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ABSTRACT

During the growth and development of tomato plants, its different cells or tissues would store external
environmental information and express it in the form of ion transportation. In order to better examine the
storage model of tomato plants, the tomato individual tissue and whole plant biological circuit models were
closely examined based on the idea of modal theory. According to the parameter inversion theory, in the
frequency range of 0.1Hz - 1MHz, the impedance spectrum measurement and dielectric properties of tomato
plants in four modal periods of germination stage were carried out. The stages were namely the seedling stage,
flowering and fruit setting stage, and fruiting stage respectively. Impedance spectrum fitting was performed
with the ZSimpWin software. Then, the biological circuit model of each tissue of tomato plant was obtained.
Next, the parameter inversion was used to calculate the value of each element of the biological circuit model.
Lastly, the biological circuit model of the tomato plant body in each period was obtained. Through the charging
and discharging test of the model of the tomato plant body at each stage, the corresponding parameter value
relationship was obtained according to the capacitance characteristics. This would be compared with the
component values obtained from the parameter inversion in the model. Results showed that the errors were
all less than 4.8%, which verified the rationality of the model. This system acted as a theoretical guidance for
the research on the growth and development of tomato and other plants.
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INTRODUCTION

With the introduction of the modal idea, it was of great significance to introduce this idea to plants.
Modality is a processing process that was introduced to plants. Modality could be understood as the change
of ion transport in plant cells or tissues under the input of exogenous factors. This resulted in changes in cells,
tissues or structures in the process. Tomato is one of the most typical vegetable plants. Under natural
conditions, the changes of exogenous factors such as atmospheric electric field and magnetic field would
result in an instantaneous potential difference between the top and the root of the tomato during the growth
period. This would then drive the soluble ions in the tomato body. Under the influence of an external
electrostatic field, this movement would be accelerated in the form of electrostatic induction force. Hence it
would form a larger biological current which promoted the movement and absorption of ions and nutrients,
thereby, promoting the growth of plants. lons in tomato acted as electrical signals of tomato plants, which had
a remarkably significant effect on tomato growth (Chen et al., 2010).
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As a method of measuring electrical signals in biological tissues, biological circuit models had been
utilized in the field of animals and plants. The plant tissue or organ was replaced by a simple biological circuit
model. The parameters in the circuit represented the changes in the morphological structure of the plant organ
during the growth process. At present, Schwan (Schwan et al., 2006; Foster et al., 2000) had established a
spherical single-cell dielectric model from the perspective of electric field. With it, he had deduced the
calculation method of cell transmembrane potential under the action of a steady electric field. Hodgkin
(Hodgkin et al., 1952) proposed the equivalent circuit model of the cell membrane by combining the properties
of the cell membrane and its ion channels. In the further study on the relationship between cells, resistance
and capacitance, Kanai (Kanai et al., 1983) obtained a simple cellular RC circuit model by describing the
extracellular fluid, cytoplasmic membrane, and cell contents by parallel capacitance and resistance
respectively. The circuit model explained the use of dielectric spectroscopy to characterize the dielectric
properties of cells principle. According to Yao Chenguo (Yao et al., 2006) under the addition of different
frequencies of electrical stimulation, the cell circuit model intuitively reflected the influence of cell membrane
potential. With the aim of studying the changes between cells or tissues during tomato growth, this paper
proposed a plant biological circuit model to store modal information. The modal information stored in plant cells
was presented through the biological circuit model. On this basis, combined with the advantages of
electrochemical detection, the acquisition of tomato plant health status information could be attained. This
would be able to provide help for plant health status diagnosis and promote agricultural development.

PRINCIPLES OF TOMATO PLANT BIOLOGICAL CIRCUIT MODEL

Tomato plant biological circuit model was based on electrochemical impedance spectroscopy (EIS)
technique (Barsoukov et al., 2005). It uses the electrical impedance imaging of inverse problems in
electromagnetic field, the dielectric constant analysis theory of biological tissues (Li et al., 2020), and the
equivalent circuit to quantitatively evaluate the electrochemical impedance spectrum data, so as to build a
tomato plant biological circuit model (Wang et al., 2019). Figure 1 showed the impedance chart that reflected
the relationship between the real and imaginary parts of impedance. Each parameter value in the impedance
circle diagram represented the impedance characteristic of the biological tissue.

The representations of the characteristic parameters Ry, R, and o were as follows:
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impedance circle. The parameter t can be obtained by the above calculation, and xy, yo and » can be calculated
according to the least square method.
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Fig. 1 - Real and imaginary impedance circle diagram
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Due to the different external environmental information stored in different biological tissues or structures,
the forms of ion transport were different. Hence, the electrical parameters stored in cells were also different. The
Cole-Cole theory of bioimpedance established a ternary equivalent circuit model and treated each tissue and
organ of a plant as an equivalent circuit (Wang et al., 2017) to realize the combination of the ternary equivalent
circuit model and the physiology of each plant tissue or organ. Due to the selective permeability of the cell
membrane, when a low-frequency AC signal passed through the plant cell, the current would mainly flow from
the outside of the cytoplasm. When the frequency gradually increased, the electrical impedance value of the
cell membrane would gradually decrease. Electric current passed through the cell membrane to the cell
symplast, where it formed a basic parallel circuit of capacitance and resistance (Lukacs et al., 2020). Therefore,
the physiological properties of various tissues or organs of plants could be characterized according to electrical
impedance spectroscopy measurements. With the method of parameter inversion, the impedance spectrum
curve obtained by the electrical impedance spectrum measurement could be fitted with the basic model. Then,
the parameter values in the model can be obtained by the method of parameter inversion.

MATERIALS AND METHODS
Material selection and cultivation

The test samples of plant tomato seeds had utilized tomato plants provided by Shanghai Changzhong
Tomato Seed Industry Co., Ltd (Variety: Cooperative 909). They were divided into four different stages. Namely
the germination stage, seedling stage, flowering and fruit setting stage, and fruiting stage respectively. In each
period, 20 tomato plants in good growth condition were selected for impedance spectroscopy measurement.
After the test material was obtained, it would be placed in an incubator. The set temperature of the incubator
would be set at 25°C with the humidity at 42%RH and the light at 30000Lx. After the seeds had germinated,
they were transferred to room temperature to continue growing.
Impedance spectroscopy

Impedance measurement was performed by adopting the Gamry Framework software installed by the
Interface 1000 electrochemical workstation (Gamry, USA) using tomato impedance spectroscopy and
parameter setting (Vé&inéla et al., 2000; Wang et al., 2019). By taking 71 frequency points in the frequency
range of 0.1Hz - 1MHz (Initial Freq: 1MHz, Final Freq: 0.1Hz), the impedance spectrum data density
(Points/Decade) is set to 10 while the AC voltage (AC Voltage, unit: (mV rms)) RMS value is set to 10mV. The
default value of electrode active area (Area) is 1. The measured data would be automatically saved to the
Gamry Echem Analyst software for analysis through the interface. Then, the impedance spectrum of each
tissue would be obtained.
Construction of impedance characteristic model of tomato tissues

Dielectric properties differed between different biological tissues of tomato. Therefore, the model
construction of the impedance characteristics of tomato plants would require analysis and examination by sub-
organizations, namely tomato plant tissue, roots, stems, branches and leaves all composed of cells. The cell
wall was one of the principal substances that made up the cells of each tissue of the plant. Due to the selective
permeability of cell membranes, impedance characteristics could be modeled for each cell in plant tissue. In
Figure 2(a), R. represents the resistance of the extracellular fluid, Ce is the capacitance of the extracellular
fluid while R,, is the resistance of the cell membrane. Cm refers to the capacitance of the cell membrane, Ri is
the resistance of the intracellular fluid, and Ci refers to the parallel capacitance of the extracellular fluid (Mao
et al., 2014). When the frequency was less than 1MHz, the resistance of the cell membrane would become
larger, and the branch where the resistance Rm was located would be regarded as an open circuit. Utilizing
the equivalent principle of the circuit, a certain part of the circuit would be simplified, and the volt-ampere
characteristics on its port remained unchanged in Figure 2(b). Ri, Re, Cm representing the internal and external
fluid resistance and membrane capacitance of biological tissue respectively.
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(a) Single Cell Equivalent Circuit Model (b) Single Cell Equivalent Circuit Simplified Model

Fig. 2 - A biological circuit model of a single cell in biological tissue
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Impedance spectrum fitting

In order to better complete the impedance spectrum fitting process, the model simulation software
ZSimpWin was utilized to realize the process (Rangadhar et al., 2021). (1) Input the impedance data measured
at the roots, stems and leaves of tomato plants into the software to automatically draw the corresponding
impedance curves. (2) Select the equivalent circuit model corresponding to each tissue for curve fitting. Next,
make corresponding modifications to the model according to the test values. Lastly, compare the test values
of each model and determine the equivalent circuit model of each tissue of the plant. (3) According to the
determined equivalent circuit model, the corresponding parameter values in the model are obtained through
automatic iteration.
Construction of tomato whole plant biological circuit model

Explore the connection between organizations according to the principle of two-port network and
equivalent circuit (Song et al., 2009). Explore the construction of a biological circuit model of the whole tomato
plant and observe how it fitted the biological circuit model. Then, the parameters were inverted to obtain the
value of each component. Next, the model would be verified to determine the circuit model of the whole plant.
In order to ensure the accuracy of the verification model, impedance spectrum fitting was performed on the
four stages of the tomato plant: germination stage, seedling stage, flowering and fruit setting stage, and fruiting
stage respectively. Lastly, the ZSimpWin software was utilized to perform model fitting analysis to obtain test
values and related parameters. The correctness of the tomato plant biological circuit model would be verified
by stages.

RESULTS AND DISCUSSION
Tomato tissue biological circuit model

Impedance spectrum characteristics of tomato tissues

The impedance spectrum curve of each tissue of tomato is shown in Figure 3. From the root Bode plot
(Figure 3(b)) it could be observed that the impedance values were higher at frequencies between 100MHz-
10kHz (Rajkai et al., 2005). When the frequency was between 10kHz-1MHz, the impedance amplitude
gradually decreased. By observing Figure 4(d), when the frequency was less than 10kHz, it would belong to
the high impedance frequency band. When the frequency was greater than 10kHz but lesser than 1MHz, the
impedance amplitude altered from high to low value. From Figure 4(f) can be observed that the impedance of
the bottom leaf was the largest followed by the impedance of the parietal leaf in the second place. Lastly, the
impedance of the middle leaf would be the smallest. By observing the impedance spectra of roots, stems and
leaves, it is discovered that when the current frequency gradually increased, the phase angle gradually
reached the highest point first.

1000Mohm

(a) Root Nyquist diagram (b) Root Bode diagram (c) Nyquist diagram of the stem

+
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(d) Bode graph of stem (e) Nyquist diagram of the leaves (f) Bode diagram of the leaves
Fig. 3 -Impedance profile of each tissue in tomato

When it was close to the 10kHz frequency point, it would demonstrate an upward trend. According to
the analysis curve of the root Nyquist in Figure 4(a) and comparing the four models, the root impedance
characteristic model was more in line with the double-DCE model (Yang et al., 2011; Zhang et al., 2009; Zhang
et al., 2005; Wang et al., 2010; Liu et al., 2017). It could be observed from Figure 4(c) that the impedance
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values of the stems of different parts of the tomato plant displayed obvious changes. The result could also be
deduced from Figure 4(e). It showed that the impedance values of the leaves of different parts of the tomato
plant also had obvious changes. This provided a theoretical basis for the sub-section measurement of tomato
stems and leaves (Xing et al., 2021).

Construction of biological circuit models of tomato tissues

The ZSimpWin software was utilized to analyze the data measured by the impedance map of each tomato
tissue. The R(CR)(CR)) circuit model was fitted with the data measured by the root experiment. The Chisq is
0.0165 when using capacitance C test. Since the time constant of the root impedance spectrum curve was
relatively scattered, in the constant phase angle element (CPE) fitting process (Liu et al., 2012), R(Q(R(QR)))
(Figure 4(a)), the number of iterations of the biological circuit model Iter was 6 with the test value of Chisq at
0.00107. By comparing the test values, it was discovered that the fitting effect of the capacitor C was worse
than that of the constant phase angle element CPE. The biological circuit model form of R(Q(R(QR))) was
more in line with the actual root impedance characteristics. With the similar root fitting method, the stem
R(QR(QR)) biological circuit model in Figure 3(b) possessed the best fitting effect. The leaf R(QR(QR)(CR))

biological circuit model in Figure 3(c) was in line with the actual circuit.
CPE1
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(a) R(Q(R(QR))) biological circuit model (b) R(QR(QR))biological circuit model (c) R(QR(QR)(CR))biological circuit model

Fig. 4 - Biological circuit model of each tissue in tomato

Establishment of tomato whole plant biological circuit model

Biological circuit model of tomato plants in different periods

In order to further strengthen the accuracy of model validation, impedance spectrum fitting was performed
on the four stages of the tomato plant: germination stage, seedling stage, flowering and fruit setting stage, and
fruiting stage respectively. The ZSimpWin software was utilized for model fitting analysis, and the test values
and related parameters were obtained. At the germination stage of tomato plants, sampling measurements
were made to obtain R(Q(R(CR))), R(QR(CR)(CR)), R(QR)(QR)(CR), R(QR)(QR) test values which were
0.0285, 0.00137, 0.00156, 0.00146 respectively. It is proved by referring to relevant data that when the test
value is less than 0.01, the fitting effect is good. The smaller the test value, the better the fitting effect. The
fitting result is shown in Figure 5. The biological circuit model of the tomato plant at the germination stage was
R(QR(CR)(CR)) in Figure 6(a). Similar to the above results, the biological circuit model of the tomato plant
body at the seedling stage was R(QR(CR)(CR)). The impedance spectrum model of the plant body at the
flowering, fruit setting and fruiting stages was R(Q(R(CR))) in Figure 6(b).

Model : R(OR(CR)(CR)) Wgt: Modulus Model : R(QR(CR)(CR)) Wgt: Modulus
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Fig. 5 -Results of fitting of impedance profiles of tomato plants
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(a) R(QR(CR)(CR)) biological circuit model (b) R(QR(CR)(CR)) biological circuit model
Fig. 6 - Biological circuit model of different periods of tomato

Parameter inversion of biological circuit model in different periods of tomato

According to the test value of tomato germination stage ChiSp=0.00137, from the data displayed in
Table 1, it could be concluded that the error of each parameter value was less than 0.048. This indicated that
the R(QR(CR)(CR)) model was consistent with the impedance characteristics of tomato plants at the
germination stage. Similarly, the R(QR(CR)(CR)) model conformed to the impedance characteristics of tomato
plants at the seedling stage in Table 2. The R(Q(R(CR))) model was consistent with the impedance
characteristics of tomato plants in flowering in Table 3 and fruit-setting and fruiting stages in Table 4.

Table 1
Inversion results of impedance spectrum parameters in germination stage
Parameter Starting value Termination value Error (%)
R(ohm.cm?) 3089 3089 2.239
Q(S-sec"n/cm?) 5.72E-10 5.72E-10 4.372
n(0<n<1) 0.660 0.660 1.121
R(ohm.cm?) 1.97E+03 1.97E+03 1.997
C(F/em?) 3.25E-11 3.25E-11 2.110
R(ohm.cm?) 9.11E+03 9.11E+03 4.754
C(F/em?) 6.87E-08 6.88E-08 1.577
R(ohm.cm?) 3.18E+03 3.18E+03 4.552
Table 2
Inversion results of impedance spectrum parameters in seedling stage
Parameter Starting value Termination value Error (%)
R(ohm.cm?) 5195 5197 4.718
Q(S-sec"n/cm?) 2.12E-08 2.12E-08 1.476
n(0<n<1) 0.597 0.597 2.032
R(ohm.cm?) 1.54E+03 1.54E+03 2.141
C(F/cm?) 4.99E-11 4.99E-11 4.183
R(ohm.cm?) 2.32E+03 2.32E+03 3.725
C(F/cm?) 2.78E-07 2.78E-07 3.725
R(ohm.cm?) 5.02E+03 5.02E+03 1.529
Table 3
Inversion results of impedance spectrum parameters during flowering and fruit setting
Parameter Starting value Termination value Error (%)
R(ohm.cm?) 12200 12200 3.952
Q(S-sec”n/cm?) 5.71E-10 5.71E-10 1.76
n(0<n<1) 0.800 0.800 2.158
R(ohm.cm?) 2.40E+03 2.40E+03 2.283
C(F/cm?) 2.90E-07 2.90E-07 3.298
R(ohm.cm?) 6.80E+03 6.80E+03 1.771
Table 4
Inversion results of impedance spectrum parameters during the result period
Parameter Starting value Termination value Error (%)
R(ohm.cm?) 10180 10180 3.474
Q(S-sec"n/cm?) 6.84E-10 6.84E-10 3.327
n(0<n<1) 0.6489 0.6488 4.763
R(ohm.cm?) 2.76E+03 2.75E+03 3.486
C(Flecm?) 1.76E-11 1.76E-11 2.423
R(ohm.cm?) 1.73E+06 1.73E+06 4135
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MODEL VALIDATION

In order to effectively verify the accuracy of the tomato whole plant model, the tomato plants were sampled
in four periods. During the verification, the stable voltage of the power supply is 10V, and the frequency is
stable at 10Hz. Connect the two ends of the tomato plant to the multimeter. A 10kQ resistance is connected in
series beside the power supply voltage to preliminarily measure the charging and discharging time of tomato
plants and determine the charging and discharging time. Then the charge and discharge experiments were
completed respectively. Next, an analysis on the charge-discharge situation of the tomato plant within 30
seconds was conducted. Then, the charge-discharge curve was drawn. It was combined with the impedance
model at the germination stage and seedling stage of the tomato plant and its charge and discharge conditions.
Figure 7(a), 7(b) and Figure 8(a), 8(b) show the average value of charge and discharge at the germination
stage and the seedling stage. According to the characteristics of the capacitor, the capacitor was in a short-
circuit state at the moment when the capacitor began to charge. Based on the voltage division formula, the
voltage across the tomato plant could be calculated separately at the germination stage and the seedling stage.
When t=0, V" was the voltage across the tomato plant at t=0.

:10V>{ Ri(R, /7R, } (5)
R (R, //R)+10KQ

According to formula 5, the resistance value of resistor R1 in series with two parallel resistors R, // R3
can be found: R;(R.//R3). Since the capacitor is fully charged, the branch where the capacitor is located will
form an open circuit. Similarly, according to the voltage division formula, #; is the discharge completion time of
the capacitor, V' is the voltage across the tomato plant at t = 0, R;R, is the value of the resistors R; and R,
in series, namely:

Y/

(t=0)

N CELLY
10KQ+RR,

According to formula 6, the series resistance value of R; and R, can be obtained: R;+ R4, and the value
of R;(R»//R3) and R;+ R, can be calculated. Then, a comparative analysis was carried out with the values of
each element (Table 1, Table 2) inversion of the model parameters to verify the correctness of the equivalent
impedance model at the germination stage and seedling stage of the tomato plant. The verification results
were displayed in Table 5.
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Fig. 7 - Mean charging voltage of tomato plants
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Fig. 8 - Mean discharge voltage of tomato plants

Combine impedance model of tomato plant flowering, fruit setting, fruiting period and its charge and
discharge conditions (Pankaj et al., 2010). Then compare and analyze with the value of each element inversion
of the model parameters in Table 3 and Table 4. to verify the correctness of the biological circuit model at the
germination stage and seedling stage of the tomato plant. The verification results were displayed in Table 6.

Table 5
Contrastive analysis of inversion values and measured values of parameters
at germination and seedling stages
Germination stages Seedling stages
R1(Rz// Rs) R1+R4 R1(Rz2// Rs) R1+R4
Parameter inversion value/Q 6269 6269 6123 10217
Measurement value/Q 6075 6129 6330 10725
Error value/% 3.3 23 3.2 4.7
Table 6
Comparative analysis of the inversion values and measured values of the parameters
at the flowering and fruit setting and fruiting stages
Fruit setting stages Fruiting stages
R1+R2 R4 R1+R2 R1
Parameter inversion value/Q 14600 12200 12940 10180
Measurement value/Q 14100 11900 12430 9860
Error value/% 3.4 2.4 4.0 3.1

By observing the above results, it could be observed that the error between the parameter inversion
value and the measured value was less than 4.8%. Within the considered error range, the analysis
reviewed that the reason for the error was due to the difference between the capacitive element and the
constant phasor element. Then, the accuracy of the tomato plant germination stage, seedling stage,
flowering and fruit setting stage, and fruiting stage model could be verified. The conclusions would then
be established. The biological circuit model of tomato plant germination stage and seedling stage was
R(QR(CR)(CR)), while the biological circuit model of flowering and fruit-setting stage and fruiting stage
was R(Q(R(CRY))).
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CONCLUSIONS

(1) In order to explore the growth and development of tomato plants, this paper proposed to utilize
storage modal information as a new method to examine the tomato plants. Due to the differences between
different biological tissues or structures, the best choice was to simulate the tissues and organs of each
organism with the biological circuit model in physics. The modal information stored in each cell in the plant
had its own electrical properties and could be replaced by the equivalent circuit of parallel capacitance
and resistance in physics. Therefore, it could transform abstract concepts into concrete models.

(2) By studying the impedance characteristics of tomato plants in different periods, an impedance
model was constructed. The ZSimpWin software was adopted to conduct impedance spectrum analysis
to discover the optimal biological circuit model. Combined with the theoretical analysis of the two-port
network, the connection mode of the biological circuit model of each tissue of the tomato plant was
analyzed. The impedance spectrum fitting of the model was then carried out to obtain the results at the
germination stage, seedling stage, flowering and fruit setting stage and fruiting stage of the tomato plant.
The biological circuit model of the period was obtained, and the component values of each model in each
period of the tomato plant were inverted.

(3) During the charging and discharging experiments of tomato plants in different periods, the models
of tomato plants in different periods were verified. The results showed that the errors were all less than
4.8%. Through the thorough analysis of the error results, it was discovered that the error was caused by
the capacitance element and the differences of constant phasor elements. Hence, the biological circuit
model was proved to be reasonable.
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