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Abstract
Finger millet (Eleusine coracana (L.) Gaertn) stands as the leading millet species and a vital staple food across many regions of semi-arid tropical regions including India and Africa.This under studied crop grown on over 2.1 million hectares (Mha) globally, producing 3.7 million tons/year. India is the largest producer of ragi, contributing 46% of the global production, with 1 Mha crop land.However, blast disease - a destructive disease by Pyricularia grisea, records yield losses ranging from 7% to 90% depending on infection. Traditional crop management practices can reduce the incidence and severity of infection to some extent, but they are insufficient to achieve complete eradication of the pathogen. Therefore, the development of blast-resistant varieties is crucial to provide sustainable and long-term control of the disease in finger millet cultivation. Additionally, numerous breeding initiatives have aimed to create modified finger millet germplasm with a healthy and long-lasting tolerance to P. grisea. On the other hand, markers like SSR, RFLP, AFLP, and EST have shown a low variation in developed finger millets. Addressing this challenge requires the implementation of gene stacking or pyramiding, along with the finding of novel resistance (R) genes targeting blast disease, which constitutes a critical objective in finger millet breeding. Genome-wide association mapping studies have identified substantial QTLs connected to blast resistance in finger millet. Together, these investigations support the continuing efforts to locate and explain important QTLs linked to blast resistance in order to assist with crop management and breeding. Thus, this article provides a comprehensive overview of nutritional importance, blast disease, and various studies conducted to enhance finger millet, including genetic enhancement. This review identified research gaps and offer suggestions for blast management approaches for finger millet improvement.
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Introduction
Millets, a group of cereals which serve as major food sources for millions of people living in tropical and subtropical regions of the world.Among the millets there are four major types cultivated widely, including pearl millet (Pennisetum glaucum), foxtail millet (Setariaitalica), proso millet (Panicum miliaceum), and finger millet (Eleusine coracana) (Yang et al., 2012). Over 590 million people from Asian and African countries rely on millets as primary food source, and it constitutes a notable portion of diet in over 130 countries. (Maharajan et al., 2022). They serve as a vital source of energy and proteins as they possess dietary and therapeutic applications in addition to high shelf life (Yang et al., 2012).
Ragi (Finger millet) is one of the most prevalent crops amongst the minor millets and it serves as a crucial daily meal across India and Africa due to its nutraceutical benefits (FAO, 1995).Its remarkable adaptability to diverse and adverse climatic conditions makes it an ideal choice for cultivation across various environments of India, Sri-Lanka, Africa, Nepal, Uganda etc. (Jarapalaet al., 2025a).Owing to its multiple desirable traits, along with its abundance of genetic material,finger millet has become an important crop for ensuring adequate nutrition for global dietary Security (FAO, 2019).Nutritionally finger millet contains exceptional sourcescalcium, essential minerals, fibre and carbohydrate(Bhatt et al., 2003). It also contains phosphorus, magnesium, phytic acids which collectively maintains cardiac health and reduces cancer risk(Shukla, et al., 2024).Millets are not only vitalfor nutrition and healthcare but also for sustaining local agro-ecosystems and supporting livelihoods. Despite their benefits, millet consumption in India has fallen over time becauseof their labour-intensive cultivation practices. In between 1997-2013 the cultivated area shrank by roughly 20% reducing overall yield up to 18%. In addition to this, several biotic and abiotic stressesaffecting cultivation of finger millet(Saha et al., 2016). Among the biotic stress, Pyricularia grisea – a filamentous fungus causes blast disease which often reduces grain and fodder yields by up to 80%, severely impacting farmer income and threatening crop sustainability across major growing regions (Jarapala et al., 2025b). Therefore, this article aims to summarise the nutritional significance, blast disease, and various researches that have been conducted to enhance finger millet yield production, including genetic enhancement and offers insights into the strategies for blast management in finger millets, aiming to enhance future improvements in this crop.

Nutritional and medicinal significance of finger millet
Finger millet serves as a rich blend of carbohydrates, proteins, dietary fiber, and essential minerals (Figure 1), making it a vital dietary staple for people in low-income communities along with those managing metabolic conditions like type 2 diabetes and obesity (Mathanghi and Sudha, 2012). Many studies have shown that finger millet offers a robust nutritional profile Containing fibre, calcium, and phenolic compounds. Its carbohydrate content includes soluble sugars, starch, and dietary fiber. Protein levels vary by variety, and the grain delivers a high proportion of essential amino acids well above global reference levels.
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Figure 1- nutritional composition of ragi

Compared with maize, rice, wheat, and sorghum, finger millet also supplies higher amounts of key nutraceuticals,and essential amino acids in a balanced profile which include methionine, phenylalanine, tryptophan, cysteine, isoleucine, B vitamins, calcium, and iron.Fermentation of the grain enhances its vitamin content, increasing levels of riboflavin, pantothenic acid and niacin as shown in Figure 2. Additionally, the seed coat isa concentrated source of flavonoids and other phenolic compounds. (Devi et al., 2014)
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Figure 2– Heatmap showing the approximate levels of major components in finger millet

Finger millet is recognised for its health-promoting attributesincluding low glycaemic index that aids in controlling blood sugar in hyperglycaemic conditions. Millets possess a hypoglycaemic impact, attributable to their high fiber content. The complex carbohydrates and fiber in finger millet are broken down and absorbed gradually, leading to lower post-meal blood glucose spikes (Geetha and Easwaran, 1990). Moreover, finger millet is abundant in antioxidants and compounds with antibacterial activity (Chethan and Malleshi, 2007). The grains are packed with phytochemicals, like phytic acid and phytate, which are linked to cancer risk mitigation and controlling cholesterol levels, respectively (Coulibaly et al., 2011). A wide range of bioactive compounds, known as phytochemicals, are abundantly present in the grain, including high concentrations of antioxidants, antipyretic, anticancer, and anti-atherosclerotic components. Kumari et al. (2019) indicated that unprocessed brown finger millet had superior radical scavenging action compared to its processed counterpart, attributed to the presence of tannins and phytic acid. Shobana (2009) stated that finger millets reduce glucose and blood cholesterol levels and have neuroprotective, antioxidant, wound-healing. Tatala et al. (2007) documented an enhanced haemoglobin level in youngsters who consumed a finger millet-based diet. According to Shahidi and Chandrashekara (2013), individuals with Celiac disease can greatly benefit from this grain as it is free of gluten. Lee et al. (2010) discovered that by lowering the plasma triglyceride concentrations in hyper lipidemic rats, finger millet consumption could lower the risk of cardiovascular ailments. 

Global cultivation and productivity of finger millet
Finger millet is being cultivated in 50 countries globally which among the 27 countries belong to Africa. (Maharajan et al., 2021).A vast majority of Africa’s finger millet production is centred in the eastern and southern regions of the territory. Additionally, it is cultivated to a smaller extent in the West-central regions of the African continent and southeastern Nigeria. There are seventeen principal finger millet-producing nations in Asia, including South-east countries like India, Sri Lanka, East Asian countries like Nepal, Bhutan, Middle eastern countries including the Maldives, Pakistan, Iran, Philippines, Afghanistan, China, Taiwan, Myanmar, Malaysia, and Japan (Maharajan et al., 2021)which contribute to 85% of production rate worldwide(Divya et al., 2013).Of all the countries that grows the ragi, India has the largest production area at one Mha (Gebreyohannes et al., 2021), which accounts for 46% of total. Ethiopia comes in second with 480,511 ha, or 22% of the world’s total. According to APEDA, (2021) India is a major player in the millet production industry, responsible for 80% of Asia’s total finger millet output and 44% of the world’s total production.Some regions in the Americas, including the United States and Mexico, also cultivate the crop. In Europe, finger millet is grown in relatively smaller amounts in countries like Germany, Italy, Ukraine, and the United Kingdom (Mirza and Marla, 2019). In the eastern, central, and western parts of India specifically, UP, Bihar, Tamil Nadu, Karnataka, and AP, it’s grown in a joint cropping system alongside maize. However, the mid- and far-western areas practice monoculture (Adhikari et al., 2018). Karnataka is one of the predominant states which accounts for 58% of India’s total finger millet productivity with an output of 1,396.06 metric tons, thereby Uttar Pradesh with 49.518 metric tons yearly. (Mushtari et al., 2016).
Even though rice is a major staple food across world (Kanathala et al., 2024) finger millet stands as 4th foremost crop in Nepal (MoAD, 2015).The annual global yield of finger millet is around 2.1 million hectares. with the major contribution to the production occurring in India, China, Uganda, and Nepal (Upreti, 1999).According to FAO (2009), nearly 20% of area and 26% of millet production is accounted to finger millet. According to statistics, 26.7 million metric tons of millets were produced worldwide which fell to 23.3 million metric tons in 2002. The major producer during 2009 was the African subcontinent, which produced 20.6 million metric tonnes of millet, shortly followed by the Asian and Indian subcontinents with 12.4 and 10.5 million metric tonnes respectively (Belton et al., 2002). FAO (2013) statistics indicate that global millet grain production in 2013 reached 762,712 metric tons, with India as the leading producer, yielding 334,500 tons, which accounted for 43.85% of the total. Sakamma et al., (2018) stated that 11.42 million tonnes i.e. 37% yield globally of millet are produced in India alone, out of 30.73 million tons produced annually worldwide. According to data from FAOSTAT, (2019) finger millet output has been rising globally, with 4.5 million tons produced in 2018. Finger millet is cultivated on over 2.1 million hectares worldwide, yielding 3.7 million tons annually, in contrast to the overall millet cultivation area of 11 million hectares and yearly output of 14.6 million tons (FAO, 2020). Which estimated that the world’s millet production may increase up to 30.08 million metric tons by a year. In terms of millet production, India dominates the global market, with 41% of the overall production. Whereas Niger, ranks second with 12%, succeeded by China with 8% (FAO, 2022). The percentages show that finger millet accounts for 20% of the world's total area planted and 26% of the crop's output, correspondingly. 
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Image 1 Country-wise production percentage of millets (FAO, 2022).

Constraints of finger millet production

Crop yield is considerably affected by both biotic and abiotic stresses (Jarapala et al., 2025a). Abiotic stressors like salt, drought, and essential nutrient shortages, including phosphorus, nitrogen and zinc, impact finger millet development and productivity. Goron et al. (2015) found that the impact of inadequate amounts of nitrogen reduced the quantity of tillers in finger millet crops. Ramakrishnan et al., (2017) indicated that low phosphorus stress adversely impacted the finger millet seedling development and biomass in a glasshouse environment. Zinc shortage led to inhibited development, postponed seed maturation, manifestation of chlorosis, reduced size of petioles and internodes, and deformed leaves (Yamunarani et al., 2016).In the GPU-28 cultivar, Parvathi et al. (2013) examined the effects of expression of possibly significant genes under exposure of drought stress. They found that stress caused withering and leaf rolling, reduced the leaf's ability to absorb solutes and chlorophyll level, and activated a large number of both drought-responsive genes in comparison to regulating conditions and also genes relative to regulating conditions. Additionally, salinity slowed blooming and decreased water levels, plant height, expansion of leaves, panicle length and radius, and grain mass (Anjaneyulu et al., 2014). Parvathi and Nataraja (2017) found that seedlings of the GPU-28 cultivar of finger millet witnessed a marked decrease in plant growth as well as shoot and root biomass when subjected to salt stress, PEG, and oxidative stress. Furthermore, farmers often procure a very low harvest (400-2,000 kg/ha) because of various reasons, including depending too much on traditional varieties, not using enough resources for farming, having limited genetic variety in their breeding plants, and using old breeding techniques. (Dida et al., 2007)
However, multiple biotic challenges, such as pests, insects, weeds, diseases, and others, limit the yield and profitability of finger millet. Mahapatra et al. (2021) found that insect infestations reduced finger millet yields nearly by 23% to 56%. While the productivity of finger millet is reduced by 5 to 73% due to weed infestation. The main types of weeds that grow in finger millet fields are Strigahermonthica, Digitariaternate, Guizotia scabra, and Cyperus rotundus. Additionally, the main obstacle to the developmentof finger millet in moist and rainy conditions is blast disease. Blast disease is attributed to Magnaporthe grisea (anamorphic stage: Pyricularia grisea), a filamentousascomycete, which is an extremely destructive foliar fungus significantly impacting the yield of finger millet, resulting in yield decreases of 50-100% (Mbinda and Masaki, 2021), (Jarapala et al., 2025a).M. oryzae has the potential to survive in native grass reservoirs, enabling epidemics to occur all through the year (Manyasa et al., 2019). Leaves, necks, and fingers of affected finger millet plants will show signs of blast disease. Leaf blast is documented to impact seedlings, albeit less severely than other kinds (Esele, 2008). Despite this, once neck and finger blasts are formed, they may severely impact agronomic parameters more than leaf blast (Jarapala et al., 2025b).
Furthermore, finger millet yield is endangered by other fungal diseases, such as foot rot (Sclerotium rolfsii) and banded sheath blight (Rhizoctoniasolani Kühn)(Patro et al., 2018). Foot rot shows up as sclerotia development, basal stem necrosis, and abundant mycelial growth, whereas banded sheath blight appears as elliptical lesions on bottom foliage that eventually develop into distinctive brown bands (Nagaraja and Das, 2016).

Biology and pathogenicity of Pyricularia grisea

The cultivation of finger millet presents significant advantages; however, it is also confronted with numerous challenges. A significant obstacle preventing its yield is blast disease, attributed to Pyricularia grisea, a fungus. This biotic stress poses a severe threat to the crop and is likely the most detrimental disease that occurs each year in rainy and winter seasons (Nagaraja et al., 2007).The polyphyletic character of the Pyriculariagenus leads to the blast fungus populations which are clonal and reproduce asexually. P. grisea exhibits heterothallism, with the two mating types, present within a single mating type gene that comprises these alleles: MAT1-1 and MAT1-2 (Takan et al., 2012).M. grisea affects the host in two phases: the biotrophic phase, during which it feeds on live cells, and the necrotrophic phase, during which it feeds on dead cells. The disease manifests at every stage of plant growth, particularly affecting the leaves, neck, and fingers (Park et al., 2009). After infection, fungal conidia attach themselves to the outermost layers of the host leaf by releasing adhesive substances from the hydrated apical part of their spore end. To aid in germination, the spore therefore attaches tightly onto the hydrophobic finger millet surfaces. Following that, conidia begin to produce germ tubes, which ultimately mature into melanized appressoria. A mature appressorium first break beyond cuticle to reach the epidermal cells by creating internal turgor pressure via accumulating appropriate substances such as glycerol and generating enzymes that degrade cell walls (Marcel et al., 2010). M. oryzae enters host tissues and uses plasmodesmata to spread to nearby cells without causing any appreciable alterations to host cell walls. In optimal conditions of elevated humidity, the fungus proliferates extensively from infected lesions, facilitating rapid transmission of the illness to nearby finger millet plants and their relatives via wind and water droplets (Mentlak et al., 2012). Blast fungus often affects young leaves, but it can also occur on the neck and fingers during flowering in very favourable conditions. Initial signs of blast infections manifest as tiny, oval-shaped necrotic patches on leaves that are greyish or brownish in colour. The patches turn into diamond-shaped lesions with a white or grayish shortly after two to three days with curving ends, a broader center, greyish centers, and dark-brown edges, resembling eyespots (Doyle and Doyle, 1990).Later on,the fungal hyphae infiltrates and degrades many tissues in neck area, which blocks delivering nutrients for seeds, resulting in either partial or complete failure of grain formation(Ekwamu, 1991). Grain development was impacted by the infected spikelet’s decreased length compared to healthy spikelets. High levels of seed infection eventually lowered field germination rates (Gashaw et al., 2014).

Effect of blast pathogen on the yield of finger millet

Fungal blast significantly impairs the growth and efficiency of finger millet and its production demonstrates a significant decline of 7% to 90% attributable to blast disease globally, resulting from an intricate interaction of climatic factors and host genotype vulnerability (Akech et al., 2016). This disease has the potential to infect crops at many phases of growth, amplifying their negative effects. Diseases can strike finger millet at any point in its life cycle, but the most devastating cases, known as neck blast and finger blast, can reduce annual yields and biomass by as much as 100% (Takan et al., 2012).Head blast significantly reduced spikelet size, the total seed count, and the yield of grains, according to Ekwamu (1991).The head blast evidently diminishes seed quality and quantity in production (Mgonja et al., 2013). Leaf blast has a devastating effect on agronomic parameters including yield, quality, tiller productivity, finger length, and number of fingers (Pall, 1977).According to McRae, (1922), who initially documented finger millet blast disease in India, the loss could reach 50 %; however, other accounts indicate that losses as high as 90% can occur under extreme infections. Ramappa et al., (2002) found that productivity loss in the Karnataka districts of Mandya and Mysore, up to 70% of finger blasts and 50% of neck blasts occurred. The maximum% yield loss by blast diseaseis measured in some countries as shown in Figure 3. (Nagaraja et al., 2007); (Akech et al., 2016); (Lule et al., 2014); (Mbinda and Masaki, 2021). The South Indian cultivar named CO14, which yields 2774 kg/ha on an average, was developed from Malawi 1305/CO 13 lineage, and this genotype showed a modest level of resistance to neck and finger blast. In addition, cv. GPU28 is an exceptionally resistant cultivar originating from the India F5/IE 1012 lineage in Karnataka, India, and its produces 3500- 4000 kg/ha (Joel et al., 2005).
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Figure 3- Yield loss in finger millet crop with respect to different countries caused due to blast fungal infection.

Favourable Conditions & Agricultural Practices
Blast disease thrives in warm temperatures (25-30 degrees C) and high humidity (above 90%) for fungal spore germination and infection. Prolonged leaf wetness associated with heavy dew and frequent rains is ideal for spore germination. Reduced light intensity and cloudy days enable rapid germination of the spores as it slows down the evaporation processes. Blast disease is also prominent in poorly drained soils, which develop favourable microclimates for fungal growth. Nitrogen deficiency-associated stress in plants can also increase blast susceptibility. Finger millet, particularly, is the most vulnerable to the disease during the panicle emergence stages. Neck and finger blast susceptibility increases during the flowering period.Other than that, agricultural practices such as monoculture and continuous cropping also influence the blast incidence. High plant density closes the spacing and traps humidity, leading to more susceptibility. Not only that, but high plant density also facilitates spore spread.Along with field sanitation inadequacy, when the previous crop was infected, leads to increased spread of the fungal spores, ultimately leading to blast disease-associated yield loss. (Ojhaet al., 2024)

Yield Loss and Economic Damage 
Blast disease causes nearly 28-36% of total yield losses globally(Navya et al., (2025).The yield loss associated with blast disease leads to 80-90% yield loss in endemic regions. Neck and finger blast episodes hold the potential to completely destroy biomass and annual yield. In India, Karnataka, endemic outbreaks of finger blast and neck blast caused staggering 70% and 50% net crop loss. (Ravi Et al., 2016).In the African subcontinent, documentation has projected that Ethiopia has faced a net 42% loss from blast disease(Poonacha et al., 2023). Western Kenya has documented a net loss of 29% yield (Mbinda et al., 2021). Grain yield losses ranged from 10-50% in some regions of Kenya, while some other regions reported 50-100% loss as well (Palanna et al., 2021). High loss rates undermine the staple food availability and cause regional food security threats.
Integrated approaches for regulating Finger Millet Blast Disease
Limiting the blast disease - a significant challenge, prevention of this depends on three primary approaches, including diverse agricultural methods such as either administration of various external agents or developing the tolerant cultivars. Social and agricultural measures implemented to mitigate blast infection encompass planting schedules, spatial arrangements, alternate cultivation, and management of water and nutrients, especially nitrogen and silicon (Mgonja et al., 2013). Furthermore, essential components for efficient blast disease control in finger millet, along with other crops, include preventative and therapeutic agents, such as organophosphorus fungicides. The use of broad-spectrum fungicides in conjugation with foliar applications with others, at different stages, has been shown to be a successful strategy to manage blast infection (Nagaraja et al., 2007)with a major drawback of getting resistance to these chemicals by the pathogen. Although agrochemicals are beneficial, they provide potential hazards to consumers and to the nature. Increased environmental awareness around the world and an intense campaign for sustainable agriculture have sparked the development of nonchemical techniques for managing blast disease. 
In place of synthetic chemical fungicides, employment of microbial antagonists to prevent diseases has been recognized as a practical and justifiable solution. In addition to improving soil fertility and being ecologically safe, bioinoculants protect crops from biotic and abiotic challenges, increase grain quality, and promote crop protection. Unfortunately, there is currently no widely used bioinoculant that effectively controls the blast disease pathogen. Therefore, in the contemporary biotechnology period, very dependable and profitable method for reducing finger millet blast condition, particularly in developing nations, is to produce blast-resistant cultivars.Several breeding projects have tried to add strong and healthy resistance to M. oryzae into improved finger millet seeds using modern breeding techniques (Mbinda and Masaki, 2021). The most efficient method to boost finger millet production in eastern Africa and southern Asia might come through genetically updated breeding strategies that prioritize maturation rate, blast resistance, and other important characteristics (Sood et al., 2016).
In eastern Africa and Asia, traditional breeding methods have created many improved finger millet varieties, such as IE4795, IE 1055, IE 2821, IE 2872, IE 4121, IE 4491, IE 4570, IE 5066, IE 5091, and IE 5537, which are resistant to blast pathogens and having key agronomic traits and increased productivity (Mgonja et al., 2013).Additionally, molecular markers hold significant importance in plant breeding and plant genetics. Molecular markers have long played a pivotal role in finger millet breeding, population genetics, driving advances in variety improvement, taxonomic classification, physiological studies, and genetic engineering (Veluru et al., 2020).Genetic maps of finger millet have been constructed with the help of diverse array of DNA-based markers, alongside additional marker types (Anumalla et al., 2015). Unfortunately, these markers have shown that cultivated finger millet does not exhibit much variation in terms of its genetic makeup. Addressing this problem requires the implementation of gene stacking and pyramiding, along with findingnovel alleles and genes in finger millet improvement program to overcome devasting blast infection. To accomplish dynamic and reliable resistance against various strains of pathogen, it has been proposed to stake various R-genes that identify the distinct P. griseastrains via transgenesis or traditional breeding (Das et al., 2017). Dida et al., (2021) found that this blast pathogen is linked to resistance genes and QTLs in finger millet.

Targeted Breeding Framework for Enhanced Blast Resistance

Many breeding programs have tried to pass on strong and lasting antagonist affect to M. oryzae into improved finger millet seeds to lessen the impact of blast disease. There are now over 235 enhanced finger millet varieties available worldwide, the majority of enhanced finger millet cultivars approximately 60% were generated using pure line selection methods, whilst an additional 32% originated from a recurrent selection strategy (Dida et al., 2021; MOA, 2022; Gupta et al., 2023). Manyasa et al., (2019) studied 81 varieties from Eastern Africa and found three varieties, named Kafumbata, GBK-00351A, and GBK-011119A, that can resist leaf, neck, and panicle blasts. GBK-011119A was introduced in Ethiopia as Meba in 2016 and was noted for its exceptional productivity and resilience to blasts.(Gebreyohannes et al., 2021). In Western Kenya, blast-tolerant varieties were discovered and were primed to be donor parents for tolerance breeding initiatives. Lule et al., (2014) found that among Ethiopian genotype collections, AAU-ELU-15 (wild) and Acc. 214,995; PW-001-022 (cultivated ones) with remarkable blast tolerance. The AICSMIP, (2014) and the IAEA, (2022) reported the use of mutation breeding to record and release eleven different types in India and Zambia. These varieties supposedly exhibited resistance to stem borer, blast, brown spot, and drought. Zambia introduced the mutation-bred finger millet variety known as FMM175 in 2009 to improve brewing quality (IAEA, 2022). 

Tissue culture is another good alternative for traditional breeding (Kanathala et al., 2024) and somaclonal variations were created and made available in India (two cultivars) and Ukraine (Yaroslav-8) between 2006 and 2017 (AICSMIP, 2014). However, new breeding techniques are required because of the shortcomings of traditional breeding which include genetic drag and erosion, reproductive obstacles, and a longer time frame.The prompt progression of next-generation sequencing methodologies introduces novel opportunities for high-marker density genotyping approaches (Elshire et al., 2011). In several crops, it eventually results in the emergence of new DNA-driven breeding methods including MAS, gene pyramiding, marker-assisted backcross breeding, speed breeding technology (Ponnuswamy et al., 2020; Hickey et al., 2019) and a combination of these methods. A comprehensive genetic map of finger millet has also been developed utilizing various DNA-based tools and molecular markers (Babu et al., 2014a).Significant agronomic features in rice and foxtail millet, as well as blast resistance, have been improved by molecular marker-based breeding techniques and these characteristics are controlled quantitatively by genetics (Fu, 2015). In finger millet, a number of QTLs and genes implicated with the blast fungus have been successfully recognized and sequenced (Odeny et al., 2020). Using various techniques, R-genes derived from the nucleotide-binding site-leucine-rich repeat (NBS-LRR) family, including Pita, Pi9, and Pi37, have been cloned in rice (Ameline-Torregrosa et al., 2008). Tiwari et al. (2020) employed genotyping by sequencing derived SNPs to pinpoint genes and quantitative trait loci governing grain protein weight and related traits in finger millet.Gene pyramiding entails the accumulation of several genes, leading to their concurrent expression within a single plant (Delmotte et al., 2016).Nevertheless, this approach seems effective at controlling blast and various other fungal diseases in rice as well as in cereals such as wheat and maize (Zhu et al., 2018).Table 1 presents the various globally released finger millet varieties developed through traditional breeding approaches.

Table: 1. Globally released blast resistant finger millet varieties developed through breeding.

	
S. No
	Variety name
	Breeding method
	Country
	Trait description
	References

	1
	Sarada (AKP7/IE901)
	PR
	India

	Resistant to blast & Mosaic disease.
	AICSMIP, (2014); Gupta et al., (2023); Joshi et al., (2022); Madhavilatha et al., (2019)

	2
	Birsa Marua 2 (BM2)
	PR
	
	Resistant to neck & finger blast
	

	3
	Tnau 946 (CO14)
	RS
	
	Resistant to neck & finger blast
	

	4
	Indravathi (CFMV1)
	PR
	
	Resistant to neck & finger blast
	

	5
	Gira (CFMV2)
	PR
	
	Resistant to blast & stem borer
	

	6
	GPU28
	RS
	
	Strong resistant to finger & neck blast
	

	7
	GPU66
	RS
	
	Resistant to neck & finger blast
	

	8
	PRM2
	PR
	
	Resistant to neck, finger blast, & Cercospora leaf spot
	

	9
	VL380
	RS
	
	Moderate resistant (Blast)
	

	10
	VL386
	RS
	
	Resistant to leaf, neck, finger blast & foot rot
	

	11
	VL399
	RS
	
	Strong resitant to finger & neck blast
	

	12
	VL400
	RS
	
	leaf, neck, finger blasresistantt& early maturing
	

	13
	Addis-1 (ACC#203544)
	PR
	Ethiopia
	Moderate resistant to blast
	Manyasa et al., (2019);
MOA, (2022)

	14
	Diga-1 (ACC#216036)
	PR
	
	Resistant to blast
	

	15
	Meba (GBK-011119A)
	PR
	
	Disease tolerant
	

	16
	Metekili (ACC.05pw-2012)
	PR
	
	Blast tolerant
	

	17
	Kacimmi42 (Kak-Wimbi3)
	PR
	Kenya
	Blast tolerant
	KEPHIS, (2023)

	18
	SDFM1702 (EUFM-503)
	PR
	Kenya
	Blast tolerant
	

	19
	PR-202/GE-5176 (Kabre Kodo-2)
	PR
	Nepal
	Blast tolerant
	Joshi et al., (2017)

	20
	Seremi2 (U15)
	PR
	Uganda
	Tolerant to blast & stem lodging
	

	21
	Seremi3 (SX17-88)
	PR
	Uganda
	Tolerant to blast & stem lodging
	



Genetic improvement for blast resistance 

Finger millets must be genetically engineered in order to increase their nutritional value and resilience. The effectiveness and efficiency of procedures for plant tissue culture such as direct or indirect organogenesis, and somatic embryogenesis are crucial to the biotechnological enhancement of agricultural crops (Loyola-Vargas and Ochoa-Alejo, 2018).Finger millet has been genetically engineered using different techniques, like biolistic, microprojectile bombardment, and Agrobacterium-mediated transformation. These processes have led to the development of finger millet lines showing blast disease tolerance, albeit with limited attempts thus far (Hema et al., 2014).A transgenic finger millet line exhibiting tolerance to leaf blast disease was developed using the prawn-derived antifungal protein (PIN) gene.
The PIN gene was biolistically transformed into the plasmid pPin35S, which was chemically produced and cloned under the CaMV35S promoter (Latha et al., 2005). Similarly, Ignacimuthu and Ceasar, (2012) used Agrobacterium-medicated transformation to establish leaf blast tolerance in finger millet genotype GPU45 by introducing the rice Chitinase 11 gene (Chi 11). Furthermore, the genetic transfer of transcriptional regulators associated with defense-responsive genes can improve plant growth and yield. Overexpressing transcription factors like IPA1 and OsSPL14 markedly enhances grain productivity and disease tolerance in rice. Upon blast invasion, IPA1 becomes phosphorylated, changing its binding specificity so that it interacts with the defence regulator WRKY45, thereby conferring substantial immunity (Wang et al., 2018). The CRISPR/Cas9 modification of OsSWEET13 in rice resulted in enhanced tolerance to bacterial blight disease (Gonzalez et al., 2020). Since the fungus is very diverse and can quickly defeat the employed blast-resistant genotypes when resistance is reliant on a single major R-gene, a transgenic strategy for developing finger millet varieties with broad, durable blast resistance necessitates evaluating numerous candidate antifungal genes and pyramiding the most promising ones.Combining several R-genes into a single cultivar through genetic engineering represents a promising strategy for achieving strong, durable resistance especially when those R-genes derive from different families and target distinct host proteins (Dong and Ronald, 2019). Rice blast R-genes Pi5, Pi21, Pi-d(t), and NBS-LRR have been identified as prime candidates for allele mining to enhance blast resistance in finger millet (Babu et al., 2014b).



Table 2- Depicts the genetic transformation studies reported in finger millets.

	S. No
	Genotype
	Target 
	description
	Application
	Reference


	1
	GPU45 and CO14
	Uql GUS
	Rice Chitinase gene
	Resistant to leaf blast
	Ignacimuthu and Ceaser, (2012)

	2
	GPU28
	CaMV35s GUS
	Bacterial mannitol-1-phospahte dehydrogenase gene, PgNHX1, AVP1
	Resistant to drought and salinity
	Hema et al., (2014)
Jayasudha et al., (2014)

	4
	Tropikanka
	CaMV35s GUS
	HvTuB1
	Resistant to dinitroaniline family herbicides
	Bayer et al., (2014)

	5
	Yaroslav8
	CaMV35s GUS
	TUAm1
	Resistant to dinitroaniline family herbicides
	Bayer et al., (2014)

	7
	IE-2576
	CaMV35s GUS
	Antifungal protein (PIN) gene of prawn
	Resistant to leaf blast
	Latha et al., (2005)

	8
	IE-2366
	CaMV35s GUS
	Antifungal protein (PIN) gene of prawn
	Resistant to leaf blast
	Latha et al., (2005)

	9
	IE-2683
	
	
	
	

	10
	IE-2684
	
	
	
	

	11
	IE-2851
	
	
	
	

	12
	IE-2861
	
	
	
	

	13
	IE-2333
	
	
	
	

	14
	IE-2995
	
	
	
	

	15
	IE-2300
	
	
	
	

	16
	IE-2675
	
	
	
	

	17
	IE-2340
	
	
	
	

	18
	IE-2983
	
	
	
	

	19
	IE-3242
	
	
	
	

	20
	IE-3020
	
	
	
	

	21
	IE-4673
	
	
	
	

	22
	IE-4683
	
	
	
	

	23
	IE-4120
	
	
	
	



Mapping of resistant genes and other QTLs

Genetic resistance represents the most useful approach to combatting the disease since smaller-scale farmers are unable to pay for expensive fungicides and pesticides that have limited efficacy. For numerous plant diseases, resistance arises when the host plant contains a specific resistance gene (R-gene) and the pathogen carries a matchingAvirulence (Avr) gene, as described by Flor in 1956. Among the many R genes, the NBLRR genes are responsible for triggering defense responses in host plants by recognizing the effector molecules of pathogens, whether they are specific or non-specific (Yang et al., 2008)The genetic basis of resistance to finger millet blast disease is poorly understood. However, studies are being done to find the markers related to R-gens/QTL that provide resistance to blast disease in finger millet.Genome-assisted breeding for finger millet crop improvement is made possible by genetic mapping and molecular characterization of quantitative parameters. The two most popular methods for examining the quantitative characteristics are linkage analysis and association mapping. To identify QTLs for finger blast and neck blast resistance, researchers conducted association mapping using genic-SSR markers derived from the NBS-LRR region of finger millet, which showed significant associations with blast resistance QTLs. Babu et al. (2014a) reported that the genic-SSR primer FMBLEST32, along with the rice SSR marker RM262, showed a strong association with the finger blast QTL. The FMBLEST32 marker was originally derived from the rice blast resistance gene Pi5, which is noted for its relatively broad-spectrum resistance to Magnaporthe grisea (Wang et al., 1994).Ramakrishnan et al. (2016) identified two QTLs for leaf blast resistance through association mapping, which showed strong linkage with the markers UGEP101 and UGEP95. NBS-LRR genes, which comprise 0.2–1.6% of plant genomes (Jia et al., 2015), are central to resistance against a wide range of fungal diseases. In sunflower, they mediate powdery mildew resistance (Neupane et al., 2018); in cotton and yam, they confer defense against multiple pathogens (Shi et al., 2018; Zhang et al., 2020); and in Chinese cabbage, they underlie resistance to downy mildew and black rot (Goyal et al., 2020). The CC-NBS-LRR subclass in particular—including Lr10 for leaf rust (Loutre et al., 2009), Yr10 and RPM1 for stripe rust (Liu et al., 2014; Wang et al., 2020), Pm21 for wheat powdery mildew (Xing et al., 2018), and Pb1 for rice panicle blast (Hayashi et al., 2010)—provides critical protection. Comparative analyses reveal that finger millet EST sequences in the NBS-LRR regions share homology with rice blast genes likePi-kh and Pi21, suggesting similar R-gene orthologs may confer blast tolerance in finger millet.

Panwar et al. (2011) identified markers NBS-09711, NBS-07688, NBS-05504, NBS-03509, and EST-SSR-04241 as potential indicators of blast resistance genes in resilient finger millet cultivars. Reddy et al., (2012) identified 107 homologous genes associates with resistance from finger millet.Of the 107 sequenced clones, 41 were designated as resistance gene homologues (EcRGHs) of Eleusinecoracana based on their similarity to known R genes, while 11 were classified as pollen signalling proteins (EcPSiPs) due to their homology with established pollen signalling proteins. Furthermore-, meta-QTL screening elucidates the significant and critical genomic areas associated with biotic stressors in pearl millet (Gupta et al., 2024).Researchers have also employed molecular markers to pinpoint QTLs associated with blast resistance in pearl millet., which has led to genetic breakthroughs in pearl millet development (Singh et al., 2022). Studies using genome-wide association mapping have also been carried out to locate genomic areas connected with blast resistance in finger millet; notable QTLs have been found to be associated with blast resistance (Puranik et al., 2020).
A genome-wide investigation of finger millet revealed a collection of NBLRR genes that exhibit differential expression during blast infestation (Masaki et al., 2023). These genes may play a role in providing resistance against blast disease, based on their expression levels. In earlier studies, 116 nucleotide-binding site-leucine-rich repeat (NBLRR) genes were identified in the native genome of finger millet, and their expression in plants infected with blast disease was examined. Among the 116 EcNBLRRs identified, 64 are classified as CNL types (CC-NB-LRR), while five possess both CC and RPW8 domains in their N-terminal region (RNLs). The TIR domain yielded no results in 116 EcNBLRRs. While EcNBLRR23, EcNBLRR32 and EcNBLRR83 proteins exhibited NB and LRR domains, six of the nine putative EcNBLRR proteins-EcNBLRR21, EcNBLRR26, EcNBLRR30, EcNBLRR45, EcNBLRR55, and EcNBLRR76-showed the presence CC, NB, and LRR domains. The identification and analysis of EcNBLRR gene expression demonstrated their importance in providing finger millet with blast resistance (Balamurugan et al., 2024, Jarapala et al., 2025b). Based on this information, future functional research on EcNBLRRs utilizing genome editing and transgenic techniques can be more targeted and through. Additionally, several PR genes have been discovered that show increased expression following P. grisea infection in finger millet. These genes aid in preventing the spread of pathogens by producing antimicrobial chemicals and strengthening cell walls. Dida et al., (2008) found that PR genes are expressed in resistant genotypes, which implies that they have a role in improving blast resistance. Additionally, investigations by Manyasi,(2022) have shown that the expression levels of chitinase and β-1,3-glucanase genes are distinctly elevated in resistant finger millet cultivars when confronted with P. grisea. The results from these studies are very important for the ongoing effort to find and understand key QTLs related to blast resistance in finger millet, which will help improve breeding and crop management methods. Many R-genes were cloned in finger millet in previous years.

Infer genetic diversity by SNP markers

Understanding host-pathogen systems requires knowledge of mechanisms that drive the emergence of novel virulent genotypes. Brondani et al., (2000) emphasize the need of developing efficient and effective disease control measures. Genetic diversity analysis is significant because it allows for better breeding programs, quantitative trait analysis, and to prevent disease outbreak (Veluru et al., 2020).Finger millet underwent characterization through enzyme-based markers, which uncovered a stable heterozygous state at multiple genetic positions, exhibiting uniformity across the analyzed accessions (Werth et al., 1994). Recent progress in high-throughput sequencing technologies has rendered whole-genome sequencing and resequencing projects both more efficient and cost-effective. Next-generation sequencing technologies enable high-density marker genotyping methods such as Genotyping-by-sequencing(GBS) that uncover vast numbers of SNPs for species identification, diversity assessment, linkage mapping, and genome-wide association studies (GWAS) (Elshire et al., 2011).SNP markers are commonly employed to genotype populations with a large number of people since they occur more frequently than PCR-based markers (Gimode et al., 2016). Van Inghelandt et al. (2010) demonstrated that SNP markers yield more consistent genotyping results and better handle missing data. However, achieving genetic diversity resolution equivalent to SSRs requires roughly 7–11 times more SNPs. Moreover, genetic fingerprinting of M. oryzae strains infecting rice such as MGR586 remains hampered by high costs and lengthy development periods (Takan et al., 2012). Different molecular markers can provide varying insights into the evolutionary conditions that drive DNA sequence variation (Jain et al., 2014). Unlike other molecular markers, SNPs are abundant, economical, and highly reproducible, and stand ideal for studying differences within an organism’s genome.Despite the fact that the full finger millet genome sequence has yet to be published, significant advancements of GBS have been accomplished. Tiwari et al., (2020) identified genes and QTLs affecting seed protein levels and related traits in finger millet through GBS technology. GBS was used to identify genomic areas that influence grain nutritional properties in finger millet, resulting in 169,365 SNPs and also three subpopulations as well (Puranik et al., 2020).Genotyping-by-sequencing (GBS) can be applied in genome-wide association studies to identify novel genetic information that supports marker-assisted breeding for blast disease resistance, as shown in these two examples. Some SNPs found during blast disease may be linked to broader range of stress or infection responses, which might restrict the scope of the study.

Conclusion

Finger millet blast disease remains a serious threat worldwide due to the pathogen’s unpredictability and ability to bypass host resistance. A key challenge is the scarcity of known R-genes and the lower effectiveness of fungicides when disease pressure is high along with weather support.To decease yield losses, it is necessary to have competent phenotyping facilitates, identifysources, and implement integrated disease management measures. Collaborative research and global germplasm exchange are necessary to address this disease. Effective disease control practices in crops ensure high quality output while minimizing environmental effects. Identifying the genetic makeup of M. grisea is crucial for developing varieties with different candidate genes to combat blast disease. Methods such as gene pyramiding, genome editing, mutational breeding, speed breeding, and genetic engineering offer promising avenues for achieving long-term resistance in improved cultivars. Creating resistant cultivars with novel genes is a sustainable and effective way to manage finger millet blast disease. Molecular techniques help identify and source genes such as blast R-genes and QTLs, allowing for improved finger millet through various breeding approaches.
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