

  

    

      

    

  




  




  

    An Introduction to Plant Immunity


    


    Authored byDhia Bouktila Higher Institute of Biotechnology of Béja, University of Jendouba (Tunisia) &


    Higher Institute of Biotechnology of Monastir, University of Monastir (Tunisia)


    


    


    


    &


    


    Yosra HabachiIndependent writer


    University of Tunis El Manar


    Tunisia


  




  




  




  

    


    


    


    


    


    


  




  

    

      BENTHAM SCIENCE PUBLISHERS LTD.




      

        End User License Agreement (for non-institutional, personal use)




        This is an agreement between you and Bentham Science Publishers Ltd. Please read this License Agreement carefully before using the ebook/echapter/ejournal (“Work”). Your use of the Work constitutes your agreement to the terms and conditions set forth in this License Agreement. If you do not agree to these terms and conditions then you should not use the Work.




        Bentham Science Publishers agrees to grant you a non-exclusive, non-transferable limited license to use the Work subject to and in accordance with the following terms and conditions. This License Agreement is for non-library, personal use only. For a library / institutional / multi user license in respect of the Work, please contact: permission@benthamscience.net.


      




      

        Usage Rules:




        

          	All rights reserved: The Work is 1. the subject of copyright and Bentham Science Publishers either owns the Work (and the copyright in it) or is licensed to distribute the Work. You shall not copy, reproduce, modify, remove, delete, augment, add to, publish, transmit, sell, resell, create derivative works from, or in any way exploit the Work or make the Work available for others to do any of the same, in any form or by any means, in whole or in part, in each case without the prior written permission of Bentham Science Publishers, unless stated otherwise in this License Agreement.




          	You may download a copy of the Work on one occasion to one personal computer (including tablet, laptop, desktop, or other such devices). You may make one back-up copy of the Work to avoid losing it.




          	The unauthorised use or distribution of copyrighted or other proprietary content is illegal and could subject you to liability for substantial money damages. You will be liable for any damage resulting from your misuse of the Work or any violation of this License Agreement, including any infringement by you of copyrights or proprietary rights.


        




        

          Disclaimer:




          Bentham Science Publishers does not guarantee that the information in the Work is error-free, or warrant that it will meet your requirements or that access to the Work will be uninterrupted or error-free. The Work is provided "as is" without warranty of any kind, either express or implied or statutory, including, without limitation, implied warranties of merchantability and fitness for a particular purpose. The entire risk as to the results and performance of the Work is assumed by you. No responsibility is assumed by Bentham Science Publishers, its staff, editors and/or authors for any injury and/or damage to persons or property as a matter of products liability, negligence or otherwise, or from any use or operation of any methods, products instruction, advertisements or ideas contained in the Work.


        




        

          Limitation of Liability:




          In no event will Bentham Science Publishers, its staff, editors and/or authors, be liable for any damages, including, without limitation, special, incidental and/or consequential damages and/or damages for lost data and/or profits arising out of (whether directly or indirectly) the use or inability to use the Work. The entire liability of Bentham Science Publishers shall be limited to the amount actually paid by you for the Work.


        


      




      

        General:




        

          	Any dispute or claim arising out of or in connection with this License Agreement or the Work (including non-contractual disputes or claims) will be governed by and construed in accordance with the laws of the U.A.E. as applied in the Emirate of Dubai. Each party agrees that the courts of the Emirate of Dubai shall have exclusive jurisdiction to settle any dispute or claim arising out of or in connection with this License Agreement or the Work (including non-contractual disputes or claims).




          	Your rights under this License Agreement will automatically terminate without notice and without the need for a court order if at any point you breach any terms of this License Agreement. In no event will any delay or failure by Bentham Science Publishers in enforcing your compliance with this License Agreement constitute a waiver of any of its rights.




          	You acknowledge that you have read this License Agreement, and agree to be bound by its terms and conditions. To the extent that any other terms and conditions presented on any website of Bentham Science Publishers conflict with, or are inconsistent with, the terms and conditions set out in this License Agreement, you acknowledge that the terms and conditions set out in this License Agreement shall prevail.


        




        

          

            	

              Bentham Science Publishers Ltd.


              Executive Suite Y - 2


              PO Box 7917, Saif Zone


              Sharjah, U.A.E.


              Email: subscriptions@benthamscience.net


            



            	[image: ]

          


        


      


    


  




  




  




  

    PREFACE




    


    


    


    


    


  




  

    The world population is increasing day by day, imposing that agricultural production increases proportionally. Unfortunately, the increase in agricultural production is limited due to abiotic and biotic stresses, which have a negative impact on the growth and development of crops and their yields, resulting in considerable economic loss worldwide. In addition, monoculture, which we are witnessing today in agricultural landscapes, and which represents the workhorse of intensive agriculture, weakens plants enormously, while biodiversity protects them. It should be noted that the economic loss attributable to plant diseases and pests, which is estimated at 10-40% of the production potential worldwide, is already being held back by the massive use of phytosanitary products. Although this use of chemicals helps plants to fight against pathogenic microorganisms, it is not without consequences for the environment.




    At the sunrise of this new millennium, mankind has an extraordinary chance to enhance development through the scientific improvement of crops and sustainable management of biodiversity. Indeed, advances in Genetics, Molecular Biology and Genomics have evolved to allow what is now called a high-tech plant breeding. Improvements in plant performance can be manifested, among other things, by tolerance or resistance to abiotic and biotic stresses. It follows all the importance that the acquisition of a deep understanding of the genetic mechanisms governing the response of a plant to its invasion by pathogens and pests currently takes. Plants have their own mechanisms for overcoming stress, and activating complex - and sometimes crossed - signal transduction pathways. In recent years, knowledge of the immunogenetic defense mechanisms of plants has improved considerably.




    In this perspective, we wanted this book to be an extensive and up-to-date scientific review of the different aspects of knowledge and technologies related to the field of plant immunity. Our goal is to offer a real modern tool for learning and documenting plant immunity for specialist academicians. We hope that students from all over the world will be able to benefit from this informative resource, while allowing teacher-researchers to use it for their teaching and research activities.
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    It has often been said that plants have neither nervous nor immune systems. However, they are able to react to certain stimuli in the environment and to different stresses whether they are biotic or abiotic. They can fight or resist the germs that surround them. In fact, if they do not have an immune system per se, neither dedicated organs nor immune cells, plants have defense mechanisms that can be compared to those of so-called innate immunity in the animal kingdom.




    First, they have natural physical (cuticles or spines) or chemical (wax or other compounds) barriers that allow them to prevent or limit infections and control pests. From this point of view, they use the same passive defense strategies as animals (skin, mucous membranes, sweat, sebum, acid secretions).




    When pathogens cross these barriers, they encounter active defense mechanisms at the cellular level, with the same molecular systems for the perception of microbial aggressions. These systems involve surface and intracellular receptors PRRs (Pathogen Recognition Receptors) that recognize PAMPs (pathogen-associated molecular patterns) or DAMPs (damage-associated molecular pattern molecules) and trigger signaling pathways aimed at carrying out resistance to infection. Interestingly, these recognition molecules are also described for innate immunity cells in animals. While PRRs identified in plants are primarily, in cell membrane, mammalian receptors can be membrane, cytoplasmic or localized in the endosome membrane. This recognition displays certain specificity and there is a diversity of PRRs recognizing PAMPs, which are conserved patterns, common to different germs and pathogenic microorganisms. Some bacterial PAMPs, such as flagellin (Flg), lipopolysaccharides (LPS) and peptidoglycans (PGN) are recognized in both plants and animals. However, if PRR orthologs in animals do not appear to exist in plants, protein domains such as LRRs (leucine-rich repeats) are conserved between the PRRs of the two kingdoms. For example NOD2 (nucleotide-binding oligomerization domain 2), a cytoplasmic PRR whose mutations are associated with Human Crohn disease, is homologous to resistance R proteins in plants.




    Similarities between the two kingdoms are also observed in reaction processes including signaling and immune responses. In animals and plants, the perception of PAMPs and DAMPs induces a signaling cascade that leads to the activation of transcription factors and results in the transcription of defense genes. Signal transduction in plants and mammals also involves altering ion flow through membranes, especially Ca2+, as well as producing ROS (reactive oxygen species) or NO (nitrogen monoxide). All of these second messengers also contribute to the expression of a defense transcriptome.




    In both cases, pathogen-activated cells have a reprogrammed transcription profile associated with transcription factors (TFs) induced via the signaling pathways. These TFs regulate key genes of the protective response. In plants, the target genes, encode in particular, enzymes involved in the synthesis of phytohormones that amplify the immune response and warn neighbouring cells. This is to be compared with what is observed in animal models in which the recognition of PAMPs by TLRs, for example, leads to transduction pathways regulating the expression of genes encoding mediators of inflammation (e.g. cytokines and chemokines) that allow the recruitment of specialized defense cells. Moreover, plants and animals synthesize antimicrobial compounds, some of which are common to both kingdoms, such as those of the defensin and thionin family.




    In some cases, plant immunity can lead to programmed cell death, called hypersensitive response, which helps to limit the spread of microorganisms. It results in the appearance of localized necrotic lesions at the sites of infection. The mechanisms leading to this cell death can be compared in some ways to the apoptosis or pyroptosis that is observed in animals. Several events of programmed cell death are indeed similar between the two kingdoms.




    The adaptation of pathogens to their host is essentially manifested by bypassing the host’s immunity. Microbes that infect animals use a variety of escape strategies to reduce the host’s defenses and infect them. As in animals, pathogens that infect plants are able to manipulate the cellular functions of their host through effectors (proteins, toxins, etc.), thus facilitating their spread. These effectors largely target the cellular signaling pathways that lead to the immune response but also those that induce the opening of the stomata.




    Another aspect known for several years in plants is cross-protection. This aspect has been described, in the last decade, in vertebrates and explained by a mechanism known as innate memory or trained immunity. Indeed, it is now accepted that activated innate immunity cells can be maintained in their state of activation for several months with a reprogramming of the transcriptional profile determined, not only by transcription factors, but also by epigenetic changes in DNA and histones methylation profiles, as well as in microRNA expression. Thus, the cells of innate immunity induced into memory cells will persist under an activation state for several months during which they will be more receptive and respond to other infections more effectively. Hence is explained the non-specific cross-protection that can be observed in animals and also in plants where epigenetic change associated to immune response are documented.




    Thus, plants use defense strategies against biotic aggressions, which are very similar to those of vertebrates. Knowledge of the mechanisms of innate animal immunity could, therefore, guide research to a better understanding of the defense pathways induced by PAMPs and DAMPs in plants. At a time when agro-ecological concerns are guiding us towards reducing inputs in agriculture, this knowledge will lead to the development of new biocontrol strategies based on stimulating the natural defenses of plants.




    This book is a basic document for those who want to understand and deepen their knowledge of immunity in plants. All aspects are dealt with in a gradual and clear way, including the basic concepts, and the subject is treated from its multiple facets: microbiological, phytopathological, cellular, biochemical, genetic, evolutionary, biotechnological and agronomic.






    

      Amel Benammar Elgaaïed


      Tunisian Academy of Sciences


      Tunisia

    


  




  




  




  

    DEDICATION




    


    


    


    


    


  




  

    To my wife, Rafika, and my kids, May and Marwen: Your support made all of this possible,


    To my parents for always loving and supporting me,


    To my dear friend and coauthor, Yosra Habachi,


    To every student I have taught or advised once in my carreer,


    A special dedication to dear friends, Dr. Chokri Belaid, Dr. Anwar Mechri, Dr. Khaled Chatti, Dr. Lotfi Cherni and Dr. Salim Lebbal.



    

      Dhia Bouktila

    




    


    


    


    To my husband, Sami, for his irreplaceable support and his unconditional love.


    To my little angels: Seif Allah and Chahed, as a testimony to the attachment, love and affection I have for them.


    To my dear friend Dhia Bouktila,


    To Dr. Abdelfatteh Zeddini, Head of Laboratory of Pathological Anatomy and Cytology, for his kindness and support.


    To my dear colleagues, Asma and Yathreb, for their loveliness and the help that each of them has given me.



    

      Yosra Habachi

    


  




  




  




  

    ACKNOWLEDGEMENTS




    


    Dhia Bouktila, Yosra Habachi


    


    


    


  




  

    This work was facilitated by a one academic year teaching leave awarded to Dhia Bouktila, Associate Professor at the Higher Institute of Biotechnology of Beja, in order to focus on completing the writing of this book and achieving this publication. For this, the authors thank the Scientific Council of the Higher Institute of Biotechnology of Beja, the University of Jendouba Council, as well as the Tunisian Ministry of Higher Education and Scientific Research.




    The authors want to thank everyone who helped them create this book, especially the students Jihen Hamdi for her valuable help in the preparation of chapters 8 and 14, and Narjess Kmeli and Inchirah Bettaieb for their help in formatting bibliographical entries. Special thanks goes to our editor, Bentham Science Publishers who welcomed us into this publishing experience and assisted us with great professionalism.




    The authors disclose receipt of the following financial support for the authorship and publication of this book. This work was supported by the Tunisian Association of Psycho-Neuro-Endocrino-Immunology (Association Tunisienne de Psycho-Neuro-Endocrino-Imm unologie) [grant number 2-2020].




    CONSENT FOR PUBLICATION




    Not applicable.




    CONFLICT OF INTEREST




    The authors declare no conflict of interest, financial or otherwise.


  




  




  




  

    Introduction




    


    Dhia Bouktila, Yosra Habachi


    


    


    


  




  

    

      The survival of most organisms under various environmental conditions depends on the presence of general immune mechanisms, governed by an integrated genetic system. Plants, despite their immobility, have developed various sophisticated and effective mechanisms to recognize and combat pathogens during their attacks. Plant immunity is defined as the ability of plants to contain the damaging effect of a pathogen or pest. Plants contain the genetic information necessary to defend themselves from attack by a multitude of plant pathogens and pests such as viruses, bacteria, insects, nematodes, fungi and oomycetes. This defense can operate at different levels, using either preexisting passive defense systems (cuticle, wax, thorns, chemical compounds, etc.), or active defense systems appearing after the perception of aggression. In most cases, the first line of defense is sufficient to repel the pathogen, but sometimes the constitutive barriers are not sufficient and the second, active, line of resistance will be required.




      Cell wall penetration introduces microbes to the plant plasma membrane where they will be confronted with extracellular surface receptors that detect pathogen-associated molecular patterns (PAMPs). This detection of microbes on the cells surface sets up PAMP-triggered immunity (PTI), which hopefully prevents the infection well before the pathogen begins to spread in the plant. That being said, pathogens have evolved strategies to disrupt PTI by secreting specific proteins, called effectors, in the cytosol of plant cells, which affect the efficacy of primary resistance (PTI). Once pathogens have gained the potential to eliminate primary defenses, plants, on the other hand, will establish a more advanced framework for the detection of microbes, termed effector-triggered immunity (ETI). In the scenario of ETI, the products of major resistance (R) genes, normally intracellular receptors, perceive the associated effector molecules released by the pathogen inside the host cell. Interplay between effectors and intracellular receptors activates a dynamic signaling network to gain disease resistance (McDowell and Dangl 2000). In fact, plant disease resistance conferred by R genes is usually supported by an oxidative burst, which is a rapid generation of significant amounts of reactive oxygen species (ROS). This ROS output is necessary for




      another component of the resistance process, called hypersensitive response (HR), a form of programmed cell death that is assumed to restrict pathogen access to the plant.




      Finally, at the molecular level, the plant coordinates the transcription of a variety of genes whose sole objective is resistance. The success of the plant depends on the intensity and speed of the perception of the pathogen signals and their transmission in it to produce an effective response against the pathogen. In Arabidopsis, the identification of pathogen-responsive genes is the subject of numerous studies. It has been found that no less than 25% of the genes identified in this model plant species have a transcriptional level affected following the attack of a pathogenic agent. In this way, a deeper knowledge of the basic processes involved in defense responses would make it easier to interpret the interactions between plants and pathogens and allow better resistance of plants, especially in species of agronomic interest.




      The relationship between a plant and a harmful organism (i.e. pathogen or pest) depends on the environmental conditions, the properties of the harmful organism and the plant’s ability to defend itself. The concomitant evolution at the genetic level, including the plant and its pathogenic organism, is a coevolutionary process, which means a specific reciprocal interaction, between the plant and the pathogen. It obviously follows that a large part of the diversity of the living world comes from this coevolution between plants and pathogens, which seems to be an interminable arms race: a species induces a behavioral response to selection pressure imposed by another antagonistic species and the latter changes its behavior in response to the change in the first species. In all coevolutionary systems, the two partner species seek to stabilize with a balanced genetic structure. However, the structure of the genomes of any living organism is constantly modified according to the evolutionary race, via, both, small (point mutations) or large-scale (whole-genome duplications) events.




      When a pathogen colonizes a plant, or a pest chooses it as a food resource, this will exert a selection pressure on the plant, thus reducing its fitness. The plant will react in two ways, either it definitively eliminates the aggressor; it is, in this case, a resistant plant, or it accepts the invasion by activating a compensation process; it is, in this case, a tolerant plant. Thus, in-depth knowledge of the genetic defense mechanisms involving resistance genes against biotic stress in plants is a prerequisite for the implementation of management programs and effective control, taking into account of the concomitant evolution of the two protagonists involved.




      Contrary to popular belief, the first study linking the development of a disease to a microorganism was not carried out by Robert Koch on the tuberculosis Bacillus in 1890. Instead, at the beginning of the 19th century, the cause of wheat decay was identified by the Swiss Isaac-Bénédict Prévost (1755-1819). This researcher analyzed the cycle of the microscopic parasite responsible for this disease, and developed a mixture capable of eradicating it. However, this work was forgotten because of the preference, in official scientific circles, for the theory of spontaneous generation1. In 1861, the German Anton de Bary, considered as the father of phytopathology, did the same by proving that the terrible epidemic of potato late blight responsible for the great famine of Ireland of the 19th century was caused by the filamentous pathogen Phytophtora infestans (Matta 2010). More recently, the fungus Helminthosporium oryzae was the cause of one of the most significant famines of the 20th century. In 1943, the destruction of rice crops by this fungus was responsible for the deaths of three million people in Bengal (Padmanabhan 1973). The practice of intensive farming since the late 1970s encouraged the development of epidemics. Indeed, monoculture on very large plots and the shortening of crop rotations have led to a loss of diversity in cultivated plants, which are no longer able to resist pathogenic agents on a long-term basis (Ricci et al. 2011). Control of phytopathogenic agents is, therefore, a major issue to ensure food security for populations.




      To limit the damage caused by pathogens in agrosystems, humans have developed various control methods. First of all, cultural practices make it possible to limit the quantities of inoculum, by crop rotation and the burial of residues. Chemical control has also been widely used since the start of the 20th century and has significantly increased yields (Hirooka and Ishii 2013). Chemical treatments of crops effectively fight against phytophagous insects and fungal diseases. However, their possible impact on the environment is a real source of concern. In addition, as it is the case in animals and humans, chemical treatments are powerless against viral plant diseases, except in the rare cases where they attack the organisms that vector them, insects, nematodes or fungi. It is therefore necessary to develop alternative strategies to chemical control, against viruses. Finally, genetic selection is based on the use of cultivar resistance to fight against pathogens.




      Two types of cultivar resistance are differentiated. Quantitative resistance is controlled by a large number of genes (polygenic resistance) associated with genome portions called Quantitative Trait Loci (QTLs) that contribute to the expression of resistance. It most often gives the plant partial resistance to a pathogen because the defenses of the plant do not completely prevent the invasion of the disease. It is therefore not blocked but only slowed down in its progression, which causes some visible damage to the plants. On the other hand, qualitative resistance is controlled by one or a few genes called R genes (mono- or oligogenic control). It most often gives the plant complete resistance to a pathogenic agent. The latter is blocked from the early stages of infection and does not cause damage. This resistance is often associated with symptoms of hypersensitivity (HR) and triggered by molecules manipulating the structure or cellular functions of the host, called effectors or virulence factors (Greenberg and Yao 2004).




      In this context, the genetic dissection of quantitative resistance to diseases, a priori more durable than monogenic resistance, has progressed considerably over the past fifteen years with the development of molecular tools and genomics. However, even if numerous studies on quantitative resistance in various pathosystems have made it possible to identify QTLs of resistance, their exploitation in cultivar breeding remains difficult because of the complexity of genetic determinisms and the instability of their effects, partly due to their interactions with the genetic background.




      1 Theory stating that life may arise from nonliving matter.
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      Abstract




      The diversity of plant aggressors is impressive since it includes cellular or sub-cellular pathogens (fungi, bacteria, viruses, mycoplasmas), weeds, animals (rodents, snails), and insects. Before starting a fight against plant disease, it is necessary to identify the pathogen responsible and to know its ecology, its life cycle and its mode of dissemination in the environment. The constant identification of new taxa is continuously accompanied by a revision of the classifications thanks to the new tools brought by molecular biology. In this chapter, the most recent knowledge on classes of plant pathogens and plant pests in relation with their plant hosts is presented.
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      INTRODUCTION




      Plants are the hosts of many living things that can be harmful to them. A pathogen is a biological agent responsible for an infectious disease. This definition includes fungi, oomycetes, bacteria, viruses, viroids, mycoplasmas, protozoa, nematodes and parasitic plants. From this definition are excluded ectoparasites which affect plant health by eating plant tissue. These organisms are considered as pests. Pests include arthropods (such as insects and mites), as well as slugs and snails.




      In the context of pathogens, the term parasites is generally reserved for microorganisms - fungi, oomycetes, bacteria, mollicutes (bacteria-like organisms lacking a rigid cell wall) - and for viruses and viroids, even if phytophagous agents (nematodes, insects and other pests) and parasitic plants can also cause significant damage to crops. An approximate assessment reports at least 8,000 species of filamentous microorganisms (fungi and oomycetes), about 200 species of bacteria and mollicutes, and more than 500 viruses and viroids.




      On the other hand, crop pests, also called pests, are animal organisms that attack cultivated plants, or stored crops, causing economic damage to the detriment of farmers. Pests can cause direct damage to cultivated plants by their diet (phytophagous, xylophagous, etc.) or their parasitic lifestyle, or indirect when they are vectors of diseases (e.g. viruses).




      Phytopathogenic organisms or pests belong to several taxonomic classes, of which we can cite:


    




    

      



      1. Subcellular pathogens




      

        



        1.1. Viruses




        Diseases caused by viruses pose a serious threat to different cultures every year in many parts of the world. Currently, around 1,000 viruses infect different plants. The visible symptoms caused by viruses in plants can vary depending on the virus, the variety or species affected, and the physiological state of the plant. Many viruses cause symptoms of mosaic on the foliage which can be associated with deformations (thread-like or embossed appearance, reduction in size, etc.). Other viruses cause yellowing of the leaves. Finally, certain viruses induce more or less generalized necrosis on the leaves, flowers, fruits or stems.




        Generally speaking, viral diseases reduce the growth and therefore the overall production potential of a plant.


      




      

        



        1.2. Viroids




        Viroids are the smallest infectious pathogens known, consisting merely of a short circular RNA without protein coats. Currently, there are 30 recognized viroid species ranging from 170 to 450 kb, which all infect plants, with some causing diseases while others are harmless (Foster and Fermin 2018). They replicate autonomously when introduced into host cells and their replication depends on the host’s cellular machinery. Their mode of action is still unknown and it is assumed that they cause interference in the metabolism of cellular RNAs. Viroids generate dwarfism and deformation. Their transmission is mainly mechanical. Viroids are classed in only two families: Pospiviroidae and Avsunviroidae (Wilson 2014) Among the viroids identified in plants, we can indicate Cadang-Cadang coconut viroid (CCCVd), Potato spindle tuberviroid (PSTVd), Tomato Chloric Dwarf and Apple Fruit Crinkle.


      


    




    

      



      2. Cellular pathogens




      

        



        2.1. Mycoplasmas (also called Mollicutes)




        Mycoplasmas are placed in a separate class, Mollicutes, which removes them from bacteria. Their cellular organization does not differ from that of other prokaryotes (Cacciola et al. 2017). However, it is recognized that this group of organisms is phylogenetically related to Gram-positive bacteria (Garnier et al. 2001). Their main characteristics are:




        - They lack a cell wall.




        - Their plasma membrane lacks peptidoglycan but contains sterols (e.g. cholesterol). They are resistant to penicillin and other antibiotics that act on peptidoglycans.




        - A small size of their genomes.




        - The low guanine (G) plus cytosine (C) content of their genomic DNA.




        Plant pathogenic mycoplasmas are responsible for several hundred diseases and belong to two groups:




        

          



          a. Phytoplasmas




          The phytoplasmas (previously called MLOs: mycoplasma-like organisms) represent the largest group of mycoplasmas, which was discovered first. In fact, until 1967, some diseases were attributed to viruses, although no viral particles could be detected in diseased plants. In 1967, thanks to the advent of electron microscopy, specialists (Doi et al. 1967) identified, in the phloem of diseased plants 1, polymorphic structures that were absent in the phloem of healthy plants. With the difference that they have no cell walls, the structures observed showed similarity to prokaryotic microorganisms, the mycoplasmas, which have long been known in animals as infectious agents or as saprophytes on mucous membranes. Therefore, they were called mycoplasma-like organisms (MLOs). Following this discovery, many diseases of inexplicable origin have been attributed to mycoplasma-like organisms (MLOs).


        




        

          



          b. Spiroplasmas




          Only three plant pathogenic spiroplasmas are known today; (a) Spiroplasma citri, the agent of citrus stubborn, was discovered and cultured in 1970 and shown to be helical and motile, (b) S. kunkelii is the causal agent of corn stunt, and (c) S. phoeniceum, responsible for periwinkle yellows, was discovered in Syria (Garnier et al. 2001; Cacciola et al. 2017).




          Due to their organization, plant pathogenic mycoplasmas can only evolve in certain specific cellular niches of the host, mainly in the phloem cells. Phytopathogenic mycoplasmas are transported from a sick plant to a healthy plant by phloem-feeding insects (aphids, leafhoppers, psyllids, etc.). Particularly, insects of the Homoptera family, such as leafhoppers, are frequently involved. The leafhoppers, by sucking the elaborated sap from a diseased plant, also collect the mycoplasmas found there. Transmission of a mycoplasma by leafhopper is of the circulative2 and persistent3 type.


        


      




      

        



        2.2. Bacteria




        In plant tissues, phytopathogenic bacteria multiply locally in the intercellular spaces of the mesophile (apoplast), or in vascular bundles (xylem or phloem). They are confronted with the whole defense mechanism of the plant, often effective in stopping the disease. Bacteria have therefore developed effective strategies to manipulate the processes of the plant cell to their advantage and induce disease.




        According to their genomic characteristics and their modes of nutrition, there are two groups of phytopathogenic bacteria: brute force pathogens, responsible for soft rot (oily stains: destruction of underlying tissues), and stealth pathogens, which cause leaf spots, necrosis or wilting. In the first case, the strategy of bacteria consists in degrading the cell walls by secreting enzymes into the medium via a type-2 secretion system (dynamic assembly of 12-15 proteins, which allows the secretion of multipartite holotoxins and hydrolases across the membrane). In the second case, the strategy consists in modulating the biological functions of the host cell, in particular its immune defenses, using a multitude of effector proteins directly injected into the cell via a type-3 secretion system (one polymerized protein, by which effectors are translocated directly into the cytoplasm of the target cell). However, certain phytopathogenic bacteria cannot be classified in these two groups. These bacteria do not cause rots, have no cell-wall degrading enzymes, and lack the type-3 secretion system (Holeva et al. 2004). They are, moreover, exclusively limited to the xylem vessels of their host plant, unlike most phytopathogenic bacteria, capable of colonizing several ecological niches. This specific adaptation is often justified by the fact that these bacteria have a reduced genome.


      




      

        



        2.3. Fungi




        Fungi are the main cause of plant disease and are responsible for around 70% of crop plant diseases. The number of fungal or pseudo-fungal organisms capable of infecting plants is estimated between 10,000 and 15,000 species. Unlike mollicutes and bacteria, fungi are capable of directly infecting healthy intact plants (Birch et al. 2008).




        Depending on the trophic relationship between the plant and the phytopathogenic fungus, the latters can be classified into three major groups:





        

          	
Biotrophs (Compulsory Parasites): develop in close association with living cells. Specialized hyphae (haustorium) penetrate the cell wall and induce invagination of the cell membrane. Examples of biotrophic pathogens include the rust fungi (Basidiomycota) and the powdery mildew fungi (Ascomycota, e.g. Blumeria graminis).




          	
Necrotrophs: produce enzymes or toxins to kill the cells of the host plant in front of the area of ​​infection. The hyphae develop between dead cells. This is the case, for example, of the gray mold fungus Botrytis cinerea.




          	
Hemibiotrophs: exhibit characteristics of both biotrophs and necrotrophs. They initially develop as a biotroph in association with living cells, but become more or less quickly necrotrophic. For example, agents of cruciferous neck necrosis (for example, fungal pathogens of the phylum Ascomycota that are the causal agents of blackleg disease on Brassica crops; e.g. Leptosphaeria maculans anamorph Phoma lingam).


        




        The following Table 1 gives some examples of necrotrophic and biotrophic fungal pathogens, and includes some hemibiotrophic pathogens.


      


    




    

      

        Table 1 Examples of necrotrophic, biotrophic and hemibiotrophic fungal pathogens.




        

          

            

              	Necrotrophs



              	Biotrophs

            




            

              	Pathogen



              	Disease



              	Pathogen



              	Disease

            




            

              	Botrytis cinerea



              	Grey mould



              	Blumeria (Erysiphe) graminis



              	Powdery mildew

            




            

              	Cochliobolus heterostrophus



              	Corn leaf blight



              	Uromyces fabae



              	Rust

            




            

              	Pythium ultimum



              	Damping off in seedlings



              	Ustilago maydis



              	Maize smut

            




            

              	Ophiostoma novo-ulmi



              	Dutch elm disease



              	Cladosporium fulvum



              	Tomato leaf mould

            




            

              	Fusarium oxysporum



              	Vascular wilt



              	Puccinia graminis



              	Black stem rust of cereals

            




            

              	Sclerotinia sclerotiorum



              	Soft rot



              	Phytophthora infestans



              	Potato late blight

            




            

              	Hemibiotrophs

            




            

              	
Cladosporium fulvum, causing tomato leaf mould (also called a biotroph).


              Colletotrichum lindemuthianum, causing anthracnose.


              Magnaporthe grisea, causing rice blast (also called a necrotroph).


              Phytophthora infestans, causing potato late blight (also called a biotroph by some, necrotroph by others).


              Mycosphaerella graminicola, causing Septoria leaf blight.

            


          

        




      




      

        



        2.4. Oomycetes




        Oomycetes are eukaryotic organisms that superficially resemble filamentous fungi, but are phylogenetically related to diatoms and brown algae in the stramenopiles (Thines and Kamoun 2010). Kamoun et al. (2014) carried out a survey of 62 scientists in 15 countries, which yielded a ranking of top 10 species of plant-pathogenic oomycete taxa based on scientific4 and economic importance (Table 2).




        

          Table 2 Top 10 oomycetes in molecular plant pathology (simplified from Kamoun et al. 2014).




          

            

              

                	Rank



                	Species



                	Common disease name(s)

              


            



            

              

                	1



                	Phytophthora infestans



                	Late blight

              




              

                	= 2



                	Hyaloperonospora arabidopsidis (syn. Peronospora parasitica)



                	Downy mildew

              




              

                	= 2



                	Phytophthora ramorum



                	Sudden oak death; Ramorum disease

              




              

                	4



                	Phytophthora sojae



                	Stem and root rot

              




              

                	5



                	Phytophthora capsici



                	Blight; stem and fruit rot; various others

              




              

                	6



                	Plasmopara viticola



                	Downy mildew

              




              

                	7



                	Phytophthora cinnamomi



                	Root rot; dieback

              




              

                	= 8



                	Phytophthora parasitica



                	Root and stem rot; various others

              




              

                	= 8



                	Pythium ultimum



                	Damping off; root rot

              




              

                	10



                	Albugo candida



                	White rust

              


            

          




          

            The ‘=’ sign before the ranking indicates that the species tied for that position.

          




        


      




      

        



        2.5. Nematodes




        Nematodes are unsegmented cylindrical vermiform organisms occupying very diverse ecological niches on the planet. Nematodes have very diverse diets. The species can be bacteriophagous (e.g. Caenorhabditis elegans), entomopathogenic (e.g. Steinernema spp. or Heterorhabditis spp.), animal parasites (e.g. Ascaris spp., Brugia spp. or Trichinella spp.), or even predators (e.g. Mononchus spp.). Among all the nematode species described, only 15% are plant parasites (Blanchard 2007). Plant-parasitic nematodes are major plant pathogens in agriculture.


      




      

        



        2.6. Parasitic Plants




        Generally, plants are characterized by their autotrophy, which is the ability to synthesize organic molecules from simple elements (CO2, H2O, light). These syntheses are made through photosynthesis which takes place in the chlorophyllian organs. However, during their evolution, some Phanerogam plants (about 4,000 species) have lost their autotrophy and have become parasites of other higher plants now called host plants, from which they get the nutrients they need. Parasitism has caused, in parasitic plants, the development of a particular organ, the sucker or haustorium, which represents a structural and physiological bridge allowing the transit of nutrients from the host to the parasite. The sucker also allows the parasite to be attached to the host.




        Parasitic plants represent a real danger for many food crops and woody species in temperate and tropical areas. Their parasitic lifestyle causes often considerable yield losses. The following examples can be given:





        

          	European mistletoe (Viscum album L.): an epiphytic parasitic plant. It grows on many trees, among which poplars and apple trees are the most susceptible. It can also attack conifers.




          	Striga, commonly known as witchweed: a root parasitic plant very common in Africa, attacking food crops (sorghum, millet, corn).




          	Orobanches: epirhizal (root-parasitic) holoparasitic plants, which are a real scourge for industrial crops in Europe [tobacco, rapeseed, hemp (Cannabis sativa), sunflower] and legumes (beans, chickpeas, lentils) in North Africa and the Middle East.


        


      


    




    

      



      3. Arthropods




      Arthropod pests include insects and mites.




      

        



        3.1. Insects




        Insect herbivores (pests) are very diverse. They cause either direct damage (the consequence of feeding insects, both adults and larvae), or indirect damage (virus transmission, excretion of honeydew that causes sooty mold formation, and very often the two together).


      




      

        



        3.2. Mites




        Mites differ from insects, as the adults have four pairs of legs (versus six for insects) and lack antennae. The mites that feed on plants have rasping and sucking mouth parts that damage plants and they also transmit plant pathogens as they feed. Both thrips and mites are very small and, as a result, often avoid detection until the plant growth is visibly affected.


      


    




    

      



      4. THE CONCEPT OF HOST RANGE




      The host range of a parasite has a central influence on disease emergence and proliferation (Woolhouse and Gowtage-Sequeria 2005). There is indeed a clear distinction between specialist parasites that can colonize only one or a few genetically similar host species, and generalists that can infect a number that could exceed a hundred unrelated host species (Woolhouse et al. 2001; Barrett et al. 2009). Since many scientifically and economically important issues require inventorying and/or predicting the likely host range of plant pathogens, there are currently several databases of pathogen–host range 5.




      The term Host selectivity can be defined as the pathogen selectivity among local plant species. Knowledge of host selectivity is useful for the study of plant disease epidemics, the estimation of the parasite biodiversity, the management of agricultural and forest systems, as well as for analyzing the risks linked to the movement or the transportation of plants and pathogens (Gilbert and Webb 2006). Host specialization, when pathogen or pest lineages evolve to infect a smaller range of hosts, often occurs in pathosystems and can be motivated by a landscape change resulting in the parasite sharing habitat with only a restricted number of its potential hosts (Navaud et al. 2018). However, there are also examples of parasite adaptations that limit the use of co-occurring potential hosts. For example, Liao et al. (2016) reported that some isolates of the rice blast fungus Magnaporthe oryzae are capable of infecting Oryza sativa cv. japonica varieties but not cv. indica varieties co-occurring in the Yuanyang region of China. It was suggested that specialization results from the loss of traits that are not required to infect a particular host, such as the loss of lipid synthesis in parasitoid wasps (Visser et al. 2010). Thus, from an evolutionary point of view, specialization is seen as a dead end (Moran 1988), since gene losses are often irreversible, preventing the transition back to generalism (Day et al. 2016). However, there is evidence of transitions from specialist to generalist parasitism (Johnson et al. 2009; Hu et al. 2014). Host range is a phenomenon governed not only by the evolutionary history of a pathogen, but also by that of its potential hosts (Poulin and Keeney 2008).


    




    

      CONCLUSION




      Plant pathogens and plant pests affect food crops, causing severe loss in terms of economics and production in agriculture sector, and threatening food security. So, the crucial step toward disease management under natural field conditions is to appropriately detect these bioaggressors. Plants respond to their enemies with a powerful immune system including an arsenal of chemical and signaling molecules to rid themselves of the microbes.


    




    1Doi et al. (1967) examined petunia plants with aster yellows, Paulownia trees and potato plants with witch's broom disease, and mulberry trees with dwarf disease. In all diseased plants they found mycoplasma-like bodies in the phloem. Such bodies were absent from healthy plants.




    2 The pathogen (e.g. viruses, mycoplasmas) circulates through the insect vector gut, hemolymph and salivary tissue membranes to reach the salivary glands for transmission. Circulative mode can be replicative (with replication and systemic invasion of vector insect tissues) or non-replicative (without replication in vector tissues).




    3 The infectious pathogen is harboured inside the vector all the time and can even be inherited by the vector progeny.




    4 The number of papers published in 2005–2014 is based on searches of the Scopus database (http://www.scopus.com) using the species names as a query.




    5 We can cite as examples the following: The Pathogen-Host Interactions database (PHI-base)(http://www.phi-base.org/) and the Australian Plant Pest Database (https://appd.ala.org.au/).
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      Abstract




      Broadly defined, disease is any physiological abnormality or significant disruption in the normal health of a plant that changes its appearance or function. Due to viruses, bacteria or fungi and favored by certain environmental conditions (nutrient deficiency, soil degradation, water problems, climate change, etc.) and certain pests (sometimes playing a role of vector), plant diseases are sources of considerable economic losses for agriculture and forestry, and as such studied by plant pathology or phytopathology.
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      INTRODUCTION




      Studies of the very different accidents or diseases affecting plants during their growth or post-harvest, in addition to the analysis of the alterations of their products, constitute Plant Pathology. If biological agents are, actually, responsible for many abnormalities, further study of plant physiology shows that a large number of pathological symptoms are initially caused by a disturbance of different vegetative or reproductive functions, independently of any parasitic cause. Under these conditions, the disease diagnosis becomes very delicate, and the understanding of pathological phenomena will only be total if it takes into account a range of factors relating either to the plant itself (anatomy, physiology, biology), or to the environment where it lives (climate, soil, parasites).




      Typically, research leading to a successful (i.e. specific and sensitive) diagnosis of a plant pathogen, will be followed by researches aiming to characterize genetically (or genotype) different pathogen races/strains. These studies are crucial for understanding the mechanistic basis of why a certain pathogen causes disease in one host plant and not in another and also why a certain pathogen race causes disease in one host plant cultivar and not in another. Answering these intriguing questions is a valuable key toward the improvement of methods for controlling plant diseases, especially breeding for cultivar resistance.


    




    

      



      1. DEFINITION OF A PLANT DISEASE




      A plant disease can be defined as a succession of invisible and visible responses of the cells and tissues of a plant, following the attack of a microorganism or the modification of an environmental factor, which causes disruption of the form, function or integrity of the plant. These responses can induce a partial alteration or even the death of the plant or of some of its parts.




      In the case of parasitic diseases, it is noteworthy that the term disease will exclude plant injuries caused by insects: A plant is diseased when it is continuously affected by a biotic factor, which causes a disorder in its normal structure or activities, showing some outward signs and/or symptoms of disease. The word continuously excludes such things as insect injury. Disease is a term usually reserved for those problems caused by parasites: fungi, bacteria, viruses, mycoplasma, nematodes and parasitic higher (seed) plants.


    




    

      



      2. CLASSIFICATION OF PLANT DISEASES




      Plant diseases are caused by agents that are both infectious (fungi, bacteria, viruses and nematodes) and non-infectious (mineral deficiency, sunburn, etc.). Infectious diseases of plants are caused by living organisms that attack and feed on the plant they infect. The parasitic organism that causes the disease is called a pathogen, and the plant invaded by the pathogen and used as a nutrient source is designated as a host. A supportive environment is of crucial importance for the development of the disease. Even if susceptible plants are exposed to huge amounts of a pathogen inoculum, they may not develop the disease unless the environmental conditions are favorable.




      Thousands of diseases affect plants. On average, each plant can be affected by a hundred diseases1. A given pathogen or pest can have a host spectrum of tens or even hundreds of plant species2. Plant diseases are sometimes grouped by type of symptoms (root rot, wilt, leaf spots, rust, etc.). However, the most useful criterion remains the classification based on the pathogen responsible for the disease, since this approach makes it possible to define the cause of the disease and the control measures to be taken. Basically, plant diseases can be classified as follows:




      

        



        2.1. Parasitic (Biotic) Diseases




        There are over 80,000 different parasitic diseases of plants. These diseases are caused by fungi, prokaryotes (bacteria and mollicutes), parasitic higher plants, viruses and viroids, nematodes and protozoa. Some crops have only one or two common diseases; others have many more. For example, wheat and tomato have 123 and 76 different parasitic diseases, respectively (The American Phytopathological Society website, Common Names of Plant Disease; https://www.apsnet.org/edcenter/resources/commonnames/Pages/default.aspx). Only a few of these commonly occur and cause economic problems. Quite frequently, the same plant individual may be affected by two or more diseases at one time.


      




      

        



        2.2. Noninfectious (Abiotic) Diseases




        They may be caused by:





        

          	Temperature (too low or too high).




          	Lack or excess of humidity.




          	Lack or excess of light.




          	Lack of oxygen.




          	Atmospheric pollution.




          	Nutritional deficiencies.




          	Mineral toxicity.




          	Soil acidity or alkalinity.




          	Pesticide toxicity.




          	Poor cultural practices.


        


      


    




    

      



      3. ECONOMIC IMPACT OF PLANT DISEASES




      Plant diseases reduce agricultural yield as well as the selective value of plants.




      

        



        3.1. Quantitative Effect on Production




        On a global scale, pathogens and pests are reducing crop yields by 10 percent to 40 percent3. Added to this are losses due to competing plants (weeds) and post-harvest losses. In some countries of the world, the consequences of such losses can go as far as famines. Thus, the effects of plant diseases on production can cause serious social and economic problems. The history of phytopathology is marked by many devastating epidemics, including that of 1942 when the Indian rice crop was destroyed up to 90% by Heminthosporium orizae, which caused a famine responsible for the death of thousands of people (the great Bengal famine) (Padmanabhan 1973).


      




      

        



        3.2. Effect on Product Quality




        Phytosanitary quality can also be affected. For example, certain mycotoxins secreted by pathogenic agents can make the products unfit for consumption or for use in processing. Even inoffensive, certain diseases can harm the appearance of products, and therefore their marketing. This is the case for certain affections of Botrytis cinerea causing spots on the skin of the fruit (strawberries, grapes, apples, etc.) without however affecting the organoleptic qualities of the latter.


      


    




    

      



      4. DIAGNOSIS AND IDENTIFICATION OF DISEASES




      The diagnosis of a disease, the detection of the infectious agent and its characterization are an essential prerequisite for the implementation of appropriate controlling strategies. Similarly, they make it possible to predict the upcoming crop losses, which will be caused by the infection of phytopathogenic agents (Jeong et al. 2014).




      

        



        4.1. Diagnosis Based on Symptoms, Landscape, and Agricultural History




        The diagnostic stage requires collecting different types of information.




        

          



          a. Symptoms




          It is necessary to define their nature (alteration of color, morphology, growth, metabolism), as well as their location (root, stem, uniform alteration of the whole plant, etc.). When identifying symptoms, the phytopathologist should keep in mind that symptoms affecting a specific part of the plant may have a primary organ origin.


        




        

          



          b. The Agricultural Landscape and History





          

            	The exposure of the plot (wind, rain, sun, etc.)




            	The phytosanitary state of neighboring plots.




            	The health status of indicator plants.




            	The proximity of polluting human activities.




            	Weather conditions.




            	The existence of crop rotation.




            	The treatments carried out (fungicides, insecticides, etc.)




            	Origin of seeds, plants or grafts.


          




          Symptoms may be typical when a plant is known to host a suspected pathogen, under well-defined climatic conditions and in well-defined favorable periods. In this case, the diagnosis will be easy. This is often the case with rust, powdery mildew, Smut (fungus), etc. However, the symptoms may be confusing and may not allow an accurate diagnosis. This is, for example, the case of certain pathogens that cause similar symptoms or symptoms varying according to the environment, or certain combined actions of abiotic and biotic stresses. These are cases where precise detection and identification of the pathogen will be required after taking samples at different stages of the disease.


        


      




      

        



        4.2. Detection and Identification of Pathogens




        The choice of the detection method depends on a number of criteria:





        

          	cost (cheapest possible method).




          	speed (time) and simplicity.




          	risks (risk-free method of implementation).




          	precision, sensitivity and reliability.


        




        The methods can be classified as follows:




        

          



          a. Methods Based on Morphological Observations




          The observation can be carried out with the naked eye, with a binocular microscope, with an optical or electronic microscope. Observations can be made with or without isolation and culture.


        




        

          



          b. Methods Based on Biochemical Markers




          We can mainly cite the identification using iso-enzymatic markers (Bonde et al. 1993).


        




        

          



          c. Serological/Immunological-Based Detection Systems




          The serodiagnosis of phytopathogenic agents may be performed by the enzyme-linked immunosorbent assays (ELISAs) technique (Jeong et al. 2014). ELISA is antibody-antigen based assay, where the intensity of infection is measured by the optical density (degree of coloring) of the reaction. An important advantage of ELISAs is the fact that a large number of samples can be tested at the same time. Nevertheless, ELISAs for the detection of plant viruses have also some limitations such as the accessibility of antibody for target virus, cost of antibody production, high sample volume requirements, and time to complete ELISAs. Generally, ELISA is less sensitive than molecular methods, and misdiagnosis due to false positives4 is likely.


        




        

          



          d. Methods Based on Molecular Markers




          Molecular markers are based on nucleic acid analysis. As an alternative method to serology, molecular markers are commonly used in the laboratory due to their high accuracy and sensitivity. We can cite the techniques PCR, real-time PCR, RAPD (Williams et al. 1990), RFLP (Botstein et al. 1980), AFLP (Vos et al. 1995), microsatellites, etc. Many of these techniques have been used to detect, characterize and map pathogen genes. Some PCR-derived techniques (e.g. RAPD, AFLP) don’t require a specific knowledge of the pathogen genome sequence. On the other hand, PCR assays are developed to target ubiquitous, highly conserved genes or regions, such as 16S rDNA (for bacteria), or internal transcribed spacers (ITS), using universal primers. Those genes have conserved sequences and therefore lack substantial polymorphism between closely related bacterial species or strains that have distinct virulence features. Since the advent of high-throughput sequencing, hundreds of whole genome sequences from bacterial, fungal, oomycete, nematode, viral and viroid plant pathogens have been published and stored in databases (Hamilton et al. 2011; Zhang et al. 2018). The availability of such sequence data has been helpful to characterize species and strains in many studies (Thynne et al. 2015; Aylward et al. 2017; Xu and Wang 2019).


        


      


    




    

      5. MOLECULAR HOST-PATHOGEN DIALOGUE




      During the process of infection of a plant by a pathogen, a molecular dialogue takes place between the parasite and the plant and leads to two possible situations:




      

        5.1. Compatible Reaction




        In this case, the pathogen prevails over the plant. It actively multiplies and colonizes the host, which develops more or less accentuated symptoms depending on the degree of virulence of the pathogen and the degree of susceptibility of the plant.


      




      

        5.2. Incompatible Reaction




        In this case, the defense reactions of the plant are effective and stop the multiplication of the parasite. Three types of resistance can be developed by the plant:




        

          a. Non-Host Resistance 5




          Non-host resistance often corresponds to the absence of pathogenicity rather than the presence of resistance. It is a broad spectrum resistance that is effective against entire groups of parasites, such as terpenes against insects, tannins against a wide range of parasites and phytoalexins against microorganisms. It should be noted that some parasites have developed mechanisms to neutralize, tolerate or overcome such large-scale resistance mechanisms. For example, cereal rust is a highly specialized pathogen that suppresses these broad resistances.


        




        

          b. Horizontal Resistance6




          Nonspecific or horizontal resistance implies resistance to all isolates from the pathogenic organism and is often determined in a polygenic manner.


        




        

          c. Vertical Resistance7




          Race-specific or vertical resistance involves resistance to certain isolates of pathogens and not to others and is often inherited following a simple monogenic pattern.


        


      


    




    

      6. METHODS OF CONTROLLING PATHOGENS AND PESTS




      Given the extent of the damage caused by pathogens and pests, the development of ever better targeted control methods has been, and still is, the subject of a great deal of agronomic research. These methods cover all approaches: agronomic (uprooting, manuring, tillage, rotation or cultural association, phytosanitary state of seeds), physical (solarization), chemical (use of more or less specific herbicides), genetic (resistant cultivar breeding) and biological (use of insects, fungi or bacteria). However, all the methods have economic, technical or sociological limits.




      

        6.1. Phytosanitary Regulations




        Phytosanitary regulations aim to monitor the phytosanitary status of crops, inform about the risk of diseases, prevent (by quarantine or prior disinfection) the introduction, into a given area, of plants or seeds infected with new pathogens, and issue certificates for the exploitation of plants, seeds or products.


      




      

        6.2. Control by Cultural Practices




        Cultural control uses adapted cultivation techniques to disadvantage the development of parasites by disrupting their life cycles. Examples include crop rotation over time and space, changes in soil pH, irrigation techniques and the removal of crop residues. Planting planning influences the development of diseases. Indeed, it is necessary to sow while avoiding that the period of sensitivity of the plants coincides with the massive arrival of the pathogen.


      




      

        



        6.3. Chemical Control




        Very fashionable since the First World War, it is currently showing both its extreme efficiency and its (sometimes) disastrous environmental consequences. This control method is useful if used with the right product, at the right time, in the right place and at the right dose.





        

          	
The right product is determined by the disease to be fought. Herbicide, insecticide, fungicide, or nematocide, the first part of the name indicates the targeted category. It should be noted that insecticides and nematocides would eventually make it possible to fight against viruses by eliminating the vectors. On the other hand, there are broad-spectrum products that kill everything in the category, and narrow-spectrum products that kill a restricted number of species. For example, we can have weed killers that only attack broadleaf weeds.




          	
The right time is determined both by the development stage of the pathogen, which is most susceptible to the action of the product and by the environmental conditions at the time of application and the days that follow (temperature, wind, rain).




          	
The right place is determined by the site and the type of application of the product (contact8, systemic9, preventive10). If it is a contact product, it must meet the disease, often below the leaves. If it is a prevention product, it should constitute a protective barrier. If it is a systemic herbicide, it must not touch any other plant than the one targeted. Wind and rain are two decisive factors in product application errors. A treatment on a windy day comes to act on man by contact. A rain after treatment leaches the product in the soil or in the river. Contact with treated plants is also toxic.




          	
The right dose: Concentration of the phytosanitary product is often expressed in dose per hectoliters (hL) or %. However, a dose expressed in this way may give highly variable applications of active substance, mainly due to variable crop structures and planting systems. At the present time, great efforts are being made to obtain optimum efficacy from the applied product and to avoid unnecessary emission of products into the environment and residues in feed and food. The best way to achieve this is to adapt the dose rate to the area where the treatment is needed (e.g. crop canopy architecture).


          The most frequent insecticides are based on Organophosphates and Pyrethroids. However, these compounds are likely to cause serious damage to crops and to human health (Charbonnier et al. 2015). In this context, risk reduction strategies related to pesticides are developed. Furthermore, there is a trend towards the use of some natural substances, which have the property of acting as bio-pesticides. We distinguish :




          	
Microbial pesticides, which are made of microorganisms: entomopathogenic fungi (e.g. Beauveria bassiana, Lecanicillium spp., Metarhizium spp.), or entomopathogenic viruses (e.g. codling moth granulosis virus; Charmillot et al. 1998). Entomopathogenic nematodes are also often classified as microbial pesticides, although they are multicellular organisms.




          	
Plant-based pesticides, such as alkaloids, terpenoids, natural phenolic compounds, and other secondary chemicals. Also, certain vegetable oils, such as rapeseed oil, are known to have pesticidal properties. In addition, garlic (Allium sativum) has long been known to have uses in pest control for its repellent effects.


        


      




      

        6.4. Physical Control




        The physical control includes physical- and mechanical-based methods. Some methods are old (trapping, sampling, weeding, etc.) and others are more recent (electromagnetic radiation and pneumatic methods) (Boiteau and Vernon 2001).


      




      

        6.5. Biological Control




        Biological control refers to the intentional use of introduced or resident living organisms (other than disease-resistant host plants) in order to suppress the activities of plant pathogens (Pal and McSpadden Gardener 2006). Overall, we can distinguish two families of approaches:




        

          a. The Strategy of Antagonistic Organisms




          A first strategy consists in the use of hypovirulent or avirulent biocontrol strains, which compete with the virulent strain of a pathogen for the invasion of the host. For example, reducing the virulence was caused by the use of fungal viruses (family Hypoviridae) that induce hypovirulence in the competitive strain of Cryphonectria parasitica11 (Double et al. 2018). Another example of application of this strategy was the use of a specific isolate of Chryseobacterium sp. that degrades the lectin needed by the rice blast pathogen Magnaporthe oryzae for spore attachment on the host leaf surface (Ikeda et al. 2013).


        




        

          b. The Strategy of Secondary Plants




          A second strategy is the use of trap plants, which attract, divert, intercept and/or confine the target insects or the pathogenic agents they vector, in order to reduce the damage caused to the main crop (Shelton and Badenes-Perez 2006). Parolin et al. (2012) reviewed the most common types of secondary plants that may be grown together with the primary crop, for biological control purposes. Such plants fall into several categories: companion, repellent, barrier, indicator, trap, insectary, and banker plants.


        


      




      

        



        6.6. Genetic Resistance




        It is based on the cultivation of varieties that are genetically resistant or tolerant to the considered pathogen/pest. The race-specific (or vertical) resistance is very effective but can be overcome by the (mutated) pathogen. On the other hand, the quantitative resistance (also named polygenic, general, horizontal) is partial, but slows the progression of the disease whatever the strain of pathogen, with more or less specificity.


      




      

        



        6.7. Integrated Pest Management (IPM)




        All the methods and techniques mentioned in the previous paragraphs are combined to obtain optimal results. Integrated Pest Management (IPM) refers to an integrative methodology that is an alternative to the exclusive use of a single approach for control, while taking into consideration the reduction of the impact on the environment.




        According to a definition by the FAO, the IPM represents a crop management system which, in the context of an environment and an evolution of pest populations, uses all the available control techniques, in the most coherent way possible, in order to keep the level of pests below the economic nuisance threshold (Nandris et al. 1997). This rational management of pests must ensure that there is no total dependence on a single method of control and take into account the economic, social and environmental consequences of control strategies. It is easy to understand that this can only be obtained through multidisciplinary investigations to acquire knowledge on:





        

          	the effects of human intervention on the crop and on the dynamics of pest/pathogen populations.




          	effects of pests/pathogens on production.




          	economic profitability from the use of control methods.


        




        The purpose of these integrated approaches is to obtain efficient and rapid management of the populations of pathogens, if possible even before the first damage is caused.


      


    




    

      CONCLUSION




      By sharing borders with other scientific disciplines such as molecular biology, genetics, biochemistry, physiology of plants and pathogens, phytopathology has allowed several recent advances such as the discovery of viroids, the understanding of defense mechanisms of plants and the discovery and use of the pathogenesis mechanism of Agrobacterium tumefasciens as a vector for molecular cloning. Updated knowledge of the relationships between host and pathogen is essential to reduce the economic impact of plant diseases by providing new appropriate control methods and a better protection of cultivated plants while respecting the environment.


    




    1Fletcher et al. (2006) reported that, in the United States alone, plants are subject to attack by more than 50,000 different pathogens, primarily fungi, viruses, bacteria, and nematodes.




    2 As an example of a plant pest characterized by a broad host spectrum, we can cite the case of the whitefly, Trialeurodes vaporariorum, which has been found on plants from 249 genera in 84 plant families (Russel 1977).




    3 At a global scale, pathogens and pests are causing for five major food crops losses varying between 10 and 40 percent, as follows: wheat losses of 10-28%, rice losses of 25-41%, maize losses of 20-41%, potato losses of 8-21%, and soybean losses of 11-32%, according to a recent study published in Nature Ecology and Evolution (Savary et al. 2019).




    4 Due to non-specific reactions.




    5 Docmented in chapter 6.




    6 Docmented in chapter 9.




    7 Docmented in chapter 7.




    8 The product only works where it has been placed; it does not migrate.




    9 The product migrates and acts throughout the plant.




    10 Preventive treatments are applied before the appearance of visible symptoms, possibly even without the presence of the pest or pathogen, to constitute a barrier against infection.




    11 Agent of chestnut blight.
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