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    Writing forward of this valuable book is a matter of pleasure and honour for me. This book, “Medicinal Plants: Microbial Interactions, Molecular Techniques and Therapeutic Trends” is divided into three sections focusing on medicinal plants and their therapeutic trends and techniques, which can be used to improve medicinal plants. The first section deals with the plant-microbe interaction strategies, the diversity of microbes related to medicinal plants and the role of these microbes in the value addition of medicinal plants. Microbial Phyto-therapeutics and microflora of medicinal plants in hydroponic systems are providing current trends in the respective field. The second section of the book focuses on molecular techniques available for the genetic improvement of medicinal plants. Latest cutting-edge tools such as genome editing and modern breeding tools and techniques are discussed to manipulate medicinal plants for better growth, yield and quality. In the third section of the book, nano strategies and nanoengineering opportunities and challenges are described which are involved in increasing the therapeutic tendencies of medicinal plants. Medicinal plants and their affiliation with the treatment of a variety of diseases along with the production of bioactive clinically administered drugs urge the need for persuasive therapeutic potencies through recent approaches. Detailed chapters on the contribution of nanotechnology in elucidating the pharmacological profile of medicinal plants are explored in this section. Therapeutic enhancement through most employed metallic and carbon nanostructures, nano-elicitors for the production of augmented bioactive secondary metabolites and the role of nanocarriers in achieving the best possible efficacy of the bioactive medicinal ingredients are comprehensively discussed in this section to cover the recent and up-to-date approaches in the nano-manipulations of the medicinal plants.




    I am really convinced by the knowledge and expertise of the editors who have done a great job in compiling and formatting a comprehensive and valuable book on the importance, use, and improvement of medicinal plants. I hope that the book will get a broad readership ranging from students to scientists, academia and industry. I appreciate the editors, authors and publishers for their effortless hard work in writing, formatting, compiling and publishing this tremendous and valuable book.




    

      Asif Ali Khan (T.I.)


      MNS University of Agriculture


      Multan-60000, Pakistan
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    “Medicinal Plants: Microbial Interactions, Molecular Techniques, and Therapeutic Trends” is one of the efforts and contributions to bring together the advancements in technologies going on with respect to medicinal plants in the search for healthcare agents. This book will look into the ongoing practices and recent innovations involved in enhancing, modulating, and isolating active therapeutic phytodrugs. The importance of medicinal plants can be realized from the fact that more than half of the clinically administered drugs are derived from natural medicinal plants. This book has been divided into three sections, each section focusing on the recent strategies employed for phytochemistry and therapeutic explication. The book will cover modern-day approaches like microbial-plant interaction, genome editing and nano-engineering of medicinal plants for increasing the therapeutic potencies of the plants that have not been assembled in one book yet. Given that, the book will give a comprehensive scenario of the recent scientific approaches explored for increasing the production of phyto-metabolites and therapeutic attributes. Detailed chapters on the contribution of microbial interactions, genetic alterations and nanotechnology in elucidating the pharmacological profile of medicinal plants have been presented. Hope the readers will find it functional and exemplary useful in the subject of medicinal plants.
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      Abstract




      Changing climatic conditions, biotic and abiotic stresses along with use of synthetic fertilizers have deteriorated soil quality and crop yield. Microorganisms are natural inhabitants of soil and plant surfaces that form a stable dynamic system with the host plants. The plant microbiome assists in plant growth by solubilizing minerals, recycling nutrients and inducing defense responses by mitigating environmental stresses. These plant-associated microorganisms can be used as functional moieties to enhance overall plant productivity and reduce negative impacts on the ecosystem. The plants and microbes are contemplated as natural partners that harmonize various functional traits, however, the magnitude of friendly or hostile consortium depends on the kind of microorganisms involved. Before the scientific advent of advanced technologies, conventional approaches such as culturing on media, microscopic observations and biochemical tests provided awareness of how these two communicate. Later on, contemporary molecular-based tools like polymerase chain reaction (PCR), microarrays, enzyme-linked assays (ELISA), and nucleic acid-based methods (next-generation sequencing, etc.) surfaced. This chapter will comprehend different types of aboveground and subsurface microbes associated with the plants, their impact on sustainable agriculture and high-throughput technologies used to investigate the plant-microbe relationship.
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      INTRODUCTION




      Plants are ubiquitously colonized by microbiome including archaea, protists, fungi and bacteria which exhibit pleiotropic effects on plant health. Biotechnological




      advancements have enabled us to explore plant microbiome structure and their interaction with the host [1]. Owing to different areas of colonization, microbial species are classified into different groups; for instance, organisms that inhabit the external plant parts are known as epiphytes, while those that occur on the inner side are endophytes. Rhizosphere exists in areas closest to the roots while phyllosphere organisms colonize the leaf surfaces [2]. Owing to the plant exudation occurring at various developmental stages, the root region is explicitly teamed with microbes that are associated with plant health [3].




      The plants build various kinds of relationships with the associated microbes. In mutualism, both host and microbial specie acquire benefits from each other by augmenting nutrient and mineral accessibility, heightening immunity against pathogens, and susceptibility to stress conditions. Further, the plant exudates such as sugars, vitamins and other growth factors also promote the colonization of microbes and thus, it can also be termed a synergistic relationship [4].




      Commensalism states the symbiotic connection in which the commensal gets benefits, whereas the other partner is neither harmed nor benefitted from the relationship. Typically, the plant by-passes a nutrient to the microorganism that is living in its vicinity [5]. Amensalism is a sort of reciprocal action where the effect of one organism’s activity negatively influences the other. Parasitism is a life-long, co-existing association in which a parasite favorably feeds on its host. In this relationship, if the host defense mechanism is vigorous then the interaction will favor the host over the parasite, however, in the opposite scenario, the host becomes ill and eventually die [5]. Thus, microbial heterogeneity makes it essential to understand the interactome association of microbes with the root systems. Due to the plant-microbe interaction, these are also known as holobionts or meta organisms [6].




      Microorganisms that can adapt to particular stress conditions are beneficial for plants in different ways [3]. Beneficial microorganisms are normally inoculated in the soil, as a substitute for chemical treatments, to stabilize soil structure, control pests and diseases, mitigate the negative effects of agrochemicals and ameliorate agricultural practices. These inputs could be in the form of biocontrol agents, bioherbicides and biofertilizers. Recently, the use of inoculants has been intensified due to the availability of multifunctional strains that can improve the yield at minimal cost. Rhizobia is one of the extensively used microbial inoculants that form a symbiotic association with legumes and fulfil the requirement of plant nitrogen by influencing the process of biological nitrogen fixation [7]. Likewise, plant growth-promoting bacteria (PGPB) regulate phytohormones synthesis, and phosphate accessibility and elicit the plant’s defense mechanism against




      environmental stresses. Furthermore, some microorganisms also influence crop production through pests and disease management [8].




      The recent interest in advanced technologies has warranted in-depth analysis and characterization of microbes that colonize plants. Genome sequencing, metagenomics, proteomics and other contemporary techniques have enabled us to have a clear view of the dynamic belowground and aboveground microorganisms [9]. Hence, the current chapter highlights different microbial interactions, their impact on crop productivity and the advancements that have been adopted in this field.


    




    

      THE TWO-DIMENSIONAL MICROBIAL COMMUNITIES




      

        Aboveground Microbes




        Microbes colonize different aerial parts constituting anthosphere microbiome (flowers), phyllosphere microbiome (leaves), spermosphere microbiome (seeds) and cardosphere microbiome (fruits) [2]. Endophytic and epiphytic organisms colonize plant tissues and acquire nutrients through the aerial tissues i.e., flowers, fruits and leaves and so, their growth and development largely depend on the nutrition present within the organs [10]. However, the phyllosphere organisms exhibit unstable environments with variable physicochemical limitations like UV radiation, desiccation and temperature and they act as commensal-like organisms [11].




        These organisms can be visualized in different host species. For instance, in a study conducted on grapes, it was noticed that the phyllosphere was dominated by Pseudomonas, Acinetobacter, Pantoea, Bacillus, Sphingomonas and Curtobacterium while the endophytes were inhabited by Burkholderia, Bacillus, Ralstonia and Mesorhizobium [12, 13]. In another study, Devosia and Pedobacter dominated the potato phyllosphere while Pantoea and Bacilluswere observed in the lettuce phyllosphere. Acinetobacter was reported as the dominant community in the stems and leaves of tomatoes [13]. Alternaria was dominantly observed in the stem while peel samples, calyx, were populated by Penicillium. Hence, it can be proposed that the microorganisms existing in a particular plant depend on the nutrients, host tissue and the physicochemical properties of the soil [14].




        Epiphytes can develop resistance towards immunological and antimicrobial chemicals produced by plant tissues and competing microbes. The quorum-sensing (QS) signals are also linked with these organisms such as in the tobacco phyllosphere [15]. Additionally, these organisms can also produce exopolysaccharides that increase resistance to desiccation along with different enzymes and phytohormones. In short, the association between the plant and aboveground microbes is host-dependent and is affected by the signalling circuits accompanied by other species, consequently leading to enhanced plant growth and a reduction in disease incidence [16].


      




      

        Belowground or Subsurface Microorganisms




        The rhizosphere, with plant exudates, recruits’ microbes in a niche resulting in parasitism, commensalism, saprophytism, amensalism and symbiotic relationship [6]. The thin layer of soil surrounding the roots exhibits higher microbial diversity such as Copiotrophs, Pseudomonads, Oligotrophs and Actinobacteria are abundantly present near the root surface than the bulk soil [17]. These microorganisms, substantially influence the aboveground activities and their diversity can be evaluated by the plants and the soil environment using neutral or niche-based processes. In the former case, many organisms use most of the soil surface and are confined to the recruitment parameters and distance among plants. On the contrary, environmental changes affect the microbial population in the niche-based mechanism [18].




        Plants hold the ability to recruit microbes in the root system that assist in various roles. For example, the orchid’s fitness is strongly reliant on the mycorrhizal fungi [19] and the microbial abundance and richness in cereals depend on the rhizosphere area [20]. The recruitment agent i.e., plants exudate releases hormones, amino acids, polyphenols, cutin monomers and nutrients that mediate the plant-microbe interactions [21]. Some chemicals initiate microbial growth in the rhizosphere while others inhibit their growth to enhance plant growth as benzoxazinioids are produced in maize roots to inhibit Proteobacteria and Actinobacteria. The microbial population gradually expand by recruiting additional microbes and developing a new niche within the population. Afterwards, the plant exudates start producing biofilms in the rhizosphere [21].




        some endophytic microbes occur inside roots and are used in agriculture. For instance, Piriformospora indica elevate phosphorus (P) uptake in plants and protect against various stresses [22]. Correspondingly, Gill et al. [22] stated that P. indica overexpressed cyclophilin which protects against salt stress in tobacco plants. Some microorganisms also act in synergy in acquiring nutrients such as Azotobacter chroococcum and P. indica. However, some endophytes are involved in chemotaxis activities, for example, Fusarium oxysporum reduces the frequency of nematodes in tomatoes [23]. Similarly, biochar in tomato plants produces chemotactic signals towards Ralstonia solanacearum to hinder their swarming ability [24].




        

          Root-root Interaction




          The root exudates vary among different plant species and are associated with several processes such as increased mineralization and they ls also mediate nutrient competition. The chemicals (phosphatases) present in the soil, generally fulfil the plant requirement of ions and affect the nitrogen cycle [25]. In addition, plants are also governed by the exudates of the neighbouring species. For instance, the legumes release carboxylate in intercropping with non-leguminous species and provide phosphorus (P) to the neighbouring species [26]. The P-levels can also be replenished through the exudates produced by arbuscular mycorrhizal fungi (AMF) [27]. Furthermore, citric acids from cucumber roots and fumaric acid from banana roots attract Bacillus amyloliquefaciens and Bacillus subtilis, eventuating in biofilm production [28].




          The interaction among different roots just not only regulates the nutrients but also affects the roots of neighbouring species through allelopathy. In this case, the plant roots release phytotoxins, such as catechin, which alleviate the root growth of neighbours and thereby, reduce the competition for resources [29]. Volatile organic compounds (VOCs) also act as allelochemicals to monitor rhizosphere signals by the mycorrhizal associations. The allelopathic species act specifically on other plant species excluding a few non-allelopathic neighbours [30]. The root exudates are regulated by the rhizobiome and thus, it can be suggested that the root-root interaction is competitive. Plants exhibiting horizontal root systems possess greater competition in comparison to those species having vertical and deep root systems. Moreover, in this kind of interaction, the plant exudates influence each other as well as the microbiota existing in their vicinity [31].


        




        

          Root-microbe Interaction




          The interaction of roots with microbes principally includes symbiotic and parasitic associations like rhizobacteria-legume, actinobacteria-root, mycorrhizal-root and other root-microbe interactions. In rhizobacteria-legume interaction, organisms produce Nod factors which activate receptors in plants that cause nodule formation. Subsequently, the bacterium uses nodules to produce ammonia which is used in protein synthesis. Proteomic analysis disclosed that legumes release flavonoids which stimulate Nod protein to set nodulation genes [32]. Another study conducted on Medicago trunculata revealed that protein content changes in the nodule during the formation of leghemoglobin [33]. However, some legumes like Rhizobium leguminosarumproduce ethylene-responsive proteins [34].




          Rhizobacteria exist as Bacteroides in the plant symbiosomes where all nutrients are monitored by the composition of bacteriode membranes. Heat-shock proteins, nodulin's, proteases, transporters and signalling proteins chiefly occur in these membranes, which indicates that the plant’s defense mechanism is continuously controlled to allow nodulation. The nodules also consist of enzymes that are needed for N2 fixation, heme-synthesis, transporters and stress-related proteins [35]. The proteomic studies displayed that Bacteroidesincrease nitrogen metabolism and suppress fatty acid metabolism [36]. Contrarily, transcriptome analysis indicated the presence of aquaporins, ATPases, nutrient transporters and osmoregulation in the nodules [37]. In general, all these are beneficial in regulating homeostasis in the nodule and in facilitating the transport of nutrients.




          Actinomycetes also form symbiotic associations with hosts such as angiospermic species belonging to Alnus and Datisca genera. A proteomic study on Alnus sp. revealed that it secretes proteins, that are involved in forming symbiotic associations [38]. Besides these, mycorrhizal fungi also form a symbiotic association with the plants. These fungi colonize the plant roots and establish arbuscules in the cortical cells or hyphae [39]. Like rhizobacteria, arbuscular mycorrhizal fungi (AMF) also do not hinder the nutrient trafficking between the host and fungus. AMF supplies phosphorus to the plant in return for lipids and carbon [40].




          Another symbiotic relationship occurs between the free-living organisms and its positive impact on plant-host interaction from disease and increased plant growth. For example, Trichoderma possesses the ability to parasitize other fungi and is thus considered an important biological control agent. Trichoderma harzianum produces proteases that can degrade fungal cell walls and Trichoderma asperellum induces the production of disease-resistance proteins. Furthermore, these organisms increases ethylene biosynthesis, protein folding and energy metabolism. T. harzianum, T. atroviride and T. asperellum possess chitinases and cyclophilins which provide maximum resistance in plants [41].


        




        

          Microbe-microbe Interaction




          This type of interaction includes communication between pathogenic microbes, the interaction between pathogens and endophytes, succession by microorganisms and changes in the environment. The pathogens variably influence the microbial population occurring on plant surfaces and soil, as the host is open to infection and increases the susceptibility to other non-pathogenic organisms as well. For example, maize when infected with SLB, reduces the residual microbial community [42] and Brassicaceae species exhibiting white rust are more susceptible to mildew pathogens [43]. Albugo laibachii increases susceptibility to Phytophthora infestans in Arabidopsis thaliana [44]. In this type of interaction, each microbial cell is accountable for the colonization and disease progression in the host. Bacterial species forms biofilm to establish favorable interactions. QS mediated by signals further heightened the pathogenicity of microbiota on the host. Such signals are also aaffect plant proteome and transcriptome by adhering to the plant surfaces and ultimately influence the processes occurring inside the plant [45].




          The endophytes give rise to toxic chemicals such as polyketide synthase which prevent the growth of pathogens. Bacillus thuringiensis, Enterobacter asburiae and Erwinia carotovora are inhibited by the AHL lactonase enzyme present in the endophytes [46]. These endophytic enzymes protect plants against biotic and abiotic stresses. For instance, trehalose aids in stabilizing the membranes and enzymes during drought and also induces systemic resistance to disease [47]. Microbes that inhabit host species always compete for nutrients and space. If endophyte is present within the host before the pathogen infiltration, then it will show more resistance as compared to when both pathogen and endophyte arrive simultaneously in the plants [48]. There are also certain cases in which endophytes protect by co-inoculating with the pathogen such as Ustilago maydis was found to be inhibited by direct inoculation with Fusarium verticillioides and did not express protection when applied before pathogen infection [49].




          The microbiota existing in the soil secrete molecules that induce gene expression in the plants. Some VOCs (alcohols, ketones, alkanes, etc.) act as signals in the microbial species existing in the root system and promote activities like disease inhibition, mineralization, nutrient acquisition many other processes. Phytohormones such as gibberellins, cytokinins, abscisic acid, salicylic acid and jasmonic acid are also secreted by microbes that activate plant defense mechanisms [50]. Besides systemic resistance, plant defense can also be heightened by the trans-generational phenomenon. In this, immune memory is transmitted to the next plant generation in response to the pathogens. For example, Psudomonas syringae applied on Arabidopsis prompted the next generation of plants which increased the salicylic acid content and induced greater disease resistance [51].


        


      


    




    

      UNRAVELING THE IMPACT OF MICROBES ON SUSTAINABLE AGRICULTURE




      Microorganisms greatly influence the physico-chemical as well as biological activities occurring in the soil that are associated with plant growth and development. Nowadays, researchers are trying to identify microbial species using various techniques so that they could be effectively utilized in the agricultural industry. Some of the important functional aspects of plant microbiota along with the advanced scientific approaches are presented in Fig. (1).
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Fig. (1))


      Schematic overview showing certain benefits of plant-microbe association on sustainable agriculture and various techniques used to investigate host plant and microbial communities.



      

        Growth and Development




        Microorganisms use diverse methods to promote plant growth in normal and stressful conditions. These include nitrate reductase activity, phytohormone synthesis, nitrogenase enzyme activity and siderophore generation. Hormones such as auxin, gibberellin, cytokinin, ethylene and abscisic acid are produced by numerous microbes to augment plant growth. Different developmental stages in plants are directly interlinked with the microbial community. For example, microbial composition in A. thaliana was examined at four different stages which showed that Actinobacteria was abundantly present in seedling and vegetative stages in comparison to the bolting and flowering stages. Bacteroidetes and Cyanobacteria also increased abundantly with plant growth and reached their peak at the flowering stage [52].




        Researchers have genetically modified plant growth-promoting bacteria (PGPB) (or rhizobacteria) to increase the synthesis of stress-tolerant hormones, antifreeze proteins, antibiotics, trehalose and lytic enzymes which assist plants in development and surviving stress periods. PGPB needs to develop and maintain a biologically active population in order to compete with indigenous organisms [53]. Microorganisms modified through genetic engineering have developed certain traits such as bioremediation, increased stress tolerance capacity and phytohormone production. The modified strain remains active and survives well in a hostile environment.


      




      

        Stress Management




        Plants are sessile organisms and thus, are subjected to various abiotic and biotic stresses. Plants have to cope with drought, metal toxicity, submergence, salinity and various diseases throughout the seasons. Microorganisms are regarded as prime regulators of stress owing to the presence of biomolecules that are released in the form of hormones and antibiotics. Microbes tend to aggregate and produce biofilms through extracellular polymeric substances (EPS) which help the plant to resist desiccation and other environmental stresses. In this way, plants can combat extreme conditions and get protection against developmental and genetic damages [54].




        Hubbard et al. [55] observed that fungal endophytes in wheat plants resulted in better yield when exposed to heat. Enterobacter, Klebsiella and Bacillus produce auxin indole-3-acetic acid (IAA) which enhances the growth of maize in cadmium-stressed conditions [56]. These microbes were also detected from the bitter gourd rhizosphere. Similarly, Pseudomonas and Bacillus sp. produced IAA during salt stress and increased the growth of Sulla carnosa [57].


      




      

        Bioremediation




        Industrialization and advanced farming techniques are increasing the detrimental effects on agricultural land and water by generating hazardous waste, organic contaminants and heavy metals. Some heavy metals are beneficial to plants in trace amounts viz. lead (Pb), cadmium (Cd), chromium (Cr), uranium (Ur), zinc (Zn), gold (Au), selenium (Se) and arsenic (As), while their excessive amount alleviates plant growth by impeding photosynthesis and other enzyme activities. Bioremediation is a long-term, cost-effective and sustainable process that utilizes bacteria, fungi, algae or plants to remove heavy metals from polluted environment and eventually restore the natural state of the environment [53].




        Different microbial strains are usually inoculated in the soil to detoxify heavy metals. The microorganisms generally use adsorption, biosorption, vacuolar compartmentalization and metal binding approaches to reduce the concentration of metals. Brevundimonas diminuta produces ACC deaminase that reduces arsenic toxicity and ethylene concentration under heavy metal stress [58]. It was observed that Enterobacter asburiae ameliorates cadmium toxicity in mung beans (Vigna radiata) to promote root growth in cadmium-stressed seedlings [59].


      




      

        Nutrient Cycling




        Nitrogen, phosphorus and various other elements are the most limiting nutrients in crop production. Microorganisms consistently recycle these nutrients to get essential components required for DNA, RNA and protein synthesis which are essential for all living beings. The mycorrhizal fungi and nitrogen-fixing bacteria increase the phosphate uptake and transport minerals to the plants by extending surface area for absorption [60]. Azospirillum is a free-living organism found in Zea mays, sugar cane and wheat that promote plant growth by increasing nutrient uptake through roots [61].




        Phosphorus, iron, nitrogen and many other nutrients are usually acquired by PGPB. Rhizobium and Bradyrhizobium supply nitrogen to the plants by nodulation. However, some microbial species like Pseudomonas forms siderophores that are iron-chelators and provides iron to the host species [62]. The microbial community present in leaves also enhances the nutrient accessibility to increase plant growth. It is important to identify and monitor the microbial density in each cycle. The key genes like Nod factors need to be genetically modified to boost nitrogen-fixing abilities. Similar ways can be adopted to improve other nutrient cycling processes [53].


      




      

        Protection From Pathogens




        Rhizospheric microbes specifically augment plant growth and protect against pathogenic organisms. Rhizobacteria release metabolites that alleviate the activity of pathogenic organisms, whereas rhizospheric fungi possess the ability to produce antibiotics [63]. Trichoderma sp. produces gliovirin, peptaibols, gliotoxin, harzianic acid, massoilactone, tricholin and viridian to counteract pathogenic species [64]. Agrobacterium radiobacter produces Agrocin 84 (bacteriocin) that exhibits antibacterial activity [65]. The secondary metabolites along with different genes, such as glucanases and chitinases, effectively increase plant resistance toward pathogens [66].




        The microbes present in flowers protect the host species from fire blight and other diseases caused by Pseudomonas, Erwinia amylovora and Pantoea [67]. The microbes of Fabaceae fruits also possess antibacterial and antifungal activity [68]. The pathogens can easily enter the plant through stomata, hydathodes and wounds. These organisms can be controlled by phyllosphere microbes which induce a plant’s immune response through competition between pathogenic and non-pathogenic organisms and by producing antibiotics. In A. thaliana, the plant pathogen P. syringae was competitively excluded by Sphingomonas sp. by competing for sugar, fructose and glucose [69].


      




      

        Biofertilizers, Biostimulants and Biocontrol Agents




        In the absence of pathogens, commensals increase the growth of host plants by producing hormones and VOCs. For instance, radish seeds inoculated with Pseudomonas fluorescens enhance tryptophan content resulting in increased root biomass [70]. B. subtilis increases the photosynthetic ability of A. thaliana by modulating endogenous abscisic acid and glucose signalling [71]. Thus, these species can be effectively utilized as biofertilizers, biostimulants and biocontrol agents. Yet, the transition of these microbes from laboratory to market is slow and requires the optimization of a mixture, frequency of application, determination of concentration, selection of carriers and appropriate funding.




        Few species have been introduced into the markets as biofertilizers such as Nitragin Golg containing Rhizobia (USA) [72], Nodulest 10 with Bradyrhizobium japonicum (Argentina) and Phosphobacterin with Bacillus megaterium (Russia). Few species are acquainted as biostimulants such as Amase containing Pseudomonas azotoformans (Sweden) and biocontrol agents like Cerall with Pseudomonas chlororaphis (Sweden) [73, 74]. Another factor that has hampered the utilization of microbes is their potency which is paralleled to the chemical drugs that produce reliable effects on plants and microbes.


      


    




    

      TARGETED APPROACHES USED FOR THE ISOLATION AND HIGH-THROUGHPUT CUSTOMIZATION OF PLANT MICROBIOMES




      In the beginning, conventional methods like culture studies on media were followed which were extremely laborious, time-consuming and required skilled personnel for morphological and biochemical analysis. Later on, contemporary methods based on electrophoresis, electron microscopy and serological techniques were developed. At the end of the 20th century, ELISA, PCR and many other new tools further revolutionized phytopathogen detection and were routinely used by researchers [75]. The advanced methods have enabled us to compile large amounts of data available on plants and microbes easily through genome sequencing. Previously, Delmont’s [76] surveyed Park Grass (2009-2012) and employed six techniques of DNA extraction to present soil microbiome data precisely. It is now possible to scrutinize data using multiple approaches such as genomics, proteomics, metabolomics and transcriptomics platforms. Altogether, these are useful in deciphering the benefits of plant-microbe interactions, enhancing plant growth and ameliorating disease resistance among plants [77].




      

        Genome and Amplicon Sequencing




        The genome sequencing platform is frequently used to perform genome-wide annotation of proteins and genes [78]. The first bacterial (Xylella fastidiosa) genome was acquired in 1995 and then, Arabidopsis in 2000 paved the way for genomic scale annotations to envision the entire organism. Genome sequencing has enabled us to interpret signalling pathways that monitor the defense mechanism in plants. We could have a clear view of the negative and positive effects of microbial interactions by merging their metabolic pathways with different plants [79]. Initially, studies were conducted by using one gene or one protein at a time. Subsequently, more holistic approaches that can identify thousands of taxa at the same time were used to explore any organism and pathogen simultaneously. Contemporary tools include real-time quantitative PCR (RT-qPCR), multiplex PCR and droplet digital PCR (ddPCR). These are also used to ascertain the relative and absolute abundances of pathogenic organisms [80, 81].




        Woese and Fox [82] proposed that the 16S rRNA gene can be used for amplification, sequencing and identification of targeted bacterial species. In amplicon sequencing, the universal primers amplify genes by pairing them to highly conserved sequences within the hypervariable region of 16S rRNA. The amplified product is then sequenced and the information obtained is used for the phylogenetic studies of the organisms [83]. This data is further used to deduce the taxonomic information. 18S rRNA and ITS are available for fungal species, while ITS are the most commonly used sequences as they display higher levels of variance and have an extensive reference database. However, amplicon sequencing is unable to identify closely related species with 18S rRNA primers, so ITS region is usually recommended [84].




        To obtain more precise relative abundance data of fungal species, non-ITS-based targets must also be included along with ITS sequences [85]. Similar sequences derived from amplicon sequencing are then assigned to the same taxa by the operational taxonomic unit (OUT) having 97% sequence identity with bacterial taxa [86]. The 16S rRNA gene sequencing enables large-scale microbial analysis at relatively moderate expenses and 16S genes are abundantly available, thus facilitating sequencing and determining relationships across taxa [87]. Notwithstanding, sequencing mistakes and chimaeras may occur during DNA amplification and the differences in amplification will also affect the conclusion based on the relative abundance of OUT [88]. Statistical analysis is done using Deblur or Dada2 methods that can be implemented in QIIME2, a software for 16S rRNA analysis [89].




        Furthermore, nucleic acid sequence-based amplification (NASBA) was developed for the amplification of RNA sequences containing viruses while loop-mediated isothermal amplification is used to detect plant viruses like plum pox virus [90, 91]. In the early 21st century, cDNA array and SuperSAGE were used to determine gene expression in rice-Magnaporthe oryzae and A. thaliana-Pseudomonas syringe interactions [40, 92]. In microarray, RNA of interest is isolated and reverse transcribed to its complementary DNA. Afterward, they are hybridized with probes on the chip and then detected for signals. Later on, RNAseq technology was developed to elucidate plant-pathogen profiles more precisely. Over time, 2D gels, MS/MS, LC/MS, GC/MS and iTRAQ techniques were established combining the transcriptome and proteome data of plants and microbes. By using high-throughput technologies, all possible interactions between plants and microbes can be addressed [93].


      




      

        Metagenomics




        Metagenomic sequencing includes the random sequencing of sheared DNA fragments which are re-aligned and provide a more comprehensive functional profile of the microbes. The shotgun genome sequencing approach of metagenomics provides more information on bacteria, viruses, archaea and fungi and requires higher information to distinguish species as compared to the 16S rRNA method [94]. This method requires much more sequencing reads and the information generated often reaches several terabases per study, which increases its costs and bioinformatics demand on sequence assembly and mapping [95]. The online bioinformatic tools assist in analyzing data by comparing reads with the reference databases and/or after de novo assembly [96]. The most common statistical tool used to interpret metagenomics data is a phylogenetic investigation of communities by the reconstruction of unobserved states (PICRUST). It is used to reconstruct the algorithm of the ancestral state which predicts gene families that are present in the sample and then estimates the metagenome [86].




        The shotgun metagenome sequencing provides higher efficiency by allowing us to identify up to the strain level in comparison to the amplicons which provide characterization to the taxonomic levels [97]. In metagenomics, the gene sequences may be functionally annotated where the protein-coding sequences are identified and then matched to a protein function [98]. Besides using sequencing platforms, metagenomics screening has some disadvantages like high cost and the risk of missing previously uncharacterized species. So, the bioinformatics tools are updated regularly to improve the quality of reads and information obtained [99]. It can be suggested that a combination of methods should be exploited to acquire maximum information on the total microbial diversity.




        Since 2012, the gene editing tool clustered regularly-interspaced short palindromic repeats (CRISPR) has revolutionized life sciences. This technique is used to develop model cell lines, improve gene therapies, identify disease targets, and develop transgenic organisms and transcriptional modulation. Zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENS) are the predecessors of CRISPR technology [100, 101]. CRISPR reagents are introduced into the plant cells using different vehicles such as physical (microinjection, electroporation), viral (adenovirus and lentivirus) and non-viral (liposomes, gold particles) delivery methods. CRISPR reagents are entered in the form of DNA, RNA or protein-RNA which assemble into site-directed nuclease (SDN) and cleave specific DNA sequences to produce double-strand breaks (DSBs). Plant cells repair these breaks either by annealing DNA ends (SDN-1 editing) which causes few changes in sequences and generate gene knockout, or by integrating piece of DNA at DSB to produce sequence replacements of less than 20 nucleotides (SDN-2 editing) or longer sequence changes (SDN-3 editing) [102].




        CRISPR-Cas9 and CRISPR-Cpf1 are the most commonly used CRISPR tools in crop plants including corn, wheat and tomato [103, 104]. The CRISPR field is evolving incredibly, with the number of peer-reviewed publications increasing by 1,435% since 2011. Many Cas9 proteins have been identified from species and used for gene editing such as Staphylococcus aureus (SaCas9), Neisseria meningitides (NmCas9) and Streptococcus thermophiles (StCas9). Its therapeutic potential will further increase with the evolution of technology [105-107].


      




      

        Proteomics




        Soil possesses the ability to retain extracellular proteins in different ways, which directly influences the biological systems. Proteomics is used to investigate the protein profile of microbial communities, along with their functions. Species composition and ecological activities can be assessed by unravelling the protein's structural complexities. Polyacrylamide gel electrophoresis (PAGE) is usually used to compare protein profiles, depending on the electric charge and physical size attributes [108]. Different varieties inhabiting ecological niches can be identified using amino acid sequence analysis. However, some issues are concerned with this approach. Firstly, contamination by pollutants sometimes impedes protein extraction. Secondly, extraction techniques also influence the detected metaproteomics which could be circumvented by using extraction methods simultaneously [109]. Thirdly, protein identification is hindered due to an insufficient protein database [110]. In-house libraries are, however, built depending on the data obtained from comparable settings in earlier studies [111].




        Furthermore, immunoassays and nucleic acid-based assays are categorized into two groups i.e., direct and labelled methods. The former includes immunoprecipitation, immunodiffusion and immune agglutination while the latter includes enzyme immunoassay (EIA), immunofluorescence and radioimmunoassay (RIA). Earlier, Tempel [112] introduced a gel diffusion test to identify and differentiate formal speciales of F. oxysporum. Later on, RIA and ELISA kits were developed to detect Botrytis cinerea, Rhizoctonia solani and many other species. ELISA uses epitopes which bind with targeted antibodies conjugated to an enzyme. In the case of irreversible binding, a colour reaction is produced by adding a suitable substrate. This binding specificity is further enhanced by using monoclonal or recombinant antibodies [113]. ELISA assay shas also been used in combination with TaqMan PCR to detect Phytophthora ramorum at the species level [114]. ELISA and PCR tests also revealed Ganoderma lucidum which causes Ganoderma disease in coconuts [115].




        Recently, metagenomics has been integrated with metaproteomics due to the greater efficiency with minimal cost. Next-generation sequencing (NGS) enables us to get maximum reads in less time which helps in establishing optimized databases for protein identification [109]. All-inclusive, metaproteomics is the best platform used to ascertain the biological functions of a microbial community and to compare functional and taxonomic soil makeup in the ecosystem [116]. The soil protein assessment will provide information on the biogeochemical capacity of the soil and pollutants and predict soil health and restoration [117]. This will help us to comprehend contaminants, organic compounds degradation, nutrient cycles and plant-microbial interactions at the molecular level.


      




      

        Metabolomics




        Microorganisms produce and consume metabolites that are linked with microbial functions and host physiology. Metabolomics aids in identifying and quantifying metabolites of plants and microbial species. Gas chromatography-mass spectrometry (GCMS), high-performance liquid chromatography (HPLC) and nuclear magnetic resonance (NMR) spectroscopy are major high-throughput techniques used in this field. Targeted as well as non-targeted metabolite profiling can be addressed easily. In targeted analysis, the specific class of compounds like amino acids, fatty acids, carbohydrates and lipids which are allied with the plant-microbe interactions are determined. However, the non-targeted approach offers a broad overview of metabolic differences by interpreting quantitative or functional variations between microbial species, leading to the discovery of unexpected biomarkers or therapeutic agents [118].




        Through advanced sequencing and metabolomics, Hu et al. [119] revealed that 6-methoxy-benzoxazolin-2-one could alter the root-associated flora. Furthermore, the relationship between different strains and metabolites can also be investigated using mathematical models such as the MelonnPan model. For instance, the process of recruiting beneficial microbes by the roots can be explored by devices such as an olfactory system that will help in evaluating the ability of root VOCs to recruit soil microbes [120].


      




      

        Green Nanotechnology




        The interception of two domains namely ‘green chemistry’ and ‘nanotechnology’ paved the way to a novel nanoscale-oriented field termed ‘green technology’ (GN). The great contributions of Paul T. Anastas and Richard Philips Feynman in this field are noteworthy [121]. The green synthesis of nanoparticles (NP) using plants and microorganisms offers the advantages of enhanced biocompatibility due to the capping behaviour and is thus, exploited in plant-defense activities and pharmaceutical industries [122]. Their potential application in agriculture has also declined the use of synthetic fertilizers, which in turn help in reducing greenhouse gases such as nitrous oxide [123]. However, the size and shape of NPs play a decisive role in determining their compatibility. For biomedical applications, NPs should be preferably less than 100 nm in size. The instrumental analysis including Fourier-transformed infrared spectroscopy (FTIR) and energy-dispersive X-ray spectroscopy (EDAX) also helps in concluding the capping nature of plant molecules [124].




        In general, the nano approach is an economical way to use plants and microbial species and their efficiency can be monitored via the biological route of nano-tailoring. Comparatively, the success rate of plants is very high than the microbial-mediated NP. Extensive research has been conducted with plants of different taxonomic groups, revealing their capability of green synthesis. Numerous angiosperms (Camellia sinensis, Azadirachta indica, Aloe vera and Centella asiatica), gymnosperms (Ginkgo biloba, Cycas circinalis, torreya nucifera and Thuja orientalis) and pteridophytes (Nephrolepis exaltata and Azolla microphylla) are the frontline examples of plants that have been explored for medicinal values. The metallic nanoparticles of these species have been experimented with using gold (Au), copper oxide (CuO), palladium (Pd), silver (Ag), iron (Fe2O3), zinc oxide (ZnO), magnesium oxide (MgO) and nickel oxide (NiO) [125].




        The unicellular and multicellular microorganisms produce intracellular and/or extracellular inorganic materials that can be manipulated for size and shape by controlling the culture parameters. The intracellular and extracellular process of NPs formation varies among different microbes. Gram-positive and negative bacteria exhibit an intercellular process in which positive metal ions interact with negative ions during transport into the cell wall and the cell wall enzymes reduce the metal ions into NPs, which later on, diffuse across the cell walls of bacteria. Conversely, the extracellular production of NPs in fungal species takes place by nitrate reductase-mediated synthesis by using nitrate enzyme, which reduces metal ions into NPs and thus, exhibits greater commercial viability [126]. In comparison, engineered viruses possess self-assembled semiconductor surfaces with highly oriented quantum dots structure along with mono-disperse shape and size of NPs. The genetically engineered tobacco mosaic virus (TMV) produces NPs of certain lengths which can modify inorganic nano-crystals in 3D layered materials [127]. The fabricated viral films can be stored for 7 months for diverse medicinal purposes [128].


      


    




    

      CONCLUSION




      The green revolution has promoted agricultural value in terms of farm yield with improved plant varieties. However, the wide use of agrochemicals and increased environmental stresses stance a deleterious effect on the environment as well as living organisms. This necessitates the use of microbial inoculations as the plant microbiome communicates beneficial roles to the host with a positive impact on plant productivity and immunity. The high-throughput technologies are extensively used to study the community composition, abundance, genomic profile, phylogeny, sustainability and coherence of microbial communities. Further, CRISPR gene-editing tool is now used to synthesize microbial species to study the relationship between gene clusters and plant phenotypes. Despite the plethora of information on concerned studies, the implementation of these techniques is still in the infancy stage. Thus, there is a need to integrate available data to articulate the ecological principles that could convert this information into better crop yield for sustainable agriculture and food security.
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