



Review Article

SOIL MICROBIOME MODULATION MEDIATED BY FERMENTED ORGANIC PREPARATIONS

ABSTRACT 
	The soil microbiome is a dynamic and intricate ecosystem that plays a fundamental role in maintaining soil health, facilitating nutrient cycling, and supporting plant growth. However, the excessive and prolonged application of chemical fertilizers and pesticides has severely disrupted microbial diversity, leading to soil degradation, reduced fertility, and environmental contamination. In response to these challenges, fermented organic preparations (FOPs) have re-emerged as promising bio-enhancers capable of restoring microbial equilibrium in agricultural soils. This review investigates the role of various FOPs, including panchagavya, jeevamrutham, beejamrutham, and fish amino acid, in modulating the soil microbiome and promoting sustainable agricultural practices.

FOPs facilitate solubilization of essential nutrients, enhance organic matter decomposition, and suppress soil-borne pathogens through competitive exclusion and antibiotic production. Additionally, the integration of such preparations with traditional and modern farming techniques fosters a holistic approach to regenerative agriculture, reducing dependence on synthetic inputs while ensuring long-term soil sustainability.

The review also explores the challenges associated with FOP application, such as variations in microbial composition due to environmental factors, inconsistencies in fermentation processes, and the need for scientific validation of traditional formulations. Advances in microbial biotechnology, metagenomics, and precision agriculture can help optimize the efficacy of these preparations, making them more reliable for large-scale agricultural adoption. By emphasizing the role of indigenous knowledge and modern scientific advancements, the review underscores the necessity of adopting microbial-based soil management strategies for improved soil health, climate resilience, and sustainable food production.
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1. INTRODUCTION 
Soil is a complex and dynamic ecosystem which hosts diverse microbial communities with distinct functional properties. The term microbiome, coined from the words “micro” and “biome”, denotes “a characteristic microbial community occupying a reasonably well-defined habitat which has distinct physio-chemical properties. This term thus not only refers to the microorganisms involved but also encompasses their theatre of activity” (Whipps et al., 1988). Soil microbiomes are vital in essential ecosystem functions such as nutrient cycling, maintaining soil structure and productivity and degradation of environmental pollutants (Kaur et al., 2021). However, the non-judicious and prolonged use of chemical products in agriculture has contributed to the deterioration of environmental health, spurring the adoption of alternative ecologically safe measures in crop management.
Moreover, the financial burden associated with expensive synthetic agrochemicals, poses significant challenges for resource-poor farmers. Adoption of traditional farming practices which integrate indigenous knowledge and involves resource recycling can significantly reduce production costs and reliance on high interest credit. Zero Budget Natural Farming (ZBNF) is one such practice advocated to offer a possible solution to drastically lower farming expenses, which could aid in breaking the debt cycle of the farmers (Palekar, 2006).
Fermented organic preparations (FOPs) are used in natural farming as both plant growth stimulants and biocontrol agents for managing pests and diseases. These organic formulations are bio-fermented solutions often derived from organic substrates including plant and animal residues. FOPs promote soil health, facilitate nutrient cycling and reduce the dependence on synthetic chemicals, thus contributing to more environment friendly and productive farming systems. FOPs enhance the population and activity of soil microorganisms, which in turn positively affect the growth and development of crops (Boraiah et al., 2017). FOPs contain several groups of beneficial microorganisms belonging to the phyla Proteobacteria, Firmicutes, Bacteroides, and Actinobacteria. These microorganisms are vital for nutrient solubilization and regulation of plant growth hormones. Some of the beneficial microorganisms present in these formulations can also aid in suppressing soil-borne pathogens (Yuvasri et al., 2024).
In this context, soil microbiome modulation through FOPs emerges as a strategic intervention for restoring soil microbial equilibrium, enhancing nutrient bioavailability, and augmenting plant tolerance to abiotic and biotic stressors. This integrative approach aligns with broader objectives of agroecological intensification and climate-resilient farming
2. THE CONCEPT OF SOIL MICROBIOME

Soil, a vital natural resource, supports a wide array of ecosystem services, including food production, climate and water regulation, and the provision of energy and habitat for numerous life forms (Yadav et al., 2021). The term soil microbiome encompasses these microorganisms along with their genetic material, mobile genetic elements, structural components, metabolites, and relic DNA present within a specific soil environment (Berg et al., 2020).
2.1. Diversity and abundance of soil microbiome

Soil nurtures diverse array of microorganisms, including bacteria, fungi, archaea, viruses, and protists. Among these, bacteria are the most prevalent type of microorganisms with populations exceeding billions in a single gram of soil. Generally, bacteria are abundant closer to the root tips, while their population is typically lower in mature root zones (Dupuy and Silk, 2016). Soil also harbours fungi which are highly adaptable microorganisms capable of thriving in wide range of environmental conditions. It is estimated that there are 1.5 million to 5 million species of fungi in soil. Archaea comprise 107–108 taxa per gram of soil. There are roughly 107–109 viral species and 103–105 protozoa taxa per gram of soil (Islam et al., 2020). The protozoan diversity is relatively high in soil as compared to other habitats. Protozoa play crucial roles as microbial predators, thereby influencing bacterial community dynamics. Typically, bacteria and fungi dominate the soil microbiome, with 102 to 104 times more biomass than other major components like protists, archaea, and viruses. Their combined biomass often outweighs other components of the soil microbiome (Fierer, 2017).

 2.2 Ecological roles of soil microbiome 
2.2.1 Nutrient cycling 

Microbial communities degrade organic matter, liberating inorganic nutrients available to plants through chelation, oxidation, solubilization, and reduction, and thereby influence plant growth (Marschner 2007). Symbiotic microorganisms like arbuscular mycorrhizal fungi (AMF), phosphorus solubilizing bacteria and diazotrophs increase nutrient bioavailability through phosphorus (P) mobilization, P solubilization and biological nitrogen fixation (Głodowska and Wozniak, 2019).
2.2.2 Disease suppression

Microorganisms can serve as effective biocontrol agents to suppress phytopathogens, pests and weeds. Bioagents suppress soil-borne pathogens through diverse mechanisms such as competition, predation, and parasitism. Many plant growth promoting microorganisms (PGPM) produce hydrolytic enzymes, such as β-1,3-glucanase, chitinase, cellulase, and protease, which degrade the cell walls of pathogens. Additionally, bioactive molecules like antibiotics, produced by various beneficial microorganisms, impact plant- pathogen interactions. PGPM with biocontrol properties offer an alternative approach to safeguarding plants against diseases through the induction of systemic resistance (Meena et al., 2017).  

2.2.3 Preservation of Soil Health
The soil microbiome plays a fundamental role in maintaining soil structure and fertility. Soil microbial communities, particularly bacteria and fungi, contribute to the formation of stable soil aggregates by producing extracellular polymeric substances (EPS) and forming hyphal networks that bind soil particles. The microbial-driven aggregation enhances porosity and water retention, thereby improving soil structure and resilience (Lehmann et al.,2017). Certain soil microorganisms possess metabolic capabilities to degrade or immobilize contaminants such as heavy metals, petroleum hydrocarbons, and pesticides. Khan et al. (2018) reported the efficiency of bacterial and fungal strains in detoxifying heavy metal-contaminated soils, promoting both environmental restoration and soil fertility. Microbial activities contribute to the sequestration of atmospheric carbon dioxide (CO₂) into stable soil organic matter, thereby mitigating climate change. Additionally, methanotrophic bacteria within the soil microbiome oxidize methane (CH₄), a potent greenhouse gas, converting it into less harmful substances. This microbial methane oxidation process effectively reduces methane emissions from natural and anthropogenic sources, further contributing to climate regulation. Microbial diversity is a strong predictor of soil multifunctionality as they include crucial role including carbon cycling and mitigation of greenhouse gas emissions (Delgado Baquerizo et al., 2019).
3. MODULATION OF SOIL MICROBIOME

Rhizosphere engineering, or the manipulation of roots and root associated microorganisms to improve plant health and productivity heavily relies on soil microbiome modulation through management practices. Plants can shape the soil microbiome through the secretion of root exudates. The root system, once believed to only serve the purpose of anchoring the plant and absorbing nutrients and water, is now recognized to have a vital effect in the interactions between plants and their surroundings (Bais et al., 2006). Rhizodeposits, including border cells, root debris, and root exudates is the major source of organic carbon in the soil which initially attracts microorganisms to the rhizosphere. The root exudates are thus considered to be the deciding factor for the recruitment and establishment of a specific rhizosphere microbial community (Uren 2000, Kumar and Dubey, 2020). These exudates are influenced by plant microbe interactions.  Rudrappa et al. (2008) demonstrated that foliar infection of Arabidopsis thaliana by Pseudomonas syringae pv tomato triggered the secretion of malic acid from the roots, which resulted in selective recruitment of the PGPM, Bacillus subtilis, to the rhizosphere. The rhizosphere microbiome in turn, exerts either direct or indirect effects on plant development and growth through the production of phytohormones, metabolites and volatiles that can stimulate the expression of key plant functional genes such as those for stress tolerance, nutrient absorption and disease resistance. The complex interaction between rhizosphere microbiome and plant genes is important for the development and survival of plants (Berendsen et al., 2012). 
In contrast to this, conventional agriculture relies on the use of pesticides and fungicides for managing plant pathogens (Chapparo et al., 2012). However, most agrochemicals have adverse effects on soil microbial activities and biochemical processes. Changes in the diversity and composition of beneficial microbes can compromise plant growth and development by decreasing nutrient availability or increasing disease prevalence. Apart from this, the microbial biomass (MB) and functional diversity of many non-target soil microbes are impacted by the widespread use of pesticides, highlighting the necessity for microbiome engineering using safer alternatives.
3.1 Manipulating soil microbiome through fermented organic preparations
Manipulating the soil microbiome using FOPs is a potential approach to enhance soil fertility, boost crop productivity, and support sustainable agricultural practices. FOPs utilize cow-derived products such as dung, urine, milk, and occasionally indigenous soil, as the inoculum of microorganisms for fermenting organic materials such as crops, fruits, jaggery, molasses, animal and plant wastes (Shyamsunder et al., 2021). These organic preparations contain various culturable and unculturable beneficial microorganisms that play a significant role in enhancing crop growth and productivity by improving soil health and fertility (Girija et al., 2013). The presence of such beneficial microorganisms in FOPs is due to the macro and micronutrients, vitamins and growth factors provided by the ingredients (Nandhini and Somasundaram, 2023). Application of FOPs demonstrate soil microbiome modulation through enriching the soil with beneficial microorganisms, bioactive compounds, and essential nutrients.
Table 1. Composition and function of commonly used Fermented Organic Preparations 
	FOP
	Composition
	Function in Soil Microbiome Modulation
	Reference

	Panchagavya
	Cow dung, urine, milk, curd, ghee
	Source of growth-promoting microbes (bacteria, fungi, actinomycetes, lactic acid bacteria, yeast); enhances microbial diversity and soil fertility
	Radha and Rao, 2014

	Jeevamrutham
	Cow dung, urine, jaggery, flour, soil
	Stimulates microbial activity; increases availability of nutrients; supports plant growth
	Shukla et al., 2023

	Beejamrutham
	Cow dung, urine, lime, soil
	Protects seeds from soil-borne pathogens; enhances germination and supplies plant growth-promoting bacteria and regulators
	Sreenivasa et al., 2009

	Ghanjeevamrutham
	Solid (dried) form of Jeevamrutham
	Improves soil microbial habitat; enhance bio availability of soil nutrients 
	Kaur et al., 2020

	Fish Amino Acid (FAA)
	Fermented fish waste with brown sugar
	High nitrogen content; promotes plant growth and enhances microbial action in the soil
	Weinert et al., 2014

	Egg Amino Acid (EAA)
	Fermented eggs with lemon juice and jaggery
	Supplies amino acids, vitamins, and minerals that stimulate soil microbial activity and plant vigor
	Priyanka et al., 2019

	Amritpani
	Cow dung, urine, honey, ghee
	Enhances microbial proliferation and enzymatic activity; supports nutrient transformation in soil
	Biswas et al., 2022

	Fermented Fruit Waste
	Banana or other fruit waste fermented with cow dung and urine
	Provides carbon-rich substrates for microbes; accelerates decomposition; enriches soil with 
humus


	Oyelaran et al., 2018

	Fermented Leaf Fertilizer (FLF)
	Fermented plant/animal materials via anaerobic fermentation
	Readily available source of micronutrients, supports foliar microbial colonization and complements soil-based microbial activity
	Ebel and Kissmann, 2019

	Kunapajala
	Flesh, fat, bone marrow of animals, with milk, sesame cake, black gram, ghee, honey, hot water
	Stimulates rapid microbial decomposition of organic matter; enriches humus and supports diverse microbial life
	Nene, 2018


3.1.1 Mechanisms of Soil Microbiome Manipulation Using fermented organic preparations

FOPs not only supply essential nutrients required for crop growth but also improve the overall crop-growing environment by stimulating the activity of beneficial microorganisms and enzymes, thereby enhancing the availability of inherent soil nutrients (Zhong et al., 2017). The nutrient content and microbial load present in these bio enhancers, can vary depending on factors such as the type and amount of material used, the fermentation duration, and environmental conditions (Pathak and Ram, 2013). Their application to soil can significantly influence the soil microbiome, leading to enhanced soil health and plant growth. The mechanisms by which FOPs manipulate the soil microbiome include:​
3.1.1.1 Introduction of Beneficial Microorganisms
When applied to soil, FOPs introduce beneficial bacteria and fungi which colonize the rhizosphere. These microorganisms suppress soil-borne pathogens and promote plant growth by enhancing nutrient availability and producing phytohormones like indole-3-acetic acid (IAA) and gibberellins (Radha and Rao, 2014). Beneficial genera such as Lactobacillus, Bacillus, Pseudomonas, and Azotobacter have been identified in panchagavya. These microorganisms enhance soil fertility and plant health through phosphate solubilization and nitrogen fixation. Metabolome analysis of panchagavya revealed the presence of plant hormones, notably, gibberellic acid and other metabolites, confirming the presence and activity of beneficial bacteria. (Krishnareddy et al., 2022). Vimalendran and Wahab (2013) suggested that the beneficial microorganisms from panchagavya, once established in the soil, contribute to agricultural sustainability by influencing plant growth and crop yield in the rhizosphere. 
Sreenivasa et al. (2011) isolated free-living nitrogen-fixing bacteria from beejamrutham. The inoculation of soybean seeds with these bacterial isolates significantly enhanced seed germination, seedling growth, and vigor. The beneficial fungi and actinomycetes in beejamrutham, aids in decomposing organic matter and suppressing harmful pathogens, thereby enhancing soil and plant health (Ram and Pathak, 2019). Mukherjee et al. (2022) also reported the presence of phosphate solubilizers and free-living diazotrophic bacteria in beejamrutham. 
Jeevamrutham also exhibits high microbial load, especially, bacteria, fungi, and actinomycetes (Ram et al., 2018). Enhanced activities of acid phosphatase, alkaline phosphatase, and dehydrogenase enzymes in panchagavya, jeevamrutham and other FOPs have been related to the population of microorganisms in them (Sharma et al., 2021). Chaudhary et al. (2022) observed that the application of ghanajeevamrutham prior to sowing had a notable impact on soil microbial populations.
3.1.1.2 Enhancement of Nutrient Availability

The stimulation of soil microbial activity by FOPs accelerates the decomposition of organic matter, thereby increasing the availability of essential nutrients such as nitrogen, phosphorus, and potassium. The presence of cow dung and cow urine in FOPs contributes essential nutrients and bioactive compounds that support the proliferation of beneficial microorganisms (Saharan et al., 2023). For instance, Gurjar et al. (2024) observed that the application of jeevamrutham, fortified with additives like vermitea or neem cake, significantly improves soil organic carbon and available nitrogen levels. 
During fermentation, panchagavya fosters the proliferation of beneficial microorganisms that play a crucial role in breaking down organic matter and releasing essential nutrients. This microbial activity enhances soil structure, improves nutrient availability, and supports overall plant health (Singh et al., 2023). Additionally, panchagavya increases the population and activity of beneficial soil microbes, promoting efficient nutrient cycling and organic matter decomposition, which further contributes to soil fertility and sustainability (Jain et al., 2014). Panchagavya contains chemolithotrophs and autotrophic nitrifiers, which establish themselves on leaf surfaces. These microorganisms facilitate ammonia absorption, thereby improving nitrogen availability and enhancing the overall nitrogen supply to plants (Kumar et al., 2020). The microbial community in beejamrutham plays a crucial role in breaking down organic matter, releasing essential nutrients like nitrogen, phosphorus, and potassium in plant-available forms (Mukherjee et al., 2022).


The application of fish amino acid (FAA) has been reported to enhance nitrogen absorption in leaves by 9.6%. This enhancement can be attributed to the presence of readily absorbable organic nitrogen compounds like amino acids, as well as the stimulation of beneficial microbial activity in the rhizosphere, which aids in nutrient mineralization and uptake. (Jumar et al., 2021). Foliar application of egg amino acid EAA provides various nutrients and amino acids essential for the growth of both plants and soil microorganisms, enhancing overall soil fertility (Priyanka et al., 2019). 

3.1.1.3 Suppression of Soil-Borne Pathogens

FOPs introduce microbial communities that suppress soil-borne pathogens by outcompeting them for resources and space, thereby reducing disease incidence in crops. The antimicrobial properties of microorganisms in fermented organic manures make them valuable for sustainable agriculture by protecting crops and improving soil fertility.  The application of bio-organic amendments has been observed to reshape the soil microbiome, converting disease-conducive soils into suppressive ones by altering bacterial and fungal community compositions (Deng et al., 2021). 
Field applications of panchagavya have been shown to decrease incidence of diseases caused by Sclerotium rolfsii, Phytophthora colocasiae, and Fusarium solani. This reduction is attributed to the antimicrobial compounds and competitive exclusion exerted by the beneficial microbes present in panchagavya (Kumar et al., 2020). Certain constituents of jeevamrutham, such as cow urine, are known to contain amino acids and other compounds that impart resistance against pathogens. Gurjar et al. (2024) reported more than 90% mycelial growth inhibition of Alternaria alternata by jeevamrutham formulations under in vitro conditions.

Sugha (2005) recorded 40 per cent inhibition of the mycelial growth of Rhizoctonia solani by panchagavya. This was attributed to the antimicrobial compounds or beneficial microorganisms and their metabolites produced during the fermentation process.  Rajeswari et al. (2019) found that panchagavya and beejamrutham effectively inhibited sclerotial germination of R. solani within 6 hours of application under controlled laboratory conditions. Beneficial microorganisms present in FOPs like amritpani, jeevamrutham and panchagavya significantly reduced the growth of Aspergillus fumigatus and completely inhibited Colletotrichum gloeosporioides and F. solani under in vitro conditions. (Ram and Garg,2020).
3.1.1.4 Improvement of Soil Structure and Health

The metabolites, such as organic acids and antioxidants, produced by the microorganisms in FOPs contribute to soil aggregation and enhance soil structure. The application of FOPs has been associated with higher microbial loads and growth hormones, which may sustain the availability of nutrients, ultimately contributing to better soil health and increased crop yields (Chandra et al., 2019).
The combined application of beejamrutham, jeevamrutham, and panchagavya resulted in significantly higher dehydrogenase activity compared to individual applications, suggesting a synergistic effect on microbial activity (Critykar et al., 2022). Panchagavya application can lead to a temporary reduction in soil pH and electrical conductivity. These changes are attributed to the microbial activity and organic acids produced during the decomposition of panchagavya components (Kumawat et al., 2013). Rawal et al. (2024) observed that improved structure facilitates better aeration and drainage, which are crucial for healthy root development and overall plant vitality.​ The amino acids present in FAA act as energy-rich substrates for soil microorganisms, promoting their growth and activity. Additionally, the increased biological activity accelerates the decomposition of organic matter and nutrient cycling, thereby enriching the soil with essential nutrients (Zhao et al., 2025).
Saharan et al. (2023) reported that jeevamrutham has the capability to modulate soil pH, increasing it in acidic soils and decreasing it in alkaline conditions. This pH adjustment creates a more neutral and stable environment where beneficial microbes can thrive. A healthy microbial population, in turn, supports processes such as organic matter decomposition, nutrient mineralization, and the formation of stable soil aggregates. Together, these changes improve soil structure, aeration, water-holding capacity, and nutrient availability, all of which contribute to enhanced soil fertility and productivity. 
4. CONSTRAINTS IN SOIL MICROBIOME MODULATION USING FERMENTED ORGANIC PREPARATIONS
While FOPs offer promising avenues for enhancing soil microbial dynamics, several practical and ecological challenges hinder their consistent effectiveness.
 4.1 Variability in Fermentation Processes

The efficacy of FOPs is influenced by fermentation methods, environmental conditions, and ingredient quality. Inconsistent fermentation can lead to variable microbial compositions, affecting the reliability of these preparations. Standardizing fermentation protocols is essential to ensure consistent results. ​ Due to the complexity of production processes of fermented organic preparations (FOPs) and the absence of a standardized and reliable method for assessing their efficacy, the diverse formulations prepared by farmers pose a challenge for farmers and researchers in determining their effectiveness (Maji et al., 2023). 
4.2 Adaptation to Soil Physicochemical Properties

Soil characteristics such as pH, texture, and organic matter content significantly influence the success of microbiome modulation. FOPs may exhibit varying performance across different soil types, necessitating tailored application strategies to accommodate local soil conditions. Among these factors, soil pH is particularly influential, as it directly impacts microbial adaptation, growth, and metabolic functions, including enzyme secretion and organic acid production. Most beneficial soil microorganisms thrive in neutral to slightly acidic environments, with optimal microbial biomass typically observed within a pH range of 4.5 to 6.5 (Wang et al., 2024). 
4.3 Competition with Native Microbial Communities

Microorganisms introduced through FOPs may encounter competition from established native soil microbial communities. This competition can hinder the establishment and activity of introduced beneficial microbes, potentially limiting the effectiveness of FOPs. Bacterial competition for space and resources is a well-documented phenomenon in natural environments, where bacteria employ various mechanisms to impair or kill neighbouring microbes (Fahey et al., 2022). Studies have shown that soil inoculation or seed bacterization can lead to changes in the structure of indigenous microbial communities, which is significant when considering the introduction of microbes into the environment (Trabelsi et al., 2013).  
There is a pressing need to establish validated fermentation protocols and quality assessment frameworks for FOPs to ensure uniformity, stability, and field-level reliability. Optimization of site-specific FOPs with ecologically compatible microbial communities can help overcome these problems to some extent. The inconsistencies associated with preparation of FOPs can also be addressed by developing microbial consortia using beneficial microorganisms isolated from several indigenous preparations.
4.4. Possible environmental risks

While the incorporation of organic amendments offers numerous agronomic advantages, it also poses potential risks, as such materials may harbor hazardous environmental contaminants. Animal manure, for example, can introduce salts, heavy metals, and residual antibiotics, which may accumulate and adversely affect soil quality over time (Shu et al., 2022). However, when used appropriately, FOPs can contribute to soil health and aid in mitigating heavy metal contamination through the beneficial microorganisms present in them. Moreover, as the proportion of manure utilized in these formulations is substantially lower than that applied through direct manure amendments, the undesirable effects is comparatively lesser.
5. FUTURE PROSPECTS
Advancements in microbial biotechnology have the potential to refine and standardize FOPs such as panchagavya and beejamrutham, thereby enhancing their effectiveness in promoting soil fertility and plant health. Recent studies have delved into the microbial composition and metabolomic profiles of these traditional formulations, providing insights that could lead to their optimization (Krishnareddy et al., 2022). The integration of these FOPs with precision agriculture can potentially optimize their benefits. By utilizing real-time soil health data obtained through sensors and AI models, farmers can apply FOPs more effectively, ensuring that crops receive the right nutrients at the right time.

Therefore, ability of FOPs to increase microbial diversity, sustain nutrient availability, and promote soil biomass underscores their vital role in sustainable agriculture. Continued research and innovation in this field will further strengthen their contribution to improving soil health, boosting crop yields, and ensuring climate resilient farming systems.

6. CONCLUSION
The manipulation of the soil microbiome through fermented organic preparations presents an effective and sustainable strategy to improve soil health, enhance crop productivity, and reduce dependence on chemical fertilizers. Various FOPs, such as panchagavya, jeevamrutham, etc., serve as nutrient-rich bio-enhancers that support beneficial microbial communities and improve nutrient cycling. Adopting these natural amendments in agricultural systems can contribute to long-term soil fertility and ecological balance while promoting environment friendly farming practices.
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