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Abstract 

Biofilm-forming phytopathogens pose significant threats to global agriculture by causing persistent 

diseases in crops, leading to substantial economic losses and challenges in disease management. This 

review article aims to explore the mechanisms underlying biofilm formation by phytopathogens, 

with a particular focus on the role of the bacterial Type III secretion system (T3SS) in facilitating 

biofilm development and pathogenicity. Biofilms, which are structured communities of 

microorganisms encased in a self-produced matrix, enhance the survival and virulence of pathogens, 

making them resistant to conventional control methods. The article delves into the impacts of biofilm-

associated infections on crop health, including weakened plant immunity and reduced yield. It also 

highlights the challenges faced by the agricultural industry, such as the limited efficacy of chemical 

treatments and the emergence of resistant strains. Innovative solutions, including biocontrol agents, 

quorum sensing inhibitors, nanotechnology-based approaches and edible coatings, are discussed as 

promising strategies to combat biofilm-related diseases. There is a need for a deeper understanding 

of biofilm dynamics, the development of sustainable management practices, and the integration of 

advanced technologies to mitigate the impact of biofilm-forming phytopathogens on agriculture.  
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Introduction 

The agriculture industry is a cornerstone of global economies, serving as a primary source of 

food, raw materials, and employment for billions of people worldwide. It plays a pivotal role in 

ensuring food security, reducing poverty, and driving economic growth, particularly in developing 

nations where a significant portion of the population relies on farming for their livelihoods (Syahputri 

et al. 2024). Beyond its direct contributions, agriculture supports related industries such as food 

processing, manufacturing, and trade, creating a ripple effect that strengthens national economies. In 

many countries, agricultural exports are a major source of foreign exchange earnings, further 

underscoring its importance to economic stability and growth. However, the agriculture industry 

faces numerous challenges, including climate change, resource depletion, and the need to feed a 

growing global population, making sustainable practices essential for its future (Dönmez et al. 2024). 

Sustainability in agriculture involves adopting practices that balance productivity with 

environmental stewardship, economic viability, and social equity. One key approach is the use of 

precision agriculture, which leverages technologies like GPS, drones, and sensors to optimize 

resource use, reduce waste, and increase yields (Getahun et al. 2024). Another sustainable practice is 

crop rotation and diversification, which improve soil health, reduce pest outbreaks, and enhance 

resilience to climate change. Organic farming, which avoids synthetic fertilizers and pesticides, is also 

gaining traction as a way to reduce environmental impact and meet consumer demand for healthier 

food options (Panday et al. 2024). Additionally, water management strategies, such as drip irrigation 

and rainwater harvesting, are critical for conserving water resources in water-scarce regions. These 
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approaches not only enhance agricultural productivity but also contribute to long-term 

environmental sustainability.  

Biofilm management is an emerging sustainable practice that addresses the challenges posed by 

biofilm-forming pathogens in agriculture. Biofilms, which are structured communities of 

microorganisms encased in a protective extracellular matrix, can cause significant crop losses by 

promoting plant diseases and contaminating irrigation systems (Carezzano et al., 2023; Kanarek et al. 

2024). Traditional methods of controlling these pathogens, such as chemical pesticides, are often 

ineffective against biofilms and can harm the environment. Sustainable biofilm management 

practices include the use of biological control agents, such as beneficial microbes that outcompete or 

inhibit pathogenic biofilms (Ghiasian et al. 2020). Other strategies include using enzymes, phages, 

and antimicrobial molecules like quorum sensing inhibitors to disrupt biofilms (Sharma & Karnwal, 

2020). By integrating these innovative strategies, farmers can reduce crop losses, improve yields, and 

promote sustainable agricultural practices.  

Biofilm-forming pathogens pose significant challenges to crop health, soil quality, and water 

systems. These biofilms protect pathogens from environmental stresses, such as drought, UV 

radiation, and chemical treatments, making them highly resilient and difficult to eradicate. The 

persistence of biofilm-forming pathogens in agricultural systems can lead to reduced crop yields, 

increased use of chemical pesticides, and economic losses (Rather et al. 2021). Understanding the role 

of biofilms in agricultural sustainability is critical for developing effective strategies to mitigate their 

impact. This review explores the mechanisms of biofilm formation, their effects on agricultural 

systems, and innovative approaches to manage biofilm-associated phytopathogens. 

Mechanisms of Biofilm Formation in Agricultural Pathogens  

Biofilms are complex, structured communities of microorganisms that adhere to surfaces and 

are embedded in a self-produced extracellular matrix. This matrix is composed of extracellular 

polymeric substances (EPS), which play a critical role in the biofilm’s stability, functionality, and 

resistance to environmental stresses. The EPS is a complex mixture of biopolymers, including 

polysaccharides, proteins, nucleic acids, and lipids (Yahya et al. 2017; Yaacob et al. 2021; 

Kamaruzzaman et al. 2022; Johari et al. 2023; Hamdan et al. 2024). Its composition varies depending 

on the microbial species and environmental conditions. Biofilms are metabolically active and often 

exhibit phenotypic changes compared to their planktonic (free-floating) counterparts. Biofilms are 

not solid masses but rather porous structures with a network of water channels (Quan et al. 2021). 

These channels facilitate the transport of nutrients, oxygen, and waste products, ensuring the survival 

of cells within the biofilm. Biofilm formation in agricultural pathogens involves a series of well-

coordinated steps, including attachment, colonization, maturation, and dispersal (Figure 1). Plant-

associated bacteria, including pathogens like Xanthomonas, Pseudomonas, and Erwinia species, form 

biofilms on plant surfaces, soil particles, and irrigation systems (Danhorn and Fuqua, 2007). These 

bacteria use various adhesion mechanisms, including polysaccharides (lipopolysaccharides, 

exopolysaccharides) and proteinaceous structures (pili, autotransporters) to attach to surfaces 

(Mhedbi-Hajri et al., 2011). Once attached, they produce EPS, which forms a protective matrix around 

the microbial community. This matrix not only shields the pathogens from environmental stresses 

but also facilitates nutrient acquisition and communication through quorum sensing. The dispersal 

phase allows biofilm cells to colonize new areas, spreading infections across fields.  In the context of 

plant pathogens, the Type III Secretion System (T3SS) is a critical virulence factor that facilitates 

bacterial colonization, evasion of plant immune responses, and the induction of disease symptoms, 

ultimately leading to significant agricultural losses (Coll & Valls 2013). 
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Figure 1. Life cycle of microbial biofilm. 

Type III Secretion System 

The Type III Secretion System (T3SS) is a sophisticated molecular syringe-like apparatus 

employed by many Gram-negative pathogenic bacteria to inject effector proteins directly into the 

cytoplasm of host cells (Figure 2). T3SS acts as a molecular syringe, injecting effector proteins into 

host cells to manipulate cellular processes and enhance bacterial survival (Horna & Ruiz, 2021). The 

T3SS needle complex consists of a basal body spanning bacterial membranes, connected to a needle-

like structure protruding from the bacterial surface (Miletic et al., 2019). The basal body is composed 

of oligomerized membrane-embedded proteins forming concentric rings (Bergeron et al., 2013). Upon 

host cell contact, a translocon forms, creating a pore for effector protein translocation (Chatterjee et 

al., 2013). advancements in cryo-EM and cryo-ET have provided near-atomic resolution structures of 

isolated complexes and the entire T3SS in its native cellular environment (Hu et al., 2019). The T3SS 

is often upregulated, enabling bacteria to efficiently deliver effector proteins into plant cells. These 

effector proteins manipulate host cellular processes, such as suppressing plant immune responses, 

altering host signaling pathways, and inducing nutrient leakage from plant tissues (De Jonge et al. 

2011). XopB, a T3SS effector from Xanthomonas campestris, inhibits reactive oxygen species (ROS) 

production and salicylic acid (SA) accumulation, leading to reduced expression of defense-related 

genes (Priller et al., 2016). By subverting these defenses, the bacteria can establish a successful 

infection and proliferate within the host. In Xanthomonas sp, T3SS contributes to biofilm formation 

by modulating metabolic processes, energy generation, and exopolysaccharide production (Zimaro 

et al., 2014). 

Effector proteins secreted via the T3SS can modulate the expression of genes involved in biofilm 

formation, such as those encoding extracellular polymeric substances (EPS) that form the biofilm 

matrix (Zimaro et al., 2014). This matrix not only protects the bacteria from environmental stresses 

but also facilitates the localized delivery of effectors to plant cells at the infection site (Carezzano et 

al., 2023. As a result, the biofilm becomes a reservoir of pathogenic bacteria that continuously release 

effectors, exacerbating plant damages over time. Zimaro et al. (2014) compared the capacity of biofilm 

formation between different T3SS mutants of phytopathogen Xanthomonas citri. They observed that 

the T3SS was necessary for biofilm formation. The lack of the T3SS caused changes in the expression 

of proteins involved in metabolic processes, energy generation, exopolysaccharide (EPS) production 

and bacterial motility as well as outer membrane proteins. Hu et al. (2022) evaluated the effects of 
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salicylic acid (SA), p-hydroxybenzoic acid (PHBA), cinnamyl alcohol (CA), p-coumaric acid (PCA), 

and hydrocinnamic acid (HA) on the T3SS in Dickeya zeae, a plant soft-rot pathogen. They showed 

that all those compounds downregulated the expression of T3SS and significantly lessened the soft-

rot symptoms on potato, taro, rice, and banana seedlings. Kan et al. (2023) investigated how plant 

cells respond to T3SS and T6SS in Acidovorax citrulli and whether there is any cross talk between 

them during infection. They demonstrated that the T3SS-mediated differentially expressed genes 

were enriched in the pathways of phenylpropanoid biosynthesis, plant-pathogen interaction, MAPK 

signaling pathway, and glutathione metabolism, while the T6SS uniquely affected genes were related 

to photosynthesis. The T3SS-mediated virulence was independent of the T6SS, and the inactivation 

of the T3SS did not affect the T6SS-mediated competition against a diverse set of bacterial pathogens 

that commonly contaminate edible plants or directly infect plants. Collectively, the T3SS is a critical, 

multi-functional virulence determinant, not only for direct effector delivery but also for establishing 

protective biofilms; its targeted inhibition presents a promising strategy for disease control. 

 

Figure 2. Molecular structure of bacterial T3SS. 

Impact of Biofilm-Forming Phytopathogens on Crop Health 

Biofilm formation by phytopathogenic bacteria and fungi poses significant challenges to crop 

health and food security (Figure 3). These microbial communities offer protection against 

environmental stresses and enhance colonization of plant tissues, leading to various disease 

symptoms (Carezzano et al., 2023). While biofilms are often associated with negative impacts, recent 

research has explored their potential benefits through plant growth-promoting bacteria (PGPB), 

which can improve crop stress tolerance and yield under harsh conditions (Li et al., 2023). However, 

biofilms formed by enteric pathogens like Salmonella enterica and Escherichia coli on plants can 

persist and resist disinfection, causing foodborne outbreaks (Yaron & Römling, 2014). The impact of 

phytopathogenic biofilms on agriculture cannot be understated. Formed on leaves (mesophyll, 

parenchyma), in the rhizosphere, and/or in vascular bundles, they reduce crop yield and quality and 

affect the safety of agricultural products intended for human consumption and animal feeding 

(Castiblanco & Sundin 2016). In addition, the EPSs secreted by phytopathogenic bacteria interfere 

with the proper functioning of plant tissues and organs.  

The causative agent of fire blight disease, Erwinia amylovora, colonizes rosaceous plants by 

regulating their immune responses and physiology through a T3SS. E. amylovora induces T3SS-

dependent cell death and defense mechanisms in Arabidopsis thaliana, including callose deposition, 

salicylic acid pathway activation, and reactive oxygen species accumulation (Degrave et al. 2008). In 

addition, it produces two EPS, amylovoran and levan, to form a biofilm within the vascular tissue. 
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Amylovoran is essential for biofilm formation and pathogenicity, while levan contributes to both 

processes (Koczan et al., 2009). The synthesis of these polymers and that of cellulose, another 

component of the biofilm matrix, are positively regulated by an increase in intracellular c-di-GMP.  

Xanthomonas campestris pv. Campestris (Xcc), the causal agent of black rot in crucifers, colonizes 

the xylem after gaining access to the plant through wounds or hydathodes (Cerutti et al. 2017). It 

synthesizes xanthan gum to form biofilm and degrading exoenzymes that promote virulence. Its 

aggregation is regulated by c-di-GMP and a two-component RpfC/RpfG system, in which RpfC is the 

histidine kinase sensor and RpfG is the response-regulating protein (Slater et al. 2000). Plant defense 

mechanisms, including post-invasive immunity, attempt to limit bacterial growth but are suppressed 

by Xcc’s T3SS (Cerutti et al., 2017). 

 

Figure 3. Impact of biofilm formation by phytopathogens on the agricultural industry. Biofilm formation by 

phytopathogens negatively impacts the agricultural industry by leading to weakened plant immunity, disease 

development, and decreased crop yield and production. 

Sweet corn and maize may suffer from Stewart’s wilt, a disease transmitted by the corn flea 

beetle and caused by P. stewartii subsp. stewartii. Through the intervention of an hrp-encoded Hrp 

T3SS and the effector WtsE, the bacterium infects the apoplast and the xylem (Frederick et al. 2001). 

There, its population density grows, and dense biofilms are formed, encapsulated in a slime 

exopolysaccharide called stewartan (Carlier et al. 2009). The water flow is blocked, and symptoms 

appear, ranging from chlorotic lesions on leaves that eventually become necrotic and delay growth 

to rapid wilting and death in more susceptible plants. Stewartan also facilitates the pathogen’s 

movement through the vessels or intercellular spaces, which increases virulence. 

Clavibacter michiganensis subsp. michiganensis (Cmm), a Gram-positive bacterial pathogen, is 

the causal agent of bacterial wilt and canker in tomatoes (Sen et al. 2015). Dehydration and death 

ensue when C. michiganensis multiplies and produces EPS and glycoproteins to create large biofilms 

that decrease the water flow. Unlike gram-negative pathogens, Cmm lacks a T3SS for effector 

translocation. Instead, its virulence factors are encoded on plasmids and a chromosomal 

pathogenicity island (Chalupowicz et al., 2012). 

Phytopathogenic Biofilms in Soil and Water Systems 

Pathogenic biofilms in soil and water systems represent a significant and often overlooked threat 

to agricultural industries. In soil, pathogenic biofilms can form on plant roots, organic matter, or soil 

particles, creating reservoirs of infection that are difficult to eradicate (Rinaudi & Giordano 2010). 
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Similarly, in water systems, such as irrigation channels or storage tanks, biofilms can colonize 

surfaces and contaminate water supplies (Flemming et al. 2002). The resilience of biofilms, which are 

highly resistant to environmental stresses and chemical treatments, allows these pathogens to persist 

and spread, leading to recurrent infections and significant crop losses. The presence of pathogenic 

biofilms in soil systems can severely impact plant health and agricultural productivity. For example, 

Fusarium species, which form biofilms in soil, are responsible for root rot and other diseases that affect 

a wide range of crops (Foroud et al. 2014). These biofilms protect pathogens from host plant defenses 

and chemical treatments, making infections difficult to control. Furthermore, biofilms can alter soil 

microbial communities, disrupting beneficial interactions and reducing soil fertility.  

In water systems, phytopathogenic biofilms pose an equally serious threat to agriculture. 

Irrigation water contaminated with biofilm-forming pathogens, such as Pseudomonas 

aeruginosa or Xanthomonas species, can serve as a vector for spreading diseases across large 

agricultural areas. Biofilms in irrigation equipment, such as pipes and sprinklers, can release 

planktonic cells that infect crops during watering (Yao & Habimana 2014). This not only leads to 

direct crop losses but also necessitates costly cleaning and disinfection procedures to prevent further 

contamination. Additionally, biofilms in water systems can accumulate rapidly, leading to clogged 

irrigation equipment, reducing efficiency and increasing maintenance costs (Yan et al. 2010). The 

persistence of phytopathogenic biofilms in water systems complicates efforts to maintain water 

quality, which is critical for sustainable agriculture. The presence of biofilms in soil and water systems 

can undermine consumer confidence in food safety, particularly for fresh produce that is consumed 

raw. Outbreaks of foodborne illnesses linked to biofilm-contaminated water or soil can result in costly 

recalls, legal liabilities, and damage to brand reputation.  

Challenges in Managing Biofilm-Forming Phytopathogens    

Managing biofilm-forming pathogens in the agriculture industry presents a complex and 

multifaceted challenge due to the unique characteristics of biofilms and the diverse environments in 

which they thrive. Biofilms are structured communities of microorganisms encased in a self-

produced EPS matrix, which provides protection against environmental stresses, chemical 

treatments, and host immune responses (Zimaro et al., 2014). This resilience makes biofilm-forming 

pathogens particularly difficult to control in agricultural settings, where they can colonize soil, water 

systems, and plant surfaces. The persistence of these pathogens leads to recurrent infections, reduced 

crop yields, and significant economic losses, necessitating innovative and sustainable management 

strategies. 

One of the primary challenges in managing biofilm-forming pathogens is their resistance to 

conventional control methods. Chemical pesticides and antibiotics, which are commonly used to 

combat microbial infections, often fail to penetrate the EPS matrix effectively (Pinto et al. 2020). This 

allows biofilm-embedded pathogens to survive and regrow even after treatment. Moreover, the 

overuse of these chemicals can lead to the development of resistant strains, further complicating 

disease management. In addition to resistance, chemical treatments can have detrimental effects on 

non-target organisms, soil health, and water quality, undermining the sustainability of agricultural 

practices. These limitations highlight the need for alternative approaches that specifically target 

biofilm vulnerabilities without causing collateral damage to the environment. 

Another significant challenge is the complexity of biofilm ecosystems in agricultural 

environments. Biofilms are not homogeneous; they often consist of diverse microbial communities 

that interact in ways that enhance their survival and virulence. For example, some bacteria within a 

biofilm may produce enzymes that degrade plant cell walls, while others may protect the community 

from host defenses or chemical treatments (Wei et al. 2009). This synergy makes it difficult to develop 

one-size-fits-all solutions for biofilm management. Additionally, biofilms can form on a wide range 

of surfaces, including plant roots, irrigation equipment, and soil particles, requiring tailored 

strategies for each context. Understanding the ecological dynamics of biofilms and their interactions 

with crops and soil microbiota is essential for developing effective interventions. 
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Economic and logistical constraints also pose challenges to managing biofilm-forming 

pathogens in agriculture. Developing and implementing innovative solutions, such as biological 

control agents and nanotechnology-based treatments, often require significant investment in 

research, infrastructure, and education (Acharya & Pal 2020). Smallholder farmers, who constitute a 

large proportion of the agricultural workforce in developing countries, may lack the resources to 

adopt these advanced technologies. Due to high initial production investments, industry experts are 

also reluctant to invest significantly in these innovation solutions. Balancing the costs and benefits of 

these interventions is critical for ensuring their widespread adoption and long-term sustainability.  

Innovative Strategies for Controlling Biofilm-Forming Phytopathogens 

Controlling biofilm-forming pathogens in the agriculture industry requires innovative strategies 

that address the unique challenges posed by these resilient microbial communities. Traditional 

methods, such as chemical pesticides and antibiotics, are often ineffective against biofilms due to their 

protective extracellular polymeric substance (EPS) matrix and the risk of promoting resistance. As a 

result, researchers and industry stakeholders are exploring alternative approaches that leverage 

advances in biotechnology, nanotechnology, and ecological principles to disrupt biofilms and 

prevent their formation. These innovative strategies not only enhance the efficacy of pathogen control 

but also align with the growing demand for sustainable and environmentally friendly agricultural 

practices. 

One promising approach is the use of biological control agents, which involve the application of 

beneficial microorganisms to outcompete or inhibit biofilm-forming pathogens. For example, certain 

strains of Bacillus and Pseudomonas bacteria produce antimicrobial compounds that can disrupt 

biofilm formation or degrade the EPS matrix. Exopolysaccharides secreted by Bacillus velezensis 

strains have shown significant anti-biofilm activity against Staphylococcus aureus, reducing biofilm 

formation by up to 83% (Sabino et al., 2023). Small molecules that repress pel gene expression in 

Pseudomonas aeruginosa have demonstrated antibiofilm and antivirulence effects, enhancing antibiotic 

efficacy (Van Tilburg Bernardes et al., 2017). These biological control agents offer a sustainable 

alternative to chemical treatments, as they are often specific to target pathogens and have minimal 

impact on non-target organisms and the environment. Additionally, they can be integrated into 

existing agricultural practices, such as seed treatments or soil amendments, to provide long-term 

protection against biofilm-associated diseases. 

Another innovative strategy is the use of quorum sensing inhibitors (QSIs), which disrupt the 

communication systems that biofilm-forming pathogens use to coordinate their behavior. Quorum 

sensing is a process by which bacteria produce and detect signaling molecules to regulate biofilm 

formation, virulence, and other group behaviors. By blocking these signals, QSIs can prevent biofilm 

formation and reduce the virulence of pathogens without killing them, thereby minimizing the risk 

of resistance development. Yang et al. (2024) evaluated the triple-action (broad-spectrum 

antibacterial, anti-biofilm, and anti-QS sensing activities) of melittin. Molecular docking and 

molecular dynamics analysis showed that melittin interacts with LasR receptors through hydrogen 

bonds, confirming its potential as antibacterial agent and QSI. 

Nanotechnology is also emerging as a powerful tool for controlling biofilm-forming pathogens 

in agriculture. Nanoparticles, such as those made from silver, zinc oxide, or chitosan, can penetrate 

the EPS matrix and deliver antimicrobial agents directly to biofilm-embedded pathogens (Yakup et 

al. 2024; Yusri et al. 2024). These nanoparticles can be engineered to release their payload in response 

to specific environmental triggers, such as pH or temperature changes, ensuring targeted and efficient 

delivery. Additionally, nanomaterials can be incorporated into packaging, coatings, or irrigation 

systems to prevent biofilm formation and contamination. Hsu et al. (2020) demonstrated excellent 

antibiofilm activity of PEDOT/PSS and PEDOT/GO nanohybrid coatings. Only 0.1% of bacteria can 

be adhered on the surface due to the lower surface roughness and negative charge surface by 

PEDOT/PSS and PEDOT/GO modification. 
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Edible antibiofilm coatings represent another innovative approach to controlling biofilm-

forming pathogens (Figure 4). These coatings can be applied to seeds, plant surfaces, or irrigation 

equipment to release antimicrobial agents in a controlled manner, preventing biofilm formation and 

pathogen colonization. Valliammai et al. (2021) developed a polymeric antibiofilm coating using 

citral (CIT) and thymol (THY) as active components. This coating was applied to a titanium surface 

using the spin coating method. This antibiofilm coating exhibited a controlled release of CIT and THY 

over a period of 60 d. It successfully prevented MRSA adherence under laboratory conditions. Yahya 

et al. (2024) highlighted that edible antibiofilm coatings hold considerable promise for mitigating 

biofilm-mediated problems in the food industry. 

 

Figure 4. Crop protection by biodegradable and edible coating. 

Genetic engineering also offers a cutting-edge strategy for controlling biofilm-forming 

pathogens by enhancing the natural resistance of crops. Advances in genetic engineering have 

enabled the development of crops that produce antimicrobial peptides or enzymes capable of 

disrupting biofilms. For example, CRISPR-based technologies can be used to edit the genomes of 

crops or beneficial microbes, enhancing their ability to combat biofilm-forming pathogens (Angel et 

al. 2021). Alshammari et al. (2023) knocked out genes involved in quorum sensing (QS) (luxS) and 

adhesion (fimH and bolA) using the CRISPR/Cas9-HDR approach. They found that those mutants 

reduced EPS matrix production in Escherichia coli ATCC 25922 biofilm. While the adoption of 

genetically engineered crops faces regulatory and public acceptance challenges, their potential to 

provide durable and sustainable solutions to biofilm-related problems is significant. 

Future Directions 

The future of the agriculture industry is poised for transformative changes as it addresses the 

dual challenges of feeding a growing global population and ensuring environmental sustainability. 

With the increasing pressures of biofilm-forming phytopathogens, climate change, resource 

depletion, and the need for food security, the industry must embrace innovative technologies, 

sustainable practices, and interdisciplinary collaboration to secure its future.  

One of the most promising future directions is the adoption of precision agriculture, which 

leverages advanced technologies such as artificial intelligence (AI), machine learning, drones, and 

Internet of Things (IoT) devices to optimize farming practices (Hussein et al. 2024). These 

technologies enable farmers to monitor crop health, soil conditions, and weather patterns in real-time, 

allowing for precise application of water, fertilizers, and pesticides. By minimizing waste and 

maximizing efficiency, precision agriculture can significantly increase yields while reducing the 

environmental footprint of farming. For example, Schumann et al. (2020) reported that smartphone 
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applications employing deep learning neural networks have shown promising results in identifying 

pest, disease, and nutrient deficiency symptoms on leaves, with one prototype achieving 89% 

accuracy for citrus crops. As these technologies become more accessible and affordable, they have the 

potential to revolutionize farming practices worldwide, particularly in developing regions where 

resource constraints are most acute. 

Addressing the challenges posed by climate change will be a central focus of future agricultural 

innovation. Climate-smart agriculture (CSA) practices, which aim to increase productivity, enhance 

resilience, and reduce greenhouse gas emissions, will play a crucial role in adapting to changing 

climatic conditions (Zheng et al. 2024). For instance, the development of climate-resilient crop 

varieties, improved water management systems, and agroecological practices can help farmers cope 

with extreme weather events, such as droughts and floods.  Specific CSA technologies, such as using 

leaf color charts for nitrogen application, soil test kits for fertilizer management, organic matter 

amendments, and intermittent irrigation, have demonstrated potential to reduce greenhouse gas 

emissions by 7-23% and increase economic benefits by 42-129% compared to conventional farming 

practices (Ariani et al. 2018). 

Conclusion 

The mechanisms of biofilm formation, particularly the role of the bacterial Type III secretion 

system (T3SS) is important in enhancing pathogenicity and biofilm development in crops. Biofilms, 

structured microbial communities within a protective matrix, increase pathogen survival and 

resistance to conventional treatments. Their impact on crop health, including weakened plant 

immunity and yield reduction, and addresses industry challenges such as ineffective chemical 

treatments and resistant strains are also explored. Promising solutions, including biocontrol agents, 

quorum sensing inhibitors, nanotechnology, and edible coatings, are highlighted. There is a need for 

further research into biofilm dynamics, sustainable management practices, and advanced 

technologies to mitigate their agricultural impact, offering valuable insights for researchers and 

stakeholders. 
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