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1. INTRODUCTION AND OBJECTIVES 

In intensive vegetable production, nitrogen (N) fundamentally determines 

plant growth, photosynthetic activity, and yield formation. However, the 

amount of applied N often exceeds the actual demand of plants, which may 

cause not only economic losses but also environmental risks, particularly 

through nitrate (NO3⁻) leaching into groundwater. Therefore, rapid, reliable, 

and preferably non-destructive determination of plant N status is a key 

requirement for efficient N management. Currently used analytical methods 

are accurate but destructive and time-consuming, whereas optical sensors 

usually estimate N status indirectly, mainly based on chlorophyll content. 

Consequently, there is a need for measurement approaches that are more 

directly related to cellular-level physiological processes. 

Bioimpedance spectroscopy (BIS) investigates the electrical properties of 

plant tissues and enables the separate interpretation of electrical components 

associated with extracellular, intracellular, and vacuole compartments. BIS 

parameters may provide information on cell hydration, ion distribution, and 

membrane status; therefore, they may be suitable for detecting N deficiency 

at the cellular level. However, the diagnostic value of this method for nutrient 

status, particularly under N deficiency, remains insufficiently clarified. A 

particularly important question is to what extent extracellular resistance 

reflects apoplastic NO3⁻ concentration, how vacuole resistance is related to 

NO3⁻ storage, and how cell membrane capacitance is associated with 

membrane stability. The physiological interpretation of BIS parameters is 

further complicated by the fact that tissue water status also strongly affects ion 

movement and electrical conductivity; therefore, separating the effects of N 

status and water status is a fundamental methodological issue. 
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The aim of my research was to develop a minimally invasive, in vivo 

diagnostic approach that combines BIS with optimized impedance modeling 

to reveal cellular-level electrical changes associated with plant N status. My 

basic hypothesis was that cell-compartment-specific BIS parameters are 

quantitatively related to plant N status, particularly to the extracellular and 

intracellular distribution of NO3⁻. 

For the preparation of my thesis, I formulated the following objectives: 

1. To develop and validate a bioimpedance spectroscopy (BIS) 

measurement protocol suitable for the rapid and minimally invasive 

assessment of plant N status. 

2. To investigate and quantitatively characterize the relationship between 

extracellular NO3⁻ content and extracellular fluid resistance. 

3. To analyze changes in resistance parameters associated with the 

extracellular, intracellular, and vacuole compartments under different 

nitrogen supply levels. 

4. To examine changes in cell membrane capacitance under different 

nitrogen supply conditions and interpret them in relation to membrane 

status. 

5. To reveal the relationships between BIS parameters and classical plant 

physiological indicators, including NO3⁻ content, total nitrogen 

content, chlorophyll content, and relative water content, in order to 

support the physiological interpretation and diagnostic potential of the 

method. 

6. To evaluate the suitability of the BIS method for detecting early N 

deficiency and to assess the combined effects of water status and N 

supply through changes in BIS parameters. 
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2. Materials and methods 

2.1. Experimental Conditions and Plant Material 

Several consecutive experimental systems were used to evaluate the plant 

physiological applicability of BIS. The aims of the experiments were, first, to 

validate the measurement procedure and modeling approaches, and second, to 

reveal the biophysical and plant physiological effects of N supply, water 

deficit, and their combined influence. Plant cultivation and measurements 

were carried out under controlled environmental conditions, mainly in growth 

chambers and greenhouse systems. 

In the first phase, pepper (Capsicum annuum L.) plants were used to validate 

the BIS measurement procedure and the ZFIT- and PSO-based Double-Shell 

modeling approaches under water stress conditions. 

Subsequently, the focus of the research shifted to the bioimpedance-based 

interpretation of N supply, for which lettuce (Lactuca sativa L.) plants were 

used. The lettuce experimental system enabled the investigation of 

relationships among BIS parameters, plant N status, and leaf NO3⁻ content. 

In further experiments, cucumber (Cucumis sativus L.) plants were used to 

evaluate whether the relationships identified in lettuce could also be detected 

in another plant species and in different genotypes. The cucumber experiments 

specifically focused on the early detection of N deficiency and on the 

combined effects of N form and water status. Thus, the experimental design 

followed a stepwise structure: pepper served methodological validation, 

lettuce served the investigation of N-specific physiological relationships, and 

cucumber served the evaluation of the diagnostic value and general 

applicability of the method. 
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2.1.1. Experimental setup of bioimpedance measurements under water 

deficit conditions 

The effect of water deficit on bioimpedance parameters was investigated in 

sweet pepper (Capsicum annuum L. ‘Redskin’) plants. The plants were grown 

in a growth chamber under controlled environmental conditions. The 

temperature was maintained at 24 ± 1.5 °C, relative humidity at 75 ± 1%, CO₂ 

concentration at 380–420 ppm, and the photoperiod was set to an 18/6 h 

light/dark cycle. Illumination was provided by full-spectrum LED lamps, with 

a PPFD of 500 µmol m⁻² s⁻¹. The plants were grown in 1 L pots containing a 

2:1 mixture of peat and perlite and were irrigated with half-strength Hoagland 

solution. 

The effect of water deficit was examined in three complementary 

experimental phases. In the first phase, nine-week-old pepper plants were 

subjected to three water supply levels: normally watered plants irrigated daily, 

moderately water-stressed plants irrigated every three days, and severely 

water-stressed plants exposed to complete water withdrawal for 10 days. The 

corresponding soil moisture values were 68.70%, 53.00%, and 39.80%, 

respectively, and were monitored using a PMS710 soil moisture sensor. 

In the second and third experimental phases, detached 5 × 5 cm pepper leaf 

samples were allowed to dry under growth chamber conditions. In the second 

phase, BIS measurements were performed at three-hour intervals, whereas in 

the third phase, measurements were recorded hourly. In the third phase, both 

mass loss and impedance spectra were recorded at each measurement point. 
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2.1.2. Experimental setup for different nitrogen doses in two lettuce 

cultivars 

The bioimpedance-based investigation of different N supply levels was carried 

out on lettuce (Lactuca sativa L.) plants grown under controlled growth 

chamber conditions. The main aim of the lettuce experiments was to reveal 

the relationship between BIS parameters and leaf NO3⁻ content. 

The lettuce experiments were performed in two consecutive stages. The aim 

of the preliminary experiment was to identify the frequency ranges that most 

sensitively follow NO3⁻ dynamics in leaves. In this experiment, the ‘Kobak’ 

cultivar was used and grown under growth chamber conditions with Hoagland 

nutrient solution. At the four-true-leaf developmental stage, the plants were 

transferred to N-free nutrient solution for five days, after which 5 mM NO3⁻ 

was added to the nutrient solution in the form of Ca(NO3)2. BIS measurements 

were performed before NO₃⁻ resupply and during the early period after NO3⁻ 

addition, within a 1–6 h measurement interval. Impedance spectra were 

recorded between 1 Hz and 100 kHz and evaluated using Bode diagrams. 

Based on the results of the preliminary experiment, the main lettuce 

experiment was established using two lettuce cultivars, ‘Kobak’ and ‘Május 

királya’, under different N supply levels. The selection of the two cultivars 

was justified by their different NO3⁻ accumulation characteristics: ‘Kobak’ is 

characterized by higher NO3⁻ accumulation, whereas ‘Május királya’ shows 

lower NO3⁻ accumulation. 

The plants were sown in rockwool cubes and then grown in pots containing 

perlite. After germination, the plants were transferred to a growth chamber, 

where the temperature was maintained at 20 ± 1.5 °C, relative humidity at 67 

± 1%, CO₂ concentration at 380–420 ppm, and the photoperiod was set to an 
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18/6 h light/dark cycle. The PPFD was 170 µmol m⁻² s⁻¹. The different N 

supply levels were established using five modified Yamazaki nutrient 

solutions corresponding to 25, 50, 75, 100, and 125% of the standard N 

content. The treatments were designated as N0, N1, N2, N3, and N4. Nutrient 

solution was applied every two days, and the pH of the solutions was checked 

on each fertilization day and adjusted to 5.8–6.0. 

2.1.3. Experimental setup for different nitrogen doses in cucumber plants 

under greenhouse conditions 

The effect of different N doses was also investigated in cucumber (Cucumis 

sativus L.) plants under greenhouse conditions, using the ‘ES2217 F1’ 

genotype. The experiment was established in Pusztaföldvár with a total of 20 

plants and five replicates. Seeds were sown in rockwool cubes, and after the 

two-true-leaf developmental stage, the plants were further grown under 

greenhouse conditions. 

During the experiment, the maximum daytime PPFD reached 1520.9 µmol 

m⁻² s⁻¹. Daytime temperature ranged between 25 and 33 °C, with an average 

of 28 °C, while night temperature did not fall below 20 °C. Daytime relative 

humidity ranged from 30 to 93.1%, with an average value of 63.8%. 

Nutrient solution application was started after transplanting. The initial 

nutrient solution was prepared using Solinure 5 General Purpose 20-20-

20+TE fertilizer, with a total N concentration of 6.94 mM and an estimated 

total N content of 97 mg L⁻¹. After the two- to three-true-leaf developmental 

stage, increased N levels were applied by adding KNO3 solution. The 

treatments included four N levels: N1: 1.64 mM; N2: 3.29 mM; N3: 4.92 mM; 

and N4: 6.56 mM. These treatments ranged from relatively low to higher N 

supply levels, allowing the evaluation of plant physiological and 
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bioimpedance responses of cucumber plants to N supply. During irrigation, 

the applied nutrient solution volume was adjusted to plant development, 

gradually increasing from 70–80 mL per application to 150–200 mL per 

application. 

2.1.4. Experimental setup for the investigation of early nitrogen 

deficiency 

The experiment aimed at detecting early N deficiency was established using 

two cucumber (Cucumis sativus L.) genotypes, ‘ES2217 F1’ and ‘Nairobi F1’. 

The inclusion of two genotypes enabled the evaluation of genotype-dependent 

responses of BIS parameters. Seeds were sown in 75 × 75 × 65 mm rockwool 

cubes, and the plants were grown under controlled growth chamber 

conditions. The photoperiod was set to a 16/8 h light/dark cycle, illumination 

provided 300 µmol m⁻² s⁻¹ PAR, temperature was maintained at 25 °C, and 

relative humidity was kept between 60 and 70%. 

The plants were irrigated with distilled water until the appearance of the first 

true leaf, after which half-strength Hoagland solution was applied. When the 

first true leaves had developed, the plants were divided into two N supply 

groups: optimal N supply and low N supply. The optimal treatment contained 

11 mM total N, whereas the low-N treatment contained 2.2 mM total N. This 

low N level provided a limiting but not extreme deficiency condition, making 

it suitable for the bioimpedance-based detection of early N deficiency. Each 

treatment group included 25 randomly selected plants. For plant physiological 

and BIS measurements, three technical replicates were performed per plant, 

and their average was used for statistical evaluation. Altogether, data from 100 

plants formed the basis of the analysis. The aim of the experiment was to 
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determine whether BIS parameters could distinguish between low and optimal 

N supply even at an early developmental stage. 

2.1.5. Experimental setup for the combined investigation of water deficit 

and different nitrogen forms 

The combined effect of water deficit and N form was investigated in cucumber 

(Cucumis sativus L.) plants using the ‘ES2217 F1’ genotype. The aim of the 

experiment was to determine how different N forms modify the bioimpedance 

response of plants to water deficit and whether treatment-specific electrical 

patterns can be distinguished under stress conditions. 

Seeds were germinated and grown in 1 L pots filled with soil. A calcareous 

loam soil with a slightly alkaline pH and adequate macronutrient supply was 

used. The plants were grown in a growth chamber under a 16/8 h light/dark 

photoperiod, with a PAR of 350 µmol m⁻² s⁻¹. 

Four treatments were applied: control (CTRL), nitrate treatment (NO3⁻), 

combined ammonium-nitrate treatment (NH4NO3), and wool pellet treatment 

(WP). The effects of the treatments were monitored across four consecutive 

experimental phases: maximum nutrient supply (S1), reduced nutrient supply 

(S2), reduced nutrient supply combined with water deficit (S3), and 

rehydration (S4). 

2.2. Applied plant physiological and soil analytical methods 

2.2.1. Determination of Relative Water Content 

Relative water content (RWC) was determined according to the method of 

Karim et al. (2025), with five replicates per treatment. The fresh weight, 

saturated weight, and dry weight of the leaf samples were measured, and RWC 

was calculated based on these values. 
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2.2.2. Determination of pigment content and chlorophyll fluorescence 

Chlorophyll-a, chlorophyll-b, total chlorophyll, and carotenoid contents were 

determined from fresh leaf tissue after extraction with 80% acetone, using a 

spectrophotometric method based on Mackinney (1941). Leaf chlorophyll 

content was also measured non-destructively using an Apogee MC-100 

instrument. 

Chlorophyll fluorescence parameters were determined using a portable 

FluorPen FP 110-LM/D fluorometer according to the protocol of Li et al. 

(2024), following dark adaptation. The parameters Fv/Fm, Fo/Fm, Y(II), 

ETRII, qP, and NPQ were used for evaluation. 

2.2.3. Determination of total nitrogen and nitrate content 

Total N content was determined using the Kjeldahl digestion method 

according to Nelson and Sommers (1980), and the results were expressed on 

a dry matter basis. Leaf NO3⁻ content was measured using the salicylic acid–

sulfuric acid method according to Hesari et al. (2023), with 

spectrophotometric detection based on a NaNO3 standard curve. 

2.2.4. Determination of apoplastic nitrate concentration 

Apoplastic NO3⁻ concentration was determined according to the method of 

Nikolic et al. (2012). Leaf blades without the main vein were subjected to 

vacuum infiltration and centrifugation to obtain apoplastic washing fluid, after 

which its NO3⁻ content was measured spectrophotometrically. This analysis 

was performed in the ‘Kobak’ lettuce cultivar under the N0–N4 treatments. 

2.2.5. Determination of antioxidant capacity and total polyphenol content 
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Total polyphenol content was determined using the Folin–Ciocalteu reagent, 

based on a gallic acid standard curve, according to the method of Singleton 

(1981). Antioxidant capacity was measured using the FRAP method according 

to Benzie and Strain (1996), following the procedure adapted for plant 

samples by Ficzek et al. (2025). Ascorbic acid standard solutions were used 

for calibration. 

2.2.6. Determination of Membrane stability index 

The membrane stability index (MSI) was determined using an electrolyte 

leakage-based method according to Khanna-Chopra and Selote (2007) and the 

protocol of Czékus et al. (2023). Leaf discs were incubated in distilled water, 

and membrane stability was calculated based on the initial electrical 

conductivity and the conductivity measured after heat treatment. 

2.2.7. Determination of plant biomass 

At the end of the experiments, fresh and dry biomass of the plants were 

determined. The whole plant material was harvested, its fresh weight was 

measured immediately, and then the samples were dried in a drying oven until 

constant weight was reached. The fresh-to-dry biomass ratio was calculated 

according to Gao et al. (2023). 

2.2.8. Determination of soil nitrogen content and pH 

In the experiment investigating the combined effects of water deficit and 

different N forms, soil samples were collected at the end of the experiment. 

Fresh soil samples were stored at +4 °C according to the protocol of Kabalan 

et al. (2024). Among the mineral N forms, NO3⁻ content was determined from 

a 0.1 M CaCl2 extract using a spectrophotometric method according to 
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Monteiro et al. (2003). Soil pH was determined as part of the soil chemical 

evaluation. 

2.3. Bioimpedance spectroscopy measurements and data processing 

2.3.1. Characterization of the bioimpedance measurement device 

BIS measurements were performed using a custom-developed, four-channel, 

battery-powered bioimpedance analyzer operating on a digital lock-in 

principle. The measurement system was specifically developed for the 

investigation of biological and plant tissues, and its detailed technical 

description is provided by Vizvári et al. (2020) and Odry et al. (2021). The 

aim of the four-channel measurement configuration was to reduce errors 

arising from electrode polarization and contact impedance (Jinyang et al., 

2016). The measurement system can operate in three modes: frequency-sweep 

impedance spectroscopy, FFT-based spectral measurement, and fixed-

frequency bioimpedance measurement. The device generates a 

monochromatic sinusoidal signal and determines the amplitude and phase of 

the measured signal using a digital lock-in algorithm. Four 24-karat gold-

coated needle electrodes were used for plant measurements. The measurement 

setup can be considered mechanically minimally invasive and electrically 

non-destructive. 

2.3.2. Validation of the measurement system using a Double-Shell 

phantom 

The accuracy and reliability of the BIS measurement system were verified 

using a Double-Shell physical phantom with known parameters. The phantom 

enabled validation of the measurement system independently of biological 

samples, as its theoretical impedance spectrum and equivalent circuit 
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parameters were predefined. During validation, the measured and theoretical 

impedance values, as well as the recovered DBS model parameters, were 

compared. Measurements were performed in the frequency range of 0.01 Hz 

to 100 kHz with different frequency resolutions, using ten replicates for each 

setting. The aim of the validation was to confirm that the measurement system 

is suitable for reliably recording impedance spectra from plant tissues and for 

accurately estimating model parameters. 

2.3.3. Bioimpedance measurement setup and Double-Shell Model 

Plant BIS measurements were performed in the frequency range of 1 Hz to 

100 kHz. During the measurements, a 25 dB attenuated excitation signal was 

applied, and the electrodes were connected to the BIS analyzer in a tetrapolar 

configuration. The four gold electrodes were fixed at a distance of 1.5 cm from 

each other according to Li et al. (2017). To reduce contact impedance, a small 

amount of ECG gel was applied according to Serrano-Finetti et al. (2023). 

Measurements were performed on healthy, undamaged leaves, on leaf areas 

away from the main vein, based on Meiqing et al. (2016) and Li et al. (2017). 

Each measurement was repeated five times. 

The Double-Shell model was used to interpret the BIS data. The model 

describes the plant cell through two main membrane interfaces, the plasma 

membrane and the tonoplast, thereby enabling the separate interpretation of 

electrical properties associated with the extracellular, intracellular, and 

vacuole compartments. In the model, 𝑅1 represents the resistance of the 

extracellular fluid, 𝑅2 the resistance of the intracellular fluid, and 𝑅4 the 

resistance of the vacuole fluid, while 𝑄3 and 𝑄5  denote the constant phase 

elements associated with the cell membrane and the tonoplast, respectively. 
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The α and β parameters characterize the non-ideal capacitive behavior of the 

membranes (López-Villanueva and Rodríguez Bolívar, 2022). 

2.3.4. Extraction of bioimpedance parameters 

The parameters of the DBS model were determined by numerical 

optimization. A particle swarm optimization-based algorithm was used for 

parameter extraction in MATLAB R2023a. The aim of the optimization was 

to minimize the relative error between the measured and simulated impedance 

spectra, while a regularization term helped stabilize parameter estimation. The 

optimized parameters were the 𝑅1, 𝑅2 and 𝑅4 resistances, the 𝑄3 and 𝑄5 CPE 

parameters, and the α and β exponent parameters. The optimization was 

performed in the frequency range of 1 Hz to 100 kHz, using a resolution of 10 

frequency points per decade. This method enabled quantitative estimation and 

plant physiological interpretation of cellular-level electrical parameters  

2.3.5. Statistical evaluation 

Statistical evaluation of plant physiological and BIS parameters was 

performed in R 4.2. Treatment effects were evaluated using MANOVA based 

on Wilks’ λ, and the assumptions were checked using Box’s M test, the 

Shapiro–Wilk test, and Levene’s test. Effect sizes were estimated using partial 

eta squared (Levine and Hullett, 2002), and group means were compared using 

Tukey’s post hoc test. Relationships between BIS parameters and plant 

physiological indicators were examined using Pearson correlation and linear 

regression, while the diagnostic separation of early N deficiency was 

evaluated using ROC analysis, AUC values, and threshold values determined 

based on the Youden index (Youden, 1950). 
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3. Results and Discussion 

3.1. Effects of water stress and leaf drying using a bioimpedance-based 

approach 

Water deficit significantly affected the physiological status of pepper plants. 

In plants exposed to severe water stress, RWC, leaf thickness, CCI, and Fv/Fm 

decreased. MSI also showed a decreasing tendency, although the difference 

among treatments was not significant in this case. 

During BIS data modeling, ZFIT- and PSO-based fitting procedures were 

compared. The PSO-based fitting of the Double-Shell model using a combined 

objective function provided more stable parameter estimation than the 

conventional PSO- or ZFIT-based Double-Shell fitting. Therefore, the PSO-

based Double-Shell approach was considered the most suitable for further 

evaluation, as it provided physiologically more interpretable results with 

lower parameter variability. 

3.2. Effects of different nitrogen supply levels in two lettuce cultivars 

In the short-term NO3⁻ resupply experiment, after five days of N deprivation, 

the impedance modulus (|Z|) of ‘Kobak’ lettuce leaves increased, particularly 

in the low-frequency range. After the addition of Ca(NO3)2, |Z| decreased, 

indicating that the low-frequency range sensitively followed rapid changes in 

the ionic status of leaf tissue. This is consistent with the fact that, at low 

frequencies, the cell membrane acts as a capacitive barrier; therefore, the 

current mainly passes through the extracellular, apoplastic space (Prasad and 

Roy 2020). Accordingly, the low-frequency BIS response may primarily 

reflect changes in 𝑅1 resistance and apoplastic ion concentration, in which 

NO₃⁻ plays a key role (Nikolic et al. 2012; Li et al. 2017). 
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The results showed that significantly lower apoplastic NO3⁻ concentrations 

accumulated under low N supply treatments than under the higher N3–N4 

levels (p < 0.05). The lowest extracellular NO3⁻ concentration was measured 

in the N0 treatment, which differed significantly from the other N treatments 

(p < 0.05; Figure 1A). Furthermore, a significant relationship was found 

between apoplastic NO3⁻ concentration and 𝑅1 resistance (R2 = 0.67, p < 0.01; 

Figure 1B), confirming that changes in the ionic composition of the 

extracellular space directly and sensitively influence 𝑅1 resistance. 

 

Figure 1.  Effect of nitrogen treatments (N0–N4) on extracellular nitrate 

concentration in the leaves of the ‘Kobak’ genotype. Bars represent mean ± SD. 

Different letters above the bars indicate statistically significant differences among 

treatments based on Tukey’s post hoc test (p < 0.05) (A). Linear relationship 

between extracellular nitrate concentration and extracellular fluid resistance 

measured in the ‘Kobak’ genotype. The blue line represents the linear regression fit, 

and the shaded area shows the 95% confidence interval (B). 

 

N supply had a significant effect on total leaf N and NO3⁻ content, 

aboveground biomass, chlorophyll and carotenoid contents, and the 
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membrane stability index. These results are consistent with previous studies 

showing that N supply fundamentally determines chlorophyll synthesis and 

plant productivity (Huang et al. 2014; Zhao et al. 2017). 

Under low N supply, 𝑅1 resistance increased in both cultivars (Figure 2A), 

which can be explained by the decrease in apoplastic ion concentration, 

particularly the amount of NO3⁻ ions. This is consistent with the fact that, in 

the low-frequency range, the current mainly passes through the 

extracellular/apoplastic space (Prasad and Roy, 2020). In the ‘Kobak’ cultivar, 

strong negative correlations were found between leaf NO3⁻ content and 𝑅1 (r 

= −0.76), as well as between total leaf N content and 𝑅1 (r = −0.73). In ‘Május 

királya’, the relationship between NO3⁻ content and 𝑅1 was weak (r = −0.23), 

whereas the correlation between total leaf N content and 𝑅1 remained strongly 

negative (r = −0.77). This is consistent with the different NO3⁻ accumulation 

characteristics of the two cultivars (Yaseen and Takács-Hájos, 2022). 𝑅2 

resistance changed to a lesser extent (Figure 2B) and did not show a strong 

relationship with leaf NO3⁻ content, which may be explained by the rapid 

regulation of cytoplasmic NO3⁻ levels (Masclaux-Daubresse et al. 2010; Xu 

et al. 2012). In contrast, R₄ resistance responded more sensitively (Figure 2C): 

a moderately strong negative correlation was found between leaf NO3⁻ content 

and 𝑅4 in ‘Kobak’ (r = −0.60), whereas the relationship was weaker in ‘Május 

királya’ (r = −0.44). This suggests that, in ‘Kobak’, the NO3⁻ pool in the 

vacuole contributed more strongly to intracellular ion conduction. 
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Figure 2. Effect of N treatments on cell electrical resistance parameters: A) 

extracellular fluid resistance (𝑅1), B) intracellular fluid resistance (𝑅2) , and C) 

vacuole fluid resistance (𝑅4) for the N-treatments (N0-N4) on two lettuce 

genotypes. Capital letters indicate significant differences between genotypes under 

the same nitrogen treatment. Lowercase letters indicate significant differences 

between treatments with different nitrogen levels within the same lettuce genotype. 

(Tukey’s post hoc test, p <0.05). 

Low N supply reduced 𝐶𝑚 (Figure 3A). In the ‘Kobak’ cultivar, a positive 

correlation was observed between MSI and 𝐶𝑚 (r = 0.68), indicating a 

relationship between membrane integrity and charge storage capacity. 

Previous studies have shown that N deficiency can modify membrane fluidity 

and lipid composition, thereby reducing 𝐶𝑚 (Azzarello et al. 2012; Liu et al. 

2020). 
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Figure 3.  Effect of N treatments on cell electrical capacitance parameters: A) cell 

membrane capacitance (𝐶𝑚), B) vacuole membrane capacitance (𝐶𝑡), C) α 

associated with the vacuole membrane, D) β associated with the cell membrane. 

Capital letters indicate significant differences between genotypes under the same 

nitrogen treatment. Lowercase letters indicate significant differences between 

treatments with different nitrogen levels within the same lettuce genotype. (Tukey’s 

post hoc test, p <0.05). 

3.3. Effects of different nitrogen supply levels on bioimpedance and plant 

physiological parameters in cucumber plants under greenhouse 

conditions 

In the greenhouse cucumber experiment, N treatments significantly affected 

the plant physiological parameters at the 6–7-leaf developmental stage (F(3,32) 

= 28.03; p < 0.001; Wilks’ λ = 0.27; η2 = 0.72). The lowest CCI, total leaf N, 

and leaf NO3⁻ content were detected in the N1 treatment, whereas the highest 

values were observed in the N3 and N4 treatments. For several parameters, no 

significant difference was found between the N3 and N4 treatments, indicating 

a saturation response in the higher N supply range. This is consistent with the 
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regulation of N uptake and NO₃⁻ homeostasis (Li et al. 2022; Hesari et al. 

2023). 

Based on the BIS spectra, the impedance modulus increased under low N 

supply treatments (N1–N2), whereas higher N levels (N3–N4) resulted in 

lower impedance, which can be explained by increased ion conductivity (Li et 

al., 2017). Among the DBS parameters, 𝑅1, 𝑅2, 𝑅4 and 𝐶𝑚 all responded 

significantly to changes in N supply (Figure 4). 𝑅1 indicated reduced 

apoplastic NO3⁻ availability, R₂ reflected a decrease in the intracellular ion 

pool, and 𝑅4 indicated changes in the NO3⁻ pool of the vacuole (Cookson et 

al., 2005; Nouaze et al., 2022; Prasad and Roy, 2020).  The decrease in Cₘ 

under low N supply (Figure 5) may indicate reduced membrane charge 

storage capacity and impaired dielectric stability (Azzarello et al. 2012; Liu et 

al. 2020). 

 

Figure 4. Results of the Double-Shell model with PSO optimization algorithm for 

the average of all four treatments on cucumber plants. (A) Extracellular fluid 

resistance (𝑅1); (B) intracellular fluid resistance (𝑅2); (C) vacuole resistance (𝑅4). 

Values are means ± standard deviation (n = 4). Lowercase letters indicate significant 

differences between treatments according to Tukey’s HSD, p < 0.05. 
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Figure 5. Results of the Double-Shell model with PSO optimization algorithm for 

the average of all four treatments on cucumber plants. (A) Cell membrane 

capacitance (𝐶𝑚); (B) vacuole membrane capacitance (𝐶𝑡); (C) α associated with 

the vacuole membrane; (D) β associated with the cell membrane. Lowercase letters 

indicate significant differences between treatments according to Tukey’s HSD, p < 

0.05. 

3.4. Effects of early nitrogen deficiency on bioimpedance and plant 

physiological parameters 

Based on ROC analysis, the BIS parameters were suitable for distinguishing 

early N deficiency, although their diagnostic performance was genotype-

dependent. In ‘ES2217 F1’, 𝑅1 and 𝐶𝑚 showed the strongest discriminatory 

ability (AUC = 0.91) (Figure 6A), whereas in ‘Nairobi F1’, 𝐶𝑚 proved to be 

the best predictor (AUC = 0.92), followed by 𝑅2  (AUC = 0.86) (Figure 6B). 

The β parameter showed weak diagnostic value in both genotypes. 
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Figure 6 A) Discriminatory performance of the BIS model parameters in 

distinguishing between different nitrogen supply levels (optimal N and low N) in 

the ‘ES2217 F1’ cucumber genotype based on ROC analysis. B) Discriminatory 

performance of the BIS model parameters in distinguishing between different 

nitrogen supply levels (optimal N and low N) in the ‘Nairobi F1’ cucumber 

genotype based on ROC analysis. Note: extracellular fluid resistance (𝑅1), 

intracellular fluid resistance (𝑅2), vacuole fluid resistance (𝑅4), cell membrane 

capacitance (𝐶𝑚), vacuole membrane capacitance (𝐶𝑡), alpha (associated with the 

vacuole membrane), beta (associated with the cell membrane). 

Overall, the results confirmed that BIS may be suitable for the in vivo 

detection of early N deficiency. However, the interpretation of the method 

should take into account genotype-dependent electrophysiological responses, 

as well as the fact that BIS is not an ion-specific method. 

3.5. Combined effects of different nitrogen supply and drought stress on 

bioimpedance and plant physiological parameters 

Among the DBS parameters, 𝑅1, 𝑅4, and 𝐶𝑚 proved to be the most informative. 

R₁ resistance was higher in the control and water-deficit treatments, indicating 

reduced apoplastic ion conduction. 𝑅4  resistance responded particularly 

sensitively to changes in N and water supply: higher 𝑅4,  values may indicate 

reduced ion content in the vacuole, whereas lower values may suggest more 
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intensive NO3⁻ storage, since the vacuole is the main storage site of leaf NO3⁻ 

(Crawford and Glass, 1998; Masclaux-Daubresse et al. 2010). Based on 

Figure 7, 𝑅1 and 𝑅4 clearly followed the differences among treatments; 

therefore, these parameters can be considered important biophysical indicators 

of combined N and water stress. 

 

Figure 7. Effect of N treatments on cell electrical resistance parameters of 

cucumber leaves across physiological phases: A) extracellular fluid resistance (𝑅1), 

B) intracellular fluid resistance (𝑅2), and C) vacuole fluid resistance (𝑅4). 

Uppercase letters indicate significant differences among nitrogen treatments within 

a given dataset phase, whereas lowercase letters indicate significant differences 

among dataset phases within a given nitrogen treatment (Duncan’s post hoc test, p < 

0.05). Error bars represent standard deviation. Note: CTRL = control plants; WP = 

wool pellet treatment; NO3
− = nitrate supply; NH4NO3 = combined 

ammonium−nitrate treatment. 

𝐶𝑚 changed significantly as a function of N supply and stress phase (Figure 

8). Higher 𝐶𝑚 values indicate better membrane status and greater charge 

storage capacity, whereas lower values suggest alteration of the dielectric 

properties of the membrane (Jamaludin et al., 2015; Jinyang et al., 2016; 

Zhang et al., 2024). At the end of the experiment, leaf NO3⁻ content showed a 
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strong negative relationship with 𝑅4 (r = −0.74), while a more moderate 

negative correlation was observed with 𝑅1 (r = −0.32). 

 

Figure 8. Effect of N treatments on cell electrical capacitance parameters of 

cucumber leaves across physiological phases: A) cell membrane capacitance (𝐶𝑚), 

B) vacuole membrane capacitance (𝐶𝑡), C) α associated with the vacuole 

membrane, D) β associated with the cell membrane. CTRL = control plants; WP = 

wool pellet treatment; NO3
− = nitrate supply; NH4NO3 = combined 

ammonium−nitrate treatment. Uppercase letters indicate significant differences 

among nitrogen treatments within a given dataset phase, while lowercase letters 

indicate significant differences among dataset phases within a given nitrogen 

treatment (Duncan’s post hoc test, p < 0.05). Error bars represent standard 

deviation. 
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4. Conclusions and Recommendations 

In summary, four-electrode bioimpedance spectroscopy (BIS), suitable for in 

vivo plant measurements, combined with the Double-Shell (DBS) cell model 

and particle swarm optimization (PSO)-based parameter extraction, proved 

suitable for the minimally invasive, cellular-level investigation of biophysical 

changes related to plant N supply and water status. The DBS-PSO approach 

provided stable and reproducible parameter estimation. Compared with the 

ZFIT procedure commonly used in plant physiological research, PSO resulted 

in lower parameter variability, which directly increased the reliability of 

biological interpretation and enabled BIS parameters to be consistently used 

as diagnostic variables in statistical models, such as MANOVA, ROC analysis, 

and correlation analysis. 

My results confirmed that individual BIS parameters carry different and partly 

complementary physiological information. Leaf extracellular resistance (𝑅1) 

responded sensitively to changes in apoplastic ion composition and showed a 

close relationship with both apoplastic and leaf NO3⁻ content in the present 

experimental system. In the low-frequency range, 𝑅1 particularly reflected 

ion-dynamic changes related to N supply. In parallel, vacuole fluid resistance 

(𝑅4) showed a close relationship with leaf NO₃⁻ content and may therefore 

provide information on the ion content of the vacuole and its changes. Cell 

membrane capacitance (𝐶𝑚) can be interpreted as an indicator of membrane 

integrity and dielectric status, making it suitable for the sensitive description 

of stress-related changes in membrane status, including the effects of water 

supply. 

The effects of N and water stress measured by bioimpedance partly overlap, 

which justifies the use of multiparametric and multivariate evaluation. At the 
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same time, the results also indicate that the two stress responses can be 

separated to some extent by using appropriate parameter combinations. The 

practical implication is that BIS diagnostics should not be based on a single 

indicator, but at least on the combined interpretation of 𝑅1,  𝑅4, and 𝐶𝑚 as this 

parameter combination proved to be the most informative. 

The strongest predictors for distinguishing early N deficiency were genotype-

dependent, indicating that genotype-specific calibration is required for the 

development of BIS-based N diagnostics. 

BIS can be used particularly effectively for diagnostic purposes in the low and 

medium N range, whereas at higher N levels (N3–N4), smaller bioimpedance-

based differences may occur due to feedback-regulated NO3⁻ homeostasis. 

Accordingly, the practical application of the method, including sampling 

strategy, threshold values, and decision rules, should be optimized for the 

detection of early deficiency. 

Based on my results, the following practical and methodological 

recommendations were formulated: 

1. For the diagnostic interpretation of leaf N status, the combined use of 

𝑅1 resistance, 𝑅4 resistance, and 𝐶𝑚  capacitance is primarily 

recommended. Instead of evaluating individual BIS parameters in 

isolation, it is advisable to rely on combined parameter patterns, as 

these carry the greatest physiological information. 

2. Since the values and diagnostic sensitivity of BIS parameters differ 

among cultivars and genotypes, genotype- and objective-specific 

calibration of the measurement protocol and decision thresholds is 

required. 
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3. Based on the reduced variance and greater interpretative stability 

observed during parameter estimation, PSO-based fitting is 

recommended for extracting DBS model parameters, especially when 

the aim is to develop diagnostics based on physiologically meaningful 

BIS parameters. 

Overall, the presented results suggest that BIS, when combined with 

appropriate modeling and calibration, may be a promising tool for the non-

destructive, cellular-level investigation of changes related to leaf N supply and 

water status. 
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5. New scientific findings 

1. The PSO algorithm was shown to produce significantly lower 

variability in the parameters of the Double-Shell cell model than the 

ZFIT algorithm, which is widely used in plant physiological research. 

This improved the reliability of biological interpretation. 

2. It was demonstrated for the first time that, under the examined 

conditions, extracellular resistance (𝑅1) is the most sensitive indicator 

of apoplastic NO3⁻ supply. 𝑅1 showed a strong negative correlation 

with both leaf and apoplastic NO3⁻ content and separated the 

impedance curves of N-deficient and optimally N-supplied leaves in 

the low-frequency range of 1–4000 Hz. 

3. It was demonstrated for the first time that, under otherwise optimal 

nutrient supply, vacuole resistance (𝑅4) is closely related to the NO3⁻ 

content of leaf tissue during changes in NO3⁻ level. Significantly 

higher R₄ values were observed when plant NO3⁻ concentration was 

lower. 

4. It was demonstrated for the first time that, under N-deficient 

conditions, cell membrane capacitance (𝐶𝑚) shows a close quantitative 

relationship with the membrane stability index (MSI). This indicates 

that N deficiency is associated with a measurable reduction in 

membrane charge storage capacity. Tonoplast capacitance (𝐶𝑡) showed 

lower sensitivity; its values partly followed changes in leaf NO3⁻ 

content, but its diagnostic performance was weaker than that of 𝐶𝑚. 

5. In the examined experimental system, vacuole resistance (𝑅4) showed 

a strong negative relationship with leaf NO3⁻ content and proved to be 

the most sensitive bioimpedance parameter for indicating differences 

among the studied N sources, including NO3⁻, NH4NO3, and wool 
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pellet as an organic N source. In contrast, extracellular resistance (𝑅1) 

and cell membrane capacitance (𝐶𝑚) responded not only to changes in 

N supply but also to the water status of leaf tissue. 
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