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ABSTRACT
	Aims: To evaluate the efficacy of six fungicides against three Fusarium spp. affecting different crops viz., Fusarium verticillioides (maize), F. udum (redgram) and F. oxysporumf.sp. ciceris (chickpea)under in vitro conditions using poisoned food technique
Study design:Completely randomized in vitro laboratory experiment 
Place and Duration of Study: Department of Plant Pathology, College of Agriculture, Rajendranagar, Professor Jayashankar Telangana Agricultural University conducted during 2023-24 
Methodology: A total of six fungicides viz., Captan 50 WP, Thiram 75% DS, Tebuconazole 5.36% FS, Carboxin 37.5% + Thiram 37.5% DS, Prochloraz 24.4% + Tebuconazole 12.1% EW and Thiphanate Methyl 450 g/l + Pyraclostrobin 50 g/l were evaluated at six different concentrations (100, 250, 500, 1000, 1500 and 2000  µg/mL ) against three selected Fusarium species isolated from maize, redgram and chickpea using the poisoned food technique. Mycelial growth inhibition was assessed after incubation.
Results:Among the tested fungicides, Carboxin 37.5% + Thiram 37.5% DSand Prochloraz 24.4% + Tebuconazole 12.1% EWwere the most effective across all Fusarium spp., with mycelia inhibition percentages ranging from 72.4% to 91.6% at higher concentrations. Captan 50 WP and Thiram 75% DS were the least effective with lowest inhibition percentages ranging between 28.6% and 47.3%. Further, the percent inhibition of mycelia growth was increased with increase in the concentration of fungicides.
Conclusion:Carboxin 37.5% + Thiram 37.5% DS and Prochloraz 24.4% + Tebuconazole 12.1% EW formulations (250 to 2000  µg/mL ) are promising and may be recommended as seed treatment options for effective management of Fusarium wilt diseases in maize, redgram and chickpea. Field-level validation is necessary to confirm their effectiveness under field-conditions.
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1. INTRODUCTION

The agricultural productivity is threatened by the incidence of various pests and diseases with estimated yield losses of 20 – 40% each year across the world (Savary et al., 2019). Among the various diseases affecting different crops, fungal diseases caused by Fusarium spp. Are important determinants of the dynamics of plant populations both in natural and agricultural environments (Omidvariet al., 2023). Fusarium spp. are either seed- or soil-borne in nature. There are several reports indicating that majority of pathogens that lead to the production of abnormal seedlings are seed-borne fungi (Ahmed et al., 2013). These seed-borne mycoflora can cause deterioration of seed, affect the germination resulting in seed and seedling mortality and cause significant variation in plant morphology (Gebeyaw, 2020). Hence, sowing of healthy, disease-free and high quality seed is important for securing higher crop yields and food production (Moumniet al.,2023). 
	Though the use of disease-free or certified seeds is commonly recommended as primary management strategy (Murolo et al., 2022), the challenges arising by subsequent infections by soil-borne pathogens is a significant concern for farmers. This is a major factor limiting the crop production especially when the seeds are sown in cool, moist soil conditions that favor the growth of many soil-borne pathogens, while simultaneously hindering germination and seedling emergence (Lamichhane et al., 2020). Several soil-borne pathogens of genera Fusarium, Phytophthora, Pythium, Rhizoctonia, Sclerotium and Verticillium etc. can cause 50-75% yield losses in cereals, pulses, oilseeds, vegetables, fruits and ornamentals (Panth et al., 2020). Wilt disease caused by the genus Fusarium in crops such as maize, redgram, chickpea, banana etc. can cause significant yield losses in these crops. The fungus enters the vascular system at root tips  through wounds leading to progressive chlorosis of leaves, branches, wilting and collapse of the root system (Jain and Reddy, 1995).
	Host plant resistance is the most effective and reliable strategy to manage seed and soil-borne diseases. However, pathogens tend to evolve continuously into new races due to high pathogenic variability and mutability resulting in host plants losing resistance to the pathogens (Monga et al., 2018). Therefore, a combination of genetic and chemical control methods is a feasible strategy to improve the control efficacy. 
Chemical seed treatment with systemic fungicides is an effective and commonly adopted method for many crops throughout the world for management of seed and soil-borne diseases (Lamichhane et al., 2020; Ayesha et al., 2021). Chemical seed treatment typically involves applying pesticides such as fungicides, insecticides, nematicides and rodenticides etc. to seeds to protect them from diseases and pests that affect seeds and seedlings (White and Hoppin, 2004). Use of fungicides for seed treatment is mainly to control fungal pathogens that are of seed and soil-borne in nature affecting seeds and seedlings both pre- and post-emergence (Lamichhane et al., 2020). Synthetic fungicides, particularly systemic ones like triazoles and strobilurins target specific biochemical pathways such as ergosterol biosynthesis or mitochondrial respiration. However, their intensive and repetitive use has led to the emergence of fungicide-resistant strains, posing significant challenge to sustainable disease management (Ma and Michailides, 2005).
	Although there are many fungicides available for managing Fusarium spp., it is important to identify the most effective broad-spectrum fungicide at the optimal dose for combating various species of Fusarium. Hence the present study was carried out to evaluate the effectiveness and optimum doses of different seed treatment fungicides against three Fusarium spp. under in vitro conditions using poisoned food technique, which is a widely accepted, reliable and simple method for evaluating the efficacy of fungicides against soil-borne pathogens by directly inhibiting their mycelial growth on culture media (Masiello et al., 2019)

2. material and methods 

The experiment was carried out in the Department of Plant Pathology, College of Agriculture, Rajendranagar, Professor Jayashankar Telangana Agricultural University (PJTAU), Hyderabad, Telangana state, India during July – August, 2024. Pure cultures of three Fusarium spp. causing wilt diseases in three major crops viz.,F. verticillioides, F. udum and F. oxysporumf.sp. ciceris were obtained from the Microbial Culture Collection Centre, Department of Plant Pathology, College of Agriculture, Rajendranagar, PJTAU, Hyderabad, Telangana state, India (Table 1).

Table 1. List of Fusariumspp. used in the present study
	S. No.
	Name of the pathogen (disease caused)
	Host crop
	Place of collection
	Latitude & Longitude

	1.
	Fusarium verticillioides (Post flowering stalk rot)
	Maize (Zea mays L.)
	Kondapaka, Karimnagar, 505502, Telangana
	18.39989022, 79.44059428

	2.
	Fusarium udum (Wilt)
	Pigeonpea (Cajanuscajan L.)
	Regional Agricultural Research Station, Warangal 506007, Telangana
	18.01410785, 79.60305643

	3.
	Fusarium oxysporum f. sp. ciceris (Wilt)
	Chickpea (Cicer arietinum L.)
	Tadwai, Nizamabad 503120, Telangana
	18.32825397, 78.25308682



2.1 Evaluation of fungicides against Fusarium spp. under in vitro conditions
Six fungicides (Table 2), commonly used for seed treatment were selected from the pesticides recommended as per the Central Insecticides Board & Registration Committee, India (CIB & RC, 2024) were tested for their efficacy against the Fusarium pathogens at six concentrations viz., 100, 250, 500, 1000, 1500 and 2000  µg/mL  using the poisoned food technique (Nene and Thapliyal, 1993) under in vitro conditions.

Table 2. List of the fungicides used in the present study
	S. No.
	Name of the fungicide
	Active ingredient*
	Trade name and 
	Mode of action
	Chemical group
	Manufacturing Company

	1.
	Captan 50% WP
	Captan 50% w/w
	Captaf, 
	Non systemic; Multi-site enzyme inhibition 
	Phthalimides
	Rallis India Ltd.

	2.
	Thiram 75% DS
	Thram 75% w/w
	Seedcap,.
	Non systemic; Multi-site enzyme inhibition
	Dithio-carbamate
	Jaivik Crop Care Ltd

	3.
	Tebuconazole 5.36% FS
	Tebuconazole 5.35% w/w
	Raxil, Ltd.
	Systemic; Inhibits rgosterol biosynthesis
	Triazoles
	Bayer Crop Science

	4.
	Carboxin 37.5% + Thiram 37.5% DS
	Carboxin 37.50% w/w
Thiram 37.5% w/w
	Vitavax power, 
	Systemic & contact; Succinate dehydrogenase inhibitor + multi-site inhibition
	Anilide and dithiocarbamate 
	Dhanuka Agritech Ltd.

	5.
	Prochloraz 24.4% + Tebuconazole 12.1% EW
	Prochloraz 24.4% w/w
Tebuconazole 12.1% w/w
	Zamir, 
	Systemic; Inhibits ergosterol biosynthesis
	Imidazole + triazole
	Adama Ind. Pvt. Ltd.

	6.
	Thiophanate methyl 450 g/l + Pyraclostrobin 50 g/l FS
	Thiophanate Methyl 45% w/v
Pyraclostrobin 5% w/v

	Xelora, 
	Systemic; Inhibits β-tubulin assembly and mitochondrial respiration
	Benzimidazole and Strobilurin 
	BASF Ind. Ltd.


*As per product label claims with purity ranging 95-99%

Stock solution of 100000  µg/mL  concentration was prepared using 10 ml of sterilized distilled water. Desired concentration of fungicide was obtained by diluting the stock solution using the following formula

Where, C1 = concentration of the stock solution (mg/L), V1 = volume of the stock solution to be added (mg/L), C2 = desired concentration (mg/L) and V2 = volume of Potato Dextrose Agar (PDA) in which fungicide is to be amended (ml).
The required quantity of each fungicide was added separately to the sterilized PDA medium, mixed thoroughly and poured in sterilized 90 mm diameter glass Petri plates and allowed to solidify. Three replications were maintained. A control plate was also maintained, where medium was not supplemented with any fungicides. Each plate was inoculated with 5 mm discs of 5 days old pathogen cultures taken with the help of sterilized cork borer and incubated at 25 ± 20C for 7 days. Mycelial growth of the pathogen was recorded daily in the control plate starting from the initiation of the pathogen growth in correspondence to treatment plates till the fungal growth was full in control. Based on the observations recorded, the per cent growth inhibition will be calculated by the formula as mentioned (Vincent, 1947).


Where I = Per cent inhibition of mycelial growth over control 
C = Mycelial growth of the pathogen in control (mm)
T = Mycelial growth of the pathogen in treatment (mm)

2.2 Statistical Analysis
The data collected were analysed by analysis of variance (ANOVA) depending on the experimental design (completely randomized design) using the Statistical Package for Agricultural Scientists (OPSTAT). Duncan Multiple Range Test (DMRT) was used to analyse the data. 
3. results and discussion

The fungicides showed significant variation in their efficacy against different Fusarium species, with distinct inhibition patterns noted for each pathogen.

3.1 Effect of fungicides on mycelial growth of F. verticillioides under in vitro conditions
All the fungicides evaluated in this study significantly (P = .05) suppressed the mycelial growth of F. verticillioides across the concentration gradient when compared to the untreated control (Figure 1 and supplementary figure 1). Notably, carboxin 37.5% + thiram 37.5% DS and prochloraz 24.4% + tebuconazole 12.1% EW demonstrated complete inhibition of mycelial growth at concentrations from 250  µg/mL  up to 2000  µg/mL . Their effectiveness declined only at the lowest tested concentration (100  µg/mL ), highlighting their strong dose-dependent activity.Conversely, thiram 75% DS showed comparatively lower efficacy, with inhibition ranging from 0.00% at 100  µg/mL  to 89.54% at 1500  µg/mL . This fungicide consistently performed the least among all treatments tested. These results suggest that while thiram alone has limited efficacy, its combination with carboxin substantially enhances antifungal performance, possibly due to their complementary modes of action.These findings are similar to the earlier reports by Khokhar et al. (2014) and Jyothi &Saifulla (2017), who documented the effectiveness of tebuconazole-based formulations against F. verticillioides. The consistency of these observations across studies underscores the reliability of triazole-based fungicides in managing this pathogen under controlled conditions. 


Figure 1.Efficacy of fungicides on per cent mycelial growth inhibition of F. verticillioides

3.2 Effect of Fungicides on Mycelial Growth of F.udum under In Vitro Conditions
In the case of F.udum, distinct differences were observed among fungicides and concentrations (Figure 2 and supplementary figure 2). The fungicide combination prochloraz 24.4% + tebuconazole 12.1% EW again emerged as the most effective treatment, completely inhibiting mycelial growth at higher concentrations and showing strong suppression even at lower levels (85.36% at 100  µg/mL ). This was followed closely by carboxin + thiram, which achieved 80.41% to 100% inhibition across the tested range.By contrast, thiram 75% DS remained the least effective, with inhibition values ranging from 0.00% to 84.37%. These results emphasize not only the superior efficacy of combination fungicides but also the need for integrated approaches when dealing with soil-borne pathogens like F. udum. These resultsare in agreement with Patel et al. (2021), who highlighted the complete inhibition of mycelial growth and sporulation of F. udum by carboxin + thiram and tebuconazole. The reproducibility of such effects across different isolates and experimental setups strengthens the case for these fungicides as frontline options in Fusarium wilt management.



Figure 2.Efficacy of fungicides on per cent mycelial growth inhibition of F. udum

3.3 Effect of Fungicides on Mycelial Growth of F.oxysporum f. sp. ciceris under In Vitro Conditions
Similar to the trends observed with other Fusarium species, carboxin + thiram and prochloraz + tebuconazole exhibited complete inhibition of F. oxysporum f. sp. ciceris mycelial growth at concentrations between 250 and 2000  µg/mL  (Figure 3 and supplementary figure 3. These fungicides consistently outperformed others, indicating their broad-spectrum efficacy against diverse Fusarium spp.In contrast, thiram 75% DS again was the least effective, with inhibition percentages ranging from as low as 3.17% at 100  µg/mL  to 91.78% at 1500  µg/mL . The inferior performance of thiram alone, particularly at lower concentrations, reaffirmed the importance of using synergistic combinations for enhanced control. Our findings are in agreement with that of Ravichandran and Hegde (2015), who reported that tebuconazole and carbendazim effectively inhibited the radial growth of F. oxysporum f. sp. ciceris under laboratory conditions. Prochloraz in combination with tebuconazole was effective against all the three Fusarium spp. Prochloraz completely inhibited the mycelial growth of F. oxysporum f.sp. cubense (Nel et al., 2007). Likewise, Golakiya et al. (2018) found tebuconazole 25.9% EC to be among the most potent fungicides against this pathogen. Tebuconazole in combination with fluopyram and trifloxystrobin was effective against F. proliferatum  causing bulb rot of garlic (Patón et al., 2016).
 The differential efficacy of fungicides observed against Fusarium spp. in this study can be explained by their distinct modes of action. Systemic fungicides such as tebuconazole and prochloraz belong to the demethylation inhibitor class, targeting the C14-demethylain step in ergosterol biosynthesis, a critical component of fungal cell membranes (Ayesha et al., 2021). Inhibiting ergosterol disrupts membrane integrity and function, leading to cell lysis. Similarly thiophanate methyl, a benzimidazole fungicide interferes with microtubule assembly by binding to β-tubulin, thereby inhibiting mitosis and fungal growth. The high efficacy of systemic fungicides, particularly in combinations, reflects their specific and potent biochemical interference in vital fungal processes. In contrast, protectant fungicides such as captan and thiram are multi-site inhibitors that interfere with several enzymatic processes by reacting with thiol groups in fungal proteins (White andHoppin, 2004). Although they have broad-spectrum activity, their lack of systemic movement and non-specific action might have resulted in comparatively lower efficacy, especially at lower concentrations. The observed synergistic effects in combination fungicides can be attributed to simultaneous disruption of multiple pathways in fungal metabolism, enhancing inhibition efficacy across the three evaluated Fusarium spp. 


Figure. 3.Efficacy of fungicides on per cent mycelial growth inhibition of F. oxysporum f. sp.ciceris

4. Conclusion

The study demonstrated the  potential use of systemic fungicides as seed treatment, particularly the combination formulations of Carboxin 37.5% + Thiram 37.5% DS and Prochloraz 24.4% + Tebuconazole 12.1% EW in effectively suppressing the mycelial growth of F. verticillioides,F. udumand F. oxysporumf.sp. ciceris. Future studies validating their efficacy under field conditions are essential for their application in integrated wilt disease management in maize, redgram and chickpea. 
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Supplementay Figure 1. Effect of different fungicides on mycelial growth of Fusarium verticillioides under in vitro conditions
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Supplementary Figure 2. Effect of different fungicides on mycelial growth of Fusarium udum under in vitro conditions

[image: ]

Supplementary Figure 3.Effect of different fungicides on mycelial growth of Fusarium oxysporumf. sp.ciceris under in vitro conditions
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