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Abstract 

Grapevine Leafroll disease (GLD), one of the most destructive diseases of 

grapevines, has been found in every country where grapevines are grown. 

Grapevine Leafroll associated virus type 3 (GLRaV-3), one of several viruses 

associated with GLD globally, is the most prevalent virus in South African 

grapevines and therefore control of GLRaV-3 takes high priority in any 

strategy aimed at control of GLD. GLD can be controlled through the use of an 

integrated strategy which includes using certified plant material, controlling 

insect vectors through use of systemic insecticides and the removal of 

infected vines by roguing. Infected individuals are identified each autumn, 

using either symptom display (in red cultivars, where infected individuals 

display interveinal reddening and downward rolling of leaves) or ELISA (in 

symptomless white cultivars). ELISA is laborious, time consuming and 

relatively insensitivity compared to molecular techniques and a simpler, more 

rapid and more sensitive means of indentifying GLRaV-3 infected vines is 

required. 

 

A simple RNA extraction procedure combined with a single-tube reverse 

transcriptase loop-mediated amplification (RT-LAMP) has been developed 

which allows for the rapid, simple detection of GLRaV-3. Using RT-LAMP, a 

viral target can be amplified in 2 hours under isothermal conditions. This 

GLRaV-3 specific RT-LAMP uses hydroxy napthol blue (HNB), a colourimetric 

indicator that changes from violet to sky blue only where a positive RT-LAMP 

reaction has occurred, making results quick and easy to interpret. The 

sensitivity of this technique was compared to ELISA and nested PCR by 

pooling samples at varying ratios of healthy to infected plants. Using nested 

PCR and RT-LAMP 1 infected sample could be detected amongst 50 healthy 

individuals while ELISA could only detect 1 amongst 30 infected making RT-

LAMP more sensitive than ELISA. Further RT-LAMP could be performed in 2 

hours compared to nested PCR and ELISA’s 8 and 48 hours respectively. 

Based on these results, RT-LAMP is viable alternative for ELISA for the 

detection of GLRaV-3 in the field.   
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RT-LAMP was also tested for its ability to detect GLRaV-3 in grapevine 

rootstocks where, due to low viral titres and erratic distribution, it is notoriously 

difficult to detect. The rootstocks which were used for testing of GLRaV-3 had 

been tested in a previous study and it was found that only 28% of samples 

tested positive after 33 months (post inoculation). Using RT-LAMP, 78% of 

samples tested positive for GLRaV-3. Although further testing must be done, 

RT-LAMP may also be a viable alternative for testing grapevine rootstocks for 

GLRaV-3 infection. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



3 

 

CHAPTER 1: Literature Review 

1. 1 Introduction 
Grapevine leafroll disease (GLD) is one of the most economically important 

diseases of grapevines, occurring in every country where grapevines grow 

(Martelli, 1993)  GLD affects grapevine crops, lowering the quality and yields 

of grapes and has a major impact on the wine industry (Over de Linden & 

Chamberlain 1970) . Symptoms are most obvious in red Vitis vinifera varieties 

where infected vines display downward rolling of leaves and interveinal 

reddening. However symptoms of GLD can vary significantly and are 

dependent on many factors including the grape variety, environmental 

conditions and the viral isolate (Martelli, 1993). 

 

GLD is associated with a number Grapevine leafroll viruses (known as 

Grapevine leafroll- associated viruses (GLRaVs))  and includes; Closterovirus 

(GLRaV-2) and  Ampeloviruses  (GLRaV-1, GLRaV-3-6, GLRaV-9 and 

GLRaV-10) and the unclassified GLRaV-7 (Fuchs et al., 2009a). All GLRaVs 

are phloem limited and transmitted through plant propagation material 

however several GLRaV also have insect vectors including some species of 

mealybug (Hemiptera: Pseudococcidae) and soft scale insects (Hemiptera: 

Coccidae) (Fuchs et al., 2009a). Due to its widespread distribution, and the 

observation that GLD spreads readily in vineyards where GLRaV-3 is present 

(Ling et al., 1998) GLRaV-3 is considered the most important virus associated 

with GLD. 

 

It is believed that GLRaV-3 is spread primarily through the use of infected 

propagation material and that spread within and between neighbouring 

vineyards occurs through its insect vectors (Turturo et al., 2005). Therefore 

the most effective mechanism of controlling GLD is an integrated strategy 

which controls all possible means of GLRaV-3 spread. A study conducted at 

Vergelegen Wine Farm (Somerset West, South Africa) showed that planting 

certified virus free planting material, controlling insect vectors through use of 
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systemic insecticides and roguing of infected plant material could effectively 

control GLD  (Pietersen et al.,2009; Pietersen et al., 2013).  

 

The first phase of controlling GLRaV-3 in vineyards involves the use of virus 

free nuclear material to establish mother blocks and foundation blocks. The 

foundation blocks, which are monitored to ensure they remain virus free, are 

then used to provide planting material for the industry. Once virus free 

material has been planted in a field, it is still susceptible to viral infection and 

must be monitored and infected plants must be removed by roguing to prevent 

secondary spread from infected vines to surrounding vines (Pietersen, 2004). 

Roguing of infected plant material has been shown to be a highly effective 

mechanism for controlling of GLD in red cultivars, where infected plants are 

identified on a plant for plant basis each autumn when GLD symptoms are 

most obvious (Pietersen and Walsh, 2012; Pietersen et al., 2013).  Roguing of 

white cultivars is more problematic as they do not display symptoms and 

therefore each plant has to be tested individually before infected plants can be 

removed.  

 

White cultivars can either be tested using the enzyme- linked immunosorbent 

assay (ELISA) or reverse transcriptase-polymerase chain reaction (RT-PCR) 

amplification. ELISA is simple and can handle a large number  of samples, 

however it is laborious and time consuming and has been shown to be 

insensitive compared to molecular techniques such as PCR (Arora et al., 

2006; Mirelman et al., 1997). Molecular techniques, such as PCR and Real-

time PCR (Q-PCR), which are currently available are fast and reliable and 

have high sensitivity, however they require specialised equipment (such as 

thermocyclers, Gel electrophoresis tanks or in the case of Q-PCR real-time 

thermocyclers) which are not normally readily available in the basic field labs 

found on most wine farms. Further the techniques are technical and usually 

require personal who are trained in molecular diagnostics (Francois et al., 

2011) where as the majority of personnel who would test vines are wine 

makers and lack this training. What is required is a simple, rapid technique 

which can handle high through- put of samples but which does not require 
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specialised equipment or training and that preferably has a real-time 

monitoring system. 

 

Loop-mediated amplification (LAMP) is simple, rapid means of amplifying 

nucleic acid and has been used in the detection of many pathogens ( Nie, 

2005; Tomlinson et al., 2010; Lee et al., 2011). LAMP relies on a strand 

displacing DNA polymerase in conjunction with 4 primers which target 6 

regions on the target DNA to amplify target under isothermal conditions 

(Notomi et al., 2000).With the addition of reverse transcriptase, LAMP can 

also be used in the detection of RNA in a single tube reaction (Parida et al., 

2004).  Various methods  have been developed to visualise LAMP products 

including agarose gel electrophoresis (Notomi et al., 2000), turbidity (Mori et 

al., 2001) and using various colourimetric indicators  (Goto et al., 2009; 

Maeda et al., 2005; Yoda et al., 2007).  

 

LAMP is a sensitive technique with a high amplification efficiency (Notomi et 

al., 2000; Parida et al., 2004), and has been shown to be able to detect very 

low levels of pathogen (Le Roux et al., 2009; Li et al., 2009; Martelli and 

Boudon-Padieu, 2006; Pandey et al., 2008; Wastling et al., 2010). Parida et al 

(2004) developed a RT-LAMP for the detection of West Nile virus which 

showed a 10- fold higher sensitivity than RT-PCR and was able to detect 0.1 

PFU and Li et al. (2009) had similar results, where RT-LAMP sensitivity was 

25- fold higher than the RT-PCR used to detect Newcastle disease. LAMP 

has also been shown to be more robust against substances that can inhibit 

PCR reactions which increases its usefulness as the target template can be 

extracted crudely with little effect on the test (Francois et al., 2011). 

Furthermore its high sensitivity means that its use may go beyond detecting of 

GLRaV-3 in scions and could have a use for the testing of Vitis rootstocks 

where testing has been problematic due to the low viral titres (Ioannou et al., 

1999).   

 

While LAMP has shown great potential as diagnostic tool, there are some 

inherent disadvantages associated with it. LAMP relies on either four or six 

primers which target either 6 or 8 regions on the target. In the case of small 
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genomes (as in the case of viruses) or genomes where little sequence data is 

available or little homology between isolates, designing primers can be 

difficult. Further, several of the visual detection methods have been shown to 

inhibit the reaction where the amount of starting template is low (Wastling et 

al., 2010) LAMP is highly sensitive method of detection which also makes it 

prone to contamination and more complicated, because of the nature of 

amplicons, little can be done to confirm that products are as a result of 

amplifying a specific target and not the results of non-specific amplification. 

While these hurdles have been indentified and every care is taken to avoid 

them, they should none the less be considered. 

 

The aim of this project is to design a RT-LAMP for the detection for GLRaV-3 

which can be used in the testing of white cultivars in basic field labs where 

minimal equipment is available, in place of currently used ELISA method. This 

may aid in the control of GLRaV-3 spread. Further, depending on the 

sensitivity of the GLRaV-3 RT-LAMP, it may be used in detection of GLRaV-3 

in rootstocks in which the detection of viruses has shown to be problematic.  

1.2 Grapevine Leafroll disease 
Grapevine leafroll disease (GLD), associated with several viruses known as 

Grapevine Leafroll-associated viruses (GLRaVs), is the most economically 

destructive diseases of grapevines world-wide, accounting for 60% of the crop 

loss globally (Rayapati et al., 2008). GLD is associated with five serologically 

distinct, viruses designated Grapevine Leafroll-associated viruses (GLRaV) 1-

4 and 7 (Fuchs et al., 2009;  Martelli et al., 2002; Martelli et al., 2012). 

GLRaV-3, the type species for ampelovirus, is the most widely spread virus 

associated with GLD and as such is considered the most important virus 

associated with the disease. 

 

GLRaVs belong to the family Closteroviridae where they fall into the families 

Ampelovirus and Closterovirus. Virus are grouped according to their genome 

organisation, conservation of key gene sequences and mode of transmission.  

Closterovirus are transmitted by aphids and have a positive- sense single-

stranded RNA (ssRNA). Ampelovirus (type member GLRaV-3) are transmitted 
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by mealybugs (coccid or pseudococcid) and have a  a positive- sense ssRNA 

with a larger coat protein (35–39 kDa) (Martelli et al., 2002). GLRaV classified 

into separate species where the variation in the genes for polymerase, 

HSP70h and CP is greater than 25% (Martelli et al., 2012) 

1.2.1 Impact of Grapevine Leafroll Disease  

GLD is a highly destructive disease and has a large impact on the global 

grape industry. GLD is highly detrimental to vine physiology, with advanced 

infection resulting in the degeneration of phloem cells in the fruit petioles, 

stems and leaves and the depression of photosynthetic mechanism of the 

vine (Over de Linden & Chamberlain 1970; Golino et al., 2008b).  This has a 

large impact in the wine industry where the disease reduces both wine quality 

and quantity (Over de Linden and Chamberlain, 1970).GLD adversely effects 

vine growth, yield, fruit colour and sugar content (Over de Linden and 

Chamberlain, 1970) however the extent to which this will affect a single vine is 

dependent on a number of factors.  These factors include; the scion cultivar, 

rootstock, vine age and environmental factors such as climate and soil 

nutrients (Over de Linden & Chamberlain, 1970; Cabaleiro & Segura, 1997b; 

Lee & Martin, 2009)  

 

GLRaV-3 infection has been shown to dramatically reduce the net 

photosynthesis in infected grapevines due to its interaction of with several 

proteins on the thylakoid membrane (Bertamini et al., 2004). This can reduce 

the photosynthetic capability of the plant to between 25 and 60% depending 

on the cultivar (Charles et al., 2006; Golino et al., 2008b). Reduced 

photosynthesis results in a reduction in the supply of carbohydrates and sugar 

to the berries and impacts the vines early development at the beginning of 

each season. Over time this results in large loss of the productivity of the vine 

(Rayapati et al., 2008).  

 

The reduction of net photosynthesis in a vine has a large impact on the growth 

and vigour of a grapevine. GLD infected vines have been shown to have 

fewer, smaller leaves (Sampol et al., 2003) as well as reduced cane weight 

and growth (Over de Linden & Chamberlain, 1970). This decrease can cause 
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a reduction in the lifespan and productivity of a vineyard (Cabaleiro et al., 

2007), however the amount that growth is reduced seems to be affected by 

the grape variety and may also be influenced by the environment (Charles et 

al., 2006). 

 

GLD has had a major impact on the wine industry where it affects the quality 

and quantity of berries. Due to the reduced photosynthetic ability and lower 

anthocyanin accumulation, infected vines produce smaller berries with lower 

sugar levels and poorer colour (Over de Linden and Chamberlain, 1970). 

Overall, GLD affects berry maturation increasing ripening times  and reduces 

the quality of the berries (Over de Linden and Chamberlain, 1970) which is 

highly detrimental in the wine industry.  

1.2.2 Symptoms 

GLD occurs in all grape varieties; however the disease severity and symptom 

expression can vary significantly (Freeborough, 2008). Typically symptoms 

are most pronounced in red Vitis vinifera cultivars where GLD is characterised 

by downward rolling of leaves combined inter-veinal reddening with dark 

green veins (figure 1).  White Vitis cultivars either remain asymptomatic or 

develop downward rolling leaves which are green- yellow colour with dark 

green veins (figure 1). These symptoms are best viewed in late summer and 

autumn.  

 

Symptom expression can differ significantly between cultivars which can make 

identification of individual infected vines difficult. These variations are 

dependent on a number of factors including the variety, the age of the vine 

and environmental factors. Symptoms expression differs greatly between wine 

varieties, table grape varieties and rootstocks; with symptoms being less 

pronounced in table grape varieties and rootstocks remaining asymptomatic 

(Krake et al., 1999). Visual identification of GLD based on symptoms can also 

be problematic because the symptoms may also resemble those caused by 

mechanical damage to the canes and trunk, several other diseases of 

grapevines, arthropod damage and nutrient deficiencies such as low nitrogen 

levels (Lee et al., 2009).   

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



9 

 

 

White wine cultivars, rootstocks and table grapes must be tested using 

serological or molecular diagnosis methods in order to determine infected 

individuals.  

1.2.3 Spread of Grapevine Leafroll disease 

Grapevine Leafroll disease can be spread in a number of ways; infected 

propagative material, semi-persistent transmission by insect vectors and the 

use of incorrect farming practices (e.g movement of pruning equipment 

between vineyards, sharing of farm equipment which allows for spread of 

insect vectors). Once GLD has been introduced to a vineyard the spread can 

be very rapid, with reports of infection growing from 11% to 100% in 5 years 

within a vineyard (Petersen, 1997). 

 

The ubiquitous global distribution of GLD  is thought to be due to the use of 

infected material for propagation (Cabaleiro & Segura 1997b). Studies of 

genetic diversity of GLRaV-3 has shown that there is little variation between 

virus isolated from different geographical locations and  it is hypothesised that 

the use of infected propagative material has had a large role in the long 

distance spread of GLRaVs (Turturo et al., 2005) and that insect vectors have 

only contributed to spread of the disease within and between neighbouring 

vineyards. 

Once GLD is present within a vineyard, epidemiological studies have shown 

that it spreads along rows at a more rapid pace than between rows and that 

infected vines tend to cluster rather than be randomly spread throughout a 

vineyard (Cabaleiro & Segura, 1997a; Pietersen, 2004). This may indicate that 

infected plant material acts as a reservoir and that insect vectors contribute to 

the secondary spread of the virus. These vectors may also account for the 

spread of the disease between adjacent vineyards as they may be dispersed 

by wind or through the incidental dispersal by farm activities (Charles et al., 

2009) 

Two insect types have been identified as vectors for GLRaV; scale insects 

and mealybugs (Fuchs et al., 2009a). Mealybug contribution to the spread of 
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GLD may be dependent on the species present in a vineyard. It has been 

observed that some species (such as Planococcus ficus) have been shown to 

be highly efficient vectors, requiring just one infected individual to transmit the 

virus (Douglas and Krüger, 2008), while other species are less efficient 

(Grasswitz and James, 2008). 

 

While the contribution of mealybugs and scale insects to spread of GLD within 

and between vineyards is not fully understood, the link has been shown in 

many separate studies (Cabaleiro and A Segura, 1997a; Golino et al., 2002; 

Walton, 2004). Therefore, in terms of control of GLD, control of vectors seems 

to play a vital role in the control of the disease. 

1.2.4 Grapevine Leafroll-associated virus vectors 

Grapevine Leafroll disease was initially only thought to spread through use of 

infected plant material, however in 1983 it was discovered that certain 

mealybugs (Pseudococcidae) were able to act as vectors for grapevine leafroll 

associated viruses (Rosciglione and Martelli, 1983; Engelbrecht and Kasdorf, 

1990). Since this initial observation, several insects within the hemipteran 

family’s Pseudococcidae (mealybugs) and Coccidae (soft scale)  have been 

identified as vectors for GLRaV-3 (Engelbrecht and Kasdorf, 1990; Cabaleiro 

and Segura, 1997a; Petersen, 1997; Ling et al., 1998; Sforza et al., 2003; 

Zorloni et al., 2006; Golino et al., 2008a; Fuchs et al., 2009a; Tsai et al., 

2011).   

GLRaV-3 has been shown to be genetically diverse, with 5 (possibly 6) 

phylogenically distinct groups (Jooste et al., 2010). A study of soft scale 

insects Parthenolecanium corni, Pulvarnia innumerabilis and the mealybug 

Pseudococcus maritimus showed no preference for any particular 

phylogenetic group (Fuchs et al., 2009a). Based on these results it is thought 

that while mealybugs and soft scale insects are important for the spread of 

GLRaV-3, they have no effect on selective transmission of the virus (Fuchs et 

al., 2009a) 

Citrus tristeza virus, another member of the Closteroviridae family, is vectored 

by aphids and it has been shown that there is selection between vector and 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



11 

 

certain phylogenetic groups (Lin and Brlansky, 2002). While there is no 

evidence that the insect vectors of GLRaVs put any selective pressure on 

GLRaVs, there is evidence that the presence of various vectors will influence 

the efficiency with which the disease will be spread within a vineyard. 

Transmission efficiency has been studied in several Mealybug species and 

the efficiency rates have been shown to vary. Planococcus ficus and 

Pseudococcus longispinus are highly efficient vectors, requiring an acquisition 

access period of 1 hour and an inoculation period of 30 minutes in order for to 

transmit the virus (Douglas and Krüger, 2008). However, Planococcus citri 

Risso has been shown to be much less efficient with only 1/10 plant becoming 

infected when exposed to viruliferous mealybugs for 3 days (Cabaleiro and 

Segura, 1997b).  

Transmission efficiency is also thought to be dependent on the developmental 

stage of the mealybug; Petersen (1997) studied the transmission of P. 

longispinus and P. calceolariae and found that only the first instar could 

transmit GLRaV-3 (however in this study the third instar may have been 

damaged during their transfer to healthy plants which could have affected the 

transmission of GLRaV-3), Mahfoudhi et al. ( 2009) observed that the juvenile 

stages of P. ficus and P. citri transmit GLRaV-3 more efficiently than adult 

females.  After moulting, infective P. ficus, P. longispinus and P. citri  were 

negative for GLRaV-3 (Cabaleiro & Segura 1997; Douglas & Krüger 2008) 

indicating that mealybugs may not retain GLRaV-3 during moulting. This is 

important for the control as the juvenile instars are more easily dispersed by 

wind (Charles et al., 2006).  

Infected nuclear material is thought to be the most important source of GLD 

and therefore a large part of the control of the disease should be focused on 

the production of virus free planting material. However it is also clear that the 

insect vectors of GLRaVs play a large role in the spread of GLD between 

vines both in and between neighbouring vineyards and severity of GLD. 

Therefore any control strategy aimed at eradicating GLD should include 

control the vectors. In South Africa, a control strategy which includes the use 

of certified planting material, control of insect vectors through the use of 
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systemic insecticides and the removal of infected vines by roguing has proven 

an effective mechanism of control GLD (Pietersen and Walsh, 2012; Pietersen 

et al., 2013) 

1.3 Grapevine Leafroll Disease in South Africa 

1.3.1 Grapevine leafroll - associated virus type 3 

GLD is an important disease of grapevines, where its impact is felt in the 

quality and yields of crops. Globally the disease is associated with several 

virus (GLRaV) however GLD does not spread readily in vineyards except 

where GLRaV-3 is present, therefore GLRaV-3 is most commonly associate 

with the disease and is considered to be the most important GLD associated 

virus (Ling et al., 1998; Cabaleiro & Segura 2006). GLRaV-3 is commonly 

associated with GLD in South African vineyards and is considered the most 

important virus associated with the disease in South Africa. 

1.3.1.1 Genome organisation of GLRaV-3 

Grapevine leafroll-associated virus type 3 (GLRaV-3) part of the 

Closteroviridae family, is the type species for the genus Ampelovirus (Ling et 

al., 2004). It is a single stranded, positive sense RNA virus with a linear and 

filamentous virion, between 1250 -2200nm in length (Martelli et al., 2002). The 

genome size ranges from 16.9- 19.5kb (Martelli et al., 2002)  and is  

organised into 13 open reading frames (designated ORFs 1a, 1b, and 2–12) 

(figure 1) with untranslated regions of 158 and 277 nts at its 5' and 3' ends 

(Ling et al., 2004, 1998)  

 

 

Figure 1: Schematic representation of the GLRaV-3 genome and positions of genes 

and ORFs. (modified from Martelli et al., 2012).  

 

GLRaV-3 genome organisation is consistent with other typical monopartite 

closteroviruses (Dolja et al., 1994). (Figure 1)ORF1a and ORF1b contain the 

genes which code for proteins associated with replication and defence against 
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host proteins. ORF1a encodes a polyprotein with domains for leader protease (L-

Pro) (Ling et al., 1998), AlkB domain (Engel et al.,2008; Maree et al.,2008), 

methyltransferase (MET) (Ling et al., 1998), and helicase (HEL) (Ling et al., 

1998). ORF1b encodes for a RNA-dependent RNA polymerase (RdRp). Between 

ORF1b and ORF 2 there is a untranslated GC rich untranslated reading frame 

with extensive secondary structure (Karasev, 2000). The intergenic region of  a 

comparable size to the ORF2 found in Closteroviruses Beet yellow stunt 

virus(BYSV) and CTV (Karasev, 2000). ORF2 encodes a small peptide which 

does not have any orthologs of a similar size in other closteroviruses (Karasev et 

al., 1995). The p6 protein is a conventional movement protein and is used in cell-

to-cell transport (Dolja et al., 2006). ORF 3 encodes a small hydrophobic 

transmembrane protein. ORF4 encodes the Heat shock protein 70 (Hsp70) 

homologue protein which is unique to closterovirus family (Dolja et al.,1994). 

ORF5 encodes a 55K protein (Ling et al.,1998). ORF 6 encodes the coat protein 

(CP) gene. ORF7 encodes for the copy of CP (dCP) which another unique 

feature of the closteroviruses (Boyko et al., 1992). While the functions of ORFs 8-

12 cannot be inferred by sequence analysis, however it has been suggested that 

ORF 8, 9 and 10 could be involved suppression of host defence (Lu et al., 2003; 

Reed et al., 2003; Chiba et al., 2006) and systemic movement proteins (Dolja et 

al., 2006) 

 

A recent study investigating GLRaV-3 associated sub genomic ribonucleic acid 

(sgRNA) found that sgRNA is necessary for the expression of the 3' ORFs (3-12) 

in positive sense RNA viruses. It further predicted that at least seven 3' co-

terminal positive sense sgRNA for the expression of these ORFs. Jarugula 

(2010), in a report on the gene expression and cis- acting elements used by 

GLRaV-3, showed that three sgRNAs (ORF7, 5, 3 and 4) were present in very 

low levels, two sgRNAs (ORF11 and 12) accumulated at intermediate levels and 

four putative 3’ co-terminal sgRNAs (specific to ORF6, 8, 9 and 10) were present 

in higher levels (Jarugula et al., 2010). Based on the suggestion that 3’ coterminal 

sgRNAs accumulate at variable amounts i.e have varying expression levels in 

infected grapevine tissues, It was suggested that ORF10-12 are likely to be 

translated from the same sgRNA (Maree et al., 2010). 
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1.3.1.2 Diversity of Grapevine Leafroll- associated Virus type 3  

Due to the limited number of complete GLRaV-3 genomes, little is known 

about the genetic diversity within GLRaV-3 (Wang et al., 2011). Several 

techniques have been employed in order to identify population and genetic 

variability amongst GLRaV-3. including single-stranded conformation 

polymorphism (SSCP), sequence analysis of RdRp, HSP70h, CP and 

genome fragment analysis (Turturo et al., 2005; Fuchs et al., 2009b; Jooste et 

al.,2010; Wang et al., 2011). Using complete HSP70h sequences, Fuchs et al. 

(2009) separated GLRaV-3 into 5 phylogenetically distinct groups. Jooste et 

al. (2010) and Gouviea et al. (2011) conducted separate studies comparing 

the GLRaV-3 complete CP gene of 46 and 78 samples respectively and 

showed that the same 5 phylogenetically distinct groups of GLRaV-3 were 

found. It has been suggested that a sixth group may also exist with NZ-1 

HSP70h isolate as the group representative, however further studies are 

needed to confirm this.  

 

Table 1: Origins of Grapevine leafroll associated virus type 3 isolates  

GLRaV-3 isolate Origin Reference 

Cl-766 Chile Engel et al., 2008 

NY-1 New York Hu et al., 1990 

621 South Africa Jooste et al., 2010 

623 South Africa Jooste et al., 2010 

GP18 South Africa Maree et al., 2008 

NZ-1 New Zealand EF508151 

 

Very few GLRAV-3 viral isolates have been fully sequenced, which limits the 

amount of known about the genetic diversity of GLRaV-3 (Turturo et al., 

2005). However, based on single-stranded conformation polymorphism 

(SSCP) and sequence analysis of three different genomic regions: those 

encoding the RNA-dependent RNA polymerase (RdRp), HSP-70 and the coat 

protein (CP), 5 distinct phylogenetic groups of GLRaV-3 have been identified, 

(Turturo et al., 2005). These groups do not appear to be linked to the 

geographical location of the sample (Gouveia et al., 2011) and the majority of 
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samples which have been sequenced have clustered in either Group 1 (with 

NY-1, Cl-766, 621) or Group 2 (represented by GP18, 623). It has been 

speculated that this is due to empirical selection of infected plants which 

displayed less severe symptoms or due a difference in transmission efficiency 

of the various phylogenetic groups, however further studies need to be done 

in this area. A study of South African vineyards showed viral variants only 

cluster into groups 1, II and III, with the majority of the isolates clustering in 

group I and II ( Jooste et al., 2010).  

 

Information about the Grapevine leafroll genetic variation is limited by the 

amount of sequenced data available and the majority of genetic variability 

studies have focused on conserved regions of the GLRaV-3 genome including 

the RdRp, HSP70h, CP.  Engel et al. (2004) found that the Czech isolates had  

99% or greater homology with the NY-1 sequence as well very high homology 

with partial sequences from various areas of the world. There has also 

evidence of mixed infection, and in some cases recombination events, where 

Turturo et al. (2005) found 15% of CP genes and 10% of RdRp and HSP 

genes were made up of two or more variants.  Analysis also suggested that 

the sequence variation in the CP gene was higher than that of the RdRp 

gene. This may be due to selective pressure on the RdRp gene (Turturo et al., 

2005).  

 

The genome sequence of isolate GP18 showed that 5’ UTR end was 579 

nucleotides longer than the previously sequenced NY-1 (Maree et al., 2008), 

Jooste el al (2010) confirmed this variation in the 5’ UTR and showed that 

isolates 621, 623 and PL-20 5’UTR also had variation. This variation in the 5’ 

UTR is low between members of the same phylogenetic group and higher 

between isolates of different groups. While the function of the 5’ UTR is still 

unknown, it may be useful in identifying further variation in new isolates.  

  

In order to design a reliable detection technique, it is important to understand 

the variation within in GLRaV-3. These results indicate that there is some 

degree of variation within the genome of GLRaV-3 and that this variation 

varies between different area of the genome. Detection techniques which rely 
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on sequence data, need to identify areas where there is high homology, in 

order to ensure that all variations of the virus will be reliably detected. In the 

case of LAMP, 4 primers detecting 6 different regions of the genome must 

have high enough homology to bind; this can only be achieved if enough is 

known about variation within GLRaV-3.   

1.3.2 Control 

Control of GLD in South Africa is mainly concerned with elimination of the 

GLD through the use of the S.A. certification scheme, which provides virus 

free material to the wine industry (Pietersen 2004). However once planted, 

vines are still susceptible to the disease and spread is common due the high 

prevalence of mealybugs in South African vineyards (Pietersen, 2004). In 

order to control GLD, an integrated approach of providing virus-free material, 

controlling of vectors through the use of systemic insecticides and the removal 

of infected vines through roguing has been shown to be effective (Pietersen 

and Walsh, 2012; Pietersen et al., 2013). 

 

At Vergelegen Wine estate (Somerset West, South Africa) control of the 

disease was divided into three phases. In phase one, GLD was controlled in 

34 (5 year old) vineyards which were planted on land where no vines had 

been planted previously. The vineyards were established by planting certified 

planting material which was then treated with systemic insecticide to control 

insect population. Following the establishment of the vineyards, the vines 

were monitored (using symptom display or ELISA) each year for infected 

vines and infected vines were removed by roguing. In phase 2, GLD was 

controlled in 29 (red cultivar) vineyards which had 100% infection. The 

vineyards were removed and once all vine remains and volunteer plants had 

been removed, new certified planting material was planted. Vineyards were 

monitored for infection and infected plants were removed by roguing. Using 

this method infection was reduced from 100% infection on 41.26 ha (111431 

vines) in 2002, to 0.026% detected GLD infected vines on 77.84 ha (209626 

vines) in 2012 (Pietersen and Walsh, 2012; Pietersen et al., 2013).  
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Phase 3 of GLD control at Vergelegen involves the control of GLD in White 

Vitis sp. by detection and replacement of infected vines using rouging. This 

phase is currently in progress, however it made more complicated by the lack 

of symptoms in white cultivars. Roguing of infected red cultivars, where 

symptoms are easily identified in the autumn months, has been shown to be a 

simple method of control. However, in order to achieve the same results in 

white cultivars each vine has to be tested before the infected vines can be 

rogued. This process has shown to be laborious and time-consuming and has 

made the control of GLD more difficult.  One of the largest hurdles in the 

testing of white cultivars is that the methods currently available for the testing 

for GLRaV-3 are either too expensive or not suitable for large scale testing as 

in the case of PCR, or are slow and laborious as in the case of ELISA. A 

simple, rapid, sensitive method of testing a large quantity of samples without 

the need for expensive equipment or trained technicians is required. 

1.3.4 Detection of GLRaV-3 

1.3.4.1 Biological Indexing  

Before the advent of ELISA and PCR, biological indexing was the only reliable 

method of testing for GLD was hardwood indexing on biological indicators 

(Maree et al., 2013). With this method, a small chip bud taken from the vine 

which is being tested, is grafted onto a indicator grapevine cultivar which is 

then left in the field for two seasons and is observed for disease symptoms ( 

Rowhani et al., 1997). Indicator plants are chosen depending personal 

preference and/or climatic conditions however, the V. vinifera cultivars 

Cabernet Franc, Pinot noir and Cabernet Sauvignon are commonly used 

(Maree et al., 2013).   

There are many disadvantages associated with Biological indexing. It is labour 

intensive and time consuming and requires successful inoculation of the 

indicator plant with the associated viruses (Weber et al., 2002). In the case of 

GLRaV-3, the low viral titers and erratic distribution of the virus make 

biological indexing more complicated. Further, biological indexing can be 

technical and usually requires a skilled virologist fro disease confirmation and 

relies on symptom expression which can be subjective (Maree et al., 2013) 
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1.3.4.2 ELISA 

Currently wine farmers and basic diagnostics laboratories use ELISA to test 

for the presence of GLRaV-3 in vines (Golino et al., 2008). This system is a 

high through-put, simple technique which can be applied in basic labs without 

the need for highly trained technicians or expensive lab equipment. GLRaV-3 

ELISA relies on the interaction between the viral antigen and viral specific 

antibodies to detect the presence of the virus. While different variations of 

ELISA have been developed, indirect double-antibody sandwich enzyme 

linked immunosorbent assay (DAS-ELISA) is the most commonly used test. It 

is a cheap and simple method of testing samples and with the purchase of a 

minimal amount of equipment can be used in very simple laboratories.  

 

Although ELISA is simple to perform and can be used to test a large amount 

of sample relatively cheaply, it is time consuming and laborious. It is also less 

sensitive than molecular techniques such as PCR (Arora et al., 2006). For this 

reason, molecular based detection techniques have been developed which 

are more sensitive, faster and would allow for a greater number of samples to 

be tested at once as greater numbers of samples could be pooled together in 

a single test.  

1.3.4.3 Polymerase chain reaction (PCR) 

There are a number of problems associated with the detection of GLRaV-3 in 

vines. The virus is found in low concentrations in the plant, this, coupled with 

the fact that the viruses distribution is erratic and varies with season makes 

detection by ELISA methods difficult (with many scrapings or petioles required 

from each plant) and unreliable due to their low sensitivity (Dovas and Katis, 

2003). Specific PCR (and RT-PCR in the case of RNA targets) have been 

shown to be more sensitive (10-100 fold more) and specific than diagnostics 

test based on serology and biological indexing (Pacifico et al., 2011).  

 

PCR primers have been designed for regions of the Viral genome which are 

known to be highly conserved (e.g the RdRp regions (Ling et al., 2001)) 

increases their specificity over ELISA and biological indexing where cross-

reactions can occur (Pacifico et al., 2011) Several RT-PCRs have been 
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developed for the detection of GLRaV-3 which have been able to detect the 

virus in Fentogram amounts (Notte & Minafra 1997;  Nolasco, 2003). Also with 

the advent of real-time RT-PCR, detection of GLRaV-3 has become even 

more sensitive (where real-time RT-PCR has detected positive samples not 

detected by conventional RT-PCR) and because there is no need for gel 

electrophoresis the over-all time required for positive results and the risk of 

post incubation contamination is reduced (Osman et al., 2007).  

 

PCR is very sensitive and therefore only a small amount of a target is required 

to observe a positive result. This is useful for detection of GLRaV-3, which is 

only found in low tires and is erratically in the grapevines (Monis and 

Bestwick, 1996). Further, this makes it possible to use crude nucleic acid 

extraction protocols with PCR which decreases both the time required to get a 

result (and therefore increases the number of samples which can be run in a 

day) as well as the over-all cost per sample.  

 

While PCR is considered a standard diagnostic procedure for most science 

laboratories, the laboratories on wine farms tend to have very basic facilities 

which are not geared towards running these tests. ELISA has the advantage 

that it only requires very minimal equipment (incubators and multi-challenge 

pipettes) and therefore can be used in these setting. PCR requires 

thermocyclers, which although considered inexpensive for a diagnostics 

laboratory are not financially viable for most wine farms. Real-time 

thermocyclers are still considered as expensive, and  cost considerably more 

than a basic thermocycler. Further PCR requires a basic knowledge of 

molecular biology which most wine farmers do not have. Also because results 

are visualised by gel electrophoresis the process can be laborious (although 

in real-time PCR this step has been made obsolete) and may increase the 

chance of false positives because of contamination. The sensitivity of the 

technique also makes it more prone to contamination than techniques such as 

ELISA.  

 

Globally, there has been a movement towards virus-tested, healthy planting 

material and control of diseases within established vineyards, which has 
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increased the need for simple and sensitive detection mechanism (La Notte et 

al., 1997). In order to improve control of GLD in South Africa,  there is a need 

for technique which is sensitive (comparative to PCR), rapid, simple and 

something which preferably has a real-time monitoring system but which does 

not require specialised equipment (such as thermocyclers) or trained 

technicians. 

1.4 Isothermal amplification of Nucleic Acid: 
PCR is one of the most widely used methods of amplifying nucleic acid. 

During a PCR reaction,  two specific oligonucleotide primers hybridise to the 

5' and 3' ends of a target sequence and DNA polymerase extends the 

sequence from the annealed primers by adding on deoxyribonucleoside-

triphosphates (dNTPs) producing a double stranded product.  Using a 

thermocycler which raises and lowers the temperature of the reaction, the two 

strands can then serve as template for the next round of amplification (Gill and 

Ghaemi, 2008). PCR has been widely used however need for a thermocycler 

has given it limited application in situation where very little laboratory 

specialised laboratory equipment is available (Gill and Ghaemi, 2008). 

Isothermal amplification techniques amplify nucleic acid without the need for a 

thermocycler (i.e at a single temperature) and therefore are being more widely 

applied in field situation where thermocyclers cannot be afforded or are not 

available.  

 

Nucleic acid amplification is a vital diagnostic tool and as such several 

methods of amplification have been developed including; Isothermal and 

Chimeric primer initiated amplification of nucleic acid (ICAN), PCR, Strand 

displacement amplification, Self- sustained Sequence Replication (3SR) and 

Loop-mediated amplification of nucleic acid (LAMP). Each method uses a 

unique method of DNA synthesis initiation and re-initiation and has both 

advantages and disadvantages associated with it (Notomi et al., 2000).  

 

In terms of developing an ‘in-field’ diagnostic technique, it is important to 

remember that the technique needs to be robust and must not need 

specialised equipment (such as thermocyclers). Isothermal amplification 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



21 

 

techniques do not require large amounts of equipment and therefore lend 

themselves for use in labs where specialised equipment is not available.  

1.4.1 Isothermal and chimeric primer initiated Amplification of 
Nucleic Acids (ICAN):  

Isothermal and chimeric primer initiated Amplification of Nucleic acids (ICAN) 

is an alternate method of amplifying target DNA. It utilizes two chirmeric DNA-

RNA primers, RNaseH and a strand displacing DNA polymerase to amplify 

target DNA under isothermal conditions (Mukai et al., 2007). ICAN amplifies 

the target using multi-priming, where multiple copies of the primer bind to a 

single copy of the target simultaneously (figure 2), and template switching 

(figure 3).  

 

During Multi-priming a 

chimeric primer binds to 

the template and is 

extended from the 3' end 

(step 1). RNaseH then 

introduces a nick into RNA 

portion of the primer (step 

2). The strand-displacing 

DNA polymerase then 

extends the strand from 

the nick site (step 3). The 

new strand (extending 

from the nick site) 

displaces the pre-existing 

strand which then 

becomes available for 

binding from a primer in 

solution (step 4a).  The 

new strand (primed at the 

nicked site) is extended 

Figure 2: Multi-priming model for ICAN. This figure only 

depicts the reaction from one strand of a duplex DNA, and 

only the phase in which nicking occurs when three RNA 

residues remain intact is drawn (Modified from (Uemori et 

al., 2007) 
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and displaces the pre-existing strand (4b). Strand-displacing DNA extension 

occurs, while at the same time RNAse introduces nicks at the RNA sites, 

resulting in multiple primers hybridising to a single strand of DNA 

simultaneously.  

. 

In conjunction with multi-priming, 

amplification also occurs by template 

switching. During template switching, 

a primer pair hybridizes to a double 

stranded template and the DNA 

strand is extended by strand 

displacing DNA polymerase (step 1). 

The strands generated by the 

forwards and reverse primers 

separate from the original template 

and switch templates to the strands 

extended from the primers (step 2). 

RNaseH introduces a nick at the RNA 

site (step 3) and strand displacing 

reaction is initiated from the nicked 

site (step 4) and template switching 

reoccurs (step 5)  

 

Mukai et al (2007) tested the 

parameters under which ICAN most 

efficiently amplified DNA and found 

that ICAN efficiency is highly dependent on both the target gene and the 

primer concentration. Using the target CSVd target sequence, ICAN produced 

a 7-fold increase in where primer concentration was increased from 0.2 to 

2µM while PCR of the same target DNA produced a 2.8 fold increase. When 

the target was changed to the c-Ki-ras sequence and yield increased  77 

times greater than a PCR of the same target (Uemori et al., 2007). This shows 

ICAN great efficiency as amplification method.  

 

Figure 3: Model of Template switching during 

ICAN (Uemori et al., 2007) 
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It has been used in the detection of several bacterial pathogens ( Isogai et al., 

2005; Urasaki et al., 2008; Inami et al., 2009)  as well in the detection of 

Single nucleotide polymorphisms (SNPs) (Mukai et al., 2008) 

 

ICAN can be monitored using gel electrophoresis as well through the use of a 

cycling probe labelled with a fluorescent molecule and a quencher molecule. 

When the probe is present in ICAN it is cleaved and fluoresces. The 

florescence is directly proportional to the amount of amplicon present (Mukai 

et al., 2007).   

 

ICAN has a number of advantages. It produces a very high yield of DNA 

product which is useful when monitoring the reaction, it can also lower the 

amount of starting template needed and may make it more sensitive for 

diagnostics (Mukai et al., 2007).The volume of the reaction mixture can be 

increased without changing reactions conditions because it is an isothermal 

system which could improve yields and may be important for monitoring. 

 

There are however disadvantage of this system. Firstly the use of probes and 

florescent dyes increases the cost of the system. These probes also require 

the use of UV (to excite the florescence) which increases the amount of 

equipment need and increases the risk of the system. Also the use of an 

RNase means that a single tube reaction for the detection of RNA targets is 

not feasible which increases the reaction time to detect a target RNA.  The 

ideal system for the detection of GLRaV-3 is one which is simple and rapid. 

While ICAN is simple for detection of DNA targets, RNA targets add a level of 

complexity to the test which makes it unattractive as a means of detecting 

GLRaV-3.  

1.4.2 Strand Displacement Amplification (SDA) 

Strand displacement amplification (SDA) is an isothermal technique used for 

the rapid amplification of target DNA. Similar to ICAN, SDA relies on the 

introduction of a nick into a primer to initiate amplification.  SDA uses 4 

primers (S1, S2, B1 and B2) and two HincII and exo- Klenow DNA 

polymerases. Two of the primers, contain the target binding region at their 
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3’end and HincII recognition 

sequence at their 5’ end. The 

other two primers contain only 

the target binding regions 

(Walker et al., 1992). S1 and 

S2 bind to opposite strands 

(Figure 4) of target and B1 and 

B2 bind up stream of S1 and 

S2. Exo- Klenow then extends 

all four primers, B1 and B2 

extensions cause the 

displacement of S1 and S2 

extensions. S1 extension can 

then act as a template for S2 

and B2 and vice versa for S2- 

extension. The extension and 

displacement results in 2 

double stranded fragments 

with a HincII recognition at 

either one or both ends. HincII 

then has the ability to nick these sites and exo- Klenow extends the 3’ end. 

This results in amplification of the target at an exponential rate. The amplified 

target can be detected using real-time detection (Little et al., 1999). SDA 

allows for the detection of target DNA when there are between 10 -50 initial 

target molecules (Walker and Fraiser, 1992)  

 

This method has a number of advantages; target DNA can be either double or 

single stranded; the amplification is exponential and it has the ability to amplify 

low target numbers at low temperatures which is not possible in methods such 

as PCR (without very stringent conditions). However, there are a number of 

problems associated with SDA.  SDA is affected by the amount of non-target 

DNA present in a sample as background amplifications can compete with 

specific amplification, which means that target DNA has to be pure and crude 

extraction methods may not be suitable for use with SDA. The target for 

Figure 4: Amplification of nucleic acid using Strand 
displacing amplification (SDA) (modified from (Gill and 

Ghaemi, 2008)  
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amplification with SDA must be between 50 – 200 nucleotides with every 

increase of 50 nucleotides over this size resulting in a 10 fold decrease in 

amplification which has implication for designing primers in targets which have 

few conserved areas (Walker & Fraiser, 1992). Optimisation of the process is 

also more complicated than other techniques due to the fact the organic 

solvent (e.g 1-methyl 2-pyrrolidinone, glycerol and formamide) used in the 

process affects the efficiency of the amplification.  This means that the 

usefulness and efficiency of the system is affected by the target and means of 

extraction.  

1.4.3 Self- sustained Sequence Replication (3SR) 

Self-sustained sequence replication (3SR), based on the replication system of 

retroviruses, is a self-sustained sequence replication system which uses avian 

myeloblastosis virus (AMV) reverse transcriptase, RNase H and T7 RNA 

polymerase to amplify target sequences (Fahy et al., 1991). In this system, an 

RNA template is replicated using a continuous cycle of reverse transcription 

and translation with the use of a cDNA intermediate. Oligonucleotide primers, 

with a T7 polymerase binding site, bind to an RNA template allowing T7 to 

bind and create cDNA. RNase H degrades the resultant RNA-DNA hybrid 

allowing the complete synthesis of the cDNA. The cDNA and RNA products 

then act as templates from which RNA is produced repeating the cycle (Fahy 

et al., 1991). This exponential replication of the target can lead to 90-fold 

increase of the target sequence in  105 minutes (Guatelli et al., 1990). 3SR 

has been shown to be able to detect (when combined with bead-based 

sandwich capture assay and a rare metal chelated labelled probe) less than 

12 copies of purified HIV- 1 RNA and in field tests was shown to detect all 

cases of HIV, demonstrating its high level of sensitivity (Bush et al., 1992). 

The system can be manipulated to detect DNA targets with the inclusion of a 

denaturation step (Guatelli et al., 1990) 

 

As with other isothermal techniques, 3SR has the advantage that it uses a 

single temperature. It can create a large amount of template rapidly and if 

combined with a real-time detection system would allow for rapid detection 

system. Its major advantage over methods such as Loop mediated 
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amplification of Nucleic acid (LAMP) is that is produces a single stranded 

product which makes downstream use of the product  (such as in direct 

sequencing) easier (Taylor & Gill, 2008).  

 

The disadvantages associated with this system are firstly that it requires 3 

enzymes which effects optimisation of the procedure and increase the overall 

cost. One of the greatest disadvantages of the system is the low temperature, 

which lower the anneal temperature of the primers and ultimately the 

specificity of the reaction (Fahy et al., 1991) 

 

All of these methods have high sensitivity; however their low specificity (in the 

case of SDA and 3SR) or sensitivity to biological components means that they 

may not be ideal as a high through-put diagnostic test.  

1.4.4 Loop- Mediated isothermal amplification of Nucleic Acid 
(LAMP) 

LAMP is a means of amplifying nucleic acid using a strand displacing DNA 

polymerase and 4 or 6 primers targeting 6 or 8 target regions (Notomi et al., 

2000) under isothermal conditions. This method is sensitive, specific, rapid 

and does not require expensive equipment which makes it ideal for in-field 

diagnostics.   

 

LAMP relies on an auto-cycling strand displacement which is achieved by 

through the use of a DNA polymerase with strand displacing activity and 2 

inner primers and two outer primers (Notomi et al., 2000). Amplification rate 

and specificity can also be increase with the use of a third set of loop primers 

(Nagamine et al., 2002).  

1.4.4.1 LAMP mechanism 

1.4..4.1.1 LAMP primers 

The LAMP mechanism is heavily reliant on the design of the inner and outer 

primers. Figure 2 shows the design of the LAMP primers. The Inner primers 

(consisting of a Forward inner primer (FIP) and Backwards Inner Primer (BIP)) 

contain two distinct sequences which correspond to the sense and antisense 

sequences of the target linked with a –TTTT- region. For the purposes of 
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explaining the LAMP mechanism the Inner primers have been broken into two 

regions; the Inner regions (F2 and B2) and the Outer regions (F1c and B1c). 

F2 sequence is complementary to F2c on the positive sense strand of target 

DNA and B2 region is complementary to the B2c region on the anti-sense 

strand of target DNA. F1c is complementary to the F1 region on the anti-

sense strand and B1c is complementary to the B1 region on the sense strand. 

The Outer primers are designated F3 and B3 and are complementary to the 

F3c and B3c regions respectively.  

 

In addition to designing primers to a conserved area of the genomes, everal 

other parameters must be considered when designing LAMP primers. The GC 

content of the primers should be between 50–60% in the case of GC rich 

sequences or 40–50% for AT rich sequences (Parida et al., 2008). Further the 

primers should be designed so as to avoid the formation of secondary 

structures. Further the 3' end sequence of the primers not be complementary 

to any of the other primers and should not be AT rich. Lastly the distance for 

the loop forming region should be vary between 40–60bp. It order to confirm 

the amplified products, restriction enzyme site on the target sequence can be 

used too.  

 

1.4.4.1.2 Loop-mediated amplification 

LAMP can be separated into two stages; an initial stage where the inner and 

outer primers create a dumbbell structure that is required for the cycling stage 

and a cycling stage where the inner primers are used to create the long, 

concatenated products, characteristic of LAMP.  

 

1. Initial stage 

In the initial stage (Figure 6), FIP binds to F2c and complementary strand 

synthesis is initiated. Subsequently F3 (which is shorter and at a lower 

concentration than FIP) binds to the F3c region, initiating strand displacing 

DNA synthesis and releasing the FIP-linked complementary strand (Figure 6 

step 2).  Once the FIP-linked strand is released, the F1c segment of the 

primer binds to the F1 sequence of the target, forming a single sided loop 

(Figure 6 step 4).  The BIP binds to the FIP-linked strand at B2c initiating DNA 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



28 

 

synthesis, after which the B3 primer binds to B3c initiating strand displacing 

DNA synthesis, releasing the FIP and BIP bound target sequence which forms 

a dumbbell-like structure (Figure 6 step 6) which is then used in the cycling 

amplification stage (Notomi et al., 2000). 

 

 

 

Figure 5: Schematic representation of LAMP primers (Modified from Parida et al. 2008) 

 

2. Cycling stage 

The Cycling stage creates large amounts of concatenate inverse repeats of 

target sequence which vary in size (Notomi et al., 2000).  The LAMP cycling 

stage is initiated when the FIP binds to the FIP-linked loop on the Dumbbell-

like structure created in the Initial stage (Step 8, Figure 6 (B)). This binding 

initiates strand displacement synthesis and creates a stem-loop DNA structure 

with an additional copy of the target sequence (inverted) and a loop (from the 

BIP sequence) at the 5’ end. Subsequent self-priming creates an additional 

dumbbell structure and a stem loop structure which acts as the template for 

BIP-primed strand displacement synthesis. The process of elongation and 

recycling results in 3x amplification of the target sequence every half cycle 

(Notomi et al., 2000). 
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Figure 6: Principles of LAMP mechanism. Initial Stage (A) (1-8): Generation of stem- 

loop dumbbell structure that enters the cyclic step. Cycling stage (B) (8- 11) 

Exponential amplification of Dumbbell structure producing cauliflower- like 

concatenate products of varying sizes (Eiken Ltd.) 

 

1.4.4.2 RT-LAMP 

In the original protocol by Notomi et al. (2000) LAMP was used to amplify a 

DNA template in under an hour. However, with the addition of a thermostable 

reverse transcriptase, LAMP can also be used to detect RNA in a one-step 

protocol (RT-LAMP) (Parida et al., 2005). Originally developed for the 

detection of West Nile virus, RT-LAMP has been used in the detection of 

positive sense and negative sense single stranded RNA viruses from animal, 
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human and plant hosts (Soliman & El-Matbouli,  2006; Teng et al., 2007; Li et 

al., 2009; Cardoso et al., 2010; Liu et al., 2010).  While both MULV and AMV 

have been tested for use with LAMP, AMV is more efficient and has improved 

sensitivity when compared with MULV (Parida et al., 2005). RT-LAMP has 

further been shown to have higher sensitivity and rapidity in comparison to 

RT-PCR (Parida et al., 2005) 

1.4.4.3 Monitoring LAMP 

There are several methods of monitoring LAMP reactions;  conventional 

detection using gel electrophoresis, the visual inspection of turbidity (Mori et 

al., 2001), the addition of intercalating dyes (Nagamine et al., 2001) as well as 

the use of colourimetric indicators (Tomita et al., 2008; Goto et al.,  2009) 

 

Gel electrophoresis 

Gel Electrophoresis is the most sensitive method of visualising LAMP 

amplicons (Tomlinson et al., 2010; Wastling et al., 2010). LAMP produces 

cauliflower- like concatenate products which can be visualised as a ladder on 

a 2% agarose gel. However this method has a number of disadvantages; it is 

impractical where large numbers of samples must are processed; basic 

laboratories are unlikely to own gel electrophoresis tanks and running of gels 

is complicated, adding to the technical skill required to use LAMP. Lastly 

LAMP is a very sensitive technique which produces a large amount of product 

and as such is prone to contamination (Tomita et al., 2008) therefore it is 

strongly advised by many authors that the tubes containing LAMP reactions 

should never be opened once the LAMP reaction has been run. For this 

reason other simpler, more time efficient ways of monitoring LAMP have been 

developed.  
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Turbidity 

 

Mori et al. (2001) observed that when DNA was amplified using LAMP the 

reaction became turbid (figure 7); further studies showed that this was caused 

by the amount of magnesium pyrophosphate ions released during DNA 

amplification. This is the simplest method of monitoring a LAMP reaction. The 

turbidity is caused by the release of 

pyrophosphate ions as by-product, which 

bind with magnesium ions in the solution 

forming magnesium pyrophosphate 

which creates a white insoluble 

precipitate during nucleic acid 

amplification (Mori et al., 2001).  

Magnesium pyrophosphate may also be 

observed as a white precipitate when turbid tubes are spun down briefly in a 

centrifuge.  

 

Turbidity has been used in determining presence of a target ( Maeda et al., 

2005; Higashimoto et al., 2008; Wastling et al., 2010) as well as in the 

quantification (Mori et al., 2004). Turbidity can be observed using the naked 

eye or confirmed using a spectrophotometer where a negative sample can be 

compared to the sample and the values compared, in order to determine 

quantity of target present (Mori et al., 2001). Real-time turbidity meters 

designed specifically to measure turbidity in LAMP reaction have been 

developed which are also able to quantify the amount of starting template 

(Mori et al., 2004) 

 

In a study done on detection limits on Human African Trypanosomiasis it was 

shown that the detection limit (i.e. the end point at which turbidity could still be 

visualised) was the same as that of gel electrophoresis (Wastling et al., 2010). 

However, instances have been found where turbidity has not been observed 

in samples which are known to be positive. This is problematic when 

developing a diagnostic test for in field testing where it is not possible to 

Figure 7: Visualisation of LAMP products 

using turbidity. Left: Positive Sample, 

Right: Negative (Image modified from 

Maeda et al. (2005)) 
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confirm every results using a method such as gel electrophoresis (Wastling et 

al., 2010). Also, interpreting results takes a certain amount of skill and can 

produce varying results depending on the user, most importantly leading to 

false positives and negatives (Paris et al., 2007) therefore other methods 

which rely on colour changes and/or florescence have also been developed 

(Goto et al., 2009) 

 

Intercalating Dyes 

Several intercalating dyes have been used in conjunction with LAMP for the 

detection of pathogens including ethidium bromide (EtBr) (Nagamine et al., 

2001), SyBR green I (Iwamoto et al., 2003) and Quant-iT PicoGreen (Wastling 

et al., 2010), Goldview staining (Shi et al., 2011). These dyes are added post- 

incubation and bind to the product, eliciting a response (such as a colour 

change, or fluoresce under UV light, which can be monitored).  While EtBR 

was originally used in LAMP, SYBR green I is the most commonly used 

intercalating dye because of its ability to change colour in natural light. 

SYBR green I is an intercalating dye which is added to the LAMP post-

incubation and will, in the presence of amplified product, change from orange 

to green (Iwamoto et al., 2003). This change is easily seen naked eye and 

removes the need for equipment to monitor the LAMP reaction. Iwamoto et 

al., (2003) showed that this method of detection is slightly less sensitive than 

gel electrophoresis but has the advantage that it is more convenient than gel 

electrophoresis. The main disadvantage of this method is that it is added post-

incubation and this increases the risk of contamination of the test. 

GoldView staining has also been used to evaluate LAMP reaction, and has 

been specifically used in evaluating reactions for RNA extraction. Samples 

with florescence change from orange to red under UV light and differ from 

other intercalating dyes in that Goldview staining can emit green fluorescence 

when bound to dsDNA and red fluorescence when bound to ssDNA or RNA.  
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Calcein 

Calcein is a metal indicator which, when bound to 

divalent metallic ions, emits a strong florescence 

(Tomita et al., 2008) At physiological pH’s, Calcein 

fluorescence can be quenched by a number of ions 

including; Fe3+, Co2+, Cu2+ and Mn2+,  while it is  

unaffected by Mg2+ and Ca2- (Morgan, 2000). 

Calcein (quenched by manganese) is added to a 

LAMP reaction (pH 8.8) at the beginning of the 

reaction. During the LAMP reaction large amounts of 

pyrophosphate, which has a higher affinity for Mn2+ 

than the Calcein molecules, are released and the 

Calcein, no longer quenched by the Mn2+, fluoresces 

(figure 8).  This fluorescence is further enhanced by 

its binding to the free Mg2+ ions (Tomita et al., 2008).  Calcein emits its 

fluorescence at a wavelength of 515nm that can be seen when the LAMP 

reaction tube is placed under a UV lamp. Calcein has an advantage over 

other fluorescent dyes such as SYBR green and EtBr in that it can be added 

at the beginning of the test which reduces the risk of contamination which is 

so pervasive with the LAMP method.  

 

Calcein has been used in conjunction with LAMP for the detection of several 

pathogens (Parida et al., 2005; Yoda et al., 2007; Gu et al., 2010; Wastling et 

al., 2010) .  The use of calcein as an indicator has had varying results, with 

some studies showing that LAMPs which include calcein are as sensitive as 

the routine diagnostic RT-PCR (Yoda et al., 2007) while other reports have 

suggested that the addition of calcein lowers the sensitivity of the test and that 

other indicators are better suited for use with LAMP (Wastling et al., 2010). 

Wastling et al. (2010) also found that the fluorescence levels varied and that it 

was difficult to distinguish between some positive and negative samples. It is 

important that results be unequivocal when developing a diagnostic test which 

is going to be used outside of diagnostic labs where there are no other 

available methods of confirming results.  

Figure 8: Visualisation of 
LAMP products using 
Calcein, Left: negative, 
Right: Positive (Modified 
from image at 
http://loopamp.eiken.co.j
p) 
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Hydroxy napthol blue 

First reported by Goto et al., (2009), hydroxy napthol blue (HNB), a metal 

indicator used in measuring of Mg2+ ions, has been used as an indicator in a 

number of LAMPs used to detect bacteria and viruses (Harper et al., 2010; 

Tomlinson et al., 2010; Wastling et al., 2010). The production of magnesium 

pyrophosphate during LAMP results in an overall reduction in the amount of 

Mg2+ in solution. HNB can be used as a colourimetric indicator of this 

reduction as in the presence of high concentration of Mg2+ HNB is violet in 

colour and as Mg2+ concentration decreases HNB changes to sky blue (Goto 

et al., 2009) (figure 9). This colour change which occurs during a LAMP 

reaction, is easily discernible and it has been found to be easier to identify 

than other indicator methods (Goto et al., 2009; Wastling et al., 2010)  HNB is 

added to a LAMP reaction at the 

beginning of the reaction and 

therefore is aids in the prevention 

of contamination of LAMP 

reactions as the tubes do not 

need to be opened post 

amplification. 

 

LAMP is a highly sensitive, highly specific technique but some of the 

indicators have been shown to either inhibit amplification of target at low 

concentrations, or do not display a positive reaction where gel electrophoresis 

shows that amplification has occurred (Wastling et al., 2010). The use of HNB 

has shown mixed results with some experiments suggesting that HNB is not 

suitable for use where the target is at a low concentration (Harper et al., 2010) 

while others suggest that HNB is as sensitive as gel electrophoresis 

(Tomlinson et al., 2010). Tomlinson et al., (2010) also showed that in 

ambiguous cases the colour distinction can be increased by freezing the tube, 

and hence it is an ideal candidate as an indicator where only minimal lab 

equipment (i.e. in a field test situation) is available.  

Figure 9: Visualisation of LAMP products using 
Hydroxy napthol blue. Tube 1- 6: Positive 
reaction, Tube 7-8: Negative reaction. (Modified 
from Goto et al. (2009)) 
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1.4.4.4 Optimised conditions for LAMP 

LAMP specificity and efficiency is dependent on primer design. In order for 

LAMP to function most efficiently the Tm (melting temperature) of the Inner 

Primers should be higher than that of the Outer primers and should fall within 

the 60-65°C range (within the optimum range for Bst DNA polymerase) 

(Notomi et al., 2000). Further, the Tm of the F1c and B1c sequence should be 

slightly higher than F2 and B2 to ensure that the stem-loop structure forms 

immediately (Notomi et al., 2000). Primer concentrations also affect the 

efficiency of LAMP and the ratio of Outer: Inner primer should be kept at a 1:4 

– 1:10 (Notomi et al., 2000).   

 

Due to the strand displacing synthesis employed by LAMP, the size of DNA 

target will affect the efficiency rate of LAMP (Notomi et al., 2000). LAMP target 

size can range between 130 and 500bps however for the most efficient 

amplification targets should be between 130 and 300 bps (Nie, 2005; Notomi 

et al., 2000).  

 

Chemicals which destabilize the DNA helix have been found to improve the 

amplification efficiency in LAMP as well as increase specificity (Notomi et al., 

2000). Both betaine (N,N,N-trimethylglycine), an iso-stabilising agent which 

reduces the effect of high GC content in the target sequence (Frackman et al., 

1998) and L-proline, which reduces based stacking (Notomi et al., 2000) have 

been shown to increase LAMP efficiency  however the effect of Betaine on 

efficiency is greater than L-proline (Notomi et al., 2000). 

 

Magnesium ion (Mg2+) concentration plays a role in functioning and efficiency 

of LAMP reactions (Nie 2005; Gunimaladevi et al., 2005; Teng et al., 2007;  

Liu et al., 2010). Nie et al. (2005) studied the effects of Mg2+ on a RT-LAMP 

for Potato Y virus and found that if Mg2+ concentration is less than 4mM, 

LAMP will fail to amplify the target, this result has been confirmed in other 

studies which found that there is a minimum concentration below which LAMP 

will not occur (Nie 2005; Gunimaladevi et al., 2005; Teng et al., 2007;  Liu et 

al., 2010) however this varies depending on the specific primers. Further, Nie 

et al., (2005) found that Mg2+ can also adversely LAMP were concentrations 
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become too high (Liu et al., 2010). Mg2+ concentration is known to affect 

primer annealing and enzyme activity and as LAMP is so highly dependent on 

primer design and annealing temperatures, optimisation of Mg2+ concentration 

is very important to when designing a efficient, specific diagnostic test.  

 

LAMP reactions should also be optimised for temperature as the incubation 

temperature will affect the efficiency of the DNA polymerase. Bst DNA 

polymerase can amplify products between 50ºC and 65ºC however has been 

shown to work most efficiently between the 60-65ºC (Liu et al., 2010; Mori et 

al., 2001).  

 

The incubation time for LAMP have been shown to vary; with some groups 

showing results in less than 30 minutes (Nagamine et al., 2002) while others 

only observed a reaction after 45 minutes- 1 hour (Soliman and El-Matbouli, 

2006). Reaction time can be significantly decreased with the use of Loop -

primers, however these primers add to the cost of the over-all reaction and 

are not necessary as LAMP reaction times is still very short. Gunimaladevi et 

al.,( 2005) showed that while product can be observed after 45 minutes, 60 

minutes produced significantly more product which is more easily monitored 

using visual detection systems such as turbidity.  

 

While the effects of deoxynucleotide (dNTP) concentration have been studied 

in PCR, little study has been done on the effect of differing concentration of 

dNTPs in LAMP reactions. Notomi et al (2000) used a concentration of 1.4 

mM dNTPs and most LAMP reactions follow this guide. Nie (2005) studied the 

effect of varying concentrations of dNTP on a LAMP for detection Potato virus 

Y and found that at a concentration of 0.2 mM for each individual dNTP, 

visible ladder-like DNA fragments were seen could be seen on 2% agarose 

gel and that the amount of product increased until 0.4 mM after which no 

further increases were seen until 0.6mM where the efficiency of the LAMP 

began to decrease.  
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1.4.4.5 Sensitivity and Specificity of LAMP 

The specificity of LAMP can be directly attributed to the fact that LAMP uses 

either 4 or six primers (depending on whether loop primers are also used) 

which bind to either 6 or 8 specific regions on the target (Mori & Notomi 2009). 

All primers are needed to bind for amplification. In general, because it is not 

possible to determine that LAMP products are correct using gel 

electrophoresis, it is assumed that because LAMP requires all primers to bind, 

amplicon produced are the correct product. However, most groups use 

restriction enzyme digestion to confirm LAMP has amplified the correct 

product (Enosawa et al., 2003; Saitou et al., 2010). Further, the product of the 

restriction digest can be sequenced which confirm the results based on size, 

or alternatively the product can be sequenced (Boldbaatar et al., 2009; Saitou 

et al., 2010).   

 

Alternatively, LAMP products can be analysed using melting- curve analysis 

(Uemura et al., 2008). LAMP products can be characterised by melting curve 

analysis because double-stranded DNA have a specific melting temperature 

(defined as temperature at which 50% of DNA will become single-stranded).  

which is determined using both base sequence and GC content. Primer-

dimers and non-specific products will be observed as different peaks with to 

LAMP products.  

 

The sensitivity of LAMP is dependent on primer design and optimisation. 

However, in general it has been shown that LAMP is at least as sensitive as 

PCR (with detection limits of between 0.01-10 pfu of virus) (Parida et al., 

2008).  

1.4.4.6 Detection of Plant Pathogens using LAMP 

LAMP is a highly robust technique and has been used in the detection of a 

number of plant pathogens included viruses and bacteria (Nie, 2005; 

Tomlinson et al., 2010). It has been shown to be a highly efficient method of 

detection, comparable with that of RT-PCR and more sensitive and more 

efficient than ELISA (Nie, 2005; Liu et al., 2010).   
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Nie (2005) developed a RT-LAMP for the detection of Potato Virus Y and 

showed that it was more robust than the standard ELISA and had results 

comparable to that of RT-PCR. However the RT-LAMP did not detect all 

tubers known to be infected. This was attributed to the fact that Potato Y virus 

is known to be found in low titres in the tuber and therefore can be difficult to 

detect. The authors stressed the importance of the sampling method. GLRaV-

3 is also found in low titres and it is important that this is taken into 

consideration when developing a RT-LAMP for its detection.  

1.5 Crude extraction of Nucleic acid 

At the moment, diagnostics for grape vines are carried out in very basic field 

laboratories. These laboratories have electricity, water baths or incubators 

and fridges to maintain samples, however have very little in the way of 

specialised equipment. In order for a LAMP to be useful in such a basic 

setting where the majority of the staff have little training in diagnostics, it is 

important that the LAMP testing protocol is simple. This includes the 

extraction of nucleic acid, which needs to be simple and efficient but still 

produce good quality nucleic acid. LAMP has been shown to be less sensitive 

to biological inhibitors than PCR and therefore crude DNA extraction methods 

can more readily be used with this system, making it more time efficient and 

lowering the cost of the system (Kaneko and Kawana, 2007).  

 

In existing LAMP tests, several methods of crude nucleic acid extraction have 

been used including; the Cetyl trimethylammonium bromide (CTAB) method 

and with lateral flow devices, where samples are ground with simple 

extraction buffers and a small piece of this membrane is simply added to the 

LAMP reaction (Tomlinson et al., 2010). These simple methods of extraction 

increase the amount of samples which can be process in a day and increase 

the efficiency with which large batch samples can be processed at a relatively 

low cost. In order for GLRaV-3 RT-LAMP to be cost effective and for it to be 

able to compete with ELISA, it is essential that the sample preparation be as 

simple as ELISA. With crude RNA extraction, this may be possible. 
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1.6 Advantages of LAMP 

LAMP is a highly specific, highly sensitive technique which, because of its 

isothermal nature, does not require any sophisticated equipment. It has a very 

low detection limit which makes its sensitivity comparable to PCR (Notomi et 

al., 2000) and (in some cases) qPCR (Francois et al., 2011). This sensitivity is 

less effected by the presence of non-target DNA than other techniques with 

the same sensitivity (Notomi et al., 2000) . Visualisation of results can be done 

in real time through a number of means including; turbidity, intercalating dyes 

and colourimetric indicators which mean that results are quickly available and 

easy to interpret. Through the addition of loop primers the time to a positive 

result can be lower and the specificity of LAMP can be increased (Nagamine 

et al., 2002). LAMP has been shown to be more robust than other diagnostic 

technique in circumstances where samples are crudely extracted or where 

inhibitory substances are present, which makes the test ideal for field testing 

where quick, simple processing of samples would be preferred (Francois et 

al., 2011). LAMP is versatile and can be used for the detection DNA and with 

the addition of reverse transcriptase can detect RNA in a single tube reaction.  

1.7 Disadvantages of LAMP 

LAMP has a number of disadvantages associated with it. The first 

disadvantage associated with LAMP primers. Firstly LAMP primer design can 

be complicated (despite the availability of software designed specifically for 

the design LAMP primers). This is due to the number of primers which are 

required in conjunction with link between efficiency and product size. 

Depending on the target sequence and the amount of sequence information 

which is available, it can be challenging to find six conserved sequences in a 

small area (Parida et al., 2008). Secondly, the amount of primers need for 

LAMP can increase the cost of test per sample.  

 

A second disadvantage ironically lies in the strong points of the technique viz. 

that LAMP is a highly specific, highly sensitive technique which produces a 

large amount product in a very short amount of time. The high sensitivity of 

LAMP in conjunction with the production of high amounts of product, leads to 

a high risk of cross sample contamination. Many authors suggested that 
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LAMP tubes should never be opened once the reaction has been initiated. 

This can create problems, especially in a situation where further work has to 

be done of the products, where a negative result has to be confirmed (for 

example where no turbidity is observed) or where positive results are being 

confirmed using agarose gel electrophoresis.  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



41 

 

CHAPTER 2: Rapid Detection of Grapevine 
Leafroll-associated virus Type 3 using a reverse 
transcription loop-mediated amplification (RT-

LAMP) method.  
 
(This chapter has been submitted and accepted as a manuscript for 

publication to the Journal of Virological Methods, and has been formatted in 

accordance with that Journal’s specifications) 

2.1 Introduction 

Grapevine leafroll disease (GLD) is the most important disease of grapevines, 

occurring in every grape-growing country (Martelli, 1993). GLD affects 

grapevines adversely, where it delays the maturation of the berries, decreases 

the accumulation of sugars and affects the overall yield and quality of the fruit 

(Over de Linden and Chamberlain, 1970). This negatively impacts on the wine 

industry, where it affects the quality and colour of the wines, and the table 

grapes industry, where yields are affected (Golino et al., 2002).  

 

Globally, five serologically distinct, phloem limited viruses designated 

Grapevine Leafroll-associated viruses (GLRaV) 1-4 and 7, are associated with 

GLD (Fuchs et al., 2009a; Martelli et al., 2012, 2002) and of these, GLRaV-3 

is the most common (Cabaleiro et al., 2007). GLRaV- 3 is part of the 

Closteroviridae family, where it is type species for the Ampelovirus (Martelli et 

al., 2002). Studies of the genetic diversity of GLRaV-3 has shown that  

GLRaV-3 can be separated into five phylogenetic groups(Turturo et al., 2005; 

Jooste et al., 2010; Gouveia et al., 2011; ). These groups do not seem to be 

geographically isolated and Group 1 isolates seem to be the most prevalent 

(Turturo et al., 2005).  Initially it was thought that GLRaV-3 was only spread 

through the use of infected plant propagation material; however it is now 

known that several species of mealybugs and scale insects act as semi-

persistent vectors for the virus with varying efficiencies (Cabaleiro and 

Segura, 1997a; Fuchs et al., 2009a; Golino et al., 2002; Walton, 2004). 
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GLD is the most important disease of grapevines in South Africa and, as it is 

the most prevalent virus associated with the disease, GLRaV-3  is considered 

the most important virus associated with GLD (Pietersen, 2004). A study of 

the variation of GLRaV-3 isolates in South Africa showed that three genetic 

variants of GLRaV-3; Group 1, 2 and 3; are present in South African 

Vineyards (Jooste et al., 2011). Several insects are known to vector the virus 

in South Africa, however the mealybug Planococcus ficus is considered the 

most important (Douglas and Krüger, 2008).  

 

GLD occurs in all grape varieties, however symptom expression can vary 

greatly (Over de Linden and Chamberlain, 1970). In red wine cultivars, 

symptoms are usually expressed as interveinal reddening and down rolling of 

the leaves and are most distinct in autumn. However white wine cultivars tend 

to be asymptomatic (with the exception of a few varieties). GLD is usually also 

symptomless in most American wild Vitis sp. used as rootstocks and their 

hybrids (Krake et al., 1999). This variation in symptoms complicates control of 

the disease as asymptomatic infected individuals can only be detected using 

either serological (e.g. ELISA) or molecular (e.g. PCR) methods before they 

can be removed.   

 

In 2002, a study was conducted at a commercial wine farm to prove that GLD 

could be controlled using an integrated control strategy (Pietersen et al., 

2013). The strategy involved the planting of certified material, control of the 

vector through the use of systemic insecticide and the removal of infected vine 

material by rogueing (Pietersen and Walsh, 2012; Pietersen et al., 2013). This 

has been shown to be highly effective for the control of GLD in red cultivars, 

where symptomatic plants are identified on a vine- for- vine basis at the 

beginning of autumn each year  (Pietersen and Walsh, 2012; Pietersen et al., 

2013). However in white cultivars control is more problematic, due to the lack 

of symptom expression in the majority of varieties.  

 

Currently each season infected white cultivars are identified using Enzyme-

linked immunosorbent assay (ELISA) (Ling et al., 2000) before rogueing 

(Pietersen et al., 2013; Pietersen and Walsh, 2012). ELISA tests are (usually) 
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performed by cell technicians on the wine farms which have basic facilities 

such as water baths and fridges but do not have specialised equipment (e.g 

thermocyclers) which makes diagnostic test such as RT-PCR unfeasible. 

ELISA  is simple and inexpensive (as it requires very little equipment) and can 

be used for a large number of samples. However, it is less sensitive than 

molecular techniques (Arora et al., 2006) and is time consuming. Reverse 

transcriptase polymerase chain reaction (RT-PCR) is sensitive and is less 

time intensive than ELISA but requires specialised equipment and is more 

complex than ELISA, usually being performed by trained technicians. The 

ideal detection technique needs to simple, rapid and specific and would ideally 

give results in real-time but would not require specialised equipment.  

 

 Loop-mediated Amplification of Nucleic acid (LAMP), a rapid, specific simple 

means of amplifying nucleic acid, has emerged as a powerful diagnostic 

technique. (Parida et al., 2008). LAMP relies on the a strand displacing DNA 

polymerase in conjunction with 4 primers (which target 6 specific areas on the 

target) to amplify target nucleic acid under isothermal conditions within a short 

period of time (Notomi et al., 2000).  

 

LAMP can be monitored in a number of ways; LAMP amplicons can be 

viewed using gel electrophoresis; through visual inspection by inspecting 

turbidity (Mori et al., 2001), colourimetric indicators (Goto et al., 2009; 

Iwamoto et al., 2003) or intercalating dyes (Maeda et al., 2005).   

 

LAMP has shown to be a highly versatile diagnostic technique and has been 

used in the detection of a wide variety of pathogens (Parida et al., 2008). 

There are a number of advantages associated with LAMP; it is isothermal so 

does not require specialised thermocycling equipment and tests can be 

heated in a simple heating block or a water bath. The system is highly efficient 

with no time lost for cycling between temperatures. Secondly because it 

requires at least 4 primers, it is highly specific. LAMP has also been shown to 

be more robust than other molecular based techniques and is less affected by 

biological substances which have been shown to be inhibitory in other 

techniques (Francois et al., 2011) 
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This paper reports on the development of a rapid detection technique for 

GLRaV-3 through the combination of a crude nucleic acid extraction protocol 

with RT-LAMP and colourimetric assay. This technique has been shown to be 

rapid, efficient and can reduce the time needed to test a sample from two 

days by ELISA to two hours with sensitivity comparable to that of nested RT-

PCR. This technique may provide an alternative to ELISA and contribute the 

control of GLD in white cultivars.  

2.2 Materials and Methods 

2.2.1 Plant Material and Nucleic Acid  

Petioles were collected from grapevines infected with GLRaV-3 kept in the 

glasshouses at the University of Pretoria Experimental Farm, Pretoria (01-

2839, 01-0257, 01-2639); as well as from the glasshouses at the Agricultural 

Research Centre (ARC) Plant Protection Research Institute (PPRI), 

Roodeplaat (623, 621, PL-20, GH 30, 74/2/56, 37/71/84, 74/02/02, 93/0904/ 

74/7/56, 92/1027/ 74/2/56). Bark scrapings infected with GLRaV-3 were 

obtained from dormant material from PPRI (623, 621, PL-20). GLRaV-3 strain 

PL-20 plasmids (pGEM plasmid, Promega) containing the target area 

(nucleotide positions 5876-8286 on PL-20 genome GQ352633)  for the LAMP 

primers (designated F1, F8 and F9 ) were obtained from Elize Jooste at the 

PPRI (Jooste et al., 2010), and were used to assess the LAMP reaction, 

separately from the reverse transcriptase step.  

2.2.2 LAMP Primer Design 

Primers for LAMP on GLRaV-3 were designed using the 6 available GLRaV-3 

whole genomes; GP18 (EU259806) (Maree et al., 2008), 621 , 623, PL-20 

(GQ352631, GQ352632 and GQ352633) (Jooste et al., 2010), Cl- 766 

(EU344893) (Engel et al., 2008) and NY-1 (AF037268) (Ling et al. 1998). The 

genomes were aligned ClustalW in Bioedit (Version 7.0.8, Ibis Bioscience, 

Carlsbad) and areas with high similarity (> 90%) were used as targets. The 

gene region for RdRp (RNA dependent RNA polymerase) was found to have 

the highest similarity and was used to design primers. LAMP primers were 
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then designed using using Primer Explore V4 

(http://primerexplorer.jp/elamp4.0.0/index.html). Possible primers were then 

compared to available GLRaV-3 genomes (as well as GenBank database) 

using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and primers with greatest 

specificity were selected (> 98% homology for all primers) (Table 2) and 

synthesised by IDT (Iowa, USA) 

 

Table 2: Primer sequences for a reverse transcriptase loop-mediated amplification (RT-

LAMP) of Grapevine leafroll -associated virus type 3 (GLRaV-3) 

* Genome position according to GLRaV-3 strain 621 complete genome 

sequence (GenBank accession number GQ352631) 

2.2.3 RT-LAMP 

The final LAMP reaction mixture (25ul total volume in a 0.2ml tube) was made 

up as follows; 1.6µM FIP and BIP, 0.2µM F3 and B3, 8U Bst (Lucigen, 

Middleton, WI) and 1x Bst Buffer B (20mM Tris-HCl (pH 8.8), 10mM 

(NH4)2SO4, 10mM KCl, 2mM MgSO4 and 0.1% Triton X-100) (Lucigen), 1M 

Betaine (Sigma- Aldrich, St Louis, MO, USA), 1.4mM dNTPs (Promega, 

Madison, WI USA), 7mM MgCl2 (Fermentas, Vilnuis, Lithuania), 120µM 

Hydroxy naphthol blue (HNB) (Acros Organics, Geel, Belgium), 10U AMV 

                                                 
 

Primer 

Name 

Type Position* Sequence (5’-3’) 

F3 Forward Outer 

Primer 

7728 - 7747 GAAGTGTAACCTCGTCACGT 

B3 Backward Outer 

Primer 

7941-7958 GCCCGCTTGAGAGACTTG 

FIP Forward Inner 

Primer 

(F1c – TTTT- F2) 

F1c: 7793 - 7813  

F2: 7752 - 7771 

CATGCGCCACAGAGTCGTCACTTTT- 

AAATGGGAATTTCAACGCCG  

BIP Backward Inner 

Primer 

(B1c- TTTT-B2) 

B1c: 7851 – 7871 

B2: 7909- 7928 

GCTCGTTTAGCAGAGGTGACGGTTTT- 

GCCCTTTTGTCCAACCAATC 
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reverse transcriptase (Roche, Palo Alto, CA USA) and 2µl of RNA. The 

mixture was then incubated at 60°C using a heating block (Eppendorf 

Thermostat Plus 3130, Hamburg, Germany) for 1 hour followed by heating to 

80°C for 10 minutes to terminate the reaction. Results were analysed by a 

visual comparison of the colour change of samples to a either a healthy 

control or a negative (water) control. In order to prevent contamination LAMP 

mixtures were prepared in a separate laboratory from sample processing and 

post- LAMP visualisation. 

2.2.4 Optimisation of LAMP 

The LAMP reactions were optimized by assessing different incubation 

temperatures as well as the concentration and ratio of inner: outer primers 

and Mg2+ (4mM- 10mM). The temperature optimisation (using the optimum 

primer concentration) was carried out 60, 61, 62, 63, 64 and 65˚C for 1 hour 

and results were analysed using turbidity and confirmed using 2% agarose gel 

electrophoresis. All the optimisation reactions included negative controls; 

where no DNA template was present (water control) and the pGEM plasmid 

without the target region insert.   

2.2.5 Visualisation of LAMP products  

Products of LAMP were visualised using three different methods: 1) agarose 

gel electrophoresis where 5µl of sample was loaded per well of a 2% Agarose 

gel pre-stained with ethidium bromide at 5ug/ml and electrophoresed for 35 

min at 100V in 1 x TAE buffer (40mM Tris-acetate, 1mM EDTA, pH 8.2 ). 

Results were viewed using a UV-transilluminator (310nm) , A wide-

range molecular weight DNA marker (100-bp ladder) (Inqaba Biotechnological 

Industries, South Africa) was used on each gel as the standard; 2) Turbidity; 

where the turbidity of positive samples were visually compared with two 

negative controls which contained either no template or pGEM plasmid 

without the target region. These LAMP reactions were also centrifuged for 5 

minutes at 10 000g (Eppendorf 5804 centrifuge, Hamburg Germany) and 

each tube examined for a white pellet; and 3) the addition of HNB, prepared 

according to Goto et al. (2009), with the results visually analysed through 
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comparison of the samples to the negative control. HNB results were initially 

confirmed using 2% agarose gel electrophoresis. 

2.2.6 Crude RNA extraction  

Several methods were evaluated to select a reliable procedure to prepare 

crude RNA. For each method petioles were selected from a sample with a 

high viral titre (01-0257), a sample with a low viral titre (01- 2639), and a 

healthy negative control (01-2839) were included.  

 

The optimal method assessed was; extraction 0.2g of sample homogenized in 

5ml of extraction buffer (PBS, pH 7.2, supplemented with 2% (w/v) 

polyvinylpyrrolidone (PVP-10) and 0.2% (w/v) sodium diethyl dithiocarbamate) 

(Bertolini et al., 2001) in filter separated plastic bags (Bioreba, Reinach 

Switzerland), using a Homex 6 homogenizer (Bioreba), 30µl of this sample 

was added to nitrocellulose membrane (Sigma-Aldrich) which was dried for 

between 30 minutes. A 3mm2 disc was punched out using paper punch 

(Roche, Germany) which was added to 100µl of GES buffer (Osman and 

Rowhani 2006) and incubated at 95°C for 10 minutes. 2µl of extract was 

added to RT-LAMP. This method gave the most reliable results and was used 

in all further testing.  

 

Other  methods tested included ; 1) the print capture procedure according to 

La Notte (1997), and several methods of RNA extraction including; 2) a simple 

extraction in an alkaline buffer (50mM NaOH, 2.5mM EDTA) (Turturo et al., 

1998) according to Singh et al. (2006); 3) viral immobilization on nylon 

membrane using extraction buffer (Osman and Rowhani, 2006); 4) use of 

petioles used instead of midrib tissue in a modification of the method of Habili 

et al. (1997) ; 5) extraction of 0.5g of sample, ground in extraction buffer 

(50mM EDTA, 100mM Tris-HCl, 500mM NaCl and 10 mM β-mercaptoethanol) 

(Al-Musa et al., 2008); 6) maceration of 0.5g of sample in GES buffer (Osman 

and Rowhani 2006);and 7) grinding of 1g of sample in grapevine ELISA 

extraction buffer (0.1M Tris-HCl pH 7.6, 0.01M MgSO4, 4% 
polyvinylpolypyrrolidone (PvPP  (insoluble), 0.2% ß-Mercapto-ethanol (ME), 

2% Triton – X100) (Ling et al., 2001) after which it was centrifuged 
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(Eppendorf) for 5 minutes at 10 000g and 1µl of sample was added directly to 

the RT-LAMP.  

2.2.7 Pooling of Samples 

LAMP samples were pooled by processing individual samples according to 

the optimal method above and pooling 10µl of each GES extract. Alternative 

methods tested included; pooling petioles by combining 6 petioles from each 

sample and adding 0.2g of combined petioles to Extraction buffer and; pooling  

extracted plant saps (100ul of plant in extraction buffer) before adding to 30ul 

of combined saps to nitrocelluose membrane. Pooling of GES extracts had 

greatest consistency (results not shown) and was used for all further testing.  

In order to pool the samples being tested in parallel with ELISA, these were 

processed according to ELISA protocol and 100ul of each sample was pooled 

together for use in LAMP.  

2.2.8 Nested PCR 

Nested PCR was carried out according to Ling et al. (2001) on   

petioles collected and macerated in liquid nitrogen, after which 0.1g of each 

sample was suspended in grapevine ELISA extraction buffer (Ling et al., 

2001). 

 

 A PCR reaction mixture (to a total volume of 50ul in 0.2ml tubes)  (2% Triton 

X-100, 1x NH4 Biotaq buffer (Bioline, London England), 3.5mM dNTP 

(promega), 1µM each of primer 93-110 and 92-98 (IDT) (Ling et al., 2001) 

10mM dithiothreitol (DTT) (Sigma-Aldrich), 1.5mM MgCl2 (Fermentas), 18U 

Protector RNase inhibitor (Roche), 8U Avian myeloblastis virus (AMV)  

reverse transcriptase (Roche) and 0.5U Biotaq DNA polymerase (Bioline)) 

and 0.5µl of crude RNA extract was made up. A healthy plant control (Black 

spanish) and a water (no template control) were included for all PCR tests. 

The reaction temperature profile was of reverse transcription at 37ºC for 

45min; denaturation  at 94ºC for 2min; 35 cycles of  94ºC for 60sec, 50ºC for 1 

min, 72ºC for 2min, and a final elongation step of  72ºC for 10min using a 

Biorad ( Hercules, California) T100™ thermocycler. 
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The product of the first round RT- PCR (0.5µl) was added to 50 µl of PCR 

reaction mixture (1 x Biotaq NH4 buffer (Bioline); 175µM dNTP ((Promega), 

1µM primer 93-23, 1µM primer 93-40 (IDT), 1.5mM MgCl2 (Fermentas, Vilnuis, 

Lithuania) and 0.5U Biotaq (Bioline)). The cycling profile was denaturation at 

94ºC for 2min; 30 cycles of 94ºC for 1 min, 50ºC for 1 min, 72ºC for 2min and 

a final elongation of 72ºC for 10min. Products of the reaction were analysed 

by electrophoresis as above. 

2.2.9 ELISA 

Six petioles were collected from each vine and extracted at a 1/10 (weight / 

volume) ratio in ELISA extraction buffer (0.1M Tris/HCl, pH 7.6 buffer with 

0.01M MgSO4, 4% PVPP, and 2% Triton X-100) in filter separated plastic 

bags (Bioreba), using a Homex 6 homogenizer (Bioreba AG, Switzerland). A 

triple antibody sandwich (TAS) ELISA, capable of detecting Grapevine leafroll-

associated virus1 (GLRaV-1), -2 (GLRaV-2) and GLRaV-3 separately or 

simultaneously (Goszczynski et al., 1997, 1996; Goszczyński et al., 1995) was 

then used to detect GLRaV-3. A Healthy Control (Black Spanish) and a buffer 

control were included as negative controls and a known positive extract (623) 

was included as a positive control. Virus specific antibodies, developed using 

electrophoretically-separated coat proteins of the respective viruses 

(Goszczynski et al. 1996, 1997, 1998) were used. Commercial goat-anti-rabbit 

antibodies conjugated with alkaline phosphatase (Sigma-Aldrich, St. Louis, 

MO, USA) was used for sero-reaction detection. Positive results were 

detected as those individuals that yielded an absorbance value (405nm) of 

0.122. In the case of sensitivity testing of ELISA, vines were pooled into 

groups of 10, 20, 30 and 50 respectively. The average absorbance of healthy 

control plants plus three standard deviations was used as a positive/negative 

threshold for ELISA. 
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2.3 Results 

2.3.1 LAMP 

In the initial tests using GLRaV-3 specific primers. LAMP was tested against 

plasmids containing GLRaV-3 inserts of the target area (F2, F8 and F9) as 

well as a plasmid without the target region and a negative control where water 

was added in place of template. The LAMP products were analysed using 2% 

agarose gel electrophoresis. LAMP amplified the target in all three plasmids, 

with typical ladder-like pattern displayed for all positive samples (Figure 10) 

while no amplification was observed in either of the negative controls. The 

ladder-like pattern is due to the formation of stem-loop concantenate products  

(of varying sizes) produced by LAMP.  

 

 

 

 

2.3.2 Optimisation of LAMP 

Plasmid F2, F8 and F9 were used for the optimisation of the LAMP system. 

The relative detection limit for LAMP (under the conditions of Notomi et al, 

2000) was determined using dilutions of  plasmids F2, F8 and F9 at 1:200, 

1:500, 1:1000, 1:2000, 1:5000 and 1:10 000. Each dilution was tested in 

triplicate and positive controls were included of each clone at a dilution of 

Figure 10: Loop-mediated amplification (LAMP) on 3 plasmids (F2, F8 and F9) 

containing  Grapevine leafroll -associated virus type 3 specific sequence plasmids. 

Lane 1: Molecular marker (100bp ladder); Lane 2-3: Plasmid F2; Lane 4-5: Plasmid 

F8; Lane 6-7: Plasmid F9; Lane 8: Negative control: Plasmid only; Lane 9: Negative 

control: Water. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



51 

 

1:100. Negative controls, where template was substituted for water or non-

transformed plasmid, were also used. The relative detection limit of LAMP 

was established at 1:2000 after which LAMP was optimised for use with 

GLRaV-3 specific primers.  

 

The concentration and the ratio of inner: outer primers was optimised by 

varying the concentration of outer primer (0.1µM- 0.5µM) and the ratio of 

outer: inner primer to 1:4, 1:6, 1:8, and 1:10. At each variation, LAMP was run 

against clones F2, F8 and F9 diluted at 1:2000, 1:5000 and 1: 10 000 and 

results were analysed using turbidity and confirmed using agarose gel 

electrophoresis. Results of the manipulation showed that where the 

concentration of outer primers is at 0.2µM or above and the ratio of inner: 

outer primer is 1:8 or higher, the sensitivity of LAMP sensitivity increased to 

detect plasmid diluted to 1:5000. 

 

In order to determine of the optimal temperature, LAMP reactions were 

incubated at 60, 61, 62, 63, 64 and 65°C (range selected because of primer 

constraints) for 60 min and efficiency was monitored by determining the 

percentage increase in DNA concentration (ng/µl) from before and after 

amplification  in 1 hour using a Nanodrop as a increase in the amount of 

product will lead to an increase in the amount of magnesium pyrophosphate 

produced. Results of the temperature optimisation showed that LAMP 

performs at similar levels between 60- 62 and performs optimally at 63°C 

(Table 3). However as AMV has a maximum temperature 60°C, and the 

difference between performance between 60 and 63°C is not that different, 

LAMP reactions were routinely incubated at 60°C. 

 

Mg2+ concentration was varied between 4mM and 10mM. While a positive 

control of 6mM was included. Results were analysed using turbidity and 

confirmed using gel electrophoresis. The results showed that a minimum Mg2+ 

concentration of 5mM is required for LAMP reaction to take place and that 

LAMP performs optimally at Mg2+ concentration of 7mM.  At 9mM and above 

amplification either decreased (9mM) or no amplification was observed 

(10mM). 
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Table 3: Optimisation of incubation temperature of a Reverse transcriptase loop-

mediated amplification (RT-LAMP) for detection of Grapevine leafroll-associated virus 

type 3  

Temperature DNA concentration 

Before amplification 

(ng/ul) 

DNA concentration after 

amplification(ng/ul) 

Average 

Percentage 

increase  

60 153.67 2769.3 90.57 

61 242.57 3838.76 86.78 

62 241.67 2763.6 88.93 

63 100.7 3176.33 94.19 

64 524.4 3390.6 76.97 

65 119.93 3833.83 93.74 

Average percentage increase = (DNA concentration after amplification/ DNA 
concentration before amplification)/ Total DNA concentration) 

2.3.3 Visualisation of LAMP products 

LAMP product were initially visualised using agarose gel electrophoresis 

(Error! Reference source not found.B ), however this method was laborious 

and contributed to a large amount of contamination. Positive results were then 

judged based on either turbidity (Error! Reference source not found. C) or 

colourimetrically (Error! Reference source not found.A) using HNB. In the 

case of turbidity, tubes became visually turbid and a white precipitate formed 

at the bottom of the reaction tube when the tubes were centrifuged only where 

 amplification occurred. This was confirmed using agarose gel 

electrophoresis.  

 

To test HNB, clones F2, F8 and F9 were amplified in LAMP reaction 

containing HNB (Goto et al., 2009) and tubes were visually monitored for a 

colour change from violet to sky blue. Positive results were seen for all clones, 

with an easily discernible colour change from violet to sky blue. Neither 

negative control (untransformed plasmid and water) displayed any colour 

change, showing that the colour change is specific to positive samples.  HNB 

results were the most easily discernible and HNB was used as indicator in all 

further tests.  
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Figure 11: Comparison of three techniques used to monitor Loop-mediated 

amplification of nucleic acid (LAMP) detection technique. A) visualisation of LAMP 

product using HNB. Tube 1,2: Negative Control HNB reactions (Untransformed 

plasmid, water respectively) (Violet); Tube 3,4: Clone F2 (Positive HNB reaction) (Blue). 

B) visualisation of LAMP product using agarose gel electrophoresis. Lane 1: Ladder 

(100bps); Lane 2, 3: Negative Controls (Untransformed Plasmid, water control 

respectively); Lane 4, 5: Clone F2. C) visualisation of LAMP product using turbidity. 

Tube 5: Negative Control Turbidity reaction (clear); Tube 6: Clone F2 (Positive Turbidity 

reaction); Tube 7: Clone F2 (Positive Turbidity reaction, precipitate). 

2.3.4 RT-LAMP 

RNA was extracted from Bark scrapings of three different GLRaV-3 strains 
infected grapevines (623, 621 and PL-20).  RNA was added to RT-LAMP 
reaction and incubated for 1 hour. Results were judged based on the colour 
change of HNB from violet to sky blue. A positive control (11-3014) and a 
healthy plant control (01- 2839) were included. All samples, known to be 
positive for GLRaV-3 displayed the desired colour change from Violet to Sky 
blue while the negative controls remained Violet ( 

 
 

Figure 12).  
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Figure 12: Visualisation of reverse transcriptase loop- mediated amplification (RT-

LAMP) on three strains of Grapevine leafroll-associated virus type 3 using hydroxy 

napthol blue . Tube 1-2 PL-20; Tube 3-4 621; Tube 5-6 623; Tube 7: Positive Control (01-

3014); Tube 8: Healthy plant (01/2839); Control Tube 9: Negative control (water) 

2.3.5 Crude extraction protocol 

Several crude nucleic acid extraction protocols were evaluated for use with 

GLRaV-3 specific RT-LAMP. In each protocol a sample with a high viral titre 

and low viral titre were tested to ensure the sensitivity of the protocol. No 

amplification was observed when using the print capture method (1) (La Notte, 

1997) or RNA extraction protocols (2), (4), (5). Further, the addition of 

extraction buffers (2) and (4) caused the HNB indicator to change to sky blue 

before incubation without any amplification of nucleic acid occurring. Protocol 

(3) amplified sample 01-2857, however was not able to amplify sample 01-

2639. Using the ELISA extraction buffer (protocol (7)), RT-LAMP detected 

both the strong and the weak positive when RT-LAMP was evaluated using 

turbidity. However, the PVPP in the buffer caused the HNB to precipitate out 

of the reaction and therefore this buffer cannot be used where HNB is used as 

the means of evaluating RT-LAMP reaction. The optimal method was found to 

be where virus was immobilised on nitrocellulose membrane and then 

released using GES buffer was shown to be the most reliable protocol for 

detecting GLRaV-3, with no cross reaction with the HNB. This protocol (1) 

was used in all further testing of the samples.  
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2.3.6 Comparison of the relative sensitivity ELISA, nested PCR 

and LAMP 

In order to ensure that RT-LAMP could detect GLRaV-3 as reliably as ELISA 

and nested PCR, petioles were collected from the same 10 grapevines 

infected with GLRaV-3 and were tested using ELISA, nested PCR and RT-

LAMP.  The samples represented the major phylogenetic groups of GLRaV-3 

present in South Africa; Group 1, 2, 3 (Jooste et al., 2011) as well as Group 6. 

All 10 samples were detected using RT-LAMP, ELISA and nested PCR ( 

Table 4).  

Table 4: Comparison of ELISA, RT-PCR and RT-LAMP for the detection 

of Grapevine leafroll associated virus type 3 in infected grapevines 

 
 ELISA  RT-LAMP Nested PCR  

Sample OD± SD   

623 0.239 0.038 + + 

GH 30 2.403 0.134 + + 

PL-20 1.790 0.080 + + 

74/2/56 1.269 0.122 + + 

37/71/84 1.113 0.044 + + 

74/02/02 2.308 0.187 + + 

621 0.960 0.092 + + 

93/0944 2.155 0.066 + + 

74/7/58 2.496 0.148 + + 

92/1027 0.485 0.043 + + 

Healthy Control 

(Black Spanish) 0.068 0.002 

 

- 

 

- 

± - Average of two repetitions using three ELISA wells per assay; SD: Standard Deviation. A 

sample was considered positive if the OD (405 nm) measured after 1 h substrate incubation, 

was higher than 0.072 (Healthy Control O.D + 3*SD) 

+ - Positive reaction (in both replicates) of two repetitions of RT-LAMP/ nested PCR  

 

Once it had been established that RT-LAMP could be used to detect the same 

diversity of GLRaV-3 as ELISA and nested PCR the sensitivity of the three 

techniques relative to one another of the was compared. Three samples (623, 
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621 and PL-20) were selected and were pooled with healthy samples at 1:1 (1 

infected plant: 1 Healthy Plant), 1:10, 1:20, 1:50, 1:60 and 1:100 ratio. The 

detection limit of each test was the point where the test could no longer detect 

all three samples. The detection limit of ELISA was found to be at a ratio of 

1:30 infected plants (Table 5), the detection limit of nested PCR (Figure 13) 

and RT-LAMP (Figure 14)  was found to be a ratio of 1: 50 infected plants. 

Based on these results, RT-LAMP has a comparably sensitivity to nested 

PCR and both molecular techniques are more sensitive than ELISA.  

Table 5: Relative sensitivity of ELISA for detecting Grapevine leafroll- 

associated virus type 3 (PL-20, 623 and 621) infected vines diluted with healthy 

plant 

Sample 1:10±SD 1:20±SD 1:30±SD 1:50±SD 

PL-20 0.81± 0.03 0.54± 0.04 0.34± 0.04 0.10± 0.1 

623 1.17±0.05 0.86± 0.0.2 0.47± 0.04 0.11± 0.00 

621 0.62± 0.03 0.46± 0.03 0.24± 0.05 0.12± 0.01 

Healthy Control 

(Black Spanish) 

0.078± 0.01    

± - Average of two repetitions using three ELISA wells per assay; SD: Standard deviation. A sample 

was considered positive if the OD (405 nm) measured after 1 h substrate incubation, was higher than 

0.12 (Healthy Control O.D + 3*SD) 

 

Figure 13: The relative sensitivity of nested RT-PCR for detecting Grapevine leafroll 

associated  virus type 3 in infected grapevines . Lane 1, 14, 27, 40: Molecular Marker 

Ladder (100bps); Lane 2-3: PL-20 1:10; Lane 4-5: 623 1:10; Lane 6-7: 621 1:10; Lane 8-9: 

PL-20 1:20; Lane 10-11: 623 1:20; Lane 12-13: 621 1:20; Lane 15-16: PL-20 1:30; Lane 

17-18: 623 1:30; Lane 19-20: 621 1:30; Lane 21-22: PL-20 1:50; Lane 23-24: 623 1:50; 
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Lane 25-26: 621 1:50; Lane 28-29: PL-20 1:60; Lane 30-31: 623 1:60; Lane 32-33: 621 

1:60; Lane 34-35: PL-20 1:100; Lane 36-37: 623 1:100;Lane 38-39: 621 1:100; Lane 41: 

PL-20 (positive control); Lane 42: 623 (positive control); Lane 43: 621 (positive control); 

Lane 44: Healthy Control (Black Spanish); Lane 45: Negative Control (water).  

 

 

Figure 14: : The relatively sensitivity of RT-LAMP for detecting Grapevine leafroll 

associated virus type in infected grapevines. (for easy of interpretation, a copy of the 

Black Spanish negative control has been shown included at the beginning of each 

dilution series and a water negative control at the end) Tube 1: Negative control (Black 

Spanish); Tube 2: PL-20 1:10; Tube 3: PL-20 1:20; Tube 4: PL-20 1:30; Tube 5 PL-20 

1:50; Tube 6 PL-20 1:60; Tube 7: PL-20 1:100; Tube 8: Negative Control (Water); Tube 9: 

Positive Control (PL-20); Tube 10: Negative control (Black Spanish); Tube 11: 623 1:10; 

Tube 12: 623 1:20; Tube 13: 623 1:30; Tube 14: 623 1:50; Tube 15: 623 1:100; Tube 16: 

623 1:100; Tube 17: Negative Control (Water); Tube 18: Positive Control (623); Tube 19: 

Negative control (Black Spanish); Tube 20: 621 1:10; Tube 21: 621 1:20; Tube 22: 621 

1:30; Tube 23: 621 1:50; Tube 24: 1:60; Tube 25: 1:100; Tube 26: Negative Control 

(water);Tube 27: Positive Control (621) *Only one replicate of RT-LAMP is shown 

 

2.4 Discussion 

The GLRaV-3 RT-LAMP developed here uses primers designed to detect a 

conserved region of the GLRaV-3 genome, to detect RNA targets extracted 

from GLRaV-3 infected Grapevine samples in 1 hour using only a heating 

block and HNB, a simple colourimetric indicator, to monitor the reaction. 

Additionally, a simple RNA extraction method was developed which 
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decreases the complexity and cost of template preparation and allows for RT-

LAMP to be performed in even the most basic laboratories.   

 

Detecting GLRaV-3 has several hurdles, firstly GLRaV-3 may have a low viral 

titre and erratically distribution in the plant tissue and as such, diagnostics 

techniques do not always detect the virus satisfactorily due to low sensitivity 

(La Notte, 1997). Several papers have discussed the sensitivity of LAMP and 

advantages associated with using LAMP in situation where low titres of the 

target are present (Parida et al., 2008; Thai et al., 2004). The sensitivity, 

specificity and efficiency of LAMP are affected by primer concentration, the 

ratio of inner: outer primer, Mg2+  concentration and temperature (Nie, 2005; 

Notomi et al., 2000) and as such the optimisation of these reagents is vital for 

the detection of GLRaV-3. Sensitivity in particular was linked to the ratio of 

inner: outer primers with sensitivity increasing 2.5-fold where the ratio of inner: 

outer primer was greater than 8:1. Specificity and efficiency was found be 

highly dependent on Mg2+ concentration. Mg2+ is known to affect primer 

annealing (Nie 2005; Gunimaladevi et al. 2005; Teng et al. 2007;  Liu et al. 

2010) and it is possible that the LAMP conditions make those conditions too 

stringent for primers to anneal to the slight variations in sequence. RT-LAMP 

ideally should be able to detect all strains of the GLRaV-3 and as such it is 

important that the conditions not be too stringent. 

 

The sensitivity of a detection system can be highly dependent on the manner 

in which the target is extracted (Osman et al. 2012). Extraction of GLRaV-3 

RNA from grapevine samples is complicated by the presence of  inhibitory 

substances in the plant which decrease detection sensitivity as well as inhibit 

enzymes used in RT-PCR (Nakaune and Nakano, 2006). RNA extraction 

methods are usually either expensive, time consuming or require equipment 

which makes them unsuitable for use in the context of large scale testing. 

LAMP is a highly robust technique (Francois et al. 2011)  and less likely to be 

affected by compounds present in grapevines. Based on this, several crude 

RNA extraction techniques and extraction buffers were tested for use with 

LAMP, with varying degrees of success. The majority of the systems tested 

yielded no results, while others could only detect the virus in plants where 
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there was a high viral titre. Only one system, which combined viral 

immobilization on a nitrocellulose membrane with viral release using GES 

buffer could reliably detect the virus in all samples tested. This system is 

simple to use and does not require sophisticated equipment which lends it to 

the basic labs found on wine farms. The extraction procedure is simple and 

once the membranes have been dried there is little risk of contamination as 

the nucleic acid is bound to the membrane until released. While basic 

laboratory practices, such as separation of nucleic acid extraction and LAMP 

amplification, are necessary these practices are already followed as part of 

the ELISA procedure in the basic laboratories, which limits the amount of 

training necessary.    

 

Pooling samples allows for a larger number of samples to be tested quickly 

and more cheaply (Muñoz-Zanzi et al., 2000; Wells et al.,2003; 

Maherchandani et al., 2004; Brinkhof et al., 2007) .However one of the 

greatest disadvantages of pooling samples is that it can result in a loss 

sensitivity of the diagnostic tests (Brinkhof et al., 2007). In the case of ELISA, 

the pooling of samples can also result in unacceptably high OD of samples 

which limits the amount of samples which can be tested together (Brinkhof et 

al., 2007). In the case of the ELISA currently used in the detection of GLRaV-

3 in white cultivars (Pietersen and Walsh, 2012), this means that very few 

samples can be pooled together which increases both the cost and time 

needed to test a vineyard. In order for RT-LAMP to be useful in testing of 

grapevines for GLRaV-3 infection, its ability to detect GLRaV-3 should be 

comparable to molecular techniques such as nested PCR and it should be 

able to be used on pooled sample.  

 

In order to compare the relative sensitivity of RT-LAMP, ELISA and nested 

PCR to detect GLRaV-3 in collected GLRaV-3 samples, samples processed 

according to the various methods, were pooled and the end point at which a 

single infected individual could be detected amongst healthy individuals was 

determined. Results showed that nested PCR and RT-LAMP could detect a 

single infected plant amongst 50 healthy plants while ELISA could only detect 

1 amongst 30.  The sensitivity of RT-LAMP compared to ELISA combined with 
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the fact that the system does not require expensive equipment may contribute 

to the expedient screening large amounts of grapevines for GLRaV-3. 

 

LAMP is a sensitive, reliable, robust system (Francois et al., 2011). However, 

in order for the system to be used effectively, there are several aspects of the 

test must be considered which affect the accuracy of the system. Firstly, the 

robustness of the system can be dependent on the indicator used. HNB was 

chosen as the indicator for the GLRaV-3 RT-LAMP as positive reactions are 

easily discernible and HNB has none of the inhibitory effects associated with 

other indicators (Tomlinson et al., 2010). However, several of the buffers 

tested for crude RNA extract protocols interfered with HNB indicator, causing 

false positives or inhibiting the reaction. This affects the overall robustness of 

LAMP and should be considered when using LAMP. Secondly, great care 

must be taken to separate sample preparation and the preparation of LAMP 

reagents as the system is highly prone to contamination and false positive 

reactions are difficult to ascertain.   

 

Despite this, the relative simplicity of the reaction setup and product detection 

combined with its comparative sensitivity give RT-LAMP inherent advantages 

over ELISA and RT-PCR. The sensitivity of RT-LAMP is comparable to nested 

RT-PCR and greater than ELISA. Easy reaction setup and incubation make it 

simpler than nested PCR and the need for only basic equipment (a water bath 

or heating block) means it is a viable option for laboratories which do not have 

access to thermocyclers. 

2.5 Conclusion 

LAMP is a simple diagnostic technique which provides a simple way to detect 

GLRaV-3. With relative sensitivity comparable to nested RT-PCR assay, the 

one-step RT- LAMP HNB analysis exhibits potential for the detection of 

GLRaV-3 in both research and diagnostic labs, and offers a sensitive and 

efficient alternative for diagnosis of the virus that may help contribute to the 

eventual control of GLD, especially in symptomless white cultivars (Pietersen 

and Walsh, 2012).  
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CHAPTER 3: Using a Grapevine leafroll- 
associated virus type 3 (GLRaV-3) specific 

Reverse transcriptase loop-mediated 
amplification (RT-LAMP) to test for the presence 

of GLRaV-3 in grapevine Rootstocks 

3.1 Introduction 
Grapevine leafroll diseases is the most important disease of grapevines in 

South Africa (Pietersen, 2004)  and is known to lower the quality and quantity 

of grapes as well as lowering the over-all vigour of the plants (Over de Linden 

& Chamberlain, 1970). Globally, the disease is associated with several viruses 

within the Closteroviridae family known as Grapevine leafroll associated 

viruses (GLRaV). Due to its wide spread occurrence; GLRaV-3 is considered 

the greatest threat to South African vineyards.  

 

In a study at Vergelegen Wine Farm (Somerset West, South Africa), it was 

shown that GLD can be controlled using an integrated control strategy ( 

Pietersen and Walsh, 2012; Pietersen et al., 2013) . This strategy involves the 

use of certified planting material to establish vineyards, controlling insect 

vectors using systemic insecticide and monitoring and removing infected 

individuals by roguing (Pietersen & Walsh, 2012).  

 

This strategy is reliant on the ability to produce virus free planting material and 

reliably detect infected individuals. Virus free planting material is mainly 

supplied from mother blocks which are screened yearly; however virus free 

plants are still susceptible to virus infection in the field. Infection in rootstocks 

is more difficult to detect than in scion material and rootstocks could therefore 

act as symptomless carriers of GLRaV. 

3.2 Rootstocks 
The practice of grafting grapevines as a means of propagation has been 

around since the second century (Gu, 2003), however it only became 

common after the 1880’s, when it was shown that native American Vitis. 

species (including V. riparia, V. berlandeiri, and V. rupestris) had natural 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



62 

 

resistance to the root louse Phylloxera vitifoliae (Lider et al., 1993). 

Rootstocks have also displayed resistance to several other pests and 

diseases of grapevines (Cousins and Goolsby, 2010; Gao et al., 1993; 

Magoon and Magness, 1937) however no natural resistance to any GLRaV 

has ever been observed (Martelli and Boudon-Padieu, 2006). While no 

complete resistance to GLRaV has ever been observed, studies of the 

prevalence of viruses in vineyards have led to the suggestion that some 

rootstocks are less susceptible to GLRaV-3 (Ioannou et al., 1999) than others 

and that the rootstocks response to infection depends on the rootstock and 

virus type present (Golino et al., 1993; Kasdorf, 2006). These observations, in 

conjunction with the fact that GLRaV is found in very low concentrations in 

rootstock leaves makes detection of GLRaV in rootstock material problematic 

(Beuve et al., 2007), especially where virus free scion material is grafted onto 

an infected, symptomless rootstock. 

3.3 The South African Plant Improvement Scheme 
The South African Plant Improvement Scheme is responsible for the 

production of virus free material. In this system virus free nuclear material, 

which is produced by eliminating viruses using heat therapy or meristem tip 

culturing, is used to establish foundation blocks and mother blocks (Jooste et 

al., 2010). These blocks in turn provide the material used for the 

establishment of virus-free vineyards. Mother blocks are tested for the 

presence of viruses each year and where infection is above 3% the vineyard 

loses its mother block status. 

 

The plant material used in the Scheme is tested using ELISA, immunosorbent 

electron microscopy (ISEM) and PCR which supplement traditional indexing 

(Kasdorf, 2006). This makes it possible to test a large amount of samples 

quickly and, in the case of scion material, reliably.  In the case of rootstocks, 

several studies have shown that GLRaV’s are not readily detected in the field, 

especially where American rootstocks lacking V. vinifera parent are used (Cid 

et al., 2003; Credi and Santucci, 1990; Kasdorf, 2006) .  
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While every care is taken to maintain the virus free status of these vines, they 

are still susceptible to GLD and although they are monitored for signs of 

infection and tested using ELISA and PCR, the lag time between infection and 

the time when viral titres become high enough to be detected by conventional 

detection techniques means that infected plants could still be used in the 

establishment of new vineyards (Pietersen, 2004). Globally, GLRaV-3 spread 

is thought to have been caused mainly by the use of infected planting 

material, with insect vectors contributing to spread in and between vineyards 

the vineyard (Cabaleiro and Segura, 1997b).  

3.4 Detection of GLRaV-3 in rootstocks 
In 2003 a project was launched in order to evaluate the sensitivity of the 

detection methods and the factors which would influence the sensitivity in the 

testing of rootstocks used in the South African grapevine industry. In this 

study 5 of the most important rootstocks in the South African grapevine 

industry were selected and were infected by several viruses including GLRaV- 

1, 2, and 3, Grapevine Virus A (GVA) and Grapevine Fleck virus (GFkV) virus-

free rootstocks by grafting infected scion material onto the rootstocks. The 

rootstocks were then tested at various intervals over a three year period using 

ISEM, ELISA and PCR.  

 

Fourteen months post grafting (mpg) the first positive GLRaV-3 samples were 

detected in the rootstocks using PCR, however subsequently it was found that 

PCR gave inconsistent results over the rest of the trial. At 33 mpg less than 28 

% of samples tested positive for GLRaV-1, -2, 3 or GLRaV-3 alone with 

antigen-based detection methods. This is thought to be due to the low levels 

of virus found in the rootstocks (compared to the original scion material used 

to inoculate the rootstocks) as well as the erratic distribution of virus in the 

plant. Similar tests in other countries using other rootstocks yielded  similar 

results (Credi and Santucci, 1990).  

 

One of the largest hurdles for the testing of rootstocks is that the low viral 

titres and erratic distribution makes reliable detection difficult. Nested RT-PCR 

and real time reverse transcription PCR (qRT-PCR) have higher sensitivity 
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levels than antigen based testing methods and have been suggested as 

alternative methods for the reliable detection of GLRaV-3 (Ling et al., 2001; 

Malan, 2009) however, these methods require specific equipment (such as 

thermocyclers) and reagents (especially in the case of qPCR) and are not 

therefore viable alternative for most small basic field labs with little equipment 

where rootstocks are normally tested.  

 

Here we report on the use of a GLRaV-3 specific RT- LAMP to detect GLRaV-

3 in rootstocks. The RT-LAMP uses minimal equipment (heating block) and 

results can be monitored simply and quickly.  

3.5 Materials and Methods 

3.5.1 Plant Material 

Rootstock material from the original 2006 trial was obtained from Kassie 

Kasdorf at the PPRI, Roodeplaat where it was maintained in grapevine potting 

mixture in insect free glasshouses  The material consisted of replicates of 5 

different rootstocks clones (101-14 Mgt (V. riparia x V. rupestris) (101-140), 

Salt creek/ Ramsey (V. Champini) (SC), Richter 99 (R99), Ruggeri 140 (Rug) 

and Richter 110 (R110) (V. Berlandieri x V. rupestris) which had been infected 

by means of clip- or cleft- grafting of V. vinifera Black Spanish canes which 

contained GLRaV-1, -2, -3, -4, -5 , Grapevine virus A (GVA) and Grapevine 

fleck Virus (GFkV).  

3.5.2 RNA extraction 

Six petioles from each rootstock were ground in liquid nitrogen and RNA was 

extracted from petioles using Total RNA extract kit (Bioline) according to 

manufacturer’s instructions.  

3.5.3 RT-LAMP 

The final LAMP reaction mixture (25ul total volume in a 0.2ml tube) was made 

up as follows; 1.6µM FIP and BIP, 0.2µM F3 and B3, 8U Bst (Lucigen, 

Middleton, WI) and 1x Bst Buffer B (20mM Tris-HCl (pH 8.8), 10mM 

(NH4)2SO4, 10mM KCl, 2mM MgSO4 and 0.1% Triton X-100) (Lucigen), 1M 

Betaine (Sigma- Aldrich, St Louis, MO, USA), 1.4mM dNTPs (Promega, 

Madison, WI USA), 7mM MgCl2 (Fermentas, Vilnuis, Lithuania), 120µM 
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Hydroxy naphthol blue (HNB) (Acros Organics, Geel, Belgium), 10U AMV 

reverse transcriptase (Roche, Palo Alto, CA USA) and 2µl of RNA. The 

mixture was then incubated at 60°C using a heating block (Eppendorf 

Thermostat Plus 3130, Hamburg, Germany) for 1 hour followed by heating to 

80°C for 10 minutes to terminate the reaction. The reaction was monitored by 

the colour change from violet to sky blue using the naked eye.  

3.5.4 Nested PCR 

Nested PCR was carried out according to Ling et al. (2001) on   

petioles collected and macerated in liquid nitrogen, after which 0.1g of each 

sample was suspended in grapevine ELISA extraction buffer (Ling et al., 

2001). 

 

 A PCR reaction mixture (to a total volume of 50ul in 0.2ml tubes)  (2% Triton 

X-100, 1x NH4 Biotaq buffer (Bioline, London England), 3.5mM dNTP 

(promega), 1µM each of primer 93-110 and 92-98 (IDT) (Ling et al., 2001) 

10mM dithiothreitol (DTT) (Sigma-Aldrich), 1.5mM MgCl2 (Fermentas), 18U 

Protector RNase inhibitor (Roche), 8U Avian myeloblastis virus (AMV)  

reverse transcriptase (Roche) and 0.5U Biotaq DNA polymerase (Bioline)) 

and 0.5µl of crude RNA extract was made up. A healthy plant control (Black 

spanish) and a water (no template control) were included for all PCR tests. 

The reaction temperature profile was of reverse transcription at 37ºC for 

45min; denaturation  at 94ºC for 2min; 35 cycles of  94ºC for 60sec, 50ºC for 1 

min, 72ºC for 2min, and a final elongation step of  72ºC for 10min using a 

Biorad ( Hercules, California) T100™ thermocycler. 

 

The product of the first round RT- PCR (0.5µl) was added to 50 µl of PCR 

reaction mixture (1 x Biotaq NH4 buffer (Bioline); 175µM dNTP ((Promega), 

1µM primer 93-23, 1µM primer 93-40 (IDT), 1.5mM MgCl2 (Fermentas, Vilnuis, 

Lithuania) and 0.5U Biotaq (Bioline)). The cycling profile was denaturation at 

94ºC for 2min; 30 cycles of 94ºC for 1 min, 50ºC for 1 min, 72ºC for 2min and 

a final elongation of 72ºC for 10min. Products of the reaction were analysed 

by electrophoresis as above. 
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3.6 Results 
Results of RT-LAMP showed that of the 61 rootstock samples tested, 13 

tested negative while the other samples tested positive (48 samples) ( 

 

Table 6).  

 

Table 6: Results of RT-LAMP to detect Grapevine Leafroll associated virus type 

3 in 5 different infected rootstocks (R99, 101-14, SC, R110, RUG) grafted onto 

Black Spanish scions  

Replicate BS/R99 BS/ 101-14 BS/ SC BS/ R110 BS/RUG Healthy Control 

1 - + + + - - 

2 - + + + +   

3 + + + + -   

4 + - + - +   

5 + + + + +   

6 + - + - +   

7 + + + - +   

8 + + + + +   

9 + - - + N/A   

10 - + + N/A N/A   

11 + + + N/A N/A   

12 + + N/A N/A N/A   

13 + - N/A N/A N/A   

14 + + N/A N/A N/A   

15 + + N/A N/A N/A   

16 + N/A N/A N/A N/A   

17 + N/A N/A N/A N/A   

18 + N/A N/A N/A N/A   

19 + N/A N/A N/A N/A   

Total 

replicates 19 15 11 9 8  1
†
 

* BS- Black spanish 
  N/A- Not appicable 
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  + - Positive 
  - - Negative  

 

To confirm the negative results obtained using RT-LAMP, negative samples 

were then tested using nested PCR to confirm the negative results (Figure 15)  

.None of the samples which tested negative using RT-LAMP were amplified 

using nested PCR. 

 

Further it was noticed that there was a large variation between the numbers of 

positive samples which were detected in different rootstocks (Table 7). Richter 

110 had the least infected individuals, with a 67% of individuals while the Salt 

creek/ Ramsey rootstock had the most infected individuals (91%).  

 

Table 7: Variation in number of positive samples detected in 5 different 

grapevine rootstocks (R110, 101-14, RUG, R99 and SC) by a Grapevine 

leafroll-associated virus type 3 specific RT-LAMP  

Cultivar Total Positive Negative Percentage infection 

R 110 9 6 3 67 

101-14 14 10 4 71 

RUG 8 6 2 75 

R 99 19 16 3 84 

SC 11 10 1 91 

Total 61 48 13 78 

* - Percentage infection determined as (number of infected samples/ total number of 
samples) 
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100bps100bps100bps

 

Figure 15: GLRaV-3 specific nested RT-PCR on 5 different grapevine Rootstocks (R99, 

R110, 101-14, RUG, SC). Lane 1: Ladder (100bps); Lane 2: Positive control (11-3014); 

Lane 3: Negative Control (Healthy plant (BS)); Lane 4: Negative Control (Water); Lane 

5-6: BS/R99 replicate 1; Lane 7-8: BS/R99 replicate 2; Lane 9-10: BS/R99 replicate 10; 

Lane 11-12: BS/R110 replicate 5; Lane 13-14: BS/R110 replicate 7; Lane 15-16: BS/R110 

replicate 8; Lane 17-18: BS/101-14 replicate 4; Lane 19: BS/101-14 replicate 6; Lane 20: 

Ladder; Lane 22: BS/101-14 replicate 6; Lane 23-24: BS/101-14 replicate 9; Lane 25-26: 

BS/101-14 replicate 13; Lane 27-28: BS/ RUG replicate 1; Lane 29-30: BS/RUG replicate 

3; Lane 30-32: BS/SC replicate 1 Lane 33-34: Healthy rootstock   

3.7 Discussion 
GLRaV are not easily detected in rootstocks, especially in American 

rootstocks were infected individuals do not produce visual symptoms and viral 

titres tend to be low (Cid et al., 2003; Credi and Santucci, 1990; Kasdorf, 

2006) . Established method of detecting GLRaV including ISEM, ELISA and 

PCR have shown to have very low detection rates or have been shown to give 

unreliable results (Kasdorf, 2006) Both nested PCR and qPCRs, which have 

sensitivity several orders higher than conventional PCR and ELISA, have 

been developed (Ling et al., 2001; Malan, 2009) and could be used in the 

detection of GLRaV-3 in rootstocks. However, both of these techniques have 

the inherent disadvantage that they require expensive thermocyclers and 

(especially in the case of qPCR) expensive reagents. This makes their use in 

testing large quantities of samples less feasible as most basic diagnostics 
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labs cannot afford basic or real-time thermocyclers. Here we reported on the 

ability of a GLRaV-3 specific RT-LAMP to detect GLRaV-3 in rootstocks 

(R110, R99, 101-14, SC and RUG) which had been infected with various 

viruses including GLRaV-1, -2, -3, GVA and GVB.  

 

These rootstocks had been used in a previous study which aimed to test the 

efficiency of ISEM, ELISA and PCR as methods of testing for the presence of 

various viruses in grapevine rootstocks. In this study Kasdorf (2006) found 

that after 33 mpg 28% of samples tested positive for GLRaV-1,-2,-3 or -3 

alone. Kasdorf hypothesised that this low detection rate was due to the low 

levels of virus in the samples. Using the GLRaV-3 specific RT-LAMP, 78 % of 

these same rootstocks tested were infected with GLRaV-3. LAMP is a highly 

sensitive technique and has the advantage over other diagnostic techniques 

that , because of the amount product that is produced during incubation, it is 

not affected by the amount of starting material (Tomlinson et al., 2010), which 

allows it to detect even small amount of virus present in rootstocks. 

 

Cid et al. (2003) studied GLRaV-3 movement in Cabernet franc (V. vinifera) 

and found that GLRaV-3 particles organized themselves into bundles and that 

this did not occur in any rootstock variety. This suggests that rootstocks have 

a biochemical or physical mechanism which results in resistance against 

GLRaV-3. Although overall 78% of samples tested positive for GLRaV-3, the 

percentage of positive samples of different cultivars varied significantly. 

Richter 110 had the lowest percentage infection (67%) and the Salt creek/ 

Ramsey had the highest percentage infection (91 %). These results are 

similar to those found in Kasdorf (2006). It was hypothesised that this variation 

amongst rootstocks was due to a difference in susceptibility of different 

cultivars to virus transmission. Studies have shown that there is a link 

between the rootstock, the virus present and  the rootstocks response to 

infection (Golino et al., 1993) and it may be possible that the variation in 

detection between cultivars is due to a variation in viral titres in the various 

cultivars, caused by a natural resistance to GLRaV-3.  
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For the Plant improvement scheme this information may be useful in two 

ways; firstly by identifying which rootstock are more likely to have lower viral 

titres it may give some indication as to which rootstocks should be tested 

using multiple methods (for example using ISEM and RT-LAMP to confirm 

results) or which should be sampled in duplicate to confirm virus status before 

it is used for grafting. Secondly, (although further studies need to be done to 

confirm this hypothesis) if in fact some rootstocks are more resistant to viral 

transmission, grafting of Scion onto this material may lower the incident of 

GLRaV-3 in the field by lowering the amount of infected material introduced 

into the field. It may also be possible to study the exact mechanism of 

resistance in the rootstocks and use this to create scion material which has a 

higher resistance to GLRaV-3.  

 

LAMP sensitivity is comparable to PCR and qPCR, however it could still not 

detect GLRaV-3 in all the rootstock samples. One of the possible reasons for 

this could be the erratic distribution of viruses in rootstocks, which makes 

consistent detection of viruses problematic. In this study, as well as in Kasdorf 

(2006) only petioles and bark scrapings were used, however Credi and 

Santucci (1990) found that root material contained much higher 

concentrations of the virus. Further it has been shown (Tobie Oosthuizen, 

unpublished results.) that some areas of rootstocks have higher 

concentrations of virus than others. Viral titers have also been shown to vary 

in vines at specific times of the year.  In order to better detect GLRaV-3 in 

rootstock efficiently it is important to understand where the greatest 

concentration of the virus is likely to be found in the plant and whether time of 

year will influence detection of the virus.  

 

This study served as a preliminary test to establish whether RT-LAMP was 

able to detect GLRaV-3 in rootstocks, GLRaV-3 is notoriously difficult to 

detect. RT-LAMP has been shown to be sensitive and capable of detecting 

GLRaV-3, however there are still further studies that need to be done on 

including confirming the presence of GLRaV-3 in the rootstocks using 

(possibly using) biological indexing evaluating whether RT-LAMP results will 

be affected by the time of year when sampling occurs or the type of material 
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which is tested (petiole, bark scraping or root sampled). These results will 

affect whether RT-LAMP can be used exclusively in the field as a means of 

testing rootstocks. At this point the utility of RT-LAMP lies in the fact that it 

requires less expensive equipment and requires less time than other 

comparatively sensitive techniques (nested PCR and qPCR).  

3.8 Conclusion 
GLRaV-3 specific RT-LAMP can be used in the detection of GLRaV-3 in 

rootstocks, where its sensitivity is comparable to nested PCR. RT-LAMP has 

the advantage over other sensitive techniques that it does not require 

expensive equipment and faster results can be obtained using this technique. 

However, due to the (assumed) erratic distribution of GLRaV-3 in the plant, 

RT-LAMP could not detect GLRaV-3 in all samples and more studies need to 

done to optimise sampling of rootstocks in order to develop an optimal system 

of detection of GLRaV-3 in rootstocks.  
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Chapter 4: Conclusions 
 

GLD, most commonly associated with GLRaV-3, is one of the most important 

diseases of the South African grapevine industry. GLD, which results in a 

reduction the quality and quantity of grapevine crops, can be controlled using 

an integrated strategy which includes the use of virus-free planting material to 

establish vineyards; controlling insect vectors using systemic insects and 

removing infected vines through roguing.  

 

Before vines can be rogued each autumn infected vines are identified using 

either symptom display (red cultivars which display characteristic symptoms) 

or ELISA (asymptomatic white cultivars). While other methods for the 

detection of GLRaV-3, including PCR and Q-PCR, have been developed the 

vine testing is usually carried out in very basic laboratories on wine farms and 

the equipment needed for these techniques is too specialised and usually too 

costly to make these techniques feasible alternatives.  Alternatively, ELISA 

uses very little specialised equipment and is robust and simple and lends itself 

to being used in very basic laboratories. However the greatest disadvantage 

of ELISA is that it is laborious and time consuming and does not have high 

sensitivity and a more rapid, sensitive technique is needed.  

 

The aim of this study was to develop a rapid, sensitive RT-LAMP which could 

be used to test grapevine samples for GLRaV-3 infection in very basic 

laboratory settings and ultimately contribute towards the control of GLD. This 

technique should be simple, should not use specialised equipment and the 

results should be easy to interpret.  

 

A GLRaV-3 specific RT-LAMP combined with a crude RNA extraction protocol 

was developed which was able to reliably detect GLRaV-3 from grapevine leaf 

petioles in two hours. The inclusion of HNB ,a colourimetric indicator, which 

changes from violet to sky blue only were amplification has occurred, allowed 

for positive results to be easily interpreted. RT-LAMP was compared to ELISA 

and nested RT-PCR in order to determine its level of reliability and relative 
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sensitivity. The results of the comparison showed that RT-LAMP is as reliable 

as ELISA and nested RT-PCR and can detect the same GLRaV-3 variants as 

nested RT-PCR. Further sensitivity testing showed that the relative sensitivity 

of RT-LAMP is comparable to nested RT-PCR and higher than ELISA and 

that using this method up to 50 samples can be pooled together with a single 

infected plant still being detected.  

 

Several articles which evaluate the use of LAMP systems in detection of 

pathogens have discussed the possibility of it being used as an alternative 

where the current methods are not viable due to a lack of specialised 

equipment or technical training. The majority of the systems which have been 

evaluated and found to have promise have been designed to detect DNA 

pathogens and involve very basic total nucleic acid extractions with basic 

LAMP reagents. One of the major hurdles found in the RT-LAMP system 

developed here was the RNA; firstly because a reliable RNA extraction 

method which did not involve many complicated steps or reagents was difficult 

to establish and secondly; RNA necessitates the inclusion of AMV which both 

reduces the robustness of the LAMP mixture and increases the overall price 

per reaction.   

 

The final method used here involves the immobilisation of nucleic acid on a 

membrane and then the release of nucleic acid from the membrane. This 

process is simple and requires only very basic equipment. Further, as long as 

good laboratory practices, such as ensuring that surfaces are clean and 

gloves are worn when handling samples, contamination can be limited. The 

RT-LAMP can also be incubated in a simple water bath and results and easily 

interpreted with the naked eye which makes it an option in very basic 

environment. It terms of reagents availability, while RT- LAMP kits are 

available, most kits tend to include intercalating dyes such as SYBR green, 

which require a real-time monitoring system, or are expensive or difficult to 

acquire in South Africa which means that reagents need to be ordered and 

reaction mixture must be made up.  This group did try to make up a pre-made 

mixture and transport it to lab facilities however the mixture lacks robustness 

and at this point this seem to be the biggest limitation to the method and 
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further studies will have to be done to develop a reliable way of transporting 

the RT-LAMP mixture to the field.   

 

The other limitation to using RT-LAMP is that it requires the use of AMV, 

which increases the price per reaction and for a single sample, does not 

compare with ELISA. However, the greater sensitivity of LAMP means that, in 

terms of testing entire vineyards, samples can be pooled into much larger 

groups than can ELISA which decreases the overall price of using this 

system.  Also, because it does not require specialised equipment it is a 

feasible solution for labs where equipment such as Q-PCR is not available. 

 

In light of the high sensitivity and simplicity of the RT- LAMP system, another 

area where it might be used is in the testing of grapevine rootstocks. GLRaV-3 

is (presumed to be) erratically distributed and has low viral titres in rootstocks 

which make reliable detection of the virus difficult. ELISA is too insensitive to 

reliably detect the virus and therefore molecular methods such as nested RT- 

PCR and qRT–PCR are used. These methods have greater sensitivity than 

ELISA but they require specialised laboratory equipment such as 

thermocyclers and trained technicians are therefore not suitable for large 

scale testing in small basic laboratories.  RT-LAMP, shown to be as sensitive 

as nested RT-PCR for the testing of scion material and does not require 

specialised equipment, was tested as an alternative for nested RT-LAMP.    

 

Petioles collected from various Rootstocks, grafted onto Black Spanish scion 

material were collected and tested for the presence of GLRaV-3. Samples that 

were found to be negative using RT-LAMP was then retested using RT-PCR 

in order to compare the two techniques. RT-LAMP could detect GLRaV-3 in 

78% of the samples and no sample which was found to be negative using RT-

LAMP was amplified using nested RT-PCR showing that RT-LAMP is at least 

as sensitive as nested RT-PCR. RT-LAMP amplified samples in a much 

smaller amount of time than is required by nested RT-PCR and the HNB 

indicator reduces the possibility of contamination as tubes remained sealed 

once the test has been performed. Therefore, although not 100% reliable, RT-

LAMP may be an alternative for laboratories which could not use nested RT-
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PCR. However, this testing is still in its infancy and many further tests need to 

be carried to confirm this preliminary testing. 

 

RT-LAMP is highly sensitive, reproducible, and reliable and is efficient means 

of detecting nucleic acid, making it a powerful tool in the control of GLD in 

South Africa. The system is simple and easy to learn which increases its 

versatility for use in the field and it is may be a viable alternative for the testing 

of GLRaV-3 in grapevines.   
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