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a  b  s  t  r  a  c  t

Grapevine  leafroll  disease  (GLD)  is  the  most  important  disease  of  Grapevines  in South  Africa.  Grapevine
leafroll-associated  virus  type  3  (GLRaV-3)  has  a close  association  with  the  disease  and  is  prevalent  in  South
African  vineyards.  GLD  can be controlled  using  a combination  of virus-free  planting  material,  systemic
insecticides  to control  vector  populations  and  removal  of  infected  vines  by roguing.  Infected  vines  are
identified  each  autumn  using  either  symptom  display  (in  red cultivars)  or ELISA  (in  white  cultivars).  While
ELISA  is a simple,  reliable  means  of  testing  for GLRaV-3,  it is  time  consuming,  laborious  and  insensitive
and  a quicker,  more  sensitive  method  of  detecting  GLRaV-3  in  the  field  is  needed.  A single-tube  one-step
reverse  transcription  (RT)  loop-mediated  isothermal  amplification  (LAMP)  assay  combined  with  a simple
RNA extraction  protocol  was  developed  for the  rapid  and  easy  detection  of  GLRaV-3.  Hydroxy  napthol

◦
mplification of nucleic acid
T-LAMP
etection

blue  was  included  as  an indicator  and  under  isothermal  conditions  at 60 C the  target  viral  gene  could
be  amplified  in  under  2 h  and  positive  results  could  be  easily  seen  by  examining  the  colour  change  from
violet  to sky  blue.  Using  this  method,  50 samples  could  be also  pooled  together  with  a  single positive
sample  still  being  detected.  A  direct  comparison  of ELISA,  nested  PCR  and  RT-LAMP  showed  that  RT-LAMP
is  as  sensitive  as  nested  PCR  and  could  be performed  in a much  shorter  time  with  less  equipment.  This
assay  is  may  be  a possible  alternative  to ELISA  for the  detection  of  GLRaV-3  in the  field.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Grapevine leafroll disease (GLD) is the most important disease
f grapevines, occurring in every grape-growing country (Martelli,
993). GLD affects grapevines adversely, where it delays the mat-
ration of the berries, decreases the accumulation of sugars and
ffects the overall yield and quality of the fruit (Over de Linden and
hamberlain, 1970). This negatively impacts on the wine industry,
here it affects the quality and colour of the wines, and the table

rapes industry, where yields are affected (Golino et al., 2002).
Globally, five serologically distinct, phloem limited viruses des-

gnated Grapevine leafroll-associated viruses (GLRaV) 1–4 and 7,
re associated with GLD (Fuchs et al., 2009; Martelli et al., 2012,

002) and of these, GLRaV-3 is the most common (Cabaleiro et al.,
007). GLRaV-3 is part of the Closteroviridae family, where it is
ype species for the Ampelovirus (Martelli et al., 2002). Studies of
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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 mealy-
bugs and scale insects act as semi-persistent vectors for the virus
with varying efficiencies (Cabaleiro and Segura, 1997; Fuchs et al.,
2009; Golino et al., 2002; Walton, 2004).

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 iso-
lates in South Africa showed that three genetic variants of GLRaV-3;
Groups 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 expres-
sion 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

dx.doi.org/10.1016/j.jviromet.2013.08.030
http://www.sciencedirect.com/science/journal/01660934
http://www.elsevier.com/locate/jviromet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jviromet.2013.08.030&domain=pdf
mailto:u25105958@tuks.co.za
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n autumn. However white wine cultivars tend to be asymp-
omatic (with the exception of a few varieties). GLD is usually also
ymptomless in most American wild Vitis sp. used as rootstocks and
heir hybrids. This variation in symptoms complicates control of the
isease as asymptomatic infected individuals can only be detected
sing either serological (e.g. ELISA) or molecular (e.g. PCR) methods
efore they can be removed.

In 2002, a study was conducted at a commercial wine farm to
rove that GLD could be controlled using an integrated control
trategy (Pietersen et al., 2013). The strategy involved the plant-
ng of certified material, control of the vector through the use of
ystemic insecticide and the removal of infected vine material by
ogueing (Pietersen and Walsh, 2012; Pietersen et al., 2013). This
as been shown to be highly effective for the control of GLD in
ed cultivars, where symptomatic plants are identified on a vine-
or-vine basis at the beginning of autumn each year (Pietersen and

alsh, 2012; Pietersen et al., 2013). However in white cultivars
ontrol is more problematic, due to the lack of symptom expression
n the majority of varieties.

Currently each season infected white cultivars are identified
sing Enzyme-linked immunosorbent assay (ELISA) (Ling et al.,
000) before rogueing (Pietersen et al., 2013; Pietersen and Walsh,
012). ELISA tests are (usually) performed by cellar technicians
n the wine farms which have basic facilities such as water baths
nd fridges but do not have specialised equipment (e.g. thermocy-
lers) which makes diagnostic test such as RT-PCR unfeasible. ELISA
echnique is simple and inexpensive (as it requires very little equip-

ent) and can be used for a large number of samples. However, it
s less sensitive than molecular techniques (Arora et al., 2006) and
s time consuming. Reverse transcriptase polymerase chain reac-
ion (RT-PCR) is sensitive and is less time intensive than ELISA but
equires specialised equipment and is more complex than ELISA,
sually being performed by trained technicians. The ideal detection
echnique needs to simple, rapid and specific and would ideally give
esults in real-time but would not require specialised equipment.

Loop-mediated amplification of nucleic acid (LAMP), a rapid,
pecific simple means of amplifying nucleic acid, has emerged as

 powerful diagnostic technique. (Parida et al., 2008). LAMP relies
n the strand displacing DNA polymerase in conjunction with 4
rimers (which target 6 specific areas on the target) to amplify tar-
et nucleic acid under isothermal conditions within a short period
f time (Notomi et al., 2000).

LAMP can be monitored in a number of ways; LAMP amplicons
an be viewed using gel electrophoresis; through visual inspection
y inspecting turbidity (Mori et al., 2001), colorimetric indica-
ors (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
nd has been used in the detection of a wide variety of pathogens
Parida et al., 2008). There are a number of advantages associated
ith LAMP; it is isothermal so does not require specialised ther-
ocycling equipment and tests can be heated in a simple heating

lock or a water bath. The system is highly efficient with no time
ost for cycling between temperatures. Secondly because it requires
t least 4 primers, it is highly specific. LAMP has also been shown
o be more robust than other molecular based techniques and is
ess affected by biological substances which have been shown to
e inhibitory in other techniques (Francois et al., 2011).

This paper reports on the development of a rapid detection
echnique for GLRaV-3 through the combination of a crude nucleic
cid extraction protocol with RT-LAMP and colorimetric assay. This
echnique has been shown to be rapid, efficient and can reduce the

ime needed to test a sample from two days by ELISA to 2 h with sen-
itivity comparable to that of nested RT-PCR. This technique may
rovide an alternative to ELISA and contribute the control of GLD

n white cultivars.
ical Methods 194 (2013) 308– 316 309

2. Materials and methods

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 Experimen-
tal Farm, Pretoria (01-2839, 01-0257, 01-2639); as well as from the
glasshouses at the Agricultural Research Centre (ARC) Plant Protec-
tion 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 dor-
mant 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. LAMP primer design

Primers for LAMP on GLRaV-3 were designed using the 6 avail-
able 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, Carls-
bad) 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 then designed using Primer
Explore V4 (http://primerexplorer.jp/elamp4.0.0/index.html). Pos-
sible 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 1) and synthesised
by IDT (Iowa, USA).

2.3. RT-LAMP

The final LAMP reaction mixture (25 �l total volume in a 0.2 ml
tube) was  made up as follows; 1.6 �M FIP and BIP, 0.2 �M F3 and
B3, 8 U Bst (Lucigen, Middleton, WI)  and 1× Bst Buffer B (20 mM
Tris–HCl (pH 8.8), 10 mM (NH4)2SO4, 10 mM KCl, 2 mM MgSO4
and 0.1% Triton X-100) (Lucigen), 1 M Betaine (Sigma–Aldrich, St
Louis, MO,  USA), 1.4 mM dNTPs (Promega, Madison, WI,  USA), 7 mM
MgCl2 (Fermentas, Vilnuis, Lithuania), 120 �M Hydroxy naphthol
blue (HNB) (Acros Organics, Geel, Belgium), 10 U AMV reverse
transcriptase (Roche, Palo Alto, CA, USA) and 2 �l of RNA. The mix-
ture was  then incubated at 60 ◦C using a heating block (Eppendorf
Thermostat Plus 3130, Hamburg, Germany) for 1 h followed by
heating to 80 ◦C for 10 min  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.

2.4. Optimisation of LAMP

The LAMP reactions were optimised by assessing different incu-
bation temperatures as well as the concentration and ratio of inner:
outer primers and Mg2+ (4–10 mM).  The temperature optimisa-

tion (using the optimum primer concentration) was  carried out 60,
61, 62, 63, 64 and 65 ◦C for 1 h and results were analysed using
turbidity and confirmed using 2% agarose gel electrophoresis. All
the optimisation reactions included negative controls; where no

http://primerexplorer.jp/elamp4.0.0/index.html
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Table 1
Primer sequences for a reverse transcriptase loop-mediated amplification (RT-LAMP) of Grapevine leafroll-associated virus type 3 (GLRaV-3).

Primer name Type Positiona 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: 7851–7871
909–

GCTCGTTTAGCAGAGGTGACGGTTTT-

(GenB
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a Genome position according to GLRaV-3 strain 621 complete genome sequence 

NA template was present (water control) and the pGEM plasmid
ithout the target region insert.

.5. Visualisation of LAMP products

Products of LAMP were visualised using three different meth-
ds: (1) agarose gel electrophoresis where 5 �l of sample was
oaded per well of a 2% Agarose gel pre-stained with ethidium
romide at 5 �g/ml and electrophoresed for 35 min  at 100 V in 1×
AE buffer (40 mM Tris–acetate, 1 mM EDTA, pH 8.2). Results were
iewed using a UV-transilluminator (310 nm), A wide-range molec-
lar weight DNA marker (100-bp ladder) (Inqaba Biotechnological

ndustries, South Africa) was used on each gel as the standard; (2)
urbidity; where the turbidity of positive samples were visually
ompared with two negative controls which contained either no
emplate or pGEM plasmid without the target region. These LAMP
eactions were also centrifuged for 5 min  at 10,000 × g (Eppendorf
804 centrifuge, Hamburg Germany) and each tube examined for

 white pellet; and (3) the addition of HNB, prepared according to
oto et al. (2009), with the results visually analysed through com-
arison of the samples to the negative control. HNB results were

nitially confirmed using 2% agarose gel electrophoresis.

.6. Crude RNA extraction

Several methods were evaluated to select a reliable procedure to
repare crude RNA. For each method petioles were selected from

 sample with a high viral titre (01-0257), a sample with a low
iral titre (01-2639), and a healthy negative control (01-2839) were
ncluded.

The optimal method assessed was; extraction 0.2 g of sample
omogenised in 5 ml  of extraction buffer (PBS, pH 7.2, supple-
ented with 2% (w/v) polyvinylpyrrolidone (PVP-10) and 0.2%

w/v) sodium diethyl dithiocarbamate) (Bertolini et al., 2001) in
lter separated plastic bags (Bioreba, Reinach Switzerland), using

 Homex 6 homogeniser (Bioreba), 30 �l of this sample was  added
o nitrocellulose membrane (Sigma–Aldrich) which was dried for
etween 30 min. A 3 mm2 disc was punched out using paper punch
Roche, Germany) which was added to 100 �l of GES buffer (Osman
nd Rowhani, 2006) and incubated at 95 ◦C for 10 min. 2 �l of
xtract was added to RT-LAMP. This method gave the most reliable
esults and was used in all further testing.

Other methods tested included; (1) the print capture procedure
ccording to La Notte (1997), and several methods of RNA extrac-
ion including; (2) a simple extraction in an alkaline buffer (50 mM
aOH, 2.5 mM EDTA) (Turturo et al., 1998) according to Singh et al.

2006); (3) viral immobilisation on nylon membrane using extrac-
ion buffer (Osman and Rowhani, 2006); (4) use of petioles used
nstead of midrib tissue in a modification of the method of Habili
t al. (1997); (5) extraction of 0.5 g of sample, ground in extrac-
ion buffer (50 mM EDTA, 100 mM Tris–HCl, 500 mM NaCl and

0 mM �-mercaptoethanol) (Al-Musa et al., 2008); (6) maceration
f 0.5 g of sample in GES buffer (Osman and Rowhani, 2006); and
7) grinding of 1 g of sample in grapevine ELISA extraction buffer
0.1 M Tris–HCl pH 7.6, 0.01 M MgSO4, 4% polyvinylpolypyrrolidone
7928 GCCCTTTTGTCCAACCAATC

ank accession number: GQ352631).

(PvPP (insoluble), 0.2% �-mercaptoethanol (ME), 2% Triton – X100)
(Ling et al., 2001) after which it was  centrifuged (Eppendorf) for
5 min  at 10,000 × g and 1 �l of sample was added directly to the
RT-LAMP.

2.7. Pooling of samples

LAMP samples were pooled by processing individual samples
according to the optimal method above and pooling 10 �l of each
GES extract. Alternative methods tested included; pooling petioles
by combining 6 petioles from each sample and adding 0.2 g of com-
bined petioles to Extraction buffer and; pooling extracted plant
saps (100 �l of plant in extraction buffer) before adding to 30 �l 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 100 �l of
each sample was pooled together for use in LAMP.

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
0.1 g of each sample was  suspended in grapevine ELISA extraction
buffer (Ling et al., 2001).

A PCR reaction mixture (to a total volume of 50 �l in 0.2 ml
tubes) (2% Triton X-100, 1× NH4 Biotaq buffer (Bioline, London
England), 3.5 mM dNTP (promega), 1 �M each of primer 93-110
and 92-98 (IDT) (Ling et al., 2001) 10 mM dithiothreitol (DTT)
(Sigma–Aldrich), 1.5 mM MgCl2 (Fermentas), 18 U Protector RNase
inhibitor (Roche), 8 U Avian myeloblastis virus (AMV) reverse trans-
criptase (Roche) and 0.5 U Biotaq DNA polymerase (Bioline)) and
0.5 �l 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 37 ◦C for 45 min; denaturation at 94 ◦C for 2 min;
35 cycles of 94 ◦C for 60 s, 50 ◦C for 1 min, 72 ◦C for 2 min, and a
final elongation step of 72 ◦C for 10 min  using a Biorad (Hercules,
California) T100TM thermocycler.

The product of the first round RT-PCR (0.5 �l) was added to 50 �l
of PCR reaction mixture (1× Biotaq NH4 buffer (Bioline); 175 �M
dNTP ((Promega), 1 �M primer 93-23, 1 �M primer 93-40 (IDT),
1.5 mM MgCl2 (Fermentas, Vilnuis, Lithuania) and 0.5 U Biotaq (Bio-
line)). The cycling profile was denaturation at 94 ◦C for 2 min; 30
cycles of 94 ◦C for 1 min, 50 ◦C for 1 min, 72 ◦C for 2 min  and a final
elongation of 72 ◦C for 10 min. Products of the reaction were ana-
lysed by electrophoresis as above.

2.9. ELISA
Six petioles were collected from each vine and extracted at
a 1/10 (weight/volume) ratio in ELISA extraction buffer (0.1 M
Tris/HCl, pH 7.6 buffer with 0.01 M MgSO4, 4% PVPP, and 2% Tri-
ton X-100) in filter separated plastic bags (Bioreba), using a Homex
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 homogeniser (Bioreba AG, Switzerland). A triple antibody sand-
ich (TAS) ELISA, capable of detecting Grapevine leafroll-associated

irus 1 (GLRaV-1), -2 (GLRaV-2) and -3 (GLRaV-3) separately or
imultaneously (Goszczyński et al., 1995, 1997, 1996) was  then
sed to detect GLRaV-3. A healthy control (Black Spanish) and a
uffer control were included as negative controls and a known
ositive extract (623) was included as a positive control. Virus
pecific antibodies, developed using electrophoretically separated
oat proteins of the respective viruses (Goszczyński et al., 1996,
997, 1995) were used. Commercial goat-anti-rabbit antibodies
onjugated with alkaline phosphatase (Sigma–Aldrich, St. Louis,
O,  USA) was used for sero-reaction detection. Positive results
ere detected as those individuals that yielded an absorbance

alue (405 nm)  of 0.122. In the case of sensitivity testing of ELISA,
ines were pooled into groups of 10, 20, 30 and 50 respec-
ively. The average absorbance of healthy control plants plus three
tandard deviations was  used as a positive/negative threshold for
LISA.

. Results

.1. LAMP

In the initial tests on GLRaV-3 specific primers. LAMP was tested
gainst plasmids containing GLRaV-3 inserts of the target area
F2, F8 and F9) as well as a plasmid without the target region
nd a negative control where water was added in place of tem-
late. The LAMP products were analysed using 2% agarose gel
lectrophoresis. LAMP amplified the target in all three plasmids,
ith typical ladder-like pattern displayed for all positive samples

Fig. 1) while no amplification was observed in either of the neg-
tive controls. The ladder-like pattern is due to the formation of
tem-loop concantenate products (of varying sizes) produced by
AMP.

.2. Optimisation of LAMP

Plasmids F2, F8 and F9 were used for the optimisation of the
AMP system. The relative detection limit for LAMP (under the con-
itions of Notomi et al., 2000) was determined using dilutions of
lasmids F2, F8 and F9 at 1:200, 1:500, 1:1000, 1:2000, 1:5000 and
:10 000. Each dilution was tested in triplicate and positive controls
ere included of each clone at a dilution of 1:100. Negative controls,
here template was substituted for water or non-transformed

lasmid, were also used. The relative detection limit of LAMP was
stablished at 1:2000 after which LAMP was optimised for use with
LRaV-3 specific primers.

ig. 1. Loop-mediated amplification (LAMP) on 3 plasmids (F2, F8 and F9) containing
rapevine leafroll-associated virus type 3 specific sequence plasmids. Lane 1: molec-
lar marker (100 bp ladder); Lanes 2 and 3: plasmid F2; Lanes 4 and 5: plasmid F8;
anes 6 and 7: plasmid F9; Lane 8: negative control: plasmid only; Lane 9: negative
ontrol: water.
ical Methods 194 (2013) 308– 316 311

The concentration and the ratio of inner: outer primers
were optimised by varying the concentration of outer primer
(0.1–0.5 �M)  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 0.2 �M 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 reac-
tions were incubated at 60, 61, 62, 63, 64 and 65 ◦C (range selected
because of primer constraints) for 60 min  and efficiency was  moni-
tored by determining the percentage increase in DNA concentration
(ng/�l) from before and after amplification in 1 h 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 and 62 and performs optimally at 63 ◦C (Table 2).
However as AMV  has a maximum temperature 60 ◦C, and the dif-
ference between performance between 60 and 63 ◦C is not that
different, LAMP reactions were routinely incubated at 60 ◦C.

Mg2+ concentration was  varied between 4 mM and 10 mM.
While a positive control of 6 mM was included. Results were ana-
lysed using turbidity and confirmed using gel electrophoresis. The
results showed that a minimum Mg2+ concentration of 5 mM is
required for LAMP reaction to take place and that LAMP performs
optimally at Mg2+ concentration of 7 mM.  At 9 mM and above
amplification either decreased (9 mM)  or no amplification was
observed (10 mM).

3.3. Visualisation of LAMP products

LAMP product was initially visualised using agarose gel elec-
trophoresis (Fig. 2B), however this method was laborious and
contributed to a large amount of contamination. Positive results
were then judged based on either turbidity (Fig. 2C) or colorimet-
rically (Fig. 2A) 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 elec-
trophoresis.

To test HNB, clones F2, F8 and F9 were amplified in LAMP reac-
tion 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 (untrans-

formed 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.

Table 2
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/�l)

DNA concentration
after amplification
(ng/�l)

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 concen-
tration before amplification)/total DNA concentration).
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Fig. 2. Comparison of three techniques used to monitor loop-mediated amplifica-
tion of nucleic acid (LAMP) detection technique. (A) Visualisation of LAMP product
using HNB. Tubes 1 and 2: negative control HNB reactions (untransformed plasmid,
water respectively) (violet); Tubes 3 and 4: clone F2 (positive HNB reaction) (blue).
(B)  Visualisation of LAMP product using agarose gel electrophoresis. Lane 1: ladder
(100 bps); Lanes 2 and 3: negative controls (untransformed plasmid, water control
respectively); Lanes 4 and 5: clone F2. (C) visualisation of LAMP product using tur-
bidity. Tube 5: negative control turbidity reaction (clear); Tube 6: clone F2 (positive
t
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Table 3
Comparison of ELISA, RT-PCR and RT-LAMP for the detection of Grapevine leafroll-
associated virus type 3 in infected grapevines.

Sample ELISA RT-LAMP Nested PCR

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 devi-

F
T
(

urbidity reaction); Tube 7: clone F2 (positive turbidity reaction, precipitate). (For
nterpretation of the references to color in this figure legend, the reader is referred
o  the web version of the article.)

.4. RT-LAMP

RNA was extracted from Bark scrapings of three different
LRaV-3 strains infected grapevines (623, 621 and PL-20). RNA
as added to RT-LAMP reaction and incubated for 1 h. Results were

udged based on the colour change of HNB from violet to sky blue.
 positive control (11-3014) and a healthy plant control (01-2839)
ere included. All samples, known to be positive for GLRaV-3 dis-
layed the desired colour change from violet to sky blue while the
egative controls remained violet (Fig. 3).

.5. Crude extraction protocol

Several crude nucleic acid extraction protocols were evaluated
or use with GLRaV-3 specific RT-LAMP. In each protocol a sample
ith a high viral titre and low viral titre were tested to ensure the
ensitivity of the protocol. No amplification was observed when
sing the print capture method (1) (La Notte, 1997) or RNA extrac-
ion protocols (2), (4), (5). Further, the addition of extraction buffers
2) and (4) caused the HNB indicator to change to sky blue before

ig. 3. Visualisation of reverse transcriptase loop-mediated amplification (RT-LAMP) on t
ube  1 and 2: PL-20; Tube 3 and 4: 621; Tube 5 and 6: 623; Tube 7: positive control (01-
For  interpretation of the references to color in text, the reader is referred to the web  ver
ation. A sample was considered positive if the OD (405 nm) measured after 1 h
substrate incubation, was higher than 0.072 (healthy control OD + 3 × SD). +, Positive
reaction (in both replicates) of two repetitions of RT-LAMP/nested PCR.

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 (proto-
col (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 mem-
brane 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.

3.6. Comparison of the relative sensitivity ELISA, nested PCR and
LAMP

In order to ensure that RT-LAMP could detect GLRaV-3 as reli-
ably 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 phy-
logenetic groups of GLRaV-3 present in South Africa; Groups 1–3
(Jooste et al., 2011) as well as Group 6. All 10 samples were detected
using RT-LAMP, ELISA and nested PCR (Table 3).

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, 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 4), the detection limit of nested

hree strains of Grapevine leafroll-associated virus type 3 using hydroxy napthol blue.
3014); Tube 8: healthy plant (01/2839); Control Tube 9: negative control (water).

sion of the article.)
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Table  4
Relative sensitivity of ELISA for detecting Grapevine leafroll-associated virus type 3 (PL-20, 623 and 621) in infected vines amongst healthy vines.

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 OD + 3 × SD).

Fig. 4. The relative sensitivity of nested RT-PCR for detecting Grapevine leafroll-associated virus type 3 in infected grapevines. Lanes 1, 14, 27, 40: molecular marker ladder
(100  bps); Lanes 2 and 3: PL-20 1:10; Lanes 4 and 5: 623 1:10; Lanes 6 and 7: 621 1:10; Lanes 8 and 9: PL-20 1:20; Lanes 10 and 11: 623 1:20; Lanes 12 and 13: 621 1:20;
Lanes  15 and 16: PL-20 1:30; Lanes 17 and 18: 623 1:30; Lanes 19 and 20: 621 1:30; Lanes 21 and 22: PL-20 1:50; Lanes 23 and 24: 623 1:50; Lanes 25 and 26: 621 1:50;
Lanes  28 and 29: PL-20 1:60; Lanes 30 and 31: 623 1:60; Lanes 32 and 33: 621 1:60; Lanes 34 and 35: PL-20 1:100; Lanes 36 and 37: 623 1:100;Lanes 38 and 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).

Fig. 5. 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.
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CR (Fig. 4) and RT-LAMP (Fig. 5) was found to be a ratio of 1:50
nfected plants. Based on these results, RT-LAMP has a comparably
ensitivity to nested PCR and both molecular techniques are more
ensitive than ELISA.

. Discussion

The GLRaV-3 RT-LAMP developed here uses primers designed
o detect a conserved region of the GLRaV-3 genome, to detect RNA
argets extracted from GLRaV-3 infected Grapevine samples in 1 h
sing only a heating block and HNB, a simple colorimetric indica-
or, to monitor the reaction. Additionally, a simple RNA extraction

ethod was developed which decreases the complexity and cost
f template preparation and allows for RT-LAMP to be performed
n even the most basic laboratories.

Detecting GLRaV-3 has several hurdles, firstly GLRaV-3 may
ave a low viral titre and erratically distribution in the plant tissue
nd as such, diagnostics techniques do not always detect the virus
atisfactorily due to low sensitivity (La Notte, 1997). Several papers
ave discussed the sensitivity of LAMP and advantages associated
ith using LAMP in situation where low titres of the target are
resent (Parida et al., 2008; Thai et al., 2004). The sensitivity, speci-
city and efficiency of LAMP are affected by primer concentration,
he ratio of inner: outer primer, Mg2+ concentration and tempera-
ure (Nie, 2005; Notomi et al., 2000) and as such the optimisation
f these reagents is vital for the detection of GLRaV-3. Sensitivity in
articular was linked to the ratio of inner:outer primers with sen-
itivity increasing 2.5-fold where the ratio of inner: outer primer
as greater than 8:1. Specificity and efficiency was found be highly
ependent on Mg2+ concentration. Mg2+ is known to affect primer
nnealing (Nie, 2005; Gunimaladevi et al., 2005; Teng et al., 2007;
iu et al., 2010) and it is possible that the LAMP conditions make
hose conditions too stringent for primers to anneal to the slight
ariations in sequence. RT-LAMP ideally should be able to detect
ll strains of the GLRaV-3 and as such it is important that the con-
itions not be too stringent.

The sensitivity of a detection system can be highly dependent
n the manner in which the target is extracted (Osman et al., 2012).
xtraction of GLRaV-3 RNA from grapevine samples is compli-
ated by the presence of inhibitory substances in the plant which
ecrease detection sensitivity as well as inhibit enzymes used in
T-PCR (Nakaune and Nakano, 2006). RNA extraction methods are
sually either expensive, time consuming or require equipment
hich makes them unsuitable for use in the context of large scale

esting. LAMP is a highly robust technique (Francois et al., 2011)
nd less likely to be affected by compounds present in grapevines.
ased on this, several crude RNA extraction techniques and extrac-
ion buffers were tested for use with LAMP, with varying degrees of
uccess. The majority of the systems tested yielded no results, while
thers could only detect the virus in plants where there was a high
iral titre. Only one system, which combined viral immobilisation
n a nitrocellulose membrane with viral release using GES buffer
ould reliably detect the virus in all samples tested. This system is
imple to use and does not require sophisticated equipment which
ends it to the basic labs found on wine farms. The extraction pro-
edure is simple and once the membranes have been dried there
s little risk of contamination as the nucleic acid is bound to the

embrane until released. While basic laboratory practices, such
s separation of nucleic acid extraction and LAMP amplification,
re necessary these practices are already followed as part of the
LISA procedure in the basic laboratories, which limits the amount
f training necessary.
Pooling samples allows for a larger number of samples to be
ested quickly and more cheaply (Muñoz-Zanzi et al., 2000; Wells
t al., 2003; Maherchandani et al., 2004; Brinkhof et al., 2007).
owever one of the greatest disadvantages of pooling samples
ical Methods 194 (2013) 308– 316

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 background 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 sam-
ples, 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 sin-
gle infected plant amongst 50 healthy plants while ELISA could only
detect 1 amongst 30. The sensitivity of RT-LAMP compared to ELISA
combined with the fact that the system does not require expen-
sive 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  indi-
cator, 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 sensi-
tivity 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.

5. Conclusion

LAMP is a simple diagnostic technique which provides a sim-
ple 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 diagnos-
tic 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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