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ABSTRACT

Grapevine leafioll-associated virus 1 (GLRaV-1) is a member of the genus Ampelovirus, family Closteroviridae. GLRaV-1 is one of the
at least ten viruses causing grapevine leafroll disease worldwide, characterized by a typical downrolling of the leaf and its premature
discoloration. It can cause delayed fruit maturity and reduced sugar content of the berries. GLRaV-1 naturally infects plants of the Vitis
genus only. It is transmitted by infected propagation material and by the scale insects Neopulvinaria innumerabilis and Parthenolecanium
corni and by the mealybugs Heliococcus bohemicus and Phenacoccus aceris. Virions are filamentous in shape, containing a coat protein
of 35 kDa size. Within the virion the virus has a positive sense, single stranded RNA molecule of 17,647 nt in length and lacking a poly
(A) tail. The genome contains 10 major ORFs encoding a putative RNA helicase, an RNA-dependent RNA polymerase and a homologue
of the HSP70 family of heat shock proteins, which is a unique feature among plant viruses, being present only in closteroviruses. Further
ORFs encode the viral coat protein and two diverged copies of the coat protein. Serology and molecular techniques such as RT-PCR and
molecular hybridization are useful for the specific and sensitive detection of GLRaV-1.
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BACKGROUND

Leafroll is a major disease of grapevine, which can cause
yield loss, reduced sugar in berries and diminished wine
quality. Grapevine leafroll-associated virus 1 (GLRaV-1)
is one of the at least 10 viruses of the family Closterovir-
idae known to be associated with leafroll disease in grape-
vines. The long filamentous virions of GLRaV-1 were first
characterized over two decades ago (Gugerli et al. 1984).
Leafroll viruses of the grapevine are assigned into at least
two genera of the family Closteroviridae. One genus, Am-
pelovirus, contains most of the leafroll virus types, while
Grapevine leafroll-associated virus 2 is the only leafroll
virus belonging to the Closterovirus genus (Martelli et al.
2002). GLRaV-1 can only infect Vitis vinifera as well as a
number of Vitis spp., in which it is usually symptomless.
Before we describe the GLRaV-1 in detail, it is worth
presenting a background on its debilitating effect on the
most commonly grown grape variety in Australia. Sultana
(synonymous: Thompson Seedless, Sultana) is an econom-
ically important grapevine variety in the dried fruit industry

in Australia. Since its early introduction, a number of Sul-
tana clones had shown severe leafroll symptoms with low
yields. Woodham et al. (1984) found that in those Sultana
clones with severe virus symptoms, the mean yield was re-
duced by 35% over 6 seasons. They attributed the low yield
in Sultana to a graft-transmissible leafroll virus. At that time
the various types of leafroll viruses were not yet described.
Now we know that the main culprit in the reduction of yield
in Australian Sultana was GLRaV-1 (Habili et al. 1997).
The virus genome in a Sultana clone (E1) has been totally
sequenced for the first time (Little 2004).

SYMPTOMS

Most of the leafroll symptoms appear late in summer or ear-
ly in autumn, when the nights get cooler. However, in Thai-
land, where the vines do not senesce leaves (no dormancy),
the virus symptoms are more pronounced just after the har-
vest which is around February (Habili, pers. obs., 2007).
These include reddening of leaf blades in red varieties while
the main veins remain green (Fig. 1). This is accompanied
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Fig. 1 Symptoms of GLRaV-1 on young self-rooted plant of grapevine
cv. ‘Blauer Portugieser’ (Czech Republic) (A) and on grapevine cv. ‘Mer-
lot’ (Australia) (B).

by downward rolling and thickening of leaves. The colour
of leaves in white varieties turns yellow, which could easily
be confused with the natural yellowing in autumn. Most
white varieties do not show any clear symptoms, and hence
could act as a major source for virus spread via propagating
material or by insect vectors. Although both GLRaV-1 and
GLRaV-3 induce typical leafroll symptoms, type 1 is a
milder virus especially in the sensitive variety Pinot Noir
(Habili, unpublished observations). Reduced wine quality
in leafroll-affected vines may result from delayed fruit ma-
turity, the reduction in sugar by 25-50% and poorly co-
loured fruit.

VIRUS VECTORS

Two published reports, both from Europe, are available on
the natural transmission of GLRaV-1 either by scale insects
or mealybugs (Table 1). In 1997, Fortusini et al. (1997)
from Italy reported that the scale insect Neopulvinaria in-
numerabilis could transmit GLRaV-1 only when the inoc-
ulum source was doubly infected with Grapevine virus A
(GVA), but failed to do so when the source was apparently
infected with GLRaV-1 alone. On the other hand, the scale
insect Parthenolecanium corni transmitted the virus when
GVA was not present in the donor host. Sforza et al. (2003)
reported that two mealybug species, Heliococcus bohemi-
cus and Phenacoccus aceris and one soft scale insect spe-
cies, P. corni were able to transmit the virus under experi-
mental conditions in mixed infections with GLRaV-3. It is
worth noting that not all mealybugs can transmit GLRaV-1.
For example, in New Zealand two potentially active mealy-
bug vectors of GLRaV-3, Pseudococcus longispinus and P.
calceolariae, failed to transmit GLRaV-1 to recipient
grapevines (Petersen and Charles 1997).

Table 1 Scale insects and mealybug species known to transmit GLRaV-1.

Insect vector Family Reference

Scale insect: Coccidae Fortusini et al. 1997
Neopulvinaria innumerabilis

Scale insect: Coccidae Fortusini et al. 1997
Parthenolecanium corni

Scale insect: Coccidae Sforza et al. 2003
Parthenolecanium corni

Mealybug: Pseudococcidae  Sforza et al. 2003
Heliococcus bohemicus

Mealybug: Pseudococcidae  Sforza ef al. 2003

Phenacoccus aceris

DISTRIBUTION OF GLRaV-1

GLRaV-1 occurs worldwide and its origin could have been
paralleled with that of Vitis vinifera. We have detected
GLRaV-1 in samples of own-rooted local table grapes

grown in phylloxera-free regions of Iran (Habili ez al. 2003).

It is interesting to note that in most vines GVA, a Vitivirus,
was also present. Therefore, the observation by Fortusini et
al. (1997) that the scale insect Neopulvinaria innumerabilis
could transmit GLRaV-1 only in the presence of GVA is in-
teresting. In Australia, the incidence of GLRaV-1 was 3.7%
in 2479 vine samples tested (Habili and Symons 2000).
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Table 2 lists the incidence of GLRaV-1 and GLRaV-3 in a
number of countries. In most of these countries, the inci-
dence of GLRaV-3 was higher, indicating that this virus
may have a more efficient vector.

In the Czech Republic, during several surveys done by
ELISA, the GLRaV-1 incidence reached 15.4%. GLRaV-1
occurred either by itself or as a mixed infection with viruses
like GVA, GLRaV-3 or GFkV (Kominek 2006). Using RT-
PCR analysis the incidence of GLRaV-1 reached more than
90%, in a survey done on a small scale, which showed a
higher distribution of GLRaV-1 than previously revealed by
a large-scale ELISA. However, a similar result was obtained
in randomly collected samples from Turkey: RT-PCR detec-
ted GLRaV-1 in 80% of the samples (Bryxiova et al. 2006),
while only 8% of these tested positive using ELISA (Akbas
et al. 2007). These results confirm the higher sensitivity of
RT-PCR versus ELISA in the detection of GLRaV-1.

ANALYSIS OF THE GLRaV-1 GENOME

The first GLRaV-1 isolate, which has been fully sequenced,
was from a low-yielding Sultana clone (E1) grown in Aus-
tralia. We first detected GLRaV-1 in this grapevine clone in
1996 (Habili et al. 1996). Our initial approach to the mol-
ecular characterization of this leafroll virus isolate was via
dsRNA analysis following cloning and sequencing a frag-
ment of the GLRaV-1 genome (Habili et al. 1997). This
work led to a complete sequence of the viral genome (Fazeli
and Rezaian 2000; Little 2004).

The genome of viruses from the family Closteroviridae
is divided into two blocks. The first block contains the
leader proteinase (PRO), methyltransferase (MTR), helicase
(HEL), and RNA polymerase (POL). These 4 domains form
the viral RNA replicase gene block. The second block con-
sists of five genes, which is also called quintuple gene block
(QGB). The QGB which is unique to the family Closterovir-
idae includes genes coding for a small hydrophobic protein,
a homolog of 70-kDa heat shock proteins (HSP-70h), a ~60-
kDa protein (p60), a major capsid protein and two duplic-
ated capsid proteins (CP, CPdl and CPd2, respectively).
Functions of these proteins were identified using two repre-
sentatives of the genus Closterovirus. The QGB proteins
maybe engaged in cell-to-cell movement (Peremyslov et al.
1999; Alzhanova et al. 2000). In addition, CPd, HSP-70h,
and p60 assemble short virion tails, whereas CP forms a
long filamentous virion body (Agranovsky et al. 1995; Pere-
myslov ef al. 2004; Satyanarayana ef al. 2004).

The genome of the GLRaV-1 consists of 17,647 nucleo-
tides (Fazeli and Rezaian 2000; Little 2004) with 10 major
ORFs and small non-coding regions at the 5’ and 3'-termi-
nus with no poly(A) tract. The scheme of the genome is pre-
sented in Fig. 2, functional domains and their positions in
the genome are listed in Table 3. The first open reading
frame (ORF 1la) encodes for a putative papain-like protease
(P-PRO), methyltransferase (MTR) and RNA helicase
(HEL) proteins, which are located at the C-terminal of a lar-
ger protein. The downstream ORF (1b) overlaps with ORF
la and lacks an initiation codon. This ORF probably expres-
sed via a +1 frameshift and encodes for the RNA polymer-
ase (POL) gene with a size of 59.2 kDa. ORF 2 encodes for
a small hydrophobic protein of 6.7 kDa with an unknown
function. ORF 3 encodes a homologue of the HSP70 family
of heat shock proteins of 59.5 kDa in size. ORF 4 codes a
54.6 kDa protein and ORF 5 is the coat protein with a Mr of
35 kDa. ORFs 6 and 7 code for two minor proteins which
are the diverged forms of the coat protein. These are called
coat protein duplicate (CPd1 and CPd2, respectively). This
is the only Ampelovirus found so far to carry two CPd prot-
eins. Members of the genus Ampelovirus has the major coat
protein located upstream from the duplicate CP, while in
members of the genus Closterovirus, the major CP is loc-
ated downstream from CPd.

Gene expression strategies in these viruses involve prot-
eolytic processing and translational frame shift, both at the
5'-terminal. However, the genes at the 3'-end are expressed
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Table 2 Incidence (% infection) of GLRaV-1 and GLRaV-3 in different countries.

Country Total no. tested GLRaV-1 (%) GLRaV-3 (%) Reference

Australia 2479 3.7 4.2 Habili and Symons 2000

Austria ? 40' not tested Leonhardt ez al. 1998

Brazil 650 6.9 14.7 Fajardo et al. 2002

Canada 11,417 1.7 10.8 MacKenzie et al. 1996

Croatia 300 72.3 243 Poljuha ez al. 2004

Czech rep. 488 15.4 8.2 Kominek 2006

France ? 8’ 15 Greif et al. 1997

Greece 494 41 46 Avgelis et al. 1997

South Africa 407° 1 49.8 Pietersen 2006 (pers. comm. with N. Habili)
Thailand 12 83.3 333 N. Habili (unpublished, 2007)

Tunisia 510 8 58 Mahfoudhi, Chabbouh, Habili, 2007, unpublished results
Turkey 10 80 not tested Bryxiova et al. 2006

USA 221 4 26 Rowhani et al. 1997

"Data from cv. ‘Griiner Veltliner’ grown in Niederdsterreich, Austria.
% Average for 8 regions.
3 Collected from 70 vineyards in the Western Cape, South Africa.

Table 3 Scheme of the GLRaV-1 genome.

ORF/region Functional domain/protein Position (nt)*
5" non-coding 32nt 1-32

laand 1b P-Pro, MTR, HEL, POL 33-7983

2 p7 hydrophobilc protein 8778-8957

3 p60, HSP70-like 8963-10594
4 p55, HSP90-like 10591-12039
5 p35, coat protein 12143-13111
6 p55, CP duplicate 1 (CPd1) 13134-14636
7 p50, CP duplicate 2 (CPd2) 14640-15962
8 p22 16042-16611
9 p24 16655-17287
3’ non-coding 360 nt 17288-17647

* Based on the partial known sequence of 12,394 nt in the GenBank (Accession number AF195822) and completed sequence (Little 2004). See also the relevant CDS in

Genbank.

Table 4 Primers and cycling conditions used by different authors for the RT-PCR detection of GLRaV-1.

Forward primer Reverse primer

Target gene, position Expected pro- PCR cycling condition

Reference

in AF195822 duct size (bp)

5" AAT CCT ATG CGT 5' TGG CAT CGT CpP 175 35% (94°C/30 s, 56°C 30  Habili et al. 2003
CAG TAT GC 3’ TGC TAAATT GAG 3" 7589-7763 s, 72°C 60 s)
5"TCT TTACCAACC 5" GTG TCT GGT Cp 232 35%(94°C/30 s, 50°C 45  Gambino and Gribaudo 2006
CCGAGATGAA3 GAC GTG CTAAAC  7245-7476 s, 72°C 60 s)

G3’
5"GAG CGACTT 5' GGT AAA CGG HSP 70 320 35%(94°C/30s,58°C 45  Osman et al. 2007
GCG ACT TAT CGA 3’ GTG TTC TTC AAT 4822-5142 s, 72°C 60 s)

TCT 3’
5" GCAACT GCA 5'CTTTCT CGT TCG CP 327 35% (94°C/45 s, 58°C 45  Gambino et al. 2006
ATTTCCACAGA3" GCTTCAAC3 7346-7673 s, 72°C 60 s)
5'CAG GCG TCG 5'TCG GAC AGC HSP 70 540 40x (94°C/60 s, 50°C 60  Kominek et al. 2005
TTTGTACTGTG3" GTTTAAGITCC3' 4125-4664 s, 72°C 60 s)
5'GGC TCG AGA 5" CCT CTA GAC ORF9 (p24) 633 40x (94°C/15 5,55°C 30  Little and Rezaian 2006
TGG CGT CAC TTA ACCAAATTGCTA  11401-12033 s, 68°C 60 s)
TACCTA 3’ GCGA3'

via subgenomic RNA transcripts. Three subgenomic RNAs
were identified in GLRaV-1 (Fig. 2) (Fazeli and Rezaian
2000). The largest of which carries the CP gene and is
around 6 kp. Two smaller species of 1.7 and 1.1 kb were
also detected. All these three and possibly more subgeno-
mic RNAs are 3’ co-terminal.

Limited functional analysis on ORFs 2, 3, 6 and 9 as-
signed their expressed proteins to GLRaV-1 movement and
maintenance in the cells (Little 2004). Little (2004) sugges-
ted that the ORF 2 encodes a vesicle inducing protein that
is targeted to the endoplasmic reticulum. Transient expres-
sion of the ORF 2 protein lead to the formation of multive-
sicular bodies similar in appearance to the previously repor-
ted BY V-type vesicles, named after the Closterovirus type
member Beet Yellows Virus (Agranovsky 1995). Transient
expression of ORF 3 and 6 resulted in their targeting to the
cell periphery. This is consistent with the homologous ORF
3 of BYV, which is localised to the plasmodesmata (Medina
et al. 1999) and functions as one of the viral movement
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proteins (Peremyslov ef al. 1999).

ORF 3 encodes a 70-kDa heat shock protein homolog.
The Closteroviridae is the only virus family that encodes
such a protein with similarity to cellular chaperones (Agra-
novsky et al. 1991). Proteins of HSP family are normally
found in all types of cellular organisms, where they protect
the cell against heat shocks and assist in protein folding,
assembly and disassembly of multi-subunit complexes and
translocation of proteins between cell compartments (Bukau
and Horwich 1998). These proteins share the same type of
structural organization with a conserved N-terminal ATPase
domain (Flaherty et al. 1990) and a more variable C-ter-
minal domain (Zhu et al. 1996). Furthermore, the HSP-70s
share the same basic mechanism involving repeated cycles
of binding and releasing from target proteins as regulated by
ATP hydrolysis (Bukau and Horwich 1998). HSP70 homo-
logs encoded by closteroviruses appear to retain all func-
tional domains of cellular HSP proteins (Agranovsky et al.
1997).
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Fig. 2 Scheme of GLRaV-1 genome and subgenomic RNAs.
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Fig. 3 A pairwise comparison of aminoacid sequence of HSP70 protein of GLRaV-1 (GenBank accession number AAF22740) and hscA chaperone
protein from HSP70 family of Escherichia coli (Genbank accession number P36541) using BLAST (Alstschul ez al. 1997) and CDD (Marchler-
Bauer et al. 2005) programs. LR1, GLRaV-1; EC, Escherichia coli; - gap (missing amino acid); identical amino acids are marked in a middle row; five
conserved motifs for ATPase activity according to Bork et a/. (1992) are marked above the sequences; ultra-conserved residues are marked in red. Identities

127/522

(24.3%).

Here, we show a 24.3% amino acid identity between The HSP70 gene was used as a basic target for initial
the N-terminal region of the GLRaV-1 HSP70 and that of = molecular characterisation of a number of viruses from the
Escherichia coli (Fig. 3). Most of these identities fell into  family Closteroviridae and of their genetic diversity (Kara-
five conserved ATPase domains described by Bork er al.  sev ef al. 1994; Tian ef al. 1996; Alkowni ef al. 2004). In a

(1992).

number of closteroviruses, the HSP70 gene is the only se-
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quenced part of the viral genome.

Sequence variability in the HSP-70 gene of GLRaV-1
was observed by Kominek et al. (2005). This enabled them
to describe two groups of GLRaV-1 isolates, tentatively
named A and E, often occurring as a mixed infection in a
single grapevine plant.

Little et al. (2001) reported that sequence diversity
exists in the GLRaV-1 genome and this is mainly present in
ORFs 3, 6 and 7. ORF7, which is the CPd2, shows the
highest sequence variability, with a mutation occurring in
60% of the nucleotide positions. These variations do not
change either the size of the ORFs or the behaviour of their
relevant translation products. However, this finding has an
important practical message, which should be taken into ac-
count when designing primers for the RT-PCR detection of
GLRaV-1. Little (2004) has found that by designing PCR
primers from sequences on ORF 9, the ambiguities associ-
ated with sequence variability in GLRaV-1 PCR could be
avoided (see also Table 4).

DETECTION

GLRaV-1 has not yet been transmitted to any herbaceous
indicator plant. The only possible use of the biologically
based detection method is via grafting to Vitis woody in-
dicators - for example to Vitis vinifera cv. ‘Cabernet Franc’
(Pathirana and McKenzie 2005). However, woody indica-
tors are not virus specific, and they can detect leafroll as a
disease, but not any specific virus. Serology is commonly
used for specific detection of the virus using both polyclo-
nal and monoclonal antibodies (Seddas et al. 2000). Molec-
ular techniques such as RT-PCR and molecular hybridiza-
tion using RNA probes are useful for the detection of
GLRaV-1 as they seem to be more sensitive and highly spe-
cific.

RT-PCR with degenerated primers showing generic
specificity is widely used (Tian et al. 1996). However their
use for direct detection of leafroll viruses from total RNA
extracts has limitations in PCR. The condition of a low
stringency (eg a lower annealing temperature) can result in
the amplification of non-specific fragments other than that
of the targeted virus (ribosomal RNA or the universal Ru-
pestris stem pitting-associated virus) as reported by Komi-
nek et al. (2004). This problem may be overcome by the
use of degenerated primers containing inosine used in a set
of nested PCR reactions (Dovas and Katis 2003).

Another approach to molecular detection of grapevine
viruses including GLRaV-1 is designing PCR primers for
the simultaneous detection of more than one virus in a sin-
gle reaction. This is called multiplex RT-PCR, which can
detect up to nine viruses saving both time and money
(Gambino and Gribaudo 2006). However, at our hands the
sensitivity of detection of each individual virus in the multi-
plex system was greatly reduced as compared to a “mono-
plex” PCR system.

The success of GLRaV-1 detection using molecular
techniques is limited by two factors, sequence variation in
the viral RNA and a low template concentration. One way
to overcome this problem, as shown by Little and Rezaian
(2006), is the use of magnetic capture hybridisation to
allow the removal of RT-PCR inhibitors and the addition of
100-fold excess template RNA to a single reaction.

Alternatively, for virus detection molecular hybridiza-
tion with RNA probes, which may overcome minor se-
quence variability in a target sequence, could be used (Ko-
minek and Bryxiova 2005).

GLRaV-1 was detected by single tube RT-PCR in the
presence of Sybr Green G using a real-time approach coup-
led with melting temperature analysis of the generated amp-
licons. A pair of coat protein specific primers was used
which enabled the routine detection of the virus and its va-
riants from the same plant (Habili ez al. 2003).

Real-time approach was similarly reported as a highly
sensitive method enabling the detection of more virus vari-
ants than conventional RT-PCR (Osman et al. 2007).
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An overerview of the primers and PCR conditions used
by different authors for the GLRaV-1 detection is given in
Table 4.

SANITATION

Successfull elimination of GLRaV-1, as well as other grape-
vine viruses can be achieved by thermotherapy of shoot tips,
a practice routinely applied for grapevines (R. Davies, pers.
comm.; Leonhardt et al. 1998; Valero et al. 2003) or by a
somatic embryogenesis using anthers and ovaries as a star-
ting material (Gambino ef al. 2006). Somatic embryogenesis
can be used for the elimination of phloem-inhabiting viruses,
while it seems not to be effective in the case of Grapevine

fanleaf virus (Goussard and Wiid 1992).

Mannini and Credi (2003) evaluated the effect of heat-
treatment on the elimination of GLRaV-1 in a mixed infec-
tion with GVA from grapevines cv. ‘Nebbiolo’ and ‘Grigno-
lino’. The virus elimination resulted in higher vine vigour
and an increased vegetative growth. The yield increased by
30% due to a larger bunch size and an increase in shoot
growth. However, juice composition (soluble solids and tit-
rable acidity) was not affected as a result of virus elimina-
tion.

CONCLUSIONS

GLRaV-1 is the first Ampelovirus detected in grapevines.
The virus is second after GLRaV-3 both in its severity and
its rate of infection in Vitis vinifera. The viral genome has
been fully sequenced and its 10 open reading frames have
been described. However, the function of only a few of
these ORFs has been studied. The HSP70 gene has been se-
quenced in most isolates from around the world and its ap-
plication in understanding of the viral genome diversity and
the virus distribution has been described. RT-PCR remains
one of the most sensitive and reliable methods for the
GLRaV-1 identification provided an efficient method of
RNA isolation and an inhibitor-free procedure is followed.
RT-PCR remains the method of choice for virus detection
following a virus elimination program using meristem tip
culture coupled with high temperature incubation of the ex-
plants (pers. comm. of N. Habili with Rodney Davies of the
University of Adelaide, South Australia).

Finally, it is recommended that a vigorous virus testing
protocol should be adopted, especially by the European
grapevine nurseries, before exporting planting material to
newly established vineyards in countries like Thailand (see
also Table 3), where the environmental conditions may aug-
ment the viral debilitating effects.
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