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Eco-friendly management of chilli fruit rot caused by Colletotrichum capsici using seaweed extracts and biocontrol agents
ABSTRACT

Chilli (Capsicum annuum L.) production is severely affected by anthracnose or fruit rot caused by Colletotrichum capsici, leading to substantial yield and quality losses. The present investigation evaluated the antifungal potential of selected seaweed extracts and biocontrol agents against C. capsici under in vitro conditions, along with their influence on seed germination and seedling vigour of chilli. Aqueous extracts of five seaweed species were assessed using the poisoned food technique, while the antagonistic activity of microbial biocontrol agents was examined through the dual culture method. The growth-promoting effects of both seaweed extracts and biocontrol agents were evaluated using the standard roll towel method. Among the seaweed extracts, Sargassum wightii at 15 % concentration exhibited the maximum inhibition of C. capsici mycelial growth (77.61%) and significantly enhanced germination, seedling growth and vigour index. Among the biocontrol agents, Trichoderma harzianum showed the highest antagonistic activity against the pathogen with 88.17 % inhibition and also recorded the maximum improvement in seed germination and seedling vigour, followed by Bacillus subtilis. Overall, the results highlight the dual role of seaweed extracts and biocontrol agents in suppressing C. capsici and promoting early seedling growth, indicating their potential as eco-friendly and sustainable alternatives to chemical fungicides for the management of chilli fruit rot.
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1. INTRODUCTION

Chilli (Capsicum annuum L.) is one of the most important spice and vegetable crops cultivated globally and plays a vital role in Indian agriculture due to its high economic, nutritional and medicinal value (Patel and Sharma, 2022). India is the leading producer and exporter of chilli, with cultivation spread across diverse agro-climatic regions. Chilli fruits are valued for their pungency, which is attributed to capsaicin, an alkaloid localized mainly in the placenta and pericarp (Geetha and Selvarani, 2017). In addition to its culinary importance, chilli is a rich source of vitamins A and C, carotenoids, minerals and antioxidants, making it an important nutraceutical crop (Panda et al., 2010; Pathirana, 2012). Despite its importance, chilli productivity is severely constrained by several biotic stresses, among which fungal diseases are the most destructive. Anthracnose or fruit rot caused by Colletotrichum capsici (Syd.) is one of the most economically significant diseases affecting chilli worldwide (Anand et al., 2009; Saxena et al., 2016). The disease affects plants at all growth stages, causing leaf spot, die-back, flower drop and characteristic sunken necrotic lesions on fruits, leading to serious yield and quality losses (Montri et al., 2009; Raghavendra et al., 2020). In India, yield losses due to chilli anthracnose have been reported to range from 8 to 60 % depending on environmental conditions and pathogen virulence (Pooja & Simon, 2019; Suarthi et al., 2022).

Colletotrichum capsici is both seed- and air-borne, enabling its survival and rapid dissemination across chilli-growing regions. Seed infection adversely affects germination, seedling vigour and early crop establishment, resulting in pre- and post-emergence damping-off (Akhtar, 2017; Saxena et al., 2016). The disease also causes significant post-harvest losses, accounting for more than half of the total crop loss under favourable conditions (Pakdeevaraporn et al., 2005). Due to its widespread impact and destructive nature, Colletotrichum species have been ranked among the ten most important plant pathogenic fungi worldwide (Dean et al., 2012). Chemical fungicides are commonly used for the management of chilli anthracnose; however, their indiscriminate use has led to serious concerns such as development of fungicide resistance, environmental pollution, residual toxicity and adverse effects on human health (Arora et al., 2022). These challenges necessitate the development of eco-friendly and sustainable alternatives for effective disease management. Seaweed extracts have emerged as promising natural biostimulants and bioprotectants due to their rich composition of bioactive compounds such as polysaccharides, phenolics, carotenoids, minerals, vitamins and plant growth regulators (Ganesan et al., 2008; Seedevi et al., 2017). Application of seaweed extracts has been reported to enhance seed germination, plant growth, yield and tolerance to biotic stresses, including fungal diseases (Khan et al., 2009; Raj et al., 2018). Moreover, seaweed-derived compounds can induce systemic resistance in plants and suppress pathogen growth, making them suitable alternatives to synthetic fungicides (Galal et al., 2011; Ali et al., 2016). Biological control agents such as Trichoderma harzianum, Trichoderma viride and Pseudomonas fluorescens are well recognized for their antagonistic activity against Colletotrichum spp. through mechanisms including mycoparasitism, antibiosis, competition and induction of host defense responses (Harman, 2004; Naveenkumar et al., 2024). Seed biopriming with these beneficial microorganisms integrates controlled seed hydration with microbial colonization, resulting in improved seed vigour, uniform germination and long-lasting protection against seed- and soil-borne pathogens (Callan et al., 1991; Ghassemi et al., 2008). In such an eco-friendly approaches are well aligned with the principles of sustainable and organic agriculture. In this context, objective of the present investigation is to find out the efficacy of selected seaweed extracts and biocontrol agents against Colletotrichum capsici causing fruit rot in chilli.

2. MATERIALS AND METHODS
2.1. Collection, Identification and Extraction of Seaweed Extracts

Fresh, healthy and mature seaweed samples were collected from intertidal regions of Pamban, Rameswaram and Kanyakumari in Tamil Nadu, India and from Pondicherry (Table. 1). Random sampling was followed to ensure representative collection. The samples were initially washed thoroughly with seawater to remove sand, debris and epiphytes, followed by rinsing with distilled water. The collected seaweeds were placed in labelled polythene bags and transported to the laboratory for further processing. Preservation of samples was carried out using both wet and dry preservation methods as described by Agado (1976).

The seaweed samples were shade-dried under laboratory conditions for seven days and subsequently identified at the Centre for Advanced Studies in Marine Biology, Annamalai University. Five seaweed species comprising two brown algae, two red algae and one green alga were selected for the study. The dried samples were washed with freshwater to remove residual salts and impurities, oven-dried at 40–45 °C and ground into a fine powder. The powdered samples were stored in airtight containers in a cool and dry environment until further use.

Aqueous extraction of seaweeds was carried out using the Soxhlet extraction method (Redfern et al., 2014). Approximately 20 g of powdered seaweed sample was packed into a cellulose thimble (25 × 80 mm) and placed in the Soxhlet extractor. Distilled water (250 ml) was used as the solvent in a round-bottom flask attached to the extractor and condenser. The extraction process was carried out for six hours using an isomantle. After completion, the extract was allowed to cool, filtered, transferred to sterile containers and stored at 4 °C. The extracts were diluted to the required concentrations prior to use.

2.2. In Vitro Antifungal Activity of Seaweed Extracts (Poisoned Food Technique)

The antifungal efficacy of seaweed extracts against Colletotrichum capsici was evaluated using the poisoned food technique (Nishanthi et al., 2020). Potato Dextrose Agar (PDA) medium was prepared and sterilized. Seaweed extracts were incorporated into the molten PDA to obtain final concentrations of 5, 10 and 15 % by adding 5, 10 and 15 ml of extract to 95, 90 and 85 ml of PDA, respectively. PDA without seaweed extract served as the control.

The amended medium was poured into sterile Petri plates and allowed to solidify. Each plate was inoculated at the centre with a 9 mm mycelial disc obtained from a ten-day-old culture of C. capsici. The inoculated plates were incubated at 28 ± 2 °C, with three replications maintained per treatment. Radial mycelial growth was measured after seven days of incubation and percent inhibition of mycelial growth was calculated using the formula:
Percent Inhibition of growth (PI) = =[image: image2.png]X 100





Where, C is the colony diameter in the control (mm) and T is the colony diameter in the treated plates (mm).

2.3. Antagonistic Activity of Biocontrol Agents (Dual Culture Technique)

The antagonistic potential of selected biocontrol agents, namely Pseudomonas fluorescens, Trichoderma harzianum, Trichoderma viride, Bacillus subtilis and Bacillus amyloliquifaciens, against Colletotrichum capsici was assessed using the dual culture technique (Dennis & Webster, 1971). Pure cultures of the biocontrol agents were obtained from the Department of Plant Pathology, Faculty of Agriculture, Annamalai University.

Sterile PDA medium was poured into Petri plates and allowed to solidify. A 9 mm mycelial disc of C. capsici was placed on one side of the Petri plate and an equal-sized disc of the respective biocontrol agent was placed equidistantly on the opposite side. Plates inoculated with the pathogen alone served as the control. The plates were incubated at 28 ± 2 °C until the control plates showed complete mycelial growth. The radial growth of the pathogen was recorded and percent inhibition was calculated using the formula described above.

2.4. Effect of Seaweed Extracts and Biocontrol Agents on Seedling Growth by Roll Towel Method
The growth-promoting effect of seaweed extracts and biocontrol agents on chilli was evaluated using the standard roll towel method as prescribed by ISTA (1993). Chilli seeds were soaked for 12 hours in the respective seaweed extracts at 15 % and biocontrol agents at 1%, while seeds soaked in sterile distilled water served as the control. Pre-soaked germination papers were placed on a sterile working surface disinfected with 70 % ethanol. Treated seeds were evenly placed on the paper, covered with another moist germination paper and gently pressed. The papers were rolled along with a polythene sheet and incubated at room temperature for 14 days. Four replications were maintained for each treatment. After the incubation period, the number of normal seedlings was recorded and germination percentage was calculated. Root length and shoot length were measured from ten randomly selected normal seedlings per replication and expressed in centimetres. Seedling vigour index was calculated using the formula proposed by Abdul-Baki and Anderson (1973).

Germination % = [image: image4.png]Number of normal sesdlings
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X 100




Vigour Index = Germination % x Seedling length in cm (Root + Shoot) 
3. RESULTS AND DISCUSSION
3.1. Antogonistic Activity of Seaweed Extracts Against Colletotrichum capsici
The results presented in Table. 2 & Fig.1 demonstrated that all seaweed extract treatments were significantly superior to the control. Among the extracts evaluated, Sargassum wightii at 15 % concentration was the most effective, recording the lowest mycelial growth of C. capsici (20.15 mm) along with the highest inhibition (77.61 %). This was followed by Padina gymnospora at the same concentration, which showed a colony diameter of 26.42 mm and 70.64 % inhibition. A maximum colony diameter was observed in Gracilaria corticata (37.48 mm)  and the lower growth inhibition of the pathogen (58.36 %). Among the seaweed extracts evaluated, Sargassum wightii exhibited the highest antifungal activity against C. capsici, followed by Padina gymnospora and Ulva lactuca. The antifungal activity observed may be attributed to bioactive compounds present in seaweed extracts that restrict pathogen growth. The superior efficacy of brown seaweeds can be attributed to their rich content of bioactive compounds such as phenolics, phlorotannins, polysaccharides and fatty acids, which are known to exhibit strong antifungal properties (Ganesan et al., 2008; Khan et al., 2009). The concentration-dependent increase in inhibition observed in this study is in agreement with earlier reports that higher concentrations of seaweed extracts enhance pathogen suppression by increasing the availability of antifungal metabolites (Galal et al., 2011; Raj et al., 2018). The comparatively lower inhibition observed in red algae may be due to differences in biochemical composition and lower levels of antifungal secondary metabolites.
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Fig. 1 Poison food technique of Sargassum wightii extracts at different concentration against Colletotrichum capsici
3.2. Effect of Seaweed Extracts on seedling characters of chilli by rolled towel method
The results presented in Table. 3  & Fig.2 showed that all treatments were statistically significant and superior to the control. Among the seaweed extracts, Sargassum wightii recorded the highest germination (89 %), root length (11.30 cm), shoot length (8.32 cm) and vigour index (1729), followed by Padina gymnospora with 88 % germination, 10.81 cm root length, 7.86 cm shoot length and a vigour index of 1658. In contrast, the control recorded the minimum germination (68 %), root length (7.45 cm), shoot length (5.94 cm) and lowest vigour index (912).
Seaweed extracts significantly improved seed germination, root and shoot length and vigour index of chilli seedlings. Seeds treated with S. wightii and P. gymnospora showed maximum improvement in seedling vigour, indicating their strong biostimulant activity. This enhancement in growth parameters may be attributed to the presence of natural plant growth regulators such as auxins, cytokinins and gibberellins, along with micronutrients and organic compounds present in seaweed extracts (Khan et al., 2009; Hernández-Herrera et al., 2014). Improved seedling vigour is particularly important for chilli, as early growth stages are highly vulnerable to pathogen attack and environmental stress (Yadav et al., 2020).
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Fig. 2  Effect of seaweed extracts on chilli seedling under rolled towel method

3.3. Antifungal Activity of Biocontrol Agents Against C. capsici
The results presented in Table. 4  & Fig.3 indicated that all biocontrol treatments were statistically significant and superior to the control. Among the biocontrol agents evaluated, Trichoderma harzianum recorded the minimum colony diameter of C. capsici (10.64 mm) and the highest growth inhibition (88.17 %), followed by Bacillus subtilis with a colony diameter of 17.61 mm and growth inhibition of 80.44 % and Trichoderma viride (29.60 mm and 67.11 %).

The in vitro evaluation of biocontrol agents revealed that Trichoderma harzianum  was the most effective antagonist against C. capsici , followed by   Bacillus subtilis and Trichoderma viride. The strong antagonistic activity of Trichoderma spp. is well documented and is attributed to mechanisms such as mycoparasitism, production of antifungal metabolites, secretion of lytic enzymes and competition for nutrients and space (Harman, 2004; Saxena et al., 2016). The ability of Bacillus spp. to inhibit pathogen growth may be due to the production of antibiotics, lipopeptides and volatile compounds that disrupt fungal cell membranes (Ghassemi et al., 2008). Similar findings were reported by Padder et al. (2010), who observed significant inhibition of Colletotrichum lindemuthianum by T. viride, T. harzianum and Gliocladium virens. 
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Fig.3 Dual culture technique of different biocontrol agents against Colletotrichum capsici
3.4. Effect of Biocontrol Agents on seedling characters of chilli by rolled towel method
In-vitro efficacy of bio-control agents viz., Pseudomonas fluorescens, Trichoderma harzianum, Trichoderma viride,  Bacillus subtilis and  Bacillus amyloliquefaciens showed significantly different anti-fungal activity against the pathogen on seeds and seedlings of chilli (Table. 5  & Fig.4). Among the bicontrol agents, Trichoderma harzianum recorded the highest germination (93 %), root length (11.61 cm), shoot length (8.36 cm) and vigour index (1859), followed by Bacillus subtilis with 92 % germination, 11.39 cm root length, 8.29 cm shoot length and a vigour index of 1816. In contrast, the control exhibited the lowest germination (68 %) and the minimum vigour index (912). Seed treatment with T. harzianum and B. subtilis resulted in the highest vigour index, suggesting their role in improving nutrient uptake, root development and physiological efficiency of seedlings. These findings support earlier studies reporting that biopriming with beneficial microorganisms enhances seed metabolism, accelerates germination and induces systemic resistance against pathogens (Callan et al., 1991; Harman, 2004; Srivastava, 2023). 
The combined antifungal and growth-promoting effects observed in this study highlight the potential of seaweed extracts and biocontrol agents as eco-friendly alternatives to chemical fungicides for the management of chilli fruit rot. Their ability to suppress C. capsici while simultaneously enhancing seedling vigour supports their integration into sustainable disease management strategies. Such approaches align with the current emphasis on reducing chemical inputs and promoting environmentally safe agricultural practices (Arora et al., 2022).
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Fig. 4  Effect of biocontrol agents on chilli seedlings under rolled towel method
4. CONCLUSION
The study demonstrated that seaweed extracts and biocontrol agents effectively suppressed Colletotrichum capsici and enhanced seedling growth in chilli. In overall Sargassum wightii, Trichoderma harzianum and Bacillus subtilis were the most effective treatments, indicating their potential as eco-friendly alternatives to chemical fungicides for sustainable management of chilli fruit rot.
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Table: 1 The efficacy of the seaweeds listed in the following table was tested against C. capsici.

	S.No.
	Scientific name
	Common name
	Location

	1.
	Padina gymnospora
	Brown seaweed 
	Pamban

	2.
	Sargassum wightii
	Brown seaweed 
	Kanyakumari

	3.
	Ulva lactuca 
	Green seaweed 
	Rameshwaram

	4.
	Gracilaria corticate
	Red seaweed 
	Pamban

	5.
	Jania rubens
	Red seaweed 
	Pondicherry


Table: 2 In vitro evaluation of seaweed extracts against Colletotrichum capsici by the poisoned food technique
	S.No
	Seaweed extracts
	Diameter of Mycelial growth (mm)
	Inhibition over control (%)

	
	
	5 %
	10 %
	15 %
	5 %
	10 %
	15 %

	1.
	Padina gymnospora
	41.70a (40.22)
	36.93b (37.42)
	26.42b (30.93)
	53.66b
	58.96b 
	70.64b

	2.
	Sargassum wightii
	39.40a (38.88)
	28.28a (37.12)
	20.15a (26.67)
	56.22a
	68.58a
	77.61a

	3.
	Ulva lactuca
	47.15b (43.36)
	38.87b (38.56)
	27.23b (31.45)
	47.61c 
	56.81b
	69.74b

	4.
	Gracilaria corticata
	59.21d (50.30)
	56.71d (48.85)
	37.48d (37.74)
	34.21e 
	37.00d
	58.36d

	5.
	Jania rubens
	54.12c (47.36)
	51.70c (45.97)
	32.40c (34.69)
	39.87d
	42.56c
	64.00c

	6.
	Control
	90.00e (71.56)
	90.00e (71.56)
	90.00e (71.56)
	-
	-
	-

	Mean
	55.26 (48.01)
	50.41 (45.23)
	38.95 (38.61)
	38.60
	43.99
	56.73

	SEd
	1.431
	0.804
	0.972
	1.591
	0.893
	1.080

	CD (P=0.05)
	3.118
	1.751
	2.117
	3.465
	1.947
	2.353


Mean of three replications. Data in parameters are arc sin transformed values. Values in the column followed by common letters are not differ significantly by DMRT (P=0.05)

Table: 3 Effect of seaweed extracts on seedling growth of chilli by the roll towel method under in vitro condition

	S.No
	Seaweed extracts
	Germination

(%)
	Root length

(cm)
	Shoot length

(cm)
	Vigour index

	1.
	Padina gymnospora
	88.00a (69.73)
	10.81b
	7.86a
	1658

	2.
	Sargassum wightii
	89.00a (70.63)
	11.30a
	8.32a
	1729

	3.
	Ulva lactuca
	81.00b (64.15)
	9.85c
	7.35b
	1395

	4.
	Gracilaria corticata
	76.00b (60.66)
	7.62e
	6.97b
	1058

	5.
	Jania rubens
	78.00b (62.02)
	8.30d
	6.30c
	1192

	6.
	Control
	68.00d (55.55)
	7.45e
	5.94c
	912

	Mean
	80 (63.81)
	9.22
	7.12
	1324

	SEd
	2.336 
	0.271
	0.220
	76.919

	CD (P=0.05)
	5.090 
	0.592
	0.480
	167.594


*Mean of three replications. Data in parameters are arc sin transformed values. Values in the column followed by common letters are not differ significantly by DMRT (P=0.05)

Table: 4 In vitro evaluation of biocontrol agents against Colletotrichum capsici using the dual culture technique
	S.No
	Biocontrol agents
	Diameter of Mycelial growth (mm)
	Inhibition over control (%)

	
	
	Antogonist
	C. capsici
	

	1.
	Pseudomonas fluorescens
	57.20d (49.14)
	32.80d (34.93)
	63.56d

	2.
	Trichoderma harzianum
	79.36a (62.97)
	10.64a (19.04)
	88.17a

	3.
	Trichoderma viride
	60.40c (51.00)
	29.60c (32.96)
	67.11c 

	4.
	Bacillus subtilis
	71.87b (57.96)
	17.61b (24.81)
	80.44b

	5.
	Bacillus amyloliquefaciens
	52.40e (46.37)
	37.08e (37.51)
	58.80e 

	6.
	Control
	90.00f (71.56)
	90.00f (71.56)
	-

	Mean
	68.53 (55.87)
	36.28 (30.93)
	59.67 

	SEd
	1.397
	0.653
	0.726

	CD (P=0.05)
	3.045
	1.422
	1.582


*Mean of three replications. Data in parameters are arc sin transformed values. Values in the column followed by common letters are not differ significantly by DMRT (P=0.05)

Table: 5 Effect of biocontrol agents on seedling growth of chilli by the roll towel method under in vitro condition
	S.No
	Biocontrol agents
	Germination

(%)
	Root length

(cm)
	Shoot length

(cm)
	Vigour index

	1.
	Pseudomonas fluorescens
	80.00bc (63.44)
	8.25c
	6.68c
	1195

	2.
	Trichoderma harzianum
	93.00a (74.86)
	11.61a
	8.36a
	1859

	3.
	Trichoderma viride
	85.00b (67.02)
	9.05b
	7.28b
	1384

	4.
	Bacillus subtilis
	92.00a (73.89)
	11.39a
	8.29a
	1816

	5.
	Bacillus amyloliquefaciens
	77.00c (61.59)
	7.68d
	6.25cd
	1077

	6.
	Control
	68.00d (55.55)
	7.45d
	5.94d
	912

	Mean
	82.57 (66.06)
	9.24
	7.13
	1374

	SEd
	1.268 (1.211)
	0.403
	0.230
	48.736

	CD (P=0.05)
	2.763 (2.638)
	0.878
	0.501
	106.19


*Mean of three replications. Data in parameters are arc sin transformed values. Values in the column followed by common letters are not differ significantly by DMRT (P=0.05)
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