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Abstract: The physiological mechanisms of drought-stress response in Quercus acutissima were
explored with the aim to develop potentially valuable drought-resistant species that are adapted to
arid regions and barren mountains. Potting experiments of Q. acutissima that simulated drought-
stress conditions, and morphological, physiological, photosynthetic, and ultrastructural changes
were investigated at different stages of drought stress, including after rehydration and recovery.
During drought stress and rewatering, the leaves exhibited yellowing and abscission, followed by the
sprouting of new leaf buds. The relative water content (RWC) changed under the drought-rewatering
treatment, with a decreasing and then increasing trend, while the relative electrical conductivity (REC)
had a more gradual increasing and then decreasing trend. The activities of superoxide dismutase
(SOD), peroxidase (POD), and catalase (CAT), and the proline (Pro) and soluble sugar (SS) contents
increased and then decreased. The change in soluble protein (SP) content showed an N-shaped
trend of increasing, decreasing, and then increasing again. The malondialdehyde (MDA) content
decreased and then slowly increased. From the drought to recovery phase of the experiment, the net
photosynthesis (Pn), stomatal conductance (Gs), and transpiration rate (Tr) decreased gradually at
first, and then the Pn increased significantly, while the Gs and Tr increased slowly. During this period,
the internal CO2 concentration (Ci) did not decrease significantly until the last stage of the drought
treatment, and then it increased slowly thereafter. The open stomata count in the Q. acutissima leaves
was reduced significantly as drought stress increased, but after rewatering, the stomata recovered
rapidly, with their opening size increasing. The number of leaf epidermal trichomes gradually
declined to a low count in response to drought stress, but it rapidly recovered and increased within a
short period of time after rehydration. Q. acutissima was found to have a strong drought tolerance
and recovery ability after exposure to drought stress, and it may be an effective pioneer species for
reforestation in barren lands.

Keywords: Quercus acutissima; drought stress; photosynthetic response; stomatal ultrastructure

1. Introduction

In nature, abiotic stresses are the primary environmental conditions that reduce plant
growth, yield, and quality. Drought stress is considered one of the most harmful abiotic
stresses in agroforestry production. China’s arid areas (including arid and semi-arid
climatic zones) account for more than 50% of the country’s land mass, and soil drought and
desertification are becoming increasingly serious problems in these areas [1,2]. Statistically,
the annual global economic loss due to drought is as high as 6 × 109 to 80 × 109 USD,
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which far exceeds that of other climatic disasters [3]. In addition, plant growth and
agroforestry production use large, unsustainable amounts of freshwater resources. This
depletion is expected to increase with global warming and the frequent occurrence of
extreme conditions [4]. Forests are the world’s largest carbon reservoir and source of
nutrient water, and so they play a key role in slowing global warming and in improving
arid ecosystems [5]. Many tree species, such as Fagus sylvatica and Abies alba, are at potential
risk of habitat loss in arid regions [6,7]. Drought-tolerant species, on the other hand, such
as Quercus, are less exposed to such risk [8]. Quercus acutissima is commonly used as
an economic and ecological tree species for afforestation in arid and semi-arid regions.
Q. acutissima is considered to be an excellent soil and water conservation species, which is
important for maintaining the functional integrity and stability of forest ecosystems [9,10].
However, there are not many studies on the drought resistance of Q. acutissima [11,12].
Analyzing the physiological mechanisms of drought-stress response in Q. acutissima can
assist in cultivating drought-resistant species for use in forestry production. Therefore, the
mechanisms of drought resistance under different degrees of drought stress in Q. acutissima
need to be further investigated.

How plants respond to environmental stress is a fundamental biological question.
To withstand drought, plants have evolved a range of mechanisms, including a series of
changes that occur at the morphological, physiological, and biochemical levels [13–15].
The cessation of growth is the basic response of plants under water deficit conditions.
Gradual water loss and disorganized enzyme activity increase as the degree of stress in-
creases or the duration of drought lengthens [16]. Photosynthesis is the basis for plant
survival, and plant photosynthetic physiology is not only inextricably linked to the basic
processes of the carbon and water cycles in terrestrial ecosystems, but it is also a basic
indicator for assessing plant growth and physiological status [17]. However, drought stress
leads to a reduction in energy transfer during photosynthesis, thus negatively affecting
plant growth and development [16,18]. Therefore, during their long-term evolution, plants
have developed complex regulatory mechanisms for drought tolerance and drought avoid-
ance [19,20]. A protective mechanism during water deficit where the net photosynthetic
rate and transpiration of plants are reduced is one such important strategy that commonly
occurs in areas with high evaporative demand [21,22]. Stomata closure is an effective way
for plants to circumvent the damage caused by water deficit when they are especially
sensitive to the response of environmental (e.g., temperature, CO2 concentration, etc.) and
plant physiological factors. The regulation of stomatal conductance enables the control and
optimization of gas exchanges, such as CO2 and water vapor, between plant leaves and
the atmosphere under continuously changing environmental conditions [23]. The ability
of a species to maintain its carbon balance depends largely on the stomatal response to
drought-stress differences [24]. Additionally, in studies of Gibasis geniculata and Medicago
sativa, it has been found that changes in leaf ultrastructure can provide clues at a deeper
and more intuitive level to the extent of the damage in the leaf organelle structure due to
abiotic stresses [25,26]. The increase in reactive oxygen species (ROS) in different cellular
compartments is an unavoidable consequence of drought stress that is tightly controlled
by plant enzymatic and non-enzymatic antioxidant systems such as the ROS scavenging
enzymes of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT), etc. The
multifunctional collaboration of this system sets the redox state of the cell and regulates the
ROS concentration because the ROS production that exceeds the load of the antioxidant
system can lead to cell damage and death [27]. It has also been reported that antioxidant
enzyme activities, such as SOD and CAT, tend to increase in plants under stress, with
drought-tolerant varieties having higher protective enzyme activities than counterpart
varieties [28]. ROS can also be used as an alarm signal in plants responding to stress. It
triggers a stress response through stress signaling, and there is a large body of evidence
showing that ROS signaling is correlated with ABA and sugar sensing in a process that
involves H2O2 as a secondary messenger [27]. Osmotic regulatory substance content and
membrane lipid peroxidation metabolism are also closely related to drought tolerance in
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plants, with proline (Pro), whose high concentration is considered an indicator of tolerance
to water stress, being one of the most important cytosols [29]. Differences in antioxidant
enzyme activities and osmotic regulatory substance contents are the physiological basis for
interspecific differences in drought-stress tolerance.

Nonetheless, the combined effects of drought stress and rehydration on physiological,
photosynthetic, and ultrastructural changes in Q. acutissima are not clear. In this study,
we used a potting experiment to simulate drought-stress conditions for Q. acutissima,
and we investigated the morphological, physiological, and photosynthetic changes at
different drought-stress stages, including after rehydration and recovery. We used scanning
electron microscopy to observe changes in leaf stomata and chloroplast ultrastructure under
different levels of stress. We expect that these observations will elucidate the physiological
mechanisms of the adaptation of Q. acutissima to drought adversity and will provide
opportunities for the utilization of the species in arid areas and barren mountains.

2. Materials and Methods
2.1. Plant Material and Drought Treatment

Materials used for the experimental treatments were live Q. acutissima seedlings
from the Zaoyuan Conservation Bank of Shandong Provincial Center of Forest and Grass
Germplasm Resources (117◦27′49′′, 36◦46′9′′), China. The Q. acutissima seedlings were
planted into plastic pots (21 cm × 21 cm and 60 cm × 48 cm) with soil consisting of
Pindstrup substrate, organic matter, and perlite (4:2:1 v/v/v). The test plants were
12 3-year-old (3 a) Q. acutissima seedlings, with a control (CK) group and an experimental
group of 6 plants each. These were subjected to morphological observation, and phys-
iological and biochemical indexes were also measured. A second test group included
12 1-year-old (1 a) Q. acutissima seedlings, with 6 in the CK group and 6 in the experimental
group, and these were subjected to morphological observation only. This experiment was
conducted in a controlled climate chamber at the Shandong Provincial Center of Forest
and Grass Germplasm Resources (117◦7′35′′, 36◦39′23′′), where a constant temperature
and light could be maintained (25 ◦C, 16 h light/day, RH 70%–80%), and the experimental
and control groups could experience the same experimental conditions. The soil moisture
gradient of experimental potted plants was obtained using natural water depletion after
artificial watering, while CK was watered every day from 30 August 2022, until reaching
80% relative soil water content (RSWC). The experimental group, where watering had
been stopped, then underwent rewatering when RSWC was between 20 and 25%, and the
rewatering criterion was RSWC > 80%. The growth data of 3A Q. acutissima were collected
at five times: D1 (pre-treatment, RSWC = 78%–85% on 30 August 2022), D2 (moderate
drought, RSWC = 30%–40% on 30 September 2022), D3 (severe drought, RSWC = 20%–25%
on 22 October 2022), D4 (48 h of rewatering, RSWC > 80% on 24 October 2022), and D5
(10 d of rewatering, RSWC > 80% on 1 November 2022). Similar leaves were frozen in
liquid nitrogen and stored at −80 ◦C prior to determination of physiological indices. We
also collected fresh leaf samples to observe ultrastructural changes and to determine their
relative water content and conductivity.

2.2. Measurement of Physiological Indexes
2.2.1. Photosynthetic Parameters

The net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 con-
centration (Ci), and transpiration rate (Tr) of seedlings during the drought treatment were
measured between 8 and 10 a.m. using a Li-6400XT-portable photosynthesizer (Beijing
ecotek Technology Co., Beijing, China). Flow was set to 500, and the light intensity was set
to 1000 µmol photons·m–2·s–1 according to the light response curve results (Figure S1).
The temperature, CO2 content, and relative humidity in the cuvette were 26~28 ◦C,
400 µmol·mol–1, and 55%~65%, respectively.
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2.2.2. Antioxidant Enzyme Activity, MDA, PRO Measurement

Superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and proline (Pro),
malondialdehyde (MDA) were extracted following the manufacturers protocol (Beijing
Solarbio Science & Technology Co., Ltd., Beijing, China). For each index, 0.1 g of tissue
samples and 1 mL of the corresponding extraction solution for ice bath homogenization
were added. Then, the solution was centrifuged at 8000× g 4 ◦C for 10 min using a HERMLE
Z326K benchtop freezer centrifuge, and the supernatant was recovered and placed on ice
for measurement following the different manufacturers protocols. Finally, 200 µL was
transferred to a micro glass cuvette. A spectrophotometer (Thermo Evolution 201) was
used to determine the SOD (560 nm), POD (470 nm: absorbance at 30 s and 1 min 30 s),
CAT (240 nm: absorbance at 0 s and 1 min), PRO (520 nm), and MDA (532 nm and 600 nm)
concentrations.

2.2.3. Determination of Soluble Sugar and Protein Contents

Soluble sugar contents were determined using the anthrone colorimetric method. The
standard curve was first plotted, and then 0.1 g of Q. acutissima leaves were placed in
a mortar. A total of 1 mL of distilled water was added, and the leaves were ground to
homogenization. Next, the solution was poured into a centrifuge tube and placed in a
95 °C water bath for 10 min. After cooling, the solution was centrifuged at 8000× g at 25 °C
for 10 min. The supernatant was transferred to a 10 mL test tube and brought to volume
with distilled water. After shaking well, the tube was placed in a 95 °C water bath for
10 min. After cooling to room temperature, 200 µL was taken and transferred to a trace
glass colorimetric dish. The absorbance at 620 nm was measured, and the soluble sugar
content was determined using the standard curve.

The soluble sugar calculation formula:

Soluble sugar (mg/g) = (y × V1)/(W × V2/V1) (1)

where y is calculated from the standard curve, mg/mL; V1 is the volume of sample spiked
during determination, mL; W is the fresh weight of sample, g; and V2 is the total volume of
extract, mL.

The soluble protein content was determined according to the colorimetric method
of Caulmers Brilliant Blue G-250. The standard curve was first plotted, and then 0.2 g
of Q. acutissima leaves were weighed and placed in a mortar. A total of 8 mL of distilled
water was added, and the leaves were ground to homogenization and then centrifuged
at 4000× g for 10 min. The supernatant was transferred to a 10 mL centrifugal tube and
brought to volume with distilled water before being shaken well prior to measurement. A
pipette with 1 mL of extract was placed in a test tube with 5 mL of kosmos blue reagent,
shaken well, and left to stand for 2 min. Then, the absorbance at 595 nm was determined,
and the standard curve was used to determine the protein content.

The soluble protein calculation formula:

Soluble protein (mg/g) = (C × Vt)/(WF × Vs × 1000) (2)

where C is calculated from the standard curve, g; Vt is the total volume of extract, mL;
WF is the fresh weight of sample, g; and Vs is the volume of sample spiked during
determination, mL.

2.2.4. Determination of Relative Water Content and Electrical Conductivity

The relative water content (RWC) of leaves was determined by the following procedure:
(1) three fresh leaves under similar growth conditions from different 3 a Q. acutissima
individuals with similar apical parts were collected and weighted to measure the original
fresh weight; (2) immersing the fresh leaves in distilled water for 24 h and weighing them
to measure the saturated fresh weight; (3) the fresh leaves were immersed in distilled water
for 24 h and weighted to measure the saturated fresh weight; and (4) the results were
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corrected using the standing rehydration technique [30]. The RWC (%) was determined
as follows:

RWC (%) = (original fresh weight − dry weight)/(saturated fresh weight − dry weight) × 100% (3)

The relative electrolyte conductivity (REC) was determined using 0.1 g of leaves,
rinsed twice with deionized water, that were then placed on filter paper to absorb the
surface moisture, and then placed in a test tube with 8 mL deionized water and soaked
at room temperature for 12 h. The conductivity (R1) was measured using a conductivity
meter, and then all the tubes were heated in 95 ◦C boiling water for 12 h before conductivity
was measured once more (R2).

REC = R1/R2 × 100% (4)

2.2.5. Ultrastructural Changes in Q. acutissima Leaves

The scanning electron microscopy sample preparation method was used to observe
the ultrastructure [31] as follows: (1) Q. acutissima leaves from five different time points
were immersed in 2.5% glutaraldehyde solution and fixed in a refrigerator at 4 ◦C for 12 h.;
(2) the leaves were washed three times using 0.1 mol/L PBS buffer, and graded dehydration
was performed using an ethanol solution (30, 50, 70, 80, 90, 95, and 100%), for 20 min at
each level; (3) the leaves were washed three times using isoamyl acetate at 4 ◦C for 30 min,
and then washed with ethanol solution for 20 min; (4) isoamyl acetate was used to displace
the samples at 4 ◦C for 30 min, and then the dislocated samples were placed in the sample
cage, and a CO2 critical point dryer was used (Quorum K850) to dry them; and (5) the
dried samples were cut into appropriate sizes with a razor blade, pasted onto the sample
stage, with the lower epidermis of the blade facing upwards, using conductive adhesive,
sprayed with gold coating using an ion sputtering apparatus for 40 s, and placed under a
ZEISS EVOLS10 scanning electron microscope for observation. Three replications were set
for each treatment, and representative parts were selected for photos.

2.3. Statistical Analysis

Excel 2021, IBM SPSS Statistics 26, and Origin 2021 softwares were used to organize,
analyze, and graph the data. A one-way ANOVA test and the least significant difference
(LSD) method were used to test for significant differences among treatment groups at the
5% level (p = 0.05). The results are shown as mean ± SD, and different asterisks indicate
significant differences at different levels.

3. Results
3.1. Effect of Drought Stress and Rewatering on Leaf Morphology, Relative Water Content and
Relative Electrical Conductivity

As the main organ of photosynthesis in Q. acutissima, leaves can effectively reflect
the drought adaptation of an individual. In this experiment, we observed and recorded
seedling and leaf morphology of 1A and 3A individuals at different time points during
drought and rewatering (Figure 1, Table S1), and we measured the relative water content
(RWC) and relative electrical conductivity (REC) of leaves of 3A (Figure 2). The healthy
leaves of 1A were mostly lanceolate, with a bright green color. As stress increased, the
seedling morphology did not change significantly in the CK group, and those in the
experimental group gradually weakened (Figure 1A,B). Beginning on the 27th day, the
leaf blades drooped due to the water deficit, and the leaf margins slowly curled. Under
further persistence of stress, the degree of leaf drooping intensified, the leaf margins of
almost all leaf blades were severely curled, and the leaf color changed from bright green to
yellowish green (Figure 1D,E). Although the drooping state of the leaf blades improved
after rewatering, the damaged blades gradually fell off within 10 days. In addition, this
process was accompanied by the sprouting of new leaf buds, and the seedlings produced
new tender leaves from the top (Figure 1B6,B7). The 3A individuals showed a better
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drought-tolerance phenotype than the 1A. Throughout the entirety of the stress treatments,
3A did not have an obvious growth inhibition during the first and middle stages of the
process, the leaf color changes were not obvious, and the leaf surface only exhibited mild
crumpling. When the RSWC was reduced to 25.4%, the leaves started to droop under
the severe water deficit, and this continued for 10 days (Figure S2). The leaves began to
droop as the leaf margins and the front part of the leaf blade withered and turned yellow,
and some of the leaf blades appeared to be curled, but the symptoms were much better in
3A than in 1A, with a considerable portion of the healthy green leaves persisting. After
rewatering, the senescent yellowed leaves were successively shed according to the degree
of yellowing, and many new leaf buds rapidly sprouted. Compared with the CK group,
leaf yellowing and abscission were the most obvious changes that appeared in response
to stress.
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Figure 1. Plant and leaf morphology of Q. acutissima in response to drought stress and recovery
treatments. (A) 1A control with RSWC ≥ 80% for (A1–A5); (B) 1A treatments with RSWC 82.6%,
35.4%, and 23.7% for (B1–B3), respectively, and RSWC ≥ 80% for (B4–B7); (C) 3A treatments, with
RSWC 81.1%, 29.4%, 23.7%, and 80.5% for (C1–C4), respectively; (D) 1A Q. acutissma control with
RSWC ≥ 80% for (D1–D5); (E) 1A treatments with RSWC 82.6%, 35.4%, 23.7%, 83.1%, and 81.5% for
(E1–E5), respectively.

The RWC reflects the degree of water deficit in plants. Drought stress affects the
RWC while damaging the plant cell membranes, which leads to electrolyte extravasation.
The RWC and REC in the CK group leaves showed some dynamic changes but tended to
stabilize. Meanwhile, in the experimental group, the leaf RWC showed a decreasing and
then increasing trend. In addition, we found that the measured leaf RWC was reduced
after 4 h of standing rehydration (Figure S3), while, in contrast, the RWC was reduced by
about 11% after 24 h of submerged rehydration; so, we corrected our results accordingly
(Figure 2A). As shown in Figure 2B, the leaf REC changed with the drought-rewatering
treatment, first increasing and then decreasing, though slowly. The REC is an important
index for measuring the permeability of cell membranes, and its increase predicts the mem-
brane permeability damage. The results indicated that under extreme drought conditions,
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the leaf cell membranes showed relatively less damage than under less extreme drought
conditions. In other words, Q. acutissima is extremely drought tolerant.
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Figure 2. Physiological responses of Q. acutissima to drought stress and recovery of (Drought: D1,
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0.0001).

3.2. Effect of Drought Stress and Rewatering on Antioxidant Enzyme Activities in
Q. acutissima Leaves

At the beginning of the drought treatment (Figure 3), there was no significant dif-
ference in the different antioxidant enzyme activities between the experimental group
and CK. As the degree of drought stress increased, however, the total activities of plant
antioxidant enzymes in the experimental group seedlings exceeded that of the CK, with
the SOD, POD, and CAT activities showing a tendency to increase progressively until
peaking at severe drought (D3). At D2 and D3, antioxidant enzyme activity levels differed
significantly (p < 0.05) between the experimental group and CK. In addition, the SOD, POD
and CAT activities increased by 68.14%, 87.5%, and 80.19%, respectively, from the CK levels,
indicating that Q. acutissima scavenges free radicals produced in the body and reduces
oxidative damage, thereby increasing the activities of different phytoprotective enzymes
to adapt to the unfavorable environment under drought stress. This indirectly shows that
Q. acutissima has strong drought adaptability. After rewatering, the SOD, POD and CAT
activities declined, with POD and CAT recovering to the CK levels in a relatively short
period. The SOD activity, however, was still higher than that of the CK after rewatering.
Thus, we surmised that even when drought stress disappears, Q. acutissima continues to
suffer some damage from drought and requires a longer time period than the experiment
to recover.
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3.3. Effect of Drought Stress and Rewatering on MDA, Proline, Soluble Sugar and Soluble Protein
in Q. acutissima Leaves

The osmotic adjustment substance content can directly reflect the degree of plant
leaves subjected to stress adversity. The contents of Pro and SS contents in Q. acutissima
leaves in the experimental group increased as the drought-stress time increased, peaking
at severe drought, and gradually recovering to the level of the CK after rewatering (Fig-
ure 4). The Pro and SS contents increased significantly (p < 0.0001) at the D3 stage, up to
5.19 and 1.84 times higher than in the CK, respectively. This indicates that the increase
of free Pro and SS had a significant effect on the regulation of the osmotic capacity of
Q. acutissima cell membranes. The Pro content decreased rapidly after 48 h of rewatering
and returned to normal on the 10th day, while the SS content decreased but still maintained
a high level. The change in the SP content showed an N-shaped trend of increasing, then
decreasing, and then increasing again. At the initial stage, Q. acutissima leaves synthesized
more proteins in response to drought stress. With the accumulation of stress time, however,
the plant cells sustained damage, and the rate of protein synthesis decreased. The rate of
protein degradation remained unchanged, thus resulting in a decrease in the SP content.
Contents in Q. acutissima seedlings began to return to the CK levels as the stress was
relieved via rewatering. Normally, drought leads to an imbalance between the production
and scavenging state of ROS in plants, as well as to an increase in the degree of lipid
peroxidation. This leads to the production and accumulation of the peroxidation product
MDA. In Q. acutissima, however, the opposite change was observed. As drought stress
increased, the MDA content in the experimental group decreased from 312.80 nmol/g (D1)
to 142.80 nmol/g (D3), which is a decrease of 54.35%. The MDA content slowly increased
after rewatering, possibly due to the high antioxidant enzyme activity. This further empha-
sizes the excellent drought tolerance of Q. acutissima. The MDA content was lower in the
experimental group than in the CK at all stages.
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3.4. Effect of Drought Stress and Rewatering on Photosynthesis in Q. acutissima Leaves

Photosynthesis is one of the physiological processes in plants most sensitive to environ-
mental factors, and drought stress in particular is known to affect physiological parameters
related to photosynthesis, including net photosynthesis (Pn), stomatal conductance (Gs), in-
ternal CO2 concentration (Ci), and transpiration rate (Tr). We determined the gas exchange
parameters in the experimental and CK plants at least twice a week throughout all phases
(Figure 5). During this period, the Pn and Gs gradually decreased with drought duration
in the experimental group, reaching a minimum at about 40 days (Pn: 1.626~2.545 µmol
CO2·m–2·s–1, Gs: 0.010~0.025 mol·m–2·s–1), and this state persisted until rewatering. We
noted that the strength of photosynthesis in Q. acutissima was correlated with stomatal
closure, and indeed there was a significant correlation between these two parameters.
The Tr was significantly higher in the CK than in the experimental group, except on days
3 and 6, and the CK levels remained significantly higher after day 15, even when both
the experimental group and CK declined to some extent. During the first and middle
stages of drought stress, the Ci did not change significantly, ranging between 208.67 and
351.3 µmol CO2·m–2·s–1. The Ci did not decrease significantly until the last stage of the
drought treatment, which could be attributed to the insufficient CO2 supply due to the
stomatal closure caused by drought stress. After 48 h of rehydration, the Pn increased
significantly and the Gs, Ci, and Tr increased slowly. Still, all these physiological parameters
improved significantly during the recovery period.
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Figure 5. Measurements of photosynthetic parameters in Q. acutissima seedlings. (A) Net pho-
tosynthetic rate (Pn), (B) Stomatal conductance (Gs). (C) Internal CO2 concentration (Ci), and
(D) Transpiration rate (Tr). All parameters mentioned were measured using a portable photosynthesis
system. (Different colors represent irrigation and drought conditions, Blue: watering, Light Orange:
drought and Dark Blue: recovery; * significance level of 0.05).
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3.5. Effect of Drought Stress and Rewatering on Stomatal Ultrastructure in Q. acutissima
Seedling Leaves

Stomatal closure is a common plant response to drought stress, and stomatal opening is
more sensitive than stomatal density to changes in the soil water content. Additionally, the
lower epidermis is much more sensitive than the upper epidermis. Drought stress greatly
affected the stomatal opening of Q. acutissima leaves, with the number of open stomata
decreasing significantly as drought stress increased (Figure 6 and Figure S4, Table S2).
Additionally, fewer stomata were closed under moderate levels of drought stress compared
with D1 (Figure 6). Under severe drought stress, the majority of stomatal openings became
smaller or closed completely. Compared with D1, the leaves were obviously dried out, so
they reduced water loss by closing stomata in the face of drought stress. After rewatering,
the stomata recovered rapidly and their opening size increased, which indicates that
Q. acutissima has strong resilience after drought stress. Notably, we also found that the
trichomes in the epidermis of Q. acutissima leaves showed significant differences at different
drought and recovery stages. The density of trichomes gradually became sparser as the
drought was prolonged, and the density gradually increased after rewetting (D4, D5) to an
extent that far exceeded the density of the D1 period. This might be an adaptive feature
and survival strategy developed by Q. acutissima during the long-term evolution of its
adaptation to drought.
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Figure 6. Ultrastructural changes in the stomatal structure of the lower epidermis of Q. acutissima
leaves during drought stress and recovery. (A,B) ultrastructure of subepidermal stomata of leaves
pre-treatment (D1); (C,D) ultrastructure of subepidermal stomata of leaves under severe drought
stress (D3); (E,F) ultrastructure of subepidermal stomata of leaves 10 d after rewatering (D5).

4. Discussion

In this study, the physiological response mechanisms of Q. acutissima under drought
stress were thoroughly investigated. Drought stress induces many plant responses, includ-
ing morphological and physiological changes [14,15]. Important tools for determining the
drought tolerance and drought adaptation in plants are plant water relation traits such as
water potential at turgor loss point, osmotic potential, and RWC [30,32–35]. Among them,
the leaf RWC is a key controller of plant physiological processes, and a reduced leaf RWC is
a common consequence of drought stress in crop plants and forest trees [36,37]. Considering
phenotypic and RWC changes, 3A Q. acutissima showed no water deficit symptoms before
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and during the middle of the stress period, and developmental inhibition was not evident
until 40 d. It has been reported that a 20% decrease in the RWC inhibits PSI reaction center
electron transfer and reduces PSII electron transport, thus resulting in increased electrolyte
leakage. However, the RWC of Q. acutissima decreased by 32.67% in the late stage of stress,
but the REC did not increase. In other words, severe drought did not cause the alteration
or loss of cell membrane selective permeability, so damage in Q. acutissima was limited,
and its strong drought tolerance was apparent. During drought, leaf wilting and abscission
led to reduced water loss due to transpiration. During the rewatering and recovery period,
the Q. acutissima leaf condition improved, and the RWC and REC gradually recovered. Q.
acutissima shed its leaves after rewatering, but it regenerated new leaves in a short period
of time. This is a way for the plant to both reduce transpiration and retain water during
rewatering and to stimulate the shedding of unhealthy and senescent leaves and counteract
the negative effects of drought. The ability of plants to recover from post-drought rewater-
ing is related to drought tolerance, and species with high drought tolerance also have a
higher resilience and a greater ability to recover from rehydration [38,39]. We also found
that the resistance of Q. acutissima to drought environments increased with age, but the rate
of recovery decreased, according to observations of phenotypic changes in Q. acutissima at
different ages. However, some studies have also reported that delayed senescence reduces
plant resistance, which implies that different species, or the same species responding to
different environments, may adopt different coping strategies. For example, in one study,
adult Oryza sativa was more resistant under flooding stress than were juvenile plants, but
juvenile plants of Arabidopsis thaliana were more resistant to flooding stress than were
adults [40]. The root system is an important organ for plants to absorb water and nutrients,
and under drought stress, it can be used to absorb more water by increasing the number
and length of roots extending horizontally and vertically, increasing the absorbing area,
and improving the ability to utilize soil moisture [41]. It has been shown that Q. acutissima
seedlings absorb more water to mitigate drought damage through continuous rooting by a
well-developed root system [42].

On the other hand, Q. acutissima achieves drought tolerance through physiological and
biochemical mechanisms, including osmoregulation and the production of antioxidants and
scavengers. Antioxidant enzymes in Q. acutissima responded positively to drought stress
during the stress period. SOD, POD, and CAT showed an increasing trend under moderate
(D2) and severe drought (D3) stress (Figure 3), and the free radical scavenging ability was
enhanced, thus playing a role in protecting the photosynthesis apparatus. After rewatering,
POD and CAT recovered to the control level, and SOD remained highly active, effectively
removing excess H2O2 and O2 and reducing stress damage to plants. The sensitivity of
Pro synthase to Pro feedback inhibition in Q. acutissima was reduced under stress, which
resulted in a surge of free Pro content in plants under extreme drought conditions (D3)
(Figure 4A). In order to enhance its water retention capacity, Q. acutissima cells accumulated
a large amount of SS and SP to stabilize osmotic pressure balance in vivo during the stress
period (Figure 4B,D), thus allowing them to maximally resist the negative effects of drought.
SS did not show a clear increasing or decreasing trend after rewatering, and Ji et al. also
found in their study that rewatering affected the SS content of Robinia pseudoacacia seedlings
in relation to the drought stress conditions and growing season before rewatering [43].
MDA generation is a result of membrane oxidation, and thus MDA reflects membrane
damage. Hippophae rhamnoides is commonly used for ecological restoration on the Loess
Plateau due to its strong stress tolerance. When the species is subjected to mild stress, PSII
light energy conversion and reactive oxygen species metabolism act synergistically to jointly
stabilize the function of the photosynthetic apparatus. In soil drought or under severe stress,
the significantly elevated MDA in H. rhamnoides leaves disrupts the biofilm structure and
function [37]. A similar pattern has been observed in studies on Quercus mongolica, Quercus
fabri and other Quercus [44,45], where water stress enhanced the activity of protective
enzymes and effectively reduced the degree of lipid peroxidation in plant cell membranes.
Unlike H. rhamnoides and several Quercus species, MDA followed a continuously decreasing
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trend in Q. acutissima during the stress period (Figure 4B) and gradually increased during
the recovery period, indicating that Q. acutissima has strong resilience and was able to
mitigate the damage of water deficit on leaf physiological activity under conditions of
long-term stress. Q. acutissima through the changes in the morphology and physiological
indicators showed that its strong drought resistance, which was of great significance to
windbreaks and sand fixation, deserted mountain afforestation and vegetation restoration
in water-scarce areas. Therefore, selecting Q. acutissima for afforestation in water-scarce
areas is a feasible way to increase the local greening rate.

Changes in plant photosynthesis under water stress have been the focus of research
for some time, and stomatal and non-stomatal restrictions are two important concepts in
plant photosynthesis and water movement [46]. Stomatal restriction refers to the control of
transpiration and photosynthesis via the regulation of the opening and closing of stomata,
while the latter refers to the obstruction of water conductivity or uptake in plants. Non-
stomatal restriction is characterized by the reduction of chloroplast activity, Rubisco activity,
and the regeneration of Ribulose-1,5-bisphosphate (Ru BP), etc., all of which affect the
water-conducting or water-absorbing properties of cellular structures such as cell walls,
protoplasmic layers, and vesicles, and can thereby limit water movement in plants [47].
Gas exchange data combined with changes in leaves ultrastructure showed that the Pn
and Tr decreased with the GS at the early period of water stress. During the moderate
and severe drought periods, the Tr maintained its lower level, but the Pn continued to
decrease with the GS. Stomata in the lower epidermis of Q. acutissima remained open
throughout the moderate drought stress, and stomatal opening even increased in some
leaves. The open stomata continued to close until severe water deficit, which indicates
that stomatal restriction may not be a major factor affecting photosynthesis in the middle
and late stages of drought stress. Stomatal conductance decreased to its minimum under
40 days of prolonged water deficit, which is consistent with the observation shown in
Figure 5C. We speculate that this phenomenon was due to the inability of Q. acutissima
to uptake water from the soil to meet the transpiration demand, to the translocation of
ABA synthesized in the roots to the guard cells, and to the simultaneous activation of
ABA biosynthesis in the leaves via stress-dependent mechanisms that promoted stomatal
closure [48]. Compared with the “passive regulation” of stomata by hydraulic forces under
water stress in ferns, the “active regulation” mechanism of stomata in seed plants such as
Q. acutissima is more competitive for water utilization [49]. The Gs is also an important
indicator of water and CO2 balance and cycling between plants and the environment. The
Ci of Q. acutissima leaves fluctuated with the duration of drought stress, and it declined
rapidly during the severe drought period. The recovery of the Ci after rewatering, however,
was significantly faster than that of the Gs. Farquhar and Sharkey considered changes
in the Ci to be a key factor in determining the cause of the decrease in photosynthetic
rate (stomatal and non-stomatal limiting factors), which suggests that the decrease in
photosynthesis in Q. acutissima was not only caused by stomatal closure but may also be
the result of non-stomatal limitation factors resulting from a decrease in the photosynthetic
activity of the chloroplasts. In addition, many studies have shown that plants recover
quickly after mild stress, but the maximum photosynthetic rate does not always recover
after severe water stress [50,51]. The Pn and Tr of Q. acutissima continued to rise during
the rewatering period, and the Gs had already reached the control level after one week of
rewatering, which suggests that the photosynthetic capacity of Q. acutissima leaves made a
smooth recovery during the transition stage.

It is interesting to note the changes in Q. acutissima leaf epidermal trichomes in response
to drought stress. Trichomes can be regarded as one of the surface structures of plants
that evolved by facing harsh environments [52,53]. In order to maintain hydration, plants
have evolved dense patches of trichomes on leaves and aerial roots to absorb water from
the air and to reduce water loss [54]. Up until now, many studies have focused on the
hydraulic response of plants to drought during dehydration, and the ability of trichomes
to mitigate drought-stressed atmospheric water via their influence on leaf hydraulics in
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plant species inhabiting arid environments has been largely overlooked. In Q. acutissima,
the number of leaf epidermal trichomes gradually declined in response to drought stress,
but the trichomes rapidly recovered and increased in number within a short period of time
after rehydration, even far exceeding the number of trichomes prior to the stress. Some
scholars have speculated that the scar tissue left behind by the shedding of trichomes may
be one of the pathways for water absorption by leaves [55]. Schwerbrock and Leuschner
(2016) also found that the density of trichomes of Polystichum braunii increased as air
humidity increased, significantly elevating the density of the boundary layer on the leaf
surface [56]. This suggests that trichomes play a role in the water balance of the leaf. In
our opinion, drought stress might also be an adaptation process for Q. acutissima, where Q.
acutissima responds to water deficit by shrinking and shedding its trichomes while under
stress; then, after rewatering, the trichomes return to further improve drought tolerance.
Overall, the dense trichomes are to some extent beneficial to Q. acutissima in water-deficient
environments. Maintaining leaf water content and photosynthetic systems helps plants
tolerate drought as well. However, the questions of whether the trichomes on Q. acutissima
leaves led to the increased leaf water uptake content, and for what proportion of the water
uptake content of the whole leaf they are responsible, still need to be investigated further.

5. Conclusions

We found that the resistance of Q. acutissima to drought environments increased with
age, but the rate of recovery decreased with age, according to observations in the phenotypic
changes of Q. acutissima at different ages during drought stress and rewatering. The RWC
changed throughout the drought-rewatering treatment, showing a decreasing and then
increasing trend, while the REC showed a slower increasing and then decreasing trend.
Severe drought did not cause the alteration or loss of cell membrane selective permeability,
meaning that Q. acutissima suffered little damage. The SOD, POD and CAT activities, and
the Pro and SS contents increased and then decreased. The change in SP content showed an
N-shaped trend of increasing, then decreasing, and then increasing again, while the MDA
content decreased and then slowly increased. From the drought to recovery phase, the
Pn, Gs and Tr started off with a gradual decrease, and then the Pn increased significantly
while the Gs and Tr increased slowly. The Ci did not decrease significantly until the last
stage of drought treatment, and then it increased slowly. Q. acutissima was able to mitigate
the damage of water deficit on leaf physiological activity under conditions of long-term
stress. The stomatal opening of Q. acutissima leaves decreased significantly as drought
stress increased, and after rewatering, the stomata recovered rapidly, with many reopening.
Notably, the number of leaf epidermal trichomes became gradually sparser in response
to drought stress, but then the count rapidly recovered and even surpassed the initial
count within a short period of time after rehydration. This indicates that trichomes play a
role in the water balance of the leaf. Considering the morphological, physiological, and
ultrastructural aspects of this study on the dynamic changes in Q. acutissima in response
to drought stress, Q. acutissima has strong drought tolerance and recovery ability after
drought stress. The next step will be to combine modern genetics, genomics, proteomics,
and metabolomics to study the mechanism of drought resistance of Q. acutissima, to discover
the factors and genes related to drought tolerance, and to carry out a more comprehensive
and in-depth genetic improvement of drought tolerance at the molecular level.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f15010071/s1, Figure S1: Light response curve of Q. acutissima leaves.
Figure S2: Differences in plant morphology in 3a Q. acutissima under severe drought-stress treatments.
A, treatment; B, control. Figure S3: The effect of standing rehydration time on leaf RWC in Q.
acutissima. Figure S4: Ultrastructural changes in the stomata of the lower epidermis of Q. acutissima
leaves during drought stress and recovery. A and B: ultrastructural changes in the stomata of the
lower epidermis of leaves in moderate drought (D2); C and D: ultrastructural changes in the stomata
of the lower epidermis of leaves after 8 h of rewatering (D4). Table S1: Morphological characteristics
of leaf in Q. acutissima. Table S2. Leaf stomatal characterization parameters of Q. acutissima.
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