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allocations on a whole-plant scale.
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1. Introduction

Acid rain (AR) contamination has often resulted in environmental disasters and monetary losses
globally from the start of the industrial revolution [1,2], typically, emissions from human
activities—such as burning coal, industrial output, and Vehicle exhaust emits acidic chemicals
such as sulfur dioxide (SO2) and nitrogen oxides (NOx)[3,4]. Natural processes including
volcanic eruptions, lightning-caused forest fires, and ocean foam produce sulfur oxides (Sox),
concentrated sulfuric acid (H2SO4), and other acidic chemicals [5,6]. The process by which acidic
chemicals react with atmospheric moisture to generate acid precipitation is known as AR (pH <
5.6). These substances have the ability to travel long distances and finally deposit acid on the earth
[7,8]. Acid rain may erode infrastructure and reduce forest habitats, as well as reduce crop yields
and acidify soils and aquatic environments [9].

In terrestrial ecosystems, Plants are crucial for biodiversity and production in addition to serving
as the main sensors and interceptors of AR pollutants. Thus, plant response patterns to AR can
help researchers with a solid theoretical basis for tackling associated challenges and assist land
managers in developing technical remedies employed in the restoration and rebuilding of degraded
ecosystems in AR-affected regions [10,11]. Plant performance is directly impacted by AR's
acidity. According to simulation studies, simulated AR (SAR) treatments reduce photosynthesis
and growth by inhibiting the growth and development of the above-ground (leaf) and below-
ground (root) organs of plants, respectively. There has been much research on the direct effects of
AR's acidity as well as the indirect effects of AR-mediated soil chemical characteristics on plants
[9-12].

High AR frequencies significantly decrease Soil microbe biomass, diversity, and activity,
rhizosphere microbes possess the capacity to affect how AR pollutants that have been deposited in
soil are transformed; Additionally, they could trigger the release of plant hormones, containing
indoleacetic acid, which, in the presence of AR stress, can regulate growth and reproduction
[13,14] , Microorganisms are a fundamental component of soils and play a critical role in
moderating AR's effects on the soil-plant system. However, there was a dearth of previous study
on the AR-soil microbe-plant pathway, the majority of plant species form root symbioses with
arbuscular mycorrhizal fungus (AMF), and ectomycorrhizal fungi (ECMF), which significantly
affect plant development and response to environmental stresses like AR. For instance, it has been
demonstrated that the addition of nitrogen (N) has a detrimental effect on several AMF guilds,
which is influenced by the pH of the soil [15,16]. Likewise, it is well recognized that N deposition
has a detrimental effect on ECMF colonization of roots. However, by inoculating plants with AMF
and EcMF, for example, symbiotic microbes can mitigate heavy metal toxicity and other negative
impacts of AR in plants. Numerous meta-analyses have already shown how harmful nitrogen
deposition and acidic stress are to soil that is connected with plants microorganisms; But little
focus has been placed on how various plant mycorrhizal species react to AR stress. [17-19]. The
current study aims to know the effect of acid rain on the environment, especially plants, through
the direct effect on them or indirectly through the effect on soil and water.

2. Acid rain

Acid rain is any precipitation, including rain, that has a low pH (high concentration of hydrogen
ions), while most water, including drinking water, has a neutral pH of 6.5 to 8.5, acid rain has a
pH lower than this, usually between 4 and 5 [20]. The pH of acid rain drops as the acidity
increases. Acid rain has a harmful influence on infrastructure, marine life, and vegetation.
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Emissions of nitrogen oxide and sulfur dioxide interact with atmospheric water molecules to
produce acids, causing acid rain [21].

Forests, freshwaters, soils, microorganisms, insects, and aquatic life-forms have all been
demonstrated to suffer negative effects from acid rain [3]. Prolonged acid rain weakens tree bark
in ecosystems, making flora more vulnerable to environmental stresses including pest infestation,
heat, and cold, as well as drought. By depriving acid rain can deplete the soil of components such
as calcium and magnesium, which are required for plant development and soil health. It can also
have a deleterious influence on soil composition. In addition to its impact on human health, acid
rain corrodes steel structures such as bridges, weathers stone buildings and sculptures, and causes
paint to peel [7,22].

Since the 1970s, several governments, such as those in North America and Europe enforcing air
pollution legislation has helped to reduce the quantity of nitrogen oxide and sulfur dioxide
discharged into the atmosphere [23]. These efforts have been successful because of the substantial
studies on acid rain that started in the 1960s and the widely shared knowledge about its harmful
effects. Even though human activity is primarily responsible for the sulfur and nitrogen
compounds that generate acid rain, lightning strikes can also naturally produce nitrogen oxides,
and volcanic eruptions can produce sulfur dioxide [23, 24].

2.1. Effect acid rain on surface waters and aquatic animals

Numerous effects of sulfuric and nitric acids on aquatic environments include acidification,
elevated levels of nitrogen and aluminum, and modifications to the biogeochemical processes
[25]. Fish and other aquatic life may be harmed by the lower pH and increased aluminum
concentrations in surface water brought on by acid rain, most fish eggs do not hatch at pH levels
below 5, and adult fish can be killed by lower pH levels. Biodiversity declines when rivers and
lakes become more acidic. In certain lakes, creeks, and streams in sensitive geographic areas, such
as the US Adirondack Mountains, acid rain has killed out bug life and certain fish species,
including brook trout. [15,25]. However, there is variation in the degree which acid rain, directly
or indirectly affects lake and river acidity through runoff from the catchment (i.e., depending on
the surrounding watershed features). "Of the lakes and streams surveyed, acid rain generated
acidity in 75% of the acidic lakes and roughly 50% of the acidic streams™ [25] according to the US
Environmental Protection Agency's (EPA) website. Even with the same quantity of acid rain,
lakes that are hosted by silicate basement rocks have a higher acidity than lakes that are hosted
limestone or other carbonate-rich basement rocks, such as marble, due of the buffering properties
of carbonate minerals [23].

2.2. Effect acid rain on soils components

The chemical and biological processes that occur in soil can be seriously disrupted by acid rain.
For example, microorganisms that cannot tolerate acidic environments cannot adapt to the soil's
lower pH and ultimately die [26]. The acidic environment then denatures the enzymes of these
microbes. Additionally, it is thought that several nutrients that are necessary for plant life—
magnesium being the most notable example—are leached away by the increased concentration of
hydrogen or hydronium ions in the soil (as a result of acid rain) [27]. A higher concentration of
hydronium ions in the soil can also cause some poisons to be released; aluminum is the most
prominent example of this [28].

Acid rain can cause significant harm to the chemistry and biology of soil. Certain microorganisms
are killed when their pH drops because they cannot withstand the changes [28]. The acid denatures
these microorganisms' enzymes, changing their structure to prevent them from functioning. In
addition to mobilizing pollutants like aluminum, acid rain's hydronium ions also remove vital
minerals and nutrients like magnesium [5].

2 H+ (ag) + Mg2+ (clay) = 2 H+ (clay) + Mg2+ (aq)
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Acid rain leaches base cations, including calcium and magnesium, it can drastically alter the
chemistry of the soil, impacting sensitive species like sugar maple (Acer saccharum) [22].

2.3. Effect acid rain on plants
2.3.1. AR's direct impact on the physiology of plans and growth rate

AR's impacts on the micromorphology of leaf blades include the breakdown of epidermal cells
and the waxy surface structure, which could have a number of negative implications on plant
photosynthesis. AR, for instance, can result in stomatal distortion, partial spongy tissue collapse,
and epidermal collapse. [29, 30]. Since stomata are the primary pathway for transfer of gases in
plants, their dysfunction will have a negative impact on the growth and development of the plant ,
genipa Americana leaves' mesophyll and epidermal cells, for instance, start to shrink at pH 3.0,
according to Sant'Anna-Santos et al. (2006). The spongy tissue cells undergo hypertrophy first,
followed by the accumulation of phenolic compounds and starch granules [29,30].

Acid rain can damage organelles like mitochondria and chloroplasts by upsetting the mesophyll
tissue and organelles in leaves. AR, for instance, can break down cell membranes and walls,
creating mitochondrial ridges in between bigger inclusions [31].

A considerable decrease in leaf chlorophyll content was seen when the pH was decreased by an
AR treatment, which directly hindered photosynthesis and the buildup of plant organic matter
[32]. Furthermore, AR damages chloroplasts, erodes wax on the surface of the leaf, and causes
base cation leakage in mesophyll cells caused by acid. Certain plant taxa, life stages, and treatment
pH levels are associated with AR's effects on plant photosynthesis [33, 34]. As treatment pH rose,
it was observed that the amount of chlorophyll in the leaves increased. Furthermore, as the pH of
the AR treatment dropped, the amount of chlorophyll in the leaves of both woody and non-woody
plants dropped as well. The slope of log response rates fell more sharply at low treatment pH,
suggesting found plants that weren't woody were more vulnerable to AR than those that were. This
could be because woody and non-woody plants have different leaf surface properties [10,35].

Numerous changes permeability of plant membranes, enzymatic activity, the production of
metabolism, free radical antioxidants, and have been demonstrated to be brought on by acid rain
[36]. Reactive oxygen species (ROS) and other free radicals are eliminated by plants via both
enzymatic and nonenzymatic processes. The initial layer of protection from antioxidants is
superoxide dismutase (SOD). The second line of defense, catalase (CAT), scavenges H202, which
is generated within the cell [37, 38]. Cells can be shielded from elevated ROS concentrations by
peroxidases (POD). These enzymatic systems have the ability to preserve the redox state of cells
while also safeguarding their structure and functionality. AR would, nevertheless, have an impact
on plant leaves' SOD, POD, and CAT. It was discovered that as the acidity generated by AR
increased, spinach leaves' SOD activity decreased [39, 40]. Another study revealed a hump-shaped
curve in the activities of SOD, POD, and CAT, which first increased in wheat and subsequently
decreased when the pH of AR decreased. Therefore, Low PH treatment of SAR may affect and
interfere with defensive systems in plants, which in turn increases membrane permeability,
depending on a species' ability to tolerate AR stress. [18, 39].

2.3.1.1. Plant diseases and insect infestations brought on by AR

The leaf's capacity to defend itself is diminished when AR destroys cells in the plasma membrane
and epidermis, which makes it easier for bacteria, fungus, and pathogens to infiltrate and damage
the leaves. Nonetheless, there may be intricate connections among AR, plant illnesses, and insect
pests. While AR can also block certain plant diseases and insect pests, hence reducing their
spread, the damage it causes creates a handy conduit for disease and insect infection [41]. For
instance infectious bacterial inoculation after the development of leaf spot can worsen plant
diseases in tomato plants that were initially treated with SAR. If the germs are experimentally
injected first, followed by SAR treatment of the plants, some illnesses can be reduced since AR
can inhibit the growth of harmful bacteria. By lowering sporulation and lowering pH 3.5 treatment



221 American Journal of Biology and Natural Sciences Volume:2 | Number:7 (2025) Jul

can considerably increase the incubation period of wheat yellow rust disease, as shown by the area
under a disease progression curve [42, 43].

2.3.2. Indirect effects of AR on plants

Known as the AR-soil chemical properties-plant interaction, acid rain has been demonstrated to
alter the concentrations of certain ions in the soil, which may further impact Plant roots absorb
nutrients from the earth [44]. The majority of studies have shown the long-term ion leaching
causes a nutrient shortage in the soil and that acid deposition speeds up the leaching of base
cations. In addition to decreasing the soil buffering capacity and increasing cation leaching from
forest soils, nitrogen deposition also increases soil acidity through two mechanisms: (1) the direct
effects of nitric acid; and (2) the formation of H* ions by the nitrification of ammonia in soil [45].
By decreasing the availability of vital nutrients (like P and N) and increasing the availability of
heavy metals (like cadmium and lead), acidic soil may alter the soil environment and have an
impact on plant growth and metabolism. Additionally, too much nitrogen in the soil causes base
ions to drain more readily, creating a nutritional imbalance in the forest that eventually causes
destruction [46].

Acid rain seeps into soil particles, removing the soil's basic cations and replacing them with acidic
cations such as H+ and aluminum ions (AI*" and Mn?*. This leads to issues with soil acidification
[47]. The N cycle, N fixation, and the absorption of available phosphorus (P) are all impacted,
either directly or indirectly, by the rise in AI** concentration in soil solution and the resulting soil
acidification, which negatively impacts plant physiology and growth [48].

The heavy metal ions released by acid deposition, together with their quantity, speciation,
composition, and bioavailability in the soil, will also be impacted by the processes of nutrient
leaching and soil acidification. For instance, low pH and too much Mn?* dramatically decreased
cucumber roots' CAT activity [49]. One of the most hazardous elements found in soil is cadmium
(Cd?"). Low pH 3.0 brought on by AR and a high concentration of Cd?* (100 mg/kg) in
combination treatments can reduce plant biomass overall and alter the distribution of biomass
across various plant organs. In addition to further suppressing photosynthesis and lowering
biomass, the other combination therapies with AR and a high concentration of Cd2+ decreased the
amount of Fe3+ and Mg2+ in the soil [49,50].

3. AR-soil microorganisms-plants

Microbes affect the growth and survival of plants, according to earlier research. For instance,
rhizosphere microbes have the ability to control soil nitrogen levels and trigger the release of plant
hormones, like indoleacetic acid, by plants to control development and flowering [14].
Furthermore, long-term co-evolution has improved the relationships between plants (such as
agricultural crops) and their symbiotic bacteria, enabling them to adjust to stressors and
environmental changes [32, 51]. Another significant mechanism that has an indirect impact on
plants is the interaction between acid rain, soil microbes, and plants. Both roots and soil microbes
are poisoned by the H+ in SAR. Plant physiological activities may be further impacted by declines
in the soil microbial population's activity, community structure, and functional diversity when
there is a high concentration of H+ ions in the soil [52,53].

The variety, biomass, and functions of soil bacteria can all be adversely affected by acid rain. For
instance, a high frequency of AR dramatically reduces soil microbial biomass, particularly gram-
negative bacteria in forest soil whereas AR may significantly change soil microbial biomass [13].
Excessive nitrogen deposition has been shown to reduce the microbial biomass of both carbon and
nitrogen in subtropical forests. Plant performance may be impacted by acid rain since it can reduce
the survival of soil nitrogen-fixing bacteria (SNB) and Rhizobia [55].To a certain degree, AM
fungus can improve plant N fixation and accessible P absorption. However, environmental stress
caused by strong acids may hinder this process and impair fungal and plant development, affecting
the roots' capacity to absorb available phosphorus from the soil [47]. Additionally, through
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symbiosis with various mycorrhizal fungi, plants had varying reactions to AR. According to the
meta-analysis, plants that coexisted with various mycorrhizal species showed variations in their
characteristics or reactions to the acidity of AR treatment. According to earlier research, plants
inoculated with either AM or EcM fungus can successfully boost a particular plant's resistance to
AR stress [40, 55]. For instance, by increasing substrate availability, ECM fungal inoculation may
mitigate the adverse impacts of AR on the microorganisms' N-cycling process in forest soils. But
compared to EcM plants, AM fungi appear to be more susceptible to acidic soil, which is less
helpful for promoting plant development and nutrient absorption (observe the almost neutral
overall effects of treatment pH on EcM plants). Through symbiosis with ectomycorrhizal
fungiEcM plants may benefit from both chemical and physical protection provided by the
mycelial structure, this might explain the distinct roles that AM and EcM play in mediating the
effects of AR on plants [13,55].

AR, plants, and soil bacteria have a complicated connection. According to a few studies, many
bacteria associated with plants are eosinophilic, meaning that they may adapt to varying acidity
levels and grow more active with AR in certain situations. As a result, AR further enhances plant
performance [46]. In addition to the ways that AR indirectly impacts plants, we advise focusing
further on how AR impacts the symbiosis of plant microorganisms (such as soil nitrogen-fixing
soil bacteria, AM, and EcM fungus).

4. Conclusion

An important global research subject pertaining to how plant production and performance react to
stress caused by decreasing acidity is the investigation of AR's impacts on the soil-plant system.
This overview provides more thorough views for future research by summarizing and analyzing
the direct impacts of AR on plants as well as the indirect effects of AR-soil chemical
characteristics/soil microorganisms-plant. Consistent with earlier research, we provided proof that
AR has a direct impact on plant reproduction and performance. We also showed how AR changes
the microbial composition pathways and the chemical properties of soil, which indirectly affects
plants.

References

1. Singh, A., Agrawal, M., 2008. Acid rain and its ecological consequences. J. Environ. Biol.
29,15-25

2. Grennfelt, P., Engleryd, A., Forsius, M., Hov, O., Rodhe, H., Cowling, E., 2020. Acid rain
and Air pollution: 50 years of progress in environmental science and policy. Ambio 49, 849-
864. https://doi.org/10.1007/s13280-019-01244-4

3. Vahedpour, M., Zolfaghari, F., 2011. Mechanistic study on the atmospheric formation of acid
Rain base on the sulfur dioxide.  Struct. = Chem. 22, 1331-1338.
https://doi.org/10.1007/s11224-011-9823-y

4. Yan, C.L., Hong, Y.T., Wang, S.J., Fu, S.Z., Yang, X.K., Zhu, K.Y., Wu, S.Q., 1999. Effect
of rare Earth elements on the response of the activated oxygen scarenging system in leaves of
Wheat. Acta Agron. Sin. 25, 504-507.

5. Behera, S.N., Balasubramanian, R., 2014. Influence of biomass burning on temporal and
diurnal variations of acidic gases, particulate nitrate, and sulfate in a tropical urban
atmosphere. Adv. Meteorol. 2014, 1-13

6. Ruiz-Lopez, M.F., Martins-Costa, M.T.C., Anglada, J.M., Francisco, J.S., 2019. A new
mechanism of acid rain generation from HOSO at the air-water Interface. J. Am. Chem.
Soc.141, 16564-16568. https://doi.org/10.1021/jacs.9b07912

7. Shukla, J.B., Sundar, S., Shivangi, Naresh R., 2013. Modeling and analysis of the acid rain
formation due to precipitation and its effect on plant species. Nat. Resour. Model. 26, 53-65.
https://doi.org/10.1111/j.1939-7445.2012.00119.x



223

American Journal of Biology and Natural Sciences Volume:2 | Number:7 (2025) Jul

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Warren, D.R., Kraft, C.E., Josephson, D.C., Driscoll, C.T., 2017. Acid rain recovery may help
to mitigate the impacts of climate change on thermally sensitive fish in lakes across eastern
North America. Glob. Chang. Biol. 23, 2149-2153. https://doi.org/10.1111/gcb.13568

Shi, Z., Zhang, J., Xiao, Z., Lu, T., Ren, X., Wei, H., 2021. Effects of acid rain on plant
growth: a meta-analysis. J. Environ. Manag. 297, 113213.
https://doi.org/10.1016/j.jenvman.2021.113213

Du, E., Dong, D., Zeng, X., Sun, Z., Jiang, X., de Vries, W., 2017. Direct effect of acid rain
on Leaf chlorophyll content of terrestrial plants in China. Sci. Total Environ. 605-606, 764—
769. https://doi.org/10.1016/j.scitotenv.2017.06.044

Yao, F.F., Ding, H.M., Feng, L.L., Chen, J.J., Yang, S.Y., Wang, X.H., 2016. Photosynthetic
and Growth responses of Schima superba seedlings to sulfuric and nitric acid depositions.
Environ. Sci. Pollut. Res. 23, 8644-8658. https://doi.org/10.1007/s11356-015-5970-9

Fan, H., Huang, Y., Li, Y., Lin, D., 2005. Effects of simulated acid rain on seed germination
and seedling growth of Cunninghamia lanceolata. Acta Agric. Univ. Jiangxiensis 27, 875-879

Liu, H., Ren, X., Zhu, J., Wu, X., Liang, C., 2018. Effect of exogenous abscisic acid on
morphology, growth and nutrient uptake of rice (Oryza sativa) roots under simulated acid rain
Stress. Planta 248, 647-659. https://doi.org/10.1007/s00425-018-2922-x

Lu, T., Ke, M., Lavoie, M., Jin, Y., Fan, X., Zhang, Z., et al., 2018. Rhizosphere
microorganisms Can influence the timing of plant flowering. Microbiome 6, 231.
https://doi.org/10.1186/s40168-018-0615-0

Han, Y., Feng, J., Han, M., Zhu, B., 2020. Responses of arbuscular mycorrhizal fungi to
nitrogen  addition: a meta-analysis. Glob. Chang. Biol. 26, 7229-7241.
https://doi.org/10.1111/gcb.15369

Soudzilovskaia, N.A., Vaessen, S., Barcelo, M., He, J., Rahimlou, S., Abarenkov, K., et al.,
2020. FungalRoot: global online database of plant mycorrhizal associations. New Phytol.227,
955-966. https://doi.org/10.1111/nph.16569

Hu, Y., Chen, Ji, Hui, D., Wang, Y.P., Li, J., Chen, Jingwen, et al., 2022. Mycorrhizal fungi
alleviate acidification-induced phosphorus limitation: evidence from a decade-long field
Experiment of simulated acid deposition in a tropical forest in south China. Glob. Chang.
Biol. 28, 3605-3619. https://doi.org/10.1111/gch.16135

Zhang, F., Cheng, M., Sun, Z., Wang, L., Zhou, Q., Huang, X., 2017. Combined acid rain and
Lanthanum pollution and its potential ecological risk for nitrogen assimilation in soybean
Seedling roots. Environ. Pollut. 231, 524-532. https://doi.org/10.1016/j.envpol.2017.08.037
(Oxford, U. K.)

Xia, L., Shao, C., Zhang, N., Wu, A., Xie, J., Qiu, Y., et al., 2021. Improved tolerance of
mycorrhizal Torreya grandis seedlings to sulfuric acid rain related to phosphorus and zinc
contents in shoots. J. Fungi 7. https://doi.org/10.3390/jof7040296

Floor, G.H., Calabrese, S., Romén-Ross, G., D"Alessandro, W., Aiuppa, A. 2011 . Selenium
mobilization in soils due to volcanic derived acid rain: An example from Mt Etna volcano,
Sicily. Chemical Geology. 289 (3-4): 235-244.

Larssen, T., Carmichael, G.R. 2000. Acid rain and acidification in China: the importance of
base cation deposition. Environmental Pollution. 110 (1): 89-102.

Naz, M., Dai, Z., Hussain, S., Tarig, M., Danish, S., Khan, 1.U., Qi, S., Du, D., 2022. The soil
pH and heavy metals revealed their impact on soil microbial community. Journal of
Environmental Management. 321: 115770.



224

American Journal of Biology and Natural Sciences Volume:2 | Number:7 (2025) Jul

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

P. Rafferty, John. 2022. What Happened to Acid Rain?. Encyclopeadia Britannica. Retrieved
July 21, 2022.

Kjellstrom, T., Lodh, M., McMichael, T., Ranmuthugala, G., Shrestha, R., Kingsland, S.
2006. Air and Water Pollution: Burden and Strategies for Control, Disease Control Priorities
in Developing Countries (2nd ed.), World Bank, ISBN 978-0-8213-6179-5.

Lovett G.M., Tear T.H., Evers D.C., Findlay S.E., Cosby B.J., Dunscomb J.K. 2009. Effects
of air pollution on ecosystems and biological diversity in the eastern United States. Annals of
the New York Academy of Sciences. 1162 (1): 99-135.

Rodhe, H., Dentener, F., Schulz, M., 2002. The Global Distribution of Acidifying Wet
Deposition. Environmental Science & Technology. 36 (20): 4382—4388.

Nawaz, R., Parkpian, P., Garivait, H., Anurakpongsatorn, P., DeLaune, R.D., Jugsujinda,
A.,2012. Impacts of acid rain on base cations, aluminum, and acidity development in highly
Weathered soils of Thailand. Commun. Soil Sci. Plant Anal. 43, 1382-1400.
https://doi.org/10.1080/00103624.2012.670347

Qi, Z., Zhong, Z., Deng, J., 2001. The effects of simulated acid rain on nitrogen metabolism
of Eucommia ulmoides Leaves. Chin. J. Plant Ecol. 25, 544-548.
https://doi.org/10.11849/zrzyxb.1997.01.010

Sant'Anna-Santos, B.F., AA Azevedo, L.C.D., Silva, Aradjo, J.M.D., Alves, E.F., Silva,
E.A.M.D., Aguiar, R., 2006. Effects of simulated acid rain on the foliar micromorphology and
anatomy of tree tropical species. Environ. Exp. Bot. 58, 158-168.
https://doi.org/10.1016/j.Envexpbot.2005.07.005 (Cham, Switz.)

Zhang, Y., Li, J.,, Tan, J., Li, W., Singh, B. P., Yang, X., Bolan, N., Chen, X., Xu, S., Bao, Y.,
Lv, D., Peng, A., Zhou, Y., & Wang, H. 2023. An overview of the direct and indirect effects
of acid rain on plants: Relationships among acid rain, soil, microorganisms, and plants. The
Science of the total environment, 873, 162388.
https://doi.org/10.1016/j.scitotenv.2023.162388

Chen, Q., Chen, H., Wang, W., Liu, J., Liu, W., Ni, P., et al., 2017. Glycyrrhetic acid, but not
Glycyrrhizic acid, strengthened entecavir activity by promoting its subcellular distribution in
the liver via efflux inhibition. Eur. J.  Pharm. Sci. 106, 313-327.
https://Doi.org/10.1016/j.ejps.2017.06.015.

Sun, J,, Hu, H., Li, Y., Wang, L., Zhou, Q., Huang, X., 2016. Effects and mechanism of acid
rain on plant chloroplast ATP synthase. Environ. Sci. Pollut. Res. 23, 18296-18306.
https://Doi.org/10.1007/s11356-016-7016-3.

Dong, D., Du, E., Sun, Z., Zeng, X., de Vries, W., 2017. Non-linear direct effects of acid rain
on Leaf photosynthetic rate of terrestrial plants. Environ. Pollut. 231, 1442-1445.
https://Doi.org/10.1016/j.envpol.2017.09.005.

Wu, J., Liang, G., Hui, D., Deng, Q., Xiong, X., Qiu, Q., Liu, J., Chu, G., Zhou, G., Zhang,
D.,2016. Prolonged acid rain facilitates soil organic carbon accumulation in a mature forest In
southern China. Sci. Total Environ. 544, 94-102. https://doi.org/10.1016/j.scitotenv.
2015.11.025.

Ma, S., Chen, W., Zhang, J., Shen, H., 2020. Influence of simulated acid rain on the
physiological response of flowering Chinese cabbage and variation of soil nutrients. Plant
Soil Environ. 66, 42-51. https://doi.org/10.17221/469/2020-PSE.

Gajewska, E., Sktodowska, M., 2008. Differential biochemical responses of wheat shoots and
Roots to nickel stress: antioxidative reactions and proline accumulation. Plant Growth Regul.
54,179-188



225

American Journal of Biology and Natural Sciences Volume:2 | Number:7 (2025) Jul

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

471.

48.

49,

50.

51.

Ju, S, Yin, N., Wang, L., Zhang, C., Wang, Y., 2017. Effects of silicon on Oryza sativa L.
seedling roots under simulated acid rain stress. PLoS One 12, e0173378.
https://doi.org/10.1371/journal.pone.0173378

Ren, X., Zhu, J., Liu, H., Xu, X,, Liang, C., 2018. Response of antioxidative system in rice
(Oryza sativa) leaves to simulated acid rain stress. Ecotoxicol. Environ. Saf. 148, 851-856.
https://doi.org/10.1016/j.ecoenv.2017.11.046.

Liu, Y., Cao, H., 1993. Leaf injury and superoxide dismutase activity in spinach leaves
exposed To SO2 and/or simulated acid rain. Chin. J. Appl. Ecol. 4, 223-225.

Wang, S., Sun, P., Zhou, W., Liu, T., Ma, Z., 2018. Effect of simulated acid rain on disease
progress of wheat yellow rust. J. Plant Prot. 45, 173-180 (Beijing, China.

Warren, D.R., Kraft, C.E., Josephson, D.C., Driscoll, C.T., 2017. Acid rain recovery may help
to Mitigate the impacts of climate change on thermally sensitive fish in lakes across eastern
North America. Glob. Chang. Biol. 23, 2149-2153.

Wyrwicka, A., Sklodowska, M., 2006. Influence of repeated acid rain treatment on
antioxidative enzyme activities and on lipid peroxidation in cucumber leaves. Environ. EXp.
Bot.56, 198-204. H.

Qiu, Q., Wu, J.,, Liang, G., Liu, J., Chu, G., Zhou, G., et al., 2015. Effects of simulated acid
rain on Soil and soil solution chemistry in a monsoon evergreen broad-leaved forest in
southern China. Environ. Monit. Assess. 187, 272. https://doi.org/10.1007/s10661-015-4492-
8.

Nawaz, R., Parkpian, P., Garivait, H., Anurakpongsatorn, P., DeLaune, R.D., Jugsujinda, A.,
2012. Impacts of acid rain on base cations, aluminum, and acidity development in highly
Weathered soils of Thailand. Commun. Soil Sci. Plant Anal. 43, 1382-1400.
https://doi.Org/10.1080/00103624.2012.670347

Blanco, J.A., Wei, X., Jiang, H., Jie, C.Y., Xin, Z.H., 2012. Impacts of enhanced nitrogen
deposition and soil acidification on biomass production and nitrogen leaching in Chinese fir
Plantations. Can. J. For. Res. 42, 437-450. https://doi.org/10.1139/X2012-004.

Bolan, N., Curtin, D., Adriano, D.C., 2005. Acidity. Encyclopedia of Soils in the
Environment Vol.1. Elsevier, Amsterdam, pp. 11-17.

Maltz, M.R., Chen, Z., Cao, J., Arogyaswamy, K., Shulman, H., Aronson, E.L., 2019.
Inoculation with Pisolithus tinctorius may ameliorate acid rain impacts on soil microbial
communities associated with Pinus massoniana seedlings. Fungal Ecol. 40, 50-61.
https://doi.Org/10.1016/j.funeco.2018.11.011.

Shi, Z., Zhang, J., Xiao, Z., Lu, T., Ren, X., Wei, H., 2021. Effects of acid rain on plant
growth: aMeta-analysis. J. Environ. Manag. 297, 113213.
https://doi.org/10.1016/j.jenvman.2021.113213.

Choppala, G., Saifullah, Bolan, N., et al., 2014. Cellular mechanisms in higher plants
Governing tolerance to cadmium toxicity. Crit. Rev. Plant Sci. 33, 374-391.
https://doi.Org/10.1080/07352689.2014.903747.

Turkovskaya, O., Golubev, S., 2020. The collection of rhizosphere microorganisms: its
importance for the study of associative plant-bacterium interactions. Vavilov J.Genet.Breed.
24,315. https://doi.org/10.18699/VJ20.623.

Shu, X., Zhang, K.R., Zhang, Q.F., Wang, W.B., 2019. Ecophysiological responses of
Jatropha Curcas L. seedlings to simulated acid rain under different soil types. Ecotoxicol.
Environ. Saf. 185, 109705. https://doi.org/10.1016/j.ecoenv.2019.109705.



226

American Journal of Biology and Natural Sciences Volume:2 | Number:7 (2025) Jul

52.

53.

54.

55.

Yu, H., He, N., Wang, Q., Zhu, J., Gao, Y., Zhang, Y., Jia, Y., Yu, G., 2017. Development of
atmospheric acid deposition in China from the 1990s to the 2010s. Environ. Pollut. 231, 182—
190. https://doi.org/10.1016/j.envpol.2017.08.014 (Oxford, U. K.).

Lv, Y., Wang, C., Jia, Y., Wang, W., Ma, X., Du, J., et al., 2014. Effects of sulfuric, nitric,
and Mixed acid rain on litter decomposition, soil microbial biomass, and enzyme activities in
Subtropical forests of China. Appl. Soil Ecol. 79, 1-9.
https://doi.org/10.1016/j.aps0il.2013.12.002

Li, Y., Chen, Z., He, J.Z., Wang, Q., Shen, C., Ge, Y., 2019. Ectomycorrhizal fungi
inoculation alleviates simulated acid rain effects on soil ammonia oxidizers and denitrifiers in
Masson pine Forest. Environ. Microbiol. 21, 299-313. https://doi.org/10.1111/1462-
2920.14457.

Zeng, X., Li, Y., Ran, Y., Yang, K., Qu, F., Wang, P., 2018. Deterioration mechanism of CA
mortar due to simulated acid rain. Constr. Build. Mater. 168, 1008-1015.
https://doi.org/10.1016/j.conbuildmat.2018.03.033





