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Leaf water status is always influenced by plant growth and environment and dynamically changes over time.
Rapid measurement of leaf physical characteristics helps to timely determine the plant water needs, in order to
prevent inhibition of photosynthesis in plants and improve irrigation water-use efficiency (WUE) under water
deficit conditions. The present study determined leaf electrophysiological and mechanical properties, water
content (LWC), water potential (¥y), carbonic anhydrase (CA) activity, net photosynthesis, and re-watering WUE
(WUER) in relation to osmotic stress and following drought hardening in Orychophragmus violaceus seedlings. The
study established a coupling model between gripping force and physiological impedance according to the Nernst
equation, and the leaf water dissipation rate (LWDR) was defined and determined. Changes of cell stiffness and
LWDR altered the intracellular water status, which affected the photosynthetic capacity and WUEg. Photosyn-
thesis was inhibited by the 40 g L™ PEG (polyethylene glycol) treatment due to the reduction of intracellular
water, and leaf cells were severely damaged at the higher, 80 g L™' PEG. Plants transferred from 20 to 10 g L™
PEG had the highest WUER. We have found that the physiological impedance provides more reliable information
of plant water status compared with ¥1, which can help improve the irrigation WUE.

surface water (Butscher and Huggenberger, 2009). This makes it diffi-
cult to implement appropriate irrigation regimes, especially since agri-

1. Introduction

Chinese violet cress (Orychophragmus violaceus) of the Brassicaceae
family is a horticultural plant species widely planted across China (Wang
et al., 2014). This species is a wholesome vegetable that can be eaten
year-round, and the plants are also cultivated for medicinal, ornamental
and afforestation uses (Kole, 2011). O. violaceous is a relatively drought
resistant species that is able to grow across the karst regions in limestone
soil (Wu and Xu, 2011). It has been also identified as a marginal
land-based biomass feedstock (Wang et al., 2014). O. violaceous grown in
karst areas often suffers from waterlogging and various degrees of
drought stress in a short time due to the shallow soil and rapid leakage of

cultural water in karst areas is scarce, especially during winter drought
periods. As a result, plant productivity may be severely reduced limiting
local economic development (Xing et al., 2019). Therefore, timely and
accurate determination of plant water status can help to ensure the
optimal water delivery for plant growth and save agricultural irrigation
water.

The assessment of plant water status has been often determined
based on the leaf appearance, leaf water content, leaf water potential
(¥1) measurements, temperature and various growth traits (Luo et al.,
2014; Gaudin et al., 2017; Rascio et al., 2020). However, plant water

Abbreviations: CA, carbonic anhydrase; CApgg, CA activity at each PEG level; CAggr, CA activities at 0 g L™ PEG; C;, intracellular ion concentration; C,, extra-
cellular ion concentration; CP, physiological capacitance; Ep, elasticity modulus; F, gripping force; g, stomatal conductance; LT, leaf tensity; Fs, stresses; LWC, leaf
water content; LWCp, LWC during drought phase; LWCgr, LWC during re-watering phase; LWDR, leaf water dissipation rate; LWDR;, leaf inherent water dissipation
rate; M;, mass of iron; PEG, polyethylene glycol; m, mass of the foam board and electrode; Py, net photosynthetic rate; PPFD, photosynthetic photon flux density; Pyg,
Py during re-watering phase; Pyp, Py during drought phase; RCA, relative carbonic anhydrase activity; WUE, water-use efficiency; WUE;, instantaneous water-use
efficiency; WUEg, re-watering water-use efficiency; Z, impedance; ¥;, leaf water potential; AX, deformation rates.
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status can be affected by the enzymatic activity, including carbonic
anhydrase (CA, EC 4.2.1.1), which alters the variation in ¥}, and reduces
the accuracy of diagnosis of water deficit using V|, leading to a decrease
of the irrigation water-use efficiency WUE (Fernandez et al., 2015). CA is
a zinc-containing enzyme that is widely distributed and involved in
diverse physiological processes in animals, plants, archea, and eubac-
teria by catalyzing the conversion of intracellular bicarbonate into HyO
and CO; under drought conditions (Xing and Wu, 2012). Plant water
status can also be affected by the elastic properties of cell walls, which
play a crucial role in bearing external load (Fila et al., 2019). Fortu-
nately, it is feasible to represent the plant physiological response traits
using leaf physical characteristics, which are sensitive to water deficit
and can be easily and timely measured (Li et al., 2014).

Electrophysiological properties have been increasingly used for
diagnosing plant water status since the variation of plant cell volume
and cell sap concentration are closely correlated with electrophysio-
logical indexes such as physiological capacitance (CP), impedance (Z),
resistance or leaf tensity (LT) (Jocsak et al., 2019; Zhang et al., 2015b).
These indices can be determined with a nondestructive custom-made
parallel-plate capacitor which employs a given frequency and voltage.
The physiological capacitance (CP) and ¥y, are related to the cell sap
concentration. Leaf CP is associated with the effective thickness and area
of leaves in contact with capacitor plates. The ratio of leaf area and leaf
effective thickness is defined as LT (Zhang et al., 2015b). However, the
cytosol solute concentration as well as the elasticity and plasticity of leaf
cells are highly responsive to the variable gripping forces (Fg), which are
used for clamping a leaf during the measurement (Zhang et al., 2015b).
The index that is determined using a specific gripping force is an
instantaneous value that can only represent an instantaneous water
status. There is a positive correlation between tissue internal architec-
ture and water loss (Cruz et al., 2019). The inherent tissue water status
has been investigated by analyzing the mechanical properties which are
closely related to leaf internal architectures (Balsamo et al., 2015).
However, plant tissues are irreversibly damaged during the measure-
ments of mechanical properties by compressing the leaf with a failure
load.

Plant cells are composed of protoplasts and cell walls. The vacuoles
and cytoplasm, which are the main electrolytic inclusions in the pro-
toplasts, are surrounded by the tonoplast and plasma membrane,
respectively. Cytoplasm contains numerous organelles with specific
membranes, and the vacuole contains mainly dissolved inorganic ions
and organic acids (Zhang et al., 2015a). Electric potential difference is
produced when current passes the cell membrane, and it is retained by
the efficient transport system and the alternative permeability of the cell
membrane (Lindén et al., 2016). Electrical characteristics vary between
the organelles, the vacuole and the cytoplasm, which occupy most of the
space in cells and can be regarded as resistors, while the plasma mem-
brane has a capacitive characteristic. When alternating current flows
through the plant tissue, the ratio of the passing current between the
extracellular and intracellular spaces is influenced by the frequency of
the alternating current and tissue features. Electric current is always
affected by the resistors, capacitors and inductors in the alternating
current circuit, and impedance is the sum of the resistance to current
caused by the resistors, capacitors and inductors (Schonleber and
Ivers-Tiffée, 2015). The mesophyll cell can be regarded as a concentric
sphere capacitor with both inductor and resistor functions. Nevertheless,
when the electrical impedance characteristics of a plant are character-
ized and used to represent the leaf water status, inductors are not the
actual parts of the circuit models derived from plant leaves and are not
involved in the movement of water into and out of cells. However, plant
leaf water status and cell internal architecture are still correlated with
cell impedance characteristics, which can provide more reliable infor-
mation of the plant water status than leaf water potential.

Here we aimed at determining the variation of impedance induced
by the increasing external gripping forces which were far lower than the
force of failure load, to investigate the leaf water status under osmotic
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stress and subsequent drought hardening, to provide basis for further
research on the accurate monitoring of plant water status. Based on the
understanding of leaf water status, the drought hardening effect could
be assessed more exactly by using re-watering water-use efficiency
(WUER) rather than the instantaneous water-use efficiency (WUE;), the
latter one was determined by the LI-6400XT photosynthesis measure-
ment system. WUEg, is the increment of net photosynthetic rate (Py) per
increment of leaf water content (LWC) in leaves from drought to re-
watering phase, which gives the plants sufficient time to regulate and
balance water supply (Javed et al., 2018).

Polyethylene glycol molecules with a molecular weight > 6000 (PEG
6000) are inert, non-ionic and cell impermeable. They are small enough
to influence the osmotic pressure, but large enough unabsorbed by
plants (Xing and Wu, 2012). Therefore, they were used to simulate os-
motic stress in this study. The seedlings of O. violaceous were selected
and grown during the winter drought period and subjected to osmotic
stress induced by PEG 6000 and following drought hardening to study
the responses of LWC, ¥, CA activity, photosynthetic characteristics,
leaf electrophysiological and mechanical properties, and WUER.

2. Materials and methods
2.1. Plant growth and treatment

The research was carried out in a growth chamber at the Institute of
Agricultural Engineering, Jiangsu University, Jiangsu Province, China
(N 32°11’ and E 119°27’). The seedlings of O. violaceous were germi-
nated and cultivated in 12 drain-cavity-containing plastic trays layered
with quartz sand under a 12h photoperiod (260 + 20 pmol m™2 s!
PPFD), day/night temperature cycle of 28°C/20 °C and 65 + 5% rela-
tive humidity (He et al, 2010). The size of each cavity was
4 x 4 x 5.5cm (length x width x depth), the size of the tray base was
19 x 14 x 6.5 cm. 250 mL 1/2-strength Hoagland solution was added
into each tray at the beginning, and the solution was changed with a new
batch of 250 mL 1/2-strength Hoagland solution everyday (Xing et al.,
2016). The Hoagland’s solution contains 6 mM KNOs, 4 mM Ca(NO3),,
2 mM MgSOy4, 2 mM FeEDTA, 1 mM NH4H2POy4, 2 pM KCl, 50 pM H3BO3,
4 pM MnSOy, 4 pM ZnSOy4, 0.2 pM CuSOy4, and 0.2 pM (NH4)6MO7024.
After 45 days of growth, the 1/2-strength Hoagland solution was
replaced by treatment solution (polyethylene glycol (PEG) 6000 dis-
solved in Hoagland solution). Five osmotic stress levels were applied to
induce water deficit stress by adding PEG 6000 (0, 10, 20, 40, and 80 g
L)) into Hoagland solution. Twenty-four seedlings that germinated
healthily and uniformly in every two trays were used for each stress
level. The hydroponic solution without PEG was intended to simulate
slight waterlogging stress according to the results in our previous
research, which demonstrated that O. violaceous maintained higher
water status at 10 g L' PEG (Xing et al., 2016). The variations of leaf
electrophysiological and mechanical properties under different degrees
of osmotic stresses were stimulated and determined. The 10 g L'} PEG
treatment was used as a control. In addition, the plants grown in 0 g L1
PEG solution were cultured continuously in the 0g L PEG solution
during the drought hardening phase as another primary control group.
The drought resistance was induced by transferring the plants into lower
PEG 6000 concentration level to investigate the leaf water status and
recovery of cell elasticity. The drought hardening treatment was
imposed on day eight following the onset of the osmotic stress treat-
ment. During the drought hardening phase, the five different treatment
solutions which were used to irrigated the seedlings in the 0, 10, 20, 40,
and 80 g L! PEG treatment levels were replaced by the treatment so-
lutions which contained 0, 0, 10, 20, and 40 g Ll PEG, respectively. The
drought hardening treatment phase lasted 4 days. The solution was
changed with a new batch of mixed solution every other day during the
treatments. Measurements were conducted on day eight after the onset
of the osmotic stress treatment and day four after the onset of the
drought hardening treatment. The fourth and fifth youngest fully



D. Xing et al.

expanded leaves from the top (five plants from each treatment group)
were chosen for measurements.

2.2. Determination of leaf water content, water potential and leaf tensity

The CP was measured using an LCR tester (Model 3532-50, Hioki,
Nagano, Japan), the frequency and voltage used were 3 KHz and 1V,
respectively. With a dew point microvoltmeter in a universal sample
room (C-52-SF, Psypro, Wescor, Logan, Utah), ¥;, was measured at the
same position of the leaves with the above CP testing. The leaf tensity
(LT, cm? em™1) of leaves at each stress level was calculated according to
Zhang et al. (2015b). The leaves were dried in an oven at 80 °C. The
fresh (Wg) and dry weights (Wp) were determined using an electronic
analytical balance (BSA124S, Sartorius, Gottingen, Germany). Leaf
water content (LWC) was calculated as LWC = WFW;:ND x 100%.

2.3. Determination of physiological capacitance and impedance at
different gripping forces

The variation of CP and Z as increased gripping forces were deter-
mined using the LCR tester with a frequency and voltage of 3 KHz and
1V, respectively. Each leaf was clipped onto the custom-made parallel-
plate capacitor (Fig. 1).

2.4. Calculation of leaf water dissipation rate based on impedance

The following equation was used to calculate gripping forces (Fg, N),
which were used for clamping a leaf during the CP and Z measurements:

Fy = (M; +m)g (€Y

where Fj is the gravity (gripping force, N); M; is the mass of iron (kg); m
is the mass of the foam board and electrode (kg); and g is the acceler-
ation of gravity with a value of 9.80 N kg™*

Electrophysiological behavior of a plant is closely related to that of a
single cell, and the cell can be presumed as a spherical capacitor. Cell
impedance mainly depends on the ratio of ion concentrations between
the intramembrane and extramembrane space when the measurement is

l'_

L‘\%"Q"
\\:I

3 2

Fig. 1. Schematic of the parallel-plate capacitor: 1= bracket; 2= foam board;
3= electrode; 4= wire; 5= iron; 6= plastic bar; 7= fixation clamp.
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conducted within a single object in the same situation. Therefore, leaf
impedance values change with the changing cell water content and cell
membrane permeability. The latter can be influenced by the external
stimulus, which changes the ion concentrations inside and outside of the
membrane. The Nernst equation can be applied to the difference of the
ion concentrations mentioned above, and impedance is inversely pro-
portional to intracellular ion concentration at a given extracellular ion
concentration. As such, the relationship between impedance and
external stimulus can be derived.

Cell elasticity in leaves is correlated to water status, changes in
permeability of cell membrane differ with plants at a given gripping
force, and the impedance differs between different plants.

The Nernst equation is:

E—E = _—In—" 2

where E is the electromotive force (V); E° is the standard electromotive
force (V); R is the gas constant (8.31J K! mol’l); T is the thermody-
namic temperature (K); C; is the intracellular ion concentration (mol
L’l); C, is the extracellular ion concentration (mol L’l); Fo is the faraday
constant (9.65 x 10% C mol_l); n is the ion transfer amount (mol).

The work produced is due to pressure which is transformed from the
internal energy of electromotive force, and it displays a positive corre-
lation with PV (PV = aE). Thus,

aRT  C

PV =aE =aE’ 4+ —In— 3
nF, C, 3

where P is the pressure imposed on leaf cells, Pa; “a” is the transfer
coefficient form electromotive force to energy; V is the cell volume, 3;
Piscalculated as: P = g , where Fg is the gripping force; S is the effective
area of leaf that is in contact with capacitor plants, m2.

Vacuole and cytoplasm occupy most of the space in the developed
mesophyll cells. In terms of the mesophyll cell, the sum of C, and C; is
constant, which is equal to the total ion concentration inside and outside
of the membrane. C; is positively correlated to electrical conductivity,
and the electrical conductivity is the reciprocal of Z. Therefore, C‘ can be

f
=& o= cz o—p Where f is the transfer coefficient between
Ci and Z. The Eq. (3) can be rewritten as follows:

expressed as & c

\Y% aRT, CZ—f

—F,=aE’ -~ ——In

SET TR T )
Then
Z—f nF,E’ VnF

lnC _nF, nF, )

F " RT  SaRT®
The logarithmic Eq. (5) written in base e can be solved as follows:

— nFgEO n]
Lol e ©

The impedance can be calculated as follows:

f f oFgE® |, vn
Z 76+Eer197t e SRYFe) )

where Z is the impedance, MQ.
In terms of a single leaf in the same situation, V, S, a, EO, R, T, n, Fy, C

. . nfoE0
and f are constants, incorporating y, = £ k = fe = and b = ¥ into

Eq. (7) changes this equation to:

Z =y, +ke 8)

where yo, k and b are the model parameters.
The derivative of Eq. (8) is as follows:

7' = —bke e (C)]
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Leaf physiological impedance represents the resistance to current, which
is generated by the transport of dielectric materials including inorganic
and organic ions. Leaf water dissipation rate (LWDR) is negatively
correlated with the value of Z’. Therefore, LWDR at a given gripping
force can be expressed as LWDR = —Z'.

2.5. Measurement of leaf elasticity modulus

The increased stresses (Fs, N) with increasing deformation rates (AX,
%) of leaf at each osmotic stress level and following stress relief were
recorded with the texture analyzer TA.XT-Plus (Stable Micro System,
United Kingdom) using the P/2n probe with a diameter of 2 mm. The
instrument working parameters were determined by the test mode
compression; with pretest speed at 2mm s, test speed at 1mm s 7,
post-test speed at 2mm s~ *. The leaf elasticity modulus (Em, N per unit
deformation) was then calculated according to Eq. (10) as follows:

Fy=E, x AX (10)
2.6. Measurement of carbonic anhydrase activity and photosynthetic
parameters

Carbonic anhydrase activity was determined with the electro-
metrical method of Wilbur and Anderson (1948) with modifications (Wu
etal., 2011). The relative value of CA activity obtained at each treatment
gﬁﬁi, where CApgg represented the CA
activity at each PEG level, and the CA activities at 0g L™! PEG during
osmotic stress and following stress relief phases were taken as CAggr,
respectively. The photosynthetic parameters were measured and
calculated according to Xing and Wu (2012).

level was calculated using RCA =

2.7. Calculation of re-watering water-use efficiency

The WUER was calculated according to the method described by
Javed et al. (2018).

PNR_PND

WUER = — R7ND
R T LWCR-LWGCp

1D

Where Pyg and LWCp is the Py and LWC during drought hardening
phase; Pyp and LWCp is the Py and LWC during stress phase; WUER is the
re-watering water-use efficiency, mmol (CO3) mol ! (H50).

2.8. Statistical analysis

Data were analyzed using exploratory data analysis by SPSS software
(version 13.0, SPSS Inc.). Statistically significant differences between
stress levels were assessed using the least significant difference (LSD)
post-hoc test at the 5% significance level (p < 0.05). The data are shown
as the means + SE, which were determined using one-sample t test
(confidence interval was 95 %, n = 5).

100 0.0
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3. Results
3.1. Leaf water content, water potential and leaf tensity

The values of LWC at 40 and 80g L™' PEG treatments sharply
decreased compared to those at 0, 10 and 20 g L ™! treatments during the
phase of osmotic stress (Fig. 2a). The values of LWC for 40 and 80 g L™
treatments were still greatly lower compared with those in 0 and 10 g L™
! treatments during the drought hardening phase. The LWC values in
each treatment level increased after drought hardening compared to
those in the osmotic stress phase. The highest ¥}, value was observed in
the 10g L! PEG treatment during the stress phase (Fig. 2b). The ¥y,
values decreased with the osmotic stress level. For the drought hard-
ening phase, there was little difference between the ¥y, values at the
levels ranging from O to 40 g L™}, while the ¥; value in the 80g L}
remained relatively low (Fig. 2b). In the control (0 g L' PEG treatment),
LT was the highest during the stress phase, and it decreased with
increasing stress level (Fig. 2c). However, there was no significant dif-
ference between the LT values in PEG treatment concentration levels
ranging from 20 to 80g L™}, LT in the 0g L™} (control) was also the
highest during the drought hardening phase, and there was no signifi-
cant difference between those values in treatment levels ranging from 10
t080g L.

3.2. Effect of gripping force on physiological capacitance in each
treatment during stress and drought hardening phases

The results of CP variation determined by compressing the leaves
with different external gripping forces are shown in Fig. 3. Low CP
values were associated with high PEG treatment concentrations with the
exception of the 20 g L~ PEG treatment (Fig. 3a). The CP values dis-
played a positive correlation with gripping forces at each PEG level
during the stress phase (Fig. 3a). However, the value of CP in the
20—10 g L™! treatment was not always clearly different from that in the
40-20 g L ™! treatment even under the same gripping force during the
drought hardening phase (Fig. 3b).

3.3. Leaf water dissipation rate and elasticity modulus

The relationship curves between Z and Fy for O. violaceus at different
PEG levels were established using SigmaPlot (ver. 12.5, Systat Software,
Inc., San Jose, Cal.) (Fig. 4). The relationships between Z and F; were
fitted. The model parameters yo, k and b were estimated, respectively
(Table 1). According to Eq. (9), the value of LWDR was defined as leaf
inherent water dissipation rate (LWDR;) when Ff equaled zero.

The values of LWDR; in the 20 and 40 g L™ " PEG treatments were
significantly higher than those in the 0, 10 and 80 g L™} PEG treatments
and there was no significant difference between the LWDR; values in the
0, 10 and 80 g L1 PEG treatments during the stress phase. While the
values of LWDR; at 10g L' treatment was significantly higher

@ m— Stress
=1 Drought hardening

1)
o

W w @
b
RE - W

a

Leaf water content (LWC, %)
~ @
3 8
x

Leaf water potential (y,, MPa)

(b}

@
8

x

© W Stress
=3 Drought hardening

Leaf tensity (LT, cm? cm™)

Stress
Drought hardening

0 10 20 40 80 0 10
Poly-ethylene glycol concentration (PEG, g L)

Poly-ethylene glycol concentration (PEG, g L)

20 40 80 10 20 40 80

Poly-ethylene glycol concentration (PEG, g L)

Fig. 2. Leaf water content (LWC, %), water potential (¥, MPa) and leaf tensity (LT cm?em ™) of O. violaceus during the stress and drought hardening phases (Note:
(a) LWC; (b) ¥y; (c) LT. The means + SE (n = 5) followed by different letters in the same treatment phase in each index differ significantly at P < 0.05, according to
one-way ANOVA and t test. (w, x, y et al.) indicate the difference of the values in the stress phase and (a, b, c et al.) indicate those in drought hardening phase).
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Fig. 3. Effect of gripping force (Fg, N) on leaf physiological capacitance (CP, pF) of O. violaceus in each treatment during the stress (a) and drought hardening (b)
phases. (Note: — represents drought hardening treatments in which plants were transferred from higher to lower PEG concentrations).
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Fig. 4. The relationship curves between impedance (Z, MQ) and gripping force (Fg, N) for O. violaceus at different PEG concentrations (g L™ during the stress (a)

and drought hardening (b) phases.

Table 1
Fitting equations of the relationship between impedance (Z, MQ) and gripping
force (Fg, N).

Treatment PEG Fitting R? n P
period concentration (§  equations
LY
Z =0.015+
0 0.123e-0-223F 0.9098 15  <0.0001
Z =0.041+
10 0.162¢-0-446F; 0.9794 15  <0.0001
Z =0.068 +
Stress phase 20 0.303¢-0.534F; 0.8315 15 <0.0001
Z =0.066 +
40 0.348e-0-633F 09725 15  <0.0001
Z = 0.056+
80 0.191e-0.372F 0.8178 15  <0.0001
Z =0.035+
0-0 0.1426-0466F, 09793 15  <0.0001
Z =0.071+
10-0 0.3656-0-625F, 0.9909 15  <0.0001
Drought Z =0.071+
hardening 20-10 0.284¢-0-381F 0.9806 15 <0.0001
phase
Z =0.045+
40-20 0.3076-0.5%0%, 0.9856 15  <0.0001
Z =0.050 +
80—40 0.9754 15  <0.0001

0'2‘4‘7(_3—0.64717g

Note: — represents drought hardening treatments in which plants were trans-
ferred from higher to lower PEG concentrations.

compared to 0 and 20 g L™ treatments, those in the 0, 20, 40 and 80 g
L7! treatments showed no significant difference during the drought
hardening phase. A significant increase in Ep, of plants was observed at
40g L' during the stress phase (Fig. 5). Higher values of Ej, were
associated with higher PEG treatment concentrations between the levels
ranging from 20 to 80 g L™}, and the values of Er, in the 0, 10 and 20 g
L™! PEG treatments exhibited no significant differences during the
drought hardening phase.

3.4. Carbonic anhydrase activity and net photosynthesis rates

During the stress phase, CA activity was the lowest in plants sub-
jected to the 10 g L1 PEG treatment and the highest in plants exposed to
40 g L™! PEG (Fig. 6a). CA activity in the 20 g L' treatment was lower
than that in control plants (0 g L™! PEG). During the drought hardening
phase, the CA activity was the highest in plants treated with 10g L™}
PEG and decreased with increasing PEG stress between the levels
ranging from 10 to 80 g L~} PEG. Py was significantly lower in the 40
and 80 g L™ treatments compared to those in the 0 and 10 g L™ PEG
during the stress phase, while the Py in 0, 10 and 20 g L™! treatments
increased after drought hardening compared to at the stress phase
(Fig. 6b). The values of g, sharply decreased in the 20 g L™! and higher
PEG concentration treatments during the stress phase (Fig. 6¢). In the
10, 20 and 40g L' PEG treatments, g5 were slightly lower during
drought hardening compared with the stress phase (Fig. 6¢).

3.5. Correlation of parameters

The Pearson correlation coefficients for the relationship of ¥, LWC,
CP, LT, LWDR;, E, and Py are shown in Table 2. Py was significantly
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Fig. 5. Leaf inherent water dissipation rate
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correlated with LWC, CP, LT and E;,. LWDR; and E, were significantly
correlated with LT and LWC, respectively. However, ¥}, exhibited no
significant relationship with LWC, LT, LWDR; and E,.

Table 3

Instantaneous water-use efficiency (WUE;, mmol (CO2) mol ! (H50)) and re-
watering water-use efficiency (WUEg, mmol (CO3) mol ! (H0)) in
0. violaceous plants subjected to PEG stress and following drought hardening.

WUE; (mmol (CO) mol ! (H,0))

PEG concentration WUER (mmol (CO5)

gL™h Stress Drought mol~! (H,0))
hardening

0 2.70£0.13b 4.48+0.15a  582.80

10 2.08 £0.11b 3.74+£0.10b  449.09

20 2.23+0.22b 3.94+0.23a  1146.69

40 2.92+0.16ab  4.96+0.06a -415.05

80 3.62+0.04a 5.13+0.70a -24.82

Note: The mean + SE (n = 5) followed by different letters in the same column
differ significantly at P < 0.05, according to one-way ANOVA and t test.
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was inconsistent with that of ¥y. O. violaceus is a drought-resistant
species, but may not tolerate well the slight waterlogging stress in this
culture system. We previously demonstrated that this effect could be
alleviated by the addition of PEG (Xing et al., 2016). The seedlings
maintained higher water status at 10 g L™! PEG treatment than that at
0gL ! PEG, and 10 g L ™! PEG treatment could be used as a control. The
alleviation of waterlogging stress in plants by the 10g L™ PEG treat-
ment was likely the factor contributing to an increase in ¥, compared to
that at 0 g L~ PEG. As such, CA activity exhibited a relative low value in
the 10 g L™! treatment because plants did not suffer from severe water
deficit and the photosynthesis at this level was not inhibited. The
increased CA activities in the 20 and 40g L™! treatments could effi-
ciently promote the conversion of intracellular HCO3 to H,O, which
prevented W, from decreasing, but only the Py in the 20 g L™! rather
than 40 g L™! treatment exhibited no significant decrease compared with
that in the 10 g L™! treatment. When the plants were transferred form 10
and 20g L' PEG treatments to 0 and 10g L™' PEG treatments,
respectively. The values of ¥j during the drought hardening phase
decreased compared to at the stress phase, while the values of Py
increased. Therefore, it was not appropriate to determine the water
deficit status of O. violaceous with just ¥}. Calculated according to the
coupling relationship between ¥}, and CP, LT reflects water status better
than ¥}, (Zhang et al., 2015b). Slight decrease in Py at 20 g L! compared
to 10 g L! was associated with a decrease in LT during the stress phase.
However, the decrease in Py during the whole treatment period was not
always correlated with the variation of LT. CP values changed as the
gripping force and PEG concentration changed. Leaf effective thickness
was also affected by the water deficit stress, the gripping force would be
influenced when the measurement was conducted on these leaves. The
observed differences between values of CP or LT could be mainly due to
the significant variation of leaf effective thickness rather than the
imposed gripping force itself. As an instantaneous value at a specific
gripping force, CP or the correspondingly calculated value of LT could
not always represent the plant water status correctly. For instance, it
would be uncertain whether there was a difference between CP values in
the 20 and 40g L™} PEG treatments without an appropriate uniform
gripping force for the electrophysiological index determination.

4.2. Leaf water dissipation rate and elasticity modulus

The above drawbacks can be avoided by determining the variation
rate of the electrophysiological index at increasing gripping forces. The
variation of physiological impedance is correlated to the cytosol solute
concentration and cell elasticity in leaves, and it represents the intra-
cellular water or dielectric materials variation traits (Garcia-Navarro
et al., 2019). In this study, the physiological impedance was determined
by compressing the leaf with a series of different gripping forces. The
coupling model between gripping force and physiological impedance
was established according to the Nernst equation. Leaf water dissipation
rate (LWDR) based on the physiological impedance was calculated by
taking the derivative of the above-mentioned coupling model.

Stomatal control is a major physiological factor to optimize the use of
water under water deficit conditions (Vaziriyeganeh et al., 2018).
0. violaceous plants treated with 10 g L™! PEG showed a slight stomatal
closure but a clear increase in LWDR; after drought hardening. Similarly
to Guo et al. (2017), leaf cell elasticity of O. violaceous at 10 g L~! PEG
increased due to the improved water status following drought hard-
ening, while cell stiffness concomitantly decreased. As a result, the
photosynthetic capacity of plants was promoted. On the other hand,
during the photosynthetic process, the water and CO2 supply was not
reduced by the slight stomatal closure after transferring plants from 10
to 0 g L~ PEG, which could be responsible for upregulation of CA ac-
tivity in leaves. The significant decrease of |, in plants transferred from
10 to 0g L~! PEG was due to the negative pressure, which could be
caused by a short-term fast increase of cell elasticity, water consumption
during the photosynthesis process or the increase of water dissipation
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rate in cells (Fig. 7).

Compared to the LWDR; in the 10 g L™ PEG treatment, the increase
in LWDR; in the 20 g L™! treatment did not reduce the cell elasticity,
which likely explained the similar values of E, between 10 and 20 g L™}
treatments. However, the remarkable water loss caused a significant
decrease in W, and reduced LT in the 20 g L™} treatment. Seedlings in
this treatment showed a clear decrease in g, the intracellular water
could then be efficiently used to maintain the photosynthesis. After
drought hardening, cell elasticity increased due to the improved water
status, which decreased the E, but reduced the ¥y. Further decrease of
gs prevented the continuous water loss in the 40 g L™ PEG level, while
Y., and cell elasticity decreased due to the limited water supply and
almost the same water dissipation rate with that in the 20g L' treat-
ment, water deficit inhibited photosynthesis in the 40 g L™ PEG level.
The highest activity of CA at this level played an important role in
regulating the intracellular water balance, which maintained the LT.
After drought hardening, the improved water status increased the cell
elasticity, and Ep, decreased. However, photosynthetic recovery was not
observed. The short-term fast increase of cell elasticity reduced the ¥,
but photosynthesis was still inhibited at 40 g L™ treatment due to the
reduction of intracellular water. The serious damage to cells and
photosynthesis in plants occurred in the 80 g L™ PEG treatment and an
obvious water and solute leakage would be expected to happen which
was implied by the significant decrease in LWDR; and the unrecoverable
cell elasticity from the stress to drought hardening phase at 80 g L™!
treatment.

4.3. Leaf water dissipation rate and water-use efficiency

Under drought conditions, leaf cells respond to water deficit by
changing the cell elasticity and sap concentration, to improve the water-
use efficiency (WUE) and adjust to stress (Bian et al., 2016). In this
study, it was observed that WUE; was not directly correlated with sto-
matal movement or water dissipation rate, and it would not be a suitable
parameter for evaluating the effect of drought hardening in O. violaceus.
WUER is a relatively recent technique used to determine the water status
of the plant leaf and the impact of water status on photosynthetic ac-
tivities, and it has been successfully used for optimizing the re-watering

/(cll\\zll\

Cell stiffness T Pulling force

“ell membrane

Symplastic
pathway
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— represents increase of H>O in cytosol:
- - represents decrease of HO in cytosol.

Fig. 7. Water status in leaf cells (Note: Decreases in cell elasticity and leaf
water potential (W) reduce the leaf tensity (LT) under osmotic stress, but in-
crease the cell stiffness which is represented by leaf elasticity modulus (Ey,).
Increasing leaf water dissipation rate (LWDR) represents an improved water
status which benefits the photosynthesis. Water in cytosol can come from the
vacuole or conversion of intracellular HCO3 catalyzed by CA, which alters the
¥, and LT. After drought hardening, improved water status increases the cell
elasticity and decreases the cell stiffness. Increase in LWDR and stomatal
closure help to sustain the photosynthesis, water consumption during the
photosynthetic process and the water dissipation rate cause a decrease in ¥p).
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strategy for okra (Azeem et al., 2017). During the stress phase, the sto-
matal closure of O. violaceous at 20 g L™! treatment saved intracellular
water and maintained the water for photosynthetic process. Compared
to the other drought hardening strategies, plants transferred from 20 to
10 g L} PEG exhibited better control of water use. The improved water
status increased the cell elasticity in plants subjected to this treatment
during the drought hardening phase, and promoted the photosynthetic
process without extra water dissipation and the supplemental water was
efficiently utilized. Therefore, the plants transferred from 20 to 10 g L™
PEG had the highest value of WUEgR. The photosynthetic capacity in
plants subjected to the 40 and 80 g L™! PEG treatments was likely too
severely affected to recover following drought hardening and the WUER
values became negative. As such, it was advantageous to transfer the
plants treated with 20g L™! PEG first to 10g L™! PEG for drought
hardening.

In conclusion, the diagnosis of plant water status using ¥, CP or LT
at a specific gripping force was not always accurate due to the water
regulation in plants or the variation of leaf effective thickness. The
LWDR was calculated according to the variation of physiological
impedance and provided more reliable information of the plant water
status compared with ¥y, or CP. The intracellular water status can be
investigated based on the determination of LWDR; and Ep,. The results of
the present study demonstrate that the LWDR altered the intracellular
water status, which played an important role in the WUEg, and WUEgR
may be a good parameter for clarifying appropriate drought hardening
strategies for O. violaceous and deficit irrigation scheduling could be
implemented during the winter drought period.

5. Conclusions

The coupling model between gripping force and physiological
impedance was established according to the Nernst equation, and the
leaf water dissipation rate was defined and determined in this research.
This method provided more reliable information of the plant water
status compared with ¥, or CP. The changes of cell stiffness and leaf
water dissipation rate altered the water status in leaf cells, which played
an important role in the photosynthesis and re-watering water-use ef-
ficiency. Monitoring the water status in plants using physiological
impedance is nondestructive and can timely determine the plant water
needs, this information could provide support for the improvement of
irrigation techniques.
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