


Review Article
Trophic and Symbiotic Interactions Between Endophytic Fungi, Soil Microfauna, and Plants: Implications for Sustainable Agriculture and Soil Ecology
ABSTRACT
Endophytic fungi, or endobionts, are microscopic fungi that inhabit plant tissues without causing disease symptoms, playing a key role in enhancing plant growth and improving resilience to both biotic and abiotic stresses if their growth is controlled or balanced. Beyond their agricultural importance, these fungi also form vital trophic and symbiotic relationships with soil microfauna such as nematodes, protozoa, and microarthropods. These relationships affect nutrient cycling, organic matter breakdown, and the regulation of soil microbial communities, thereby influencing both plant vitality and faunal diversity in the rhizosphere. Endophytic fungi can function as food sources, mutualistic allies, or antagonists for soil fauna, while microfauna contribute to fungal dispersal and regulate their population dynamics. Together, these intricate interactions support soil food web stability and ecosystem health. Through the production of phytohormones, antimicrobial compounds, and other bioactive metabolites, endophytic fungi not only benefit their host plants directly but also shape the living conditions for soil-dwelling animals indirectly. This review brings together current knowledge on plant–fungus–microfauna interactions, emphasizing their importance for sustainable farming, soil health preservation, and the creation of bioinoculants and biocontrol agents adaptable to various stress environments. It also outlines the challenges and future directions for applying these three-way relationships in ecological and agricultural management.
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1. INTRODUCTION
According to Conn & Franco, (2004) endophytes are microorganisms (bacteria, fungi, and actinomycetes) that thrive in the tissues of their host plants but do not show symptoms of any disease or illness like root rot disease caused by Fusarium sp., Take-all disease (Gaeumannomyces graminis), etc. (Mousa & Raizada, 2013; Tokala et al., 2002).   Investigating these microbes as a possible source of new and beneficial natural compounds has drawn increasing attention. Some diseases develop a symbiotic relationship—a mutually beneficial relationship—with their host plants, whereas others are opportunistic. The 13 species of fungal endophytes identified in the stem, root and leaf tissues of Catharanthus roseus (Kharwar et al., 2008) demonstrate that a single plant may have multiple types of fungal endophytes (Petrini et al., 1993). Though unexplored, novel secondary metabolites extracted from them are of great potential and can be used in pharmacology, medicine, and agriculture, despite being comparatively understudied.   Fungal endophytes are of interest mostly because of their chemical diversity rather than their biological diversity, as they have been discovered in healthy tissues of every plant taxon that has been investigated to date. Endophytes live in the tissues between living plant cells and establish beneficial association with plants. They can be either symbiotic or edge dwelling pathogens.   Mutualism or symbiosis are common terms used to explain this type of relationship.  The formation of responsive feedback in host physiology is the product of several million years of coevolution between the endophytic microbial community, particularly inside the host plant (Poveda et al., 2021). It has been recommended that plants with their Endo biomes form a little ecosystem, with the Endo biome being crucial to the plant's general growth and development.   To finish all or a portion of their life cycle, they either colonize intracellularly or intercellularly in the robust, live tissues of their host plants.   Generally, they usually have a symbiotic relationship with the host plant, their association can be either beneficial or destructive.   By generating secondary metabolites, proteins, and hormones, the endophytes give the plant several benefits in exchange for the host's housing and food, including fostering tolerance and inducing an immunological response (Kumar & Dara, 2021).
In the Indian state of Madhya Pradesh, Tenguria & Khan, (2011) investigated the variety of endophytic fungus isolated from Azadirachta indica leaves that were gathered from the Pachmarhi biosphere reserve.   Wei et al. (2009) discovered that host plants, ages, tissues, and locations all affected the colonization rates of endophytic Pestalotiopsis species.   Saussurea involucrata was reported to contain 49 endophytic fungi (Ya-li et al., 2010). Cylindrocarpon sp. was the most common of this fungus, followed by Phoma sp. and Fusarium species.   Many endophytic fungi produce bioactive chemicals that are exactly the same as those produced by their host plants (Mitchell et al., 2010; Zhao et al., 2011).  Vieira et al. (2012) investigated the variety and antibacterial qualities of endophytic fungus isolated from Solanum cernuum Vell. The most common species were discovered to be firmly related to Phoma glomerata, Phoma moricola, Phlebia subserialis, Glomerella acutata, Diatrypella frostii, Mucor sp., Arthrobotrys foliicola, Colletotrichum gloeosporioides, Colletotrichum sp. Coprinellus radians, and Phanerochaete sordida.  These endophytes that have been isolated from various medicinal plants are essential for the production of potent bioactive compounds. Furthermore, the decomposition of organic materials, nutrient recycling, nutrient absorption, hormonal advantages, and ultimately the improvement of soil texture appropriate for plant growth are all made possible by soil microfauna.  Nematodes—which include both Phyto-parasitic and microbivores nematodes—are the most prevalent microfauna found in soil, followed by protozoa.  According to Chen et al. (2007) microfauna has the capability to alters the composition of the soil microflora and support ecological function.  Studying soil microfauna and endophytic fungi is therefore essential for sustainable farming methods. 
2. ENDOPHYTIC FUNGI
The word "endophytic" now describes microorganisms, including protozoa, viruses, fungi, bacteria and even microalgae, that stays in the tissues of plant and do not have any sign of disease in the body of host (Hyde & Soytong, 2008; Rodriguez et al., 2009; Hardoim et al., 2015). Endophytes come in different of forms, including fungus, bacteria and actinomycetes and they occupy a distinct ecological niche. In the realm of plants, the interdependence of all living things is considerably more obvious. In the diverse biological niches, the microbes and the plant coexist in intimate partnerships. The wide variety of microorganisms and their plant host frequently have a symbiotic relationship. The different ecological function of the flora host is occupied by endophytic, rhizospheric, and epiphytic microorganisms. Endophytes are the nearly close and linked boon group of microscopic organisms that coexist symbiotically with their host of plant with these various categories. Endophytic fungi have the strongest and tightest relationship with their host of plant and among these several kinds of microscopic organisms that coexist in mutualistic connection. To put it simply, endophytes are microscopic organisms that aid in the colonization of flora tissues with no harm (Rho et al., 2018; Bamisile et al., 2018). There is no any exception to the fact that all living flora are pioneer by different endophytes; in fact, plants host a wide variety of endophytic microorganisms in a symbiotic, advantageous manner that is essential to flora in health and advancement (Verma et al., 2018).
The endophytic interlinked is given by Schulz et al. (2015) as stabilize antipathetic of the plant's recognize as a host that need the turning of pathogenic pathways for establishment and how these events trigger host defenses.  The fungus gains from the plant's nourishment and provides benefits like resistance to biotic and abiotic pressure, despite the fact that this connection is in balance (Bamisile et al., 2018). Their capacity to create a wide variety of plant derived specialized products, including alkaloids, phenolics, quinones, steroids, saponins, tannins, and terpenoids, has made them well-known.  Symbiotic fungi are widely recognized as a major need of bio functional chemicals.  Endophytic fungi are always present in all plant portions and do not harm their host plants (Gouda et al., 2016). Large groups of symbiotic fungus that has found from the leaf of plants that is medicinal in a number of findings (Christian et al., 2019). They form an important ingredient in the large variety of the kingdom fungi.
Fungal symbiotic are called to refer novel effects and benefits on their flora hosts. Fungal endophytes, also known as symbiotic fungi (SF), are community of fungi that attach themselves intracellularly or intercellularly to the tissues of their plants host while also benefited by the host (Alam et al., 2021). Based on their symbiotic and endophytic connection with the flora host, these fungi are categorized into two classes which are Mycorrhizae and lichen (Chow & Ting, 2019).  By destroying down the substrate flora cell wall enzymatic, symbiotic fungi and their hosts form symbiotic relationships.  Symbiotic fungi form a different of cell wall breaking catalyst, including as cellulase, laccase, pectinase, and xylanase, in order to penetrate the host plant cells.  These enzymes enable endophytic fungi to penetrate, colonize, and proliferate in inside the flora tissue by changing the structure and morphological property of the host cell wall (Chow & Ting, 2019).
In addition, it has been shown that a more quantity of fungal symbiotically produce plant derived substances called secondary metabolites that aid in the body's ability to cope with biotic and abiotic stressors. Alkaloids, terpenoids, and polyketides make up the bulk of these secondary metabolites. Some secondary metabolites, such as peptides, steroids, aliphatic and chlorine-based substances, flavins, saponins, phenolic compounds and phenolic acids, are also produced in addition to these main metabolites. (Mehta et al., 2019). Terpenoids, a significant group of bioactive substances, are being found in fungal endophytes. The greatest group of plant-based substances are terpenoids, a varied collection of substances made up of C5 isoprene units (Perveen, 2018).
3. OCCURRENCE AND DISTRIBUTION
In contrast to epiphytes, which are found on the surfaces of plants, De Bary (1866) created the word "endophyte" to refer any organism that livers in the plant tissues. Carroll (1986) defined endophytes as mutualists that colonise the aerial areas of living plant tissues without causing disease symptoms, excluding pathogenic and mycorrhizal fungi.  Endophytic fungi have been associated with plants for over 400 million years and have been studied in extensively over a wide range of climatic and geographic zones (Krings et al., 2007). Plants in temperate and tropical forests, mangroves, scorching deserts, savannas, grasslands, and croplands have all been shown to harbour endophytic fungi.  Endophytes can be found in conifers, flowering plants, ferns and other seed less plants, mosses and other non-vascular plants, and more; and extremely biologically diversified, particularly in tropical and temperate rainforests, which contain several species of plants such as mosses (Davey & Currah, 2006), grasses (Müller & Krauss, 2005), shrubs (Petrini et al.,  1982), seasonal leaf-shedding trees and cone-bearing trees (Guo et al.,  2008; Albrectsen et al.,  2010; Mohamed et al.,  2010; Sun et al.,  2011), and lichens (Suryanarayanan et al.,  2005; Li et al.,  2007) .  Almost all environments have already produced endophytic fungi, including polar locations, scorching deserts, temperate and tropical woods, and mangroves (Arnold & Lutzoni 2007; Arnold, 2008). Presently, endophytes have been found from every type of plant, including lichens, sea grasses, big trees, and palms.  As far ascomycetes and related anamorphs have made up the majority of endophytes that have been isolated. However, Rungjindamai & Jones (2024) noted that a number of endophytes might also be basidiomycetes.  Nonetheless, there were distinctive differences in the number of endophytic fungal colonisation and separation from plants bodies.  Most of the endophyte research has been conducted on hosts from temperate regions, particularly New Zealand and the Northern Hemisphere. The majority of the other endophytes that were discovered were Xylariaceous fungus.  A thorough investigation utilising 81 isolates of 15 Xylaria species from the Euterpe oleracea plant was published by Rodriguez et al. (2009).  As observed by Rodriguez et al. (2009) that Letendraeopsis palmarum, Xylaria cubensis were the most prevalent endophytic species, whereas Ascomycotina and Deuteromycotina were often isolated. A review of the endophytic communities of palm leaves, primarily from E. oleracea.  As per their assessment, Aspergillus, Phomopsis, Wardomyces, Penicillium, and numerous unidentified fungi were the most prevalent endophytes.  There were some quantitative and qualitative variations among the 21 endophytic fungal species that were described from various locations.  The most common endophytes identified were Fusarium solani, Phomopsis sp., Colletotrichum gloeosporioides, and Pestalotia sp.
3.1. TROPHIC AND SYMBIOTIC INTERACTIONS BETWEEN ENDOPHYTIC FUNGI AND SOIL MICROFAUNA
The rhizosphere's microbiota is crucial for the release of nutrients that are available to plants, the buildup and stabilization of soil organic carbon, hormone effects on roots, microbial diversity and functional stability, aboveground multitrophic interactions, and the bioremediation of contaminated soils. The biological processes of the rhizosphere are benefited by selective grazing, active dispersal, and excretion by the microfauna, which also affect the entire soil and above-ground community (Chen et al., 2007). Two of the most prevalent microfauna in soil are protozoa and nematodes; the former mostly consume bacteria, while the latter have more intricate feeding patterns. Phyto parasitic worms eat on roots, while microbivores nematodes graze on microbes. Soil microfauna are abundant in the rhizosphere, typically several times greater than in the non-rhizosphere (Hu et al., 1998; Griffiths, 1990) and they contribute significantly to soil biomass, bioactivities, and biodiversity (Chen et al., 2007).
According to Woods et al. (1982) nematodes and protozoa could both promote nitrogen mineralization, and only in the presence of protozoa plants can utilize the nitrogen that the microorganisms had mineralized (Clarholm, 1985). Nitrogen mineralization may also be improved by the interplay of fungus and nematodes that feed on fungi (Ingham et al., 1985; Li et al., 2004; Feng et al., 1999). According to Hu et al. (1998), removing the native nematodes may reduce nutrient mineralization, as well as the intake of nitrogen throughout the wheat's growth stage and phosphorus throughout the heading and maturity stages. The effects of microfauna on Nitrogen and Phosphorous mineralization in soils, however, seem to vary depending on the type of microbes or fauna, the intensity of their grazing, their metabolism, and the physicochemical properties of the soil (Ingham et al., 1985; Feng et al., 1999; Bardgett et al., 1999).
According to Carrillo et al. (2011) the mechanism by which microfauna in soil influence nitrogen cycling shown in the figure 1.
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Figure 1: Mechanism of Nitrogen Cycling by Soil Microfauna
The most significant environmental characteristics affecting the microarthropod population were pH, water content, temperature, and fungus (total hyphal length and variety of darkly-pigmented micro fungi), according to (Klironomos & Kendrick's, 1995) measurements. At varying depths, the impact of various environmental factors became apparent. Furthermore, the data indicates that microarthropods may have a significant impact on the extra-radical hyphal network of vesicular-arbuscular mycorrhizal (VAM) fungus spores but little direct effect on roots.
It's possible that the invertebrates in soil were mostly restricted to the rhizosphere. Nutrient availability, which may have been boosted by the slow breakdown process made possible by the interaction of bacterial, fungal, and faunal activity, may have increased their numbers in the litter (Krivtsov et al., 2007). In soil, fungi are a significant source of food. Chitin, which makes up around 14% of fungal tissue, and reproductive organs like sporocarps and sclerotia, which have high Phosphorous concentrations, make up fungal tissue (Ruess & Lussenhop, 2005). Numerous soil invertebrates are fungivores, and Table 1 illustrates their various feeding patterns (Ruess & Lussenhop, 2005). 
Table 1: Feeding pattern of various soil invertebrates
	SL. No.
	Fungivores
	Feeding pattern 
	references

	1.
	Nematodes
	In vitro
	(Ruess & Lussenhop, 2005)

	2.
	Protura
	Growing fungal hyphae
	(Nosek, 1975)

	3.
	Collembola
	Surface of decaying leaves, fecal pellets, and soil particles
	(Ruess & Lussenhop, 2005)

	4.
	Larvae of midges
	Spores
	(Wicklow & Yocum, 1982)

	5.
	Dipteran larvae
	Graze on surface substrate
	(Visser, 1985)



Likewise, one of the most significant genera of filamentous fungus that infect cereals globally is Fusarium, which is both phytopathogenic and toxic. The most popular saprotrophic fungus that soil animals of different taxonomic groupings, such as earthworms and collembolans (apart from nematodes), eat are Fusarium spp. (Goncharov, 2020).
4. APPLICATION IN AGRICULTURE
4.1. DIRECT BENEFITS
4.1.1. ACQUISITION OF NUTRIENTS
The plant host can receive more nutrients from endophytic fungi by improving the uptake of macronutrients like potassium, nitrogen, magnesium, and phosphate, or micronutrients like zinc, iron, and copper, from the soil and organic matter (Rana et al., 2020).  Since removing insoluble nutrients from soils was one of the main obstacles facing evolving terrestrial plants, they may have formed symbiotic relationships with microbes that have hyphae that can extend into the soil to obtain nutrients for plants or that are motile with flagella (White et al., 2018). In order to help plants, endophytes are known to alter and solubilize nutrients such as nitrogen, phosphorous, potassium, and other microminerals, making them readily available to plants. However, the roles of endophytes associated with roots or seeds in plant nutrition acquisition have piqued the curiosity of plant biologists. Seed-associated microorganisms help plants mobilization from seedling growth onwards, and vectoring microbes on seeds provides seedlings an early start.  Additionally, research has demonstrated that endophyte fungi enhance the elemental composition of endophyte-inoculated plants' roots and shoots, particularly in the areas of nitrogen and phosphorous (Waqas et al., 2017; Bajaj et al., 2018). Yakti et al. (2018) in their study on the effect of DSE (Dark Septate Endophytes) inoculation on tomato growth and development reported that an endophyte Periconia macrospinosa increased plant growth by improving mobilization and uptake of organic nutrients. In another study on soyabean, a phytohormones- producing endophytes Galactomyces geotrichum was found to improving mobilization and uptake of macro and micronutrients (Yakti et al., 2018; Waqas et al., 2017). A well-known endophyte, Serendipita (Piriformospora) indica is capable of transporting nutrients, including phosphates, to host plants, as documented in the literature (Card et al., 2016).  Even though there aren't many studies specifically on phosphorous (P) transference by endophytic fungi, a lot of data show that fungal inoculation improves P acquisition, which suggests that an endophytic interaction is responsible for this process.  It was shown that Trichoderma asperellum inoculation considerably decreased the amount of phosphorus fertilization used on onions (Alliumcepa).  In the same manner, Baron et al. (2018) conducted a field investigation in which they introduced Aspergillus sydowii into maize (Zea mays). Even with reduced fertilization dosages, the plants that interacted with the fungus collected noticeably more P in their tissues.
4.1.2. PRODUCTION OF PHYTOHORMONES
Phytohormones are crucial for plant in modifying their physiology. Numerous phytohormones, such as auxins (IAA), cytokinins (CKs), gibberellins (GAs), and abscisic acids (ABA), can be produced by endophytic fungi.  Gibberellins are essential signaling chemical messengers for growth of plant in various environmental conditions, but endophytic fungi's capacity to make GAs is understudied (Khan et al., 2015; You et al., 2012).
The only auxin produced by fungus is Indole-3-acetic acid (IAA).  Auxins, one of the main regulators of plant growth, have many beneficial impacts on the growth of roots and shoots, such as in the initiation of the root formation, vascular tissue differentiation, cell elongation and division, and tropism reactions (Jaroszuk-Ściseł et al., 2014).  Phoma glomerata and the endophytic fungus Penicillium sp. produce GA and IAA (Waqas et al., 2012). Additionally, it was shown that the endophytic fungus Paecilomyces formosus (= P. maximus) strain LHL10, which was isolated from cucumber plants, generated IAA and GAs (Khan et al., 2012).   Although L-tryptophan is the primary precursor of IAA biosynthesis by endophytic fungi, the metabolic pathway for IAA formation has not been identified.  This emphasises how crucial it is to conduct more study on this topic (Numponsak et al., 2018).
Senescence, flowering, fruit production, stem elongation, sex expression, and seed germination are just a few of the metabolic processes that are triggered by gibberellins (GAs), which are common plant hormones (Bömke & Tudzynski, 2009).  Endophytic fungi use the mevalonic acid (MVA) route to convert acetyl-CoA into gibberellins, according to Bömke et al. (2008) and Khan et al., (2015).   The primary byproducts of this process are GA1 and GA3, which are generated from GA4, GA5, and GA7.  The endophytic Aspergillus fumigatus produces a considerable quantity of bioactive GA3, GA4, and GA7 in addition to the inactive GA7, GA19, and GA24 in the filtrate (Hamayun et al., 2009a).   When comparing the soybean seeds treated with the A. fumigatus culture filtrate to the control, notable increases in shoot length and germination speed were observed. Furthermore, an endophytic isolate of Cladosporium sp. MH-6 produced gibberellin, and applying the fungus's culture filtrates improved cucumber plant development, according to Hamayun et al. (2010).  Khan et al. (2008) state that Penicillium citrinum IR-3-3 produces gibberellin.   Fifteen isolates were examined for the fungus that was isolated from dune plants.  Both the Waitto-c rice dwarf mutant, which does not produce gibberellin, and the common sandy plant Atriplex gmelinii produced longer seedlings as a result of P. citrinum IR-3-3's capacity to speed up growth.
Cytokinins (CKs) are one of the essential phytohormones needed to regulate plant growth, development, and adaptability to environmental stresses like drought stress, claim Lubovská et al. (2014) and Li et al. (2016).  By triggering the genes involved in cytokinin biosynthesis, endophytic fungi such as the arbuscular mycorrhizal fungus Rhizophagus irregularis increase the host plant's cytokinin output.  For example, when R. irregularis was inoculated into Pisum sativum, the amount of cytokinins in the roots rose, and the successful penetration of the fungus was facilitated by active forms of cytokinins (Goh et al., 2019).  Similarly, by focussing on plant genes involved in cytokinin production, Piriformospora indica improved plant growth and stress tolerance in Arabidopsis and maize (Xu et al., 2018).
4.2. INDIRECT BENEFITS
4.2.1. PRODUCTION OF ANTIBIOTICS AND SECONDARY METABOLITES
Endophytic fungi are an enormous supply of compounds that are beneficial to their host, in addition to encouraging the plant to produce defensive molecules. Quinols, steroids, flavonoids, alkaloids, phenols, polyketones, terpenoids, peptides, volatile organic compounds (VOCs), chlorinated compounds, isocoumarins, lactones, and terpenoids are among the many substances they produce that have antipathogenic and antiherbivorous properties (Card et al., 2016; Lugtenberg et al., 2016; Latz et al., 2018; Kaddes et al., 2019; Saeed 2016; Shen et al., 2015).  Moreover, research indicates that chemicals possessing antibacterial, antifungal, antiviral, and insecticidal properties are produced (Card et al., 2016; Latz et al., 2018). Stierle et al. (1993) reported that paclitaxel, an anti-cancer chemical produced by an endophytic fungus Taxomyces andreanae is isolated from the yew plant Taxus brevifoia in which it resides.  The best-known example of secondary metabolites produced by endophytic fungi is the synthesis of alkaloids by Epichloë species in various grass species. Plants build up alkaloids which are poisoned to a variety of insect pests, including vertebrates (Faeth 2002; Gimenez et al., 2007; Johnson et al., 2013; Lugtenberg et al., 2016). It is also known that Nodulisporium sp. produces nodulisporic acid.   As it causes the stimulation of glutamate in the insect muscle’s chloride channels and nerve cells, this protein is crucial for regulating insect herbivory. Resulting into Flaccid paralysis due to activation glutamate, which allows chlorine ions to flow through the channels (Demain, 2000).
The diverse bioactive properties of terpenes and terpenoids, which include meroterpenoids, triterpenoids, sesquiterpenoid/sesquiterpenoids, diterpenes/diterpenoids, and steroids, make them particularly significant among the numerous secondary metabolites which were isolated by endophytic fungi (Rustamova et al., 2020).
As per Xie et al. (2018) the endophytic fungus strain Phomopsis sp. TJ507A, which was isolated from the leaves of the medicinal plant Phyllanthus glaucus, generated protoilludane-type sesquiterpenoids, 2,3-seco-protoilludane-type sesquiterpenoid, and botryane-type sesquiterpenoid.   11-methoxy-9-cycloneren-3,7-diol, a cycloneane sesquiterpene, was shown to possess antibacterial action against Chattonella marina after being isolated from a culture of Trichoderma harzianum, an endophytic fungus that comes from the marine brown alga Laminaria japonica (Song et al., 2018).   Four novel polyketides known as emericelactones A–D were generated by the fungus Emericella sp. XL029, which was isolated from Panax otoginseng leaves (Pang et al., 2018).   According to Rustamova et al. (2020), all of the secondary metabolites that were discovered had moderate antibacterial activity against three agricultural pathogenic fungi: Gibberella saubinetii, R. solani, and Verticillium dahliae Kleb.
As observed by Lugtenberg et al. (2016) and Kaddes et al. (2019) endophytic fungi generate over 300 distinct secondary metabolites, including volatile organic compounds (VOCs).   They are unique due to their small molecular makeup, high vapour pressure, and versatility in solubility in soil, the atmosphere, and cell membranes.   According to Kaddes et al. (2019) they have bioactivity against a range of diseases and are tools for fungal communication with other species, such as plants. In terms of VOC production, the genus Muscodor is the most studied because it produces a variety of these metabolites, according to a review by Kaddes et al. (2019). This fungus has been used as a soil inoculant and in the post-harvest process to stop the growth of dangerous fungi by generating volatile organic compounds (VOCs).  Furthermore, the genus Nodulisporium, which is distinguished by the generation of volatile organic compounds (VOCs) with antifungal activity, has been employed for the same purposes as Muscodor.
Secondary metabolites are created for defence, signalling, or greater comprehension of their interactions with the host plant.   They may also affect the secondary metabolite profile of host plants, which may have a direct impact on a pathogen's attack.   Therefore, it is doubtful that such products will ever be put on the market.   According to Lugtenberg et al. (2016) many of the synthetic chemicals used in agriculture are illegal and bad for the environment, animals, and people.
4.2.2. PRODUCTION OF SIDEROPHORES
Each and every living cell needs iron (Rana et al., 2020).  As a means of binding ferric ions in the rhizosphere, endophytic fungi and other microbes make siderophores, which are small chemicals having Fe-chelatinous properties (Chowdappa et al., 2020). Suebrasri et al. (2020) identified symbiotic Trichoderma koningii ST-KKU1, Macrophomina phaseolina SS1L10, and M. phaseolina SS1R10.These endophytic strains released siderophores. The study's authors hypothesized that fungi's production of siderochromes was a major factor in encouraging the growth of sunchoke plants. Furthermore, strains of endophytic recombinant Trichoderma harzianum that colonize beans (Phaseolus vulgaris) and are reported to produce siderophores (Eslahi et al., 2020). In the meet to produce of iron, symbiotic fungi create iron chelators such as ferrichromes, coprogens, and fusarinines. These siderophores differ from those made by bacteria endophytic in them include acylated ornithine class. It has been reported that siderophore production in Trichoderma harzanium from Aloe vera, which helps in plant growth, while it has also been discovered siderochromes produced 23% of fungi isolation in bicolour of Sorghum. It is still unclear how fungal endophyte-produced siderophores act.
5. PROTECTION AGAINST BIOTIC AND ABIOTIC STRESS 
Deterioration of the environment brought on by agricultural practices and climate change makes it harder for plants to develop and maintain themselves, and the need for food crops to feed the expanding population is also rising. To solve this problem, endophytic fungi can be employed as alternative to boost the growth and development of the plants. Occasionally, endophytic fungi may experience uncontrolled growth. Endophytic fungi are beneficial when balanced, but their overgrowth can induce pathogenicity, deplete host nutrients, produce harmful toxins, and disrupt beneficial plant–microbe interactions. Excessive colonization may outcompete symbionts such as mycorrhizal fungi and nitrogen-fixing bacteria, impairing nutrient cycling and plant health (Dang et al., 2021). Overproduction of fungal hormones (auxins, cytokinins, gibberellins) can cause abnormal growth, leaf curling, or stunting (Khan et al., 2012). Moreover, dense endophyte populations alter soil microbial diversity by modifying rhizosphere interactions (Wang et al., 2025).
Endophytic fungi are capable of fending off abiotic stressors such as drought, temperature extremes, salt, and dangerous heavy metals (Aly et al., 2011; Khan et al., 2015).  Fungal endophytes activate acquired systemic resistance (ASR) and induced systemic resistance (ISR) to produce chemicals that fight infections and protect against biotic stress (Chadha et al., 2015). 
Egamberdieva et al. (2017) mentioned that abiotic stresses have a detrimental effect on plant shape and physiology due to the genetic regulation of cell pathways, which causes a variety of dysfunctions. As reported by Khan et al. (2015) and Yan et al. (2019) the endophytic fungus helps the plant to recover from the stress as well as provide plants resistance to reactive oxygen species (ROS) through an unidentified mechanism that takes place during oxidative stress and causes membrane lipids to peroxide, nucleotide disruption, and protein denaturation, all of which ultimately result in the plant's death. Due to salinity, drought and heat some other problems are caused such as electrolyte leakage in the membranes which is linked with the changes in the amount and lipidic content of these cell membrane molecules as a result of stress conditions. Therefore, by altering the lipid composition of the cell membrane, endophytic fungi can prevent leaks (Khan et al., 2015; Yan et al., 2019).
As per Gul Jan et al. (2019) reports, Yarrowia lipolytica suppressed the effects of salinity on the plants such as maize through a favourable endophytic interaction.  Inoculation improved several aspects of plant growth, including chlorophyll content, electrolyte leakage, leaf relative water, oxidative enzyme, and phytohormone levels; these results suggest that these fungi could be used as biofertilizers in salty conditions. Hamayun et al. (2017) compared the levels of GA, ABA, and jasmonic acid (JA) in inoculated and control seedlings to demonstrate how well the basidiomycetous endophytic fungus Porostereum spadiceum AGH786 reduces salt stress and promotes soybean plant growth. Endophytic colonisation was able to mitigate the impacts of salt by maintaining low levels of ABA and JA and high levels of GAs through phytohormone control. 
From the study of Ismail et al. (2020) it shows that Aspergillus niger (SonchL-7) is an endophytic strain that gives ability to the sunflowers and soybeans to withstand high temperatures.  The fungus inoculation greatly reduced lipid peroxidation and ROS concentration during heat stress, or 40°C, while simultaneously boosting and enhancing plant height, biomass, and chlorophyll content.
Plant diseases are the leading cause of agricultural losses globally (Kaul et al., 2021).   Endophytes are essential for the biocontrol of phytopathogens because they help plants exhibit a defence response by producing various substances such as phytoalexins and PR-proteins, thickening the cell wall and cuticle, and more (Gupta et al., 2022). Trichoderma viride, Trichoderma harzianum, and mycorrhizal fungi are the most commonly used fungal biocontrol agents. Mycorrhizal fungi serve as one of the important biocontrol agents to combat soil-borne illness including Pythium and Fusarium. These fungal endophytes have also been extensively documented to protect plants against a range of insect pests, including aphids, lepidopterous larvae, and thrips (Bamisile et al., 2018). Among the entomopathogenic fungi that have been examined in great detail are Beauveria bassiana and Metarhizium anisopliae. To get towards sustainable agriculture, it is crucial to do further research and commercialise endophytes as biocontrol agents (De Silva et al., 2019). 
6. DISCUSSION AND CONCLUSIONS WITH FUTURE PERSPECTIVES AND THE CHALLENGES
Fungal species have been used as biological agents of control for decades, although their use has increased significantly in recent years.  In an effort to improve meals less of detrimental drugs or substances to lessen the adverse ecological result of farming practices, scientific study is increasingly turning to the use of these organisms for this aim.
Even microfauna has also significantly contributed to soil biomass, biodiversity and bioactivities. The most common micro fauna like protozoa and nematodes also have promotes to nitrogen fixation and mineralization. Thus, removing the native nematodes may reduce nutrient mineralization, as well as the intake of nitrogen. 
The desire for healthier, chemical-free foods and growing awareness of the harm that farming techniques cause to the environment are motivating scientific research into using these organisms for this purpose. Additionally, endophytic fungi are beneficial to plant growth if balanced, whereas their over proliferation can cause pathogenicity, deplete host nutrients, produce harmful toxins, and disrupt beneficial plant–microbe interactions. A particularly promising approach to achieving the intended sustainability in agriculture is the endophytic colonization of crops by a range of fungal species, some of which have been traditionally used for pest management. The findings in this review conclude that the endophytic fungi offer a range of direct and indirect advantages to farming flora. In this reasonable to form that not synthetic compounds can offer much important interlinked in the microbes. Therefore, endophytic fungi are an excellent option for biopower, bioaugmentation, and bio conception, proving the creatures value as to the tool for study and business.
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