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Abstract  

Endophytic fungi are microbes living within the interior organs of plants without showing 

any symptoms of the diseases. These fungi are recognized for their bioactivities, including 

antimicrobial, anticancer, antifungal, and antioxidant properties, etc. Despite having such 

importance, less research has been conducted to uncover the fungal endophytes colonizing different 

tissues of many important medicinal plants. Thus, the current study was undertaken to isolate and 

determine the diversity of culturable endophytic fungi associated with the medicinal plant 

Terminalia chebula Retz., collected from five different sites representing three different seasons 

(summer, monsoon and winter) in Tripura, Northeast, India. A total of 697 culturable endophytic 

fungal isolates were represented by sixteen genera, and a few sterile forms were recorded from 

1,125 tissue segments of Terminalia chebula. The phylum Ascomycota dominated the endophytic 

fungal composition. The fungal endophytes like Diaporthe sp., Penicillium exsudans, 

Colletotrichum sp., and Corynespora torulosa were predominantly isolated from the host plant. The 

colonization and relative frequency of endophytic fungi were maximum in the leaf tissues, followed 

by barks and roots. The monsoon season harbored the maximum number of fungal isolates (285) 

compared to the summer (234) and winter (178) seasons. Significant differences were noted in the 

diversity of endophytic colonization among different study sites and various plant organs in 

different seasons. The diversity indices revealed maximum fungal diversity in the bark tissues 

compared to leaf and root tissues. The highest species richness was at the Jalaya site in comparison 

to the other sites while species diversity of fungal endophytes was highest during the summer 

season and lowest in winter. The results indicated that the study site, type of tissues and season 

influenced the endophytic fungal communities of the host plant, Terminalia chebula. These diverse 

endophytic fungi probably possess the ability to secrete bioactive compounds for curing several 

diseases, bioinoculants for plant protection, drug discovery in pharmaceutical sectors and 

biofertilizers in agricultural fields.   

 

Keywords – Ascomycota – Chebulic myrobalan plant – Fungal diversity – Seasons 

 

Introduction  

Several studies have clearly stated the presence of approximately 390,900 plant species, and 
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as estimated by the Royal Botanic Gardens, Kew, the majority of them are in symbiotic 

associations with endophytes in nature (Arnold & Lutzoni 2007, Li et al. 2007, Kumaresan et al. 

2013, Zhang et al. 2013). Endophytic fungi are organisms that live within the healthy tissues of the 

host plants with no sign of disease symptoms (Petrini 1991). Fossil records indicated that for about 

>400 million years, endophytic fungi have evolved with the plants in the plant kingdom (De Bary 

1866, Hardoim et al. 2015, Chetia et al. 2019). Fungal endophytes colonized all types of plant 

tissues, including leaves, stems, bark, roots and fruits (Shoeb et al. 2012, Rajeswari et al. 2017, 

Vemireddy et al. 2020). Generally, in a mutualistic relationship, the host plant provides shelter and 

nourishment to the endophytic fungi, while the endophytes, in return, fight against several 

pathogenic microbes as well as herbivorous animals (Schardl et al. 2004, Singh et al. 2011), 

increase the growth and development of the host plant (Hamayun et al. 2010), withstand heavy 

metal and salt stress/toxicity (Khan et al. 2014), helps in solubilising minerals, in synthesizing 

secondary metabolites, manufacturing different phytohormones, and even withstanding the adverse 

environmental conditions (Hallmann et al. 1997, Suman et al. 2016). Endophytic fungi obtained 

from medicinal plants were found to assist the host plant in secreting biologically active secondary 

metabolites and enzymes that are crucial for the discovery of various lifesaving drugs (Zou et al. 

2000, Strobel et al. 2004, Krishnamurthy et al. 2008). The bioactive secondary products generated 

by endophytic fungi colonized in medicinal plants were reported to be applied for treating several 

infections (Tejesvi et al. 2007).   

Globally, the genus Terminalia (Combretaceae), possesses approximately 250 species and is 

distributed mainly in South Asia, Australia, and South Africa (Fan et al. 2015). They are widely 

applied as herbal folk medicines and are reported to possess biological activities such as antitumor, 

anti-inflammatory, antibacterial, antifungal and antiviral properties (Zhang et al. 2019). Very 

recently, more than 47 fungal genera and 40 compounds were investigated in the Terminalia 

species having bioactivities such as anticancer, anti-hypercholesterolemic, anti-inflammatory, 

antimicrobial, antimalarial, antioxidant, biocontrol properties etc. (Kouipou Toghueo & Boyom 

2019). In addition, Terminalia chebula Retz. (commonly known as Chebulic myrobalan) medicinal 

plant harbors diversified fungal species and are distributed in the leaf, stem and barks of the plant 

tissues (Vemireddy et al. 2020). Furthermore, T. chebula has been extensively used in traditional 

medicine for its antibacterial, anti-carcinogenic, anti-inflammatory, antimicrobial, antioxidant, and 

anti-tumor activities (Fan et al. 2015, Zhang et al. 2016). The host plant has been extensively used 

in the treatment of dementia, constipation, and diabetes in Indian and Iranian traditional medicine 

(Jokar et al. 2016). Several fungal endophytes associated with T. chebula are known for their 

actions as an antimicrobial (Kesting et al. 2009), anticancer (Shoeb et al. 2012), antifungal 

(Phaopongthai et al. 2013), and antioxidant (Shoeb et al. 2014) etc. Despite having several 

medicinal properties and bioactive potential of associated fungal endophytes of this plant, a limited 

number of research has been performed to investigate the diversity and richness of these fungal 

endophytes from this medicinally important plant species, especially from this Indo-Burma 

biodiversity hotspot region of Tripura, Northeast, India. Thus, the current research was designed to 

study the fungal diversity and the effect of seasonal fluctuations in endophytic fungal compositions 

of T. chebula, which might contribute to documenting the novel endophytic fungi from this plant 

that might exhibit their potential to be used in new drug discoveries and sustainable agricultural 

practices.  

 

Materials & Methods  

 

Study site and collecting the plant samples  

Mature and disease-free tissues of the Terminalia chebula plants were collected from five 

sampling sites in Tripura, Northeast India (Table 1). The plant parts were collected during the 

summer (April-May), monsoon (June-September), and winter seasons (January-February) (Tomar 

et al. 2017) from August 2021 to July 2022. The average distance between the collection sites was 

approximately 110.2 km (Fig. 1). The plant organs, such as leaves (375 segments), barks (375 
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segments), and roots (375 segments), were collected in this study. All the plant samples were kept 

in zipped polythene bags and brought to the department for further processing. The voucher 

specimen (Collection No. TUH-2387) of the plant sample was deposited at the Herbarium, 

Department of Botany, Tripura University for future reference (Fig. 2). 

  

Surface sterilization and recovery of fungal endophytes  

The tissue segments were surface sterilized by cleansing in running tap water for 5–7 min. to 

remove the debris and dust lying on the surface of the samples. Subsequently, the leaves (5 × 5 

mm), barks (6 × 6 mm), and root segments (4 × 4 mm) were excised with autoclaved scalpel and 

surgical blades. These tissue pieces were subsequently washed in 70% ethanol for 2 min., followed 

by washing in 3% sodium hypochlorite for 1 min. and finally washed thrice using sterile distilled 

water. The tissue segments were dried in a laminar airflow chamber (Hallmann et al. 2006) before 

placing onto the petri dish containing malt extract agar (MEA) nutrient medium amended with 

streptomycin (100 μg mL-1). The petri dish was sealed with Parafilm and kept at 27 ± 2°C in the 

BOD (biological oxygen demand) incubator and monitored regularly for the emergence of fungal 

isolates for up to seven days (Bhattacharya et al. 2020). The endophytic fungi emerging from their 

respective Petri dish were transferred onto the fresh MEA plates for further processing.  

 

 
 

Fig. 1 – Map of Tripura showing the sampling sites of the Terminalia chebula plants.  

 

Morphological identification of isolated endophytic fungi 

The lactophenol cotton blue technique was applied to observe microscopic structures such as 

hyphae and spores using the Trinocular Light Microscope (Model No.: Leica DM 750, Germany). 

The standard manual and textbooks (Ellis 1971, Domsch et al. 1980, Watanabe 2002) were 
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employed for the identification of the isolates. Many of the endophytic fungi that failed to sporulate 

in-vitro in subculture conditions were categorized as sterile mycelium.  

 

Table 1 – Locations, GPS tract, and the soil characteristics of the collection sites of Terminalia 

chebula 

 

Locations  Latitude Longitude Elevation 

(m) 

Soil pH Soil temperature 

Jirania (JRN) 23°48'57"N  91°26'29"E 63 m 7 26°C 

Tuikarmaw (TKM) 23°22'15"N  91°32'47"E 75 m 7 27°C 

Jalefa (JLF) 23°01'10"N  91°41'33"E 49 m 6.5 26.5°C 

Jalaya (JLA) 23°18'59"N  91°45'19"E 91 m 7 28°C 

Madhyapara (MDP) 24°23'19"N  92°10'17"E 50 m 6 22°C 

 

 
 

Fig. 2 – Terminalia chebula plant. a Habitat of the plant sample. b, e Fruits. c Bark. d Roots. 

f Herbarium specimen (TUH-2387).  

 

Statistical analysis 

To understand the effect of tissue types, study sites and sampling seasons on the fungal 

endophytic compositions within the internal tissues of T. chebula, the fungal endophyte isolation 

and colonization rates, colonization frequency, and relative frequency of fungal species were 

determined by the formulae listed below:  

 

a. Colonization rate (Petrini et al. 1982) 

 

CR =  
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b. Isolation rate (De Siqueira et al. 2017)  

 

IR =  

 

c. Colonization frequency (Suryanarayanan et al. 2003) 

 

CF =  

 

d. Relative frequency (Huang et al. 2008) 

 

RF =  

 

Various diversity indices like Shannon index (H'), Simpson's dominance (D), Simpson's 

index (1-D), Fisher's alpha index (a), Pielou’s evenness (J), Berger-Parker dominance (B) and 

Brillouin index (HB) were calculated for the estimation of fungal diversity using R statistical 

software version 4.2.0 (R Core Team 2022).  

 

Results 

 

Isolation and identification of fungal isolates  

Totally, 697 fungal endophytes were recovered from 1,125 tissue segments of Terminalia 

chebula from different locations in Tripura during the summer (234), monsoon (285), and winter 

(178) seasons (Table 2). Of these, 259, 212, and 226 endophytic fungi were recovered from the 

healthy tissues, viz., leaves, barks and roots of the host plant (Table 3). During this study, overall, 

16 genera, 28 fungal species, and a few sterile mycelial forms were obtained. Some of the most 

frequent fungal strains were Colletotrichum sp., Corynespora torulosa, Diaporthe sp., 

Lasiodiplodia sp., Penicillium exsudans, Trichoderma harzianum and Trichoderma sp. (Fig. 3). 

The Ascomycota phylum was found to be the most dominant with 91 %, sterile mycelia with 8% 

and the Mucoromycota was lowest with 1% of fungal isolates (Supplementary Table 1). In 

addition, the Dothideomycetes class was found to be the class with the highest number of isolates 

(Fig. 4). The analysis of variance (ANOVA) showed a significant difference of fungal endophytes 

classes as given in Fig. 4.  

 

Effects of tissues, sampling locations and seasons on isolation and frequency of endophytes 

Among the tissue types subjected to the isolation of fungal endophytes, the highest isolation 

rate (IR) was recorded in leaves (69.07%), followed by root tissues (60.27%) and bark (56.53%) 

(Table 3). The highest colonization rate (CR) of endophytic fungi was observed in the leaves 

(94.67%) and then by the barks (89.87%) and roots (88.53%) (Table 3 & Fig. 5). In the case of 

relative frequency (RF), it was noted that the RF value was recorded highest from the leaves 

(37.16%) and the lowest was found in the bark (30.42%) (Table 3). In regard to the season (Table 

2), IR (76%), CR (96.53%), and RF (40.89%) of fungal isolates were exhibited higher during the 

monsoon season as compared to summer and winter (Fig. 5). According to the study sites, the 

fungal endophytes were obtained highest in the Jalaya (JLA) site (152). The maximum IR 

(67.56%), CR (98.67%) and RF (21.81%) of fungal endophytes were also recorded from the JLA 

site compared to the other sites (Table 4). The sampling season, different tissues and sampling 

locations have greatly influenced the relative frequency (RF) of endophytic fungal distribution and 

composition in T. chebula. The highest RF value of endophytic fungi was shown by the Diaporthe 

sp. (10.47%), followed by the Penicillium exsudans (9.47%), but Aspergillus fumigatus (0.29%) 

exhibited the lowest RF (Table 5 & Fig. 6). The analysis of variance (ANOVA) showed a 
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significant difference of fungal endophytes in terms of colonization rate and relative frequency as 

provided in Fig. 5 and Fig. 6.  

 

Table 2 Isolation rate, Colonization rate and Relative frequency of endophytic fungi associated 

with the Terminalia chebula according to seasons. 

 

Seasons Summer Monsoon Winter Total 

Number of tissues studied 375 375 375 1125 

Number of tissues infected  337 362 325 1024 

Number of isolates obtained 234 285 178 697 

Isolation rate (%) 62.4 76 47.47 185.87 

Colonization rate (%)  89.87 96.53 86.67 273.07 

Relative frequency (%) 33.57 40.89 25.54 100 

 

Table 3 Isolation rate, Colonization rate and Relative frequency of fungal endophytes associated 

with the various tissues of Terminalia chebula.  

 
Tissue types Leaf Bark Root Total 

Number of tissues studied 375 375 375 1125 

Number of tissues infected  355 337 332 1024 

Number of isolates obtained 259 212 226 697 

Isolation rate (%) 69.07 56.53 60.27 185.87 

Colonization rate (%) 94.67 89.87 88.53 273.07 

Relative frequency (%) 37.16 30.42 32.42 100 

 

  
 

Fig. 3 − Emergence of fungal isolates colonies from the leaf. A bark. B and root segments. C of 

Terminalia chebula. Microscopic features of the isolated endophytic fungi. D Aspergillus niger. E 

Corynespora torulosa. F Fusarium sp. G Penicillium sp. 1, H Trichoderma sp. I White sterile 1. 

Scale bars: D = 50 μm, E–I = 100 μm.  
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Fig. 4 – Fungal class of fungal endophytes in Terminalia chebula. Different letters showed a 

significant difference at p<0.05. Statistical analysis: One-way analysis of variance (ANOVA; Df = 

10, F value = 6.732, p<0.05). 

 

 
 

Fig. 5 – Colonization rate of fungal endophytes associated with Terminalia chebula according to 

seasons, tissues and locations. JRN- Jirania, TKM- Tuikarmaw, JLF- Jalefa, JLA- Jalaya, MDP- 

Madhyapara. Different letters showed a significant difference at p<0.05. Statistical analysis: One-

way analysis of variance (ANOVA; Df = 10, F value = 6.732, p<0.05).   

 

Table 4 Isolation rate, Colonization rate and Relative frequency of endophytic fungi associated 

with the Terminalia chebula in different locations. 

 

Locations JRN TKM JLF JLA MDP Total 

Number of tissues studied 225 225 225 225 225 1125 

Number of tissues infected  200 215 190 222 197 1024 

Number of isolates obtained 140 148 129 152 128 697 

Isolation rate (%) 62.22 65.78 57.33 67.56 56.89 309.78 

Colonization rate (%) 88.89 95.56 84.44 98.67 87.56 455.11 

Relative frequency (%) 20.09 21.23 18.51 21.81 18.36 100 

Note: JRN- Jirania, TKM- Tuikarmaw, JLF- Jalefa, JLA- Jalaya, MDP- Madhyapara.
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Table 5 The relative frequency (RF %) of fungal endophytes colonized in various tissues of Terminalia chebula in several locations and seasons.  

  

Endophytic fungal 

isolates 

Tissue type Location Season Total RF 

   

L B R JRN TKM JLF JLA MDP Summer Monsoon Winter 

Alternaria alternata 6 3 3 1 2 3 2 4 5 7 - 12 1.72 

Aspergillus flavus 2 - 4 1 3 2 - - 4 2 - 6 0.86 

Aspergillus fumigatus - 1 1 - 1 - - 1 1 1 - 2 0.29 

Aspergillus niger 12 14 9 7 13 6 5 4 12 17 6 35 5.02 

Chaetomium sp. 9 1 7 2 9 2 4 - 6 6 5 17 2.44 

Cladosporium sp. 6 12 16 5 12 5 8 4 10 11 13 34 4.88 

Colletotrichum sp. 20 28 6 14 3 7 14 16 17 18 19 54 7.75 

Corynespora torulosa 40 10 4 16 13 4 11 10 18 22 14 54 7.75 

Curvularia sp. 1 2 7 3 3 1 1 2 5 3 2 10 1.43 

Diaporthe sp. 62 10 1 13 18 17 13 12 24 32 17 73 10.47 

Fusarium falciforme - 3 - - - - 3 - 3 - - 3 0.43 

Fusarium oxysporum - 4 21 10 3 2 8 2 5 11 9 25 3.59 

Fusarium solani - 1 6 2 - - 4 1 2 2 3 7 1.00 

Fusarium sp. 2 5 1 - 2 4 2 - 4 4 - 8 1.15 

Lasiodiplodia sp. 18 13 20 11 8 18 7 7 15 14 22 51 7.32 

Mucor sp. 4 1 4 - - - 2 7 6 2 1 9 1.29 

Nigrospora sp. 6 7 - 4 1 4 3 1 2 5 6 13 1.87 

Penicillium exsudans 21 7 38 13 14 18 16 5 26 24 16 66 9.47 

Penicillium sp. 1 9 4 12 2 7 5 7 4 5 16 4 25 3.59 

Penicillium sp. 2 1 6 7 2 - 5 2 5 3 8 3 14 2.01 

Pestalotiopsis sp. 9 13 3 9 6 2 5 3 5 11 9 25 3.59 

Talaromyces australis 2 1 16 5 - 1 8 5 8 11 - 19 2.73 

Trichoderma harzianum 2 23 16 5 3 10 7 16 18 17 6 41 5.88 

Trichoderma sp.  10 21 8 2 11 7 11 8 11 22 6 39 5.60 

White sterile 1 12 12 6 6 9 3 6 6 12 9 9 30 4.30 

White sterile 2 4 4 4 3 6 - 2 1 3 3 6 12 1.72 

Black sterile  1 4 3 2 1 2 1 2 3 4 1 8 1.15 

Yellow sterile  - 2 3 2 - 1 - 2 1 3 1 5 0.72 

Note: L- Leaf, B- Bark, R- Root, JRN- Jirania, TKM- Tuikarmaw, JLF- Jalefa, JLA- Jalaya, MDP- Madhyapara. 
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Fig. 6 − Relative frequency of fungal endophytes in Terminalia chebula plant. Different letters 

showed a significant difference at p<0.05. Statistical analysis: One-way analysis of variance 

(ANOVA; Df = 27, F value = 38.8, p<0.05).  

 

Influence of seasons on the colonization of fungal isolates 

The colonization frequency (CF) differed strongly in different sampling sites. During the 

monsoon season, the root segments (104 isolates) showed the highest colonization of endophytic 

fungi, followed by the leaves (93 isolates) and barks (88 isolates), whereas, during summer and 

winter seasons, the maximum fungal endophytes were recorded from the leaves (90 and 75 

isolates), followed by bark (66 and 58 isolates) and the root tissue segments (77 and 45 isolates). 

The highest number of fungal isolates (60) were noticed in Jalaya (JLA) site and the lowest in 

Madhyapara (MDP) site with 32 isolates. During the summer season, the maximal CF was recorded 

for Penicillium exsudans (34.67%), followed by the Diaporthe sp. (32%), Corynespora torulosa 

and Trichoderma harzianum (24%), and the minimal CF was shown by Aspergillus fumigatus and 

yellow sterile (1.33%) as depicted in Table 6 and Fig. 7. 

 

 
 

Fig. 7 − Colonization frequency of fungal endophytes in association with tissue types and locations 

during the three different seasons of Terminalia chebula.  
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Madhyapara (MDP) site (68), which exhibited the highest fungal isolates among the five sites 

during the monsoon season, was presented in Table 7 and Fig. 7. Among all the fungal isolates, 

Diaporthe sp. (42.67%) showed the highest CF and the least was shown by A. fumigatus (1.33%). 

Fusarium falciforme was absent in the monsoon season. During the winter season, the highest 

number of fungal isolates (43) were equally obtained from the two sites, viz., Jirania (JRN) and 

Jalaya (JLA). Lasiodiplodia sp. (29.33%) showed the maximum CF, followed by the 

Colletotrichum sp. (25.33%), while the minimum CF was shown by the black and yellow sterile 

(1.33%). Some of the common fungal species recovered from several tissues of T. chebula during 

summer, such as Alternaria alternata, Aspergillus flavus, A. fumigatus, Fusarium falciforme, 

Fusarium sp. and Talaromyces australis, could not be isolated during the winter season (Table 8 & 

Fig. 7). 

 

Diversity of endophytic fungi  

 

Tissue specificity 

The tissue types had a prominent influence on the endophytic fungal diversity of T. chebula 

collected from various locations. Most of the fungal isolates were detected in the barks in contrast 

to leaves and roots (Table 9). The impacts of tissue concerning sites on the colonization frequency 

of fungal endophytes were represented in Tables 6, 7 & 8. The results showed that the diversity 

indices such as species richness (27), Shannon index (2.92), Simpson index (0.93), Pielou’s 

evenness index (0.30), Fisher alpha index (8.20), and Brillouin index (2.71) were highest in the 

bark tissues. However, Dominance (0.10) and Berger-Parker index (0.23) were recorded maximum 

in the leaf tissues compared to barks and the roots (Table 9). 

Present study showed that Nigrospora sp. was recovered from both the leaves and bark 

tissues of T. chebula. Aspergillus flavus was found in both the leaves and roots, whereas A. 

fumigatus, F. oxysporum, F. solani, and yellow sterile were recovered from the internal barks and 

roots. Fusarium falciforme was solely detected in the barks of this plant.  

 

Effects of geographical location  

Different kinds of fungal species were isolated from various locations. The fungal richness 

was noticed highest at the Jalaya (JLA) site with 25 isolates compared to the other locations. The 

diversity indices, namely the Shannon index (2.98), Simpson index (0.94), and Brillouin index 

(2.72), showed maximum values in the JLA site, whereas the lowest Dominance index (0.05) and 

Berger-Parker index (0.10) was also recorded from JLA site. On the other side, the maximum 

Pielou’s evenness index (0.88) and Fisher's alpha index (8.71) were noted from the MDP site 

(Table 9).  

 

Effects of season  

The endophytic fungal diversity was strongly influenced by the sampling season in this study 

(Table 9). The highest colonization of endophytes occurred in the summer season (28 species) and 

the minimum in the winter season (22 species) (Table 6). The fungal isolates were shown 

maximum during the monsoon season (285), immediately followed by summer (234) and winter 

(178) seasons (Table 2). The diversity indices values of fungal endophytes confirmed the influence 

of season on the diversity of fungal species. The Shannon index (3.02) and Fisher alpha index 

(8.29) were recorded maximum in the summer season, while the highest Simpson (0.94) and 

Brillouin index (2.84) were recorded in the monsoon season. Pielou’s evenness index (0.30), 

Dominance index (0.06), and Berger-Parker index (0.12) showed the highest value for the winter 

season (Table 9). Fusarium falciforme was exclusively isolated during the summer season. 

Moreover, fungal isolates such as Alternaria alternata, Aspergillus flavus, A. fumigatus, Fusarium 

sp. and Talaromyces australis were found both in summer and monsoon seasons except for the 

winter season. 
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Table 6 Colonization frequency (CF %) of fungal isolates in various tissues and locations of Terminalia chebula during the summer season. 

 

Endophytic fungi isolates JRN TKM JLF JLA MDP Total CF 

L B R L B R L B R L B R L B R 

Alternaria alternata - - - - - - 1 - - 1 1 - 2 - - 5 6.67 

Aspergillus flavus - - 1 - - 1 - - 2 - - - - - - 4 5.33 

Aspergillus fumigatus - - - - - - - - - - - - - 1 - 1 1.33 

Aspergillus niger - 2 1 2 2 - 1 - - - 1 - 2 - 1 12 16 

Chaetomium sp. - - - 1 - 2 - - - 3 - - - - - 6 8 

Cladosporium sp. - - 3 3 1 1 - - 2 - - - - - - 10 13.33 

Colletotrichum sp. 3 2 - - - - 1 - 2 4 1 - - 2 2 17 22.67 

Corynespora torulosa 4 2 - - - 3 - - - 7 - 1 1 - - 18 24 

Curvularia sp. - - 2 1 - 1 - - 1 - - - - - - 5 6.67 

Diaporthe sp. 3 1 - 4 - - 8 2 - 5 - 1 - - - 24 32 

Fusarium falciforme - - - - - - - - - - 3 - - - - 3 4 

Fusarium oxysporum - - 2 - - - - - - - - 3 - - - 5 6.67 

Fusarium solani - - - - - - - - - - - 2 - - - 2 2.67 

Fusarium sp.  - - - 1 - - 1 - - - 2 - - - - 4 5.33 

Lasiodiplodia sp. 1 - 3 - - 1 - 4 3 - - 2 - 1 - 15 20 

Mucor sp. - - - - - - - - - - - - 4 - 2 6 8 

Nigrospora sp. - - - - - - 1 - - - 1 - - - - 2 2.67 

Penicillium exsudans - - 2 5 - - 4 4 5 - - 6 - - - 26 34.67 

Penicillium sp. 1 - - - 1 1 2 - - - - - 1 - - - 5 6.67 

Penicillium sp. 2 - - - - - - 1 2 - - - - - - - 3 4 

Pestalotiopsis sp. - 2 - 2 - - - - - - - 1 - - - 5 6.67 

Talaromyces australis - 1 2 - - - - - 1 - - 3 - - 1 8 10.67 

Trichoderma harzianum - - - - - - 2 1 2 - 5 - - 6 2 18 24 

Trichoderma sp.  - - - 2 - - 5 1 - - 3 - - - - 11 14.67 

White sterile 1 - 2 - 2 1 - - - 1 1 2 - - 3 - 12 16 

White sterile 2 - 1 - - 1 - - - - - - - 1 - - 3 4 

Black sterile  - - - - 1 - - - 2 - - - - - - 3 4 

Yellow sterile  - - - - - - - - - - - - - - 1 1 1.33 

Total 11 13 16 24 7 11 24 14 21 21 19 20 10 13 9 234 
 

Note: JRN- Jirania, TKM- Tuikarmaw, JLF- Jalefa, JLA- Jalaya, MDP- Madhyapara, L- Leaf, B- Bark, R- Root.  
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Table 7 Colonization frequency (CF %) of fungal isolates in various tissues and locations of Terminalia chebula during the monsoon season 

 

Endophytic fungi isolates JRN TKM JLF JLA MDP Total CF 

L B R L B R L B R L B R L B R 

Alternaria alternata - - 1 1 1 - - - 2 - - - 1 1 - 7 9.33 

Aspergillus flavus - - - 2 - - - - - - - - - - - 2 2.67 

Aspergillus fumigatus - - - - - 1 - - - - - - - - - 1 1.33 

Aspergillus niger - 2 1 5 2 1 - - 2 2 2 - - - - 17 22.67 

Chaetomium sp. - - 2 3 - - - 1 - - - - - - - 6 8 

Cladosporium sp. - - 2 - - - 2 - 1 - - 2 1 - 3 11 14.67 

Colletotrichum sp.  2 4 - - 1 1 - - - 1 4 - 3 2 - 18 24 

Corynespora torulosa 3 - - 7 - - 2 2 - - 3 - 5 - - 22 29.33 

Curvularia sp. - - 1 - - - - - - - - - - 2 - 3 4 

Diaporthe sp. 4 - - 10 - - 3 2 - 1 2 - 10 - - 32 42.67 

Fusarium falciforme - - - - - - - - - - - - - - - 0 0 

Fusarium oxysporum - - 3 - - 2 - - 1 - 4 - - - 1 11 14.67 

Fusarium solani - - 2 - - - - - - - - - - - - 2 2.67 

Fusarium sp. - - - - - 1 - 3 - - - - - - - 4 5.33 

Lasiodiplodia sp. - 2 1 1 - 2 1 - 3 1 - 2 - - 1 14 18.67 

Mucor sp. - - - - - - - - - - 1 - - - 1 2 2.67 

Nigrospora sp. - - - - 1 - 2 1 - - - - - 1 - 5 6.67 

Penicillium exsudans - 3 5 - - 4 - - 3 2 - 2 - - 5 24 32 

Penicillium sp. 1 - - 2 - - - - - 1 - - - - 4 1 8 10.67 

Penicillium sp. 2 - - 1 - - 1 3 2 - 3 - 2 - - 4 16 21.33 

Pestalotiopsis sp. - 3 - - - 2 - 2 - - 2 - 2 - - 11 14.67 

Talaromyces australis - - 2 - - - - - - 2 - 3 - - 4 11 14.67 

Trichoderma harzianum - 2 3 - 3 - - 2 2 - - 2 - - 3 17 22.67 

Trichoderma sp.  - 1 - - 5 2 - - 1 3 3 - - 2 5 22 29.33 

White sterile 1 - - 2 1 2 - - 1 - - - - 2 1 - 9 12 

White sterile 2 - - - 2 1 - - - - - - - - - - 3 4 

Black sterile  - 1 1 - - - - - - - - - - 2 - 4 5.33 

Yellow sterile  - - 1 - - - - 1 - - - - - 1 - 3 4 

Total 9 18 30 32 16 17 13 17 16 15 21 13 24 16 28 285 
 

Note: JRN- Jirania, TKM- Tuikarmaw, JLF- Jalefa, JLA- Jalaya, MDP- Madhyapara, L- Leaf, B- Bark, R- Root.  
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Table 8 Colonization frequency (CF %) of fungal isolates in various tissues and locations of Terminalia chebula during the winter season  

 

Endophytic fungi isolates 
JRN TKM JLF JLA MDP 

Total CF 
L B R L B R L B R L B R L B R 

Alternaria alternata - - - - - - - - - - - - - - - 0 0 

Aspergillus flavus - - - - - - - - - - - - - - - 0 0 

Aspergillus fumigatus - - - - - - - - - - - - - - - 0 0 

Aspergillus niger - 1 - - 1 - - - 3 - - - - 1 - 6 8 

Chaetomium sp. - - - 2 - 1 - - 1 - - 1 - - - 5 6.67 

Cladosporium sp. - - - - 6 1 - - - - 5 1 - - - 13 17.33 

Colletotrichum sp.  1 2 - 1 - - 2 2 - - 3 1 2 5 - 19 25.33 

Corynespora torulosa 5 2 - 2 1 - - - - - - - 4 - - 14 18.67 

Curvularia sp. - - - - - 1 - - - - - 1 - - - 2 2.67 

Diaporthe sp. 4 1 - 4 - - - 2 - 4 - - 2 - - 17 22.67 

Fusarium falciforme - - - - - - - - - - - - - - - 0 0 

Fusarium oxysporum - - 5 - - 1 - - 1 - - 1 - - 1 9 12 

Fusarium solani - - - - - - - - - - - 2 - 1 - 3 4 

Fusarium sp. - - - - - - - - - - - - - - - 0 0 

Lasiodiplodia sp. 3 1 - 2 1 1 5 2 - - 1 1 4 1 - 22 29.33 

Mucor sp. - - - - - - - - - - 
 

1 - - - 1 1.33 

Nigrospora sp. 3 1 - - - - - - - - 2 - - - - 6 8 

Penicillium exsudans - - 3 5 - - - - 2 5 - 1 - - - 16 21.33 

Penicillium sp. 1 - 1 - 1 - 1 - - - 1 - - - - - 4 5.33 

Penicillium sp. 2 - - - - - - - - 1 - - 2 - - - 3 4 

Pestalotiopsis sp. - 4 - 2 - - - - - 2 - - 1 - - 9 12 

Talaromyces australis - - - - - - - - - - - - - - - 0 0 

Trichoderma harzianum - - - - - - - 1 - - - - - 3 2 6 3.37 

Trichoderma sp.  - 1 - - 2 - - - - - 2 - - 1 - 6 8 

White sterile 1 2 - - 1 - 2 1 - - 2 - 1 - - - 9 12 

White sterile 2 - - 2 - 1 1 - - - 1 - 1 - - - 6 8 

Black sterile  - - - - - - - - - 1 - - - - - 1 1.33 

Yellow sterile  - - 1 - - - - - - - - - - - - 1 1.33 

Total  18 14 11 20 12 9 8 7 8 16 13 14 13 12 3 178   
Note: JRN- Jirania, TKM- Tuikarmaw, JLF- Jalefa, JLA- Jalaya, MDP- Madhyapara, L- Leaf, B- Bark, R- Root.  
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Table 9 Diversity of endophytic fungi colonized in the tissues of Terminalia chebula across the 

locations and seasons. 

 

Diversity indices 
Tissue types Locations Seasons 

Leaf Bark Root JRN TKM JLF JLA MDP Summer Monsoon Winter 

Species richness (S) 23 27 26 24 22 23 25 24 28 27 22 

Shannon (H') 2.5831 2.9214 2.899 2.8879 2.8187 2.7859 2.9868 2.8883 3.0268 3.0128 2.8143 

Simpson (1-D) 0.8897 0.9326 0.9276 0.9329 0.9303 0.9198 0.9411 0.9315 0.9404 0.9417 0.9292 

Pielou’s evenness (J) 0.2772 0.3001 0.2987 0.2961 0.2841 0.284 0.288 0.3048 0.2842 0.2992 0.3039 

Fisher alpha (a) 6.0971 8.208 7.5864 8.3368 7.1488 8.1458 8.5126 8.7199 8.2985 7.3235 6.6062 

Brillouin (HB) 2.4335 2.7158 2.7052 2.6269 2.5851 2.5216 2.7282 2.6101 2.8238 2.8422 2.6101 

Dominance (D) 0.1069 0.063 0.0683 0.0604 0.0633 0.073 0.0526 0.0611 0.0555 0.055 0.0656 

Berger-Parker (B) 0.2394 0.1321 0.1681 0.1143 0.1216 0.1395 0.1053 0.125 0.1111 0.1123 0.1236 

 

Discussion 

Overall, a total of 697 fungal endophytes were recorded from 1,125 segments of leaf, barks, and 

root tissues of Terminalia chebula. The isolation and colonization rate (IR & CR), as well as relative 

frequency (RF) of fungal endophytes, were shown to be highest in the leaves compared to the bark and 

root tissues of T. chebula. The leaf segments harbored the maximum fungal isolates than barks and 

roots, which coincides with the previous study (Vemireddy et al. 2020). This result may be due to the 

exposure of larger surface regions of leaves available to the external atmosphere, and the presence of 

stoma provides the fungal spores an easy pathway to enter the leaf tissues. Previous studies have 

shown that most of the endophytic fungi exhibited higher colonization in leaf tissues than the rest of 

the tissues (Lebron et al. 2001, Gond et al. 2012).   

During the monsoon season, the colonization rate (CR) of fungal endophytes obtained from T. 

chebula was found to be the highest, with a CR of 96.53%, and the winter season showed the lowest 

CR of 86.67%. It was similar to previous findings (Naik et al. 2008), suggesting that endophytic fungal 

spores are prone to grow and localized in host tissues more effortlessly when the moisture and 

temperature increase (Arnold et al. 2001, Hilarino et al. 2011). During the monsoon season, variations 

in the CR of fungal endophytes were noticed due to the fact that the fungal spores are well scattered by 

rainfall, and climatic factors affect the development of conidia (Wilson & Carroll 1994). Furthermore, 

the dispersal and frequency of endophytic fungi may be affected by the distinction in tissue chemistry 

of the host plants (Arnold et al. 2001). Our results further indicated that the IR, CR, and RF values of 

fungal endophytes were comparatively higher at the Jalaya (JLA) site. This may be due to site-specific 

environments that caused the differences in the CF across different sites (Naik et al. 2008).  

The endophytic fungi recovered from three types of tissues were identified (28 isolates) 

morphologically at the generic or species level. Colletotrichum sp., Corynespora torulosa, Diaporthe 

sp., Lasiodiplodia sp., Penicillium exsudans, Trichoderma harzianum and Trichoderma sp. etc. were 

the most dominant ones in this study (Table 6–8). They showed a greater occurrence and may present 

as host-specific species with T. chebula, which was incorporated in a previous report (Kouipou 

Toghueo & Boyom 2019). This may be due to the large spore dispersion capability of these fungal 

endophytes and their universal nature (Schulthess & Faith 1998, Raviraja 2005, Verma et al. 2007).  

Our study revealed that most of the fungal endophytes belonged to the phylum Ascomycota 

(91%), and the lowest was represented by Mucoromycota (1%) (Supplementary Table 1). Previous 

research has also reported that the majority of the endophytes colonized in medicinal plants represented 

the Ascomycota phylum (Jahromi et al. 2021, Kumar & Prasher 2022, Crasta & Anandrao 2024). Here, 

the fungal endophytes belonged to 11 different orders, representing four classes in the phylum 

Ascomycota, i.e., Dothideomycetes (Botryosphaeriales, Capnodiales, Pleosporales), Eurotiomycetes 

(Eurotiales), Sordariomycetes (Amphisphaeriales, Diaporthales, Glomerellales, Hypocreales, 
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Sordariales, Trichosphaeriales). However, Zygomycetes (Mucorales) were recorded from 

Mucoromycota, and a few isolates were considered sterile mycelia. Among the classes, the dominant 

class was Dothideomycetes, followed by Sordariomycetes, and the lowest was Zygomycetes 

(Aleynova et al. 2022, Crasta & Anandrao 2024). The fungal orders Eurotiales and Hypocreales have 

shown the highest diversity in the present study.  

Our result suggests that endophytic fungal colonization varies across the tissue types in T. 

chebula. In this study, it was noted that certain fungal isolates were confined to a particular vegetative 

part. For instance, Aspergillus flavus exhibited only in the leaves and roots. Nigrospora sp. was 

recovered only from the leaf and bark tissues, while Aspergillus fumigatus, Fusarium oxysporum, F. 

solani, and yellow sterile mycelia were isolated only from the barks and roots. Fusarium falciforme 

was confined only to the barks. Several studies showed that endophytic fungi belonging to the genera 

such as Alternaria (Phaopongthai et al. 2013), Colletotrichum (Suryanarayanan et al. 2018), 

Lasiodiplodia (Suryanarayanan et al. 2018), and Penicillium (Shoeb et al. 2014) were recovered from 

the leaf tissues of T. chebula, whereas Pestalotiopsis was recovered from the leaves and barks of this 

plant. Our result also correlates with the previously reported findings (Tejesvi et al. 2006, 2007, 

Suryanarayanan et al. 2018). Host tissue specificity of endophytes has been proven in many plants 

(Sadeghi et al. 2019). It could be due to the high dependence of specific endophytes on a particular 

plant tissue for a specific action (Photita et al. 2001).   

Geographical locations influenced the endophytic distributions in this medicinal plant. The 

maximum fungal species was recovered from the Jalaya (JLA) site in our study. Tuikarmaw (TKM) 

and Jirania (JRN) locations were subsequent locations with an identical frequency in fungal isolates 

recovered. On the other hand, Jalefa (JLF) showed the lowest fungal isolates recovered. Fusarium 

falciforme was restricted to the JLA site only. Mucor sp. was detected only at JLA and Madhyapara 

(MDP) sites, whereas Aspergillus fumigatus was noted at Tuikarmaw (TKM) and MDP sites only. 

Some of the exclusive isolates were Chaetomium sp. in the MDP site, Talaromyces australis in the 

TKM site, and white sterile 2 in the JLF site. The current study indicated that the variations of fungal 

endophytes across the different sites could be due to environmental conditions at the study sites. It was 

also to be noted that certain endophytic fungi, at the species or genus level, have location-specific 

distribution (Massimo et al. 2015). The likelihood of recovering many endophytic fungal species 

increases with site distance.  

The various sampling sites showed significant differences in endophytic fungal diversity. Our 

results indicate that the bark tissues harbored rich diversity of endophytes, and the richness of fungal 

species was slightly higher than the roots and leaves, which were in congruence with the former studies 

(Stone et al. 2000, Wang & Guo 2007). However, our data contradicts the former report on T. chebula, 

which showed higher diversity in the leaf tissues (Vemireddy et al. 2020). These results clearly 

demonstrated that the endophytes have the tendency to colonize specific tissues (Bettucci et al. 1997). 

Jalaya (JLA) site has the highest fungal diversity, and Tuikarmaw (TKM) has the lowest among the 

sampling sites. This may be due to the ecological characteristics of sampling locations, such as 

altitude, soil temperature, and soil pH (Table 1), that could affect the endophytic fungal communities 

within the sites. Studies have also revealed that the differences in the endophytic fungal diversity 

among study sites may be due to variations in soil physical-chemical properties, plant features (Jan et 

al. 2022), and environmental conditions, including plant botanical distribution, climatic conditions of 

each location (Jahromi et al. 2021), lower annual rainfall and low annual temperature (Sadeghi et al. 

2019).  

Our results indicated that the diversity of endophytic fungal communities was affected by the 

seasons. The endophytic fungal composition varied across different sampling seasons. The fungal 

diversity was maximum during the summer season. The incidence of fungal species was significantly 

higher in the summer season, which could be due to the survivability of fungal spores at even low 

water contents (Naik et al. 2008). Our study displayed that the high temperature and pH of the soil 
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favour the endophytic fungal growth in the dispersal of spores, as depicted in Table 1. The main factor 

in the seasonal diversity of endophytic fungi was temperature, as indicated by Manna & Kim (2018). 

Seasonal variations in endophytic fungal species composition were due to selection pressure variations 

on fungal strains residing within living tissues at different time periods of the respective year, 

according to Guo et al. (2008) and Kamalraj & Muthumary (2013). These variable selection pressures 

highly affect the germination capacity of endophytic fungal spores (Schulthess & Faeth 1998). Fang et 

al. (2013) reported that variations in the secondary metabolite concentration level in the plant are the 

primary determinant of the seasonal variation of endophytic fungal diversity. These factors could 

impact the endophytic fungal spores' ability to germinate and propagate. According to Oita et al. 

(2021), both seasons and climatic factors influence the fungal endophyte richness and diversity in 

tropical countries. Singh et al. (2017) stated that tissue type, location, and seasons together promptly 

influenced the compositions of endophytic fungi in Tectona grandis.   

 

Conclusion 

The study sheds light on the endophytic fungal diversity in many Terminalia chebula tissues 

during various study seasons and locations in Tripura, Northeastern India. Most of the fungal 

endophytes represented phylum Ascomycota, in which Dothideomycetes was the predominant class. 

Although leaves reported more fungal endophytes than barks and roots, the maximum fungal diversity 

was reported in the bark tissues at the Jalaya site. The high diversity indices of fungal species were 

noted during the summer compared to the monsoon and winter seasons. Tissue type, site and season 

affected the entire composition of the endophytic fungal community on T. chebula. Our study indicated 

that the fungal endophytes colonized in this medicinal plant can further be applied to discover their 

role in plant growth and development, antimicrobial activity and synthesis of natural products for new 

drug design. 
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