyond the critical value for voltage-gating 
effects (Neumann et al., 1989, Schoenbach et al., 2004; 
Weaver, 2000; Zimmermann and Neil, 1996). Although not 
fully understood, pore formation may generate holes that 
freely transport large molecules into the cell membrane 

Figure 2. HVEF effects on (a) Imax and (b) Km for ammonium uptake
by cucumber (Cucumis sativus L.) seedlings. Seedlings were exposed
to electrostatic fields for 7 h at 25°C ±1°C, relative humidity of 60%
to 70%, and photon flux density of 200 μmol m-2 s-1. The control sam-
ple was not subjected to high electrostatic fields. Different letters
indicate a statistically significant difference between the kinetics pa-
rameters of ammonium absorption for different treatments (p < 0.05,
Tukey test). Values are means of five replicates. 

Figure 3. HVEF effects on the kinetics of nitrate uptake for (a) Imax

and (b) Km. Cucumber (Cucumis sativus L.) seedlings were exposed to 
the field for 7 h at 25°C ±1°C, relative humidity of 60% to 70%, and a 
photon flux density of 200 μmol m-2 s-1. The control sample was sub-
jected to high electrostatic fields. Different letters indicate a statisti-
cally significant difference between the kinetics parameters of nitrate 
absorption for different treatments (p < 0.05, Tukey test). Values are 
means of five replicates. 
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(Chapel et al., 1984; Glaser et al., 1988; Gowrishankar et 
al., 1988; Glass et al., 1997; Grubmüller et al., 1996; Puite, 
1992; Schoenbach et al., 2004). Under these circumstances, 
the mechanism of absorption of ammonium changes into a 
kind of passive transport. Subsequently, the absorption of 
ammonium that is positively charged decreases as the field 
intensity increases because of the repelling action of the 
applied field on positively charged ions. 

NITRATE UPTAKE 
Compelling evidence shows that the energy sources that 

contribute to stimulating nitrate uptake are derived from 
coupling to the proton electrochemical gradient across the 
plasma membrane. Specifically, two hydrogen ions are 
required when one nitrate ion is absorbed into the root epi-
dermal cell (Hawkins et al., 2000; McClure et al., 1990). 
Moreover, the applied field contributes to the concentration 
of positively charged hydrogen ions surrounding the cu-
cumber root, which benefits the cotransport of nitrate. In 
addition, only a proportion of the absorbed nitrate is assimi-
lated into the root, and the remaining part is transported 
upward through the xylem for assimilation into the shoot 
(Forde, 2000). In this study, the applied field accelerated 
the transport of negatively charged nitrate and nitrite. The 
acceleration provides sufficient reactant for glutamate syn-
thesis and promotes nitrate absorption by the plant. Nitrate 
assimilation is an energy-intensive process that specifically 
requires the transfer of two electrons per NO3

- converted to 
NO2

-, six electrons per NO2
- converted to NH4

+, and two 
electrons and one ATP per NH4

+ converted to glutamate 
(Bloom et al., 1992). Obviously, electrons are required in 
every process of nitrate uptake. The applied field also pro-
vides sufficient electrons to reduce nitrate and assimilate 
ammonium, and consequently accelerates nitrate absorp-
tion. Generally, this study showed that the applied field 
contributed to nitrate uptake. 

CONCLUSIONS 
This study investigated the kinetics of ammonium and 

nitrate uptake by Cucumis sativus L. seedlings under HVEF 
by using the Michaelis-Menten equation. The applied 
HVEF intensity significantly changed the absorption rate 
and affinity for ammonium and nitrate. The ammonium 
uptake slightly increased when the intensity increased to 
1.0 kV cm-1 and then decreased between 2.0 and 3.0 kV 
cm-1. HVEF also contributed to the affinity for nitrate in all 
treatment groups. This effect on affinity positively correlat-
ed with the intensity of the applied field as the field in-
creased to 1.0 kV cm-1. Moreover, HVEF enabled the seed-
lings to opt to uptake nitrate when two types of N were 
present in the nutrient solution, which demonstrated the 
importance of HVEF in the nitrate pollution treatment and 
ammonium tolerance of plants. Feedback adjustment, elec-
tron transportation, and electroporation theory were used to 
explain this effect. However, whether or not this mecha-
nism is suitable for the uptake of other ion species remains 
ambiguous and requires additional investigation. The bio-
logical applications of HVEF consume a minimal amount 

of energy and may be further investigated to adjust nutrient 
absorption by plants, which could be used to enhance the 
uptake of beneficial ions and inhibit the uptake of harmful 
ions. 
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