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Abstract

Grapevine vein clearing virus (GVCV) is associated with a vein-clearing
and vine-decline disease. In this study, we surveyed wild Ampelopsis
cordata from the Vitaceae family and found that 31% (35 of 113) of na-
tive A. cordata plants are infected with GVCV. The full-length genome
sequence of one GVCV isolate from A. cordata shared 99.8% identical
nucleotides with an isolate from a nearby cultivated ‘Chardonel’ grape-
vine, suggesting the occurrence of an insect vector. To identify a vector,
we collected Aphis illinoisensis (common name: grape aphids) from wild
A. cordata plants and detected GVCV in the aphid populations. We

found that A. illinoisensis is capable of transmitting GVCV from infected
A. cordata to Chardonel grapevines in the greenhouse. Upon transmis-
sion, GVCV caused severe symptoms on the infected Chardonel 45 days
post transmission. We conclude that wild GVCYV isolates from A. cordata
are capable of inducing a severe disease on cultivated grapevines once
they spread from native A. cordata to vineyards via grape aphids. The
discovery of a natural reservoir and an insect vector of GVCV provides
timely knowledge for disease management in vineyards and critical clues
on viral evolution and epidemiology.

A vein-clearing and vine-decline disease was first reported in a
vineyard in 2007 (Qiu et al. 2007). The disease has caused the re-
moval of five vineyards between 1 and 4 ha in Missouri and Arkan-
sas, U.S.A., and its incidence has increased since then. Grapevine
vein clearing virus (GVCV) has been found in a range of grape cul-
tivars in five states in the Midwest region of the United States. The
most susceptible grapevines show symptoms of translucent foliar
vein clearing, edge rolling of leaves, deformed berries, dieback of
cordons, vine stunting, and death of some vines (Qiu and Schoelz
2017). The disease is closely associated with GVCYV, first discovered
in a grape cultivar ‘Chardonel’ in Missouri in 2011 (Zhang et al.
2011).

GVCYV belongs to the genus Badnavirus in the family Caulimovir-
idae (Zhang et al. 2011). The GVCV-CHA reference genome (Gen-
Bank accession no. NC015784) contains a double-stranded, circular
DNA molecule of 7,753 bp. Three open reading frames (ORFs) are
predicted on the plus-strand of the genome whose functions have
not yet been fully characterized, except for the analogous annotation
on the basis of functional motifs (Zhang et al. 2015). Nucleotide di-
versity within a GVCV population is in a range of 0.15 to 2.00%
(Howard and Qiu 2017), and GVCV populations show diverse genet-
ic variations among Vitis spp. at different geographic locations
(Beach et al. 2017; Guo et al. 2014).

Two GVCYV isolates, GVCV-VRU1 and GVCV-VRU2, were
found in wild Vitis rupestris vines native to the Midwest region
(Beach et al. 2017). GVCV-infected V. rupestris vines showed vein
clearing and vein necrosis symptoms in their natural habitat and un-
der greenhouse conditions. The genomes of GVCV-VRUI (Gen-
Bank accession no. KJ725346) and GVCV-VRU2 (GenBank
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accession no. KT907478) consist of 7,755 and 7,725 bp long DNA
molecules, respectively. A 9-bp insert was found in the ORF II of
GVCV-VRUI. The nucleotide sequence of ORF II is the most vari-
able among sequenced GVCV genomes. Thus, the identity of the
OREF Il region was proposed as a criterion to differentiate GVCV var-
iants with a critical value of 90% similarity (Beach et al. 2017).
So far, only these two GVCYV isolates were found out of 49 wild
V. rupestris grapevines surveyed.

Ampelopsis cordata (common name: heartleaf peppervine) in the
Vitaceae family shares habitats with native grapevines (Vitis spp.).
A. cordata is indigenous to 20 states, from Nebraska to Texas, with
highest density in Missouri, Arkansas, and Louisiana, and becoming
sparse in the East Coast. These wild vines grow along riverbanks,
fence rows, tree lines, and edges of commercial vineyards. No study
has been reported on the status of viruses in A. cordata. Aphids, in
particular Aphis illinoisensis (common name: grape aphids), infest
A. cordata and wild Vitis spp., and they also colonize cultivated
grapevines (Mifsud and Perez Hidalgo 2011).

Aphids transmit plant viruses in eight families including the family
Caulimoviridae (Ng and Falk 2006; Ng and Perry 2004; Whitfield
et al. 2015). Cauliflower mosaic virus (CaMV), the type member
of the genus Caulimovirus, is transmitted by aphids in a semipersis-
tent manner (Markham et al. 1987, Palacios et al. 2002). CaMV viral
particles are acquired preferentially from phloem by aphids Brevicor-
yne brassicae L. and Myzus persicae (Palacios et al. 2002). Goose-
berry vein banding associated virus (GVBaV) is transmitted by
Aphis grossulariae, Nasonovia ribisnigri, and Hyperomyzus spp. in
a semipersistent manner (Adams and Posnette 1987). Rubus yellow
net virus (RYNV), another badnavirus, is transmitted by the large
raspberry aphid, Amphorophora idaei, in Europe and by A. agathon-
ica in North America (Jones et al. 2002). It is notable that GVBaV
and RYNYV are most closely related to GVCV on the phylogenetic
tree of badnaviruses (Bhat et al. 2016). The presence of grape aphids
and a mild vein-clearing symptom on A. cordata prompted us to in-
vestigate GVCV infection in this wild plant species. We reasoned
that grape aphids might be a candidate insect vector of GVCV.

In this study, we investigated (i) the presence of GVCV in A. cor-
data in Midwest flora and (ii) the role of the grape aphid in GVCV
transmission. Finding a natural reservoir and a vector of GVCV is
crucial for effective management of GVCV-associated disease and
for understanding the origin and epidemiology of GVCV.

Materials and Methods

Collection of Ampelopsis and Vitis samples. Two mildly symp-
tomatic A. cordata plants were collected, AMP1 from Linn Creek,
MO, in the summer of 2015 and AMP2 from Springfield, MO, in
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the summer of 2014, 130 km apart. A Chardonel with severe GVCV-
associated symptoms in a vineyard (CHA2) and a mildly symptom-
atic A. cordata (AMP?3) climbing the fence surrounding that vineyard
were collected from Coffman, MO, in the summer of 2016. Later, in
a survey of GVCV in wild Vitaceae species, leaf samples were col-
lected from native vines regardless of presence or absence of symp-
toms. Identification numbers, locations, GPS coordinates, and
collection dates are compiled in Supplementary Table 1. A total of
113 A. cordata and 49 Vitis spp. samples were collected from seven
regions across three states at a maximum distance of approximately
900 km between samples.

Extraction of DNA, polymerase chain reaction (PCR) assay of
GVCYV, and phylogenetic analysis. DNA was extracted by grinding
leaf tissue in the presence of liquid nitrogen and using the DNeasy
Plant Mini Kit (Qiagen). A PCR assay was implemented to conduct
the survey of GVCV in collected samples. Two sets of primers,
1101F/1935R and 4363F/4804R (Supplementary Table 2) that were
designed from the GVCV-CHA reference genome, yielded DNA
fragments of 835 and 442 bp, respectively. Sequence variation
among isolates necessitated two primer sets to reduce the chance
of false negatives. Presence of one or both bands (835 and 442 bp)
was accepted as a positive infection of GVCV. The third set of pri-
mers (16SF, 5-TGCTTAACACATGCAAGTCGGA-3’; and 16SR,
5-AGCCGTTTCCAGCTGTTGTTC-3") for amplifying a 105-bp
DNA of grapevine 16S rRNA gene was included to verify the
DNA quality and exclude the possibility of false negative results.

A set of primers, 963F and 1634R, was designed by finding con-
served sequences flanking ORF Il in all seven sequenced full-length
GVCYV genomes. The DNA fragments covering the entire ORF II re-
gion were amplified from GVCV-positive samples and were se-
quenced from both directions for the phylogenetic analysis. Thus,
a PCR assay using the 963F/1634 primer set can be used as a diag-
nostic assay for infection by GVCV.

A phylogenetic tree was constructed with 48 sequenced ORF II
regions by the maximum likelihood method with 1,000 bootstrap
replicates using the Tamura—Nei model in the MEGA 7 software
package (Felsenstein 1985; Kumar et al. 2016; Tamura and Nei
1993).

Assembly of GVCV genomes. The reference genome, GVCV-
CHA, was used to design primers for determining the whole genome
sequence of the GVCV isolates AMP1, AMP2, AMP3, and CHA2.
The reference genome sequence of 7,753 bp was divided into three
overlapping fragments. A single band of each of the three fragments
amplified by PCR was purified using the Qiagen MinElute Gel Ex-
traction kit. Each of the three viral DNA fragments was inserted into
a vector plasmid pCR8/GW/TOPO TA Cloning Kit (Invitrogen).
Standard protocols of transformation and plasmid DNA purification
were followed, with three distinct colonies used for verification
of each fragment. The plasmid DNA samples were sequenced at
Nevada Genomics Center, University of Nevada (Reno, NV).
CodonCode Aligner was used to assemble the sequences with a cut-
off Phred score of 20.

RNAseq and assembly of GVCV-AMP1 consensus genome.
Total RNA from plant sample AMP1 was purified using a Norgen
Plant/Fungi Total RNA Purification Kit (Thorold, ON, Canada). To-
tal RNA was sent to Admera Health (South Plainfield, NJ) for Illu-
mina sequencing. The library was prepared with the NEBNext
Multiplex Small RNA Library Prep Set for [llumina (Set 1) with size
selection. Adapters were removed using Cutadapt version 1.9.1
(Martin 2011), and reads were quality filtered using the NGS QC ver-
sion 2.3.3 toolkit (Patel and Jain 2012). The NCBI BLAST algorithm
was used to align reads of all lengths against a GI-mediated GenBank
database of virus and viroid nucleotide sequences. Accessions that
had more than 100 matched reads were further analyzed. The com-
plete set of reads was aligned to the respective plant viral genome se-
quence alignments using Burrows-Wheeler Aligner (BWA version
0.7.12) (Li and Durbin 2009). Read alignment distribution was visu-
alized using Integrated Genomics Viewer version 1.7 (Robinson
et al. 2011). Single nucleotide polymorphisms (SNPs) were called
using GATK UnifiedGenotyper version 4.0.7.0 with standard

572 Plant Disease /Vol. 103 No. 3

parameters (McKenna et al. 2010). Using the standalone version
of NCBI BLAST version 2.6.0, all reads were aligned to a virus/
viroid database.

Collection of aphids and detection of GVCYV. Grape aphids
(A. illinoisensis) were collected from A. cordata vines in their native
habitats. Aphid specimens from individual A. cordata vines were
placed into separate bags and marked with the same identification
number as the leaf sample from that vine. Specimens (voucher num-
ber E2017-4109-1) were identified at the Florida Department of Ag-
riculture and Consumer Services. Aphids were preserved in 70%
ethanol at —20°C. DNA was extracted from 10 to 20 aphids of each
population with an Insect DNA Kit E.Z.N.A (Omega Bio-tek, Nor-
cross, GA). A set of primers was designed to amplify a DNA frag-
ment specific to an aphid elongation factor (EF) gene to ensure
quality DNA from aphid samples. The EF forward primer (5’-GG
CTCTCCGTCTCCCACTCC-3) and EF reverse primer (5-TGGTG
ATGTTGGCAGGTGCG-3") were used in a diagnostic PCR along
with GVCV-specific primers, 5044F and 5387R for detection of
GVCV in aphids. In addition, the ORF II fragments of GVCV were
amplified from aphids and sequenced for confirming identity of
GVCYV and for comparative analysis from their colonized plants us-
ing the protocol described in the previous section.

Aphid transmission assay. A single viviparous aphid was iso-
lated from a GVCV-free A. cordata and transferred onto a virus-
free Chardonel grape leaf inside a Petri dish. After the single aphid
reproduced, the nymphs were placed onto a virus-free Chardonel
grapevine in a BugDorm tent in the greenhouse. Aphid colonies were
maintained on the Chardonel vines in an insect-proof greenhouse.

Colonies of A. illinoisensis were brushed from the leaves and ten-
drils and placed onto a paper towel in a Petri dish for 1 h. They were
then placed onto a detached GVCV-infected leaf. They were allowed
to feed on the leaf for acquisition access periods (AAPs) of 5, 20, 40,
and 60 min. At the end of each AAP, 10 aphids were transferred to
two GVCV-free Vidal blanc vines. Aphids were given a 24-h inocu-
lation access period (IAP). The aphid-infested Vidal blanc vines were
sprayed with insecticide (Safer Insect Killing Soap) after the
24-h IAP.

A group of 30 aphids were placed onto a GVCV-AMPI1 infected
A. cordata vine in an isolation tent for a 5-day AAP. Three virus-
free Chardonel vines were moved into the tent, and 10 aphids were
transferred to each Chardonel vine and allowed to feed on the vine
for 48 h. Aphids were treated with insecticide after the 48-h IAP.
DNA was extracted from leaf tissues of the three recipient Chardonel
vines at 60 days postinoculation and was subjected to PCR for detec-
tion of GVCV and analysis of ORF II sequences.

Results

GVCYV was discovered in wild A. cordata. While surveying for
GVCYV in wild grapevines (Vitis spp.) in their native habitats, we ob-
served mild vein-clearing, chlorotic spots, or mottle on leaves of
some wild A. cordata vines. The symptomatic vine AMP1 was found
at Linn Creek, MO, and AMP2 at Close Memorial Park in Spring-
field, MO. The plants were then propagated from green cuttings.
They exhibited similar mild to moderate vein-clearing symptoms
in the greenhouse. These symptoms are distinct from the severe,
translucent, vein-clearing symptoms observed on GVCV-infected
cultivated grapevines (Qiu and Schoelz 2017; Zhang et al. 2011).

A PCR assay for amplifying a GVCV-specific 835-bp fragment
indicated that GVCV was present in both AMP1 and AMP2 samples,
the first time GVCYV has been found in a plant species belonging to a
genus other than Vitis. We then determined the entire genome se-
quence of GVCV-AMPI1 and GVCV-AMP2. The GVCV-AMP1 ge-
nome consists of 7,749 bp (GenBank accession no. KX610316), and
the GVCV-AMP2 genome is 7,765 bp in length (GenBank accession
no. KX610317). Three ORFs are predicted on the plus-strand of
both genomes. The ORF II region of GVCV-AMP1 and GVCV-
AMP2 has a 9-nt insert and shares 83.2 and 88% identical nucleo-
tides, respectively, with that of the reference GVCV-CHA genome.
Therefore, GVCV-AMP1 and GVCV-AMP2 are new variants
according to a proposed delineation (Beach et al. 2017).



Fig. 1. Comparison of mild vein-clearing symptom on Ampelopsis cordata and severe symptoms on grape cultivar ‘Chardonel’ by the same grapevine vein clearing virus (GVCV)
variant. A, Symptoms of GVCV-AMP3 infection on an A. cordata vine in its native habitat; B, deformed leaves and pronounced vein clearing on an adjacent GVCV-CHA2 infected
Chardonel vine (the genomes of GVCV-AMP3 and GVCV-CHA2 share 99.8% identical nucleotide sequences); and C, induction of leaf-deformation symptom by GVCV-AMP1 on
grape cultivar Chardonel 60 days after GVCV-AMP1 was transmitted from a mildly symptomatic A. cordata vine by grape aphids.
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To inquire into single-nucleotide sequence variations of the
GVCV-AMP1 genome at quasispecies levels, small RNA sequences
from the AMP1 leaf tissue sample were determined, and 99.6% cov-
erage of the GVCV-AMP1 genome was obtained with 34 ambiguous
nucleotides. A nearly full-length GVCV-AMP1 sequence was as-
sembled from a consensus sequence in which eight SNPs were found
in comparison with the GVCV-AMP1 genome obtained by Sanger
sequencing. These SNPs, which are silent, are in the ORF III region.

The same GVCYV variant was found in wild A. cordata and
cultivated Chardonel. In one survey of GVCV in wild A. cordata,
we observed a mildly symptomatic A. cordata along the fence of a vine-
yard of Chardonel grapevines (Fig. 1A) and a severely symptomatic
Chardonel vine that grew within six meters (Fig. 1B). We collected leaf
samples from the two plants, referred to as AMP3 and CHA2, and sub-
jected them to PCR assay for GVCV. The virus was detected in both
samples. The whole genome of GVCV-AMP3 and GVCV-CHA2
was then sequenced and shown to be 7,742 bp in size and 99.8%
identical at the nucleotide level. These genomes share 93.5 and
93.3% identical nucleotides with GVCV-AMP1 and GVCV-AMP2,
respectively. Thus GVCV-AMP3 and GVCV-CHA2 are consid-
ered as one GVCV variant. However, the GVCV-CHA?2 infected
Chardonel vine showed severe symptoms including pronounced
vein clearing, deformed leaves, and short internodes (Fig. 1B), in
comparison to the mild vein clearing on A. cordata (Fig. 1A).

GVCYV is widely distributed in wild A. cordata. To investigate
the prevalence of GVCV among A. cordata in native habitats, we col-
lected leaf samples of A. cordata plants from seven regions in accord
with American Viticulture Areas (AVAs). Five AVAs lie within
the borders of the Ozark Mountain AVA (III), which spans central to
southern Missouri, northern Arkansas, and eastern Oklahoma. Three
of the AVAs, Herman, Augusta, and Altus (I, II, and V) are in regions
of historical importance to winemaking (Supplementary Fig. 1).

A total of 113 samples of A. cordata were collected from the seven
regions, and GVCV was detected in 35 samples (31% infection rate).
GVCV was found in 11 out of 14 locations, a prevalence rate of 79%,
in the three states (Arkansas, Missouri, and Oklahoma); 10 locations
have at least a 25% infection rate (Table 1). In Springfield, MO,
where three commercial vineyards exist within a 50-km radius,
GVCYV was found in 33% (6 of 18) of A. cordata, whereas no wild
Vitis spp. (0%, 0 of 14) were infected in this area.

To examine genetic relationships among GVCV isolates, DNA
fragments covering the ORF II region (384 or 393 nt) from the
GVCV-infected samples were sequenced. The ORF II sequences
of nine GVCYV isolates that were determined previously were also in-
cluded in this analysis (Beach et al. 2017; Zhang et al. 2011). The

Table 1. Percentage of grapevine vein clearing virus (GVCV) infection in na-
tive Ampelopsis cordata vines at 14 locations in seven regions

Location (region, town, Number of GVCva

state) samples positive Percentage
I, Hermann, MO 12 3 25%
II, Augusta, MO 3 1 33%
111, Coffman, MO 12 5 42%
III, Mountain Grove, MO 2 0 0%
I, Springfield, MO 18 6 33%
III, Halltown, MO 12 4 33%
II1, Linn Creek, MO 1 1 100%
III, Eureka Springs, AR 9 4 44%
IV, London, AR 2 0 0%
IV, Ponca, AR 8 2 25%
1V, Hindsville, AR 9 0 0%
V, Altus, AR 15 2 13%
VI, Little Rock, AR 7 5 71%
VII, Hinton, OK 3 2 66%
Total 113 35 31%

2 A sample was determined to be positive if both GVCV-specific 835- and
442-bp fragments or a single fragment of 835 or 442 bp was amplified by
polymerase chain reaction. Presence of GVCV was verified by sequencing
the ORF II region of all GVCV-positive samples.
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OREF II sequences of 33 GVCV isolates in A. cordata and 15 in Vitis
plants from seven designated regions were used to construct a phylo-
genetic tree (Fig. 2). Three defined clades with more than three var-
iants were identified. GVCV variants from both A. cordata and Vitis
plants were found in each clade. For instance, a total of five GVCV
variants from A. cordata and three GVCYV variants from Vitis plants
within region III clustered together in clade II. This analysis indicated
that GVCV variants spread across plant species within a designated
geographical location.

GVCY was detected in grape aphids. While collecting leaf sam-
ples from native A. cordata, we found grape aphid populations on
some plants. A total of 10 aphid colonies were collected from A. cor-
data and Vitis spp. GVCV was detected in four out of 10 aphid col-
onies (Fig. 3A). We sequenced the ORF II of GVCV variants
from two aphid colonies. In both cases, the ORF II sequences of
GVCYV from aphids and the colonized A. cordata vines were 100%
identical. In one case, the GVCYV variant from aphids and A. cordata
contained the 9-nt insert in ORF II (393 nt). In the other case, the
GVCYV variant from aphids and A. cordata did not contain the 9-nt
insert in ORF II (384 nt). These results suggested that grape aphids
can acquire GVCV from the host A. cordata.

GVCYV is transmitted from A. cordata to Chardonel grapevine
by the grape aphid. To test if the grape aphid can transmit GVCV,
we established a colony of grape aphids from a single viviparous
female aphid. In a preliminary experiment to evaluate the capacity
of aphids to acquire GVCV, we allowed aphids to feed on GVCV-
infected grapevine leaves for 5, 20, 40, and 60 min. We detected
GVCYV only in a group of 10 aphids after they fed for 40 min. To test
directly for transmission of GVCV, we transferred nonviruliferous
aphids onto A. cordata infected with GVCV-AMP1. The aphids were
allowed to feed on GVCV-AMPI infected A. cordata for 48 h and
then were transferred to three Chardonel vines that tested negative
for GVCV. Two out of three Chardonel vines developed symptoms
typical of GVCV at 45 days after the aphid transmission (Fig. 1C).
The symptoms that developed on the Chardonel vines were pro-
nounced translucent vein clearing and deformation of young leaves
(Fig. 1C), in contrast to mild vein clearing observed on wild A. cor-
data (Fig. 1A). GVCV was detected in all three Chardonel vines at
60 days postinoculation (Fig. 3B). The ORF II sequences of the
GVCV isolates from the three recipient Chardonel vines were
100% identical to each other and 99.5% identical to GVCV-
AMP1. We concluded that A. illinoisensis can transmit GVCV from
A. cordata to Chardonel vines and that GVCV-AMP1 induces a se-
vere disease on Chardonel vines.

Discussion

In this study, we asked two questions: does GVCV infect wild spe-
cies other than Vitis species, and how does GVCV spread? We found
that GVCYV infects 31% of wild A. cordata vines in their native hab-
itats. We detected GVCYV in grape aphids (A. illinoisensis) that were
collected from GVCV-infected wild A. cordata vines. We provided
evidence that grape aphids are able to transmit a GVCV variant from
A. cordata to Chardonel. We found that wild GVCV-AMP1 variant
induces severe symptoms on grape cultivar Chardonel 45 days after it
is vectored from A. cordata.

Badnaviruses are regarded as a highly diverse and heterogeneous
group of viruses (Borah et al. 2013; Geering et al. 2000; Karuppaiah
etal. 2013; Muller et al. 2011; Sharma et al. 2015). They infect a wide
range of important crops and pose a serious problem to the exchange
and healthy growth of vegetatively propagated plants. It is difficult
to manage badnavirus-associated diseases because sources of most
badnaviruses remain unknown (Bhat et al. 2016). GVCV is consid-
ered a recently emerging badnavirus in cultivated grapevines (Zhang
etal. 2011). Emergence of viruses in crops generally begins with mi-
gration of viral isolates from a wild reservoir to a cultivated plant
(Fraile et al. 2017; Jones and Coutts 2015; Stobbe et al. 2012;
Tugume et al. 2010, 2016; Vincent et al. 2014; Wren et al. 2006).
In the interface of wild plants and cultivated crops, emerging viruses
expand the host range across plant species of different genera and
families owing to ecosystem alterations and viral evolution (Bhat



et al. 2016; Roossinck and Garcia-Arenal 2015). Expansion of viti-
cultural areas in the Midwest brought cultivated Vitaceae species
close to native Vitaceae species. This study documents that GVCV
infects a plant species belonging to a genus other than Vitis. High

prevalence of GVCV in widely distributed A. cordata plants and re-
cent intensification of growing grapevines support a scenario in
which GVCV is likely spreading to cultivated grapevines because
of cross-species transmission.

98

—
Amp16-1VI

Amp16-8V

Amp16-211llb

Amp16-18IVc

Vit16-15llle
VitARK244-V

Amp16-52lile

AmpGVCV-AMP2-llle

—=
Amp16-24llic

Amp16-9V

93

Amp16-18lllb

Amp16-13lllb
VitGVCV-VRU1-1lb

Clade |

_m:ViHS-ZQIIId
Amp16-25llic

Amp16-51llle

Amp16-45llle

87

Amp16-36llle

Amp16-33lllc

Clade ll

Amp16-3VII
VitGVCV-CHA-IlIg
99 VitCVV-5llla

Amp16-7I

Amp16-23lllc

Amp16-4V|

Amp16-42llle

Amp16-7llla
99 p————— V/itGVCV-CHAZ2-Illa

L AmpGVCV-AMP3-3llla
VitCMV-2llla

Amp16-8l

Amp16-11

Amp16-5llla
VitGVCV-VRU2-111b

Amp16-3lI

Amp16-6llla
99 p———— Vit16-26llla

L Vit16-32llld

o AmpGVCV-AMP1-111f

VitCMV-3llla
Vit16-24llla

96 p——V/it16-30lI1d

91

L Vit16-31llld

99

T Amp16-17IVe

Amp16-3V

Clade lll

Fig. 2. Phylogenetic analysis of 48 grapevine vein clearing virus (GVCV) isolates based on the ORF Il sequences. The evolutionary history was inferred by using the maximum
likelihood method with 1,000 bootstrap replicates in MEGA7. Branches corresponding to partitions reproduced in less than 70% bootstrap replicates are collapsed. The percentage
of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) are shown next to the nodes. A total of 33 Ampelopsis and 15 Vitis isolates
are included in this analysis. Nomenclature of sample ID Amp16-1llla: Amp = Ampelopsis cordata; Vit = Vitis species; 16 = the year (2016) collected; 1 = the series number of
sample in that particular region; Ill = the seven regions where samples were collected; and a = town or location in that region. The seven geographical regions were designated
largely based on American Viticultural Areas (AVAs). A list of the Roman numerals and the corresponding regions are as follows: | = Hermann, MO, AVA; Il = Augusta, MO, AVA; Il =
Ozark Mountain and Ozark Highlands AVAs (a = Coffman, MO; b = Eureka Springs, AR; ¢ = Halltown, MO; d = Mountain Grove, MO; e = Springfield, MO; f = Linn Creek, MO; and
g = Rocheport, MO); IV = Arkansas Mountain AVA (a = Hindsville, AR; b = London, AR; and ¢ = Ponca, AR); V = Altus, AR, AVA; VI = Little Rock, AR; and VII = Hinton, OK.
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Fig. 3. Detection of grapevine vein clearing virus (GVCV) in wild grape aphid colonies
and in ‘Chardonel’ vines after the transmission of GVCV-AMP1. A, Presence of GVCV-
specific DNA fragment in the four aphid colonies. Lanes 1 to 10 = 10 wild grape aphid
colonies that were subjected to polymerase chain reaction (PCR) assay; lane 11 =
GVCV-positive sample; and lane 12 = negative control without DNA template. DNA
fragment specific to aphid elongation factor (EF) was amplified from all aphid
colonies to indicate the DNA quality. B, Presence of GVCV-specific DNA fragment
in the three Chardonel vines after GVCV-AMP1 was transmitted by grape aphids.
Lane 1 = virus-free Chardonel vine that was used for propagation of recipient
Chardonel vines; lanes 2 to 4 = three recipient Chardonel vines (leaves were
sampled for PCR assay at 60 days post transmission); lane 5 = GVCV-AMP1
infected A. cordata vine on which aphids were allowed to feed for 5 days before
transmission; and lane 6 = negative control. A set of GVCV-specific primers,
5044F and 5387R, was used in PCR to amplify a 344-bp DNA fragment in ORF III.
A 106-bp DNA fragment was amplified by PCR using a pair of grapevine rRNA-
specific primers, which was used as a reference gene for the presence of plant DNA.

The 31% incidence of GVCV in A. cordata and the infection of a
wild A. cordata and a cultivated grapevine by the same GVCV var-
iant suggest the presence of a pervasive transmission vector. Grape
aphids (A. illinoisensis) are native to the North American continent
and colonize wild A. cordata plants and thus were selected for this
study. Subsequently, we detected GVCYV in four wild grape aphid
populations (Fig. 3). In two of the four colonies, GVCV was also de-
tected in the host A. cordata plants. Significantly, the GVCV se-
quences recovered from the aphids matched the GVCV sequences in
their A. cordata hosts. Transmission experiments provided direct ev-
idence that grape aphids are capable of transmitting GVCV from A.
cordata to grape cultivars (Fig. 1C and 3). Thus, it is clear that A. illi-
noisensis is a vector that transmits GVCV. Grape aphids in North
America are heteroecious and alternate between Viburnum prunifo-
lium and Vitaceae species (Baker 1917). Spring migrants typically
fly up to 20 km from V. prunifolium to their new host. This appears
to be consistent with the local epidemic pattern of GVCV in wild
plants and in vineyards.

Native hosts to viral pathogens often exhibit no or mild symptoms
owing to the close evolutionary relationship of a pathogen and a host
(Jones 2009). This is clearly the case with GVCYV infection in wild A.
cordata plants (Fig. 1A). Once GVCV spreads from its native hosts
to cultivated grapevines, it results in severe symptoms (Fig. 1B and
C). Although proving the etiological role of GVCYV in the disease re-
quires construction of an infectious clone, the results provide con-
vincing evidence that GVCV is a causative agent of this severe
disease on cultivated grapevines.

In conclusion, wild A. cordata vines serve as a significant inocu-
lum source, although they may not be the sole alternative host of
GVCV. Thus, it is a good practice to remove wild A. cordata vines
around vineyards. This will reduce alternative inoculum sources of
GVCYV and the number of hosts for grape aphids.
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