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Fusarium wilt of lentil: A comprehensive review


Abstract
The vascular wilt diseased caused by Fusarium oxysporum f. sp. lentis, poses a significant threat to lentil (Lens culinaris) production globally. This soilborne, root inhabiting pathogen is capable of surviving in the soil for the many years, primarily through the formation of chlamydospores, which serve as the main source of inoculum. F. oxysporum produces three types of spores: microconidia, macroconidia, and chlamydospores. The incidence and severity of the disease are largely influenced by the inoculum load in the soil and the susceptibility of the host cultivar. Typical symptoms of Fusarium wilt in lentils include wilting, drooping, yellowing, discoloration, browning of the xylem vessels, and the eventual collapse of the plant. Effective management strategies include delayed sowing, seed treatment with fungicides, application of biocontrol agents, and the cultivation of wilt-resistant varieties. This review aims to highlight the key features of Fusarium wilt in lentils, with particular emphasis on its pathogenic mechanisms and management approaches.
[bookmark: _Hlk153914662]Keywords: Lentil, Wilt, Fusarium oxysporum f.sp. lentis and management strategies.
Introduction  
Lentil (Lens culinaris (L.) Medik.) is one of the oldest, cool season, major edible legume crop after chickpea with genome size of approximately 4 Gbp (Arumuganathan et al. 1991).  It is commonly known as masoor or poor man’s meat (Sen and Kapoor 1975). Lentil is recognized as one of the most nutritious pulse crops ranking next to chickpea amongst rabi pulses. Lentil seed contain 28.3% protein, 55.34% carbohydrate, 2.14% total lipids, 8.5% fiber, 5.37% ash and different minerals including K, P, Fe, and Zn. Lentil exhibits low glycemic index therefore, it is highly recommended by physicians for the people suffering from diabetes, obesity, and cardiovascular diseases (Erskine and Sarker 2004; Srivastava and Vasishta 2012). 
Besides nutritional qualities, lentil has the capacity of nodule formation and fixation of atmospheric nitrogen which ultimately helps to succeeding crops with improved soil fertility through nitrogen fixation and carbon sequestration. The amount of nitrogen fixed by plants varies from 0 to 192 kg total N/ha with a mean of around 80 kg total N/ha. This in turn allows it to be used under crop rotation with cereal crops which promote sustainable agriculture (Quinn 2009). 
Major lentil growing states in India are Madhya Pradesh (42.50%), Uttar Pradesh (31.25%), West Bengal (9.38%) and Bihar (8.75%). In India, lentil was grown in 1.49 mh with production of 1.61 mt with an average production of 1006 kg/ha (Anonymous 2018; Ahmad et al. 2018; Abraham 2015). Lentils are cultivated on approximately 5.57 million hectares globally, with an annual production of 6.82 million tonnes. The average global productivity of lentils stands at around 1225 kg/ha (FAOSTAT 2022). Different pathogens, including viruses, be able to infect lentil plants, but fungal pathogens are the most significant. Fungi infect different parts of the plant, resulting in low or unsalable seed production (Taylor et al. 2007). The reduction of lentil yield is caused by biotic and abiotic stress (Erskine 2009).
Lentil production is challenged by a wide range of pathogens (Nelson et al. 1983; Dubey 2020). Among the different diseases of lentil viz., Fusarium wilt, Collar Rot, Root Rot, Alternaria blight, Aphanomyces Root Rot, Anthracnose, Rust, Ascochyta Blight, Botrytis Gray mold and Sclerotinia stem rot, wilt is major limiting factor in its production and productivity (Lindbeck 2009). Fusarium oxysporum f. sp. lentis persists in soil through chlamydospores and remains viable for several seasons. It has a very narrow host range infecting only lentil, nevertheless it exhibits significant morphological as well as pathogenic variability (Vasudeva and Srinivasan1952; Belabid et al. 2004). India's main import markets and export markets for lentils are: In 2022, India imported over 0.65 million tons of lentils to satisfy its domestic needs. Over the past 20 years, India has consistently imported lentils from Canada, Australia, and the United States (Sah et al. 2024).
Therefore, the current review covers past achievements which help to looking the economic importance of the disease, identifying the disease, distribution of lentil wilt and its management practices.
Distribution of Lentil
[bookmark: _Hlk91154960]Lentil (Lens culinaris Medikus) is one of the world’s oldest domesticated leguminous crops (Dhuppar et al. 2012; Reda 2015; Liber et al. 2021; Bahl et al. 1993). Cultivated lentil is thought to have been originated and first domesticated in western Asia and then introduced into the Indo-Gengetic Plain around 10,000 years ago (Cubero 1981). It rapidly spread to Egypt, central and southern Europe, the Mediterranean basin, India, Ethiopia, Afghanistan, China and later to the new world, including Latin America, Mexico Chile, Colombia, Argentina and more recently Canada, and other countries. Lentil is cultivated in mostly sub-tropical region and warm temperate regions (Abraham 2015). Globally, lentil was cultivated on about 4.8 million hectares area with an annual production of 5.73 million tonnes and with an average productivity of around 1193 kg/ha (FAO  2015). It was grown on 1.51 million hectares area with an annual production of 1.56 million tonnes with productivity of around 1032 kg/ha during 2018-2019 in India (Anonymous 2019). 
In India, Madhya Pradesh ranked first in area i.e., 37.02 per cent followed by 31.46 per cent in U.P. and 12.23 per cent West Bengal. In terms of production Madhya Pradesh ranks first (41.05 per cent) followed by Uttar Pradesh (31.27 per cent) and West Bengal (11.02 per cent). With respect to yield Rajasthan, Madhya Pradesh and Uttar Pradesh are the leading states with respectively 1162 kg/ ha, 1145 kg/ ha and 1026 kg/ ha yield. However, the national average yield of 1032 kg/ ha has been reported. The lowest yield of lentil has been recorded from Assam (712 kg/ ha) followed by Jharkhand (882 kg/ha) (Anonymous 2019).
Lentil has the capacity of nodule formation and fix atmospheric nitrogen which ultimately help succeeding crop in improving soil fertility (by supplying higher amount of nitrogen and carbon sequestration). The amount of nitrogen fixed by plants varies from 0 to 192 kg total nitrogen /ha with a mean of around 80 kg total nitrogen/ha. This in turn allows it to be used under crop rotation with cereal crop which promote sustainable agriculture (FAO 2015).
[bookmark: _Hlk115642314]Lentil is a bushy annual plant of the legume family which includes two physio-morphological cultivated lentil types: small seeded (Microsperma) and large seeded (Macrosperma). Lentil is grown for its lens-shaped seeds, which produces many small purse-shaped one to two seeds in each pod. Lentil is classified into two groups by seed size, namely the Chilean and Persian types. The large seeded Chilean type has 1000 seed weight of 45 to 50 g or more. The small seeded Persian type has 35 to 40 g or lesser average weight for 1000 seeds. Lentil is stable food crop in the Middle Eastern and Indian diets, and among one of the popular cuisines throughout the world (Anonymous 2013).
The production of lentil is challenged by the occurrence of different diseases. The major disease in lentil with their causative agent are listed in table 1. 
[bookmark: _Hlk112404671]Table 1: Worldwide reported diseases of Lentil
	S. No.
	Diseases
	Pathogen/ Causal agent
	Reference

	1.
	Fusarium wilt
	Fusarium oxysporum f.sp. lentis
	Saxena et al. 2019


	2.
	Dry root rot
	Macrophomina phaseolina
	Singh and Azam 2010

	3.
	Collar rot
	Sclerotium rolfsii
	Faruk et al. 2020

	4.
	Wet root rot	Comment by WINDOWS: Repeat in row 12
	Rhizoctonia solani
	Chang et al. 2008

	5.
	Alternaria blight
	Alternaria sp.
	Ostry et al. 2004

	6.
	Sclerotinia stem rot
	Sclerotinia sclerotium
	Akem et al. 2006

	7.
	Rust
	Uromyces viciae-fabae
	Arti and Tripathi 2012

	8.
	Ascochyta blight
	Ascochyta lentis
	Dadu et al. 2019

	9.
	Botrytis gray mold
	Botrytis cinereal
	Taheri et al. 2020

	10.
	Downy mildew
	Peronospora lentis
	Sagir et al. 1995

	11.
	Aphanomyces root rot
	Aphanomyces euteiches
	Vandemark and Porter 2010

	12.
	Wet root rot
	Rhizoctonia solani
	Chang et al. 2008

	13.
	Black root rot
	Fusarium solani
	Ahmed and Shahab 2018



Lentil production is challenged by a wide range of pathogens (Nelson et al. 1983). Among the different diseases of lentil viz., Fusarium wilt (Fusarium oxysporum), Collar Rot (Sclerotium rolfsii), Root Rot (Rhizoctonia solani), Alternaria blight (Alternaria alternata), Aphanomyces Root Rot (Aphanomyces euteiches), Anthracnose (Colletotrichum lindemuthianum), Rust (Uromyces fabae), Ascochyta Blight (Ascochyta fabae f. sp. lentis), Botrytis gray mold (Botrytis cinereal) and Sclerotinia stem rot (Sclerotinia sclerotiorum), wilt is major limiting factor in its production and productivity (Lindbeck 2009).  
Investigation, Collection and Identification of Diseased Lentil Plant 
Lentil crop was investigated by many workers for the reasons behind the reduction in production and found there are several diseases which directly reduce the yield potential of crop. Singh et al. (2010) examined the site survival rate of Lentil wilt and the highest infection rate was found in Sehore 74-3, with a seed infection rate of 20%. Rafique et al. (2015) conducted wilt surveys in seven districts. The average incidence rate of disease in Punjab was 100%, with an average incidence of 25.7%, including those of Chakwal, Jhelum, Gujrat, Sialkot, Layyah, Bhakkar and Khushab. Rangaswamy et al. (2016) reported that Fusarium sp. is one of the most diverse fungi in the world under different soil and climate conditions. Pathogenic variation is a common phenomenon of Fusarium sp. Kharte et al. (2023a) conducted wilt surveys in different district of Madhya Pradesh. the maximum wilt incidence of 26.6% was recorded in Sagar field-1 village followed by 25.05% in Dongargaon village. However, the minimum wilt incidence of 5% was recorded in Uldna village followed by 9.88% in Jabalpur village.
Geographical Distribution of Lentil-Wilt 
[bookmark: _Hlk91190040]Fusarium oxysporum is one of the most important plant pathogenic fungi in the world. At the 19th century, this devastating fungus under the genus Fusarium was first reported in pigeon pea crop by E.J. Butler in India. The Fusarium wilt of pea was first recognized during 1918 by Bisby in Minnesota. Prissyajnyak first reported lentil wilt caused by Fol from Russia in 1931. After three years, the occurrence of such a disease was reported from undivided Bengal, India. Initially the authentic and detailed elucidation of Fusarium wilt of Lentil was reported by (Chattopadhyay and Sen Gupta 1967). Later, Booth (1971), renamed Fusarium orthocerum var. cicero and Fusarium orthocerum var. lentis as Fusarium oxysporum var. cicero and Fusarium oxysporum var. lentis respectively (Ansari 2003; Mohd et al. 2014).
[bookmark: _Hlk91106494]Numerous economically important crops are impacted by fusarium wilt, which is brought on by a soil-borne ascomycete. Each of the pathogen's more than 120 identified strains is unique to the host plant in which it causes disease. F. oxysporum strains infect and kills many commercially harvested crops and legumes (Ortoneda et al. 2004). Lentil wilt, caused by Fusarium oxysporum f.sp. lentis (Fol), is a widespread disease of lentil with its report of occurrence from as many as 26 countries in South Asia, Sub-Saharan Africa and West Asia and North Africa (WANA) regions. It was first reported from Hungary, and later on from many others countries including India (Padwick GW 1941). USA, Czechoslovakia, USSR, France, Turkey, Syria, Myanmar and, Nepal, Ethiopia and Egypt. The disease is known to cause economic yield losses in parts of WANA region, Sub-Saharan Africa and South Asia (Erskine et al. 1994). The first whole-genome sequencing of Fol, pathogen responsible for vascular wilt in lentils, using the Illumina Shotgun Sequencing platform (Kharte et al. 2025).
In India, it is a major problem in the state of Madhya Pradesh, Uttar Pradesh, Bihar, West Bengal and other areas where lentil is grown. In some of the fields, 25 to 95 per cent infection by Fusarium oxysporum f. sp. lentis has been recorded. The disease was found to occur in a severe form in 1949 with the disease incidence as high as 67 per cent reported by (Vasudeva and Srinivasan 1952).
Table 2:  Global distribution of Fusarium wilt of lentil
	S. No.
	Country
	Reference

	1. 
	India
	Khare et al. 1979; Agrawal et al. 1993

	2. 
	Madhya Pradesh 	Comment by WINDOWS: Madhya Pradesh is one of the state of INDIA so reference include in India. So Remove second row and add reference into first row
	Khare et al. 1979; Kharte et al. 2023b

	3. 
	Canada
	Hawang et al. 1994

	4. 
	Brazil
	Veiga et al. 1974

	5. 
	Argentina
	Ravenna and negri 1979

	6. 
	France
	Moreau 1978

	7. 
	Nepal
	Karki 1991

	8. 
	Turkey
	Karahan and katircioglu 1993

	9. 
	Bullgaria
	Mihov et al. 1987

	10. 
	Myanmar
	Bahl et al. 1991

	11. 
	Bangladesh
	Bakr 1991

	12. 
	Syria
	Bayaa et al. 1986


The wilt of lentil has been reported from most of lentil growing areas of the world, especially from the countries mentioned in table 2.

Field Symptoms of Lentil Wilt 
[bookmark: _Hlk84629793][bookmark: _Hlk84629779]Fusarium oxysporum as soil borne in nature and commonly found in all crop growing areas in the world. That symptoms of lentil wilt appear after 2nd and 3rd weeks of sowing but was more pronounced and damage increased when the plant had grown up in the winter season (Tosi and Capelli 2001; Kharte et al. 2023a). The wilt disease appeared in the field as patches at both seedling and adult stages. Seedling wilt was characterized by sudden drooping of the lentil leaves, followed by dull green leaves with drying of leaves and the ultimate death of the seedling plant. The roots appeared healthy, with reduced proliferation and nodulation and usually no internal discoloration of the vascular system (Lindbeck 2009).	Comment by WINDOWS: Add some images of disease at seedling and adult stages 

Fusarium wilt infected seedling collapsed and lied flat on the ground retaining their dull green colour. Adult plants showed typical wilt symptoms of drooping of petioles, rachis and leaflets. The root of the wilting plants did not show any external rotting but when split vertically, dark brown discoloration of internal xylem can be seen (Nene et al. 1991).
adult wilt symptoms appeared from flowering to late pod-filling stage and were characterized by sudden drooping of top leaflets of the affected plant, leaflet closure without premature shedding, dull green foliage followed by wilting of the whole plant or of individual branches. Seeds from plants affected in mid-pod-filling stage to late pod-filling stage were often shrivelled (Beniwal et al., 1993).
The wilt symptoms produced by Fusarium oxysporum f. sp. lentis were stunting, marked reduction of the root system, internal vascular discoloration of the lower stem, and wilting. Fusarium wilt occurred in the field in patches during seedling stage or adult reproductive stage of crops. Though roots look healthy, proliferation and nodulation were reduced and usually, the vascular system did not have external discoloration (Stoilova and Chavdarov 2006). Mohammadi et al. 2011 reported that adult wilting symptoms appeared in the later stage of flowering and pod filling, which included sudden dropping of top leaflets of the injured plants, closing of leaflets without early shedding, and ultimately the whole plant or individual branches wilt.
Isolation and Pathogenicity of Pathogen 
F. oxysporum was isolated from wilt infected lentil plants. Samples were collected, surface sterilized (with 1% sodium hypochlorite), and transferred onto PDA medium (Mondal et al. 2021). The tissue pieces were transferred aseptically to PDA medium and incubated at 27±2°C for seven days. The fungal colonies originating from bits were examined after seven days of incubation, then transferred on fresh medium in Petri‒plates for the purification and periodic observations (Nelson et al. 1983; Sicard et al. 1997; Kharte et al. 2022).
[bookmark: _Hlk111966903][bookmark: _Hlk111967827]The purified culture of Fol was further multiplied on sorghum grains to carry out pathogenicity test. Pathogenic variability among the twenty-three isolates of Fusarium oxysporum f. sp. lentis was conducted in pot culture in the green house and the pathogenic potential in terms of time taken for disease expression of each isolate of Fusarium oxysporum f. sp. lentis and percent disease incidence (PDI) was recorded on lentil variety RVL-31 (Sekhar et al. 2017).The strains with a wilting rate of more than 50% are highly pathogenic, and the strains with a wilting rate of 30-50% are moderately pathogenic (Datta et al. 2011).



Different Kind of Asexual Spores
The pathogen is known to produce three kinds of asexual spores; microconidia, macroconidia and chlamydospores. Microconidia are usually single celled, ovoid or kidney-shaped and hyaline (Khare 1980). Macroconidia are usually two to seven celled, long with pointed apical cell and notched basal cell. Chlamydospores are single celled, oval or spherical shaped and thick walled, formed singly in macroconidia or apical or intercalary in the hyphae, A culture of Fol display hyaline, septate and much branched mycelium. On media the growth pattern varies from fluffy to appressed and also vary in colour from no colour to pink. In laboratory, the culturing of infected plant tissue should be done with caution because another saprophytic Fusarium sp. may be present that appears similar to Fol. (Khare 1980; Kharte et al. 2023c).
	[image: ]

	Fig. 1: A) wilted plant, B) Pure plate of Fusarium, C) Microconidia, D) Macroconidia &
           E) Chlamydospore


Morpho-Cultural Characterization
Morpho-cultural identification of Fusarium spp. by characters like conidial size, shape, pigmentation, colony diameter, colour, texture and margin are variable as these characters may be influenced by nutritional composition of the medium and cultural conditions (Datta et al. 2011).The Fol isolate is known to produced sparse to abundant aerial mycelium and white, light pinkish, dark pinkish, yellowish and purple substrate colour/pigmentation on the reverse side of the culture plate(Kumari et al. 2012).The pathogen is known to produce three kinds of asexual spores; microconidia, macroconidia and chlamydospores (Nelson et al. 1983).	Comment by WINDOWS: space
[bookmark: _GoBack]Morphological characterization of Fol sample is based on the shape of macroconidia, the structure of micro conidiophores and the formation and disposition of chlamydospores (Beckman 1987; Kharte et al. 2023c). The optimum growth of Fol was found to be between 27±2°C. Cook and Bekar in their review of the biological control of plant diseases noted that the growth of the Fusarium wilt pathogen is generally maximal at 26±2°C, inhibited above 32±2°C and not favoured below 17°C. The optimum pH for growth and maximum sporulation was found at 6.5-7.0, followed by pH 7.5. Effect of pH on the germination of chlamydospores of Fol isolate was observed in different experiments conducted over a wide range of pH for the growth of Fol isolate was pH5.5 (Khan et al. 2011). 
Molecular Approaches
Determination of genetic diversity of Fol population is an important aspect of research in Plant Pathology and Breeding to study against resistance wilt and to facilitate investigation on its epidemiology, taxonomy and detection (Milgroom and Fry 1997). Assessment of genetic diversity of Fusarium oxysporum f. sp. lentis is needed to determine whether isolates constitute genetically distinct groups. Random Amplified Polymorphic DNA (RAPD) is a semi-quantitative method used in genetic mapping, taxonomy and phylogeny (Welsh and McClelland 1990; Bassam et al. 1992). RAPD markers generated with single primers of arbitrary nucleotide sequence have been used in the detection of intraspecific polymorphisms of fungi (Assigbetse et al. 1994; Belabid et al. 2004).
[bookmark: _Hlk112406393][bookmark: _Hlk107502133]However, DNA-based techniques have become the tool of choice in studying the genetic variability (O’Donnell 2000). For instance, RAPD and microsatellite (Simple Sequence Repeats-SSRs) markers are widely used in the detection and genetic characterization of many phytopathogenic fungi, particularly race differentiation in the formae speciales of Fusarium oxysporum (Sivaramakrishnan et al. 2002; Tangarife-Castanoet et al. 2014).
The first whole-genome sequencing of F. oxysporum f. sp. lentis, pathogen responsible for vascular wilt in lentils, using the Illumina Shotgun Sequencing platform. The development of genomic resources is crucial for understanding the genetic basis of pathogenicity and other biological processes in F. oxysporum f. sp. lentis (Kharte et al. 2025). The F. oxysporum species complex exhibits extensive genetic and functional diversity. Pathogenic strains demonstrate host specificity, whereas non-pathogenic strains do not induce disease symptoms, despite the absence of morphological differences (Nelson et al. 1981; Steinberg et al. 2016). 
Advancements in sequencing technologies have significantly improved genome assembly quality. While early genome sequencing of F. oxysporum relied on Sanger sequencing (Broad Institute 2007; Ma et al. 2010). However, next-generation sequencing (NGS) platforms such as Illumina and BGI have accelerated genome assembly at reduced cost. Third-generation sequencing technologies, such as Pacific Biosciences (PacBio) and Oxford Nanopore Technologies (ONT), offer longer read lengths, with superior genome assemblies (van Dijk et al. 2018; Giani et al. 2020). 
Management Strategies Against Wilt 
Since the 18th century, the first use of synthetic fungicides has provided much required relief in the management of fungal disease in crop production.  Application of seed treatment method with some fungicides such as equivalent mixture of benomyl and thiram (Reddy et al. 2012), a combination product Thiophanate Methyl 450g/l +Pyraclostrobin 50g/l @ 800ppm were found to be very effective against wilt pathogen (Kharte et al. 2022). It was also reported that application of boron, zinc or manganese and methyl bromide to the soil considerably reduce the disease event of wilt pathogen. Fusarium wilt is controlled by the seed treated with thiram + carboxin (Lindbeck 2009). Chemicals and fungicides are frequently toxic to non-target organisms like microbes, earthworms, animals and humans (genotoxicity) causing imbalances in the ecosystems (Nega 2014; Patel et al. 2014). 
Different organic salts including ammonium acetate, potassium sorbate, sodium benzoate, sodium metabisulphite and trisodium phosphate completely reduce the mycelial growth simultaneously all these salts result 100% radial growth inhibition (Kurmi et al, 2023). Most economical and sustainable approach is biological control of this soil borne pathogens. Potential antagonists, especially Pseudomonas fluorescens and Bacillus subtilis are promising candidates as bio-protectants (Parthasarathy et al.2016). The Trichoderma spp. has been reported to be an effective bioagent against various plant pathogens under in vitro and in vivo conditions (Singh et al. 2014; Jain et al. 2017). The findings of present investigations are similar to the findings of (Bana et al. 2017). Singh et al. (2017), where they reported variable degree of per cent inhibition in growth of test pathogen using different species of Trichoderma. The different species of Trichoderma, T. asperellum was identified as better antagonist for Fol and can be recommended for management of Fusarium wilt in lentil and organic/commercial cultivation of lentil (Kharte et al. 2022; Kurmi et al. 2023). Additionally, it was noted that adding boron, zinc, manganese, and methyl bromide to the soil significantly lowers the incidence of Fusarium wilt disease (Biswas et al. 2016). Thiram + pentachloronitrobenzene or carboxin treatment of the seeds prevents lentil wilt (Lindbeck et al. 2009; Bayaa et al. 1998). According to Khan et al. (2016), the fungicidal properties of Raxil Ultra (Tebuconazole), Topsin-M (Thiophanate Methyl), Score (Difenoconazole), Derosil (Carbendazim), Hombre (Imidacloprid + Tebuconazole), and Divident Star (Metalaxyl M + Difenoconazole) against pea wilt.
Future Directions
Currently, very limited research has been published on Fusarium wilt of lentil. There is an insistent need for more widespread studies to improve and introduce new resistant varieties. Emphasis should be placed on cultivating long-term disease resistant and high yielding lentil varieties that also possess favourable economic traits.
Conclusion 
Present manuscript is mainly focus on the wilt disease caused by Fusarium oxysporum f. sp. lentis. Lentil is one of the world's first domesticated crop. Lens culinaris is a cool season, major edible legume crop after chickpea. Lentil is attacked by many foliar and soil pathogens.  Symptoms produced by Fusarium oxysporum f. sp. lentis were stunting, marked reduction of the root system, internal vascular discoloration of the lower stem, and wilting. Pathogen give rise to asexual spores; microconidia, macroconidia and for survival chlamydospores. Using IDM practices any disease can be easily managed similarly here wilt pathogen were also tested after cultural practices, use of resistant source, biological agents especially Pseudomonas fluorescens /Bacillus subtilis and chemicals.
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