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    A holistic approach is particularly needed to understand soil microbes and their products, which secrete or change the chemicals present in the soil by their biological processes. These soil microorganisms are not only directly or indirectly influenced by environmental conditions, fundamental soil characteristics such as moisture, oxygen and chemistry and also by each other in both beneficial and predatory ways. By studying all components in all-inclusive means, we can learn how to manage soil in a way that enhances the benefits provided by soil organisms and, ultimately enhances the fertility of the soil.




    The soil microorganisms live on organic matter, make an association with other organisms and perform significant vital processes in the soil. Of these microorganisms, bacteria, fungi, algae and nematodes are the most important ones. Some of them perform critical functions in nitrogen and carbon cycles. Mostly the soil organisms are friendly except for a few. These microbes carried out various ecological processes, necessarily not only essential for plants but significant for animals and humans. They also carried out the degradation of organic material and suppressed soil-borne plant diseases.




    The present book "Industrial Applications of Soil Microbes" Vol 3 presents the basic information about these microbes, especially on mycorrhiza and soil-borne bacteria. The different chapters written by eminent subject experts will not only provide the basics about soil microbes but also their products, which are of importance to humankind. I am sure that the knowledge given in the form of the book will be not only helpful to the students but also to the scientists, academicians and industrialists. I, personally hope that the book will be helpful in giving an idea for the future direction of research.




    I congratulate all the contributors of this book and the editorial board members for bringing up such an important book for microbiologists.




    

      Vipin Kumar


      Director, National Innovation Foundation


      Grambharti, Amrapur, Gandhinagar-Mahudi Road


      Gandhinagar 382650


      India
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    Soil is a home of various living microorganisms, such as algae, fungi, bacteria, nematodes, etc., that live and carry out their activities. A handful of soil contains billions of bacteria, fungi and other microorganisms. They play important roles in the nutrient cycle and make the availability of nutrients to plants. These microorganisms also degrade the dead and decaying parts of plants and animals that ultimately break up into minerals and make the soil healthy and fertile for crops to be grown there. These microorganisms not only interact with each other but also with the rhizosphere of the plant. The plant root exudates also influence the population of microorganisms.




    Some microorganisms are found to be associated with particular plants and help those plants specifically. Microorganisms secrete chemicals or metabolites such as enzymes, which are helpful to plants and mankind in several ways. They may help plants to reduce stress and also increase the metabolic reactions to produce specific chemicals that may help for industrial purposes. These chemicals, secreted by microorganisms of plants in the presence of microorganisms, may be used by industries like pharmacy, leather, soaps, food, agriproducts, etc.




    In the present volume 3 of the book, emphasis is being given to various soil microorganisms, including bacteria and mycorrhiza. The chapters contributed by eminent scientists and researchers have emphasized not only the introduction of these microorganisms but also their industrial uses as well as the effect on the plants. The chapters are written to provide information to the graduate and research students and for the scientists and academicians to get up-to-date knowledge of the subject. The authors have tried to provide the recent developments in the subject.




    With positive hope, the editors of the book will be happy to receive suggestions and comments to improve the information for further editions.
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      Abstract




      The symbiotic association between green plants and fungi is called mycorrhiza. The plant makes organic products by photosynthesis and supplies them to the fungus, and the fungus from the soil supplies water and mineral nutrients, such as phosphorus, etc., to the plant. These fungi establish a mild form of parasitism, a form of mutualism, where both the plant and the fungus benefit from the association. Mycorrhizal fungi are soil fungi that play an important role in plant growth, protection of plants from pathogens, and improving the quality of the soil. Abiotic components and living communities of soil and soil organisms, particularly microbes, can have direct and indirect impacts on land productivity. Direct impacts are those where specific organisms affect the crop yield immediately. Indirect impacts that affect the functions include those provided by soil organisms participating in carbon and nutrient cycles, soil structure modification, and food web interactions that generate ecosystem services that ultimately affect plant productivity. Selected organisms from different functional groups, like microsymbionts (symbiotic fungi, bacteria, etc.), decomposers, elemental transformers, soil ecosystem engineers, soil-borne pests and pathogens, and micro regulators, are used to illustrate the linkages between soil biota and ecosystem processes. There are various groups of fungi that form different types of symbiotic associations with almost all groups of plants, from bryophytes to seed plants, i.e., gymnosperms and angiosperms, on the earth. Out of the seven types of mycorrhizae (ectomycorrhizae, ectendomycorrhizae, ericoid mycorrhizae, arbuscular mycorrhizae, orchidoid mycorrhizae, arbutoid mycorrhizae, and monotropoid mycorrhizae), the endomycorrhizae (arbuscular) and ectomycorrhizae are the most abundant and widespread. The molecular basis of nutrient exchange between ectomycorrhizal and arbuscular mycorrhizal fungi and host plants proved the role of mycorrhizal fungi in disease control, the alleviation of heavy metal stress, and increasing production in sustainable agriculture, horticulture, and forest plants or trees, etc. Arbuscular mycorrhizal fungi play a major role in the restoration of native ecosystems, and mycorrhizae transform a disturbed ecosystem into productive land. Ectomycorrhizae play an important role in forestation, forest ecosystems, and horticultural systems, and they maintain monodominance in tropical rainforests. Apart from the nutrient benefits to the plants,the mycorrhizae are presently employed in the colonization of barren soil




      and improving the transplantability of forest plants. Mycorrhizae create resistance against insect pests, various root diseases, toxicity, and reduced susceptibility in plants. The presence of mycorrhizae also favours the growth of beneficial microbiota, converting the rhizosphere into a mycorrhizosphere and increasing tolerance to adverse conditions like drought, salinity, and stress in the plants.
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      INTRODUCTION (SOIL, PLANTS, AND MICROBES)




      

        



        Soil and the Environment




        Soil is the outermost layer of the lithosphere and the key element of the environment on which human beings depend for their existence. Soil is the birthplace of microbes, including fungi, plants, and varieties of organisms, and is a medium for the circulation of nutrients, biotic, and abiotic processes. Several physical and other parameters, such as moisture, pH, temperature, seasonal variation, nitrogen, phosphorus, organic matters, and types of soil and their texture, influence the occurrence, distribution, and quantitative and qualitative accounts of fungi and other microbes. The soil is a homogeneous system of solid, liquid, and gaseous constituents formed by the decomposition of plant and animal remains [1]. Soil is broadly divided into mineral particles, plant and animal residues, living systems, water and gases. The soil strata contain undecayed or partially decomposed litter on the top and unweathered parent rock at the bottom. The upper or top layer, considered the fertile zone of soil (6-10 cm), contains mineral and organic matter and is of high microbial activity. Soil organisms are responsible for carrying out many vital functions as they anchor the plant roots, provide air, and supply water and nutrients for their growth and development. The ecosystem capable of producing the resources necessary for the development of living organisms in soil is called the “soil environment”. Soil can self-produce resources necessary for the development of living organisms, which makes it a living environment for various species existing on earth. This component is known as the “earth’s biological engine”. Soil quality can be defined as the balance between high activity and high microbial diversity, which plays an important role in protecting the environment, preserving biodiversity, and improving agricultural practices. Agriculture has an impact on soil and, thus, on the qualitative and quantitative composition of soil microorganisms.


      




      

        



        Soil Organisms and Microbes




        Soil organisms are organisms that inhabit the soil during all or part of their lives. They range in size from microscopic cells and protozoa to amphibians, reptiles, and small mammals and play an important role in maintaining fertility, structure, drainage, and aeration of the soil. Some soil organisms are pests of crops, such as nematodes, slugs and snails, symphylids, beetle larvae, fly larvae, caterpillars, and root aphids, whereas others are pathogenic and cause plant diseases such as anthracnose and rot, and still, others are hosts for organisms that cause animal diseases. It is estimated that one square metre of rich soil can harbour as many as one billion organisms [2]. The prime organisms are protists, microfauna, mesofauna, macrofauna, and megafauna. In agricultural systems, three main groups of biogenic structures are found: earthworm casts, termite mounds, and ant heaps. The biogenic structures can be deposited on the soil surface or in the soil, and they have different physical and chemical properties from the surrounding soil.




        Soil microorganisms are unicellular or multicellular organisms that constitute the highest biomass. They include actinomycetes, cyanobacteria, bacteria, algae, fungi, yeasts, myxomycetes, viruses, protozoa, mites, nematodes, etc. They are responsible for biomass decomposition, circulation of the biogenic elements that make nutrients available to plants, biodegradation of impurities, and maintenance of soil structure. They are abundant near plant roots, one of their food resources, and are involved in many biogeochemical processes like mineralization of organic matter, element circulation, synthesis of proteins and nucleic acids, as well as the transformation of phosphorus forms [3, 4]. Soil fungi are responsible for decomposition in terrestrial ecosystems as they degrade and assimilate cellulose and lignin [5]. It is estimated that soil microflora performs 60–80 percent of total soil metabolism. One gram of topsoil may contain approximately 1 billion bacteria, 100 million actinomycetes, 1 million fungi, and 100 nematodes. Microbes, including fungi, participate in different important nutrient cycles in nature, such as the sulphur cycle, carbon cycle, nitrogen cycle, phosphorus cycle, etc., to maintain a balance of the soil environment.


      




      

        Soil-Plant-Microbe Interrelationships




        The addition of organic matter is one of the various important methods employed for conserving the land from soil erosion, which improves the physical and biological properties of the soil and reduces water and soil losses. This improves the physical properties of the soil and encourages microbial activity and humus formation. It is well known that organic matter, such as polysaccharides, lignin, etc., binds soil particles, and mycelial strands of fungi, actinomycetes, and the mucilaginous growth of bacteria are also believed to have soil-binding qualities. There exists a certain specific relationship between soil, plants, and microorganisms, analogous to man-plant-animal, though at much different physical dimensions. Plant growth is directly or indirectly influenced by the physical, chemical, and biological properties of the soil where they grow. Humans further interfere with such natural influences, directly through various agricultural practices and indirectly through their socio-economic activities. The plant species supported by soil vary in size and other morphological features, as they have evolved into innumerable genetic species and varieties. They may be annual or perennial, dwarf plants or gigantic trees, wild or cultivated, cultivated under monocropic or mixed or multiple cropping systems, etc. Their height, girth, foliar spread, and physiological conditions differ widely, and these, in turn, influence the growth and morphology of their root systems. The growing plant exerts some influence on the soil and its properties, which results in increased microbial activity. Then a complex relationship between the plant root and the soil system develops and functions in a dynamic equilibrium [6]. Seed-borne microflora, soil microflora, and their interactions all have an impact on plant germination and growth (Fig. 1). Germinating seeds excrete some chemicals, which influence the quality and quantity of the microbes on the seed surface and in its immediate vicinity. The region is known as the spermosphere, and the phenomenon is termed the spermosphere effect [7]. The spermosphere is the zone immediately surrounding germinating seeds where interactions between the soil, microbial communities, and germinating seeds take place.
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Fig. (1))


        Soil, plants, microbes, environment, and ecosystem.



        The food web would be incomplete without organisms that decompose organic matter. Fungi produce a variety of exoenzymes to digest nutrients, releasing nitrogen, phosphorus, and other trace elements from decaying organic matter by decomposing them and making them available to other living organisms via their metabolic activity. Soil fungi also form ecologically beneficial mutualistic associations (mycorrhizae) with several organisms, including animals, plants, eukaryotic algae and blue-green algae (lichens). In contrast to mutualisms, an example of complete parasitism is seen between an ascomycetous fungus, i.e., Cordyceps (having high medicinal value), whose hyphae invade the bodies of living insects in their larval stage and draw nutrition from them. When the mycelium completely colonizes the insect, they replace its tissue and sprout long, slender stems (fruit bodies of the fungus, having ascus and ascospores) that grow outside the host's body.


      


    




    

      GLOBAL FUNGAL BIODIVERSITY




      India, with its various vegetation types, climatic conditions, geographical regions, agro-climatic zones, and soil types, harbours a wide variety of harmful and beneficial microorganisms on which humanity is dependent. Currently, the diversity of microorganisms, including fungi, has become of worldwide interest because of international agreements on intellectual property rights (IPR) and patenting microbial diversity (PMD), which constitute an important resource material for industry, agriculture, pharmaceuticals, environmental management, and forestry, etc. The global fungal population, according to one school of thought, is estimated at approximately 1.5 million, whereas others have counted 2.2–3.8 million [8-10]. Recently, researchers have reported approximately 13 million fungi occurring worldwide [11], but till today, the global fungal species have been identified as around 1,20,000. It could take 10,000 years or more to identify 13 million fungi [12]. In India, around 29,000 fungal species have been reported to date, which contributes to about one-fourth of the total fungal biodiversity status [13-15]. It may take about 20 years to identify the probable number of 4 lakh species that may be occurring in India. There is a hidden wealth of fungi underneath different ecological niches in nature that needs to be identified while keeping humanity in view (Fig. 2).




      International Union for Conservation of Nature (IUCN) Red Data indicates that around 1512 fungal species are facing threats in the world, but in India, such data regarding fungi is not available. Biological diversity, or biodiversity, can be defined as the variety and value of life on earth at the genetic, organism, and ecological levels. Fungal biodiversity may be defined as the variety and variability of fungi on earth. They are worldwide in distribution and grow in a wide range of habitats. Most fungi grow in terrestrial environments, but several species live in extreme environments such as deserts, snowy mountains or deep sea sediments. Fungi are diverse based on nutrition, structural organization, growth pattern, and reproduction. Aquatic fungi are found in all kinds of aquatic habitats growing both in open waters (pelagic) and at the bottom (benthic zone). Air does not serve as a habitat for atmospheric fungi; only fragments and spores of terrestrial fungi adapted for aerial dispersal comprise the air spora. Their structural organization is hyphae, which may be coenocytic or septate hyphae. Various types of septa are present in different groups of fungi (complete, perforated, and dolipore septa). The septa act as the first line of defence when part of a hypha is damaged, so it provides structural support to the hyphae. Fungi have different modes of nutrition. Some are heterotrophs that acquire nutrients by absorption, in which they secrete hydrolytic enzymes and acids to decompose complex molecules into simpler ones that can be absorbed. Terrestrial fungi are mostly soil fungi and, according to the mode of nutrition, the fungi are specialized into 4 main types viz. saprobes (decomposer fungi), parasitic (pathogenic and cause diseases on plants), entomogenous (associated with insects and other arthropods, non-arthropods, and micro-invertebrates; they may be pathogens or parasites), and mutualistic (absorb nutrients from a host, but reciprocate to benefit the host, i.e., lichen, mycorrhizae).
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Fig. (2))


      Fungi as (A) pathogens (Ganoderma), (B) beneficial (Tremetes), (C) edible (Pleurotus), and (D) decomposers (Fomes).



      The fungi reproduce either sexually (meiosis) or asexually (mitosis). Under favourable conditions, fungi generally clone themselves by producing enormous numbers of spores asexually. Spores are the agents of dispersal responsible for the geographic distribution of fungi, carried by the wind, water, or other agencies. Fungi have recently been classified not only based on their physical characteristics, but also on their molecular markers [13, 16-19].




      

        Phylum Chytridiomycota (Chytrids)




        Primitive fungi are thought to have emerged immediately after the Precambian period and are believed to be the ancestors of all fungi. These are the simplest and smallest fungi, e.g., Allomyces, Physoderma, Synchytrium endobioticum, etc.


      




      

        Phylum Zygomycota (Conjugate Fungi)




        The most distinguishing feature of the phylum is that the cell wall is made of chitosan chitin. The hyphae are coenocytic and the sexual spores are zygospores. Examples are Absidia, Choanephora, Pilobolus, Rhizopus, Mucor, etc.


      




      

        Phylum Glomeromycota (Arbuscular Fungi)




        Based on molecular phylogenies, this group is regarded as a sister group of the clade formed by Ascomycota and Basidiomycota [20]. The members are over 350 million years old and are thought to be the oldest group of fungi. Based on rDNA phylogenies of living members, this phylum was distinguished from other Zygomycota [21, 22]. These fungi are obligate symbionts that form arbuscules or vesicles in plant root tissues and can produce large (40-800 m) multilayered spores attached to aseptate hyphae. The majority of the members are mycorrhizal symbionts with all groups of plants and form associations with almost all herbaceous plants and forest trees, particularly in tropical forests. Acaulospora, Endogone, Glomus, Gigaspora, Glaziella, Sclerocystis, Scutellospora, etc., are common examples.


      




      

        Phylum Ascomycota (Sac Fungi)




        It is the largest phylum and has almost 65-70% of all the forms of known fungi. This is an ecologically very important group that contains all sorts of fungi found in freshwater, marine and terrestrial habitats. This group is very important as it includes industrial, degrading or decomposers (capable of degrading lignin, cellulose, etc.), edibles (cup fungi, morels, and truffles), bio-control agents, mycorrhizal and a large number of plant pathogenic fungi. Some of the examples of this group are Claviceps, Candida, Taphrina, Xylaria, Sphaerotheca, Chaetomium, Saccharomyces cerevisiae, Peziza, Morchella, Cordyceps, Tuber, etc.


      




      

        Phylum Basidiomycota (Club Fungi)




        The phylum is composed of more than 30,000 species, which is about 27% of the true fungi. This is considered a highly evolved group, with the most conspicuous fungi in the environment. This group includes poisonous, edible, medicinal, mycorrhizal, and pathogenic fungi. This group contains mushrooms, toadstools, shelf, bracket fungi, puffballs, rusts, smuts, etc. Prominent members of this phylum are Agaricus, Pleurotus, Auricularia, Ganoderma, Cantharellus, Scleroderma, Puccinia, Ustilago, etc.




        Phylum Deuteromycota, also known as fungi imperfecti, is a group of fungi with previously unknown sexual stages. After discovery of their sexual stage, the majority of the members of this group have been placed in Ascomycota and some have been shifted to Basidiomycota [23, 24]. Now Deuteromycota is an informal group of unrelated fungi.


      


    




    

      MYCORRHIZA




      

        Rhizosphere




        The rhizosphere is the soil immediately adjacent to and affected by plant roots, where microbes, nutrients, and water interact. This is a specialized ecological niche harbouring countless symbiotic and beneficial microorganisms. This dynamic environment differs from the bulk soil because of the activities of plant roots, which secrete some exudates on which the microbes attract and increase their population. The rhizosphere is a narrow region of soil or substrate containing a dense population of microorganisms that are adjacent to or surrounding plant roots/root systems and are directly influenced by root secretions. To accommodate this gradient, microbiologists have proposed the terms “outer rhizosphere”, “inner rhizosphere”, and “rhizoplane”, referring to the part of the root surface itself, including associated soil particles on it [25, 26]. Since then, several investigations have confirmed these findings and evaluated and analyzed the interrelationship in detail [14, 27-29]. The width of the zone of the soil influenced by the roots varies with the plant species and its age, cultural conditions, soil moisture, environmental conditions, etc. The area of the rhizosphere varied among different plant species. For example, the increase in the number of bacteria in the legume rhizosphere was over 100 times greater than that of non-legumes. The influence was greater in disease-resistant varieties than in susceptible varieties (as in wheat) and relatively less in aquatic plants than in mesophytes. The rhizosphere effect started approximately 3 days after seed germination and increased with plant growth, reaching its maximum just before flowering, and the effect is more in the central and root tip portions. The maximum effect is found in sandy soils and the least in high humus soils because the rhizosphere organisms grow well in low moisture soils. Manuring of the soil directly influences the soil population, but the effect on the rhizosphere population is more through the plants, which get the benefit of the fertilizer application. Well fertilized plants usually stimulate more organisms in the rhizosphere than poorly fertilized plants. The growing roots differentially stimulated more nitrate reducers, gelatin-liquefiers, and starch hydrolyzers than the non-growing roots, whereas cellulose decomposers and pectin reducers were found in higher proportions on the non-growing roots than on the growing roots, as well as in the soil. The actinomycetes were more in the rhizosphere of older roots than the younger ones. The population of microbes in the rhizosphere is reduced with the depth of the soil. Besides fungi, bacteria, and actinomycetes, other microorganisms like nematodes, protozoans, and algae are also known to be stimulated in the rhizosphere region, but to a lesser extent.


      




      

        Mutualist Dyanamics




        Some fungi form mutualistic relationships with the roots of the majority of plant species. In such a relationship, the parts of the plants that host the fungi, i.e., roots, are said to be mycorrhizal. Although few cases of mycorrhizal relationships between plants and fungi have been examined to date, the investigations showed that more than 90% of the plant families are predominantly mycorrhizal. As a result, these plants either benefit from mycorrhizae or are dependent on mycorrhizae. The members of the Orchidaceae are notorious as a family in which the absence of the correct mycorrhizae is fatal even to germinating seeds. In recent research, it has been observed that ECM plants in arctic forests indicate their relationship with mycorrhizal fungi that may be more complex than simply mutualistic. This relationship was observed when mycorrhizal fungi were unexpectedly found to be hoarding nitrogen from plant roots in times of nitrogen scarcity. It is a question of debate for scientists that some mycorrhizae distribute nutrients based upon the environment with their surrounding plants and other mycorrhizae. They go on to explain how this updated model could explain why mycorrhizae do not alleviate plant nitrogen limitation and why plants can switch promptly from a mixed strategy with both mycorrhizal and nonmycorrhizal roots to a purely mycorrhizal strategy as soil nitrogen availability declines. Therefore, to understand this fact, evolutionary and phylogenetic relationships can explain much more variation in the strength of mycorrhizal mutualisms than ecological factors [30]. In India, recently, research was conducted on the association of AM fungi with some medicinal plants grown in the Noyal River Bed, Tiruppur District, Tamil Nadu, and it was observed that these fungi are beneficial in several ways to these plants [31]. The scarcity of non-renewable resources such as soils and fertilizers and the consequences of climate change can excellently influence the food security of future generations. Mutualistic root microorganisms like plant growth-promoting rhizobacteria (PGPR) and arbuscular mycorrhizal fungi (AMF) have been shown to improve plant health and growth of wheat (Triticum aestivum L.), rice (Oryza sativa L.), and black gram (Vigna mungo L., Hepper) to inoculation of AMF and PGPR alone or in combination from the Himalayan foothills and the Indo-Gangetic plain [6].


      




      

        Mycorrhizae




        Mycorrhiza (plural: mycorrhizas or mycorrhizae) is a mutual symbiotic association between a fungus and a plant. A mutual symbiotic association between a fungus and a plant is called mycorrhiza, as this is not a disease-producing association and refers to the role of the fungus in the rhizosphere and root system of the plant. Mycorrhizae play a very important role in plant nutrition, soil biology, and soil chemistry [32], and are present in more than 90% of the plant families studied (80% of species). Arbuscular mycorrhizae are the ancestors of all forms of mycorrhizae and the predominant form, the most prevalent symbiotic association found in the plant kingdom [33].




        The term mycorrhiza is derived from two Greek words: “mycos” means “fungus” and “rhizome” means “root” and is applied to structures resulting from the association of the mycelium of certain fungi with the roots of higher plants. Mycorrhiza was first described in 1842 by Theodore Harting on coniferous trees, but he did not investigate their function. Frank and Trappe [34] described the relationship of mycorrhizae to the growth of both trees and fungi in the forest and named the term mycorrhiza. Several pioneering workers, such as Melin (Sweden), Bjorkman (Poland), Harley (Great Britain), and Hatch and Doak (United States), worked on mycorrhizae of forest trees. Harley and Smith [35] coined the term mycorrhiza (fungus root), a beneficial association between a fungus and a plant root and that functions as a mutualistic, symbiotic biotrophy between a fungus and a higher plant (Fig. 3). Brundrett [36] has defined mycorrhiza as a symbiotic association for one or both partners between a fungus and the root of a living plant that is primarily responsible for nutrient transfer. The practical applications of these fungus-root relationships are to maximize yields in agricultural and forest systems [37]. In conifers, the mycorrhizal roots become swollen, branched dichotomously or forked (Pinaceae), and may become coloured due to the presence of fungal tissue. Angiosperm mycorrhizae do not often exhibit the increase in volume and the degree of branching as in conifer mycorrhizae. Mycorrhizae enhance plant growth through increased nutrient uptake, stress tolerance, and disease resistance. Endomycorrhizal (AM) fungi can alter root exudation patterns, enhance chitinolytic or lignolytic activity, and alter the photosynthetic/respiratory deficiencies in the plant [38].




        In a mycorrhizal association, the fungal mycelia use their extensive network and large surface area of hyphae in contact with the soil to channel water and minerals from the soil into the plant, thereby increasing the plant’s nutrient uptake. In exchange, the plant supplies the products of photosynthesis (carbon, etc.) to fuel the metabolism of the fungus. Mycorrhizae display many characteristics of primitive fungi, have coenocytic hyphae, produce simple spores, show little diversification, do not have a sexual reproductive cycle, and cannot live outside of a mycorrhizal association. Among various types of mycorrhizae, ectomycorrhizae (outside mycorrhiza) depend on fungi enveloping the roots in a sheath (mantle) and a Hartig net of hyphae that extends into the root tissue between cells. The fungal partner can belong to the Ascomycota, Basidiomycota, or Zygomycota. In endomycorrhiza, the fungi develop vesicular–arbuscular interactions with arbuscular mycorrhizae that belong to Glomeromycota, which is recognized as a separate kingdom [39]. In this mycorrhiza, the fungi develop arbuscules (little trees), which have a shrub-like appearance, penetrate root cells and are the sites of metabolic exchanges between the fungus and the host plant, although few genera form swollen intercellular structures called vesicles. The third type of mycorrhiza found in orchids, which are epiphytes, forms small seeds without much storage to sustain germination and growth. The seeds may not germinate without a mycorrhizal partner (usually a basidiomycete). When the nutrients in the seeds are depleted, fungal symbionts support the growth of the orchid seed by providing necessary carbohydrates and minerals. Some orchids continue to be mycorrhizal throughout their lifecycle.


      




      

        Structures and Characteristics of Mycorrhizae




        The fungus partner of the plant shows some special hyphal modifications when it comes to a mycorrhizal association to cater to different physiological activities in the soil and plant roots. In soil, it forms (i) conduits, which are hyphal networks of thicker hyphae that function as water channels, (ii) absorptive hyphae, which are thin, highly branched, and thought to absorb nutrients, and (iii) spores, which are large, asexual, spherical structures (20-1000+µm diameter) formed on soil or root hyphae.In host roots, the fungus forms. In the host roots, the fungus forms (i) nonseptate hyphae in the young stage, which ramifies within the cortex, (ii) arbuscules, which are intricately branched haustoria in cortex cells, and (iii) vesicles (the storage structures formed by some fungi). Apart from these structures, in some other mycorrhizae, the fungus hyphae are modified in different forms to perform different functions in the host root and soil. Assuming hidden support for the plants and a living engine from the soil, the mycorrhizae have the following characteristics:




        1. Mycorrhizal fungi hyphae are significantly altered in the presence of host plant roots. The root-borne hyphae are distinct from hyphae, which are specialized for growth in soil.




        2. All mycorrhizae have intimate contact between hyphae and root cells of plants at an interface where nutrient exchange occurs.




        3. The primary role of mycorrhizae is the transfer of mineral nutrients from fungus to plants. There is also a substantial transfer of metabolites from the plant to the fungus.




        4. Mycorrhizae require synchronized plant-fungus development since hyphae only colonize young roots (except orchids and exploitative AM/VAM).




        5. Plants control the intensity of mycorrhizae by root growth, digestion of old interface hyphae in plant cells (AM, orchid), or altered root system form (ECM).




        6. Roots evolved as habitats for mycorrhizal fungi. Mycorrhizae normally occur in roots but can be hosted in stems (some orchids).
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Fig. (3))


        Mycorrhizal association in monocot and dicot plants.

      




      

        Types of Mycorrhizae




        For a long time, mycorrhizae were divided into ectomycorrhiza and endomycorrhiza. These two types are differentiated by the depth of penetration of fungal hyphae inside the plant roots. In ectomycorrhizal fungi, the hyphae do not penetrate the individual root cells within the root, while the hyphae of endomycorrhizal fungi penetrate the root cell wall and invaginate the cell membrane [33]. Mycorrhizae were earlier classified into arbuscular mycorrhiza, ectomycorrhiza, and orchid mycorrhiza, based on the relative location of the fungus in the roots. Presently, the mycorrhizas are broadly classified into ectomycorrhiza, endomycorrhiza, and ectendomycorrhiza, based on the physical relationship between the fungus and the root cells of the plants, and their description is given below [25, 39] (Fig. 4).




        1. Ectomycorrhiza, or ectotrophic mycorrhiza (ECM)




        2. Ecto-endomycorrhiza or ectendomycorrhiza (ECNM)




        3. Endomycorrhiza (ENM)




        a. Arbuscular mycorrhiza or Vesicular arbuscular mycorrhiza (AM or VAM)




        b. Orchid mycorrhiza (OM)




        c. Ericoid mycorrhiza (EM)




        d. Arbutoid mycorrhiza (Arb. M), basically ectendomycorrhiza




        e. Monotropoid mycorrhiza (MM), a special category




        4. Miscellaneous types of mycorrhiza (Misc. M)
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Fig. (4))


        Principle structural features of different types of mycorrhizae.

      


    




    

      TAXONOMIC CLASSIFICATION OF MYCORRHIZAE




      Of seven types of mycorrhiza, the two prevalent mycorrhizal types are the ectomycorrhizae, which are common with woody species and related to forestry, horticultural and ornamental trees, and endomycorrhizae, which constitute arbuscular mycorrhiza, orchid mycorrhiza, and ericoid mycorrhiza. Arbuscular mycorrhizas are the most widely distributed mycorrhizas among all plant groups, more often associated with herbaceous plants with relevance to the forest, horticultural, vegetable, ornamental, forage, and medicinal plants [40]. Arbutoid mycorrhizae have been classified as ectoendomycorrhiza, whereas monotropoid mycorrhiza forms special category. Besides morphological, anatomical, histological, and biochemical tools, modern molecular and genetic tools are also used in identifying them and to explore the structural and regulatory genes in both fungus and plant that permit mycorrhiza formation [41]. The description and categories of the mycorrhizae, their definition, the taxonomic classification of the fungus and the host plants, participation in the mycorrhizal associations, and their position in their respective groups, i.e., phylum, class, order, and family, have been studied [36, 42]. A summary of the characteristics of the major categories of mycorrhizae and their attributes is presented here (Tables 1-3).




      

        Table 1 Hierarchical classification for mycorrhizal associations [36].




        

          

            

              	S. No.



              	Category



              	Definition



              	Hosts



              	Fungi

            


          



          

            

              	1.



              	Arbuscular mycorrhizae



              	Associations formed by the fungi belonging to glomeromycotan in plants that usually have arbuscules and often have vesicles, also known as AM or VAM



              	Almost all


              groups of Plants



              	Glomeromycota

            




            

              	1.1



              	Linear VAM



              	Associations that spread predominantly by longitudinal intercellular hyphae in roots (formerly known as Arum series VAM)



              	Plants



              	As above

            




            

              	1.2



              	Coiling VAM



              	Associations that spread predominantly by intracellular hyphal coils within roots (formerly known as Paris series VAM)



              	Plants



              	As above

            




            

              	1.2.1



              	Beaded VAM



              	Coiling VAM in roots, where interrupted root growth results in short segments divided by constrictions



              	Woody plants



              	As above

            




            

              	1.2.2



              	Inner cortex VAM



              	Coiling VAM with arbuscules in one layer of cells of the inner cortex of the root



              	Plants



              	As above

            




            

              	1.2.3



              	Exploitative VAM



              	Coiling VAM of myco-heterotrophic plants, usually without arbuscules



              	Achlorophyllous plants



              	As above

            




            

              	2



              	Ecto-mycorrhiza (ECM)



              	Associations with a hyphal mantle enclosing short lateral roots and a Hartig net of labyrinthine hyphae that penetrate between root cells



              	Woody plants (trees and shrubs)



              	Higher fungi


              Asco-, Basidio-, and Zygomycetes

            




            

              	2.1



              	Cortical



              	Hartig net (fungal) hyphae penetrate between multiple cortex cell layers of short roots



              	Most are Gymnosperm trees



              	As above

            




            

              	2.2



              	Epidermal



              	Hartig net fungal hyphae are confined to epidermal cells of short roots



              	Angiosperms and mostly trees



              	As above

            




            

              	2.2.1



              	Transfer cell



              	Epidermal Hartig net with transfer cells (plant cells with wall in growths)



              	
Pisonia (Nyctaginaceae)



              	
Tomentella spp. and Pisonia [43]

            




            

              	2.2.2



              	Monotropoid



              	Exploitative epidermal ECM of myco-heterotrophic plants in the Ericaceae where individual hyphae penetrate epidermal cells



              	Ericaceae (Monotropa, Pterospora, and Sarcodes)



              	Basidiomycetes

            




            

              	2.2.3



              	Arbutoid



              	ECM of autotrophic plants in the Ericaceae where multiple hyphae penetrate epidermal Hartig net cells



              	Ericaceae


              (part only)



              	Basidiomycetes

            




            

              	3



              	Orchid



              	Associations where coils of hyphae (pelotons) penetrate within cells in the plant family Orchidaceae



              	Mostly orchids



              	Mostly Basidio- in Rhizoctonia alliance

            




            

              	3.1



              	Orchid Root



              	Associations within a root cortex



              	Orchidaceae



              	As above

            




            

              	3.2



              	Orchid Stem



              	Associations within a stem or rhizome



              	Orchidaceae



              	As above

            




            

              	3.3



              	Exploitative Orchids



              	Associations of myco-heterotrophic orchids



              	Orchidaceae (fully or partially achlorophyllous)



              	Orchid, ectomycorrhizal, or saprophytic fungi

            




            

              	4



              	Ericoid



              	Coils of hyphae within very thin roots (hair roots) of the Ericaceae



              	Most genera of Ericaceae



              	Mostly are Ascomycetes

            




            

              	5



              	Sub- epidermal



              	Hyphae in cavities under epidermal cells, only known from an Australian monocot genus



              	
Thysanotus spp. (Asparagaceae)



              	Unknown

            


          

        




      




      

        Table 2 Summary of the characteristics of the different types of mycorrhiza.




        

          

            

              	Features



              	Mycorrhizal Type

            




            

              	-



              	Endomycorrhizas



              	Ectomycorrhizas

            




            

              	Arbuscular



              	Ericoid



              	Arbutoid



              	Monotr- opoid



              	Orchid



              	Ecto -



              	Ectendo -

            


          



          

            

              	Fungi Septate



              	no



              	yes



              	yes



              	yes



              	yes



              	yes



              	yes

            




            

              	Fungi Aseptate



              	yes



              	no



              	no



              	no



              	no



              	no



              	no

            




            

              	Intracellular Colonisation



              	yes



              	yes



              	yes



              	yes



              	yes



              	no



              	yes

            




            

              	Fungal Sheath



              	no



              	no



              	yes or no



              	yes



              	no



              	yes



              	yes or no

            




            

              	Hartig Net



              	no



              	no



              	yes



              	yes



              	no



              	yes



              	yes

            




            

              	Arbuscules



              	yes



              	no



              	no



              	no



              	no



              	no



              	no

            




            

              	Vesicles



              	yes or no



              	no



              	no



              	no



              	no



              	no



              	no

            




            

              	Plant Host Chlorophyllous*



              	yes (? no)



              	yes



              	yes



              	no



              	no*



              	yes



              	yes

            




            

              	Fungal Taxa



              	Glomeromycota



              	Ascomycota



              	Basidiomycota



              	Basidiomycota



              	Basidiomycota



              	Basidio- and Ascomycota



              	Basidio-, Asco-, and Glomeromycota

            




            

              	Plant Taxa†



              	Bryophyta, Pteridophyta, Gymnosperms, and Angiosperms



              	Ericales and Bryophytes



              	Ericales



              	Monotropaceae



              	Orchidaceae



              	Gymno- and Angio -



              	Gymno- and Angio -

            


          

        
*All orchids are achlorophyllous in the early seedling stages, but usually chlorophyllous as adults. Source: †Bryo - = Bryophyta, Pterido - = Pteridophyta, Gymno - = Gymnospermae, Angio - = Angiospermae [44].


      




      

        Table 3 Major categories of mycorrhizae and their attributes.




        

          

            

              	
S.


              No.




              	Mycorrhizal Type



              	Fungal Taxa



              	Plant Taxa



              	Intracellular Colonization



              	Fungal Sheath



              	Vesicle/Arbuscules

            


          



          

            

              	1.



              	Arbuscular



              	Glomeromycota



              	Bryophytes, Pteridophytes, Gymnosperms, and Angiosperms



              	Present



              	Absent



              	Present/ or Absent

            




            

              	2.



              	Ectomycorrhiza



              	Basidiomycota, Ascomycota, and Zygomycota



              	Gymnosperms and Angiosperms



              	Absent



              	Present



              	Absent

            




            

              	3.



              	Ectendo-



              	Basidiomycota and Ascomycota



              	Gymnosperms and Angiosperms



              	Present



              	Present or Absent



              	Absent

            




            

              	4.



              	Arbutoid-



              	Basidiomycota



              	Ericales



              	Present



              	Present or Absent



              	Absent

            




            

              	5.



              	Monotropoid-



              	Basidiomycota



              	Monotropoideae



              	Present



              	Present



              	Absent

            




            

              	6.



              	Ericoid-



              	Ascomycota



              	Ericales and Gymnosperms



              	Present



              	Absent



              	Absent

            




            

              	7.



              	Orchidaceous-



              	Basidiomycota



              	Orchids



              	Present



              	Absent



              	Absent

            


          

        




      




      

        



        Ectomycorrhiza or Ectotrophic Mycorrhiza (ECM)




        Ectomycorrhiza is one of the commonly occurring symbiotic associations that occurs in the roots of around 10% of plant families, belonging to mostly forest, horticultural, and ornamental trees. The most common plant families are Pinaceae, Fagaceae, Salicaceae, Betulaceae, as well as members of Rosaceae, Leguminosae, Ericaceae, Juglandaceae, Dipterocarpaceae, Casuarinaceae, etc. Populus, Salix, Cedrus, Pinus, spruce, fir, beech, Eucalyptus, alder, oak, hickory, birch, dipterocarps, members of the rose family, orchids, and various other members of their families have been found to form ECM associations [45, 46]. Ectomycorrhizal roots in gymnosperms (Pinus) trees are often branched and forked (bifurcate), or unbranched (monopodia), or repeatedly branched, i.e., coralloid [47, 48]. Fungi that associate with higher plant roots via ECM are mostly Basidiomycota, Ascomycota, and Zygomycota [13]. The entire families of Basidiomycota have evolved as mycorrhizal symbionts of higher families of the plant kingdom [49-51]. Ascomycota has been tentatively implicated as mycorrhizal associates, whereas Zygomycota has only two ECM species from the Endogone genus of the Endogonaceae family [52, 53]. Major genera of Basidiomycetes participating in ECM association with trees belong to the mushroom group (Agaricales) or the puffball group (Gasteromycetes) and occasionally Deuteromycetes, Ascomycetes, and Phycomycetes. The fruit bodies of ECM fungi are produced aboveground and their spores are wind disseminated. Ectomycorrhizal parts of the roots are usually short-lived, lasting for a few months to a maximum of 3 years, e.g., conifer and some hardwood species. In appearance, ECM roots appear white, brown, yellow, or black, depending on the colour of the fungus growing on the root [46, 54]. Some ECM fungi, such as Leccinum spp. and Suillus spp., are symbiotic with only one particular genus of plant, while other fungi, such as the species of Amanita, are generalists that form mycorrhizas with different plants. An individual tree may form more than 15 different ECM fungal partners at one time. It has been reported that thousands of ECM fungal species are hosted in over 200 genera of woody plants. Recent studies have conservatively estimated global ECM fungal species richness at approximately 7750 species, although, based on estimates of various data in the diversity of macromycetes, the total estimate of ECM fungal species would probably be around 25,000 (Fig. 5).
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Fig. (5))


        Some ectomycorrhizal fungi: (A). Amanita, (B). Suillus, (C). Rusulla, (D). Marasmius (forming fairy rings), (E). Laccaria, (F). Ramaria, (G). Cantharellus, (H). Polyporus sulphureus, (I). Pisolithus,(J). Morchella (Morel or guchhi), (K). Truffles (Tuber) and (L). Ectomycorrhizal roots of Pinus (forked).



        The ectomycorrhizal association exhibits mantle and the Hartig net, both of which protect roots from pathogenic root fungi (Fig. 6). The name Hartig net was given after Theodor Hartig, a German botanist and forest biologist of the 19th century, who worked on the anatomy of the interface between ECM fungi and tree roots. Hartig’s or Hartig net, consists of a network of inward growing hyphae (septate) that extends into the root, penetrating between the epidermis and cortex of ECM plants. This network is a site of nutrient exchange between the fungus and the host plant. A mantle is a cover on the surface of feeder roots that may be a mat (sheath) or a layer of fungal hyphae, covering the root tip, which may be smooth or with radiating hyphae. The hyphal structure of the mantle is similar to that of basidiomycetous fungi and is typically 20-40 μm thick. Hartig net development starts when hyphae come into contact with unsuberized living cortical or epidermal cells and is characterized by changes in hyphal growth and morphology. Septate hyphae of Hartig net have been considered to be essential hyphae, which are also known as lames fungique. Further examination reveals that lames fungique consist of complicated fan-like or labyrinthine branch systems, and the walls of hyphae are in close contact with host cells, which provides a very large surface area of contact between the cells of the two symbionts. When the hyphae penetrate the plant cells, the mycorrhiza is called ectendomycorrhiza. The extramatrical mycelium of ECM forms an extensive network outside the root, within the soil and leaf litter. Taxonomically, the ECM-forming fungi usually belong to the Basidiomycota and some members of the Ascomycota [55-57]. If the systemic survey had been conducted, more representation of the floral diversity associated with ECM would have been known [21]. Through the fungal network, nutrients can move between different plants. Carbon has been shown to move from paper birch trees into Douglas-fir trees, thereby promoting ECM succession in ecosystems. The ECM fungus Laccaria bicolor has been found to lure and kill springtails to obtain nitrogen, some of which may then be transferred to the mycorrhizal host plant. Trace elements, including toxic metals (Cd and Ag) and chlorine, can be found in extremely high concentrations in ECM [58, 59].
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Fig. (6))


        Ectomycorrhizal colonization of plant roots (TS and LS of mycorrhizal roots).



        The first genomic sequence was carried out for a representative of ECM symbiotic fungi, L. bicolor, a basidiomycete [60]. An expansion of several multigene families occurred in this fungus, suggesting that adaptation to symbiosis proceeds by gene duplication. Within lineage-specific genes, those coding for symbiosis-regulated secreted proteins showed an up-regulated expression in ECM root tips, suggesting a role in partner communication. L. bicolor lacks enzymes involved in the degradation of plant cell wall components (cellulose, hemicellulose, pectins, and pectates), preventing the symbiont from degrading host cells during root colonization [61]. By contrast, L. bicolor possesses expanded multigene families associated with the hydrolysis of bacterial and microfauna polysaccharides and proteins. This genome analysis revealed the dual saprotrophic and biotrophic lifestyle of the mycorrhizal fungus, enabling it to grow within both soil and living plant roots.


      




      

        Ecto-endomycorrhiza or Ectendomycorrhiza (ECNM)




        The ectendomycorrhizae are an intermediate group between ECM and ENM. They form haustoria and a Hartig net, and may sometimes form a mantle. The fungi taking part in mycorrhizal formation are of unknown identity and grow into and also around the cortical cells of the roots. The fungus recorded to form ectendomycorrhizae belongs to the members of the phylum Ascomycota. Ectendomycorrhizae are found on a few tree species, but little is known about this group of mycorrhizal associations. It is generally found in well-fertilized nurseries of both conifers and broadleaved angiosperm plants. They are sometimes found in the root systems of beech, lodgepole pine, and ponderosa pine. This sort of mycorrhizal association is considered to be transitional between ectotrophic and endotrophic forms, where the infection is typically ectotrophic (intercellular) along with endotrophic penetration of hyphae (intracellular). Basically, arbutoid mycorrhiza is ectendomycorrhiza [50, 62-64].


      




      

        Endomycorrhiza or Endotrophic Mycorrhiza (ENM)




        The roots of endomycorrihzal plants, with external observation, appear to be similar to the non-mycorrhizal roots in shape and color, but in ENM the fungus invades the cortical cells of the feeder roots. The fungus hyphae within the cells (intracellular) grow in the cortical cells of the host root for a certain or prolonged period of time and then disintegrate or are digested by the host. Endomycorrhizae do not form a mantle or Hartig net but instead form absorbing hyphae (haustoria), called arbuscules, or by forming large swollen food-storing hyphal swellings, called vesicles, in the living cortical cells of the roots [65, 66] (Fig. 7). A loose weft of mycelium may occur around or outside of the root. The colonization of ENM usually does not cause any obvious changes in the root, although their role in root absorption is thought to be similar to that of ECM. Arbuscular mycorrhizae are formed by members of almost all phyla of land plants [67-70]. The fungal symbionts appear to be restricted to a few genera of the phycomycetous family Endogonaceae and almost all members of the phylum Glomeromycota (Zygomycota). In contrast, the host plants are very diverse, not only in taxonomic position but also in life form and geographical distribution. ENMs are characterized by the obligate and non-obligate relationships of orchids with the fungus Rhizoctonia spp., but a very normal relationship between grasses, legumes, hardwood trees, and many other plants with Endogone spp. The following types of endomycorrhizae are found in different plant groups, families, and species.
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Fig. (7))


        Endomycorrhiza (ENM) in plant roots (TS and LS of mycorrhizal roots).



        

          Arbuscular Mycorrhiza (AM)




          The fungi of this endomycorrihzal association belong to Glomeromycota (earlier Zygomycota), which is presently recognized as a separate kingdom of fungi [39]. Earlier known as vesicular arbuscular mycorrhizal fungi (VAMF or VAM fungi), they refer to the presence of intracellular structures, vesicles and arbuscules, formed inside the root tissue during different developmental stages of the fungus. Presently, the term arbuscular mycorrhizal fungi (AMF or AM fungi) is used instead of VAMF or VAM fungi, because arbuscle formation is found in all mycorrhizal fungal genera and their species, whereas vesicle formation is reported in only 4 genera among the total reported 17 genera and 77 species in the division Glomeromycota. These fungi are obligate symbionts in the plant roots, and the life cycle of AM fungi has been partially understood, as AM fungal spores germinate only in the soil, and their germination has not been observed under laboratory conditions. The penetration of the root by the AM fungus is by appressorium and infection peg formation. The hyphae spread once the AM fungus enters the host, and vesicles and arbuscules form inter- and intracellularly in the root cortex (Fig. 8). The structure of the arbuscules greatly increases the contact surface area between the hypha and the cell cytoplasm to facilitate the transfer of nutrients between them [71]. The extramatrical hyphae produce chlamydospores and sporocarps in the rhizosphere soil. Some of the important AM fungi are Acaulospora, Archaeospora, Pacispora, Paraglomus, Gigaspora, Glomus, Scutellospora, Entrophosphora, Sclerocystis, etc (Fig. 9). These fungi are worldwide in distribution, potential bioinoculants for commercial exploitation, ubiquitous and mostly found in phosphorus-deficient soils in association with the roots of almost all crop plants [72]. Their distribution and occurrence differ both qualitatively and quantitatively with the change in edaphic factors, the type of vegetation, and the number of spores in the soil, also influenced by seasonal changes. In India, approximately 150 AM fungal species belonging to 11 genera have been documented from the rhizosphere of different angiosperms and other plants (food and forage crops, fruits and vegetables, medicinal, ornamental, and flowering plants, forest trees, weeds, and grasses) in diverse environmental conditions. The most predominant genus is Glomus, with approximately 60 species, with Acaulospora comprising 20 species and Scutellospora constituting about 12 species [73]. The AM fungi have been recognized as major contributors in the soil aggregation process, waste land development, nutrient uptake, and crop/plant growth. A lot of work has been carried out on their taxonomy and affinities, and it is considered that AM fungi have practical applications in the establishment of plants in soils under stress and lower nutritional status [67, 74, 75].




          AM fungi may be segregated by several methods, viz., utilization of the ELISA technique, immunoblotting procedures, gel-electrophoresis, rRNA SSU analysis, etc [21]. DNA sequence analysis and fossil evidence suggest that AM mutualism appeared 400-460 million years ago when the first land plants were colonized [30, 76-80]. Arbuscular mycorrhizas are found in 85% of plant families, including many crop species. The hyphae of AM fungi produce glycoprotein glomalin, which may be one of the major stores of carbon in the soil. AM fungi have (possibly) been asexual for millions of years, and unusually, individuals can contain many genetically different nuclei, a phenomenon called heterokaryosis [55, 81, 82].
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Fig. (8))


          VAM fungi showing spores, arbuscules, and vesicles in angiosperm.
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Fig. (9))


          Some common AM (VAM) fungi. A. Gigaspora, B. Glomus, C. Sclerocystis, D. Acaulospora, E. Entrophospora, F. Scutellospora, G. Archaeospora, and H. Peridiospora.

        




        

          Orchid Mycorrhiza (OM)




          The family Orchidaceae is one of the largest families in the plant kingdom, mostly distributed in the tropics and subtropics, with more than 20,000 species identified. All orchids have a stage in their life where they are non-photosynthetic, but whether the plants are chlorophyllous or achlorophyllous as adults, they depend on external sources of nutrients. In the majority of cases, it is just the seedling stage that is obligately mycorrhizal. Orchid seeds are very small (around 0.3-14 mg/seed) and contain little amounts of nutrient reserves, like small amounts of high-energy protein and lipids, but little sugar, though some species also contain small starch granules. Mycorrhizal fungi can provide the nutrients, and particularly carbohydrates, needed to grow, and in fact, most orchid seeds will not germinate unless they have been infected by an appropriate fungus. This factor was a problem in the early 20th century for horticulturalists, who were trying to propagate orchids as they required them for their high market value. At present, many species can be cultured axenically (without a fungus partner) by supplying the seeds with an exogenous source of sugar.




          The mycorrhizal fungi in orchids are basidiomycetous, and in a majority of cases, orchids are associated with Rhizoctonia species [83]. The colonization of orchids by mycorrhizal fungi is variable based on the nature of orchids. It is widely believed that terrestrial or ground orchid species have a wider level of colonization than epiphytic orchids. Ground or terrestrial photosynthetic chlorophyllous orchids are generally colonized by members of the fungi that belong to five major groups, viz., Heterobasidiomycetes, Hericianae, Hymenocaetanae, Thelephoranae, and Agaricanae [84]. The achlorophyllous saprophytic orchids are frequently colonized by mycorrhizal fungi, whereas in photosynthetic orchids, host-mycorrhizal association was found to be more specific. Root colonization of several photosynthetic ground orchids such as Paphiopedilum armeniacum, P. dianthum, P. micranthum, Cypripedium flavum, C. guttatum, C. tibeticum, etc., occurs frequently among the members of the family Tulasnellaceae [85]. This has proved to be because of the narrow range of association of mycorrhizal taxa with terrestrial photosynthetic orchids. The most common genera of fungi that show mycorrhizal association with the roots of orchids are Rhizoctonia, Ceratobasidium, Tulasnella, Epulorhiza, Sebacina, Corallorhiza, and Russula. According to one report from Singapore, 24 isolates of Epulorhiza have been recorded from the root and protocorms of Arachnis, Arundina, Dendrobium, Oncidium, Spathoglottis, and Vanda orchids. Approximately 200 species of orchids remain achlorophyllous throughout their lifetimes. Galeola, Gastrodia, Epipogium, Eulophia, Erythrorchis, Corallorhiza, Rhizanthella, and many other mycorrhizal orchids continue to gain carbon from their fungi partners. Some chlorophyllous species, such as Cephalanthera rubra (Red Helleborine, one of the rarest orchids in Britain), spend several years underground before producing overground flowering scapes. Some Indian orchids are Cymbidium aloifolium, Dendrobium spp., Vanda, Rhynchostylis, Mokara, Cleisostoma, etc.




          The infection of an orchid seed by fungi occurs after the embryo takes up water and swells, rupturing the seed coat. The embryo emerges and produces a few root hairs to which mycelium colonize by hyphal penetration in a cell of the embryo, the plasma membrane of the orchid cell invaginates and the hypha becomes surrounded by a thin layer of cytoplasm (Fig. 10). The orchid embryo consists of only a few hundred cells, and the fungus spreads quickly from cell to cell. The hyphae penetrate the root cells and form coils called pelotons, which greatly increase the interfacial surface area between the orchid and fungus for nutrient exchange. Each intracellular hyphal peloton has a short life span, lasting only a few days before it degenerates and is digested by the orchid cell. Older hyphae develop large vacuoles and thick cell walls, and the cytoplasm degenerates. The plant cell remains functional and can be recolonized by other surviving hyphae or by fungal hyphae from adjacent cells [49]. Infection by mycorrhizal fungi does not necessarily result in the germination and growth of an orchid, but during the association between the host and the fungus, three outcomes are possible: (a) a mycorrhizal interaction, as described above, (b) parasitic infection, in which the orchid cells are invaded and the embryo dies, and (c) the orchid cells may reject the fungal infection. These three types of interactions may occur in a population of protocorms, highlighting the relatively unstable nature of the association. Successful fungal infection results in the germination of orchid seed, and the fungus may be the only source of nutrition in the first years. In the majority of the orchid species, chlorophyll develops in their adult stage and they become less dependent on the mycorrhiza now. However, they still have mycorrhizal roots and gain nitrogen and phosphorus from the fungus. The transfer of carbon from host to fungi is unknown.
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Fig. (10))


          (A). Cymbidium (orchid), (B). Stained pelotons seen in section, (C). SEM of pelotons [86], (D). Mycorrhizal fungus penetrating the roots.

        




        

          Ericoid Mycorrhiza (EM)




          Ericoid mycorrhizae are the third and most ecologically important type. These mycorrhizas have also been shown to have considerable saprotrophic capabilities, which would enable plants to receive nutrients from not-yet-decomposed materials via the decomposing actions of their ericoid partners [87]. Ericoid mycorrhizae have a simple intraradical (grow in cells) phase, consisting of dense coils of hyphae in the outermost layer of root cells. The extraradical phase (beyond the root) consists of sparse hyphae that do not extend very far into the surrounding soil, and there is no periradical phase (around the root). They might form sporocarps (probably in the form of small cups), but their reproductive biology is little known. EM is a restricted group of fungi associated with a restricted diversity of plant species in the families Ericaceae, Epacridaceae, and Empetraceae. Hymenoscyphus ericae (Pezizella ericae), an ascomycetous fungal species, was reported for the first time as an ericaceous endosymbiont. However, Oidiodendron, Gymnascella, and other ascomycetous fungi have been identified that form mycorrhizal associations with ericoid plants. In a similar manner as in arbuscular mycorrhizae, the EM fungal hyphae invade the cortical cells of very fine roots and form hyphal coils rather than arbuscules. The fine roots of ericoid plants consist of a vascular bundle and one outer layer of cortical or epidermal cells [88]. Ericoid mycorrhizal associations are presently reported with cranberry, blueberry, Rhododendron, and flowering plants (Fig. 11).
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Fig. (11))


          (A). Rhododendron, (B). intracellular mycorrhizal coils of the hyphae in the epidermal cells [89], (C). Fungus penetrating the root cells.

        




        

          Monotropoid Mycorrhiza (MM)




          This is a special type of mycorrhiza found in the subfamily Monotropoideae of Ericaceae, as well as in several genera in the Orchidaceae. These mycorrhizal plants, which form a non-mutualistic, parasitic type of symbiosis, are heterotrophic or mixotrophic and derive their carbon from their fungus partner. Monotropoid mycorrhiza occurs in species of Monotropa, non-chlorophyllous plants growing under Fagus, Pinus, Quercus, Salix, and other forest trees as epiparasites, depending on the fungal partner. The fungal partners of Monotropa and associated trees are various species of Boletus. This association is very similar to orchidoid mycorrhiza, here the host cells are penetrated by hyphal pegs restricted to the epidermal layers of the root. At first, the mycorrhizal associations formed by plants of the Monotropaceae with specialized fungi were classified as arbutoid. However, fundamental differences were noted and resulted in the creation of a new category of mycorrhiza [90]. Arbutus and Pyrola show typical arbutoid mycorrhizas where the fungus hyphae make extensive intracellular penetration, filling large volumes of the cells and making hyphal coils. In contrast, fungi colonizing achlorophyllous plants in the family Monotropaceae (but now included within the Ericaceae), such as Monotropa hypopitys (in Europe) and M. uniflora (North America), never actually penetrate the plant cell walls (Fig. 12). This feature was sufficiently distinct to warrant the creation of a new class of mycorrhiza, the Monotropoid mycorrhiza. In this association, the mycorrhizal roots secrete growth hormones like auxins, cytokinins, gibberellins, and growth regulators [91].
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Fig. (12))


          (A). Monotropa, (B). Lower part of the stem with mycorrhizal fungus, (C). Intracellular coils of the fungus mycelium, (D). Fungus mycelium penetrating the epidermal cells.
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