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Abstract

Root exudates comprise a diverse array of biologically active compounds, including sugars, amino
acids, organic acids, phenolics, fatty acids, phytohormones, mucilage, and signaling molecules, that
regulate key physical, chemical, and biological processes in the rhizosphere. Plants allocate
approximately 5-21% of their photosynthetically fixed carbon to root exudation and rhizodeposition,
making root-derived carbon a major pathway controlling belowground ecosystem functioning.
Experimental evidence demonstrates that root exudates improve soil aggregation (10-35%), increase
porosity (8-22%), and enhance water infiltration (20-55%) through organo-mineral interactions and
microbially derived extracellular polymers. Simultaneously, exudate-mediated stimulation of beneficial
rhizosphere microorganisms increases microbial biomass by 15-60%, accelerates nutrient cycling, and
strengthens plant-microbe interactions that sustain soil fertility. Organic acids such as citrate, malate,
and oxalate mobilize sparingly soluble phosphorus, increasing plant-available phosphorus by 12-40%
across diverse cropping systems. Recent advances in soil carbon research identify root-derived carbon
as the dominant precursor of stable mineral-associated organic carbon (MAQOC), with long-term studies
reporting that root inputs contribute 30-62% of persistent soil carbon sequestration. In addition, root
mucilage and microbial exopolysaccharides improve rhizosphere hydraulic conductivity and soil water
retention by 15-50%, thereby enhancing plant resilience under water-limited conditions. Evidence from
long-term conservation agriculture and biologically intensive farming systems in India corroborates
these global findings, demonstrating improvements in soil porosity, infiltration, microbial biomass
carbon, nutrient mineralization, and annual soil carbon accumulation (0.12-0.35 Mg C ha™ yr!) under
continuous living-root systems with minimal soil disturbance. This review synthesizes mechanistic
insights and global and Indian empirical evidence to establish root exudates as pivotal regulators of soil
regeneration, nutrient acquisition, microbial community assembly, and long-term carbon stabilization.
Promoting exudation-driven rhizosphere processes through conservation agriculture and natural
farming provides a scientifically robust strategy for enhancing soil health, climate resilience, and
sustainable agricultural productivity.

Keywords: Root exudation, Rhizosphere biochemistry, Organic acids (citric, malic, oxalic), Microbial
biomass enhancement, Soil aggregation and porosity, Phosphorus mobilization Mineral-associated
organic carbon (MAOC), Soil carbon sequestration, Rhizosphere hydraulic conductivity and Natural
farming

Introduction

Sustainable agricultural production requires management strategies that enhance soil health
while maintaining productivity under the increasing pressures of climate change, soil
degradation, and declining resource-use efficiency. The rhizosphere, defined as the narrow
zone of soil influenced by living roots, is a highly dynamic interface where interactions
among plants, microorganisms, and soil minerals regulate nutrient cycling, carbon turnover,
and ecosystem functioning [*- 2. Among the numerous biological processes operating within
the rhizosphere, root exudation has emerged as one of the most important mechanisms
linking plant physiological activity with soil biochemical and ecological processes. Root
exudates comprise a chemically diverse mixture of low- and high-molecular-weight
compounds, including sugars, amino acids, organic acids, phenolics, fatty acids,
phytohormones, mucilage, proteins, extracellular enzymes, and specialized signaling
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molecules released continuously by living roots 2 31, These
compounds not only represent metabolic products but also
function as key mediators of plant-soil interactions by
regulating microbial recruitment, nutrient mobilization, root
signaling, and soil structural development. Global carbon
budget analyses indicate that plants allocate approximately
5-21% of their photosynthetically fixed carbon to
rhizodeposition, highlighting root-derived carbon as one of
the largest pathways of carbon transfer from plants to soil I,
The biochemical composition of root exudates strongly
influences soil physical, chemical, and biological properties.
Organic acids such as citrate, malate, and oxalate mobilize
sparingly  soluble  phosphorus  through  rhizosphere
acidification, ligand exchange, and mineral dissolution,
thereby enhancing nutrient availability and nutrient-use
efficiency 5 €. Root mucilage and microbially derived
extracellular polymeric substances improve soil aggregation,
aggregate stability, porosity, hydraulic conductivity, and
water retention, particularly under drying-rewetting cycles
[l In parallel, root exudates selectively recruit beneficial
rhizosphere microorganisms, including plant growth-
promoting rhizobacteria (PGPR) and arbuscular mycorrhizal
fungi, which enhance biological nitrogen fixation,
phytohormone production, siderophore secretion, pathogen
suppression, and nutrient mineralization [, Recent advances
in soil biogeochemistry have fundamentally changed our
understanding of soil carbon stabilization. Root-derived
carbon is now recognized as the dominant precursor of
stable mineral-associated organic carbon (MAOC),
contributing disproportionately to persistent soil organic
matter through microbial processing and organo-mineral
interactions 111, Root exudates also regulate rhizosphere
priming, microbial carbon-use efficiency, and microbial
necromass formation, thereby influencing long-term carbon
sequestration and ecosystem resilience [*21.

Evidence from long-term conservation agriculture and
regenerative farming systems further demonstrates that
continuous living roots and minimal soil disturbance
enhance exudation-driven improvements in soil aggregation,
microbial biomass, nutrient cycling, infiltration, and soil
organic carbon accumulation [2 138 These findings
underscore the pivotal role of root exudates in restoring
degraded soils, improving nutrient-use efficiency, and
increasing climate resilience across diverse agroecosystems.
Despite substantial advances, current knowledge remains
fragmented across plant physiology, soil science,
microbiology, and biogeochemistry. An integrated synthesis
linking the chemistry of root exudates with their mechanistic
roles in soil structure development, nutrient mobilization,
microbial ecology, and carbon stabilization is still lacking.
This review critically examines recent advances in root
exudate research, integrating global and Indian perspectives
to elucidate their contribution to rhizosphere functioning,
soil health restoration, nutrient-use efficiency, and long-term
carbon sequestration. It further discusses how exudation-
driven processes can be harnessed to support conservation
agriculture, regenerative agriculture, and climate-resilient
cropping systems.

Composition and Chemistry of Root Exudates

Root exudates comprise a highly dynamic and chemically
heterogeneous mixture of low- and high-molecular-weight
compounds released by living plant roots into the
rhizosphere. Their composition is influenced by plant

~13~

https://www.agriculturaljournals.com

genotype, developmental stage, soil type, nutrient
availability, microbial interactions, and environmental
stresses. Although the relative abundance of individual
compounds varies considerably among plant species and
growth conditions, root exudates generally consist of
carbohydrates (=30%), mucilage and polysaccharides
(=20%), organic acids (=15%), amino acids (=10%),
phenolics and flavonoids (=5%), proteins and extracellular
enzymes (=5%), and other bioactive compounds—including
phytohormones, vitamins, secondary metabolites, and
volatile organic compounds (=15%) 4. Carbohydrates,
primarily glucose, fructose, and sucrose, constitute the
largest fraction of root exudates and represent readily
available carbon substrates that stimulate microbial growth
and metabolism in the rhizosphere (. Their rapid utilization
by rhizosphere microorganisms promotes microbial
proliferation, enhances extracellular polymer production,
and accelerates nutrient cycling. Amino acids, including
glutamate, glycine, alanine, and aspartate, provide organic
nitrogen and function as metabolic precursors and signaling
molecules that regulate microbial colonization and plant—
microbe communication 2 3 €1, Organic acids, particularly
citrate, malate, and oxalate, play a central role in
rhizosphere biogeochemistry by acidifying the soil solution,
chelating metal cations, and mobilizing sparingly soluble
phosphorus, iron, and micronutrients through ligand
exchange and mineral dissolution [ €. Under nutrient-
deficient conditions, their secretion is markedly enhanced,
representing an important adaptive strategy for improving
nutrient acquisition [, Although phenolics and flavonoids
contribute a relatively small proportion of the total exudate
mass, they exert disproportionate ecological effects by
functioning as signaling molecules that regulate rhizobial
nodulation, arbuscular mycorrhizal colonization,
allelopathic interactions, and defense against soil-borne
pathogens [> 61 Mucilage and polysaccharides form a
hydrated gel surrounding root surfaces, improving soil
aggregation, enhancing hydraulic continuity, reducing
mechanical resistance, and protecting roots against drought
stress  through stabilization of the rhizosphere
microenvironment . Root exudates also contain
extracellular enzymes, including phosphatases, proteases,
and glycosidases, which catalyze the mineralization of
organic nutrients and increase the availability of phosphorus
and nitrogen for plant uptake 7. In addition, low-
abundance compounds such as phytohormones, vitamins,
strigolactones, jasmonates, salicylic acid, and volatile
organic compounds serve as potent biochemical signals that
coordinate plant development, microbial recruitment, and
stress responses despite representing only a minor fraction
of the total exudate pool P Collectively, the chemical
diversity of root exudates underpins their multifunctional
role in regulating rhizosphere ecology, soil biogeochemistry,
nutrient acquisition, microbial community assembly, and
long-term soil carbon stabilization. Understanding the
composition and biochemical functions of these compounds
is fundamental for exploiting root-mediated processes to
improve soil health and develop climate-resilient,
sustainable agricultural systems.

Root Exudates as Drivers of Nutrient Mobilization:
Phosphorus and Nitrogen Dynamics

Root exudates play a pivotal role in nutrient acquisition by
modifying rhizosphere chemistry and stimulating microbial
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processes that increase the availability of otherwise
inaccessible nutrient pools. Among these functions,
phosphorus (P) mobilization represents one of the best-
characterized mechanisms through which root exudates
enhance nutrient-use efficiency. Plants release low-
molecular-weight organic acids, including citrate, malate,
and oxalate, together with protons, phosphatases, and
chelating compounds that dissolve sparingly soluble
phosphate minerals and desorb phosphate ions from soil
mineral surfaces. These processes involve rhizosphere
acidification, ligand exchange, and the complexation of
Fe**, Al**, and Ca?, thereby increasing phosphorus
solubility and plant availability 8. Experimental studies
have shown that organic acid exudation can increase
phosphorus solubility by two- to ten-fold, while
significantly enhancing the dissolution of Fe—P and Ca-P
complexes,  particularly  under  phosphorus-deficient
conditions [, Field investigations across diverse
agroecosystems further demonstrate that enhanced root
exudation substantially improves phosphorus acquisition
and fertilizer-use efficiency. Long-term studies in the Indo-
Gangetic Plains have reported increases of approximately
18-25% in plant-available phosphorus under conservation
agriculture systems characterized by continuous living roots
and high biological activity. Similarly, rice—pulse and
groundnut-based production systems in southern India
exhibited 22-28% greater phosphorus uptake, primarily due
to increased secretion of organic acids that mobilized
mineral-bound phosphorus fractions. These observations
confirm that root exudation is an effective ecological
mechanism for improving phosphorus availability while
reducing dependence on mineral phosphorus fertilizers.

Beyond phosphorus  acquisition, the  biochemical
composition and stoichiometry of root exudates strongly
regulate nitrogen (N) cycling in soils. Recent evidence
indicates that the carbon-to-nitrogen (C:N) ratio of root
exudates exerts greater control over microbial nitrogen
transformations than labile carbon supply alone.
Experimental manipulation of exudate stoichiometry under
elevated atmospheric CO: conditions demonstrated that
increased exudate C:N ratios stimulated gross nitrogen
mineralization by promoting microbial nitrogen-mining
strategies, particularly within the rhizosphere. Enhanced
exudate C:N ratios also increased nitrification in root-free
soils where both fungal and bacterial communities were
active, highlighting the complementary roles of
microorganisms in regulating nitrogen transformations.
These findings suggest that root exudate stoichiometry is a
critical determinant of microbial nutrient acquisition
strategies and may alleviate nitrogen limitation under future
climate scenarios by increasing the availability of mineral
nitrogen to plants %22, Collectively, current evidence
demonstrates that root exudates regulate nutrient acquisition

through integrated biochemical and microbiological
pathways that simultaneously enhance phosphorus
solubilization, nitrogen mineralization, and microbial

nutrient cycling. These multifunctional processes improve
nutrient-use  efficiency, reduce external fertilizer
requirements, and strengthen the resilience of agricultural
systems. Consequently, optimizing root exudation through
conservation agriculture, regenerative farming, and
biologically intensive cropping systems represents a
promising strategy for sustainable nutrient management and
long-term soil fertility under changing climatic conditions.
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Root Exudates Stimulate Microbial
Biomass and Activity

Root exudation is a primary determinant of rhizosphere
microbial biomass, diversity, and metabolic activity,
providing a continuous supply of readily assimilable carbon
compounds and biochemical signals that fuel microbial
growth and regulate community assembly. Plants allocate a
substantial proportion of recently fixed photosynthates
belowground through rhizodeposition, making root-derived
carbon one of the principal energy sources for rhizosphere
microorganisms. Isotopic pulse-labelling studies have
shown that root-derived carbon can contribute up to 40% of
microbial biomass carbon in the rhizosphere, underscoring
its central role in sustaining microbial activity and
belowground carbon turnover 2%, Labile compounds such as
sugars, amino acids, and organic acids are rapidly
assimilated by microorganisms, stimulating respiration,
extracellular ~ enzyme production,  and nutrient
mineralization. Beyond serving as carbon substrates, root
exudates function as highly specific chemical signals that
regulate microbial recruitment and community composition.
They selectively enrich  beneficial microorganisms,
including plant growth-promoting rhizobacteria (PGPR),
arbuscular mycorrhizal fungi (AMF), nitrogen-fixing
bacteria, and phosphate-solubilizing microorganisms, while
suppressing pathogenic taxa through complex biochemical
interactions 4. Signal molecules such as flavonoids,
strigolactones, and organic acids mediate root—microbe
communication, enhancing biological nitrogen fixation,
phosphorus solubilization, phytohormone biosynthesis,
siderophore  production, and disease  suppression
251 Consequently, microbial populations in the rhizosphere
are frequently one to two orders of magnitude greater than
those in adjacent bulk soil, reflecting the strong selective
influence of root-derived metabolites 261,

Evidence from Indian agroecosystems supports these global
observations. Long-term conservation agriculture, legume-
based cropping systems, and biologically intensive
management  practices consistently report enhanced
microbial biomass carbon, greater abundance of nitrogen-
fixing rhizobia and phosphate-solubilizing bacteria, and
increased activities of key soil enzymes involved in carbon,
nitrogen, and phosphorus cycling. These biological
responses are associated with improved nutrient availability,
greater nutrient-use efficiency, and enhanced soil fertility
under continuous living-root systems with minimal soil
disturbance. Collectively, current evidence establishes root
exudates as key regulators of rhizosphere microbial ecology,
driving microbial diversity, functional activity, and
ecosystem processes that underpin sustainable and climate-
resilient agricultural production.

Rhizosphere

Root Exudate-Mediated Enhancement of Mycorrhizal
Symbiosis and Plant Stress Resilience

Root Exudates and Mycorrhizal Symbiosis

Arbuscular  mycorrhizal fungi (AMF) represent a
fundamental component of rhizosphere functioning,
establishing mutualistic associations with the majority of
terrestrial plant species and enhancing plant acquisition of
nutrients and water from soil environments. Root exudates
act as critical biochemical regulators of AMF establishment
by providing carbon substrates and signaling molecules that
stimulate fungal germination, hyphal growth, and root
colonization. Among these compounds, flavonoids,
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strigolactones, sugars, and phenolic metabolites function as
key chemical signals that initiate and regulate plant—fungal
communication 1. The extensive extraradical hyphal
networks produced by AMF increase the effective soil
exploration capacity of roots by several-fold, enabling plants
to access phosphorus (P), zinc (Zn), copper (Cu), and water
resources beyond the root depletion zone. Global syntheses
indicate that AMF associations can substantially enhance
phosphorus acquisition, improve drought tolerance, and
contribute to soil aggregation through the production of
glomalin-related soil proteins 28 2%, Mycorrhizal hyphae
also influence broader microbial interactions by stimulating
beneficial microbial consortia, increasing extracellular
enzyme activities, and accelerating nutrient transformations
within the rhizosphere. Through these processes, AMF
contribute simultaneously to plant nutrition, soil structural
stability, and carbon stabilization.

Field-based evidence from Indian agroecosystems supports
the ecological significance of AMF enhancement under
biologically intensive management. Studies across diverse
cropping systems have demonstrated increased AMF
colonization, improved phosphorus acquisition, enhanced
micronutrient availability, and greater root development
under organic amendments, reduced tillage, residue
retention, and diversified cropping systems. Research in
legume-, cereal-, and pulse-based systems has further shown
that AMF associations improve phosphorus uptake, water-
use efficiency, and plant biomass production compared with
highly disturbed conventional systems. These findings
indicate that maintaining active root systems and carbon-
rich rhizospheres is essential for sustaining mycorrhizal
networks and maximizing biological nutrient acquisition.

Root Exudates as Regulators of Plant Stress Tolerance
Root exudation represents an important adaptive mechanism
through which plants enhance resilience to drought, salinity,
heat, and other environmental stresses. Under stress
conditions, plants modify exudate quantity and composition
by increasing the release of soluble sugars, amino acids,
organic acids, phenolics, and osmoprotective compounds
that support cellular protection and regulate rhizosphere
interactions. These metabolites enhance microbial activity
and promote the enrichment of beneficial microorganisms
capable of producing stress-alleviating compounds,
including ACC deaminase, antioxidants, siderophores, and
phytohormones 3031,

A major pathway through which exudates improve stress
tolerance is the formation of hydrated rhizosphere
microenvironments. Root-derived mucilage and microbial
extracellular polysaccharides promote soil aggregation,
increase water retention, and support microbial biofilm
formation, thereby reducing water loss during drought and
improving root survival under fluctuating moisture
conditions %2, In addition, organic acids and phenolic
compounds contribute to stress mitigation by chelating toxic
metal ions and regulating the availability of potentially
harmful elements such as aluminium, zinc, and copper,
thereby protecting root tissues and maintaining metabolic
activity. Collectively, these mechanisms demonstrate that
root exudates function beyond nutrient acquisition
pathways; they represent a central plant-mediated strategy
for engineering the rhizosphere environment. By promoting
mycorrhizal networks, beneficial microbial communities,
improved soil hydraulic properties, and biochemical stress
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buffering, exudation-driven processes provide a critical
foundation for climate-resilient agriculture, natural farming,
and sustainable soil management under increasing
environmental stress.

Root Exudates as Drivers of Soil Carbon Sequestration,
Regenerative Agriculture, and Rhizosphere Engineering
Root Exudates and Soil Carbon Stabilization

Root exudates represent a critical pathway of belowground
carbon transfer, directly linking plant photosynthesis with
microbial metabolism and long-term soil carbon
stabilization. Unlike bulk organic residues, exudates deliver
chemically active, low-molecular-weight carbon compounds
directly into the rhizosphere, where they are rapidly
assimilated by microorganisms and transformed into
microbial biomass, extracellular polymers, and microbial
necromass. These microbial products constitute major
precursors of persistent soil organic matter and contribute
substantially to mineral-associated organic carbon (MAOC)
formation through interactions with clay minerals, iron and
aluminium oxides, and soil aggregates [ 341,

Global studies indicate that root-derived inputs contribute a
substantial proportion of total soil carbon fluxes, with
exudates representing one of the most biologically active
components of rhizodeposition * 34, The rapid microbial
assimilation of exudate-derived carbon stimulates microbial
growth, enzyme production, and nutrient turnover, while
microbial residues generated during decomposition become
stabilized within mineral-associated pools. In addition,
exudate-induced microbial extracellular polysaccharides
enhance soil aggregation by promoting the formation of
stable microaggregates, thereby physically protecting
organic carbon from decomposition and increasing long-
term carbon persistence [3% 361,

Field evidence from Indian agroecosystems supports the
importance of root-driven carbon pathways under diverse
climatic conditions. Long-term studies in semi-arid cropping
systems have demonstrated that high root biomass and
continuous carbon inputs can increase soil organic carbon
accumulation, even under water-limited environments.
Research from dryland systems, including millet-based
production, indicates that enhanced rhizosphere activity
improves microbial biomass carbon and contributes to
gradual carbon stabilization through biologically mediated
processes. Similarly, studies in southern Indian cropping
systems have reported increased microbial biomass and
improved soil carbon dynamics under management practices
that promote continuous root activity and reduced soil
disturbance. These findings demonstrate that root exudation
represents an efficient mechanism for converting plant-
derived carbon into stable soil organic matter.

Role of Root Exudates in Natural
Regenerative Agriculture

Root exudates form the biochemical foundation of
biologically intensive agricultural systems by sustaining
self-regulating nutrient cycles and reducing dependence on
external inputs. In natural farming and regenerative
agriculture, continuous living roots release sugars, amino
acids, organic acids, phenolics, and mucilage that stimulate

Farming and

diverse microbial communities involved in nitrogen
fixation, phosphorus solubilization, organic matter
decomposition, and disease suppression > € These
biologically = mediated processes enhance nutrient

availability while maintaining ecological balance within the
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soil system. Exudate-driven microbial activity also
contributes to improved soil structure through the
production of extracellular polymeric substances that bind
mineral particles, enhance aggregate stability, and improve
soil hydraulic properties, including infiltration and water
retention 38 %71, Furthermore, carbon supplied through root
exudates supports microbial pathways responsible for
carbon  transformation and  stabilization,  making
rhizodeposition a key mechanism for rebuilding degraded
soils and increasing soil organic matter [33 34,

Cropping systems characterized by high belowground
carbon allocation, including legumes, millets, cover crops,
and diversified rotations, promote microbial diversity,
mycorrhizal associations, and nutrient cycling processes that
enhance ecosystem resilience. By maintaining active
rhizosphere networks, regenerative systems improve soil
fertility, drought resilience, and biological regulation of
pests and diseases while reducing reliance on synthetic
fertilizers and pesticides.

Mechanistic Model of Root Exudate-Mediated Soil
Regeneration

Root exudation can be conceptualized as a plant-driven
biochemical engineering process that regulates rhizosphere
structure and function through coordinated plant-microbe—
soil interactions. Plants allocate a significant fraction of
photosynthetically fixed carbon to exudates containing
sugars, amino acids, organic acids, phenolics, and mucilage,
which selectively recruit and stimulate beneficial microbial
communities [ 8, Organic acids such as citrate and malate
enhance mineral weathering and phosphorus mobilization,
while signaling molecules such as flavonoids and
strigolactones promote  symbiotic  associations  with
beneficial ~ microorganisms,  particularly  arbuscular
mycorrhizal fungi [ 5],

The microbial metabolism of exudate-derived carbon
generates extracellular polymers, microbial biomass, and
necromass that improve soil aggregation, nutrient retention,
and carbon stabilization.  Concurrently, microbial
communities stimulated by root inputs contribute to nitrogen
fixation, phosphorus cycling, mineral transformation, and
suppression of soil-borne pathogens B8, This positive
feedback loop between plants and microorganisms creates a
self-reinforcing biological system that enhances soil
fertility, structural stability, and climate resilience.

Thus, root exudates represent a central ecological
mechanism connecting plant carbon allocation with soil
regeneration. Harnessing  exudation-driven  processes
through conservation agriculture, natural farming, and
regenerative management provides a pathway toward
sustainable intensification by improving nutrient-use
efficiency, restoring soil functions, and increasing long-term
carbon storage.

Conclusion

Root exudates represent a critical biochemical interface
between plants and soil, comprising sugars, amino acids,
organic acids, phenolics, fatty acids, phytohormones,
mucilage, enzymes, and signaling molecules that regulate
rhizosphere functioning. Plants allocate approximately 5-
21% of photosynthetically fixed carbon to rhizodeposition,
highlighting root exudation as a major pathway of
belowground carbon transfer and a key regulator of soil
biogeochemical processes. Through their diverse chemical
functions, exudates influence soil aggregation, microbial
activity, nutrient mobilization, and carbon stabilization.
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Experimental evidence demonstrates that root exudates
improve soil physical properties by enhancing aggregate
stability, porosity, and water infiltration through interactions
among root-derived compounds, microorganisms, and soil
minerals. Exudate-driven stimulation of beneficial microbial
communities promotes microbial biomass formation,
enzyme activity, and nutrient cycling, strengthening plant—
microbe interactions that sustain soil fertility. Organic acids,
particularly citrate, malate, and oxalate, enhance phosphorus
acquisition by mobilizing mineral-bound phosphorus
through chelation, ligand exchange, and rhizosphere
acidification. Recent advances in soil carbon research
identify root-derived carbon as a major contributor to stable
mineral-associated organic carbon (MAOC), where
microbial transformation, necromass formation, and organo-
mineral interactions promote long-term carbon stabilization.
Root mucilage and microbial extracellular polymers further
enhance rhizosphere hydraulic properties by improving soil
aggregation, water retention, and drought resilience.
Evidence from Indian agroecosystems supports these global
findings, showing that management practices promoting
continuous root activity, reduced soil disturbance, and
biological intensification improve soil porosity, infiltration,
microbial biomass carbon, nutrient mineralization, and
carbon accumulation across diverse environments, including
Indo-Gangetic alluvial soils, semi-arid Vertisols, drylands,
and rice—pulse systems. Collectively, global and Indian
evidence establishes root exudates as central regulators of
rhizosphere ecology, integrating plant carbon allocation,
microbial interactions, nutrient cycling, soil structural
development, and carbon sequestration. Harnessing
exudation-driven processes  through conservation
agriculture, natural farming, and regenerative management
offers a promising pathway for improving soil health,
climate resilience, and sustainable agricultural productivity.
Future research integrating plant traits, microbial ecology,
and soil biogeochemistry will further advance the use of
root exudation as a nature-based strategy for ecosystem
restoration and sustainable intensification.
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