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Abstract


The world’s staple food crops, and other food crops that optimize human nutrition, suffer from global virus disease pandemics and epidemics that greatly diminish their yields and/or produce quality. This situation is becoming increasingly serious because of the human population’s growing food requirements and increasing difficulties in managing virus diseases effectively arising from global warming. This review provides historical and recent information about virus disease pandemics and major epidemics that originated within different world regions, spread to other continents, and now have very wide distributions. Because they threaten food security, all are cause for considerable concern for humanity. The pandemic disease examples described are six (maize lethal necrosis, rice tungro, sweet potato virus, banana bunchy top, citrus tristeza, plum pox). The major epidemic disease examples described are seven (wheat yellow dwarf, wheat streak mosaic, potato tuber necrotic ringspot, faba bean necrotic yellows, pepino mosaic, tomato brown rugose fruit, and cucumber green mottle mosaic). Most examples involve long-distance virus dispersal, albeit inadvertent, by international trade in seed or planting material. With every example, the factors responsible for its development, geographical distribution and global importance are explained. Finally, an overall explanation is given of how to manage global virus disease pandemics and epidemics effectively.
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1. Introduction


Virus disease pandemics and major epidemics threaten cultivated plants grown not only to feed humankind and its livestock, but also to produce fiber, ornamental plant or medicinal products. When many plants become systemically virus-infected and this infection causes severe disease symptoms, the magnitude of the resulting losses in overall crop yield or quality of produce can be devastating. Moreover, such losses happen in both annual and perennial cultivated plants [1,2,3,4,5,6,7,8,9]. Furthermore, when virus disease pandemics or major epidemics occur in staple food crops essential for food security, they are capable of decreasing food supplies so much that severe food shortages cause famine [4,7,9,10,11,12,13,14,15,16]. In 2014, virus disease pandemics and epidemics were estimated to have a global economic impact of >US$30 billion annually [17]. Their current economic impact in terms of US$ has escalated considerably since then due to the increased scale of global agriculture and demand for plant products needed to feed the rapidly expanding human population. In addition, nearly half (47%) of the pathogens that cause emerging and re-emerging plant disease epidemics worldwide are viruses [5]. This too contributes towards amplifying the global economic impact of plant virus disease [9].



In global agriculture, once the cultivation of annual crops as monocultures became widespread, this practice provided an underlying basic ingredient of instability [18]. This instability increased further as a direct result of improved cultural practices and plant breeding approaches being implemented to enhance yields, expand cropping regions and extend growing seasons [4,18]. In consequence, serious virus disease epidemics became regularly recurring features in many herbaceous crops, such as the epidemic examples of cereal yellow dwarf, wheat streak mosaic, rice tungro and sugar beet yellows described by Thresh in 1980 [4]. In perennial woody crops, however, damaging virus disease epidemics occur less often because establishing virus infection tends to be more difficult than with herbaceous crops, systemic invasion is slower, and, overall, they are more likely to be tolerant or develop inconspicuous symptoms associated with minor effects on yield and produce quality [18]. Nevertheless, exceptions occur—among the most damaging being virus disease epidemics of citrus tristeza, plum pox and cocoa swollen shoot [4,18].



Several factors have contributed to the currently rapidly deteriorating global plant virus disease situation. Firstly, the rapid expansion of international trade in plants and plant produce by multinational companies is introducing damaging virus diseases to parts of the world where they were formerly absent. This is occurring for three main reasons. (i) Trade globalization involving international agreements over free trade or tariff reductions has opened up new pathways for the large-sale transfer of crop produce from one continent or distant country to another. (ii) Lower subsidies for developed country production have enabled developing countries to expand their trade in international crop produce. (iii) More efficient methods of rapid transport by air and sea, combined with the loosening of plant quarantine regulations to meet revised World Trade Organization rules, have facilitated this trade [7,9,19,20,21]. Secondly, damaging new virus diseases are emerging at an accelerating rate due to the movement of crop plants away from their domestication centers to distant countries or continents where they are cultivated as monocultures. These introduced crops often become invaded by damaging viruses they never encountered previously, spreading to them from natural vegetation [4,7,13,14,18,22,23,24,25]. Thirdly, plant virus disease pandemics and epidemics are becoming increasingly difficult to manage due to climate instability arising from global warming [7,16,26,27,28,29]. An important example of (i) is the tendency of multinational seed companies to produce seed crops in distant developing countries with warmer climates at times of year when they cannot be grown in regions with temperate climates. The downside of this is that it risks seed crop infection by previously unknown seed-borne viruses spreading into them from local indigenous crops or natural vegetation followed by their inadvertent worldwide distribution by the seed trade [7,16,19,30,31].



Reviews and research papers by the late J.M. Thresh [32] described plant virus disease pandemics or major epidemics that occurred across the world between the early 1900s and 2006, e.g., [4,6,12,13,14,18,22,33,34,35,36,37]. His comprehensive global review published in 1980 described the origins and epidemiology of important plant virus diseases up until then [4]. In 1999, Rybicki and Pietersen [38] reviewed plant virus diseases in developing countries but focused mostly on describing the causal viruses rather than the diseases that they engendered. More recently, several reviews described virus disease pandemics or major epidemics involving single pathosystems [39,40,41,42,43,44,45]. In 2019, a general review addressed the global dimensions of plant virus disease [9]. In 2020, Jones [25] reviewed historical and recent information concerning virus disease pandemics and major epidemics arising from new encounters between indigenous viruses and crops introduced from another continent. The principal virus disease examples described were: (i) rice yellow mottle, cassava brown streak, groundnut rosette and cocoa swollen shoot, which are limited to sub-Saharan Africa (SSA); (ii) cassava mosaic in SSA, the Indian subcontinent and Southeast Asia; and (iii) tomato yellow leaf curl, which to all extents and purposes now has a global distribution.



This review focusses mainly on virus disease pandemics or major epidemics that are known to have, or considered likely to have, originated within crop domestication centers in different parts of the world, became distributed from there to other continents, and now have predominantly global distributions. The examples described infect cereals (maize, rice and wheat), root and tuber crops (potato and sweet potato), plantation and orchard crops (banana, citrus and stone fruit), grain legumes (faba bean) and annual horticultural crops (tomato and cucurbits). Both historical and recent information is provided about seven examples of virus diseases that threaten staple food crops and therefore are of critical importance regarding global food security. Three of these seven staple food crop examples involve diseases caused by virus complexes. The remaining six examples involve virus diseases threatening other food crops that play important roles in achieving balanced human nutrition. Three of the latter examples are of seed-borne virus diseases currently of concern because of their inadvertent dispersal by the international seed trade. The ways each of these 13 examples arose, and then became distributed globally, is described, and information is given about the principal factors favoring their development. Lastly, a brief overall summary is provided concerning how to achieve successful management of global virus disease pandemics and major epidemics that afflict important food crops.




2. Definitions and Concepts


2.1. Definitions


In his 1973 review of plant diseases threatening worldwide agriculture, Thurston [2] categorized them as ‘highly threatening’, or of ‘intermediate threat’ or ‘limited threat potential’. A disease was categorized as ‘highly threatening’ when it spread rapidly, caused serious losses and was difficult to control, whereas those of ‘limited threat potential’ spread slowly and/or were easy to control. The six virus (or viroid) disease examples he included were African cassava mosaic (highly threatening), banana bunchy top, maize streak, pangola grass stunt, cocoa swollen shoot (intermediate threat) and coconut cadang cadang (limited threat).



When he reviewed catastrophic plant diseases in 1970, Klinkowski [1] described how plant disease agents, including viruses, cause both epidemics and pandemics. He defined an ‘epidemic’ as being “where a disease is spread over an area in which its causal agent has been present for a long time”; and a ‘pandemic’ as occurring “where epidemics cause mass infections spread over several continents”. More recently, for plant virologists, an ‘epidemic’ has come to mean “a marked increase in the incidence of virus disease within a plant population”. This definition includes situations not only where the diseased plant population is localized, e.g., to a single field, but also where it occurs over a very wide area. In addition, a ‘pandemic’ has become “an epidemic occurring over a very wide area, crossing international boundaries and causing severe crop losses consistently”. Notably, this ‘pandemic’ definition includes situations when the severely affected countries occur in different continents [1], and when they are all within in the same continent, e.g., in SSA [36,37,45]. Jones [25] used the additional term ‘major epidemic’ to mean “an epidemic occurring over a wide area, crossing international boundaries and causing severe crop losses sporadically”. Thus, although the losses are severe and develop over a wide area in this latter category, the epidemics causing them occur sporadically so use of the ‘pandemic’ is unwarranted.



To understand plant virus epidemics and pandemics, it is also necessary to understand what plant virologists mean when they refer to the term ‘plant virus disease epidemiology’. Various definitions have been suggested, including the study of: (i) “the patterns of disease within space and time, and within populations” [46]; (ii) “the cyclical development of virus diseases within plant populations in time and space” [47]; and (iii) “the determinants, dynamics and distribution of virus diseases within host populations” [8]. ‘Plant virus disease epidemiology’ has also been defined as “the complex association between a virus and its host plant resulting in disease, and the factors that influence spread within the host plant population” [48]. Therefore, epidemiology concerns how and why a virus spreads in a plant population, and the consequences in terms of disease [16]. For the effective management of a plant virus disease, first obtaining an understanding of its epidemiology is essential [9,13,14,22,23,49,50]. Furthermore, when considering virus disease management, it is important to clarify the terms that plant virologists use to categorize different types of host responses to virus infection in crop cultivars. The propensity of ‘vulnerable’ crop cultivars to develop systemic virus infection resulting in severe systemic disease symptoms, constitutes a major determinant when it comes to the magnitude of the yield and quality losses incurred [14,18]. Thus, being ‘vulnerable’ means that “the cultivar is both ‘susceptible’ to virus infection (i.e., it becomes infected readily), and ‘sensitive’ to infection once systemic infection has occurred (i.e., it develops severe symptoms)”. Having ‘resistance’ to virus infection is the opposite of being ‘susceptible’ and having ‘tolerance’ is the opposite of being ‘sensitive’ [4,14,51].




2.2. Concepts


Some pandemics or major virus disease epidemics result from new encounter scenarios when a crop first domesticated in one continent [52,53] is introduced to another continent where it becomes infected by an indigenous virus it has not met previously [4,7,13,25,54,55]. Moreover, the country or region where the virus responsible for causing a pandemic or epidemic was initially found does not necessarily mean that this is where this virus first originated. In many cases, it is likely to have coevolved with the crop in its crop domestication center having already been present infecting the crop’s wild ancestor(s) or having spread to it from nearby wild plants. Infected seeds or vegetatively propagated planting material may then have been taken somewhere else and planted in the place where the causal virus was identified first. Establishing whether the causal agent of a virus disease pandemic or epidemic first arose in a crop domestication center requires a thorough investigation of the nucleotide sequence diversity occurring amongst virus isolates from there. When viruses coevolve for a very long period locally within the same plant species, a high degree of nucleotide sequence diversity occurs amongst isolates collected over a small geographic range [7,56]. For example, such diversity was evident when isolates of potato virus A (genus Potyvirus, family Potyviridae), potato virus S (genus, Carlavirus, family Betaflexiviridae) and potato virus Y (PVY, genus Potyvirus, family Potyviridae) were collected from plantings in potato’s Andean crop domestication center [57,58,59]. Unfortunately, phylogenetic studies with enough causal virus sequences from crop domestication centers were only available to draw conclusions with four of the 13 global virus disease pandemics or epidemics described in this review. These viruses are PVY [58]; plum pox virus (PPV; genus Potyvirus, family Potyviridae) [60]; rice tungro bacilliform virus (RTBV; genus, Tungrovirus, family, Caulimoviridae) and rice tungro spherical virus (RTSV; genus, Waikavirus, family, Secoviridae) [61,62]; and banana bunchy top virus (BBTV; genus, Babuvirus, family, Nanoviridae) [63,64].





3. Cereals


3.1. Maize


Overall, maize (Zea mays) is now the world’s most important staple food crop, and the second most important in the developing world [65,66]. It was domesticated in Western Mexico from its wild ancestor Zea mays ssp. parviglumis [67]. In the pre-Columbian era, it was dispersed widely through Central and South America, and the Caribbean [68]. After the Spanish arrived in the Americas in 1492, they introduced maize to Europe after which it was taken from there to other continents. Maize was introduced to Africa in the early 17th century, where its high yields and short growing season favored its rapid adoption [69]. Maize crops suffer from many virus diseases [70]. An example of a devastating maize virus disease pandemic is described below.



Maize Lethal Necrosis Disease


Maize lethal necrosis disease (MLND) was reported initially in 1977 in the USA, where it was called corn lethal necrosis disease [71]. Its dramatic symptoms consist of severe systemic leaf and shoot necrosis, and plant death (Figure 1A,B). The grain yields from symptomatic plants are either negligible or greatly diminished [Table 1]. Around 2010, MLND emerged causing a pandemic of maize crops in SSA, particularly those of smallholder farmers. This devastating pandemic now spans eight different East and Central African countries (Democratic Republic of Congo, Ethiopia, Kenya, Mozambique, Ruanda, South Sudan, Tanzania, and Uganda), where it damages maize crops over almost 1.2 million km2 [42,72]. In East and Central Africa, maize is the staple food crop of over 300 million people. MLND is now so damaging in these countries that it constitutes a major threat not only to the livelihoods of smallholder farmers that grow maize but also to overall maize production, seriously threatening food security. In addition, around 2010, MLND also appeared in East and Southeast Asia, Europe (Spain) and South America (Ecuador), the resulting grain yield losses being considerable in China, Taiwan and Ecuador [42,73]. Moreover, in the future, the likelihood of MLND causing major losses in more countries where maize is cultivated seems very high.



MLND is caused by mixed infection between maize chlorotic mottle virus (MCMV; genus, Machlomovirus, family, Tombusviridae) and one or other of several different cereal viruses belonging to the Potyviridae, such as sugarcane mosaic virus (SCMV; genus, Potyvirus, family, Potyviridae), maize dwarf mosaic virus (MDMV; genus Potyvirus, family, Potyviridae) and wheat streak mosaic virus (WSMV; genus, Tritimovirus, family, Potyviridae) [42]. The two viruses interact synergistically in mixed infection causing the very severe foliage disease symptoms that culminate in MLND. Since the cereal Potyviridae that infect maize, especially SCMV, commonly occur in warmer climates globally, whether MLND occurs in a region depends on the presence of MCMV [42]. MCMV was found first in 1973 in Peru [137], and in the 1970s–1990s it spread to Argentina, Mexico and the USA in the Americas, and to Thailand in Southeast Asia. Since approximately 2010, it spread to Ecuador, Spain, China and Taiwan, and to several countries in SSA [42,72]. However, this sequence of events may be illusory as it might actually have co-evolved with maize in its Mexican domestication center and been dispersed elsewhere in maize as seed-borne MCMV infection, the historical sequence of its detection in different countries actually reflecting presence of virologists interested in maize diseases. MDMV likely also coevolved with Maize in Mexico, and SCMV within sugar cane’s Indian subcontinent or Southeast Asian domestication center, but this lacks confirmation by phylogeographic or other evolutionary studies. WSMV probably originated in wheat’s Middle East domestication center (see Section 3.2.2 below). Ancestral viruses might initially have spread to these crops from infected wild ancestors of maize (MCMV, MDMV), sugar cane (SCMV) or wheat (WSMV), but this too lacks confirmation.



MCMV has very stable virions, and is transmitted by contact, contaminated maize seed and soil, and several beetle and thrips species act as its vectors. Alternative hosts for MCMV include sugar cane (Saccharum officinarum), sorghum (Sorghum bicolor), millet (Panicum miliaceum), wheat (Triticum aestivum), barley (Hordeum vulgare), and several pasture and weed grasses. Cereal infecting Potyviridae are transmitted by aphids (e.g., MDMV, SCMV) or eriophyid mites (WSMV). They infect a diverse array of alternative hosts amongst poaceous crops, weeds and pasture plants [42,73]. Distribution of MCMV-contaminated maize seed by the international seed trade seems responsible for MCMV’s rapid increase in global distribution [42,73]. Moreover, along with spread of locally occurring cereal Potyviridae to maize plants, sowing MCMV-contaminated maize seed seems responsible for MLND’s recent emergence in SSA, and other continents outside the Americas [42,73]. MCMV isolates from East Africa most resembled MCMV isolates from China [74]. Since isolates from both regions showed little sequence diversity, its recent introduction via MCMV-contaminated maize seed from China seems likely. Because MDMV and WSMV are seed-borne in maize and wheat, respectively, most likely these two viruses were originally dispersed between continents via contaminated seeds [72] (see Section 3.2.2 below), whereas SCMV, which is not-seed-borne in sugar cane, probably originally became dispersed in infected sugar cane planting material [72].



What is responsible for the devastating MLND pandemic that emerged after MCMV’s arrival in SSA? Factors exacerbating MLND’s appearance include sowing vulnerable maize cultivars, agricultural intensification including sowing multiple maize crops annually, and the widespread occurrence not only of its maize thrips vector (Frankliniella williamsi) but also of SCMV and other cereal potyviruses infecting maize and other poaceous hosts [42]. Widespread sowing MCMV-contaminated maize seed stocks and planting the crop in virus-contaminated soils are also likely to have played important roles [73,74].





3.2. Wheat


Wheat was domesticated approximately 10,000 years ago in the fertile crescent region of the Middle East [138]. Its seeds were distributed from there to other parts of Asia, and then to Europe, Africa and the Americas, and, most recently, to Australasia. Worldwide, wheat crops now occupy a greater area of agricultural land than any other food crop, and this crop ranks second after maize as the most important staple food crop [66,139]. Although it is typically grown in temperate and Mediterranean-type climates, or at cooler high altitudes in warmer climates, it still plays a critical role in helping provide food security in developing countries. Wheat crops are afflicted by many virus diseases [72,79,140]. Two examples of major global wheat virus epidemics are described below.



3.2.1. Yellow Dwarf Disease


Yellow dwarf disease (YDD) causes the virus disease epidemic of greatest global significance for wheat (Table 1). It was reported first in 1951 in California, USA [141], and is the most widely distributed virus disease of wheat. It seriously damages wheat crops growing in all continents apart from Antarctica. It causes destructive epidemics in wheat crops growing in regions with temperate climates, as winter crops in regions with Mediterranean climates, and under the cooler conditions at higher altitudes in tropical and subtropical regions [4,72,75,76,142,143]. In wheat plants, YDD symptoms consist of leaf yellowing or reddening often most visible on the flag leaf, stiff leaves with an upright posture, diminished root growth, and plant stunting (Figure 1C,D). Heading is delayed, fewer grains form and these are shriveled [72,76,77,78]. Wheat grain yields are diminished by up to 60% and seed quality is greatly impaired [143,144,145]. Similar damaging YDD epidemics to those occurring in wheat also develop in barley and oat (Avena sativa) crops. In addition, maize, triticale (Triticale hexaploide) and Asian rice (Oryza sativa) crops are sometimes affected [4,75,76,77,78]. In their review of plant diseases threatening global food security, Strange and Scott [142] chose YDD as one of their examples of devastating plant virus diseases, emphasizing its worldwide distribution and debilitating effects on grain production.



In wheat, YDD is caused by two different viruses, barley yellow dwarf virus (BYDV; genus, Luteovirus, family, Luteoviridae), and cereal yellow dwarf virus (CYDV; genus, Polerovirus, family, Luteoviridae). Their infections occur singly or in mixed infection. Both viruses cause the same types of YDD symptoms in infected wheat plants, and both are persistently aphid transmitted. Their most important aphid vectors are Rhopalosiphum padi (bird cherry-oat aphid), R. maidis (corn leaf aphid), Sitobion avenae (grain aphid) and Schizaphis graminium (wheat aphid). CYDV is transmitted by R. padi, whereas the main vectors of BYDV strains PAV, MAV, RMV and SGV are R. padi (PAV), R. maidis (RMV), Sitobion avenae (MAV) and Schizaphis graminium (SGV) [4,72,75,76,77,78,79,142]. Their respective aphid vectors spread them to wheat crops from alternative host infection reservoirs consisting mainly of infected wild, weed or pasture grasses, or volunteer cereals [4,72,75,76,77,78,79]. Viral ancestors of BYDV and CYDV likely emerged from infected wild grasses to infect wheat. Whether this occurred first in wheat’s center of domestication in the fertile crescent region, or has occurred one or several more times in different world regions, has yet to be revealed by phylogeographic or other evolutionary studies. However, recombination occurred frequently within BYDV, and therefore seems likely to have played a significant role in its adaptation to wheat and other cereal crop hosts and generating virulent new variants [146]. How BYDV and CYDV might have spread from one continent to another is unknown but one possibility is that they were introduced by viruliferous aphid vectors carried over long distances in wind currents [75].



The development of severe YDD epidemics varies seasonally. It depends upon weather conditions (rainfall and temperature) that promote early build-up of aphid vectors in alternative aphid and BYDV/CYDV hosts (grasses and volunteer cereals), and their large-scale migration to wheat crops at an early growth stage. When this occurs, widespread YDD develops causing significant losses. Mean daily rainfall and temperature data before sowing allow predictions of infection incidence and losses, and provide decision support over insecticide applications to kill aphid vectors [4,143,147]. Recently, epidemics of BYDV and CYDV in wheat crops have been controlled well by application of insecticides as seed dressings followed by within-crop foliar applications to kill their aphid vectors [144,148]. Widespread adoption of these control measures, especially in developed countries, has meant that, overall, epidemics caused by these two viruses are less damaging than in the past. However, in the future, this is likely to change with a return to the more destructive epidemics of the past [4,77,78]. This is because of (i) an increase in the numbers of their aphid vectors arising from withdrawal of neonicotinoid insecticides for use as seed dressings, and (ii) greater difficulties in timing foliar insecticide applications effectively due to the increasingly unpredictable global climate resulting from global warming [27,28,149].




3.2.2. Wheat Streak Mosaic Disease


Wheat streak mosaic disease (WSMD) causes the second most important virus disease epidemic of wheat globally (Table 1). It was first reported in 1922 in the USA [83]. It infects wheat in most of the world’s main wheat-growing regions, including Australasia, Europe, the Middle East, Central Asia (Iran, Kazakhstan), East Asia (China), SSA (Nigeria, Zambia, South Africa), South America (Brazil, Argentina) and North America (USA, Mexico, Canada). It causes sporadic but disastrous epidemics in wheat in different world regions, and is the most destructive virus disease of wheat overall in the Great Plains region of North America, an area spanning 1.3 million km2. However, unlike YDD, which is most damaging when wheat crops are gown under cool conditions, WSMD is at its most destructive when they are grown under warm conditions [72,79,80,81,82,83,150]. Its foliage symptoms in wheat plants consist of yellow or pale green leaf streaking, tip yellowing of older leaves, a tufted growth habit and plant stunting (Figure 1E,F) [72,79,83]. It causes yield losses that reach 80–100% when infection is widespread early in the life of the crop. Moreover, like YDD, it also causes shriveled grain such that poor seed quality may render all wheat grain that remains unmarketable [72,79,80,81,82,83,150].



WSMD is caused by infection with WSMV, which was recently described as “a century old virus with rising importance worldwide” [83]. WSMV is eriophyid mite-transmitted, and its vector is the tiny wheat curl mite (WCM; Aceria tosichella). When viruliferous WCM are blown away from infected plants onto healthy plants by the wind, WSMV is transmitted to them [4,72,79,83]. The virus is seed-borne at a low level in wheat, and infected wheat seed not only plays a critical role in its survival between growing seasons but also in enabling its distribution around the world [81,82,151,152]. WSMV also infects barley, maize, oats, rye and sorghum, and some mostly annual grasses, but is not seed-borne in them [82,83]. In the Great Plains region of North America, annual autumn sowings made soon after previous wheat crops are harvested allow WCM to transmit WSMV from remaining infected volunteer cereal plants to emerging young wheat seedlings [72,79,80,83]. However, in regions with Mediterranean climates, in which wheat’s main growing period is winter and the summers are hot and dry, WSMV survives the dry conditions in spilt infected wheat seed or harvested wheat seed stocks. Both volunteer and sown wheat plants that germinate from these infected seeds act as primary WSMV infection foci for WCM to acquire the virus from and then spread it within the crop [81,82]. Epidemics of WSMV in wheat crops are favored by extended wheat growing periods (e.g., extended for graze-grain cropping) and growing wheat under warm conditions that favor build-up of its WCM vector. WSMV is currently controlled by combining (i) herbicide application to kill grasses and volunteer cereals 4 weeks before sowing with (ii) altering the sowing date to avoid the warmer conditions that favor WCM build-up, and (iii) sowing WSMV-free seed stocks [82,83,153]. The more erratic climate caused by global warming will likely render alterations to sowing dates less effective. Furthermore, although widespread adoption of such control measures is likely in developed countries, it seems less likely to occur, or be effective, in smallholder farms in developing countries where warmer temperatures favor increased WSMV spread by its WCM vector.



An ancestor of WSMV most likely spread from infected wild wheat or other grasses to infect wheat when this crop was first domesticated. Due to the high temperature requirement (24–27 °C) for optimum activity of its WCM vector [27] and the likelihood of such temperatures occurring in wheat’s fertile crescent domestication center in the Middle East [138], its initial origin seems likely to be within this region. However, it might also have emerged one or several more times in different world regions. The answer to this question requires further phylogeographic or other evolutionary studies like those reviewed by Singh et al. [83], but including more geographically diverse WSMV isolates, particularly ones from the fertile crescent region. WSMV from Turkey is reported to have reached the USA in the late 1800s and then spread to the Great Plains region of the USA and Canada, and to Mexico [72,154]. Its recent introduction to Argentina in South America and Australia resulted from inadvertent distribution of WSMV-infected wheat seed by the international seed trade or as introductions of germplasm [72,152]. Its earlier spread to other world regions likely occurred similarly. Thus, as with MCMV in maize seed and MLND (see Section 3.1. above), the major global epidemic of WSMD in wheat provides an example of food security being threatened by the inadvertent introduction of a seed-borne virus to new world regions.





3.3. Rice


As a staple food crop, Asian rice (Oryza sativa) is ranked first and third in importance in developing countries and the world, respectively [66,155]. It is therefore of critical significance regarding future food security. Its center of crop domestication is China, where this process started approximately 10,000 years ago. It was distributed from China to the rest of East Asia, Southeast Asia, and the Indian subcontinent. After that, it was introduced to the Middle East, Europe and Africa, and within the more recent past to the Americas and Oceania [156]. The rice crop suffers from many virus diseases [84], e.g., the devastating rice virus disease pandemic described below.



Rice Tungro Disease


Rice tungro disease (RTD) constitutes the most devastating virus disease of rice in tropical regions of Southeast Asia, southern China and the Indian subcontinent, where it causes a devastating pandemic [4,13,14,38,84,85]. Its name ‘tungro’ actually means ‘degenerated growth’ in Filipino. RTD is indigenous to tropical Southern Asia, where it has been known for many years, e.g., since 1869 in Indonesia, albeit named differently then. However, it was considered unimportant up until 1963 when devastating epidemics coincided with the ‘green revolution’ in tropical rice agriculture. Their occurrence was due to wide-scale adoption of high-yielding but highly vulnerable new rice cultivars bred by the International Rice Research Institute (IRRI), and the agricultural intensification associated with their use which enabled rice crops to be grown as dense stands in overlapping or close sequences [4,13,14,85]. These vulnerable new cultivars soon displaced the traditional cultivars grown before them. The disastrous RTD epidemics that followed resulted in famines in rice-growing regions across southern Asia, altering some countries into becoming rice importers rather than net rice exporters. The estimated loss in annual rice production reached US $1.5 billion annually [4,13,14,85]. In rice plants, ‘tungro’ disease symptoms include leaf yellowing or orange-yellowing, striping and mottling, diminished tillering and plant stunting, associated with production of partly filled or sterile grains. Yield losses in susceptible rice cultivars infected at an early growth stage reach 70–90% [157,158].



RTD is caused by mixed infection with RTBV and RTSV. Although plants infected with RTD develop severe foliage symptoms, plants infected solely with RTSV only show mild stunting, whereas those infected with RTBV develop mild ‘tungro’ symptoms. RTSV and RTBV are transmitted semi-persistently by several leafhopper vector species, the most efficient of which is Nephotettix virescens [4,84,85]. Infected plants of wild rice and grass weeds, which are often associated with rice paddies, are alternative hosts of both viruses. They, volunteer cultivated rice plants and surviving rice stubbles act as the principal reservoirs for RTSV and RTBV spread to rice crops. Most crop infection with these two viruses takes place after rice seedlings are transplanted, rather than before they are transplanted from nurseries [84,157]. However, spread of both viruses over long distances likely resulted from international trade in infected rice seedlings.



The viral ancestors of RTBV and RTSV most likely emerged from infected wild rice or grasses to infect rice soon after this crop was domesticated. Phylogenetic analysis of RTBV isolates from India and Southeast Asian countries revealed two major phylogroups, one containing South Asian (=Indian sub-continent) and the other Southeast Asian isolates [61,62,84]. Similarly, phylogenetic analysis of a smaller number of RTSV isolates revealed a similar two phylogroup situation with separate South Asian and the Southeast/East Asian phylogroups [86]. Therefore, both RTBV and RTSV likely coevolved with rice within each of these regions, leading to the formation of separate South Asian and Southeast Asian (RTBV) or Southeast Asian/East Asian (RTSV) phylogroups. Moreover, recombination apparently played an important role in the evolution of both viruses [87,88]. As mentioned above, the introduction of high-yielding but highly vulnerable rice cultivars, and the agricultural intensification associated with their use, were crucial contributors to RTD pandemic development. In light of the global significance of rice as the developing world’s most important staple food crop, the RTD pandemic constitutes a critical threat to developing country food security.






4. Root and Tuber Crops


4.1. Potato


Approximately 9000 years ago, the potato (Solanum tuberosum) crop was domesticated from wild potato species native to the Lake Titicaca sector of the Altiplano in the Andean region of South America [159]. Potato land races were first brought from South America to Europe in the second half of the 16th century as part of the Colombian Exchange following the Spanish arrival in the Americas in 1542 [160], after which the crop was taken to other continents [161]. Potato now ranks as the world’s fourth most important staple food crop after maize, wheat and rice, and the third most important in food-insecure developing countries. Although generally more suited to cool conditions, over the last two decades its production increased considerably in developing countries, especially at higher altitudes. It now plays an increasingly important role in helping provide food security in the developing world [66,162,163]. Potato crops suffer from many virus diseases [89,90,164]. An example of a recent major global virus disease epidemic of potato is described below.



Potato Tuber Necrotic Ringspot Disease


The following two paragraphs provide a brief historical account of PVY’s role in causing potato disease covering the period starting when the virus was first found up until its recent re-emergence as the cause of the current major global potato disease epidemic caused by its necrogenic R2 variants. These variants, which cause potato tuber necrotic ringspot disease (PTNRD; Figure 2A), arose by recombination between two of its strains [40,58,89,90,91,92,93].



After the potato was introduced to Europe in the second half of the 16th century, propagation of its tubers by replanting them continually year after year led to a devastating foliage degeneration disorder that diminished its tuber yields drastically. Until potato breeding from crosses between selected parental lines commenced in the 19th century [161], addressing this disorder necessitated frequent cultivar renewal involving growing seedlings from open-pollinated potato true seed, and selecting new cultivars from them. It was not until the early 20th century that the cause of the degeneration disorder was determined. It was found to result from mixed infection with PVY and one or more of several different potato viruses [165]. The most widespread and damaging virus complex consisted of mixed infection with PVY and potato leaf-roll virus (PLRV; genus, Polerovirus, family, Luteoviridae). However, PVY also formed complexes when present in mixed infection with two other common viruses, PVA and potato virus X (PVX; genus, Potexvirus, family, Alphaflexiviridae), the resulting synergistic interactions resulting in the severe foliage disorders ‘crinkle and ‘rugose mosaic’, respectively [89,90,164,166]. When present alone, PVY causes foliage symptoms that vary widely in severity depending upon which PVY strain and potato cultivar are involved, whether strain-specific hypersensitivity genes are present, and whether infection is current season derived or comes from planting infected tubers. Its symptoms range from severe shoot necrosis and plant death to severe leaf mottle/mosaic and deformation, mild leaf mosaic/mottle or entirely asymptomatic infection. Tuber necrosis that renders tubers unmarketable also develops as part of a strain-specific hypersensitive response in some combinations of virus strain and potato cultivar. Except when no tubers whatsoever form due to infected plants being killed by this type of response, infection with PVY alone decreases tuber yields by up to 80% [89,90,164,166,167]. PVY infection also causes serious diseases in several other solanaceous crop species, including tobacco, tomato, and pepper [8,168].



PVY is transmitted from plant to plant non-persistently by several aphid species, e.g., Myzus persicae (green peach aphid), by planting PVY-infected potato seed tubers, and, occasionally, by plant-to-plant contact [89,90,164,168,169]. Its alternative hosts include pepper, tomato, tobacco and many wild Solanaceae species [40,168]. It emerged in the Andean center of domestication of potato, and, after 1542, potato tubers infected with it were taken from there first to Europe via the Colombian Exchange, and from Europe to other continents [58,92,160,170,171]. In Europe, the advent of healthy seed potato stock schemes >80 years ago [166] combined with breeding new potato cultivars from parental plants with strain-specific PVY resistance genes Ny and Nc, elicited by its main biological strain groups PVYO and PVYC, respectively [167,172], greatly limited its spread. However, in the 1930s an additional strain, PVYN, spread from South America to Europe. It caused obvious veinal necrosis symptoms in tobacco plants, but its subtle symptoms in potato foliage often went unnoticed, such that infected plants were missed during seed potato field inspections. It also overcame hypersensitive resistance genes Ny, Nc and additional PVY resistance gene Nz. These characteristics resulted in its widespread distribution through large-scale inadvertent planting of PVYN-infected seed potato stocks [89,92,166,167]. Coinfection of potato plants with PVYO and PVYN eventually led to recombination between these two stain groups [40,89,91]. This resulted in formation two recombinant PVY phylogroups, R1 and R2, both of which overcame resistance genes Ny and Nc, [92], but R2 failed to overcome gene Nz [40]. These R1 and R2 populations also caused subtle foliage symptoms in potato plants, so, as with PVYN, they too were often missed in seed potato field inspections. In addition, their aphid transmission was more efficient. These properties favored their inadvertent widespread dissemination on a global scale within infected seed potato stocks [40,89,91]. Moreover, the R2 population also caused PTNRD, a tuber quality disorder that had very serious repercussions due to the lack of marketability of affected potato tubers (Figure 2A) [40,89,91,92].



PVY’s R2 phylogroup was found first in the early 1980s in Europe, but its R1 phylogroup apparently arose earlier [92]. Apart from within the crop’s Andean domestication center, PVY phylogroups R1 and R2, but especially R2, have now largely displaced non-recombinant biological PVY strain groups PVYO, PVYC and PVYN in most potato-growing regions of the world [40,58,92,172,173,174]. The widespread global occurrence of PTNRD caused by R2 and the current inability to manage it adequately through healthy seed potato stock schemes, have resulted in a global PTNRD epidemic in potato crops grown for human and livestock consumption [40,89,90]. Therefore, this major epidemic caused by necrogenic PVY provides an example of global food security being threatened by virus disease re-emergence arising from generation of virulent new virus variants with altered pathogenicity.





4.2. Sweet Potato


Sweet potato (Ipomoea batatas) was domesticated approximately 10,000 years ago. Its domestication occurred twice, once each in Central and South America, the two gene pools subsequently becoming mixed. In the pre-Colombian era, it was taken from the Americas and dispersed widely around Polynesia and from there to Melanesia [175,176]. In the post-Colombian era, it was distributed to Southeast and East Asia, and to Europe, in the 1500s, and subsequently to other regions of the world with warm climates, including SSA [177]. The crop is now widely grown in all regions of the world with warm climates, including in Africa, Asia, Oceania and the Americas, the largest production being concentrated in China and East African countries. Amongst staple food crops, sweet potato is ranked seventh in importance globally and fifth most important for developing countries [66,163,178,179]. It constitutes an ideal crop for many subsistence agriculture situations as it tolerates infertile soils and drought well, and its tuberous roots can be left stored in the soil for long periods before harvest [94,95]. Sweet potato crops become infected with many viruses [95]. An example of a devastating global sweet potato virus disease pandemic is described below.



Sweet Potato Virus Disease


Sweet potato virus disease (SPVD) causes the most devastating virus disease of the sweet potato crop. It is caused by mixed infection with the sweet potato chlorotic stunt virus (SPCSV; genus, Crinivirus, family, Closteroviridae) and a member of the Potyviridae family. The latter virus is usually sweet potato feathery mottle virus (SPFMV; genus, Potyvirus family, Potyviridae) or sweet potato mild mottle virus (SPMMV; genus, Ipomovirus, family, Potyviridae). A synergistic interaction between SPCSV and SPFMV or SPMMV causes a very damaging disease consisting of severe leaf mosaic and malformation and plant stunting, and a tuberous root yield reduction of >85% (Figure 2B) [94,96]. However, on their own, these three viruses cause milder foliar symptoms and have less impact on tuberous root yields, especially SPFMV and SPMMV [94]. Globally, sweet potato crops are frequently SPFMV-infected, SPCSV is the next commonest virus and SPMMV the third commonest. SPCSV consists of two strains, East African (EA) and West African (WA). SPCSV-EA occurs in East Africa, Madagascar and parts of South America. SPCSV-WA is found in West Africa and most other sweet potato-growing regions of the world. SPMMV occurs in East and South Africa, Southeast Asia, New Zealand and Egypt [94,97,99,180]. SPVD is widely distributed in warmer sweet potato-growing regions of the world, occurring wherever SPCSV is found. Its distribution includes SSA, North Africa, Middle East, Southeast Asia, East Asia, and North, Central and South America [38,94,98,100,181,182,183,184]. However, currently the SPVD pandemic in East Africa, where 75% of the crop’s African sweet potato production occurs, is causing the greatest concern. The countries suffering devastating losses include Uganda, Kenya, Rwanda and Tanzania. In the past, in the Democratic Republic of Congo, Central Africa, the losses from SPVD were so severe that they stopped growing sweet potato altogether [94,97].



SPCSV and SPMMV are transmitted semi-persistently by the whiteflies, SPCSV by Bemisia tabaci (silver leaf whitefly) and Trialeurodes abutilonea (glasshouse whitefly) and SPMMV by B. tabaci. SPFMV is transmitted non-persistently by the aphid species M. persicae and Aphis gossypii (cotton aphid) [72,99]. SPFMV likely coevolved with cultivated sweet potato in one of the crop’s two domestication centers and was distributed globally from the Americas in infected tuberous roots of sweet potato. However, East Africa is considered a secondary ‘hot spot’ for its diversification due to widespread infection of alternative host species and recombination between SPFMV isolates occurring locally [185]. The same applies to SPCSV too as, although it most likely also originated in cultivated sweet potato in one of the crop’s two domestication centers, widespread infection of alternative host species suggest that, later on, East Africa was a secondary ‘hot spot’ for its diversification [186,187]. By contrast, SPMMV is considered to have emerged after cultivated sweet potato’s introduction to East Africa. This was by ancestral virus spillover from alternative host species in the Convolvulaceae that it infects naturally in this region [188]. Alternative hosts of SPCSV, SPFMV and SPMMV include the wild Convolvulaceae species Ipomoea spp. (several species), Hewittia sublobata, and Lepistemon owariensis [185,188,189].



What was responsible for the emergence of SPVD as a major threat to sweet potato production within East Africa? The traditional East African land races that survived since sweet potato first arrived were tolerant of SPVD. What led to the SPVD pandemic in that part of the world was (i) land race displacement by vulnerable high-yielding sweet potato cultivars bred elsewhere and (ii) agricultural intensification aimed at growing more sweet potato to help meet the needs of the burgeoning human population [96,187]. Thus, widespread adoption of vulnerable high-yielding sweet potato cultivars resulted in devastating consequences for food-insecure smallholder farmers many of whom had little choice but to give up growing sweet potato or grow lower-yielding but safer traditional cultivars.






5. Plantation and Orchard Crops


5.1. Banana


As a world staple food crop, banana (Musa spp., including dessert banana and plantain) ranks sixth in the world after maize, wheat, rice, potato and cassava, and the fourth most important for developing countries [66,163]. It is grown widely in the humid tropical and subtropical regions of the Americas, Africa, Asia and Oceania. It is a perennial herb that grows up to 3 meters high, but lacks the lignification and secondary stem thickening typical of trees. It was first domesticated 10000 to 7000 years ago. Although its main center of diversity is considered to be Malaysia and Indonesia, its center of domestication spans a region ranging from the Indian subcontinent eastwards to Polynesia. Human trade and migration have played a major role in its wide-scale dissemination elsewhere in the world [190,191]. Although most widely grown cultivars have seedless fruits, banana arises from crosses involving two wild species that produce seeds, M. acuminata (genetic constitution AA) and M. balbisiana (BB) [191]. An example of a devastating banana virus disease pandemic of worldwide importance is described below.



Banana Bunchy Top Disease


Banana bunchy top disease (BBTD) causes a devastating pandemic in banana crops. It constitutes the most damaging virus disease affecting this crop on a global scale and seriously threatens food security in developing countries [63,64,192]. BBTD was first recorded in 1889 in Fiji, Oceania. The crop is propagated vegetatively and the disease has been disseminated widely through human activities that unknowingly transported infected planting material between countries, and from one continent to another. Its current distribution includes all tropical and sub-tropical regions of the world: SSA and North Africa, Middle East (Iran), Indian subcontinent, Southeast Asia, East Asia, Oceania (including Australia). It reached SSA in the 1950s, where it subsequently became very widespread and destructive, but is still absent in banana producing regions of the Americas [38,63,64,72,101,192]. BBTD-resistant cultivars are lacking, but some cultivars are tolerant of infection. BBTD epidemics in widely grown vulnerable cultivars always result in major reductions in banana fruit production and areas planted. In regions with widespread infection, their cultivation is often abandoned. Once established, BBTD is very difficult to remove from affected plantations and regions. Drastic measures are required to achieve this, including widespread destruction of infected plantations and completely preventing the distribution of banana planting material within and outside of BBTD-affected districts [63,64,192]. Fruits are rarely produced by BBTD-affected plants, but the few that occasionally develop are small and deformed, 100% yield losses often occurring. The most obvious foliage symptom from which the disease gets its name is the clusters of short, narrow, brittle upright leaves bunched at the top of the plant (Figure 2C). Other foliage symptoms include dark green flecking and streaking of leaves, and severe stunting of suckers [63,64,192].



BBTD is caused by BBTV, which is transmitted persistently by Pentalonia nigronervosa (banana aphid). This aphid vector spreads BBTV locally within and between banana and plantations. Its natural alternative hosts are limited to three other Musaceae species, Musa paradisiaca, M. textilis and Ensete ventriculosum. These three species are potential sources for BBTV to spread locally to plantations [64]. Phylogenetic analysis of BBTV’s DNA-R component sequences revealed two major phylogroups: the Pacific-Indian Oceans group (PIO) consisting of isolates from Africa, Oceania, Myanmar and the Indian subcontinent, and the Southeast Asian group (SEA) consisting of isolates from East and Southeast Asia. BBTV’s likely origin is by spread of an ancestral virus from its alternative hosts within the crop’s original center of domestication where BBTV later split into the geographically based PIO and SEA. Its occurrence elsewhere occurred due to introduction of infected planting material carrying the PIO phylogroup to Africa and the SEA phylogroup to East Asia. BBTV’s absence in the Americas can be explained by introductions having consisted solely of healthy planting material [64]. What triggered the emergence of BBTV as the cause of an extremely destructive pandemic in tropical regions of many developing countries, especially those in SSA? The most likely reasons are wide-scale inadvertent transportation of BBTV-infected planting material of vulnerable bred banana cultivars to new geographic locations, frequent new introductions of its Pentalonia nigronervosa vector and agricultural intensification to increase production.





5.2. Citrus Fruit


Citrus fruits are important for human nutrition. They provide the human body with vitamins, minerals and plant compounds that bestow health benefits, including anti-inflammatory and antioxidant effects. They include orange, mandarin, lemon, grapefruit, lime and pomelo. The center of origin of wild Citrus species is considered to be in the southeast foothills of the Himalayas from which they spread throughout subtropical and tropical regions of the Indian subcontinent, East Asia, Southeast Asia, Melanesia, and Oceania [193]. The different citrus crops were most likely domesticated at least 5000 years ago from wild Citrus species in different parts of this wider region, especially in Southeast Asia, before being introduced gradually to all continents except Antarctica [194]. Citrus crops suffer from a range of virus and virus-like diseases [195]. The example below describes a devastating citrus virus disease pandemic.



Citrus Tristeza Disease


Citrus tristeza disease (CTD) is the most economically important virus disease of citrus plantations globally. It causes a lethal tree decline syndrome, especially in oranges, mandarins, grapefruits and limes propagated on sour orange rootstocks. At the beginning of the 20th century, death of trees growing on sour orange rootstocks was reported in South Africa, followed by Argentina and Brazil in the 1930s, and shortly afterwards in several other South American countries. Its name ‘tristeza’, which means ‘sadness’ in Spanish and Portuguese, was given it due to the massive destruction it engendered in South American plantations. CTD was first recorded in the 1930s in Argentina and shortly afterwards in Brazil and several other South American countries. Virtually all citrus trees growing on sour orange rootstocks were killed and plantations abandoned in worst-affected regions. By 1959 in Brazil’s Sao Paulo state, 75% of all orange trees (i.e., 6 million trees) were killed, and similar problems occurred in South Africa, West Africa and California [4]. After 1980, infected citrus plants from countries where CTD was endemic were inadvertently shipped in vast numbers to CTD-free countries, and a large-scale introduction effort that exchanged citrus germplasm between countries further expanded the pandemic. CTD now occurs in South, Central and North America, SSA and North Africa, Europe, Middle East and Arabia, Indian subcontinent, East Asia, Southeast Asia and Oceania [72]. Worldwide, CTD has killed more than 100 million trees in Argentina (>26 million), Brazil (>6 million), Venezuela (>6 million), the USA (>3 million), Spain (>40 million), South Africa since 1910 and Israel since the 1950s, and in many other countries with warmer climates across the globe (many millions more killed). Collectively, CTD epidemics have caused a devastating global pandemic in orange, mandarin, grapefruit and lime orchards and destroyed entire industries. Different phases of this pandemic have been described in many review articles and research papers [4,101,102,103,104,105,106,107,108,109,110,195,196].



CTD results from killing of the phloem below the graft union causing foliage symptoms consisting of leaf size reduction and veinal yellowing, leaf drop, twig dieback, wilting and tree death. This tree decline followed by death occurs at different rates. There is no fruit yield with ‘quick decline’, and although some small fruit may form with ‘slow decline’, it still decreases fruit yields drastically. In addition, the related stem pitting decline syndrome (CSPS) severely damages plantations of grapefruit, lime and several orange cultivars, and another related condition, seedling yellows syndrome (CYS), also damages sour orange, lemon and grapefruit plants mostly in nurseries. With CSPS, citrus branches and trunks develop pits and grooves, and gum often appears, and the affected trees are stunted producing fewer, smaller fruit. Thus, tree vigor and fruit yield are both diminished. With CYS, yellowing develops on leaves and branches die back [72,102].



The causal agent of CTD, CSPS and CYS in citrus trees is citrus tristeza virus (CTV; genus, Closterovirus, family, Closteroviridae). A range of biological CTV strains exist that elicit symptoms which vary in severity from quick tree decline and death to asymptomatic infection, and in type (tree decline, CSPS, CYS). Symptom severity also differs with citrus cultivar and rootstock type, and is favored by warmer conditions. CTV is transmitted semi-persistently by several aphid species. Its most efficient and globally important vector is Toxoptera citricida (brown citrus aphid). However, although less efficient, A. gossypii is the most important vector in Europe, and two other less efficient vectors are also of importance in other continents, T. aurantii (black citrus aphid) and A. spiraecola (green citrus aphid). Viruliferous aphids spread the virus locally within and between citrus plantations, and, over greater distances when strong winds disperse them. However, more distant CTV spread, including between regions, countries and continents, is almost entirely by distribution of infected planting material (rootstocks, grafted trees and scions) derived from CTV-infected nurseries. Alternative natural CTV hosts are limited to other citrus species and species in related genera, such as Fortunella and Poncirus [4,72,102,103,104,105,106,107,108,109,110,196].



CTV, its T. citricida vector and citrus fruit crops coevolved together within Southeast Asia, and probably also within its wider domestication center in the Indian subcontinent, East Asia, Melanesia, and Oceania. Before 1890, long-distance dispersal of citrus propagules only involved fruits and seeds. Although CTV and T. citricida both spread to nearby countries with common land borders, no long-distance dispersal occurred during that period. After 1890, advancements in maritime shipping transport arrangements enabled trade in citrus plants growing in terrariums to commence. This enabled both CTV and T. citricida to disperse to distant continents. For example, as CTD had appeared in South Africa by 1910, CTV and T. citricida must have arrived before then. They both reached Argentina and Brazil in South America by the 1930s, albeit inadvertently, through citrus plant trade or citrus germplasm introductions. Over a long period before then, in these two countries very extensive orange plantations had existed without suffering from CTD despite the practice of growing trees grafted onto sour orange rootstocks. Moreover, before CTV and T. citricida arrived, a similar situation occurred in many other subtropical or tropical world regions. However, soon after CTV and T. citricida arrived, a massive global CTD pandemic developed [4,72,102,106,107,196].



In addition to the distribution of huge amounts of citrus planting material some of which was CTV infected and T. citricida infested, another factor that contributed to CTD’s appearance far away from the citrus domestication center was the widespread growing of citrus trees derived from CTV-vulnerable cultivar scions grafted onto CTV-susceptible sour orange rootstocks. In recent times, because CTV-tolerant rootstocks prevent phloem death below the graft union, their widespread adoption as a replacement for CTV-sensitive sour orange rootstocks has helped diminish CTD’s impact. However, where healthy citrus stock schemes are lacking, CTV-tolerant rootstocks still fail to prevent CSPS from occurring. Therefore, CSPS remains an important limitation to optimizing citrus plantation productivity. Regions without healthy citrus stock schemes mostly involve countries that are food insecure so such countries need to develop such schemes to overcome this syndrome [4,72,102,106,107].





5.3. Stone Fruit


Like citrus fruits, stone fruits (Prunus spp.) are also important for human nutrition, not only as a source of vitamins and minerals but also generally as part of healthy eating patterns that reduce the risk developing certain chronic diseases that afflict humanity. They include the Prunus species plums, cherries, peaches, nectarines, apricots, cherries and almonds. Cultivated Prunus species were all domesticated in the northern hemisphere, for example plum and cherry species in Europe, Asia and North America, but peaches and nectarines in China [197]. They suffer from a wide range of virus diseases [198]. An example of a devastating stone fruit virus disease pandemic of global importance is described below.



Plum Pox Disease


Plum pox disease (PPD = Sharka disease) is the most destructive virus disease of stone fruit worldwide. Collectively, its epidemics have caused a devastating pandemic in plum, peach, apricot and nectarine orchards, which, over the last 40 years, has been the subject of numerous reviews [4,111,112,113,114,115,116]. PPD was reported first in 1915 in Bulgaria, southeast Europe. It subsequently spread widely in Europe. Until 1992, there were no reports of it from other continents. However, its spread elsewhere occurred soon afterwards. It is now present throughout Europe, and has been found in most countries in the Middle East, the Indian subcontinent and East Asia, and two countries each within North Africa (Egypt, Tunisia), South America (Argentina, Chile) and North America (Canada, USA); its eradication from the USA was reported recently but it is still present just across the northern border in Canada. PPD epidemics cause enormous losses due to premature fruit drop and unmarketable fruit. In diseased orchards and commercial nurseries, very large-sale destruction of trees has occurred in attempts to eradicate or contain the disease. Its symptoms vary from mild to obvious depending on cultivar sensitivity to infection, and diseased fruits often drop (Figure 2D). Plum and apricot fruits are deformed and their flesh develops internal browning visible as ‘pock marks’ on their surfaces hence the name ‘plum pox’ (Figure 2E,F). Apricot fruits sometimes split (Figure 2G). Peach and nectarine fruit develop pigmented surface line patterns or rings. Foliage symptoms are variable in intensity and generally most severe in plums. They consist of leaf vein clearing, chlorotic spots or rings, chlorosis and deformation. Infection of sensitive cultivars causes up to 80–100% losses in stone fruit yields. In addition to decreasing fruit yield and quality, infected trees may produce no saleable fruit and the overall productive lifespan of infected orchards is greatly diminished [72,111,112,113,114,115,116].



The causal agent of PPD is PPV, which is transmitted non-persistently by many aphid species several of which are important vectors, including M. persicae. These aphid vectors contribute to local PPV spread within and between orchards. More distant spread, including between regions, countries and continents, occurs mostly through the inadvertent distribution of infected planting material (rootstocks, grafted trees and scions) derived from PPV-infected nurseries. Strict quarantine regulations and sole use of healthy planting material are critical measures that prevent its long-distance spread. Apart from occurring in cultivated Prunus stone fruit and ornamental trees, natural infection with PPV also occurs in wild Prunus species [4,72,114,115,116]. Phylogenetic studies with PPV genomic sequences reveal that the center of diversity of PPV is central and eastern Europe and the Levant in the Middle East, which coincide with part of the plum and cherry crop domestication center [60,197]. Thus, PPV’s origin likely arose from spread of an ancestral virus infecting its wild Prunus hosts to plum and cherry within this region. By contrast, as peach and nectarine were domesticated in China, PPV’s spread into them required a new encounter situation when they were planted next to PPV-infected plum or cherry orchards following their introduction to Europe or the Levant. What caused PPV to emerge as the cause of such a destructive global pandemic? The most likely causes are wide-scale inadvertent transportation of PPV-infected Prunus planting material and germplasm to new geographic locations around the world, local spread by aphid vectors and the widespread adoption of vulnerable stone fruit cultivars [8,14].






6. Grain Legumes


Including grain legumes in the human diet is important for balanced nutrition and helping combat food insecurity. In addition, the atmospheric nitrogen they fix is important for soil fertility and achieving sustainable agriculture [199]. However, unreliability in obtaining adequate seed yields often experienced due to virus diseases is a critical factor that prevents their adoption on a broader scale. This applies not only to cool season grain legumes but also to grain legumes adapted to hot climates [117,118,200,201]. An example of a devastating major virus disease epidemic that afflicts the grain legume faba bean (Vicia faba) is described below.



Faba Bean Necrotic Yellows Disease


Faba bean necrotic yellows disease (FBNYD) epidemics cause severe yield losses and crop failure in faba bean crops. FBNYD was reported first in Syria in 1986 [120], but now occurs in 17 different countries spanning a region extending eastwards from Spain in Europe to Pakistan in the India subcontinent. Its distribution not only includes these two countries at the opposite extremities of its range along with most countries in North Africa and the Middle East, but also includes Yemen in Arabia and countries extending southwards from Egypt to the horn of Africa [72,117,119,120]. FBNYD is the most economically important virus disease of faba bean in most of these countries [117]. For example, its epidemics were so devastating in Middle Egypt in the early 1990s that Egyptian faba bean production was forced to move northwards to the Nile Delta [117]. Foliage symptoms in faba bean plants start as small cupped young, and rolled older, leaves associated with severe plant stunting, but later the infected leaves develop interveinal chlorosis that becomes necrotic, followed by plant death. Seed yield losses are up to 90% [72,117]. Thus, its sporadic occurrence, widespread distribution over three continents and devastating impact on faba bean production, together warrant its designation as a major virus disease epidemic.



FBNYD is caused by faba bean necrotic yellows virus (FBNYV; genus, Nanovirus, family, Nanoviridae), which is transmitted persistently by three aphid species, A. craccivora, A. fabae (black bean aphid) and Acyrthosiphon pisum (pea aphid). Although faba bean is FBNYV’s main host, its alternative hosts include the grain legume crops common bean (Phaseolus vulgaris), cowpea (Vigna unguiculata), chickpea (Cicer arietinum) and lentil (Lens culinaris), several wild and pasture legumes, and several non-legume species belonging to the genus Amaranthus [72,117]. FBNYV is an indigenous virus of the Middle East and North Africa region [117]. Moreover, the center of domestication of faba bean is the Middle East [202]. Therefore, both virus and crop likely coevolved together in the Middle East rather than FBNYV having resulted from a new encounter scenario that arose after introduction of faba bean outside its domestication center. The question arises as to why FBNYV emerged as a devastating pathogen of faba bean over the last three decades despite remaining unrecognized before then. A change to growing more vulnerable faba bean cultivars, especially in Middle Egypt [117], combined with agricultural intensification to boost production seem likely causes, but there may well be others.





7. Annual Horticultural Crops


This section describes three examples of devastating major virus disease epidemics caused by seed-borne viruses introduced by the international seed trade to new countries in the same continent or within other continents [7,16,19,30,31,203,204].



7.1. Tomato


Tomato (Solanum lycopersicum) is the most important vegetable crop worldwide [66]. Its nutritional value for the human body is because it supplies an important source of vitamins, minerals, antioxidants and other beneficial plant compounds. Shortly after humans first arrived in the central region (Ecuador and Peru) of the Andean region of South America, a semi-domesticated tomato variant derived from the wild tomato species Solanum pimpinellifolium was used as a food. It was then taken north within the Americas reaching Mexico approximately 7000 years ago, where the crop’s domestication continued. In the 16th century domesticated tomato was transferred from Mexico to Europe before being distributed worldwide [205,206]. The tomato crop becomes infected by >136 viruses, some of which cause very damaging diseases [127]. Two examples of recent major seed-borne tomato virus disease epidemics are described below.



7.1.1. Tomato Brown Rugose Fruit Disease


Tomato brown rugose fruit virus (ToBRFV; genus, Tobamovirus, family, Virgaviridae) was first found in 2014 infecting tomato in Jordan so, apparently, it only emerged recently [207]. Since then, it has been found elsewhere in the Middle East (Israel, Turkey), and in European countries (Germany, Greece, Cyprus, Czech Republic, France, Italy, Poland, Spain, the Netherlands, UK), East Asia (China), North America (Mexico, USA), South America (Chile) and North Africa (Egypt, Sudan). In these countries, it is currently causing a serious virus disease epidemic, particularly in tomato crops grown under protected cropping [121,122,123,124]. It differs from the tomato infecting tobamoviruses tomato mosaic virus (ToMV) and tobacco mosaic virus (TMV) in being able to infect tomato plants carrying virus resistance gene Tm-22, so all TMV- and ToMV-resistant tomato cultivars become ToBRFV infected [208]. A mutation or a recombination event likely occurred that broke tomato resistance gene Tm-22, a gene that had apparently remained effective against tobamovises during the previous 55 years [209]. The main foliage symptoms of ToBRFV in tomato are leaf chlorosis, mosaic and mottling, and necrotic spotting on petioles and calyces. In tomato fruits, they are deformation, uneven ripening, yellow or brown spotting/botching and rugosity (Figure 3A). These symptoms render diseased tomato fruit unmarketable. ToBRFV was estimated to cause an overall 30%–70% loss in marketable yields of tomato fruit in Florida, accounting for an annual economic impact USD$262 million a year [124]. However, although underway, studies quantifying gross tomato fruit yield losses are yet to be completed. In addition, ToBRFV also infects pepper (Capsicum annuum) plants in which its foliage symptoms include leaf vein clearing, mosaic and discoloration, stem browning, and fruit mosaic and distortion [210]. However, it induces a hypersensitive resistance response in pepper cultivars carrying tobamovirus resistance genes L1, L2 and L3 [208] so this crop seems less threatened than tomato.



ToBRFV has rod-shaped stable virions that reach high concentrations in infected plants and remain infectious for long periods on contaminated surfaces. These properties enable its efficient contact transmission when a healthy tomato plant comes into contact with an infected plant, contaminated soil, contaminated nutrient solutions or a contaminated surface, such as equipment, tools, hands and clothing used during pruning or trellising within protected cropping situations. It is also transmitted by grafting, cuttings [122,123,124] and bumblebee pollinators [211]. As with TMV and ToMV, it is seed-borne at low levels when tomato seeds become surface contaminated with its virions. Seed transmission results from contact between virion-contaminated seeds coats and young seedlings [123]. Trade in contaminated tomato seeds, combined with trade in infected seedlings and fruits, inadvertently results in its distribution within countries, to neighboring countries and, especially with contaminated seeds, over much greater distances internationally [124]. Potential alternative ToBRFV hosts identified by sap inoculation include eggplant (Solanum melongena), petunia (Petunia hybrida) and the weed S. nigrum [208]. Its epidemiology is incompletely understood but is being investigated currently [123].



What is responsible for ToBRFV’s apparent emergence in 2014 in the Middle East, followed by its rapid geographical dispersal to Europe, Africa, East Asia and the Americas over the last six years? One possibility is that it emerged recently from spread by contact transmission from an unknown infected alternative solanaceous crop or weed host to the introduced crop tomato, and was detected infecting tomato soon afterwards. Tomato seed crops then became ToBRFV-infected and the international seed trade distributed contaminated seed around the world, albeit inadvertently, introducing the virus to other counties and continents. Another possibility is that it was being confused with TMV or ToMV, and had already been present infecting tomatoes in all of these different parts of the world but had gone unnoticed [122]. However, tomato virus diseases have been studied intensively for many years, especially in Europe and North America [127]. Therefore, for this second scenario to be correct, its earlier worldwide presence in tomato cultivars would have to have remained undetected for a very long time.




7.1.2. Pepino Mosaic Disease


Pepino mosaic virus (PepMV; genus Potexvirus, family, Alphaflexiviridae) was isolated first in 1974 from a plant of the indigenous Andean fruit crop pepino (Solanum muricatum) showing yellow leaf mosaic symptoms growing in coastal Peru. When inoculated with PepMV-infective sap, a range of other solanaceous crop species became infected, including tomato [125]. No further reports of PepMV occurred until 25 years after its initial isolation when it reappeared infecting tomato plants growing under protected cropping conditions in the Netherlands [212]. Thereafter, it soon spread to tomato crops in most European countries, North America (Canada, Mexico, USA), the Middle East (Israel, Syria, Turkey), Africa (Morocco, South Africa), and East Asia (China), and was also detected in two of Peru’s neighboring countries (Ecuador, Chile) (Figure 4) [72]. In addition to tomato foliage symptoms of leaf mosaic, chlorotic spotting, narrowing, distortion and reduced size, it caused fruit symptoms that reduced marketable yields, including surface marbling, bleaching and discoloration, splitting and uneven ripening (Figure 3B). However, although marketable yield losses can be up to 38% (depending upon PepMV strain, environmental conditions and the extent poor quality fruit can be sold), its effects on gross fruit yields are relatively minor, only reaching 5–10%. Nevertheless, since tomato constitutes >70% of the value of fresh vegetables produced worldwide and PepMV is not only highly contagious but also reaches very high infection incidences in tomato crops, by 2010 the marketable yield losses it caused in protected cropping had established it as one of the most threatening virus diseases of vegetables [127,128].



PepMV has stable rod-shaped virions and is transmitted readily by contact [125]. These properties enable it to be efficiently contact transmitted when a healthy tomato plant comes into contact with an infected plant, or a contaminated surface, such as tools, hands and clothing. This is particularly the case within protected cropping situations. Further, bumblebees spread the virus when used for pollination in tomato production, and it is readily seed-borne via tomato seed surface contamination. This seed contamination made possible its worldwide dissemination though distribution and sowing of contaminated commercial tomato seed stocks [7,126,127,128]. In addition to infecting pepper, PepMV has other natural alternative hosts including four wild tomato species in Peru, and 18 weed species belonging seven different plant families in Spain [213,214]. PepMV probably emerged initially in Peru or Ecuador by ancestral virus contact transmission from wild tomato species to land races of tomato, pepper and pepino undergoing domestication there. Although first found in Peru in 1974, PepMV is still considered an emerging rather than re-emerging virus outside South America. This is due to its sudden appearance infecting tomato in 1999 in Europe followed by its rapid international spread. Its arrival in other counties and continents was attributed to international seed companies using the central Andean region to multiply tomato seed crops. They began doing this because it enabled seed production to continue all year round, thus helping to satisfy the escalating global demand for tomato seed. The enhanced speed of international trade arising from transport by airplane assisted this process [7,127,128]. Tomato seed crops growing in the Andean region would most likely have acquired PepMV due to its spread by contact transmission from infected solanaceous crop or wild tomato hosts growing nearby, resulting in contamination of the seed harvested. Thus, given the global significance of the tomato crop, PepMV provides an example of the global food supply being threatened by major epidemic initiated by seed crop multiplication in South America. In addition, global trade in tomato fruits and seedlings, and possibly pepino cuttings, might also have contributed to PepMV’s worldwide distribution [126,127].



PepMV is managed in tomato crops by planting healthy tomato seeds and seedlings and applying strict hygiene precautions to prevent its spread [127]. Alternatively, since no PepMV-resistant tomato cultivars are available commercially, cross protection involving inoculating young tomato plants with a mild strain to protect against marketable yield losses caused by its severe strains has been used widely in protected cropping [124,129]. The successful adoption of these control measures, combined with the current prevalence of its mild strains due to their use for cross protection purposes, has diminished PepMV’s importance over the last decade. However, the recent Israeli finding that, when preceded by ToBRFV infection, PepMV mild strain infections result in symptoms typical of its severe strains (Figure 3C), has raised renewed concerns over (i) the likelihood of its becoming more important again [124], and (ii) the wisdom of relying so much upon mild strain cross protection. After 2011, PepMV’s spread to further countries declined. This seems due to the improved health of seed multiplication crops resulting in distribution of largely uncontaminated commercial tomato seed internationally (Figure 4) [72].





7.2. Cucurbits


Among the world’s principal cucurbit crops, squash, zucchini (Cucurbita pepo) and pumpkin (Cucurbita moschata and Cucurbita maxima) were domesticated from their wild ancestors in the Americas in the pre-Columbian era, cucumber (Cucumis sativus) in India, and both watermelon (Citrullus lanatus) and gherkin (Cucumis anguria) in Africa; melons (Cucumis melo) were domesticated twice, once each in Africa and India/Southeast Asia [215,216]. Watermelon is the second most important fruit crop grown globally (https://www.quora.com/Which-fruit-is-the-most-popular-and-most-consumed-in-the-world). Cucumber and gherkin are the third most important vegetables, and the tenth most important are pumpkin, squash, zucchini and gourds (Cucurbita and Lagenaria spp. (https://www.statista.com/statistics/264065/global-production-of-vegetables-by-type). Although not ranked among the top ten fruits, melon is also a very important dietary component in many countries. An example of a recent major seed-borne virus disease epidemic of cucurbits is described below.



Cucumber Green Mottle Mosaic Disease


Cucumber green mottle mosaic virus (CGMMV; genus Tobamovirus, family, Virgaviridae) was amongst the earliest plant viruses described. This was in 1935 when it was found to cause a cucumber disease in glasshouse crops in England [217]. The disease symptoms were green mottling or mosaic of cucumber leaves and fruit surfaces [Figure 3D,E]. Subsequently, CGMMV was shown to cause disease in other vegetable cucurbits, fruit cucurbits and several cucurbit gourd species [39,130]. Between 1935 and 1985, CGMMV’s worldwide distribution expanded slowly; between 1986 and 2006, this expansion occurred more rapidly; and between 2007 and the present, it occurred very rapidly. It has now reached all continents apart from Antarctica [31,39]. Cucurbits are among the world’s most important vegetable and fruit crops (see above). CGMMV occurs in both protected cropping and open-field situations, its distribution is now global and the damage it causes is extensive. This means it is now the cause of one of the most serious cucurbit virus diseases threatening cucurbit fruit and vegetable production, food retail, and commercial breeding and seed companies [39]. Its characteristic foliage symptoms include mottle/mosaic (Figure 3D) that sometimes fades as the plant matures (especially in zucchini, squash and melon), or infection is mostly asymptomatic (pumpkin). As infected plants mature, watermelon foliage may become bleached, and in both cucumber and watermelon, infected plants may wilt, collapse and die prematurely. Fruit symptoms include skin mottle (cucumber) (Figure 3E), overall malformation, skin mottle and surface netting (melon) (Figure 3F), or internal flesh discoloration and necrosis (zucchini, squash). Watermelon fruits are the most severely affected, often being rendered unmarketable; their symptoms include overall malformation and internal sponginess, rotting and yellowing of the flesh, and necrotic streaking may develop in stems and peduncles (Figure 3G). Infected pumpkin fruits tend to be asymptomatic. Poor fruit quality due to CGMMV infection greatly diminishes marketable yields or renders fruit unmarketable [39,130,131,132,218]. Moreover, CGMMV also decreases gross cucurbit fruit yields [39,219], and the resulting yield losses in watermelon fruit can be >50% [132].



CGMMV has stable rod-shaped virions that remain infectious for long periods on contaminated surfaces and reach high concentrations in infected plants. Both of these factors favor its efficient transmission by contact when a healthy cucurbit plant comes into contact with an infected plant surface or with a contaminated soil [130]. Within protected cropping situations, it is efficiently transmitted by plant-to-plant contact, and by healthy plant contact with contaminated plant debris, soil, nutrient solutions or other contaminated surfaces, such as equipment, tools, hands and clothing used during pruning or trellising [39,133,134,220]. In the open field, it spreads to healthy plants by transplanting seedlings into contaminated soil, and contact with contaminated irrigation water, tractor tires, machinery, or other equipment moving through cucurbit crops [130,133,134,221]. CGMMV is also spread by bumblebee pollinators [135]. Moreover, due to contamination of the seed surface which allows seeds to remain infectious for very long periods, it is readily seed-borne in cucurbits. Planting contaminated seed stocks, or seedlings that became infected in seedling nurseries, both result in primary infection foci for further contact spread within cucurbit crops [39]. Fifteen alternative hosts of CGMMV belonging to nine different plant families have been reported from different continents [39]. The most thorough study was in Israel, where the wild alternative hosts found were: Amaranthus graecizans, A. muricatus, A. blitoides and A. retroflexus (Amarthaceae), Ecballium elaterium (Cucurbitaceae), Chrozophora tinctoria (Euphorbiaceae), Moluccella laevis (Lamiaceae) and Withania somnifera (Solanacaeae) [136]. Their roles in acting as virus reservoirs for CGMMV spread to cucurbit crops are yet to be studied [39].



Phylogenetic studies indicate an Asian origin for CGMMV, rather than a European origin, despite its initial detection under protected cropping in England [39]. The only cucurbit crops domesticated in Asia were cucumber and melon (see above) both being domesticated in the Indian subcontinent and melon also in Southeast Asia [215,216]. CGMMV likely first emerged as a disease of cultivated cucurbits in the Indian subcontinent by spillover of an ancestral virus from an unknown alternative host plant such as a wild cucurbit species, but phylogenetic studies with genomic sequences from the subcontinent are required to confirm this. In the last two decades, the rapid global increase in dispersal of CGMMV likely resulted from the practice of growing cucurbit seed crops in the Indian subcontinent and/or Southeast Asia without adequate control measures to limit virus spread, leading to seed crop infection, seed contamination and the unintended global dispersal of seed-borne infection by the international seed trade. Furthermore, this practice has likely also dispersed potentially more damaging CGMMV strains [39]. Evidence of the extent of CGMMV contamination in exported commercial cucurbit seed was provided when it was detected in cucurbit seed samples exported to Australia. CGMMV was detected in 4% (22/631) of samples [31]. It was found in seed samples of cucumber (8%; 8/102 samples), melon (3%; 13/393) and watermelon (2%; 1/57), and the CGMMV-contaminated seed lots came from seed crops previously grown in Europe, Asia, and North, Central and South America. This highlighted the need for seed testing as an important component of international border biosecurity [31]. Therefore, because of its recent increased importance and spread worldwide, CGMMV provides an example of a damaging major epidemic of a re-emerging virus disease that threatens food security. This threat has arisen from the practice of satisfying the international seed trade’s global all-year-round demand for supplies of cucurbit seed by multiplying seed crops in developing countries with warm climates where CGMMV already occurs.



Another seed-borne cucurbit virus, zucchini yellow mosaic virus (ZYMV; genus, Potyvirus, family, Potyviridae) is also the causal agent of a global virus disease epidemic that severely damages cucurbit crops in world regions with tropical, subtropical and Mediterranean climates. In cool temperate conditions, e.g., in Northern Europe, it is limited to protected cropping situations. [72,222,223,224,225]. Figure 5 illustrates the different phases of the increasingly rapid global dispersal of CGMMV since it was first found in England in 1935 (Figure 5A), and compares it with the even more rapid international dispersal of ZYMV since it was first found in Italy in 1973 (Figure 5B).






8. Management


To prevent the spread of destructive virus disease pandemics or major epidemics to other continents, or other regions within the same continent, strict biosecurity and plant health regulations need to be enacted promptly and adopted rigorously. Such regulations need to prevent the viral pathogen, or virus complex, causing the disease from arriving in other continents or regions. This requires application of quarantine restrictions that prevent virus entry not only by the exporting country (pre-border), but also at land borders, seaports and airports (border) [19]. Success in preventing virus entry will be easier to achieve when the exporting country is geographically remote or separated by seas, mountain ranges or deserts than when national land borders have farmland on both sides. When attempts to prevent virus entry fail, quarantine regulations designed to eradicate or contain the incursion need to be applied promptly (post border) so that no further spread occurs [19]. However, in practice, when pre-border and border restrictions fail, successful eradication or containment is easier to achieve when the virus (or virus complex) spreads slowly (e.g., viruses with soil-borne vectors), its vector is absent, or it is adapted to thrive under different climatic conditions, especially temperature and rainfall variables [27,28]. Otherwise, the likelihood of successfully preventing or containing post entry spread may be limited. Therefore, rigorous application of pre-border and border restrictions that minimize the possibility that any incursions succeed in the first place is critical when it comes to preventing damaging plant virus diseases from being dispersed further afield. This is especially important when seed-borne viruses spread over long distances via international trade in unknowingly contaminated commercial seed stocks [30,31,39,203,204]. To avoid such inadvertent introductions, early detection of seed-borne virus contamination before seed is exported is critically important. Moreover, to avoid such dispersal, not only do seed crops need to be monitored for virus symptoms before harvest, and leaves from them sampled for virus testing, but also representative seed samples need to be virus tested after harvest. Furthermore, in case such testing is insufficiently rigorous, as a precaution, importing countries still need to test a representative subsample from every imported seed lot prior to its release [30,31,39,203,204].



When virus pandemics or epidemics are already taking place, integrated virus disease management programs need to be devised to ensure they are controlled efficiently. Devising these requires knowledge of the epidemiology of the causal virus(es) and their disease cycles [9,13,49,50]. Integrated disease management optimizes the effectiveness of virus disease control by combining suitable phytosanitary, cultural, chemical and host resistance control measures that work differently from each other and target distinct parts of the disease cycle. In protected cropping situations, biological control measures are included too, but these tend to be ineffective when deployed in the open field [9,13,49,50]. Every integrated virus disease management approach devised needs to be modified to take into consideration: (i) the characteristics and extent of the crop production system, which may range in from very large scale to smallholding or protected cropping in scale; (ii) the local climatic conditions; and (iii) any local societal or natural ecosystem restrictions that apply [9,13,49,50]. Thresh [12,13] focused on integrated disease management strategies suited to tropical conditions especially in developing countries, including ones tailored to virus diseases of perennial crops, and ones suitable for smallholder plantings. In the past, within developing countries with tropical climates, there was a tendency to rely solely or mainly on chemical control and breeding crops for virus resistance, whilst neglecting phytosanitary and cultural control tactics. Fortunately, this is now changing, with more comprehensive approaches being devised that include phytosanitary and cultural control measures, e.g., recommendations that include these types of control measures for managing diseases caused by geminiviruses [226].



To optimize the effectiveness of the control being achieved, whenever possible, new technologies should also be exploited. These include deploying remote sensing in association with precision agriculture to forecast: (i) epidemics on local, regional or continental scales via satellites; (ii) epidemics in individual crops via lightweight unmanned aerial vehicles; and (iii) precisely where to target control measures [227]. The latest innovations in information systems and predictive modelling should also be harnessed to predict the spread of virus pandemics and epidemics, and deliver advice over control options, such as Internet-based Decision Support Systems [227,228,229,230]. In addition, it is important to understand the full range of diversity of each virus (or viruses within virus complexes) that causes a plant virus disease pandemic or major epidemic. This is necessary so that the individual control measures included within the integrated disease management approach to be recommended can be adjusted to take virus diversity into account. Obtaining information about virus diversity requires studying a representative spectrum of virus isolates using a combination of traditional biological approaches, such as inoculation to differential plant hosts that distinguish diverse phenotypes [8], and genomic studies employing modern sequencing technologies, such as High-Throughput Sequencing (HTS), which reveal genomic variation [231,232,233]. A drawback to modern genomic studies is that the sequenced isolates often lack any biological data. Therefore, wherever possible, genomic studies should also include sequencing relevant isolates available within historical virus isolate collections so that linked biological data from the pre-sequencing era (disease symptoms, natural host range, virus transmission, epidemiology, etc.) can assist with the integrated disease management adjustment process [234].



In order to manage damaging global virus disease pandemics and major epidemics effectively, collaborative multidisciplinary research networks need to be organized. These require linkages between developed and developing country researchers, including plant virologists, entomologists, agronomists and plant breeders, along with modelers, statisticians, and socioeconomics experts [9,13,25]. An example of this is the international collaborative network providing solutions to two cassava virus disease pandemics in SSA [235].




9. Conclusions


When staple food crops suffer large-scale losses from destructive virus disease pandemics or epidemics, this has major implications for people whose livelihoods depend directly or indirectly upon these crops. It can lead to dire circumstances of hunger and famine, especially in the world’s poorer countries. Similarly, damaging virus disease pandemics or epidemics afflicting non-staple food crops necessary for balanced nutrition have serious implications for human health. This review provides striking examples of the crop spoilage, losses in overall yield and produce quality, and hardship in the human population that arise. The virus disease examples described afflict six of the world’s most important staple food crops (maize, rice, wheat, potato, sweet potato, and banana), and five non-staple food crops that are critical for balanced human nutrition (citrus fruit, stone fruit, grain legumes, tomato, and cucurbits). Three of the six pandemic examples (MLND, RTD, and SPVD) are caused by distinct virus complexes and occur in open-field (arable) crops. The other three (BBTD, CTD, and PPD) are each caused by a single virus and affect plantation or orchard crops. By contrast, none of the seven major epidemic examples involve plantation or orchard crops. Four of these involve open-field crops (WYDD, WSMD, PTNRD, and FBNYD), and three occur both under protected cropping situations and in the open field (PepMD, TBRFD, and CGMMD). Most of the causal virus(es) of these 13 examples likely coevolved with the principal crop(s) they infect within their respective crop domestication center(s). However, proof of this requires phylogenetic analysis of sufficient virus isolate sequences from relevant crop domestication center(s). This is currently lacking in most instances—the four exceptions being for the causal viruses of PTNRD, RTD, BBTD, PPD.



Most viruses responsible for the disease pandemics and epidemics described here became distributed between continents, albeit inadvertently, by long-distance dispersal of virus-contaminated seed or planting material. This occurred via either international trade in plants and plant products or germplasm introductions for plant breeding purposes. Such dispersal mostly involved virus-contaminated propagules of the affected crop rather than propagules of a related crop. In some instances, critically important vectors were distributed along with the virus-contaminated planting material, e.g., with BBTD and CTD. The causal viruses known to have spread by contaminated seed were MCMV, WSMV, PepMV, TBRFV and CGMMV, whereas those known to have spread by contaminated planting material were BBTV, CTV, PPV, PVY-R2, SPCSV and SPFMV. RTBV, RTSV, SCMV and SPMMV also likely spread via infected planting material, but MDMV via contaminated seed. The most important additional factors favoring virus disease pandemic or major epidemic development were:




	(i)

	
Introduction of vulnerable higher-yielding crop cultivars with MLND, WYDD, RTD, SPVD, BBTD, CTD, PPD and FBNYD;




	(ii)

	
Agricultural intensification to increase crop yields with MLND, WSMD, RTD, SPVD, BBTD, CTD, FBNYD, PepMD, TBRFD and CGMMD;




	(iii)

	
Virus recombination events resulting in more virulent virus variants with WYDD, RTD, PTNRD and TBRFD; and




	(iv)

	
Increased, or more efficient, vector populations with MLND, WSMD, BBTD and CTD.









As the world population continues to grow, the need to achieve overall global food security is becoming increasingly urgent. The escalating climate change-induced problems associated with controlling disastrous plant virus diseases threatening food crops constitute a crucially important issue for humankind to resolve. Therefore, achieving effective management of virus disease pandemics and major epidemics that harm not only staple food crops, but also crops essential for balanced human nutrition, is an extremely important goal. Achieving this goal requires international collaboration on a worldwide scale between researchers and other experts in relevant disciplines, extension personnel, plant biosecurity organizations, funding bodies, and policy makers. The objective is to develop a complete understanding of how each pathosystem behaves in different world regions, its disease cycle, its epidemic drivers and its overall epidemiology. This knowledge is essential for the development of biosecurity responses that prevent virus entry to a new region, or, where they fail to do so, eradicate or contain virus disease incursions after their arrival. It is also essential for optimizing the effectiveness of individual control measures. Finally, it is needed to devise integrated virus disease management and extension approaches directly suited to minimizing the deleterious impact of virus disease pandemics and epidemics upon food security and human health in a socially and environmentally responsible way.







Author Contributions


R.A.C.J. initiated and wrote this review. All authors have read and agreed to the published version of the manuscript.




Funding


This review was written using resources provided by The UWA Institute of Agriculture, University of Western Australia.




Institutional Review Board Statement


Not applicable for studies not involving humans or animals.




Informed Consent Statement


Not applicable for studies not involving humans.




Data Availability Statement


Not applicable for reviews based entirely upon previously published information.




Acknowledgments


I thank Segundo Fuentes, Crop and System Sciences Division, International Potato Center, Lima, Peru for supplying Figure 2B (image of SPVD); Lava Kumar, Germplasm Health Unit, Institute of Tropical Agriculture, Ibadan, Nigeria for supplying Figure 2C (image of BBTD); Marlene Botermans, National Reference Centre of Plant Health, Dutch National Plant Protection Organization Service, Wageningen, The Netherlands for supplying Figure 3B (image of PepMD); Aviv Dombrovsky, Agricultural Research Organization, The Volcani Center, Israel for supplying Figure 3A (image of TBRFD) and Figure 3C (image of mixed infection with TBRFV and PepMV), and for permission to reuse Figure 3E–G (images of CGMMD) and Figure 5A (GCMMV global distribution map); and Naidu Rayapati, Irrigated Agriculture Research and Extension Center, Washington State University, Prosser, USA for permission to reuse Figure 4 and Figure 5B (PepMV and ZYMV global distribution maps). I also thank Annual Reviews for permission to reuse Figure 1B (MLND in maize) and Supplemental Figure 1 and Figure 2 (PepMV and ZYMV global distribution maps) from Jones and Naidu (2019), Annu. Rev. Virol. 6, 387–409, along with Figure 1 (GCMMV global distribution map), and Figure 3E–G (CGMMD symptoms in cucurbit fruits) from Dombrovsky et al. (2017), Annu. Rev. Phytopathol. 55, 231–256.




Conflicts of Interest


The author declares he has no conflict of interest.




References


	



Klinkowski, M. Catastrophic plant diseases. Annu. Rev. Phytopathol. 1970, 8, 37–60. [Google Scholar] [CrossRef] [Scilit]

	



Thurston, U.D. Threatening plant diseases. Annu. Rev. Phytopathol. 1973, 11, 27–52. [Google Scholar] [CrossRef] [Scilit]

	



Bos, L. Crop losses caused by viruses. Crop Prot. 1982, 1, 263–282. [Google Scholar] [CrossRef] [Scilit]

	



Thresh, J.M. The origins and epidemiology of some important plant virus diseases. Appl. Biol. 1980, 5, 1–65. [Google Scholar]

	



Anderson, P.K.; Cunningham, A.A.; Patel, N.G.; Morales, F.J.; Epstein, P.R.; Daszak, P. Emerging infectious diseases of plants: Pathogen pollution, climate change and agrotechnology drivers. Trends Ecol. Evol. 2004, 19, 535–544. [Google Scholar] [CrossRef] [Scilit]

	



Thresh, J.M. Crop viruses and virus diseases: A global perspective. In Virus Diseases and Crop Biosecurity; Cooper, J.I., Kuehne, T., Polischuk, V.P., Eds.; Springer: Dordrecht, The Netherlands, 2006; pp. 9–32. [Google Scholar]

	



Jones, R.A.C. Plant virus emergence and evolution: Origins, new encounter scenarios, factors driving emergence, effects of changing world conditions, and prospects for control. Virus Res. 2009, 141, 113–130.5. [Google Scholar] [CrossRef] [Scilit]

	



Hull, R. Mathews’ Plant Virology, 5th ed.; Academic Press: London, UK, 2014. [Google Scholar]

	



Jones, R.A.C.; Naidu, R.A. Global dimensions of plant virus diseases: Current status and future perspectives. Annu. Rev. Virol. 2019, 6, 387–409. [Google Scholar] [CrossRef] [Scilit]

	



Brunt, A.; Crabtree, K.; Gibbs, A.J. Viruses of Tropical Plants: Descriptions and Lists from the VIDE Database; CAB International: Wallingford, UK, 1990. [Google Scholar]

	



Bos, L. New plant virus problems in developing countries: A corollary of agricultural modernization. Adv. Virus Res. 1992, 41, 349–407. [Google Scholar]

	



Thresh, J.M. Control of plant virus diseases in sub-Saharan Africa: The possibility and feasibility of an integrated approach. Afr. Crop Sci. J. 2003, 11, 199–223. [Google Scholar] [CrossRef] [Scilit]

	



Thresh, J.M. Control of tropical plant virus diseases. Adv. Virus Res. 2006, 67, 245–295. [Google Scholar]

	



Thresh, J.M. Plant virus epidemiology: The concept of host genetic vulnerability. Adv. Virus Res. 2006, 67, 89–125. [Google Scholar] [PubMed]

	



Loebenstein, G.; Thottappilly, G. Virus and Virus-like Diseases of Major Crops in Developing Countries; Springer: Dordrecht, The Netherlands, 2013. [Google Scholar]

	



Jones, R.A.C. Plant virus ecology and epidemiology: Historical perspectives, recent progress and future prospects. Ann. Appl. Biol. 2014, 164, 320–347. [Google Scholar] [CrossRef] [Scilit]

	



Sastry, S.K.; Zitter, T.A. Management of virus and viroid diseases of crops in the tropics. In Plant Virus and Viroid Diseases in the Tropics, Epidemiology and Management; Sastry, S.K., Zitter, T.A., Eds.; Springer: Dordrecht, The Netherlands, 2014; Volume 2, pp. 149–480. [Google Scholar]

	



Thresh, J.M. Cropping practices and virus spread. Annu. Rev. Phytopathol. 1982, 20, 193–218. [Google Scholar] [CrossRef] [Scilit]

	



Rodoni, B. The role of plant biosecurity in preventing and controlling emerging plant virus disease epidemics. Virus Res. 2009, 141, 150–157. [Google Scholar] [CrossRef] [Scilit]

	



IMF. Globalization: Threat or Opportunity? International Monetary Fund: Washington, DC, USA, 2000. [Google Scholar]

	



James, P.; Steger, M.B. A genealogy of ‘globalization’: The career of a concept. Globalizations 2014, 11, 417–434. [Google Scholar] [CrossRef] [Scilit]

	



Thresh, J.M. An ecological approach to the epidemiology of plant virus diseases. In Comparative Epidemiology: A Tool for Better Disease Management; Palti, J., Kranz, J., Eds.; Centre for Agricultural Publishing and Documentation: Wageningen, The Netherlands, 1980; pp. 57–70. [Google Scholar]

	



Thresh, J.M. Pests, Pathogens and Vegetation; Pitman: London, UK, 1981. [Google Scholar]

	



Jones, R.A.C. Plant and insect viruses in managed and natural environments: Novel and neglected transmission pathways. Adv. Virus Res. 2018, 101, 149–187. [Google Scholar]

	



Jones, R.A.C. Disease pandemics and major epidemics arising from new encounters between indigenous viruses and introduced crops. Viruses 2020, 12, 1388. [Google Scholar] [CrossRef] [Scilit]

	



Canto, T.; Aranda, M.A.; Fereres, A. Climate change effects on physiology and population processes of hosts and vectors that influence the spread of hemipteran-borne plant viruses. Global Change Biol. 2009, 15, 1884–1894. [Google Scholar] [CrossRef] [Scilit]

	



Jones, R.A.C.; Barbetti, M.J. Influence of climate change on plant disease infections and epidemics caused by viruses and bacteria. Plant Sci. Rev. 2012, 22, 1–31. [Google Scholar] [CrossRef] [Scilit]

	



Jones, R.A.C. Future scenarios for plant virus pathogens as climate change progresses. Adv. Virus. Res. 2016, 95, 87–147. [Google Scholar]

	



Trebicki, P. Climate change and plant virus epidemiology. Virus Res. 2020, 286, 198059. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Dombrovsky, A.; Smith, E. Seed transmission of Tobamoviruses: Aspects of global disease distribution. In Advances in Seed Biology; Jimenez-Lopez, J.C., Ed.; IntechOpen: London, UK, 2017; pp. 233–260. [Google Scholar]

	



Constable, F.; Daly, A.; Terras, M.A.; Penrose, L.; Dall, D. Detection in Australia of cucumber green mottle mosaic virus in seed lots of cucurbit crops. Aust. Plant Dis. Notes 2018, 13, 18. [Google Scholar] [CrossRef] [Scilit]

	



Irwin, M.E.; Fereres, A. John Michael Thresh, founding father of plant virus epidemiology: A tribute. Virus Res. 2017, 241, 3–9. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Thresh, J.M. Insect-borne viruses of rice and the Green Revolution. Int. J. Pest Manag. 1989, 35, 264–272. [Google Scholar] [CrossRef] [Scilit]

	



Thresh, J.M. Plant virus epidemiology: The battle of the genes. In Recognition and Response in Plant-Virus Interactions; [NATO ASI Series H: Cell Biology]; Springer: Berlin/Heidelberg, Germany, 1990; Volume 41, pp. 93–121. [Google Scholar]

	



Thresh, J.M. The impact of plant virus diseases in developing countries. In Virus and Virus-like Diseases of Major Crops in Developing Countries; Loebenstein, G., Thottappilly, G., Eds.; Springer: Dordrecht, The Netherlands, 2004; pp. 1–30. [Google Scholar]

	



Jeger, M.J.; Thresh, J.M. Modelling reinfection of replanted cocoa by swollen shoot virus in pandemically diseased areas. J. Appl. Ecol. 1993, 30, 187–196. [Google Scholar] [CrossRef] [Scilit]

	



Otim-Nape, G.W.; Thresh, J.M. The current pandemic of cassava mosaic virus disease in Uganda. In The Epidemiology of Plant Diseases; Jones, G., Ed.; Kluwer: Dordrecht, The Netherlands, 1998; pp. 423–443. [Google Scholar]

	



Rybicki, E.P.; Pietersen, G. Plant virus disease problems in the developing world. Adv. Virus Res. 1999, 53, 127–175. [Google Scholar]

	



Dombrovsky, A.; Tran-Nguyen, L.T.T.; Jones, R.A.C. Cucumber green mottle mosaic virus: Rapidly increasing global distribution, etiology, epidemiology, and management. Annu. Rev. Phytopathol. 2017, 55, 231–256. [Google Scholar] [CrossRef] [Scilit]

	



Karasev, A.V.; Gray, S.M. Continuous and emerging challenges of Potato virus Y in potato. Annu. Rev. Phytopathol. 2013, 51, 571–586. [Google Scholar] [CrossRef] [Scilit]

	



Rey, C.; Vanderschuren, H. Cassava mosaic and brown streak diseases: Current perspectives and beyond. Annu. Rev. Virol. 2017, 4, 429–452. [Google Scholar] [CrossRef] [Scilit]

	



Redinbaugh, M.G.; Stewart, L.R. Maize lethal necrosis: An emerging, synergistic viral disease. Annu. Rev. Virol. 2018, 5, 301–322. [Google Scholar] [CrossRef] [Scilit]

	



Tomlinson, K.R.; Bailey, A.M.; Alicai, T.; Seal, S.; Foster, G.D. Cassava brown streak disease: Historical timeline, current knowledge and future prospects. Mol. Plant Pathol. 2018, 19, 1282–1294. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Moriones, E.; Praveen, S.; Chakraborty, S. Tomato leaf curl New Delhi virus: An emerging virus complex threatening vegetable and fibre crops. Viruses 2017, 9, 264. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Legg, J.P.; Jeremiah, S.C.; Obiero, H.M.; Maruthi, M.N.; Ndyetabula, I.; Okao-Okuja, G.; Bouwmeester, H.; Bigirimana, S.; Tata-Hangy, W.; Gashaka, G.; et al. Comparing the regional epidemiology of the cassava mosaic and cassava brown streak virus pandemics in Africa. Virus Res. 2011, 159, 161–170. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Waggoner, P.E.; Aylor, D.E. Epidemiology: A science of patterns. Annu. Rev. Phytopathol. 2000, 38, 71–94. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Robert, Y. Epidemiology of Plant Virus Diseases; John Wiley & Sons Ltd.: Bognor Regis, UK, 2001. [Google Scholar]

	



Wilson, C.R. Applied Plant Virology; CABI Press: Wallingford, UK, 2014. [Google Scholar]

	



Jones, R.A.C. Using epidemiological information to develop effective integrated virus disease management strategies. Virus Res. 2004, 100, 5–30. [Google Scholar] [CrossRef] [Scilit]

	



Jones, R.A.C. Control of plant virus diseases. Adv. Virus Res. 2006, 67, 205–244. [Google Scholar]

	



Cooper, J.I.; Jones, A.T. Responses of plants to viruses: Proposals for the use of terms. Phytopathology 1983, 73, 127–128. [Google Scholar] [CrossRef] [Scilit]

	



Harlan, J.R. Agricultural origins: Centres and non-centres. Science 1971, 174, 468–474. [Google Scholar] [CrossRef] [Scilit]

	



Harlan, J.R. Ecological settings for the emergence of agriculture. In Pests, Pathogens and Vegetation; Thresh, J.M., Ed.; Pitman Press: London, UK, 1981; pp. 3–22. [Google Scholar]

	



Fargette, D.; Konate, G.; Fauquet, C.; Muller, E.; Peterscmitt, M.; Thresh, J.M. Molecular ecology and emergence of tropical plant viruses. Annu. Rev. Phytopathol. 2006, 44, 235–260. [Google Scholar] [CrossRef] [Scilit]

	



García-Arenal, F.; Zerbini, F.M. Life on the edge: Geminiviruses at the interface between crops and wild plant hosts. Annu. Rev. Virol. 2019, 6, 411–433. [Google Scholar] [CrossRef] [Scilit]

	



Spetz, C.; Taboada, A.M.; Darwich, S.; Ramsell, J.; Salazar, L.F.; Valkonen, J.P.T. Molecular resolution of a complex of potyviruses infecting solanaceous crops at the centre of origin in Peru. J. Gen. Virol. 2003, 84, 2565–2578. [Google Scholar] [CrossRef] [Scilit]

	



Santillan, F.W.; Fribourg, C.E.; Adams, I.P.; Gibbs, A.J.; Boonham, N.; Kehoe, M.A.; Maina, S.; Jones, R.A.C. The biology and phylogenetics of Potato virus S isolates from the Andean region of South America. Plant Dis. 2018, 102, 869–885. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Fuentes, S.; Jones, R.A.C.; Matsuoka, H.; Ohshima, K.; Kreuze, J.; Gibbs, A.J. Potato virus Y; the Andean connection. Virus Evol. 2019, 5, vez037. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Fuentes, S.; Gibbs, A.J.; Adams, I.; Wilson, C.R.; Botermans, M.; Fox, A.; Kreuze, J.; Boonham, N.; Kehoe, M.A.; Jones, R.A.C. Potato virus A isolates from three continents: Their biological properties, phylogenetics and prehistory. Phytopathology 2021. [Google Scholar] [CrossRef] [Scilit]

	



Hajizadeh, M.; Gibbs, A.J.; Amirnia, F.; Glasa, M. The global phylogeny of Plum pox virus is emerging. J. Gen. Virol. 2011, 100, 1457–1468. [Google Scholar] [CrossRef] [Scilit]

	



Banerjee, A.; Roy, S.; Tarafdar, J. Phylogenetic analysis of Rice tungro bacilliform virus ORFs revealed strong correlation between evolution and geographical distribution. Virus Genes 2011, 43, 398–408. [Google Scholar] [CrossRef] [Scilit]

	



Mathur, S.; Dasgupta, I. Further support of genetic conservation in Indian isolates of Rice tungro bacilliformvirus by sequence analysis of an isolate from North–Western India. Virus Genes 2013, 46, 387–391. [Google Scholar] [CrossRef] [Scilit]

	



Kumar, P.L.; Hanna, R.; Alabi, O.J.; Soko, M.M.; Oben, T.T.; Vangu, G.H.P.; Naidu, R.A. Banana bunchy top virus in sub-Saharan Africa: Investigations on virus distribution and diversity. Virus Res. 2011, 159, 171–182. [Google Scholar] [CrossRef] [Scilit]

	



Kumar, P.L.; Selvarajan, R.; Iskra-Caruana, M.L.; Chabannes, M.; Hanna, R. Biology, etiology, and control of virus diseases of banana and plantain. Adv. Virus Res. 2015, 91, 229–269. [Google Scholar]

	



Shiferaw, B.; Prasanna, B.M.; Hellin, J.; Bänziger, M. Crops that feed the world 6. Past successes and future challenges to the role played by maize in global food security. Food Secur. 2011, 3, 307–327. [Google Scholar] [CrossRef] [Scilit]

	



FAOSTAT. Food and Agricultural Organization Statistical Databases; United Nations: Rome, Italy, 2020. [Google Scholar]

	



Doebley, J.F. The genetics of maize evolution. Annu. Rev. Genet. 2004, 38, 37–59. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bedoya, C.A.; Dreisigacker, S.; Hearne, S.; Franco, J.; Mir, C.; Prasanna, B.M.; Taba, S.; Charcosset, A.; Warburton, M.L. Genetic diversity and population structure of native maize populations in Latin America and the Caribbean. PLoS ONE 2017, 12, e0173488. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



McCann, J. Maize and grace: History, corn, and Africa’s new landscapes, 1500–1999. Comp. Stud. Soc. Hist. 2001, 43, 246–272. [Google Scholar] [CrossRef] [Scilit]

	



Munkvold, G.P.; White, D.G. Compendium of Corn Diseases; APS Press: St. Paul, MN, USA, 2016. [Google Scholar]

	



Niblett, C.L.; Claflin, L.E. Corn lethal necrosis—A new virus disease of corn in Kansas. Plant Dis. Report. 1978, 62, 5–19. [Google Scholar]

	



CABI. Compendium Datasheets; CABI: Wallingford, UK, 2020. [Google Scholar]

	



Boddupalli, P.; Suresh, L.M.; Mwatuni, F.; Beyene, Y.; Makumbi, D.; Gowda, M.; Olsen, M.; Hodson, D.; Worku, M.; Mezzalama, M.; et al. Maize lethal necrosis (MLN): Efforts toward containing the spread and impact of a devastating transboundary disease in sub-Saharan Africa. Virus Res. 2020, 282, 197943. [Google Scholar] [CrossRef] [Scilit]

	



Braidwood, L.; Quito-Avila, D.F.; Cabanas, D.; Bressan, A.; Wangai, A.; Baulcombe, D.C. Maize chlorotic mottle virus exhibits low divergence between differentiated regional sub-populations. Sci. Rep. 2018, 8, 1–9. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Irwin, M.E.; Thresh, J.M. Epidemiology of barley yellow dwarf: A study in ecological complexity. Annu. Rev. Phytopathol. 1990, 28, 393–424. [Google Scholar] [CrossRef]

	



D’Arcy, C.J.; Burnett, P.A. Barley Yellow Dwarf: Forty Years of Progress; APS Press: St. Paul, MN, USA, 1995. [Google Scholar]

	



Miller, W.A.; Rasochova, L. Barley yellow dwarf viruses. Annu. Rev. Phytopathol. 1997, 35, 167–190. [Google Scholar] [CrossRef] [Scilit]

	



Plumb, R.T. Barley yellow dwarf virus: A global problem. In Plant Virus Epidemiology. The Spread and Control of Insect-Borne Viruses; Plumb, R.T., Thresh, J.M., Eds.; Blackwell Scientific Publications: Oxford, UK, 1983; pp. 185–198. [Google Scholar]

	



Bockus, W.W.; Bowden, R.L.; Hunger, R.M.; Morrill, W.L.; Murray, T.D.; Smiley, R.W. Compendium of Wheat Diseases and Insects; APS Press: St Paul, MN, USA, 2009. [Google Scholar]

	



Byamukama, E.; Wegulo, S.N.; Tatineni, S.; Hein, G.L.; Graybosch, R.A.; Baenziger, P.S.; French, R. Quantification of yield loss caused by triticum mosaic virus and wheat streak mosaic virus in winter wheat under field conditions. Plant Dis. 2014, 98, 127–133. [Google Scholar] [CrossRef] [Scilit]

	



Coutts, B.A.; Strickland, G.R.; Kehoe, M.; Severtson, D.L.; Jones, R.A.C. The epidemiology of Wheat streak mosaic virus in Australia: Case histories, gradients, mite vectors and alternative hosts. Aust. J. Agric. Res. 2008, 59, 844–853. [Google Scholar] [CrossRef] [Scilit]

	



Coutts, B.A.; Banovic, M.; Kehoe, M.A.; Severtson, D.L.; Jones, R.A.C. Epidemiology of Wheat streak mosaic virus in wheat in a Mediterranean-type environment. Eur. J. Plant Pathol. 2014, 140, 797–813. [Google Scholar] [CrossRef] [Scilit]

	



Singh, K.; Wegulo, S.N.; Skoracka, A.; Kundu, J.K. Wheat streak mosaic virus: A century old virus with rising importance worldwide. Mol. Plant Pathol. 2018, 19, 2193–2206. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hibino, H. Biology and epidemiology of rice viruses. Annu. Rev. Phytopathol. 1996, 34, 249–274. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bunawan, H.; Dusik, L.; Bunawan, S.N.; Amin, N.M. Rice tungro disease: From identification to disease control. World Appl. Sci. J. 2014, 31, 1221–1226. [Google Scholar]

	



Mangrauthia, S.K.; Malathi, P.; Agarwal, S.; Ramkumar, G.; Krishnaveni, D.; Neeraja, C.N.; Madhav, M.S.; Ladhalakshmi, D.; Balachandran, S.M.; Viraktamath, B.C. Genetic variation of coat protein gene among the isolates of Rice tungro spherical virus from tungro-endemic states of the India. Virus Genes 2012, 44, 482–487. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sharma, S.; Rabindran, R.; Robin, S.; Dasgupta, I. Analysis of the complete DNA sequence of rice tungro bacilliform virus from southern India indicates it to be a product of recombination. Arch. Virol. 2011, 156, 2257–2262. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sailaja, B.; Anjum, N.; Patil, Y.K.; Agarwal, S.; Malathi, P.; Krishnaveni, D.; Balachandran, S.M.; Viraktamath, B.C.; Mangrauthia, S.K. The complete genome sequence of a south Indian isolate of Rice tungro spherical virus reveals evidence of genetic recombination between distinct isolates. Virus Genes 2013, 47, 515–523. [Google Scholar] [CrossRef] [Scilit]

	



Jones, R.A.C. Virus disease problems facing potato industries worldwide: Viruses found, climate change implications, rationalizing virus strain nomenclature, and addressing the Potato virus Y issue. In The Potato: Botany, Production and Uses; Navarre, R., Pavek, M.J., Eds.; CABI: Wallingford, UK, 2014; pp. 202–224. [Google Scholar]

	



Kreuze, J.F.; Souza-Dias, J.A.C.; Jeevalatha, A.; Figueira, A.R.; Valkonen, J.P.T.; Jones, R.A.C. Viral diseases in potato. In The Potato Crop; Campos, H., Ortiz, O., Eds.; Springer: New York, NY, USA, 2020; pp. 389–430. [Google Scholar]

	



Gray, S.; De Boer, S.; Lorenzen, J.; Karasev, A.; Whitworth, J.; Nolte, P.; Singh, R.; Boucher, A.; Xu, H. Potato virus Y: An evolving concern for potato crops in the United States and Canada. Plant Dis. 2010, 94, 1384–1397. [Google Scholar] [CrossRef] [Scilit]

	



Gibbs, A.J.; Ohshima, K.; Yasaka, R.; Mohammadi, M.; Gibbs, M.J.; Jones, R.A.C. The phylogenetics of the global population of potato virus Y and its necrogenic recombinants. Virus Evol. 2017, 3, vex002. [Google Scholar] [CrossRef] [Scilit]

	



Torrance, L.; Talianksy, M.E. Potato Virus Y emergence and evolution from the Andes of South America to become a major destructive pathogen of potato and other solanaceous crops worldwide. Viruses 2020, 12, 1430. [Google Scholar] [CrossRef] [Scilit]

	



Tairo, F.; Mukasa, S.B.; Jones, R.A.C.; Kullaya, A.; Rubaihayo, P.R.; Valkonen, J.P. Unravelling the genetic diversity of the three main viruses involved in sweet potato virus disease (SPVD), and its practical implications. Mol. Plant Pathol. 2005, 6, 199–211. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Clark, C.A.; Davis, J.A.; Abad, J.A.; Cuellar, W.J.; Fuentes, S.; Kreuze, J.F.; Gibson, R.W.; Mukasa, S.B.; Tugume, A.K.; Tairo, F.D.; et al. Sweetpotato viruses: 15 years of progress on understanding and managing complex diseases. Plant Dis. 2012, 96, 168–185. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gibson, R.W.; Mpembe, I.; Alicai, T.; Carey, E.E.; Mwanga, R.O.M.; Seal, S.E.; Vetten, H.J. Symptoms, aetiology and serological analysis of sweet potato virus disease in Uganda. Plant Pathol. 1998, 47, 95–102. [Google Scholar] [CrossRef] [Scilit]

	



Karyeija, R.F.; Gibson, R.W.; Valkonen, J.P.T. The significance of sweet potato feathery mottle virus in subsistence sweet potato production in Africa. Plant Dis. 1998, 82, 4–15. [Google Scholar] [CrossRef] [Scilit]

	



Cuellar, W.J.; Galvez, M.; Fuentes, S.; Tugume, J.; Kreuze, J. Synergistic interactions of begomoviruses with Sweet potato chlorotic stunt virus (genus Crinivirus) in sweet potato (Ipomoea batatas L.). Mol. Plant Pathol. 2015, 16, 459–471. [Google Scholar] [CrossRef] [Scilit]

	



Loebenstein, G. Control of sweet potato virus diseases. Adv. Virus Res. 2015, 91, 33–45. [Google Scholar]

	



Zhang, Z.C.; Qiao, Q.; Qin, Y.H.; Zhang, D.S.; Tian, Y.T. First evidence for occurrence of Sweet potato virus disease (SPVD) caused by dual infection of Sweet potato feathery mottle virus and Sweet potato chlorotic stunt virus in China. Acta Phytopathol. Sin. 2012, 3. Available online: http://en.cnki.com.cn/Article_en/CJFDTOTAL-ZWBL201203017.htm (accessed on 8 December 2020).

	



Qazi, J. Banana bunchy top virus and the bunchy top disease. J. Gen. Plant Pathol. 2016, 82, 2–11. [Google Scholar] [CrossRef] [Scilit]

	



Bar-Joseph, M.; Marcus, R.; Lee, R.F. The continuous challenge of Citrus tristeza virus control. Annu. Rev. Phytopathol. 1989, 27, 291–316. [Google Scholar] [CrossRef]

	



Bar-Joseph, M.; Batuman, O.; Roistacher, C. The history of Citrus tristeza virus revisited. In Citrus Tristeza Virus Complex and Tristeza Diseases; Karasev, A.V., Hilf, M.E., Eds.; APS Press: St Paul, MN, USA, 2010; pp. 3–26. [Google Scholar]

	



Bar-Joseph, M.; Dawson, W.O. Citrus tristeza virus. In Encyclopedia of Virology; Mahy, B.W.J., van Regenmortel, M.H.V., Eds.; Elsevier Ltd.: Amsterdam, The Netherlands, 2008; pp. 520–525. [Google Scholar]

	



Moreno, P.; Garnsey, S.M. Citrus tristeza diseases. A worldwide perspective. In Citrus Tristeza Virus Complex and Tristeza Diseases; Karasev, A.V., Hilf, M.E., Eds.; APS Press: St Paul, MN, USA, 2010; pp. 27–49. [Google Scholar]

	



Moreno, P.; Ambrós, S.; Albiach-Martí, M.R.; Guerri, J.; Peña, L. Citrus tristeza virus: A pathogen that changed the course of the citrus industry. Mol. Plant Pathol. 2008, 9, 251–268. [Google Scholar] [CrossRef] [Scilit]

	



Yokomi, R.K.; Lastra, R.; Stoetzel, M.B.; Damsteegt, V.D.; Lee, R.F.; Garnsey, S.M.; Gottwald, T.R.; Rocha-Peña, M.A.; Niblett, C.L. Establishment of the brown citrus aphid (Homoptera: Aphididae) in Central America and the Caribbean Basin and transmission of citrus tristeza virus. J. Econ. Entomol. 1994, 87, 1078–1085. [Google Scholar] [CrossRef] [Scilit]

	



Dawson, W.O.; Garnsey, S.M.; Tatineni, S.; Folimonova, S.Y.; Harper, S.J.; Gowda, S. Citrus tristeza virus-host interactions. Front. Microbiol. 2013, 4, 88. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Dawson, W.O.; Bar-Joseph, M.; Garnsey, S.M.; Moreno, P. Citrus tristeza virus: Making an ally from an enemy. Annu. Rev. Phytopathol. 2015, 53, 137–155. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Lee, R.F. Control of virus diseases of citrus. Adv. Virus Res. 2015, 92, 143–173. [Google Scholar]

	



Németh, M. History and importance of plum pox virus in stone-fruit production. EPPO Bull. 1994, 24, 525–536. [Google Scholar] [CrossRef] [Scilit]

	



Dunez, J.; Ravelonandro, M.; Candresse, T. Plum pox: Advances in research on the disease and its causal agent, and possible means of control. EPPO Bull. 1994, 24, 537–542. [Google Scholar] [CrossRef] [Scilit]

	



Cambra, M.; Capote, N.; Myrta, A.; Llácer, G. Plum pox virus and the estimated costs associated with sharka disease. EPPO Bull. 2006, 36, 202–204. [Google Scholar] [CrossRef] [Scilit]

	



García, J.A.; Cambra, M. Plum pox virus and sharka disease. Plant Viruses 2007, 1, 69–79. [Google Scholar]

	



Barba, M.; Hadidi, A.; Candresse, T.; Cambra, M. Plum pox virus. In Virus and Virus-Like Diseases of Pome and Stone Fruits; Hadidi, A., Barba, M., Candresse, T., Jelkmann, W., Eds.; APS Press: St Paul, MN, USA, 2011; pp. 185–198. [Google Scholar]

	



Rimbaud, L.; Sylvie Dallot, S.; Gottwald, T.; Decroocq, V.; Jacquot, E.; Soubeyrand, S.; Thébaud, G. Sharka. Epidemiology and worldwide management strategies: Learning lessons to optimize disease control in perennial plants. Annu. Rev. Phytopathol. 2015, 53, 357–378. [Google Scholar] [CrossRef] [Scilit]

	



Makkouk, K.M. Plant pathogens which threaten food security: Viruses of chickpea and other cool season legumes in West Asia and North Africa. Food Secur. 2020, 12, 495–502. [Google Scholar] [CrossRef] [Scilit]

	



Makkouk, K.M.; Kumari, S.G.; van Leur, J.A.G.; Jones, R.A.C. Control of plant virus diseases in cool-season grain legume crops. Adv. Virus Res. 2014, 90, 207–253. [Google Scholar] [PubMed]

	



Kumari, S.G.; Makkouk, K.M. Virus diseases of faba bean (Vicia faba L.) in Asia and Africa. Plant Viruses 2007, 1, 93–105. [Google Scholar]

	



Makkouk, K.M.; Bos, L.; Azzam, O.I.; Koumari, S.; Rizkallah, A. Survey of viruses affecting faba bean in six Arab countries. Arab J. Plant Prot. 1988, 6, 53–61. [Google Scholar]

	



EPPO. EPPO Global Database; European and Mediterranean Plant Protection Organization (EPPO): Paris, France, 2018. [Google Scholar]

	



Oladokun, J.O.; Halabi, M.H.; Barua, P.; Nath, P.D. Tomato brown rugose fruit disease: Current distribution, knowledge and future prospects. Plant Pathol. 2019, 68, 1579–1586. [Google Scholar] [CrossRef] [Scilit]

	



Davino, S.; Caruso, A.G.; Bertacca, S.; Barone, S.; Panno, S. Tomato brown rugose fruit virus: Seed transmission rate and efficacy of different seed disinfection treatments. Plants 2020, 9, 1615. [Google Scholar] [CrossRef] [Scilit]

	



Klap, C.; Luria, N.; Smith, E.; Bakelman, E.; Belausov, E.; Laskar, O.; Lachman, O.; Gal-On, A.; Dombrovsky, A. The potential risk of plant-virus disease initiation by infected tomatoes. Plants 2020, 9, 623. [Google Scholar] [CrossRef] [Scilit]

	



Jones, R.A.C.; Koenig, R.; Lesseman, D.E. Pepino mosaic virus, a new potexvirus from pepino (Solanum muricatum). Ann. Appl. Biol. 1980, 94, 61–68. [Google Scholar] [CrossRef] [Scilit]

	



Shipp, J.L.; Buitenhuis, R.; Stobbs, L.; Wang, K.; Kim, W.S.; Ferguson, G. Vectoring of Pepino mosaic virus by bumble-bees in tomato greenhouses. Ann. Appl. Biol. 2008, 53, 149–155. [Google Scholar] [CrossRef] [Scilit]

	



Hanssen, I.M.; Lapidot, M.; Thomma, B.P.H.J. Emerging viral diseases of tomato crops. Mol. Plant-Microbe Interact. 2010, 23, 539–548. [Google Scholar] [CrossRef] [Scilit]

	



Hanssen, I.M.; Thomma, B.P.H.J. Pepino mosaic virus: A successful pathogen that rapidly evolved from emerging to endemic in tomato crops. Mol. Plant Pathol. 2010, 11, 179–189. [Google Scholar] [CrossRef] [Scilit]

	



Agüero, J.; Gómez-Aix, C.; Sempere, R.N.; García-Villalba, J.; García-Núñez, J.; Hernando, Y.; Aranda, M.A. Stable and broad spectrum cross-protection against pepino mosaic virus attained by mixed infection. Front. Plant Sci. 2018, 9, 1810. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hollings, M.; Komuro, Y.; Tochihara, H. Cucumber green mottle mosaic virus. In CMI/AAB Descriptions of Plant Viruses; No. 154; CABI: Wellesbourne, UK, 1975. [Google Scholar]

	



Varveri, C.; Vassilakos, N.; Bem, F. Characterization and detection of cucumber green mottle mosaic virus in Greece. Phytoparasitica 2002, 30, 493–501. [Google Scholar] [CrossRef] [Scilit]

	



Reingold, V.; Lachman, O.; Koren, A.; Dombrovsky, A. First report of Cucumber green mottle mosaic virus (CGMMV) symptoms in watermelon used for the discrimination of non-marketable fruits in Israeli commercial fields. Plant Pathol. 2013, 28, 11. [Google Scholar]

	



Reingold, V.; Lachman, O.; Belausov, E.; Koren, A.; Mor, N.; Dombrovsky, A. Epidemiological study of Cucumber green mottle mosaic virus in greenhouses enables reduction of disease damage in cucurbit production. Ann. Appl. Biol. 2016, 168, 29–40. [Google Scholar] [CrossRef] [Scilit]

	



Li, J.X.; Liu, S.S.; Gu, Q.S. Transmission efficiency of Cucumber green mottle mosaic virus via seeds, soil, pruning and irrigation water. J. Phytopathol. 2015, 5, 300–309. [Google Scholar]

	



Darzi, E.; Smith, E.; Shargil, D.; Lachman, O.; Ganot, L.; Dombrovsky, A. The honeybee Apis mellifera contributes to Cucumber green mottle mosaic virus spread via pollination. Plant Pathol. 2018, 67, 244–251. [Google Scholar] [CrossRef] [Scilit]

	



Shargil, D.; Smith, E.; Lachman, O.; Reingold, V.; Darzi, E.; Tam, Y.; Dombrovsky, A. New weed hosts for Cucumber green mottle mosaic virus in wild Mediterranean vegetation. Eur. J. Plant Pathol. 2017, 148, 473–480. [Google Scholar] [CrossRef] [Scilit]

	



Castillo, J.; Hebert, T.T. Nueva enfermedad virosa afectando al maiz en el Peru. Fitopatologia 1974, 9, 79–84. [Google Scholar]

	



Heun, M.; Schäfer-Pregl, R.; Klawan, D.; Castagna, R.; Accerbi, M.; Borghi, B.; Salamini, F. Site of einkorn wheat domestication identified by DNA fingerprinting. Science 1997, 278, 1312–1314. [Google Scholar] [CrossRef] [Scilit]

	



Shiferaw, B.; Smale, M.; Braun, H.-J.; Duveiller, E.; Reynolds, M.; Muricho, G. Crops that feed the world 10. Past successes and future challenges to the role played by wheat in global food security. Food Secur. 2013, 5, 291–317. [Google Scholar] [CrossRef] [Scilit]

	



Trębicki, P.; Nancarrow, N.; Cole, E.; Bosque-Pérez, N.A.; Constable, F.E.; Freeman, A.J.; Rodoni, B.; Yen, A.L.; Luck, J.E.; Fitzgerald, G.J. Virus disease in wheat predicted to increase with a changing climate. Global Change Biol. 2015, 21, 3511–3519. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Oswald, J.W.; Houston, B.E. The yellow-dwarf virus disease of cereal crops. Phytopathology 1953, 43, 128–136. [Google Scholar]

	



Strange, R.N.; Scott, P.R. Plant disease: A threat to global food security. Annu. Rev. Phytopathol. 2005, 43, 83–116. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Thackray, D.J.; Ward, L.T.; Thomas-Carroll, M.L.; Jones, R.A.C. Role of winter-active aphids spreading Barley yellow dwarf virus in decreasing wheat yields in a Mediterranean-type environment. Aust. J. Agric. Res. 2005, 56, 1089–1099. [Google Scholar] [CrossRef] [Scilit]

	



McKirdy, S.J.; Jones, R.A.C. Use of imidacloprid and newer generation synthetic pyrethroids to control the spread of barley yellow dwarf luteovirus in cereals. Plant Dis. 1996, 80, 895–901. [Google Scholar] [CrossRef] [Scilit]

	



McKirdy, S.J.; Jones, R.A.C.; Nutter, F.W., Jr. Quantification of yield losses caused by Barley yellow dwarf virus in wheat and oats. Plant Dis. 2002, 86, 769–773. [Google Scholar] [CrossRef] [Scilit]

	



Wu, B.; Blanchard-Letort, A.; Liu, Y.; Zhou, G.; Wang, X.; Elena, S.F. Dynamics of molecular evolution and phylogeography of barley yellow dwarf virus-PAV. PLoS ONE 2011, 6, e16896. [Google Scholar] [CrossRef] [Scilit]

	



Thackray, D.J.; Diggle, A.J.; Jones, R.A.C. BYDV PREDICTOR: A simulation model to predict aphid arrival, epidemics of Barley yellow dwarf virus and yield losses in wheat crops in a Mediterranean-type environment. Plant Pathol. 2009, 58, 186–202. [Google Scholar] [CrossRef] [Scilit]

	



Gourmet, C.; Kolb, F.L.; Smyth, C.A.; Pedersen, W.L. Use of imidacloprid as a seed-treatment insecticide to control barley yellow dwarf virus (BYDV) in oat and wheat. Plant Dis. 1996, 80, 136–141. [Google Scholar] [CrossRef] [Scilit]

	



Woodcock, B.A.; Ridding, L.; Freeman, S.N.; Pereira, M.G.; Sleep, D.; Redhead, J.; Aston, D.; Carreck, N.L.; Shore, R.F.; Bullock, J.M.; et al. Neonicotinoid residues in UK honey despite European Union moratorium. PLoS ONE 2018, 13, e0189681. [Google Scholar] [CrossRef] [Scilit]

	



Velandia, M.; Rejesus, R.M.; Jones, D.C.; Price, J.A.; Workneh, F.; Rush, C.M. Economic impact of Wheat streak mosaic virus in the Texas High Plains. Crop Prot. 2010, 29, 699–703. [Google Scholar] [CrossRef] [Scilit]

	



Jones, R.A.C.; Coutts, B.A.; Mackie, A.E.; Dwyer, G.I. Seed transmission of Wheat streak mosaic virus shown unequivocally in wheat. Plant Dis. 2005, 89, 1048–1050. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Dwyer, G.I.; Gibbs, M.J.; Gibbs, A.J.; Jones, R.A.C. Wheat streak mosaic virus in Australia: Relationship to isolates from the Pacific Northwest of the USA and its dispersion via seed transmission. Plant Dis. 2007, 91, 164–170. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hadi, B.A.R.; Langham, M.A.C.; Osborne, L.; Tilmon, K.J. Wheat streak mosaic virus on wheat: Biology and management. J. Integ. Pest Manag. 2011, 1, J1–J5. [Google Scholar] [CrossRef] [Scilit]

	



Sánchez-Sánchez, H.; Henry, M.; Cárdenas-Soriano, E.; Alvizo-Villasana, H.F. Identification of Wheat streak mosaic virus and its vector Aceria tosichella in Mexico. Plant Dis. 2001, 85, 13–17. [Google Scholar] [CrossRef] [Scilit]

	



Seck, P.A.; Diagne, A.; Mohanty, S.; Wopereis, M.C. Crops that feed the world 7: Rice. Food Secur. 2012, 4, 7–24. [Google Scholar] [CrossRef] [Scilit]

	



Sweeney, M.; McCouch, S. The complex history of the domestication of rice. Ann. Bot. 2007, 100, 951–957. [Google Scholar] [CrossRef] [Scilit]

	



Azzam, O.; Chancellor, T.C. The biology, epidemiology, and management of rice tungro disease in Asia. Plant Dis. 2002, 86, 88–100. [Google Scholar] [CrossRef] [Scilit]

	



Chancellor, T.C.B.; Thresh, J.M. Epidemiology and Management of Rice Tungro Disease; Natural Resources Institute: Chatham, UK, 1997. [Google Scholar]

	



Hawkes, J.G. The Potato: Evolution, Biodiversity and Genetic Resources; Belhaven Press: London, UK, 1990. [Google Scholar]

	



Nunn, N.; Qian, N. The Columbian Exchange: A history of disease, food, and ideas. J. Econ. Perspect. 2010, 24, 163–188. [Google Scholar] [CrossRef] [Scilit]

	



Glenndinning, D.R. Potato introductions and breeding up to the 20th century. New Phytol. 1983, 94, 479–505. [Google Scholar] [CrossRef] [Scilit]

	



Birch, P.R.; Bryan, G.; Fenton, B.; Gilroy, E.M.; Hein, I.; Jones, J.T.; Prashar, A.; Taylor, M.A.; Torrance, L.; Toth, I.K. Crops that feed the world 8: Potato: Are the trends of increased global production sustainable? Food Secur. 2012, 4, 477–508. [Google Scholar] [CrossRef] [Scilit]

	



Scott, G.J. A review of root, tuber and banana crops in developing countries: Past, present and future. Int. J. Food Sci. Technol. 2020, 1–22. [Google Scholar] [CrossRef] [Scilit]

	



Stevenson, W.R.; Loria, R.; Franc, G.D.; Weingartner, D.P. Compendium of Potato Diseases, 2nd ed.; APS Press: St. Paul, MN, USA, 2001. [Google Scholar]

	



Salaman, R.N. Degeneration of the potato—An urgent problem. J. Nat. Inst. Agric. Bot. 1925, 1, 39–51. [Google Scholar]

	



De Bokx, J.A.; van der Want, J.P.H. Viruses of Potatoes and Seed-Potato Production, 2nd ed.; PUDOC: Wageningen, The Netherlands, 1987. [Google Scholar]

	



Jones, R.A.C. Strain group specific and virus specific hypersensitive reactions to infection with potyviruses in potato cultivars. Ann. Appl. Biol. 1990, 117, 93–105. [Google Scholar] [CrossRef] [Scilit]

	



Kerlan, C. Potato virus Y. In Descriptions of Plant Viruses; No. 414; Association of Applied Biologists: Wellesbourne, UK, 2006; p. 42. [Google Scholar]

	



Coutts, B.A.; Jones, R.A.C. Potato virus Y: Contact transmission, stability, inactivation, and infection sources. Plant Dis. 2015, 99, 387–394. [Google Scholar] [CrossRef] [Scilit]

	



Jones, R.A.C. The ecology of viruses infecting wild and cultivated potatoes in the Andean Region of South America. In Pests, Pathogens and Vegetation; Thresh, J.M., Ed.; Pitman: London, UK, 1981; pp. 89–107. [Google Scholar]

	



Hawkes, J.G. History of the potato. In The Potato Crop; Harris, P.M., Ed.; Springer: New York, NY, USA, 1978; pp. 1–14. [Google Scholar]

	



Cockerham, G. Genetical studies on resistance to potato viruses X and Y. Heredity 1970, 25, 309–348. [Google Scholar] [CrossRef] [Scilit]

	



Green, K.; Quintero-Ferrer, A.; Chikh-Ali, M.; Jones, R.A.C.; Karasev, A.V. Genetic diversity of nine new non-recombinant potato virus Y isolates from three biological strain groups: Historical and geographical insights. Plant Dis. 2020, 104, 2317–3222. [Google Scholar] [CrossRef] [Scilit]

	



Funke, C.N.; Nikolaeva, O.V.; Green, K.J.; Tran, L.T.; Chikh-Ali, M.; Quintero-Ferrer, A.; Cating, R.A.; Frost, K.E.; Hamm, P.B.; Olsen, N.; et al. Strain-specific resistance to Potato virus Y (PVY) in potato and its effect on the relative abundance of PVY strains in commercial potato fields. Plant Dis. 2017, 101, 20–28. [Google Scholar] [CrossRef] [Scilit]

	



Roullier, C.; Benoit, L.; McKey, D.B.; Lebot, V. Historical collections reveal patterns of diffusion of sweet potato in Oceania obscured by modern plant movements and recombination. Proc. Natl. Acad. Sci. USA 2013, 110, 2205–2210. [Google Scholar] [CrossRef] [Scilit]

	



Roullier, C.; Duputié, A.; Wennekes, P.; Benoit, L.; Bringas, V.M.F.; Rossel, G.; Tay, D.; McKey, D.; Lebot, V. Disentangling the origins of cultivated sweet potato (Ipomoea batatas (L.) Lam.). PLoS ONE 2013, 8, e62707. [Google Scholar] [CrossRef] [Scilit]

	



Low, J.; Lynam, J.; Lemaga, B.; Crissman, C.; Barker, I.; Thiele, G.; Namanda, S.; Wheatley, C.; Andrade, M. Sweetpotato in Sub-Saharan Africa. In The Sweetpotato; Loebenstein, G., Thottappilly, G., Eds.; Springer: Dordrecht, The Netherlands, 2009; pp. 359–390. [Google Scholar]

	



Mukhopadhyay, S.K.; Chattopadhyay, A.; Chakraborty, I.; Bhattacharya, I. Crops that feed the world 5. Sweetpotato. Sweetpotatoes for income and food security. Food Secur. 2011, 3, 283–305. [Google Scholar] [CrossRef] [Scilit]

	



CIP. Sweetpotato Facts and Figures; CIP: Lima, Peru, 2020; Available online: https://cipotato.org/sweetpotato/sweetpotato-facts-and-figures (accessed on 3 November 2020).

	



Wasswa, P.; Mukasa, S.B.; Gibson, R.W. Identification of a ‘mild’ strain of sweet potato chlorotic stunt virus and impact on titres of co-infecting SPFMV. Afr. Crop Sci. J. 2018, 26, 349–363. [Google Scholar] [CrossRef] [Scilit]

	



Loebenstein, G.; Fuentes, S.; Cohen, J.; Salazar, L.F. Sweetpotato. In Viruses and Virus-Like Diseases of Major Crops in Developing Countries; Loebenstein, G., Thottapilly, G., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 2003; pp. 223–248. [Google Scholar]

	



Kokkinos, C.D.; Clark, C.A. Interactions among Sweet potato chlorotic stunt virus and different potyviruses and potyvirus strains infecting sweetpotato in the United States. Plant Dis. 2006, 90, 1347–1352. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Untiveros, M.; Fuentes, S.; Salazar, L.F. Synergistic interaction of Sweet potato chlorotic stunt virus (Crinivirus) with carla-, cucumo-, ipomo-, and potyviruses infecting sweet potato. Plant Dis. 2007, 91, 669–676. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kashif, M.; Pietilä, S.; Artola, K.; Jones, R.A.C.; Tugume, A.K.; Mäkinen, V.; Valkonen, J.P.T. Detection of viruses in sweetpotato from Honduras and Guatemala augmented by deep-sequencing of small-RNAs. Plant Dis. 2012, 96, 1430–1437. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Tugume, A.K.; Mukasa, S.B.; Kalkkinen, N.; Valkonen, J.P. Recombination and selection pressure in the ipomovirus Sweet potato mild mottle virus (Potyviridae) in wild species and cultivated sweetpotato in the centre of evolution in East Africa. J. Gen. Virol. 2010, 91, 1092–1108. [Google Scholar] [CrossRef] [Scilit]

	



Tugume, A.K.; Amayo, R.; Weinheimer, I.; Mukasa, S.B.; Rubaihayo, P.R.; Valkonen, J.P. Genetic variability and evolutionary implications of RNA silencing suppressor genes in RNA1 of Sweet potato chlorotic stunt virus isolates infecting sweetpotato and related wild species. PLoS ONE 2013, 8, e81479. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gibson, R.W.; Aritua, V. The perspective of sweetpotato chlorotic stunt virus in sweetpotato production in Africa: A review. Afr. Crop Sci. J. 2002, 10, 281–310. [Google Scholar] [CrossRef] [Scilit]

	



Tugume, A.K.; Cuellar, W.J.; Mukasa, S.B.; Valkonen, J.P. Molecular genetic analysis of virus isolates from wild and cultivated plants demonstrates that East Africa is a hotspot for the evolution and diversification of Sweet potato feathery mottle virus. Mol. Ecol. 2010, 19, 3139–3156. [Google Scholar] [CrossRef] [Scilit]

	



Tugume, A.K.; Mukasa, S.B.; Valkonen, J.P.T. Natural wild hosts of Sweet potato feathery mottle virus show spatial differences in virus incidence and virus-like diseases in Uganda. Phytopathology 2008, 98, 640–652. [Google Scholar] [CrossRef] [Scilit]

	



Simmonds, N.W. The Evolution of the Bananas; Longmans Green: London, UK, 1962. [Google Scholar]

	



Heslop-Harrison, J.S.; Schwarzacher, T. Domestication, genomics and the future for banana. Ann. Bot. 2007, 100, 1073–1084. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Dale, J.L. Banana bunchy top: An economically important tropical plant virus disease. Adv. Virus Res. 1987, 33, 301–325. [Google Scholar] [PubMed]

	



Wu, G.A.; Terol, J.; Ibanez, V.; López-García, A.; Pérez-Román, E.; Borredá, C.; Domingo, C.; Tadeo, F.R.; Carbonell-Caballero, J.; Alonso, R.; et al. Genomics of the origin and evolution of Citrus. Nature 2018, 554, 311–316. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ollitrault, P.; Navarro, L. Citrus. In Fruit Breeding. Handbook of Plant Breeding; Badenes, M.L., Byrne, D.H., Eds.; Springer: Boston, MA, USA, 2012; Volume 8, pp. 623–662. [Google Scholar]

	



Roistacher, C.N. Diagnosis and management of virus and virus like diseases of citrus. In Diseases of Fruits and Vegetables; Naqvi, S.A.M.H., Ed.; Springer: Dordrecht, The Netherlands, 2004; Volume 1, pp. 109–189. [Google Scholar]

	



Rocha-Peña, M.A.; Lee, R.F.; Lastra, R.; Niblett, C.L.; Ochoa-Corona, F.M.; Garnsey, S.M.; Yokomi, R.K. Citrus tristeza virus and its aphid vector Toxoptera citricida: Threats to citrus production in the Caribbean and Central and North America. Plant Dis. 1995, 79, 437–445. [Google Scholar] [CrossRef] [Scilit]

	



Das, B.; Ahmed, N.; Singh, P. Prunus diversity-early and present development: A review. Int. J. Biodiv. Conserv. 2011, 3, 721–734. [Google Scholar]

	



Hadidi, A.; Barba, M.; Candresse, T.; Jelkmann, W. Virus and Virus-like Diseases of Pome and Stone Fruits; APS Press: St Paul, MN, USA, 2011. [Google Scholar]

	



Foyer, C.H.; Lam, H.M.; Nguyen, H.T.; Siddique, K.H.; Varshney, R.K.; Colmer, T.D.; Cowling, W.; Bramley, H.; Mori, T.A.; Hodgson, J.M.; et al. Neglecting legumes has compromised human health and sustainable food production. Nat. Plants 2016, 2, 1–10. [Google Scholar] [CrossRef] [Scilit]

	



Bos, L. Research on Viruses of Legume Crops and the International Working Group on Legume Viruses—Historical Facts and Personal Reminiscences; ICARDA: Aleppo, Syria, 1996; 151p. [Google Scholar]

	



Rachie, K.O.; Roberts, L.M. Grain legumes of the lowland tropics. Adv. Agron. 1974, 26, 1–132. [Google Scholar]

	



Caracuta, V.; Barzilai, O.; Khalaily, H.; Milevski, I.; Paz, Y.; Vardi, J.; Regev, L.; Boaretto, E. The onset of faba bean farming in the Southern Levant. Sci. Rep. 2015, 5, 14370. [Google Scholar] [CrossRef] [Scilit]

	



Albrechtsen, S.E. Testing Methods for Seed-Transmitted Viruses: Principles and Protocols; CABI: Press, Wallingford, UK, 2006. [Google Scholar]

	



Sastry, K.S. Seed-Borne Plant Virus Diseases; Springer: Dordrecht, The Netherlands, 2013. [Google Scholar]

	



Klee, H.J.; Resende, M.F., Jr. Plant domestication: Reconstructing the route to modern tomatoes. Curr. Biol. 2020, 30, R359–R361. [Google Scholar] [CrossRef] [Scilit]

	



Razifard, H.; Ramos, A.; Della Valle, A.L.; Bodary, C.; Goetz, E.; Manser, E.J.; Li, X.; Zhang, L.; Visa, S.; Tieman, D.; et al. Genomic evidence for complex domestication history of the cultivated tomato in Latin America. Mol. Biol. Evol. 2020, 37, 1118–1132. [Google Scholar] [CrossRef] [Scilit]

	



Salem, N.; Mansour, A.; Ciuo, M.; Falk, B.; Turina, M. A new tobamovirus infecting tomato crops in Jordan. Arch. Virol. 2016, 161, 503–506. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Luria, N.; Smith, E.; Reingold, V.; Bekelman, I.; Lapidot, M.; Levin, I.; Elad, N.; Tam, Y.; Sela, N.; Abu-Ras, A.; et al. A new Israeli Tobamovirus isolate infects tomato plants harboring Tm-22 resistance genes. PLoS ONE 2017, 12, e0170429. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Maayan, Y.; Pandaranayaka, E.P.J.; Srivastava, D.A.; Lapidot, M.; Levin, I.; Dombrovsky, A.; Harel, A. Using genomic analysis to identify tomato Tm-2 resistance-breaking mutations and their underlying evolutionary path in a new and emerging tobamovirus. Arch Virol. 2018, 163, 1863–1875. [Google Scholar] [CrossRef] [Scilit]

	



Panno, S.; Caruso, A.G.; Blanco, G.; Davino, S. First report of Tomato brown rugose fruit virus infecting sweet pepper in Italy. New Dis. Rep. 2020, 41, 20. [Google Scholar] [CrossRef] [Scilit]

	



Levitzky, N.; Smith, E.; Lachman, O.; Luria, N.; Mizrahi, Y.; Bakelman, H.; Sela, N.; Laskar, O.; Milrot, E.; Dombrovsky, A. The bumblebee Bombus terrestris carries a primary inoculum of Tomato brown rugose fruit virus contributing to disease spread in tomatoes. PLoS ONE 2019, 14, e0210871. [Google Scholar] [CrossRef] [Scilit]

	



Van der Vlugt, R.A.A.; Stijger, C.C.M.M.; Verhoeven, J.T.J.; Lesemann, D.E. First report of Pepino mosaic virus on tomato. Plant Dis. 2000, 84, 103. [Google Scholar] [CrossRef] [Scilit]

	



Soler, S.; Prohens, J.; Díez, M.J.; Nuez, F. Natural occurrence of Pepino mosaic virus in Lycopersicon species in central and southern Peru. J. Phytopathol. 2002, 150, 49–53. [Google Scholar] [CrossRef] [Scilit]

	



Córdoba, M.C.; Martínez-Priego, L.; Jordá, C. New natural hosts of Pepino mosaic virus in Spain. Plant Dis. 2004, 88, 90. [Google Scholar] [CrossRef] [Scilit]

	



Endl, J.; Achigan-Dako, E.G.; Pandey, A.K.; Monforte, A.J.; Pico, B.; Schaefer, H. Repeated domestication of melon (Cucumis melo) in Africa and Asia and a new close relative from India. Amer. J. Bot. 2018, 105, 1662–1671. [Google Scholar] [CrossRef] [Scilit]

	



Chomicki, G.; Schaefer, H.; Renner, S.S. Origin and domestication of Cucurbitaceae crops: Insights from phylogenies, genomics and archaeology. New Phytol. 2020, 226, 1240–1255. [Google Scholar] [CrossRef] [Scilit]

	



Ainsworth, G.C. Mosaic disease of cucumber. Ann. Appl. Biol. 1935, 22, 55–67. [Google Scholar] [CrossRef] [Scilit]

	



Shim, C.K.; Han, K.S.; Lee, J.H.; Bae, D.W.; Kim, D.K.; Kim, H.K. Isolation and characterization of watermelon isolate of Cucumber green mottle mosaic virus (CGMMV-HY1) from watermelon plants with severe mottle mosaic symptoms. Plant Pathol. J. 2005, 21, 167–171. [Google Scholar] [CrossRef] [Scilit]

	



Fletcher, J.T. Cucumber green mottle mosaic virus, its effect on yield and its control in the Lea Valley, England. Plant Pathol. 1969, 18, 16–22. [Google Scholar] [CrossRef] [Scilit]

	



Antignus, Y.; Lachman, O.; Pearlsman, A.; Koren, A. Containment of Cucumber fruit mottle mosaic virus (CFMMV) infection through roots by planting into a virus-free intermediating medium. Phytoparasitica 2005, 33, 85–87. [Google Scholar] [CrossRef] [Scilit]

	



Vani, S.; Varma, A. Properties of cucumber green mottle mosaic virus isolated from water of river Jamuna. Ind. Phytopathol. 1993, 46, 118–122. [Google Scholar]

	



Desbiez, C.; Lecoq, H. Zucchini yellow mosaic virus. Plant Pathol. 1997, 46, 809–829. [Google Scholar] [CrossRef] [Scilit]

	



Lecoq, H.; Katis, N. Control of cucurbit viruses. Adv. Virus Res. 2014, 90, 255–296. [Google Scholar]

	



Clarke, R.; Webster, C.G.; Kehoe, M.A.; Coutts, B.A.; Broughton, S.; Warmington, M.; Jones, R.A.C. Epidemiology of Zucchini yellow mosaic virus in cucurbit crops in a remote tropical environment. Virus Res. 2020, 281, 197897. [Google Scholar] [CrossRef] [Scilit]

	



Clarke, R.; Kehoe, M.A.; Broughton, S.; Jones, R.A.C. Host plant affiliations of aphid vector species found in a remote tropical environment. Virus Res. 2020, 281, 197934. [Google Scholar] [CrossRef] [Scilit]

	



Rojas, M.R.; Macedo, M.A.; Maliano, M.R.; Soto-Aguilar, M.; Souza, J.O.; Briddon, R.W.; Kenyon, L.; Rivera-Bustamante, R.F.; Zerbini, F.M.; Adkins, S.; et al. World management of geminiviruses. Annu. Rev. Phytopathol. 2018, 56, 637–677. [Google Scholar] [CrossRef] [Scilit]

	



Jones, R.A.C. Trends in plant virus epidemiology: Opportunities from new or improved technologies. Virus Res. 2014, 186, 3–19. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Jones, R.A.C.; Salam, M.U.; Maling, T.J.; Diggle, A.J.; Thackray, D.J. Principles of predicting plant virus disease epidemics. Annu. Rev. Phytopathol. 2010, 48, 179–203. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Jeger, M.J.; Madden, L.V.; Van Den Bosch, F. Plant virus epidemiology: Applications and prospects for mathematical modeling and analysis to improve understanding and disease control. Plant Dis. 2018, 102, 837–854. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Jeger, M.J. The epidemiology of plant virus disease: Towards a new synthesis. Plants 2020, 9, 1768. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Adams, I.P.; Glover, R.H.; Monger, W.A.; Mumford, R.; Jackeviciene, E.; Navalinskiene, M.; Samuitiene, M.; Boonham, N. Next-generation sequencing and metagenomic analysis: A universal diagnostic tool in plant virology. Mol. Plant Pathol. 2009, 10, 537–545. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kreuze, J.F.; Perez, A.; Untiveros, M.; Quispe, D.; Fuentes, S.; Barker, I.; Simon, R. Complete viral genome sequence and discovery of novel viruses by deep sequencing of small RNAs: A generic method for diagnosis, discovery and sequencing of viruses. Virology 2009, 388, 1–7. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Roossinck, M.J.; Martin, D.P.; Roumagnac, P. Plant virus metagenomics: Advances in virus discovery. Phytopathology 2015, 105, 716–727. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Jones, R.A.C.; Boonham, N.; Adams, I.P.; Fox, A. Historical virus isolate collections: An invaluable resource connecting plant virology’s pre-sequencing and post-sequencing eras. Plant Pathol. 2021, 70, 235–248. [Google Scholar] [CrossRef] [Scilit]

	



Legg, J.; Somado, E.A.; Barker, I.; Beach, L.; Ceballos, H.; Cuellar, W.; Elkhoury, W.; Gerling, D.; Helsen, J.; Hershey, C.; et al. A global alliance declaring war on cassava viruses in Africa. Food Secur. 2014, 6, 231–248. [Google Scholar] [CrossRef] [Scilit]








[image: Plants 10 00233 g001] 





Figure 1. (A) East African smallholder maize crop devastated by maize lethal necrosis disease (all maize plants killed or dying); potato understory crop unaffected. (B) Maize plant dying from maize lethal necrosis disease (center), surrounding maize plants healthy, image modified from [9]. (C) Wheat crop containing yellow dwarf diseased plants showing flag leaf symptoms of reddening and chlorosis. (D) Rows of wheat plants showing severe yellow dwarf disease symptoms of leaf chlorosis and reddening and plant stunting. (E) Wheat crop devastated by wheat streak mosaic disease showing plants with severe leaf chlorosis, deformation and necrosis, and overall plant stunting. (F) Close up of wheat plant showing wheat streak mosaic disease leaf symptoms of chlorotic yellowing and green streaking. 
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Figure 2. (A) Tuber of potato cultivar Nadine showing potato tuber necrotic ringspot disease (sunken necrotic rings and lines) typical of infection with R2 recombinant necrogenic strains of potato virus Y. (B) Sweet potato plant with sweet potato disease showing severe plant stunting and leaf chlorosis symptoms on right, healthy plant on left (image credit @International Potato Center/Segundo Fuentes). (C) Banana plantation with banana bunchy top diseased plants showing severe stunting, and short narrow upright leaves bunched at their tops, tall healthy plants on left side (image credit @International Institute of Tropical Agriculture/Lava Kumar). (D). Plum orchard showing premature fruit drop caused by plum pox disease. (E) Diseased fruit on plum tree showing ‘pock marks’ caused by plum pox disease. (F) Diseased apricot fruit harvested from apricot orchard showing ‘pock marks’ and internal flesh browning caused by plum pox disease. (G) Diseased apricot fruits splitting before harvest on plum pox diseased tree. 
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Figure 3. (A) Tomato brown rugose fruit diseased tomato fruit showing symptoms of uneven ripening with yellow and brown surface blotching (image credit @Volcani Center/Aviv Dombrovsky). (B) Pepino mosaic diseased tomato fruits infected with a severe pepino mosaic virus strain showing surface yellow marbling and discoloration (image credit @Dutch National Plant Protection Organization/Marlene Botermans). (C) Harvested tomato fruits showing severe yellow marbling symptoms that developed when initial infection with tomato brown rugose fruit mosaic virus was followed by later infection with a pepino mosaic virus mild strain commonly used commercially to provide cross protection against its severe strains (image credit @Volcani Center/Aviv Dombrovsky). (D) Cucumber plants growing in tunnel house: plants on right show symptoms of cucumber green mottle mosaic disease (chlorotic mosaic on leaves and plant stunting), plants on upper left are vigorous and healthy (insert shows early infected plant with severe stunting, reduction in leaf size and chlorotic mosaic). (E) Cucumber fruits with chlorotic mottle caused by cucumber green mottle mosaic disease (image credit @Volcani Center/Aviv Dombrovsky). (F) Fruits of honeydew melon with chlorotic mottle (left) and rockmelon with yellow mottle (right) caused by cucumber green mottle mosaic disease (image credit @Volcani Center/Aviv Dombrovsky). (G) Watermelon fruit with cucumber green mottle mosaic disease showing yellow spongy flesh and stem with necrotic lesions (image credit @Volcani Center/Aviv Dombrovsky. Images (E–G) all modified from [39]. 






Figure 3. (A) Tomato brown rugose fruit diseased tomato fruit showing symptoms of uneven ripening with yellow and brown surface blotching (image credit @Volcani Center/Aviv Dombrovsky). (B) Pepino mosaic diseased tomato fruits infected with a severe pepino mosaic virus strain showing surface yellow marbling and discoloration (image credit @Dutch National Plant Protection Organization/Marlene Botermans). (C) Harvested tomato fruits showing severe yellow marbling symptoms that developed when initial infection with tomato brown rugose fruit mosaic virus was followed by later infection with a pepino mosaic virus mild strain commonly used commercially to provide cross protection against its severe strains (image credit @Volcani Center/Aviv Dombrovsky). (D) Cucumber plants growing in tunnel house: plants on right show symptoms of cucumber green mottle mosaic disease (chlorotic mosaic on leaves and plant stunting), plants on upper left are vigorous and healthy (insert shows early infected plant with severe stunting, reduction in leaf size and chlorotic mosaic). (E) Cucumber fruits with chlorotic mottle caused by cucumber green mottle mosaic disease (image credit @Volcani Center/Aviv Dombrovsky). (F) Fruits of honeydew melon with chlorotic mottle (left) and rockmelon with yellow mottle (right) caused by cucumber green mottle mosaic disease (image credit @Volcani Center/Aviv Dombrovsky). (G) Watermelon fruit with cucumber green mottle mosaic disease showing yellow spongy flesh and stem with necrotic lesions (image credit @Volcani Center/Aviv Dombrovsky. Images (E–G) all modified from [39].
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Figure 4. Global spread of pepino mosaic virus after its first detection in Peru, South America in 1974 (red arrow). After a 25 year delay, it reappeared in Western Europe, North America and East Asia. During the following decade, it spread rapidly within Europe and North America, arrived in some Middle Eastern and African countries, and was detected in two countries neighboring Peru. Subsequently, the only spread recorded was within China. The virus, which is seed-borne, was spread inadvertently by the international seed trade. An subsequent focus on trade in heathy tomato seed stocks reduced the risk of further global spread (figure credit @Washington State University/Naidu Rayapati). Figure from Supplementary data in [9]. 
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Figure 5. (A) Global spread of cucumber green mottle mosaic virus after its first detection in England in 1935. Colored circles show first detections within individual countries over three eras: yellow = 1935–1985; red = 1986–2006; blue = 2007–2016. This virus is readily seed-borne and was disseminated between continents, and across regions and countries, inadvertently, by the international cucurbit seed trade (figure credit @Volcani Center/Aviv Drombovsky). Figure modified from [39]. (B) Global spread of zucchini yellow mosaic virus after its first detection in Italy in 1973 (red arrow). During the following decade, it appeared in all continents with tropical, subtropical, Mediterranean, and temperate climates. It is seed-borne and was inadvertently disseminated between continents, and across regions and countries. This dissemination occurred mostly by the international cucurbit seed trade, but less often by infective aphid vectors blown in wind currents or international trade in infected fruit. The figure shows countries, and in some instances states within countries, reporting infection up to 2018 (figure credit @Washington State University/Naidu Rayapati). Figure from Supplementary data in [9]. 
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Table 1. Examples of virus disease pandemics or major epidemics of critical importance for global food security.
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	Disease (Pandemic or Major Epidemic)
	Continents or Regions

Affected
	Causal Agent(s)
	Virus Genus
	Vector(s)
	Crop Diseased
	Crop Domestication Center
	Disease Impact
	Virus(es) Origin(s)
	Causes(s) of Appearance
	Alternative Hosts
	Factors Favoring Increased Importance/Distribution
	Key Citations





	Maize lethal necrosis (pandemic)
	East and Central Africa, East Asia, Southeast Asia, North and South America, Europe
	Virus complex: Maize chlorotic mottle virus (MCMV), plus sugarcane mosaic virus (SCMV), maize dwarf mosaic virus (MDMV) or wheat streak mosaic virus (WSMV)
	Machlomovirus(MCMV), plus Potyvirus (SCMV, MDMV)) or Trtimovirus (WSMV)
	Several beetle and thrips species (including the thrips Frankliniella williamsi) (MCMV). Several aphid species (SCMV, MDMV). Eriophyid mite (Aceria tosichella) (WSMV)
	Maize (Zea mays)
	North America (Mexico)
	Widespread devastating yield losses. Food shortages (especially in East and Central Africa)
	Probably all coevolved with the principal crop they each infect within each of its domestication centers: Mexico (MCMV, MDMV), Indian subcontinent and Southeast Asia (SCMV) Middle East (WSMV)
	Ancestral viruses probably first spread by respective vectors to maize from wild maize ancestors (MCMV, MDMV), sugar cane ancestors (SCMV), or wheat ancestors (WSMV)
	Sugar cane, Sorghum, millet, wheat, barley, and several pasture and weed grasses (MCMV). Several cereals and wild grasses (MDMV, SCMV, WSMV)
	Seed-borne MCMV spread in contaminated maize seed resulting in mixed infections with locally occurring MDMV, SCMV or WSMV. Exacerbated by growing vulnerable maize cultivars, agricultural intensification to increase production and widespread occurrence of MCMVs Frankliniella williamsi vector
	[42,71,72,73,74]



	Wheat yellow dwarf disease

(major epidemic)
	Europe, Middle East, South, Central and East Asia, Southeast Asia, Oceania, North, Central and South America, North Africa, sub-Saharan Africa
	Barley yellow dwarf virus (BYDV), and cereal yellow dwarf virus (CYDV). Distinct BYDV strains are PAV, MAV, RMV and SGV
	Luteovirus (BYDV), Polerovirus (CYDV)
	Aphids, especially Rhopalosiphum padi (PAV, CYDV), R. maidis (RMV), Sitobion avenae (MAV) and Schizaphis graminium (SGV)
	Wheat (Triticum aestivum)
	Middle East (Fertile crescent region)
	Sporadic epidemics. Widespread yield losses
	BYDV and CYDV both probably first originated in wheat’s Middle East domestication center. May have re-emerged separately in other world regions
	Ancestral viruses probably first spread by aphid vectors from wild grasses to wheat May have done this several times
	Barley, oats, rye, triticale, maize, rice and several pasture and weed grasses
	Growing vulnerable wheat cultivars. Virus recombination generating virulent new variants
	[4,72,75,76,77,78,79]



	Wheat streak mosaic disease

(major epidemic)
	Europe, Middle East, Central and East Asia, Australasia, North and South America, North Africa, sub-Saharan Africa
	Wheat streak mosaic virus
	Tritimovirus
	Leaf curl mite (Aceria tosichella)
	Wheat (Triticum aestivum)
	Middle East (Fertile crescent region)
	Sporadic epidemics, severe yield losses, especially in Great Plains of North America.
	Probably coevolved with wheat in its Middle East domestication center. May have re-emerged separately in other world regions
	Ancestral virus probably first spread from wild wheat or grasses to wheat by Aceria tosichella vector. Likely occurred several times.
	Barley, maize, oats, rye, sorghum, and some mostly annual grasses
	Spread as seed-borne WSMV to other continents in contaminated wheat seed. Extended cropping periods and growing wheat under warm conditions that favor its mite vector
	[4,72,79,80,81,82,83]



	Rice tungro disease (pandemic)
	Southeast Asia, East Asia (China) and the Indian subcontinent
	Virus complex: rice tungro bacilliform virus (RTBV), and rice tungro spherical virus (RTSV)
	Tungrovirus (RTBV)) and Waikavirus (RTSV)
	Several leafhopper vector species transmit both viruses, Nephotettix virescens most efficient vector species
	Asian rice (Oryza sativa)
	East Asia (China)
	Devastating yield losses, famine. Major deterrent to rice cultivation
	Both viruses have the major phylogroups, Indian and Southeast Asian (RTBV), or Indian and Southeast Asian

/East Asian (RTSV). Probably coevolved with rice separately within different parts of its domestication center
	Ancestral RTBV and RTSV likely first spread by leafhopper vectors from infected wild rice or grasses to rice plantings
	Wild rice and grass weeds often associated with rice paddies are alternative hosts of both viruses
	Favored by agricultural intensification to increase production, growing vulnerable cultivars, and virus recombination generating more virulent variants
	[4,13,14,61,62,84,85,86,87,88]



	Potato necrotic ringspot disease

(major epidemic)
	All continents except Antarctic
	Potato virus Y (PVY) necrogenic R2 variants
	Potyvirus
	Several aphid species, Myzus persicae most efficient vector species
	Potato (Solanum tuberosum)
	South America (Andean region (Peru, Ecuador)
	R2-affected tubers unsaleable. Inability to manage effectively in many heathy seed potato schemes
	PVY itself originally coevolved with potato in its Andean region domestication center
	PVY ancestor spread by aphid vectors to potato from wild potato ancestors
	Pepper, tomato, tobacco and many wild Solanaceae species
	R2 arose in Europe by recombination between strains PVYO and PVYN. It caused PTNRD and subtle or no foliage symptoms, and was more readily aphid transmissible. R2 spread globally in infected seed potato tubers. Largely unmanageable in many healthy seed tuber schemes
	[40,58,89,90,91,92,93]



	Sweet potato virus disease

(pandemic)
	Sub-Saharan Africa, North Africa, Middle East, Southeast Asia, East Asia, and North, Central and South America
	Virus complex: Sweet potato chlorotic stunt virus (SPCSV) plus sweet potato feathery mottle virus (SPFMV), or sweet potato mild mottle virus (SPMMV)
	Crinivirus (SPCSV), plus Potyvirus (SPFMV) or Ipomovirus (SPMMV)
	Whiteflies Bemisia tabaci (SPCSV, SPMMV) and Trialeurodes abutilonea (SPCSV). Aphid species Myzus persicae and Aphis gossypii (SPFMV)
	Sweet potato (Ipomoea batatas)
	Occurred twice, separately in Central and South America
	Devastating yield losses. Major deterrent to sweet potato cultivation
	SPCSV and SPFMV probably coevolved with sweet potato in one of its two domestication centers in Central or South America. SPMMV spread to sweet potato from wild Convolulaceae hosts in East Africa
	Ancestral viruses likely first spread by their respective vectors to sweet potato from its wild ancestors (SPCSV, SPFMV) or other wild alternative hosts (SPMMV)
	SPCSV, SPFMV and SPMMV all infect wild Convolvulaceae: Ipomoea spp. (several species), Hewittia sublobata and Lepistemon owariensis
	SPCSV and SPFMV spread globally in infected tuberous roots. Displacement of local sweet potato land races by vulnerable high-yielding cultivars. Spread favored by agricultural intensification to increase production
	[72,94,95,96,97,98,99,100]



	Banana bunchy top disease

(pandemic)
	Sub-Saharan and North Africa, Middle East (Iran), Indian subcontinent, Southeast Asia, East Asia, Oceania
	Banana bunchy top virus
	Babuvirus
	Aphid (Pentalonia nigronervosa)
	Banana, including plantain (Musa spp.)
	Southeast Asia (especially Malaysia), Polynesia, Indian subcontinent
	Devastating yield losses. Major deterrent to banana cultivation
	Within banana’s wider domestication center, two major phylogroups diverged, the Pacific-Indian Oceans and Southeast Asian
	Ancestral virus likely first spread by its aphid vector to banana from its wild ancestors or alternative hosts
	Musa paradisiaca M. textilis, and Ensete ventriculosum
	Wide-scale transportation of infected planting material of vulnerable cultivars to new geographic locations. Frequent new introductions of its Pentalonia nigronervosa vector. Agricultural intensification to increase production.
	[38,63,64,72,101]



	Citrus tristeza disease

(pandemic)
	South, Central and North America, Sub-Saharan and North Africa, Europe, Middle East, Indian subcontinent, East Asia, Southeast Asia, Oceania
	Citrus tristeza virus
	Closterovirus
	Aphids. Toxoptera citricida most efficient vector. Less efficiently vectored by A. gossypii, T. aurantii and A. spiraecola
	Citrus sp. Especially orange, lemon, mandarin, grapefruit, lime
	Southeast Asia mainly, but also in the Indian subcontinent, East Asia and Melanesia
	Devastating yield losses. Plants killed. Plantations abandoned
	Co-evolved with Citrus species within the broader citrus domestication center (Southeast Asia, Indian subcontinent, East Asia and Melanesia)
	Ancestral virus first spread by its aphid vectors to citrus from its wild citrus ancestors or related genera
	Wild Citrus species and species in related genera, such as Fortunella and Poncirus.
	Wide-scale transportation of CTV-infected and Toxoptera citricida-infested planting material to new geographic locations. Widespread growing of citrus trees derived from CTV-vulnerable cultivar scions grafted onto CTV-susceptible sour orange rootstocks.
	[4,72,102,103,104,105,106,107,108,109,110]



	Plum pox disease

(pandemic)
	Europe, Middle East, Indian subcontinent, East Asia, North Africa, South and North America
	Plum pox virus
	Potyvirus
	Aphids. Myzus persicae most efficient vector
	Prunus spp. Especially plum, peach, apricot, nectarine
	China (peaches, nectarines). Europe, Asia, North America (plum, cherry)
	Devastating losses in fruit quality, premature fruit drop and yield. Diminished orchard lifespan
	Probably co-evolved with plum and cherry within its wider domestication center (central and eastern Europe and the Levant)
	Ancestral virus spread by aphid vectors and grafting to plum and cherry from wild Prunus ancestors. Spread to peach and nectarine from infected Prunus after introduction to Europe and the Levant
	Ornamental Prunus trees. Wild Prunus species
	Spread by wide-scale transportation of PPV-infected Prunus planting material and germplasm to new geographic locations. Local spread by aphid vectors. Widespread adoption of vulnerable stone fruit cultivars
	[4,14,60,72,111,112,113,114,115,116]



	Faba bean necrotic yellows disease

(major epidemic)
	Europe (Spain), North Africa, Horn of Africa, Middle East and Arabia, Indian subcontinent (Pakistan)
	Faba bean necrotic yellows virus
	Nanovirus
	Aphids. Aphis craccivora, A. fabae and Acyrthosiphon pisum.
	Faba bean (Vicia faba)
	Middle East
	Sporadic epidemics. Devastating yield losses. Major deterrent to faba bean cultivation
	Probably coevolved with faba bean (and other cultivated legumes) within faba bean’s domestication center
	Ancestral virus probably spread by its aphid vectors to faba bean crops from other crop or wild legumes
	Common bean, cowpea, chickpea, lentil and several wild and pasture legumes, and Amaranthus spp.
	Growing vulnerable faba bean cultivars combined with agricultural intensification to increase production
	[72,117,118,119,120]



	Tomato brown rugose fruit disease

(major epidemic)
	Middle East, Europe, East Asia (China), North Africa (Egypt, Sudan), North (Mexico, USA) and South (Chile) America
	Tomato brown rugose fruit virus
	Tobamovirus
	Contact transmission and by bee pollinators
	Tomato (Solanum lycopersicum)
	Middle East
	Unmarketable fruit cause major losses.

Recently spreading rapidly, especially in protected cropping
	Uncertain. Possibly infected tomato in new encounter with indigenous virus in Middle East, or virus already coevolved with tomato beforehand but remained unnoticed until recently
	Uncertain. Ancestral virus spread by contact to tomato from unknown host, or the virus itself was already present infecting tomatoes worldwide
	Infects pepper. Possible alternative hosts include eggplant, petunia and the weed Solanum nigrum (natural infection yet to be confirmed)
	Seed-borne international spread in contaminated tomato seed, and to a lesser extent in infected seedlings and fruit. Mutation or recombination event that broke resistance gene Tm-22. Spread favored by intensive protected cropping procedures
	[121,122,123,124]



	Pepino mosaic disease

(major epidemic)


	South and North America, Europe, Middle East, Africa (Morocco, South Africa), East Asia (China)
	Pepino mosaic virus
	Potexvirus
	Contact transmission and by bee pollinators
	Tomato (Solanum lycopersicum)
	Andean region of South America
	Unmarketable fruit cause major losses.
	Probably coevolved with, pepino, pepper and semi-domesticated tomato in the Andean region of South America
	Ancestral virus spread by contact from wild tomato to pepino, pepper and tomato crops in the Andean region
	Infects pepper and pepino crops, wild tomato species; and 18 weed species from seven different non-Solanaceae families in Spain
	Seed-borne international spread in contaminated tomato seed, and to a lesser extent in infected seedlings and fruit. Spread favored by intensive protected cropping procedures
	[7,72,124,125,126,127,128,129]



	Cucumber green mottle mosaic disease

(major epidemic)
	All continents except Antarctic
	Cucumber green mottle mosaic virus
	Tobamovirus
	Contact transmission and by bee pollinators
	Fruit and vegetable cucurbits
	Americas (squash, zucchini, pumpkin). Indian subcontinent (cucumber, melon). Africa (watermelon, melon, gherkin)
	Diminished marketable yields or fruit unmarketable due to poor quality. Substantial gross yield losses.
	Likely coevolved with cucumber and melon in Indian subcontinent domestication center. Spread from these two crops to squash, zucchini, gherkin watermelon, pumpkin
	Ancestral virus probably spread by contact from wild cucumber or melon ancestor to cucumber and/or melon in Indian subcontinent
	Infects cultivated gourds and wild species in nine families including Amarthaceae, Cucurbitaceae, Euphorbiaceae, Lamiaceae and Solanacaeae
	Seed-borne international spread in contaminated cucurbit seed, and to a lesser extent in infected cucurbit seedlings and fruit. Spread favored by intensive protected cropping procedures
	[39,72,130,131,132,133,134,135,136]
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