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Original Research Article
In Vitro Evaluation of Botanicals and Bioformulations Against Fusarium solani Causing Apple Root Rot


ABSTRACT 
	Aims
: The aim of this study was to evaluate the antifungal potential of selected indigenous bioformulations and botanical extracts against Fusarium solani, the causal agent of apple root rot, under in vitro conditions.
Study design:  An in vitro experimental study was conducted using the poisoned food technique to assess the inhibitory effects of different bioformulations and botanical extracts on the mycelial growth of Fusarium solani.
Place and Duration of Study: The study was carried out in the Department of Plant Pathology, Dr YS Parmar University of Horticulture and Forestry, (Nauni) Solan, Himachal Pradesh (India) during year 2024-25.

  Methodology: Indigenous bioformulations including Beejamrit, Jeevamrit, Brahmastra, Aganiastra, and aged buttermilk were evaluated at different concentrations against Fusarium solani using the poisoned food technique on Potato Dextrose Agar (PDA). In a parallel experiment, botanical extracts from Azadirachta indica, Allium sativum, and other selected plant species were tested for their antifungal efficacy. Mycelial growth inhibition was recorded and compared with untreated controls to determine the antifungal activity of each treatment.

Results: Among the tested bioformulations, aged buttermilk showed the highest antifungal activity, resulting in complete suppression of F. solani growth at higher concentrations. Aganiastra also exhibited significant inhibitory effects, whereas Jeevamrit was comparatively less effective. Among the botanical extracts, Azadirachta indica was the most effective in inhibiting fungal growth, followed by Allium sativum. The results indicate that certain indigenous bioformulations and botanicals possess strong antifungal properties and could serve as eco-friendly alternatives to chemical fungicides. Their incorporation into integrated disease management strategies may reduce chemical fungicide use, enhance soil health, and improve sustainability in apple production systems.
Conclusion: The present in vitro study demonstrated that certain indigenous bioformulations and botanical extracts possess significant antifungal activity against Fusarium solani. Aged buttermilk and Aganiastra among bioformulations, and Azadirachta indica and Allium sativum among botanicals, were found to be the most effective in suppressing fungal growth. These findings suggest that such eco-friendly formulations can be integrated into disease management strategies for apple root rot, reducing reliance on chemical fungicides and promoting sustainable apple production..
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1. INTRODUCTION 
Apple
 root rot caused by Fusarium solani has emerged as a major constraint in apple production. Conventional chemical fungicides pose environmental risks and resistance issues. Thus, exploring indigenous bioformulations offers a sustainable solution. This study aims to assess the in vitro antifungal potential of selected natural formulations against F. solani. To combat diseases, several management approaches have been suggested, including soil composting, crop rotation, and fumigation. However, these methods have increasingly been phased out or prohibited due to their high time and financial costs, their complexity, and their contribution to environmental issues, along with their adverse effects on human health. Biological fumigation and the use of antagonistic microbial soil inoculation have gained significant interest because they are eco-friendly. Although chemical pesticides have successfully managed various diseases in key crops, their overuse can harm both the environment and human health, leading to reluctance in their application within the agricultural sector (Ayaz et al, 2023). Cow urine, buttermilk, and other bio-inputs have emerged as promising alternatives to chemical fungicides for managing fungal pathogens, including Fusarium solani. Cow urine and buttermilk modified the growth of F. solani on PDA, reducing mycelial growth from 80 mm in control to 64.3–78.0 mm, while also decreasing conidial production, particularly at higher concentrations, which were more toxic (Sapre and Varma, 2006). Similarly, fermented buttermilk exhibited strong antifungal activity against various pathogens, showing maximum inhibition of Sclerotinia sclerotiorum (99.40%), followed by F. solani (98.14%) and F. oxysporum f. sp. capsici (89.96%) at 10% concentration (Ashlesha and Paul, 2014). Traditional bio-inputs like khatti lassi (sour buttermilk), rich in lactic acid bacteria, also play a significant role in Zero Budget Natural Farming (ZBNF) by producing organic acids and antibacterial compounds that suppress harmful microorganisms, enhance soil microbial balance, and boost plant immunity (Gajbhiye et al, 2018). Furthermore, formulations such as amritpani, panchagavya, cow pat pit, and jeevamrit demonstrated strong antagonistic effects against pathogens, completely suppressing the growth of Colletotrichum gloeosporioides and F. solani in vitro (Ram et al. 2020). Owing to their ability to effectively reduce fungal infections while being environmentally safe, milk and dairy products—especially buttermilk—are increasingly recognized as sustainable bio-fungicides for disease management in crops (Kalla et al, 2021). Several studies have highlighted the antifungal potential of botanical extracts against Fusarium species, though their effectiveness varies with plant type and concentration. Neem, calotropis, chilli, and citrus extracts inhibited F. solani growth by at least 50 per cent at higher doses (4 mL/15 mL), though they were less effective than synthetic fungicides (Khanzada et al, 2016). An evaluation of eight botanicals against Fusarium oxysporum showed garlic extract was most effective, with 46.87 per cent mean inhibition, reaching 55.92 per cent at 10 per cent concentration, comparable to duranta (55.33%) (Rani and Hegde, 2016). Azadirachta indica provided the greatest suppression of dry root rot in mulberry at 20%, while garlic extract completely inhibited fungal growth at all concentrations (Amreen et al, 2017). Furthermore, garlic extract had superior efficacy against F. solani, achieving 100% inhibition (at 15% and 20%), while neem and onion showed comparatively lower inhibition (21.49% and 20.47%, respectively) (Reddy et al, 2024).

While numerous studies have reported the antifungal efficacy of individual bio-inputs such as cow urine, buttermilk, and select botanicals like Allium sativum and Azadirachta indica against various Fusarium species, there remains a significant gap in comparative in vitro evaluations of multiple indigenous bioformulations and botanicals specifically targeting Fusarium solani, the causal agent of apple root rot. Most existing studies either focus on different Fusarium species, utilize varied host crops, or assess limited treatments in isolation. Moreover, there is limited evidence on the standardized effectiveness of fermented dairy-based inputs like aged buttermilk versus traditional plant-based formulations across different concentrations. Therefore, an integrated study comparing the antifungal potential of a range of natural inputs under controlled conditions is essential to identify effective, eco-friendly alternatives to chemical fungicides for sustainable apple root rot management. The present study focuses on evaluating the antifungal activity of selected indigenous bioformulations and plant-based extracts against Fusarium solani, a major pathogen responsible for apple root rot. The core aim is to explore environmentally friendly and sustainable alternatives to conventional chemical fungicides that can effectively inhibit fungal growth and spore production. Drawing from previous research and initial observations, it is proposed that natural inputs—especially fermented dairy products like buttermilk and botanicals such as garlic—will demonstrate notable antifungal properties under in vitro conditions.

2. material and methods 
2.1. Botanicals

Six plants (Table 1), including Azadirachta indica, Raphanus sativus, Lantana camara, Tagetes sp., Allium cepa, and Allium sativum were assessed for their antifungal properties against Fusarium solani causing apple root rot. The extracts from various plant parts such as leaves, bulbs, and cloves were prepared according to the standard procedure (Kamlesh and Gurjar, 2002).
Table 1. List of botanicals used:.

	S. No.
	Scientific

Name
	Common

Name
	Plant Part

Used
	Concentration (%)

	1.
	Azadirachta indica
	Neem
	Seed
	5,10,15


	2.
	Raphanus sativus
	Radish
	leaves
	5,10,15

	3.
	Lantana camara
	Phool lakari
	leaves
	5,10,15

	4.
	Tagetes sp.
	Marigold
	leaves
	5,10,15

	5.
	Allium cepa
	Onion
	Bulb
	5,10,15

	6.
	Allium sativum
	Garlic
	Clove
	5,10,15


Plant parts were first washed with tap water and then with sterilized distilled water and air dried. The weighted plant materials were ground in a pestle and mortar. The materials were homogenized for 5 min then filtered through double layered muslin cloth followed by Whatman No. 1 filter paper, and filtrates were considered as standard extract (100%). The extract was subjected to tyndallisation, which involved heating the substance to its boiling point (100 °C) for a specified duration (such as 15–20 min) over three successive days, allowing for rest periods in between. The extracts obtained were evaluated in vitro for their effectiveness against the test pathogen employing the poisoned food technique. Different stock solutions of 5, 10, and 15 mL were combined with 95, 90, and 85 mL of sterilized molten Potato Dextrose Agar (PDA) media to achieve final concentrations of 5, 10, and 15 per cent plant extract. The mixture was shaken thoroughly to ensure the extract was evenly distributed throughout the medium. Subsequently, 20 mL of the poisoned PDA was dispensed into sterile Petri dishes. Each concentration was replicated three times. Once the poisoned media had solidified, the plates were inoculated with a 5 mm diameter mycelium disc from a vigorously growing pure culture of the isolate. Control plates, also in three replications, were prepared using PDA without any plant extract, along with a 5 mm mycelium disc for comparison. The plates were incubated at 25 ± 1 °C, and observations on radial growth were recorded after hours of incubation (24 h interval), along with growth rate for the test fungus. The recorded measurement of radial growth was converted into per cent inhibition using the formula mentioned.

	[image: image1.png]



	


where I = Per cent mycelial growth inhibition; C = Mycelial diametric growth of the pathogen (mm) in control; and T = Mycelial diametric growth of pathogen (mm) in treatment.

2.2. Bioformulations
Freshly made bioformulations, such as Beejamrit, Jeevamrit, Brahmastra, Aganiastra, and buttermilk, were evaluated for their effectiveness against the Fusarium solani under study. The bioformulations were sourced from the SPNF (Subhash Palekar Natural Farming) farm, while the buttermilk was purchased from a local market. The bioformulations obtained were regarded as the standard solution. Different stock solutions of 5, 10, and 15 mL were combined with 95, 90, and 85 mL of sterilized molten Potato Dextrose Agar (PDA) media to achieve final concentrations of 5, 10, and 15 per cent. The mixture was shaken thoroughly to ensure the extract was evenly distributed throughout the medium. Subsequently, 20 mL of the poisoned PDA was dispensed into sterile Petri dishes. Each concentration was replicated four times. Once the poisoned media had solidified, the plates were inoculated with a 5 mm diameter mycelium disc from a vigorously grown pure culture of the test pathogen. Control plates, also in four replications, were prepared using PDA without any bioformulation along with a 5 mm mycelium disc for comparison. The plates were incubated at 25 ± 1 °C, and observations on radial growth were recorded after hours of incubation (24 h interval), along with growth rate for the test fungus, as mentioned earlier.

2.3. Preparation of Beejamrit

Inputs needed for preparation of beejamrit: 5 kg cow dung, 5 L cow urine, 50 g lime, 1 kg bund soil, and 20 Ls water (for 100 kg seed). Five kg cow dung was collected in a cloth, and the cloth was bound using tape. The cloth was hanged in 20 Ls of water for up to 12 h. Simultaneously, one litre of water was taken, 50 g of lime was added to it, and the solution was kept stable overnight. The next morning, the bundle in the water was continuously squeezed thrice, so that all the essence of cow dung was mixed into the water. A handful of soil, approximately 1 kg, was added into the water solution and stirred well. Five Ls of desi cow urine were added into the solution, the limewater was also added, and it was stirred well.

2.4. Preparation of Jeevamrit
Inputs needed for preparation of jeevamrit: 10 kg of fresh cow dung, 5–10 Ls cow urine, 50 g lime, 2 kg jaggery, 2 kg pulse flour, 1 kg uncontaminated soil, and 200 L water. The materials were mixed in 200 L of water and stirred well. The mixture was then allowed to ferment for 48 h in shade. It was stirred by a wooden stick twice, once in the morning and once in the evening. This process was continued for 5–7 days. The prepared solution was applied to the crops.
2.5. Preparation of Brahmastra

Inputs needed for preparation of brahmastra: 20 Ls cow urine, 2 kg neem leaves, 2 kg karanj leaves, 2 kg custard apple leaves, and 2 kg datura leaves. Twenty L of cow urine were added to a vessel, followed by 2 kg of fine paste of neem leaves, 2 kg of paste prepared from leaves of karanj, 2 kg paste of custard apple leaves, 2 kg paste of castor leaves, and 2 kg paste of datura leaves. The mixture was simmered on a low heat, until one or two foams were formed (overflow level). The mixture was stirred in a clockwise direction, then the vessel was covered with a lid and the mixture continued to boil. After the formation of the second foam, boiling was stopped, and the mixture was allowed to cool for 48 h so that the alkaloids present in the leaves were released into the urine. After 48 h, the solution was filtered using a muslin cloth and stored for further use. It was stored in pots (earthen pots) or plastic drums under shade. The solution was stored for use for up to 6 months.

2.6. Preparation of Aganiastra
Inputs needed for preparation of aganiastra: 20 L cow urine, 2 kg pulp of neem leaves, 500 g tobacco powder, 500 g green chilli, 250 g garlic paste, and 200 g turmeric powder. Twenty L of cow urine were added to a container, followed by 2 kg neem leaves paste, 500 g tobacco powder, 500 g green chilli paste, 250 g garlic paste and 200 g turmeric powder. The solution was stirred in a clockwise direction, covered with a lid and allowed to boil until a foam was formed. The vessel was then removed from the fire and kept under shade, away from direct sunlight, for cooling for up to 48 h. During this fermentation period, the components were stirred twice a day. After 48 h, the solution was filtered with a thin muslin cloth and stored for further use. It was stored for 3 months.

2.7. Preparation of Buttermilk

One litre of milk was cultured to make curd. The curd was diluted to make 10 L of buttermilk. The buttermilk was added to a plastic drum. The content was kept for one week. After one week, a copper strip of approximately one foot long or a copper wire of approximately one metre long (after being converted to a spiral) was added. The content was kept for at least 7 days. When the buttermilk became greenish-blue, it was ready for use. The 10 L of buttermilk were diluted to about 100 L by adding water. The diluted buttermilk was sprayed on the crops. The buttermilk was stored at room temperature.
2.8. Statistical Analysis
The
 data obtained from various experiments was subjected to statistical analysis (OP STAT) following the standard procedure and critical differences amongst the treatments were calculated (Table 2).
Table 2. ANOVA for CRD:
	Sources of Variation
	Degrees of Freedom
	Sum of Squares
	Mean Sum of Squares (Mt)
	Fcal

	Treatments
	(t − 1)
	St
	Mt = St/(t − 1)
	Mt/Me

	Error
	t (r − 1)
	Se
	Me = Se/t(r − 1)
	

	Total
	rt − 1
	ST
	
	


3. results and discussion
3.1. Evaluation of Botanicals Against Mycelial Growth of Fusarium solani Causing Apple Root Rot Under In Vitro Conditions

Different botanicals, viz., Azadirachta indica, Raphanus sativus, Lantana camara, Tagetes sp., Allium cepa, and A. sativum at 5, 10 and 15 per cent were tested over the period of 144 h for mycelial diametric growth of Fusarium solani.

The data in Table 3 shows that with the increase in concentrations of the botanicals, the diametric growth of the fungus decreased. Minimum mycelial diametric growth after 24 h of incubation was seen in A. indica at 5 (7.00 mm) and 10 per cent concentration (6.00 mm), and no growth was observed at 15 per cent concentration, followed by A. sativum, whose diametric growth at 5, 10, and 15 per cent concentration were 8.33, 6.67, and 7.00 mm, respectively. However, maximum mycelial diametric growth was seen in the case of L. camara at 5 per cent concentration (11.67 mm). After 48 h of incubation, minimum diametric growth at 15 per cent concentration was seen in A. indica (6.33 mm), followed by A. indica (11.33 mm) at 10 per cent and A. sativum (11.67 mm) at 15 per cent, which was statistically on par with Tagetes sp. (11.67 mm) at 15 per cent, whereas maximum mycelial diametric growth was seen in the case of R. sativus (21.67 mm) at 5 per cent. Minimum diametric growth after 72 h of incubation was achieved in A. indica (10.33 mm) at 15 per cent, followed by Tagetes sp. (14.33 mm) at 15 per cent. However, maximum mycelial diametric growth was seen in the case of Tagetes sp. at 5 per cent concentration (32.00 mm). After 96 h of incubation, minimum diametric growth was seen in A. indica (18.00 mm) at 15 per cent followed by A. indica (21.67 mm) at 10 per cent, which was on par with A. sativum (21.67 mm) at 15 per cent. However, maximum growth was seen in L. camara (42.67 mm) at 5 per cent. After 120 h, minimum diametric growth was seen in A. sativum (24.33 mm) at 15 per cent, followed by A. indica (24.67 mm) at 15 per cent, and maximum diametric growth was seen in L. camara (51.67 mm). After 144 h, minimum diametric growth was seen in A. sativum (24.33 mm) at 15 per cent concentration, followed by A. indica (28.33 mm) at 15 per cent and A. sativum (28.33 mm) at 10 per cent. However, maximum diametric growth was seen in L. camara (64.67 mm).

The mean mycelial diametric growth was recorded and it was found that the minimum mean diametric growth was observed in A. indica (14.61 mm) at 15 per cent concentration, followed by A. sativum (17.39 mm) at 15 per cent, A. indica (18.50 mm) at 10 per cent, A. sativum (19.39 mm, 20.61 mm) at 10 and 5 per cent concentration, respectively, and A. indica (22.00 mm) at 5 per cent, which were statistically on par with each other. However, maximum diametric growth was observed in L. camara (36.61 mm) at 5 per cent, followed by Tagetes sp. (32.72 mm) at 5 per cent and R. sativus (32.50 mm) at 5 per cent.

Overall, minimum mycelial diametric growth was observed in A. indica (18.37 mm) followed by A. sativum (19.13 mm), whereas maximum mycelial diametric growth was observed in L. camara (30.48 mm).

Table 3. Evaluation of botanicals against mycelial growth of Fusarium solani causing apple root rot under in vitro conditions.

	Botanical
	Concentration (%)
	Mean Mycelial Diametric Growth (mm) of Fusarium solani After Hours of Incubation

	
	
	24
	48
	72
	96
	120
	144
	Mean
	Overall Mean

	Azadirachta indica
	5
	7.00
	12.33
	20.33
	24.67
	33.00
	34.67
	22.00 bc
	18.37

	
	10
	6.00
	11.33
	15.33
	21.67
	25.67
	31.00
	18.50 bc
	

	
	15
	0.00
	6.33
	10.33
	18.00
	24.67
	28.33
	14.61 a
	

	Raphanus sativus
	5
	10.33
	21.67
	31.67
	36.67
	43.33
	51.33
	32.50 fg
	29.52

	
	10
	11.00
	19.67
	28.33
	31.33
	35.33
	46.33
	28.67 e
	

	
	15
	8.33
	16.67
	27.33
	32.00
	34.33
	45.67
	27.39 de
	

	Lantana camara
	5
	11.67
	18.33
	30.67
	42.67
	51.67
	64.67
	36.61 g
	30.48

	
	10
	8.00
	18.33
	27.00
	31.00
	33.33
	49.33
	27.83 de
	

	
	15
	9.33
	15.67
	26.33
	31.67
	36.33
	42.67
	27.00 de
	

	Tagetes sp.
	5
	11.00
	20.67
	32.00
	37.33
	40.67
	54.67
	32.72 fg
	28.28

	
	10
	9.33
	19.67
	29.33
	35.67
	41.33
	49.33
	30.78 f
	

	
	15
	8.00
	11.67
	14.33
	22.00
	29.33
	42.67
	21.33 bc
	

	Allium cepa
	5
	9.67
	20.67
	29.00
	34.67
	39.33
	43.33
	29.44 ef
	26.43

	
	10
	8.00
	19.67
	29.33
	30.67
	33.00
	35.00
	25.94 d
	

	
	15
	10.67
	17.00
	22.33
	27.33
	32.33
	33.67
	23.89 cd
	

	Allium sativum
	5
	8.33
	13.33
	18.67
	24.00
	29.33
	30.00
	20.61 bc
	19.13

	
	10
	6.67
	13.00
	17.33
	24.00
	27.00
	28.33
	19.39 bc
	

	
	15
	7.00
	11.67
	15.33
	21.67
	24.33
	24.33
	17.39 ab
	

	Control
	
	12.67
	24.33
	41.67
	58.33
	71.67
	90.00
	49.78
	

	Mean
	8.58
	16.65
	25.07
	31.39
	36.32
	43.44

	
	


CD0.05 Treatment = 0.91; Concentration = 0.60; Treatment × Concentration = 1.58; Time interval = 0.84; Treatment × Time interval = 2.23; Concentration × Time interval = 1.46; Treatment × Concentration × Time interval = 3.87. Values with different letters differ significantly.

3.2. Evaluation of Botanicals Against Mycelial Growth Rate of Fusarium solani Causing Apple Root Rot Under In Vitro Conditions

Different botanicals, viz., A. indica, R. sativus, L. camara, Tagetes sp., A. cepa and A. sativum at 5, 10 and 15 per cent were tested over the period of 144 h for the mycelial growth rate of Fusarium solani. The data in Table 4 shows that with the increase in concentrations of botanicals, the growth rate of fungus decreased, and no mycelial growth rate after 24 h of incubation was observed in A. indica at 15 per cent, followed by A. indica at 10 per cent concentration (0.25 mm/h). However, maximum mycelial diametric growth was seen in the case of L. camara at 5 per cent concentration (0.49 mm/h). At 48 h of incubation, the minimum growth rate at 15 per cent concentration was seen in Tagetes sp. (0.16 mm/h) followed by in A. sativum (0.20 mm/h) at 15 per cent. However, the maximum mycelial growth rate was seen in the case of A. cepa (0.49 mm/h) at 10 per cent. The minimum mycelial growth rate after 72 h was achieved in Tagetes sp. (0.11 mm/h) at 15 per cent followed by A. sativum (0.16 mm/h) at 15 per cent concentration. However, the maximum mycelial growth rate was seen in the case of L. camara at 5 per cent concentration (0.51 mm/h). After 96 h of incubation, the minimum growth rate was seen in A. cepa (0.06 mm/h) at 10 per cent concentration followed by R. sativus (0.13 mm/h) at 10 per cent. However, the maximum growth rate was seen in L. camara (0.50 mm/h) at 5 per cent. After 120 h, the minimum mycelial growth rate at was seen in R. sativus (0.10 mm/h) at 15 per cent, A. cepa (0.10 mm/h) at 10 percent, and L. camara (0.10 mm/h) at 10 per cent, followed by A. sativum (0.11 mm/h) at 15 per cent. The maximum mycelial growth rate was seen in L. camara (0.38 mm/h) at 5 per cent. After 144 h, no growth rate was seen in A. sativum at 15 per cent, followed by A. sativum (0.03 mm/h) at 5 per cent, and the maximum growth rate was seen in L. camara (0.67 mm/h) at 10 per cent.

The mean mycelial growth rate was recorded and it was found that minimum mean growth rate was seen in A. sativum (0.17 mm/h) at 15 per cent followed by A. sativum (0.20 mm/h) at 10 per cent and A. indica (0.20 mm/h) at 15 per cent, which were statistically on par with each other. However, the maximum mean growth rate was observed in L. camara (0.45 mm/h) at 5 per cent concentration followed by Tagetes sp. (0.38 mm/h) at 5 per cent and R. sativus (0.36 mm/h) at 5 per cent.

Overall, the minimum mycelial diametric growth rate was observed in A. sativum (0.19 mm/h) followed by A. indica (0.22 mm/h), whereas the maximum mycelial diametric growth rate was observed in L. camara (0.36 mm/h).

Table 4. Evaluation of botanicals against mycelial growth rate of Fusarium solani causing apple root rot under in vitro conditions.

	Botanical
	Concentration (%)
	Mean Mycelial Growth Rate (mm/h) of Fusarium solani After Hours of Incubation

	
	
	24
	48
	72
	96
	120
	144
	Mean
	Overall Mean

	Azadirachta indica
	5
	0.29
	0.22
	0.33
	0.18
	0.35
	0.07
	0.24 c
	0.22

	
	10
	0.25
	0.22
	0.17
	0.26
	0.17
	0.22
	0.22 bc
	

	
	15
	0.00
	0.26
	0.17
	0.32
	0.28
	0.15
	0.20 ab
	

	Raphanus 
sativus
	5
	0.43
	0.47
	0.42
	0.21
	0.28
	0.34
	0.36 e
	0.33

	
	10
	0.46
	0.36
	0.36
	0.13
	0.17
	0.46
	0.32 d
	

	
	15
	0.35
	0.35
	0.45
	0.20
	0.10
	0.47
	0.32 d
	

	Lantana 
camara
	5
	0.49
	0.28
	0.51
	0.50
	0.38
	0.54
	0.45 f
	0.36

	
	10
	0.33
	0.43
	0.36
	0.17
	0.10
	0.67
	0.34 de
	

	
	15
	0.39
	0.26
	0.44
	0.22
	0.20
	0.26
	0.30 cd
	

	Tagetes sp.
	5
	0.46
	0.41
	0.47
	0.22
	0.14
	0.58
	0.38 ef
	0.34

	
	10
	0.39
	0.43
	0.40
	0.27
	0.24
	0.33
	0.34 de
	

	
	15
	0.33
	0.16
	0.11
	0.32
	0.31
	0.56
	0.30 cd
	

	Allium cepa
	5
	0.41
	0.46
	0.35
	0.24
	0.19
	0.17
	0.30 cd
	0.26

	
	10
	0.33
	0.49
	0.40
	0.06
	0.10
	0.09
	0.24 c
	

	
	15
	0.45
	0.26
	0.22
	0.21
	0.21
	0.05
	0.23 bc
	

	Allium 
sativum
	5
	0.35
	0.21
	0.22
	0.22
	0.22
	0.03
	0.21 b
	0.19

	
	10
	0.28
	0.26
	0.18
	0.28
	0.13
	0.06
	0.20 ab
	

	
	15
	0.29
	0.20
	0.16
	0.27
	0.11
	0.00
	0.17 a
	

	Control
	
	0.53
	0.49
	0.73
	0.69
	0.56
	0.76
	0.63 g
	

	
	Mean
	0.36
	0.34
	0.35
	0.26
	0.21
	0.30

	
	


CD0.05 Treatment = 0.04; Concentration = 0.02; Treatment × Concentration = 0.03; Time interval = 0.03; Treatment × Time interval = 0.09; Concentration × Time interval = 0.06; Treatment × Concentration × Time interval = 0.16. Values with different letters differ significantly.

3.3. Evaluation of Botanicals Against Mycelial Growth Inhibition of Fusarium solani Causing Apple Root Rot Under In Vitro Conditions

Different botanicals viz., A. indica, R. sativus, L. camara, Tagetes sp., A. cepa and A. sativum at 5, 10 and 15 per cent were tested over the period of 144 h for mycelial growth inhibition of Fusarium solani. The data in Table 5 shows that with the increase in concentrations of botanicals, inhibition per cent increased). Maximum mycelial inhibition after 24 h of incubation—100 per cent inhibition—was seen in A. indica at 15 per cent concentration, followed by A. indica (52.57%) at 10 per cent concentration and A. sativum (46.58%) at 10 per cent. However, minimum inhibition was seen in the case of L. camara at 5 per cent concentration (7.69%). After 48 h of incubation, maximum inhibition at 15 per cent concentration was seen in A. indica (73.94%), followed by in A. indica (52.28%) at 10 per cent. However, minimum inhibition was seen in the case of R. sativus (10.94%) at 5 per cent. After 72 h of incubation, maximum inhibition at 15 per cent concentration was seen in A. indica (75.09%) at 15 per cent followed by in Tagetes sp. (65.46%) at 15 per cent, whereas minimum inhibition was seen in the case of R. sativus (23.61%) at 5 per cent. After 96 h of incubation, maximum inhibition was recorded at 15 per cent concentration in A. indica (69.11%), followed by A. indica (62.83%) at 10 per cent, whereas minimum inhibition was recorded in L. camara (26.84%) at 5 per cent. After 120 h, maximum inhibition was seen in A. sativum (66.04%) at 15 per cent, followed by A. indica (65.56%) at 15 per cent, and minimum inhibition was seen in L. camara (27.90%) at 5 per cent. After 144 h of incubation, maximum inhibition was seen in A. sativum (72.96%) at 15 per cent concentration, followed by A. indica (68.52%) at 15 per cent and A. sativum (68.52%) at 10 per cent. However, minimum inhibition was seen in L. camara (28.15%) at 5 per cent concentration.

The mean mycelial growth inhibition was recorded and it was found that maximum inhibition was observed in A. indica (75.37%, 60.26%) at 15 and 10 per cent concentration, respectively, followed by A. sativum (60.11%, 56.89%) at 15 and 10 per cent concentration, respectively, Tagetes sp. (54.70%) at 15 per cent, A. sativum (53.14%) at 5 per cent, A. indica (53.01%) at 5 per cent, A. cepa (43.72%, 41.32%) at 15 and 10 per cent, respectively, R. sativus (41.06%) at 15 per cent, and L. camara (40.92%, 40.31%) at 15 and 10 per cent, respectively, which were statistically on par with each other. However, minimum inhibition was observed in L. camara (23.56%) at 5 per cent followed by Tagetes sp. (28.34%) at 5 per cent), R. sativus (28.73%) at 5 per cent, Tagetes sp. (33.47%) at 10 per cent, A. cepa (34.34%) at 5 per cent), and R. sativus (34.89%) at 10 per cent, which were statistically on par with each other.

Overall, maximum inhibition was observed in A. indica (62.88%), followed by A. sativum (56.71%), whereas minimum inhibition was observed in R. sativus (34.89%).

The in vitro evaluation of six botanicals against Fusarium solani causing apple root rot revealed that Azadirachta indica and Allium sativum were the most effective in suppressing fungal growth. Increasing the concentration of botanicals from 5% to 15% significantly reduced mycelial diametric growth and growth rate and enhanced mycelial growth inhibition. A. indica at 15% showed the lowest mean mycelial growth (14.61 mm), lowest growth rate (0.20 mm/h), and highest inhibition (75.37%), followed closely by A. sativum with 17.39 mm growth, 0.17 mm/h growth rate, and 60.11% inhibition at the same concentration. In contrast, Lantana camara at 5% exhibited the highest mycelial growth (36.61 mm), fastest growth rate (0.45 mm/h), and lowest inhibition (23.56%). Overall, the study demonstrated that A. indica and A. sativum, particularly at 15% concentration, hold strong potential as effective botanical agents for managing apple root rot disease caused by Fusarium solani.

Table 5. Evaluation of botanicals against mycelial growth inhibition of Fusarium solani causing apple root rot under in vitro conditions.

	Botanical
	Concentration (%)
	Mean per Cent Mycelial Growth Inhibition of Fusarium solani After Hours of 
Incubation

	
	
	24
	48
	72
	96
	120
	144
	Mean
	Overall Mean

	Azadirachta indica
	5
	44.66

(41.95)
	49.28 (44.61)
	51.02 (45.61)
	57.71 (49.46)
	53.95 (47.29)
	61.48 (51.66)
	53.01

(46.76) ab
	62.88

	
	10
	52.57 (46.49)
	53.39

(46.97)
	63.06

(52.61)
	62.83

(52.47)
	64.15

(53.25)
	65.56

(54.09)
	60.26

(50.98) ab
	

	
	15
	100.00

(90.05)
	73.94

(59.36)
	75.09

(60.11)
	69.11

(56.27)
	65.56

(54.10)
	68.52

(55.90)
	75.37

(62.63) a
	

	Raphanus 
sativus
	5
	18.16 (24.75)
	10.94 (19.26)
	23.61 (28.87)
	37.20 (37.58)
	39.50 (38.95)
	42.96 (40.97)
	28.73 (31.73) b
	34.89

	
	10
	13.03 (21.00)
	19.22 (25.22)
	31.48 (33.96)
	46.30 (42.90)
	50.76 (45.46)
	48.52 (44.18)
	34.89 (35.45) b
	

	
	15
	34.19

(35.78)
	31.39

(33.90)
	34.44

(35.94)
	45.01

(42.14)
	52.06

(46.21)
	49.26

(44.60)
	41.06

(39.76) ab
	

	Lantana 
camara
	5
	7.69

(9.58)
	24.67

(29.80)
	26.11

(30.63)
	26.84

(31.21)
	27.90

(31.89)
	28.15

(32.06)
	23.56

(27.53) b
	34.93

	
	10
	36.75

(37.33)
	24.72

(29.77)
	34.81

(36.05)
	46.90

(43.24)
	53.46

(47.01)
	45.19

(42.26)
	40.31
(39.28) ab
	

	
	15
	26.07

(30.51)
	35.55

(36.60)
	36.39

(36.97)
	45.65

(42.52)
	49.25

(44.59)
	52.59

(46.51)
	40.92
(39.62) ab
	

	Tagetes sp.
	5
	13.03

(21.00)
	15.00

(22.67)
	23.70

(28.63)
	35.81

(36.51)
	43.25

(41.05)
	39.26

(38.81)
	28.34
(31.45) b
	38.84

	
	10
	26.49

(29.91)
	19.05

(25.31)
	29.07

(32.38)
	38.77

(38.51)
	42.27

(40.55)
	45.18

(42.26)
	33.47
(34.82) b
	

	
	15
	36.75

(37.33)
	52.11

(46.23)
	65.46

(54.06)
	62.25

(52.13)
	59.04

(50.25)
	52.59

(46.51)
	54.70
(47.75) ab
	

	Allium cepa
	5
	23.51

(28.85)
	15.05

(22.52)
	30.00

(33.10)
	40.57

(39.58)
	45.06

(42.17)
	51.85

(46.08)
	34.34
(35.38) b
	39.79

	
	10
	36.75

(37.33)
	19.22

(25.67)
	29.63

(32.79)
	47.25

(43.43)
	53.95

(47.29)
	61.11

(51.45)
	41.32
(39.66) ab
	

	
	15
	15.39

(19.15)
	30.22

(33.28)
	46.11

(42.79)
	53.17

(46.84)
	54.86

(47.81)
	62.59

(52.32)
	43.72
(40.37) ab
	

	Allium 
sativum
	5
	33.97

(35.57)
	45.17

(42.24)
	55.09

(47.96)
	58.85

(50.13)
	59.06

(50.25)
	66.67

(54.76)
	53.14
(46.82) ab
	56.71

	
	10
	46.58

(47.63)
	46.67

(43.10)
	58.52

(50.02)
	58.73

(50.09)
	62.33

(52.18)
	68.52

(55.91)
	56.89
(49.82) ab
	

	
	15
	43.59

(41.25)
	52.28

(46.42)
	63.06

(52.79)
	62.73

(52.48)
	66.04

(54.39)
	72.96

(58.70)
	60.11
(51.00) ab
	


CD0.05 Treatment = 2.54; Concentration = 1.66; Treatment × Concentration = 4.40; Time interval = 2.35; Treatment × Time interval = 6.23; Concentration × Time interval = 1.46; Treatment × Concentration × Time interval = 10.79. Figures in parentheses are arcsine transformed values. Values with different letters differ significantly.

3.4. Evaluation of Bioformulations Against Mycelial Growth of Fusarium solani Causing Apple Root Rot Under In Vitro Conditions

Bioformulations viz., Beejamrit, Jeevamrit, Brahmastra, Agniastra, and buttermilk (15 days old) were tested in vitro against Fusarium solani A1 at different concentrations (5, 10, 15%) to check their effectiveness by using the poisoned food technique. The data on mycelial growth (mm), mycelial growth rate (mm/h), and per cent mycelial growth inhibition were calculated and discussed.
The data represented in Table 6 highlights the effect of various bioformulations on the diametric growth of Fusarium solani over a period of 144 h of incubation, and revealed that no mycelial diametric growth after 24 h of incubation was observed in buttermilk and Agniastra at all the test concentrations, followed by brahmastra (8.25, 8.00, and 8.25 mm at 5, 10, and 15 per cent concentration, respectively), whereas maximum mycelial diametric growth was recorded on beejamrit (12.25 mm) at 5% concentration when compared to the control. At 48 h of incubation, no mycelial growth at all the concentrations was seen on buttermilk, followed by aganiastra (7.75 mm) at 5 per cent concentration, whereas maximum mycelial growth (22.75 mm) was seen on jeevamrit at 5 and 10 per cent concentration. No mycelial growth after 72 h of incubation was achieved on buttermilk at 15 and 10 per cent concentration, followed by 7.25 mm mycelial growth at 5 per cent concentration. This was followed by aganiastra at 10 and 15 per cent concentration, with 14.00 and 14.25 mm mycelial growth, respectively. However, maximum mycelial growth was seen in the case of jeevamrit at 5 per cent concentration (35 mm). After 96 h of incubation, no mycelial growth was observed at 10 and 15 per cent concentration of buttermilk, followed by 14.25 mm at 5 per cent concentration of buttermilk. This was followed by brahmastra (20.75 mm) at 15 per cent concentration. Maximum mycelial growth was seen on jeevamrit (48.00 mm and 42.75 mm) at 5 and 10 per cent concentration, respectively. After 120 h of incubation, no mycelial growth at 10 and 15 per cent concentration was seen on buttermilk, followed by 5 per cent concentration of buttermilk (18.75 mm). This was followed by brahmastra at 15 per cent (25.75 mm), and maximum mycelial growth was seen on jeevamrit at 5 and 10 per cent concentration, i.e., 60.25 mm and 51.00 mm, respectively. After 144 h of incubation, no mycelial growth at 10 and 15 per cent concentration was seen on buttermilk, and minimum mycelial growth was observed (22.50 mm) at 5 per cent concentration, followed by aganiastra at 15 per cent (27.25 mm). Maximum mycelial growth was seen on jeevamrit (69.75, 55.75, and 54.75 mm at 5, 10, and 15 per cent concentration, respectively).

The mean mycelial growth showed that no growth was observed on buttermilk at 10 and 15 per cent concentration, followed by buttermilk (10.46 mm) at 5 per cent, aganiastra (16.25 mm, 16.63 mm, 17.50 mm) at 15, 10, and 5 per cent concentration, respectively, and brahmastra (18.71 mm) at 15 per cent concentration. However, the maximum mean growth was observed on jeevamrit (41.25 mm) at 5 per cent and jeevamrit (36.33 mm) at 10 per cent concentration when compared to the control.

The overall mean shows that minimum mycelial growth was observed on buttermilk (3.49 mm), followed by aganiastra (16.79 mm) and brahmastra (20.65 mm), whereas maximum mycelial growth was observed on jeevamrit (36.06 mm) and beejamrit (29.81 mm).

Table 6. Evaluation of bioformulations against mycelial growth of Fusarium solani causing apple root rot.

	Bioformulation
	Concentration (%)
	Mean Mycelial Diametric Growth (mm) of Fusarium solani After Hours of 
Incubation

	
	
	24
	48
	72
	96
	120
	144
	Mean
	Overall Mean

	Beejamrit
	5
	12.25
	22.25
	31.50
	37.50
	43.00
	46.00
	32.08 e
	29.81

	
	10
	11.25
	21.75
	30.00
	34.25
	40.00
	40.00
	29.54 e
	

	
	15
	10.75
	18.50
	26.25
	31.25
	40.00
	40.00
	27.79 e
	

	Jeevamrit
	5
	11.75
	22.75
	35.00
	48.00
	60.25
	69.75
	41.25 g
	36.06

	
	10
	12.00
	22.75
	33.75
	42.75
	51.00
	55.75
	36.33 f
	

	
	15
	10.50
	17.50
	23.25
	33.25
	44.25
	54.75
	30.58 e
	

	Brahmastra
	5
	8.25
	13.75
	19.00
	24.50
	31.50
	34.50
	21.92 d
	20.65

	
	10
	8.00
	11.50
	18.75
	25.25
	32.25
	32.25
	21.33 d
	

	
	15
	8.25
	12.25
	15.00
	20.75
	25.75
	30.25
	18.71 c
	

	Aganiastra
	5
	0.00
	7.75
	15.25
	21.75
	27.00
	33.25
	17.50 c
	16.79

	
	10
	0.00
	8.25
	14.00
	21.00
	27.50
	29.00
	16.63 c
	

	
	15
	0.00
	8.25
	14.25
	21.00
	26.75
	27.25
	16.25 c
	

	Buttermilk (15 days old)
	5
	0.00
	0.00
	7.25
	14.25
	18.75
	22.50
	10.46 b
	3.49

	
	10
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00 a
	

	
	15
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00 a
	

	Control
	
	12.75
	24.25
	41.25
	58.75
	72.00
	90.00
	49.83 h
	

	Mean
	6.61
	13.22
	20.34
	27.22
	33.75
	37.77
	
	


CD0.05 Treatment = 0.52; Concentration = 0.36; Treatment × Concentration = 0.89; Time interval = 0.52; Treatment × Time interval = 1.26; Concentration × Time interval = 0.89; Treatment × Concentration × Time interval = 2.19. Values with different letters differ significantly.

3.5. Evaluation of Bioformulations Against Mycelial Growth Rate of Fusarium solani Causing Apple Root Rot Under In Vitro Conditions

The data in Table 7 shows that the mycelial growth rate after 24 h of incubation showed no growth on buttermilk and agniastra at all the test concentrations. However, the maximum mycelial diametric growth rate was seen in the case of beejamrit at 5 per cent concentration (0.51 mm/h). At 48 h of incubation, no growth rate was seen in buttermilk at all the test concentrations, followed by the minimum growth rate on brahmastra (0.15 mm/h) at 10 per cent, whereas the maximum mycelial growth rate was seen in the case of jeevamrit (0.46 mm/h) at 5 per cent. The minimum mycelial growth rate after 72 h of incubation was achieved in buttermilk (0.00 mm/h) at 10 and 15 per cent, followed by in brahmastra (0.12 mm/h) at 15 per cent concentration. However, the maximum mycelial growth rate was seen in the case of jeevamrit at 5 per cent concentration (0.51 mm/h). After 96 h of incubation, the minimum growth rate was seen in buttermilk (0.00 mm/h) at 10 and 15 per cent, followed by beejamrit (0.18 mm/h), and the maximum growth rate was seen on jeevamrit (0.55 mm/h) at 5 per cent concentration. After 120 h of incubation, no mycelial growth rate was seen in buttermilk at 10 and 15 per cent concentration, followed by 5 per cent concentration with 0.19 mm/h. This was followed by brahmastra (0.21 mm/h) at 15 per cent, and the maximum mycelial growth rate was seen in jeevamrit (0.51 mm/h) at 5 per cent concentration. No growth at 10 and 15 per cent concentration was seen in buttermilk and beejamrit. This was followed by aganiastra (0.02 mm/h) at 15 per cent concentration, and the maximum growth rate was seen on jeevamrit (0.44 mm/h) at 15 per cent concentration at 144 h of incubation.

The mean mycelial growth rate showed that no growth rate was observed on buttermilk at 10 and 15 per cent concentration, followed by buttermilk (0.16 mm/h) at 5 per cent and aganiastra (0.19 mm/h) at 15 per cent concentration, which were statistically on par with each other. However, the maximum mean growth rate was observed on jeevamrit (0.49 mm/h) at 5 per cent and jeevamrit (0.39 mm/h, 0.38 mm/h) at 10 and 15 per cent concentration, respectively, when compared to the control.

The overall mean shows that the minimum mycelial growth rate was observed in buttermilk (0.05 mm/h) followed by aganiastra (0.21 mm/h) and brahmastra (0.23 mm/h), whereas the maximum mycelial growth rate was observed in jeevamrit (0.42 mm/h), followed by beejamrit (0.29 mm/h).

Table 7. Evaluation of bioformulations against mycelial growth rate of Fusarium solani causing apple root rot under in vitro conditions.

	Bioformulation
	Concentration (%)
	Mean Mycelial Growth Rate (mm/h) of Fusarium solani After Hours of 
Incubation

	
	
	24
	48
	72
	96
	120
	144
	Mean
	Overall Mean

	Beejamrit
	5
	0.51
	0.42
	0.39
	0.25
	0.23
	0.13
	0.32 d
	0.29

	
	10
	0.47
	0.44
	0.34
	0.18
	0.24
	0.00
	0.28 d
	

	
	15
	0.45
	0.32
	0.32
	0.21
	0.37
	0.00
	0.28 d
	

	Jeevamrit
	5
	0.49
	0.46
	0.51
	0.55
	0.51
	0.40
	0.49 f
	0.42

	
	10
	0.50
	0.45
	0.46
	0.38
	0.35
	0.20
	0.39 e
	

	
	15
	0.44
	0.29
	0.24
	0.42
	0.46
	0.44
	0.38 e
	

	Brahmastra
	5
	0.34
	0.23
	0.22
	0.23
	0.29
	0.13
	0.24 c
	0.23

	
	10
	0.33
	0.15
	0.30
	0.27
	0.29
	0.00
	0.22 c
	

	
	15
	0.34
	0.17
	0.12
	0.24
	0.21
	0.19
	0.21 c
	

	Aganiastra
	5
	0.00
	0.32
	0.31
	0.27
	0.22
	0.26
	0.23 c
	0.21

	
	10
	0.00
	0.34
	0.24
	0.29
	0.27
	0.07
	0.20 c
	

	
	15
	0.00
	0.34
	0.25
	0.28
	0.24
	0.02
	0.19 b
	

	Buttermilk

(15 days old)
	5
	0.00
	0.00
	0.30
	0.29
	0.19
	0.16
	0.16 b
	0.05

	
	10
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00 a
	

	
	15
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00 a
	

	Control
	
	0.53
	1.01
	1.72
	2.45
	3.00
	3.75
	2.08 g
	

	
	Mean
	0.28
	0.31
	0.36
	0.39
	0.43
	0.36
	
	


CD0.05 Treatment = 0.02; Concentration = 0.01; Treatment × Concentration = 0.04; Time interval = 0.02; Treatment × Time interval = 0.05; Concentration × Time interval = 0.04; Treatment × Concentration × Time interval = 0.09. Values with different letters differ significantly.

3.6. Evaluation of Bioformulations Against Mycelial Growth Inhibition of Fusarium solani Causing Apple Root Rot Under In Vitro Conditions

The data in Table 8 shows that with the increase in concentrations of bioformulations, inhibition per cent increased). The maximum mycelial growth inhibition (100%) after 24 h of incubation was seen in buttermilk and aganiastra at 5, 10, and 15 per cent concentration. However, minimum inhibition was seen in the case of beejamrit at 5 per cent concentration (3.85%). After 48 h of incubation, 100 per cent mycelial growth inhibition at all the test concentrations was seen in buttermilk followed by in aganiastra (68.04%) at 5 per cent concentration. However, minimum mycelial growth inhibition was seen in jeevamrit (6.13%) at 5 per cent followed by at 10 per cent (6.17%). After 72 h of incubation, 100 per cent mycelial growth inhibition was seen in buttermilk at 10 and 15 per cent concentration, followed by 82.36 per cent at 5 per cent concentration. This was followed by aganiastra (65.42%) at 15 per cent concentration. However, minimum mycelial growth inhibition was seen in the case of jeevamrit (15.28%) at 5 per cent concentration. After 96 h of incubation, 100 per cent mycelial growth inhibition was recorded in buttermilk at 10 and 15 per cent concentration, followed by 75.72 per cent at 5 per cent concentration. This was followed by brahmastra (64.24%) at 5 per cent. However, minimum inhibition was recorded from jeevamrit (18.15%) at 5 per cent concentration. After 120 h of incubation, 100 per cent mycelial growth inhibition was seen in buttermilk at 10 and 15 per cent concentration, followed by 73.96 per cent at 5 per cent concentration. This was followed by brahmastra (64.24%) at 15 per cent concentration. Minimum mycelial growth inhibition was seen in jeevamrit (16.27%) at 5 per cent. After 144 h of incubation, 100 per cent growth inhibition was recorded in buttermilk at 10 and 15 per cent concentration, respectively, followed by 75.00 per cent at 5 per cent concentration. This was followed by aganiastra (69.72%) at 15 per cent concentration. However, minimum mycelial growth inhibition was recorded from jeevamrit (22.50, 38.06 and 39.17%) at 5, 10, and 15 per cent concentration, respectively.
The mean mycelial growth inhibition showed that 100 per cent mycelial growth inhibition was observed on buttermilk at 10 and 15 per cent concentration, followed by buttermilk (84.51%) at 5 per cent and aganiastra (71.36%, 70.69% and 69.98%) at 15, 10, and 5 per cent concentration, respectively. However, minimum mean mycelial growth inhibition was observed on jeevamrit (14.34%) at 5 per cent and jeevamrit (20.71%) at 10 per cent concentration, when compared to the control.

The overall mean shows that minimum mycelial growth inhibition was observed in jeevamrit (23.36%), followed by beejamrit (31.87%), whereas maximum mycelial growth inhibition was observed on buttermilk (94.84%) followed by aganiastra (70.68%).

An in vitro assessment of different bioformulations against Fusarium solani indicated that buttermilk (15 days old) was the most potent formulation, completely preventing mycelial growth at both 10% and 15% concentrations during all incubation periods. It had the lowest average mycelial growth (3.49 mm), the slowest growth rate (0.05 mm/h), and the highest mean inhibition of mycelial growth (94.84%). Aganiastra also demonstrated significant antifungal properties, especially at elevated concentrations, yielding an average mycelial growth of 16.79 mm, a growth rate of 0.21 mm/h, and a growth inhibition of 70.68%. In contrast, jeevamrit was the least effective bioformulation, displaying the highest mycelial growth (36.06 mm), the highest growth rate (0.42 mm/h), and the lowest growth inhibition (23.36%). These results indicate that both buttermilk and aganiastra, particularly at 10% and 15% concentrations, have considerable promise as bioformulated solutions for controlling F. solani.

Table 8. Evaluation of bioformulations against mycelial growth inhibition of Fusarium solani causing apple root rot.

	Bioformulation
	Concentration (%)
	Mean per Cent Mycelial Growth Inhibition of Fusarium solani After Hours of Incubation

	
	
	24
	48
	72
	96
	120
	144
	Mean
	Overall Mean

	Beejamrit
	5
	3.85

(8.06)
	8.33

(14.56)
	23.33

(28.44)
	36.07

(36.84)
	40.22

(39.36)
	48.89

(44.39)
	26.78 (28.61) f
	31.87

	
	10
	11.54

(17.33)
	10.25

(18.49)
	27.08

(31.34)
	41.67

(40.22)
	44.43

(41.82)
	55.56

(48.21)
	31.75
(32.90) e
	

	
	15
	15.70

(23.36)
	23.79

(29.04)
	36.11

(36.85)
	46.77

(43.17)
	44.43

(41.82)
	55.56

(48.21)
	37.06

(37.08) e
	

	Jeevamrit
	5
	7.69

(13.83)
	6.13

(13.91)
	15.28

(19.88)
	18.15

(24.83)
	16.27

(23.69)
	22.50

(28.33)
	14.34
(20.75) g
	23.36

	
	10
	5.77

(12.08)
	6.17

(14.20)
	18.06

(22.05)
	27.12

(31.21)
	29.09

(32.58)
	38.06

(38.11)
	20.71
(25.04) f
	

	
	15
	17.47

(21.05)
	27.790

(31.44)
	43.96

(41.51)
	43.27

(41.10)
	38.52

(38.37)
	39.17

(38.76)
	35.03

(35.37) e
	

	Brahmastra
	5
	35.26

(36.42)
	43.29

(41.17)
	53.89

(47.26)
	58.27

(49.79)
	56.22

(48.60)
	61.67

(51.78)
	51.43
(45.84) d
	54.03

	
	10
	37.18

(37.58)
	52.42

(46.47)
	54.52

(47.63)
	57.02

(49.07)
	55.19

(48.00)
	64.16

(53.26)
	53.41
(47.00) d
	

	
	15
	35.26

(36.42)
	49.46

(44.71)
	63.54

(52.89)
	64.67

(53.56)
	64.24

(53.30)
	66.39

(54.60)
	57.26
(49.25) d
	

	Aganiastra
	5
	100.00

(90.05)
	68.04 (55.61)
	62.92 (52.58)
	63.38 (52.79)
	62.48 (52.26)
	63.05 (52.60)
	69.98 (59.31) c
	70.68

	
	10
	100.00

(90.05)
	66.00

(54.36)
	64.79

(53.64)
	63.82

(53.05)
	61.76

(51.84)
	67.78

(55.44)
	70.69
(59.73) c
	

	
	15
	100.00

(90.05)
	65.96

(54.35)
	65.42

(54.01)
	64.23

(53.30)
	62.85

(52.47)
	69.72

(56.65)
	71.36
(60.14) c
	

	Buttermilk

(15 days old)
	5
	100.00

(90.05)
	100.00

(90.05)
	82.36

(65.22)
	75.72

(60.52)
	73.96

(59.35)
	75.00

(60.03)
	84.51
(70.87) b
	94.84

	
	10
	100.00

(90.05)
	100.00

(90.05)
	100.00

(90.05)
	100.00

(90.05)
	100.00

(90.05)
	100.00

(90.05)
	100.00
(90.05) a
	

	
	15
	100.00

(90.05)
	100.00

(90.05)
	100.00

(90.05)
	100.00

(90.05)
	100.00

(90.05)
	100.00

(90.05)
	100.00
(90.05) a
	


CD0.05 Treatment = 1.28; Concentration = 0.90; Treatment × Concentration = 2.21; Time = 1.28; Treatment × Time = 3.13; Concentration × Time = 2.21; Treatment × Concentration × Time = 5.42. Figures in parentheses are arcsine transformed values. Values with Different Alphabet Differ Significantly

The antifungal properties of various natural bioformulations and botanical extracts have been extensively explored, demonstrating promising potential against Fusarium solani and related pathogens. Neem (Azadirachta indica) extracts in particular contain active compounds such as nimbin, nimbidin, salanin, and most notably azadirachtin, which is considered to be the key antifungal agent (Lale and Abdulrahman, 1999). These compounds have been shown to inhibit the growth of several phytopathogenic fungi. The complete inhibition of F. oxysporum f. sp. radices-cucumerinum using Allium sativum extract at 0.1%, followed by neem extract at 10%, indicates the strong antifungal efficacy of garlic and neem under in vitro conditions (Thakare, 2003). Additional studies have confirmed these results. Aqueous extracts of garlic and ginger, when applied at higher concentrations (80%), led to the complete inhibition of F. oxysporum f.sp. lycopersici and F. solani, which cause wilt and root rot in tomatoes (Chohan and Perveen, 2015). Among nine medicinal plant extracts tested, garlic extract showed the highest mycelial growth inhibition (78.60%) against F. oxysporum isolated from blackcurrant, further validating the potent antifungal activity of Allium sativum (Sesan et al, 2017). Neem seed extract also showed considerable inhibition (67%) of F. oxysporum f.sp. lycopersici at 8% concentration, followed by eucalyptus extract (63%) at both 6% and 8% concentrations (Poussio et al, 2018). These findings underscore the potential of specific botanicals, particularly garlic and neem, as effective bio-fungicides, especially when used at higher concentrations. In terms of indigenous bioformulations, cow urine and buttermilk significantly altered fungal growth patterns. These inputs reduced mycelial growth of F. solani on PDA medium from 80 mm (control) to 64.3–78.0 mm, depending on the concentration. Moreover, conidial production was notably reduced with increasing concentrations, although fresh buttermilk at 100 ppm did not exhibit a suppressive effect. This suggests that fermentation and concentration levels play crucial roles in enhancing antifungal activity (Sapre and Varma, 2006). Fermented buttermilk displayed superior antifungal efficacy against pathogens of bell pepper, achieving nearly complete inhibition of Sclerotinia sclerotiorum (99.40%), followed closely by F. solani (98.14%) and F. oxysporum f.sp. capsici (89.96%) at 10% concentration (Ashlesha and Paul, 2014). The fermentation process likely enhances microbial and enzymatic activity, producing antifungal metabolites. Traditional preparations like khatti lassi (sour buttermilk), used in Zero Budget Natural Farming (ZBNF), offer a sustainable and eco-friendly solution for managing soil-borne pathogens. Rich in lactic acid bacteria, khatti lassi helps suppress harmful microorganisms through the production of organic acids and antibacterial compounds, while simultaneously improving soil health and boosting plant immune responses (Gajbhiye et al, 2018). Furthermore, formulations such as amritpani, panchagavya, cow pat pit, and jeevamrit demonstrated complete inhibition of F. solani and Colletotrichum gloeosporioides and significantly reduced the growth of Aspergillus fumigatus (Ram et al, 2020). These bio-enhancers act through complex interactions of beneficial microbes, organic acids, and enzymes, making them viable biological alternatives to chemical fungicides. Together, these findings reinforce the growing body of evidence that both plant-derived extracts and indigenous fermented inputs can serve as effective, non-toxic agents for managing plant pathogenic fungi
.
4. Conclusion
The current study and the supporting literature highlight the significant potential of natural bioformulations and botanical extracts as sustainable alternatives to chemical fungicides in managing Fusarium solani, the causal agent of apple root rot. Among the tested treatments, garlic and neem extracts exhibited strong antifungal effects, particularly at higher concentrations. Fermented dairy products like buttermilk and traditional inputs such as jeevamrit, panchagavya, and khatti lassi also demonstrated high inhibitory activity, attributed to the presence of bioactive compounds, beneficial microbes, and fermentation-derived metabolites. These eco-friendly formulations not only suppress fungal growth effectively but also contribute to improving soil health and plant immunity. Their use aligns with sustainable agricultural practices, such as those promoted in Zero Budget Natural Farming. Hence, integrating these natural treatments into disease management strategies can reduce the dependency on chemical fungicides, minimize environmental risks, and promote long-term agricultural sustainability.
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