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Defence Responses in Rice against Bipolaris oryzae, the causal agent of Brown Spot Disease: A Comprehensive Review

Abstract	
Brown spot disease caused by Bipolaris oryzae remains a persistent threat to global rice production, with potential yield losses of up to 90%. This review consolidates current knowledge on the pathogen’s biology, epidemiology and host-pathogen interactions, with particular emphasis on structural, biochemical, hormonal and genetic defence mechanisms in rice. Both pre-existing and induced defence responses are discussed, including callose deposition, accumulation of phytoalexins and phenolic compounds, activation of antioxidant enzymes, detoxification of pathogen toxins, hormone mediated resistance and R gene-mediated resistance. This review was prepared through a comprehensive analysis of research articles retrieved from databases such as PubMed, Scopus and Google Scholar, covering vast number of studies. Recent advances in molecular studies, including gene expression profiling and quantitative trait loci (QTL) identification have further elucidated resistance mechanisms against brown spot disease. A comprehensive understanding of these defence pathways is essential for developing durable resistance strategies through breeding and biotechnological approaches. Insights into these mechanisms can guide future breeding and biotechnological approaches for durable resistance.
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1. Introduction	
	Rice (Oryza sativa L.) serves as the primary dietary staple for nearly two-thirds of the global population [1]. India has the largest area under rice cultivation (42.75 Mha), is the second largest producer (105 MT) and contributes 22.34 per cent towards global rice production [2]. Many pests and diseases affect rice crop. Major diseases causing heavy economic loss in rice are rice blast (Pyricularia oryzae), brown spot (Bipolaris oryzae), narrow leaf spot (Cercospora janseana), bacterial leaf blight (Xanthomonas oryzae), sheath blight (Rhizoctonia oryzae), sheath rot and (Sarocladium oryzae) [3].
Among the major diseases causing heavy economic loss in rice, brown spot of rice caused by Bipolaris oryzae (Breda De Haan) remains one of the most destructive diseases in rice and is prevalent in all the rice growing countries in the world [4]. The disease has been first reported from Japan in 1900’s [5]. Brown leaf spot disease is also known as sesame leaf spot, helminthosporiose or fungal blight. It leads to severe destruction of the crop and enormous yield losses (up to 90 per cent) [6], particularly when the leaf spotting phase assumes epiphytotic proportions [7, 8]. First report of this disease in India was from Madras in 1919 by Sundararaman. Since then, the disease is known to occur in all rice growing States of the country [9]. 
The most prominent symptoms of the disease are found on leaves and glumes. Symptoms are also noticed on coleoptile, leaf sheaths, panicle branches and rarely on roots. The disease appears first as minute brown dots which are dark brown or purplish in colour, later becoming cylindrical or oval to circular (resembling sesame seed) [10].  The spots are surrounded by yellow halo and the spots coalesce to form large patches and the leaf dries up in the later stages [11]. The disease also affects grains and infected grains show eye - spot symptoms and reduced seed quality [12]. 
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                                             Fig.1 Symptoms of brown spot in rice leaves
2. Bipolaris oryzae- Epidemiology and impact on rice 
Bipolaris oryzae (anamorph; syn. Drechslera oryzae) and its teleomorph (Cochliobolus miyabeanus) belong to the phylum Ascomycota. The anamorphic stage of the fungus produces fluffy, aerial, dark greenish grey cottony mycelium. The conidiophores are solitary or occur in small groups and are olivaceous in colour. Conidia are multicellular, olivaceous brown, typically curved, broader at the middle or just above the middle and taper towards rounded ends. Conidia usually germinate bipolarly at maturity and may initiate multiple infection points [13]. The teleomorph produces globose to depressed perithecia with dark yellowish-brown pseudoparenchymatous wall [14].  The asci are cylindrical to fusiform. Ascospores are filamentous or long cylindrical, hyaline or pale olive green and often coiled together [15].
2.1 Epidemiology 
Primary infections are predominantly seed-borne, whereas secondary infections arise from wind-dispersed inoculum originating from infected crop residues, including rice straw and stubble [12,13,16,17]. In addition, soil and certain weed species have been identified as potential reservoirs of inoculum. The pathogen is capable of overwintering in infected seeds and plant debris. Infected grains typically exhibit brown, velvety lesions associated with abundant conidiophores and conidia. Notably, the fungus can remain viable in seeds for more than four years [6]. Optimal environmental conditions for conidial germination (25–30 °C) and hyphal growth (27–30 °C) correspond closely with the temperature range that favours infection and lesion development [18,19]. Temperature in the range of 25-30o C is ideal for disease development. Relative humidity (RH) of more than 89% is required for successful infection. However, it has been reported that dry soil conditions predispose plants to disease more than wet soil. High atmospheric humidity and low soil moisture inhibit the uptake of silicon (Si) and potassium (K) by the plants and reduce the SiO2 and K2O content of leaves, and hence increase the susceptibility of brown spot. Shaded conditions enhance disease development [9]. Increasing leaf wetness periods in rice canopies generally leads to increased lesion densities [20]. Host susceptibility of plant tissues increases with their age [21].

2.2 Pathogenesis
The pathogen penetrates the host epidermis through infection pegs that develop from appressoria. Certain amino acids present in rice leaf exudates—such as aspartic acid, glutamic acid, alanine, and methionine—stimulate fungal growth and facilitate colonisation of leaf tissues. The pathogen has been detected in both the seed coat and the endosperm. Transmission of Bipolaris oryzae from infected kernels to seedlings has been reported to range between 57% and 77% under experimental conditions using sand, blotter, and tube agar methods. Infected seedlings exhibit symptoms on the coleoptiles and roots within 7–14 days, followed by the appearance of lesions on the first leaf after approximately 3–4 weeks. In severe cases, infection ultimately results in wilting and death of the affected seedlings [22].

3. Plant defence mechanisms
General defence mechanisms in plants are of two types - structural and biochemical [23, 24]. They can again be classified into two. Preinfectional/ preexisting and induced/ post-infectional [25].
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Fig 2. General defence mechanism in plants

4. Defence responses in rice against Bipolaris oryzae
	Host resistance represents one of the most effective and environmentally sustainable strategies for disease management. Resistance in plants is regulated by a complex network of molecular and biochemical processes that determine the continuum between susceptibility and resistance [26]. Therefore, a comprehensive understanding of host resistance mechanisms, along with the biochemical interactions between host and pathogen, is essential for identifying and developing effective and durable resistant genotypes [27]. 
Rice employs various defence mechanisms against Bipolaris oryzae such as the deposition or accumulation of callose as a structural defence mechanism, activation of defence enzymes like β-1,3-glucanase and peroxidase, accumulation of H2O2, callose and polyphenolic substances [28], upregulation of genes involved in salicylic acid, jasmonic acid and ethylene signaling pathways [29]. Tryptophan pathway plays a crucial role in defence responses by producing serotonin, which is incorporated into cell walls and suppresses fungal growth [30]. However, the effectiveness of these defence mechanisms varies among rice varieties, with some showing higher resistance than others [28,29]. These mechanisms are further discussed in detail because understanding these defence responses can contribute to developing resistant rice varieties.
4.1. Induced structural defence response in rice against Bipolaris oryzae
Callose accumulation
Callose is a β-(1,3)-D-glucan polysaccharide present in multicellular green algae as well as in higher plants. It is deposited between the plasma membrane and the existing cell wall at sites of pathogen invasion. This pathogen-induced callose deposition acts as both a chemical and physical defence mechanism, reinforcing the plant cell wall and thereby contributing significantly to the plant’s defence response against invading pathogens [31].
Callose is involved in multiple aspects of plant growth and development such as pollen development, pollen tube development, biotic and abiotic stress response, sieve pore development and regulation, plasmodesmata regulation and cell plate formation [32]. Overexpression of callose synthase in Arabidopsis leads to enlarged callose deposits and complete penetration resistance to powdery mildew [33]. In tobacco, systemic acquired resistance to tobacco mosaic virus is associated with increased callose deposition around lesions [34]. Similarly, tomato plants resistant to Fusarium wilt exhibit higher rates of callose deposition in paravascular parenchyma cells compared to susceptible plants [35].
Pathogen elicitor-induced signalling associated with plant innate immune responses stimulates increased callose deposition at sites of pathogen attack, as well as at plasmodesmata and within vascular tissues. The formation of callose-rich papillae at infection sites acts as a structural barrier, thereby restricting pathogen penetration and subsequent colonisation. Enhanced callose accumulation at plasmodesmata promotes their closure, which limits pathogen entry and impedes its spread between cells. Furthermore, increased callose deposition within vascular tissues, particularly in phloem sieve tubes, may serve as an additional defence mechanism by inhibiting the long-distance movement of pathogens within the plant [31].
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Fig 3. Induction and roles of defence related callose deposition (Wang et al.,2021)
Pathogen-induced callose deposition in plants is regulated through two principal signalling pathways.

(A) Pathogen-associated molecular pattern (PAMP)-induced callose deposition is mediated by pattern-recognition receptors (PRRs) and is promoted by factors such as indole glucosinolates (IGSs), reactive oxygen species (ROS), and the RNA interference regulatory protein Argonaute1 (AGO1). In addition, abscisic acid (ABA) enhances PAMP-induced callose deposition, particularly under conditions of low sucrose concentration.
(B) Pathogen-induced callose deposition at plasmodesmata (PD) is mediated through the salicylic acid (SA)-dependent signalling pathway. Salicylic acid plays a critical role in pathogen-induced plasmodesmatal closure and the associated accumulation of callose. This process requires the activity of key defence-related genes, including Enhanced Disease Resistance 1 (EDS1) and Nonexpressor of Pathogenesis-Related Genes 1 (NPR1), both of which contribute to the regulation of callose formation [31].The accumulation of callose in less compatible and compatible interactions of rice infected by Bipolaris oryzae were studied [28]. They used two isolates of B. oryzae, that is, an avirulent isolate K2 and virulent isolate B5. Callose accumulation were studied in leaf samples collected at 12, 24, 48, 72, 96, 120 and 144 hai (hours after inoculation). They concluded that callose deposition was observed as a response to infection, occurring to a higher degree in the less compatible than in the compatible interaction between rice and B. oryzae, thus potentially indicating a role in defence.
4.2 Induced chemical defence responses in rice against Bipolaris oryzae
4.2.1 Toxic materials produced in rice in response to infection
A. Phytoalexins
Phytoalexins are low molecular weight, antimicrobial compounds, synthesised de novo as a result of infection. “Phyton” means plant and “alexin means “ward off”. The term phytoalexins was coined by Muller and Borger in 1941 [36]. The ability to quickly accumulate high levels of phytoalexins, particularly during hypersensitive responses, appears to be a key trait in resistant rice varieties for restricting pathogen growth and conferring disease resistance [37].
Rice plants synthesise a diverse range of phytoalexins in response to pathogen invasion and environmental stress. Until recently, the flavonoid sakuranetin was considered the only identified phenolic phytoalexin in rice. However, subsequent studies have revealed additional defence-related phenolic compounds with antimicrobial properties. These include N-p-coumaroylserotonin (CouSer), N-feruloyltryptamine (FerTrp), and N-feruloylserotonin (FerSer), which have been isolated from rice leaves infected by fungal pathogens such as those responsible for rice blast and rice brown spot diseases [38].

The stress-induced production of sakuranetin and phenylamide phytoalexins in rice involves the activation of several metabolic pathways. Among these, the shikimate pathway plays a crucial role as an early biosynthetic route for aromatic amino acids in plants under stress conditions. This pathway synthesises chorismate, a key intermediate in the formation of aromatic amino acids, from phosphoenolpyruvate, thereby contributing to the biosynthesis of defence-related secondary metabolites [39].
B. Polyphenols
	Rice plant employs various polyphenols as defence enzymes against brown spot disease caused by Bipolaris oryzae. These include increasing the activity of enzymes such as catalase, peroxidase, polyphenol oxidase and phenylalanine ammonia-lyase, as well as higher concentrations of phenolic compounds and lignin [28, 40]. Resistant rice genotypes exhibit higher accumulation of these defence-related enzymes compared to susceptible varieties [28]. There are over 8000 polyphenolic compounds, all of which are derived from a common precursor, phenylalanine, which is produced via the shikimic acid pathway and has been chemically modified for specific functions [41]. The major groups of polyphenols include phenolic acids, flavonoids and isoflavonoids, lignans, and stilbenes. Polyphenols aid in plant defence by accumulating in various tissues where they may neutralize free radicals produced in response to environmental stressors, or by increasing plant toxicity and unpalatability to herbivores and other organisms [42]. 
Total phenol and soluble protein content in rice leaves negatively correlate with disease incidence, suggesting their role in resistance [43].
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Fig 4. Polyphenols produced via shikimic acid pathway
The accumulation of polyphenols in less compatible and compatible interactions of rice infected by Bipolaris oryzae were studied [29]. They reported that polyphenol accumulation had an inhibitory effect on B. oryzae during the early stages of infection, especially in the less compatible interaction.
4.2.2 Defence through induced synthesis of proteins
Tryptophan mediated resistance against brown spot
Tryptophan and its derivatives play a crucial role in rice resistance against brown spot disease. Red light-induced resistance to B. oryzae involves the Trp pathway, with tryptophan decarboxylase inhibition suppressing this resistance [44]. Trp pathway is upregulated during B. oryzae infection, leading to increased serotonin production, which contributes to physical defences in rice leaves. Serotonin is one of the most important secondary metabolites from tryptophan, and has been implicated in several important physiological and developmental functions of the plant [30]. 
Tryptophan biosynthesis originates from the shikimate pathway which is in common with the biosynthesis of phenylalanine and Tyrosine, and branches off from the shikimate pathway at chorismate. The first important step is the formation of anthranilate from chorismate by anthranilate synthase (AS). Then, anthranilate is converted to indole 3 glycerol phosphate, which is then converted to tryptophan. Serotonin is formed from tryptophan by tryptophan decarboxylase [45]. 
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                                            Fig 5. Tryptophan biosynthesis pathway
The involvement of the tryptophan pathway in the defence responses of rice was investigated [30]. They searched for Trp pathway-derived secondary metabolites in rice leaves infected by the rice brown spot fungus Bipolaris oryzae. They reported an increase in the activity of anthranilate, indole and tryptophan which were induced by B. oryzae infection. Furthermore, in the B. oryzae-inoculated leaves, tryptamine and serotonin increased markedly in infected leaves which induced resistance to the plant. 
They also compared a resistant rice cultivar (Asahi) and a susceptible mutant (Sekiguchi lesion, sl) in response to B. oryzae infection. The sl mutant lacked serotonin production and failed to deposit brown material at infection sites, leading to increased susceptibility. Serotonin-deficient mutant exhibited enhanced susceptibility, confirming its defensive role.
4.2.3 Defence through induced synthesis of enzymes
	The most commonly studied defence compounds that act as first line of defence are mitogen activated protien kinases (MAPKs), peroxidase (POD), and phenylalanine ammonia lyase (PAL) [46,47]. Together with the introduction and buildup of other pathogenesis-related (PR) proteins, like β-1,3-Glucanase, Catalase, Superoxide dismutases and polyphenol oxidase, these compounds contribute to systemic acquired resistance (SAR) by accumulating profusely at the site of infection [29].
A. Reactive oxygen species (ROS)
Reactive oxygen species (ROS) are highly reactive free radicals capable of inducing oxidative cellular damage and cell death [48]. Despite their potentially harmful effects, ROS play important regulatory roles in numerous biological processes, including plant growth, cell cycle regulation, programmed cell death, hormone signalling, and responses to both biotic and abiotic stresses [49]. In plant–pathogen interactions, ROS production represents one of the earliest cellular responses following pathogen recognition [50]. The rapid accumulation of ROS at this stage is commonly referred to as the oxidative burst.
[bookmark: _GoBack]ROS are capable of interacting with cellular components such as proteins, DNA, and membrane lipids, which can lead to increased electrolyte leakage, accelerated senescence, and ultimately cell death. Under normal metabolic conditions, plant cells generate several types of ROS, including the superoxide radical (O₂⁻), hydrogen peroxide (H₂O₂), hydroxyl radical (OH), and nitric oxide (NO). However, under stress conditions, plants can produce a rapid burst of ROS, predominantly composed of H₂O₂ [51].
Resistant rice genotypes often exhibit elevated activities of antioxidative enzymes, including superoxide dismutase (SOD), catalase (CAT), and peroxidase (POX), which play key roles in both the generation and detoxification of ROS, thereby contributing to enhanced defence responses against pathogen infection [40].
B. Hydrogen peroxidases
It is well-documented that H2O2 plays a central role in responses to both abiotic and biotic stresses in plants [52]. This molecule seems to be a “master hormone” that controls a variety of stress responses and physiological adjustments, including the ROS/hormonal homeostasis in the cell. At a low concentration, H2O2 acts as a signaling molecule and at high concentrations provokes cellular death. It has been reported that there was an increase in hydrogen peroxide concentration after exposure to stress due to pathogen attack [53]. Hydrogen peroxide upregulation of a metallothionein gene, OsMT2c, from O. sativa has been reported [54]. 
The infection biology and involvement of hydrogen peroxidase in defence responses of rice cv. MTL189 infected by B. oryzae [28]. H2O2 accumulation and localization was demonstrated with 0.05% DAB (diaminobenzidine). Reddish-brown staining indicated accumulation of H2O2. In the less compatible interaction, H2O2 accumulation was seen as irregular reddish-brown staining in the epidermis and mesophyll and the penetration of B. oryzae was strongly inhibited. They concluded that the inhibition is due to the accumulation of H2O2. In the compatible interaction, H2O2 accumulation was significantly lower and the conidia was able to germinate. They confirmed the involvement of hydrogen peroxidase in defence responses of resistant rice var. infected by B. oryzae.
4.2.4 Defence through detoxification of pathogen toxins 
The effect of the host specific toxin ‘ophiobolin’ produced by H. oryzae on the activities of phenol content, and peroxidase and phenylalanine-ammonia lyase activities in rice leaves were studied by [55] and reported that this toxin suppresses phenol metabolism in rice plants and aids pathogen colonization. 
When the virulent isolate of the brown spot pathogen was inoculated on rice seedlings, the phenolic content, peroxidase and phenylalanine-ammonia lyase activities increased 24 hours after inoculation. They suggested that resistant cultivars possess gene transcripts against ophiobolin which may detoxify the host specific toxin.
Genetic transformation of rice cultivar BRS Taim with a chitinase gene from Metarhizium anisopliae showed reduced fungal development, indicating that chitinase can enhance resistance against B. oryzae [56]. The transformation resulted in a 1.53% efficiency, with resistance observed against specific fungal isolates.
4.2.5 Hormone mediated resistance in rice against Bipolaris oryzae
Abscisic acid 
	Emerging evidence indicates that Abscisic acid (ABA) is prominently involved in the regulation and integration of pathogen defence responses [57]. 
Exogenous ABA application leads to the upregulation of defence-related genes, which are crucial for mounting an effective response against fungal infections [58]. Studies have shown that ABA assays can effectively differentiate between resistant and susceptible rice varieties against brown spot disease, confirming ABA's role in enhancing resistance [59]. While ABA generally promotes resistance to brown spot, it can also have complex effects depending on the pathogen and environmental context, sometimes leading to increased susceptibility in other scenarios [60].
	Pretreatment of rice with ABA renders leaves more resistant to C. miyabeanus attack. ABA-mediated repression of pathogen-induced Ethylene action was identified as a core resistance mechanism [57]. In addition, they provide novel evidence regarding the role of the ABA-inducible MAPK gene OsMPK5 as a pivotal regulator of this ABA/ ET cross talk. They reported that supplying plants with 0.1 mM ABA 3 days prior to inoculation induced high levels of protection, as shown by dramatic decreases in size, type, and number of brown spot lesions in ABA-supplied leaves
4.2.6 R gene mediated resistance in rice against B. oryzae
	More than 40 rice PRR and R genes have been identified and functionally characterized. Recent studies have advanced the understanding of rice resistance against B. oryzae. Genome-wide association studies identified three candidate genes (OsExo70F3, OsBSR820, and Osmed30) that enhance resistance when overexpressed or silenced [61]. Transcriptome analysis revealed the importance of early response genes, particularly those involved in cell wall modification and hormone signalling pathways while the Pi5-mediated resistance against Magnaporthe oryzae requires two coiled-coil-nucleotide-binding-leucine-rich repeat genes [62], the defence mechanism against B. oryzae appears more complex. Expression analysis of defence-related genes in Thai rice varieties suggested that salicylic acid, jasmonic acid, and ethylene signaling pathways may not play a major role in resistance against B. oryzae [29]. 
The gene bsr1, a single recessive gene, is responsible for resistance to brown spot caused by B. oryzae in rice, identified through marker-assisted selection and demonstrated in a near-isogenic line with improved yield and disease resistance. They introduced a chromosomal segment including a quantitative trait locus (QTL) for BS resistance, qBSfR11, derived from the BS-resistant local resource ‘Tadukan’, into the genetic background of the high-yielding but susceptible ‘Mienoyume’. Resistance is controlled by a single recessive gene in a 1.3-Mbp region. They named this gene bsr1 (brown spot resistance 1). [63]
A new major locus on chromosome 3 linked to brown spot resistance in rice was identified, between markers RM15749 and RM15689. with OsRBSq3 being a potential target for marker-assisted selection and functional studies [64]. 
 These findings provide valuable insights for future research on brown spot disease resistance in rice.
5. Silicon mediated resistance in rice against B. oryzae 
	Silicon (Si) is one of the most abundant elements in the lithosphere and has a positive impact on plant health by effectively mitigating biotic and abiotic stresses. It also enhances plant resistance against insect pests and fungal, bacterial and viral diseases [65]. Silicon-mediated resistance is effective regardless of manganese levels in the plant, which is beneficial in areas with varying soil manganese content [66]. At the molecular level, silicon amendment alters the expression of numerous genes in rice, even without pathogen challenge, suggesting an active role in plant metabolism and defence responses [67]. Silicon's protective effects extend beyond fungal pathogens to insect pests as well. In rice plants treated with silicon, resistance to the Asiatic rice borer (Chilo suppressalis) is increased, resulting in reduced borer penetration, weight gain, and stem damage, while prolonging larval development [68].
 [65] studied the effect of silicon (Si) on the resistance of rice grains to brown spot disease and reported that rice grain resistance to brown spot is increased by application of silicon. Plants from cv. Oochikara and its mutant, defective in the Lsi1 transporter (lsi1 mutant), were grown in hydroponic culture either with Si (+Si; 2 mM) or without Si (-Si). In the presence of Si, brown spot severity was reduced by 88% in grains from cv. Oochikara (65.5 to 8.1) and by 53% in grains from lsi1 mutant (77.0 to 35.6). Brown spot severity was 77% lower for grains of cv. Oochikara than for the lsi1 mutant, both plant types were grown in the presence of Si. 
Table 1. Major defence mechanisms in rice against Bipolaris oryzae
	Type of Defence 
	Defence Mechanism
	Key Molecules / Components
	Functional Role in Resistance to B. oryzae
	References

	Structural (Pre existing)
	Cuticular and epidermal barrier
	Cutin, waxes
	Prevents initial pathogen adhesion and penetration
	Garroum et al., 2021

	
	Silicon deposition
	SiO₂
	Reinforces cell walls and reduces appressorial penetration
	Dallagnol et al., 2014

	
	Lignified cell walls
	Lignin
	Restricts pathogen spread within tissues
	Lee et al., 2019

	Structural (Induced)
	Callose deposition
	β-1,3-glucan
	Forms papillae at infection sites, blocking fungal entry
	Chen and Kim, 2009

	
	Hypersensitive response (HR)
	Localized programmed cell death
	Limits pathogen colonization
	Thuy et al., 2023

	Phytoalexin Production
	Diterpenoid phytoalexins
	Momilactones, phytocassanes
	Direct antifungal activity against B. oryzae
	Koga et al.,1995; Cho and Lee,2015

	
	Flavonoid phytoalexins
	Sakuranetin
	Inhibits fungal growth
	Hasegawa et al., 2014

	Defence-Related Enzymes
	Peroxidase (POX)
	H₂O₂-dependent enzymes
	Lignification and oxidative burst
	Hiraga et al., 2001

	
	Polyphenol oxidase (PPO)
	Quinone formation
	Toxic to pathogen cells
	Thuy et al., 2023

	
	Superoxide dismutase (SOD)
	Converts O₂⁻ to H₂O₂
	Regulates ROS balance
	Wang et al., 2018

	
	Catalase (CAT) & APX
	H₂O₂ scavenging enzymes
	Protect host tissues from oxidative damage
	Anjum et al., 2016

	Reactive Oxygen Species (ROS)
	Oxidative burst
	O₂⁻, H₂O₂
	Direct antimicrobial action and defence signaling
	O’Brien et al., 2012


	Hormonal Regulation
	Salicylic acid (SA) pathway
	PR proteins
	Activates systemic acquired resistance
	Ganesan et al., 2001

	Pathogenesis-Related (PR) Proteins
	β-1,3-glucanases (PR-2)
	Glucan hydrolysis
	Weakens fungal structure
	Balasubramanian et al., 2012

	Genetic Resistance
	Resistance (R) genes
	NBS-LRR proteins
	Effector recognition and ETI activation
	Matsumoto et al., 2021

	
	Quantitative trait loci (QTLs)
	Polygenic resistance regions
	Provides partial and durable resistance
	Mizobuchi et al., 2016

	Systemic Defence
	Systemic acquired resistance (SAR)
	SA-mediated signaling
	Long-term broad-spectrum resistance
	Gao et al., 2015

	
	Induced systemic resistance (ISR)
	JA/ET-mediated priming
	Enhanced defensive readiness
	Van der Ent et al., 2009



6. Conclusion
Brown spot in rice is a significant disease caused by Bipolaris oryzae and managing it sustainably is crucial. Rice plant deploys various defence responses against the disease. These responses include the accumulation of callose, toxic substances such as phytoalexins and polyphenols, induced synthesis of proteins and enzymes, as well as the detoxification of pathogen toxins. Additionally, hormone-mediated resistance and R gene-mediated resistance play vital roles in the plant's defence mechanisms. Understanding and studying these intricate defence responses can provide valuable insights, ultimately enhancing our ability to effectively manage the disease. Molecular mechanisms underlying defence responses in rice against B. oryzae should be studied thoroughly. 
Furthermore, studies should be conducted to probe into the cross talk between various defence responses involved against B. oryzae. With the advent of omics approaches such as genomics, transcriptomics, proteomics, metabolomics etc. and high throughput sequencing, future research should focus to develop durable and broad-spectrum resistance against brown spot disease. 
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