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Chapter 1
Endophytic Fungi: Symbiotic Bioresource 
for Production of Plant Secondary 
Metabolites

Lovelesh Singh Saini, Swati Patel, Arti Gaur, Priti Warghane,  
Rashmi Saini, and Ashish Warghane

Abstract Endophytes are a diverse group of microbes that asymptomatically colo-
nize the interior organs of higher plants. Fungi and bacteria are also considered 
endophytes, although the former is more common, adaptable, and pervasive micro-
organisms that colonize plants growing in practically all geoclimatic situations. 
Endophytic fungi are a kind of symbiotic fungus that lives inside the tissues of a 
plant. These fungi have a symbiotic relationship with the plant, providing nutrients 
and protection while receiving shelter and food from its host. Endophytic fungi can 
play a significant role in the sustainability of a plant species. Different strains of 
endophytic fungus are being researched, and the accompanying restrictions are 
being addressed for maximum use/multidimensional applications as beneficial 
metabolites with multifaceted environmental effects are progressively being discov-
ered. The current chapter reveals that endophytic fungi are a chemical reservoir of 
novel compounds and elicit plant secondary metabolites with numerous applica-
tions in the pharmaceutical and agrochemical industries. Various bioactive metabo-
lites produced by endophytic fungi have shown socioeconomic value and found 
uses in agriculture and the environment, as well as biofuels and biocatalysts.
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1  Introduction

Higher plants provide complex, multilayered, diversified environments in spatial 
and temporal habitats that are home to assemblages of microorganisms of various 
species. Plants inside and outside their tissues contain many microorganisms, 
including bacteria, fungi, archaea, algae, and protists. Complex interactions between 
these species have progressively developed over a long-term, resulting in their sym-
biosis as a group rather than leaving them as separate species (Hassani et al. 2018). 
The interactions between these microbes and plants positively impact plant sustain-
ability, biodiversity, and ecological stability (Rosier et  al. 2016; Bai et  al. 2017; 
Sasse et al. 2017).

Microorganisms, known as endophytes, inhabit plants for at least a portion of 
their life cycle without producing disease symptoms (Bacon and White 2000). Thus, 
“endophytism” is a special plant-microbe relationship defined by “location” (not 
“function”) that is momentarily symptomless, inconspicuous, and established 
within the living host plant tissues (Kusari and Spiteller 2012). Plants that possess 
poisonous alkaloids and interact with endophytes show high resistance to biotic and 
abiotic stresses (Carroll 1988; Chagas et al. 2018). Later on, a large body of evi-
dence suggested that endophytic associations were crucial for the development of 
the plant immune system (Soliman et al. 2015), the control of disease (Terhonen 
et al. 2016), the uptake of nutrients (Hiruma et al. 2016), and to enhance the ability 
to withstand abiotic pressures (Khan et al. 2013).

In the accumulations of plants and microbes, microfungi predominate, coloniz-
ing the surfaces of leaves and twigs (epiphytes), the tissues inside leaves (foliar 
endophytes), the young and old bark (bark endophytes), and the wood (xylem endo-
phytes and wood decomposers) (Stone et al. 2004). Endophytic fungus is highly 
varied and polyphyletic; it includes organisms that can live asymptomatically in the 
above- and belowground tissues of plants and play a wide range of ecological tasks 
(Saikkonen et al. 1998). Numerous endophytes can produce a range of bioactive 
compounds that may be employed directly or indirectly as therapeutic agents against 
a variety of ailments (Strobel et  al. 2004; Staniek et  al. 2008; Aly et  al. 2010; 
Kharwar et  al. 2011; Kusari and Spiteller 2012; Passari et  al. 2015, 2016). 
Additionally, a large number of endophytic fungi are sources of cytotoxic com-
pounds and secondary metabolites that are biologically active, like paclitaxel, podo-
phyllotoxin, deoxypodophyllotoxin, camptothecin, hypericin, emodin, and 
azadirachtin (Stierle et al. 1993; Eyberger et al. 2006; Puri et al. 2005, 2006; Kusari 
et al. 2008, 2009, 2012; Shweta et al. 2010). Various coniferous and deciduous tree 
hosts for endophytic Pezicula species strains produce bioactive secondary 
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metabolites in culture (Noble et al. 1991; Schulz et al. 1995). Cytochalasins and 
indole diterpenes with significant biological activity are commonly produced by 
endophytic species of the Xylariaceae (Brunner and Petrini 1992).

Endophyte synthesis of bioactive substances, mainly those unique to their host 
plants, is significant from a biochemical, pharmacological, and ecological stand-
point. Exciting opportunities exist to use endophytic fungus to produce a wide range 
of recognized and undiscovered physiologically active secondary metabolites.

2  Evolution of Endophytic Fungi in Plants

Endophytic fungi, which dwell inside plant tissues permanently or for a specific 
time during their life cycles, colonize plants, especially perennials (Stone et  al. 
2004; Demain 2014), causing no apparent harm or morphological alterations. These 
microorganisms typically coexist alongside diseases and comprise fungi and bacte-
ria (Zhang et al. 2006; Gouda et al. 2016). In plant tissues, fungal endophytes exist 
internally, intercellularly or intracellularly, and asymptomatically. Endophytes are 
distinguishable from mycorrhizae by missing external hyphae or mantels, and they 
often reside in aboveground plant tissues but can also occasionally be found in 
roots. Over the past 10 years, the definition of “endophyte” has undergone several 
changes (Sinclair and Cerkauskas 1996; Bills 1996; Saikkonen et al. 1998).

Parasitic or pathogenic fungi are believed to have originated endophytes on both 
grasses and woody plants (Carroll 1986, 1991, 1992). Woody plant endophytes are 
closely related to pathogenic fungi and are thought to have descended from them by 
lengthening their latency periods and decreasing their pathogenicity (Petrini et al. 
1992). It is also believed that the fungal grass diseases of the genus Epichloe are the 
ancestors of the Neotyphodium grass endophytes. But there doesn’t seem to be a 
clear coevolutionary route between the host plant and the endophyte. Plants have 
faced a variety of abiotic and biotic stressors throughout evolution. Since they can-
not move, plants have relied on vegetative growth, sophisticated physiology, and 
seed dissemination to avoid or lessen stress’s effects. All plants are known to sense 
signals, transfer them, and react to stresses, including disease, salt, heat, and drought 
(Bohnert et al. 1995; Bartels and Sunkar 2005).

Surprisingly complex microscopic specimens have been found in the Canadian 
Arctic. The earliest documented appearance of fungus may have occurred around 1 
billion years ago, more than 500 million years earlier than previously thought, 
according to tiny fossils discovered in remote Arctic Canada. Endophytes have 
developed unique biotransformation skills due to the long-term coevolution of fun-
gal endophytes and host plants, which can significantly affect the metabolism and 
makeup of plants.

Geographical considerations, interactions with other species in the community, 
phylogenetic and life history restrictions, and abiotic factors all affect the contin-
uum of antagonistic-mutualistic interactions between any two interacting species 
(Thompson and Pellmyr 1992; Thompson 1994). Similar to this, even during the 
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life span of the microbe and host plant, complex microbial mutualisms with host 
plants fluctuate along a continuum from pathogenic to mutualistic (Sinclair and 
Cerkauskas 1996). Although endophytic fungal-host plant interactions are complex 
and variable, evolutionary traits like mode of transmission and infection patterns as 
well as ecological factors like host condition, competition with other microorgan-
isms, population structure, and prevailing abiotic factors allow predictions of where 
endophyte-plant associations are likely to fall along the continuum.

The byproducts of main metabolic pathways are termed primary metabolites, 
encompassing lipids, proteins, carbohydrates, and amino acids. They are crucial to 
the metabolism of building blocks and an organism’s growth. Without them, the 
organism’s growth and development are very likely to have flaws. The fact that the 
by-products of several crucial stages serve as precursors for producing secondary 
metabolites is an essential function of basic metabolism. These precursors are used 
by both endophytes and their host plants in their separate secondary metabolites 
(SMs) biosynthesis processes. According to Kirby and Keasling (2009) and Deepika 
et al. (2016), SMs in EFs may imitate the host pathways and use those pathways as 
their biosynthetic route. Using blocking mutant and radiolabeling approaches, 
researchers have explored the synthesis of certain phytochemicals, including ergot 
alkaloids, aflatoxin, and lovastatin (Keller et  al. 2005; Rekadwad et  al. 2022). 
Although varied, a few shared biosynthetic pathways synthesize SMs, and endo-
phytic fungal communities and their host plants’ metabolomic pathways are compa-
rable. It is unclear whether these low-molecular-weight phytochemicals are 
produced by plants directly or through symbiosis with microbes inside them.

3  Biodiversity of Endophytic Fungi

Nearly every plant on the earth has endophytes, which are the most distinctive 
microbes. It has mainly been extracted from the soil of large and small trees, coastal 
grasses, and lichens. Many different microbes, such as bacteria, actinobacteria, 
fungi, and algae, are found inside the plant tissue (Saini et al. 2015; Zhang et al. 
2018; Passari et  al. 2020; Sriravali et  al. 2022). They all establish symbiotic or 
asymbiotic biological relationships with the host-plant body. Prokaryotic cells con-
nected with plants through vertical or horizontal transmission through stomata and 
colonizing the internal plant tissue make up the wide endophytic variety in our 
ecosystem. Endophytic microorganisms target various parts of the host-plant body, 
so they can enter and establish a habitat.

Fungal endophytes are a common type of endophyte. Endophytic fungi can sus-
tainably increase crop output and growth by enduring severe biotic and abiotic 
stress conditions, including drought, high temperatures, and salinity (Rodriguez 
et al. 2009). Due to their extensive adaption, the fungal endophytes colonize the 
plant tissue’s intra- and intercellular regions, forming a symbiotic or mutualistic 
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relationship with the host (Aly et al. 2011). The host plant provides the fungal strain 
with food and protection, and the fungal endophyte confers resistance to pathogens 
and numerous abiotic stresses. The transfer of a fungal cell to a damaged wound 
region through surface contact or channels is called external fungal endophytes. 
Endogenous fungal endophytes, however, travel through inner organelles like mito-
chondria and chloroplasts (Yadav 2020). There are two ways that fungal endophytes 
can spread: vertically or systemically from the host plant body to the offspring or 
seeds of the host plant or horizontally or nonsystematic through sexual reproduction 
or infection (Malik et al. 2023).

Endophytic fungi belong to diverse phyla, including Ascomycota, Basidiomycota, 
and Mucoromycota. The majority of endophytic fungi belong to Ascomycota 
(89%), followed by Basidiomycota (9%), and the remaining to Mucoromycota (2%) 
(Rana et al. 2019). The diversity of fungal endophyte species in these phyla is sum-
marized in Table 1.1.

The variety of all fungal endophytes can be divided into two major groups. These 
include Clavicipitaceae (CE), which are widely dispersed and occur in asymptom-
atic tissues of nonvascular plants, conifers, ferns, and angiosperms, which infect 
specific grasses restricted to chilly climates and nonclavicipitaceous endophytes 
(NCE). NCE, however, is reportedly only found in the Ascomycota and 
Basidiomycota groups (Maldonado-González et  al. 2015). On every continent, 
fungi have been found to colonize terrestrial plants. They have been isolated from 
ferns, gymnosperms, angiosperms, arctic habitats, tropical climes, various xeric 
environments, and boreal woods (Suryanarayanan et al. 2000; Mohali et al. 2005; 
Šraj-Kržič et al. 2006; Selim et al. 2017).

Different fungal species with a variety of chemical productions are found in the 
various fungal areas of plants. A study of the microbial diversity in Paris polyphylla 
var. yunnanensis plants (Liu et  al. 2017) found that Trichoderma viride and 
Leptodontidium sp. coexisted with the dominating species Fusarium oxysporum in 
the rhizospheric endophytes. Along with these three predominant fungi, the pres-
ence of Alternaria sp., Pyrenochaeta sp., Truncatella sp., T. viride, Chaetomium sp., 
Penicillium swiecickii, and Cylindrocarpon sp. was also noted.

4  Interaction of Endophytic Fungi with Host Plant

Filamentous fungus and vesicular–arbuscular mycorrhiza (VAM) are the most para-
mount groups included and investigated as endophytes. Certain fungi that belong to 
the genus Trichoderma, Colletotrichum, Penicillium, Aspergillus, Purpureocillium, 
Fusarium, Claviceps, Metarhizium, Xylaria, Curvularia, Cladosporium, Dreschlera, 
Alternaria, etc. colonizes either roots, shoots, or leaves (Uzma et al. 2018; Attia 
et al. 2020; Baron and Rigobelo 2021). They are populating in the endosphere of 
plants and are transmitted horizontally or vertically. Endophytes can uphold in 
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Table 1.1 Biodiversity of different groups of endophytic fungi associated with different hosts

Phyla Species References

Ascomycota Curvularia sp., Setosphaeria sp., 
Guehomyces sp., Annulohypoxylon sp., 
Trichoderma sp., Xylaria sp., Septoria sp., 
Trichosporon sp., Filobasidium sp., Mucor 
sp., Neurospora sp., Ampelomyces sp., 
Microdochium sp., Helminthosporium sp., 
Tilletiopsis sp., Anthostomella sp., 
Ophiocordyceps sp., Plectosphaerella sp., 
Emericella sp., Talaromyces sp., Glomus 
sp., Stagonospora sp., Gibberella sp., 
Alternaria sp., Cryptococcus sp., Nectria 
sp., Sordariomycetes sp., Ilyonectria sp., 
Davidella sp., Chaetomium sp., 
Rhodosporidium sp., Eurotium sp., 
Stemphylium sp., Didymella sp., 
Rigidoporus sp., Bipolaris sp., 
Coniothyrium sp., Ulocladium sp., 
Cercospora sp., Engyodontium sp., 
Porostereum sp., Paraconiothyrium sp., 
Phaeosphaeria sp., Boeremia sp., 
Cochliobolus sp., Exserohilum sp., 
Calonectria sp., Paraphoma sp., Diaporthe 
sp., Eutypella sp., Cladophialophora sp., 
Macrophomina sp., Rhizopus sp., 
Phaeosphaeriopsis sp., Corynespora sp., 
Nigrospora sp., Lasiodiplodia sp., Wallemia 
sp., Paecilomyces sp., Puccinia sp., 
Williopsis sp., Lecanicillium sp., Leptospira 
sp., Fusarium sp., Nemania sp., 
Neofusicoccum sp., Dichotomopilus sp., 
Cylindrocarpon sp., Leptosphaeria sp., 
Aspergillus sp., Pleosporales sp., 
Peyronellaea sp., Marasmius sp., Crinipellis 
sp., Mortierella sp., Eupenicillium sp., 
Bipolaris sp., Clonostachys sp., Phomopsis 
sp.

Sieber et al. (1988), Fisher and 
Petrini (1992), Larran et al. 
(2001), Wakelin et al. (2004), 
Tian et al. (2004), Nassar et al. 
(2005), Pan et al. (2008), 
Saunders and Kohn (2008), Naik 
et al. (2009), Yuan et al. (2010), 
Khan et al. (2011, 2012), Gao 
et al. (2011, 2012), de Souza 
Leite et al. (2013), Tenguria and 
Firodiya (2013), Impullitti and 
Malvick (2013), Amin (2013), 
Zhao et al. (2012, 2013, 2014), 
Tian et al. (2014), Fernandes 
et al. (2015), Colla et al. (2015), 
Gonzaga et al. (2015), Köhl et al. 
(2015), Chadha et al. (2015), 
Pierre et al. (2016), Marcenaro 
and Valkonen (2016), dos Santos 
et al. (2016), Parsa et al. (2016), 
Keyser et al. (2016), Ofek-Lalzar 
et al. (2016), Wang et al. (2016), 
Renuka and Ramanujam (2016), 
Bogner et al. (2016), Rothen 
et al. (2017), Potshangbam et al. 
(2017), Hamayun et al. (2017), 
Singh and Gaur (2017), 
Spagnoletti et al. (2017), 
Narayan et al. (2017), Comby 
et al. (2017), Larran et al. (2002, 
2007, 2018), Yang et al. (2014a, 
2018), Zhao et al. (2018), Xing 
et al. (2018), and Rana et al. 
(2019)

Basidiomycota Cryptococcus sp., Trichosporon sp., 
Puccinia sp., Porostereum sp., Rigidoporus 
sp., Filobasidium sp., Rhodotorula sp., 
Guehomyces sp., Tilletiopsis sp., Crinipellis 
sp., Marasmius sp., Wallemia sp., 
Rhodosporidium sp., Sporobolomyces sp., 
Cryptococcus sp., Cystobasidium sp., 
Sporobolomyces sp., Rhizoctonia sp.

Mucoromycota Glomus sp., Mucor sp., Mortierella sp.

L. S. Saini et al.
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environments like high temperatures, temperate forests, mangrove forests, and trop-
ical forests (Arnold 2008), insinuating they can survive under diverse climatic con-
ditions. Endophytic fungi are distinct in their colonization due to the expression of 
genes required for the molecules necessitated for their colonization. However, there 
are the least details available for the accountable genes (Behie and Bidochka 2014). 
It can enter the plant system via wounding of plant tissues that further secrete nutri-
ent metabolites and chemoattractants of endophytes. There is the germination of 
fungal mycelia in roots and its extensive penetration into the root cortex. Thereby, it 
commences its colonization. It spreads through the cell wall to the adjacent cells of 
plants and moves further in the plant system (Yan et  al. 2019). Endophytes are 
observed in almost all plant parts, such as root, shoot, stem, leaves, and reproductive 
tissues. The existence of endophytes is validated via surface sterilization of plant 
tissue followed by its growth on a specific media or with metagenome analysis. The 
internal parts of the plant are the protective, secure zones for the endophytic fungus 
to get the required nourishment and ameliorate competition. In turn, the fungi also 
favor plants through direct and indirect courses. They benefit plants directly with 
nutrient acquisition, secreting molecules that facilitate plant growth. Indirectly with 
the production of important secondary metabolites and other compounds, endo-
phytic fungus protects plants from biotic and abiotic stress (Fig. 1.1).

Fig. 1.1 Direct and indirect benefits offered by endophytic fungal colonization. Parameters in 
blue and green boxes show the direct effects of plant growth promotion. Pink and orange boxes 
indicate the indirect use of biotic and biotic stress tolerance to the colonized plant

1 Endophytic Fungi: Symbiotic Bioresource for Production of Plant Secondary…
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4.1  For Sustainable Agriculture

A global climate change concern is due to deforestation, domestication, urbaniza-
tion, soil salinization, and soil pollution through the extensive use of chemical 
fertilizers and pesticides. Plants are also losing important valuable microorgan-
isms due to the abovementioned situations. Therefore, they are not acquiring the 
direct and indirect advantages imparted by them, which makes them more resis-
tant to stress.

 Nutrient Availability

Endophytes do have a role in facilitating macroelements (nitrogen, potassium, 
phosphorous, calcium, magnesium, sulfur) and microelements (zinc, iron, copper, 
etc.) for the plants, which make efficient use of fertilizers applied. They can also 
play a role as biofertilizers. The first report of colonization by the endophytic 
fungus Piriformospora indica revealed that external hyphae of the fungus possess 
phosphate transporter (PiPT) expression that helps to absorb phosphate and make 
it available to maize plants. Mycorrhizal fungi Metarhizium and Beauveria have 
been reported to augment the availability of nitrogen and phosphorous in their 
symbiosis (Behie and Bidochka 2014). Under conditions of low nitrogen, the 
genes associated with nitrogen uptake and metabolism, including OSAMT1;1, 
OSAMT2;2, OSNR1, and OSGS1, are upregulated in rice due to endophytic colo-
nization by Phomopsis liquidambari. This upregulation is accompanied by ele-
vated levels of total nitrogen, amino acids, proteins,  and free NH4+ (Yang 
et al. 2014b).

 Plant Growth Promotion

Phytohormone production is also characteristic of many endophytic fungi. They can 
produce auxin, cytokinin, and gibberellic acid, mainly with siderophore (Mishra 
et  al. 2016; Tochhawng et  al. 2019; Abdalla et  al. 2020). The endophytic fungi 
Aspergillus fumigatus TS1 and Fusarium proliferatum symbionts of Oxalis cornicu-
lata roots have been screened to have indole acetic acid production and siderophore 
production with an eclectic derivative of gibberellic acid, such as GA1, GA3, and 
GA7 (Bilal et  al. 2018). Endophytic fungus belongs to the genus Fusarium, 
Alternaria, Xylogone, and Didymella isolated from a medicinally important plant 
Sophora flavescens found to produce a significant concentration of IAA (indole 
acetic acid), and it has been proven with application and observation of primary root 
length in Arabidopsis plant (Turbat et al. 2020). Endophytic colonization in root 
cortical cells with Chaetomium globosum strain ND35 fostered the growth of 
cucumber plants with the production of hormones zeatin, gibberellic acid, indole-3 
acetic acid (IAA), and indole butyric acid (IBA) (Tian et al. 2022).

L. S. Saini et al.
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4.2  For Stress Management

A mutualistic relationship of plants with endophytic fungus has been observed to 
produce considerable bioactive compounds and metabolites that impart stress toler-
ance to the plant. Under abiotic stress conditions like drought and salt stress, these 
endophytes encountered to regulate the levels of antioxidant enzymes catalase 
(CAT), peroxidase (POD), ascorbic peroxidase (APX), glutathione (GSH), and 
superoxide dismutase (SOD) to mitigate stress-induced injury for the cell. The 
global loss due to plant disease is expected to be 16% (Fontana et al. 2021), and 
endophytic fungi have been documented to activate induced systemic resistance 
(ISR) or systemic acquired resistance (SAR) to fight against biotic stress. The 
banana (Musa spp.) crop faces a significant loss due to a fungal pathogen. Endophytic 
root colonization with Serendipita indica increases SOD, POD, CAT, and APX 
activities, thereby obtaining resistance to Fusarium oxysporum f. sp. cubense (Foc) 
(Cheng et al. 2020). Under extreme agroecosystems of salt and drought conditions, 
endophytic colonization with fungi belonging to genus Periconia macrospinosa, 
Neocamarosporium chichastianum, and N. goegapense obtained from Salt Lake 
plants alleviates the adverse effect of stress in Hordeum vulgare L. that reminisces 
with the improvement of biomass, shoot length, proline content, and antioxidant 
enzyme activity (Moghaddam et al. 2022). Endophytic fungi bares the prospect as a 
biocontrol agent through the secretion of several enzymes (cellulase, amylase, pro-
tease, and xylanase), hydrogen cyanide, and certain secondary metabolites; this will 
reduce the use of synthetic insecticides or pesticides (Yadav et al. 2010). Penicillium 
sp. NAUSF2 can solubilize hard phosphate sources in saline conditions and makes 
phosphate available to plants with endophytic colonization. It also reduces the dis-
ease severity index for bacterial leaf spots caused by Xanthomonas axonopodis pv. 
V. radiate in Vigna radiata with a significant increase in jasmonic acid and antioxi-
dant enzyme concentration (Patel et al. 2021).

5  Production of Secondary Metabolites by Endophytic Fungi

Plant secondary metabolites are a class of substances that are not essential for basic 
bodily processes but are crucial for plants to adapt to their environment (Bourgaud 
et al. 2001). Plants generate low-molecular-weight antimicrobial molecules known 
as phytoalexins, which comprise a variety of chemicals such as flavonoids, terpe-
noids, etc. Several studies spotlight the production of phytoalexins by pathogens 
under numerous nonbiological stress stimuli, such as UV radiation, heavy metal 
ions, or salt stress (Abraham et al. 1999). Co-culturing with an endophytic elicitor 
is an additional strategy for enhancing plant secondary metabolites and boosting 
plant resistance (Li and Tao 2009).

1 Endophytic Fungi: Symbiotic Bioresource for Production of Plant Secondary…
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Endophytic fungi are categorized by biological processes that affect plant sys-
tems and the proliferation of endophytic fungi. Group I endophytic fungi move a 
genetic element into plant systems by vertical gene transfer, whereas group II endo-
phytes generally help to combat external stresses. Group III endophytic fungi 
acquire genes from other fungal species via horizontal gene transfer that produces 
bioactive chemicals. Depending on the plant’s state and age, endophytes present in 
plant systems create secondary metabolites. Endophytic fungi generate a variety of 
metabolites from different structural classes, such as terpenoids, steroids, aliphatic 
chemicals, flavonoids, alkaloids, quinines, phenols, coumarins, peptides, etc. 
(Calhoun et al. 1992). These metabolites are produced in different pathways like 
shikimate pathway (alkaloids, flavonoids) (Tohge et al. 2013; Peek and Christendat 
2015) and TCA cycle (isoprenoids, polyketide, terpenoids) (Meena et  al. 2019). 
Tejesvi et al. (2007) found that endophytic fungi of medicinal plants create second-
ary metabolites that can be researched for treating various ailments. All of these 
studies show that endophytic fungi are a chemical reservoir of novel compounds 
that have numerous applications in the pharmaceutical and agrochemical industries, 
including those for antimicrobial, antiviral, antifungal, anticancer, antiparasitic, 
antitubercular, antioxidant, immunomodulatory, and insecticidal properties 
(Fig. 1.2) (Calhoun et al. 1992).

In addition to providing novel sources for cytotoxic chemicals, including anti-
cancer and antibacterial compounds (Uzma et al. 2018; Radic and Strukelj 2012), 
endophytic fungi (EFs) also operate as biostimulants for the production of essential 
oils (Enshasy et al. 2019). This has led to a great deal of attention in the field. They 
might function as biological control agents (Poveda and Baptista 2021), encourage 
plant growth (Mehta et al. 2019), increase nutrient solubilization in the rhizosphere 

Fig. 1.2 Applications of different bioactive secondary metabolites compounds produced by endo-
phytic fungi

L. S. Saini et al.
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of the plant (Poveda et al. 2021), or activate systemic plant defenses against biotic 
(Poveda et al. 2020) or abiotic (Cui et al. 2021) stresses.

5.1  Symbiotic Interaction

Endophytes create various connections with their host plants throughout their 
growth inside the living tissues of the plant, including symbiotic, mutualistic, or 
parasitic ones. The host plant’s cells or intercellular space are home to fungal endo-
phytes, which appear to inflict no harm (Saikkonen et al. 1998). In mutualistic sym-
biosis, EF partners and host plants benefit from this advantageous symbiotic 
continuum and eventually succeed in evolution and the environment (Fig. 1.3) (Jia 
et al. 2016). The host plants’ metabolic processes are changed by EFs, which also 
increase drought and metal tolerance, growth, and nutrient uptake (Poveda et  al. 
2021; Cui et al. 2021).

However, EFs can also sporulate quickly and interact with host plants in a latent 
pathogenic or commensalism relationship, with or without appreciable positive 
impacts on plant physiology (Fig. 1.3) (Hiruma et al. 2016). They can also colonize 
and flourish asymptomatically inside healthy plant tissues (Saikkonen et al. 1998; 
Kogel et al. 2006). These endophytes can trigger host plant disease symptoms under 
stress (Schulz and Boyle 2005), such as those caused by Cordana, Deightoniella, 
Verticillium, Curvularia, Nigrospora, Periconiella, Colletotrichum, Guignardia, 
Phoma, Cladosporium, and Fusarium (Photita et  al. 2004; Cui et  al. 2021). 
Equilibrium between these organisms has been achieved during the long-term 
coevolution of endophytes and plants. Thus, the real endophyte will exist once a 
balance is reached between fungal activity and the plant response and is sustained 
throughout time (Gimenez et al. 2007).

Fig. 1.3 Interaction of endophytic fungi with host plant
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5.2  In Stress Conditions

Plants create many different pathways, such as jasmonic acid, abscisic acid, and 
salicylic acid, due to abiotic stress stimuli and function as defense signaling chemi-
cals. As fungal endophytes may develop from plant pathogenic fungi, they may act 
as pathogens and cause plants to defend themselves. To promote plant development 
under stressful conditions, fungal endophytes produce siderophores, antibiotics, 
and phytohormones; mineralize nutrients; and perform other tasks (Yung et  al. 
2021). Siderophores increase iron intake and phosphate solubilization and plant 
uptake of these nutrients, promoting plant development and executing defense 
against many pathogens (Chowdappa et al. 2020). Endophytes also accelerate bio-
mass formation and nitrogen intake while biodegrading the trash (Idbella et  al. 
2019). Over 500 siderophores from different fungi have been identified (Chowdappa 
et  al. 2020). Aspergillus fumigatus, Aspergillus niger, Curvularia, Trichoderma, 
and other fungal endophytes have all been recently discovered to solubilize and 
mobilize phosphorus, potassium, and zinc salts, which in turn promote plant growth 
and high crop production (Mehta et al. 2019; Haro and Benito 2019).

Phytohormone gibberellins are secreted by Penicillium sp., which inhabits 
Suaeda japonica, as an example of the reduced amount of plant growth-promoting 
compounds the fungal endophytes release during stress. The fungi Penicillium sp., 
Ascomycete sp., Aspergillus sp., Verticillium sp., Cladosporium sp., and Fusarium 
sp., which live on Panax ginseng, also release triterpenoid, ginsenosides, and sapo-
nins, which improve stress resistance and root development (Sahoo et al. 2017). To 
increase the phytoimmobilization and availability of zinc, nitrogen, and phosphorus 
for the host, siderophores can biodegrade biomass and recycle it in the environment 
(Yung et al. 2021). They can also lower levels of the hormone ethylene by inhibiting 
1-aminocyclopropane-1-carboxylate deaminase (ACC) in plants. Hence by immo-
bilizing osmolytes and regulating membrane ion conductivity during stress, phyto-
immobilization by endophytes eventually aids in withstanding abiotic stressors 
by plants.

Endophytic fungi are also accountable for protecting crops from biotic stress in 
the wake of the chain of events (Singh et al. 2021a). The three main ways fungi 
defend themselves from phytopathogens are competition within the biological 
niche, antibiotics production, and mycoparasitism, which strengthens plant defenses 
and raises tolerance to virulence factors generated by pathogenic bacteria. The pri-
mary endophytes that begin to tolerate biotic stress while simultaneously enhancing 
the host plant’s development and yield components are Trichoderma species, 
Epicoccum species, Aspergillus species, Colletotrichum species, Gliocladium spe-
cies, Fusarium species, Petriella species, Piriformospora species, Epichloe species, 
etc.; mildews, rots, nematodes, blights, and leaf mosaics are just a few of the dis-
eases that P. indica can successfully treat (Ali et al. 2019). They ought to be consid-
ered as potential biocontrol agents as a result. According to Laihonen et al. (2022), 
Epichloe sp. controls herbivorous insects and offers its host plant biotic resilience. 
Host plants’ roots, twigs, and stems are colonized by the filamentous anamorphic 

L. S. Saini et al.



13

saprophytic fungus known as Trichoderma sp. due to its antibacterial, antifungal, 
and cytotoxic qualities; it can be utilized as a biocontrol agent.

6  Biotic Potential of Secondary Metabolites Produced by 
Entophytic Fungi

Many secondary metabolites are produced by endophytic fungi, such as phenols, 
alkaloids, polyketides, quinones, steroids, enzymes, and peptides, which have a 
higher therapeutic value than primary metabolites (Xu et al. 2021). They can protect 
the plants from disease-causing invaders. This protection is made possible by pro-
ducing secondary metabolites, which act as a defense against the invasion of patho-
gens (Kaur et al. 2022). These secondary metabolites, such as bioactive compounds, 
are the primary source of the beneficial characteristics of endophytic fungi. 
Endophytes can stop the development of resistance mechanisms in plants, which 
can lead to disease. The production of these bioactive compounds also allows for the 
release of enzymes, antioxidants, and other beneficial compounds that help protect 
the plant from external threats (Wen et  al. 2022). Additionally, these secondary 
metabolites can be used for plant growth and development as well as for the 
improvement of crop yields. Endophytic fungi are crucial for protecting plants from 
disease and promoting growth, and their ability to produce secondary metabolites is 
key to their beneficial qualities (Manganyi and Ateba 2020).

Endophytic fungi are an essential source of secondary metabolites, including 
terpenoids, polyketides, shikimic acid derivatives, and terpenes. They are found in 
many plants and play an important role in the pharmaceutical and drug industries 
through the production of alcohol, antibiotics, enzymes, and other medicinal ingre-
dients (Singh et al. 2021b). These secondary metabolites can create new drugs and 
treatments and provide a valuable treasure for medical research. Endophytic fungi 
benefit both the environment and humans, since they are natural sources of these 
compounds, which can decrease the need for chemical synthesis. Additionally, they 
offer substitutes for chemical-based drugs, which can have a number of health haz-
ards. Endophytic fungi are also valuable in developing treatments for diseases such 
as cancer and Alzheimer’s, since they can produce compounds that can be used to 
fight these diseases. These compounds have potential applications in drug discovery 
and can be used to treat various disease conditions. Endophyte-derived natural prod-
ucts can also be used as pesticides, insecticides, and herbicides to control agricul-
tural pests (Zheng et al. 2021; Wen et al. 2022)

Endophytic fungi potentially produce novel bioactive compounds. Suitable 
media, growth parameters, and nutrient limitations should be explored to gain 
insight into fungal metabolism and discover novel pharmaceutical products; such 
compounds can be used to treat many diseases. Furthermore, endophytic fungi pro-
vide a sustainable source of novel bioactive compounds which is environmentally 
friendly (Adeleke and Babalola 2021).
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7  Application of Secondary Metabolites Produced 
from Symbiotic Fungi

Endophytic fungi have recently gained tremendous attention due to their ability to 
produce novel bioactive compounds with a wide range of biological properties. 
These compounds have been used in a variety of applications, especially in the 
fields of medicine, pharmaceuticals, and agriculture. In addition to their bioactive 
compounds, endophytic fungi have also been found to possess many other benefi-
cial attributes, including the ability to increase a plant’s resistance to pathogens, 
reduce the amount of fertilizer needed, and promote crop yield (Manganyi and 
Ateba 2020). Moreover, endophytic fungi can act as a natural source of antibiotics, 
providing potential alternatives to traditional antibiotics. Endophytic fungi can also 
be used for bioremediation and to clean up contaminated soil and water. Overall, 
endophytic fungi have a wide range of potential applications, and their ability to 
produce novel bioactive compounds is an invaluable asset to many industries 
(Stępniewska and Kuźniar 2013).

The antimicrobial and antifungal properties of endophytic fungi metabolites 
have been especially noted, as these compounds have the potential to provide novel 
solutions to existing and emerging drug-resistant microbial and fungal infections 
(Deshmukh et  al. 2022). For instance, endophytic fungi metabolites have been 
proven to effectively inhibit the growth of several drug-resistant bacterial and fungal 
pathogens, such as methicillin-resistant Staphylococcus aureus (MRSA), 
vancomycin- resistant Enterococci (VRE), and Candida albicans. In addition, the 
antifungal activities of endophytic fungi metabolites have been demonstrated 
against several fungal species, such as Aspergillus flavus, Fusarium solani, and 
Rhizoctonia solani. Additionally, the antiprotozoal activity of endophytic fungi 
metabolites has been shown against several protozoan species, such as Trypanosoma 
cruzi, Toxoplasma gondii, and Leishmania. Moreover, the antiparasitic activity of 
endophytic fungi metabolites has been demonstrated against several parasitic spe-
cies, such as Plasmodium falciparum, Schistosoma mansoni, and Fasciola hepatica 
(Liu et al. 2019; Deshmukh et al. 2022).

Several studies have also reported the antioxidant, immunosuppressant, and anti-
cancer activities of endophytic fungi metabolites. Endophytic fungi metabolites 
have been demonstrated to possess antioxidant activities, which are beneficial in 
reducing oxidative stress and protecting against numerous diseases (Almustafa and 
Yehia 2023). In addition, the immunosuppressant activities of these metabolites 
have been demonstrated in several studies, as these compounds have been found to 
reduce inflammation and suppress the immune system. Finally, the anticancer activ-
ities of endophytic fungi metabolites have been demonstrated in several studies, as 
these compounds have been found to inhibit the growth of cancer cells (Table 1.2) 
(Sharma et al. 2020).
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Table 1.2 Examples of biotechnologically relevant fungal secondary metabolites

S. 
no.

Secondary 
metabolite Producing fungus Application

1 Cephalosporin C Acremonium 
chrysogenum

Resource for the production of 
Cephalosporins

2 Β-carotene Blakeslea trispora Pigment
3 Astaxanthin Phaffia rhodozyma Pigment
4 Griseofulvin Penicillium griseofulvum Antifungal agent
5 Cyclosporine A Tolypocladium inflatum Immunosuppressant
6 Gibberellic acid Gibberella fujikuroi Plant growth regulator
7 Penicillin G Penicillium rubens Antibiotic
8 Taxol Taxomyces andreanae Anticancer drug
9 Lovastatin Aspergillus terreus Cholesterol-lowering drug

8  Challenges and Future Perspectives of Endophytic Fungi

To regulate and manipulate the biosynthesis process for increased production, we 
must elucidate the entire biosynthesis pathway, including all of the enzymes and 
associated genes. To solve the issues of poor yield and attenuation, the two main 
obstacles to commercial success, we need to learn more about the functions of host 
plant-endophyte interactions. For the successful industrial-scale synthesis of phar-
maceutically valuable compounds or leads, scientists working in this area and the 
pharmacological business must collaborate. The pharmaceutical sector must priori-
tize the endophyte-dependent production of natural plant chemicals. For the phar-
maceutical and healthcare sectors, as well as for a “green drug revolution,” the 
concept of endophyte-dependent improved in vivo and in vitro production of plant- 
derived useful metabolites is crucial.

9  Conclusion

In conclusion, endophytic fungi represent a fascinating group of microorganisms 
that reside within the tissues of plants without causing any apparent harm. These 
fungi have coevolved with their host plants, establishing mutualistic relationships 
that can profoundly affect the fungi and the plants. Over the years, extensive research 
has revealed various applications for endophytic fungi in various fields. Moreover, 
endophytic fungi have demonstrated remarkable potential as a source of bioactive 
compounds with pharmaceutical and industrial importance. Many endophytic fungi 
produce secondary metabolites with antimicrobial, antiviral, anticancer, and anti-
oxidant properties. These bioactive compounds promise to develop new drugs, 
nutraceuticals, and natural products for various applications, including medicine, 
cosmetics, and agriculture.

1 Endophytic Fungi: Symbiotic Bioresource for Production of Plant Secondary…



16

References

Abdalla MA, Aro AO, Gado D, Passari AK, Mishra VK, Singh BP, McGaw LJ (2020) Isolation of 
endophytic fungi from South African plants, and screening for their antimicrobial and extracel-
lular enzymatic activities and presence of type I polyketide synthases. S Afr J Bot 134:336–342. 
https://doi.org/10.1016/j.sajb.2020.03.021

Abraham KJ, Pierce ML, Essenberg M (1999) The phytoalexins desoxyhemigossypol and hemi-
gossypol are elicited by Xanthomonas in Gossypium cotyledons. Phytochemistry 52:829–836. 
https://doi.org/10.1016/S0031- 9422(99)00331- 3

Adeleke BS, Babalola OO (2021) Pharmacological potential of fungal endophytes associated with 
medicinal plants: a review. J Fungi (Basel) 7(2):147. https://doi.org/10.3390/jof7020147

Ali A, Bilal S, Khan AL, Mabood F, Al-Harrasi A, Lee IJ (2019) Endophytic Aureobasidium pullu-
lans BSS6 assisted developments in phytoremediation potentials of Cucumis sativus under Cd 
and Pb stress. J Plant Interact 14:303–313. https://doi.org/10.1080/17429145.2019.1633428

Almustafa HI, Yehia RS (2023) Antioxidant, cytotoxic, and DNA damage protection activities of 
endophytic fungus Pestalotiopsis neglecta isolated from Ziziphus spina-christi medicinal plant. 
Microorganisms 11(1):117. https://doi.org/10.3390/microorganisms11010117

Aly AH, Debbab A, Kjer J, Proksch P (2010) Fungal endophytes from higher plants: a prolific 
source of phytochemicals and other bioactive natural products. Fungal Divers 41:1–16. https://
doi.org/10.1007/s13225- 010- 0034- 4

Aly A, Debbab A, Proksch P (2011) Fungal endophytes: unique plant inhabitants with great prom-
ises. Appl Microbiol Biotechnol 90(6):1829–1845. https://doi.org/10.1007/s00253- 011- 3270- y

Amin N (2013) Diversity of endophytic fungi from root of Maize var. Pulut (waxy corn local vari-
ety of South Sulawesi, Indonesia). Int J Curr Microbiol App Sci 2:148–154

Arnold A (2008) Hidden within our botanical richness, a treasure trove of fungal endophytes. Plant 
Press 32:13–15

Attia EA, Singh BP, Dashora K, Ahmed M, Abdel-Azeem AM (2020) A potential antimicrobial, 
extracellular enzymes, and antioxidants resource: endophytic fungi associated with medicinal 
plants. Int J Biosci 17(1):119–132

Bacon CW, White JF (2000) Microbial endophytes. Marcel Deker Inc., New  York. https://doi.
org/10.1201/9781482277302

Bai Y, Kissoudis C, Yan Z, Visser RGF, van der Linden G (2017) Plant behaviour under combined 
stress: tomato responses to combined salinity and pathogen stress. Plant J 93(4):781–793. 
https://doi.org/10.1111/tpj.13800

Baron NC, Rigobelo EC (2021) Endophytic fungi: a tool for plant growth promotion and sustain-
able agriculture. Mycology 13(1):39–55. https://doi.org/10.1080/21501203.2021.1945699

Bartels D, Sunkar R (2005) Drought and salt tolerance in plants. Crit Rev Plant Sci 24:23–58. 
https://doi.org/10.1080/07352680590910410

Behie SW, Bidochka MJ (2014) Nutrient transfer in plant–fungal symbioses. Trends Plant Sci 
19(11):734–740. https://doi.org/10.1016/j.tplants.2014.06.007

Bilal L, Asaf S, Hamayun M et al (2018) Plant growth promoting endophytic fungi Asprgillus 
fumigatus TS1 and Fusarium proliferatum BRL1 produce gibberellins and regulates plant 
endogenous hormones. Symbiosis 76:117–127. https://doi.org/10.1007/s13199- 018- 0545- 4

Bills GF (1996) Isolation and analysis of endophytic fungal communities from woody plants. See 
Ref. 126, pp 31–65

Bogner CW, Kariuki GM, Elashry A, Sichtermann G, Buch A-K, Mishra B, Thines M, Grundler 
FM, Schouten A (2016) Fungal root endophytes of tomato from Kenya and their nematode 
biocontrol potential. Mycol Prog. https://doi.org/10.1007/s11557- 016- 1169- 9

Bohnert HJ, Nelson DE, Jensen RG (1995) Adaptations to environmental stresses. Plant Cell 
7(7):1099–1111. https://doi.org/10.2307/3870060

Bourgaud F, Gravot A, Milesi A, Gontier E (2001) Production of plant secondary metabolites: a his-
torical perspective. Plant Sci 161-5:839–851. https://doi.org/10.1016/S0168- 9452(01)00490- 3

L. S. Saini et al.

https://doi.org/10.1016/j.sajb.2020.03.021
https://doi.org/10.1016/S0031-9422(99)00331-3
https://doi.org/10.3390/jof7020147
https://doi.org/10.1080/17429145.2019.1633428
https://doi.org/10.3390/microorganisms11010117
https://doi.org/10.1007/s13225-010-0034-4
https://doi.org/10.1007/s13225-010-0034-4
https://doi.org/10.1007/s00253-011-3270-y
https://doi.org/10.1201/9781482277302
https://doi.org/10.1201/9781482277302
https://doi.org/10.1111/tpj.13800
https://doi.org/10.1080/21501203.2021.1945699
https://doi.org/10.1080/07352680590910410
https://doi.org/10.1016/j.tplants.2014.06.007
https://doi.org/10.1007/s13199-018-0545-4
https://doi.org/10.1007/s11557-016-1169-9
https://doi.org/10.2307/3870060
https://doi.org/10.1016/S0168-9452(01)00490-3


17

Brunner F, Petrini O (1992) Taxonomy of some Xylaria species and xylariaceous endo-
phytes by isozyme electrophoresis. Mycol Res 96:723–733. https://doi.org/10.1016/
S0953- 7562(09)80440- 1

Calhoun LA, Findlay JA, Miller JD, Whitney NJ (1992) Metabolites toxic to spruce budworm 
from balsam fir needle endophytes. Mycol Res 96(4):281–286. https://doi.org/10.1016/
S0953- 7562(09)80939- 8

Carroll GC (1986) The biology of endophytism in plants with particular reference to woody peren-
nials. See Ref. 61a, pp 205–22 26

Carroll G (1988) Fungal endophytes in stems and leaves – from latent pathogen to mutualistic 
symbiont. Ecology 69(1):2–9. https://doi.org/10.2307/1943154

Carroll GC (1991) Beyond pest deterrence. Alternative strategies and hidden costs of endophytic 
mutualisms in vascular plants. In: Andrews JH, Monano SS (eds) Microbial ecology of leaves. 
Springer, New York, pp 358–378. https://doi.org/10.1007/978- 1- 4612- 3168- 4_18

Carroll GC (1992) Fungal mutualism. In: Carroll GC, Wicklow DT (eds) The fungal community. 
Its organization and role in the ecosystem. Dekker, New York, pp 327–354

Chadha N, Prasad R, Varma A (2015) Plant promoting activities of fungal endophytes associated 
with tomato roots from central Himalaya, India and their interaction with Piriformosporaindica. 
Int J Pharm Bio Sci 6:333–343

Chagas FO, Pessotti RD, Caraballo-Rodriguez AM, Pupo MT (2018) Chemical signaling involved 
in plant microbe interactions. Chem Soc Rev 47(5):1652–1704. https://doi.org/10.1039/
c7cs00343a

Cheng C, Li D, Qi Q et al (2020) The root endophytic fungus Serendipita indica improves resis-
tance of Banana to Fusarium oxysporum f. sp. cubense tropical race 4. Eur J Plant Pathol 
156:87–100. https://doi.org/10.1007/s10658- 019- 01863- 3

Chowdappa S, Jagannath S, Konappa N, Udayashankar AC, Jogaiah S (2020) Detection and char-
acterization of antibacterial siderophores secreted by endophytic fungi from Cymbidium aloi-
folium. Biomol Ther 10(10):1412. https://doi.org/10.3390/biom10101412

Colla G, Rouphael Y, Bonini P, Cardarelli M (2015) Coating seeds with endophytic fungi enhances 
growth, nutrient uptake, yield and grain quality of winter wheat. Int J Plant Prot 9:171–189

Comby M, Gacoin M, Robineau M, Rabenoelina F, Ptas S, Dupont J, Profizi C, Baillieul F 
(2017) Screening of wheat endophytes as biological control agents against Fusarium head 
blight using two different in vitro tests. Microbiol Res 202:11–20. https://doi.org/10.1016/j.
micres.2017.04.014

Cui R, Lu X, Chen X, Malik WA, Wang D, Wang J et al (2021) A novel raffinose biological path-
way is observed by symbionts of cotton=Verticillium dahliae to improve salt tolerance geneti-
cally on cotton. J Agron Crop Sci 207:956–969. https://doi.org/10.1111/jac.12556

De Souza LT, Cnossen-Fassoni A, Pereira OL, Mizubuti ESG, de Araújo EF, de Queiroz MV 
(2013) Novel and highly diverse fungal endophytes in soybean revealed by the consortium 
of two different techniques. J Microbiol 51:56–69. https://doi.org/10.1007/s12275- 013- 2356- x

Deepika VB, Murali TS, Satyamoorthy K (2016) Modulation of genetic clusters for synthesis of 
bioactive molecules in fungal endophytes: a review. Microbiol Res 182:125–140. https://doi.
org/10.1016/j.micres.2015.10.009

Demain AL (2014) Importance of microbial natural products and the need to revitalize their dis-
covery. J Ind Microbiol Biotechnol 41:185–201. https://doi.org/10.1007/s10295- 013- 1325- z

Deshmukh SK, Dufossé L, Chhipa H, Saxena S, Mahajan GB, Gupta MK (2022) Fungal endo-
phytes: a potential source of antibacterial compounds. J Fungi (Basel) 8(2):164. https://doi.
org/10.3390/jof8020164

Dos Santos TT, de Souza LT, de Queiroz CB, de Araújo EF, Pereira OL, de Queiroz MV (2016) 
High genetic variability in endophytic fungi from the genus Diaporthe isolated from common 
bean (Phaseolus vulgaris L.) in Brazil. J Appl Microbiol 120:388–401. https://doi.org/10.1111/
jam.12985

1 Endophytic Fungi: Symbiotic Bioresource for Production of Plant Secondary…

https://doi.org/10.1016/S0953-7562(09)80440-1
https://doi.org/10.1016/S0953-7562(09)80440-1
https://doi.org/10.1016/S0953-7562(09)80939-8
https://doi.org/10.1016/S0953-7562(09)80939-8
https://doi.org/10.2307/1943154
https://doi.org/10.1007/978-1-4612-3168-4_18
https://doi.org/10.1039/c7cs00343a
https://doi.org/10.1039/c7cs00343a
https://doi.org/10.1007/s10658-019-01863-3
https://doi.org/10.3390/biom10101412
https://doi.org/10.1016/j.micres.2017.04.014
https://doi.org/10.1016/j.micres.2017.04.014
https://doi.org/10.1111/jac.12556
https://doi.org/10.1007/s12275-013-2356-x
https://doi.org/10.1016/j.micres.2015.10.009
https://doi.org/10.1016/j.micres.2015.10.009
https://doi.org/10.1007/s10295-013-1325-z
https://doi.org/10.3390/jof8020164
https://doi.org/10.3390/jof8020164
https://doi.org/10.1111/jam.12985
https://doi.org/10.1111/jam.12985


18

Enshasy HA, Hanapi SZ, Malek RA, Abdelgalil SA, Leng OM (2019) Endophytic fungi: the 
desired biostimulants for essential oil production. In: Singh B (ed) Advances in endophytic fun-
gal research. Fungal biology. Springer, Cham. https://doi.org/10.1007/978- 3- 030- 03589- 1_10

Eyberger AL, Dondapati R, Porter JR (2006) Endophyte fungal isolates from Podophyllum pelta-
tum produce podophyllotoxin. J Nat Prod 69:1121–1124. https://doi.org/10.1021/np060174f

Fernandes EG, Pereira OL, da Silva CC, Bento CBP, de Queiroz MV (2015) Diversity of endophytic 
fungi in Glycine max. Microbiol Res 181:84–92. https://doi.org/10.1016/j.micres.2015.05.010

Fisher P, Petrini O (1992) Fungal saprobes and pathogens as endophytes of rice (Oryza sativa L.). 
New Phytol 120:137–143. https://doi.org/10.1111/j.1469- 8137.1992.tb01066.x

Fontana DC, de Paula S, Torres AG, de Souza VHM, Pascholati SF, Schmidt D, Dourado Neto 
D (2021) Endophytic fungi: biological control and induced resistance to phytopathogens and 
abiotic stresses. Pathogens 10(5). https://doi.org/10.3390/pathogens10050570

Gao Y, Zhao JT, Zu YG, Fu YJ, Wang W, Luo M, Efferth T (2011) Characterization of five fun-
gal endophytes producing Cajaninstilbene acid isolated from pigeon pea [Cajanus cajan (L.) 
Millsp.]. PLoS One 6:e27589. https://doi.org/10.1371/journal.pone.0027589

Gao Y, Zhao J, Zu Y, Fu Y, Liang L, Luo M, Wang W, Efferth T (2012) Antioxidant proper-
ties, superoxide dismutase and glutathione reductase activities in HepG2 cells with a fungal 
endophyte producing apigenin from pigeon pea [Cajanus cajan (L.) Millsp.]. Food Res Int 
49:147–152. https://doi.org/10.1016/j.foodres.2012.08.001

Gimenez C, Cabrera R, Reina M, Gonzalez-Coloma A (2007) Fungal endophytes and their role in 
plant protection. Curr Org Chem 11(8):707–720. https://doi.org/10.2174/138527207780598765

Gonzaga L, Costa L, Santos T, Araújo E, Queiroz M (2015) Endophytic fungi from the genus 
Colletotrichum are abundant in the Phaseolus vulgaris and have high genetic diversity. J Appl 
Microbiol 118:485–496. https://doi.org/10.1111/jam.12696

Gouda S, Das G, Sen SK, Shin HS, Patra JK (2016) Endophytes: a treasure house of bioac-
tive compounds of medicinal importance. Front Microbiol 7:1538. https://doi.org/10.3389/
fmicb.2016.01538

Hamayun M, Hussain A, Khan SA, Kim H-Y, Khan AL, Waqas M, Irshad M, Iqbal A, Rehman G, Jan 
S (2017) Gibberellins producing endophytic fungus Porostereum spadiceum AGH786 rescues 
growth of salt affected soybean. Front Microbiol. https://doi.org/10.3389/fmicb.2017.00686

Haro R, Benito B (2019) The role of soil fungi in K+ plant nutrition. Int J Mol Sci 20:3169. https://
doi.org/10.3390/ijms20133169

Hassani MA, Duran P, Hacquard S (2018) Microbial interactions within the plant holobiont. 
Microbiome 6(1):58. https://doi.org/10.1186/s40168- 018- 0445- 0

Hiruma K, Gerlach N, Sacristan S, Nakano RT, Hacquard S, Kracher B, Neumann U, Ramirez D, 
Bucher M, O’Connell RJ, Schulze-Lefert P (2016) Root endophyte Colletotrichum tofieldiae 
confers plant fitness benefits that are phosphate status dependent. Cell 165(2):464–474. https://
doi.org/10.1016/j.cell.2016.02.028

Idbella M, Zotti M, Cesarano G et  al (2019) Fungal endophytes affect plant response to 
leaf litter with contrasting chemical traits. Community Ecol 20:205–213. https://doi.
org/10.1556/168.2019.20.2.10

Impullitti A, Malvick D (2013) Fungal endophyte diversity in soybean. J Appl Microbiol 
114:1500–15064

Jia M, Chen L, Xin HL, Zheng CJ, Rahman K, Han T, Qin LP (2016) A friendly relationship 
between endophytic fungi and medicinal plants: a systematic review. Front Microbiol 7:906. 
https://doi.org/10.3389/fmicb.2016.00906

Kaur S, Samota MK, Choudhary M, Choudhary M, Pandey AK, Sharma A, Thakur J (2022) How 
do plants defend themselves against pathogens-biochemical mechanisms and genetic interven-
tions. Physiol Mol Biol Plants 28(2):485–504. https://doi.org/10.1007/s12298- 022- 01146- y

Keller NP, Turner G, Bennett JW (2005) Fungal secondary metabolism from biochemistry to 
genomics. Nat Rev Microbiol 3:937–947. https://doi.org/10.1038/nrmicro1286

L. S. Saini et al.

https://doi.org/10.1007/978-3-030-03589-1_10
https://doi.org/10.1021/np060174f
https://doi.org/10.1016/j.micres.2015.05.010
https://doi.org/10.1111/j.1469-8137.1992.tb01066.x
https://doi.org/10.3390/pathogens10050570
https://doi.org/10.1371/journal.pone.0027589
https://doi.org/10.1016/j.foodres.2012.08.001
https://doi.org/10.2174/138527207780598765
https://doi.org/10.1111/jam.12696
https://doi.org/10.3389/fmicb.2016.01538
https://doi.org/10.3389/fmicb.2016.01538
https://doi.org/10.3389/fmicb.2017.00686
https://doi.org/10.3390/ijms20133169
https://doi.org/10.3390/ijms20133169
https://doi.org/10.1186/s40168-018-0445-0
https://doi.org/10.1016/j.cell.2016.02.028
https://doi.org/10.1016/j.cell.2016.02.028
https://doi.org/10.1556/168.2019.20.2.10
https://doi.org/10.1556/168.2019.20.2.10
https://doi.org/10.3389/fmicb.2016.00906
https://doi.org/10.1007/s12298-022-01146-y
https://doi.org/10.1038/nrmicro1286


19

Keyser CA, Jensen B, Meyling NV (2016) Dual effects of Metarhizium spp. and Clonostachys 
rosea against an insect and a seed-borne pathogen in wheat. Pest Manag Sci 72:517–526. 
https://doi.org/10.1002/ps.4015

Khan AL, Hamayun M, Kim YH, Kang SM, Lee IJ (2011) Ameliorative symbiosis of endophyte 
(Penicillium funiculosum LHL06) under salt stress elevated plant growth of Glycine max 
L. Plant Physiol Biochem 49:852–861. https://doi.org/10.1016/j.plaphy.2011.03.005

Khan AL, Hamayun M, Khan SA, Kang S-M, Shinwari ZK, Kamran M, ur Rehman S, Kim JG, 
Lee IJ (2012) Pure culture of Metarhizium anisopliae LHL07 reprograms soybean to higher 
growth and mitigates salt stress. World J Microbiol Biotechnol 28:1483–1494. https://doi.
org/10.1007/s11274- 011- 0950- 9

Khan AL, Hussain J, Al-Harrasi A, Al-Rawahi A, Lee IJ (2013) Endophytic fungi: resource for 
gibberellins and crop abiotic stress resistance. Crit Rev Biotechnol 35(1):62–74. https://doi.
org/10.3109/07388551.2013.800018

Kharwar RN, Mishra A, Gond SK, Stierle A, Stierle D (2011) Anticancer compounds derived 
from fungal endophytes: their importance and future challenges. Nat Prod Rep 28:1208–1228. 
https://doi.org/10.1039/C1NP00008J

Kirby J, Keasling JD (2009) Biosynthesis of plant isoprenoids: perspectives for microbial engineer-
ing. Annu Rev Plant Biol 60:335–355. https://doi.org/10.1146/annurev.arplant.043008.091955

Kogel KH, Franken P, Hückelhoven R (2006) Endophyte or parasite--what decides? Curr Opin 
Plant Biol 9(4):358–363. https://doi.org/10.1016/j.pbi.2006.05.001

Köhl J, Lombaers C, Moretti A, Bandyopadhyay R, Somma S, Kastelein P (2015) Analysis of 
microbial taxonomical groups present in maize stalks suppressive to colonization by toxigenic 
Fusarium spp.: a strategy for the identification of potential antagonists. Biol Control 83:20–28. 
https://doi.org/10.1016/j.biocontrol.2014.12.007

Kusari S, Spiteller M (2012) Metabolomics of endophytic fungi producing associated plant sec-
ondary metabolites: progress, challenges and opportunities. In: Roessner U (ed) Metabolomics. 
InTech, Rijeka, pp 241–266. https://doi.org/10.5772/31596

Kusari S, Lamshöft M, Zühlke S, Spiteller M (2008) An endophytic fungus from Hypericum per-
foratum that produces hypericin. J Nat Prod 71:159–162. https://doi.org/10.1021/np070669k

Kusari S, Zühlke S, Kosuth J, Cellárová E, Spiteller M (2009) Light independent metabolomics of 
endophytic Thielavia subthermophila provides insight into microbial hypericin biosynthesis. J 
Nat Prod 72:1825–1835. https://doi.org/10.1021/np9002977

Kusari S, Verma VC, Lamshöft M, Spiteller M (2012) An endophytic fungus from Azadirachta 
indica A.  Juss. that produces azadirachtin. World J Microbiol Biotechnol 28:1287–1294. 
https://doi.org/10.1007/s11274- 011- 0876- 2

Laihonen M, Saikkonen K, Helander M, Vázquez de Aldana BR et al (2022) Epichloë endophyte- 
promoted seed pathogen increases host grass resistance against insect herbivory. Front 
Microbiol 12:786619. https://doi.org/10.3389/fmicb.2021.786619

Larran S, Monaco C, Alippi H (2001) Endophytic fungi in leaves of Lycopersicon esculentum Mill. 
World J Microbiol Biotechnol 17:181–184. https://doi.org/10.1023/A:1016670000288

Larran S, Perello A, Simon M, Moreno V (2002) Isolation and analysis of endophytic microor-
ganisms in wheat (Triticum aestivum L.) leaves. World J Microbiol Biotechnol 18:683–686. 
https://doi.org/10.1023/A:1016857917950

Larran S, Perelló A, Simón MR, Moreno V (2007) The endophytic fungi from wheat (Triticum 
aestivum L.). World J Microbiol Biotechnol 23:565–572. https://doi.org/10.1007/
s11274- 006- 9266- 6

Larran S, Siurana MPS, Caselles JR, Simón MR, Perelló A (2018) Fusarium sudanense, endo-
phytic fungus causing typical symptoms of seedling blight and seed rot on wheat. J King Saud 
Univ Sci. https://doi.org/10.1016/j.jksus.2018.07.005

Li YC, Tao WY (2009) Paclitaxel-producing fungal endophyte stimulates the accumulation 
of taxoids in suspension cultures of Taxus cuspidate. Sci Hortic 121:97–102. https://doi.
org/10.1016/j.scienta.2009.01.016

1 Endophytic Fungi: Symbiotic Bioresource for Production of Plant Secondary…

https://doi.org/10.1002/ps.4015
https://doi.org/10.1016/j.plaphy.2011.03.005
https://doi.org/10.1007/s11274-011-0950-9
https://doi.org/10.1007/s11274-011-0950-9
https://doi.org/10.3109/07388551.2013.800018
https://doi.org/10.3109/07388551.2013.800018
https://doi.org/10.1039/C1NP00008J
https://doi.org/10.1146/annurev.arplant.043008.091955
https://doi.org/10.1016/j.pbi.2006.05.001
https://doi.org/10.1016/j.biocontrol.2014.12.007
https://doi.org/10.5772/31596
https://doi.org/10.1021/np070669k
https://doi.org/10.1021/np9002977
https://doi.org/10.1007/s11274-011-0876-2
https://doi.org/10.3389/fmicb.2021.786619
https://doi.org/10.1023/A:1016670000288
https://doi.org/10.1023/A:1016857917950
https://doi.org/10.1007/s11274-006-9266-6
https://doi.org/10.1007/s11274-006-9266-6
https://doi.org/10.1016/j.jksus.2018.07.005
https://doi.org/10.1016/j.scienta.2009.01.016
https://doi.org/10.1016/j.scienta.2009.01.016


20

Liu T, Greenslade A, Yang S (2017) Levels of rhizome endophytic fungi fluctuate in Paris poly-
phylla var. Yunnanensis as plants age. Plant Divers 39(1):60–64. https://doi.org/10.1016/j.
pld.2016.11.006

Liu P, Zhang D, Shi R, Yang Z, Zhao F, Tian Y (2019) Antimicrobial potential of endophytic fungi 
from Astragalus chinensis. 3 Biotech 9(11):405. https://doi.org/10.1007/s13205- 019- 1948- 5

Maldonado-González MM, Bakker PA, Prieto P, Mercado-Blanco J (2015) Arabidopsis thali-
ana as a tool to identify traits involved in Verticillium dahliae biocontrol by the olive root 
endophyte Pseudomonas fluorescens PICF7. Front Microbiol 6:266. https://doi.org/10.3389/
fmicb.2015.00266

Malik S, Kishore S, Dutta AK, Dhasmana A (2023) Sustainable agriculture approach through 
endophytes. In: Endophytic Association: what, why and how. https://doi.org/10.1016/B978- 0
- 323- 91245- 7.00019- 5

Manganyi MC, Ateba CN (2020) Untapped potentials of endophytic fungi: a review of novel 
bioactive compounds with biological applications. Microorganisms 8(12):1934. https://doi.
org/10.3390/microorganisms8121934

Marcenaro D, Valkonen JP (2016) Seedborne pathogenic fungi in common bean (Phaseolus vul-
garis cv. INTA Rojo) in Nicaragua. PLoS One 11:e0168662. https://doi.org/10.1371/journal.
pone.0168662

Meena H, Hnamte S, Siddhardha B (2019) Advances in endophytic fungal research. Fungal Biol. 
https://doi.org/10.1007/978- 3- 030- 03589- 1_7

Mehta P, Sharma R, Putatunda C, Walia A (2019) Endophytic fungi: role in phosphate solubi-
lization. In: Singh BP (ed) Advances in endophytic fungal research: present status and 
future challenges. Springer International Publishing, Cham, pp  183–209. https://doi.
org/10.1007/978- 3- 030- 03589- 1_9

Mishra VK, Singh G, Passari AK, Yadav MK, Gupta VK, Singh BP (2016) Distribution and anti-
microbial potential of endophytic fungi associated with ethnomedicinal plant Melastoma mala-
bathricum L. J Environ Biol 37(2):229–237

Moghaddam MS, Safaie N, Rahimlou S, Hagh-Doust N (2022) Inducing tolerance to abiotic stress 
in Hordeum vulgare L. by halotolerant endophytic fungi associated with salt lake plants. Front 
Microbiol 13:906365. https://doi.org/10.3389/fmicb.2022.906365

Mohali S, Burgess T, Wingfield M (2005) Diversity and host association of the tropical tree endo-
phyte Lasiodiplodia theobromae revealed using simple sequence repeat markers. For Pathol 
35:385–396. https://doi.org/10.1111/j.1439- 0329.2005.00418.x

Naik BS, Shashikala J, Krishnamurthy Y (2009) Study on the diversity of endophytic commu-
nities from rice (Oryza sativa L.) and their antagonistic activities in  vitro. Microbiol Res 
164:290–296. https://doi.org/10.1016/j.micres.2006.12.003

Narayan OP, Verma N, Singh AK, Oelmüller R, Kumar M, Prasad D, Kapoor R, Dua M, Johri 
AK (2017) Antioxidant enzymes in chickpea colonized by Piriformospora indica participate 
in defense against the pathogen Botrytis cinerea. Sci Rep 7(1):13553. https://doi.org/10.1038/
s41598- 017- 12944- w

Nassar AH, El-Tarabily KA, Sivasithamparam K (2005) Promotion of plant growth by an auxin- 
producing isolate of the yeast Williopsis saturnus endophytic in maize (Zea mays L.) roots. 
Biol Fertil Soils 42:97–108. https://doi.org/10.1007/s00374- 005- 0008- y

Noble HM, Langley D, Sidebottom PJ, Lane SJ, Fisher PJ (1991) An echinocandin from an endo-
phytic Cryptosporiopsis sp. and Pezicula sp. in Pinus sylvestris and Fagus sylvatica. Mycol 
Res 95:1439–1440. https://doi.org/10.1016/S0953- 7562(09)80401- 2

Ofek-Lalzar M, Gur Y, Ben-Moshe S, Sharon O, Kosman E, Mochli E, Sharon A (2016) Diversity 
of fungal endophytes in recent and ancient wheat ancestors Triticum dicoccoides and Aegilops 
sharonensis. FEMS Microbiol Ecol. https://doi.org/10.1093/femsec/fiw152

Pan JJ, Baumgarten AM, May G (2008) Effects of host plant environment and Ustilago maydis 
infection on the fungal endophyte community of maize (Zea mays). New Phytol 178:147–156. 
https://doi.org/10.1111/j.1469- 8137.2007.02350.x

L. S. Saini et al.

https://doi.org/10.1016/j.pld.2016.11.006
https://doi.org/10.1016/j.pld.2016.11.006
https://doi.org/10.1007/s13205-019-1948-5
https://doi.org/10.3389/fmicb.2015.00266
https://doi.org/10.3389/fmicb.2015.00266
https://doi.org/10.1016/B978-0-323-91245-7.00019-5
https://doi.org/10.1016/B978-0-323-91245-7.00019-5
https://doi.org/10.3390/microorganisms8121934
https://doi.org/10.3390/microorganisms8121934
https://doi.org/10.1371/journal.pone.0168662
https://doi.org/10.1371/journal.pone.0168662
https://doi.org/10.1007/978-3-030-03589-1_7
https://doi.org/10.1007/978-3-030-03589-1_9
https://doi.org/10.1007/978-3-030-03589-1_9
https://doi.org/10.3389/fmicb.2022.906365
https://doi.org/10.1111/j.1439-0329.2005.00418.x
https://doi.org/10.1016/j.micres.2006.12.003
https://doi.org/10.1038/s41598-017-12944-w
https://doi.org/10.1038/s41598-017-12944-w
https://doi.org/10.1007/s00374-005-0008-y
https://doi.org/10.1016/S0953-7562(09)80401-2
https://doi.org/10.1093/femsec/fiw152
https://doi.org/10.1111/j.1469-8137.2007.02350.x


21

Parsa S, García-Lemos AM, Castillo K, Ortiz V, López-Lavalle LAB, Braun J, Vega FE (2016) 
Fungal endophytes in germinated seeds of the common bean, Phaseolus vulgaris. Fungal Biol 
120:783–790. https://doi.org/10.1016/j.funbio.2016.01.017

Passari AK, Mishra VK, Saikia R, Gupta VK, Singh BP (2015) Isolation, abundance and phyloge-
netic affiliation of endophytic actinomycetes associated with medicinal plants and screening 
for their in vitro antimicrobial biosynthetic potential. Front Microbiol 6(273):1–18. https://doi.
org/10.3389/fmicb.2015.00273

Passari AK, Chandra P, Zothanpuia MVK, Leo VV, Gupta VK, Kumar B, Singh BP (2016) 
Detection of biosynthetic gene and phytohormone production by endophytic actinobacteria 
associated with Solanum lycopersicum and their plant-growth-promoting effect. Res Microbiol 
167(2016):692–705. https://doi.org/10.1016/j.resmic.2016.07.001

Passari AK, Leo VV, Singh G, Samanta L, Ram H, Siddaiah CN, Hashem A, Al-Arjani A-BF, 
Alqarawi AA, Fathi Abd Allah E, Singh BP (2020) In vivo studies of inoculated plants and 
in vitro studies utilizing methanolic extracts of endophytic Streptomyces sp. Strain DBT34 
obtained from Mirabilis jalapa L. exhibit ROS-scavenging and other bioactive properties. Int J 
Mol Sci 21:7364. https://doi.org/10.3390/ijms21197364

Patel S, Parekh V, Patel K, Jha S (2021) Plant growth-promoting activities of Penicillium sp. 
NAUSF2 ameliorate Vigna radiata salinity stress in phosphate-deficient saline soil. Appl 
Biochem Microbiol 57:500–507. https://doi.org/10.1134/S000368382104013X

Peek J, Christendat D (2015) The shikimate dehydrogenase family: functional diversity within a 
conserved structural and mechanistic framework. Arch Biochem Biophys 566:85–99. https://
doi.org/10.1016/j.abb.2014.12.006

Petrini O, Sieber TH, Toti L, Viret O (1992) Ecology, metabolite production, and substrate utiliza-
tion in endophytic fungi. Nat Toxins 1:185–196. https://doi.org/10.1002/nt.2620010306

Photita W, Lumyong S, Lumyong P, McKenzie EHC, Hyde KD (2004) Are some fungi isolated as 
endophytes of Musa acuminata latent pathogens? Fungal Divers 16:131–140

Pierre E, Louise NW, Marie TKR, Valere T, Arc-en-ce J, Fekam B (2016) Integrated assessment 
of phytostimulation and biocontrol potential of endophytic Trichoderma spp against common 
bean (Phaseolus vulgaris L.) root rot fungi complex in centre region, Cameroon. Int J Pure 
Appl Biosci 4:50–68

Potshangbam M, Devi SI, Sahoo D, Strobel GA (2017) Functional characterization of endophytic 
fungal community associated with Oryza sativa L. and Zea mays L. Front Microbiol. https://
doi.org/10.3389/fmicb.2017.00325

Poveda J, Baptista P (2021) Filamentous fungi as biocontrol agents in olive (Olea europaea L.) 
diseases: mycorrhizal and endophytic fungi. Crop Prot 146:105672. https://doi.org/10.1016/j.
cropro.2021.105672

Poveda J, Zabalgogeazcoa I, Soengas P, Rodríguez VM, Cartea ME, Abilleira R et  al (2020) 
Brassica oleracea var. acephala (kale) improvement by biological activity of root endophytic 
fungi. Sci Rep 10:20224. https://doi.org/10.1038/s41598- 020- 77215- 7

Poveda J, Eugui D, Abril-Urías P, Velasco P (2021) Endophytic fungi as direct plant growth pro-
moters for sustainable agricultural production. Symbiosis 85:1–19. https://doi.org/10.1007/
s13199- 021- 00789- x

Puri SC, Verma V, Amna T, Qazi GN, Spiteller M (2005) An endophytic fungus from Nothapodytes 
foetida that produces camptothecin. J Nat Prod 68:1717–1719. https://doi.org/10.1021/
np0502802

Puri SC, Nazir A, Chawla R, Arora R, Riyaz-Ul-Hasan S, Amna T, Ahmed B, Verma V, Singh S, 
Sagar R et  al (2006) The endophytic fungus Trametes hirsuta as a novel alternative source 
of podophyllotoxin and related aryl tetralin lignans. J Biotechnol 122:494–510. https://doi.
org/10.1016/j.jbiotec.2005.10.015

Radic N, Strukelj B (2012) Endophytic fungi: the treasure chest of antibacterial substances. 
Phytomedicine 19:1270–1284. https://doi.org/10.1016/j.phymed.2012.09.007

Rana KL, Kour D, Sheikh I, Dhiman A, Yadav N, Yadav AN, Rastegari AA, Singh K, Saxena 
AK (2019) Endophytic fungi: biodiversity, ecological significance, and potential industrial 

1 Endophytic Fungi: Symbiotic Bioresource for Production of Plant Secondary…

https://doi.org/10.1016/j.funbio.2016.01.017
https://doi.org/10.3389/fmicb.2015.00273
https://doi.org/10.3389/fmicb.2015.00273
https://doi.org/10.1016/j.resmic.2016.07.001
https://doi.org/10.3390/ijms21197364
https://doi.org/10.1134/S000368382104013X
https://doi.org/10.1016/j.abb.2014.12.006
https://doi.org/10.1016/j.abb.2014.12.006
https://doi.org/10.1002/nt.2620010306
https://doi.org/10.3389/fmicb.2017.00325
https://doi.org/10.3389/fmicb.2017.00325
https://doi.org/10.1016/j.cropro.2021.105672
https://doi.org/10.1016/j.cropro.2021.105672
https://doi.org/10.1038/s41598-020-77215-7
https://doi.org/10.1007/s13199-021-00789-x
https://doi.org/10.1007/s13199-021-00789-x
https://doi.org/10.1021/np0502802
https://doi.org/10.1021/np0502802
https://doi.org/10.1016/j.jbiotec.2005.10.015
https://doi.org/10.1016/j.jbiotec.2005.10.015
https://doi.org/10.1016/j.phymed.2012.09.007


22

 applications. In: Yadav AN et al (eds) Recent advancement in white biotechnology through 
fungi, fungal biology. https://doi.org/10.1007/978- 3- 030- 10480- 1_1

Rekadwad B, Gonzalez JM, Shah S, Suryavanshi MV, Khobragade CN, Warghane A (2022) 
Microbiome perspective: cross- disciplinary exploitations of chitinases. Mycology: cur-
rent and future developments  – sustainable utilization of fungi in agriculture and indus-
try. Bentham Science Publishers Pte. Ltd., Singapore, pp  202–219. https://doi.org/10.217
4/9789815040340122020016

Renuka S, Ramanujam B (2016) Fungal endophytes from maize (Zea mays L.): isolation, iden-
tification and screening against maize stem borer, Chilo partellus (Swinhoe). J Pure Appl 
Microbiol 10:523–529

Rodriguez RJ, White JF Jr, Arnold AE, Redman ARA (2009) Fungal endophytes: diversity and func-
tional roles. New Phytol 182(2):314–330. https://doi.org/10.1111/j.1469- 8137.2009.02773.x

Rosier A, Bishnoi U, Lakshmanan V, Sherrier DJ, Bais HP (2016) A perspective on inter-kingdom 
signaling in plant-beneficial microbe interactions. Plant Mol Biol 90(6):537–548. https://doi.
org/10.1007/s11103- 016- 0433- 3

Rothen C, Miranda V, Aranda-Rickert A, Fracchia S, Rodríguez M (2017) Characterization of dark 
septate endophyte fungi associated with cultivated soybean at two growth stages. Appl Soil 
Ecol 120:62–69. https://doi.org/10.1016/j.apsoil.2017.07.033

Sahoo S, Sarangi S, Kerry RG (2017) Bioprospecting of endophytes for agricultural and environ-
mental sustainability (Chapter-19). In: Patra JK (ed) Microbial biotechnology, pp 429–458. 
https://doi.org/10.1007/978- 981- 10- 6847- 8_19

Saikkonen K, Faeth SH, Helander M, Sullivan TJ (1998) Fungal endophytes: a continuum of inter-
actions with host plants. Annu Rev Ecol Syst 29(1):319–343. https://doi.org/10.1146/annurev.
ecolsys.29.1.319

Saini R, Dudeja SS, Giri R, Kumar V (2015) Isolation, characterization, and evaluation of bacte-
rial root and nodule endophytes from chickpea cultivated in Northern India. J Basic Microbiol 
55(1):74–81. https://doi.org/10.1002/jobm.201300173

Sasse J, Martinoia E, Northen T (2017) Feed your friends: do plant exudates shape the root micro-
biome? Trends Plant Sci 23(1):25–41. https://doi.org/10.1016/j.tplants.2017.09.003

Saunders M, Kohn LM (2008) Host-synthesized secondary compounds influence the in vitro inter-
actions between fungal endophytes of maize. Appl Environ Microbiol 74:136–142. https://doi.
org/10.1128/AEM.01538- 07

Schulz B, Boyle C (2005) The endophytic continuum. Mycol Res 109(6):661–686. https://doi.
org/10.1017/S095375620500273X

Schulz B, Sucker J, Aust HJ, Krohn K, Ludewig K, Jones PG, Doring D (1995) Biologically active 
secondary metabolites of endophytic Pezicula species. Mycol Res 99:1007–1015. https://doi.
org/10.1016/S0953- 7562(09)80766- 1

Selim KA, Nagia MM, Ghwas DEE (2017) Endophytic fungi are multifunctional biosynthesizers: 
ecological role and chemical diversity. In: Endophytic fungi: diversity, characterization and 
biocontrol. Nova Publishers, New York, pp 39–92

Sharma S, Rani V, Saini R, Verma ML (2020) Bioprospecting and biotechnological appli-
cations of microbial endophytes. In: Arora P (ed) Microbial technology for health and 
environment. Microorganisms for sustainability, vol 22. Springer, Singapore. https://doi.
org/10.1007/978- 981- 15- 2679- 4_7

Shweta S, Zuehlke S, Ramesha BT, Priti V, Mohana Kumar P, Ravikanth G, Spiteller M, Vasudeva 
R, Uma Shaanker R (2010) Endophytic fungal strains of Fusarium solani, from Apodytes 
dimidiata E.  Mey. ex Arn (Icacinaceae) produce camptothecin, 10- hydroxycamptothecin 
and 9-methoxycamptothecin. Phytochemistry 71:117–122. https://doi.org/10.1016/j.
phytochem.2009.09.030

Sieber T, Riesen T, Müller E, Fried P (1988) Endophytic fungi in four winter wheat culti-
vars (Triticum aestivum L.) differing in resistance against Stagonospora nodorum (Berk.) 
Cast. & Germ.= Septoria nodorum (Berk.) Berk. J Phytopathol 122:289–306. https://doi.
org/10.1111/j.1439- 0434.1988.tb01021.x

L. S. Saini et al.

https://doi.org/10.1007/978-3-030-10480-1_1
https://doi.org/10.2174/9789815040340122020016
https://doi.org/10.2174/9789815040340122020016
https://doi.org/10.1111/j.1469-8137.2009.02773.x
https://doi.org/10.1007/s11103-016-0433-3
https://doi.org/10.1007/s11103-016-0433-3
https://doi.org/10.1016/j.apsoil.2017.07.033
https://doi.org/10.1007/978-981-10-6847-8_19
https://doi.org/10.1146/annurev.ecolsys.29.1.319
https://doi.org/10.1146/annurev.ecolsys.29.1.319
https://doi.org/10.1002/jobm.201300173
https://doi.org/10.1016/j.tplants.2017.09.003
https://doi.org/10.1128/AEM.01538-07
https://doi.org/10.1128/AEM.01538-07
https://doi.org/10.1017/S095375620500273X
https://doi.org/10.1017/S095375620500273X
https://doi.org/10.1016/S0953-7562(09)80766-1
https://doi.org/10.1016/S0953-7562(09)80766-1
https://doi.org/10.1007/978-981-15-2679-4_7
https://doi.org/10.1007/978-981-15-2679-4_7
https://doi.org/10.1016/j.phytochem.2009.09.030
https://doi.org/10.1016/j.phytochem.2009.09.030
https://doi.org/10.1111/j.1439-0434.1988.tb01021.x
https://doi.org/10.1111/j.1439-0434.1988.tb01021.x


23

Sinclair JB, Cerkauskas RF (1996) Latent infection vs. endophytic colonization by fungi. See Ref 
126, pp 3–29

Singh SP, Gaur R (2017) Endophytic Streptomyces spp. underscore induction of defense regulatory 
genes and confers resistance against Sclerotium rolfsii in chickpea. Biol Control 104:44–56. 
https://doi.org/10.1016/j.biocontrol.2016.10.011

Singh A, Singh DK, Kharwar RN, White JF, Gond SK (2021a) Fungal endophytes as efficient 
sources of plant-derived bioactive compounds and their prospective applications in natural 
product drug discovery: insights, avenues, and challenges. Microorganisms 9(1):197. https://
doi.org/10.3390/microorganisms9010197

Singh N, Singh A, Dahiya P (2021b) Plant growth-promoting endophytic fungi from different habi-
tats and their potential applications in agriculture. In: Yadav AN (ed) Recent trends in mycolog-
ical research. Fungal biology. Springer, Cham. https://doi.org/10.1007/978- 3- 030- 60659- 6_3

Soliman SSM, Greenwood JS, Bombarely A, Mueller LA, Tsao R, Mosser DD, Raizada MN 
(2015) An endophyte constructs fungicide-containing extracellular barriers for its host plant. 
Curr Biol 25(19):2570–2576. https://doi.org/10.1016/j.cub.2015.08.027

Spagnoletti F, Tobar N, Di Pardo AF, Chiocchio V, Lavado R (2017) Dark septate endophytes pres-
ent different potential to solubilize calcium, iron and aluminum phosphates. Appl Soil Ecol 
111:25–32. https://doi.org/10.1016/j.apsoil.2016.11.010

Šraj-Kržič N, Pongrac P, Klemenc M, Kladnik A, Regvar M, Gaberščik A (2006) Mycorrhizal 
colonisation in plants from intermittent aquatic habitats. Aquat Bot 85:331–336. https://doi.
org/10.1016/j.aquabot.2006.07.001

Sriravali K, Jindal AB, Singh BP, Paul AT (2022) Plant-associated endophytic fungi and its 
secondary metabolites against drug-resistant pathogenic microbes. In: Kumar V, Shriram 
V, Paul A, Thakur M (eds) Antimicrobial resistance. Springer, Singapore. https://doi.
org/10.1007/978- 981- 16- 3120- 7_10

Staniek A, Woerdenbag HJ, Kayser O (2008) Endophytes: exploiting biodiversity for the 
improvement of natural product-based drug discovery. J Plant Interact 3:75–93. https://doi.
org/10.1080/17429140801886293

Stępniewska Z, Kuźniar A (2013) Endophytic microorganisms--promising applications in bio-
remediation of greenhouse gases. Appl Microbiol Biotechnol 97(22):9589–9596. https://doi.
org/10.1007/s00253- 013- 5235- 9

Stierle A, Strobel GA, Stierle D (1993) Taxol and taxane production by Taxomyces andreanae, an 
endophytic fungus of Pacific yew. Science 260:214–216. http://www.jstor.org/stable/2881310

Stone JK, Polishook JD, White JF (2004) Endophytic fungi. In: Foster M, Bills G (eds) Biodiversity 
of fungi. Elsevier Academic Press, Burlington, pp  241–270. https://doi.org/10.1016/ 
B978- 012509551- 8/50015- 5

Strobel GA, Daisy B, Castillo U, Harper J (2004) Natural products from endophytic microorgan-
isms. J Nat Prod 67:257–268. https://doi.org/10.1021/np030397v

Suryanarayanan T, Senthilarasu G, Muruganandam V (2000) Endophytic fungi from Cuscuta 
reflexa and its host plants. Fungal Divers 4:117–123

Tejesvi VM, Nalini MS, Basavanna M, Prakash HS (2007) New hopes from endophytic fungal 
secondary metabolites. Bol Soc Quím Méx 1(1):19–26

Tenguria RK, Firodiya A (2013) Diversity of endophytic fungi in leaves of Glycine max (L.) merr. 
from central region of Madhya Pradesh. World J Pharm Pharm Sci 2:5928–5934

Terhonen E, Sipari N, Asiegbu FO (2016) Inhibition of phytopathogens by fungal root endophytes 
of Norway spruce. Biol Control 99:53–63. https://doi.org/10.1016/j.biocontrol.2016.04.006

Thompson JN (1994) The coevolutionary process. Univ. Chicago Press, Chicago, 376 pp
Thompson JN, Pellmyr O (1992) Multiple occurrences of mutualism in the yucca moth lineage. 

Proc Natl Acad Sci 89:2927–2929. https://doi.org/10.1073/pnas.89.7.2927
Tian X, Cao L, Tan H, Zeng Q, Jia Y, Han W, Zhou S (2004) Study on the communities of endo-

phytic fungi and endophytic actinomycetes from rice and their antipathogenic activities 
in vitro. World J Microbiol Biotechnol 20:303–330. https://doi.org/10.1023/B:WIBI.000002
3843.83692.3f

1 Endophytic Fungi: Symbiotic Bioresource for Production of Plant Secondary…

https://doi.org/10.1016/j.biocontrol.2016.10.011
https://doi.org/10.3390/microorganisms9010197
https://doi.org/10.3390/microorganisms9010197
https://doi.org/10.1007/978-3-030-60659-6_3
https://doi.org/10.1016/j.cub.2015.08.027
https://doi.org/10.1016/j.apsoil.2016.11.010
https://doi.org/10.1016/j.aquabot.2006.07.001
https://doi.org/10.1016/j.aquabot.2006.07.001
https://doi.org/10.1007/978-981-16-3120-7_10
https://doi.org/10.1007/978-981-16-3120-7_10
https://doi.org/10.1080/17429140801886293
https://doi.org/10.1080/17429140801886293
https://doi.org/10.1007/s00253-013-5235-9
https://doi.org/10.1007/s00253-013-5235-9
http://www.jstor.org/stable/2881310
https://doi.org/10.1016/B978-012509551-8/50015-5
https://doi.org/10.1016/B978-012509551-8/50015-5
https://doi.org/10.1021/np030397v
https://doi.org/10.1016/j.biocontrol.2016.04.006
https://doi.org/10.1073/pnas.89.7.2927
https://doi.org/10.1023/B:WIBI.0000023843.83692.3f
https://doi.org/10.1023/B:WIBI.0000023843.83692.3f


24

Tian X, Yao Y, Chen G, Mao Z, Wang X, Xie B (2014) Suppression of Meloidogyne incognita 
by the endophytic fungus Acremonium implicatum from tomato root galls. Int J Pest Manag 
60:239–245. https://doi.org/10.1080/09670874.2014.958604

Tian Y, Fu X, Zhang G, Zhang R, Kang Z, Gao K, Mendgen K (2022) Mechanisms in growth- 
promoting of cucumber by the endophytic fungus Chaetomium globosum strain ND35. J Fungi 
(Basel) 8(2). https://doi.org/10.3390/jof8020180

Tochhawng L, Mishra VK, Passari AK, Singh BP (2019) Endophytic fungi: role in dye decoloriza-
tion. In: Singh BP (ed) Advances in endophytic fungal research, fungal biology. Published by 
Springer Nature Switzerland AG 2019. https://doi.org/10.1007/978- 3- 030- 03589- 1_1. ISBN 
978-3-030-03588-4, ISBN 978-3-030-03589-1 (eBook)

Tohge T, Watanabe M, Hoefgen R, Fernie AR (2013) Shikimate and phenylalanine biosynthesis in 
the green lineage. Front Plant Sci 4:62. https://doi.org/10.3389/fpls.2013.00062

Turbat A, Rakk D, Vigneshwari A, Kocsubé S, Thu H, Szepesi Á, Bakacsy L, Škrbić BD, Jigjiddorj 
E-A, Vágvölgyi C et  al (2020) Characterization of the plant growth-promoting activities of 
endophytic fungi isolated from Sophora flavescens. Microorganisms 8(5):683. https://doi.
org/10.3390/microorganisms8050683

Uzma F, Mohan CD, Hashem A, Konappa NM, Rangappa S, Kamath PV, Singh BP, Mudili V, 
Gupta VK, Siddaiah CN, Chowdappa S, Alqarawi AA, Abd Allah EF (2018) Endophytic 
fungi—alternative sources of cytotoxic compounds: a review. Front Pharmacol 9:309. https://
doi.org/10.3389/fphar.2018.00309

Wakelin SA, Warren RA, Harvey PR, Ryder MH (2004) Phosphate solubilization by Penicillium 
spp. closely associated with wheat roots. Biol Fertil Soils 40:36–43. https://doi.org/10.1007/
s00374- 004- 0750- 6

Wang W, Zhai Y, Cao L, Tan H, Zhang R (2016) Endophytic bacterial and fungal microbiota 
in sprouts, roots and stems of rice (Oryza sativa L.). Microbiol Res 188:1–8. https://doi.
org/10.1016/j.micres.2016.04.009

Wen J, Okyere SK, Wang S, Wang J, Xie L, Ran Y, Hu Y (2022) Endophytic fungi: an effective 
alternative source of plant-derived bioactive compounds for pharmacological studies. J Fungi 
(Basel) 8(2):205. https://doi.org/10.3390/jof8020205

Xing HQ, Ma JC, Xu BL, Zhang SW, Wang J, Cao L, Yang XM (2018) Mycobiota of maize 
seeds revealed by rDNA-ITS sequence analysis of samples with varying storage times. 
Microbiologyopen 7(6):e00609. https://doi.org/10.1002/mbo3.609

Xu K, Li XQ, Zhao DL, Zhang P (2021) Antifungal secondary metabolites produced by the fungal 
endophytes: chemical diversity and potential use in the development of biopesticides. Front 
Microbiol. https://doi.org/10.3389/fmicb.2021.689527

Yadav AN (2020) Agriculturally important fungi for sustainable agriculture. Springer, Cham. 
https://doi.org/10.1007/978- 3- 030- 45971- 0

Yadav V, Kumar M, Deep DK, Kumar H, Sharma R, Tripathi T, Saxena AK, Johri AK (2010) 
A phosphate transporter from the root endophytic fungus Piriformospora indica plays a 
role in phosphate transport to the host plant. J Biol Chem 285(34):26532–26544. https://doi.
org/10.1074/jbc.M110.111021

Yan L, Zhu J, Zhao XX, Shi JL, Jiang CM, Shao DY (2019) Beneficial effects of endophytic fungi 
colonization on plants. Appl Microbiol Biotechnol 103(8):3327–3340. https://doi.org/10.1007/
s00253- 019- 09713- 2

Yang Y, Yan M, Hu B (2014a) Endophytic fungal strains of soybean for lipid production. 
Bioenergy Res 7:353–361. https://doi.org/10.1007/s12155- 013- 9377- 5

Yang B, Wang X-M, Ma H-Y, Jia Y, Li X, Dai C-C (2014b) Effects of the fungal endophyte 
Phomopsis liquidambari on nitrogen uptake and metabolism in rice. Plant Growth Regul 
73:165–179. https://doi.org/10.1007/s10725- 013- 9878- 4

Yang H, Ye W, Ma J, Zeng D, Rong Z, Xu M, Wang Y, Zheng X (2018) Endophytic fungal commu-
nities associated with field-grown soybean roots and seeds in the Huang-Huai region of China. 
Peer J 6:e4713. https://doi.org/10.7717/peerj.4713

L. S. Saini et al.

https://doi.org/10.1080/09670874.2014.958604
https://doi.org/10.3390/jof8020180
https://doi.org/10.1007/978-3-030-03589-1_1
https://doi.org/10.3389/fpls.2013.00062
https://doi.org/10.3390/microorganisms8050683
https://doi.org/10.3390/microorganisms8050683
https://doi.org/10.3389/fphar.2018.00309
https://doi.org/10.3389/fphar.2018.00309
https://doi.org/10.1007/s00374-004-0750-6
https://doi.org/10.1007/s00374-004-0750-6
https://doi.org/10.1016/j.micres.2016.04.009
https://doi.org/10.1016/j.micres.2016.04.009
https://doi.org/10.3390/jof8020205
https://doi.org/10.1002/mbo3.609
https://doi.org/10.3389/fmicb.2021.689527
https://doi.org/10.1007/978-3-030-45971-0
https://doi.org/10.1074/jbc.M110.111021
https://doi.org/10.1074/jbc.M110.111021
https://doi.org/10.1007/s00253-019-09713-2
https://doi.org/10.1007/s00253-019-09713-2
https://doi.org/10.1007/s12155-013-9377-5
https://doi.org/10.1007/s10725-013-9878-4
https://doi.org/10.7717/peerj.4713


25

Yuan ZL, Zhang CL, Lin FC, Kubicek CP (2010) Identity, diversity, and molecular phylogeny 
of the endophytic mycobiota in the roots of rare wild rice (Oryza granulate) from a nature 
reserve in Yunnan, China. Appl Environ Microbiol 76:1642–1652. https://doi.org/10.1128/
AEM.01911- 09

Yung L, Sirguey C, Azou-Barré A, Blaudez D (2021) Natural fungal endophytes from Noccaea 
caerulescens mediate neutral to positive effects on plant biomass, mineral nutrition and Zn 
phytoextraction. Front Microbiol 12. https://doi.org/10.3389/fmicb.2021.689367

Zhang HW, Song YC, Tan RX (2006) Biology and chemistry of endophytes. Nat Prod Rep 
23:753–771. https://doi.org/10.1039/B609472B

Zhang Y, Kang X, Liu H, Liu Y, Li Y, Yu X, Zhao K, Gu Y, Xu K, Chen C, Chen Q (2018) 
Endophytes isolated from ginger rhizome exhibit growth promoting potential for Zea mays. 
Arch Agron Soil Sci 64(9):1302–1314. https://doi.org/10.1080/03650340.2018.1430892

Zhao J, Fu Y, Luo M, Zu Y, Wang W, Zhao C, Gu C (2012) Endophytic fungi from pigeon pea 
[Cajanus cajan (L.) Millsp.] produce antioxidant cajaninstilbene acid. J Agric Food Chem 
60:4314–4319. https://doi.org/10.1021/jf205097y

Zhao J, Li C, Wang W, Zhao C, Luo M, Mu F, Fu Y, Zu Y, Yao M (2013) Hypocrea lixii, novel 
endophytic fungi producing anticancer agent cajanol, isolated from pigeon pea (Cajanus cajan 
[L.] Millsp.). J Appl Microbiol 115:102–113. https://doi.org/10.1111/jam.12195

Zhao J, Ma D, Luo M, Wang W, Zhao C, Zu Y, Fu Y, Wink M (2014) In vitro antioxidant activities 
and antioxidant enzyme activities in HepG2 cells and main active compounds of endophytic 
fungus from pigeon pea [Cajanus cajan (L.) Millsp.]. Food Res Int 56:243–251. https://doi.
org/10.1016/j.foodres.2013.12.028

Zhao L, Xu Y, Lai X (2018) Antagonistic endophytic bacteria associated with nodules of soybean 
(Glycine max L.) and plant growth-promoting properties. Braz J Microbiol 49:269–278. https://
doi.org/10.1016/j.bjm.2017.06.007

Zheng R, Li S, Zhang X, Zhao C (2021) Biological activities of some new secondary metab-
olites isolated from endophytic fungi: a review study. Int J Mol Sci 22(2):959. https://doi.
org/10.3390/ijms22020959

1 Endophytic Fungi: Symbiotic Bioresource for Production of Plant Secondary…

https://doi.org/10.1128/AEM.01911-09
https://doi.org/10.1128/AEM.01911-09
https://doi.org/10.3389/fmicb.2021.689367
https://doi.org/10.1039/B609472B
https://doi.org/10.1080/03650340.2018.1430892
https://doi.org/10.1021/jf205097y
https://doi.org/10.1111/jam.12195
https://doi.org/10.1016/j.foodres.2013.12.028
https://doi.org/10.1016/j.foodres.2013.12.028
https://doi.org/10.1016/j.bjm.2017.06.007
https://doi.org/10.1016/j.bjm.2017.06.007
https://doi.org/10.3390/ijms22020959
https://doi.org/10.3390/ijms22020959

	Chapter 1: Endophytic Fungi: Symbiotic Bioresource for Production of Plant Secondary Metabolites
	1 Introduction
	2 Evolution of Endophytic Fungi in Plants
	3 Biodiversity of Endophytic Fungi
	4 Interaction of Endophytic Fungi with Host Plant
	4.1 For Sustainable Agriculture
	Nutrient Availability
	Plant Growth Promotion

	4.2 For Stress Management

	5 Production of Secondary Metabolites by Endophytic Fungi
	5.1 Symbiotic Interaction
	5.2 In Stress Conditions

	6 Biotic Potential of Secondary Metabolites Produced by Entophytic Fungi
	7 Application of Secondary Metabolites Produced from Symbiotic Fungi
	8 Challenges and Future Perspectives of Endophytic Fungi
	9 Conclusion
	References




