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Abstract
The effectiveness of five commercially available fungicides against Alternaria brassicae, the causative agent of Alternaria blight in mustard (Brassica juncea), was assessed in an in vitro study. These fungicides were Copper oxychloride, Chlorothalonil, Azoxystrobin, Captan + Hexaconazole, and Azoxystrobin + Tebuconazole. Radial growth inhibition was assessed using the poisoned food approach at four different concentrations (50, 100, 150, and 200 ppm). With a definite dose-dependent response, all fungicides dramatically decreased fungal growth as compared to the untreated control. The most effective combination of treatments was Azoxystrobin + Tebuconazole, which achieved 83.02% inhibition at 50 ppm and full inhibition at 100 ppm. While copper oxychloride and chlorothalonil were somewhat ineffective and did not achieve total inhibition at any tested concentration, azostrobin alone and captan + hexaconazole were moderately effective. The results indicate that systemic and combination fungicides, especially formulations based on azoxystrobin, have a great chance of being incorporated into integrated disease management plans to combat A. brassicae in mustard farming.
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Introduction
Rapeseed mustard is a vital oilseed crop grown considerably across five mainlands. During 2021-22 global cultivation covered roughly 39.96 million hectares with a production of 87.22 million tonnes and an average yield of 21.82 kg/ha, FAO (2022). Major producers are Canada, India, China, Australia and several European countries. Canada, china and India alone account for 59.65% of the total harvested area and 52.94% of global production. India with a donation of 11.96% of global production ranks third and cultivates mustard in 23 states and union territories DRMR., (2021),. Among various species Indian mustard (Brassica juncea L. Czern) is the most extensively cultivated, enwrapping further than 80% of the total area due to its rigidity, yield eventuality and disease resistance.
Despite enhancement in productivity there is significant yield gaps persist primarily due to abiotic and biotic stress. Abiotic factors like failure, drought, saltness, frost and nipping injury negatively impact crop physiology and yield. Also agronomic issues similar as sour sowing dates and poor planning figure complicate the problem Kumari et al., (2021). Among biotic constraints, Alternaria blight caused by Alternaria brassicae and Alternaria brassicola is a major in Indian mustard cultivation. This disease is current in all mustard growing regions of India and causes yield losses ranging from 10 to 70% depending on species and environmental conditions Chattopadhyay, 2009; kumar et al., 2019). Particularly in states like Bihar, Uttar







Pradesh, Rajasthan and Madhya Pradesh average losses of 35-38% in mustard and upto 46.57% in yellow sarson have been recorded (Kolte et al., 1987; Kumar & Shete 2021; Pandey et al., 2024;)
Symptoms include charecterstics spots on leaves, stems and sliques ultimately leading to reduced seed size, color and oil content (Prasad et al., 1970; Kaushik et al., 1984). The pathogen survive under unfavourable condition through conidiospores, infected seeds and scceptible seed hosts (Humpherson Jones & Maude, 1982;) In India’s tropical and subtropical zones seed born inoculam is less significant (Mehta et al., 2002).
Managing Alternaria blight is challenging due to the pathogen’s broad host range and airborne nature. While artistic practices like crop rotation and healthy seed operation contribute to disease control, they are not completely effective. Chemical control using fungicide such as Apron 35 SD and Ridomil MZ 72 WP has shown promising results (Rathi & Singh, 2009). Still environmental and health concerns necessitate eco-friendly alternatives. Biocontrol agents including Trichoderma harzianum, trichoderma koningii and Chaetomium globosum have shown efficacity in reducing disease incidence (Vannanacci & Harman, 1987). Also grounded plant based treatments such as garlic extract have proven effective against seed borne pathogens (Latif et al., 2006), though not sufficient alone.
Hence, an integrated disease management approach is essential. The current study aims to estimate the in-vitro efficacity of named fungicide against the Alternaria brassicae to develop sustainable and effective strategies for the control of Alternaria blight in mustard cultivation, because of the pathogens broad host range, seed and airborne transmission and the limited efficacy of traditional control methods, Alternaria blight remains a significant threat to mustard productivity despite advancements in its treatment. Fungicidal intervention is still an essential part of integrated management, even though cultural and biological methods offer some suppression. The comparative effectiveness of more systematic and combination fungicide against A. brassicae in controlled setting has not been sufficiently evaluated though.
In order to determine the most successful treatments or treatments for possible application in integrated disease management of mustard, the current sudy was conducted to assess the in vitro efficacy of specific fungicides against A.brassicae.


Material and method
The study was carried out in the Department of Plant Protection, Faculty of Agricultural Sciences, Bundelkhand University, Jhansi (U.P.), India, during the 2024–2025 rabi season. From experimental fields, naturally infected mustard (Brassica juncea) leaves and siliquae exhibiting the characteristic Alternaria blight signs (small, round, brown necrotic patches) were gathered and transported in sterile plastic bags to the lab.

To verify the existence of fungal structures including mycelia, conidiophores, and conidia, the samples were analyzed under a microscope using lactophenol cotton blue. Sections of infected tissue were cultured in wet chambers to encourage sporulation. Small leaf segments (about 5 × 5 mm) from the edge of both healthy and sick tissue were isolated by surface sterilizing them for two minutes with either 0.5% sodium hypochlorite or 0.1% mercuric chloride, then rinsing them three times with sterile distilled water before placing them on Potato Dextrose Agar

(PDA) plates. Single-spore isolation was used to create pure cultures, which were cultured at 25 ± 2°C. Conidial morphology (muriform conidia with transverse and longitudinal septa and a distinctive beak) and colony features were used to confirm Alternaria brassicae's identification Simons et. al., (2007). Every 30 days, cultures were subcultured and kept at 4°C on PDA slants. Identification of Alternaria brassicae was done based on cultural and morphological features observed under 10X and 40X magnification including muriform conidia with transverse and longitudinal septa and a distinct long beak.

Media Culture
Three distinct mediums were employed for maintenance and isolation :

a. PDA (potato dextrose sugar) : for growth and sporulation
b. Nutrient Agar Medium (NAM) : For growth of all type of fungi.
c. TSM or Trichoderma Selective Medium is used to inhebit fast growing fungi and bacteria, Dhingra & Sinclair (1995)

Treatments and Fungicides

Five fungicides that are sold commercially were assessed :

a. Oxychloride of copper (CoC 50)
b. Kavach (Chlorothalonil)
c. Hexaconazole+Captan (Taqat)
d. Amister or Azoxystrobin
e. Tebuconazole+Azoxystrobin (Spectrum)

To estimate fungicidal efficacity four marketable available fungicides Copper oxychloride (COC 50), Chlorothalonil (Kavach), Azoxystrobin (Amistar), Captan+Hexaconazole (Taqat), and Azoxystrobin + Tebuconazole (Spectrum) were tested at four concentrations (50,100,150 and 200 ppm) using the food poisoned technique. Fungicide treated PDA was poured into castrated 90 mm Petri plates (20ml/plate) and each was inoculated centrally with a 5mm slice from a 7-day old culture of Alternaria brassicae. Control plates without fungicide were also prepared. All treatments were replicated three times and incubated at 25±2°C until control plates were fully colonized.

Evaluation of Fungicidal Effectiveness

Radial growth inhibition was calculated using Vincent’s (1947) Formula.
Percent Inhibition = C−T × 100
𝐶
Where
C = radial growth in control plate (mm)
T = radial growth in treated plate (mm)

Analysis of Statistics

The data were examined for ANOVA assumptions, homogeneity of variance (Lavene’s/Bartlett’s) and residual normality (shapiro-wilk) were confirmed. Percent data were arcsine square-root transformed as necessary before analysis; however untransformed means are shown in tables for readability because the transformation did not alter the results. The primary result of fungicide and concentration as well as their concentration (Fungicide×concentration), were tested using a two-way ANOVA. Fisher’s Least Significant Difference(LSD, α=0.05); the LSD values given beneath each concentration column were calculated from ANOVA error, Gomez (1984). term as follows:




𝐿𝑆𝐷𝛼 = 𝑡𝛼, 𝑑𝑓𝑒𝑟𝑟𝑜𝑟 × √2 ×

𝑀𝑆𝐸


𝑟

Where MSE is the ANOVA mean square error, r=3 is the number of replicamts per treatment, and t is the student’s t critical value at α and error degrees of freedom. The pooled main-effect LSD was utilized for mean separation when the interaction was not significant. atP<0.05, statistical significant was established.

Analysis were conducted using standard statistical software (eg. R 4.3.2 and agricolae package, SPSS).



Result and Discussion
The current study unequivocally showed that both the active ingredient and the concentration employed had a significant impact on the fungicides' effectiveness against A. brassicae. Higher concentrations increased the suppressive impact, as evidenced by a consistent dose-dependent inhibition pattern. With total growth suppression at just 100 ppm, the combination fungicide Azoxystrobin + Tebuconazole outperformed the other treatments. This finding emphasizes how the chemistry of triazole (Tebuconazole) and strobilurin (Azoxystrobin) work in concert to improve pathogen suppression by targeting distinct biochemical pathways.

Significant inhibition was also achieved by Azoxystrobin by itself and Captan + Hexaconazole, demonstrating the effectiveness of systemic and combination fungicides against Alternaria species. Wagh et al. (2015), Kiran et al. (2017), and Vijayalakshmi et al. (2018) found similar results, indicating that systemic fungicides were more effective than contact fungicides. On the other hand, even at the greatest concentrations, chlorothalonil and copper oxychloride demonstrated partial inhibition, making them the least effective. These contact fungicides' method of action, which mainly limits spore germination and surface infection rather than profoundly inhibiting fungal growth, may be the reason for their poor efficacy.

The findings also support previous research by Kumar & Shete (2021) and Rathi & Singh (2009), Akram & Khan, (2023), who highlighted the need for novel formulations for successful Alternaria treatment and the limited effectiveness of older, broad-spectrum fungicides. The increased effectiveness of systemic fungicides found in this study suggests that they have the potential to provide dependable control in field settings, particularly when combined with biological and cultural interventions.

But depending only on chemical control could lead to environmental issues and a higher chance of fungicide resistance in pathogen populations. Thus, even if the current study shows the potential of formulations based on azostrobin, their application should be part of a comprehensive framework for managing diseases that also includes crop rotation, resistant cultivars,   timely  planting,   and   biocontrol   agents   like   Trichoderma   spp.

All things considered, the results offer a solid scientific foundation for suggesting systemic and combination fungicides, especially Azoxystrobin + Tebuconazole, for the controlled suppression of A. brassicae. These treatments have a great chance of being used at the field level in programs to control mustard disease.

Conclusion
The present in-vitro study demonstrated that all five tested fungicides significantly inhibited the radial growth of Alternaria brassicae at varying concentrations. Among them the combination fungicide Azoxystrobin+Tebuconazole proved to be the most effective achieving complete growth inhibition at just 100 ppm and showing strong efficacity even at the smallest concentration. Azoxysytrobin and captan+Hexaconazole also exhibited high levels of inhibition while Chlorothalonil and Copper Oxychloride were comparatively less effective and failed to achieve 100% inhibition at any concentration. The adding trend of inhibition with advanced concentrations across all treatments confirms a dose dependent response. These chancing clearly suggest that combination and systematic fungicides particularly Azoxystrobin grounded phrasings can be promising tools in the intertwined operation of A. brassicae under controlled conditions. Integrating such fungicides with cultural and biological practices can contribute to sustainable and effective disease management strategies in mustard cultivation.
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Plate 1: Fungicides' effects on Alternaria brassicae's inhibition of radial growth are assessed in vitro. Petri plates demonstrating colony formation under various fungicidal treatments at 100 ppm and in control (untreated) conditions.

	Table 1.	Evaluation of fungicides' effects on Alternaria brassicae suppression of radial development in vitro at varying doses

	

Treatments
	Percent Growth Inhibition (%)

	
	50ppm
	100ppm
	150ppm
	200ppm

	Copper oxychloride
	49.00c
	57.62b
	71.53c
	78.11b

	Captan + Hexaconazole
	65.1.d
	100.00e
	100.00d
	100.00d

	Chlorothalonil
	37.91b
	62.30c
	69.82b
	82.33c

	Azoxystrobin + Tebuconazole
	83.02f
	100.00e
	100.00d
	100.00d

	Azoxystrobin
	72.34e
	87.23d
	100.00d
	100.00d

	Control
	0.00a
	0.00a
	0.00a
	0.00a

	LSD
	1.23
	1.00
	1.02
	0.60
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Figure-1 Impact of several fungicides at four concentrations (50, 100, 150, and 200 ppm) on Alternaria brassicae's radial growth inhibition (%). The standard error of the mean (n = 3) is shown by the error bars.
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