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ABSTRACT

Thompson, J. R., Fuchs, M., McLane, H., Celebi-Toprak, F., Fisher, K. F.,
Potter, J. L., and Perry, K. L. 2014. Profiling viral infections in grapevine
using a randomly primed reverse transcription-polymerase chain
reaction/macroarray multiplex platform. Phytopathology 104:211-219.

Crop-specific diagnostics to simultaneously detect a large number of
pathogens provides an invaluable platform for the screening of vegetative
material prior to its propagation. Here we report the use of what is to-date
the largest published example of a crop-specific macroarray for the detec-
tion of 38 of the most prevalent or emergent viruses to infect grapevine.
The reusable array consists of 1,578 virus-specific 60 to 70mer oligo-
nucleotide probes and 19 plant and internal control probes spotted onto an

18 x 7 cm nylon membrane. In a survey of 99 grapevines from the United
States and Europe, virus infections were detected in 46 selections of Vitis
vinifera, V. labrusca, and interspecific hybrids. The majority of infected
vines (30) was singly infected, while 16 were mixed-infected with viruses
from two or more families. Representatives of the four main virus
families Betaflexiviridae, Closteroviridae, Secoviridae, and Tymoviridae
present in grapevines were found alone and in combination, with a
notable bias in representation by members of the family Tymoviridae.
This work demonstrates the utility of the macroarray platform for the
multiplex detection of viruses in a single crop, its potential for charac-
terizing grapevine virus associations, and usefulness for rapid diagnostics
of introduced material in quarantine centers or in certification programs.

There is more land in the world devoted to grapevine culti-
vation than to any other fruit crop with the exception of citrus. As
an agricultural commodity, grape ranks 14th in the world with a
production of 58 million tons valued at just under $40 billion
annually (http://faostat.fao.org). Knowledge of the viruses that
infect grapevine and their effects on plant health has gained mo-
mentum in recent years. This has been in part because of a
number of factors: (i) an upward trend in global production
coupled with the continuous exchange of propagative material at
both international and national levels has increased the potential
for virus spread, (ii) marked advances in detection technologies
are gradually leading to improvements in diagnostics and moni-
toring of disease spread, and (iii) large-scale sequencing tech-
nologies are revealing previously unrecognized viruses. At least
58 virus species are known to be associated with grapevine (40),
their infection having a range of effects that reduce both
quantity—from a yield loss (up to 68% has been reported [40]) —
and quality, causing a reduction of Brix values and an increased
acidity of fruit juice (30). New viruses are being discovered at a
consistent rate. Until 2011 all grape viruses described had been
RNA encoded; since then two novel DNA viruses have been
characterized, Grapevine vein-clearing virus (GVCV) (59) and
Grapevine red blotch-associated virus (GRBaV, originally desig-
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nated Grapevine cabernet franc-associated virus) (6,32). Most
grapevine viruses fall into one of four families: Betaflexiviridae,
Closteroviridae, Secoviridae, and Tymoviridae. Additionally,
there are less common viruses outside of these families that have
been detected in grape, such as Alfalfa mosaic virus and Tomato
spotted wilt virus, although their impact on and distribution in the
crop has not been clearly established. Primary spread of viruses is
due to the planting of new vineyards with material derived from
noncertified or poorly certified planting stock, while secondary
spread, via vectors (18,22,33,54,55), can occur any time there-
after, resulting in a progressive spread of disease during the
lifetime of the vineyard (9,13,56). The principal vectors involved
in the transmission of the most common and economically
important grape viruses, mealybugs and nematodes, have limited
motility, but are difficult to control. (15). Therefore, prevention
based on the use of planting material derived from certified and
disease-tested stocks is the control method of choice.

The development of robust and reliable detection methods for
routine diagnostics in grapevine has revolved mainly around en-
zyme-linked immunosorbent assay (ELISA) and reverse tran-
scription (RT)-polymerase chain reaction (PCR). Sensitivity can
be a limitation for ELISA, and both methods are subject to po-
tential false negatives due to variations in the target molecule, be
it failure of the antibody to recognize an altered epitope in the
former or primer mismatching leading to low or no amplification
in the latter. Next generation sequencing promises to provide
broad screens for plant viruses, but presently its implementation
in routine work is limited by high costs and long processing
times. In the interim, microarray technology offers an attractive
alternative, demonstrated amply in animal (14,20,29,31,57) and
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plant systems (10-12,25,43,45,53,58,60). The only significant
drawback of microarray detection systems are the specialized
technological resources (equipment) required and the costs of
fabricating chips. Macroarray methods require less in the way of
specialized equipment and may be a technically more amenable
alternative (3,21,35,36,39,46,51).

We recently reported the development of a robust macroarray
platform and methods for the detection of five grapevine-infecting
members of the family Closteroviridae that established a proof-
of-principal for the unbiased multiplex detection of most viruses
associated with grapevine leafroll disease (51). The objective of
this work has been to develop a more comprehensive, extended
array with probes for as many as 38 viruses, including the most
significant grapevine-infecting viruses with regard to both preva-
lence and emergence. In a screen of 99 symptomatic and asymp-
tomatic grapevines, from Europe and the United States, the
method detected representative virus species of the four main
families in 46 plants, of which 35% were shown to be mixed
infections, thereby demonstrating the overall utility of this crop-
specific macroarray. This technology is appropriate for routine
diagnostics of high value planting stocks, in particular for foun-
dation plant and certification programs, and in quarantine centers
to facilitate the international exchange of germplasm.

MATERIALS AND METHODS

Plants, RNA extraction, and serological testing. From 2010
to 2012, cane or leaf tissue was collected from 99 symptomatic
and asymptomatic cultivated grapevine selections growing in 10
locations in the United States and Europe. Total RNA was
extracted from this material using the CTAB method of Gambino
et al. (24) with downstream modifications as previously described
(51). ELISA was carried out using antibodies to the following
viruses listed in Table 1: Grapevine leafroll-associated virus 1
(GLRaV-1), Grapevine leafroll-associated virus 2 (GLRaV-2),
Grapevine leafroll-associated virus 3 (GLRaV-3), Grapevine
leafroll-associated virus 4 (GLRaV-4) strain 5, GLRaV-4 strain 6,
Grapevine leafroll-associated virus 7 (GLRaV-7), generic anti-
bodies to GLRaV-4/9 (=GLRaV-4, GLRaV-4 strain 5, GLRaV-4
strain 6, GLRaV-4 strain 9 and GLRaV-7), Grapevine virus A
(GVA), Grapevine fleck virus (GFkV), Strawberry latent ringspot
virus (SLRSV), Grapevine fanleaf virus (GFLV), Arabis mosaic
virus (ArMV), Tomato ringspot virus (ToRSV), Tobacco ringspot
virus (TRSV), Raspberry ringspot virus (RpRSV), and Tomato
blackring virus (TBRV). All antibodies were obtained from
Bioreba (Reinach, Switzerland) except those against GLRaV-4
strain 5 (from AC Diagnostics, Fayetteville, AR) and used accord-
ing to the manufacturer’s instructions.

Reverse transcription, cDNA amplification, and enzyme
labeling. Four hundred nanograms of total plant RNA for each
sample was reverse-transcribed using 200 U of M-MLV reverse
transcriptase (Invitrogen, Carlsbad, CA) with 1 uM random
anchored primer (5-TGGTAGCTCTTGATCANNNNN-3") (3)
and 1 mM dNTPs in a 20 pl volume, according to the manufac-
turer’s instructions. Five nanograms of an internal control tran-
script prepared from the cloned complementary DNA fragment of
West Nile virus (WNV) (51) was spiked into each reaction. Once
the reverse transcription reaction was complete, 0.5 pul was used as
the template for PCR amplification using IQ supermix (BioRad,
Hercules, CA) with 0.2 uM of the above random anchored primer
in combination with 0.8 uM anchor primer (5-AGAGTTGG
TAGCTCTTGATC-3"). Thermocycler conditions were as follows:
94°C for 5 min; 94°C for 30 s, 55°C for 1 min, 72°C for 2 min
(x40); 72°C for 7 min, after which 400 ng of the purified ampli-
fied cDNA, quantified spectrophotometrically, was denatured by
boiling in a total volume of 20 pl of sterile distilled water for
5 min and placed immediately on ice. The denatured cDNA was
labeled with alkaline phosphatase by adding the components of
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the AlkPhos Direct Labeling and Detection System with CDP-
Star (GE Healthcare Bio-Sciences Corp., Pittsburgh, PA): 20 pl of
reaction buffer, 16 ul of sterile distilled water, 4 pl of labeling
reagent, 4 pl of crosslinker, and incubating for 30 min at 37°C.

Oligonucleotide probes. Probes for all viruses were designed
both in the plus and minus viral sense and were derived from
three sources (Table 1, Supplemental Table 1): (i) in-house 70-
mers (ii) 70-mer oligonucleotides designed for a microarray (19),
and (iii) 60-mer oligonucleotides designed for a microarray (10).
In-house probes were designed by visual selection (based on the
most conserved regions with the most sequence information) from
consensus sequences obtained by aligning all available NCBI
database sequences for each virus species as described previously
(51). Control probes were ribosomal RNA specific rRNA-1, -5,
-6, ST-1 trimer, and WNV-2, details of which are described else-
where (51), along with plant-specific probes (52). Most oligo-
nucleotides were spotted at a final concentration of 20 uM, while
the rRNA probes were at 2 uM. The printing procedure was
carried out as described previously (2). Two arrays are described
in this report, the first designated Grapearray2 and a revised and
updated version designated Grapearray4. The general organiza-
tion of the probes on the nylon membrane for both the arrays is
shown in Figure 1 with exact details of probe positions shown in
Supplemental Figure 1.

Hybridization and visualization. Membranes were stripped
by incubating at 60°C in 0.5% (wt/vol) sodium dodecyl sulfate
(SDS) for 1 to 2 h followed by washing in 0.1 M Tris-HCI, pH
8.0, for 5 min. Prehybridization for 1 h was done in 10 ml of the
hybridization buffer supplied with the Alkphos Direct kit (GE
Healthcare, Piscataway, NJ) at 55°C, after which all the labeled
PCR product from the AlkPhos labeling reaction (64 pl) and an
internal control of 0.5 ng of AlkPhos labeled ST-1 trimer (51)
were added to 5 ml of hybridization buffer and applied to the
membrane. Hybridization was done at 55°C overnight. Mem-
branes were washed twice in a primary wash buffer (2 M urea,
0.1% SDS, 50 mM sodium phosphate, 150 mM NacCl, and 0.2%
[wt/vol] blocking agent supplied with the Alkphos Direct kit) at
55°C for 15 min each, followed by washing in a secondary wash
buffer (50 mM Tris, 100 mM NacCl, pH 10.0) for 10 min, at room
temperature on a shaker. The membranes were incubated with
CDP-star chemiluminescent (GE Healthcare) reagent for 5 min,
drained, and viewed both in a Biospectrum 500 Imager (UVP,
Upland, CA) for 10 to 45 min and by exposing to Chemilumi-
nescence Bio Max film (Kodak Co., Rochester, NY) overnight.
Samples were only considered positive for a virus if more than
one oligonucleotide spotted pair gave a signal. Membranes were
stored moist at 4°C sealed in a plastic bag and reused 20 to
30 times.

PCR detection of viruses using conserved generic and
species-specific primers. For confirmation of viruses not de-
tected by ELISA, previously described generic and species-
specific primers were employed, namely Tymoviridae (TMZ-F:
5’-GGSCCMGTSAARAARTAYCA-3’ and TMZ-R: 5-GCCA
GRTTGTARTCRGRGTTG-3’) (50), GLRaV-2 (L2F: 5’-ATAATT
CGGCGTACATCCCCACTT-3" and U2R: 5-GCCCTCCGCG
CAACTAATGACAG-3’) (8), GLRaV-3 (LC1-F: 5-CGCTAGG
GCTGTGGAAGTATT-3" and LC2-R: 5-GTTGTCCCGGGTAC
CAGATAT-3") (37), GLRaV-4 strains (LRAmp-F: 5-ATTTAGG
TAATGTWGTRGCTAC-3" and LRAmp-R: 5-TATCCTCAGW
GAGGAARCGG-3") (1), GLRaV-7 (LR7-F: 5-TATATCCCA
ACGGAGATGGC-3" and LR7-R 5’-ATGTTCCTCCACCAAAAT
CG-3) (19) GVA (GVA-F: 5-GACAAATGGCACACTACG-3’
and GVA-R: 5'-AGCCTGACCTAGTCATCTT-3"), GVB (GVB-F:
5-GTGCTAAGAACGTCTTCACAGC-3’ and GVB-R: 5-ATC
AGCAAACACGCTTGAACCG-3’) (42) and GVE (GVE-1-For:
5’-AATGGAGTCAAAAGCGATCC-3" and GVE-Rev: 5-GTAG
GGTCAATCAACCAACA-3’ (16). RT-PCR was done with primer
pairs specific to each virus using the same conditions described in



the publication that initially reported them, using random
hexamers (Invitrogen) to generate cDNA. RT and PCR were done

with M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA) and
iQ Supermix (BioRad), respectively.

RESULTS AND DISCUSSION

TABLE 1. List of the virus taxa represented on the array and the corresponding number of probes per taxon organized by designer

ELISA and macroarray testing of grapevines. A total of 99
vines were received as dormant canes or sampled as in season

Family?* Genus Taxa and groups® Acronym Cornell  Engeletal. UPVM  Total
Betaflexiviridae Betaflexiviridae 0 0 10 10
Foveavirus Foveavirus 0 0 10 10
Grapevine rupestris stem pitting-associated virus GRSPaV 8 9 4 21
Trichovirus Trichovirus 0 0 10 10
Grapevine pinot gris virus* GPGV 11 0 0 11
Grapevine berry inner necrosis virus GINV 10 0 2 12
Vitivirus Grapevine virus A GVA 10 5 2 17
Grapevine virus B GVB 10 5 2 17
Grapevine virus D GVD 10 0 2 12
Grapevine virus E GVE 10 0 2 12
Bromoviridae Alfamovirus Alfalfa mosaic virus AMV 10 0 0 10
Cucumovirus — Cucumber mosaic virus CMV 12 0 0 12
Bunyaviridae Tospovirus Tomato spotted wilt virus TSWV 15 0 0 15
Caulimoviridae  Badnavirus Grapevine vein clearing virus GVCV 11 0 0 11
Closteroviridae . Ampelo/Clostero 6 0 31 37
Ampelovirus  Grapevine leafroll associated virus-1 GLRaV-1 8 8 2 18
Grapevine leafroll associated virus-3 GLRaV-3 9 11 2 22
Grapevine leafroll associated virus-4 strain Pr GLRaV-4 strain Pr 6 0 3 9
Grapevine leafroll associated virus-4 strain 9 GLRaV-4 strain 9 16 5 2 23
Grapevine leafroll associated virus-4 GLRaV-4 strain 4 16 6 2 24
Grapevine leafroll associated virus-4 strain 5 GLRaV-4 strain 5 16 0 2 18
Grapevine leafroll associated virus-4 strain 6 GLRaV-4 strain 6 13 0 2 15
Grapevine leafroll associated virus-4 strain De GLRaV-4 strain De 4 0 0 4
Grapevine leafroll associated virus-4 strain Carnelian*  GLRaV-4 strain 8 0 0 8
Carnelian
Velarivirus Grapevine leafroll associated virus-7 GLRaV-7 19 3 2 24
Closterovirus  Grapevine leafroll associated virus-2 GLRaV-2 11 7 2 20
Geminiviridae . Grapevine red blotch associated virus*® GRBaV 10 0 0 10
Luteoviridae Enamovirus Grapevine enamovirus* 7 0 0 7
Reoviridae Oryzavirus Grapevine oryzavirus* 8 0 0 8
Secoviridae Comovirinae 0 0 10 10
Secoviridae 0 0 10 10
Nepovirus Nepovirus Subgroup A 0 0 10 10
Nepovirus Subgroup B 0 0 10 10
Nepovirus Subgroup C 0 0 10 10
Nepovirus 0 0 10 10
Arabis mosaic virus ArMV 9 7 0 16
Grapevine Anatolian ringspot virus GARSV 10 0 4 14
Grapevine Bulgarian latent virus GBLV 11 0 0 11
Grapevine chrome mosaic virus GCMV 10 0 2 12
Grapevine deformation virus GDefV 10 0 4 14
Grapevine fanleaf virus GFLV 8 7 4 19
Peach rosette mosaic virus PRMV 10 0 2 12
Raspberry ringspot virus RpRSV 10 0 6 16
Strawberry latent ringspot virus SLRSV 10 0 6 16
Tobacco ringspot virus TRSV 10 0 4 14
Tomato blackring virus TBRV 10 0 5 15
Tomato ringspot virus ToRSV 10 0 6 16
Tombusviridae . Tombusviridae 0 0 10 10
Tombusvirus ~ Tombusvirus 0 0 10 10
Grapevine Algerian latent virus GALV 10 0 2 12
Tymoviridae . Tymoviridae 0 0 8 8
Maculavirus Grapevine fleck virus GFkV 10 0 2 12
Grapevine redglobe virus GRGV 10 0 2 12
Marafivirus Marafivirus 0 0 10 10
Grapevine Syrah virus-1* GSyV-1 12 0 0 12
Grapevine asteroid mosaic-associated virus GAMaVv 10 0 2 12
Grapevine rupestris vein feathering virus GRVFV 10 0 2 12
Tymovirus Tymovirus 0 0 5 5
Unassigned Ideaovirus Raspberry bushy dwarf virus RBDV 9 0 3 12
TOTAL VIRUS SPECIES TOTAL PROBES 463 73 253 789
PLUS+MINUS 1,578

2 The first four columns indicate the taxa or acronym/designation. The latter four columns indicate the number of probes organized by the source of the design;
Cornell, those probes designed as part of this study and those (GLRaV-specific) of Thompson et al. (51); Engel et al. probes described by Engel et al. (19); and
UPVM, probes designed as part of the Universal Plant Virus Microarray (Bagewadi et al., 2010) (10). See Supplemental Table 1 for details.

b Those taxa marked with an asterisk * were entirely new to Grapearray4. All other taxa acronyms/designations were present on both Grapearray?2 and Grapearray 4.

¢ Grapevine red blotch-associated virus (GRBaV) was originally reported with the proposed name Grapevine cabernet franc-associated virus (31); we have since
adopted the name GRBaV as proposed by Al Rwahnih et al. (6).

Vol. 104, No. 2, 2014 213



‘pAe1readeln) 105 pousIsap A[mau SOproa[oNUOSI[0 JO SUOIBIO]

A} JIeW SAUI] PAJO( “SUBIQUIAW dY) JO 1)U ay) ul payjods saqoid jonuod qry, pue 1S, JO UWN[OD [BUONIPPR UB AQ SYJ0[q 0M] ojul J[ds ST Saproa[onuosI[o oyroads-sniia Jo agejquuasse ayl ‘g uJ “(] 9[qe], [eyuwaddng)
saroads pue Afruwrej snaia £q paziuedio ‘oueiquiawt ) jo uontod [enued Y Jo Ynq 9y Adnodo sepnoo[onuogio dyroads-snaia ], ‘Aelre dy) Jo opIs JYSLI 9y} UO SUWN[OD UI paguelie ‘SALIds uonn[ip e utl payjods are
(smoire ouuny) 3uof) (ANM PUe ‘Qry ‘1.LS) soqoid jonuod 1oyi() ‘Aeire oy Jo sapis pue doy ay) Suofe paypods A[oreuId)fe aIe (SpeayMoLIe I93J1Y) UI0Ys) qry, pue LS, s9qoid opnoa[onuogIo [01U0d 30U}y ARIIR0IdRW
9y uo suonisod J0J s1oqUINU 9JeUIPIO0d Aelre dy) moys mol Joddn pue uwnjod 3Jo] J9Ino Ay} ‘synoke] yloq uj ‘pAerreadeln ‘q pue gAeweadeln ‘y 1oj s1 seqoid opnosonuodio pajund jo noke payordop ayf T S

AMSL A AT AT8D AJAD aepLIAsnguop
SNAAGES “STUIADWEUS ‘ABEHD
‘TasandEd SEPLIAOWAL aepuUinxajelag BEpLIADIAS BEPLIADID)SO|D

A

|

| A |

fersnanand |

1 ! 1]
;

|-l 1! |

—_

EEEEEN
= 7
£ -
= T =]
s} 1¥
N 2l =l

- . =
il
£l — ™ — = =]
L]
[ = " =
[ |
[ =T 1= = =
] -
]
Hr _ =
v = = == = == = = = = o o O O = = = 1=
= o =il .m..
= 7 =
S E i m LT
TLS "Qi "ANM ueld
——h Ezzauﬁé_
] == 1
== - S

|FRRREREN

P N

ERREENNEEREENNE

N
2]
v
—_ ]

odsoj /oaep|/ownan) | zepuiasngiol

aepLiAowA]

aepuUIAIXa|jEIag

s ”_E...“
4. 118 hnE»

SEPUIADIRISO|D

JEPUINGIAG

v

214 PHYTOPATHOLOGY



growth. While many were selected based on aberrant growth,
some were presumed uninfected (e.g., imported materials from
foreign centers) and no systematic and multi-season assessment
of symptoms was attempted. Each sample was tested by ELISA
for the presence of 16 viruses, most of which are of importance in
certification programs. The samples were also tested using two
macroarray platforms (designated Grapearray2 and Grapearray4)

TABLE 2. Grapevine samples testing positive for virus in the array with the detected viruses indicated

for the multiplex detection of 32 or more recently 38 viruses of
grapevine. The ELISA and macroarray results are summarized in
Table 2. The viruses indicated as being detected in the macroarray
are those for which hybridization was observed to two or more
oligonucleotide probes with sequences of that virus. The detection
of the virus in the array was confirmed for at least one of the
viruses in many but not all of the samples by either ELISA or by

Sample? Vitis species cultivar® Collection site (origin)® ELISA¢ Grapearray

CF17P2 Vitis vinifera ‘Cabernet Franc’ New York, USA Negative (GRGV, GRVFYV)

CFP6V2 Vitis vinifera ‘Cabernet Franc’ New York, USA Negative (GRSPaV, GRVFV)

17-30 Vitis vinifera ‘Riesling’ New York, USA Negative Tymoviridae

17-44L Vitis vinifera ‘Riesling’ New York, USA Negative (GRSPaV), Tymoviridae

17-44R Vitis vinifera ‘Riesling’ New York, USA Negative Tymoviridae

20-56 Vitis vinifera ‘Riesling’ New York, USA Negative GRVFV, GRGV, Tymoviridae

22-212 Vitis vinifera ‘Riesling’ New York, USA Negative (GAMaV, GRGV, GRVFV,
GSyV-1), Tymoviridae

GLRaV-4 GRAL*  Vitis vinifera “Thompson Seedless’ New York, USA (Switzerland) GLRaV-4/9 (GAMaV, GSyV-1), Tymoviridae

LR2 Y206 Vitis vinifera ‘Chaouch rose’ New York, USA (France) GLRaV-2 GLRaV-2, (GSyV-1)

NY 124, 5BB+ Vitis vinifera ‘Gerwurtraminer’ New York, USA (France) GFLV GFLV, Tymoviridae

NY121, 5BB Vitis vinifera ‘Chardonnay’ New York, USA (France) Negative Tymoviridae

NY122, 5SBB+ Vitis vinifera ‘Chardonnay’ New York, USA (France) GFLV GFLV, Tymoviridae

TIB5-9 Vitis vinifera ‘Cabernet Franc’ New York, USA Negative GRSPaV, Tymoviridae

LR3 Y285 Vitis vinifera ‘Raziki Y285’ New York, USA (France) GLRaV-3 GLRaV-3

C-14 Vitis vinifera ‘Cabernet Franc’ New York, USA Negative Tymoviridae

LN33 Vitis sp. New York, USA Negative (GAMaV)

GLRaV-7 VSV Vitis sp. California, USA Negative (GLRaV-4, GLRaV-6, GLRaV-9,
GLRaV-Pr, GRSPaV, GRVFV)

LR6 Estellat Vitis sp. California, USA GLRaV-3 GLRaV-3, (GRSPaV)

PN232 Vitis sp. California, USA Negative GLRaV-7, (GRSPaV)

LR6 SCH5 Vitis sp. California, USA GLRaV-5, GLRaV-6 GLRaV-5, (GRSPaV), (GVA),
Tymoviridae

125V1 Vitis sp. ‘Millardet et de Grasset 125-1° New York, USA Negative (GRSPaV)

188-15#3 Vitis sp. ‘Castel 188-15’ New York, USA Negative GRGV, Tymoviridae

3309 #30 Vitis sp. ‘Couderc 3309’ New York, USA Negative (GAMaV, GRVFV)

3309-V16* Vitis sp. ‘Couderc 3309’ New York, USA Negative GAMaV, GSyV-1

01-632 Vitis sp. ‘Galibert 133-6 New York, USA (France) TRSV (GRSPaV), TRSV

02-54 Vitis sp. ‘Veeport’ New York, USA Negative GVE

05-47 Vitis sp. ‘Perbos 155’ New York, USA (France) ToRSV ToRSV

05-922 Vitis sp. ‘Bertille-Seyve 3408’ New York, USA (France) ToRSV ToRSV

06-72 Vitis sp. ‘Bertille-Seyve 2862’ New York, USA (France) TRSV TRSV

07-46 Vitis riparia New York, USA Negative (GAMaV)

08-53 Vitis sp. ‘Noah’ New York, USA (Florida) ArMV ArMV

09-95 Vitis sp. ‘Goethe’ New York, USA (Massachusetts) ~ Negative (GFLV)

1-82 Vitis sp. ‘Seibel 6339’ New York, USA (France) Negative (GVB, GVE)

10-512 Vitis rupestris ‘Alphonse de Serres’ New York, USA (Texas) GFLV (ArMV), GFLV

12-77 Vitis sp. ‘Seibel 14.654 New York, USA (France) Negative (GRSPaV)

12-97 Vitis sp. ‘111 559-1" New York, USA (Illinois) GLRaV-1, GLRaV-3 GLRaV-3

14-21 Vitis sp. ‘Geisenheim 26’ New York, USA (Germany) ArMV ArMV, (ToRSV)

14-322 Vitis sp. ‘Bailey Alicante A’ New York, USA (Japan) Negative GLRaV-3

14-55 Vitis vinifera ‘“Thompson No. 5’ New York, USA Negative GLRaV-3, (GRVFV)

17-5 Vitis sp. ‘Agria’ New York, USA Negative (GAMaV)

17-9 Vitis sp. ‘Landot 6222’ New York, USA GFLV GFLV

ArMV Syrah Vitis vinifera ‘Syrah’ New York, USA (France) ArMV ArMV

HAA#1 Vitis labrusca ‘Concord’ New York, USA GLRaV-3 GLRaV-3

HAA#8 Vitis labrusca ‘Concord’ New York, USA GLRaV-3 GLRaV-3, GVE

DAA#2 Vitis labrusca ‘Concord’ New York, USA GLRaV-3 GLRaV-3, GVA, GVB, GVE

DAA#3 Vitis labrusca ‘Concord’ New York, USA GLRaV-3 GLRaV-3, GVB, GVE

2 All samples were tested using Grapearray2; those samples also tested with Grapearray4 are indicated with this superscript. In this study, oligonucleotide probes
specific to GSyV-1 were the only probes new to Grapearray4 that tested positive. In all other instances, those viruses detected in Grapearray2 were also detected

in Grapearray4.

b Cultivar refers to the cultivar or clone name, where known.

¢ Origin refers to the most recent state or country where the clone was obtained; the original source, where known, is indicated in parentheses.

4 The viruses listed by acronym are those for which two or more oligonucleotide probes were observed to hybridize with the sample and for which the presence of
the virus was confirmed by enzyme-linked immunosorbent assay (ELISA) or polymerase chain reaction (PCR). GLRaV-4, GLRaV-5, GLRaV-6, GLRaV-9, and
GLRaV-Pr refer to GLRaV-4 strain 4, GLRaV-4 strain 5, GLRaV-4 strain 6, GLRaV-4 strain 9, and GLRaV-4 strain Pr, respectively. GLRaV-4/9 indicates virus
detected by a mixture of generic antibodies to GLRaV-4 strains and GLRaV-7. Parentheses indicate array results for which efforts were not made to confirm the
presence of the virus or viruses by PCR or ELISA. Two or more viruses together in parentheses indicates the possibility of cross hybridization in the array due to
sequence identity. Acronyms and viruses are as follow: AtMV — Arabis mosaic virus; GAMaV — Grapevine asteroid mosaic virus; GFkV — Grapevine fleck
virus; GFLV — Grapevine fanleaf virus; GLRaV-1, -2, -3, -4, and -7 — Grapevine leafroll associated virus-1, -2, -3, -4, and -7; GRGV - Grapevine redglobe
virus; GRSPaV — Grapevine rupestris stem pitting associated virus; GRVFV — Grapevine rupestris vein feathering virus; GSyV-1 — Grapevine syrah virus-1;
GVA,-B, and -E — Grapevine virus A, B, E; TORSV — Tomato ringspot virus, TRSV — Tobacco ringspot virus. Note that signals from generic family probes are
not included unless a corresponding virus species was not identified. Samples (GLRaV-4 GRdL, 12-97, and LR6 SCHS) testing positive for viruses in ELISA but
not in the array were also tested by RT-PCR. The former two samples’ disease status was confirmed; while LR6 SCHS was negative.
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RT-PCR amplification and sequencing. (In cases where the
indicated viruses were not confirmed by an independent method,
the acronyms in Table 2 are in parentheses.) For 18 (or 24) of the
viruses in Grapearray2 (or Grapearray4), ELISA detection re-
agents were not available. Confirmations by RT-PCR were made
using generic primers designed to amplify members within a
genus or family when available (e.g., Nepovirus or Tymoviridae),
although the subsequent sequencing of the products identified the
virus to species. In no case were the array results not able to be
confirmed by RT-PCR. Vines were sampled over a 3-year period
and in different seasons; therefore, it is not entirely unexpected
that a nepovirus or leafroll-associated virus might be detected by
ELISA, but not in the array, or vice versa. By contrast, samples
processed at the same time and tested by both ELISA and in the
array yielded consistent results.

Grapearray2 contained probes for the detection of 32 viruses
(Fig. 1A, Table 1) and this array was employed in the initial test-
ing of all vines. Using sequence information that became avail-
able in 2011 and 2012, additional probes were designed resulting
in the printing of Grapearray4, with probes specific to 38 virus
species (Fig. 1B). Grapearray4 was used to retest a subset of nine
samples (Table 2). Both arrays have generic and family level

probes designed to hybridize with multiple species and to func-
tion in detecting conserved sequences that may be present in
previously uncharacterized viruses in the same genera and families.
Thus, in some cases such as for members of the family Tymo-
viridae, only family level probes hybridized and the identity of
the putative virus was not established.

With the current methodologies, the macroarrays are thought to
provide a sensitivity comparable to ELISA (3), although this will
vary depending on the specific antibody reagents employed.
Viruses detected in ELISA were largely detected in the arrays and
vice versa (Table 2) to the extent that antibodies were available. In
cases where a virus was indicated by the array, but not seen by
ELISA, RT-PCR was employed to confirm the presence of the
virus (or noted otherwise in Table 2).

Virus population profiles. Of the 99 samples collected and
tested, 46 were found positive for virus infection using the array
(Table 2). Of those, 30 were positive for a single virus and the
remaining 16 for two or more viruses (Fig. 2A). The types of
viruses detected represented members of each of the four main
virus families present in grapevines with most to least being species
of the family Tymoviridae (23 samples), Betaflexiviridae (15
samples), Closteroviridae (13 samples), and Secoviridae (13

Fig. 2. Representative examples of Grapearray4 results for three virus-infected grapevine samples; A, 3306-V16, B, HAA#8 Concord, and C, PN23. GAMaV -
Grapevine asteroid mosaic-associated virus. GSyV-1 — Grapevine syrah virus 1, GLRaV-3 - Grapevine leafroll-associated virus 3, GVE — Grapevine virus E,
GLRaV-7 — Grapevine leafroll-associated virus 7, and GRSPaV — Grapevine rupestris stem pitting-associated virus.
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samples). Every possible paired combination of each family was
found, except closterovirus/secovirus. Almost half of the beta-
flexivirids found, particularly vitiviruses, were in combination
with members of the family Closteroviridae, presumably reflect-
ing their shared mode of transmission via mealybug vectors (17,
33). By contrast, tymovirids and secovirids are generally vectored
by beetles and nematodes, respectively, although for all grape-
vine-infecting tymovirids no vector has been described (40). The
most commonly found virus was GLRaV-3 from the genus
Ampelovirus in the family Closteroviridae, which was detected in
nine plants, consistent with previous reports on the prevalence of
GLRaV-3 in grapevine in North America (23,38,41). These results
are presumably biased by the nonrandom nature of the sampling
that was frequently based on symptoms that may or may not have
been due to the viruses detected.

The most commonly detected viruses were members of the
family Tymoviridae, viruses that represent the fleck complex
(40,49). Of the four main grapevine-infecting genera, the impact
and distribution of the fleck complex is the least understood;
infection is assumed to be latent or semi-latent with some indi-
cation of adverse effects (27,40). The results of the macroarray
suggest that tymovirids are potentially more common in grape-

A 35

30
25

20
15 -

10~

Number samples infected

B Betaflexiviridae

vine than previously thought. Of the 23 positive samples, nine
were in mixed infections with viruses from other genera, while at
least another two (20-56 and 3309-V16) (Table 2) comprised
mixed infections of distinct tymovirus species. Despite the
paucity of data available on the effects of infection, the possible
implications of a mixed infection involving tymoviruses was
recently demonstrated for Syrah decline where a combination of
two tymoviruses, GSyV-1 and GRVFYV, and a foveavirus, GRSPaV,
were found (5). The array detection of the tymoviruses GAMaV
and GRGYV in New York vines was confirmed by the sequencing
of PCR products in samples 3309-V16, 20-56, and 188-15#3.
Globally to date, GAMaV was thought to be limited to California,
while GRGV has only been reported for Italian and Albanian
vines (47).

Array performance. The array technology used in this study
can be described as a continual work in progress, with the con-
stant discovery of new viruses requiring the design and addition
of oligonucleotide probes, extending the printed area on the
membrane. The formats described here are an adaptation of a
previous design establishing a proof-of-principal as reported by
Thompson et al (51). The main changes in design have been
governed by a limitation in the actual size of the array. In all the

Closteroviridae

\/

Tymoviridae

Fig. 3. Virus prevalence illustrated as samples infected by members of different virus families and as single and multiple (=2) viruses. A, Histogram of the number
of grapevine samples positive for each member of the four main grapevine-infecting virus families, and as single and multiple (=2) infections. B, Venn diagram
showing the distribution of virus infections by family, alone or in combinations for all grapevine samples testing positive. * indicates a mixed infection of two

viruses from the same family.
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initial macroarrays developed in our lab, including Grapearray2,
oligonucleotides have been spotted in pairs to minimize ambi-
guity over signal interpretation (2,3,51). In order to conserve
space and recognizing the utility of using both sense and anti-
sense oligonucleotides, the layout of oligonucleotides in
Grapearray4 involves a shift to spotting single sense and antisense
oligonucleotides as pairs, rather than duplicating the spotting of
each individual probe. As the design evolves, it is likely to under-
go further space-reducing measures such as a refined selection of
optimal oligonucleotides for detection based on empirical results
and the plethora of software available for microarray applications
that consider a range of characteristics including G+C content,
melting temperature (Tm), secondary structure, position in tran-
script, sequence complexity, probe-target identity and the length
of identity stretches (26,34,44,48). In the design of oligonucleo-
tides for the present arrays, we were often limited by sequence
availability, although our principle criterion in selection was
based on having as broad a detection capacity as possible within
virus species and families so as to afford detection of novel but
related viruses; the priority has been to avoid false negatives, not
to identify viruses to species. We concentrated on selecting oligo-
nucleotides in the most sequenced regions of each viral genome
where identity among isolates was greater than 85% (26).

A further consideration in development is the use of plant
specific oligonucleotides that provide a useful visual gauge for
the relative sensitivity in each array experiment (Fig. 3). Without
these, assessment of the integrity of the original plant derived
RNA has been made using the ribosomal specific oligonucleo-
tides (Rib mix in Figures 1 and 2 and Supplemental Figures 1 and
2), which although confirming the correct processing of plant
derived RNA, are in such abundance that minor RNAs can be
overlooked. The inclusion of these plant-specific oligonucleotides
is even more pertinent given the fact that rRNA subtraction
methods aimed at increasing the sensitivity of the array are under
development. Improving sensitivity of the array, which is at
present comparable with ELISA (4), is particularly desirable for
diagnosing low titer and/or DNA viruses. Tests using the present
array on samples positive for the newly discovered geminiviridae-
like GRBaV (6,32) have largely proven negative, most likely
because of lower viral transcripts present in infected tissue, being
solely transcript-derived rather than genomic and subgenomically
derived as in the case for RNA viruses. Problems in the detection
of putatively low-titer viruses may simply be overcome by greater
sequence information as illustrated here for Grapevine leafroll
associated virus-7 (GLRaV-7) from the proposed genus Velari-
virus in the family Closteroviridae. In the previous proof-of-
principal format (51), sequence information for GLRaV-7 was
limited to around 600 bases. Since then the full sequence of
GLRaV-7 (7,28) with around 16,500 nucleotides has allowed the
design of new GLRaV-7 specific oligonucleotides to be incorpo-
rated into the present array providing a greater breadth of detec-
tion (Fig. 2). Of the 38 viruses for which probes were designed
and spotted on the array, 16 were detected in this survey with all
the main virus families being well-represented. These numbers
alone illustrate the potential of the array. The only alternative
detection methods to provide this level of information would be
large-scale sequencing with bioinformatic analyses; while power-
ful, these methods are not yet in common use. By employing the
macroarray approach for both experimental and commercial field
samples we demonstrate its practicable utility in not only pro-
viding useful information on grapevine virus populations but also
as a standard diagnostic tool in phytosanitary and certification
schemes. Adoption of the array in quarantine centers would offer
the potential to expedite the release of material introduced from
foreign sources. It would be especially useful to identify cultivar
introductions in need of virus elimination therapy; a decision to
process material for virus curing could be shortened from the 2 to
3 years necessary for grafting bioassays to a few days. Indeed, as
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part of this study, the macroarray has been useful in confirming
the virus negative status of grapevine introductions into North
America, of two Lemberger clones from Austria and one Riesling
clone from Germany.
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