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Abstract

Grapevine red blotch virus (GRBV) is a recently described virus that in-
fects grapevine. Little information is available on the possible occurrence
and distribution outside North America. Therefore, we surveyed com-
mercial vineyards from the three major grape-growing regions in Swit-
zerland to determine the presence or absence of GRBV. In total, 3,062
vines were analyzed by polymerase chain reaction. None of the vines
tested positive for GRBV, suggesting the absence of GRBV from
Swiss vineyards. We also investigated whether GRBV was present in
653 grapevine accessions in the Agroscope grapevine virus collection
at Nyon, including dominantly Swiss (457) but also international acces-
sions. Only six referential accessions were infected by GRBV, all origi-
nating from the United States, whereas all others from 10 European and 8

non-European origins tested negative. High-throughput sequencing
analysis of Zinfandel A2V 13, in the collection since 1985, confirmed
close similarity of GRBV isolate Z_A2V13 to American isolates accord-
ing to genomes deposited in GenBank. Because the Zinfandel A2V13
reference was also maintained grafted on the leafroll virus indicator Vitis
vinifera ‘Gamay’, we evaluated the effect of GRBV on viticultural
performance over a 3-year period. Our results showed clear detrimental
effects of GRBV on grapevine physiology (vine vigor, leaf chlorophyll
content, and gas exchange) and fruit quality. These findings under-
score the importance of implementation of GRBV testing worldwide in
certification and quarantine programs to prevent the dissemination of this
virus.

Grapevine cultivation in Switzerland has a long history and can be
traced back at least to the Roman period 2,000 years ago. Currently,
grapevine is cultivated on over 15,000 ha and represents an important
agricultural commodity. More than 60 different viruses are reported
to infect grapevine (Martelli 2014), and more than a dozen viruses are
also identified in Swiss vineyards. Grapevine fanleaf virus and
Grapevine leafroll-associated virus (GLRaV) are particularly impor-
tant (Reynard and Gugerli 2012) but stem pitting-, stem grooving-,
and corky bark-associated viruses are also detrimental.

In contrast to fanleaf degeneration that was first described more
than 150 years ago (Andret-Link et al. 2004), grapevine red blotch
is a recently identified viral disease that was first recognized as a dis-
ease in 2008, when foliar symptoms similar to leafroll were observed
in Napa Valley, CA on vines testing negative for known GLRaV
(Calvi 2011). In 2012, Grapevine red blotch virus (GRBV) was dis-
covered independently in California and New York (Al Rwahnih
et al. 2012; Krenz et al. 2012) and was later demonstrated to be the
causal agent of red blotch disease (Fuchs et al. 2015). This virus
has also been referred to as Cabernet franc-associated virus (Krenz
et al. 2012), Grapevine red leaf-associated virus (Poojari et al. 2013),
and Grapevine geminivirus (Seguin et al. 2014). GRBYV is a circular,
single-stranded DNA virus. Because of the specific genome organiza-
tion and genetic divergence from any other known related Geminivirus
spp., @a new genus was proposed for GRBV. Therefore, the Interna-
tional Committee on Taxonomy of Viruses recently approved the cre-
ation of the genus Grablovirus within the family Geminiviridae
(Varsani et al. 2017). GRBV is currently the only member of this genus.

After discovery of the virus, surveys demonstrated a high preva-
lence of GRBYV in all major grape-growing regions across the United
States (Krenz et al. 2014). Consequently, GRBYV is now recognized
as a major economic threat to the U.S. wine industry (Ricketts et al.
2017). Furthermore, GRBV is observed on native and wild Vitis spp.
collected around infected vineyards, indicating that this virus is not
only spread by viticultural practices (i.e., vegetative propagation)
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but also naturally (Bahder et al. 2016b; Perry et al. 2016). Although
significant advances have been made in understanding GRBYV since
its discovery in 2012, the epidemiology is poorly understood. Ques-
tions also remain about the origins of this emergent pathogen and its
distribution outside North America. Here, we report the results from a
large-scale survey that indicates that GRBV is not present in three
primary Swiss vine-growing regions. We also report on the substan-
tial detrimental effects of GRBV on viticultural performance of in-
fected Gamay vines.

Materials and Methods

Reference and test samples. GRBYV reference samples were col-
lected from the Agroscope grapevine virus collection in Switzerland
(Gugerli et al. 2009; Reynard and Gugerli 2015). Samples for the sur-
veys consisted of two petioles from basal leaves, collected from two
separate canes of a vine. During the summer months of 2014, 2015,
and 2016 in commercial Swiss vineyards, 3,062 individual plants
were sampled, including 330 vines from Valais, 921 vines from
Ticino, and 1,811 from Vaud. Most of the sampled vines presented
symptoms of reddening or yellowing but asymptomatic vines were
also randomly assessed. Additionally, 653 accessions from the Agro-
scope grapevine virus collection were tested in 2015.

Nucleic acid extraction and GRBYV detection. Fresh petiole tis-
sue samples of 80 mg were ground using a TissueLyser (Qiagen) and
processed directly for nucleic acid extraction. DNA was extracted us-
ing a BioSprint semiautomated platform (Qiagen) according to the
manufacturer’s protocols. DNA was finally eluted in 200 pl of water
and stored at —20°C until analysis. Purified DNA was screened for
GRBY by polymerase chain reaction (PCR) using the primers Repfor
and Reprev, as published (Krenz et al. 2014). In addition to those pri-
mers for virus detection, primers NS7 and NS8, specific for detecting
a plant internal control (18S ribosomal DNA [rDNA]), were added to
the multiplex reaction (White et al. 1990). Amplified DNA was sep-
arated on 1.5% agarose gels and stained with ethidium bromide. The
expected amplicon size was 318 bp for GRBV and 377 bp for 18S
rDNA. GRBV amplicons were eluted from the gels using the Wizard
system (Promega) and then were Sanger sequenced, using amplicon-
specific primers, by Fasteris SA.

High-throughput sequencing. High-throughput sequencing (HTS)
analysis was performed on one Gamay plant (number 9115) that was graft
inoculated using Zinfandel A2V 13. Petioles were collected in September
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2016. Total RNA was extracted using a rapid cetyltrimethylammonium
bromide protocol (Gambino et al. 2008). Small RNA (sRNA) were
selected using polyacrylamide gel and used for [llumina sequencing
of SRNA (Fasteris SA). The resulting SRNA library was screened for
viruses and viroids using two different semiautomated pipelines:
Truffle (Visser et al. 2016) and VirusDetect (Zheng et al. 2017).
De novo reconstruction of the GRBV genome was performed by as-
sembling reads ranging from 20 to 25 nucleotides (nt) using Velvet
1.2.10 (Zerbino and Birney 2008). Validation of the complete GRBV
genome was performed by mapping raw reads using Bowtie (Langmead
et al. 2009). Confirmations of the different agents identified by HTS
were obtained by PCR using specific primers designed from pro-
duced contigs.

Vine physiology and fruit composition. Graft-inoculation exper-
iments with Zinfandel A2V 13 were performed in 1999 on Vitis vinifera
‘Gamay’. Two blocks of three graft-inoculated Gamay plants each
(numbers 9115, 9116, 9117, 9026, 9027, and 9028) were planted
in 2000 in the Agroscope grapevine virus collection adjacent to
two block of healthy controls (grafted Gamay plants, numbers
9106, 9107, 9108, 9020, 9021, and 9022). Grapevines were culti-
vated following industry standard practices. Observations on GRBV
effects on viticultural performance were performed on these Gamay
plants. Several parameters were assessed during the 2014, 2015, and
2016 seasons. During winters, pruning wood was weighed for each
individual plant. Gas exchange measurements were conducted on
two adult nonsenescent leaves per plant using a Li-Cor 6400 XT por-
table photosynthesis system, as described by Zufferey et al. (2011).
Net photosynthesis, transpiration, and leaf stomatal conductance
were measured at saturating light (photon flux density > 1,800
mmol m~2 s71) on healthy leaves without virus symptoms. Relative
leaf chlorophyll concentrations were measured on mature leaves using
a chlorophyll tester called N-tester (Yara, France); the measurements
(expressed as N-tester units) were taken between June and September.
At commercial maturity, grape berries were collected and weighed in-
dividually for each plant. Grape berries were then manually pressed to
extract juices, and fruit composition parameters were measured using
Fourier transform infrared spectroscopy (WineScan; FOSS NIRSystems).
Measurements of total anthocyanin content were performed accord-
ing to the Glories method (Ribéreau-Gayon P. et al. 2006). Briefly,
100 berries/plant were crushed in a blender, and 50 g of berry skins
was extracted at pH 1 and the absorbance recorded at 280 nm.

Physiological and fruit composition data were analyzed using R
software (https://www.r-project.org/). One-way analysis of variance
was used to determine differences between treatments for the measured
variables.

Results

Definition of a GRBYV reference. After the first report of GRBV
in 2012 and the development of a diagnostic method (Krenz et al.
2014), we monitored three American accessions in the Agroscope vi-
rus collection: Emperor A2V18 (numbers 9077, 9078, and 9079),
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Fig. 1. Agarose gel electrophoretic analysis of DNA fragments amplified by
polymerase chain reaction (PCR) from nucleic acid extractions combining different
ratio of Grapevine red blotch virus (GRBV)-infected and noninfected petioles.
Primers used in the PCR were specific to GRBV (318 bp) and to grapevine 18S
ribosomal RNA gene (377 bp). Lane M, 100-bp DNA ladder; lane 1/1, positive
infected vine; lanes 1/10 to 1/12'500, serial dilutions of the positive control; lane H,
healthy vine; and lane W, water control.
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Thompson seedless A2V22 (numbers 9080, 9081, and 9082), and
Zinfandel A2V 13 (numbers 9083, 9084, and 9085). Dr. Goheen from
the University of California-Davis kindly originally donated these
accessions in the 1980s. Emperor and Thompson seedless were in-
fected with GLRaV-4 (GLRaV-4 strain 5 and GLRaV-4, respec-
tively) and with a nonidentified virus consisting of isometric
particles (Gugerli and Ramel 1993). None of these viruses were found
in samples of Zinfandel A2V13. However, the Zinfandel A2V13
and Emperor vines tested positive for GRBV. Because Zinfandel
A2V13 was not coinfected with other closteroviruses, this accession
was ultimately retained as a GRBV reference. Sequencing of the am-
plified Rep gene amplicon (318 nt) showed 100% identity with some
GRBYV isolates available in GenBank. The GRBYV isolate from the
Zinfandel was then also analyzed by HTS to obtain the complete
genome sequence. Deep sequencing of SRNA generated approxi-
mately 32 million reads (20 to 25 nt in length). An approach comb-
ining the results of de novo assembly and contigs extension by
mapping produced a contig 3,206 bp in length, representing the com-
plete genome of GRBV. To this GRBV genome, 197,562 reads
(approximately 0.6%) were mapped. The full genome sequence of
this isolate (GRBV Z_A2V13, accession number MF276895)
showed 92 to 99% identity with other GRBV genomes. The GRBV
isolate Z_A2V13 presented in this work differed from the reference
GRBYV sequence in GenBank (NC_022002.1) at 21 nucleotide posi-
tions. Furthermore, data from the SRNA library were analyzed for other
viral pathogens. In addition to GRBYV, one virus (Grapevine rupestris
stem pitting-associated virus [GRSPaV]) and two viroids (Hop stunt vi-
roid [HSVd] and Grapevine yellow speckle viroid 1 [GYSVd1]) were
detected in this accession but GLRaV were not. HTS data clearly dem-
onstrated that no Closterovirus sp. infects Zinfandel A2V13.

Samples processing. Composite sampling is the bulking of tissue
from multiple plants into a single sample for nucleic acid extraction
and testing. In preliminary tests, dilutions of GRB V-infected tissue in
healthy tissue were extracted and tested for GRBV (Fig. 1). Based on
these tests, the assay used in this study consistently detected 1 indi-
vidual GRBV-positive vine when in a composite sample consisting
of 10 vines. Therefore, petioles from 10 different vines were com-
bined for total nucleic acid extraction. When a composite sample pro-
duced a positive signal, the 10 subsamples representing individual
vines were tested separately.

Survey of commercial Swiss vineyards. In a monitoring of
grapevine yellows in Swiss vineyards, 722 individual samples were
simultaneously tested for GRBV. A further 2,340 vines were sam-
pled independently in commercial vineyards and tested as composite
samples representing 10 vines. In total, 3,062 vines were tested from
the three major grape-growing regions of Switzerland (Fig. 2). The
surveyed regions represented approximately 60% (9,000 ha) of vine-
yard area in Switzerland. All these samples tested negative for GRBV
and the internal control fragment was amplified in every reaction.

Survey of GRBYV in the Agroscope grapevine virus collection.
We tested 653 accessions, dominantly infected by leafroll viruses
collected in Swiss vineyards (n = 447) but that, overall, originated
from 19 different grape-growing countries (153 accessions from Eu-
ropean origin and 53 accessions from overseas). Of these 653 acces-
sions, only 6, including the references mentioned above, were
infected by GRBV. For each positive accession, individual testing
of all three replicates in the collection gave consistent positive
PCR signals. Sequencing of the amplified PCR products (318 nt)
from the six GRBYV isolates revealed that they were all identical
to the corresponding region of the reference GRBV sequence in
GenBank (NC_022002.1). All accessions that tested positive for
GRBYV, except for the Zinfandel, were also coinfected by leafroll
viruses and all were of U.S. origin.

Effects of GRBYV on viticultural performance. All six GRBV-
graft-inoculated Gamay plants tested positive in PCR for GRBV
and three other viruses or viroids identified using HTS (i.e., GRSPaV,
HSVd, and GYSVd1). By contrast, the six control plants (grafted Ga-
may plants) were positive for HSVd and GYSVd1. One block of control
plants was positive for GRSPaV while the second block was negative
for this virus. We did not measure any significant differences between
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the two healthy blocks (data not shown). Furthermore, all control and
GRBV-inoculated plants have been tested negative for other common
grapevine viruses (i.e., nepoviruses and GLRaV). Gas exchange was
evaluated using net photosynthesis, transpiration, and stomatal conduc-
tance. These three physiological parameters were measured in mid-July
2014 and 2016, before the development of foliar symptoms. Net pho-
tosynthesis and transpiration were higher in noninoculated than in
inoculated grapevines (Table 1). With GRBV inoculation, the net
photosynthesis rate was reduced approximately 25%. Measure-
ments performed during symptomatic stages showed a similar ef-
fect (data not shown). Stomatal conductance was 44% lower in
GRB V-inoculated than in noninoculated plants in 2014 but no signif-
icant differences were observed in 2015 and 2016. During 2015, the
three gas exchange parameters were measured earlier in the season
(June), and no significant differences were observed between graft-
inoculated and control plants (Table 1).

Chlorophyll concentration, measured every second week during
the 3 years, was not significantly different between GRB V-inoculated
and noninoculated plants in June. However, beginning in July and con-
tinuing to harvest, a highly significant decrease in chlorophyll contents
was observed in the GRBV-inoculated plants (Fig. 3).

Vegetative growth for 2 years was measured by weighing pruning
wood per plant, and GRBV-inoculated vines showed weight reduc-
tions of 35% (F = 9.8, P = 0.008) and 33% (F = 24.0, P = 0.0002)
in 2015 and 2016, respectively.

Fruit composition at harvest was affected in each of the three sea-
sons by GRBV (Table 2). Compared with noninoculated vines, juices
from GRBV-inoculated vines were significantly lower in total solu-
ble solids, with an average (over the three seasons) reduction of 11%.
The pH of the juices was higher in inoculated than in noninoculated
berries. For the three harvests, malic acid contents were higher in in-
oculated than in noninoculated berries, by an average of 56%. By
contrast, tartaric acid content was significantly lower in inoculated
berries over the three harvests. Finally, the amounts of total berry an-
thocyanins measured in 2016 showed an approximately 50% reduc-
tion in inoculated berries compared with noninoculated ones. Juice
nitrogen concentration (yeast-assimilable nitrogen) and yields were
not significantly different between the variants (data not shown).

Discussion

PCR performed on pooled petioles was demonstrated reliable for
routine surveys of GRBV in grapevine, reducing labor and cost.
The GRBV-infected accession Zinfandel A2V 13 was characterized
in detail and was used in this work as a GRBYV reference isolate, serv-
ing as the positive control required for reliable routine GRBV monitor-
ing. With only 21 different nucleotide positions compared with the
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reference GRBV sequence in GenBank, GRBV Z_A2V13 is closely re-
lated to American isolates, although GRBV was imported in 1985 from
the United States to Switzerland as a supposed leafroll diseased refer-
ence and preserved in our collection since that time. At that time, how-
ever, leafroll-associated viruses were not yet identified or characterized.
The discovery of GRBV in this accession explains the leafroll-like
symptoms and the many negative results of serological and electron mi-
croscope investigations. Emperor A2V18, also imported in 1985 from
the United States, was at least doubly infected by GRBV and GLRaV-4.
This accession expresses severe leafroll-like symptoms, potentially due
to a synergism between the two viruses, possibly a characteristic of the
“White Emperor disorder” (Goheen et al. 1958).

The large-scale survey in this work demonstrated the absence of
detectable GRBV in the three major Swiss grapevine-growing re-
gions. Together with the survey of the Agroscope virus collection,
these results suggest that the virus is not present in Swiss vineyards.
Absence of spread of GRBV in the Agroscope grapevine virus col-
lection for more than 30 years also indicated the lack of vector or con-
tact transmission. Thus, the epidemiological situation in Switzerland
sharply contrasts with that in North America, in which the virus is ac-
tively spreading (Al Rwahnih et al. 2015b; Brannen et al. 2013;
Krenz et al. 2014; Sudarshana et al. 2015), presumably transmitted

Table 1. Grapevine red blotch virus (GRBV) effects on gas exchange param-
eters in Vitis vinifera ‘Gamay’: net photosynthesis (Ay), stomatal conduc-
tance (g,) and transpiration (E)?

Ay (pmol CO, g, (mol CO, E (mmol
Date m~2s71) m~2s71) H,Om~25s71)
18 July 2014
GRBYV (-) 16.7 = 1.0 0.25 +0.03 50+04
GRBV (+) 121+14 0.14 + 0.04 33+0.7
Significance HAE ok *
17 June 2015
GRBV (-) 141+0.8 0.23 +0.03 34+03
GRBYV (+) 126 +2.8 0.21 £ 0.06 32+0.7
Significance
20 July 2016
GRBV (-) 16.6 = 1.0 0.29 +0.03 6.1+0.3
GRBYV (+) 126+13 0.25 +£0.03 52+05
Significance ok *

2 Measurements were performed on three dates for noninfected, GRBV (-),
and inoculated plants, GRBV (+). Data are expressed as the mean =+ standard
deviation. Noninfected = six plants and GRBV-inoculated = six plants. Sig-
nificant differences are indicated by *, **, and *** for significance at P =
0.05, 0.01, and 0.001, respectively.

~

Fig. 2. Map of Switzerland and the surrounding countries. Large-scale Grapevine red blotch virus survey was performed in three major grape-growing regions. Number of vines
tested is indicated in parentheses. Region 1 = Vaud (1,811), region 2 = Valais (330), and region 3 = Ticino (921).
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through insect vectors (Cieniewicz et al. 2017; Sudarshana et al.
2015). The cornered alfalfa treehopper Spissistilus festinus was re-
cently shown to transmit the virus under experimental conditions
(Bahder et al. 2016a). However, S. festinus is a Nearctic species, thus
probably absent from Europe. Canada represents an intermediate sit-
uation, because a recent large-scale survey revealed a low incidence
of GRBYV in British Columbia (Poojari et al. 2017). Recent reports on
GRBY infecting grapevine in South Korea (Lim et al. 2016) and in
India (GenBank accession KU522121) suggest a potential spread
of GRBYV outside North America. Because GRBV has not been re-
ported yet in any European countries, the virus is on the alert list
of the European and Mediterranean Plant Protection Organization
(www.eppo.int/). In the absence of reports of GRBV infection in
the Old World, one can speculate that GRBV moved from an indig-
enous wild host plant into grapevine sometime after the introduction
in the 18th century of V. vinifera to North America.

On the other hand, GRBV-infected Zinfandel and Emperor ac-
cessions were introduced from the United States in 1985. This intro-
duction highlights that GBRV was already in North America in the
1980s, although only recently identified (Krenz et al. 2014). Therefore,
GRBV has been overlooked for decades because of the lack of a

detection test and symptoms similar to those of GLRaV. Analogous
conclusions have been drawn from a previous study reporting the pres-
ence of GRBV in V. vinifera ‘Early Burgundy’ kept in a herbarium as-
sembled in 1940 from California vineyards, suggesting that GRBV is
not a recently evolved virus (Al Rwahnih et al. 2015a).

In the inoculation experiment, control plants were infected with
GRSPaV, HSVd, and GYSVdl. However, no specific symptoms
were observed on these plants. This finding was not surprising given
that those agents are ubiquitous in grapevines and V. vinifera is often
infected without symptoms (Little and Rezaian 2003; Reynard and
Gugerli 2012; Szychowski et al. 1991). GRBV-inoculated Gamay
plants were also coinfected with GRSPaV, HSVd, and GYSPVdI.
Consequently, we attribute the noticeable disease symptoms and
effect on vine performance to GRBV, although recognizing that syn-
ergistic effects could occur. GRBV affected grapevine physiology
and fruit composition. Under the temperate Swiss climate, foliar
symptoms on Gamay grapevine appeared during summer, usually
at the beginning of August (veraison). Photosynthesis rates declined
before symptoms appeared on inoculated vines compared with healthy
controls, and GRBV inoculation diminished vine vigor based on the
weight of pruning wood. We also found that GRBV negatively affected
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Fig. 3. Chlorophyll relative contents (N-tester reading) in noninfected (black line and filled circles) and Grapevine red blotch virus (GRBV)-inoculated Vitis vinifera‘Gamay’ (gray line
and open circles) over three seasons (2014 to 2016). Letters V and H represent dates of veraison (i.e., change of fruit color from green to blue) and harvest, respectively. Data are
expressed as the mean =+ standard deviation (shading). Noninfected = six plants and GRBV-inoculated = six plants.

Table 2. Effect of Grapevine red blotch virus (GRBV) on yields and fruit composition at harvest of Vitis vinifera ‘Gamay’ in three consecutive seasons (2014

to 2016)?

Season Yield (kg/vine) Soluble solids (°Brix) pH Tartaric acid (g/liter) Malic acid (g/liter) Anthocyanins (mg/liter)

2014
GRBV (-) 0.7+04 20.6 £ 0.5 3.0+0.03 82+04 7.0+0.8 n.a.
GRBYV (+) 0.7+0.2 18.1 £0.7 3.2 +0.06 7.1+04 8.2+0.7 n.a.
Significance ok Hok Hokk *

2015
GRBV (-) 14+05 223+04 3.1+0.05 79+0.2 1.9+04 n.a.
GRBV (+) 12+03 19.3 0.6 33+0.10 6.2 +0.7 4.0+0.6 n.a.
Significance sfekosk seksk seksk seksk

2016
GRBV (-) 1.8+04 220+ 1.3 3.0+0.05 75+03 36+0.3 663 £ 16
GRBV (+) +0.2 20.1 £0.2 3.2+0.03 62+04 57+05 332 +37
Significance * ok ok otk ok

4 Noninfected = six plants and GRBV-inoculated = six plants. Data are expressed as the mean * standard deviation; n.a. = not available. Significant differences are
indicated by *, **, and *** for significance at P = 0.05, 0.01, and 0.001, respectively.
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the relative leaf chlorophyll concentration. However, reduced carbon
assimilation did not correlate with low crop yields. We found that
GRBYV also delayed fruit maturation, with a reduction in sugar accumu-
lation and an increase in malic acid concentrations, similar to findings in
studies by others (Calvi 2011; Poojari et al. 2013). Tartaric acid content
in juice was reduced in response to GRBV, with a consequent high pH
in the juices, which has also been reported for leafroll disease (Mannini
et al. 2012; Martinez et al. 2016). In our study, GRBV was also nega-
tively correlated with total berry anthocyanin levels, consistent with a
recent finding of GRBV effects on berry development and ripening
pathways (Blanco-Ulate et al. 2017).

In conclusion, our results show a clear detrimental effect of GRBV
on grapevine physiology and fruit quality. Furthermore, based on our
results, GRBV was not detected in Swiss vineyards and, therefore,
GRBYV should be considered a quarantine pathogen for Switzerland.
As a precautionary measure, all accessions infected with GRBV were
eliminated from our collection. To the best of our knowledge, this
study is the first large-scale GRBYV survey in vineyards outside North
America. Further large-scale studies in other major wine-growing
countries, particularly from the Old World, are necessary to evaluate
more precisely the global distribution and provide further clues about
the origins of this intriguing virus.
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