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ABSTRACT

Drought stress poses a major challenge to global agriculture, significantly impacting crop growth,
photosynthesis, and metabolic processes. This study introduces an innovative electrophysiological approach to
assess ‘Xinnuo 628’ sweet glutinous maize (Zea mays L. var. ceratina) responses to drought stress by integrating
intracellular water, nutrient transport, and energy dynamics. The experiment was conducted in a controlled
greenhouse environment with three water regimes: Control (CK, 75% field capacity), moderate drought (T1,
55%), and severe drought (T2, 35%) over 18 d. The results highlight a critical physiological inflection point on
day 9 in T1, suggesting that timely irrigation at this stage could prevent irreversible damage. Under severe
drought (T2), the net photosynthetic rate (Pn) dropped to 3.8 £ 0.9 umol-m™2-s™, and stomatal conductance (gs)
decreased to 0.09 + 0.02 mmol'-m™2-s™". In contrast, T1 plants maintained a higher leaf intracellular water-
holding capacity (LIWHC: 2701.34 + 122.69) and metabolic energy reserves (AGs: 356.73 + 40.28 at day 18),
enabling prolonged physiological activity despite water limitations. Electrophysiological parameters proved to
be more sensitive and representative than traditional photosynthetic indicators. While LIWHC and intracellular
water-use efficiency declined more gradually in T1 than in T2, photosynthetic parameters fluctuated
inconsistently, especially in T2, where Pn unexpectedly increased on day 18. These findings demonstrate that
electrophysiology provides a real-time, non-invasive tool to detect early stress signals and enable precise
irrigation adjustments before irreversible damage occurs. By identifying the critical transition phase in T1, this
study lays the basis for optimizing water use efficiency and improving maize resilience under drought
conditions, contributing to the advancement of precision agriculture.
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INTRODUCTION

The productivity of plants depends on it being able to grow, develop, and adapt to environmental stresses such
as drought, one of the most critical issues for global agriculture (Hoseini and Arzani, 2023). It is expected that
by the year 2050, freshwater availability will decrease by 50%, while water demand in agriculture will double,
intensifying the pressure on agricultural systems (Farooq et al., 2024). These projections continue to be made
the global need for advanced strategies that optimize water use, improve crop productivity, and ensure
agricultural sustainability in the context of climate change (Zhang et al., 2019; 2020a; Burak, 2023; Ocwa et al.,
2024). Even brief but intense drought events can cause significant damage, reinforcing the importance of
addressing this issue with the help of new and improved strategies technologies (Black, 2024).
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Maize (Zea mays L.), the second most widely cultivated crop in the world after wheat, is an important crop
for food security due to its adaptability and resource efficiency (Erenstein et al., 2022). However, drought
results in detrimental effects on productivity, as they proceed to negatively impacts the processes of
photosynthesis, metabolism, and yield production (Kambona et al.,, 2023). Although maize has developed
natural mechanisms such as stomatal regulation to mitigate water damage (Cao et al., 2021), the critical stages
of its development, such as the vegetative and reproductive phases, are especially vulnerable to severe water
deficits, which can drastically reduce yield (Hou et al., 2020; Li et al., 2023). These challenges once more
emphasize the need for innovative strategies that adapt to both the characteristics of the crop and the
environmental conditions (Liu et al., 2021).

Traditionally, plants’ water needs have been assessed using indirect physiological indicators such as
photosynthesis, chlorophyll content, leaf water content, and proline levels (Sun et al., 2020; Rojas-Pirela et al.,
2024). Although technological advances such as moisture sensors, remote sensing, and drones have improved
external monitoring of environmental factors (Song et al., 2021; Wu, 2023), these methods do not capture the
intracellular dynamics of water and nutrients, which are essential for understanding responses to water stress.
As we known, net photosynthetic rate does not always show a linear relationship with the leaf water content,
this makes the method for diagnosing plants’ water needs based on leaf water content lack precision. Besides,
transpiration water can be regulated by the leaf intracellular water, and further change the photosynthesis of
plants. Earlier research has shown that changes to intracellular water status affect key processes such as
transcriptomes, proteomes, and hormonal levels, which are critical for lowering the slowing of photosynthesis
and acting as a mechanism for plant adaptation (Niu et al., 2024; Sdez-Cigarruista et al., 2024). The leaf
intracellular water demonstrates a closer and more direct relationship with photosynthesis, growth and other
metabolisms of plants.

In the current context, the dynamic analysis of intracellular water and nutrient transport emerges as a
promising approach. Electrophysiological techniques allow for rapid, non-invasive, and highly sensitive
measurements of water status and nutrient dynamics, overcoming the limitations of traditional methods
(Zhang et al., 2020b; 2021). Electrical parameters such as capacitance and impedance provide all of the real-
time data on leaf water content and sap composition (Wei et al., 2024) and the changes in nutrient dynamics,
revealing how plants alter their water stress responses (Qin et al., 2022). This approach is highly beneficial in
that it fills in the current gaps in understanding plant water relations as well as laying the preliminary grounds
for practical detection and measurement techniques for use in precision agriculture (Zhao et al., 2024).

This study introduces an innovative approach utilizing electrophysiology to assess the physiological
indicators of maize under drought stress accurately and in real time. Unlike traditional methods such as
photosynthesis, which can be affected by external factors and may not reflect internal dynamics,
electrophysiology enables the direct measurement of intracellular water and nutrient transport. Previous
research has delved into the response patterns of intracellular water, following a period of drought treatment.
Additionally, some studies have examined how plant water status responds as soil moisture steadily declines
during progressive drought after water supply cessation. The experiment in this current research; however,
takes a different approach. By maintaining a constant drought-stress level, it aims to investigate the dynamic
responses of intracellular water and nutrient transport, and other parameters of maize over time at a specific
drought intensity. Based on this, it allows for a better understanding of the dynamic responses of maize plants
to prolonged drought and accurate acquisition of water requirement information. This methodology
significantly enhances the development of customized irrigation strategies to maximize water-use efficiency.
Ultimately, it promotes the resilience of maize to drought stress and supports sustainable agricultural practices
in response to the increasing global scarcity of water resources.

MATERIALS AND METHODS

Plant material, growth conditions, and experimental site

The study was conducted in a greenhouse at the Institute of Agricultural Engineering of Jiangsu University
(32.11° N, 119.27° E), Jiangsu Province, China. The greenhouse is located within a subtropical monsoon climate
zone. The ‘Xinnuo 628’ seeds, a cultivar of sweet glutinous maize (Zea mays L. var. ceratina), were chosen as
the experimental material for this study. Xinnuo 628" is a hybrid glutinous maize with yellow waxy kernels and
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no amylose. It was developed by crossing ‘Huangnuo 337’ and ‘Huangnuo 312’. This cultivar is moderately
sensitive to water stress during reproduction and has high disease susceptibility, which may worsen in dry
conditions. Before transplantation, the seedlings underwent a 20 d pre-cultivation period in the laboratory,
then were transplanted into pots (23.5 cm diameter x 24.9 cm height, approximately 11 L volume, and weighing
0.20 kg) filled with dry clay soil. Each pot rested on a 23 cm diameter and 0.06 kg plastic tray to collect drainage
and reduce evaporation.

Water regimes and treatments

After transplantation, the plants underwent a 1 mo growth period before initiating measurements. The clay soil
used in this study had a field capacity of 35.40%, a pH of 7.39, and a bulk density of 1.24 g cm™3. It contained
10.49 g kg™ organic matter, along with 56.40 mg kg™" available N, 26.38 mg kg™ P, and 90.40 mg kg™" K, providing
adequate conditions for plant growth. For the experiment, three different levels of soil relative water content
(SWCr) that will be used for treatment were established: 75% for the control (CK), 55% for moderate drought
(T1), and 35% for severe drought (T2). The calculation process involved the following steps (Xing et al., 2024):
(a) The soil volume in each pot was first calculated based on the soil weight and density; (b) soil water content
for each treatment was calculated as the product of the SWCr (75%, 55%, or 35%) and the soil’s field capacity;
(c) the amount of water needed for each treatment was then determined by multiplying the soil volume by the
calculated soil water content for each SWCr level; and (d) to maintain the specified SWCkr levels throughout the
experiment, each pot was weighed regularly and adjusted daily to ensure that the soil moisture content
remained consistent with the respective treatment levels.

A total of 200 seedlings were raised in the same nursery conditions. After 20 d, 60 plants were selected that
looked similar in height, leaf number, and health to reduce differences among them. Then divided these plants
into three groups based on different soil-water treatments (CK, T1, T2). The 18 plants were allocated to treatments
in a completely randomized design with six biological replicates per treatment (n = 6). Over an 18 d experimental
period, water was administered daily to both control and treated plants, and the weight of each pot containing a
plant at each treatment level was consistently maintained throughout the entire treatment period.

Measurement of growth parameters

Throughout the 18 d experiment, plant growth progress was recorded. This process involves measuring stem
height, stem width, and leaf length. To measure plant height and leaf length, we utilized a tapeline in
centimeters, and stem diameter was evaluated using a vernier caliper in millimeters. The calculation of
increases and growth speed parameters was conducted according to the following formulas:

Increase in growth parameters. The increase (AX) was calculated at two specific points of the experiment:
Halfway through the experimental period (D9) and at the end (D18). It was determined as the difference
between the measured parameter value on a specific day (Xon), and its initial value depends on the specific
point (Xo):

AXpn = Xon - Xo (1)
where X is the growth parameter (length of leaf, height, and diameter of the stem), Xpn is the value of the
growth index on day n (D9 or D18), and Xo is the initial value of the growth index on day O or day 9.

Rate of growth of the parameters. The rate of growth (GSpn) of each parameter was calculated by dividing the
increase (AXpn) by the number of days elapsed since the start of the experiment:

GSpn = AXpn/N (2)
where X is the growth parameter (length of leaf, height, and diameter of the stem), GSon is the growth speed
on day n (D9 or D18), AXpn is the increase of the growth parameter on day n, and n is the number of days
elapsed since the start of the experiment.

Measurement of photosynthetic parameters

The portable photosynthetic measurement system (Li6400XT, Li-COR, Lincoln, Nebraska, USA) was used to measure the
following parameters: Net photosynthetic rate (Pn, umol m? s?), stomatal conductance (g, mmol m? s?), and
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transpiration rate (E, mmol m? s?). The instantaneous water use efficiency (WUE;, mol mmol?) was calculated
according to the following equation:
WUE; = Py/E (3)
The measurements were conducted between 08:30 and 10:30 h on days 0, 9, and 18 under sunny
conditions, using natural light as the source. The third leaf from the top of the plant was consistently chosen
for all determinations to ensure uniformity in the data collection process.

Measurement of electrophysiological parameters

During the experiment, we used a LCR tester (LCR HiTESTER 3532-50, HIOKI, Nagano, Japan) to record the
electrophysiological parameters by the procedure described by Xing et al. (2022). We selected three different
sites on each leaf to record the electrophysiological parameters. Data were collected on days 0, 9, and 18. We
used a 10 mm diameter electrode plate with a measuring voltage of 1.5 V and a frequency of 3000 Hz. We
added iron blocks to adjust the device’s pressure, weighing 0.1 kg (N).

The coupling models of gripping force and electrophysiological parameters are calculated according to the
Nerst equation and Energy Conservation law. Then, the leaf intracellular water-holding capacity (LIWHC), leaf
intracellular water-use efficiency (LIWUE), leaf intracellular water holding time (LIWHT) and leaf intracellular
water transport rate (LIWTR) (Zhang et al., 2020b) can be calculated. The formulas were as follows, described

by Wang et al. (2024):
LIWHC = ,/(IC})3 (4)

LIWUE = —2 (5)
LIWHC

LIWHT = IC, X IZ (6)
/(Icp)3

LIWTR = (7)
ICXIZ

where ICp (pF) is the leaf’s physiological capacitance, IZ is the intrinsic impedance of the plant leaf (MQ), and d
is the specific effective thickness of the leaf.

According to Wang et al. (2024), this study employs formulas for active and passive nutrient transport (NAT
and NPT), nutrient tolerance (RLN%), and nutrient use efficiency (NUE) of plants based on electrophysiological
parameters:

NAT = £ (8)
II)%L

NPT = £ (9)
”0(8 X NAT

RLN = ‘20X NAT (10)
NAT'g&VPT

NUE = —% (11)
NAT+NPT

The following methods and formulas were applied to calculate the physiological parameters related to plant
cellular metabolic energy (Deng et al., 2021; Chen et al., 2022):
Cellular metabolic energy based on physiological impedance (AGg)

AG, = AG,_g X d (12)
Cellular metabolic energy based on physiological resistance (AGg)

AGgr = AGr_g X d (13)
Overall cellular metabolic energy (AGs)

AGy = AGz+AGR (14)

2
where AGze is unit metabolic energy of plant leaf cells based on physiological impedance and AGre is unit

metabolic energy of plant cells based on physiological resistance, they are the unit metabolic energy of plant
leaf cells based on physiological resistance and reactance, respectively, and d is the specific effective thickness
of the leaf.
And, to calculate the relative metabolic activity (MA):
MA = (MF x MR)/¢ (15)
where MF is the leaf metabolic flux and MR is the leaf metabolic rate. Measuring the electrical properties of
leaves provides a quick and non-invasive way to understand the water and metabolic condition of plant cells.
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Statistical analysis

The valid data was obtained using Microsoft Excel 2019. SigmaPlot software (version 14.0, Graffiti, Palo Alto,
California, USA) fits the electrophysiological parameter curves. The SPSS software was used for statistical
analysis (version 25.0, IBM, Armonk, New York, USA). Duncan’s multiple comparison tests and a one-way
ANOVA at the 0.05 significance level were used to evaluate the differences among the experimental
treatments. The visual representation of the data was created using the OriginPro 2024b graphing tool
(Learning edition, OriginLab Corporation, Northampton, Massachusetts, USA).

RESULTS

Effects of drought on growth parameters

The results show how different levels of water stress (CK, T1, T2) significantly affect the growth parameters of
maize, including leaf length (L), height (H), and stem diameter (D) (Table 1). Measuring the growth parameters of
the maize plantis crucial for early detection of abnormalities; furthermore, it helps optimize resources to maximize
crop yield (Zhao et al., 2024). During the experimental period, different responses were observed in the growth
index (AL, AH, AD) and growth speed (GS) based on the drought treatments. Table 1 summarizes these variations
at two key points: Halfway through the experiment (D9) and at the end of the experiment (D18).

Table 1. Growth parameters of maize under drought stress. Mean + SE (n = 5) followed by different
letters in the same column significantly differ at P < 0.05 according to one-way ANOVA. SWCk: Soil
relative water content; T: treatment; CK: 75% field capacity for the control; T1: 55% field capacity
for moderate drought; T2: 35% field capacity for severe drought; D: day; AL: increase in leaf length
(cm); AH: increase in stem height (cm); AD: increase in stem diameter (mm); GS: growth speed.
SWCr Length leaf Height Diameter
T D AL GS AH GS AD GS
cm cmd? cm cmd? mm mm d!
CK D9 3.62 £ 0.662 0.39+£0.072 3.34 £0.552 0.37 £0.06? 549 +1.122 0.60 £ 0.122
D18 3.60+0.612 0.40 £ 0.06? 2.26 £0.482 0.25 +£0.052 3.51+£0.28?2 0.39£0.032

T1 DS 1.48 £0.23° 0.16 + 0.02° 2.50 £ 0.542 0.28 £0.062 4.66 £0.87°2 0.51+£0.092
D18 1.50 £ 0.19° 0.16 + 0.02° 1.20£0.21° 0.13+0.02° 3.48 £0.58¢2 0.39£0.062
T2 DS 1.06 £ 0.08° 0.11 + 0.00° 0.78 +0.18° 0.09 +0.02° 1.50 £0.25° 0.16 £ 0.02°

D18 0.80+0.12° 0.09 £ 0.01° 0.62 £0.16° 0.06 £ 0.01° 1.81 +0.46° 0.20 + 0.05°

The control plants (CK) showed consistent development across all parameters. At D18 they achieved the
greatest leaf length (AL=3.6 £ 0.61 cm) and height (AH = 2.26 £ 0.48 cm), maintaining the highest growth rate among
all treatments. Relative to CK, T2 plants exhibited a 77.8% reduction in leaf length and a 72.6% reduction in plant
height at D18 (Table 2). The diameter (AD) and GS of the plants in T1 showed no clear difference with those in CK.
Under severe stress (T2), the plants exhibited a drastic reduction in growth compared to CK. By D18, the leaf length
and stem diameter were significantly lower (AL=0.8 + 0.12 cm; AD = 1.81 + 0.46 mm), with stem reduced by 48.4%
and the growth speed (GSpb) by 48.7%. Plants subjected to moderate stress (T1) showed partial adaptations. At D9,
the growth rate and growth index for height (AH = 2.5 + 0.54 cm) and diameter (AD = 4.66 + 0.87 mm) were similar
to CK. However, by D18, the height significantly decreased (AH=1.20+0.21 cm), corresponding to a 46.9% reduction,
although the stem diameter remained close to CK values (AD = 3.48 £ 0.58 mm), with only a 0.9% decrease.

Particularly, the diameter is directly related to resistance, transport capacity of water and nutrients, and
crop yield (Zhou et al., 2023). The plants under CK reached a maximum height of 22.5 cm at D18, significantly
greater than T2 (19 cm). The T1 presented intermediate values, suggesting limited adaptation capacity to water
stress. At D18, the stem diameter was larger in CK and T1, while T2 had the lowest values.

These results confirm that water stress differentially impacts the growth parameters of maize, with stem
diameter and height being the most affected under severe stress. The ability of plants under T1 to maintain
intermediate values in some parameters indicates possible adaptation mechanisms to water deficit.
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Table 2. Percentage change in maize growth parameters relative to the control (CK). Percentage
changes in maize growth parameters relative to the control (CK) were measured at each treatment
level (T1: moderate drought, T2: severe drought) and at two time points (D9 and D18). The values
reflect the reductions or increases in leaf length (AL), stem height (AH), and stem diameter (AD),
along with their respective growth speeds (GS). These percentages were calculated based on the CK
values for each corresponding day.

SWCr  Day AL (%) GS. (%) AH (%) GSH (%) AD (%) GSp (%)
T1 D9 -59.10 -59.00 -25.10 2430 -15.10 -15.00
T1 D18 -58.30 -60.00 -46.90 -48.00 -0.90 0.00

T2 D9 -70.70 -71.80 -76.60 -75.70 -72.70 -73.30
T2 D18 -77.80 -77.50 -72.60 -76.00 -48.40 -48.70

Effects of drought on photosynthetic parameters
During the experiment, maize photosynthetic parameters (Pn, gs, E, and WUE;) exhibited dynamic trends
influenced by both drought stress levels and the duration of exposure.

At the beginning of the experiment (D0), all plants showed 21.84 + 1.62 umol m™2s™" (Figure 1A). Meanwhile,
the middle (D9) under severe drought (T2) showed a significant reduction in Pn (11.42 + 0.59 umol m=2 s7)
compared to the control group (CK, 25.49 + 0.66 pmol m~2 s7") and moderate drought (T1, 20.86 + 0.21
umol m=2s7"). This difference persisted throughout the experiment. By D18, Py still showed lower values in T1
(17.37+0.3 umol m™2s™") and T2 (14.33 £ 0.34 umol m~2 s™") compared to that in CK, indicating a cumulative impact
of drought stress over time.

Py(pumol m™? s7")
3 a B b
7 | n .

«
L

(=)
'

D18
Days

WUE; (umol mmol™)

D9
Days Days

D9

Figure 1. Photosynthetic parameters of Zea mays: Net photosynthetic rate (Pn) (A); stomatal
conductance (gs) (B); transpiration rate (E) (C); instantaneous water-use efficiency (WUE;) (D). The
measurement intervals were established at baseline (Day 0, DO), followed by assessments on Day 9
(D9) and Day 18 (D18). According to one-way ANOVA, different letters appear above the error when
subsequent values significantly differ at P < 0.05. CK: 75% field capacity for the control; T1: 55% field
capacity for moderate drought; T2: 35% field capacity for severe drought.
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At DO, the gs was 0.13 + 0 mol m~2s™" (Figure 1B). Partial stomatal closure was observed in the middle of the
experiment in T2, with lower gs values on D9 (T2: 0.06 + 0 mol m™2 s™") compared to CK (0.15 + 0 mol m=2s™).
By D18, gs remained lower, particularly in T1 (0.08 + 0 mol m™2s™), and T2 maintained the value (0.06 + 0 mol m=2s™).

The E values increased progressively in CK during the experiment, reaching 5.35 + 0.08 mmol m™2s™" by
D18 (Figure 1C). However, the increase was more limited in T1 (4.75 + 0.04 mmol m™2 s7") and T2 (4.04
0.08 mmol m~2s™), reflecting the constraints imposed by drought stress.

At DO, the value was 8.14 + 0.51 umol mmol™ (Figure 1D). In CK and T1, WUE; remained higher during the
middle of the experiment. However, by D18, there was a significant decrease across all treatments, especially
in T2 (3.55 £ 0.13 pmol mmol™).

A response gradient to drought stress is evident when comparing treatments at a specific time (D18). The
Pn and gs decreased drastically in T2, while T1 showed a less severe decline than CK. These results support the
hypothesis that the intensity of drought directly influences the plant’s ability to maintain photosynthetic
processes. Thus, Pnin T1(17.37 £0.3 umol m™2s7") was 20% lower than in CK (21.84 £ 0.59 umol m=2s7"), while
inT2 (14.33 £ 0.34 umol m™2 s™), it was 34% lower.

Effects of drought on electrophysiological parameters
About the intracellular water transport, the study examined maize’s intracellular water dynamics under varying
drought stress levels (Table 3).

Leaf intracellular water-holding capacity (LIWHC) exhibited distinct temporal patterns across treatments. In
the control group (CK), LIWHC remained relatively stable, fluctuating slightly but maintaining high values
throughout the 18 d. On day O, CK recorded 3765.2 + 44.86, which decreased to 2485.32 + 256.48 on D9,
followed by recovery to 3680.65 + 70.09 on D18. Moderate drought conditions (T1) exhibited a noticeable
decline on D9, followed by a resurgence that culminated in a peak of 2701.34 + 122.69 by D18. Meanwhile, a
severe drought (T2) resulted in noticeably reduced LIWHC values across the experiment; on D9, the value was
1343.18 + 72.56, and by D18, it increased to 1627.71 + 77.32, indicating the ability of the plant to maintain
intracellular water.

On D9 or D18, leaf intracellular water-use efficiency (LIWUE) maintained stable as drought stress increased,
and showed no clear difference with the values on DO. Besides, no clear variation was observed in the LIWUE
values at each treatment as treatment time increased.

Table 3. Leaf Intracellular water transport parameters of maize under drought stress. Mean + SE
(n = 3) followed by different letters in the same column significantly differ at P < 0.05 according to
one-way ANOVA. T: Treatment; CK: 75% field capacity for the control; T1: 55% field capacity for
moderate drought; T2: 35% field capacity for severe drought; LIWHC: leaf intracellular water-
holding capacity; LIWUE: leaf intracellular water-use efficiency; LIWHT: leaf intracellular water
holding time; LIWTR: leaf intracellular water transport rate

Day T LIWHC LIWUE LIWHT LIWTR

DO CK/T1/T2 3765.20 + 44.862 0.05 +0.0020 25.61 + 1.88ebc 148.56 +10.652

D9 CK 2485.32 + 256.48° 0.05 + 0.002® 24.43 +2.38b¢ 102.89 + 8.16b¢
T1 1757.36 £111.90¢ 0.07 £0.012 19.75 +1.53¢ 90.19 + 7.36¢
T2 1343.18 + 72.56¢ 0.07 £0.012 18.58 +1.43¢ 72.70 + 2.244

D18 CK 3680.65 + 70.092 0.04 +0.00° 31.28+1.27° 117.97 + 4.08°
T1 2701.34 + 122.69° 0.05 +0.0020 26.71 +1.8820 101.73 £ 5.91b¢
T2 1627.71 + 77.32¢ 0.06 + 0.002° 20.10 + 1.58¢ 81.98 + 7.64<

LIWHT remained stable in the control group (CK), gradually increasing from 25.61 + 1.88 on day 0 to 31.28
+1.27 on D18. Severe drought treatment (T2) showed significantly lower LIWHT values compared to CK at each
stage (D9 or D18). The T2 recorded a significantly lower LIWHT value compared to CK and T1 on D18. These
trends suggest that drought stress initially reduces LIWHT but triggers compensatory mechanisms over time to
prolong water retention.
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Leaf intracellular water transport rate (LIWTR) declined in all treatments over time, with more pronounced
reductions under severe drought (T2). On D9 and D18, CK exhibited a clearly higher LIWTR than that in T2, but
showed no clear difference with the values in T1.

These findings underscore the critical role of intracellular water transport in maize’s response to drought
stress. The observed trends highlight the limitations of severe drought on water retention and transport and
suggest that prolonged stress overwhelms the plant’s adaptive capacity to sustain physiological functions.

Corresponding to intracellular nutrient transport, the research studied maize’s nutrient transport under
varying drought stress conditions, focusing on the next parameters (Table 4). On D9 and D18, active nutrient
transport (NAT) values for CK were higher (0.39 + 0.03) compared to T2 (0.30 + 0.02). Over time, NAT in CK
increased on D18, reaching 0.49 + 0.02. As treatment time increased, from D9 to D18, NAT values in CK and T1
increased clearly. These results indicate that severe drought stress restricted the plants’ ability to transport
nutrients actively.

Table 4. Nutrient transport parameters of maize under drought stress. Mean + SE (n = 3) followed
by different letters in the same column significantly differ at P < 0.05 according to one-way ANOVA.
T: Treatment; CK: 75% field capacity for the control; T1: 55% field capacity for moderate drought;
T2: 35% field capacity for severe drought; NAT: active nutrient transport; NPT: passive nutrient
transport; RLN%: nutrient tolerance; NUE: nutrient use efficiency.

Day T NAT NPT RLN% NUE

DO CK/T1/T2 0.41 £ 0.028b¢ 0.56 + 0.05b¢ 42.66 +0.78°¢ 104.10 £ 7.98¢

DS CK 0.39 + 0.03b¢ 0.52 + 0.06bd 43.02 £ 0.822b¢ 113.47 + 14.61b«
T1 0.32+0.02¢ 0.40 + 0.03« 44.69 £ 0.54%° 140.42 + 11.40%
T2 0.30+0.02¢ 0.37 +0.03¢ 45.01+0.45° 149.31+£11.262

D18 CK 0.49 £0.022 0.73£0.042 40.25 +0.58¢ 82.00 + 4.29¢
T1 0.43 £ 0.032° 0.59 + 0.06%° 42.17 +0.73¢ 99.68 + 7.98
T2 0.33+0.02¢ 0.41 +0.03« 44,51 +0.53%° 136.65 + 10.733c

Passive nutrient transport (NPT) followed a similar trend to NAT on D18, with the control group showing
higher values than those in T2. On D9, NPT values exhibited no clear difference among treatments. As treatment
time increased, from D9 to D18, NPT values in CK and T1 also increased clearly.

Nutrient tolerance (RLN) tended to increase slightly under drought conditions. On D9, RLN values showed
no clear difference among treatments. By D18, RLN in CK had decreased to 40.25 + 0.58, whereas T2 exhibited
clearly higher RLN values of 44.51 + 0.53 compared to that in CK.

Nutrient use efficiency (NUE) showed a contrasting pattern, with significantly higher values in severe
drought-stressed plants compared to the control group. On D9, NUE was 113.47 + 14.61 for CK, while T1 and T2
recorded relatively higher values of 140.42 + 11.4 and 149.31 + 11.26, respectively. By D18, NUE remained highest
in T2 (136.65 + 10.73), followed by T1 (99.68 + 7.98) and CK (82.00 + 4.29). This increase in NUE under drought
stress reflects the plants’ adaptation to use the available nutrients more efficiently under stressful conditions.

The results show clear changes in nutrient transport in maize under drought stress. Both NAT and NPT were reduced
in drought-stressed plants compared to the control group, highlighting how drought disrupts nutrient uptake.

And finally, for cellular metabolic energy (Table 5), the analysis under drought stress revealed the changes
in Gibbs free energy and relative metabolic activity (MA), highlighting the impact of water deficit on plant
physiology. The main findings are detailed below:

On D9, CK had a AGz of 538.96 + 139.99, while the moderate stress group (T1) and severe stress group (T2)
showed a slightly lower value 397.55 + 62.25 and 239.59 + 37.85, respectively. By D18, the values kept stable
compared to those on D9.

On D9, AGr followed a similar trend to AGz, with the control group at 538.2 + 136.54, the moderate group
at 407.39 + 58.37, and the severe group at 237.39 + 37.86. By D18, nonsignificant reduction was observed in
all three treatments, with the severe group showing the value (223.08 + 13.99), while the control remained
relatively high (514.43 + 63.99).
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Table 5. Cellular metabolic energy parameters of maize under drought stress. Mean + SE (n = 3)
followed by different letters in the same column significantly differ at P < 0.05 according to one-way
ANOVA. T: Treatment; CK: 75% field capacity for the control; T1: 55% field capacity for moderate
drought; T2: 35% field capacity for severe drought; AGz: cellular metabolic energy based on
physiological impedance; AGr: cellular metabolic energy based on physiological resistance; AGs:
overall cellular metabolic energy; MA: relative metabolic activity.

Day T AG; AGR AGg MA

DO CK/T1/T2 683.96 + 133.242 676.03 £193.762 679.99 £ 161.70° 16.49 £ 1.03°

D9 CK 538.96 + 139.9920 538.20 + 136.542b 538.58 + 138.202° 12.39 £ 0.78b¢
T1 397.55 + 62.25%0 407.39 £ 58.37% 402.47 £ 60.14%° 11.28 + 0.73bcd
T2 239.59 +37.85P 237.39+37.86° 238.49 + 37.84 9.54 +0.224

D18 CK 544.01 + 66.46% 514.43 + 63.99% 529.21 + 65.21% 13.48 £+ 0.45°
T1 369.06 + 35.512b 344.39 +47.012° 356.73 +40.282° 12.24 £ 0.62b¢
T2 230.97 + 14.04° 223.08 + 13.99° 227.03 +13.71° 10.46 + 0.77¢

On D9, the severe group (T2) reported a AGs of 238.49 + 37.84, relatively lower than both the control group
(538.58 + 138.20) and the moderate group (402.47 + 60.14). By D18, the severe group had reached a critical
value of 227.03 * 13.71, while the moderate and control groups-maintained values of 356.73 + 40.28 and
529.21 £ 65.21, respectively.

Drought stress also reduced MA, with progressive declines throughout the experiment: On D9 and D18, the
value in CK was remarkably higher than that in T2, but showed no clear difference with thatin T1.

The results indicate that severe drought stress significantly decreases the relative MA in maize. Plants
subjected to severe stress (T2) showed lower values for MA compared to CK. This suggests a drastic reduction
in the cells’ ability to sustain basic metabolic functions and adapt to water deficit.

DISCUSSION

The physiological and morphological responses of maize to water stress reflect key adaptation strategies to
adverse conditions. In this study, two levels of water stress (T1 and T2) were evaluated for 18 d, identifying
significant differences in the plant’s ability to tolerate drought. In T2 (severe stress), growth, measured in height
and stem diameter, showed rapid inhibition, with critical values on day 9 (D9). The average height in T2 was
0.78 +0.18 cm, compared to 2.5+ 0.54 cm in T1 and 3.34 + 0.55 cm in the control (CK). This deterioration was
accompanied by a marked decrease in net photosynthetic rate (Pn), which dropped to 3.8 £ 0.9 umol m™2s7,
and in stomatal conductance (gs), reducing to 0.09 = 0.02 mmol m~2 s™". These results confirm that stomatal
closure limits gas exchange, restricting photosynthesis and reducing biomass accumulation (Yasin et al., 2022).

However, when analyzing the photosynthetic parameters, certain inconsistencies were observed. On D9,
T2 showed a Pn of 11.4 pmol m=2s™". In comparison, on D18, this value increased to 14.3 pmol m=2 s™, which
does not align with the progression of physiological deterioration recorded in other parameters. A possible
explanation is that, under severe stress conditions, maize may activate osmotic adjustment mechanisms or
resource reallocation. However, since gs did not show an equivalent increase, this rise in Py could be due to
non-stomatal factors, such as dynamics of leaf intracellular water. These results confirm the importance of
complementing the photosynthetic parameter set down with water transport and energy metabolism
parameters to obtain a wide range of parameters necessary to evaluate the plant’s water status.

The indicators of intracellular water (leaf intracellular water-holding capacity, leaf intracellular water
holding time) reflected significantly lower retention in T2. At D18, leaf intracellular water-holding capacity
(LIWHC) values decreased to 1627.71 + 77.32, compared to 2701.34 + 122.69 in T1. This severe deficit
interrupted the relationship between intracellular water, nutrients, and photosynthetic activity, affecting
essential processes such as chlorophyll synthesis and enzymatic activation (Buenrostro Rodriguez et al., 2023).
Severe drought stress had a remarkable negative impact on the transport and use of intracellular nutrients at
D18, but the influence of severe drought on nutrient transportation and utilization at D9 was not serious as
that at the D18. Similarly, the parameters of metabolic energy, overall cellular metabolic energy (AGg), cellular
metabolic energy based on physiological impedance (AGz), and cellular metabolic energy based on physiological
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resistance (AGr), reflected a progressive depletion of resources. In T2, AGs decreased from 238.49 + 37.84 at
D9 to 227.03 + 13.71 at D18, indicating that plants under severe stress prioritize resources towards water
absorption and osmotic regulation at the expense of growth. This aligns with previous studies suggesting that
energy metabolism is strategically redistributed in response to prolonged water stress (Yu et al., 2022).

The analysis of transpiration (E) showed unexpected patterns. At D9, E in T1 and T2 was 2.9 and 2.2 mmol
m~2 s, respectively, increasing to 4.7 and 4.0 mmol m~2 5™ at D18. Since stomatal closure is the first response
to water stress, a continuous reduction in transpiration would be expected. However, its increase at D18
suggests that, in addition to stomatal control, transpiration also responds to external factors such as
temperature and humidity (Griffani et al., 2024). This indicates that maize’s water regulation is weak under
prolonged drought conditions, affecting its water use efficiency.

Under moderate stress (T1), the plants exhibited better adaptation capacity. By D9, height (2.5 + 0.54 cm)
and stem diameter (0.51 + 0.09 mm d~") remained close to control values. However, by D18, height stabilized
at 1.2 £ 0.21 cm, while diameter reached 3.48 + 0.58 mm, indicating better structural conservation than in T2.
Water and metabolic energy indicators highlighted critical differences between T1 and T2. In T1, LIWHC partially
recovered at D18 (2701.34 + 122.69), whereas in T2, values remained critically low from D9. Similarly, AGg in
T1 decreased from 402.47 + 60.14 at D9 to 356.73 + 40.28 at D18, but not significantly, reflecting less severe
energy reduction than in T2. This confirms that plants in T1 managed to sustain essential metabolic functions
for longer, increasing their resilience to water stress.

This study was conducted in a controlled greenhouse using a single maize hybrid; however, key
electrophysiological parameters (LIWHC and AGsg) are biophysically conserved and potentially applicable across
genotypes. Ali et al. (2019) reported significant variation in drought responses among eight maize hybrids,
supporting the relevance of physiological screening. Electrophysiological tools can detect early internal water
and energy changes, facilitating selection at early growth stages when visual differences are minimal. To
connect lab findings with field performance, Tao et al. (2023) developed the normalized temperature drought
index (NTDI), which uses satellite-based normalized difference vegetation index (NDVI) and surface
temperature to track drought and soil moisture. Integrating in-plant electrophysiological metrics with NTDI
could enable a two-tiered drought monitoring system—combining plant-level stress detection with landscape-
scale moisture assessment to guide genotype selection, irrigation, and early warning strategies.

The karst (Orychophragmus violaceus (L.) O.E. Schulz) plants have developed a suite of mechanisms through
which they have developed to cope with water stress, including modifications in leaf structure, greater cellular
elasticity, and more efficient translocation of intracellular water (Xing et al., 2022). In contrast, maize, which
has a limited ability to regulate its water homeostasis, is more susceptible to prolonged drought conditions this
indicates the need for agronomic strategies that take advantage of the use of precision instruments to enhance
the resilience of maize, using advanced monitoring of water status. From an agronomic perspective, these
results underline the importance of implementing precision irrigation strategies, especially before D9, to
prevent irreversible damage. Tools such as electrophysiological analysis allow for assessing water demand in
real-time, enabling water use efficiency and reducing crop loss in times of stress (Cattani et al., 2024).

CONCLUSIONS

This study shows that water stress significantly impacts the growth, photosynthesis, and intracellular water,
nutrient, and energy dynamics in maize under severe drought (35% field capacity), plant growth parameters,
photosynthetic capacity, and intracellular water retention declined sharply, suggesting limited adaptability.
Growth reductions reached over 70% in some parameters, highlighting the magnitude of drought impact. In
contrast, plants under moderate stress (55% field capacity) could maintain crucial processes longer, indicating
adaptive mechanisms that enhance physiological resilience.

The results underscore the value of electrophysiological parameters as sensitive and reliable indicators of
environmental water conditions and intracellular dynamics in real time. Although photosynthetic parameters
also respond to water stress, they have limitations in capturing the prolonged effects of drought with precision
and dynamism, emphasizing the importance of combining both approaches to achieve a more comprehensive
evaluation of plant water status.
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Electrophysiology emerges as an innovative tool for assessing water and metabolic homeostasis in crops
subjected to drought, addressing gaps left by traditional methods. Its applicability across maize genotypes and
potential for integration with field-scale tools. Integrating these techniques into agricultural monitoring could
pave the way for more precise irrigation strategies, optimizing water use, and enhancing crop resilience to
climate variability.

Finally, testing and refining these protocols across diverse agroecological zones will be key to ensuring their
global relevance in sustainable agriculture.
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