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Abstract: The physiological and biochemical indicators of plants reflect the plant’s adaptation to envi-
ronmental changes and provide information for the planting and management of acid-resistant tree
species. To analyze the responses of typical tree species to recent changes in acid rain conditions in
Jinyun Mountain, Chongging, we focused on three representative tree species in the Jinyun Mountain
area of Chongqing: Pinus massoniana, Phyllostachys edulis, and Cinnamomum camphora. A mixed acid
rain experiment with five gradients of natural rainfall (NR) and pH values of 7.0, 4.5, 3.5, and 2.5 was
conducted in May 2021. The changes in physiological and biochemical indicators (net photosynthetic
rate, stomatal conductance, intercellular CO, concentration, transpiration rate, light saturation point,
light compensation point, apparent quantum efficiency, dark respiration rate, soluble sugar, starch,
soluble protein, proline, malondialdehyde, and antioxidant enzyme activity) were determined. The
results show the following: 1. Compared with other treatments, NR and slightly acidic rain increased
the relative chlorophyll content in plant seedlings. 2. The synthesis of soluble sugars, starches, and
soluble proteins was inhibited to different degrees in the three species under acid rain stress at pH < 3.5.
3. The enzyme activity of superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and ascor-
bate peroxidase (APX) initially increased and then decreased with an increase in acidity. 4. Acid rain
treatments with pH < 4.5 reduced the net photosynthetic rate (Pn) of plants; the higher the acidity,
the lower the Pn. Conclusion: A comprehensive comparison of the indicators revealed that NR and
mild acid rain enhanced the plant seedlings’ physiological and biochemical characteristics. A pH of 3.5
was the threshold where acid rain had an adverse effect on Pinus massoniana, Phyllostachys edulis, and
Cinnamomum camphora. The high indicator values for NR indicate that these tree species have adapted to
current conditions in the Jinyun Mountain area of Chongqing. This study provides new information for
selecting tree species adapted to the acid rain environment in Jinyun Mountain, Chongging.

Keywords: acid rain; photosynthetic characteristics; antioxidant enzyme activity

1. Introduction

Atmospheric acid deposition has become a significant problem affecting the envi-
ronment in China since the 1980s due to fossil fuel combustion and vehicle emissions
related to increasing industrialization and urbanization [1,2]. China has promulgated and
implemented several measures in recent years to reduce air pollution [3]. According to the
bulletin on the status of the Chinese environment, the acid rain conditions have improved.
The pH of acid rain has increased, and the frequency of acid rain has decreased annually [4].
However, long-term acid rain still poses an environmental hazard. The pH of forest soils
in China has decreased from 5.64 to 5.08 from 1980 to 2019, and long-term acid rain has
caused substantial soil acidification, adversely affecting forest ecosystems [5].

Chongging is substantially affected by acid rain [6], and our study area, Jinyun Moun-
tain in Chongqing, has significant soil acidification. According to the Acid Deposition
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Monitoring Network in East Asia (EAET), the pH of the acid rain in Jinyun Mountain
in 2021 was 5.05, and that of the surface soil was 4.2 [7]. In the past, acid rain occurred
primarily due to sulfur emissions from coal burning [8]. However, SO, emissions in the air
have decreased significantly in recent years due to improvements in the energy structure.
In contrast, NOx emissions from vehicle exhausts have increased significantly, affecting the
sulfur-to-nitrogen ratio in acid rain and causing a shift from sulfuric acid rain to mixed acid
rain [9]. The nitrogen content in the mixed acid rain may alter the growing environment of
plants, affecting terrestrial ecosystems.

Plants convert light energy into chemical energy using photosynthesis, a fundamental
physiological process required for plant growth and development [10]. The photosynthetic
capacity of plants can evaluate the effect of environmental stress on plants [11,12]. Studies
have shown that acid rain affects photosynthesis [13], causing morphological damage to
plant leaves [14], damaging the waxy structure and epidermal cells of leaves, and leading
to stomatal deformation and Mg?* leaching [15-17]. Acid rain also alters the structural
integrity and electron transfer efficiency of the photosystem II (PSII) [18], disrupts the
chloroplast structure [19], and reduces the chlorophyll content [20], ultimately reducing the
net photosynthetic rate (Pn) of plants. However, the effects of acid rain on plants are not
always negative. Acid rain may be beneficial to the Pn of leaves because NO3" in acid rain
provides plant nutrients, increasing the Pn [13,21]. Acid rain stress elevates the number
of reactive oxygen species (ROS) and induces cell membrane peroxidation, increasing
the malondialdehyde (MDA) content. The activity of antioxidant enzymes (superoxide
dismutase (SOD), peroxidase (POD), and catalase (CAT)) in plants increases during acid
rain stress and affects the plant’s ability to resist ROS. However, the activity of antioxidant
enzymes decreases with an increase in the acidity of acid rain, reducing the plant’s acid
rain resistance [22,23]. Therefore, high-acidity acid rain may affect the defense mechanisms
of plants. The contents of proline, soluble sugars, starch, and soluble protein reflect the
degree of plant stress because these substances provide stress resistance under adverse
conditions, and their stress resistance is closely related to the acidity of acid rain [24]. Acid
rain can also indirectly affect the growth and development of plants by affecting the soil.
Some scholars found that acid rain accelerated the loss of salt-based ions from the soil and
intensified the precipitation of AI** and H* from the soil [25], affecting plant growth and
development. Others have observed that acid rain increased soil nutrients and improved
plant growth [26]. In summary, the acidity of acid rain is critical in the plant response to
acid rain; therefore, it is necessary to investigate the response of plant physiological and
biochemical characteristics to acid rain with different acidity levels.

Some scholars have analyzed the response of forest ecosystems to acid rain in the
Jinyun Mountain area, but these studies had some shortcomings, such as the focus on a
single plant species and the difficulty of simulating the field environment in laboratory
experiments [25,27]. Therefore, we investigate the response of three typical tree species
(Pinus massoniana, Phyllostachys edulis, and Cinnamomum camphora) under acid rain stress.
The experimental site was Jinyun Mountain in Chongging. According to the acid rain
characteristics of Jinyun Mountain, we simulated acid rain with different pH values to
evaluate the physiological and biochemical characteristics of plants and other indicators. We
hypothesized the following: (1) the physiological and biochemical characteristics of plant
seedlings differ for different acidity levels of acid rain, and acidic rain slightly enhances
these characteristics of plant seedlings; (2) acid rain affects the photosynthesis of plants by
influencing their biochemical mechanisms.

2. Materials and Methods
2.1. Study Area

The study area is located at the Jinyun Mountain Forest Ecosystem Research Station
(106°23'18" E, 29°50'11" N) (Figure 1) on the western bank of Wentang Gorge, one of three
small gorges of the Jialing River in the Beibei District, Chongqing. The area has a typical
subtropical humid monsoon climate, with an average annual rainfall of 1611.8 mm, average
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annual evaporation of 777.1 mm, an average annual temperature of 13.6 °C, and annual
average relative humidity of 87%. The regional forest cover is 96.6%, and evergreen broad-
leaved forest, warm coniferous forest, coniferous and broad-leaved mixed forest, deciduous
forest, evergreen broad-leaved scrub, and bamboo forest are the main vegetation types. The
dominant species include Pinus massoniana, Cinnamomum camphora, Cunninghamia lanceolata,
Symplocos setchuensis Brand, Gordonia acuminata, and Phyllostachys edulis. The soil is rich, and
the dominant soil types are Cambisols, Luvisols and Anthrosols [28]. The Cambisols have
the widest distribution (13.8 km?). The pH range of the soil is 4.5-5.5 in Jinyun Mountain,
indicating acidic soil.
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Figure 1. Geographical location of the study area.

2.2. Experimental Materials

The experiment simulated the natural environment of Jinyun Mountain, including
light, temperature, and humidity. A temporary rain shelter consisting of stainless steel with
a sliding roof was built at the experimental site. During the experiment, in case of rain,
the pH 4.5, 3.5, 2.5 and 7.0 (CK) treatments were placed in a rain shelter, using the shelter
to shield the natural rainfall, and the ventilation around the shelter was unobstructed to
ensure that the plant growth could receive environmental conditions other than natural
rainfall, while natural rainfall (NR) was placed in the open environment to receive the
natural rainfall drenching. The plant species selected for the experiment were the dominant
tree species in the Jinyun Mountain area, the conifer Pinus massoniana, the broad-leaved
tree Cinnamomum camphora, and the bamboo Phyllostachys edulis. Their basic information is
listed in Table 1.

On 14 March 2021, one-year-old embryonic seedlings of the same period in good
growing conditions were transplanted into plastic pots with a height of 30 cm, 28 cm in
base diameter, and 30 cm in caliber. The soil in the pots was Cambisols (pH = 5.37 £ 0.19)
obtained from Jinyun Mountain, Chongqing, with the same weight and firmness.
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Table 1. Basic situation of seedlings.

. Average Plant Average Ground
Latin Name Height (cm) Diameter (mm) Source
Pinus massoniana 21.83 £+ 4.87 4.40 + 091 Chongqing
Phyllostachys edulis 32.29 4+ 1491 2.13 +0.63 Chongqing
Cinnamomum camphora 33.99 + 3.87 421 +1.21 Chongqing

2.3. Experimental Design
2.3.1. Acid Rain Solutions

According to the ion components in the rain at the Jinyun Mountain site, the ratio of
S042~ to NO;~ was 0.75 in 2019 [25], indicating mixed acid rain. Therefore, a mixed acid
rain experiment was conducted. The mother liquor was prepared according to the molar
ratio of H,SO4:HNO3 = 1:1 and diluted with distilled water to obtain acid rain solutions
with pH values of 4.5, 3.5, and 2.5. Distilled water was used as the control group (CK), and
natural rainfall (NR) treatments were used (16 rainfall events were implemented during the
experiment to obtain pH values ranging from 5.42 to 5.83), which comprised 5 treatments.
A total of 10 replicates were performed for each treatment, and 1 pot per replicate was used
for a total of 150 pots of seedlings for the 3 tree species. Each treatment area of the seedlings
covered 4.16 m?. The details of the experimental design are shown in Figure 2.

pH35  pH25

pH35  pH25

pH35  pH25 NR

Figure 2. Experimental setup and simulated acid rain device.

2.3.2. Spray Application

The seedlings were placed in the temporary stainless steel rain shelter for 1.5 months
to slow down their growth. The seedlings were watered normally with distilled water,
were weeded but received no fertilizer, and their growth state was monitored closely to
prevent pests. The acid rain simulation experiment began in May when the seedlings were
well established. Table 2 lists the spraying volume, which was based on the multi-year
monthly surface rainfall and patterns in Jinyun Mountain [25]. The seedlings were sprayed
once a week for four months. The seedlings in the NR treatment received irrigation from
natural rainfall. The average monthly rainfall at the test site was 193.35 mm from May
to 1 September 2021 (source: National Positioning Observation and Research Station of
Forest Ecosystems in the Three Gorges Reservoir Area, Jinyun Mountain, Chongqing). The
spray was applied to the top of the plants to distinguish the degree of stress resulting
from different acidities and simulate the natural rainfall pattern. The sprayer consisted of
acid-resistant materials, the nozzle was made of stainless steel, the water pipe was plastic,
and the pump was a 45 W micro diaphragm pump. The spraying method was consistent
throughout the test.
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Table 2. Monthly rainfall spraying.

Month May June July August

Spraying 175 206 233 179
volume (mm)

Spraying volume: determined by multi-year monthly surface rainfall and patterns in Jinyun Mountain. Spray the
plants monthly with acid rain according to the spraying volume in this table.

2.4. Sample Collection and Indices
2.4.1. Determination of Photosynthetic Physiological Indicators

A windless and sunny morning (8:00-11:00 am) on 3 September 2021 was selected for
measuring the photosynthetic parameters using a Li-6400 portable photosynthesis meter
with a red and blue light source (Li-COR). The effective photosynthetic radiation intensity
was 1600, 1400, 1200, 1000, 800, 600, 400, 200, 150, 100, 50, 20, and 0 pmol-m 25~ with
13 gradients based on the results of a pre-experiment and the solar radiation data from the
Jinyun Mountain Nature Reserve in Beibei District, Chongqing, China. The leaf chamber
temperature was 25 °C, the CO, concentration was 400 pumol-mol 1, the gas flow rate was
500 umol-s—1, and the relative humidity was 50%. Measurements were made from 8:00 to
11:00 a.m. on three healthy plants in each treatment. Three similar and mature, healthy
leaves on the main tips were selected from each plant, and 5-7 needles were selected each
time and placed side by side in the leaf chamber. We obtained three measurements and used
the average as the result. During each measurement, the physiological indices were mea-
sured after 2 min of adaptation at each photosynthetically active radiation (PAR) intensity.
The indices included the Pn, stomatal conductance (Gs), intercellular CO, concentration
(Ci), and transpiration rate (Tr).

The corrected right-angle hyperbolic model proposed by Ye (2007) (Equation (1)) was
used for curve fitting of the optical response [29]. The maximum Pn (Pmax), light saturation
point (LSP), light compensation point (LCP), apparent quantum efficiency (AQY), and dark
respiration rate (Rd) were calculated using Equations (2) and (3).

The model is expressed as follows:

1—BI
1++vI

Pn(I) = o I-Rd (1)
where 3 is the correction factor (light suppression term), « is the initial slope of the
photoresponse curve, i.e., the slope at point I = 0. The factor y (light saturation term) is
equal to the ratio of the initial slope of the photoresponse curve to Pmax;, i.e., y = «/Pmayx,
where I is the effective photosynthetic radiation, Pn is the net photosynthetic rate, and Rd
is the dark respiration rate.

The Pmax was calculated as follows:

2
VRS

Pmax = o ) 2)
The LSP was calculated as follows:
Bty _q
Lsp= YV P 3)

where LSP is the saturated light intensity of the plant, and Pmax is the maximum net
photosynthetic rate corresponding to the saturated light intensity of the plant. The LCP,
AQY, and Rd were obtained by model fitting.

2.4.2. Determination of Biochemical Indicators

The relative chlorophyll content of the plant leaves was determined on 1 May and
4 September 2021, using a SPAD-502 chlorophyll meter. The leaves were placed inside the
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device, avoiding the leaf veins during the measurement. We selected 3-5 needles from the
coniferous species and clamped them for the measurement. Three plants were randomly
selected for each treatment; three mature leaves on the branch tips were selected from each
plant, and the average value was used.

At the end of the acid rain treatment on 6 September, three plants of approximately
the same size were randomly selected for each treatment. We used 3-5 mature and fully ex-
panded leaves of each plant and removed the main leaf veins to determine the physiological
and biochemical indices. Each measurement was repeated three times. The soluble sugar
and starch contents were analyzed by the anthrone colorimetric method [30]. The soluble
protein contents were determined by colorimetry using Kemas Brilliant Blue G-250 [31].
The proline content was determined by the acidic ninhydrin method [32], the MDA content
was obtained from the thiobarbituric acid method [33], and the POD content was measured
by guaiacol. The SOD content was obtained by nitroblue tetrazolium (NBT) photochemical
reduction, and the CAT and ascorbate peroxidase (APX) contents were determined by
ultraviolet (UV) spectrophotometry [34].

2.5. Data Analysis

SPSS and Excel were used for the statistical analysis of the data. The data in the graphs
are the means =+ standard deviations (1 = 3). The significant differences (p < 0.05) between
the mean values of the indicators for different acid rain gradients were determined by
Duncan’s test. Origin was used to create the graphs. Canoco software was used for the
redundancy analysis (RDA) and principal component analysis (PCA). RDA was used to
derive the relationship between the photosynthetic characteristics and the biochemical
indicators of the plants, and PCA was used to determine the differences in photosynthetic
and biochemical characteristics between different plant species.

3. Results
3.1. Effect of Acid Rain Stress on Photosynthetic Physiological Characteristics of Plants

The Pn, Gs, and Tr of Pinus massoniana, Phyllostachys edulis, and Cinnamomum camphora
under acid rain stress showed a linear increase with an increase in the PAR when PAR was
< 200 umol-m~2-s~1. When PAR > 200 umol-m2-s~1, the rate of increase decreased until
the values stabilized. The trend of Ci was the opposite of that of Pn, Gs, and Tr. When PAR
< 200 umol-m~2-s71, the Ci decreased linearly, and when PAR > 200 pumol- m—2-s71, Ci
decreased slowly until it stabilized. The Gs was lower, and the Ci was higher in the pH 2.5
treatment than in the CK for all three species. The extent of inhibition of the plants in the
same acid rain treatment followed the order Pinus massoniana > Cinnamomum camphora >
Phyllostachys edulis (Figure 3).

The Pmax of Pinus massoniana and Phyllostachys edulis decreased with decreasing pH
under acid rain stress. A higher pH (NR and pH 4.5) resulted in a higher Pmax, whereas a
lower pH (3.5 and 2.5) resulted in a lower Pmax. The LSP, LCP, AQY, and Rd of the three
species under acid rain stress did not exhibit specific trends (Table 3).

Table 3. Characteristic parameters of light response curves of three plant species.

Tre.e Treatment LSP LCP Pmax AQY Rd
Species
CK 1654.67 +281.22 a 20.09 +8.11a 2643 +4.15b 0.063 + 0.028 b 1.83+042a
NR 1055.07 £ 81.79 b 13.87 £1.15a 33.40 +1.62a 0.119 £ 0.011 a 2.39 £ 0.58 a
A pH 4.5 1182.22 + 128.21 ab 18.25 £ 6.59 a 26.60 +4.48Db 0.059 + 0.030 b 1.38 £ 0.66 a
pH3.5 1271.32 + 334.57 ab 10.85 £ 1.12a 23.87 +0.01 b 0.091 £+ 0.013 ab 1.63+£053a
pH2.5 1357.80 + 558.47 ab 1154+ 117 a 2222 +190b 0.069 + 0.010 b 1.30 £0.33a
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Table 3. Cont.
Tree Treatment LSP LCP Pmax AQY Rd
Species

CK 895.00 4+ 90.57 b 15.47 £ 5.61 ab 8.89 £ 0.12 bc 0.037 £ 0.001 a 151+ 0.70a

NR 1315.03 £+ 51.06 a 8.13 £4.03b 1093 £ 0.19 a 0.025 £ 0.012 a 0.21 +£0.08 b

B pH4.5 1086.57 + 53.49 ab 447 +451b 9.33 + 1.01 ab 0.024 £0.011 a 0.26 £ 0.04b
pH3.5 1146.23 + 33.93 ab 21.13+9.10 a 717 £0.01 ¢ 0.023 £ 0.007 a 1.34 +£ 0.74 ab

pH2.5 1135.21 + 244.48 ab 7.04 £ 3.66 b 752+ 1.01c 0.022 +£0.011 a 031 +021b

CK 884.32 +201.88 b 10.73 + 454 b 1420+ 0.73 a 0.059 £ 0.009 a 1.13 £ 0.39 ab

NR 960.64 + 96.07 b 2157 +£7.79ab  12.07 + 0.68 abc  0.045 £ 0.007ab  1.37 £ 0.34 ab

C pH4.5 145234 £90.28a 2925+ 1149ab 13.37 +£0.02ab  0.037 £ 0.016 ab 1.63 +0.16a
pH3.5 847.07 £ 141.31b 11.62 +2.86b 10.18 £ 0.01 bc  0.044 £ 0.005 ab 0.94 £ 0.08 b

pH2.5 759.05 + 42.98 b 35.04 +12.61 a 8.84 +£1.56 ¢ 0.029 £+ 0.015b 1.71+001a

A: Pinus massoniana; B: Phyllostachys edulis; C: Cinnamomum camphora. CK: the control group, NR: natural rainfall
group, Pmax: the maximum Pn, LSP: light saturation point, LCP: light compensation point, AQY: apparent
quantum efficiency, Rd: dark respiration rate. Different lowercase letters indicate significant differences (p < 0.05).
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Figure 3. Response of Pn, Gs, Ci, and Tr to light intensity of three plant species under acid rain stress.
(A): Pinus massoniana; (B): Phyllostachys edulis; (C): Cinnamomum camphora. The vertical bars represent
the standard error (1 = 3).

3.2. Effects of Acid Rain Stress on Plant Biochemical Characteristics

The biochemical indices of Pinus massoniana, Phyllostachys edulis, and Cinnamomum
camphora are shown in Figures 4 and 5.
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Figure 4. Biochemical indices of three plant species under acid rain stress. MDA: malondialdehyde
content of plants, proline: proline content of plants, soluble protein: soluble protein content of
plants, starch: starch content of plants, soluble sugar: soluble sugars content of plants, relative chl:
relative chlorophyll content of plants. CK: the control group, NR: natural rainfall group. The vertical
bars represent the standard error (1 = 3). Different lowercase letters indicate significant differences
(p <0.05).

The relative chlorophyll content of the three species was higher in the NR than in
the CK but decreased with increasing acidity when pH < 3.5, reaching a minimum at
pH 2.5. The chlorophyll contents of Pinus massoniana, Phyllostachys edulis, and Cinnamomum
camphora were 22.85%, 9.69%, and 16.38% lower, respectively, than in the CK. The MDA
content showed the opposite trend as the relative chlorophyll content. The soluble sugar
and starch contents of all three species decreased with an increase in acidity, and the
proline content of all three species reached its maximum at pH 2.5. The proline content of
Pinus massoniana, Phyllostachys edulis, and Cinnamomum camphora were 11.63%, 34.13%, and
18.10% higher, respectively, than in the CK. The soluble protein content of Phyllostachys
edulis increased first and then decreased, whereas that of Pinus massoniana and Cinnamomum
camphora decreased with an increase in acidity.

Overall, the SOD, POD, CAT, and APX activities of the seedlings of the three plant
species increased followed by a decrease under different acid rain treatments as the acidity
increased, but there were differences in the pH at the inflection point of the enzyme activity.
The CAT and SOD activities of Pinus massoniana peaked at pH 4.5 and were 97.12% and
43.98% higher, respectively, than those of the CK. The POD activity of Pinus massoniana was
significantly higher at pH 4.5 and NR than for the CK. The POD activity was inhibited at
pH < 3.5. The APX activity of the three plant species was significantly higher at pH 4.5 than
for the CK and reached the maximum at pH 3.5. The APX activities of Pinus massoniana,
Phyllostachys edulis, and Cinnamomum camphora were 48.48%, 87.5%, and 75.56% higher,
respectively, than those of the CK.
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Figure 5. Antioxidant enzyme activities of three plant species under acid rain stress. SOD: superoxide
dismutase activity content of plants, POD: peroxidase activity content of plants, CAT: catalase activity
content of plants, APX: ascorbic acid peroxidase activity content of plants. CK: the control group,
NR: natural rainfall group. The vertical bars represent the standard error (n = 3). Different lowercase
letters indicate significant differences (p < 0.05).

3.3. RDA Results of Photosynthetic and Biochemical Indices of Plant Seedlings under Acid
Rain Stress

The RDA results of the photosynthetic and biochemical indices of the three plant
seedlings are shown in Figure 6. The interpretation rates of the first and second axes were
59.80% and 13.68%, respectively, and the cumulative interpretation rate was 73.48%, which
was statistically significant. Table 4 indicates that the contents of the soluble protein, MDA,
and relative chlorophyll had significant effects on the photosynthetic indices of the plant
seedlings (p < 0.01), explaining 47.3%, 11.0%, and 9.0% of the variation, respectively. Pn
was strongly correlated with the soluble protein content and pH, Ci was strongly correlated
with the relative chlorophyll content, POD activities, and MDA content, and Gs and Tr were
strongly correlated with the soluble protein content and pH. The PCA results (Figure 7)
of the photosynthetic and biochemical indices showed that the first and second sequence
axes explained 62.55% and 16.44%, respectively. The distances between different species
indicated significant differences in the indices between different plant species.
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Figure 6. RDA results of photosynthetic and biochemical characteristics of plants. Pn: net photo-
synthetic rate, Ci: intercellular CO, concentration, Gs: stomatal conductance, Tr: transpiration rate,
MDA: malondialdehyde content of plants, SOD: superoxide dismutase activity content of plants,
POD: peroxidase activity content of plants, CAT: catalase activity content of plants, APX: ascorbic
acid peroxidase activity content of plants, relative chl: relative chlorophyll content of plants. The red
arrow is the explanatory variable and the blue arrow is the response variable. The angle between the
two arrows indicates the correlation between the two indicators, the smaller the angle, the higher
the correlation.

Table 4. Contribution rates of biochemical indexes to photosynthetic characteristics.

Name Explains % Contribution % pseudo-F P
Soluble protein 47.3 56.1 38.6 0.002
MDA 11.0 13.1 11.1 0.002
Relative
chlorophyll 9.0 10.7 11.3 0.002
= MDA
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Figure 7. PCA results of photosynthetic and biochemical characteristics of plants. Yellow corresponds
to Pinus massoniana, red corresponds to Phyllostachys edulis, and blue corresponds to Cinnamomum
camphora. The length of the arrow indicates the magnitude of the indicator. The angle between the
two arrows indicates the correlation between the two indicators, the smaller the angle, the higher
the correlation.

4. Discussion
4.1. Effects of Acid Rain Stress on Photosynthetic Physiological Characteristics of Three
Plant Species
Photosynthesis produces various organic substances, such as starch, for plant growth
and development. It is a critical physiological function required for plant growth and devel-
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opment [35]. The light response curve reflects the correlation between the photosynthetic
rate and the light intensity, and the photosynthetic parameters are indicators of the plant’s
photosynthetic capacity. The Pn of the three species increased linearly with an increase in
the PAR at PAR < 0-200 pmol-m~2-s~!, indicating that the most important environmental
factor affecting the Pn of the plants was the PAR. When PAR > 200 umol-m~2:s~!, the rate
of increase in Pn of the three species decreased, and nonlinear growth occurred, followed
by stabilization (PAR > 1200 pumol-m~2-s71). Under these conditions, other factors than
PAR also influenced the Pn of the plants. Photosynthesis saturation occurred when the Pn
did not increase with an increase in PAR. It has been shown that the Pn of plants decreased
with an increase in acidity [36], consistent with our results for Pinus massoniana. The reason
may be the reduction of the chlorophyll content caused by Mg?* leaching or the H" in acid
rain [37,38]. Excessive accumulation of H* causes impaired membrane permeability, uncou-
pled electron transport, and insufficient accumulation of ATP and NADPH [38]. Overall,
the Pn, Tr, and Gs of Pinus massoniana were higher in the NR and pH 4.5 treatments than in
the CK, indicating that mild stress increased the photosynthetic rate of plants. However,
as the acidity increased, the Pn, Tr, and Gs of the three species were low in the pH 2.5
treatment, indicating that high acidity had adverse effects on the photosynthetic activity
of the three species. Our results are in agreement with those of Shu et al. (2019) [39]. The
reason is that acid rain enters the plant leaves and damages the cuticle. The plant protects
the cell membrane and chloroplasts from damage by reducing the Pn, Tr, and Gs [40].

Stomatal and non-stomatal restrictions can reduce the Pn of plants. Stomatal factors
affect the Pn by regulating the stomatal opening, whereas non-stomatal factors influence
the Pn by regulating the photosynthetic activity of the mesophyll cells [41]. Some scholars
believe stomata are critical in controlling the Pn when the Gs and Ci are low. However, as
the Gs decreases, the Ci increases, and non-stomatal factors are dominant [38]. The Gs was
lower, and the Ci was higher in the pH 2.5 treatment than in the CK for all three species.
Therefore, non-stomatal factors were crucial in reducing the Pn of plants at high acidity.
The responses of the non-stomatal factors may be related to photosynthetic pigments and
enzyme activities [42]. Acid rain stress has different effects on different plant species.
Studies have shown that coniferous tree species are more vulnerable to acid rain than
broad-leaved tree species [43]. In this study, the Pn of Phyllostachys edulis showed the
smallest response to acid rain, followed by Cinnamomum camphora and Pinus massoniana.
This result may be due to the differences in the species’ abilities to recover from and resist
acid rain due to their morphological, structural, and biological characteristics [44]. Plants
with a thinner leaf epidermis and higher leaf water content are more vulnerable to acid
rain [44]. Leaves with a thicker cuticle layer absorb water slower, and a thicker cuticle
layer per unit leaf surface contains more chlorophyll, resulting in higher photosynthetic
capacity [43,45,46]. Bamboo plants grow rapidly and have a high assimilation capacity,
which is closely related to the photosynthetic pathway [47]. Different plant species respond
differently to different acidities of acid rain, and environmental stress is a vital factor
affecting the photosynthetic capacity of plants [48].

4.2. Effects of Acid Rain Stress on Biochemical Characteristics of the Tree Species

Plants accumulate organic matter for osmoregulation by metabolic regulation to
alleviate osmotic stress caused by the environment [49]. This study showed that the relative
chlorophyll content of the three species was significantly lower at pH < 3.5. This result
is in accordance with that of Moharekar et al. (2003), who found that high acid rain
stress significantly decreased the plant chlorophyll content due to an increase in oxidative
stress [50]. However, the relative chlorophyll content of the three species in this study
was higher under NR, possibly because low-acidity acid rain provided N required for
chlorophyll synthesis [51]. A higher chlorophyll content increases the photosynthetic
capacity [52], improving plant growth. This result is in agreement with the first hypothesis
that the physiological and biochemical characteristics of plant seedlings respond differently
to different concentrations of acid rain, and that slightly acidic rainfall (NR) can promote
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the growth of plant’s physiological and biochemical indicators. Our study found that
the MDA content of the three species showed an increasing trend with an increase in
acidity, indicating that acid rain damaged the cell membrane of leaves, causing ROS
accumulation and lipid peroxidation of the cell membrane [53]. Moreover, the MDA
content showed a negative correlation with the relative chlorophyll content, indicating that
MDA produced by peroxidation of the cell membranes inhibited chlorophyll synthesis and
hindered plant growth [54].

The soluble protein content reflects the metabolism and aging of plants because it is
a critical osmoregulatory substance and nutrient [55]. The results of this study showed
that the soluble protein content of the three species was higher under slightly acidic rain
stress than in the CK and decreased with an increase in acidity. This result demonstrates
the resistance of the plant seedlings to acid rain stress and indicates that Pinus massoniana,
Phyllostachys edulis, and Phyllostachys edulis show adaptation to acid rain. When the acidity
was very high, the activity of enzymes that synthesize plant proteins decreased, reducing
the soluble protein content [56]. The soluble sugar content of the three species decreased
with a reduction in the pH of the acid rain, and the effect was the most pronounced
for Phyllostachys edulis. The results of this study were the same as those of Debnath
et al. (2018), who investigated the response of tomatoes to acid rain stress [34]. It can be
concluded that acid rain stress damaged the cell membranes, increased permeability, and
improved the requirement of plant seedlings for nutrients and energy, reducing soluble
sugar synthesis [57]. In this study, the proline content increased with an increase in acidity
and was higher in all acid rain treatments than in the CK, indicating that proline was
involved in the osmotic regulation of plants under acid rain stress. Plants protect cell
membranes and maintain the cell shape by producing proline in response to acid rain stress,
improving their resistance and preventing oxidative stress and lipid peroxidation [58]. This
result is consistent with that of Zhang et al. (2021), who analyzed tea trees under simulated
acid rain [58]. Environmental stress increases the synthesis pathway, such as glutamine
synthesis of proline or the synthesis of amino acids that can be converted into proline [59].

Acid rain stress can increase the number of ROS, which can affect plant growth and
development. The enzyme antioxidant defense system (CAT, SOD, POD, and APX) is
crucial for maintaining cell homeostasis and ensuring the normal growth and development
of plants. It provides an essential mechanism for cells to cope with oxidative stress [60]. In
this study, the enzyme activities of CAT, SOD, POD, and APX initially increased and then
decreased with an increase in acidity. The higher the acidity, the stronger the inhibitory
effect. Debnath et al. (2018) also obtained the same result in a study of tomatoes [34]. It
may be that the high acidity reduced the detoxification capacity of plants, changing the
dynamic balance between the protective enzyme system and the scavenging effect of the
antioxidants. As a result, the ROS accumulated, causing oxidative damage and affecting
the plants” normal growth and development [61]. These results demonstrate that plants
have a defense capacity, and their antioxidant enzyme defense system deals with external
stresses. However, the plants may suffer damage when the external stresses exceed the
plant’s defense capacity [24]. In this study, the production and scavenging of ROS were out
of balance at a pH of 3.5, and the scavenging capacity of the antioxidant enzyme system
was exceeded, resulting in the production of large amounts of MAD due to peroxidation of
cell membrane lipids [62]. Overall, plant growth and development under environmental
stress depend on the antioxidant defense mechanisms of plants [34].

4.3. Relationship between Photosynthetic and Biochemical Characteristics of Plant Seedlings under
Acid Rain Stress

As the soluble protein content in the plant leaves increased, the enzyme activity re-
quired for photosynthesis increased, improving the photosynthetic capacity and increasing
the accumulation of photosynthetic products and dry matter [63]. The MDA content re-
flects the level of peroxidation in the cell membranes and the strength of the response
to stress conditions, affecting plant photosynthesis [54]. The level of chlorophyll content
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was strongly associated with the physiological properties of the plant leaves, affecting
photosynthesis [46]. The results of the RDA in this study showed that the soluble protein,
MDA, and relative chlorophyll contents of plants substantially affected the photosynthetic
characteristics, which supports our second hypothesis that acid rain affects photosynthesis
by influencing the plants’ biochemical mechanisms. Previous studies have shown that
the decrease in the Pn of plants due to acid rain was related to the decrease in the leaf
chlorophyll content [64]. Acid rain leaches from plant leaves, leading to Mg?* leaching [17].
Mg is a critical component of plant chlorophyll and is required for photosynthesis. A
reduction in Mg?* inhibits chlorophyll synthesis and reduces the chlorophyll content. It
also causes the production of ROS, which damages the photosynthetic apparatus and
increase the synthesis of antioxidant enzymes, ultimately affecting photosynthesis [37].
Within a certain range, the higher the chlorophyll content, the stronger the photosynthetic
capacity [52], which was demonstrated by the relative chlorophyll content and Pn in the
NR treatment (Figures 3 and 4). We found that an increase in the soluble protein content
under slightly acidic conditions alleviated acid rain stress, improving the photosynthetic
capacity of plants. MDA, an end product of cell membrane lipid peroxidation, inhibits the
formation of chlorophyll; therefore, the soluble protein, MDA, and relative chlorophyll
contents were closely related to the photosynthetic capacity of plants.

This study has some limitations. The 4-month (May to August 2021) simulated acid
rain experiment with potted seedlings was relatively short, considering the life span of the
species. Further studies are needed to determine how the response indicators of the plants
will change and whether their adaptability will increase or decrease as the treatment time
and the age of the plants increase.

5. Conclusions

This study investigated the effects of acid rain with different acidity levels on the
physiological and biochemical characteristics of Pinus massoniana, Phyllostachys edulis, and
Cinnamomum camphora. The responses of the three species to acid rain stress were variable.
The NR and low acidity treatments enhanced the physiological and biochemical character-
istics of the plants. Non-stomatal factors were dominant in reducing the Pn of plants under
higher acidity conditions. The antioxidant enzyme activities increased when the plants
were first exposed to acid rain stress. However, as the acidity increased, the antioxidant
enzyme activity level decreased, and inhibition occurred. The simulated acid rain affected
plant photosynthesis by influencing biochemical mechanisms. The soluble protein, MDA,
and relative chlorophyll contents were the dominant factors affecting plant photosynthesis.
A comprehensive comparison of the indicators revealed that a pH of 3.5 acid rain might be
the threshold where acid rain has an adverse effect on Pinus massoniana, Phyllostachys edulis,
and Cinnamomum camphora. The high values of the indicators under NR indicate that the
plants in the Jinyun Mountain area of Chongging have adapted to the current conditions.

Author Contributions: Formal analysis, Y.Z. (Yuxuan Zhang); writing—original draft, Y.Z. (Yuxuan
Zhang); data curation, F.Y.; funding acquisition, Y.W.; writing—review and editing, Y.Z. (Yonglin
Zheng) and J.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Research on Monitoring Technology of Chongging Carbon
Sequestration Based on Remote Sensing Technology (CSTB2022TIAD-KPX0202).



Forests 2023, 14, 1067 14 of 16

Data Availability Statement: The data are not publicly available due to the policy of the institute.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yu H,;He N.;Wang, Q.; Zhu, J.; Gao, Y.; Zhang, Y,; Jia, Y.; Yu, G. Development of atmospheric acid deposition in China from the
1990s to the 2010s. Environ. Pollut. 2017, 231, 182-190. [CrossRef] [PubMed]

2. Zhang, Q.; Zhu, ].; Mulder, J.; Wang, Q.; Liu, C.; He, N. High environmental costs behind rapid economic development: Evidence
from economic loss caused by atmospheric acid deposition. J. Environ. Manag. 2023, 334, 117511. [CrossRef] [PubMed]

3. Tong, D,; Cheng, J; Liu, Y;; Yu, S.; Yan, L.; Hong, C.; Qin, Y.; Zhao, H.; Zheng, Y.; Geng, G.; et al. Dynamic projection of
anthropogenic emissions in China: Methodology and 20152050 emission pathways under a range of socio-economic, climate
policy, and pollution control scenarios. Atmos. Chem. Phys. 2020, 20, 5729-5757. [CrossRef]

4. Ministry of Ecology and Environment of the People’s Republic of China. Report on the State of the Ecological Environment in China.
[EB/OL]; Ministry of Ecology and Environment of the People’s Republic of China: Beijing, China, 2018.

5. Zhang, Q.; Zhu, J.; Wang, Q.; Xu, L.; Li, M.; Dai, G.; Mulder, ].; Xi, Y.; He, N. Soil acidification in China’s forests due to atmospheric
acid deposition from 1980 to 2050. Sci. Bull. 2022, 67, 914-917. [CrossRef]

6. Chang, M. SO; Pollution Control: Successful and Transferable Practices (Chongqing, China); Institute for Global Environmental
Strategies: Kanagawa, Japan, 2003.

7. Acid Deposition Monitoring Network in East Asia. 2021. Available online: https://monitoring.eanet.asia/document/public/
index (accessed on 20 February 2023).

8.  Galloway, ].N,; Likens, G.E.; Hawley, M.E. Acid Precipitation: Natural Versus Anthropogenic Components. Science 1984, 226,
829-831. [CrossRef]

9.  Zhang, C.; Meng, X.X.; Zhang, G.L. Current status of acid rain pollution in Chonggqing. Green Technol. 2018, 16, 11-14. [CrossRef]

10. Whitmarsh, J.; Govindjee. The Photosynthetic Process. In Concepts in Photobiology; Springer: Dordrecht, The Netherlands, 1999;
pp. 11-51. [CrossRef]

11.  Wen, K; Liang, C.; Wang, L.; Hu, G.; Zhou, Q. Combined effects of lanthanumion and acid rain on growth, photosynthesis and
chloroplast ultrastructure in soybean seedlings. Chemosphere 2011, 84, 601-608. [CrossRef] [PubMed]

12.  Zhang, Y.; Tian, C.; Yu, T.; Dayananda, B.; Fu, B.; Senaratne, S.L.; Wu, C.; Li, . Differential effects of acid rain on photosynthetic
performance and pigment composition of the critically endangered Acer amplum subsp. catalpifolium. Glob. Ecol. Conserv. 2021,
30, e01773. [CrossRef]

13. Dong, D.; Du, E.; Sun, Z.; Zeng, X.; de Vries, W. Non-linear direct effects of acid rain on leaf photosynthetic rate of terrestrial
plants. Environ. Pollut. 2017, 231, 1442-1445. [CrossRef]

14. Macaulay, B.M.; Enahoro, G.E. Effects of simulated acid rain on the morphology, phenology and dry biomass of a local variety of
maize (Suwan-1) in Southwestern Nigeria. Environ. Monit. Assess. 2015, 187, 622. [CrossRef]

15. Andrade, G.C;; Silva, L.C. Responses of tropical legumes from the Brazilian Atlantic Rainforest to simulated acid rain. Protoplasma
2016, 254, 1639-1649. [CrossRef] [PubMed]

16. Andrade, G.C.; Castro, L.N.; da Silva, L.C. Micromorphological alterations induced by simulated acid rain on the leaf surface of
Joannesia princeps Vell. (Euphorbiaceae). Ecol. Indic. 2020, 116, 106526. [CrossRef]

17.  Diatta, J.; Youssef, N.; Tylman, O.; Grzebisz, W.; Markert, B.; Drobek, L.; Wiinschmann, S.; Bebek, M.; Mitko, K.; Lejwoda, P. Acid
rain induced leakage of Ca, Mg, Zn, Fe from plant photosynthetic organs—Testing for deciduous and dicotyledons. Ecol. Indic.
2021, 121, 107210. [CrossRef]

18. Hu, H.; Wang, L.; Liao, C.; Fan, C.; Zhou, Q.; Huang, X. Combined Effects of Lead and Acid Rain on Photosynthesis in Soybean
Seedlings. Biol. Trace Element Res. 2014, 161, 136-142. [CrossRef] [PubMed]

19. Sun, Z.; Wang, L.; Chen, M.; Wang, L.; Liang, C.; Zhou, Q.; Huang, X. Interactive effects of cadmium and acid rain on
photosynthetic light reaction in soybean seedlings. Ecotoxicol. Environ. Saf. 2012, 79, 62—-68. [CrossRef]

20. Du, E; Dong, D.; Zeng, X.; Sun, Z; Jiang, X.; de Vries, W. Direct effect of acid rain on leaf chlorophyll content of terrestrial plants
in China. Sci. Total. Environ. 2017, 605, 764-769. [CrossRef]

21. Shi, Z.; Zhang, J.; Xiao, Z.; Lu, T.; Ren, X.; Wei, H. Effects of acid rain on plant growth: A meta-analysis. J. Environ. Manag. 2021,
297,113213. [CrossRef]

22. Ren, X.; Zhu, ].; Liu, H.; Xu, X.; Liang, C. Response of antioxidative system in rice (Oryza sativa) leaves to simulated acid rain
stress. Ecotoxicol. Environ. Saf. 2018, 148, 851-856. [CrossRef]

23. Ma, S.; Chen, W.; Zhang, ].; Shen, H. Influence of simulated acid rain on the physiological response of flowering Chinese cabbage
and variation of soil nutrients. Plant Soil Environ. 2020, 66, 648-657. [CrossRef]

24. Hua, T,; Tan, S.; Liu, Z. Effects of cadmium and simulated acid rain on growth and physiological characteristics of bermudagrass
seedling. Acta Physiol. Plant. 2022, 44, 17. [CrossRef]

25. Li, X,; Wang, Y;; Zhang, Y.; Wang, Y.; Pei, C. Response of soil chemical properties and enzyme activity of four species in the Three
Gorges Reservoir area to simulated acid rain. Ecotoxicol. Environ. Saf. 2021, 208, 111457. [CrossRef]

26. Zheng, Y.; Wang, Y.; Zheng, Y.; Li, Y. Effects of Simulated Acid Rain on Soil Enzyme Activity and Related Chemical Indexes in

Woodlands. Forests 2022, 13, 860. [CrossRef]


https://doi.org/10.1016/j.envpol.2017.08.014
https://www.ncbi.nlm.nih.gov/pubmed/28800487
https://doi.org/10.1016/j.jenvman.2023.117511
https://www.ncbi.nlm.nih.gov/pubmed/36801691
https://doi.org/10.5194/acp-20-5729-2020
https://doi.org/10.1016/j.scib.2022.01.004
https://monitoring.eanet.asia/document/public/index
https://monitoring.eanet.asia/document/public/index
https://doi.org/10.1126/science.226.4676.829
https://doi.org/10.16663/j.cnki.lskj.2018.16.004
https://doi.org/10.1007/978-94-011-4832-0_2
https://doi.org/10.1016/j.chemosphere.2011.03.054
https://www.ncbi.nlm.nih.gov/pubmed/21507455
https://doi.org/10.1016/j.gecco.2021.e01773
https://doi.org/10.1016/j.envpol.2017.09.005
https://doi.org/10.1007/s10661-015-4844-4
https://doi.org/10.1007/s00709-016-1054-z
https://www.ncbi.nlm.nih.gov/pubmed/27933452
https://doi.org/10.1016/j.ecolind.2020.106526
https://doi.org/10.1016/j.ecolind.2020.107210
https://doi.org/10.1007/s12011-014-0088-3
https://www.ncbi.nlm.nih.gov/pubmed/25069575
https://doi.org/10.1016/j.ecoenv.2011.12.004
https://doi.org/10.1016/j.scitotenv.2017.06.044
https://doi.org/10.1016/j.jenvman.2021.113213
https://doi.org/10.1016/j.ecoenv.2017.11.046
https://doi.org/10.17221/469/2020-PSE
https://doi.org/10.1007/s11738-021-03353-8
https://doi.org/10.1016/j.ecoenv.2020.111457
https://doi.org/10.3390/f13060860

Forests 2023, 14, 1067 15 of 16

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Li, Y.; Wang, Y.; Wang, Y.; Wang, B. Effects of simulated acid rain on soil respiration and its component in a mixed coniferous-
broadleaved forest of the three gorges reservoir area in Southwest China. For. Ecosyst. 2019, 6, 32. [CrossRef]

IUSS Working Group WRB. World Reference Base for Soil Resources. International Soil Classification System for Naming Soils and
Creating Legends for Soil Maps, 4th ed.; International Union of Soil Sciences (IUSS): Vienna, Austria, 2022.

Ye, Z.P,; Yu, Q. Comparison of a new model of photosynthetic light response with the traditional model. J. Shenyang Agric. Univ.
2007, 38, 771-775. [CrossRef]

Yemm, E.W.; Willis, A.J. The estimation of carbohydrates in plant extracts by anthrone. Biochem. . 1954, 57, 508-514. [CrossRef]
Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Bates, L.S.; Waldren, R.P; Teare, I.D. Rapid determination of free proline for water-stress studies. Plant Soil 1973, 39, 205-207.
[CrossRef]

Hodges, D.M.; DeLong, ].M.; Forney, C.E,; Prange, R K. Improving the thiobarbituric acid-reactive-substances assay for estimating
lipid peroxidation in plant tissues containing anthocyanin and other interfering compounds. Planta 1999, 207, 604-611. [CrossRef]
Debnath, B.; Irshad, M.; Mitra, S.; Li, M.; Rizwan, H.M,; Liu, S.; Pan, T.; Qiu, D. Acid Rain Deposition Modulates Photosynthesis,
Enzymatic and Non-enzymatic Antioxidant Activities in Tomato. Int. ]. Environ. Res. 2018, 12, 203-214. [CrossRef]

Xu, J.; Guo, L,; Liu, L. Exogenous silicon alleviates drought stress in maize by improving growth, photosynthetic and antioxidant
metabolism. Environ. Exp. Bot. 2022, 201, 104974. [CrossRef]

Sun, J.; Hu, H,; Li, Y.; Wang, L.; Zhou, Q.; Huang, X. Effects and mechanism of acid rain on plant chloroplast ATP synthase.
Environ. Sci. Pollut. Res. 2016, 23, 18296-18306. [CrossRef] [PubMed]

Verbruggen, N.; Hermans, C. Physiological and molecular responses to magnesium nutritional imbalance in plants. Plant Soil
2013, 368, 87-99. [CrossRef]

Velikova, V.; Tsonev, T.; Yordanov, I. Light and CO, responses of photosynthesis and chlorophyll fluorescence characteristics in
bean plants after simulated acid rain. Physiol. Plant. 1999, 107, 77-83. [CrossRef]

Shu, X.; Zhang, K.; Zhang, Q.; Wang, W. Ecophysiological responses of Jatropha curcas L. seedlings to simulated acid rain under
different soil types. Ecotoxicol. Environ. Saf. 2019, 185, 109705. [CrossRef] [PubMed]

Dolatabadian, A.; Sanavy, S.A.M.M.; Gholamhoseini, M.; Joghan, A.K.; Majdi, M.; Kashkooli, A.B. The role of calcium in
improving photosynthesis and related physiological and biochemical attributes of spring wheat subjected to simulated acid rain.
Physiol. Mol. Biol. Plants 2013, 19, 189-198. [CrossRef]

Wang, L.; Wang, W.; Zhou, Q.; Huang, X. Combined effects of lanthanum (III) chloride and acid rain on photosynthetic pa-rameters
in rice. Chemosphere 2014, 112, 355-361. [CrossRef]

Zhang, Y.; Yu, T.; Ma, W,; Dayananda, B.; Iwasaki, K.; Li, ]. Morphological, Physiological and Photophysiological Responses of
Critically Endangered Acer catalpifolium to Acid Stress. Plants 2021, 10, 1958. [CrossRef]

Yao, E-F; Ding, H--M,; Feng, L.-L.; Chen, ] .-].; Yang, S.-Y.; Wang, X.-H. Photosynthetic and growth responses of Schima superba
seedlings to sulfuric and nitric acid depositions. Environ. Sci. Pollut. Res. 2016, 23, 8644-8658. [CrossRef]

Haines, B.L.; Jernstedt, ].A.; Neufeld, H.S. Direct foliar effects of simulated acid rain: I. Damage, growth and gas exchange. New
Phytol. 1985, 99, 389—-405. [CrossRef]

Da Silva, L.C.; Oliva, M.A.; Azevedo, A.A.; Aradjo, ].M.; Aguiar, R M. Micromorphological and anatomical alterations caused by
simulated acid rain in Restinga plants: Eugenia uniflora and Clusia hilariana. Water Air Soil Pollut. 2005, 168, 129-143. [CrossRef]
Zhang, W.; Feng, Z.; Wang, X.; Niu, J. Responses of native broadleaved woody species to elevated ozone in subtropical China.
Environ. Pollut. 2012, 163, 149-157. [CrossRef] [PubMed]

Xu, Y.; Wong, M,; Yang, J.; Ye, Z,; Jiang, P.; Zheng, S.; Zheng, S.J. Dynamics of Carbon Accumulation During the Fast Growth
Period of Bamboo Plant. Bot. Rev. 2011, 77, 287-295. [CrossRef]

Sharma, A.; Kumar, V.; Shahzad, B.; Ramakrishnan, M.; Sidhu, G.P.S.; Bali, A.S.; Handa, N.; Kapoor, D.; Yadav, P.; Khanna, K,;
et al. Photosynthetic Response of Plants Under Different Abiotic Stresses: A Review. J. Plant Growth Regul. 2020, 39, 509-531.
[CrossRef]

Kumar, M.; Patel, M.K.; Kumar, N.; Bajpai, A.B.; Siddique, K.H.M. Metabolomics and Molecular Approaches Reveal Drought
Stress Tolerance in Plants. Int. . Mol. Sci. 2021, 22, 9108. [CrossRef] [PubMed]

Moharekar, S.; Lokhande, S.; Hara, T.; Tanaka, R.; Tanaka, A.; Chavan, P. Effect of Salicylic Acid on Chlorophyll and Carotenoid
Contents of Wheat and Moong Seedlings. Photosynthetica 2003, 41, 315-317. [CrossRef]

Huang, J.; Wang, H.; Zhong, Y.; Huang, J.; Fu, X.; Wang, L.; Teng, W. Growth and physiological response of an endangered tree,
Horsfieldia hainanensis merr., to simulated sulfuric and nitric acid rain in southern China. Plant Physiol. Biochem. 2019, 144, 118-126.
[CrossRef]

Shan, Y.F. Acid Rain, Atmospheric Pollution and Plants; China Environmental Science Press: Beijing, China, 1993.

Liu, M.; Korpelainen, H.; Dong, L.; Yi, L. Physiological responses of Elaeocarpus glabripetalus seedlings exposed to simulated
acid rain and cadmium. Ecofoxicol. Environ. Saf. 2019, 175, 118-127. [CrossRef]

Yang, F; Wang, Y.Q.; Wang, YJ.; Zhu, ].Q.; Pei, CM.; Li, X.L. Effects of acid rain stress on photosynthetic physiological
char-acteristics of seedlings of Sargassum pine in Jinyun Mountain. Resour. Environ. Yangtze Basin 2022, 31, 124-134. [CrossRef]
Amini, F; A Ehsanpour, A. Soluble Proteins, Proline, Carbohydrates and Na* /K* Changes in Two Tomato (Lycopersicon esculentum
Mill.) Cultivars under in vitro Salt Stress. Am. J. Biochem. Biotechnol. 2005, 1, 212-216. [CrossRef]


https://doi.org/10.1186/s40663-019-0192-0
https://doi.org/10.3969/j.issn.1000-1700.2007.06.001
https://doi.org/10.1042/bj0570508
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1007/BF00018060
https://doi.org/10.1007/s004250050524
https://doi.org/10.1007/s41742-018-0084-0
https://doi.org/10.1016/j.envexpbot.2022.104974
https://doi.org/10.1007/s11356-016-7016-3
https://www.ncbi.nlm.nih.gov/pubmed/27278067
https://doi.org/10.1007/s11104-013-1589-0
https://doi.org/10.1034/j.1399-3054.1999.100111.x
https://doi.org/10.1016/j.ecoenv.2019.109705
https://www.ncbi.nlm.nih.gov/pubmed/31561080
https://doi.org/10.1007/s12298-013-0165-7
https://doi.org/10.1016/j.chemosphere.2014.04.069
https://doi.org/10.3390/plants10091958
https://doi.org/10.1007/s11356-015-5970-9
https://doi.org/10.1111/j.1469-8137.1985.tb03668.x
https://doi.org/10.1007/s11270-005-0941-2
https://doi.org/10.1016/j.envpol.2011.12.035
https://www.ncbi.nlm.nih.gov/pubmed/22325443
https://doi.org/10.1007/s12229-011-9070-3
https://doi.org/10.1007/s00344-019-10018-x
https://doi.org/10.3390/ijms22179108
https://www.ncbi.nlm.nih.gov/pubmed/34502020
https://doi.org/10.1023/B:PHOT.0000011970.62172.15
https://doi.org/10.1016/j.plaphy.2019.09.029
https://doi.org/10.1016/j.ecoenv.2019.03.026
https://doi.org/10.1007/s11104-013-1589-0
https://doi.org/10.3844/ajbbsp.2005.212.216

Forests 2023, 14, 1067 16 of 16

56.

57.

58.

59.

60.

61.

62.

63.

64.

Bao, G.; Tang, W.; An, Q.; Liu, Y,; Tian, J.; Zhao, N.; Zhu, S. Physiological effects of the combined stresses of freezing-thawing,
acid precipitation and deicing salt on alfalfa seedlings. BMC Plant Biol. 2020, 20, 204. [CrossRef]

Bao, G; Tang, W.; He, E; Chen, W.; Zhu, Y,; Fan, C.; Zhang, M.; Chang, Y.; Sun, J.; Ding, X. Physiological response in the leaf and
stolon of white clover under acid precipitation and freeze—thaw stress. Funct. Plant Biol. 2020, 47, 50-57. [CrossRef] [PubMed]
Zhang, C.;Yi, X.; Gao, X.; Wang, M.; Shao, C.; Lv, Z.; Chen, ] ; Liu, Z.; Shen, C. Physiological and biochemical responses of tea
seedlings (Camellia sinensis) to simulated acid rain conditions. Ecotoxicol. Environ. Saf. 2020, 192, 110315. [CrossRef]

Zhang, Y.; Zhang, L.; Hu, X.-H. Exogenous spermidine-induced changes at physiological and biochemical parameters levels in
tomato seedling grown in saline-alkaline condition. Bot. Stud. 2014, 55, 58. [CrossRef] [PubMed]

Das, K.; Roychoudhury, A. Reactive oxygen species (ROS) and response of antioxidants as ROS-scavengers during environmental
stress in plants. Front. Environ. Sci. 2014, 2, 53. [CrossRef]

Debnath, B.; Sikdar, A.; Islam, S.; Hasan, K.; Li, M.; Qiu, D. Physiological and Molecular Responses to Acid Rain Stress in Plants
and the Impact of Melatonin, Glutathione and Silicon in the Amendment of Plant Acid Rain Stress. Molecules 2021, 26, 862.
[CrossRef]

Zhang, X.; Du, Y,; Wang, L.; Zhou, Q.; Huang, X.; Sun, Z. Combined Effects of Lanthanum (III) and Acid Rain on Antioxidant
Enzyme System in Soybean Roots. PLoS ONE 2015, 10, e0134546. [CrossRef]

Sun, C.Q.; Yang, Y.J.; Guo, Z.L.; Qu, F. Effects of fertilizer application and density on soluble sugars, soluble protein and nitrate
reductase in hybrid grain. J. Plant Nutr. 2015, 21, 1169-1177. [CrossRef]

Debnath, B.; Hussain, M.; Irshad, M.; Mitra, S.; Li, M,; Liu, S.; Qiu, D. Exogenous Melatonin Mitigates Acid Rain Stress to Tomato
Plants through Modulation of Leaf Ultrastructure, Photosynthesis and Antioxidant Potential. Molecules 2018, 23, 388. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s12870-020-02413-4
https://doi.org/10.1071/FP19072
https://www.ncbi.nlm.nih.gov/pubmed/31813412
https://doi.org/10.1016/j.ecoenv.2020.110315
https://doi.org/10.1186/s40529-014-0058-2
https://www.ncbi.nlm.nih.gov/pubmed/28510977
https://doi.org/10.3389/fenvs.2014.00053
https://doi.org/10.3390/molecules26040862
https://doi.org/10.1371/journal.pone.0134546
https://doi.org/10.11674/zwyf.2015.0509
https://doi.org/10.3390/molecules23020388

	Introduction 
	Materials and Methods 
	Study Area 
	Experimental Materials 
	Experimental Design 
	Acid Rain Solutions 
	Spray Application 

	Sample Collection and Indices 
	Determination of Photosynthetic Physiological Indicators 
	Determination of Biochemical Indicators 

	Data Analysis 

	Results 
	Effect of Acid Rain Stress on Photosynthetic Physiological Characteristics of Plants 
	Effects of Acid Rain Stress on Plant Biochemical Characteristics 
	RDA Results of Photosynthetic and Biochemical Indices of Plant Seedlings under Acid Rain Stress 

	Discussion 
	Effects of Acid Rain Stress on Photosynthetic Physiological Characteristics of Three Plant Species 
	Effects of Acid Rain Stress on Biochemical Characteristics of the Tree Species 
	Relationship between Photosynthetic and Biochemical Characteristics of Plant Seedlings under Acid Rain Stress 

	Conclusions 
	References

