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ABSTRACT

Alabi, O. J., Al Rwahnih, M., Karthikeyan, G., Poojari, S., Fuchs, M.,
Rowhani, A., and Naidu, R. A. 2011. Grapevine leafroll-associated
virus 1 occurs as genetically diverse populations. Phytopathology
101:1446-1456.

The genetic diversity of 34 isolates of Grapevine leafroll-associated
virus 1 (GLRaV-1) from different wine, table, and ornamental grape
cultivars in California, New York, and Washington States in the United
States was investigated. Segments of the heat-shock protein 70 homolog
(HSP70h) gene, coat protein (CP) gene, coat protein duplicate 2 (CPd2)
gene, and open reading frame 9 (p24) were amplified by reverse-tran-
scription polymerase chain reaction, cloned, and sequenced. A pairwise
comparison of nucleotide sequences revealed intra- and interisolate
sequence diversity, with CPd2 and HSP70h being the most and the least
divergent, respectively, among the four genomic regions studied. The
normalized values for the ratio of nonsynonymous substitutions per

nonsynonymous site to synonymous substitutions per synonymous site
indicated different purifying selection pressures acting on each of the four
genomic regions, with the CP and CPd2 being subjected to the strongest
and weakest functional constraints, respectively. A global phylogenetic
analysis of sequences from the four genomic regions revealed segregation
of GLRaV-1 isolates into three major clades and a lack of clearly defined
clustering by geographical origin. In contrast, only two lineages were
apparent when the CP and CPd2 gene sequences were used in phylo-
genetic analyses. Putative recombination events were revealed among the
HSP70h, CP, and p24 sequences. The genetic landscape of GLRaV-1
populations presented in this study provides a foundation for better
understanding of the epidemiology of grapevine leafroll disease across
grape-growing regions in the United States. In addition, this study will
benefit grape clean plant programs across the country in improving the
sanitary status of planting materials provided to nurseries and grape
growers.

Since it was first recognized around the middle of the 19th
century, grapevine leafroll disease (GLRD) has gained a world-
wide reputation as the most severe disease of grapevines (Vitis
vinifera L.). Currently, GLRD accounts for ~60% of the global
losses of grape production due to virus diseases (31), and the
impact of the disease on grapevine longevity and quality attributes
of berries has been documented in several wine grape cultivars
(22,26). GLRD is a complex viral disease producing distinct
symptoms in red- and white-berried cultivars, and these symp-
toms appear after véraison or the onset of ripening of berries (42).
In red-berried cultivars, GLRD-affected grapevines show symp-
toms consisting of green veins and interveinal reddening on ma-
ture leaves at the bottom portions of canes. In contrast, corre-
sponding leaves of white-berried cultivars show mild chlorosis or
yellowing. In advanced stages, symptomatic leaves in both types
of cultivars show downward rolling of leaf margins. Hence, the
disease is called leafroll disease.

Eleven genetically distinct but morphologically similar grape-
vine leafroll-associated viruses (GLRaVs,) (family Closteroviridae)
have been reported in grapevines affected with GLRD (12,32).
The first GLRaV discovered was Grapevine leafroll-associated
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virus 1 (GLRaV-1) (genus Ampelovirus) (13). Subsequently,
newly characterized GLRaVs were numbered serially as GLRaV-
2, -3, -4, and so on in the order of the discovery of the viruses.
The majority of GLRaVs (GLRaV-1, -3, -4, -5, -6, -9, and -10)
and Grapevine leafroll-associated Carnelian virus (GLRaV-Cn)
belong to the genus Ampelovirus while GLRaV-2 is assigned to
the genus Closterovirus. GLRaV-7 remains unassigned to any of
the genera in the family Closteroviridae and GLRaV-8 is no
longer considered a valid species (5). Based on phylogenetic
analyses of the complete coat protein (CP) and partial heat-shock
protein 70 homolog (HSP70h) genes, grapevine-infecting ampelo-
viruses were separated into subgroup I and II, with GLRaV-1 and
-3 placed in subgroup II and the others in subgroup I (30).

The GLRaV-1 genome is =19.5 kb in size (10), although only
~12,394 nucleotides from an Australian isolate are available in
GenBank (AF195822). Based on the available sequence, the virus
genome is organized into 10 open reading frames (ORFs), with
each ORF encoding distinct proteins with different functions (10).
GLRaV-1 is unique among the GLRaVs in that the virus pos-
sesses two diverged copies of the CP gene, as opposed to one in
other GLRaVs. In addition to spread via infected planting
materials and through grafting of infected scion or rootstock,
GLRaV-1 can also be spread by several species of mealybugs and
scale insects (13,47).

In recent years, extensive sequence information about grape-
vine viruses has been generated in different grape-growing re-
gions around the world (GRSPaV: 1,36,39; GFLV: 35,41; GVA:
37). In this regard, very limited information is available in the



literature about the genetic diversity of GLRaVs (11,19,53). This
is particularly true with regard to GLRaV-1, the second most
economically important virus after GLRaV-3 (13). The only study
conducted on the molecular variability of GLRaV-1 suggested
that the virus is composed of two groups of sequence variants
based on the analysis of sequences derived from the central por-
tion of the HSP70h gene of eight isolates from the Czech Repub-
lic and Slovakia (23). Because knowledge of genetic variability of
GLRaV-1 is essential for the development of reliable diagnostic
assays in clean plant programs and for management of GLRD in
vineyards, we analyzed the molecular variability of natural popu-
lations of the virus collected from California, Washington, and
New York, the three leading grape-growing states of the United
States, relative to global isolates of GLRaV-1 that have been
studied previously. For this purpose, we amplified, cloned, and
sequenced the HSP70h, CP, coat protein duplicate 2 (CPd2), and
ORF9Y (p24) regions of the virus genome (Fig. 1) from 34 isolates.
Our results showed a highly variable nature of GLRaV-1 with no
geographic structuring and provided a foundation for better
understanding the epidemiology of GLRD across grape-growing
regions in the United States. The results also provided evidence
for contrasting patterns of evolution among the four viral genes
with distinct functions, thus offering avenues for further studies in
understanding the evolution of GLRaV-1.

MATERIALS AND METHODS

GLRaV-1 isolates. GLRaV-1 isolates analyzed in this study
were collected during 2005 to 2010 from different vineyards in
the Yakima Valley of Washington State, Finger Lakes region of
New York State, and grapevine collections maintained by the
Foundation Plant Services (FPS), University of California, Davis.
The isolates were collected from a variety of red- and white-

berried table and wine grapevine cultivars as well as from two
ornamental grapevine cultivars. Isolates from Washington and
New York were derived from own-rooted and grafted vines, re-
spectively, growing on commercial vineyards, whereas isolates
from California were obtained from own-rooted vines maintained
at the FPS vineyard blocks. Available information indicates that
the source grapevines of GLRaV-1 isolates at FPS came originally
from grafted vines collected from different sources worldwide
prior to being planted as own-rooted vines at the FPS vineyard
blocks. In all, 34 GLRaV-1 isolates (14 from California, 9 from
Washington, and 11 from New York) derived from 17 different
grapevine cultivars were included in this study (Table 1). The
virus derived from a single grapevine is considered as one isolate.

Sample preparation, total RNA extraction, and reverse-
transcription polymerase chain reaction. Sample extraction and
RNA isolations from petiole samples were done as described
previously (1). To minimize possible variations due to uneven
distribution of the virus in infected tissues, leaf petioles were
randomly collected from different parts of individual vines and
pooled for nucleic acid extractions. Primers were designed based
on aligned sequences of GLRaV-1 isolates available in databases
to amplify four distinct regions of the GLRaV-1 genome, includ-
ing segments of the HSP70h, CP, and CPd2 genes and p24. The
primer names, sequence, position on the GLRaV-1 genome, and
expected size of amplified products are provided in Table 2. Total
RNA extracts of samples from Washington and New York were
used directly for one-tube single-step reverse-transcription poly-
merase chain reaction (RT-PCR) assay (43) to amplify DNA frag-
ments specific to the four genes of different GLRaV-1 isolates.
Due to relatively low concentrations, total RNA extracts of
samples from California were subjected to a two-step RT-PCR
with ¢cDNAs synthesized using random hexamers (300 ng/ul)
(Invitrogen Corp., Carlsbad, CA) first and then using gene-
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Fig. 1. Genome map of Grapevine leafroll-associated virus 1 (top) showing the positions of different open reading frames (open boxes) and their putative protein
products and (bottom) agarose gel electrophoresis of gene-specific reverse-transcription polymerase chain reaction (RT-PCR) products. Details of gene-specific
primers used in RT-PCR, their approximate positions on the virus genome, and size of amplicons are provided in Table 2. The map is drawn based on
12,394 nucleotide sequence of an isolate from Australia (AF195822). HEL, RNA helicase; POL, RNA polymerase; p7, 7-kDa protein; HSP70h, heat-shock protein
70 homolog; HSP90h, 90-kDa heat-shock protein homolog; CP, major capsid protein; CPd1, capsid protein duplicate 1; CPd2, capsid protein duplicate 2; p22,
22-kDa protein; p24, 24-kDa protein; M1, 100-bp DNA ladder (Invitrogen Corp., Carlsbad, CA); +, sample from virus-infected grapevine; —, sample from virus-
free grapevine; M2, 1-Kb Plus DNA ladder (Invitrogen Corp.).
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specific primers for PCR as described above. Size specificity of
the amplicons were verified by resolving PCR products on 1.5%
agarose gels prestained with GelRed followed by visualization
under a UV-transilluminator (Biorad Universal Hood; Bio-Rad
Laboratories, Hercules, CA).

Cloning, sequencing, and sequence analyses. Gene-specific
amplicons from Washington and New York samples were cloned
into pCR2.1 (Invitrogen Corp.) vector while those from California
were first gel-eluted (Zymoclean kit; Zymo Research, Irvine, CA)
prior to cloning into the PGEM-T Easy vector (Promega Corp.,
Madison, WI). All cloned products were transformed into
Escherichia coli and plasmid DNA was purified from positive
recombinant clones using the QIAprep spin miniprep kit (Qiagen

Inc., Valencia, CA). Initially, three independent clones per isolate
were sequenced in both orientations and a consensus sequence
was derived when the three independent clones showed >98%
identities to exclude in vitro RT-PCR errors. This consensus was
termed “unique sequence”. To investigate the possible occurrence
of mixtures of distinct sequence variants within individual
grapevines, additional clones were sequenced from isolates that
showed <98% nucleotide sequence identity between the three
initially sequenced clones. Multiple alignments of nucleotide and
amino acid sequences were performed using CLUSTAL W (51)
and MUSCLE (9), respectively, with default settings from
MEGAS software (50), and sequence identities were obtained
using Vector NTI Advance 11 program (Invitrogen Corp.).

TABLE 1. Name, cultivar, GenBank accession number, and other details of isolates analyzed in this study?®

Taxon ID Source Cultivar Cultivar type Genomic region® GenBank accession number

CA2 California Marsanne White wine grape HSP70h, CPd2, p24 JF811882, JF811809, JF811778-9

CA3 California Marsanne White wine grape HSP70h, CPd2, p24 JF811883-4, JF811810-1, JF811776-7

CA6 California Black Seedless Table grape HSP70h, CP, CPd2, p24  JF811885-6, JF811850-1, JF811812-3,
JF811772-5

CA7 California Negrita-S2 Raisin, table, wine HSP70h, CP, CPd2, p24  JF811887-9, JF811852-3, JF811814-5, JF811771

CAS8 California Cabernet Red wine grape HSP70h, CPd2 JF811890-1, JF811816-7

CA9 California Chardonnay White wine grape HSP70h, CPd2 JF811892-3 & JF811907, JF811818-20

CA10 California Chardonnay White wine grape CPd2 JF811790-2

CAll California Zante Currat Wine, table, raisin HSP70h, CP, CPd2, p24  JF811862, JF811833-4, JF811793-6, JF811789

CAl6 California Medaur - S1 Table grape HSP70h, CP, CPd2, p24  JF811863-4, JF811835-7, JF811797-9,
JF811786-8

CA17 California Cabernet Sauvignon  Red wine grape HSP70h, CP, CPd2, p24  JF811865-8, JF811838-9, JF811800-1, JF811785

CA18 California Chardonnay White wine grape HSP70h, CP, CPd2, p24  JF811869-70, JF811840, JF811802-3, JF811784

CA20 California Audibert Red wine grape HSP70h, CP, CPd2, p24  JF811871-4, JF811841-5, JF811804-5, JF811783

CA21 California Chardonnay White wine grape HSP70h, CP, CPd2, p24  JF811875-8, JF811846-7, JF811806-7,
JF811781-2

CA22 California Pinot noir Red wine grape HSP70h, CP, CPd2, p24  JF811879-81, JF811848-9, JF811808, JF811780

WACV1  Washington Claret vine Ornamental grape HSP70h, CPd2, p24 HQ833473, HQ833475, HQ833477

WARRI  Washington ~ Roger’s Red Jelly, wine,

ornamental grape HSP70h, CP, CPd2, p24 HQS833472, JF811861, HQ833474, HQ833476

WAPNI Washington  Pinot noir Red wine grape HSP70h, CPd2, p24 JF811894, JF811821, JF811770

WAPN2  Washington  Pinot noir Red wine grape HSP70h, CPd2, p24 JF811895, JF811822, JF811769

WACSI1 Washington ~ Cabernet Sauvignon  Red wine grape HSP70h, CPd2, p24 JF811903, JF811829, JF811755

WACH1  Washington Chardonnay White wine grape HSP70h, CPd2, p24 JF811901, JF811827, JF811759

WALM1  Washington Lemberger Table, red wine HSP70h, CP, CPd2, p24  JF811897, JF811858, JF811823, JF811763

WALM?2 Washington Lemberger Table, red wine HSP70h, CP, CPd2, p24  JF811902, JF811859, JF811828, JF811757

WACH2  Washington = Chardonnnay White wine grape HSP70h, CP, CPd2, p24  JF811904, JF811860, JF811830, JF811754

NYLMI1 New York Lemberger Table, red wine grape HSP70h, CP, p24 JF811896, JF811854-5, JF811756

NYLM2  New York Lemberger Table, red wine grape p24 JF811758 & JF811766

NYLMS  New York Lemberger Table, red wine grape p24 JF811768

NYLM6  New York Lemberger Table, red wine grape p24 JF811767

NYLM3  New York Lemberger Table, red wine grape CP, p24 JF811856, JF811765

NYLM4  New York Lemberger Table, red wine grape CP, p24 JF811857, JF811764

NYCH2 New York Chardonnay White wine grape HSP70h, CPd2, p24 JF811900, JF811826, JF811760

NYCH4 New York Chardonnay White wine grape HSP70h, CPd2, p24 JF811898, JF811824, JF811762

NYCH5 New York Chardonnay White wine grape HSP70h, CPd2, p24 JF811899, JF811825, JF811761

NYCHI1 New York Chardonnay White wine grape HSP70h, CPd2, p24 JF811905, JF811831, JF811753

NYCH3 New York Chardonnay White wine grape HSP70h, CPd2, p24 JF811906, JF811832, JF811752

2 Details of cultivars were obtained from http://www.ngr.ucdavis.edu/varietyview, assessed on 29 December 2010. All the cultivars are of Vitis vinifera, with the
exception of Roger’s Red (an interspecific hybrid between wild grape [V. californica] and V. vinifera ‘Alicante Bouschet’) and Claret vine (V. vinifera ‘Purpurea

Nana’).

b HSP70h = heat-shock protein 70 homolog, CP = coat protein, CPd2 = coat protein duplicate 2 (CPd2), and p24 = open reading frame 9.

TABLE 2. Name, sequence, genomic position, and expected size of reverse-transcription polymerase chain reaction amplicons generated by gene-specific primers

used for studying the genetic diversity of natural populations of Grapevine leafroll-associated virus 1 (GLRaV-1)

Target gene® Primer name

Sequence (5'-3")

Position on virus genome® Product size (bp)

HSP70h GLRaV-1-HSP70h/F
GLRaV-1 HSP70h/R
CP GLRaV-1-CP/F
GLRaV-1 CP/R
GLRaV-1-CPd2/F
GLRaV-1-CPd2/R
p24 GLRaV-1-p24/F
GLRaV-1-p24/R

CPd2

CAGGCGTCGTTTGTACTGTG
TCGGACAGCGTTTAAGTTCC
CGCGCTTGCAGAGTTTAAGTGGTT
TCCGTGCTGCATTGCAACTTTCTC
GTTACGGCCCTTTGTTTATTATGG
CGACCCCTTTATTGTTTGAGTATG
CGATGGCGTCACTTATACCTAAG
CACACCAAATTGCTAGCGATAGC

4,125-4,144 540
4,645-4,664
6,957-6,980 734
7,667-7,690 .
9,599-9,622 398
9,973-9,996

11,400-11,422 634
12,011-12,033 .

4 HSP70h = heat-shock protein 70 homolog, CP = coat protein, CPd2 = coat protein duplicate 2 (CPd2), and p24 = open reading frame 9.
b Positions of primers on the genome of GLRaV-1 are based on an isolate from Australia (GenBank accession number AF195822) and depicted in Figure 1.
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Phylogenetic analysis. Nucleotide sequences were aligned and
evolutionary relationships among GLRaV-1 sequences inferred
using the maximum likelihood (ML) (38), neighbor joining (NJ)
(46), and minimum evolution (ME) (45) methods with 1,000
bootstrap replications. All these analyses were conducted in
MEGAS. Corresponding sequences of GLRaV-1 isolates available
(Supplementary Table 1) were included in these analyses and
corresponding sequences of Little cherry virus 2 (AF531505) were
used as outgroups.

Estimation of selection pressure on individual genes and
population genetic parameters. Using aligned sequences of
each data set, gene- and site-specific selection pressures were
analyzed using the Datamonkey software (24) (http://www.
datamonkey.org/). The ratio of nonsynonymous substitutions per
nonsynonymous site (dN) to synonymous substitutions per
synonymous site (dS) was calculated as an indicator of natural
selection by using four methods for detecting sites under natural
selection: single-likelihood ancestor counting, random-effects
likelihood, fixed-effects likelihood, and internal fixed-effects likeli-
hood. All four methods incorporate a general model of codon
substitution, which rules out spurious results based on biased
nucleotide frequencies (24). Depending on the statistically sig-
nificant normalized dN-dS values (dN-dS divided by the total
length of the appropriate tree), the selection pressure was con-
sidered negative or purifying (dN-dS < 1), neutral (dN-dS = 1), or
diversifying or positive (AN-dS > 1) for each data set. The average
evolutionary divergence over sequence pairs was also calculated
using the MEGAS program for the entire gene-specific data set at
the intraisolate level and, where possible, within and between the
different phylogroups that were identified. The degree of genetic
differentiation among gene-specific GLRaV-1 populations sampled
from the three geographical areas (California, Washington, and
New York) was calculated from Wright’s Fgr, for which values
were 0 to 1.00. Fsp values can be interpreted as the proportion of
genetic diversity that is due to diversity within groups to total
diversity, and values of Fgr > 0.05 suggest a degree of differ-
entiation among populations (54). The presence of subdivisions in
each gene-specific GLRaV-1 population sampled from the three
geographical areas (California, Washington, and New York) was
determined from Hudson’s statistic of Kgr* and S,, (16,17). A
value of S,, statistic close to 1 is indicative of high subpopulation
differentiation while S, < 0.5 suggests that random exchange of
genetic information has occurred among the different geographi-
cal populations being compared (16,21). All three parameters
(Fst, Kgr*, and S;,,) were estimated using DnaSP software version
5.10.01 (27). The DnaSP software was also used to perform
Tajima’s D test of neutrality (49) for each sequence variant group
and to examine selection on proteins between GLRaV-1 phylo-
groups using the McDonald and Kreitman test of neutrality (34).
Tajima’s D test compares nucleotide diversity with the number of
segregating sites, which are expected to be equal if mutations are
selectively neutral, whereas the McDonald and Kreitman test is a
two-population neutrality test that compares the ratio of fixed
nonsynonymous to synonymous differences to the ratio of
polymorphic nonsynonymous to synonymous differences. For a
given comparison of group-specific data set, significant Fisher’s
and G-test statistics obtained from the McDonald and Kreitman
table indicate that natural selection rather than random processes
resulted in the evolution of the two sequence variant groups under
comparison (8).

Phylogenetic networks and recombination analyses. Phylo-
genetic networks (18) were constructed for each sequence data set
because conflicting phylogenetic signals such as recombination
and gene reassortments produce networks of sequences rather
than strictly bifurcating evolutionary trees. We used the Neighbor-
Net method implemented in SplitsTree v4.10 (18) to depict
parallel edges between sequences when there are conflicting
phylogenetic signals. A rapid screening for recombination events

in each sequence data set was performed using the single break-
point scanning (SBP) and genetic algorithm recombination detec-
tion (GARD) methods (25) implemented by the Datamonkey
software (http://www.datamonkey.org/). Subsequently, sequences
were checked for evidence of recombination using the suite of
programs included in RDP v.3.44 software (33) with default
parameters. Recombination patterns detected by four or more
different programs were considered to be statistically significant
events (40).

RESULTS

RT-PCR amplification of genomic segments of GLRaV-1
isolates. In total, 34 GLRaV-1 isolates—14 from California, 11
from New York, and 9 from Washington—were analyzed in this
study (Table 1). Primers were designed based on consensus se-
quences of GLRaV-1 isolates available in GenBank and used for
RT-PCR amplification of the HSP70h, CP, CPd2, and p24 genes
of =540, 734, 398, and 640 bp in size, respectively (Table 2; Fig.
1). A breakdown of amplified gene sequences by source showed a
successful amplification of all four gene sequences from 13
isolates (9 from California and 4 from Washington), three gene
sequences (HSP70h, CPd2, and p24) from 12 isolates (2 from
California, 5 from Washington, and 5 from New York), an addi-
tional three gene sequences (HSP70h, CP, and p24) from 1 New
York isolate, two gene sequences (HSP70h and CPd2) from
2 California isolates, an additional two gene sequences (CP and
p24) from 2 New York isolates, CPd2 from 1 California isolate,
and p24 from 3 New York isolates (Table 1). Overall, HSP70h
amplicons were obtained for 28 isolates, CP amplicons for 16
isolates, CPd2 amplicons for 28 isolates, and p24 amplicons for
31 isolates.

Nucleotide diversity among four genomic regions of
GLRaV-1 isolates. Using the unique sequences derived from
each of the genomic region as described above, genetic distances
were estimated for each data set by implementing the appropriate
models of best fit obtained with the aid of MEGAS software. The
results showed that the overall mean value of nucleotide diversity
was 0.128 £ 0.010 for the HSP70h gene (63 sequences: Cali-
fornia = 33, New York = 6, Washington = 9, and GenBank = 15),
0.161 + 0.010 for the CP gene (33 sequences: California = 21,
New York = 4, Washington = 4, and GenBank = 4), 0.202 £ 0.015
for the CPd2 gene (46 sequences: California = 31, New York = 5,
Washington = 9, and GenBank = 1), and 0.168 = 0.012 for the
p24 gene (42 sequences: California = 19, New York = 12, Wash-
ington = 9, and GenBank = 2). Thus, the CPd2 and HSP70h
coding regions had the highest and lowest mean value of nucleo-
tide diversity, respectively. These results are in agreement with
findings of a previous study showing that coding sequences of
many of the GLRaV-1-encoded genes are highly variable and that
the CPd2 gene is particularly hypervariable (28).

Phylogenetic analysis of GLRaV-1 isolates. To reconstruct
the phylogeny of global GLRaV-1 isolates, nucleotide sequences
corresponding to four distinct genomic regions of the isolates
characterized in this study (Table 1) and those available in
GenBank were used. The evolutionary model that best fitted
alignments of each gene-specific data set was determined first
using the “Find the best DNA/protein models” option of MEGAS
software (50). ML, ME, and NJ trees were then constructed using
the model of best fit for each sequence data set. Comparatively
similar trees were inferred using all three methods but only the
ML phylogenetic trees are shown (Fig. 2).

The 63 HSP70h gene sequences (California = 33, New York =
6, Washington = 9, and GenBank = 15) segregated into three
major phylogroups with strong (>70%) bootstrap supports (Fig.
2A). These phylogroups were designated as groups 1, 2, and 3,
because no clear evidence of geographical delineation was found
among GLRaV-1 sequences, as suggested previously (23). Group
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1 corresponds to group A identified earlier (23) and consists of
isolates from California, Washington, New York, the Czech
Republic, and South Africa; group 2 consists of isolates from
California in addition to isolates from Oregon, Australia, and Iran;
and group 3 consists of two isolates originating from ‘Lemberger’
from Washington in addition to group E isolates from the Czech
Republic (23). Thus, HSP70h gene sequences from California
clustered into groups 1 and 2, those from Washington clustered
into groups 1 and 3 (with the majority of them belonging to group
1), and those from New York were found only in group 1 (Fig.
2A). The average evolutionary divergence over sequence pairs
within each of the three groups ranged from 0.034 = 0.006 to
0.130 + 0.011 and those between groups ranged from 0.141 +
0.013 to 0.227 £ 0.023 (Tables 3 and 4). Multiple alignments of
deduced amino acid sequences of the HSP70h data set also
revealed group-specific patterns among global isolates of GLRaV-
1 (data not shown).

Phylogenetic analyses of 33 CP gene sequences (California =
21, New York = 4, Washington = 4, and GenBank = 4) using the
ML, ME, and NJ methods did not result in fully resolved
(bifurcating) phylogenetic trees (Fig. 2B). However, evidence for
the existence of the three phylogroups was found based on the
relative position of isolates on the CP tree (Fig. 2B) compared
with the HSP70h tree (Fig. 2A). This result suggests that con-
flicting phylogenetic signals could produce alternative phylo-
genetic history for the CP gene of GLRaV-1. Similar to the
HSP70h-derived tree, group 1 consists of isolates from California,
Washington, South Africa, and Brazil; group 2 consists of isolates
from California in addition to isolates from Australia and Iran;
and group 3 consists of isolates originating from Lemberger from

Washington and New York. Thus, CP gene sequences from Cali-
fornia clustered into groups 1 and 2, those from Washington clus-
tered into groups 1 and 3, and those from New York were found
only in group 1 (Fig. 2B). The average evolutionary divergence
over sequence pairs within each of the three groups ranged from
0.048 £ 0.005 to 0.142 £ 0.010 and those between groups ranged
from 0.161 £ 0.012 to 0.227 £ 0.018 (Tables 3 and 4).

In contrast to HSP70h- and CP-derived phylograms, phylo-
genetic analyses of 46 CPd2 gene sequences (California = 31,
New York = 5, Washington = 9, and GenBank = 1) using the ML,
ME, and NJ methods resulted in the segregation of GLRaV-1
isolates into two groups (Fig. 2C). Although there was evidence
for the existence of phylogroup 2, based on the relative position
of some isolates corresponding to the HSP70h- (Fig. 2A) and CP-
derived (Fig. 2B) phylogenetic trees and strong (>70%) bootstrap
support (Fig. 2C), groups 1 and 3 in the HSP70h- and CP-derived
phylogenetic trees were collapsed into one group with <70%
bootstrap support. The average evolutionary divergence over se-
quence pairs within group 2 and other isolates was 0.175 + 0.015
and 0.109 £ 0.009, respectively, while divergence between group
2 and other isolates was 0.260 + 0.022 (Tables 3 and 4). These
results suggest that contrasting patterns of evolution could be
shaping the CPd2-based tree compared with HSP-70h- and CP-
based trees, possibly due to recombination events occurring in the
virus genome.

Phylogenetic analyses of 42 sequences of p24 (California = 19,
New York = 12, Washington = 9, and GenBank = 2) showed
segregation into three major phylogroups with strong (>70%)
bootstrap supports. We have also designated these phylogroups as
groups 1, 2, and 3 (Fig. 2D) based on the position of some

96 NYLMI-7 - CAL0-1 NYCH2
NYLMI-9 s CAL6_3c CA21 9%
. : L CALL_6e NYCH4
i NYLM4 CALL
: 3 CAlL-3 5, CA2L Te
g P WALM2 H {..\II-S - WACH2
NYLMS "ml:(._,uo 2c NYCHS
T e WALMI — :‘_\"{('_llllll 1
WACHI ; #
: o }Ilgl WARRI = WACSI
NYCHA WACHZ 5 ) WARRI
CAS-10 ——————c 100 WALV
99 WAPNI CARR 2 WAPN2
E—Y O S —————— CA21_10c ALY
—— WACYI 1 3 e e 1 82
5 WARRI — CA21-S TissRs
AT 74 CA22-10 CALT_6e —
CAb_2¢ | CA2 ¢ __n:
G ‘;‘“ CA3_lle NYLM3
_'(_J i AL ——NYLMI
EF 103902 T NYLM2 2¢f 3
CAl6-5 WALM2
AP 1983 NYLM24
: T Vines
7 CAIs He | 56 NYLMS
2] CAll_S¢ CAZ_Tc
76! CAI7_5¢ - WALMI CAIT_12¢
=, L: ¥ o
3 By WALM2 CAG-12
73 CA6_Te I—w.\PM CA3_2¢
88 CAT_Be WACVL CA39
CATS WAPN2 % A
WARRI CAle-3
FI952151 e <
. 2 wacH o = CAll_8c
79) CA20-9 NYCH: o CAIS 10c |2
16 CA20_2¢ ::E::i AF195822
& NYC £ CAT 1
5 CAIIL 6e CAL0 1¢ 91 CAT_10e
R CAG-2
CA16-6 WACHI Hes
-“Ji 3 WACS] F1952153
CA17 3¢ NYCHI CAL6 Te
FI952T50 I— CAl6_10c CAZI-10 CA20_8c
CA16-9 ) CA9-9 CA6_Te
; CA20_Sc -
o I 1y b CA20_10¢ CAG-10
g CA3-11 —:“2““ CA21_l1¢ CA21:2
%}-:E_%r 77 CA20-8 CA22_11¢] i CAl6 Sc
r A6 Te y CA9_9¢ “hv-2
CAT 05¢ Chv-2 A9 LChV-2
LChv-2 Lea LChV-2

Fig. 2. Phylogenetic analysis of global isolates of Grapevine leafroll-associated virus 1 based on nucleotide sequences of the A, heat-shock protein 70 homolog
(HSP70h) gene (GenBank accessions JF811862 to JF811907 and HQ833472 to HQ833473); B, coat protein (CP) gene (GenBank accessions JF811833 to
JF811861); C, coat protein duplicate 2 (CPd2) gene (GenBank accessions JF811790 to JF811832 and HQ833474 to HQ833475); and D, open reading frame 9
(p24) (GenBank accessions JF811752 to JF811789 and HQ833476 to HQ833477). Trees were constructed by the maximum likelihood (ML) using models with
the lowest BIC scores from the list of models evaluated using the “Find Best DNA/Protein Models” option of MEGAS software (50). The trees were rooted by
using corresponding sequences of Little cherry virus 2 (LChV-2) as outgroups. Bootstrap values (1,000 replicates) are given at the branch nodes. Branches
corresponding to partitions reproduced in <70% of bootstrap replicates are collapsed. Sequences obtained in this study are in bold font. Details of the isolates are

provided in Table 1 and Supplementary Table 1.
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isolates on the p24-based tree relative to their placement on the
HSP70h-derived (Fig. 2A) and CP-derived (Fig. 2B) trees. Group
1 consists of isolates from California, Washington, and New York;
group 2 consists of isolates from California in addition to isolates
from Australia and Iran; and group 3 consists of isolates obtained
from Lemberger from Washington and New York. Thus, isolates
from California belonged to groups 1 and 2 while those from
Washington and New York clustered into groups 1 and 3 (Fig.
2D). The average evolutionary divergence over sequence pairs
within and between each of the three groups ranged from 0.020 +
0.003 to 0.133 £ 0.009 and 0.156 £ 0.014 to 0.280 £ 0.025, re-
spectively (Tables 3 and 4). Similar to the HSP70h data set,
multiple alignments of deduced amino acid sequences of the p24
data set also revealed group-specific patterns among global
isolates of GLRaV-1 (data not shown).

Intraplant genetic variation of GLRaV-1 isolates. To investi-
gate the possible occurrence of mixtures of distinct sequence
variants within individual grapevines, the extent of intraisolate
nucleotide sequence diversity was determined for some GLRaV-1
isolates, where the initially sequenced clones showed <98% nu-
cleotide sequence identities. All 14 California isolates were
included in this analysis because these isolates showed higher
intraisolate genetic diversity among the three initially sequenced
clones relative to isolates from New York and Washington. The
average intraisolate evolutionary divergence over sequence pairs
ranged from 0.004 + 0.001 to 0.121 £ 0.017 for the HSP70h gene,
0.002 £ 0.001 to 0.108 £ 0.010 for the CP gene, 0.001 = 0.001 to
0.148 £ 0.013 for the CPd2 gene, and 0.004 £ 0.001 to 0.089 +
0.009 for the p24 gene (Table 5). Further analyses revealed that
sequence variants belonging to two distinct phylogroups in
HSP70h-, CP-, and p24-based trees are present in four isolates
(CA6, CA7, CAS, and CA17), two isolates (CA6 and CA16), and

one isolate (CA21), respectively. In each case, distinct sequence
variants belonged to phylogroups 1 and 2 (Fig. 2A, B, and D).
Population genetic analysis of GLRaV-1 isolates from dif-
ferent geographical areas. Fsr values obtained for each gene-
specific comparison were generally high (0.1056 to 0.5602), indi-
cating that there is a substantial degree of genetic differentiation
among gene-specific GLRaV-1 populations sampled from Cali-
fornia, Washington, and New York vineyards (Table 6). Regard-
less of the gene under consideration, higher Fgr values were ob-
tained when California and New York populations were com-
pared, suggesting that GLRaV-1 populations from California and
New York are more genetically differentiated from each other. In
contrast, relatively lower Fgr values were obtained when virus
populations from Washington and New York were compared
together, except for the CP gene data set (Table 6). Estimates of
Hudson’s tests statistics (Ksr* and S,,,) were also high and statis-
tically significant for the HSP70h, CP, CPd2, and p24 gene
sequence data sets (Table 6), indicating high subpopulation differ-
entiation among gene-specific populations sampled from the
California, Washington, and New York. Similar to the Fgr, values
of S,, statistic were also higher between California and New York
populations, regardless of the gene. These results suggested that
there has been infrequent genetic exchange occurring between
GLRaV-1 populations from California, Washington, and New
York. Nucleotide polymorphisms in the GLRaV-1 gene-specific
phylogroups were evaluated using Tajima’s D (49) statistical test
to assess the influence of demographic forces on the population
(52). Negative values of Tajima’s D statistic were obtained in all
cases (Table 3) and these values did not significantly deviate from
zero (P > 0.10). These results indicate an excess of low-frequency
polymorphism caused either by background selection, genetic
hitchhiking, or population expansions. Furthermore, we per-

TABLE 3. Estimates of evolutionary divergence (d) over sequence pairs of Grapevine leafroll-associated virus 1 (GLRaV-1) within each of the phylogroups
identified in Figure 2 and summary of test statistics examined for demographic trends*

Genetic distance and test of neutrality within groups

Group 1 Group 2 Group 3
Gene d Tajima’s D d Tajima’s D d Tajima’s D
HSP70h 0.057 £ 0.006 -1.62861 ns 0.130+£0.011 —0.84330 ns 0.034 £ 0.006 —0.44795 ns
Cp 0.078 £ 0.007 -0.77368 ns 0.142 +£0.010 —0.24848 ns 0.048 £ 0.005 —-1.26706 ns
CPd2 ND ND 0.175 £ 0.015 —0.18407 ns ND ND
p24 0.020 +0.003 —1.41950 ns 0.133 £ 0.009 —-0.53812 ns 0.0204 + 0.003 —-1.36709 ns

4 Results are based on the pairwise analysis of 63 heat-shock protein 70 homolog (HSP70h), 33 coat protein (CP), 46 coat protein duplicate 2 (CPd2), and 42 open
reading frame 9 (p24) gene sequences (GenBank accessions JF811752 to JF811907 and HQ833472 to HQ833477). Standard error estimates were obtained by a
bootstrap procedure (1,000 replicates). Analyses were conducted in MEGAS using gene-specific substitution models (50) and codon positions included were
first, second, third, and noncoding. All positions containing gaps and missing data were eliminated from the data set (complete deletion option). ND, not
determined due to unresolved phylogeny of the gene-specific sequence data set. Tajima’s D statistic measures the departure from neutrality for all mutations in a
genomic region (49). Values for neutrality tests were not significant (ns) in all cases (P > 0.10). Tajima’s D statistic was performed using the DnaSP software
version 5.10.01 (27).

TABLE 4. Estimates of evolutionary divergence (d) over sequence pairs of Grapevine leafroll-associated virus 1 (GLRaV-1) between each of the phylogroups
identified in Figure 2 and summary of test statistics examined for demographic trends*

Genetic distance between groups and test of natural selection

HSP70h CP p24
Comparison d dMKT: G (P value) d dMKT: G (P value) d dMKT: G (P value)
Group 1 vs. group 2 0.141 £ 0.013 ND 0.161 £0.012 0.24 (0.63) 0.156 £0.014 1.50 (0.22)
Group 1 vs. group 3 0.201 £ 0.023 5.99 (0.01%) 0.182+£0.016 11.00 (0.00%#3*) 0.240 £ 0.026 1.12 (0.29)
Group 2 vs. group 3 0.227 £ 0.023 5.16 (0.02%) 0.227 £0.018 14.77 (0.00%%3%) 0.280 £ 0.025 0.80 (0.37)

2 Results are based on the pairwise analysis of 63 heat-shock protein 70 homolog (HSP70h), 33 coat protein (CP), 46 coat protein duplicate 2, and 42 open reading
frame 9 (p24) gene sequences (GenBank accessions JF811752 to JF811907 and HQ833472 to HQ833477). Standard error estimates were obtained by a bootstrap
procedure (1,000 replicates). Analyses were conducted in MEGAS using gene-specific substitution models (50) and codon positions included were first, second,
third, and noncoding. All positions containing gaps and missing data were eliminated from the data set (Complete deletion option). ND, not determined due to
unresolved phylogeny of the gene-specific sequence data set. The G-test (G) statistic of the McDonald-Kreitman test (MKT) was used to determine whether
synonymous and nonsynonymous variations support the hypothesis of adaptive protein evolution between two distinct variant groups (34) was used to determine
for evidence that divergence in GLRaV-1 lineages is driven by natural selection. Asterisks: * = 0.01 < P < 0.05, ** = 0.001 < P < 0.01, and *** = P < 0.001.
MKT was performed using the DnaSP software version 5.10.01 (27).
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formed the McDonald and Kreitman test (34) to investigate
whether natural selection of specific protein-encoding genes could
account for the divergence between the three GLRaV-1 phylo-
groups identified in this study. The results revealed significant
differences between the ratio of silent to replacement substitutions
with good statistical support (P values of Fisher’s and G test) for
HSP70h and CP sequence data sets when compared between
phylogroups 1 and 3 and phylogroups 2 and 3 (Table 4). This
suggests that natural selection, rather than random processes
(geographical isolation, genetic drift, and so on) led to the
evolution of variants belonging to phylogroup 3. In contrast, the
lack of significant Fisher’s and G-test statistics when HSP70h and
CP sequence data sets in phylogroups 1 and 2 were compared
with each other suggests that the divergence of phylogroup 2
sequences from group 1 could have arisen through random
processes (Table 4). None of the comparisons involving p24-de-
rived sequence variant groups gave significant Fisher’s and G-test
statistics (Table 4), suggesting that natural selection does not
appear to have played a role in the evolution of p24, a gene with
unknown function.

Uneven selection constraints on HSP70h, CP, CPd2, and
P24 genes. The normalized dN-dS values were computed sepa-
rately for each of the four coding regions using GARD-inferred
trees to analyze the types of evolutionary forces acting on

different genomic regions (Table 7). The normalized dN-dS values
were 0.5571 for the CPd2 gene, 0.3444 for the HSP70h gene,
0.2995 for the p24 gene, and 0.2521 for the CP gene. These
results indicated that, although all four coding regions are under
purifying selection, the purifying selective pressure is not dis-
tributed uniformly across the genes. The results also indicate that
functional constraints appear to be much higher for the HSP70h,
CP, and p24 genes than for CPd2. The fact that the HSP70h, CP,
and p24 genes are subjected to relatively stronger selection
constraints was supported by the observation that a large pro-
portion of their codon sites (68/166 or =41% for the HSP70h
gene, 108/228 or ~47.4% for the CP gene, and 76/208 or ~36.5%
for the p24 gene) are under negative selection (Table 7). In
contrast, only 24% (28/116) of the codon sites of the CPd2 gene
is under negative selection (Table 7). Thus, it can be concluded
from these results that all four coding regions of GLRaV-1
analyzed in this study showed contrasting patterns of evolution
and that more codon sites in the HSP70h, CP, and p24 genes are
subjected to purifying selection than those in the CPd2 gene.
Phylogenetic network and recombination analyses. Because
fully resolved (bifurcating) phylogenetic trees using the ML, ME,
and NJ methods were not obtained for all four gene sequences
(Fig. 2), phylogenetic network analysis was performed for each of
the sequence data sets using the Neighbor-Net method imple-

TABLE 5. Estimates of average evolutionary divergence (d) over sequence pairs of specific isolates of Grapevine leafroll-associated virus 1*

HSP70h CP CPd2 p24

Isolate® Clones d Clones d Clones d Clones d

CA2 11 0.007 + 0.002 ND ND 9 0.001 £ 0.001 8 0.037 £ 0.004
CA3 10 0.018 +0.003 ND ND 12 0.031 £ 0.005 3 0.035 £ 0.006
CA6 11 0.050 + 0.008 9 0.037 +0.005 11 0.022 + 0.004 10 0.082 + 0.007
CA7 10 0.061 £0.010 10 0.035 + 0.004 11 0.037 £ 0.005 10 0.005 £ 0.001
CA8 7 0.047 £ 0.008 ND ND 12 0.080 + 0.012 ND ND
CA9 9 0.021 £ 0.004 ND ND 11 0.114 £ 0.011 ND ND
CAI10 ND ND ND ND 12 0.076 + 0.009 ND ND
CAIll 11 0.004 £ 0.001 11 0.059 + 0.008 11 0.148 £0.013 8 0.006 + 0.002
CAl6 10 0.021 £ 0.003 12 0.033 £ 0.004 12 0.101 £0.012 13 0.089 + 0.009
CAl17 8 0.121 £ 0.017 8 0.065 £ 0.009 11 0.099 +0.014 12 0.004 +0.001
CA18 10 0.021 £ 0.004 11 0.002 £ 0.001 11 0.078 £ 0.011 10 0.014 £ 0.002
CA20 6 0.084 +0.013 10 0.108 £0.010 12 0.067 + 0.009 8 0.010 + 0.002
CA21 10 0.048 + 0.008 11 0.022 £ 0.003 12 0.063 + 0.007 10 0.034 + 0.004
CA22 10 0.029 + 0.005 4 0.022 + 0.004 11 0.004 £ 0.002 7 0.007 £ 0.002

4 HSP70h = heat-shock protein 70 homolog, CP = coat protein, CPd2 = coat protein duplicate 2 (CPd2), p24 = open reading frame 9, Clones = number of clones,
and ND = not determined because no positive clones were obtained for the isolate from this genomic region.

b GenBank accession numbers and other details of isolates are provided in Table 1.

TABLE 6. Comparative genetic parameters between populations of Grapevine leafroll-associated virus 1 obtained from California, Washington, and New York®

Gene, comparison® Kgr* P value Son P value Fsr
HSP70h
California vs. Washington 0.0244 0.0010%* 0.8476 0.0040%* 0.1319
California vs. New York 0.0153 0.0100* 0.8782 0.0040%* 0.1836
Washington vs. New York 0.0272 0.1540 ns 0.7778 0.0400%* 0.1056
CP
California vs. Washington 0.0103 0.0970 ns 0.8800 0.0260%* 0.1772
California vs. New York 0.0564 0.0000%** 1.0000 0.0000%** 0.5602
Washington vs. New York 0.0595 0.1900 ns 0.6458 0.1950 ns 0.4093
CPd2
California vs. Washington 0.0472 0.0000%%** 0.9700 0.0000%** 0.3077
California vs. New York 0.0298 0.0040%* 0.9352 0.0010%* 0.3069
Washington vs. New York 0.0451 0.0660 ns 0.7143 0.1130 ns 0.1262
p24
California vs. Washington 0.0576 0.00007% 0.8333 0.0030%* 0.2696
California vs. New York 0.0852 0.0000%** 0.9140 0.0000%** 0.3410
Washington vs. New York 0.0233 0.1590 ns 0.5794 0.2530 ns 0.1255

4 Probability (P value) obtained by permutation tests with 1,000 replicates; * = 0.01 < P < 0.05, ** = 0.001 < P < 0.01, ** = P < 0.001; and ns = not significant.

All analyses were performed using the DnaSP software version 5.10.01 (27).

b Populations for heat-shock protein 70 homolog (HSP70h): California = 33, Washington = 9, and New York = 6; coat protein (CP): California = 21, Washington =
4, and New York = 4; coat protein duplicate 2 (CPd2): California = 31, Washington = 9, and New York = 5; and open reading frame 9 (p24): California = 19,

Washington = 9, and New York = 12.
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mented by the SplitsTree4 software (18). Network analyses have
been used in studying the reticulate evolution of organisms whose
histories cannot be adequately modeled by a single tree due to
events such as recombination, hybridization, gene conversion, and
gene transfer (2,4,15,18). The Neighbor-Net phylogenetic analy-
sis generated non-treelike phylogenetic networks among se-
quences of each of the four gene-specific data sets (Supplemen-
tary Figure 1), suggesting that a complex evolutionary scenario
such as recombination events could play a fundamental role
during the evolution of natural populations of GLRaV-1. Never-
theless, the existence of three major groups was still evident on
the Neighbor-Net trees generated for the HSP70h and p24 gene
sequence data sets, and the relative pattern of clustering of iso-
lates in each of these groups is similar to the pattern obtained in
Figure 2A and D. No clear pattern of clustering was observed for
the CP gene sequence data set and only two groups are apparent
on the CPd2 Neighbor-Net, in agreement with Figure 2C.

To test the hypothesis that recombination events might have
contributed to reticulate networks between the gene-specific se-
quences, fingerprints of recombination events were assessed using
two automated phylogenetic detection of recombination methods
(SBP and GARD) implemented by the Datamonkey software. The
SBP method performs a rapid screening for recombination using a
single breakpoint and is suitable for answering the question “Is
there evidence of recombination in the alignment?” while the
GARD method attempts to find all the recombination breakpoints
by performing a search for evidence of segment-specific phy-
logenies. These analyses revealed the presence of fingerprints of
recombination events in the HSP70h, CP, and p24 data sets but
not in the CPd2 gene (data not shown). Subsequently, we scanned
aligned sequences of each of the gene-specific sequence data sets
using the suite of programs included in the RDP3 package to
determine putative recombination events and their parental se-
quences (Table 8). In order to avoid spurious results, only re-
combination events identified by at least four of the eight different

methods implemented by the RDP3 package with significant
statistical support were accepted. Analysis of the global HSP70h
gene sequences (48 from this study and 15 from GenBank) led to
the identification of one putative recombination event involving
NYCH2 and CA20-9 as the potential major and minor parental
sequences, respectively, and CA3-11, CA6-7c, CA7-05c, CA8-2c,
CA16-9, and Iranian isolate FJ952150 as the putative recombi-
nants (Table 8). One putative recombination event was also de-
tected for global CP gene-specific sequences (34 from this study
and 4 from the GenBank) generating one putative recombinant
(CA16-6) with CA16-10c and CA16-5 as the potential major and
minor parental sequences, respectively. Thus, this event represents
an intraisolate putative recombination event, possibly due to the
co-infection of both parental sequences in a single grapevine. One
putative recombination event was detected for the p24 data set (40
sequences from this study and 2 from the GenBank) generating
one putative recombinant sequence (Table 8). The event involved
NYLM4 (New York) and CA3-9 (California) as the potential
major and minor parental sequences, respectively, and NYLM2-4
as the putative recombinant sequence. In agreement with results
obtained using the SBP and GARD methods, none of the RDP-
implemented program detected any putative recombination event
involving CPd2 sequences even when parameters for the search
were made less stringent. This suggests that the genomic segment
of the CPd2 gene analyzed in this study is likely to be less prone
to recombination.

DISCUSSION

The genetic diversity of GLRaV-1 isolates was determined to
gain a comprehensive understanding of variability among natural
populations of the first virus described in association with GLRD
(13). Populations of GLRaV-1 were obtained from California,
Washington, and New York and four distinct regions of the
GLRaV-1 genome (HSP70h, CP, CPd2, and p24), representing

TABLE 7. Estimates of selection pressures acting on the heat-shock protein 70 homolog (HSP70h) gene, coat protein (CP) gene, coat protein duplicate 2 (CP)
gene, and p24 coding regions of Grapevine leafroll-associated virus 1 (GLRaV-1)

Selection pressure®

Normalized dN-dS® Positive Negative Neutral
Coding region® Log (L) Mean Number Percent Number Percent Number Percent
HSP70h —4580.82 0.3444 5 3 68 41 93 56
CP —4409.29 0.2521 5 22 108 474 115 50.4
CPd2 -3023.29 0.5571 3 2.6 28 24.1 85 73.3
p24 —3973.92 0.2994 2 1.0 76 36.5 130 62.5

4 Data sets are represented by 166, 228, 116, and 208 codons for the HSP70h gene, the CP gene, the CPd2 gene, and p24 coding regions, respectively.

b Normalized values of the ratio of nonsynonymous substitutions per nonsynonymous site (dN) to synonymous substitutions per synonymous site (dS) (dN-dS
divided by the total length of the appropriate tree), a measure of selection pressure, was calculated for global isolates of GLRaV-1 (Table 1; Supplementary Table
1). Normalized dN-dS values < 1 indicates negative or purifying, normalized dN-dS values = 1 suggests neutral selection, and normalized dN-dS values > 1
indicates positive selection for each gene-specific sequence data set.

¢ Positively or negatively selected sites are identified by at least one of the four selection pressure detection methods: single-likelihood ancestor counting (SLAC),
fixed-effects likelihood (FEL), internal fixed-effects likelihood (IFEL), and random-effects likelihood (REL). SLAC is a counting method while FEL, IFEL, and
REL are all likelihood methods (24).

TABLE 8. Putative intragenic recombination events in Grapevine leafroll-associated virus 1 sequences®

Genomic Parental (major x Breakpoints
region® Recombinant sequences minor) sequences (begin—end) RDP-implemented method (P value)
HSP70h  CA3-11, CA6-7c, CA7-05c, MAXCHI (2.68 x 10-2), CHIMAERA (5.70 x 10~"), SISCAN
CA8-2¢, CA16-9, FJ1952150  NYCH2 x CA20-9 298-489 (1.43 x 1072), 3SEQ (4.40 x 1072
Cp CAl16-6 CA16-10c x CA16-5 404-670 GENECONYV (3.53 x 10-5), BOOTSCAN (7.94x 10-%), MAXCHI
(8.15 x 107!, CHIMAERA (8.59 x 10719), 3SEQ (2.41 x 1071)
p24 NYLM2-4 NYLM4 x CA3-9 61-128 GENECONYV (3.80 x 10~'1), BOOTSCAN (9.63 x 10-13), MAXCHI

(3.97 x 107%), CHIMAERA (3.93 x 10-%), SISCAN (3.03 x 10-'9), 3SEQ
(1.76 x 10718)

4 Only events supported by at least four of the different RDP3-implemented methods are reported. The support probability for each method is shown. Nucleotide
numbering of breakpoints corresponds to the aligned sequences.
b HSP70h = heat-shock protein 70 homolog, CP = coat protein, and p24 = open reading frame 9.
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~18.6% of the currently available 12,394 nucleotides of the
GLRaV-1 genome (AF195822) were characterized by RT-PCR,
cloning, and sequencing. Sequences of corresponding genomic
regions of isolates for which information is available in GenBank
were also included in these analyses. GLRaV-1 isolates charac-
terized in our study were from wine (red- and white-berried),
table (‘Black Seedless’ and ‘Medaur’), and ornamental (‘Roger’s
Red’ and ‘Claret vine’) grapevine cultivars. Because the previous
study focused solely on wine grape cultivars (23), our results
from different types of grapevines have expanded the knowledge
of GLRaV-1 variability for practical applications in grapevine
cultivation.

The data presented in this study support the segregation of
global GLRaV-1 isolates mainly into three distinct variant groups
based on the partial HSP70h and entire p24 gene sequence data
sets (Fig. 2A and D). Based on partial nucleotide sequences of the
HSP70h gene, GLRaV-1 isolates were reported previously to
consist of two distinct variant groups that were tentatively desig-
nated as groups A (American-Australian) and E (European) (23).
In contrast, we found no evidence for clearly defined geographi-
cal structuring of GLRaV-1 isolates among the three phylogroups,
designated in this study as groups 1, 2, and 3. Such a lack of geo-
graphical structuring has also been reported for other grapevine
viruses (1,19,53), possibly as a consequence of their dissemina-
tion primarily through infected grapevine cuttings. An assessment
of population genetic parameters showed considerably higher
estimates of genetic distance between the three phylogroups rela-
tive to lower genetic diversity values within each group (Tables 3
and 4), thus providing further support for the segregation of
GLRaV-1 isolates into three phylogroups. Furthermore, results of
the MacDonald and Kreitman test indicate that, although HSP70h
and CP gene-derived sequence variants of phylogroup 3 could be
“evolving” differently from group 1 and 2 variants due to natural
selection, genetic isolation and random drift could be shaping
phylogenetic separation of group 1 and 2 isolates from each other.
However, the partitioning of GLRaV-1 sequences into the three
groups is not apparent on the CP- and CPd2-derived phylogenetic
trees (Fig. 2B and C), suggesting that conflicting phylogenetic
signals such as recombination could exist within sequence data
sets of both genes. The presence of such conflicting phylogenetic
signals was also supported by reticulate networks existing
especially among sequences of CP and CPd2 genes. Therefore, it
would seem appropriate to use both the HSP70h and p24 gene
sequences as the best representation of the phylogeny of GLRaV-
1 variants, because both gene sequences provided mutually
supportive phylogenies (Fig. 2).

Functional constraints on the evolution of the HSP70h, CP,
CPd2, and p24 genes of GLRaV-1 were analyzed by determining
the normalized dN-dS values, an indicator of natural selection.
Our analyses indicate that the four genes are under strong
selection pressure to preserve their encoded amino acid sequences
and biological functions. The CP gene had the lowest mean nor-
malized dN-dS values, suggesting that it is under stronger purify-
ing selection pressure. In fact, 47.4 and 50.4% of the 228 CP
codon sites were negatively and neutrally selected, respectively
(Table 7). A recent study with GLRaV-3 has also indicated con-
trasting patterns of selective pressures across genomic regions,
with CP subjected to the strongest constraint (53). Because both
GLRaV-1 and -3 are transmitted by species of mealybugs and
scale insects (13,47), it is likely that functional constraints are
imposed on the CP of these Ampelovirus spp. as reported for other
insect-transmitted viruses (3,44). In addition, functional con-
straints could be imposed on the CP due to its role in particle
formation. In contrast, the CPd2 gene of GLRaV-1 had the
highest normalized dN-dS value and only 24.1% of the 116 CPd2
codon sites were negatively selected (Table 7). Thus, it is likely
that the CPd2 of GLRaV-1 is relatively flexible to accommodate
nonsynonymous changes, in agreement with a previous study (28).
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This study, together with the data from Kominek et al. (23),
clearly showed that grapevines, due to their perennial nature, can
harbor genetically diverse but closely related GLRaV-1 popula-
tions, often termed ‘“quasi-species”, in a single plant. These
sequence variants, frequently generated owing to the error-prone
nature of the viral RNA-dependent RNA polymerase (6,48), can
accumulate with time due to clonal propagation and be dissemi-
nated via cuttings into new areas, causing a sustained threat to the
grapevine industry in the affected areas. The preponderance of
such sequence variant mixtures in California isolates is note-
worthy. Available information indicates that the source vines of
California isolates were obtained initially from field-collected
grafted grapevines from different sources within and outside of
the United States prior to their establishment at the FPS as own-
rooted vines. Therefore, it is likely that California isolates could
be harboring distinct variants as mixed infections derived from
mother plant scion cultivars and rootstocks, as exemplified
recently with GRSPaV (1), thereby increasing the diversity of
GLRaV-1 populations within a grapevine. The relatively high
values of within-isolate genetic diversity observed for some of the
California isolates analyzed in this study (Table 5) support this
argument. Because grapevine is the only known natural host of
GLRaV-1 and due to the lack of resistance to the virus in Vitis
spp., this study, from a practical perspective, provides a founda-
tion for optimizing diagnostic assays to intercept the dissemi-
nation of new variants in clean plant programs as well as under-
standing shifts in the genetic diversity of existing variants as a
consequence of exchange of planting materials between the
grape-growing regions and spread by resident mealybug or scale
insect vector species present in local vineyard blocks.

A recent study has shown that viral variants can occur in a
single perennial plant as spatially distributed populations (20). In
this context, our study did not investigate whether GLRaV-1
variants occur as spatially separated variants within a grapevine to
elucidate whether the spatial separation of different viral popu-
lations may be a more common phenomenon in perennial hosts.
Nevertheless, spatial separation patterns documented within a host
tree for three different genera of viruses—Apple stem grooving
virus in apple (29), Citrus tristeza virus in citrus (7), and Plum
pox virus in peach (20)—would suggest that this may be a common
phenomenon in perennial woody plant species such as grapevine,
as opposed to the scarcity of such events documented in annual
plants (14). Further investigations need to be conducted to under-
stand the epidemiological significance and the fitness advantages
of spatial separation of GLRaV-1 variants in different parts of an
infected grapevine on transmission by mealybugs and scale insects.

In conclusion, this is the most comprehensive study of the
genetic diversity of GLRaV-1 to date and our results provided
evidence that GLRaV-1 occurs as genetically distinct variants in
the three leading grapevine-producing states of the United States.
The data also showed evidence for contrasting patterns of
evolution in four viral genes with distinct functions, thus pro-
viding a foundation for further studies in understanding the
evolution of GLRaV-1. Although the biological and epidemio-
logical implications of genetic diversity of GLRaV-1 are yet to be
elucidated, the results contribute to an increased understanding of
the spectrum of genetic diversity among GLRaVs and provide
avenues for the development of robust strategies for mitigating the
negative impacts of GLRD on the sustainability of the wine grape
industry in the country. The knowledge of genetic variability in
GLRaV-1 obtained in this study will also benefit grape clean plant
programs across the country in improving the sanitary status of
planting materials provided to nurseries and grape growers.
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