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The global environment is dominated by various small exotic substances, known as secondary metabolites, produced by plants and microorganisms. Plants and fungi are particularly plentiful sources of these molecules, whose physiological functions, in many cases, remain a mystery. Fungal secondary metabolites (SM) are a diverse group of substances that exhibit a wide range of chemical properties and generally fall into one of four main family groups: Terpenoids, polyketides, non-ribosomal peptides, or a combination of the latter two. They are incredibly varied in their functions and are often related to the increased fitness of the respective fungus in its environment, often competing with other microbes or interacting with plant species. Several of these metabolites have essential roles in the biological control of plant diseases by various beneficial microorganisms used for crop protection and biofertilization worldwide. Besides direct toxic effects against phytopathogens, natural metabolites can promote root and shoot development and/or disease resistance by activating host systemic defenses. The ability of these microorganisms to synthesize and store biologically active metabolites that are a potent source of novel natural compounds beneficial for agriculture is becoming a top priority for SM fungi research. In this review, we will discuss fungal-plant secondary metabolites with antifungal properties and the role of signaling molecules in induced and acquired systemic resistance activities. Additionally, fungal secondary metabolites mimic plant promotion molecules such as auxins, gibberellins, and abscisic acid, which modulate plant growth under biotic stress. Moreover, we will present a new trend regarding phytoremediation applications using fungal secondary metabolites to achieve sustainable food production and microbial diversity in an eco-friendly environment.
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1.  Introduction.

Plants and their associated fungi share a long history of co-evolution. Indeed, beneficial and/or pathogenic relationships with fungi are likely one of the critical traits acquired by the first terrestrial plants (Heckman et al., 2001; Humphreys et al., 2010). The association between fungal microbes (e.g., mycorrhizal, endophytic, saprophytic, and pathogenic microbes) and their host plants have shaped and formed various modifications. Generally, fungi interact with the host plants in different ways. For instance, necrotrophs survive on dead host tissues, biotrophs feed on plant resources without killing the host plant, and hemibiotrophs have an asymptomatic period followed by a necrotrophic stage (Horbach et al., 2011). Interestingly, the beneficial side of soil microbiota is a promising sustainable alternative to improve crop health and productivity. For example, mycorrhizal root colonization positively influenced plant growth and nutrient uptake (e.g., N and P availability). In addition, combining multiple rhizospheric microbes, such as B. amyloliquefaciens, mycorrhizal, and Pseudomonas, significantly varied the plant microbiome structures. As a result, it has positive effects on plant growth, by improving nutrient acquisition and/or water uptake, and the plant nutrient use efficiency (Cozzolino et al., 2021; Chandrasekaran, 2022).

However, biocontrol agents as beneficial microbes or their chemical metabolites are essential in protecting plants against destructive phytopathogenic fungi, even under unfavorable environmental conditions. These chemical molecules, known as Secondary Metabolites (SMs), were defined by (Kossel, 1891) as molecules generated mainly by microbes and plants with a relatively low molecular weight (in most cases, three kDa). Various chemical components used in pharmaceutical and commercial purposes are derived from filamentous endophytic fungi. According to biochemical synthesis, fungal SMs are classified into polyketide, nonribosomal, alkaloids, and terpenes, which have potential ecological and medicinal applications (Sinha et al., 2019; Yu et al., 2021). The adage “necessity is the mother of invention” appears true when we consider plants, despite being nonmotile and simply lacking a highly developed immune system. Plants are not powerless against a wide range of biotic and abiotic stresses; instead, wielding an arsenal of chemicals to deter enemies, fend off pathogens, outcompete competitors, and outperform environmental constraints (Ballhorn et al., 2009; Schäfer and Wink, 2009). Although SMs could not be involved in fundamental cellular operations, they perform essential bio-ecological roles assisting the host organism in adapting to its environmental niche and regulating interactions between species (Perez-Nadales et al., 2014; Scharf et al., 2014). Previously, plant biologists paid little attention to these chemical molecules because they were formerly assumed to be physiologically unimportant. On the other side, organic chemists have studied their chemical structures and characteristics intensively since the 1850s and have a different point of view. It has been suggested that SMs play an active and critical role in possible defensive mechanisms, particularly chemical warfare between plants and pathogens (Croteau et al., 2000).

These molecules have also been identified in plants as herbivore repellents, pollinator attractants, allelopathic agents, toxicity protection, UV-light shielding, and signal transduction. Diverse fungal bioactive secondary metabolites include phytotoxins (SMs secreted by phytopathogenic fungi that attack plants), mycotoxins (SMs produced by fungi that invade crops and cause toxins in humans and other animals), pigments (colored substances with antioxidant properties), and antibiotics (natural products capable of inhibiting or killing microbial competitors) (Demain and Fang, 2000; Keller et al., 2005; Chiang et al., 2009). Additionally, these metabolites play a crucial role in mediating fungal activity, such as sporulation and hyphal extension, while others target plant development and metabolism (Keller et al., 2005). Through this review, we shed light on several topics showing fungal-plant associations and summarize the hidden power of their secondary metabolites to achieve sustainable economic food production under resecure environmental resources.



2.  Plant secondary metabolites.


2.1.  Hormone production and plant resistance.

Plant secondary metabolites are categorized into three groups based on the biosynthetic pathways they are derived from: (1) flavonoids and phenolic compounds, (2) N- containing alkaloids, and (3) terpenoids. These metabolites are essential for plant fitness and survival via signaling hormones and attractive substances for pollinators and seed development that modulate plant growth (Wink, 2003). A recent study by (Bean et al., 2022) argued that the cytokinins generated by plant symbiotic Trichoderma strains might be exploited to stimulate plant development, affecting the symbiotic fungi’s colonization strategy and regulating the host plant’s phytohormone for improved plant resistance to diseases. In addition, a plant-fungus interaction system was created to study the role of auxin in controlling the growth and maturation of Arabidopsis (Arabidopsis thaliana) seedlings concerning infection with Trichoderma virens and Trichoderma atroviride (Contreras-Cornejo et al., 2009). Another study (Contreras-Cornejo et al., 2015b) measured stomatal aperture and excess water in leaves of Arabidopsis wild-type (WT) seedlings and ABA-insensitive mutants, abi1-1 and abi2-1, inoculated with T. virens or T. atroviride. Compared to untreated seedlings, inoculated Arabidopsis WT seedlings had lower stomatal aperture and water loss. T. atroviride is thought to modify root-system architecture by altering mitogen-activated protein kinase 6 activity and ethylene and auxin action (Contreras-Cornejo et al., 2015b).

Phytohormones such as ethylene (ET) (Soanes et al., 2002), salicylic acid (SA) (Janda and Ruelland, 2015), jasmonic acid (JA) (Wasternack, 2007; Quirino et al., 2010), and abscisic acid (ABA) (Hauser et al., 2011; Contreras-Cornejo et al., 2015a; Contreras-Cornejo et al., 2015b) aid in plant growth, and control fungal invasion and insect attacks. Moreover, these regulators (e.g., SA) are essential for plant health survival under phytopathogenic attacks, which involve systemic acquired resistance (SAR) and induced systemic resistance (ISR) (Janda and Ruelland, 2015). In addition, JA stimulates plant protection against a wide range of plant pathogens and pests (Kunkel et al., 1993), but is downregulated by biotic stress (Kilaru et al., 2007; Tamaoki et al., 2013) (Figure 1). Minor metabolites (e.g., methyl salicylate, pipecolic acid, abietane diterpenoid dehydroabietic, and a glycerol-3-phosphate-dependent factor) have emerged as inducers during the initiation of SAR. These components have been linked to prime SAR activation under biotic exposure (Ryals et al., 1996; Shah et al., 2014). ISR is another defensive strategy defined by activating pathogenesis-related (PR) genes responsible for the secretion of certain defense enzymes. These defensive proteins reduce cell damage caused by free radicals and protect the plant cell wall against destructive fungal diseases (Mwaniki et al., 2005; Yao and Tian, 2005; Reise and Waller, 2009; Derksen et al., 2013).

Furthermore, ISR is related to methyl jasmonate (MeJA) inducible cell wall biosynthesis and lignification (Cheong and Choi, 2003; Yang et al., 2022). In addition, IAA, the primary auxin in higher plants, significantly influences plant developmental stages when in the form of free IAA, compared to IAA conjugates which were primarily ineffective (Zhao, 2010). For example, IAA stimulates the development of expansins, proteins that promote cell wall loosening. As a result, the host is more susceptible to different pathogen invasions. Hemibiotrophic or necrotrophic fungi synthesize IAA and can regulate plant growth to provide nutrition for fungal development and colonization, disrupting plant defensive responses such as programmed cell death (PCD) (Ludwig-Müller, 2015). Studies by Tanaka et al. (2011) and Li et al. (2013) have observed that the pathogen Magnaporthe oryzae can release IAA at the site of hyphal infection. In turn, this also stimulates the host to synthesize endogenous IAA at these sites. However, it remains unclear how M. oryzae induces host IAA production at the molecular level (Tanaka et al., 2011; Li et al., 2013).



2.2.  Antifungal metabolites from plants.

Antifungal compounds secreted from host plants are categorized into two potential defense groups: The first is called phytoanticipins, and are constitutively synthesized in healthy plants under natural conditions. For instance, Hebe cupressoides and blackcurrant (Ribes nigrum) produce the phytoanticipin flavanone sakuranetin (Atkinson and Blakeman, 1982) in the leaves of rice (Oryza sativa) (Kodama et al., 1992; Perry and Foster, 1994). The second group is synthesized de novo in response to biotic (pathogens) or abiotic stressors (e.g., salinization, drought, and heavy metal ion exposure). These SMs may be generated in one organ while being constitutively utilized in another. For example, phytocassanes, a type of phytoanticipin, include flavonoids and phenolics (e.g., coumarins and lignans) (Crozier et al., 2008). The leaves and skin of fruits contain an abundant source of these chemicals. Their precursors play a crucial role in protecting plants under biotic conditions and stimulating nodule formation for biological nitrogen-fixing (Crozier et al., 2006). Phenolic components are plant substances of the phosphate and phenylpropanoid pathways. These materials interact with membrane proteins, causing structural and functional deformation and modifying microbial cell permeability (Küçük et al., 2007). These changes affect membrane dysfunction and subsequent disruption through different methods: (1) interference with the cell energy (ATP), (2) inhibition of the enzyme activity, and (3) prevention of energy consumption (De Oliveira et al., 2011). Plant hosts inhibit pathogen proliferation by secreting different antimicrobial compounds, such as saponins (e.g., Avenacin). For instance, the tomato saponin, tomatine, stimulates phosphotyrosine kinase and monomeric G-protein signaling pathways in F. oxysporum cells, resulting in elevated Ca2+ and reactive oxygen species (ROS) burst via cell membrane binding, causing cell component leakage (Ito et al., 2007). In addition, maize plants infected with Fusarium graminearum demonstrated higher levels of sesquiterpenoid phytoalexins and zealexins. Notably, zealexin displayed antifungal efficacy against numerous phytopathogenic fungi (F. graminearum, A. flavus, Rhizopus microsporus) (Huffaker et al., 2011). Plant species generate specific saponins against different phytopathogenic fungi (Osbourn, 1996). Generally, mutualistic or pathogenic interactions between fungi and plants involve the simultaneous molecular signals generated from the interacting species (Pusztahelyi et al., 2015). Recent studies have shown that the Neofusicoccum genus comprises 50 species naturally associated with plants worldwide. Still, many Neofusicoccum species belonging to the Botryosphaeriaceae and Botryosphaeriales families cause diverse grapevine diseases, such as leaf spots, fruit rots, shoot dieback, and vascular discoloration of the wood. Furthermore, diverse SMs were identified from the Neofusicoccum species N. botryoisocoumarin A, and N. botryosphaerones that cause fruit ripe rot harvest disease. Of these, the SM isosclerone, is likely related to both fungal pathogenicity and virulence (Salvatore and Andolfi, 2021). In addition, some SM gene clusters are expressed in the host plant, and others are not. For instance, when Fusarium fujikuroi infects another plant, its ability to transcribe fusaric acid biosynthesis (FUB) 1, which codes a polyketide synthase (PKS) involved in manufacturing the fusaric acid toxin, is inhibited (Niehaus et al., 2014). Thus, it is challenging to predict how SMs will contribute to pathogenesis. For example, the pathogenesis of Pyricularia oryzae, which cause rice blast disease, is dependent on the accumulation of fungal melanin as an SM. However, tenuazonic acid, a hybrid non-ribosomal peptide synthetase (NRP)/PKS mycotoxin, nectriapyrones, phytotoxic polyketide compounds, and pyriculols do not play significant roles (Motoyama et al., 2021). Many fungal SM clusters cannot be created in a laboratory setting due to the inability to replicate the specific environmental conditions that typically induce synthesis in nature. Still, their functions can be investigated by selectively activating them. Because specific plant SMs can be hazardous to the producer, the accumulation of these substances is controlled in suitable compartments andoften accumulate in lesser amounts than primary metabolites (Dewick, 2002). Nevertheless, in specific tissues, they can accumulate to greater concentrations (Takanashi et al., 2012).



2.3.  Metabolites in plant mutualistic interactions.

Plants actively influence microbial populations that occupy their surfaces or colonize their internal structures (Bednarek et al., 2010). Host plants exude various substances to communicate with the microbial community. A well-studied example is a release of root exudates (e.g., phenolics, amino acids, terpenoids, and sugars) by the host to communicate with rhizosphere microbial species (e.g., arbuscular mycorrhiza (AM)) (Baetz and Martinoia, 2014). The relative abundance of these chemicals varies according to plant species, genotypes, developmental stages, and environmental conditions (Korenblum et al., 2020). Plant secondary metabolites (PSMs) are divided into non-volatile chemicals and volatile organic molecules (VOCs). These components are secreted via plant roots (root exudates) into the rhizospheric zone, actively using ATP as an energy source or passively through diffusion. Root components that influence plant microbiome signal interactions in the rhizosphere are becoming more widely understood (Sasse et al., 2018; Yuan et al., 2018; Williams and de Vries, 2020). Interestingly, it has been suggested that various rhizodeposits may affect the rhizosphere microbiome community (Pascale et al., 2020) and that some root exudates influence the microbiome assembly prior to microbial root surface interactions (Sasse et al., 2018). In addition, coumarin, triterpenes, flavonoid, benzoxazinoid, and phytohormones are secondary metabolites that impact both the growth and inhibition of specific rhizospheric microbes (Jia et al., 2016; Holmer et al., 2017; Hu et al., 2018; Voges et al., 2019). These findings will aid in elucidating how natural habitat diversity, crop genetic variation, and plant introduction between locales may manipulate plant microbiome recruitment via root exudates (Pang et al., 2021). For example, the legume plant soybean (Glycine max) has been investigated for its mutualistic connections with an arbuscular mycorrhizal fungus, which releases a variety of metabolites into the soil (e.g., saponins) (Sugiyama, 2019). Flavanones (such as strigolactones) are signal molecules for soybean-arbuscular mycorrhizal fungi symbioses which can boost ectomycorrhizal fungal growth and improve AM fungi colonization. In addition, flavanones have been shown to stimulate ectomycorrhizal fungal spore germination in the genera Pisolithus and Suillus, as well as induce synthesis of symbiotic effector protein in the mushroom Laccaria bicolor (Garcia et al., 2015; Pei et al., 2020). In line with these findings, the suppression of flavonoid and phenylpropanoid secretion inhibits endophyte and ectomycorrhizal colonization of the maize and poplar tree root system, respectively (Alam et al., 2021).




3.  Phytopathogenic fungi.

Interactions between plants and fungi are complex and elicit many molecular reactions. For example, fungal penetration and infection process often requires several key steps to develop the disease: host-pathogen contact, release of phytotoxins, and cell wall degrading enzymes (CWDEs) for host tissue penetration, initial lesion development in host tissue, lesion enlargement, then eventually, the death of the vulnerable plant (Laluk and Mengiste, 2010). However, the cuticle-covered plant cell wall is the primary line of protection against pathogen invasion. To overcome this barrier, the pathogen must penetrate the plant by either directly penetrating the plant via hydrolytic enzyme secretion or indirectly through natural openings such as stomata or physical wounds (Ghozlan et al., 2020).

Meanwhile, incompatible interactions and susceptible plants may initiate various defense signals but similar gene expression patterns. Interestingly, the period required to alter the transcriptome was observed to generate the most variation, whereby defense gene activation required more time in response to a compatible interaction than an incompatible interaction (Li et al., 2006). The ability to generate a phytotoxin to prevent the growth of plants correlates with pathogenicity in various fungal infections. Toxins produced by fungi are either host-selective (HSTs) or non-host-selective (NHSTs). HSTs are often active only against host plants, have a distinct mechanism of action, and are poisonous to the host. Therefore, HST synthesis is critical for the virulence of these fungi (Horbach et al., 2011). HST toxins are chemically varied, ranging from low-molecular-weight molecules to cyclic peptides. The polypeptides required to create HSTs are derived from genes found on a conditionally dispensable chromosome that regulates host-specific pathogenicity (Hatta et al., 2002). The process of host-selective pathogenesis via HSTs is well recognized, and around 20 HSTs have been identified. While the earliest stages of the disease do not differ significantly between necrotrophs, hemibiotrophic, and obligate biotrophic fungi, diverse techniques for acquiring nutrients are employed. For example, necrotrophic fungi have a more comprehensive host range than biotrophic fungi (Ghozlan et al., 2020).


3.1.  Biotrophic fungi.

Biotrophic plant fungi are one of the significant causes of crop losses. Successful pathogenesis requires the formation of specialized structures surrounding the host plant plasma membrane, such as haustoria and intracellular hyphae, to facilitate attachment, host recognition, penetration, and proliferation. The regulation of fungal gene expression can interfere with haustorium and hyphae formation, preventing them from forming and reducing overall pathogenicity (Kahmann and Basse, 2001). In addition, biotrophic fungi have evolved a limited secretory activity, particularly of lytic enzymes. Furthermore, carbohydrate-rich and protein-containing interfacial layers separate fungal and plant plasma membranes, resulting in long-term suppression of host defense. Finally, haustoria are used for nutrient absorption and metabolism. Biotrophic fungi have numerous strategies for protecting their effectors from plant receptor molecules.

Once a fungal effector has evaded the mechanism of plant defense, the plant can no longer prevent further infection. Subsequently, the host reduces the production of defense signaling molecules like salicylic acid (Mendgen and Hahn, 2002). In addition, plants use two main strategies to restrict the invasion and growth of biotrophic fungal pathogens: penetration resistance and programmed cell death (PCD)-mediated resistance. The host plant strengthens cell walls and membranes to suppress spore germination and prevent haustorium formation through penetration resistance. In addition, a second resistance mechanism is activated to terminate the nutrient supply of the penetrated epidermal cell, which inhibits fungal growth and induces programmed cell death (Gebrie, 2016).

Moreover, immune defenses induced by biotrophic pathogens involve the accumulation of antimicrobial metabolites and local cell death conferred by a hypersensitive response (Toruño et al., 2016). Plant pathogens use effectors to inhibit immune responses (Toruño et al., 2016). While specific effectors have evolved to circumvent immunological identification by the plant, others defend the fungus from plant-derived apoplastic defensive strategies or modify intracellular plant responses (De Jonge et al., 2010; Marshall et al., 2011; Hemetsberger et al., 2012; Tanaka et al., 2014). Plant defenses are frequently not unique to a particular pathogen but target a broad spectrum of microorganisms. As a result, various pathogens have developed effectors that target the same defensive responses independently from one another (Ökmen and Doehlemann, 2014). In contrast, suppressing defense-related host responses by one pathogen may encourage subsequent infections by other pathogens (Abdullah et al., 2017).

Biotrophic fungi and their respective metabolism have been investigated chiefly on nonobligate biotrophs such as Cladosporium fulvum (Thomma et al., 2005), Mycosphaerella graminicola (Palmer and Skinner, 2002; Deller et al., 2011), and Magnaporthe grisea (Talbot, 2003). Biotrophs generate haustoria for nutrition absorption, prevent the induction of host defense, and alter the host plant metabolism (Panstruga, 2003; Biemelt and Sonnewald, 2006). Little is known about obligatory biotrophs, such as powdery mildews or rust fungi (Duplessis et al., 2011). Species derived from M. grisea cause disease in at least 50 grass and sedge plant hosts, including maize, rice, rye, wheat, barley, oats, finger millet, perennial ryegrass, weed, and ornamental grasses (Couch and Kohn, 2002). Within the species complex, M. oryzae (previously known as M. grisea) isolates form the pathotype Oryza, which causes rice blast disease. M. oryzae infections typically lose 10-30% of rice production annually. This fungus affects all aerial portions of rice, causing leaf blast, collar rot, neck and panicle rot, and node blast (Skamnioti and Gurr, 2009). Analysis of the rice transcriptome infected with M. oryzae indicated that host phytoalexins were highly expressed, suggesting their vital role in response to the pathogen attack. Different gene expression patterns against compatible and incompatible fungal strains have also been observed, suggesting more substantial implications against incompatible interactions. For example, several rice genes have demonstrated roles in the biosynthesis of certain phytocassane: OsCPS2 and OsKSL7 in the biosynthesis of phytocassane A-E, and, OsCPS4 and OsKSL4, in the biosynthesis of momilactone A and B, of which showed incompatible upregulation. Furthermore, two days following inoculation, resistant plants accumulated more phytoalexins in a shorter period than susceptible plants (Hasegawa et al., 2010). Nonetheless, significant phytoalexin gene induction was detected in the incompatible interaction compared to gene expressions in the compatible interaction in the same rice cultivar at the beginning of the infection phase (Kawahara et al., 2012).



3.2.  Special metabolites of biotrophic phytopathogens.

Although the mechanistic understanding of the obligate biotrophic filamentous pathogenic effectors remains understudied, numerous facultative biotrophs and necrotrophs have been functionally described. Moreover, insufficient genetic transformation and gene deletion tools available to perform reverse genetics in obligate biotrophs are significant factors in this knowledge gap (Ökmen et al., 2021). Various methodologies are used to characterize the functional properties of obligatory biotrophic pathogen effectors. One such approach is the heterologous expression of pathogenic effectors in plants (Germain et al., 2018; Xu et al., 2020). However, heterologous expression of specific effectors in planta can cause significant pleiotropic abnormalities that compromise symptom assessment. For example, the type III secretion system (T3SS) of Pseudomonas syringae and Pseudomonas fluorescens or Pseudomonas atropurpurea is employed in another approach for functional evaluation of numerous intracellular effectors from obligate biotrophs, such as rusts and powdery mildews. The growth of Pseudomonas spp. transformants that transport the required effectors into the host cell during infection positively contribute to virulence (Upadhyaya et al., 2014; Ramachandran et al., 2017; Montenegro Alonso et al., 2020).

Although the T3SS system transports effectors into host plant cells, it is unclear whether fungal effectors, which function in the apoplast and are essential for haustorium development, play a role in host colonization (Ökmen et al., 2021). Furthermore, several biotrophic pathogen effectors decrease PAMP-triggered immunity (PTI) and enhance disease establishment. Because PAMPs from bacterial and fungal pathogens differ due to phylogenetic distance, PTI responses elicited by Pseudomonas spp. cannot be well-evaded by pathogen effectors unless the signaling pathways that lead to PTI are conserved (Ökmen et al., 2021). In addition, a host-induced gene silencing (HIGS) test was established to assess the virulence function of obligatory biotroph effector genes during host colonization (Yin and Hulbert, 2018; Yang et al., 2020). However, the requirements for stable transgenic host lines of HIGS constructs make this technique time-consuming (Ökmen et al., 2021).

Chemical signals are required for M. grisea appressorium development. The appressorium of M. grisea adheres tightly to the host surface by synthesizing an appressorial glue made of glycoproteins, neutral lipids, and glycolipids (Gilbert et al., 1996). The nontoxic plant metabolite zosteric acid binds water and improves the surface’s hydrophilicity, reducing the appressorial glue’s binding ability. Zosteric acid prevents M. grisea spore adherence and infection capability on artificial hydrophobic surfaces and plant leaves (Todd et al., 1993; Stanley et al., 2002). Two effective inducers of germination and appressorium development in M. grisea are 1,16-hexadecanedial and 1,16-hexadecanediol, derived from cutin monomers (Gilbert et al., 1996). In order to penetrate the rice cuticle, turgor pressure inside the appressorium increases up to 8MPa, resulting in several biochemical and morphogenetic changes (Howard et al., 1991). This unusually high pressure and mechanical penetration raised questions about the role of secreted fungal cell wall-degrading enzymes in the initial stages of natural host invasion (Howard and Valent, 1996). In addition, a thick melanin layer was observed to be deposited outside the cell wall of M. griseato to achieve the observed high turgor pressure. Several natural substances reduced melanin synthesis safely to prevent dangerously high pressure, likely by targeting the same sites. These include coumarin (phenolic substances), a typical plant SM, scytalol D synthesized by Scytalidium spp., and the lipid biosynthesis inhibitor cerulenin (Wheeler and Bell, 1988; Thines et al., 1995), initially derived from an isolate known as Cephalosporium caerulens, related to the phytopathogenic fungus Sarocladium oryzae found in rice (Bills et al., 2004).




4.  Fungal secondary metabolites.

Research has begun to uncover the function of secondary metabolites from fungi, including polyketides, terpenes, and nonribosomal peptides (Boruta, 2018). Although these secondary metabolites have no direct role in growth, development, reproduction, or energy production, there is some indication of a positive role in regulating host survival in different ecological niches. For example, most secondary metabolites exhibit biological activity, encouraging efforts to produce new drugs (Uzuner et al., 2012). Penicillin is the first antibiotic with a broad spectrum of activity, the most well-known secondary metabolite of a fungal origin. The discovery of penicillin altered medical practices, redirected pharmaceutical research and undoubtedly saved many lives during World War II. The source of this antibiotic was isolated from the fungus Penicillium notatum, by Alexander Fleming. This discovery marked a significant advancement in medicine and science for treating bacterial illnesses (Bennett and Chung, 2001). Inhibiting the growth of fungi and preventing systemic resistance mechanisms are often carried out by secondary metabolites found in thousands of fungi (Keller et al., 2005). Terpenoids, polyketides, nonribosomal peptides, and compounds produced from shikimic acid make up the four major chemical categories of fungal secondary metabolites.

The microbial fermentation process is the most frequently utilized technique in microbial biotechnology. The primary industrial applications of this technology include the detection of secondary metabolites and the production of certain molecular products. In liquid-grown crops, fermentation occurs under submerged conditions (Kour et al., 2020). Solid-state conditions are one type of technology for cultivating microbial culture processes to generate bioactive compounds in agro-industrial settings. A vital feature of this technology is that fermentation occurs on a solid substrate with low moisture content (lowest limit: 12%). Since fungi can grow in lower water levels than bacteria, which need free water for fermentation, they are suitable for this culture method. Solid-state fermentation is a low-cost method based on organic materials like wood chips and agricultural waste. It has been employed for synthesizing both primary and secondary metabolites because of its advantages over submerged fermentation (Kellogg and Raja, 2017). The biological consequences of secondary metabolites, particularly their antibacterial activity, have recently become known. Alternaria alternata, Alternaria brassicicola, and Aspergillus fumigate have antifungal, antibacterial, anthelmintic, and anticancer activities. In addition, there are known uses for fungal secondary metabolites in many different industries, including agriculture. Population growth has resulted in a discernible rise in agricultural demand (Akone et al., 2016). A key concern is the increased demand for food crops to satisfy consumer demand. Using fungal secondary metabolites, which are aimed at improving the efficient growth of food crops, is one of many strategies to boost crop productivity. In addition, fungi and insects that aid in pests (such as aphids, beetles, and grasshoppers) and pathogen control are targeted by fungal secondary metabolites. Numerous reports have suggested that these secondary metabolites, which were screened from different fungal species, have agricultural uses (Almassi et al., 1991).

Throughout history, in both ancient and modern times, fungi have been widely employed in food and medicine. Alcohol, antibiotics, enzymes, chemical compounds, and medication can be produced from fungi. Thus, the use of fungi in the production of diverse proteins further emphasizes their importance. For example, fungi produce anticancer, antidiarrheal, antitumor, antihypertensive, and antimutagenic medications with a significant impact on the global growth of nutraceuticals and the functional food business. The fruiting body of the mushroom, its mycelium, and its extracts or concentrates have the potential to treat a wide range of human illnesses and are, therefore, recognized as functional foods. However, there are still numerous instances where the active principle must be discovered to comprehend the mechanism fully. Fungi produce various chemicals, from fundamental metabolites such as enzymes and citric acid to secondary metabolites like antibiotics and alkaloids. The five fungal secondary metabolic pathways include polysaccharides, amino acids, the polyketide pathway, the mevalonic acid pathway, and the shikimic acid pathway. Most of these components are employed as medicines (Shu, 2007). Some of these include the fungus Agaricus campestris to treat sinusitis, inflammation, and tuberculosis, Laricifomes officinalis as an herbal remedy to cure night sweats and diarrhea, andfinally Daedaleopsis flavida, which effectively treats jaundice by lowering bilirubin and biliverdin levels (Devi et al., 2020).


4.1.  Arbuscular mycorrhizal fungi.

It is well known that Arbuscular mycorrhizal fungi (AMF) increase the availability of nutrients and water uptake for host plants, resulting in 4-25% of their photosynthetic energy toward AMF roots (Wipf et al., 2019). As obligate biotrophs, AMF soil microorganisms cannot complete their life cycle without colonizing host plants. Sugar transport constitutes a key pillar for understanding this behavior. Both partners exert strict control over the flow of carbon produced during photosynthesis in plant leaves toward the root that AMF has infected. Starch was once considered a crucial component for AMF symbiosis (Berdeni et al., 2018; Chen M. et al., 2018), since sucrose is derived from the host and is broken into functional hexose forms for the fungal symbiont. Therefore, AMF exclusively consumes hexose from its host. However, due to differences in structure and activities, AMF components play diverse roles in hexose metabolism (Figure 1). For example, AMF extra radical  mycelium lacks the sucrose-cleaving capacity that is necessary for it to be able to digest hexoses and improves photosynthesis (Gupta et al., 2021). Phloem transports sucrose to the apoplast, where invertases and synthase break it down before being released into the cortical cell of the root system to be supplied to AM fungus (Wang et al., 2017).

Additionally, some studies indicate that AMF colonization increases alkaline invertase activity, making hexose accessible for AMF development. After being taken up by the fungus from the host plant, carbon is transferred to different radical mycelium to generate spore and hyphal growth. Signaling pathways play critical roles in environmental sensing, mating behaviors, morphogenesis, and host communication in plant pathogenic fungi. Ca2+ has a crucial role as a messenger molecule in the signaling process for various processes (Liao et al., 2018). Host constitutive defense includes chemical and physical barriers that prevent the majority of microorganisms from attaching to or entering the plants (Paludan et al., 2021). In plant-pathogen interactions, the first layer of induced defense is the pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI). Defense mechanisms are triggered when pathogen-derived chemicals or structures are recognized by plant pattern recognition receptors (PRRs), inducing PTI (Cavaco et al., 2021). Pathogens send effector proteins into host cells, where they disrupt defensive mechanisms to evade PTI. Plants recognize effectors via resistance (R) genes, resulting in effector-triggered immunity (ETI), which improves and accelerates the immune response. When one or more pathogen effectors successfully obstruct PTI responses, pathogens can infect susceptible hosts (ETS) (Thakur et al., 2019; Naveed et al., 2020). There are many changes between ETS and ETI due to the co-evolution of effectors in pathogens and corresponding R-genes in the host plants. This network of interconnected pathways frequently overlaps and results in a single phenotypic outcome (Abro et al., 2019). PTI and ETI are considered two separate and succeeding branches of plant immunity, but there are several situations where effectors are qualified to be categorized as PAMP effectors. Exogenous elicitors include the pathogen membrane or cell wall components, host enzymes, or the pathogen itself, recognized through the undermining of host defenses and/or the facilitation of nutrition intake (Thakur and Sohal, 2013; Meena et al., 2022). Endogenous elicitors are chemicals that originate from host plants and are often the outcome of damage caused by pathogen enzyme activity. Consequently, these PAMPs and damage-associated molecular patterns (DAMPs), synonymous with exogenous and endogenous elicitors, induce PTI. As discussed below, PAMPs can have various chemical structures, ranging from proteins to carbohydrates (Figure 1).




Figure 1 | 
A schematic diagram to show the different plant responses against pathogenic fungi in the absence and presence of Arbuscular mycorrhizal fungi (AMF) colonization. (A) Absence of root colonization by AMF causes more damage when compared to mycorrhizal plants due to the development of symptoms in response to necrotrophic and biotrophic pathogens. In addition, host plants with undeveloped root systems have a low ability to uptake nutrients from the soil, leading to plant death by the end. (B) A symbiotic relationship between plant roots and Arbuscular mycorrhizal fungi (AMF) significantly alters ecosystems and impacts plant production via plant growth promotion due to improved acquisition of mineral nutrients through the extensive AM fungal hyphal network (mycorrhizosphere) with a massive mycorrhizal network around the root system. Furthermore, host plants can thrive under various abiotic/biotic stresses (including drought, salt, herbivory, temperature, metals, and pathogens) due to the symbiotic localization of Arbuscular mycorrhizal fungi (AMF) via complex signal communications that increase the photosynthetic plant rate. Hence, the release of strigolactones (SLs) as part of the root exudates induces the branching of AMF hyphae to promote mycorrhization. Changes in the root exudate patterns induce changes in the soil microbial community, possibly by attracting antagonists of pathogens. In addition, there are various ways of AMF-induced biotic stress tolerance in plants via competition with soil pathogens and nutrients uptake, altered root exudates which support beneficial microbes and suppress phytopathogens in the rhizosphere, AMF colonized roots have little or no space for pathogen entry. Interestingly, a general reduction in the damage and incidence of disease caused by soilborne pathogens was noticed due to defense power from the priming of the plant. The role of the phytohormones (e.g., JA and ET) in the relationship between the host plant and its symbiotic fungi are well known. Phytohormones participate as signaling molecules and improve host plant ISR (Induced Systemic Resistance). In contrast, the development of necrotrophic pathogens in plant–fungal pathogen interaction signals is restricted due to the primed jasmonate-regulated plant defense mechanisms.






4.2.  Genetic background of the fungal SMs production.

Fungal SMs are typically generated from the activation of biosynthetic gene clusters (BGCs), comprised of synthases and/or synthetases (such as polyketide synthase, terpene synthase and/or cyclase, non-ribosomal synthase, and isocyanide synthase) that utilize primary metabolites as substrates to create carbon backbones, which are further modified by tailoring enzymes (Clevenger et al., 2017). Some BGCs contain cluster-specific transcription factors that positively control the activity of the other BGC genes and regulatory genes that encode proteins to reduce the toxicity of the BGC being produced. Certain enzymes massively polymerize primary metabolites during the formation of SMs to synthesize the backbone of the SM compound. Constituents are then added to change SM bioactivity. The enzymes responsible for backbone synthesis also determine the type of chemically generated SM formed (Monroy et al., 2017). For instance, non-ribosomal peptide synthetases (NRPSs) from acyl-CoAs make polyketides and terpene synthases. Cyclases manufacture terpenes from activated isoprene units and non-ribosomal peptides from amino acids, respectively. Caution should be exercised when assuming the sources of lipopeptides since the term is also used to describe compounds made from peptides produced by ribosomes coupled to fatty acids or isoprenoids. Many people refer to the PKS-NRPS-derived hybrid secondary metabolites as lipopeptides (Grgurina, 2002; Cochrane and Vederas, 2016). Since these small signal molecules influence bacterial-fungal interactions, the underlying mechanism beyond the regulation of antagonistic activity must be explored further. For example, Ralstonia solanacearum causes bacterial wilt in many plants that can also produce molecules such as ralstonins, isoquinolines, and lipopeptides. Contrastingly, these molecules are involved in the growth inhibition of the pathogen Aspergillus flavus by BGC downregulation (Khalid et al., 2018). It is suggested that these molecules affect microbial diversity, pathogenicity, and microbial survival.


4.2.1.  Environmental genes.

The environment strongly influences the developmental stage at which fungi begin to generate SMs. Environmentally-sensitive fungal genes can activate BGCs both transcriptionally and epigenetically (Hagiwara et al., 2017). The “one strain-many compounds” (OSMAC) strategy for mining metabolites reflects the long-withstanding concept of the significance of dietary input. For instance, early studies on aflatoxin formation uncovered that temperature and light could promote or delay the production of natural compounds (Cary et al., 2015). Numerous research teams have linked the production of fungus secondary metabolites to red and blue light photoreceptors and/or their associated signal transduction pathways. The aflatoxin and associated sterigmatocystin mycotoxin BGCs are a well-known cluster inhibited by white light (Nazari et al., 2016). Natural products like the polyketide dihydrotrichotetron can be controlled by known transcription factors like creA and/or cre1 genes. The Velvet complex component veA, the blue light receptor FphA, and the phytochrome FphA of the organism Aspergillus nidulans form a complex that has been used to explain the connection between light perception and the production of SMs (Kenne et al., 2018). The revelation that phytochrome FphA of A. nidulans connects with both blue light receptors and VeA, provides a molecular explanation for the relationship between light sensing and the generation of secondary metabolites (Larkin et al., 2018). The transcriptional responses of BGCs to altered environmental stress pathways, particularly oxidative stress, follow the theory that SMs, like aflatoxin, function as reactive oxygen species inhibitors (Zhao et al., 2017).



4.2.2.  Transcriptional regulation.

Up to 50% of fungal BGC promoters possess palindromic patterns recognized by a cluster-specific transcription factor, usually a C6-zinc cluster protein (Brown et al., 2015). A single BGC may occasionally contain many transcription factors binding sites. However, it is now known that various C6 transcription factors can regulate genes within BGCs and various metabolic pathways. This contrasts with the previous belief that C6 transcription factors exclusively control genes inside a single BGC. Numerous “broad-domain” transcription factors involve positive and negative regulation of many BGCs, such as the pH regulator PacC, the nitrogen regulator AreA, and the CAAX basic leucine zipper protein HapX47 (Amaike and Keller, 2009). The Velvet complex, however, is a vital transcriptional complex that influences the overall regulation of secondary metabolites in all fungal taxa examined up to this point (Pettit, 2011). Follow-up studies using microarray and RNA-seq to analyze cascades of regulators involved in the production of secondary metabolites have provided insight into how BGC is controlled. BrlA, a C2H2 transcription factor, is required to produce conidiophores by Aspergillus and Penicillium species. In addition, genetic, ecological, and mechanistic studies have provided irrefutable evidence that the fundamental building block of microbial communication is composed of fungal chemicals (Scherlach and Hertweck, 2018). The regulatory networks of secondary metabolites and the epigenome have been linked in numerous studies. For example, the sterigmatocystin BGC of A. nidulans contains methylation marks on histone H3 residues during the active growth phase but is silent during the early growth phase (Schüller et al., 2022). Although this study provides limited evidence that fungal SMs improve ecological fitness (Alam et al., 2021), further research is essential to confirm similar phenomena. Together, it is likely that many SM-encoding genes are controlled in a manner that is consistent with fungal growth or in response to biotic and abiotic stressors. Moreover,loss or overproduction of specific SMs can affect alter fungal development and the ability to interact with fungi of the same and/or other kingdoms (Kalinina et al., 2017).





5.  Do fungi have self-protection?.

In order to prevent self-harm from hazardous BGC products, BGCs can encode efflux transporters and cellular BGC intermediate transporters. (Kaaniche et al., 2019). Numerous fungi (e.g., Agaricus campestris) heal inflammation, sinusitis, and tuberculosis and have been used in traditional medicinal practices. Laricifomes officinalis, an herbal remedy, can treat diarrhea and night sweats (Saini et al., 2016). With all these therapeutic and physiological benefits, additional scientific proof is needed to support these results (Venkatesh and Keller, 2019). Mushrooms are highly valued in the food and pharmaceutical industries. They include more than simply fundamental chemicals, which might offer certain advantages. Maintaining the quality of mushrooms is difficult, though, because even small changes to their genetics, soil, moisture, temperature, and harvesting period can significantly impact the concentration of vital components.


5.1.  Manipulation of programmed cell death.

Programmed cell death (PCD) is apparent in all biological systems and present in most evolutionary lineages (Frank and Vince, 2019). The widespread presence of PCD is likely derived from an ancient origin or that it is a result of extensive evolution. In either scenario, PCD is crucial to the life histories of many species, including fungi (Ramsdale, 2008). Different types of cell death mechanisms can reveal the underlying variation in the cell biology of subject species. However, it is now understood that similar molecules to SMs play a crucial role in the induction of cell death in organisms such as bacteria, yeast, plants, worms, flies, and even humans (Carmona-Gutierrez et al., 2010). Numerous studies have focused on elucidating the relevance of similarly functioning molecules across these different organisms with the possibility of opening a new avenue of research to produce drugs to combat infectious diseases that affect plants and animals. The primary hallmarks of PCD reactions in animals are a series of morphological and biochemical abnormalities that are mediated by external (extrinsic) or internal (intrinsic) cell suicide programs (Green and Llambi, 2015).

Death signals in the intrinsic death pathway cause the release of mitochondrial proteins, which amplifies the caspase cascade (Tang et al., 2019; Kist and Vucic, 2021). Signals transmitted by death receptors that are a part of the tumor necrosis factor (TNF) receptor superfamily directly initiate the caspase cascades extrinsic route. Activating caspase-independent suicide pathways also include the movement of the apoptosis-inducing factor (AIF) from the mitochondrion to the nucleus. This presents another way stress can lead to cell death. DNA degradation and nuclear fragmentation, which are brought on by various nucleases, are typically linked to PCD. In addition, the loss of phospholipid asymmetry caused by phosphatidylserine moving to the plasma membrane outer leaflet is another feature of PCD. Many fungi now exhibit programmed cell death responses, although most research has concentrated on yeasts. Functional studies of yeast genes show some similarities at the molecular level between apoptosis in higher eukaryotes and apoptosis in fungi. This is primarily due to the discovery of caspase-like cysteine protease homologs (Bhattacharjee and Mishra, 2020). Since many known elements of higher plant and animal apoptosis have been identified in fungal genomes, it is predicted that the proteins responsible for fungal cell death will differ substantially from their mammalian counterparts to allow for pharmacological treatments (Camilli et al., 2021; Williams et al., 2021). The possibility that novel antifungal drugs and fungicides will be developed to eliminate infections by inducing fungal cell suicide rises with the finding of PCD responses in a model pathogenic fungus. Identifying the endogenous molecular switches that start fungal death is essential to achieving these objectives (Dyer, 2019).

The fundamental cellular similarities between pathogenic fungi and their hosts make it challenging to develop and administer effective antifungal/fungicide therapy. However, long-term use is not recommended because many antifungal medications are incredibly harmful (Jorgensen et al., 2017). Antifungal drugs currently concentrate on vital fungal cell surface activities, including plasma membrane or cell wall biogenesis. Various antifungal drug classes are currently available to treat clinical fungal infections. Fungicides are also often used to treat various plant diseases, targeting both general and specific fungal diseases (Pegorie et al., 2017). Two in particular, include sulfur-containing fungicides and strobilurins, which block the activity of the ubiquinol-cytochrome oxidoreductase of the cytochrome bc1 complex I. Finding new targets for antifungal therapy is crucial since pathogenic fungi routinely display dangerously high levels of resistance to conventional antifungal medications in clinical settings, especially those targeting the electron transport chain (Bongomin et al., 2017). Several variables, including the patient’s pharmacokinetics of medication and the state of their immune system, can influence the effectiveness of antifungal therapy. For example, resistance may emerge due to ineffective patient dosing, inadequate antifungal drug selection, or repetitive exposure (Naderer and Fulcher, 2018).

A decrease in ATP levels often accompanies cell death, although cell fate also depends on plasma membrane integrity and mitochondrial membrane potential (Gonçalves et al., 2019). Only a few environmental factors, such as acetic acid, hydrogen peroxide, and AmB, can cause C. Albicans to initiate a PCD response, characterized by the rapid emergence of several traditional apoptotic markers seen in mammalian cells. This includes a loss of cell viability when stained with dye propidium iodide, sustained oxygen consumption, and metabolic activity during cell death, and the production of ROS in apoptotic cells (Nguyen et al., 2018). The overexpression of plant defense molecules results in a hyperbranched phenotype or spiral hyphae production. Distinct hyphal branching patterns have long been linked to growth suppression.

Interestingly, proteins involved in the PCD response of filamentous fungi possess homologous more similar to those in the mammalian cell death pathway than in Saccharomyces cerevisiae. Additionally, some proteins linked to cell death in humans and filamentous fungi share a higher degree of similarity when compared to yeast and filamentous fungal species (Man et al., 2017). These two characteristics make filamentous fungi, particularly appealing to investigate PCD, in addition to the fact that many of them have been widely employed as model organisms for cell biology.



5.2.  Recognition of pathogenic substances necessary to initiate defense response.

An infection may be intracellular or extracellular, depending on the organism. Bacterial pathogens and other parasites can grow intracellularly or extracellularly; however, all viruses infect cells and do so intracellularly. The innate immune system must recognize the external pathogen or infected host cells to respond effectively (Ádám et al., 2018). The immune system continuously scans the organism for signals of infections. Host immune cells and/or molecules are dispatched to the location of infection when signs of a pathogen attack are detected. These immune factors can recognize the type of disease, promote clearing the disease or pathogen, and then turn off the immune response once the infection has been eradicated to prevent unnecessary harm to host cells. Secondary exposure to the same pathogen can result in the immune system utilizing these same immune factors to respond more effectively (Chen L. et al., 2018). Mobile immune sensing and focused immune systems are absent in plants. However, in response to the invasion of potentially phytopathogenic organisms, they can generate similar, long-lasting memory of the pathogen attack and activate efficient defense mechanisms of innate immunity. The plant defense system utilizes a range of immunological sensors in nearly every plant cell that may detect pathogens and initiate an immune response, as well as the ability of defense-related messages to travel long distances through the phloem (De Lorenzo et al., 2018). The innate immune system of plants detects the presence of potentially harmful organisms via the appearance of certain chemicals that act as warning signs. Pathogens or plants themselves may be the source of these chemicals. These chemicals are identified by immunological sensor receptors, which, when engaged, induce defensive signaling responses. Throughout their lifetime, plants interact with a variety of bacteria. These interactions can be advantageous or detrimental, leading to mutualistic or pathogenic linkages (Rodriguez-Moreno et al., 2018). Plants can alter their innate immune system to mount an appropriate response to various helpful and harmful germs by changing the mechanism triggered by the bacteria. Generally, plants can detect ‘non-host’-derived cells and molecules and stop microorganisms at the front line upon initial recognition. The effective plant immune system must clear infections that circumvent these primary barriers to prevent the spread of microbial invasion. Plants lack the somatic adaptive immune system and mobile defense cells in mammals. Instead, they rely on each cells ability to exert innate immunity, with sick cells capable of delivering systemic signals and plant cells with the capacity to recall previous infections. The first branch of defense uses plant cell-surface-anchored microbe, pathogen, or damage-associated molecular pattern recognition receptors (PRRs) to induce a variety of reactions, including MAMP-triggered immunity (MTI), PAMP-triggered immunity (PTI), and DAMP-triggered immunity (Sun et al., 2018). The second branch recognizes microbial effectors, the virulence factors that prevent MTI, and initiates effector-triggered immunity using resistance (R) proteins (ETI). When these immune responses are activated, a complex series of signaling events that block pathogen attacks are triggered. Each plant species has a natural ability to recognize, react to, and prevent other potential diseases (Walley et al., 2018). This concept has resulted in a plethora of research examining how plant signals promote the growth of diseases in various plants (Underwood, 2012). Studies on the gene expression of the hemibiotrophic fungus Colletotrichum higginsianum spores have shown the influence of host plant signals on early pathogen growth (Yan, et al., 2018).




6.  
.Trichoderma applications in the agricultural sector

Endophytic fungi are a particular class of microorganisms living in symbiotic/mutualistic relationships with plants without causing disease symptoms. These microbes have adapted to the surrounding environment through genetic biodiversity and eventually uptake the plant host DNA. During the process of evolution, plants migrated habitats from aquatic to terrestrial environments, which were impacted by high carbon dioxide, low soil nutrients, and temperature and water availability changes. Endophytes may cause significant and profound shifts in agricultural practices. Beneficial bacterial and fungal plant endophytes are used to boost growth, serve as biocontrols, suppress disease, and mediate stress tolerance as an eco-friendly strategy for agricultural management. This section presents how they are used in various agricultural contexts, focusing on members of the Trichoderma species (
Figure 2
). Since the 1960s, it has been recognized that Trichoderma species can attack other fungi (Klein and Eveleigh, 2002; Contreras-Cornejo et al., 2015).




Figure 2 | 
Schematic shows the fungal bioinoculants) applications in response to diverse stress conditions.




Additionally, researchers view Trichoderma as a possible biological control agent (Contreras-Cornejo et al., 2014; Sood et al., 2020; Ferreira and Musumeci, 2021; Poveda, 2021). Studies have suggested that Trichoderma spp. can aid in plant disease resistance, development, and growth (Benítez et al., 2004; Poveda et al., 2020). In addition, Trichoderma spp. has demonstrated the ability to detoxify harmful substances and speed the decomposition of organic matter. Trichoderma fungi inhabit the soil ecosystem and function as natural decomposers, resulting in their ability to promote growth, improve nutrient uptake efficiency, and ability to alter the rhizosphere. In addition to thriving unfavorable living conditions, Trichoderma spp. exhibit virulence trait against plant pathogens (Chaverri et al., 2015). Typically, biological control methods may have little impact on non-target species. However, this does not seem the case with Trichoderma spp., after having been classified as a hostile strain after incidences assaulting other pathogens and microorganisms (Podbielska et al., 2020).

Moreover, multiple investigations have shown unexpected impacts of Trichoderma species on soil microbial communities. As expected, the structure of the microbial population changes, which is consistent with findings from (Zin and Badaluddin, 2020). As stated by (Cai et al., 2013; Cai et al., 2021), Trichoderma spp. have distinct benefits over soil microbes. These fungi may also boost plant development by producing hormone-like compounds to the root and plant growth production. Finally, rapid plant growth promotes microbial populations by exuding vast amounts of root exudates and increasing nutrient availability for microbial use (Imran et al., 2020; Alghuthaymi et al., 2022).


Trichoderma endophytes are used as biological controls to prime plants against different abiotic stressors such as thermal fluctuation, salinity, low moisture conditions, and resistance to fungicides in soil treatments (Hewedy et al., 2020; Zin and Badaluddin, 2020). These characteristics make Trichoderma strong competitors, as they can produce siderophores that release chelated iron (Fe 3+) from the surrounding environment to prevent the growth of other fungi as a plant protection mechanism (
Figure 3
). Several molecules from Trichoderma, such as pyrones, peptaibols, and terpenes, are secreted as SMs, inhibiting the development of fungi that cause plant diseases. Moreover, fungal mycoparasitism includes locating the host, undergoing morphological changes such as coiling around the hyphal host, forming structures resembling appressoria, and finally penetrating and killing the host (Batool et al., 2020). In addition, these endophytes produce hydrolytic enzymes such as chitinases, glucanases, and proteases to break through the cell wall of the host plant. The synthesis of these enzymes is partially increased due to the induction of diffusible host-derived substances before physical contact with the host. Trichoderma spp. are often utilized biocontrol agents against a broad range of root, shoot, and postharvest diseases (Intana et al., 2021). Among roots, Trichoderma, is often observed along the root surface and underneath the outermost layer of root cells (Hu et al., 2017). The most common way to apply Trichoderma as a biocontrol is at sowing to establish the fungus in and on the plant’s roots. It has been observed that seed coating was an effective method for assuring the colonization of Trichoderma spp. on plant roots to protect against pathogens due to their aggressive action on phytopathogens (Gava and Pinto, 2016). For example, using Trichoderma species sustains soil health by controlling plant disease growth of pathogens such as Pythium arrhenomanes, Rhizoctonia solani, Fusarium oxysporum, Alternaria tenuis, and Botrytis cinerea. Trichoderma is an endophytic fungus commonly found on leaf tissue, roots, and sapwood and provides several advantages to its host (Cummings et al., 2016). This genus also plays a crucial role in protection against herbivorous arthropods, and critical functions for fungal metabolites in herbivory have also been described (Ramírez-Ordorica et al., 2022). Recently, (Contreras-Cornejo et al., 2018a) investigated how T. atroviride affected the ability of maize (Zea mays) to resist the insect herbivore Spodoptera frugiperda. Upon T. atroviride inoculation of maize, increased plant growth, decreased herbivory, and altered insect feeding patterns were noted. Increased volatile terpene emission and accumulation of jasmonic acid, which activates defense responses against herbivory, were associated with plant protection. Furthermore, a recent study by (Contreras-Cornejo et al., 2018b) showed that the fungus improved the natural mechanism of parasitism since larvae from maize plants with T. atroviride colonized roots were more strongly parasitized than larvae from non-inoculated plants. Another study by (Contreras-Cornejo et al., 2016) revealed that Trichoderma could promote systemic resistance and enhance plant nutrient intake in cooperation with plant roots.




Figure 3 | 
Conceptual representation of the phytoremediation of metal ions by fungal siderophores. The chemical structures of selected fungal siderophores (fusarinine C, ferrichrome A, coprogen, and rhodothorulic acid) and an example of a siderophore-metal complex (Fusarinine C-ferric complex).




Moreover, (Contreras-Cornejo et al., 2021a) demonstrated how T. harzianum inoculation could change the arthropod population associated with maize leaves and decrease the prevalence of particular pest insects in open-field conditions. Interestingly, (Contreras-Cornejo et al., 2018a; Contreras‐Cornejo et al., 2021b) introduced new details on the interactions between T. harzianum and P. vetula, two belowground multitrophic plants, microbes, and arthropods, in the maize rhizosphere that changed how the plant responded to phenotypically and led to the development of root herbivore tolerance. It was also observed that the production of antibiotics or siderophores from several Trichoderma secondary metabolites plays a vital role in controlling plant growth and development, as well influencing the growth of plant pathogenic microorganisms in the soil (Contreras-Cornejo et al., 2014; Contreras-Cornejo et al., 2020). Moreover, (Ramírez-Ordorica et al., 2022) revealed that an entomopathogen might have an ecological benefit in that it can accelerate the expansion of the insect population if it can create volatiles that provides olfactory stimulation of egg-laying activity.



7.  Fungal secondary metabolites-assisted phytoremediation.

Aside from assisting plants to cope with biotic/abiotic stresses and promoting their growth, fungal secondary metabolites and enzymes possess vital biological activities applicable to several research fields, including bioremediation and soil health (Hota et al., 2021; Bhadra et al., 2022). It is well known that plant-fungal interactions are dictated directly by soil health. Thus, soil bioremediation, a biological process to remediate environmental/soil pollutants, is essential to promote such interactions and enhance plant growth. The primary sources of pollutants are industrial effluents, sewage water, oil spills, fertilizers, and pesticides. When liberated into the soil, toxic compounds, including heavy metals and complex organic and inorganic compounds, are released, many of which have relatively long half-lives (Khan et al., 2021). Such contaminants represent a significant threat to soil health, leading to degradation and/or permanent destruction of soil and its ecosystem (Borowik et al., 2017; Ding et al., 2022). Soil contaminants may also leach with irrigation and rainwater into the lakes/groundwater, causing water contamination (Khan et al., 2021). Therefore, soil and water contamination has become a global issue that needs to be mitigated due to its direct detrimental effect on both environment and human health. Bioremediation is an emerging green biotechnology approach utilized to revert the contaminated environment to its original state using various biological systems (e.g., microbes, plants) (
Figure 3
) (Dubchak and Bondar, 2019). Phytoremediation is a subcategory of bioremediation in which plants are used to reduce the concentration or toxic effects of contaminants in the environment (Yaashikaa et al., 2022). Although phytoremediation using plants is a cost-efficient and environment-friendly process, elevated contaminants are toxic to plants and can lead to impaired metabolism, reduced plant growth, and slow degradation of soil pollutants (Deng and Cao, 2017; Dubchak and Bondar, 2019). The plant rhizosphere is a natural habitat for microorganisms, including fungi, bacteria, and algae. The microbial plant associations are essential for their host plants, significantly influencing the performance under harsh environments such as heavy metals and toxic compounds.

Both rhizospheric and endophytic microbiota participate in plant health by protecting against pathogenic microbes and improving their productivity. Furthermore, metal resistance and plant growth-promoting microbes are considered one the most efficient and ecologically friendly strategies. Mechanisms to chelate and sequester metals allow fungi to alleviate heavy metal stress. Fungi also play a vital role in element cycling and transforming organic and inorganic compounds and P rock solubility. Thus, fungal metal interactions potentially influence the bioremediation process via various metabolic pathways.

Several studies have shown the beneficial fungal interactions with different host plants, e.g., AMF, which support their host plant under heavy metal contamination (i.e., Cu, Cd, Ni, Zn, As, Hg, Pb, Fe, Mn, Co, and Al) by enhancing plant tolerance. Some studies summarized that AMF alleviates heavy metal stress by hindering its uptake by the host plant. For example, AMF decreased the heavy metal impact on Calendula officinalis (pot marigold) development by reducing the uptake of heavy metals (Cd and Pb) and enhancing the beneficial secondary metabolites compared to non-mycorrhizal plants. Similarly, Zn uptake and concentration were reduced in the tomato plants inoculated with mycorrhizal fungi. In addition, heavy metals enter the root cell via plasma membrane channels or transporter, impacting plant element distribution and nutrient acquisition via different situations, such as detoxification, translocation, and accumulation. Generally, heavy metals are taken up by the roots, located in both the epidermal cells and root hairs, and then translocated to the vascular tissues via apoplastic or symplastic pathways (Khalid et al., 2021; Ma et al., 2022). To improve the effectiveness of phytoremediation, endophytic microorganisms have been exploited for their potential to reduce contaminant toxicity to plants and enhance their growth and productivity. Microorganisms have developed several mechanisms to overcome soil metal toxicity, including metal reduction, reduced cell permeability, extracellular sequestration, biosorption, and complexation (Roskova et al., 2022). Their secondary metabolites, known as siderophores, have been shown to play a central role in pollutant elimination and phytoremediation. Siderophores are small molecular weight chelators produced by organisms (e.g., fungi, bacteria, plants) to scavenge Fe from their surrounding environment. Fungal siderophores are of the hydroxamate derived from the non-proteinogenic amino acid ornithine. These hydroxamate-type siderophores have been categorized into four groups based on their chemical structure – fusarinines, ferrichromes, coprogens, and rhodothorulic acid (
Figure 3
) (Rabani et al., 2022). Natural organic chelators are metal-binding compounds that comprise siderophores, organic acid anions, and biosurfactants. Both fungi and plants can release these compounds that scavenge metal ions from sorption sites. Besides their high affinity toward Fe3+, siderophores can bind various heavy metal ions, including Cu, Ni, Zn, Cd, Co, and Fe,. (Hofmann et al., 2020). These metals enter microbial cells mainly through diffusion, and their binding to siderophores reduces their concentration in the soil and restricts their release from the cell membrane. Moreover, after their chelation, metals can be sequestered through different extracellular mechanisms, such as biosorption and bioaccumulation (Roskova et al., 2022). Furthermore, by reducing the concentration of toxic metals in soil, siderophore-producing microbes positively contribute to the phytoremediation of toxic metal-polluted soils. Moreover, siderophores serve as redox-cycling compounds, i.e., mediate the synthesis of reactive oxygen species (ROS) and subsequently oxidize organic molecules. This indicates their potential role in the bioremediation of organic contaminants (Gu et al., 2018). In recent years, the potential of microbial siderophores in phytoremediation has gained increasing interest due to their strong affinity to form complexes with toxic metals and their ability to oxidize organic contaminants. The efficiency of phytoremediation may be improved through the inoculation of siderophore-producing microbes or the exogenous application of siderophores to the soil. Various studies reported bacterial siderophores-assisted bioremediation, which can be found elsewhere (Gu et al., 2018; Hazotte et al., 2018; Manzoor et al., 2019; David et al., 2021). However, a few studies highlighted the role of fungal siderophores in the bioremediation of soil contaminants. For example, (Khan et al., 2021) examined the use of the hydroxamate siderophore purified from A. nidulans in the bioaccumulation of Cd(II) in Bacillus subtilis. They observed increased siderophores-mediated bioaccumulation of Cd (II) by B. subtilis, which was siderophore dose-dependent. Here, the optimum siderophore concentration was 50 SU/ml, where higher concentrations negatively affected the B. subtilis growth due to the chelation of essential nutrients. A study by (Kumari et al., 2019) examined the use of the hydroxamate-type siderophore (ferricrocin) isolated from A. nidulans to reduce the adverse impact of arsenic under toxic conditions on Triticum aestivum growth. The formation of the thermodynamically stable ferricrocin–arsenate complex recovered plant growth and assisted in adjusting superoxide dismutase, catalase, and peroxidase activity of wheat while reducing damage caused by lipid peroxidation (Kumari et al., 2019). Trichoderma, Aspergillus, and AMF were found to enhance phytoremediation of lead (Pd) due to their high immobilizing affinity toward metals through biosorption, insoluble oxalate formation, and/or melanin-like polymer chelation (Schneider et al., 2016). In the study by Bhalerao and Puranik (2007), fungal isolates, Aspergillus niger, Aspergillus terreus, Trichoderma harzianum, Cladosporium oxysporum, Phanerochaetechrysosporium, Mucor thermohyalospora, and Fusarium ventricosum, were evaluated for their ability to degrade endosulfan. A. niger was the most tolerant to endosulfan. In addition, some of these fungal strains induced esterification, dehydrogenation, hydroxylation, and deoxygenation during the biotransformation process. Additionally, a few attempts exploited the application of white rot fungi for the bioremediation of organic contaminants. Compared to bacteria, these filamentous fungi provide a myriad of benefits due to their ability to oxide several chemicals and their tolerance to hazardous compounds (Kumar et al., 2022; Rabani et al., 2022). White rot fungi can secrete enzymes that can biotransform organic pollutants into non-/fewer toxic compounds. Interestingly, (Purnomo et al., 2014) investigated the utilization of a white rot fungus, Pleurotus ostreatus, in the biodegradation of heptachlor and heptachlor epoxide. They reported 89% and 32% degradation of these two pollutants after 28 days of incubation. Other studies showed that white rot fungi, including Phlebia acanthocystis, Phlebia brevispora, Phlebia aurea, and Trametes hirsuta were capable of degrading the organic contaminants dieldrin, aldrin diazinon, and endosulfan (Kamei et al., 2011; Xiao et al., 2011; Bisht et al., 2019). Thus, more studies are needed to investigate the various mechanisms involved in fungal-assisted bioremediation, the potential roles of fungal siderophores, and the effect of contaminants (e.g., toxic metals) on siderophores synthesis. Hence, phytoremediation is the most practicable action to decontaminate serious pollution areas by fungal plant associations to remove heavy metal accumulations, particularly in metal-polluted soils. In addition, the fungal phytoremediation process is a cost-effective and environmentally friendly (without any hazardous effects) technology. However, further research on mechanisms beyond the fungal metal bioremediation/immobilization is needed to employ their efficient use in phytoremediation practices and reduce the harmful impact of toxic metals.



8.  Conclusion remarks.

As the human population expands, food security and safety will become more threatening than ever before. For this reason, it has become imperative that research explore alternative methods to help adopt more sustainable practices to meet the needs of people worldwide. Here, an exciting new avenue for research has been reviewed: fungal secondary metabolites, their origin, biological roles, and current and future applications. Beneficial endophytes such as Trichoderma and other fungi are being used as biocontrols, and then circle back to the general knowledge of their having roles in enhancing SAR/ISR among mutualistic interactions with plants. Although this work targets SMs role in improving crop yield and growth during global climate change, it is also important to remember the pharmaceutical and industrial/economic contribution as outlined in (
Figure 2
). For example, antibiotics and their mass-scale production, as well as the synthesis of biofuels.

Additionally, increased production of cellular metabolites to protect plants from disease offers potential for application in biocontrol to reduce significantly synthetic pesticide use, representing an economical and eco-friendly way forward for agricultural sustainability. Besides, the fundamental knowledge governing plant-microbe interactions significantly increased crop yield and food supply. Secondary metabolites play a vital role in plant health by regulating the anti-pathogenic mechanisms in the host plants. Thus, understanding the pathway of SMs and their role in biological control strategies will be essential for improving crop yield and providing novel future green agriculture opportunities. Knowledge of genomic clustering and regulation of SM genes will yield new insight into the evolution of fungal pathogenesis and host defense.



Author contributions

Conceptualization  NAE, OH, AZ, DP; original draft,  NAE, OH, AM, OE, AZ , SH, and AE-T. Create and software figures, NAE, OH, AZ, and OE. Review and language editing, OH and AM. All authors approved the submitted version.




Funding

This research was supported by the Research Foundation for Ph.D. of the Chinese Scholarship Councilor (2018GBJ008534), the National Natural Science Foundation of China (32072398), and the Science and Technology Innovation Project of the Chinese Academy of Agricultural Sciences (ASTIP-02-IPP-15).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

 Abdullah, A. S., Moffat, C. S., Lopez-Ruiz, F. J., Gibberd, M. R., Hamblin, J., and Zerihun, A. (2017). Host–multi-pathogen warfare: pathogen interactions in co-infected plants. Front. Plant Sci. 8, 1806. doi: 10.3389/fpls.2017.01806


 Abro, M. A., Sun, X., Li, X., Jatoi, G. H., and Guo, L. D. (2019). Biocontrol potential of fungal endophytes against fusarium oxysporum f. sp. cucumerinum causing wilt in cucumber. Plant Pathol. J. 35 (6), 598–608. doi: 10.5423/PPJ.OA.05.2019.0129


 Ádám, A. L., Nagy, Z., Kátay, G., Mergenthaler, E., and Viczián, O. (2018). Signals of systemic immunity in plants: Progress and open questions. Int. J. Mol. Sci. 19 (4), 1146. doi: 10.3390/ijms19041146


 Akone, S. H., Mándi, A., Kurtán, T., Hartmann, R., Lin, W., Daletos, G., et al. (2016). Inducing secondary metabolite production by the endophytic fungus chaetomium sp. through fungal–bacterial co-culture and epigenetic modification. Tetrahedron 72 (41), 6340–6347. doi: 10.1016/j.tet.2016.08.022


 Alam, B., Lï, J., Gě, Q., Khan, M. A., Gōng, J., Mehmood, S., et al. (2021). Endophytic fungi: From symbiosis to secondary metabolite communications or vice versa? Front. Plant Sci. 12, 791033. doi: 10.3389/fpls.2021.791033


 Alghuthaymi, M., Abd-Elsalam, K., Abodalam, H., Ahmed, F., Ravichandran, M., Kalia, A., et al. (2022). Trichoderma: An eco-friendly source of nanomaterials for sustainable agroecosystems. J. Fungi 8, 367. doi: 10.3390/jof8040367


 Almassi, F., Ghisalberti, E. L., Narvey, M. J., and Sivasithamparam, K. (1991). New antibiotics from strains of Trichoderma harzianum
. J. Nat. Prod. 54 (2), 396–402. doi: 10.1021/np50074a008


 Amaike, S., and Keller, N. P. (2009). Distinct roles for VeA and LaeA in development and pathogenesis of aspergillus flavus. Eukaryot. Cell 8 (7), 1051–1060. doi: 10.1128/EC.00088-09


 Atkinson, P., and Blakeman, J. (1982). Seasonal occurrence of an antimicrobial flavanone, sakuranetin, associated with glands on leaves of ribes nigrum. New Phytol. 92 (1), 63–74. doi: 10.1111/j.1469-8137.1982.tb03363.x


 Baetz, U., and Martinoia, E. (2014). Root exudates: the hidden part of plant defense. Trends Plant Sci. 19 (2), 90–98. doi: 10.1016/j.tplants.2013.11.006


 Ballhorn, D. J., Kautz, S., Heil, M., and Hegeman, A. D. (2009). Cyanogenesis of wild lima bean (Phaseolus lunatus l.) is an efficient direct defence in nature. PloS One 4 (5), e5450. doi: 10.1371/journal.pone.0005450


 Batool, R., Umer, M. J., Wang, Y., He, K., Zhang, T., Bai, S., et al. (2020). Synergistic effect of beauveria bassiana and trichoderma asperellum to induce maize (Zea mays l.) defense against the Asian corn borer, ostrinia furnacalis (Lepidoptera, crambidae) and larval immune response. Int. J. Mol. Sci. 21 (21), 8215. doi: 10.3390/ijms21218215


 Bean, K. M., Kisiala, A. B., Morrison, E. N., and Emery, R. (2022). Trichoderma synthesizes cytokinins and alters cytokinin dynamics of inoculated arabidopsis seedlings. J. Plant Growth Regul. 41 (7), 2678–2694. doi: 10.1007/s00344-021-10466-4


 Bednarek, P., Kwon, C., and Schulze-Lefert, P. (2010). Not a peripheral issue: secretion in plant–microbe interactions. Curr. Opin. Plant Biol. 13 (4), 378–387. doi: 10.1016/j.pbi.2010.05.002


 Benítez, T., Rincón, A. M., Limón, M. C., and Codón, A. C. (2004). Biocontrol mechanisms of trichoderma strains. Int. Microbiol. 7 (4), 249–260.


 Bennett, J. W., and Chung, K.-T. (2001). “Alexander Fleming And the discovery of penicillin,” in Advances in applied microbiology, vol. 49. (Academic Press), 163–184. doi: 10.1016/s0065-2164(01)49013-7


 Berdeni, D., Cotton, T. E. A., Daniell, T. J., Bidartondo, M. I., Cameron, D. D., and Evans, K. L. (2018). The effects of arbuscular mycorrhizal fungal colonisation on nutrient status, growth, productivity, and canker resistance of apple (Malus pumila). Front. Microbiol. 9, 1461. doi: 10.3389/fmicb.2018.01461


 Bhadra, S., Chettri, D., and Kumar Verma, A. (2022). Biosurfactants: Secondary metabolites involved in the process of bioremediation and biofilm removal. Appl. Biochem. Biotechnol 17, 1–27. doi: 10.1007/s12010-022-03951-3


 Bhalerao, T. S., and Puranik, P. R. (2007). Biodegradation of organochlorine pesticide endosulfan by a fungal soil isolate Aspergillus niger. Int. Biodeterior. Biodegrad. 59, 315–321. doi: 10.1016/j.ibiod.2006.09.002


 Bhattacharjee, S., and Mishra, A. K. (2020). The tale of caspase homologues and their evolutionary outlook: deciphering programmed cell death in cyanobacteria. J. Exp. Bot. 71 (16), 4639–4657. doi: 10.1093/jxb/eraa213


 Biemelt, S., and Sonnewald, U. (2006). Plant–microbe interactions to probe regulation of plant carbon metabolism. J. Plant Physiol. 163 (3), 307–318. doi: 10.1016/j.jplph.2005.10.011


 Bills, G. F., Platas, G., and Gams, W. (2004). Conspecificity of the cerulenin and helvolic acid producing ‘Cephalosporium caerulens’, and the hypocrealean fungus sarocladium oryzae. Mycol. Res. 108 (11), 1291–1300. doi: 10.1017/S0953756204001297


 Bisht, J., Harsh, N. S. K., Palni, L. M. S., Agnihotri, V., and Kumar, A. (2019). Biodegradation of chlorinated organic pesticides endosulfan and chlorpyrifos in soil extract broth using fungi. Remediat. J. 29 (3), 63–77. doi: 10.1002/rem.21599


 Bongomin, F., Gago, S., Oladele, R. O., and Denning, D. W. (2017). Global and multi-national prevalence of fungal diseases-estimate precision. J. Fungi (Basel) 3 (4), 57. doi: 10.3390/jof3040057


 Borowik, A., Wyszkowska, J., and Oszust, K. (2017). Functional diversity of fungal communities in soil contaminated with diesel oil. Front. Microbiol. 8. doi: 10.3389/fmicb.2017.01862


 Boruta, T. (2018). Uncovering the repertoire of fungal secondary metabolites: From fleming's laboratory to the international space station. Bioengineered 9 (1), 12–16. doi: 10.1080/21655979.2017.1341022


 Brown, D. W., Lee, S. H., Kim, L. H., Ryu, J. G., Lee, S., Seo, Y., et al. (2015). Identification of a 12-gene fusaric acid biosynthetic gene cluster in fusarium species through comparative and functional genomics. Mol. Plant Microbe Interact. 28 (3), 319–332. doi: 10.1094/MPMI-09-14-0264-R


 Cai, F., Kubicek, C. P., and Druzhinina, I. S. (2021). Genetic transformation of trichoderma spp. Methods Mol. Biol. 2290, 171–185. doi: 10.1007/978-1-0716-1323-8_12


 Cai, F., Yu, G., Wang, P., Wei, Z., Fu, L., Shen, Q., et al. (2013). Harzianolide, a novel plant growth regulator and systemic resistance elicitor from trichoderma harzianum. Plant Physiol. Biochem. 73, 106–113. doi: 10.1016/j.plaphy.2013.08.011


 Camilli, G., Blagojevic, M., Naglik, J. R., and Richardson, J. P. (2021). Programmed cell death: Central player in fungal infections. Trends Cell Biol. 31 (3), 179–196. doi: 10.1016/j.tcb.2020.11.005


 Carmona-Gutierrez, D., Eisenberg, T., Büttner, S., Meisinger, C., Kroemer, G., and Madeo, F. (2010). Apoptosis in yeast: triggers, pathways, subroutines. Cell Death Differ. 17 (5), 763–773. doi: 10.1038/cdd.2009.219


 Cary, J. W., Han, Z., Yin, Y., Lohmar, J. M., Shantappa, S., Harris-Coward, P. Y., et al. (2015). Transcriptome analysis of aspergillus flavus reveals veA-dependent regulation of secondary metabolite gene clusters, including the novel aflavarin cluster. Eukaryot. Cell 14 (10), 983–997. doi: 10.1128/EC.00092-15


 Cavaco, A. R., Matos, A. R., and Figueiredo, A. (2021). Speaking the language of lipids: the cross-talk between plants and pathogens in defence and disease. Cell. Mol. Life Sci. 78 (9), 4399–4415. doi: 10.1007/s00018-021-03791-0


 Chandrasekaran, M. (2022). Arbuscular mycorrhizal fungi mediated enhanced biomass, root morphological traits and nutrient uptake under drought stress: A meta-analysis. J. Fungi 8 (7), 660. doi: 10.3390/jof8070660


 Chaverri, P., Branco-Rocha, F., Jaklitsch, W., Gazis, R., Degenkolb, T., and Samuels, G. J. (2015). Systematics of the trichoderma harzianum species complex and the re-identification of commercial biocontrol strains. Mycologia 107 (3), 558–590. doi: 10.3852/14-147


 Chen, M., Arato, M., Borghi, L., Nouri, E., and Reinhardt, D. (2018). Beneficial services of arbuscular mycorrhizal fungi - from ecology to application. Front. Plant Sci. 9, 1270.


 Chen, L., Deng, H., Cui, H., Fang, J., Zuo, Z., Deng, J., et al. (2018). Inflammatory responses and inflammation-associated diseases in organs. Oncotarget 9 (6), 7204–7218. doi: 10.18632/oncotarget.23208


 Cheong, J.-J., and Choi, Y. (2003). Methyl jasmonate as a vital substance in plants. Trends Genet. TIG 19, 409–413. doi: 10.1016/S0168-9525(03)00138-0


 Chiang, Y.-M., Szewczyk, E., Davidson, A. D., Keller, N., Oakley, B. R., and Wang, C. C. (2009). A gene cluster containing two fungal polyketide synthases encodes the biosynthetic pathway for a polyketide, asperfuranone, in aspergillus nidulans. J. Am. Chem. Soc. 131 (8), 2965–2970. doi: 10.1021/ja8088185


 Clevenger, K. D., Bok, J. W., Ye, R., Miley, G. P., Verdan, M. H., Velk, T., et al. (2017). A scalable platform to identify fungal secondary metabolites and their gene clusters. Nat. Chem. Biol. 13 (8), 895–901. doi: 10.1038/nchembio.2408


 Cochrane, S. A., and Vederas, J. C. (2016). Lipopeptides from bacillus and paenibacillus spp.: A gold mine of antibiotic candidates. Med. Res. Rev. 36 (1), 4–31. doi: 10.1002/med.21321


 Contreras-Cornejo, H. A., Macías-Rodríguez, L., del-Val, E., and Larsen, J. (2018a). The root endophytic fungus trichoderma atroviride induces foliar herbivory resistance in maize plants. Appl. Soil Ecol. 124, 45–53. doi: 10.1016/j.apsoil.2017.10.004


 Contreras-Cornejo, H. A., Del-Val, E., Macías-Rodríguez, L., Alarcón, A., González-Esquivel, C. E., and Larsen, J. (2018b). Trichoderma atroviride, a maize root associated fungus, increases the parasitism rate of the fall armyworm spodoptera frugiperda by its natural enemy campoletis sonorensis. Soil Biol. Biochem. 122, 196–202. doi: 10.1016/j.soilbio.2018.04.013


 Contreras-Cornejo, H. A., López-Bucio, J. S., Méndez-Bravo, A., Macías-Rodríguez, L., Ramos-Vega, M., Guevara-García, Á. A., et al. (2015a). Mitogen-activated protein kinase 6 and ethylene and auxin signaling pathways are involved in arabidopsis root-system architecture alterations by trichoderma atroviride. Mol. Plant-Microbe Interact. 28 (6), 701–710. doi: 10.1094/MPMI-01-15-0005-R


 Contreras-Cornejo, H. A., Macías-Rodríguez, L., Vergara, A. G., and López-Bucio, J. (2015b). Trichoderma modulates stomatal aperture and leaf transpiration through an abscisic acid-dependent mechanism in arabidopsis. J. Plant Growth Regul. 34 (2), 425–432. doi: 10.1007/s00344-014-9471-8


 Contreras-Cornejo, H. A., Macías-Rodríguez, L., Cortés-Penagos, C., and López-Bucio, J. (2009). Trichoderma virens, a plant beneficial fungus, enhances biomass production and promotes lateral root growth through an auxin-dependent mechanism in arabidopsis. Plant Physiol. 149 (3), 1579–1592. doi: 10.1104/pp.108.130369


 Contreras-Cornejo, H. A., Macías-Rodríguez, L., Del-Val, E., and Larsen, J. (2016). Ecological functions of trichoderma spp. and their secondary metabolites in the rhizosphere: interactions with plants. FEMS Microbiol. Ecol. 92 (4), fiw036. doi: 10.1093/femsec/fiw036


 Contreras-Cornejo, H. A., Macías-Rodríguez, L., del-Val, E., and Larsen, J. (2020). Interactions of trichoderma with plants, insects, and plant pathogen microorganisms: chemical and molecular bases. In:  J. M. Mérillon, and K. Ramawat Co-evol. Secondary Metabolites, (Cham: Springer) 69, 263–290. doi: 10.1007/978-3-319-96397-6_23


 Contreras-Cornejo, H. A., Macías-Rodríguez, L., Herrera-Estrella, A., and López-Bucio, J. (2014). The 4-phosphopantetheinyl transferase of trichoderma virens plays a role in plant protection against botrytis cinerea through volatile organic compound emission. Plant Soil 379 (1), 261–274. doi: 10.1007/s11104-014-2069-x


 Contreras-Cornejo, H. A., Viveros-Bremauntz, F., del-Val, E., Macías-Rodríguez, L., López-Carmona, D. A., Alarcón, A., et al. (2021a). Alterations of foliar arthropod communities in a maize agroecosystem induced by the root-associated fungus trichoderma harzianum. J. Pest Sci. 94 (2), 363–374. doi: 10.1007/s10340-020-01261-3


 Contreras-Cornejo, H. A., Macías-Rodríguez, L., Real-Santillán, R. O., López-Carmona, D., García-Gómez, G., Galicia-Gallardo, A. P., et al. (2021b). In a belowground multitrophic interaction, trichoderma harzianum induces maize root herbivore tolerance against phyllophaga vetula. Pest Manage. Sci. 77 (9), 3952–3963. doi: 10.1002/ps.6415


 Couch, B. C., and Kohn, L. M. (2002). A multilocus gene genealogy concordant with host preference indicates segregation of a new species, magnaporthe oryzae, from m. grisea. Mycologia 94 (4), 683–693. doi: 10.1080/15572536.2003.11833196


 Cozzolino, V., Monda, H., Savy, D., Di Meo, V., Vinci, G., and Smalla, K. (2021). Cooperation among phosphate-solubilizing bacteria, humic acids and arbuscular mycorrhizal fungi induces soil microbiome shifts and enhances plant nutrient uptake. Chem. Biol. Technol. Agric. 8 (1), 31. : doi: 10.1186/s40538-021-00230-x


 Croteau, R., Kutchan, T. M., and Lewis, N. G. (2000). Natural products (secondary metabolites). Biochem. Mol. Biol. Plants 24, 1250–1319.


 Crozier, A., Clifford, M. N., and Ashihara, H. (2008). Plant secondary metabolites: occurrence, structure and role in the human diet (Oxford: John Wiley & Sons), 372 p.


 Crozier, A., Jaganath, I. B., and Clifford, M. N. (2006). “Phenols, polyphenols and tannins: an overview,” in Plant secondary metabolites: Occurrence, structure and role in the human diet, (Blackwell publishing) vol. 1. , 1–25.


 Cummings, N. J., Ambrose, A., Braithwaite, M., Bissett, J., Roslan, H. A., Abdullah, J., et al. (2016). Diversity of root-endophytic trichoderma from Malaysian Borneo. Mycol. Prog. 15 (5), 50. doi: 10.1007/s11557-016-1192-x


 David, S. R., Jaouen, A., Ihiawakrim, D., and Geoffroy, V. A. (2021). Biodeterioration of asbestos cement by siderophore-producing pseudomonas. J. Hazard. Mater. 403, 123699. doi: 10.1016/j.jhazmat.2020.123699


 De Jonge, R., Peter van Esse, H., Kombrink, A., Shinya, T., Desaki, Y., Bours, R., et al. (2010). Conserved fungal LysM effector Ecp6 prevents chitin-triggered immunity in plants. science 329 (5994), 953–955. doi: 10.1126/science.1190859


 Deller, S., Hammond-Kosack, K. E., and Rudd, J. J. (2011). The complex interactions between host immunity and non-biotrophic fungal pathogens of wheat leaves. J. Plant Physiol. 168 (1), 63–71. doi: 10.1016/j.jplph.2010.05.024


 De Lorenzo, G., Ferrari, S., Cervone, F., and Okun, E. (2018). Extracellular DAMPs in plants and mammals: Immunity, tissue damage and repair. Trends Immunol. 39 (11), 937–950. doi: 10.1016/j.it.2018.09.006


 Demain, A. L., and Fang, A. (2000). The natural functions of secondary metabolites. Hist. Modern Biotechnol. I., 1–39. doi: 10.1007/3-540-44964-7_1


 Deng, Z., and Cao, L. (2017). Fungal endophytes and their interactions with plants in phytoremediation: A review. Chemosphere 168, 1100–1106. doi: 10.1016/j.chemosphere.2016.10.097


 De Oliveira, T. L. C., de Araújo Soares, R., Ramos, E. M., das Graças Cardoso, M., Alves, E., and Piccoli, R. H. (2011). Antimicrobial activity of satureja montana l. essential oil against clostridium perfringens type a inoculated in mortadella-type sausages formulated with different levels of sodium nitrite. Int. J. Food Microbiol. 144 (3), 546–555. doi: 10.1016/j.ijfoodmicro.2010.11.022


 Derksen, H., Rampitsch, C., and Daayf, F. (2013). Signaling cross-talk in plant disease resistance. Plant Sci. 207, 79–87. doi: 10.1016/j.plantsci.2013.03.004


 Devi, R., Kaur, T., Guleria, G., Rana, K. L., Kour, D., Yadav, N., et al. (2020). “Chapter 9 - fungal secondary metabolites and their biotechnological applications for human health,” in New and future developments in microbial biotechnology and bioengineering. Eds.  A. A. Rastegari, A. N. Yadav, and N. Yadav (Elsevier), 147–161. doi: 10.1016/B978-0-12-820528-0.00010-7


 Dewick, P. M. (2002). The biosynthesis of c 5–c 25 terpenoid compounds. Natural Prod. Rep. 19 (2), 181–222. doi: 10.1039/b002685i


 Ding, L., Huang, D., Ouyang, Z., and Guo, X. (2022). The effects of microplastics on soil ecosystem: A review. Curr. Opin. Environ. Sci. Health 26, 100344. doi: 10.1016/j.coesh.2022.100344


 Dubchak, S., and Bondar, O. (2019). “Bioremediation and phytoremediation: Best approach for rehabilitation of soils for future use,” in Remediation measures for radioactively contaminated areas. Eds.  D. K. Gupta, and A. Voronina (Cham: Springer International Publishing), 201–221.


 Duplessis, S., Cuomo, C. A., Lin, Y.-C., Aerts, A., Tisserant, E., Veneault-Fourrey, C., et al. (2011). Obligate biotrophy features unraveled by the genomic analysis of rust fungi. Proc. Natl. Acad. Sci. 108 (22), 9166–9171. doi: 10.1073/pnas.1019315108


 Dyer, P. S. (2019). Self/Non-self recognition: Microbes playing hard to get. Curr. Biol. 29 (18), R866–r868. doi: 10.1016/j.cub.2019.08.001


 Ferreira, F. V., and Musumeci, M. A. (2021). Trichoderma as biological control agent: scope and prospects to improve efficacy. World J. Microbiol. Biotechnol. 37 (5), 90. doi: 10.1007/s11274-021-03058-7


 Frank, D., and Vince, J. E. (2019). Pyroptosis versus necroptosis: similarities, differences, and crosstalk. Cell Death Differ. 26 (1), 99–114. doi: 10.1038/s41418-018-0212-6


 Garcia, K., Delaux, P. M., Cope, K. R., and Ané, J. M. (2015). Molecular signals required for the establishment and maintenance of ectomycorrhizal symbioses. New Phytol. 208 (1), 79–87. doi: 10.1111/nph.13423


 Gava, C. A. T., and Pinto, J. M. (2016). Biocontrol of melon wilt caused by fusarium oxysporum schlect f. sp. melonis using seed treatment with trichoderma spp. and liquid compost. Biol. Control 97, 13–20. doi: 10.1016/j.biocontrol.2016.02.010


 Gebrie, S. A. (2016). Biotrophic fungi infection and plant defense mechanism. J. Plant Pathol. Microbiol. 7 (378), 2. doi: 10.4172/2157-7471.1000378


 Germain, H., Joly, D. L., Mireault, C., Plourde, M. B., Letanneur, C., Stewart, D., et al. (2018). Infection assays in arabidopsis reveal candidate effectors from the poplar rust fungus that promote susceptibility to bacteria and oomycete pathogens. Mol. Plant Pathol. 19 (1), 191–200. doi: 10.1111/mpp.12514


 Ghozlan, M. H., Eman, E.-A., Tokgöz, S., Lakshman, D. K., and Mitra, A. (2020). Plant defense against necrotrophic pathogens. Am. J. Plant Sci. 11 (12), 2122–2138. doi: 10.4236/ajps.2020.1112149


 Gilbert, R. D., Johnson, A. M., and Dean, R. A. (1996). Chemical signals responsible for appressorium formation in the rice blast fungusMagnaporthe grisea. Physiol. Mol. Plant Pathol. 48 (5), 335–346. doi: 10.1006/pmpp.1996.0027


 Gonçalves, A. P., Heller, J., Span, E. A., Rosenfield, G., Do, H. P., Palma-Guerrero, J., et al. (2019). Allorecognition upon fungal cell-cell contact determines social cooperation and impacts the acquisition of multicellularity. Curr. Biol. 29 (18), 3006–3017.e3003. doi: 10.1016/j.cub.2019.07.060


 Green, D. R., and Llambi, F. (2015). Cell death signaling. Cold Spring Harb. Perspect. Biol. 7 (12), 9006080. doi: 10.1101/cshperspect.a006080


 Grgurina, I. (2002). “Lipopeptide secondary metabolites from the phytopathogenic bacterium pseudomonas syringae,” in Advances in microbial toxin research and its biotechnological exploitation. Ed.  R. K. Upadhyay (Boston, MA: Springer US), 105–140.


 Gupta, S., Thokchom, S. D., and Kapoor, R. (2021). Arbuscular mycorrhiza improves photosynthesis and restores alteration in sugar metabolism in triticum aestivum l. grown in arsenic contaminated soil. Front. Plant Sci. 12, 640379. doi: 10.3389/fpls.2021.640379


 Gu, C., Wang, J., Guo, M., Sui, M., Lu, H., and Liu, G. (2018). Extracellular degradation of tetrabromobisphenol a via biogenic reactive oxygen species by a marine pseudoalteromonas sp. Water Res. 142, 354–362. doi: 10.1016/j.watres.2018.06.012


 Hagiwara, D., Sakai, K., Suzuki, S., Umemura, M., Nogawa, T., Kato, N., et al. (2017). Temperature during conidiation affects stress tolerance, pigmentation, and trypacidin accumulation in the conidia of the airborne pathogen aspergillus fumigatus. PloS One 12 (5), e0177050. doi: 10.1371/journal.pone.0177050


 Hasegawa, M., Mitsuhara, I., Seo, S., Imai, T., Koga, J., Okada, K., et al. (2010). Phytoalexin accumulation in the interaction between rice and the blast fungus. Mol. Plant-Microbe Interact. 23 (8), 1000–1011. doi: 10.1094/MPMI-23-8-1000


 Hatta, R., Ito, K., Hosaki, Y., Tanaka, T., Tanaka, A., Yamamoto, M., et al. (2002). A conditionally dispensable chromosome controls host-specific pathogenicity in the fungal plant pathogen alternaria alternata. Genetics 161 (1), 59–70. doi: 10.1093/genetics/161.1.59


 Hauser, F., Waadt, R., and Schroeder, J. I. (2011). Evolution of abscisic acid synthesis and signaling mechanisms. Curr. Biol. 21 (9), R346–R355. doi: 10.1016/j.cub.2011.03.015


 Hazotte, A., Péron, O., Gaudin, P., Abdelouas, A., and Lebeau, T. (2018). Effect of pseudomonas fluorescens and pyoverdine on the phytoextraction of cesium by red clover in soil pots and hydroponics. Environ. Sci. pollut. Res. 25 (21), 20680–20690. doi: 10.1007/s11356-018-1974-6


 Heckman, D. S., Geiser, D. M., Eidell, B. R., Stauffer, R. L., Kardos, N. L., and Hedges, S. B. (2001). Molecular evidence for the early colonization of land by fungi and plants. science 293 (5532), 1129–1133. doi: 10.1126/science.1061457


 Hemetsberger, C., Herrberger, C., Zechmann, B., Hillmer, M., and Doehlemann, G. (2012). The ustilago maydis effector Pep1 suppresses plant immunity by inhibition of host peroxidase activity. PloS Pathog. 8 (5), e1002684. doi: 10.1371/journal.ppat.1002684


 Hewedy, O. A., Abdel Lateif, K. S., Seleiman, M. F., Shami, A., Albarakaty, F. M., and M. E., -.-R. (2020). Phylogenetic diversity of trichoderma strains and their antagonistic potential against soil-borne pathogens under stress conditions. Biol. (Basel) 9 (8), 189. doi: 10.3390/biology9080189


 Hofmann, M., Retamal-Morales, G., and Tischler, D. (2020). Metal binding ability of microbial natural metal chelators and potential applications. Natural Prod. Rep. 37 (9), 1262–1283. doi: 10.1039/C9NP00058E


 Holmer, R., Rutten, L., Kohlen, W., van Velzen, R., and Geurts, R. (2017). “Commonalities in symbiotic plant-microbe signalling,” in Advances in botanical research, vol. 82. (Elsevier), 187–221. doi: 10.1016/bs.abr.2016.11.003


 Horbach, R., Navarro-Quesada, A. R., Knogge, W., and Deising, H. B. (2011). When and how to kill a plant cell: infection strategies of plant pathogenic fungi. J. Plant Physiol. 168 (1), 51–62. doi: 10.1016/j.jplph.2010.06.014


 Hota, S., Sharma, G. K., Subrahmanyam, G., Kumar, A., Shabnam, A. A., Baruah, P., et al. (2021). “Fungal communities for bioremediation of contaminated soil for sustainable environments,” in Recent trends in mycological research: Volume 2: Environmental and industrial perspective. Ed.  A. N. Yadav (Cham: Springer International Publishing), 27–42.


 Howard, R. J., Ferrari, M. A., Roach, D. H., and Money, N. P. (1991). Penetration of hard substrates by a fungus employing enormous turgor pressures. Proc. Natl. Acad. Sci. 88 (24), 11281–11284. doi: 10.1073/pnas.88.24.11281


 Howard, R. J., and Valent, B. (1996). Breaking and entering: host penetration by the fungal rice blast pathogen magnaporthe grisea. Annu. Rev. Microbiol. 50, 491+. doi: 10.1146/annurev.micro.50.1.491


 Huffaker, A., Kaplan, F., Vaughan, M. M., Dafoe, N. J., Ni, X., Rocca, J. R., et al. (2011). Novel acidic sesquiterpenoids constitute a dominant class of pathogen-induced phytoalexins in maize. Plant Physiol. 156 (4), 2082–2097. doi: 10.1104/pp.111.179457


 Hu, M., Li, Q.-L., Yang, Y.-B., Liu, K., Miao, C.-P., Zhao, L.-X., et al. (2017). Koninginins r-s from the endophytic fungus trichoderma koningiopsis. Natural Prod. Res. 31 (7), 835–839. doi: 10.1080/14786419.2016.1250086


 Humphreys, C. P., Franks, P. J., Rees, M., Bidartondo, M. I., Leake, J. R., and Beerling, D. J. (2010). Mutualistic mycorrhiza-like symbiosis in the most ancient group of land plants. Nat. Commun. 1 (1), 1–7. doi: 10.1038/ncomms1105


 Hu, L., Robert, C. A., Cadot, S., Zhang, X., Ye, M., Li, B., et al. (2018). Root exudate metabolites drive plant-soil feedbacks on growth and defense by shaping the rhizosphere microbiota. Nat. Commun. 9 (1), 1–13. doi: 10.1038/s41467-018-05122-7


 Imran,, Amanullah, P., Arif, M., Shah, Z., and Bari, A. (2020). Soil application of trichoderma and peach (Prunus persica l.) residues possesses biocontrol potential for weeds and enhances growth and profitability of soybean (Glycine max). Sarhad J. Agric. 36, 10–20. doi: 10.17582/journal.sja/2020/36.1.10.20


 Intana, W., Kheawleng, S., and Sunpapao, A. (2021). Trichoderma asperellum T76-14 released volatile organic compounds against postharvest fruit rot in muskmelons (Cucumis melo) caused by fusarium incarnatum. J. Fungi (Basel) 7 (1), 46. doi: 10.3390/jof7010046


 Ito, S.-i., Ihara, T., Tamura, H., Tanaka, S., Ikeda, T., Kajihara, H., et al. (2007). α-tomatine, the major saponin in tomato, induces programmed cell death mediated by reactive oxygen species in the fungal pathogen fusarium oxysporum. FEBS Lett. 581 (17), 3217–3222. doi: 10.1016/j.febslet.2007.06.010


 Janda, M., and Ruelland, E. (2015). Magical mystery tour: Salicylic acid signalling. Environ. Exp. Bot. 114, 117–128. doi: 10.1016/j.envexpbot.2014.07.003


 Jia, M., Chen, L., Xin, H.-L., Zheng, C.-J., Rahman, K., Han, T., et al. (2016). A friendly relationship between endophytic fungi and medicinal plants: a systematic review. Front. Microbiol. 7, 906. doi: 10.3389/fmicb.2016.00906


 Jorgensen, I., Rayamajhi, M., and Miao, E. A. (2017). Programmed cell death as a defence against infection. Nat. Rev. Immunol. 17 (3), 151–164. doi: 10.1038/nri.2016.147


 Kaaniche, F., Hamed, A., Abdel-Razek, A. S., Wibberg, D., Abdissa, N., El Euch, I. Z., et al. (2019). Bioactive secondary metabolites from new endophytic fungus curvularia. sp isolated from rauwolfia macrophylla. PloS One 14 (6), e0217627. doi: 10.1371/journal.pone.0217627


 Kahmann, R., and Basse, C. (2001). Fungal gene expression during pathogenesis-related development and host plant colonization. Curr. Opin. Microbiol. 4 (4), 374–380. doi: 10.1016/S1369-5274(00)00220-4


 Kalinina, S. A., Jagels, A., Cramer, B., Geisen, R., and Humpf, H. U. (2017). Influence of environmental factors on the production of penitrems a-f by penicillium crustosum. Toxins (Basel) 9 (7), 210. doi: 10.3390/toxins9070210


 Kamei, I., Takagi, K., and Kondo, R. (2011). Degradation of endosulfan and endosulfan sulfate by white-rot fungus trametes hirsuta. J. Wood Sci. 57 (4), 317–322. doi: 10.1007/s10086-011-1176-z


 Kawahara, Y., Oono, Y., Kanamori, H., Matsumoto, T., Itoh, T., and Minami, E. (2012). Simultaneous RNA-seq analysis of a mixed transcriptome of rice and blast fungus interaction. PloS One 7 (11), e49423. doi: 10.1371/journal.pone.0049423


 Keller, N. P., Turner, G., and Bennett, J. W. (2005). Fungal secondary metabolism–from biochemistry to genomics. Nat. Rev. Microbiol. 3 (12), 937–947. doi: 10.1038/nrmicro1286


 Kellogg, J. J., and Raja, H. A. (2017). Endolichenic fungi: a new source of rich bioactive secondary metabolites on the horizon. Phytochem. Rev. 16 (2), 271–293. doi: 10.1007/s11101-016-9473-1


 Kenne, G. J., Gummadidala, P. M., Omebeyinje, M. H., Mondal, A. M., Bett, D. K., McFadden, S., et al. (2018). Activation of aflatoxin biosynthesis alleviates total ROS in aspergillus parasiticus. Toxins (Basel) 10 (2), 57. doi: 10.3390/toxins10020057


 Khalid, S., Baccile, J. A., Spraker, J. E., Tannous, J., Imran, M., Schroeder, F. C., et al. (2018). NRPS-derived isoquinolines and lipopetides mediate antagonism between plant pathogenic fungi and bacteria. ACS Chem. Biol. 13 (1), 171–179. doi: 10.1021/acschembio.7b00731


 Khalid, M., Saeed, U.-R., Hassani, D., Hayat, K., Pei, Z., and Nan, H. (2021). Advances in fungal-assisted phytoremediation of heavy metals: A review. Pedosphere 31 (3), 475–495. doi: 10.1016/S1002-0160(20)60091-1


 Khan, S., Naushad, M., Lima, E. C., Zhang, S., Shaheen, S. M., and Rinklebe, J. (2021). Global soil pollution by toxic elements: Current status and future perspectives on the risk assessment and remediation strategies – a review. J. Hazard. Mater. 417, 126039. doi: 10.1016/j.jhazmat.2021.126039


 Kilaru, A., Bailey, B. A., and Hasenstein, K. H. (2007). Moniliophthoraperniciosa produceshormonesandalters endogenousauxinandsalicylicacid in infected cocoaleaves. FEMS microbiology letters 274(2), 238–244. doi: 10.1111/j.1574-6968.2007.00837.x


 Kist, M., and Vucic, D. (2021). Cell death pathways: intricate connections and disease implications. EMBO J. 40 (5), e106700. doi: 10.15252/embj.2020106700


 Klein, D., and Eveleigh, D. (2002). Ecology of trichoderma. Trichoderma Gliocladium 1, 57–74.


 Kodama, O., Miyakawa, J., Akatsuka, T., and Kiyosawa, S. (1992). Sakuranetin, a flavanone phytoalexin from ultraviolet-irradiated rice leaves. Phytochemistry 31 (11), 3807–3809. doi: 10.1016/S0031-9422(00)97532-0


 Korenblum, E., Dong, Y., Szymanski, J., Panda, S., Jozwiak, A., Massalha, H., et al. (2020). Rhizosphere microbiome mediates systemic root metabolite exudation by root-to-root signaling. Proc. Natl. Acad. Sci. 117 (7), 3874–3883. doi: 10.1073/pnas.1912130117


 Kossel, A. (1891). Ueber die chemische zusammensetzung der zelle. Du. Bois-Reymond’s Archiv./Arch. Anat. Physiol. Physiol. Abt. 278, 181–186.


 Kour, D., Rana, K. L., Sheikh, I., Kumar, V., Yadav, A. N., Dhaliwal, H. S., et al. (2020). Alleviation of drought stress and plant growth promotion by pseudomonas libanensis EU-LWNA-33, a drought-adaptive phosphorus-solubilizing bacterium. Proc. Natl. Acad. Sci. India Sect. B.: Biol. Sci. 90 (4), 785–795. doi: 10.1007/s40011-019-01151-4


 Küçük, M., Kolaylı, S., Karaoğlu, Ş., Ulusoy, E., Baltacı, C., and Candan, F. (2007). Biological activities and chemical composition of three honeys of different types from Anatolia. Food Chem. 100 (2), 526–534. doi: 10.1016/j.foodchem.2005.10.010


 Kumari, S., Khan, A., Singh, P., Dwivedi, S. K., Ojha, K. K., and Srivastava, A. (2019). Mitigation of as toxicity in wheat by exogenous application of hydroxamate siderophore of aspergillus origin. Acta Physiol. Plant. 41 (7), 107. doi: 10.1007/s11738-019-2902-1


 Kumar, S., Thakur, N., Singh, A. K., Gudade, B. A., Ghimire, D., and Das, S. (2022). “26 - microbes-assisted phytoremediation of contaminated environment: Global status, progress, challenges, and future prospects,” in Phytoremediation technology for the removal of heavy metals and other contaminants from soil and water. Eds.  V. Kumar, M. P. Shah, and S. K. Shahi (Elsevier), 555–570. doi: 10.1016/B978-0-323-85763-5.00007-6


 Kunkel, B. N., Bent, A. F., Dahlbeck, D., Innes, R. W., and Staskawicz, B. J. (1993). RPS2, an arabidopsis disease resistance locus specifying recognition of pseudomonas syringae strains expressing the avirulence gene avrRpt2. Plant Cell 5 (8), 865–875. doi: 10.1105/tpc.5.8.865


 Laluk, K., and Mengiste, T. (2010). “Necrotroph attacks on plants: wanton destruction or covert extortion?,” in The arabidopsis Book/American society of plant biologists, vol. 8, e0136. doi: 10.1199/tab.0136


 Larkin, E. L., Dharmaiah, S., and Ghannoum, M. A. (2018). Biofilms and beyond: expanding echinocandin utility. J. Antimicrob. Chemother. 73 (suppl_1), i73–i81. doi: 10.1093/jac/dkx451


 Liao, D., Wang, S., Cui, M., Liu, J., Chen, A., and Xu, G. (2018). Phytohormones regulate the development of arbuscular mycorrhizal symbiosis. Int. J. Mol. Sci. 19 (10), 3146. doi: 10.3390/ijms19103146


 Li, C., Bai, Y., Jacobsen, E., Visser, R., Lindhout, P., and Bonnema, G. (2006). Tomato defense to the powdery mildew fungus: differences in expression of genes in susceptible, monogenic-and polygenic resistance responses are mainly in timing. Plant Mol. Biol. 62 (1), 127–140. doi: 10.1007/s11103-006-9008-z


 Li, Y., Huang, F., Lu, Y., Shi, Y., Zhang, M., Fan, J., et al. (2013). Mechanism of plant–microbe interaction and its utilization in disease-resistance breeding for modern agriculture. Physiol. Mol. Plant Pathol. 83, 51–58. doi: 10.1016/j.pmpp.2013.05.001


 Ludwig-Müller, J. (2015). Bacteria and fungi controlling plant growth by manipulating auxin: balance between development and defense. J. Plant Physiol. 172, 4–12. doi: 10.1016/j.jplph.2014.01.002


 Man, S. M., Karki, R., and Kanneganti, T. D. (2017). Molecular mechanisms and functions of pyroptosis, inflammatory caspases and inflammasomes in infectious diseases. Immunol. Rev. 277 (1), 61–75. doi: 10.1111/imr.12534


 Manzoor, M., Gul, I., Ahmed, I., Zeeshan, M., Hashmi, I., Amin, B. A. Z., et al. (2019). Metal tolerant bacteria enhanced phytoextraction of lead by two accumulator ornamental species. Chemosphere 227, 561–569. doi: 10.1016/j.chemosphere.2019.04.093


 Marshall, R., Kombrink, A., Motteram, J., Loza-Reyes, E., Lucas, J., Hammond-Kosack, K. E., et al. (2011). Analysis of two in planta expressed LysM effector homologs from the fungus mycosphaerella graminicola reveals novel functional properties and varying contributions to virulence on wheat. Plant Physiol. 156 (2), 756–769. doi: 10.1104/pp.111.176347


 Ma, Y., Tiwari, J., and Bauddh, K. (2022). Plant-mycorrhizal fungi interactions in phytoremediation of geogenic contaminated soils. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.843415


 Meena, M., Yadav, G., Sonigra, P., Nagda, A., Mehta, T., Swapnil, P., et al. (2022). Role of elicitors to initiate the induction of systemic resistance in plants to biotic stress. Plant Stress 5, 100103. doi: 10.1016/j.stress.2022.100103


 Mendgen, K., and Hahn, M. (2002). Plant infection and the establishment of fungal biotrophy. Trends Plant Sci. 7 (8), 352–356. doi: 10.1016/S1360-1385(02)02297-5


 Monroy, A. A., Stappler, E., Schuster, A., Sulyok, M., and Schmoll, M. (2017). A CRE1- regulated cluster is responsible for light dependent production of dihydrotrichotetronin in trichoderma reesei. PloS One 12 (8), e0182530. doi: 10.1371/journal.pone.0182530


 Montenegro Alonso, A. P., Ali, S., Song, X., Linning, R., and Bakkeren, G. (2020). UhAVR1, an HR-triggering avirulence effector of ustilago hordei, is secreted via the ER–golgi pathway, localizes to the cytosol of barley cells during in planta-expression, and contributes to virulence early in infection. J. Fungi 6 (3), 178. doi: 10.3390/jof6030178


 Motoyama, T., Yun, C.-S., and Osada, H. (2021). Biosynthesis and biological function of secondary metabolites of the rice blast fungus pyricularia oryzae. J. Ind. Microbiol. Biotechnol. 48 (9-10), kuab058. doi: 10.1093/jimb/kuab058


 Mwaniki, M. W., Mathooko, F. M., Matsuzaki, M., Hiwasa, K., Tateishi, A., Ushijima, K., et al. (2005). Expression characteristics of seven members of the β-galactosidase gene family in ‘La france’pear (Pyrus communis l.) fruit during growth and their regulation by 1-methylcyclopropene during postharvest ripening. Postharvest Biol. Technol. 36 (3), 253–263. doi: 10.1016/j.postharvbio.2005.02.002


 Naderer, T., and Fulcher, M. C. (2018). Targeting apoptosis pathways in infections. J. Leukoc. Biol. 103 (2), 275–285. doi: 10.1189/JLB.4MR0717-286R


 Naveed, Z. A., Wei, X., Chen, J., Mubeen, H., and Ali, G. S. (2020). The PTI to ETI continuum in phytophthora-plant interactions. Front. Plant Sci. 11, 593905. doi: 10.3389/fpls.2020.593905


 Nazari, L., Manstretta, V., and Rossi, V. (2016). A non-linear model for temperature-dependent sporulation and T-2 and HT-2 production of fusarium langsethiae and fusarium sporotrichioides. Fungal Biol. 120 4, 562–571. doi: 10.1016/j.funbio.2016.01.010


 Nguyen, T. N. Y., Padungros, P., Wongsrisupphakul, P., Sa-Ard-Iam, N., Mahanonda, R., Matangkasombut, O., et al. (2018). Cell wall mannan of candida krusei mediates dendritic cell apoptosis and orchestrates Th17 polarization via TLR-2/MyD88-dependent pathway. Sci. Rep. 8 (1), 17123. doi: 10.1038/s41598-018-35101-3


 Niehaus, E.-M., von Bargen, K. W., Espino, J. J., Pfannmüller, A., Humpf, H.-U., and Tudzynski, B. (2014). Characterization of the fusaric acid gene cluster in fusarium fujikuroi. Appl. Microbiol. Biotechnol. 98 (4), 1749–1762. doi: 10.1007/s00253-013-5453-1


 Ökmen, B., and Doehlemann, G. (2014). Inside plant: biotrophic strategies to modulate host immunity and metabolism. Curr. Opin. Plant Biol. 20, 19–25. doi: 10.1016/j.pbi.2014.03.011


 Ökmen, B., Schwammbach, D., Bakkeren, G., Neumann, U., and Doehlemann, G. (2021). The ustilago hordei–barley interaction is a versatile system for characterization of fungal effectors. J. Fungi 7 (2), 86. doi: 10.3390/jof7020086


 Osbourn, A. (1996). Saponins and plant defence–a soap story. Trends Plant Sci. 1 (1), 4–9. doi: 10.1016/S1360-1385(96)80016-1


 Palmer, C.-L., and Skinner, W. (2002). Mycosphaerella graminicola: latent infection, crop devastation and genomics. Mol. Plant Pathol. 3 (2), 63–70. doi: 10.1046/j.1464-6722.2002.00100.x


 Paludan, S. R., Pradeu, T., Masters, S. L., and Mogensen, T. H. (2021). Constitutive immune mechanisms: mediators of host defence and immune regulation. Nat. Rev. Immunol. 21 (3), 137–150. doi: 10.1038/s41577-020-0391-5


 Pang, Z., Chen, J., Wang, T., Gao, C., Li, Z., Guo, L., et al. (2021). Linking plant secondary metabolites and plant microbiomes: a review. Front. Plant Sci. 12, 621276. doi: 10.3389/fpls.2021.621276


 Panstruga, R. (2003). Establishing compatibility between plants and obligate biotrophic pathogens. Curr. Opin. Plant Biol. 6 (4), 320–326. doi: 10.1016/S1369-5266(03)00043-8


 Pascale, A., Proietti, S., Pantelides, I. S., and Stringlis, I. A. (2020). Modulation of the root microbiome by plant molecules: the basis for targeted disease suppression and plant growth promotion. Front. Plant Sci. 10, 1741. doi: 10.3389/fpls.2019.01741


 Pegorie, M., Denning, D. W., and Welfare, W. (2017). Estimating the burden of invasive and serious fungal disease in the united kingdom. J. Infect. 74 (1), 60–71. doi: 10.1016/j.jinf.2016.10.005


 Pei, Y., Siemann, E., Tian, B., and Ding, J. (2020). Root flavonoids are related to enhanced AMF colonization of an invasive tree. AoB Plants 12 (1), plaa002. doi: 10.1093/aobpla/plaa002


 Perez-Nadales, E., Nogueira, M. F. A., Baldin, C., Castanheira, S., El Ghalid, M., Grund, E., et al. (2014). Fungal model systems and the elucidation of pathogenicity determinants. Fungal Genet. Biol. 70, 42–67. doi: 10.1016/j.fgb.2014.06.011


 Perry, N. B., and Foster, L. M. (1994). Antiviral and antifungal flavonoids, plus a triterpene, from hebe cupressoides. Planta Med. 60 (5), 491–492. doi: 10.1055/s-2006-959549


 Pettit, R. K. (2011). Small-molecule elicitation of microbial secondary metabolites. Microb. Biotechnol. 4 (4), 471–478. doi: 10.1111/j.1751-7915.2010.00196.x


 Podbielska, M., Kus-Liśkiewicz, M., Jagusztyn, B., Piechowicz, B., Sadło, S., Słowik-Borowiec, M., et al. (2020). Influence of bacillus subtilis and trichoderma harzianum on penthiopyrad degradation under laboratory and field studies. Molecules 25 (6), 1421. doi: 10.3390/molecules25061421


 Poveda, J. (2021). Trichoderma as biocontrol agent against pests: New uses for a mycoparasite. Biol. Control 159, 104634. doi: 10.1016/j.biocontrol.2021.104634


 Poveda, J., Abril-Urias, P., and Escobar, C. (2020). Biological control of plant-parasitic nematodes by filamentous fungi inducers of resistance: Trichoderma, mycorrhizal and endophytic fungi. Front. Microbiol. 11, 992. doi: 10.3389/fmicb.2020.00992


 Purnomo, A. S., Putra, S. R., Shimizu, K., and Kondo, R. (2014). Biodegradation of heptachlor and heptachlor epoxide-contaminated soils by white-rot fungal inocula. Environ. Sci. pollut. Res. Int. 21 (19), 11305–11312. doi: 10.1007/s11356-014-3026-1


 Pusztahelyi, T., Holb, I. J., and Pócsi, I. (2015). Secondary metabolites in fungus-plant interactions. Front. Plant Sci. 6, 573. doi: 10.3389/fpls.2015.00573


 Quirino, B., Candido, E., Campos, P., Franco, O., and Krüger, R. (2010). Proteomic approaches to study plant–pathogen interactions. Phytochemistry 71 (4), 351–362. doi: 10.1016/j.phytochem.2009.11.005


 Rabani, M. S., Hameed, I., Mir, T. A., wani, B. A., Gupta, M. K., Habib, A., et al. (2022). “Chapter 5 - microbial-assisted phytoremediation,” in Phytoremediation. Eds.  R. A. Bhat, F. M. P. Tonelli, G. H. Dar, and K. Hakeem (Academic Press), 91–114. doi: 10.1016/B978-0-323-89874-4.00006-6


 Ramachandran, S. R., Yin, C., Kud, J., Tanaka, K., Mahoney, A. K., Xiao, F., et al. (2017). Effectors from wheat rust fungi suppress multiple plant defense responses. Phytopathology® 107 (1), 75–83. doi: 10.1094/PHYTO-02-16-0083-R


 Ramírez-Ordorica, A., Contreras-Cornejo, H. A., Orduño-Cruz, N., Luna-Cruz, A., Winkler, R., and Macías-Rodríguez, L. (2022). Volatiles released by beauveria bassiana induce oviposition behavior in the fall armyworm spodoptera frugiperda (Lepidoptera: Noctuidae). FEMS Microbiol. Ecol. 98 (10), fiac114. doi: 10.1093/femsec/fiac114


 Ramsdale, M. (2008). Programmed cell death in pathogenic fungi. Biochim. Biophys. Acta (BBA) - Mol. Cell Res. 1783 (7), 1369–1380. doi: 10.1016/j.bbamcr.2008.01.021


 Reise, S. P., and Waller, N. G. (2009). Item response theory and clinical measurement. Annu. Rev. Clin. Psychol. 5 (1), 27–48. doi: 10.1146/annurev.clinpsy.032408.153553


 Rodriguez-Moreno, L., Ebert, M. K., Bolton, M. D., and Thomma, B. P. H. J. (2018). Tools of the crook- infection strategies of fungal plant pathogens. Plant J. 93 (4), 664–674. doi: 10.1111/tpj.13810


 Roskova, Z., Skarohlid, R., and McGachy, L. (2022). Siderophores: an alternative bioremediation strategy? Sci. Total Environ. 819, 153144. doi: 10.1016/j.scitotenv.2022.153144


 Ryals, J. A., Neuenschwander, U. H., Willits, M. G., Molina, A., Steiner, H.-Y., and Hunt, M. D. (1996). Systemic acquired resistance. Plant Cell 8 (10), 1809. doi: 10.1105/tpc.8.10.1809


 Saini, M., Kaur, H., and Malik, N. (2016). Identification and characterization of six new taxa of genus agaricus l.:fr. (agaricaceae chevall.) from India. World J Pharm Sci. 5, 1518–1533 doi: 10.20959/wjpps20167-7003


 Salvatore, M. M., and Andolfi, A. (2021). Phytopathogenic fungi and toxicity. MDPI. 13, 689. doi: 10.3390/toxins13100689


 Sasse, J., Martinoia, E., and Northen, T. (2018). Feed your friends: do plant exudates shape the root microbiome? Trends Plant Sci. 23 (1), 25–41. doi: 10.1016/j.tplants.2017.09.003


 Schäfer, H., and Wink, M. (2009). Medicinally important secondary metabolites in recombinant microorganisms or plants: progress in alkaloid biosynthesis. Biotechnol. J.: Healthc. Nutr. Technol. 4 (12), 1684–1703. doi: 10.1002/biot.200900229


 Scharf, D. H., Heinekamp, T., and Brakhage, A. A. (2014). Human and plant fungal pathogens: the role of secondary metabolites. PloS Pathog. 10 (1), e1003859. doi: 10.1371/journal.ppat.1003859


 Scherlach, K., and Hertweck, C. (2018). Mediators of mutualistic microbe-microbe interactions. Nat. Prod. Rep. 35 (4), 303–308. doi: 10.1039/C7NP00035A


 Schneider, J., Bundschuh, J., and do Nascimento, C. W. A. (2016). Arbuscular mycorrhizal fungi-assisted phytoremediation of a lead-contaminated site. Sci. Total Environ. 572, 86–97. doi: 10.1016/j.scitotenv.2016.07.185


 Schüller, A., Studt-Reinhold, L., and Strauss, J. (2022). How to completely squeeze a Fungus&mdash;Advanced genome mining tools for novel bioactive substances. Pharmaceutics 14 (9), 1837. doi: 10.3390/pharmaceutics14091837


 Shah, J., Chaturvedi, R., Chowdhury, Z., Venables, B., and Petros, R. A. (2014). Signaling by small metabolites in systemic acquired resistance. Plant J. 79 (4), 645–658. doi: 10.1111/tpj.12464


 Shu, C.-H. (2007). “Chapter 17 - fungal fermentation for medicinal products,” in Bioprocessing for value-added products from renewable resources. Ed.  S.-T. Yang (Amsterdam: Elsevier), 447–463.


 Sinha, R., Sharma, B., Dangi, A. K., and Shukla, P. (2019). Recent metabolomics and gene editing approaches for synthesis of microbial secondary metabolites for drug discovery and development. World J. Microbiol. Biotechnol. 35 (11), 1–14. doi: 10.1007/s11274-019-2746-2


 Skamnioti, P., and Gurr, S. J. (2009). Against the grain: safeguarding rice from rice blast disease. Trends Biotechnol. 27 (3), 141–150. doi: 10.1016/j.tibtech.2008.12.002


 Soanes, D. M., Skinner, W., Keon, J., Hargreaves, J., and Talbot, N. J. (2002). Genomics of phytopathogenic fungi and the development of bioinformatic resources. Mol. Plant-Microbe Interact. 15 (5), 421–427. doi: 10.1094/MPMI.2002.15.5.421


 Sood, M., Kapoor, D., Kumar, V., Sheteiwy, M. S., Ramakrishnan, M., Landi, M., et al. (2020). Trichoderma: The "Secrets" of a multitalented biocontrol agent. Plants (Basel) 9 (6). doi: 10.3390/plants9060762


 Stanley, M. S., Callow, M. E., Perry, R., Alberte, R. S., Smith, R., and Callow, J. A. (2002). Inhibition of fungal spore adhesion by zosteric acid as the basis for a novel, nontoxic crop protection technology. Phytopathology® 92 (4), 378–383. doi: 10.1094/PHYTO.2002.92.4.378


 Sugiyama, A. (2019). The soybean rhizosphere: Metabolites, microbes, and beyond–a review. J. Adv. Res. 19, 67–73. doi: 10.1016/j.jare.2019.03.005


 Sun, R. J., Xu, Y., Hou, C. X., Zhan, Y. H., Liu, M. Q., and Weng, X. Y. (2018). Expression and characteristics of rice xylanase inhibitor OsXIP, a member of a new class of antifungal proteins. Biol. Plant. 62 (3), 569–578. doi: 10.1007/s10535-018-0787-2


 Takanashi, K., Takahashi, H., Sakurai, N., Sugiyama, A., Suzuki, H., Shibata, D., et al. (2012). Tissue-specific transcriptome analysis in nodules of lotus japonicus. Mol. Plant-Microbe Interact. 25 (7), 869–876. doi: 10.1094/MPMI-01-12-0011-R


 Talbot, N. J. (2003). On the trail of a cereal killer: Exploring the biology of magnaporthe grisea. Annu. Rev. Microbiol. 57, 177–202. doi: 10.1146/annurev.micro.57.030502.090957


 Tamaoki, D., Seo, S., Yamada, S., Kano, A., Miyamoto, A., Shishido, H., et al. (2013). Jasmonic acid and salicylic acid activate a common defense system in rice. Plant Signaling Behav. 8 (6), e24260. doi: 10.4161/psb.24260


 Tanaka, S., Brefort, T., Neidig, N., Djamei, A., Kahnt, J., Vermerris, W., et al. (2014). A secreted ustilago maydis effector promotes virulence by targeting anthocyanin biosynthesis in maize. elife 3, e01355. doi: 10.7554/eLife.01355


 Tanaka, E., Koga, H., Mori, M., and Mori, M. (2011). Auxin production by the rice blast fungus and its localization in host tissue. J. Phytopathol. 159 (7-8), 522–530. doi: 10.1111/j.1439-0434.2011.01799.x


 Tang, D., Kang, R., Berghe, T. V., Vandenabeele, P., and Kroemer, G. (2019). The molecular machinery of regulated cell death. Cell Res. 29 (5), 347–364. doi: 10.1038/s41422-019-0164-5


 Thakur, A., Mikkelsen, H., and Jungersen, G. (2019). Intracellular pathogens: Host immunity and microbial persistence strategies. J. Immunol. Res. 2019, 1356540. doi: 10.1155/2019/1356540


 Thakur, M., and Sohal, B. S. (2013). Role of elicitors in inducing resistance in plants against pathogen infection: A review. ISRN Biochem. 2013, 762412. doi: 10.1155/2013/762412


 Thines, E., Daußmann, T., Sterner, O., Semar, M., and Anke, H. (1995). Fungal melanin biosynthesis inhibitors: Introduction of a test system based on the production of dihydroxynaphthalene (DHN) melanin in agar cultures. Z. für Naturforsch. C. 50 (11-12), 813–819. doi: 10.1515/znc-1995-11-1212


 Thomma, B. P. H. J., VAN Esse, H. P., Crous, P. W., and DE Wit, P. J. G. M. (2005). Cladosporium fulvum (syn. passalora fulva), a highly specialized plant pathogen as a model for functional studies on plant pathogenic mycosphaerellaceae. Mol. Plant Pathol. 6 (4), 379–393. doi: 10.1111/j.1364-3703.2005.00292.x


 Todd, J. S., Zimmerman, R. C., Crews, P., and Alberte, R. S. (1993). The antifouling activity of natural and synthetic phenol acid sulphate esters. Phytochemistry 34 (2), 401–404. doi: 10.1016/0031-9422(93)80017-M


 Toruño, T. Y., Stergiopoulos, I., and Coaker, G. (2016). Plant-pathogen effectors: cellular probes interfering with plant defenses in spatial and temporal manners. Annu. Rev. Phytopathol. 54, 419. doi: 10.1146/annurev-phyto-080615-100204


 Underwood, W. (2012). The plant cell wall: a dynamic barrier against pathogen invasion. Front. Plant Sci. 3, 85. doi: 10.3389/fpls.2012.00085


 Upadhyaya, N. M., Ellis, J. G., and Dodds, P. N. (2014). “A bacterial type III secretion-based delivery system for functional assays of fungal effectors in cereals,” in Plant-pathogen interactions: Methods and protocols. Eds.  P. Birch, J. T. Jones, and J. I. B. Bos (Totowa, NJ: Humana Press), 277–290.


 Uzuner, H., Bauer, R., Fan, T.-P., Guo, D.-a., Dias, A., El-Nezami, H., et al. (2012). Traditional Chinese medicine research in the post-genomic era: Good practice, priorities, challenges and opportunities. J. Ethnopharmacol. 140 (3), 458–468. doi: 10.1016/j.jep.2012.02.028


 Venkatesh, N., and Keller, N. P. (2019). Mycotoxins in conversation with bacteria and fungi. Front. Microbiol. 10, 403. doi: 10.3389/fmicb.2019.00403


 Voges, M. J., Bai, Y., Schulze-Lefert, P., and Sattely, E. S. (2019). Plant-derived coumarins shape the composition of an arabidopsis synthetic root microbiome. Proc. Natl. Acad. Sci. 116 (25), 12558–12565. doi: 10.1073/pnas.1820691116


 Walley, J. W., Shen, Z., McReynolds, M. R., Schmelz, E. A., and Briggs, S. P. (2018). Fungal-induced protein hyperacetylation in maize identified by acetylome profiling. Proc. Natl. Acad. Sci. 115 (1), 210–215. doi: 10.1073/pnas.1717519115


 Wang, W., Shi, J., Xie, Q., Jiang, Y., Yu, N., and Wang, E. (2017). Nutrient exchange and regulation in arbuscular mycorrhizal symbiosis. Mol. Plant 10, 1147–1158. doi: 10.1016/j.molp.2017.07.012


 Wasternack, C. (2007). Jasmonates: an update on biosynthesis, signal transduction and action in plant stress response, growth and development. Ann. Bot. 100 (4), 681–697. doi: 10.1093/aob/mcm079


 Wheeler, M. H., and Bell, A. A. (1988). “Melanins and their importance in pathogenic fungi,” in Current topics in medical mycology. Ed.  M. R. McGinnis (New York, NY: Springer New York), 338–387.


 Williams, A., and de Vries, F. T. (2020). Plant root exudation under drought: implications for ecosystem functioning. New Phytol. 225 (5), 1899–1905. doi: 10.1111/nph.16223


 Williams, T. J., Gonzales-Huerta, L. E., and Armstrong-James, D. (2021). Fungal-induced programmed cell death. J. Fungi (Basel) 7 (3), 231. doi: 10.3390/jof7030231


 Wink, M. (2003). Evolution of secondary metabolites from an ecological and molecular phylogenetic perspective. Phytochemistry 64 (1), 3–19. doi: 10.1016/S0031-9422(03)00300-5


 Wipf, D., Krajinski, F., van Tuinen, D., Recorbet, G., and Courty, P.-E. (2019). Trading on the arbuscular mycorrhiza market: from arbuscules to common mycorrhizal networks. New Phytol. 223 (3), 1127–1142. doi: 10.1111/nph.15775


 Xiao, P., Mori, T., Kamei, I., Kiyota, H., Takagi, K., and Kondo, R. (2011). Novel metabolic pathways of organochlorine pesticides dieldrin and aldrin by the white rot fungi of the genus phlebia. Chemosphere 85 (2), 218–224. doi: 10.1016/j.chemosphere.2011.06.028


 Xu, Q., Tang, C., Wang, L., Zhao, C., Kang, Z., and Wang, X. (2020). Haustoria – arsenals during the interaction between wheat and puccinia striiformis f. sp. tritici. Mol. Plant Pathol. 21 (1), 83–94. doi: 10.1111/mpp.12882


 Yaashikaa, P. R., Kumar, P. S., Jeevanantham, S., and Saravanan, R. (2022). A review on bioremediation approach for heavy metal detoxification and accumulation in plants. Environ. pollut. 301, 119035. doi: 10.1016/j.envpol.2022.119035


 Yang, Q., Huai, B., Lu, Y., Cai, K., Guo, J., Zhu, X., et al. (2020). A stripe rust effector Pst18363 targets and stabilises TaNUDX23 that promotes stripe rust disease. New Phytol. 225 (2), 880–895. doi: 10.1111/nph.16199


 Yang, Y., Yang, X., Guo, X., Hu, X., Dong, D., Li, G., et al. (2022). Exogenously applied methyl jasmonate induces early defense related genes in response to phytophthora infestans infection in potato plants. Hortic. Plant J. 8 (4), 511–526. doi: 10.1016/j.hpj.2022.04.003


 Yan, Y., Yuan, Q., Tang, J., Huang, J., Hsiang, T., Wei, Y., et al. (2018). Colletotrichum higginsianum as a model for understanding Host-Pathogen interactions: A review. Int. J. Mol. Sci. 19 (7), 2142. doi: 10.3390/ijms19072142


 Yao, H., and Tian, S. (2005). Effects of pre-and post-harvest application of salicylic acid or methyl jasmonate on inducing disease resistance of sweet cherry fruit in storage. Postharvest Biol. Technol. 35 (3), 253–262. doi: 10.1016/j.postharvbio.2004.09.001


 Yin, C., and Hulbert, S. H. (2018). “Host-induced gene silencing (HIGS) for elucidating puccinia gene function in wheat,” in Plant pathogenic fungi and oomycetes: Methods and protocols. Eds.  W. Ma, and T. Wolpert (New York, NY: Springer New York), 139–150.


 Yuan, J., Zhao, J., Wen, T., Zhao, M., Li, R., Goossens, P., et al. (2018). Root exudates drive the soil-borne legacy of aboveground pathogen infection. Microbiome 6 (1), 1–12. doi: 10.1186/s40168-018-0537-x


 Yu, R., Liu, J., Wang, Y., Wang, H., and Zhang, H. (2021). Aspergillus niger as a secondary metabolite factory. Front. Chem. 9. doi: 10.3389/fchem.2021.701022


 Zhao, Y. (2010). Indole-3-acetic acid (IAA), the main auxin in higher plants, has profound effects on plant growth and development. Annu. Rev. Plant Biol. 61, 49–64. doi: 10.1146/annurev-arplant-042809-112308


 Zhao, Y., Ding, J., Yuan, W., Huang, J., Huang, W., Wang, Y., et al. (2017). Production of a fungal furocoumarin by a polyketide synthase gene cluster confers the chemo-resistance of neurospora crassa to the predation by fungivorous arthropods. Environ. Microbiol. 19 (10), 3920–3929. doi: 10.1111/1462-2920.13791


 Zin, N. A., and Badaluddin, N. A. (2020). Biological functions of trichoderma spp. for agriculture applications. Ann. Agric. Sci. 65 (2), 168–178. doi: 10.1016/j.aoas.2020.09.003




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Elhamouly, Hewedy, Zaitoon, Miraples, Elshorbagy, Hussien, El-Tahan and Peng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OEBPS/Images/fpls-13-1044896-g003.jpg
~

g I =III IIN NN I I IS S S S S S - -y

/

’ [ ] [ ]
7  Fusarinine C

Coprogen \ Fungal

\ Siderophores Metal lons

Phytoextraction

Y J{‘\ K/I (Chelatlng agents) pm———— e
/\/I E Fe, Cd, Cu, Enhanced Metal

/ﬁm FerrlchromeAH\ /\(

Rhodothorulic acid

(0)

)j\'fwk"” EH \[(”\ou )2/ w)\g
T
)

- e - =

|
1 Ni, Co, Zn,
< ~ Pb, As
\

Siderophore-Assisted
Bioremediation

‘_________

|
HN\H)\/\/ o) Ho—N
L u HO—N Z]/ /
/
S e | e e e e e e e e e e e e 2 — e s mmm =
___________ N = e Formation of
/ Fusarmme Ferric Complex ST e
| P e -7 Siderophore-Metal Irr.lprov.e M.e-tal
I -~ Complex bioavailability
| -7 S
-~

I o/ N NH e - . L.
I o : Bioremediation of Metal
I Fe3+ - | lons (Precipitation and
| )\/K/ I Biosorption) 'cmb'al .
| I
| I
\ = |






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-13-1044896-g001.jpg
A) Without Arbuscular B) With Arbuscular
mycorrhizal Colonization mycorrhizal Colonization

Pathogen
efferctor 0 W

Pathogen attack

Pathogen attack

Plant Defencing
genes activation

SA JA
pathway/ ' pathway

l Resistance

Susceptibility

!

Susceptibility B Infection

Hyphopodium  Arbuscules

L7

Plant promotion
defencing {

Metabolite /) T
& ET JA
NH;* 0 pathway

&)
Induced Systemic
Root - AM Fungi interaction Resistance






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The hidden power of secondary metabolites in plant-fungi interactions and sustainable phytoremediation

      

        		

          1.  Introduction.

        



        		

          2.  Plant secondary metabolites.

        

          		

            2.1.  Hormone production and plant resistance.

          



          		

            2.2.  Antifungal metabolites from plants.

          



          		

            2.3.  Metabolites in plant mutualistic interactions.

          



        



        



        		

          3.  Phytopathogenic fungi.

        

          		

            3.1.  Biotrophic fungi.

          



          		

            3.2.  Special metabolites of biotrophic phytopathogens.

          



        



        



        		

          4.  Fungal secondary metabolites.

        

          		

            4.1.  Arbuscular mycorrhizal fungi.

          



          		

            4.2.  Genetic background of the fungal SMs production.

          

            		

              4.2.1.  Environmental genes.

            



            		

              4.2.2.  Transcriptional regulation.

            



          



          



        



        



        		

          5.  Do fungi have self-protection?.

        

          		

            5.1.  Manipulation of programmed cell death.

          



          		

            5.2.  Recognition of pathogenic substances necessary to initiate defense response.

          



        



        



        		

          6.  

.Trichoderma applications in the agricultural sector

        



        		

          7.  Fungal secondary metabolites-assisted phytoremediation.

        



        		

          8.  Conclusion remarks.

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls.2022.1044896_cover.jpg
& frontiers | Frontiers in Plant Science

The hidden power of secondary
metabolites in plant-fungi
interactions and sustainable
phytoremediation





OEBPS/Images/fpls-13-1044896-g002.jpg
Growth-promotion
g agents

Pharmaceuticals
Use as
biocontrol
agents

applications

Protection against
abiotic stresses

Biofuel production

Plant litter

Via their metabolic =
decomposition

capacity

compounds

Alkaloids

Phenols Nanoparticle

Bloremediation biosynthesizers

Enzymes and
organic acids





