


Insights into the Genetic and Cellular mechanisms of Xanthomonas and Pseudomonas Bacterial infections on crops-an update

Abstract:
Numerous food-producing plants are impacted by phytopathogenic bacteria, which are the main source of significant food and financial losses worldwide. The primary plant pathogens impacting fruit, vegetable, and staple crops worldwide are the Xanthomonas and Pseudomonas groups. The use of antibiotics, pesticides, biocontrol agents, and resistant cultivars are the mainstays of current management strategies; their efficacy depends on the host type, disease kind, and approaches employed. Since bacterial populations are continually changing, the scientific community faces fresh difficulties from counter-mechanisms. Mutation or recombination combined with human mobility leads to new forms of plant infectious illnesses, which intensify the pathogens' temporal and spatial dissemination. We provide background literature covering the salient features of the pathogens and symptomology. Cellular and genetic mechanims of the pathogens are covered in detail. The major finding are Xanthomonas axonopodis, plant immune responses include TTSS-effector suppression and biofilms mediated by quorum sensing (QS) and EPS production. Pseudomonas syringae primary processes include redox proteins, efflux pumps, salicylic acid (SA) and jasmonic acid (JA) signaling. The persister cells and the ability to enter viable but non-culturable mode (VBNC) states is an additional tool in Xanthomonas' resistance toolbox. Pathogens can create irreversible intracellular states and avoid immune responses owing to these mechanisms. The pathogen's modus operandi and biochemical pathways will be revealed by a better understanding of host-pathogen interactions, effectors, pathways, and signaling cascades. It is a key step in the identification of genetic variability and the development of targets and effective control measures.
Keywords: TTSS-effector suppression: DNA hybridization: quorum sensing (QS): programmed cell death (PCD).

1.0. Introduction
Phytopathogenic bacteria damage variety of food-producing plants worldwide (Martins et al., 2018). By colonizing their surfaces or tissues, they create symptoms such as spots, blights, cankers, and tissue rots, which contribute to plant overgrowth, stunting, root branching, and leaf epinasty alterations (Nazarov et al., 2020). As a result, a qualitative and quantitative quality is reduced, as does the global food supply system. Every year, bacterial infections of plants inflict serious crop damage and enormous economic losses to the global food production chain (Hossain et al., 2024). According to reports, about 200 bacterial pathogens cause serious infections in economically significant crops around the world. The majority of these infections belong to the genera Ralstonia, Pseudomonas, Xanthomonas, Agrobacterium, Erwinia, Xyllela, and Dickeya (Buttimer et al. 2017) causing brown rot, fire blight and soft rots.
2.0. Bacterial diseases (blight and speck)-symptomology
The Xanthomonas and Pseudomonas plant infections are harmful to a wide range of host crops, including vegetables, ornamentals, and staple crops. Only the Xanthomonas group of plant pathogens may infect more than 400 plant species. Xanthomonas causes blights, canker, and spot infections in economically significant crops like rice, wheat, tomato, and citrus. (von der Wolf et al., 2014). Pseudomonas spp. generates some of the most dangerous bacterial infections. For example, Pseudomonas syringae pv. tomato produces bacterial specks in tomatoes (Shenge et al. 2007). P. syringae pv. syringae pathovars are known to infect over 80 plants (Buttimer et al. 2017). Disease symptoms for rots and wilts include patches, cankers, and necrotic lesions.
We describe the Xanthomonas and Pseudomonas plant pathogens, which account for the majority of bacterial infections in fruits and vegetable crops worldwide in the following sections. Bacterial blight symptoms appear on all plant parts except roots and flowers; fruits are particularly sensitive. Bacterial blight is a serious danger that has the ability to spread rapidly. Symptoms include spots on foliage and fruits, as well as cankers on stems, branches, and trunks (Sharma 2017). Pseudomonas syringae infection causes necrosis or gummosis (sap leaking from lesions in the tree). Stomata, hydathodes, lenticels, and nectarines are examples of natural holes that serve as entry points for bacterial diseases. P. syringae multiplies and spreads during its epiphyte stage, although it does not cause disease. The flagella and pili are used to enter the plant host via stomata, necrotic areas, or lesions in leaves or woody tissues (Krishna et al., 2022). The pathogen exploits and develops in intercellular space, resulting in leaf patches and cankers. Few diseases, however, impact the fruit internally, affecting the mesodermal and endodermal germ layers while keeping the fruit's surface symptom-free or having no morphological consequences on crops (Singh and Arya 2023). Fruit and vegetables with illnesses have inferior quality and a short shelf life. Biochemical and physiological alterations include a decrease in carbohydrates and acids, which release a characteristic sulfurous odor and cause the creation of disagreeable odors due to fermentative metabolism (Muhammad et al., 2022).
The diseases spread to the vascular part of the plants, compromising their physiology. Xanthomonas axonopodis is a Gram-negative phytopathogen that infects crops including pomegranates, citrus, beans, and crucifers. The subspecies X. axonopodis pv. punicae (Xap) causes bacterial blight in pomegranates, resulting in significant economic losses. The disease spreads quickly, has considerable genetic plasticity, and resists traditional management approaches (Sharma, 2017). Persistence and adaptability are mostly owing to varied resistance and survival mechanisms that allow them to withstand plant defense responses, environmental challenges, and antimicrobial treatments (Martins et al., 2018). Understanding these pathways is critical for establishing effective illness management methods.

3.0. Salient features of Bacteria
Bacterial blight in pomegranate is a serious disease caused by Xanthomonas axonopodis. Punicae causes considerable economic losses worldwide. In 1995, Vauterine et al. reclassified the bacterium using DNA hybridization and designated it Xanthomonas axonopodis pv. Punicae. Xap is a rod-shaped, gram-negative bacteria measuring 0.4 to 0.75 × 1.0 to 3.0 μm. It has a single polar flagellum. Xap is cultivated in vitro on several synthetic media and has distinct growth characteristics (Sharma 2015). X. axonopodis pv. punicae (Xap) has a 5.4 Mb (348×) genome and is closely related to X. citri pv. citri, with 98.78% average nucleotide identity. It contains 4,263 protein-coding genes, 11 non-TALE type III effectors, and 2 TALE-encoding genes (Radhika et al., 2021).
Pseudomonas syringae is a rod-shaped Gram-negative bacteria with polar flagella (Preston et al., 2000). Pathogen generates INA proteins, which cause water in plants to freeze at extreme temperatures (−1.8 to −3.8 °C), causing damage (Maki et al., 1974). According to comparative genomic and phylogenomic study, it is not a monophyletic species, but rather part of a larger evolutionary group (34 genomes divided into three subgroups) that includes other species (Marios et al., 2020). The core proteome consisted of 2944 proteins, while the protein count and GC content of the strains ranged between 4973 and 6026 (average: 5465) and 58 and 59.3% (average: 58.6%). (Zavala et al. 2020).
4.0. Genetic and cellular mechanisms of pathogen infections
Phytopathogens are one of the leading reasons of decreased agricultural productivity globally. Antibiotics, chemical compounds, biocontrol agents, and resistant variants have all been used to treat bacterial illnesses (Sundin et al. 2016). However, its efficacy is determined by the nature of the disease and the host type. Furthermore, these strategies are always challenged by the ever-changing bacterial community. Mutation or recombination creates new plant infectious disease variants. Mutation and recombination occur as a result of extensive pesticide use and other management techniques. Human mobility accentuates the temporal and spatial spread of infectious illnesses (Changruenngam et al., 2020). Currently, bacterial disease treatment focuses on lowering initial inoculum, soil disinfestation, irrigation techniques, mulching, and fertilizers.
Hence environmental variables must be taken into account when growing a crop in order to prevent pathogen proliferation. Eliminating plant detritus, rotating crops, intercropping, and reducing crop density all help to reduce the initial level of pathogen inoculum. 
Understanding the mechanisms that drive the rapid development of blight is critical for establishing effective management techniques. 
Bacterial infection of crops begins with surface attachment, commonly via biofilms, followed by entrance into the plant via wounds, stomata, or hydathodes, where enzymes destroy plant tissues (Yaron et al., 2014). Blight pathogens infiltrate xylem vessels, proliferate, and create extracellular polysaccharides (EPS), clogging the vessels and causing wilting (Xue et al., 2025). Most plant infections use a type-III secretion system (T3SS) to inject effector proteins into plant cells, disrupting host cellular processes and allowing bacteria to flourish and cause disease. They also produce effectors (ETS) to overcome plant defense proteins (Locht and Simonet 2012). Under favorable environmental conditions, the blight spreads rapidly, resulting in substantial defoliation and reduced photosynthesis (Huang 2024). Pathogen can live in temperatures slightly below freezing, giving it an advantage during infection in trees such as sour cherry, apricot, and peach (Marroni et al., 2024). The pathogen takes advantage of holes in leaves caused by the leaf-mining fly Scaptomyza flava during oviposition (Giron et al., 2015). Also, employ the plant's chemical cues to penetrate the host and establish infection.
In addition to genetic resistance, Xanthomonas species exploit phenotypic resistance mechanisms such as persister cell growth and entry into viable but non-culturable (VBNC) states (Ju Kim et al., 2024). Persister cells are latent variations that endure antimicrobials without genetic alteration and resume development once stress is relieved (Lewis, 2010). For example, X. axonopodis pv. citri enters a VBNC condition following copper treatment while maintaining virulence (del Campo et al., 2009). These survival states make eradication efforts difficult and contribute to recurring disease outbreaks (Graham et al., 2004). Xanthomonas axonopodis uses a multilevel resistance strategy, including biofilm formation, quorum sensing, and detoxifying mechanisms (Durães et al., 2021).
Biofilms, made up of extracellular polymeric substances (EPS), operate as a protective matrix for bacterial cells, sheltering them from antimicrobial medications as well as environmental challenges such desiccation and oxidative stress (Fux et al. 2005). In pomegranates, X. axonopodis pv. punicae produces dense EPS that not only blocks xylem arteries, causing withering, but also promotes pathogen persistence within host tissues (Sharma, 2017). Quorum sensing (QS) a cell-density-dependent communication system facilitated by diffusible signal factor (DSF) molecules coordinates biofilm growth and regulation in microorganisms (Zeng et al., 2023). QS Synchronizes the expression of genes involved in EPS production, motility, and pathogenicity, allowing X. axonopodis populations to survive together and avoid host defenses. Interruption of QS pathways has been suggested as a potential approach to destabilize biofilms and attenuate virulence (Martins et al., 2018).
Complementing these structural and regulatory defenses are efflux pumps and detoxifying systems, which actively export toxic compounds/substances such as plant-derived antimicrobials and copper-based bactericides (Gaurav et al., 2023). Copper exposure, particularly at sublethal concentrations, has been found to cause persister cell production and enhance efflux activity, resulting in the emergence of copper-resistant populations and reduced field efficacy of copper sprays (Liu et al., 2023).
5.0. Xanthomonas axonopodis pv. pumice blight pathogen of pomegranate
Major research in this field focuses on the Xanthomonas axonopodis pv. punicae blight pathogen. As a result, the next paragraph summarizes the most recent developments on this virus. Xap secretes effector proteins XopN and XopL via the type III secretion system (T3SS) to promote pathogenesis and decrease host immunological responses (Kumar et al., 2016). The XopL is required for in planta proliferation and virulence, and the TTSS effector suppresses plant immune responses, including programmed cell death (PCD), allowing Xap to multiply for an extended length of time during blight disease development (Soni and Mondal 2018). The physiological, biochemical, and molecular properties of six phytopathogenic strains of Xap point to a reactive oxygen species-mediated plant immune response during host-pathogen interaction (Chathalingath and Gunasekar 2023). ). Kumar and Antony 2022 examined copper-binding proteins of Xcp to determine their potential significance in pathogenesis. Copper, a cofactor, is an essential micronutrient that binds to proteins and catalyzes a variety of biological processes that are important in bacterial physiology and pathogenicity. 46 putative copper-binding proteins (PCBPs) were discovered, accounting for about 85% of the Xcp proteome, with 34 and 25 PCBPs being essential and pathogen-host interaction (PHI) proteins, respectively. The use of resistance gene analogs (RGAs) is an important step in breeding pomegranates for pest and disease resistance. Radhika et al. (2024) used the RGA prediction method to identify 958 RGAs, with the majority of Nucleotide Binding Site-Leucine-Rich Repeat proteins (NBS-LRR) genes located on chromosomes 08 and 02. Gene ontology analysis revealed RGAs associated with defense against various biotic stresses. Further, RNAseq identified 120 differentially expressed RGAs.
 

6.0. Pseudomonas syringae infection in tomato
The acquisition of the canonical tripartite pathogenicity islands (T-PAI) by the progenitor of P. syringae was an important step toward patho-adaptation (Baltrus et al., 2017). P. syringae uses a an arsenal of virulence factors to combat stomatal closure as part of its infection strategy. P. syringae can cause immune-associated programmed host cell death (HR) in resistant plants, as well as ice nucleation activity, via the iaaL gene, which is implicated in the inactivation of the plant hormone auxin. The expansion and specialization of virulence factors, particularly T3SS effectors (T3Es), has significantly impacted host range and diversification (Nikolić et al., 2023). In addition to T3Es, the pathogen produces a broad set of phytotoxins such as coronatine and syringomycin (Vadillo-Dieguez et al., 2024). Virulence factors, such as the phytotoxin coronatine and T3Es, reduce plant stomatal defense. Coronatine binds directly to the plant jasmonic acid (JA) receptor, activating the endogenous antagonistic interaction between JA and salicylic acid (SA) signaling, which is downstream of pathogen-associated molecular pattern (PAMP) signaling and required for PAMP-induced stomatal closure (Zhang et al., 2025). Coronatine-induced stomatal opening in tomatoes is mediated by JA signaling via the JA2L40 transcription factors (Toum et al., 2016). Coronatine prevents stomatal closure by inhibiting guard cell Nicotinamide Adenine Dinucleotide Phosphate (NADPH) oxidase-mediated ROS generation in PAMPs, ABA-treated plants, or under darkness.
On the other hand, the transcription factor ANAC32, which is increased during infection of Arabidopsis, directly inhibits MYC2 activation as a plant countermeasure to reduce coronatine-mediated stomata opening (Allu et al., 2016). Syringomycin has been shown to have at least two virulence-related activities: promoting pore formation on plant membranes, resulting in the release of plant metabolites, and acting as a biosurfactant, allowing plant surface wetness and bacterial mobility (Xin et al., 2018). 
The P. syringae T3Es (HopX1, HopZ1a, and HopBB1) stimulate JA signaling by directly interacting with and/or disrupting JAZ repressor proteins (Jiang S. et al., 2013). Another T3E, AvrB, stimulates JA signaling by boosting JAZ protein degradation, modulating the phosphorylation of plant protein RIN4 and membrane ATPase activity, leading to stomatal opening (Zhou et al., 2015). Finally, T3Es HopF2 and HopM1 inhibit PAMP-induced oxidative bursts and stomatal closure (Hurley et al., 2014). A recent in vivo imaging investigation supporting the study found that type III secretion targets guard cells, which make up stomata (Pantaleno et al., 2024). In the apoplast, a complicated interaction between plant immune responses and bacterial virulence mechanisms takes place. To counteract immune responses from mesophyll cells, P. syringae uses T3Es and other virulence factors to disrupt plant immune signaling at various stages (Dudnik et al., 2024). 
The MexAB-OprM efflux pump mediates flavonoid resistance, allowing it to survive and colonize the host (Vargas et al. 2013). Infections coexist alongside a diverse range of other bacteria (referred to as the microbiome) on plants. Other interacting bacteria may alter the pathogen's virulence and/or the amplitude of plant immune responses, resulting in a variety of disease consequences. Ranjit et al. (2024) identified virulence genes in Pss strains isolated from pepper plants, including 30 biofilm genes, 87 motility genes, and 106 secretion system genes. Vargas et al. (2013) reported an inventory of 90 protein redox switches implicated in tomato pathogen defense. These could be used for carbohydrate and energy metabolism, cysteine, sucrose, and brassinosteroid biosynthesis, cell wall biogenesis, polysaccharide/starch biosynthesis, cuticle development, lipid metabolism, the tricarboxylic acid cycle, protein targeting to the vacuole, and oxidation-reduction.
7.0. Discussion
Pathogens use a multimodal survival strategy that includes genetic diversity, effector-mediated inhibition of host defenses, persister cell production, and biofilm creation. These mechanisms impede control attempts and contribute to recurring epidemics. The never-ending arms race between plants and their diseases has resulted in the ongoing evolution of resistance and pathogenicity. Several extensive earlier studies of host-pathogen interaction have laid the groundwork for the development of management techniques. Chouhan (2025) provides an example of using phylloplane microbiomes as potential biocontrol agents in Xanthomonas infections. Similar approaches have been effective in Tomato Late Blight (Jehani et al., 2025). Plant disease resistance genes include receptor and response genes, which change the expression or post-translational modification of encoding proteins in response to pathogen attacks.
Several proteins belonging to the two categories have been found so far (Sekhwal et al., 2024). To this purpose, Zhu et al. (2012) describe the stacking of three resistance genes against Phytophthora infestans in potato. Alternative methods such as Systemic Acquired Resistance (SAR), a whole-plant resistance induced after a localized pathogen infection mediated by signaling molecules has produced meaningful effects to create resistance in several crops. To this end Pseudomonas fluorescens resulted in induced systemic resistance (ISR) in cucumber to Ralstonia solanacearum is reported by Suresh et al., 2022. Plant elicitors such as phenylalanine ammonia-lyase (PAL), callose synthase-3 (CS3), chitinase, pathogenesis-related protein-1 (PR1), and pathogenesis-related protein-10 (PR10) are implicated in conferring disease tolerance. Kumar et al. (2021) report application of this method on the use in blight resistance. Integrated management measures, including molecular breeding, biological control, and enhanced diagnostics, are required to reduce the pathogen's impact on worldwide agriculture. It is anticipated that developments in molecular biology, such as CRISPR-Cas9 gene editing and multi-omics technologies (genomics, transcriptomics, and metabolomics), would allow for the precise and widespread deployment of resistance characteristics.
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