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Abstract
Enshi is a high-incidence area for Plasmodiophora
brassicae infection in Brassica rapa in China;
however, the differential immunomodulatory
effects of selenite (Se4+) on the infection ofBrassica
rapa by the Plasmodiophora brassicae (Pb) remain
unclear. In this study, Enshi Gaoshan Brassica rapa
(GBr) was selected. Pre-treatment with 0–10 mg/L
Se4+ was applied, followed by artificial inoculation
with Plasmodiophora brassicae spores (8×109
spore/mL). Growth characteristics, photosynthesis,
and electrophysiological and nutritional metabolic
features of GBr leaves were measured. The results
indicate that electrophysiological techniques
provide more significant distinctions. S2 (1.25
mg/L Se4+) was identified as the optimal immune
concentration. Compared to the CK, S2 exhibited
a 1.2 fold increase in ∆Gr, a 19.5 fold increase
in ∆Gz , and a 2.5 fold increase in Metabolic
activity (MA). S4 (5 mg/L Se4+) was the immune
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compensation concentration; compared to CK, S4
exhibited increased WRT (1.4 fold), Nutrient active
translocation capacity (NAC) (1.9 fold), and ∆G (4
fold), achieving immune compensation. Therefore,
electrophysiological indicators (∆Gr, ∆Gz , MA,
WRT, NAC) showed 30%–50% higher sensitivity
than traditional photosynthetic parameters,
highlighting the advantages of electrophysiological
methods for early, non-destructive monitoring.
This study provides innovative smart agricultural
technical support for elucidating the immunity of
differential Se4+.

Keywords: Plasmodiophora brassicae infection, Brassica
rapa, electrophysiological nutrient metabolism, immune
regulation, health effects of selenium.

1 Introduction
Brassica rapa (Br) is a widely cultivated cruciferous
vegetable that is vulnerable to Pb infection, which
reduces cellular water content, impairs nutrient
metabolism, and causes root deformities and plant
death [1, 2]. In the past three years, clubroot infection
in Br has caused global economic losses of up to
140 billion RMB [3]. Enshi, Hubei (108°23’12” E to
110°38’08” E, 29°07’10” N to 31°24’13” N) is a major
production area for GBr in China, where clubroot
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disease poses a significant threat to cruciferous crop
production [4]. Effective Pb control is essential for
high-quality, high-yield production of highland
GBr. Research indicates that exogenous selenium
can modulate plant immune responses and stress
resistance through transcriptomic and proteomic
reprogramming [5], suggesting potential for Se4+
application in controlling Pb infection in Br. Se4+
improves resistance of Br by inhibiting fungal
spore germination, disrupting cellulase activity [6],
promoting Glutathione Peroxidase (GSH-Px)
formation [7], and interacting with Bacillus-mediated
selenium biosynthesis pathways [8]. Understanding
the immunomodulatory effects of Se4+ is vital for
efficient Pb infection management in Br.

Plant electrophysiological techniques are a reliable
method for monitoring clubroot disease in Brassica.
Based on plant electrophysiological techniques,
Zhang et al. [9] investigated the intracellular
electrophysiological water metabolism and nutrient
transport thresholds in Brassica napus under
low-phosphorus stress, enabling in situ monitoring of
leaf water and nutrient use efficiency. Yu et al. [10]
investigated whether electrophysiological parameters
can substitute for growth and photosynthetic
parameters to characterize the response of mulberry
and paper mulberry to drought stress, providing
a basis for water-saving smart management. Gu
et al. [11] found that electrophysiological sensors
reveal the silicon–selenium interaction on dynamic
leaf intracellular water–nutrient metabolism in
rice under cadmium stress, demonstrating that
electrophysiological techniques can characterize
multi-element interactions in plant stress responses.
In the field of smart agricultural machinery, the
“Plant Life Analyzer” and “Plant Membrane
Function Analyzer” [12], developed based on
plant electrophysiological technology, have garnered
widespread acclaim from experts both domestically
and internationally. The above findings indicate
that plant electrophysiological technology provides
a reliable method for elucidating the differential
regulation of electrophysiological nutrient metabolism
and immunity in GBr by Se4+ during Pb infection.

Wangying Town, Lichuan City (108.69° E, 30.27° N) is
one of the primary areas in Enshi where Pb infection
in highland Br is prevalent, as the local soil chemical
and microbial characteristics are conducive to clubroot
disease development [13]. Studies have shown that
the peak incidence of Pb infection in Chinese cabbage
typically occurs from August to September [14], with

optimal temperatures for disease development ranging
from 25–30°C [15], and the disease primarily affecting
the seedling stage (2–3 leaf stage) [16], with the
optimal disease resistance window not exceeding 10
days [17]. The research team previously determined
that the immunity threshold for GBr against Pb is
8× 109 cells/mL [18].
In summary, this study collected clubroot pathogen
samples and healthy GBr seedlings from Wangying
Town, Lichuan City. Using a substrate culture
(sphagnum peat : vermiculite volume ratio is 2:1), the
following experiments were conducted: acclimation
(7 days), Se4+ intervention prior to Pb infection (10
days), and artificial inoculation with Pb (10 days). We
measured GBr growth characteristics, photosynthesis,
and electrophysiological and nutritional metabolic
features, including GBr metabolic activity (MA) and
average metabolic energy (∆G). Based on correlation
analysis (ANOVA) and principal component analysis
(PCA), this study elucidated the differential immune
regulation of Se4+ concentrations on Pb infection
in GBr, providing innovative smart agricultural
technology to uncover the mechanisms of Se4+
mediated immune regulation.

2 Materials and Methods
2.1 Collecting Pb infected and healthy GBr

seedlings
On August 31, 2025, Pb tissues and healthy GBr plants
were collected from Sujiaqiao Village, Wangying Town,
Lichuan City. The Pb tissues and root systems of the
healthy GBr plants were soaked in tap water, stored in
foam boxes, and transported to the laboratory for later
use. The Pb tissues were stored in a freezer at -20°C.

2.2 Experimental Procedures
2.2.1 GBr seeding cultivation
From Sept. 1st to 7th (7 day), GBr acclimatization
cultivation experiments were conducted using a
substrate medium (sphagnum peat : vermiculite
volume ratio = 2:1). GBr seedlings were watered with
a 1/2-strength Hogland nutrient solution, formulated
as follows: KNO3: 2.5 mM, NH4H2PO4: 1.0 mM,
Ca(NO3)2 · 4H2O: 2.5 mM, MgSO4 · 7H2O: 1.0
mM, H3BO3: 23.1 µM, CuSO4 · 5H2O: 0.16 µM,
ZnSO4 · 7H2O: 0.38 µM, MnCl2 · 4H2O: 4.55 µM,
Na2MoO4 · 2H2O: 0.19 µM, Fe-EDTA: 50 µM [19].

2.2.2 Prior different Se4+ treatment
From Sept. 8th to 18th (10 day), various Se4+
intervention treatments were applied prior to Pb
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infection of GBr. Referring to the Se4+ safety
thresholds for Brassicaceae plants [20], a root-applied
method was selected, and GBr seedlings were treated
with different concentrations of Se4+ (Na2SeO3,
analytical purity ≥98%) via root application: Ck (0
mg/L Se4+), S1 (0.625 mg/L Se4+), S2 (1.25 mg/L
Se4+), S3 (2.5 mg/L Se4+), S4 (5 mg/L Se4+), S5 (10
mg/L Se4+).

2.2.3 Pb infection experiment
From September 19th to 29th, 50 g of Pb nematode
samples were collected and allowed to thaw naturally
at room temperature (25°C). The Pb nematode sample
was disrupted using a cell disruptor, mixed with
250 mL of sterile water, and ground. The mixture
was then filtered through eight layers of sterile
medical gauze. The filtered bacterial suspension was
diluted 100-fold using a pipette, stained with 200×
aniline blue, and the concentration was determined
using the hemocytometer method. The suspension
was diluted to 8 × 109 cells/mL and stored at
4°C for later use. Artificial inoculation of Pb was
performed [12] by withdrawing 1 mL of bacterial
suspension and injecting it into the root of GBr,
ensuring the suspension flowed evenly to the base of
the taproot. The inoculation period was 10 days. For
each treatment, 12 plants were selected, and 3 GBr
seedlings with consistent growth were chosen for tests

of growth characteristics, photosynthesis, and plant
electrophysiology.

2.3 Growth Characteristics
2.3.1 Biomass
After harvest, following the method described in
research [21], roots, stems, and leaves were collected
from GBr plants subjected to different Se4+ treatments,
and the fresh weight (FW, g/plant) was determined
using a balance (0.0001 g, AR124CN, Shanghai,
China).

2.3.2 Total Chlorophyll and Total Nitrogen Content
A chlorophyll meter (0–99.9 SPAD, IN-YL03,
Shandong, China) was used to measure the
total chlorophyll and total nitrogen content in
GBr, following established SPAD-based assessment
methods for vegetable nitrogen nutritional status [22].

2.4 Photosynthesis
Fully expanded leaves from the second leaflet of GBr
were selected. ALi-6400 portable photosyntheticmeter
(LI-COR, Lincoln, NE, USA) was used to measure
photosynthetic parameters of GBr, including Pn, Gs,
Ci, and Tr, following standard Li-6400 measurement
procedures applied in vegetable crop research [23],
including: net photosynthetic rate (Pn), stomatal

Figure 1. Flowchart of the experimental procedure.
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conductance (Gs), intercellular CO2 concentration
(Ci), and transpiration rate (Tr).

2.5 Intrinsic leaf Electrophysiological
Characteristics

Following the method described in research [12],
the capacitance (Cp), resistance (R), and impedance
(Z) of the GBr electrode were measured (Figure 1).
Electrophysiological models were then constructed
for these three electrical signals as a function of
different clamping forces (F, force; F = 1–7 N, with
one measurement per 1 N increment), as shown in
Formulas (1–4). Here, F is the applied clamping
force, in N; M is the mass of the iron block; m is
the total mass of the plastic rod and electrode plate,
in kg; g is the acceleration due to gravity, taken as
9.8 N/kg; x0, y0, and p0 are the intercepts of the
fitting equations for the GBr blade’s capacitance C,
resistance R, and impedance Z versus clamping force
F, respectively; h, k1, and k2 are the independent
variable coefficients in the fitting equation for the GBr
blade capacitance (Cp), resistance (R), and impedance
(Z) versus the clamping force (F), respectively; b1
and b2 are the power exponent coefficients in the
fitting equation for Cp, R, and Z versus F, respectively.
Otherwise, capacitive reaction (XC): Plant tissue is
equivalent to a biological capacitor, characterizing the
charge storage and rapid charge-discharge capacity
of cell membranes, which showed in formula 5.
Inductive reaction (XL): Plant tissue is equivalent
to a biological inductor, characterizing the inertial
response of intracellular ion flow and bioelectricity,
which showed in formula 7.

F = (M +m)g (1)
Cp = x0 + hF (2)
R = y0 + k1e

−b1F (3)
Z = p0 + k2e

−b2F (4)

Based on the GBr blade’s Cp, the physiological
capacitive reactance (Xc) and the model relating Xc

to F are given in Formulas 5–6. Based on the GBr
blade’s Z, R, and Xc, the physiological inductive
reactance (XL) and the model describing how XL

varies with F are calculated, as shown in Formulas
7–8. Here, π = 3.14; f = 1.5kHz; q0, k3, and b3 are
the intercept, independent variable coefficient, and
power-law coefficient of the fitting equation for Xc

versus F for the GBr blade, respectively. a0, k4, and b4
are the intercept, independent variable coefficient, and
the fitting equation for XL versus F, respectively.

Xc =
1

2πfCp
(5)

Xc = q0 + k3e
−b3F (6)

1

−XL
=

1

Z
− 1

R
− 1

Xc
(7)

XL = a0 + k4e
−b4F (8)

When F = 0, based on Formulas (3), (6), and (8),
quantify the GBr blade’s intrinsic capacitance (ICp),
intrinsic resistance (IR), intrinsic capacitive reactance
(IXc), intrinsic inductive reactance (IXL), and intrinsic
impedance (IZ), as shown in Formulas 9–13.

ICp =
1

2πfXL
(9)

IR = y0 + k1 (10)
IXc = q0 + k3 (11)
IXL = a0 + k4 (12)

1

IZ
=

1

IR
+

1

IXc
− 1

IXL
(13)

2.6 Leaf electrophysiological water metabolism
The leaf intracellular water holding capacity (IWHC),
leaf effective thickness (d), intracellular water use
efficiency (IWUE), intracellular water holding time
(IWHT) and water transfer rate (WRT), as shown in
formulas 14-18,U is 1.5 V, h is the independent variable
coefficient in the equation fitting C and F .

IWHC =
√
ICp3 (14)

d =
U2h

2
(15)

IWUE =
d

IWHC
(16)

IWHT = Cp× Z (17)

WRT =
IWHC

IWHT
(18)

2.7 Electrophysiological Metabolic Activity
The relative metabolic flux (MF), relative metabolic
rate (MR), and relative metabolic activity (MA) of
GBr leaves are given in Formulas (24–26). Here, MA
represents the electrophysiological metabolic activity
of GBr, a higher MA indicates a lower degree of Pb
infection and more vigorous growth.
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Table 1. Biomass of Pb-contaminated GBr roots, stems, and leaves under different Se4+ treatments. FW is clearly defined
as fresh weight per plant. Data are presented as: mean ± standard error; different lowercase letters (a–e) indicate

significant differences (n = 3, p < 0.05).

Groups CK S1 S2 S3 S4 S5
Root 5.6± 0.2e0 10.7± 0.5b0 15.9± 0.1a0 14.9± 0.3a0 10.6± 0.26c0 4.6± 0.27d0
(FW, 101 g/plant)0
Stem 30.6± 03d0 47.1± 4b0 118.8± 2a0 111.8± 2a0 33.9± 1c0 31.4± 1d0
(FW, 101 g/plant)0
Leaves 36.3± 5d0 58± 3b0 122.2± 2a0 126.9± 3a0 45± 1c0 36.4± 1d0
(FW, 101 g/plant)0

Table 2. Total chlorophyll and total nitrogen content in Pb-contaminated GBr leaves under different Se4+ treatments. Data
are presented as: mean ± standard error; different lowercase letters a–c indicate significant differences (n = 3, p < 0.05).
Groups CK S1 S2 S3 S4 S5
Total chlorophyll
content

37.2± 0.53c 38.63± 1.04b 38.73± 0.75a 41.23± 0.95a 42.3± 0.52a 42.3± 0.52a

(mg/g)
Total nitrogen content 14.43± 0.21c 14.83± 0.35b 14.93± 0.25a 15.7± 0.3a 16.03± 0.12a 15.27± 0.35a
(mg/g)

MF =
1

IR× IZ× IXC × IXL
(24)

MR = WRT×NAC (25)
MA = 6

√
MF×MR (26)

2.8 Cellular metabolic characteristics Based on IR
and IZ

The electrophysiological metabolic energy, unit
metabolic energy, and total metabolic energy based
on IR and IZ are denoted as ∆GRE (the unit for
the metabolizable energy of leaf cells) and ∆GZE

(Z-based metabolic energy per unit of plant leaf cells),
respectively; see Formulas 27-28; ∆GR (cell metabolic
energy based on the intrinsic resistance of the leaf),
∆GZ (cell metabolic energy based on the intrinsic
impedance of leaves), and ∆G (average metabolic
energy), as shown in Formulas 29-31. ln k2 is the
natural logarithm of the rate constant k2, ln p0 is the
natural logarithm of the initial parameter p0, and b2 is
the metabolic energy coefficient.

∆GRE =
ln k1 − ln y0

b1
(27)

∆GZE =
ln k2 − ln p0

b2
(28)

∆GR = ∆GRE × d (29)
∆GZ = ∆GZE × d (30)

∆G =
∆GR + ∆GZ

2
(31)

2.9 Statistical Analysis
SigmaPlot 15.0 was used to fit the GBr
electrophysiological equations; SPSS 27.0 was
used to perform statistical tests for significant
differences in the data, with different letters (a–f)
indicating significant differences between data points.
Results are expressed as “mean± standard deviation”;
SPSS 21 was used to perform one-way analysis of
variance (ANOVA) and the least significant difference
(LSD) test (p < 0.05), while Origin 2025 was used to
generate correlation heatmaps and PCA analysis.

3 Results
3.1 Growth Characteristics
Figure 2 shows the phenotypic characteristics of
Pb-infected GBr under different treatments. Table 1
presents the root, stem, and leaf biomass of GBr, while
Table 2 shows the total chlorophyll and total nitrogen
content of GBr. Treatments S1–S5 all promoted the
fresh weight of roots, stems, and leaves, as well
as the total chlorophyll and total nitrogen content
of Pb-infected GBr, with S2 and S3 exhibiting the
most significant effects. S2 exhibited the highest
root, stem, and leaf biomass, with root, stem, and
leaf fresh weight increased by approximately 1.84-,
2.88-, and 2.37-fold over CK, respectively. S3 had
the highest chlorophyll and total nitrogen content
(Table 2), increasing by 10.8% and 8.7%, respectively,
compared to CK. Overall, there were no significant
differences in growth characteristics between S2 and
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Table 3. Intracellular electrophysiological water metabolism and nutrient transport characteristics in Pb-stressed GBr
leaves under different Se4+ treatments. Data are presented as mean ± standard error; different lowercase letters a–f

indicate significant differences among groups (n = 3, p < 0.05).
Groups CK S1 S2 S3 S4 S5
IWHC (103) 1.32± 0.0052e4 2.69± 0.003b4 3.32± 0.038a4 2.22± 0.033c4 2.26± 0.025c4 1.52± 0.026d4
IWUE 7.97± 0.06e4 4.68± 0.57f4 16.37± 0.36b4 11.73± 0.31d4 13.6± 0.17c4 17.47± 0.276a4
IWHT 36.66± 0.15a4 33± 0.26a4 26.93± 0.18bc4 16.52± 0.51d4 26.31± 2.18c4 28.37± 0.19b4
WRT (103) 0.36± 0.001e4 0.816± 0.006c4 1.23± 0.01b4 1.84± 0.003a4 0.86± 0.07c4 0.53± 0.005d4
UNF 1.55± 0.01b4 2.01± 0.02a4 1.16± 0.01c4 0.52± 0.01e4 1.01± 0.09d4 1.08± 0.01d4
NTR (103) 0.36± 0.001e4 0.816± 0.006c4 1.23± 0.009b4 1.84± 0.003a4 0.86± 0.07c4 0.53± 0.005d4
NTC (103) 0.055± 0.003e4 1.64± 0.021a4 1.44± 0.018b4 0.70± 0.009d4 0.87± 0.012c4 0.58± 0.011e4
UAF 0.6± 0.03c4 0.45± 0.04e4 0.71± 0.03b4 0.5± 0.01d4 0.74± 0.02a4 0.71± 0.01b4
NAC (103) 0.21± 0.001d4 0.37± 0.003c4 0.88± 0.004a4 0.68± 0.029b4 0.64± 0.076b4 0.38± 0.002c4

S3.

3.2 Photosynthesis
Figure 3 illustrates the photosynthetic performance
of Pb-infected GBr under different Se4+ treatments.
All treatments S1–S5 enhanced the net photosynthetic
rate (Pn; Figure 3(a)), stomatal conductance (Cond;
Figure 3(c)), and transpiration (Tr; Figure 3(d)) in
Pb-infected GBr, while reducing intercellular gas (Ci,
Figure 3(b)). The S2 and S3 treatments exhibited
the most significant promotion of Pn, Cond, and Tr,
as well as the most pronounced suppression of Ci.
Taking S2 as an example, compared to CK, S2 showed
increases in Pn, Cond, and Tr of 65.1%, 2.8-fold, and
1.5-fold, respectively, while Ci decreased by 26.8%.
However, overall, there was no significant difference
in photosynthesis between S2 and S3.

3.3 Electrophysiological Fitting Equations for GBr
Leaves

Figure 4 shows the electrophysiological equations
for capacitance (Cp, Figure 4(a)), resistance
(R, Figure 4(b)), impedance (Z, Figure 4(c)),
physiological reactance (XC , Figure 4(d)), and
physiological capacitive reactance (XL, Figure 4(e)) of
Pb-infectedGBr leaves under different Se4+ treatments,
as a function of clamping force F (1–7 N). The results
show that the electrophysiological equations for Cp,
R, Z, XC , and XL of GBr are significantly correlated
with F (R2 = 0.98–0.99), and there are significant
differences among the electrophysiological equations
of S1–S5 (p < 0.01).

3.4 Intrinsic Electrophysiological Parameters of
GBr Blades

Figure 5 shows the intrinsic electrophysiological
parameters of GBr blades, including: ICp

(Figure 5(a)), IR (Figure 5(b)), IZ (Figure 5(c)), IXc

(Figure 5(d)), and IXL (Figure 5(e)). The results
show that S1–S5 all increased ICp and decreased IR,
IZ, IXc, and IXL. Compared to CK, the changes in
S2 were the most significant: ICp in S2 increased
threefold, while IR, IZ, IXc, and IXL decreased by
83.3%, 81.6%, 74.9%, and 78.6%, respectively.

3.5 Electrophysiological Water Metabolism and
Nutrient Transport Capacities of GBr Leaves

Table 3 shows the electrophysiological water
metabolism (IWHC, IWUE, IWHT, and WTR)
and nutrient transport (UNF, NTR, NTC, UAF,
and NAC) characteristics of GBr leaves infected
with Pb under different Se4+ treatments. As Se4+
concentration increased, IWHC, IWUE, and WTR
in electrophysiological water metabolism initially
increased and then decreased, while IWHT showed
the opposite trend. S2 exhibited the highest IWHC and
IWUE, which were 1.5-fold and 1.05-fold higher than
CK, respectively. S5 exhibited the lowest IWHT, which
was 54.9% lower than CK. In electrophysiological
nutrient transport, NTR, NTC, UAF, and NAC showed
a trend of initially increasing and then decreasing. S2
exhibited the highest NAC, which was approximately
4.2 times higher than CK; S3 exhibited the lowest UNF,
which was 66.3% lower than CK.

3.6 Electrophysiological and Metabolic
Characteristics of GBr Leaves

Figure 6 shows the electrophysiological and metabolic
characteristics of Pb infectedGBr leaves under different
Se4+ treatments. As Se4+ concentration increased, MF,
MR, and MA initially increased and then decreased.
S2 exhibited the highest MF and MA values, which
were 101-fold and 2.5-fold higher than those of CK,
respectively.
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Figure 2. Phenotypic characteristics of Pb stressed GBr plants and roots under different treatments. CK (0 mg/L Se4+), S1
(0.625 mg/L Se4+), S2 (1.25 mg/L Se4+), S3 (2.5 mg/L Se4+), S4 (5 mg/L Se4+), S5 (10 mg/L Se4+). The concentration

of Pb infection used was 8× 109 spores/mL.
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Figure 3. Effects of different Se4+ treatments on photosynthesis in Pb-stressed GBr. (a) Net photosynthetic rate (Pn); (b)
Intercellular CO2 concentration (Ci); (c) Stomatal conductance (Cond); (d) Transpiration rate (Tr). Data are presented

as mean ± standard error; different lowercase letters a–e indicate significant differences (n = 3, p < 0.05).

3.7 Cellular Metabolic Energy in the IR and IZ of
GBr Leaves

Figure 7 shows the cellular metabolic energy in the IR
and IZ of GBr leaves infected with Pb under different
Se4+ treatments, based on the specific metabolic
energy of the IR (∆GR) and IZ (∆GZ) as well as
the total cellular metabolic energy (∆G). As Se4+
concentration increased, ∆GR, ∆GZ , and ∆G initially
increased and then decreased. S2 exhibited the highest
values for ∆GR, ∆GZ , and ∆G, which were 1.2, 19.5,
and 18.1 times higher than those of CK, respectively.

3.8 ANOVA and PCA
Figure 8 shows the correlation analysis (Figure 8(a))
and principal component analysis (Figure 8(b)) of
the electrophysiological and nutritional metabolic
characteristics of GBr leaves under different Se4+
treatments. The results of Figure 8(a) indicate that

GBr’s MA is significantly positively correlated with
WRT, NTR, NAC, MF, and MR, and significantly
negatively correlated with IR and IZ. Figure 8(b)
shows that PC1 accounts for 81.4% of the variance,
while PC2 accounts for 10.9%. The principal factors
for S1–S5 are as follows: S1 consists of IR and IZ; S2
consists of MF; S3 consists of MR; S4 consists of NAC,
WRT, and NTR; and S5 is identical to S1, consisting of
IR and IZ.

4 Discussion
4.1 Advantages of In Situ Monitoring Using Plant

Electrophysiological Techniques
Under Pb infection, 0.625–5 mg/L Se4+ significantly
promoted the growth of GBr, as evidenced by
increased biomass (Figure 2, Tables 1 and 2) and
photosynthesis (Figure 3) in S1–S4. However,
compared to CK, there were no significant differences
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Figure 4. Fitting equations for Pb-induced changes in GBr leaf electrophysiological parameters under different Se4+
treatments versus clamping force (F = 1–7 N). (a) Capacitance (Cp); (b) Resistance (R); (c) Impedance (Z); (d)

Physiological reactance (XC); (e) Physiological inductive reactance (XL). Data are presented as mean ± standard error
(n = 3, R2 = 0.98–0.99, p < 0.01).

in growth characteristics and photosynthesis between
S2 and S3, plant electrophysiological techniques

further distinguished their immunological differences.
In the electrophysiological equations for GBr’s Cp,
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Figure 5. Leaf inherent electrophysiological characteristics of Pb-infected GBr under different Se4+ treatments. (a)
Inherent capacitance (ICp); (b) Inherent resistance (IR); (c) Inherent impedance (IZ); (d) Inherent physiological
reactance (IXC); (e) Inherent physiological inductive reactance (IXL). Data in the figure are presented as mean ±
standard error; different lowercase letters a–f indicate significant differences among groups (n = 3, p < 0.05).

R, Z, XC and XL versus F (p < 0.01, Figure 4)
indicates that there are significant differences in
the electrophysiological parameters of GBr under
different Se4+ concentrations, consistent with the
concentration-dependent metabolic reprogramming
observed in selenium-treated Brassicaceae plants [24].
R2 values ranged from 0.98 to 0.99, indicating
the reliability of the electrophysiological equations.

Studies have shown that leaf intrinsic capacitance is
positively correlated with plant growth vigor [12],
while intrinsic resistance, impedance, physiological
capacitance, and physiological reactance are negatively
correlated with plant growth vigor [25]. The higher
the ICP and the lower the IXC and IXL values in S2,
the greater the growth-promoting effect of S2 on GBr.
In summary, S2 (1.25 mg/L) is the optimal immune
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Figure 6. Electrophysiological and metabolic characteristics
of Pb stressed GBr leaves under different Se4+ treatments,
from left to right: MF, MR, and MA. Data are presented as
mean ± standard error; significant differences between
groups are indicated by lowercase letters a–f (n = 3, p <

0.05).

Figure 7. Unit cell metabolic energy (∆GR) and total cell
metabolic energy (∆G) in the IR (∆GR) and IZ (∆GZ)
regions of Pb-stressed GBr leaves under different Se4+

treatments. Data are presented as mean ± standard error;
different lowercase letters (a–c) indicate significant

differences among groups (n = 3, p < 0.05).

concentration for preventing Pb infection in GBr.

4.2 Electrophysiological Characteristics of Water
and Nutrient Metabolism Differences in GBr
Leaves Mediated by Se4+ During Pb Infection

In this study, under Pb infection, Se4+ significantly
promoted Cond (Figure 3(c)) and Tr (Figure 3(d))
in GBr, indicating that Se4+ participates in the
regulation of water metabolism in GBr mesophyll
cells [26]. S2 (1.25 mg/L Se4+) was the optimal
immunity concentration for controlling Pb infection
in GBr. Electrophysiological water metabolism
analysis showed that in the S2 treatment, IWHC
and IWUE increased, while IWHT decreased.
Electrophysiological nutrient transport characteristics
indicated that the S2 treatment exhibited the highest
NAC and the lowest UNF (Table 3). Studies have
shown that a plant’s net photosynthetic rate is
positively correlated with cellular water-holding
capacity and active nutrient transport capacity [27],
and negatively correlated with water movement
rate and passive nutrient transport capacity [28],
indicating that S2 enhances GBr resistance to Pb
infection by prolonging the water-holding duration
and improving water utilization efficiency, increasing
active nutrient transport capacity [29], and promoting
Pn (Figure 3(a)) and MA (Figure 6) in S2, exhibited
the highest values for ∆GR, ∆GZ , and ∆G (Figure 7),
attributed to S2’s promotion of water metabolism
and active nutrient transport in GBr leaf cells infected
by the root-knot nematode [30], which facilitated
the synthesis of chlorophyll and total nitrogen
(Table 2) [31, 32] and enhanced GBr cellular metabolic
activity. Additionally, the ∆GR and ∆GZ values in
S4 did not decrease linearly but instead increased
slightly, though they remained lower than those in S2,
indicating that S4 triggered immune compensatory
metabolism in GBr [33]. However, at S5 (10 mg/L
Se4+), the promoting effect of Se4+ diminished, as
evidenced by the following: IWUE was highest at S5,
while IWHC andWRTwere significantly reduced, and
NTC and NAC decreased, resulting in both MA and
Pn being lower than those at S2. ∆GR and ∆GZ values
at S5 continued to decline, indicating that the immune
compensation observed at S4 was short-lived [34], as
reflected in the continued decline in growth at S5. In
summary, S4 (5 mg/L Se4+) is the concentration that
prevents immune compensation in Pb infection of GBr.
The transient effect is mainly due to the assimilation
and immobilization of exogenous Se4+ in plant species.
Repeated application and synergy with Pb infection
can prolong the efficacy by improving Se utilization
and maintaining sustained immune activation [33].
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Figure 8. ANOVA (a) and PCA (b) of the electrophysiological nutritional metabolic characteristics of Pb-infected GBr
leaves under different Se4+ treatments.

Figure 9. Differential regulation of electrophysiology and immunity of Pb infected GBr under different Se4+ treatments.

4.3 Differential Regulation of Immune Responses
to Pb Infection in GBr by Different Se4+
Concentrations

In this study, different Se4+ concentrations exerted
differential regulatory effects on the immune responses
of GBr to Pb infection. ANOVA (Figure 8(a))
revealed that the metabolic activity (MA) of GBr
was significantly positively correlated with WRT,
NTR, NAC, MF, and MR, and significantly negatively
correlated with IR and IZ, indicating that the
electrophysiological metabolic characteristics of GBr
can be used to explain the differential immune
responses [35]. PCA (Figure 8(b)) reveals that
the principal components of S1 and S5 are IR
and IZ, attributed to S1 and S5 regulating cellular

water and nutrient transport by modulating osmotic
potentials across the cell membrane [36]; the
principal component of S2 is MF, attributed to S2
synergistically promoting ∆GR and ∆GZ , thereby
enhancing GBr cellular metabolic activity [37]; the
principal factor for S3 is MR, attributed to S3’s
synergistic regulation of electrophysiological water
transport rate and active nutrient transport capacity
in GBr [38]; the principal factors for S4 are NAC,
WRT, and NTR, attributed to S4’s triggering of
cellular immune-compensatory metabolism to resist
Pb infection [38, 39]. Hence, suitable concentrations of
selenite (Se4+) can significantly activate immunity and
inhibit clubroot infection in Chinese cabbage, showing
good application potential in Enshi high-incidence
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areas. Foliar application avoids soil immobilization
and improves Se utilization. Combined with
rhizosphere probiotics, it prolongs control efficacy,
providing a feasible green strategy for clubroot
management locally.

5 Conclusion
Based on plant electrophysiological techniques, this
study elucidated the differential immune regulation
of Pb infection in GBr in response to varying
Se4+ concentrations (Figure 9). Electrophysiological
metabolic characteristics revealed that S2 (1.25 mg/L
Se4+) is the optimal immune concentration for
preventing Pb infection. S2 enhances resistance to
Pb infection by synergistically promoting ∆GR, ∆GZ ,
and MA by optimizing electrophysiological water
metabolism and nutrient transport. S4 (5 mg/L Se4+)
serves as the immune compensation concentration to
GBr. S4 achieves temporary immune compensation
by promoting WRT and NAC, which non-linearly
and transiently increase ∆G. In summary, this study
provides smart agricultural technology for revealing
the electrophysiological immunity to Pb infection of
GBr.
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