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Abstract: In 2017 a survey was initiated of vineyards throughout Missouri for the presence of 19 different grapevine 
viruses. A total of 400 samples were collected from 25 grape cultivars, with a sample consisting of 16 petioles (four 
petioles from four different vines). Sampling within vineyard blocks was random, without regard to the presence 
or absence of symptoms. After nucleic acids were extracted from petiole samples, nucleic acid samples were ana-
lyzed using reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR) to detect viral RNA/DNA. At 
least one virus was detected in 90% of the samples. The most common virus detected in the survey was grapevine 
rupestris stem pitting-associated virus, which was found in 59% of the samples, followed by grapevine leafroll-
associated virus 3 (53%), grapevine red blotch virus (35%), grapevine virus E (31%), grapevine leafroll-associated 
virus 2 (19%), grapevine virus B (17%), grapevine fleck virus (13.5%), grapevine leafroll-associated virus-2 Redglobe 
(9%), grapevine vein clearing virus (8%), grapevine virus A (0.5%), and grapevine leafroll-associated virus 4 strain 
5 (0.2%). Two or more viruses were detected in ~65% of the samples, with an upper limit of seven viruses detected 
in one sample. An analysis of the survey results indicated that each grapevine cultivar appears to be infected by 
specific virus combinations that are, for the most part, unique to that cultivar.

Key words: grapevine cultivar, grapevine leafroll disease, grapevine red blotch virus, grapevine vein clearing virus, 
Rugose wood complex, virus

One of the keys for production of quality perennial plants 
and plant products is a comprehensive plan for the detection 
and mitigation of diseases caused by plant pathogens. This 
process begins with the planting of perennials that have been 
certified to be free of specific plant pathogens and continues 
with periodic testing to ensure that plants remain pathogen-
free. Grapevines are one horticultural crop that has benefited 
from production of clean stock and from routine testing. In 
particular, grapevines are susceptible to over 86 different plant 
viruses (Fuchs 2020). Multiple viruses may accumulate in a 
grapevine over its life span, and individual viruses, or combi-
nations of different viruses, may have detrimental effects on 
the physiology of the vine, yield of grape berries from the vine, 
and berry quality (Ricketts et al. 2015, 2017, Martelli 2017).

Winegrapes in Missouri are grown on ~1700 acres by 
450 growers, and are used by more than 130 wineries for 

wine production (USDA Natl. Ag Statistics Service Missouri 
2016). The most common cultivars grown in Missouri are 
French-American hybrids (hereafter referred to as hybrids) 
such as Chambourcin, Vidal blanc, Vignoles, and Chardonel, 
or American grapes such as Norton/Cynthiana (Vitis aesti-
valis) and Concord (Vitis labrusca), rather than the Vitis vi-
nifera cultivars grown on the West Coast and elsewhere in 
the United States. Consequently, a comprehensive survey of 
viruses in Missouri vineyards could reveal the current status 
of the most common and damaging viruses in the Midwest 
region of the U.S., as well as that of viruses commonly found 
in native and hybrid grapes. 

Previous surveys for grapevine viruses in Missouri were 
limited in scope and geography, focusing primarily on only 
a few locations in the state and a few viruses. For example, 
Milkus (2001) surveyed five commercial vineyards in Mis-
souri for the presence of the nepoviruses: grapevine fan-
leaf virus (GFLV), tobacco ringspot virus (TRSV), tomato 
ringspot virus (ToRSV), and Arabis mosaic virus (ArMV). 
Only Catawba, Norton, Seyval blanc, Vidal blanc, and St. 
Vincent were surveyed. It was found that the prevalence of 
ToRSV ranged from 28% (Vidal blanc) to 42% (St. Vincent) 
in the five cultivars, and 0 to 39% for ArMV, whereas GFLV 
and TRSV were not detected. Interestingly, none of the vines 
infected with ToRSV or ArMV showed symptoms of a virus 
infection. 

Milkus and Goodman (1999) used enzyme-linked im-
munosorbent assay (ELISA) to survey five vineyards for six 
grapevine viruses. A total of 334 single-leaf samples were 
tested and the most commonly detected virus was grapevine 
leafroll-associated virus 3 (GLRaV-3). GLRaV-3 was detected 
at five of six vineyard locations, and its prevalence in the seven 
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cultivars tested varied from 100% in Catawba at one location, 
to 0% in Chambourcin. Grapevine fleck virus (GFkV) and 
grapevine virus A (GVA) were also found in Norton and Vi-
gnoles, whereas GFLV and grapevine leafroll-associated virus 
1 (GLRaV-1) were not detected in any samples. In addition to 
the limited surveys for grapevine viruses, little research has 
been conducted on the impact of viruses on hybrid grapevine 
physiology. Kovacs et al. (2001) examined the impact of GL-
RaV-3 on Vidal blanc and St. Vincent cultivars, showing that 
GLRaV-3 caused a reduction in berry weight and an increase 
in titratable acid levels.

Grapevine vein clearing disease was first observed in a 
Chardonnay vineyard in Missouri in 2004 (Qiu et al. 2007). 
High-throughput sequencing of small RNAs collected from 
a symptomatic vine indicated that the causal agent was a 
badnavirus, and its complete nucleotide sequence was as-
sembled through PCR amplification and cloning of the viral 
DNA (Zhang et al. 2011). The virus, grapevine vein clearing 
virus (GVCV), has been found in several V. vinifera cultivars 
and interspecific grape hybrids, as well as wild grapes (Vitis 
rupestris) and heartleaf peppervine (Ampelopsis cordata), 
throughout the Midwest U.S. (Guo et al. 2014, Beach et al. 
2017, Peterson et al. 2019). Two grape hybrid cultivars, Cham-
bourcin and Norton, have been reported to be resistant to 
GVCV (Guo et al. 2014, Qiu et al. 2020). GVCV has recently 
been shown to be transmitted from A. cordata to Chardonel 
by the grape aphid (Aphis illinoisensis); thus A. cordata can 
serve as a natural reservoir for GVCV to be transmitted to 
vineyards by the grape aphid (Peterson et al. 2019). 

In addition, in 2016, the geminivirus grapevine red blotch 
virus (GRBV) was detected in the cultivar Crimson Cabernet 
in one Missouri vineyard (Schoelz et al. 2019). Red blotch 
disease was first recognized in 2008 in a Cabernet Sauvignon 
vineyard in California (Calvi 2011). The causal agent, a virus, 
was independently characterized in New York and Califor-
nia (Krenz et al. 2012, Al Rwahnih et al. 2013), and Koch’s 
postulates were completed in 2018, proving that GRBV was 
the causal agent of red blotch disease (Yepes et al. 2018). It is 
now considered to be widespread in North America (Krenz 
et al. 2014). With the exception of the one Crimson Cabernet 
vineyard in Missouri, little is known about the prevalence 
of GRBV in other hybrid grape cultivars grown in Missouri. 

In 2017 we surveyed 25 different hybrid or American 
grapevine cultivars located at 17 vineyards across the state 
of Missouri for the presence of 19 viruses commonly found 
in grapes. A more limited follow-up survey in 2018 was de-
signed to specifically examine the prevalence of GRBV in 
hybrid grape cultivars grown in Missouri. 

Materials and Methods
Sample collection in 2017, processing, and analysis by 

quantitative real-time PCR. Four hundred samples were 
obtained from Missouri vineyards in June and July 2017. 
Samples were collected without taking into account the pres-
ence of symptoms in a prearranged pattern corresponding to 
the shape of a “W” within the vineyard block. The first and 
last samples and last samples were taken approximately three 

rows from the edge of the vineyard block and two-thirds 
down the length of the row. Each sample was a composite, 
consisting of 16 leaves with petioles; four leaves were col-
lected from each of four vines, with two leaves selected from 
each cordon. Samples at one location were taken from two 
adjacent vines and the vines directly across from them. We 
typically collected 10 composite samples from a vineyard 
block, but in some blocks we collected only five composite 
samples due to vineyard size. Consequently, a total of 1600 
vines were sampled in the survey. Samples were maintained 
in a cooler with ice during collection and transport to the 
laboratory. Composite samples were processed by cutting 
slices from each of the petioles in the sample, for a total 
fresh weight of 80 mg per composite sample. One complete 
set of the 400 composite samples was shipped to Foundation 
Plant Services (FPS) at UC Davis for further processing, and 
a second complete set was stored in a -80°C freezer at the 
University of Missouri. 

At FPS, the total nucleic acids (TNA) were isolated from 
each of the plant samples and then assayed for 19 different 
viruses by reverse transcriptase-quantitative PCR (RT-qP-
CR). Approximately 0.30 g frozen petioles were transferred 
to extraction bags (Product # 430100, BioReba AG) that con-
tained 3 mL of guanidine isothiocyanate lysis buffer (4 M 
guanidine isothiocyanate; 0.2 M sodium acetate, pH 5.0; 2 
mM EDTA; 2.5% [w/v] PVP-40) and homogenized using a 
HOMEX grinder (Product # 400014, BioReba AG). One mL 
of lysate was transferred to a 96-well deep well plate and 
stored at -20°C. TNA extracts were prepared from 400 µL 
lysate using the MagMAX Express 96 and the MagMAX-96 
Total RNA Isolation Kit (www.thermofisher.com) according 
to the manufacturer’s specifications. The integrity of RNA 
was verified using an 18S rRNA assay (Osman and Rowhani 
2006). RT-qPCR reactions were done in the QuantStudio 6 
Flex Real-time PCR system using the TaqMan Fast Virus 
1-Step Master Mix (www.thermofisher.com). Each 10 µL re-
action included 2 µL TNA and final primer and probe con-
centrations of 900 and 250 nmol, respectively. 

The viruses included in the survey are listed in Table 1. 
Primers and probes used for the detection of these viruses 
were used as described in the literature: GLRaV-1, GLRaV-2, 
GLRaV-4, GLRaV-4 strain 5, GLRaV-4 strain 9 (Osman et al. 
2007); GLRaV-7 (Al Rwahnih et al. 2011); grapevine rupestris 
stem pitting-associated virus (GRSPaV) (Osman and Rowhani 
2008); GVA, GVB, and GVD (Osman et al. 2013); GFLV (Os-
man and Rowhani 2006); GFkV, grapevine leafroll-associated 
virus 2 isolate Redglobe (GLRaV-2RG), and ToRSV (Osman 
et al. 2008); GLRaV-3 (Diaz-Lara et al. 2018); and grape-
vine Pinot gris virus (GPGV) (Al Rwahnih et al. 2016). For 
all other viruses (ArMV, TRSV, grapevine red blotch virus 
[GRBV], GVCV, grapevine virus E [GVE], grapevine virus F 
[GVF], GLRaV-3 strain e, GLRaV-4 strain 6, GLRaV-4 strain 
Pr, and GLRaV-4 strain Car), primers and probes developed 
at FPS were used (Al Rwahnih, unpublished data). In the case 
of phytoplasmas, a universal assay that detects all known 
phytoplasmas was used (Hodgetts et al. 2009). Lastly, probes 
and primers designed by Schaad et al. (2002) were used for 
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Xylella fastidiosa. These primers and probes are part of the 
routine testing procedure at FPS. 

To verify the GRBV results obtained at FPS, GRBV infec-
tion status was evaluated in selected duplicate samples stored 
at the University of Missouri. Total DNA was isolated using a 
DNeasy plant mini kit (Qiagen) and GRBV DNA was ampli-
fied by PCR using PfuUltra II Fusion HS DNA polymerase 
(Agilent). The PCR primers (2866For 5’AAGGCGTGTAG-
GTGTGGCTC3’ and 119Rev 5’ACGGATCCAGCGTCTA-
AGC3’) amplified a 461-bp DNA segment spanning the region 
of nucleotides 2866 to 119. PCR conditions were 94°C for 5 
min, followed by 35 cycles of 94°C for 30 sec, 55°C for 30 
sec, 72°C for 30 sec, and 72°C for 10 min. 

Sample collection in 2018, processing, and PCR analy-
sis for GRBV. For the 2018 survey for GRBV, individual 
Chambourcin and Norton vines were sampled in late June at 
three locations that tested positive for GRBV in the 2017 sur-
vey. Samples were collected in a prearranged pattern without 
taking into account the presence of symptoms. At each loca-
tion, eight vines were sampled from each of five rows. Four 
leaves were collected from every fifth vine in the row, with 
two leaves selected from each cordon. In addition, 10 vines 
of Crimson Cabernet were selected randomly from a single 
location. Samples were maintained in a cooler with ice dur-
ing collection and transport to the laboratory. Total DNA was 
isolated using a DNeasy plant mini kit (Qiagen) and GRBV 
DNA was amplified by PCR using GoTaq Polymerase (Pro-
mega). The PCR primers (621For 5’TCAACTGAGTAGAC-
GCGTTGC3’ and 1261Rev 5’TCAACATCATTCCGTCCTC-
CA3’) amplified a 640-bp DNA segment spanning the region 

of nucleotides 621 to 1261. PCR conditions were 94°C for 5 
min, followed by 30 cycles of 94°C for 30 sec, 50°C for 30 
sec, 72°C for 30 sec, and 72°C for 10 min. 

Evaluation of Norton and Chambourcin for symptoms 
of GRBV. To determine whether GRBV symptoms could be 
observed in Norton and Chambourcin leaves, 20 individual 
Chambourcin and 20 Norton leaves were collected in late 
September in 2018. Where possible, some samples were se-
lected for the characteristic interveinal reddening associated 
with GRBV in red-berried V. vinifera cultivars, whereas oth-
ers were lacking any obvious symptoms. Samples were main-
tained in a cooler with ice during collection and transport to 
the laboratory, where individual leaves were photographed 
and then scored for the presence or absence of the GRBV 
virus by PCR. Total DNA isolation and PCR analysis were 
as described in the previous section.

Statistical analysis of the 2017 survey. An examination 
of the data suggested that certain combinations of viruses oc-
curred together in particular cultivars more often than would 
be seen by chance. Permutation tests of goodness of fit (Fişek 
and Barlas 2013) were performed to determine if the presence 
of one virus in a sample affected the likelihood of seeing oth-
er viruses. Additionally, three cultivars, Chardonel, Norton, 
and Vignoles, were found together at each of three locations; 
for this reason, these cultivars and locations were selected for 
further study. Likelihood ratio tests for non-nested models 
(Williams 1970, Lewis et al. 2011) were used to compare 
various models for the distribution of viruses in cultivars 
and vineyards. All model fitting and analysis was performed 
within R, and p values were determined through simulation.

Table 1  Grapevine viruses tested fora and grapevine viruses detectedb in the 2017 survey.c

Nepoviruses
grapevine fanleaf virus (GFLV)
tomato ringspot virus (ToRSV)
Arabis mosaic virus (ArMV)
tobacco ringspot virus (TRSV)

DNA viruses
grapevine red blotch virus (GRBV)b

grapevine vein clearing virus (GVCV)b

Trichovirus
grapevine Pinot gris virus (GPGV)

Fovevirus
grapevine rupestris stem pitting- 
associated virus (GRSPaV)b

Maculavirus
grapevine fleck virus (GFkV)b

Vitiviruses
grapevine virus A (GVA)b

grapevine virus B (GVB)b

grapevine virus D (GVD)
grapevine virus E (GVE)b

grapevine virus F (GVF)

Closteroviruses
Grapevine leafroll-associated virus 1 (GLRaV-1)
Grapevine leafroll-associated virus 2 (GLRaV-2)b

Grapevine leafroll-associated virus 2 isolate Redglobe (GLRaV-2RG)b

Grapevine leafroll-associated virus 3 (GLRaV-3)b

Grapevine leafroll-associated virus 3 strain e (GLRaV-3 strain e)
Grapevine leafroll-associated virus 4 (GLRaV-4)b

Grapevine leafroll-associated virus 4 strain 5 (GLRaV-4 strain 5)
Grapevine leafroll-associated virus 4 strain 6 (GLRaV-4 strain 6)
Grapevine leafroll-associated virus 4 strain 9 (GLRaV-4 strain 9)
Grapevine leafroll-associated virus 4 strain Pr (GLRaV-4 strain Pr)
Grapevine leafroll-associated virus 4 strain Car (GLRaV-4 strain Car)
Grapevine leafroll-associated virus 7 (GLRaV-7)

aTotal nucleic acid samples were extracted from petioles and analyzed using reverse transcriptase-quantitative polymerase chain reaction 
(RT-qPCR) to detect viral RNA/DNA.

bViruses in bold were detected in the survey.
cA total of 25 grape cultivars were surveyed for a total of 400 samples. A sample was 16 petioles (four petioles from four different grapevines). 
Sampling was random in vineyard blocks without regard to presence or absence of symptoms.
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Results
A total of 25 grape cultivars were sampled, and the results 

for each cultivar are summarized in Table 2. In addition, all 
samples were negative for X. fastidiosa and one composite 
sample was positive for a phytoplasma (data not shown). 
The top three most prevalent viruses in grapevine cultivars 
grown in Missouri were GRSPaV, GLRaV-3, and GRBV, with 
a prevalence of 58.7%, 52.7%, and 35.0%, respectively (Table 
2). However, a discussion of the average incidence masks the 
true distribution of the viruses in hybrid grape cultivars. For 
example, 58.7% of the samples contained GRSPaV, but 100% 
of the Vidal blanc samples contained this virus, whereas 
GRSPaV was not detected in any of the 40 composite samples 
of Norton (Table 2). Consequently, it is more informative to 
look at the virus composition in individual cultivars rather 
than the average results from the survey. The major findings 
of the survey are summarized below.

GRBV was prevalent in a majority of the grape cultivars 
surveyed in 2017. GRBV was first discovered in Missouri in 
2016 in the cultivar Crimson Cabernet (Schoelz et al. 2019). 
The 2017 survey revealed the widespread occurrence of GRBV 
in hybrid grape cultivars, as GRBV was detected in 15 of 
the 25 grape cultivars and at 28 locations across Missouri 

(Table 2). GRBV was detected in six of the seven cultivars 
most widely grown in Missouri (USDA Natl. Ag Statistics 
Service Missouri 2016). GRBV was detected in ~75% of Char-
donel and Norton samples, and in ~20 to 27% of Vidal blanc, 
Chambourcin, and Concord samples. By contrast, only 4.3% 
of Vignoles samples were positive for GRBV, and GRBV was 
not detected in any of the Catawba samples (Table 2).

To verify the results of the RT-qPCR assay, two samples 
from each location/cultivar that tested positive for GRBV were 
selected from the duplicate set of petioles stored at -80°C in 
Missouri and total DNA was isolated for a conventional PCR 
analysis. The only exceptions to this scheme occurred with 
the cultivars Albania and Vidal blanc at one of two locations, 
as only one of the composite samples at these locations was 
shown to be positive for GRBV. GRBV was shown to be pres-
ent in the analysis of all 54 duplicate samples tested, confirm-
ing the results of the initial RT-qPCR assay (data not shown).

Because all samples collected in 2017 were composites of 
four vines, the infection rate in a sample testing positive for a 
virus could range from 25 to 100%. To acquire a more accu-
rate assessment of GRBV in Missouri, we followed up in July 
2018 with testing of individual vines of Norton, Chambour-
cin, and Crimson Cabernet at several locations (Table 3). In 

Table 2  Virus prevalence in each grape cultivar.

Percentage of composite samples in a cultivar that tested positive for each virus

Cultivar
No. of 

samplesa GRSPaV GLRaV-3 GRBV GVE GLRaV-2 GVB GVkV
GLRaV-

2RG GVCV GVA
GLRaV-4 

str5b

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
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  
Cabernet

10 0 0 90.0 0 0 0 0 0 0 0 0

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 averagec 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 (16 petioles, four petioles from four different grapevines) collected for each cultivar.
bGLRaV-4 strain 5, abbreviated to GLRaV-4 str5.
cThe overall percentage of composite samples positive for each virus.
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general, the testing of individual vines in 2018 confirmed the 
results obtained with the composite samples in 2017 (Table 3). 
For example, at three of the four sites in which 100% of the 
composite samples tested positive for GRBV, its prevalence 
was above 25%. In one Norton block, GRBV was detected in 
15% of the vines tested individually (six out of 40 vines tested 
positive). Furthermore, the two sites at which composite vines 
were negative for GRBV in 2017 remained negative upon 
testing of individual vines in 2018.

Prior to 2017, the only cultivar in Missouri that appeared 
to have any evidence of GRBV symptoms was Crimson Cab-
ernet. GRBV symptoms in Crimson Cabernet are character-
ized by interveinal redness that develops late in the growing 
season (Figure 1A), whereas uninfected leaves remain green 
(Figure 1D). Symptom expression in Crimson Cabernet in-
fected with GRBV can anecdotally be attributed to genetic 
parentage, as Crimson Cabernet is 62.5% V. vinifera and 

37.5% V. aestivalis. To determine whether the typical GRBV 
symptom of interveinal reddening could be observed in Nor-
ton and Chambourcin leaves, representative leaves from 20 
vines for each cultivar were collected in late September in 
2018 and tested for the presence of GRBV. Figure 1 illustrates 
representative Chambourcin and Norton leaves that tested 
either positive or negative for GRBV. GRBV infection in 
Chambourcin was associated with a bright red symptom in 
the interveinal tissue, with the veins remaining green (Figure 
1B). Seven of the eight Chambourcin leaves that tested posi-
tive for GRBV exhibited a reddening of the interveinal tissue. 
By contrast, the 12 Chambourcin leaves negative for GRBV 
were free of any reddish color (Figure 1E). In the case of Nor-
ton, no discernible differences were observed between the five 
GRBV-positive leaves and the 15 leaves that were negative 
for GRBV (representative leaves illustrated in Figure 1C and 
1F), indicating that at the level of symptomatology, Norton 
appears asymptomatic for infection by GRBV. It is important 
to note that symptoms of GRBV infection can be confused 
with symptoms for GLRaVs, particularly GLRaV-3. Signifi-
cantly, the site chosen for sampling Chambourcin leaves had 
been found in the 2017 survey to be free of GLRaV-3, so we 
could assess the potential contribution of GRBV by itself 
to symptomatology in infected vines. This was not the case 
for Norton, as the 2017 survey showed that 85% of Norton 
samples were infected with GLRaV-3, although Norton also 
appeared to be free of symptoms of GLRaV-3 (Volenberg and 
Schoelz, personal communication).

Grapevine leafroll viruses were prevalent in a majority 
of the hybrid grape cultivars sampled in 2017. Two distinct 
leafroll viruses (GLRaV-3 and GLRaV-2/GLRaV-2RG) were 
detected at a high prevalence in the 2017 survey, whereas a 
third virus (GLRaV-4 strain 5) was found in only one of the 
400 composite samples (Table 2). Of these three viruses, GL-
RaV-3 is considered the most important causal agent of grape-
vine leafroll disease (Maree et al. 2013). In the 2017 survey 
for GLRaV-3 in Missouri, GLRaV-3 was found in 18 of the 25 
grape hybrid cultivars surveyed and overall was detected in 

Figure 1 Representative leaves of Crimson Cabernet, 
Chambourcin, and Norton that were either positive or 
negative for grapevine red blotch virus (GRBV). A to C: 
Crimson Cabernet, Chambourcin, and Norton samples, 
respectively, that were PCR-positive for GRBV. D to F: 
Crimson Cabernet, Chambourcin, and Norton samples, 
respectively, that were PCR-negative for GRBV. 

Table 3  Prevalence of GRBV in Norton, Chambourcin,  
and Crimson Cabernet composite samples and individual  

vine samples at selected sites.

Cultivar/location
Composite samplesa

collected in 2017
Individual samplesb

collected in 2018

Norton/Hermannc 0/5d (0%)e 0/40 (0%)
Norton/Hermann 5/5 (100%) 6/40 (15%)
Norton/Central 5/5 (100%) 33/40 (83%)
Chambourcin/Hermann 0/5 (0%) 0/40 (0%)
Chambourcin/Hermann 5/5 (100%) 13/40 (33%)
Chambourcin/Central 3/5 (60%) 29/40 (73%)
Crimson Cabernet/
Hermann

5/5 (100%) 10/10 (100%)

aComposite sample consisted of four leaves from four vines.
bIndividual samples consisted of four leaves from a single vine.
cVines at this location were planted before 1860.
dFirst number represents number of samples testing positive for 
grapevine red blotch virus (GRBV) and the second number represents 
total number of samples tested. 

eNumber within parentheses represents % of samples infected with 
GRBV.
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52.7% of all samples (Table 2). For the grape cultivars Vidal 
blanc, Vignoles, and Norton sampled at five or more locations, 
GLRaV-3 was detected at a very high level (over 85%). GL-
RaV-3 was also detected at high levels in Concord, Muench, 
Wetumka, Albania, Catawba, and Marechal Foch (Table 2). 
However, for these cultivars the sample size was small and 
typically came from only one location, so it is not possible 
to state whether the high levels of infection are indicative of 
GLRaV-3 levels across the state for those cultivars. 

In the 2017 statewide survey for viruses in Missouri, GL-
RaV-2 was found in six and GLRaV-2RG was found in three 
of the 25 hybrid grape cultivars surveyed (Table 2). Although 
these viruses were not as widely detected as GLRaV-3, there 
were some cultivars in which the prevalence was high. For 
example, GLRaV-2RG was detected in 72.5% of the 40 Nor-
ton samples collected from six vineyards (Table 2), whereas 
GLRaV-2 was found in 91.1% of Vidal blanc, 54.2% of Vi-
gnoles, and 26.7% of Chambourcin samples. 

GVCV was detected almost exclusively in white-berried 
cultivars. GVCV, a grapevine virus that was first discovered 
and characterized in Missouri (Zhang et al. 2011, Guo et al. 
2014), was detected in 8.2% of the composite samples taken 
during the 2017 survey (Table 2). The low incidence of GVCV 
in the survey was likely skewed by the observation that GVCV 
was absent from all red-berried cultivars, with the exception 
of Noiret. In fact, GVCV was detected at moderate levels of 
33.3%, 24.4%, and 20.0%, in Vidal blanc, Chardonel, and 
Valvin Muscat, respectively (Table 2). Consequently, GVCV 
might be considered a significant problem for specific white 
grape cultivars, but may not be an issue for red grape cultivars. 
Recently, it was shown that Chambourcin is resistant to GVCV 
(Guo et al. 2014); it may be that resistance may be found in 
other red grape cultivars as well.

The incidence of some viruses varied with the age of 
the vineyard, whereas incidence for other viruses was in-
dependent of vineyard age. As part of the 2017 survey, we 
queried the vineyard managers to determine the year in which 
the vineyard was planted. To examine the effect of grapevine 
age on the incidence of each of the viruses, vineyards were di-
vided into four categories. The grapevine samples from most 
of the vineyards fell within the three categories of less than 
10-years-old, 11- to 20-years-old, and 21- to 40-years-old. The 
fourth category, consisting of a single Norton vineyard block 
that was estimated to be at least 156 years old, provided an 
interesting contrast with more recent plantings. Several pat-

terns were apparent in this analysis. With many viruses, virus 
incidence was lowest in the youngest vineyard blocks and the 
viruses accumulated as vines increased in age. For example, 
the incidence of GLRaV-3 was 36.0% in the youngest vines, 
48.1% in vines from 11 to 20 years of age, and 74.5% in vines 
from 21 to 40 years of age (Table 4). This pattern was similar 
to another recent survey for GLRaV-3 in V. vinifera grapes 
conducted in Ontario, in which the authors recorded percent 
incidences of 37.8, 55.7, and 71.1 for grapevine samples of as-
cending ages (Xiao et al. 2018). Other viruses that conformed 
to this pattern included GLRaV-2, GLRaV-2RG, GVE, GVB, 
and GVCV (Table 4). By contrast, the incidence of GRBV 
appeared to be independent of vineyard age, with one im-
portant exception (Table 4). GRBV was absent from the five 
composite Norton samples that were over 156 years of age. 
In a follow-up survey in 2018 specifically at this location, 40 
vines were tested individually for GRBV and all were nega-
tive, providing further evidence that GRBV was absent from 
this Norton vineyard. 

The most commonly grown grape cultivars in Missouri 
were typically infected with multiple viruses. The 2017 
survey found that 90.2% of the composite samples contained 
at least one virus. Two or more viruses were detected in ~65% 
of the samples, with an upper limit of seven viruses detected 
in one sample. Interestingly, an analysis of the survey results 
indicated that grapevine cultivars appeared to be infected 
by specific virus combinations that are, for the most part, 
unique to that cultivar. This is most clearly seen in three of 
the cultivars most commonly grown in Missouri, the cultivars 
Vignoles, Norton, and Vidal blanc. 

Every one of the 70 composite samples collected for Vi-
gnoles contained two or more viruses (Table 5). GRSPaV was 
present in every sample, whereas GLRaV-3 was detected in 
90% of them. By contrast, GRBV and GVCV were nearly 
absent from the samples of Vignoles, as GRBV and GVCV 
were found in 4.2% and 1.4% of the composite samples, re-
spectively. One of the strengths of the survey is that mul-
tiple Vignoles vineyards were surveyed, revealing that virus 
combinations discovered in Vignoles were largely unique to 
Vignoles (Table 5, all combinations highlighted in bold). For 
example, composite samples containing GRSPaV, GLRaV-3, 
GVB, and GVE (Table 5, highlighted in bold lettering) were 
found at five different vineyards, and this combination oc-
curred only with Vignoles. Interestingly, three of the Vignoles 
vineyard blocks were derived from the same nursery, whereas 

Table 4  Virus prevalence in grape cultivars based on vine age.

Percentage of composite samples that tested positive for each virus

Agea
No. of 

samples GRSPaV GLRaV-3 GRBV GVE GLRaV-2 GVB GVkV
GLRaV-

2RG GVCV GVA GLRaV-5

1 to 10 125 79.2 36.0 41.6 12.0 16.0 8.0 11.2 0.8 4.8 0.8 0
11 to 20 160 49.4 48.1 31.2 37.5 16.2 20.6 11.8 4.3 6.8 0 0
21 to 40 110 45.4 74.5 37.2 34.5 27.2 21.8 15.4 17.2 12.7 0.9 0.9
156 5 0 100 0 100 100 0 0 0 0 0 0
Total 400 58.7 52.7 35 31 19 17.2 13.5 9.2 8.2 0.5 0.2
aRepresents age of grapevines in years at time of sampling in 2017.
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the other two came from two other nurseries. This indicates 
that virus infections in Vignoles may have more in common 
with other Vignoles vineyards across the state, rather than 
with virus infections of other cultivars planted adjacent to 
Vignoles. 

The types of viruses detected in Norton were distinctly 
different from Vignoles (Table 6). In contrast to Vignoles, 
GRSPaV and GLRaV-2 were absent from all samples. Fur-
thermore, GRBV and GLRaV-2RG were detected in 77.5% 
and 72.5% of the composite Norton samples, respectively; 
these two viruses were nearly absent from Vignoles compos-
ite samples. The only virus that was detected at a high level in 
both Norton and Vignoles was GLRaV-3, at 85.0% and 88.5%, 
respectively. Virus combinations unique to Norton (i.e., not 
found with other cultivars) are highlighted with bold lettering 
(Table 6). All of the Norton composite samples contained at 
least one virus, and 92.5% carried two or more viruses. Of 
samples that contained more than one virus, all contained 
some combination of GRBV, GLRaV-3, and GLRaV-2RG; 
42.5% of the Norton samples contained all three viruses 
(GRBV, GLRaV-3, and GLRaV-2RG), whereas another 50% 
of the samples consisted of one of three combinations: GRBV 
and GLRaV-2RG, GLRaV-3 and GLRaV2RG, or GLRaV-3 and 
GRBV (Table 6).

The types of viruses detected in Vidal blanc were a mix-
ture of elements from both Vignoles and Norton (Table 7). For 
example, GRSPaV was detected in 100% of the Vidal blanc 
samples, similar to Vignoles, but a significant percentage 
(24%) also carried GRBV. In addition, 91.1% of the samples 
carried GLRaV-3. One characteristic that distinguished Vidal 

blanc from both Norton and Chambourcin was that one-third 
of the samples contained GVCV. In addition, Vidal blanc had 
one of the highest infection rates for GLRaV-2 (at 91.1%). As 
with Vignoles and Norton, most of the virus combinations 
detected in Vidal blanc were unique to that cultivar (Table 7, 
highlighted with bold lettering). 

The presence of viruses in grapevine cultivars is thought 
to be closely associated with dissemination of infected plant-
ing material. By contrast, if virus prevalence were driven 
largely by spread after planting, then viruses should be 
found together randomly in all cultivars, in proportion to 
their prevalence in the survey. This second assumption was 
tested for each cultivar at each vineyard individually using 
a permutation-based goodness-of-fit test. Substantial devia-
tions from expected patterns were observed when all cultivars 
were tested together (p = 0.010); this significance was driven 
by the significant (p = 0.003) difference for Vignoles. All 
other cultivars tested (Norton, Vidal blanc, Chambourcin, and 
Chardonel) did not show statistical significance at α = 0.05. 
These results suggest that, at least for Vignoles, it is unlikely 
that virus spread after planting is responsible for the virus 
combinations detected in Vignoles.

To fur ther evaluate whether viruses are spreading 
throughout cultivars within a vineyard or through infected 
cultivar planting material, two different models of virus 
spread were compared. In the first (model 1), the virus pattern  
was assumed to be consistent in the different cultivars at a par-
ticular vineyard, but may differ across vineyards. In the sec-
ond (model 2), the virus pattern was assumed to be consistent 
within a particular cultivar, regardless of the vineyard where 

Table 5  Virus composition present in Vignoles composite samples at each of seven vineyard survey sites.

Viruses
Centrala

Site 2
Herm.
Site 2

Herm.
Site 7

Herm.
Site 3

Herm.
Site 1

Ozark
Site 1

South
Site 1 Totalb

Total in
entire 

surveyc

GRSPaV, GLRaV-3 1 1 6
GRSPaV, GVE 1 1 1
GRSPaV, GVCV 1 1 3

GRSPaV, GLRaV3, GVE 2 1 1 1 2 7 8
GRSPaV, GLRaV-3, GVBd 1 1 2 2

GRSPaV, GLRaV-3, GFkV, GVE 3 3 1 1 8 8
GRSPaV, GLRaV-3, GFkV, GVB 1 1 1
GRSPaV, GLRaV-3, GVB, GVE 6 6 1 3 5 21 21
GRSPaV, GLRaV-3, GLRaV-2, GVE 1 1 2 5
GRSPaV, GLRaV-3, GRBV, GVE 3 3 6

GRSPaV, GLRaV-3, GFkV, GVB, GVE 1 4 1 2 8 8
GRSPaV, GLRaV-3, GLRaV-2, GFkV, GVB 1 1 1
GRSPaV, GLRaV-3, GLRaV-2, GFkV, GVE 3 1 4 5
GRSPaV, GLRaV-3, GLRaV-2, GVB, GVE 1 1 1
GRSPaV, GLRaV-2, GLRaV-2RG, GFkV, GVB 1 1 1 2 5 5

GRSPaV, GLRaV-3, GLRaV-2, GFkV, GVB, GVE 2 2 4 4

Total # samples collected at each location 10 20 10 10 10 5 5 70 84
aSites are referred to by the Missouri grapegrowing region. Central, Hermann (Herm.), Ozark, Southeast (South). 
bThe total number of samples detected in Vignoles (n = 70) with that specific virus combination.
cThe total number of samples detected in the entire survey (n = 400) with that specific virus combination.
dVirus combinations highlighted in bold are unique to Vignoles. 
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the cultivar was found. Likelihood ratio testing of these two 
models indicates that while model 2 is far better than model 
1, neither model adequately describes the observed data (p < 
0.001 and p = 0.005 using models 1 and 2 as the null model, 
respectively). The improved fit for the cultivar model may be 
due at least in part to resistance of some cultivars to specific 
viruses when other cultivars are susceptible.

Because neither of the previously examined models provid-
ed good fit to these data, an additional model was considered. 
This model (model 3) is identical to the cultivar model 2, ex-
cept that it has a separate virus distribution for Norton grapes 
in one location. The vines tested at this location were planted 
~156 years ago, and their virus pattern seems to be distinct 
from younger Norton vines (Table 6, Herman Site 1). Model 
3 provides a statistically significantly better fit to these data 
than the cultivar-based model identified previously (model 2) 
and acceptable fit to these data (p < 0.001 and p = 0.41 for 
using model 2 and model 3 as the null model, respectively). 

Discussion
This study is the first comprehensive survey for grapevine 

viruses in Missouri vineyards, providing updated information 
for grapevine viruses in the Midwest and also for viruses 
found in hybrid grape cultivars. We found that 90% of the 
400 composite samples were infected with at least one virus, 
and 65% of the samples contained two or more viruses. These 
results are similar to a survey of V. vinifera in Ontario, in 
which 95.6% of the composite samples were infected with 

one virus and 71.7% carried two or more viruses (Xiao et al. 
2018). Xiao et al. (2018) suggested that the high incidence of 
virus infections detected in their study was likely due to the 
use of infected planting material, and our study is in agree-
ment with their analysis.

In our study, we noted that grapevine cultivars appeared 
to be infected by specific virus combinations that are, for the 
most part, unique to that cultivar. Most vineyards in our sur-
vey consisted of two to seven different hybrid grape cultivars 
at a single location. Remarkably, virus combinations found 
in one cultivar had more in common with the same cultivar 
at other vineyards across the state rather than with different 
cultivars located within the same vineyard. These patterns 
suggest that virus distribution in a cultivar was driven more 
by the presence of the virus in the initial planting material 
rather than due to spread of the virus by a vector after plant-
ing. To examine whether the presence of one virus in a sam-
ple affected the likelihood of seeing other viruses, we did a 
permutation test of goodness-of-fit (Fişek and Barlas 2013). 
The hypothesis (model 1), which tested the likelihood that vi-
ruses should be found together randomly in all cultivars, was 
rejected for Vignoles (p = 0.003). The variations observed in 
the other cultivars—Norton, Vidal blanc, and Chambourcin—
were not significant. However, the virus pattern in one Norton 
vineyard that was planted over 156 years ago appeared to be 
distinctly different from the other four more recently planted 
sites. A third model, which separated out the 156-year-old 
Norton planting from the other sites, provided a significantly 

Table 6  Virus composition present in Norton composite samples at each of six vineyard survey sites.

Viruses
Centrala

Site 2
Herm.
Site 1

Herm.
Site 6a

Herm.
Site 6b

South
Site 1

Central
Site 1 Totalb

Total in 
entire 

surveyc

GLRaV-2RG 1 1 1
GLRaV-3 1 1 7
GRBV 1 1 31

GLRaV-3, GRBV 1 1 2 4 7
GRBV, GLRaV-2RGd 3 1 4 4

GLRaV-3, GRBV, GLRaV-2RG 2 2 4 4
GLRaV-3, GRBV, GVB 1 1 2 2
GLRaV-3, GRBV, GVE 1 1 2 3
GLRaV-3, GRBV, GFkV 1 1 1
GLRaV-3, GLRaV-2RG, GVB 1 1 1
GLRaV-3, GLRaV-2RG, GVE 5 5 5

GLRaV-3, GRBV, GLRaV-2RG, GVB 3 1 4 4
GLRaV-3, GRBV, GLRaV-2RG, GVE 4 4 4
GLRaV-3, GLRaV-2RG, GFkV, GVB 1 1 1
GLRaV-3, GRBV, GLRaV-2RG, GFkV 1 1 2 2

GLRaV-3, GRBV, GLRaV-2RG, GFkV, GVB 1 1 1
GLRaV-3, GRBV, GLRaV-2RG, GFkV, GVA 1 1 1
GLRaV-3, GRBV, GLRaV-2RG, GFkV, GVE 1 1 1

Total 10 5 5 5 10 5 40
aSites are referred to by the Missouri grapegrowing region. Central, Hermann (Herm.), Southeast (South). 
bThe total number of samples detected in Norton (n = 40) with that specific virus combination.
cThe total number of samples detected in the entire survey (n = 400) with that specific virus combination.
dVirus combinations highlighted in bold are unique to Norton. 
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better fit for the data, providing further evidence that virus 
combinations are cultivar-specific. 

There is, however, compelling evidence that at least one 
virus, GVCV, is spreading among some cultivars in Missouri. 
GVCV can infect both the wild grape V. rupestris and A. 
cordata (Beach et al. 2017, Peterson et al. 2019). Both spe-
cies are commonly found throughout Missouri, and Peterson 
et al. (2019) showed that GVCV is well established in these 
species. In a survey of 113 A. cordata samples collected from 
three Midwest states, 31% of A. cordata were positive for 
GVCV (Peterson et al. 2019). Furthermore, the grape aphid 
(Aphis illinoisensis), an insect ubiquitous in Missouri, can 
transmit GVCV from A. cordata to Chardonel. Consequent-
ly, a substantial reservoir of GVCV exists in Missouri and 
surrounding Midwest states, and an insect vector has been 
proven capable of transmission of GVCV to cultivated grapes 
(Beach et al. 2017, Peterson et al. 2019). Nonetheless, GVCV 
was detected in only seven of 25 cultivars in our survey. 
GVCV was found in a substantial number of the composite 
samples of Vidal blanc and Chardonel, as well as in other cul-
tivars such as Valvin Muscat, Cayuga, Noiret, and Viognier 
(Table 2). However, it was striking to see that the virus was 
absent from all red-berried cultivars, with the exception of 
one sample of Noiret (Table 2). The cultivars Chambourcin 
and Norton have been shown to be resistant to GVCV (Guo 
et al. 2014, Qiu et al. 2020); it may be that other red cultivars 
are also resistant. 

One surprising result of the survey was that GRBV is pres-
ent in a broad range of hybrid grape cultivars grown in Mis-

Table 7  Virus composition present in Vidal blanc composite samples at each of five vineyard survey sites.

Viruses
Herm.a

Site 1
Aug.
Site 2

Aug.
Site 3

Aug.
Site 4

Ozark
Site 1 Totalb

Total in 
entire 

surveyc

GRSPaV, GLRaV-3 2 2 6
GRSPaV, GLRaV-2 3 3 7

GRSPaV, GLRaV-3, GLRaV-2d 3 1 1 1 6 6
GRSPaV, GLRaV-3, GFkV 2 2 2
GRSPaV, GLRaV-2, GVCV 1 1 1

GRSPaV, GLRaV-3, GLRaV-2, GFkV 2 5 7 7
GRSPaV, GLRaV-3, GLRaV-2, GVE 1 2 3 5
GRSPaV, GLRaV-3, GLRaV-2, GVCV 1 4 5 5
GRSPaV, GLRaV-3, GLRaV-2, GRBV 1 1 1

GRSPaV, GLRaV-3, GLRaV-2, GRBV, GFkV 1 1 1
GRSPaV, GLRaV-3, GLRaV-2, GRBV, GVE 4 4 4
GRSPaV, GLRaV-3, GLRaV-2, GRBV, GVCV 1 1 1
GRSPaV, GLRaV-3, GLRaV-2, GVCV, GVE 2 1 3 3
GRSPaV, GLRaV-3, GLRaV-2, GVCV, GFkV 1 1 1

GRSPaV, GLRaV-3, GLRaV-2, GRBV, GVCV, GFkV 1 1 3
GRSPaV, GLRaV-3, GLRaV-2, GRBV, GVCV, GVE 1 2 3 3

GRSPaV, GLRaV-3, GLRaV-2, GRBV, GVCV, GFkV, GVE 1 1 1

Total 10 10 5 10 10 45
aSites are referred to by the Missouri grapegrowing region. Hermann (Herm.), Augusta (Aug.), Ozark. 
bThe total number of samples detected in Vidal blanc (n = 45) with that specific virus combination.
cThe total number of samples detected in the entire survey (n = 400) with that specific virus combination.
dVirus combinations highlighted with bold lettering are unique to Vidal blanc. 

souri. Prior to 2017, GRBV had only been found in the culti-
var Crimson Cabernet; its discovery in this cultivar in 2016 
was facilitated by the appearance of the classic symptoms 
late in the growing season that are associated with GRBV 
infection (Schoelz et al. 2019). In the 2017 survey, GRBV 
was detected in 15 of the 25 hybrid grape cultivars sampled 
and in a high proportion of samples. For example, GRBV 
was detected in 77% of the Norton composite samples, and 
was found in five of the six Norton vineyard blocks included 
in the survey (Table 6). The one exception was a 0.85-acre 
block of Norton that was planted before the Civil War: all 
five composite samples contained GLRaV-3, GLRaV-2RG, 
and GVE, but GRBV was absent (Table 6). Forty individual 
vines, approximately one-third of the Norton vines in the 
same block, were sampled for GRBV in 2018, and GRBV 
was not detected in any samples (Table 3). Although GRBV 
was only recently recognized as a distinct disease agent in 
2008 and the virus genome characterized in 2012 (Krenz et 
al. 2012, Al Rwahnih et al. 2013), its presence in germplasm 
repositories indicated its presence in California vineyards as 
early as 1940 (Al Rwahnih et al. 2015, Thompson et al. 2018). 
It is interesting that GRBV was absent from the Norton vines 
planted before the Civil War and that this block remained free 
of GRBV. Within the same vineyard there were two blocks of 
Chardonel, and GRBV was readily detected in both blocks in 
the 2017 survey. Consequently, it does not appear that GRBV 
was transmitted to this Norton block by any insect vector, 
even though the virus was present within the same vineyard. 
Studies are underway now to determine the prevalence of 
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the three-cornered alfalfa hopper vector (Bahder et al. 2016, 
Cieniewicz et al. 2018) or whether alternate vectors for GRBV 
might exist.

One unexpected result of the 2017 survey was that no 
nematode-transmitted viruses, represented by GFLV, ToRSV, 
TRSV, and ArMV (Table 1), were detected in any of the 400 
samples, even though an earlier survey of five Missouri vine-
yards found the presence of ToRSV and ArMV (Milkus 2001). 
ToRSV typically induces poor berry set and size in berry 
clusters (Rowhani et al. 2017), symptoms that were observed 
during collection of samples in Vidal blanc and Chardonel in 
the 2017 survey. Furthermore, the presence of ToRSV was 
confirmed by ELISA in one Vidal blanc vineyard in 2016 and 
again in 2018 (Schoelz and Volenberg, unpublished), even 
though the RT-qPCR assay failed to detect the virus in the 
same vineyard in 2017. One possibility is that we failed to 
detect ToRSV in the 2017 survey because the nucleotide se-
quence targeted by RT-qPCR differs enough from the ToRSV 
strains in Missouri such that ToRSV sequences were not am-
plified. Further efforts are now directed towards the character-
ization of ToRSV isolates present in that Vidal blanc vineyard.

Of all of the viruses detected in our survey, the two con-
sidered to cause the most economic damage nationwide are 
GLRaV-3 and GRBV. GLRaV-3 is considered the primary 
causal agent of grapevine leafroll disease (GLD), the most 
important virus disease of grapevines (Maree et al. 2013). 
Symptoms of GLD are most prominent in red-berried culti-
vars of V. vinifera, as symptomatic leaves accumulate antho-
cyanin pigments due to induction of the anthocyanin biosyn-
thetic pathway (Gutha et al. 2010), which causes the leaves to 
turn reddish-purple. Typically, a narrow band of tissue along 
the major veins remains green (Naidu et al. 2014, Burger et al. 
2017) in symptomatic leaves. By contrast, white-berried cul-
tivars may show mild yellowing. Both red- and white-berried 
cultivars may also exhibit a downward curling of the leaf 
margins. Symptoms may begin in the bottom of the canopy as 
early as veraison, but symptom development is dependent on 
a number of factors, including the cultivar, the choice of scion 
and rootstock, and the environment. In contrast to V. vinifera, 
symptoms of GLD have not been observed in American grape 
species and in hybrids, even though there is no evidence of 
resistance in these Vitis species. 

The effect of GLD on vine physiology has been studied 
extensively, as summarized in Reynolds (2017). In V. vinif-
era, GLD has been shown to affect vine health in a number 
of ways, including a reduction in photosynthesis and reduc-
tions in cluster number, cluster weight, berry weight, and 
vine size. GLD may also affect fruit quality through delays 
in fruit maturity, as well as through alterations in soluble 
solids, titratable acids, total phenolics, and total tannins 
(Naidu et al. 2014, Burger et al. 2017). Based on studies 
on V. vinifera grown on the West Coast and New York, the 
potential economic impact could be significant. One study 
conducted in the Finger Lakes region of New York estimated 
losses associated with GLRaV-3 at $25,000 to $40,000 per 
hectare in Cabernet franc vineyards (Atallah et al. 2012), 
with comparable estimated losses for Cabernet Sauvignon 

and Merlot vineyards in California and Washington (Ricketts 
et al. 2015). 

The economic impact of GRBV is comparable to GLRaV-3. 
GRBV induces red coloration in leaves of red-berried V. vinif-
era cultivars, with symptoms first appearing in older leaves 
late in the season (Cieniewicz et al. 2017). Leaves with strong 
symptoms may prematurely drop off the vine. In white-ber-
ried cultivars, leaves may develop chlorosis that turns ne-
crotic as the season progresses. GRBV also is known to delay 
fruit ripening, altering carbon translocation away from ber-
ries, reducing the total soluble solids, and decreasing Brix in 
fruit and anthocyanin contents in berry skin (Blanco-Ulate 
et al. 2017, Cieniewicz et al. 2017, Martínez-Lüscher et al. 
2019). Symptoms in red-berried cultivars caused by GRBV 
may be confused with GLRaV-3, but also could be similar to 
abiotic stresses that include magnesium or potassium nutrient 
deficiencies. Ricketts et al. (2017) estimated that the economic 
impact of GRBV could be as much as $68,548 per hectare 
over the life span of a vineyard.

Both GRBV and GLRaV-3 were detected in a broad range 
of hybrid grapes grown in Missouri, but there currently is a 
gap in our knowledge concerning the impact of these viruses 
on the types of grape hybrid cultivars grown in Missouri. In 
fact, only one study has examined the influence of virus in-
fections on hybrid grapes. Kovacs et al. (2001) examined the 
impact of GLRaV-3 on Vidal blanc and St. Vincent cultivars, 
showing that GLRaV-3 caused a reduction in berry weight and 
an increase in titratable acid levels. In our study, we could 
reliably observe GRBV symptoms in the cultivar Crimson 
Cabernet and perhaps Chambourcin. We have not been able 
to confirm any symptoms that would be diagnostic of GRBV 
infection in Norton. Further research will be necessary to 
examine the impact of GRBV and GLRaV-3 on the physiology 
and berry quality of the hybrid grape cultivars grown in the 
environmental conditions common to Missouri.

Conclusion
This study is the first comprehensive survey for grapevine 

viruses in Missouri vineyards, providing some of the first 
survey information for grapevine viruses in the Midwest and 
also for viruses found in hybrid grape cultivars. Previous 
surveys for viruses of grapevines in Missouri were of lim-
ited scope and did not provide a comprehensive assessment 
of different cultivars in vineyards across the state. Of the 
400 composite samples included in our survey, 90% were 
infected with at least one virus and 65% contained two or 
more. GVCV, a virus that was discovered in Missouri, was 
primarily detected in white-berried cultivars, with moderate 
levels of infection in Vidal blanc, Chardonel, and Valvin Mus-
cat. GRBV was prevalent in a majority of the grape cultivars 
surveyed, as it was detected in 15 of the 25 grape cultivars 
and at 28 locations across Missouri. Interestingly, GRBV was 
detected in 77% of the Norton samples, but was absent from 
a 0.85-acre block of Norton that was planted before the Civil 
War, which indicates a limited opportunity for spread of the 
virus at that location. Similarly, grapevine leafroll viruses 
were prevalent in a majority of the hybrid grape cultivars 
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sampled. Although a high percentage of samples were in-
fected with GLRaV-3 and/or GRBV, the hybrid grapes grown 
in Missouri did not exhibit the red leaf symptoms that are 
readily observed in V. vinifera cultivars. It is important now 
to examine the impact these viruses may have on hybrid vine 
health and berry quality.
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