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Abstract

:

Fusarium wilt, caused by Fusarium oxysporum f. sp. cubense (Foc), significantly affects the productivity of the banana crop in the field. Currently, there are no effective control measures available, and therefore, there is an urgent need to develop novel strategies to control the spread of the disease. Biological control is a promising strategy for the management and control of the disease. The aim of this study was to identify fungal endophytes associated with Moringa (Moringa oleifera), Neem tree (Azadirachta indica) and Lavender (Lavandula angustifolia) and their antifungal activities against Fusarium oxysporum f. sp. cubense tropical race 4 (Foc TR4). We isolated 69 fungal endophytes from different tissues of M. oleifera, A. indica and L. angustifolia and screened for antifungal activity against Foc TR4. Six fungal endophytes exhibited highest antagonistic activity against Foc TR4 based on dual-culture assays. Based on morphology and ITS gene sequence analysis, the selected six endophytes were identified to be related to Alternaria alternata (MB7 and NR3), Neofusicoccum parvum (LB1), Fusarium oxysporum (LR1), Talaromyces amestolkiae (MB14) and Alternaria tenuissima (NB6). The culture filtrates of the six fungal endophytes (LB1, LR1, MB7, MB14, NB6 and NR3) exhibited more than 50% inhibition of mycelial growth of Foc TR4 in vitro and were producers of β-1,3-glucanase. The six fungal endophytes showed biocontrol efficacy against Fusarium wilt in pot experiments. The findings from this study demonstrate that fungal endophytes LB1, LR1, MB7, MB14, NB6 and NR3 should be explored as biocontrol agents and biofertilizers in banana production.






Keywords:


antagonistic activity; biocontrol; endophytic fungi; Fusarium wilt; Fusarium oxysporum f. sp. cubense; phylogenetic analysis












1. Introduction


Banana (Musa spp.) is a staple food for more than 400 million people worldwide. It is also an important cash and trading fruit in the international fruit market [1,2]. According to the World Food and Agricultural Organization, banana ranks as the fourth largest food crop after rice, wheat and maize, with more than 140 million metric tons produced in 2021 [3]. However, diseases in bananas have become more common and frequent, resulting in epidemics with huge economic losses [4]. Among the diseases, Fusarium wilt is one of the most destructive diseases affecting banana production worldwide [4,5].



Fusarium wilt (Panama disease) of banana is a major constraint to the production of banana worldwide. The causal agent for the disease is the soil-borne fungus Fusarium oxysporum f. sp. cubense (Foc) [6]. The Foc strains are classified into four races according to the host range of banana, with race 4 later being divided into subtropical race 4 (STR4) and tropical race 4 (TR4) [7]. Among the Foc races, TR4 is the most destructive and threatens the production of Cavendish cultivars, plantain and other important cooking and ripening banana genotypes [8,9]. The fungus leads to the wilting of banana plants as it invasively penetrates and infects the vascular bundle system of the plant [10]. The pathogen damages the xylem and chloroplast tissues of the infected plants with leaves starting to wilt, starting with the oldest to the youngest [11], and eventually the entire plant succumbs to the disease. The fungal pathogen latently survives in the soil for decades and this means that where the infected rhizomes are present in a banana field, the likelihood of entire crop failure is very high [12]. Such a failure causes enormous economic losses to farmers and other industry stakeholders [13].



Improving banana production requires better management of Fusarium wilt in order to decrease the yield losses. Fusarium wilt is difficult to manage because Foc chlamydospores persist in the soil for many years, as well as in the presence of weeds, which act as reservoirs for the dissemination of the pathogen [14]. Several disease management approaches have been used to prevent and control Fusarium wilt in bananas [15]. Among these approaches, the use of synthetic chemical fungicides (such as prochloraz and propiconazole) is the most adopted method in the field but only shows limited efficacy against Foc TR4 [16,17]. The use of chemical fungicides in agro-ecosystems for plant disease management for a long time can lead to fungal resistance and pose a risk to the environment and human health. Other management practices that have been utilized are the development of resistant varieties, field sanitation, crop rotation, application of biological agents and organic amendments and the use of cover crops [12]. Among these methods, biological control has currently received attention as an effective and sustainable strategy to manage plant diseases and improve crop productivity [18].



Biological control (including biocontrol microbes or microbial metabolites and natural plant products) is an environment friendly approach that can be used as an alternative to chemical control due to its low toxicity, safety and high efficiency. Many biological isolates, such as Trichoderma sp., Bacillus, Streptomyces sp., and Pseudomonas, have been studied and demonstrated to be effective against Foc TR4 [19,20,21,22]. Plant extracts have also shown great potential in limiting pathogen development and have been reported to provide new and unique compounds for the development of novel agricultural products [23]. Subsequently, plants harbor endophytes which may provide potent antimicrobial agents that are better than the plant extracts. Endophytes are naturally occurring microorganisms integrally associated with their hosts and have major roles in enhanced stress tolerance and protection against pathogens [24].



Many medicinal plants and herbs have been recognized as a source of endophytes with novel metabolites for the control of phytopathogenic fungi. Moringa oleifera, a traditional medicinal plant, is known for its antifungal, antimicrobial and antioxidant properties [25,26,27]. Recently, these plants have attracted increasing attention for their bioprotection against fungal pathogens infecting crop plants [26,27]. The Neem plant (Azadirachta indica) is a rich repository of more than 300 secondary metabolites and has been frequently used as a natural pesticide [28]. Azadirachta indica (Neem) leaves, bark and roots are known for their anti-inflammatory, antimalarial, antifungal, antibacterial, antiviral, antioxidant and anticarcinogenic properties [29,30,31]. The Lavender plant (Lavandula angustifolia) is a popular herb, has a long history of medicinal use and exhibits antioxidant, antifungal and antibacterial properties [32,33,34]. The aforementioned properties of M. oleifera, A. indica and L. angustifolia demonstrate that the endophytic fungi associated with these plants have the potential to protect crop plants against fungal pathogens. However, there is limited information on the endophytic fungi from these medicinal plants, especially their antifungal activities.



The aim of this study was to identify fungal endophytes associated with different parts of M. oleifera, Neem tree (A. indica) and Lavender (L. angustifolia) and determine their biocontrol efficacies against Fusarium oxysporum f. sp. cubense tropical race 4 (Foc TR4) using the susceptible banana cultivar Grand Naine.




2. Materials and Methods


2.1. Collection of Plant Material


One hundred and twenty (120) healthy root, bark, leaf and flower tissues of Moringa (Moringa oleifera), Neem (Azadirachta indica) and Lavender (Lavandula angustifolia) plants were collected from the forest at the University of Nairobi, Chiromo Campus, Nairobi, Kenya. The plant tissues were packaged in sterile transparent zip-lock polypropylene bags and transported in ice boxes to the Microbiology Laboratory at the Department of Biochemistry, University of Nairobi, and analysis was conducted within 3 h of collection.




2.2. Isolation of Fungal Endophytes


Fungal endophytes were isolated from fresh tissues of the root, bark, leaves and pods of M. oleifera, A. indica and L. angustifolia plants. To remove microbes and particles on the surfaces, the samples were washed with running tap water. The samples were then sterilized with 75% ethanol for 1 min and 1.5% sodium hypochlorite for 5 min and then rinsed three times in sterile distilled water. The sterilized samples were cut into small pieces (0.5 cm–1 cm in length), and six pieces for each sample were placed on potato dextrose agar (PDA) supplemented with antibiotics (100 µg/mL penicillin and 100 µg/mL streptomycin sulphate). The inoculated samples were incubated in the dark at 28 ± 1 °C. After 6–8 days of growth, the emerging hyphae of the endophytic fungi on each tissue were sub-cultured and purified by transferring segments of the hyphae into fresh PDA in Petri dishes. The recovered and purified fungal endophyte isolates were then cultured on PDA slants and stored at 4 °C.




2.3. Dual-Culture Assay to Identify Fungal Endophytes with Antifungal Activity (Pre-Screening)


Fungal endophytes from different tissues of M. oleifera, A. indica and L. angustifolia plants were evaluated for their antifungal activity against Foc TR4. Foc TR4 isolate was originally obtained from the Kenya Plant Health Inspectorate Service (KEPHIS) and stored at the Department of Biochemistry, University of Nairobi, where the isolates had been maintained on PDA. The Foc TR4 isolates were confirmed using Foc-TR4-specific primers, FocTR4-F (5′-CACGTTTAAGGTGCCATGAGAG-3′) and FocTR4-R (5′-CGCACGCCAGGACTGCCTCGTGA-3′) as described by Dita et al. [35], and an expected amplified PCR product of approximately 463 bp was obtained. Each fungal endophyte isolate and Foc TR4 was co-cultivated in a Petri dish containing PDA. The Foc TR4 was pre-cultured on PDA and then the fungal endophytes were introduced after 3 days. An approximately 6 mm diameter disk of fungal endophyte was placed on the four edges (0.5 cm from the corner) of the Petri dish containing the PDA and a disk of Foc TR4 pathogen was placed at the center of the plate and incubated at 28 ± 2 °C for 7–10 days until the Foc TR4 pathogen covered the entire plate in the control plate. The inhibition of mycelia growth of Foc TR4 by the fungal endophytes was assessed by measuring the zone of inhibition. After 10 days for incubation at 28 ± 2 °C, the colony diameter of Foc TR4 pathogen was measured and compared to the control plate. The percent inhibition rate (I) was calculated as I (%) = [(DC − DE)/DC] × 100, where I = percentage inhibition of Foc TR4 pathogen growth by the fungal endophytes, DC = the colony diameter of Foc TR4 in the control plate and DE = the colony diameter of Foc TR4 in a plate that co-cultured with endophytic fungi. Differences in the inhibition capacity between different fungal endophytes were then used to classify the isolates based on the fungal antagonistic activity.




2.4. Pathogenicity Test of Fungal Endophytes to Banana Cultivar Grand Naine


The six fungal endophytes with the highest antagonistic activity against Foc TR4 were inoculated to 4-week-old banana plants of cultivar Grand Naine to determine if they were pathogenic. Spore suspension of the selected 6 fungal endophytes for inoculating banana plantlets were produced in 250 mL Erlenmeyer flasks containing 125 mL of sterile potato dextrose broth (PDB) medium. Mycelia blocks of each fungal endophyte were cut from 1-week-old culture on PDA and aseptically transferred to PDB. Three flasks containing non-inoculating PDB were used as control. Flasks were incubated in a rotary shaker at 120 rpm at 28 ± 2 °C for 1 week to allow for fungal sporulation and to disperse the spores throughout PDB medium. The spores were harvested by filtering the spore suspension through the cheese muslin cloth to remove the mycelia fragments. The spore density of sporulating fungi was estimated using the hemocytometer and the suspension was adjusted a final spore concentration of 106 spores/mL. The fungal endophytes were inoculated by drenching the base of the banana plantlets with 25 mL spore suspension (106 spores per mL) of 1-week-old culture, and the inoculation was repeated after 2 weeks. The banana plantlets were evaluated for the presence of leaf yellowing and rhizome discoloration. The experiment used a randomized complete block design (RCBD) with three replications (blocks). Each treatment consisted of 5 banana plantlets within each block for each of the fungal endophytes.




2.5. Morphological Characterization of the Antagonistic Endophytic Fungi


Fungal endophytes were grown in Petri dishes containing PDA at ambient temperature until sporulation. The fungal endophyte cultures were examined visually for macroscopic (morphology, size, coloration of the mycelium and agar medium) characteristics. Semi-permanent slides were prepared and microscopic observations were carried out using a compound microscope. The microscopic features such as spore structures, kinds of sporogenesis and the morphology of sporogenous hyphae were observed and recorded. Based on morphological and microscopic features, the isolates were identified at least up to the genus level following the descriptions and keys given by standard mycological manuals [36,37].




2.6. Molecular Identification of Antagonistic Fungal Endophytes


The mycelia of antagonistic fungal endophytes were grown on PDA in Petri plates. After 7 days of growth, the mycelia were scraped and placed in a 2 mL Eppendorf tube containing sterile beads. Fungal DNA was extracted using the cetyltrimethylammonium bromide (CTAB) method as described by Doyle and Doyle [38], with some modifications such as the addition of 10% sodium dodecyl sulphate (SDS) in the extraction buffer. The extracted DNA samples were dissolved in 70 µL of Tris-EDTA (TE) buffer (10 mM Tris-HCl and 1 mM EDTA). DNA samples were treated with RNase (0.6 mg/mL RibonucleaseA), followed by incubation of the samples in a water bath at 37 °C for 30 min. The quality and quantity of the extracted DNA samples were estimated using a UV spectrophotometer and by resolving the DNA samples on 1% agarose gel in 1× Tris-Borate-EDTA (TBE) buffer. The DNA was stored at −20 °C until use.



The extracted DNA was subjected to PCR amplification of the ITS region of rRNA gene. The universal primers ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) were used for amplification. PCR reactions were performed in a total volume of 20 µL and each reaction contained 12.5 µL of 2× Taq PCR Master mix, 0.5 µL each of 10 mM ITS1 and ITS4 primers, 2 µL of 50 ng of DNA, and 9.5 µL sterile double-distilled water. The PCR thermocycling conditions were 94 °C for 3 min, followed by 35 cycles of 94 °C for 40 s, 54 °C for 50 s, and 72 °C for 60 s and a final extension at 72 °C for 10 min. The PCR products were verified in 1.5% (w/v) agarose gel electrophoresis in 1× TBE buffer. The gels were visualized under a UV transilluminator (BioRad, Hercules, CA, USA). Amplicons were cleaned using a gel clean-up kit (Applied Biosystems, Thermo Fischer Scientific, Waltham, MA, USA) and sent for Sanger sequencing at the University of Nairobi Center of Excellence in HIV Medicine (CoEHM, Nairobi, Kenya) using a 3730s DNA analyzer (Thermo Fischer, USA). Sequencing of the amplicons was performed in both the forward and reverse directions using the same primers used for their amplification.



The sequences obtained for each endophytic fungus were matched with the sequences from the database using the Basic Local Alignment Search Tool (BLAST) of the US National Center for Biotechnology Information (NCBI). The sequences were aligned using CLUSTAL W version 2.1 software packaged with MEGA 7.0 under default settings. The phylogenetic trees were reconstructed by neighbor-joining in MEGA 7.0 software. The robustness of the internal branches was also assessed with 1000 bootstrap replications. The ITS sequences of the endophytic fungal isolates were deposited in the NCBI GenBank and accession numbers were obtained.




2.7. Effect of Culture Filtrates of Antagonistic Endophytic Fungi on In Vitro Growth of Foc TR4


The culture filtrates of fungal endophytes with the highest antagonistic activity from dual-culture assays were further evaluated against the growth of Foc TR4 in vitro. To prepare the culture filtrates, a 1 cm2 disc of mycelial disc agar was cut from the pure culture of selected endophytic fungi and inoculated in 40 mL sterilized potato dextrose broth (PDB) in 50 mL falcon tubes and incubated at 25 ± 2 °C under orbital shaking at 120 rpm for 10 days. Thereafter, the culture broths were filtered through syringe filters and the culture filtrates were tested for their antagonistic effect on in vitro growth of Foc TR4.



To ascertain the effect of the culture filtrate of fungal endophytes on the growth of Foc TR4, PDA was prepared, autoclaved, distributed into 50 mL falcon tubes (45 mL per falcon tube) and maintained in a water bath at 47 °C. Then, 5 mL of each culture filtrate was added into the falcon tubes. The mixtures were then individually distributed in Petri dishes and allowed to solidify. Approximately 5 mm diameter, 7-day-old mycelia discs of Foc TR4 were inoculated at the center of the Petri dishes and incubated at 25 ± 2 °C for 7 days. Each test was performed in triplicate and the diameters of the cultivated Foc TR4 discs were measured after 7 days. The antagonistic activity of the culture filtrates was measured in terms of percentage of Foc TR4 mycelial growth inhibition (MGI) and calculated using the following formula: MGI = (dc − dt/dc) ×100, where dc = mean diameter of control (untreated) and dt = mean diameter of those treated with culture filtrate.




2.8. Analysis of Activities of Endo- and Exo-glucanases


2.8.1. Determination of Endo-β-1,3-Glucanase Activity


Approximately 500 µL of fungal endophyte extract was mixed with 500 µL of the substrate (1% CMC prepared in 50 mM sodium acetate buffer pH 5) and incubated in a water bath at 60 °C for 30 min. All procedures were carried out on ice. The quantity of glucose produced was assayed using the Dinitrosalicylic Acid Test (DNS) [38]. Included was a control prepared with heat-denatured stock crude enzyme extract (100 °C for 60 min) and substrate (1% CMC prepared in 50 mM sodium acetate buffer pH 5). One milliliter of the endophytic fungi crude enzyme extract mixed with substrate and 1 mL of DNS reagent were pipetted into a test tube and the mixture was boiled at 95 °C for 15 min until the solution turned brown before the addition of 333 µL of 40% Rochelle salt (sodium potassium tartrate). The contents of the test tube were cooled, serial dilutions were prepared with distilled water and absorbances were taken at 540 nm using a digital spectrophotometer. Using the established glucose standard curve, the amount of glucose produced was calculated and values obtained were used to determine the enzyme activity. One enzyme unit (U) was defined as the amount of enzyme producing 1 µmol of sugar, measured as glucose per minute per mL.




2.8.2. Determination of Exo-β-1,3-Glucanase Activity


A total of 500 µL of fungal endophyte extract was mixed with 500 µL of the substrate (1% microcrystalline cellulose (MMC) (Avicel) prepared in 50 mM sodium acetate buffer pH 5) and incubated in a water bath at 60 °C for 30 min. The quantity of glucose produced was assayed with a Dinitrosalicylic Acid Test (DNS) as described by Miller [39]. Using the established glucose standard curve, the amount of glucose produced was calculated and values obtained were used to determine the enzyme activity. One enzyme unit (U) was defined as the amount of enzyme producing 1 µmol of sugar, measured as glucose per minute per mL.





2.9. Evaluation of Antifungal Activities of Selected Endophytic Fungi against Foc in the Greenhouse


The selected six fungal endophytes (LB1, LR1, MB7, MB14, NB6 and NR3) with the highest antagonistic activity were evaluated for biocontrol and growth promotion efficacies in the greenhouse. Each of the fungal endophytes and Foc TR4 were separately cultivated in sterile millet grains in sterile plastic containers for two weeks. Each fungal endophyte was evaluated individually for its antagonistic activity against Foc TR4. Eight-week-old banana plantlets with 5–6 leaves were selected to conduct the pot experiment. The plantlets were planted in polythene bags containing sterile soil mixed with Foc TR4 and each of the selected endophytic fungi. Plantlets treated with sterile water were used as controls. The experiment was set up in a randomized complete block design (RCBD) with three replications (blocks). Each treatment consisted of 5 banana plantlets within each block for each of the tested fungal endophytes. After treatments/inoculation, the pots with banana plantlets were placed randomly on a holding track in a greenhouse at 25–28 °C and 70% relative humidity for further observation. Disease development was evaluated 8 weeks after inoculation, when Fusarium wilt symptoms were observed in control plantlets treated with sterile water. The corms of the banana plantlets were cut to detect the degree of infection of Foc TR4. The rhizomes were cut in halves using the handle-sliced (manual) method to score the extent of discoloration. The rhizome discoloration index was scored using rating scale described by Mak et al. [40]. The rating scale is presented in Table 1. The average score from five banana plantlets was used to evaluate the plant response to Foc TR4 inoculation.



At the end of the experiment (8 weeks after treatment/inoculation) plant growth promotion parameters of the banana plants, including plant height (cm) and number of leaves, were measured and recorded. Plant height was measured from the ground to the intersection of the two petioles at the top by using a tape measure. The number of leaves was recorded as the number of green leaves per plantlet. Data were analyzed using GenStat® Executable Statistical Analysis Software (18th edition version 1.0) with analysis of variance (ANOVA). Significant differences between treatments were determined using Fisher’s protected least-square significance difference.





3. Results


3.1. Isolation and Antifungal Activity Testing of the Endophytic Fungi Isolates


A total of sixty-nine fungal endophytes were isolated and purified, of which thirty-two, twenty and seventeen were isolated from the bark, root, flowers, leaves and seeds/pods of M. oleifera, A. indica and L. angustifolia plants, respectively, based on their ability to grow on potato dextrose agar (PDA) (Supplementary Table S1).



The isolated fungal endophyte isolates were tested for antagonistic activity against Foc TR4 using a dual-culture assay. Figure 1 shows the growth of Foc TR4 isolate in the treatments with fungal endophytes from M. oleifera and controls. The ANOVA showed significant differences in the colony growth and the percentage of Foc TR4 inhibition among the fungal endophyte isolates in the dual-culture assay, which ranged from 0% (MS2–MS10, MB2, MB6, MB8–MB10, MR3, MF2 and ML1) to 96.67% (MB7) (Figure 1). Among the fungal endophyte isolates, seven showed antagonistic activity against Foc TR4 with inhibition rates of more than 50% (Figure 1). Isolates MB7 and MB14 were selected as representatives of fungal endophytes from M. oleifera for further characterization and investigation of antifungal activity.



The in vitro co-cultivation assay revealed that 95% of the fungal endophyte isolates inhibited the mycelial growth of Foc TR4, but the degree of inhibition varied among the endophytes. Nine endophytic fungi isolates showed greater than 50% inhibition against Foc TR4. Isolate NR3 recorded the highest inhibition rate percentage (I%) against Foc TR4, with 93.94% (Figure 2). This was followed by isolates NB6 and NR4 with I% of 81.82% and 75.76%, respectively. Isolates NR3 and NB6, with the highest I% against Foc TR4, were selected as representatives of fungal endophytes from A. Indica for further characterization and investigation of antifungal activity.



The percentage antagonism (growth inhibition percentage) based on the dual-culture assay was calculated for each fungal endophyte isolate from L. angustifolia and is presented in Figure 3. The growth inhibition rate percentage (I%) ranged from 0 to 100%. Growth inhibition of greater than 50% against Foc TR4 was recorded by 23.53% of the fungal endophytes using dual culture. Isolate LB1 recorded the highest inhibition percentage (I%) against Foc TR4 with 100% (Figure 3). This was followed by isolates LB2, LB3 and LR1 with I% of 85.71%, 85.71% and 77.14%, respectively. LB1 and LR1 were selected as representatives of fungal endophytes from L. angustifolia for further characterization and investigation of antifungal activity.




3.2. Pathogenicity of Selected Fungal Endophytes Banana Cultivar Grand Naine


All six fungal endophytes did not cause disease in all banana plantlets of the Grand Naine cultivar used. The rhizomes of the banana plantlets were all healthy, with no discoloration and necrosis.




3.3. Identification of Selected Fungal Endophytes with Antifungal Activity


For the identification of the six selected fungal endophytes, morphological and molecular techniques were used. Six fungal endophyte isolates (MB7, MB14, LB1, LR1, NB6 and NR3) with the highest antagonistic activity were identified on the basis of colony and spore characteristics (Table 2 and Figure 4) and ITS sequence analysis. According to the microscopic observation, the isolate LB1 presented branched septate hyphae, and the conidia were fusiform and ellipsoidal with an ovoid base (Figure 4). NB6 was also branched, but the conidia were short-chained, elliptical, and beaked with transverse septate (Figure 4). The colony and spore characteristics of the six fungal endophytes are presented in Table 2.



PCR amplification was performed using the ITS1/4 primer, which successfully amplified products of approximately 550 bp. The ITS sequence lengths of the six antagonistic fungal endophyte isolates were in the approximate range of 500–600 bp. The similarities between the antagonistic isolates and reference sequences in the NCBI database (accessed on 17 July 2023) were all above 99%. The maximum identities for each isolate exceeded 99% with an E-value of 0 and the gene sequences of the 6 isolates were submitted to the GenBank database and the accession numbers were obtained (Table 3). The results of the ITS analysis showed that the fungal endophytes MB7 and MB14 were most similar to Alternaria alternata (with 100% identity) and Talaromyces amestolkiae (with 99.71% identity), respectively, while LB1 and LR1 were most similar to Neofusicoccum parvum and Fusarium oxysporum, respectively, both with 100% identity. Fungal endophytes NB6 and NR3 were most similar to Alternaria tenuissima and Alternaria alternata, respectively, both with 100% identity. Detailed descriptions of the antagonistic endophytic fungi isolates, with their respective codes, GenBank accession numbers and similar sequence homologs are summarized in Table 3. The phylogenetic trees (Figure 4) were generated using the sequences from the nucleotide BLAST results. The phylogenetic trees from the neighbor-joining method revealed that the two fungal endophytes, MB7 and NR3, were related to Alternaria alternata and the four other fungal endophytes LB1, LR1, MB14 and NB6 were related to Neofusicoccum parvum, Fusarium oxysporum, Talaromyces amestolkiae and Alternaria tenuissima, respectively.




3.4. Antifungal Activity of Culture Filtrates of Selected Fungal Endophytes against Foc TR4


The antifungal activity of the culture filtrates of the six selected fungal endophyte isolates was further tested using the mycelial growth method. The antifungal activities of the culture filtrates of fermentation products of the fungal endophytes are shown in Figure 5. The six fungal endophytes showed significant antifungal activity against Foc TR4. The culture filtrates at a concentration of 50 mg/mL significantly inhibited the growth of Foc TR4. Culture filtrates from all six fungal endophytes exhibited more than 50% inhibition against Foc TR4. However, fungal endophyte LB1 exhibited a significantly (F = 139.5745, p < 0.001) high-percentage inhibition compared to the other fungal endophytes. The differential inhibitory activity of the culture filtrates demonstrates variations in the metabolite production by the fungal endophytes.




3.5. Production of Glucanases by the Antagonistic Endophytic Fungi


The endo- and exo-β-1,3-glucanase activities in six endophytic fungi cultured in media containing glucose were evaluated due to their relevance in mycoparasitism mechanisms. The results showed that the six endophytic fungi (MB7, MB14, LB1, LR1, NB6 and NR3) could produce endo-β-1,3-glucanase and exo-β-1,3-glucanase (Figure 6). The ANOVA test demonstrated that there was a significant (p < 0.001) difference between endoglucanase and exoglucanase activities in each of the fungal endophytes. There was a significant (p > 0.001) difference in endoglucanase and exoglucanase activities in fungal endophytes LB1, MB14, NB6 and NR3.




3.6. Evaluation of Selected Fungal Endophytes on Improving Plant Resistance against Foc TR4


Pot experiments were performed to test whether the fermentation broth for Alternaria alternata (MB7 and NR3), Neofusicoccum parvum (LB1), Fusarium oxysporum (LR1), Talaromyces amestolkiae (MB14) and Alternaria tenuissima (NB6) can enhance plant resistance to Foc TR4. At 8 weeks after Foc TR4 inoculation, chlorotic symptoms were observed in control banana plants treated with water (Figure 7A). No chlorotic symptoms (Figure 7B) were observed in the leaves of plants treated with fungal endophytes Alternaria alternata (MB7 and NR3), Neofusicoccum parvum (LB1), Fusarium oxysporum (LR1), Talaromyces amestolkiae (MB14) and Alternaria tenuissima (NB6). After cutting the corms, we observed that the corms of the control plantlets treated with sterile water exhibited brownish-black decay symptoms due to Foc TR4 (Figure 7C), while healthy whitish corms were observed in endophyte-crude-extract-treated (LB1 + TR4, LR1 + TR4, MB7 + TR4, MB14 + TR4, NB6 + TR4 and NR3 + TR4) plantlets (Figure 7E,F). A rhizome score of 1 or 2, which indicated no discoloration in the rhizome at 8 weeks after inoculation, was observed in plantlets treated with fungal endophyte LB1, LR1 and MB7 crude extracts (Figure 7G).



To assess the effect of selected fungal endophytes on plant growth, plant height and number of leaves were measured at 8 weeks after treatment. The banana plantlets treated with each of the fungal endophytes showed a significantly enhanced growth rate compared to the non-treated plantlets. The six endophytic fungi significantly increased the plant height and the number of leaves of the banana plantlets (Table 4). Significant increase in plant height in Grand Naine banana plantlets was recorded by all the six fungal endophytes treatments as compared to the non-treated control (NI-CTRL) and the control plants inoculated with Foc TR4 pathogen. The minimum plant height was recorded by plantlets inoculated with Foc TR4 pathogen compared to the non-treated control (NI-CTRL) (Table 4). A remarkable increase in the number of leaves was recorded in fungal endophytes LB1 and NR3, respectively, as compared to the non-treated control (NI-CTRL) and control plantlets inoculated with Foc TR4 (Table 4).





4. Discussion


Medicinal plants and herbs are receiving a lot of attention currently and their extracts possess various metabolites that have the potential to destroy many plant-disease-causing pathogens or inhibit their growth [41,42,43]. The present study was performed to understand the association of fungal endophytes with M. oleifera, A. indica and L. angustifolia and the biocontrol potential of the fungal endophytes against phytopathogen Foc TR4. Evidence shows that fungal endophytes isolated from native or endemic plants may hold significant interest for their bioactive compound production and have been shown to inhibit the growth of pathogens [44]. In this study, the three plant species harbored a rich diversity of fungal endophytes from different plant tissues. The fungal interactions between the endophytes and Foc TR4 in the co-cultivation assay showed that some of the fungal endophytes are potential candidates for bioprospecting.



The dual-culture assay was used in the current study as a standard confrontation test to assess the inhibitory action of the biocontrol agents [45]. The fungal endophytes showed variable antagonistic activity against Foc TR4 based on dual-culture assays. This demonstrated that the antifungal activities of fungal endophytes against Fusarium wilt were significantly different. This is consistent with previous findings that endophytic fungi isolated from different host plant species or tissues showed different antifungal activities against pathogens [46,47]. Fungal endophytes can act as biocontrol agents to antagonize pathogens through antibiosis, mycoparasitism and competition [48]. In this study, the dual-culture assay showed in vitro antagonistic activity against Foc TR4 through physical contact of mycelia, and they can inhibit the growth of pathogens by competing for living space and nutrients in the medium. Therefore, the mechanism possessed by the fungal endophytes in the current study may be similar to other fungal endophytes with known antagonistic activity and inhibits pathogens through competition, antibiosis and/or mycoparasitism [48,49].



Our results supported that the selected fungal endophytes LB1, LR1, MB7, MB14, NB6 and NR3 from M. oleifera, A. indica and L. angustifolia had robust in vitro antifungal activity against Foc TR4. In this study, morphological characteristics and ITS gene sequences were used to identify the six fungal endophytes. The ITS gene region reveals high richness and diversity, and therefore, it is commonly used in molecular studies of fungi [50]. In this study, ITS sequences demonstrated that the fungal endophytes were of the genera Talaromyces, Fusarium, Neofusicoccum and Alternaria. Morphological and molecular approaches revealed that the two isolates MB7 and NR3 were identified as Alternaria alternata and the four other isolates LB1, LR1, MB14 and NB6 were identified as Neofusicoccum parvum, Fusarium oxysporum, Talaromyces amestolkiae and Alternaria tenuissima, respectively.



The fungal endophytes isolated in this study have also been reported from other plants in previous studies. Neofusicoccum parvum has been demonstrated to produce functional secondary metabolites, including cyclohexenones, melleins, myrtucommulones, naphthalenones, naphthoquinones, phenols, alcohols and sesquiterpenes [51]. These secondary metabolites have been shown to have antimicrobial activities against pathogenic bacteria and fungi. Fusarium oxysporum is an abundant fungus in the environment and can also survive in many plant species. Some F. oxysporum strains are pathogenic and are associated with vascular wilt diseases affecting a wide range of plant hosts [52]. However, many other F. oxysporum strains are non-pathogenic as they only penetrate the roots but do not invade the vascular system to cause disease [53]. Non-pathogenic populations of Fusarium species have been shown to confer suppression of Fusarium wilt in soils [52]. Talaromyces amestolkiae is a ubiquitous heterothallic fungus yielding numerous types of structurally diverse active secondary metabolites [54]. In addition to plant growth promotion, these metabolites have been shown to possess significant α-glucosidase inhibitory activity [54]. The abundance of bioactive secondary metabolites in T. amestolkiae makes the endophyte an ideal candidate for the development and application of endophytic biocontrol agents. A. alternata and A. tenuissima are widespread fungi with a broad host range, frequently isolated from plants as both an endophyte and a pathogen. The endophytes produce a variety of bioactive secondary metabolites including polyketides, quinones, and terpenes [55]. These compounds exhibit antibacterial, antioxidant, and enzyme-inhibitory activities [56]. In addition, these metabolites have been shown to be effective insecticides and herbicides as well as enhancers of plant immunity against plant pathogens [57].



Production of antimicrobial compounds in the form of non-volatiles is one of the main mechanisms used by antagonists for the control of pathogens. From our findings, the culture filtrates of the six fungal endophytes displayed a potent inhibition of mycelial growth. Based on these results, we speculate that the fungal endophytes A. alternata, N. parvum, F. oxysporum, T. amestolkiae and A. tenuissima demonstrated antifungal activity against Foc TR4, possibly by producing non-volatile metabolites. The inhibition of Foc TR4 mycelial growth demonstrated that the fungal endophytes produced fungistatic metabolites/ non-volatile compounds in the filtrates. The varying degrees of antifungal activity displayed by the culture filtrates of the fungal endophytes could be due to the number and concentration of the active metabolites produced [58]. Secondary metabolites extracted from endophytic fungi (Nigrospora spp. and Fusarium spp.) isolated from the leaves, roots and seeds of M. oleifera have been reported to have strong antimicrobial activities against pathogenic bacteria and fungi [59]. Secondary metabolites derived from fungal endophytes have been reported to comprise classes of compounds such as steroids, xanthones, phenols, isocoumarins, perylene derivatives, quinines, furandiones, terpenoids, depsipeptides and cytochalasins, which are identified as possessing antifungal activities [59,60]. Some of the specific antifungal compounds reported to be produced by fungal endophytes include 1,5-hydroxy benzofuranone, aurantiamine, benzylpyridine B, pavetanin, fumitremorgin B and verruculogen [59,60]. In the study by Kaur et al. [61,62], the exploration of the endophytic fungus Chaetomium globosum of Moringa oleifera showed the chloroformic extracts from the fungus have antimutagenic activity against mutagen 2-aminofluorene (2-AF). Patil et al. [63] established that endophytic fungi isolated from A. indica produce secondary metabolites that possess antagonistic activities. The fungal endophytes Cladosporium sp. and Curvularia sp. isolated from A. indica have proteolytic, cellulolytic, amylolytic and lipase activities that are responsible for the suppression of the growth of pathogenic microbes. Phenolic acids extracted from fungal endophytes isolated from Lavandula spp. have also been shown to inhibit the growth of fungal and bacterial pathogens [64]. Endophytic fungi such as Talaromyces sp. and Fusarium sp. have the potential to produce different types of bioactive secondary metabolites and are supported by studies of other medicinal plants and herbs [65,66]. Many species of Alternaria isolated as endophytes produce antifungal compounds [67]. In a study by Prieto et al. [68], T. amestolkiae showed strong hydrolytic activity. Some β-glycosidases produced by T. amestolkiae catalyze the transfer of sugar molecules through glycosylation and degrade plant biomass by secreting complex extracellular enzyme mixtures, which play an important role in destroying the cell structure of plant pathogens.



The cell walls of fungi are predominantly composed of β-1,3-glucan and chitin [69]. The enzymatic assays in this study showed that all six fungal endophytes produced β-1,3-glucanase but with variations in their activities. The fungal endophytes exhibited different antifungal activities, probably due to the variations in the β-1,3-glucanase production capacity. The production of glucanases by the six fungal endophytes plays a vital role in the inhibition of Foc TR4 growth as the secretion of these enzymes breaks down glucans and cellulose, which are the structural components of the Foc TR4 cell wall. The activity of glucanases and other enzymes such as proteases have been reported to be responsible for the breakdown of the components of the cell wall of Foc TR4, thus inhibiting hyphae growth [70]. These enzymes may act indirectly by releasing fragments of cell walls that may act as elicitors of a defense reaction such as the occurrence of phytoalexin accumulation. The secretion of these extracellular enzymes by the fungal endophytes could be one of the antifungal mechanisms. Higher activity of β-glucanase and chitinase was confirmed in F. oxysporum f. sp. cubense race-1-tolerant cultivars and hybrids of bananas [71]. Previous reports by Migheli et al. [72] on the biocontrol of P. debaryanum by Arthrobacter spp. elucidated the role of glucanase and protease in the lysis of mycelium.



Beta-1,3-glucanases from fungal endophytes have been reported to be involved in an alternative defense mechanism, where degradation of the hyphal cell wall of invading fungi releases β-1,3-glucan oligosaccharides, which serve as elicitors. Upon recognition by plant surveillance systems, these β-1,3-glucan oligosaccharides act as microbe-associated molecular patterns (MAMPs) triggering the activation of signaling cascades resulting in a wide range of localized and systemic defense responses [69]. For example, upon Foc TR4 infection, endophytic fungi β-1,3-glucanases are able to release β-glucan elicitors from the fungal wall, which trigger the production of antimicrobial compounds such as phytoalexins, as described previously in rice and soybean [73]. However, the exact mechanism of recognition and mode of action of pathogen-derived β-glucan elicitors is not fully understood, and it seems to be dependent not only on the plant species and the origin of the β-glucan elicitor but also on the glycan structure, where length, branching pattern and presence of chemical modifications have been shown to be relevant [74].



The greenhouse tests in which the banana plantlets were primed with endophytic fungi revealed that the plantlets treated with the endophytes did not show chlorosis and rhizome discoloration. The greenhouse trials demonstrated the positive effects of fungal endophytes Neofusicoccum parvum, Fusarium oxysporum, Talaromyces amestolkiae and Alternaria tenuissima in suppressing the growth of Fusarium wilt caused by Foc TR4. Banana growth promotion in terms of increased plant height and number of leaves was observed after treatments with fungal endophytes Neofusicoccum parvum, Alternaria alternata, Fusarium oxysporum, Talaromyces amestolkiae and Alternaria tenuissima. The fungal endophytes from Fusarium sp., Talaromyces sp. and Alternaria sp. induce the production of secondary metabolites in plants [65,66]. The produced compounds have been reported to be involved in plant protection from pathogenic microbes [75]. The in vivo analysis of the biocontrol activity demonstrated that the fungal endophytes inhibited Foc TR4 growth in banana. It seems that the fungal endophytes in this study used the same mechanisms after deployment on banana plants, thereby suppressing the growth of Foc TR4, and enhanced the morphological growth traits of plants. The infection method used to screen the banana plants with Fusarium wilt was the millet grain method, which favors spore multiplication and fungus survival [76]. The foliage of the banana plants did not display wilting, chlorosis, emerging leaf malformation, rhizome discoloration and plant death due to the resistance to Foc TR4 conferred by the fungal endophytes [77].



The fungal endophytes isolated in the current study and demonstrated to have biocontrol potential in the management of Fusarium wilt in banana have also been reported in previous studies from other plants. Fungal endophyte Alternaria alternata has been isolated from infected water hyacinth leaves in India and demonstrated biocontrol potential against water hyacinth (Eichhornia crassipes [Mart.] Solms) [78]. Fusarium oxysporum has been isolated from suppressive soil in South Africa and used as a biocontrol against Fusarium oxysporum f. sp cubense, the causal agent of Fusarium wilt of banana [79]. Talaromyces amestolkiae has been isolated from soil samples and demonstrated to be a useful biocontrol against Fusarium oxysporum f. sp cubense, the causal agent of Fusarium wilt of banana [80]. Alternaria tenuissima isolated from rice has been confirmed to possess biocontrol potential against Bipolaris oryzae, the causal agent of rice brown spot disease [81].




5. Conclusions


The findings from this study highlight the potential of M. oleifera, A. indica and L. angustifolia fungal endophytes in the biocontrol of Foc TR4, the causal agent of Fusarium wilt of banana. The fungal endophytes Neofusicoccum parvum LB1, Fusarium oxysporum LR1, Alternaria alternata MB7, Alternaria alternata NR3, Talaromyces amestolkiae MB14 and Alternaria tenuissima NB6 showed high antagonistic activity against Foc TR4. Our study indicates that the six fungal endophytes are potential biological control agents to combat Fusarium oxysporum f. sp. cubense in banana. There is also a need to evaluate the performance of the candidates under field conditions. Further studies of the secondary metabolites produced by the fungal endophytes are required for the development of biological agents against Foc TR4.
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Figure 1. Inhibition rates of 32 fungal endophyte isolates from Moringa oleifera against Fusarium oxysporum f. sp. cubense (Foc) tropical race 4 (TR4) after 7 days of confrontation (dual) culture. The data in the figure are mean ± SD. The percentage inhibition values are the means ± SD of three replications (5 Petri dishes for each replication). Different lowercase letters indicate significant differences at p < 0.001. 






Figure 1. Inhibition rates of 32 fungal endophyte isolates from Moringa oleifera against Fusarium oxysporum f. sp. cubense (Foc) tropical race 4 (TR4) after 7 days of confrontation (dual) culture. The data in the figure are mean ± SD. The percentage inhibition values are the means ± SD of three replications (5 Petri dishes for each replication). Different lowercase letters indicate significant differences at p < 0.001.



[image: Microbiolres 14 00143 g001]







[image: Microbiolres 14 00143 g002] 





Figure 2. (A) Inhibition rates of 20 endophytic fungi isolates from Azadirachta indica against Fusarium oxysporum f. sp. cubense tropical race 4 (Foc TR4) after 7 days of confrontation (dual) culture. The data in the figure are mean ± SD of three replications (5 Petri dishes for each replication). Different lowercase letters indicate significant differences at p ˂ 0.001. Photos (B,C) display the inhibitory effect of fungi endophytes NR4 and NF1, respectively, based on dual-culture assay on the potato dextrose agar (PDA) medium; and (D) is the growth of the control (Foc TR4) on PDA medium. 
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Figure 3. (A) Inhibition rates of 17 endophytic fungi isolates from Lavandula angustifolia against Fusarium oxysporum f. sp. cubense tropical race 4 (Foc TR4) after 7 days of confrontation (dual) culture. The data in the figure are mean ± SD of three replications (5 Petri dishes for each replication). Different lowercase letters indicate significant differences at p ˂ 0.001. Photos (B,C) display the inhibitory effect of fungi endophytes LR1 and LB2, respectively, based on dual-culture assay on the potato dextrose agar (PDA) medium, and (D) is the growth of the control (Foc TR4) on PDA medium. 
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Figure 4. Phylogenetic relationships of the fungal endophytes based on internal transcribed spacer (ITS) sequences of the endophytic fungi. Neighbor-joining trees were constructed using Mega6. Pictures on the right side are a colony and spore-chain morphology. Fungal endophytes MB7 and NR3 were identified as Alternaria alternata and LB1, LR1, MB14 and NB6 were identified as Neofusicoccum parvum, Fusarium oxysporum, Talaromyces amestolkiae and Alternaria tenuissima, respectively. The blue fonts represent the fungal endophytes LB1, LR1, MB7, MB14, NB6 and NR3. 
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Figure 5. The inhibitory effects of culture filtrates (crude extracts) from fermentation products of endophytic fungi. (A) Inhibition of growth of Foc TR4 by the culture filtrates of the endophytic fungi (LR1, LB1, MB7, MB14, NB6 and NR3). Different lowercase letters indicate significant differences at p < 0.001. The data in the figure are mean ± SD of three replications (5 Petri dishes for each replication). Photos (B–E) display the inhibitory effect of culture filtrates of endophytic fungi MB7, MB14, LB1 and LR1, respectively, on the growth of Foc TR4, and (F) represents the growth of the control (Foc TR4) on PDA medium without culture filtrate. 
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Figure 6. Enzymatic activities of endoglucanase and exoglucanase produced by the six selected fungal endophytes. Values show the mean ± SD of three replicates. The error bar indicates the standard deviation. Fungal endophytes MB7 and NR3 were identified as Alternaria alternata and LB1, LR1, MB14 and NB6 were identified as Neofusicoccum parvum, Fusarium oxysporum, Talaromyces amestolkiae and Alternaria tenuissima, respectively. 
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Figure 7. Effect of crude extracts of fungal endophytes on improving banana resistance to Fusarium wilt on cultivar Grand Naine. Banana plantlets (A) treated in tap water as a control, showing chlorotic symptoms; (B) treated in fungal endophyte LR1 crude extract, showing no chlorotic symptoms. (C,D) banana corm symptom after being inoculated with Foc TR4 (as a control); (E) banana corm of plantlets treated with fungal endophyte MB7 crude extract and after being inoculated with Foc TR4; (F) banana corm of plantlets treated with fungal endophyte LR1 crude extract and after being inoculated with Foc TR4; (G) effect of Foc TR4 on banana plantlets treated with fungal endophyte crude extracts (internal symptoms were assessed by using a scoring system based on the percentage of rhizome discoloration [40]). Data are expressed as mean ± standard deviation of three replications (five plantlets for each replication). Fungal endophytes MB7 and NR3 were identified as Alternaria alternata and LB1, LR1, MB14 and NB6 as Neofusicoccum parvum, Fusarium oxysporum, Talaromyces amestolkiae and Alternaria tenuissima, respectively. NI-CTRL represents non-treated control plants. 
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Table 1. Rhizome discoloration index used in determining the response of plant response to Foc TR4, as described previously by Mak et al. [40].
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	Rhizome Discoloration Index
	Description of the Symptom





	1
	No discoloration of the tissue in the stellar region of the rhizome and the surrounding region



	2
	No discoloration of the tissue in the stellar region of the rhizome. Discoloration of the junctions of root and rhizome



	3
	Trace up to 5% of the stellar region discolored



	4
	6 to 20% of the stellar region discolored



	5
	21 to 50% of the stellar region discolored



	6
	More than 50% of the stellar region discolored



	7
	The entire rhizome stele discolored



	8
	The plant is completely dead










 





Table 2. Morphological characteristics and growth rate of fungal endophyte colonies and microscopic features of characterized fungal endophytes.
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	Isolate
	Colony Size (mm)
	Colony Appearance
	Colony Structure
	Growth Rate (Fast/Slow)
	Colony Color on PDA
	Hyphae
	Conidiophores
	Conidia





	LB1
	62
	Cottony
	Circular flat
	Fast growing
	Greyish white
	Septate, branched
	Septate, simple, smooth-walled
	Septate, fusiform, ellipsoidal, with ovoid base



	LR1
	47.5
	Cottony
	Circular raised
	Fast growing
	White
	Septate, non-branched
	Septate with short and thick phialides
	Septate, slightly curved, thick, ovoid, tapered and slightly hooked



	MB7
	70.5
	Woolly
	Circular flat
	Fast growing
	White
	Septate, filamentous
	Septate, branched
	Have transverse and longitudinal septations, appear singly

-Ovoid, darkly pigmented, muriform and smooth



	MB14
	67.5
	Floccose
	Circular raised
	Slow growing
	White, red in the center
	Septate, branched, hyaline
	Septate, solitary, simple or branched, smooth-walled
	Smooth-walled, single-celled, ellipsoidal



	NB6
	73.5
	Cottony
	Elliptical raised
	Fast growing
	Grey, black in the center
	Septate, branched
	Septate, elongated and simple, non-branched.
	Short-chained, elliptical, beaked, septate transversely



	NR3
	73.5
	Cottony
	Circular raised
	Fast growing
	Greyish white
	Septate, elongated
	Septate, elongated
	Ovoid, septate, muriform, smooth, long-chained, short-beaked










 





Table 3. Molecular identification of six antagonistic fungal endophytes based on BLAST analysis of ITS sequences.
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	Isolate

Code
	GenBank Accession

Number of the Isolate
	Closest Match of the ITS Sequence

(Accession Number)
	Query

Cover
	Maximum

Identity (%)
	Identity of the Isolate

(Closest Related Species)





	LB1
	MW578725
	Neofusicoccum parvum (OP077308)
	100%
	100%
	Neofusicoccum parvum



	LR1
	MW578726
	Fusarium oxysporum (KJ623246)
	100%
	100%
	Fusarium oxysporum



	MB7
	MW578727
	Alternaria alternata (MK675999)
	100%
	100%
	Alternaria alternata



	MB14
	MW578728
	Talaromyces amestolkiae (MN192157)
	100%
	99.71%
	Talaromyces amestolkiae



	NB6
	MW578729
	Alternaria tenuissima (MW136777)
	100%
	100%
	Alternaria tenuissima



	NR3
	MW578730
	Alternaria alternata (MN822520)
	100%
	100%
	Alternaria alternata










 





Table 4. Plant-growth-promoting effect (plant height and number of leaves) of banana plantlets with and without fungal endophyte inoculation.
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	Treatment
	Plant Height (cm)
	Number of Leaves





	NI-CTRL
	27.11 ± 1.23 c
	9.2 ± 0.51 c



	LB1
	31.91 ± 1.42 bc
	15.5 ± 1.11 a



	LR1
	31.87 ± 1.31 bc
	12.43 ± 0.32 b



	MB7
	34.61 ± 1.77 b
	11.34 ± 1.43 b



	MB14
	34.98 ± 1.12 b
	12.52 ± 0.81 b



	NB6
	33.79 ± 1.9 b
	12.44 ± 0.73 b



	NR3
	38.51 ± 1.61 a
	16.12 ± 0.77 a



	Foc TR4
	21.32 ± 1.73 d
	7.48 ± 0.33 d



	LB1 + Foc TR4
	32.32 ±1.47b c
	14.22 ± 0.43 ab



	LR1 + Foc TR4
	31.53 ± 1.92 bc
	13.16 ± 1.12 b



	MB7 + Foc TR4
	34.92 ± 1.11 b
	12.64 ± 0.37 b



	MB14 + Foc TR4
	33.96 ± 1.59 b
	12.42 ± 0.94 b



	NB6 + Foc TR4
	34.29 ± 2.1 b
	13.32 ± 0.27 b



	NR3 + Foc TR4
	38.12 ± 0.87 a
	15.56 ± 0.61 a







Data are expressed as mean ± standard deviation of three replications (five plantlets for each replication). The experiment was carried out under greenhouse conditions. Fungal endophytes MB7 and NR3 were identified as Alternaria alternata and LB1, LR1, MB14 and NB6 were identified as Neofusicoccum parvum, Fusarium oxysporum, Talaromyces amestolkiae and Alternaria tenuissima, respectively. NI-CTRL represents non-treated control plants. Ranking determined by Tukey’s test for post hoc analysis in SAS software, and means ± standard deviation followed by different lowercase letters within the same column indicate that they are significantly different based on variance with the least significant difference test at p < 0.05 according to Fisher’s least significance test.
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