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    I, being an academician and researcher, feel very happy to write a foreword for the present book “Industrial Applications of Soil Microbes” volume 4. In the present scenario of environmental conditions, plant health and humans need for a sustainable life, therefore, it has become a need to find out solutions to increase healthy crop yield, medicines, food, etc.




    In the past, we have used enormous chemical fertilizers to increase the crop yield to feed the increasing population of the world. But it has caused a loss to the physical structure of the soil and its chemistry. These chemicals have also caused chemical pollution to the soil and the environment. Therefore, there is a rise in various plant, animal and human diseases. Therefore, there is a need to revive the soil and the microorganisms living in a harmonious environment.




    I am sure that the chapters written by various eminent experts in their field on mycorrhizae, fungi, bacteria and soul-borne viruses will not only provide basic information about these microorganisms but also present the recent development in this field. The metagenomic approach is also an important way to find out soil microbes in a very less time and is helpful in the study of these microbes. An interesting part is that metal-nanoparticle interaction with plants and soil microbes could also be a new source to improve crop yield.




    I am sure that this book will be helpful to all the academicians, researchers, graduate and postgraduate students of agriculture as well as biotechnology and industrialists. I wish good luck to all the authors of the book and the editors.




    

      B.A. Chopade


      Dr. Babasaheb Ambedkar Marathwada University


      &


      Rashtriya Pramukh


      Anusandhan Prakoshth


      Bhartiya Shikshan Mandal


      Nagpur (Mah), India
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    Soil microbes, including algae, fungi, bacteria, and nematodes, can cause significant plant diseases, resulting in substantial yield losses. Conversely, healthy soil contains a diverse array of microbes in a delicate balance. These microscopic and submicroscopic organisms are crucial not only for plant health but also for the well-being of animal life and the overall environment. Over the past 30 to 35 years, the field of soil microbiology has blossomed, particularly after key discoveries regarding nutrient cycles involving these microbes. The presence or absence of such microorganisms can influence nutrient cycling, soil conditions, and environmental health. A single gram of soil can host a multitude of microbes that interact with one another and their surroundings, driving various biogeochemical cycles. Mycorrhiza is a prime example of this interaction, where fungi partner with plant roots to enhance mineral nutrient uptake. Plants with mycorrhizal associations exhibit improved growth, development, and yield under favorable environmental conditions.




    The discovery of secondary metabolites produced by microbes during their interactions with plants and the environment has revealed their significant benefits to human life. These metabolites are now employed across various industries, including pharmaceuticals, food and beverages, and textiles. Advances in biotechnology and genome sequencing have deepened our understanding of these microbes and their interactions with both plants and the environment. This growing knowledge continues to enhance our ability to harness the potential of these secondary metabolites for various applications.




    This book's chapters delve into the dynamics of soil microbes, including bacteria, fungi, and mycorrhizae, while also highlighting the latest advancements in the field. The volume is divided into two parts: the first focuses on fundamental and advanced knowledge of mycorrhizae and their interactions with plants, while the second addresses other soil microbes, such as fungi, bacteria, and soil-borne viruses. Additionally, it explores the effects of metal nanoparticles on fungal and bacterial populations at the molecular level, aiming to enhance plant health, growth, and yield. Microbial genetic diversity plays a crucial role in the soil environment, and metagenomic analyses can uncover novel molecules for therapeutic, biotechnological, and sustainable agricultural applications.




    We encourage students in biology, ecology, biogeochemistry, and soil science, as well as participants in online courses, engineers, foresters, biogeochemists, agronomists, biotechnologists, bioscience educators, and researchers worldwide to engage critically with our volumes for insights relevant to their respective fields.




    With optimism, the editors of this volume welcome suggestions and comments to enhance the content for future editions.




    

      Shampi Jain


      


      Ashutosh Gupta


      


      &


      


      Neeraj Verma


      Department of Agriculture Science, AKS University


      Satna, Madhya Pradesh


      –485001 India
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      Abstract




      Mycorrhizae are mutualistic associations between plant roots and fungi, conferring several advantages to plants, improving their survival and growth even under harsh soil conditions such as drought, acidic pH, the presence of toxic compounds, low nutrient availability, the presence of soil pathogens, etc., and hence act as nature’s own biofertilizers. The importance of mycorrhizal associations is signified by the fact that almost all the plant species on our planet carry these associations at least for some part and typically for most of their life cycle. In this chapter, our focus is to provide undergraduate and graduate students with an overview of three different types of mycorrhizae, namely endo-mycorrhizae, ectomycorrhizae, and ectendomycorrizae, based primarily on their macro- and microscopic structures. Further classification of endomycorrhizae into vesicular arbuscular mycorrhizae (VAM), arbuscular mycorrhizae, orchid, and ericoid mycorrhizae and classification of ectendomycorrhizae into monotropoid and arbutoid mycorrhizae are based on further details of microscopic features and the fungal and plant species involved. This chapter also aims at providing the reader with an insight into the advantages conferred by the fungal partner to the plants and the accelerated use of these fungi as inoculants for various applications such as agriculture, afforestation, and reclamation of waste lands.
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      INTRODUCTION




      Albert Bernard Frankin (1885) discovered a special association between plant roots and microorganisms. For the first time, he introduced the Greek term “mycorrhiza,” meaning “fungus roots”. He reported that these were widespread on the roots of many woody plants. He also suggested that these mycorrhizae represent a mutualistic association in which the fungus counterpart absorbs minerals from the soil and humus and transfers or translocates them to the




      plants, which in turn provide nutrition to the fungus [1]. The discovery by A.B. Frank remained a topic of controversy for almost 40 years, but several related observations and experiments discarded all the controversies, establishing the existence of mycorrhizal associations with a wide range of plants. The existence of mycorrhizae has also been confirmed by fossil records. The records also suggest the evolution of plants along with mycorrhizae [1]. Though Frank was not the first to discover the mycorrhizae (now known as ectomycorrhizae), he is credited because he did his research and his interpretations led him to logical conclusions [2]. Frank was also the first to study in detail the stages of development of ectomycorrhizae, starting from the point of contact of the hypha with the roots to their complete development [1].




      The most common fungal partners forming mycorrhizal associations are members of Zygomycetes, Basidiomycetes, and Ascomycetes. There are at least seven different kinds of mycorrhizal associations depending on the type of host plant, the fungus partner, and the nature of interaction between the host plant and the fungal partner.




      The term “colony of mycorrhizae” refers to the hyphae of the mycorrhizal fungus originating from one entry point inside the root or one propagule in the soil. The term colonization refers to the extent or degree of the occupation or coverage of the roots by the mycorrhizal fungus. The features of the host plant, the mycorrhizal fungus, as well as the soil and environmental conditions, regulate the mycorrhizal associations (Fig. 1) [3].
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Fig. (1))


      Three-way interaction involved in the development of the mycorrhizal associations.



      The factors influencing the occurrence of the effective mycorrhizal association are: (a) Properties of the roots of the host plant; (b) Climatic factors; (c) Host-fungus compatibility; (d) Disturbances in the soil; and (e) Organisms present in the soil. The mycorrhizal fungi constitute a dominant component of the soil microflora with restricted saprophytic abilities. The effectiveness of mycorrhizal association, such as the amount of soil hyphae produced compared to the root hyphae and physiological characteristics such as nutrient uptake and translocation, is mainly governed by the endophytic properties of the mycorrhizal fungus. Steps in the formation, maturation, and senescence of mycorrhizal associations are depicted in Fig. (2).




      
[image: ]


Fig. (2))


      Sequential steps in the development of mycorrhizal associations, maturation of the association, senescence, and propagule formation.



      The mycorrhizal association helps to improve plant productivity and connects the plants to the soil via a network of hyphae. The association plays an important role not only in the uptake of various key elements such as nitrogen, phosphorus, iron, calcium, and carbon in the plants, which have lost their photosynthetic capabilities and parasitize mycorrhizal fungi associated with neighbouring photosynthetic plants to fulfil their carbon requirement; approximately 400 plant species form these types of associations. Not only uptake, but mycorrhizal associations also facilitate the solubilization of at least some minerals like phosphorus and iron, thus increasing their bioavailability for plants. The mycorrhizal association has an impact on the decomposition of the litter, seedling establishment, soil aggregation, and soil formation. Studies even show that mycorrhizal fungi can provide an additive competitive advantage to the host plants [4]. Due to the enormous advantages posed by mycorrhizal fungi, their importance has been increasing in agriculture and forestry. They are now being considered the best candidate in the biofertilizer's category. The mycorrhizal fungus, when missing from the soil, leads to an inefficient functioning of the ecosystem. The establishment of natural-level associations can help replace conventional fertilization practices and thus enable us to achieve sustainable agricultural goals [5].


    




    

      TYPES OF MYCORRHIZAE




      The classification of the mycorrhizal association as depicted in Fig. (3) depends upon three factors, namely anatomical differences, evolutionary differences, and their respective functions [6]. The microscopic differences in the different types of mycorrhizae are illustrated in Fig. (4).
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Fig. (3))


      Different types of mycorrhizal associations formed between the plant roots and the mycorrhizal fungi. The type of the mycorrhizal association developed depends upon the specific nature of the host plant and the fungal species forming mycorrhizal association.



      

        Endomycorrhizae




        In this type of association, the fungal structures are located within the cortical cells of the host root following intracellular penetration; thus, the name “endo” is given to this type of mycorrhiza. The fungal hyphae colonize the epidermal and cortical cells of the plant roots and generally do not lead to any observable macroscopic changes in the root. The hyphae of the endomycorrhizal fungi extend from the infected roots in the surrounding soil and form a vast hyphal network. These extensive networks help the plants fetch nutrients from faraway sites as the hyphae invade the soil much more extensively than the root hair and otherwise remain out of the reach of the plant roots.




        

          Vesicular Arbuscular Mycorrhizae (VAM)




          These endomycorrhizal fungi produce peculiar structures such as vesicles (structures resembling bladders) and arbuscules (structures resembling branched finger-like hyphae) within the cortical cells of infected roots. Because of the presence of these structures, this type of mycorrhiza is known as vesicular arbuscular mycorrhizae (VAM). The mycelia of the VAM fungi are either septate or aseptate, branching out intracellularly in the root’s cortical cells, forming arbuscules, and causing a certain degree of low-level damage to the surrounding tissues. Arbuscules increase the surface area for nutrient exchange significantly and probably are associated with absorptive functions, while vesicles are defined as the terminal swollen part of the hyphae containing lipids, which has a storage function (Fig. 4) [7].
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Fig. (4))


          A transverse section of the root depicting various mycorrhizal associations formed with the plant roots, the various microscopic changes that occur in the host plant roots upon the formation of such associations, and the comparison of the uninfected root with the mycorrhizal infected roots.



          The VAM colonizes approximately 80% of the total plant species. There are approximately 150 different fungal species forming VAM, which prominently include the genera Scutellospora, Gigaspora, Sclerocystis, Glomus, Entrophospora, and Acaulospora [8]. The range of host plants extends from Bryophyta to the most advanced angiosperms. The fossil evidence has proven that the VAM has been present since the history of vascular plants and has undergone very little or no genetic variation.


        




        

          Arbuscular Mycorrhizae (AM)




          AM is the most common type of endomycorrhizal association found in the ecosystem and is characterized by the formation of arbuscules in the cortical cells. The lifespan of arbuscules is about 4–15 days; after completing their lifespan, they break down and the root cells assume their normal shape [9]. Arbuscules are the site for nutrient exchange, as in VAM.




          The AM fungi belong to the phylum Glomeromycota. The fungal genera include Acaulospora, Ambispora, Archespora, Intraspora, Diverspora, and Glomus. The AM fungi show no particular specificity for particular host species and are known to have evolved in early land plants in order to improve carbon-nutrient exchange using the arbuscules.




          VAM and AM fungi produce chlamydospores (large perennating structures) in the soil in association with plant roots. These spores then germinate near the new plant roots and initiate the infection process. The hyphae grow and penetrate the host root tissue, form appressoria in the root cortex, and eventually penetrate the root cells. As a result of cell penetration by the hyphae, the plasmalemma invaginates and starts to grow. The VAM and AM fungi are termed “obligate biotrophs,” as they have a definite requirement for a host for their survival. VAM and AM fungi are known to increase plant growth by augmenting water and phosphate uptake abilities in addition to other mineral elements such as Zn, K, N, S, Ca, and Mg. They enhance draught and salinity tolerance, provide resistance to disease, and help host plants tolerate high metal concentrations found in certain soils [10]. They are a potential candidate for bio-control agents as they control the root infections and produce different kinds of hormones needed by the plant for proper growth [7]. These associations also improve soil structure and aggregation. It has recently been demonstrated that AMF reduces the N2O emission from soil and is thus useful in maintaining climatic changes [10]. N2O is produced as a result of dissimilatory nitrate reduction. It rises to the stratosphere and leads to ozone depletion.


        




        

          Ericoid Mycorrhizae (ErM)




          In ericoid mycorrhizae, the fungal hyphae penetrate the host root cells intracellularly, but there is no mantle or Hartig net formation [11, 12]. The absence of root hairs is one of the distinctive features of this association [12]. The intracellular penetration by fungal hyphae is restricted to mature epidermal cells [9] (Fig. 4). The main function of the ErM is to detoxify peat and help improve plant nutrient uptake [12]. Members of Ascomycota such as Phoma, Hymenoscyphus, Myxotrichum, and Gymnascella are the fungal members forming such associations [12, 16]. The plant taxa involved in such associations are Ericales and Bryophyta [11].


        




        

          Orchid Mycorrhizae




          These are the mycorrhizal associations formed with the orchids. The orchid mycorrhizal association is highly specific, formed only by a narrow range of fungi. Every orchid relies on mycorrhizal fungi at some point in its life cycle for nutrient supply. Fungal partners mainly provide the host with carbohydrates, as the host is non-photosynthetic. It has also been observed that most orchid seeds fail to germinate unless infected with a suitable fungus. For the first year of life, the host is completely dependent on the fungus for its nutrition requirements [9]. The orchid mycorrhizal fungus belongs to the Basidiomycota, particularly the genera Rhizoctonia [9, 11, 13].




          The fungal hyphae penetrate the embryonic cells, the plasma membrane of the host cells invaginates, and there is a thin layer of cytoplasm formed around the hyphae. The hyphae form pelotons, which are coil-like structures that increase the surface area for exchange between the host and the fungus. The peloton has a short life span, and it degrades to be used by the host plant as a nutrient source [9].




          The fungal infection of seeds doesn’t always lead to germination; it may lead to parasitic infection of the seeds, due to which the embryo dies, or it may also lead to the rejection of the fungal species [9, 11].


        


      




      

        Ectomycorrhizae (ECM)




        ECM fungi are widespread in nature but can form associations with only 3% of vascular plants [12]. The ECM fungi belong to the phyla Ascomycota (7 families) and Basidiomycota (25 families) and a few members of Zygomycetes. Prominent genera include Laccaria, Rhizopogon, Scleroderma, Amanita, Boletus, Tuber, Paxillus, Leucopaxillus, Hebeloma, Pisolithus, Suillus, Tylopilus, Boletopsis, Thelephora, Densospora, Endogone, etc. The host plant belongs to either gymnosperms or angiosperms [11, 13]. The host range of ECM fungi is mainly the temperate forest trees such as pines and conifers [14], such as pine, fir, spruce, cedar, larch, golden larch, Douglas fir, etc., and other important forestry trees such as Eucalyptus, tea tree, Leptospermum, Acacia, alder, birch, hornbeam, hazel, chestnut, beech, oak, poplar, willow, etc. The ECM fungi have specific host preferences; they are metabolically more diverse and respond differently to habitat conditions. Theodor Hartig, in the year 1840, was the first to describe the structure of ECM in pine. He illustrated the fungal mantle and the intercellular network of hyphae [1]. These fungi have no intracellular penetration inside the host root cells; hence, they are called ectomycorrhizal fungi.




        The ECM formation initiates when hyphae infect the secondary or tertiary roots of the host plants. The hyphae start to grow behind the root cap and form a bulky sheath over the root surface (called the mantle), and then these hyphae start to penetrate in between the epidermal cells and reach the cortex, where they form an extensive network within the intercellular spaces in the cortical cells, looking like a net when the transverse section of the infected roots is stained with cotton blue or any other fungal stain. This net-like structure was later given the name “Hartig Net” in order to recognize Theodor Hartig’s contribution. The Hartig net surrounds the cortical cells completely in such a way that the cell loses contact with the surrounding cells and increases the surface area for the exchange of nutrients between the host plant and the fungi [9].




        The fungal infection changes the host root growth pattern and morphology; the fungal sheath around the roots reduces the frequency of cell division at the root tip, which in turn slows the elongation of roots. The cortical cells also tend to grow radially, due to which the fungal-infected roots appear to be shorter and thicker as compared to the uninfected roots. The development of the fungal sheath leads to the disruption of the root epidermis and also to the loss of the root hairs; thus, all the nutrient uptake is through the fungal hyphae [9].




        The succession pattern of the mycorrhizal fungi changes along with the host's life span. The ‘early stage’ fungi are the primary colonizers of the host roots, and when the host reaches maturity, the primary fungi are gradually replaced by the ‘late stage’ fungi. The different carbohydrates released by the host during its lifetime drive these successional changes [9]. ECM fungi produce fruiting bodies, which are nothing but ascocarps or basidiocarps of the fungi. Many times these are edible, for example, the fruiting bodies of Boletus edulis and Tuber melanosporum, which form ECM associations. This adds to the advantages of ECM fungi. Moreover, ECM fungi are cultivable and hence can be grown in large fermenters to produce mass inoculum for use in the forestry plants for afforestation and reforestation practices. EM fungi are of particular use in the reclamation of acidic soils with high heavy metal concentrations around mining areas [5].


      




      

        Ectendomycorrhizae




        The ectendomycorrhizae were previously known to be ectendotrophic mycorrhizae [15]. The ectendomycorrhizae have the characteristics of both the endo- and the ectomycorrhizae. The ectendomycorrhizae form the Hartig net structure and the mantle, which is reduced in size compared to the ECM. They also have the capability of intracellular penetration [11]. The ectendomycorrhizal associations are commonly formed by the members of Basidiomycota, Ascomycota, or Zygomycota, such as Wilcoxina mikolae, W. rehmii, Sphaerosporella brunnea, Phialophora finlandia, and Chloridium paucisporum, with the roots of plants belonging to angiosperms and gymnosperms, particularly with plants such as Picea, Pinus, and Larix. The fungal species identified to form the ectendomycorrhizal associations do not form fruiting bodies when present in the association, but some tend to form fruiting bodies in the culture conditions [9, 11, 15].




        

          Arbutoid Mycorrhizae




          Arbutoid mycorrhizae is an ectendomycorrhizae with a well-formed and distinctive Hartig net, mantle, and prolific extrametrical mycelium, as seen in ECM. Additionally, intracellular penetration of hyphae occurs, forming hyphal coils within the cortical cells [11]. The nutrients captured by the mycelium and rhizomorphs from the soil pass through the hyphal sheath and then to the short roots of the host plants. The fungal sheath also stores important nutrients and releases them during times of scarcity faced by the plants [9]. The fungal species form associations with hosts belonging to the members of Ericales, namely, Arctostaphylos and Arbutus species. The fungi forming these associations are member of the Basidiomycetes and can also form ECM with other hosts [11].


        




        

          Monotropoid Mycorrhizae




          These associations are formed by the achlorophyllous plant species Monotropa and the fungal species Boletus. These Monotropa species grow near trees such as pine, oak, fir, and spruce. The fungus forms EM associations with these trees, and the same fungus also forms monotropoidal associations with the Monotropa species and transfers carbohydrates from the trees to the Monotropa species with the help of fungal networks between the two. The root cells of Monotropa are surrounded by dense hyphal networks forming the Hartig net, which has limited intracellular penetration [9, 16].




          The hypha invaginates into the cortical cells, forming fungal pegs. Due to the extensive growth, the surface area of the pegs increases, leading to the formation of a structure resembling the transfer cell. Eventually, these transfer cells elongate and burst. A membranous sac extends from the peg in the cell cytoplasm, through which all the contents of transfer cells pass into the host cytoplasm. The process of bursting provides nutrients to the plant for seed production [9].




          Earlier, these associations were classified under the arbutoid category, but due to their distinctive feature of not penetrating the plant cell walls, they were placed under the new category of monotropoid mycorrhizae [9].


        


      


    




    

      BENEFITS CONFERRED BY MYCORRHIZAL ASSOCIATIONS TO PLANTS




      The mycorrhizal association provides many added advantages to the host plants and to the surrounding niche. Some of the benefits posed by the mycorrhizal associations are:




      

        Nutrient Mobilization




        The mycorrhizal associations help to continuously mobilize and absorb different nutrients within the ecosystem. They help in carbon cycling, which in turn enhances the host plant productivity; nitrogen cycling by helping plants in the uptake of nitrogen from the soil; and phosphorus cycling by solubilizing the insoluble forms of phosphate present in the soil [4].




        It has been demonstrated that plants allocate approximately 15% of their carbon reserves to the associated mycorrhizal fungi. The mycorrhizal fungi act as a key regulator in the carbon cycle as they store and degrade carbon compounds at the same time [4].




        The mycorrhizal fungi make a significant amount of P and N available to the plants even in nutrient-deficient soil by assimilating these nutrients from the soil and transferring them to the host. The mycorrhizal fungi contribute up to 90% of their host’s phosphate requirements [4].


      




      

        Water Uptake and Drought Tolerance




        The mycorrhizal hyphae help in better absorption of water as they can penetrate deep inside the soil where even the host roots fail to penetrate, thus exploiting the deeply situated water reservoir. It also stores excess amounts of water and makes them available during the times of scarcity. The fungal hyphae act as a buffer system for water, modulating the water flow within the host. This decreases stressful conditions and helps mycorrhizal plants thrive better than non-mycorrhizal ones [17].


      




      

        Better Growth




        Mycorrhizal associations increase the plant's productivity and growth by many folds by fetching even the most distant nutrients. The enhancement in growth is also a species-specific phenomenon; plants with thick roots rely more on mycorrhizal associations, whereas those with thin root structures depend less on mycorrhizal associations. The conferred benefits vary according to the changes during the life cycle. The benefits posed to the seedlings are much greater as compared to any other stage of the lifecycle [4]. It promotes growth by reducing nutritional deficiencies. The mycorrhizal hyphae dig out nutrients such as Cu, Zn, Mg, and P that are out of the reach of host plant roots [14].


      




      

        Tolerance to Salinity, Acidic pH, Adverse Temperature, Presence of Heavy Metals and Toxins




        Studies have depicted that mycorrhizal associations protect the host from salt and micronutrient toxicity by capturing and storing these toxic compounds within themselves in vacuoles and thus making them unavailable to the host plants [14]. The AM symbiosis helps to improve the plant’s tolerance to temperature stress. The possible mechanisms are: increasing the water and nutrient uptake by the plant; improving the photosynthetic ability and efficiency; protecting the host plant from oxidative damage; and increasing the accumulation of various osmoregulatory compounds [17].


      




      

        Growth Hormones




        The mycorrhizae produce many growth hormones similar to those of plant origin, such as auxins, cytokinin (CKs), ethylene (ET), gibberellic acid (GAs), abscisic acid (ABA), jasmonic acid (JA), and salicylic acid (SA). These hormones control the overall development of the plants and act as an important molecule in signalling during biotic and abiotic stress [18].


      




      

        Protection from Pathogens




        The mycorrhizal fungi reduce the probability of attack by pathogens responsible for causing root diseases. The mycorrhizal fungi act as a competition for the root pathogen as they do not provide the site of attachment to the pathogen and also consume the root exudates, due to which the pathogens are not able to get the required nutrition. The fungi also thicken the host root cells, thus barring the entry of pathogens inside the cell [14].


      




      

        Enhanced Fruiting and Flowering




        Due to the decreased stress conditions, the plants have the ability and resources to produce a large number of fruits and flowers as compared to the non-associated plant species [14]. This confers economic benefits to the farmers who grow flower plants and fruit trees.


      


    




    

      APPLICATIONS OF MYCORRHIZAL FUNGUS (MF) AS BIOFERTILIZERS




      The factors governing a successful inoculation are species compatibility, as different plant species will respond differently to the inoculated MF; the degree of competition faced by the MF by other soil microbes present in the target soil; other soil parameters such as pH; the presence of inhibitory compounds; and the season of inoculation. Fumigation of nursery soil prior to MF inoculation reduces microorganisms that can colonize introduced inocula and those that damage roots (root pathogens), thereby improving mycorrhizal development. A number of commercially available formulations of endomycorrhizal inoculants, ECM inoculants, and endo in combination with ECM fungi are now available for different applications. These commercial preparations usually contain a combination or consortium of many mycorrhizal fungi for a wide coverage of an assortment of host plants.




      

        The Endomycorrizal Fungal Inoculants




        The challenge of using endomycorrhizal fungi as a biofertilizer is that they cannot be cultivated in pure form, which makes large-scale production of inoculum difficult [5]. Being an obligate symbiont, only the propagules raised along with the host plant can be used for their further propagation and ultimate use as biofertilizer in the fields. There are several ways in which the inoculants can be prepared:





        

          	The soil collected from near the infected roots of plants harbouring AMF can be used as an inoculum.




          	The spores extracted from the soil using sieves with different pore sizes are used to prepare crude inoculum, after which, based on the compatibility of AMF, the host is identified, which is grown together in the soil. Later on, this soil can be used for large-scale production of the inoculum.




          	The small pieces of AMF-infected root can also serve as a source of inoculum [5].


        


      




      

        Different Forms of ECM Inoculants




        ECM inoculants [19] that can be used in various formulations for applications in the field are discussed below:





        

          	
Natural inoculum (humus, ectomycorrhizal roots, and soil): Initially, efforts were made to inoculate forest tree seedlings with ECM fungi by gathering several types of organic matter, including soil, rotten wood, plant litter, humus, and ectomycorrhizae, from the forests. Though easy, in this method it’s not possible to control the presence of ECM fungal species in the inoculum. Additionally, this type of inoculum might harbour weeds and harmful microorganisms, along with ECM fungi. Preferably, it should be collected from individual trees inoculated with the desired species of ECM fungus.




          	
Basidiospores: Sporocarps, which are a rich source of spores, can be exploited as almost uniform inoculants. The benefits of spores are that spore inoculum is light, has a long shelf life, and can endure storage from one season to another. Basidiospores can be applied either blended with water or as a dry spore preparation.




          	
Mycelial suspension (slurry): Mycelial slurry from the lab- or fermenter-grown ECM fungi such as Suillus granulates, Pisolithus tinctorius, etc., can be prepared by blending mycelial mats from liquid cultures with distilled water at high speed.


        


      




      

        Application Techniques for ECM Inoculant





        

          	
Vermiculite grown with ECM fungi: autoclaved vermiculite inoculated with suitable ECM fungi and incubated at room temperature for about 15 weeks allows fungal growth on the vermiculite particles. It can be applied directly to the soil, or the seedlings can be first allowed to grow in this, and after proper colonization of the roots, they can be planted in the soil.




          	Mycelium blended and entrapped in alginate beads survives longer and has been shown to be a better ECM inoculant. The seedlings can be inoculated before or after the sowing of the seeds and planting of the seedlings.




          	Basidiospores can also be applied after mixing with a moistened carrier, such as vermiculite, kaolin, or sand, and then mixing into the nursery soil.




          	Dusting dry spores onto the soil.




          	Suspending in water and irrigating. 



            

              	Natural and vegetative inoculum must be placed in the rooting zone of seedlings. Three methods of its application include: 



                

                  	Mixing with the rooting medium.




                  	Layering it below the seeds or seedlings.




                  	Poured onto seedlings or dipping seedlings into the slurry before planting.


                


              


            


          


        




        An artificial mycorrhization of seedlings is mandatory as a reforestation and afforestation management tool considering the extensive area of hostile forest sites and barren lands [19].


      


    




    

      OTHER BENEFITS AND LIMITATIONS OF MYCORRHIZAE




      The mycorrhizal fungi have a wide range of ecosystem advantages, such as litter decomposition, soil aggregation, and soil formation, in addition to the advantages conferred on plant growth and development. It has also been proposed that AM fungi help host plants extend their ecological niches and help plants by providing them with a competitive advantage over others inhabiting the same niche [4]. At the same time, one major problem associated with mycorrhizae is their ability to store excess minerals within themselves, which sometimes leads to heavy metal accumulation and toxicity in the plants.


    




    

      CONCLUDING REMARKS




      Advantages conferred by the MF on its host plant are numerous in return for carbohydrates, which it derives from the host plant that account for about 15% of the total carbohydrates synthesized by the plant. There are a variety of inoculum types, inoculum preparation methods, and inoculation techniques to initiate the development of mycorrhizae in agriculture, horticulture, and forest tree seedlings. Almost all plant species, including gymnosperms as well as angiosperms, are naturally associated with one or another type of mycorrhizal fungi, indicating the importance of these associations in natural ecosystems. Therefore, MF inoculants are extensively commercially exploited as biofertilizers in organic farming and forestry, including the bioremediation of barren lands.




      Though a lot of work has been done, further research is necessary to screen possible host fungus species and host fungus-environment interactions to augment the outcome of MF on plants. Further, scientists might be able to simplify the application of MF as inoculants.


    


  




  

    ACKNOWLEDGMENT




    The authors would like to thank Prof. Rakesh Kumar Gupta, Principal, Ram Lal Anand College, for providing all the necessary infrastructure and support in compiling this chapter.




    REFERENCES




    

      

        	



        	

      




      

        	
[1]



        	Trappe JM. A.B. Frank and mycorrhizae: The challenge to evolutionary and ecologic theory. Mycorrhiza 2005; 15(4): 277-81.[http://dx.doi.org/10.1007/s00572-004-0330-5] [PMID: 15503185]

      




      

        	
[2]



        	Peyronel B, Fassi B, Fontana A. Terminology of Mycorrhizae. Mycologia 1969; 61(2): 410-11.[http://dx.doi.org/10.1080/00275514.1969.12018747]

      




      

        	
[3]



        	Harley JL, Smith SE. Associates of Woody Plants as Insect Antagonists in Leaves and Stems Mycorrhizal Symbiosis 1983483.

      




      

        	
[4]



        	van der Heijden MGA, Martin FM, Selosse MA. Mycorrhizal ecology and evolution: The past, the present, and the future. New Phytol 2015; 205(4): 1406.[http://dx.doi.org/10.1111/nph.13288] [PMID: 25639293]

      




      

        	
[5]



        	Berruti A, Lumini E, Balestrini R. Arbuscular mycorrhizal fungi as natural biofertilizers: Let’s benefit from past successes. Front Microbiol 2016; 6: 1559.[http://dx.doi.org/10.3389/fmicb.2015.01559] [PMID: 26834714]

      




      

        	
[6]



        	Tedersoo L, Bahram M. Mycorrhizal types differ in ecophysiology and alter plant nutrition and soil processes. Biol Rev Camb Philos Soc 2019; 94(5): 1857.[http://dx.doi.org/10.1111/brv.12538] [PMID: 31270944]

      




      

        	
[7]



        	Sullia SB. Use of Vesicular-Arbuscular Mycorrhiza (VAM) as Biofertilizer for Horticultural Plants in Developing Countries. In: Prakash J, Pierik RLM, Eds. Horticulture-New Technologies and Applications. Current Plant Science and Biotechnology in Agriculture. Dordrecht: Springer 1991; vol. 12: pp. 49-53[http://dx.doi.org/10.1007/978-94-011-3176-6_8]

      




      

        	
[8]



        	Kehri HK, Akhtar O, Zoomi I. Arbuscular mycorrhizal fungi: Taxonomy and its systematic. Int J Life Sci Res 2018; 6: 58-71.

      




      

        	
[9]



        	David Moore World of Fungi: Where Mycology Starts. [http://www.davidMoore.org.uk/assets/ mostly_mycology/diane_howarth/mycorrhizal%20types.htm]

      




      

        	
[10]



        	Bender SF, Plantenga F, Neftel A, et al. Symbiotic relationships between soil fungi and plants reduce N2O emissions from soil. ISME J 2014; 8(6): 1336-45.[http://dx.doi.org/10.1038/ismej.2013.224] [PMID: 24351937]

      




      

        	
[11]



        	Siddiqui ZA, Pichtel J. Mycorrhizae: An Overview. In: Siddiqui ZA, Akhtar ZA, Futai J, eds. Mycorrhizae: Sustainable Agriculture and Forestry Siddiqui ZA, Akhtar ZA, Futai J. Netherlands:20081-35.

      




      

        	
[12]



        	Smith SE, Read DJ. Mycorrhizal Symbiosis (3rd ed.) 3rd ed.2008800.

      




      

        	
[13]



        	Brundrett M. Mycorrhizas in natural ecosystems. Adv Ecol Res 1991; 21: 171-313.[http://dx.doi.org/10.1016/S0065-2504(08)60099-9]

      




      

        	
[14]



        	Buechel T, Bloodnick E. Mycorrhizae: Description of types, benefits and uses. Plant Health 2016; 4: 18-20. [https://gpnmag.com/wp-content/uploads/2016/04/GPNApril_Mycorrhizae.pdf]

      




      

        	
[15]



        	Yu T, Egger K, Peterson L. Ectendomycorrhizal associations - characteristics and functions. Mycorrhiza 2001; 11(4): 167-77.[http://dx.doi.org/10.1007/s005720100110]

      




      

        	
[16]



        	Manoharachary C, Kunwar IK, Mukerji KG. Some Aspects of Monotropoid Mycorrhizas. In: Mukerji KG, Manoharachary C, Chamola BP, eds. Techniques in Mycorrhizal Studies Mukerji KG, Manoharachary C, Chamola BP. 2002435-41.[http://dx.doi.org/10.1007/978-94-017-3209-3_22]

      




      

        	
[17]



        	Zhu X, Song F, Liu F. Arbuscular Mycorrhizal Fungi and Tolerance of Temperature Stress in Plants. In: Wu QS, eds. Arbuscular Mycorrhizas and Stress Tolerance of Plants Wu QS. 2017163-94.[http://dx.doi.org/10.1007/978-981-10-4115-0_8]

      




      

        	
[18]



        	Chanclud E, Morel JB. Plant hormones: A fungal point of view. Mol Plant Pathol 2016; 17(8): 1289-97.[http://dx.doi.org/10.1111/mpp.12393] [PMID: 26950404]

      




      

        	
[19]



        	Repáč I. Ectomycorrhizal Inoculum and Inoculation Techniques. In: Rai M, Varma A, eds. Diversity and Biotechnology of Ectomycorrhizae Soil Biology Rai M, Varma A. 2011; vol. 25: 43-63.[http://dx.doi.org/10.1007/978-3-642-15196-5_3]

      


    


  




  




  

    Mycorrhizal Symbiosis: A Journey from Soil to Commercial Application




    


    Ekta Narwal1, *, Amar P. Garg2, Jairam Choudhary3, R.K. Naresh4




    

      1 Department of Agriculture and Agri-informatics, Shobhit Institute of Engineering and Technology, Meerut, UP-250110, India


    




    

      2 Swami Vivekanand Subharti University, NH-58, Meerut, UP-250005, India


    




    

      3 Division of Organic Agriculture Systems, ICAR-Indian Institute of Farming System Research, Meerut, UP-250110, India


    




    

      4 Sardar Vallabh Bhai Patel University of Agriculture and Technology, Meerut, UP-250110, India


    






    

      Abstract




      Mycorrhizae are mutualistic symbiotic associations between fungi and plants. Mycorrhizal associations are believed to be established between the Ordovician and Devonian periods. The mycorrhizal association is prevalent in almost all ecosystems with a high degree of host specificity. About 40,000–50,000 fungal species colonize the roots of nearly about 250,000 plant species. These symbiotic relations benefit associated plants by providing up to 80% of N and P and also help in plant growth and fitness by different mechanisms. A look into the recent literature suggests that mycorrhizal fungi are not only involved in improving crop yield but also increase the quality of products through the increase in antioxidants, vitamins, and essential trace elements in plants. Due to eco-friendly and sustainable aspects, widespread research and industrial applications of AM fungi are trending in today’s world. During recent years of urbanization and industrialization, the concentration of trace elements has increased in soil and water. Recovery of contaminated areas is very crucial as it may get into the food chain and the process is generally complex. For this, mycorrhizae have evolved as an efficient and sustainable aspect. Ecological restoration of mining sites using AM fungi is considered necessary and useful.




      AMF displays significant positive effects, such as increased plant survival under unfavourable growth conditions, enhanced growth and nutrition, improved soil structure and quality, and greater plant re-establishment. Implementation of various molecular techniques and advanced scientific knowledge on AM fungal symbioses, mycorrhizal biotechnology has reached various application domains such as horticulture, agriculture, soil reclamation, bioremediation, gardening, landscaping, and other areas of the plant market.
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      INTRODUCTION




      Mycorrhiza is a mutual symbiotic association between certain soil fungi and roots of the higher plants. AM symbiosis in plants is approximately 480 Mio years old and it is found in the majority of land plants in most taxa and virtually all ecological niches. Research findings suggest that mycorrhizal associations with plants were established in the Ordovician and Devonian periods [1]. This symbiotic association is known to play a key role in the evolution of land plants in the reducing and harsh environment prevalent at that time [2]. About 50,000 fungal species form mycorrhizal associations with 250,000 plant species. The association between AMF and the roots of plants can be called a facultative symbiosis because colonized plants can benefit from the AM symbiosis but can also live without them. However, some plant species called mycoheterotrophs are known to be obligate parasites on AM fungi because they are completely dependent on AM fungi for their nutrition as they have lost their photosynthetic capacity. On the other side, there are plants, which do not interact with AM fungi, for example, Brassicaceae, Chenopodiaceae, Polygonaceae, Juncaceae, Caryophyllaceae, and Proteaceae, and evolved alternative strategies to meet their nutritional needs [3].




      The significant and primary role of mycorrhizal fungi is to provide plant nutrients which are often in limiting conditions [4]. Secondary functions include providing plants protection against soilborne plant pathogens and alleviating heavy metal phytotoxicity, increasing photosynthesis and hormone production, reducing oxidative stress, and providing resistance from biotic and abiotic stresses [5, 6]. Mycorrhizal symbiotic associations provide approximately 80% of nitrogen [N] and phosphorus [P] to the plants and help in the growth and development of associated plants. Mycorrhization also plays a very important role in organizing and maintaining the structure of plant communities in any ecosystem [7] as well as soil microbial communities in the rhizosphere [8]. Mycorrhizal fungi have adaptive homoplasticity in their physiology and metabolism, which makes them more tolerable and adaptive when exposed to stress.


    




    

      TYPES OF MYCORRHIZA




      The mycorrhizal association is present in almost all ecosystems. There are two major groups of mycorrhiza, based on the degree to which hyphae penetrate the root epidermis and its further development: endomycorrhiza and ectomycorrhiza, in both conditions, they penetrate the epidermis and invade plant root cells for nutritional exchange of carbon, nitrogen and phosphorus. Endomycorrhiza forms arbuscules, vesicles and spores inside the host cell that are further categorized into arbuscular mycorrhiza [AM], orchidaceous mycorrhiza and ericoid mycorrhiza, whereas ectomycorrhiza forms Hartig net and thick mantle (Fig. 1). Some mycorrhizal fungi form both types of mycorrhizal structures called ecto-endomycorrhiza, which are found in the members of subfamily Ericaceae and Arbutoideae. The majority of plants have at least one type of association out of four [7].




      
[image: ]


Fig. (1))


      Types of Mycorrhizal associations in plant roots. (A and B) Arbuscular mycorrhiza showing vesicles and arbuscules inside root cells. (C) Ericoid mycorrhizal colonization in ericoid hair root of Leucopogon ericoides (Source: https://mycorrhizas.info). (D) Ectomycorrhizal colonization in roots of Pinus strobes (note the heavy mantle outside the root and Hartig net in the intercellular spaces). (E) Cross-section of a root showing mantle and Hartig net and (F) Transverse section through the root of a bird's nest orchid (Neottia nidus-avis), showing cells of endotrophic orchid mycorrhiza.



      

        Arbuscular Mycorrhiza




        The AM fungal associations are found in all terrestrial ecosystems, including aquatic plants and agroecosystems as well as metal-polluted soils. Around 74% of the total land plants are colonized by AM fungi, of which more than 80% of vascular land plants are associated with AM fungi [9]. In this symbiosis, AM fungi produce hyphae, arbuscules, vesicles, and spores inside the root cortex of the host and hyphae, vesicles, and spores outside the roots. AM fungi are obligate biotrophs, which always need the roots of living hosts to grow and complete their life cycles. There is no synthetic medium for the proliferation of AM fungi in vitro.


      




      

        Ectomycorrhiza




        Ectomycorrhiza forms symbiotic structures in gymnosperms and angiosperms. Around 20,000 fungal species are known to form ectomycorrhizal associations and these belong to Basidiomycetes and Ascomycetes and a few belong to Zygomycetes. They form important structures called Hartig net in gymnosperms and mantle in angiosperms (shrubs and trees), and a few liverworts of the temperate region [10]. The Hartig net forms inside the root but the mantle forms a thick condensed woven mat-like structure around the root. These structures vary according to the host like the Hartig net is developed from the inner of the mantle and grows in the root tissues forming a network between the outer cell and root axis. This interface acts as an exchange site [11]. The development of root hairs is depressed in case of ectomycorrhizal association but due to an increased level of cytokinin in the root cell, branching of roots occurs [12].


      




      

        Ericoid Mycorrhiza




        Members of Ericaceae and liverworts are found to have an ericoid type of mycorrhizal association, which accounts for around 2% of the total plants [9], but not found in the subfamilies of Ericaceae like Monotropoideae, Arbutoideae, and Enkianthoideae [7]. The association of ericoid mycorrhiza with living plants’ roots is obligatory. Their hyphae colonize epidermal cells separately and form characteristic fungal coils from which they reach cortical cells and form densely interwoven hyphae. The coil is the site of exchange between the host and fungi. This mycorrhiza is sufficiently adapted in acidic and nutrient-limited soil conditions. These mycorrhizae are also capable of degrading organic substances indicating their saprobic nature [13].


      




      

        Orchid Mycorrhiza




        Orchid mycorrhiza, belonging to Basidiomycota, are symbiotic interactions of around 25,000 mycorrhizal fungal species with plant’s roots of 20,000 to 35,000 orchid species of the family Orchidaceae [7]. Orchid mycorrhiza is very important as it provides a carbon source for the germinating seeds of achlorophyllous orchid plants.




        The improvement in the yields of food crops has been the center of focus for decades and now a major area of research is improving below-ground crop traits e.g., root architecture, root branching, root volume [14, 15], improvement in nutrient uptake and use efficiency, nitrogen fixation [16], management of beneficial soil microorganisms, soil characteristics in general, and improvement in arbuscular mycorrhizal associations (AM) in particular [17]. The abundance and diversity of mycorrhizal fungi populations in soils decrease with soil degradation, pollution, intense agricultural practices (such as tillage), and widespread agrochemical applications [18]. Because AM fungi play several crucial roles, evaluation of AM fungi abundance and diversity indicates a potentially huge loss of ecosystem services and functions under traditional high-input farming compared to more ecologically-friendly, but low-input agriculture [19]. Owing to their positive impacts on plant growth and productivity, their capacity in tolerating biotic and abiotic stresses and boosting plants under adverse conditions, mycorrhizal applications as bio-inoculants has been of prime importance in plant production and a great biotechnological tool for crop growth improvement. Mycorrhizal technology is growing day by day and because of its sustainable and ecological aspects, mycorrhizal technology is providing a single platform for extensive applied research and commercialization [17].


      


    




    

      BIODIVERSITY OF MYCORRHIZAL FUNGI




      According to the literature, a total of 0.5-10% of fungal species are involved in mycorrhizal associations [20]. Mycorrhizal fungi are known to be obligate and facultative and some are also saprotrophic in nature [7]. Mycorrhiza provides enormous benefits to their hosts which include the acquisition of N, P, K and micronutrients, tolerance to various biotic and abiotic stress [21] and are known to colonize about 80% of plant species [7]. In return for these beneficial services, AM fungi receive up to 25-30% carbon in the form of photosynthates from host plants [22]. AM fungi influence plants by affecting their diversity, net primary productivity and competition [23, 24]. The diversity of mycorrhizal fungi in different ecologies is defined by different factors:




      a. The global distribution of known plant hosts and their ecologies plays major roles in shaping AM fungal biodiversity. For example, AM fungal communities are highly dominant in grassland ecologies but least in boreal forests [25].




      b. Spatial differences in plant community structure at many fronts influence the distribution of AM fungal taxa (Fig. 2). Biomass richness and community structure of AM fungi differ with respect to biome, invasive plants, and plant species richness [26].




      c. The type of soil and texture, disturbance, moisture content, temperature, and nutrient availability are often correlated for the determination of AM fungal composition [27, 28].




      d. Phylogenetically-conserved traits differ significantly between various AM lineages e.g., Gigasporaceae family preferentially produces extra radical hyphal biomass in the soil which results in higher nutrient acquisition and biomass of host plants, while members of the Glomeraceae family widely colonize roots, resulting in a greater pathogen protection of plants (Fig. 2) [29].
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Fig. (2))


      AM fungal diversity in soils of Desmodium triflorum. Relative abundance at the family level (A) and species level (B) [38].



      e. Arbuscular mycorrhizal fungi are often considered generalists since only 200-300 species have been described to date which colonizes about 80% of plants [25].




      f. Most of the estimates of AM fungal diversity are based on spore morphology. The advent of molecular techniques has opened new aspects of AM fungal taxonomy. Many conserved barcode regions such as SSU, ITS, mtDNA, and nrDNA have been identified and are being utilized to study evolution and phylogeny in AM fungi taxonomy.




      g. Primitive pteridophytes, epiphytic ferns, and submerged ferns are mainly associated with AM, whereas leptosporangiate ferns are less dependent on mycorrhiza [30].




      h. In phylum bryophyte, 25% of members are associated with AM. Anthocerotales members are mainly associated with AM, whereas a large group is with mosses [31]. While families such as Metzgeriaceae, Pleuroziaceae, Sphaerocarpales, and Ricciaceae are non-mycorrhized [32].




      i. The family Pinaceae and genus Gnetum are symbiotically associated with ectomycorrhiza, whereas Ginkgo biloba, Ephedra, and Welwitschia mirabilis like primitive genera of this phylum are associated with AM [33].




      j. Mycorrhizal symbiosis in flowering plants is estimated at 71% AM, 10% orchid mycorrhiza, ≥ 2% ectomycorrhiza, 1.4% ericoid mycorrhiza, 7% inconsistent non-mycorrhizal AM, and the remaining 8% in non-mycorrhizal [34, 35].




      k. There are some carnivores, parasites, and cluster-rooted plant species that grow in nutritional-limiting environments that are commonly non-mycorrhizal [35].




      l. The AMF abundance in the soil is highly affected by the tillage practices, application of fertilizers indiscriminately (especially P), use of biocide chemicals and the type of plant species grown and these all factors lead to a decrease in relative abundance and richness of AMF [36, 37].


    




    

      SIGNIFICANT ROLES OF MYCORRHIZA




      

        Ecological Significance




        • In most ecosystems, mycorrhizal fungi facilitate nutrient transfer, water transfer, sometimes carbon transfer, etc. (Fig. 3).




        • In tropical ecosystems, AM fungi like Rizophagus irregularis and Funneliformis mosseae are generally present [39].




        • Mycorrhiza helps in soil formation, soil aggregation [40], seedling establishment [41], litter decomposition [42], plant community establishment [43], and supports plant invasion in new communities [44].
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Fig. (3))


        Ecological role of mycorrhiza in the plant soil ecosystem.

      




      

        Nutrient Cycling




        Mycorrhiza acts as a mobilizer and solubilizer, and its hyphal network helps in providing sufficient phosphorus to plant hosts in nutrient-limiting soil by binding nutrients and reducing their leaching and such symbiosis also regulates carbon dynamics of the ecosystem [45].


      




      

        Phosphorus, Nitrogen, and Water Uptake




        In nutritionally poor soils, a nutrient-deficient zone is created in and around the rhizosphere, which is very low in nutrients. Mycorrhizal hyphae travel far away from this zone and mobilize nutrients like P, N, and other trace nutrients [46].




        Pine trees are highly dependent on ectomycorrhizal symbiosis, for water and nutrient uptake. AM and ectomycorrhiza both can take up inorganic nitrogen (N) such as ammonium or nitrate from soil and absorbed ammonium and nitrate are assimilated via glutamine synthase/glutamine oxoglutarate aminotransferase pathway in both AM and ectomycorrhiza [47, 48].


      




      

        Amelioration of Plant Stress




        Mycorrhizal symbiosis helps in the amelioration of different types of plant stresses such as metal, salt, drought, and other biotic stress. AM fungi enhance the antioxidant defense level in the host [49], and produce isoprenoids to protect the plant from several stresses [50]. In the salt stress condition, mycorrhizal roots have a higher hydraulic conductivity at low water potential and increase stomatal conductance, which increases the demand for transpiration [51]. In the presence of mycorrhizal symbiosis, the plant increases their ability to resist salt stress by the accumulation of solutes and improving osmotic adjustment [52]. Endomycorrhizal fungi trap heavy metals in their binding sites and immobilize and accumulate in their mycelia. Additionally, glomalin protein produced by AM fungi provides a binding site for heavy metals [53].


      


    




    

      APPLICATIONS OF MYCORRHIZAL FUNGI




      For the last few decades, mycorrhizal fungi have been recognized as a modern feasible biological tool in production systems. The improvement of crop yields, alleviation of various abiotic stresses such as drought, salinity, heat, etc., through the production of antioxidants, vitamins and the acquisition of trace elements in AM-inoculated plants are supported by a number of studies [15, 17, 54].




      Mycorrhizal fungi can also help in the decontamination of metal-polluted soils and their application in the practice of phytoremediation. The binding of heavy metals to extra-radical hyphae, decrease in the translocation of heavy metals to the aboveground plant parts, and induction of various mechanisms in plants to throw out heavy metals are extensively supported by various researchers [55, 56].




      One of the most important ecosystem services are the enhancement of soil erosion control by soil binding capacity via mycorrhizal extra radical mycelium (ERM) [57], and significant allocation of plant carbon products of photosynthesis into mycorrhizal structures being a significant carbon sink on global level [17].




      AMF are also used as mediators of phytoremediation processes. AMF enable mycorrhizal colonization in plants and the symbiotic association can promote stabilization of trace elements in the rhizosphere of plants, favoring phytostabilization. In contaminated areas, the contribution of AMF in phytoremediation is through phytostabilization and phytoextraction [58].


    




    

      COMMERCIAL USE OF AM FUNGI




      The production of mycorrhizal-based inoculum as biofertilizers has been accepted as a biotechnological innovation, in recent years. A number of studies demonstrate the positive impacts of mycorrhizae-based fertilizers in improving crop production, plant health and ecological restoration [59].




      With the manifold benefits that AMF inoculation induces in their host plants, they hold great promise as a potential candidate for application in crop production under various conditions of biotic and abiotic stresses. Because AMF is known to colonize most of the agricultural crops, therefore crop plants can potentially benefit from inoculation with AMF. Indeed, many studies under greenhouse or field conditions have shown that the application of commercial AMF inoculum benefits crops under agricultural conditions [59, 60].




      AMF supports the enhancement of plant nutrition by absorbing and translocating mineral nutrients beyond the depletion zones of plant rhizosphere and induce changes in secondary metabolism leading to improved nutraceutical values. The colonization of lettuce plants with AM fungi benefited plant growth and increased the concentration of copper, iron, anthocyanins, carotenoids, also phenolics in mycorrhiza-inoculated compared to non-mycorrhizal plants, which are indirectly potentially beneficial for human health [61, 62].




      AMF interferes with the phytohormone balance of host plants, thereby influencing plant development (bioregulators) and inducing tolerance to soil and environmental stresses (bioprotectors) [59]. Inoculation of Euonymus japonica with Glomus iranicum var. tenuihypharum increased P, Ca and K content in leaves against salinity stress [63].




      The production of AM fungal inoculum is a highly labour-intensive, time-consuming and space-occupying process. AMF is commercially applied as a bioinoculant particularly to high-value crops such as for the settlement of cuttings and micro-propagated plantlets in nurseries and other horticultural value-added crops [64, 65]. Sterile micropropagation (in vitro) of horticultural plants is a very difficult task. When these high-value horticultural plants are transferred from their propagation nurseries to soil (weaning), a lot of plantlets die causing huge commercial losses [66]. Inoculation with AMF of micropropagated fruit trees at transplant improves proper establishment, growth and nutrient uptake during the weaning stage, yielding plants of larger size, enhanced quality and improved commercial characteristics. AM fungi can accelerate this transition and improve the health of the plantlets [67], thereby rendering plant production more profitable. A good example of such an application is apple and peach cuttings that grow stronger with AM fungal inoculum [66, 68].




      Arbuscular mycorrhiza inoculation can also be profitable in plant production at a large agricultural scale in large areas. This has been exemplified by growing potatoes in a number of fields in Europe and North America. A large meta-analysis was done for potatoes grown in 231 field trials and a significant increase in tuber production with enhanced quality parameters was obtained in Rhizophagus irregularis (DAOM 197198) AM-inoculated plants as compared to non-inoculated plants [60]. The average yield increase in these 231 field trials obtained was 3.9 tons/ha, representing 9.5% of the total crop yield. Owing to AMF-inoculation, nearly 80% of all trials showed an estimated threshold for the profitability of 0.67 tons/ha increased yield. Also, AMF application can allow a decrease in the amount of fertilization without decreasing yield, thereby further increasing profitability.




      AMF inoculation can help the renaturation and afforestation of trees at early stages by protecting them against abiotic stresses. For example, the Moroccan argan tree, the fruits of which are used to prepare the precious argan oil, are endangered in their original areas of distribution due to overuse [69]. Argan reforestation requires that young plantlets raised in nurseries are planted out and that they quickly adapt to the dry climate of the native range of these trees. Mycorrhizal inoculation significantly increases the growth and health of young argan trees, thereby increasing their fitness and survival after planting [70].




      AM fungi can also be used for bioremediation of contaminated soils. During the last decades, the potential of plants has been explored to reduce the contamination of soils polluted by organic compounds or heavy metals, and AM fungi could potentially play a central role in such strategies [71]. There are two ways to alleviate heavy metal stress: mycorrhiza can either accumulate or sequester toxic metal ions, thereby protecting their host from the pollutant [72], or they can transfer them to the host plant like essential mineral nutrients such as Cu and Zn, resulting in heavy metal accumulation in the host plant.




      The newly exploited potential of AM is the enhancement of food quality in crop plants. There are some recent reports on the increase of sugar content in plants, an increase of essential elements (Zn, Mg, etc.) and mainly antioxidants and beneficial mineral elements in mycorrhiza-inoculated plants [17, 54]. Mycorrhizal colonization in a peat-based (soilless) medium significantly increased flower vase life and decreased ethylene production in flowers of a bedding plant named Maryland White. In their study, Tahat and coworkers [73] showed that AM fungi colonized tomato roots from G. mosseae (80%) to G. margarita (20%) and found that tomato plants inoculated with Glomus sp. showed higher lycopene content in fruits, increased β-carotene, and total phenolic contents with an increased root fresh weight.




      Mutualistic associations of AM fungi and associated bacteria inoculations bring benefits to plant production [74]. Dual inoculations with AM fungi and saprotrophic fungi decomposing supplied organic plant matter can exhibit a beneficial effect on crop growth and food quality, as we recently proved on mycorrhizal onions [54]. The bacteria associated with AMF help in the promotion of the germination of AM spores. With the help of denaturing gradient gel electrophoresis (DGGE), it has been revealed that species from several bacteria taxa including Cellvibrio, Chondromyces, Flexibacter, Lysobacter, and Pseudomonas are able to degrade biopolymers such as chitin, which is the main component of outer walls of AMF spores, and thus helps to promote germination of AM spores [75].


    




    

      CONCLUDING REMARKS




      The biotechnological advancements in mycorrhizal studies have led to the development of novel molecular techniques for the detection of the fungus inoculated under field conditions; understanding the mechanisms of interactions between mycorrhizae and other soil microorganisms such as PGPRs or other saprophytic fungi; exploration of the mechanisms adopted by various fungi for coexistence in the single root system; and the discovery of new compounds with mycorrhizae inoculated plants and exploration of new findings about the physiology of in vitro-grown AM fungi in root organ culture. The scientific advancements in the basic understanding of AM–plant symbiosis have helped improve the potential applications of mycorrhizal biotechnology in different fields such as agriculture, horticulture, landscaping, phytoremediation, and other areas of plant market. In the history of changing climatic scenario, the evolution of mycorrhizal associations coevolved with different host plants in different habitats and environmental conditions. These associations facilitate the host plant to cope with different stressed environments. Heavy metals, toxic chemicals, and water pollution make the agricultural lands polluted, which decreases crop production and increases health risk. In modern agricultural practices, these irreversible changes are managed with many biological tools such as beneficial microbes. AM mycorrhiza commonly used in modern sustainable agriculture is applied in modern forestry for seedlings preparation, establishment, and acclamation in transplantation. The key role of mycorrhiza is to maintain soil fertility and soil health and ameliorate the stresses. So there is a need for more knowledge about genetics, interaction biology, and tolerance and remediation mechanisms.


    


  




  

    REFERENCES




    

      

        	



        	

      




      

        	
[1]



        	Delaux PM. Comparative phylogenomics of symbiotic associations. New Phytol 2017; 213(1): 89-94.[http://dx.doi.org/10.1111/nph.14161] [PMID: 27582420]

      




      

        	
[2]



        	Helgason T, Fitter A. The ecology and evolution of the arbuscular mycorrhizal fungi. Mycologist 2005; 19(3): 96-101.[http://dx.doi.org/10.1017/S0269915X05003022]

      




      

        	
[3]



        	Graham SW, Lam VKY, Merckx VSFT. Plastomes on the edge: The evolutionary breakdown of mycoheterotroph plastid genomes. New Phytol 2017; 214(1): 48-55.[http://dx.doi.org/10.1111/nph.14398] [PMID: 28067952]

      




      

        	
[4]



        	Augé RM. Water relations, drought and vesicular-arbuscular mycorrhizal symbiosis. Mycorrhiza 2001; 11(1): 3-42.[http://dx.doi.org/10.1007/s005720100097]

      




      

        	
[5]



        	Bennett AE, Bever JD, Deane Bowers M. Arbuscular mycorrhizal fungal species suppress inducible plant responses and alter defensive strategies following herbivory. Oecologia 2009; 160(4): 771-9.[http://dx.doi.org/10.1007/s00442-009-1338-5] [PMID: 19408016]

      




      

        	
[6]



        	Ruiz-Sánchez M, Aroca R, Muñoz Y. The arbuscular mycorrhizal symbiosis enhances the photosynthetic efficiency and the antioxidative response of rice plants subjected to drought stress. J Plant Physiol 2010; 167(11): 862-9.[http://dx.doi.org/10.1016/j.jplph.2010.01.018] [PMID: 20227134]

      




      

        	
[7]



        	Heijden MGA, Martin FM, Selosse MA. Mycorrhizal ecology and evolution: The past, the present, and the future. New Phytol 2015; 205(4): 1406-23.[http://dx.doi.org/10.1111/nph.13288] [PMID: 25639293]

      




      

        	
[8]



        	Smith SE, Smith FA. Roles of arbuscular mycorrhizas in plant nutrition and growth: New paradigms from cellular to ecosystem scales. Annu Rev Plant Biol 2011; 62(1): 227-50.[http://dx.doi.org/10.1146/annurev-arplant-042110-103846] [PMID: 21391813]

      




      

        	
[9]



        	Brundrett MC. Mycorrhizal associations and other means of nutrition of vascular plants: Understanding the global diversity of host plants by resolving conflicting information and developing reliable means of diagnosis. Plant Soil 2009; 320(1-2): 37-77.[http://dx.doi.org/10.1007/s11104-008-9877-9]

      




      

        	
[10]



        	Tedersoo L, May TW, Smith ME. Ectomycorrhizal lifestyle in fungi: Global diversity, distribution, and evolution of phylogenetic lineages. Mycorrhiza 2010; 20(4): 217-63.[http://dx.doi.org/10.1007/s00572-009-0274-x] [PMID: 20191371]

      




      

        	
[11]



        	Dighton J. Fungi in ecosystem processes. 2nd ed Boca Raton: CRC Press. 2016. p. 424.[http://dx.doi.org/10.1201/b19652]

      




      

        	
[12]



        	Giron D, Frago E, Glevarec G. Cytokinins as key regulators in plant–microbe–insect interactions: Connecting plant growth and defence. Funct Ecol 2013; 27(3): 599-609.[http://dx.doi.org/10.1111/1365-2435.12042]

      




      

        	
[13]



        	Wurzburger N, Higgins BP, Hendrick RL. Ericoid mycorrhizal root fungi and their multicopper oxidases from a temperate forest shrub. Ecol Evol 2012; 2(1): 65-79.[http://dx.doi.org/10.1002/ece3.67] [PMID: 22408727]

      




      

        	
[14]



        	Sandhu N, Yadaw RB, Chaudhary B, et al. Evaluating the performance of rice genotypes for improving yield and adaptability under direct seeded aerobic cultivation conditions. Front Plant Sci 2019; 10: 159.[http://dx.doi.org/10.3389/fpls.2019.00159] [PMID: 30828343]

      




      

        	
[15]



        	Narwal E, Annapurna K, Choudhary J. Effect of arbuscular mycorrhizal fungal colonization on nutrient uptake in rice aerobic conditions. Int J Curr Microbiol Appl Sci 2018; 7(4): 1072-93.[http://dx.doi.org/10.20546/ijcmas.2018.704.118]

      




      

        	
[16]



        	Prasanna R, Bidyarani N, Babu S. Cyanobacterial inoculation elicits plant defense response and enhanced Zn mobilization in maize hybrids. Cogent Food Agric 2015; 1(1): 998507.[http://dx.doi.org/10.1080/23311932.2014.998507]

      




      

        	
[17]



        	Gianinazzi S, Gollotte A, Binet MN. Agroecology: The key role of arbuscular mycorrhizas in ecosystem services. Mycorrhiza 2010; 20(8): 519-30.[http://dx.doi.org/10.1007/s00572-010-0333-3] [PMID: 20697748]

      




      

        	
[18]



        	Vosátka M, Látr A, Albrechtová J. How to apply Mycorrhizal Inocula in a Large-Scale and What Outcome can be Expected in Respect to Plant Growth and Cultivation Costs. In: Feldmannn F, Kapulnik Y, Baar J, eds. Mycorrhiza Works. Feldmannn F, Kapulnik Y, Baar J. Braunschweig: Deutsche Phytomedizinische Gesellschaft 2008. pp. 323-39.

      




      

        	
[19]



        	Douds DD, Jr, Carr E, Shenk JE. Positive yield response of eggplant (Solanum melongena L.) to inoculation with AM fungi produced on-farm. Sci Hortic 2017; 224: 48-52.[http://dx.doi.org/10.1016/j.scienta.2017.05.017]

      




      

        	
[20]



        	Taylor A, Pereira N, Thomas B. Growth and nutritional responses to arbuscular mycorrhizal fungi are dependent on onion genotype and fungal species. Biol Fertil Soils 2015; 51(7): 801-13.[http://dx.doi.org/10.1007/s00374-015-1027-y]

      




      

        	
[21]



        	Johnson NC. Resource stoichiometry elucidates the structure and function of arbuscular mycorrhizas across scales. New Phytol 2010; 185(3): 631-47.[http://dx.doi.org/10.1111/j.1469-8137.2009.03110.x] [PMID: 19968797]

      




      

        	
[22]



        	Drigo B, Pijl AS, Duyts H, et al. Shifting carbon flow from roots into associated microbial communities in response to elevated atmospheric CO2. Proc Natl Acad Sci 2010; 107(24): 10938-42.[http://dx.doi.org/10.1073/pnas.0912421107] [PMID: 20534474]

      




      

        	
[23]



        	Sikes BA, Powell JR, Rillig MC. Deciphering the relative contributions of multiple functions within plant–microbe symbioses. Ecology 2010; 91(6): 1591-7.[http://dx.doi.org/10.1890/09-1858.1] [PMID: 20583701]

      




      

        	
[24]



        	van der Heijden MGA, Bardgett RD, van Straalen NM. The unseen majority: Soil microbes as drivers of plant diversity and productivity in terrestrial ecosystems. Ecol Lett 2008; 11(3): 296-310.[http://dx.doi.org/10.1111/j.1461-0248.2007.01139.x] [PMID: 18047587]

      




      

        	
[25]



        	Öpik M, Vanatoa A, Vanatoa E, et al. The online database MaarjAM reveals global and ecosystemic distribution patterns in arbuscular mycorrhizal fungi (Glomeromycota). New Phytol 2010; 188(1): 223-41.[http://dx.doi.org/10.1111/j.1469-8137.2010.03334.x] [PMID: 20561207]

      




      

        	
[26]



        	Kivlin SN, Hawkes CV, Treseder KK. Global diversity and distribution of arbuscular mycorrhizal fungi. Soil Biol Biochem 2011; 43(11): 2294-303.[http://dx.doi.org/10.1016/j.soilbio.2011.07.012]

      




      

        	
[27]



        	Hawkes C, Kivlin SN, Rocca JD. Fungal community responses to precipitation. Glob Change Biol 2011; 17(4): 1637-45.[http://dx.doi.org/10.1111/j.1365-2486.2010.02327.x]

      




      

        	
[28]



        	Lekberg Y, Koide RT, Rohr JR. Role of niche restrictions and dispersal in the composition of arbuscular mycorrhizal fungal communities. J Ecol 2007; 95(1): 95-105.[http://dx.doi.org/10.1111/j.1365-2745.2006.01193.x]

      




      

        	
[29]



        	Powell JR, Parrent JL, Hart MM. Phylogenetic trait conservatism and the evolution of functional trade-offs in arbuscular mycorrhizal fungi. Proc Biol Sci 2009; 276(1676): 4237-45.[http://dx.doi.org/10.1098/rspb.2009.1015] [PMID: 19740877]

      




      

        	
[30]



        	Lehnert M, Kottke I, Setaro S. Mycorrhizal associations in ferns from southern ecuador. Am Fern J 2009; 99(4): 292-306.[http://dx.doi.org/10.1640/0002-8444-99.4.292]

      




      

        	
[31]



        	Pressel S, P’ng KMY, Duckett JG. A cryo-scanning electron microscope study of the water relations of the remarkable cell wall in the moss Rhacocarpus purpurascens (Rhacocarpaceae, Bryophyta). Nova Hedwigia 2010; 91(3-4): 289-99.[http://dx.doi.org/10.1127/0029-5035/2010/0091-0289]

      




      

        	
[32]



        	Lehnert M, Krug M, Kessler M. A review of symbiotic fungal endophytes in lycophytes and ferns: A global phylogenetic and ecological perspective. Symbiosis 2017; 71(2): 77-89.[http://dx.doi.org/10.1007/s13199-016-0436-5]

      




      

        	
[33]



        	Brundrett MC. Coevolution of roots and mycorrhizas of land plants. New Phytol 2002; 154(2): 275-304.[http://dx.doi.org/10.1046/j.1469-8137.2002.00397.x] [PMID: 33873429]

      




      

        	
[34]



        	Brundrett MC. Global Diversity and Importance of Mycorrhizal and Nonmycorrhizal Plants. In: Tedersoo L, eds. Biogeography of Mycorrhizal Symbiosis: Ecological Studies (Analysis and Synthesis). Tedersoo L. Cham: Springer 2017. pp. 230: 533-56.[http://dx.doi.org/10.1007/978-3-319-56363-3_21]

      




      

        	
[35]



        	Brundrett MC, Tedersoo L. Evolutionary history of mycorrhizal symbioses and global host plant diversity. New Phytol 2018; 220(4): 1108-15.[http://dx.doi.org/10.1111/nph.14976] [PMID: 29355963]

      




      

        	
[36]



        	Hartmann M, Frey B, Mayer J. Distinct soil microbial diversity under long-term organic and conventional farming. ISME J 2015; 9(5): 1177-94.[http://dx.doi.org/10.1038/ismej.2014.210] [PMID: 25350160]

      




      

        	
[37]



        	Njeru EM, Avio L, Bocci G, et al. Contrasting effects of cover crops on ‘hot spot’ arbuscular mycorrhizal fungal communities in organic tomato. Biol Fertil Soils 2015; 51(2): 151-66.[http://dx.doi.org/10.1007/s00374-014-0958-z]

      




      

        	
[38]



        	Han X, Xu C, Wang Y, et al. Dynamics of arbuscular mycorrhizal fungi in relation to root colonization, spore density, and soil properties among different spreading stages of the exotic plant threeflower beggarweed (Desmodium triflorum) in a Zoysia tenuifolia lawn. Weed Sci 2019; 67(6): 689-701.[http://dx.doi.org/10.1017/wsc.2019.50]

      




      

        	
[39]



        	Öpik M, Moora M, Liira J. Composition of root-colonizing arbuscular mycorrhizal fungal communities in different ecosystems around the globe. J Ecol 2006; 94(4): 778-90.[http://dx.doi.org/10.1111/j.1365-2745.2006.01136.x]

      




      

        	
[40]



        	Rillig MC, Mummey DL. Mycorrhizas and soil structure. New Phytol 2006; 171(1): 41-53.[http://dx.doi.org/10.1111/j.1469-8137.2006.01750.x] [PMID: 16771981]

      




      

        	
[41]



        	van der Heijden MGA, Horton TR. Socialism in soil? The importance of mycorrhizal fungal networks for facilitation in natural ecosystems. J Ecol 2009; 97(6): 1139-50.[http://dx.doi.org/10.1111/j.1365-2745.2009.01570.x]

      




      

        	
[42]



        	Lindahl BD, Ihrmark K, Boberg J, et al. Spatial separation of litter decomposition and mycorrhizal nitrogen uptake in a boreal forest. New Phytol 2007; 173(3): 611-20.[http://dx.doi.org/10.1111/j.1469-8137.2006.01936.x] [PMID: 17244056]

      




      

        	
[43]



        	Yang G, Liu N, Lu W, et al. The interaction between arbuscular mycorrhizal fungi and soil phosphorus availability influences plant community productivity and ecosystem stability. J Ecol 2014; 102(4): 1072-82.[http://dx.doi.org/10.1111/1365-2745.12249]

      




      

        	
[44]



        	Dickie IA, Bolstridge N, Cooper JA. Co-invasion by Pinus and its mycorrhizal fungi. New Phytol 2010; 187(2): 475-84.[http://dx.doi.org/10.1111/j.1469-8137.2010.03277.x] [PMID: 20456067]

      




      

        	
[45]



        	Clemmensen KE, Bahr A, Ovaskainen O, et al. Roots and associated fungi drive long-term carbon sequestration in boreal forest. Science 2013; 339(6127): 1615-8.[http://dx.doi.org/10.1126/science.1231923] [PMID: 23539604]

      




      

        	
[46]



        	Hijikata N, Murase M, Tani C. Polyphosphate has a central role in the rapid and massive accumulation of phosphorus in extraradical mycelium of an arbuscular mycorrhizal fungus. New Phytol 2010; 186(2): 285-9.[http://dx.doi.org/10.1111/j.1469-8137.2009.03168.x] [PMID: 20409186]

      




      

        	
[47]



        	Jin H, Pfeffer PE, Douds DD. The uptake, metabolism, transport and transfer of nitrogen in an arbuscular mycorrhizal symbiosis. New Phytol 2005; 168(3): 687-96.[http://dx.doi.org/10.1111/j.1469-8137.2005.01536.x] [PMID: 16313650]

      




      

        	
[48]



        	Tanaka Y, Yano K. Nitrogen delivery to maize via mycorrhizal hyphae depends on the form of N supplied. Plant Cell Environ 2005; 28(10): 1247-54.[http://dx.doi.org/10.1111/j.1365-3040.2005.01360.x]

      




      

        	
[49]



        	Baslam M, Goicoechea N. Water deficit improved the capacity of arbuscular mycorrhizal fungi (AMF) for inducing the accumulation of antioxidant compounds in lettuce leaves. Mycorrhiza 2012; 22(5): 347-59.[http://dx.doi.org/10.1007/s00572-011-0408-9] [PMID: 21894519]

      




      

        	
[50]



        	Rapparini F, Peñuelas J. Mycorrhizal Fungi to Alleviate Drought Stress on Plant Growth. In: Miransari M, eds. Use of Microbes for the Alleviation of Soil Stresses. Miransari M. New York, NY: Springer 2014. pp. vol. 1: 21-42.[http://dx.doi.org/10.1007/978-1-4614-9466-9_2]

      




      

        	
[51]



        	Kapoor R, Sharma D, Bhatnagar AK. Arbuscular mycorrhizae in micropropagation systems and their potential applications. Sci Hortic 2008; 116(3): 227-39.[http://dx.doi.org/10.1016/j.scienta.2008.02.002]

      




      

        	
[52]



        	Abdel Latef AAH, Chaoxing H. Does inoculation with Glomus mosseae improve salt tolerance in pepper plants? J Plant Growth Regul 2014; 33(3): 644-53.[http://dx.doi.org/10.1007/s00344-014-9414-4]

      




      

        	
[53]



        	Singh G, Sangwan S, Narwal E. Microbial Proteins and Soil Carbon Sequestration. In: Rakshit A, Abhilash P, Singh H, Ghosh S, eds. Adaptive Soil Management: From Theory to Practices. Rakshit A, Abhilash P, Singh H, Ghosh S. Singapore: Springer 2017. pp. 131-9.[http://dx.doi.org/10.1007/978-981-10-3638-5_6]

      




      

        	
[54]



        	Albrechtova J, Latr A, Nedorost L. Dual inoculation with mycorrhizal and saprotrophic fungi applicable in sustainable cultivation improves the yield and nutritive value of onion. Sci World J 2012; 2012: 374091.[http://dx.doi.org/10.1100/2012/374091] [PMID: 22666113]

      




      

        	
[55]



        	Wu QS, Cao MQ, Zou YN. Direct and indirect effects of glomalin, mycorrhizal hyphae and roots on aggregate stability in rhizosphere of trifoliate orange. Sci Rep 2014; 4(1): 5823.[http://dx.doi.org/10.1038/srep05823] [PMID: 25059396]

      




      

        	
[56]



        	Bhargava A, Carmona FF, Bhargava M. Approaches for enhanced phytoextraction of heavy metals. J Environ Manage 2012; 105: 103-20.[http://dx.doi.org/10.1016/j.jenvman.2012.04.002] [PMID: 22542973]

      




      

        	
[57]



        	Rillig MC. Arbuscular mycorrhizae, glomalin, and soil aggregation. Can J Soil Sci 2004; 84(4): 355-63.[http://dx.doi.org/10.4141/S04-003]

      




      

        	
[58]



        	Meier S, Borie F, Bolan N. Phytoremediation of metal-polluted soils by arbuscular mycorrhizal fungi. Crit Rev Environ Sci Technol 2012; 42(7): 741-75.[http://dx.doi.org/10.1080/10643389.2010.528518]

      




      

        	
[59]



        	Rouphael Y, Franken P, Schneider C, et al. Arbuscular mycorrhizal fungi act as biostimulants in horticultural crops. Sci Hortic 2015; 196: 91-108.[http://dx.doi.org/10.1016/j.scienta.2015.09.002]

      




      

        	
[60]



        	Hijri M. Analysis of a large dataset of mycorrhiza inoculation field trials on potato shows highly significant increases in yield. Mycorrhiza 2016; 26(3): 209-14.[http://dx.doi.org/10.1007/s00572-015-0661-4] [PMID: 26403242]

      




      

        	
[61]



        	Baslam M, Pascual I, Sánchez-Díaz M. Improvement of nutritional quality of greenhouse-grown lettuce by arbuscular mycorrhizal fungi is conditioned by the source of phosphorus nutrition. J Agric Food Chem 2011; 59(20): 11129-40.[http://dx.doi.org/10.1021/jf202445y] [PMID: 21913649]

      




      

        	
[62]



        	Young T, Cameron DD, Phoenix GK. Using AMF inoculum to improve the nutritional status of Prunella vulgaris plants in green roof substrate during establishment. Urban For Urban Green 2015; 14(4): 959-67.[http://dx.doi.org/10.1016/j.ufug.2015.08.012]

      




      

        	
[63]



        	Gómez-Bellot MJ, Ortuño MF, Nortes PA. Mycorrhizal euonymus plants and reclaimed water: Biomass, water status and nutritional responses. Sci Hortic 2015; 186: 61-9.[http://dx.doi.org/10.1016/j.scienta.2015.02.022]

      




      

        	
[64]



        	Kleinwächter M, Hutter I, Schneider C. Experimental field cultivation of in vitro propagated high-yield varieties of Tropaeolum majus L. J Appl Bot Food Qual 2008; 82(1): 55-9. [https://ojs.openagrar.de/index.php/JABFQ/article/view/2080]

      




      

        	
[65]



        	Maronek DM, Hendrix JW, Kiernan J. Mycorrhizal Fungi and Their Importance in Horticultural Crop Production. In: Jannick J, eds. Horticultural Reviews, 3rd vol. Jannick J. Westport, Connecticut: The AVI Publishing Company, Inc 2011. pp. 172-213.[http://dx.doi.org/10.1002/9781118060766.ch5]

      




      

        	
[66]



        	Schubert A, Lubraco G. Mycorrhizal inoculation enhances growth and nutrient uptake of micropropagated apple rootstocks during weaning in commercial substrates of high nutrient availability. Appl Soil Ecol 2000; 15(2): 113-8.[http://dx.doi.org/10.1016/S0929-1393(00)00086-X]

      




      

        	
[67]
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      Abstract




      Abiotic pressures interfere with plant growth and production. Climate change and agricultural stress, including the overuse of chemical fertilizers and pesticides, have worsened the effects of abiotic stress on crop yields and damaged ecosystems and their environment. There is an urgent need for environmentally friendly management techniques such as the use of arbuscular mycorrhizal fungi (AMF) to increase crop productivity. AMF is best accepted as a biofertilizer. Additionally, it is broadly believed that the inclusion of AMF provides plant tolerance to a variety of stressful conditions such as temperature, salt, drought, and metals. AMF can provide essential plant nutrients that can hold plants, resulting in enhanced growth and harvest under less stressful and oppressive conditions. The role of AMF as a biofertilizer may improve plant flexibility in a changing environment. Therefore, further research focusing on promoting and producing plant quality produced by AMF is needed. The current review provides an in-depth knowledge of AMF and its impact on plants beyond the various stages of growth and, consequently, the importance of the relationship between different plant nutrients and AMF.
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      INTRODUCTION




      Arbuscular mycorrhizal fungi (AMF) enable plants to grow vigorously under stressful conditions by mediating a series of complex interactions between plant and fungus, leading to increased levels of photosynthetic and other factors related to gas exchange [1]. Several reports describe improved resistance to various stresses, including drought, salinity, weeds, temperature, metals, and diseases [2, 3]. About 90% of plant species, including flowering plants, bryophytes, and




      ferns, can develop AMF-dependent connections [2]. AMF forms vesicles, arbuscules, and hyphae at the plant roots as well as hyphae in the rhizosphere. The interaction of the hyphal network of AMF with plant roots greatly enhances root access to a large area of soil, resulting in improved plant growth [4] and improved plant nutrition by increasing the availability and distribution of various nutrients [5]. AMF also improves soil quality by influencing its composition and texture [6, 7]. Fungal hyphae can accelerate the decay process of the earth's resources [8]. In addition, AMF can affect the decomposition of atmospheric CO2 by host plants and the movement of photoassimilates from aerial parts to the roots. The current review focuses on the role of AMF as a bio-fertilizer in controlling plant growth and development through improved nutrient access under stressful conditions.


    




    

      CHARACTERISTICS OF AMF SYMBIOSIS




      The symbiotic association of AMF with plants is an ancient example of a cooperative relationship that can control and enhance plant growth and development. A symbiotic relationship between AMF and plants has been reported 400 million years ago [9]. Symbiotic associations are established as a result of various biological processes, leading to several beneficial effects for both [10]. The mycelial network of fungi passing under the roots of the plant promotes the absorption of nutrients that are not otherwise available. Fungal mycelium can surround the roots of several plants, even of different species, and form a common mycorrhizal network (CMN) [11, 12]. AMF colonization enhances the tolerance of stress-induced plants by bringing about several changes in their physiology [13]. AMFs are natural regulators of plant growth and are used as bio-inoculants around the world. Scientists are promoting their use as an eco-friendly biofertilizer for sustainable yields [14].




      Growth-related activities of the plants, such as digestion, leaf energy, water-related content (WRC), photosynthesis (especially PSII efficiency), and CO2 comparisons are affected by the inoculation of AMF [15, 16]. AMF can also modify the upper branches and tissues to improve water tolerance. In addition, the accumulation of dry matter is improved by the inoculation of AMF, leading to improved water absorption and thus increased plant tolerance against stress such as drought and salt. The use of AMF in plant growth in various ecosystems can significantly increase growth and productivity.




      

        AMF as a Bio-Fertilizer




        Biofertilizers are plant fertilizers that are made with natural ingredients in order to improve soil fertility. They are very useful for soil health and plant growth [17]. Various research studies conducted on AMF over the past two decades have shown their innumerable benefits to soil health and crop production. Therefore, it is widely believed that AMF can be considered as a non-living fertilizer soon, as mycorrhizal use can effectively reduce the amount of chemical fertilizer application, especially phosphorus [18]. The continued use of organic fertilizers, weed killers, and fungicides has caused various problems for soils, plants, and human health, with detrimental effects on food quality, soil condition, and air and water quality. There is a belief that AMF can reduce the use of chemical fertilizers by up to 50% in good agricultural production, but this figure depends on the type of crop and the stress level.


      




      

        AMF and Mineral Nutrition




        All ecosystems can suffer greatly from excessive land use, which can negatively impact environmental performance as a result [19]. A prominent aspect of such gene transfer relationships is the transfer of organic carbon (C) in the form of lipids and sugars [20, 21]. The colonization of AMF by plants stimulates nutrient uptake. The AMF vaccine can increase the concentration of micro-macro elements and very small molecules, leading to an increase in the production of photosynthate, resulting in increased biomass accumulation [22, 23]. AMF has the potential to increase the absorption of inorganic nutrients in almost all plants, especially phosphate [24].




        The AMFs are also effective at absorbing soil nutrients [25]. In addition to macronutrients, AMF is reported to increase the availability of micronutrients such as zinc and copper. The root system's absorption capacity is improved by AMF. AMF tomato plant extracts have shown an increase in leaf area as well as a content of nitrogen, potassium, calcium, and phosphorus levels that indicate improved plant growth [19]. AMF promotes root symbiosis to acquire essential nutrients in the host plant and, as a result, provides mineral salts by restoring, for example, N, P, K, Ca, Zn, and S within root cells. AMF produces fungal formations called arbuscules, which help to exchange rare minerals and compounds of carbon and phosphorus, ultimately providing greater plant handling potential [26, 27]. Therefore, they can significantly increase the concentration of phosphorus in the roots and shoots [28]. Under phosphorus-restricted conditions, mycorrhizal organization enhances the supply of phosphorus to plant-infected roots. For example, the value of Pi detection has improved significantly in maize plants with AMF colonies [29]. Increasing photosynthetic activity and other leaf activities are directly related to the increased frequency of AMF acquisitions, which are directly linked to the acquisition of N, P, and carbon, which go to the roots and enhance the development of root crops. The concentration of P and N and the ratio of N:P in shoots are significantly affected [30]. The content of nitrogen in plant extracts has been reported to significantly change when traditional AMF treatment is utilized [31]. It is widely accepted that molds can absorb large amounts of nitrogen from dead and decaying matter, which in turn increases their resilience to growth and survival. Apart from this, the large biomass and the increased N requirements of the AMF provide the major participants of the global N-lake equilibrium with good quality and roots. Therefore, they play an important role in the N cycle [32]. The AMF extra-radical hyphae can absorb and assimilate inorganic N [33]. The increase in N leading to chlorophyll content in AMF-colonized plants occurs due to the ability of chlorophyll molecules to absorb N [34].


      




      

        AMF and Plant Yield




        Beneficial rhizosphere microbes can not only increase plant nutritional status but can also enhance plant quality. For example, in AMF-contaminated strawberries, an abundance of secondary metabolites gives rise to antioxidant properties [35].




        The beneficial effects of AMF on tomato quality have been observed. Zheng and coworkers [36] reported an increase in the content of sugar, organic acid, vitamin C, flavonoids, and minerals due to the Glomus versiforme leading to the production of quality citrus fruits. The mass production of maize fields ensures that AMF has great potential to improve crop yields [37]. AMF can also enhance the biosynthesis of phytochemicals in edible plants and prepare them for the generation of a range of healthy foods.


      




      

        AMF and Plant Growth Hormones




        Mycorrhizal fungi produce plant growth hormones [38]. Many terrestrial plants receive arbuscular mycorrhizal (AM) fungi as indeterminate signals that promote cooperation and benefit. Due to the compulsive nature of symbiosis, the presence of a plant to catch such signals during the onset and progression of symbiosis is required. However, AM fungal traits can bloom in the absence of a host plant [39]. The fungus detects the presence of a host plant with a specific signal interaction. Among the signal molecules that can affect mycorrhizal symbiosis are plant hormones, which can interfere with or disrupt symbiosis or adversely affect mycorrhizal symbiosis. Plant hormones can control the level and and the specifics of mycorrhizal symbiosis. Therefore, it is possible to improve the effectiveness of mycorrhizal symbiosis under stress by controlling the level of stress hormones [40].


      


    




    

      ROLE OF AMF IN ALLEVIATION OF BIOTIC STRESSES IN PLANTS




      The role of microsymbionts in managing environmental stresses is becoming more important. Numerous studies have found that AMF reduces the damage caused by various plant pathogens [41, 42]. For example, studies by Spagnoletti and coworkers [43] showed what the magnitude of coal disease is. AMF inoculation will reduce the killing of coal in soybeans. Before Fusarium, the arbuscular colony increased dry weight [41]. Colonization by AMF has a protective effect called resistance to mycorrhiza [42, 44], which provides systematic protection against invaders. Systemic resistance is associated with a multitude of factors, including pathogen infection and nonpathogenic rhizobacteria colonization correlated with ISR [45]. Resistance to mycorrhiza shows that AMF increases antioxidant enzyme production in plants, which can act as protection from pathogens and other stresses. AMF carried out changes such as genetic improvement, root growth and morphology, colonial competition and pH management, photosynthates, and microbial changes in the mycorrhizosphere [41]. Increasing plant growth may be beneficial because mycorrhizae promote tissue regeneration after any attack. However, it can have serious side effects because, as plant nutrients improve, they become more nutritious or attract vegetable-eating insects [46]. AMF provides effective protection against pathogenic fungi and nematodes for plants. It should be noted that the performance of the interaction varies depending on the host crop and the cultural system. By using this AMF, infection by M. incognita and P. penetrans was reduced by 45% and 87%, respectively, in plants with AMF compared to controls. Additional studies conducted on root exudates have shown that reducing nematode infection in mycorrhizal plants is probably related to their root modification by AMF [47]. Indeed, the use of mycorrhizal root exudates has reduced some infiltration. The roots of the colonies of F. mosseae in tomato plants infused with Meloidogyne javanica and mosses also affected galling, nematode production, and morphometric parameters in females. The presence of mycorrhizae and F. mosseae significantly reduces Alternaria solani disease caused by pathogenic fungi [48, 49]. In particular, this beneficial effect was evident when the plants were subjected to AMF and sprayed with hormones. Jasmonic acid and salicylic acid, enhanced the effectiveness of interactions that led to increased exposure and control of disease resistance. AMF has also been shown to have beneficial effects on pathogen-infected potatoes and chickpeas.


    




    

      AMF AND ABIOTIC STRESSES




      

        



        AMF and Plant Tolerance to Salinity Stress




        Among the leading abiotic stresses, salt has been reported to cause: (a) reduced growth rate, vegetable growth, net assimilation rate, leaf expansion rate, leaf location index in photosynthesis and related variables, while an increase in the production of reactive oxygen species (ROS) and the damage caused by ROS to lipids, proteins, nucleic acids, and metabolism [50, 51]. Extensive research on AMF found that it increased plant growth and yield under salt conditions [52, 53], increased water absorption, and improved gas exchange efficiency [54, 55]. Under saline conditions, mycorrhiza can also: (a) Improve the water conductivity of the root at low water potential, (b) Revitalize and alter the morphology of the root system, and (c) Increase digestion [56]. Plants inoculated with mycorrhiza showed increased chlorophyll levels, and higher N and Mg exposure, but Na-transport was inhibited even in salty environments [55]. The reports showed an increased concentration of cytokinin and higher transmission of photosynthates in salinity-expressed and AMF-induced plants. Recent reports have reported that AM reporting improves PS I and PS II performance and chlorophyll and carbonic anhydrase content [52, 57]. Low levels of malondialdehyde (MDA), lipid peroxidation, and effective working of antioxidant immune system elements are some of the symptoms of low stress in plants [58]. Significantly, mycorrhization has been reported to improve the integrity of the plasma membrane by reducing lipid peroxidation and electrolyte leakage [52]. According to the study, AM plants had lower H2O2 and MDA content than non-AM plants, which indicates less ROS accumulation and lower membrane damage in the previous area than in recent plantings. In a salt-treated plant, AMF-inoculation also reduces oxidative stress by reducing membrane lipid peroxidation [52, 57, 59]. AM colonization protects plants from ROS by stimulating antioxidant enzymes viz., ascorbate peroxidase (APX), catalase (CAT), glutathione reductase (GR), peroxidase (POD), and superoxide dismutase (SOD).


      




      

        AMF and Plant Tolerance to Drought Stress




        The most frequent causes of drought include water stress, water shortage, and a lack of a sufficient water table for normal plant development [51]. Drought exposure in plants may be caused by a lack of water in the root zone, difficulty breathing, or the rapid generation of ROS, which results in the introduction of oxidative stress on plants [51, 60].




        Plant symbiosis with AM enhances root growth, leaf position, plant biomass, and nutrient uptake under drought conditions [61, 62]. The plant growth through AMF-inoculation is due to the formation of more hyphal networks and glomalin closure, which improves nutrient and water uptake [61-63]. The improved plant growth of AMF is also due to the protection of soil-borne pathogens, and improved soil formation, including integrated consolidation. AMFs are involved in various physiological and chemical processes, such as the transfer of water and nutrients, increased osmotic correction, an increase in gas exchange and water use, and protection from oxidative damage. Increased water potential, improvement in gas exchange efficiency, improved stomatal function, and increase in photosynthesis and transpiration rates in mycorrhizal inoculated plants under drought have been reported [61, 64]. All these improvements may be due to an increase in water absorption by the roots of mycorrhiza-inoculated plants. AMF can also alter water regulation in inoculated plants by modification in hormonal signaling or by stimulating osmolytes as compared to non-inoculated plants [65, 66]. ABA has also been suggested to play a role in the non-nutritional mechanisms by which AM develops symbiosis influencing the digestive tract and other physiological factors in plants exposed to drought [67, 68]. Recent studies have revealed that when Zea mays plants were struck by drought, both aquaporin genes (GintAQPF1 and GintAQPF2) were over-expressed on cortical cells and additional mycelia [69]. The accumulation of sugar-like osmoprotectants can reduce osmotic activity in drought-tolerant plants and in mycorrhizal plants [70, 71].


      




      

        Tolerance to Nutrient-Deficiency Stress




        Nutrient deficiency is also one of the important causes of stress for plants. It can influence plant growth by changes in growth patterns, chemical composition, and antioxidant activities [72]. AMF has been reported to improve the absorption of micronutrients and other nutrient minerals which have low mobility such as Zn, Cu, and Fe [73].




        AMF-inoculated lettuce plants with high N and P levels in the soil showed a decrease in macro and micronutrient contents in their tissues. AMF- inoculation has been reported to improve macro and micronutrients in plants fertilized with low levels of P and N [73-75]. A high nutrient (Ca, Fe, K, Mg, P, and Si) uptake in chickpeas inoculated with mycorrhiza has been reported.




        An extensive hyphal network in the soil has been shown to improve the effect of low pH through increased P uptake [76]. About 80% of the total P received by AMF-inoculated Medicago truncatula is provided by the mycelium of fungi associated with these plants [77]. In acidic alfisol, wheat inoculated with Funneliformis and Rhizophagus species failed to improve the uptake of N, P, K, Fe, Cu, Mn, and Zn [78]. AMF association can improve the interaction between plants and soil and under metal-induced stress, protect the host plants [79, 76].


      




      

        AMF and Plant Tolerance to Cold Stress




        The impact of temperature on plant life is one of the major environmental factors [80]. In particular, low-temperature stress [81] can affect plasma membranes (solidification or rigidification) [81, 82], protein complexes and antioxidants-ROS balance [83, 84], stunted growth, chlorosis, etc. Decreased leaf enlargement and unstable growth, dehydration and chlorosis, reduced hydraulic conduction, and loss of stomatal control and declining photosynthetic efficiency [85] have also
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