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Abstract

The integration of physical and chemical processes
underpins life. Plant cells function as bioelectrical
units, storing and converting energy through
capacitive, inductive, and resistive properties.
This study elucidates the electrophysiological and
molecular mechanisms governing salt transport
and energy allocation in Aegiceras corniculatum
leaves under combined salinity-waterlogging stress
(T1: 0.1 M NaCl + 2 h; T2: 0.2 M NaCl + 4 h;
T3: 0.4 M NaCl + 6 h). Results demonstrate that
leaf intracellular water-salt transport dynamics,
coupled with salt-transport gene expression,
coordinately regulate active/passive transport,
vacuolar compartmentalization, cytoplasmic Na™*
levels, and excretion.  High salinity reduced
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salt excretion rate/capacity (LISTR/LISTC)
and downregulated SOS1, while impairing
water-holding capacity (LIWHC) and transport
activities. Concurrent VHAc1 upregulation elevated
vacuolar H*, inhibiting the Na*/H™' antiporter
and compromising vacuolar salt sequestration.
With increasing stress intensity, energy allocation
shifted toward stress responses. Both electrical
(internal) energy and ATP-derived chemical
energy—originating from photosynthesis—jointly
sustain plant vitality and adaptability; growth
is primarily supported by internal energy, and
adaptive differences dictate photosynthetic
performance.  This integrated analysis reveals
how water-salt dynamics and molecular regulation
confer salt tolerance in mangroves, offering insights
crucial for coastal ecosystem resilience.

Keywords: aegiceras corniculatum, salt active transport,
internal energy, photosynthesis, climate change.

1 Introduction

High sea levels can lead to the elevation of tidal
foundation water levels, the intensification of coastal
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erosion, and the increase in saltwater intrusion [1].
Soil salinity and waterlogging, which covary with
beach elevation within the tidal range, are key stress
factors affecting mangrove plant growth, reproduction,
and spatial distribution [2]. They can damage the
functions of mangroves, such as absorbing water and
ions and producing energy [3, 4]. These negative
impacts have been reported for most species [5-7]. To
resist salt and waterlogging stress, mangrove plants
have evolved specialized adaptive characteristics, with
intracellular ion compartmentalization being the most
prominent. This process is crucial for maintaining
intracellular ion homeostasis, osmotic balance, and
membrane potential [8, 9].

Sodium ion (Na') is one of the key ions in plant
homeostasis, and its transmembrane transport
mechanisms vary according to the physiological
state of the cells. In normal plant cells, with a
low cytoplasmic concentration and a negative
potential difference across the plasma membrane,
the influx of Na™ into plant cells occurs passively
through channel proteins. It is directly driven by the
electrochemical potential difference [10, 11]. Under
high salt external conditions, plants activate active
regulatory mechanisms to maintain low cytoplasm
Na™ concentration, such as sequestering Na* in the
vacuole, limiting the amount of Na™ initially entering
the cell, or through active outflow of Na™ from the
cell into the plastid (via carrier proteins) [12, 13]. The
above active transport processes are influenced by the
activity of ion transporters on plasma and vacuolar
membranes [14]. Numerous experimental studies
have reported several critical signaling pathways
involved in plant maintenance of intracellular Na™
concentration. Halophytes can extrude Na™ from the
cytoplasm through the plasma membrane-located
Nat/H™ antiporter or separate Na' into vacuoles
through the vacuolar-located membrane Nat/H*
antiporter [8, 15]. The above signaling pathways
are essential in salt compartmentalization and
secretion [16, 17].

Furthermore, the secretion and compartmentation
of Na™ in plant cells are energy-dependent. They
are usually stimulated by proton-driven HT flow
coupling, such as plasma membrane H*-ATPase and
vacuolar membrane HT-ATPase [18]. Maintenance of
electrochemical HT gradients across the chromoplast
and plasma membrane is crucial to these processes.
When plants tolerate salt and hypoxia, ion transport is
bound to cause energy consequences. lon transport’s
total steady-state energy cost in Arabidopsis thaliana

roots increases with the increase of external NaCl
concentration [8]. Recent evidence indicates that
pump activity may be inadequate to energize transport,
especially under stress conditions [18]. The effects of
these stresses on plants have been profoundly reflected
at the molecular level. However, the behavior of the
ions and electrons generated in this process, as well as
the coupling relationship to the molecular mechanism,
remains ambiguous and requires elucidation.

This ambiguity stems, in part, from the inherent
limitations of relying solely on conventional molecular
and biochemical approaches to capture the dynamic,
integrated nature of plant stress adaptation. As
summarized in Table 1, these limitations include
the static and disruptive nature of most assays,
the difficulty in quantifying the functional coupling
between genes and physiology, the unresolved
trade-offs between different adaptive mechanisms, the
unclear patterns of energy allocation, and significant
technical barriers in measuring real-time ion fluxes
across membranes.

Plant electrophysiology serves as a viable
measurement technique by  providing a
non-destructive, real-time window for characterizing
the physiological requirements of plants in relation to
environmental factors under specific conditions [19].
The electrical signal is a transient change of the
potential gradient across the plasma membrane, and
its excitation and conduction are usually related to the
rapid response to environmental stimuli [20]. Plant
cells have similar characteristics to those of inductance,
originating from peripheral proteins and plant cell
membrane binding proteins [21]. For instance, a
single H" is transferred from the cytoplasm to the
extracellular space by a proton pump on the plasma
membrane, which creates an electric current using the
energy released when ATP is converted into ADP and
phosphate. When the proton pump pumps out HY, it
makes a potential and pH gradient on both sides of the
membrane. This creates a proton electromotive force
that turns ADP into ATP and weakens the current
(Figure 1) [22, 23]. Surface (or peripheral) proteins
constitute approximately 20 to 30% of membrane
proteins, interacting with lipids on both sides of
the membrane via charged amino acids or groups.
In contrast, binding (or intrinsic) proteins account
for approximately 70 to 80% of membrane proteins,
interacting with lipids through hydrophobic hydroxyl
groups within the membrane [24]. Surface proteins
influence capacitive reactance and capacitance.
Binding proteins influence inductive reactance and
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Table 1. Multiple limitations using a single chemical response mechanism to explain the adaptation of mangrove

plants to salinity.

Defect Type Specific Description Relevant
References

Defects in static It can only provide "instant time-point” data on osmolytes, antioxidants, -
characterization ~ and gene expression, and cannot reflect real-time dynamic responses of

the substances as mentioned above and related proteins.
Disruption It is known that NHX1 and VHAcI proton pumps synergistically [18, 32]
of functional participate in Na™ sequestration, but their functional contributions to
association changes in vacuolar salt concentration cannot be quantified. It is difficult

to directly establish a complete logical chain of "gene expression - ion

transport - physiological adaptation”.
Lack of Na' sequestration mediated by the vacuolar membrane NHX1 can  [33, 34]
mechanism maintain cell turgor, however, the direct correlation strength between
coupling this process and turgor maintenance cannot be determined. It is difficult

to resolve the trade-off relationships and correlation degrees among cell

turgor maintenance, reactive oxygen species (ROS) scavenging, and ion

balance.
Unclear energy The synthesis of osmolytes, ion transport (for maintaining ion balance), [35-37]
allocation and the scavenging of reactive oxygen species (ROS) all depend on
relationships cellular energy metabolism, but the patterns of energy allocation among

these mechanisms remain unclear.
Technical Existing technologies (e.g., Non-invasive Micro-test Technique (NMT), [38, 39]
threshold Nanoscale Secondary Ion Mass Spectrometry (NanoSIMS)) can measure
limitations certain indicators, but direct determination of ion fluxes across the

plasma (or vacuolar) membrane remains extremely challenging. The
prevailing ion balance mechanisms are merely speculative and require
real-time online water-salt kinetic data for validation.
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Figure 1. An LCR meter and a custom-built parallel plate capacitor were used to measure electrophysiological signals in
plant leaves. Plant cells have the function of inductance, taking the proton pump on the plasma membrane as an example.
The arrow on the pump indicates the direction of the current.

inductance. The concentration of these proteins on
the cell membrane significantly affects the transport
capacity of cellular components and, consequently, the
plant’s salt transport efficiency [25]. Among them, the
proportion of binding proteins is closely related to the
active transport of salt. Previous studies have shown
that electrophysiological parameters can reflect ion
transport dynamics. However, whether intracellular

water-salt dynamic traits can mirror, and in what
manner characterize, the functions of key water-salt
transport genes in mangrove plants remains to be
elucidated.

Internal energy in plant cells is stored as electrical
energy within cellular electrical components and
can be quantified using physiological capacitance
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Figure 2. Effects of salinity on mangrove plants and their responses to salinity.

(C), resistance (R),
reactance (X¢),
along with clamping force (F). Together, these
electrophysiological parameters provide a useful
real-time characterization of cellular internal energy
status [26]. This internal electrical energy, along with
chemical energy stored as ATP, ultimately derives
from photosynthesis. Plants rely on both forms of
energy to support biomass formation, sustain basic life

impedance (Z), capacitive

processes, and respond to environmental stresses [27].
However, during mangrove adaption to salt stress,

it remains unclear how photosynthetically derived
energy is partitioned between chemical responses
and physical responses? How do these two types of
energy synergistically function in this process? These
core mechanisms require further elucidation. In this
study, Aegiceras corniculatum, a typical salt-secreting
mangrove plant, was selected as an ideal model for

studying the tolerance mechanism in halophytes.

Although roots serve as the initial site for sensing
changes in soil Na® concentration and osmotic
pressure, playing a pioneering role in coordinating the
overall stress response [28, 29], direct, continuous, and
non-destructive physiological measurements of roots

remain technically challenging. In contrast, leaves,
as key organs for photosynthesis, energy conversion,

and salt secretion, and their hydraulic traits directly
influence plant water relations and stress acclimation
capacity [30, 31]. Therefore, leveraging the advantages
of leaves in physiological monitoring, this study
characterizes the whole-plant physiological status by
analyzing their electrophysiological responses, thereby
investigating the systemic adaptation strategies of
plants to environmental stress and elucidating the
relationship between physical and chemical responses
(Figure 2). Different salinity and waterlogging
environments were simulated in the laboratory to

10

and inductive reactance (Xp),

examine the relationship between water-salt transport
dynamics and salt transport-related gene expression
of A. corniculatum under changing environmental
conditions and to explore the transport mechanism of
ions in plant leaves. This study aims to (i) elucidate
the water-salt transport dynamics mechanism of
the A. corniculatum in response to high salinity and
waterlogging environments; reveal the dynamic and
molecular-level synergistic processes of salt transport
in the A. corniculatum. (ii) Explore the synergistic
relationship between water-salt transport and gene
expression in A. corniculatum, investigate the intrinsic
links between water-salt transport and gene functions,
and establish a model encompassing "Environmental
(salt and waterlogging) stress perception—Gene
expression coupled with water-salt transport—Salt
transport dynamics—Physiological adaptation". (iii)
Capture the characteristics of internal energy storage,
conversion, and allocation in mangrove plants in
response to environmental (salt and waterlogging)
stress, integrate photosynthesis and growth, and
explore the roles and contributions of chemical
energy and different forms of internal energy in the
environmental adaptation of mangrove plants.

2 Materials and Methods

2.1 Plant materials and treatments

The one-year-old Aegiceras corniculatum plants with
uniform growth were used as experimental materials.
All plant materials were provided by Quanzhou
Tongqing Mangroves Technology Co. Ltd., Fujian,
China. The experiments were conducted in the
greenhouse of Jiangsu University (32°11" N, 119°25
E). The plants were cultivated under controlled
environmental conditions with a relative humidity
of 75 + 5%, a day/night temperature regime of
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30°C/20°C, and a photosynthetic photon flux density
of 280 + 10 pmol - m~2 - s71. Before experimental
treatments, all plants were acclimated for one week
using a half-strength Hoagland solution.  The
composition of the nutrient solution was as follows:
6 mmol - L~! KNO3, 4mmol - L=! Ca(NO3)2, 1 mmol -
L-! NH4H,PO4, 2mmol - L' MgSO,, 2pumol -
L1 KCl, 50 pmol - L~! H3BOs3, 5.3 pmol - L~ MnSOy,,
4 pmol - L= ZnS0y, 0.2 pmol - L~ CuSOy, 0.17 pmol -
L~! (NH4)2MoOy, 0.04mmol - L=! EDTA-Nay, and
0.04 mmol - L= FeSOy - 7TH50.

In natural coastal environments, mangrove growth is
influenced by intertidal salinity and flood duration [40,
41]. These stress factors rarely occur independently;
instead, they interact in complex ways to affect plant
performance. Based on these ecological realities,
three experimental treatments were established: T1
(0.1 M NaCl + 2 hours), T2 (0.2 M NaCl + 4 hours),
and T3 (0.4 M NaCl + 6 hours). Salinity stress was
applied by adding NaCl to the modified half-strength
Hoagland solution, while a simulated tidal system [42]
was used to control waterlogging duration. Following
the acclimation period, NaCl concentration gradually
increased daily over 7 consecutive days until the
target salinity levels were achieved. The experimental
treatments were then maintained for 60 days. During
the treatment phase, tap water was added daily
to maintain salinity, and the culture solution was
reconfigured monthly to prevent algal contamination.

2.2 Growth index and leaf water potential ¥,

The height from top to ground of the plant was
determined before and after the treatments using
a meter scale (accuracy, 1mm), and plant height
increment (AH, cm) was calculated:

AH=H,— Hp (1)
where H,: Plant height after treatment; Hp: Plant
height before treatment.

The leaf area was determined before and after the
treatments using a LI-3000C Portable Leaf Area Meter
(LI-COR, Lincoln, NE, USA), and leaf area increment
(AL, cm?) was calculated:

ALp=Laa— Lag (2)

L 4 4: Plant leaf area after treatment; L 4p5: Plant leaf
area before treatment.

After the treatment, the number of new leaves added
(ALN) was manually recorded. Leaf water potential
(¥r,) was measured using a dew point water potential
meter (C-52-SF Psypro, Wescor, Logan, Utah). The
measurements at each treatment level were done in
quintuplicate.

2.3 Electrophysiological parameters
2.3.1 Determination of electrophysiological parameters

After treating the plant for 60 days, the 3rd to 5th
fresh, fully expanded leaves with uniform growth
from top to bottom were selected. The leaf is
added between the parallel electrode plates, and
the diameter of the circular capacitor electrode
plate is 7mm. The LCR-6100 tester (GWINSTEK,
Suzhou, China) is connected, and the parallel
mode is used. The test voltage and frequency
are 1.5V and 3.0kHz, respectively [43, 44]. Plant
leaves’ physiological impedance (Z), physiological
resistance (R), and physiological capacitance (C)
were measured by varying the clamping force using
weights (100g) under different pressures of 1.1N,
2.1N,4.1N,6.1N, and 8.1 N. These values were used
to reflect the electrolyte concentration in the leaves and
subsequently indicate the water, salt, and metabolic
energy status of the leaf cells. Physiological capacitive
reactance (X.) and physiological inductive reactance
(X1) were calculated according to Equation 3 and
4 [45].

1
Xe = o fC (3)
1 1 1 1
(-X,) Z R X. @

where X, is physiological capacitive reactance,
m is 3.1416, f is frequency, C is physiological
capacitance, X7, is physiological inductive reactance,
Z is physiological impedance, and R is physiological
resistance.

2.3.2 Calculation
parameters

inherent

of electrophysiological
We have proved the internal mechanism relationship
between clamping force (F') and plant leaves Z, R, X,
X1, and C based on the Gibbs free energy equation and
Nernst equation, and the formulas were as follows [25].
The specific derivation formula can be found in the
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supplementary file.

Z = Y1+ kle_blF
R=1y+ kge_bQF

(5)
(6)

Xe = y3 + kze F (7)
X = yg + kge 4T (8)
C =yo+ ko 9)

where b; and k; are parameters of the Z fitting
equation, by and k; are parameters of the R fitting
equation, b3 and k3 are parameters of the X, fitting
equation, by and k4 are parameters of the X, fitting
equation, yo and ko are parameters of the C fitting
equation.

The clamping force and electrophysiological
parameters (Z, R, X, and X) were fitted and
analyzed using SigmaPlot 12.5 software to determine
the intrinsic electrophysiological parameters of the
plant leaves (F' = 0) using the fitted equations.
Inherent electrophysiological parameters include
inherent impedance (I7), inherent resistance (I/R),
inherent capacitive reactance (/X.), and inherent
inductive reactance (/X7). The formulas were as
follows:

1Z =y +k (10)
IR =y + ky (11)
IXc=ys+ ks (12)
IX, =ys+ky (13)

Plant leaves have electrical properties characterized
by low capacitance and high resistance, which makes
the inherent capacitance calculated using the fitting
equation parameters susceptible to noise interference.
Therefore, we use I X, to calculate inherent capacitance
(ICy) according to Equation (14), which exhibits less
fluctuation and is more stable and reliable:

1

IC) = ————
P onf x IX,

(14)

where 7 : 3.1416, f: the frequency.

The specific effective thickness (d) of the plant leaves
can be calculated as:

_ U?ko
2

d

(15)

2.3.3 Calculation of inherent electrophysiological indexes

Intracellular water use index and salt transport
parameters. The intracellular water use index of

12

plant leaves was calculated, including leaf intracellular
water-holding capacity (LIWHC), leaf intracellular
water-use efficiency (LIWUE), and leaf intracellular
water-holding time (LIWHT) [45]. The calculation
formulas were as follows:

LIWHC = (IC,)? (16)
LIWUE = d/LIWHC (17)
LIWHT = IC, x [Z (18)

According to the methods described by Ali Solangi et
al. [46] and Zhang et al. [45], we calculated several leaf
intracellular salt transfer parameters: including leaf
intracellular salt active transport capacity (LISAC), leaf
intracellular salt passive transport capacity (LISPIC),
leaf intracellular salt flux per unit area (LIUSF),
leaf intracellular salt transfer rate (LISTR), and leaf
intracellular salt transport capacity (LISTC). The
corresponding calculation formulas were as follows:

LISAC = IX;'/IR! (19)
LISPIC = IX;'/IR™* (20)
LIUSF = IR/IX¢c + IR/IX], (21)
LISTR = (IC,)? / (IC, x IZ) (22)
LISTC = LIUSF x LISTR (23)

Conduction capacity based on capacitive reactance
and inductive reactance. The physiological current
is generated by the movement of dielectric substances
(including inorganic and organic ions) within
leaves. This current reflects the conductivity of polar
substances and is directly correlated with the leaf’s
hydraulic conductivity. The biological significance of
conduction capacity based on physiological current
can be characterized by the change of physiological
current under unit pressure, representing the
conductivity of leaves [47].

X reflects the ability to resist physiological currents.
Similarly, the inherent conduction capacity of plant
leaves based on I X. (ICCx¢) was obtained:

Ubsks

IcC =
X7 (ys + b3) (y3 + bs)

(24)

The biological meaning of this formula is to reflect the
transport capacity of “capacitive” dielectric substances
in leaves, especially the passive transport capacity
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and the charging and discharging capacity of the cell
membrane.

The resistance of an inductor to current is referred to
as inductive reactance. Similar to ICCx, the inherent
conduction capacity of plant leaves based on IX,
(ICCxr) was obtained:

Ubgky

ICCx =
X (s + ba) (ya + ba)

(25)

The biological meaning of the above formula is to
reflect the transport capacity of “inductive” dielectric
substances in leaves, especially the active transport
capacity of the cell membrane.

Conduction resistance based on capacitive reactance
and inductive reactance. The Z of leaves reflects
their ability to oppose physiological currents. As
the Z increases, the transport of these substances
slows down. Therefore, the Z of leaves can reflect
the conductivity of polar substances in leaves from the
opposite aspect, which is also the hydraulic conduction
ability of leaves. The biological significance of the
inherent conduction resistance of plant leaves based on
Z can be characterized by the change of physiological
impedance under unit pressure, representing the
conductive resistance based on Z in leaves of the
plant [47].

Similarly, according to the derivation formula of the
relationship model between X, and F:

X! = —bskge b3F (26)
The X. of plant leaves reflects the ability to
resist physiological currents, while physiological
currents are generated by the transport of “capacitive”
dielectric substances. The biological meaning of the
above formula can be characterized as the change of X
under unit pressure, which represents the conduction
resistance of plant leaves based on X.. When F' = 0,
the value is the inherent conduction resistance of plant
leaves based on X. (ICRx¢):

ICRxc = X{,_, = —bsks (27)
Compared to the IC R x ¢ of different plant leaves, the
greater the transport resistance, the more challenging
it is for “capacitive” dielectric substances to be
transported, resulting in a slower transport rate.

Similar to X, according to the derivation formula of
the relationship model between X, and F*

X = —bykge0F (28)

The X, of plant leaves also reflects the ability to resist
physiological currents, while physiological currents
are generated by the transport of “inductive” dielectric
substances. Similarly, when F' = 0, the value is the
inherent conduction resistance of plant leaves based
on XL (ICRXL)Z

ICRxp = X}, , = —baky (29)

Compared to the /C'Rx, of different plant leaves, the
higher the value, the more difficult it is to transport
the “inductive” dielectric substances.

Unit cellular internal energy and cellular internal
energy. According to the method described by Duan
et al. [26], the unit cellular internal energy based
on Z (AGz_g) and R (AGRr—g) of plant leaves was
calculated:

Inky —Inyy
b1
Inks — Inys
bo

AGy_p = (26)

AGp_p = (27)

Similar to the derived formulas for AGr_g and
AGz_g, unit cellular internal energy based on X¢
(AGxc—E) is obtained.

Inks — Inys

AGxc-g = b

(28)

Similar to the derived formula of AG x_c_ g, the unit
cellular internal energy based on X (AGxr—g) is

obtained.
Inks — Inyy

AGxr-g = ™

(29)

Cellular internal energy was calculated based on unit
cellular internal energy and specific effective thickness
(d), including cellular internal energy based on Z
(AGyz), cellular internal energy based on R (AGR),
cellular internal energy based on X¢ (AGx¢), and
cellular internal energy based on X (AGxyr). The
formulas are as follows:

AGy = mklb_llnyl x d (30)
AGp = ln]”b;ln” x d (31)
AGxc = W x d (32)
AGxp = mk‘*b;my‘* x d (33)

13
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2.4 Photosynthetic parameters

After 60 days of treatment, photosynthetic
parameters were measured on the third and
fiftth fully expanded leaves. The net photosynthetic
rate (Py, pmolm 2s7!), stomatal conductance
(9s, molm~2s71), and transpiration rate (FE,
mmolm~2?s71) were recorded using a portable
Li-6400XT Photosynthesis Measurement System
(LI-COR, Lincoln, NE, USA). Furthermore,
the instantaneous water use efficiency (WUE;,
pmolmmol™!) was calculated. All measurements
were performed in quintuplicate for each treatment
level. The WU E; was calculated formula as follows:

WUE; = Py/E (34)

2.5 ATP content

After 60 days of treatment, the plant’s third and
fifth fully unfolded fresh leaves were extracted,
immediately frozen in liquid nitrogen, and stored
at -80°C in a refrigerator. For the measurement
of ATP content, fresh leaf samples (0.1 g) were
homogenized and processed using an ATP Content
Assay Kit (Solarbio, Beijing, China) in accordance with
the manufacturer’s guidelines. The final total ATP
concentration was normalized to the fresh weight of
the tissue and was expressed as zmol/g FW. Crucially,
all stages of the homogenization and extraction
workflow were conducted on ice to suppress enzyme
activity and ensure the stability of ATP.

2.6 Gene expression

Frozen tissue was ground using a mortar and pestle,
and total RNA was isolated from leaves using
the RNAprep Pure Plant Total RNA Extraction Kit
(Tiangen Biochemical Technology Co. Ltd., Beijing,
China). RNA was quantified with 260 nm and 280 nm
readings, and integrity was verified by ethidium
bromide-stained formaldehyde gel analysis. Total
RNA reverse transcribed into DNA using the FastKing
RT Kit with gDNA Eraser (Tiangen Biochemical
Technology Co. Ltd., Beijing, China). The specific
primer sequences of PM Na*/H* antiporter (SOS1),
vacuolar Na*/H" antiporter (NHX1), PM H* ATPase
(HAT1) and vacuolar H*-ATPase subunit ¢ (VHAc1) are
shown in Table 2 [17]. Furthermore, the 185 rRNA was
used as the reference gene. Subsequently, Quantitative
real-time PCR (qRT-PCR) was performed using cDNA
and FastReal qPCR PreMix (SYBR Green) (Tiangen
Biochemical Technology Co. Ltd., Beijing, China)
in an ABI StepOnePlus™ Real-Time PCR System
(Applied Biosystems, Waltham, USA). All reactions

14

Table 2. Primers of SOS1, NHX1, HA1, VHAc1, and 185
rRNA genes for real-time quantitative PCR.

Primer name Primer sequence (5'~3")

SOSI1-F GGCTGAAGACGGAATCGGAGGT
SOSI-R ATGAGGAGGGCGACGGTGTATG
NHXI1-F CGTCGGTGGTTCTTTTCAAT
NHX1-R AAAGGTACGCCATGAGCATC
HAI-F AAGTCCACGGCATTATCGAC
HAI-R CATGCCTAGGAGGGTCAAAA
VHACI-F GTAGCCTCGATGGGTGTGAT
VHACI-R AATGCCAATAGCCATTCCAG
18S rRNA-F TTCCTTGTAAGCGCGAGTCA
18S rRNA-R ATCCGAACACTTCACCGGAC

were carried out in a 20 pL final volume containing
10 pL 2xFastReal qPCR PreMix (SYBR Green), 0.6 puL
each of forward and reverse primers, 1 uL of cDNA,
and 2 uL 50x ROX Reference Dye, and nuclease-free
water to a total volume of 20 uL. Relative quantification
values for each target gene were calculated by the
2-AAC method.

2.7 Statistical Analysis

All datasets were evaluated for normality using the
Shapiro-Wilk test and for homogeneity of variances
using Levene’s test. ~All variables satisfied the
normality assumption (p > 0.05). However, Levene’s
test indicated that the electrophysiological dataset
violated the assumption of homoscedasticity, whereas
all other datasets met this criterion. Accordingly, data
were analyzed using one-way analysis of variance
(ANOVA). For the electrophysiological data, post
hoc pairwise comparisons were conducted using
Tamhane’s T2 test; for all other data, Duncan’s multiple
range test was used. For significant overall ANOVA
effects, partial eta squared (n?) is reported with its 95%
confidence interval (95% CI). For all post hoc pairwise
comparisons, Cohen’s d is reported with its 95% CI.
Pearson correlation coefficients were also computed. A
p-value < 0.05 was considered statistically significant.
All statistical analyses and figures were performed
using R Statistical Software (v4.4.3; R Core Team 2025)
and Origin 2022 (OriginLab, Northampton, MA, USA).

Subsequently, using T1 treatment as the control,
relative values for the T2 and T3 treatments were
calculated as follows:

(39)

where R; is the relative value of variable i, M; is
its measured value under treatment, and C; is its
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corresponding control value (T1 treatment).

Based on Equation (39), the following relative metrics
were derived:

o Relative ATP content per unit fresh weight (Ratp)
from ATP content per unit FW

e Relative unit cellular internal energy (Rycig) from
AGx1-E

o Relative growth-driving energy (Rgpg) from the
specific effective thickness d

These relative quantities were then used to quantify the
energy allocation trade-off through the conservation
relation:

Ratp + Rucie = Rape + RsrE (40)

where Rggrr denotes the derived relative

stress-response energy.

Similarly, to assess the trade-off between growth
and adaptation, the following relative metrics were
calculated:

e Relative  photosynthesis from net
photosynthetic rate Py

e Relative cellular internal energy (Rcir) from AGxr,

e Relative growth (Rq) from plant height increment

AH

(Rp)

These metrics were related by:

Rp + Rcie = Rg + RAE (41)

where Rg is the derived relative adaptive efficiency.

3 Results

3.1 Effects of treatments on growth indices and leaf
water potential (V).

The AH decreased with increasing salinity and
prolonged waterlogging duration; however, the value
for the T1 treatment was markedly more significant
than that for the T2 (#(8) = 4.17, p = 0.003, Cohen’s
d = 0.65, 95% CI [0.83, 4.37]) and T3 treatments
(t(8) = 5.43, p = 0.001, Cohen'’s d = 0.56, 95% CI [1.33,
5.46]). Nonetheless, there was a negligible change
in the AL, across each therapy (F(2,12) = 0.78,
p = 0.479, 72 = 0.12, 95% CI [0.00, 0.37]).

The ALy exhibited a significant disparity (£(2,12) =
24822, p < .001, 3 = 0.98, 95% CI [0.92, 0.99]),
with the peak recorded value occurring during the
T1 therapy. The ¥, value of T2 was slightly elevated
compared to that of T3 (¢(8) = 1.44, p = 0.187, Cohen’s
d = 0.09,95% CI [-0.43,2.20]) (Table 3).

Table 3. Increment of plant height, leaf area, number of new
leaves, and water potential under different treatments.

Treatments T1 T2 T3
AH (cm)  3.45+0.24° 1.73+0.34° 1.53+0.26°
AL4 (em?)  7.024045°  7.92+0.71° 7.31+0.34
ALy 33.00+1.53* 13.3340.67° 1.3340.67¢
Uy, (Mpa) -1.20+0.03> -1.06+0.04*  -1.1440.04%°

Note: mean +SE (n=5), the same letter in the same row
indicates no significant difference (p > 0.05) according to
one-way ANOVA followed by Duncan’s multiple range test.

3.2 Effects of treatments on electrophysiological
parameters

The LIWHC at T1 treatment was significantly higher
than other treatments (T2: ¢(4.22) = 7.72, p = 0.001,
Cohen’s d = 4.88, 95% CI [2.20, 7.51]) (T3: ¢(4.04) =
7.78, p = 0.001, Cohen’s d = 4.92, 95% CI [2.22,
7.56]). In contrast, the LIWUE at T3 treatment was
significantly higher than T1 treatment (¢(7.36) =
—4.04, p = 0.004, Cohen’s d = —2.56, 95% CI [-4.26,
-0.77]). The LIWHT values at the T1 and T2 treatments
did not differ significantly (¢(5.66) = —1.36, p = 0.226,
Cohen’s d = —0.86, 95% CI [-2.14, 0.47]) but both were
markedly lower than this value at the T3 treatment (T1:
t(7.56) = —14.18, p < .001, Cohen’s d = —8.97,95% CI
[-13.44,-4.48]) (T2: t(6.52) = —7.93, p < .001, Cohen’s
d = —5.02,95% CI [-7.70, -2.28]).

The value of LISAC increased with the increase
of salinity and waterlogging time. The values of
LISPC and LIUSF showed the same trend as those
of LISAC. The calculation of LISAC / LIUSF and
LISPIC / LIUSF showed that passive transport had
a slight advantage in salt transfer compared with
active transport. This phenomenon was more evident
during the T3 treatment. With the increase in salinity
and waterlogging time, the LISTR value gradually
decreased. The law of LISTR was consistent with that
of LISTC.

The AGz_g, AGgr—r and AGxc—g showed slight
increases with increasing treatment intensity, though
differences were not statistically significant. The
AGxr—g increased with escalating salinity and
waterlogging severity, with significantly higher values
in T3 compared to T1 treatments (¢(5.34) = —3.53,
p = 0.015, Cohen’s d = —2.23, 95% CI [-3.83, -0.55]).
The d value was significantly higher in T1 compared to
T2 (¢(8.00) = 5.79, p < .001, Cohen’s d = 3.66, 95% CI
[1.47,5.78]) and T3 (£(4.98) = 7.94, p = 0.001, Cohen’s
d = 5.02, 95% CI [2.28, 7.71]). Similarly, the AG»
at T1 treatment was significantly higher than other
treatments (T2: #(7.96) = 3.07, p = 0.016, Cohen’s
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Table 4. Leaf intracellular water use indices, salt transfer parameters, (unit) cellular internal energy, specific effective

thickness, conductance capacity, and conduction resistance under different treatments.

Treatments T1 T2 T3
Leaf infracellular LIWHC 387.04+ 4271 53.72+7.11 5487 +3.17
e e LIWUE 0.06+0.01  0.2040.08  0.15+ 0.02
LIWHT 14684+ 1.15  18.394247 41244 1.48
LISAC 0.25+0.02  0.30+0.04 0.66+0.03
LISPIC 029+ 0.03  0.38+0.06  1.25+0.12
Leaf intracellular LIUSF 0.54 +0.04 0.68 £0.09 1.914+0.14
salt transfer LISTR 9711 +3.66  2.97+0.26  1.33+0.06
parameters LISTC 14.17 £ 1.58 1.98+0.27  2.53+0.20
LISAC / LIUSE 46.14% 44.69% 34.48%
LISPIC / LIUSF 53.86% 55.31% 65.52%
AGy p 1844017  2.12+048  2.89=+0.30
. AGr_p 1744028 1974052  2.5440.23
m‘fg;:fg;‘;:;y AGxco-p 1.964+0.11 2634032  3.7140.54
AGx[ g 1904011 2464034  2.9540.27
AGxp p/AGxo_p 96.94% 93.54% 79.51%
AG, 4201 +£511 19.00 £5.49 22.42+ 1.56
Cellular infernal AGp 3914+719 17.91+4562 19.78+1.28
encrgy AGxc 4544524  22.36+4.54  29.67+5.54
AGxr, 43.8 4501  21.2244.76 23.20 + 2.57
AGx1/AGxc 96.47% 94.93% 78.49%
Specific effective d 4201 +£511  19.00 £5.49 22.42 + 1.56
thickness
Conductance TCCxc 3914+719 17.91+5.62 1978+ 1.28
capacity I10Cxr, 4544524  22.36+4.54 29.67+5.54
ICCxc/ICCxL 86.16% 80.10% 66.67%
Conduction ICRxc 0524011 —2.06+0.78 —1.39+ 0.30
cistance ICRxr, —0.56+£0.10 —2.24+0.74 —3.07+0.42
ICRx¢/ICRxy 92.86% 91.96% 45.28%

d = 1.94, 95% CI [0.35, 3.45]) (T3: t(4.74) = 3.66,
p = 0.016, Cohen’s d = 2.32, 95% CI [0.61, 3.95]). The
AG g value of the T2 treatment was the smallest. The
AGxc values at T2 (¢(7.84) = 3.32, p = 0.011, Cohen’s
d = 2.10, 95% CI [0.46, 3.67]) and T3 (¢(7.98) = 2.06,
p = 0.073, Cohen’s d = 1.31, 95% CI [-0.12, 2.66])
treatments were significantly lower than that at T1
treatment. The trend of AGx was consistent with
that of AGx¢. The value of AGx/AGxc was the
smallest under T3 treatment. At T1 treatment, the
ICCxc was the highest. However, the value of ICCx,
decreased significantly with increasing salinity and
waterlogging time (F'(2,12) = 144.392, p < .001,
12 = 0.96,95% CI[0.87,0.97]). The treatments did not
have a remarkable effect on the ICRxc (F(2,12) =
248, p = 0125, n7 = 029, 95% CI [0, 0.54]),
but the IC R, increased with it, and the resistance
was the highest at the T3 treatment. The ICCx¢ /
ICCxp, values increased gradually with salinity and
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waterlogging time, while /ICRxc / ICRxy, values

decreased gradually (Table 4).

3.3 Effects

of

treatments

on photosynthetic
parameters

The Py had the highest value at the T2 treatment
and the lowest at the T3 treatment. The value of g;
at the T2 treatment was significantly higher than at
the T3 treatment (¢(8) = 2.48, p = 0.038, Cohen’s
d = 0.04, 95% CI [0.08, 2.98]). Although the value
of E displayed an insignificant variation between T1
and T2 (¢(8) = —0.08, p = 0.941, Cohen’s d = 1.44,
95% CI [-1.29, 1.19]), it was significantly lower at the
T3 treatment compared to T1 (¢(8) = 2.63, p = 0.030,
Cohen’s d = 1.19, 95% CI [0.15, 3.11]). The value
of WU E; was considerably lower at the T1 treatment
than at other treatments (T2: ¢(8) = —3.62, p = 0.007,
Cohen’s d = 0.14, 95% CI [-3.91, -0.59]) (T3: (8) =
—4.31, p = 0.003, Cohen’s d = 0.19, 95% CI [-4.49,
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Figure 3. Changes in photosynthetic characteristics under different treatments. Statistical significance is denoted as: ***p
< 0.001, **p < 0.01, *p < 0.05, according to one-way ANOVA followed by Duncan’s multiple range test, n = 5..

-0.88]) (Figure 3).

3.4 Effects of treatments on ATP content

ATP content increased dependently with the increase
of salinity and waterlogging time (F (2, 12) = 93.58, p
<.001, np* = 0.94, 95% CI [0.80, 0.96]) (Figure 4).

3.5 Effects of treatments on gene expression

With the increase in salinity and waterlogging time,
the expression of the SOS1 gene was down-regulated
(F(2,12) = 8.22, p = 0.006, n2 = 0.58, 95% CI [0.09,
0.74]). The NHX1 expression at the T3 treatment was
considerably lower than at the T1 treatment (#(8) =
3.38, p = 0.010, Cohen’s d = 0.30, 95% CI [0.49,
3.71]). The expression of HA1 was the lowest at
T2 treatment. However, the expression of VHAcI
increased significantly with increasing salinity and
waterlogging time (F(2,12) = 24.56, p < .001, o =
0.80, 95% CI[0.44, 0.88]). Among them, the VHACc1
gene expression of T2 and T3 treatments was 4.57

and 11.12 times that of T1 treatment, respectively
(Figure 5).
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Figure 4. Change of ATP content under different treatments.
Statistical significance is denoted as: ***p < 0.001, *p <
0.01, *p < 0.05, according to one-way ANOVA followed by
Duncan’s multiple range test, n = 5.
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Figure 5. Relative gene expression levels of

Na* /HT-antiporter and H"-ATPase in the plasma

membrane and vacuole membrane of leaves under
different treatments. The relative expression levels of each

gene were standardized with 18S rRNA as the internal
reference gene. Statistical significance is denoted as: ***p <
0.001, **p < 0.01, *p < 0.05, according to one-way ANOVA
followed by Duncan’s multiple range test, n = 5.

3.6 Correlation analysis and Principal component
analysis results

To integrate  the  diverse  physiological,
electrophysiological, and molecular variables
and identify the main axes of response to
salinity-waterlogging stress, we conducted Pearson
correlation analysis and principal component analysis
(PCA) on the complete dataset. AGz_p was
significantly and positively correlated with LIWHT,
LISAC, LISPIC, LIUSF, ATP, and VHAc1; AGr—E was
significantly positively correlated with LISPIC and
LIUSF; AGxc—r and AGxr—g were significantly
positively correlated with LIWHT, LISAC, LISPIC,
LIUSF, ATP, and VHAc1, and negatively correlated
with ALy, LIWHC, LISTR, ICCx¢c, and ICCxry.
ATP showed a highly significant positive correlation
with LIWHT, LISAC, LISPIC, LIUSF, and VHAcI,
and significant negative correlations with AH, ALy,
LIWHC, LISTR, LISTC, ICCx¢, ICCxy, ICRxy,
SOS1, and NHX1 (Figure 6(a)).

The first three principal components together
explained 77.32% of the total variance. Variables
related to water utilization, salt transport, conductance
capacity, and conduction resistance showed high
loadings on these components, indicating that these
trait groups serve as representative factors reflecting
physiological indicators of the A. corniculatum under
different treatments (Figure 6(b)).
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3.7 Energy allocation and trade-offs in Aegiceras
corniculatum

To elucidate the energy allocation characteristics
of physiological processes in Aegiceras corniculatum
during environmental adaptation and to quantify the
trade-off between cell turgor maintenance and ion
homeostasis, we used T1 treatment as the control
treatment and expressed T2 and T3 relative values.
The calculation results are shown in Table 5.

Using T1 as the control, R47p increased as treatment
intensity escalated. Rycrg showed a progressive
increase, rising from 1 to 1.29 and then to 1.55
with increasing treatment severity. In contrast,
Repr declined to 0.37 and 0.35 as treatment
intensity increased. From these observations, the
"Energy Reserve-Stress Response-Growth" model was
developed: Rarp + Rucre = Repe + Rgre. Using
this model, Rgrr was calculated, increasing from 1
to 3.92 and then to 5.78 as the treatment intensity
escalated.

Rp reached a maximum of 1.17 under T2 and declined
to 0.88 under T3. In both T2 and T3, R¢;g was
reduced to approximately 50% of the control (T2: 0.48,
T3: 0.53). Rg exhibited highly synchronous change
with relative cellular internal energy (T2: 0.50, T3:
0.44). On this basis, we formulated the "Photosynthetic
Energy-Internal Energy-Growth-Adaptation" model
was constructed: Rp + Roreg = Rg + Rag. Using this
framework, R4 was calculated, reaching 1.15 in T2
and dropping to 0.97 in T3, thereby paralleling the
trend in relative photosynthesis.

4 Discussion

4.1 Intracellular water-salt dynamic characteristics
can characterize the real-time physical
responses of mangrove plants to salinity
and waterlogging

The survival of mangrove plants at the land-sea
interface continues to be profoundly constrained
by environmental factors, notably salinity and the
duration of waterlogging [48]. A. corniculatum
employs dual strategies for Na* homeostasis: salt
glands [49] and intracellular regulation [16, 50]. While
ions normally interact with water to form relatively
stable hydrated shells, thereby contributing to osmotic
balance and cell turgor, salinity and waterlogging
stress disrupt this equilibrium by altering both external
ion concentrations and internal water status [51].
High external Na™ elevates the driving force for
passive Na* influx, whereas waterlogging-induced
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Figure 6. Correlation analysis and principal component analysis (PCA) of A. corniculatum under different treatments. (a)
Correlation matrix of water utilization, salt transport, unit cellular internal energy, ATP content, and gene expression.
Color intensity corresponds to the magnitude of the Pearson correlation coefficient (red for positive and blue for negative
correlations). Statistical significance is denoted as: ***p < 0.001, **p < 0.01, *p < 0.05. (b) is a PCA estimate based on the
complete data set, showing the contribution of each variable to the retained principal components (PCs). Among them,
only variables whose absolute load value is greater than 0.6 are retained. Cumulative variance explained by the first
three PCs is shown in parentheses (PC1: 50.98%, PC2: 68.26%, PC3: 77.32%, PC4: 84.28%, PC5: 89.02%).

hypoxia restricts root metabolism and ATP production,
thereby constraining active ion transport and vacuolar
compartmentalization. As a result, maintaining Na™
homeostasis under combined salinity-waterlogging
conditions requires a coordinated adjustment of salt
gland activity, intracellular ion partitioning, and
water—salt transport dynamics across tissues [52]. At
T1, LIWHC was maximal, the intracellular water
was sufficient, and the water and salt flow inside
and outside the cells was smooth. Conversely,
T3 (severe stress) induced a significant increase
in LIUSF and LIWHT, but a decrease in LIWHC
and LISTR, ultimately leading to a substantial
reduction in the compartmentalization ability of the
vacuoles and prolonged exposure of the cytoplasm
to high concentrations of salt. = The chemical
potential difference for Na® across the plasma
membrane was significantly enhanced by the electrical
potential difference, as demonstrated by the Nernst

equation [53]. This steep electrochemical potential
gradient results in the passive influx of Na* into
the cell. Concurrently, the active efflux is driven by
the electrochemical H* gradient generated by the
plasma membrane proton ATPase [54]. Therefore,
intracellular sodium ion levels are determined by
passive influx along the electrochemical gradient
and active efflux along the counter-electrochemical
gradient [55]. In this study, compared with T1
treatment, both LISAC and LISPC of T3 significantly
increased, but LISAC/LISPC significantly decreased
from 0.86 to 0.53; correspondingly, both ICCxc
and ICCxj; of T3 significantly decreased, but
ICCxc/ICCxy, increased dramatically from 116.10%
to 186.49%. This indicates that in T3 treatment, the
passive influx is markedly greater than the active efflux,
leading to a decrease in the salt excretion capacity and
a significant increase in salt ions within the cytoplasm
in A. corniculatum.
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Table 5. Energy partitioning dynamics under
salinity-waterlogging stress: Trade-offs between
growth and adaptation.

Treatments T1 T2 T3

Rarp 1.00 3.00 4.58
Rycike 1.00 1.29 155
Rape 1.00 037 0.35
RsrEe 1.00 392 5.78
Rp 1.00 1.17 0.88
Rere 1.00 048 0.53
Rg 1.00 050 0.44
Rag 1.00 1.15 0.97

4.2 The expression of key water-salt transport genes
in mangrove plants is closely coupled with
intracellular water-salt transport dynamics

Building on the water-salt transport dynamics
described in subsection 4.1, we next examined
whether these biophysical changes correspond to
alterations in the activity of genes responsible for
salt transport and compartmentalization. Our results
revealed that SOS1 was downregulated, whereas
VHAc1 experienced a significant upregulation as

salinity and waterlogging stress increased in A.

corniculatum. Compared to the T1 treatment, the T3
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treatment markedly upregulated VHAcI expression,
elevating vacuolar H* concentration and reducing pH,
which compromised NHX1-mediated Na™ vacuolar
sequestration. = The concurrent downregulation
of SOS1 expression impaired plasma membrane
Na® efflux capacity. This suggested that there was
a synergistic decrease in active transmembrane
transport efficiency of Na* in leaf cells, ultimately
disrupting both cytoplasmic Na®™ homeostasis and
vacuolar compartmentalization.

The gene expression are indicative of adaptations
to alterations in water-salt transport dynamics.
When comparing the T2 and T3 treatments to T1,
there was a notable downregulation of SOSI and
an upregulation of VHAcl. However, this was
accompanied by a significant decrease in LISTR and
ICCxc (ICCxp,), and a significant increase in LISPC
/ LISAC and AGxc_g/AGxi—g. There was no
significant difference in NHX1 expression between T2
and T1, and consequently, LISAC and LISPC were not
significantly impacted. In contrast, when comparing
T3 to T1, NHX1 expression was downregulated, and
correspondingly, LISAC and LISPC were significantly
increased. Collectively, these patterns support the
view that the salt excretion capacity and vacuolar
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salt compartmentalization capacity of A. corniculatum
are jointly regulated by genes associated with salt
transport and water-salt transport dynamics.

In addition, although Py of T2 and T3 was less affected,
both LISTR and LISTC were significantly reduced. This
decrease in the water-salt transport rate ultimately
resulted in a significant slowdown in plant growth.
Thus, it is evident that water-salt transport dynamics
also serve as an endogenous driving force for the
survival and growth of plants (Figure 7). Overall,
our findings suggest that electrophysiology-based
water-salt dynamics indicators can serve as an
important basis for verifying the functions of genes
related to water-salt transport. This allows the linking
of gene expression to its biophysical consequences,
thereby providing a dynamic, real-time framework
for evaluating the roles of these genes in regulating
cellular ion homeostasis and stress adaptation.

4.3 Abiotic stress alters energy allocation in
Aegiceras corniculatum during chemical and
physical responses, affecting its photosynthesis,
growth, and adaptation

Abiotic stress remodels plant metabolism via energy
sensing, diverting resources from growth towards
stress tolerance [56, 57]. The ultimate energy source
for plant growth and development is light energy [58].
High salinity and waterlogging environments can
adversely affect the photosynthesis and growth
of mangrove plants. In this study, the Py of A.
corniculatum at T3 treatment was 24.65% lower
than that at T1 treatment, indicating a reduction
in photosynthetic energy input. This energetic
limitation was accompanied by impaired growth:
stem elongation and leaf production (AH and ALy)
were both reduced at T3, consistent with Kandelia
candel and Bruguiera gymnorrhiza responses [59].
In addition to chemical energy stored as ATD, a
portion of the energy acquired via photosynthesis
exists as dielectric motion in plant cells, defined here
as cellular internal energy. With increasing stress
intensity, relative cellular internal energy declined to
approximately 50% of the T1 level. Photosynthetically
derived chemical energy appears to support adaptive
adjustments, whereas cellular internal energy is
correlated with the capacity to support physical
responses through its association with basal
metabolic balance.  This “photosynthesis-fueled
stress resistance and cellular internal energy-stabilized
metabolism” synergistic pattern ensures dynamic
energy balance between chemical responses (e.g.,

ion balance, reactive oxygen species scavenging) and
physical responses (e.g., turgor maintenance, ion
transport, vacuolar compartmentalization). Even
under severe stress and overall energy contraction,
Aegiceras corniculatum appears to maintain a balance
between “photosynthesis-internal-energy” and
“growth-adaptability” through a relatively conserved
allocation pattern, which likely contributes to basic
survival and highlights the importance of these energy
forms in its adaptive strategy.

In this study, T3 treatment notably boosted ATP
levels, indicating that the chemical energy stored
as ATP was less utilized. This suggests that the
energy expended on actively expelling salt ions was
significantly diminished.

Concurrently, T3 treatment substantially increased
AGxc_g and AGxyp_g, which correlate with the
rise in LISAC and LISPIC. However, the ratio of
AGxr—g to AGxc—_g dropped from 97% at T1 to
80%. This can be attributed to two factors: firstly, the
substantial reduction in compartmentalization ability
due to severely shrunken vacuoles, and secondly, the
internal energy for actively expelling salt ions is lower
than that required for their passive influx. From
these observations, it can be deduced that in response
to high salinity and waterlogging, A. corniculatum
allocates less energy to actively expel salt ions, using
both chemical and internal energy, which leads to a
reduction in its salt excretion capacity. These findings
underscore the importance of both forms of energy for
supporting plant survival and growth. The “Energy
Reserve-Stress Resistance-Growth” model further
reveals the directional energy allocation patterns: with
increasing stress intensity, the relative growth-driving
energy based on the d that supports growth-related
processes consistently decreases, while the relative
stress-response energy allocated to stress resistance
significantly increases. This reflects a “sacrificing
growth potential to enhance stress resistance” trade-off
strategy.

5 Conclusion

This study elucidates the dynamics changes of
water-salt transport in Aegiceras corniculatum, their
close association with molecular mechanisms, and
the dynamic patterns of energy allocation between
growth and stress resistance. A key conclusion is that
the expression of salt transport-related genes and
water-salt transport dynamics form a coordinated
response system that modulates active/passive salt
transport, vacuolar compartmentalization efficiency,
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cytoplasmic Na*t concentration, and efflux processes,
thereby contributing to a multi-dimensional defense
system for plants to adapt to environmental stress.
Specifically, saline-waterlogging stress significantly
reduces the ratio of active to passive salt transport,
impairs intracellular Na™ transfer rate and transport
capacity, and notably decreases the activities of SOS1
and NHXI1. Concurrently, it upregulates VHAc1
expression and increases vacuolar H™T concentration,
which further disrupts the balance of vacuolar Na™
compartmentalization. Preliminary evidence suggests
that electrophysiology-based intracellular water-salt
dynamic characteristics can serve as a reliable
basis for validating the functions of key water-salt
transport-related genes. Another key conclusion is
that the essence of Aegiceras corniculatum’s adaptation
to saline-waterlogging stress lies in the optimized
allocation of energy resources—a dynamic balance
between energy allocation to growth maintenance
and that to stress-resistant dissipation. Chemical
energy derived from photosynthesis (stored in the
form of ATP) and internal energy (stored in the
form of electrical energy) collectively underpin
plant growth and environmental adaptability, with
growth processes drawing primarily on internal
energy. Notably, differences in adaptability determine
variations in photosynthetic capacity. With increasing
salinity and waterlogging duration, the plant allocates
a greater proportion of energy to stress responses,
thereby leading to growth restriction. In summary, by
dissecting the complex interplay between water-salt
transport dynamics and molecular regulatory
mechanisms, and integrating observations of altered
energy allocation patterns in Aegiceras corniculatum
during chemical and physical responses under abiotic
stress, this study provides deeper insights into the
physiological and molecular mechanisms underlying
its adaptation to harsh habitats—such as high salinity
and waterlogging—at the land-sea interface.
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A Table of Nomenclature and Symbols

Symbol Unit Equation Operational Definition
C pF Xc = ﬁ Physiological capacitance
Z MQ / Physiological impedance
R MQ / Physiological resistance
Xc MQ / Physiological capacitive reactance
X1 MQ / Physiological inductive reactance
AH cm? AH=H,— Hp Plant height increment
ALy cm? ALjp=Laa— Lap Leaf area increment
ALy count / Number of new leaves added
Wy MPa / Leaf water potential
1z - 1Z =y + k1 Inherent impedance
IR - IR =ys + ko Inherent resistance
IXo - IXo =ys+ ks Inherent capacitive reactance
IX; - I1X, =y4 + ky Inherent inductive reactance
ICp - ICp = 5 I iy X Inherent capacitance
d - d= Specific effective thickness
LIWHC - LIWHC = (I C p)3/ 2 Leaf intracellular water-holding capacity
LIWUE - LIWUE = thitre Leaf intracellular water-use efficiency
LIWHT - LIWHT =ICp x 1Z Leaf intracellular water-holding time
LISAC - LISAC = ?Igﬁi Leaf intracellular salt active transport capacity
per unit area
LISPC - LISPCC = % Leaf intracellular salt passive transport capacity
per unit area
LIUSF - LIUSF = I{XRC + éIXRL Leaf intracellular salt flux per unit area
LISTR - LISTR = (J(égipx)lz) Leaf intracellular salt transfer rate
LISTC - LISTC = LIUSF x LISTR Leaf intracellular salt transport capacity
ICCxc . ICCxc = m l;(lant leaf inherent conduction capacity based on
c
ICCxy, - ICCxy, = m I;(lant leaf inherent conduction capacity based on
L
ICRx¢ - ICRxc =X ’C r—o = —b3ks  Plant leaf inherent conduction resistance based
on X¢
ICRxy, - ICRx1 = X} p_y = —bsks  Plant leaf inherent conduction resistance based
on Xy,
AGz_Eg - AGz_ g = W Unit cellular internal energy based on Z
AGr-E - AGr-g = W Unit cellular internal energy based on R
AGxc_E - AGxo_g = W Unit cellular internal energy based on X¢
AGxi—E - AGxi—g = m’“bﬂ Unit cellular internal energy based on X7,
AGyz - AGz = W X dj, Plant cellular internal energy based on 7
AGRr - AGRr = lnklb# x dr, Plant cellular internal energy based on R
AGxco - AGxco lnk%& X dy, Plant cellular internal energy based on X¢
AGxr, - AGxp, lnk‘*b% x d, Plant cellular internal energy based on X1,
Py pmol-m~2.s™1 / Net photosynthetic rate
Js mmol-m~2.s7! / Stomatal conductance
E mmol-m~2.s71 / Transpiration rate
WUE pmol-mmol ! WUE; = & Instantaneous water use efficiency
SOSI - / PM Na*t/H" antiporter
NHXI - / Vacuolar Na™ /H™ antiporter
HAI - / Plasma membrane Ht-ATPase
VHAcl - / Vacuolar H*-ATPase subunit ¢
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B Derivation of

Parameters

Electrophysiological

B.1 The intrinsic mechanism relationship between
clamping force (F) and leaf R, Z, X, X1, and C

The Nernst equation can be used to describe the
changes in the concentration of ions, ion groups
and electric dipoles inside and outside of the cell
membrane. The Z depends on the concentration of
ions inside and outside the membrane and follows the
Nernst equation, which is expressed as follows:

Qi

In =~

Qo

F—-F =
nzFy

(A1)

where FE is the electromotive force (V), E° is the
standard electromotive force (V), Ry is the gas
constant (8.31 J-K~1-mol~1), T is the thermodynamic
temperature (K), Q; is the concentration of electrolytes
that respond to Z inside the cell membrane (mol-L~1),
Qo is the concentration of electrolytes that respond to
Z outside the cell membrane (mol-L~1), Fy is Faraday
constant (9.65 x 10* C-mol~!), and n is the number
of transferred electrolytes (mol).

The internal energy of the electromotive force can be
converted into pressure work, and they have a direct
relationship, PV = aF, that is:

aRoT . @
In —

PV = aE = aE° +
nzFy Qo

(A2)

where P is the pressure intensity on the leaf cells (Pa),
a is the transfer coefficient from electromotive force to
energy, and V is the cell volume (m?). P = £, where
F is the gripping force (N) and S is the effective area
of the electrode plate (m?). F can be calculated by the
gravity formula:

F=(M+m)g (A3)
where M is the iron block mass (kg), m is the mass

of the plastic rod and the plate electrode (kg), and
g =9.8 N/kg.

For mesophyll cells, the sum of @y and Q); is certain.
Q; is directly proportional to the conductivity of
electrolytes that respond to Z, and the conductivity is
the reciprocal of Z. Hence, % can be expressed as

J
Q_ 7

QO_Q—%

QZ—-Jy

(A4)
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where Jy: the transfer coefficient between the @); and
Z,and @ = Qo + Q;. Therefore, formula (2) was
transformed into formula (4):

Vv aR)T . QZ —Jy
—F =aE" - 1 A5
S “ nzFO . Jo ( )
Formula (4) was rewritten:
aR()T QZ — J() 0 %4
| =aF" — =F A6
nzFo . Jo “ S ( )
and
QZ —Jy ngEFyE° VngzF
1 = - F A7
" JO R[)T SCLRQT ( )
Formula (6) takes the exponents of both sides:
— n 0 Vnz F
QZ Jo =e ZRI;OTE €<7 Sa}%oig ) (AS)
Jo
Further:
nyFogE Vn 5 F
Z= ig + ge ot e<7 sifit F) (A9)

where the Z is the impedance, M.
Because d = %, formula (8) was transformed into:

ngFgBE® (_dngFy o
RoT o\  aRoT

Jo  Jo
Z=—+4—¢
Q @

(A10)

For the same leaf tested in the same environment,
d,a,E°, Ry, T,nz, Fy,Q, and Jy of formula (8) are
constant. Let

Jo ny FoE°

Ji
0 /€1 —e FRoT s bl

Q" Q
and the intrinsic mechanism relationships of leaf
impedance (Z) and F were:

. dnzFo
N aROT’

n = (A11)

Z =y + kie 00F (A12)

where y1, k1, and b; are model parameters.

The leaf physiological capacitive reactance (X¢) was
calculated according to Formula (11):

1
- 2nfC

Xc (A13)

The leaf physiological inductive reactance (X1,) was
calculated according to Formula (12):

11 1 1
= (A14)
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With the same Z, the intrinsic mechanism relationships
of leaf physiological resistance (R), X¢, X1, and F are
revealed:

R = yy + koe™02F (A15)
Xc =ys + kge (Al6)
X1 = yg + kge 0F (A17)
The derivative of formula (10) is as follows:
Z' = —bikie F (A18)

According to formula (10), when F' = 0, the intrinsic
impedance (1/Z) of the plant leaves could be obtained:

1Z =y1 + k1 (A19)
With the same IZ, when FF = 0, the intrinsic
resistance (I R), intrinsic capacitive reactance (I X¢),
and intrinsic inductive reactance (/.Xy,) of plant leaves
could be calculated as:

IR = ys + ko (A20)
IXc=ys+ ks (A21>
IXp = ys+ ka (A22)

The intrinsic capacitance (/Cp) of plant leaves could
also be obtained:

1

T 2 fIXc (A23)

Icy

where 7 = 3.1416, f: the frequency, and Ixc: the
intrinsic capacitive reactance.

According to the first law of thermodynamics, the work
done by the clamping force obeys the Gibbs free energy
equation:

AG =AH + PV (A24)
where AG: Gibbs free energy (J), AH: the internal
energy of the leaf cell system (J), P: the pressure
intensity of the leaf cells (Pa), and V: the cell volume
(m?). P can be calculated by the pressure intensity

formula:

F
P=—

S (A25)

where F: the clamping force (N) and S: the effective
area of the electrode plate (m?).

Mesophyll cells can be regarded as concentric sphere
capacitors, and the capacitor energy is:

1
W= 5U2(J (A26)

where W: the capacitor energy (J), U: the test voltage
(V), and C' the physiological capacitance (pF).

According to energy conservation theory, the capacitor
energy is equal to the work converted by Gibbs free
energy, i.e., W = AG. The leaf C' and clamping force
(F') relationship model was obtained:

%
2V g
NTiE

_ 2AH

C 72

(A27)

It is assumed that d represents the specific effective

thickness of the plant leaves; therefore, d = %

Formula (24) was transformed into formula (26):

2AH  2d
C = oz WF (A28)
Let yo = 232[{ , ko = %, and formula (26) was

transformed into formula (27):

C =yo+koF (A29)

Formula (27) is a linear model, where yy and kg are
the model parameters.

As ko = (2]—%, the specific effective thickness (d) of the
plant leaves could be calculated as:
2
d= U2k° (A30)

B.2 Calculation of leaf intracellular water-holding
capacity (LIWHC), leaf intracellular water-use
efficiency (LIWUE), and leaf intracellular
water-holding time (LIWHT)

The cell is a spherical structure, and its growth is
closely related to the increased volume. The C of plant
leaf cells can be calculated by a formula for concentric
spherical capacitors:

. 47T€R1R2

Cr —
T Ry,— R,

(A31)

where 7 = 3.1416, Cc: the capacitance of the
concentric spherical capacitor (pF), e: the dielectric
constant of electrolytes, R;: the outer sphere radius
(m), and Ry: the inner sphere radius (m). For a plant
cell, Ry — R; is the thickness of the cell membrane.
R ~ Ry, as well as ¢, and the thickness of the cell
membrane is constant. Therefore, the cell volume (V)
has the following relationship with cell’s C:

Ve =aVC3 (A32)

27



Journal of Plant Electrobiology

ICJK

The cell volume is positively correlated with the
volume of vacuoles, and the main component of
the vacuole and cytoplasm is water. In other
words, the water-holding capacity of cells is directly
proportional to vC3. Therefore, v/C3 can represent
the water-holding capacity of plant leaves. The leaf
intracellular water-holding capacity (LIWHC) of plant
leaves was obtained according to formula (30):

LIWHC = 4/IC% (A33)
The specific effective thickness (d) of plant leaves
represents cell growth, and the water-holding capacity
supports plant cell growth. Therefore, the leaf
intracellular water-use efficiency (LIWUE) of leaves

was represented by formula (32):

d
LIWUE = [TWHC (A34)
According to Ohm’s law, I; = %, where I7: the

physiological current (A). At the same time, the
current is equal to the product of the capacitance and
the differential of voltage in time, as shown in Formula
(33):

IZ:ICPX/dU (A35>

After the integral transformation, the current time
is the product of C' and Z. Therefore, the leaf
intracellular water-holding time (LIWHT) of plant
leaves is represented by Formula (34):

LIWHT = ICp x IZ (A36)

B.3 Calculation of leaf intracellular salt active
transport capacity (LISAC), leaf intracellular
salt passive transport capacity (LISPC), leaf
intracellular salt flux per unit area (LIUSF), leaf
intracellular salt transfer rate (LISTR), and leaf
intracellular salt transport capacity (LISTC)

Plant cells have the electrical properties of low C and
high R, and it could be assumed that electrical cells
were connected in parallel manner, and various aligned
mesophyll cells make up the leaf capacitor. The value
of IR in plant leaf cells can be measured as follows:

1 1 1 1 1

R R IR, IR IR,

A37
R, (A37)

We can assume that the resistance of inside and
outside membrane is equal; then, IR;, IRy, IR3, and
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IR,, can represent inherent resistance of each unit cell
membrane. Hence, the IR of the plant leaves were
obtained as follows:

1 n

Further, the R of the cell membrane closely related to
lipids and proteins, so, n can be denoted as the relative
number of lipids and proteins that induce membrane
R in plant leaves.

Finally, the leaf IXC in plant were measured as follows:

. p
IXe IXeo

(A39)

As we know that X of cell membrane is closely related
to the surface proteins, then IXC or p was considered
as the relative amount of surface proteins. Therefore,
IXC is inversely proportional to p.

I g
IX; IXpo

(A40)

As we know that X of cell membrane is closely
related to the conjugated proteins, then IXL or g
was considered as the relative number of conjugated
proteins. Therefore, IXL is inversely proportional to q.

The cell membrane proteins are most closely related
to salt transport. The proportion of phospholipids,
surface proteins (peripheral proteins) and conjugated
protein (intrinsic proteins) on the cell membrane
strongly affects the transport capacity of cellular
substances and ultimately affects the salt transport
efficiency of plants.

Among, the leaf intracellular passive salt transport
capacity (LISPT) is calculated as follows:

1
LispT = 2 = Xe -
n IR

(A41)

In addition, the proportion of conjugated protein
(intrinsic protein) is closely related to the active
transport of salt. The proportion of cell salt transport
capacity caused by these proteins to total material
transport capacity determines the leaf intracellular
salt active transport capacity (LISAT). Therefore, the
calculation formula is as follows:

Xt
LISAT = 4 = 2L

n IR (A42)
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Thus, the relative leaf intracellular salt flux per unit
area (LIUSF) could be represented by (41):

LIUSF = LISAT + LISPT (A43)

Salts are soluble in water; the leaf intracellular salt
transfer rate (LISTR) is calculated by Formula (42):

(1)

LISTR =\ {c 517

(Ad4)

Therefore, the leaf intracellular salt transport capacity
(LISTC) is LIUSF multiplied by LISTR:

LISTC = LIUSF x LISTR (A45)

B.4 Calculation of conduction capacity based on
capacitive reactance (/CCxc), conduction
capacity based on inductive reactance (/CCxp),
conduction resistance based on capacitive
reactance (ICRx¢), and conduction resistance
based on inductive reactance (/CRx)

According to Ohm’s law, the physiological current
I; = U/Z, where U is the measured voltage, 1.5V,
and Iz is the physiological current. Therefore,

U

Ipj=— >
“ Y1+ ke 0 F

(A46)

where I is the physiological current with a measured
voltage of 1.5V. Taking the derivative of the above
formula gives:

0l
I, = =
Z oy

UblklefblF
(y1 + ke 0F) (yy + k1e=1F)

(A47)

The physiological current is generated by the
movement of dielectric substances (including
inorganic and organic ions) within leaves. This
current reflects the conductivity of polar substances
and is directly correlated with the leaf’s hydraulic
conductivity. The biological significance of conduction
capacity based on physiological current can be
characterized by the change of physiological current
under unit pressure, representing the conductivity of
leaves.

X reflects the ability to resist physiological currents.
Similarly, when F° = 0, the inherent conduction
capacity of plant leaves based on I X (ICCxc) was
obtained:

Ubsks
(y3 + b3)(y3 + b3)

ICCxc = (A48)

Similar to IC'Cx, the inherent conduction capacity of
plant leaves based on I X}, (ICCx,) was obtained:

Ubgky

ICCxy =
X (s + ba)(ya + ba)

(A49)

ICCxc (ICCxy,) reflects the conductive capacity of
capacitive (inductive) dielectric materials and the
charging-discharging capability of cell membranes. A
higher value indicates greater conductive efficiency of
capacitive (particularly water) (inductive) dielectric
materials, resulting in enhanced passive (active)
membrane transport.

The Z of leaves reflects their ability to oppose
physiological currents. As the Z increases, the
transport of these substances slows down. Therefore,
the Z of leaves can reflect the conductivity of
polar substances in leaves from the opposite aspect,
which is also the hydraulic conduction ability of
leaves. The biological significance of the inherent
conduction resistance of plant leaves based on Z
can be characterized by the change of physiological
impedance under unit pressure, representing the
conductive resistance based on Z in leaves of the plant.

Similarly, according to the derivation formula of the
relationship model between X, and F*:
—b3 kge_b?’F

X! = (A50)

The X. of plant leaves reflects the ability to resist
physiological currents, while physiological currents
are generated by the transport of “capacitive” dielectric
substances. The biological meaning of the above
formula can be characterized as the change of X,
under unit pressure, which represents the conduction
resistance of plant leaves based on X.. When F' = 0,
the value is the inherent conduction resistance of plant
leaves based on X, (ICRx¢):

ICRXC == XC,F:O == —bgk‘g <A51)

Similar to X, according to the derivation formula of
the relationship model between X, and F*:
—by k467b4F

X} = (A52)

The X7, of plant leaves also reflects the ability to resist
physiological currents, while physiological currents
are generated by the transport of “inductive” dielectric
substances. Similarly, when F' = 0, the value is the
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inherent conduction resistance of plant leaves based
on XL (ICRXL)I

ICRxp = X} p_o = —byky (A53)

ICRxc (ICRxp) compares inherent conductance
resistance in plant leaves based on physiological
capacitance/resistance. A larger value suggests that
capacitive (inductive) dielectric materials exhibit
slower conductance rates and weaker passive (active)
membrane transport capabilities.

B.5 Calculation of unit cellular internal energy and
cellular internal energy

According to formula (10), the unit cellular internal

energy based on Z (AGz_g) of plant leaves was

calculated:

aE° B Ink; —Iny
d by

AGy_p = (A54)

Similar to the derived formula for AG z_ g, unit cellular
internal energy based on R (AGr_g), Xc (AGxc—-E)
and X (AGxr_g) is obtained.

E° Inky -1

AGp g = ad _n 262 Y2 (A55)
E° Inks—1

AGxo-p = “d _ o 31)3 Y3 (A56)
E° Inks—1

AGxi_p = “d _n 4b4 i (A57)

Cellular internal energy was calculated based on unit
cellular internal energy and specific effective thickness
(d), including cellular internal energy based on Z
(AGy), cellular internal energy based on R (AGR),
cellular internal energy based on X¢ (AGx¢), and
cellular internal energy based on X (AGx). The
formulas are as follows:

AGy = lnklb_llnyl x d (A58)
AGp = lnka_anyg x d (A59)
AGxc = mk‘”’b;lny?’ x d (A60)
AGxy = W x d (A61)
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