ROLE OF ENDOPHYTIC FUNGI IN PLANT DEFENCE MECHANISM
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ABSTRACT
The enigmatic endophytic fungi are starting to emerge. They can use the host to their advantage, much like infections, to develop their ideal environment. Some endophytic modifications can be used for biological control because they cause resistance or otherwise outcompete pathogens. Endophytes create effector proteins and other compounds, such as specific metabolites, phytohormones, and microRNAs, to influence their hosts and other microbes they come into contact with, just like pathogens and other symbionts. From endophyte to a pathogen. Some microorganisms can infect or wreak illness in some hosts but not in others. Understanding the biological processes driving endophytic fungal relationships has been made possible by the use of molecular genetics methods in conjunction with functional characterization.
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INTRODUCTION
The pioneer of modern plant pathology, Anton de Bary, developed the term "endophyte" to describe "any organism growing within plant tissues" (de Bary, 2016). Endophyte is a contraction of the words "within" and "plant." Only those organisms that do not spread disease and occasionally even benefit their hosts are included in the improved definition of what is currently considered acceptable (Jørgensen et al, 2020 and Collinge et al, 2019). All kinds of plants have endophytes, and microorganisms across all spheres of life have adopted an endophytic lifestyle that can benefit plant growth, increase its capacity to adapt to abiotic stress and help it fight off pathogens and pests (Hardoim et al, 2015, Grabka et al, 2022). A given organism can be a pathogen in some situations (depending on the environment or host) or possibly even mutualistic in others, which presents a biological and semantic conundrum (Freeman and Rodriguez. 1993 and Redman et al 2011). In this review, we focus on recent research that has added new information about the lethal interactions between pathogenic and other fungi, as well as their hosts, and endophytic fungi (EF).
ENDOPHYTIC LIFE
The plant is home to many microbe communities known as the microbiome (Berg et al., 2020, 2021), which is occasionally enlarged to include the path biome (Bez et al, 2021 Droby et al, 2022). This complex creature is known as a holobiont (Hassani et al., 2018). To assess the health of the host, the pathobiome concept has been used in cases where the disease is thought to be caused by interactions between a group of organisms (including eukaryotic, microbial, and viral communities) within the plant and its biotic environment (Bass et al., 2019). The interactions between the organisms range from mutualism over commensalism to amensalism and parasitism, and they may reside inside the plant for their whole life cycle or just at specific stages (Jorgensen et al. 2020). All interactions between plants and the organisms that live inside of them share the characteristic of being controlled by intricate mechanisms that we are only now starting to comprehend. The same is true for successful infections (de Queiroz and Santana. 2020), but endophytes have devised different strategies to avoid provoking the plant immune system to the point where their colonisation is halted (Lu et al., 2021).
Although 'real' endophytes do not infect plants with the disease, there are numerous instances in which an organism that is a known pathogen in one host plant can be found colonising another plant species without infecting that host, so acting as an endophyte there. For instance, the barley pathogen Ramularia collo-cygni is a harmless endophyte in other cereals (Kaczmarek et al., 2017) and Fusarium species that cause head blight in cereals have been discovered in carrots (Louarn et al., 2013). Fungi like Verticillium dahliae are examples of other plant species where this has been noted (Wheeler  et al 2019).
Similar to this, pathogenic organisms may undergo an endophytic phase of their life cycle during which they survive unnoticed in the host. Potential pathogens can be found in the environment of healthy plants. As a result, many investigations (Manzott et al,2020, Latz et al., 2021, Rojas et al, 2020, Pereira Vázquez de Aldana et al, 2019, Bacon, 2008 and Salvatore et al., 2020) have found that fungal endophytes isolated or identified by amplicon rings contained potential pathogens that were not at the time causing disease in the host.
Manzotti et al. 2020 isolated six fungal species from tomato roots that, when inoculated separately on tomato plants, induced disease. These species included Colletotrichum coccodes, Plectosphaerella sp., Pyrenochaeta lycopersici, Thielaviopsis basicola, Alternaria infectoria, and Fusarium sp. This finding backs up the claim that a lanced microbiome is crucial for plant health (Berg et al, 2021), as the pathogenic organisms are controlled by the other organisms present. Ramularia collo-cygni, a pathogen that affects barley, is a well-known example of a latent pathogen (Dussart, 2020 and Lemcke, et al., 2021). This fungus may live in barley seeds and colonise the host barley chemically without exhibiting any symptoms (Stam et al., 2018). However, once it reaches the leaves, it starts to produce symptoms. This behaviour has been attributed to the fungus's recent pathogen status, which accounts for why it lacks the conventional genomic features, and pathogen characteristics (Stam et al., 2018). Other significant pathogens in the Mycosphaerellaceae family, including Zymoseptoria tips in wheat (Brennan et al, 2019 and Shetty, 2003), Pseudocercospora fijiensis in banana (Churchill 2011), Cercospora beticola in beetroot (Rangel et al, 2020), and Fulvia fulva and Fusarium oxysporum in tomato (Thomma et al. 2005 and Constantin et al., 2021), also exhibit a stealthy infection path, with symptomless colonisation before sporulation.
It is obvious that the biological world is not simple and that organisms do not fit into simple classifications because they can exhibit an endophytic existence in some situations while changing into a pathogen in others. We do, however, aim to distinguish clearly between harmful and endophytic fungi. Pathogens can live an endophytic lifestyle in their host plant for a while, but they shouldn't be regarded as true endophytes for the simple reason that, if they are in the right place at the right time, they can eventually lead to disease. On the other hand, because it never spreads disease to that plant species, the same organism can be a true endophyte in a non-host plant. Notably, some endophytes, such as Serendipita indica, are recognised as biological control agents or biostimulants even though they only cause their hosts to experience small necroses without any sickness (Ntana et al., 2022 and Deshmukh et al 2006).
THE MOLECULAR DIFFERENCES BETWEEN ENDOPHYTES AND PATHOGENS
To the extent that the plant immune system does not prevent colonisation, both successful pathogens and endophytes have figured out how to elude detection (Lu et al., 2021 and Khare et al 2018). The exact reasons why some organisms become pathogenic while others go the endophytic route are not now fully understood. Kogel et al.2006 among others, looked into specific molecular mechanisms to address this issue sooner. The quantity or concentration of the organisms is another crucial aspect (Mishra et al., 2021) endophytes are frequently present in considerably lower concentrations than infections, which means immunity may not be induced. 
Because they modify the biological activity of the relationship between microorganisms and plants, effector molecules are particularly intriguing for understanding interactions (Mishra, 2021 and Bauters et al., 2021). The function of endophytic effector molecules has been the subject of numerous studies. Although endophytic F. oxysporum strains typically featured fewer effector candidates than pathogenic F. oxysporum strains, Constantin et al. 2021  investigation revealed homologues of known Fusarium oxysporum from pathogens. They claimed that research into the "effectorome" can be utilised to determine if a specific strain has the potential to be pathogenic or advantageous. Santana and de Queiroz studied the expected secretomes (which comprise effector proteins) of many unrelated species of fungal, ranging from endophytic to pathogenic, and discovered both similarities and differences between the species. Although several intriguing similarities were discovered, it was unable to draw any definitive conclusions about their contributions to plant colonisation. This either means that investigations of much larger sample size are necessary to identify unambiguous trends or that various organisms have evolved various strategies for controlling the host. The second option appears more likely. To confirm the significance of the discoveries, functional characterization would be required, (Constantin et al., 2021). The balance between nutrient requirements and plant fence, according to Mishra et al., was critical in determining whether an agricultural crop will succeed if an organism becomes virulent or endophytic. So, an imbalance would either cause disease onset (plant defence is circumvented) or plant resistance (pathogen growth is stopped). A few of the various types of stress have already been discussed (Hardoim et al, 2015 and Kogel. 2006). However, a recent intriguing example demonstrated how Sclerotinia sclerotiorum became a helpful endophyte after contracting a mycovirus (Zhang et al., 2020).
The outcome of interactions between plants and microbes depends on the modulation of plant-defence hormone signalling (Pieterse et al 2014). Phytohormone levels can be altered by plant pathogens to promote infection (Bauters et al, 2021 and Collinge, 2020). This manipulation often involves abiotic stress (Xu et al, 2018 and Hilbert et al., 2012). Other compounds have been shown to provide signals across kingdoms, primarily to promote commensal or harmful interactions. As a result, some necrotrophic infections can create tiny signalling RNA molecules (RNAi) that can inhibit host defences (Wang, 2016). Additionally, these compounds have been linked to changes in endophytic signalling as well as interactions between the fungus Serendipita indica and the grass Brachypodium distachyon ( Secic et al., 2021).
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Figure 1: a conceptual structure for endophytic interaction (meikelatz.com)
As previously stated, several characteristics may help an endophytic organism avoid activating plant defences, and perhaps there are lessons to be gained from research on the evolution of novel virulence in infections. In their analysis of potential virulence-influencing mechanisms, (Sacristan et al, 2021] highlighted the significance of mutations, transposable genetic elements, gene duplication, neofunctionalization, and genetic exchange (horizontal gene transfer). De Queiroz and Santana. 2020 also regarded transposable elements as being significant when contrasting endophytes and pathogens, and it is well-known that the difference between pathogenic and non-pathogenic Fusarium oxysporum lies in the presence of particular supernumerary chromosomes (Ma et al, 2010). 
CONTROL OF PLANT DISEASES BY ENDOPHYTES
[bookmark: _GoBack]Biological disease control is another result of interactions between endophytes, pathogens, and plants (Jørgensen et al. 2019, 2020). The requirement for establishing efficient yet sustainable (i.e. low input means) disease management strategies represents the practical side of understanding microbial lives. The use of biological control as an alternative to chemical disease control in particular has been researched for decades (Collinge et al., 2022). The importance of endophytes as a reliable source of microbial biological control agents is growing (Jorgensen et al. 2019).
One benefit of employing an endophyte for biocontrol is that since the organism lives inside the plant, it is shielded from harmful environmental factors. Even while some biocontrol organisms have been recovered from the plant's interior, it may not have been confirmed that the organisms were endophytic at the time they had an impact on the environment (Ma et al., 2018). The fact that an organism may only be endophytic during a portion of its life cycle is likely reflected in the fact that an effective bio-control effect can still be obtained. For instance, in two recent studies, fungal endophytes derived from disease-free wheat tissues were demonstrated to be efficient biological control agents of Septoria tritici blotch (Latz, et al., 2020) and Fusarium head blight (Rojas et al., 2020) utilising spray treatments. The fact that the protective effect of the bio-control agents strongly depended on inducing host-plant resistance in both instances was startling (Rojas et al., 2022 and Latz, 2019]. This shows that the biocontrol organisms, which had been isolated as endophytes, were capable of controlling plant immunity.
The discovery by Wang et al. 2020 that an endophyte gene, Fhb7, conferring broad-spectrum resistance against Fusarium spp. in wheat, was probably transferred from an Epichlo spp. through horizontal gene transfer points to another intriguing method underlying disease control involving endophytes. Endophytes may contribute to biocontrol in a variety of intricate ways that are still developing.
CONCLUSION
Endophytes and pathogens share several characteristics and can play a variety of roles in interactions. Some fungi can act as beneficial endophytes or commensal organisms in one setting and pathogenic in another. Our knowledge of the interactions between plants, endophytes, and pathogens is still developing, but it will grow in the future to provide more effective and long-lasting disease control choices. In recent years, research on microbiomes, especially that of endophytes, has grown significantly, but the findings are mostly descriptive rather than prescriptive. By manipulating specific elements (i.e., genes and microbes), and utilising traditional molecular genetic approaches and functional investigations, we can gain a better knowledge of how the microbiome affects plant growth, development, and stress resistance. Future research will continue to make use of these technologies to comprehend this mysterious way of life and to take advantage of it for sustainable agricultural growth to address the concerns of population increase, urbanisation, and climate change.
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