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  HIGHLIGHTS
● A positive high-voltage electrostatic field
(+HVEF) was found to significantly promote
the growth and development of tomato
seedlings.

● Distribution of ions in roots, stems and leaves
was systematically elucidated.

● +HVEF enhanced the mechanical strength of
tomato seedling stems.

● Mg2+ transport induced by +HVEF promotes
chlorophyll synthesis and photosynthesis.

● Integration of electrical and physiological
analyses reveals electrophysiological
mechanisms.
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  GRAPHICAL ABSTRACT
 

  ABSTRACT
Tomato is a globally important economic crop whose growth and development
are  influenced  by  various  environmental  factors.  As  an  emerging  physical
regulation method, high-voltage electrostatic fields (HVEF), has recently gained
attention  in  plant  growth  modulation.  This  study  investigates  the  effects  of
positive (+HVEF) and negative HVEF (−HVEF) on the phenotypic characteristics,
microstructure  and  mechanical  properties  of  tomato  seedlings.  Fourier-
transform  infrared  spectroscopy,  inductively  coupled  plasma  analysis  and
electrical  characterization  techniques,  were  used  to  systematically  examine
changes  in  functional  group distribution  and ion  profiles  within  plant  tissues.
The  results  show  that  +HVEF  treatment  for  25  d  significantly  enhanced  the
mechanical  strength  and  photosynthetic  performance  of  tomato  seedlings.
These improvements were associated with the modulation of polar functional
groups  and  magnesium  ion  distribution,  optimizing  the  electrophysiological
responses  of  the  plant.  Electrical  measurements  further  demonstrated  that
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+HVEF  altered  membrane  potentials  and  ion  channel  activities,  thereby
impacting  overall  physiologic  functions  and  enhanced  membrane
hyperpolarization,  stimulated  key  photosynthetic  enzyme  activities  and
promoted  biomass  accumulation  in  tomato  seedlings.  This  study,  through  a
multiscale  analysis,  elucidates  the  synergistic  regulation  of  plant
electrophysiology  and  photosynthesis  under  electric  field  exposure.  These
findings  provide  a  theoretical  foundation  for  the  application  of  electric  field
technologies  in  agriculture  and  offer  a  basis  for  integrating  equivalent  circuit
models with plant sensors.

© The Author(s) 2026. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)

  

1    Introduction
 
The growing global population and intensifying climate change
pose  significant  challenges  to  food  security[1,2],  necessitating
innovative  agricultural  strategies  to  enhance  crop  yield  and
resilience.  Current  agricultural  practices  generally  rely  on
chemical fertilizers and genetic modification, which can lead to
environmental  degradation  and  long-term  sustainability
concerns[3,4].  However,  research  on low-cost,  environmentally
friendly physical methods for promoting plant growth remains
limited.  Of  these  approaches,  high-voltage  electrostatic  field
(HVEF)  has  emerged  as  a  promising  alternative  to  enhance
plant  growth  and  development.  By  regulating  biological
processes at the cellular and molecular levels, these signals offer
a  sustainable  means  to  improve  crop  productivity  across
diverse environmental conditions[5].

HVEF refers to a stable electric field generated by high voltage,
which  influences  matter  or  biological  systems  through
electrostatic forces without involving current flow. It  has been
widely  used  to  regulate  cellular  growth,  metabolism  and
material  transport.  Plants  inherently  possess  bioelectrical
properties,  where  the  distribution  of  ions  across  the  cell
membrane, cytoplasm and intercellular spaces forms a complex
electrophysiological system[6–9].  The application of an external
electric  field  can  alter  membrane  potential,  ion  flux,  cell  wall
structure, photosynthesis and antioxidant systems, significantly
affecting plant growth. HVEF has been shown to enhance seed
hydrophilicity,  influence  seed  viability,  and  promote  wheat
seed  germination.  Presowing  treatment  with  HVEF  can
improve  seed  stability  and  disease  resistance[10].  In  tomatoes,
HVEF  has  been  reported  to  extend  shelf  life  by  reducing
microbial  growth  and  modulating  enzyme  activity[11].
However, despite these advantages, the effects of HVEF remain

highly  dependent  on  field  strength,  frequency  and  exposure
duration[12–14].  The  underlying  mechanisms  governing  plant
responses  to  electrical  signals  of  different  polarities  remain
insufficiently  understood,  including  the  biphasic  regulatory
effect of HVEF on plant growth, time-dependent responses and
electrophysiological  interactions.  A  systematic  investigation
into  the  interaction  between  HVEF  and  plant  physiological
characteristics  is  essential  for  optimizing  its  application  in
agriculture[15].

The  dynamic  distribution  and  transmembrane  transport  of
ions  are  fundamental  to  plant  physiological  metabolism[16].
External  electric  fields  can  drive  ion  migration  and
redistribution  through  dielectrophoretic  and  electroosmotic
effects,  thereby  modulating  physiological  functions.
Magnesium  ions,  as  central  components  of  chlorophyll  and
cofactors  for  photosynthetic  enzymes[17],  are  critical  for
photosystem  II  stability[18,19] and  the  catalytic  activity  of
RuBisCO  in  the  Calvin  cycle[20].  Mg2+ accumulation  in  the
chloroplast  stroma  directly  stabilizes  photosystem  II  reaction
centers,  while  fluctuations  in  cytosolic  Mg2+ concentrations
can influence photophosphorylation efficiency by altering ATP
synthase  conformation[21].  Directional  Mg2+ transport  in
vascular  tissues  may  regulate  enzymes  involved  in  lignin
biosynthesis,  such  as  phenylalanine  ammonia-lyase,  thereby
enhancing  mechanical  support.  In  mesophyll  cells,  subcellular
Mg2+ compartmentalization,  particularly  targeted  transport  to
chloroplast membranes,  can improve light energy capture and
electron  transport  chain  coordination.  Additionally,  electric
fields  can  modulate  Mg2+ transporter  activity  (e.g.,  the  CorA
family)[22] through  electrostatic  interactions,  disrupting  ion
homeostasis  and  activating  intracellular  signaling  cascades,
such as  calcium signaling networks.  These processes  may lead
to  epigenetic  modifications  and  metabolic  reprogramming,
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ultimately  reshaping  photosynthetic  pathways.  Thus,  the
regulation  of  photosynthesis  by  HVEF  involves  a  cascade  of
processes  linking  ion  spatial  redistribution,  metabolic  flux
realignment  and  energy  conversion  efficiency.  Changes  in
plasma  membrane  potential  and  the  associated  electrical
signals  play  a  central  role  in  regulating  photosynthesis.
Sukhova  et  al.[23] demonstrated  that  action  potentials  and
variation potentials in plants can suppress H+-ATPase activity,
leading  to  extracellular  alkalization,  which  inhibits  mesophyll
CO2 diffusion and rapidly alters photosynthetic rates. Building
on  this,  Kozlova  et  al.[24] introduced  the  concept  of  the  plant
electrome,  highlighting  how  hyperpolarization  signals  can
coordinately  modulate  stomatal  conductance,  mesophyll
conductance  and  photosystem  II  photochemical  efficiency  to
achieve  fine-tuned  control  of  carbon  fixation.  Thus,  plant
electrophysiological  activity  through  shifts  in  membrane
potential  and  ion  channel  activation  regulates  chlorophyll-
dependent  light  capture,  carbon  assimilation,  and  the  activity
of  photosynthetic  enzymes.  Exogenous  electric  fields  similarly
impose  transmembrane  potential  gradients  and  modulate  ion
fluxes.  For  example,  tomato seedlings  exposed to  high-voltage
electrostatic fields (2.3–2.5 kV·cm–1) show enhanced uptake of
NH4+ and  NO3– and  activation  of  multiple  membrane
channels.  However,  most  existing  studies  have  focused  on the
macroscopic  effects  of  electric  fields  on  plant  morphology  or
growth  rates,  while  the  spatiotemporal  dynamics  of  ion
migration  and  their  mechanistic  links  to  photosynthetic
function remain insufficiently explored.

In  this  study,  we  investigated  the  effects  of  HVEF  on  the
growth  and  development  of  tomato  plants.  The  research
focused  on  phenotypic  traits,  microstructural  tissue
organization,  mechanical  properties  and  electrophysiological
responses.  Specifically,  we  examined  how  HVEF  exposure
modulates  the  expression  of  functional  groups,  the  spatial
distribution  of  ions,  particularly  Mg2+,  and  ion  transport
dynamics  across  cellular  membranes.  Our  results  revealed  a
potential  mechanism  by  which  electric  field  stimulation
influences  photosynthetic  processes  through  the  regulation  of
membrane  potential,  charge  redistribution  and  ion  fluxes.  By
integrating  physiological  observations  with  dielectric  and
mechanical  analyses,  this  study  provides  mechanistic  insight
into  how  external  electrostatic  fields  reshape  plant  structure
and  function  at  multiple  biological  scales.  The  findings  lay  a
theoretical  foundation  for  integrating  equivalent  electrical
circuit  models  with  sensor  networks  in  controlled  plant
systems, thereby advancing the field of plant electrophysiology.

In  addition,  our  research  contributes  to  the  fundamental
understanding  of  plant-electric  field  interactions  and  offers
promising  avenues  for  applying  electrostimulation
technologies  in  precision  agriculture  and  sustainable  crop
management.
 

2    Materials and methods
  

2.1    Experimental method
This  experiment  used  a  soilless  cultivation  system  to  grow
tomato seedlings. Before sowing, damaged seeds were removed
and the remaining seeds were soaked in clean water for 1–2 h,
followed  by  stirring  in  55  °C  warm  water  for  5–10  min  and
subsequent  immersion for  3–4 h.  The seeds  were  then treated
with  a  0.07%  methyl  thiophanate  for  5–10  min,  rinsed  with
sterile  water  3–5 times,  and sown in rectangular  nutrient  pots
(7  cm  ×  5  cm  ×  7.3  cm,  260  mL  volume)  filled  with  nutrient
soil. After thoroughly watering the soil, three 23 cm deep holes
were  made in  each pot,  with  two tomato seeds  placed in  each
hole,  followed  by  soil  coverage.  Twelve  pots  were  placed  in
each plastic tray, with the water level maintained at about1 cm.
Tomato  seeds  were  initially  germinated  on trays  covered  with
plastic film and maintained in a climate-controlled chamber at
28  °C  with  40%  relative  humidity  for  5–8  h.  Subsequently,
seedlings  were  cultivated  under  27  °C  daytime  temperature
(11  h  of  light),  17  °C  nighttime  temperature  (13  h  of
darkness),  40%  relative  humidity  and  a  light  intensity  of
1700 μmol·m–2·s–1 until seedling emergence.

Once the seedlings emerged, the plastic film was removed, and
those  with  uniform  height  and  growth  were  selected.  The
seedlings  were  divided  into  three  groups  and  placed  in  high-
voltage  electrostatic  cultivation  chambers  under  different
electric field treatments (Fig. 1): a –15 kV negative high-voltage
electric  field  (−HVEF),  no  electric  field  (CK),  and  a  15  kV
positive high-voltage electric  field (  HVEF).  Both +HVEF and
−HVEF treatments  were  applied  continuously  throughout  the
day,  with  temperature  control  set  to  20–25  °C  during  the  day
and  12–15  °C  at  night,  while  the  electric  field  output  voltage
was maintained at 15 kV with an output power of 8 W.
 

2.2    Phenotypic characteristics
Plant  growth  was  evaluated  using  Dimigizer  software
(precision  =  0.001  cm2)  to  measure  plant  height  and  root
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length.  Tensile  and  compression  tests  on  25-d-old  tomato
stems  were  conducted  with  a  5544  universal  testing  machine
(Instron,  Norwood,  MA,  USA).  For  each  experimental
replicate,  three  tomato  seedlings  were  randomly  selected  and
measured  three  times  per  plant.  Microscopic  structural
observations  of  stem  and  leaf  tissues  were  performed  using  a
DM6B  fluorescence  microscope  (Leica,  Wetzlar,  Germany)
following paraffin section staining.

The  microstructure  of  tomato  tissues  was  further  examined
with  a  scanning  electron  microscope  (SEM;  JSM-IT500HR,
JEOL,  Japan).  Roots,  stems  and  leaves  were  washed  with
deionized  water  and  fixed  in  2.5%  glutaraldehyde  for  4  h.
Samples  were  dehydrated  through  an  ethanol  gradient  (30%,
50%, 70%, 90% and 100%), dried, and sputter-coated with gold
using an ion coater (E1010, Hitachi, Tokyo, Japan).
 

2.3    Ionic composition
The distribution of  Mg2+ ions in tomato seedling roots,  stems
and  leaves  were  analyzed  using  inductively  coupled  plasma
optical  emission  spectrometry  (ICP-OES;  PerkinElmer,
Shelton,  CT,  USA).  Tomato  tissues  were  thoroughly  rinsed
with  deionized  water  and  dried  in  an  oven  at  70  °C.  Dried
samples  (10  mg  each)  were  immersed  in  6  mL  of  a  mixed
solution  of  nitric  acid  and  hydrogen  peroxide  (5:1,  v/v)  for
10 h.  The digested solutions  were  diluted to  a  final  volume of
50  mL,  centrifuged  at  5000  r·min−1 for  5  min,  and  the
supernatants  were  further  diluted  with  1%  nitric  acid  to  a

concentration of 100 ppm. The Mg2+ content in each tissue was
then  determined  by  ICP-OES.  Three  tomato  seedlings  were
randomly selected and measured three times per plant.
 

2.4    Electrochemical characterization
The  electrochemical  impedance  spectra  of  tomato  seedling
roots,  stems  and  leaves  were  measured  using  a  CHI660E
electrochemical  workstation  (CH  Instruments,  Bee  Cave,  TX,
USA)  in  0.5  mol·L−1 Na2SO4 solution.  A  conventional  three-
electrode system was employed, consisting of a platinum plate
(1.0  cm2)  as  the  counter  electrode,  a  standard  Ag/AgCl
electrode  as  the  reference  electrode,  and  a  working  electrode
prepared by depositing a composite Nafion solution (5%) onto
an fluorine-doped tin oxide substrate (1.0 cm2).

The  membrane  potential  was  measured  by  recording  the
voltage  difference  between  a  glass  microelectrode  (L/M-3P-A;
List-Medical, Germany) filled with 3 mol·L−1 KCl inserted into
the  cell  and  a  reference  electrode  (Ag/AgCl)  immersed  in  the
bathing medium.
 

2.5    Biomass characterization
We selected three tomato seedlings with similar sizes on day 25
under  the  three  electric  field  treatments  to  measure  biomass
accumulation. The seedlings were rinsed with deionized water
and separated  into  leaves,  stems  and roots.  Samples  were  first
heated  at  105  °C  for  30  min  for  rapid  enzyme  deactivation,
followed  by  drying  at  80  °C  for  48  h  before  weighing.  These
procedures were applied to determine biomass under different
electric field treatments on day 25.
 

2.6    Photosynthesis characterization
Tomato  seedlings  at  various  growth  stages  were  exposed  to
functional  electrostatic  field  treatments.  For  photosynthetic
parameter  measurements,  healthy  leaves  (the  first  leaf)  were
selected.  Net  photosynthetic  rate,  intercellular  CO2

concentration  and  stomatal  conductance  were  determined
using a portable photosynthesis system (LI-COR, Lincoln, NE,
USA)  under  controlled  greenhouse  conditions  maintained  at
25  ±  1  °C  and  60%–70%  relative  humidity.  Three  leaves  per
plant  were  measured,  with  three  biological  replicates  per
treatment.

 

 
Fig. 1    Schematic diagram of the application of an electric field
to tomato plants.
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For stomatal observation, fully expanded functional leaves (the
second  to  third  true  leaves  from  the  apex  downward)  were
selected  for  measurements  at  9:00  am.  After  rinsing  with
distilled water  to remove dust,  epidermal  peels  were manually
obtained using forceps, mounted on glass slides and examined
under  an  optical  microscope  (400×).  Stomatal  aperture  status
was quantified through direct counting.

The activities of key photosynthetic enzymes in tomato leaves,
including  ribulose-1,5-bisphosphate  carboxylase/oxygenase
(rubisco), sedoheptulose-1,7-bisphosphatase (SBPase), fructose-
1,6-bisphosphate aldolase (FBA), and transketolase (TK), were
quantified  using  assay  kits  (Shanghai  Youxuan  Biotechnology
Co.,  Ltd.,  Shanghai,  China).  Three  tomato  seedlings  were
randomly selected and measured three times per plant.

Chlorophyll  content  was  measured  following  the  methods:
fully expanded leaves were air-dried at room temperature, and
1 g of leaf tissue was arbitrarily sampled and incubated in 100%
acetone for 12 h in the dark until complete decolorization. The
absorbance of the extract was measured at 665 nm (chlorophyll
a)  and  649  nm  (chlorophyll  b)  using  a  UV-Vis
spectrophotometer.  Each  experiment  was  performed  in
triplicate.  Total  chlorophyll  content  was  calculated  using  the
formula:
 

Total chlorophyll = chlorophyll a + chlorophyll b (1)
 

Chlorophyll a (mg/L) = 13.70 × A665 – 5.76 × A649 (2)
 

Chlorophyll b (mg/L) = 25.80 × A649 – 7.60 × A665 (3)
 

2.7    Data analysis
Data  processing  and analysis  were  performed using  Microsoft
365  for  data  collection  and  organization.  Statistical  analyses
including correlation analysis and significance testing between
treatments  were  conducted  using  SPSS  26  with  the  least
significant difference method at α = 0.05.

 

3    Results and discussion
  

3.1    Phenotypic characteristics and dielectric
properties
Tomato  seedlings  were  exposed  to  different  HVEF  and
measured  every  5  d  after  being  placed  in  the  electric  field.  In
the  +HVEF group,  the  first  true  leaf  emerged  on  day  6,  while
neither  the −HVEF  nor  CK  group  had  leaf  development.  On
day 7, the −HVEF group produced true leaves, whereas the CK
group  remained  unchanged.  By  day  nine,  the  CK  group  had
also developed true leaves. As shown in Fig. 2, plant traits were
assessed from day 15 onward. Before day 25, HVEF promoted
all  measured  growth  parameters,  with  the  +HVEF  group

 

 
Fig. 2    (a)  Phenotypic  presentation  and  (b)  phenotypic  data  of  tomato  seedlings  under  different  electric  field  treatments. −HVEF,  negative
high-voltage electric field; CK, no electric field; and +HVEF, positive high-voltage electric field.
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exhibiting  a  higher  growth  rate  than  the −HVEF  group.
However,  after  day  25,  growth  in  the −HVEF  group  was
inhibited[25,26].

Based on growth indicators, positive and negative electric fields
had  distinct  effects  on  tomato  seedling  development.  +HVEF
gave  a  continuous  and  enhanced  promotive  effect.  From  day
15, the number of leaves increased significantly (p < 0.05), with
further enhancement by day 35 (p < 0.01).  Stem diameter was
significantly  increased  on  day  25  (p <  0.05)  and  day  35  (p <
0.01). Leaf area expanded significantly on day 20 (p < 0.05), day
30 (p < 0.01) and day 35 (p < 0.01). Leaf length also increased
significantly on days 30 and 35 (both p < 0.01). The increasing
levels of statistical significance over time (from p < 0.05 to p <
0.01)  indicate  a  cumulative  effect  under  +HVEF.  In  contrast,
−HVEF  initially  promoted  growth,  but  the  effect  diminished
over time. From days 15 to 25, the number of leaves increased
significantly  (15 d, p <  0.05;  20  d, p <  0.05;  25  d, p <  0.01).  A
transient  increase  in  leaf  area  was  observed  on  day  30  (p <
0.05).  However,  from  days  30–35,  the  promotive  effect
weakened,  with  no  significant  differences  observed  in  leaf
number, stem diameter, leaf length or leaf area (p > 0.05).

As  shown  in Fig. 3,  the  biomass  of  tomato  seedlings  differed
significantly  under  the  three  electric  field  treatments.  The

highest  biomass  was  observed  under  +HVEF  treatment.  This
can  be  attributed  to  the  stimulation  of  root  cell  membrane
hyperpolarization by +HVEF, which activates ion channels and
enhances  the  absorption  of  Mg2+ and  other  nutrients.
Additionally,  the  net  photosynthetic  rate  increased,  leading  to
higher  Calvin  cycle  flux  and  enhanced  carbon  fixation,  thus
promoting biomass accumulation[27,28]. Notably, the difference
in leaf biomass was the most significant among all plant organs,
likely due to the central role of leaves in photosynthesis.

Impedance measurements were conducted on tomato seedlings
at different growth stages under the three treatments: −HVEF,
CK  and  +HVEF.  As  shown  in Fig. 4(a–c),  leaf  impedance
increased steadily in both the CK and +HVEF groups, whereas
the −HVEF  group  had  an  initial  increase  followed  by  a
decrease.  In  the  CK  environment,  leaf  membrane  potential
remained stable,  with normal metabolic regulation closing ion
channels,  reducing  ion  leakage,  and  thereby  increasing
impedance.  The  +HVEF  condition  facilitated  cation
accumulation  inside  cells,  suppressing  cation  channel  activity
and further reducing ion mobility, leading to a continuous rise
in  impedance.  In  contrast, −HVEF-induced  membrane
depolarization,  activating  ion  channels  and  triggering  a
transient  ion influx.  However,  cells  rapidly adjusted to restore
membrane resistance, resulting in an initial impedance increase
followed  by  a  decrease[29,30].  As  shown  in Fig. 4(d),  root
impedance in the −HVEF group initially decreased before day
15  and  then  increased.  This  trend  was  attributed  to −HVEF-
induced  membrane  depolarization,  which  activated  anion
channels  and  enhanced  proton  pump activity  to  maintain  ion
gradients,  thereby  increasing  conductivity  and  lowering
impedance.  Additionally,  root  cells  likely  responded  to  the
electric  field  by  actively  absorbing  nutrient  ions,  increasing
transmembrane  currents.  However,  prolonged  exposure  to
−HVEF  triggered  an  adaptive  repair  mechanism  to  mitigate
oxidative  membrane  damage,  restoring  membrane  integrity
and  leading  to  a  subsequent  impedance  increase[31,32].  In  the
+HVEF  group,  root  impedance  continuously  decreased  until
day  35,  after  which  it  began  to  rise Fig. 4(e).  This  decrease
resulted  from  cation  accumulation  in  root  tissues,  forming  a
localized high-concentration barrier that inhibited essential ion
uptake  through  ion  channels,  leading  to  intracellular  ion
depletion.  As  a  compensatory  response,  ion  channels  opened,
increasing  membrane  conductivity  and  further  reducing
impedance.  After  day  35,  hormonal  regulation  facilitated
resource  redistribution,  prioritizing  membrane  repair  or
osmolyte  synthesis,  partially  restoring  membrane  resistance

 

 
Fig. 3    Biomass  of  tomato  seedlings  25  d  after  being  placed
under  three  electric  field  treatments:  −HVEF,  negative  high-
voltage electric  field;  CK,  no electric  field;  and +HVEF,  positive
high-voltage electric field. Means with the same letters are not
significantly  different  (p  >  0.05)  between  treatments  for  the
same plant material.
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and  increasing  impedance.  In  the  CK  group,  root  impedance
peaked  on  day  5  (Fig. 4(f)).  Without  external  electric  field
interference,  initial  ion  uptake  relied  on  passive  diffusion,
resulting  in  low  membrane  channel  activity  and  high
impedance.  As  growth  metabolism  intensified,  active  ion
transport  increased,  leading  to  a  gradual  impedance  decline.
Figure 4(g) shows  that  stem  impedance  in  the −HVEF  group
first  decreased  due  to  membrane  depolarization  and  ion
channel  activation  but  later  increased  due  to  adaptive  repair
mechanisms.  In  the  CK  group,  impedance  initially  decreased
and then  increased  during  normal  stem growth  (Fig. 4(h)).  In
the +HVEF group, sustained membrane depolarization and ion

channel  regulation  led  to  a  continuous  impedance  decline
(Fig. 4(i)[33].

Overall, Fig. 4 illustrates  that  root  and  stem  impedance
followed  the  trend  CK  > −HVEF  >  +HVEF.  In  the  low-
frequency  range, −HVEF  primarily  suppressed  ion  flow,
resulting  in  lower  conductivity.  As  frequency  increased,  this
inhibitory  effect  weakened,  gradually  enhancing  conductivity.
Meanwhile,  +HVEF  facilitated  ion  flow,  leading  to  lower
impedance.  Leaf  impedance  remained  relatively  consistent
across  the  three  electric  field  treatments,  primarily  influenced
by  photosynthesis.  Frequency  also  affected  the  capacitive

 

 
Fig. 4    Impedance of tomato leaves in (a)  a negative high-voltage electric  field (−HVEF);  (b)  no electric  field;  and (c)  a positive high-voltage
electric field (+HVEF); roots in (d) −HVEF, (e) +HVEF and (f) CK; and stems in (g) −HVEF, (h) CK and (i) +HVEF.
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properties  of  cell  membranes.  At  low  frequencies,  impedance
was  primarily  resistance-dominated,  whereas  at  high
frequencies,  capacitance  became  the  dominant  factor.  As
frequency increased,  plant  impedance generally  decreased due
to enhanced ion mobility and electrical conductivity, ultimately
reducing impedance[34,35].

Membrane  hyperpolarization  is  considered  an  initiative  step
for stomatal opening. As shown in Table 1, both mesophyll and
guard  cell  membrane  potentials  had  a  progressive
hyperpolarization trend over the growth period (5,  15,  25 and
35  d).  This  indicates  that  HVEF  significantly  enhances  the
hyperpolarization of cell membranes, potentially promoting H+

efflux  and  K+ influx,  thereby  increasing  stomatal  pores  and
elevating  stomatal  conductance[36].  The  resulting  increase  in
conductance  facilitates  CO2 uptake  into  the  leaf,  contributing
to enhanced photosynthetic rates. Specifically, +HVEF appears
to  moderately  hyperpolarize  the  membrane,  which  may
activate  H+-ATPases  and  K+ channels[37],  enabling  optimal
stomatal opening and improved CO2 assimilation in mesophyll
cells.  In  contrast,  prolonged  exposure  to −HVEF  may  induce
excessive  hyperpolarization  of  guard  cell  membranes[38].  This
could  result  in  uncontrolled  K+ influx,  loss  of  turgor  balance,
and impaired stomatal[39],  ultimately restricting CO2 diffusion
and  reducing  photosynthetic  efficiency.  These  physiologic
disruptions likely explain the growth inhibition observed after
25  d  in  the −HVEF  group[39,40].  In  the  CK  group,  membrane
potential  remained  relatively  stable,  fluctuating  around
−90 mV in both mesophyll and guard cells.

Figure 5(a–c) presents  the  Bode  plots  of  25  d  tomato  roots,
stems  and  leaves  under −HVEF,  CK,  and  +HVEF.  As  the
current frequency increased,  the phase angle initially  rose and

then  declined,  reaching  its  maximum near  105 Hz.  According
to  the  equation  fc  =  1  /  (2π  ×  Rm  ×  Cm),  where  fc  is  the
frequency  at  the  phase  angle  peak,  Rm  denotes  membrane
resistance,  and  Cm  is  membrane  capacitance,  the  phase  angle
peak  in  the  +HVEF  group  shifted  toward  higher  frequencies
compared to the CK group. This shift was due to the lower Rm
in the +HVEF condition, where the electric field drove cations
to  accumulate  on the  extracellular  membrane surface,  causing
membrane  hyperpolarization.  This  induced  tighter  lipid
packing,  increasing  membrane  thickness  or  reducing
membrane  area,  thereby  decreasing  Cm.  Conversely,  phase
angle  peak  of  the  the −HVEF  group  shifted  toward  lower
frequencies,  as −HVEF increased  Rm and induced  membrane
depolarization, leading to a more disordered lipid arrangement
or membrane expansion, which increased Cm[41,42].

Figure 5(d–f) shows  the  Nyquist  plots  of  25  d  tomato  roots,
stems and leaves.  Each tissue had two semicircular  arcs  in the
impedance  spectra.  The  low-frequency  semicircle
corresponded  to  cell  membrane  interfacial  polarization,
reflecting  the  combined  effect  of  Rm  and  Cm,  which  was
associated  with  ion  channel  activity.  The  high-frequency
semicircle  primarily  reflected  cytoplasmic  and  cell  wall
resistance, linked to ion migration within the cell  wall[43].  The
Nyquist  plots  revealed  that  the  arc  radius  under  +HVEF  was
smaller than those under −HVEF and CK, indicating enhanced
conductivity and increased charge transfer rates in plant tissues
under  +HVEF  treatment.  Equivalent  circuit  modeling  using
ZSimpWin  software  further  elucidated  the  effects  of  electric
field  treatments  on  plant  tissues  (Table 2).  The  equivalent
circuit  model  for  tomato  roots  was  R(Q(R(QR))),  with  an
iteration count of 4 and a chi-square value of 0.00244 (where R
represents  a  resistor,  Q  represents  a  constant  phase  element,

 

Table 1    Membrane potential of tomato seedlings at four cultivation days under three electric field treatments

Cell Cultivation time (d) –HVEF (mv) CK (mv) +HVEF (mv)

Mesophyll cell 5 –106 ± 6.2 –91.6 ± 6.9 –94.3 ± 5.1

15 –120 ± 5.6 –86.2 ± 6.1 –101 ± 4.3

25 –129 ± 4.4 –82.8 ± 5.1 –104 ± 3.2

35 –124 ± 5.4 –86.9 ± 6.2 –105 ± 4.6

Guard cell 5 –127 ± 5.8 –102 ± 6.8 –109 ± 6.1

15 –142 ± 5.2 –94.2 ± 5.3 –114 ± 5.3

25 –149 ± 5.8 –91.2 ± 4.8 –125 ± 4.5

35 –148 ± 5.4 –90.6 ± 5.7 –125 ± 5.1

Note: −HVEF, negative high-voltage electric field; CK, no electric field; and +HVEF, positive high-voltage electric field.
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and  the  parentheses  denote  the  configuration  of  these
components).  For  stems,  the  model  was  R(QR(QR)),  with  six
iterations and a chi-square value of 0.0000454. The leaf model
was  R(QR(QR)(CR)),  with  three  iterations  and  a  chi-square
value of 0.000117. These models provided deeper insights into
the regulatory mechanisms of electric field treatments on plant
tissues[41].
 

3.2    Micromorphology and ionic composition
Microscopic  morphology  of  25  d  tomato  seedlings  under  the
three  electric  field  treatments  was  analyzed  using  SEM.  As
shown  in  the  leaf  SEM  images  (Fig. 6(a)),  +HVEF  treatment
significantly  increased  stomatal  density  and  aperture  size.
Stomata  were  more  densely  and  uniformly  distributed  with
clearer  structures,  indicating  enhanced  stomatal  conductance

 

 
Fig. 5    Bode plots of tomato (a) roots, (b) stems and (c) leaves; and Nyquist plots of (d) roots, (e) stems, and (f) leaves. − HVEF, negative high-
voltage electric field; CK, no electric field; and + HVEF, positive high-voltage electric field.

 

 

Table 2    Fitted values of parameters of equivalent circuit model for tomato plants

Physical parameter
–HVEF CK +HVEF

Root Stem Leaves Root Stem Leaves Root Stem Leaves

R (Ω·cm2) 4.318E+04 3.608E+03 8.080E+03 5.271E+04 6.674E+03 2.264E+03 4.148E+04 2.877E+03 1.566E+05

CPE1 (S-secn·cm−2) 7.470E-09 1.420E-09 5.676E-10 7.965E-09 2.095E-09 5.023E-10 4.592E-09 2.452E-09 4.264E-10

n1 (0<n<1) 5.904E-01 7.840E-01 6.698E-01 6.291E-01 7.573E-01 6.585E-01 6.38E-01 7.791E-01 6.612E-01

R1 (Ω·cm2) 7.052E+05 2.737E+05 1.892E+07 7.365E+05 2.734E+05 1.365E+07 3.15E+05 1.705E+05 2.822E+10

CPE2 (S-secn·cm−2) 7.558E-05 5.729E-08 1.331E-07 6.327E-06 2.603E-06 1.393E-07 1.029E-05 4.415E-07 1.160E-07

n2 (0<n<1) 6.903E-01 5.937E-01 3.666E-01 7.153E-01 6.960E-01 4.816E-01 7.423E-01 6.700E-01 4.199E-01

R2 (Ω·cm2) 3.734E+05 9.431E+05 1.980E+06 4.034E+05 1.473E+06 2.393E+06 3.164E+05 4.812E+05 2.411E+06

C (F·cm−2) 1.863E-12 9.970E-09 8.770E-13

R3 (Ω·cm2) 6.810E+05 2.333E+06 8.134E+06

Note: −HVEF, negative high-voltage electric field; CK, no electric field; and +HVEF, positive high-voltage electric field.
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and  photosynthetic  activity.  In  the  CK  group,  stomata  had
normal opening, while in the −HVEF group, stomatal opening
was  intermediate  between  CK  and  +HVEF  but  had  a
disorganized distribution,  potentially  disrupting gas  exchange.
SEM  images  of  the  stems  (Fig. 6(b))  revealed  that  +HVEF
promoted thickening and expansion of  the vessel  walls,  which
likely  enhanced  ion  transport  and  increased  stem  mechanical
strength.  Root  SEM  images  (Fig. 6(c))  showed  that  +HVEF
treatment  resulted  in  greater  root  hair  density  and  length
compared to CK and −HVEF groups, facilitating improved ion
absorption  from  the  soil  and  promoting  overall  plant  growth
and development[44].

Energy  dispersive  spectroscopy  mapping  was  used  to  analyze
the distribution of ions in the leaves, stems and roots of tomato
seedlings after 25 d under +HVEF treatment. In Fig. 7(a), K+ is
evenly distributed in the leaves, indicating that the electric field
promotes  the  entry  of  K+ into  guard  cells,  helping  maintain

stomatal  opening  and  enhancing  transpiration  and
photosynthetic  efficiency.  High  concentrations  of  Ca2+ and
Mg2+ are  also  present.  Ca2+ stabilizes  membrane  structures,
while  Mg2+,  as  the  central  ion  of  chlorophyll,  enhances
photosynthesis. The uniform distribution of O and C indicates
active metabolic activity and vigorous organic matter synthesis
in  the  leaves.  In Fig. 7(b),  the  accumulation  of  Ca2+ enhances
the  stability  of  calcium  bridges  in  the  cell  wall,  increasing
mechanical strength and conductivity.  The distributions of K+

and  Mg2+ are  also  well-organized:  K+ regulates  osmotic
pressure  and pressure  conduction,  and Mg2+ may be involved
in  ATPase  reactions[17].  In Fig. 7(c),  both  K+ and  Ca2+ are
highly  concentrated,  particularly  in  the  root  hair  region,
indicating  that  the  electric  field  promotes  active  nutrient  ion
absorption  by  the  roots.  The  uniform  distribution  of  Mg2+

further supports root metabolism.

Fourier-transform  infrared  spectroscopy  was  used  to

 

 
Fig. 6    Scanning electron micrographs of tomato seedlings under three electric field treatments: (a), (b) and (c) leaf, (d), (e) and (f) stem and
(g), (h) and (i) root. −HVEF, negative high-voltage electric field; CK, no electric field; and +HVEF, positive high-voltage electric field.
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characterize  the  roots,  stems  and  leaves  of  tomato  seedlings
treated  with  +HVEF  for  25  d  and  to  analyze  the  possible
functional  groups  present.  In Fig. 8(a),  the  absorption  peak
around  3415  cm–1 corresponds  to  the  stretching  vibration  of
−OH,  while  the  peak  at  1065  cm–1 corresponds  to  the
stretching  vibration  of  C–O–C,  likely  originating  from
cellulose  and  hemicellulose.  The  peak  around  2929  cm–1

corresponds  to  the  stretching  vibration  of  C–H,  likely  from
fatty acids in cell membranes, phytol chains in chlorophyll, and

methoxy  groups  in  lignin.  The  absorption  peak  at  1636  cm–1

corresponds  to  the  stretching  vibration  of  C=O [44],  which  is
related to the amide I band of proteins. The peak at 1430 cm–1

corresponds  to  the  vibration  of  O-CH3,  originating  from  the
methoxy-substituted  phenyl  group  in  lignin.  A  broad  peak
around 500–600 cm−1 (metal-oxygen bond) corresponds to the
stretching  and  bending  vibrations  of  metal  ions[45],  including
Mg2+,  Ca2+,  and  K2+,  which  are  present  in  the  tomato
seedlings.  As leaves are the primary organs for photosynthesis

 

 
Fig. 7    Energy dispersive spectroscopy mapping images of tomato seedlings for carbon, oxygen, potassium, calcium and magnesium under a
positive high-voltage electric field: (a) leaf, (b) stem and (c) root.

 

 

 
Fig. 8    (a)  Fourier-transform  infrared  spectroscopy  spectrum  of  tomato  seedling  tissues,  and  (b)  magnesium  content  in  tomato  seedling
tissues. −HVEF, negative high-voltage electric field; CK, no electric field; and +HVEF, positive high-voltage electric field.
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in  tomato  seedlings,  they  are  rich  in  chlorophyll,  carotenoids,
lipids,  and  photosynthetic  enzymes,  which  produce  strong
absorption peaks in the infrared spectrum. The roots exhibit a
wider  peak  in  the  500–600  cm–1 range  due  to  the  diversity  of
minerals  absorbed  from  the  soil[46].  Additionally,  the  roots
store  large  amounts  of  starch  and  soluble  sugars,  which  also
result  in  strong  infrared  responses.  The  stems,  primarily
involved  in  providing  mechanical  support  and  ion  transport,
show weaker spectral signals.

Mg2+ is a key element in chlorophyll, which plays a crucial role
in photosynthesis.  ICP analysis  was conducted to examine the
distribution of Mg2+ in the leaves under different electric field
treatments[47]. Figure 8(b) shows that after 25 d of +HVEF and
−HVEF  treatment,  the  Mg2+ content  in  the  tomato  seedlings
significantly  increased,  particularly  in  the  leaves,  where  it
reached 9.98 mg·g–1, 1.38 times higher than the −HVEF group
(7.25  mg·g–1)  and  1.58  times  higher  than  the  CK  group
(6.32  mg·g–1).  This  indicates  that  the  +HVEF  treatment
facilitates the transport of Mg2+ ions into the leaves, increasing
their  concentration.  This  process  likely  involves  enhanced
charge-driven  effects  within  the  plant,  promoting  the
directional  movement  of  Mg2+ ions.  Additionally,  +HVEF
treatment improves the ability of the root to absorb ions from
the  soil,  particularly  Mg2+.  The  electric  field  likely  affects  ion
channels  in  the  roots  or  increases  root  activity,  leading  to
greater  absorption  of  Mg2+,  which  is  then  transported  to  the
leaves[48].  Meanwhile,  +HVEF  enhances  Mg2+ transport  by
modulating  membrane  potential,  surface  charge  distribution,
and Ca2+ mediated signaling. These changes may facilitate the
expression  or  activity  of  the  AtMRS2/MGT  family  of  Mg2+

transporters[49–51].  In  parallel,  HVEF-induced  electric
stimulation  may  promote  the  opening  of  cyclic  nucleotide-
gated  channels  and  activate  plasma  membrane  H+-
ATPases[52,53].  The  resulting  increase  in  membrane
polarization  and  proton  gradient  indirectly  drives  Mg2+

absorption and long-distance transport within plant tissues.
 

3.3    Mechanical properties
Elastic modulus is a key indicator of the mechanical properties
of tomato stems. As shown in the stress-strain curve (Fig. 9(a)),
both  +HVEF  and −HVEF  treatments  increased  the  tensile
strength and elastic modulus of tomato stems compared to the
CK  group.  The  +HVEF  group  had  a  more  rapid  increase  in
stress  and  a  higher  maximum  tensile  stress  (Fig. 9(c)),
indicating  that  +HVEF  promoted  cell  expansion  and  cell  wall

thickening,  enhancing  resistance  to  tensile  stress.  While
−HVEF also  improved  tensile  strength,  its  strain  capacity  was
relatively  lower.  This  may  be  attributed  to  its  biphasic
regulatory effect,  where it  initially  enhances  ion transport  and
growth  but  later  induces  an  inhibitory  effect,  increasing  cell
wall  brittleness[54].  In  the  compression  displacement-load
curve  (Fig. 9(b)),  both  +HVEF  and −HVEF  treatments
improved  compressive  strength  compared  to  CK,  indicating
that  the  applied  electric  field  enhanced  cell  wall  mechanical
properties. The +HVEF-treated stems had greater load-bearing
capacity  under  compression,  likely  due  to  the  positive  electric
field  facilitating  ion  transport,  accelerating  cell  division,  and
promoting  cell  wall  thickening,  thereby  strengthening
structural  support.  In  contrast,  the  improvement  in
compressive  strength  under −HVEF  treatment  may  be  linked
to  its  early-stage  growth  promotion.  However,  its  later
inhibitory  effects  may  limit  further  mechanical  enhancement,
leading  to  a  smaller  increase  in  strength  compared  to
+HVEF[55].

Figure 10 illustrates  the cellular  structure of  25 d leaves  under
−HVEF,  CK,  and  +HVEF  treatments.  As  shown  in Fig. 10(a),
the leaf cross-section reveals a single-layer epidermis with thin
cell  walls,  well-differentiated  palisade  and  spongy  tissues,  and
the lower epidermis  adjacent  to  loosely  arranged spongy cells.
Both −HVEF and  +HVEF promoted  leaf  growth,  whereas  the
CK group had normal  growth.  Leaf  cells  subjected to  external
electric field stimulation were noticeably larger, well-organized
and clearly distinguishable. Figure 10(b) shows the microscopic
structure  of  tomato  stems.  The  stem  cross-section  is  circular,
comprising  the  epidermis,  cortex  and  vascular  cylinder.  The
epidermal  cells  are  small,  with  stomata  and  trichomes.  The
cortex  consists  of  5–6  layers  of  cells,  followed  by  the
endodermis,  which  contains  five  vascular  bundles  of  varying
sizes. The xylem and phloem are clearly defined. In the +HVEF
treated  group,  the  epidermal  and  cambium  cells  had  a  more
organized structure than those in the −HVEF and CK groups.
Additionally,  +HVEF  treatment  resulted  in  larger,  well-
arranged  cells  with  an  increased  cross-sectional  area.  These
structural modifications likely enhanced stem compressive and
tensile  strength,  accelerating  plant  growth  and  improving
mechanical  properties.  In  contrast, −HVEF  treatment  led  to
irregularly  sized  cells,  cortical  damage  and  a  loosely  arranged
cell  wall  structure,  reducing  the  mechanical  integrity  of  stem
tissues.  The  weakened  cell  walls  compromised  stem
compressive strength. The observed effects of −HVEF could be
attributed  to  its  initial  stimulation  of  ion  transport,  increased
water  and  nutrient  uptake,  and  enhanced  phytohormone
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secretion,  which  promoted  early-stage  growth.  However,
prolonged  exposure  to  the  electric  field  induced  cellular
damage,  leading  to  growth  inhibition.  Positive  ions  enhance
photosynthesis,  while  negative  ions  stimulate  respiration.
During the day, photosynthesis absorbs CO2, whereas at night,
respiration  releases  CO2.  Since  the  treatment  was  applied
continuously,  prolonged  respiration  dominance  over
photosynthesis  resulted  in  plant  weakening  and,  in  severe
cases,  death.  Conversely,  when  photosynthesis  exceeded
respiration,  organic  matter  accumulated,  promoting  plant
growth.  These  findings  support  the  conclusion  that  +HVEF
enhances  growth,  whereas −HVEF  initially  stimulates  growth
but later inhibits it.
 

3.4    Photosynthetic performance
Further  microscopic  analysis  of  stomatal  morphology  under
different  electric  field  treatments  (Fig. 11)  revealed  that  the

+HVEF  group  had  larger,  well-defined  and  more  abundant
stomata,  indicating  enhanced  stomatal  development  and
opening. In contrast, the CK group had fewer stomata, most of
which  remained  closed,  indicating  lower  stomatal  activity  in
normal  conditions.  The −HVEF  group  had  an  intermediate
stomatal density, with some stomata partially open, though less
pronounced than in the +HVEF group.

The  UV  spectrophotometer  was  used  to  measure  the
absorbance  of  acetone  solutions  from  the  leaves  of  25-d-old
tomato  seedlings  under  the  three  electric  field  treatments  at
wavelengths  of  665  and  649  nm  to  assess  chlorophyll
content[46]. Figure 12(a) shows  that  the  absorbance  of  tomato
seedlings  under  +HVEF treatment  is  significantly  higher  than
that of the −HVEF and control groups. Figure 12(b) shows that
the chlorophyll content in the leaves of tomato seedlings under
+HVEF treatment  was  the  highest,  reaching 14.0  mg·g–1.  This
indicates that +HVEF promotes ion flow, increasing the Mg2+

 

 
Fig. 9    (a) Stress-strain curve, (b) compression displacement-load curve, (c) and (d) corresponding data on tensile and compressive strength of
tomato seedling tissues. −HVEF, negative high-voltage electric field; CK, no electric field; and +HVEF, positive high-voltage electric field.
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Fig. 10    Microscopic structure of tomato seedling tissues (a) leaves and (b) stems under three electric field treatments: −HVEF, negative high-
voltage electric field; CK, no electric field; and +HVEF, positive high-voltage electric field.

 

 

 
Fig. 11    Stomatal morphology of tomato seedlings after 1, 5, 15 and 30 d under three electric field treatments: −HVEF, negative high-voltage
electric field; CK, no electric field; and + HVEF, positive high-voltage electric field.
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content  and  enhancing  chlorophyll  formation,  which  in  turn
boosts photosynthesis. Additionally, the electric field increases
the  mobility  of  ions,  enhancing  the  metabolic  processes  in
plant  tissues.  This  could  improve  the  activity  of  enzymes
involved  in  chlorophyll  synthesis.  The  electric  field  may  also
improve  nutrient  absorption  from  the  soil,  providing  the
necessary elements  for  chlorophyll  production.  The combined
effects  of  these  processes  likely  contribute  to  the  higher  ion
content observed[56].

Stomata  serve  as  the  primary  site  for  gas  exchange  and
transpiration.  In  this  study,  the  number  of  stomata  on  the
abaxial  leaf  surface  was  analyzed  (Fig. 13(a)).  On  the  first  day
of  exposure  to  the  electric  field,  the  CK  group  had  a
significantly  higher  stomatal  density  than  the  +HVEF  and
−HVEF groups due to the initial stress response. Over time, the
stomatal  number  and  growth  rate  in  the  +HVEF  group
increased  significantly  compared  to  the −HVEF  and  CK
groups. This trend indicates that the electric field promoted ion
channel  activity,  accelerating  cell  division  and  differentiation,
ultimately  leading  to  a  higher  stomatal  density. Figure 13(b)
illustrates  changes  in  stomatal  conductance,  the  +HVEF
treatment  significantly  enhanced  stomatal  opening,  whereas
the −HVEF  and  CK  groups  had  relatively  low  values.  This
effect  is  attributed  to  +HVEF-induced  changes  in  the
membrane  potential  of  guard  cells,  facilitating  K+ influx,
leading  to  cell  expansion  and  increased  stomatal  aperture.
Stomatal conductance was higher in the morning and gradually
decreased in the afternoon, aligning with the diurnal rhythm of

stomatal  regulation[57,58]. Figure 13(c) presents  the
photosynthetic  rate  under  the  three  electric  field  treatments.
The +HVEF group had the highest photosynthetic rate due to
enhanced  CO2 uptake  through  open  stomata  and  an
accelerated  electron  transport  chain,  increasing  ATP  and
NADPH  synthesis,  thereby  boosting  CO2 assimilation[59–61].
Figure 13(d) shows  that  intracellular  CO2 concentration  was
lower  in  the  +HVEF  group,  indicating  rapid  CO2 fixation  for
carbon  assimilation,  consistent  with  the  increased
photosynthetic  rate.  In  contrast,  the −HVEF  and  CK  groups
had higher intracellular CO2 concentrations, likely due to lower
stomatal  conductance  restricting  CO2 availability  or
insufficient enzymatic activity preventing efficient CO2 use[58].
Figure 13(e) depicts  transpiration  rates,  which  were  higher
under  +HVEF  treatment,  indicating  increased  stomatal
opening  facilitated  water  vapor  loss.  However,  water-use
efficiency  decreased  under  +HVEF  treatment Fig. 13(f),
possibly  because  the  simultaneous  increase  in  photosynthesis
and  transpiration  led  to  relatively  lower  water-use  efficiency.
Conversely,  the −HVEF and  CK groups  had  higher  water-use
efficiency,  particularly  the  CK  group[62,63].  However,  this  was
likely  due  to  reduced  stomatal  opening  and  restricted
photosynthesis  rather  than  an  inherently  higher  efficiency  in
water use.

Additionally, Fig. 14 illustrates  the  diurnal  variation  in  net
photosynthetic  rate  across  different  cultivation  days,  all
treatment  groups  had  clear  day-night  fluctuations.  From  days
1–5,  photosynthetic  activity  remained  low,  likely  due  to

 

 
Fig. 12    (a)  Absorbance  and  (b)  chlorophyll  (total,  Chl  a  and  Chl  b)  concentration  of  tomato  seedling  leaves  under  three  electric  field
treatments: −HVEF, negative high-voltage electric field; CK, no electric field; and +HVEF, positive high-voltage electric field.
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incomplete  leaf  expansion  during  early  germination.  Between
days  5  and 25,  net  photosynthetic  rate  progressively  increased
with  plant  age,  this  trend  correlates  with  the  increasing  Mg2+

content  induced  by  +HVEF,  which  enhances  chlorophyll
biosynthesis  and,  consequently,  photosynthetic  efficiency.
After day 40, a gradual decline in photosynthetic performance

 

 
Fig. 13    (a) Number of stomatal, (b) stomatal conductance, (c) photosynthetic rate, (d) intracellular CO2 concentration, (e) transpiration rate,
and (f)  water-use efficiency. −HVEF,  negative high-voltage electric  field;  CK,  no electric  field;  and +HVEF,  positive high-voltage electric  field.
Means with the same letters are not significantly different (p > 0.05) between treatments at the same time point.

 

 

 
Fig. 14    (a)  Net  photosynthetic  rate,  and  (b)  Mg2+  and  total  chlorophyll  content  of  tomato  seedlings  grown  under  positive  high-voltage
electric field after cultivation for 5–60 d.
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was  observed,  possibly  due  to  leaf  senescence  or  reduced
metabolic activity in older tissues.

As  shown  in Fig. 15,  the  activities  of  photosynthetic  enzymes
were significantly enhanced under +HVEF treatment[36], which
may  be  attributed  to  accelerated  transport  of  organic  and
inorganic  ions  from  roots  to  leaves  under  +HVEF.
Additionally,  increased  chlorophyll  content  under  +HVEF
improved  light  harvesting,  further  supporting  photosynthetic
efficiency  through  synergistic  effects  with  enzymatic
activity[36].  Also,  +HVEF-induced  increases  in  foliar  Mg2+

concentration  may  have  contributed  to  enhanced
photosynthesis  through  multiple  pathways.  First,  Mg2+ serves
as the central coordinating ion in the chlorophyll molecule, and
its  sufficiency  ensures  efficient  chlorophyll  biosynthesis  and
light energy capture[64]. Second, Mg2+ is essential for activating

rubisco,  which  in  turn  contributes  to  the  improvement  of
photosynthetic efficiency.

As  shown  in Figs. 13–15,  +HVEF  treatment  significantly
increased  stomatal  conductance  and  net  photosynthetic  rate,
while  the  intercellular  CO2 concentration  remained  largely
unchanged.  This  indicates  that  +HVEF  not  only  enhanced
stomatal  aperture  but  also  concurrently  improved  CO2

diffusion  efficiency  within  mesophyll  tissues  and  carbon
assimilation  capacity.  Typically,  an  increase  in  stomatal
conductance  without  a  corresponding  rise  in  the  net
photosynthetic  rate  would  lead  to  an  increase  in  intercellular
CO2 concentration due  to  insufficient  CO2 fixation.  However,
it  was  stable  under  +HVEF  indicating  that  the  rate  of  CO2

consumption  matched  the  increased  influx,  implying  a
coordinated enhancement in Calvin-Benson cycle activity. This

 

 
Fig. 15    (a)  Rubisco  (ribulose-1,5-bisphosphate  carboxylase/oxygenase),  (b)  FBA  (fructose-1,6-bisphosphate  aldolase),  (c)  SBPase
(sedoheptulose-1,7-bisphosphatase)  and  (d)TK  (transketolase)  enzyme  activities  of  tomato  seedling  leave  under  three  electrostatic  field
treatments and four cultivation durations. −HVEF, negative high-voltage electric field; CK, no electric field; and +HVEF, positive high-voltage
electric field. Means with the same letters are not significantly different (p > 0.05) between treatments at the same time point.
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coordination  may  be  attributed  to  the  upregulation  of  key
Calvin  cycle  enzymes  rubisco,  SBPase,  FBA  and  TK  under
+HVEF  treatment[36,65].  Rubisco,  as  the  primary  enzyme
responsible  for  CO2 fixation,  had  increased  activity,
accelerating  carboxylation  efficiency  in  chloroplasts  and
maintaining  low  CO2 concentrations  in  the  chloroplastic
intermembrane  space.  Also,  SBPase  and  FBA,  which  regulate
the  regeneration  of  rubisco  substrates,  were  also  activated
under  +HVEF,  supporting  an  overall  increase  in  Calvin  cycle
capacity.  In  parallel,  the  observed  trends  in  Mg2+ and
chlorophyll content further support this interpretation. By day
25,  the  +HVEF  group  had  a  leaf  Mg2+ concentration  of
9.98 mg·g–1 and a total chlorophyll content of 14.0 mg·g–1. This
indicates  that  +HVEF  not  only  promoted  Mg2+ accumulation
in  leaf  tissue  but  may  also  have  enhanced  chlorophyll
biosynthesis and the efficiency of the light reaction system.
 

4    Conclusions
 
This  study  demonstrated  the  effects  of  +HVEF  on  the

phenotypic  traits,  dielectric  and  mesoscopic  properties,  ionic
composition,  mechanical  performance  and  photosynthetic
efficiency  of  tomato  plants.  The  results  reveal  that  +HVEF
significantly enhances the uptake of key nutrients,  particularly
Mg2+,  leading  to  increased  chlorophyll  content  and  improved
photosynthetic activity. By regulating membrane potential, ion
channel activity and charge conduction, +HVEF promotes cell
expansion  and  magnesium  transport,  thereby  strengthening
tissue  mechanics  and  enhancing  photosynthetic  performance.
Microscopic  observations  further  confirm  cell  wall
reinforcement  and  improved  tissue  organization.
Comprehensive electrical  characterization reveals  that  +HVEF
facilitates  the  coupling  of  electrophysiological  responses  with
photosynthesis by promoting ion transport and electrical signal
conduction.  The  +HVEF-induced  membrane
hyperpolarization  facilitated  ion  transport  and  stomatal
regulation,  thereby  enhancing  photosynthetic  enzyme  activity
and  supporting  sustained  biomass  growth.  These  findings
provide  valuable  insights  for  enhancing  plant  growth  and
advancing the application of HVEF in agricultural engineering.
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