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Abstract 

The soil microbiomes, comprising diverse bacteria, fungi, archaea, and other microorganisms, forms the foundation of 

soil health and ecosystem functionality. This review explores the structural and functional aspects of soil microbial 

communities, including their composition, spatial organization, and interactions, as well as the environmental and 

anthropogenic factors that shape them. The soil microbiome plays pivotal roles in nutrient cycling, soil structure 

formation, plant growth promotion, stress mitigation, and greenhouse gas regulation, directly influencing soil organic 

carbon (SOC) dynamics and overall soil fertility. Microbial activities also contribute to climate change mitigation and 

support sustainable agricultural practices. In Bangladesh, intensive farming practices have significantly altered microbial 

community composition and functions, posing challenges to soil health and productivity. Strategies such as organic 

amendments, crop diversification, reduced chemical inputs, and bioinoculant applications are crucial to restoring 

microbial health in these systems. Understanding the intricate links between soil microbiome structure, function, and 

agricultural management is essential for promoting sustainable and resilient farming systems under intensive cultivation. 
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1. Introduction 

Soil is full of tiny living organisms that help keep it healthy and supports plant growth. It harbors a vast, living community 

of microorganisms whose collective activities sustain soil fertility, plant health, and ecosystem resilience (Timmis and 

Ramos, 2021). The soil microbiome, including bacteria, fungi, archaea, and protists, is central to fertility, nutrient cycling, 

and climate-smart agriculture. It drives critical processes such as nutrient cycling (nitrogen, phosphorus, carbon), organic 

matter decomposition, soil aggregation, water retention, and suppression of plant pathogens (Hartmann and Six, 2023).  

In Bangladesh intensive farming system is increasingly popular. Farming systems that maximize productivity per unit of 

land using high inputs of labor, capital, and technology-such as machinery, chemical fertilizers, and pesticides is called 

intensive farming. The goal is to achieve high yields of crops or livestock from a small area, often for commercial sale, 

as opposed to subsistence farming which focuses on self-sufficiency and these type of farming is termed as intensive 

farming (Pretty and Bharucha, 2014). This is especially timely because intensive farming practices- including heavy use 

of chemical fertilizers, repeated tillage, monoculture cropping, and over-exploitation of land-are increasingly common 

(Sharma et al. 2023). Such practices often disrupt the balance and functions of microbial communities, which can degrade 

soil structure, reduce fertility, and weaken resilience to environmental stresses (Ortega et al. 2024).  

In such conditions the soil microbiome offers a promising pathway toward sustainable agriculture: by promoting beneficial 

microbes e.g., plant-growth promoting rhizobacteria, mycorrhizal fungi, adopting organic amendments, reducing 

chemical inputs, and integrating microbiome-aware management (Wang et al. 2025). These approaches can enhance 

nutrient uptake, improve soil health, support crop yield stability, and reduce environmental impacts- all of which are vital 

for long-term food security and ecological sustainability in Bangladesh. As pressures on Bangladesh’s agricultural lands 
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intensify - from population growth, increased cropping intensity, climate change, and land degradation-understanding and 

managing soil microbiomes becomes not just scientifically interesting, but practically urgent. Research into soil 

microbiome dynamics under intensive farming thus holds major potential to transform farming practices, rehabilitate 

degraded soils, and contribute to resilient agro-ecosystems. 

2. Structures of the Soil Microbiome  

2.1 Composition of the Soil Microbiome 

The soil microbiome comprises one of the most important and complex components of all terrestrial ecosystems as it 

harbors millions of microbes including bacteria, fungi, archaea, viruses, and protozoa. Bacteria are single-celled 

microorganisms that can reach billions per gram of soil, but their populations can rapidly rise or fall with changes in the 

soil environment. Modern molecular techniques now allow scientists to identify and study many bacteria that cannot be 

cultured in the laboratory. e.g., Proteobacteria, Actinobacteria, Firmicutes (Young et al. 2013). Fungi can thrive in a wide 

range of environments because of their high adaptability (Islam et al. 2017). They release various extracellular enzymes 

that break down organic matter into CO₂, biomass, and organic acids, helping decompose soil components and maintain 

nutrient balance (Žifčáková et al. 2016). e.g., Ascomycota, Basidiomycota and AMF. Archaea account for roughly 0.5% 

to over 10% of soil prokaryotes, with populations reaching 10⁷–10⁸ cells per gram of soil (Mende et al. 2013). They 

contribute significantly to soil nutrient cycling, particularly through carbon, nitrogen, and sulfur transformations, such as 

methanogenesis in paddy soils and nitrification by specific archaeal groups. Soil contains 10⁷–10⁹ viruses per gram, yet 

their interactions with plants and soil vectors are still poorly understood (Andika et al. 2016). These viruses play an 

important role in shaping microbial community dynamics. Protozoa are among the least explored soil protists, with 

approximately 10³–10⁵ cells per gram of soil. 

2.2  Spatial Structure 

The spatial structure of soil microbial communities varies greatly across different zones and depths. Microbial abundance 

and activity typically decline with increasing soil depth from 0 to 100 cm due to reduced organic inputs and oxygen 

availability (Fierer et al. 2003). Strong contrasts also exist between the rhizosphere-rich in root exudates-and bulk soil, 

where nutrients are more limited (Philippot et al. 2013). Additionally, localized hotspots such as the rhizosphere, 

detritusphere, drilosphere (earthworm burrows), and other biopores support intense microbial activity, making them key 

centers of organic matter decomposition and nutrient cycling within soil ecosystems (Kooch and Kuzyakov, 2024). 

2.3 Factors Shaping Microbiome Structure 

Soil microbiome structure is shaped by multiple interacting environmental and management factors. Among these, soil 

pH is recognized as the strongest global determinant of microbial community composition (Fierer & Jackson, 2006). Soil 

texture and mineralogy-such as clay-rich versus sandy soils-affect habitat stability and nutrient retention. Organic matter 

availability and root-derived carbon inputs strongly influence microbial growth and diversity (Yang et al. 2023). Moisture 

and oxygen levels also play critical roles, especially in paddy soils where alternating aerobic–anaerobic conditions 

structure microbial niches (Khoshru et al. 2023). Land-use practices, including tillage, fertilizer inputs, and biochar 

application, further modify microbial communities by altering physical and chemical soil conditions (Lehmann et al. 

2011). Finally, climate factors such as temperature and rainfall patterns affect microbial activity and biogeographical 

distributions (Brockett et al. 2012). 

2.4 Microbial Interactions  

Microbial interactions play a central role in shaping soil community structure and ecosystem functioning. These 

interactions range from competition for nutrients and space to mutualistic and commensal relationships that enhance 

survival and resource use (Sarsan et al. 2022). Fungi–bacteria interactions further influence decomposition, nutrient 

cycling, and soil aggregation (Zhang et al. 2022). Plant–microbe symbioses, such as rhizobia–legume nitrogen fixation 

and mycorrhizal associations, are key drivers of plant productivity and soil nutrient dynamics (Chauhan et al. 2023). At 
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the community scale, microbial networks formed through co-occurrence and co-exclusion patterns reveal complex 

ecological relationships that govern soil stability and resilience (Karimi et al. 2012). 

 

Fig.2 Soil microbiome structure showing rhizosphere, microbial groups, and hotspots. 

3. Functions of the Soil Microbiome 

3.1 Nutrient Cycling 

Soil microbiomes are fundamental drivers of soil nutrient cycling, regulating the transformation, availability, and storage 

of essential elements. Soil microbiomes drive nutrient cycling by decomposing organic matter and transforming key 

elements such as carbon, nitrogen, phosphorus, and sulfur into forms that plants can use. Through processes like 

mineralization, nitrogen fixation, and sulfur and phosphorus transformation, microbes regulate nutrient availability and 

contribute to soil organic carbon formation (Prasad et al. 2020). These interactions maintain soil fertility, support plant 

productivity, and stabilize ecosystem functioning. 

3.2 Soil Structure Formation 

Soil microorganisms play a vital role in soil structure formation by producing extracellular polysaccharides (EPS) that act 

as binding agents, helping soil particles stick together. Their activity enhances aggregate stability and promotes 

microaggregate formation, which improves soil porosity, water retention, and resistance to erosion (Costa et al. 2018). 

Additionally, fungal hyphal networks serve as structural scaffolds, physically binding soil particles and reinforcing soil 

architecture, thereby maintaining soil health and fertility. 

3.3 Plant Growth Promotion 

Soil microbiomes promote plant growth through multiple mechanisms, including the production of siderophores that 

enhance iron availability and the secretion of phytohormones such as IAA, cytokinins, and gibberellins that stimulate root 

and shoot development (Pattnaik et al. 2021). They also suppress plant diseases by outcompeting pathogens or producing 

antimicrobial compounds, and improve nutrient availability through phosphate-solubilizing bacteria (PSB), potassium-

solubilizing bacteria (KSB), and arbuscular mycorrhizal fungi (AMF), thereby supporting healthier and more productive 

plants (Sharma et al. 2025). 
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3.4 Stress Mitigation 

Soil microbiomes help plants mitigate environmental stresses by enhancing drought tolerance through the production of 

osmolytes and improving salinity stress resilience via ion homeostasis and compatible solutes (Ma et al. 2020). They also 

contribute to metal detoxification by transforming or immobilizing toxic metals and assist plants in surviving flooding or 

anoxic conditions, particularly in paddy fields, by facilitating anaerobic nutrient cycling and producing stress-alleviating 

metabolites (Phurailatpam et al. 2022). 

3.5 Greenhouse Gas Regulation 

Soil microbiomes regulate greenhouse gas emissions by controlling the production and consumption of gases such as 

methane, with methanogens producing CH₄ under anaerobic conditions and methanotrophs oxidizing it to CO₂ (Meetei et 

al. 2024). They also influence N₂O emissions through the activity of nitrifiers and denitrifiers and drive CO₂ fluxes via 

the decomposition of organic matter, thereby playing a key role in ecosystem carbon and nitrogen balance (Butterbach-

Bahl et al. 2013). 

4. Microbial influence on nutrient cycling and SOC formation  

Microorganisms play a crucial role in nutrient cycling and soil organic carbon (SOC) formation by mediating the 

decomposition, transformation, and stabilization of organic materials in soils under intensive farming. In the carbon cycle, 

soil microbes decompose plant residues, releasing CO₂ through respiration while converting part of the carbon into 

microbial biomass. Upon microbial death, necromass binds to soil minerals, forming a stable SOC pool that contributes 

to long-term carbon sequestration (Schimel & Schaeffer, 2012). In the nitrogen cycle, microbes regulate nitrogen 

availability through three main processes: nitrogen-fixing bacteria convert atmospheric N₂ into ammonia; nitrifying 

bacteria and ammonia-oxidizing archaea transform ammonia to nitrate; and denitrifying microbes reduce nitrate back to 

N₂ or N₂O, returning it to the atmosphere (Kuypers et al. 2018). These processes influence both soil fertility and carbon–

nitrogen interactions that shape SOC dynamics. For phosphorus and sulfur cycling, microorganisms mineralize organic P 

and S into plant-available forms and solubilize insoluble phosphates, releasing organic acids and enzymes that enhance 

nutrient uptake (Richardson et al. 2011). In sulfur cycling, microbes oxidize sulfide and elemental sulfur to sulfate and 

reduce sulfate to sulfide under anaerobic conditions, controlling sulfur mobility and availability.  

 

Fig. 3. Biogeochemical cycles mediated by soil Microbiomes 
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Overall, microbial activities drive nutrient release, SOC stabilization, and soil fertility, supporting plant growth and 

maintaining ecosystem biogeochemistry even under the pressures of intensive farming. These processes are vital for 

sustaining productivity and soil health in Bangladesh’s high-input agricultural systems (Wen et al. 2025). 

5. Soil Microbiome in Soil Health 

The soil microbiome is a critical determinant of soil health, influencing both its physical structure and biological 

functioning. Soil microorganisms produce extracellular polysaccharides and other biofilms that enhance soil aggregation, 

porosity, and water retention, which are essential for maintaining soil fertility and resilience (Ali et al. 2024). Beneficial 

microbes, including plant-growth-promoting bacteria and fungi, also suppress soil-borne pathogens through mechanisms 

such as competitive exclusion, production of antimicrobial compounds, and induction of systemic resistance in plants 

(Mende et al. 2011). Furthermore, microbial biomass and community diversity serve as sensitive indicators of soil quality, 

reflecting the biological integrity of soils subjected to intensive cropping or degradation (Nannipieri et al. 2017). In the 

context of Bangladesh’s high-input agricultural systems, maintaining a diverse and active soil microbiome is essential for 

sustaining productivity, nutrient cycling, and ecosystem resilience. 

6. Microbial Functions in Climate Change  

Soil microorganisms play a critical role in regulating greenhouse gas (GHG) emissions from agricultural ecosystems, 

including CO₂, N₂O, and CH₄ fluxes from rice paddies and croplands (Gupta et al. 2021). Climate variability, such as 

increased flooding, droughts, and temperature fluctuations, significantly affects microbial activity, organic matter 

decomposition, and nutrient turnover, altering soil fertility and ecosystem functioning (Singh et al. 2022). In Bangladesh, 

where agriculture is highly vulnerable to climate extremes, managing microbial processes—through practices like 

biofertilizer application, organic amendments, and conservation agriculture—can enhance nutrient cycling, improve soil 

resilience, and support climate-smart agriculture (Sharma et al. 2023). Understanding microbial responses to climate 

change is therefore essential for mitigating environmental impacts and sustaining crop productivity in intensively farmed 

landscapes. 

7. Microbial Contribution to Sustainable Agriculture 

Microorganisms play a pivotal role in promoting sustainable agriculture by enhancing nutrient availability, improving soil 

health, and reducing reliance on chemical inputs. The use of biofertilizers, such as Rhizobium, Azotobacter, phosphate-

solubilizing bacteria, and Trichoderma, can increase nutrient uptake and crop productivity while minimizing 

environmental impacts associated with synthetic fertilizers (Bashan et al. 2014). Similarly, microbial-based soil 

amendments, including compost and vermicompost, stimulate soil microbial activity, improve soil structure, and enhance 

nutrient cycling, particularly for nitrogen, phosphorus, and carbon (Singh et al. 2022). Integrating these microbial 

technologies with conservation agriculture practices- such as reduced tillage, crop rotation, and organic amendments- 

further enhances soil resilience, water-use efficiency, and the long-term sustainability of intensive farming systems in 

Bangladesh (Pretty & Bharucha, 2014). Collectively, leveraging the soil microbiome offers a promising strategy to 

achieve productive, resilient, and environmentally sustainable agroecosystems. 

 

8. Impacts of Intensive Farming on Microbial Communities in Bangladesh 

Intensive farming practices in Bangladesh, characterized by heavy reliance on chemical fertilizers, pesticides, and 

monoculture cropping, have profound effects on soil microbial communities. These practices reduce microbial diversity, 

disrupt nutrient cycling, and impair soil ecosystem functions (Geisseler et al. 2016). Conventional tillage further 

exacerbates the loss of soil organic matter, leading to a decline in microbial biomass and weakening soil carbon 

sequestration (Naresh et al. 2017). Moreover, high cropping intensity, such as continuous rice–rice or rice–vegetable 

rotations, often creates nutrient imbalances and environmental stresses that reduce the abundance and activity of beneficial 

microbial functional groups, including nitrogen-fixing bacteria and phosphate-solubilizing microorganisms (Sharma et al. 

2023). Collectively, these factors compromise soil health and long-term agricultural sustainability, highlighting the need 

for management strategies that preserve microbial diversity and function. 
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9. Strategies to Restore Microbial Health in Intensive Farming 

Restoring and maintaining soil microbial health is essential for sustaining productivity in intensive farming systems. The 

adoption of organic amendments, such as compost, manure, and biochar, enhances soil organic carbon content and 

stimulates microbial activity, improving nutrient cycling and soil structure (Rahman et al. 2019). Practices such as crop 

diversification, legume inclusion, and reduced tillage promote microbial diversity and support functional groups critical 

for nutrient transformation and soil resilience (Zou et al. 2024). Integrated nutrient management (INM), which combines 

judicious use of chemical fertilizers with microbial biofertilizers, ensures balanced soil fertility while maintaining 

beneficial microbial communities (Wei et al. 2024). Additionally, the application of microbial inoculants and native 

microbial consortia, adapted to local Bangladeshi agro-ecosystems, can enhance plant growth, suppress soil-borne 

pathogens, and strengthen ecosystem services, providing a practical strategy for sustainable agriculture under intensive 

cultivation. 

10. Conclusion 

The soil microbiome forms the foundation of soil health, driving essential processes such as nutrient cycling, organic 

matter decomposition, and carbon sequestration. The structure and diversity of microbial communities determine key 

ecosystem functions, including soil fertility, disease suppression, and resilience to environmental stresses, particularly 

under intensive farming systems in Bangladesh. Understanding the complex links between microbial composition, soil 

function, and agricultural management is crucial for sustainable agriculture, enhancing crop productivity while mitigating 

greenhouse gas emissions. Leveraging microbial communities through biofertilizers, organic amendments, and 

conservation practices offers a viable strategy for soil restoration, ecosystem resilience, and long-term agricultural 

sustainability. 
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