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Original Research Article

Survey, Pathogenic Variability and Molecular Characterization of Colletotrichum spp. Causing Anthracnose of Chilli (Capsicum annuum L.) in Tamil Nadu, India
ABSTRACT
Anthracnose caused by Colletotrichum sp. is one of the most destructive diseases of chilli (Capsicum annuum L.), resulting in severe yield and quality losses. The present study was undertaken to assess the disease incidence, cultural and morphological variability, pathogenicity and molecular identity of Colletotrichum sp. isolates collected from major chilli-growing areas of Tamil Nadu, India. A field survey conducted during kharif 2023 revealed that anthracnose was prevalent in all surveyed locations, with the highest percent disease index recorded in Paramakudi, followed by Sivapuri and Attur, while the lowest incidence was observed in Hanumandhapuram. Five isolates of Colletotrichum sp. obtained from different regions exhibited considerable variability in colony characteristics, mycelial growth and conidial dimensions. Pathogenicity tests under pot culture conditions indicated significant differences in virulence among the isolates, with isolate Cc 03 (Paramakudi) being the most virulent, recording the highest fruit rot and leaf infection intensity. Molecular characterization based on internal transcribed spacer (ITS) rDNA sequencing confirmed all isolates as Colletotrichum capsici, exhibiting ≥99% sequence similarity with corresponding GenBank reference sequences and clustering within a single, well-supported clade in the phylogenetic analysis. In addition, amplification of the species-specific β-tubulin and actin genes produced distinct amplicons of 317 bp and 751 bp, respectively, further substantiating the molecular identity of C. capsici. The study highlights the variability and virulence potential of Colletotrichum spp. populations in Tamil Nadu and provides a reliable basis for disease management strategies and future resistance breeding programme in chilli.

Key words: Chilli anthracnose; Colletotrichum capsici, Disease incidence, Cultural variability, Pathogenicity, Molecular characterization, ITS rDNA.
1. INTRODUCTION 
Chilli (Capsicum annuum L.) is one of the most important commercial spice crops cultivated extensively in India due to its culinary, nutritional and economic significance (Patel and Sharma, 2022). India is the leading producer and exporter of chilli, contributing substantially to global production. In Tamil Nadu, chilli is predominantly cultivated in districts such as Ramanathapuram, Thoothukudi, Sivagangai, Virudhunagar and Tirunelveli, where it serves as a major source of income for small and marginal farmers. Chilli fruits are valued for their pungency, which is primarily attributed to capsaicin, an alkaloid present in the placenta and pericarp (Akodiya, 2020). In addition to capsaicin, chilli is rich in vitamins A and C, carotenoids, minerals and antioxidant compounds, making it an important dietary component (Pandey et al., 2010). Despite its agronomic and nutritional importance, chilli productivity is severely constrained by several biotic stresses, among which anthracnose disease is the most destructive. Anthracnose of chilli, caused predominantly by Colletotrichum capsici, affects the crop at all growth stages, resulting in leaf spot, die-back and fruit rot symptoms (Anand et al., 2009; Anand et al., 2010). The disease was first reported in India from Coimbatore during the Madras Presidency period (Sydow, 1913). Yield losses due to chilli anthracnose in India have been reported to range from 8 to 60 per cent, depending on the cultivar, crop stage, environmental conditions and virulence of the pathogen (Pandey & Pandey, 2003; Saxena et al., 2016). The pathogen survives both externally and internally in seeds and spreads through air-borne conidia, making disease management difficult (Montri et al., 2009). Infection is generally severe during the fruiting and ripening stages, leading to water-soaked lesions that later develop into sunken necrotic spots with concentric rings and acervuli formation (Pavithra et al., 2021). Apart from reducing market quality, anthracnose also decreases dry matter content, capsaicin concentration and oleoresin yield in chilli fruits (Pandey & Pandey, 2003). Among the Colletotrichum species associated with chilli anthracnose, C. capsici, C. acutatum and C. gloeosporioides are commonly reported; however, C. capsici is considered the most prevalent and aggressive species in India (Saxena et al., 2016). The genus Colletotrichum is characterized by considerable cultural, morphological and pathogenic variability, which often leads to difficulties in accurate identification and effective disease management (Cannon et al., 2000). Traditional identification based on morphological characters alone is often unreliable due to overlapping features among species. Hence, molecular techniques, particularly internal transcribed spacer (ITS) rDNA sequencing, have been widely adopted for accurate identification and phylogenetic analysis of Colletotrichum species (Naveen et al., 2021). Molecular characterization, when combined with pathogenicity and cultural studies, provides a robust approach for understanding pathogen diversity and virulence. Understanding the distribution, variability and pathogenic potential of C. capsici isolates is essential for developing sustainable disease management strategies. Therefore, the present investigation was undertaken to survey chilli anthracnose incidence in major chilli-growing areas of Tamil Nadu and to characterize C. capsici isolates based on cultural, morphological, pathogenic and molecular attributes. The findings of this study are expected to provide a scientific foundation for future eco-friendly disease management practices and resistance breeding programmes in chilli.

2. MATERIALS AND METHODS

2.1. Survey on the Occurrence of Chilli Fruit Rot Caused by Colletotrichum capsici
A systematic field surveys was carried out during 2023 to determine the prevalence of chilli fruit rot caused by Colletotrichum capsici in major chilli-growing regions of Tamil Nadu, India. The survey was conducted in five traditional chilli-producing locations, namely Attur, Thalaivasal, Paramakudi, Sivapuri and Hanumandhapuram. In each location, five chilli fields were selected at random and a plot size of 5 × 5 m (25 m²) was demarcated in each field for disease assessment. The incidence of fruit rot was recorded by counting the number of plants showing typical anthracnose symptoms relative to the total number of plants present within each plot. Plants exhibiting characteristic symptoms such as leaf spots and fruit rot were collected for further pathogen isolation. The percent disease incidence (PDI) was calculated using the formula described by Pandi et al. (2018):
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2.2. Isolation and Purification of the Pathogen

Chilli fruits displaying typical anthracnose symptoms were collected from the surveyed locations. Each location was considered as a separate isolate of C. capsici. Small portions from the infected fruit tissues were excised, surface sterilized using 0.1% mercuric chloride solution for 30 seconds and rinsed thoroughly with sterile distilled water. The sterilized tissue segments were then aseptically transferred onto potato dextrose agar (PDA) medium in sterile Petri plates. The inoculated plates were incubated at room temperature (28 ± 2 °C) for seven days and examined periodically for fungal growth. The pathogen was purified using the single spore isolation technique as described by Rangaswamy (1958). Pure cultures were maintained on PDA slants for further studies.
2.3. Pathogenicity Test under Pot Culture Conditions


Pathogenicity of the C. capsici isolates was evaluated under glasshouse conditions using the chilli variety K2. Healthy seedlings were transplanted into 30 cm diameter earthen pots containing a sterilized mixture of sand, red soil and coir pith in a 2:1:1 ratio. Two seedlings were maintained per pot and grown under controlled conditions at 28 ± 2 °C with approximately 90% relative humidity. Fungal inoculum was prepared from 15–20-day-old cultures grown on PDA under alternating near-ultraviolet light and dark conditions to enhance sporulation. A spore suspension with a concentration of 5 × 10⁵ conidia mL⁻¹ was prepared using sterile distilled water (Rajapakse, 1998). Thirty days old chilli plants were inoculated by spraying the spore suspension uniformly over the plant canopy using the pin-pricking method. Inoculated plants were maintained under conditions favorable for disease development as described by Than et al. (2008). Fruit rot severity was assessed eight days after inoculation using a 0–9 disease rating scale (Kamble et al., 2015). The percent disease index (PDI) was calculated using the formula proposed by McKinney (1923):
List 1: Assessing Fruit rot severity using a 0–9 disease rating scale
	Scale 
	Per cent fruit area diseased (%) 

	0
	No symptoms 

	1
	Small irregular brown spots covering 1% area of fruit 

	3
	Brown, dirty, pin headed spots covering 2-10% area of fruit 

	5
	Dark brown colour, dirty black spots with blackish margin covering 11-25% area of fruit 

	7
	Dark brown circular or irrugular spots with blacking covering 26-50% area of fruit 

	9
	Dark brown circular or irrugular spots with blacking covering 51% and above area of fruit 
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2.4. Morphological Characterization of C. capsici Isolates

The fungal isolates were characterized based on their cultural and morphological attributes. Purification was carried out by transferring actively growing hyphal tips onto fresh PDA plates following the hyphal tip method (Dhingra & Sinclair, 2017). The purified cultures were incubated at 28 ± 2 °C for seven days and examined for colony characteristics such as mycelial colour, growth pattern and radial growth. Microscopic observations were conducted to assess conidial morphology, including shape, colour and size. Seven-day-old cultures grown on quarter-strength PDA were examined using a Zeiss AX10 stereomicroscope equipped with an Art Cam 300 MI digital camera.
2.5. Molecular Identification of the Most Virulent C. capsici Isolate
Genomic DNA was extracted from 5–7-day-old fungal cultures grown in potato dextrose broth using a modified cetyltrimethylammonium bromide (CTAB) method. DNA quality and concentration were assessed using a NanoDrop spectrophotometer. Molecular identification was performed by amplifying the internal transcribed spacer (ITS) region of ribosomal DNA using universal fungal primers ITS1 and ITS4. PCR amplification was carried out in a 25 µL reaction mixture consisting of 12.5 µL of 2× PCR Master Mix, 0.5 µL each of forward and reverse primers (10 µM), 2 µL of genomic DNA and nuclease-free water. The PCR conditions included an initial denaturation at 95 °C for 3 minutes, followed by 35 cycles of denaturation at 95 °C for 30 seconds, annealing at 55 °C for 30 seconds and extension at 72 °C for 60 seconds, with a final extension at 72 °C for 10 minutes. Amplified PCR products were resolved on a 1.2% agarose gel stained with ethidium bromide and visualized under UV illumination. The expected amplicons (approximately 550–600 bp) were purified and sequenced bi-directionally. The obtained sequences were edited and assembled using BioEdit software and compared with reference sequences available in the NCBI GenBank database using BLASTn. Phylogenetic analysis was performed using MEGA software (version X/11) employing the Neighbor-joining method with 1000 bootstrap replications to determine the evolutionary relationships among the isolates (Sharma et al., 2005; Salunkhe et al., 2025). Further, gene-specific PCR amplification was carried out targeting the β-tubulin and actin genes. The β-tubulin gene was amplified using primers BJ-bt-F3 (5′-CCGAAGGTGTCTGACACTGTTG-3′) and BJ-bt-R4 (5′-TGCGCAAGTCCGAGTTAATTG-3′) under the following cycling conditions: initial denaturation at 94 °C for 5 min, followed by 30 cycles of denaturation at 94 °C for 40 s, annealing at 63 °C for 40 s, and extension at 72 °C for 1 min, with a final extension at 72 °C for 10 min. Similarly, amplification of the actin gene was performed using Act-F (5′-TACAATGAGCTGCGTGTTGC-3′) and Act-R (5′-CTGCATACGGTCGGAGAGAC-3′) primers with an initial denaturation at 95 °C for 5 min, followed by 30 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C for 1 min, extension at 72 °C for 1 min, and a final extension at 72 °C for 5 min.
3. RESULTS
3.1. Disease Severity of Chilli Anthracnose in Different Locations of Tamil Nadu

The fixed-plot survey conducted in major chilli-growing regions of Tamil Nadu confirmed the occurrence of anthracnose disease in all surveyed locations (Table. 1). Considerable variation in disease severity was observed among the different localities. The highest percent disease index (PDI) was recorded in Paramakudi (27.3%), followed by Sivapuri (15.9%), Attur (11.5%), Thalaivasal (9.7%) and Hanumandhapuram (7.5%). These findings indicate widespread prevalence of chilli anthracnose across the surveyed regions, with notably higher disease pressure in Paramakudi (Fig. 1).
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Fig. 1 Field symptoms of Chilli anthracnose caused by Colletotrichum capsici
3.2. Pathogenicity of Colletotrichum capsici Isolates under In Vivo and In Vitro Conditions

Significant differences in virulence were observed among the five C. capsici isolates evaluated under pot culture conditions (Table. 2). Isolate Cc 03 exhibited the highest pathogenic potential, recording maximum fruit rot severity (61.4 PDI) and leaf infection (45.2 PDI). This was followed by isolate Cc 04, which caused 49.5 PDI of fruit rot and 41.5 PDI of leaf infection. Moderate virulence was observed in isolates Cc 01 (45.2 PDI fruit rot and 38.5 PDI leaf infection) and Cc 02 (36.6 PDI fruit rot and 30.7 PDI leaf infection). The isolate Cc 05 was identified as the least virulent, producing only 28.7 PDI of fruit rot and 22.4 PDI of leaf infection.Lesion size also varied significantly among the isolates, with Cc 03 producing the largest lesions (14.5 mm), followed by Cc 04 (9.7 mm), Cc 01 (8.4 mm), Cc 02 (7.6 mm) and Cc 05 (5.8 mm). The variation in disease severity and lesion development highlights the differential pathogenic behavior of the C. capsici isolates (Fig 2).

Fig 2: The variation in disease severity and lesion development highlights the differential pathogenic behavior of the C. capsici isolates 

3.3. Morphological Variability among C. capsici Isolates

Morphological characterization of the fungal isolates revealed noticeable variability among the five C. capsici isolates obtained from different chilli-growing regions of Tamil Nadu (Table 3). All isolates were successfully isolated and purified from infected fruit and leaf tissues exhibiting typical anthracnose symptoms. Differences were observed in mycelial growth and conidial dimensions among the isolates. Isolate Cc 03 recorded the maximum conidial size, with an average length of 24.15 µm and width of 2.85 µm, followed by Cc 04 (22.42 × 2.78 µm), Cc 01 (19.35 × 3.12 µm), Cc 02 (18.50 × 2.67 µm) and Cc 05 (16.04 × 2.80 µm). Despite quantitative differences in growth and conidial dimensions, qualitative traits such as colony colour and growth pattern were largely uniform among the isolates. All isolates exhibited white, cottony aerial mycelial growth with septate, hyaline, well-branched hyphae. Conidia were cylindrical in shape across all isolates, confirming their identity as Colletotrichum spp (Fig. 3 and 4).
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Fig. 3 Pure culture of different isolates collected from major chilli growing areas of Tamil Nadu 


Fig 4. Spore morphology of Colletotrichum spp.
3.4. Molecular characterization the most virulent Colletotrichum spp. Isolate
Genomic DNA extracted from all Colletotrichum capsici isolates was of good quality and suitable for downstream molecular analyses. PCR amplification of the ITS region using universal primers ITS1 and ITS4 consistently produced single amplicons of the expected size (≈550–600 bp). BLASTn analysis of the edited ITS sequences showed ≥99% similarity with authenticated C. capsici sequences in the NCBI GenBank database, confirming species-level identity. A representative sequence was deposited in GenBank under the accession number PX765820. Phylogenetic analysis based on ITS sequences clustered all isolates within a well-supported C. capsici clade (bootstrap ≥90%), indicating close genetic relatedness and validating molecular identification (Fig 5). Further confirmation was obtained through amplification of species-specific β-tubulin and actin genes, yielding distinct amplicons of 317 bp and 751 bp, respectively. The high specificity of these markers enabled reliable discrimination of C. capsici from closely related taxa, underscoring their robustness for precise species-level molecular diagnostics.
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Fig. 5 Phylogenetic analysis based on ITS sequence data was performed using MEGA software (version 12)
4. DISCUSSION

4.1. Anthracnose Disease Severity in Different Localities of Tamil Nadu

The field survey conducted in major chilli-growing regions of Tamil Nadu revealed that anthracnose disease was prevalent across all surveyed locations, with disease severity ranging from 7.5 to 27.3 percent, indicating the endemic nature of the disease in the region. The observed variation in disease intensity among locations may be attributed to differences in pathogen virulence, host susceptibility and prevailing environmental conditions such as temperature and humidity (Hossain et al., 2010). The present findings are consistent with earlier reports by Mishra et al. (2018) and Pandey and Pandey (2003), who documented high anthracnose incidence in chilli-growing regions of Punjab, primarily due to the cultivation of susceptible varieties. Similarly, Harshitha et al. (2022) reported elevated disease severity during kharif seasons in major chilli-growing districts of Karnataka. In the current study, higher disease incidence was observed during the fruit ripening stage, corroborating the observations of Sujatha Bai (1992), who reported that secondary infection predominantly occurs on mature and ripening chilli fruits.

4.2. Pathogenic Variability of Colletotrichum capsici Isolates under Pot Culture Conditions

Significant differences in pathogenicity were observed among the C. capsici isolates evaluated under pot culture conditions. Among the isolates, Cc 03 exhibited the highest virulence, followed by Cc 04, whereas Cc 01, Cc 02 and   showed comparatively lower pathogenic potential. Higher disease intensity on fruits compared to leaves was consistently observed, indicating greater susceptibility of fruit tissues to infection. The pin-pricking method of inoculation proved effective in inducing disease symptoms, supporting earlier findings by Bhale et al. (1999), who identified it as a reliable method for evaluating fruit infection by Colletotrichum species. Similar lesion development following artificial inoculation has also been reported by Gupta et al. (2017). Variability in virulence among C. capsici isolates has been well documented and may result from genetic diversity and adaptation to local environmental conditions (Denoyes et al., 2003; Ali et al., 2002). Lower infection levels on leaves compared to fruits observed in this study are in agreement with earlier reports (Suthin Raj et al., 2013; Saini et al., 2025), emphasizing the fruit-specific pathogenic behavior of the fungus.

4.3. Morphological Variability among C. capsici Isolates

The present investigation revealed considerable morphological diversity among the C. capsici isolates with respect to colony growth, pigmentation and conidial dimensions. Such variability may arise due to environmental adaptation, genetic differences, or the existence of distinct biotypes or strains within the pathogen population (Cannon et al., 2000). The observed cultural and morphological variations are in agreement with previous studies reporting differential colony characteristics and conidial morphology among C. capsici isolates grown on PDA (Freeman et al., 1998; Grahovac et al., 2012; Sahitya et al., 2014; Ghosh et al., 2016; Prajapati et al., 2020). Variations in spore size and shape reported in the present study are also supported by the findings of Hanumanthappa et al. (2018) and De Silva et al. (2019), who observed significant diversity in conidial characters among Colletotrichum species. Differences in radial mycelial growth among isolates further confirm the inherent variability within the pathogen population (Bailey, 1992; Saket Kumar et al., 2015).

4.4. Molecular Identification of Colletotrichum capsici
Molecular characterization based on ITS rDNA sequencing confirmed the identity of the isolates as Colletotrichum capsici. Amplification of a single ITS fragment of the expected size and high sequence similarity with authenticated GenBank sequences supported the morphological identification. Phylogenetic analysis further substantiated these results by clustering the isolates within a well-supported C. capsici clade, indicating close genetic relatedness. The effectiveness of ITS markers in discriminating C. capsici from closely related Colletotrichum species has been widely reported, reinforcing the reliability of this approach (Noor & Zakaria, 2018; Anggrahini et al., 2020; Naveen et al., 2021; Riaz et al., 2023). Notably, identification of the highly virulent isolate Cc 03 has important applied significance, as it can serve as a reliable challenge isolate for resistance screening of chilli germplasm and for evaluating disease management strategies under controlled conditions. Integration of molecular confirmation with pathogenicity and morphological assessments provides a robust framework for understanding pathogen variability and supports the development of effective management strategies for chilli anthracnose.

Further validation was achieved through amplification of species-specific β-tubulin and actin genes, yielding distinct amplicons of 317 bp and 751 bp, respectively, which provided unequivocal confirmation of C. capsici. Protein-coding genes such as β-tubulin and actin offer higher discriminatory power than ITS alone, particularly within the Colletotrichum species complex (Cannon et al., 2012; Damm et al., 2012; Ram Kumar et al., 2024). The high specificity of these primers enabled accurate differentiation of C. capsici from closely related taxa, minimizing the risk of misidentification. Similar multilocus approaches have been recommended for reliable species delimitation in Colletotrichum (Weir et al., 2012 Tiwari et al., 2024). Collectively, these results underscore the robustness of β-tubulin and actin markers for precise species-level molecular diagnostics of C. capsici.
5. CONCLUSION
The present study confirmed the widespread occurrence of chilli anthracnose in major chilli-growing regions of Tamil Nadu and revealed notable variation in disease severity across locations. Differences in pathogenicity and morphological traits among the five representative isolates indicated the presence of virulence diversity within the pathogen population, with isolate Cc 03 identified as the most aggressive, causing severe fruit rot and leaf infection. Molecular identification using ITS rDNA along with gene-specific markers validated the pathogen as Colletotrichum capsici. Although the number of isolates analyzed was limited, the integration of field survey, pathogenicity testing, morphological characterization, and molecular analysis provides baseline evidence of pathogen variability. Importantly, identification of a highly virulent isolate has practical relevance for resistance screening and for designing integrated disease management strategies for chilli anthracnose. Further studies involving larger isolate collections are required to fully capture population diversity and strengthen disease management approaches.
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Table: 1 Survey on the incidence of anthracnose disease of chilli in major chilli growing districts of Tamil Nadu
	S. No.
	Locality
	District
	Crop stage
	Variety
	Soil type
	Isolate identification code
	Percent Disease incidence (%)

	1.
	Attur
	Salem
	Fruiting
	PKM 1
	Black Soil
	Cc 01
	11.5c (19.82)

	2.
	Thalaivasal
	Salem
	Fruiting
	Local
	Red Soil
	Cc 02 
	9.7d (18.14)

	3.
	Paramakudi
	Ramanathapuram
	Fruiting
	CO 1
	Sandy loam Soil
	Cc 03
	27.3a (31.50)

	4.
	Sivapuri
	Cuddalore
	Fruiting
	CO 1 
	Sandy loam Soil
	Cc 04
	15.9b (23.50)

	5.
	Hanumandhapuram
	Krishnagiri
	Fruiting
	PKM 2 
	Red soil
	Cc 05
	7.5e (15.89)

	Mean
	14.35 (21.74)

	SEd
	0.601 (0.433)

	CD (P=0.05)
	1.339 (0.966)


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

Cc 01- Colletotrichum capsici Isolate 01
Table: 2 Assessing the Pathogenicity of C. capsici isolates under in vivo and in vitro condition

	Isolates
	Per cent fruits infected
	Percent Disease incidence (%)
	Per cent leaves infected
	Percent Disease incidence (%)
	Lesion size (mm)

	Cc 01
	63
	45.2c (42.24)
	50
	38.5b (38.35)
	8.4

	Cc 02
	57
	36.6d (37.22)
	48
	30.7c (33.64)
	7.6

	Cc 03
	79
	61.4a (51.59)
	67
	45.2a (42.24)
	14.5

	Cc 04
	68
	49.5b (44.71)
	53
	41.5b (40.11)
	9.7

	Cc 05
	47
	28.7e (32.39)
	36
	22.4d (28.24)
	5.8


*Mean of three replications. Data in parameters are arc sin transformed value. Values in the column followed by common letters are not differ significantly by DMRT (P=0.05) 
Table: 3 Morphological characteristics of different isolates from the major chilli growing areas of Tamil Nadu

	Isolate

Identification code
	Colour of

Mycelium
	Type of mycelium
	Shape of

Conidia
	Conidial size (µm)

	
	
	
	
	Length
	Width

	Cc 01
	White cottony aerial growth
	Septate, hyaline, well developed and branched
	Cylinderical
	19.35
	3.12

	Cc 02
	White cottony aerial growth
	Septate, hyaline, well developed and branched
	Cylinderical
	18.50
	2.67

	Cc 03
	White cottony aerial growth
	Septate, hyaline, well developed and branched
	Cylinderical
	24.15
	2.85

	Cc 04
	White cottony aerial growth
	Septate, hyaline, well developed and branched
	Cylinderical
	22.42
	2.78

	Cc 05
	White cottony aerial growth
	Septate, hyaline, well developed and branched
	Cylinderical
	16.04
	2.80


*Values in the column followed by same letters not differ significantly by DMRT (P=0.05)
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