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Abstract: Orychophragmus violaceus (L.) O. E. Schulz adapts to karst environments through a variety
of adaptability mechanisms. However, the leaf intracellular water translocation and utilization mech-
anism is still unknown. This study hypothesizes that plants adapt to dehydration by synergistically
adjusting the leaf anatomy, cell elasticity and intracellular water translocation. Leaf structure, elastic
modulus (Em), physiological capacitance (CP), impedance (Z), water potential (ΨL), leaf tensity (LT)
and chlorophyll fluorescence parameters of the detached leaves in plants of O. violaceus and Brassica
napus L. were measured at each water loss time (0, 1, 2, 3, 4 and 5 h). The uniform leaves were
randomly selected from five different plants for each species. The cell vacuole volume and transloca-
tion resistance of intracellular water could be represented by the electrophysiological parameters,
such as CP and Z. The results indicated that timely shrinkage of O. violaceus leaves and mesophyll
cells together with the increased water translocation resistance retained the intracellular water and
maintained the turgor pressure. Water within sponge parenchyma could also be translocated into
palisade parenchyma. The PSII reaction center was kept stable, and the photosynthetic activity of O.
violaceus was clearly inhibited at 3 h. Palisade parenchyma of B. napus leaves increased quickly to
improve the intercellular water translocation due to the strong cell stiffness. Gradually increasing
intracellular water translocation resistance and recovery of the cell elasticity slowed down the leaf
water loss, which, however, could not timely stop the damage on the PSII reaction center and the
photochemical efficiency. The photochemical efficiency was seriously inhibited at 4 h and 5 h. The
response mechanism of intracellular water to dehydration can be investigated with the help of leaf
electrophysiological traits. However, the direct determination of plant drought resistance using
electrophysiological information can still not be realized at present and needs further research.

Keywords: electrophysiology; anatomical structure; water potential; cell elasticity; water status

1. Introduction

The soils in karst areas are characterized by karst drought, high pH, low nutrients
and high bicarbonate. Droughts with a high degree of spatial heterogeneity in these areas
tend to occur increasingly frequently, which is the key factor limiting plant growth and
deteriorating the fragile karst environment [1]. Orychophragmus violaceus (L.) O. E. Schulz
belongs to Cruciferae, and is commonly called Chinese violet cress [2]. Some scholars
strongly recommend this typical karst adaptable plant as a marginal raw material for
terrestrial biomass [3]. This species is also cultivated as a medicine or ornamental plant and
has wide market prospects. Cultivation of this plant helps to improve the economic income
of local farmers in karst areas. O. violaceus is always taken as a model plant for studying the
adaptive mechanisms of plants under karst adversities. It has been reported that O. violaceus
adapts to karst adversities through a variety of adaptability mechanisms, i.e., photosyn-
thetic adjusting, carbonic anhydrase regulation [4] and inorganic nutrient utilization [5].
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Brassica napus L. is also a cruciferous plant with good karst drought resistance. B. napus is
an important oil crop in southern China, as this type of crop can extract edible oil and fuel,
thus having great economic value [6]. Besides, studies have reported that O. violaceus and
B. napus are all suitable as pioneer plants for ecological restoration in karst areas, but they
are different in adaptive mechanisms and drought resistance. Consequently, the B. napus
plants were selected as a comparative species for conducting the investigations on the leaf
intracellular water of O. violaceus. The studies on plant adaptive mechanisms aim to find
methods for effectively evaluating plant stress resistance and matching the heterogeneous
karst adversities during the ecological restoration. However, the determining methods
established based on the above-mentioned adaptive mechanisms are time consuming and
cannot determine the dynamic adaptability of a plant. In fact, plants adapt to adversities,
especially drought stress, by the timely regulation of photosynthesis and growth, which
is directly related to the intracellular water. Therefore, this study aims at investigating
the translocation and utilization mechanisms of leaf intracellular water in karst adapted
plants, and providing a basis for establishing a new method for effectively evaluating plant
drought resistance in the short-term.

Water stress alters metabolisms in plants, thereby reducing photosynthesis and limiting
plant growth [7]. Most (about 97%) of the water absorbed by plant roots dissipates through
transpiration, but only a small amount (1~3%) is retained in leaf cells to support plant
photosynthesis, growth and other physiological and biochemical processes. Researchers
have measured the drought resistance of plants by abscisic acid and the indicators related
to metabolism or osmoregulation. Abscisic acid (ABA) can induce stomatal closure and
reduce water loss in plants under water deficit [8]. To avoid cell damage, plants produce
substances such as phenolic compounds, proline, sugars, anthocyanins and glycosides,
which have protective effects on osmoregulation [9]. The intracellular water required for
photosynthesis is also regulated by carbonic anhydrase [10]. In fact, leaf intracellular water
regulated by the above-mentioned strategies exhibits complex changes, which makes the
determination of leaf intracellular water more difficult. Karst plants have made adaptive
changes in the anatomical structure and cell behavior for surviving, which can be reflected
by the leaf mechanical and electrophysiological traits. These leaf physical traits can be
easily determined and are responsive.

Plant leaves are the most sensitive organs to adversities. Leaves can balance water
gain and loss by rapidly adjusting anatomical structure and mechanical properties [11].
A water deficit can cause the leaf to shrink, and lead to changes in leaf density (LD) and
water movement within leaves, which can reduce water loss [12]. High leaf water storage
capacity is related to the increase in total leaf thickness, palisade tissue thickness, and
spongy tissue thickness [13]. Leaf elastic modulus (Em) varies with LD and can reflect the
variation of leaf anatomy. However, the leaf anatomical and mechanical properties only
reflect the static water status of plant. Leaf water potential (ΨL) follows a circadian rhythm
parallel to atmospheric evapotranspiration demand [14], and leaves can improve their
absorption ability of water after a certain drop in ΨL. Water loss also induces mesophyll
cells to generate and maintain a certain turgor pressure, thus changing the variation in
ΨL [15]. Leaf electrophysiological information is increasingly used for detecting plant water
status. A mesophyll cell can be modeled as a concentric sphere capacitor due to the special
composition and structure [16]. A cell membrane with strictly selective permeability will
influence the concentration of intracellular electrolytes. The water metabolism in leaves
alters the electrolyte concentration and changes the corresponding electrophysiological
parameters [12]. Intracellular water status can be obtained by measuring the electrophysio-
logical indicators such as physiological capacitance (CP), impedance (Z) and leaf tensity
(LT) of plant by a self-made parallel-plate capacitor [16]. Measurements of ΨL and elec-
trophysiological information can investigate the dynamic leaf water status. It is apparent
that the leaf intracellular water dynamic as well as the static status is of equal importance
for regulating the water availability. However, the synergistic mechanism of leaf anatomy,
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mechanical strength, ΨL and intracellular water translocation on intracellular water status
has not been reported yet.

Leaf dehydration is easy to be controlled, so experiments can be repeated multiple
times, data are more reliable and changes recorded during dehydration are not affected
by other parts of the plant [17]. In this study, the detached leaves of O. violaceus and
B. napus were used as experimental materials, they were soaked in double-distilled wa-
ter for 30 min and then quickly dehydrated. By comparing the corresponding changes
of chlorophyll fluorescence parameters such as maximum photosystem II (PSII) quan-
tum efficiency (Fv/Fm), electron transport rate (ETR), photochemical quenching (qP) and
non-photochemical quenching (NPQ) at different times of water loss, the photosynthetic
characteristics of O. violaceus and B. napus were studied. The synergistic influence of leaf
anatomical structure, mechanical strength, ΨL and intracellular water translocation on the
water status were determined, and the photosynthetic adaptive mechanisms were inves-
tigated. This study hypothesized that plants can adapt to dehydration by synergistically
adjusting the leaf anatomy, cell elasticity and intracellular water translocation. The results
of this study can provide a new method for determining the leaf intracellular water and
provide a basis for improving the evaluating efficiency of drought resistance of pioneer
plants for ecological restoration in karst areas.

2. Materials and Methods
2.1. Plant Materials

The experiment was conducted in the lab at Jiangsu University, Jiangsu Province
(32.20◦ N, 119.45◦ E), China. The leaves of Orychophragmus violaceus (L.) O. E. Schulz and
Brassica napus L. were selected as the experimental materials in this study. The study
area receives a mean annual air temperature of about 15.6 ◦C. The fourth and fifth fully
expanded uniform leaves were completely randomly taken from five different plants for
each species at 09:00–10:00 in the morning and immediately soaked into double-distilled
water for 30 min, in order to make sure all the leaves were in a uniform initial state (water-
saturated). As such, an accurate comparison could be made between O. violaceus and B.
napus. Thereafter, the water on the leaf’s surface was wiped off, and the leaves were placed
on a dry and ventilated table (26 °C for 5 h). Next, the measurements were taken at 0
(baseline), 1, 2, 3, 4 and 5 h after dehydration, and the determination of each parameter was
repeated five times with five different randomly selected leaves [10]. The photosynthetic
photon flux density (PPFD) in the lab was 160 µmol/m2·s, and the relative air humidity
was 40 ± 5%.

2.2. Determination of Leaf Water Potential, Leaf Area and Water Content

Leaf water potential (ΨL) was determined by using a dew point microvoltmeter in a
universal sample room (C-52-SF, Psypro, Wescor, Logan, UT, USA). The leaves were scanned
with a broad-leafed image analysis system (WinFOLIA, Regent Instruments Inc., Quebec,
Canada) to obtain the leaf area (LA, cm2). The fresh weight of the leaves (FW, g) was
recorded. The leaves were then dried in an oven at 80 ◦C to constant weight (DW, g). The
leaf water content (WC, %) was calculated by the following [18]:

WC =
FW−DW

FW
× 100% (1)

2.3. Leaf Elastic Modulus Measurement

The increased stresses (Fs, N) with increasing deformation rates (∆X, %) of leaf at
each water loss time were recorded with the texture analyzer TA.XtplusC (Stable Micro
Systems, Godalming, Surrey, UK) using the P/2n probe with a diameter of 2 mm. The
working parameters and test mode were set up according to Xing et al. [10], and then
the leaf elastic modulus (Em, N per unit of deformation) was calculated according to the
following equation:

Fs = Em× ∆X (2)
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2.4. Determination of Leaf Anatomy and Leaf Density

Leaf anatomy was observed by using the paraffin sectioning method [19]. Leaf pieces
(0.5 × 0.5 cm) were cut off between the main veins and immersed under the formalin-acetic
acid-alcohol (FAA) fixing solution [10]. These paraffin sections were stained with safranin
and fast green dye and permanently mounted on slides. Samples were observed by using
inverted light microscopes (DMi8, Leica, Wetzlar, Germany), and images were taken. The
leaf’s total thickness (Dt, µm), upper and lower epidermis thickness, palisade parenchyma
thickness, sponge parenchyma thickness and palisade-sponge ratio (%) were measured
by the ImageJ software (National Institutes of Health—NIH, Bethesda, MD, USA). The
tightness degree of leaf tissue structure (CTR, %) is the ratio of palisade parenchyma
thickness to leaf thickness, and loose degree of leaf tissue structure (SR, %) is the ratio of
sponge parenchyma thickness to leaf thickness.

Leaf density (LD, g/cm3) was calculated as follows:

LD =
DW

Dt × LA
× 104 (3)

where DW (g) is the leaf dry weight, Dt (µm) is the leaf total thickness and LA (cm2) is the
leaf area.

2.5. Determination of Physiological Capacitance, Impedance and Leaf Tensity

The physiological capacitance (CP, pF) and impedance (Z, MΩ) at each water loss time
was determined by using the LCR HiTester (model 3532-50, Hioki, Nagano, Japan) with a
frequency and voltage of 3 kHz and 1 V, respectively [20]. Each leaf was clipped onto the
custom-made parallel-plate capacitor. The value of LT (cm2/cm) was calculated according
to the following equation [21]:

LT =
ACP

dL
=

CP
ε0

[
1000iRT

81, 000iRT + (81− a)MΨL

]
(4)

where ACP (cm2) is the effective area of the leaf in contact with the capacitor plates, dL (cm)
is the leaf effective thickness, ε0 is the vacuum dielectric constant (with value of 8.854 ×
10−12 F/m); I is the dissociation coefficient (with value of 1), R is the gas constant (with
value of 8.30 × 10−3 L·MPa/mol·K), T is the thermodynamic temperature (T = 273 + t ◦C,
K), 81 is the relative dielectric constant of water at normal temperature, a is the relative
dielectric constant of the cytosol solute, M is the relative molecular mass of the cytosol solute
(g/mol), and ΨL (MPa) is the leaf water potential. In this study, the sucrose C12H22O11 was
identified as the solute in the cytosol, therefore, a was 3.30, M was 342 g/mol, and t was
20 °C [10].

2.6. Chlorophyll Fluorescence Parameters Measurement

Chlorophyll fluorescence (ChlF) parameters were determined by using an IMAGING-
PAM modulated chlorophyll fluorescence imaging system (PAM-2000, Walz, Germany).
Leaves were dark adapted for 30 min to ensure complete relaxation of all reaction cen-
ters before the measurements. The minimum fluorescence (Fo) was determined using a
measuring beam, whereas the maximum ChlF (Fm) was recorded after a 0.8 s saturating
light pulse (6000 µmol/m2·s). Maximum PSII quantum yield (Fv/Fm) was calculated as
(Fm − Fo)/Fm. Then the action light was applied, the minimum (Fo’) and maximum (Fm’)
fluorescence under light and the steady state fluorescence (Fs) were recorded after the
fluorescence value was stable. The electron transport rate (ETR) is calculated as follows:
ETR = PPFD×ΦPSII × 0.85× 0.5, where the 0.5 represents the two-quantum absorption
per electron transport, and 0.85 represents the absorbed part of the incident photon is
85%, PPFD is the photosynthetic photon flux density. The qP is calculated as follows:
qP = F′m−Fs

F′m−F′o
, and the NPQ is calculated as follows: NPQ = Fm−F′m

F′m
.
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2.7. Statistical Analysis

Data are presented as means of at least five replicates (five uniform leaves from five
randomly selected plants for each species). The results were analyzed by one-way ANOVA
with the Duncan’s multiple comparison at p ≤ 0.05 with the SPSS22.0 software (SPSS, IBM,
Armonk, New York, NY, USA). The statistically significant differences between different
treatments for each species were determined, respectively. The data are shown as the means
± SE (n = 5).

3. Results
3.1. Leaf Water Potential, Leaf Area and Water Content

For O. violaceus, ΨL at 5 h was significantly lower than that at 0 h and 1 h, but there
was no significant difference between the values at 2~5 h. LA decreased significantly with
the increase of water loss time. The WC at 5 h was significantly lower than that at 0~3 h,
but there was no significant difference between the values at 5 h and 4 h. For B. napus,
ΨL and WC did not decrease significantly during the water loss, but the LA at 5 h was
significantly lower than that at 0 h and 1 h (Table 1).

Table 1. Leaf water potential (ΨL, MPa), leaf area (LA, cm2) and leaf water content (WC, %) at
different dehydration times.

Species Water Loss
Time (h)

Leaf Water
Potential Leaf Area Leaf Water

Content

O. violaceus

0 −0.81 ± 0.05 a 20.10 ± 0.24 a 86.01 ± 1.20 a
1 −1.12 ± 0.11 ab 19.31 ± 0.14 b 82.74 ± 0.95 b
2 −1.20 ± 0.15 bc 18.77 ± 0.19 c 81.32 ± 0.82 bc
3 −1.29 ± 0.14 bc 18.13 ± 0.12 d 79.05 ± 1.03 cd
4 −1.49 ± 0.13 bc 17.45 ± 0.06 e 77.12 ± 0.96 de
5 −1.58 ± 0.13 c 16.81 ± 0.02 f 75.75 ± 0.55 e

B. napus

0 −0.83 ± 0.08 a 22.97 ± 0.38 a 81.52 ± 1.35 a
1 −1.00 ± 0.08 ab 22.68 ± 0.36 ab 79.94 ± 1.02 ab
2 −1.02 ± 0.09 ab 22.39 ± 0.34 abc 79.10 ± 0.81 ab
3 −1.10 ± 0.10 ab 21.98 ± 0.29 abc 78.49 ± 0.63 b
4 −1.02 ± 0.08 ab 21.66 ± 0.30 bc 77.87 ± 0.60 b
5 −1.20 ± 0.11 b 21.38 ± 0.29 c 77.11 ± 0.32 b

Note: Means (n = 5) in the same column for each plant species followed by different letters differ significantly at
p ≤ 0.05, according to one-way ANOVA.

3.2. Changes of Elastic Modulus and Leaf Anatomical Structure

The Em values of O. violaceus at 0, 1 and 3 h were significantly lower than those at other
levels. There was no significant difference between the values at 2 h and 5 h (Figure 1A).
The values of Em of B. napus at 0, 2 and 3 h were remarkably lower than that at 1 h but
higher than that at 4 h, there was no significant difference between the values at 4 h and 5 h
(Figure 1B).

With the extension of dehydration time, the values of total leaf thickness, sponge
parenchyma and lower epidermis of O. violaceus at 3~5 h were significantly lower than
those at 0 and 1 h, respectively. Additionally, the values of each parameter at 3~5 h exhibited
no clear difference. The value of the upper epidermis at 4 h was clearly lower than those at
0~2 h, and the value of palisade parenchyma at 0 h was clearly higher than those at 1, 3
and 4 h (Table 2).
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Figure 1. Changes of elastic modulus (Em, N per unit deformation) of O. violaceus (A) and B. napus
(B). (Note: Different letters appear above the error bars of the same plant species when subsequent
values differ significantly at p ≤ 0.05, according to one-way ANOVA).

Table 2. Leaf anatomical parameters of O. violaceus.

Water Loss Time
(h)

Thickness (µm)

Total Leaf
Thickness Upper Epidermis Palisade

Parenchyma
Sponge

Parenchyma Lower Epidermis

0 150.63 ± 7.57 a 13.97 ± 0.81 a 27.66 ± 1.69 a 95.02 ± 5.70 a 13.98 ± 0.69 a
1 142.42 ± 0.54 ab 13.15 ± 0.38 a 20.88 ± 2.80 b 94.54 ± 2.05 a 13.85 ± 0.04 a
2 130.18 ± 2.56 b 13.20 ± 1.17 a 26.13 ± 1.36 ab 79.71 ± 2.80 b 11.15 ± 0.46 b
3 100.59 ± 5.61 c 12.06 ± 0.62 ab 20.77 ± 1.30 b 57.87 ± 3.03 c 9.90 ± 0.73 bc
4 98.42 ± 3.85 c 10.09 ± 0.56 b 20.28 ± 1.09 b 58.62 ± 3.11 c 9.44 ± 0.24 bc
5 106.20 ± 2.49 c 11.93 ± 0.63 ab 23.93 ± 2.12 ab 61.59 ± 2.22 c 8.74 ± 0.67 c

Note: Means (n = 5) in the same column followed by different letters differ significantly at p ≤ 0.05, according to
one-way ANOVA.

Table 3. Leaf anatomical parameters of B. napus.

Water Loss Time
(h)

Thickness (µm)

Total Leaf
Thickness Upper Epidermis Palisade

Parenchyma
Sponge

Parenchyma Lower Epidermis

0 154.41 ± 2.94 ab 17.09 ± 0.85 a 33.19 ± 0.47 c 95.59 ± 2.96 a 8.54 ± 0.33 b
1 155.90 ± 1.59 ab 16.95 ± 0.43 a 37.71 ± 1.03 b 90.55 ± 1.42 a 10.69 ± 0.85 a
2 157.80 ± 3.89 a 16.53 ± 0.88 a 40.54 ± 0.74 a 89.05 ± 3.85 a 11.68 ± 0.52 a
3 138.78 ± 2.27 c 15.67 ± 0.62 a 30.80 ± 0.79 cd 80.61 ± 1.01 b 11.70 ± 0.74 a
4 153.46 ± 4.17 ab 15.32 ± 0.31 ab 32.12 ± 0.73 c 94.90 ± 3.31 a 11.13 ± 0.38 a
5 146.88 ± 1.29 bc 13.59 ± 0.46 b 29.04 ± 0.64 d 94.32 ± 1.96 a 9.93 ± 0.76 ab

Note: Means (n = 5) in the same column followed by different letters differ significantly at p ≤ 0.05, according to
one-way ANOVA.

For O. violaceus, the palisade-sponge ratio at 1 h was significantly lower than those at
2~5 h, but showed no clear difference with that at 0 h. The CTR at 1 h was significantly
lower than those at other water loss times, but there was no clear difference between those
values at 2~5 h. The SR at 1 h was remarkably higher than those at 2~5 h, but had no
significant difference with that at 0 h. For B. napus, the palisade-sponge ratio at 2 h was
significantly higher than those at 0 h and 3~5 h, but showed no significant difference with
that at 1 h, there was no significant difference between the values at 0, 4 and 5 h. The CTR
values at 1 h and 2 h were significantly higher than those at other levels, but there was
no significant difference between the values at 4 h and 5 h. The SR values at 1~3 h were
significantly lower than those at 0, 4 and 5 h (Table 4).
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Table 4. Comparison of leaf tissue characteristics between O. violaceus and B. napus.

Species Water Loss
Time (h)

Palisade-
Sponge Ratio

(%)
CTR (%) SR (%)

O. violaceus

0 29.14 ± 1.05 bc 18.35 ± 0.40 b 63.04 ± 1.09 ab
1 22.24 ± 3.49 c 14.65 ± 1.92 c 66.39 ± 1.62 a
2 32.85 ± 2.07 ab 20.05 ± 0.74 ab 61.23 ± 1.76 bc
3 35.86 ± 0.76 ab 20.63 ± 0.32 ab 57.55 ± 0.35 c
4 34.70 ± 1.85 ab 20.60 ± 0.72 ab 59.50 ± 1.25 bc
5 39.09 ± 4.26 a 22.52 ± 1.75 a 58.01 ± 1.85 c

B. napus

0 34.76 ± 0.74 cd 21.50 ± 0.19 b 61.88 ± 0.79 a
1 41.69 ± 1.64 ab 24.19 ± 0.63 a 58.09 ± 0.83 b
2 45.74 ± 2.53 a 25.73 ± 0.90 a 56.38 ± 1.14 b
3 38.20 ± 0.51 bc 22.19 ± 0.21 b 58.09 ± 0.29 b
4 33.88 ± 0.41 cd 20.94 ± 0.11 bc 61.81 ± 0.48 a
5 30.83 ± 1.12 d 19.77 ± 0.49 c 64.20 ± 0.83 a

Note: Means (n = 5) in the same column for each plant species followed by different letters differ significantly at
p ≤ 0.05, according to one-way ANOVA.

3.3. Changes of Physiological Capacitance and Impedance

The electrophysiological parameters CP and Z could represent the cell vacuole volume
and resistance of intracellular water translocation [21,22]. The values of CP of O. violaceus
at 1, 5 h were lower than that at 0 h but higher than those at 3, 4 h (Table 5). The CP of
O. violaceus at 4 h was lower than those at other levels. The Z value of O. violaceus at 4 h
was clearly higher than those at 0~2 h and 5 h, those at 1, 2 and 3 h showed no clear
difference and were higher than the values at 0 and 5 h. The CP value of B. napus at 1 h was
significantly higher than those at other levels, and the value at 5 h was clearly lower than
those at other levels, and there was no clear difference between the values at 3 h and 4 h.
The CP of B. napus at 2 h was higher than that at 3 h or 4 h but lower than that at 0 h. The Z
value of B. napus at 5 h was higher than those at other levels, but the values at 0 h and 1 h
were clearly lower than those at 2, 4 and 5 h, and the value at 4 h was remarkably higher
than those at 0~3 h (Table 5).

Table 5. Leaf physiological capacitance (CP, pF) and impedance (Z, MΩ) at different dehydration
times.

Species Water Loss Time (h) Physiological
Capacitance

Physiological
Impedance

O. violaceus

0 165.829 ± 3.203 a 0.686 ± 0.026 c
1 106.725 ± 0.112 bc 1.131 ± 0.088 b
2 95.636 ± 0.694 cd 1.256 ± 0.049 b
3 87.890 ± 7.766 d 1.328 ±0.092 ab
4 65.463 ± 4.508 e 1.486 ± 0.086 a
5 114.747 ± 3.202 b 0.875 ± 0.052 c

B. napus

0 278.716 ± 10.921 b 0.526 ± 0.027 de
1 322.141 ± 10.274 a 0.412 ± 0.019 e
2 161.440 ± 11.663 c 0.711 ± 0.032 c
3 133.522 ± 3.965 d 0.641 ± 0.024 cd
4 130.789 ± 1.907 d 1.017 ± 0.060 b
5 99.254 ± 2.585 e 1.165 ± 0.082 a

Note: Means (n = 5) in the same column for each plant species followed by different letters differ significantly at
p ≤ 0.05, according to one-way ANOVA.

3.4. Changes of Leaf Tensity and Leaf Density

The LT values of O. violaceus at 1 and 2 h showed no significant difference, the value at
5 h was higher than those at 1~4 h but lower than that at 0 h. The LT of O. violaceus at 4 h
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was clearly lower than those at other levels (Figure 2A). The LT value of B. napus at 0 h was
higher than those at 2~5 h but lower than that at 1 h, the value at 5 h was significantly lower
than those at other levels (Figure 2B). The LD values of O. violaceus increased significantly
at 3, 4, and 5 h compared to those at 0, 1 and 2 h, there was no significant difference between
the values at 3, 4 and 5 h (Figure 2C). The LD values of B. napus had no significant change
at 0~2 h. The LD value of B. napus at 3 h was clearly higher than those at 0~2 h and 4 h
(Figure 2D).

Figure 2. Leaf tensity (LT, cm2·cm−1) and leaf density (LD, g·cm−3) of O. violaceus and B. napus at
different dehydration times. (Note: (A) LT of O. violaceus; (B) LT of B. napus; (C) LD of O. violaceus;
(D) LD of B. napus. Different letters appear above the error bars of the same parameter in the same
plant species when subsequent values differ significantly at p ≤ 0.05, according to one-way ANOVA).

3.5. Chlorophyll Fluorescence Parameters

The Fv/Fm values of O. violaceus did not change significantly at 0~2 h, then decreased
as dehydration time increased (Figure 3A). Lower Fv/Fm value of B. napus was associated
with increasing dehydration time (Figure 3B). The ETR values of O. violaceus showed no
clear difference at 1 and 2 h, and the values of O. violaceus at 3 and 4 h also showed no
remarkable difference but were lower than those at 1 and 2 h. The ETR of O. violaceus at
0 h was remarkably higher than those at other levels, while that at 5 h was lower than the
values at other levels (Figure 3C). The ETR values of B. napus kept stable at 2~4 h, which
were clearly lower than that at 0 h but higher than that at 5 h (Figure 3D). The qP of O.
violaceus at 3 h was higher than that at 1 h but lower than those at 0 and 2 h, and the values
at 0 h and 2 h were significantly higher than those at other levels. The qP of O. violaceus
at 5 h was clearly lower than those at other levels (Figure 3E). The qP of B. napus at 1~3 h
showed no clear difference, they were significantly lower than the value at 0 h but higher
than those at 4 h and 5 h (Figure 3F). The NPQ of O. violaceus increased remarkably at 1
h compared to that at 0 h, then exhibited no clear difference between the values at 1~4 h,
the value at 5 h was significantly higher than those at 0~3 h, but showed no significant
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difference with that at 4 h (Figure 3G). The NPQ values of B. napus at 4 h and 5 h were
significantly higher than those at 0~2 h, but showed no significant difference with that at
3 h, and that at 0 h was clearly lower than the values at 2~5 h (Figure 3H).

Figure 3. The Fv/Fm, ETR, qP and NPQ of O. violaceus and B. napus at different dehydration times
(Note: (A,C,E,G) are the Fv/Fm, ETR, qP, NPQ of O. violaceus, respectively; (B,D,F,H) are the Fv/Fm,
ETR, qP, NPQ of B. napus, respectively. Different letters appear above the error bars of the same
parameter in the same plant species when subsequent values differ significantly at p≤ 0.05, according
to one-way ANOVA).
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4. Discussion
4.1. Leaf Intracellular Water Translocation vs. Anatomical Structure and Electrophysiology

The present study aimed to investigate the responses of leaf anatomical and phys-
ical traits of O. violaceus and B. napus to dehydration. Changes of palisade or spongy
parenchyma in O. violaceus at different water loss times altered the intracellular water
distribution. Water in spongy parenchyma of O. violaceus maintained stable at 1 h but was
obviously lost at 3 h, while the water in palisade parenchyma maintained stable at 1~5 h
(Figure 4). Most importantly, the electrophysiological indices, i.e., CP, Z, have been success-
fully used to determine the dynamic traits and metabolism of the intracellular water [16].
CP is closely related to the change of vacuole volume [21]. By analyzing variations of CP
and Z of O. violaceus, we found that water translocation occurred within mesophyll cell or
between palisade and spongy parenchyma at 1~5 h. Water was mainly translocated from
spongy parenchyma into palisade parenchyma of O. violaceus at 3 h. Spongy parenchyma of
B. napus shrank at 1~3 h and recovered at 5 h (Figure 4), the water was mainly translocated
from spongy parenchyma into palisade parenchyma at 1~3 h, and the resistance of water
translocation increased with increasing water loss times. B. napus leaf also exhibited lower
water loss rate than O. violaceus during the dehydration period.

Figure 4. Leaf intracellular water translocation in O. violaceus and B. napus.

Anatomical structure, WC could just reflect the static leaf water status in a moment,
and the determination of anatomical structure was destructive. However, plant electrophys-
iology determination was non-destructive and could be used to investigate the dynamic
traits of intracellular water, which helped to study the water metabolism [23]. Therefore, it
has the potential to quickly determine the dynamic adaptability of O. violaceus and B. napus.

4.2. Dynamic Leaf Water Status under Dehydration

Responses of leaf traits to dehydration differ between O. violaceus and B. napus but
are all aimed at adjusting the leaf intracellular water and coping with water deficit en-
vironments [24]. At 1 h, spongy parenchyma contributed to the improvement of gas
exchange [25], which kept the transpiration and water loss in O. violaceus. Due to the
elasticity of mesophyll cells of O. violaceus, the palisade parenchyma was prone to shrink
as further water losing [26], which, however, maintained the intracellular turgor pressure
and kept the ΨL. Leaf Z represents the resistance to current, which is generated by the
transport of dielectric materials including inorganic and organic ions. It is negatively
correlated with the intracellular water transport rate [22]. Increased Z at 1 h enhanced the
translocation resistance of intracellular water and maintained the intracellular substances.
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Water loss at 1 h decreased the electron transport and photochemical efficiency, but did not
affect the integrity of the PSII reaction center of O. violaceus. Mesophyll cells of B. napus
with high stiffness helped to keep the leaf morphology and intracellular water. Increased
palisade parenchyma might be attributed to the translated water from intracellular HCO3

−,
which was regulated by carbonic anhydrase in B. napus leaves [27]. Increased palisade
parenchyma can improve the intercellular water transport efficiency and increase the mes-
ophyll cell superficial area, therefore improving the leaf water holding capacity [28]. As
a result, the intracellular water translocation resistance of B. napus was slightly reduced.
However, PSII of B. napus was more sensitive to dehydration than O. violaceus.

At 2~3 h, mesophyll cells of O. violaceus with high elasticity were prone to shrink,
caused by the increasing water loss. Sponge parenchyma occupies more spaces than pal-
isade parenchyma in leaves [29]. Shrinking sponge parenchyma in O. violaceus leaves clearly
decreased the mesophyll cell volume and reduced the transpired dissipation [25]. Mean-
while, water within the sponge parenchyma was translocated into palisade parenchyma,
but the stable translocation resistance of intracellular water, which was kept by the in-
creased CTR and slightly decreased ΨL, mitigated the water loss and maintained the leaf
water status of O. violaceus. However, damage of dehydration on the PSII reaction center of
O. violaceus became obvious at 3 h. No obvious water loss was observed due to the increased
translocation resistance of intracellular water in B. napus. However, recovery of the cell
elasticity of B. napus caused decrease in mesophyll cell volume but remarkably increased
the LD and also maintained the ΨL. Meanwhile, the decreased CTR was conducive to
the water movement among intercellular spaces. As a result, although the PSII reaction
center of B. napus suffered from the damage, it could still maintain stable light transport
and photochemical efficiency.

At 4~5 h, the mesophyll cells were prone to perform stiffness, and there was no obvious
change in leaf anatomy of O. violaceus. The intra- and inter-cellular water movement
declined due to the less WC and high LD, which alleviated the leaf water loss, kept the ΨL
and reduced the translocation resistance of intracellular water. The latter one might also be
attributed to the water regulation caused by carbonic anhydrase in O. violaceus leaves, since
the carbonic anhydrase of O. violaceus would be activated under water deficit conditions [4].
However, water deficit at this period significantly inhibited the photochemical efficiency
and damaged the PSII reaction center of O. violaceus. Previous studies have shown that the
destruction of plant leaf epidermis leads to the reduction of photosynthesis and increase of
water loss [30]. The upper epidermis of B. napus is thicker than that of O. violaceus, so it
can prevent further water loss from leaves and kept the ΨL. The remaining intracellular
water and cell elasticity recovered the volume of sponge parenchyma. The clearly increased
intracellular water translocation resistance of B. napus indicated that the water movement
within cells occurred. The photochemical efficiency was influenced by dehydration and
was seriously inhibited at 4–5 h, which was attributed to the slow water loss in B. napus
leaves.

5. Conclusions

This study explained the different translocation and utilization mechanisms of leaf
intracellular water in O. violaceus and B. napus by analyzing the leaf anatomical and physical
traits. Rapid water loss led to the timely shrinkage of O. violaceus leaves and mesophyll
cells due to the better cell elasticity compared with B. napus, and the increased intracellular
water translocation resistance helped to retain the intracellular water and maintain the
turgor pressure. The water within the sponge parenchyma could also be translocated
into the palisade parenchyma. Consequently, the PSII reaction center and photochemical
efficiency were kept stable. Photosynthetic activity of O. violaceus was clearly inhibited
after three hours from the onset of dehydration. Palisade parenchyma in B. napus leaves
increased quickly to improve the intercellular water translocation due to the strong cell
stiffness. Gradually increasing intracellular water translocation resistance, and the recovery
of cell elasticity and thick upper epidermis, helped to slow down the leaf water loss, which,
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however, could not timely stop the damage on the PSII reaction center and photochemical
efficiency. The photochemical efficiency was influenced by dehydration and was seriously
inhibited until 4 and 5 h, which was attributed by the slow water loss in B. napus leaves. The
response mechanism of intracellular water to dehydration can be investigated with the help
of leaf electrophysiological traits, thereby providing a basis for improving the evaluating
efficiency of plant drought resistance. However, the rapid and direct determination of plant
drought resistance by using leaf electrophysiological information can still not be realized at
present and needs further research.
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