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Biofilm chronicles: unravelling quorum secrets for disease management




ABSTRACT[bookmark: _Hlk209556484][bookmark: _Hlk209556485][bookmark: _Hlk209556549][bookmark: _Hlk209556550]Bacterial biofilms are structured communities of microorganisms encased in extracellular polymeric substances (EPS), serving as critical survival and virulence mechanisms for numerous phytopathogens. The development of biofilms is governed by signalling systems, notably quorum sensing (QS) and cyclic-di-GMP pathways, which orchestrate microbial communication and collective behaviour. Biofilms offer ecological benefits by improving microbial survival, nutrient uptake, and stress tolerance and are widely used in biotechnology and environmental applications. Biofilms facilitate plant tissue colonisation, enable persistence under harsh conditions, and confer resistance to antimicrobial treatments, worsening plant disease outcomes. The complexity of biofilm formation presents difficulties for disease control, motivating research into new solutions that interrupt cellular communication, block EPS production, or utilize specially formulated antibiofilm compounds. Control measures address biofilms either by preventing their initial development, dismantling established communities, or enhancing the defensive response of the plant itself. This review outlines the composition and formation of bacterial biofilms, analyzing their protective benefits for helpful microbes and their contributions to the virulence of plant pathogens. It also explores the role of quorum sensing in the development of biofilms, its influence on plant disease mechanisms, and reviews current progress in management techniques. With a focus on disrupting biofilm integrity and improving disease resistance, this article highlights approaches for sustainable phytopathogen management and advances in crop protection.
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1. INTRODUCTION
Bacteria usually exist in nature as planktonic, single cells, which makes survival in harsh environments more difficult. To adapt, many bacteria form biofilms, which are three-dimensional, multicellular structures that provide protection and improve survival. The term "biofilm" was first introduced by Marshall, Stout, and Mitchell (1971). Biofilms are coordinated groups of surface-associated microorganisms that reside in a self-produced extracellular matrix, allowing colonization of virtually any surface, whether natural or artificial, biotic or abiotic (Hall-Stoodley et al., 2004a).

The extracellular polymeric substances (EPS) within this matrix, composed of proteins, polysaccharides, and extracellular DNA, safeguard the cells and confer structural stability. Biofilm architecture ranges from flat monolayers to complex, tower-like communities. Within these structures, cells exhibit distinct physiological states, including variations in gene expression and metabolic activity, enabling them to respond to nutrient and waste gradients as well as to communicate and interact with neighboring cells. Biofilms may consist of one species alone or diverse microbial consortia, including bacteria, archaea, protozoa, algae, fungi, and yeasts (Costa et al., 2018a). Around 40–80 percent of bacteria found on Earth are capable of creating biofilms (Flemming and Wuertz, 2019). 
While biofilms can be beneficial, such as in plant disease biocontrol, they also pose significant challenges. Compared to planktonic cells, biofilm-associated bacteria exhibit enhanced antimicrobial resistance and more efficient nutrient utilization (Bogino et al., 2013). Biofilm formation takes place in a step-by-step process, starting with the reversible attachment of free-floating cells to a surface, followed by irreversible adhesion, and ultimately developing into a mature community surrounded by an extracellular matrix. This strategy enables bacteria to persist under diverse stress conditions, including nutrient limitation, desiccation, extreme pH or temperature, salinity, pressure, UV radiation and exposure to antimicrobial agents (Davey & O’Toole, 2000; Hall-Stoodley et al., 2004b; López et al., 2010a; Galié et al., 2018a).

In agricultural contexts, biofilms present significant advantages as they often harbour plant growth-promoting bacteria (PGPB) that enhance plant health and productivity. These beneficial microorganisms improve nutrient availability for plants, facilitate nitrogen fixation, and increase resistance to various plant diseases. They can help plants by boosting root growth and making it easier for them to get nutrients. This can lead to stronger, more productive crops. It is crucial to understand how these biofilms form so that we can encourage the beneficial ones while preventing the harmful ones that could damage plant health. Recent approaches have focused on inhibiting harmful biofilm formation through methods aimed at disrupting bacterial attachment, interfering with signal transduction processes like quorum sensing, and altering biofilm structure (Chung and Toh, 2014a; Galié et al., 2018b). This review explains biofilm formation, its composition, and its role in protecting beneficial microbes and increasing pathogenicity. It also discusses quorum sensing in biofilm development and strategies to control biofilms in phytopathogens.
2. BIOFILM FORMATION
Biofilm formation starts with bacteria loosely and temporarily attaching to a surface. The transition from a loose, temporary attachment to a strong, permanent one is facilitated by bacteria producing extracellular polymeric substances (EPS). As time progresses, bacterial cells assemble into structured groups and become embedded within a layer of extracellular polymeric substances that surround and protect the community. Eventually, some of these bacteria can break away from this mature biofilm, spreading out to colonise new areas (Sauer et al., 2022). The various stages of biofilm formation detail the alteration of planktonic bacteria into a stagnant lifestyle within a biofilm.
Figure 1. Biofilm formation
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2.1 Reversible adhesion
The earliest stage of biofilm formation is characterized by the attachment of a limited number of planktonic bacteria to a surface. Bacteria reach surfaces in several ways. They might randomly drift there (Brownian motion), settle down like dust (sedimentation), or be carried along by currents in the surrounding liquid (convection) (Palmer, Flint and Brooks, 2007). Chemotaxis is a process where bacteria are guided by chemical signals to move toward surfaces. Bacteria detect and move toward nutrient signals like sugars and amino acids, guiding them to new attachment sites. This process is prevalent among microorganisms and aids in their colonisation of surfaces (Vladimirov and Sourjik, 2009). Bacterial attachment to surfaces depends on the interplay between competing forces, with adherence occurring when attractive forces are stronger. The earliest stage of adhesion primarily involves general physicochemical mechanisms, including hydrophobic interactions, electrostatic attractions and Lifshitz–van der Waals forces (Dunne, 2002a). 

Physicochemical characteristics of a surface, such as its roughness, hydrophobic nature, electrical charge, and any existing conditioning layers, affect how bacteria adhere to it and how quickly biofilms develop (Dunne, 2002b; Srey et al., 2013). On abiotic surfaces, irregularities promote bacterial attachment and biofilm growth by lowering shear stress and expanding the surface area for adhesion (Dunne, 2002c; Pedersen, 1990). Bacteria typically colonise hydrophobic surfaces more readily than hydrophilic ones, since hydrophobicity reduces the repelling forces between bacterial surfaces and the material they contact (Donlan & Costerton, 2002a; Teixeira & Oliveira, 1999). Surface charge is a crucial factor in bacterial attachment, with the majority of bacteria exhibiting a negative charge derived from carboxyl, amino, and phosphate moieties on their cell surface (Dziubakiewicz et al., 2013). Surfaces with a positive electrical charge usually promote the adherence of bacteria, while those with a negative charge often inhibit their ability to stick (Tuson & Weibel, 2013b). 

Conditioning films, created by nutrient molecules adsorbing onto material surfaces, modify surface physicochemical properties and play a vital role in bacterial anchoring (Lorite et al., 2011). These layers start to build just minutes after contact and keep growing for hours (Donlan and Costerton, 2002b). 

2.2 Irreversible adhesion
Permanent attachment of bacteria is mediated by short-range interactions, viz, hydrogen bonding, dipole-dipole forces, covalent and ionic bonds, and hydrophobic interactions, enabled by specialized adhesive structures located on the bacterial surface (Bos et al., 1999). Bacterial surfaces have adhesins extending outward into the extracellular environment. Structures on the bacterial surface, including flagella, pili/fimbriae, and non-fimbrial adhesins, are crucial for biofilm formation because they enable bacteria to establish initial contact with the substrate (Berne et al., 2015; Petrova et al., 2012). Bacteria use flagella, which are slender, whip-like appendages, for motility (Haiko & Westerlund-Wikström, 2013). These structures support swimming in liquids and swarming on moist solid substrates, allowing numerous bacterial species to use both movements to locate optimal conditions and initiate adhesion (Hintsche et al., 2017; Kearns, 2010). By aiding in motility, flagella assist bacteria in overcoming surface repulsion that may obstruct adhesion (Du et al., 2020; Terashima et al., 2008; Van Houdt & Michiels, 2005). 
During this phase, biofilm development is overseen by quorum sensing, a method of intercellular signaling that coordinates the activity of bacterial populations (Abraham, 2016). Bacteria produce and release chemical factors known as autoinducers (AIs) which facilitate communication across the entire bacterial population (Li & Tian, 2012a; Papenfort & Bassler, 2016). Gram-negative bacteria primarily use acyl-homoserine lactones (AHLs) for communication, while Gram-positive bacteria rely on signaling peptides called oligopeptides to facilitate their cell-to-cell interactions. Certain signaling molecules, termed universal AIs, operate across both Gram-positive and Gram-negative bacteria (Miller and Bassler, 2001a; Sperandio, Torres and Kaper, 2002). This signalling is essential for controlling biofilm development and for shifting bacterial communities from temporary to permanent adherence.

2.3 Growth
The switch from reversible to stable bacterial adhesion is mediated by quorum sensing (QS), which regulates the synthesis of extracellular polymeric substances (EPS) crucial for biofilm growth. As a vital constituent of the biofilm matrix, EPS is secreted by bacteria to reinforce intercellular cohesion and facilitate surface attachment via processes like ion bridging and hydrophobic associations (Costa et al., 2018b; Fahs et al., 2014). It functions in surface attachment, cell-to-cell recognition, biofilm development, maintaining structural stability, retaining water, facilitating signalling, providing protection, forming symbiotic relationships with plants, capturing nutrients, and enabling genetic exchange (Costa et al., 2018c; Limoli et al., 2015a; Dogsa et al., 2005). 

c-di-GMP, a key secondary messenger, facilitates the move from reversible to stable adhesion through its role in enhancing EPS biosynthesis and surface structure formation (Ryan, 2013a). EPS consists of diverse components, viz, proteins, polysaccharides, lipids, nucleic acids, and additional polymers, with its makeup influenced by both the bacterial species and external conditions (Bacosa et al., 2018; Jayathilake et al., 2017; Kostakioti et al., 2013a; Limoli et al., 2015b). Polysaccharides form the predominant element of the EPS matrix, contributing significantly to biofilm formation and maturation across diverse bacterial species (Flemming et al., 2016a). These polysaccharides are typically polyanionic or neutral due to ketal-linked pyruvates or uronic acids in Gram-negative bacteria. Whereas Gram-positive bacteria like Staphylococci mainly produce cationic EPS (Donlan, 2002a). The EPS matrix is also rich in proteins, including enzymes and structural components such as pili and fimbriae. Additionally, DNA serves as an important link between cells within the matrix (Flemming et al., 2016b). 

2.4 Maturation

During this stage, bacterial cells keep multiplying within the EPS matrix, guided by AI signals that drive microcolony development and biofilm progression (López et al., 2010b; Toyofuku et al., 2016). Once microcolonies are established and EPS build-up increases, changes in gene expression are triggered. These genes produce materials essential for EPS synthesis, which serve as a biological "glue" binding bacterial cells together within the matrix (Karimi et al., 2015; Frederick et al., 2011). Water-filled channels emerge as the biofilm matures, and it functions as a streaming system that supplies nutrients to bacterial cells and eliminates metabolic waste from the matrix. Structural analysis often reveals that microcolonies take on pyramid or mushroom-like shapes (A. Garnett and Matthews, 2012). As biofilms mature, bacteria reduce their motility by suppressing the synthesis of surface appendages. Sessile bacteria in a biofilm adopt gene expression patterns distinct from their planktonic counterparts (Hall-Stoodley and Stoodley, 2002). During this stage, quorum sensing (QS) is vital, enabling bacteria to interact within and across species through the secretion and detection of autoinducers (AIs). By using these molecules, bacteria can monitor cell density and regulate gene expression in response. AIs are essential for sustaining established biofilms (Hammer and Bassler, 2003; Kaplan, 2010a). 

2.5 Dispersal
The detachment phase, often referred to as dispersal, constitutes the concluding step in biofilm development. This stage allows bacterial cells to disperse from the biofilm and begin a fresh growth cycle by forming a biofilm in a different location (Nawaz et al., 2022). Dispersal enables bacteria to break away from surface-associated biofilms and initiate new microcolonies on fresh substrates, guided by certain physiological changes, environmental signals, signaling pathways, and specific effectors (Kaplan, 2010b; Díaz-Salazar et al., 2017; Shen, Langenheder and Jürgens, 2018). Detachment can be categorised as either active or passive. Active detachment, also known as seeding dispersal, occurs when bacterial cells actively initiate their release from the biofilm in response to conditions such as nutrient depletion, antibiotic exposure, or enzymatic breakdown of the matrix. Passive detachment includes sloughing, where large sections of the biofilm detach suddenly, and erosion, characterised by the gradual release of small bacterial portions due to shear stress (Kaplan, 2010c; Fleming and Rumbaugh, 2017). During this process, genes driving bacterial movement, including flagella construction and EPS degradation, become activated, whereas those governing EPS formation, surface adhesion, and fimbriae development are suppressed (Kostakioti et al., 2013b). Another strategy to achieve biofilm dispersal is through suppression of c-di-GMP signaling, where decreased intracellular levels either block biofilm formation or induce dispersal (Kaplan, 2010d). 

	Dispersal can be influenced by various environmental factors such as pH levels, temperature, the availability of nutrients, and oxygen concentration (Kostakioti et al., 2013c). For instance, oxygen scarcity may stimulate detachment by accelerating c-di-GMP breakdown, whereas elevated glucose levels lower intracellular c-di-GMP, which in turn encourages the production of flagella and supports the dispersal of cells. The dispersal process is influenced by both physicochemical factors and intrinsic characteristics of bacteria, including autolysis. 

3. COMPOSITION OF BIOFILM
Biofilms exhibit a heterogeneous structure containing diverse bacterial subpopulations. They consist of metabolically active cells, such as resistant and tolerant, as well as inactive forms, such as persister cells and viable but non-culturable cells. The matrix is composed chiefly of extracellular polymers, including proteins, polysaccharides, lipids, and DNA. Extracellular polymeric substances (EPS) constitute 50-90 percent of the total organic carbon within biofilms and these components are vital to providing structural and functional attributes to the biofilm. Along with these components, water which constitutes up to 97% of the biofilm, plays a crucial role in enabling nutrient transport within the matrix. The structure and makeup of biofilms can differ based on factors such as the microorganism type, host environment, nutrient availability, and shear stress. Based on the conditions in which it forms, a biofilm may embed noncellular materials, including corrosion debris, mineral deposits, soil particles like clay or silt, or even blood-derived components (Donlan, 2002b). 
Figure 2. Biofilm composition
                                             [image: ]
4. KEY COMPONENTS OF BIOFILM

4.1 Microbial cells
Biofilms typically consist of 10% to 25% microbial cells, which are the living entities that form the biofilm. These cells can exhibit significant physiological diversity and functional specialisation within the biofilm environment (Lu and Collins, 2007). 
4.2 Extracellular polymeric substances (EPS)
Biofilm matrices are formed from a complex blend of biopolymers termed extracellular polymeric substances (EPS), serving as the skeleton of the biofilm. These substances are essential for both adhesion to surfaces and cohesion within the biofilm itself, playing crucial roles in biofilm structure and stability. They provide mechanical strength and facilitate cell adhesion (Pinto et al., 2020a). Its primary constituents include polysaccharides, lipids, proteins, and extracellular DNA (eDNA) (Flemming and Wingender, 2010a).
4.2.1 Polysaccharides
Polysaccharides form an essential part of the EPS matrix, binding to cell surfaces and establishing an intricate network. These molecules are predominantly heteropolysaccharides containing charged and neutral sugars and can carry various inorganic or organic groups, resulting in either polyanionic or polycationic characteristics. The makeup of exopolysaccharides can change depending on the bacterial species as well as the strain within that species (Pinto et al., 2020b). Although biofilms are highly diverse, exopolysaccharides are indispensable for biofilm formation and serve as a defensive layer in the EPS matrix (Flemming and Wingender, 2010b). They help the biofilm retain moisture, which is critical for its stability (Fulaz et al., 2019). Consequently, biofilms develop a porous architecture consisting of macrocolonies separated by water-filled channels and void spaces (Donlan, 2002c).
4.2.2 Proteins
The proteinaceous components of biofilms include extracellularly secreted proteins, adhesins on the cell surface, and proteins derived from extensions like pili and flagella. These proteins help stabilize the biofilm, facilitate surface attachment, and maintain its overall structure, while certain proteins are involved in matrix degradation during dispersal (Fong and Yildiz, 2015). Biofilms contain various extracellular enzymes, many of which assist in breaking down biopolymers. These enzymes act on both water-soluble substrates, viz, polysaccharides, nucleic acids, and proteins and water-insoluble substances, including chitin, cellulose and lipids. They can also act on organic particles trapped within the biofilm (Flemming and Wingender, 2010c). 

	Matrix-associated non-enzymatic proteins, particularly lectins and other carbohydrate-binding proteins on the cell surface or secreted extracellularly, support the formation and stability of the polysaccharide matrix by linking the bacterial surface to EPS (Higgins and Novak, 1997). These high-molecular-mass, surface-associated proteins contain tandem repeat domains that stabilize the EPS network, promote biofilm formation across bacterial species, and play a role in pathogenicity (Lasa and Penadés, 2006).

Amyloids represent a common protein element found within the biofilm matrix. These proteins are composed of repeating units that assemble into long fibers characterized by a cross-β sheet structure. They facilitate attachment to surfaces and host cells, promote subsequent invasion, and can serve as cytotoxic agents against both plant cells and bacteria (Otzen and Nielsen, 2008). 
4.2.3 Extracellular DNA
Extracellular DNA (eDNA) is a key structural component of biofilms, acting as an intercellular connector and contributing to matrix stability. Once dismissed as debris from lysed cells, eDNA is now understood to play an active role in biofilm biology, including antimicrobial defense through cation chelation that disrupts bacterial membranes (Mulcahy et al., 2008). Interestingly, eDNA accumulates in a spatially and temporally organized manner within mushroom-shaped microcolonies, with higher concentrations in the stalk regions forming a boundary between bacterial subpopulations of the stalk and cap (Allesen-Holm et al., 2006).

4.2.4 Water
Water forms a major component needed for maintaining hydration and facilitating nutrient transport within the biofilm. It helps protect against desiccation and supports metabolic activities by providing a medium for biochemical reactions. The biofilm matrix contains channel networks filled with water, which act as transport systems. These channels facilitate nutrient distribution, waste removal, and signaling molecule diffusion, ensuring the survival and communication of the embedded cells (Quan et al., 2022).

4.2.5 Lipids and extracellular vesicles
Some biofilms contain lipids that contribute to hydrophobic interactions and surface activity, aiding in adhesion to surfaces. Extracellular vesicles can also play roles in communication and material exchange between cells (Schooling and Beveridge, 2006).

4.3 Signalling molecules
Intercellular communication in biofilm is regulated through quorum-sensing signals, primarily acyl-homoserine lactones (AHLs) in Gram-negative species and oligopeptides in Gram-positive species. These signalling molecules regulate biofilm development, maintenance, and dispersal. 
4.4 Other components
Persister cells and viable but non-culturable (VBNC) cells represent distinct survival strategies employed by bacteria to withstand adverse conditions, including antibiotic treatment. Understanding the differences between these cell types and their roles in biofilms is crucial for addressing chronic infections and antibiotic resistance.

4.4.1 Persister cells
These cells form a small subset within the bacterial community (approximately 0.1% of the population) that can survive high concentrations of antibiotics. Unlike resistant bacteria, persisters are tolerant to antibiotics, meaning they do not possess genetic mutations that confer resistance; instead, they enter a state of dormancy or quiescence (Harms et al., 2016). Persister cells are characterised by metabolic inactivity, which allows them to survive antibiotic treatments that would normally kill actively growing cells. They exist in a reversible state, enabling them to reactivate and proliferate once the antibiotic pressure is removed, making the population sensitive again to the same drugs. In biofilms, persister cells contribute significantly to improve tolerance, as the structured environment promotes their formation and maintenance, making it difficult to eradicate biofilm-associated infections (Soares et al., 2019).

4.4.2 Viable but non-culturable (VBNC) cells
VBNC are metabolically active cells that cannot be cultured using standard microbiological techniques. They represent a survival strategy under unfavourable conditions such as nutrient deprivation or environmental stressors like low oxygen levels (Liu et al., 2023). ​In 1982, scientists first observed that Escherichia coli and Vibrio cholerae cells could transition into a state known as viable but non-culturable (VBNC). This VBNC state is a unique condition where the bacteria are alive but cannot be cultured using standard laboratory techniques, making them difficult to detect and study. Some pathogenic species maintain virulence in the VBNC state as they can revert to a viable state under favourable conditions. VBNC is a strategy that enables bacteria to endure adverse environmental conditions without dying, allowing them to persist until conditions improve. VBNC cells maintain an intact cell membrane to safeguard their genetic content. Viable but non-culturable (VBNC) cells, unlike dead cells, sustain metabolic processes and perform respiration.
 
4.4 Reactive Oxygen Species (ROS) 
ROS function as signaling molecules that facilitate communication among bacterial cells within the biofilm. They can induce genetic variability and promote adaptations necessary for survival. In specific regions of biofilms, ROS can trigger cell death, contributing to the regulation of biofilm development and maintenance (da Cruz Nizer et al., 2021). 
5. MOLECULAR REGULATION OF BIOFILM FORMATION
The molecule cyclic dimeric (3',5') GMP, commonly referred to as cyclic di-GMP (c-di-GMP), has gained recognition as a pivotal secondary messenger in bacteria since its identification in 1987C-di-GMP was first identified as an allosteric activator of the enzyme cellulose synthase in Gluconacetobacter xylinum (Ross et al., 1987). It has been recognized for its role in regulating diverse bacterial processes such as cell cycle progression, virulence, EPS production, differentiation, and the shift from planktonic state to sessile growth (Römling, Galperin and Gomelsky, 2013; Ryan, 2013b). 
5.1 Regulation of c-di-GMP levels
C-di-GMP levels within the cell are determined by the balance of its production and degradation, which is regulated by the action of two enzyme:
a) Diguanylate cyclases (DGCs): These are recognized by the GGDEF domain that synthesizes c-di-GMP from GTP.
b) Phosphodiesterases (PDEs): These enzymes contain EAL or HD-GYP domains that degrade c-di-GMP into pGpG and further hydrolyze it into two GMP molecules (Ryjenkov et al., 2005; Schmidt, Ryjenkov and Gomelsky, 2005).
The balance between DGCs and PDEs maintains c-di-GMP equillibrium in bacterial cells. Fluctuations in its concentration are linked to phenotypes relevant to pathogenesis, including motility, biofilm development, and type III secretion systems.
5.2 Role of c-di-GMP in biofilm formation
C-di-GMP signaling plays a pivotal role in controlling the gene expression that governs biofilm formation in various plant-pathogenic bacteria. Erwinia amylovora, causing fire blight, relies on biofilm formation within host vascular tissues for effective colonization. Elevated c-di-GMP concentrations stimulate the synthesis of EPS, including amylovoran and levan, necessary for mature biofilm formation (Koczan et al., 2009a; Edmunds et al., 2013). In Agrobacterium tumefaciens, heightened levels of intracellular c-di-GMP activate cellulose synthesis and promote production of a unipolar polysaccharide (UPP) adhesin, which together enhance biofilm development (Xu et al., 2013). The pathogen causing black rot, Xanthomonas campestris pv. campestris (Xcc), produce multiple factors that affect biofilm formation and dispersal, with the post-transcriptional regulator RsmA acting as a negative regulator of biofilm development (Lu et al., 2012).  

Cyclic di-GMP is a central player in bacterial signaling that influences critical processes such as virulence and biofilm formation through its regulatory effects on EPS biosynthesis and other cellular functions. The intricate balance between its synthesis and degradation allows bacteria to adapt their lifestyles based on environmental conditions, making it a key target for developing strategies to control bacterial infections associated with biofilms.
6. QUORUM SENSING: A MAJOR MECHANISM INVOLVED IN BIOFILM FORMATION
Quorum sensing (QS) is a bacterial communication system by which bacteria modulate gene expression in response to increasing levels of autoinducers that reflect population density (Miller and Bassler, 2001b). The concept of quorum sensing was first introduced by W.C. Fuqua. In Gram-negative bacteria, this process is mainly mediated by acyl-homoserine lactones (AHLs), while in Gram-positive species it relies on peptide-based signals for intercellular communication. Moreover, autoinducer-2 (AI-2) functions as an important quorum-sensing signal utilized by both Gram-positive and Gram-negative bacteria (Fuqua, Parsek and Greenberg, 2001). 

In high-cell-density (HCD) environments, the levels of autoinducers (AIs) in the extracellular environment rise markedly. The bacterial cell membrane contains two-component histidine kinase receptors that specifically recognize and bind these signaling molecules. The binding of AIs to these receptors initiates a signal transduction cascade. The process is initiated when the histidine kinase receptor undergoes autophosphorylation, transferring a phosphate group from ATP to a conserved histidine residue in its structure. This phosphorylation event serves as the initial activation step in the signaling pathway. Following autophosphorylation, the phosphate group is conveyed to a specific response regulator present in the cytoplasm. When the response regulator is phosphorylated, it undergoes a structural change that triggers its activation. Once activated, the response regulator often acts as a transcriptional factor, binding to defined promoter regions in the bacterial genome to modulate the expression of target genes, thereby regulating critical collective behaviours, such as virulence factor production, biofilm formation, and bioluminescence, in response to the local population density.

In LCD environments, the amount of AIs present outside the cell is insufficient for the transcriptional activation of the operon located on the bacterial membrane. As a result, these receptors typically remain unbound and inactive. Without the binding of AIs, the histidine kinase receptor does not undergo autophosphorylation. This lack of phosphorylation means that the receptor cannot initiate the downstream signaling cascade that would normally follow AI binding. In this unphosphorylated state, the associated cytoplasmic response regulator also remains inactive. Consequently, it cannot induce the expression of genes controlled by quorum sensing that are essential for collective behaviours (Moré et al., 1996a; Parsek et al., 1999a). 

6.1 Mechanisms of Quorum Sensing
6.1.1 Gram negative bacteria - Acyl-homoserine lactones (AHL) QS system

The LuxR/I system was the initial quorum-sensing (QS) mechanism discovered in Vibrio fischeri (Nealson et al., 1970). The luciferase operon is regulated by two key components of the LuxR/I system: LuxI, which produces the AHL autoinducer, and LuxR, which, upon activation by this molecule, increases transcription of the operon (Engebrecht, Nealson and Silverman, 1983). Structurally, AHLs are made up of a stable homoserine lactone ring joined by an amide bond to a variable acyl chain. The length of acyl chains varies between four and eighteen carbon atoms, with potential modifications at the third position, such as carbonyl or hydroxyl groups. Differences in acyl chain structures enable various AHLs to be specifically detected by their corresponding LuxR-type proteins (Moré et al., 1996b; Parsek et al., 1999b). LuxI-type proteins are responsible for production of AHL using S-adenosyl-methionine (SAM) as a substrate for the homoserine lactone ring, while the acyl chains are derived from lipid metabolism and carried by various acyl-carrier proteins. LuxR-type proteins act as transcription factors that bind to AHL molecules. LuxR proteins recognize specific AHLs, linking this signaling system primarily to intraspecies communication. 

6.1.2 Gram positive bacteria - Autoinducing peptides (AIP) QS system 

Gram-positive bacteria commonly use oligopeptides (AIPs) as autoinducers, with quorum sensing typically functioning through two major canonical AIP circuits.

Types of AIP-QS Circuits
1. Precursor-Encoded AIPs
In this system, AIPs are encoded as precursors within the QS operon. After processing, they are exported outside the cell through specific transport systems. AIPs are generally short peptides containing 5–17 amino acids, arranged in either cyclic or linear forms (Okada et al., 2015; Rutherford & Bassler, 2012a; Thoendel et al., 2010). Two-component histidine kinase sensors embedded in the membrane serve as receptors for AIPs (Ali et al., 2017; Waters & Bassler, 2005; Zschiedrich et al., 2016). Upon binding to AIPs, these sensor kinases undergo autophosphorylation, transferring the phosphate group to a corresponding cytoplasmic signalling regulator that modulates the QS gene expression (Rutherford & Bassler, 2012b). 
2. Secretory System Processed AIPs
Another form of AIP quorum-sensing circuit involves the secretion of pre-AIPs via the secretory machinery, followed by cleavage through extracellular proteases like NprB. These AIPs are then imported into the cell, binding to transcription factors that regulate gene expression through the oligopeptide permease system (Opp) (Gominet et al., 2001). An example of this system is the PapR-PlcR circuit in Bacillus cereus (Slamti & Lereclus, 2005). Additionally, autoinduction is mediated by the QS operon, whose transcription encodes components such as pre-AIPs, transport systems, receptor proteins, regulatory factors, and proteases. This process leads to a synchronized QS response among bacterial populations (Pomerantsev et al., 2009). The QS systems in Gram-positive bacteria primarily rely on AIPs that are processed from precursor proteins and utilize two-component signaling mechanisms to regulate gene expression related to various biological processes. These systems allow bacteria to synchronize their activities in response to the density of their population, facilitating functions such as virulence and biofilm formation while allowing for interspecies communication through diverse signaling pathways.
3. Inter-Species QS Signals
The discovery of autoinducer-2 (AI-2) provided the first concrete evidence of interspecies signaling among bacteria. The process begins as a functional methyl group from S-adenosylmethionine (SAM) is transferred to an acceptor, producing S-adenosyl homocysteine (SAH). SAH is then converted into S-ribosyl homocysteine (SRH) by the enzyme 5′-methyl thioadenosine/ S-adenosyl homocysteine nucleosidase (Pfs). LuxS enzyme cleaves SRH to produce an unstable intermediate, 4,5-dihydroxy-2,3-pentanedione (DPD). Then, it is spontaneously cyclized into various active AI-2 signaling molecules, which undergo spontaneous cyclization to generate multiple reactive AI-2 molecules (Chen et al., 2011). The water-soluble AI-2 is released into the extracellular environment, although the exact mechanism of its export remains unclear. Once outside the cell, AI-2 can interact with three distinct receptors (Pereira, Thompson and Xavier, 2013). 

A potential autoinducer signal, AI-3, was discovered from enterohemorrhagic E. coli, which is known to produce luxS/AI-2 (Sperandio et al., 2003). AI-3 synthesis is independent of LuxS, the enzyme responsible for AI-2 production (Walters and Sperandio, 2006). AI-3 comprises several compounds belonging to the pyrazinone family. The formation of AI-3 molecules occurs through a set of biochemical processes, with two key steps being the production of AI-3 signals enabled by threonine dehydrogenase (Tdh) and the spontaneous cyclization facilitated by aminoacyl-tRNA synthetases (Kim et al., 2022a). The sensor histidine kinase QseC in Escherichia coli and Vibrio cholerae detects AI-3 signals and regulates gene expression accordingly. Notably, QseC can also respond to host hormones like epinephrine (Epi) and norepinephrine (NE). However, AI-3 analogs do not appear to affect adrenergic signaling in human cells in vitro (Kim et al., 2022b), emphasizing that AI-3 signaling is specific to bacterial systems.

In addition to bacteria-derived metabolites that regulate host physiology and immune functions, emerging evidence suggests that these metabolites also serve as communication signals that can influence bacterial behaviour. For example, indole alters the behaviour of both indole-generating and non-indole-generating bacteria in various ways. Indole generation proceeds by the degradation of tryptophan by the tryptophanase enzyme (TnaA). The expression of the operon tna, which encodes TnaA and TnaB (a permease responsible for environmental tryptophan uptake), increases in tryptophan-rich environments (J. H. Lee & Lee, 2010). Unlike conventional quorum-sensing (QS) signals, indole does not rely on binding to a specific receptor. Rather, it can either induce the expression of genes involved in succinate metabolism or engage with regulatory proteins to modulate different biological processes, including biofilm and spore formation, antibiotic resistance, plasmid maintenance and virulence (Hirakawa et al., 2005). Certain bacterial metabolites can also be exploited by other bacteria or pathogens as nutrient sources or colonization aids. These metabolites act as signals, modulating gene expression related to pathogen virulence and invasion. Many QS signal synthesis pathways rely on environmental metabolites.
7. BIOFILM FORMATION BY BACTERIAL PHYTOPATHOGENS

The primary discovery of biofilms on leaves occurred in the early 1960s, followed by their detection on roots in the 1970s. Subsequent studies have documented bacterial aggregates, microcolonies, and biofilm formation associated with plants. Plants harbour a diverse community of bacteria on their roots, stems, leaves, and internal tissues, including the tiny grooves formed at epidermal cell junctions. Interactions between plants and bacteria can positively or negatively affect plant health and productivity. Biofilm-producing bacteria can either benefit plants by promoting growth and disease resistance or act as harmful phytopathogens (Castiblanco and Sundin, 2016). 
Plant-growth-promoting rhizobacteria (PGPR) establish effective root colonization through biofilm formation, which improves hormone production, nutrient uptake, stress tolerance, and ultimately enhances plant yield. In addition to promoting plant growth, PGPRs perform various roles, including enhancing stress tolerance (such as resistance to heat, drought, salinity, and disease), aiding in the bioremediation of heavy metals, breaking down complex toxic organic compounds and acting as biocontrol agents. On the other hand, biofilms produced by pathogenic bacteria such as Ralstonia solanacearum, Xylella fastidiosa, and Pantoea stewartii within plant vascular tissues cause wilting. Moreover, certain human pathogens that form biofilms, including Pseudomonas aeruginosa, are capable of infecting plant roots like those of Arabidopsis by employing similar virulence mechanisms (Rudrappa et al., 2008). Biofilms play a role throughout the entire pathogenicity process. During the initial stage, many bacterial pathogens invade plant tissues through natural openings, viz, stomata, hydathodes, lateral root emergence sites, or wounded areas. Once inside, they colonize intercellular spaces (the apoplast) or migrate into the xylem. For vascular pathogens, the xylem creates an optimum condition for the growth and establishment of large bacterial populations, which can disrupt regular plant physiological activities later. During the process, bacterial cells proliferate rapidly by utilizing nutrients from the xylem sap. Initial biofilms are formed through bacterial proliferation and cell division (Khokhani et al., 2017). Over time, these biofilms develop into thicker mats, eventually obstructing sap flow within the xylem (Caldwell, Kim and Iyer-Pascuzzi, 2017).

At the early stages of colonization, bacterial attachment to plant tissues is facilitated by fimbrial and non-fimbrial adhesins, along with lectins, hemagglutinins, and other molecules. These components are also essential for biofilm formation, as they promote bacterial aggregation and intercellular interactions in Xylella fastidiosa (Feil et al., 2007), Ralstonia solanacearum (Kang et al., 2002) and various various Xanthomonas species and pathovars (Mhedbi-Hajri et al., 2013).

	For the pathogen, EPS is a crucial component of the biofilm matrix; however, for the host plant, it can function as an elicitor of defense responses during the infection process. Ralstonia solanacearum synthesizes an EPS made up of diverse polymer of N-acetylated monosaccharides, which not only forms part of the biofilm but also enhances the pathogen's virulence (Larsen and Engelsen, 2015). In Xanthomonas campestris pv. campestris, the pathogen responsible for black rot in cruciferous plants, the major constituent of the biofilm is the extracellular polysaccharide xanthan. Additionally, this bacterium produces degradative exoenzymes that increase its virulence (Danhorn and Fuqua, 2007). Xanthan is essential for bacterial infection and the advancement of disease. It functions by disrupting cation signaling in plants, thereby influencing stomatal closure. As stomata are the main entry sites for this pathogen, xanthan significantly contributes to the infection process (Bianco et al., 2016). Xylella fastidiosa produces biofilms containing a polysaccharide similar to xanthan, referred to as fastidian gum (da Silva Meira et al., 2012). Fastidian gum is an EPS that mainly helps maintain the biofilm framework inside the host plant, especially as the infection progresses to its later stages (Roper et al., 2007). The primary component of Erwinia amylovora biofilms is an EPS known as amylovoran. This EPS is essential for biofilm formation, surface attachment, and cell-to-cell aggregation (Koczan et al., 2009b). Amylovoran, along with another EPS called levan and various adhesion organelles such as type IV pili, fimbriae, curli, invasins, and flagella, works together to facilitate biofilm formation in E. amylovora (Koczan et al., 2011).  Stewart's wilt, induced by Pantoea stewartii subsp. stewartii, affects sweet corn and maize. The pathogen utilizes an hrp-encoded Hrp type III secretion system (T3SS) along with the WtsE effector to colonize the apoplast and xylem. Within these tissues, the bacterial population expands and produces dense biofilms encased in a slime-like exopolysaccharide called stewartan. This biofilm obstructs water transport, resulting in symptoms such as chlorotic leaf spots that deteriorate into necrosis, stunted growth, or in highly susceptible plants, rapid wilting and death. Stewartan also facilitates the bacterium's spread through vascular vessels and intercellular spaces, thereby increasing its pathogenicity (Merighi et al., 2006).
Table 1. Extracellular polymeric substances (EPS) produced by major phytopathogens and their functional roles in host–pathogen interactions
	Sl. No.
	Bacteria/plant association
	Exopolysaccharide
	Function
	Reference

	1
	Xylella fastidiosa
	Putative fastidian gum
	Bacterial pathogenicity, cell attachment and overall biofilm formation
	(da Silva et al., 2001)
	2
	Xanthomonas campestris, Xanthomonas axonopodis
	Xanthan gum
	Crucial for the development of microcolonies and the establishment of organized biofilms on both abiotic surfaces and within infected plants
	(Katzen et al., 1998)
	3
	Pantoea stewartii
	Stewartan
	Vital for proper attachment and the development of mature biofilm architecture. Functions as a virulence factor necessary for successful colonization of the host and efficient spread through the xylem vessels
	Koutsoudis et al., 2006
	4
	Erwinia amylovora
	Amylovoran
	Essential for the development of biofilms that contribute to pathogenicity
	Koczan et al., 2009c)
	
	
	Levan
	Virulence determinant, plays a role in biofilm development
	

	5
	Ralstonia solanacearum
	Acidic EPS I
	Major virulence factor
	Chapman & Kao, 1998


8. STRATEGIES FOR CONTROLLING BACTERIAL BIOFILMS

Controlling biofilm formation and development is crucial in agriculture due to these microbial communities' significant impacts on plant health, crop productivity, and overall sustainability. Strategies to control biofilm formation in agriculture are essential for protecting against pathogens, enhancing plant growth, improving soil health, promoting sustainable practices, and ensuring food safety. By leveraging the beneficial aspects of biofilms while managing their detrimental effects, agriculture can move towards more resilient and environment friendly practices that support global food security.
8.1 Prevention and control of bacterial attachment
Inhibiting cell attachment is an effective strategy for preventing the initial biofilm development. To achieve this, modifying surfaces or applying coatings made from materials that discourage bacterial adhesion can help hinder the establishment of bacterial biofilms (Chung and Toh, 2014b). Biofilm resistant surfaces can be categorized into two main types: antifouling surfaces and antibacterial surfaces. Antifouling surfaces work by preventing bacteria from attaching to the surfaces, while antibacterial surfaces actively kill bacteria that come into contact with them (Li et al., 2018). Several coating materials, viz, nanoparticles of silver, mercury oxide, titanium oxide, graphene, arsenic, copper oxide, and zinc oxide, are being formulated and employed as antifouling agents (Kuang, Chen and Xu, 2018). However, advances in surface engineering have highlighted polyethylene glycol (PEG) as the most frequently employed antifouling coating, particularly in marine and biomedical applications. Surfaces treated with PEG have demonstrated a strong ability to resist bacterial adhesion due to their hydrophilic properties (Zhang et al., 2017).

Quaternary ammonium compound (QAC) coatings exhibit a long-lasting antimicrobial mechanism based on direct contact. However, a significant drawback of these contact-killing surfaces is that some microorganisms can develop resistance to them (Hasan, Crawford and Ivanova, 2013a). Compounds such as aryl rhodanines are capable of disrupting initial phases of biofilm formation in Gram-positive bacteria by inhibiting their ability to attach to surfaces. In addition, synthetic inhibitors like pillicides and curlicides prevent bacterial adhesion by targeting the biosynthesis of pili and curli, respectively (Cegelski et al., 2009a). Natural substances like honey and tea have also been found to inhibit bacterial attachment (Sharahi et al., 2019). 
Table 2. Strategies for preventing bacterial attachment and their mechanisms
	Strategy
	Mechanism
	References

	Antifouling surfaces

	Polyethylene glycol (PEG)
	Antibacterial surface coatings
	(Roosjen et al., 2003, 2005)
	Antimicrobial surfaces

	Silver (Ag)
	Coatings that release antimicrobial agents
	(Cegelski et al., 2009b; Chorell- et al., 2012a)
	Quaternary ammonium compounds (QACs)
	Bacteria inactivating coatings
	(Hasan, Crawford and Ivanova, 2013b; Achinas, Charalampogiannis and Euverink, 2019)
	Minor molecular entities

	Aryl rhodanines
	Adhesion inhibiting
	(Cegelski et al., 2009c; Chung and Toh, 2014c)
	Curlicides and pilicides 
	Adhesion inhibiting
	(Cegelski et al., 2009d; Chorell et al., 2012b)


8.2 Control of bacterial quorum sensing interference
Bacterial quorum sensing (QS) involves a series of processes, including the production of signaling molecules, their dissemination, detection by receptors, and subsequent gene expression and responses. Quorum quenchers (QQs) or quorum sensing inhibitors (QSIs) can disrupt these processes, inhibiting bacterial QS and consequently preventing biofilm development (Li and Tian, 2012b; Rémy et al., 2018). Quorum-quenching (QQ) enzymes, which inactivate QS signals, hold significant importance across various fields, including healthcare, industrial membrane bioreactor operations, agriculture, and aquaculture (Fong et al., 2018). A range of bacteria has been reported to secrete QQ enzymes, including lactonases, oxidoreductases, acylases, and paraoxonases (Chen et al., 2013). A widely employed quorum quenching approach targets the deactivation of AHL molecules (Sadekuzzaman et al., 2015a). Another strategy involves the suppression of signal molecule synthesis, especially AHLs, through quorum sensing inhibitors (QSIs) such as C8-HSL, which interfere with the enzymatic functions of the Lux operon (Hirakawa and Tomita, 2013a). Numerous naturally occurring quorum sensing inhibitors (QSIs), including furanone, ajoene, naringin, musaceae, and curcumin, have demonstrated effectiveness in preventing bacterial biofilm formation (Ponnusamy et al., 2010a; Jakobsen et al., 2012a; Truchado et al., 2012a; Musthafa et al., 2010a; Packiavathy et al., 2014a).  At higher concentrations, honey can disrupt bacterial communication genes, including LsrA and AI-2, thus inhibiting biofilm formation (Sharahi et al., 2019a). Ajoene, a sulfur-containing molecule extracted from garlic, downregulates small regulatory RNAs (sRNAs) in Gram-negative as well as Gram-positive bacteria. It was the first metabolite recognized as a broad-spectrum quorum-sensing inhibitor.

Table 3. Strategies for quorum sensing inhibitors
	Quorum quenchers (QQs)

	Enzymes including lactonase, acylase, oxidoreductase, and paraoxonase
	Enzyme mediated decomposition of signaling molecules
	Sadekuzzaman et al., 2015b
	Quorum sensing inhibitors (QSIs)

	N-octanoyl-L-HSL (C8-HSL)
	Interference with the biosynthesis of signal factors
	Hirakawa and Tomita, 2013b

	Natural agents

	Furanone, ajoene, naringin, musaceae, and curcumin
	Inhibition of bacterial biofilm formation
	Musthafa et al., 2010b; Ponnusamy et al., 2010b; Jakobsen et al., 2012b; Truchado et al., 2012b; Packiavathy et al., 2014b; Sharahi et al., 2019b)


8.3 Disruption of bacterial biofilm matrix
	Disruption of the biofilm matrix involves breaking down the structural components that provide stability and protection to biofilm communities. This EPS-rich matrix serves as a defensive barrier, that protects bacteria from microbicidal compounds as well as host immune mechanisms. By targeting and degrading the biofilm matrix, it becomes possible to enhance the sensitivity of biofilm-embedded bacteria to treatments, thereby facilitating their elimination. The EPS matrix can modify nutrient distribution and establish pathogenic microenvironments, promoting bacterial tolerance and enhancing virulence. Consequently, various therapeutic approaches have been intended to dismantle the EPS matrix, aiming to eradicate biofilms, disperse bacterial cells, and disrupt pathogenic microenvironments. Different bacterial enzymes and secondary metabolites can disrupt quorum sensing in pathogenic bacteria, thereby preventing biofilm formation (Khan et al., 2021). Strategies for disrupting the biofilm matrix may include the use of enzymes that degrade EPS components, chemical agents that weaken the matrix structure, or physical methods that disrupt biofilm integrity. 

	Enzymes that degrade the EPS matrix, including deoxyribonuclease I (DNase I), restriction endonucleases, glycoside hydrolases, proteases, and dispersin B, can prevent biofilm formation and facilitate the dispersal of existing biofilm communities (Kaplan, 2014a). Enzymatic degradation of the biofilm matrix releases bacterial cells into a planktonic state, rendering them more vulnerable to antibacterial agents, disinfectants, bacteriophages, and host immune defenses (Kaplan, 2014b; Parrino et al., 2019). 
Table 4. Strategies for disrupting biofilm matrix
	Enzymes targeting the biofilm matrix

	DNase I, restriction endonucleases, glycoside hydrolases, proteases, and dispersin B
	Degradation of EPS 
	Kaplan, 2014c; Parrino et al., 2019
	Minor molecular entities

	Cis-2 decenoic acid (C2DA)
	Disruption of biofilms
	Chung & Toh, 2014d; Jennings et al., 2012


9. CHALLENGES AND FUTURE PROSPECTS
Overcoming diseases associated with biofilms is difficult due to the inability of laboratory models to fully capture the complexity and diversity seen in their natural or clinical settings. This disconnect often leads to inconsistent outcomes when experimental strategies are applied outside the lab. Biofilms enable microbes to resist antibiotics and immune responses through their robust extracellular matrix and dynamic internal states. Variation in quorum sensing mechanisms across species complicates the design of universally effective inhibitors. Promising quorum sensing inhibitors (QSIs) frequently encounter problems such as poor bioavailability and toxicity, limiting their application in both healthcare and agriculture. There is also concern over microbes developing resistance to these targeted approaches. Finally, the absence of standardized methods for testing QSIs and monitoring biofilm function makes it difficult to compare and reproduce study results, impeding progress in the field.
Future efforts should prioritize the development of advanced biofilm models that accurately reflect the diverse and polymicrobial nature of clinical and environmental biofilms. Standardization of protocol is essential in QSI screening and biofilm quantification to strengthen the reliability and comparability of research findings. Strategies integrating multifaceted approaches combining quorum sensing interference, extracellular polymeric substance (EPS) disruption, and immune system modulation are likely to be most effective in overcoming biofilm resilience. Nanotechnology-based delivery technologies promise to enhance the stability, targeted release, and safety profiles of QSIs and other antibiofilm agents. A deeper, pathogen-specific understanding of QS networks, supported by advances in systems biology and omics technologies, will facilitate targeted and sustainable interventions. Collaborative, multidisciplinary research that brings together expertise from microbiology, chemistry, materials science, and computational biology will be essential for the next generation of effective biofilm management strategies.
10. CONCLUSION
Bacterial biofilms represent the dominant lifestyle of microbes across natural and engineered systems, characterized by highly regulated, sequential developmental processes. While their ability to colonize surfaces and persist in structured communities poses serious challenges in food safety, healthcare, and agricultural settings, biofilms are not exclusively detrimental. On the contrary, they also provide significant ecological and industrial benefits, including pollutant degradation, nutrient cycling, wastewater treatment, plant protection, and growth promotion. Quorum sensing (QS) mediated biofilm formation is a cornerstone of plant-pathogen interactions, driving both infection and persistence in host environments. Continued exploration of QS mechanisms has revealed their central role in coordinating community behaviour, enhancing resistance, and shaping bacterial ecology. By disrupting these communication networks through quorum-quenching strategies and QS inhibitors, it is possible to reduce pathogen virulence while minimizing reliance on conventional chemical controls. Such approaches not only provide an innovative path for sustainable plant disease management but also align with the broader goals of improving crop productivity, ensuring food security, and fostering resilient agroecosystems in the face of climate change and the rise of resistant pathogens.
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