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Abstract: Understanding the adaptability of Chionanthus retusus Lindl. et Paxt. to extreme water
conditions will help in exploring the potential application of this species in barren mountains. Three-
year-old Chionanthus retusus seedlings were used in a greenhouse pot experiment that analyzed the
effect of different moisture gradients on growth, photosynthetic and fluorescence characteristics,
protective enzyme system, osmotic substance regulation and cell membrane damage. The results
indicated that C. retusus can effectively grow at a relative soil water content of 44.6% and above and can
maintain growth for 20 days under flooded conditions. Under drought stress, net photosynthesis rate
(Pn), stomatal conductance (Gs), transpiration rate (Tr), and intercellular carbon dioxide concentration
(Ci) all showed a trend of gradual decrease. The trend of change was similar under waterlogging
conditions. The maximal quantum yield of PSII photochemistry (Fy/Fm), actual photochemical
efficiency of PSIIT (®psy), photochemical quenching coefficient (q7), and electron transport rate (ETR)
all decreased as drought deepened. Malondialdehyde (MDA) content decreased first and then
increased. However, superoxide dismutase (SOD) activity content, peroxidase (POD) activity content,
and proline (Pro) activity content showed a trend of increasing and then decreasing. C. retusus had
good adaptability in the slight drought treatment group and flooded treatment group but showed
intolerance in the high drought group, which could still last for approximately 21 days. C. retusus
was found to have a strong adaptability to water stress and can be used as an afforestation tree in
barren mountains.

Keywords: drought-tolerant threshold; photosynthetic characteristics; chlorophyll fluorescence
characteristics; biochemical characteristics

1. Introduction

Soil erosion is an important environmental threat in China, and published reports show
that more than 60% of the country is affected by soil invasion [1]. Drought and flooding
are important factors that cause soil erosion. The frequency of heavy rainfall events has
increased significantly around the world as global warming accelerates, while the frequency
of light and moderate precipitation has decreased [2-4]. These extreme weather events,
such as heavy rainfall and extreme drought, exacerbate soil erosion [5,6]. To alleviate such
environmental problems, protective nets [7], artificial cement reinforcement of protective
slopes [8] and vegetation greening [9] are often employed. Vegetation greening has the
function of carbon fixation and oxygen release while effectively relieving the pressure
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of extreme weather. Therefore, of these methods, we believe that vegetation greening is
most beneficial to the environment. However, this method makes higher demands on
the drought and flood tolerance of plants, and most plants cannot adapt to such extreme
environments at the same time. Silva et al. [10] studied the physiological responses of
16 eucalyptus groups under drought stress, but no studies have reported on eucalyptus
under flooding. More stress-tolerant plants need to be identified as candidates for the
afforestation of barren mountains.

Water stress will adversely affect not only the appearance and morphology of plants
but also their physiological and ecological characteristics, including inhibition of photo-
synthesis, respiratory disorders, and abnormal plant metabolism, and it may even lead to
plant death [11-13]. Drought damage or waterlogging damage will cause obvious changes
in plant growth morphology, often manifesting as wilting, drooping, yellowing, reddening
and even shedding of leaves [14,15]. The decrease in stomatal conductance (Gs) is the initial
response of plants to water shortage, which in turn reduces water loss by limiting plant
transpiration (Tr) [16,17]. This result leads to the reduction of intercellular CO, (Ci) and
the imbalance of photochemical activity II and electron requirements for photosynthesis,
thus affecting plant photosynthesis (Pn) [18]. Chlorophyll fluorescence (Maximal quan-
tum yield of PSII photochemistry, actual photochemical efficiency of PSII, photochemical
quenching coefficient, electron transport rate. These are abbreviated as Fy /Fn, ®pgyy, qP,
ETR) indicates the state of photosystem II (PSII) and thus the photochemical efficiency [19].
In addition, to resist the influence of water stress, plants usually improve their drought
resistance and waterlogging resistance by increasing the activities of superoxide dismutase
(SOD) and peroxidase (POD) enzymes or by increasing the concentration of cell fluid by
accumulating organic matter such as proline (Pro) [20-22]. These typical indicators are,
therefore, the key factors to measure when examining plant stress resistance.

Chionanthus retusus Lindl. et Paxt., a species of the genus Chionanthus in the family
Oleaceae, is widely distributed in subtropical and temperate regions of China, and a small
amount of it is also distributed in the Korean Peninsula and Japan. C. retusus is grown
in mountainous and hilly areas such as sparse mixed forests below 3300 m.a.s.1. or forest
margin shrublands, riverbanks and gravel soils [23]. As an important native tree species in
China, its distribution spans temperate, subtropical, and tropical regions, suggesting that it
may be extremely adaptable to different climates. To date, the limited number of studies
of C. retusus has mainly focused on factors such as component analysis [24-28], ecological
value [29-32], and evolutionary genetic relationship [33-36]. Little physiological informa-
tion exists about the response of C. retusus to water stress. We studied the photosynthetic
characteristics (Pn, Gs, Tr, and Ci), chlorophyll fluorescence characteristics (Fy /Fm, ®psi1,
q" and ETR), protective enzyme system (MDA content, POD activity and SOD activity)
and the changing rule of the osmotic regulation substances (Pro) under different moisture
gradients in C. retusus. The purpose of this study was to find the water threshold of C.
retusus. Our results will provide a foundation for water management and the application
potential of C. retusus in barren mountains or bottomland vegetation restoration.

2. Materials and Methods
2.1. Plant Materials

Three-year-old C. retusus cuttings with a diameter at the ground level of 0.75 cm
and a height of approximately 80 cm were purchased. These seedlings were transplanted
into flowerpots containing 4.3 kg sandy loam. Healthy plants of a similar height were
used to perform the experiments in a greenhouse in the Forestry Experimental Station of
Shandong Agricultural University (36°16' N, 117°15’ E) from May to August 2020 (33-36 °C
day/17-19 °C night; relative air humidity, 60%-70%).

2.2. Drought and Flood Treatments

Rooted plants were exposed to drought and flood treatments, and six replicates (one
plant/each repeat) of each experiment were carried out. Five different water gradients were
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set: (1) In the control group, the relative water content (RWC) of the soil was controlled
to reach 75%—-80% of field water capacity; (2) in the slight drought treatment group, RWC
reached 55%—-60%; (3) in the moderate drought treatment group, RWC was 40%—45%;
(4) in the high drought treatment group, RWC was 30%-35%; (5) in the flooded treatment
group, the water level was 2 cm higher than the basin soil, and soil moisture capacity
was determined by the ring tool method. A soil moisture meter (ThetaprobetypeML2X,
Delta-T, UK) was used to measure soil moisture capacity. A weighed quantity of water was
applied every 2 days to maintain the soil RWC. At0d, 7 d, 14 d, 21 d, and 28 d after water
stress treatment, leaves from each seedling were harvested to measure the physiological
indexes. Groupings in this experiment were made according to Hao et al. [12] with some
small modifications.

2.3. Measurements of Physiological Indexes
2.3.1. Determination of Morphological Indexes

At the end of the stress treatment, the morphological characteristics of plants and
leaves were randomly selected for photography, and the grade of leaf damage was investi-
gated. The damage index was calculated according to previous reports (Equation (1)). The
damage was classified as:

Grade 0: no damage symptoms.

Grade I: mild water damage; less than 10% of the leaves show wilting, drooping, or wrinkling.
Grade II: moderate water damage; 10%—20% of the leaves show wilting, drooping, or wrinkling.
Grade III: severe water damage; 30%—-59% of the leaves show wilting, drooping, or wrinkling.
Grade IV: extremely severe water damage; more than 60% of the leaves show wilting,
drooping, or shrinking.

Damage index (%) = }_ (number of leaves at all grade x series)/(highest
series X total number of leaves) x 100%

M

2.3.2. Photosynthetic Parameters

From 8:30 to 11:00 on sunny days, the 3-5 leaves at the top of the seedlings were
selected to test the net photosynthetic rate (Pn), stomatal conductance (Gs), intercellu-
lar CO, concentration (Ci) and transpiration rate (Tr) by LI-6800XT portable automatic
photosynthesis meter (LICOR, Lincoln, NE, USA). The determined light intensity was
1200 pmol-m 2.1,

2.3.3. Determination of Chlorophyll Fluorescence Index

The minimum fluorescence (F,") and maximum fluorescence (Fy,") of the leaves were
measured under light adaptation with a pulse-modulated fluorescence system (FMS2.02,
Hansatech, norfolk UK). After 30 min of dark adaptation, the initial fluorescence (F,), maxi-
mum fluorescence (Fr,) and steady-state fluorescence (F;s) of leaves were measured. The
maximum photoconversion efficiency of Pgyy (Fy /Fr), actual photochemical efficiency of
Psir (®pspp) and photochemical quenching coefficient of Pgyy (qP) were calculated according
to Equations (2)—(4).

I:“V/Fm = (Fm/FO)/Fm/- (2)
Dpsyr = (Fn'—Fs)/Fr'. (©)]
q° = (Fm’—Fs)/ (Fm'—Fo"). )

2.3.4. Measurement of Antioxidase Activities, MDA, Thiobarbituric Acid and Pro Content

Approximately 0.5 g fresh leaves were ground with 5 mL pre-cooled 0.05 mmol-L !
phosphate buffer (pH = 7.8) and then centrifuged at 4 °C for 20 min with a Sigma dk-
315 benchtop freezer centrifuge. Subsequently, the supernatant was used for enzyme
activity determination. The activity of superoxide dismutase (SOD) was determined by
the Nitro blue tetrazolium (NBT) method [37], and the activity of peroxidase (POD) was
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determined by the guaiacol method. The content of MDA in the leaves was determined by
the thiobarbituric acid (TBA) method, and the content of Pro in the leaves was determined
by the sulfosalicylic acid method [21].

2.4. Statistical Analysis

All data were analyzed with SPSS 21.0 software and Origin 2019 software. Two-way
ANOVA and the least significant difference method (LSD) were used to test the significance
of differences among treatment groups at the 5% level (p = 0.05). For principal component
analysis (PCA), data (Xij) were standardized to their standardized value (Zij) according to
Equations (5)—(7), in which i is the treatment factor, and j is the time factor. The results are
shown as means £ SD, and different letters indicate significant differences.

X=Y" Xj/ni=12...nj=12...,p. (5)
=Y (%-X)/n-1i=12...,mj=12..p. ©)
Zi= (Xij—X)/S, i=12,...,mj=12,...,p. @)

3. Results
3.1. Effects of Water Stress on Growth Morphology of C. retusus

The plant morphology of C. retusus had changed significantly, especially in the leaves
(Figure 1). At 28 days, one-third of the leaves of plants in the slight drought treatment
group had drooped, and chlorosis had occurred. In the high drought treatment group, all
plants had dried up or even died, and there was a victim index of 0.93. In the slight drought
treatment group, the top branches exhibited obvious wilting, and the leaves in the middle
and lower parts were withered. The flooded treatment group was still in a normal state.

0

2 2 3% ¥ L

18-cm

CK RWC=75-80% SD RW /o MD RW(C=40-45%  HD RWC=30-35% WF Victim Index=0.33
Victim Index=0 Victim =0.46 Victim Index=0.72 Victim Index=0.93

j)

Figure 1. Effects of water stress on growth morphology of Chionanthus retusus clones (28 d). The
top column shows the leaf state under different stress conditions, and the bottom column shows the
plant growth state under different stress conditions. CK, control group; SD, slight drought treatment
group; MD, moderate drought treatment group; HD, high drought treatment group; WF, flooded
treatment group.
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3.2. Effects of Water Stress on Gas Exchange Parameters of C. retusus

The gas exchange parameters were significantly different under different water stress
treatments. The Pn, Gs and Tr of C. retusus showed a significant downward trend, while
Ci gradually increased first and then decreased (Figure 2). Pn showed a sharp decline as
drought stress deepened. The photosynthetic capacity of the flooded treatment group was
19.53% higher than that of the control group in the first 28 days and decreased after 28 days.
However, it was still higher than that of the drought stress groups. Although the Pn of
the slight drought treatment group was lower than that of the flooded treatment group, it
was able to maintain normal growth for approximately 30 days, which decreased by 5.45%,
16.76%, 34.55% and 51.2% compared with that of 0 days, respectively. The stress state of the
moderate drought treatment group on day 0 was basically the same as that of the slight
drought treatment group on day 21 and gradually decreased as the number of stress days.
The Pn of C. retusus leaves reached their lowest value in the high drought treatment group,
with an average value of 1.103 4 0.78 d pmol-m~2-s~! (significant).

[ 0d [0 7 [ 14 [ 21 [ 284 [ 0d [0 7d [N 14 [ > (N 2584

P (umol-m™s™)
Gs (mol ™)

CK SD MD
The degree of soil water stress treatment

The degree of soil water stress treatment

[ 0d [ 7 [ 14 I 21 I 2584 [T 0d [0 7 [ 14 I 21 [ 284

1000 +
800

600 4

Ci (umol mol')

a0

200 4

WF

SD MD

CK SD MD loi'g
The degree of soil water stress treatment The degree of soil water stress treatment

Figure 2. Effects of water stress on photosynthetic characteristics of C. retusus leaves. (A) Effects of
water stress on Pn of C. retusus leaves; (B) Effects of water stress on Gs of C. retusus leaves; (C) Effects
of water stress on Tr of C. retusus leaves; (D) Effects of water stress on Ci of C. refusus leaves. Upper-
case letters represent the variations in different treatment groups, and lower-case letters represent the
difference in stress days within the group (significant). See the caption for Figure 1 for an explanation
of abbreviations.

For the changing trend of Gs, the stomatal conductance of leaves in the flooded
treatment group continued to decrease from day 0 to day 28, which was significantly
different from that in the control group. The stomatal conductance of leaves in the slight
drought treatment group decreased significantly with the increase in stress days but was
higher than that in the moderate drought treatment and high drought groups as a whole.

Tr was decreased with the change in water stress, similar to results found in Gs. The
high drought group was significantly lower (by 70.625%) than the control group, and the
flooded treatment group was similar to the moderate drought treatment group, with a
small overall decrease.

The variation trend of Ci showed that the soil relative water content decreased signifi-
cantly with the decrease of soil relative water content; the flooded treatment group was
18.75% lower than that of the control group, and the amount of Ci in the flooded treatment
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group increased significantly with the increase in stress days. The slight drought treatment,
moderate drought treatment and high drought groups all showed a trend of increasing
first and then decreasing and showed a significant decrease after the peak at 14 d, with
decreasing amplitudes of 32.05%, 33.58% and 15.14% in each group, respectively.

3.3. Effects of Water Stress on Chlorophyll Fluorescence Characteristics of C. retusus

The maximum photochemical efficiency (Fy /Fm), actual photochemical efficiency of
PSII (®pgyp), apparent photosynthetic electron transport rate (ETR) and photochemical
fluorescence quenching (q¥) of leaves increased first and then decreased with the decrease
of soil RWC (Figure 3). In Figure 3A, F, /Fn, in all treatment groups shows a significant
decline compared with that in the control group. The flooded treatment group was basically
the same as the control group before 7 days but decreased with the increase of stress days.
At this time, the F, /Fy, value of C. retusus leaves was between 0.816 and 0.828, the primary
light energy conversion efficiency of the PSII reaction center was higher, and the difference
was not significant (p > 0.05). The decrease in the slight drought treatment, moderate
drought treatment and high drought groups was 14%, 36.32%, and 44.41% on day 7,
respectively, and the change in the amplitude also increased with the deepening of drought
stress. After 21 days, the decrease in the slight drought treatment group was significantly
smaller, while the decrease in the moderate drought treatment and high drought treatment
groups had increased significantly, and the lowest F; /Fy, reached 0.0903. Figure 3B-D
shows that ®pgp, ETR and qP clearly had three stages of response to water stress: the
relative soil water content was 80%-100% (flooded treatment and control group), 60%—75%
(slight drought treatment group) and 30%-55% (moderate drought treatment and high
drought treatment groups). The ®pgj;, ETR and qP values all fell with the decrease in soil
RWC, and the trend of variation within each treatment group was mainly the increase in
days and the decrease in indexes.

[ 0a 00 7 [ 14 I 21 I 28¢ [ 0a 00 74 D 14 I 21 I 284

0.6

0.4

Fv/Fm

CK sD MD WF CK sb MD HD
The degree of soil water stress treatment The degree of soil water stress treatment

[ od [0 74 [ 1+ I 21 I 28 [od [ 74 I 14 N 21 I 284

0.8

064 T

04

0.0

WF CK sD

sD

C
The degree of soil water stress treatment The degree of soil water stress treatment

Figure 3. Effects of water stress on chlorophyll fluorescence characteristics of C. retusus leaves.
(A) Effects of water stress on Fy /Fy, of C. retusus leaves; (B) Effects of water stress on ®pgy of
C. retusus leaves; (C) Effects of water stress on q* of C. retusus leaves; (D) Effects of water stress on
ETR of C. retusus leaves. Upper-case letters represent the variations in different treatment groups,
and lower-case letters represent the difference in stress days within the group (significant). See the
caption for Figure 1 for an explanation of abbreviations.
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3.4. Effects of Water Stress on Protective Enzyme Activities in C. retusus

SOD activity in C. refusus leaves in the slight drought treatment, moderate drought
treatment and high drought treatment groups increased first and then decreased with the
prolongation of time and the decrease in water content (Figure 4). In the flooded treatment
group, it increased to a certain extent compared with the control group. Compared with the
control group, the slight drought treatment group showed a significant trend of increase
of approximately 30.29%, indicating that C. retusus was more adaptable to a mild drought
environment and resistant to a waterlogging stress environment. Aggravation of water
stress led to the overall trend of POD activity becoming similar to that of SOD. Compared
with the control group, the flooded treatment group had a significant decrease of 40.47%.
The slight drought treatment group showed a significant rise, with an increased rate of
91.12%. POD activity in the high drought treatment group was significantly lower than that
in the control and slight drought treatment groups, indicating that C. retusus was seriously
inhibited. At the late stage of gradient drought stress, the activities of antioxidant protective
enzymes were significantly decreased, and two-thirds or even all seedlings in the moderate
drought treatment and high drought treatment groups showed wilting and symptoms of
death. C. retusus is unsuitable for planting in these stress conditions.

0d [ 74 [ 14 [ 2 < [ 284 od 0] 7d [ 14 I 2 < I 284
300+ 2000
An
1500 g
2004

vity (U-g' FW)

1000 4

1004

POD Activity (U-g” FW)

A

5001€

MD HD WF

CK CK sD MD HD
The degree of soil water stress treatment The degree of soil water stress treatment

Figure 4. Effects of water stress on protective enzyme activities of C. retusus leaves. (A) Effects
of water stress on SOD activities of C. retusus leaves. (B) Effects of water stress on POD activities
of C. retusus leaves. Upper-case letters represent the variations in different treatment groups, and
lower-case letters represent the difference in stress days within the group (significant). See the caption
for Figure 1 for an explanation of abbreviations.

3.5. Effects of Water Stress on Malondialdehyde and Proline Contents in C. retusus

MDA content in the flooded treatment group increased by approximately 90.25%
compared with the control group. The slight drought treatment group showed a slowly
increasing trend, with an amplitude of 30.08%. However, the moderate drought treatment
and high drought groups were significantly increased by 140.84% and 285.31%, respectively,
and the high drought group was the most seriously stressed (Figure 5A). The MDA content
in the leaves in the moderate drought treatment and high drought treatment groups was
significantly higher than that in the control group and reached the highest level in the high
drought treatment group at 28 days, indicating that the cell membrane leaf structure had
been damaged to different degrees. The MDA content in the leaves in the high drought
treatment group was the most seriously affected compared with the other groups, and the
difference was significant at the 1% level.
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Figure 5. Effects of water stress on malondialdehyde (MDA) content and osmoregulation substances
of C. retusus leaves. (A) Effects of water stress on MDA content of C. retusus leaves; (B) Effects of
water stress on Pro content of C. retusus leaves; Upper-case letters represent the variations in different
treatment groups, and lower-case letters represent the difference in stress days within the group
(significant). See the caption for Figure 1 for an explanation of abbreviations.

As soil relative moisture content changed, Pro content increased first and then de-
creased, and there were significant differences among all treatments. Pro content in the
slight drought treatment, moderate drought treatment and flooded treatment groups in-
creased gradually, and it decreased significantly in the high drought treatment group
with the lowest value of all the groups at 28 days (Figure 5B). The average pro content in
the flooded treatment group was 50.286 pug-g~!, which was significantly increased in the
moderate drought treatment group, and the mean reached the highest level in the whole
group, and the Pro content was 135.787 ug-g~!, which was significantly different from that
of the control group. These results indicated that the osmotic regulation ability of C. retusus
played a role in the slight drought treatment, moderate drought treatment and flooded
treatment groups, while the high drought treatment group decreased by 24.12%.

3.6. Drought Tolerance and Flood Tolerance Threshold Analysis of C. retusus

C. retusus is a slow-growing species, and therefore the net photosynthetic rate of leaves
was used as the main index to evaluate water tolerance. In this experiment, soil RWC
and net photosynthetic rate were analyzed, and different soil water contents were used
as independent variables to establish a regression equation (Figure 6). Taking the leaf net
photosynthetic rate as the dependent variable and soil salt content as the independent
variable, the estimation curve and regression equation were constructed. The quadratic
equation of leaf net photosynthetic rate and soil relative salt content was Y = —0.326x?
— 1.7228x + 12.732, (R2 = 0.9975). The RWC of drought tolerance was 44.6%, based on a
50% decrease in the net photosynthetic rate compared with the control group. Taking the
days of waterlogging stress as the independent variable and the net photosynthetic rate of
leaves as the dependent variable, the estimation curve was constructed, and the regression
equation was fitted. The quadratic equation of the net photosynthetic rate of leaves and
the number of days of flooding was Y = —0.1819x> — 0.3809x + 13.82 (R? = 0.9842). The
estimated waterlogging tolerance threshold of C. retusus was approximately 20 days.
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Figure 6. Effect of water stress on the net photosynthetic rate of C. retusus leaves.

3.7. PCA of 12 Indicators of C. retusus under Different Treatments

To explore the response pattern of C. retusus seedlings to water stress, PCA analysis
was performed using the above 12 indicators, including Pn, Ci, Tr, and Gs. Figure 7 shows
that PC1 clearly separated the effects of different treatments on the response of C. retusus
seedlings to water stress, while PC2 showed the changes in C. retusus seedlings under
different water stress treatment times. PC1 and PC2 accounted for 66.367% and 10.987%
of the total variation, respectively. With the exception of Pro, the other 11 indicators
had similar effects on PC1, and Pro and POD were important influencing factors on PC2
(Table S1). Overall, the PCA results showed that C. retusus seedlings exhibited obvious
physiological responses. In the slight drought treatment, no significant difference was
observed in all indexes as the period of water stress treatment continued, and C. retusus
had a certain drought resistance.

2.5
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Figure 7. Principal component score graphs of 12 indicators of different treatments for C. retusus.
Red, orange, yellow, green and blue represent the principal component scores of different groups
treated at days 0, 7, 14, 21, and 28 under different stress conditions, respectively. See the caption for
Figure 1 for an explanation of abbreviations.

4. Discussion

Many studies have reported that water stress affects various physiological indexes
of plants [38—41]. Plants regulate photosynthetic rate by closing some of the stomata,
and when water falls to a certain extent, the cells begin to lose water [40]. Under severe
drought stress (RWC = 35%), the stomatal conductance of leaves of C. retusus decreased
significantly from 20 days, which affected the net photosynthetic rate of the plants. Under
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conditions of stomatal closure, CO; levels in the cells were supplemented insufficiently,
photosynthetic ability gradually declined, and the net photosynthetic rate and transpiration
rate decreased. However, in this experiment, the intercellular CO, concentrations and
Ci of C. retusus did not increase significantly under severe stress, indicating that the
decline in leaf photosynthesis was not affected by non-stomatal limiting factors under
severe drought stress. In other words, the species has a certain tolerance to a drought
environment and can maintain normal growth for a long time (28 d) under conditions of
mild drought stress. In the study of Pei Bin et al. [42], the main reason for the decrease
in time cooperation of Hippophae rhamnoides leaves when RWC was 10.5%—48.3% was a
stomatal limitation, which was similar to the relative soil water content range in this study.
The change in chlorophyll fluorescence characteristics can further explain the mechanism of
photosynthesis change in an abiotic stress environment [43,44]. In this study, the chlorophyll
fluorescence characteristics of the slight drought treatment and flooded treatment groups
showed a relatively durable tolerance of two-thirds during the period of the experiment,
which was consistent with the gas exchange parameters of photosynthesis (Figure 2).

The adaptation of plants to abiotic stress is closely related to their own antioxidant
capacity and osmotic regulation. As the interface of energy and material exchange between
plant cells and the external environment, the plasma membrane is the first to be damaged
under various stresses. Excessive O, proliferation and accumulation of MDA and other
harmful peroxidation products—represented by membrane lipid peroxidation—cause
damage to the cell membrane system, accelerate the aging of plants [45] and even threaten
the survival of plant cells. The reactive oxygen species (ROS) protective enzyme system in
plants, which includes SOD, POD and other important scavengers of ROS, plays a crucial
role in maintaining the balance of ROS [46]. Chou et al. [47] showed that as the activities of
POD and SOD increase, the waterlogging tolerance of plants under water stress becomes
stronger. In this study, compared with the control group, MDA content and SOD and POD
activities were increased in the slight drought treatment and flooded treatment groups.
This indicated that, under mild drought and flooding stress, C. retusus helps relieve the
stress of the accumulation of MDA and other harmful peroxide products by spontaneously
increasing POD and SOD activities in the plant. However, under moderate drought stress,
the activities of the two antioxidant enzymes were almost equal to those of the control
group and flooded treatment group, indicating that the antioxidant enzymes were still
active and played a certain protective role, which also indicated that C. retusus had a strong
drought tolerance.

The accumulation of Pro in plants is recognized as a physiological response to external
drought, and plant Pro content can be an important physiological index to evaluate the
strength of drought resistance [48-52]. Although the two protective enzymes in the high
drought group did not increase significantly compared with the mild drought treatment
group, their activities were almost the same as those in the control group, indicating that
they had a certain protective ability. However, the Pro content in the high drought group
was significantly increased by 57.1% compared with the control group. These results
indicated that C. retusus could cope with a stressful environment by increasing the content
of osmoregulatory substances and has a certain drought tolerance, consistent with PCA
results. Under flooding stress, Pro was slightly higher than that of the control, indicating
that C. retusus not only adapts to the flooding environment through protective enzymes
but also stabilizes the cell osmotic balance through osmotic substances. C. retusus has
waterlogging tolerance for up to 20 days. Luo Qi et al. [53] evaluated the flooding tolerance
of 10 native greening tree species and pointed out that the flooding tolerance time of
the native Pistacia chinensis was approximately 10 days, whereas that of Photinia serrulata
was approximately 7 days. Compared with these two species, the order of waterlogging
tolerance is C. retusus > Pistacia chinensis > Photinia serrulata.
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5. Conclusions

In this study, the gas exchange parameters of the drought stress treatment group
showed a gradual downward trend, while the gas exchange parameters of the water
flooding treatment group showed the same performance. The chlorophyll fluorescence
index of all treatment groups decreased with the increased drought treatment. SOD activity,
POD activity and Pro content increased first and then decreased, whereas MDA content
showed the opposite trend. C. retusus can effectively grow with an RWC of 44.6% and
above and can maintain growth for 20 days under flooded conditions. After that time,
growth will be slow, the physiological response is not timely, and eventually, the plant
wilts and even dies. The results showed that C. retusus seedlings could tolerate mild to
moderate drought stress and flooding stress in abiotic stress environments and thus can be
considered for application in barren mountains.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/£14020429 /s1, Table S1: Coefficient of variable in PCA.
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