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Exploring Banana Phyllosphere Fungi for Biocontrol of Fusarium in Daloa (Côte d’Ivoire) 
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ABSTRACT 

	Banana, a crop of primary importance for food security and the Ivorian economy, is subjected to multiple biotic and abiotic stresses. The intensive use of chemical inputs promotes resistance in pathogenic fungi while contributing to environmental pollution. The phyllospheric microbiome of banana, whose structure varies according to geographical conditions, represents a potentially exploitable resource for the development of biological control strategies. This study aimed to evaluate the antagonistic potential of phyllospheric fungi associated with banana. Fifty‑four leaf samples (27 apparently healthy and 27 symptomatic) were collected from nine plantations distributed across three localities: Zokoguhé, Bribouo, and Gonaté. The analytical approach consisted of isolating fungi present in the leaf samples and assessing their antifungal activities through solid‑medium confrontation assays between antagonists and pathogens. The fungi isolated from banana leaves belonged to the genera Trichoderma, Aspergillus, Fusarium, Cladosporium, Mucor, Exophiala, Rhizomucor, Citalidium, Pestalotiopsis, Aureobasidium, Scytalidium and Alternaria. Among them, Trichoderma reesei exhibited the highest antagonistic efficacy against Fusarium oxysporum, a major banana pathogen. These findings demonstrate that the banana phyllosphere harbors fungal communities of interest, capable of exerting biocontrol activity.



Keywords: Diversity, Musa, antagonist, sustainable agriculture, biocontrol




1. INTRODUCTION 

In Côte d’Ivoire, the banana plant occupies a privileged position among agricultural crops due to its socio-economic weight and nutritional value. Its fruits, which rank among the main fresh products traded internationally, play a decisive role in ensuring food security for the population (Cantrelle & Lescot, 2020; Olumba & Onunka, 2020). However, this crop is severely threatened by a wide range of diseases and pests that affect the entire plant, from the roots to the fruits. Bacterial, viral, and fungal infections, as well as attacks by insects and nematodes, compromise not only the productivity of banana plantations but also the sustainability of production systems (Fouré & de Bellaire, 2020 ; FAO, 2025). Among these aggressors, fungi represent one of the most devastating threats, causing particularly feared diseases such as black Sigatoka, Eumusae leaf spot, freckle disease, and Fusarium wilt. The management options currently available remain limited, increasingly ineffective, or insufficiently environmentally friendly. Indeed, fungal control strategies relying mainly on the application of chemical fungicides have shown their limitations, due to their negative impacts on both the environment and human health (Drenth & Kema, 2021; Madhushan et al., 2025). Moreover, the repeated use of pesticides fosters the emergence of resistance in pathogenic agents, thereby exacerbating the difficulty of disease control (Daniel, 2024).
Faced with the limitations and harmful effects of chemical pesticides such as soil and water pollution, biodiversity loss and risks to human health, agricultural research and practices are increasingly shifting toward more sustainable alternatives. These approaches rely on cultural, biological, and prophylactic techniques aimed at reducing pest and disease pressure while preserving the environment (Daraban et al., 2023; Finger et al., 2024). In this context, biological control is progressively emerging as a credible alternative to chemical products for the management of pre- and post-harvest diseases. The use of antagonistic microorganisms has recently gained attention as a particularly promising strategy (Collinge et al., 2022; Lahlali et al., 2022). The viable approach consists in promoting and managing naturally occurring antagonists that are already adapted to the surfaces or organs of the targeted plants. Plant compartments indeed provide specific ecological niches for fungi (Cregger et al., 2018). Among these, the phyllosphere—which encompasses all aerial surfaces of plants—represents a unique habitat. Endophytic fungi colonize various organs, with leaves being particularly exposed to a wide range of environmental constraints such as UV radiation, desiccation, temperature fluctuations, atmospheric pollution, and variability in precipitation (Bashir et al. 2022). These microorganisms, capable of thriving under extreme conditions, deploy complex strategies to mitigate abiotic stresses. They thereby contribute to enhancing the ecological performance of the plant, both in its aerial parts and across the whole organism. They promote host health by strengthening disease resistance, stress tolerance, and in some cases even growth (Drenth & Kema, 2021). Harnessing these functionalities paves the way for innovative biological solutions with properties of biostimulation, biofertilization, and/or biocontrol, offering the potential to reduce—or even substantially limit—the use of chemical pesticides (Mounaimi et al., 2024).
The diversity of fungi associated with plants is considerable and may vary across localities (Liu et al., 2023). It is therefore essential to identify the fungal taxa associated with Musa spp. in the Daloa region that are likely to promote banana health under the specific environmental conditions of this area. A thorough understanding of the fungal community colonizing the banana phyllosphere is always useful for elucidating the influence of this microbiota on the development, health, and productivity of this major crop. Within this context, the present study aims to qualitatively and functionally assess the fungal communities colonizing the phyllosphere of bananas in Daloa. More specifically, it seeks to identify the fungi present on leaf surfaces and to investigate potential antifungal activities among these microorganisms.

2. material and methods 

2.1 Study site 

This study was conducted in Daloa (west‑central Côte d’Ivoire) across three zones: Zokoguhé (Zone 1; latitude 7°47′ N, longitude 6°27′ W), Bribouo (Zone 2; latitude 6°52′ N, longitude 6°31′ W) and Gonaté (Zone 3; latitude 6°54′ N, longitude 6°15′ W) (Figure 1). The climate is humid tropical, with annual rainfall ranging from 1,200 to 1,600 mm. Four seasons are distinguished: two rainy seasons (April to mid‑July, and mid‑September to November) and two dry seasons (December to March, and mid‑July to mid‑September) (Adjiri et al., 2019). The vegetation consists of degraded dense forest, resulting from the intensification of cash crop cultivation (cocoa, coffee, oil palm, and rubber) and uncontrolled exploitation of forest species. The soils are ferralitic, characterized by a thin humiferous horizon rich in organic matter, slightly acidic, well‑structured, and suitable for all types of crops (Zro et al., 2016).
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Fig. 1. Location of the study site (Anonymous 1, 2025)


2.2 Material 

The plant material used in this study consisted of banana leaves collected from various plantations in the investigated zone in Daloa.

2.3 Sampling of banana leaves

The sampling of banana leaves was conducted over a two‑week period in June 2024 across nine plantations distributed in the three zones of the region of Daloa : Zokoguhé, Bribouo and Gonaté. Each zone comprised three plantations, with a minimum distance of 10 km between plantations. In each plantation, six banana plants were selected : three with apparently healthy leaves (HL) and three with symptomatic leaves (SL) (Figure 2), each separated by approximately 10 m. A leaf sample consisted of about 600 cm² of foliar surface collected per plant. Six samples were taken per plantation using a scalpel. In total, 54 phyllospheric organ samples were collected, packaged in sterile bags and transported to the laboratory for subsequent analyses. Prior to sampling, each plantation owner or manager was interviewed using a questionnaire addressing general information on farm identification, banana varieties cultivated, cropping systems, and the condition of plants and leaves. 
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Fig. 2. Symptomatic leaf (A) and apparently healthy leaf (B)



2.4 Assessment of fungal diversity in the banana phyllosphere

2.4.1 Isolation of fungi

Culture media used for fungal analysis were Sabouraud with chloramphenicol, prepared according to the manufacturers' instructions. Endophytic molds were isolated from banana leaves using a preliminary treatment as described by Khalil et al. (2021). Briefly, leaf samples collected from banana plants were first rinsed with tap water to remove dirt and debris. Surface sterilization was then performed by immersing the samples sequentially in the following solutions: sterile distilled water for 60 s, 70% ethanol for 60 s, 2.5% sodium hypochlorite for 4 min, 70% ethanol for 30 s, followed by three successive rinses of 1 min each in sterile distilled water. The effectiveness of surface sterilization was confirmed by culturing 100 µL of the final rinse water on Sabouraud agar with chloramphenicol. Sterilized leaves were cut into 5‑mm segments and five segments per individual plant were aseptically placed on the surface of Sabouraud agar with chloramphenicol. Three replicates were prepared for each leaf sample from every banana plant. Petri dishes were incubated at 30 °C for 3 to 7 days. Morphologically different fungal colonies were purified and phenotypically identified based on their macroscopic characteristics (shape, relief and colour of the colonies, surface characteristics, culture time) and microscopic characteristics (hyphal partitioning, presence of chlamydospores, shape and size of conidia, phialides) (Ouina et al., 2020). Fungal isolation frequency was determined using Walder’s formula, while species diversity was evaluated using the Shannon–Weaver diversity index (H′) and Pielou’s evenness index (E) following Tapwal et al. (2023).

2.4.2 Molecular identification

Micromycete taxa with a prevalence greater than 80% (Pille et al., 2024), along with pathogenic fungi (Fusarium sp.) potentially detected in banana leaf samples, were subjected to molecular identification. DNA was extracted from the mycelium of fungi by using the "NucleoSpin Plant II" kit (Macherey-Nagel, Hœrdt, France). The protocol of this kit was observed with some modifications as described by Ouina et al. (2020). Extracted DNA were quantified at the spectrophotometer (Nanodrop 2000) and their purity was checked by the ratio A260/280 (about 1.8 for non-contaminated DNA) and by assessing their ability to migrate on a 1% (w/v) agarose gel. Fungal extracted DNA were amplified by PCR (Polymerase Chain Reaction) by using universal primers ITS 1 (5’-TCCGTAGGTGAACCTGCGG-3’) and ITS 4 (5’-TCCTCCGCTTATTGATATG-3’). Each PCR reaction mixture contained 100-500 ng of genomic DNA, 100 pmol of each of primers, 0.25 mM of dNTP, reaction buffer Taq DNA Polymerase 10X with MgCl2 25 mM and 2.5 U of AmpliTaq Gold DNA Polymerase (Applied Biosystems, Branchburg, NJ, USA) in a final volume of 50 µL. PCR was carried out using the following protocol: (i) 95°C for 4 min and 35 cycles of 95°C for 30 sec, 52°C for 30 sec and 72°C for 1 min, followed by an additional extension time for 7 min at 72°C. The migration of PCR products was realized in a 1% (w/v) agarose gel, which was stained with Midori green and visualized under UV light. Amplicons obtained were sequenced and sequences were aligned using BLASTN.
2.5 Evaluation of the antifungal activity of isolated fungi

The antifungal activity of fungi isolated from banana leaf samples was assessed in vitro using the method described by Zhao et al. (2021). This approach consists of direct confrontation on culture medium between antagonistic and pathogenic strains. In brief, Petri dishes (9 cm in diameter) containing approximately 20 mL of Sabouraud agar supplemented with chloramphenicol were prepared. Mycelial explants (5 mm) from cultures of both pathogenic and antagonistic fungi were placed along the same axis, equidistant from the center of the dish, with a separation of 5 cm (Figure 3). The plates were incubated at 30 °C for 7 days. Controls consisted of dishes inoculated with the pathogen alone. From the third to the seventh day, the radial growth of pathogenic strains was measured daily. Three replicates were performed for each pathogen–antagonist pair. Relative growth inhibitions (% antagonism) were calculated as percentage of inhibition of radial growth (PIRG) (Zhao et al., 2021):
PIRG = 100% x (R1-R2)/R1 
where R1 and R2 represent the radial growth of fungi in the control and test plates, respectively
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Fig. 3. Schematic representation of the direct confrontation between the pathogen and the antagonist on PDA medium 

2.6 Statistical analysis

The data collected during the evaluation of fungal diversity and antagonism tests were entered using Excel 2013 and analyzed with Statistica software version 7.1 (Statsoft Inc., Tulsa, USA). The mean values of the Shannon diversity index (H′) and Pielou’s evenness index (E) were compared using Student’s t‑test. The nonparametric Kruskal–Wallis test was applied at a significance level of α = 0.05 to compare the percentage of inhibition of radial growth (PIRG) of Fusarium oxysporum confronted with other fungal isolates on the seventh day.

3. results

3.1 Typology of Banana Plantations  

The main characteristics of the banana plantations investigated are presented in Table 1. Overall, among the nine plantations surveyed, 77% were located on flat terrain, while 11% were situated on moderately sloping land. All plantation areas ranged between 1 and 5 hectares. In the Gonaté zone, yellowing symptoms were observed in 33% of the plantations. Black spots on leaves and herbicide application were recorded across all sites. Furthermore, 66% of the managers or owners reported lacking technical support from agricultural specialists and cultivated banana as a secondary crop.


	Table 1. Characteristics of the banana plantations

	Characteristics



	Sites

	
	Zone 1
	Zone 2
	Zone 3

	
	Ban 1
	Ban 2
	Ban 3
	Ban 1
	Ban 2
	Ban 3
	Ban 1
	Ban 2
	Ban 3

	Relief
	
	
	
	
	
	
	
	
	
	

	flat
	
	+
	+
	-
	+
	+
	+
	+
	+
	-

	moderately flat
	-
	-
	+
	-
	-
	-
	-
	-
	+

	sloping
	
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Leaf condition
	
	
	
	
	
	
	
	
	

	yellowing
	
	-
	-
	+
	-
	-
	+
	+
	+
	-

	green
	
	-
	+
	+
	+
	+
	+
	+
	-
	+

	black spots
	+
	+
	+
	+
	+
	+
	+
	+
	+

	Type of cultivation
	
	
	
	
	
	
	
	
	

	primary crop
	
	-
	-
	-
	-
	-
	-
	-
	+
	+

	secondary crop
	
	+
	+
	+
	+
	+
	+
	+
	-
	-

	Technical assistance
	-
	-
	-
	-
	
	-
	-
	+
	+

	Herbicide application
	
	+
	+
	+
	+
	+
	+
	+
	+
	+

	Area 
	
	
	
	
	
	
	
	
	
	

	1 - 3 hectares
	+
	+
	+
	+
	-
	+
	-
	-
	-

	4 - 5 hectares
	-
	-
	-
	-
	+
	-
	+
	+
	+

	More than 5 hectares
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Ban : Banana plantation, + / - : presence/absence




3.2 Diversity of Phyllosphere Micromycetes in Banana Plants

Mycological analysis revealed considerable fungal richness and prevalence across banana leaf samples in the investigated plantations (Table 2). The most frequently isolated genus was Trichoderma sp., detected in 83.33% of leaf samples. Moderate prevalence was observed for Mucor sp., Exophiala sp. and Fusarium sp. 2, each occurring in 50–55.56% of samples. Several other taxa, including Citalidium sp., Cladosporium sp., Alternaria sp., Cladosporium herbarum, Aspergillus fumigatus, Pestalotiopsis sp., Rhizomucor pusillus, Aureobasidium sp. and Fusarium sp. 1, were isolated at lower frequencies (<50% of samples). Across both symptomatic (SL) and healthy leaves (HL), several genera were consistently detected, notably Trichoderma sp., Fusarium sp. 1, Fusarium sp. 2, Cladosporium spp., Mucor sp., Exophiala sp. and Alternaria sp. Relative abundance was highest for Trichoderma sp. (36.6% on SL; 30.5% on HL), followed by Fusarium sp. 2 (19.51%) and C. herbarum (25%) on HL. Rare taxa (<10%) included Pestalotiopsis sp. and Scytalidium sp. on HL and Rhizomucor pusillus, Aspergillus fumigatus and Aureobasidium sp. on SL (Figure 4). Diversity indices showed no significant differences between leaf types, with Shannon values of 1.52 ± 0.18 (HL) and 1.36 ± 0.57 (SL) and Pielou’s evenness of 0.42 ± 0.07 (HL) and 0.36 ± 0.13 (SL) (Figure 5).



Fig. 4. Relatives proportions of fungal species across leaf types
Trich sp. : Trichoderma sp., Fus. sp 1 : Fusarium sp. 1, Scyt sp. : Scytalidium sp., Clado sp., Cladosporium sp., Muco sp., Mucor sp., Alter sp. : Alternaria sp., Aureo sp. : Aureobasidium sp., R. pusil : Rhizomucor pusillus, A. fumi : Aspergillus fumigatus, Pesta. sp. : Pestalotiopsis sp., Exop. sp. : Exophiala sp., C. herb: Cladosporium herbarum, Fus. Sp 2 : Fusarium sp. 2
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Fig. 5. Micromycete diversity index across leaf types
H’ : Shannon index, J’: Pielou’s evenness index, SL : Symptomatic leaves ; HL :   healthy  leaves ; Histograms sharing the same letter indicate values that are not significantly different according to Student’s t‑test at the 5% significance level.







	
	Table 2.  Species richness of phyllospheric fungi across banana plantations

	Molds
	Zone 1
	Zone 2
	Zone 3
	Prevalence (%)

	
	B 1
	B 2

	B 3
	B 1
	B 2

	B 3
	B 1

	B 2

	B 3
	

	
	SL
	HL
	SL
	HL
	SL
	HL
	SL
	HL
	SL
	HL
	SL
	HL
	SL
	HL
	SL
	HL
	SL
	HL
	

	Trichoderma sp.
	-
	+
	-
	+
	+
	-
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	83,33

	Fusarium sp. 1
	+
	-
	-
	+
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	11,11

	Scitalidium sp.
	-
	+
	-
	+
	-
	+
	-
	-
	-
	+
	-
	-
	-
	-
	-
	-
	-
	-
	22,22

	Cladosporium sp.
	-
	+
	-
	+
	-
	+
	-
	-
	-
	-
	-
	-
	-
	-
	+
	-
	-
	-
	22,22

	Mucor sp
	-
	-
	-
	-
	-
	-
	-
	+
	+
	+
	+
	+
	+
	-
	+
	+
	+
	+
	55,56

	Alternaria sp.
	-
	-
	-
	-
	-
	-
	-
	-
	+
	-
	+
	+
	+
	-
	+
	-
	+
	+
	38,89

	Aureobasidium sp.
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	+
	-
	-
	-
	5,56

	Rhizomucor pusillus
	-
	-
	-
	-
	-
	-
	+
	-
	-
	-
	-
	-
	-
	-
	-
	-
	+
	-
	11,11

	Aspergillus fumigatus
	-
	-
	-
	-
	-
	-
	+
	-
	-
	-
	-
	-
	-
	-
	+
	-
	-
	-
	11,11

	Pestalotiopsis sp.
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	+
	-
	+
	-
	-
	11,11

	Exophiala sp.
	-
	-
	-
	-
	-
	-
	+
	+
	+
	+
	+
	+
	+
	-
	+
	-
	+
	+
	55,56

	C. herbarum
	-
	-
	-
	-
	-
	-
	+
	+
	-
	-
	-
	-
	-
	+
	-
	+
	-
	+
	27,78

	Fusarium sp. 2
	-
	-
	-
	-
	-
	-
	+
	-
	-
	-
	+
	+
	+
	+
	+
	+
	+
	+
	50

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Species richness
	1
	3
	0
	4
	1
	2
	6
	4
	4
	4
	5
	5
	5
	4
	8
	5
	6
	6
	

	
	[bookmark: _Hlk219663652]B1 to B3 : Banana plantation 1 to 3; SL :  Symptomatic leaves ; HL :   healthy  leaves 





3.3 Molecular Features of Phyllospheric Micromycetes

Molecular analysis of fungal isolates, with prevalence rates reaching up to 80% and belonging to the genus Fusarium—recognized as potential banana pathogens—was performed. Electrophoresis profiles are presented in Figure 6. Amplification of the internal transcribed spacer (ITS) regions of fungal DNA yielded amplicons ranging from 550 to 600 bp (Figure 6). Sequencing of these amplicons followed by BLAST comparison against GenBank databases revealed high similarity with reference sequences. The alignment statistics indicated for Trichoderma sp. 97% coverage and 100% similarity with Trichoderma reesei (Sequence ID: GenBank NR120297.1), for Fusarium sp.1 a 100% coverage and similarity with Fusarium oxysporum (Sequence ID: GenBank KU863663.1) and for Fusarium sp.2 a 99% coverage with 99.81% similarity to Fusarium falciforme (Sequence ID: GenBank NR164424.1).


M
T-
T+
Trich
Fus. sp 1
Fus. sp. 2
1500 pb
600 pb
100 pb













Fig. 6. Electrophoresis gels of amplicons obtained with ITS 1/ITS 4 primers
Size of positive control T+ with ITS 1/ITS 4 is 550-600 pb ; Trich, Fus. sp. 1, Fus. sp. 2 : DNA extracted from Trichoderma sp., Fusarium sp. 1 and Fusarium sp. 2; T+ and T-, positive and negative control; M : size marker

3.4 Inhibitory activity of phyllosphere-associated micromycetes against Fusarium oxysporum

Data derived from the analysis of the mean colony diameters of Fusarium oxysporum, co‑cultured in direct confrontation with fungal isolates obtained from banana leaves, are presented in Table 3. Across these interactions, a significant reduction (p < 0.05), ranging from 9.09% to 54.54%, in the radial growth of the pathogenic strain F. oxysporum was generally observed compared to the control. Globally, the percentage of inhibition of radial growth of F. oxysporum varied significantly (p < 0.05) among the different fungal isolates. Homogeneity tests allowed the definition of distinct homogeneous groups among the antagonistic fungi tested.



	Table 3. Radial growth inhibition (%) of Fusarium oxysporum

	Mycelial confrontation (Antagonist with Pathogenic F. oxysporum)
	PIRG of F. oxysporum

	Antagonist
	

	Trichoderma reesei
	54.56 ± 1.4h

	Scitalidium sp.
	9.1 ± 0.72a

	Cladosporium sp.
	33.03 ± 0.5gh

	Mucor sp.
	25.76 ± 0.15fg

	Alternaria sp.
	18.23 ± 0.87cd

	Aureobasidium sp.
	15.16 ± 1.78bc

	Rhizomucor pusillus
	12.7 ± 1.08b

	Aspergillus fumigatus
	21.23 ± 2.4de

	Pestalotiopsis sp.
	2.9 ± 1.35a

	Exophiala sp.
	12.33 ± 0.65b

	C. herbarum
	22.16 ± 1.64ef

	Fusarium falciforme
	9.1 ± 0.26a

	
[bookmark: _Hlk219667947]PIRG : percentage of inhibition of radial growth
Values followed by the same letter are not significantly different according to the Kruskal-wallis test at α = 5%








c. Confrontation F. oxysporum (left) - T. reesei (right) at day 4
a. Control culture of Fusarium oxysporum at day 7
b. Control culture of Trichoderma reesei at day 7
d. Confrontation F. oxysporum (left) - T. reesei (right) at day 7
















Fig. 7. Dual culture confrontation of Fusarium oxysporum and Trichoderma reesei observed on the 7th day


4. DISCUSSION

In every ecosystem, interactions among microorganisms represent fundamental processes. Pathogenic agents are regularly regulated by the antagonistic activity of certain saprophytic microorganisms (Collinge et al., 2022; Lahlali et al., 2022). Phyllospheric communities, exposed to strong and spatially heterogeneous environmental pressures, develop various adaptive mechanisms that ensure their survival (Bashir et al., 2022). Among these mechanisms are antagonistic interactions that naturally contribute to the biocontrol of phytopathogens. The characterization of these microorganisms therefore emerges as an essential step and a prerequisite for the implementation of any biological control program (Sivakumar et al., 2020; De Mandal & Jeon, 2023).
The characteristics of the banana plantations (flat relief and medium‑sized plots, among others) studied in the localities of Zokoguhé, Gonaté, and Bribouo are similar to those reported by Traoré et al. (2009) regarding plantain cultivation systems in smallholder contexts in the departments of Aboisso, Agboville, Bouaflé, Gagnoa, and San‑Pedro (Côte d’Ivoire). The yellowing of leaves observed in some plantations could be associated with the presence of the fungus Fusarium oxysporum. In particular, the specialized form Fusarium oxysporum f. sp. cubense (FOC) is known to be responsible for foliar yellowing in banana plants (Fouré & de Bellaire, 2020). Ouina et al. (2021) reported the occurrence of FOC in certain banana plantations in the Lôh‑Djiboua region of Côte d’Ivoire. Furthermore, the black leaf spots recorded across all investigated plantations are likely attributable to micromycetes such as Mycosphaerella fijiensis, Mycosphaerella musicola, Mycosphaerella musae and Mycosphaerella eumusae, which are pathogenic agents responsible for the major foliar diseases of banana (Fouré & de Bellaire, 2020).
Mycological analysis of samples collected from different banana plantations revealed a diversity of fungal agents inhabiting the phyllosphere of these plants. The isolated fungi belonged to twelve (12) genera: Trichoderma, Scytalidium, Cladosporium, Mucor, Alternaria, Aureobasidium, Rhizomucor, Aspergillus, Pestalotiopsis, Exophiala, Cladosporium and Fusarium. These fungal genera are closely associated with the phyllospheric organs of banana plants (Ameen et al., 2017; Sivakumar et al., 2020). The presence of such diversity may be explained by the fact that the leaves of Musa acuminata constitute an important source of carbohydrates for these fungi (Ambang et al., 2023). Trichoderma reesei, identified on the basis of 18S sequencing and showing the highest prevalence (83.33%), appears to be part of the core fungal community of banana leaves. Alternaria sp., Mucor sp., Exophiala sp., Fusarium falciforme and Cladosporium sp., isolated with frequencies greater than 30%, can be considered regular but non‑dominant species (Ramond et al., 2025), consistently associated with the banana phyllosphere. Their recurrent presence seems to be linked to relatively important antagonistic activity against other fungi, which confers upon them a significant ecological role. These microorganisms are essential as they contribute to maintaining ecological stability, provide a certain level of protection against pathogenic agents, and support plant growth and health, notably by facilitating nutrient absorption and modulating immune responses (Sivakumar et al., 2020). In addition to these regular species, other micromycetes were isolated at lower frequencies from phyllospheric samples. For instance, Fusarium oxysporum and Pestalotiopsis sp. were reported by Ambang et al. (2023) at respective frequencies of 3.15% and 15.47%. The occurrence of pathogens such as F. oxysporum and F. falciforme (identified through 18S sequencing) (Solórzano et al., 2025) in the investigated banana plantations represents a major concern for the banana sector, as it poses a direct threat to food security in Côte d’Ivoire. Fungal diversity ranging from low to moderate, with equally low evenness, both in apparently healthy leaves and in symptomatic ones, reflects the dominance of a few fungal species in the banana phyllosphere, confirming a marked ecological imbalance. 
Pathogenic microbial interactions occurring in the banana phyllosphere negatively affect plant vigor, reduce crop productivity. The evaluation of these interactions under in vitro conditions, carried out through confrontation assays, revealed that among the micromycetes isolated, Trichoderma reesei emerged as the most effective antagonist against Fusarium oxysporum. During the confrontation tests, colonies of T. reesei developed aggressively over the pathogenic strains, progressively occupying and ultimately covering the entire Petri dish. According to Yao et al. (2023), such interactions reflect mechanisms of competition and parasitism. Mycoparasitic fungi of the genus Trichoderma are well known for their ability to coil around pathogen hyphae, penetrate their cell walls, and secrete hydrolytic enzymes such as chitinases and glucanases that degrade the host’s cellular structure. The effectiveness of mycoparasitism is further associated with additional mechanisms of action, including antibiosis and the production of diverse enzymes (Yao et al. 2023). Based on the PIRG obtained, different classes of antagonists can be distinguished. Isolates with moderate efficacy (50% < PIRG < 70%) include Trichoderma reesei, whereas those with low efficacy (20% < PIRG < 50%) comprise Cladosporium sp., Cladosporium herbarum, Mucor sp. and Aspergillus fumigatus (Solórzano et al., 2025). This classification highlights the variability of antagonistic potential within the banana phyllosphere and underscores the particular interest of T. reesei as a promising candidate for the biocontrol of F. oxysporum. 

4. Conclusion

This With the aim of developing a biological control strategy based on microbial antagonism, the present study assessed the fungal diversity of the banana phyllosphere in Daloa and identified fungi capable of controlling the phytopathogen Fusarium oxysporum. The phyllospheric organs of banana plants in this region constitute a rich and complex microbial ecosystem. This ecosystem comprises fourteen fungal species, including both pathogenic fungi responsible for diseases and non‑pathogenic species, often saprophytes, which may play beneficial roles in plant growth and health. The detection of F. oxysporum, which includes pathogenic subspecies of Musa sp., represents a serious threat to banana cultivation in the plantations studied. In addition, the phyllosphere harbors antagonistic fungi capable of exerting inhibitory effects on the radial growth of this pathogen. The effectiveness of these antagonists generally ranged from low to moderate, reflecting a diversity of interaction mechanisms and levels of competition among species. Among the isolates tested, Trichoderma reesei exhibited the strongest antagonistic activity, confirming the potential of this genus as a biocontrol agent. These findings open promising perspectives for the development of integrated biological control methods based on the use of endophytic or epiphytic fungi naturally present in the phyllosphere, with the aim of reducing the pressure exerted by F. oxysporum and contributing to the sustainable management of banana plantations in Daloa.
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