


Review Article
An update on Cellular mechanisms, epidemiology, detection and management methods of the Bacterial pathogens of Pomogrante

Abstract:
Pomegranate crop with robust agronomical and remarkable preservation capabilities possess high pharmaceutical and therapeutic value. The fruit rind, seeds and pulp are good source of carbohydrates and minerals like calcium, iron and potassium. Hence is currently promoted as a functional food and nutraceutical with health promoting benefits. Also, currently several food products are pomegranate based. Thus, Pomegranate production is at cross-roads of huge demand in domestic and international markets. Bacterial pathogens are a problem and threat with high global epidemic potential in several stages of fruit production. Blight and other diseases caused by bacteria in pomegranate are major diseases resulting in significant economic losses globally. A regular update of the pathogen incidence epidemiology, infection and detection methods serve multiple benefits to the community associated to the crop. With this intention we survey and review the topic and present spectrum of data highlighting unique finding in the identifications, symptomatology detection and management methods. Bacterial blight causing P. ananatis, cellular resistance mechanisms, pCR coupled methods for early and accurate diagnosis and application of AI and computer design for detection are the major trends in pomegranate biology. Finally, future scope in the area includes CRISPaR, neural methods for detection of pathogen and disease management and exploring the pharmacotherapuetic potential of the crop.
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1.0. Introduction
Pomegranate (Punica granatum) is a nutrient-rich fruit valued for its remarkable health, pharmacological, and therapeutic properties. Its arils are rich in polyphenols, sugars, and organic acids, while the peel holds the highest phytochemical content. Major bioactives like punicalagin and anthocyanins contribute to strong antioxidant activity and vibrant color. The seed oil, abundant in punicic acid, enhances its functional value. Widely used in juices, jams, wines, and concentrates, pomegranate stands out as a potent biofunctional fruit. 
However, despite its high economic and nutritional significance, pomegranate cultivation is severely challenged by various phytopathogenic bacteria that compromise fruit quality and yield. Phytopathogenic bacteria affect a wide range of food-producing plants globally (Martins et al., 2018). By colonizing either their surface or tissues, they cause symptoms such as spots, blights, cankers, and tissue rots, leading to plant overgrowth, stunning, root branching, and leaf epinasty (Nazarov et al., 2020). Thus, they negatively affect both the qualitative and quantitative attributes of crops and pose a major threat to the global food supply chain. Bacterial diseases cause devastating damage and significant economic losses to food production worldwide each year (Hossain et al., 2024). Examples of phytopathogenic bacteria and diseases they cause include Pseudomonas syringae pathovars, Ralstonia solanacearum (a destructive pathogen causing brown rot), Xanthomonas compestris pathovars, Erwinia amylovora (fire blight0, and Pectobacterium species (soft rots) (van de Wolf et al., 2014).
Pomegranate (Punica granatum L.) belongs to family Lythraceae, an ancient favorite fruit of tropical and sub-tropical regions of the world (Ed and Eric 2007). It is a native of Iran and it is widely cultivated throughout the world in several countries such as India, Pakistan, Iran, China, Turkey, USA, Spain, Afghanistan, the Middle East, Israel, and dry regions of Southeast Asia, Peninsular Malaysia, the East Indies and tropical Africa (Barnossi et al., 2021). Major qualities of the crop include toughness, flexibility in adapting to various environmental variables, low maintenance needs, dependable but high yields, and remarkable preservation capabilities. The fruit rind, seeds and pulp are good source of carbohydrates and minerals like calcium, iron and potassium and possess high pharmaceutical and therapeutic value. Also, they are currently promoted as a functional food and nutraceutical source with health promoting benefits. (Sreekumar et al 2014). Major share of industrial food products includes pomegranate juice, beverages, syrup, jelly, and jam (Navindra et al., 2006). The long shelf life of pomegranate encourages huge demand in domestic and international markets. India is the largest producer of pomegranate in the world with an annual production of 2,442 thousand tonnes grown in 209 thousand hectares (Pawar and Dingre, 2020; Reddy et al., 2019). 
Pomogrante genomics includes the Morphological, Biochemical, and Molecular Diversity analysis of Indian Ex Situ Collection of Pomegranate (Punica granatum L.) (Parashuram et al., 2022). 
2. Pathogens of Pomogrante 
In the last decade due to recent advancements like mono culturing worldwide has led to emergence of new pest and diseases with severity in Pomogranate (Sharma 2020).  The crop is susceptible to many fungal and bacterial pathogens which affect the quality and quantity.  Worldwide more than 55 pathogens have been reported to cause around 37 different diseases on pomegranate (Jain and Desai 2018). Major pathogens include B. cinerea, Penicillium spp., Al. alternata, C. granati, which causes wood canker and branch dieback, rots and wilts. Pomegranate pre-harvest disease infections can be dormant for a long period of time before becoming symptomatic during postharvest storage. These pathogens lead to fruit spoilage and facilitate fruit rind and aril decay during storage (Mincuzzi et al., 2023). Among these, bacterial diseases are prominent in pomegranate production regions, leading to considerable fruit losses throughout the growing season (Munhuweyi et al., 2016). 
2.1. Bacterial pathogens 
Bacterial blight in pomegranate is a major disease caused by Xanthomonas axonopodis pv. Punicae results in significant economic losses globally. Vauterine et al., in 1995 re-classified the bacterium on the basis of DNA hybridization and named it Xanthomonas axonopodis pv. Punicae. Xap a gram negative, rod shaped bacterium measuring 0.4 to 0.75 × 1.0 to 3.0 μm single polar flagellum. Xap is cultured in vitro on different synthetic media with unique growth morphology (Sharma 2015). Bacterial blight symptoms are present on all plant parts, excluding roots and flowers; fruits are especially vulnerable. The symptoms include spots on foliage and fruits, as well as cankers on stems, branches, and trunks (Sharma 2017). Genomic sequence of the strain suggests a 5.4 Mb (348×) of genome exhibiting close lineage with X. citri pv. citri with 98.78% average nucleotide identity, and 4,263 protein-coding genes, 11 non-TALE type III effectors and 2 TALE-encoding genes (Radhika et al., 2021). 
Other bacterial reports include Micrococcus luteus causing bacterial blight in pomogranate (Jadhav and Bhadekar). Ajayasree and Borkar 2018 by using 16 S rRNA sequence report Klebsiella pneumoniae bacteria as a causative pathogen of root bark necrosis and wilt in pomegranate. The bacterial infection was observed only on the root bark and not in the vascular tissues as reported in other bacterial wilt diseases. Further, yellowing of leaves on twigs with ultimate wilting of branches and the whole plant was observed. Ragupathy et al., 2013 report X. citri subspecies and pathovars bacterial pathogens of pomogranate. Jagdale et al., 2018 report for first time Pseudomonas sp responsible for bacterial blight. P. ananatis as the cause of bacterial blight of pomegranate in India was reported by Chathalingath and Gunasekar 2023.

3.0. Role of bacterial pathogens in Disease symptoms 
Bacterial blight affects aerial parts of pomegranate plants. Disease symptoms include wilting, stunted growth, weakened vigor, limb dieback, and overall tree degeneration (Pachorkar et al., 2023). Natural openings like stomata, hydathodes, lenticels and nectarines become portals of entry to the bacterial pathogens. Leaf symptoms include discoloration, blotches, necrotic canter surrounded by a translucent halo and lesions. Lesions may coalesce and often extend to veins and the midrib (Ashish and Anita Arora 2016). The spectrum of diseases could appear as surface rots, shriveling, browning, and the appearance of unfavorable traits like spots or lesions depending on the type of pathogen. All fruit diseases eventually result in rind breakdown, aril browning and decay. However, few pathogens affect the fruit from the inside, disrupting the mesodermal and endodermal germ layers, leaving the fruit's exterior symptom-free or with no morphological effects on crops (Singh and Arya 2023). Fruit with diseases has low quality and short shelf life. Biochemical and physiological changes include decline in sugars and acids that give characteristic odor and lead to the development of unpleasant flavors due to fermentative metabolism and emission of unfavorable aromas, such as sulfurous volatiles (Muhammad et al., 2022).  Twigs and stems reveal brownish black lesions generally initiating at the nodes and extending along the bark. The infections are observed extending to the vascular region of the plants. Blight lesions on twigs often result in girdling, thereby, resulting in the breaking off of the twig at the point of by some external pressure (Bhatia et al., 2022). Lesions on fruits normally coalesce and may result in blight symptoms with characteristics ‘Y’ or ‘L’ shaped cracking. Blighted fruits with one or more lesions reveal characteristic splitting rendering fruits unfit for consumption.

4.0. Epidemiology and global scenario
Bacterial blight problem is a threat with high epidemic potential. Globally, severe branch dieback and wood canker of pomegranate were reported in Tunisia with symptoms including yellowing of leaf, canker formation and wood lesions. Icoz-Sulu et al., 2014 report Bacterial blight in Turkey. Blight symptoms have been reported in Iran, Iraq, and Pakistan (CABI). Petersen et al., 2010 reported blight in South Africa. In the Indian scenario the major pathogens are of pomegranate are blight (caused by Xanthomonas axonopodis pv. punicae), wilt diseases (caused by Ceratocystis fimbriata alone and/or root-knot nematode Meloidogyne incognita), Phytophthora blight (Phytophthora spp.), fruit and leaf spots caused by fungal pathogens (Colletotrichum gloeosporioides, Cercospora punicae, Alternaria alternate) and fruit rots (including those caused by Aspergillus sp., Penicillium sp.) (Sharma et al., 2010). The blight disease was first reported in India by Hingorani and Mehta (1952) and later from Bangalore in 1959. The disease was of minor importance until 1991, when it appeared in epidemic proportion at IIHR experimental plot at Bangalore, leading to 60-80% crop losses. Since then, several workers have reported the occurrence of blight and resultant losses from different parts of the country viz. Tamil Nadu, Himachal Pradesh, Haryana, Karnataka, Maharashtra, and Rajasthan. Recent epidemics of bacterial blight have been reported in Maharashtra, Karnataka and Andhra Pradesh by various groups mainly in Solapur district and disease observed for throughout the year at various (Kanwar Manjula and Khan 2002; Pawar 2017). In Karnataka the recorded incidence range is 60 to 90% (Kumar 2009).  In the Indian scenario surveys carried out by National research centre for pomegranate(NRCP) Solapur from 2005 to 2009 revealed the prevalence of blight in all major pomegranate-producing states of Maharashtra with 52.25% of orchards, in Karnataka 58.33% and Andhra Pradesh 43.47% which include mild to the severe forms of pathology. The blight prevalence was mild to moderate proportions in some orchards of the Hanumangarh district of Rajasthan (Meena, et al., 2017). A survey was conducted in North Karnataka indicate severity on the trees was 29.8%  and 19.3% respectively with severity of 20.8%. The disease severity in Bellary was 6.73% and Bagalkot district (74.08%) (Benagi et al., 2012).  Chowdappa et al., 2018 reports survey of Pomegranate growing areas of Tamil Nadu districts. The maximum disease incidence was observed in Tiruppur district (35 %) with the disease severity of 25 per cent in leaves followed by Erode district. The maximum incidence of was recorded in the Sivagiri village of Erode district (24 %). Also, the bacterial blight incidence was high in the leaf when compare to fruits in all the areas surveyed. Another recent  Survey by Naresh suggest incidence % of bloght was higher in Periyakulam district (37%) and Palarpatti (36%) regions of Theni District, followed by Udumalaipet (34%) regions of Tirupur and Thalavadi (29%) region of Erode. Orchards in Periyanaikenpalayam, Seeranaikenpalayam and Tamil Nadu Agriculture university(TNAU) of Coimbatore the incidence of 15-22%, is recorded whereas in the Nilgiris District of Coonoor (13%). 

5.0. Cellular and biochemical mechanisms of infection
Phytopathogens are one of the major causes of low agricultural productivity worldwide. New variants of plant infectious diseases result from mutation or recombination. The mutation and recombination take place due to heavy use of pesticides and other control measures (Hawkins et al., 2018). Human mobility accentuates the temporal and spatial spread of infectious pathogens (Changruenngam et al., 2020). Understanding the mechanisms behind the aggressive spread of blight is essential for developing effective management strategies.  
Bacterial infection of crops involves initial surface adhesion, often via biofilms, followed by entry into the plant through wounds, stomata, or hydathodes using enzymes to degrade plant tissues. Inside the host most plant pathogens use a type-III secretion system (T3SS) to inject effector proteins into plant cells, which disrupt host cellular processes for bacterial growth and disease development. Pathogens overcome plant defense proteins with effectors (ETS) (Locht and Simonet 2012). Major studies in this area are related to Xanthomonas axonopodis pv. punicae blight pathogen. Therefore, the following paragraph highlights latest developments on this pathogen. Blight pathogens colonize the xylem vessels, multiply and produce extracellular polysaccharides (EPS), which clog the vessels and lead to wilting. Further, they deliver virulence factors via Type III secretion systems (T3SS) that suppress host immune responses, facilitating disease progression (Huang 2024). The blight can progress rapidly, particularly under favorable environmental conditions, leading to significant defoliation and reduced photosynthesis. Xap secretes effector proteins XopN and XopL by the type III secretion system (T3SS) for pathogenesis and to suppress host immune responses. The XopL is essential for its in planta growth and virulence and the TTSS-effector suppresses plant immune responses, including programmed cell death(PCD) supporting the multiplication of Xap for a sufficient time-period during blight disease development (Soni and Mondal 2018).  Physiological, biochemical, and molecular characteristics of six phytopathogenic strains of Xap implicate reactive oxygen species-mediated plant immune response during host-pathogen interaction (Chathalingath and Gunasekar 2023).  Kumar and Antony 2022 screened copper-binding proteins of Xcp to assess their plausible role in pathogenesis.  Copper a coifactor is a vital micronutrient conjugates with proteins, catalyze various biological processes that plays a significant role in bacterial physiology and virulence mechanism. 46 putative copper-binding proteins (PCBPs) covering approximately 0.85% of the Xcp proteome were identified, with 34 and 25 PCBPs essential and pathogen-host interaction (PHI) responsible proteins. Application of Resistance gene analogs (RGAs) is a significant step towards breeding pomegranates for pest and disease resistance.  Using RGA prediction tool Radhika et al., 2024 identified 958 RGAs, with Nucleotide Binding Site-Leucine-Rich Repeat proteins (NBS-LRR) genes predominantly present on chromosomes 08 and 02. Gene ontology analysis revealed RGAs associated with defense against various biotic stresses. Further, RNAseq identified 120 differentially expressed RGAs. To understand host-pathogen interactions during blight infection resistance varieties of germplasm are unique resources. Application of elicitors blight resistance method is reported by Kumar et al., 2021. The study results implicates significant upregulation of proteins such as phenylalanine ammonia-lyase (PAL), callose synthase-3 (CS3), chitinase, pathogenesis-related protein-1 (PR1), and pathogenesis-related protein-10 (PR10), which are implicated in conferring disease tolerance.  



5.0. Detection methods
Rapid and accurate detection of a pathogen at early and latent infection is essential for effective disease management. Although culture-based morphological features of the pathogen are used for precise detection of the pathogen, these techniques depend on the “culturability” of the pathogen and are time consuming and laborious. Molecular-based techniques such as polymerase chain reaction (PCR), Enzyme linked immuosorbent assay (ELISA) and quantitative polymerase chain reaction qPCR have contributed for precise and early detection of pathogens. Mondal and Mani 2009 report genomic fingerprints and their correlation with virulence pattern of Xcp isolates using enterobacterial repetitive intergenic consensus (ERIC) sequence-based primers. A correlation between genotypic groups based on ERIC fingerprints and pathogenicity of the isolates was established by the study. A Multi locus Sequence Typing (MLST) method of Xap simple sequence repeats (SSR) as powerful genomics tools enabling monitoring of population dynamics, taxonomy, epidemiology and quarantine is developed by Patil et al., 2022. MLST can reveal not only bacterial diversity and strain identity, but also provide information on pathogen migration across a region by comparing their allelic profiles (Balamurugan et al., 2018).  Kumar et al., 2022 report lateral transmission of bacterial blight of pomegranate as a consequence of pathogen migration with the expansion of pomegranate cultivation.  PCR coupled with agarose gel electrophoresis (pCR-AGe), PCR coupled with capillary electrophoresis (pCR-Ce) and real-time PCR (qpCR) for the early and accurate diagnosis of bacterial blight in pomegranate is reported (Doddaraju et al., 2019). The methods was capable of diagnosing symptoms 6 to 10 days before appearance, with detection limits of 100 fg and 10 fg of bacterial DNA respectively. 
Use of machine learning methods and computer vision techniques in agriculture is increasing in the last decade to address important facets of the industry. Using system analyses of photos pomegranate plants to pinpoint the distinctive symptoms of blight a trained model's real-time analysis using AI is reported by Bharambe et al., 2024. The system enables the quick and early detection of blight in pomegranate orchards. A computer design which classifies diseases affecting pomegranates using K-means clustering and SVM techniques is reported by Gaikwad 2017. The design enables classifying different pomegranate variety in accordance with their diseases. Finally, molecular docking studies have also facilitated the ield of detection. report B. amyloliquefaciens as a potent bacterial antagonist and GC-MS profiling of bioactive compounds viz., pentenyl angelate and 3-methylbenzothiophene with notable antimicrobial properties. Further, docking studies with XopN virulence protein demonstrate high binding affinities, suggesting selective and stable interaction while avoiding host targets. 

6.0. New trends in disease management
Two morphologically different bacteriophages were isolated from the river and soil samples from various locations of Maharashtra, India against the Pseudomonas sp. The isolate were morphologically and genetically different and high specificity. Attributes of the phages such as wide range of stability under various environmental factors renders them as potent tool for biocontrol of the pathogen (Jagdale et al., 2019). Genetic diversity assessment in a collection of wild and cultivated pomegranates by microsatellite markers is reported Giancaspro et al., 2023. Screening of wild cultivars for prospective resistance gene analogues will enable transfer of blight resistance.  Application of Phylloplane microbiome in disease suppression through metabarcoding, traditional microbiology, and antibacterial screening of microbial candidates is reported by Chouhan 2025. The study implicated Bacillus amyloliquefaciens P2–1 and Pantoea dispersa Pg-slp-6 as potential biocontrol agents. Biocontrol methods for management of blight includes have been successfully reported. in vivo evaluation of endophytes belonging to genera Bacillus, Burkholderia, and Lysinibacillus, reduced blight incidence by (11.6%) and severity (6.1%). Significant high phenolic and chlorophyll contents were estimated in endophyte-treated plants (Singh et al., 2022). Optimized bactericide application of copper-streptocycline combination is reported to suppress blight and enhance fruit yield, quality, and biochemical composition. Implicating the potential of bactericidals in sustainable pomegranate productivity and reducing orchard losses (Mustafa et al., 2025).
The use of herbal plant extracts towards ecofriendly and safer method of choice in the management of bacterial pathogen is increasingly gaining momentum. Current literature implicate several plant extracts of Neem, Nochi, Turmeric, Ginger, Garlic, Nithyakalyani, Aloe vera, Coleus and Periwinkle etc. as potential sources of phytoextracts (reviewed in Chowdappa et al., 2018). Simple and cost effective measures for blight management using different extracts from botanical, chemical and Microbial origin is reported by Adav and Raut 2019. Plant hormones like ethylene, jasmonic acid and salicylic acid are plant growth regulators and signaling molecules currently employed in biocontrol regimes with stable success in several crops. Dashyal et al., 2021 report ethrel application with maximum disease severity of 33.2% and salicylic acid with 15.08% lowest disease severity under greenhouse condition. A high level of genetic variability among the strains of X. axonopodis pv. punicae has been reported, which is independent of host cultivar and geographical origins (Raghuwanshi et al., 2013; Chavan et al., 2017).   In the last decades outbreaks could be attributed to horizontal transmission of the pathogen aided by genetically homogenous clones of apparently healthy, but latently infected, planting material of elite pomegranate cultivars. The study by Kumar et al 202 forewarns the potential role played by clonally propagated pomegranate in disseminating and sustaining clonal populations of the bacterial plant pathogen in many Indian states. Finally, detection of infected Pomegranate Leaf using Convolutional Neural Networks (CNNs) which improves the accuracy of disease detection and empower farmers with tools to manage their crops more efficiently and sustainably is also proposed(Kshirsagar et al., 2025).  
7.0. Discussion
Review of the current literature about pathogen emergence, strain variability and outbreaks disease symptomology coupled with epidemiology and detection methods ensure integrated management of crops which applies to pomegranate also. As discussed in the review new pathogen emergence, insights in to the cellular mechanisms will enable researchers to understand the basic mechanism of pathogens and develop preventive measures. Newer detection methods which can be deployed on-site with reliability have been currently developed will aid early detection and disease management and reduce crop loss and economic burden. Further, the pomegranate biology and industry is not lagging behind in applications of modern methods. To this end flavonoid-specific SSRs markers which effectively differentiate the cultivars pattern based on morpho-chemical characterization, enabling rapid identification of cultivars with relevant nutraceutical traits is reported (Arlotta et al., 2022). Non-destructive detection of pomegranate blackheart disease via Near-Infrared Spectroscopy and Soft X-ray Imaging Systems with prediction set accuracy of 86.00% is reported by Nie 2025. Several researchers also report Neuronal network (Nagane and Patil) and automated leaf disease detection using Alexnet Algorithm (Wakhare et al., 2023). Rapid detection of phytopathogens is essential for integrated pest management strategies.  Recent development in genomics based diagnostic technology based on clustered regularly interspaced short palindromic repeats (CRISPR) is well suited for testing at the site an important need in fruit-crop detection. The CRISPR technology has not been completely explored for phytopathogen monitoring and detection in crops (Karimi et al., 2025; Hak et al., 2024). Cas proteins has emerged to be a cost-effective and miniature diagnostic tool which can be extrapolated to the pomegranate diagnosis.   
Finally, Pharmacotherapeutic potentials of pomegranate  includes its rich polyphenols that is widely mentioned in medical folklore and commonly used to treat range of common disorders, infectious and noninfectious respiratory diseases, and neurological disorders. Thus the crop has high potential medicinal value apart from its applications in food and beverage industries. An integrated multi-tier management of the crop involving researchers from diverse fields and applications of modern methods at several stages will help the crop meet nutritional needs in the future days.
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