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ABSTRACT

Almost all life activities of plants are accompanied by electrophysiological information. Plant’s electrical
parameters are considered to be the fastest response to environment. In this study, the theoretically
intrinsic relationships between the clamping force and leaf resistance (R) and inductive reactance (XL)
were revealed as 3-parameter exponential decay based on bioenergetics for the first time. The intrinsic
resistance (IR), capacitive reactance (IXc), inductive reactance (IXL), impedance (1Z), and capacitance (IC) in
plant leaves were successfully monitored. The nutrient flux per unit area (UNF), nutrient transfer rate (NTR)
and nutrient transport capacity (NTC) in plants based on IR, IXc, IXL, IZ and IC were defined to reflect
nutrient transport characteristics. The results indicate that IXc and IXL could be used to manifest the
relative composition characteristics of cell membrane proteins, and are inversely proportional to the
amount of surface and binding proteins that induce membrane Xc and XL in plant leaves, respectively.
UNF, NTR or NTC exhibited good correlations with crude protein or crude ash, and accurately revealed the
nutrient transport strategies of tested plants and their diversity. This study highlights that plant’s electro-
physiological information could effectively manifest the composition and nutrient transport character-
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istics of membrane proteins in plant cells.

1. Introduction

Almost all life activities in plants, including the metabolism of
substance and energy, development, stress resistance and signal
transduction, involve charge separation, electron movement,
proton and dielectric transport, etc.'™* The electrical signals
(variation, action and system potential) in plants can directly
or indirectly induce the changes of various physiological pro-
cesses, including gene expression, photosynthesis, respiration,
transpiration, phytohormon production, substance flow, energy
metabolism and plant growth, etc.*> And the interactions
between electrical activity and physiological processes in plants
can be analyzed by simulation.®”® Moreover, these responses are
considered to increase plant resistance to stress factors, for
example, the localized burning induced a variation potential
that decreased photosynthesis parameters and increased photo-
system II damage of pea leaves, in turn increased resistance of
photosystem I to heating.””'* The changes of structure, compo-
sition and ion permeability in plant cells by exogenous stressors
will inevitably lead to significant changes in electrical
signals.”>"'®

Therefore, plant’s electrical parameters are considered to be
the fastest response to environmental stimulus such as
drought, heat stimulation, cold stimulation, salt stimulation,
diseases and insect pests, exogenous force.'®'>'*!>!*"** Many
reports indicated that the impedance (Z) and capacitance (C)
of plants have been used to evaluate plant’s physiological

status.2**° For instance, in our previous studies, Zhang et al.
demonstrated that the electrophysiological properties of the
plants could reflect their ability to resist drought and define
leaf tensity based on physiological capacitance to represent
plant drought resistance.”” And Javed et al. evaluated the irri-
gation effects of the diluted salted water using leaf tensity of
plants.’® As well as Xing et al. used leaf tensity to rapidly
determine water requirement information in Brassica napus
L. and predict re-watering time of Orychophragmus violaceus
[ 2830

Previously, a traditional approach, the electrical parameters
in plants are measured by the insertion of two electrodes into
the stem or leaf.’*> However, this method is unstable and
difficult to manipulate, and the acquired electrical signals lack
representativeness, reproducibility and comparability because
of needling injury, as well as different environments, users and
other factors. Moreover, the intrinsic or spontaneous electrical
parameters in plants are not detected by the needling method.
In our previous reports, plant’s electrical parameters under
specific clamping force have been successfully obtained using
parallel-plate capacitor.”®** > Although this method can over-
come the above defects, it also cannot detect the intrinsic real-
time electrical parameters in plants. Guo et al. reported the
capacitance (C) values of maize leaves increased with clamping
forces, while this intrinsic mechanism or relationship between
clamping force and the electrophysiological information of
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plants was not revealed.” Thus, it is of great practical signifi-
cance to clarify the intrinsic mechanism between clamping
forces and electrophysiological parameters and provide
a rapid, accurate and real-time technique for monitoring the
physiological state of plant leaves.

The electrical properties of plant cells are derived from the
cell membrane with a double electric layer. Membrane lipids
and proteins, the main compositions of cell membrane, can be
regarded as insulating layer, have a high electrical resistivity,
enabling the plant cell to store electric charge.'®** Generally,
a mesophyll cell can be regarded as a concentric sphere capa-
citor with both inductor and resistor function, and many
aligned mesophyll cells make up the leaf capacitor.”*>*> The
ions, ion groups and electric dipoles in mesophyll cells are
electrolytes of leaf capacitor and most related to electrophysio-
logical information.”>*® The electrophysiological information
of plant leaves varied with the ions, ion groups and electric
dipole concentrations in plant cells. Different clamping forces
which can be regarded as different exogenous stimuli inevitably
lead to the changes of the ion, ion group and electric dipole
concentrations in plant leaves, which causes the changes of
electrophysiological information of plants. In our previous
study, the theoretically intrinsic relationships between the
clamping force and leaf Z or capacitive reactance (Xc) and
C were revealed as 3-parameter exponential decay or linear
models for the first time, respectively.”> And the novel intra-
cellular water use indices based on plant’s electrophysiological
parameters accurately revealed the life strategies of intracellu-
lar water metabolism in plant leaves. Xing et al. found that leaf
Z which obtained by using the above intrinsic relationship
provides more reliable information of plant water status com-
pared with water potential, and defined leaf water dissipation
rate based on leaf Z .*

Cells are the site of all biochemical reactions, and cell
membrane side is an important barrier to ensure a stable
environment inside the cell. It has been estimated that
15 ~ 30% of the nuclear gene encoded proteins are involved
in nutrient transport on the cell membrane, and the energy
used by cells in nutrient transport up to two-thirds of the
total energy consumed by cells.'” The nutrient transport
capacity of cells is most closely related to the type and
quantity of surface and binding proteins in cell membrane;
thus, the composition and content of membrane protein can
indirectly reflect the nutrient transport capacity of cells.
Protein detection methods of biological samples include con-
ventional, electrochemical, molecular biology, electrophoresis
and mass spectrometry methods.”” However, the detection of
membrane proteins is limited to single cell or single proteins,
and the existing protein detection technology is difficult to
accurately evaluate the composition characteristic of cell
membrane protein.’”® Moreover, the nutrient transport
capacity ultimately affects the nutrient use efficiency of
plants, and the most commonly used method of plant nutri-
ent use evaluation is the ratio of total nutrient in plants to
total input nutrient.”>*’ However, this nutrient use efficiency
also does not directly reflect the nutrient transport capacity.
To the best of our knowledge, the composition and nutrient
transport characteristics of membrane protein has rarely been
reported.

The fully expanded leaves, which account for a high propor-
tion of plant biomass, determine and reflect the plant nutrient
metabolism. Since the concentration of electrolytes in cells
(ions, ion groups and electric dipoles) in leaf cells is directly
affected by the nutrient metabolism in plant leaves, and then it
is accompanied by vigorously electrical activities. In this study,
it was first clarified and constructed the intrinsic mechanisms
and physical models between clamping forces and leaf resis-
tance (R), inductive reactance (XL). Subsequently, the intrinsic
electrophysiological parameters in plant leaves were monitored
through these mechanism equations. And then the nutrient
flux per unit area (UNF), nutrient transfer rate (NTR) and
nutrient transport capacity (NTC) in plant leaves in the light
of the intrinsic electrophysiological parameters were defined to
evaluate the nutrient transport strategies of various tested
plants. This study aims to clarify the intrinsic mechanisms
among the electrophysiological information in plants and cell
membrane proteins, and provide a novel, feasible technique for
real-time monitoring plant nutrient transport.

2. Materials and methods
2.1. Experimental materials

The two Broussonetia papyrifera grown in the agricultural and
moderate rocky desertification soil in Puding county, Guizhou
Province (26°37' N, 105°77' E). Rhus chinensis Mill. and Toona
sinensis grown in the moderate rocky desertification soil in
Puding county, and Ipomoea batatas (L.) Lam. and Senecio
scandens Buch.-Ham. ex D. grown in the cultivated soil in
Puding county. Solanum tuberosum L. and Capsicum annuum
L. were grown in the potted agricultural soil of Guizhou voca-
tional college of agriculture in Qingzhen county, Guizhou
Province (26°58' N, 106°43" E). The average annual tempera-
ture, sunshine hour and precipitation in Puding and Qingzhen
counties were 15.1°C and 14.1°C, 1164.9 and 1128.2 hours and
1378.2 and 1180.9 mm, respectively. The growth age, habitat
information, measurement conditions and sampling weather
of all tested plants are shown in Table 1. The fully expanded
leaves of fresh branch as experimental materials were mea-
sured. First, the fully expanded leaves were taken from the
third, fourth, and fifth leaf positions of each branch, and the
fresh leaves were immediately soaked in water for 30 min.
Then, the water on the surface of the leaves was removed.
Three branches of each plant were measured. The tested leaves
were sampled and measured at 8 ~ 10 a.m. on sunny days, and
the measurement temperature was room temperature
(25.0 £ 2.0°C).

2.2. Leaf electrophysiological parameters and crude ash
measurement

The fully expanded leaves from the third, fourth, and fifth leaf
positions of three branches in plants were measured. The leaf
electrophysiological parameters were measured using a LCR-
6300 tester (Gwinstek, Taiwan, China) with a frequency and
voltage of 3 kHz and 1.5 V, respectively, as described by our
previous studies.”>***’ Every mesophyll cell can be regarded as
a concentric sphere capacitor, many aligned mesophyll cells
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Table 1. Growth age, habitat information, measuring condition and sampling weather of all tested plants.

Soil properties

Measurement conditions

Age Organic matter content  Soil moisture content Temperature Sampling
Plants Places (Year) Habitats pH (g/kg) (%) Time (°Q) weather
B. papyrifera  Puding county 1 AS 6.27 + 0.03 435 £ 0.65 18.46 £ 0.02 2018.08.25 25.0+2.0 Sunny
1 a.m.
B. papyrifera 1 MRDS  6.85 £ 0.03 3.58 £ 0.33 15.51 £ 0.02
2
T. sinensis 3 MRDS 6.67 = 0.03 3.65 = 0.05 15.73 £0.19 2018.08.26
a.m.
R. chinensis 3 MRDS  6.81 = 0.03 3.64 +0.27 16.13 £ 0.15 2018.08.24
a.m.
S. scandens 1 MRDS  6.44 = 0.02 4.98 + 0.34 19.17 £ 0.21 2018.08.27
a.m.
I. batatas 1 AS 6.31 £ 0.01 4.63 +0.21 18.53 + 0.42 2018.08.26
a.m.
S. tuberosum Qingzhen 1 PAS  6.32+0.05 482 +0.53 19.65 £+ 0.21 2018.08.15
county a.m.
C. annuum 1 PAS  6.34 +0.07 4.86 + 0.31 19.72 £ 0.13
Note: AS: agricultural soil, MRDS: moderately rocky desertification soil, PAS: potted agricultural soil.
make up the leaf capacitor, the parallel connection modes of | o

LCR is thus applied. Firstly, the leaf was put between the two
electrodes of a self-made parallel-plate capacitor with
a diameter of 7 mm, which the experimental setup and
a schematic diagram of the parallel-plate capacitor were used
as described by Zhang et al.>> And then leaf C, Z and R at
different clamping forces were continuously collected by add-
ing the same quality iron blocks, and recorded 11-13 data each
clamping force. Finally, leaf Xc and XL were, respectively,
obtained according to formula (1) and (2):

1

2

where Xc = capacitive reactance, m = 3.1416, f = frequency,
C = physiological capacitance, XL = inductive reactance,
Z = impedance, R = resistance.

Three tested leaves of each branch were rinsed with distilled
water, dried in the shade, smashed and mixed for the determi-
nation of crude ash and protein. Crude ash and protein of
samples were determined as described by Rayees et al. with
slight modifications.*’ 5.00 g of the sample was placed in
a crucible and then the content of crude ash was measured by
incinerating the sample in muflle furnace at 500 + 25.0 C for
6 hours. For crude protein determination, 2.00 g of the sample
was digested using copper catalyst and sulfuric acid, and then
titrated by 0.1 mol/L hydrochloric acid for nitrogen measure-
ment after the distillation of ammonia. The content of crude
protein was calculated by multiplying the conversion coeffi-
cient 6.25 by the percentage of nitrogen according to Kjeldhal
method.

2.3. Intrinsic mechanism relationships of clamping force
(F) and leaf R, Xc and XL

Mesophyll cell can be regarded as a concentric sphere capacitor
with both inductor and resistor functions.”> The simplified
equivalent circuit of mesophyll cell is displayed in Figure 1.

| Ra XL |

Membrane outside | Membrane! Membrane inside

Figure 1. Simplified equivalent circuit of cells. Z = impedance, C, = capacitance of
membrane, R, = resistance of membrane, Xc,, = capacitive reactance of mem-
brane, XL, = inductive reactance of membrane, R, = resistance outside mem-
brane, R; = resistance inside membrane.

The ions, ion groups and electric dipoles in mesophyll cells
were used as electrolytes, and a parallel-plate capacitor sensor
could be formed by placing the leaf between the two plates of
the parallel-plate capacitor. The leaf R, Xc and XL varied with
the ions, ion groups and electric dipole concentrations in the
plant leaves, and different clamping forces which can be
regarded as different exogenous stimuli inevitably lead to the
changes of the ion, ion group and electric dipole concentra-
tions in plant leaves.

The concentration of the electrolytes determines R inside
and outside the cell membrane. External stimuli change the
membrane permeability of the electrolytes and affect their
inside and outside concentration of the cell membrane.*’
Under different clamping forces, the membrane permeability
of the electrolytes that respond to R in the plant cell membrane
changed. According to the bioenergetics, the Nernst equation
can be used to quantitatively describe the potential of electro-
lytes inside and outside the cell membrane.”> Thus, the con-
centration differences in the electrolytes that respond to
R inside and outside the cell membrane obey the Nernst equa-
tion and can be expressed as follows:

ReT . G
n—
nRFO Co

E—E = 1 (3)
where E = the electromotive force (V), E® = the standard
electromotive force (V) which is the potential of electrolytes

inside and outside cell membrane under standard (or resting)
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state, Ry = the gas constant (8.314570 | K mol™), T = the
thermodynamic temperature (K), C; = the concentration of the
electrolytes that respond to R inside the cell membrane (mol
L), C, = the concentration of the electrolytes that respond to
R outside the cell membrane (mol L"), F, = Faraday constant
(96485 C mol™"), and ng = the number of transferred electro-
lytes (mol).

A mesophyll cell can be regarded as a concentric sphere capa-
citor. When leaf cell container is subjected to clamping force,
the pressure work (W) done by clamping force can be
expressed as follows:

W = PV (4)

where P = the pressure intensity on the leaf cells (Pa),
V = the cell volume (m?).

Different clamping forces inevitably lead to the changes of
the ion, ion group and electric dipole concentrations in leaf
cells, and the electromotive force of the leaf cell capacitor
change accordingly. Thus, the pressure work done by clamping
force on leaf cells can be converted into the internal energy of
the electromotive force, and they have a direct relationship,
W = aE, that is:
aRoT C

In— (5)

PV = aF = aE’ +
HRFO CO

where P = the pressure intensity on the leaf cells (Pa), a = the
energy conversion coefficient of the electromotive force, and

= the cell volume (m?). P = £, where F = the clampmg force
(N) and S = the effective area of the electrode plate (m?). F can
be calculated by the gravity formula:

F=(M+m)g (6)

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

For mesophyll cells, the sum of C, and C; is certain. C; is
directly proportional to the conductivity of the electrolytes that
respond to R, and the conductivity is, the reciprocal of
R. Hence, g can be expressed as g = Ci,o = f R where
f, = the ratio coeflicient of the conversiort between C; and

R (that is, R caused by unit C;), and Cy = C, = C;. Therefore,

formula (5) was transformed into formula (7):

A% RoT, CrR —f
—F:aEO—a L P 7)
S ngFy fo
Formula (7) was rewritten:
RyT. CrR —f \Y%
o In—= 0 —ap'— _F 8)
I'IRFO fo S
and
CrR —f FoE’ VngF
In T o:nRo _VIhR OF )
f() R()T SaROT

Formula (9) takes the exponents of both sides:

ngFE?  ( —YoRFop
R SaRT
=€ "0 ¢

CtR —f

0

(10)

Further:

fo fO "‘R FOEO

VngFy
(* SaROTF)
€

=C. + oc (11)
Because d = %, formula (11) was transformed into:
f £, nREE? (,MF)
R=htgrenmel (12)
T

For the same leaf tested in the same environment, the d, a, E
,RO,T ng, Fyp, Cr, and f, of formula (12) are constant. Let

npFoE”

— fo “RoT anFo
YO C[ k1 ==-€ 7 b1 =

, and the intrinsic mechanism
relationships of leaf R and F was.

R =)o —|—k1€7b1F (13)

where vy, k; and b; are model parameters.
When F = 0, the intrinsic resistance (IR) of the plant leaves
could be obtained:

IR = yy + Kk (14)

Similar to R, the intrinsic mechanism relationships of leaf Xc
and F were revealed as in our previous study :**

Xc = po + koe F (15)

where pg, k; and b, are model parameters.
When F = 0, the intrinsic capacitive reactance (IXc) of plant
leaves could be calculated as:

IXc = po + k, (16)

Similar to R, the intrinsic mechanism relationships of leaf XL
and F are revealed as (Additional file 1):

XL = go + kse F (17)

where qo, ks and b; are model parameters.
When F = 0, the intrinsic inductive reactance (IXL) of plant
leaves could be calculated as:

IXL = qo + ks (18)

Thus, the intrinsic impedance (IZ) and intrinsic capacitance
(IC) of plant leaves were, respectively, obtained according to
formula (19) and (20):

1 1,1 1

e 19
1Z IR IXc IXL (19)
IC—— (20)

T 2afIXc

where n = 3.1416, { = frequency.

2.4. Determination of the nutrient transport parameters

Plant cells have the electrical properties of low capacitance and
high resistance, it could be assumed that electrical cells were
connected in parallel manner, and many aligned mesophyll
cells make up the leaf capacitor. The IR of the leaf cells in
plant is calculated according to formula (21):
1 1 1 1 1

"R TR,

= 21
IR IR1+IR2 @D



It is assumed that the inside and outside membrane resistance
of each cell is equal; then, IR}, IR,, IR;, ... IR, can represent
intrinsic resistance of each unit cell membrane. It is assumed
that the intrinsic resistance of each cell membrane is equal, that
is IR; = IR, = IR; = ... = IR, = IR,. Thus, the IR of the plant
leaves was obtained:

1 n
== (22)
IR IRy
Due to membrane resistance being most closely related to
proteins and lipids of cell membrane, then n can be character-
ized as the relative amount of proteins and lipids that induce
membrane R in plant leaves.

Similarly, the IXc of the leaf cells in plant was obtained:

1 _p (23)
IXc IXcy

Due to membrane capacitive resistance being most closely
related to surface proteins of cell membrane, then IXc or
p can be characterized as the relative amount of surface pro-
teins that induce membrane capacitive resistance in plant
leaves. Clearly, IXc is inversely proportional to p. The lower
IXc, the more surface proteins that induce membrane Xc in
plant leaves.

Similarly, the IXL of the leaf cells in plant was obtained:

I q
IXL  IXL,

(24)

Due to membrane inductive resistance is most closely related
to binding proteins of cell membrane, then IXL or q can be
characterized as the relative amount of binding proteins that
induce membrane inductive resistance in plant leaves.
Similarly, IXL is inversely proportional to q. The lower IXL,
the more binding proteins that induce membrane XL in plant
leaves.

The cell membrane proteins are most closely related to the
nutrient transport; thus, the relative nutrient flux per unit area
(UNF) could be represented by formula (25):

Table 2. The fitting equation parameters of B. papyrifera in two habitats.
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IR

UNF = —
IXL

n

& IXc
Moreover, in our previous report, the intracellular water trans-
fer rate of plant leaves was defined and applied.*® Since nutri-
ents are soluble in water, the water transfer rate and the
nutrient transfer rate (NTR) are conceptually similar and
assigned the same value; thus, it can be calculated by for-
mula (26):

(1cy’

NTR = ———

IC x 1Z

Therefore, the nutrient transport capacity (NTC) is UNF mul-

tiplied by NTR:

(26)

NTC = UNF x NTR (27)

2.5. Data analyses

Data were shown as the means * standard deviation (SD)
(n = 9). The data were analyzed using Statistical Package for
the Social Sciences (SPSS 18.0) software (SPSS Inc., Chicago,
IL, USA). The difference significances between-group means
were treated statistically by one-way analysis of variance
(ANOVA). A correlation matrix of the study was based on
Pearson’s correlation coefficients.

3. Results
3.1 Verification of intrinsic mechanism relationships

The fitting equation parameters of between clamping force and
leaf R, Xc, and XL of B. papyrifera grown in agricultural and
moderately rocky desertification soils are shown in Table 2.
Figure 2 randomly lists the fitting curves for 1-4 leaf of
B. papyrifera in agricultural soil. The correlation coefficients
(R%) of the fitting equations of R-F, Xc-F, and XL-F for nine
leaves of B. papyrifera grown in agricultural and moderately
rocky desertification soils were 0.9044 ~ 0.9929,
0.9033 ~ 0.9910 and 0.9085 ~ 0.9895, and 0.9722 ~ 0.9976,

RF Xc-F XLF
B. papyrifera Branch-leaf yo/ki/b; R? p< Po/ka/by R? p< qo’ka/by R? p<
AS-Bp 1-3 0.08/0.18/0.29 0.9692 0.0001 0.05/0.45/0.26 0.9302 0.0001 0.11/0.39/0.27 0.9450 0.0001
1-4 0.05/0.23/0.37 0.9815 0.0001 0.05/0.23/0.48 0.9789 0.0001 0.08/0.39/0.42 0.9790 0.0001
1-5 0.08/0.07/0.39 0.9920 0.0001 0.06/0.33/0.86 0.9826 0.0001 0.13/0.35/0.55 0.9794 0.0001
2-3 0.06/0.20/0.50 0.9515 0.0001 0.13/0.38/0.39 0.9617 0.0001 0.10/0.36/0.78 0.9372 0.0001
2-4 0.06/0.23/1.23 0.9044 0.0001 0.05/0.38/1.45 0.9033 0.0001 0.09/0.52/1.35 0.9085 0.0001
2-5 0.08/0.10/0.48 0.9897 0.0001 0.07/0.32/0.60 0.9802 0.0001 0.13/0.39/0.55 0.9486 0.0001
3-3 0.09/0.12/0.33 0.9584 0.0001 0.10/0.39/0.21 0.9589 0.0001 0.17/0.36/0.24 0.9607 0.0001
3-4 0.07/0.20/0.83 0.9864 0.0001 0.14/0.38/0.93 0.9910 0.0001 0.12/0.37/0.67 0.9815 0.0001
3-5 0.14/0.23/0.60 0.9929 0.0001 0.15/0.35/0.92 0.9873 0.0001 0.15/0.35/0.77 0.9895 0.0001
MRDS-Bp 1-3 2.94/38.07/0.60 0.9952 0.0001 2.95/4.83/0.20 0.9968 0.0001 5.93/38.75/0.58 0.9955 0.0001
1-4 3.05/31.34/0.93 0.9722 0.0001 3.53/3.62/0.44 0.9912 0.0001 5.99/30.86/0.88 0.9862 0.0001
1-5 4.42/34.92/0.75 0.9936 0.0001 3.65/3.56/0.32 0.9968 0.0001 7.18/35.14/0.71 0.9939 0.0001
2-3 1.06/29.00/0.46 0.9936 0.0001 2.95/4.83/0.20 0.9968 0.0001 2.83/29.96/0.41 0.9911 0.0001
2-4 1.76/43.49/0.92 0.9976 0.0001 2.34/5.61/0.35 0.9932 0.0001 3.99/42.87/0.84 0.9968 0.0001
2-5 4.36/30.58/0.37 0.9944 0.0001 3.10/3.94/0.13 0.9936 0.0001 7.29/31.44/0.37 0.9944 0.0001
3-3 4.36/35.92/0.54 0.9974 0.0001 3.59/4.04/0.22 0.9986 0.0001 7.30/36.80/0.52 0.9976 0.0001
3-4 2.38/23.44/0.47 0.9940 0.0001 2.98/3.96/0.20 0.9910 0.0001 5.16/24.31/0.45 0.9942 0.0001
3-5 8.23/30.93/0.38 0.9956 0.0001 4.41/3.10/0.23 0.9962 0.0001 11.14/32.08/0.37 0.9958 0.0001
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Figure 2. Fitting equations of the relationship between R (a), Xc (b), XL (c) of the fourth expanded leaf of the first branch of B. papyrifera grown in the agricultural soils

and champing force (f).

0.9910 ~ 0.9986 and 0.9862 ~ 0.9976, respectively. Moreover,
all the P values of the fitting equation parameters were lower
than 0.0001. These results show that the relationships of
between clamping force and leaf R, Xc, and XL display good
correlations, and highlight that the intrinsic mechanism rela-
tionships of those are authentic existence.

AS-Bp: B. papyrifera grown in the agricultural soil, MRDS-
Bp: B. papyrifera grown in the moderate rocky desertification
soil, the same as below.

3.2 Electrophysiological information and nutrient
transport of B. papyrifera grow in two habitats

The intrinsic electrophysiological information and the nutrient
transport capacity of B. papyrifera in two habitats were suc-
cessfully monitored using the corresponding equation para-
meters. As shown in Table 3, the leaf IR, IXc, IXL and IZ of
B. papyrifera in the agricultural soil are significantly (p < .01)
lower than those of that in the moderately rocky desertification
soil, and had higher (p < .01) IC. Theoretically, the lower IXc
and IXL, the more surface and binding proteins that induce,
respectively, membrane Xc and XL in plant leaves. Actually,
crude protein of B. papyrifera in the agricultural soil is

significantly (p < .01) higher than those of that in the moder-
ately rocky desertification soil (Figure 3(a)), which is in good
agreement with IXc and IXL. Moreover, for the same plant, the
leaf IXc is lower than IXL which shows that binding proteins
are more than surface proteins. As displayed in Table 3, the leaf
of B. papyrifera in the agricultural soil had lower (p < .01) UNF
compared with that in the moderately rocky desertification
soil, but its NTR is higher (p < .01) which supports it with
a higher (p < .01) NTC. As shown in Figure 3(a), crude ash of
B. papyrifera in the agricultural soil is significantly (p < .01)
higher than those of that in the moderately rocky desertifica-
tion soil, which is highly consistent with NTC.

3.3 Correlation of IR, IXc, IXL, UNF, NTR, NTC, crude
protein and crude ash

The Pearson correlation coeflicients for the relationship of IR,
IXc, IXL, UNF, NTR, NTC, crude protein and crude ash are
shown in Table 4. IR is significantly correlated with UNF. IXc is
significantly correlated with NTR. IXL of B. papyrifera in the
moderately rocky desertification soil is significantly correlated
with UNF and NTR. IXc and IXL are significantly negatively
correlated with crude protein, which is in accordance with the

Table 3. The electrophysiological and nutrient transport parameters of B. papyrifera in two habitats.

Plants IR (MQ) IXc (MQ) IXL (MQ) 1Z (MQ) IC (pF) UNF NTR NTC
AS-Bp 025+006"  046+006°® 051+004" 024+007°® 11801+1560** 1.05+024°® 4880+17.12°* 4860+9.77 **
MRDS-Bp 3669 + 601 7.44+037°** 3989+587% 732+039% 7.14 £ 0.36 ®8 584+070%  037+003°8 213 £0.24 8

%Values indicate the mean + SD, n = 9. Small letters indicate significant differences at 5% level (p < 0.05), and capital letters indicate significant differences at 1% level

(p < 0.01).
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Figure 3. Crude protein (a) and crude ash (b) of six plants. Rc: R. chinensis, Ts: T. sinensis, Ib: I. batatas, Ss: S. scandens, St: S. tuberosum, Ca: C. annuum.
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Table 4. Correlation between the electrophysiological and nutrient transport parameters of B. papyrifera.

AS-Bp MRDS-Bp
Crude Crude Crude Crude
Parameters UNF NTR NTC protein ash UNF NTR NTC protein ash
IR 0.96a -0.83a -0.38 -0.50 -0.26 0.96a -0.63 0.59* -0.25 0.55%
IXC 0.23 -0.77% —.99a -0.69* —0.55% 0.38 —1.00a -0.28 —-071* 0.72%
IXL -0.01 0.05 0.14 -0.65* -0.24 0.96a -0.60* 0.62 -0.50% 0.53*
UNF -0.77% —-0.14 0.75* -0.04 —-0.41 0.78* —0.65* 0.40
NTR 0.70% -0.18 0.35 0.24 0.24 -0.72%
NTC 0.86a 0.69* -0.56* -0.06
aCorrelation is significant at the 0.01 level, *Correlation is significant at the 0.05 level (2-tailed).
Table 5. The electrophysiological and nutrient transport parameters of four plants.
Plants IR (MQ) IXc (MQ) IXL (MQ) 1Z (MQ) IC (pF) UNF NTR NTC
Rc 6.70 + 0.74 *8 163+0.13°F 181 +0.09°E 486+ 122" 3284+288°" 786+ 114"  125+034°®  987+337%
Ts 3.10 + 0.66 <€ 224 +041 A 3.03+032 232061 2444 460"  243+£043C  234+095** 549+ 1718
Ib 567 +0.72 *8 194+034°  212+045%8 472 +092 "8 2816 540"  573+096°®  117+031°®  673+234"8
Ss 12.17 £ 046 A 2.75 + 041 A 286+045%"  1062+173%"  1976+329%®  887+138°"  043+009 384%114<
Small letters indicate significant differences at 5% level (p < 0.05), and capital letters indicate significant differences at 1% level (p < 0.01).
Table 6. The electrophysiological and nutrient transport parameters of S. tuberosum and C. annuum.
Plants IR (MQ) IXc (MQ) IXL (MQ) 1Z (MQ) IC (pF) UNF NTR NTC
St 031+001°  028+005° 046+004°® 022+003°® 19373+3720%" 178+020°® 6664+ 17312 12147 £47.99 A
Ca 407+1.99°"  161+029°" 494+197** 1471028 34.16 + 7.08 ©8 3.31+098% 416 + 1.34 %8 13.49 + 4.67 B

Small letters indicate significant differences at 5% level (p < 0.05), and capital letters indicate significant differences at 1% level (p < 0.01).

lower IXc and IXL, the more surface and binding proteins that
induce, respectively, membrane Xc and XL in plant leaves. UNF
and NTC are significantly correlated with crude protein. NTR of
B. papyrifera in the moderately rocky desertification soil is sig-
nificantly correlated with crude ash. NTC of B. papyrifera in the
agricultural soil is significantly correlated with crude ash. These
results demonstrate that IR, IXc, IXL, UNF, NTR or NTC exhibit
good correlations with crude protein and crude ash.

3.4. Electrophysiological information and nutrient
transport of the herbaceous and woody plants

As illustrated in Table 5, the IR, IXc, IXL, IZ and IC of different
plants are obviously different, the IXc is lower than IXL in same
plant. As shown in Table 4 and Figure 3, the UNF, NTC, crude
protein and crude ash of R. chinensis are significantly (p < .01)
higher than those of T. sinensis, and its NTR is significantly
(p <.01) lower. The NTR, NTC, crude protein and crude ash of
I batatas were significantly (p < .01) higher than those of
S. scandens, while UNF is more low.

3.5. Electrophysiological information and nutrient
transport of S. tuberosum and C. annuum

As shown in Table 6, the leaf IR, IXc, IXL and IZ of
S. tuberosum are significantly (p < .01) lower than those of
C. annuum in the same growth habitat, while IC is higher
(p < .01). And IXc is lower than IXL in the same plant. Crude
protein and crude ash of S. tuberosum are significant (p < .01)
higher than that of C. annuum (Figure 3(a, b)). S. tuberosum
has lower (p < .01) UNF compared with C. annuum, while its
NTR and NTC are higher (p < .01).

4. Discussion

Almost all life activities in plants involve charge separation,
electron movement, proton and dielectric transport, etc.'™* In
mesophyll cells, cells and organelles are both surrounded by
the cell membrane composed of 50% lipids, 40% proteins and
2 ~ 10% sugars.”* Membrane lipids and membrane proteins
can be regarded as insulating layer, have a high electrical
resistivity, enabling the plant cell to store electric charge.'®
Surface (or peripheral) proteins account for 20 ~ 30% of
membrane proteins, bind to lipids on both sides of the mem-
brane with charged amino acids or groups, and binding (or
intrinsic) proteins account for 70 ~ 80% of membrane proteins,
bind to lipids through hydrophobic hydroxyl groups in the
membrane.** Surface proteins affect the capacitive reactance
and capacitance, while binding proteins affect the inductive
reactance and inductance. Therefore, the mesophyll cells can
be regarded as a concentric sphere capacitor with both induc-
tor and resistor function, and the ions, ion groups and electric
dipoles are equivalent to electrolytes of capacitor.®*>*>%¢

When plant leaves are subjected to clamping force stimuli
(or environmental stresses), the cell membrane permeability of
leaves changes instantly, and then the concentrations of the
ion, ion group and electric dipole inevitably change, resulting
in the changes of the leaf R, Xc and XL. As a major discovery in
plant electrophysiology, the theoretically intrinsic relationships
between the clamping force and leaf Z or Xc was revealed as
three-parameter exponential decay model based on Nernst
equation in our previous study.23 Nernst equation can quanti-
tatively describe the potential formed by ions between systems
A and B, and it can theoretically also be used to quantitatively
describe the diffusion potential of the electrolytes inside and
outside the cell membrane. Based on this fact, the R or
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XL = y+ke ™ of the theoretically intrinsic relationships
between clamping force and leaf R or XL also was revealed
for the first time. The results in this study showed that the
relationships between clamping force and leaf R, Xc, and XL
displayed good correlations, and highlight that the aforemen-
tioned intrinsic mechanism is authentic existence. Generally,
the intrinsic real-time electrophysiological information in
plants are not detectable.”’ In this study, the IR, IXc, IXL, 1Z
and IC of plant leaves were successfully obtained via the the-
oretically intrinsic relationships between clamping force and
leaf electrophysiological parameters, which overcome the poor
representativeness, stability and reproducibility of the tradi-
tional needing approach.

Currently, the detection of membrane proteins is limited to
single cell or single proteins, and the existing protein detection
technology hardly evaluate the composition characteristics of
cell membrane protein.””*® The results in this study showed
that IXc and IXL were significantly negatively correlated with
crude protein. It supported that IXc and IXL could be used to
manifest the relative composition of surface and binding pro-
teins in cell membrane, that was, the lower IXc and IXL, the
more surface and binding proteins that induce, respectively,
membrane Xc and XL in plant leaves. This is closely related to
the fact that the high content of membrane proteins promoted
the nutrient elements to pass through cell membrane more
smoothly and orderly, thus made the cell membrane resistivity
lower.*” In this study, plant with high crude proteins had
relatively lower IR, IXc, IXL, IZ and higher IC, which strongly
supported the feasibility of using IXc and IXL to characterize
the composition characteristics of membrane proteins. This
study found that a phenomenon was common in all tested
plants, that was, the IXc was lower than IXL in same plant.
This result perfectly proves the life fact that binding proteins
are more than surface proteins on cell membrane.*'***

In this study, the results showed that UNF, NTR or NTC
exhibited good correlations with crude protein or crude ash,
which supported that they could reflect the nutrient metabo-
lism of plants. Due to the poor nutritional environments,
plants in rocky desertification soils are more vulnerable to
low nutrient stress than those in cultivated soils.”***** The
results showed that B. papyrifera in the agricultural soil had
lower IR, IXc, IXL, IZ, UNF and higher IC, NTR, NTC, crude
ash, crude protein as compared to that in the moderately rocky
desertification soil. B. papyrifera in the agricultural soil grow
well under the high nutrient (or crude ash) conditions, and its
cell membrane proteins (crude protein) were relatively much
and nutrients are efficiently transport which supported it
higher NTR and NTC. B. papyrifera in the moderately rocky
desertification soil had higher UNF which supported its toler-
ance to low nutrient stress and adaptation to harsh environ-
ments. NTC was significantly positively correlated to crude
protein and crude ash of B. papyrifera in the agricultural soil,
and negatively correlated to those of B. papyrifera in the mod-
erately rocky desertification soil. NTR was significantly nega-
tively correlated to crude ash of B. papyrifera in the moderately
rocky desertification soil, and non-significantly positively cor-
related to that of B. papyrifera in the agricultural soil. This also
indicated that the same plant has different nutrient metabolism
strategies in different habitats. The UNF, NTC, crude protein

and crude ash of R. chinensis are higher than those of
T. sinensis, but its NTR is lower. The NTR, NTC, crude protein
and crude ash of I batatas were higher than those of
S. scandens, while UNF is more low. The results showed that
the higher NTC in same species plants, the higher crude pro-
tein and crude ash, as well as the nutrient transport of plants
has diversity. The IR, IXc, IXL, IZ, UNF of S. tuberosum are
lower than those of C. annuum, and its IC, NTR, NTC, crude
ash, crude protein are higher. The results showed that
S. tuberosum with high membrane protein (crude protein)
and nutrient (crude ash) contents promote the efficient trans-
port and utilization of nutrients by its membrane proteins,
which made it had higher NTR and NTC.

These results obviously showed that the nutrient transport
of plants had diversity, and four nutrient transport strategies in
the tested plants were found, which are (1) low UNF, high
NTR, high NTC (AS-Bp, Ib, St), (2) high UNF, low NTR, low
NTC (MRDS-Bp, Ss, Ca), (3) high UNF, low NTR, high NTC
(Rc), (4) low UNF, high NTR, low NTC (Ts). Previously, the
monitoring of the transport capacity of plant nutrients has
rarely been reported. Innovatively, UNF, NTR and NTC
defined based on IR, IXc, IXL, IZ and IC for the first time in
this study commendably reflected the nutrient transport stra-
tegies in various tested plant and their diversity, and could
monitor the nutrient transport status of plants in real time.
Additionally, the novel nutrient parameters were obtained by
the intrinsic electrophysiological information in plants, which
had good authenticity, stability, comparability and reproduci-
bility. These nutrient transport indices also strongly supported
the feasibility of using IXc and IXL to characterize the compo-
sition characteristics of cell membrane proteins. This study
highlights that IR, IXc and IXL of plant’s electrophysiological
information could effectively manifest the composition and
nutrient transport characteristics of membrane protein in
plant cells.

5. Conclusion

The present work provided a novel method based on plant’s
electrophysiological information for accurately manifest the
composition and nutrient transport characteristics of mem-
brane protein in plant cells. The theoretically intrinsic relation-
ships among the leaf R, XL and clamping force were revealed
on the basis of Nernst equation for the first time, and the leaf
IR, IXc, IXL, IZ and IC of the intrinsic electrophysiological
parameters in plants were monitored via these relationships.
IXc and IXL perfectly characterize the relatively composition
characteristic of cell membrane proteins which induce mem-
brane Xc and XL. UNF, NTR and NTC were firstly defined
based on IR, IXc, IXL, IZ and IC which accurately revealed and
reflected the nutrient transport strategies in tested plants.
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