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Abstract

Ralstonia solanacearum is a soil-borne phytopathogen responsible for bacterial wilt in a wide range of economically important crops worldwide. Its broad host range, environmental persistence, genetic heterogeneity, and strong biofilm-forming capacity significantly restrict the effectiveness of conventional disease management strategies. Despite the use of resistant cultivars and chemical bactericides, sustainable control under field conditions remains inconsistent. Nanotechnology-based antimicrobial systems have recently emerged as promising alternatives in plant disease management. This review synthesizes current understanding of the pathogenic mechanisms of R. solanacearum and evaluates the antibacterial and antibiofilm potential of eco-friendly, polyphenol-mediated copper nanoparticles (CuNPs). Available evidence indicates that green-synthesized CuNPs exert antibacterial effects through membrane destabilization, reactive oxygen species generation, enzymatic inactivation, suppression of extracellular polysaccharide synthesis, disruption of biofilm architecture, and interference with quorum-sensing-regulated virulence pathways. The integration of plant-derived polyphenols with copper nanomaterials represents a multifunctional and potentially sustainable strategy for bacterial wilt management.
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INTRODUCTION
Bacterial wilt caused by Ralstonia solanacearum is widely recognized as one of the most destructive plant bacterial diseases[1, 2]. The pathogen infects more than 300 plant species, including several solanaceous crops of high economic value, and persists across diverse climatic regions[2]. Its epidemiological success is associated with remarkable adaptability, long-term survival in soil and water reservoirs, and efficient colonization of host vascular tissues.
After root entry, R. solanacearum multiplies within xylem vessels and produces abundant extracellular polysaccharides (EPS), which obstruct water transport and lead to characteristic wilting symptoms[3]. Biofilm formation within vascular tissues enhances bacterial aggregation, protects against environmental stress, and increases tolerance to antimicrobial interventions[4, 5]. These processes are regulated through complex signalling networks, including quorum-sensing systems that coordinate motility, EPS production, and virulence gene expression.
The resilience of R. solanacearum highlights the need for innovative and sustainable disease management strategies capable of targeting both planktonic and biofilm-associated bacterial populations.
LIMITATIONS OF CONVENTIONAL MANAGEMENT STRATEGIES
Conventional approaches to bacterial wilt control include chemical bactericides, resistant cultivars, crop rotation, soil amendments, and biological control agents[6]. Although these strategies may reduce disease incidence under certain conditions, their effectiveness is often inconsistent in field settings.
A major limitation arises from the high genetic diversity within the R. solanacearum species complex[2]. This variability enables rapid adaptation and contributes to frequent breakdown of host resistance. Resistant cultivars may exhibit region-specific effectiveness and lose durability over time. Chemical bactericides can suppress planktonic populations but are generally less effective against bacteria embedded within biofilms[4]. Repeated chemical application also raises concerns regarding environmental contamination, soil microbial imbalance, and regulatory constraints[6].
Biological control agents offer environmentally attractive alternatives; however, their performance frequently varies under fluctuating environmental conditions. Importantly, most traditional approaches do not directly target quorum sensing or EPS-mediated biofilm formation, which are central to pathogenic persistence and virulence. These limitations justify exploration of mechanistically distinct antimicrobial strategies.
NANOTECHNOLOGY AS A MODERN ANTIBACTERIAL STRATEGY
Nanotechnology provides innovative platforms for antimicrobial development by leveraging physicochemical properties unique to nanoscale materials[7]. Among metallic nanoparticles, copper-based nanomaterials have attracted considerable attention due to their broad-spectrum antimicrobial activity, affordability, and agricultural applicability[14, 17-19].
Copper nanoparticles exert antibacterial effects through multiple complementary mechanisms. Direct interaction with bacterial membranes disrupts structural integrity and increases permeability[17, 18]. Released copper ions penetrate cells and interact with intracellular targets. Copper-mediated redox cycling promotes generation of reactive oxygen species (ROS), including hydroxyl radicals and superoxide anions, leading to oxidative damage of nucleic acids, proteins, and lipids[17, 19]. In addition, copper ions bind to thiol and amino groups in essential enzymes, resulting in metabolic disruption and impaired replication[17].
However, conventional chemical synthesis of nanoparticles often involves toxic reducing agents, limiting environmental compatibility[13]. These concerns have driven increasing interest in green synthesis approaches utilizing plant-derived biomolecules.
ROLE OF POLYPHENOLS IN GREEN NANOPARTICLE SYNTHESIS
Polyphenols are plant-derived secondary metabolites characterized by multiple hydroxylated aromatic rings. They possess well-documented antioxidant, antimicrobial, and antibiofilm activities[9-11, 16]. Their redox-active functional groups enable reduction of metal ions into stable nanoparticles while simultaneously acting as capping and stabilizing agents[13].
Green synthesis mediated by polyphenols eliminates hazardous chemical reagents and enhances nanoparticle dispersion stability. Surface functionalization with polyphenolic compounds may facilitate improved interaction with bacterial membranes.
Beyond their synthetic role, polyphenols independently modulate bacterial physiology. They alter membrane permeability, inhibit essential enzymes, reduce motility, and interfere with quorum-sensing signaling pathways[9-12, 20, 21]. Suppression of quorum sensing indirectly reduces EPS production and biofilm maturation, thereby attenuating virulence. When combined with copper nanoparticles, these effects create a synergistic antibacterial system targeting multiple survival pathways simultaneously[15].
EVIDENCE SUPPORTING POLYPHENOL-MEDIATED COPPER NANOPARTICLES
Experimental studies have demonstrated significant antibacterial activity of green-synthesized CuNPs against bacterial wilt pathogens[7, 8, 15]. In vitro assays report inhibition of bacterial growth and measurable reductions in viable cell counts. Importantly, antibiofilm activity has been observed, including decreased EPS production and disruption of established biofilm structures[4, 9].
Physicochemical characterization techniques confirm formation of stable nanoscale particles with reproducible morphology and surface functionalization[13]. Although most studies remain laboratory-based, the collective findings provide mechanistic plausibility supporting further translational research.
MECHANISTIC MODEL OF ANTIBACTERIAL ACTION
The antibacterial activity of polyphenol-mediated CuNPs is likely multifactorial. Initial electrostatic interactions facilitate nanoparticle attachment to bacterial membranes. Membrane perturbation enhances copper ion uptake and increases permeability[17, 18]. Intracellular redox reactions generate ROS, resulting in oxidative stress and molecular damage[17, 19].
Simultaneously, polyphenolic surface groups may interfere with quorum-sensing autoinducer signalling, reducing transcription of virulence-associated genes[12,20.21]. Inhibition of EPS biosynthesis compromises biofilm integrity[4, 9]. The convergence of membrane damage, oxidative stress, metabolic interference, and signalling disruption likely accounts for the observed antibacterial efficacy. Such multipronged activity may reduce the probability of rapid resistance development compared with single-target antimicrobials.
ENVIRONMENTAL AND TRANSLATIONAL SIGNIFICANCE
Green synthesis aligns with sustainable agricultural principles by minimizing toxic by-products[13]. Enhanced antimicrobial efficiency at the nanoscale may permit lower overall metal application rates[19]. Moreover, the biofilm-disruptive properties of polyphenol-mediated CuNPs have potential relevance beyond plant pathology, including biomedical settings where biofilm-associated infections remain difficult to treat[18].
FUTURE PERSPECTIVES
Before large-scale agricultural implementation, several aspects require further investigation, including standardization of synthesis protocols, comprehensive toxicological evaluation, assessment of soil microbiome impact, plant compatibility testing, and long-term field validation under diverse agro-ecological conditions[7, 8]. Advanced molecular studies exploring nano–pathogen–host interactions will strengthen mechanistic understanding and inform safe deployment strategies.
CONCLUSION
Eco-friendly polyphenol-mediated copper nanoparticles represent a mechanistically versatile and environmentally conscious antibacterial strategy against Ralstonia solanacearum. Their combined effects on membrane integrity, oxidative stress induction, enzymatic inhibition, biofilm suppression, and quorum-sensing interference position them as promising alternatives to conventional bactericides. Continued interdisciplinary research integrating plant pathology, nanotechnology, and environmental science will determine their practical role in sustainable bacterial wilt management.
DISCLOSURE
Conflict of Interest: The authors declare no conflicts of interest.
Funding: Nil.






References

1. Allen C, Prior P, Hayward AC. Bacterial wilt disease and the <I>Ralstonia solanacearum</I> species complex. <I>Plant Pathology</I>. 2006;55:308–309.


                            2. 
                            
                              Genin S, Denny TP. 
Pathogenomics of the<i>Ralstonia solanacearum</i>Species Complex. 
Annual Review of Phytopathology. 
2012;
50
(1). 
Available from: https://doi.org/10.1146/annurev-phyto-081211-173000



                            3. 
                            
                              Milling A, Babujee L, Allen C. 
xtracellular polysaccharide production is required for virulence of <I>Ralstonia solanacearum</I>. 
PLoS ONE. 
2011;
6
(1). 
Available from: https://doi.org/10.1371/journal.pone.0015853



                            4. 
                            
                              Yao J, Allen C. 
The plant pathogen <I>Ralstonia solanacearum</I> requires biofilm formation for full virulence. 
Journal of Bacteriology. 
2007;
189
(17). 
Available from: https://doi.org/10.1128/jb.00398-07



                            5. 
                            
                              Tran MT, MacIntyre A, Hawes M, Allen C. 
DNases contribute to biofilm dispersal and virulence in <I>Ralstonia solanacearum</I>. 
Environmental Microbiology. 
2016;
18
(11). 
Available from: https://doi.org/10.1111/1462-2920.13446


6. Khan RAA. Sustainable management of bacterial wilt disease. <I>Journal of Plant Pathology</I>. 2020;102:421–431.

7. Jiang H. Nanoparticles in bacterial wilt management: mechanisms and applications. <I>International Journal of Molecular Sciences</I>. 2021;23:414.


                            8. 
                            
                              Khairy AM, Salem SS, El-Saadony MT. 
Eco-friendly application of nano-chitosan for controlling potato and tomato bacterial wilt. 
Saudi Journal of Biological Sciences. 
2022;
29
(4). 
Available from: https://doi.org/10.1016/j.sjbs.2021.11.041



                            9. 
                            
                              Olszewska MA, Simões M. 
Antimicrobial polyphenol-rich extracts: Applications and limitations in the food industry. 
Food Research International. 
2020;
134
Available from: https://doi.org/10.1016/j.foodres.2020.109214



                            10. 
                            
                              Manso T, Lores M, de Miguel T, Vila M, Antelo A. 
Antimicrobial Activity of Polyphenols and Natural Polyphenolic Extracts on Clinical Isolates. 
Antibiotics. 
2021;
11
(1). 
Available from: https://doi.org/10.3390/antibiotics11010046



                            11. 
                            
                              Gutiérrez-del-Río I, Fernández J, Lombó F. 
Plant nutraceuticals as antimicrobial agents in food preservation: terpenoids, polyphenols and thiols. 
International Journal of Antimicrobial Agents. 
2018;
52
(3). 
Available from: https://doi.org/10.1016/j.ijantimicag.2018.04.024



                            12. 
                            
                              Asadishad B, Hidalgo G, Tufenkji N. 
Polyphenols inhibit bacterial motility and biofilm formation. 
<I>FEMS Microbiology Letters</I>. 
2012;
334


13. Muthu K, Priya S, Manikandan R, Rajeshkumar S, Kausalya P, Annadurai G, <I>et al</I>. Green synthesis and characterization of copper nanoparticles using plant extracts. <I>Materials Today: Proceedings</I>. 2017;4:4505–4510.

14. Bansal V, Rautaray D, Ahmad A, Sastry M. Antibacterial activity of metallic nanoparticles. <I>International Journal of Nanomedicine</I>. 2019;14:2157–2168.


                            15. 
                            
                              Han S, Yang L, Wang Y, Ran Y, Li S, Ding W. 
Preliminary Studies on the Antibacterial Mechanism of a New Plant-Derived Compound, 7-Methoxycoumarin, Against <I>Ralstonia solanacearum</I>. 
Frontiers in Microbiology. 
2021;
12
Available from: https://doi.org/10.3389/fmicb.2021.697911


16. Dahham SS, Hassan LE, Ahamed MBK, Ezzat MO, Ali HA, Abdul Majid AM, <I>et al</I>., Polyphenols as antimicrobial agents. <I>American-Eurasian Journal of Agricultural & Environmental Sciences</I>. 2010;9:273–281.


                            17. 
                            
                              Lemire JA, Harrison JJ, Turner RJ. 
Antimicrobial activity of metals: mechanisms, molecular targets and applications. 
Nature Reviews Microbiology. 
2013;
11
(6). 
Available from: https://doi.org/10.1038/nrmicro3028



                            18. 
                            
                              Slavin YN, Asnis J, Häfeli UO, Bach H. 
Metal nanoparticles: understanding the mechanisms behind antibacterial activity. 
Journal of Nanobiotechnology. 
2017;
15
(1). 
Available from: https://doi.org/10.1186/s12951-017-0308-z



                            19. 
                            
                              Rai M, Deshmukh SD, Ingle AP, Gade AK. 
Silver nanoparticles: the powerful nanoweapon against multidrug-resistant bacteria. 
Journal of Applied Microbiology. 
2012;
112
(5). 
Available from: https://doi.org/10.1111/j.1365-2672.2012.05253.x


20. Borges A, Abreu AC, Dias C, Saavedra MJ, Borges F, Simões M. New perspectives on the use of phytochemicals as quorum sensing inhibitors. <I>Microbial Pathogenesis</I>. 2016;99:80–87.


                            21. 
                            
                              Kalia VC. 
Quorum sensing inhibitors: An overview. 
Biotechnology Advances. 
2013;
31
(2). 
Available from: https://doi.org/10.1016/j.biotechadv.2012.10.004















