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			Abstract

			Plant viruses cause widespread disease in agriculturally important crops, resulting in a reduction in both quality and quantity of produce. The introduction of intensive crop monoculture has resulted in an exponential increase in viral diseases which can cross over from wild indigenous plants. Viral pathogens also can occur in mixed infections, and rapid, sensitive and reliable diagnostic methods are required to identify and characterise the viruses responsible for the field diseases. In comparison to bacterial and fungal diseases, viral diseases are more difficult to diagnose. This review covers a period (1985–2011) in the history of virus discovery in South Africa during which several plant viruses from commercial and small-scale farms were identified and characterised. Interestingly, novel viruses were discovered in three crops, namely guar and cassava grown by small-scale farmers in Mpumalanga, and in commercial tobacco. The implication of these plant diseases is potential yield loss to farmers which can affect their livelihoods, and result in severe economic loss for the food and agriculture industries. Accurate identification of the causal viral agents of these viral diseases is a prerequisite for development of effective management strategies.

			Significance:

			
					•	This review provides a historical account of the discovery and characterisation of several viral pathogens of important agricultural crops grown by small-scale and commercial farmers in South Africa.

					•	Three novel plant viruses were isolated for the first time during the period (1985–2011) of this review.
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			Introduction

			Origin, evolution and diversity of plant viruses

			The history of virology interestingly began with the discovery of a novel infectious agent (tobacco mosaic virus), not in animals or humans, but in a tobacco plant.1 Viruses represent the most diverse, ubiquitous and numerous microorganisms defined to date. It has been speculated that viruses contributed to the origin of cellular life.2 Although the origin of viruses is not known due to lack of ‘molecular fossil’ information, extant evidence indicates a polyphyletic origin. As with human and animal viruses, plant viruses arose multiple times as hosts evolved and diverged in defined geographical regions. Plant viruses have a longstanding tight co-evolutionary history with their plant hosts, and while many of these do not cause disease, pathogenic viruses appear to dominate in economically important agricultural crops. Virus emergence is generally associated with ecological change or domestication of crops leading to intensive mono-agronomical practices. Complex ecological factors play a major role in plant virus emergence, host range expansion/diversification and plant–virus interactions.3 In nature, virus infections occur in multivirus–multihost communities, whereas in monoculture, although mixed infections do occur frequently, a single dominant virus species is usually associated with the disease. These viruses are transmitted by undiagnosed infected plant material or seeds introduced into geographical regions; or often these viruses transgress from wild plants in natural ecosystems into agri-systems, although from domestic crops into wild hosts can also occur.4 Virus populations are continuously evolving and adapting to new environments, vectors and hosts.5 Genetic diversity is achieved by several molecular mechanisms such as horizontal gene transfer, mutations (nucleotide substitutions), virus genome re-assortment or recombination. Virus populations behave as mutant spectra (quasispecies) composed of heterogeneous genetic variants around a master dominant sequence.6 Genetic diversity of a quasispecies at any given time is a result of natural selection and genetic drift, enabling viral emergence and altered pathogenesis. Factors determining the origin, emergence and diversification of virus populations in any specific geographical region/country are highly complex. 

			Diagnosis 

			Many viruses can remain undetected in the field, in particular those in wild plant hosts. Due to previous limitations of methods for virus detection and identification, many viruses remained ‘hidden’. Early studies in the first six decades of plant virology (~1900–1960) were mainly focused on insect and mechanical transmission, centrifugation, serological assays and electron microscopy. The rise of molecular virology, including nucleic acid and protein technologies, has allowed for more rapid and accurate viral genome identification. Next-generation sequencing and metagenomics applied to plant virology in the last decade has provided rapid, efficient and high-throughput sequencing of DNA and RNA virus and viroid genomes.7 Metagenomic studies have also revealed a large diversity of viruses in wild plants.8 Next-generation sequencing combined with bioinformatics is also a powerful tool for de novo virus discovery and virus genome diversity studies. The potential contribution of minor genetic variants in a quasi-species to disease aetiology in the field is not yet known. Future next-generation sequencing studies on both temporal and spatial regulation of viral quasi-species in plant hosts merits further attention.9 

			A personal journey in plant virus hunting in southern Africa

			To our knowledge, the first virus disease symptoms reported in South Africa was streak disease in maize.10 Maize streak disease was shown to be caused by a virus that is transmitted by a leafhopper vector.11 More recent studies have identified several ssRNA viruses occurring singly or in mixed infection in sweet potato in KwaZulu-Natal12, Limpopo13, and Eastern and Western Cape Provinces14. Several geminiviruses have also been detected in South Africa and southern African neighbouring counties causing serious yield reductions in cassava, maize, tomatoes, beans and sweet potatoes.15 Two monopartite begomovirus isolates, occurring either alone or in mixed infection in sweet potato (Ipomoea batatas) plants, were identified for the first time in South Africa in 2011 from samples near Louis Trichardt in the Limpopo Province.16 The complete genome sequence of one of the isolates corresponded to Sweet potato mosaic-associated virus (SPMaV; SPMaV-[ZA:WP:2011]), with which it shared 98.5% nucleotide identity. The second genome isolate sequence corresponded to a new variant of Sweet potato leaf curl Sao Paulo virus (SPLCSPV; SPLCSPV-[ZA:WP:2011]), with which it shared 91.4 % nucleotide identity. 

			This review reports a number of new viruses or virus isolates that were identified in several provinces in South Africa between the years 1985 to 2011. These viruses are depicted in a geographical map (Figure 1).
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			Figure 1:	Map of plant viruses identified between 1985 and 2012: Ryegrass mosaic virus in KwaZulu-Natal (1), Free State (2) and Mpumalanga (3); Guar green-sterile virus in KaNgwane (now eastern Mpumalanga near White River) (4); Avocado sunblotch viroid near to Magoebaskloof, Limpopo Province (5) and  near Eshowe (KwaZulu-Natal) (6); African cassava mosaic virus and East African mosaic virus in Mpumalanga (7) and in St. Lucia in KwaZulu-Natal (8); South African cassava mosaic virus in Mpumalanga (7) and  Swaziland (9); Tobacco leaf enation virus in Brits region (North West Province) (10) and near Hazyview in Mpumalanga (11); genetic variants of Sweet potato mosaic-associated virus and Sweet potato leaf curl Sao Paulo virus near Louis Trichardt, Limpopo Province (12); and Pepino mosaic virus near Mooketsi, Limpopo Province (13).
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			A new green-sterile viral disease of guar in Mpumalanga

			Guar (Cyamopsis tetragonoloba L.) is native to tropical Africa and Asia, and is grown in the USA, Pakistan, India and several countries in Africa as a livestock feedstuff.17 Guar meal has more recently also been used in poultry, and guar gum obtained from an annual pod is used as an emulsifier in baking mixes, cheeses, fats, oils, sauces and jams. The guar market in North America, Europe, Asia-Pacific, South America and Africa is projected to grow at a rate of 3.0% during the forecast period 2015–2024. Major importers of guar gum are Italy, South Africa, Russia, Australia, Netherlands, Japan, Brazil, Belgium and Canada. Guar was introduced into South Africa in the late 1940s and was grown by rural farmers in Mpumalanga and Northern Province.18 Guar was often used in intercropping with maize, cassava and groundnuts in Mpumalanga. A number of potyviruses have been shown to infect guar, including peanut mottle potyvirus (PeMoV), Bean common mosaic virus (BCMV), and a symptomless seed-transmitted potyvirus from Indian, African and North American guar.19 

			While researching cassava mosaic disease in the Mpumalanga region, disease symptoms of reduced leaf size and number, and fewer, often sterile, inflorescences along the stem were observed on guar plants in the fields in KaNgwane (now incorporated into Mpumalanga). Often the stems remained green long after plant senescence, and 50% of the seeds were discoloured and distorted.18 The disease was named guar green sterile disease. It was suspected that this disease may be due to a potyvirus (ssRNA flexuous particles) and was named Guar green sterile virus (GGSV). Host range study in bean cultivars, and serological tests with antisera to Bean common mosaic virus (BCMV-SA) and Bean common mosaic necrosis virus (BCMNV), indicated that GGSV was serologically related. Further characterisation of guar green sterile disease was undertaken in order to elucidate the transmission, biological properties, and immunological relatedness to several other potyviruses. Mechanical inoculations on several indicator hosts18(Table 1) resulted in symptoms of red vein necrosis, chlorosis and mosaic, while non-persistent aphid transmission on guar was not observed. Symptoms of leaf malformation and mosaic were observed on soybean (Glycine max) and several bean (Phaeseolus vulgaris L.) cultivars. Inability to obtain green sterile symptoms in guar was explained by the slow spread of the virus, low virus concentrations, and lack of symptoms in young guar plants. In the few cases in which local lesions were obtained, plants had a positive reaction to homologous antiserum raised against GGSV isolated from guar with green sterile symptoms. Seeds showing disease symptoms were positive when tested with BCMV antiserum, and antiserum raised to purified potyviruses extracted from guar leaves. Serological tests also demonstrated virus presence in seed coat and embryo tissue. Virus purification was only successful from fresh guar material collected from the field. Long flexuous particles averaging 750 X 15 nm were observed by transmission electron microscopy in leaf-dip preparations. Guar cv.TX-79-2741 was also strongly positive for Bean yellow mosaic virus (BYMV) antiserum. This study described a new disease symptom in guar, and indicated the putative involvement of a seed-transmitted legume potyvirus. A ssRNA shown to be 9.4 kb was isolated from purified GGSV virions, and Western blots showed the coat protein to be ~34 kD.20 The nucleotide sequence of the 3’-terminal region (1359 nt) of GGSV and translated amino acid was determined and compared with the latent seedborne guar symptomless potyvirus in guar imported into the USA from India.21 The presence of the amino acid triplet DAG in both GGSV and guar-US was consistent with aphid transmissibility. The coat protein amino acid sequence was 96% similar between GGSV and BCMV-NL4. GGSV and guar-US formed a tight cluster that was most closely related to the BCMV sub-group of potyviruses based on the coat protein and 3’ UTR, strongly suggesting that GSV-US and GGSV are strains of BCMV-NL4.

			Potyviruses represent one-quarter of known plant RNA viruses, and exhibit high nucleotide variation.22 This is an indication that potyviruses have an exceptional capacity to adapt to new hosts, vectors and environments. Further surveys of guar may demonstrate other potyvirus infections, and this could potentially have a negative impact on the use of this valuable crop, not only in the food and livestock industries but also in pharmacotherapy, where guar gum has more recently been used in the treatment of gut disorders.
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			The challenge of routine avocado sunblotch viroid detection in avocado trees

			The avocado is one of the most important fruits in South African and global subtropical industries, and the local industry has increased rapidly in South Africa over the years.23 Avocado production in South Africa has traditionally been concentrated in the warm subtropical areas of the Limpopo and Mpumalanga Provinces in the northeast of the country between latitudes 22°S and 25°S. However, due to growing global demand and to produce year round, production is expanding in KwaZulu-Natal and the Eastern and Western Cape Provinces (up to 33°S).24 Avocado sunblotch is a serious disease of avocado (Persea americana Miller) worldwide. The disease affects both the yield and quality of the fruit. Fruit yield due to avocado sunblotch disease was reported to be reduced by 27.3% in cultivar Fuerte in the early 1980s in South Africa.25 The causal agent of sunblotch disease was first identified as a viroid (ASBVd)26, and is a low molecular mass circular ssRNA with a compact secondary structure comprising 247 nucleotides. 

			Sunblotch disease can be detected in avocado trees by identifying the typical symptoms in fruits; however, this approach is not applicable to infected asymptomatic trees.27 Diagnosis based on symptoms is not reliable and other sensitive diagnostic techniques are necessary to determine the health status of an avocado tree. Despite rapid diagnostic methods developed for viroid detection in the early 1980s, such as polyacrylamide gel electrophoresis (PAGE) and use of 32P-labelled complementary DNA probes28, these techniques were not reliable due to variability in viroid levels within branches and leaves. Problems with PAGE indexing for ASBVd were also reported in South Africa.29 Furthermore, contaminating polyphenols and polysaccharides in plant RNA extracts posed problems in RNA purification and gel separation. In order to improve screening for ASBVd, we developed a modified method to separate the viroid from other contaminating RNA species and contaminating plant compounds.30 Furthermore, we compared sensitivity of a cDNA versus a synthetic oligonucleotide probe for detection of ASBVd in plant extracts. From our study we showed that DNase treatment, and removal of polysaccharides, polyphenols, 4S and 5S ribosomal RNA by a modified method of CF-11 cellulose chromatography, improved hybridisation efficiency by 100-fold. The use of cDNA probes appeared to be a more reliable method for ASBVd-RNA detection compared to PAGE; however, the costs at the time of this study were high, and diagnosis laboratories were not equipped to handle cDNA techniques. The procedure was also very time intensive. 

			Other molecular techniques have been developed more recently; for example, a highly sensitive novel SYBR green-based method based on real-time reverse transcription (RT)-PCR was reported.31 The RT-qPCR is 100 times more sensitive to ASBVd than conventional RT-PCR. Infected asymptomatic trees play an important role in the epidemiology of this disease, and avocado nurseries need to be certified to ensure they provide pathogen-free avocado material. Although there is no cure for infected trees, early detection and sanitation practices may have a significant impact on avoiding the spread of this pathogen. 
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			First report, characterisation and phylogenetic justification of Ryegrass mosaic virus–South African isolate

			Annual ryegrass (Lolium multiflorum) is an important forage crop in many parts of the world including South Africa, where it is grown as a cool season pasture species under irrigation by commercial farmers for intensive dairy, lamb and beef production.32 It is mainly cultivated in Gauteng, North West, Free State and Kwa-Zulu-Natal Provinces. Ryegrass mosaic virus (RGMV) is reported to infect only members of the Poaceae family, including ryegrass (Lolium perenne L. and L. multiflorum Lam.), bromegrass (Bromus) species and oats (Avena sativa L.).33 Ryegrass mosaic virus belongs to the Potyviridae family, and is a flexuous filamentous particle, approximately 703 nm in length and 15 nm in diameter, and is transmitted by the mite vector Abaracus hystrix.33 Symptoms of infection usually range from yellow to light green mosaic or streaking.34 

			While symptoms in ryegrass had been reported in South Africa, there was no information on the distribution, biology or strain of the virus in South Africa prior to 1989, and both the vector and causal agent of ryegrass mosaic disease had not been confirmed. From 1989 to 1990, a broad survey of viruses in pasture grasses was carried out in several provinces, and mechanical and vector transmission was performed.34 Transmission results showed that RGMV-SA was present at only three of the sites (Cedara, Nooitgedacht and Glen). Dot-blot and leaf press immunobinding assays, using anti-RMV-SA antiserum raised to purified RMV particles in rabbits, and electron microscopy confirmed the presence of RGMV.35(Fig.1) Vector identification (by Dr E Ueckermann at the Plant Protection and Research Institute, Pretoria) also confirmed the mite to be A. hystrix belonging to the Eriophyidae family. A further host range study was performed on several indicator hosts using both mechanical and vector transmission. Of the 15 plant species screened, RMV-SA was shown to be transmissible to all the tested cultivars of L. multiflorum as well as L. perenne, A. sativa, A. fatua, Dactylus glomerata, Bromis mollis and Festiuca arundinaceae. RGMV-SA was found to be a severe isolate as it also induced severe tissue necrosis in several hosts, including L. multiflorum, a similar result as shown in L. multiflorum cv.s22 by RGMV isolates from Wales.33 Transmission of RGMV-SA by A. hystrix was found to be in a semi-persistent manner. In order to study the relationship with other virus members of the Rymovirus and Potyvirus genera, antisera for various potyviruses were used in dot-blot immunobinding assays and indirect ELISA. Immunoblots probed with antisera raised to RGMV-SA, RGMV-W and RGMV-Ca from South Africa, Wales and Canada, respectively, were positive; however, antisera to potato virusY (potyvirus) and other rymoviruses [Hordeum mosaic virus (HorMV); Agropyron mosaic virus (AgMV); wheat streak mosaic virus] were negative. The coat protein from purified virus particle preparations was determined to be 32.1±0.52 kDa, and the size of RGMV-SA RNA extracted from purified virions was estimated to be 2.8 x 106 on 1% agarose gels.35 Further, molecular cloning and nucleotide sequencing of the 3’terminal end (2094 nt) of the first strain of a RGMV isolate was accomplished.36 Two putative polyprotein cleavage sites, Q/L and E/A, were found, both of which are novel amongst potyviruses. 

			Alignment of the amino acid sequence of RGMA-SA with other Rymovirus genus members showed limited identity with Potyvirus. These results indicated that RGMV-SA was a distinct virus genus Rymovirus within the Potyviridae family.37 Additionally, phylogenetic analyses of the rymovirus sequences revealed a distinct group of two clusters: RGMV, HorMV and AgMV in one group and Wheat streak mosaic virus (WSMV) and Brome streak mosaic virus (BrSMV) in the second group. Rymoviruses also clustered separately from Ipomovirus and Bymovirus genus members.37(Fig.1) 

			While no extensive studies on RGMV-SA have ensued in the years following its discovery and characterisation, breeding of this important forage crop is ongoing. Yield data from the L. multiflorum breeding programme at ARC-Cedara in KwaZulu-Natal Province provides substantial evidence of the benefits of breeding to improve yield.38 Because ryegrass mosaic disease can affect yields, it is important that ryegrass growers are aware of a potential problem and remain vigilant.
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			Unravelling the disease aetiology of tobacco leaf curl disease in southern Africa: Tobacco leaf enation virus, a novel field phytoreovirus in tobacco reported for the first time

			Tobacco leaf curl disease occurs mainly in tropical and sub-tropical regions, but is also reported in temperate regions such as Japan and parts of Europe and USA. Tobacco leaf curl disease was first reported in the Netherlands East Indies in 1912; however, it is thought that a disease fitting the description of leaf curl was present in South Africa as early as 1902.39 Leaf curl in tobacco was once reported as the most destructive disease in East Africa, Zimbabwe and the North West Province of South Africa.39 Although the disease syndrome was attributed to a virus, named Tobacco leaf curl virus (TLCV)40, which was shown to be transmitted by a species of whitefly, only one attempt was successful in isolating geminivirus particles.41 Symptom variability in tobacco leaf curl disease, however, has been reported by several researchers worldwide, including in South Africa42, and while suspected to be caused by different geminivirus strains, this suspicion was never confirmed experimentally. Furthermore, repeated attempts to isolate a geminivirus from tobacco in South Africa had failed.43 Tobacco plants exhibiting leaf curl symptoms were collected between 1992 and 1995 from Zimbabwe and from the North West and Mpumalanga Provinces in South Africa. Three different leaf symptoms, based on type and severity, were distinguished and placed into three classes (I, II and III).44 Class I tobacco plants from South Africa predominantly exhibited stunting and stems appeared bent and irregular and the thickened leaves curled and twisted with thickened veins on the ventral surface and frilly enations along the midrib. Class II leaf curl symptoms were considered non-viral, and attributed to a physiological disorder. Transmission electron microscopy, dot-immunobinding assays and polyacrylamide gel electrophoresis (PAGE) failed to detect geminivirus particles or coat protein from symptomatic class I plants.45 DNA hybridisation with eight geminivirus-specific probes and PCR with three sets of geminivirus-specific degenerate primers failed to detect DNA. Interestingly, dsRNA extraction revealed 12 bands ranging from 4350 bp to 810 bp, which resembled plant reoviruses that are transmitted by leafhopper or planthopper vectors. Plant reovirus-like symptoms include enations, vein swellings and dwarfing.46 Wound tumour phytoreovirus (WTV) was at the time the only plant reovirus known to infect dicotyledonous plants.47 As the dsRNA pattern and sizes and symptoms of class I leaf curl tobacco strongly suggested a phytoreovirus, further studies were performed to confirm this diagnosis. Reovirus extractions successfully isolated icosahedral particles with an outer core 60–65 nm in diameter and an inner core 40–45 nm in diameter. Twelve distinct non-polyadenylated dsRNAs were isolated from purified virions, and the total molecular masses of the dsRNAs ranged from 17.86 to 18.40 × 106 Da in polyacrylamide and agarose gels, respectively.48 Comparisons of the tobacco phytoreovirus from South Africa with other known phytoreoviruses (Maize rough dwarf fijivirus (MRDV), Garlic dwarf reovirus (GDV), Rice ragged stunt reovirus (RRSV), Rice black-streaked dwarf fijivirus (RBSDV), WTV and Rice dwarf phytoreovirus (RDV)) revealed a unique dsRNA banding pattern that was distinct but most similar to WTV, the type species of the genus Phytoreovirus. Hybridisations of WTV-cloned DNA probes (segments S4 and S6 to S9) and dsRNAs from infected tobacco indicated no significant sequence similarity, whereas an indirect ELISA with a polyclonal antiserum to WTV showed strong positive cross-reactivity to tobacco virions. Western blot analysis of structural viral proteins (apparent molecular weights of 93 kDa, 58 kDa, 48 kDa, 39 kDa and 36 kDa) associated with the dsRNAs isolated from infected tobacco in South Africa, suggested that these proteins may correspond to structural WTV-like proteins. The virus was named ‘tobacco leaf enation virus’ (TLEV).

			To further establish the nature of TLEV-associated disease phenotype in tobacco, molecular characterisation of six dsRNA components was undertaken.49 Results of this study revealed the conserved terminal sequence: 5’GG(U/C)...UGAU 3’ of segments S6–S12, while adjacent to these conserved terminal sequences are imperfect inverted repeats (7–15 bp in length), both features being common to reoviruses. The complete nucleotide sequences were determined for segments S5 (2610 bp), S7 (1740 bp), S8 (1439 bp), S10 (1252 bp), S11 (1187 bp) and S12 (836 bp). Comparison of full-length nucleotide sequences with corresponding segments of other phytoreoviruses, Rice gall dwarf virus (RGDV), Rice dwarf virus (RDV) and WTV has shown nucleotide and predicted amino acid identities within the range of 30–60%. TLEV consistently showed a higher identity to WTV than to other phytoreovirus species for which sequence data were available. Each segment had a single predicted open reading frame encoding proteins with calculated molecular weights of 90.6 kDa (S5), 58.1 kDa (S7), 47.7 kDa (S8), 39.8 kDa (S10); 35 kDa (S11) and 19.5 kDa (S12). The relatively low nucleotide and amino acid identity to other members of the genus confirmed that TLEV is a novel phytoreovirus, distinct from the only other reported dicotyledonous-infecting WTV and was the first report of a phytoreovirus in tobacco, and the first discovered reovirus on the African continent.

		

	
		
			

			South African Journal of Science (Review Article)

			The hunt for plant viruses in South Africa

			Discovery of Tobacco leaf curl Zimbabwe virus – a new distinct monopartite begomovirus associated with subgenomic defective DNA molecules

			Class III leaf curl plants from Zimbabwe tested positive in PCR using two sets of geminivirus-specific degenerate primers that amplify the core region of the coat protein of DNA A or the bottom half of DNA A of most whitefly transmitted geminiviruses. Dot‐blot hybridisation and triple antibody sandwich ELISAs for geminiviruses also were positive.50 The Zimbabwe virus isolates were named Tobacco leaf curl Zimbabwe virus (TbLCZWV). The complete DNA A sequence of TbLCZWV comprises 2767 nucleotides with six major open reading frames encoding proteins with molecular masses greater than 9 kDa.50 Agro-inoculation with a full-length TbLCZWV DNA A infectious clone resulted in systemic infection of tobacco and tomato. Symptoms of field-infected tobacco leaves (Nicotiana tabacum cv. HG) collected from Zimbabwe exhibited distinct downward leaf margin curling, vein thickening, wavy midribs and significantly distinct cup-shaped enations on the ventral surface. Symptoms observed in Nicotiana benthamiana, following TbLCZWV agro-inoculation, were stunting, severe upward leaf curling, leaf distortion, ventral vein thickening and bending of petioles (Figure 2a). In N. tabacum cv. Samsun, extensive puckering of dorsal leaf surfaces (Figure 2b) and upward leaf margin curling in newly developing leaves occurred (Figure 2c). N. tabacum cv. Samsun ventral leaf surfaces of infected plants exhibited vein thickenings on smaller veins of the infected plants that were absent in the healthy plants (Figure 2d).

			Efforts to identify a DNA B component were unsuccessful. These findings suggested that TbLCZWV was a novel member of the monopartite group of begomoviruses, with its closest relative being Chayote mosaic virus (Figure 3). Abutting primer PCR amplified two ~1300-bp subgenomic defective DNA molecules originating from TbLCZWV DNA A. Many monopartite begomoviruses are associated with co-dependent betasatellites for successful infection.51 While a betasatellite was not found in N. tabacum cv. HG, it would prove interesting to revisit tobacco leaf curl disease in Zimbabwe. Since this discovery, a TbLCZWV isolate was reported from the Comoros archipelago.52 Further, a complex tobacco leaf curl begomovirus exhibiting differential disease phenotypes in the Comoros archipelago has recently been observed.53 Extensive genetic material exchange through recombination, molecular diversity and evolution of these begomovirus complexes warrants further research.
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			Figure 2: 	Symptoms seen on tobacco following agro-inoculation with monopartite Tobacco leaf curl Zimbabwe virus DNA A. (a) Nicotiana benthamiana (100% infection 2 weeks post-inoculation) exhibiting stunting, severe upward leaf curling, leaf distortion, ventral vein thickening and bending of petioles. (b) N. tabacum cv. Samsun (100% infection 4 weeks post-inoculation), showing extensive puckering of dorsal leaf surfaces. (c) N. tabacum cv. Samsun showing leaf margins of newly developing leaves curling upwards. (d) N. tabacum cv. Samsun ventral leaf surfaces of healthy (H) and infected (I) plants, showing vein thickenings present on smaller veins of the infected plants that are absent in the healthy plants (source: Paximadis and Rey50). (e) Symptoms of leaf curl and mosaic on cassava cv.60444 agro-inoculated with bipartite South African cassava mosaic virus DNA A and B.
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			The elusive identification of South African cassava mosaic virus: A novel geminivirus provides further evidence for recombination

			Cassava (Manihot esculenta Crantz) is one of the most important staple root crops whose starchy roots are a major source of dietary energy for more than 500 million people in tropical and sub-tropical regions and thus occupies a uniquely important position as a food security crop for smallholder farmers. In low-income areas of these countries, the crop is a staple food consumed by over 700 million people. Over the period 1980 to 2013, global cassava production has increased from 124 million tons to an estimated 263 million tons, and global fresh root production reached an estimate of 275.7 million tons in 2018.54 Cassava mosaic disease is considered to be the first virus disease reported in Africa55, where symptoms of leaf curl and mosaic were reported (Figure 2e). Cassava (Manihot esculenta Crantz) is thought to have been introduced, in two independent events, from the Americas onto the African continent in the 16th and 18th centuries56 and cultivation spread throughout sub-Saharan Africa. The introduction of this exotic crop into a new ecosystem provided opportunities for infection of cassava by geminiviruses from native plant species. The geminiviruses (family Geminiviridae) constitute the largest family of plant viruses, with over 450 distinct species that occur across all world regions with favourable climates for their insect vectors.57 Among the geminiviruses, begomoviruses (genus Begomovirus) are responsible for a large number of emergent crop diseases over the past 50 years throughout the tropical and subtropical regions worldwide.58 Begomoviruses are composed of circular ssDNA genomes, and can be monopartite (DNA A) or bipartite (DNA A and B). African cassava mosaic virus (ACMV) was the first reported begomovirus associated with cassava mosaic disease.59 Cassava mosaic viruses frequently occur in mixed synergistic infections, and readily exchange their genomes through recombination or re-assortment which leads to high genetic variability within species.60 

			It is speculated that cassava was introduced into South Africa from Zimbabwe, Mozambique and Mauritius, and was spread across the northern and eastern regions of Natal and Mpumalanga by Tsonga tribesman in the 1830s.61 Cassava is mainly cultivated by small, resource-poor farmers. A study in the early 1980s reported cassava mosaic disease symptoms in South Africa and Swaziland.61 While it is not known how cassava mosaic disease emerged in South Africa, it is speculated to have been introduced through infected cassava vegetative material via other neighbouring countries. An initial transmission electron microscope study to identify the causal agent of cassava mosaic disease in cassava in South Africa, and in mechanically inoculated indicator host N. benthamiana, was unable to detect typical geminivirus particles or inclusion bodies in the nucleus.62 However, using antiserum raised against ACMV-Kenya, immunogold labelling located geminiviral antigen in infected cassava leaf tissue. On the basis of a partial DNA A sequence, and comparative serological results with three monoclonal antibodies against EACMV, ACMV and Indian cassava mosaic virus (ICMV), a novel geminivirus was identified, South African cassava mosaic virus.63,64 The individual common region and coat protein nucleotide sequences of SACMV clustered with the monopartite Tomato yellow leaf curl virus–Sardinia (TYLCV-SR), followed by East African cassava mosaic virus [Malawi-8N-2007] and East African cassava mosaic virus–Tanzania [Tanzania].64 Southern blots with three DIG-labelled ACMV-Kenya, ICMV and Tomato golden mosaic virus (TGMV) DNA B probes, and nucleotide sequencing of a 687-bp DNA B component, proved that SACMV was a bipartite begomovirus that clustered with the Old World sub-group.

			Earlier serological surveys in west, central and east African countries suggested that cassava mosaic begomoviruses, ACMV, EACMV and the ACMV-EACMV recombinant (EACMV-Uganda) had separate non-overlapping distributions65; however, East African cassava mosaic virus-Cameroon [Cameroon-1998] was reported more west in Cameroon.66 A later PCR study using core coat protein and EACMV-Uganda primers in southern Africa (Angola, Zambia, Swaziland, Mozambique and Zimbabwe) demonstrated that the three viruses occurred in most of these countries, but EACMV-Uganda only occurred in mixed infections.67 All three viruses were present in South Africa, and further heteroduplex mobility assay profiling was able to distinguish four different virus species and 11 different strains/isolates.68 In addition to EACMV, ACMV, SACMV, EACMV-Uganda and East African cassava mosaic virus–Malawi were also detected. Full-length DNA A sequence comparisons with other begomoviruses available first demonstrated that SACMV was most closely related to EACMV-Tanzania and Malawi isolates (Figure 3). Later, full-length DNA A and B genomes were shown also to be closely related to EACMV-Malawi and EACMV-Uganda mild and severe isolates, respectively.69 One significant recombination event spanning the entire AC4 open reading frame on DNA A was identified, and interestingly, this open reading frame clustered with a group consisting of ICMV, ACMV, Tomato leaf curl virus–Australia (TLCV-AU) and Tomato yellow leaf curl virus (TYLCV) isolates from Sardinia and Sicily.69 Following the discovery of SACMV in South Africa, Swaziland, Mozambique and Zimbabwe, it was later reported from Madagascar.70 Collectively, studies confirm that SACMV is most closely related to a clade that contains East African cassava mosaic virus, East African cassava mosaic virus–Tanzania, East African cassava mosaic virus–Cameroon, East African cassava mosaic virus–Uganda, East African cassava mosaic virus–Zanzibar, East African cassava virus–Malawi, and East African cassava mosaic virus–Kenya, which occur in east Africa. Evidence supports recombination events amongst African, Mediterranean and southwest Indian Ocean islands begomoviruses.71 More recently, three additional cassava begomovirus species, Cassava mosaic virus–Madagascar, East African cassava mosaic virus–Kenya and East African cassava mosaic virus–Zanzibar – have been discovered in cassava in sub-Saharan Africa. Two distinct species, Indian cassava mosaic virus and Sri Lankan cassava mosaic virus, are described from the Asian sub-continent.58,72 
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			Source: Paximadis and Rey50.

			Figure 3: 	Relationship dendrogram of the DNA A nucleotide sequences of Tobacco leaf curl Zimbabwe virus (TbLCZWV) and other geminiviruses. Bootstrap scores >50% were placed at major nodes, and nodes lacking a score are considered dubious. Geminiviruses and their respective GenBank accession numbers are as follows: ACMV-[CM] (African cassava mosaic virus–Cameroon: NC 000859); ACMV-[KE] (African cassava mosaic virus–Kenya: J02057); ACMV-[NG] (African cassava mosaic virus–Nigeria: X17095); AYVV (Ageratum yellow vein virus: X74516); BMCTV (Beet mild curly top virus: U56975); BGMV (Bean golden mosaic virus: M88686); ChaMV (Chayote mosaic virus: AJ223191); CLCuV-[804a] (Cotton leaf curl Lahore virus: AJ002455); EACMV-[KE] (East African cassava mosaic virus–Kenya: AJ006458); EACMV-TZ (East African cassava mosaic virus–Tanzania: Z83256); SACMV (South African cassava mosaic virus: AF155806); SLCV (Squash leaf curl virus: M38183); TbLCCV (Tobacco leaf curl China virus: AF240674); TbLCJV (Tobacco leaf curl Japan virus: AB028604); TbLCZWV (Tobacco leaf curl Zimbabwe virus: AF350330); ToLCV-[SpD2] (Tomato leaf curl virus–Australia: AF084007); ToLCBV (Tomato leaf curl Bangalore virus: Z48182); ToLCKV (Tomato leaf curl Karnataka virus: U38239); ToLCTWV (Tomato leaf curl Taiwan virus: U88692); ToMoV-[FL] (Tomato mottle virus–Florida: L14460); TYLCV (Tomato yellow leaf curl virus: X15656); TYLCV-[PT] (Tomato yellow leaf curl virus–Portugal: AF105975); TYLCSV (Tomato yellow leaf curl Sardinia virus: X61153); TYLCSV-Sic (Tomato yellow leaf curl Sardinia virus–Sicily: Z28390); TYLCSV-ES[1] (Tomato yellow leaf curl Sardinia virus–Spain: Z25751); TYLCTHV (Tomato yellow leaf curl Thailand virus: X63015). 
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			With growing human populations and drought associated with climate change predicted for the future, cassava can provide one solution for food security in South Africa, and in other countries in the SADC region. Cassava starch has other potential diversified industrial uses such as food additives, biofuels, biodegradable packaging and animal feedstock.73 Introduction of high-yielding varieties, improved pest and disease control and better processing methods could increase cassava production in Africa. Because begomoviruses are a major threat, genetic engineering for virus resistance through RNA interference and gene editing can provide critical solutions for virus disease management. 

			First report of Pepino mosaic virus infecting tomato in South Africa

			Pepino mosaic virus (genus Potexvirus) is a highly infectious virus that is responsible for significant losses in yield of tomato fruit (Solanum lycopersicum) across Europe, Asia and the Americas. Pepino mosaic virus (PepMV) rapidly evolved from an emerging to an endemic pathogen in tomato crops worldwide.74 During the winter growing season of 2008, symptoms of uneven discolouration of tomato fruit and mosaic symptoms on leaves were detected in tomato farms in Limpopo Province. Double antibody-sandwich (DAS)-ELISA using polyclonal antibodies against PepMV (Agdia, Elkhart, IN, USA) confirmed PepMV in leaf and fruit samples. Mechanical inoculation of susceptible S. lycopersicum cv. Rooikhaki seedlings with infected sap was achieved, and all inoculated plants developed characteristic PepMV symptoms including leaf bubbling, distortion and curled leaves. A 986-bp region, that included the coat protein of the PepMV genome, was RT-PCR amplified and sequenced. Phylogenetic analysis clustered the South African sequence with EU (European), LP (Peruvian), US1 (United States)/CH1 (Chilean) and US2/CH2 isolates. This confirmed the first report of PepMV in South Africa.75 

			Concluding remarks

			A number of diverse RNA and DNA viruses from many agriculturally important crops have been uncovered in South Africa over the past 11 decades. More recently, virus metagenomic surveys have been extended from agricultural systems to natural ecosystems. For example, a survey in 2010 in the fynbos in South Africa revealed a highly divergent geminivirus from wild spurge (Euphorbia caputmedusae), which is symptomless in this natural host but causes severe symptoms in N. benthamiana and tomato.76 Metagenomic studies will continue to reveal novel plant viruses in both wild plants and agricultural crops, and characterising the impact of viruses in natural ecosystems may lead to informed agricultural practices or alternative solutions to controlling these pathogens. One of the future challenges will be to understand the equilibrium between plant viruses and their hosts, and how the long term co-evolutionary balance between natural hosts and plant viruses can be broken by large-scale monoculture.9 While many useful molecular interaction studies have been performed in plant virus–model host systems, future studies of interactions in specific virus–host combinations in more complex ecosystems are warranted. Furthermore, next-generation sequencing and new sample preparation techniques will also allow researchers to sequence ancient viral genomes from archaic plant material, and shed more light on virus evolution.
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