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Eco-Friendly Management of Alternaria Leaf Spot of Brinjal: A Review of Botanical Strategies
Abstract
Brinjal (Solanum melongena L.) is an important vegetable crop extensively cultivated in tropical and subtropical regions, where it holds considerable nutritional and economic value. Despite its wide adaptability and importance, brinjal productivity is significantly constrained by several diseases, among which Alternaria leaf spot, caused by Alternaria alternata (Fr.) Keissler, is particularly destructive. The disease affects foliage and reduces photosynthetic efficiency, ultimately leading to substantial yield reductions that may range from 20 to 80% under favourable environmental conditions. This review synthesises current knowledge on the role of botanicals in managing Alternaria leaf spot of brinjal, highlighting their potential as eco-friendly disease control agents. Conventional management relies heavily on synthetic fungicides, which pose challenges such as high cost, environmental hazards, residual toxicity, and pathogen resistance. In recent years, botanicals have emerged as sustainable alternatives due to their eco-friendly nature, biodegradability, and diverse antifungal properties. Plant-derived extracts rich in secondary metabolites—such as flavonoids, alkaloids, phenolics, and essential oils—exhibit inhibitory effects on fungal growth and pathogenicity. Several botanicals, including neem, garlic, tulsi, and clove, have demonstrated promising efficacy both in vitro and in vivo against Alternaria spp. Their mechanisms of action involve disruption of fungal cell membranes, inhibition of enzymes, and suppression of toxin production. Greater emphasis is being placed on sustainable crop protection approaches that incorporate botanical extracts into integrated disease management programmes. The adoption of such strategies can reduce dependence on synthetic fungicides, minimise environmental risks, and promote safer and more sustainable agricultural production systems. Overall, the use of botanicals represents a viable and environmentally sound approach for the management of Alternaria leaf spot in brinjal.
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Introduction
Brinjal (Solanum melongena L.), also known as eggplant or aubergine, is a major vegetable crop of the Solanaceae family. Originating in India, it is the world’s second-largest producer after China, with global cultivation spanning 1.85 million hectares and production exceeding 52 million tonnes (Beura et al., 2008; FAOSTAT, 2017).  It is one of the most economically important vegetable crops cultivated and consumed globally (Aumentado & Balendres, 2024). Brinjal is cultivated on about 669 thousand hectares in India, producing nearly 12,400 thousand metric tonnes with a productivity of 18.54 tonnes per hectare. The leading states are West Bengal, Orissa, Gujarat, Bihar, and Madhya Pradesh (NHB, 2022). In Uttarakhand, brinjal covers 1,685 ha with a production of 26.356 tonnes (DAFW, 2021) 
Brinjal (Solanum melongena) is a bushy  herb that  stands  upright,  distinguished  by its broad, fuzzy leaves and strong, upright stems, anchored by  a  fibrous root  network (Phondekar et al., 2025). It is a highly productive “poor man’s crop,” rich in vitamins (especially the B group) and antioxidants. Its roots and leaves contain the alkaloid solanine, traditionally used in ayurvedic therapy for diabetes and liver disorders (Ayaz et al., 2015). Brinjal (eggplant) is a low-calorie, nutrient-rich vegetable composed mainly of water, fibre, proteins, and carbs. It’s a good source of vitamins, minerals, and sugars, while its slight bitterness comes from glycoalkaloids typical of the Solanaceae family. (Chaudhary and Kour 2009).
[bookmark: _Hlk217735343]Nutritionally, brinjal has low caloric value, high phenolic contents, vitamins and bioactive compounds. Minerals including K, Ca, Mg, P, Na, Fe, Cu and Zn are also part of brinjal, beneficial for human health (Raigon et al., 2008). Vegetables and fruits provide antioxidants like flavonoids, anthocyanins, and ascorbic acid that protect cells from oxidative damage. Eggplant, rich in phenolic compounds, ranks among the top ten vegetables worldwide for superoxide scavenging activity (Kour, 2014). Brinjal (eggplant) is a widely grown warm-season crop in tropical and subtropical regions, valued as both a cash crop and a staple in kitchen gardens. Known as the “King of vegetables” and the “vegetable of the masses,” it holds immense popularity across rural and commercial farming communities. It contains all the macro and micro nutrients and beneficial microorganisms such as N-fixing bacteria, biologically active metabolites and growth-promoting substances (Bano et al 2007). In India, commercial brinjal cultivars contain glycoalkaloids ranging from 0.37–4.83 mg/100 g. The genus Solanum includes solanine in most of its 1700 species. Brinjal also contains chlorogenic acid (CGA), a phenolic ester with anti-obesity and anti-cancer properties (Plazas et al., 2013). 
In global agriculture, about 18% yield losses are caused by animals, 34% by  weeds  and 16%  by microbial  diseases. Among microbial diseases, 70-80% of  losses    are    caused   by   fungal pathogens. Fungal species  are found  all over  the  world  and  cause  20-80%  yield  loss  in agriculture by attacking the fruit flower and stem. Among all the fungal diseases, Alternaria  leaf spot,  Alternaria  leaf  blight  and  fruit  rot  diseases are  of  regular  occurrence  in  moderate  to  severe proportion in India and causes extensive damage to  the  quality  of  fruits (Kumar & Zacharia, 2024; Yadav et al., 2024).  Alternaria leaf spot of brinjal, caused by Alternaria alternata, is a severe disease in India leading to heavy yield losses. Reports show up to 25% yield loss in Jaipur (Balai & Ahir, 2013), with the pathogen first documented at IARI, New Delhi in 1952–53 (Kapoor & Hingorani, 1958). Alternaria leaf spot of brinjal, caused by Alternaria alternata (Fr.) Keissler, is a destructive disease in India leading to significant yield losses. Yield reductions up to 25% have been reported in Jaipur (Balai & Ahir, 2013) Alternaria alternata belongs to the phylum Ascomycota and class Dothideomycetes, producing fuzzy, woolly colonies with septate hyphae that bear long chains of conidia (Pose, 2009). For the management of foliage diseases such as leaf spot caused by Alternaria spp., several effective fungicidal chemicals have been reported, including systemic and contact formulations that significantly reduce disease incidence (Kumar et al., 2013). Toxic and hazardous to the environment, synthetic fungicides are used to manage crop diseases caused by fungal pathogens and now the trend is turning towards safer, safe and sound eco-friendly management of fungal pathogens (Haider et al 2020; Timmer et al., 2003). Alternaria spp. extracellular proteases are involved in growth development and pathogenicity. Phytotoxic alternariol produced by the pathogen Alternaria Alternata (Adhikari et al 2017). 
With changing climatic conditions and increasing disease complexity, recent research has emphasized the need for predictive disease surveillance and integrated eco-friendly management strategies in brinjal production systems (Kaniyassery et al., 2024).
 Chemical fungicides, while effective, come with significant drawbacks. They can contaminate soil and water, harming ecosystems and non-target organisms. Residues pose health risks to humans and animals, while repeated use fosters resistant pathogen strains. They also disrupt beneficial soil microbes, upsetting ecological balance, and their broad-spectrum nature eliminates helpful fungi along with harmful ones.
 Eco-friendly botanical strategies are vital for managing alternaria leaf spot of brinjal because they are biodegradable, reducing soil and water pollution while ensuring safer food for consumers. Botanicals act through diverse mechanisms, lowering the risk of pathogen resistance. They also preserve beneficial microbes and maintain ecological balance, unlike broad-spectrum chemicals. They provide a sustainable and selective alternative for long-term disease control.
 Taxonomy and morphological character of Pathogen: Alternarai alternata (Fr.) Keisler is classified taxonomically into Division Ascomycota, Class Dothideomycetes and Family Pleosporaceae. Pandey and Vishwakarma (1999) described the size of conidia and conidiophores of Alternaria alternata was much larger on brinjal host growing under natural conditions and drastically reduced, when isolated either on host extract or on potato dextrose agar (PDA) medium. The conidial chain arrangement on the conidiophores has been illustrated by a new method named the “slide coating technique”The germination of conidia started after 2 hr and germ-tube elongation continued only up to 9 hrs. of incubation. Balai (2013) reported that microscopic observations of the isolated fungus revealed that the mycelium was septate, with hyaline hyphae when observed singly and irregularly branched, measuring 2.7-4.4 µm in width. The conidiophores were dark brown in colour, septate, branched and measured 34.0-93.0 µm in length and 3.4-9.0 µm in width. Conidia were slightly brown in coloured, spindle-shaped with round base and tapering apex measuring 21.8-95.9 µm in length and 8.0-17.0 µm in width having 0-2 longitudinal and 2-6 transverse septa. Conidia were mostly in chains of 3-12 conidia. The colony was spreading, hairy and grey brown to black in colour, mycelium was branched, septate, dark coloured with tints of olive brown whereas conidiophores were septate, short, simple, straight or flexuous dark coloured and conidia were long-beaked, muriform, dark-coloured borne in chains, both longitudinal and transverse septa in mature conidia. Conidia were borne singly or in short chains and were pyriform to clavate 29. 48× 13.25 2.78 µm with zero to three longitudinal and two to six transversal reported by Shafique et al. (2021).
Symptomatology: Kappor et al. 1958 reported severe infestation of young brinjal (Solanum melongena) seedling Alternaria tenuissina. Managla et al. 2006 reported Alternaria alternata causing leaf spot of Chilli produce small circular and necrotic brown spots initially on lower leaves. Under favorable conditions the brightening covers the entire leaf and the leaf gets dried up. The infected plants exhibited a burnt -up appearance Balai (2007) found that most recognizable symptoms were appeared as small, circular, brown, necrotic spots with a chlorotic halo. Sidhdapara et al. (2016) reported that disease produced small, necrotic, circular brown spots on leaves, with a purplish halo and expands to about 1 cm diameter. The centre becoming grey and cracked, finally, the spots enlarge in size which later on resulted defoliation of leaves. Shafique et al. (2021) reported that symptoms were small, circular, brown, necrotic spots uniformly distributed on leaves. The spots gradually enlarged and coalesced into large, nearly circular of irregularly shaped spots that could be up to 3 cm in length. The centre of the spots was light tan, surrounded by a dark brown ring and a chlorotic halo and it tended to split in the later developmental stage.
Disease development of Alternaria leaf spot  
Balai and Ahir (2013) observed the role of temperature and relative humidity on brinjal pathogen (A. alternata) under in vitro conditions. The mycelial growth of A. alternata is very much affected by temperature. Maximum mycelial growth was observed at 25ºC. A gradual decrease in mycelial growth was observed at 30ºC and 35ºC, whereas minimum mycelial growth was observed as 10ºC. The effect of relative humidity was studied by exposing the fungus at different levels viz., 50, 60, 70, 80, 90 and 100% and incubated at 25+1ºC for 7 days. Kumar (2013) reported that maximum mycelial growth and sporulation of the fungus was observed at 90% followed by 100% relative humidity in in vitro condition. Maximum mycelial growth and sporulation of the fungus was observed at 30ºC temperature followed by 25ºC whereas minimum was observed at 15ºC temperature in in vitro conditions.
In  brinjal, Alternaria  leaf spot  incidence  has  been  closely  associated  with warm    and    humid    conditions,    where    high temperature    and    humidity    facilitated    lesion formation  and  pathogen  proliferation,  leading  to significant yield losses (Kaniyassery et al.,2024).
Alternaria blight    (Alternaria    macrospora)    exhibited    a comparable   pattern,   where   disease   intensity correlated  positively  with  rainfall,  rainy  days  and morning   and   evening   relative   humidity,   while interactions     with    sunshine     hours howed negative  correlations,  underscoring  the  complex role of weather variables in disease epidemiology (Veeresh et al.,2023).
Recent studies have highlighted the increasing influence of climatic variability on Alternaria leaf spot incidence in eggplant. Advanced epidemiological modelling indicates that temperature fluctuations, prolonged leaf wetness, and humidity levels significantly contribute to disease severity and pathogen proliferation (Kaniyassery et al., 2024).
Conventional Control Methods for Alternaria Leaf Spot of Brinjal
 Alternaria leaf spot, caused primarily by Alternaria alternata, is a major constraint in brinjal production, leading to reduced yield and market value. Conventional management relies heavily on chemical fungicides such as mancozeb, carbendazim, and copper oxychloride, which are effective in suppressing foliar lesions and preventing fruit rot (Balai & Kumar, 2022). 
These fungicides act by disrupting fungal metabolic pathways, including sterol biosynthesis and respiration, thereby halting pathogen growth. Their rapid action and broad-spectrum efficacy have made them indispensable in brinjal disease management programs (Lucas et al., 2015).
Challenges of Chemical Fungicides
Despite their utility, repeated fungicide applications have led to resistance development in Alternaria populations, reducing long-term effectiveness (Hahn, 2014). Moreover, chemical residues accumulate in soil and water, contributing to environmental pollution and adversely affecting beneficial soil microbes and aquatic ecosystems (Carvalho, 2017). Chronic exposure to fungicide residues has also been associated with human health hazards, including endocrine disruption and carcinogenic effects (Mostafalou & Abdollahi, 2013). 
Research into the effects of agrochemicals on the environment showed that agricultural chemicals are regarded as an efficient method in the developing nations to improve agriculture productivity.  On the other hand, it has been observed that Agrochemicals pose serious threats and the human endocrine and immune systems may be affected by certain pesticides, and they may aid in emergence of cancer. Using fungicides frequently and without justification, residue issues often arise as a result of molecules in food crops and the development of strains that are resistant to the pathogens, in addition to pollution in the environment.
Mutagenic and embryotoxic effects expressed by stillbirth, decreased survival rate, deformities of other skull bones, shortening or absence of tail with dithiocarbamates are also reported (Pilinskaia 1970). Groundwater pollution reports are also accessible due to the soil's toxicity from chemical accumulation. These risks have necessitated stricter regulations and encouraged farmers to seek safer alternatives.

Transition to Eco-Friendly Alternatives
Rai et al., 2009 reported that silver nanoparticles have re-emerged as powerful antimicrobial agents due to their unique nanoscale properties. They are increasingly applied in medical fields, including wound dressings, coatings for medical devices, and nanogels. Their importance lies in combating antibiotic-resistant pathogens, offering a promising alternative to conventional treatments. The field experiment (Meena, 2025) revealed that neem leaf extract @ 10% was most effective in reducing Alternaria disease intensity at 60, 75, and 90 DAT, followed closely by datura leaf extract @ 10%. Both treatments outperformed other plant extracts and the untreated control, highlighting neem as a sustainable option for disease management.
Plant-derived products are increasingly valued in the crop protection due to their selective action, low cost and eco-friendly, whereas synthetic fungicides pose environmental hazards the trend is shifting toward the eco-friendly sustainable management of fungal pathogens using plant-derived alternatives (Heider et al 2020).
Botanical Strategies for Managing Alternaria Leaf Spot in Brinjal
Neem extracts, rich in azadirachtin and limonoids, inhibit fungal sporulation and growth. Field trials have shown neem leaf extract (10%) to significantly reduce disease intensity compared to untreated controls, with values as low as 12.89% at 60 DAT (Days After Transplanting) (Meena, 2025). Neem-based sprays are consistently reported as the most effective botanical against Alternaria (Rai et al., 2009).
 Zakaria, 2024 stated that Alternaria spp. are among the most destructive fungal pathogens affecting a wide range of crops, leading to significant agricultural losses. Extracts from plants such as Allium sativum (garlic), Argemone mexicana L and Datura metel have been evaluated for their antifungal properties. Laboratory and field trials reveal that these extracts inhibit mycelial growth and spore germination, reducing disease incidence
Balai and Ahir (2011) work evaluated the antifungal properties of neem seed extract and onion, garlic, bael and bitter melon extracts at various concentrations (5, 10 and 15%) were evaluated against pathogen by poisoned food technique. The efficacy of the extracts in the inhibition of mycelial growth increased with the increase in extract concentration. The garlic extract was the inhibitor among the extracts (mean inhibition of 73.7%). Bochalya et al. (2012) mycelial growth and sporulation were tested under in vitro condition. Garlic extract at 15 % concentration inhibited mycelial growth and sporulation of the fungus followed by neem and onion in poisoned food technique.
Reddy et al. 2021 observed that seedling treatment with neem oil @ 2.5% + T. viride @ 2.5% was most effective against Alternaria leaf spot disease. Jakatimath S (2016) Etiology management of fruit rot of Brinjal (Solanum melongena L.) caused by Alternaria alternata, Colletotrichum melongenae and Phomopsis vexans UHS, Bagalkot MSc thesis.
Kumar (2013) reported that plant extracts tested by poisoned food technique garlic clove extract was most effective in inhibiting the mycelial growth and sporulation of pathogen by NSKE. The rhizome extract of turmeric (54.42%) was found to be significantly superior in inhibiting mycelial growth over the rest. The next best in order of merit was garlic (50.67%). Disease management in the field with most effective plant extracts evaluated in vivo showed that seed treatment along with three foliar sprays with garlic clove extract could effectively manage the disease with lowest disease incidence of 19.13% and intensity of 9.02% respectively and highest fruit yield of 197.80 q/ha. Whereas to control plot showing highest disease incidence of 65.51% and intensity of 34.51% respectively with lowest fruit yield of 106.46 q/ha reported by Khursheed et al. (2021).
Jakatimath (2016) found that bio-control agent tested in vitro, T. harzianum-p and T. harzianum-21 were found effective. The efficacy of various bio-agents was carried out in vitro and T. harzianum showed highest inhibition among bio-agents showed maximum mycelial growth inhibition.
Ramjegathesh et al. (2011) observed the efficacy of plant oils, plant extracts and antagonistic microorganisms against leaf blight disease of onion caused by Alternaria alternata. Two sprays of neem oil (3.0%) given on onion plants at the first appearance of the disease and the second on 15 days later recorded significantly the lowest per cent disease index (22.22) and besides increasing the yield. In plant extracts Acorus calamus rhizome extract 10 per cent was significantly reduced the disease incidence (34.78%) followed by Mentha arvensis leaf extract.
Maximum mycelial growth (82.44 mm) and excellent sporulation was recorded at 90% relative humidity closely followed by 100% (78.42 mm and excellent sporulation) relative humidity. Balai and Ahir (2013) observed the role of temperature and relative humidity on Brinjal pathogen (A. alternata) under in vitro conditions. The mycelial growth of A. alternata is very much affected by temperature. Maximum mycelial growth was observed at 25ºC. A Gradual decrease in mycelial growth was observed at 30ºC and 35ºC, whereas minimum mycelium growth was observed as 10ºC. The effect of relative humidity was studied by exposing the fungus at different levels viz., 50, 60, 70, 80, 90 and 100% and incubated at 25+1ºC for 7 days.
Haider (2020) work done in phyto-extracts of the plants tested included Zingiber officinale, Curcuma longa, Allium sativum, Azadirachta. indica, Dahtura stramonium, Allium cepa, Eucalypttus globulus, Lawsonia inermis, Menthra piperita and Bouganvillea glabra. Aqueous extracts of Z. officinale, C. longa and A. sativum expressed to be very effective under in vitro conditions against A. alternata 5%, 10% and 15% concentrations. However, in In-vivo conditions these three most effective phyto-extracts applied individually and in combinations against leaf spot of brinjal. All extracts showed promising results while combination of Z. officinal + A. sativum + C. longa showed best results among all other combinations without any phytotoxic effects at given concentrations. The efficacy of various plant extracts was carried out in vitro showed highest inhibition among plant extracts garlic bulb extract showed maximum mycelial growth inhibition.
Eco-friendly disease management in the field with most effective bio-agents was evaluated in vivo showed that seed treatment with T. harzianum. Three foliar spray could be effectively manage the disease with lowest disease incidence of 19.13% and highest fruit yield of 197.80 q/ha, as compared to control plot showing highest disease incidence of 65.51% and intensity of 34.51% respectively with lowest fruit yield of 106.46 q/ha reported by Khursheed et al. (2021).
Chourasiya et al. (2013) tested the efficacy of three plant leaf extracts against Alternaria solani caused early blight of tomato. The results showed that highest efficacy of foliar sprays of neem leaf extract at 20 per cent with PDI 30.66, followed by garlic bulb extract (5.0 per cent) with PDI 32.44 and Eucalyptus leaf extract (5.0 per cent) with PDI 34.07 were also effective in reducing disease incidence and increasing fruit yield by 170.60, 154.40 and 164.40 q/ha, respectively.
Bhagwat and   Yadav 2023 reported that he other best plants extract against the pathogen were treatments, which showed significant reduction, were Allium sativum, bulb (73.33%), Azadirachta indica, leaf (63.4%), Allium cepa, bulb (57.8%) and Datura stramonium, leaf (56.7%). Effective integrated management practices were developed in brinjal plants against Alternaria Alternata using neem cake, cow dung, and aqueous leaf extracts.
 Jhajharia and Trivedi 2023.reported that the present study was under taken on organic management of Alternaria leaf spot of brinjal incited by Alternaria alternata (FR.) Keissler, with various aspects viz., to determine the occurrence and distribution of disease incidence, effect of crop stages on Alternaria leaf spot of brinjal, in vitro efficacy of botanicals and ITKs for suppression of Alternaria alternata and evaluation of botanicals and ITKs for suppression of the Alternaria leaf spot of brinjal in organic pot culture. Minimum PDI was recorded in Dhariawad Tehsil of Pratapgarh (23.06%). The effect of crop stages on development and severity of Alternaria leaf spot in pot grown brinjal plants were evaluated at viz., 15, 30, 45 and 60 days after transplanting (DAT) pot grown plants using spray suspension of A. alternata 1×103 conidia ml-1. Inoculation at 15 DAT resulted in minimum 13.14 PDI. The most susceptible age of brinjal crop was found to be 45 DAT, at this age plants showed the maximum PDI 47.33.








Challenges and Limitations of Botanicals 
Botanical extracts have emerged as promising eco-friendly alternatives to synthetic fungicides in the management of Alternaria leaf spot of brinjal. Several studies (e.g., Chauhan et al., 2023; Khursheed et al., 2021) have demonstrated antifungal activity of neem, garlic, tulsi, and other plant-based formulations. However, despite their potential, the practical application of botanicals faces significant challenges and limitations that restrict their widespread adoption.
Challenges in Botanical Disease Management
· Inconsistent Field Efficacy: While in vitro studies show strong inhibition of Alternaria alternata, field trials often yield variable results. Kar et al. (2021) noted that environmental conditions such as humidity and temperature greatly influence the effectiveness of botanicals.
·  Standardization Issues: Extraction methods, concentrations, and application techniques differ across studies. Balai and Kumar (2022) reported that different eco-friendly strategies, viz.,botanicals, Biocontrol agemts and resistance variety for the management of leaf spot of Brinjal under different agro-climatic conditions 
Howlader et al 2026 reported that the recent advancements, practical applications, and challenges like performance inconsistency, standardization, and scalability related to the use of botanical extracts. Future outlooks focus on integrating plant extracts with emerging technologies and ensuring these solutions reach smallholder farmers. Overall, plant extracts offer a sustainable route to environmentally friendly and safer postharvest management, which can bolster food security and foster responsible agriculture in the developing world. To unlock their full potential, further research should aim to develop standardized extraction techniques, optimize formulations, and enhance policy and technological support for large-scale implementation in developing countries. 
Bhagat & Yadav, 2023: Effective integrated management practices were developed in brinjal plants against Alternaria alternata using neem cake, cow dung, aqueous leaf extract of Acorus calamus dried root, bio-control agent like Trichoderma harzianum and 0.1% calixin.



Limitations Compared to Conventional Fungicides
· Chemical Fungicides: Provide consistent and systemic protection but lead to resistance development and environmental hazards (Balai & Kumar, 2022).
· Biological Control Agents: Though eco-friendly, they require specific environmental conditions for efficacy and often fail under field stress (Kar et al., 2021).
Conclusion
Alternaria leaf spot of brinjal, caused by Alternaria alternata, is a serious disease that results in heavy yield losses and economic setbacks. Chemical fungicides have long been used for effective and systemic protection, but their repeated application has led to pathogen resistance, environmental pollution, and health concerns. Eco‑friendly botanical strategies, including extracts of neem, garlic, tulsi, and clove, have shown strong antifungal activity through mechanisms such as membrane disruption, enzyme inhibition, and toxin suppression. Despite their promise, these botanicals face challenges like inconsistent field efficacy, dependence on environmental conditions, and lack of standardized formulations. Therefore, sustainable management of Alternaria leaf spot requires integrated approaches that combine botanicals with biological control agents and judicious use of chemical fungicides. Such strategies will reduce reliance on hazardous chemicals, safeguard ecological balance, and promote sustainable agriculture, while future research must focus on improving formulations, enhancing stability under field stress, and developing farmer‑friendly applications.
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