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Abstract Three genetic variants of grapevine leafroll-
associated virus 3 (GLRaV-3) were identified in vineyards
of the Western Cape, South Africa. The GLRaV-3 variants
were identified by single-strand conformation polymor-
phism (SSCP) profiles generated from a region amplified in
ORF5. ORF5 sequence data confirmed the three genetic
variant groups, and a specific SSCP profile was assigned to
each variant group. The results of SSCP analysis of this
region in ORF5 showed that this method gives a fast and
reliable indication of the GLRaV-3 variant status of a plant,
which in many instances showed mixed infections. The full
genome sequence of one representative of each variant
group i.e. isolates 621 (group I), 623 (group II) and PL-20
(group III), was determined by sequencing overlapping
cloned fragments of these isolates. The sequences of
genomic 5’ ends of these isolates were determined by
RLM-RACE. Sequence alignment of the 5'UTRs indicated
significant sequence and length variation in this region
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between the three South African variant groups. Alignment
of the Hsp70h and CP gene regions of these isolates with
those of isolates from elsewhere in the world, followed by
phylogenetic analysis, further supported the presence of
three variants of GLRaV-3 in South Africa and the pres-
ence of two or three additional variant groups elsewhere in
the world.

Introduction

Grapevine leafroll-associated virus 3 (GLRaV-3) is the
main causative agent of grapevine leafroll disease (leafroll)
in South Africa and spreads rapidly in local vineyards [18].
As GLRaV-3 is consistently associated with leafroll, it is
viewed to be an important etiological agent of this
economically important disease [2]. Grapevine leafroll-
associated virus 3 is the type species of the genus Ampe-
lovirus in the family Closteroviridae [17]. Virions are
flexuous, filamentous particles, about 1,800 nm long, with
a positive-sense single-stranded RNA genome organised
into 13 open reading frames [12].

Research worldwide has shown the existence of several
molecular variants of GLRaV-3. The population structure
and genetic variability of 45 GLRaV-3 isolates, from dif-
ferent grapevine varieties and 14 different countries, by
single-stranded conformation polymorphism (SSCP) and
sequence analysis of three genomic regions, RdARp, Hsp70h
and coat protein (CP), was investigated [22]. The results
for the RdRp and Hsp70h regions showed that 10% of the
isolates analysed had mixed-variant infections, whilst 15%
of the isolates had mixed infections when the CP region
was analysed [22]. Multiple alignment of sequences
deposited in GenBank revealed that the sequences used in
the Italian study had nucleotide identities of above 90%
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between isolates in the regions studied. High diversity was
noted in other studies, such as the divergent strain of
GLRaV-3 (GLRaV-3-Tempr; GenBank accession no.
DQ314610) found in a grapevine accession in the cultivar
Tempranillo from a Spanish vineyard [1]. The GLRaV-3-
Tempr isolate was almost 20% divergent from the NY-1
isolate at the nucleotide level in the sequenced 3’ end of
ORF1 [1]. GLRaV-3-infected juice grapes (Vitis labrus-
cana ‘Concord’ and Vitis labruscana ‘Niagara’) from
Washington State revealed nucleotide identities of 94-98%
and amino acid identities of 97-98% in the Hsp70h gene of
the NY-1 isolate [20]. A survey of leafroll-associated
viruses showed 74.1-100% identity at the nucleotide level
and 85.9-100% identity at the amino acid level between
five GLRaV-3 isolates from New York and 25 isolates
from other geographic regions [5]. Phylogenetic analysis of
the HSP70h gene showed at least five possible variant
groups in one study [5]. A study on the viral variants in the
‘Waltham Cross’ table grape variety revealed at least two
GLRaV-3 variants; one clone (WC-HSP-2) shared 93.2%
nucleotide identity with NY-1 [12], and two other clones
(WC-HSP-10 and WC-HSP-28) were only 72.3% identical
to NY-1 [19]. A nucleotide identity of 97.6% was reported
between the Chilean isolate C1-766 and NY-1 [4]. Another
study reported significant variability between New Zealand
isolates where, to date, four genetic variants have been
identified [3]. A study on Portuguese grapevine varieties
infected with GLRaV-3 identified five GLRaV-3 variant
groups based on CP gene sequences [8].

In a previous study of South African isolates of GLRaV-
3, single-strand conformation polymorphism (SSCP),
restriction enzyme (RE) SSCP, cloning and sequencing
techniques were used to identify two clearly divergent
molecular groups of the virus [10]. The first molecular
variant, represented by isolate 621, was very similar to the
NY-1 isolate of Ling et al. [12], while sequence data of the
second molecular variant, represented by isolate 623, were
very similar to the complete genome sequence of the South
African isolate GP18 [16]. The molecular divergence
between these two variant groups was especially high in
the 5'-terminal part (partial sequences of the 5'UTR and
ORFla of the virus, where nucleotide sequences differed
by 35%). Sequence data of the remaining coding regions
showed nucleotide similarities above 90% between the
variant groups. The two variant groups could be distin-
guished by unique SSCP profiles generated from an
amplified region in ORF 5 [10].

The complete genome length of a South African
GLRaV-3 isolate, GP18 (EU259806), was reported to be
18,498 nt [16]. The extended length of the 5'UTR, con-
sisting of 737 nt, differed from that reported previously by
Ling et al. [12] and Engel et al. [4], where a 5UTR of
158 nt for both isolates NY-1 (AF037268) and CI-766
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(EU344893) was described. There was 93% sequence
identity between the genome sequences of isolate GP18
and NY-1 [16].

In this study, the variability of GLRaV-3 in infected
plants in South African vineyards was further explored.
The aim of the study was to use the SSCP technique to
identify GLRaV-3 variants from infected vineyards and to
obtain full genome sequences of three representatives of
these GLRaV-3 variants, namely isolates 621, 623 and
PL-20, including their 5'UTRs. The phylogenetic rela-
tionships of these three isolates was determined using
Hsp70h and CP gene sequences, which were aligned with
those of isolates obtained from elsewhere in the world.

Materials and methods
Virus sources

A field survey was conducted in five motherblocks in dif-
ferent grape-producing areas of the Western Cape, South
Africa, namely, Stellenbosch, Paarl, Wellington, Rawson-
ville and Worcester. GLRaV-3-infected plants were
selected based on different spatial distribution patterns of
leafroll recorded in a survey done in motherblocks from
2001-2007 [18]. In numerous disease foci (also referred to
as disease clusters), the infection point or starting point of
disease spread began from a single plant. From this single
plant, mealybugs transmitted the disease to adjacent plants
in rows and across rows forming clusters of infection. The
plants collected in this survey all represent the initial
infected plant of any given focus of leafroll infection.

Based on SSCP profiles, twelve of these infected plants
(3,4,5,7,12, 15, 16, 17, 20, 32, 48, and 50) were selected
for further investigation (Table 1). The existence of an
extended 5'UTR was studied in these twelve plants and in
57 additional field-collected GLRaV-3 isolates.

dsRNA isolation, RT-PCR, cloning and SSCP

Isolation of dsRNA, SSCP analysis and cloning were car-
ried out as described earlier [7]. SSCP profiles were gen-
erated in 15% polyacrylamide gels from amplified products
from ORFS5 of GLRaV-3, genome position 12,592-12,801
(primer pair H420/C629 in Jooste & Goszczynski [10]).

Cloning of fragments of isolates 621, 623 and PL-20
and assembly into whole-genome sequences

Based on the SSCP results from the field survey, the
complete nucleotide sequences of three GLRaV-3 isolates
were determined: GLRaV-3 isolate PL-20, from a Vitis
vinifera cv. Cabernet Sauvignon plant (Table 1), and
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Table 1 A description of the

Plant number Position description Cultivar Region Year planted

twelve plants selected for

. . . . (block/row/plant no.)

further investigation, in which

cultivar, year planted and 3 52/28/95 Cabernet Sauvignon Paarl 1997

collection region are listed .
4 52/30/64 Cabernet Sauvignon Paarl 1997
5 52/53/26 Cabernet Sauvignon Paarl 1998
7 52/63/89 Cabernet Sauvignon Paarl 1998
12 10/9/87 Cabernet Sauvignon Worcester 1996
15 10/23/10 Cabernet Sauvignon Worcester 1997
16 10/29/2 Cabernet Sauvignon Worcester 1997
17 10/31/35 Cabernet Sauvignon Worcester 1997
20 10/39/99 Cabernet Sauvignon Worcester 1992
32 19b/6/15 Merlot Rawsonville 1994
48 1/23/63 Cabernet Sauvignon Stellenbosch 1991
50 1/29/83 Cabernet Sauvignon Stellenbosch 1991

GLRaV-3 isolates 621 and 623, from Vitis vinifera cv.
C. Sauvignon and Vitis vinifera cv. Ruby Cabernet,
respectively [10].

dsRNA and total RNA were isolated from these samples
and used for RT-PCR to clone fragments of isolates 621,
623 and PL-20 by using standard molecular techniques.

Primer design for cloning and sequencing of the frag-
ments of the genomes of isolates 621 and 623 was done
with the Genefisher program [6], using the published
sequences of isolate NY-1 [12] as a template. The
sequencing strategy for fragments of isolates 621 and 623
was based on the amplification, cloning and sequencing of
18 overlapping clones in the genomes of isolates 621 and
623, with product sizes ranging from 283 to 986 bp (primer
sequences not shown). Cloning of PCR-amplified products
was carried out using a pGEM®-T easy cloning system
(Promega). At least three clones of each amplicon were
sequenced in both directions. Consensus sequences of
isolates 621 and 623 similar to the nucleotide length of
NY-1 [12] were assembled with DNAMAN version 6
sequence analysis software (Lynnon Biosoft, 1996) from
the overlapping sequences generated from the cloned
fragments.

The sequence of isolate PL-20 was compiled by ampli-
fying and sequencing ten overlapping cloned fragments
(Fig. 3). Primer design was done with Genefisher [6] and
OligoExplorer 1.1.0 software (http://www.genelink.com/
tools/gl-oe.asp) with the GP18 isolate sequence as a tem-
plate [16]. Primers designed to amplify the fragments of
isolate PL-20 in ten overlapping clones are listed in Table 3.
The PCR products (online resource Table 3) were ligated
into the pDrive vector using a Qiagen® PCR cloning kit
according to the manufacturer’s instructions, and the liga-
tion mixtures were used to transform competent DH5a cells.
At least three clones of each amplicon were sequenced in
both directions with the SP6 and T7 primers, and with

additional primers where required. The additional
sequencing primers that were designed to sequence the lar-
ger cloned fragments are listed in online resource Table 4.

To determine the sequences of the 5" and 3’ ends of iso-
lates 621 and 623, poly(A) tailing was attempted [11, 12].
The 5’ends of isolates 621, 623 and PL-20 were amplified
using RNA ligase-mediated rapid amplification of cDNA
ends (RLM-RACE) with the First Choice® RLM-RACE kit
(Ambion, USA) according to the manufacturer’s instruc-
tions, using total RNA extracted from 2 g of phloem tissue
using the CTAB method [23]. The genome-specific reverse
primers used with the 5" RLM-RACE kit to perform the 5’
RACE outer and inner PCRs were LR3 365Rev, 5
CGTCCGCTTCACCCCTTTGG 3’ (used in the outer PCR
reaction) and LR3 868, 5 GGGTGTGAAGTCAGAT
AACTT 3 (in the inner PCR reaction). The PCR products of
the 5’'UTR region were ligated into the pDrive vector and
sequenced as described above. Sequences were analysed and
assembled with Vector NTI v/0 (Invitrogen) and BioEdit
software [9], and consensus sequences of the 5’ and 3’ ends
of isolates 621, 623 and PL-20 were compiled.

The 3’ ends of isolates 621 and 623 were successfully
determined by polyadenylation and reverse transcription of
purified dsRNA [11]. The 3’ end of isolate PL-20 was
cloned with the extension of polyA cDNA.

The whole genome sequences of GLRaV-3 isolates 621,
623 and PL-20 were deposited in the GenBank database
and assigned accession numbers GQ352631, GQ352632
and GQ352633. The predicted functions of the ORFs were
confirmed with the conserved domain search on the NCBI
website [14, 15]. The nucleotide (nt) and amino acid (aa)
sequences of the ORFs of these isolates and those of the
Chilean isolate C1-766 and the South African isolate GP18
were compared with those of the USA isolate NY-1,
expressed as percentage sequence identity to isolate NY-1
and listed in tabular form (Table 2).
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Confirmation of 5'UTR in field-collected samples

Primers were designed to amplify a 362—422-nt fragment
(depending on the variant group) in the 5'UTR of selected
GLRaV-3 isolates by RT-PCR. These primers were
designed in conserved regions, identified by multiple
sequence alignment of the 5'UTRs of isolates 621, 623,
PL-20 and GP18 and designated GL3.5F (5’ TGCTC
TAGTAGGATTCGAAC 3') and GL3.342R (5’ CCCA
ACACGATAAAGAGAAC 3’). PCR products were
sequenced, and the sequence data were analysed to identify
variant groups.

Phylogenetic analysis

In order to assess the relationship of the three South African
isolates, their Hsp70h and CP gene sequences were used in a
phylogenetic analysis in which the Hsp70h and CP
sequences of a large number of isolates from elsewhere in
the world were included. The origins of the Hsp70h and CP
sequences and GenBank accession numbers are shown in
additional online data in Tables 5 and 6, respectively. These
Hsp70h and CP sequences of isolates 621, 623 and PL-20 as
representatives of the South African variant groups I, II and
III, respectively, were aligned with the Hsp70h and CP
sequences downloaded from GenBank (online resource
Tables 6 and 7), utilizing the software package BioEdit [9].
These sequences were aligned using the Clustal W (v 1.4)
alignment function embedded within the BioEdit package,
and the alignment was refined manually. Phylogenetic
analyses of the aligned Hsp70h and CP sequence matrices
were performed using PAUP 4.0b10 [21]. In both analyses,
the GLRaV-1 Hsp70h and CP sequence (GenBank accession
no. AF 195822) was used as the outgroup. A heuristic search
(1,000 replicates) using TBR branch swapping with all
characters weighted equally was performed to search for the
shortest possible trees from both data matrices. A bootstrap
analysis (1,000 replicates) using TBR branch swapping was
performed to establish clade support. Branches with boot-
strap values >75% were considered well supported, whilst
values between 75% and 50% were considered moderately
supported. Values below 50% were considered weakly
supported and, in line with other phylogenetic analyses,
were not indicated on phylograms.

Results
Field survey, SSCP analysis
SSCP profiles obtained for the isolated dsRNA of 46

GLRaV-3-infected plants showed two distinct profiles
(Fig. la, lanes 4 and 5), as described previously [10], as
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Fig. 1 SSCP results of plants collected in vineyards in the a Paarl
and Worcester districts, lanes 2-10 and 11-15, respectively,
b Worcester and Wellington districts, lanes 16-20 and 21-30,
respectively, ¢ Rawsonville district, lanes 3241 and d Stellenbosch
district, lanes 42-54

well as additional (hitherto unreported) profiles (Fig. 1a—d).
The SSCP profiles consisted of ‘simple’ and ‘complex’
patterns, as described previously [22]. ‘Complex’ and
atypical profiles were selected for further analysis in this
study. The SSCP profiles of the twelve plants selected for
further analysis are indicated by arrows in Fig. 1a-d (3,4, 5,
7,12, 15, 16, 17, 20, 32, 48 and 50). The SSCP profiles of
plants 4 and 5 represent the two variants, isolates 621 (group
D) and 623 (group II), identified previously [10].

Ten clones from each of the twelve plants were gener-
ated and analysed individually by SSCP. A minimum of
four clones per plant were selected for sequencing of this
region (indicated by circled numbers in Fig. 2). Variability
in SSCP profiles between the clones was detected in most
of the plants (4, 7, 12, 15, 16, 32, and 48), illustrating that
combinations of variants occurred in different plants. In
some of the plants (5, 17, 20 and 50), the SSCP profiles of
all 10 selected clones were identical. The nucleotide
sequences of 55 clones and five reference sequences
(Group I: NY-1, Cl-766 and 621, Group II: GP18 and 623)
were compared. Sequence alignment showed that the
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Fig. 2 SSCP profiles of ten
clones of each of the twelve
plants. Clones indicated with
circles were sequenced. The
first lane of each gel represents
the original SSCP profile (OP)

(a) Plant 3

(d)Plant 7

(b) Plant 4

(e) Plant 12

(c) Plant5

(f) Plant 15

(g)Plant 16 (h) Plant 17 (i) Plant 20
(j) Plant 32 (1) Plant 50

—

majority of the clones grouped with the variant group II
isolates 623 and GP 18 (not shown). A third variant group
was identified based on sequence results and distinct SSCP
profiles detected in plants 15, 16, 20 and 32. The SSCP
profiles shown in Fig. 2 of clones 15.2, 15.9, 16.1, 16.5,
16.7, 20.1, 20.4, 20.7, 20.9, 32.5 and 32.8 represent this
third group of variants. Based on these results, the viral
isolate from plant 20 (referred to as isolate PL-20) was
selected as a representative of the third variant group.
Sequences of other clones from plants 15, 16 and 32
clustered with sequences of clones in group I. The nucle-
otide sequences from each clone and the SSCP profiles
(Fig. 2) of individual clones of the three variant groups
correlated. SSCP profiles of clones from plant 12 were all
similar, except for 12.8, which had a single nucleotide
change, resulting in a different SSCP profile.

Clones derived from plant 4, i.e. 4.1, 4.3, 4.6 and 4.10,
showed SSCP profiles typical for variant group I and
clustered into the group that was similar to isolates 621,
NY-1 and CI-766. Clones 4.5, 4.7 and 4.9 showed atypical
SSCP profiles for group I, and sequence results confirmed
that these clones were similar to clones from variant
group II.

The SSCP profiles determined previously for the three
variant groups are indicated in the profiles of plants 4, 5
and 20 (Fig. 1a, b).

Whole-genome sequencing results and variability
in the 5UTR

Whole genome sequences of isolates 621, 623 and PL-20
were successfully generated, each representing one of the
variant groups identified in the SSCP studies. The whole
genome organisation of the three GLRaV-3 variants was
similar to that described previously for isolates NY-I,
Cl-766 and GP18 [4, 12, 16]. Similar to isolate GP18, all
three isolates contained an extended 5'UTR [16]. ORFla
of isolates 621 (group I) and 623 (group II) started at

(k) Plant 48

nucleotide position 738 on the respective genomes and at
position 673 on the PL-20 genome (group II). In this
region, the methyltransferase (MET), AlkB (20G-Fell) and
helicase (HEL) domains were found in all three isolates.
The other domains were similar to those of the NY-1, GP18
and Cl-766 isolates [4, 12, 16] and included the two
intergenic regions from positions 9,058-9,286 and
9,443-10,508.

The variation of the three variant groups compared to
isolate NY-1 is shown in Table 2. The percent sequence
identity in the nt and aa sequences in ORFla showed no
clear differentiation between group I and II variants. In
ORF2, PL-20 (variant group III) showed an 87.8% differ-
ence at the nt level from NY-1, but the predicted aa
sequence was 100% similar to NY-1. In ORF2, the aa
prediction for variant group II isolates GP18 and 623 dif-
fered by almost 20% from that for the group I and III
variants. The genomic regions near the 3'UTR, namely
ORF10, ORF11 and ORF12, showed the most variation
between variants in the nt and aa sequences, and the group
Il variant showed 80%, 67% and 78% aa identity,
respectively, to the NY-1 isolate in these regions.

The 5'UTR sequences of isolates 621, 623 and PL-20
were successfully sequenced by RLM-RACE. The full
genome length of isolates 621 and 623 was 18,498 nt with
a 5'UTR length of 737 nt, identical to that reported for the
South African GP18 isolate [16]. Multiple sequence
alignment of the 5UTR (Fig. 3) indicated significant vari-
ation amongst the three variant groups, with two regions
differing substantially amongst them. In the first region,
two insertions were observed in the sequence of the group I
and III variants (isolates 621 and PL-20) compared to the
group II variants, in which a 6l-nt insertion between
positions 205 and 267 and an insertion of 4 nt between
positions 273 and 278 was found. In the second region,
deletions between positions 567 and 661 in variant group I
(isolate 621) of 65 nt and in variant group III (isolate PL-
20) of 132 nt were found. The sequence data of the 5UTR
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Table 2 Percent nucleotide (nt) and amino acid (aa) sequence identity of the GLRaV-3 isolates, C1-766 (EU344893), 621 (GQ352631), GP18
(EU259806), 623 (GQ352632) and PL-20 (GQ352633), representing the three variant groups, as compared to isolate NY-1 (AF037268)

GLRaV-3 ORFla ORF1b ORF2 ORF3 ORF4 ORF5 ORF6 Variant
isolate Met/Hel RdRp p6 p5 Hsp70h Hsp90 h CP group
nt/aa nt/aa nt/aa nt/aa nt/aa nt/aa nt/aa

Cl1-766 95.7/95.5 99.0/99.1 98.7/98.0 97.1/100 98.8/98.4 99.2/99.0 99.0/99.0 1
621 96.2/96.5 99.4/100 98.7/98.0 97.1/100 98.8/98.7 99.2/99.2 99.3/99.0
GP18 94.1/95.3 95.4/97.6 90.4/80.4 93.5/97.8 94.6/96.9 92.8/93.2 92.5/94.6 II
623 93.4/95.6 90.3/95.7 91.0/82.4 93.5/97.8 94.8/97.8 92.9/93.4 92.8/95.2
PL-20 87.5/90.9 92.3/100 87.8/100 92.0/91.1 90.0/94.7 90.8/91.3 91.5/96.5 I
ORF7 ORF8 ORF9 ORF10 ORF11 ORF12 3'UTR
dCP p21 pl19.6 pl19.7 p7 p4 nt
nt/aa nt/aa nt/aa nt/aa nt/aa nt/aa
Cl1-766 99.2/98.1 98.9/98.4 99.4/99.4 98.7/97.2 98.2/97.2 93.4/91.7 97.5 1
621 99.1/98.3 99.5/100 99.6/99.4 98.7/96.6 97.3/94.4 93.4/91.7 96.8
GP18 92.1/89.9 93.5/97.3 91.6/88.7 90.6/86.0 91.0/88.9 97.3/96.7 97.5 11
623 92.3/90.6 93.7/97.3 91.6/88.7 89.8/84.9 91.9/88.9 97.8/95.0 97.1
PL-20 88.3/89.3 90.1/94.6 90.8/89.3 83.0/79.9 77.5166.7 84.2/78.3 94.9 I

was confirmed with clones generated from the RLM-RACE
reaction as well as clones from primer set GL3.5 and LR
365Rev, which amplified a product of 941 bp from posi-
tions 5-946 on the GP18 genome.

The variation in the 5UTR sequences presented here
correlated with the three variant groups shown by SSCP
profiles generated from amplicons of ORFS5, and sequence
data of the 5UTRs of the three variants (621, 623 and
PL-20) reflected the three variant groups. The 5'UTR is
highly variable between the GLRaV-3 molecular variants
compared to the rest of the genome. Intergroup variation
between the group I (621) and group II (623) variants in the
5'UTR was as much as 30%, while variant group II (623)
and group III (PL-20) differed by 22%. Group I (621) and
IIT (PL-20) varied by 33%.

Confirmation of 5’UTR sequence results

Amplified RT-PCR products obtained from the twelve
selected plants, using primer pair GL3.5F and GL3.342R,
were of the expected sizes for the different variant groups,
i.e. 422 bp for isolates of variant groups I and III and a
smaller product, 362 bp, for isolates of group II variants.
These PCR products were sequenced, and nucleotide
sequences of 382 nt and 317 nt (excluding primer
sequences) were compiled. The multiple sequence align-
ment of the twelve plants showed an insertion of 65 nt for
group I and III isolates (plants 4 and 20).

In addition to these plants, 57 GLRaV-3-infected plants,
collected randomly from 10 motherblocks in different
grapevine-growing regions of the Western Cape, were
analysed in the same area of the 5'UTR (not shown).
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Fifty-two of these plants grouped in the group II variant
clade with GP18 and 623, four of these plants grouped with
the group I variant 621, and one plant grouped in the group
III clade with PL-20.

Phylogenetic analysis of the Hsp70h and CP gene
sequences

The alignment of the Hsp70h gene sequences of the isolates
621, 623 and PL-20 with the sequences from GenBank
resulted in a matrix that was 933 bp in length. Phylogenetic
analysis revealed that 213 of the 933 characters were
constant, 545 (58%) characters were found to be parsimony-
uninformative, while 175 (19%) characters were parsi-
mony-informative. The heuristic search retrieved 8,960
trees with a tree length of 988, a consistency index (CI) of
0.906 and a retention index (RI) of 0.786. As many of the
GenBank depositions of CP sequences were not complete,
the alignment that was used in the phylogenetic analysis
was restricted to the first 499 bp of the CP gene. The
analysis revealed that 174 of the 499 characters were
constant, 228 (45.7%) characters were found to be parsi-
mony-uninformative, and 97 (19.4%) characters were par-
simony-informative. The heuristic search retrieved 16 trees
with a tree length of 458, with a CI of 0.856 and a RI of
0.876. The trees that were retrieved were used to generate a
strict consensus tree. One of the shortest trees retrieved for
both regions is shown in Fig. 4. This representation of the
phylogenetic analysis was chosen because it shows branch
lengths, which indicate the actual numbers of differences
between the sequences that were included in the analysis.
Those nodes that collapsed in the strict consensus tree are
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5"RLM.R3~CF

Clone C

Clane K Clone |

621 GQ352631

(1)

623 GQ352632 (1)
GP18 EU259806 (1)
PL-20 GQ352633 (1)
621 GQ352631 (81
623 GQ352632 (81
GP18 EU259806 (81
PL-20 GQ352633 (81
621 GQO352631 (161)
623 GQ352632 (1l61)
GP18 EU259806 (161)
PL-20 GQ352633 (161)

621 GQ352631 (

623 GO352632 (206) -——--—-----------—--———-———
GP18 EU259806 (
PL-20 GQ352633 (

621 GQ352631

Clone D Clone B

ATAAATGCTCTAGTAGGATTCGAACACGGCATTTTTCAA.TTATTTTACCTGAATTTTCCGCCACGTGCCATAAAATTTC
ATAAATGCTCTAGTAGGATTCGAACACGGCATTTTTCAAATTATTTTACATGAATTTTCCGCCACGTGCCATAAAATTTT
ATAAATGCTCTAGTAGGATTCGAACACGGCATTTTTCAAATTATTTTACCTGAATTTTCCGCCACGTGCCATAAAATTTT
ATAAATGCTCTAGTAGGATTCGAACACGGCATTTTTCAA.TTATTTCATCTGAATTTTCCGCCACGTGCCATAAAACTGT

) ATCTTTTATTTCTCGTGTTTTTGGGTGTTAAGT.TTAACTTTTCCTAAAIAAAAACAAAATAAAATTTTTTCCTTTCAGC
) ITCTTTTATTTCTCGTGTTTTTGGGTGTTAIGTCTTAITTTTTCCTAAACAAAAACAAAAGTAAATTTTTTCITTTCAGC
) ITCTTTTATTTCTCGTGTTTTTGGGTGTTAIGTCTTA.TTTTTCCTAAACAAAAACAAAAGTAAATTTTTTCCTTTCAGC
) ATCTTTTATTTCTCGTGTTTTTGGGTGTTAAGTITTAATTCTTCCTAAAIAAAAACAAAAATAATTTTTTCCITTTCAGC

TGTCGTTAGTAGTTT.TATTGTAATTTTCCTTTAAAATAACAAAATTTTTCTTTTCTCTTATTGGGGTTTCGTGTTTTGT
TGTIGTTAGTAGTTTCTGTTGTA.TTTTCCTTAAAAATAACAAAA ———————————————————————————————————
TGTIGTTAGTAGTTTCTGTTGTAITTTTCCTTAAAAATAACAAAA ———————————————————————————————————
CGCCGTTAGTAATTT.CGTCGTAATTTTCCTTAAAAATAACAAAAATTTTTCTTTCTTTTTCAGCCGCCGTTAGTAATTT

241) AGTCATTAACTTTCCTTTAAAATAACAAAATTTTTCTCTTCTCETTTTGGTGIITCGEGTETAGTAGTIATTAACTTTCC
AABATTT----CTTCTCCTTTTAGTACGTCGCGTCTTGTCATCETTAAETTTCC
206) —mmmmmm e AAGATTT- - - -CTTCTCCTTTTAGTACGTCGCGTCTTGTCATCETTAARTTTCC
241) TCGTCGIAATTTTCCTTAAAAATAACAAAAATTTITTCTTTCTCHTTCCACTEIRTCCEGTHETCTITETEACAAACTTTCC

TAGAGTCTGTTTAGGTTCGTGTTHAGTTTTCTCTGCGCETCCGCGTCTTAAGT TTTAACTTTTCCTAAGCGTCTTTTAAG
TEGEGTCTGTTTAGGTTTGCGTCAAGTTTTCTTTGCGTCTTCGTGTETTTAGT TTTAGITTTTCCTAAGEGTCTTTTAAG
TEGBGTCTGTTTAGGTTIGCGTCAAGTTTTCTTTGCGTCTTCGTGTETTTAGT TTTAGETTTTCCTAAGEGTCTTTTAAG
TAGAGTCTCTTTAGGTTTGAGTCEAGTTTTCTTAGTGIETTCGTGTCTTTAGTTTTGGCCTTTCCTAAGCGTTATTTAAG

AGGGTTGGTTCTCATCETCGTGTTGGGTTAATTTAGTTTTTAAAATTTCCCTTTTAAAAAAGAAAAAACGTCATTTTCTT
AGGGTTAGTTCTCTTTATCGTGTTGGGTAAATTTAGATTTTAGATTTTCCTTTTACAAAGATAGAGAACGTCETTTTCTT
AGGGTTAGTTCTCTTTATCGTGTTGGGTAAATTTAGATTTTAGATTTTCCTTTTACAAAGATAGACAACGTCETTTTCTT
AGGGTTAGTTCTCTTTGTTGTGTTGGGTCAATTCTTGTTTCGAATTTTCCTATAAGAAAGATTAAAAACGTCATTTTCTT

TTAGTGCITTGTTTTCCGTTTITTCGTAGTTTTCCTTCACAAGTTTAAAAATATTTCTTTTAGTTITCTTTAGTCTCAGT
TTAGTGCCTCGTTTTCCGTTTCTTTGTAATTTTCCTTTICGAATTTAAAAATTTTTCTTTTAITTCTITTTAGTTGCGGC
TTAGTGCCTCGTTTTCCGTTTCTTTGTAATTTTCCTTTICGAATTTAAAAATTTTTCTTTTA.TTCTITTTAGTTGCAGC
CTAGTGTITCGTTTTTCAATTITTTGTAACTTTCCTTTACGAAATTAAAATTTTTTCTTTCAGTTITCTTTAGTTGTAGC

—————————————————————————————————————————— TTTTCTAT

ATTTACTATTTTAATTTTCCTTTAGCGTTTTTGTGGTGGTTTTTCTTCTCTTGGTGTGTTTAGCGTGAGTGTTTTTCTAT

( )
623 GQ352632 (256)
GP18 EU259806 (256)
PL-20 GQ352633 (321)
621 GQ352631 (401)
623 GQ352632 (336)
GP18 EU259806 (336)
PL-20 GQ352633 (401)
621 GQ352631 (481)
623 GQ352632 (416)
GP18 EU259806 (416)
PL-20 GQ352633 (481)
621 GQ352631 (561) BTTTACT-------—-----——-———————
623 GQ352632  (496)
GP18 EU259806 (496)
PL-20 GQ352633 (561) BTTTATTA---------—--—————————-
621 GQ352631 (576)
623 GQ352632 (576)
GP18 EU259806 (576)
PL-20 GQ352633 (569)
621 GQ352631 (656)
623 GQ352632 (656)
GP18 EU259806 (656)
PL-20 GQ352633 (595)
621 GQ352631 (735) GCH
623 GQ352632 (735) GCC
GP18 EU259806 (735) GCC
PL-20 GQ352633 (670) GCH

Fig. 3 A schematic representation of the genome organisation of
GLRaV-3 and the position of the ten overlapping clones of isolate PL-
20, illustrating the sequencing strategy (fop). The multiple alignments
(bottom) of the complete 5'UTR sequences of isolates 621, 623, PL-20

indicated with arrows. The phylogeny confirms that, based
on strong bootstrap support of key nodes, three distinct
variants of GLRaV-3 occur in South Africa.

The phylogenetic position of the three South African
variants in the Hsp70h region (Fig. 4a), in relation to

ATTTACTATTTTAACTTTCCTTTAGCGTTTTTGTGGTGGTTTTTCTTCTCTTGGTGTGTTTAGCGTGAGTGTTTTTCTAT

TTTCCTAAGTAACACCTAGGAATTTCTACCTAAGATTCAACTTCTTTCTTTTTCTAGTTTTAAATTTTCCTGCTGTTTCA
TTTCCTACGTACCATCTAGGGAGTCTTATCTAAGTTTTAACTTCTTTECTTTTCTAGTTTTTAATTTTCCTGCTGTTTGA
TTTCCTACGTACCATCTAGGGAGTTTTATCTAAGTTTTAACTTCTTTECTTTTCTAGTTTTTAATTTTCCTGCTGTTTCA
————————————————————————————— C-----TTTAAC---TTTCCTTTAGT-GTTTT-----~-------TGT---~

GGGAAGTTTGCCCTTCTTCTTCCGTCEECCTTCGTAAACCAT-TATTTCTATTTCCTCTCCTTTEAAGTTTTEAAGTTTC
GGGAAGTTTGTCCTTCTTCTTTAGTTCCCCCTTETTAATCCT-TTTAGAAATTTCCTCTECTTTCAAGTTTTCAAGTTTC
GGGAAGTTTGTCCTTCTTCTTTAGTTCCCCTTTETAAACCCT-TTTAGAAATTTCCTCTECTTTCAAGTTTTCAAGTTTC
————— GGTAGTTCTTICTTTTATTAGIGEGTITAGTGTGECTTCTITAGAAATTTCCTCCCCTTTHAGGTTTTHAAATCTC

and GP18 is shown below this. This reveals a first deletion in isolates
623 and GP18 (group II) of 61 and 4 nt, a second deletion of 65 nt in
isolate 621 and PL-20 (group I and III) and a further deletion of 51 nt
in the isolate PL-20 sequence (group III)

GLRaV-3 from other geographic regions, showed that the
group I variant, isolate 621, grouped with the NY-1 [12]
and CI-766 [4] isolates with very little variation between
these isolates. The variant I clade included sequences from
isolates from the USA and China (NY-1, N1-1, C6-1, C4-1,
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Fig. 4 One of the shortest trees of a heuristic search performed on the
aligned Hsp70h (a) and coat protein (b) sequence matrixes. Branch
lengths that are longer than 5 are shown above branches and bootstrap
values are indicated beneath. Branches that collapsed in the strict

C3-1, C2-1, C1-1, USA6, C3), Chile (CI-766), Israel (IL1),
Italy (MT48-4, MT48-1), Syria (SY2-2, SY2-7), and
Austria (AUSGS-5). The group II variant, isolate 623, was
sister to isolate GP18 [16]. Other accessions in the group II
clade were from Austria (AUSGS5-2, AUSGS5-6), Syria
(SY2-4) and Tunisia (TU32). Branch lengths were longer
in this clade, indicating greater sequence heterogeneity,
and even the two South African isolates showed some
sequence divergence. The South African variant group III,
as represented by isolate PL-20, grouped with two acces-
sions from Italy (MT48-2, MT48-3). The branch lengths in
this clade indicated that there was very little variation
between these isolates. Two isolates, C5-1 and NZ-1, each
resolved in isolated positions on their own in the phylog-
eny. They appear to represent two further variants of
GLRaV-3 in addition to the three variants present in South
Africa and elsewhere in the world.

Phylogenetic analysis of the CP gene region (Fig. 4b)
showed that the three South African isolates also grouped
into three well-supported monophyletic clades, as in the
Hsp70h analysis. In the CP analysis, the majority of
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consensus tree are shown with arrows. The branch length of the
outgroup is not drawn to scale. The three variant groups studied here are
indicated as groups I, II and III

isolates grouped in the variant group I clade, together with
isolate 621 and NY-1. This group included isolates from
Brazil (Pet-1, Pet-3), China (SL10, CH 5.1, CH 5.2,
Dawanhong 2), Italy (TA 3.2, TA 3.3, MNI18, MT38,
MT48, SS 5.1), Israel (IL1.1), Chile (Cl-664, CI-766,
CI-765), Austria (AUSG 5.1), Tunisia (TU16), and Syria
(SY 2.3). In the group II clade, isolates 623 and GP18
grouped together with isolates from Italy (TA 3.1), Nigeria
(NIG 3.1, NIG 3.2), Austria (AUSG 5.2), Greece (GR 1.2),
Tromelin Island (USA) and Brazil (Pet-4). Isolates that
grouped with the third variant, isolate PL-20, were from
China (LN), Italy (SS 5.2) and Greece (GR 1.1). The New
Zealand isolate NZ-1, the Chilean isolate Cl-817 and the
Israeli IL 1.2 isolate resolved in isolated positions, but with
poor bootstrap support.

Discussion

As in another study [22], the SSCP technique proved a
useful tool for studying the genetic diversity of South
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African GLRaV-3 isolates. In our study, the results showed
that SSCP analysis of a region in ORF5 gave a fast and
reliable indication of the GLRaV-3 variant status of a plant.
This region in ORF5 was successfully amplified in all
GLRaV-3-infected plants (>200 plants) collected during
two local surveys in red grapevine cultivars (data not
shown). Based on this gene region, three main GLRaV-3
variant groups were identified in South African vineyards.
The three variant groups were confirmed by sequencing,
and distinct SSCP profiles could be assigned to each var-
iant group. SSCP and sequencing results showed complete
correlation in all of the genomic regions studied. The SSCP
profiles detected for group II variants were heterogeneous,
indicating greater sequence complexity within this group.
In some of the analysed plants, “complex” SSCP profiles
were detected that, in most cases, contained a single
dominant GLRaV-3 variant. Plants infected with a mixture
of variants were also detected. This information is in
agreement with a previous study [22] in which combina-
tions of variants in the same isolate were also detected.

The variation detected by SSCP was confirmed by
sequencing the whole genomes of three isolates repre-
sentative of the three variant groups. The three GLRaV-3
variant groups correlated with previous reports that more
than one group occurred in South Africa. Prosser et al.
[19] reported that the WC-HSP-2 isolate from South
Africa was 93.2% identical to the NY-1 isolate. Similarly,
Maree et al. [16] reported that isolate GP18 was 93%
similar to NY-1. Jooste & Goszczynski [10] found that
the percentage identity between isolates 621 and 623 was
91.8-96.2% in ORFs 4-7 and that the most and least
divergent fragments were from ORF5 and ORF7
(91.8-92.3% and 96.0-96.2%).

Phylogenetic analysis of the aligned sequences of the
Hsp70h gene region of these South African isolates and
those of isolates from elsewhere in the world further con-
firmed that three variant groups of GLRaV-3 occurred in
South Africa and that these variants also occur elsewhere in
the world. The two further isolates, one from New Zealand
(NZ-1) and one from China (C5-1), appear to represent two
further variants. Five GLRaV-3 variant groups were also
identified by Fuchs et al. [5] in their phylogenetic analysis
of partial Hsp70h sequences available in GenBank. The
five variant groups in the Fuchs study were represented by
isolates NY-1, GP18 and MT48-2, found in our groups I, II
and III, respectively, and also C5-1 and NZ-1. Two iso-
lates, C5-1 and NZ-1, each also resolved in isolated posi-
tions on their own in the phylogenetic analysis in the Fuchs
study. The phylogenetic analysis of the CP largely cor-
roborated the identification of the three variant groups
present in South Africa in spite of the fact that most of
the CP sequences from elsewhere in the world, with the
exception of NY-1, Cl-766 and GP18, were not from the

same source as the Hsp70h gene sequences. Again the
NZ-1 isolate grouped in an isolated position, confirming
the unique identity of a further variant in New Zealand, but
the isolated position of two further isolates, CI-817 from
Chile and IL 1.2 from Israel, may prove to present two
further variant groups of GLRaV-3. Thus, the phylogenetic
analysis of the CP region indicates six possible variants
instead of the five indicated by the phylogenetic analysis of
the Hsp70h gene. Further whole-genome sequencing of
viral isolates from other regions of the world will have to
be undertaken to establish whether, in addition to the three
isolates that are represented in South Africa, two or three
further GLRaV-3 variants occur.

The high divergence detected in the 5UTR between
isolates 621 and 623 supports a previous report in which a
417-nt fragment, which included 88 nt of the 5UTR and an
adjacent 329 nt of ORFla, only showed a 81.8% identity
between isolates 621 and 623 [10]. In the present study, the
sequence of the 5UTR of GLRaV-3 showed three clear
variant groups of GLRaV-3 that correlated with the iden-
tification of the three variant groups by SSCP profiles,
whole genome sequencing and phylogenetic analysis of
South African isolates. The third variant, represented by
PL-20, is especially interesting, as it contains a shorter
5'UTR, resulting in a genome of 18,433 nt, 65 nt shorter
than the sequences of isolates 621 (variant group I), 623
(variant group II) and GPI18 (variant group II). A similar
study on variability of citrus tristeza virus (CTV) isolates
showed that the 5UTR of CTV could be used for the
classification of sequences into three groups [13].

RT-PCR of all South African field samples tested thus
far confirmed the presence of an extended 5'UTR for
GLRaV-3, as described previously [16]. Sequence results
of the 5UTR from 69 of these field collected isolates
clearly indicated that variability between isolates of the
same variant group is low, but higher between isolates from
different variant groups.

The possibility of potential folding and the significance
of the 5'UTR were investigated in this study. Bioinformatic
analysis of the 5UTRs, i.e. conserved functional motifs,
OREF analysis and predicted secondary structure of these
three molecular variants, were unable to predict a possible
function for these 5'UTRs.

Three genetic variants of GLRaV-3, represented by
isolates 621, 623 and PL-20, were identified from South
African vineyards. We conclude that the 5'UTR of the
GLRaV-3 genome is a key region that can be used to study
the variation amongst variants of the virus. The full-length
sequences of these three isolates and partial 5UTR
sequence data from field isolates confirm the existence of
an extended 5’UTR [16]. Currently, these four sequences
represent the only complete full-length sequences of
GLRaV-3. Sequencing of the 5UTRs of other GLRaV-3
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variants occurring elsewhere in the world may therefore be
of particular value in future studies of the variation in
GLRaV-3 and warrants further investigation.
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