Plant-Soil Crosstalk Through Root Exudates
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To feed the world's anticipated 9.8 billion people by 2050, input-intensive agriculture must give way to more robust, sustainable production methods. Overuse of synthetic pesticides and fertilizers has damaged soils, decreased biodiversity and interfered with the world cycles of nutrients, especially phosphorus. Plant-microbe interactions in the rhizosphere, which are mostly mediated by root exudates, are a potent and underutilized method for enhancing crop performance and nutrient uptake in an eco-friendly way. The complex mixture of sugars, amino acids, organic acids, secondary metabolites, enzymes and signalling molecules found in root exudates shapes rhizosphere microbial communities and controls plant-soil feedbacks. Exudation patterns in wheat, a significant worldwide staple crop, are extremely dynamic and impacted by environmental factors, developmental stage and genotype. In phosphorus-deficient environments, wheat roots change the structure and makeup of their exudate releasing more organic acids, phosphatases and signalling molecules that mobilize insoluble soil phosphorus and attract mycorrhizal fungi and beneficial phosphate-solubilizing bacteria. These interactions lessen reliance on chemical fertilizers while increasing phosphorus bioavailability, nutrient utilization efficiency and stress tolerance. Deeper understanding of the regulatory processes controlling root exudation is being made possible by recent developments in multi-omics, molecular biology and rhizosphere ecology. Utilizing these subterranean chemical conversations presents a great deal of promise for creating microbiome-based methods to enhance global food security and sustainable wheat production.
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1. INTRODUCTION
Feeding a growing global population of 9.8 billion by 2050 requires sustainably raising food production by 70% in the face of escalating climate change and land and water constraints (FAO 2017). This is a call for a complete redesign of agrifood systems, focusing on ecological principles and the powerful interactions between plants and microbes (Ten et al 2023). The current industrial agriculture model, which relies on genetically uniform crops and increasing amounts of synthetic inputs, has led to severe environmental harm, including loss of biodiversity, soil degradation, water pollution and greenhouse gas emissions (Neupane et al 2023). The overuse of agrochemicals endangers planetary boundaries and human health by disrupting the nitrogen cycle, increasing phosphorus levels and escalating pesticide toxicity. Consequently, these input-heavy practices must meet the essential goals of sustainable intensification (Mohsin et al 2023). 
Interactions between plants and microbes have huge untapped potential for significant change. The plant holobiont, which includes the plant and its symbiotic microbes, operates as a unified meta-organism with abilities beyond what each part can do. Rhizosphere microbes drive biogeochemical cycles, suppress pathogens, enhance stress resilience and increase nutrient acquisition in exchange for photosynthates. Endophytes, by virtue of their ability to regulate phytohormones, simultaneously enhance growth and impart heat and drought tolerance (Contreras et al 2023).
The genetic capacity of the host plant is improved by the hologenome of a microbiome, which encompasses its collective genetic material. Substances emitted by plant roots, known as root exudates, are essential for the establishment of the holobiont, which consists of the plant and its accompanying microbes, as well as for the promotion of synergistic connections among its constituents. The richness, structure and functions of the resident microbiomes in the rhizosphere, the soil region adjacent to the roots, are influenced by these exudates. Root exudates are composed of a variety of primary and secondary metabolites, including amino acids, organic acids and other compounds. A complex combination is represented by root exudates. The behaviour of these microorganisms is influenced by the interactions of these compounds with the gene regulation systems of soil-dwelling bacteria. The plant's root exudation pattern is influenced by its developmental stage, genetic composition and environmental factors, which evolve with growth. As a result, the plant can selectively attract beneficial microorganisms, which in turn improves its health and growth (Bhat et al 2023). By understanding the interactions between plants and their associated microbiomes, it is possible to improve agricultural practices. Customising the microbiome composition of crop varieties can improve agricultural yields, optimise fertiliser efficiency and increase resilience to climate change (Elizabeth et al 2023). These are the most pressing issues that we are currently facing. It is imperative to implement interdisciplinary methodologies in order to completely capitalise on the benefits of plant-microbiome science. In order to accomplish this, it is imperative to incorporate sophisticated methodologies, including gene editing, computational ecology, field research and multi-omics, which entail the analysis of a wide range of biological molecules. The integration of these endeavours has the potential to produce substantial advancements in sustainable agriculture and the guarantee of future food security (Lyu et al 2021).
1.1 Root exudates and their importance
Substances secreted into the soil by plant roots are known as root exudates. These molecules serve as a conduit for energy transmission and communication between plants and their environment. They are crucial for the maintenance of the carbon and nutrient equilibrium within ecosystems and are involved in detoxifying activities during periods of stress. In contrast, root exudates have been difficult to capture and accurately quantify due to their rapid turnover rate and low concentration (Ren et al 2023b). The ecological impacts of root exudates on the input and outflow of organic carbon in soil, as well as their function in nutrient cycling and pollutant degradation, have been the primary focus of recent research. The rate of carbon turnover in the soil and the availability of nutrients can be influenced by the variation in the content of root exudates among plants. Metabolite profiling of root exudates can be employed to identify genotypes that are capable of efficiently allocating carbon below ground (Dongmei and Donald 2022).
Root exudation is the process by which plant roots release a variety of chemical compounds into the rhizosphere. The structure and activity of the microbial population in the rhizosphere are substantially influenced by the nature and quantity of root exudates. In turn, the microbial communities provide the host plant with beneficial services, thereby effectively closing the feedback cycle between the plant and the soil. It is imperative to comprehend and clarify the chemical communication that root exudates facilitate between plants and microorganisms in order to improve sustainable agriculture by influencing plant-microbe interactions (Nakabayashi et al 2021).
Root exudates are composed of a variety of organic acids, phytosiderophores and enzymes that aid in the mobilisation and absorption of nutrients from the soil. Nitrogen, phosphorus, potassium, calcium, iron and zinc are the nutrients. Plants employ phosphorus acquisition methods, which include the excretion of organic acids such as citrate, malate, acetate, lactate, oxalate, tartrate and succinate. Through ligand exchange and chelation, these acids aid in the solubilisation of bound phosphates. The degradation of organic phosphorus compounds in the rhizosphere is facilitated by phosphatases and phytolases, which subsequently release them into the environment. This process utilises mycorrhizal interactions, in which fungi and host plants collaborate to exchange carbon from root exudates for phosphorus. Under low nitrogen conditions, increased exudation of phenolic compounds stimulates the growth of nitrogen-fixing bacteria which convert atmospheric nitrogen into bioavailable ammonium for plant uptake. For iron acquisition, all graminaceous plants like wheat, maize and rice exude mugineic acid family phytosiderophores which efficiently chelate and mobilize Fe3+ even under alkaline soil conditions (Alex et al 2016).
Root exudates serve as energy sources for microbial metabolism and growth. They contain readily assimilable carbon substrates like glucose, fructose, sucrose, maltose, amino acids, organic acids and other primary metabolites. The composition and concentration of these metabolites in root exudates are key determinants of microbial community structure in the rhizosphere. Exudates also contain secondary metabolites like flavonoids, phenolic acids, terpenoids, tannins, steroids, alkaloids and lignin-related compounds. Specific exudate blends can selectively favor beneficial microbes like plant growth-promoting rhizobacteria (PGPR) while inhibiting pathogens. The transcription of nodulation (nod) genes in nitrogen-fixing rhizobia, which are symbiotic with legumes, is stimulated by isoflavonoid and flavonoid exudates from legume roots. This triggers the cascade that ultimately results in the formation of nodules. Moreover, flavonoids increase spore germination and hyphal branching in arbuscular mycorrhizal fungi, hence augmenting the plant's nutrient assimilation capacity (Santoyo et al 2021). Arabidopsis attracts beneficial Bacillus species via phenolic chemicals and malic acid, which subsequently elicits systemic resistance to pathogens. Thus, root exudates operate as a facilitator in attracting certain bacteria, leading to the formation of advantageous plant-microbe relationships (Vives-Peris et al 2020).
Under stress circumstances like as drought, salinity, temperature extremes, nutritional deficits, or disease infections, the composition of root exudates undergoes significant alterations. This consequently leads to alterations in the rhizosphere microbiota. To recruit advantageous bacteria and meet the heightened energy demands for stress adaptation and signaling, there may be an elevation in the exudation of sugars, organic acids and amino acids on the surface. Induced systemic resistance (ISR) is a mechanism whereby beneficial microorganisms, such as plant growth-promoting rhizobacteria (PGPR), that have acclimatized to stress, are selectively amplified to activate the plant's defenses against pathogens. This involves signalling via phytohormones like jasmonic acid, ethylene and salicylic acid. Some PGPRs also improve plant antioxidant status and osmolyte production, thereby enhancing stress tolerance in plants (Vives-Peris et al 2018).
In addition to mediating plant–microbe interactions, root exudates also function as crucial chemical signals in plant–plant interactions within the rhizosphere. Plants release a diverse array of allelochemicals, organic acids and secondary metabolites through their roots that influence neighboring plants by modifying seed germination, root growth, nutrient uptake and competitive behavior. These root-derived chemical signals regulate facilitative and antagonistic interactions among plant species, thereby shaping plant community composition, resource partitioning and ecosystem functioning belowground. Such exudate-mediated plant–plant communication operates through subtle biochemical cues that alter physiological and molecular responses in surrounding plants, enabling plants to perceive and respond to neighboring roots in shared soil environments (Wang et al. 2021).
Root exudates play vital roles in plant nutrition, microbial interactions, stress signalling and defence responses in the rhizosphere. Exudation helps in plant nutrition (Pantigoso et al 2023). Organic acids like malate, citrate and oxalate solubilize precipitated minerals bound to Ca, Fe and Al releasing phosphateand micronutrients for plant uptake. Mugineic acids chelate and mobilize Fe(III). Exudation of amino acids and enzymes mineralizes nitrogen and phosphorus from organic matter. Role in microbial recruitment by sugars and amino acids in exudates promotes the growth of microbial communities in the rhizosphere, while secondary metabolites serve as signalling molecules shaping specific associations. For example, strigolactones recruit arbuscular mycorrhizal fungi and flavonoids induce rhizobial nod genes (Ren et al 2023a). Phenolic exudates exert inhibitory effects on competing plant species and pathogenic microbes, securing niche space and preventing infection.
On the contrary, some compounds may stimulate beneficial organisms like plant growth-promoting rhizobacteria. Specific compound, such as salicylic acid and jasmonic acid, activate plant defenses by up-regulating genes involved in stress resistance. This process prepares plants to respond more effectively to future biotic and abiotic challenges. Thus, wheat root exudates perform diverse ecological roles belowground centered around plant-microbe chemical dialogues that are key to growth, nutrition and stress adaptation. An in-depth analysis of the genes, proteins and regulatory networks that control root exudation can improve understanding of the mechanisms behind these intricate signaling events in the rhizosphere (Jiajia et al 2023).
1.2 Composition of root exudates of wheat
Triticum aestivum L., popularly known as wheat, is one of the most extensively cultivated food crops globally. Wheat accounts for over twenty percent of human calorie consumption (Shewry and Hey 2015). Bread wheat accounts for 95% of worldwide wheat production (Giraldo et al 2019). A significant amount of study has been conducted to analyze the composition of root exudates from wheat under diverse situations, as wheat is a commonly cultivated crop. These findings provide substantial insights into the chemical interactions occurring subsurface, influencing plant development, nutrient absorption and soil microbial interactions. The exudation profile is dynamic and adjusts to varying conditions driven by genetics, developmental stage and environmental factors (Wang et al 2020). A significant portion of the rapidly dissolving carbon emitted by wheat roots into the rhizosphere comprises primary metabolites. These metabolites consist of a diverse array of sugars, including carbohydrates. Glucose, fructose, sucrose, maltose, xylose, arabinose, ribose, raffinose and stachyose are prevalent carbohydrates present in food. Glucose, sucrose and fructose are considered the predominant sugars in most profiles nonetheless, their proportional levels fluctuate across different studies. The concentrations of sucrose and hexoses, including glucose and fructose, secreted by the plant reach their heighest piont during the initial growth phases and thereafter diminish as the plant matures (Hennionn et al 2019). Moreover, it has been confirmed that the exudates from wheat roots consist of polysaccharides, such as starch. Research by Andrew et al (2020) suggests that readily available carbohydrates act as energy sources that enhance the development and metabolism of microorganisms in the rhizosphere. A range of amino acids, including twenty typical proteinogenic amino acids, has been identified in wheat root exudates. The amino acids predominantly found in wheat root exudates include glutamic acid, aspartic acid, serine, alanine, glycine, threonine and leucine (Canarini et al 2019). Some studies also report proline, an osmoprotectant amino acid that accumulates under stress (Amri et al 2023). Amino acids provide nitrogen and carbon skeletons to support the growth of microbial communities (Ghatak et al 2021). Organic acids such as various low molecular weight aliphatic acids are released from wheat roots. These include lactic, succinic, malic, citric, aconitic, quinic, shikimic, fumaric, propionic, oxalic acids. Organic acids play diverse roles - organic acid anions help solubilize precipitated soil nutrients, chelate metal ions and influence pH in the rhizosphere (Mayya et al 2021). Other primary metabolites are nucleic acid breakdown products, likely found from sloughed-off root caps and border cells. Phospholipids such as phosphatidylcholine and phosphatidylethanolamine have been detected from degraded root membranes. 
Organic nitrogen compounds like urea, peptides and choline are also released from roots. Wheat root exudates thus contain a mixture of primary metabolic intermediates that play a key role in shaping rhizosphere microbial communities (Charles and Warren 2015). 
Secondary metabolites include various phenolic acids and polyphenols have been identified in wheat root exudates, including ferulic, vanillic, p-coumaric, syringic and 4-hydroxybenzoic acids. These are involved in many signalling pathways mediating plant-microbe interactions. Phenolics stimulate the germination of beneficial fungi like mycorrhizae, induce microbial communication, exert antimicrobial effects and trigger plant systemic resistance (Li et al 2021). Flavonoids such as Flavone C-glycosides like tricin, apigenin, luteolin, kaempferol are the main flavonoids found in wheat root exudates. Flavonoids induce nod gene expression in symbiotic nitrogen-fixing rhizobia, stimulate hyphal branching in mycorrhizal fungi and recruit plant growth-promoting rhizobacteria like Bacillus sp. Wheat roots release strigolactones like orobanchol, orobanchyl acetate which stimulate root colonization by arbuscular mycorrhizal fungi. They also induce the germination of parasitic plants like the Orobanche and Phelipanche species. Manipulating strigolactone exudation can influence symbiotic associations (Iwaniuk et al 2023). Other secondary metabolites such as alkaloids like gramine and hordenine, steroids like β-sitosteroland triterpenoid saponins have also been found at lower levels in wheat root exudates. These likely serve specialized signalling roles in plant-microbe chemical dialogues. The blend of secondary metabolites exuded shapes the rhizosphere microbiome (Divekar et al 2022). 
Wheat roots emit various volatile organic compounds (VOCs) like CO2, H2, CH4, ethylene, acetaldehyde, methanol, ethanol, acetone, terpenoids and methyl salicylate. Volatile organic compounds (VOCs) function as mediators for long-distance signaling among insects, microbes and plants inside the rhizosphere (Al-Khayri et al 2023). The exudates of wheat roots comprise a variety of extracellular enzymes, including acid/alkaline phosphatases, dehydrogenases and proteases. They are probably engaged in nutrient cycling, organic matter decomposition and microbial interactions within the rhizosphere (Pang et al 2021). A variety of proteins and polypeptides have been detected in wheat root exudates, indicating their potential involvement in cellular signaling networks. Nitrate (NO3-), bicarbonate (HCO3-) and cations like potassium (K+), calcium (Ca2+), magnesium (Mg2+), protons (H+) are discharged into the rhizosphere. These cations and anions can influence nutritional availability and local pH (Yu et al 2021). The exudates produced by wheat roots consist of a varied range of organic and inorganic compounds categorized into many chemical classes. The chemicals and their evolving patterns throughout time and space facilitate the chemical interactions occurring underneath between plants and rhizosphere bacteria. Further investigation utilizing advanced metabolomic techniques is essential to comprehensively clarify the wheat root exudation profile (Kumar et al 2023).
1.3 Factors influencing root exudation
Anna et al (2021) conducted studies indicating that the content of root exudates is variable, influenced by the genotype, growth stage, tissue and environmental circumstances of the plant. The exudation patterns of wheat roots are affected by numerous abiotic and biotic factors. Numerous wheat cultivars and their wild relatives release a distinctive array of chemicals into the rhizosphere (Sharma et al 2023). The phenolic acids, flavonoids and strigolactones released by farmed wheat and its wild predecessor were distinctive. Breeding strategies can enhance beneficial interactions between plants and microbes by utilizing genotypic variability (Spor et al 2020). Wheat root exudates undergo significant alterations in both volume and content as the plant progresses through its developmental stages. During the initial vegetative phase, there is a significant exudation of sugars and amino acids. During the maturity period, there is an elevation in the synthesis of phenolics and flavonoids.
Strigolactone exudation peaks during tillering and thereafter declines after anthesis. Agnes and Albert (2023) contend that these alterations facilitate stage-specific interactions with microbes. Comparative analyses of root exudates from wheat seedling shoots, roots and root-border cells have revealed both quantitative and qualitative differences in the metabolites produced by each tissue type. Examples of these metabolites encompass amino acids, polysaccharides and organic acids. The establishment of zones inhabited by particular microbial populations is the most likely result of this environmental unpredictability (Danakumara et al 2021). Abiotic variables such as drought, nutritional deficits, salinity and temperature extremes may modify the exudation of wheat roots, thereby affecting the microbiota in the rhizosphere. The deficiency of phosphorus triggers the secretion of certain organic acids, phosphatases and nucleosides, thereby enhancing phosphorus absorption.
The synthesis of defensive signaling molecules, such as methyl salicylate, can be triggered by both biotic and abiotic stresses (Ren et al 2023a). Biotic interactions, including pathogens, symbionts, or other organisms in the rhizosphere, can alter wheat root exudation profiles. Signaling chemicals, including as strigolactones, jasmonic acid and salicylic acid, often mediate these alterations. This results in alterations to the immunological responses of plants and the enlistment of microbes (Danakumara et al 2021). Soil amendments, fertilizer application, crop rotations and tillage are agricultural practices that substantially affect the composition of root exudates. These activities modify soil characteristics, including as nutrient content, aeration and microbial communities, which are subsequently linked to the composition of root exudates. Integrated soil management is essential for optimizing root exudation (Jiajia et al 2023). Thus, root exudation in wheat is a dynamic process that reacts to many internal and external stimuli. Further investigation is required to determine the relationship between particular exudate profiles, their triggering triggers and the associated ecological impacts (Suryadi et al 2019).
Root exudation patterns and rhizosphere microbiome composition together govern plant–soil feedback mechanisms, which vary temporally with plant developmental stage, environmental conditions and nutrient availability. Changes in the chemical composition of root exudates influence microbial recruitment and activity, while shifts in microbial communities feedback to affect plant nutrient acquisition, stress tolerance and growth performance. These interactions determine whether plant–soil feedbacks are positive or negative, thereby influencing soil fertility and crop productivity over time. Recent studies demonstrate that root exudates and rhizosphere microbiomes jointly regulate the direction and strength of temporal plant–soil feedbacks, highlighting the importance of coordinated plant–microbe interactions for ecosystem stability and sustainable agricultural systems (Steinauer et al. 2023).
Plants necessitate phosphorus for maximum growth and development. Energy transmission, photosynthesis, nitrogen fixation and metabolism are all profoundly affected by essential chemicals, including ATP, phospholipids and nucleic acids. It is a vital structural component. Although phosphorus (P) is an essential macronutrient for plant growth and development, its restricted availability in soil presents significant obstacles to agricultural productivity. Phosphorus often exists in forms that are inaccessible to plants and cannot be directly assimilated, despite its prevalence in most soils. Global agricultural output are often limited due to phosphorus deficiency. This problem is considerably intensified when plants encounter abiotic factors such as drought, salt and severe temperatures (Khan et al 2021). Wheat grown in phosphorus-deficient soils displays various symptoms, including limited root development, modified shoot-root ratio, compromised photosynthesis and more indicators resulting in stunted growth and reduced yields (Ning et al 2021). Wheat plants alter their root exudation patterns in response to low phosphate circumstances. This is accomplished by increasing the secretion of organic acids, acid phosphatases, nucleosides and other compounds to improve their ability to assimilate phosphorus (Wang et al 2019). Wheat cultivated in phosphorus-deficient soils often displays signs of stunted growth and development (Wang et al 2016). Symptoms include restricted root growth, a diminished shoot-root ratio, irregularities in carbon partitioning, decreased photosynthesis and impaired root development.
An elevation in the secretion of acid phosphatases from plant roots is a typical reaction to phosphorus deficiency. Acid phosphatases catalyze the hydrolysis of phosphate monoesters, resulting in the liberation of inorganic phosphate from organic phosphorus compounds (Wang et al 2012). Secretion of acid phosphatases is induced in wheat under low phosphate conditions. These enzymes catalyze the hydrolysis of organic phospho-ester in the rhizosphere, releasing inorganic phosphate for plant acquisition (Chao et al 2022). Under phosphorus deficiency, older leaves in wheat undergo programmed cell death, releasing nucleic acids into root exudates. Nucleases in the rhizosphere degrade these into nucleotides and nucleosides. Some soil microbes can further break down nucleotides into phosphate, nitrogenous bases and pentoses available for plant uptake (Ahmad et al 2022). Low phosphorus induces exudation of phenolic compounds like ferulic, p-coumaric and vanillic acids, which stimulate microbial phosphatase activity in the rhizosphere. This enhances the mineralization of organic phosphorus. Phenolics also increase mycorrhizal colonization for improved phosphorus nutrition (Sunendra et al 2021). Phosphate deficiency triggers enhanced exudation of proteins and amino acids, providing organic nitrogen for microbial growth and phosphatase production. Microbes mineralize organic phosphorus to meet the nutritional demands of nitrogen and phosphorus (Majeed et al 2023). Thus, plants adapt their root exudation profile under low phosphorus to enhance mobilization and acquisition of soil phosphorus through direct and microbe-mediated mechanisms. These strategies also increase plant phosphorus use efficiency (Yan et al 2023).
Wheat shows a similar pattern of enhanced organic acid release under phosphorus deficiency (McGrail et al 2021). These organic acids exhibit anionic properties and can effectively solubilize precipitated phosphorus minerals like Ca3(PO4)2, FePO4and AlPO4 through ligand exchange reactions and chelation of the bound cations (Ca2+, Fe3+, Al3+) (Zhao et al 2022). This releases phosphate into soil solution in plant-available forms like H2PO4- and HPO42-. Organic acids also help maintain the solubility of phosphates by preventing their re-precipitation after dissolution (Mayadunna et al 2023). Organic acids play pivotal roles in nutrient mobilization and plant responses within agricultural ecosystems. Citric acid serves as a robust chelator, facilitating the release of structurally bound phosphates and enhancing phosphorus availability (Villarreal et al 2023). Malic acid, on the other hand, acts as a cation chelator, acidifying the rhizosphere and exhibits high exudation in wheat under phosphorus deficiency, contributing to improved nutrient uptake (Jia et al 2022). Oxalic acid is crucial for enhancing the solubility of calcium phosphates, such as apatite, by augmenting phosphorus availability via ligand exchange and chelation. This is accomplished by the process of chelation. Under low phosphorus conditions, wheat exhibits heightened exudation of acetic acid, highlighting the plant's ability to respond to nutrient deficiency and potentially facilitating nutrient mobilisation.
In wheat seedlings, a similar process transpires, as the exudation of succinic acid approximately triples under conditions of phosphate deficiency. This event highlights a plant strategy to mitigate phosphorus deficiency and suggests its role in nutrient absorption. Utilising organic acid secretion as a model helps improve agricultural methods. This will promote nitrogen uptake in plants, hence improving crop development (Zhao et al 2022). Thus, the wheat roots exhibit a significant adaptive response to reduced phosphorus availability through enhanced exudation of organic acids. This reaction allows plants to maintain growth and production by enhancing the concentrations of soluble and labile phosphorus in the rhizosphere (Mohankumar 2022).
The chemical alterations in wheat root exudate in phosphorus-deficient conditions have significant implications (Vives-Peris et al 2020). The incorporation of beneficial microorganisms in agriculture is essential for plant health and soil fertility. Organic acids are utilised to attract rhizobacteria that can solubilise phosphates, whereas signals like flavonoids are used to recruit mycorrhizal fungi for phosphorus transfer (Kravchenko et al 2023). Phenolic compounds bolster plant health during stressful conditions by stimulating the organism's defensive mechanisms. Additionally, initiatives are being implemented to improve phosphorus solubility in the rhizosphere by the utilisation of organic acids and enzymes. (Noor et al 2023).
In addition to changes in exudation, low phosphorus triggers alterations in wheat root morphology like increased root hair length/density, shallow root angles and greater root surface area. This enhances topsoil foraging and phosphorus acquisition since inorganic phosphates have low mobility. Architectural changes also increase sites for beneficial plant-microbe associations and phosphatase activity (Gfeller et al 2022). Architectural changes in roots create more space for beneficial microbe colonization, contributing to a resilient agricultural ecosystem (Singh and Malik 2023). These diverse functional effects help plants cope with low phosphorus stress by increasing the mobilization and acquisition of soil phosphorus pools through direct and microbe-mediated mechanisms in the rhizosphere (Gao et al 2023). The alterations in quality and quantity of root metabolites secreted in response to phosphate deficiency serve as necessary below-ground signals that can potentially be leveraged to develop microbiome-based agricultural solutions (Pande et al 2023).
1.4 Molecular mechanisms involved in root exudation 
While the compositional changes in wheat root exudation under low phosphorus have been characterized, the molecular mechanisms regulating these responses are still being elucidated (Larisa and Fedoreyeva 2023). Signal Transduction, systemic signaling molecules like hormones cytokinins, ethylene, auxin and mediate changes in root architecture and exudation under low phosphorus (Bhatla et al 2018). Transcriptional regulation, several transcription factors (proteins that regulate the expression of specific genes in plants) like PHR1 (Phosphate Starvation Response1), WRKY75 and ZAT6 (Zinc Finger of Arabidopsis thaliana 6) are involved in altering root system architecture and exudation in response to low phosphorus. MYB62 influences the exudation of phenolics and organic acids (Radani et al 2023). Transporters and members of transporter families like ABC (ATP-Binding Cassette), MATE (Multidrug And Toxic Compound Extrusion) and ALMT (Aluminum-Activated Malate Transporters) are involved in the export of organic acids, phosphatases and other exudate components from roots under stress. Metabolic shifts, low phosphorus triggers shift in carbon metabolism toward exudation of organic acids and sugars from roots. Phospholipid degradation provides phosphate. There is a greater exudation of amino acids derived from protein turnover (Li et al 2022). Omics approaches, genomics, transcriptomics and metabolomics studies in wheat are unravelling exudation-related genes and pathways activated under low phosphorus. Proteomics reveals up-regulated exudation of lipid transfer proteins, oxalate oxidase and antioxidant enzymes (Fiorilli et al 2018).
1.5 Enhancing phosphorus availability and microbial interactions through root exudates for sustainable agriculture
	Essential plant nutrient phosphorus is required for growth and development. It is a key component of important biomolecules and is involved in several physiological and biochemical plant processes including photosynthesis, nitrogen fixation, crop maturation and root development. However, in agricultural soils phosphorus often exists in insoluble forms that cannot be utilized by plants. Microbial solubilization of these insoluble soil phosphates can enhance phosphorus availability for crops in an eco-friendly manner (Kaur et al 2024).
	Phosphorus in soils is present in organic and inorganic forms. Organic P includes phytate, nucleic acids, phospholipids etc. Inorganic P exists as soluble phosphates or insoluble phosphates bound to cations. Excessive application of phosphatic fertilizers over years leads to fixation and precipitation of applied soluble phosphates into insoluble forms. P gets fixed as aluminum and iron phosphates in acidic soils, while in alkaline soils, it is fixed as calcium phosphates (Ahmed et al 2023). The accumulation of fixed insoluble P limits the amount of soluble phosphorus available for plant uptake. Thus, worldwide, the deficiency of phosphorus significantly hinders agricultural productivity. Enhancing the solubility and accessibility of fixed soil phosphorus is essential for sustained phosphorus nutrition in agriculture (Yokamo 2023).
In phosphorus-deficient soils, where plants rely on exudates to engage with soil microbes, root exudates are crucial for enhancing the availability of phosphorus to the plants. This exudate comprises a complex amalgamation of organic compounds, including organic acids, sugars and amino acids. They enhance microbial activity and alter the soil environment to facilitate the mobilisation of refractory phosphates (Kaur et al 2024). The organic acids generated by roots, such as citric and gluconic acids, function as chelators by binding to metal ions linked to phosphorus molecules. Through this technique, plants can more readily absorb the nutrients contained in dissolved phosphates. Root exudates work similarly to phosphate-solubilizing microorganisms (PSMs), both producing organic acids to enhance phosphorus availability in the soil (Sarikhani and Ebrahimi 2024). Phosphate-solubilizing bacteria (PSB) and fungi are inherently found in the soil and facilitate the solubilisation of phosphorus. Root exudates contribute to their attraction (Bhodiwal and Barupal 2022). Penicillium, Bacillus, Pseudomonas and Aspergillus consist of these bacterial and fungal organisms. Root exudates consist chemicals that serve as energy sources for the microorganisms inside the root system and act as signalling molecules that stimulate plant symbiotic bacteria to create organic acids and phosphatase enzymes. This also increases the amount of available phosphorus. Plants can flourish in nutrient-deficient soils and diminish the reliance on chemical fertilisers due to the symbiotic relationship between plant roots and PSMs, which improves their nutrient absorption efficiency (Timofeeva et al 2022). Furthermore, the pH of the rhizosphere, the soil component immediately impacted by root secretions, can be changed by root exudates. This pH alteration is very efficacious in solubilising phosphorus bound to metals like calcium, iron and aluminium in both acidic and alkaline soils. Root exudates can decrease soil pH, analogous to the proton-release mechanism utilised by PSMs to solubilise phosphorus. This process makes the bound phosphates available to the plants. The efficacy of this process is influenced by environmental characteristics like as soil pH, moisture, temperature and the availability of appropriate carbon sources. Saeed et al (2021) underscore the importance of maintaining an active root-microbe interaction in the rhizosphere, since root exudates facilitate the creation of favourable conditions for microbial phosphorous solubilisation. In the absence of environmental phosphorus, root exudates are crucial for plants. They facilitate the recruitment of advantageous plant growth-promoting microorganisms, alter the soil pH and enhance the bioavailability of phosphorus. This sustainable method for improving phosphorus nutrition in agriculture, while reducing synthetic fertiliser usage, entails the interaction between root exudates and soil microorganisms (Silva et al 2023). This interaction is a sustainable method for enhancing phosphate nutrition in plant agriculture.
1.6 Conclusion
This review highlights the growing significance of rhizosphere microbiomes and root exudates in sustainable agriculture. Root exudates serve as a source of energy and carbon that sustain microbial communities in the rhizosphere. This improves nutrient uptake, promotes development and enhances stress tolerance in plants. In reaction to abiotic stressors, such as phosphate shortage, the chemical composition of root exudates is continually modified. Thus, advantageous microorganisms can be selectively concentrated at optimal levels. Enhancing the understanding of the tripartite interactions between plant exudates and bacteria, especially in vital cereals like wheat, will facilitate the development of microbiome-based solutions that can boost productivity while decreasing dependence on agrochemical inputs. Biofertilizers containing elite microbial inoculants, synergistic application signaling molecules, crop rotation with suitable cover crops and other ecological approaches can potentially reduce external fertilizer inputs by over 50% in wheat systems.
Further research using multi-omics tools, analytical chemistry, genetics, field studies and other interdisciplinary approaches is still needed to translate these fundamental concepts into practical applications for farmers. By leveraging the chemical interactions hidden underground, it is possible to reveal more sustainable methods of plant nutrition and enhance global food and nutritional security. Essential macronutrient Phosphorus is required for plant growth and development. It is a key component of fundamental molecules like nucleic acids, phospholipids and ATP which are involved in energy transfer, photosynthesis, nitrogen fixation and other metabolic processes in plants. Although abundant in soils, phosphorus is present in unavailable forms like precipitated phosphates bound to cations (calcium, iron, aluminium) or in organic forms. Crop plants are often unable to utilize these insoluble phosphates, leading to phosphorus deficiency which causes stunted growth and yield losses (Khoshru et al 2023).
In this context, harnessing plant-microbe interactions provides a solution. Certain soil microorganisms like bacteria and fungi solubilize insoluble inorganic phosphates and mineralize organic phosphorus compounds through various mechanisms. They convert these unavailable forms into bioavailable orthophosphates which plants can absorb and utilize. The root exudates released by plants further stimulate and support such beneficial phosphate-solubilizing microorganisms in the rhizosphere. Some agricultural approaches to leverage these microbial interactions for enhancing phosphorus availability in soils were discussed (Singh et al 2023).
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