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ABSRACT
Brown spot of rice represents a globally important disease of rice, capable of inflicting severe yield losses under epidemic conditions. The historical relevance of this pathogen is exemplified by its major role in the Bengal Famine of 1943, highlighting its potential to cause large-scale crop failures which can be a threat to food security. Conventional disease management practices, including resistant varieties, use of disease-free seeds, hot water treatment, and chemical fungicides, remain the primary control measures. However, rising concerns over environmental impacts and the emergence of fungicide-resistant pathogen strains highlight the urgent need for sustainable alternatives. Endophytes, the beneficial microbes residing asymptomatically within plant tissues have emerged as promising bio control agents. They enhance plant health through nutrient acquisition, hormone modulation, and suppression of pathogens via multiple antagonistic mechanisms. They exhibit efficient root colonization, metabolic diversity, and competitive exclusion of pathogens, making them ideal for integrated disease management. Various studies have demonstrated the potential of endophytic strains in mitigating brown spot severity while promoting plant growth. Their eco-friendly nature and multifaceted interactions with the host make them effective tools for reducing chemical inputs in agriculture. This review explores the biology and epidemiology of brown spot disease, the current management strategies, and highlights the emerging role of endophytes in disease suppression and plant resilience. It also discusses future directions, including the application of multi-omics technology and genetic engineering to enhance the efficacy of endophytes. Overcoming regulatory hurdles and conducting large-scale field trials will be critical for transitioning from lab to field. Harnessing endophytes offers a sustainable, innovative pathway to combat brown spot of rice, reduce fungicide dependency, and build climate-resilient agricultural systems.
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1. INTRODUCTION
Rice (Oryza sativa L.) is one of the staple food of majority of the world’s population. It is cultivated in 11 per cent of the total land area, worldwide. India is the second largest producer of rice in terms of area and production. The crop is rich in nutrients including carbohydrates, proteins, and fatty acids. Half of the world population and two-third of Indians consume rice as one of their most important food commodities (Maurya et al., 2024). Rice plant is susceptible to a variety of diseases, the most significant of which are the fungal disease including blast (Pyricularia oryzae), brown spot (Bipolaris oryzae), stem rot (Sclerotium oryzae), sheath blight (Rhizoctonia solani), and sheath rot (Sarocladium oryzae), bacterial diseases such as bacterial blight (Xanthomonas oryzae pv. oryzae), and viral diseases such as tungro (Rice tungro virus) (Kumar & Simon, 2016). Brown spot of rice is a significant disease affecting rice crop globally. It leads to both quantity and quality losses in grain yield. The disease is historically significant as it was associated with two significant epidemics in India. The first epidemic affected the Krishna-Godavari delta in 1918–19, and the second was the devastating outbreak in the Bengal Province in 1943, known as the “Great Bengal Famine,” which left 2.1–3 million people starving to death (Barnwal et al., 2013). The primary objective of this review is to explore the role of endophytes in the management of this rice disease. It discusses the various mechanisms through which endophytes enhance plant resistance, reduce dependency on chemical fungicides, and contribute to sustainable agriculture. This paper also attempts to explore the possibilities of how leveraging these natural allies can lead to more resilient crops and improved yields in the face of global agricultural challenges.
2. BROWN SPOT OF RICE
2.1 History and economic importance
Brown spot of rice is caused by the fungus, Bipolaris oryzae Subr. and Jain (Helminthosporium oryzae Breda de Haan, telemorph - Cochliobolus miyabeanus). It was first observed in Japan in 1900. It is referred to as “nai-yake,” which means seedling blight, sesame leaf spot, and Helminthosporiosis (Sunder et al., 2014). The disease has been reported in Japan, China, Burma, Sri Lanka, Bangladesh, Iran, Africa, South America, Russia, North America, Philippines, Saudi Arabia, Australia, Malaya, and Thailand (Khalili et al., 2012). In India it was first reported by Sundraraman from Madras in 1919. Dry/direct seeded rice was severely affected by this disease in the states of Bihar, Chhattisgarh, Madhya Pradesh, Orissa, Assam, Jharkhand and West Bengal (Sunder et al., 2014). Surendhar et al. (2022) noted that on an average, the disease results in 5 per cent yield loss across all rice cultivating low lands in South and Southeast Asia. It is estimated to be around 4 to 52 per cent in India. Severely infected fields can have as high as 45 per cent yield loss. Heavily disease infected seeds cause seedling blight, leading to 10 to 58 per cent seedling mortality. The quantitative loss of this disease varied with infection stages and the cultivar. Chattopadhyay et al. (1975) reported from their studies that at severely affected areas in West Bengal, yield losses in rice varieties Tilakkachery (susceptible) and Bhasamanik (moderately resistant) were 2.2 percent and 5.6-11.7 percent, respectively.
2.2 Symptomatology
The pathogen affects rice at all growth stages starting from nursery to main field. Kulkarni et al. (1986) identified glume blotching phase of the disease causes more damage. It infects coleoptile, leaf blade, leaf sheath, and glumes, but it mostly prefers leaf blade and glumes. Initial symptoms appear as small brown spots which later develop into brown lesions with grey center and yellow margins (Kaboré et al., 2025). Drying of leaves occur when several such spots coalesce. In nursery, seedlings will die and can be easily seen from distance which appear as a brownish scorched. In glumes we can see some black spots containing conidiophores and conidia of the fungus resulting in poorer seed germination, seedling mortality, grain quality and weight (Sunder et al., 2014). On rice grains, eye spot symptoms are observed. It is also found in collaboration with a physiological disorder known as Akiochi in Japan (Bag et al., 2021). Since plants damaged by Akiochi are consequently susceptible to B. oryzae, the pathogen of the rice Brown spot disease which develops profusely in rice fields on sandy soils. Sometimes brown or greyish brown spots on the neck region resembles blackening in case of neck blast (Sunder et al., 2005).

2.3 Etiology 
It was Breda de Haan in 1900 who first described the fungus as Helminthosporium oryzae. Since most of the conidia germinate from two end of the cells, Shoemaker (2006) referred it to as Bipolaris oryzae. However, various workers observed that the conidia of the fungus also germinated in an amphigenous manner, thus Subramanian & Jain (1966) described the fungus as Drechslera oryzae. Teleomorph of the fungus in culture was observed and termed as Ophiobolus miyabeanus by Ito & Kuribayashi (1927). The most preponderant species associated with brown spot is Bipolaris victoriae (also known as C. victoriae), followed by B. oryzae (teleomorph: C. miyabeanus), B. bicolor, and B. indica in Iran (Motlagh & Kaviani, 2008). C. miyabeanus found to be producing a terpenoid phytotoxins called ophiobolin A, (or Cochliobolin A), ophiobolin B (or cochliobolin B) and ophiobolin I. Out of this the toxin ophiobolin A is most toxic one. This toxin was found to be suppressing the activity of phenolics, peroxidase and phenylalanine ammonia lyase in rice plants and facilitates pathogen colonization (Vidhyasekaran et al., 1992). The fungus initially grown as white mycelium. Later on, it developed septation and became dark brown in colour. Conidiophores could appear singly or in clusters. Conidia were present at the tips of these multi-septate, brown conidiophores. The conidia itself were hyaline (transparent), slightly curved, and eventually turned brown, as fusiform with a hilum at the base (Monisha et al., 2019).
2.4 Disease cycle
[image: ]The pathogen does not persist in soil; instead, it survives in infected plant parts. The primary source of infection comes from seeds harvested from previously infected paddy fields. It is seed borne. Infected seeds lead to seedling blight, which is considered to be the first phase of the disease. Symptoms in young seedlings appear soon after germination. The fungal spores are spread by air currents and the pathogen can survive on alternative hosts such as Digitaria sanguinalis, Leersia hexandra, Echinochloa colonum, Pennisetum typhoides, Setaria italica, and Cynodon dactylon. In order to penetrate the host epidermis, pathogen forms infection pegs arising from appressorium (Figure 1). The disease was known to occur in drier environments where the precipitation level is very low as compared to irrigated ones (Barnwal et al., 2013). Bag et al. (2021) reported that lower temperature and high humidity enables the pathogen to cause epidemic disease.
                           
                         Figure 1. Disease cycle of brown spot of rice caused by Bipolaris oryzae


2.5 Management
The disease can be managed by various strategies. One among them was the use of resistant cultivars since it was considered as an economical, efficient and environmental friendly means of management to the brown spot disease as reported by Roy et al. (2021). Resistant varieties like ADT 44, PY 4, CORH 1, CO 44, CAUVERY, BHAVANI, TPS 4 and Dhanu has been used. As this disease was identified as seed borne, use of disease free seeds also be considered as a cultural method of management. Treating seeds with hot water at 53-54°C for 10-12 minutes before sowing could be an effective method to prevent primary infection during the seedling stage. Soaking the seeds in cold water for 8 hours prior to this treatment further enhanced its effectiveness. While chemical control could effectively and widely reduce the impact of brown spot disease on young plants, the use of chemical fungicides in the field may not always be ideal. Overuse and improper application of these fungicides posed significant risks to human, animal, and environmental health. Additionally, many of these chemicals are of high cost and beyond of affordability for farmers with limited resources (Shabana et al., 2008). In this context, biological control appears to be the environmentally safe, sustainable and cost-effective management option which can be accommodated in the integrated disease management strategy. Endophytes are the emerging tools for plant disease management, with the possible benefits of plant growth promotion and enhanced tolerance to adverse environmental conditions. Endophytes can colonize any part of a plant without causing symptoms or detrimental consequences to the host plant. Numerous researchers have found that endophytes inhibit the growth and activity of a wide range of plant diseases.
3. ENDOPHYTE
3.1 Definition and history
The word endophyte derived from two Greek words, "endon" means within and "phyton" means plant. “Endophytes are a heterogeneous group of microbes that live inside the host tissue without showing any external signs of infections” (Pathak et al., 2022). Endophytes were first described by the German Botanist Johann Heinrich Friedrich Link in 1809. Bary (1866) first used the term “endophytes” for any organism inhabiting the plant tissues.
3.2 Types of endophytes
Plants can be associated with different types of endophytes, such as bacteria (actinomycetes or mycoplasma) or fungi colonizing their internal tissues. Golinska et al., (2015) observed that over 200 genera from 16 phyla of bacterial species ranging from gram-positive to gram-negative bacteria have been identified as endophytes. The majority of these species were from the Actinobacteria, Proteobacteria, and Firmicutes phyla. Prokaryotic microorganisms called actinomycetes are members of the phylum Actinobacteria. They have spore-forming abilities and a mycelial growth resembling a fungus. They are considered as transitional forms between the fungi and bacteria. Streptomyces is one of the dominant genera of endophytic actinomycetes (Barka et al., 2016). (Bhardwaj & Agrawal (2014) identified that based on phylogeny and life history traits, endophytic fungi have been divided into two major groups. These comprised the non-clavicipitaceous endophytes, which are found only in the Ascomycota or Basidiomycota group and were derived from asymptomatic tissues of non-vascular plants, ferns, and allies, conifers, and angiosperms. The clavicipitaceous endophytes infected certain grasses that are restricted to cool regions.
3.3 Endophytes associated with rice
Rice plants host a wide range of endophytic fungi, and their diversity differs depending on the plant part, growth stage, and rice variety. Studies indicated that rice seeds contain the highest number of endophytic fungi, followed in order by leaves, roots, and stems (Wang et al., 2015). Hu et al. (2024) reported that common genera of fungal endophytes included Penicillium, Aspergillus, and Fusarium, mostly belonging to Ascomycota, followed by Basidiomycota and other phyla. Both culture-dependent and culture-independent methods has been revealed that fungal communities are influenced by environmental factors, cultivation practices, nutrient availability, and host genotype. Likewise bacterial endophytes were identified from various parts of the rice plant, including the roots, stems, leaves, and seeds. Wang et al. (2016) identified the distribution of microbial communities varied across plant tissues. In sprouts, Pseudomonas, Erwinia, Acidovorax, Chryseobacterium, and Paenibacillus were predominant, while stems were associated with Methylobacterium, Caulobacter, Sphingomonas. Roots mainly harboured by Methylobacterium, Pseudomonas, and Caulobacter. Notably, during plant development from sprouting to flowering, Sphingomonas and Pseudomonas consistently remained dominant in stems and roots, along with other bacterial genera. These endophytes inhabit the internal tissues of the plant, forming symbiotic relationships that can enhance plant growth, improve nutrient uptake, and provide protection against pathogens. 
4. ENTRY AND COLONIZATION OF PLANTS BY ENDOPHYTES
The colonization of plant tissues by endophytic microbes involved several intricate steps, beginning with communication between endophytic microbes and plant root exudates, which triggers the preliminary entry of endophytes into the plant. This is followed by the adhesion of endophytes to the plant surface, driven by structural molecules like flagella, pili, and exopolysaccharides. The endophytes then migrate towards the plant surface in response to chemotactical signals from the plant's root exudates, eventually attaching to the plant. Once attached, endophytes penetrate to the plant tissues through cracks in roots or aerial parts using passive or active processes. This penetration was facilitated by bioactive secretory components, such as exopolysaccharides, lipopolysaccharides, and enzymes like cellulases and lysozymes. It passively enters through root cracks, stomata, hydathodes, and sometimes through wounds. Successful colonization depends on the compatibility between the endophyte and the plant host, effective signaling, and other factors, like host genotype and environmental conditions. Endophytic strains well-adapted to these factors have a higher chance of successful colonization (Omomowo & Babalola, 2019).
5. ENDOPHYTIC ASSOCIATIONS WITH PLANT
The interactions between plants and endophytic microorganisms can be neutral, beneficial, or harmful, with multiple relationship types observed. Most endophytes are commensals, but some fungal and bacterial endophytes are mutualistic. Microbial endophytes can be classified as systemic or non-systemic based on their lifestyle, since endophytes can have either short- or long-term associations with plants. Short-term association are temporary and facultative, refers to the relationship between plants and non-systemic endophytes. These endophytes may switch from being beneficial (mutualistic) to harmful (parasitic) over time. Long-term association refers to the relationship between plants and systemic endophytes. These associations are stable and persistent over evolutionary time. Systemic endophytes coevolve with their host plants, establishing a mutualistic relationship that does not harm the plant across generations. Anand et al. (2023) categorized endophytic bacteria based on their lifestyle into four distinct groups. Opportunistic endophytes are bacteria that enter plants occasionally to fulfill their own needs. Passenger endophytes entered plants by chance without a specific purpose. Obligate endophytes are strictly bound to life inside plants, relying entirely on the plant environment for survival. In contrast, facultative endophytes are more versatile, capable of living both inside plants and in other habitats. This categorization highlighted the diverse strategies bacteria use to associate with plants.
6. TRANSMISSION OF ENDOPHYTES	
Plant tissues colonized by endophytic bacteria and fungi transmit them either vertically (from parent to offspring via seeds and pollen) or horizontally (from the environment, including soil, air, and insects). Horizontal transmission referred to the process by which endophytes are acquired from the external environment rather than being inherited directly from the parent plant. Unlike vertical transmission, where endophytes were passed from one generation to the next via seeds or pollen, horizontal transmission occurs throughout a plant's life cycle and involves the acquisition of bacteria from sources like soil, air, and insects. Typically, systemic fungal endophytes preferred vertical transmission and non-systemic fungal endophytes, on the other hand, may relied on horizontal transmission. However bacterial endophytes often favoured horizontal transmission. It has been observed that soil is the main source of endophytes, entering plant roots through the nutrient-rich rhizosphere and selectively penetrating the root surface (rhizoplane). The spermosphere, surrounding a germinating seed, also allowed endophytes from soil to colonize the plant reproductive organ. They could enter through aerial parts like leaves via stomata, and insects, particularly sap-feeders, can transfer them between plants during feeding (Frank et al., 2017). 
Rodriguez et al. (2009) classified fungal endophytes into four classes based on their colonization and transmission patterns:
Class I: Clavicipitaceous fungi that colonize aerial parts of plants and are transmitted vertically via seeds by colonizing ovules and embryos during development. 
Class II: Fungi that colonize plants systemically and can be transmitted both vertically and horizontally.
Class III: Fungi that colonize aerial parts of plants and can also be transmitted both vertically and horizontally.
Class IV: Fungi that primarily colonize roots and are usually transmitted horizontally, though some, like certain mycorrhizae, may also be transmitted vertically
7. HOW ENDOPHYTES OVERCOME HOST DEFENSE MECHANISM?
Plants monitor potential microbial invaders by recognizing certain conserved molecules known as Microbe-Associated Molecular Patterns (MAMPs). These MAMPs were detected by Pattern Recognising Receptors (PRRs) on the plant, which then activated defense mechanisms to block the microorganism's entry. Chitin, flagellin were the well-studied MAMPs. However, endophytic bacteria are found to be particularly smart, as their MAMPs often go undetected by PRRs, allowing them to bypass the plant's defense system. When plants generate reactive oxygen species (ROS) as a defense response, endophytic bacteria can neutralize these ROS by producing scavenging enzymes like catalase and peroxidase. Furthermore, among bacterial secretion systems, the Type 3 (T3SS) and Type 4 (T4SS) secretion systems were crucial for pathogens to deliver effector proteins into plants, which can trigger immune responses. However, these systems were either absent or present in very low levels in endophytic bacteria, which is why these bacteria did not provoke significant defense reactions in plants. Endophytic fungi employed various strategies to overcome plant defenses and established successful colonization.They could bypass or avoid triggering early plant defense responses by modifying their external structures or inhibiting the plant's signal transduction pathways. For example, some fungi were known to produce enzymes like β-glucan-binding lectin and ACC deaminase to evade recognition and suppress defense hormone levels. Additionally, fungi might alter or reduce the production of MAMPs/PAMPs to prevent detection, block signal transduction pathways, and even manipulated plant RNA splicing to evade immune responses. These fungi also produces toxic metabolites and detoxifying enzymes to combat and neutralize the plant's defensive secondary metabolites. Fungal endophytes secrete small proteins known as effectors that can suppress or manipulate plant immune responses. These effectors inhibited the plant's production of reactive oxygen species (ROS) or interfered with signalling pathways that trigger defense mechanisms (Ji et al., 2022).
8. ROLE OF ENDOPHYTES IN PLANTS
Endophytes were recognized for their beneficial effects on host plants, promoting growth both directly and indirectly. Directly, they facilitated plant growth by enhancing the uptake of essential nutrients, such as phosphorus and nitrogen, and modulating hormone levels. Indirectly, they enhanced plant defense mechanisms, aiding in the biocontrol of phytopathogens. This was reportedly achieved through the production of antibiotics, induction of systemic resistance, reduction of available iron to pathogens, and inhibition of pathogens via volatile compounds. These combined actions make endophytes valuable inoculants for plant growth and protection (Chaudhary et al., 2022).
9. MECHANISMS EMPLOYED BY ENDOPHYTES FOR DISEASE MANAGEMENT
Endophytes employ several mechanisms to manage plant diseases, contributing to plant health and resilience. These includes competition, mycoparasitism, antagonism, quenching the quorum sensing of pathogens, antibiosis, induced systemic resistance, lysis etc.
9.1 Antibiosis
Endophytes are known to produce various secondary metabolites with antibacterial and antifungal properties, which help to inhibit the growth of phytopathogenic microorganisms. Research continues to explore these metabolites for potential commercial use, with identified bioactive compounds including flavonoids, peptides, quinones, alkaloids, phenols, steroids, terpenoids, and polyketides. When multiple microbial species coexist in the same plant, this interaction often stimulated the secretion of metabolites by endophytes or the host, effectively inhibiting harmful microbes (Keswani et al., 2014, Fadiji & Babalola, 2020). Ek-Ramos et al. (2019) identified gram positive bacteria Bacillus and Streptomyces are the most abundant antibiotic producers. Selected examples of antibiotics produced by endophytes has been shown in Table 1.
Table 1. Major antibiotics produced by endophytes
	Antibiotics
	Producing  organisms
	Target  organism/s
	References

	Fengycins   and  iturins
	Bacillus  amyloliqueaciens
	Sclerotinia  sclerotiorum
	Alvarez et al. (2012)

	Phthalic  acids
	Bacillus  subtilis 
	Fusarium oxysporum  f. sp. lycopersici
	Ramyabharathi & Raguchander (2014)

	Hydrogen cyanide (HCN)
	Pseudomonas  fluorescens, Pseudomonas Aeruginosa
	Sclerotia  rolfsi,          
Rhizoctonia  solani
	Xu et al. (2017)

	Macrolides, polyether
	Streptomyces  sp.
	Colletotrichum  spp.
	Supong et al. (2016)

	Harzianic acid
	Trichoderma  harzianum
	Rhizoctonia solani and Sclerotinia scleotiorum
	Vinale et al. (2009)

	2,4-diacetylphloroglucinol (DAPG)
	Pseudomonas  fluorescens
	Fusarium oxysporum f.  sp. niveum
	Meyer et al. (2016)



9.2 Lysis
Fungal cell walls are primarily composed of chitin, glucans, mannans, and glycoproteins, making them unique and an excellent target for antifungal metabolites. About 80 percent of the fungal cell wall is polysaccharides, with chitin and glucans forming a fibrous structure within a gel-like matrix. Proteins and lipids, present in small amounts, play an important role in regulating water movement and protecting against desiccation. Hydrolytic enzymes, such as chitinase, glucanase, protease, and cellulase, are crucial in biological control of plant diseases by breaking down the glycosidic bonds in the cell wall of phytopathogens. These enzymes disrupted fungal growth by lysing cell walls, hyphal tips, and germ tubes, leading to structural damage like hyphal curling or bursting (Jadhav et al., 2017).
9.3 Competition
Competition for resources is a key mechanism for biological control of soil-borne pathogens. Microbes compete for limited resources like nutrients, oxygen, and space in the rhizosphere. Prashar et al. (2013) emphasized that several key factors influenced microbial competition in the rhizosphere. Efficient resource acquisition, including the ability to utilize nutrients like carbon and iron through siderophore production, was crucial. Successful root colonization facilitated by traits like motility, chemotaxis, and the formation of protective biofilms was essential for establishing in the rhizosphere. Phenotypic diversity generates diverse populations that increase adaptability.
9.4 Siderophore production
Micronutrients are essential elements for the development of any microorganism. Among all the micronutrients the iron (Fe2+) is very important for the growth of microorganisms. Siderophores were described as  low molecular weight iron chelating secondary metabolites synthesized by various groups of microorganisms that helps in scavenging iron-limited conditions (Maheshwari et al., 2019). Chouhan et al. (2022) demonstrated that bacterial and fungal endophytes generate siderophores, which bind to iron in the soil. This process makes essential iron inaccessible to pathogenic microbes, hindering their ability to thrive. As a result, pathogens struggle to propagate effectively, leading to a healthier plant that is less prone to infections. This creates competition between endophytes and pathogens.
9.5 Phytohormone production
Rhizosphere bacteria produce phytohormones like gibberellins, cytokinins, ethylene, and auxins, which are essential for plant growth, development, and stress tolerance. These hormones, absorbed through roots or soil, enhance plant-microbe interactions, promoting both growth and immunity. IAA-producing bacteria and fungi can inhibit pathogen growth, while others, like Bacillus species, modulate phytohormone signaling to induce disease resistance. Overall, microbial phytohormones boost plant health by supporting growth, immunity, and resilience against stress. Putri et al. (2021) aimed to isolate endophytic fungi from rice plants that could suppress the pathogen Helminthosporium sp isolated from infected plant tissues from the rice field. The fungi that exhibited the highest inhibition in the in vitro antagonism tests were T. asperellum, F. nirenbergiae and F. oxysporum. Additionally, these fungi were found to produce the IAA hormone, with concentrations ranging from 1.8 to 4.365 mg/L which proves that this hormone enhance growth and inhibit pathogen growth. 
9.6 1-aminocyclopropane-1-carboxylate (acc) utilization
Murali et al. (2021) stated that stressed plants often exhibit increased ethylene production from its precursor, 1-aminocyclopropane-1-carboxylic acid (ACC). Ethylene is a crucial plant hormone involved in regulating various physiological processes, including respiration, nitrogen fixation, and photosynthesis. However, excessive ethylene levels co hinder plant growth and development, and if these levels become too high, it could even lead to plant death. Endophytes with ACC deaminase activity play a significant role in mitigating biotic and abiotic stresses by breaking down ACC through ACC deaminase. Plants and endophytes can produce indole acetic acid (IAA) in response to tryptophan and other small molecules present in root exudates. This resulted in an increase in the plant's internal IAA levels, which in turn stimulates ACC synthase activity, leading to the conversion of S-adenosylmethionine (SAM) into ACC. Endophytic bacteria absorb the ethylene precursor ACC and convert it into α-Ketobutyrate and NH3.
9.7 Production of volatile organic compounds
Endophytic fungi produce small, hydrophobic volatile organic compounds (VOCs) during metabolism. These VOCs are, allows them to disperse easily in the environment serving as crucial signalling agents between microbes, plants, and insects within their ecosystems. These VOCs strengthen plant defenses against pathogens and support plant growth through various mechanisms including inhibition of spore germination and mycelial growth, damaging cell walls and membranes, altering pathogen cell morphology, leading to structural deformation, content leakage, and DNA damage, ultimately impairing the pathogens physiological functions and induce resistance by increasing the activity of defense enzymes like peroxidase (POD), which help them to combat diseases and fosters plant growth (Ling et al., 2024).
 Kukreti et al. (2023) investigated the antagonistic potential of four characterized bacterial endophytic strains such as Bacillus velezensis strains A6 and P42, B. pseudomycoides HP3d, and Paenibacillus polymyxa PGSS-1 against major foliar rice pathogens, Magnaporthe oryzae and Cochliobolus miyabeanus. The highest antagonistic activity was achieved by B. pseudomycoides HP3d and P. fluorescens (87.50 percent), followed by B. velezensis P42 (81.25 percent), B. velezensis A6 (62.57 percent), and P. polymyxa PGSS1 (56.25 percent) through the production of certain volatile compounds. These findings demonstrated the substantial and varied inhibitory effects of the volatile compounds produced by these endophytes against fungal pathogens of rice. 
A study conducted by Tu et al. (2024) focused on screening endophytic bacterial strains for their ability to combat rice pathogens through in planta assays. Among the strains tested, B. velezensis LS123N emerged as the most effective in managing various rice diseases, including bacterial blight, rice blast, bakanae disease, Pythium disease, and brown spot disease in Greenhouse and field experiments. Its culture filtrate strongly inhibited spore germination of B. oryzae, with no germination observed at low dilutions and abnormal hyphal growth detected even at higher dilutions, highlighting its potent antifungal activity. In summary, these results indicated that B. velezensis LS123N is a promising biocontrol agent and has the potential to be developed into a biofungicide, biofertilizer, and biostimulator.
9.8 Induction of plant resistance
Dreischhoff et al. (2020) defined induced resistance (IR) as any plant response that enhances resistance and protection, including both local and systemic resistance to diseases. Two types of IR, SAR and ISR has been studied. Systemic acquired resistance (SAR) is a plant defense mechanism activated by pathogens or existing infections. SAR triggers local resistance through a hypersensitive reaction (HR) by utilizing signalling molecules like salicylic acid (SA) and related PR proteins, which protect both the infected and adjacent parts of the plant from biotrophic pathogens. SAR provides long term protection against various microorganisms. In contrast, induced systemic resistance (ISR) is mediated by beneficial rhizosphere microbes. ISR initiated signalling molecules like jasmonic acid (JA) and related PR proteins, which defend the plant against necrotrophic pathogens. Unlike SAR, ISR did not directly kill or inhibit the pathogen but instead strengthened the plant's physical or chemical barriers by defence priming. The ISR signalling was complex due to the involvement of diverse microbial components. Generally, JA and its derivative, JA-isoleucine (JA-Ile), regulated signalling pathways, often in conjunction with abscisic acid (ABA) or ethylene, which defend against necrotrophic pathogens. ISR and SAR often exhibited antagonistic effects, where SA and JA interacted in upstream and downstream signalling, modulating responses to necrotrophic or biotrophic pathogens (Khoshru et al., 2023).
9.9 Mycoparasitism
Mycoparasitism is a phenomenon of one fungus (hyperparasite) being parasitic on another fungus (hypoparasite) to acquire nutrients. It involves interactions between different fungi, where various processes such as coiling, penetration, branching, sporulation, formation of resting bodies, barrier formation, and lysis occur, ultimately leading to predation. A hyperparasite (antagonist) identifies and contacts its host hyphae (hypoparasite), then coils around them. This recognition involved specific binding sites on the cell walls, such as D-galactose and N-acetyl D-galactosamine residues, which were recognized by lectins on the antagonist. This binding weakens the host hyphae. If the antagonist produces cell wall-degrading enzymes, it could penetrate the host hyphae and enter the cell lumen. In response, the host might develop a resistant barrier to prevent further penetration. Inside the host hyphae, the antagonist might branch out and sporulate, producing resting bodies like chlamydospores for survival. Eventually, the host hyphae undergo lysis due to nutrient depletion and loss of vitality. (Dubey & Dwivedi, 1986). 
Priyadarshani et al. (2018) focused on isolating the endophytic fungal communities associated with the rice variety Ld 368 to explore their potential for enhancing plant growth and managing brown spot disease incidence. Eight dominant species were tested against B. oryzae, and Trichoderma sp.1, Trichoderma sp.2, and Chaetomium sp. significantly inhibited pathogen growth, achieving greater inhibition rates. Microscopic studies revealed that strong mycoparasitic activity, including hyphal coiling, loop and clamp formation, and possible haustoria development, indicating direct parasitism of the pathogen. These results highlighted the potential of fungal endophytes, particularly Trichoderma species, as effective biocontrol agents against rice brown spot. 
Fourteen endophytic fungi, including species such as Cladosporium cladosporioides, Penicillium citrinum, Fusarium moniliforme, Trichoderma asperellum, Penicillium pinophilum, Aspergillus niger, Aspergillus flavus, Drechslera specifera, Penicillium oxalicum, Geotrichum candidum, Curvularia lunata, Aspergillus amstelodami, Talaromyces sp., and Chaetomium ochraceum were isolated from rice plants and tested in vitro for their antagonistic effects against three significant rice fungal pathogens Pyricularia. oryzae, B. oryzae, and Ustilaginoidea virens by Lalngaihawmi et al. (2019). The highest inhibition of B. oryzae mycelial growth was observed with T. asperellum at 77.77 percent. The findings suggested that rice associated fungal endophytes have strong potential for managing various rice pathogens. This study supports further research into developing effective and eco-friendly strategies for rice pathogen management using the plant's own endophytes.
10. APPLICATION METHODS OF ENDOPHYTES
Once an effective antagonist is identified, it must be applied effectively to control the target phyto-pathogen. Plant Growth-Promoting Bacterial Endophytes (PGPBEs) can be utilized in agriculture to enhance crop health and productivity both before and after harvest. During the preharvest phase, PGPBEs were applied using various methods, including plant inoculation, seed inoculation, soil inoculation, and as a consortium of PGPBEs. These applications aimed to protect plants from pathogens, enhance the establishment of beneficial bacteria within the plant system, stimulate growth and yield, and boost plant defenses. For instance, spraying PGPBEs directly onto plants or treating seeds with these bacteria ensured that the crops were well-protected from the outset, leading to healthier plants and higher yields. Soil inoculation further reinforced this by promoting nutrient uptake and root protection. In postharvest, PGPBEs continued to play a critical role in maintaining the quality of fruits and vegetables. The endophytes could be applied through coating or dipping methods, as PGPBE consortium either alone or in combination with antimicrobial compounds. These treatments helped to suppress microbial pathogens, thereby extending the shelf life of produce and preserving its nutritional quality, appearance, and taste. By forming a protective barrier against decay, PGPBEs contributed to prolonging the storage period of harvested goods, reducing postharvest losses. Same goes with the case of fungal endophytes reported by Morales-Cedeño et al. (2021). 
Priyadarshani et al. (2018) used two inoculation methods (i.e. seedling and soil inoculation) to identify the best approach to introduce the endophytic fungi Trichoderma sp.1, Trichoderma sp.2 and Chaetomium sp. into the plants to control brown spot disease caused by B. oryzae. Plants treated with Trichoderma sp.1, Trichoderma sp.2, and Chaetomium sp. using both soil and seedling inoculation methods exhibited disease symptoms when subsequently inoculated with B. oryzae. However, the incidence of disease was significantly lower in plants treated with Trichoderma sp.1 and Chaetomium sp. compared to other treatments. Notably, plants grown from seedlings treated with Trichoderma sp.1 and then inoculated with B. oryzae showed the lowest disease incidence of 5 percent compare to soil treated with Trichoderma sp.1 (10 percent). Control plants, which were sprayed with sterilized distilled water, did not develop any disease symptoms. Hence it is concluded that seedling application of endophytic fungi is more effective than soil application.
11. BIOFORMULATION OF ENDOPHYTES
Dhir (2017) reported that endophytic microorganisms could be formulated using various solid carriers like talc, peat, lignite, and clay, or in liquid formulations using solvents such as water, oil, and organic solvents. Solid formulations such as granules, microgranules, wettable powders, water-dispersible granules, and dusts typically have a shorter shelf life and are more susceptible to environmental conditions. They also carry higher risks of contamination and often demonstrate lower field performance. In contrast, liquid formulations provides several advantages, including high selectivity to target pests, longer shelf life of up to 2 years, high purity, carrier-free activity, and greater ease in handling and application. An endophytic bacterial liquid based formulation - PLANT TONIC, developed by CSIR-NIIST and now commercialized, was designed to enhance seed and sapling germination, increase plant biomass, and improve yield, while also suppressing fungal and bacterial diseases. This was created using a consortium of three endophytic bacterial strains, Peanibacillus elgii NIIST B578, B. subtilis NIIST B580, and B. subtilis NIIST B595, that are isolated from crops. Studies have demonstrated its effectiveness across various crop types, including cereals, pulses, vegetables (including leafy varieties), plantation crops, and floriculture plants. The production system has a capacity of 10,000 liters per batch, with a shelf life of three months when stored under appropriate conditions. The combined use of these three endophytes for managing Rhizoctonia solani in rice demonstrated induced systemic resistance (ISR) by significantly boosting the production of defense-related enzymes, including PAL, POX, and PPO, as well as phenolics in rice plants, when compared to the control, lasting up to 70 days after treatment (DAT) (Jacob et al., 2020).
12. CONCLUSION
Brown spot of rice has been recognised as a significant threat to rice production, requiring effective management strategies to mitigate its impact. One emerging approach is the use of endophytes, which offer a novel and efficient solution by reducing reliance on chemical fungicides, minimizing environmental impact, and enhancing crop resilience. Both bacterial and fungal endophytes are explored for their potential in promoting plant growth and inhibiting pathogens through various mechanisms. Studies have also examined the strategies used by these endophytes to overcome the plant's defense mechanisms. For successful implementation, it is crucial to select the appropriate endophyte strains, optimize their delivery methods, and ensure their compatibility with specific agricultural conditions.
13. FUTURE PROSPECTS
Looking ahead, the future of combating plant diseases like brown spot holds exciting prospects driven by cutting-edge research and technology. Brown spot can be studied as a model system to characterize the behaviour of many complex pathosystems responding to unfolding climate and global changes. The integration of advanced multi-omics approaches promises to deepen our understanding of endophytes and their metabolites, paving the way for more effective biocontrol solutions. As genetic engineering continues to evolve, we can anticipate the development of bespoke endophytic strains with tailored properties for enhanced disease resistance. Large-scale field trials will be crucial in refining these strategies and demonstrating their real-world efficacy. Moreover, overcoming regulatory hurdles and proving the economic viability of endophytic products will be key to their widespread adoption. By embracing these innovations, we can transform agricultural practices, ensuring resilient and sustainable crop production in the face of a rapidly changing climate. 
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