In-vitro efficacy of fungicides against Colletotrichum truncatum causing anthracnose of Soybean


ABSTRACT: The study assessed the effectiveness of various single and combination fungicides against C. truncatum, the pathogen responsible for soybean anthracnose, using the poisoned food technique under laboratory conditions. In total a set of twelve fungicides comprising six single-molecule formulations and six combinations were evaluated at concentrations of 100, 250 and 500 ppm. Results showed significant differences in inhibition of test pathogen among different treatments. Among the single fungicides, carbendazim (50 WP) and tebuconazole (25.9% EC) achieved complete mycelial growth inhibition (100%) at 500 ppm. The mixture of carbendazim (25%) + mancozeb (50% WS) proved most effective overall, fully suppressing fungal growth at both 250 and 500 ppm. Strobilurin-based combinations like metiram + pyraclostrobin and penflufen + trifloxystrobin also demonstrated strong inhibition rates (>80%) at higher doses, whereas carboxin + thiram was the least effective, showing only 49.59% inhibition at 100 ppm. Overall, antifungal activity increased with concentration, with carbendazim + mancozeb standing out as a promising candidate for integrated management strategies, meriting further validation under field conditions.	Comment by Ganesh Pawar: Consider ending with a sentence on practical implications for soybean farmers or integrated management.
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INTRODUCTION: Soybean (Glycine max) is a vital global oilseed crop, highly valued for its nutritional content and wide industrial uses. It contains roughly 42% protein and 20% oil, along with beneficial compounds like isoflavones, dietary fiber, and omega-3 fatty acids, making it a digestible and cost-effective plant-based protein source (Masuda and Goldsmith, 2009; Guzeler and Yildirim, 2016). In India, large-scale soybean farming started in the early 1970s and has since become a key part of the agricultural economy. Despite its importance, soybean is highly susceptible to anthracnose, mainly caused by the fungus Colletotrichum truncatum, recognized as one of the most damaging diseases. Reported yield losses range from 16 to 26% (Beckman et al., 1982), and even a 1% increase in disease incidence can lower yields by almost 90 kg/ha (Dias et al., 2016). This disease, first identified in Korea in 1917 (Latunde, 2001) and later in India by Srivastava and Nene (1971), is now widespread. It spreads via seeds and can infect soybeans at any growth stage, with pod blight causing the most severe damage (Vyas et al., 1997). Symptoms include dead lesions, early leaf drop, and seeds that are shrivelled or moldy (Yang and Hartman, 2015). Disease development is favoured by warm, humid conditions around 35°C (Sharma et al., 2020). 	Comment by Ganesh Pawar: This section can be shortened; too much detail on nutritional profile distracts from the disease focus.
While chemical fungicides are commonly used to control anthracnose, their prolonged use raises concerns about resistance, environmental impact, and human health. Developing resistant soybean varieties is seen as the best alternative, but no cultivar has achieved complete immunity, and resistance often fails within a few years (Dias et al., 2018). Given these challenges, fungicide applications appears to be the most widely adopted and direct approach for managing anthracnose in soybean,	Comment by Ganesh Pawar: fungicide applications appears
METHODOLOGY: The poisoned food technique (Nene and Thapliyal, 1993) was employed to evaluate the efficacy of fungicides against C. truncatum under laboratory conditions. A total of twelve fungicides, comprising six single-compound formulations and six combinations, were tested at concentrations of 100, 250, and 500 ppm by incorporating the required amount into molten PDA. The single-compound fungicides included propiconazole 25% EC, hexaconazole 5% SC, tebuconazole 25.9% w/w EC, carbendazim 50% WP, mancozeb 75% WP and pyraclostrobin 20% WG. The combination fungicides consisted of metiram 55% + pyraclostrobin 5% WG, carboxin 37.5% + thiram 37.5% WS, carbendazim 25% + mancozeb 50% WS, thiophanate methyl 450 + pyraclostrobin 50 G/L (w/v) FS, penflufen 13.28% w/w + trifloxystrobin 13.28% w/w FS and azoxystrobin 11% + tebuconazole 18.3% SC. Mycelial discs (5 mm) from 10 day old cultures of C. truncatum were placed at the centre of the amended plates, while plates without fungicide served as control. Each treatment was replicated thrice in a Completely Randomized Design (CRD). The inoculated plates were incubated at 27 ± 2°C and radial mycelial growth was recorded on the 3rd, 5th and 7th day. Per cent inhibition of mycelial growth over control was calculated using Vincent’s formula (1947). 

Where,
	PI
	=
	Per cent inhibition

	C
	=
	Colony diameter in check plate (mm)

	T
	=
	Colony diameter in treatments (mm)


RESULTS AND DISCUSSION: 
All the tested fungicides exhibited significant inhibitory effects on the mycelial growth of Colletotrichum truncatum under in vitro conditions compared to the untreated control, indicating their potential in the chemical management of soybean anthracnose. Among the single fungicides, carbendazim (50 WP) and tebuconazole (25.9% EC) demonstrated the highest efficacy, achieving complete inhibition (100%) of fungal growth at 500 ppm and maintaining over 90% inhibition even at 250 ppm. These results suggest strong fungistatic activity even at relatively lower concentrations. On the other hand, mancozeb (75% WP) exhibited the lowest efficacy among the single fungicides at 100 ppm (51.76%), although its inhibitory effect improved significantly with increasing concentrations, underscoring a clear dose-response relationship.
Strobilurin fungicides, such as pyraclostrobin, also showed pronounced antifungal activity, achieving over 80% inhibition at higher concentrations, whereas propiconazole and hexaconazole produced moderate levels of suppression across all tested doses. This variability in performance highlights inherent differences in the modes of action and potency of fungicidal groups against C. truncatum.
In the case of combination fungicides, carbendazim (25%) + mancozeb (50% WS) was the most effective, recording complete inhibition (100%) at both 250 and 500 ppm. This was followed by metiram + pyraclostrobin and penflufen + trifloxystrobin, which achieved inhibition levels of 85.88% and 84.71%, respectively, at 500 ppm. In contrast, carboxin + thiram exhibited the weakest antifungal activity among the combinations, with only 49.59% inhibition at 100 ppm. Across all fungicides, a consistent increase in inhibition with rising concentrations confirmed a dose-dependent response, indicating that higher doses enhance fungicidal efficacy against C. truncatum.
The observed variation in fungicidal performance is closely associated with differences in their biochemical modes of action. Benzimidazoles such as carbendazim disrupt microtubule assembly, leading to mitotic arrest (Gawade & Suryavanshi, 2009; Bankoliya et al., 2022), whereas triazoles including tebuconazole, hexaconazole, and propiconazole inhibit ergosterol biosynthesis, compromising fungal cell membrane integrity (Nagaraj, 2013; Gujar et al., 2021). Strobilurins, such as pyraclostrobin, trifloxystrobin, and azoxystrobin, act by blocking electron transfer at the cytochrome bc1 complex, thereby halting mitochondrial respiration (Shashikumara et al., 2020). In contrast, dithiocarbamates like mancozeb act as multi-site inhibitors, interfering with multiple enzymatic pathways simultaneously.	Comment by Ganesh Pawar: The explanation of fungicide modes of action is unnecessarily long and should be shortened to only relevant points.
The superior performance of carbendazim and tebuconazole highlights the advantage of target-specific fungicides with potent systemic activity. Furthermore, the exceptional efficacy of carbendazim + mancozeb demonstrates the synergistic effect of combining systemic and contact fungicides, enhancing both curative and protective action (Rajashree et al., 2020). The pronounced dose-dependent inhibition observed across all treatments further emphasizes the necessity of applying fungicides at optimal concentrations to achieve effective suppression of soybean anthracnose (Patel et al., 2020).
[bookmark: _Hlk210330348]So far, numerous biocontrol agents, particularly species of Trichoderma, have been extensively explored and recommended for the management of plant diseases across a wide range of crops (Kumar et al., 2009; Kumar et al., 2013; Kumar et al., 2014a, 2014b, 2015; Kumar and Sahu, 2015; Jain et al., 2017; Kharte et al., 2022; Parihar et al., 2024a, 2024b). These beneficial fungi are known for their antagonistic mechanisms, including mycoparasitism, competition for nutrients and space, production of cell wall–degrading enzymes, and induction of systemic resistance in host plants. Despite their well-documented potential, the field performance of biocontrol agents has often been inconsistent, primarily due to variability in environmental conditions, soil microbiota, and pathogen pressure, which can significantly influence their efficacy.	Comment by Ganesh Pawar: The last part of discussion extensively reviews Trichoderma and integrated approaches. While relevant, it is not connected to the current results (since this study did not test biocontrol agents). Shorten this part. 
Given these challenges, an integrated approach involving judicious use of compatible fungicides in combination with potent biocontrol agents offers a promising strategy for effective disease suppression. Such integration should be preceded by detailed morphological and cultural characterization of the bioagents as well as compatibility assessments to ensure that the chemical treatments do not adversely affect the growth, sporulation, or antagonistic activity of beneficial microorganisms (Kumar et al., 2014b; Kumar et al., 2016; Bansal et al., 2021; Dinkwar et al., 2023; Singh et al., 2023). The development of such synergistic combinations could substantially enhance the reliability and consistency of disease control under diverse agro-ecological conditions. Moreover, integrating biocontrol agents with chemical fungicides not only broadens the spectrum and durability of disease management but also allows for the dual exploitation of their plant growth-promoting attributes (Kumar and Sahu, 2014; Kumar et al., 2019). Trichoderma spp., for instance, are known to enhance root growth, improve nutrient uptake, and stimulate plant defense responses, thereby contributing to improved crop vigor and yield. Thus, designing disease management strategies that harness both the curative and protective efficacy of fungicides and the ecological and growth-promoting benefits of bioagents represents a sustainable, eco-friendly, and future-oriented approach to managing soybean anthracnose and similar fungal diseases.
CONCLUSION
This study demonstrated that all tested fungicides suppressed the mycelial growth of Colletotrichum truncatum, with efficacy increasing at higher concentrations. Among single fungicides, carbendazim and tebuconazole showed complete inhibition, while the combination of carbendazim + mancozeb proved most effective overall. Strobilurin-based mixtures also performed well, though carboxin + thiram was least effective. These findings highlight carbendazim + mancozeb as a promising option for integrated management of soybean anthracnose, warranting further field validation.
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Table 1: In vitro efficacy of single compound fungicides against C. truncatum
	Treatment
number
	Treatments detail
	Mycelial radial growth after 7 days (in mm) and percent inhibition in growth of the test fungus

	
	
	100 ppm
	250 ppm
	500 ppm

	
	
	Mycelial
growth (mm)
	Percent
inhibition (%)
	Mycelial
growth (mm)
	Percent
inhibition (%)
	Mycelial
growth (mm)
	Percent
inhibition (%)

	T1
	Propiconazole 25%
	30.00
	64.71
	25.33
	70.19
	17.67
	79.21

	T2
	Hexaconazole 5%
	38.05
	55.233
	35.00
	58.82
	30.00
	64.70

	T3
	Tebuconazole25.9%
	10.00
	88.24
	8.00
	90.59
	0.00
	100

	T4
	Carbendazim (50 WP)
	11.55
	86.413
	8.00
	90.58
	0.00
	100

	T5
	Mancozeb 75 WP
	41.00
	51.76
	18.33
	78.43
	8.17
	90.39

	T6
	Pyraclostrobin 20%
	19.00
	77.65
	18.00
	78.823
	14.00
	83.53

	T7
	Control
	85.00
	 -
	85.00
	 -
	85.00
	- 

	 
	C.D. (5%)
	0.55
	0.702
	1.63
	2.101
	1.94
	2.506

	 
	SE(m)±
	0.18
	0.225
	0.53
	0.674
	0.63
	0.804





Table 2: In vitro efficacy of combination of fungicides against C. truncatum
	Treatments
Number
	Treatment detail
	Mycelial radial growth after 7 days (in mm) and percent inhibition in growth of the test fungus

	
	
	100 ppm
	250 ppm
	500 ppm

	
	
	Mycelial
growth (mm)
	Percent
inhibition (%)
	Mycelial
growth (mm)
	Percent
inhibition (%)
	Mycelial
growth (mm)
	Percent
inhibition (%)

	T1
	Metiram 55% + Pyraclostrobin 5% WG
	16.90
	80.12
	14.00
	83.53
	12.00
	85.88

	T2
	Carboxin37.5% + Thiram 37.5%
	42.85
	49.59
	24.10
	71.647
	16.40
	80.707

	T3
	Carbendazim25%+ Mancozeb 50%
	10.00
	88.24
	0.00
	100
	0.00
	100

	T4
	Thiophanate Methyl 450 + Pyraclostrobin 50 G/L (W/V) FS
	30.00
	64.71
	19.70
	76.823
	18.05
	78.763

	T5
	Penflufen13.28% + Trifloxystrobin 13.28%
	24.20
	71.53
	17.60
	79.297
	13.00
	84.71

	T6
	Azoxystrobin11% + Tebuconazole 18.3% SC 
	32.10
	62.237
	27.50
	67.65
	20.00
	76.47

	T7
	Control
	85.00
	-
	85.00
	 -
	85.00
	- 

	 
	C.D. (5%)
	1.61
	2.085
	0.84
	1.086
	1.23
	1.584

	 
	SE(m)±
	0.53
	0.669
	0.27
	0.349
	0.40
	0.508




Figure 1: Effect of different single compound fungicides on percent inhibition of the test fungus after seven days of incubation at 100, 250 and 500 ppm concentrations





Figure 2: Effect of different fungicidal combinations on percent inhibition of the test fungus after seven days of incubation period at 100, 250 and 500 ppm concentrations
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Plate 1: Evaluation of different single compound fungicides against Colletotrichum truncatum at different concentration.
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[bookmark: _Hlk208407463]Plate 2: Evaluation of different combination of fungicide against Colletotrichum truncatum at different concentrations.
T1	100ppm	250ppm	500ppm	80.117647058823522	83.529411764705884	85.882352941176464	T2	100ppm	250ppm	500ppm	49.588235294117645	71.647058823529406	80.705882352941174	T3	100ppm	250ppm	500ppm	88.235294117647058	100	100	T4	100ppm	250ppm	500ppm	64.705882352941174	76.823529411764696	78.764705882352942	T5	100ppm	250ppm	500ppm	71.52941176470587	79.294117647058826	84.705882352941174	T6	100ppm	250ppm	500ppm	62.235294117647058	67.64705882352942	76.470588235294116	



T1	100ppm	250ppm	500ppm	64.705882352941174	70.1964705882353	79.215294117647062	T2	100ppm	250ppm	500ppm	55.235294117647058	58.82352941176471	64.705882352941174	T3	100ppm	250ppm	500ppm	88.235294117647058	90.588235294117652	100	T4	100ppm	250ppm	500ppm	86.411764705882348	90.588235294117652	100	T5	100ppm	250ppm	500ppm	51.764705882352949	78.431764705882358	90.391764705882352	T6	100ppm	250ppm	500ppm	77.64705882352942	78.82352941176471	83.529411764705884	
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