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Biochar is an innovative strategy for reconstructing microbial communities and enhancing nutrient utilization efficiency in acidic red soils
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1 Introduction


1.1 Acidification of red soils: a complex global issue requiring urgent solutions

Red soils, a highly weathered soil type distributed globally across ~64 million square kilometers, primarily concentrated in tropical and subtropical regions including southern China, Southeast Asia, South America, and Africa, covering about 45.2% of the global land area (Yu et al., 2024). Globally, soil acidification has led to reduced productivity on about 50% of arable land, with local crop losses as high as 43.8% (Du et al., 2024). Low nutrient content and poor water-holding capacity are prominent characteristics of red soils under conditions of high acidification. The causes of red soil acidification are complex, driven both by natural processes and closely related to human activities. Natural acidification processes are primarily driven by the leaching of base cations (Ca2+, Mg2+, K+) caused by long-term high-intensity rainfall and the continuous weathering of aluminosilicate minerals (Li et al., 2025). Anthropogenic acidification, on the other hand, is primarily promoted by excessive application of chemical fertilizers (especially long-term input of nitrogen fertilizers), acid deposition, and unreasonable farming management practices, which collectively contribute to the accumulation of hydrogen ions and the activation of reactive aluminum (Lang et al., 2025).



1.2 Soil acidification significantly impairs the ecological functions of rhizosphere microbiota

More seriously, soil acidification can significantly alter the structure of rhizosphere microbial communities. In particular, functionally important microbes critical for plant growth (e.g., nitrogen-fixing bacteria, phosphate-solubilizing bacteria, and carbon-fixing bacteria) exhibit marked reductions in abundance and metabolic function in acidic red soils. This functional decline not only reduces the efficiency of soil nutrient cycling but also intensifies greenhouse gas emissions (Xu et al., 2025). Moreover, acidification disrupts the ecological balance of rhizosphere microbial communities, impairing the colonization ability and functional performance of beneficial microbes in the rhizosphere. Consequently, plants face difficulties in efficiently acquiring nutrients via microbial symbiotic networks and in resisting pathogen attacks. For instance, the antagonistic effect of rhizosphere microbial communities in acidic red soils against the plant pathogen Fusarium spp. has decreased by 20.6 to 50.7% (Li et al., 2023). Therefore, mitigating red soil acidification is essential for maintaining soil ecosystem health, promoting sustainable agriculture, and addressing climate change.




2 Biochar as a potential optimal green and low-carbon technology for the remediation of acidic red soils

Currently, the primary measures to address red soil acidification involve the application of organic or inorganic soil amendments, such as lime, industrial by-products, and organic wastes (Dai et al., 2017; Mao et al., 2025). These materials improve soil conditions by neutralizing acidity, increasing exchangeable calcium content, and reducing aluminum toxicity. Biochar, a carbon-rich functional material produced through the pyrolysis of biomass, boasts a wide range of feedstocks, including agricultural and forestry residues (e.g., rice husks, wood chips, straw) and organic solid wastes (e.g., livestock manure, stabilized sludge; Tomczyk et al., 2020). Compared to lime and some organic solid wastes, biochar stands out due to its alkaline properties, porous structure, chemical stability, and low environmental risk, making it an ideal candidate for modulating red soil acidification and enhancing ecological functions (Chen et al., 2023). Furthermore, biochar's stable carbon structure facilitates long-term sequestration of organic carbon, enhancing soil carbon sink capacity and mitigating greenhouse gas emissions such as CO2 and N2O (Yu et al., 2024; Fei et al., 2025). Consequently, biochar not only synergistically addresses the dual demands of red soil acidification remediation and agricultural carbon sequestration, but also provides a low-carbon technological pathway for establishing sustainable agricultural systems in red soil regions.



3 Biochar effectively improves the physicochemical properties of acidic red soils by mitigating acidification

Biochar, enriched with alkaline components such as alkali metals, carbonates, surface oxygen-containing functional groups, and dissolved organic matter, can directly neutralize active acids and exchangeable aluminum ions in red soils, elevating the pH to a range suitable for crop growth (Liu et al., 2025). Studies have shown that under ambient conditions of 25°C, the application of biochar derived from spent mushroom substrate can increase the pH of acidic red soils by 43% (Sarfraz et al., 2023). Moreover, biochar's hierarchical pore structure and high specific surface area enhance the cation exchange capacity (CEC) and soil organic matter (SOM) content, displacing acidic cations at soil adsorption sites and reducing the risk of leaching of base cations (Ke et al., 2022). More crucially, the oxygen-containing functional groups and organic anions present in biochar effectively anchor iron and aluminum oxides and hydroxides through protonation and deprotonation reactions. This significantly enhances the soil acid buffering capacity of acidic red soils, thereby reducing the risk of secondary acidification induced by nitrogen fertilizer application or rainfall leaching (He et al., 2022). Therefore, biochar not only addresses the superficial issue of red soil acidification but also reshapes the ecological foundation of these soils by improving their physical structure and optimizing nutrient cycling through synergistic effects.



4 Biochar reconstructs microbial communities and promotes the activity of functional microbes in acidic red soils

Acidification and impoverishment of red soils lead to the loss of microbial diversity and functional inhibition, subsequently triggering the decline of soil ecological functions. Biochar can reconstruct microbial community structures and activate functional microbial groups through multiple mechanisms (Figure 1). Firstly, the porous structure and high specific surface area of biochar provide a protective microenvironment for microorganisms to evade acid stress. Meanwhile, the organic carbon and mineral nutrients (such as soluble phosphorus and potassium) carried on the surface of biochar can serve as electron donors and acceptors for microorganisms, promoting the colonization and proliferation of oligotrophic microorganisms (Yu et al., 2024). For instance, pig manure-derived biochar can significantly enhance microbial diversity (with a 30.08% increase in the Shannon index) and richness (with a 3.69% increase in the Chao1 index) in red soils (Yue et al., 2023). Furthermore, by elevating soil pH and reducing the concentration of reactive aluminum, biochar alleviates the metabolic inhibition of acid-sensitive bacteria such as nitrifying bacteria, while simultaneously enhancing the activity of acid-tolerant functional microbes, thereby optimizing nitrogen and phosphorus cycling efficiency (Dai et al., 2017). Notably, biochar promotes the synergistic symbiosis between functional microbial groups, such as arbuscular mycorrhizal fungi, and plants by enhancing the complexity of microbial interaction networks (e.g., symbiotic relationships and signal exchange), significantly improving the stress resistance and nutrient use efficiency of red soil systems (Yue et al., 2023). These mechanisms suggest that biochar not only reverses the negative impacts of red soil degradation on microbial communities but also activates the core service functions of red soil ecosystems through microenvironment remediation and functional regulation.
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FIGURE 1
 Schematic diagram of the mechanism by which biochar improves red soil acidity (neutralization, aluminum toxicity mitigation, acid buffering capacity improvement) and regulates rhizosphere microbial communities (habitat provision, increasing diversity and abundance).




5 Biochar synergistically drives carbon sequestration and greenhouse gas mitigation in red soils

The addition of biochar to red soils enables carbon sequestration and reduces greenhouse gas emissions. Previous studies have demonstrated that rice straw-derived biochar can decrease the CO2 emission rate and cumulative emissions from red soils by 28.0 and 27.5%, respectively (Lai et al., 2024). The carbon sequestration mechanisms of biochar primarily involve direct fixation through the carbonization of indigenous organic matter and indirect fixation through interactions within the soil ecosystem. The increase in soil pH induced by biochar application suppresses microbial respiration, thereby reducing CO2 emissions from red soils (Yu et al., 2024). Additionally, biochar inhibits the activity of key enzymes in the nitrogen cycle (such as urease and nitrate reductase) through physical adsorption and chemical passivation, mitigating N2O production fluxes during nitrification and denitrification processes (Dai et al., 2017). Meanwhile, redox-active components on the surface of biochar, including quinone groups, graphitized carbon, and metal oxides, can mediate electron transfer, stimulating the metabolic pathways of anaerobic bacteria (such as methanogens and denitrifying bacteria) and reducing the emission intensities of CH4 and N2O (Fei et al., 2025). In summary, the synergistic mechanisms of carbon sequestration and emission reduction associated with biochar application can effectively alleviate carbon emissions from red soil agriculture, contributing to the sustainable management of red soils and the achievement of carbon neutrality goals.



6 Discussion and outlook

Despite the numerous benefits of biochar application in red soils, its efficacy remains influenced by various factors, including initial soil properties, biomass feedstocks, pyrolysis processes, and application methods. For instance, variations in biochar's pH and porosity may lead to inconsistent outcomes across different red soil regions. Therefore, it is essential to tailor feedstock selection, process optimization, functional modifications, or combined applications according to the unique characteristics of red soils in different regions.

The long-term stability of biochar in mitigating red soil acidification is significantly affected by regional climate and agricultural management practices. Intense rainfall may accelerate the leaching of alkaline substances, while continuous fertilization could alter the surface charge properties of biochar, leading to a gradual decline in amelioration effects. Additionally, biochar derived from manure may contain heavy metals (e.g., Cu, Zn) that could accumulate in soils after long-term application. Notably, while the persistent carbon structure of biochar is advantageous for carbon sequestration, its long-term interference effects on indigenous soil microbial communities are not yet fully understood. The large-scale application of biochar still necessitates a cautious evaluation of potential ecological risks and long-term impacts. Consequently, future research should focus on the targeted design of functionalized biochars, their combined applications with other technologies, and the assessment of ecological effects over extended periods. Such endeavors will facilitate the sustainable improvement and restoration of red soils.



Author contributions

HJ: Writing – original draft, Visualization, Conceptualization. JW: Conceptualization, Investigation, Writing – original draft. JG: Writing – original draft, Conceptualization, Investigation. FZ: Investigation, Writing – original draft, Visualization. LT: Validation, Writing – review & editing, Supervision. HC: Supervision, Writing – review & editing, Resources.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was supported by the Fundamental Research Funds for the Central Universities (No. 30924010938), the Open Fund for Large Instrumentation of Nanjing University of Science and Technology (2024–2025), Nanjing University of Science and Technology Undergraduate Research Training Program (2024), Jiangsu Province Education Science “14th Five-Year Plan” Special Project—Young Teachers in Colleges and Universities (JS/2023/ZX0406-04634), and Ministry of Education, Industry-University Cooperation Collaborative Education Program (231100698100821) to HC.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The author(s) declare that no Gen AI was used in the creation of this manuscript.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Chen, H., Jiang, H., Nazhafati, M., Li, L., and Jiang, J. (2023). Biochar: an effective measure to strengthen phosphorus solubilizing microorganisms for remediation of heavy metal pollution in soil. Front. Bioeng. Biotechnol. 11:1127166. doi: 10.3389/fbioe.2023.1127166

 Dai, Z., Zhang, X., Tang, C., Muhammad, N., Wu, J., Brookes, P. C., et al. (2017). Potential role of biochars in decreasing soil acidification-a critical review. Sci. Total Environ. 581, 601–611. doi: 10.1016/j.scitotenv.2016.12.169

 Du, L., Zhang, Z., Chen, Y., Wang, Y., Zhou, C., Yang, H., et al. (2024). Heterogeneous impact of soil acidification on crop yield reduction and its regulatory variables: a global meta-analysis. Field Crops Res. 319:109643. doi: 10.1016/j.fcr.2024.109643

 Fei, H., Hu, D., Zheng, K., Zhang, B., Wang, C., and Han, R. (2025). Carbon retention and stability of Ca (OH)2-modified biochar and its impact on carbon sequestration potential in acidic red soil. J. Anal. Appl. Pyrolysis 186:106961. doi: 10.1016/j.jaap.2025.106961

 He, X., Lu, H. L., Wu, C. M., and Xu, R. K. (2022). Effects of inorganic alkalis and organic anions in biochars on acidic paddy soil resistance to acidification. J. Soils Sediments 22, 1201–1213. doi: 10.1007/s11368-022-03152-9

 Ke, X., Wang, Y., Liu, M., Yun, Z., Bian, R., Cheng, K., et al. (2022). Screening major properties of biochar affecting acid soil amelioration based on pot experiments and random forest model. J. Soil Sci. Plant Nutr. 22, 4103–4115. doi: 10.1007/s42729-022-01010-8

 Lai, M., Yi, M., Xie, H., Chen, T., Xie, W., He, L., et al. (2024). Biochar applied in places where its feedstock was produced mitigated more CO2 emissions from acidic red soils. Agronomy 14:2193. doi: 10.3390/agronomy14102193

 Lang, Y., Yang, X., and Cai, H. (2025). Depicting, spatializing, and decoupling the impact of human activities on soil erosion in the hilly red soil region of southern China from the perspective of soil erosion influence factors. J. Environ. Manage. 376:124371. doi: 10.1016/j.jenvman.2025.124371

 Li, X., Chen, D., Carrión, V. J., Revillini, D., Yin, S., Dong, Y., et al. (2023). Acidification suppresses the natural capacity of soil microbiome to fight pathogenic Fusarium infections. Nat. Commun. 14:5090. doi: 10.1038/s41467-023-40810-z

 Li, X., Ge, Y., Hu, F., Qi, Y., Li, L., Chen, X., et al. (2025). Bacterial assemblies in acidic dryland vs. paddy soils across depth profiles in southern China's red soil region. Pedobiologia 109:151034. doi: 10.1016/j.pedobi.2025.151034

 Liu, S., Cen, B., Yu, Z., Qiu, R., Gao, T., and Long, X. (2025). The key role of biochar in amending acidic soil: reducing soil acidity and improving soil acid buffering capacity. Biochar 7:52. doi: 10.1007/s42773-025-00432-8

 Mao, H., Leng, K., Chen, X., Zhang, J., Liu, K., Lin, Y., et al. (2025). Changes in fertility and microbial communities of red soil and their contribution to crop yield following long-term different fertilization. J. Soils Sediments. 25, 1115–1133. doi: 10.1007/s11368-025-03991-2

 Sarfraz, R., Nadeem, F., Yang, W., Tayyab, M., Khan, M. I., Mahmood, R., et al. (2023). Evaluation of biochar and inorganic fertilizer on soil available phosphorus and bacterial community dynamics in acidic paddy soils for different incubation temperatures. Agronomy 14:26. doi: 10.3390/agronomy14010026

 Tomczyk, A., Sokołowska, Z., and Boguta, P. (2020). Biochar physicochemical properties: pyrolysis temperature and feedstock kind effects. Rev. Environ. Sci. Biotechnol. 19, 191–215. doi: 10.1007/s11157-020-09523-3

 Xu, Z., Zhang, S., Lakshmanan, P., Li, Y., Xu, D., and Zhu, Q. (2025). Mitigation of soil acidification is critical for reducing GHG emission and improving soil quality, crop yield and farm economic benefits: evidence from a global meta-analysis. Field Crops Res. 322:109757. doi: 10.1016/j.fcr.2025.109757

 Yu, X., Wei, Q., Na, M., Tian, C., Xu, S., and Zhou, J. (2024). Effects of combined peanut shell and biochar application on soil nutrient content, CO2 emission, and bacterial community in dryland red soil of Southern China. J. Soil Sci. Plant Nutr. 24, 219–230. doi: 10.1007/s42729-024-01641-z

 Yue, X., Liu, X., Wang, F., Shen, C., and Zhang, Y. (2023). Contrasting effects of organic materials versus their derived biochars on maize growth, soil properties and bacterial community in two type soils. Front. Microbiol. 14:1174921. doi: 10.3389/fmicb.2023.1174921

Copyright
 © 2025 Jiang, Wu, Guan, Zhao, Tan and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Biochar is an innovative strategy for reconstructing microbial communities and enhancing nutrient utilization efficiency in acidic red soils



		1 Introduction



		1.1 Acidification of red soils: a complex global issue requiring urgent solutions



		1.2 Soil acidification significantly impairs the ecological functions of rhizosphere microbiota







		2 Biochar as a potential optimal green and low-carbon technology for the remediation of acidic red soils



		3 Biochar effectively improves the physicochemical properties of acidic red soils by mitigating acidification



		4 Biochar reconstructs microbial communities and promotes the activity of functional microbes in acidic red soils



		5 Biochar synergistically drives carbon sequestration and greenhouse gas mitigation in red soils



		6 Discussion and outlook



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Biochar is an innovative strategy
for reconstructing microbial
communities and enhancing

nutrient utilization efficiency in
acidic red soils





OPS/images/fmicb-16-1622408-g001.gif
“
il
Fom, A0

-,
B8 rentovds WD auminosticucmincrst @@ Biochar ]+ Microbia communiis











OPS/images/crossmark.jpg
©

|






OPS/images/logo.jpg
& frontiers | Frontiers in Microbiology







