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ABSTRACT

Limited information is available on the spread dynamics of
grapevine red blotch virus (GRBV, genus Grablovirus, family
Geminiviridae) in vineyards. In this study, we investigated red
blotch disease progress in three vineyards with a disparate initial
inoculum prevalence. Secondary spread was documented in
Cabernet Sauvignon and Cabernet franc vineyards in California,
but not in a Merlot vineyard in New York. Increase in annual
disease incidence (4.8, 0.13, and 0%) was unrelated to the
estimated initial source of inoculum at planting (1, 40, and 40%) in
the Cabernet franc, Cabernet Sauvignon, and Merlot vineyards,
respectively. Limited genetic diversity of GRBV populations in
newly infected vines supported localized spread in California
vineyards, and suggested the planting material as the primary
source of inoculum. Among the community of hemipteran insects

visiting two of the three study vineyards, populations of Spissistilus
festinus, the vector of GRBV, were absent in the Merlot vineyard
and low in the Cabernet Sauvignon vineyard. Furthermore, all
cover crop samples collected from GRBV-infected California
vineyards each spring of 2016 to 2018, particularly legume species
which are preferred hosts of S. festinus, tested negative for GRBV,
suggesting a minimal role, if any, in GRBV spread as inoculum
reservoirs. Together our findings illustrate differential disease
progress in distinct vineyard ecosystems, and support the
elimination of virus inoculum sources as an actionable disease
management strategy across vineyards.

Keywords: agriculture, ecology, ecosystems, entomology,
grapevine red blotch, Spissistilus festinus, virology

Grapevine red blotch disease was described for the first time in
2008 on Vitis vinifera ‘Cabernet Sauvignon’ in California (Calvi
2011). Grapevine red blotch virus (GRBV) was initially identified
in association with diseased vines (Al Rwahnih et al. 2013; Krenz
et al. 2012) and later found to be the causative agent of red blotch
disease (Yepes et al. 2018). Grapevine red blotch virus is the type
species of the genus Grablovirus in the family Geminiviridae
(Varsani et al. 2017). The GRBV genome consists of single-stranded
circular DNA with seven putative bidirectional, overlapping open
reading frames (Cieniewicz et al. 2017a; Vargas-Asencio et al.
2019). GRBV isolates comprise two distinct phylogenetic clades
(Krenz et al. 2014). The biological implications of these two groups
of virus genetic variants are unknown.
Red-berried grape cultivars infected with GRBV show symptoms

of foliar reddening, similar to those of leafroll disease, mite feeding
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damage, and nutrient deficiencies (Cieniewicz et al. 2017a). In-
fected white-berried V. vinifera cultivars may show chlorosis and
cupping, similar to leafroll or magnesium deficiency. Red blotch
disease results in delayed ripening and reduced fruit qualities
(Blanco-Ulate et al. 2017; Martı́nez-Lüscher et al. 2019). Economic
losses due to red blotch disease are estimated to range from $2,213
to $68,548 per hectare over the 25-year lifespan of Cabernet
Sauvignon and Merlot vineyards (Ricketts et al. 2017).
Long-distance spread of GRBV is attributed to dissemination of

infected planting material. This has resulted in detection of GRBV
in viticulture regions of the United States (Krenz et al. 2014) and
Canada (Poojari et al. 2017; Xiao et al. 2015). The virus was also
described in Switzerland (Reynard et al. 2018), South Korea (Lim
et al. 2016), Mexico (Gasperin-Bulbarela et al. 2019), Argentina
(Luna et al. 2019), and India (Marwal et al. 2019). A 3-year study of
a 2-ha V. vinifera ‘Cabernet franc’ vineyard planted in 2008 in Napa
County, California revealed a 1 to 2% annual increase in disease
incidence from 2014 to 2016 (Cieniewicz et al. 2017b). The ag-
gregation of symptomatic vines at the vineyard edge proximal to an
unmanaged riparian area surrounding the Napa River combined
with randomly isolated symptomatic vines was suggestive of virus
spread via a flying insect vector (Cieniewicz et al. 2017b). GRBV
was also detected in free-living Vitis spp. in Napa County (Bahder
et al. 2016a; Perry et al. 2016), and in high frequency in free-living
grapevines close to commercial vineyards throughout northern
California (Cieniewicz et al. 2018a), further supporting evidence of
GRBV spread by an insect vector. So far, spread of GRBV has been
documented in a single epidemic in California (Cieniewicz et al.
2017b), and suggested in vineyards in Oregon by an unknown
vector (Dalton et al. 2019).
An insect study in the area of the Cabernet franc vineyard in Napa

County, California, where secondary spread of GRBV was first
documented (Cieniewicz et al. 2017b) showed that only 4 of the 43
insect species/taxa caught on sticky cards qualified as potential
vector candidates based on at least 30% of their specimens testing
positive for GRBV in PCR (Cieniewicz et al. 2018b). Indeed,
GRBV was consistently detected in the three-cornered alfalfa
hopper (Spissistilus festinus [Say], Membracidae), Colladonus
reductus (Cicadellidae), Osbornellus borealis (Cicadellidae), and a
Melanoliarus species (Cixiidae) over two growing seasons
(Cieniewicz et al. 2018b). These four hemipteran vector candidates
are not typically considered pests of grapevine but are all phloem-
feeders (Holzinger et al. 2002; Jensen 1957; Mueller and Dumas
1975; Wolfe 1955; Wolfe et al. 1950). In the same study, only 0 to
8% of specimens of all the other insect species caught on sticky
cards tested positive for GRBV (Cieniewicz et al. 2018b).
Recently, GRBV was shown to be transmitted by S. festinus in a

greenhouse setting (Bahder et al. 2016b). Noteworthy, a significant
association between the spatial distribution of S. festinus and
GRBV-infected vines was documented in the diseased Cabernet
franc vineyard, suggesting that S. festinus is likely a vector of
epidemiological relevance (Cieniewicz et al. 2018b). This associ-
ation was not documented with C. reductus, O. borealis, and a
Melanoliarus species (Cieniewicz et al. 2018b). The ability of the
latter three insects to transmit GRBV is unknown, and should be
tested in future studies. Similarly, other hemipteran insects that
ingested GRBV, even at extremely low rates, should be tested in
controlled transmission assays for the ability to vector the virus.
Cover crops are often sown between vineyard rows for soil health

amendments, erosion control, and natural enemy habitat. Cover
crop mixes of legumes, wild flowers, and grasses are commonly
used in northern California vineyards. Because S. festinus prefers to
feed and reproduce on legumes (Preto et al. 2018a), it is therefore
important to assess the potential impact of vineyard cover crops on

spread of red blotch by serving as sources of GRBV inoculum in
vineyards.
The main objectives of this study were to (i) characterize the

spread of GRBV in New York and California vineyards in con-
junction with the populations of potential insect vectors, including
S. festinus, the only vector currently known, and (ii) assess the role
of cover crops in red blotch disease epidemiology as potential
inoculum reservoirs. We hypothesized an association between
GRBV spread dynamics and relative abundance of S. festinus, and a
limited role of cover crops as alternative hosts of GRBV.

MATERIALS AND METHODS

Study vineyard selection in California and New York. Three
vineyards, two in California and one in New York, with vines
showing red blotch disease symptoms and confirmed presence of
GRBV in symptomatic vines by PCR were chosen for this study. In
a 2-ha Cabernet franc vineyard in California, we expanded on
previous research carried out from 2014 to 2016 (Cieniewicz et al.
2017b; 2018b) by assessing disease progress in 2017 and 2018. The
Cabernet franc vines were grafted onto rootstock 101-14 Mgt
(V. riparia × V. rupestris) and planted in 2008. The 1.5-ha
V. vinifera ‘Cabernet Sauvignon’ vineyard in Napa County, Cal-
ifornia was planted in 2008 with vines derived from two different
clones, CS4 and CS169, on the south and north sections of the
vineyard, respectively, both grafted onto rootstock 101-14 Mgt.
This vineyard was chosen for this study because of (i) its proximity
to the 2-ha Cabernet franc vineyard (Fig. 1), and (ii) red blotch
symptoms observed in nearly all of the vines derived from clone
CS4 in the first year post-planting. A 1.2-ha V. vinifera ‘Merlot’
clone 181 vineyard planted in 2008 in Suffolk County, New York
was also chosen for this study, due to an initial incidence of 40% of
the vines showing foliar reddening symptoms. Merlot vines were
also grafted onto 101-14 Mgt.
Survey for GRBV incidence in California and New York

vineyards. The two California vineyards were visually surveyed for
disease symptoms in October 2017 and 2018. To provide confi-
dence in symptom assessment, a subset of vines was tested for
GRBV by PCR in each vineyard. In the Cabernet franc vineyard,
leaf and petiole samples (six to eight leaves per vine, four to five
from each side of the trunk) from 50 symptomatic and 38
asymptomatic vines were tested for GRBV by PCR with primers
targeting a coat protein (CP) gene fragment and a replicase-
associated protein (Rep) gene fragment (Cieniewicz et al. 2017b;
Krenz et al. 2014). In the Cabernet Sauvignon vineyard, leaf and
petiole samples were similarly collected from a subset of symp-
tomatic vines of clone 4 (n = 12 in October 2017 and n = 24 in
October 2018) and clone 169 (n = 22 in October 2017 and n = 7 in
October 2018). In 2017, samples were collected from any vines in
the Cabernet Sauvignon clone 169 showing any red leaf symptoms.
Any of the symptomatic clone 169 vines testing negative for GRBV
were then tested for grapevine leafroll virus-1, -2, -3, and -4 by
enzyme-linked immunosorbent assay using commercial antibodies
(Bioreba AG, Reinach, Switzerland). PCRs were carried out using
HotStar Taq (Qiagen, Hilden, Germany) at manufacturer-suggested
conditions in a C1000-touch Thermocycler (Bio-Rad, Hercules,
CA). DNA amplicons were resolved by electrophoresis on 2%
agarose gels in 1× Tris-acetate-EDTA buffer and then stained with
GelRED (Biotium, Fremont, CA).
The New York vineyard was not surveyed for visual red blotch

disease symptoms. This is because aggressive leaf removal in the
fruiting zone postvéraison by the vineyard manager confounded
symptomatology of infected vines. Instead, leaf and petiole samples
(six to eight leaves per vine, three to four from each side of the

204 Phytobiomes Journal



trunk) were collected from 65 vines in late August or September of
each year from 2014 to 2016. In 2017 and 2018, samples were
collected from only those vines that tested negative for GRBV in the
previous years.
Genetic diversity of GRBV isolates from infected grapevines.

Total DNA was isolated from symptomatic grapevines in study
vineyards using the H.P. Plant DNA kit (OMEGA Biotek, Nor-
cross, GA) and tested for GRBV. To determine genetic relatedness
of GRBV isolates from infected vines in the New York vineyard
and the Cabernet Sauvignon vineyard in California, a 750-bp
fragment spanning the GRBV origin of replication was amplified by
PCR using primers GRBVdivFOR (59 GAGGGTATGTGAGGA
AGAAG 39) and GRBVdivREV (59 GCAGAAGGCAACGATA
TATCC 39) (Perry et al. 2016). PCR products were then purified
using ExoSAP-IT (Applied Biosystems, Foster City, CA) and
Sanger-sequenced at the Cornell University Biotechnology Re-
source Center (Ithaca, NY). Sequences were assembled using the
Lasergene software suite (version 15.1.1) and aligned using ClustalW
(Thompson et al. 1994). Phylogenies were constructed considering
575 nucleotides of the GRBV isolates characterized in this study and
others for which sequence information is available in GenBank using
the neighbor-joining method (Saitou and Nei 1987). Branching
confidence was estimated using 1,000 bootstrap replicates.
Insect survey, handling, and GRBV detection. An insect

survey was conducted in the Cabernet Sauvignon vineyard in Napa
County, California fromMarch to November 2017 and 2018. Sticky
cards were placed in 12 rows, in alternating panels (area between
trellis posts) spanning six four-vine panels per row so that each row
contained three sticky cards. Each sticky card was collected and
replaced with a new sticky card in the adjacent panel each week, so
that sticky cards were switched from A-C-E orientation to B-D-F
orientation each week, alternating the panel in every other row so
that a checkerboard-like pattern was achieved (Cieniewicz et al.
2018b). The vineyard area surveyed for insects included six rows of
clone CS4 and six rows of clone CS169. Sticky cards were shipped
weekly to the laboratory in Geneva, New York.
An insect survey was also conducted in the Merlot vineyard in

Suffolk County, New York. A total of 52 yellow sticky cards was
placed on the lower catch wire throughout the vineyard in five rows,
with one trap in alternate panels of six vines, from April through
August 2017 and 2018. Traps were collected every 2 weeks, placed
in clear plastic bags and shipped to the laboratory in Geneva, New
York.
Hemipteran insects caught on sticky cards were identified based

on morphological characteristics to the genus and species level

when possible with the expert assistance of Greg Loeb (Department
of Entomology, Cornell University). Also, the identity of the vector
candidates previously identified, i.e., S. festinus, C. reductus,
O. borealis, and a Melanoliarus species, was characterized by
mitochondrial cytochrome C oxidase gene I (COI) barcode-based
sequencing (Cieniewicz et al. 2018b). Insect surveys focused on
hemiptera because no other insects were found ingesting GRBV in a
previous study (Cieniewicz et al. 2018b). The number of each
specimen was recorded prior to their removal from the sticky card to
identify relative abundance and diversity. A subset of specimens of
high abundance (>60 during a growing season) were chosen at
random to be tested for GRBV by multiplex PCR, and those of low
abundance (<60) were all tested. Specimens of S. festinus and insect
species that were previously identified as vector candidates, i.e.,
C. reductus, O. borealis, and a Melanoliarus species (Cieniewicz
et al. 2018b), were all tested, with the exception of C. reductus in
2017. Removal of individual specimens from the yellow sticky
cards was facilitated using Goo Gone liquid degreaser (Weiman
Products, Gurnee, IL) to dissolve adhesive. Individual specimens
were stored in microcentrifuge tubes at _20�C until testing.
To test the ability of insects removed from the sticky cards at

ingesting GRBV, total DNA was extracted from individual spec-
imens using the E.Z.N.A. Insect DNA Kit (OMEGA Biotek) and
stored at _20�C. Specimens were tested for GRBV using multiplex
PCR. Detection of GRBV in specimens was assumed to be a result
of virus ingestion.
Survey for GRBV in vineyard cover crop species. In order to

investigate whether cover crops in vineyards serve as alternative
GRBV inoculum source, cover crop samples were collected in 13
vineyards of cultivars Petit Verdot, Cabernet Sauvignon, Cabernet
franc, and Sauvignon blanc in Napa County, California. These
vineyards reflected a variety of cultivars, levels of red blotch disease
pressure (high to low), and terrains on a single 620-ha estate.
Cover crops were collected for GRBV testing each April/May

from 2016 to 2018 prior to tilling or mowing of the cover crops.
Samples were collected from two to four quadrats (6 m × 2mwithin
a single row) in each vineyard. Samples from each quadrat were
pooled together in 11 × 13 inch plastic bags. Samples were shipped
overnight to the laboratory in Geneva, New York for testing. Each
bag was subsampled to separate cover crop species. In 2016 and
2017, DNA was extracted from petioles and stems of 5 to 20 plants
of a given cover crop species using the H.P. Plant DNA kit
(OMEGA Biotek). In 2018, total nucleic acids were isolated using
the Kingfisher Flex Magnetic Particle Processor (Thermo Fisher
Scientific, Waltham, MA) and the MAGMAX 96 Viral RNA

Fig. 1. Map illustrating two red blotch disease epidemics in a 1.5-ha Cabernet Sauvignon and a 2.0-ha Cabernet franc vineyard within 10 years post-
planting in California, and the proximity of these vineyards to the Napa River and riparian habitat. In the Cabernet Sauvignon vineyard, red overlay
indicates diseased vines in 2017 at the onset of the study and orange indicates newGRBV infections in 2018. In the Cabernet franc vineyard, red overlay
indicates initial disease incidence recorded previously for 2014 to 2016 (Cieniewicz et al. 2017a). Purple and orange indicate new infections in 2017 and
2018, respectively.White grids indicate areaswhere insect surveywas conducted in 2015 and 2016 in theCabernet franc (Cieniewicz et al. 2018b) and
in 2017 and 2018 in the Cabernet Sauvignon (this study).
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isolation kit (Life Technologies, Carlsbad, CA). Samples were
tested for GRBV using multiplex PCR.

RESULTS

Secondary spread of GRBV in California and New York
vineyards.Disease incidence in the 2-ha Cabernet franc vineyard in
California increased from 9% (696 of 7,691 vines diseased) in 2017
to 13.8% (1,058 of 7,691 vines diseased) in 2018. Testing of 50
symptomatic vines and 38 asymptomatic vines in the Cabernet franc
vineyard in 2018 for GRBV by multiplex PCR demonstrated a
100% correlation between symptoms and infection status.
In the adjacent 1.5-ha Cabernet Sauvignon vineyard in Cal-

ifornia, disease symptoms were widespread throughout vines of
clone 4 by 1 to 2 years post-planting. This suggested that the in-
oculum originated from the planting material, particularly from the
scion because disease symptoms were noticeable soon after vines
were established in the vineyard. Based on visual assessment, red
blotch symptoms were apparent in very few (<15) vines throughout
clone 169 in the years between planting in 2008 and our survey in
2017 (Fig. 2). Testing of symptomatic vines of clone 169 dem-
onstrated 17 of 22 vines infected in 2017, as shown by PCR. Three
of the five vines of clone 169 that tested negative for GRBV in 2017
tested positive for grapevine leafroll-associated virus-3. In 2018, 7
of 7 newly symptomatic vines tested positive for GRBV. In the
vineyard section established with clone 169, disease incidence
increased from 0.61% (17 of 2,799 vines diseased and GRBV-
positive by PCR) in 2017 to 0.86% (24 of 2,799 vines diseased and
GRBV-positive by PCR) in 2018. This result was consistent with
limited spread of GRBV in vines of clone 169 despite the avail-
ability of a large initial source of inoculum (estimated 40% at
planting), confined primarily to adjacent vines of clone 4 (Fig. 2).
In the 1.2-ha Merlot vineyard in New York, red blotch disease

symptoms were observed in 2009, the year after planting, sug-
gesting introduction of GRBV in the scion. However, disease in-
cidence could not be reliably assessed visually because foliar
symptomatology was confounded by extensive leaf removal in the
fruiting zone by the vineyard manager at a postvéraison devel-
opment stage, thereby removing the oldest leaves where foliar red
blotch symptoms are pronounced. Although the actual initial dis-
ease incidence is unknown, the vineyard manager reported an
estimated 40% disease incidence at planting based on foliar

reddening symptoms. This estimate was validated by our own
visual inspection of vines at a prevéraison development stage in
2013. Annual collection of leaf samples from 51 GRBV-infected
and 14 GRBV-negative vines in the Merlot vineyard followed by
PCR testing in 2014 to 2018 provided no indication of spread. All
vines that tested negative in 2014 continued to test negative for
GRBV through the 2018 season.
Genetic diversity of GRBV in infected grapevines. In the

Cabernet Sauvignon vineyard in California, GRBV isolates from
vines of clone 4 represented phylogenetic clades 1 and 2 (Fig. 3),

Fig. 2. Annual distribution of grapevine red blotch disease incidence
(diseased vines indicated in black, healthy vines indicated by white
space) in 2017 (top) and 2018 (bottom) in a 1.5-ha Cabernet Sauvignon
vineyard and a 2.0-ha Cabernet franc vineyard in Rutherford, California.

Fig. 3. Neighbor-joining phylogenetic tree of a 575-nt genomic fragment
spanning the origin of replication of grapevine red blotch virus (GRBV)
isolates from the Cabernet Sauvignon vineyard in California and the
Merlot vineyard in New York. Labels with red text indicate GRBV isolates
from the New York vineyard, those with blue text indicate isolates from
the California vineyard, where the darker blue specifies isolates from
vines of clone 4 and lighter blue specifies isolates from vines of clone 169.
Reference isolates for each phylogenetic clade are indicated in black.
Numbers at nodes indicate bootstrap support (1,000 replicates).
Branches with less than 70% support have been collapsed. NCBI
GenBank accession numbers are included in the terminal node labels.
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suggesting vines were infected with a mixture of both genetic
variants of GRBV at the time of planting. In symptomatic vines of
clone 169, GRBV isolates were similarly of both phylogenetic
clades (Fig. 3). In the Merlot vineyard in New York, all GRBV
isolates characterized from a subset of symptomatic vines were
nearly identical to each other (>99% nucleotide sequence identity)
and clustered in phylogenetic clade 2 (Fig. 3). This result supported
the hypothesis that the vines were infected at planting, likely be-
cause they were derived from Merlot vine stocks infected with the
same isolate (Fig. 3). In the Cabernet franc vineyard, GRBV isolates
from vines in the area of initial disease aggregation were previously
characterized and shown to be nearly identical to each other (>99%
nucleotide sequence identity) and clustered in phylogenetic clade 2
(Cieniewicz et al. 2017b). This lack of genetic variability was
consistent with the virus inoculum originating from the planting
material and with the occurrence of spread from local sources
(Cieniewicz et al. 2018b).
Insect community and GRBV ingestion in the Cabernet

Sauvignon vineyard in California. Most hemipteran insects
caught on sticky cards in the Cabernet Sauvignon vineyard in
California belonged to the families Membracidae, Cicadellidae,
Cixiidae, Delphacidae, Aphididae, Phylloxeridae, Miridae, and
Lygaeidae (Table 1). Of interest, S. festinus was rarely captured in
the Cabernet Sauvignon vineyard. Additionally, only two of three
specimens tested positive for GRBV in 2017, while the two
specimens in 2018 tested negative for GRBV (Table 1). Of the five
S. festinus found over 2 years, one of the GRBV-positive specimens
was found on the clone 4 side and one on the clone 169 side,

whereas one of the GRBV-negative specimens was found on the
clone 4 side and two of the GRBV-negative specimens were found
on the clone 169 side (Supplementary Fig. S1). GRBV was also
detected in previously identified vector candidates O. borealis and
C. reductus but not in the single Melanoliarus sp. specimen
(Table 1). A few specimens of other phloem-feeding insects, including
Scaphytopius magdalensis, Empoasca spp., as well as some aphids
and foliar phylloxera species, tested positive for GRBV (Table 1);
however, none of these insects was considered a vector candidate due
to the comparatively low rate of GRBV detection in the insects
throughout the season, althoughwe recognize that transmission assays
are needed in the future to rule out any role as vectors.
The monthly relative abundance of S. festinus, O. borealis,

C. reductus, and Melanoliarus sp. was similar between 2017 and
2018, although the population peak was shifted earlier in 2018
compared with 2017 (Fig. 4). S. festinus detection on sticky traps
peaked in July 2017 and in June 2018; O. borealis was found in
August 2017 and July 2018; C. reductus peaked in May and August
2017, and in May and July 2018;Melanoliarus sp. was not found in
2017 and only one specimen was found on sticky cards in June 2018
(Fig. 4). Total detection on yellow sticky cards over the 2 years was
low for S. festinus, O. borealis, and Melanoliarus sp. with five,
eight, and one specimen, respectively; while C. reductus pop-
ulations totaled 110 specimens over the 2 years (Fig. 4).
Insect community and GRBV ingestion in the Merlot vine-

yard in New York.Most hemipteran insects caught on sticky cards
in the Merlot vineyard in New York belonged to the families
Membracidae, Cercopidae, Cicadellidae, Aleyrodidae, Aphididae,

TABLE 1
Grapevine red blotch virus (GRBV) detection in insects trapped on yellow sticky cards in a diseased Vitis vinifera ‘Cabernet Sauvignon’

vineyard in California in 2017 and 2018 in which limited spread of GRBV was observed

Family Genus, species

GRBV detectiona

2017 2018 Cumulative

n % n % n %

Membracidae Spissistilus festinus 2/3 67 0/2 0 2/5 40

Cicadellidae Colladonus reductus 19/63 30 2/21 10 21/84 25

Osbornellus borealis 4/6 67 0/1 0 5/7 71

Scaphytopius sp. 10/50 20 8/44 18 18/94 19

Euscelis sp. 0/7 0 0/28 0 0/35 0

Empoasca sp. 0/18 0 3/66 5 3/84 4

Erythroneura variabilis 0/25 0 0/50 0 0/75 0

Erythroneura elegantula 0/15 0 0/49 0 0/64 0

Erythroneura ziczac 0/2 0 _ _ 0/2 0

Deltocephalus sp. 0/8 0 0/3 0 0/11 0

Japananus hyalinus 0/1 0 0/8 0 0/9 0

Xestocephalus sp. _ na 0/10 0 0/10 0

Cixiidae Melanoliarus sp. _ na 0/1 0 0/1 0

Aphididae 1/28 4 2/67 3 3/95 3

Delphacidae 0/2 0 0/2 0 0/4 0

Phylloxeridae 0/8 0 3/31 10 3/39 8

Psylloidea 0/6 0 0/26 0 0/32 0

Miridae 0/12 0 _ na 0/12 0

Lygaeidae 0/2 0 _ na 0/2 0

a n indicates the proportion of individual specimens in which GRBV was detected by polymerase chain reaction; _ indicates that no specimen was
tested in that year; and na, not applicable.
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Fulgoroidea, and Psylloidea (Table 2). Interestingly, S. festinus was
not detected on any of the sticky cards in 2017 or 2018 but other
species of Membracidae (Acutalis sp., Entylia sp., Campylenchia sp.,
and Stictocephala sp.) were found (Table 2). Additionally, none of the
three vector candidates identified in the California vineyards
(Cieniewicz et al. 2018b; this study) was found in theMerlot vineyard.
Of the treehoppers, only Entylia sp. tested positive for GRBV: one of
seven specimens in 2017; and 1 of 30 specimens in 2018 (Table 2).
These rates of ingestion are extremely low; therefore, Entylia sp. was
not considered as a vector candidate. Phloem-feeding insects caught
on sticky card traps occasionally tested positive for GRBV, indicating
ingestion of the virus while feeding on the vines (Table 2). However,
none of them was considered a potential vector candidate due to the
low rate of GRBV ingestion, although transmission assays are needed
to verify this hypothesis.
GRBV absent from surveyed vineyard cover crop species in

Napa County, California. Cover crop species in vineyard middle
rows were surveyed for GRBV in 13 vineyards in Napa County,
California. Surveys were carried out in spring 2016 to 2018. Based
on visual assessment of red blotch disease, four of the surveyed
vineyards were heavily (>80%) symptomatic, three were moder-
ately (10 to 50%) symptomatic, one was mildly symptomatic
(<5%), one was a recently planted vineyard, and four were of
unknown disease incidence. Two of the vineyards were near water
sources (<10 m away from a river or pond), and five of them were
adjacent to forested habitat. In 2016 and 2017 cover crop species
included only legumes such as fava beans (Vicia faba, n = 121),
purple vetch (Vicia americana, n = 106), red and white clover
(Trifolium spp., n = 67), and field peas (Pisum sativum subsp.
arvense, n = 27). In 2018 cover crops included the aforementioned
species (n = 132) as well as mixed grasses (Poaceae, n = 23) from
nine of the vineyard sites. None of the 476 total cover crop samples
from Napa County exhibited red blotch-like disease symptoms, and
GRBV was not detected in any of them in 2016, 2017, and 2018.

DISCUSSION

In this study we characterized spread of GRBV in three red blotch
diseased vineyards, two in California and one in New York, all

planted in 2008. Distinct spread dynamics were documented in the
three vineyards with an increase in disease incidence of 4.8, 0.13,
and 0% in a 2-ha Cabernet franc vineyard in California, a 1.5-ha
Cabernet Sauvignon vineyard in California, and a 1.2-ha Merlot
vineyard in New York, respectively. The differential rate of annual
disease increase was unrelated to the initial level of GRBV inoculum
available. Indeed, a 40% (Merlot vineyard in New York), 40%
(Cabernet Sauvignon vineyard in California) and 1% (Cabernet franc
vineyard in California) initial infection rate was estimated at the time
the vineyards were established. These estimates were based on visual
observations of disease symptoms 1 to 4 years post-planting. The
highest increase of infected vines (1 to 4% annually) was observed in
the Cabernet franc vineyardwith the lowest virus inoculum at planting
(1%), and the lowest increase of infected vines (0 and 0.13% annually)
in the Merlot and Cabernet Sauvignon vineyards, respectively, with
the highest virus inoculum at planting (40%).
We also described the relative abundance and GRBV ingestion

rates of hemipteran insects in two of the three study vineyards. Our
findings revealed distinct insect communities in a Cabernet Sau-
vignon vineyard in California (Table 1) and in a Merlot vineyard in
New York (Table 2). Only Psylloidea, Aphididae, and some
Cicadellidae (Empoasca sp., Erythroneura sp., Deltocephalus sp.,
and Xestocephalus sp.) were common between the two vineyard
ecosystems. Extremely low populations of S. festinus, currently the
only known insect vector of GRBV (Bahder et al. 2016b), were
found on sticky cards in the Cabernet Sauvignon vineyard in
California, and no S. festinus was found in the Merlot vineyard in
New York. The other three vector candidates previously identified,
i.e., O. borealis, C. reductus, and Melanoliarus sp. (Cieniewicz
et al. 2018b), were found on sticky cards in the Cabernet Sauvignon
vineyard in California but not in the Merlot vineyard in New York.
The low number of S. festinus in the Cabernet Sauvignon

vineyard (this study) represented a 10-fold lower population
compared with the Cabernet franc vineyard previously studied
(Cieniewicz et al. 2018b). Similarly, the relative abundance of
O. borealis (minus sixfold) and Melanoliarus sp. (minus 20-fold)
was reduced in the Cabernet Sauvignon vineyard (this study)
relative to the Cabernet franc vineyard (Cieniewicz et al. 2018b)
while relative abundance was slightly increased for C. reductus

Fig. 4.Monthly relative abundance of Spissistilus festinus and candidate insect vectors trapped on yellow sticky cards in a Cabernet Sauvignon vineyard
in Napa County, California in 2017 and 2018.
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(plus 1.3-fold). The Cabernet franc study was conducted in 2015
and 2016, and the Cabernet Sauvignon study in 2017 and 2018.
Therefore, it is important to consider external factors, such as
differences in weather and other environmental aspects, which may
have contributed to the observed difference in S. festinus abundance
between these two vineyards, although they are managed identically
in terms of viticulture practices, pesticide application, and cover
cropping. It is also interesting to note that the vineyard with a
seemingly higher population of S. festinus is proximal to a riparian
area surrounding the Napa River (Fig. 1). Knowing that S. festinus
does not complete its reproductive cycle on Vitis sp. (Preto et al.
2018b), it is possible that preferred plant hosts, from which
S. festinus would migrate to the vineyard, are located in the wooded
area. More work is needed to address this hypothesis.
The passive sampling method of yellow sticky cards may not be

the ideal method of determining populations of insects (Cieniewicz
et al. 2018b; Preto et al. 2019). This is because immature life stages
of hemipterans and/or crawling insects are likely under-sampled
and insects have varying levels of attraction to yellow sticky cards.
Moreover, the populations of insects collected on sticky cards may
not be representative of the entire insect community. Nonetheless,
the sampling method of yellow sticky cards was a consistent form of
sampling for comparison of relative abundance of flying insects
between vineyards (Cieniewicz et al. 2018b; this study).
Secondary spread of GRBV has not been observed in New York,

thus far (M. Fuchs, personal observation), although the virus is

present in some vineyards in the Finger Lakes and Long Island
regions (Krenz et al. 2014). The lack of spread of GRBV in a 5-year
period (2014 to 2018) in the Merlot vineyard in the North Fork of
Long Island, New York is consistent with the absence of S. festinus.
The geographic range of S. festinus is throughout the southern
United States and as far south as Costa Rica (Beyer et al. 2017;
Caldwell 1949). To our knowledge, recent information on the
geographic distribution of S. festinus in the United States is not
available and this issue should be revisited, particularly with regard
to changes in agricultural practices and climate change that occurred
over the past 70 years. Despite the detection of four species of
Membracidae on the sticky cards in the Merlot vineyard, only a
single specimen each year of the Entylia species tested positive for
GRBV. Using an arbitrary criteria of at least 30% of insects testing
positive in a vineyard survey to be considered vector candidates
(Cieniewicz et al. 2018b), we did not identify any insect vector
candidates in the New York Merlot vineyard. The lack of observed
secondary spread of GRBV in New York vineyards is also con-
sistent with the absence of GRBV in free-living Vitis spp.
throughout the state (Cieniewicz et al. 2018a). This is in contrast to
the relatively high incidence of GRBV in free-living Vitis pop-
ulations in northern California (Cieniewicz et al. 2018a).
Comparing the secondary spread dynamics of GRBV in the

Cabernet franc (Cieniewicz et al. 2017b; this study) and the adjacent
Cabernet Sauvignon (this study) vineyards in California demon-
strated a marked difference, despite both vineyards being planted in

TABLE 2
Grapevine red blotch virus (GRBV) detection in insects trapped on yellow sticky cards in a diseased Vitis vinifera ‘Merlot’ vineyard in Suffolk

County, New York in 2017 and 2018 in which no spread of GRBV was observed

Family Genus, species

GRBV detectiona

2017 2018 Cumulative

n % n % n %

Membracidae Acutalis sp. 0/11 0 0/4 0 0/15 0

Entylia sp. 1/7 14 1/30 3 2/37 5

Campylenchia sp. 0/1 0 _ na 0/1 0

Stictocephala sp. 0/3 0 _ na 0/3 0

Cercopidae Philaenus sp. 0/13 0 0/4 0 0/17 0

Clastoptera sp. 0/2 0 0/3 0 0/5 0

Cicadellidae Cicadula sp. 1/19 5 3/16 19 4/35 11

Colladonus sp. 0/2 0 0/1 0 0/3 0

Deltocephalinae sp. 0/15 0 0/14 0 0/29 0

Draeculacephala minerva 0/1 0 _ na 0/1 0

Graphocephala coccinea 0/37 0 1/24 4 1/61 2

Empoasca sp. 2/28 7 5/30 17 7/58 12

Erythroneura sp. 0/1 0 0/11 0 0/12 0

Paraphlepsius sp. 1/38 3 1/26 4 2/64 3

Scaphoideus sp. 1/6 17 4/20 20 5/26 19

Scaphytopius sp. 0/1 0 0/8 0 0/9 0

Xestocephalus sp. _ na 0/10 0 0/10 0

Aleyrodidae 0/1 0 _ na 0/1 0

Aphididae 0/12 0 0/22 0 0/34 0

Fulgoroidea _ na 0/2 0 0/2 0

Psylloidea _ na 0/3 0 0/3 0

a n indicates the proportion of individual specimens in which GRBV was detected by polymerase chain reaction; _ indicates that no specimen was
tested in that year; and na, not applicable.
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2008, and managed identically in terms of chemical practices
against fungal diseases and cover crop rotations. Overall, secondary
spread occurred faster in the Cabernet franc vineyard (1 to 4%
increase annually) compared with the Cabernet Sauvignon vineyard
(0.13% increase annually) despite the small initial source of in-
oculum in the former (estimated 1% at planting) and large source of
initial inoculum in the latter (estimated 40% at planting) vineyard.
We hypothesize this inverse spread dynamic could be attributable to
the 10-fold higher population of S. festinus observed in the canopy
of the Cabernet franc vineyard (n = 25 in each year) (Cieniewicz
et al. 2018b) compared with the Cabernet Sauvignon vineyard (n =
2 to 3 in each year) (this study). Experiments under controlled
conditions should be carried out to confirm observations made in
diseased vineyards. Nonetheless, vineyard observations validated
our hypothesis on the association between GRBV spread dynamics
and abundance of S. festinus populations.
Spread dynamics of GRBV in the two study vineyards in Cal-

ifornia are similar to accounts of Pierce’s disease (PD) outbreaks in
California (reviewed by Redak et al. 2004). For example, in
northern and coastal California, the blue-green sharpshooter
(Graphocephala atropunctata) is associated with PD outbreaks
near riparian habitats. Similarly, in vineyards in the Central Valley
of California, PD outbreaks commonly occur near irrigated fields
and water sources, even if the sharpshooter vectors are not colo-
nizers of grape (Redak et al. 2004). Whereas Xylella fastidiosa, the
causal agent of PD, can be transmitted from several plant hosts in
these habitats, GRBV has thus far only been found in Vitis spp., and
no other environmental reservoirs are known. Himalayan black-
berry (Rubus armeniacus) was reported as an alternative host of
GRBV in winter and spring in northern California (Bahder et al.
2016a); however, this finding has yet to be confirmed in in-
dependent studies. Free-living Vitis spp. near vineyards may serve
as a source of GRBV inoculum for vector-mediated transmission to
cultivated vines (Bahder et al. 2016b; Cieniewicz et al. 2018a; Perry
et al. 2016). Nonetheless, free-living vines are likely a minor source
of inoculum considering GRBV is widespread in vineyards in
California (Krenz et al. 2014).
None of the vineyard middle-row cover crop species, including

legumes, tested positive for GRBV over three consecutive years
(2016 to 2018). This suggested that cover crops do not likely serve
as major alternative GRBV inoculum source in a vineyard eco-
system, validating our hypothesis. We acknowledge that our sur-
veys were not exhaustive and more efforts would be needed to
definitely rule out the role of cover crops in the epidemiology of red
blotch disease. In addition, although S. festinus can reproduce on
Vitis spp., it does not complete its life cycle on this host (Preto et al.
2018a). Instead, S. festinus prefers to reproduce on hosts in the
Fabaceae family (Preto et al. 2018b). This has profound impli-
cations for disease management. Preto et al. (2019) posit that
S. festinus overwinter outside of vineyards and then reproduce in
vineyard ground cover (cover crops or leguminous weeds), and feed
on grapevine when the herbaceous groundcover dries up or is tilled.
Additionally, higher levels of S. festinus aggregation were observed
at the vineyard edge adjacent to an irrigation ditch (Preto et al.
2019). In our study, S. festinus populations in the vineyard canopy
were reduced by 10-fold at 250 m from the edge of the Napa River
riparian habitat into the Cabernet Sauvignon vineyard (Fig. 1). This
may be attributed to preferred hosts of S. festinus or a more suitable
environment within the forested/riparian habitat. The significance
of water sources to S. festinus phenology is unknown and should be
further investigated.
Management practices to minimize spread of viruses by con-

trolling insect populations are typically only effective when the
insect vector is also a colonizer of the crop (Halbert 2008), which is

not the case for S. festinus and Vitis spp. (Preto et al. 2018a).
Moreover, depending on chemical control of vectors to control
spread of viruses in perennial crops like grape is usually not
warranted, as a single missed or suboptimal application can result in
new virus infections (Halbert 2008). Therefore, although our study
suggests that relatively higher S. festinus populations are potentially
associated with faster rates of GRBV spread, our results taken
together with behavioral studies of S. festinus (Preto et al. 2018a, b,
2019) reinforce recommendations that red blotch disease man-
agement efforts should focus on removing sources of virus in-
oculum rather than reducing populations of S. festinus. However,
cultural controls to reduce S. festinus habitat may help in slowing
spread if replanting is not desired in California.
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