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EMERGING DYNAMICS OF BLAST DISEASE IN CEREALS AND MILLETS: BIOLOGY, PATHOTYPES, AND MANAGEMENT STRATEGIES







ABSTRACT
Blast disease, caused by the filamentous ascomycete Magnaporthe spp. (anamorph: Pyricularia spp.), represents one of the most devastating threats to global cereal and millet production. Originally recognized as a rice pathogen, Magnaporthe oryzae has since adapted to infect several other major crops, including wheat, finger millet, foxtail millet, and pearl millet, resulting in significant yield and economic losses worldwide. Globally, yield loss due to blast disease ranges from 70–100% under severe outbreaks, while in India, losses average 28–36%, reaching up to 90% in endemic regions. Ranked among the top ten fungal pathogens due to its scientific and agricultural impact, M. oryzae exhibits high genetic variability, host adaptability, and environmental resilience, making it particularly difficult to manage. Historical records trace the earliest descriptions of blast disease to 17th-century Asia, and it is now prevalent across more than 85 rice-growing nations, with expanding incidence in other cereals and millets. The pathogen’s capacity for long-distance dissemination via infected seed and airborne spores, coupled with favourable climatic conditions particularly high humidity and moderate temperatures causes frequent epidemic outbreaks. The emergence of multiple pathotypes, including the Triticum lineage responsible for wheat blast, highlights ongoing evolutionary diversification within the M. oryzae species complex. Several hosts including rice, wheat, finger millet, and pearl millet are being extensively reviewed to understand host–pathogen interactions and mechanisms of resistance. Recent advances in molecular breeding, marker-assisted selection, and CRISPR-based genome editing have accelerated the development of resistant cultivars. Additionally, biocontrol agents such as Trichoderma spp., Pseudomonas fluorescens, and Bacillus spp. show promise as sustainable alternatives to chemical fungicides. Effective management involves quarantine enforcement, deployment of resistant cultivars, integrated cultural, biological, and chemical control measures, supported by continuous pathogen surveillance, AI-based forecasting, and resistance monitoring to safeguard global food security.
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1.INTRODUCTION
[bookmark: _Hlk172741741]“One of the most devastating threat to cereals and millet production in recent times is blast disease, caused by the filamentous fungus Magnaporthe sp. (Anamorph: Pyricularia sp.). This disease has emerged as a major concern due to its rapid spread and severe impact on yields, leading to substantial economic losses. M. oryzae ranks first among the top 10 fungal pathogens due to its scientific and economic impact” (Dean et al., 2012). Blast disease has a wide range of host species. Initially known for its impact on rice, the pathogen has adapted to infect other hosts such as wheat, finger millet, and foxtail millet, leading to serious yield losses and posing a threat to global food security. It is of growing concern due to the recent report of introduction of wheat blast to Bangladesh from South America. “The pathogen's adaptability to different climatic conditions and its ability to infect various hosts make it particularly challenging to manage. Effective management strategies for this disease primarily include the development and deployment of resistant cultivars, which necessitates a comprehensive understanding of the pathogen’s etiology, genetic diversity, and resistance mechanisms” (Thakur et al., 2024). This review provides an in-depth analysis of the symptoms, etiology,  epidemiology, host range and management strategies of the disease.
2.GLOBAL APPEARANCE OF BLAST DISEASE
[bookmark: _Hlk172741768]The earliest known record of blast disease was in 1637, when Soong Ying-shin described the condition as “rice fever” in China. A subsequent report from Japan in 1704 referred to the disease as Imochi-byo, marking its early recognition in East Asia. “At present, rice blast is distributed in nearly 85 rice-growing countries worldwide, reflecting its status as one of the most widespread and destructive fungal diseases of rice. In India, the disease was first reported in 1913, and the first major epidemic occurred in 1919 in the Tanjore delta of the Madras State” (Singh, 1968). Since then, blast has been reported from nearly all major rice-growing regions of the country. The pathogen occurs across all rice ecosystems but exhibits the greatest severity in upland and rainfed conditions, where environmental factors are highly conducive to infection and spread, compared to the relatively stable irrigated ecosystems.
“In India, blast disease of finger millet was first reported from the Tanjore delta region of Tamil Nadu” (Mc Rae,1920). “Foxtail millet blast was initially described by Nishikado in Japan in 1917, and subsequently recorded in India in 1919 from Tamil Nadu. Since then, the disease has also been observed in several other states. Blast of pearl millet has been known to occur since the 1970s and remains prevalent in all major pearl millet-growing regions of the country. In recent years, a noticeable increase in disease incidence has been reported from key production states such as Gujarat, Uttar Pradesh, Madhya Pradesh, Rajasthan, Delhi, Maharashtra, and Karnataka. The disease now occurs widely across the principal millet-producing zones and continues to spread into new areas” (Chandra et al.,2017). The emergence of diverse pathogen pathotypes, coupled with variations in cultivar susceptibility, environmental conditions, and cultivation practices, contributes to differing levels of disease severity across regions.
[bookmark: _Hlk172742136][bookmark: _Hlk172742004]Wheat blast, also known as "Brusone" in Brazil (Portuguese for ‘burnt’), is notorious for its difficulty to control and its potential to devastate wheat crops (Bishnoi et al., 2021). Wheat blast is considered as one of the most fearsome and intractable wheat disease in recent decades. Wheat blast was first identified in Brazil in 1985 (Igarashi et al., 1986). “It subsequently spread to major wheat-producing areas of the country and to several other South American countries​. The incidence of wheat blast in Bangladesh was first reported in February 2016, affecting nearly 15,000 hectares. The disease initially spread to eight districts and then further expanded to 14 new districts over the following years. Both seed-borne and air-borne means of dispersal are observed in Bangladesh”​ (Islam et al., 2016).
3.ECONOMIC LOSS
“Blast is a highly destructive disease prevalent in warm and humid regions where the crop is cultivated. Its economic impact is significant as it drastically reduces both yield and grain quality” (Goulart et al., 2007). “Rice blast is one of devastative and destructive diseases of rice worldwide, causing yield losses to the extent of 70-80% in various rice ecosystems” (Madhavi et al., 2011). “Blast disease caused by Pyricularia grisea (Cooke) Sacc. (teleomorph: Magnoporthe grisea (T. T. Hebert) M. E. Barr) is one of the major diseases of finger millet which cause grain and forage yield losses” (Palanna et al., 2021). “In India the average annual yield loss due to the disease is around 28-36% and 80-90% in endemic areas” (Nagaraja and Mantur, 2007). “The disease affects the crop at different stages leading to leaf blast, neck blast and finger blast” (Manyasi et al., 2022). “In wheat maximum yield damage occurs when the fungus infects the spike during anthesis or early grain filling stages, or attacks the spike base, hindering grain development and sometimes killing the entire head” (Kohli et al., 2011). “Yield losses can be as severe as 100% under certain conditions, such as late sowing in Bangladesh and early sowing in South America” (He et al., 2020). “Losses vary based on factors like genotype, growth stage, planting date, weather (temperature, humidity, rainfall), and disease severity” (Cruz and Valent, 2017). 
4.SYMPTOMS
The typical symptoms of rice blast include spindle-shaped lesions on leaves and sheaths, characterized by a gray or whitish center surrounded by brown to reddish margins. Infections at the nodes result in black lesions that weaken the stem, often leading to breakage. When the neck of the panicle is affected, grayish-brown discoloration develops, causing the panicle to droop, while infection after the milky stage leads to chaffy or unfilled grains. In severe cases, plants exhibit a scorched or burnt appearance, and extensive infection may lead to plant death.
“The symptoms of the disease appear at different stages of plant growth in millets majorly finger millet. Compared to mature plants seedlings are more susceptible to leaf blast however, no relationship known between the intensity of seedlings infection and that of ear infection” (Rachie and Peters, 1977). Young seedling shows blight appearance while in grown up seedlings the disease appears on leaves as typical spindle or diamond shaped spots. These spots enlarge and coalesce to give a blasty appearance on leaves. Initially brown and later black lesions are formed on neck region which is 2-4 inches below the panicle. The pathogen also attack finger causing finger blast. (Kumar and Srivastava, 2020). Rath and Mishra (1975) reported that “neck infection by the pathogen cause significant reduction in grain number and grain weight and also increases spikelet sterility”.
In the wheat field the disease first becomes noticeable during the reproductive stage of the crop, appearing as scattered patches. Over time, these patches merge, leading to extensive damage across the entire field. Infected spikes turn a silvery color, while the leaves may stay green (Singh et al., 2021). “The fungus MoT can infect all above-ground parts of wheat, including the spike, leaf, peduncle, glume, awn, and seed. However, the most notable symptom is observed on the spikes” (Cruz and Valent, 2017). “The most notable symptoms of wheat blast are partially or completely bleached spikes, which start from a distinct blackish-gray infection point at the rachis or the base of the infected spikes. The first visible symptom on young seedlings is a water-soaked, diamond-shaped lesion that progresses to a grayish-white center with a dark brown border. Older leaves are more susceptible to MoT than younger ones in conducive environments, especially in highly susceptible cultivars” (Cruz et al., 2015). “Leaf symptoms include elliptical, elongated, or eye-shaped grayish to tan necrotic lesions with dark borders” (Malaker et al., 2016). “Lesions can also occasionally appear on the leaf collar, culm, culm node, and stem, with stem lesions being elongated or elliptical with a white center surrounded by a dark-brown or blackish margin” (Singh et al., 2021). “Wheat head blast in the field can sometimes be misdiagnosed, as it somewhat resembles Fusarium head blight (FHB) and spot blotch, caused by Fusarium graminearum and Bipolaris sorokiniana, respectively” (Pieck et al., 2017; Singh, 2017).
5.ETIOLOGY 
Sprague (1950) designated the name P. oryzae for rice isolates and P. grisea for other cereal grasses. Kohli et al. (2011) preferred the name Pyricularia grisea (Kooke) Sacc. [telemorph Magnaporthe grisea (Herbert) Barr]. Using multilocus phylogenetic analysis, Couch and Kohn (2002) distinguished M. oryzae from M. grisea, using the former for rice isolates and the latter for perennial ryegrass, wheat, millets, and other agriculturally important grasses. P. oryzae pathotype Triticum is given as the valid name for the newly emerged wheat blast fungus. The causal organism of blast is a haploid, filamentous, ascomycetous fungus. “The fungus produces pear-shaped two-septate three-celled asexual conidia, which are hyaline to pale grey-coloured. The conidia are produced in clusters on long septate, slender conidiophores in a sympodial manner. Conidiophores are light brown in colour, solitary, erect. Mycelia are thin, slightly brownish, septate, and highly branched. The fungus can be purified by isolation of a single conidium, because single nuclei in each of the three cells of a conidium are identical” (Singh et al., 2021). The fungus produces predominantly four celled ascospores in unordered asci within long-necked perithecia. Both conidia and ascospores germinate and form appressoria on hydrophobic surfaces. Appressoria that develop in water droplets, such as dew, generates very high turgor pressure to puncture the host leaf surface and colonize the tissues (Cruz and Valent, 2017).
6.PATHOTYPES OF MAGNOPORTHE ORYZAE
[bookmark: _Hlk172754925][bookmark: _Hlk172754974][bookmark: _Hlk172755086]The M. oryzae species complex is known to infect more than 50 species of grasses, including major crops like rice, wheat, finger millet, foxtail millet, ryegrass, oats, barley, and crabgrass (Igarashi et al., 1986; Couch et al., 2005; Marangoni et al., 2013). Due to its self-incompatibility, the fungus reproduces sexually only under conditions where compatible and fertile individuals cross, facilitated by the acceptance of male nuclei by a female structure called ascogonium via conidia or receptor hyphae (Maciel et al., 2014; Maciel, 2018). “Based on host specificity, mating type, and genetic similarity, isolates of M. oryzae are subdivided into several pathotypes” (Urashima et al., 1993; Kato et al., 2000; Tosa et al., 2004; Tosa and Chuma, 2014). “Among the pathotypes, Oryza is responsible for infecting rice, Setaria for foxtail millet, Eleusine for finger millet, Panicum for proso millet, Triticum for wheat, Avena for oat, Lolium for perennial and annual ryegrass, and many other ones for grasses” (Kato et al., 2000; Farman, 2002; Tosa et al., 2004; Maciel, 2018). “The pathotypes are genetically close and each pathotype exhibits a low level of pathogenicity on alternative hosts. The Triticum pathotype exhibits rapid evolution, leading to a higher genetic diversity compared to other pathotypes” (Maciel et al., 2014).
In a study conducted by Palanna et al. (2024) reported that finger millet isolates exhibited pathogenicity across several millet species, while rice isolates were restricted to infecting only rice and wheat. Most blast isolates from millets were also capable of infecting common weed species found in millet ecosystems, including Echinochloa crusgalli, Eleusine indica, and Eragrostis gigantica. These results highlight the need for continuous monitoring of the pathogen in both cultivated crops and associated weed hosts, underscoring the potential threat of blast fungus spread among Indian millets through host range expansion.
Gladieux et al. (2018) analyzed 81 strains, including 76 genomes from 12 different hosts, using genome sequencing and assembly methods and identified multiple lineages within, including the Triticum, Lolium, Eleusine1, Eleusine2, Eragrostis, Brachiaria2, Setaria, Oryza, and Stenotaphrum lineages. These lineages were distinguished based on genetic markers and phylogenetic analyses, highlighting the genetic diversity and complexity within the population. The wheat-infecting isolates belong to distinct lineages, primarily the Triticum lineage, which is genetically separated from other lineages infecting ryegrass and other grass hosts. The genetic divergence within the wheat-infecting isolates suggests a unique evolutionary history and adaptation to wheat as a host plant. Understanding the genetic diversity and relationships within the wheat-infecting lineages is crucial for studying disease emergence and developing effective management strategies for wheat blast. The Triticum lineage is more connected to the Lolium lineage compared to other lineages. Genetic analyses have shown evidence of gene flow and shared genetic material between the Triticum and Lolium lineages, indicating a closer relationship and historical interactions between these two lineages within the population. The lack of strict host specialization among different lineages of is a key driver of inter-lineage gene flow. The shared hosts, such as barley, Italian ryegrass, tall fescue, and weeping lovegrass, which are widely cultivated or distributed, increase the chances of encounters and mating between isolates with overlapping host ranges. This shared host environment acts as a platform facilitating encounters and mating between isolates from different lineages, enabling inter-lineage gene flow. Because of this genetic mixing, it is important to closely monitor plant health, especially in regions where multiple M. oryzae lineages are present. Such surveillance can help detect and prevent the emergence of new diseases that might arise when different lineages of the fungus come into contact with each other. 
7.PATHOGENECITY
The pathogen's pathogenicity is influenced by several factors, including the presence of specific avirulence (Avr) genes that interact with host resistance (R) genes. Understanding the genetic diversity of Pyricularia isolates is crucial for developing resistant cultivars, as it helps identify pathotypes and predict the potential emergence of new virulent strains.
The genetic variability of Pyricularia grisea plays a crucial role in its pathogenicity and adaptability to different environmental conditions and host genotypes. Studies on the pathogen's genetic diversity using various molecular markers such as random amplified polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), and simple sequence repeats (SSR) have revealed significant variation among isolates collected from different geographical regions (Babu et al., 2007).
[bookmark: _GoBack]Vy et al. (2024) found that “The ACE1 secondary metabolite gene cluster is a pathogenicity factor of wheat blast fungus. Pwt2 is a genetic locus that conditions aggressiveness in the wheat blast fungus. Map-based cloning of Pwt2 identified the ACE1 secondary metabolite gene cluster as essential for the wheat blast fungus to efficiently penetrate wheat cell walls. ACE1 is crucial for the strong aggressiveness of specific pathotypes on wheat, Eleusine, and Lolium hosts, but not on rice and foxtail millet. The experiment involved inoculating wheat and barley leaves with Br48, its ACE1-knockout mutants (Br48ΔACE1) (strains of the fungus that have been genetically modified to have the ACE1 gene disrupted or inactivated) and transformants of Br48ΔACE1 carrying pACE1Br48 (Br48ΔACE1 + ACE1Br48), then incubating them for 5 days at 22 °C”. The results showed that the ACE1-knockout mutants had reduced lesion areas compared to the wild type. The ACE1-knockout mutants are attenuated in the penetration of wheat epidermal cell walls due to their inability to suppress the formation of fluorescent papillae. This suppression is essential for successful penetration of cell walls by the fungus. The mutants induce fluorescent papillae, which inhibits their ability to penetrate cell walls effectively, leading to reduced aggressiveness on wheat. This suggest that ACE1 is essential for virulence on wheat and barley. The conclusion drawn was that the ACE1 cluster in MoT plays a significant role in the aggressiveness of the pathogen on wheat and barley, highlighting its importance in fungal pathogenicity. Pi33 is a resistance gene found in rice that provides resistance against specific isolates of the rice blast fungus. In wheat, Pi33 has the potential to be transferred from rice to confer resistance against the wheat blast fungus. When introduced into wheat plants, Pi33 recognizes specific ACE1 alleles in the wheat blast population, leading to resistance against the fungus. The researchers introduced ACE1 alleles found in the wheat blast population into rice blast isolates. They observed that mutations in ACE1 that allowed the fungus to evade recognition by Pi33 did not affect the aggressiveness of the rice blast fungus on rice. However, these mutations significantly impaired the aggressiveness of the wheat blast fungus on wheat. This experiment highlighted the potential of using Pi33 as a durable resistance gene in wheat by targeting vulnerabilities of the wheat blast fungus.
Understanding this genetic diversity is essential for developing effective disease management strategies, as the presence of diverse pathogen strains can lead to the breakdown of host resistance. Moreover, the genetic structure of Pyricularia populations is influenced by factors such as mutation, recombination, gene flow, and selection pressure imposed by resistant host cultivars. Studies have shown that the pathogen exhibits high genetic differentiation among populations, suggesting limited gene flow between regions (Panwar et al., 2010). This genetic differentiation can complicate the deployment of resistant cultivars, as a resistant cultivar effective in one region may become susceptible in another due to the presence of different pathogen strains.
8.EPIDEMIOLOGY
The conidia serve as primary inoculum for the disease. The conidia are dispersed by wind, rain splashes, and other mechanical means, leading to the rapid spread of the disease in conducive environmental conditions. Several studies suggest that climatic conditions such as frequent rainy periods, temperatures ranging from 21°C to 27°C, cloudy days, and high relative humidity are most favorable for blast epidemics (Goulart et al., 2007; Kohli et al., 2011). The El Niño phenomenon, characterized by several days of continuous rain and average temperatures between 18°C and 20°C during the flowering stage , followed by sunny, hot, and humid days, can predispose plants to blast (Saharan et al., 2016). However, there is limited data on the optimal environmental conditions for blast infection. High humidity (above 90%), moderate temperatures (25-28°C), and wet leaf surfaces are crucial for conidial germination and infection which in turn affect the severity of the disease in the field (Anilkumar et al., 2004). These conditions, particularly when combined with 24 hours of rain during the flowering stage, are especially effective for infection and spread. The severity of blast varies significantly based on weather conditions, variety, and the plant organ infected. High temperatures, excessive rain, prolonged leaf wetness, and poor fungicide efficacy have contributed to outbreaks of wheat blast disease in Brazil (Goulart et al., 2007). 
9.MANAGEMENT STRATEGIES
The management of blast disease involves an integrated approach combining legal, cultural, biological and chemical methods.
As the wheat blast is not reported in India yet, an effective quarantine is essential to prevent the introduction and spread of wheat blast from endemic to disease-free regions. Although the aerial spread of the pathogen is limited—with heavier asexual spores typically traveling only short distances (up to 1 km) and lighter sexual spores capable of longer dispersal—the primary means of long-distance transmission is through infected seeds (Maciel et al., 2014). The lack of stringent quarantine and seed trade regulations contributed to the introduction of the Magnaporthe oryzae Triticum (MoT) pathotype into Bangladesh (Islam et al., 2016), posing a similar risk to neighboring South Asian countries such as India and Pakistan. Studies estimate that under favorable climatic conditions, up to 17% of the wheat area in South Asia, equivalent to about 0.88 million tons of yield, could be at risk (Mottaleb et al., 2018). Because the pathogen can survive in seeds for nearly two years, implementing strict seed quarantine, import restrictions, and regulations on local seed use is critical. One such measure, the “wheat holiday,” involves temporarily banning wheat cultivation in blast-affected or high-risk areas to prevent further spread. This policy has been adopted in Bangladesh and India, where wheat cultivation is restricted within 5 km of the Bangladesh border and replaced by alternative crops such as maize, onion, garlic, lentil, legumes, and oilseeds (Mottaleb et al., 2019). However, the success of this strategy depends on ensuring that substitute crops and local weeds do not serve as alternative hosts for the MoT pathogen, which remains a major challenge in disease management.
The use of resistant cultivars remains the most effective and eco-friendly approach to managing blast disease. Resistance breeding involves a range of techniques, including conventional breeding, molecular breeding, and induced mutation. Conventional breeding focuses on recombining genetic variability from parents with resistance genes, using methods like backcrossing and gene pyramiding, despite the lengthy time frame (5-10 years) and challenges associated with quantitative trait selection. To expedite the process, accelerated schemes like speed breeding are employed. Vadodariya et al. (2023) identified several finger millet genotypes with resistant and susceptible reactions to blast disease.148 out of 490 tested genotypes were identified as resistant under high disease pressure conditions. Molecular breeding leverages biotechnology tools such as molecular markers and CRISPR-based genome editing to introduce or enhance resistance traits efficiently. Induced mutation, employing physical (e.g., X-rays, gamma radiation) and chemical mutagens (e.g., EMS), creates genetic variability, although it involves random mutations with unpredictable results. Breeding programs focusing on introgression of resistance genes from diverse sources, combined with marker-assisted selection (MAS), have led to the development of several blast-resistant cultivars (Thakur et al., 2024). However, the rapid evolution of the pathogen necessitates continuous screening of new cultivars for resistance to emerging pathogen strains.
Cultural measures for managing blast include changing the sowing time to avoid periods of increasing temperature, high precipitation, and high relative humidity. Maintaining optimal plant spacing can also reduce disease incidence. Affected areas should be slashed or deeply buried, and alternate weed hosts must be destroyed. Crop rotation with non-cereal crops like sesame, mungbean, and sesbania is recommended. It is crucial to procure quality seeds produced in disease-free areas for planting and to use varieties and germplasm resistant to blast. The mixing of commercial variety with resistant cultivars have shown delayed disease onset and slowed progression during epidemics in case of finger millet blast disease (Rajesh et al., 2025). 
Biological control using antagonistic microorganisms such as Trichoderma spp. and Pseudomonas fluorescens has shown promise in suppressing P. grisea by competing for nutrients, producing antifungal compounds, and inducing systemic resistance in the host plant (Palanna et al., 2021). Mamitha and Tamilvendan (2025) have identified the biosurfactant producing bacterial isolates (Bacillus sp.) which would be an ideal biocontrol agent for the management of finger millet blast and hence reduce input cost. These biocontrol agents, when used in conjunction with resistant cultivars and proper cultural practices, can provide sustainable management of blast disease.
Surovy et al. (2024) explored the effectiveness of seed endophytic Bacillus isolates in controlling wheat blast disease. The researchers identified three Bacillus isolates (BTS-3, BTS-4, and BTLK6A) from wheat and rice seeds, which showed significant suppression of MoT in dual culture assays and seedling tests. Microscopic analyses revealed that these isolates induced morphological changes in MoT hyphae, such as excessive branching, swelling, and disintegration.Genome analysis identified the isolates as Bacillus subtilis (BTS-3) and B. velezensis (BTS-4 and BTLK6A), revealing genes associated with antimicrobial defense, cell wall degradation, and induced systemic resistance. These findings suggest that these Bacillus isolates have potential as biocontrol agents against wheat blast, offering an environmentally friendly alternative to chemical fungicides. Further field validation is recommended to confirm their effectiveness in real-world conditions.
Chemical control include seed treatment with Tebuconazole, foliar spray with Tebuconazole + Trifloxystrobin or Tebuconazole and foliar and panicle spray with Triazols with strobilurins, Tebuconazole (600ml/ha), Trifloxystrobin 10% + Tebuconazole 20% at 3 kg a.i./ ha. The study conducted by Chakraborty et al. (2020) investigates the antifungal effects of oligomycins B and F, derived from marine Streptomyces spp., on Magnaporthe oryzae pathotype Triticum (MoT), The researchers aimed to assess the inhibitory effects on mycelial growth, conidiogenesis, conidial germination, and appressorial formation of MoT, as well as the in vivo disease suppression on wheat leaves. Fungicidal applications, though effective, are not environmentally sustainable and can lead to the development of fungicide-resistant pathogen strains.
10.CONCLUSION
Blast, caused by Magnaporthe spp, poses a significant threat to cereals and millet production worldwide. It has evolved from a rice-limited problem to a global threat across cereals and millets, reflecting the pathogen’s exceptional adaptability and transboundary nature. Several countries have experienced severe yield losses, up to 100% due to the disease. Rapid spread and adaptability of the pathogen necessitate immediate and comprehensive management strategies. Develop resistant cultivars, implement integrated disease management practices, utilize advanced detection technologies for management.
11.FUTURE THRUST
Future research should focus on deciphering the molecular basis of host–pathogen interactions using omics technologies, monitoring pathogen evolution and gene flow among pathotypes through genomic surveillance, exploiting wild relatives and landraces for novel resistance genes, integrating AI-based disease forecasting systems with climate data and promoting region-specific integrated disease management packages for cereals and millets. Strengthening international collaboration and rapid diagnostic capabilities will be crucial to prevent the emergence and spread of new Magnaporthe pathotypes.
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