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ABSTRACT
	Aim: To evaluate the efficacy of newly approved and recommended fungicides against charcoal rot disease of soybean under in vitro conditions.
Study design:  Complete randomized block design.
Place of Study: Division of Crop Protection, ICAR-National Soybean Research Institute, Khandwa Road, Indore.
Methodology: Infected plant samples showing typical symptoms were collected to isolate charcoal rot fungi and cultured on Potato Dextrose Agar (PDA). The isolate of Macrophomina phaseolina exhibited white to grey mycelium, which later developed into dark black microsclerotia ranging from approximately 80–120 µm in diameter. To obtain a pure culture, a hyphal tip was transferred to PDA plates acidified with 0.2% lactic acid. Subsequently, weekly subculturing was performed to maintain the culture on PDA medium. The in vitro efficacy of the fungicides against M. phaseolina was evaluated using the poison food technique. PDA containing plates were amended with various fungicides registered in India, including foliar fungicides (picoxystrobin, hexaconazole, pyraclostrobin + epoxiconazole, kresoxim-methyl, propiconazole, picoxystrobin + propiconazole, tebuconazole) at 0.05%, 0.1%, 0.15%, and 0.2%, and seed treatment fungicides (thiophanate methyl + pyraclostrobin, penflufen + trifloxystrobin, carboxin + thiram, carbendazim + mancozeb) at four different concentrations viz., 0.025%, 0.05%, 0.1%, and 0.125%. A Mycelial disc of 4 mm diameter from the 4-day-old actively growing culture of M. phaseolina was placed in the centre of poisoned PDA plates and incubated at 26 ± 1°C with a 14h light/10h dark cycle. Mycelial growth inhibition was calculated using Vincent’s formula. 
Results: Statistical analysis revealed that fungicides, concentrations, and their interaction significantly influenced mycelial growth inhibition for foliar fungicides (P < 0.0001), while seed dressing fungicides were not statistically significant. Among foliar tested fungicides, picoxystrobin + propiconazole was the most effective, showing the highest mycelial growth inhibition across all concentrations, with a maximum mean inhibition of 92.79%. While all seed dressing fungicides, irrespective of fungicide concentration, showed complete inhibition (100%) for charcoal rot. 
Conclusion: In foliar applications, picoxystrobin + propiconazole showed maximum inhibition for the charcoal rot pathogen, whereas seed treatments with penflufen + trifloxystrobin, carbendazim + mancozeb, thiophanate methyl + pyraclostrobin, and carboxin + thiram showed complete mycelium inhibition.  Additional field evaluations are necessary for the confirmation of field-level efficacy for different fungicides in managing the charcoal rot pathogen for the soybean crop. 	Comment by Anonymous: Remove the term Foliar or seed treatment..because it is used for field or pot conditions.  
However, it is  in-vitro study. 
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1. INTRODUCTION	Comment by Anonymous: Write about Area, Production, and Productivity of Soybean in India as well as in world (2-3 lines).
Soybean (Glycine max (L.) Merrill), commonly referred to as the “golden bean,” is a globally important leguminous crop due to its superior nutritional profile, characterized by high protein content (31.9 – 45.0%) and substantial edible oil content (14.0 – 21.7%) (Singh et al., 2021). Soybean cultivation worldwide, including in India, is severely constrained by a range of diseases that cause substantial yield losses (Wrather et al., 2010; Allen et al., 2017). In India, major diseases affecting soybean production include charcoal rot (CR), anthracnose, Rhizoctonia root rot, collar rot, rust, and yellow mosaic disease (Nataraj et al., 2019; Dalal et al., 2022; Rajput et al., 2023; Rajput et al., 2024).
CR is a soilborne disease caused by a pathogen with an exceptionally broad host range, infecting more than 500 plant species, including numerous economically important crops, and exhibiting little to no host specificity. This disease results in significant yield losses across several crops, including soybean (Bellaloui et al., 2021). In India, yield losses due to CR have been reported to reach as high as 77% (Nataraj et al., 2019; Magar et al., 2024). The pathogen persists throughout the year, making it particularly destructive by infecting a wide range of genotypes, commercial varieties, and advanced soybean lines under the agro-climatic conditions of Madhya Pradesh (Amrate et al., 2024). Although CR can infect soybean plants at all growth stages, the reproductive phase is considered the most susceptible (Nataraj et al., 2025).	Comment by Anonymous: Charcoal rot (CR)
Environmental stresses, including moisture deficit, elevated soil and air temperatures, and nutrient imbalances, intensify the incidence and severity of CR (Rajput et al., 2023). Initial symptoms in soybean include a dull green discoloration of the foliage, followed by rapid wilting of plants. With disease progression, the lower stem and taproot develop characteristic greyish-black, charcoal-like discoloration. The pathogen survives by producing microsclerotia as resting structures, enabling infection of both seedlings and mature plants throughout the cropping season (Patidar et al., 2023; Gupta et al., 2012).These resting structures serve as the primary source of inoculum and can persist in the soil for up to 15 years (Marquez et al., 2021). 
Upon infecting host plants, the charcoal rot pathogen adopts a multifaceted necrotrophic strategy involving the secretion of diverse enzymes, including an array of cell wall–degrading enzymes, along with the suppression of host defense responses (Ramos et al., 2016; Khambhati et al., 2023). Soil-borne diseases severely impair plant growth, reduce grain quality, and lead to significant declines in the marketable yield of soybean. In the absence of fully resistant cultivars against major soil-borne pathogens, including the charcoal rot pathogen, it has become necessary to adopt alternative management strategies such as chemical control and improved agronomic practices (Wen et al., 2017; Khan et al., 2024).
The use of clean and healthy seed material is a fundamental strategy for effective plant disease management (Rajput et al., 2020). However, the presence of asymptomatic seed-borne fungal infections poses a significant challenge to this approach (Singh et al., 2021). Application of fungicides through seed treatment and foliar spray has been recognized as an efficient and cost-effective method for managing fungal diseases (Kumar et al., 2024). In the case of CR, several studies have evaluated the efficacy of different fungicides and reported reductions in disease incidence; nevertheless, the level of control achieved has been inconsistent, highlighting the need for further evaluation of currently available commercial fungicides (Reznikov et al., 2016; Romero Luna et al., 2017).
Excluding fungicides restricted by government regulations, farmers have a limited range of chemical options for disease management. Fungicides recommended for use in soybean include hexaconazole, kresoxim-methyl, thiophanate-methyl + pyraclostrobin, picoxystrobin, pyraclostrobin + epoxiconazole, propiconazole, picoxystrobin + propiconazole, tebuconazole, penflufen + trifloxystrobin, carbendazim + mancozeb, and carboxin + thiram. Considering these constraints, the present study was undertaken to evaluate the efficacy of recently approved and recommended fungicides for the management of charcoal rot under in vitro conditions.
MATERIALS AND METHODS
Fungal pathogen collection and characterisation:
Infected stem tissues of diseased soybean plants were collected from the plant pathology field of the ICAR–National Soybean Research Institute, Khandwa Road, Indore. Isolation of the pathogen was carried out following standard procedures as described previously (Rajput et al., 2025). Small stem segments (5–6 mm) from infected tissues were surface-sterilized with 0.1% sodium hypochlorite for 45 s and subsequently rinsed three times with sterile distilled water. The sterilized tissues were placed on potato dextrose agar (PDA; HiMedia, India) supplemented with streptomycin (100 ppm) and incubated in a BOD incubator at 25 ± 2°C. Cottony mycelial growth was observed on the culture plates. Sclerotia were harvested from the cultures under a compound microscope and transferred onto acidified PDA (0.2% lactic acid) to obtain pure cultures. The purified cultures were maintained at 5°C and subcultured monthly for further studies.	Comment by Anonymous: Add reference	Comment by Anonymous: Add reference
Evaluation of fungicides against charcoal rot under In vitro conditions:  
In the present study, different fungicides were evaluated to identify the most effective seed dresser against the charcoal rot pathogen using the poison food technique (Rajput et al., 2016). Potato dextrose agar (PDA) plates were amended with various fungicides registered in India to assess their inhibitory potential against the pathogen. Fungicides recommended for foliar application included hexaconazole (Contaf, Rallis India Limited, India), propiconazole (Tilt, Syngenta India Ltd., India), tebuconazole (Folicur, Bayer India), picoxystrobin (Galileo, Corteva Agriscience, India), kresoxim-methyl (Ergon, Rallis India Limited, India), pyraclostrobin + epoxiconazole (Opera, BASF, India), and picoxystrobin + propiconazole (Galileo Way, Corteva Agriscience, India). These fungicides were tested at concentrations of 0.025%, 0.05%, 0.10%, and 0.125%. In addition, seed-treatment fungicides, including penflufen + trifloxystrobin (EverGol Xtend, Bayer India), carbendazim + mancozeb (Sprint, Indofil Industries Ltd., India), thiophanate-methyl + pyraclostrobin (Xelora, BASF India Ltd.), and carboxin + thiram (Vitavax Power, Dhanuka Agritech Ltd., India), were also evaluated at the same concentration levels (0.025%, 0.05%, 0.10%, and 0.125%).
Mycelial discs (4 mm diameter) were excised from the actively growing peripheral region of a four-day-old culture of the pathogen and aseptically placed at the center of Petri plates containing fungicide-amended (poisoned) PDA. The inoculated plates were incubated in a BOD incubator at 26 ± 1°C under a 14 h light and 10 h dark photoperiod. Mycelial growth was periodically observed, and upon complete colony development in the control plates, the percent inhibition of mycelial growth was calculated using Vincent’s formula (1947):	Comment by Anonymous: Reference
I = 100 (C − T) / C 
where I denotes the percentage of mycelial growth inhibition, and C and T represent the mean colony diameter in the control and fungicide-treated plates, respectively. Each treatment was replicated three times, and colony diameter was measured along two perpendicular axes to obtain the mean value. Data were subjected to analysis of variance (ANOVA), and treatment means were compared using the least significant difference (LSD) test with the aid of the R package “agricolae” (Rajput et al., 2025).
RESULTS AND DISCUSSION
In-vitro assessment of registered foliar fungicides for controlling charcoal rot:
The pooled analysis of mean mycelial growth inhibition revealed highly significant effects of fungicides (P < 0.0001), concentrations (P < 0.0001), and their interaction (fungicide × concentration) (P < 0.0001). The percentage inhibition of charcoal rot pathogen growth varied significantly among the tested fungicides and concentration levels, indicating a strong influence of both individual treatments and their interactions on antifungal efficacy.
Results revealed a significant positive relationship between the mean mycelial growth inhibition of the CR pathogen and fungicide concentration. Maximum inhibition (78.25%) was recorded at the highest concentration (0.125%) (Table 1), which was significantly higher than at the other concentrations (0.10%, 0.05%, and 0.025%). Overall, an increase in fungicide concentration resulted in a corresponding increase in mycelial growth inhibition percentage. These results were consistent with previously reported outcomes by various researchers (Chouhan et al., 2025; Kelgandre et al., 2024).	Comment by Anonymous: Remove CR
Among the evaluated fungicides, picoxystrobin + propiconazole showed the most superior results, with the highest mean mycelial inhibition (92.79%), superior to the rest of the treatments. The highest mycelial growth inhibition (92.94%) was observed with picoxystrobin + propiconazole at concentrations of 0.05%, 0.10%, and 0.125%, as well as with tebuconazole and picoxystrobin at 0.125%. These treatments were significantly more effective than the other fungicides at their respective concentrations. In contrast, hexaconazole and kresoxim-methyl exhibited significantly lower efficacy in controlling the pathogen, with kresoxim-methyl recording the lowest mean mycelial inhibition of 43.38%. 
These findings are consistent with previous reports. Srinivas et al. (2021) recorded complete mycelial inhibition of Macrophomina phaseolina with tebuconazole, both alone and in combination with trifloxystrobin. Similarly, Chouhan et al. (2025) observed 100% inhibition with pyraclostrobin combined with metiram, while a high inhibition (92.16%) was recorded when pyraclostrobin was combined with thiophanate-methyl; tebuconazole also showed enhanced antifungal activity when used in combination with azoxystrobin. Comparable results were reported by Kelgandre et al. (2024), who demonstrated effective suppression of mycelial growth with propiconazole and tebuconazole. Additionally, Dhawan et al. (2024) observed higher inhibition with tebuconazole.
Tebuconazole, a member of the azole class, inhibits ergosterol biosynthesis in fungi by binding to sterol 14α-demethylase (CYP51), leading to disruption of cell membrane integrity (Meireles et al., 2025). In contrast, azoxystrobin and pyraclostrobin, which are quinone outside inhibitor (QoI) fungicides, impede electron transport at the quinol-oxidizing site of the cytochrome bc1 complex (Complex III), thereby inhibiting mitochondrial respiration (Song et al., 2022). Collectively, these studies support the present findings and underscore the superior efficacy of triazole-based fungicides, either alone or in combination with strobilurins or multi-site fungicides, against M. phaseolina.
Table 1: Percent inhibition of mean mycelial growth (%) of registered fungicides for foliar application against charcoal rot	Comment by Anonymous: Add LSD value in Table.
	[bookmark: _Hlk217996878]Foliar application Fungicides
	Concentration (%) 
	Mean

	
	0.025
	0.05
	0.1
	0.125
	

	Picoxystrobin 
	83.24ij
	87.06g
	91.18c
	92.94a
	88.61b

	Hexaconazole   
	48.53q
	49.71p
	50.29o
	52.35n
	50.22f

	Pyraclostrobin + Epoxiconaxole 
	80.00l
	86.18h
	87.35fg
	87.94e
	85.37d

	Kresoxim-methyl 
	43.82s
	42.65t
	40.00u
	47.06r
	43.38g

	Propiconazole 
	79.12m
	80.88k
	81.18k
	83.53i
	81.18e

	Picoxystrobin + Propiconazole 
	92.35b
	92.94a
	92.94a
	92.94a
	92.79a

	Tebuconazole   
	82.94j
	89.12d
	87.65ef
	92.94a
	88.16c

	Mean
	72.86d
	75.51c
	75.80b
	78.53a
	


The data presented are the mean values obtained from three replicates per treatment. Statistical differences were determined using ANOVA followed by LSD test at p < 0.05. Treatments sharing the same superscript letter are not significantly different, while different superscript letters indicate significant differences at p < 0.05.
In-vitro evaluation of fungicides registered for seed treatment application against charcoal rot
Results from in vitro evaluation of various seed dressing fungicides against the charcoal rot exhibited complete inhibition (100 %) of mycelium growth at all four tested fungicide concentrations (0.025%, 0.05%, 0.1%, and 0.125%) (Table 2), and results demonstrate that all evaluated fungicides are equally effective against the pathogen, even at the lowest concentration. Means increasing the concentrations had no effect. The pooled analysis indicates no significant differences (P > 0.05) among fungicides, concentrations, or a combination of both. 
Similar results were also reported earlier by various scientists, like Srinivas et al. (2021) Carbendazim exhibited 100 % mycelium inhibition for M. phaseolina at all concentrations, while Mancozeb showed complete Inhibition at higher concentrations, similar to Trifloxystrobin in combination with Tebuconazole. In a related study, Chouhan et al. (2025) reported complete inhibition of M. phaseolina with fungicidal combinations such as carboxin + thiram and carbendazim + mancozeb, while thiophanate-methyl + pyraclostrobin also exhibited substantial inhibitory effects. Similarly, Hingole and Kendre (2021) observed complete inhibition with carbendazim, whereas mancozeb and thiophanate-methyl caused notable reductions in mycelial growth. Kelgandre et al. (2024) documented complete inhibition with carbendazim, with thiophanate-methyl showing good antifungal efficacy. Dhawan et al. (2024) further reported complete inhibition with various fungicidal combinations, including carboxin + thiram and carbendazim + mancozeb, as well as with mancozeb alone, even at low concentrations (0.25%), while carbendazim and thiophanate-methyl also demonstrated considerable inhibitory activity. Collectively, these studies corroborate the present findings and highlight the effectiveness of systemic and combination fungicides in managing M. phaseolina.
Carbendazim and thiophanate-methyl belong to the benzimidazole class of fungicides (Bai et al., 2024). Carbendazim inhibits fungal growth by binding to β-tubulin and disrupting microtubule formation (Zhou et al., 2016), whereas thiophanate-methyl interferes with hyphal development and is metabolized into carbendazim within plants, exerting similar effects (Bai et al., 2024). Mancozeb functions by interacting with sulfhydryl groups of enzymes, thereby disrupting key biochemical processes in the fungus (Ben Naim and Cohen, 2023). Thiram targets glutathione reductase (Elskens and Penninckx, 1995), while carboxin inhibits succinate–cytochrome c reductase in mitochondria (Ulrich and Mathre, 1972). That ultimately affects fundamental fungal processes such as respiration.
Table 2: Percent inhibition of mean mycelial growth (%) of registered fungicides for seed treatment application against charcoal rot	Comment by Anonymous: Add LSD value in Table.
	Foliar application Fungicides	Comment by Anonymous: ??
	Concentration (%) 
	Mean

	
	0.025
	0.05
	0.1
	0.125
	

	Thiophanate Methyl 450g/l + Pyraclostrobin 50g/l w/v FS
	100.00a
	100.00a
	100.00a
	100.00a
	100.00a

	Penflufen 13.28% w/w + Trifloxystrobin 13.28% w/w FS
	100.00a
	100.00a
	100.00a
	100.00a
	100.00a

	Carboxin37.5%+ Thiram37.5%DS
	100.00a
	100.00a
	100.00a
	100.00a
	100.00a

	Carbendazim 25%+ Mancozeb 50% WS
	100.00a
	100.00a
	100.00a
	100.00a
	100.00a

	Mean
	100.00a
	100.00a
	100.00a
	100.00a
	


The data presented are the mean values obtained from four replicates per treatment. Statistical differences were determined using ANOVA followed by LSD test at p < 0.05. Treatments sharing the same superscript letter are not significantly different, while different superscript letters indicate significant differences at p < 0.05.
Conclusion:	Comment by Anonymous: At last, Future perspective of using fungicides (Add 2-3 lines)
The present study aimed to evaluate the efficacy of various fungicides against the charcoal rot pathogen under in vitro conditions. Among seven government-registered fungicides tested for foliar application, the combination of picoxystrobin + propiconazole exhibited the highest mean mycelial growth inhibition and was significantly more effective than the other treatments, followed by picoxystrobin and tebuconazole. Additionally, the seed-treatment fungicides thiophanate-methyl + pyraclostrobin, penflufen + trifloxystrobin, carboxin + thiram, and carbendazim + mancozeb demonstrated comparable efficacy, achieving complete inhibition of the pathogen. While these results under in vitro conditions are promising, further evaluation under field conditions is required to assess the practical effectiveness of these fungicides for managing charcoal rot in natural agricultural environments.
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