


Biochemical Interactions in the Rhizosphere: Roles of Root Exudates, Flavonoids, and Phytoalexins in Plant–Microbe Communication

Abstract
[bookmark: _GoBack]The rhizosphere functions as a biochemical interface where plants and microbes exchange signals that regulate growth, defense, and adaptation. Root exudates, including sugars, amino acids, organic acids, and specialized metabolites, shape microbial communities, mobilize nutrients, and influence plant stress responses. Among secondary metabolites, flavonoids act as key chemo-attractants and signaling molecules in legume–rhizobia symbiosis while also contributing to antimicrobial defense and redox balance. Phytoalexins, synthesized de novo upon pathogen attack, provide potent antimicrobial activity and trigger systemic acquired resistance. Recent advances in metabolomics, transcriptomics, and microbiome research reveal the complexity of these biochemical pathways and their role in rhizosphere communication. Integrating this knowledge offers opportunities for rhizosphere engineering, development of microbial inoculants, and breeding strategies that exploit metabolite-mediated signaling for crop resilience. This review highlights the roles of root exudates, flavonoids, and phytoalexins in plant–microbe biochemical interactions with implications for sustainable agriculture.
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1. Introduction
Plants exist in close association with a diverse microbial community in the rhizosphere, a hotspot of biochemical and molecular communication that strongly influences plant growth, health, and productivity (Dwivedi et al., 2025). The rhizosphere microbiome is shaped not only by environmental conditions but also by the release of a wide spectrum of root-derived compounds, collectively known as root exudates, which include primary metabolites such as sugars, amino acids, and organic acids, along with a variety of secondary metabolites like flavonoids and phenolic compounds (Kumar et al., 2021; Pantigoso et al., 2022; Chauhan et al., 2023; Ilyaskina et al., 2025). These exudates act as chemical signals that recruit beneficial microorganisms, suppress pathogens, mobilize nutrients, and mediate plant–plant as well as plant–microbe interactions (Bhangare and  Dadarwal, 2019; Chen & Liu, 2024).
Among secondary metabolites, flavonoids and phytoalexins are particularly significant in shaping rhizosphere communication (Patil et al., 2024). Flavonoids play crucial roles in establishing symbiotic relationships, especially in the legume–rhizobia interaction, where they function as chemo-attractants and inducers of nodulation (Bag et al., 2022). Beyond symbiosis, flavonoids act as antioxidants and antimicrobial agents, enhancing plant defense under both abiotic and biotic stresses (Shah & Smith, 2020). In contrast, phytoalexins are low-molecular-weight antimicrobial compounds synthesized de novo in response to pathogen attack, forming an integral part of the inducible plant defense system (Chakraborty et al., 2017). They include a diverse range of chemical classes such as isoflavonoids, terpenoids, and indole derivatives that provide effective protection against a variety of pathogens (Anjali et al., 2023).
Recent advances in omics technologies have greatly expanded our understanding of these biochemical interactions, revealing how root exudates, flavonoids, and phytoalexins contribute not only to immediate defense responses but also to long-term resilience through microbiome modulation (Afridi et al., 2023; Jain et al., 2024)). Understanding the complexity of these molecular dialogues provides an opportunity to harness plant–microbe biochemical interactions for sustainable agriculture, crop stress tolerance, and rhizosphere engineering (Li & Wen, 2021).
2. Root Exudates as Biochemical Mediators
Root exudates represent a complex mixture of primary and secondary metabolites secreted into the rhizosphere, where they play pivotal roles in shaping microbial communities and mediating plant–microbe interactions (Chen & Liu, 2024). These compounds include low-molecular-weight sugars, amino acids, and organic acids, as well as a diverse array of secondary metabolites such as flavonoids, phenolic acids, and terpenoids (Afridi et al., 2023). The release of exudates is a highly dynamic process influenced by plant developmental stage, genotype, and prevailing environmental conditions, allowing plants to actively modulate their rhizosphere environment in response to biotic and abiotic cues (Singhal et al., 2021; Lal et al., 2021; Chand et al., 2022; Ritter et al., 2025). 
2.1 Composition and Functional Roles
The composition of root exudates is finely tuned to ecological function. Sugars and amino acids serve as readily available carbon and nitrogen sources that sustain microbial populations, whereas organic acids such as malic, citric, and oxalic acid mobilize nutrients by chelating mineral ions in the soil (Chen & Liu, 2024). Secondary metabolites add a signaling dimension: flavonoids recruit symbiotic microbes, strigolactones stimulate the germination of arbuscular mycorrhizal fungi, and coumarins influence microbial community assembly (Zambelli et al., 2025). Such biochemical signaling facilitates beneficial associations while simultaneously deterring pathogenic microorganisms through antimicrobial or allelopathic compounds (Yang et al., 2025).
2.2 Implications for Plant–Microbe Interactions
Through these mechanisms, root exudates act as biochemical mediators of rhizosphere communication. They help establish mutualistic relationships such as the legume–rhizobia symbiosis, where flavonoids in exudates induce nodulation, and they contribute to plant immunity by priming the root-associated microbiome for induced systemic resistance (Yang et al., 2025). The specificity and plasticity of exudate profiles suggest that plants actively recruit microbial partners under stress, a phenomenon supported by metabolomics studies showing differential exudation under drought, nutrient limitation, or pathogen pressure (Sorty et al., 2025; (Olanrewaju et al., 2018). Collectively, root exudates not only serve as nutrient sources but also function as chemical signals that govern microbial colonization, shape community structure, and influence plant health and productivity in diverse agroecosystems (Yang et al., 2024).
3. Flavonoids and Phytoalexins in Plant–Microbe Interactions
Secondary metabolites such as flavonoids and phytoalexins are central to biochemical communication in the rhizosphere, where they regulate both beneficial symbioses and defense responses (Patil et al., 2024). Their dual role as signaling compounds and antimicrobial agents illustrates the evolutionary significance of these molecules in shaping plant–microbe interactions.
Flavonoids, synthesized via the phenylpropanoid pathway, are highly diverse polyphenolic compounds that act as pivotal regulators of plant–microbe associations (Ververidis et al., 2007; Wang et al., 2022). In legumes, they serve as chemo-attractants and signaling molecules that activate nod genes in rhizobia, thereby initiating the symbiotic process of nodulation and nitrogen fixation (Shumilina et al., 2023). Beyond their role in symbiosis, flavonoids also exert antimicrobial activity by disrupting pathogen metabolism, inhibiting spore germination, and modulating quorum sensing in microbial populations (Jaiswal et al., 2021). Additionally, flavonoids function as antioxidants, mitigating oxidative stress generated during both abiotic and biotic stress responses, which indirectly influences microbial colonization patterns in the rhizosphere (MarÃ3ti & Kondorosi, 2014).
Phytoalexins, in contrast, are low-molecular-weight antimicrobial compounds synthesized de novo in response to pathogen attack. They are highly diverse in structure, encompassing isoflavonoids in soybean, diterpenoid momilactones in rice, and indole-derived camalexin in Arabidopsis. Unlike constitutively present flavonoids, phytoalexins are inducible defense molecules that accumulate rapidly upon recognition of microbial elicitors (Yang & Wang, 2024). They directly inhibit pathogen growth and also participate in signaling cascades that activate systemic acquired resistance (SAR) and other immune responses (Mehdi et al., 2025). Importantly, recent evidence suggests that phytoalexins can influence microbial community composition by selectively suppressing pathogens while allowing beneficial microbes to persist, indicating a broader ecological role beyond direct pathogen inhibition (Farhaoui et al., 2025).
Taken together, flavonoids and phytoalexins form a biochemical continuum in the rhizosphere: flavonoids act as constitutive and inducible signals shaping microbial recruitment and early defense, whereas phytoalexins serve as inducible antimicrobials that reinforce host protection (Hassan & Mathesius, 2012). This integration of signaling and defense reflects a finely tuned metabolic network that determines the outcome of plant–microbe interactions (Cesco et al., 2010). Advances in metabolomics and transcriptomics are now uncovering how these pathways are regulated and interconnected, opening avenues for targeted manipulation to enhance crop resilience and sustainable agricultural productivity (Elhamouly et al., 2022).



Table 1. Representative root exudates, flavonoids, and phytoalexins involved in plant–microbe biochemical interactions and their functional roles.

	Metabolite Class
	Representative Compounds
	Biochemical Role
	Microbial Interaction
	Plant Outcome
	References

	Root Exudates
	Sugars (glucose, fructose), amino acids, malic acid, citric acid, strigolactones
	Nutrient source; chelation of minerals; signaling
	Attract PGPR (e.g., Bacillus), AMF colonization
	Improved nutrient uptake; recruitment of beneficial microbes
	(Badri & Vivanco, 2009; Huang et al., 2019)

	Flavonoids
	Luteolin, daidzein, genistein, quercetin
	Symbiotic signaling; antioxidant defense; antimicrobial activity
	Induce nod genes in rhizobia; inhibit pathogen growth
	Enhanced nodulation; improved stress tolerance
	(Weston & Mathesius, 2013; Agati et al., 2012)

	Phytoalexins
	Camalexin (Arabidopsis), glyceollin (soybean), momilactones (rice), resveratrol (grapevine)
	Inducible antimicrobial compounds; immune signaling
	Inhibit fungi (e.g., Fusarium), bacteria, and oomycetes
	Systemic acquired resistance; pathogen inhibition
	(Ahuja et al., 2012; Piasecka et al., 2015)



4. Rhizosphere Communication Networks and Agricultural Implications
The rhizosphere represents a highly dynamic communication hub where plants and microbes exchange biochemical signals that regulate nutrient acquisition, immunity, and overall ecosystem stability (Sorty et al., 2025; Enagbonma et al., 2023). Root exudates, flavonoids, and phytoalexins do not act in isolation; rather, they form an interconnected network of signaling pathways that collectively determine the assembly and activity of the root microbiome (Jamil et al., 2022). The composition and quantity of exudates vary with plant genotype, developmental stage, and environmental cues, providing a selective advantage to microbes that can metabolize or respond to these compounds (Huang et al., 2014). Flavonoids, for instance, simultaneously attract beneficial symbionts and act as deterrents to pathogens, while phytoalexins reinforce this selective pressure by inhibiting harmful microbes (Harman et al., 2021). This interplay creates a biochemical filtering system that shapes rhizosphere microbial communities in favor of plant health and resilience (Khan et al., 2025).
Modern omics-based approaches have revealed that these communication networks are highly plastic and responsive to stress (Meena et al., 2017). Metabolomics studies demonstrate that plants adjust exudation profiles under drought, nutrient deficiency, or pathogen attack, thereby recruiting specific beneficial microbes capable of conferring stress tolerance (Bouwmeester et al., 2025). Transcriptomics and metagenomics further highlight how microbial partners reciprocally influence plant metabolic pathways, establishing feedback loops that fine-tune plant defense and growth (Kumar et al., 2023). Such findings underscore the concept of the holobiont, where the plant and its associated microbiome function as an integrated ecological unit (Khanna et al., 2022).
The agricultural implications of these insights are profound. By understanding the biochemical foundations of rhizosphere communication (Yusuf et al., 2025), strategies can be developed to harness beneficial microbes and modulate metabolite production for improved crop performance. Breeding and biotechnology approaches aimed at enhancing specific exudates or secondary metabolite pathways can increase microbial recruitment efficiency and resistance to stress (Sarsaiya et al., 2025). Additionally, the development of microbial inoculants tailored to plant exudation profiles offers opportunities to sustainably enhance nutrient acquisition, disease suppression, and stress tolerance (Fadiji et al., 2023; Selwal et al., 2023). Rhizosphere engineering, through the manipulation of plant metabolic outputs and microbial communities, thus emerges as a promising avenue for climate-smart and sustainable agriculture (Chen et al., 2024).
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Figure 1. A model of plant-microbe communication in the rhizosphere
This diagram illustrates the complex chemical signaling and interactions between a plant and its root-associated microbes. The plant releases root exudates, which include primary metabolites (sugars, amino acids, organic acids, indicated by blue arrows) and secondary metabolites (flavonoids, phytoalexins, indicated by orange arrows). These exudates influence the composition and activity of the rhizosphere microbiome, including beneficial microbes like plant growth-promoting rhizobacteria (PGPR) and arbuscular mycorrhizal fungi (AMF). In turn, these microbes can modulate the plant's root exudation patterns. The model also depicts the suppressive effect (red dashed arrow) of certain microbes on others, highlighting the competitive and cooperative dynamics within the rhizosphere. The green dots represent various microbes (rhizobia, AMF, PGPR) recruited to the roots.




Table 2. Recent omics-based insights on root exudates, flavonoids, and phytoalexins in plant–microbe interactions

	Plant System
	Metabolite/Pathway
	Omics Approach Used
	Key Discovery/Outcome
	Reference

	Arabidopsis thaliana
	Coumarin-type root exudates
	Metabolomics, transcriptomics
	MYB72-dependent coumarin exudation shapes root microbiome assembly and promotes beneficial microbes under iron deficiency
	Stringlis et al., 2018

	Rice (Oryza sativa)
	Diterpenoid phytoalexins (momilactones)
	Transcriptomics, metabolomics
	Enhanced momilactone biosynthesis linked to pathogen resistance and modulation of rhizosphere microbial communities
	(Wang et al., 2018)

	Soybean (Glycine max)
	Isoflavonoids (daidzein, genistein)
	RNA-seq, metabolite profiling
	Isoflavonoid biosynthesis genes regulate rhizobial symbiosis and nodulation efficiency
	(Trush & Pal’ove-Balang, 2023)

	Maize (Zea mays)
	Benzoxazinoid secondary metabolites
	Metabolomics, microbiome sequencing
	Root benzoxazinoids influence rhizosphere microbiota composition, enhancing resistance against herbivores
	(Kudjordjie et al., 2019)

	Grapevine (Vitis vinifera)
	Stilbenoid phytoalexins (resveratrol)
	Multi-omics (transcriptomics, metabolomics, proteomics)
	Resveratrol induction under pathogen stress correlated with microbiome shifts and systemic defense activation
	(Dubrovina & Kiselev, 2017)




5. Future Perspectives 
Understanding the biochemical underpinnings of plant–microbe interactions has opened new avenues for both fundamental plant science and applied agricultural innovation. Yet, despite significant progress, major research gaps remain in fully elucidating how root exudates, flavonoids, and phytoalexins orchestrate rhizosphere communication under diverse environmental conditions. Current knowledge is largely derived from model plants and controlled environments, while far less is known about these processes in field-grown crops exposed to fluctuating climates, heterogeneous soils, and complex microbiomes. Expanding research beyond model systems is critical to translate laboratory discoveries into practical agricultural applications.
Future studies should focus on integrating multi-omics approaches combining metabolomics, transcriptomics, proteomics, and metagenomics to generate holistic maps of plant–microbe biochemical interactions. Coupling these datasets with advanced phenotyping and machine learning could enable predictive models of rhizosphere dynamics, guiding targeted manipulation of exudates and microbial communities. Synthetic biology and CRISPR-based tools also offer exciting prospects for engineering metabolite pathways that enhance microbial recruitment or strengthen phytoalexin-mediated defenses. Furthermore, leveraging beneficial microbes as bioinoculants tailored to specific exudation profiles could provide sustainable alternatives to chemical fertilizers and pesticides, contributing to climate-smart agriculture.
6. Conclusion
Root exudates, flavonoids, and phytoalexins function as central biochemical mediators of rhizosphere communication, shaping microbial communities and influencing plant health. These metabolites bridge the gap between signaling and defense, enabling plants to balance symbiosis and immunity. By unraveling the molecular dialogue between plants and their microbiomes, we gain powerful opportunities to design resilient cropping systems that optimize nutrient use, suppress disease, and withstand environmental stresses. Future advances will depend on interdisciplinary approaches that merge plant physiology, biochemistry, microbiology, and systems biology, ultimately reorienting agriculture toward sustainable productivity in a rapidly changing world.
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