



Survey and Characterization of Trichoderma spp. Isolated from the Rhizosphere of Banana (Musa spp.) Across Tamil Nadu

[bookmark: _heading=h.bj8g61f3xvp6]ABSTRACT
A survey-based experimental study was conducted from July 2023 to May 2024 at the Department of Plant Pathology, Faculty of Agriculture, Annamalai University, Tamil Nadu, and in banana fields across major banana-growing regions of the state to isolate, characterize and identify Trichoderma spp. from the rhizosphere of multiple banana cultivars for potential application in sustainable crop health management. A total of twenty isolates were recovered from soils representing diverse agroclimatic zones, soil types, and banana genotypes with distinct genomic backgrounds. Rhizosphere soil samples collected from healthy plants were subjected to serial dilution techniques for the isolation of Trichoderma, and the isolates were examined for colony characteristics and conidial morphology. Genomic DNA was extracted using the CTAB protocol, and the internal transcribed spacer (ITS) region was amplified with universal primers ITS4 and ITS5, followed by sequence analysis through BLAST searches and phylogenetic reconstruction using MEGA X. Twenty morphologically distinct isolates were obtained and characterized as T. asperellum, T. harzianum, T. hamatum, T. atroviride, and T. koningiopsis. The study revealed that the rhizosphere of banana cultivars in Tamil Nadu harbours diverse Trichoderma spp., which serve as potential agents for biocontrol and growth promotion, thereby supporting their integration into sustainable disease management strategies.
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1. INTRODUCTION
Banana (Musa spp.) plays a crucial role in global food security and as a cash crop in tropical regions including Tamil Nadu (Justine et al., 2022). However, its productivity is severely threatened by Fusarium wilt also known as Panama disease caused by the soil-borne fungus Fusarium oxysporum f. sp. cubense (Foc), particularly the highly virulent tropical race 4 (TR4), capable of surviving in soil for decades and infecting most cultivars including the widely grown Cavendish group(Garcia-Bastidas, 2022; Maymon et al., 2020).
Chemical control strategies and the deployment of resistant cultivars offer only limited duration efficacy, while conventional breeding efforts are constrained by limitations such as the inherently low fertility of commercial banana varieties (Damodaran et al., 2020). Therefore, sustainable and eco-friendly alternatives like biological control have become vital for long-term disease management strategies.
Members of the genus Trichoderma ubiquitous in temperate and tropical soils have gathered attention as effective biological control agents (BCAs) (Tyśkiewicz et al., 2022a), owing to their remarkable genetic diversity, rapid growth and prolific production of extracellular enzymes (e.g., cellulases, chitinases) and antibiotic metabolites (Bubici et al., 2019). They exert their antagonistic activity through multiple mechanisms, including mycoparasitism, antibiosis,  Induced Systemic Resistance (ISR), Nutrient Competition and Siderophore Production (Bubici et al., 2019; Long et al., 2023a).  Numerous studies highlight the efficacy of Trichoderma spp. in managing Fusarium wilt in bananas. For example, T. viride (strain NRCB1) formulated with rice chaff reduced disease incidence by up to 75–80% in greenhouse and field trials and enhanced activities of defence enzymes like PAL and peroxidase (Thangavelu and Mustaffa, 2010). T. asperellum and T. harzianum have also demonstrated high efficacy in inhibiting Foc both in vitro and in vivo (Pacheco et al., 2016). Recent research on T. koningiopsis revealed its dual role as a potent BCA and a plant-growth promoter through induced enzymatic resistance and growth stimulation (Luo et al., 2023a). Meanwhile, newly isolated T. parareesei strains have demonstrated hyperparasitic activity against Foc TR4 in detailed morphological and genomic studies (Long et al., 2023).
The present investigation addresses a comprehensive survey of Trichoderma populations in banana-growing tracts of Tamil Nadu, encompassing diverse soil types, climatic zones and cultivar genomic groups. The study integrates cultural characterization, microscopic analysis, and molecular identification to document the diversity and distribution of Trichoderma spp. in different agroecological regions.
2. MATERIALS AND METHODS
2.1 Soil sample collection
A total of twenty soil samples were obtained from banana-cultivating regions within six major banana-producing districts of Tamil Nadu, India. Sampling was conducted from symptom-free healthy banana plants focusing on the rhizosphere soil firmly adhering to the root surface. For each biological replicate rhizosphere soil from 4–6 healthy plants were pooled resulting in three replicates per sampling site. Immediately after collection, samples were placed in chilled containers for transportation and subsequently stored at –80 °C in the Department of Plant Pathology, Annamalai University until further processing.
2.2 Isolation of Trichoderma
Fungal isolation was performed using the serial dilution plating method. For each sample, 10 g of rhizosphere soil was mixed with 90 mL of sterile distilled water to prepare a 10⁻¹ dilution. This was followed by a series of tenfold serial dilutions up to 10⁻⁵. From selected dilutions, 100 μL aliquots were aseptically spread onto potato dextrose agar (PDA) plates. After incubation, morphologically distinct fungal colonies were isolated and subcultured onto fresh PDA to obtain pure cultures. Successive hyphal tip transfers were carried out to ensure purity. The purified isolates were incubated at 28 ± 1 °C for 5-7 days and preserved in 50% glycerol at -80 °C for long-term storage.
2.3 Cultural characterization
Purified isolates were grown on PDA plates at 28 ± 1 °C for 7 days to record colony characteristics including growth pattern, shape, pigmentation and type of mycelium. Morphological traits such as colony margin, aerial mycelium density and sporulation patterns were observed and documented. Each observation was replicated three times and representative colonies were observed and recorded. 
2.4 Microscopic characterization
Microscopic observations were performed using the slide culture technique. Agar blocks (5 mm²) with actively growing mycelium from seven-day-old PDA cultures were placed on sterile microscope slides, covered with cover slips and incubated in moist chambers at 25 ± 2 °C for 72 h. The cultures were examined under a Zeiss AX10 stereomicroscope (10× magnification) equipped with an Art Cam 300 MI digital camera (Artray, Tokyo, Japan). Features such as phialide morphology, conidial shape, conidiophore branching pattern, and conidial dimensions (length and width) were recorded from 30 randomly selected conidia per isolate using an ocular micrometre.
2.5 Molecular identification
Genomic DNA was extracted from 5-day-old mycelium grown on PDA using the cetyltrimethylammonium bromide (CTAB) method with slight modifications. The internal transcribed spacer (ITS) region of rDNA was amplified using universal primers ITS1 and ITS4 (White et al., 1990). PCR reactions (25 μL) contained 50 ng template DNA, 1× PCR buffer, 2.0 mM MgCl₂, 0.2 mM dNTPs, 0.4 μM of each primer, and 1 U Taq DNA polymerase. The PCR conditions were initial denaturation at 94 °C for 5 minutes, followed by 35 cycles of denaturation at 94 °C for 30 seconds, annealing at 55 °C for 30 seconds, and extension at 72 °C for 1 minute, with a final extension at 72 °C for 10 minutes. Amplified products were visualized by electrophoresis on 1.2% agarose gels stained with ethidium bromide. PCR amplicons were purified and sequenced commercially (Biofocus Scientific Solutions Pvt. Ltd., Kumbakonam, India).
2.6 Sequence analysis
Raw sequences were trimmed and assembled. Similarity searches were performed against the NCBI GenBank database using BLASTn. Sequences with ≥99% identity were considered for species-level identification. Phylogenetic analysis was carried out using MEGA X software with the Neighbour-Joining method, applying 1,000 bootstrap replications to assess branch support.
3. RESULTS AND DISCUSSION
3.1 Field Survey and Isolation of Trichoderma spp. from Banana Rhizosphere Soils
A total of twenty Trichoderma isolates were recovered from banana rhizosphere soils collected across six major banana-growing districts of Tamil Nadu (Table 1). Sampling sites represented a wide range of soil types, including red loam, red sandy, black soil, clay alluvial sandy loam, and encompassed cultivars with diverse genomic groups. The highest number of isolates was obtained from Grand Nine (AAA genome) plantations, followed by Ney Poovan (AB genome).
The predominance of T. asperellum in this study aligns with findings from banana plantations in worldwide (Correa-Delgado et al., 2024; Rivera-Méndez et al., 2020), where T. asperellum has been shown to display superior rhizosphere competence and antagonistic activity against Fusarium oxysporum f. sp. cubense (Foc) (Brizuela et al., 2023; Hasna et al., 2025). Its widespread distribution across different soil types and banana cultivars in our survey suggests that T. asperellum is ecologically versatile, making it a strong candidate for region-specific biocontrol applications.

Table 1: Survey of Trichoderma spp. In major banana growing regions of Tamil Nadu


	[bookmark: _heading=h.efrd56doqzza]District
	Isolate identification code
	Village
	Latitude/ Longitude
	Soil type
	Cultivar

	

Theni
	BRFT1
	Chinnaovulapuram
	9.8057° N, 77.3278° E
	Red loam
	Grand nine (AAA)

	
	BRFT2
	Nayaranathevan Patti
	9.7233° N, 77.3089° E
	Red sandy soil
	Grand nine (AAA)

	
	BRFT3
	Lower camp
	9.7027° N, 77.7830° E
	Alluvial
	Grand nine (AAA)

	
	BRFT4
	Anaipatti
	9.7504° N, 77.3231° E
	Alluvial
	Grand nine (AAA)

	
	BRFT5
	Kokilapuram
	9.8056° N, 77.3278° E
	Clay soil
	Ney Poovan (AB)

	Cuddalore
	BRFT6
	Pinnathur
	11.4538° N, 79.7711° E
	Black soil
	Monthan (ABB)

	
	BRFT7
	Ayepettai
	11.7447° N, 79.7680° E
	Black soil
	Monthan (ABB)

	

Tiruchirappalli
	BRFT8
	Thottiyam
	10.9896° N, 78.3359° E
	Alluvial sandy loam
	Ney Poovan (AB)

	
	BRFT9
	Lalgudi
	10.8742° N, 78.8191° E
	Loamy soil
	Ney Poovan (AB)

	
	BRFT10
	Manachanallur
	10.9047° N, 78.7014° E
	Loamy soil
	Ney Poovan (AB)

	
	BRFT11
	Kannanur
	11.0813° N, 78.5466° E
	Red soil
	Ney Poovan (AB)

	
Erode
	BRFT12
	Gobichetti palayam
	11.4558° N, 77.4339° E
	Red loamy soil
	Grand nine (AAA)

	
	BRFT13
	T.N. Palayam
	11.5070° N, 77.3869° E
	Red loamy soil
	Grand nine (AAA)

	
	BRFT14
	Anthiyur
	11.5751° N, 77.5904° E
	Red sandy
	Ney Poovan (AB)

	
	BRFT15
	Arasalur
	11.1628° N, 77.7008° E
	Red gravelly
	Ney Poovan (AB)

	Coimbatore
	BRFT16
	Thondamuthur
	10.9899° N, 76.8409° E
	Red loam
	Karpooravalli (ABB)

	
	BRFT17
	Madukkarai
	10.913°N, 76.952°E
	Red loam black soil
	Karpooravalli (ABB)

	
	BRFT18
	Karamadai
	11.2381° N, 76.9614° E
	Red loam
	Karpooravalli (ABB)

	Namakkal
	BRFT19
	Mohanur
	11.0598° N, 78.1421° E
	Red soil
	Rasthali (AAB)

	
	BRFT20
	Neikkaran patti
	11.4066° N, 77.9256° E
	Red soil
	Rasthali (AAB)


3.2 Cultural Characteristics of Trichoderma Isolates
Cultural variability among the isolates was evident when grown on PDA for seven days at 28 ± 1 °C (Table 2 and Fig 1). Colony shapes were predominantly circular, with two isolates (BRFT8 and BRFT12) showing irregular margins. Colony colour ranged from pale yellowish to light or dark green, often with a concentric distribution of pigmentation. Sporulation patterns varied between dense aerial mycelium, fluffy mycelium and tufted sporulation, with a few isolates exhibiting cottony and granular textures. Notably, isolates BRFT16 displayed a distinct transition from cream to green in concentric rings, while BRFT8 and BRFT12 produced dense, cottony colonies with white to greenish pigmentation.
Table 2: Cultural characteristics of Trichoderma spp.
	Isolate
	Colony characters

	
	Shape
	Colour
	Type

	BRFT1
	Circular
	Pale-to-yellowish
	Fluffy mycelium

	BRFT2
	Circular
	Centre light green to dark green
	Dense aerial mycelium

	BRFT3
	Circular
	Greenish-yellow to light green centre, darker green outward
	Tufted sporulation

	BRFT4
	Circular
	Greenish-yellow to light green centre, darker green outward
	Tufted sporulation

	BRFT5
	Circular
	Greenish-yellow to light green centre, darker green outward
	Tufted sporulation

	BRFT6
	Circular
	Centre light green to dark green
	Dense aerial mycelium

	BRFT7
	Circular
	Greenish-yellow to light green centre, darker green outward
	Tufted sporulation

	BRFT8
	Irregular
	White to greenish
	Dense and cottony

	BRFT9
	Circular
	Centre light green to dark green
	Dense aerial mycelium

	BRFT10
	Circular
	Greenish-yellow to light green centre, darker green outward
	Tufted sporulation

	BRFT11
	Circular
	Greenish-yellow to light green centre, darker green outward
	Tufted sporulation

	BRFT12
	Irregular
	White to greenish
	Dense and cottony

	BRFT13
	Circular
	Greenish-yellow to light green centre, darker green outward
	Tufted sporulation

	BRFT14
	Circular
	Centre light green to dark green
	Dense aerial mycelium

	BRFT15
	Circular
	Greenish-yellow to light green centre, darker green outward
	Tufted sporulation

	BRFT16
	Circular
	Starts cream, later green in concentric rings from centre outwards
	Cottony, granular

	BRFT17
	Circular
	Centre light green to dark green
	Dense aerial mycelium

	BRFT18
	Circular
	Greenish-yellow to light green centre, darker green outward
	Tufted sporulation

	BRFT19
	Circular
	Greenish-yellow to light green centre, darker green outward
	Tufted sporulation

	BRFT20
	Circular
	Greenish-yellow to light green centre, darker green outward
	Tufted sporulation
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                                             Fig 1. Pure culture of Trichoderma sp.
The morphological variability observed ranging from colony pigmentation to sporulation patterns highlights the genetic and phenotypic diversity within Trichoderma populations, a factor known to influence biocontrol efficacy (Brizuela et al., 2023; Kumar et al., 2025).
3.3 Microscopic characteristics of Trichoderma isolates
Microscopic examination revealed that phialides were predominantly ampulliform to lageniform in shape, with occasional oblong forms observed in BRFT16. Conidia varied from globose to sub globose, ellipsoidal and oblong, with dimensions ranging from 2.8–4.5 µm in length and 2.0–3.5 µm in width (Table 3 and Fig 2). Conidiophore branching patterns included highly branched pyramidal forms, irregular branching and verticillate arrangements. 
Table 3: Conidial characteristics of Trichoderma 
	Isolate
	Philade shape
	Conidial shape
	Conidiophore branches
	Conidia Size (µm)

	
	
	
	
	Length
	Width

	BRFT1
	Ampulliform to lageniform
	Globose to subglobose
	Highly branched, verticillate
	3.0–4.0
	2.5–3.5

	BRFT2
	Ampulliform
	Subglobose to ellipsoidal
	Highly branched, pyramidal
	2.8–3.5
	2.3–3.0

	BRFT3
	Ampulliform to lageniform
	Ellipsoidal to subglobose
	Irregularly branched
	3.5–4.5
	2.5–3.5

	BRFT4
	Ampulliform to lageniform
	Ellipsoidal to subglobose
	Irregularly branched
	3.5–4.5
	2.5–3.5

	BRFT5
	Ampulliform to lageniform
	Ellipsoidal to subglobose
	Irregularly branched
	3.5–4.5
	2.5–3.5

	BRFT6
	Ampulliform
	Subglobose to ellipsoidal
	Highly branched, pyramidal
	2.8–3.5
	2.3–3.0

	BRFT7
	Ampulliform to lageniform
	Ellipsoidal to subglobose
	Irregularly branched
	3.5–4.5
	2.5–3.5

	BRFT8
	Ampulliform
	Subglobose to ellipsoidal
	Highly branched, verticillate
	3.0–4.0
	2.0–3.0

	BRFT9
	Ampulliform
	Subglobose to ellipsoidal
	Highly branched, pyramidal
	2.8–3.5
	2.3–3.0

	BRFT10
	Ampulliform to lageniform
	Ellipsoidal to subglobose
	Irregularly branched
	3.5–4.5
	2.5–3.5

	BRFT11
	Ampulliform to lageniform
	Ellipsoidal to subglobose
	Irregularly branched
	3.5–4.5
	2.5–3.5

	BRFT12
	Ampulliform
	Subglobose to ellipsoidal
	Highly branched, pyramidal
	3.0–4.0
	2.0–3.0

	BRFT13
	Ampulliform to lageniform
	Ellipsoidal to subglobose
	Irregularly branched
	3.5–4.5
	2.5–3.5

	BRFT14
	Ampulliform
	Subglobose to ellipsoidal
	Highly branched, pyramidal
	2.8–3.5
	2.3–3.0

	BRFT15
	Ampulliform to lageniform
	Ellipsoidal to subglobose
	Irregularly branched
	3.5–4.5
	2.5–3.5

	BRFT16
	Ampulliform to lageniform
	Ellipsoidal to oblong
	Verticillate, regularly branched
	3.0–4.5
	2.0–3.0

	BRFT17
	Ampulliform
	Subglobose to ellipsoidal
	Highly branched, pyramidal
	2.8–3.5
	2.3–3.0

	BRFT18
	Ampulliform to lageniform
	Ellipsoidal to subglobose
	Irregularly branched
	3.5–4.5
	2.5–3.5

	BRFT19
	Ampulliform to lageniform
	Ellipsoidal to subglobose
	Irregularly branched
	3.5–4.5
	2.5–3.5

	BRFT20
	Ampulliform to lageniform
	Ellipsoidal to subglobose
	Irregularly branched
	3.5–4.5
	2.5–3.5
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Fig 2. Microscopic view of Trichoderma conidiophore and conidia 
Isolates BRFT1 and BRFT8 showed highly branched, verticillate conidiophores, while BRFT16 exhibited regular verticillate branching. These findings confirm the taxonomic placement of the isolates within Trichoderma spp for their conidiophore characterization(Brito-Vega, 2020; Brizuela et al., 2023).
3.4 Molecular identification
Sequencing of the ITS region followed by BLAST analysis identified the isolates as belonging to five Trichoderma species: T. asperellum, T. harzianum, T. hamatum, T. atroviride and T. koningiopsis (Table 4 and Fig 3). T. asperellum was the most prevalent species, accounting for 55% (11 isolates) of the total, followed by T. harzianum (25%), T. hamatum (10%), and T. atroviride and T. koningiopsis with one isolate each. The species distribution showed no strict correlation with soil type or cultivar, although T. asperellum occurred across all districts and cultivar groups, indicating its broad ecological adaptability in banana rhizospheres of Tamil Nadu.
Table 4: Molecular identification of Trichoderma spp.
	Isolate
	Scientific name
	Accession number

	BRFT1
	Trichoderma atroviride
	PX106835

	BRFT2
	Trichoderma harzianum
	PX106836

	BRFT3
	Trichoderma asperellum
	PX106838

	BRFT4
	Trichoderma asperellum
	PX106839

	BRFT5
	Trichoderma asperellum
	PX106837

	BRFT6
	Trichoderma harzianum
	PV936659

	BRFT7
	Trichoderma asperellum
	PX106840

	BRFT8
	Trichoderma hamatum
	PV936660

	BRFT9
	Trichoderma harzianum
	PX106841

	BRFT10
	Trichoderma asperellum
	PV936663

	BRFT11
	Trichoderma asperellum
	PX106842

	BRFT12
	Trichoderma hamatum
	PV936666

	BRFT13
	Trichoderma asperellum
	PV936669

	BRFT14
	Trichoderma harzianum
	PX106758

	BRFT15
	Trichoderma asperellum
	PX106843

	BRFT16
	Trichoderma koningiopsis
	PV936674

	BRFT17
	Trichoderma harzianum
	PV942229

	BRFT18
	Trichoderma asperellum
	PV942233

	BRFT19
	Trichoderma asperellum
	PV951577

	BRFT20
	Trichoderma asperellum
	PV942237
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Fig 3. Phylogeny tree based on ITS sequencing 
ITS sequencing revealed five Trichoderma species, with T. asperellum being the most dominant (55%), occurring across all districts and cultivar groups, indicating strong ecological adaptability. Similar dominance of T. asperellum in banana rhizospheres has been reported, highlighting its efficiency as a biocontrol agent against Fusarium oxysporum f. sp. cubense (Solórzano et al., 2025). The occurrence of T. harzianum, T. hamatum, T. atroviride, and T. koningiopsis at lower frequencies reflects considerable species diversity, which may enhance biocontrol efficacy when applied in consortia (Brito-Vega, 2020; Thangavelu and Gopi, 2015).
4. CONCLUSION

This study demonstrated that banana rhizospheres in Tamil Nadu harbor diverse Trichoderma species, predominantly T. asperellum, followed by T. harzianum, T. hamatum, T. atroviride and T. koningiopsis. The cultural, microscopic and molecular variability observed among isolates reflects their ecological adaptability and potential as biocontrol agents. These findings highlight the significance of Trichoderma spp. as promising candidates for integration into eco-friendly and sustainable strategies to manage Fusarium wilt and promote banana health.
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PX106758 Trichoderma harzianum BRFT14
PX106843 1 Trichoderma asperellum BRFT15
PX106835.1 Trichoderma atroviride BRFT1
PV936674 1 Trichoderma koningiopsis BRFT16
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PV936663 1 Trichoderma asperellum BRFT10
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