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Abstract Rice cultivation systems play a critical role in shaping rhizosphere processes and regulating soil biological activity
through root-mediated interactions. Different cultivation practices, including conventional flooding, alternate wetting and drying,
intermittent irrigation, and organic management, can significantly alter root morphology, exudation patterns, soil physicochemical
properties, and microbial habitats. This review synthesizes current knowledge on root-induced changes in soil biological activity
under diverse rice cultivation systems, with a particular focus on rhizosphere microbial communities, soil enzyme activities, nutrient
cycling processes, and their implications for rice productivity. Root exudates and oxygen release from rice roots serve as key drivers
of microbial diversity and functional activity, influencing carbon, nitrogen, and phosphorus transformations in the rhizosphere.
Water-saving cultivation systems often enhance microbial functional diversity and nutrient-use efficiency by creating dynamic
aerobic-anaerobic conditions, whereas organic cultivation promotes beneficial microorganisms and improves soil ecological
resilience. Furthermore, root-induced biological processes contribute to enhanced nutrient acquisition, stress tolerance, soil health,
and sustainable yield formation. The review also highlights recent advances in multi-omics approaches for elucidating
root-soil-microbe interactions and discusses future research directions aimed at developing environmentally sustainable and
resource-efficient rice production systems. Understanding the mechanisms underlying root-induced soil biological activity will
provide valuable insights for optimizing rice cultivation practices and improving agroecosystem sustainability.
Keywords Rice cultivation systems; Rhizosphere biological activity; Root exudates; Soil microbial communities; Nutrient cycling

1 Introduction
Rice is a cornerstone of global food security but is also one of the largest consumers of freshwater and a major
source of greenhouse gas emissions (Nawaz et al., 2022). Traditional continuously flooded systems dominate
world rice area, yet their long-term sustainability is threatened by water scarcity, climate variability, energy costs,
micronutrient imbalances, and environmental externalities such as methane emissions and arsenic accumulation
(Bwire et al., 2024). In response, water-saving cultivation methods such as aerobic rice, alternate wetting and
drying (AWD), direct seeding, and the System of Rice Intensification (SRI) are being promoted to reduce water
inputs and environmental impacts while maintaining yields. These systems shift soil conditions from persistently
anaerobic to partly or largely aerobic, fundamentally altering hydrology, redox status, and nutrient dynamics in
paddy soils. Understanding how such shifts affect belowground biological processes is central to designing
resilient rice-based agroecosystems.

The evolution of rice cultivation systems from conventional flooded paddies toward aerobic and intermittently
flooded systems is driven primarily by shrinking water resources and climate pressures (Midya, 2025). Flooded
rice can require 900-2250 mm of water per season, whereas aerobic rice and AWD can reduce total water input by
25%-70%, increase water productivity by 64%-80%, and substantially lower methane emissions, often with
limited penalties in yield when properly managed. However, these shifts come with trade-offs, including
micronutrient disorders, increased weed pressure, possible yield penalties in sub-optimal environments, and
altered emission profiles of other greenhouse gases. Systems such as SRI and AWD are highlighted as
climate-smart options that can simultaneously improve water use efficiency, sustain or enhance yields, and reduce
methane emissions, thereby contributing to both food security and climate mitigation agendas. As adoption
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expands, questions arise about their long-term effects on soil health, particularly the biological component
underpinning nutrient cycling and soil fertility (Midya et al., 2021).

Plant roots are primary drivers of soil biological activity, creating rhizosphere “hotspots” where microbial biomass,
extracellular enzyme activities, and nutrient turnover are strongly stimulated by rhizodeposition and root-induced
changes in moisture and pH. Root exudates—comprising sugars, organic acids, amino acids, and secondary
metabolites—act as biochemical signals and energy sources that shape rhizosphere microbial communities,
regulate enzyme kinetics, and modulate carbon and nutrient cycling, including rhizosphere priming effects and
mobilization of mineral-protected organic matter (Yusuf et al., 2025). Studies across crops show that root traits
(including architecture, biomass, and nutrient status) tightly couple with microbial biomass, hydrolase activities,
and nitrogen acquisition, with high root N content and larger root systems generally associated with stronger
stimulation of microbial enzyme activity and nutrient cycling in the rhizosphere. In rice, the rhizosphere
microbiome and exudate profiles respond sensitively to environmental stresses such as drought and to genotype,
with shifts in bacterial community composition (e.g., enrichment of Actinobacteria, Bacillus) closely linked to
changes in organic acids, amino acids, and phytohormones in exudates, and feeding back to plant stress adaptation
and nutrient acquisition. Water management and cultivation method in rice (flooded, AWD, aerobic, SRI) create
contrasting redox and moisture regimes that are known to alter microbial community dynamics and soil chemical
quality, yet the specific root-induced changes in microbial biomass, enzyme activities, and rhizosphere processes
under these systems remain poorly quantified.

Investigating root-soil-microbe interactions across different rice cultivation systems is therefore critical for
reconciling water-saving, yield stability, and soil health goals. Shifts from continuously anaerobic to intermittently
or fully aerobic soils are expected to restructure microbial communities, change the balance of carbon- and
nutrient-acquiring enzymes, and modify rhizosphere priming, with implications for organic matter turnover,
nitrogen use efficiency, and greenhouse gas balances. Evidence from rice and other crops indicates that root
system architecture and exudate chemistry can redistribute microbial activity with depth, create distinct enzyme
activity hotspots, and govern microbial nutrient limitation patterns, suggesting that management-induced changes
in rooting and water regimes may be leveraged to enhance nutrient cycling efficiency and resilience (Lattacher et
al., 2025). In rice fields, where new cultivation systems such as aerobic rice, AWD, and SRI are being promoted at
scale to address water scarcity and climate impacts (Soltani et al., 2024), there is a clear need to elucidate how
roots under these contrasting hydrological and management regimes induce changes in soil biological activity.
Such knowledge will support the design of rice cultivation strategies that not only save water and reduce
emissions, but also build functionally robust rhizosphere communities, sustain soil fertility, and secure rice
production under increasing environmental stress.

2 Rice Cultivation Systems and Rhizosphere Environmental Characteristics
2.1 Soil ecological characteristics of conventional flooded rice cultivation
Continuous flooding creates a vertically stratified soil system with oxic surface layers, an oxic-anoxic rhizosphere,
and a largely anoxic bulk soil. Oxygen is rapidly depleted after flooding, and anaerobic microorganisms such as
fermenters and methanogens dominate the bulk soil, making methane the final product of organic matter
degradation. In contrast, oxygen released from rice roots forms microscale oxic zones around roots that host
aerobic processes and steep redox gradients (Liesack et al., 2000; Ding et al., 2019).

These oxic-anoxic interfaces structure rhizosphere communities and depth profiles of functional groups.
Methanotrophs peak near the oxic-anoxic boundary, while methanogens and total organic carbon are highest in
deeper rhizosphere layers, indicating methane production from plant-derived carbon and aerobic consumption
near the root zone (Lee et al., 2015). Bacterial and archaeal communities differ clearly between oxic, oxic-anoxic,
and anoxic zones, with higher microbial abundances and stronger network interconnections in rhizosphere soil
than in pore water (Zecchin et al., 2023).
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2.2 Rhizosphere environmental changes under water-saving cultivation systems
Under alternate wetting and drying (AWD) or related moderate drying regimes, soil redox conditions and solution
chemistry fluctuate with irrigation cycles. Alternate moderate wetting and drying at grain filling decreases soil pH
and increases redox potential and electrical conductivity compared with continuous irrigation, with these variables
rapidly recovering after re-watering (Li et al., 2018). AWD also increases root-zone macroporosity and pore
connectivity relative to continuous flooding, enhancing water sorptivity without increasing mechanical hardness
(Islam et al., 2024).

These physical and chemical shifts feed back on root function and rhizosphere biological processes. AWD
combined with lower nitrogen rates maintains or improves root length, dry weight, and oxidation activity, while
increasing soil oxygen, urease activity, and abundances of ammonia-oxidizing archaea and bacteria relative to
continuous flooding (Figure 1). Controlled aerobic irrigation (e.g., drip) further reshapes rhizosphere microbiomes
by favoring nitrifying-denitrifying taxa and strongly reducing methanogens, driven by higher oxygen availability
and redox potential (Lau et al., 2025).

Figure 1 Conceptual framework illustrating how alternate wetting and drying (AWD) regulates soil redox dynamics, soil chemical
properties, and downstream root and rhizosphere biological processes compared with continuous flooding irrigation

2.3 Effects of organic and ecological cultivation systems on the rhizosphere environment
Organic and ecological systems modify rhizosphere conditions mainly through enhanced organic inputs and
reduced synthetic fertilizers. Rice-frog and rice-frog-organic systems increase soil protease and nitrate reductase
activities and enrich denitrifying bacteria, while reducing urease activity and nitrifier abundance, indicating a shift
in nitrogen transformation pathways (Yi et al., 2018). These systems also raise bacterial richness and diversity and
link N-cycling communities positively to total carbon, total nitrogen, and C:N ratio, reflecting a more carbon-rich,
biologically active rhizosphere (Yi et al., 2019).

Short- and long-term organic amendments further reshape rhizosphere structure and function. Rice straw inputs
increase sucrase, cellulase, protease, organic carbon, and available nutrients, and enhance bacterial groups
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associated with nutrient transformation, whereas biochar tends to elevate microbial biomass, urease activity, pH,
and available nitrogen and potassium. Bio-organic fertilizers and reclaimed-soil amendments can increase
microbial diversity, adjust pH, and enrich beneficial bacterial taxa, supporting soil restoration and sustainable rice
productivity (Liu et al., 2025; Qiao et al., 2025).

3 Root-Induced Processes Shaping Soil Biological Activity
3.1 Root morphological architecture and spatial distribution patterns
Rice has a hierarchically organized root system composed of primary, crown and lateral roots, whose spatial
arrangement determines soil exploration and the location of rhizosphere “hotspots.” Deep and vertically extensive
architectures favor capture of mobile resources such as water and nitrate, whereas dense topsoil foraging supports
acquisition of immobile nutrients like phosphorus and potassium (Galindo-Castañeda et al., 2023). Differences in
root growth angle, branching and depth therefore alter where carbon inputs and exudates enter the soil profile and
where microbial communities are concentrated in flooded and water-saving systems (De Bauw et al., 2020).

Quantitative studies show that cultivars differ strongly in root length density, surface area and biomass distribution,
with consequences for rhizosphere processes. Allelopathic rice tends to develop finer roots but higher root length
and surface area densities, especially in the upper 0-5 cm and at lateral distances of 6-12 cm, which enhances soil
contact and the delivery of allelochemicals to surrounding weeds. Three-dimensional functional-structural models
of upland and wetland rice roots confirm that variation in lateral root types and biomass depth distribution
strongly controls water and phosphorus uptake under contrasting moisture regimes (De Bauw et al., 2020).

3.2 Composition and dynamic changes of root exudates
Rice root exudates contain diverse low-molecular-weight compounds, including organic acids, amino acids,
sugars and secondary metabolites, which act as major carbon and energy sources for rhizosphere microbes.
Short-term ¹³C-CO₂ pulse labeling shows that exudate-derived carbon is assimilated by microorganisms within
hours, with fungi often outcompeting bacteria under flooded, low-redox conditions, and incorporation rates
increasing as plants mature (Yuan et al., 2016).

Exudate composition is highly plastic and responds to genotype and environmental stress. Under drought, rice
genotypes show altered profiles of phytohormones and metabolites in exudates, with increased abscisic acid,
broad shifts toward higher organic acid release, and reduced amino acid exudation, changes that are tightly
correlated with restructuring of rhizosphere bacterial communities (Li et al., 2023). In allelopathic cultivars,
benzoic-acid derivatives accumulate in specific lateral soil zones and are linked to spatial patterns of weed
suppression, indicating strong coupling between root distribution, exudate chemistry and ecological function.

3.3 Root oxygen release and nutrient transformation processes
Radial oxygen loss (ROL) from aerenchymatous rice roots creates oxic microsites around roots embedded in
otherwise anoxic paddy soil, establishing sharp redox gradients that shape biogeochemical cycling. Genotypic
differences in root porosity, diameter and adventitious root number translate into contrasting ROL capacities, with
more porous, thicker roots and larger root systems generating higher internal and surface O₂ concentrations and
deeper oxygen penetration into the surrounding soil (Li and Wang, 2013). These oxygenated zones enhance
nitrification activity and nitrate accumulation in the rhizosphere, thereby improving nitrogen nutrition and growth
of high-ROL cultivars compared with low-ROL types (Li and Wang, 2012).

ROL also drives iron redox transformations and coupled phosphorus dynamics at fine spatial scales. Imaging of
O₂ and solute fluxes shows opposing oxygen and Fe(II) gradients extending 10-25 mm from root surfaces,
where oxidative conditions promote formation of Fe(III) plaques that host redox-active metastable iron phases.
Diel ROL rhythms induce repeated reduction-oxidation cycles in these plaques, mobilizing phosphorus from
otherwise inert Fe (oxyhydr) oxides and substantially increasing P availability for uptake in rice paddies and other
flooded systems (Li et al., 2025).
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4 Changes in Soil Microbial Community Structure under Different Cultivation Systems
4.1 Responses of rhizosphere bacterial community composition and diversity
Rice roots consistently select distinct bacterial assemblages in the rhizosphere compared with bulk soil, often with
lower richness but greater specialization and stability near roots (Tian et al., 2021). Across rice-growing regions,
rhizosphere communities exhibit wider phylogenetic breadth and lower functional redundancy than bulk soil,
indicating stronger functional differentiation driven by root inputs and nutrient hotspots. Genotype effects are
detectable but modest: wild and domesticated Oryza lines host compositionally separable rhizosphere
communities, suggesting that domestication altered root traits and associated bacterial recruitment (Shenton et al.,
2016).

Environmental conditions and management further modulate these root-driven patterns. In saline-alkaline soils,
different rice varieties assemble distinct rhizosphere microbiomes whose structure tracks both salinity level and
genotype, with consequences for yield and grain quality (Zhong et al., 2025). Long-term straw and biochar
amendments increase bacterial diversity and shift phylum-level composition, enhancing groups such as
Chloroflexi and Actinobacteria in the rhizosphere and altering dominant families involved in carbon and sulfur
transformations (Tang et al., 2021).

4.2 Fungal community succession and functional differentiation
Fungal communities at the soil-root interface show strong spatial and temporal structuring linked to plant traits
and development. At the tillering stage, rhizosphere mycobiota are richer, more diverse, and more connected than
endophytic communities, with dispersal limitation playing a larger role in rhizosphere assembly. These diverse
assemblages correlate closely with functional traits such as root-shoot biomass ratios and N accumulation,
suggesting that root growth strategies co-vary with fungal community structure and potential function (Guo et al.,
2024).

Over the rice life cycle, rhizosphere fungal composition and assembly processes shift with growth stage and N
fertilization. Beneficial Glomeromycota peak at heading, coinciding with elevated soil nutrients and N-acquisition
enzyme activities, indicating targeted recruitment under high N demand. Saprotrophs increase as plant residues
accumulate, while pathotroph abundance is highest at the seedling stage and declines as plant resistance
strengthens, reflecting functional succession from defense-dominated to decomposition-dominated communities
(Dong et al., 2023).

4.3 Enrichment of functional microbial groups and their ecological roles
Roots and cultivation systems jointly enrich key functional guilds involved in nutrient cycling and greenhouse-gas
regulation. Across rice genotypes with contrasting N-use efficiency, rhizospheres accumulate bacteria linked to N
transformations, Fe reduction, and sulfur metabolism, particularly within Proteobacteria and Chloroflexi (Chen et
al., 2021). Higher yields are associated with greater abundance of functional bacteria, whereas stronger denitrifier
gene abundance and activity correspond to lower N-use efficiency due to enhanced gaseous N losses.

Other functional groups respond to root-driven redox gradients and exudate regimes. In flooded paddies,
methanotrophs, nitrifiers, and Fe-cycling bacteria can be selectively enriched and embedded in co-occurrence
networks that both recruit beneficial taxa and exclude potential pathogens, thereby supporting community stability
and ecosystem function (Li et al., 2025). Across paddies, aerobic methanotrophs metabolically couple methane
oxidation to denitrification by releasing organic intermediates that fuel denitrifiers, linking carbon and nitrogen
fluxes in hypoxic rhizospheres (Chen et al., 2024).

5 Soil Enzyme Activities and Biochemical Processes under Different Cultivation Systems
5.1 Variation in carbon-cycling enzyme activities
Carbon-cycling enzymes in rice systems, such as β-glucosidase, cellulase and related hydrolases, are consistently
higher in rhizosphere than bulk soil, reflecting strong stimulation by root exudation and residue inputs (Jat et al.,
2021). In cereal-based systems, rice-based climate-smart agriculture (CSA) increased rhizosphere β-glucosidase
compared with maize-based CSA, and activities varied strongly with crop growth stage, indicating tight coupling
to root development and carbon supply.
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Management that enhances soil organic carbon (SOC) generally increases C-cycle enzyme activities. In
saline-alkali rice fields, β-glucosidase and amylase activities declined with rising salinity, but remained positively
correlated with SOC, showing that root-microbe interactions can promote C sequestration where salinity is
moderate (Qu et al., 2021). Long-term tillage with residue return similarly increased rhizosphere
cellobiohydrolase and β-glucosidase, with redundancy analysis linking these enzymes to SOC and labile C
fractions, underscoring the role of root-driven C inputs in sustaining enzyme-mediated decomposition (Figure 2)
(Wang et al., 2025).

Figure 2 Conceptual comparison of carbon-cycling enzyme activities between rice rhizosphere and bulk soil, highlighting stimulation
by root exudates and residue-derived carbon inputs

5.2 Response characteristics of nitrogen-cycling enzymes
Nitrogen-cycling enzymes in rice rhizosphere, particularly urease and protease, show strong sensitivity to
cultivation pattern and N input. In rice-frog and organic systems, urease activity was lower than in conventional
rice, where heavy urea use stimulated urease, while protease and nitrate reductase were enhanced under
eco-agricultural management, indicating a shift toward microbially mediated organic N turnover and
denitrification (Yi et al., 2018). Over centuries of rice cultivation, urease and protease rose sharply within the first
100 years and then declined, with amino-acid N closely related to these enzymes, suggesting that long-term root
inputs and management co-regulate organic N pools and enzyme activities (Pan et al., 2022).

Water and aeration regimes further modulate N-cycling enzymes. Under alternate wetting and drying, urease,
protease and ammonia oxidase activities in rice rhizosphere exceeded those under continuous flooding, while
nitrate and nitrite reductase activities declined, paralleling increases in amoA and nifH genes and decreases in nirS
and nirK (Xu et al., 2022). A global meta-analysis also showed that N addition generally increased urease in both
rhizosphere and bulk soil, but rhizosphere C- and P-acquisition enzymes were less N-sensitive, highlighting
distinct root-zone regulation of N-cycling relative to other nutrient-acquiring enzymes (Chen et al., 2023).

5.3 Phosphorus-transforming enzymes and changes in nutrient availability
Phosphorus-transforming enzymes, especially acid and alkaline phosphatases, form spatially complex hotspots
around rice roots that respond dynamically to P availability. High-resolution imaging around flooded rice revealed
strong P depletion zones near roots that coincided with phosphatase activity hotspots, confirming that local P
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shortage stimulates enzyme-driven mineralization in both rhizosphere and detritusphere (Fang et al., 2021).
Across cereal systems, acid phosphatase tended to be higher in rhizosphere, whereas alkaline phosphatase could
be greater in bulk soil where decomposing residues dominate, illustrating differing root and residue control on
P-cycling enzymes (Jat et al., 2021).

Management practices alter phosphatase activity and thus P availability in the rice rhizosphere. Long-term biochar
addition decreased labile P and Fe in flooded rice soils but triggered a compensatory increase in rhizosphere
phosphatase, interpreted as an adaptive response to reduced P supply (Chen et al., 2022). In water-saving irrigated
paddies with biochar, alkaline phosphomonoesterase activity rose by roughly 30%-45% and enzyme-extractable P
declined, indicating enhanced microbial organic P mineralization under drier, more oxic root-zone conditions (Qi
et al., 2024). Meta-analytic evidence from agricultural systems supports this pattern, showing that monoesterase
activity is suppressed by inorganic P but strongly stimulated when organic P is abundant, emphasizing that
root-induced P demand and organic P pools jointly control phosphatase expression and P mobilization.

6 Root-Induced Regulation of Soil Nutrient Cycling and Ecological Functions
6.1 Effects of rhizosphere carbon inputs on microbial metabolism
Rice roots continually allocate assimilated carbon to the rhizosphere as exudates and other rhizodeposits,
providing highly available substrates that rapidly enter microbial biomass and drive C cycling. Short-term ^13
CO₂ labeling demonstrates that exudate-derived C is assimilated into phospholipid fatty acids of diverse
microbial groups within 6 h, with incorporation rates increasing as rice plants mature, showing a strong
growth-stage control of microbial C use (Yuan et al., 2016). Nitrogen fertilization further enhances this flux of
rhizosphere C: added N stimulates plant biomass and root exudation, leading to higher ^13C incorporation into
microbial biomass in both rhizosphere and bulk soil and intensifying rhizosphere influences on surrounding
microorganisms (Liu et al., 2019).

The balance between microbial anabolism and catabolism in this C-rich zone is sensitive to management and
root-driven changes in substrate stoichiometry. Long-term addition of rice straw or manure lowers microbial
carbon use efficiency in rhizosphere soil compared to mineral fertilization alone, because greater exudation and
nutrient uptake by plants increase the local C:N ratio and favor respiratory C losses (Chen et al., 2020). Despite
this reduced efficiency, organic inputs promote higher microbial growth rates and necromass accumulation,
strengthening soil organic C pools, so root-derived C inputs ultimately increase both microbial respiration and
long-term C sequestration in paddy soils.

6.2 Root-driven nitrogen transformation and improvement of nitrogen use efficiency
Root traits and management jointly regulate nitrogen transformation pathways around rice roots, with
consequences for nitrogen use efficiency (NUE) and gaseous losses. Integrative cultivation practices that combine
optimized N supply, increased planting density, alternate wetting and drying, and organic fertilizers enhance root
length, dry weight, and oxidation activity, while also increasing total organic acids in root exudates (Gu et al.,
2023). These root improvements are accompanied by elevated rhizosphere urease and invertase activities and
greater bacterial diversity, alongside higher nitrate and lower ammonium concentrations, indicating intensified
ammonification and nitrification linked to better NUE.

Targeted N management can further coordinate root activity with rhizosphere microbial guilds to enhance NUE
and reduce emissions. Mixed application of polymer-coated and rapid-release urea increases root oxidation
activity and H⁺ -ATPase activity, expanding oxygenated microsites and organic acid supply that favor Nitrospira
and other nitrifiers, which correlate positively with nitrate content and N accumulation at booting (Zhu et al.,
2024). At the same time, nano-enabled enhancement of photosynthesis boosts carbohydrate transfer belowground,
stimulates ammonification and nitrification, and suppresses denitrification, improving NUE and lowering N₂O
and NH₃ emissions without sacrificing yield (Wang et al., 2025).

6.3 Rhizosphere phosphorus mobilization and cycling mechanisms of other mineral nutrients
Rice roots mobilize sparingly available phosphorus through tightly coupled redox and biochemical processes in
their immediate vicinity. High-resolution imaging shows that radial oxygen loss from roots generates localized
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redox hotspots where available P, oxygen, and acid phosphatase activity co-occur within a few millimeters of root
surfaces, and P fluxes of about 10 pg cm-2 s-1 can be visualized near actively respiring roots (Li et al., 2023).
Beyond rice, diel ROL rhythms in flooded systems produce redox-active iron plaques that repeatedly dissolve and
reform, releasing P from otherwise inert Fe (oxyhydr)oxides into porewater and accounting for a substantial share
of plant-available P at the global scale (Li et al., 2025).

In P-deficient rice rhizospheres, root-induced shifts in microbial assembly further enhance P mobilization and
reveal a key role of fungi. Under low P supply, both bacterial and fungal communities change composition, but
P-mobilizing taxa, especially fungal groups, become disproportionately enriched, and culture tests confirm higher
phosphate-solubilizing capacity under deficiency than under adequate P (Sun et al., 2022). Parallel work in
wetland sediments shows that root-mediated acidification, increased phosphatase activity, and enrichment of
P-solubilizing and mineralizing genes together remobilize significant fractions of inorganic and organic P,
although this resupply only partially offsets P depletion by uptake and mineral sequestration (Li et al., 2024).

7 Impacts of Root-Induced Soil Biological Activity on Rice Growth and Productivity
7.1 Relationships between rhizosphere biological activity and plant nutrient uptake
Root-microbe interactions in the rhizosphere strongly influence nutrient acquisition by regulating nutrient cycling
genes and enzymes. In ratoon rice, a high-yielding variety had higher activities of C- and P-acquiring enzymes
and greater abundances of carbon fixation, degradation, and P-cycling genes, which were tightly associated with
higher available P, extractable and dissolved organic C, and ultimately higher ratoon yield (Wang et al., 2025).
These functional traits alleviated C and P limitation in the rhizosphere and maintained nutrient supply during
regrowth, directly linking microbial activity to nutrient uptake efficiency.

Specific functional consortia further enhance nutrient mobilization. A synthetic bacterial community isolated from
rice/soybean intercropping increased rice biomass and P uptake via multiple pathways, including activation of soil
available P and stimulation of root surface area and tip number, combined with up-regulation of Pi transporter
genes in roots (Huimin et al., 2024). Inoculation with nitrogen-fixing Herbaspirillum R3 raised rhizosphere nitrate,
ammonium, and available P and upregulated root N transporter genes, while enriching key nifH-harboring genera
and increasing their diversity and stability, thereby strengthening N fixation capacity and nutrient uptake (Li et al.,
2024).

7.2 Microbe-mediated mechanisms enhancing stress resistance
Rice can cope with saline-alkali stress by selectively recruiting keystone microorganisms with relevant functional
traits. A saline-alkali-tolerant cultivar enriched bacterial genera such as Hydrogenophaga and Pseudomonas and
fungal taxa including Chaetomium, which collectively stabilized co-occurrence networks, improved Na/K
regulation, and increased yield under saline-alkali conditions (Lei et al., 2025). Functional predictions showed
higher expression of ABC transporter and two-component system genes in its rhizosphere microbiome, indicating
enhanced microbial stress-response capacity that supports plant tolerance.

Under water limitation, roots remodel microbiomes and exudates to support adaptation. Drought led to consistent
enrichment of Actinobacteria and Bacillus in the rhizosphere of a drought-tolerant genotype, alongside increased
organic acid and abscisic acid exudation and reduced amino acid exudation; these compositional changes were
strongly correlated with shifts in bacterial genera such as Streptomyces that respond to hormone and metabolite
profiles (Li et al., 2023). Comparative work on wild versus cultivated rice under contrasting water regimes
showed that wild rice under non-irrigated conditions enriched nitrogen-assimilating and denitrifying functions and
accumulated metabolites like L-phenylalanine and palmitic acid that may enhance water absorption and nutrient
provisioning, supporting higher ecological adaptability to drought (Luo et al., 2025).

7.3 Effects on soil health improvement and yield formation
Enhancing rhizosphere biological activity contributes to soil health and yield formation through improved nutrient
pools, enzyme activities, and microbial networks. In direct-seeded paddies, straw addition increased cellulase and
protease activities, hydrolyzable N, and the abundance of bacterial groups such as Nitrospinae; these traits were
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positively correlated with grain yield, indicating that straw-driven shifts in rhizosphere bacteria and enzymes
strengthen nutrient transformation and support higher productivity (Tang et al., 2024). Long-term winter cropping
similarly improved soil organic C, total N, available N and P, and microbial biomass, while enhancing rhizosphere
bacterial diversity clusters that contributed most to rice yield and its sustainability (Wang et al., 2025).

Manipulating microbial communities or inputs can directly boost yield while enhancing the rhizosphere
environment. Biochar-based compound fertilizer increased rice biomass and N and P uptake, partly by raising
redox potential and the potential difference between rhizosphere soil and root membranes, which reduced energy
costs for nutrient accumulation and favored plant growth-promoting microbes (Chew et al., 2020). In ratoon rice,
greater abundances of C and P cycling genes and higher β-glucosidase and acid phosphatase activities in the
rhizosphere of the high-yielding variety were strongly associated with higher nutrient availability indices and
ratoon yield, underscoring that functional, rather than purely structural, attributes of the microbiome are central to
soil health and yield formation under intensive systems (Wang et al., 2025).

8 Case Study: Comparison of Root-Induced Soil Biological Activity under Different
Water-Saving Rice Cultivation Systems
8.1 Differences in microbial communities between conventional flooding and alternate wetting and drying
Switching from continuous flooding (CF) to alternate wetting and drying (AWD) reshapes paddy microbial
communities by altering redox conditions and plant-soil interactions. Whole-genome sequencing in fields with
flooding irrigation (FI), AWD (AI), and ridge irrigation showed that AI and RI formed distinct bacterial
communities from FI, with AI enriching Proteobacteria while reducing Actinobacteria in the upper soil profile
(Wu et al., 2022). In an Italian field comparison, root-associated communities under AWD were enriched in
aerobic and potentially plant growth-promoting groups such as Sphingomonadaceae and Rhizobiaceae, whereas
anaerobic Deltaproteobacteria, Epsilonproteobacteria, and Firmicutes were depleted, indicating a shift toward
more oxic, root-influenced assemblages on roots compared with CF (Hester et al., 2022).

Dry-wet cycles also affect specific functional guilds, especially methanogens and iron oxidizers. Under
water-saving irrigation, the main methanogen Methanosarcina barkeri and genes for methanogenesis were reduced
relative to FI, while genes for carbohydrate decomposition and nitrification were enhanced, suggesting a
community better aligned with C and N cycling than with methane production (Wu et al., 2022). In a three-season
field trial, AWD lowered soil Fe(II) but increased the copy number of Gallionella-related iron-oxidizing bacteria,
with Fe(II) content negatively correlated with their 16S rRNA genes, showing that wet-dry redox fluctuations
restructure iron-cycling communities at the strain level compared with CF (Watanabe et al., 2021).

8.2 Effects of intermittent irrigation on soil enzyme activities and nutrient transformation
Aerated regimes such as AWD increase nitrogen-transformation potential in rice rhizosphere compared with CF.
Across tillering, heading and ripening, AWD (and flooding plus aeration) raised urease, protease and ammonia
oxidase activities, while suppressing nitrate and nitrite reductase, leading to higher amoA and nifH gene
abundances and lower nirS and nirK than under CF (Xu et al., 2022). The positive correlations between
amoA/nifH and N-hydrolyzing enzymes, and between nir genes and nitrate reductase, indicate that AWD shifts
enzymatic N cycling toward ammonification, nitrification and N fixation and away from denitrification, supported
by higher microbial biomass C and N.

Intermittent irrigation also modifies organic N partitioning between rice and microbes. In a ^13C, ^15N-glycine
labeling experiment, AWD increased dissolved oxygen and boosted both microbial growth and N-cycling
enzymes relative to CF, improving rice growth and a nitrogen utilization index. At medium and high N supply,
AWD enhanced direct plant uptake of labeled glycine while reducing microbial ^15N acquisition, and increased
Gram-negative bacteria and fungi and the fungi:bacteria ratio in rhizosphere soils, showing that repeated wet-dry
cycles reallocate organic N and restructure microbial competitors around roots (Cao et al., 2022).

8.3 Relationships among rhizosphere biological activity, rice yield, and water use efficiency
Water-saving cultivation systems that intensify rhizosphere biological activity can simultaneously increase yield
and reduce water use. In a rice-rice system, the System of Rice Intensification, which includes younger seedlings,
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wider spacing, and intermittent irrigation, produced 12%-35% higher grain yields than best management practices
while saving about 31%-37% irrigation water, and also increased rhizosphere dehydrogenase, microbial biomass
C, and total bacteria, fungi and actinomycetes, indicating more active microbial communities under water-saving
management (Gopalakrishnan et al., 2014). A four-year AWD field study likewise reported 5.2%-6.46% higher
grain yields than monsoon flooding, together with 16%-54% increases in total and bioavailable N, P, K and
several micronutrients, linked to enrichment of Bacillus, Pseudomonas, Rhizobium and other taxa that released
pulses of macro- and secondary nutrients (Majumdar et al., 2023).

At finer scales, the strength and composition of rhizosphere activity help explain yield differences among
managements and varieties. In ratoon rice, the higher-yielding cultivar showed significantly greater activities of
C- and P-acquiring enzymes (β-glucosidase, acid phosphatase) and higher abundances of carbon fixation,
degradation, and P-cycling genes, which were closely associated with available P, dissolved and easily oxidizable
organic C, and final ratoon yield (Wang et al., 2025). In direct-seeded rice, straw incorporation increased cellulase
and protease activities and hydrolyzable N, while adjusting rhizosphere bacterial structure; these
enzyme-microbe-nutrient interactions correlated positively with grain yield, underscoring that enhanced
rhizosphere biological functioning underlies productivity gains in improved rice systems (Tang et al., 2024).

9 Research Challenges and Future Perspectives
Multi-omics platforms now allow rhizosphere processes in rice to be characterized from molecules to
communities, moving beyond descriptive surveys to mechanistic understanding. Integrated 16S rRNA sequencing
and metabolomics in contrasting rice genotypes under drought revealed tight correlations between exudate
profiles and bacterial community shifts, indicating that organic and amino acid exudation patterns can be linked
statistically to specific taxa and functions. Similar integration of metabolomics and metagenomics in
cadmium-contaminated fields distinguished low- and high-Cd cultivars by co-variation of metabolites, microbial
taxa and nutrient-cycling capacities, showing how omics can identify microecosystem configurations that
suppress contaminant uptake. Methodological reviews outline how marker-gene sequencing, metagenomics,
metatranscriptomics, metaproteomics and metabolomics can be combined with network modelling to represent
soil-plant-microbe systems as multi-layered functional entities. Multi-omics meta-analysis across legumes further
demonstrates how developmental stage-specific “marker bacteria” and their expressed genes can be associated
with plant growth, suggesting that similar cross-study mining in rice could reveal core growth-promoting
consortia.

Evidence from rice and other crops indicates that variation in root architecture, exudation and internal aeration
creates distinct microbial niches whose functions can complement root traits. Conceptual work on root ideotypes
proposes that traits such as rooting depth, lateral branching, aerenchyma and root hair density modify oxygen,
water and carbon rhizodeposition, thereby selecting microbial partners specialized in nitrogen transformation,
phosphorus solubilization and water retention. Empirical studies show that rice genotypes differing in drought
tolerance adjust exudate hormones and metabolites in ways that selectively enrich taxa such as Bacillus and
Streptomyces, linking root plasticity to functional shifts in rhizosphere bacteria. Multi-omics analyses of low-Cd
rice cultivars reveal rhizospheres enriched in nutrient-cycling genes and metabolite-microbe networks that
immobilize Cd while supporting carbon, nitrogen and phosphorus cycling, illustrating a coordinated adjustment of
root-zone metabolism and microbial functions. Ratoon rice with higher yields similarly hosts rhizosphere
microbiomes enriched in carbon fixation, degradation and phosphorus cycling genes, and elevated
nutrient-acquiring enzyme activities, showing that functional gene composition can synchronize with root nutrient
demand during regrowth.

Green, high-efficiency systems aim to integrate root-microbe management with reduced external inputs to sustain
yields and soil health. Long-term co-incorporation of green manure and rice straw increased double-rice yields,
soil organic carbon, total nitrogen, microbial biomass and multiple C-, N- and P-cycling enzymes, demonstrating
that organic inputs can build biological fertility while supporting productivity. Likewise, 16-year organic nutrient
regimes combining vermicompost, crop residues and microbial inoculants in basmati systems substantially
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boosted microbial biomass, dehydrogenase activity, nutrient uptake and grain yield, highlighting the value of
diversified organic sources and inocula. Systematic reviews emphasize that integrated nutrient management
enhances microbial diversity, nutrient transformation and stress mitigation more than sole synthetic fertilization,
offering a route to climate-resilient rice production with lower chemical dependence. Microbiome-engineering
frameworks propose using beneficial bacteria, mycorrhizal fungi and synthetic communities to deliver
biofertilization and stress tolerance, with success contingent on matching inoculants to soil properties and host
genotypes. Multi-omics guided SynCom design under salinity further points toward climate-smart rice systems
where rhizosphere engineering, root traits and input management are co-optimized for yield, resilience and
environmental stewardship.
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