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    FOREWORD




    


    


    


    


    


  




  

    Legumes play important roles in human diets. They serve as the main source of proteins especially for resource-poor families. They represent important sources of human and animal feeds that are rich in protein. More importantly, by their symbiotic interactions with nitrogen-fixing bacteria, apart from their contribution to food security and nutrition, they play a major role in climate change mitigation by serving as an alternative and sustainable strategy for improving soil fertility. Though, the Green Revolution in agriculture has helped in meeting the demands for food security by developing new crop varieties and increasing the use of synthetic nitrogen (N) fertilizer that is also contributing to climate change,, legume production does not depend on the use of synthetic fertilizers. It rather improves soil nutrient status and reduces over-dependence on nitrogen fertilizers. Legumes, therefore, should be considered key components in a sustainable agronomic programme. Their production, however, faces many challenges which are grouped under biotic and abiotic stresses.




    To take advantage of these potential benefits of legumes, there is a need for a thorough understanding of the challenges faced by farmers in growing leguminous crops. High up on the list of challenges are the threats posed by a range of biotic stresses. It is therefore of immense value that these stresses are so effectively described in this volume. It is a comprehensive and expansive consideration of how biotic stress impacts legumes and how they can be managed. Further, as the authors are all working in Africa, they offer a unique perspective on the potential of legumes in a continent that is witnessing a substantial increase in human population and where climate change is also a major concern. The United Nations estimates that the human population will reach 8 billion at the end of 2022, representing an increase of one billion new mouths to feed. Against this background, the increase in the production of leguminous crops offers obvious attractions. I, therefore, unequivocally recommend this book to agronomists and to general science readers.




    

      Luis Mur


      Director of Research: Biology and Health


      Aberystwyth University, Aberystwyth


      UK

    


  




  




  




  

    PREFACE




    


    


    


    


    


  




  

    When the first volume of Advances in Legume Research was published in 2020 it was not anticipated that this next volume would soon begin, with so much interest of our authors sparked by the previous one. As the previous volume reported a vast amount of advanced information regarding both biotic and abiotic stress-induced reductions in the growth and yield of legumes, particularly, cowpea, mung bean and soybean. Presently, we focussed the current volume on pertinent literature and specific new developments that belong to the topic, as chosen for this book. As earlier envisioned, this book is intended to share new developments pertaining to the ways in which biotic stress factors continue to inflict harm on leguminous crops, as they are among the most vulnerable and highly sensitive groups of oilseed crops worldwide. Although it is aimed at both experienced and newcomer researchers/ students, this book offers new insights for individuals looking for new perspectives in the current knowledge of diseases and pests, associated with legumes, as well as the mechanisms in which these crops may or may not resist these attacks. Mostly, the book focuses on the influences of bacteria, fungi, viruses, arthropodous spiders and invertebrate organisms, as well as how climate change drives the population diversity and distribution of these microbial pests in order to limit plant growth and productivity in leguminous crops.




    Such a book is highly required, especially to grow our knowledge and understanding of how the genetic diversity of crop plants can be protected, improved and sustained to benefit the current and future generations. This endeavour can be beefed up by establishing efficiently analysed genomics and proteomics data that provide concrete insights underlining molecular mechanisms that play a critical role in enabling crops to effectively adapt and respond to biotic stress, as highlighted in the introductory chapter of this book. As we look ahead to the possible preparation of the next volume, we hope that readers of this and previous volumes will find time and space to provide us with critical comments, suggestions or errors, if any. Finally, we are very indebted to Dr. Mabila and Ms. Noko Monene (Department of Research Administration and Development, University of Limpopo, South Africa) for their continued financial support, Prof. Luis Mur for providing his expertise outlook and reasons why readers must read this book. Also, many thanks are due to our publisher for all the help we received and for patiently waiting for documents. We are especially grateful to the authors and everyone who assisted over the period of preparing this volume.
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      Abstract




      Among the different environmental challenges that affect crop production, biotic stress factors are more devastating. They reduce crop yield and pose serious threats to food security. Legumes constitute a large number of crop varieties that are seriously affected by different biotic stress factors. To enhance their growth in the face of these different stressful factors and preserve their useful genomic and functional growth properties, leguminous crops are subjected to continuous genetic manipulations for stress resistance. Successful breeding of stress-tolerant varieties for cultivation under different farming systems may result in reduced crop losses and production costs, limited use of agrochemicals, and eventual yield increases. Crops that are resistant to biotic stress also exhibit better growth and yield characteristics. As established several decades ago, the revolution in genomic research led to the development of many sophisticated and advanced crop improvement techniques that can be applied across a whole range of leguminous crop species such as cowpea, faba bean, lentil, mungbean, pea, soybean, etc. However, interest in genetic engineering, chemically-or-physically-based mutation breeding, marker-assisted selection, quantitative trait loci and genome editing (CRISPR-Cas) have expanded research beyond biotic stress resistance. These techniques play a key role in applications such as the manufacturing of bioenergy, and crop engineering for the expression of valuable bioactive compounds and recombinant proteins. This chapter briefly reviews the diversity of biotic stress factors (bacteria, fungi, insects, parasitic nematodes and viruses) and possible ways in which these stress factors can be managed and eradicated using various breeding methods. The review shows that the biotechnological tools mentioned above provide beneficial functions in pest management through genetic, physiological and morphological improvements, especially when coupled with other farming practices.
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      DEFINING BIOTIC STRESS




      Biotic stress can be broadly defined as any living component of the environment that prevents the plant from achieving its full genetic potential. Therefore, biotic stress refers to all negative influences caused by living organisms such as parasitic nematodes, viruses, disease-causing bacteria, fungi, arachnids, weeds, and insect pests. According to Gull et al. [1], biotic stresses reduce growth rates and cause major pre- and post-harvesting losses. The stress negatively influences the rate of photosynthesis as a result of reduction in leaf area, for instance, by insect pests. Microbial pathogens such as Xanthomonas axonopodis pv. citri also reduce photosynthesis by negatively affecting the activity of key enzymatic proteins such as Rubisco (ribulose 1,5 bisphosphate carboxylase), Rubisco activase and ATPase (Adenosine Triphosphate synthase) [11]. Taiz et al. [2] therefore referred to this kind of stress, including abiotic stress, as growth-inhibiting conditions that may not allow plants to achieve maximum growth and reproductive capacities. Legumes are one of the major groups of crop species serving as the most important components of both smallholder and large-scale farming systems across the tropical and subtropical regions and are severely affected by this kind of stress. These crops are predominantly cultivated in regions such as Asia, sub-Saharan Africa and Latin America where they serve as critical sources of good-quality dietary proteins, minerals, and oils.




      The high value of legume grain seeds in promoting human and animal livelihoods, economic benefits and the improvement of soil quality (through the establishment of symbiotic relationship with nitrogen-fixing bacteria) led to several crop species being opted for cultivation as either monocrops or mixed cropping systems with cereals. However, they are more susceptible to different biotic stresses compared to other non-leguminous crops because of their proteinous nature. Their vegetative and yield characteristics, such as plant height, leaf/branch number, biomass, fruit and seed quantities are all affected by biotic stress. Some common microbial and insect pests that cause damage and diseases in legumes and other crops are summarised in Table 1. The table indicates some of the most common types of living organisms that co-exist with plants in their immediate environment. Although some of these organisms have mutually beneficial interactions with plants, others could be parasitic or pathogenic species and become detrimental to plant growth. These organisms include microbial pathogens like Xanthomonas campestris pv. phaseoli, Fusarium oxysporum f.sp. ciceris, Leveillula taurica cv. Arn, Alfalfa mosaic virus (AMV) and herbivorous insects like leafhoppers as well as beetles (Table 1), including the arthropods not indicated in the table.




      

        Table 1 Some of the most common biotic stress factors negatively affecting leguminous crops under diverse environmental conditions.




        

          

            

              	Category



              	Species



              	Disease/ Common Name



              	References

            


          



          

            

              	Bacteria



              	Pseudomonas syringae pv. phaseolicola



              	Halo blight



              	Schwartz [3]

            




            

              	-



              	Pseudomonas syringae pv. syringae



              	Bacterial brown spot

            




            

              	-



              	Xanthomonas campestris pv. phaseoli



              	Bacterial blight

            




            

              	Fungi



              	Fusarium oxysporum f.sp.ciceris



              	Fusarium wilt



              	Hardaningsih [4]

            




            

              	-



              	Fusarium solani



              	Black root rot

            




            

              	-



              	Leveillula taurica cv. Arn



              	Powdery mildew

            




            

              	-



              	Erysiphe spp.



              	Powdery mildew

            




            

              	-



              	
Uromyces cicer-arietini [Gorgn.]



              	Rust

            




            

              	-



              	Rhizoctonia spp.



              	Dry/wet root rots

            




            

              	-



              	Sclerotium rolfsii



              	Collar rot

            




            

              	Nematodes



              	Meloidogyne spp.



              	Root knot



              	Davis and Mitchum [5]

            




            

              	Viruses



              	Alfalfa Mosaic Virus (AMV)



              	-



              	Chatzivassiliou [6]

            




            

              	-



              	Beet Western Yellow Virus (BWYV)



              	-

            




            

              	-



              	Broad Bean Mosaic Virus (BBMV)



              	-

            




            

              	-



              	Seed Borne Mosaic Virus (SBMV)



              	-

            




            

              	-



              	Broad Bean Wilt Virus (BBWV)



              	-

            




            

              	-



              	Bean Golden Mosaic Virus (BGMV)



              	-

            




            

              	Insects pests



              	Empoasca spp.



              	Leafhopper



              	Edwards and Singh [7]


              Singh and van Emden [8]

            




            

              	-



              	Aphis craccivora



              	Aphid

            




            

              	-



              	Ophiomyia phaseoli syn. Melanagromyza phaseoli



              	Beanfly

            




            

              	-



              	Ootheca mutabilis,



              	Beetle

            




            

              	-



              	Mylabris spp.



              	Bettle

            




            

              	-



              	Medythia guaterna,



              	Beetle

            




            

              	-



              	Nezara spp



              	Bug

            




            

              	-



              	Anoplocnemis spp



              	Bug

            




            

              	-



              	Riptortus spp.



              	Bug

            




            

              	-



              	Acanthomia spp.



              	Bug

            


          

        




      




      In response to biotic stress, plants have evolved intricate defense mechanisms to deal with the harmful effects of pests and microbial pathogens. These involve morphological, physiological, biochemical and molecular mechanisms. These are induced by plants in order to cope or deal with different biotic attacks and enhance crop productivity. According to Iqbal et al. [9], defense mechanisms can be triggered either when the toxic secondary metabolite released by the pathogen reaches the plant’s internal cellular compartments or the system is activated upon immediate detection of the attack through inducible defense mechanisms which utilise specific detection and signal transduction pathways. Both specific detection systems and signal transduction mechanisms can help the plant sense the presence of an herbivore or pathogen and then alter its gene expression and metabolism accordingly to counter the stress.




      Plants normally use mechanical barriers such as the cell wall (with silica in certain species), cuticle (a waxy outer layer), periderm or papillae formation as a constitutive defense system. The complex structure of papilla cells is formed between the cells’ plasma membrane and the inside of the cell wall. Huckelhoven [10] referred to these cell appositions as the ones responsible for the prevention of fungal pathogens and blocking them from penetrating the plants’ cell walls. This report also revealed that the molecular composition of these papillae differs significantly from those of the primary and secondary cell walls. Plants also use toxic secondary metabolites to defend themselves against insect pests and other herbivores. Further below, we survey literature and discuss the existing wide range of biotic stress factors, and the extent to which these organisms affect grain legume’s growth and yield. Highlights on the diverse biotechnological mechanisms developed globally to help crop plants in overcoming biotic stress are also discussed. This chapter and the book as a whole at a more advanced level, elaborate on constitutive and inducible defenses, briefly take note of the beneficial interactions that exist amongst plants and microorganisms, and describe the role that other ecological factors (for example, climatic factors, physiographic factors, and animals) play in biotic stress evolution. The prevailing climate plays a key role in determining the type of stress factors that get imposed on crop plants, as well as the plant’s ability to resist such attacks.


    




    

      INSECT PESTS




      Although legumes can successfully establish themselves under unfavourable conditions and with no fertilisation, as mentioned earlier, many of the species in this group suffer major losses in growth and yield due to insect pests. Singh and van Emden [8] suggested insect pests as the main probable cause of higher yield loses in legume production globally. A large number of different insects, covering numerous taxa attack all parts of the plant, from seed filling to maturation and assimilate storage, seedling development, vegetative growth, reproductive stages, harvesting, and beyond. As a result, a number of insect pests were found responsible for attacking legume plants and inducing stress. Most predominantly, insects are important pests of legumes because they damage plants through direct feeding and they also provide infection sites for microbial pathogens [5].




      According to available reports, insects are also very important pests because they target different and most critical parts of the plant and at varying stages. Aphids (Fig. 1A, B) for instance, occur at terminals of leaves and other plant parts, and suck plant sap, draining nutrients as well as vectoring viruses [11]. These insects feed on their host by inserting hypodermal needle-like stylet to reach the phloem sap. During this process, aphids secrete saliva-effector proteins such as diacetyl/L-xylulose reductase (DCXR) that disrupt the host’s defense mechanisms. DCXR poses dual enzymatic functions in carbohydrate and dicarboxyl metabolism as produced by cowpea aphid, Aphis craccivora (Fig. 1C) [12]. Examples of major insect pests of leguminous crops are shown in Fig. (1).




      
[image: ]


Fig. (1))


      Major insect pests of leguminous crops, with aphids showing hypodermal needle-like stylets used to draw phloem sap [13, 14].



      Singh and van Emden [8] further, presented a review of principal arthropodous pests of legume crops, grouped taxonomically in the order in which they colonise the crops. Among these pests, leafhoppers, aphids, bean-flies, beetles, Lepidoptera, thrips and pod-sucking Hemiptera were found to be the most widely spread pests. Arthropods such as spiders also play a key role in many agroecosystems of legumes by regulating pest species and serving as potential biological control agents. The phenotype of some of these insects is shown in Fig. (1) above. Hemiptera whitefly insects such as Bemisia tabaci have also been found to threaten the productivity of many crops, including grain legumes. Whitefly biotype B is considered a major pest for common bean (Phaseolus vulgaris L.). Similar to aphids, nymphs and adult whiteflies also cause direct damage to legumes by sucking phloem nutrients and inoculating salivary toxic enzymes [15].




      The Cowpea weevil or cowpea seed beetle (Callosobrachus maculatus) was also reported as a major pest of cowpea, mungbean (Vigna radiata) and lentil (Lens culinaris). Beetles affect plant crops during the fruiting and post-harvest stage, leaving holes on the surface of pods and seeds. Generally, beetles and leafhoppers (Fig. 1) serve as insect pests causing minor damage to legumes and other crops such as tomatoes and potatoes in the Solanaceae family. Insects do not only cause physical damage and phloem nutrient depletion in plants but, also serve as transmitting vectors of viruses (for example, BGMV and BBMV), meanwhile, caterpillars and leafhoppers do their best to only feed on leaves [13, 16]. Quresh et al. [13] further reported that thrips feed on blossoms, stink bugs, cornworms and leaf-footed bugs on seeds and fruit pods.


    




    

      MICROBIAL PATHOGENS




      It is likely that symbiotic associations between legumes and nitrogen-fixing microbes remain the best mutualistic relationship so far reported among these unrelated living organisms. This relationship that has been long in existence suggests a strong close co-evolution phenomenon between plants and endophytic/ mycorrhizal fungi as well as bacteria in the form of biofilms on the surfaces of roots and leaves. Endophytic bacteria and nitrogen-fixing bacteria are housed in specialised organs developed on the host plants, called nodules [2]. However, when clearly categorised, it was found that three major forms of beneficial interactions reported include associations with (i) rhizobacteria, (ii) mycorrhizal fungi and to a larger extent, (iii) nitrogen-fixing bacteria. These microbes provide a wide range of inorganic nutrients to plants, while in return, plants provide the microbes with carbohydrates and other metabolites.




      Extensive literature is freely available that discusses how the beneficial interaction between microbes and plants works. In contrast, there are equally a group of microorganisms that cause infectious diseases in plants which also include fungi, molds, bacteria and viruses. Some of these common microbial pathogens affecting legume crops are highlighted in Table 1. However, Taiz et al. [2] indicated that the majority of pathogens implicated for causing disease in Fabaceae species are fungi, belonging to Ascomycetes and Basidiomycetes. Meanwhile, disease-causing bacteria have been classified into three families, namely Xanthomonadaceae, Enterobacteriaceae and Pseudomonadaceae, which together constitute about 20 genera (Acidovorax, Erwinia, Brenneria, Burkholderia, Clavibacter, Candidatus, Dickeya, Erwinia, Liberibacter, Lonsdale, Pantoea, Pectobacterium, Phytoplasma, Pseudomonas, Ralstonia, Spiroplasma, Streptomyces, Xylella, Xanthomonas and Xylophilus) [17].




      Gram-negative bacterium, Pseudomonas syringae pathovars remains the most common and well-studied bacterial pathogen. Disease symptoms caused by this bacterium include blights, stem cankers, leaf pots, and wilting as reported by Tripathi [18]. This species and other bacterial pathogens have been reported to cause serious damage to crop growth and productivity, even though most bacterial pathogens are considered to be less harmful and asymptomatic for almost the plant’s entire life cycle. Viruses/ viroids have also been implicated in causing infectious diseases in plants. These organisms pose a serious challenge to disease control since the number of legume viruses continues to escalate [4]. According to Chatzivassiliou [6], the list of well-known viruses that infect legume crops currently stands at 168, with 39 and 16 genera as well as families, respectively. Some viruses become very important in causing serious diseases and major yield losses, especially for cool-season grain legume crops [19]. Recently emerged overwhelming evidence indicated that the use of winter grains, particularly those well adapted to spring season weather patterns may serve as the most effective way to increase crop production by minimising detrimental viruses that most commonly occur during cool seasons.


    




    

      WEED PLANTS




      Another type of biotic stress that is considered to be an undesirable economic pest in agricultural fields is the weed plant as described by Radosevich et al. [20]. According to Radosevich et al. [20], weed plants are said to have evolved from unintended consequences of cultivated crops. These weeds are highly persistent and competitive plants that seriously interfere negatively with the cultivation of all types of crops, including grain legumes and vegetables. Weed plants generally exhibit undesirable qualities that outweigh their good ecological functions. Some of these unwanted growth characteristics that make them more persistent are summarised in Table 2 below. According to the report of Radosevich et al. [20], weed plants can be considered as either anthropomorphic or biological with distinct and selective characteristics (Table 2). Examples of some of the worst annual weed species reported by Tamms et al. [21] include Amaranthus hybridus, A. spinosus, Avena fatua, Cynodon dactylon, Cyperus esculentus, Digitaria sanguinalis, Echinochloa colonum, E. crussipes and Sorghum halepense. Some of these species evolved with a narrow adaptation to a single crop or cultivar [20]. Among the legumes, crops such as peas, faba beans, chickpea and lentils are mostly out-competed due to their small initial growth rates [22].




      

        Table 2 Undesirable growth and reproductive characteristics of weed plants (1-5) and some of the problems that they cause in agriculture [6-10].




        

          

            

              	1. Abundant seed production and great seed longevity.

            




            

              	2. Rapid germination, vegetative and reproductive growth phases for population establishment.

            




            

              	3. Effective cross-pollination and adaptation for short-distance and long-distance dispersal of seeds and pollen.

            




            

              	4. Vigorous vegetative propagation and sexual reproduction.

            




            

              	5. Ability to compete inter-specifically using special traits such as rosettes and allelochemicals.

            




            

              	6. Reduce crop yield by competing for water, light, nutrients and space.

            




            

              	7. Use allelopathy (production of chemical substances which are toxic) against crop plants growing in the same environment.

            




            

              	8. Cause limitations on the choice of rotation sequence and cultural practices.

            




            

              	9. Serve as hosts for crop diseases and provide shelter for insect pests.

            




            

              	10. Interferes with harvest and reduces crop quality by contaminating the commodity.

            




            

              	
Sources: Radosevich et al [20], Patches et al. [23]

            


          

        




      


    




    

      BREEDING FOR BIOTIC STRESS RESISTANCE




      Biological pests are an important limiting factor for the growth, yield and quality of grains produced by both legume and cereal crops. Biotic stress increasingly causes detrimental effects on many ecological, health and nutritional services derived from these agronomic crops, especially if the stress is allowed to persist. Herbicides, insecticides, bactericides and fungicides are frequently used to manage problems induced by pests in highly developed agricultural systems. However, the incorporation of these agrochemicals in farming practices can be constrained by production and input costs apart from their environmental implications, and increased development of insecticide-resistant pests such as the emergence of superbugs [22]. Zhang et al. [24] reported an intriguing whitefly priming phenomenon where whiteflies that first perceived herbivore-induced plant volatiles (HIPVs) modified and enhanced their suitability for their offspring to attack neighbouring host plants. HIPVs serve as a direct defense and repellent effect on plants to the insect herbivores. Upon perception of certain HIPVs, neighbouring pests prepare for plant attack and respond more rapidly as well as strongly with an appropriate defense reaction.




      However, given these evolutional developments and the lack of capacity for farmers to deal with increasing biotic stress challenges, breeding methods must be advanced. For instance, farmers in developing regions such as East Asia, sub-Saharan Africa and South America are largely populated by small holdings that often face severe financial constraints, poor infrastructure, general lack of government support, and poor access to markets where they can sell their harvested products to grow their businesses. Limitations also exist involving the cultivation of legumes only in marginalised areas as a result of escalated input demands like the cost of application of herbicides, insecticides, microbicides, and new seeds. Therefore, modern biotechnological applications could be used to significantly reduce production costs as well as the use of agricultural chemicals that are aimed at achieving higher crop yields but could not guarantee a safe environment and less pollution. According to Zhang et al. [24], agrochemicals are often applied based on their potential economic benefits without evaluating their environmental impact.




      Thus, breeding techniques such as genetic engineering, genome editing, mutation breeding, and marker-assisted selection serve as safer alternatives. Genome editing has currently emerged as one of the new efficient tools due to its ability to edit the genome of plants, together with microbial, animal, and human genomes [25]. Editing tools such as endonucleases and clusters of regularly interspaced short palindromic repeats (CRISP) and CRISPR-associated proteins (Cas) revealed the capability to unlock and alter DNA sequences to modify gene functions. Genome editing using transcription activator-like effectors (TALES) nucleases and zinc fingers (ZFs) reported several successes in the genetic manipulation of crops such as maize, cotton, rice, rapeseed, tobacco, and soybean for herbicide resistance [26]. But more work still needs to be done using this tool for legume crops known to be highly pest-susceptible (cowpea, peas, faba beans, and mungbean).


    




    

      CONCLUDING REMARKS




      According to ample already published reports, biotic stress factors like aphids, bacteria and viruses rapidly evolve mechanisms to detoxify pesticides [27]. For example, Aphids use effector proteins and aphid detoxification enzymes through the overexpression of DCXR to generate extra energy sources for their infestations and to alter plant defence response [28]. The use of pesticides to protect crop plants against these biotic stresses is a key element in agriculture. However, the application of agrochemicals is also criticised for its potential impact on the health of consumers, animals and the environment. Concerns raised range from the impact of these agricultural inputs on pollutant formation (soil, water, and air pollution) to transfer processes, including the gradual efforts made on the implementation and complementation of reduction strategies. Furthermore, conventional breeding methods (backcrossing, mass selection, pedigree, etc.), genetic engineering (direct and indirect-vector mediated transformation) and mutation breeding (physically and chemically induced DNA alterations) are still being investigated to improve crops against biotic stress factors.




      Although the methods have been used for decades, others like the genetic transformation that is used in the production of genetically modified foods continue to receive a backlash from GMO opposing movements due to the undocumented potential safety concerns. Similarly, traditional breeding methods also face a number of specific limitations that include longer breeding cycles, biotypic variations, undesirable genetic linkages, lack of inter-specific cross-compatibility and poor germplasm [29]. These challenges suggest the need to develop more durable plant disease resistance methods as proposed by Kamphuis et al. [27], including identifying major resistance genes and quantitative trait loci, particularly, to confer insect pest resistance in legumes. Therefore, the development of new breeding protocols or integration of already existing methods remains critically important for a pest management strategy, agricultural sustainability, food security, and environmental protection.
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          	AMV



          	Alfalfa Mosaic Virus

        




        

          	ATPase



          	Adenosine triphosphate synthase

        




        

          	BBMV



          	Broad Bean Mosaic Virus

        




        

          	BBWV



          	Broad Bean Wilt Virus

        




        

          	BGMV



          	Bean Golden Mosaic Virus

        




        

          	BWYV



          	Beet Western Yellow Virus

        




        

          	Cas



          	CRISPR-associated proteins

        




        

          	CRISPR



          	Clusters of regularly interspaced short palindromic repeats

        




        

          	DCXR



          	Diacetyl-L-xylulose reductase

        




        

          	DNA



          	Deoxyribose nucleic acid

        




        

          	GMO



          	Genetically Modified Organisms

        




        

          	HIPVs



          	Herbivore-Induced Plant Volatiles

        




        

          	Rubisco



          	Ribulose-1,5-bisphosphate carboxylase

        




        

          	TALES



          	Transcription Activator-Like Effector Nucleases

        




        

          	ZFs



          	Zinc Fingers
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