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Abstract
Quorum sensing (QS) is a pivotal communication mechanism employed by microorganisms to regulate collective behaviors such as biofilm formation, virulence, and symbiosis through the production and perception of signalling molecules. In plant-associated microbial communities, QS plays a dual role—modulating both pathogenic and beneficial interactions. This review explores the multifaceted impact of QS molecules, especially N-acyl homoserine lactones (AHLs), autoinducer-2 (AI-2), and autoinducing peptides (AIPs), on plant-microbe communication. The cross-kingdom interactions between plants and microbes mediated by QS are integral to nutrient cycling, stress tolerance, and immune responses. Plants have evolved mechanisms to recognize and respond to QS signals, potentially manipulating microbial behavior to their advantage. The paper discusses the role of QS in enhancing plant growth-promoting rhizobacteria (PGPR), nitrogen-fixing and phosphate-solubilizing bacteria, and the potential of quorum quenching to suppress phytopathogens. Application of QS principles in sustainable agriculture offers avenues for biofertilizer and biopesticide development. However, regulatory and ecological concerns remain, particularly regarding the use of genetically modified QS-based organisms. The integration of synthetic biology and omics technologies is expected to further advance the manipulation of QS systems for enhanced crop productivity, resilience, and reduced chemical dependency, making QS a cornerstone of future eco-friendly agricultural strategies.
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1. Introduction
[bookmark: _GoBack]Interactions between microorganisms and plants have a great impact on various aspects, including plant growth and health. Alteration of these interactions, often toward a more plant beneficial interaction, can hold potential for more sustainable as well as economically efficient agriculture practices [1]. In recent years, there is rising interest in how molecules that allow communication between microorganism’s influenceinfluences plant functioning. Bacterial quorum-sensing (QS) molecules are a double-edged sword in the plant–microbe dialogue. They act not only as virulence factors but also as plant growth promoters. Various gram-positive and -negative plant-beneficial bacteria produce QS molecules. They can induce secretion of phenotypic traits ancillary to plant growth, so called plant growth-promoting traits, and may modify the immune response of certain plants, in which these QS molecules are recognized [2].
Plant roots secrete barley root-associated diffusible signals (BRADs) that upregulate Gram-negative AHL-mediated QS systems and exoproduct expression in Co-sensitizing bacteria. So far, there are only a few reports on how plants respond to the presence of bacterial QS signalling molecules and how that in turn affects the plant–microbiome interaction [3]. Due to the successful plant colonization and strong influence on plant growth by numerous Gram-negative rhizosphere bacteria, a special focus in the investigation of this complex dialogue lays on the plant’s response to perceiving Gram-negative AHL molecules. The various effects of single signalling molecules towards plant functioning other than in a context of bacteria can be elucidated in order to shed light on how plants may respond to bacterial populations with AHL-mediated QS systems [4].
2. Overview of Quorum Sensing
In the last decade, the number of studies on Quorum Sensing (QS) has risen exponentially, evidencing its key role in many different microbial behaviours. To understand how microbes communicate with each other means to know how to act in order to drive their behaviour, both to promote beneficial microbial traits and to prevent those that are dangerous. The effects of QS on both the attachment and colonization of microbes to xeno-surfaces and in the formation of biofilms have been widely investigated also experimentally.
There has been a significant increase in publications on QS and its ecological implications, on both terrestrial and marine microbial environments. Research topics span from the search for new molecules involved in QS, the discovery of new bacteria and new species of Gram-positive bacteria capable of regulating the production of bioactive molecules through QS, mechanisms of inter-kingdom communications, the use of the co-cultivation technique or the improvement of known ones such as the AHL-Trap system, and the perspectives and potential applications in the field of food, agriculture, and nanomedicine [2]. In this latter field, it is highlighted as an urgent need the development of new studies, predictive models and databases on the applicability of QS mediated bioactive molecules, especially considering the ongoing biotechnological development of using these substances as biopesticides or bioactive scaffolds [5].
Although most of the QS literature is focused on marine environments, in the last years there has been increasing interest in the study of the air-microorganisms interface, and more recently rhizo-microorganisms, which interact with plants. A key aspect in the QS research of soil microorganisms is the study of their interactions with plants, as these microorganisms can influence the nutrition and health of the plants, increasing their resistance against infections and environmental stress. In the last years, significant insights have been gained in the understanding of the QS regulation in Pseudomonas and Burkholderia or the signalling process between plants and bacteria include a reference.
3. Definition and Mechanism
Quorum sensing is a bacterial cell-to-cell communication process where bacteria release signalling molecules (autoinducers) that, when accumulating to a certain concentration, trigger coordinated group behaviours like biofilm formation or virulence factor production. Intercellular or intra-species microbial communication occurs through the production and response to signal molecules, enabling cells to act collectively. Microbes can use volatile or diffusible small molecules named autoinducers to measure their own density. This implies that quorum sensing (QS) signals molecules, produced by one bacterial species, can also affect the behaviour of distant microbes within a plant community. Bacterial cell communication, mediated by QS, can affect a broad range of eukaryotic hosts’ life functions, including the recruitment of beneficial microbes.
Silencing quorum sensing in selected microbial consortium can be a novel strategy for promoting beneficial plant-associated microbial traits [6]. However, since QS affects the balance between cooperative and competitive behaviours within microbial communities, great efforts will be directed to better understand the complex ecological consequences in this multi-kingdom dialogue. It was recently described that plants can detect and respond to microbial quorum sensing molecules, specifically N-Acyl-Homoserine Lactones (AHLs). Oryza sativa roots can perceive these signals, which induce the expression of jasmonic acid-dependent genes leading to an enhanced resistance to pathogens reference. Other studies have shown that plant defensive barriers can discriminate between “friendly” and “foe” quorum sensing molecules and specifically respond to the presence of beneficial bacteria.
3.1. Types of Quorum Sensing Molecules
Quorum sensing molecules are small, diffusible signalling molecules called autoinducers and are broadly categorized into three main types: N-acyl homoserine lactones (AHLs), autoinducer-2 (AI-2) molecules, and autoinducing peptides (AIPs). 
3.1.1 N-Acyl Homoserine Lactones (AHLs): These are primarily found in Gram-negative bacteria and act as signals for cell-to-cell communication. They consist of a homoserine lactone ring linked to an acyl chain, with variations in the acyl chain length and structure (e.g., degree of oxidation, hydroxylation) influencing the specific signalling function. 
3.1.2 Autoinducer-2 (AI-2): AI-2 molecules, including 4,5-dihydroxy-2,3-pentanedione (DPD), are used by both Gram-negative and Gram-positive bacteria. They facilitate interspecies communication, allowing different bacterial species to coordinate their behaviour. 
3.1.3 Autoinducing Peptides (AIPs): These small peptides are the primary signalling molecules used by Gram-positive bacteria for quorum sensing. They regulate biofilm formation and other collective behaviours in these bacteria. 
3.1.4 Fungal Quorum Sensing Inhibitors (QSIs): Fungi also employ quorum sensing, and some molecules can inhibit this process, such as farnesol, tyrosol, and various lactones, as well as specific fungal pheromones. It would be better to include references in your definitions as well
4. Role of Quorum Sensing in Microbial Communities
In microbial communities, QS enables synchronized behaviours that are more beneficial when performed collectively. For instance, biofilm formation—critical for surface colonization and protection from environmental stress—is regulated by QS in many bacteria, including Pseudomonas aeruginosa, where acyl-homoserine lactones (AHLs) control the expression of genes involved in exopolysaccharide production and biofilm maturation [7]. Similarly, in Gram-positive bacteria like Staphylococcus aureus, autoinducing peptides (AIPs) regulate the expression of virulence factors via the accessory gene regulator (agr) system [8]. QS also facilitates interspecies and interkingdom communication. The universal signalling molecule autoinducer-2 (AI-2), produced by both Gram-positive and Gram-negative bacteria, plays a role in cross-species interactions within polymicrobial biofilms [9]. These interactions can affect microbial competition and cooperation, influencing community structure and dynamics. 
Moreover, QS contributes to microbial pathogenicity by regulating the timing and level of virulence gene expression, allowing pathogens to evade host immune responses until reaching a critical population threshold. In the gut microbiota, for example, QS molecules can influence host–microbe interactions, modulating immune responses and inflammation [10]. Understanding QS mechanisms has significant implications for developing novel antimicrobial strategies. QS inhibitors, or quorum quenchers, are being explored to disrupt communication and prevent harmful behaviours like biofilm formation and toxin production without killing the bacteria directly—thus reducing selective pressure for resistance. QS is fundamental to microbial community behaviour, enabling bacteria to act collectively, adapt to environmental changes, and maintain ecological balance. 
4.1. Inter-species Communication
Bacteria and single-cell eukaryotes have the ability to communicate with each other, forming an interactive system. Such inter-species communication is often mediated by signalling molecules derived from lipids. These lipids, either secreted or retained in internal structures, have important functions in metabolic regulation. The connection of one lipid pathway between different species is shown to be essential for survival in a changing environment. Plant specialty metabolites often share structural similarities with signal lipids from microbial pathogens, enabling fungi to inactivate the latter by acetylation. Additionally, this suggests that a similar inter-species communication system may operate in fungi-bacterium associations [11]. Due to the importance of fungi in ecosystems, symbiotic as well as pathogenic interactions, it is believed that the signalling system discovered can be a broadly penetrating mode of inter-development communication between different organisms. In the future, engineering of inter-species communication may be an option for the production of tailored biomaterials that better exploit the roles of fungi in biotechnology, agriculture, and medicine [12]. It is widely accepted that all, or at least the majority of bacteria, secrete small mobile signalling molecules that are proposed to be a language of inter-species cellular communication. There is also substantial evidence that many proteobacteria can intercept these mobile signals and respond to them even if they cannot themselves produce them. The signalling molecules are commonly N-acyl homoserine lactones (AHL) and affect regulatory activity by binding to a transcriptional regulator, the luxR or luxR homolog, of the responding organism.
The bacteria, Sinorhizobium meliloti, induce the formation of nodules on alfalfa, which they infect. In these nodules, the contained bacteria can reduce atmospheric nitrogen into ammonium that the host plant can assimilate. The work presented here suggests that inactivation of the signalling compounds, AHLs by acetylation, maybe an essential component of the establishment of mutualism in the legume-rhizobial interaction. AHLs are shown to induce cell death in S. meliloti, and alterations in the production of AHLs render rhizobia more susceptible to killing. The model is discussed which suggests that alfalfa, subsequent to rhizobial infection, raises levels of certain flavonoids in infected cells that are acylated into flavonoid precursors for the extracellular synthesis of molecule repellent to the diffusing S. meliloti thereby containing it specifically in newly formed nodules. Genetically manipulated plants that have been observed to abnormally control bacterial growth in nodules can be rationalized by the proposed model, as can mutants of S. meliloti unable to either produce or respond to AHLs and its related assurance factors [13].
4.2. Intra-species Communication
Bacterial cells are known to communicate through the production and perception of signalling molecules, a phenomenon recognized as quorum sensing (QS) [4]. This communication is used by microorganisms to coordinate their gene expression and regulate population-specific behaviour. In plants, both early-diverged and higher plants recognize and respond to bacterial QS molecules, such as N-acyl homoserine lactones (AHL) and 2-alkyl-4-quinolones (AQ). While AHL are specific to proteobacteria, AQ are produced by both proteo and non-proteobacteria. By studying the response of Arabidopsis thaliana to single molecules as well as complex mixtures of these bacterial QS molecules has been shown that it can interfere with the root colonization by Pantoea agglomerans, one of the bacteria considered here. The soil-borne gram-negative bacterium P. agglomerans is a plant pathogen, but plants also perceive and respond to its N-acyl homoserine lactone (AHL) 3-oxo-undecanoyl-homoserine lactone [13]. Bacterial QS molecules are one of the means allowing communication between bacterial cells or populations. It is also well-established that a multitude of bacteria are associated with plants, influencing their growth, health, and adaptation to environmental stress.
Plant roots are, therefore, a potent hotspot where communication of plant-bacteria through QS molecules could have the most significant outcomes. It is assumed that plants have a certain degree of specificity towards different QS molecule-producing bacteria. For example, the AHL-producing bacteria Rhizobium sp. and Pseudomonas syringae pv. tomato manipulate Arabidopsis response to jasmonic acid (JA) or salicylic acid (SA) [14,15] to cause inhibition of growth or systemic acquired resistance (SAR), respectively. PGPB Enterobacter radicincitans has been demonstrated to affect growth, glucosinolate profile, and immune responses of A. thaliana, a function predicted by the enhanced resistance to two pathogens of the PGPB-treated plants. The rhizosphere is a region of soil which surrounds plant roots, influences plant growth, and is heavily colonized by microorganisms. Microbial diversity and metabolic potential in the rhizosphere are higher than in bulk soils. In view of this, the rhizosphere is considered as a plant-microbe interface and genetic and chemical communication of plants with soil and rhizosphere microbes is well-established.
5. Plant-Microbe Interactions
Bacterial quorum-sensing (QS) molecules are one of the primary means allowing communication between bacterial cells or populations [4]. Plants also evolved to perceive and respond to those molecules. Plant-microbe interaction alludes to the different relationships that plants have with microorganisms in their local environment. These interactions involve a complex network of relationships between various microorganisms, such as bacteria, fungi, viruses, and plants. These microorganisms can have both beneficial and detrimental effects on the growth and health of plants, depending on the exact interactions that occur. Numerous microorganisms coexist in the environment of plants, including bacteria, oomycetes, fungi, archaea, and an as-yet-unexplored class of viruses [16]. The intricate, multilateral interactions between the biotic occupants of the abiotic environment and themselves form the composition of the plant microbiome. Plant-microbe interactions are an achievable path towards agricultural sustainability since they are essential to maintaining soil fertility and crop productivity [17].
Plant-microbe interactions encompass a wide range of relationships, from mutualism to parasitism. These interactions play essential roles in plant health, development, and ecosystem functioning [17]. The mechanisms that govern plant-microbe interactions are complex and involve intricate molecular signalling pathways, recognition systems, and physiological responses. One of the most well-characterized mutualistic interactions is the symbiosis between leguminous plants and Rhizobium species. This interaction begins with the plant roots releasing flavonoids into the rhizosphere, which are recognized by compatible Rhizobium bacteria. In response, the bacteria synthesize lipochitooligosaccharide signalling molecules known as Nod factors. These signals are detected by plant receptor-like kinases, initiating a signalling cascade that results in root hair curling, infection thread formation, and nodule organogenesis [18]. Similarly, arbuscular mycorrhizal (AM) fungi form symbiotic associations with the roots of most terrestrial plants. These fungi enhance nutrient uptake, especially phosphorus, while receiving carbohydrates from the plant. The interaction is initiated through the exchange of signalling molecules: plant roots exude strigolactones that stimulate fungal hyphal branching, while fungal signals known as Myc factors trigger symbiotic signalling in the plant [19].
In pathogenic interactions, microbes deploy various strategies to invade and colonize plant tissues. Many bacterial pathogens, such as Pseudomonas syringae, use a Type III secretion system to inject effector proteins into plant cells, suppressing host immune responses and promoting infection [20]. In contrast, plants have evolved innate immune systems that recognize pathogen-associated molecular patterns (PAMPs) through pattern recognition receptors (PRRs), leading to PAMP-triggered immunity (PTI). Some pathogens overcome PTI through effector-triggered susceptibility (ETS), prompting plants to develop effector-triggered immunity (ETI), often involving hypersensitive response (HR) and localized cell death. Moreover, beneficial microbes can induce systemic resistance in plants, enhancing their defence capacity against future pathogen attacks. This process, known as induced systemic resistance (ISR), is typically mediated by non-pathogenic rhizobacteria and involves jasmonic acid and ethylene signalling pathways [21]. Plant-microbe interactions are governed by highly coordinated signalling and response mechanisms. Whether beneficial or pathogenic, these interactions significantly impact plant health and productivity and offer promising strategies for sustainable agriculture.
6. Quorum Sensing in Beneficial Plant-Microbes Interaction
While QS is often associated with pathogenic behaviours such as virulence and biofilm formation, it also plays a crucial role in regulating beneficial functions in microbes that support plant and environmental health. In plant growth-promoting rhizobacteria (PGPR), QS modulates activities such as root colonization, biofilm development, and the production of secondary metabolites. For example, Azospirillum brasilense, a nitrogen-fixing PGPR, utilizes QS to regulate its attachment to plant roots and biofilm formation, enhancing nutrient availability to plants [22,23]. Similarly, Bacillus subtilis uses peptide-based QS systems to regulate sporulation and antibiotic production, contributing to its efficacy as a biocontrol agent against plant pathogens [24].
QS is also pivotal in maintaining microbial balance within the plant microbiome. Certain Pseudomonas species produce N-acyl-homoserine lactones (AHLs) that regulate the synthesis of antimicrobial compounds, suppressing pathogenic microbes and supporting plant immunity [25]. Moreover, beneficial microbes can interfere with the QS of pathogenic organisms, a process known as quorum quenching. This activity helps suppress virulence and disease development in the rhizosphere. In environmental contexts, QS in beneficial microbes contributes to nutrient cycling and waste decomposition. For example, QS regulates enzyme production in microbial consortia that degrade complex organic materials in composting and wastewater treatment systems [26,27]. QS in beneficial microbes is a key mechanism for cooperative behaviour, community stability, and interactions with plant hosts. 
6.1. Nitrogen-Fixing Bacteria
The nitrogen-fixing bacteria provide fixed forms of nitrogen for the growth of the host plants and prove prolific in sustainable agricultural practices. Because of this important and symbiotic trait many countries either develop their local strains of nitrogen-fixing bacteria or import from a foreign source; hence many investigations were conducted to determine different quorum sensing molecules in order to produce efficient rhizobia inoculant which can give maximum performance in that specific host and other legumes as well [28]. On the other hand, the cellular communication via quorum sensing signalling is as important as the genome of the cell to the bacteria. Bacteria while living in the community interact with each other, detect their population density and adjust their physiological and gene expression level thus many vital phenotypes regulated by it have already been identified like symbiosis, biofilms, virulence by various pathogenic bacteria, stress adaptation, and the production of spores and other secondary metabolites by the chain mold.
Many nitrogen-fixing bacteria form the symbiotic relationship with the leguminous plants and proved to be important in enhancing agro-ecosystems sustainability [29]. Medicago truncatula, the model legume, has been employed to explore the effect of plant associated micro-organisms on the response of symbiosis to N-acyl homoserine lactone quorum sensing signals. Innovative research proposed that quorum sensing has substantial importance in the process of cell signalling in between bacteria and eukaryotes as well. Different rhizobial strains may be freeloading within the legume root hair and the signalling occurs only between the compatible partners. It is obvious now that the quorum sensing happens between the rhizobial cells to communicate each other and find out whether they are the same or different.
6.2. Phosphate-Solubilizing Bacteria
Phosphate-limitation is a major source of stress for plants and reduced mineral phosphate reserves worldwide, urging the development of alternative approaches for phosphate management. Given the crucial role of soil microorganisms for phosphate cycling and bioavailability to plants, strategies based on an increased abundance or activity of these could help. An in vitro screening of phosphate-solubilizing bacteria (PSB), a group of microorganisms able to solubilize inorganic phosphates by various hydrolytic and redox processes, could have potential application to the management of bioavailable phosphate for an efficient plant nutrition [17].
The present work is a contribution to unravel the poorly understood solubilization mechanisms of Bacillus sp. On top of reporting the in vitro dissolution of distinct phosphate sources, the influence of Bacillus sp. cultivation on soil exoenzymatic activity and the subsequent effects on wheat growth and N and P uptake has been characterized. A highly detailed in vitro study elucidates the relevance of soil exoenzymes in the microbial solubilization of different phosphate sources and plants to absorb hydrolyzates [30]. In particular, the analysis is focused on soil phosphate-solubilizing exoenzymes, not yet considered in previous studies. Hence, results provide a comprehensive mechanistic insight into the biological P solubilization. On a larger scale, the findings represent a valuable tool (i) to upscale laboratory results to field applications and (ii) to confirm in a range of experiments the suitability of Bacillus sp. as phosphate solubilizers for improving crop yield.
Despite the central role of plant-microbe interaction in the nutrient cycle, traditional practices for maintaining soil fertility may exhaust or exceed the phosphate balance due to abuse of readily available, but unsustainable, synthetic fertilizers. The recent strong attention on the re-discovery of PSB as sustainable naturally phosphatizing agent fosters the development of biotechnological alternatives for recycling phosphate back to the biotic pool [31]. Studies explore viable methods for a straightforward implementation by focusing on PSB that have a living but dormant after soil dispersion, for preserving the inoculum and its phosphate-solubilizing ability until re-activation.
7. Impact of Quorum Sensing on Plant Health
Bacterial communication and community activities by quorum sensing (QS) molecules provide a framework for sustainable agriculture by enhancing plant and phytobioma health [22]. QS significantly influences plant health by regulating microbial behaviours that affect both beneficial and pathogenic interactions in the rhizosphere. QS allows microbes to coordinate gene expression in response to population density, impacting traits such as biofilm formation, motility, antibiotic production, and virulence. These behaviours can either promote plant growth or lead to disease, depending on the microbial species involved. In pathogenic microbes, QS often controls the expression of virulence factors. For example, Pseudomonas aeruginosa and Agrobacterium tumefaciens use N-acyl-homoserine lactones (AHLs) to regulate biofilm formation, toxin production, and infection mechanisms [25]. These activities can lead to plant tissue damage, reduced nutrient uptake, and stunted growth. Disrupting QS in pathogens through quorum quenching—via enzymes or molecules that degrade or inhibit QS signals—has emerged as a promising strategy to reduce plant disease without affecting beneficial microbes [32].
Conversely, QS also supports plant health by enhancing the functions of beneficial microbes. Plant growth-promoting rhizobacteria (PGPR), such as Azospirillum and Rhizobium, use QS to optimize root colonization and nitrogen fixation, which enhances nutrient uptake and plant biomass [35]. Some beneficial Pseudomonas strains use QS to regulate the production of antimicrobial compounds, helping suppress soilborne pathogens and supporting systemic resistance in plants. Furthermore, plants themselves can detect and respond to microbial QS molecules. Research suggests that plants may alter their immune responses upon sensing AHLs, leading to increased resistance or stress tolerance [33]. This cross-kingdom signalling reflects a dynamic interaction between plant hosts and their microbiota, contributing to overall plant fitness.
QS plays a dual role in plant health—regulating pathogenicity in harmful microbes while enhancing beneficial traits in symbiotic ones. In this view, tuning the strategy of QS, broadly from the production of selected molecules with targeted degradation, to the exogenous delivery, or the design of artificial vector/host systems to control the QS genes of the plant pathogens, will undoubtedly have a significant impact in withstanding infection and in the crop performance [34]. Every year, more than 9 billion kg of pesticides are used with the aim of increasing yields, affecting crop structures and plants. Major concerns are toxicity hazards and the environmental impact of their extensive use promoting the trend toward an increase of organic produce. In this context the results of this work could facilitate the development of alternative, non-GMO QS-based technology for the enhancement of plant/agriculture progress improving crop yield worldwide.
8. Quorum Sensing and Plant Stress Responses
Plants are reservoirs for signalling molecules similar to those used by bacteria for quorum sensing—a process in which bacteria assess their population density by monitoring the concentration of signal molecules in the surrounding medium. QS regulates gene expression in response to population density. It significantly influences plant health by affecting how microbial communities interact with plants during biotic (pathogen-related) and abiotic (environmental) stress conditions. The role of QS in modulating plant stress responses highlights its importance in maintaining plant resilience and promoting sustainable agriculture.
Under biotic stress, pathogenic bacteria use QS to coordinate the expression of virulence factors. For example, Pseudomonas syringae utilizes QS to regulate genes involved in motility, toxin production, and biofilm formation, enabling effective colonization and infection of host plants [25]. Through QS, pathogens delay the activation of their virulence machinery until they reach a critical population density, thereby evading early plant defence responses. However, beneficial microbes in the rhizosphere can interfere with pathogen QS systems through quorum quenching, a process that involves the enzymatic degradation or inhibition of QS signals, ultimately reducing pathogen virulence and disease severity [32]. QS also contributes to the enhancement of plant defences. Certain beneficial microbes produce N-acyl-homoserine lactones (AHLs), which, when perceived by plant roots, can activate systemic resistance mechanisms. For instance, short-chain AHLs like N-3-oxo-hexanoyl-homoserine lactone (C6-HSL) have been shown to prime plant immune responses, enhancing resistance to future pathogen attacks [35]. This cross-kingdom signalling demonstrates the intricate communication between plants and their associated microbial communities.
In abiotic stress conditions such as drought, salinity, and heavy metal toxicity, QS-regulated microbial behaviours can mitigate stress impacts on plants. Beneficial bacteria like Azospirillum, Bacillus, and Pseudomonas species use QS to regulate the production of stress-alleviating compounds such as exopolysaccharides (EPS), siderophores, and phytohormones like indole-3-acetic acid (IAA). These compounds improve soil structure, enhance nutrient and water uptake, and modulate plant stress-responsive pathways [36]. For example, EPS-producing bacteria create biofilms that help retain moisture around the root zone, promoting drought tolerance. Moreover, plants may respond to microbial QS molecules by altering their gene expression and activating antioxidant systems, further improving tolerance to abiotic stresses. Thus, QS-mediated interactions between plants and microbes play a pivotal role in enhancing plant adaptability to fluctuating environmental conditions.
9. Sustainable Agricultural Practices
The recent advancements in agriculture have increased crop productivity, but increased dependency on chemical fertilizers and antibiotics renders agriculture unsustainable. The multifaceted interactions within plants have endowed with the knowledge about the genetic potential of the plants enabling the proper mechanisms to utilize it in sustainable agriculture [37]. Microbiological methods propose a plea in the regulation of practice and usage of chemical pesticides. Nutri-supplements, packaging materials and economic devices, potent of producing a kind of resistance, give promise of being put to industrialized applications. Sustainable agriculture is about meeting today’s needs while solving preservation and environmental protection for the coming generations. Sustainable agriculture practices are basic for preserving soil, waters, reducing agrochemical toxicity and preventing soil erosion [38]. The importance of legumes in sustainable agriculture, about its effect on decreasing or preventing soil erosion. Furthermore, legumes are crucial either from the physicochemical properties of the soil such as reducing the soil bulk density. Soil borne pathogens are isolates, the infectious given in the plant roots had brown coloration and browning of the vascular system around the roots. A gene alters the threshold of the bacteria for infection of the plant, especially, in the presence of sounding cell to cell communication system. Synergistic effect of more than one gene: Symbiosis is due to the positive mutually working part of more than one gene, chromosome etc. Required for fulfilment and speed up the certain function.
9.1. Biological Control Agents
Studies in recent years have clearly established the potential for better yield and productivity of plants and amelioration of abiotic and biotic stress conditions by using free living, root-growth promoting Pseudomonas and Bacillus strains. Root-enriched bacterial formulated products have been shown to provide an excellent source of root-growth promoting compounds that form a culture for activated infection sites for root-attacking pathogens. These inoculants have also been shown to support a vital redox potential in tissues that could counteract infection by specific oxidative burst producing pathogens. Mycorrhizal fungi have also been shown to provide a biological increment for root protection. However, the Arabidopsis thaliana-pathogen infection model is unable to support a 24-hydroxylation step in the FLS2 pathway to infect with the necrotrophic pathogen Botrytis cinerea [39]. Partnering with other pathogens that do not undergo the 24-hydroxylation step in FLS2 signalling in Arabidopsis thaliana, it was instead found that the Arabidopsis thaliana root-infecting pathogen G. cichoracearum is able to infect the flowering tissue when the tissue is damaged by P. cucumerina. In new work, it is reported that the A. thaliana basal infection site assay has an unknown limitation on the flowering tissues only; the adaxial rosette leaves, including the petioles in the “flower blotter” assay, were not found to effectively infect. The infection assay time course and severity studies revealed that excessive damage to the Arabidopsis thaliana root tissue conducted by P. cucumerina and subsequent co-infection of G. cichoracearum initiates an infection on the flowering tissue, visible after the flowering onset of the 6-week-old plants. The experimental procedures described here delineate the more rigorous standards critical to accurately ascertain B. cinerea biotrophic growth in Arabidopsis thaliana and formulated attempts to replicate and further characterize the sciencen.
10. Applications of Quorum Sensing in Agriculture
Quorum sensing (QS) is a cell density-dependent gene regulation system. In their natural habitats, bacteria use metabolic intermediates as signalling molecules. When entering a plant habitat, plant-growth-promoting bacteria are considered rhizospheres or endophytes. In turn, these bacteria can interact with plant roots. Understanding and manipulating QS mechanisms offer promising applications for enhancing crop productivity, controlling plant pathogens, and promoting plant-microbe symbiosis.
10.1. Biopesticides Development
The development of biopesticides using quorum sensing (QS) represents an innovative and eco-friendly approach to pest and disease management in agriculture. QS is a bacterial communication system that controls gene expression in response to cell population density through signalling molecules such as N-acyl homoserine lactones (AHLs). In plant-pathogenic bacteria, QS regulates the expression of virulence factors, biofilm formation, and motility, making it a critical target for biopesticide development [25]. Biopesticides based on quorum quenching, the disruption of QS signals, can effectively reduce pathogenicity without killing the pathogens, minimizing selective pressure for resistance development. Enzymes like AHL-lactonases and AHL-acylases degrade QS signals, thereby suppressing virulence gene expression in pathogens such as Erwinia carotovora and Pectobacterium species [40]. Biocontrol agents such as Bacillus and Pseudomonas strains naturally produce quorum-quenching enzymes and are being formulated into commercial biopesticide products [32]. Furthermore, genetically engineered microbes with enhanced quorum-quenching capabilities are being explored to improve disease suppression in crops. These engineered strains can colonize the rhizosphere and interfere with the QS systems of soilborne pathogens, providing long-lasting protection. QS-based biopesticides offer a sustainable alternative to chemical pesticides by being target-specific, environmentally safe, and compatible with integrated pest management (IPM) strategies. Continued research into microbial QS systems and host-microbe interactions is essential for optimizing their effectiveness in agricultural applications. 
10.2. Biofertilizers Usage
Microorganisms, such as cyanobacteria, fungi, yeast, rhizobia, etc. interact with plants and secrete molecules (called quorum sensing molecules; QSM). QSMs play a major role in nutrient uptake, growth, and development of plants. Application of QSMs or augmenting plant-microbe interaction may offer a more sustainable approach for increasing crop productivity. QS enhances these processes by coordinating microbial gene expression in a population-dependent manner, leading to more efficient colonization and activity in the rhizosphere [35]. The use of biofertilizers in agriculture has emerged as the modern practice to promote sustainable agriculture. One of the kinds of biofertilizers used is the plant-growth-promoting rhizobacteria (PGPR). Among the PGPR rhizobia is a group of organisms significantly enhanced plant growth by nitrogen fixation. Microbes in the rhizosphere are developing the QSM molecules, which can be used for nutrient uptake by crop plants. In case of model plant Arabidopsis and, few examples have been reported for crop plants. Augmenting the population of microorganisms in the rhizosphere through the use of QSMs or understanding the mechanism of reciprocally affecting the plant-microbe interaction by QSMs may offer a more sustainable approach thus leading to increased productivity with least requirements of chemical plant protection and fertilization. Recent advances in synthetic biology have allowed for the engineering of microbial consortia with synthetic QS systems, designed to activate beneficial traits only when population density is sufficient. These smart biofertilizer formulations ensure synchronized delivery of plant-beneficial compounds, reducing competition and increasing effectiveness [41]. Additionally, QS interactions can be harnessed to suppress soilborne pathogens, making QS-enabled biofertilizers a dual-function solution that supports both plant nutrition and disease resistance.
11. Challenges in Utilizing Quorum Sensing
Introduction of Quorum Sensing phenomenon in 1994 as intercellular communication started a new era of understanding multi-cellularity in microbial community or organisms [42]. Biofilm formation with help of QS is also very well known, from 1994 to till date many articles have been published. At present, we are only scratching the surface of how information is used in— and by — the bacterial kingdom. QS provides a mechanism by which bacteria can perceive the density their own population, in part through a build-up of cell-to-cell signal in their immediate surroundings. 
11.1. Regulatory Issues
The regulation of bacterial quorum sensing (QS) presents several challenges, especially in the context of its application in agriculture and biotechnology. While QS offers promising solutions for plant protection and microbial management, its manipulation raises biosafety, ecological, and regulatory concerns. One major issue is the unintended impact on non-target organisms. QS signals like N-acyl homoserine lactones (AHLs) can influence a broad range of microbes and even plants, potentially disturbing native microbial communities and ecological balance [25]. Moreover, the use of genetically modified organisms (GMOs) engineered for quorum quenching or QS-enhanced traits faces strict regulatory scrutiny. Many countries require thorough risk assessments to evaluate environmental impacts, gene transfer potential, and long-term effects before approving such biotechnological products [32]. Regulatory frameworks are still evolving, and there is a need for international guidelines to govern QS applications, particularly those involving field deployment of engineered microbes. Intellectual property rights and patent issues also arise regarding proprietary QS-modulating enzymes and synthetic circuits. Thus, while QS manipulation holds significant promise, regulatory clarity and biosafety assessments are essential to ensure responsible development and deployment.
11.2. Public Perception
Public perception of bacterial quorum sensing (QS) is still developing, largely because QS is a relatively specialized scientific concept with limited mainstream awareness. However, as QS becomes increasingly applied in agriculture, healthcare, and biotechnology, public interest and concern are growing. Many people view QS-based technologies positively when associated with natural alternatives to chemical pesticides or antibiotic resistance solutions, especially in the context of sustainable and eco-friendly practices [32]. Despite this, skepticism persists around the use of genetically modified organisms (GMOs) and synthetic biology in QS-based applications. Concerns often centre on environmental risks, unintended consequences, and ethical considerations about manipulating microbial communication systems [43]. Misinformation or lack of understanding may lead to resistance from communities, especially regarding field deployment of engineered microbes designed to disrupt QS in pathogens or enhance plant growth. To build public trust, transparent communication, education, and stakeholder engagement are essential. Explaining the ecological benefits and biosafety of QS technologies can improve acceptance, especially when these innovations align with environmental and health goals. 
12. Future Perspectives
The future of bacterial quorum sensing (QS) lies in its expanding potential to address global challenges in agriculture, medicine, and environmental sustainability. As understanding of microbial communication deepens, QS is expected to become central to the development of next-generation biopesticides, biofertilizers, and probiotics that enhance plant health and productivity while reducing chemical inputs [41]. The integration of synthetic biology allows the design of microbial consortia with engineered QS circuits, enabling precise control of microbial behaviours such as biofilm formation, nutrient cycling, and pathogen suppression. In medicine, targeting QS pathways offers a promising alternative to traditional antibiotics, aiming to disarm rather than kill pathogens, thereby reducing the risk of resistance [32]. Additionally, innovations in biosensors that detect QS signals could provide real-time monitoring of microbial activity in soil, plants, or clinical settings. Despite the promise, future applications require careful regulatory oversight, ecological risk assessment, and public engagement. Interdisciplinary collaboration among microbiologists, ecologists, and policymakers will be key to translating QS-based innovations into real-world solutions that are safe, effective, and sustainable. 
12.1. Research Directions
Research on bacterial quorum sensing (QS) is rapidly evolving, with future directions focusing on deepening mechanistic understanding and expanding applied potential. One major area of research is the molecular dissection of QS pathways in both beneficial and pathogenic bacteria. Unravelling how different signalling molecules such as N-acyl homoserine lactones (AHLs), autoinducer peptides (AIPs), and autoinducer-2 (AI-2) operate across species is crucial for developing precise modulators of microbial behaviour [44]. Another promising direction is the design of quorum sensing inhibitors (QSIs) and quorum quenching (QQ) enzymes to control bacterial infections in agriculture and medicine. Researchers are investigating natural compounds and engineered microbes that can interfere with QS, aiming to suppress virulence without promoting antibiotic resistance [32]. In agriculture, QS is being explored to engineer plant-associated microbiomes for enhanced nutrient cycling and stress resistance. Advanced tools in synthetic biology are being used to develop microbial consortia with tunable QS circuits that activate beneficial traits in response to environmental cues [41]. Overall, future research is expected to integrate omics technologies, synthetic biology, and ecological modelling to harness QS for sustainable microbial management across sectors. 
13. Case Studies
Bacterial quorum-sensing (QS) molecules are one of the primary means allowing communication between bacterial cells or populations. Plants also evolved to perceive and respond to those molecules. In order to do so, they utilize different set of receptors. N-acyl homoserine lactones (AHL) are QS molecules, of which impact has been extensively studied in different plants. The results indicate that the complex interactions between multiple AHL and plants may have surprisingly similar outcomes. Individually, some of the AHL molecules positively influenced plant growth, while others induced the already known AHL-priming for induced resistance [4]. Their combinations had a relatively low impact on the growth but seemed to induce a multitude of resistance mechanisms. All triple, quadruple, and double combinations with long-chained AHL molecules increased the resistance to Pseudomonas syringae pv. [45]. These findings indicate that induced resistance against plant pathogens could be one of the major outcomes of AHL perception. Taken together, here presented study provides first insights into how plants respond to the complexity of bacterial QS. Following the studies that showed how different non-pathogenic and beneficial microorganism perceive and respond to the host signals, the herbivore-related signals, the abiotic stressors, and allergens, there is the increasing evidence that plants may also perceive and respond to the bacterial QS molecules, although the corresponding biochemical receptors are largely unknown. Moreover, a study shows that the impact of QS signalling on plants and non-pathogenic bacteria from the rhizosphere may have evolved into the mutualistic relationships, as the plant nectar, exudate compounds, and root-derived mendicants may provide the proper way to conditionally invigorate the beneficial microflora [46].
14. Conclusion
Quorum sensing (QS) represents a frontier in understanding microbial communication and its critical influence on plant health and productivity. The duality of QS—facilitating both beneficial and pathogenic interactions—positions it as a powerful tool for reshaping agricultural practices. Beneficial microbes utilize QS to coordinate symbiotic behaviors such as nitrogen fixation, phosphate solubilization, and the induction of systemic resistance in plants, while pathogenic organisms rely on similar mechanisms to coordinate virulence and host invasion. The ability of plants to detect and respond to these QS molecules highlights the complexity and specificity of interkingdom signalling. Harnessing this communication system offers potential for developing innovative, eco-friendly biocontrol strategies. Technologies such as quorum quenching and synthetic QS circuits can reduce dependency on chemical inputs and contribute to a more resilient agroecosystem. Nevertheless, responsible application is vital. Issues like biosafety, ecological balance, and public perception must be carefully managed, especially when deploying genetically engineered microbes. Future research should focus on deepening mechanistic understanding, improving specificity of QS modulators, and establishing global regulatory frameworks. With continued interdisciplinary collaboration, QS-based strategies promise to transform conventional agriculture into a more sustainable, productive, and environmentally conscious practice.
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