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Abstract

Investigating the intracellular water dynamics
within leaves will clarify plant responses to
different water conditions and provide a theoretical
basis for enhancing water-use efficiency. Detached
leaves of Chinese flowering cabbage (Brassica
campestris L. ssp. chinensis var. utilis Tsen et
Lee) and broccoli (Brassica oleracea L. var. italica
Plenck) were used as experimental materials in this
study. Electrophysiological parameters of the leaves
under saturated and non-saturated conditions were
measured, and the intracellular water, nutrient, and
energy related indices were calculated according
to Nernst equation. The acceleration (a) reflecting
the change rate of water transport rate in cells
was defined and calculated, and the response
characteristics of the two plant species to water were
analyzed. The results showed that leaf intracellular
metabolic activities of the two plant species were
better in the saturated condition than those in
non-saturated condition, and electrophysiological
parameters could reflect the intrinsic characteristics
and potential of the plants. Under saturated
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water condition, the intracellular water transport
rate, electrophysiological ion transport efficiency
and low nutrient tolerance of B. campestris were
significantly higher than those of B. oleracea, and B.
campestris showed high cell metabolic energy and
metabolic activity. From non-saturated to saturated
condition, the intracellular water transport rate of B.
campestris changed rapidly, but the increase rate of
intracellular water holding capacity was low, while
that of B. oleracea was just the opposite. Therefore,
B. campestris exhibited higher water sensitivity
compared to B. oleracea.

Keywords: intracellular water, electrophysiological ion
transport efficiency, cell metabolic energy, cell metabolic
activity, acceleration.

1 Introduction

Brassicaceae family boasts remarkable species
diversity, with its members delivering critical benefits
including food security, aesthetic value, medicinal
resources, and other economic contributions. Chinese
flowering cabbage (Brassica campestris L. ssp. chinensis
var. utilis Tsen et Lee) is an annual or biennial herb
of the genus Brassica (Brassicaceae). Derived from
the pak-choi complex via centuries of intensive
artificial selection and domestication, this southern
China-native specialty vegetable is valued for its high
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nutritional content and tender texture, serving as
both a popular culinary ingredient and a traditional
medicinal resource. It is now widely consumed in
South China, supported by large-scale cultivation
and substantial annual yields [1]. Broccoli (Brassica
oleracea L. var. italica Plenck), another annual or
biennial Brassica species (Brassicaceae), originated
in Italy and was later introduced to southern China,
evolving into a globally cultivated crop. Its edible
parts include crisp-tender floral stalks, shortened
succulent peduncles, and tightly clustered florets.
Renowned for its rich nutrient profile, particularly
high protein content in stems and leaves, B. oleracea is
highly favored by consumers. As the world’s largest
vegetable exporter and a top global producer, China
plays a pivotal role in the global B. oleracea supply
chain [2]. Despite the continuous expansion of China’s
vegetable export trade, it faces growing challenges that
necessitate improved production efficiency and quality
to maintain international competitiveness. Among key
agronomic practices, water management is critical for
determining yield and produce quality. Investigating
the intracellular water dynamics of B. campestris and B.
oleracea will clarify their species-specific responses to
water conditions, ultimately providing a theoretical
basis for enhancing vegetable quality and water-use
efficiency.

All vital plant processes are inseparable from water,
which participates in photosynthesis, respiration, and
the synthesis and degradation of organic compounds,
thereby exerting profound impacts on plant growth,
physiology, and biochemistry [3-5].  Exposure
to water stress often induces water imbalance in
plants, disrupting developmental programs and
yield formation; in severe cases, it even threatens
survival [6, 7]. While plants can re-establish tissue
water balance through intrinsic transport regulation
to maintain normal growth, this adaptive capacity is
species-specific, resulting in distinct water-use patterns
across crop species [8]. Leaves, as the primary sites of
photosynthesis and transpiration, are the plant organs
most sensitive to environmental changes. Functionally,
they act as a "safety valve" in the plant’s water
transport system: during water movement within
leaves, water can be temporarily retained, and its
release into the transpiration stream regulated. This
mechanism reduces water loss, maintains internal
water balance, and sustains photosynthesis and
growth [9]. Approximately 97% of water absorbed
by roots is lost via transpiration, with only 1-3%
retained for metabolic processes. Photosynthesis is

sensitive to such water dynamics, yet its response
to leaf water content is rarely a simple linear
relationship [10]. This non-linearity arises from
the 1-3% of water sequestered in leaf cells. As
stress intensifies, this sequestered water becomes
increasingly critical, disproportionately governing
whole-plant water status.

Under varying water conditions, the morphological
structure and hydraulic properties of plant leaves
undergo modifications that subsequently regulate
intracellular metabolic processes and alter plant
water and EITE (electrophysiological ion transport
efficiency). Drought stress significantly reduces the
thickness of palisade and spongy tissues as well as
vein diameter of Betula pendula, accompanied by
a marked increase in osmolyte accumulation [11].
In cotton, rapid stomatal closure restricts CO,
diffusion, leading to immediate inhibition of carbon
assimilation [12]. Similarly, flooding stress decreases
stomatal conductance and transpiration rate in
Rhododendron leaves [13, 14]. Water transport
in plant tissues (including leaves) is driven by
transpirational pull, which also plays a critical role in
nutrient translocation and distribution throughout
the plant [15]. Drought treatment enhances the
uptake, accumulation, and distribution of specific
mineral elements in Cunninghamia lanceolata
leaves [16]. Conversely, increased water availability
promotes the mass flow of dissolved nutrients to
root surfaces and their subsequent delivery to leaves
via the xylem [17]. Tomato maintains vigorous
leaf metabolic activity, strong photosynthetic and
transpirational fluxes, and efficient nutrient transport
under well-watered conditions, thereby accelerating
overall plant growth [18]. Variations in water
availability also induce changes in leaf cellular
properties, including effects on cell membrane stability
and permeability, as well as triggering cell wall
remodeling, increased elasticity, and folding [19-22].
Under drought, plants utilize intracellular HCO3
via carbonic anhydrase (CA) to generate carbon
substrates and metabolic water, improving cellular
water status and sustaining photosynthesis [23].
Additionally, osmolytes or cell volume adjustments
further stabilize turgor pressure and leaf water
potential, thereby modulating photosynthetic
response trajectories [24, 25]. Aquaporins (AQPs) are
key proteins for trans-membrane water movement,
which facilitate rapid water exchange between the
cytosol and vacuolar lumen, as well as between
the cytosol and apoplast [26].  Studies have
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shown that plasma-membrane intrinsic proteins
(PIPs) and tonoplast intrinsic proteins (TIPs)
jointly modulate cytosolic osmotic potential to
maintain cell turgor [27]. The direction-independent
regulation of transmembrane water transport by AQPs
renders intracellular water dynamics complex and
unpredictable, increasing the difficulty of accurately
assessing plant water use characteristics. Timely
monitoring of leaf cellular water dynamics is therefore
essential. However, due to limitations of current
detection techniques, research on the real-time
dynamics of cellular water, nutrients, and energy
remains constrained.

Plant electrical signal is defined as “any
detectable fluctuation in potential, current, or
resistance recordable from plant cells or tissues.”
Electrophysiological techniques enable real-time,
online, high-sensitivity, and user-friendly monitoring;
by rapidly capturing these signals, we can instantly
assess how internal metabolic activities respond
to external environmental changes [28]. The plant
plasma membrane is a phospholipid bilayer embedded
with integral or transmembrane proteins. Water
crosses this membrane either through free diffusion
or via AQPs. Due to its selective permeability to
ions, the plasma membrane allows mesophyll cells
to be modeled as a capacitor: the solutions on its
two sides act as the plates, the membrane itself as
the dielectric, and the cellular organelles as resistors.
This configuration endows the entire cell with
combined capacitive and resistive properties [29].
The permeability of leaf cells varies with external
conditions, leading to coordinated changes in
intracellular/extracellular ion concentrations, solute
transport, and water status. These changes, in
turn, induce an immediate shift in the recorded
electrical signal. In previous studies, we successfully
applied this electrophysiological technique to monitor
intracellular water and nutrient status, using the
acquired electrophysiological data to quantify
transport capacity, physiological health, and plant
stress resistance [30-32]. Therefore, by capturing
the electrophysiological information of leaves
under contrasting water conditions, we can rapidly
characterize the dynamic responses of intracellular
water, nutrients, and energy to changing water
conditions. This approach enables instantaneous
probing of plant-water relations at the cellular
resolution, and discriminates the distinct water use
patterns of B. campestris and B. oleracea.

Upon leaf detachment, the transpiration stream
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is disrupted, and the bulk flow of water within
the apoplastic and symplastic pathways ceases
almost instantaneously, effectively ‘locking” the
cellular water in its existing state. Wrapping the
petiole in moist gauze minimizes further water
loss, generating a "non-saturated" condition that
closely mimics the plant’s in-situ status. In
contrast, immediate immersion of detached leaves
in deionized water induces cellular water absorption
and swelling, ultimately achieving a "fully-saturated"
state characterized by balanced membrane influx and
efflux. In this study, leaves of B. campestris and
B. oleracea plants were subjected to both saturation
treatments, and their electrophysiological parameters
were measured. Based on the Nernst equation,
characteristic parameters, including intracellular water
and nutrient utilization, metabolic energy, and
metabolic vitality, were derived. Additionally, the
acceleration of intracellular water transport rate
was defined and quantified. Comparisons between
saturated and non-saturated conditions revealed
species-specific differences in responses of leaf
intracellular substances and energy. These findings
provide quantitative water-use signatures to support
the further studying of water saving irrigation of the
two Brassicaceae plant species.

2 Materials and Methods

2.1 Experimental Materials and Treatments

The experiment was conducted in a greenhouse of
Jiangsu Zhongxin Seed Technology Co., Ltd. located
at 120°46'19.74"E, 31°52/43.53"N in Zhangjiagang,
Jiangsu Province. Brassica campestris (hybrid
“Yungangxin 50”) and Brassica oleracea (line ‘Hubu")
plants were both bred and grown in the greenhouse.
B. oleracea seeds were sown in nursery trays and
transplanted after 37 days; B. campestris was
direct-seeded and later thinned. Each cultivar
constituted one treatment. Basal fertilizer was applied
once with no additional top-dressing; routine field
management was practiced. All measurements were
conducted in triplicate.

2.2 Measurement Methods
2.2.1 Measurement and Calculation of Electrophysiological

Parameters
A schematic of the parallel-plate electrode
configuration is shown in Figure 1. The system

consists of two circular copper electrodes (diameter:
7 mm, thickness: 2 mm) mounted on insulating
acrylic holders. Copper was selected as the electrode
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material due to its excellent electrical conductivity
and corrosion resistance, ensuring stable signal
transmission during measurement. Plant tissues are
characterized by low capacitance and high impedance.
Copper sheets are used as contact electrodes, and
resistance can be neglected for such high-impedance
materials as plant leaves. Prior to each measurement
session, the LCR meter (HIOKI 3532-50, Japan)
was calibrated using the manufacturer’s provided
open-circuit and short-circuit compensation fixtures to
eliminate systematic instrumental errors and parasitic
impedances.

Figure 1. Schematic of the parallel-plate capacitor: 1:
bracket, 2: foam board, 3: electrode; 4: wire, 5: iron, 6:
plastic bar, 7: fixation clamp.

2.2.2 Measurement and Calculation of Electrophysiological
Parameters (Continued)

Firstly, a parallel-plate capacitor was connected to an
LCR meter (HIOKI 3532-50, Japan). A fresh leaf was
excised, and its petiole was immediately wrapped
with moist (non-saturated) gauze before being placed
between the electrodes of the capacitor. The excitation
voltage of 1.5V at 3 kHz was selected based on voltage
optimization tests, as demonstrated in our previous
studies [33]. Different compressive forces (F =
1.1,2.1,4.1,6.1,8.1 N) were applied by adding 100 g
brass weights (M). In parallel mode, the physiological
capacitance (C), resistance (R) and impedance (Z)
were recorded for each force level. For each treatment,
measurements were performed at three distinct
locations per leaf, with three replicate leaves tested.
The detailed derivation and calculation procedures
of the relevant electrophysiological parameters are
provided in supplementary material (S1).

First, calculate the physiological capacitive
reactance (X¢) from the measured capacitance
(C). Subsequently, derive the physiological
inductive reactance (X;) using the R, Z and
Xc. Finally, construct force-response models for
the leaf electrophysiological parameters to obtain
the model coefficients. These models are defined as

equations describing the variation of physiological
indices (C, R, Z, X¢ and X|,) with compressive force
F' [34], as follows:

C=y+ koF (1)
R =y +kie ¥ 2)
Z = yg + kge 2F (3)
Xc = ys + kge (4)
X1 = ya + kge™F (5)

where y, k, and b are model parameters.
Using these parameters, calculate the
leaf-specific effective thickness (d) and the
intrinsic electrophysiological parameters

(IC,IR,1Z,1Xc,I1X1) under the condition of
F=0,ie,

U2k
d= "5 (6)
IR=y1+k (7)
17 = ys + ko (8)
IXc=ys+ks 9)
IX, =ys+ky (10)
1
e = 2nf x IX¢ (1)

where U is the test voltage, and is equal to 1.5V, 7 =
3.1416, f is the frequency, and is equal to 3 kHz.

On this basis, compute the leaf-cell water-use indices,
including leaf intracellular water holding capacity
(LIWHC), leaf intracellular water use efficiency
(LIWUE), leaf intracellular water holding time
(LIWHT), and leaf intracellular water transfer rate
(LIWTR); as well as the nutrient-use indices: active
nutrient transport capacity (NAT), passive nutrient
transport capacity (NPT), low-nutrient tolerance
capacity (RLN), and electrophysiological ion transport
efficiency (EITE) [23, 35]. The calculation formulas for
the above leaf intracellular water-use and nutrient-use
parameters are presented below:
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LIWHC = vIC3 (12)
LIWUE = LW?H c (13)
LIWHT = IC x 1Z (14)
LIWTR = E‘V/‘éﬁg (15)
NAT = ﬁ({zl (16)
NPT = 3;: 1 (17)
RLN = m x 100% (18)
1
EITE = I\MT?LONPT (19)

It should be noted that EITE (Electrophysiological
ion transport efficiency) used in this study is
an electrophysiological proxy reflecting the overall
resistance/efficiency of ion transport across the
cell membrane (the reciprocal of total transport
capacity). This is fundamentally different from
the traditional agronomic concept of nutrient use
efficiency (biomass production per unit nutrient). The
changes observed during the 30-minute immersion
primarily reflect membrane property adjustments
(such as membrane expansion, ion channel activity
changes, and electrolyte dilution) due to altered cell
hydration status, rather than long-term metabolic
electrophysiological ion transport efficiency.

The total nutrient transport capacity (TNTC) is
calculated as:

TNTC = NAT + NPT (20)

Using the electrophysiological model parameters
above, calculate the unit metabolizable energy of plant
leaf cells based on physiological impedance (AGz_g)
and the unit metabolizable energy of plant leaf cells
based on physiological resistance (AGr_g). Then,
combined with the leaf-specific effective thickness
d, obtain the metabolic energy of plant leaf cells
based on physiological impedance (AGz) and the
metabolizable energy of plant leaf cells based on
physiological resistance (AGR), and further calculate
the plant leaf cells metabolize energy (AGg) [36]. The
formulas are listed as follows:
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Inks —Inys

AGy_g = b (21)
Ink; —In
AGp-g = lTyl (22)
AGyz =AGz_g xd (23)
AGr =AGgr_g xd (24)
A A
aGy = B0zt AGr g

By integrating the above water-use parameters with
the intrinsic electrophysiological indices, the following
indices of relative metabolic vigor are obtained: leaf
nutrient transfer rate (STR), active nutrient transport
flow per unit leaf area (UAF), active nutrient transport
capacity in leaves (NAC), leaf metabolic flow (MF),
leaf metabolic rate (MR), and relative metabolic
activity (MA) [37]. The formulas are as follows:

LIWHC
STR = LIWHT (26)
Xc
UAF = = (27)
NAC = STR x UAF (28)
1
MF_IRXIZXXQXXL (29)
MR = STR x NAC (30)
MA = (MF x MR)"/® (31)

Fresh leaves were also collected and immediately
immersed in distilled water for 30 min to achieve
full saturation. To ensure that leaf cells approximate
their natural state to the greatest extent and guarantee
comparability among different plant species, a uniform
30-minute water saturation was applied to allow full
cell hydration. The use of deionized water creates a
water potential gradient to drive cellular hydration.
When leaves are immersed in deionized water, the
water potential of deionized water is higher than that
of the cell sap, driving water molecules into the cells
through the cell membrane, thereby achieving water
saturation. After blotting off surface water, the same
electrophysiological parameters were recorded under
this saturated condition using identical procedures
and indices as for the non-saturated condition.

Finally, the change rate of each parameter between the
two hydration states was calculated with the following
formula:
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Table 1. Intrinsic electrophysiological parameters under saturated and non-saturated conditions.

Variety Water condition IC (pF) IR (MQ) 1z (MQ) X, (MQ) Xy (MQ)

B. campestris Saturated 264.096+43.200a  0.033+0.009b  0.031+0.007b  0.089+0.016b  0.10940.020b
Non-saturated  334.195+4.966a  0.2114+0.023a  0.140+£0.014ab 0.194+0.015b  0.338+0.035b

B. oleracea Saturated 256.875+13.908a 0.132+0.023ab  0.1084+0.011ab  0.209+0.029b  0.295+0.029b
Non-saturated  96.667+20.771b  0.2214+0.092a  0.198+0.074a  0.540+0.075a  0.675+0.134a

Note: Mean =+ SE (n = 3) followed by different letters in the same column are significantly different at
P < 0.05, according to one-way ANOVA.

Change rate of electrophysiological parameter =

Valuesaturated - Valuenon—saturated

x 100%
(32)

Valuenon—saturated

where Valueg,tyrated and Valuenon-saturated represent
the measured electrophysiological parameters under
saturated and non-saturated conditions, respectively.

2.2.3 Definition and Calculation of Acceleration

In physics, the change in velocity is obtained by
subtracting the initial velocity from the final velocity.
Dividing this velocity change by the elapsed time
yields the rate of velocity change per unit time, which
is formally denoted as acceleration (a).

An external stimulus modifies membrane permeability,
alters the extra- and intracellular electrolyte gradient,
and thereby changes the rate of intracellular
water transport. With the non-saturated condition
designated as the initial velocity (vp) and the
saturated condition as the final velocity (vs), and the
immersion interval defined as ¢, the acceleration (a)
of intracellular water transfer in leaves is defined as:

Vs — Vo
t

(33)

a =

where a is acceleration, v, is the intracellular water
transfer rate of the leaf under saturated condition, vg
is the intracellular water transfer rate of the leaf under
non-saturated condition, and ¢ is the immersion time,
which is equal to 0.5 h in this experiment.

2.3 Statistical Analysis

Data were organized and summarized with Excel
2021, modelled with SigmaPlot 14.0, and plotted with
Origin 2019. One-way ANOVA followed by Duncan’s
multiple-range test (P < 0.05) was performed in
SPSS 14.0. Values are presented as means + SE
(n = 3). For each biological replicate (n =
3), measurements were performed at five distinct

locations per leaf, with ten recordings per location.
The average of 50 measurements per leaf was used
as one biological replicate to minimize measurement
errors and ensure representative sampling of the leaf’s
overall physiological state.

3 Results

3.1 Intrinsic Electrophysiological Parameters of B.
campestris and B. oleracea Leaves

Table 1 shows that IR of B. campestris under
non-saturated condition is significantly higher than
that under saturated condition, whereas IC, IZ, IX,. and
IX1, do not differ significantly between the two water
conditions. IX,. and IX;, of B. oleracea are significantly
higher under non-saturated condition than those
under saturated condition. IC of B. oleracea under
non-saturated condition is significantly lower than that
under saturated condition, while IR and IZ show no
difference between those two water conditions.

3.2 Water and Nutrient use Parameters of B.
campestris and B. oleracea Leaves

According to Tables 2 and 3, B. campestris under
non-saturated condition exhibited significantly higher
values of LIWHC, LIWHT, NAT, NPT, and TNTC
compared to those under saturated condition. In
contrast, LIWUE, LIWTR, RLN, and EITE showed the
opposite trend (i.e., higher values under saturated
condition). For B. oleracea, no significant differences in
LIWUE, LIWHT, LIWTR, NAT, NPT, EITE, or TNTC
were detected between saturated and non-saturated
conditions.

Compared with the non-saturated condition, the
LIWTR of B. campestris and B. oleracea under
saturated condition increased by 339.98% and 128.59%,
respectively. Under saturation, B. campestris exhibited
higher LIWUE, RLN and EITE, but lower LIWHC,
LIWHT, NAT, NPT and TNTC; in contrast, B. oleracea
showed the opposite trend. When shifting from the
non-saturated to saturated condition, the acceleration
of intracellular water transfer rate in B. campestris leaves
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Table 2. Water use parameters under saturated and non-saturated conditions.

Variety Water condition LIWHC LIWUE LIWHT LIWTR a
T Saturated 4375985+1092912b  0.163+0.04%  7843+14ddc  584541%136513a oo o
(COMPESITIS — Non-saturated  6110.423+135.928a  0.033+0.003b  46.801+4.691a  132.857+11.812b '
5. olorncen Saturated 4126137+330514b  0.032+£0.005b 27.761+3.308b 1514474169330 oo
' Non-saturated ~ 2189.915+807.595b  0.071+0.017b 16.888+3.809bc  66.253+25.665b '
Change rate of electrophysiological 28385 393.939 83.242 339.978
parameters (%) in B. campestris
Change rate of electrophysiological 319.950 54930 64.383 128589

parameters (%) in B. oleracea

Note: Mean + SE (n = 3) followed by different letters in the same column are significantly different at P < 0.05,

according to one-way ANOVA.

Table 3. Nutrient use parameters under saturated and non-saturated conditions.

Variety Water condition NAT NPT RLN (%) EITE TNTC
B et Saturated 0.298+0.030b 0.364+0.057b 45.187+0.785a 158.616126.115a 0.662+0.096b
- camp Non-saturated ~ 0.624+0.004a 1.082+0.043a 36.608+0.792b  58.707+1.656b  1.706+0.047a
5 olermeen Saturated 0.4511+0.065b 0.661+0.149p 41.295+1.948a 96.93+1844%b 1.112+0.214b
' Non-saturated ~ 0.30240.067b 0.383+0.111b 44.928+1518a 163.733+34.020a 0.685+0.179b
Change rate of electrophysiological - 5, -66.359 23435 170.182 6119
parameters (%) in B. campestris
Change rate of electrophysiological g 334 72.585 8.086 -40.800 62.336

parameters (%) in B. oleracea

Note: Mean + SE (n = 3) followed by different letters in the same column are significantly different at P < 0.05,

according to one-way ANOVA.

.....

.....

m
oy
:
a

Sao

Zsm

.......

conditions. (Note: Values in the figure are presented as mean + SE (n = 3). Based on the results of One-way ANOVA,
different lowercase letters are labeled above the error bars for a given parameter when there are significant differences in
values of that parameter between different groups at the P < 0.05 level.).

was approximately five times that in B. oleracea leaves.

4 Leaf Cellular Metabolic Parameters of B.
campestris and B. oleracea

Figure 2 demonstrates that both the AGg and MA of B.
campestris under saturated condition were significantly
higher than those under non-saturated condition. In
contrast, B. oleracea showed no significant differences
in either parameter between the two water conditions.
Compared with the non-saturated condition, saturated
condition induced varying degrees of increase in AG
and MA for both varieties: AGp increased by 653.55%
and 155.38%, while MA rose by 337.76% and 90.92%
for B. campestris and B. oleracea, respectively. Notably,
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the increments of both parameters in B. oleracea were
markedly lower than those in B. campestris.

5 Discussion

5.1 Discussion

According to the energy conservation principle,
energy produced via photosynthesis under stress is
primarily allocated to growth, cellular metabolism,
and stress resistance [29]. Consequently, shifts in
intracellular metabolite metabolism under varying
water conditions directly impact photosynthesis and
growth, while also regulating whole-plant water
balance. In this experiment, the two Brassicaceae plant
species displayed distinct response patterns under
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both water conditions.

The growth of B. campestris is significantly influenced
by the water conditions [38, 39]. B. campestris has
pointed leaves, rapid growth, and high water demand,
thus showing a distinct response to water changes.
The firmness of B. campestris is related to the cellulose
content in the epidermis of the flower stalk. B.
campestris has tender, thin leaves with relatively low
firmness and weak water retention capacity, resulting
in rapid water loss [40]. Under saturated water
condition, the intracellular water transport rate of B.
campestris leaves was high, with LIWTR increasing by
339.98% compared to non-saturated condition. This
reduced the cell water-holding time and significantly
decreased LIWHT. Although nutrient transport in
the leaves was restricted, the efficient transport and
utilization of intracellular water enhanced a higher
EITE value. Leaf cells exhibited higher MA and
AG p values under this condition compared to those
under non-saturated conditions. The higher AGp
value indicated that greater cellular energy could be
potentially used for growth or other metabolisms. The
non-saturated water condition was closer to the actual
growth environment of plants. Under this condition,
the IR of B. campestris leaves was significantly higher
than that in the saturated condition with poor leaf
water conductance and a marked decrease in LIWTR.
However, its LIWHT was higher, as leaf cells reduced
water transport rate to extend intracellular water
retention time. The high resistance to material
transport within cells increased energy consumption
during substance transfer, resulting in lower EITE and
significant reductions in cellular metabolic energy and
vitality.

B. oleracea leaves are thicker, with slow water loss
and strong water retention. Therefore, the changes
in intracellular water retention, utilization, and
transport of B. oleracea leaves under both saturated and
non-saturated water conditions were relatively small.
Total nutrient transport and metabolism remained
stable, with no significant changes in leaf cell metabolic
energy and vitality.

The acceleration (a) of intracellular water transfer
rate provides a dynamic metric for cellular hydration
kinetics. Based on the classical physics concept of
acceleration (a = Av/At), we applied it to plant
water physiology by defining the initial velocity (vo)
as LIWTR under non-saturated condition, the final
velocity (vs) as LIWTR under saturated condition, and
the time interval (At) as the 30-minute immersion

period. Thus, acceleration (a) quantifies the rapidity
with which leaf cells alter their water transport kinetics
in response to changed water availability, serving as
a metric for cellular hydration responsiveness. The
markedly higher a value in B. campestris (903.37)
compared to B. oleracea (170.39) reveals a fundamental
difference in responsiveness, suggesting superior
kinetic agility in B. campestris potentially attributable to
species-specific differences in aquaporin regulation or
membrane properties governing water permeability.

When comparing the change rates from non-saturated
to saturated water conditions, the increase in LIWHC
of B. campestris was significantly lower than that of
B. oleracea. However, its high acceleration facilitated
intracellular water transfer, resulting in a LIWTR
increase approximately five times greater than that
of B. oleracea. The sharp elevation in AGp underpins
efficient water utilization and transport in saturated
B. campestris leaves, indicating a more sensitive
water-use response. In contrast, B. oleracea exhibited
robust water-retention capacity: its intracellular
water transfer rate increased only moderately upon
saturation (attributed to low a value), and AG g rose
slightly, an adaptation that stabilized intracellular
water and nutrient levels, reflecting robust internal
regulatory mechanisms and high environmental
adaptability. Consequently, saturated water condition
exerted minimal impact on the relative metabolic
activity of B. oleracea. Overall, compared with B.
campestris, B. oleracea demonstrated superior drought
tolerance, lower water sensitivity, and enhanced
capacity to cope with external environmental stimuli.

The contrasting LIWUE responses reveal
fundamentally different water-use strategies at the
cellular level. B. campestris exhibited a “high-response”
strategy: under saturated conditions, LIWUE
increased by 393.9%, indicating high sensitivity to
water availability and an “opportunistic” strategy
when water is plentiful. In contrast, B. oleracea
displayed a “conservative” strategy: LIWUE remained
relatively stable regardless of water conditions
(non-significant decrease), suggesting robust internal
regulatory mechanisms and higher adaptability to
environmental fluctuations. This aligns with the
acceleration results: B. campestris (a = 903.37) showed
approximately five-fold higher responsiveness than B.
oleracea (a = 170.39).

After 30 minutes of immersion, the leaves reached
full saturation. The aforementioned analyses
demonstrate that, overall, all parameter values under
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saturated water condition are superior to those under
non-saturated water condition. To enable direct
interspecific comparison, maintaining leaves in a
saturated state minimizes environment-induced
variability in electrophysiological measurements.
Consequently, the acquired data optimally reflect the
intrinsic characteristics and potential of each plant
species.

By comparing the saturated-condition
electrophysiological parameters of the two plant
species, and evaluating the change rate of LIWHC,
LIWUE, LIWTR, AGp, and MA, coupled with
the acceleration of intracellular water transfer, B.
campestris exhibited superior intracellular water
delivery compared to B. oleracea. It also possessed
higher cellular metabolic energy and activity. During
the transition from non-saturated to saturated water
conditions, B. campestris displayed smaller variations
in intracellular water-holding capacity and retention
time, but more rapid changes in water-use and transfer
rates. These findings indicated that B. campestris had
higher water sensitivity than B. oleracea.

6 Conclusion

Under saturated water conditions, B. campestris leaves
exhibited rapid intracellular water utilization and
transfer, high EITE, strong tolerance to low nutrients,
and vigorous metabolic activity; the opposite was
observed under non-saturated water condition. In
contrast, B. oleracea leaves maintained a slightly longer
intracellular water-holding duration, stable nutrient
transport, and steady cellular metabolism when
saturated. Both plant species thus displayed enhancing
intracellular physiological activity in the saturated
water condition, where the electrophysiological
parameters could accurately reflect their intrinsic traits
and potential. From non-saturated to saturated water
conditions, B. campestris showed smaller increases in
intracellular water-holding capacity and duration but
more rapid changes in water utilization and transfer
rates, whereas B. oleracea exhibited the reverse pattern.
Therefore, compared with B. oleracea, B. campestris
had greater sensitivity to water changes. The results
demonstrate that electrophysiological methods can
serve as a rapid, non-invasive diagnostic tool for
assessing crop water response characteristics at the
cellular level, providing theoretical basis and technical
support for drought-tolerant variety screening.

However, the use of detached leaves in this study had
some limitations in reflecting plant water demand.
While this approach allows for precise control over
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water status and isolation of cellular responses from
whole-plant systemic signals, it inherently excludes
the complex regulatory networks involving root-shoot
communication and long-distance vascular transport.
Consequently, the findings primarily reflect the
intrinsic water response capacity at the leaf cellular
level. Extrapolation to whole-plant water demand
characteristics in agricultural settings should be done
cautiously and requires validation through integrated
whole-plant physiological studies.
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Appendix

The derivation formula of internal relationship
between electrophysiological parameters and
gripping force, and the derivation formula of leaf
intracellular water and nutrient related indices and
cellular metabolic energy.

A The intrinsic mechanism relationship
between clamping force (F) and leaf R, Z,
XC, XL and C

The Nernst equation can be used to describe the
changes in the concentration of ions, ion groups
and electric dipoles inside and outside of the cell
membrane of a single cell. In parallel mode, the
electrical properties of a single cell can be used to
represent the overall electrical characteristics of the
leaf. The impedance (Z) depends on the concentration
of ions inside and outside the membrane and follows
the Nernst equation, which is expressed as follows:

_ RoT
N nZF()

@
Qo

where E is the electromotive force (V), E° is the
standard electromotive force (V), Ry is the gas
constant (8.31 J-K~tmol~!), T is the thermodynamic
temperature (K), Q; is the concentration of electrolytes
that respond to Z inside the cell membrane (mol-L~!),
Qo is the concentration of electrolytes that respond
to Z outside the cell membrane (mol-L™1), Fj is the
Faraday constant (9.65 x 10* C-mol~!), and n, is the
number of transferred electrolytes (mol).

E—EY 1

(S.1)

The internal energy of the electromotive force can be
converted into pressure work, and they have a direct
relationship, PV = aF, that is:

(ZR()T
’rlZFo

Qi
Qo
where P is the pressure intensity on the leaf cells (Pa),

a is the transfer coefficient from electromotive force to
energy, and V is the cell volume (m3).

PV =aE = aE° + In

(S.2)
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The pressure P applied to plant cells can be calculated
using the pressure formula:

pP=

nl =

(S.3)

where F is the gripping force (N) and S is the effective
area of the electrode plate (m?). F can be calculated
by the gravity formula:

F=(M+m)g (S4)
where M is the iron block mass (kg), m is the mass
of the plastic rod and the plate electrode (kg), and
g =9.8 N/kg.

For mesophyll cells, the sum of Qy and @Q); is constant.

Qi is directly proportional to the conductivity of
electrolytes that respond to Z, and the conductivity is
the reciprocal of Z. Hence,

= (s1)
can be expressed as
Q %
0 I (S5.5)

where Jj is the transfer coefficient between (; and
Z,and Q = Qo + Q;. Therefore, formula (S5.2) was
transformed into formula (S.6):

174 aRT ., QZ—Jy
—F=aE"— 1 S.6
S “ nZFQ . Jo ( )
Formula (S.6) was rewritten:
(IR()T QZ — J(] 0 14
1 =aF" - —F S.7
TLZFO . Jo @ S ( )
and
QZ—Jy n.FoE° Vn,F,
1 = — F S.8
YT RyT  SaRoT (58)

Formula (S.8) takes the exponents of both sides:

QZ - Jy
Jo

ny FoEC (
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=e Tl e

T SaRyT

(S.9)

Further:

Jo Jo
Z=—+—e€
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(S.10)

where Z is the leaf physiological impedance (MXS2).

Because d = %, formula (S.8) was transformed into:

Jo  Jo
J=—+ —e¢
Q Q

nZFOEO _dTLzFO
RoT o\~ aRgT

(S.11)

For the same leaf tested in the same environment, d,
a, E°, Ry, T, n., Fy, Q, and Jy of formula (S.10) are

J Jn nzFoE°
constant. Let yo = —O, ko = 0 e RoT ,and by =
i E Q Q
n
RZ 19, and the intrinsic mechanism relationships of
aRy

leaf Z and F were:

Z =1y + k267b2F (5.12)

where y9, ko, and by are model parameters.

The leaf physiological capacitive reactance (X¢) was
calculated according to formula (S.13):

1

XCZQﬂ'fXC

(S.13)

where C is the leaf physiological capacitance (pF).

The leaf physiological inductive reactance (X1,) was
calculated according to formula (S5.14):

1 1 1 1

-5 = (S.14)

With the same 7, the intrinsic mechanism relationships
of leaf physiological resistance (R), X¢, X1, and F' are
revealed:

R =y + ke F (S.15)
Xo = y3 + kze™%F (S.16)
X1 = ya + kge™™F (S.17)
The derivative of formula (S.12) is as follows:
Z' = —bokge b2F (S.18)

According to formula (S.12), when F' = 0, the intrinsic
impedance (IZ) of the plant leaves could be obtained:
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17 = yo + ko (5.19)
With the same IZ, when F' = 0, the intrinsic resistance
(IR), intrinsic capacitive reactance (IX¢), and intrinsic
inductive reactance (IXy) of plant leaves could be
calculated as:

IR=y1+ k1 (5.20)
IXc=ys+ ks (SZl)
IXp = ys+ ky (5.22)

The intrinsic capacitance (IC) of plant leaves could
also be obtained:

1

IC=——
¢ 27Tf><IXC

(5.23)

where m = 3.1416, f is the frequency, and IX¢ is the
intrinsic capacitive reactance.

According to the first law of thermodynamics, the work
done by the clamping force obeys the Gibbs free energy
equation:

AG =AH + PV (5.24)
where AG is the Gibbs free energy (J), AH is the
internal energy of the leaf cell system (J), P is the
pressure intensity of the leaf cells (Pa), and V is the
cell volume (m?). P can be calculated by the pressure
intensity formula:

pP= (5.25)

r
S
where Fis the clamping force (N) and S is the effective
area of the electrode plate (m?).

Mesophyll cells can be regarded as concentric sphere
capacitors, and the capacitor energy is:

1
W= §U2C (S.26)
where W is the capacitor energy (J), and U is the test
voltage (V).

According to energy conservation theory, the capacitor
energy is equal to the work converted by Gibbs free
energy, i.e., W = AG. The leaf C and F relationship
model was obtained:
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_20H | 2V
- SU2

C 72

(S.27)

It is assumed that d represents the specific effective
Vv

thickness of the plant leaves; therefore, d =
Formula (S.26) was transformed into formula (S.28):

2AH 2

C= 72 + WF (5.28)
2AH 2d
Letyo = ——— ko = ., and formula (5.28) was

transformed into formula (S.29):

C =yo+ koF (S.29)

Formula (S.29) is a linear model, where y and kg are
the model parameters.

As kg = [2%, the specific effective thickness (d) of the
plant leaves could be calculated as:

_ Uk
2

d

(S.30)

B Calculation of leaf intracellular water use
indices

The cell is a spherical structure, and its growth is
closely related to the increased volume. The C of plant
leaf cells can be calculated by a formula for concentric
spherical capacitors:

_ 47T€R1R2

C.=
Ry — Ry

(S.31)

where m = 3.1416, C. is the capacitance of the
concentric spherical capacitor (pF), ¢ is the dielectric
constant of electrolytes, R is the outer sphere radius
(m), and Ry is the inner sphere radius (m). For a plant
cell, Ry — R; is the thickness of the cell membrane.
R1 =~ Ry, as well as ¢, and the thickness of the cell
membrane is constant. Therefore, the cell volume (V,)
has the following relationship with cell’s C.:

Ve=av(C? (5.32)
The cell volume is positively correlated with the
volume of vacuoles, and the main component of
the vacuole and cytoplasm is water. In other
words, the water-holding capacity of cells is directly
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proportional to vC3. Therefore, v/C3 can represent
the water-holding capacity of plant leaves. The leaf
intracellular water-holding capacity (LIWHC) of plant
leaves was obtained according to formula (5.32):

LIWHC = V(3 (S.33)
The specific effective thickness (d) of plant leaves
represents cell growth, and the water-holding capacity
supports plant cell growth. Therefore, the leaf
intracellular water-use efficiency (LIWUE) of leaves
was represented by formula (S.34):

d

LIWUE = wwhe

(S.34)

According to Ohm’s law, I = —, where I is
the physiological current (A). At the same time, the
current is equal to the product of the capacitance and
the differential of voltage in time, as shown in formula

(5.35):

Iy = IC x / dur (5.35)

After the integral transformation, the current time
is the product of C and Z. Therefore, the leaf
intracellular water-holding time (LIWHT) of plant
leaves is represented by formula (5.36):

LIWHT = IC x IZ (S.36)

And the leaf intracellular water transfer rate (LIWTR)
is calculated as follows:

LIWHC

LIWTR = LTWET

(S.37)

C Calculation of leaf intracellular nutrient
transfer parameters

Plant cells have electrical properties of low C' and high
R, and it could be assumed that electrical cells were
connected in parallel manner, and various aligned
mesophyll cells make up the leaf capacitor. The value
of IR in plant leaf cells can be measured as follows:

L1111
R, ' IR; IR,

We can assume that the resistance of inside and outside
membrane is equal; then, IR;, IRy, IR3, and IR,

can represent inherent resistance of each unit cell
membrane. Hence, the IR of the plant leaves were
obtained as follows:

1 n

Further, the R of the cell membrane is closely related
to lipids and proteins; therefore, n can be denoted as
the relative number of lipids and proteins that induce
membrane R in plant leaves.

Finally, the leaf IX¢ in plant were measured as follows:

1 _
Xe  Xco

(5.40)

Aswe know that X of cell membrane is closely related
to the surface proteins, then IX¢ or p was considered
as the relative amount of surface proteins. Therefore,
IX¢ is inversely proportional to p.

L q
X, Xio

(S.41)

As we know that X7 of cell membrane is closely
related to the conjugated proteins, then IX; or ¢
was considered as the relative number of conjugated
proteins. Therefore, IXy, is inversely proportional to q.

The cell membrane proteins are most closely related to
nutrient transport. The proportion of phospholipids,
surface proteins (peripheral proteins) and conjugated
proteins (intrinsic proteins) on the cell membrane
strongly affects the transport capacity of cellular
substances, and ultimately affects the nutrient
transport efficiency of plants. Some non-selective ion
channels (including intrinsic and extrinsic proteins),
with extrinsic proteins playing a dominant role,
allow ions to pass through the cell membrane along
the electrochemical gradient, affecting the passive
transport rate.

Among them, the leaf intracellular passive nutrient
transport capacity (NPT) is calculated as follows:

—1
NPT = £ = X (S.42)
nIp

In addition, the proportion of conjugated protein
(intrinsic protein) is closely related to the active
transport of nutrients. The proportion of cell

nutrient transport capacity caused by these proteins
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to total material transport capacity determines the leaf

intracellular active nutrient transport capacity (NAT).

Therefore, the calculation formula is as follows:

NAT =

Iy
= Z& (S.43)

Thus, the total nutrient transport capacity (TNTC)
could be represented by equation (5.44):

TNTC = NAT + NPT (5.44)
Since the active transport capacity of plants determines
the minimum concentration for ion uptake, it also
determines the plant’s tolerance to low-nutrient
conditions.  Therefore, the plant’s low-nutrient
tolerance can be represented by the ratio of its
active transport capacity to its total nutrient transport
capacity.

The low-nutrient tolerance capacity (RLN) is
calculated as follows:

100 x NAT

RLN = JAT 7 NPT

x 100% (S.45)

And then the electrophysiological ion transport
efficiency (EITE) can be calculated as:

100

EITE = QAT T NPT

(S.46)

D Calculation of leaf cellular metabolic energy

Cellular metabolic energy represents an additional
form of energy input, distinct from the energy captured
through photosynthesis. Based on the C, Z, R, X¢,
X7, of plant leaves, the model constructed according
to electrophysiological parameters can calculate the
cellular metabolic energy of plant leaf.

Equation (S.12) leads to Z = y» + koe b2F: where
ny FoEC
J Joe FoT dn,
ygz—o,k:g:&,andbg: =10 Wetakeyg
CLRQ
and by and substitute it for ko:
aE%,
]{72 = 1yg€ d (S.47>
Further:
EO
aT = AGy_p (S.48)
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Equation (S.48) was deformed to obtain the unit
cellular metabolic energy of plant leaf cells based on
Z (AG 7—FE ):

Inky — 1
AGy_p = HQTHW (S.49)

2
Additionally, equation (S.30) gives d = v ko.
According to AGz_g and d, the cellular metabohc

energy of plant based on Z (AG ) was obtained:

Inko — Inyo

AGz = b

X d (5.50)

Similarly, according to the model of R with F, the unit
cellular metabolic energy of plant leaf cells based on
R (AGRr—_p) can be obtained:

Inky —Inyy

AGr-g = b

(S.51)

According to AGr_g and d, the cellular metabolic
energy of plant based on R (AGR) was obtained:

Ink; —Inyy

AGRr =
R by

x d (S.52)

The plant leaf cells metabolize energy (AGp) is
calculated as:

AGz + AGR

AGp = 5

(S.53)

E Calculation of leaf metabolic activity indices

Based on the intrinsic electrophysiological parameters
and water-use indices, the following indices of relative
metabolic vigor are derived.

The nutrient transfer rate (STR) combines water
holding capacity and holding time, reflecting the rate
of nutrient movement associated with water transport:

LIWHC

STR = TTwHT

(S.54)

The active nutrient transport flow per unit leaf area
(UAF) represents the ratio of capacitive reactance to
inductive reactance, reflecting the relative contribution
of surface proteins to intrinsic proteins in nutrient
transport:
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UAF = Xo

X, (S.55)

The active nutrient transport capacity in leaves
(NAC) is the product of STR and UAF, integrating
water-mediated transport rate with membrane protein
composition:

NAC = STR x UAF (S.56)

The leaf metabolic flow (MF) is defined as the
reciprocal of the product of all four intrinsic

electrophysiological parameters (IR, 1Z, IX¢, IXy).

This composite index reflects the overall conductance
capacity of the leaf tissue:

1
IR xIZ x IXe x IX,

MF (S.57)

The leaf metabolic rate (MR) is the product of STR
and NAC, representing the integrated rate of nutrient
transfer and active transport:

MR = STR x NAC (S.58)

Finally, the relative metabolic activity (MA) is derived
as the geometric mean of MF and MR, providing a
comprehensive measure of cellular metabolic vigor:

MA = (MF x MR)'/® (S.59)
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