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Summary 

Infection of potatoes by viral pathogens causes reduced crop yield and subsequent economic loss. In 

South Africa Potato virus Y (PVY) and Potato leafroll virus (PLRV) are the two most destructive viruses 

infecting potatoes. Several other viral pathogens exist, including Potato virus X (PVX), Potato virus M 

(PVM), Potato virus A (PVA), Potato virus S (PVS), Potato mop-top virus (PMTV), Tomato spotted wilt 

virus (TSWV) and Potato spindle tuber viroid (PSTVd). Although the aforementioned pathogens are 

found infecting potatoes around the world, there are no published information pertaining to the prevalence 

of these viral agents in South Africa. Currently, the occurrence of PLRV infection in potatoes of South 

Africa has reached epidemic proportions. A previous phylogenetic investigation undertaken in our 

laboratory of South African PLRV isolates, using coat protein (CP) gene sequences, found large variation 

between native South African PLRV isolates and most other isolates from elsewhere in the world; with 

their nearest relatives being single isolates from Australia and North America. 

In this study the incidence of PVX, PVM, PVA, PVS, PMTV, TSWV and PSTVd was investigated. A 

large number of potato plant and tuber samples was collected and infected samples were identified with 

reverse transcriptase polymerase chain reaction (RT-PCR) amplification of the CP gene or the whole 

genome in the case of PSTVd. The amplified nucleic acid segments were sequenced, aligned with 

international reference sequences and analysed phylogenetically to determine their relative relationships 

with these reference sequences. The CP genes of PLRV isolates were sequenced and phylogenetically 

investigated to determine how these new isolates compared relative to the previous findings from our 

laboratory. In addition, the complete genomes of two PLRV isolates were sequenced and phylogenetically 

investigated as a preliminary study to investigate the apparent increase of pathogenicity of certain variants 

of South African PLRV. 

Results obtained showed that only PVX and PVS were present in the samples collected and the 

incidences of these viruses were very low (2.0 and 1.1% respectively). The phylogenetic analyses of the 

CP genes, indicated that the PVX and PVS variants isolated in this study, were part of the dominant types 

of variants found worldwide. From the analyses of the PLRV CP and whole genome sequences, it was 

determined that many of the PLRV variants found in South Africa, are genetically distinctly different 

from those around the world. This warrants further investigation into the increased pathogenicity 

experienced with South African PLRV. 
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Opsomming 

Infeksie van aartappels deur virale patogene veroorsaak verlaagde opbrengs en gevolglike ekonomiese 

verlies. In Suid-Afrika is Aartappelvirus Y (PVY) en Aartappelrolblad virus (PLRV) die twee mees 

vernietigende virusse wat aartappels infekteer. Verskeie ander virale patogene, insluitend Aartappelvirus 

X (PVX), Aartappelvirus M (PVM), Aartappelvirus A (PVA), Aartappelvirus S (PVS), Aartappel "mop-

top" virus (PMTV), Kromnekvirus (TSWV) en Aartappel "spindle tuber" viroïed (PSTVd) kom ook 

wêreldwyd in aartappels voor. Alhoewel hierdie virusse aartappels wêreldwyd besmet, is daar geen 

gepubliseerde inligting met betrekking tot die voorkoms van hierdie virusse of die viroïed in Suid-Afrika 

nie. Tans het die voorkoms van PLRV infeksie in aartappels in Suid-Afrika epidemiese proporsies bereik. 

In 'n vorige filogenetiese ondersoek van die mantelproteïen (MP) nukleotiedvolgordes van Suid 

Afrikaanse PLRV isolate in ons laboratorium, is groot variasie tussen hierdie inheemse isolate en die 

meeste ander isolate van elders in die wêreld bevind. Die Suid Afrikaanse PLRV variante betree 'n unieke 

intermediêre posisie tussen die internasionale isolate en enkele isolate van Australië en Amerika. 

In hierdie studie is die voorkoms van PVX, PVM, PVA, PVS, PMTV, TSWV en PSTVd ondersoek. 

Groot aantal aartappelplant en -knol monsters is versamel en infeksie is getoets met tru-transkripsie 

polimerase kettingreaksie (RT-PCR) amplifisering van die MP geen, of die hele genoom in die geval van 

PSTVd. Die nukleïensuurvolgordes is bepaal en vergelyk met internasionale verwysingsvolgordes. Die 

relatiewe verhoudings tussen die bepaalde volgordes en die verwysingsvolgordes is geanaliseer met 

filogeneties ontledings. Die MP gene van PLRV isolate se volgordes is bepaal en filogeneties ontleed om 

hierdie nuwe isolate te vergelyk relatief tot vorige bevindinge in ons laboratorium. Die volledige genome 

van twee PLRV isolate se volgordes is bepaal en filogeneties ontleed as 'n voorlopige studie om die 

oënskynlike toename in patogenisiteit van Suid-Afrikaanse PLRV te ondersoek. 

Resultate het getoon dat slegs PVX en PVS teenwoordig was in die monsters wat versamel is en dat die 

voorkoms van hierdie virusse baie laag was (2.0% en 1.1% onderskeidelik). Die filogenetiese ontleding 

van die MP gene het aangedui dat die Suid Afrikaanse variante van PVX en PVS, geisoleer in hierdie 

studie, van die dominante tipes is wat mees gereeld internationaal voorkom. Uit die ontleding van die 

PLRV MP en heelgenoom volgordes, is vasgestel dat baie van die PLRV variante wat in Suid-Afrika 

aangetref word, geneties meer verskillend is as die van regoor die wêreld. Dus, regverdig dit, verdere 

ondersoek van die verhoogde patogenisiteit van Suid Afrikaanse PLRV variante. 
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Chapter 1. Introduction  

The potato is regarded as an international staple food and world potato production is estimated at 325 

million tons per annum (FAOSTAT, 2008). While China is currently the world's top potato producer, 

having produced 72 million tonnes of potato in 2007 alone, Europeans still remain the largest consumers 

of potatoes with an average consumption of 88 kg per capita. In South Africa potatoes are also one of the 

main vegetable crops with an average of 29 kg per capita being consumed in 2005 (FAOSTAT, 2008). 

Furthermore, approximately one third of all vegetables sold on fresh produce markets in South Africa are 

potatoes (PSA, 2012) and in 2010, 50 770 ha of potato fields produced 2,08 million tons of potatoes 

(Denner and Venter, 2011). The potato production industry has a large economic turnover and in 2010 the 

gross income from potato production was more than R4,5 billion (Department of Agriculture, 2011). Seed 

and table potato production is carried out in 16 production areas around South Africa, of which the 

Sandveld, Western Free State and KwaZulu-Natal are the largest. Due to these 16 production areas it is 

possible to produce potatoes all year round. Potato pathogens invading these crops are responsible for 

significant production losses. The impact of these pathogens on the plant can lead to a reduced crop yield, 

decreased marketability and, is in part responsible for maintaining high production costs.  

Up to 25 viruses have been recorded to naturally infect potato plants (Singh, 1999). While some are 

restricted to particular geographical areas, others occur worldwide. Potato virus Y (PVY) and Potato 

leafroll virus (PLRV) are the two most destructive potato viruses in the world, as well as in South Africa 

(Denner and Venter, 2011). Other significant viral agents affecting potato production worldwide include, 

Potato virus X (PVX), Potato virus M (PVM), Potato virus A (PVA), Potato virus S (PVS), Potato mop 

top virus (PMTV), Tomato spotted wilt virus (TSWV) and Potato spindle tuber viroid (PSTVd) (Singh, 

1983, Cox and Jones, 2010b, Cox and Jones, 2010a, Xu et al., 2010). Due to their ability to be transmitted 

to the next generation through seed tubers and the yield losses they can cause, these potato viruses and 

viroids, pose a significant threat to the potato production industry. The most effective strategy to combat 

viral infections in agriculture, is avoidance and exclusion of infected propagation material and, in order to 

do this, early detection and identification with a reliable and sensitive diagnostic is needed. 

The potato seed certification scheme of South Africa, responsible for providing pathogen-free 

propagation material, has been credited to be one of the world's most sophisticated (FAOSTAT, 2008). 

The initial generation of seed potatoes produced from tissue culture, termed generation 0 or G0, is tested 

for PVY, PLRV, PVX, PVM, PVA, PVS and TSWV infection. The following G1 to G8 generations of 

seed potatoes produced in fields is tested, among other microbial pathogens, only for PVY and PLRV 

infection and consequently graded according to level of infection. These certification procedures aim to 

keep levels of virus in the field at a minimum, although the use of non-certified seed is still in practice as 

certified seed is more expensive. Thus, the concern is that the G1 and subsequent generations can become 

infected with PVX, PVM, PVA, PVS, PMTV, TSWV and PSTVd in the field and that this potential 
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source of harm remains undetected. Furthermore there is also no reliable and up-to-date information 

available on the prevalence of these viruses in South Africa. 

The seed certification system uses the antibody-based enzyme-linked immunosorbent assay (ELISA) to 

perform their routine tests. This technique relies on an antibody recognizing and binding to epitopes on 

the viral coat protein (CP) surface. Viruses are known to be able to adapt rapidly to a changing 

environment and viral mutation is one of the major reasons for the inability to combat viruses 

successfully. The molecular mechanisms driving viral evolution include the error prone viral RNA-

dependent RNA polymerases (RdRp), reassortment and recombination (Roossinck, 1997). These 

mechanisms can lead to the emergence of new pathogens, an increased pathogenicity of established 

viruses as well as the modification of epitopes, which will lead to the inability of serological methods to 

successfully detect viruses. Moreover, viroids do not contain coat protein units and as such are unable to 

be recognized by antibodies. 

In order to investigate the situation regarding the other significant viruses affecting potato production, the 

first objective of this study was to detect PVX, PVM, PVA, PVS, PMTV and TSWV infection through 

amplification of CP genes, and the whole genome for PSTVd by reverse transcription polymerase chain 

reaction (RT-PCR). The second objective was to ascertain the prevalence and distribution of these potato 

pathogens in the context of the South African seed certification scheme. The third objective was to 

sequence the CP gene of the above viruses and the whole genome of PSTVd and to use these sequences to 

determine the phylogenetic relationships of these isolates to international isolates, in an effort to 

genetically characterise the variants present in South Africa.  

Previous investigations into the variation occurring in PVY have revealed that South Africa contains all 

the various strains of PVY found around the world, but no unique divergent variants (Visser and 

Bellstedt, 2012, Visser, 2012). In contrast, Rothmann (2007), based on the CP gene sequences of 39 

South African PLRV isolates compared to 31 from around the world, showed that there was significant 

genetic diversity in South African PLRV variants. Her study revealed two groups of genetic variants, one 

which is closely related to the dominant variants commonly found in Europe, Asia and Canada, while the 

other type of variants, were related to an isolate from Australia and another from the USA. The Australian 

isolate is the most divergent of all known PLRV isolates (Guyader et al., 2004, Mukherjee et al., 2003, 

Haliloglu and Bostan, 2002, Guyader and Ducray, 2002, Keese et al., 1990b). Due to ongoing losses as a 

result of PLRV infection in South Africa, Potatoes South Africa have requested a further investigation 

into these unique PLRV variants. What is particularly puzzling, is that European potato producers 

presently view PLRV infection to be a much lesser threat than PVY infection (Personal communication, 

Gé van den Bovenkamp Nederlandse Algemene Keuringsdienst, The Netherlands). By contrast, in South 

Africa, PLRV infection is viewed to be equal to PVY in terms of the threat it poses to the potato industry, 

and remains the cause of significant financial losses. As Rothmann (2007) found that the variants of 

PLRV that occur in South Africa were significantly different to European variants, it may be that the 
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genetic differences may account for these variations in observed pathogenicity. On the other hand, 

climatic dissimilarities could also explain this difference in pathogenicity. As a first step in establishing 

whether the genetic differences can be linked to the differences in observed pathogenicity, the final 

objective of this study was to launch a preliminary investigation to confirm the unique nature of these 

South African PLRV variants, by sequencing the whole genome of a small number of these variants 

followed by phylogenetic analysis. To this end, these variants were identified by first sequencing their CP 

genes. If significant genetic variation could be found between the European isolates and the South 

African isolates this would then have to be analysed in much greater detail, both with regard to the 

number of isolates and specific comparisons of virulence. 

In order to address these objectives, the thesis is structured accordingly. In Chapter 2, a general overview 

is given of plant viruses as well as the modes of viral transmission. Furthermore the evolutionary 

mechanisms responsible for viral genetic variation are discussed as well as strategies to control viral 

agents affecting potato crops. Methods used to detect viral pathogens, with an emphasis on ELISA and 

RT-PCR, as well as descriptions of PVX, PVM, PVA, PVS, PMTV, TSWV and PSTVd are reviewed in 

Chapter 2. In Chapter 3, an assessment of the prevalence of PVX, PVM, PVA, PVS, PMTV, TSWV and 

PSTVd in South Africa by means of RT-PCR amplification of the CP genes for the viruses, and the whole 

genome of the viroid is reported. In Chapter 4, the characterisation of South African isolates of PVX and 

PVS using phylogenetic analyses of CP gene sequences is described. In Chapter 5, a number of South 

African PLRV isolates were identified by means of CP sequencing, their whole genomes were sequenced, 

and these whole genome sequences were analysed phylogenetically. As Chapters 3, 4 and 5 are written in 

publication format the literature reviewed and methods discussed may be repeated. In Chapter 6, the 

conclusions derived for this thesis are outlined and this is followed by Addendum A to E, containing the 

generated sequence matrices used in the analyses. 
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Chapter 2. Literature Review 

2.1. Introduction 

This chapter presents an overview of topics concerning viral pathogens able to infect potatoes, including a 

general description of plant viruses as well as the modes of their transmission, mechanisms responsible 

for their diversification and strategies to control detect these pathogens. This is followed by, a short 

review of each of the viral agents relevant to this study.  

2.2 The plant virus 

Viruses are ultramicroscopic infectious agents dependent on living host cell mechanisms for their 

replication. Viruses have been found to infect eukaryotes, prokaryotes and even archaea. Furthermore, it 

is generally believed that viruses are the most abundant biological entities on earth (Edwards and Rohwer, 

2005). 

Viruses can be described as nucleoproteins due to them being comprised of a nucleic acid molecule 

surrounded by a protein shell (Windham, 2004). The virus particle, or virion, is a composite of multiple 

coat protein subunits which form a protein shell, or capsid, and can be made up of identical or dissimilar 

subunits. Some viruses also exhibit a glycoprotein layer on the outer particle surface while others have a 

lipid bilayer enveloping the whole virion.  

Plant viruses are grouped into four main architectural types or morphologies. The first is a nearly 

spherical icosahedral morphology comprised of 20 facets, each an equilateral triangle. The second is rigid 

rod shape with structural units forming a helical substructure enclosing the nucleic acid. Rigid rods are 

typically shorter and with greater diameter than flexuous rods. The third are the filamentous flexuous rods 

which are flexible and able to bend into various conformations. These flexuous rods are narrower and 

longer than rigid rods; their length being dependent on the genome size. Lastly there are the bacilliform 

viruses which are short rigid rods which are rounded on one or both ends. 

The genomes of viruses are situated inside the protein shell and can either be ribonucleic acid (RNA) or 

deoxyribonucleic acid (DNA). The RNA can be in the positive sense (RNA+) or the negative sense 

(RNA-) while the DNA and RNA can either be single stranded (ss) or double stranded (ds). The nucleic 

acid molecule can further be packaged in a linear or circular conformation. The genome may also be 

fragmented into multiple pieces within a single capsid, while in some viruses the fragmented genome is 

distributed between multiple particles (multipartite). 

Viruses are obligate parasites (Langham, 2006). They lack the ability to produce and retain life sustaining 

metabolites and as such are dependent on the subcellular entities of a living cell for life cycle functions. 
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Viruses do not contain any energy production mechanisms such as mitochondria, chloroplasts or protein 

synthesis machinery such as ribosomes. Viruses are also dependent on host cell mechanisms for 

reproduction of their nucleic acids. Viruses are therefore obligated to infect cells and commandeer the 

host cellular activities. 

Viruses replicate by combining constituents of their nucleoprotein structures from pools of components 

(Matthews, 1991). The components are synthesized from the viral genome using host enzyme systems to 

produce the viral proteins needed for assembly of new viral particles. Replication of the viral genome is a 

very complex process involving its own viral encoded proteins as well as host-cell encoded proteins.  

The putative life cycle of plant viruses can be considered to consist of seven steps or stages which overlap 

with each other at one time or another (Mandahar, 2006). Infection is the first stage where the virus 

particle is either delivered to the inside of the cell or the outside where it attaches to the host cell and the 

viral nucleoprotein enters the cytoplasm. Decapsidation is the second step where the coat protein is 

removed, which leads to the unmasking of the genome, releasing the nucleic acid molecule into the 

cytoplasm of the cell and making it available for other functions. The third step is the production of viral 

nucleic acid replication proteins by translation of the viral genes by the host ribosomal system. The fourth 

step is the reproduction of the viral genome. In RNA viruses the RNA template is transcribed into a 

complementary chain by the RNA-dependent RNA polymerase leading to double stranded RNA. This 

double stranded RNA molecule is then unwound by helicases to release the template strand and 

complementary progeny strands. The progeny strands are used repeatedly as templates for new viral 

genomes. The fifth step is the translation of the viral genome by exploiting host cellular mechanisms. 

This results in production of the functional and structural proteins. Because of the limited amount of 

genetic information that can fit into small viral genomes, the virus has several strategies to produce a 

wide variety of proteins and maximize coding capacity. These are: synthesis of subgenomic RNAs, use of 

polycistronic RNAs or of ambisense RNAs, RNA splicing, internal in-phase initiation, gene overlap, 

readthrough of termination codons, shifts in reading frame and post translational cleavage of a 

polyprotein (Mandahar, 2006). The sixth step is viral encapsidation where the progeny nucleic acids are 

encapsidated in a protein coat. After this step the new virus particles have been produced and the life 

cycle is completed. Maturation of the virus particle is the seventh step. However this occurs only in lipid 

membrane-enveloped viral particles. The virus acquires the membrane by budding through the 

membranous system of the host. 

The symptoms exhibited during viral infections are the host's response to this infection. Symptoms 

include local lesions caused by localized infection as a result of the virus not spreading systemically. 

Symptoms caused by changes in chlorophyll or other pigments include mosaic and mottles, stripes and 

streaks or vein banding or vein clearing. Symptoms caused by growth abnormalities include stunting or 

dwarfing as well as tumors or distortion of the leaves. Plants can also be affected in their ability to 

reproduce. The changes in biochemical signaling or the loss of functioning seed production systems may 
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render the plant sterile. The yield loss experienced because of viral infection is considered the primary 

motivation in combatting viral infections. Yield loss can be the result of a total reduction of plant growth, 

the plant, fruits or seeds may be shriveled, reduced in size, distorted or of inferior quality. 

Symptomatology provides the initial indication of viral infection but using this as the only strategy to 

identify viral infection should be avoided. Viral infection symptoms can be misleading because of 

confusion with other disease and nondisease conditions.  

2.3. Transmission of viruses 

In contrast to animal viruses, which exploit the movement of the host organism to facilitate its spread to 

new hosts, most plant viruses are dependent on vectors for transmission, or are carried in seed and pollen. 

Of the vector-transmitted viruses, 70% are transmitted by arthropods, primarily phloem-feeding 

homoptera (Cicadas, Aphids, Whiteflies), the rest are carried by nematodes and zoosporic soil-borne 

fungal-like organisms (Dickinson, 2003).  

The varied types of transmission approaches of insect-vectored plant viruses have been classified 

according to the relationship with their vectors. Stylet-borne viruses are transported on the mouthparts of 

the vectors and are known as nonpersistent because these viruses are lost once a vector has fed on a host. 

Foregut-borne viruses enter the foregut of the vector and are semi-persistent in their insect vectors. 

Circulative persistent viruses move through the gut of the insect into hemolymph and then into the 

salivary glands via highly specific transport mechanisms and can be transmitted over long periods. 

Propagative viruses are circulative viruses that replicate inside the insect vector as well as on the plant 

host. 

The relationship between the virus and the vector is considered to be a key determinant in the genetic 

variation that members of a virus type can exhibit. A degree of specificity exists between the virus and its 

vector, and it is this need to be transmitted that limits the amount of genetic change that can take place 

within the viral genome. The host range of a virus is to the largest part determined by the host range of its 

vector and not by which plant species the virus can replicate in. There have been reported cases where the 

host range of the vector was increased, with introduction into new habitats, and the associated viruses 

were able to adapt to and replicate within these new plant species (Power, 2000). 

2.4. Evolutionary mechanisms 

There are several environmental factors involved in the emergence of new plant viruses. These factors 

include expanding of the viral host and vector ranges, environmental and climatic changes, new 

agricultural practices as well as the increasing movement of people and plant products around the world 

(Chare and Holmes, 2006). Moreover, there are three evolutionary forces driving genetic variation of 
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plant viruses. These are mutation, recombination and reassortment. The genetic variation brought on by 

evolutionary mechanisms supply the variation upon which natural selection can act (Darwin, 1872).  

The error prone RNA-dependent RNA polymerase (RdRp) and transcriptases are responsible for the high 

mutation rate associated with viruses (Drake, 1993, Domingo and Holland, 1997). The mutation rate of 

viral RdRp has not been measured for plant viruses but several studies have assessed the error rates of 

animal virus RdRp. These rates have been estimated to be about 10-4, or one mutation per 10 kb genome 

(Roossinck, 1997). The primary factor that causes this high mutation rate is the absence or low efficiency 

of the proofreading and repair capabilities of RdRp and transcriptases. Mismatch repair mechanisms are 

also unlikely to operate on replicating RNA (Modrich and Lahue, 1996). 

Viral recombination includes either homologous recombination between two almost identical RNAs or 

non-homologous recombination between two RNAs that contain short antiparallel stretches of 

complementarity (Simon and Bujarski, 1994). Homologous recombination can either be precise or 

imprecise and can allow two related viral genomes to exchange genes in mixed infections potentially 

creating more fit variants. 

Several species of plant viruses use fragmented genomes as a strategy for control of gene expression. 

These include Virgaviridae, Bunyaviridae, Comoviridae and Bromoviridae (Zaccomer et al., 1995). 

Reassortment is able to occur in some of these viral species where the RNA segments can be exchanged 

between individual viruses. This mechanism has been proposed as a method of introducing variation since 

mixed infections are common among field isolates of plant viruses.  

2.5. Control of plant virus diseases 

Agricultural crops are plagued by many types of pathogens, but unlike fungicides and bactericides, there 

are no economically feasible chemicals available for use against viral infections. The occurrence and 

spread of potato viruses is a complex interaction between the plant, the virus and its vector (Denner and 

Venter, 2011). To control the viral disease, the series of events needed for the establishment of the 

disease, needs to be broken. This can be achieved by addressing sources of inoculum, reducing the vector 

numbers as well as exploiting the natural resistance against infection of the plant itself. 

There are many potential sources of viral inoculum and dealing with these sources is key to controlling 

the spread of viral disease. Primarily it is the use of infected propagation material which serves as the 

source of a virus. As such, diagnostic identification of viral presence in seed potatoes is fundamental to 

proper control of the viral disease. Further practices to eliminate potential sources of inoculum from fields 

include the removal of infected host plants and secondary host plants, as well as eradicating tubers that 

persist in the field and germinate post-harvest. Neighbouring plantings in the vicinity are also sources of 
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virus. Moreover, seed potatoes are put in storage and left to sprout, and these warehouses of sprouting 

tubers are prime areas for aphid transmission. 

Reducing the number of potential vectors is also important to control the spread of viral disease. 

Measures to control aphid vectors include planting in areas where low numbers of aphids occur, planting 

when few aphid migrations happen and destroying the plant foliage before major aphid migration occurs. 

Reducing aphid numbers with appropriate insecticides can also moderate viral spread (Denner and 

Venter, 2011). 

The use of resistant varieties of plants is another measure to combat viral infection. Naturally resistant 

varieties of crops exhibit the potential to lower the pathogenic effect, as well as the spread of virus in the 

field. Transgenic cultivars expressing resistance genes are also potentially useful in withstanding viral 

pathogenicity. On the other hand, because of the varied types of pathogens, as well as the relative ease 

with which pathogen populations can overcome such resistance, the reliance on a single resistance gene to 

prevent disease should be discouraged. 

Because of the difficulty in removing viruses from infected plants, avoidance and exclusion of infected 

material is considered the best strategy to control viral spread. Early detection and diagnosis of a virus is 

fundamental to the implementation of virus disease control programs, as well as mapping of its 

geographical and temporal distribution in a specific area or crop. Integrated control programs and the 

ability to communicate these through developments in information technology will all aid the control of 

plant disease (Dickinson, 2003). 

In South Africa, the seed potato certification scheme is responsible for the propagation and certification 

of virus-free seed potatoes. Virus-free clones are grown in vitro to produce mini tubers. These clones 

must be free of PVY, PVS, PVX, PVM, PVA and PLRV, as well as Ralstonia solanacearum (bacterial 

wilt) and Erwinia spp (bacterial soft rot). These mini tubers are then multiplied in greenhouses to produce 

the G0 generation of virus-free seed potatoes. The G0 generations are distributed to seed potato producers 

around the country where further generations are propagated in fields and distributed. 

2.6. Virus detection 

Plants grown in field production circumstances are visually inspected to diagnose viral diseases and 

afflictions. This diagnosis is based on the physiological symptoms that potato plants exhibit and may lead 

to a misdiagnosis of the causal agent or the complete oversight of virus involvement. This is because 

various diseases may lead to similar physiological symptoms as well as the potential of certain viruses to 

cause latent infections. 

Serological virus detection methods are all based on the unique ability of animal antibodies to bind to 

small target areas known as epitopes on the proteins that elicit their synthesis. Antibodies to plant viruses 
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can be raised in the serum of animals by immunizing them with preparations of viruses and then 

collecting the serum by live donation. Monoclonal antibodies can be made in cell lines using tissue 

culture, obviating the use of animals for serum production, however at significant financial cost. The 

antibodies produced are used in serological assays to detect the specific pathogens to which they were 

raised against. The most commonly used serological detection method for plant viruses is the enzyme-

linked immunosorbent assay (ELISA). 

Nucleic acid-based methods are the latest of the detection technologies utilized for virus detection and 

provide increased specificity and sensitivity. These methods are based on the fact that short unique 

sequences exist within genomes that are unique to an organism and can be used to identify its presence. 

Complementary synthetic nucleic acid fragments can be synthesized which will bind to the specific areas 

on the pathogen genome. Using the polymerase chain reaction (PCR), these areas can then be replicated 

to produce multiple copies that can then be visualized either by electrophoresis or by fluorescent-based 

methods. Variations of PCR include reverse transcriptase PCR (RT-PCR), multiplex PCR (mPCR), real 

time PCR (qPCR) and PCR arrays. 

Combinations of antibody based techniques and PCR can also be used, such as in immunocapture RT-

PCR. Antibodies and RT-PCR can be used in combination to increase the sensitivity and specificity in 

plant virus detection (Nolasco et al., 1993). In this technique, virus particles are bound to a solid phase by 

means of a specific antibody, the RNA is subsequently extracted from the bound virus particles and 

subjected to RT-PCR.  

2.6.1. Enzyme-linked immunosorbent assay 

The ELISA is a solid phase heterogeneous immunoassay. A solid phase, such as the plastic surface of 

wells of a specifically developed ELISA plates, is coated with the sample that contains the antigen of 

interest i.e. the virus that is to be detected. The antigen adheres, and is consequently immobilized, to the 

solid phase (Tijssen, 1985). The effectiveness by which an antigen attaches to the solid phase is 

determined by the concentration of the antigen, the length and the temperature of exposure (Tijssen, 

1985). A mobile phase containing an antibody with an enzyme conjugated is incubated with the solid 

phase, which results in the antibody binding to the antigen. A chromogenic substrate for the enzyme can 

be added to cause a colour change and hence be observed or measured spectrophotometrically. 

Due to its adaptability, sensitivity, and economy of reagents, ELISA is used in a wide range of situations, 

especially for routine testing where cost effectiveness and the ability to test a large number of samples in 

a relatively short period of time is paramount. It has become the most commonly used method for the 

detection of viruses in plant material, insect vectors, seeds, and where vegetative propagation is used. The 

volumes of ELISAs used for the detection of viruses has become massive and now forms the cornerstone 

of most plant virus control programs worldwide. 
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2.6.2. Reverse transcriptase polymerase chain reaction 

PCR is an in vitro method for the amplification of target nucleic acid sequences. The sensitivity, speed, 

and versatility of PCR are primary factors in its wide acceptance in plant pathology as well as many other 

fields of biology. It is adaptable to many experimental objectives, and it is used with a broad range of 

starting material, including purified nucleic acids, intact cells or tissues, or complex environmental 

samples (Henson and French, 1993). 

The technique uses oligonucleotide primers to flank regions of DNA and as a result these regions are 

amplified up to 1012 times. These synthetic oligonucleotide primers used are generated specifically for the 

desired DNA template. The primers bind to the complementary region on the template and produce a 

specific amplicon during the PCR. As a result high specificity is achieved. Similar to serology, both 

narrow and broad selectivities are possible and, depending on the choice of primers, the method facilitates 

the detection of a single pathogen or many members of a group of related pathogens (Langeveld et al., 

1991). Unlike serology, the development of reagents with narrow or broad specificities is easily 

accomplished at lower cost (Henson and French, 1993).  

Moreover, this ability has given PCR the power to amplify the target nucleic acid even when present at an 

extremely low level. As such, latent viral diseases characterised by few infected cells and transcriptional 

dormancy can be diagnosed using this approach (Spiegel and Martin, 1993). In addition, there are 

situations where immunological procedures have limited application in particular for the detection of 

viroids, satellite RNAs and viruses which lack particles. 

RT-PCR is an augmented PCR reaction which entails an initial reverse transcription step from an RNA 

template (Singh et al., 2004). Since many viral genomes are RNA the initial step in RT-PCR is to reverse 

transcribe the viral RNA template into a DNA copy (cDNA) by means of reverse transcriptase. The 

reverse transcriptase enzyme functions as an RNA-dependent DNA polymerase and is able to produce 

cDNA copies of the RNA template. This enzyme binds to the 3’-hydroxyl group of an oligonucleotide 

primer which is complementary to the viral RNA genome. The enzyme is temperature activated and the 

cDNA transcripts produced are subsequently utilized as templates for traditional PCR. 

Plants may be infected with multiple viruses at the same time. Combining several primer pairs in a 

multiplex RT-PCR (mRT-PCR) enables the simultaneous detection, of several related or unrelated 

viruses, in a single reaction (parallel testing) (Osiowy, 1998). With simultaneous use of PCR primers, 

interactions and competition between the primers, necessitates precise reaction optimization. Up to six 

targets have been effectively detected with mRT-PCR (Bertolini et al., 2001). Moreover, the ability to 

genotype specimens in a sample is readily achieved with multiple primer sets as well as the use of 

restriction fragment length polymorphisms within RT-PCR amplicons (Lorenzen et al., 2006, Pourzand 

and Cerutti, 1993). 
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The drawbacks of RT-PCR detection include the cost of reagents and instrumentation as well as the need 

for higher technical expertise. Moreover, the end product analyses by means of gel electrophoresis is 

laborious, time consuming and do not offer the capability of automation. On the other hand, RT-PCR is 

rapid and versatile, allows for multiplexing and is more sensitive than ELISA. RT-PCR is considered to 

be 102 to 105 fold more sensitive than traditional ELISA (Spiegel and Martin, 1993, Dietzgen, 2002). 

Post-PCR analyses by gel electrophoresis are one of the major drawbacks of a PCR or RT-PCR analysis. 

In order to circumvent this real time PCR or quantitative PCR (qPCR) in which PCR product formation is 

measured by fluorescence was developed. This was widely adopted with the development of TaqMan® 

chemistry (Applied Biosystems, Foster City CA, USA) (Holland et al., 1991). An oligonucleotide probe 

is labeled at opposite ends, with a reporter and a quencher dye respectively, and this probe is designed to 

anneal to a sequence internal to the PCR primers. When the probe is annealed and intact, fluorescence 

emitted by the reporter is absorbed by the quencher. With PCR amplification the probe is cleaved by 

means of the 5' exonuclease activity of Taq polymerase (Chien et al., 1976). This results in spatial 

separation of the dyes and an increase in fluorescence, which is related to the amount of amplified 

product. This increase in reporter fluorescence is monitored in real time using a combined thermal cycler-

fluorescence reader system. Consequently, the need for gel electrophoresis is not required. Non-specific 

fluorescent dyes which bind any double-stranded DNA, such as SYBR Green, are also used. The 

sensitivity of real time PCR is greater than conventional PCR and this enables the detection of virus 

nucleic acid in complex samples, such as irrigation waters (Boben et al., 2007) and vectors (Boonham et 

al., 2002). Real time PCR can also be used for accurately quantifying the amount of pathogen in a sample 

(Winton et al., 2003, Bester et al., 2012) 

A number of approaches have been developed that can be termed 'array' techniques including, PCR 

arrays, microarrays and macroarrays. In these techniques individual reactions are spatially separated and 

resolved. These techniques allow the resolution of specific hybridization events between nucleic acid in a 

sample and known nucleic acid probes bound to a solid phase (Boonham et al., 2007). With these 

techniques a sample can be tested for a range of different targets in a single assay, using substantially less 

reagents. Arrays have been used to rapidly screen for multiple potato viruses (Agindaton and Perry, 2008, 

Boonham et al., 2003). On the other hand, the complexity of array production and control of hybridization 

conditions makes these techniques more difficult to use in virus diagnostics.  

2.6.3. Next-generation sequencing  

The majority of the current virus detection tools require some form of previous knowledge of the virus 

(i.e. nucleic acid sequences or antibodies produced that recognise the virus). This is a shortcoming when 

aiming to detect a new species or a variant that has changed to an extent that does not allow detection by 

such routine diagnostics, as well as known pathogens which have changed host or geographical range. 

Next-generation sequencing (NGS) platforms have recently emerged with high throughput, massively 
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parallel, de novo sequencing capabilities such as the Roche 454 Sequencing, the Illumina Genome 

Analyser and the ABI SOLiD system. NGS enables the non-specific, metagenomic sequencing of samples 

at lower cost than Sanger sequencing (von Bubnoff, 2008). Coupled with bioinformatic analysis this 

allows the identification of pathogens by similarity to known sequences. Using next-generation 

sequencing, known and unknown viruses have recently been sequenced and detected in metagenomic 

studies with complex backgrounds, without prior cloning or pre-amplification (Adams et al., 2009, 

Roossinck et al., 2010, Coetzee et al., 2010, Espach et al., 2012).  

2.7. Potato virus X 

PVX is currently one of the most prevalent potato viruses found worldwide (Stevenson, 2001). PVX is of 

the family Alphaflexiviridae and a member of the genus Potexvirus. Its particles are flexuous rods 

consisting of multiple copies of the viral CP (Figure 2.2). The coat proteins assemble to form a helical 

substructure in which the RNA genome is interlaced (Stevenson, 2001). PVX has been called the “healthy 

plant” virus because several strains cause latent infections in many potato cultivars and as a consequence 

plants appear symptomless (Stevenson, 2001). However, the majority of plants infected with PVX 

express mild mosaic symptoms and experience a yield loss of up to 20%. Mixed infections with PVA or 

PVY can lead to more serious symptoms including severe mosaic, crinkling, rugosity or necrosis of 

leaves and more importantly an increased yield loss of up to 45% (Stevenson, 2001).  

The viral genome is a linear single stranded RNA molecule in the positive sense (ssRNA+). Its 5’ end is 

capped with a GpppG structure and the 3’ terminus is polyadenylated. The genome contains five open 

reading frames (ORFs); ORF 1 encodes the RdRp, overlapping ORFs 2, 3 and 4, known as the triple gene 

block (TGB), encodes proteins required for cell-to-cell movement, and ORF 5 which encode the CP 

(Kraev et al., 1988). 
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Figure 2.2. Potexvirus particle structure and genomic organization. The non-enveloped, flexuous, 
filamentous particles are 470 nm to 1000 nm or more in length and 12 nm to 13 nm in diameter. The 
linear ssRNA+ genomes is 5.9 kb to 7.0 kb in size, the 5’ end is capped and the 3’ terminus is 
polyadenylated (ViralZone, 2008d). 

PVX is easily transmitted mechanically and foliar contact between healthy and infected plants is 

sufficient for transmission. The mechanical spread of PVX is facilitated by cultivation, spraying, cutting 

of tubers or contact between wounded sprouted tubers. PVX is also effectively transmitted from one 

generation to the next through infected tubers used in the vegetative propagation of potatoes. PVX is not 

transmitted in true potato seed (i.e. not seed potatoes but seed produced by the potato plant after 

flowering). Although chewing insects and zoospores have been reported to transmit the virus, this mode 

of transmission is of little significance (Stevenson, 2001). 

Strains of PVX are divided into four groups based on their interaction with the dominant hypersensitive 

resistance genes Nb and Nx. Inoculation of potato plants, containing either Nb or Nx, with group 1 strains 

elicits a hypersensitive response. Group 2 strains elicit a hypersensitive response only in the presence of 

Nb, and group 3 strains only with Nx. The resistance breaking group 4 strains, do not induce a 

hypersensitive response on plants with either of the genes (Cockerham, 1955). 

In a study by Cruz and Baulcombe (1995), 12 PVX CP gene sequences were phylogenetically analysed. 

Two groups formed, X and B, and group B formed two subgroups Bi and Bii. Group X and Bi, contained 

isolates from Europe and group Bii, contained isolates from North and South America. Nucleic acid 

similarities ranged from 77 to 99%, for all pairwise comparisons. When the CP gene sequences of 24 

PVX isolates were phylogenetically investigated, two major clusters formed (Malcuit et al., 2000). The 

first large cluster contained closely related European isolates, known to be of the avirulent group 1 

strains, as well as group 3 strains. The second cluster consisted of group 2 and, the virulent, group 4 
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strains, and formed two subgroups representing the geographical origin of the isolates, i.e. European and 

American. Further phylogenetic analyses of ORF 1 to ORF 4, also divided the isolates into the same 

grouping as with the CP gene sequences. Phylogenetic analyses of Potato virus X isolates results in the 

formation of two genetic groups; Eurasia and America (Esfandiari et al., 2009, Yu et al., 2008) When Yu 

et al. (2010) analysed the relationships of 17 PVX whole genome sequences, two main groups formed; 

Eurasian and American. The Eurasian group contained 13 PVX isolates while the American group 

consisted of four isolates from South America. In the same study, 39 PVX CP genes sequences formed 

two main groups. Group 1 contained 31 isolates mainly from Europe and Asia together with one isolate 

from Canada and one from Argentina. Group 2 consisted of nine isolates, and could be divided into two 

subgroups; one containing European and the other containing mostly American isolates. No literature on 

South African PVX is available. 

2.8. Potato virus M 

PVM is distributed worldwide and is a member of the family Betaflexiviridae, genus Carlavirus. Its 

virions are slightly flexuous rod-shaped particles composed of multiple copies of a 34-kDa CP (Figure 

2.3) (Stevenson, 2001). Leaf symptoms associated with PVM infection include mottling, mosaic, 

crinkling, rolling and leaflet deformation. Effects on the whole plant include stunting of shoots and 

twisting and rolling of the tops. Symptom expression is variable and ranges from mild to severe 

depending on the potato cultivar, strain of the virus and environmental conditions. The yield loss can 

range from 15% to 45% (Stevenson, 2001). The genome of PVM is a monopartite, ssRNA+, 8.5 kb in 

size and the 3’ terminal end is polyadenylated. The genome contains six ORFs, encoding the RdRp, 25K, 

12K, 7K, CP and 11K proteins (Zavriev et al., 1991) 

PVM is transmitted in a nonpersistent manner by the green peach aphid (Myzus persicae) and less 

efficiently by the potato aphid (Macrosiphum euphorbiae) (Stevenson, 2001). PVM can be transmitted by 

mechanical inoculation with infected sap, but transmission in true seed has not been reported. In the 

cultivation of potatoes infected tubers are a common source of the virus.  

In a phylogenetic study by Xu et al. (2010), the CP gene sequences of seven Canadian and eight 

international PVM isolates, grouped into two distinct groups. The first group, consisted of isolates from 

Italy, Germany, China, Poland and Russia while the second group, consisted of only Canadian and 

American isolates. Nucleotide similarity of 73 to 75%, was shared between isolates of group one and 

group two. Isolates of the same group, either group one or two, shared over 90% identical nucleotides. 

Currently, there is no literature available on South African PVM . 
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Figure 2.3. The Carlavirus particle and genome organization. The virions are non-enveloped, flexuous, 
filamentous, 470 nm to 1000 nm or more in length and 12 nm to 13 nm in diameter. The linear ssRNA+ 
genomes are 5.8 kb to 9.0 kb in size. The 3’ terminus is polyadenylated. (ViralZone, 2008a). 

2.9. Potato virus A 

PVA is a member of the family Potyviridae, genus Potyvirus, found infecting plants worldwide in the 

Solanaceae family including potato, tomato and tobacco. Its particles are slightly flexuous, rod-shaped 

and composed of multiple copies of the CP (Figure 2.4) (Stevenson, 2001). The leaf symptoms of PVA 

infection are typically a mild mosaic or mottle. PVA decreases yield of potato plants by up to 40% 

[Bartels, (1971) in Puurand et al. (1994)]. There are no visible symptoms in tubers of infected plants and 

mixed infections with PVX or PVY can cause more severe symptoms (Stevenson, 2001). 

The genome of PVA consists of a monopartite ssRNA+ molecule, 9.2 kb in length, with a polyadenalated 

3' terminus (Stevenson, 2001). This polyprotein is proteolytically processed into functionally active 

proteins by virus encoded proteases (Hellmann et al., 1980). The genome consists of eight proteins, the 

P1 protease (P1-pro), the helper component proteinase (HC-pro), protein P3 (P3), the cytoplasmic 

inclusion protein (CI), the viral genome-linked protein (VPg), nuclear inclusion protein A (NIa-pro), 

nuclear inclusion protein B RNA-dependent RNA polymerase (Nib-RdRp) and the CP (Robaglia et al., 

1989). PVA is transmitted in a nonpersistent manner by several species of aphids, including the green 

peach aphid. PVA is able to be mechanically transmitted, but this is not the typical mode of transmission 

in the field as the virion is relatively unstable (Stevenson, 2001). PVA can be transmitted from one 

generation to the next by the planting infected propagation material. 

Rajamaki et al. (1998) investigated the CP genes of 20 PVA isolates originating from Hungary, Germany, 

Finland, The Netherlands, Scotland and the USA. The deduced amino acid CP gene sequence identities 
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shared between these isolates was 92.9%. The amino acid sequence identities of the HC-pro gene, of ten 

of these isolates, shared 94.8% identity, and the 3' non-translated region (NTR) shared 93.4% sequence 

identity. The clusters that formed with phylogenetic analyses of the CP, HC-pro and the 3'NTR 

sequences, were only partially consistent with geographic origins. In a study by Mortensen et al. (2010) 

the CP genes of PVA isolates from Scotland and Shetland were sequenced, a geographically isolated 

region with no major potato industry. Phylogenetic analyses of PVA CP gene sequences, of these and 

international isolates, revealed the formation of two major groups; Group I and Group II. Group II 

consisted entirely of Scottish isolates, newly and previously sequenced, with one isolate from The 

Netherlands. Group I contained isolates from Finland, China, Scotland, Shetland (newly sequenced), The 

Netherlands, USA, Germany and Hungary. These isolates grouped only partially with geographic origin. 

There is currently no literature on South African PVA. 

Figure 2.4. Potyvirus particle structure and genome organization. The virions are non-enveloped, flexuous 
and filamentous 720 nm to 850 nm in length and 12 nm to 15 nm in diameter with a helical symmetry. 
The genomes are monopartite, linear, ssRNA+ of 10 kb in size. The 3’ terminus is polyadenylated and the 
5’ terminus has a VPg (ViralZone, 2008e). 

2.10. Potato virus S 

PVS is a member of the genus Carlavirus, family Betaflexiviridae and is one of the most common potato 

viruses found worldwide (Stevenson, 2001). Its virions are slightly flexuous rod-shaped particles 

composed of multiple copies of the 33 kDa CP subunit (Figure 2.5) (Stevenson, 2001). Although infected 

plants can frequently appear healthy, symptoms of PVS infection include slight deepening of veins, 

rugosity of leaves and stunting of plants (Stevenson, 2001). Yield losses as high as 10% to 20% have 

been reported by infection with PVS alone and up to 40% for mixed infections with PVX and PVM 

(Stevenson, 2001). The host range of PVS includes plants species of the Solanaceae and Chenopodiaceae 

families. 
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The genome of PVS consists of a capped, linear ssRNA+ of approximately 7 kb in length, with its 3' 

terminus polyadenylated (Stevenson, 2001). Six ORFs are recognised which code for the 11K, 33K (CP), 

7K, 12K, 25K, and 41K proteins respectively (Mackenzie et al., 1989). 

Figure 2.5. Carlavirus genomic composition and virion structure. Members of the genus Carlavirus have 
non-enveloped, flexuous, filamentous particles 470 nm to 1000 nm in length and 12 nm to 13 nm in 
diameter. Their genomes are linear ssRNA+, 5.8 kb to 9.0 kb in size. The 3’ terminus is polyadenylated 
(ViralZone, 2008a). 

PVS is transmitted mechanically by seed cutting, mechanical wounding to foliage during field activities 

and through leaf to leaf contact. PVS is also transmitted to the next generation through planting of 

infected tubers. PVS is not transmitted in true potato seed (Stevenson, 2001). PVS is transmitted by the 

green peach aphid, but reports are inconsistent (Wardrop et al., 1989). 

PVS is characterised by two strains, PVSO (ordinary) and the highly virulent PVSA (Andean) (Mackenzie 

et al., 1989). Although infection by PVSO may appear symptomless on leaves and tubers, the disease 

incidence may reach 100% with yield losses of 15%. Whereas PVSO only causes local lesions on 

inoculated Chenopodium quinoa leaves, PVSA results in systemic infection. The PVSA strain produces 

more severe potato leaf symptoms than PVSO and is also reported to be more readily aphid transmissible 

(Wardrop et al., 1989). Differences in biological properties between PVSA and PVSO have been attributed 

to differences between blocks of amino acids at the N-terminal ends of their CP, nucleotide-binding 

protein (11K) and 7K protein sequences (Foster and Mills, 1992).  

Matousek et al. (2005) examined the sequence variability of European PVS isolates by molecular 

probing, including those that invaded C. quinoa systemically, which they termed PVSCS (CS = 
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Chenopodium systemic) isolates. PVSCS isolates differed at the 5’ end of the CP gene and were closely 

related to European PVSO isolates, but distant from Andean PVSA isolates. In a study by Cox and Jones 

(2010a), 13 Australian and three European isolates of PVS were sequenced and compared to 37 isolates 

obtained from GenBank. Phylogenetic analysis revealed two predominant clades: a large clade, termed 

PVSO, and a smaller clade termed, PVSA. Clade PVSA contained four isolates from different geographical 

origins. Three of these four isolates were known to be of the biologically defined, more virulent, PVSA 

strain type. The large PVSO clade contained the remaining 39 isolates. The nucleotide identity between all 

of these isolates was larger than 80.8%. The isolates within the PVSO clade had nucleotide identities that 

ranged from 92.6 to 100%. Within the PVSO clade genetic diversity was greater, the isolates had 

nucleotide identities of 85.7 to 100%. No literature on PVS in South Africa is currently available.  

2.11. Potato leafroll virus 

PLRV is one of the most important potato virus found infecting potatoes worldwide (Wale et al., 2008). 

PLRV is a member of the genus Polerovirus, family Luteoviridae. The virion is non-enveloped and 

spherical shaped (Figure 2.6). In an infected plant the virus is mostly confined to phloem tissue 

(Stevenson, 2001). 

The PLRV genome is a monopartite ssRNA+ molecule about 5.9 kb in size (Stevenson, 2001). The 

genome contains six ORFs termed ORF0 to ORF5. The ORF0 codes for a protein involved in suppression 

of gene silencing. The product of ORF1 appears to be the VPg. The RdRp is expressed by the fusion of 

ORF2 and ORF1 with a -1 translational frameshift. ORF3 codes for the CP and ORF4 codes for the 

movement protein (MP). The minor capsid protein is encoded by ORF5 (Mayo and Ziegler-Graff, 1996).  

Primary infection, when the plant is infected during the growing season, appears in the youngest leaves 

and typically results in pale discoloration and in-rolling of leaflets starting at the leaflet base (Wale et al., 

2008). Secondary infection, when the source of virus is infected seed tubers, is always more severe. 

Symptoms include inward rolling of leaflets which eventually extends to the upper leaves. Single infected 

plants can have their yield reduced by 50% or more (Wale et al., 2008). Infected plants have a tendency to 

be smaller and increasingly stunted with each generation of infection (Stevenson, 2001). Net necrosis, i.e. 

necrosis of the phloem tissue in tubers, is another symptom associated with PLRV, although this is 

limited to certain cultivars of potato. The severity of symptoms is subject to the virus isolate, the potato 

cultivar and environmental conditions (Stevenson, 2001). 

PLRV is known to infect species in the Solanaceae family as well as nonsolanaceous plants. The 

nonsolanaceous hosts include the Amarathaceae (Chenopodiaceae), Brassicaceae, Malvaceae, 

Asteraceae, Cucurbitaceae, Lamiaceae, Nolanaceae and Portulacaceae. Several species of aphid, 

including the green peach aphid, the potato aphid and the foxglove aphid (Aulacorthum solani), transmit 
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PLRV in a persistent, circulative manner. To acquire and transmit the virus, aphids must feed in phloem 

tissue and transmission efficiency increases with the length of feeding (Wale et al., 2008). 

Figure 2.6. Polerovirus particle structure and genomic composition. Members of the genus Polerovirus 
have non-enveloped, spherical virions about 24 nm in diameter composed of 180 CP molecules forming 
an icosahedral shape with 20 equilateral triangular facets. The genomes are monopartite, linear, ssRNA+ 
5.3 kb to 5.7 kb in size with a VPg bound at the 5’ end (ViralZone, 2008b). Promoter region (Pro) and 
internal ribosome entry site (IRES) are indicated. 

Different strains of PLRV have been identified based on the severity of symptoms induced in Solanum 

tuberosum, Physalis floridana and Monita perfoliata, as well as by ease of transmission through M. 

persicae (Harrison, 1984). Previous investigations regarding the CP gene and whole genome sequence 

variation of PLRV isolates indicated the highest sequence similarity between isolates originating from 

Europe, Canada, Korea and India and the least similarity between these isolates and an Australian isolate 

(Keese et al., 1990b, Faccioli et al., 1995, Haliloglu and Bostan, 2002, Mukherjee et al., 2003, Guyader et 

al., 2004). A phylogenetic investigation into South African PLRV isolates, using the CP gene sequences, 

established the formation of two distinct clades (Rothmann, 2007). One clade contained all of the 

Eurasian and African isolates while the other clade contained the majority of the South African isolates 

with one isolate from Australia and one from the USA. There are no whole genome sequences available 

for South African PLRV. 

© ViralZone 2008, Swiss Institute of Bioinformatics 
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2.12. Potato mop-top virus 

PMTV is a member of the genus Pomovirus, family Virgaviridae. The virus is non-enveloped, rod-shaped 

and consists of three separate particles (Figure 2.7) (Harrison and Jones, 1970). Infection with PMTV can 

be asymptomatic but sensitive cultivars develop raised rings on the tuber surface as well as spraing 

(necrotic concentric arcs) inside the tuber flesh and a yield loss of up to 20% can occur (Stevenson, 

2001). The experimental host range of PMTV includes the plant families Aizoaceae, Chenopodiaceae, 

and Solanacea (Stevenson, 2001). 

The tripartite genome of PMTV consists of three linear ssRNA+ molecules termed RNA-1, RNA-2 and 

RNA-3. Each of these RNA segments is capped at the 5’ end as well as exhibiting tRNA-like structures at 

the 3’ end. RNA-1 is 6 kb in size with two open reading frames. These 5’-proximal ORFs are directly 

translated to produce the viral constituents of the replicase complex. The RdRp is translated through 

suppression of termination at the end of ORF1. Translation of RNA-2 produces the capsid protein. RNA-

3 has four ORFs which codes for TGB1, TGB2, TGB3 and the 8 kDa cysteine-rich protein (CRP) 

(Lukhovitskaya et al., 2005). The vector of PMTV is powdery scab (Spongospora subterranea f. sp) and 

it is transmitted in a persistant manner by this fungus. It has been observed that once established in a field 

this virus can persist for up to 18 years, even in the absence of potatoes (Stevenson, 2001). 

In a study of PMTV in the United States, the CP gene sequences of three isolates were compared to 

isolates from Scotland, Sweden, the Czech Republic and Canada. The American sequences were 100% 

identical to isolates originating from Canada, and 97% identical to four European isolates (Xu et al., 

2004). Variability of the CP gene sequences were assessed for 23 PMTV isolates originating from 

Finland, Latvia, Scotland, Denmark, Czech Republic and Sweden. These sequences showed little 

variability and were 98 to 100% identical (Latvala-Kilby et al., 2009). In a large scale survey study 

between 2005 and 2008, it was determined that the potato growing regions of Norway, Sweden, Denmark 

and Finland were widely contaminated with PMTV. With systematic screening between 2004 and 2008, 

no evidence of PMTV infection was found in Poland, except for a single infected tuber in 2008. 

Similarly, surveys in Lithuania, Estonia and the Leningrad province of Northwestern Russia were 

negative for PMTV (Santala et al., 2010). To our knowledge, there is no literature available on PMTV in 

South Africa. 
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Figure 2.7. Pomovirus virion and genomic composition. The virus particle is non-enveloped and rod 
shaped with helical symmetry. The virion consists of three segments of two predominant lengths, 190 and 
254 nm, and 21 nm in diameter. The genome is segmented tripartite, linear, ssRNA+. The three segments 
are 6.0, 3.5, and 3.0 kb in size respectively. The genomic RNAs are capped at the 5' side and display a 
tRNA-like structure at the 3’ terminus (ViralZone, 2008c). 

  

© ViralZone 2008, Swiss Institute of Bioinformatics 
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2.13. Tomato spotted wilt virus 

TSWV is a member of the genus Tospovirus, in the family Bunyaviridae. It has a spherical particle 

containing four viral encoded proteins. These proteins include the nucleocapsid protein N (29 kDa), two 

virus encoded glycosylated membrane bound proteins, GP1 (95 kDa) and GP2 (58 kDa) and the putative 

replicase protein (330 kDa) (Figure 2.8) (Stevenson, 2001).  

The genome of TSWV consists of three linear single stranded RNA molecules. These molecules are 

termed the S RNA, M RNA, and L RNA. The S RNA and M RNA have ambisense organization whereas 

the L RNA has a negative sense polarity (Stevenson, 2001). The genome consists of five genes; NSm 

codes for the non-structural movement protein, gene N codes for the nucleoprotein, gene NSs codes for 

the non-structural protein NS-S, the gene GP codes for the envelope glycoproteins the product of which is 

cleaved into glycoprotein G1 and G2, gene L codes for the RdRp (Haan et al., 1991, Kormelink et al., 

1992, Kormelink et al., 1994). 

The host range of TSWV includes more than 1050 species of dicots and monocots in more than 70 

families (Stevenson, 2001). Symptoms of primary infection are necrotic spotting of leaves, stem necrosis, 

death of the top of one or more stems, and sometimes death of the whole plant. Tuber symptoms may 

include sunken, black, dead spots or rings which are visible on the tuber surface of sensitive cultivars. 

Foliar symptoms of secondary infection include necrosis, early death, varying degrees of stunting and 

rosette type growth with course dark green leaves (Stevenson, 2001). 

TSWV is transmitted by several species of thrips (Thysanoptera), T. tabaci and F. occidentalis being the 

most important in potatoes. The virus is transmitted in a circulative, propagative manner and adult thrips 

can only transmit TSWV if the virus was acquired during the larval stage. Mechanical transmission in 

potato apparently does not occur naturally (Wetering et al., 1996). 

Nucleocapsid (N) gene sequences were used to assess sequence variability between TSWV isolates from 

tobacco in Georgia, USA, and the rest of the world. The isolates shared a sequence identity of 94 to 

100%, at both the nucleotide and amino acid sequence level, with isolates from Hawaii, Italy, Bulgaria 

and Brazil (Pappu et al., 1998). Phylogenetically the isolates tended to group by geographical origin. In a 

study by Dietzgen et al. (2005), 29 Australian and Tasmanian isolates were isolated from peppers, lettuce, 

dahlia, peanut, potato, celery, artichoke and tomato. The N gene sequences of the these isolates, were 95.7 

to 100% identical in pairwise comparisons. The Australian isolates, together with five international 

isolates, were phylogenetically analysed. The isolates from Japan, Italy, Hawaii and the USA formed a 

cluster separate from the Australian isolates, but without significant bootstrap support, indicating the 

close relationship of all the isolates analysed.  

Tsompana et al. (2005) conducted phylogenetic analyses for each coding region of the S and M RNA of 

TSWV which included a South African isolate of which only an N gene was sequenced. The NSs gene 
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phylogenetic analysis grouped isolates into four geographical subpopulations; 1: North Carolina, 2: Spain, 

3: California and Bulgaria, 4: The Netherlands and Germany. The N gene phylogenetic analysis 

uncovered five geographical subpopulations; 1: Georgia and North Carolina, 2: California, 3: Spain, 4: 

Japan and 5: Bulgaria, The Netherlands, Germany and South Africa. The NSm gene phylogenetic analysis 

grouped isolates into four geographical subpopulations including; 1: California, 2: North Carolina, 3: 

Spain, 4: The Netherlands and Bulgaria. Phylogenetic analysis of the Gn-Gc gene region, clustered 

isolates into four geographical subgroups; 1: North Carolina, 2: California, 3: Spain and 4: The 

Netherlands. In all cases the isolates tended to cluster with geographical origins, with the exception of the 

South African isolate, grouping with European isolates. 

Figure 2.8. Tospovirus genomic organization and particle structure. Members of the genus Tospovirus 
consist of an enveloped, spherical particle 80 nm to 120 nm in diameter with glycoproteins on the capsid 
surface. The genome is linear segmented RNA and the L segment is 8.8 kb, the M segment 4.8 kb and the 
S segment 3 kb in size (ViralZone, 2008f). 

© ViralZone 2008, Swiss Institute of Bioinformatics 
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2.14. Potato spindle tuber viroid  

Viroids are subviral entities that replicate autonomously (without the aid of helper virus) and are 

transmitted mechanically. Furthermore, viroids are circular RNA molecules 246 to 399 nucleotides in 

length that encode no proteins. Despite this small size and the fact that they do not encode any proteins, 

they are responsible for many severe diseases in crop plants (Dickinson, 2003). 

PSTVd is a circular ssRNA+ molecule, consisting of 359 nucleotides (Figure 2.9). Two strains exist in 

nature causing mild and severe symptoms respectively. Yield losses can range from insignificant to 65% 

depending on the viroid strain, the potato cultivar, timespan of infection, and environmental 

circumstances. Symptom severity is increased by warm growing conditions, environmental stress as well 

as through successive generations of infection (Stevenson, 2001). PSTVd has been reported in North 

America, Eastern Europe, the former Soviet Union, China, India and Australia (Stevenson, 2001). 

Although PSTVd has also been reported in South Africa, Denner and Venter (2011) claim this to be 

inaccurate. 

Figure 2.9. A three-dimensional model (A), secondary structure representation (B) and nucleotide 
sequence (C) of PSTVd. This viroid is a circular, highly complementary RNA+ molecule 359 bp in 
length. Image obtained from Sanger (1988). 

The natural host range of PSTVd includes pepino (Solanum muricatum), tomato (Lycopersicon 

esculentum) and avocado (Persea americana). The experimental host range of PSTVd involves many 

plant species, including members of the families Amaranthaceae, Boraginaceae, Campanulaceae, 

Caryophyllaceae, Compositae, Convolvulaceae, Dipsacaeae, Sapindaceae, Scrophulariaceae and 

Valerianaceae (Singh, 1983). 

PSTVd is readily transmitted mechanically and in true potato seed. Contact between injured plants and 

even chewing insects have been associated in field spread (Singh, 1983) and more recent experimental 

evidence has shown PSTVd transmission by aphids from plants co-infected with PLRV (Syller and 

Marczewski, 2001). The viroid also persists from generation to generation in infected seed tubers. 

A 

B 

C 
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A study examining the nucleotide differences between various field isolates of PSTVd, with varying 

virulence (mild, intermediate, severe, lethal), determined that the isolates differed from each other by one 

to a maximum of seven nucleotides (Schnolzer et al., 1985). Herold et al. (1992) later revealed that the 

genome length might vary as well. This variation is strain specific and the genome of PSTVd can vary 

between 356 and 360 nucleotides in length. In a study by Owens et al. (2009), Russian variants of PSTVd 

were investigated. Sixteen new variants were described, and compared to 66 naturally occurring PSTVd 

variants from around the world. Phylogenetic analyses revealed two large clusters and one smaller one. 

One large cluster contained variants isolated from tomato, with origins in Oceania. The second large 

cluster contained less divergent variants isolated in Germany, and one smaller cluster contained only 

Russian variants. The remaining variants formed a "starburst" pattern in the neighbour-joining network 

created, with no geographical clustering. No literature with regard to South African PSTVd is available. 

2.15. Concluding remarks 

Viral pathogens infecting potatoes are diverse and can spread through various mechanisms. They are able 

to adapt readily and infection by these viral agents can lead to severe losses in crop yields and in some 

cases this can be exacerbated where mixed infections are present. The detection and identification with 

adequately sensitive diagnostics play an important role in the control of these pathogens.  
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Chapter 3 
An assessment of the prevalence of South African PVX, PVM, PVA, PVS, 

PMTV, TSWV and PSTVd by means of RT-PCR 

Roos, W.G. & Bellstedt, D.U. 

Department of Biochemistry, The University of Stellenbosch, Private Bag X1, Stellenbosch, 7602,  

South Africa 

3.1. Introduction 

The cultivation of potatoes is restrained by various plant pests and diseases. Of these there are several 

potato viruses infecting potato crops worldwide. Viral infection leads to several symptoms including 

stunting and disfiguring of the plant and tuber. Beside infected seed potatoes being produced which 

propagate the spread of virus, these symptoms ultimately result in diminished crop yield and economic 

loss. In South Africa the greatest economic impact of viruses is that of Potato virus Y (PVY) and Potato 

leafroll virus (PLRV) (Denner and Venter, 2011). Worldwide, other significant viral pathogens affecting 

the potato industry include Potato virus X (PVX), Potato virus M (PVM), Potato virus A (PVA), Potato 

virus S (PVS), Potato mop top virus (PMTV), Tomato spotted wilt virus (TSWV) and Potato spindle 

tuber viroid (PSTVd) (Singh, 1983, Cox and Jones, 2010b, Cox and Jones, 2010a, Xu et al., 2010) 

although their status in South Africa is not well documented. 

PVX (family Alphaflexiviridae, genus Potexvirus), PVM (family Betaflexiviridae, genus Carlavirus), 

PVA (family Potyviridae, genus Potyvirus), PVS (family Betaflexiviridae, genus Carlavirus) and PMTV 

(family Virgaviridae, genus Pomovirus) are RNA+ viruses with flexuous and rigid rod particles. TSWV 

(family Bunyaviridae, genus Tospovirus) is a predominantly ambisense RNA virus with a tripartite 

genome. The pathogen PSTVd is virus-like and consists of an RNA+ molecule without a protein shell and 

which genome encodes for no proteins. These viruses are transmitted by aphids and/or mechanical 

inoculation and through the planting of infected propagation material. The removal of a viral pathogen 

from the host plant after infection is not feasible in a potato crop production system and as such the 

strategies employed to prevent losses due to viral infection are avoidance and exclusion.  

The seed potato certification scheme of South Africa is engaged in supplying virus-free planting material 

to reduce losses associated with infections. Routine testing for viral infection of seed potatoes is 

performed by means of ELISA for PVY and PLRV only. Isolated incidences, confirmed by ELISA 

testing for PVX, PVM, PVA and PVS infection, have been reported while TSWV has been reported in 

crops other than potato.  

Detection of a viral agent by means of ELISA is dependent on interaction between an antibody and the 

viral coat protein molecules. Through genetic mutation and adaptation, the viral coat protein amino acid 

composition can be altered in such a way that ELISA may be unable to successfully detect these viruses. 
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Moreover, viral pathogens lacking a protein coat, such as PSTVd, will not be recognized by antibodies 

produced against coat proteins. In contrast, RT-PCR is able to detect viral presence at a much lower 

threshold than ELISA and with a high degree of specificity. For this reason, the identification of viral 

infections by RT-PCR amplification of the coat protein gene or the whole genome was undertaken in 

order to assess the current situation regarding the prevalence of PVX, PVM, PVA, PVS, PMTV, TSWV 

and PSTVd infection in potatoes in South Africa. A large number of samples were obtained from around 

South Africa. These were tested for viral infection by means of RT-PCR. The amplicons were visualized 

and subsequently sequenced to confirm the identity of the virus. 

3.2. Materials and methods 

3.2.1. Sampling 

A total of 338 potato leaf and tuber samples, including several weed species, were used for testing. The 

majority of these originated from 13 fields in the Sandveld potato production area in the Western Cape, as 

well as from the Agricultural Research Council (ARC) virus elimination program and suspect samples 

supplied by Potatoes South Africa from Mpumalanga. Initially the study was aimed at investigating the 

occurrence of PVX, PVM, PVA, PVS. As the study progressed, and no positive results were found, other 

target virus species were included. The testing of samples for TSWV only commenced at a late stage of 

the project and more strategic sample testing was employed. As a result, all samples were not tested for 

all virus and fewer samples were tested for TSWV. The samples used are listed in Table 3.1. 

Table 3.1. List of potato leaf and tuber samples used in this study. Tested samples indicated with ○, 
samples tested and found infected with respective virus species indicated with ● and  �  indicates 
samples not tested. Isolates used for sequencing identified with *. 

Collection 
number Descriptive name Origin 

Organism 

PV
X

 

PV
M

 

PV
A

 

PV
S 

PM
TV

 

PS
TV

d 

TS
W

V
 

A01 Hermes.2009.1 ARC ○ ○ ○ ○ ○ ○ - 
A02 PVASkotland* Scotland ○ ○ ● ○ - - - 
001 Bitterappel.SB.2011.1 Sandveld, Western Cape ○ ○ ○ ○ - - - 
002 Bitterappel.SB.2011.2 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
003 Avalanche.SB.2011.1 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
004 Avalanche.SB.2011.2 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
005 Avalanche.SB.2011.3 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
006 Avalanche.SB.2011.4 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
007 Avalanche.SB.2011.5 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
008 Avalanche.SB.2011.6 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
009 S.incanum.SB.2011.1 Sandveld, Western Cape ○ ○ ○ ○ - - - 
010 S.incanum.SB.2011.2 Sandveld, Western Cape ○ ○ ○ ○ - - - 
011 S.incanum.SB.2011.3 Sandveld, Western Cape ○ ○ ○ ○ - - - 
012 S.incanum.SB.2011.4 Sandveld, Western Cape ○ ○ ○ ○ - - - 
013 S.incanum.SB.2011.5 Sandveld, Western Cape - ○ ○ ○ - - - 
014 S.incanum.SB.2011.6 Sandveld, Western Cape - ○ ○ ○ - - - 
015 S.incanum.SB.2011.7 Sandveld, Western Cape - ○ ○ ○ - - - 
016 S.incanum.SB.2011.8 Sandveld, Western Cape - ○ ○ ○ - - - 
017 S.incanum.SB.2011.9 Sandveld, Western Cape - ○ ○ ○ - - - 
018 S.incanum.SB.2011.10 Sandveld, Western Cape - ○ ○ ○ - - - 
019 S.incanum.SB.2011.11 Sandveld, Western Cape - ○ ○ ○ - - - 
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Table 3.1. continued PV
X

 

PV
M

 

PV
A

 

PV
S 

PM
TV

 

PS
TV

d 

TS
W

V
 

020 A.retroflexus.SB.2011.1 Sandveld, Western Cape - ○ ○ ○ - - - 
021 S.nigrum.SB.2011.1 Sandveld, Western Cape - ○ ○ ○ - - - 
022 S.nigrum.SB.2011.2 Sandveld, Western Cape - ○ ○ ○ - - - 
033 BP1.WK.2011.1 Sandveld, Western Cape ○ ○ ○ ○ - - ○ 
034 BP1.WK.2011.2 Sandveld, Western Cape ○ ○ ○ ○ - - ○ 
040 BP1.KF.2011.1 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
041 BP1.KF.2011.2 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
042 BP1.KF.2011.3 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
043 BP1.KF.2011.4 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
045 Fianna.DR.2011.1 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
046 Fianna.DR.2011.2 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
047 Fianna.DR.2011.3 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
048 Fianna.DR.2011.4 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
049 Fianna.DR.2011.5 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
050 Fianna.DR.2011.6 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
051 Fianna.DR.2011.7 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
052 Fianna.DR.2011.8 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
053 Fianna.DR.2011.9 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
060 Fianna.DR.2011.15 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
061 Fianna.DR.2011.16 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
062 Fianna.DR.2011.17 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
063 Fianna.DR.2011.18 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
064 S.nigrum.DR.2011.1 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
065 Fianna.DR.2011.19 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
066 Fianna.DR.2011.20 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
070 Fianna.DR.2011.21 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
071 Fianna.DR.2011.22 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
072 Fianna.DR.2011.23 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
073 Fianna.DR.2011.24 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
074 Fianna.DR.2011.25 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
075 Fianna.DR.2011.26 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
076 Fianna.DR.2011.27 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
084 Avalanche.PK.2011.1 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
085 Avalanche.PK.2011.2 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
086 Avalanche.PK.2011.3 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
087 Avalanche.PK.2011.4 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
088 Avalanche.PK.2011.5 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
089 Avalanche.PK.2011.6 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ 
090 Avalanche.PK.2011.7 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
091 Avalanche.PK.2011.8 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
093 Fianna.GG.2011.1 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
094 S.nigrum.GG.2011.1 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
095 Fianna.GG.2011.1 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
096 Fianna.GG.2011.2 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
097 Fianna.GG.2011.3 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
098 Fianna.GG.2011.4 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
099 Fianna.GG.2011.5 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
100 Fianna.GG.2011.6 Sandveld, Western Cape - - - - - - ○ 
101 Fianna.GG.2011.7 Sandveld, Western Cape - - - - - - ○ 
102 Fianna.GG.2011.8 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
104 Fianna.GG.2011.9 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
105 Fianna.GG.2011.10 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
106 Fianna.GG.2011.11 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
108 Fianna.GG.2011.12 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
109 Fianna.GG.2011.13 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
111 Fianna.GG.2011.14 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
115 Fianna.GG.2011.15 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
116 Fianna.GG.2011.16 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
117 Fianna.GG.2011.17 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
118 S.nigrum.GG.2011.2 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
119 Taurus.GG.2011.1 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
120 Taurus.GG.2011.2 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
121 Taurus.GG.2011.3 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
122 Taurus.GG.2011.4 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
123 Taurus.GG.2011.5 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
124 Taurus.GG.2011.6 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
125 Taurus.GG.2011.7 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
126 Taurus.GG.2011.8 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
127 Taurus.GG.2011.9 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
128 Taurus.GG.2011.10 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
129 S.nigrum.GG.2011.3 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
136 Taurus.GG.2011.11 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
137 Taurus.GG.2011.12 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
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Table 3.1. continued PV
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138 Vanderplank.GG.2011.1 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
139 Vanderplank.GG.2011.2* Sandveld, Western Cape ● ○ ○ ○ ○ ○ - 
140 Vanderplank.GG.2011.3 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
141 Vanderplank.GG.2011.4 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
142 Vanderplank.GG.2011.5 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
143 Vanderplank.GG.2011.6 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
144 Vanderplank.GG.2011.7 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
145 Vanderplank.GG.2011.8 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
146 Vanderplank.GG.2011.9 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
147 Vanderplank.GG.2011.10* Sandveld, Western Cape ● ○ ○ ○ ○ ○ - 
148 Vanderplank.GG.2011.11 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
149 Vanderplank.GG.2011.12 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
150 Vanderplank.GG.2011.13 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
151 Vanderplank.GG.2011.14* Sandveld, Western Cape ● ○ ○ ○ ○ ○ - 
152 Vanderplank.GG.2011.15 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
156 FLC138.152 Sandveld, Western Cape ● ○ ○ ○ ○  - 
157 Avalanche.PK.2011.1 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
158 Avalanche.PK.2011.2 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
159 Avalanche.PK.2011.3 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
160 Avalanche.PK.2011.4 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
161 Avalanche.PK.2011.5 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
162 Avalanche.PK.2011.6 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
163 Avalanche.PK.2011.7 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
164 Avalanche.PK.2011.8 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
167 BP1.FF.2011.1 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
168 BP1.FF.2011.2 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
169 BP1.FF.2011.3 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
170 BP1.FF.2011.4 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
171 S.nigrum.FF.2011.1 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
172 BP1.FF.2011.5 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
173 BP1.FF.2011.6 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
174 BP1.FF.2011.7 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
177 FLC167.176 Sandveld, Western Cape ● ○ ○ ○ - - - 
178 PBVN.2011.11.11.1 Northern Province ○ ○ ○ ○ ○ ○ ○ 
179 PBVN.2011.11.11.2 Northern Province ○ ○ ○ ○ ○ ○ ○ 
180 SM.SP.2012.1 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
181 SM.SP.2012.2 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
182 SM.SP.2012.3 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
183 SM.SP.2012.4 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
184 SM.SP.2012.5 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
185 SM.SP.2012.6 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
188 SM.SP.2012.7 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
189 SM.SP.2012.8 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
190 SM.SP.2012.9 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
191 SM.SP.2012.10 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
192 SM.SP.2012.11 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
193 SM.SP.2012.12 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
194 SM.SP.2012.13 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
195 SM.TB.2012.1 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
196 SM.TB.2012.2 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
197 SM.TB.2012.3 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
198 SM.TB.2012.4 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
199 SM.TB.2012.5 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
200 MT.TB.2012.1 Unknown ○ ○ ○ ○ ○ ○ 
201 MT.TB.2012.2 Unknown ○ ○ ○ ○ ○ ○ 
202 MT.TB.2012.3 Unknown ○ ○ ○ ○ ○ ○ ○ 
203 MT.TB.2012.4 Unknown ○ ○ ○ ○ ○ ○ ○ 
215 SM.SP.2012.14 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
216 SM.SP.2012.15 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
220 SM.SP.2012.16 Sutherland, Western Cape - - - - - - ○ 
221 SM.SP.2012.17 Sutherland, Western Cape - - - - - - ○ 
226 SM.SP.2012.18 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
227 SM.SP.2012.19 Sutherland, Western Cape - - - - - - - 
228 SM.SP.2012.20 Sutherland, Western Cape - - - - - - - 
229 SM.SP.2012.21 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
230 SM.SP.2012.22 Sutherland, Western Cape - - - - - - - 
231 SM.SP.2012.23 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
232 SM.SP.2012.24 Sutherland, Western Cape - - - - - - - 
233 SM.SP.2012.25 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
234 SM.SP.2012.26 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
235 SM.SP.2012.27 Sutherland, Western Cape ○ ○ ○ ○ ○ ○ - 
236 Vanderplank.GG.2012.1 Sandveld, Western Cape ○ - - - - - - 
237 Vanderplank.GG.2012.2 Sandveld, Western Cape ○ - - - - - - 
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238 S.nigrum.GG.2012.1 Sandveld, Western Cape ○ - - - - - - 
239 Vanderplank.GG.2012.3 Sandveld, Western Cape ○ - - - - - - 
240 Vanderplank.GG.2012.4 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
241 Vanderplank.GG.2012.5 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
242 Vanderplank.GG.2012.6 Sandveld, Western Cape ○ - - - - - - 
243 Vanderplank.GG.2012.7 Sandveld, Western Cape ○ - - - - - ○ 
244 Vanderplank.GG.2012.8 Sandveld, Western Cape ○ - - - - - - 
245 Vanderplank.GG.2012.9 Sandveld, Western Cape ○ - - - - - - 
246 Vanderplank.GG.2012.10 Sandveld, Western Cape ○ - - - - - - 
247 Vanderplank.GG.2012.11 Sandveld, Western Cape ○ - - - - - - 
248 Vanderplank.GG.2012.12 Sandveld, Western Cape ○ - - - - - - 
249 S.nigrum.GG.2012.2 Sandveld, Western Cape ○ - - - - - - 
250 Vanderplank.GG.2012.13 Sandveld, Western Cape ○ - - - - - - 
251 Vanderplank.GG.2012.14 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
252 Vanderplank.GG.2012.15 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
253 Vanderplank.GG.2012.16 Sandveld, Western Cape ○ - - - - - - 
254 Vanderplank.GG.2012.17 Sandveld, Western Cape ○ - - - - - - 
259 FLC236.255 Sandveld, Western Cape - - - - - - ○ 
260 Vanderplank.GG.2012.18 Sandveld, Western Cape ○ - - - - - - 
261 Vanderplank.GG.2012.19 Sandveld, Western Cape ○ - - - - - - 
262 Vanderplank.GG.2012.20 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
263 Vanderplank.GG.2012.21 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
264 Vanderplank.GG.2012.22 Sandveld, Western Cape ○ - - - - - - 
265 Vanderplank.GG.2012.23 Sandveld, Western Cape ○ - - - - - - 
266 Vanderplank.GG.2012.24 Sandveld, Western Cape ○ - - - - - - 
267 Vanderplank.GG.2012.25 Sandveld, Western Cape ○ - - - - - - 
268 Avalanche.GG.2012.1 Sandveld, Western Cape ○ - - - - - - 
269 Avalanche.GG.2012.2 Sandveld, Western Cape ○ - - - - - - 
270 Avalanche.GG.2012.3 Sandveld, Western Cape ○ - - - - - - 
278 Avalanche.GG.2012.11 Sandveld, Western Cape - ○ ○ ○ ○ ○ - 
279 Avalanche.GG.2012.12 Sandveld, Western Cape - ○ ○ ○ ○ ○ - 
280 Avalanche.GG.2012.13 Sandveld, Western Cape ○ - - - - - - 
281 Avalanche.GG.2012.14 Sandveld, Western Cape ○ - - - - - - 
282 Avalanche.GG.2012.15 Sandveld, Western Cape ○ - - - - - - 
283 Avalanche.GG.2012.16 Sandveld, Western Cape ○ - - - - - - 
284 Avalanche.GG.2012.17 Sandveld, Western Cape ○ - - - - - - 
285 Avalanche.GG.2012.18 Sandveld, Western Cape ○ - - - - - - 
286 Avalanche.GG.2012.19 Sandveld, Western Cape ○ - - - - - - 
287 Avalanche.GG.2012.20 Sandveld, Western Cape ○ - - - - - - 
288 Avalanche.GG.2012.21 Sandveld, Western Cape ○ - - - - - - 
289 Avalanche.GG.2012.22 Sandveld, Western Cape ○ - - - - - - 
290 Avalanche.GG.2012.23 Sandveld, Western Cape ○ - - - - - - 
291 Avalanche.GG.2012.24 Sandveld, Western Cape ○ ○ ○ ○ - - - 
292 Avalanche.GG.2012.25 Sandveld, Western Cape ○ ○ ○ ○ - - - 
294 Avalanche.GG.2012.27 Sandveld, Western Cape - ○ ○ ○ ○ ○ - 
295 Avalanche.GG.2012.28 Sandveld, Western Cape - ○ ○ ○ ○ ○ - 
307 Avalanche.GG.2.2012.7 Sandveld, Western Cape ○ - - - - - - 
308 Avalanche.GG.2.2012.8 Sandveld, Western Cape ○ - - - - - - 
309 Avalanche.GG.2.2012.9 Sandveld, Western Cape ○ - - - - - - 
310 Avalanche.GG.2.2012.10 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
311 Avalanche.GG.2.2012.11 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
312 Avalanche.GG.2.2012.12 Sandveld, Western Cape ○ - - - - - - 
313 Avalanche.GG.2.2012.13 Sandveld, Western Cape ○ - - - - - - 
314 Avalanche.GG.2.2012.14 Sandveld, Western Cape ○ - - - - - - 
315 Avalanche.GG.2.2012.15 Sandveld, Western Cape ○ - - - - - - 
316 Avalanche.GG.2.2012.16 Sandveld, Western Cape ○ - - - - - - 
317 Avalanche.GG.2.2012.17 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
318 Avalanche.GG.2.2012.18 Sandveld, Western Cape - ○ ○ ○ ○ ○ - 
327 Avalanche.GG.2.2012.27 Sandveld, Western Cape - ○ ○ ○ ○ ○ - 
328 Avalanche.GG.2.2012.28 Sandveld, Western Cape - ○ ○ ○ ○ ○ - 
330 Sifra.GG.2.2012.1 Sandveld, Western Cape ○ - - - - - - 
331 Sifra.GG.2.2012.2 Sandveld, Western Cape ○ - - - - - - 
332 Sifra.GG.2.2012.3 Sandveld, Western Cape ○ - - - - - - 
333 Sifra.GG.2.2012.4 Sandveld, Western Cape ○ - - - - - - 
334 Sifra.GG.2.2012.5 Sandveld, Western Cape ○ - - - - - - 
335 Sifra.GG.2.2012.6 Sandveld, Western Cape ○ - - - - - - 
336 Sifra.GG.2.2012.7 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
337 Sifra.GG.2.2012.8 Sandveld, Western Cape ○ - - - - - - 
338 Sifra.GG.2.2012.9 Sandveld, Western Cape ○ - - - - - - 
339 Sifra.GG.2.2012.10 Sandveld, Western Cape ○ - - - - - - 
340 Sifra.GG.2.2012.11 Sandveld, Western Cape ○ - - - - - - 
341 Sifra.GG.2.2012.12 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
342 Sifra.GG.2.2012.13 Sandveld, Western Cape ○ - - - - - - 
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343 Sifra.GG.2.2012.14 Sandveld, Western Cape ○ - - - - - - 
344 Sifra.GG.2.2012.15 Sandveld, Western Cape ○ - - - - - - 
345 WB.2012.1 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
346 WB.2012.2 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ ○ 
347 WB.2012.3 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
348 WB.2012.4 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
349 WB.2012.5 Sandveld, Western Cape ○ ○ ○ ○ ○ ○ - 
351 MP.1.2012.1 Mpumalanga ○ ○ ○ ○ ○ ○ - 
352 MP.1.2012.2 Mpumalanga ○ ○ ○ ○ ○ ○ - 
353 MP.1.2012.3 Mpumalanga ○ ○ ○ ○ ○ ○ - 
354 MP.1.2012.4 Mpumalanga ○ ○ ○ ○ ○ ○ - 
355 MP.1.2012.5 Mpumalanga ○ ○ ○ ○ ○ ○ - 
356 MP.2.2012.1   Mpumalanga ○ ○ ○ ○ ○ ○ - 
357 MP.2.2012.2 Mpumalanga ○ ○ ○ ○ ○ ○ - 
358 MP.2.2012.3 Mpumalanga ○ ○ ○ ○ ○ ○ - 
359 MP.2.2012.4 Mpumalanga ○ ○ ○ ○ ○ ○ - 
360 MP.2.2012.5 Mpumalanga ○ ○ ○ ○ ○ ○ - 
361 2005.619.145* ARC ○ ○ ○ ● ○ ○ ○ 
362 2005.619.101 ARC ○ ○ ○ ○ ○ ○ ○ 
363 2005.619.48 ARC ○ ○ ○ ○ ○ ○ ○ 
364 2005.617.25 ARC ○ ○ ○ ○ ○ ○ ○ 
365 2005.619.130* ARC ○ ○ ○ ● ○ ○ ○ 
366 2005.619.6 ARC ○ ○ ○ ○ ○ ○ ○ 
367 2005.619.6 ARC ○ ○ ○ ○ ○ ○ ○ 
368 2005.617.25* ARC ○ ○ ○ ● ○ ○ ○ 
369 2005.619.121 ARC ○ ○ ○ ○ ○ ○ ○ 
370 2006.650.51 ARC ○ ○ ○ ○ ○ ○ ○ 
371 2006.678.19 ARC ○ ○ ○ ○ ○ ○ ○ 
372 2006.650.66 ARC ○ ○ ○ ○ ○ ○ ○ 
373 2006.677.90 ARC ○ ○ ○ ○ ○ ○ ○ 
374 2006.s143.239 ARC ○ ○ ○ ○ ○ ○ ○ 
375 2006.s143.239 ARC ○ ○ ○ ○ ○ ○ ○ 
376 2006.677.93 ARC ○ ○ ○ ○ ○ ○ ○ 
377 2006.678.8 ARC ○ ○ ○ ○ ○ ○ ○ 
378 2006.677.96 ARC ○ ○ ○ ○ ○ ○ ○ 
379 2006.s143.218 ARC ○ ○ ○ ○ ○ ○ ○ 
380 2006.s144.9 ARC ○ ○ ○ ○ ○ ○ ○ 
381 2006.s144.9 ARC ○ ○ ○ ○ ○ ○ ○ 
382 2006.s144.86 ARC ○ ○ ○ ○ ○ ○ ○ 
383 2006.677.216 ARC ○ ○ ○ ○ ○ ○ - 
384 2006.677.216 ARC ○ ○ ○ ○ ○ ○ - 
385 2003.627.50 ARC ○ ○ ○ ○ ○ ○ - 
386 2003.s129.68 ARC ○ ○ ○ ○ ○ ○ - 
387 Lady Belfour 2011.1 ARC ○ ○ ○ ○ ○ ○ - 
388 Lady Belfour 2011.3 ARC ○ ○ ○ ○ ○ ○ - 
389 Lady Belfour 2011.4 ARC ○ ○ ○ ○ ○ ○ - 
390 Lady Belfour 2011.5 ARC ○ ○ ○ ○ ○ ○ - 
391 Vales Emerald 2011.1 ARC ○ ○ ○ ○ ○ ○ - 
392 Vales Emerald 2011.2 ARC ○ ○ ○ ○ ○ ○ - 
393 Vales Emerald 2011.3 ARC ○ ○ ○ ○ ○ ○ - 
394 Vales Emerald 2011.5 ARC ○ ○ ○ ○ ○ ○ - 
395 Ludmilla 2011.2 ARC ○ ○ ○ ○ ○ ○ - 
396 Ludmilla 2011.3 ARC ○ ○ ○ ○ ○ ○ - 
397 Ludmilla 2011.4 ARC ○ ○ ○ ○ ○ ○ - 
398 Ludmilla 2011.5 ARC ○ ○ ○ ○ ○ ○ - 
399 Hermes 2011.2 ARC ○ ○ ○ ○ ○ ○ - 
400 Laperla 2011.3 ARC ○ ○ ○ ○ ○ ○ - 
401 BSV.2012.1 Sandveld, Western Cape ○ ○ ○ ○ - - - 
403 BSV.2012.2 Sandveld, Western Cape ○ ○ ○ ○ - - - 
404 BSV.2012.3 Sandveld, Western Cape ○ ○ ○ ○ - - - 
408 BSV.2012.4 Sandveld, Western Cape ○ ○ ○ ○ - - - 
409 BSV.2012.5 Sandveld, Western Cape ○ ○ ○ ○ - - - 
413 SSS.2012.1A  Sandveld, Western Cape ○ ○ ○ ○ - - - 
414 SSS.2012.1B Sandveld, Western Cape ○ ○ ○ ○ - - - 
415 SSS.2012.1C Sandveld, Western Cape ○ ○ ○ ○ - - - 
416 SSS.2012.2A Sandveld, Western Cape ○ ○ ○ ○ - - - 
417 SSS.2012.2B Sandveld, Western Cape ○ ○ ○ ○ - - - 
428 BP1 Trail Sept 2012.1 Stellenbosch ○ ○ ○ ○ ○ - - 
429 BP1 Trail Sept 2012.2 Stellenbosch ○ ○ ○ ○ ○ - - 
430 YP02432011.1 ARC ○ ○ ○ ○ - - ○ 
431 YP02432011.2 ARC ○ ○ ○ ○ - - ○ 
432 YP02432011.3 ARC ○ ○ ○ ○ - - ○ 
433 YP02432011.4 ARC ○ ○ ○ ○ - - ○ 
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434 YP02432011.5 ARC ○ ○ ○ ○ - - ○ 
435 Georgina2012.1 ARC ○ ○ ○ ○ - - ○ 
436 Georgina2012.2 ARC ○ ○ ○ ○ - - ○ 
437 Georgina2012.3 ARC ○ ○ ○ ○ - - ○ 
438 Georgina2012.4 ARC ○ ○ ○ ○ - - ○ 
439 Georgina2012.5 ARC ○ ○ ○ ○ - - ○ 
440 Antina2012.1 ARC ○ ○ ○ ○ - - ○ 
441 Antina2012.2 ARC ○ ○ ○ ○ - - ○ 
442 Antina2012.3 ARC ○ ○ ○ ○ - - ○ 
443 Rumba2012.1 ARC ○ ○ ○ ○ - - ○ 
444 Rumba2012.2 ARC ○ ○ ○ ○ - - ○ 
445 Rumba2012.3 ARC ○ ○ ○ ○ - - ○ 
446 Rumba2012.4 ARC ○ ○ ○ ○ - - ○ 
447 Rumba2012.5 ARC ○ ○ ○ ○ - - ○ 
448 CMK20022012.1 ARC ○ ○ ○ ○ - - ○ 
449 CMK20022012.2 ARC ○ ○ ○ ○ - - ○ 
450 CMK20022012.3 ARC ○ ○ ○ ○ - - ○ 
451 CMK20022012.4 ARC ○ ○ ○ ○ - - ○ 
452 CMK20022012.5 ARC ○ ○ ○ ○ - - ○ 
453 Cambica2012.1 ARC ○ ○ ○ ○ - - - 
454 Cambica2012.2 ARC ○ ○ ○ ○ - - - 
455 Cambica2012.3 ARC ○ ○ ○ ○ - - - 
456 Cambica2012.4 ARC ○ ○ ○ ○ - - - 
457 Cambica2012.5 ARC ○ ○ ○ ○ - - - 

ARC indicates Agricultural Research Council 

3.2.2. Plant material preparation 

A mortar and pestle was used to grind 0.1 g of the leaf or tuber sample together with 2 ml grinding buffer 

(15 nM Na2CO3, 35 mM NaHCO3, 2% (w/v) PVP40, 0.2% (w/v) BSA, 0.05% (v/v) Tween 20, 1% (w/v) 

sodium meta-bisulphite, pH 9.6). One milliliter of the homogenized sample was transferred to a 1.5 ml 

microfuge tube. Prepared samples were stored at -80°C. 

3.2.3. RT-PCR sample preparation 

A sample preparation method adapted from La Notte et al. (1997) was employed to prepare the RT-PCR 

template. Four microliters of prepared homogenized sample was added to 25 µl GES buffer (0.1 M 

glycine-NaOH, pH 9.0, 50 mM NaCl, 1 mM EDTA, pH 8.0, 0.5% (v/v) Triton X-100) and incubated at 

95°C for 10 minutes. The samples were cooled on ice immediately after this incubation period and kept 

on ice for a minimum of 5 minutes. 

3.2.4. Amplification of virus nucleic acid by RT-PCR 

The RT-PCR reaction mixture consisted of 2.5 µl 10 × PCR-Buffer, 1.25 µl 0.1 M DTT, 1.5 µl 25 mM 

MgCl2, 0.625 µl 20 µM forward primer, 0.625 µl 20 µM reverse primer, 1 µl 5 mM dNTPs (Bioline), 

0.25 µl 5 U/µl TaqTM DNA polymerase (Bioline), 0.125 µl 200 U/µl SuperscriptTM III (Invitrogen), 2 µl 

of homogenized sample and 15.125 µl Milli-Q® water. Eight sets of primer pairs were used to amplify the 

corresponding coat protein genes of the viruses and the whole genome of the viroid. Primers were 

obtained from publications described in Table 3.2. These primers were synthesized by the DNA Synthesis 

Laboratory, Department of Molecular and Cell Biology, University of Cape Town, South Africa. All RT-
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PCR amplifications were done in a Veriti 9902 Thermal cycler (Applied Biosystems) using the following 

program: a single reverse transcription step at 48°C for 30 min followed by DNA amplification consisting 

of 35 cycles at 94°C for 30 s, 64°C for 45 s and 72°C for 60 s. The amplification step is followed by a 

final elongation step at 72°C for 7 min. The resulting amplicon lengths are indicted in Table 3.2. 

3.2.5. Gel electrophoresis 

A 2% (w/v) agarose gel was prepared with 1 × TAE buffer (0.48% (w/v) Tris-base, 0.11% (v/v) glacial 

acetic acid, 0.5 M EDTA, pH 8.0) and Milli-Q® water. Gel Red Nucleic acid stain (1:10000) from 

Biotium was added to visualize products under UV light. The electrophoresis buffer consisted of 1 × TAE 

buffer. Four microliters of the PCR reaction mixture were loaded on the agarose gel and electrophoresis 

was performed at 100 V to 120 V for 60 min to 80 min on an Amersham Pharmacia Biotech EPS601 

Electrophoresis Power Supply. The resulting nucleic acid bands were visualized on a UV 

transilluminator. 

3.2.6. RT-PCR product purification 

In order to confirm the identity of the RT-PCR products, amplicons were purified and sequenced. These 

products were purified using a Wizard SV Gel and PCR Clean-up System (Promega) according to the 

manufacturer’s instructions. Purified products were electrophoresed on a 2% (w/v) agarose gel (prepared 

as above) to ascertain DNA yield. 

3.2.7. Dye terminator sequencing reaction 

The sequencing reaction mixture consisted of 5 µl of 5 × sequence dilution buffer (Applied Biosystems), 

2 µl Terminator Dye (Big Dye® Terminator v3 Cycle Sequencing kit, Applied Biosystems), 2 µl of the 

cDNA template solution and 1 µl primer (0.8 µM). The same combinations of forward and reverse 

primers used for amplification were also used for sequencing reactions (Table 3.2). The thermal cycling 

program consisted of 35 cycles of 96°C for 10 s, 52°C for 30 s, 60°C for 4 min followed by an elongation 

step at 60°C for 7 min. Cycle sequencing products were analyzed in an ABI 3730 DNA Analyser 

(Applied Biosystems) at the Central Analytical Facility, University of Stellenbosch to produce sequence 

chromatograms. 

3.2.8. Sequence analyses 

The resulting sequence chromatograms were edited using ChromasPro version 1.5 (Technelysium Pty., 

Ltd.) to produce consensus sequences. These nucleotide sequences were compared to species specific 

sequences obtained from NCBI (http://www.ncbi.nlm.nih.gov) by alignment using BioEdit v 7.0.5.2 

(Hall, 1999). The generated sequence matrices were aligned using the ClustalW v 1.4 multiple alignment 

function with default parameters and further aligned manually. 
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Table 3.2. Primers used for the amplification of virus genome segments. 

Organism Primer 
Name 

Primer Sequence  
(5' to 3') 

Primer 
annealing 

region 
(base 

position) 

Ampli-
con 

(bases) 
References 

Potato 
virus X 

PVX-CPF CAACTCCTGCCACAGCTTCAGGA 5721-
5743 

506 Personal 
communication* 

PVX-CPR GGCAGCATTCATTTCAGCTTCAGACG 6201-
6226 

Potato 
virus M 

PVM-for ACGAAGAAAGCTGAAACTGCCA 4542-
4563 

586 Personal 
communication* 

PVM-rev CATACAGCCTACACACCCTT 5129-
5149 

Potato 
virus A 

PVA-for TACTGCTGGGACTCATTCAGTA 8648-
8669 

637 Personal 
communication* 

PVA-rev GTGCCTTTCTGTGTCCT 9371-
9387 

Potato 
virus S 

PVS-for GACAAGCTCAGGAGAGACACC 7231-
7251 

561 Personal 
communication* 

PVS-rev CACACGACTGGAGCATACAACC 7770-
7792 

Potato 
mop-top 

virus 
(RNA-2) 

H360 CATGAAGGCTGCCGTGAGGAAGT 360-382 
460 (MacKenzie, 

1996) 
C819 CTATGCACCAGCCCAGCGTAACC 797-819 

Potato 
spindle 
tuber 
viroid 

hPSTVd ATCCCCGGGGAAACCTGGAGCGAAC 1-25 
359 (Levy et al., 

1994) 
cPSTVd CCCTGAAGCGCTCCTCCGAG 339-359 

Tomato 
spotted 

wilt virus 
(N gene) 

TSWVS1 CACTGTAATGTTCCATAGC 2055-
2074 

795 

(Mumford et al., 
1996) 

TSWVNfinR CCTAAGAAACGACTGCGG 2833-
2850 

(Tentchev et al., 
2011) 

*Primers obtained courtesy of Prof. J.T. Burger, Dept. of Genetics, University of Stellenbosch, South 
Africa. 

3.3. Results 

3.3.1. Amplification and sequence analyses of virus coat protein genes and PSTVd whole genome  

The coat protein genes of three potato viruses were successfully amplified using the previously described 

sample preparation and RT-PCR protocols. The amplified product of 506 bp shown in Figure 3.1 

indicates PVX infected plant material and Figure 3.2 shows an amplified product of 637 bp, indicating the 

presence of PVA. This product was amplified from a potato leaf sample infected with PVA and was used 

as a control for RT-PCR. The amplicon of 561 bp in Figure 3.3 shows incidence of PVS. This confirms 

that the RT-PCR for these three viruses is functional, although, in the case of PVA no South African 

samples showed a positive RT-PCR. No positive results were produced when the samples were tested for 

the other targeted viral pathogens. The number of samples tested and the number of samples that tested 

positive for each virus are shown in Table 3.3. The sequences obtained from the 506 bp, 637 bp and 561 
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bp fragments were aligned with species specific sequences obtained from NCBI and this confirmed these 

to be CP gene sequences of PVX, PVA, and PVS respectively. These sequences are shown in aligned data 

matrices in the Addenda A, B and C respectively. 

 

Figure 3.1. Electrophoresed RT-PCR products using the PVX primer pair. Lane 1: Molecular marker (100 
bp DNA ladder, Promega). Lanes 2, 6, 7 and 8: RT-PCR amplicons (506 bp) indicating PVX infection. 
Lanes 3 to 5: Samples tested produced no amplified products. Lanes 10 to 16: The same samples tested 
with primers for PVM. Lanes 18 to 24: The same samples tested with primers for PVS. Lanes 9, 17 and 
25: Negative controls for RT-PCR reactions amplifying PVX, PVM and PVS respectively. 

 

Figure 3.2. RT-PCR amplified products after employing primers designed for PVA, electrophoresed on a 
2% (w/v) agarose gel stained with GelRed viewed under UV-light. Lane 3: Amplicon of 637 bp 
indicating PVA infection. Lanes 1, 2 and 4: Samples show no amplification. Lane 5: Molecular marker 
(100 bp DNA Ladder, Promega). 
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Figure 3.3. A digital image of RT-PCR amplified products electrophoresed on a 2% (w/v) agarose gel 
stained with GelRed viewed under UV-light. Lane 1: Molecular marker, 100 bp DNA ladder (Promega). 
Lanes 2, 6 and 8: RT-PCR products 561 bp in size indicative of PVS infected samples. Lanes 3, 4, 5 and 
7: Samples not infected with PVS show no amplification. Lane 9: Negative Control. 

Table 3.3. Analysis of samples that tested positive for infection compared to the total number of tested 
samples. 

Organism Total samples tested Total positive Percentage positive 

PVX 304 5 2.0 

PVM 265 0 0 

PVA 265 0 0 

PVS 265 3 1.1 

PMTV 213 0 0 

TSWV 81 0 0 

PSTVd 211 0 0 

 

3.4. Discussion 

Amplification of CP genes was successful for PVX, PVA and PVS using the sample preparation method 

adapted from La Notte et al. (1997) without any prior virus enrichment, as was also reported by Visser 

and Bellstedt (2009). The samples obtained from the ARC which were infected with PVS, were 

determined to be of South African origin (Personal communication; Arno Visser, Plant Breeding 

Division, ARC-VOPI, Roodeplaat, Pretoria). These samples were part of the ARC virus elimination 

program and were planted in glasshouses and open fields, exposing them to field infection with PVS from 

South African sources. This study therefore verifies the presence of PVX and PVS in potatoes of South 

Africa, but considering the number of samples tested and the number of infections, their prevalence is 

500 bp 
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extremely low (Table 3.3, section 3.3). To our knowledge, no reports have been published on the 

incidence of PVX and PVS in South Africa. 

Seed potato production in South Africa is responsible for the supply of propagation material to producers 

country wide. This system results in the constant movement of seed potatoes from one production area to 

another. In a study by Rothmann (2007) many CP gene sequences of PLRV isolates obtained from potato 

production areas as distant as KwaZulu-Natal, Free State, Mpumalanga and the Western Cape had 

identical sequences. This indicates the homogeneity of virus variants as a result of seed potato 

interchange by seed producers. Thus, although the samples collected in this study were mostly obtained 

from the Sandveld, they are more than likely to be representative of the whole of South Africa. 

Although PVM and PVA occur worldwide (Mortensen et al., 2010, Xu et al., 2010), infections with these 

viruses in South Africa have been reported but remain unconfirmed (Denner and Venter, 2011). 

Furthermore, PMTV and PSTVd are responsible for considerable losses around the world (Owens et al., 

2009, Santala et al., 2010), but these pathogens have yet to be identified in potatoes in South Africa 

(Denner and Venter, 2011). TSWV is responsible for severe damage to various crops around the world 

(Tsompana et al., 2005). Similarly, TSWV has caused considerable losses in tomato, tobacco, crop salad 

and green beans production in South Africa and in 1997, this virus caused severe losses in the Barkly 

West area when its thrips vector migrated to potato fields from nearby paprika plantings (Denner and 

Venter, 2011).  

In this study PVM, PVA, PMTV, PSTVd and TSWV could not be detected using RT-PCR. (Table 3.3, 

section 3.3). This may be due to no infecting agent being present, or the unsuccessful amplification of the 

coat protein genes of the viruses or the whole genome of the viroid. We could not obtain positive controls 

for all of the targeted pathogens and thus could not confirm this non-infection status. Since the primers 

were obtained from reliable sources and a positive control for PVA was available, the conclusion can be 

made that the RT-PCR for PVA is functional and that the absence of amplification products, is due to the 

absence of PVA in these samples. By implication this means that PVA is currently not present in South 

Africa, although the sample numbers and geographic area of sampling may be biasing the result. 

The survey study of PMTV in Northern Europe (Santala et al., 2010) indicated that although certain 

countries are widely infected with PMTV, other neighbouring countries can remain totally free of 

infection. This is probably due to administrative regulation and rigorous biosecurity protocols. The 

absence of widely spread viruses in South Africa seems likely due to stringent import regulations, 

geographical isolation and the fact that South Africa does not import seed or table potatoes but only tissue 

culture material. 

Because of the occurrence of PVX and PVS in field samples and the virus elimination program 

respectively, it is evident that the practice of retaining non-certified seed as propagation material still acts 

as a reservoir of these viruses. Furthermore, the routine testing of newly imported seed potatoes by 
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ELISA lacks the required sensitivity to detect these viruses in tissue culture, as concluded by Visser 

(2008). These viruses are then able to enter the production system and accumulate over time. A 

recommendation that can therefore be made from this study is that RT-PCR be implemented to test 

imported seed potato tissue culture material in order to improve the accuracy of screening thereof 

(Spiegel and Martin, 1993). 

This study indicates that, by comparison to overseas countries, the South African potato industry is 

subject to minimal threats from the aforementioned potato pathogens. While the prevalence of PVX, PVS 

and PVA is low to negative at the moment, the import of potato seed stock material from the rest of the 

world continues to hold dangers for potato production (Jones, 2009). These pathogens and various other 

significant viruses are known to occur in countries worldwide and, as such, continuous efforts should be 

undertaken to survey imported seed and ware potatoes to curb the introduction and spread of new viral 

potato pathogens.  

  

Stellenbosch University  http://scholar.sun.ac.za



39 
 

 

Chapter 4 
Characterisation of South African isolates of PVX and PVS using 

phylogenetic analyses of CP gene sequences 

Roos, W.G. & Bellstedt, D.U. 

Department of Biochemistry, The University of Stellenbosch, Private Bag X1, Stellenbosch, 7602,  

South Africa 

4.1. Introduction 

PVX and PVS are two significant viruses infecting potato crops worldwide (Stevenson, 2001). PVX 

(family Alphaflexiviridae, genus Potexvirus) consists of a flexuous filamentous rod shaped particle with 

helical substructure encapsidating a single stranded linear RNA+ molecule. The genome of PVX contains 

five ORFs coding for its structural and functional proteins. Infection with PVX can often be symptomless 

while yield losses of up to 20% have been reported. Mixed infection with PVA or PVY can lead to a yield 

loss of up to 45% (Stevenson, 2001). 

Although PVX has been characterised into four strain groupings based on their biological properties 

(Cockerham, 1955), but phylogenetic investigations have shown that PVX isolates do not group into these 

biologically defined strain groupings (Malcuit et al., 2000, Yu et al., 2008). A phylogenetic investigation 

by Cox and Jones (2010b) revealed the formation of two main clades, I and II, with clade II being 

subdivided into two clades, II-1 and II-2. Clade II-1 only contained isolates from Europe while clade II-2 

contained isolates originating from North and South America. Furthermore, PVX isolates from Asia and 

Australia were confined to clade I. 

PVS (family Betaflexiviridae, genus Carlavirus) has a flexuous rod shaped virion with a helical 

substructure. Its genome is a linear single stranded RNA+ molecule containing six ORFs. Infection with 

PVS alone can lead to a yield loss of up to 20% while mixed infection with PVX and PVM can lead to 

yield loss of up to 40% (Stevenson, 2001). Two strains of PVS have been identified, PVSO (ordinary) and 

PVSA (Andean). These strains differ biologically in their ability to infect Chenopodium spp. PVSO infects 

Chenopodium spp. non-systemically while PVSA causes systemic infection (Foster and Mills, 1992). 

However, Matousek et al. (2005) found particular European isolates of PVS, which infect C. quinoa 

systemically, to be more closely related to PVSO than PVSA on the basis of sequence similarity.  

A previous phylogenetic investigation of PVS using the CP gene sequences retrieved two distinct clades, 

Andean and ordinary, but PVS defined biologically did not coincide with PVS defined genetically (Ali et 

al., 2008). Similar results were also obtained by Cox and Jones (2010b), who suggested that because 

PVSA defined biologically did not correspond to PVSA defined genetically, PVS strain identification 

should be done by phylogenetic placement and not by biological activity. 
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In South Africa the prevalence PVX and PVS is very low (Section 3.3, Table 3.3) and isolates have not 

previously been sequenced or phylogenetically investigated. In this study the CP genes of newly 

identified South African isolates of PVX and PVS were sequenced and their phylogenetic relationships 

determined.  

4.2. Materials and methods 

4.2.1. Sampling 

The samples used in this study were previously identified to be infected with PVX and PVS (Section 3.2, 

Table 3.1). Three potato samples infected with PVX originated from a potato production field in the 

Sandveld area of the Western Cape, while three samples identified to be infected with PVS were obtained 

from plantlet testing of the ARC. These ARC samples have been confirmed to be of South African origin 

(Section 3.4).  

4.2.2. Plant material preparation 

A mortar and pestle was used to grind 0.1 g of the leaf and plantlet sample together with 2 ml grinding 

buffer (15 mM Na2CO3, 35 mM NaHCO3, 2% (w/v) PVP40, 0.2% (w/v) BSA, 0.05% (v/v) Tween 20, 1% 

(w/v) sodium meta-bisulphite, pH 9.6). One milliliter of the homogenized sample was transferred to a 1.5 

ml Eppendorf tube. Prepared samples were stored at -80°C. 

4.2.3. RT-PCR sample preparation 

A sample preparation method adapted from La Notte et al. (1997) was employed to prepare the RT-PCR 

template. Four microliter of prepared homogenized sample was added to 25 µl GES buffer (0.1 M 

glycine-NaOH, pH 9.0, 50 mM NaCl, 1 mM EDTA, pH 8.0, 0.5% (v/v) Triton X-100) and incubated at 

95°C for 10 minutes. The samples were cooled on ice immediately after this incubation period and kept 

on ice for a minimum of 5 minutes. 

4.2.4. Amplification of coat protein genes by RT-PCR 

The RT-PCR reaction mixture consisted of 2.5 µl 10 × PCR-Buffer, 1.25 µl 0.1 M DTT, 1.5 µl 25 mM 

MgCl2, 0.625 µl 20 µM forward primer, 0.625 µl 20 µM reverse primer, 1 µl 5 mM dNTPs (Bioline), 

0.25 µl 5 U/µl TaqTM DNA polymerase (Bioline), 0.125 µl 200 U/µl SuperscriptTM III (Invitrogen), 2 µl 

of homogenized sample and 15.125 µl Milli-Q® water. Primers used to amplify the coat protein genes of 

PVX and PVS were the same as in Chapter 3 (Table 3.2). All RT-PCR amplifications were done in a 

Veriti 9902 Thermal cycler (Applied Biosystems) using the following program: a single reverse 

transcription step at 48°C for 30 min followed by DNA amplification consisting of 35 cycles at 94°C for 

30 s, 64°C for 45 s and 72°C for 60 s. The amplification step was followed by a final elongation step at 
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72°C for 7 min. The resulting amplicon lengths for the PVX and PVS CP were 506 bp and 561 bp 

respectively. 

4.2.5. Gel Electrophoresis 

A 2% (w/v) agarose gel was prepared with 1 × TAE buffer (0.48% (w/v) Tris-base, 0.11% (v/v) glacial 

acetic acid, 0.5 M EDTA, pH 8.0) and Milli-Q® water. Gel Red Nucleic acid stain (1:10000) from 

Biotium was added to visualize products under UV light. The electrophoresis buffer consisted of 1 × TAE 

and RO water (1:49). Four microliters of the PCR reaction mixture were loaded on the agarose gel and 

electrophoresis was performed at 100 V to 120 V for 60 min to 80 min on an Amersham Pharmacia 

Biotech EPS601 Electrophoresis Power Supply. The resulting nucleic acid bands were visualized in a UV 

transilluminator. 

4.2.6. RT-PCR product purification 

RT-PCR products were purified using a Wizard SV Gel and PCR Clean-up System (Promega) according 

to the manufacturer's instructions. Purified products were electrophoresed on a 2% (w/v) agarose gel 

(prepared as above) to ascertain purification yield. 

4.2.7. Dye terminator sequencing reaction 

The sequencing reaction mixture consisted of 5 µl of 5 × sequence dilution buffer (Applied Biosystems), 

2 µl Terminator Dye (Big Dye® Terminator v3 Cycle Sequencing kit, Applied Biosystems), 2 µl of the 

cDNA template solution and 1 µl primer (0.8 µM). Primers used for sequencing purposes were the same 

as for amplification of the CP genes. The thermal cycling program consisted of 35 cycles of 96°C for 10 

s, 52°C for 30 s, 60°C for 4 min followed by an elongation step at 60°C for 7 min. Cycle sequencing 

products were analyzed in an ABI 3730 DNA Analyser (Applied Biosystems) at the Central Analytical 

Facility, University of Stellenbosch to produce sequence chromatograms. 

4.2.8. Sequence analyses 

The resulting sequence chromatograms were edited using ChromasPro version 1.5 (Technelysium Pty., 

Ltd.) to produce consensus sequences. These nucleotide sequences were compared to species-specific 

sequences (Table 4.1 and Table 4.2) obtained from NCBI (http://www.ncbi.nlm.nih.gov) by alignment 

using BioEdit v 7.0.5.2 (Hall, 1999). The generated sequence matrices together with their corresponding 

outgroups were aligned using the ClustalW v 1.4 multiple alignment function with default parameters and 

further aligned manually.  

4.2.9. Phylogenetic analyses 

Phylogenetic analyses of the aligned sequences were performed using PAUP* v 4.0.b10 (Swofford, 

2002). The matrices of aligned sequences were trimmed at the 5’ and 3’ ends in order to exclude missing 
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characters. Neighbour-joining relationship trees were created using these sequence matrices and the 

resulting tree was bootstrapped with 1000 replications. A heuristic search was used to establish the 

shortest possible trees from the data matrices. The search criteria included the use of 1000 addition 

sequence replicates with tree bisection and reconnection (TBR) branch swapping and the starting trees 

were obtained via stepwise addition, keeping the best trees only. With each replication no more than 10 

trees (MulTrees) with a tree score larger or equal than five were saved with all characters weighted 

equally. A strict consensus tree was computed from the shortest trees found in the heuristic search. A 

bootstrap analysis of 1000 replicates using TBR branch swapping, MulTrees off, was performed to 

establish clade support. Branches with bootstrap values ≥ 75% were considered to be well supported 

whereas values between 75% and 50% were considered as moderately supported. Values below 50% 

were considered weakly supported and not indicated on the phylograms. 

Table 4.1. Coat protein sequences of PVX isolates used in the phylogenetic analyses. Isolate LVX was 
used as the outgroup. 

Isolate 
Accession 
Number 

Original Host Geographical origin Sequence reference 

136 GU144362 Potato Shetland, Scotland Unpublished 

137 GU144361 Potato Shetland, Scotland Unpublished 

138 GU144360 Potato Shetland, Scotland Unpublished 

B GU384738 Potato Britain (Cox and Jones, 2010b) 

Beijing X65015 Not stated Beijing, China (Wang et al., 1991) 

Beijing 2 EF624257 O. violaceus Beijing, China (Li et al., 2008) 

BS AB056719 Potato Hokkaido, Japan (Komatsu et al., 2005) 

Chiba D87962 Potato Chiba, Japan Unpublished 

CP2 Z29334 Not applicable Andean highlands, Peru (Goulden et al., 1993) 

CP4 AF172259 Not applicable Andean highlands, Peru (Goulden et al., 1993) 

CP X55802 Not applicable Andean highlands, Peru (Orman et al., 1990) 

CT23 M38655 Not stated Unknown (Morozov et al., 1983) 

DY X88781 Potato Northern Ireland (Cruz and Baulcombe, 1995) 

EG2 AY763582 Potato Egypt (Soliman et al., 2006) 

EX X88782 Potato East Anglia, England (Cruz and Baulcombe, 1995) 

EX2 GU384737 Not applicable East Anglia, England (Cox and Jones, 2010b) 

FX21 EF423572 Potato Shandong, China (Yu et al., 2008) 

Gen M38480 Not stated Russia (Kraev et al., 1988) 

HB X72214 Potato Andean highlands, Bolivia (Querci et al., 1993) 

HBh Z23256 Not applicable Andean highlands, Bolivia (Goulden et al., 1993) 

Hunan AF535157 Potato Hunan, China (Du and Chen, 2003) 

Iran FJ461343 Pea Tehran, Iran (Esfandiari et al., 2009) 

KO1 AF260640 Potato Korea (Jung et al., 2000) 

KO2 AF260641 Potato Korea (Jung et al., 2000) 

KP X88783 Potato Northern Ireland (Cruz and Baulcombe, 1995) 

Stellenbosch University  http://scholar.sun.ac.za



43 
 

 

KR AF373782 Potato Kangwon, Korea (Choi and Ryu, 2008) 

LVX NC007192 Not applicable Netherlands (Chen et al., 2005) 

MS Z34261 Not stated Cordoba, Argentina (Fiegelstock et al., 1995) 

NL1 X88784 Potato Netherlands (Cruz and Baulcombe, 1995) 

NL4 X88785 Potato Netherlands (Cruz and Baulcombe, 1995) 

OS AB056718 Not stated Hokkaido, Japan (Kagiwada et al., 2002) 

P551 Z29333 Not stated Estonia (Truve et al., 1995) 

pWC18 U19790 Not stated China (Wang et al., 1991) 

QLD1974 GU384732 Potato Queensland, Australia (Cox and Jones, 2010b) 

Roth1 AF111193 Not stated Harpenden, England (Malcuit et al., 2000) 

S M72416 Not stated Russia (Skryabin et al., 1988) 

S6111 Z29335 Not stated Estonia (Truve et al., 1995) 

Sam-13 GU144353 Potato Scotland Unpublished 

Sam-14 GU144352 Potato Scotland Unpublished 

Sam-15 GU144351 Potato Scotland Unpublished 

Sam-16 GU144350 Potato Scotland Unpublished 

Sam-18 GU144349 Potato Scotland Unpublished 

Sam-23 GU144346 Potato Scotland Unpublished 

Sam-24 GU144363 Potato Scotland Unpublished 

SndG01 N/A Potato Sandveld, South Africa This Study 

SP1 AJ505748 Tomato Almeria, Spain Unpublished 

Taiwan AF272736 Not stated Taiwan Unpublished 

Tula EU021215 Potato Tula, Russia (Ravin et al., 2008) 

UK AF493949 Not stated Britain (Boonham et al., 2003) 

UK3 M95516 Not stated Britain (Kavanagh et al., 1992) 

WADel GU384736 Potato Western Australia (Cox and Jones, 2010b) 

WS2 X88786 Potato USA (Cruz and Baulcombe, 1995) 

X3 D00344 Not stated Netherlands (Huisman et al., 1988) 

XA X88787 Potato Europe (Cruz and Baulcombe, 1995) 

Xc X12804 Potato Andean highlands, Peru (Mandel et al., 1989) 

XK GU384726 Potato Western Australia (Cox and Jones, 2010b) 

XS X88788 Potato Europe (Cruz and Baulcombe, 1995) 

 

Table 4.2. Coat protein sequences of PVS isolates used in the phylogenetic analyses. Isolate PVP A113 
was used as outgroup. 

Isolate Accession no. Geographical origin Sequence reference 

136 GU144322 Shetland, UK Unpublished 

137 GU144323 Shetland, UK Unpublished 

138 GU144324 Shetland, UK Unpublished 

3–5C AB364945 Aleppo, Syria (Ali et al., 2008) 
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6–2C AB364946 Hama, Syria (Ali et al., 2008) 

Andean (BoonA)D AF493961 Not stated (Boonham et al., 2003) 

Andean (India)D FJ643622 India Unpublished 

Andean (Peruvian)D D00461 Peru (Mackenzie et al., 1989) 

Ar-43 EF397748 Iran Unpublished 

ASCP12C Y15613 Aschersleben, Germany (Matousek et al., 2000) 

ASCP9C Y15615 Aschersleben, Germany (Matousek et al., 2000) 

Az-21 EF397749 Iran Unpublished 

Brdl01 N/A South Africa This study 

Code24A GU319953 Netherlands or Germany (Foster et al., 1990, Dolby and Jones, 1987) 

DutchA GU319951 Netherlands (Dolby and Jones, 1987) 

El Roble JN082760 Colombia Unpublished 

Es-81 EF397750 Iran Unpublished 

ExodusA GU319952 Netherlands (Dolby and Jones, 1987) 

Ha-107 EF397751 Iran Unpublished 

Hangzhou AJ889246 Hangzhou, China Unpublished 

Hebei DQ315387 Hebei, China Unpublished 

HZ00P1 AY687337 Hangzhou, China Unpublished 

HZ1220 AY512653 China Unpublished 

Id4106-US FJ813513 Washington, USA (Lin et al., 2009) 

IdDef-US FJ813514 Washington, USA (Lin et al., 2009) 

Indian GU256061 Himachal Pradesh, India Unpublished 

KACP1NC Y15611 CzechRepublic (Matousek et al., 2000) 

KACP2NC Y15612 CzechRepublic (Matousek et al., 2000) 

KBCP2C FY15614 CzechRepublic (Matousek et al., 2000) 

Kh-55 EF397752 Iran Unpublished 

KobraC Y15625 CzechRepublic (Matousek et al., 2000) 

Leona AJ863509 Germany (Matousek et al., 2000) 

O IndianC DQ786653 India Unpublished 

Ordinary (BoonO)C AF493950 Not stated (Boonham et al., 2003) 

OrionC S45593 UK (Foster and Mills, 1992) 

PVP A113 DQ516055 Brazil (Nisbet et al., 2006) 

QLD1092 GU233454 Australia (Cox and Jones, 2010a) 

QLDKipB GU233453 Australia (Cox and Jones, 2010a) 

Sam13 GU144328 Scotland, UK Unpublished 

Sam23 GU144329 Scotland, UK Unpublished 

Sam24 GU144330 Scotland, UK Unpublished 

SKB GU233455 Western Australia (Wilson and Jones, 1993) 

S-RB U74376 South Korea Unpublished 

S-SE U74375 South Korea Unpublished 

TAS05-09B GU319942 Riana, Tasmania (Cox and Jones, 2010a) 
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TAS1B GU319954 Tasmania (Cox and Jones, 2010a) 

Tasajo JN082758 Colombia Unpublished 

TASPFB GU319950 Tasmania (Cox and Jones, 2010a) 

VLCP1NC Y15609 Czech Republic (Matousek et al., 2000) 

VLCP2C Y15616 Czech Republic (Matousek et al., 2000) 

VLCP2NC Y15610 Czech Republic (Matousek et al., 2000) 

Vltava AJ863510 Czech Republic (Matousek et al., 2005) 

WaDef-US FJ813512 Washington State, USA (Lin et al., 2009) 

WADel1B GU319943 Kwinana, Australia (Cox and Jones, 2010a) 

WADel2 GU319944 Bornholme, Australia (Cox and Jones, 2010a) 

WAFL GU319945 Lake Sadie, Australia (Cox and Jones, 2010a) 

WAKip1B GU319946 Western Australia (Cox and Jones, 2010a) 

WAKip2 GU319947 Western Australia (Cox and Jones, 2010a) 

WAM GU319948 Western Australia (Cox and Jones, 2010a) 

WAPCB GU319949 Western Australia (Cox and Jones, 2010a) 
A Isolate that infects Chenopodium spp. systemically (Dolby and Jones, 1987) 
B Isolate that does not infect Chenopodium spp. systemically (Cox and Jones, 2010a) 
C Isolate not reported to infect C. quinoa systemically (Cox and Jones, 2010a) 
D Isolate reported to infect C. quinoa systemically (Cox and Jones, 2010a) 

4.3. Results 

4.3.1. RT-PCR amplification of CP genes 

The coat protein genes of PVX and PVS were successfully amplified using the previously described 

sample preparation and RT-PCR protocols (Section 3.3, Figures 3.1 and 3.3). 

4.3.2. PVX CP sequence and phylogenetic analyses 

The CP gene sequences produced from the three South African isolates of PVX were identical and only 

one of these were included in the analyses. The PVX CP gene sequences were 711 nucleotides in length 

and upon alignement with the 56 taxa and the outgroup (LVX) produced a matrix of 773 characters, 

including gaps. The sequence alignment matrix of the PVX sequences and overseas sequences are shown 

in Addendum A. The neighbour-joining tree generated is shown in Figure 4.1. Of all 711 characters in the 

matrix 317 were constant and the variable characters included 245 parsimony informative and 211 

parsimony uninformative characters. The heuristic search produced 5785 shortest trees with a length of 

1014. One of these trees are presented in Figure 4.2. Tree statistics comprised a consistency index (CI) of 

0.631 and a retention index (RI) of 0.815. Two major clades were retrieved in the parsimony analyses, 

clade I and clade II, clade II contained two subclades, clade II-A and II-B. The South African PVX isolate 

(SndG01) clustered together with isolates from China and Ireland in clade I-A. Isolates from the 

Americas Xc, WS2, HBh, HB, CP, CP4 and CP2 were grouped in clade II-B. The morphology of the 
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neighbour-joining tree was similar to the trees retrieved from the heuristic search and is used as 

supporting evidence but, is not discussed explicitely. 

4.3.3. PVS CP sequence and phylogenetic analyses 

The three newly sequenced PVS isolates had identical CP gene sequences and as such, only one isolate 

was used in the analyses. The sequence length was 547 nucleotides and alignment with the 59 PVS taxa 

and the outgroup (PVP A113) produced a matrix of 595 characters in length including gaps. The sequence 

alignment matrix of the PVS sequences and overseas sequences are shown in Addendum B. The 

neighbour-joining tree generated is shown in Figure 4.3. Of the 595 total characters, 323 were constant, 

87 were parsimony uninformative and 185 were parsimony informative. The heuristic search retrieved 

6668 trees with a tree length of 644. Figure 4.4 illustrates one of these. The tree statistics were a CI of 

0.585 and an RI of 0.765. Two large clades were produced, PVS-A and PVS-B and the South African 

isolate (Brdl01) is present in subclade B-II. The neighbour-joining tree created displayed a similar 

morphology to the trees retrieved form the heuristic search and is used as supporting evidence, but is not 

explicitly discussed.  
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Figure 4.1. The neighbour-joining tree generated from the PVX CP sequence matrix. Bootstrap values 
indicated underneath the branches in italics. The branch length of the outgroup LVX was trimmed to fit 
this page. 
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Figure 4.2. One of the shortest trees retrieved from a heuristic search performed on the PVX CP sequence 
matrix. Branch lengths are indicated above branches and bootstrap support values are indicated beneath in 
italics. Arrows indicate the nodes which collapse in the strict consensus tree. The branch length of the 
outgroup LVX was trimmed to fit this page. 

100 
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Figure 4.3. The neighbour-joining relationship tree generated from the PVS CP sequence matrix. 
Bootstrap values are indicated underneath branches in italics. The branch length of the outgroup 
PVPA113 was trimmed to fit this page. 
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Figure 4.4. One of the shortest trees retrieved from a heuristic search performed on the PVS CP sequence 
matrix. Branch lengths are indicated above branches and bootstrap support values are indicated beneath in 
italics. Arrows indicate the nodes which collapse in the strict consensus tree. The branch length of the 
outgroup PVPA113 was trimmed to fit this page. Isolates known to infect Chenopodium spp. systemically 
are coloured in green, the isolates known to infect C. quinoa systemically are coloured in blue and the 
isolates known not to infect Chenopodium spp. are coloured in yellow (Table 4.2). 
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4.4. Discussion 

In this study South African isolates of PVX and PVS were identified and their CP genes were 

successfully sequenced. The CP sequences of these isolates were used in a phylogenetic analyses relative 

to international isolates and their phylogenetic relationships determined.  

When all 56 PVX CP sequences were aligned and analysed phylogenetically, clade I (Figure 4.2) 

comprised of 44 of the isolates which included all African, Asian and Australian isolates and clade II 

contained the remaining 12 isolates. The isolates in subclade II-A are limited to those of European origin 

and isolates previously known as Potato virus B, which were later included in PVX (Cox and Jones, 

2010b). Clade II-B is comprised of seven isolates, six Andean isolates and one from North America. The 

three non-potato isolates, Beijing2 from Orychophragus violaceus, SP1 from Spanish tomato and Iran 

from Iranian pea (Table 4.1), were all in clade I. The South African isolate is contained in the well-

supported subclade I-A, together with isolates from Ireland and China. PVX evolution is reported to have 

been slow, occurring without recombination between different strains (Malcuit et al., 2000). The Andean 

region of South America is the center of domestication of the potato and as seen by the Andean isolates 

present in clade II-B and the isolate MS in clade I, PVX diversity is greatest within the isolates from that 

region.  

The phylogenetic analysis of the 59 PVS taxa formed two major clades (Figure 4.4), PVS-A and PVS-B. 

PVS-B contained 53 of the isolates while PVS-A contained the remaining six. The isolates known to 

infect C. quinoa systemically, Andean (BoonA), Andean (India) and Andean (Peruvian) are grouped in 

clade PVS-A together with one isolate from the Czech Republic and two from Colombia. On the other 

hand the isolates known not to infect Chenopodium spp. systemically are all in clade PVS-B together with 

three isolates, Code 24, Dutch and Exodus, known to infect C. quinoa systemically. These findings are 

congruent with previous investigations of PVS where it was shown that the biologically defined strains of 

PVS do not correlate with the phylogenetic groupings (Cox and Jones, 2010a, Ali et al., 2008). The South 

African isolate of PVS is in subclade B-II with all the isolates from the USA and one from Syria. All of 

the South American isolates are grouped in clade PVS-A while isolates from other regions of the world 

grouped in the PVS-B clade, but the clade was largely unresolved indicating that these isolates are all 

relatively similar. The diversity displayed between the South American isolates correlates, again, with 

their Andean origin. 

The phylogenetic analyses performed here it indicates that the South African variants of PVX and PVS 

are not unique and differ significantly from those found elsewhere in the world. There is therefore no 

specific reason to deduce that the South African variants of PVX and PVS isolated in this study, are of the 

more virulent variants that occur elsewhere in the world. Although of low prevalence, the occurrence and 

spread of PVX and PVS in South Africa can be ascribed to the import of foreign seed potatoes as well as 

the method used for screening of these potatoes. Testing for PVX and PVS infection is performed by 
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ELISA and the relatively high detection limit creates opportunities by which material with very low 

amounts of virus can remain undetected. This reason calls for the adoption of RT-PCR, with its 

significantly lower detection limit (Spiegel and Martin, 1993), to be implemented in routine testing of 

seed potato stocks. 
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Chapter 5 
Assessment of South African PLRV isolates using phylogenetic analyses of 

CP gene and whole genome sequences 

Roos, W.G. & Bellstedt, D.U. 

Department of Biochemistry, The University of Stellenbosch, Private Bag X1, Stellenbosch, 7602,  

South Africa 

5.1. Introduction 

Although PVY remains the most serious viral pathogen of potatoes, PLRV (family Luteoviridae, genus 

Polerovirus) is the second most serious virus infecting potatoes worldwide (Stevenson, 2001). The virion 

of PLRV consists of multiple copies of the CP forming an icosahedral shaped capsid with 20 equilateral 

triangular facets, 25 nm in diameter. The genome of PLRV is made up of a ssRNA+ molecule 5.9 kb in 

size containing six ORFs (Miller et al., 1997). PLRV is transmitted in a persistant manner by several 

aphid species, including the green peach aphid and the potato aphid. Once infection has taken place the 

virus is mostly confined to the phloem tissue of the plant. Symptoms of PLRV infection include stunting 

of plant growth, rolling and upwards curling of leaf margins while in some cultivars net necrosis in the 

tuber may also occur. Infection with PLRV may also lead to smaller plants for each generation of 

infection (Stevenson, 2001). The severity of symptoms is determined by the virus isolate, potato cultivar, 

and environmental conditions. 

Previous investigations regarding the sequence variation of PLRV isolates indicated the highest sequence 

similarity between isolates originating from Europe, Canada, Korea and India and the least similarity 

between these isolates and an Australian isolate. Keese et al. (1990b) found that complete genome 

sequences of Canadian, Scottish and Dutch isolates of PLRV had sequence similarities of 98% between 

them, whereas an Australian isolate had the least similar genome with a similarity of 93%. A study by 

Faccioli et al. (1995) compared CP gene sequences and determined that an Italian isolate is most similar 

to those from Scotland, Germany, The Netherlands and Canada and least similar to an Australian isolate. 

Haliloglu and Bostan (2002) found that in a phylogenetic analysis of PLRV CP genes, these isolates 

clustered into two major clades. The first contained isolates from The Netherlands, USA and Poland. The 

second cluster was divided into two subgroups; one containing isolates from Korea, Scotland and Canada 

and the other an Australian isolate. Mukherjee et al. (2003) compared PLRV CP gene sequences and 

found a sequence identity of 99% between the isolate from India and those from the UK and Canada, and 

97% sequence similarity between the Indian and Australian isolates. Guyader et al. (2004) found PLRV 

isolates from Canada, Scotland, Netherlands and Poland were 98% identical while the Australian isolate 

had 93% identity. 
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South African isolates of PLRV have been found to display a unique position regarding their phylogenetic 

relationships in comparison with other international isolates. A previous phylogenetic investigation using 

the CP genes of South African PLRV isolates resulted in the establishment of two distinct clades, a 

predominantly European clade and a second clade in which most of the South African isolates clustered 

(Rothmann, 2007). This clade contained 26 of the 31 South African isolates, together with an Australian 

and a North American isolate. The European clade contained isolates from the Netherlands, Pakistan, 

France, Zimbabwe, India, Italy, Poland, Egypt, Germany, Cuba, China, Canada and Scotland, as well as 

the remaining five South African isolates. There are no whole genome sequences available for South 

African PLRV. 

It appears that the European isolates of PLRV have experienced a decrease in their pathogenicity and as 

such, research concerning PLRV has seemed to decrease as well (Personal communication, Gé van den 

Bovenkamp Nederlandse Algemene Keuringsdienst, The Netherlands). However, because South Africa 

has seen an increase in PLRV incidence to the extent of epidemic proportions (Coetsee, 2004, Coetsee, 

2005), Potatoes South Africa requested investigations into PLRV whole genome sequences attempting to 

find determinants of this increased pathogenicity. To this end, an initial comparison of whole genome 

sequences of South African PLRV isolates were performed to determine if the variation seen with PLRV 

CP genes is reflected in these whole genome sequences. In this study the CP genes of three recent isolates 

of PLRV were sequenced and their phylogenetic relationships determined. Furthermore, two whole 

genomes of South African isolates of PLRV were sequenced for the first time and phylogenetically 

investigated.  

5.2. Materials and methods 

5.2.1. Sampling 

Isolates originating from the Sandveld potato production region of the Western Cape sequenced in 2006 

and 2007, were found to cluster in both the European clade as well as the South African clade (Rothmann, 

2007). Because of this, 38 more recent plant samples infected with PLRV were again obtained from the 

Sandveld potato production area in 2011 and 2012. This was aimed at obtaining isolates that formed part 

of both distinct clades in order to sequence the whole genomes of variants from both of these distinct 

clades for further analyses. 

5.2.3. Plant material preparation 

A mortar and pestle was used to grind 0.1 g of the leaf sample together with 2 ml grinding buffer (15 mM 

Na2CO3, 35 mM NaHCO3, 2% (w/v) PVP40, 0.2% (w/v) BSA, 0.05% (v/v) Tween 20, 1% (w/v) sodium 

meta-bisulphite, pH 9.6). One milliliter of the homogenized sample was transferred to a 1.5 ml microfuge 

tube. Prepared samples were stored at -80°C. 
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5.2.4. RT-PCR amplification of PLRV CP genes 

A sample preparation method adapted from La Notte et al. (1997) was employed to prepare the plant 

material. Four microliter of prepared homogenized sample was added to 25 µl GES buffer (0.1 M 

glycine-NaOH, pH 9.0, 50 mM NaCl, 1 mM EDTA, pH 8.0, 0.5% (v/v) Triton X-100) and incubated at 

95°C for 10 minutes in a digital dry bath. The samples were cooled on ice immediately after this 

incubation period and kept on ice for a minimum of 5 minutes. 

The RT-PCR reaction mixture consisted of 2.5 µl 10 × PCR-Buffer, 1.25 µl 0.1 M DTT, 1.5 µl 25 mM 

MgCl2, 0.625 µl 20 µM forward primer, 0.625 µl 20 µM reverse primer, 1 µl 5 mM dNTPs (Bioline), 

0.25 µl 5 U/µl TaqTM DNA polymerase (Bioline), 0.125 µl 200 U/µl SuperscriptTM III (Invitrogen), 2 µl 

homogenized prepared sample and 15.125 µl Milli-Q® water. The primers PLRV-EcoR1-f (5'-

GAATTCAGATGGGTACGGTCGTGGTTAAAGG-3') and PLRV-BamH1-r (5'-

GCGGATCCCTATTTGGGGTTCTGCAAAGC-3') were used to amplify CP genes. These primers were 

synthesized by the DNA Synthesis Laboratory, Department of Molecular and Cell Biology, University of 

Cape Town, South Africa. All RT-PCR amplifications were done in a Veriti 9902 Thermal cycler 

(Applied Biosystems) using the following program: a single reverse transcription step at 48°C for 30 min 

followed by DNA amplification consisting of 35 cycles at 94°C for 30 s, 64°C for 45 s and 72°C for 60 s. 

The amplification step was followed by a final elongation step at 72°C for 7 min. 

5.2.5. RT-PCR amplification of PLRV genomes 

An RNA extraction was performed using the RNeasy® Plant Mini Kit (Qiagen) according to the 

manufacturer’s instructions, in order to isolate total RNA from infected leaf samples. The RNA isolated 

served as the template for RT-PCR amplification of the whole genome. The RT-PCR reaction mixture 

and thermal cycling program were identical to the procedure used for amplification of the CP with 

exception of the oligonucleotide primers used. Six overlapping primer pairs covering the whole genome, 

excluding the 5’ untranslated region, were used for the amplification of the PLRV whole genome (Table 

5.1). Nine of these primers were designed by Guyader and Ducray (2002) and three were designed using 

BioEdit v 7.0.5.2 (Hall, 1999) and Primer3 (Rozen and Skaletsky, 1998). Primers were designed 

according to optimal criteria for guanine and cytosine (GC) content, GC clamps, melting temperature 

(Tm), nucleic acid repeats and primer length. Primers were designed using the aligned whole genome 

sequence matrix  shown in Addendum E. 
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Table 5.1. Primers used for the amplification of the PLRV genome. Primer combinations produced 
six overlapping segments covering the whole genome excluding the 5’UTR. 

Name Sequence (5' to 3') Sense Position (bases) Amplicon size 
(bases) 

ORF0-S21 GAAATTGCAGCTTTAG Forward 122–137 933 ORF0-AS1 AGGCGTTCTCTCCACTGTAC Reverse 1036–1055 
9002 GCTGTGGAAGGATACAAAGGGT Forward 885-906 1172 1990-AS1 GCTTGTTCTTCCCTCCACG Reverse 1979–1997 
18101 GGCAACTCCGACATCCCC Forward 1805–1822 1224 2930-AS1 GCATCCAATACGCGACTGAC Reverse 2919–2938 
27101 CTGGTAGCCCGGGTTCTG Forward  2704–2721 1594 4190-AS1 ACCCCGTTTATCATCCGCG Reverse  4180–4198 
Cpstart21 CCCACGTGCGATCAATTGTTAA Forward 3689–3703 1401 5000-AS2 CACTCTGTTACGCGAACCAG Reverse 4970-4990 
49002 TGATGGGCGATTCTTTCTCG Forward 4830-4851 1212 SbgE1 CTACACAACCCTGTAAGAGG Reverse 5967–5986 
1Primers designed by Guyader and Ducray (2002). 
2Primers designed in this study. 
 

5.2.6. Gel electrophoresis 

A 2% (w/v) agarose gel was prepared with 1 × TAE buffer (0.48 % (w/v) Tris-base, 0.11 % (v/v) glacial 

acetic acid, 0.5 M EDTA, pH 8.0) and Milli-Q® water. Gel Red Nucleic acid stain (1:10000) from 

Biotium was added to visualize products under UV light. Electrophoresis was performed in 1 × TAE 

buffer. Four microliters of the PCR reaction mixture were loaded on the agarose gel and electrophoresis 

was performed at 100 V for 60 min on an Amersham Pharmacia Biotech EPS601 Electrophoresis Power 

Supply. The resulting nucleic acid bands were visualized on a UV transilluminator. 

5.2.7. RT-PCR product purification 

RT-PCR products were purified using a Wizard SV Gel and PCR Clean-up System (Promega) according 

to the manufacturer's instructions. Purified products were electrophoresed on a 2% (w/v) agarose gel 

(prepared as above) to ascertain DNA yield.  

5.2.8. Dye terminator sequencing reaction 

The sequencing reaction mixture consisted of 5 µl of 5 × sequence dilution buffer (Applied Biosystems), 

2 µl Terminator Dye (Big Dye® Terminator v3 Cycle Sequencing kit, Applied Biosystems), 2 µl of the 

cDNA template solution and 1 µl primer (0.8 µM). The same combinations of forward and reverse 

primers used for amplification were also used for sequencing reactions. The thermal cycling program 

consisted of 35 cycles of 96°C for 10 s, 52°C for 30 s, 60°C for 4 min followed by an elongation step at 

60°C for 7 min. Cycle sequencing products were analyzed in an ABI 3730 DNA Analyser (Applied 

Biosystems) at the Central Analytical Facility, University of Stellenbosch to produce sequence 

chromatograms. 
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5.2.9. PLRV CP sequence analysis 

The resulting sequence chromatograms were edited using ChromasPro version 1.5 (Technelysium Pty., 

Ltd.) to produce consensus sequences. Additional nucleotide sequences were obtained from NCBI 

(http://www.ncbi.nlm.nih.gov) and from a previous study by Rothmann (2007) (Table 5.2). The 

sequences were imported into BioEdit v 7.0.5.2 (Hall, 1999) with the outgroup, Cereal yellow dwarf 

virus-RPV (CYDV-RPV), and were aligned using the ClustalW v 1.4 multiple alignment function with 

default parameters and further aligned manually (Addendum D). 

5.2.10. Whole genome sequence analysis 

The resulting sequence chromatograms obtained were edited using ChromasPro version 1.5 

(Technelysium Pty., Ltd.) to produce consensus sequences. Overlapping PLRV nucleotide sequences 

were then combined to form a contiguous whole genome sequence using BioEdit v 7.0.5.2 (Hall, 1999). 

The resulting South African PLRV whole genome sequences were aligned with whole genome sequences 

obtained from NCBI (http://www.ncbi.nlm.nih.gov) (Table 5.3) in BioEdit v 7.0.5.2 (Hall, 1999). The 

generated whole genome sequence matrix was aligned using the ClustalW v 1.4 multiple alignment 

function with default parameters and further aligned manually (Addendum E). 

5.2.11. Phylogenetic analyses 

The matrices of aligned sequences were trimmed at the 5’ and 3’ ends in order to exclude missing 

characters. Phylogenetic analyses of the aligned sequences were performed using PAUP* v 4.0.b10 

(Swofford, 2002). A heuristic search was used to establish the shortest possible trees from the data 

matrices. The search criteria included the use of 1000 addition sequence replicates with tree bisection and 

reconnection (TBR) branch swapping and starting trees obtained via stepwise addition. With each 

repetition only the shortest trees were kept and no more than 10 trees (MulTrees) with a tree score larger 

than or equal to five were saved. All characters were equally weighted. A strict consensus tree was 

computed from the shortest trees found in the heuristic search. A bootstrap analysis of 1000 replicates 

using TBR branch swapping, MulTrees off, was performed to establish clade support. Branches with 

bootstrap values ≥ 75% were considered to be well supported whereas values between 75% and 50% 

were considered as moderately supported. Values below 50% were considered weakly supported and not 

indicated on the phylograms. 
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Table 5.2. Isolates used in PLRV CP analyses. CYDV-RPV was used as outgroup. 

Isolate Geographical Origin Reference Accession no. 

14.2 France (Guyader and Ducray, 2002) AF453394 

Aus Australia (Keese et al., 1990a) D13953 

Can Canada (Keese et al., 1990b) D13954 

CC51  Wittenberg Vallei, South Africa (Rothmann, 2007) N/A 

CC52  Wittenberg Vallei, South Africa (Rothmann, 2007) N/A 

CC53 Wittenberg Vallei, South Africa (Rothmann, 2007) N/A 

CC668 Koue Bokkeveld, South Africa (Rothmann, 2007) N/A 

CC67 Koue Bokkeveld, South Africa (Rothmann, 2007) N/A 

Chi China Unpublished AY079210 

CIP01 Peru (Guyader and Ducray, 2002) AF453392 

Cu87 Cuba (Guyader and Ducray, 2002) AF453393 

Cuba Cuba (Lopez et al., 1994) S77421 

CYDV-RPV New York, USA Unpublished EF521839 

DD0201 Douglas, South Africa (Rothmann, 2007) N/A 

DD0202 Douglas, South Africa (Rothmann, 2007) N/A 

DD0203 Douglas, South Africa (Rothmann, 2007) N/A 

Egp Egypt Unpublished AY138970 

Fr1 France (Guyader and Ducray, 2002) AF453391 

FrPT France Unpublished AY007727 

Ger Germany (Prill et al., 1989) X13906 

India India Unpublished AF539791 

Italy Italy (Faccioli et al., 1995) N/A 

NALR7 North America Unpublished M89926 

Neth11 The Netherlands (Jolly and Mayo, 1994) X77322 

Neth15 The Netherlands (Jolly and Mayo, 1994) X77323 

Neth30 The Netherlands (Jolly and Mayo, 1994) X77324 

Neth31 The Netherlands (Jolly and Mayo, 1994) X77326 

NethV The Netherlands (Jolly and Mayo, 1994) X77321 

NethV4 The Netherlands (Jolly and Mayo, 1994) X77325 

NethWa The Netherlands (Wilk et al., 1989a) Y07496 

NN313 KwaZulu-Natal, South Africa (Rothmann, 2007) N/A 

NN32 KwaZulu-Natal, South Africa (Rothmann, 2007) N/A 

NN33468  KwaZulu-Natal, South Africa (Rothmann, 2007) N/A 

NN3347 KwaZulu-Natal, South Africa (Rothmann, 2007) N/A 

Noir France (Guyader and Ducray, 2002) AF453390 

OP Spain (Guyader and Ducray, 2002) AF453389 

Pak Pakistan Unpublished AY307123 

Pol Poland (Palucha et al., 1994) X74789 
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PP00311  Reitz, South Africa (Rothmann, 2007) N/A 

PP00313  Reitz, South Africa (Rothmann, 2007) N/A 

PP067  Bethlehem, South Africa (Rothmann, 2007) N/A 

Rood Roodeplaat, South Africa Unpublished AF022782 

San1C Sandveld, South Africa (Rothmann, 2007) N/A 

San21  Sandveld, South Africa (Rothmann, 2007) N/A 

San22  Sandveld, South Africa (Rothmann, 2007) N/A 

San23  Sandveld, South Africa (Rothmann, 2007) N/A 

SanA1 Sandveld, South Africa (Rothmann, 2007) N/A 

SanA3 Sandveld, South Africa (Rothmann, 2007) N/A 

SanB1 Sandveld, South Africa (Rothmann, 2007) N/A 

SanB2 Sandveld, South Africa (Rothmann, 2007) N/A 

SanB3 Sandveld, South Africa (Rothmann, 2007) N/A 

SanF1 Sandveld, South Africa (Rothmann, 2007) N/A 

SanF2 Sandveld, South Africa (Rothmann, 2007) N/A 

SanF3 Sandveld, South Africa (Rothmann, 2007) N/A 

SanH10 Sandveld, South Africa (Rothmann, 2007) N/A 

SanH7 Sandveld, South Africa (Rothmann, 2007) N/A 

Sco Scotland (Mayo et al., 1989) D00530 

SKor South Korea Unpublished AF296280 

SKor777 South Korea Unpublished U73777 

SKorRB South Korea Unpublished U74377 

SndG03 Sandveld, South Africa This study N/A 

SndG04 Sandveld, South Africa This study N/A 

SndG303 Sandveld, South Africa This study N/A 

TT026 Middelburg, South Africa (Rothmann, 2007) N/A 

TT11  Bethal, South Africa (Rothmann, 2007) N/A 

TT12  Bethal, South Africa (Rothmann, 2007) N/A 

WW15419 Christiana, South Africa (Rothmann, 2007) N/A 

WW15420  Christiana, South Africa (Rothmann, 2007) N/A 

Z2514  Cradock, South Africa (Rothmann, 2007) N/A 

Z2515  Cradock, South Africa (Rothmann, 2007) N/A 

Z2623  Cradock, South Africa (Rothmann, 2007) N/A 

Z2624  Cradock, South Africa (Rothmann, 2007) N/A 

Z2625  Cradock, South Africa (Rothmann, 2007) N/A 

Zim13 Zimbabwe (Guyader and Ducray, 2002) AF453388 
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Table 5.3. Isolates used in the whole genome analysis of PLRV. CYDV-RPV was used as outgroup. 

Isolate Accession no. 
Geographical 
origin Reference 

Year 
isolated 

14.2 AF453394 France (Guyader and Ducray, 2002) 1985 
ASL2000 JQ346190 Germany Unpublished 2000 
Australia D13953 Australia (Keese et al., 1990a) 1990 
Canada D13954 Canada (Keese et al., 1990a) 1990 
CIP01 AF453392 Peru (Guyader and Ducray, 2002) 1974 
Cu87 AF453393 Cuba (Guyader and Ducray, 2002) 1987 
CYDV-RPV EF521839 USA Unpublished 2007 
Dundee NC001747 Scotland (Mayo et al., 1989) 1989 
Egypt AY138970 Egypt N/A 2002 
Fr1 AF453391 France (Guyader and Ducray, 2002) 1983 
JokerMV10 JQ346191 Germany Unpublished 2010 
JPI1 JQ420901 India Unpublished 2010 
KHPI1 JQ420902 India Unpublished 2010 
Noir AF453390 French (Guyader and Ducray, 2002) 1996 
OP AF453389 Spain (Guyader and Ducray, 2002) 1986 
OTNI2 JQ420904 India Unpublished 2011 
PLRVV D00530 Scotland (Mayo et al., 1989) 1989 
Polish X74789 Poland (Palucha et al., 1994) 1994 
SndGHG1 N/A South Africa This Study 2011 
SndGHG2 N/A South Africa This Study 2012 
SymlessLS10 JQ346189 Germany Unpublished 2010 
Virburra 1/045 EU717545 Czech Republic (Plchova et al., 2009) 2007 
Virburra 1/046 EU717546 Czech Republic (Plchova et al., 2009) 2007 
Wagenin Y07496 Netherlands (Wilk et al., 1989b) 1989 
Zim13 AF453388 Zimbabwe (Guyader and Ducray, 2002) 1985 

5.3. Results 

5.3.1. Amplification of PLRV CP genes 

The CP genes of 38 PLRV isolates were successfully amplified as 681 bp amplicons using the previously 

described sample preparation method and RT-PCR protocol as shown in Figure 5.1. 
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Figure 5.1. RT-PCR amplified products electrophoresed on a 2% (w/v) agarose gel stained with GelRed 
viewed under UV-light. Lanes 1 to 11 are RT-PCR amplicons (681 bp) employing primers PLRV-EcoR1 
and PLRV-BamH1. Lane 12: Molecular marker, 100 bp DNA ladder (Promega). 

5.3.2. Amplification of PLRV genome segments and genome assembly 

Six overlapping genome segments of two PLRV isolates were successfully amplified with the RT-PCR 

procedure previously described. The amplicons ranged between 900 bp and 1600 bp in size (Table 5.1) 

and are shown in Figure 5.2.  

 

Figure 5.2. RT-PCR amplified products of PLRV genome segments. Lanes 1 to 6 are genome segments of 
PLRV isolate SndGHG1, Lane 7 is the molecular marker (HyperLadder™ II) and lanes 8 to 13 are the 
segments of PLRV isolate SndGHG2. Arrows indicate sizes of the molecular marker. 

5.3.3. PLRV CP sequences and phylogenetic analyses 

The CP gene sequences of the two newly sequenced PLRV isolates, SndG03 and SndG04 had a length of 

627 characters, and these sequences were generated from the 681 bp amplicons. The CP gene of isolate 

SndG303 was derived from the whole genome sequencing data. As a result of the sequencing approach 

the 52 bp on the 3' terminal end were missing and the missing nucleotides are part of the gap in the whole 
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genome sequence, discussed in section 5.4.4. Alignment of the 73 taxa with the outgroup (CYDV-RPV) 

produced a matrix of 628 characters (Addendum D). Phylogenetic analysis showed there was a total of 

364 constant characters, 65 parsimony informative characters and 199 parsimony uninformative 

characters in the matrix. The heuristic search retrieved 300 shortest trees having a tree score of 353. One 

of the shortest trees saved are shown in Figure 5.3. The tree statistics includes a CI of 0.824 and an RI of 

0.918. In the strict consensus tree recovered two major clades formed, clade I and clade II, but a 

phylogram is presented here in order to display the branch lengths. Those nodes that collapse in the strict 

consensus are indicated with arrows (Figure 5.3).  

When all 73 CP sequences were aligned and analysed phylogenetically two distinct clades were retrieved, 

clade I and clade II (Figure 5.3). Clade I comprised of 28 international isolates as well as five South 

African isolates (subclade I-A). Clade II contained the remaining 38 South African isolates together with 

one Australian and one North American isolate. The newly sequenced PLRV isolates, SndG303, SndG03 

and SndG04 were placed in clade II. Large sequence variation between CP sequences of the South 

African isolates can be seen in clade II. By comparison, the shorter branch lengths in clade I, which 

contains most of the European isolates, and only five South African isolates indicate much less sequence 

variation between these isolates.  

5.3.4. PLRV whole genome sequence and phylogenetic analyses 

The six amplified segments were combined to form contiguous whole genome sequences for two PLRV 

isolates (SndGHG1 and SndGHG2). These two complete genomes of South African PLRV isolates were 

5356 nucleotides in length. Alignment of the 24 taxa with the outgroup, CYDV-RPV, led to the 

introduction of multiple gaps in the matrix and the consequent total character length of 6069  as shown in 

Addendum E. In both of the South African isolate sequences there was a gap of 372 nucleotides between 

positions 3180 and 3552, which was the result of unsuccessful sequencing. Of the 6069 total characters in 

the matrix, 3446 characters were constant, 1929 variable characters were parsimony informative and 694 

characters were parsimony uninformative. The heuristic search retrieved 20 shortest trees having a length 

of 3609 and one of these is displayed in Figure 5.4. The tree statistics include a CI of 0.821 as well as a 

RI of 0.601. Alignment and phylogenetic analysis of the 24 whole genome sequences retrieved two major 

clades, clade I and clade II (Figure 5.4). The South African isolates of PLRV were placed in clade II 

together with one Australian isolate. Clade I contained the remaining European, North and South 

American and Asian isolates as well as the other African isolates from Egypt and Zimbabwe. 
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Figure 5.3. One of the shortest trees of a heuristic search performed on the PLRV CP sequence matrix. 
Branch lengths are indicated above branches and bootstrap support values are indicated beneath in italics. 
Arrows indicate the nodes which collapse in the strict consensus tree. The branch length of the outgroup 
CYDV-RPV was trimmed to fit this page. Sequences generated by Rothmann (2007) are indicated in blue 
and the isolates sequenced in this study are indicated in green. The Australian isolate is indicated in 
yellow and the isolate from the USA is indicated in red. 
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Figure 5.4. One of the shortest trees of a heuristic search performed on the PLRV whole genome 
sequence matrix. Branch lengths are indicated above branches and bootstrap support values are indicated 
beneath in italics. Arrows indicate the nodes which collapse in the strict consensus tree. The branch 
length of the outgroup CYDV-RPV was trimmed to fit this page. South African isolates of PLRV are 
indicated in green and the Australian isolate is indicated in yellow. 
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5.4. Discussion 

In this study three new South African PLRV CP sequences as well as two whole genome sequences were 

sequenced. Their phylogenetic relationships were determined in an international context as well as with 

South African isolates of which the CP sequences were determined previously in this laboratory 

(Rothmann, 2007). The South African isolates, which include the newly sequenced and previously 

sequenced ones, was found to be distinctly different genetic variants when compared to isolates from 

around the world. Their closest relatives are an isolate from Australia and North America. There are 

variants of South African PLRV which cluster together with the international isolates. The whole genome 

sequences indicate that the South African variants, that were sequenced in this study, are variants of 

PLRV which are distinctly different from those of the rest of the world. As PLRV has been shown to 

display high genetic stability and contain a highly conserved CP (Guyader and Ducray, 2002, Guyader et 

al., 2004) diversification of the South African PLRV variants highlight the unique situation regarding 

PLRV in South Africa. 

Rothmann (2007) also determined, based on CP sequences, that isolates belonging to clade I are also 

found in South Africa. In the collection of samples for this study, such isolates were not found, but it is 

likely that these strains still occur in South Africa. In the study by Rothmann (2007) it was determined 

that there are variants of South African PLRV which cluster together with isolates from Europe and the 

rest of the world, clade I. None of these variants were sequenced in this study, but it is likely that these 

variants still occur in South Africa. 

Both the CP and whole genome sequences of the South African and Australian isolates of PLRV 

displayed similar genetic divergence from those of Europe and the rest of the world. It is difficult to find a 

reason for this divergence but, this may be because of tubers that were transferred between South Africa 

and Australia many years ago and as a result, establishing the same variant in both countries. This 

statement is made on the basis of their relationship, although there is no documented evidence for the 

transport of potato tubers between South Africa and Australia in the past. 

Moreover, both Australia and South Africa are far removed from the rest of the world's potato producing 

areas. South Africa is also largely self sustaining when it comes to seed potato production and few seed 

potatoes have been imported in the last two decades (Department of Agriculture, 2011). The geographical 

isolation of Australia and South Africa may have played a role in the diversification of PLRV variants, as 

this would have meant that tuber exchanges would have been minimal (Guyader and Ducray, 2002). As 

warmer growing conditions alter selection pressures on viruses and modify virus evolution rates (Jones, 

2009), the similar climatic conditions in South Africa and Australia might play a role in the 

diversification of these variants as well. 

Furthermore, the genetic diversification of the South African PLRV variants in comparison to the 

European isolates should be analysed in the context of the apparent maintained pathogenicity of South 
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African PLRV variants, whilst in Europe PLRV pathogenicity is no longer viewed to be a serious threat 

to the potato industry. The pathogenicity of PLRV is critically dependent on the MP for the rate of cell to 

cell spread and the CP for binding of the virus to cells after infection by aphids. In this context it should 

be noted that the CP and MP genes are encoded in the overlapping reading frames ORF3 (CP), and ORF4 

(MP) (Section 2.11, Figure 2.6). It was observed that this area of the genome (bp 3709 to 4341) showed 

18 differences in base pairs when the European and South African PLRV variants were compared. It may 

therefore be that these differences are responsible for the differences in the observed pathogenicity. This 

does, however, require further analysis of the amino acid sequences of the CPs and MPs of members of 

both clades, and of many more variants in order to try to substantiate this claim. A study of the amino 

acid sequence differences in CPs and MPs between the isolates from these two clades may give important 

insights into the mechanisms responsible for pathogenicity in PLRV specifically, and other viruses in 

general. 
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Chapter 6 
Conclusion and future perspectives 

This study verifies the occurrence of PVX and PVS in potatoes of South Africa for the first time. Results 

also indicate that, presently, PVA is not infecting potatoes of South Africa. The occurrence of PVM, 

PMTV, TSWV and PSTVd in potatoes of South Africa could not be confirmed because of a lack of 

positive controls for the RT-PCRs. The procedure used in this study, i.e. plant material preparation and 

RT-PCR amplification of the CP genes was, however, found to be suitable for the detection of PVX, PVA 

and PVS. 

With regard to the prevalence (2 and 1.1% respectively) and the genetic characterisation of PVX and 

PVS, it can be concluded that the potato production industry of South Africa is under a relatively lower 

threat from these potato viruses, compared to many other countries around the world (Cox and Jones, 

2010b, Cox and Jones, 2010a). The phylogenetic analyses used to characterise the variants isolated in this 

study, do not group them with the more virulent variants of these viruses. Both these viruses exhibit very 

mild symptoms in general, but co-infections with PVX and PVS and with PVX and the widely prevalent 

PVY (Visser and Bellstedt, 2012), can cause symptoms to be exacerbated, causing severe production 

losses (Stevenson, 2001). Thus, although of low prevalence, the possible and current damage caused by 

PVX and PVS should not be underestimated. 

As revealed by the CP gene and whole genome sequences, PLRV variants in South Africa are uniquely 

divergent when compared to other international isolates. Phylogenetic analyses of the CP gene sequences 

isolated in this study, displayed the same phylogenetic position as most of the variants isolated by 

Rothmann (2007). This was an intermediate position between European isolates and an Australian isolate. 

This unique divergent position was also confirmed by the whole genome sequences of PLRV isolates 

newly sequenced in this study. The incidence of PLRV has reached epidemic proportions in South Africa 

(Coetsee, 2004, Coetsee, 2005) while at the same time in Europe, the problem of PLRV infections seem 

to have abated to a large extent (Personal communication, Gé van den Bovenkamp Nederlandse 

Algemene Keuringsdienst, The Netherlands). Thus the genetic divergence of PLRV in South Africa from 

the European isolates may be responsible for the increased pathogenicity of most of the PLRV isolates 

found in South Africa.  

This necessitates further investigation into how the genetic divergence translates into the resulting 

biological effects. A putative CP structure based on homology modeling is available (Terradot et al., 

2001) and the structural changes to the CP brought on by the amino acid differences of South African 

PLRV can be investigated. Specific strain identification, through infectivity studies in Physalis floridana, 

can identify the virulence differences of South African PLRV variants. Certain potato cultivars also 

exhibit an inherent resistance to virus infections (Dickinson, 2003) and virus resistance trials with popular 
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cultivars will provide practical solutions to curb the losses induced by the more pathogenic variants of 

PLRV. 

Increasing amounts of potato plant material, and those of other plants, being imported for commercial 

reasons will inevitably increase the introduction of more virus species and different variants of viruses 

(Jones, 2009). This continues to threaten the South African potato industry, and it is a recommendation of 

this study to replace ELISA with RT-PCR as the method of choice in screening imported potato 

propagation material for viral infections, as also proposed by (Visser, 2008). RT-PCR is much more 

sensitive than ELISA in the detection of viruses (Spiegel and Martin, 1993, Mumford et al., 1996). 

  

Stellenbosch University  http://scholar.sun.ac.za



69 
 

 

References 

ADAMS, I. P., GLOVER, R. H., MONGER, W. A., MUMFORD, R., JACKEVICIENE, E., 

NAVALINSKIENE, M., SAMUITIENE, M. & BOONHAM, N. 2009. Next-generation 

sequencing and metagenomic analysis: a universal diagnostic tool in plant virology. Molecular 

Plant Pathology, 10, 537-545. 

AGINDATON, B. & PERRY, K. L. 2008. Macroarray detection of eleven potato-infecting viruses and 

Potato spindle tuber viroid. Plant Disease, 92, 730-740. 

ALI, M. C., MAOKA, T. & NATSUAKI, K. T. 2008. The occurrence of Potato Viruses in Syria and the 

Molecular Detection and Characterization of Syrian Potato virus S isolates. Potato Research, 51, 

151-161. 

BERTOLINI, E., OLMOS, A., MARTINEZ, M. C., GORRIS, M. T. & CAMBRA, M. 2001. Single-step 

multiplex RT-PCR for simultaneous and colourometric detection of six RNA viruses in olive 

trees. Journal of Virological Methods, 96, 33-41. 

BESTER, R., JOOSTE, A. E. C., MAREE, H. J. & BURGER, J. T. 2012. Real-time RT-PCR high-

resolution melting curve analysis and multiplex RT-PCR to detect and differentiate grapevine 

leafroll-associated virus 3 variant groups I, II, III and VI. Virology Journal, 9, 1-11. 

BOBEN, J., KRAMBERGER, P., PETROVIC, N., CANKAR, K., PETERKA, M., STRANCAR, A. & 

RAVNIKAR, M. 2007. Detection of Tomato mosaic virus in irrigation waters. European Journal 

of Plant Pathology, 118, 59-71. 

BOONHAM, N., SMITH, P., WALSH, K., TAME, J., MORRIS, J., SPENCE, N., BENNISON, J. & 

BARKER, I. 2002. The detection of Tomato spotted wilt virus (TSWV) in individual thrips using 

real time fluorescent RT-PCR (TaqMan). Journal of Virological Methods, 101, 37-48. 

BOONHAM, N., TOMLINSON, J. & MUMFORD, R. 2007. Microarrays for rapid identification of plant 

viruses. Annual Reviews in Phytopathology, 45, 307-328. 

BOONHAM, N., WALSH, K., SMITH, P., MADAGAN, K., GRAHAM, I. & BARKER, I. 2003. 

Detection of Potato viruses using microarray technology: towards a generic method for plant viral 

diagnosis. Journal of Virological Methods, 108, 181-188. 

CHARE, E. R. & HOLMES, E. C. 2006. A phylogenetic survey of recombination frequency in plant 

RNA viruses. Archives of Virology, 933-943. 

CHEN, J., SHI, Y. H., ADAMS, M. J. & CHEN, J. P. 2005. The complete sequence of the genomic RNA 

of an isolate of Lily virus X (genus Potexvirus). Archives of Virology, 150, 825-832. 

CHIEN, A., EDGAR, D. B. & TRELA, J. M. 1976. Deoxyribonucleic Acid Polymerase from the Extreme 

Thermophile Thermus aquaticus. Journal of Bacteriology, 127, 1550-1557. 

CHOI, S. & RYU, K. 2008. Determination of complete genome sequence of Korean isolate of Potato 

virus X. Plant Pathology Journal, 24, 361-363. 

COCKERHAM, G. Strains of potato virus X. .  2nd Conference on potato virus diseases, 1955 Lisse-

Wageningen. 89-92. 

Stellenbosch University  http://scholar.sun.ac.za



70 
 

 

COETSEE, J. 2004. Rolblad maai onder aartappels. Landbouweekblad. 12 Nov ed. 

COETSEE, J. 2005. Virusse bedreig hele aartappelbedryf. Landbouweekblad. 9 Sept ed. 

COETZEE, B., FREEBOROUGH, M.-J., MAREE, H. J., CELTON, J.-M., JASPER, D., REES, G. & 

BURGER, J. T. 2010. Deep sequencing analysis of viruses infecting grapevines: Virome of a 

vineyard. Virology, 400, 157-163. 

COX, B. A. & JONES, R. A. C. 2010a. Genetic variability in the coat protein gene of Potato virus S 

isolates and distinguishing its biological distinct strains. Archives of Virology, 155, 1163-1169. 

COX, B. A. & JONES, R. A. C. 2010b. Genetic variability in the coat protein gene of Potato virus X and 

the current relationship between phylogenetic placement and resistance groupings. Archives of 

Virology, 155, 1349-1356. 

CRUZ, S. S. & BAULCOMBE, D. 1995. Analysis of Potato virus X coat protein genes in relation to 

resistance conferred by  the genes Nx, Nb and Rx1 of potato. Journal of general Virology, 76, 

2057-2061. 

DARWIN, C. 1872. The origin of species by means of natural selection: Or, the preservation of favoured 

races in the struggle for life and the descent of man and selection in relation to sex. Modern 

Library. 

DENNER, F. & VENTER, S. 2011. Handleiding vir aartappelproduksie in Suid Afrika. 

DEPARTMENT OF AGRICULTURE, F. A. F. 2011. A Profile of the South African Potato Market 

Value Chain. In: AGRICULTURE, F. A. F. (ed.). 

DICKINSON, M. 2003. Molecular Plant Pathology. London: BIOS Scientific Publishers. 

DIETZGEN, R. G. 2002. Application of PCR in Plant Virology. In: KHAN, J. A. & DIJKSTRA, J. (eds.) 

Plant viruses as molecular pathogens. USA: The Haworth Press. 

DIETZGEN, R. G., TWIN, J., TALTY, J., SELLADURAI, S., CARROL, M. L., COUTTS, B. A., 

BERRYMAN, D. I. & JONES, R. A. C. 2005. Genetic variability of Tomato spotted wilt virus in 

Australia and validation of real time RT-PCR for its detection in single and bulked lea samples. 

Annals of Applied Biology, 146, 517-530. 

DOLBY, C. A. & JONES, R. A. C. 1987. Occurrence of the Andean strain of potato virus S in imported 

potato material and its effects on potato cultivars. Plant Pathology, 36, 381-388. 

DOMINGO, E. & HOLLAND, J. J. 1997. A virus mutations and fitness for survival. Annual Reviews of 

Micorbiology, 51, 151-178. 

DRAKE, J. W. 1993. Rates of spontaneous mutation among RNA viruses. Proceedongs of the National 

Academy of Sciences, 90, 4171-4175. 

DU, Z.-Y. & CHEN, J.-S. 2003. Identification and grouping study of Potato virus X Hunan isolate. 

Virologica Sinica, 119-123. 

EDWARDS, R. A. & ROHWER, F. 2005. Viral metagenomics. Nature Reviews Microbiology, 3, 504-

510. 

Stellenbosch University  http://scholar.sun.ac.za



71 
 

 

ESFANDIARI, N., KOHI-HABIBI, M., HOHN, T. & POOGGIN, M. M. 2009. Complete genome 

sequence of an Iranian isolate of Potato virus X from the legume plant Pisum sativum. Virus 

Genes, 39, 77-88. 

ESPACH, Y., MAREE, H. J. & BURGER, J. T. 2012. Complete Genome of a Novel Endornavirus 

Assembled from Next Generation Sequence Data. Journal of Virology, 86, 13142. 

FACCIOLI, G., ROSNER, A. & FORNI, M. 1995. Use of polymerase chain reaction to clone the potato 

leafroll virus coat protein gene directly from the total RNA of infected plants. Potato Research, 

38, 211-218. 

FAOSTAT 2008. International year of the potato 2008, new light on a hidden treasure. Rome: Food and 

Agriculture Organization of the United Nations. 

FIEGELSTOCK, D. A., TOZZINI, A. C. & HOPP, H. E. 1995. Coat protein sequence of a resistance-

breaking strain of potato virus X isolated in Argentina. Virus Genes, 10, 289-292. 

FOSTER, G. D., MEEHAN, B. M. & MILLS, P. R. 1990. A comparison of the nucleotide sequence 

homologies between isolates of the Andean an ordinary strains of potato virus S and their 

relationship to other carlaviruses. Virus Genes, 4, 257-260. 

FOSTER, G. D. & MILLS, P. R. 1992. The 3'-Nucleotide Sequence of an Ordinary Strain of Potato Virus 

S. Virus Genes, 6, 213-219. 

GOULDEN, M., KOHM, B., CRUZ, S. S., KAVANAGH, T. & BAULCOMBE, D. 1993. A feature of 

the coat protein of potato virus X affects both induced virus resistance in potato and viral fitness. 

Virology, 197, 293-302. 

GUYADER, S. & DUCRAY, D. G. 2002. Sequence analysis of Potato leafroll virus isolates reveals 

genetic stability, major evolutionary events and differential selection pressure between 

overlapping reading frame products. Journal of general Virology, 83, 1799-1808. 

GUYADER, S., TANGUY, S., ANDRIEU, A., PASQUER, F. & DUCRAY, D. G. 2004. Is potato 

leafroll virus (PLRV) a slowly evolving RNA virus? 12th EAPR Virology Section Meeting. 

Rennes, France. 

HAAN, P. D., KORMELINK, R., RESENDE, R. D. O., POELWIJK, F. V., PETERS, D. & 

GOLDBLACH, R. 1991. Tomato spotted wilt virus L RNA encodes a putative RNA polymerase. 

Journal of general Virology, 72, 2207-2216. 

HALILOGLU, K. & BOSTAN, H. 2002. Nucleotide sequence analysis for assessment of variability of 

Potato leafroll virus and phylogenetic comparisons. Journal of biological sciences, 9, 582-587. 

HALL, T. A. 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis program 

for Windows 95/98/NT. Nucleic Acids Symposium 41, 95-99. 

HARRISON, B. D. 1984. CMI/AAB Descriptions of Plant Viruses. Potato Leafroll virus 291 [Online]. 

Available: http://www.dpvweb.net/dpv/showdpv.php?dpvno=291 [Accessed 6 September 2012]. 

HARRISON, B. D. & JONES, R. A. C. 1970. Host range and properties of potato mop-top virus. Annual 

Apllied Biology, 65, 395-402. 

Stellenbosch University  http://scholar.sun.ac.za



72 
 

 

HELLMANN, G. M., SHAW, J. G., LESNAW, J. A., CHU, L.-Y., PIRONE, T. P. & RHOADS, R. E. 

1980. Cell-Free Translation of Tobacco Vein Mottling Virus RNA. Virology, 106, 207-216. 

HENSON, J. M. & FRENCH, R. C. 1993. The polymerase chain reaction and plant disease diagnosis. 

annual Reviews in Phytopathology, 31, 81-108. 

HEROLD, T., HAAS, B., SINGH, R. P., BOUCHER, A. & SANGER, H. L. 1992. Sequence analysis of 

five new isolates demonstrates that the chain length of potato spindle tuber viroid (PSTVd) is not 

strictly conserved but as variable as in other viroids. Plant Molecular Biology, 19, 329-333. 

HOLLAND, P. M., ABRAMSON, R. D., WATSON, R. & GELFAND, D. H. 1991. Detection of specific 

polymerase chain reaction product by utilizing the 5' to 3' exonuclease activity of Thermus 

aqauticus DNA polymerase. Proceedongs of the National Academy of Sciences, 88, 7276-7280. 

HUISMAN, M. J., LINTHORST, H. J. M., BOL, J. F. & CORNELISSEN, B. J. C. 1988. The complete 

nucleotide sequence of Potato virus X and its homologies at the amino acid level with various 

plus-stranded RNA viruses. Journal of general Virology, 69, 1789-1798. 

JOLLY, C. A. & MAYO, M. A. 1994. Changes in the amino acid sequence of the coat protein 

readthrough domain of potato leafroll luteovirus affect the formation of an epitope and aphid 

transmission. Virology, 201, 182-185. 

JONES, R. A. C. 2009. Plant virus emergence and evolution: Origins, new encounter scenarios, factors 

driving emergence, effects of changing world conditions, and prospects for control. Virus 

Research, 141, 113-130. 

JUNG, H., YUN, W., SEO, H. & HAHM, Y. 2000. Characterization and Partial nucleotide sequence of 

potato virus X isolated from potato in Korea. Plant Pathology Journal, 16, 110-117. 

KAGIWADA, S., YAMAJI, Y., NAKABAYASHI, H., UGAKI, M. & NAMBA, S. 2002. The complete 

nucleotide sequence of Potato virus X strain OS: the first complete sequence of a Japanese 

isolate. Journal of General Plant Pathology, 68, 94-99. 

KAVANAGH, T., GOULDEN, M., CRUZ, S. S., CHAPMAN, S., BARKER, I. & BAULCOMBE, D. 

1992. Molecular analysis of a resistance breaking strain of Potato virus X. Virology, 189, 189-

197. 

KEESE, P., MARTIN, R. R., KAWCHUK, L. M., WATERHOUSE, P. M. & GERLACH, W. L. 1990a. 

Nucleotide sequences of an Australian and a Canadian isolate of potato leafroll luteovirus and 

their relationships with two European isolates. Journal of general Virology, 71, 5. 

KEESE, P., MARTIN, R. R., KAWCHUK, L. M., WATERHOUSE, P. M. & GERLACH, W. L. 1990b. 

Nucleotide sequences of an Australian and Canadian Isolate of potato leafroll luteovirus and their 

relationships with two European isolates. Journal of General Virology, 71, 719-724. 

KOMATSU, K., KAGIWADA, S., TAKAHASHI, S., MORI, T., YAMAJI, Y., HIRATA, H., OZEKI, J., 

TOSHIDA, A., SUZUKI, M., UGAKI, M. & NAMBA, S. 2005. Phylogenetic Characteristics, 

Genomic Heterogeneity and Symptomatic Variation of Five Closely Related Japanese Strains of 

Potato Virus X. Virus Genes, 31, 99-105. 

Stellenbosch University  http://scholar.sun.ac.za



73 
 

 

KORMELINK, R., HAAN, P. D., MEURS, C., PETERS, D. & GOLDBLACH, R. 1992. The nucleotide 

sequence of the M RNA segment of tomato spotted wilt virus, a bunyavirus with two ambisense 

RNA segments. Journal of general Virology, 73, 2795-2802. 

KORMELINK, R., STORM, M., LENT, J. V., PETERS, D. & GOLDBLACH, R. 1994. Expression and 

subcellular location of the NSm protein of tomato spotted wilt virus TSWV, a putatutive 

movment protein. Virology, 200, 56-60. 

KRAEV, A. S., MOROZOV, S. Y., LUKASHEVA, L. I., ROZANOV, M. N. & CHERNOV, B. K. 1988. 

Primary structure and organization of the genome of potato X virus. Dokl Akad Nauk SSSR, 300, 

711-716. 

LA NOTTE, P., MINAFRA, A. & SALDARELLI, P. 1997. A spot-PCR technique for the detection of 

phloem-limited grapevine viruses. Journal of Virological Methods, 66, 103-109. 

LANGEVELD, S. A., DORE, J. M., MEMELINK, J., DERKS, A. F., VLUGT, C. I. V. D. & ASJES, C. 

J. 1991. Identification of potyviruses using the polymerase chain reaction with degenerate 

primers. Journal of General Virology, 72, 1531-1541. 

LANGHAM, M. A. C. 2006. Plant Pathogenic Viruses. In: TRIGIANO, R. N., WINDHAM, M. T. & 

WINDHAM, A. S. (eds.) Plant Pathology, Concepts and Laboratory Exercises. Taylor and 

Francis e-Library. 

LATVALA-KILBY, S., AURA, J. M., PUPOLA, N., HANNUKKALA, A. & VALKONEN, J. P. T. 

2009. Detection of Potato mop-top virus in Potato Tubers and Sprouts: Combinations of RNA2 

and RNA3 Variants and Incidence of Symptomless Infections. The American Phytopathological 

Society, 99, 519-531. 

LEVY, L., LEE, I.-M. & HADIDI, A. 1994. Simple and rapid preparation of infected plant tissue extracts 

for PCR amplification of virus, viroid and MLO nucleic acids. Journal of Virological Methods, 

49, 295-304. 

LI, X. S., CAO, Y. Y., ZHOU, T., CHENG, Y. Q., LI, H. F. & FAN, Z. F. 2008. Orychophragmus 

violaceus, a new host of Potato virus X, reported from China. Plant Pathology, 57, 395-401. 

LIN, Y. H., DRUFFEL, K. L., WHITWORTH, J., PAVEK, M. J. & PAPPU, H. R. 2009. Molecular 

characterisation of two potato virus S isolates from late blight resistant genotypes of potato 

(Solanum tuberosum). Archives of Virology, 154, 1861-1863. 

LOPEZ, L., MULLER, R., BALMORI, E., RIVA, G. D. L., RAMIREZ, N., DORESTE, V., LOPEZ, M., 

PEREZ, S., ORAMAS, P. & SELMAN-HOUSEIN, G. 1994. Molecular cloning and nucleotide 

sequence of the coat protein gene of a Cuban isolate of Potato leafroll virus and its expression in 

Escherichia coli. Virus Genes, 9, 99-105. 

LORENZEN, J. H., PICHE, L. M., GUDMESTAD, N. C., MEACHAM, T. & SHIEL, P. 2006. A 

multiplex PCR assay to characterize Potato virus Y isolates and identify strain mixtures. Plant 

Disease, 90, 935-940. 

LUKHOVITSKAYA, N. I., YELINA, N. E., ZAMYATNIN, A. A., SCHEPETILNIKOV, M. V., 

SOLOVYEV, A. G., SANDGREN, M., MOROZOV, S. Y., VALKONEN, J. P. & SAVENKOV, 

Stellenbosch University  http://scholar.sun.ac.za



74 
 

 

E. L. 2005. Expression, localization and effects on virulence of the cysteine-rich 8 kDa protein of 

Potato mop-top virus. Journal of general Virology, 86, 2879-2889. 

MACKENZIE, D. J. 1996. Detection of Potato mop-top virus in leaf and tuber tissue by reverse 

transcription-polymerase chain reaction. Sidney (BC), Canada: Centre for Plant Health, 

Agricultural and Agri-Food Canada. 

MACKENZIE, D. J., TREMAINE, J. H. & STACE-SMITH, R. 1989. Organization and Interviral 

Homologies of the 3'-terminal Portion of Potato Virus S RNA. Journal of general Virology, 70, 

1053-1063. 

MALCUIT, I., JONG, W. D., BAULCOMBE, D., SHIELDS, D. & KAVANAGH, T. 2000. Acquisition 

of multiple virulence/avirulence determinants by potato virus X (PVX) has occured through 

convergent evolution rather than through recombination. Virus Genes, 20, 165-172. 

MANDAHAR, C. L. 2006. Multiplication of RNA Plant Viruses, Netherlands, Springer. 

MANDEL, A. M., ORMAN, B. E., CELNIK, R., TORRES, H. N. & MENTABERRY, A. N. 1989. 

Nucleotide cDNA sequence coding for the PVXc coat protein. Nucleic Acids Research, 17, 1265-

1270. 

MATOUSEK, J., SCHUBERT, J., DEDIC, P. & PTACEK, J. 2000. A broad variability of potato virus S 

(PVS) revealed by analysis of virus sequences amplified by reverse transcriptase-polymerase 

chain reaction. Canadian Journal of Plant Pathology, 22, 29-37. 

MATOUSEK, J., SCHUBERT, J., PTACEK, J., KOZLOVA, P. & DEDIC, P. 2005. Complete nucleotide 

sequence and molecular probing of potato virus S genome. Acta virologica, 49, 195-205. 

MATTHEWS, R. E. F. 1991. Plant Virology, San Diego, CA, Academic Press. 

MAYO, M. A., ROBINSON, D. J., JOLLY, C. A. & HYMAN, L. 1989. Nucleotide sequence of potato 

leafroll luteovirus RNA. Journal of general Virology, 70, 1037-1051. 

MAYO, M. A. & ZIEGLER-GRAFF, V. 1996. Molecular biology of Luteoviruses. Advances in Virus 

Research, 46, 413-435. 

MILLER, W. A., BROWN, C. M. & WANG, S. 1997. New Punctuation for the Genetic Code: Luteovirus 

Gene Expression. Seminars in Virology, 8, 3-14. 

MODRICH, P. & LAHUE, R. 1996. Mismatch repair in replication fidelity, genetic recombination, and 

cancer biology. Annual Reviews in Biochemistry, 65, 101-34. 

MOROZOV, S. Y., ZAKHAR'EV, V. M., CHERNOV, B. K., PRASOLOV, V. S. & KOZLOV, Y. V. 

1983. Analysis of primary structure and localization of the coat protein gene in genomic RNA of 

potato X virus. Doklady Biological Sciences, 271, 476-479. 

MORTENSEN, R. J., SHEN, X., REID, A. & V.MULHOLLAND 2010. Characterization of viruses 

infecting potato plants from a single location in Shetland, an isolated Scottish archipelago. 

Journal of Phytopathology, 158, 633-640. 

MUKHERJEE, K., VERMA, Y., KUMAR, S., SINGH, M. N. & KHURANA, S. M. P. 2003. Cloning 

and sequencing of coat protein gene of Indian Potato leafroll (PLRV) isolate and its similarity 

with other members of Luteoviridae. Virus Genes, 26, 247-251. 

Stellenbosch University  http://scholar.sun.ac.za



75 
 

 

MUMFORD, R. A., BARKER, I. & WOOD, K. R. 1996. An improved method for the detection of 

tospoviruses using the polymerase chain reaction reaction. Journal of Virological Methods, 57, 

109-116. 

NISBET, C., BUTZONICH, I., COLAVITA, M., DANIELS, J., MARTIN, J., BURNS, R., GEORGE, E., 

AKHOND, M. A. Y., MULHOLLAND, V. & JEFFRIES, C. J. 2006. Characterization of Potato 

rough dwarf virus and Potato virus P: distinct strains of the same viral species in the genus 

Carlavirus. Plant Pathology, 55, 803-813. 

NOLASCO, G., BLAS, C. D., TORRES, V. & PONZ, F. 1993. A method combining immunocapture and 

PCR amplification in a microtiter plate for the detection of plant viruses and subviral pathogens. 

Journal of Virological Methods, 45, 201-218. 

ORMAN, B. E., CELNIK, R. M., MANDEL, A. M., TORRES, H. N. & MENTABERRY, A. N. 1990. 

Complete cDNA sequence of a South American isolate of potato virus X. Virus Research, 16, 

293-305. 

OSIOWY, C. 1998. Direct detection of respiratory syncytial virus, parainfluenza virus, and adenovirus in 

clinical respiratory specimens by a multiplex reverse transcriptase-PCR assay. Journal of Clinical 

Microbiology, 36, 3149-3154. 

OWENS, R. A., GIRSONA, N. V., KROMINA, K. A., LEE, I. M., MOZHAEVA, K. A. & 

KASTALYEVA, T. B. 2009. Russian Isolates of Potato spindle tuber viroid Exhibit low 

Sequence Diversity. Plant Disease, 93, 752-759. 

PALUCHA, A., SADOWY, E., KUJAWA, A., JUSZCZUK, M., ZAGORSKI, W. & HULANICKA, D. 

1994. Nucleotide sequence of RNA of a Polish isolate of potato leafroll luteovirus. Acta 

Biochimica Polonica, 41, 215-221. 

PAPPU, H., PAPPU, S., JAIN, R., BERTRAND, P., CULBREATH, A., MCPHERSON, R. & CSINOS, 

A. 1998. Sequence Characteristics of Natural Populations of Tomato Spotted Wilt Tospovirus 

Infecting Flue-cured Tobacco in Georgia. Virus Genes, 17, 169-177. 

PLCHOVA, H., CEROVSKA, N., MORAVEC, T. & DEDIC, P. 2009. Short Communication: molecular 

analysis of Potato leafroll virus isolates from Czech Republic. Virus Genes, 39, 153-155. 

POURZAND, C. & CERUTTI, P. 1993. Genotypic mutation analysis by RFLP/PCR. Mutation 

Research/Fundamental and Molecular Mechanisms of Mutagenesis, 288, 113-121. 

POWER, A. G. 2000. Insect transmission of plant viruses: a constraint on virus variability. Current 

Opinion in Plant Biology, 3, 336-340. 

PRILL, B., MAISS, E., TIMPE, U. & CASPER, R. 1989. Nucleotide sequence of potato leafroll virus 

coat protein gene. Nucleic Acids Research, 17, 1768-1772. 

PSA 2012. Fresh Produce Markets: Trends and Matters of Concern. Potatoes South Africa. 

PUURAND, U., MAKINEN, K., PAULIN, L. & SAARMA, M. 1994. The nucleotide sequence of potato 

virus A genomic RNA and its sequence similarities with other potyviruses. Journal of general 

Virology, 74, 457-461. 

Stellenbosch University  http://scholar.sun.ac.za



76 
 

 

QUERCI, M., VLUGHT, R. V. D., GOLDBACH, R. & SALAZAR, L. F. 1993. RNA sequence of potato 

virus X strain HB. Journal of general Virology, 74, 2251-2255. 

RAJAMAKI, M., MERITS, A., RABENSTEIN, F., ANDREJEVA, J., PAULIN, L., KEKARAINEN, T., 

KREUZE, J. F., FORSTER, R. L. S. & VALKONEN, J. P. T. 1998. Biological, Serological, and 

Molecular Differences Among Isolates of Potato A Potyvirus. Phytopathology, 88, 311-321. 

RAVIN, N. V., MARDANOVA, E. S., KOTLYAROV, R. Y., NOVIKOV, V. K., ATABEKOV, J. G. & 

SKRYABIN, K. G. 2008. Complete Sequencing of Potato Virus X New Strain Genome and 

Construction of Viral Vector for Production of Target proteins in Plants. Biochemistry (Moscow), 

73, 44-49. 

ROBAGLIA, C., DURAND-TARDIF, M., TRONCHET, M., BOUDAZIN, G., ASTIER-MANIFACIER, 

S. & DELPART, F. C. 1989. Nucleotide Sequence of Potato Virus Y (N Strain) Genomic RNA. 

Journal of general Virology, 70, 935-947. 

ROOSSINCK, M. J. 1997. Mechanisms of plant virus evolution. Annual Reviews in Phytopathology, 35, 

191-219. 

ROOSSINCK, M. J., SAHA, P., WILEY, G. B., QUAN, J., WHITE, J. D., LAI, H., CHAVARRIA, F., 

SHEN, G. & ROE, B. A. 2010. Ecogenomics: using massively parallel pyrosequencing to 

understand virus ecology. Molecular Ecology, 19, 81-88. 

ROTHMANN, A. H. 2007. An assessment of the mutation patterns in South African isolates of Potato 

leafroll virus and the expression of recombinant viral coat protein genes in Escherichia coli. 

Masters, University of Stellenbosch. 

ROZEN, S. & SKALETSKY, H. J. 1998. Primer3 [Online]. Available: 

http://biotools.umassmed.edu/bioapps/primer3_www.cgi [Accessed 21 August 2012]. 

SANGER, H. L. 1988. Viroids and viroid diseases. Acta Horticulturae, 234, 79-87. 

SANTALA, J., SAMUILOVA, O., HANNUKKALA, A., LATVALA, S., KORTEMAA, H., BEUCH, 

U., KVARNHEDEN, A., PERSSON, P., TOPP, K., ORSTAD, K., SPETZ, C., NIELSEN, S. L., 

KIRK, H. G., BUDZISZEWSKA, M., WIECZOREK, P., OBREPALSKA-STEPLOWSKA, A., 

POSPIESZNY, H., KRYSZCZUK, A., SZTANGRET-WISNIEWSKA, J., YIN, Z., 

CHRZANOWSKA, M., ZIMNOCH-GUZOWSKA, E., JACKEVICIENE, E., TALUNTYTE, L., 

PUPOLA, N., MIHAILOVA, J., LIELMANE, I., JARVEKULG, L., KOTAS, K., ROGOZINA, 

E., SOZONOV, A., TIKHONOVICH, I., HORN, P., BROER, I., KUUSIENE, S., STANIULIS, 

J., UTH, J. G., ADAM, G. & VALKONEN, J. P. T. 2010. Detection, distribution and control of 

Potato mop-top virus, a soil-borne virus, in northern Europe. Annals of Applied Biology, 157, 

163-178. 

SCHNOLZER, M., HAAS, B., RAMM, K., HOFMANN, H. & SANGER, H. L. 1985. Correlation 

between structure and pathogenicity of Potato spindle tuber viroid (PSTV). The EMBO Journal, 

4, 2181-2190. 

SIMON, A. E. & BUJARSKI, J. J. 1994. RNA-RNA recombination and evolution invirus-infected plants. 

Annual Reviews in Phytopathology, 32, 337-362. 

Stellenbosch University  http://scholar.sun.ac.za



77 
 

 

SINGH, R. P. 1983. Viroids and their potential danger to potatoes in hot climates. Canadian Plant 

Disease Survey, 63, 13-18. 

SINGH, R. P. 1999. Development of the molecular methods for the potato virus and viroid detection and 

prevention. Genomes, 42, 592-304. 

SINGH, R. P., DILWORTH, A. D., SINGH, M. & MCLAREN, D. L. 2004. Evaluation of a simple 

membrane-based nucleic acid preparation protocol for RT-PCR detection of potato viruses from 

aphid and plant tissues Journal of Virological Methods, 121, 163-170. 

SKRYABIN, K. G., KRAEV, A. S., MOROZOV, S. Y., ROZANOV, M. N., CHENOV, B. K., 

LUKASHEVA, L. I. & ATABEKOV, J. G. 1988. The nucleotide sequence of potato virus X 

RNA. Nucleic Acids Research, 16, 10929-10930. 

SOLIMAN, A. M., BARSOUM, B. N., MOHAMED, G. G. & ATTAR, A. K. 2006. Expression of the 

coat protein gene of the Egyptian isolate of Potato virus X in Escherichia coli and production of 

polyclonal antibodies against it. Arab Journal of Biotechnology, 9, 115-128. 

SPIEGEL, S. & MARTIN, R. R. 1993. Improved detection of potato leafroll virus in dormant tubers and 

microtubers by the polymerase chain reaction. Annals of Applied Biology, 122, 493-500. 

STEVENSON, W. R. 2001. Compendium of Potato Diseases, St. Paul, Minn, American 

Phytopathological Society  

SWOFFORD, D. L. 2002. Phylogenetic Analysis Using Parsimony (* and Other Methods), Sunderland, 

Massachusettes, Sinuaer Associaes. 

SYLLER, J. & MARCZEWSKI, W. 2001. Potato Leafroll Virus-assisted Aphid Transmission of Potato 

Spindle Tuber Viroid to Potato Leafroll Virus-resistant Potato. Journal of Phytopathology, 149, 

195-200. 

TENTCHEV, D., VERDIN, E., MARCHAL, C., JACQUET, M., AGUILAR, J. M. & MOURY, B. 2011. 

Evoluation and structure of Tomato spotted wilt virus poulations: evidence of extensive 

reassortment and insights into emergence processes. Journal of general Virology, 92, 961-973. 

TERRADOT, L., SOUCHET, M., TRAN, V. & DUCRAY-BOURDIN, D. G. 2001. Analysis of a Three-

Dimensional Structure of Potato leafroll virus Coat Protein Obtained by Homology Modeling. 

Virology, 286, 72-82. 

TIJSSEN, P. 1985. Pratices and theory of enzyme immunoassays, Alsevier science publishers. 

TRUVE, E., JARVEKULG, L., BOUSCAREN, M. L., AASPOLLU, A., PRIIMAGI, A. & SAARMA, 

M. 1995. Different propagation levels of potato virus X (PVX) isolates in PVX coat protein 

expressing tobacco plants and protoplasts do not correlate with coat protein sequence similarites. 

Archives of Phytopathology And Plant Protection, 30, 15-30. 

TSOMPANA, M., ABAD, J., PURUGGANAN, M. & MOYER, J. W. 2005. The molecular population 

genetics of the Tomato spotted wilt virus (TSWV) genome. Molecular Ecology, 14, 56-66. 

VIRALZONE. 2008a. Carlavirus [Online]. ExPASy Bioinformatics Portal. Available: 

http://viralzone.expasy.org/viralzone/all_by_species/268.html [Accessed 11 November 2012]. 

Stellenbosch University  http://scholar.sun.ac.za



78 
 

 

VIRALZONE. 2008b. Polerovirus [Online]. ExPASy Bioinformatics Portal. Available: 

http://viralzone.expasy.org/viralzone/all_by_species/610.html [Accessed 11 November 2012]. 

VIRALZONE. 2008c. Pomovirus [Online]. ExPASy Bioinformatics Portal. Available: 

http://viralzone.expasy.org/viralzone/all_by_species/643.html [Accessed 11 November 2012]. 

VIRALZONE. 2008d. Potexvirus [Online]. Swiss Institute of Bioinformatics. Available: 

http://viralzone.expasy.org/viralzone/all_by_species/272.html [Accessed 11/11 2012]. 

VIRALZONE. 2008e. Potyvirus [Online]. ExPASy Bioinformatics Portal. Available: 

http://viralzone.expasy.org/viralzone/all_by_species/50.html [Accessed 11 November 2012]. 

VIRALZONE. 2008f. Tospovirus [Online]. ExPASy Bioinformatics Portal. Available: 

http://viralzone.expasy.org/viralzone/all_by_species/643.html [Accessed 11 November 2012]. 

VISSER, J. C. 2008. A study of genomic variation in and the development detction techniques for Potato 

Virus Y in South Africa. Master of science, University of Stellenosch. 

VISSER, J. C. 2012. A study of the strain evolution and recombination of South African isolates of Potato 

virus Y. PhD, Stellenbosch. 

VISSER, J. C. & BELLSTEDT, D. U. 2009. An assessment of molecular variabilty and recombination 

patterns in South African isolates of Potato virus Y. Archives of Virology, 154, 1891-1990. 

VISSER, J. C. & BELLSTEDT, D. U. 2012. The Recent Recombination Evolution of a Major Crop 

Pathogen, Potato virus Y. PLoS ONE, 7, e50631. 

VON BUBNOFF, A. 2008. Next-generation sequencing: the race is on. Cell, 132, 721-723. 

WALE, S. J., PLATT, H. W. & CATTLIN, N. D. 2008. Diseases, pests and disorders of potatoes : a 

colour handbook London Manson  

WANG, C.-X., GAO, Q., PAN, N.-S. & CHEN, Z.-I. 1991. The cDNA cloning and nucleotide sequence 

of potato virus X coat protein gene. Acta Botanica Sinica, 33, 363-369. 

WARDROP, E. A., GRAY, A. B., SINGH, R. P. & PETERSON, J. F. 1989. Aphid Transmission of 

Potato Virus S. American Journal of Potato Research, 66, 449-459. 

WETERING, F. V. D., GOLDBLACH, R. & PETERS, D. 1996. Tomato Spotted Wilt Tospovirus 

Ingestion by First Instar Larvae of Frankliniella occidentalis Is a Prerequisite for Transmission. 

Phytopathology, 86, 900-905. 

WILK, F. V. D., HUISMAN, M. J., CORNELISSEN, B. J., HATTINGA, H. & GOLDBACH, R. 1989a. 

Nucleotide sequence and organisation of potato leafroll virus genomic RNA. FEBS letters, 245, 

51-56. 

WILK, F. V. D., HUISMAN, M. J., CORNELISSEN, B. J. C., HUTTINGA, H. & GOLDBLACH, R. 

1989b. Nucleotide sequence and organization of potato leafroll virus genomic RNA. FEBS 

Letters, 245, 51-56. 

WILSON, C. R. & JONES, R. A. C. 1993. Resistance to potato leafroll virus infection and accumulation 

in potato cultivars and the effects of previous infection with other viruses on expression of 

resistance. Australian Journal of Agricultural Research, 44, 1891-2014. 

Stellenbosch University  http://scholar.sun.ac.za



79 
 

 

WINDHAM, M. T. 2004. Plant Pathology: Concepts and Laboratory Exercise. In: TRIGIANO, R. N., 

WINDHAM, M. T. & WINDHAM, A. S. (eds.). CRC Press. 

WINTON, L. M., MANTER, D. K., STONE, J. K. & HANSEN, E. A. 2003. Comparison of biochemical, 

molecular, and visual methods to quantify Phaeocryptopus gaeumannii in Douglas-fir foliage. 

Phytopathology, 93, 121-126. 

XU, H., D'AUBIN, J. & NIE, J. 2010. Genomic variability in Potato virus M and the development of RT-

PCR and RFLP procedures for the detection of this virus in seed potatoes. Virology Journal, 7, 

25-302. 

XU, H., DEHAAN, T.-L. & BOER, S. H. D. 2004. Detection and conformation of Potato mop-top virus 

in Potatoes Produced in the United States and Canada. Plant Disease, 88, 363-367. 

YU, X.-Q., JIA, J.-L., ZHANG, C.-L., LI, X.-D. & WANG, Y.-J. 2010. Phylogenetic analyses of an 

isolate obtained from potato in 1985 revealed potato virus X was introduced to China via multiple 

events. Virus Genes, 40, 447-451. 

YU, X.-Q., WANG, H.-Y., LAN, Y.-F., ZHU, X.-P., LI, X.-D., FAN, Z.-F., LI, H.-F. & WANG, Y.-Y. 

2008. Complete Genome Sequence of a Chinese Isolate of Potato virus X and Analysis of 

Genetic Diversity. Journal of Phytopathology, 156, 346-351. 

ZACCOMER, B., HAENNI, A.-L. & MACAYA, G. 1995. The remarkable variety of plant RNA virus 

genomes. Journal of general Virology, 76, 231-247. 

ZAVRIEV, S. K., KANYUKA, K. V. & LEVAY, K. E. 1991. The genome organization of potato virus 

RNA. Journal of General Virology, 72, 9-14. 

 

  

Stellenbosch University  http://scholar.sun.ac.za



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




