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Abstract: High cadmium (Cd) concentrations associated with geochemical anomalies are prevalent
in carbonate-rich karstic areas, posing serious ecological risks, while the karstic soils are rich in
bicarbonate (HCO3

−). It is known that Selenium (Se) is a mineral element that effectively mitigates the
Cd transport in plant species. However, the synergistic effects of HCO3

− and Se on Cd translocation
in plant species have not yet been indicated. In this study, based on plant electrophysiological
measurements, we chose Orychophragmus violaceus (Ov) as experimental material and determined the
growth potential, water metabolism, and nutrient translocation capacity under HCO3

−-Se6+-Cd2+

treatment to identify the synergistic effects of bicarbonate and selenium on cadmium transport in
karst-adaptable plants. We found 5 mM HCO3

− and 0.46 mM Se6+ synergistically alleviated the Cd2+

stress on Ov, promoting growth, intracellular water metabolism, nutrient translocation efficiency,
and total Se accumulation, and inhibiting the uptake of Cd in Ov. Nevertheless, 15 mM HCO3

−

and 0.46 mM Se6+ synergistically augmented Cd transport on Ov, resulting in growth reduction,
intracellular water metabolism, nutrient translocation efficiency, and total Se concentration. Hence, it
not only provides a frontier approach for the real-time monitoring of intracellular water and nutrient
utilization capacity in plant species, but is also even more a theoretical idea that reveals the synergistic
effects of bicarbonate and selenium on cadmium transport of plants to precisely indicate selenium
supplementation to ameliorate cadmium pollution and construct a sustainable karst ecosystem in
the future.

Keywords: plant; electrophysiology; HCO3
−; Se6+; Cd2+; translocation; interaction

1. Introduction

Rapid urbanization has led to the increasing pollution of soils with heavy metals, es-
pecially “cadmium” (Cd) pollution [1]. Compared to non-karst areas, Cd pollution is more
severe in karst environments, attributed to high geological background values, soil forma-
tion processes, and low heavy metal activity in the karst soil [2]. Plant passivation is an
essential tool for soil heavy metal remediation, and hyperaccumulator plants can effectively
reduce Cd transport, which has limited negative impacts on the environment [3]. Therefore,
screening suitable hyperaccumulator plants is important for efficiently remedying soil Cd
pollution [4].

There is an antagonistic effect between selenium (Se) and cadmium (Cd), and ap-
propriately providing exogenous Se reduced Cd toxicity [5,6]. In karst areas, the large
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dissolution of carbonate rock led to soil containing abundant bicarbonate (HCO3
−) [7],

which was a major soil carbon sink, and significantly influenced the secondary bioconcen-
tration process of elements, such as Se and Cd in the soil–plant interface [8]. Accordingly,
we presumed HCO3

− and Se may interactively influence the translocation of Cd in plant
species; however, its effect remains unclear in current research.

There is no doubt that the soil ionic environment determines the transport of metal
ions in plant cells [9]. However, due to the long complex growth processes of plant species,
it appears to be too dissimilar to judge sensitive reactions to the soil ionic environment only
on its outward morphology. Furthermore, electrical impulses, which are closely associated
with complicated metabolism processes, have the potential to regulate plant growth and
even real-time reactions to altering soil environments [10]. Under abiotic stress conditions,
electrical signals of plant species were generated in continuous coplanar bodies, such as the
cells of plant tissues, leading to transient changes in potential electrical gradients, which
appeared in the vesicles and cell membranes of plant species [11,12]. Consequently, we
knew plant electrical signals were able to decode information exchanges between cells
and organs, so as to clarify the responses of growth to the external environment. It was
reported that electrical signals were found throughout various physiological processes,
such as intracellular water metabolism, nutrient transport, and response to abiotic stresses
in plant species [13]. For example, plant electrical signals were used to characterize leaf
tensity, in order to rapidly determine the adaptation capacity for drought stress and precise
irrigation in agriculture [14]. Hence, plant electrophysiological techniques provide a feasible
approach for exploring the synergistic effects of HCO3

− and Se on the transport of Cd in
plant species.

Compared to conventional techniques, plant electrophysiology ensures the integrity
of the cytosol and cellular activities of plant cells, and even analyzes intracellular water
metabolism and nutrient translocation, which were never directly measured in previous
research [15,16]. Its principle is as follows: based on the basic structural properties of
plant cells, the phospholipid bilayer, which belongs to the cell membrane, is the source
of cellular electrical properties, endowing the cell with functions, such as the storage
of electrical charges, and capacitive and resistor values similar to electrical properties,
including capacitance (C), resistance (R), impedance (Z), capacitive reactance (Xc), and
inductive reactance (XL) [16,17]. Dielectric substances, such as organic and inorganic ions
present in plants, generated electrical currents, and the electrophysiological current could
reflect the polar substances’ translocation properties in plant species, which depended
on the inductance and capacitance of per unit biomembranes [18]. Among them, the
capacitance (C) originated from the bilayer structure of the cell membrane, both resistance
(R) and impedance (Z), and capacitive reactance (Xc) indicated resistances to the electrical
current and characterized environmental or biological stressors, which affected the cell
membrane. In addition, inductive reactance (XL) originated from carrier and channel
proteins of plant cells, etc. [19,20]. By determining C, R, Z, Xc, and XL, we could calculate
the intracellular water and nutrient transport capacity, revealing the responses of Cd
transport to interactions of HCO3

− and Se in plant species.
It is widely known that Brassicaceae Burnett has a strong bioconcentration of heavy

metal elements [21], therefore, we chose Orychophragmus violaceus (Ov), a typical karst-
adaptable horticultural plant, as an experimental plant in this study. We determined the
electrical signals, intracellular water metabolism capacity, nutrient translocation, total
Se, and Cd concentration using the electrophysiological measurement technique. We
also estimated the connection between Ov at different HCO3

− levels, intrinsic Se6+, and
Cd2+. We hope to investigate the following queries in this study: the electrophysiological
reactions to varying HCO3

−, intrinsic Se6+, and Cd2+ levels in Ov; and the combined effects
of HCO3

− and Se6+ on Ov’s Cd2+ translocation.
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2. Materials and Methods
2.1. Plant Materials

Orychophragmus violaceus (Ov), a typical karst-adaptable plant, was the selected mate-
rial for this experiment, and the seeds of Ov were collected from the Institute of Geochem-
istry, Chinese Academy of Sciences (Guiyang, China). The experiments were conducted
in a greenhouse with a length, width, and height of 10 × 5 × 4 m at the Institute of Geo-
chemistry, Chinese Academy of Sciences (Guiyang, China). Metal halide lamps (HPI-T400
W/645, Philips, Amsterdam, Netherlands) were used as a light source, and the temperature
was controlled by air conditioning. The greenhouse was kept at the following conditions:
temperature (day/night): 25/19 ◦C, light intensity (500 ± 23 µmol m−2·s−1), constant
light period (12 h per day), and relative humidity (between 55 and 60%). The Ov seeds
were uniformly mixed with 70% ethanol, sterilized for one minute, rinsed three times with
sterile water, and then steeped for 6 to 8 h. The Ov seedlings were grown in germination
trays (twelve-hole size, 19 × 15 × 9.5 cm), filled with perlite:vermiculite at a 1:3 ratio, and
irrigated with a modified Hogland solution, which provided the nutrients. The nutrient
solution was changed every 3 days, and the seedlings were transplanted after 28 days for
the subsequent experiment. The Ov seedlings with uniform growth were categorized as
3 plants/pot, 3 pots/group, and 3 groups/treatment for the differential bicarbonate treat-
ments, which were carried out for 21 days, followed by the HCO3

− Se6+-Cd2+ treatment.

2.2. Bicarbonate–Selenium–Cadmium Treatment

In Table 1, NaHCO3, Na2Se2O4, and CdSO4 were used for the HCO3
−, Se6+, and

Cd2+ treatments, which were set at 0.46 mM Se6+ and 0.27 mM Cd2+, and the pH was
adjusted to 7.9 ± 0.35. There were five treatments, including Cd (0.27 mM Cd2+), SC
(Se6+:Cd2+, 0.46 mM:0.27 mM), HSC1 (HCO3

−:Se6+:Cd2+, 1 mM:0.46 mM:0.27 mM), HSC2
(HCO3

−:Se6+:Cd2+, 5 mM:0.46 mM:0.27 mM), and HSC3 (HCO3
−:Se6+:Cd2+, 15 mM:0.46

mM:0.27 mM). Six replicates were established for each group, and the treatment duration
was 10 days in this experiment.

Table 1. Bicarbonate–selenium–cadmium treatment.

Treatment Reagent Substance Content

HCO3
− NaHCO3 1/5/15 mM

Se6+ Na2Se2O4 0.46 mM
Cd2+ CdSO4 0.27 mM
Cd Cd2+ 0.27 mM
SC Se6+:Cd2+ 0.46 mM:0.27 mM

HSC1 HCO3
−:Se6+:Cd2+ 1 mM:0.46 mM:0.27 mM

HSC2 HCO3
−:Se6+:Cd2+ 5 mM:0.46 mM:0.27 mM

HSC3 HCO3
−:Se6+:Cd2+ 15 mM:0.46 mM:0.27 mM

pH KOH 7.9 ± 0.35

2.3. Plant Growth Conditions

Harvested plants were divided into tissue parts, root, stem, and leaves, exposed to
108 ◦C for 30 min, and then dried at 70 ◦C until reaching a constant weight (dried weight,
DW). The root, stem, leaf, plant biomass, and root/shoot ratio (R/S ratio) were obtained
with an electronic balance (Denver Instrument, 0.0001 g) as Equation (1).

R
Sratio(%)

=
Dwroot

Dwshoot
× 100 R/S ratio : root/shoot ratio (1)

2.4. Measurement of Electrophysiological Information of Plants

In this experiment, the second unfolded leaf of each plant was selected for electro-
physiological parameters. The plant cells’ ions, ionic groups, and electric dipoles were
considered electrolytes. Subsequently, the leaves were placed between the two poles of
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a parallel plate capacitor, which formed a parallel plate capacitor sensor. The LCR-6100
(made in Suzhou, China), of which frequency (F) and voltage (U) were set to 3 kHz and
1.5 V, respectively, was used for this experiment. In addition, the measurement equipment
consisted of a holder, electrode plates, wires, iron blocks, and plastic rods. Subsequently,
the electrode plates were set in the holder and the base of the plastic bar (Figure 1), and
the electrode plates were connected to the LCR-6100. The Ov leaves were clamped with
two electrode plates. Therefore, we analyzed the physiological resistance (R), physiolog-
ical impedance (Z), and physiological capacitance (C) of Ov with fixed clamping force
(1 N, 2 N, 3 N, 5 N, and 7 N), which was measured 15 times. Eventually, we established
Equations (1)–(8) for the electrophysiological signals of Ov under each treatment.
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1—holder, 2—plastic rod, 3—bench hold, 4—iron block, 5—electrical conductor, 6—cystosepiment,
and 7—plate electrode.

2.5. Calculation of Plant Electrophysiological Parameters

Usually, we considered the chloroplasts of leaves as capacitors, which changed along
with the clamping forces, resulting in alterations of electrical signals in plant cells. It was
constructed as Equation (2):

F = (M + m)g× 100 (2)

In Equation (2), “F” is the clamping force applied with the iron block (N), “M” is the
mass of the iron block, “m” is the mass of the plastic rod and electrode sheet (kg), and
“g” is the acceleration of gravity (9.8 N/kg). Based on the equation of Gibbs free energy
and the Nernst, we obtained a plant model of R, Z, and C. The procedure for deriving the
Equations (3)–(5) is as follows:

C = x0 + hF (3)

R = y0 + k1e−b1F (4)

Z = p0 + k2e−b2F (5)

The capacitive resistance (Xc) was calculated as Equation (6):

Xc =
1

2πfC
(6)

In Equation (6), “π” is 3.1416, and “f” is 3 kHZ, and we obtained the Xc of plants as
Equation (7):

Xc = q0 + k3e−b3F (7)

The inductive reactance (XL) was analyzed as Equations (8) and (9):

1
−XL

=
1
Z
− 1

R
− 1

Xc
(8)
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XL = a0 + k4e−b4F (9)

When F is 0, we calculated the intrinsic resistance (IR), intrinsic capacitive reactance
(IXc), and intrinsic inductive reactance (IXL) of the plant from Equations (10)–(12):

IR = y0 + k1 (10)

IXc = q0 + k3 (11)

IXL = a0 + k4 (12)

The intrinsic impedance (IZ) and intrinsic capacitance (IC) were calculated from the
IR, IXc, and IXL as Equations (13) and (14):

1
IZ

=
1

IR
+

1
IXc
− 1

IXL
(13)

IC =
1

2πfIXL
(14)

2.6. Estimation of Intracellular Water Metabolism Capacity Based on Electrical Signals of
Plant Species

The cells (organelles) of the same type in the same plant tissues and organs are fixed.
The volume of cells (organelles) in an expanded leaf blade is proportional to the water-
holding capacity (IWHC), which is proportional to C3. The intracellular water-holding
capacity (IWHC) of plant species can be defined and calculated as Equation (15):

IWHC =
√

C3 (15)

Based on the constructed model parameters for capacitance with clamping force, we
obtained Equation (16):

k0 =
U2

2d
(16)

The specific effective thickness (d) of the plant was calculated as Equation (17):

d =
U2h

2
(17)

The intracellular water-use efficiency (IWUE) of the plant was calculated as Equation (18):

IWUE =
d

IWHC
(18)

The intracellular water-holding time (IWHT) of the plant was calculated as Equation (19):

IWHT = C× Z (19)

The water-transfer rate (WRT) was calculated as Equation (20):

WRT =
IWHC
IWHT

(20)
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2.7. Characterization of Nutrient Translocation Capacity BASED on Electrophysiological Signals of
Plant Species

Based on the inherent electrophysiological signals, the unit nutrient transfer (UNF)
was defined as Equation (21):

UNF =
R

IXc
+

R
IXL

(21)

The nutrient transport rate (NTR) was defined as Equation (22):

NTR =
IWHC
IWHT

(22)

The nutrient transport capacity (NTC) was defined as Equation (23):

NTC = UNF×NTR (23)

The nutrient active flow (UAF) was defined as Equation (24):

UAF =
IXC

IXL
(24)

The nutrient active transport capacity (NAC) was defined as Equation (25):

NAC = UAF×NTR (25)

2.8. Selenium and Cadmium Content of Plants

Plant samples were digested using an automatic microwave digestion system, and
the total Se and total Cd contents were determined by inductively coupled plasma mass
spectrometry (ICP-MS). We weighed 0.4000 g of the sample and added 10 mL HNO3
and 2 mL H2O2 to a Teflon digestion tank for 0.5 h. The temperature was increased to
160 ◦C after 10 min, and further raised to 200 ◦C, which was maintained for 0.5 h. After
cooling to 25 ◦C, the sample was diluted to 100 mL (ultrapure water) for measurement. The
measurement conditions of ICP-MS were set as follows: spectral mode, RF power of 1550 W,
gas temperature of 2 ◦C, sampling depth of 8 mm, carrier gas flow rate of 0.95 L/min,
plasma gas flow rate of 15 L/min, and auxiliary gas flow rate of 0.10 L/min.

2.9. Selenium–Cadmium Bio Transfer/Bioconcentration Factor

The translocation factor (TF), which was equal to the element’s content in the shoot
divided by that in the root, characterized the capacity of heavy metal element concentration
in the plant species. The bioconcentration factor (BCF), which was equal to the element’s
content in the organ (root, shoot, and leaves) divided by that in the environment, indicated
the tendency of heavy metal element accumulation from the environment to the organ.
Therefore, the translocation factor (TF) and bioconcentration factor (BCF) of Se and Cd of
plants were calculated as Equations (26) and (27):

TF =
Shoot[Se, Cd]
Root[Se, Cd]

(26)

BCF =
Organ[Se, Cd]

Environ[Se, Cd]
(27)

2.10. Statistical Analysis

The experimental data were evaluated for statistical differences using analysis of
variance (ANOVA). Moreover, Tukey’s test (p < 0.05) was performed for the pair-wise
comparisons between the different experimental treatments. The results are presented as
the mean ± standard deviation (SD), and the figures were designed using Origin 2021 Pro.
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3. Results
3.1. Plant Growth Features

The biomass parameters of Ov under bicarbonate–selenium–cadmium are presented
in Table 2 and Figure 2 (the raw data see as Table S1). At HSC2, the root, stem, leaf,
and total biomass of Ov reached the maximum level, while the R/S ratio was the lowest.
Compared to Cd treatment alone, the root, stem, leaf, and total biomass under HSC2
treatment increased by 82.36%, 85.75%, 140.60%, and 108.09%, respectively, and the R/S
ratio decreased by 15.43%. However, the root, stem, leaf, and total biomass of Ov were
significantly reduced, and the R/S ratio reached its maximum at HSC3, where the root,
stem, leaf, and total biomass decreased by 46.87%, 59.40%, 56.88%, and 56.68%, and the
R/S ratio increased by 17.39%.

Table 2. The growth status of Ov under bicarbonate–selenium–cadmium treatment.

Treatment Root
Dw, mg/Plant

Stem
Dw, mg/Plant

Leaves
Dw, mg/Plant

Plant
Dw, mg/Plant

Root/Shoot Ratio
R/S, %

Cd 70.85 ± 7.83 b 119.92 ± 10.23 c 138.53 ± 10.76 d 329.3 ± 16.86 d 27.48 ± 3.31 a
SC 76.71 ± 4.88 b 148.51 ± 6.14 b 190.87 ± 4.31 c 416.08 ± 12.24 c 22.6 ± 1.29 c

HSC1 117.42 ± 10.93 a 213.5 ± 6.78 a 278.99 ± 8.56 b 609.91 ± 14.56 b 23.87 ± 2.44 b
HSC2 129.2 ± 5.68 a 222.75 ± 8.46 a 333.3 ± 10.13 a 685.25 ± 18.47 a 23.24 ± 0.95 b
HSC3 37.64 ± 6.85 c 60.3 ± 6.74 d 82.3 ± 3.22 e 180.24 ± 7.96 e 26.53 ± 5.47 a

Each value represents the mean ± SD (n = 3), and diverse letters in each value are significantly different by
ANOVA (p < 0.05).
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Figure 2. The growth status of Ov under bicarbonate–selenium–cadmium treatment. Ov-
Orychophragmus violaceus, the ratio of Se6+ and Cd2+ of Hogland solution was 0.46 mM:0.27 mM under
various bicarbonate treatments. Cd-CdSO4 (0.27 mM); SC-Na2Se2O4:CdSO4 (0.46 mM:0.27 mM);
HSC1-HCO3

−:Se6+:Cd2+ (1 mM:0.46 mM:0.27 mM); HSC2-HCO3
−:Se6+:Cd2+ (5 mM:0.46 mM:0.27

mM); and HSC3-HCO3
−:Se6+:Cd2+ (15 mM:0.46 mM:0.27 mM).

3.2. Electrophysiological Parameters of the Plants

In this study, we obtained the intrinsic electrophysiological parameters in Figure 3
(the raw data see as Table S1), which showed intrinsic capacitance (IC), resistance (IR),
impedance (IZ), capacitive reactance (IXc), and inductive reactance (IXL) of Ov. It was
found that Ov’s growth significantly increased at HSC1 and HSC2, with the greatest growth
at HSC2. The IC of Ov was ranked as HSC2 > HSC1 > SC > Cd > HSC3, which showed the
highest level at HSC2, and decreased to the lowest level at HSC3, respectively, increasing
by 76.66% and decreasing by 25.49% more than the Cd treatment. However, the IR, IZ,
IXc, and IXL of Ov showed opposite trends: HSC2 < HSC1 < SC < Cd < HSC3. The lowest
values were observed at HSC2, and the highest value was at HSC3.
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Figure 3. The electrophysiological information of Ov, (a) IC-intrinsic capacitance, (b) IR-intrinsic
resistance, (c) IZ-intrinsic impedance, (d) IXc-intrinsic capacitive reactance, and (e) IXL-inductive
reactance. Cd-CdSO4 (0.27 mM); SC-Na2Se2O4:CdSO4 (0.46 mM:0.27 mM); HSC1-HCO3

−:Se6+:Cd2+

(1 mM:0.46 mM:0.27 mM); HSC2-HCO3
−:Se6+:Cd2+ (5 mM:0.46 mM:0.27 mM); and HSC3-

HCO3
−:Se6+:Cd2+ (15 mM:0.46 mM:0.27 mM).

3.3. Intracellular Water Metabolism Capacity

The intracellular water metabolism capacity was calculated by the electrical signals
of Ov (Figure 4, the raw data see as Table S1), involving the intracellular water-holding
capacity (IWHC), intracellular water-use efficiency (IWUE), intracellular water-holding
time (IWHT), and intracellular water translocation rate (WRT). Compared to the Cd group,
the IWHC and WRT of Ov increased, while the IWUE and IWHT decreased at HSC1 and
HSC2. Moreover, the HSC2 had an increase of 46.13% and 89.89% in IWHC and WRT,
respectively, and a decrease of 66.61% and 22.64% in IWUE and IWHT, respectively. At
HSC3, the IWHC decreased by 17.88%, and the IWUE increased by 56.64% compared to
the group of Cd. Thus, HSC2 was promoted to the greatest level of the IWHC and WRT.
In contrast, HSC3 synergistically inhibited IWHC and IWHT of Ov, but the significant
increase in IWUE resulted in a stable WRT of Ov.
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Figure 4. The intracellular water metabolism capacity of Ov. Ov-Orychophragmus violaceus, (a) IWHC-
intracellular water-holding capacity, (b) IWUE-intracellular water-use efficiency, (c) IWHT-
intracellular water-holding time, (d) WRT-water rate translocation. Cd-CdSO4 (0.2 mM); SC-
Na2Se2O4:CdSO4 (0.46 mM:0.27 mM); HSC1-HCO3

−:Se6+:Cd2+ (1 mM:0.46 mM:0.27 mM); HSC2-
HCO3

−:Se6+:Cd2+ (5 mM:0.46 mM:0.27 mM); and HSC3-HCO3
−:Se6+:Cd2+ (15 mM:0.46 mM:0.27 mM).

3.4. Nutrient Translocation Capacity

Relying on the electrophysiological information, we obtained the nutrient translo-
cation capacity of Ov (Figure 5, the raw data see as Table S1), including the relative-unit
translocation of nutrients (UNF), nutrient translocation rate (NTR), nutrient translocation
capacity (NTC), nutrient unit active flow (UAF), and nutrient active translocation capacity
(NAC). In this study, we found HSC2 obtained the highest NTR and NAC. Compared to
the Cd, the NTR and NAC increased, while the UNF, NTC, and UAF decreased at HSC1
and HSC2, and the greatest changes were observed at HSC2, where the NTR and NAC
increased by 89.89% and 75.87%, but the UNF, NTC, and UAF decreased by 55.66%, 15.53%,
and 7.61%, respectively. At HSC3, the UNF and NTC increased by 27.43% and 26.17%,
while the others did not significantly change compared to the Cd treatment.
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Figure 5. The nutrient transport capacity of cells in Ov. Ov-Orychophragmus violaceus, (a) UNF-Unit
translocation of nutrients. (b) NTR-nutrient translocation rate, (c) NTC-nutrient translocation capacity,
(d) UAF-nutrient active flow, (e) NAC-nutrient active translocation capacity. Cd-CdSO4 (0.27 mM);
SC-Na2Se2O4:CdSO4 (0.46 mM:0.27 mM); HSC1-HCO3

−:Se6+:Cd2+ (1 mM:0.46 mM:0.27 mM); HSC2-
HCO3

−:Se6+:Cd2+ (5 mM:0.46 mM:0.27 mM); and HSC3-HCO3
−:Se6+:Cd2+ (15 mM:0.46 mM:0.27 mM).

3.5. Characterization of the Selenium–Cadmium Translocation in Plants under the Influence
of Bicarbonate

Figure 6 (the raw data see as Table S1) illustrates the total Se and Cd content of the
root, shoot, and plant of Ov. The total Se distribution in Ov plants was higher in the root
than in the shoot. The total Cd distribution was higher in the shoot than that of the root,
indicating that the root was enriched in Se, while the shoot was enriched in Cd. As the
HCO3

− increased, the total Se content in roots, shoot, and the whole plant exhibited a
trend of initially increasing and then decreasing in Ov. The HSC2 treatment resulted in the
highest promotion of total Se content, while the decline of total Cd content showed that
10 mM HCO3

− and 0.46 mM Se6+ promoted total Se but reduced total Cd of Ov.



Agronomy 2024, 14, 218 11 of 17

Agronomy 2023, 13, x FOR PEER REVIEW 11 of 18 
 

 

 

Figure 6. The total cadmium (Cd) content and total selenium (Se) content for selenium and cadmium 

under different bicarbonate levels of Ov. (a) Total cadmium content, (b) Total selenium content. Ov 

Orychophragmus violaceus, Cd-CdSO4 (0.27 mM); SC-Na2Se2O4:CdSO4 (0.46 mM:0.27 mM; HSC1-

HCO3−:Se6+:Cd2+ (1 mM:0.46 mM:0.27 mM); HSC2-HCO3−:Se6+:Cd2+ (5 mM:0.46 mM:0.27 mM); and 

HSC3-HCO3−:Se6+:Cd2+ (15 mM:0.46 mM:0.27 mM). Each value represents the mean ± SD (n = 3), and 

diverse letters in each value are significantly different by ANOVA (p < 0.05). 

3.6. Correlation between Plant Electrical Signals and Selenium–Cadmium Translocation 

In Figure 7 (the raw data see as Table S1), the TF (Se) of Ov was in the range of 0.6–

0.8, while the TF (Cd) was at 0.08–0.12. Moreover, the BCF (Se) in Ov was in the range of 

8–10, while the TF (Cd) was primarily in the range of 6–9, indicating a high BCF of Ov for 

both Se and Cd. According to the linear fits of Se and Cd in Ov, there were significant 

antagonistic relationships between the total Se and total Cd contents in each organ of Ov. 

Among them, the negative correlation coefficients between total Se and total Cd on roots 

and shoots were 0.77 and 0.78, respectively. However, there was no significant correlation 

between the translocation factors and bioconcentration factors for Se and Cd. The correla-

tion analysis showed the C, IWHC, WRT, and NTR of Ov were significantly positively 

Agronomy 2023, 13, x FOR PEER REVIEW 11 of 18 
 

 

 

Figure 6. The total cadmium (Cd) content and total selenium (Se) content for selenium and cadmium 

under different bicarbonate levels of Ov. (a) Total cadmium content, (b) Total selenium content. Ov 

Orychophragmus violaceus, Cd-CdSO4 (0.27 mM); SC-Na2Se2O4:CdSO4 (0.46 mM:0.27 mM; HSC1-

HCO3−:Se6+:Cd2+ (1 mM:0.46 mM:0.27 mM); HSC2-HCO3−:Se6+:Cd2+ (5 mM:0.46 mM:0.27 mM); and 

HSC3-HCO3−:Se6+:Cd2+ (15 mM:0.46 mM:0.27 mM). Each value represents the mean ± SD (n = 3), and 

diverse letters in each value are significantly different by ANOVA (p < 0.05). 

3.6. Correlation between Plant Electrical Signals and Selenium–Cadmium Translocation 

In Figure 7 (the raw data see as Table S1), the TF (Se) of Ov was in the range of 0.6–

0.8, while the TF (Cd) was at 0.08–0.12. Moreover, the BCF (Se) in Ov was in the range of 

8–10, while the TF (Cd) was primarily in the range of 6–9, indicating a high BCF of Ov for 

both Se and Cd. According to the linear fits of Se and Cd in Ov, there were significant 

antagonistic relationships between the total Se and total Cd contents in each organ of Ov. 

Among them, the negative correlation coefficients between total Se and total Cd on roots 

and shoots were 0.77 and 0.78, respectively. However, there was no significant correlation 

between the translocation factors and bioconcentration factors for Se and Cd. The correla-

tion analysis showed the C, IWHC, WRT, and NTR of Ov were significantly positively 

Figure 6. The total cadmium (Cd) content and total selenium (Se) content for selenium and cadmium
under different bicarbonate levels of Ov. (a) Total cadmium content, (b) Total selenium content. Ov
Orychophragmus violaceus, Cd-CdSO4 (0.27 mM); SC-Na2Se2O4:CdSO4 (0.46 mM:0.27 mM; HSC1-
HCO3

−:Se6+:Cd2+ (1 mM:0.46 mM:0.27 mM); HSC2-HCO3
−:Se6+:Cd2+ (5 mM:0.46 mM:0.27 mM);

and HSC3-HCO3
−:Se6+:Cd2+ (15 mM:0.46 mM:0.27 mM). Each value represents the mean ± SD

(n = 3), and diverse letters in each value are significantly different by ANOVA (p < 0.05).

3.6. Correlation between Plant Electrical Signals and Selenium–Cadmium Translocation

In Figure 7 (the raw data see as Table S1), the TF (Se) of Ov was in the range of 0.6–0.8,
while the TF (Cd) was at 0.08–0.12. Moreover, the BCF (Se) in Ov was in the range of 8–10,
while the TF (Cd) was primarily in the range of 6–9, indicating a high BCF of Ov for both Se
and Cd. According to the linear fits of Se and Cd in Ov, there were significant antagonistic
relationships between the total Se and total Cd contents in each organ of Ov. Among them,
the negative correlation coefficients between total Se and total Cd on roots and shoots
were 0.77 and 0.78, respectively. However, there was no significant correlation between the
translocation factors and bioconcentration factors for Se and Cd. The correlation analysis
showed the C, IWHC, WRT, and NTR of Ov were significantly positively correlated with
total Se, TF Se and BCF Se (p < 0.05), and significantly negatively correlated (p < 0.05) with
R, Z, XC, XL, total Cd, TF Cd, and BCF Cd of Ov.
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Figure 7. The correlation analysis of Ov. (a) Correlation between total cadmium (Cd) and selenium
content of root, (b) correlation between total cadmium (Cd) and selenium content of shoot, (c) translo-
cation factor (TF) between total cadmium (Cd) and selenium content, (d) bioconcentration factor
(BCF) between total cadmium (Cd) and selenium content, (e) correlation analysis of the electrophys-
iology, the intracellular water metabolism, nutrient translocation, and Se-Cd translocation of Ov.
Ov Orychophragmus violaceus, Cd-CdSO4 (0.2 mM); SC-Na2Se2O4:CdSO4 (0.46 mM:0.27 mM; HSC1-
HCO3

−:Se6+:Cd2+ (1 mM:0.46 mM:0.27 mM); HSC2-HCO3
−:Se6+:Cd2+ (5 mM:0.46 mM:0.27 mM);

HSC3-HCO3
−:Se6+:Cd2+ (15 mM:0.46 mM:0.27 mM).“*“ means the p value of the correlation was less

than 0.05.

4. Discussion
4.1. Characteristics in the Electrical Signals of Ov

The metabolic functions of plants are closely intertwined with complex processes
such as charge separation, ion translocation, and proton translocation. In general, the
precise characterization of these processes is challenging. However, in this study, the fitting
equations of clamping force (F) and plant capacitance (IC), resistance (IR), impedance
(IZ), capacitive resistance (IXC), and inductive resistance (IXL) were established using
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electrophysiological techniques of plants, which can be used to rapidly and precisely
obtain the inherent electrophysiological information of plant species [21]. Stronger plant
growth capacity leads to higher growth potential and capacitance and lower resistance,
impedance, capacitive, and inductive resistance [15,18]. Compared to the Cd treatment,
the 5 mM HCO3

− and 0.46 mM Se6+ resulted in the highest IC and the growth of Ov,
but in the lowest IR, IZ, IXC, and IXL. Thus, the above HCO3

− and Se6+ synergistically
promoted Ov’s growth. In addition, membrane proteins and lipid composition are highly
associated with plant electrophysiological information [19]. The IXC of Ov was lower
than IXL, which is consistent with the fact that plant cell membrane surface proteins are
lower than bound proteins. The dissolved ionic state Se and carbonate Se are bioeffective
states of Se that can be used by plants [21,22]. However, heavy metal-bound Se, such as
CdSe, is not bioeffective, i.e., it is not readily absorbed and used by plants [23]. Se6+ is
the Se form that plants mainly utilize in an alkaline environment. Therefore, increasing
Se6+ is beneficial to antagonize the uptake of Cd by Ov and alleviate the transport of Cd,
increasing Ov’s growth potential [24]. In addition, under a nonabundant soil organic matter
environment, the repulsion of SeO4

2− from anionic functional groups such as OH− and
HCO3

− increased with increasing pH [25,26]. The adsorbed Se6+ decreased, promoting the
content of bioeffective Se in the root, which might promote the formation of CdSe, leading
to reduced Cd uptake by plant species [27], Therefore, the IC increased while the IR, IZ,
IXC, and IXL decreased in Ov. However, HCO3

− and Se6+ did not consistently promote the
growth of Ov. In this study, Ov’s growth and C decreased, reaching their lowest level at
15 mM HCO3

− and 0.46 mM Se6+, while IR, IZ, IXC, and IXL reached their highest values,
indicating that the treatment inhibited growth of Ov. This phenomenon may be related to
the peroxidation of plant cell membrane lipids caused by excess HCO3

− under high Se and
Cd environmental concentrations. Increased environmental salinity led to peroxidation
of plant membrane lipids and increased superoxide anion production and electrolyte
leakage [28], resulting in decreased IC and increased impedance (IR, IZ, IXC, and IXL) in
plants. Thus, higher HCO3

− of the environment led to more severe cell membrane damage
and depolarization in Ov plants, resulting in more significant electrophysiological signals.
Therefore, the electrophysiological information can well reflect the interactions of HCO3

−,
Se6+, and Cd2+ on Ov’s growth, confirming its feasibility for selenium supplementation
and cadmium suppression in the early planting period.

4.2. Responses of Intracellular Water Capacity by Electrical Signal Analyses in Ov

The intracellular water metabolism of plants is essential for many of their metabolic
growth processes, such as photosynthesis, respiration, and nutrient translocation and
metabolism [29]. However, intracellular water homeostasis is difficult to measure directly,
which is attributed to two factors. On the one hand, the intracellular water metabolism
accounts for only a very small fraction (about 1–5%) of the overall water metabolism of
plants, and most of the water (about 95–99%) is dissipated by plant transpiration. Moreover,
weighing, spectroscopy, water potential measurements, and hydrogen and oxygen stable
isotope methods are commonly used to measure plant water-use efficiency [30,31]. In this
study, we characterized the intracellular water metabolism based on plant electrical signals,
including intracellular water-holding capacity (IWHC), intracellular water-use efficiency
(IWUE), intracellular water-holding time (IWHT), and intracellular water translocation
rate (WRT). Compared to the Cd treatment, 5 mM HCO3

− with 0.46 Mm Se6+ promoted,
to the greatest extent, the IWHC and WRT of Ov (Figure 4) (the raw data see as Table S1),
indicating that bicarbonate and selenium synergistically promoted intracellular water
metabolism. The cell water-holding capacity and intracellular water translocation rate of
plants were significantly and positively correlated with the plant growth potential, while
leaf cells with larger capacitance had a higher water and nutrient translocation capacity [30].
The uninfected Brassica napus leaves had greater C, IWHC, and WRT compared to those
infected by Sclerotinia sclerotiorum, in agreement with the results of this study [18]. Such
parameters in the Ov result in the greatest growth and the least impedance (Figure 3) (the
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raw data see as Table S1). However, the increasing bicarbonate significantly inhibited
cell water-holding capacity and cell water-holding time; 15 mM HCO3

− with 50 mg/L
Se6+ resulted in the lowest IWHC and IWHT in Ov leaves (Figure 4). However, the water
translocation rate (WRT) of Ov leaves was unchanged (Figure 4), which might be attributed
to the significant increase in intracellular water-use efficiency (IWUE) and adaptive growth
(Figure 4) (the raw data see as Table S1). Excessive abiotic stress in the environment
increases plant cell membrane permeability; therefore, plants mitigate water loss due to cell
membrane damage and ensure plant growth by rapidly increasing their intracellular water
use efficiency in the short term [17]. Consequently, the higher IWUE of Ov under these
conditions is also a strategy to improve water-use efficiency to cope with high external
salt stress.

4.3. Nutrient Translocation Capacity as Characterized by Plant Electrical Signals

The plant cell membrane is an important barrier for maintaining cellular homeostasis
and an important site for nutrient translocation in plant cells, and the cell membrane surface
and the bound proteins are closely involved in nutrient translocation in plant cells [31].
Therefore, nutrient translocation capacity also reflects the composition and distribution
of plant cell membrane proteins. However, most traditional methods for plant nutrient
status evaluation are limited to the determination of single proteins or the ratio of total
nutrients to total inputs [32]. Moreover, only a few research studies reported nutrient
translocation capacity and the overall membrane protein composition. In this study, we
characterized the intracellular water metabolism of Ov plants based on their electrical
signals, including the nutrient relative unit translocation (UNF), nutrient translocation rate
(NTR), nutrient translocation capacity (NTC), nutrient unit active flow (UAF), and nutrient
active translocation capacity (NAC). Compared to the Cd treatment, 5 mM HCO3

− with
0.46mM Se6+ resulted in the greatest increase in NTR and NAC, while they inhibited UNF,
NTC, and UAF (Figure 5), indicating that bicarbonate and selenium synergistically pro-
moted the nutrient translocation rate and nutrient active translocation capacity of Ov. Plant
translocation of metal ions is primarily an active translocation process dependent on func-
tional proteins and energy, while Cd is a nonessential and toxic element for plants [32,33].
Therefore, plant species block the entry of Cd into cells by localizing Cd efflux proteins
such as HMA (heavy metal transporting ATPase), CAX (Cation/H+ exchanger antiporter),
and ABC (ATP binding cassette) in subcellular structures such as vesicles and cytoplasmic
membranes [34,35], so that both the HCO3

− and Se6+ might increase the Cd efflux protein
abundance, facilitating the compartmentalization of Cd2+ outside the cell membrane and
increasing the nutrient active translocation capacity of Ov. In addition, plants adapt to
abiotic stresses by increasing their active nutrient translocation capacity, such as rice, which
adapted to drought stress by increasing nutrient translocation and water utilization [36].
Consequently, the reduced NTC and UAF suggest that Ov were more likely to preferentially
allocate functional proteins to Cd excretion processes. In addition, Ov had the highest cell
water-holding capacity and intracellular water translocation rate under both HCO3

− and
Se6+ (Figure 4) (the raw data see as Table S1), which indicated a high nutrient translocation
rate and active nutrient translocation capacity of Ov. However, the NTC of Ov did not
continuously increase with the increasing bicarbonate supply (Figure 5). In this study, the
NTC of Ov did not change significantly under 15 mM HCO3

− and 0.46 mM Se6+, even
though the relative nutrient unit translocation and active nutrient unit flow exhibited a
significant increase (Figure 5) (the raw data see as Table S1), which might be attributed to
the high tolerance to bicarbonate of Ov. Hence, plants preferentially deploy translocation
proteins and metabolic processes in response to high HCO3

− and Cd2+ levels to increase
their compartmentalization and enhance adaptive growth.

4.4. Effect of Bicarbonate on Selenium–Cadmium Interactions in Plants

In this study, the Se-Cd translocation of Ov showed Se bioconcentration in the roots
and Cd bioconcentration in the rhizosphere regions, indicating that Cd accumulation might
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be restricted to the roots of Ov, thus reducing its translocation in the roots (Figure 6). In
addition, there was a significant negative correlation (p < 0.05) between the total Se and total
Cd content in specific Ov tissues and the whole plant under each bicarbonate treatment
(Figure 7) (the raw data see as Table S1). The 5 mM HCO3

− and 0.46 mM Se6+ resulted in
the highest total Se and the lowest total Cd in Ov (Figure 6) (the raw data see as Table S1),
indicating the most significant antagonistic relationship between Se and Cd. Moreover, the
correlation analysis showed a significant positive correlation (p < 0.05) with the total Se, the
TF (Se), and BCF (Se) in Ov (Figure 7) (the raw data see as Table S1). However, it showed
significant negative correlations (p < 0.05) with IR, IZ, IXC, and IXL, as well as the total
(Cd), the TF (Cd), and BCF (Cd) in each organ of Ov. Thus, we found high capacitance,
cell water-holding capacity, water, and nutrient translocation rates, and low resistance,
impedance, capacitive resistance, and inductive resistance that favored Se bioconcentration
and inhibition of Cd accumulation in Ov. It has been reported that Se is a beneficial nutrient
for plant growth, and the Ov promoted Se uptake by increasing physiological capacitance,
intracellular water-use efficiency, and nutrient translocation capacity. In addition, the Ov
plants could potentially reduce the uptake of translocated Cd and maintain their growth
by increasing Cd translocation–efflux proteins in subcellular structures such as vesicles
(Figure 8) (the raw data see as Table S1). However, high bicarbonate levels inhibited
Ov’s growth, reduced its growth potential, intracellular water-use efficiency, and nutrient
translocation capacity, increased cellular energy consumption, and reduced the production
of Cd translocation–efflux proteins, so that the Ov showed a reduced uptake of Se and
decreased efflux capacity of Cd (Figure 8) (the raw data see as Table S1).
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as the total (Cd), the TF (Cd), and BCF (Cd) in each organ of Ov. Thus, we found high 
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resistance, impedance, capacitive resistance, and inductive resistance that favored Se bio-
concentration and inhibition of Cd accumulation in Ov. It has been reported that Se is a 
beneficial nutrient for plant growth, and the Ov promoted Se uptake by increasing physi-
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ity. In addition, the Ov plants could potentially reduce the uptake of translocated Cd and 
maintain their growth by increasing Cd translocation–efflux proteins in subcellular struc-
tures such as vesicles (Figure 8) (the raw data see as Table S1). However, high bicarbonate 
levels inhibited Ov�s growth, reduced its growth potential, intracellular water-use effi-
ciency, and nutrient translocation capacity, increased cellular energy consumption, and 
reduced the production of Cd translocation–efflux proteins, so that the Ov showed a re-
duced uptake of Se and decreased efflux capacity of Cd (Figure 8) (the raw data see as 
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Figure 8. The Synergistic effect of bicarbonate–selenium on cadmium transport of Ov. ↑: Increase, ↓: 
Decrease. The blue, green, yellow, purple, and red arrows represent different bicarbonate treatments 

Figure 8. The Synergistic effect of bicarbonate–selenium on cadmium transport of Ov. ↑: Increase,
↓: Decrease. The blue, green, yellow, purple, and red arrows represent different bicarbonate treat-
ments at groups of Cd, SC, HSC1, HSC2, and HSC3. Cd-CdSO4 (0.2 mM); SC-Na2Se2O4:CdSO4

(0.46 mM:0.27 mM; HSC1-HCO3
−:Se6+:Cd2+ (1 mM:0.46 mM:0.27 mM); HSC2-HCO3

−:Se6+:Cd2+

(5 mM:0.46 mM:0.27 mM); HSC3-HCO3
−:Se6+:Cd2+ (15 mM:0.46 mM:0.27 mM). C-capacitance,

R-resistance, Z-impedance, Xc-capacitive reactance, XL-reactance, IWHC-water-holding capacity,
IWUE-intracellular water-use efficiency, IWHT-intracellular water-holding time, WRT-water rate
translocation, UNF-Unit translocation of nutrients. NTR-nutrient translocation rate, NTC-nutrient
translocation capacity, UAF-nutrient active flow, NAC-nutrient active translocation capacity.

5. Conclusions

Based on plant electrophysiological techniques, we found that Se6+ improved growth,
intracellular water metabolism, and nutrient translocation efficiency under the Cd treatment
in Ov. In addition, Se6+ and low HCO3

− synergistically promoted the growth of Ov, leading
to an increase in capacitance, intracellular water capacity, nutrient translocation efficiency,
and total Se accumulation, as well as the excretion of Cd at 5 mM HCO3

− and 0.46 mM
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Se6+. However, Se6+ and high HCO3
− inhibited Ov’s growth, resulting in the decline

of capacitance, intracellular water capacity, nutrient translocation efficiency, and total Se
accumulation of Ov at 15 mM HCO3

− and 0.46 mM Se6+. Hence, it provided an innovative
approach to rapidly detect the intracellular water capacity and nutrient translocation
efficiency of plant species, so as to precisely provide selenium to ameliorate cadmium
pollution in karst areas.
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