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88 Grapevine
' hosts more than
80 viruses



Major viruses infecting grapevine

Leafroll virus group
GLRaV-1: Grapevine leafroll-associated virus 1
GLRaV-3: Grapevine leafroll-associated virus 3
GLRaVv-2,4,5,6,7,9

Nepovirus: Nematode-transmitted Polyhedral virus
GFLV: Grapevine fanleaf virus
ToRSV: Tomato ringspot virus
Tobacco ringspot virus and Arabis mosaic virus

New emerging viruses in the USA
Grapevine vein clearing virus
Grapevine red blotch virus






Vector:
mealybugs
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Grapevine red blotch virus
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A Survey of Viruses Found in Grapevine Cultivars Grown in Missouri

James Schoelz, Dean Valenberg, Mustafa Adhab, Zhiwei Fang, Vicki Klassen, Christine Spinka. Maher Al Rwahnih
Am J Enol Vitic. January 2021 72- 73-54: published ahead of print October 03, 2020 : DOI: 10 5344/ajev 2020 20043

Table 2 Virus prevalence in each grape cultivar.

%age of composite a cultivar that tested positiv h virus
No. of GLRaV- GLRaV-4
Cultivar samples® GRSPaV | GLRaV-3 | GRBV GVE |GLRav-2 | GVB GVkV 2RG GVCV GVA strb®
Vignoles 70 100 88.5 4.3 85.7 54.2 65.7 38.5 1.4 1.4 0 0
Vidal blanc 45 100 91.1 24.4 26.7 91.1 0 28.9 0 33.3 0 0
Chardonel 45 46.7 33.3 75.5 8.9 6.7 0 0 0 24.4 0 2.2
L Norton 40 0 85.5 77.5 30.0 0 22.5 15.0 72.5 0 2.5 0
Chambourcin 30 100 3.3 26.7 0 26.7 0 3.3 0 0 3.3 0
Valvin Muscat 20 100 10.0 40.0 0 0 0 0 0 20.0 0 0
Vivant 20 15.0 10.0 0 0 0 0 0 0 0 0 0
Traminette 11 36.4 0 0 0 0 0 0 0 0 0 0
Cayuga 10 0 50.0 0 0 0 0 0 0 10.0 0 0
Concord 10 0 100 20.0 100 0 10.0 0 0 0 0 0
Crimson 10 0 0 90.0 0 0 0 0 0 0 0 0
Cabernet
Noiret 10 0 0 60.0 0 0 0 0 0 10.0 0 0
Rayon 10 100 50.0 0 0 20.0 10.0 40.0 60.0 0 0 0
Vincent 10 80.0 0 0 0 0 0 0 0 0 0 0
Viognier 10 100 0 20.0 0 0 0 0 0 10.0 0 0
Albania 5 0 100 20.0 100 0 40.0 0 0 0 0 0
Cabernet franc 5 100 0 0 0 0 0 0 0 0 0 0
Catawba 5 0 100 0 80.0 0 80.0 0 0 0 0 0
Cloeta 5 0 100 0 0 0 0 0 0 0 0 0
Hidalgo 5 0 40.0 80.0 40.0 0 0 0 0 0 0 0
Lenoir 5 0 40.0 100 0 100 60.0 0 0 0 0 0]
Marechal Foch 5 100 100 100 0 0 0 40.0 0 0 0 0
Muench 5 0 100 0 100 0 20.0 0 0 0 0 0
Wetumka 5 0 100 100 100 0 100 0 0 0 0 0]
Saperavi 4 100 0 0 0 0 0 0 0 0 0 0
Survey average® 400 58.7 52.7 35.0 31.0 19.0 17.2 13.5 9.2 8.2 0.5 0.2
aThe number of composite samples (T6 penoles, four petioles from fOUT amMerent grapevines) collected for eachcamvar.

bGLRaV-4 strain 5, abbreviated to GLRaV-4 str5.
°The overall percentage of composite samples positive for each virus.
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Grapevine vein dlearing virus on wild Grapevine



Ampelopsis cordata

Family: Vitaceae
Genus: Ampelopsis

Common name:
Heartleaf peppervine




Range of Ampelopsis cordata
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Percentage of GVCV in Ampelopsis vines

Augusta, MO 102 32%

36%
Springfield, MO 89 32 36%

town, state samples nositive
33
14 5

Bolivar, MO 32 9 28%
Kansas City, MO 6 2 33%
Van Buren, MO 11 2 18%
Galena, MO 2 66%

3
257 | 85 | 33%



GVCV-AMP1'infected
A. cordata

RNA-seq

GVCV-AMP1 RNA-seq

GVCV-AMP1

45 days post
transmission of
GVCV-AMP1
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GVCV is detected in single aphids
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Location of samples

Town, MO

Battlefield

Saddlebrook

Mountain Grove

3/29/2022

Epidemiology

Number of samples | GVCV Positive
192 80

54
10
1

6
107
14
30
111
525

20
3
1
3

39
7

10

49

212

42%
37%
30%
100%
50%
36%
50%
33%
44%
40%



Table 4. Genome number of Grapevine vein clearing virus (GVCV) in the
stylet and body of 20 single aphids measured by quantitative PCR

Genome number?

Sample Stylet Body
number® Actual  Extrapolated  Actual  Extrapolated
1 7 43 107 609
2 23 131 124 707
3e 74 422 89 510
4 29 163 137 783
5 2.46% 14.06* 97 557
6° 7 41 383 2,188
T= 11 61 234 1,338
8 127 723 23,380 133,600
9 8,993 51,389 299,800 1,713,143
10 45,600 260,571 85,620 489,257
11 13 134 71 705
12 29 245 225 2,245
13 76 762 26 258
14 8 80 37 372
15 47 467 83 825
16 14 141 1.05* 10.5*
17 67 666 113 1,127
18 66 664 23 233
19 7 74 32 323
20 20 197 14 136
Average 2,906 16,683 21,610 123,627

2 Bold denotes samples in which the head was removed from the body.

b The average of three replicated reactions from each sample was used to de-
termine initial template quantity. The initial quantity was transformed to the
extrapolated GVCV genome number by accounting for the total amount of
DNA extracted and the efficiency of the DNA extraction kit. An asterisk in-
dicates that the GVCV genome number is below the threshold of detection.

¢ Winged aphids.

Published in: Adam Uhls; Sylvia Petersen; Cory Keith; Susanne Howard; Xiaokai Bao; Wenping Qiu; Plant Disease 2021, 105, 1531-1538.
Copyright © 2021 The American Phytopathological Society « DOI: 10.1094/PDIS-10-20-2176-RE
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A Amp16-7VI
Amp16-24llic
17Amp0201

0.971 18Aph023-2 -
VRU1
Amp16-18llib
17Amp0246
Amp16-13llib

B 18Aph011-1 &
18Vit053
18Aph026-1 -&

. 18Aphs055 &
18Vit054
CHA &
VitCVV5llla €
18Aph015-7 &
18Aph018-1 &

C 17Amp0096
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17Amp0221
17Amp0256
17Amp0119

0087 17Amp0158
17Amp0213
17Vit0027
18Aph076-5
18Aph0324 &

17Vit0045

Fig. 2. A, B, and C, Three representative groups from a cladogram of 174 Grapevine vein clearing virus (GVCV) isolates showing the close relationship of
GVCYV isolates from grape aphids as indicated by an aphid illustration, cultivated grapevines in vineyards indicated by a grape cluster, and wild Vitaceae
from native habitats. Sample codes that begin with 17, 18, and 19 denote the years 2017, 2018, and 2019, respectively. Numerals after the genus
abbreviations indicate the series of sample numbers. Numerals above the branches are bootstrap values. The whole cladogram is provided in
Supplementary Figure S2. Amp = host plant Ampelopsis cordata, Aph = Aphis illinoisensis, VRU = Vitis rupestris, Vit = Vitis spp., and CHA = ‘Chardonel’.

Published in: Adam Uhls; Sylvia Petersen; Cory Keith; Susanne Howard; Xiaokai Bao; Wenping Qiu; Plant Disease 2021, 105, 1531-1538.
Copyright © 2021 The American Phytopathological Society « DOI: 10.1094/PDIS-10-20-2176-RE
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Grapevine vein clearing virus |s Prevalent and Genetically Variable in

Grape Aphid (Aphis illinoisensis Shimer) Populations
Adam Uhls, Sylvia Petersen, Cory Keith, Susanne Howard, Xiaokai Bao, and Wenping Qiu
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Abstract

Grapevine vein clearing virus (GVCV) causes severe stunting and death of cultivated grapevines and
is prevalent in native Vitis spp. and Ampelopsis cordata in the Midwest region of the United States.
GVCV can be transmitted from wild A cordata to Vitis spp. by grape aphid (Aphis illinoisensis) under
greenhouse conditions, but its prevalence, genetic composition, and genome number in native
grape aphids are unknown. In this study, we collected grape aphids from native Vitaceae across
the state of Missouri in 2018 and 2019, and conducted diagnostic, genetic, and quantitative
analyses. GVCV was detected in 91 of the 105 randomly sampled communities on 71 Vitaceae
plants (87%). It was present in 211 of 525 single grape aphids (40%). Diverse GVCV variants from
aphids were present on both GVCV-negative and GVCV-positive plants. Identical GVCV variants
were found in grape aphids sampled from wild and cultivated Vitaceae, indicating that viruliferous

aphids likely migrate and disperse GVCV variants among wild and cultivated Vitaceae. In addition,
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Caption

Symptoms of bacterial leaf spot on Cucurbita pepo leaf 5 days
after spray inoculation (L. Li et al.). Photo credit: B. J. Li.
Symptoms of Fusarium wilt on cyclamen (V. Guarnaccia et al.).
Photo credit: M. L. Gullino.
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2004
2009
2011
2013
2014
2015
2016

2017
2018
2019
2020
2021

GVCV Chronology

Investigation of the disease in Missouri
Discovery of GVCV in Chardonel

Publication of GVCV-CHA reference genome
Discovery of GVCV in native Vitis rupestris
Publication of GVCV-VRU1 genome
Discovery of GVCV-VRU2 in V. rupestris
Discovery of GVCV-AMP1, AMP2 and AMP3 in
native Ampelopsis cordata

Discovery of grape aphid as a vector
Incidence of GVCV in grape aphids
Confirming Norton’s resistance to GVCV
Genetic diversity of GVCV in grape aphids
Infectious clone and ORF |l function



Prevention

Growing virus-resistant grapevines
can prevent viral infection
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Espéce Nombre d'origines Espéce Nombre d'origines
testées testées
Vignes Américaines 49 Vignes Asiatiques 18
V. r c,o,lgmﬂa,
s n&iﬁg-g 10 K -~ s mr 4
Wild V. aestivalia or its var. Norton was not included
V. Longii ou solonis 3 V. Thunbergii 2
V. anizonica 2 V. betulifolia 1
V. californica 2 V. Ishikari 1
5. mmcandims 2 V. Pagnucii 1
. 2 V. pentagona 1
V. coriacea 2
V. doaniana 2
V. Simpsonii 2 Vignes Eurc-asiatiques 576
V. baileyana 1
V. bicolor 1 proles Occidentalis 251
V. Champinii 1 proles Pontica 169
V. cinerea 1 preles Orientalis 85
V. girdiana 1 Origine indéterminée 10
V. monticola 1 Autres origines 3
V. palmata 1 Obtentions 48
V. rubra 1
Am 3
Hybrides interspécifiques 86 Parthenocissus 2
TOTAL 734
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Tolerance and Resistance to Viruses and Their Vectors in Vitis sp.: A Virologist’s
Perspective of the Literature

Jonathan E. Cliver, Marc Fuchs
Am J Encl Vitic. December 2011 62: 435-4531; published ahead of print August 31, 2011 ; DOL: 10.5344/ajev.2011. 11036

Observations and Conclusions

Despite a long history of cultivation, numerous viruses
and viral diseases, and extensive efforts to identify useful
sources of natural resistance to viruses or their vectors in
wild and cultivated Vitis and Muscadinia germplasm, there
remains no proven useful resistance to grapevine viruses.



Prevention

Evaluating Resistance of
Grape Cultivars to GVCV



GVCV-
infected
scion



s GVCV-
& Chambourcin

61 bp

G: GVCV-infected Chardonel

T: GVCV-Traminette

C: GVCV-infected Chambourcin
P: positive control



Norton-The Greatest Grape




Evaluating Norton’s resistance to GVCV




Norton is resistant to GVCV

-835bp
-442bp

-105bp
rRNA

L----Ladder

CS----Cabernet Sauvignon
G----GVCV infected Chardonel
N----Norton

V----Vignoles

S$----Scion

R----Rootstock



Evaluating Norton’s Resistance

Scion/Rootstock
(number of grafted
vines)
Norton/
GVCV-Chardonel
(1)
Norton/
GVCV-Chardonel
(2)
Norton/

GVCV-Chardonel
(3)

GVCV-Chardonel/

Norton (1)

Cabernet
Sauvignon/

GVCV-Chardonel
(1)
GVCV-Chardonel/

Cabernet
Sauvignon (1)

Chardonel/
GVCV-Chardonel
(1)

Dates of
Grafting

09/03/2013
(three yearsl)

06/09/2015
(one year)

07/06/2017
(one year)

06/15/2013
(three years)

6/22/2015
(one year)

6/14/2013
(three years)

7/6/2017
(one year)

GVCV Detection

PCR

RNA-seq

Reads per
million

4.73

33029.01

3398.77
0.94

8237.21

40713.82

vsSRNA profiles

Percentage of

genome assembled ZE
Not Assembled 51
100 403,627
99.59 37,310
Not Assembled 100
100 79,226
100 319,114

22-nt

93,338

13,414

24

8,259

83,238

24-nt

15,303

1,674

1,313

13,476

>24nt

5,595

1,108

2,715

12,332



Evaluating Norton’s Resistance

Table 1. Assessment of ‘Norton™ resistance via graft-transmission to grapevine vein clearing virus (GVCV) by polymerase chain reaction (PCR)

Age of grafted Detection of GVCV
Scion Rootstock Vines grafted Vines analyzed vines in years Scion Rootstock
Norton GVCV-Chardone]® 6 4] 1-3 - +
GVCV-Chardonel Norton 3 1 3 + -
Cabernet Sauvignon GVCV-Chardonel 3 1 1 + +
Chardonel GVCV-Chardonel 3 | 1 + +
GVCV-Chardonel Cabernet Sauvignon 3 1 3 + +
# GVCV-infected “Chardonel” grapevine was used as virus inoculum.
- — , - [
SHORT COMMUMNICATION B

North American Grape ‘Norton’ is Resistant to Grapevine Vein Clearing
Virus
Wenping Qiu =, Sylvia M. Petersen, and Susanne Howard

Affiliations .~

Published Online: 10 jun 2020 | https://doi.org/10.1094/PDIS-10-19-2161-5C



CONCLUSION

Cultivars
Chambourcin
Norton
Vignoles
Traminette
Cayuga White
Vidal Blanc
Chardonel
Chardonnay
Cabernet Sauvignon
Valvin Muscat
Vignette

Responding to GVCV
Resistant
Resistant

To be verified
Tolerant
Tolerant
Susceptible
Susceptible
Susceptible
Susceptible
Susceptible
Susceptible




How many and what
genes determine |
Norton’s resistance
to GVCV?

Missouri State University

VRN 9




78 Progenies from Norton and Cabernet Sauvignon cross

Resistant to GVCV Susceptible to GVCV




Genetic analysis of 78 progenies from N x CS cross
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Genetic analysis of 78 progenies from N x CS cross

Susceptible:44; Resistant:34
S:R=13:1=1:1

A. Norton Rr x Cabernet Sauvignon rr: resistance is conferred
by a dominant R gene in heterozygous background.

B. Norton rr x Cabernet Sauvignon Rr: resistance is conferred
by a recessive r gene in a homozygous background.

Two or more genes?



ISNG Samples 2021

iSampIe ID Date Sampled Date Extracted 260/280 Concentration ng/ul Dilution (DNA) Dilution (H20) 16s 344 bp
ESNG 2 9/20/2021 9/20/2021 2.15 3531 0.6 19.4 + -
ESNG 4 9/20/2021 9/20/2021 2.15 651.8 0.3 19.7 + +
ESNG 7 9/20/2021 9/20/2021 2.16 729.1 0.3 19.7 + -
ESNG 9 10/10/2021 10/10/2021 2 a7.2 6.4 13.6 + -
ESNG 11 9/20/2021 9/20/2021 2.17 246.8 0.8 19.2 + -
ESNG 12 9/20/2021 9/20/2021 1.92 112.6 1.8 18.2 + -
ESNG 14 9/20/2021 9/20/2021 2.16 888 0.2 19.8 + +
ESNG 15 9/20/2021 9/20/2021 2.19 584.6 0.3 19.7 + +
ESNG 16 9/20/2021 9/20/2021 2.15 763 0.3 19.7 + -
ESNG 17 10/10/2021 10/10/2021 2.02 50.3 6 14 + -
ESNG 22 10/10/2021 10/10/2021 2.03 134.5 2.2 17.8 + +
+

CNG 23

10/10/2021

10/10/2021

2 05

156 9

19

12 1

159 bp



Can Norton resist
other than GVC




Seven viruses are in ‘Kishmish Vatkana’ grapevine

Classification and genome features.l;}??lll-: s1even viruses analyzed in this study”®
Number of
Viruses Family Genus Genome Genome size (nt) sgRNAs
Grapevine fleck virus (GFkV) Tymoviridae Marculavirus ss (+) RNA Approximately 7,500 2
Grapevine leaf roll-associated virus 1 (GLRaV-1) Closteroviridae Ampelovirus ss (+) RNA 12,394-18,659 8
Grapevine leaf roll-associated virus 2 (GLRaV-2) Closteroviridae Closterovirus ss (+) RNA Approximately 16,500 7
Grapevine leaf roll-associated virus 3 (GLRaV-3) Closteroviridae Ampelovirus ss (+) RNA 13,400-18,600 9
Grapevine virus A (GVA) Betaflexiviridae Vitivirus ss (+) RNA 7,400-7,600 3
Grapevine Pinot gris virus (GPGV) Betaflexiviridae Tricovirus ss (+) RNA 7,259 2
Grapevine rupestris stem pitting-associated virus Betaflexiviridae Foreavirus ss (+) RNA 8,725 3
(GRSPaV)

# Abbreviations: nt = nucleotide, sgRNA = subgenomic RNA, and ss (+) RNA = single-stranded, plus-sense RNA.

https://apsjournals.apsnet.org/doi/10.1094/P
BIOMES-12-20-0091-R




Evaluating Norton’s resistance to seven viruses

https://apsjournals.apsnet.org/doi/10.1094/PBIOMES-12-20-0091-R



Distribution of viral small RNAs (vsRNAs) of all
seven viruses and two viroids between two cultivars

A Kishmish Vatkana B Norton
GYsVd GFkV k
2 GFkV
HsVd 6% % GYsvd
GRSPaV GLRaV-1
5% 1%
GLRaV-2
B GFkV 0%
m GLRaV-1 B GFkV
B GLRaV-1
GLRaVv-1 m GLRaV-2 GI\;:
. B GLRaV-2
35% GLRaV-3
GLRaV-3
mGVA o
HGPGV Hsvd GGy
21%
GPGV m GRSPav B GRSPaV
27% mHSVd e
mGYSVd L eveve
GPGV
25%
GLRaV-2
on 6% GRSPaV
. 15%




TABLE 2

Statistical anal;sis of small viral RNA reads ger million b¥ cultivar and by graft position®

Cultivar, position GFkV GLRaV-1 GLRaV-2 GLRaV-3 GVA GPGV GRSPaV Total
Cultivar
Kishmish Vatkana [561.17 + 208 b} §5,233.5 + 3,437 a] 782+ 520a || 1,082 +636a | 421.5+148a | 3,820+ 1,919a 778.33+459a 12677 + 4,408 a
Norton 1,199.2 + 299 o | 89.833 + 114 b 17+20b J2642+141b ) 1045+161b | 1,943 +731b 1,171.3+565a 4,789+717b
Position J
Scion 878 + 285 a 3521 +4665a 318+404a 463.3+312a 3152+238a 3,455+2,093a 1,104 + 596 a 10,054 + 6,064 a
Rootstock 88233 +544a 1,802.3+2,043a 481 +789a 8823+789a 2108+212a 2308+1,076a B84567+478a 7,413 +4,039a

# GFkV = grapevine fleck virus; GLRaV-1, GLRaV-2, and GLRaV-3 = grapevine leaf roll-associated virus 1, -2, and -3, respectively; GVA =
grapevine virus A; GPGV = grapevine Pinot gris virus; and GRSPaV = grapevine rupestris stem pitting-associated virus. Different letters indicate
significant difference at o = 0.05.

Published in: Susanne Howard; Sylvia Petersen; Adam Uhls; Wenping Qiu; Phytobiomes Journal 2021, 5, 432-441.
Copyright © 2021 The American Phytopathological Society « DOI: 10.1094/PBIOMES-12-20-0091-R



TABLE 4

Analysis of the copy number of viral fragments per million of p-actin by quantitative real-time PCR bz cultivar and by graft position®

Cultivar, position GFkV GLRaVv-1 GLRaV-2 GLRaV-3 GVA GPGV
Cultivar
Kishmish Vatkana 50,758 + 33,817 b 2449 + 2212 1,187,957 + 507,604 b | 13,331 = 14292 b ||707,195 = 1,030,855 a | 277,965 + 124.451 ¢
Norton 96,777 + 103,797 a NA 56 + 56 a 77+82a 1,790 + 2381 a 338,498 + 219,290 a
Position
Scion 131,791 + 119,401 a NA 537,399 + 638,539 a 4,334 + 4,609 a 600,267 + 1,096,151 a 256,767 + 17,7405 ¢
Rootstock 115,744 + 101,486 a NA 650,618 + 856,833 a 9,073 + 17864 a 108,718 + 121,269 a 297,554 + 200,338 ¢

“ GFkV = grapevine fleck virus; GLRaV-1, GLRaV-2, and GLRaV-3 = grapevine leaf roll-associated virus 1, -2, and -3, respectively; GVA =
grapevine virus A, and GPGV = grapevine Pinot gris virus. Different letters indicate significant difference at o = 0.05. NA = not analyzed due to nc

cycle quantification number for Norton.
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Fig. 2. Comparison of percentages of each viral genome assembled from viral small RNAs (vsRNAS) in scion and
rootstock of grape cultivars Kishmish Vatkana and Norton. A, Norton was grafted as scion (Norton-S) onto Kishmish
Vatkana rootstock (KV-R) and B, Kishmish Vatkana was grafted as scion (KV-S) onto Norton rootstock (Norton-R).
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Conclusions

> The total number of vsRNAs of the seven grapevine
viruses was significantly less in Norton than in KV.

> Specifically, the total reads of GLRaV-1, GLRaV-2,
GLRaV-3, GVA, and GPGV vsRNAs were substantially
reduced in Norton.

> The genome coverage by vsRNAs of GLRaV-1, GLRaV-2,
GLRaV-3, and GVA was distinct between Norton and KV.
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Conclusions

> GFkV was more abundant in Norton than in KV.
> GLRaV-1 was not detectable in Norton by RT-qPCR.

> GLRaV-2 and GLRaV-3 were much less abundant in
Norton than in KV.
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Grapes are susceptible to many viral diseases that may affect berry quality, cause vine decline, and
premature vine death. Unlike in fungal and bacterial diseases, chemicals cannot control a viral disease. The

PROGRAM DFORMATION most effective strategy to mitigate viral diseases in your vineyard is to start clean by planting clean vines,
Pricing and Ordering Information and utilizing appropriate insect control measures to maintain them, and removing virus-infected vines.

The following wine grape varieties have been tested free of major grapevine viruses by the most sensitive
RELATED INFORMATION

method and are available at the Missouri State Fruit Experiment Station:

Home Gardeners
Commercial Growers

Missouri State Winery and Distillery

Visitors Red grapes
Contact Information
Chambourcin Norton
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Therefore, “just as -sin entered the
world through one man, and death
through sin, and in this way death
came to all men, because all sinned
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