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ABSTRACT 
Groundnut (Arachis hypogaea L.) is an important oilseed crop, but its productivity is affected by stem rot caused by Sclerotium rolfsii Sacc. Biological control using antagonistic fungi offers a potential approach for reducing dependence on chemical disease management. The present study evaluated the in vitro inhibitory activity of cell-free culture filtrates from ten native isolates of Trichoderma viride against S. rolfsii. The pathogen was isolated from infected groundnut stem tissues and identified based on colony morphology and sclerotial characteristics. T. viride isolates were obtained from rhizosphere soil samples and maintained as Tv1 to Tv10. Culture filtrates were prepared from 10-day-old potato dextrose broth cultures and incorporated into potato dextrose agar at 10%, 20%, 30% and 40% concentrations using the poisoned food technique. All isolates reduced radial mycelial growth of S. rolfsii compared with the control and inhibition generally increased with filtrate concentration. Among the isolates tested, Tv4 showed the greatest inhibitory effect, restricting pathogen growth to 27.79 mm, 19.56 mm, 12.26 mm and 0.00 mm at 10%, 20%, 30% and 40% concentrations, respectively. Complete inhibition was observed with Tv4 at a 40% concentration. Tv6, Tv7 and Tv8 also showed high inhibition at the highest concentration. These results indicate that T. viride culture filtrates can suppress S. rolfsii growth under in vitro conditions.
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1. INTRODUCTION
Groundnut (Arachis hypogaea L.) is an essential global oilseed and food legume crop that supplies high-quality vegetable protein and edible oil (Parmar et al., 2022). Rising global food requirements and expanding industrial processing have substantially intensified the market demand for groundnut (Kadiyala et al., 2021). However, the realisation of optimal crop yield is severely hampered by soil-borne fungal diseases, predominantly stem rot caused by Sclerotium rolfsii Sacc., which inflicts severe economic losses under both rainfed and irrigated cultivation systems (Meena et al., 2024). 
Management of S. rolfsii is exceptionally difficult because the pathogen produces highly resilient melanised sclerotia that survive for prolonged periods in the soil matrix (Biswas et al., 2026). Conventional chemical fungicides are often economically unviable and ecologically disruptive, while frequently failing to suppress deep-seated sclerotial propagules (Biswas et al., 2026). Consequently, biological control using antagonistic microorganisms represents an eco-friendly and sustainable alternative for groundnut stem rot management (Hossain et al., 2025). Antagonistic fungi of the genus Trichoderma possess broad-spectrum biocontrol activity mediated by mycoparasitism, spatial and nutrient competition, induced systemic resistance, and the secretion of bioactive volatile and non-volatile secondary metabolites (Manathunga et al., 2024). 
Recent groundnut studies further support the use of Trichoderma-based biological interventions against S. rolfsii, including integrated bioagent approaches and microbial consortia (Bhatnagar et al., 2025; Kampa et al., 2025).
Antagonistic performance against S. rolfsii is strongly isolate-dependent rather than uniform across the genus Trichoderma (Hirpara et al., 2016; Montalvão et al., 2023). In groundnut-associated pathosystems, substantial variation in biocontrol potency among Trichoderma strains has been linked directly to differences in secreted antifungal metabolites (Hirpara et al., 2016; Montalvão et al., 2023). This metabolic heterogeneity is regulated by fungal species, strain-specific genetics, and local environmental adaptations; hence, screening indigenous, locally adapted isolates and their extracellular products is critical before candidate selection (Zeilinger et al., 2016). 
Recent experimental studies in related S. rolfsii pathosystems likewise show that antagonistic efficacy differs among Trichoderma isolates, including T. viride and sclerotium-mycoparasitic strains (Htut et al., 2025; Liu et al., 2025).
Recent literature also continues to emphasise the role of Trichoderma secondary metabolites in agricultural bioprotection, reinforcing the relevance of evaluating extracellular products in pathogen-suppression studies (Cortez-Lázaro et al., 2025).
Accordingly, within the present study context, a specific need remains to compare cell-free culture filtrates from multiple native T. viride isolates against S. rolfsii across increasing filtrate concentrations.
The primary objective of this investigation was to isolate native T. viride strains from the groundnut rhizosphere and systematically evaluate the in vitro growth-inhibitory efficacy of their cell-free culture filtrates against S. rolfsii. 
2. MATERIAL AND METHODS 
2.1 Isolation and Identification of the Pathogen (Sclerotium rolfsii)
Naturally infected groundnut (Arachis hypogaea L.) plants exhibiting characteristic stem rot symptoms, including water-soaked collar lesions, radiating white mycelial strands, and sclerotial bodies were collected from 15 field plots across major groundnut-growing tracts of Cuddalore and Kallakurichi districts, Tamil Nadu, India, during the Kharif season (July - October). Small tissue segments (2 - 3 mm) excised from the advancing margins of infected stems were surface sterilised with 0.1% (w/v) sodium hypochlorite (NaOCl) for 30 seconds, rinsed three times in sterile distilled water, blotted dry and plated onto Potato Dextrose Agar (PDA) plates before incubation at 28 ± 2°C for 5 days. Axenic cultures were established via single hyphal tip isolation and maintained on PDA slants at 4°C, from which a uniformly virulent and rapidly growing representative isolate was selected for downstream bioassays.
Identification of the pathogen as S. rolfsii Sacc. was confirmed based on diagnostic macroscopic and micromorphological criteria, including rapidly growing, silky-white, plumose aerial mycelium, characteristic right-angled hyphal branching with prominent clamp connections, and the development of smooth, globose to subglobose, chocolate-brown sclerotia (0.8 - 2.0 mm diameter) within 7 - 10 days of culture.
2.2 Isolation and Maintenance of Antagonistic Trichoderma viride
Rhizosphere soil samples were collected at a depth of 0 - 15 cm from healthy groundnut (A. hypogaea L.) fields across various agricultural blocks in Cuddalore and Kallakurichi districts, Tamil Nadu, India. Native antagonistic fungi were isolated using the serial dilution plate technique (10-3 to 10-5 dilutions) on Trichoderma Selective Medium (TSM) as described by Aseel et al. (2023). Axenic cultures were established via single hyphal tip propagation and maintained on Potato Dextrose Agar (PDA) slants at 4°C. Ten morphologically distinct, fast-growing and representative isolates (designated Tv1 through Tv10) were selected based on high sporulation intensity, colony proliferation rate and characteristic pigment production. 
Taxonomic identification as T. viride was verified through standard mycological keys and morphological diagnostic criteria (Kharkwal et al., 2024; Balamurugan et al., 2025a), including colony appearance (dark green, granular to tufted aerial mycelium with concentric rings), conidiophore branching architecture (regularly pyramidal, paired lateral branches emerging at right angles), ampulliform/flask-shaped phialides arranged in verticils and globose to subglobose, finely warted/roughened, hyaline to light green conidia.
2.3 Extraction of Cell-Free Culture Filtrates
Mycelial discs (7 mm diameter) excised from the actively growing margins of 5-day-old cultures of each T. viride isolate (Tv1 to Tv10) were individually inoculated into 250 mL Erlenmeyer flasks containing 50 mL of sterile Potato Dextrose Broth (PDB). The inoculated flasks were incubated under static, dark conditions at 28 ± 2°C with a relative humidity of 70 - 75% for 10 days to facilitate metabolite accumulation. Following incubation, the fungal biomass was separated from the culture broth by preliminary gravity filtration through sterile Whatman No. 1 filter paper. The resulting filtrate was then passed through a sterile 0.22 µm syringe-driven nylon membrane filter under aseptic conditions to obtain completely cell-free culture filtrates. Sterility of each culture filtrate was confirmed prior to bioassays by spread plating a 100 µL aliquot onto nutrient agar and PDA plates, which showed no bacterial or fungal growth after incubation at 28°C for 48 hours. To preserve the bioactivity of heat- and light-sensitive non-volatile secondary metabolites, the freshly prepared cell-free filtrates were used immediately in the antifungal assays.
2.4 In Vitro Antifungal Assay (Poisoned Food Technique)
The growth-inhibitory activity of cell-free culture filtrates from each T. viride isolate (Tv1 to Tv10) was evaluated against S. rolfsii following the poisoned food technique outlined by Chandra (2024). Requisite volumes of sterile culture filtrate (2.0, 4.0, 6.0, and 8.0 mL) were thoroughly mixed with appropriate volumes of molten PDA (18.0, 16.0, 14.0, and 12.0 mL, maintained at 45 - 50 °C) in sterile 250 mL flasks to achieve final concentration gradients of 10%, 20%, 30%, and 40% (v/v), respectively, in a total volume of 20 mL per plate. The amended molten media were poured aseptically into sterile 90 mm Petri dishes and allowed to solidify at room temperature. The medium poured without culture filtrate (20 mL unamended PDA) and inoculated with the pathogen served as the untreated control. 
A 7 mm mycelial disc excised from the active peripheral margin of a 4-day-old culture of S. rolfsii was aseptically transferred and inoculated onto the centre of each test plate. All plates were incubated inverted at 28 ± 2°C until the mycelial growth in the untreated control plates fully reached the edge of the Petri dish (90.00 mm). The radial colony diameter (mm) was measured along two perpendicular axes, and the percentage inhibition of mycelial growth was calculated using the standardised formula: 
Inhibition (%) = [ (Dc - Ds) /Dc] X 100
Here, Dc represents the radial mycelial growth diameter (mm) of S. rolfsii in the untreated control plate, while Ds represents the radial mycelial growth diameter (mm) of S. rolfsii in the culture-filtrate-amended plate. 
2.5 Statistical Analysis
The laboratory experiments were conducted using a completely randomised design (CRD) with three independent replications per treatment. Radial growth diameter and percentage inhibition data were subjected to one-way analysis of variance (ANOVA) using IBM SPSS Statistics software (Version 26.0). Treatment means were compared and statistically significant differences among isolate treatments and concentrations were determined using Duncan’s Multiple Range Test (DMRT) at a 5% level of significance (P≤0.05). Prior to statistical analysis, percentage inhibition values were arcsine-transformed where necessary to normalise data variance. 

3. RESULTS AND DISCUSSION

3.1 Overall Antifungal Activity and Concentration Response
The overall reduction in pathogen growth across filtrate treatments is consistent with recent groundnut research showing that Trichoderma-derived metabolites can substantially inhibit S. rolfsii under in vitro conditions (Vamshi et al., 2025).
The antagonistic potential of cell-free culture filtrates from ten native T. viride isolates (Tv1 to Tv10) against S. rolfsii was evaluated using the poisoned food assay. As detailed in Table 1, all tested culture filtrates exhibited statistically significant radial growth suppression compared with the untreated control (P≤0.05), with mycelial growth inhibition generally increasing with filtrate concentration across all isolates. 

Table 1. Bio-efficacy of T. viride culture filtrates against radial mycelial growth of S. rolfsii in vitro. 

	Isolate ID
	10% Concentration
	20% Concentration
	30% Concentration
	40% Concentration

	
	Growth (mm)
	Inhibition (%)
	Growth (mm)
	Inhibition (%)
	Growth (mm)
	Inhibition (%)
	Growth (mm)
	Inhibition (%)

	Tv1
	39.38d
(38.86)
	56.24
	30.87e
(33.75)
	65.70
	22.86e
(28.56)
	74.60
	3.98e
(11.50)
	95.58

	Tv2
	43.32a
(41.16)
	51.87
	37.33b
(37.66)
	58.52
	26.52b
(30.99)
	70.53
	7.23b
(15.59)
	91.97

	Tv3
	34.28f
(35.83)
	61.91
	29.89f
(33.14)
	66.79
	20.39f
(26.84)
	77.34
	3.56f
(10.87)
	96.04

	Tv4
	27.79j
(31.81)
	69.12
	19.56j
(26.24)
	78.27
	12.26j
(20.49)
	86.38
	0.00j
(0.00)
	100.00

	Tv5
	36.86e
(37.38)
	59.04
	39.28a
(38.80)
	56.36
	28.89a
(32.51)
	67.90
	9.00a
(17.45)
	90.00

	Tv6
	30.54i
(33.54)
	66.07
	21.21i
(27.42)
	76.43
	14.25i
(22.17)
	84.17
	1.23i
(6.36)
	98.63

	Tv7
	33.39g
(35.29)
	62.90
	25.86g
(30.56)
	71.27
	19.33g
(26.08)
	78.52
	1.78g
(7.66)
	98.02

	Tv8
	32.25h
(34.60)
	64.17
	23.52h
(29.01)
	73.87
	17.49h
(24.72)
	80.57
	1.60h
(7.26)
	98.22

	Tv9
	40.69c
(39.63)
	54.79
	32.53d (34.77)
	63.86
	23.56d
(29.03)
	73.82
	5.26d
(13.25)
	94.16

	Tv10
	42.23b
(40.53)
	53.08
	34.39c
(35.90)
	61.79
	25.59c (30.38)
	71.57
	6.79c
(15.10)
	92.46

	Control
	90.00
	-
	90.00
	-
	90.00
	
	90.00
	


Values represent the mean of three independent replications. Means followed by different superscript letters within a column differ significantly at P≤0.05 according to Duncan's Multiple Range Test (DMRT). Percentage inhibition values were recalculated and rounded to two decimal places based on a 90.00 mm control. 

3.2 Comparative Efficacy among Native Isolates
The marked superiority of Tv4 relative to the remaining isolates is also consistent with evidence that native Trichoderma isolates can differ substantially in antagonistic activity against S. rolfsii, underscoring the importance of isolate-level screening (Meena et al., 2024).
Among all evaluated isolates, Tv4 demonstrated the highest growth inhibitory potency across all tested dosages. At a 10% culture filtrate concentration, Tv4 restricted fungal colony growth to 27.79 mm (69.12% inhibition). Pathogen suppression increased with filtrate dosage, yielding 19.56 mm growth (78.27% inhibition) at 20%, 12.26 mm growth (86.38% inhibition) at 30%, and complete mycelial growth suppression (0.00 mm growth; 100.00% inhibition) at 40% concentration. Isolates Tv6, Tv8, and Tv7 also exhibited marked inhibitory effectiveness, recording 98.63%, 98.22%, and 98.02% growth inhibition at the 40% concentration, respectively. Conversely, isolates Tv5 and Tv2 exhibited the lowest inhibition levels at 40% concentration (90.00% and 91.97%, respectively). 

3.3 Culture-Filtrate Mechanisms and Isolate-Dependent Suppression
Groundnut-specific mechanistic evidence further indicates that Trichoderma-mediated suppression of S. rolfsii can involve antifungal metabolites and volatile organic compounds, including 6-pentyl-2H-pyran-2-one, supporting the interpretation that extracellular products may contribute to the inhibition observed here (Ayyandurai et al., 2023).
These findings align with previous observations by Abdelmoteleb et al. (2023), who reported substantial pathogen suppression using cell-free filtrates of Trichoderma species against soil-borne phytopathogens such as Rhizoctonia solani and S. rolfsii. In the literature, the growth-inhibitory efficacy of Trichoderma culture filtrates has often been attributed to the secretion of diffusible non-volatile antibiotic metabolites (such as viridin, trichodermin, and gliotoxin) and extracellular lytic enzymes (such as chitinases and beta-1,3-glucanases) capable of degrading fungal cell walls (El-Katatny et al., 2001; Sarrocco et al., 2022; Balamurugan et al., 2025b). 

The pronounced statistical separation among Tv4, Tv6, Tv8, and less inhibitory isolates across all concentrations confirms that the antifungal capacity of Trichoderma culture filtrates is markedly isolate-dependent. This is consistent with earlier reports where culture filtrate bioassays revealed substantial variation in S. rolfsii suppression among different Trichoderma strains (Marques et al., 2022; Montalvão et al., 2023). Accordingly, the superior activity of Tv4 represents an isolate-specific phenotype under the present in vitro assay conditions rather than a generalised property across all T. viride strains. 

The concentration-dependent mycelial suppression observed across all treatments is consistent with the inhibitory action of diffusible extracellular factors released into the liquid growth medium. Although published studies have correlated such inhibition with specific secreted constituents and hydrolytic enzymes in groundnut and related pathosystems (El-Katatny et al., 2001; Hirpara et al., 2016), extracellular enzymes and bioactive compounds were not quantified or chemically profiled in the present study. Therefore, the specific biochemical compounds driving the observed suppression cannot be conclusively assigned from the poisoned food assay alone. 

3.4 Biocontrol Implications and Need for In Vivo Validation
The need to validate promising in vitro antagonists beyond laboratory assays is reinforced by studies in groundnut showing that native Trichoderma isolates selected for in vitro antagonism can also be evaluated for disease suppression and plant responses under in vivo conditions (Aydoğdu, 2023).
More broadly, Trichoderma species deploy an array of biocontrol mechanisms, including soluble secondary metabolites, volatile organic compounds, and direct mycoparasitism, whose relative contributions vary among strains and host environments (Zeilinger et al., 2016; Chan et al., 2023). The complete in vitro suppression achieved by Tv4 at 40% culture filtrate concentration provides a sound rationale for prioritising this candidate for future metabolite profiling and greenhouse pot trials; however, field efficacy and commercial utility must be validated under natural agroecological conditions. 
4. Conclusion

The present study demonstrated that cell-free culture filtrates of native T. viride isolates possess strong in vitro growth-inhibitory activity against S. rolfsii, the causal agent of groundnut stem rot. Radial growth suppression generally increased with culture filtrate concentration across all tested isolates. Among the ten native isolates evaluated, Tv4 was the most potent, achieving complete mycelial growth suppression (100.00% inhibition) at a 40% (v/v) culture filtrate concentration. Isolates Tv6, Tv8, and Tv7 also exhibited marked inhibitory performance, exceeding 98% mycelial suppression at the highest concentration. These findings highlight isolate Tv4 as a promising candidate for downstream biological control research. However, the conclusions of this work are strictly limited to an in vitro poisoned food assay. Detailed secondary metabolite profiling, hydrolytic enzyme quantification, and rigorous evaluations under greenhouse and field conditions are necessary before practical field-level disease management recommendations can be established.

Limitations
This study was confined to an in vitro poisoned food assay using cell-free culture filtrates from ten morphologically identified Trichoderma viride isolates and a representative Sclerotium rolfsii isolate. The extracellular metabolites and hydrolytic enzymes associated with inhibition were not quantified or chemically characterised, and the identities of the antagonist and pathogen were based on morphological criteria rather than molecular confirmation. Consequently, the observed inhibition cannot be directly extrapolated to greenhouse or field disease control. Further work should include molecular identification, metabolite and enzyme profiling, multiple pathogen isolates, and greenhouse and field validation.
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