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Abstract: Grapevine viruses are found throughout the viticultural world and have detrimental
effects on vine productivity and grape and wine quality. This report provides a comprehensive and
up-to-date review on grapevine viruses in Australia with a focus on “Shiraz Disease” (SD) and its
two major associated viruses, grapevine virus A (GVA) and grapevine leafroll-associated virus 3
(GLRaV-3). Sensitive grapevine cultivars like Shiraz infected with GVA alone or with a co-infection of
a leafroll virus, primarily GLRaV-3, show symptoms of SD leading to significant yield and quality
reductions in Australia and in South Africa. Symptom descriptors for SD will be outlined and a
phylogenetic tree will be presented indicating the SD-associated isolates of GVA in both countries
belong to the same clade. Virus transmission, which occurs through infected propagation material,
grafting, and naturally vectored by mealybugs and scale insects, will be discussed. Laboratory and
field-based indexing will also be discussed along with management strategies including rogueing
and replanting certified stock that decrease the incidence and spread of SD. Finally, we present
several cases of SD incidence in South Australian vineyards and their effects on vine productivity.
We conclude by offering strategies for virus detection and management that can be adopted by
viticulturists. Novel technologies such as high throughput sequencing and remote sensing for virus
detection will be outlined.

Keywords: grapevine; high throughput sequencing; vectors; rogueing; leafroll disease; scale
insects; mealybugs

1. Introduction

Vitis vinifera, cv. Shiraz (syn. Syrah) is the most popular cultivar in Australia. In 2018, of the
total of 135,133 ha under cultivation, Shiraz accounted for 39,893 ha (approximately 30% of total
winegrape acreage in Australia) making it the most widely planted winegrape cultivar in Australia
(www.wineaustralia.com/market-insights/australian-wine-sector-at-a-glance). Of 86 viruses detected
in the grapevine to date [1], 35 have been reported to have negative effects on vine performance,

Viruses 2020, 12, 818; doi:10.3390/v12080818 www.mdpi.com/journal/viruses

16



Viruses 2020, 12, 818 2 of 21

especially in red-berried cultivars [2]. Grapevine virus A (GVA), grapevine virus B (GVB), grapevine
leafroll associated viruses (GLRaV-1, -2, -3, and -4), grapevine rupestris stem pitting associated virus
(GRSPaV) and grapevine fleck virus (GFkV) have been found in Australian vineyards historically [3].
The most recent viruses reported from Australia are grapevine Pinot gris virus (GPGV) and grapevine
rupestris vein feathering virus [4]. Grapevine fanleaf virus has been eradicated and it is now listed as
quarantined [5].

Sensitivity of different grapevine cultivars to viruses is variable [6]. Among the red-berried
cultivars, Shiraz is highly sensitive to infections by GVA; symptoms associated with GVA infections
include retarded shoot growth, decreased sugar accumulation in the berries and, in some cases, even vine
mortality [7,8]. The disease is called Shiraz Disease (SD), which is one of the most debilitating diseases
of Shiraz in Australia and South Africa [9]. This disease was first reported in 1985 from South Africa
without knowledge of its associated virus [10]. In 2003, it was reported that GVA was associated with
the disease in both South Africa and Australia [11,12]. The first GVA infection in Australia was detected
by our group in 1997 in symptomatic Shiraz vines in the Clare Valley, South Australia. SD is associated
with either infection by GVA alone, or co-infection of GVA with one or more of leafroll viruses such as
GLRaV-3, GLRaV-4 strain 9, or GLRaV-1 in sensitive red-berried cultivars like, Shiraz, Merlot, Malbec,
and Sumoll. The virus associated disease occurs only in South Africa and Australia, and it appears to be
different from Syrah decline in the USA and France, which may be a genetic disease [13,14].

In this review, we will refer to viruses affecting grapevines in Australia with an emphasis on those
associated with SD. Information on the nature of the associated viruses, symptom expression, genomics,
and detection will be provided. We then review the effects of SD on grapevine growth, physiological
function, and fruit and wine composition. We conclude by sharing some recent observations of
SD-affected vineyards in South Australia and proposing strategies for disease control.

2. Grapevine Viruses in Australian Vineyards

Viruses are widespread in vineyards worldwide. To date, few viruses have been detected in
grapevines in Australia compared to globally (Table 1); this is partly attributed to strict biosecurity
measures that have prevented the introduction of infected material into Australia as well as the lack
of more efficient vectors [15–17]. The selection of material from productive clones and cultivars,
virus-testing, in vitro virus eradication, and established certification programs have assisted in
preventing some of the more serious diseases and pathogens of grapevine entering or dispersing
within Australia. Nevertheless, some serious virus associated diseases, including leafroll disease and
diseases of the rugose wood complex, occur and spread in Australian vineyards (Table 1).

Table 1. Common grapevine viruses in Australia, their associated disease, and vectors. Viruses
indicated in bold text are the focus of this review.

Family/Genome Genus Species 1 Associated
Disease

Vector

Betaflexiviridae
Monopartite linear

ssRNA (+)

Vitivirus

grapevine virus A
(GVA)

Shiraz Disease,
Kober Stem
Grooving

Mealybug/scale

grapevine virus B
(GVB) Corky Bark Mealybug/scale

Foveavirus

grapevine rupestris
stem pitting

associated virus
(GRSPaV)

Asymptomatic in
most, stem pitting Unknown

Trichovirus grapevine Pinot gris
virus (GPGV)

Leaf mottling and
deformation,
symptomless

Colomerus vitis
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Table 1. Cont.

Family/Genome Genus Species 1 Associated
Disease

Vector

Closteroviridae
Monopartite linear

ssRNA (+)

Ampelovirus—
Subgroup I

grapevine leafroll
associated virus
(GLRaV)-1 and

GLRaV-3

Leafroll disease Mealybug/scale

Ampelovirus—
Subgroup II

GLRaV-4 and its
strains: 5, 6, 9 2 Leafroll disease Mealybug/scale

Closterovirus GLRaV-2
Leafroll disease,

Graft
incompatibility

Unknown

Secoviridae
Bipartite, linear

ssRNA (+)
Nepovirus grapevine fanleaf

virus (GFLV) 3

Fanleaf,
degeneration,

decline, chlorosis

Xiphinema index;
X. diversicaudatum

Tymoviridae
Monopartite, linear

ssRNA (+)

Maculavirus grapevine fleck virus
(GFkV)

Fleck on V. rupestris,
Asymptomatic in

other Vitis sp.
Unknown

Marafivirus
grapevine rupestris

vein feathering virus
(GRVFV)

Asymptomatic Unknown

1 Viruses associated with Shiraz Disease are highlighted in bold. 2 GLRaV-4 strains; Pr2, De2 and Car2 strains have
not been detected. 3 GFLV has been eradicated [5].

3. Virus Transmission in Vineyards

Many of the commonly occurring grapevine viruses are specific to Vitis sp. so the likelihood of
the virus infection spreading to or from another perennial or herbaceous plant is low. Spread of the
major viruses, particularly GVA and GLRaV-1 and -3, in Australian vineyards occurs primarily through
infected propagation material; there is no evidence to date of mechanical transmission, including
pruning. In established vineyards, vector transmission is thought to be the dominant mode of virus
transmission between vines.

3.1. Primary Transmission

Primary transmission is the introduction of a virus infection into a crop. This type of transmission
often occurs in vineyards following establishment using propagation material sourced from infected
mother vines, but it could also occur when a viruliferous vector is introduced to a vineyard from
another area. Over centuries, primary transmission of viruses has inadvertently been practiced by
humans using infected cuttings for propagating own-rooted and grafted plants and top working.
Top-working—grafting by either chip bud, T-bud or cleft methods—new cultivars onto an existing
virus-infected grapevine is a common practice by vignerons in Australia [12,18]. However, this practice
is risky if the virus status of a grapevine to be top-worked is unknown and symptoms are not apparent.
One example of this trend is top-working of the popular Australian cultivar Shiraz onto Chardonnay
or Riesling. When infected with GVA, these white-berried cultivars do not show typical red-leaf
symptoms as observed in red-berried cultivars, but rather appear “clean”, i.e., asymptomatic or having
a faint chlorotic appearance on leaves. However, GVA is associated with drastic symptoms in Shiraz,
Malbec, and Merlot in Australia following grafting (see below). A random distribution of infected
grapevines within a block is often indicative of primary spread into a vineyard and suggests that either
infected material was planted randomly across the block or the viruliferous vectors were transported
long distance by wind or other carriers.
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3.2. Secondary Transmission

Once a primary infection is established in a vineyard, secondary infections or spread within
a block can occur via vectors such as mealybugs and scale insects [19–23]. When secondary virus
spread occurs, the pattern of infected vines is aggregated [24], because viruliferous mealybug nymphs
(crawlers) transmit the virus to vines located at close proximity to the primary infection. Adjacent
vines within a row and neighbouring vines in adjacent rows may become infected forming a cluster
(“hot spot”) around the primary infection within a vineyard. Gradients of infection can be observed
when transmission occurs from infected vines located at the edge of vineyards [25]. Over the course of
several seasons, entire vineyards can become infected. The rate of secondary spread is likely correlated
with the abundance of vectors. For example, in a French vineyard, an increase in leafroll disease
incidence from 5% to 86% over eight years was linked to a 74% incidence of Phenacoccus aceris during
the same period [26]. A study in an Australian Pinot noir vineyard showed that the incidence of
GLRaV-3 increased from 23% to 52% over a 10 year period, with no change in incidence until the
last three years suggesting a change in ecology of the virus vectors [27]. The same study also found
that the rate of spread was one-third of that observed in a NZ Cabernet Sauvignon vineyard; this
might be attributed to differences in vector species and population dynamics between the two regions.
Therefore, it is critical to understand vector populations and ecology so that efficient management
strategies can be developed to control secondary virus spread.

The spread of phloem-limited grapevine viruses such as GVA and GLRaV-3 is mediated by
mealybugs (Family: Pseudococcidae) and soft scales (Family: Coccidae) [25,28]. Co-infections of GVA
with GLRaV-1, GLRaV-3, or GLRaV-4 strain 9 have been observed [7], and these viruses can be
transmitted simultaneously. In adult mealybugs, Pseudococcus viburni (Signoret), isolated from the
cultivar Shiraz infected with SD, both GLRaV-3 and GVA were detected, and further work is required
to understand the role of this vector and other vectors in SD spread. Table 2 lists the mealybug vectors,
and Table 3 lists the scale insect vectors of grapevine viruses, including those that occur in Australia.

Table 2. Common mealybug vectors of grapevine viruses.

Mealybugs Common Name
Transmitted

Viruses
Presence in
Australia

References

Ferrisia gilli (Gullan) Gill’s mealybug GLRaV-3,4 No [29]

Heliococcus bohemicus Bohemian mealybug GLRaV-1,3; GVA No [30–33]

Phenacoccus aceris Apple mealybug GLRaV-1,3,4; GVA;
GVB No [26,32,34]

Planococcus citri Citrus mealybug GLRaV-1,3; GVA Yes [31,35,36]

Planococcus ficus Grapevine mealybug GLRaV-1,3, 4; GVA No [19,31,37,38]

Pseudococcus viburni Obscure mealybug,
tuber mealybug

GLRaV-3; GVA;
GVB Yes [39]

Pseudococcus comstocki Comstock mealybug GVE No [40]

Pseudococcus maritimus Grape mealybug GLRaV-1,3 No [41]

Pseudococcus calceolariae Citrophilus mealybug,
scarlet mealybug GLRaV-3 Yes [42]

Pseudococcus
longispinus Long-tailed mealybug GLRaV-1,3; GVA Yes [22,42,43]

Transmission of grapevine viruses by all mealybug and scale species is thought to be in a
non-circulative, semipersistent manner: viruses may be acquired, but they do not replicate in the
insect. Instead viruses are retained in the foregut and transmitted after hours or days [44,45]. Research
suggests that there is no virus-vector specificity, and multiple mealybug species can transmit one virus
species (Table 2). Conversely, a single mealybug species can transmit multiple GLRaV species and
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some vitiviruses [46]. GLRaV-3 appears to be transmitted more efficiently by mealybugs than other
viruses [25,47]. A recent study found that virus transmission by mealybugs was 22% more efficient
for GLRaV-3 than GVA, and that GVA transmission was enhanced in the presence of GLRaV-3 [47].
First and second instars nymphs (crawlers) are more efficient at spreading the leafroll viruses and
GVA because these viruses are easily dispersed within and between vineyards by crawlers, wind,
and mechanical methods [48,49]. Certain mealybug species have been reported to have up to six
generations per year [50]. Population size and number of generations of the insect in a single season are
key factors influencing virus transmission rates, and high numbers can lead to rapid spread of viruses.
Transmission of viruses within or between vineyards can be facilitated by movement of mealybug
nymphs on vineyard equipment, ants, humans, and wind [51]. Evidence for the mode of spread can be
found from the pattern of infection in the newly infected vineyard: clusters of virus infection may be
observed near equipment entry points in the vineyard or along edges next to other infected vineyards.
Mealybug crawlers, which are most efficient in virus transmission [52], are very light and can therefore
be easily blown by wind from vineyard blocks as far as several kilometers away, depending on humidity
and temperature [53]. In wind-borne transmission of the virus, the resulting distribution of associated
disease in the vineyard may appear random, or edge effects might be observed [54].

Table 3. Common scale insect vectors of grapevine viruses.

Scale Insects Common Name
Transmitted

Viruses
Presence in
Australia

References

Ceroplastes rusci Fig wax scale GLRaV-3,4 strains 5 Yes [37]

Coccus hesperidium Brown soft scale [17]

Coccus longulus Long brown scale GLRaV-3 Yes [20]

Parasaissetia nigra Nigra scale GLRaV-3 Yes [20]

Parthenolecanium corni Brown scale, European
fruit lecanium scale GLRaV-1,3; GVA Yes [32,34,48,54,55]

Parthenolecanium
persicae Grapevine scale GLRaV-3; GVA Yes [56–59]

Parthenolecanium
pruinosum Frosted scale Unknown Yes [57,58]

Pulvinaria vitis* Wooly vine scale GLRaV-3 Yes [60]

Pulvinaria innumerabilis Wooly maple scale GLRaV-1,3 No [61]

Neopulvinaria
innumerabilis* Soft scale GLRaV-1 Yes [55]

Saissetia sp. Soft scale GLRaV-3 Yes [20]

4. Symptomatology

The ability to detect virus infections based on symptoms is largely dependent on experience and
the specific combination of virus species, grapevine cultivar, and geographical region (e.g., symptoms
of GLRaV-3 on Shiraz cultivar in Thailand; N Habili, unpublished). The challenge with symptom-based
identification is the fact that several viruses can be present in a host, altering symptom expression.
Certain Vitis vinifera cultivars may be symptomless or show only minor leaf chlorosis, such as many
white-berried cultivars (e.g., Sauvignon Blanc, Chardonnay, and Riesling) as well as Vitis rootstocks.
The genetic variability of a virus species also influences symptom expression. Multiple genetic variants
of specific viruses including GVA [62] and GRSPaV [63,64], both of which are found in Australian
vineyards, have been observed to exist in an individual grapevine and are thought to have occurred
via grafting, vectors, and/or pollination [63]. Virus infections in grapevines that are symptomatic can
be mistaken with certain nutrient deficiencies or phytoplasma-associated diseases such as Australian
grapevine yellows and flavescence dorée. Viruses can produce specific symptoms on the vine, and these
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symptoms sometimes form part of the virus name. Below, we describe the symptoms of SD associated
with GVA in conjunction with GLRaV infection [65] with special reference to Australia. Readers are
referred to [66] and [6] for a detailed description of grapevine virus symptomatology.

4.1. Shiraz Disease

In GVA-infected V. vinifera cv. Shiraz (syn. Syrah), symptoms of primary bud necrosis (PBN) are
often observed in buds during the dormant season (Figure 1a). A survey of GVA-positive Shiraz vines
in a South Australian vineyard found that 41% of primary buds had PBN, while in GVA-negative
Shiraz vines, only 11% had PBN.

Figure 1. Symptomatology of grapevine virus A (GVA)-associated Shiraz Disease. (a) primary bud
necrosis shown on right; (b) restricted spring growth (front row); (c) partial lignification showing
islands of green immature canes; (d) retention of crimson coloured leaves on canopy in winter.

Early in the growing season, shoot growth of SD vines is retarded or restricted and is known as
“restricted spring growth” [12] (Figure 1b). Following véraison (the onset of grape berry ripening and a
change from green to red skin in red-berried cultivars), shoots display symptoms of delayed maturity
(e.g., lack of lignification), and often exhibit green “islands” on the periderm (Figure 1c) [12]. Over time,
the leaves transition to a bright crimson colour with either green veins or red veins (Figure 1d)
and persist on the vine into the dormant season, i.e., have delayed senescence. The symptoms of
GVA-associated SD have been observed in several grapevine cultivars including Shiraz, Malbec,
and Merlot in South Africa and Australia [9,12]. To date, SD has not been reported in other viticultural
regions of the world, where GVA is known to be associated with Kober stem grooving [67]. In warmer
viticultural regions of Australia (e.g., Riverland, SA), vine decline has also been observed.

4.2. Leafroll Disease

In red-berried cultivars, visible symptoms of grapevine leafroll disease (GLD) typically appear
around véraison. However, the virus can be detected using molecular techniques at the pre-véraison
stage [68]. Basal leaves turn red, thick and have a marked cupped appearance with the leaf margins
curled downwards towards the abaxial side of the leaf (Figure 2a).

Red grape cultivars are more sensitive to GLD and can develop dark red or purple colouration in
the interveinal sections of the leaf, often with distinct green veins (Figure 2b), while leaves of white
grape cultivars turn yellow or remain symptomless (Figure 2c). Mild symptoms are most observed in
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grapevines infected with GLRaV-4 and its strains 5, 6, 9, Car, De, and Pr (Ampelovirus, subgroup II).
The symptoms associated with GLRaV-4 strain 9 are more severe in Shiraz than in Cabernet Sauvignon,
especially at later phenological stages of development (Figure 2d,e). It remains unknown why GLD
symptoms develop at specific phenological stages. Naidu et al. [69] suggested that the degree of
virus-host interaction may be based on the phenological stage of development resulting from the
response of the host’s cellular machinery to the virus.

Figure 2. Symptomatology of grapevine leafroll disease. (a) leaf margins curled downwards towards
the abaxial side of the leaf; (b) interveinal regions of leaf blades appear dark red or purple in colour
with distinct green veins; (c) leaves of white cultivars sometimes appear slightly chlorotic, and the
veins may remain green; (d) GLRaV-4 strain 9 symptoms on Cabernet Sauvignon; (e) GLRaV-4 strain 9
symptoms on Shiraz.

5. High Throughput Sequencing (HTS) and Phylogenetic Analysis of Viruses Associated with
Shiraz Disease

5.1. High Throughput Sequencing (HTS)

Although some leafroll viruses may produce SD-like symptoms [70], GVA has been proposed as
the key pathogen associated with SD [71]. Therefore, an initial metagenomics HTS experiment using
the Illumina Miseq platform [72] was conducted in several vineyards known to be infected with GVA
with the goal of investigating the virus diversity in symptomatic and non-symptomatic grapevines.
In our initial HTS results, we sequenced vines of four Shiraz isolates BV1, BV4, LC1, and LC16 selected
from two regions (Table 4). The potential viral agents of SD are highlighted in bold. LC1 represented
vines with severe Shiraz disease symptoms, and BV1 represented vines in which GVA and GLRaVs
had been previously detected but only showed mild leafroll symptoms. BV4 and LC16 represented
symptomless Shiraz vines from the same region. The virus profile for a given cultivar infected with SD
was different; however, GVA and grapevine rupestris stem pitting-associated virus (GRSPaV) were
always present. The latter, as well as grapevine yellow speckle viroid 1 (GYSVd-1) and hop stunt
viroid, was present in both SD-affected and non-SD-affected vines (Table 4).
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Table 4. Virus profiles in Shiraz Disease (SD)-affected and non-SD-affected Shiraz and Malbec grapevines
from South Australia. The potential viral agents of SD are highlighted in bold.

Cultivar Region
Sampling

Year
Sample

ID
Isolate
Name

SD
Symptoms

Viruses
Identified

GVA
Group

Shiraz Barossa
Valley 2018 BV1 Isolate 1 No

GRSPaV, GRVFV,
GLRaV-1, GVA,
GYSVd-1, HSVd

I

Shiraz Barossa
Valley 2018 BV4 Isolate 2 No GRSPaV, GRVFV,

GYSVd-1, HSVd - 1

Shiraz Langhorne
Creek 2018 LC1 Isolate 1 Yes

GRSPaV, GVA,
GLRaV-9, GRVFV,

GYSVd-1, HSV
II

Shiraz Langhorne
Creek 2018 LC16 Isolate 2 No GRSPaV, GRVFV,

GYSVd-1, HSVd - 1

Malbec Padthaway 2016 Malbec Malbec-
Richter 2 Yes

GVA, GLRaV-3 (4
and its strains 5,
6 & 9), GRSPaV

II

1 No GVA present. 2 Malbec on Richter 110 rootstock.

5.2. Phylogenetic Analysis of Viruses Associated with Shiraz Disease

Several full-length and partial sequences of SD associated viruses obtained in this study using HTS
are listed in Table 5. A summary of GVA and GLRaV-3 isolates from Australia and their phylogenetic
groups is also provided in Table 5.

The sequence of the coat protein gene of the Australian GVA isolates was compared with 40
other isolates available on GenBank, and a phylogenetic tree was constructed (Figure 3). The tree
showed that the coat protein (CP) sequences of SD-associated GVA isolates in South Africa (P163-M5,
GTR1SD-1) and Australia (LC1-1, LC1-2, Malbec/Richter) are closely related and grouped together
(Group II, Figure 3). These isolates are distinct from non-SD GVA isolates BV1-1 and BV1-2 (Group
I) [8,73]. BV1-1 and BV1-2 were isolated from old vines (> 150 years old) that have undergone frequent
virus testing. Recently, we found symptomless Shiraz grapevines in Clare Valley, SA that tested positive
for GVA.

Table 5. Accession numbers of the Australian isolates of GVA and GLRaV-3 and their phylogenetic
groups studied in this work.

Virus
Variety/

Rootstock
Sample ID

(Isolate)
Accession#

Sequence
Length (bp)

Location
Symptom
on Shiraz

Group

GVA Shiraz BV1-1 MT070961 2751 Barossa
Valley None I

GVA Shiraz BV1-2 MT070960 597 Barossa
Valley None I

GVA Shiraz LC1-1 MT070963 7363 Langhorne
Creek SD II

GVA Shiraz LC1-2 MT070962 7052 Langhorne
Creek SD II

GVA Malbec on
Richter

Malbec-
Richter MT070959 598 Padthaway SD II

GLRaV-3 Shiraz on
Ramsey R3ShRam MN984352 942 Riverland SD V

GLRaV-3 Shiraz on
Ramsey R4ShRam MN984353 934 Riverland SD I

GLRaV-3 Shiraz on 101-14 R8Sh101 MN984354 941 Riverland SD I

GLRaV-3 Malbec on
Richter

Malbec-
Richter N/A N/A Padthaway SD I 1

1All the contigs of Malbec-Richter matched with the phylogenetic Group I. Malbec-Richter was not depicted in
Figure 4 because of a truncated CP sequence.
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Figure 3. Phylogenetic tree constructed from the alignment of full-length nucleotide sequence of the
coat protein of selected isolates of GVA detected in the grapevine using neighbour-joining method
(Mega 7) with 1000 bootstrap replications. Bootstrap values less than 50% are not shown. Arrowheads
denote the GVA isolates from Australia studied in this work. GVD (MF774336) presents outgroup of
this tree.

For GLRaV-3, the phylogenetic study was based on nearly complete sequence of the viral CP gene
(Figure 4). A total of seven groups were identified. This is slightly different from the grouping of
GLRaV-3 isolates reported by Diaz-Lara and co-workers who found 10 phylogenetic groups, but Groups
IV and VIII were not depicted in their tree [74]. The Australian isolates are assigned to Groups I, V,
and VII (Figure 4 and Table 5).
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Figure 4. Phylogenetic tree constructed from the alignment of full-length nucleotide sequence of the
coat protein of various isolates of GLRaV-3 (see also [73]) detected in the grapevine using Mega 7.
A total of 1000 bootstrap replications were performed using neighbour-joining method. Bootstrap
values less than 50% are not shown. Arrowheads denote the Australian isolates studied in this work.
GLRaV-7 (HE588185) presents outgroup of this tree.

It is interesting to note that in R3ShRam andR4ShRam that were isolated from the same Shiraz
vineyard in Riverland, SA, two different groups of GLRaV-3 (Groups I and IV) were detected (Table 5).
Table 5 also shows the sequence of SD-affected Malbec (isolate Malbec-Richter). Based on the CP
sequence of GVA and partial sequence of GLRaV-3, the isolate of Malbec-Richter was infected with
Group II of GVA and Group I of GLRaV-3 (Table 5; [74]).
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Two mild isolates of GLRaV-3 were detected in Australia, both belonging to Group VII. CSL isolated
from Crimson Seedless (Accession MT081182) table grapes from Western Australia showed mild
leafroll symptoms; this isolate clustered with a symptomless isolate 139 (Figure 4) of the virus detected
in cultivar Sauvignon Blanc from the Adelaide Hills, SA (Accession JX266782). Both these isolates are
clustered in Group VII, a group that appears to accommodate mild isolates of GLRaV-3. Isolate CSL
(13,865 bp, ORF1 to 5) share 99% nucleotide sequence identity with the South African isolate GH24
(Accession KM058745), although only 300 nt of its ORF6 (CP) was sequenced. The truncated CP was
not included in Figure 4.

6. Virus Effects on Vine Physiology and Fruit Composition

Virus-related diseases can affect grapevine physiological performance, vigour, yield, grape and wine
composition, and quality [8,75]. Changes to vine physiology resulting from virus infection primarily
relate to photosynthesis and chlorophyll a fluorescence, processes that directly or indirectly relate to the
vine’s ability to maintain vegetative and reproductive growth as well as ripen crop. Both photosynthesis
and chlorophyll fluorescence were observed to be lower in GLRaV-3-infected Cabernet Franc grapevines
in a Michigan (USA) vineyard compared to healthy vines after véraison [75]. Following véraison,
sugar accumulates in grape berries, and reduced leaf photosynthesis would explain the lower sugar
accumulation in the GLRaV-3-infected berries [8]. In the same Cabernet Franc vineyard, reductions in
yield and grape soluble solids of 40% and 43%, respectively, were observed compared to uninfected vines.
In the Finger Lakes region of New York (USA), Martinson and colleagues reported that grape soluble
solids were lower by 2 ◦Brix in vines affected by GLD [76]. Yield losses have been reported in vines with
leafroll disease as well as those associated with the rugose wood complex [7,77–81]. In a study involving
several rootstocks, decreased vine vigour and pruning weights were observed in vines infected with
GLRaV-1, GLRaV-3, GFLV, and rugose wood associated viruses [82]. In extreme cases, vine death has
been observed with infections involving the rugose wood complex [81].

A study on Cabernet Sauvignon grapevines in Chile found that the main anthocyanin and sugar
metabolism genes were down-regulated during fruit ripening in GLRaV-3-infected vines [83]. In Pinot
Noir in Oregon, reduced total and individual anthocyanin concentrations were observed in GLD
vines [80]. It is plausible that the reduced accumulation of grape primary metabolites, e.g., sugars,
due to virus infection results in reduced accumulation of secondary metabolites, e.g., anthocyanins;
this may be related to decreased phloem loading and hence accumulation of sugars in leaves [69].
Diminished grape composition resulting from changes in aroma compounds such as monoterpenes
has been observed with leafroll infections [84].

A preliminary study in Southern Oregon, USA, on Grapevine red blotch virus (GRBV)-infected
Cabernet Franc grapevines indicated that virus infections can be detected prior to véraison before the
appearance of red leaf symptoms based on measurements of leaf chlorophyll fluorescence (Pagay and
Martin, unpublished). Leaf reddening may be a response of grapevines to virus infection in which
they accumulate anthocyanins that play a protective role as antioxidants in scavenging free radicals
produced by the vine under biotic stress [69]. Nearly all the published studies to date, including
those discussed above, have focused on the effects of GLD on red grape cultivars. Much less is
known about the effects of GLD on white grape cultivars as well as about the effects of SD on vine
physiology and fruit composition of both red and white cultivars. It was observed that GVA-infected
Marzemino grapevines had reduced bud fertility, but surprisingly, when co-infected with GLRaV-1,
the vines had neither significantly altered yields nor juice soluble solids, total acidity, pH, anthocyanins,
or polyphenols [85].

Conversely, some virus species and isolates may not cause disease or impact yield or grape
quality particularly when they infect grapevines in the absence of other viruses [86]. Interestingly,
some studies suggest that there may be benefits from virus infection in grapevines. “Crimson Seedless”
vines inoculated with a mixture of GLRaV-3 (Group VII; isolate CSL-WA), -5, and -9 and GVA were
observed to have higher berry weight and lighter berry colour, which was more marketable compared
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to uninfected grapevines [87]. Similarly, the mildly leafroll-affected cultivar “Emperor” produced
larger and crisper berries compared to symptomless clones [88]. These studies highlight some of the
positive effects of virus infections on grape composition.

Future studies could also consider investigating virus effects on grape berry development and
potentially delayed ripening, which are becoming increasingly important in the context of climate
change and regional warming [89,90].

7. Economic Impacts of GVA and GLRaV-3

Both GLD and SD are debilitating to vineyards due to economic losses associated with yield
reductions, lower grape prices due to inferior fruit quality [25], and vine replacement costs. Unfortunately,
there is a dearth of information on the economic impacts of both diseases. Below, we discuss the few
published studies on the economic impacts of virus-related grapevine diseases that we are aware of.

In Australia, many grape growers may be complacent in their management of virus infections
as they consider the magnitude of the issue insignificant relative to other pathogens in the vineyard
including trunk diseases (e.g., Eutypa dieback) and powdery mildew. As a result, virus-infected vines
are often ignored. A report on the economic impact of virus and related-infections on grapevines
indicated that the reduced profit ranged from AU$34 to $103 ha−1 yr−1 for prevention and control [91].
In the same study, the economic loss due to viruses was estimated around AU$12 million yr−1.
Some conscious growers, or those whose economic impact is more significant, opt to rogue and replant
the vines and even entire vineyards thereby decreasing the risk of virus spreading to neighbouring
vines and vineyards. In Australia, the lifespan of a vineyard infected with SD may not exceed six
years and is typically destroyed as it becomes economically unviable. In 2012 in the McLaren Vale
and Barossa Valley viticulture regions of South Australia, entire blocks of Shiraz vines grafted on to
GVA positive Chardonnay were removed six years after grafting due to lack of productivity (N. Habili,
unpublished). It is estimated that the cost of removing virus infected vines and replanting in Australia
is around AU$70,000 ha−1 [7].

8. Management of Shiraz Disease and Grapevine Leafroll Disease in Australian Vineyards

Virus-infected grapevines serve as inoculum for vector-based spreading of viruses in vineyards.
Inaction will likely result in the spread of viruses within and between vineyard blocks resulting in
larger pools of inoculum, much like fungal diseases that are better known to viticulturists. Atallah and
co-workers modelled the spread of disease within and between blocks and found that costs of managing
the disease are overestimated when only inter-block spatial dynamics, e.g., virus transmission from
neighbouring vineyards via vectors, compared to when the effects of within-block disease spread are
additionally considered [92]. Several mitigation strategies can be adopted, if grapevines develop visual
symptoms of virus infection, e.g., show restricted spring growth, leaf discoloration post-véraison,
or cupping of leaf margins. An integrated approach will undoubtedly be the most effective strategy
in dealing with any epidemic. The following three-pronged approach has been shown to be highly
effective in controlling viruses in South African and New Zealand vineyards [25]: (i) eliminating
potential vectors of grapevine viruses such as mealybugs and scale insects to prevent additional spread
of the viruses across vineyard blocks [93]; (ii) rogueing infected vines based on both visual symptoms
and confirmation with molecular diagnosis; and (iii) replanting with certified plant material from an
established grapevine nursery with clean source blocks and good sanitation practices.

Routine scouting of vineyard blocks for both virus symptoms and potential vectors such as
mealybugs and scale insects should be done to minimize disruption to vine productivity and reduce
economic losses associated with virus-related diseases. A combination of systemic and contact
insecticides to control mealybugs and scales, in particular at the early stage in the lifecycle, i.e., first and
second instar nymphs, or the use of biological control agents, e.g., parasitoids and mating disruption
(pheromone traps), can be effective in minimizing the spread of GVA and GLRaV-3 in vineyards [94].
The use of fungicides such as sulphur applied at high rates in vineyards for the chemical control of
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powdery mildew (Erysiphe necator) may indirectly contribute to increases in virus vector populations
via their negative effects on parasitoids [95].

GVA and GLRaV-3 have been detected in and transmitted by, amongst others, grapevine scale
insects (Parthenolecanium persicae), which are the predominant scale species in Australian vineyards [96].
This scale species has an annual lifecycle (one generation per season). Eggs are typically laid early in
the growing season between bud burst and flowering in Australian vineyards. The young crawlers
inhabit the underside of leaves moving onto the woody structures of the vine later in the season. Due to
the high activity levels (feeding, movement) of juvenile scale insects, it is more critical to control them
upon emergence compared to the more sedentary adults. Scale control includes using petroleum-based
oil sprays, biological control agents, and broad-spectrum insecticides. Petroleum-based oil sprays are
effective in reducing scale populations and have less negative effects on beneficial insects as compared
to conventional broad-spectrum insecticides [97].

It is now well-documented that mealybugs are a primary vector of GLRaV-3 [28,98] and GVA [23]
(Table 2); hence, mealybug control is of vital importance in any management strategy of viruses in
vineyards. Mealybug control in vineyards has been effective using insecticides based on buprofezin or
organophosphate chemistries early in the growing season, prior to flowering [99,100]. Removal of
bark (bark stripping) prior to the application of sprays will increase the efficacy of contact insecticides
due to better penetration into the bark where mealybugs often overwinter. Since crawlers are active
and potentially effective in spreading viruses, spraying contact insecticides that coincide with their
emergence is an appropriate approach. Insecticide application when more than 15 mealybugs per trap
are collected has been recommended in South Africa [101].

As part of any vector management strategy, vineyard hygiene practices including cleaning
vineyard equipment and removing dead leaves that can harbor mealybugs and destroying ant nests
should be implemented. Observing the patterns of potential virus infection within a block can often
provide clues on the source of the virus and mode of spread. Infections at or around points of entry
into a vineyard suggest the possible role of humans and/or equipment in aiding the spread of vectors.

Roguing and Replanting
Rogueing and replanting is usually the last resort to deal with any virus infections in a vineyard

and less than desirable since it makes vine management more challenging with vines of different ages
that also affects the overall quality of the crop [102]. This technique has, however, shown to be highly
effective in South Africa where the incidence of GLD in a 41 ha vineyard decreased from 100% (fully
infected) to 0.027% over 10 years [98].

In an established vineyard, routine scouting for virus symptoms both early and late in the growing
season is critical for effective management of any potential infection. Restricted shoot growth in the
spring shortly after bud burst is typical in SD vines (Figure 1b); however, since this symptom can be
mistaken for other conditions, appropriate diagnosis is required. GLD-infected vines do not typically
display restricted shoot growth and only begin to show symptoms of curling leaf margins and reddening
around or shortly after véraison. Vines that show any indications of virus-like infection should be
flagged for testing using a molecular assay prior to rogueing. Using a spatial bioeconomic model to
determine the optimum rogueing strategy in a leafroll-infected vineyard was recommended to rogue
symptomatic vines. Their non-symptomatic neighbours should only be rogued when tested positive
for virus. This strategy increased net present value (NPV) by 18-19% compared to no intervention [103].

When establishing a new vineyard, or replanting rogued vines, it is essential to use only clean,
certified, and virus-tested planting material as no cure for virus-infected vines currently exists once
they are established in a vineyard [93]. In many countries, including Australia, certified planting
material is available through established and reputable grapevine nurseries that practice good hygiene,
conduct regular virus testing of their source blocks, and routinely scout for viruses and their vectors.
Nurseries that use shoot tip cultures to propagate and establish their clean mother blocks are generally
reliable sources of virus-free material. Routine virus-testing of mother blocks should also be conducted
by vine improvement groups and grapevine nurseries.
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9. Observations of Shiraz Disease in South Australian Vineyards

Over several seasons, observations of mature (established) grapevines indicated consistent patterns
of SD expression in regional vineyards across South Australia, the state with the largest winegrape
area in Australia (76,292 ha, approx. 52% of Australian winegrape plantings; National Wine Scan,
Wine Australia 2019 https://www.wineaustralia.com/market-insights/national-vineyard-scan-2018).
These symptoms vary based on phenological stage, environmental conditions, as well as cultivar.
In this section, we provide specific regional examples of SD and the symptoms elicited.

Early in the growing season, SD-infected grapevines typically have delayed budburst relative to
healthy (non-SD infected grapevines, Figure 5a–c). This delay has been observed to range from several
days to one week. Infrequently, in mature blocks where the virus is more established, buds do not
burst resulting in a lack of shoot formation and crop and consequent vine decline, as observed in some
Riverland vineyards (Figure 5a,c). In the same Riverland vineyard, an uninfected Shiraz grapevine
planted next to a GVA-infected stump tested positive two years after planting (Figure 5d).

Figure 5. SD-infected grapevines in Australian vineyards. (a) Aerial view of a Riverland (South
Australia) Shiraz vineyard showing prevalence of Shiraz disease: declining or dead vines with few or
no leaves associated with GVA compared to symptomless GVA-infected Chardonnay (two rows on the
right); (b) Malbec grapevines in a Langhorne Creek (South Australia) vineyard showing typical SD
symptoms of restricted spring shoot growth; (c) same Shiraz block showing dieback associated with
both SD and fungal trunk diseases; (d) Shiraz grapevine planted next to a stump, which tested positive
for GVA two years later.

These vines were subsequently tested and found to be positive for GVA and occasionally GLRaV-3
(Table 4). Vine decline related to SD has only been observed in warmer viticultural regions of South
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Australia, e.g., Riverland. A complicating factor to the SD story was the discovery of Diplodia serratia,
a member of Botryosphaeridae in the SD affected vines that showed decline in the Riverland, South
Australia (Figure 5a). Sequencing of the PCR products using Internal Transcribed Spacer (ITS1,
ITS4) primers confirmed the association of this fungus with vine decline. The sequence showed
99% homology with the fungus isolate present in vineyards of southern Spain (accession number:
MG745835). Based on this finding, we hypothesise that GVA increases the vulnerability of the vines
to fungal pathogen infections. In the same Riverland vineyard (Figure 5a), all the non-SD vines
tested positive for Diplodia and yet no vine decline was observed, which supports our virus-fungus
co-infection hypothesis (N. Habili, unpublished). The cultivar specificity of SD was observed in the
same vineyard: adjacent rows of Chardonnay grapevines tested positive for GVA and occasionally
for GLRaV-3 but did not show vine decline (Figure 5a, two rows on right). A survey of potential
vectors in this “hot spot” of Shiraz and Chardonnay grapevines revealed the presence of mealybugs
and grapevine scale that would likely have vectored the viruses.

In vines that had successful budburst, SD infections typically resulted in restricted (or retarded)
shoot growth during early stages of vine development. We observed retarded shoot growth symptoms
in vineyards in Riverland, McLaren Vale, and Langhorne Creek regions (Figure 5b,c). Shoot growth
tends to be retarded when budburst is delayed. This could be a consequence of SD stress-induced
reduction in carbohydrate accumulation during bud development resulting from SD. Virus testing of
Malbec vines in the Langhorne Creek vineyard confirmed the presence of GVA and GRSPaV. GRSPaV
is present in most grapevines worldwide [104] and has been reported to have little or no negative
effects on vine productivity [105]. Similar symptoms were observed in an adjacent block planted with
Malbec that was previously top-worked onto GVA-infected Chardonnay grapevines confirming that
the virus is graft transmissible.

In summary, our observations of SD in Australian vineyards indicate that the disease has the
potential to cause vine decline manifested in delayed or no bud burst, retarded shoot development,
and low or no crop. SD appears to be cultivar specific, with Shiraz and Malbec showing typical SD
symptoms. Other red-berried cultivars such as Gamay, Merlot and Sumoll are also known to show
SD symptoms, while Cabernet Sauvignon does not despite specific clones, e.g., SA125 and Reynella,
that are infected with GVA.

10. Conclusions and Future Work

GVA and GLRaV-3 pose an ongoing threat to Australian vineyards due to their negative
consequences on vine vigour, yield, and economic returns to the grower. In a few extreme cases,
vineyards experienced yield losses of up to 98%, underscoring the importance of improving our
understanding of these viruses; their source; methods of spread; potential vectors and their control;
differences in cultivar susceptibility; and, most importantly, the specific interaction between the virus
species on grapevine productivity. Systematic research needs to be undertaken to shed light on
these open questions and to determine the long-term implications of virus-infected blocks including
developing the best strategies to maintain their viability. Advances in proximal and remote sensing
technologies provide opportunities for non-destructive detection of virus-infected grapevines [106,107]
in a cost-effective manner and on a large spatial scale via airborne platforms [108]. Initial detection
using these techniques should be followed by traditional or novel molecular-based testing such as
HTS for confirmation of the virus infection. Search for novel viruses, for example, the negative
sense RNA viruses of Bunyavirales [109], should continue using HTS. Effective virus management in
vineyards begins with recognizing virus symptoms, early detection and confirmation, vector control,
and rogueing and replanting infected vines with certified material. These management practices have
proved effective in several major viticultural regions around the world, and Australian grape growers
would be well served to adopt such an approach.
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Abstract: Shiraz disease (SD) is an economically important virus-associated disease that can signifi-
cantly reduce yield in sensitive grapevine varieties and has so far only been reported in South Africa
and Australia. In this study, RT-PCR and metagenomic high-throughput sequencing was used to
study the virome of symptomatic and asymptomatic grapevines within vineyards affected by SD
and located in South Australia. Results showed that grapevine virus A (GVA) phylogroup II variants
were strongly associated with SD symptoms in Shiraz grapevines that also had mixed infections of
viruses including combinations of grapevine leafroll-associated virus 3 (GLRaV-3) and grapevine
leafroll-associated virus 4 strains 5, 6 and 9 (GLRaV-4/5, GLRaV-4/6, GLRaV-4/9). GVA phylogroup
III variants, on the other hand, were present in both symptomatic and asymptomatic grapevines,
suggesting no or decreased virulence of these strains. Similarly, only GVA phylogroup I variants were
found in heritage Shiraz grapevines affected by mild leafroll disease, along with GLRaV-1, suggesting
this phylogroup may not be associated with SD.

Keywords: Shiraz disease; Australia; grapevine virus A; grapevine leafroll-associated virus 3;
metagenomic sequencing; grapevine leafroll-associated virus 4; phylogenetic groups; dsRNA

1. Introduction

Shiraz disease (SD) and grapevine leafroll disease (LRD) are the two major viral
diseases that pose a serious threat to Australia’s AUD 45.5 billion dollar grape and wine
industry [1–3]. LRD is associated with grapevine leafroll-associated viruses (GLRaVs) of
the genera Ampelovirus, Closterovirus and Velarivirus within the family Closteroviridae [4].
Grapevine leafroll-associated virus 3 (GLRaV-3) is considered to be the most important
GLRaV species due to its global prevalence, the severity of associated disease and impact
on production [5]. In red berry varieties, LRD symptoms include downwards rolling of
red leaves with green veins, which commences at veraison [5]. Studies have shown that
sensitive grapevine varieties infected with GLRaV-3 can have a significant reduction in
vigour, yield, juice sugar and berry anthocyanins [6–8]. Conversely, white berry varieties
are often asymptomatic where vigour, fruit quality and yield may not be affected [5,9].

SD is only known to occur in South Africa and Australia and the disease is associated
with significant yield losses and grapevine decline [1,2,10,11]. SD was first reported from
South Africa, affecting Shiraz and Merlot grapevines grafted onto 101-14 rootstock [12].
The symptoms of SD include uneven lignification of canes (ULC) and purple leaves that
remain longer on affected grapevines at the end of the growing season as compared to the
asymptomatic grapevines [12]. SD was also described in Australia as early as 2001 [13], with

Viruses 2023, 15, 774. https://doi.org/10.3390/v15030774 https://www.mdpi.com/journal/viruses54



Viruses 2023, 15, 774 2 of 21

affected grapevines showing late bud burst, restricted spring growth (RSG), leaf reddening
and ULC in autumn [14,15]. In both countries, SD is associated with grapevine virus A
(GVA), and in South Africa, a strong association was observed between GVA variants in
phylogenetic group II (GVAII) [11]. The association between specific GVA variants and SD
in Australia has not been explored in depth, although GVAII variants were found in seven
SD-affected plants of cv. Shiraz and Merlot [10]. Symptoms of SD vary between grapevine
varieties. Red berry varieties including Shiraz, Merlot, Malbec, Gamay, Ruby Cabernet
and Sumoll express typical SD symptoms when infected with GVA, whereas Cabernet
Sauvignon, Grenache, Nero d’Avola, and most white berry varieties and rootstocks are
consistently asymptomatic when infected with GVA [1,2,16].

GVA has five open reading frames (ORFs): ORF1 encodes a 194 kDa polypeptide
functioning as an RNA-dependent RNA polymerase (RdRp), ORF2 encodes a 19 kDa
polypeptide with unknown function, ORF3 encodes a 31 kDa movement protein (MP),
ORF4 encodes a 21.5 kDa coat protein (CP) and ORF 5 encodes a 10 kDa polypeptide
putatively involved in RNA-binding (RB) functions by suppressing RNA-silencing re-
sponses [17,18]. Symptom severity in Nicotiana benthamiana inoculated with GVA depended
upon the eighth amino acid (aa) from the N-terminus of the RNA-binding gene [19,20].
However, the association between specific genes or changes in specific nucleotides or amino
acids and symptoms of SD within the grapevine is not known.

In this study, we use endpoint reverse transcription polymerase chain reaction (RT-
PCR) and metagenomic high-throughput sequencing (Meta-HTS) to investigate the associa-
tion between SD and GVA, its variants and other viruses in affected Australian grapevines.

2. Materials and Methods

2.1. Vineyard Locations and Grapevine Selection

Two commercial vineyards with SD-affected grapevines cv Shiraz, at Langhorne
Creek (LC) and Willunga (WIL; blocks 1 and 2 Figure S1) in South Australia (SA), and
one commercial vineyard with mild LRD-affected heritage Shiraz at Barossa Valley (BV),
SA, were chosen for this study. A total of 116 grapevines, including SD- or LRD-affected
and asymptomatic grapevines, were selected to investigate the virome and association of
viruses and their strains to disease. Samples were collected over three years, in May to July
of 2018–2019, March 2019 and August 2020 for RT-PCR testing (Table 1 and Table S1). Forty-
one samples, which represent distinct symptom types at each location, were selected from
the 116 samples for Meta-HTS. The SD grapevines were selected based on the presence
of both the RSG symptoms in the early growing stages around EL stage 15 (8 leaves
separated [21]), and leaf reddening observed [1] (Figure 1a,b) from EL stage 35 (veraison) to
leaf-fall. The LRD grapevines were selected based on field observations of red leaves with
green veins around EL stage 38 (harvest). Mild LRD symptoms refer to pinkish reddening
leaves (BV) or slight red leaves without rolling (Figure 1c). Asymptomatic grapevines
did not show RSG, SD or LRD at the time of selection and appeared healthy (Figure 1d).
Symptom types were identified twice by field observation at EL stage 15 for RSG and at EL
stage 38 for leaf reddening at each study site, from 2018 to 2020.

To investigate the potential for spread between WIL and adjoining blocks of grapevines,
four grapevines (Cabw1, 2, 11 and 12) from an adjoining block of Cabernet Sauvignon
(clone SA125) and a grapevine (Merlot1) from an abandoned neighbouring Merlot block
were selected for virome analysis (Figure S1, Table 1). Merlot1 showed typical SD symptoms
and Cabernet Sauvignon showed LRD symptoms at EL-38 (Table 1).

Two asymptomatic own-rooted Shiraz (clone BVRC12) grapevines (Shiraz_OR_P5 and
Shiraz_OR_P6) and two Cabernet Sauvignon (clone SA125) grapevines (CabSA125_R3V30
and CabSA125_R3V44) with mild LRD symptoms located in the Coombe’s research vine-
yard (CV), Waite Campus, University of Adelaide, SA, were selected as controls for diseased
grapevines’ virome comparison (Table 1).
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Table 1. The number of grapevines, their location, variety/clone, year planted and symptoms selected
for the reverse transcription polymerase chain reaction (RT-PCR) and metagenomics high-throughput
sequencing (Meta-HTS) experiments.

Location
Year

Selected
Variety

and Clone
Year

Established
Grafted on
Rootstock?

Total Grapevines
No. of SD

Grapevines
No. of LRD
Grapevines

No. of Asymptomatic
Grapevines

RT-PCR HTS RT-PCR HTS RT-PCR HTS RT-PCR HTS

Langhorne
Creek 1

(LC)
2018 Shiraz

BVRC12 2004 Chardonnay 30 14 15 9 N/A 0 15 5

Willunga
(WIL)

2018&2020 Shiraz
BVRC12 2004 No 80 4 24 8 13 7 7 15 4

2020
Cabernet

Sauvignon
SA125 2

2004 No 4 4 N/A N/A 4 4 N/A N/A

2020
Merlot

unknown
clone 2

Unknown Unknown 1 1 1 1 N/A N/A N/A N/A

Barossa
Valley 3

(BV)
2018

heritage
Shiraz,

unknown
clone

≈1900σ No 6 3 N/A N/A 3 2 3 1

Coombe
vineyard

(CV)

2020 Shiraz 2

BVRC12 1993 No 2 2 N/A N/A N/A N/A 2 2

2020
Cabernet

Sauvignon
SA125 2

1993 No 2 2 N/A N/A 2 2 N/A N/A

1 No grapevine with leafroll disease symptoms was found at the LC site. 2 For studying the infection source
at the WIL site only. 3 BV grapevines showed mild leafroll disease symptoms. 4 Thirty LC grapevines were
chosen in 2018 but were subsequently removed, therefore 50 additional WIL grapevines were sampled in 2020 for
the analysis.

Figure 1. Symptoms of grapevine virus A (GVA)-infected Shiraz from the Willunga, Langhorne Creek
and Barossa Valley sites. Symptoms of Shiraz-disease-affected Shiraz grapevines at (a) Willunga and
(b) Langhorne Creek, and infected with GVAII variants (c) mild grapevine leafroll disease symptoms
on an unknown clone of Shiraz that tested positive to GVAI variant and grapevine leafroll-associated
virus 1 at Barossa Valley. (d) An asymptomatic Shiraz, clone BVRC12 at Willunga.
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2.2. Sample Collection

The sampling time and tissue type for the RT-PCR and HTS experiments are listed in
Table S1. Petioles (5 per grapevine) or dormant canes (3 per grapevine) were collected in
autumn (March or May) or in winter (June–August), respectively. When collecting samples,
canes or petioles were randomly selected from across the whole canopy of each grapevine.
Samples were stored at 4 ◦C until they were processed.

2.3. Nucleic Acid Extraction
2.3.1. Nucleic Acid Extraction for RT-PCR

Total nucleic acid (TNA) extraction for virus detection by RT-PCR was performed
as follows. A stock silica slurry was prepared by washing one gram of silica (Sigma-
Aldrich, cat.S5631, Darmstadt, Germany) with PCR-grade water (Thermo Fisher Scientific,
Waltham, MA, USA), centrifuging at 6900× g, discarding the supernatant and resuspending
the pellet in 1.5 mL of guanidine hydrochloride (GHC) extraction buffer (4 M guanidine
hydrochloride, 0.2 M sodium acetate, pH 5.0, 0.2 M EDTA, 0.5% (w/w) PVP-40 (Sigma-
Aldrich, Darmstadt, Germany) and 0.5% (w/w) sodium metabisulfite (Sigma-Aldrich,
Darmstadt, Germany). Plant tissue from an equivalent proportion of each sampled leaf
or cane were pooled and homogenized in GHC extraction buffer at a ratio of 100 mg
tissue to 1 mL buffer. One twentieth volume of 20% (wt/vol) sarkosyl (Sigma-Aldrich,
Darmstadt, Germany) was added to the homogenate and incubated at 65 ◦C for 10 min.
The homogenate was mixed with one-third volume of chloroform: isoamyl alcohol mixture
(24:1, Sigma-Aldrich, Darmstadt, Germany) and centrifuged at 6900× g for 10 min. Then,
350 μL of 100% ethanol was added to 500 μL of clear supernatant and mixed with 30 μL of
the GHC silica slurry. The sample was mixed for 5 min on a rotating wheel to allow the
TNA to bind to the silica particles. Silica was then pelleted and washed once in 700 μL
of GHC buffer without PVP40 and twice with 1 mL of wash buffer (75% ethanol, 10 mM
Tris-HCl pH 7.5, 100 mM LiCl). Pellet was dried at 65 ◦C for 1 min then left at ambient
temperature until completely dried. This was then resuspended in 50 μL of elution buffer
(10 mM Tris-HCl, pH 8.5) and incubated at 65 ◦C for 1 min. Silica was then pelleted by
centrifugation and supernatant transferred to a fresh tube and stored at −20 ◦C.

2.3.2. Nucleic Acid Extraction for HTS

For HTS, ribosomal RNA depleted double-stranded RNA (dsRNA) was used. The
dsRNA was extracted from each sample using a previously published CF-11-based method [22]
that was modified. Briefly, 3 g of tissue was homogenized in 8 mL of GHC buffer. About
7.5 mL of homogenate was mixed with one-third volume of chloroform: isoamyl alcohol
mixture (24:1, Sigma-Aldrich, Darmstadt, Germany) and centrifuged for 10 min at 4200× g.
Seven mL of the clear homogenate was transferred into a 15 mL centrifuge tube, and the
volume adjusted to 20% ethanol (ethanol: homogenate ratio 1:4 vol/vol). Then 0.1 g of
Whatman® CF-11 cellulose powder (Sigma-Aldrich, Darmstadt, Germany) was added to
the homogenate and the mixture was rotated for 10 min. The mixture was centrifuged at
4200× g for 2 min and supernatant discarded. The CF-11 was washed and centrifuged
twice with 5 mL of STE/20% ethanol buffer (20% ethanol (vol/vol), in 10 mM Tris-HCl pH
8.0, 100 mM NaCl and 1 mM EDTA). A final 3 mL of 80% STE buffer (in 20% ethanol) was
added to CF-11 and vortexed to resuspend. The CF-slurry was dispensed into a syringe
containing 0.2 gm of autoclaved glass wool fibre (SiO2) and the CF-11 was dried by gently
pressing the plunger to remove any remaining buffer. The dsRNA was eluted in 1 mL of
preheated (65 ◦C) 1× STE buffer.

2.3.3. Nucleic Acid Quality Control

Prior to RT-PCR and Meta-HTS, the quality, integrity and quantity of RNA for RT-
PCR and dsRNA for HTS were evaluated using a Nanodrop TM 1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) and a Qubit fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA), according to the manufacturer’s instructions. Samples with
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the OD 260/280 and OD 260/230 values outside of the acceptable range were re-extracted
(260/280 >1.8, 260/230 ≈ 2.0). In addition, all RNA used for virus detection by RT-PCR was
tested using the RubiscoL internal control RT-PCR assay (Table S2) [23] to ensure RNA was
present and detection was not affected by inhibitors. Each Meta-HTS sample was tested for
expected viruses including GVA, GLRaV-1, GLRaV-3, GLRaV-4 strain 6 and 9, grapevine
rupestris stem pitting-associated virus (GRSPaV) using virus specific RT-PCR assays listed
in Table S2.

2.4. RT-PCR Reaction Conditions

A total of 10 μL RT-PCR reactions contained 4 units of ProtoScript® II reverse transcrip-
tase (New England Biolabs, Ipswich, MA, USA), 0.15 units of EpiMark® Hot Start Taq DNA
polymerase (New England Biolabs, Ipswich, MA, USA), 2 μL 5XGoTaq® Flexi Reaction
Buffer (Promega, Madison, WI, USA), 0.2 mM of each dNTP, 1.5 mM of MgCl2, 0.2 μM of
each forward and reverse primer, PCR-grade water (Thermo Fisher Scientific, Waltham,
MA, USA) and 1 μL of TNA. Reaction conditions were as follows: reverse transcription
at 43 ◦C for 45 min and initial denaturation at 95 ◦C for 30 s, followed by 35 cycles of
denaturation at 95 ◦C for 20 s, annealing (assay dependent, see Table S2) for 20 s, and
extension at 68 ◦C for 30 s, and then a final extension at 68 ◦C for 5 min.

2.5. Metagenomic High-Throughput Sequencing (Meta-HTS)
2.5.1. Nucleic Acid Pretreatments, Library Preparation and Sequencing

Prior to library preparation, dsRNA was concentrated using isopropanol and sodium
acetate as previously described [24]. The concentrated dsRNA was DNase-treated to
remove DNA using the Ambion™ DNase I kit (Invitrogen, Waltham, MA, USA) according
to manufacturers’ instructions.

Libraries of the Meta-HTS samples were prepared using the TruSeq Stranded Total
RNA with Ribo-Zero Plant (Illumina, San Diego, CA, USA) kits, following the manufac-
turer’s instructions. The concentration of libraries was determined using a Nanodrop,
Qubit fluorometer, and TapeStation (Agilent, Santa Clara, CA, USA) and pooled to equiva-
lent concentration. The pooled library was sequenced using a NovaSeq instrument with
2 × 150 bp read length.

2.5.2. De Novo Assembly

Illumina adapters were trimmed and the raw reads with a quality score below 20 and
length below 50 bp were removed using TrimGalore (v. 0.4.2) [25]. Trimmed reads were
de novo assembled using SPAdes (v. 3.12.0) with default settings [26]. Assembled contigs
were compared against the local database built with the exemplar isolate of each virus
species identified by the International Committee on Taxonomy of Viruses (ICTV) and
latest release of the viral sequences from the GenBank database using the “makeblastdb”
function of BLAST+ (v. 2.11.0). The contigs were blasted against the local database to obtain
a list of virus species in each sample using the “blastn” function [27]. The number of raw
and quality trimmed reads, number of contigs and contig length were obtained using the
“stats” and “readlength” functions of the BBMap (v. 35.85). To obtain the average coverage
of each de novo assembled contig (complete genome sequence used in the phylogenetic
analysis) of each virus, quality trimmed reads were mapped back to each de novo assembled
virus contig using the “bbmap” function of the BBMap [28].

2.5.3. Phylogenetic and Sequence Similarity Analysis

GVA, GLRaV-3 and GLRaV-4 contigs longer than 7000 nucleotides (nts), 17,000 nts and
13,000 nts, respectively, were used for phylogenetic analysis of each virus. Each virus contig
was aligned to all publicly available GenBank complete genome sequences (Tables S7–S9)
using Muscle (v.3.8.31) [29]. Nucleotide (nt) identity and amino acid (aa) similarity were
determined using the sequence demarcation tool (SDT, v. Linux64) [30]. Phylogenetic trees
were constructed using the neighbour-joining method with 1000 bootstrap replicates by
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MEGA (v. 7.0.26) [31]. The neighbour-joining method was used to enable comparison of
GVA phylogenetic groupings reported in previous studies [11]. Phylogenetic trees of GVA
were constructed using complete genomes as well as nt and aa sequences from all gene
regions excluding ORF2. The phylogenetic groups of GVA contigs were assigned based
on the clades of the phylogenetic tree of the full genomes and the coat protein (CP) gene.
Phylogenetic trees of GLRaV-3 were constructed using complete genome sequences and
complete nt sequences of the CP gene. Phylogenetic trees of GLRaV-4 were constructed
using complete genome sequences and complete aa sequences of the RdRp, heat shock
protein 70 homologue (HSP70h) and CP genes.

2.5.4. Phylogenetic Group Identification of the Grapevine Virus A Contigs

When phylogenetic groups of the complete genome sequences from both GenBank
and Meta-HTS experiments were determined using the phylogenetic analysis described
above, they were used as a reference database by BLAST+ to build a local blast. All short
contigs were blasted against the reference database using the “blastn” function [27]. The
phylogroup of each short contig was obtained by the best match that gave the highest
percentage nucleotide identity to this contig.

2.5.5. Multiple Sequence Alignment of the GVA RNA-Binding Protein

The GVA RB gene nucleotide sequence was translated to amino acid sequence using
the ”translate to protein” function and aligned to coding protein sequences from GenBank
using the “create alignment” function within the CLC Genomics Workbench (v. 21.0.3;
Qiagen, Aarhus, Denmark). The SD status of each GenBank isolate was obtained from
publications [11,19,32,33] and listed in Table S7.

2.5.6. Recombination Analysis

Complete or near-complete viral contigs of GVA, GLRaV-3 and GLRaV-4 were com-
bined with all publicly available full genome sequences from GenBank (Tables S7–S9) and
aligned using Muscle (v. 3.8.31). The sequence alignment was trimmed according to the
shortest sequences and analysed by RDP5 (v. Beta 5.23) [34]. Seven methods RDP [35],
GENECONV [36], Chimaera [37], MaxChi [38], BootScan [39], SiScan [40], 3Seq [41] were
selected to detect recombination events. If more than four out of seven methods detected
the same recombination event for a contig, it was considered as a recombined sequence
and excluded from the phylogenetic analysis.

3. Results

3.1. Virome Analysis by Endpoint RT-PCR and Meta-HTS

A summary of the overall number of grapevines with identical virus status by RT-PCR
is given in Table S3. The virus status of each individual grapevine by RT-PCR but not by
Meta-HTS can be found in Table S4. The virus status by both methods can be found in
Table S5. The viruses detected by RT-PCR and/or Meta-HTS in grapevines across WIL, LC,
BV and CV were GVA, GLRaV-1, GLRaV-3, GLRaV-4 (including strains 4/5, 4/6 and 4/9),
grapevine rupestris vein feathering virus (GRVFV), GRSPaV, grapevine virus F (GVF) and
grapevines red globe virus (GRGV).

3.1.1. RT-PCR

Across all Shiraz grapevines from WIL, LC and BV (n = 116), the viruses that were de-
tected by endpoint RT-PCR included, GVA (51/116), GLRaV-1 (3/116), GLRaV-3 (50/116),
GLRaV-4/6 (34/116), GLRaV-4/9 (52/116), GRVFV (76/116) and GRSPaV (116/116).
GRVFV was found in 72/80 (90%) grapevines in the WIL vineyard but only 4/30 (13.3%)
at LC. The frequency of GLRaV-4 strains 6 and 9 at WIL was 33/80 (41.25%) and 43/80
(53.75%), respectively (Tables S4 and S5). At the LC site, GLRaV-4 strain 6 only occurred in
1/30 (3.3%) grapevines and GLRaV-4 strain 9 was detected in 9/30 (30%) of the total tested
grapevines. GLRaV-1 was detected at BV in 3/6 grapevines with mild LRD symptoms,
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which also had GVA and GRSPaV, but it was not detected at any other site. GLRaV-3,
GLRaV-4 strain 6 or 9, GRSPaV and GRVFV may also be present in SD-affected grapevines,
but they were not consistently associated with SD, or they were also found in grapevines
without SD (Table S3).

In the 16 SD-affected Shiraz grapevines at the WIL site, 16/16 were positive by the
general purpose GVA endpoint RT-PCR assay using primer pairs Ah587/Ac995 and
H7038/C7273 that detect phylogroups I and II, and 5/16 were also positive using the
phylogenetic group III (GVAIII) specific endpoint RT-PCR assay. Among 35 LRD and
29 asymptomatic Shiraz grapevines, none were positive by the general purpose GVA assays
(Tables 2 and S5). A total of 12/35 LRD and 5/29 asymptomatic Shiraz grapevines were
positive by the GVAIII assay (Tables 2 and S5).

Table 2. The presence of grapevine virus A (GVA), and grapevine leafroll-associated viruses 3
(GLRaV-3) and -4 (GLRaV-4) determined by endpoint RT-PCR and metagenomic high-throughput
sequencing (Meta-HTS), and associated symptoms, in 50 grapevines.

Sample ID 1

Total Number of
Grapevines with

Symptom and Virus
Status Combination

Symptoms 2

GVA (I,II,II), GLRaV-1
(1), GLRaV-3 (3)
and GLRaV-4 (4)

Status by RT-PCR 3

GVA (I,II,III),
GLRaV-1 (1), GLRaV-3

(3) and GLRaV-4 (4)
Status by Meta-HTS 4

WIL19, WIL22 2

Asymptomatic

4 4

WIL17, LC16, LC18,
LC20, LC24, LC27, BV6,

CVP5, CVP6
9 None None

WIL24 1 None 4

WIL14, 15 2

LRD

3, 4 3, 4

WIL9, WIL10, WIL11,
WIL12 4 III, 3, 4 III, 3, 4

Cabw1, Cabw2,
Cabw12 3 I/II, III, 3, 4 II and III, 3, 4

Cabw11 1 I/II, 3, 4 II, 3, 4

WIL13 * 1 3, 4 III, 3, 4

BV1, 3 2

Mild LRD

I/II, 1 I, 1

CabSA125_R3V30,
CabSA125_R3V44 2 I/II, III, 4 II and III, 4

WIL8 1

SD

I/II, III, 3, 4 II and III, 3, 4

LC10, LC11, LC12,
LC13, LC14 5 I/II, 4 II, 4

WIL48, WIL49, WIL50,
WIL53 4 1/II, 3 II, 3

WIL4, WIL5, WIL6,
WIL7 4 I/II, 3, 4 II, 3, 4

LC5, LC6, LC7, LC9 * 4 I/II II, 4

WIL47 * 1 I/II, 3 III, 3

Melort1 * 1 I/II, III, 3 II and III, 3, 4

WIL1, WIL2, WIL3 * 3 I/II, III, 3, 4 II andIII, 4
1 WIL = Willunga, LC = Langhorne Creek, BV = Barossa Valley, CV = Coombe’s Vineyard. All grapevines listed are
var. Shiraz except Cabw = Cabernet Sauvignon from Willunga and CabSA125 = Cabernet Sauvignon clone SA125
from Coombe’s Vineyard. 2 I = GVAI, II = GVAII, I/II = GVAI/GVAII (the two groups cannot be discriminated by
RT-PCR), III = GVAIII, 1 = GLRaV-1, 3 = GLRaV-3, 4 = GLRaV-4. 3 SD = Shiraz disease, LRD = leafroll disease.
4 GVAI, GVAII and GVAIII phylogenetic groups were identified using contigs generated by Meta-HTS (Table S7).
* RT-PCR and Meta-HTS results mismatched.
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For the Cabernet Sauvignon and Merlot grapevines from WIL and CV, 6/6 were
positive by the GVA general purpose endpoint RT-PCR assay and 5/6 were positive by
the GVAIII specific RT-PCR (Tables 2 and S5). The two Shiraz grapevines from CV were
positive for GRSPaV and GRVFV only.

Grapevine yellow speckle viroid 1 and hop stunt viroid were frequently detected in
most of the samples by Meta-HTS (Table S6), but no further analysis was performed on
the viroids.

3.1.2. Comparison of Virome Detection between Meta-HTS and Endpoint RT-PCR

The viromes from a total of 50 grapevines, including 43 Shiraz grapevines across all
vineyards, including WIL (n = 24), LC (n = 14), BV (n = 3) and CV (n = 2), plus one Merlot
grapevine from WIL and six Cabernet Sauvignon grapevines from WIL (n = 4) and CV
(n = 2), were analysed by Meta-HTS and compared with the endpoint RT-PCR results
(Table 2). For the presence of GVA strains, GLRaV-3 and the GLRaV-4 strains, comparable
results were obtained in 40/50 grapevines. Meta-HTS detected GVA and GLRaV-4 in
6/50 grapevines that were missed by RT-PCR, and the presence of GLRaV-3 was missed by
Meta-HTS in 3/50 grapevines (Table 2).

Near-complete or partial genomes of GVAII were obtained from 21/50 and
7/50 grapevines, respectively, including all SD-affected shiraz grapevines (n = 29) at
WIL and LC, one SD-affected Merlot grapevine at WIL and all six LRD-affected Cabernet
Sauvignon SA125 grapevines from WIL (4/6) and CV (2/6) (Table 2). In 10/50 grapevines,
two distinct partial or near full-length genomes of GVA were assembled (Tables S6 and S7).

The detection of GVA by Meta-HTS generally corresponded with the results of the end-
point RT-PCR assays with some exceptions. This included the designation of phylogroup
type based on sequence comparison of whole genomes and comparisons of the RdRp, MP
and CP genes (Table 2, Figure 2). Meta-HTS showed that GVAII isolates were always associ-
ated with SD in Shiraz and Merlot, except in WIL 47 (Shiraz) where GVAIII was detected by
Meta-HTS, but the RT-PCR results suggested phylogenetic group I (GVAI) or GVAII were
present (Table 2). GVA was also detected in nine LRD-affected Shiraz grapevines from WIL
(7/9) and BV (2/9) by Meta-HTS and RT-PCR (Table 2). Seven out of nine were positive
by Meta-HTS and 6/7 of the same grapevines by RT-PCR (Table 2). Meta-HTS indicated
GVAI was present in the two mild LRD-affected grapevines at BV and GVAIII was present
in the five LRD-affected grapevines at WIL (Table 2). GVA was not detected in any of the
asymptomatic Shiraz grapevines from WIL, LC, BV and CV (Table 2). GVAII and GVAIII

were detected in 6/6 and 5/6 LRD-affected Cabernet Sauvignon grapevines (Table 2).
GLRaV-3 was detected in all SD- affected grapevines (n = 13) at WIL by RT-PCR, but

genomes were only assembled from 10/13 of the affected grapevines. GLRaV-3 was also
detected from the single SD-affected Merlot and all LRD-affected Cabernet Sauvignon
(n = 4) grapevines at WIL by both methods. GLRaV-3 was not detected in SD-affected or
asymptomatic grapevines from LC and Cabernet Sauvignon grapevines from CV. Genomes
and RT-PCR confirmed the detection of GLRaV-3 in the same LRD-affected grapevines at
WIL and the detection of GLRaV-1 in mild LRD-affected grapevines at BV.

At WIL, GLRaV-4 strains were detected by RT-PCR and genomes assembled in the
same 8/13 SD-affected Shiraz grapevines and in all seven LRD-affected Shiraz grapevines.
Additionally, GLRaV-4 strains were detected by RT-PCR and genomes were assembled
in 2/4 and 3/4 asymptomatic Shiraz grapevines. GLRaV-4 was detected by RT-PCR and
genomes assembled in 5/9 and 9/9 SD-affected grapevines at LC, but it was not detected
in asymptomatic grapevines. GLRaV-4 was also found in all LRD-affected Cabernet Sauvi-
gnon grapevines at WIL and CV by RT-PCR and Meta-HTS.
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Figure 2. Neighbour-joining phylogenetic analysis of grapevine virus A (GVA) using 35 metagenomic
sequences and all available sequences from GenBank. A neighbour-joining tree using (a) complete
genome sequences alignment above 6991 nts, (GVA isolates associated with SD-affected grapevines
are labelled with red triangles and isolates associated with asymptomatic grapevines are labelled with

62



Viruses 2023, 15, 774 10 of 21

green rhombus), (b) full-length nucleotide (nt) sequences of RNA-dependent RNA polymerase
(RdRp), (c) full-length amino acid (aa) sequences of RdRp, (d) nt sequences of complete coat protein
(CP) gene, (e) aa sequence of CP gene, (f) nt sequence of complete movement protein (MP) gene,
(g) nt sequences of RNA-binding (RB) gene. All phylogenetic trees were constructed using MEGA
(7.0.26) software and the neighbour-joining method with 1000 bootstrap replicates. Bootstrap values
below 50% were not shown. Australian sequences generated by a previous study by Meta-HTS [1]
are labelled using open circles and sequences generated by NovaSeq are labelled by black dots.
Isolates for which the phylogroup assigned differed depending on the gene used is marked by * in
figure (g). The red squares indicate the primary branches which show ≥ 99% bootstrap values. The
colour-coded I, II and III labelled in figure (g) is based on the phylogroup assigned using the CP gene,
for comparison. Grapevine virus F (GVF) isolate AUD46129 (accession no. NC018458) was used as
an outgroup.

GRSPaV was detected in all 50 grapevines by RT-PCR and Meta-HTS (Tables S4 and S5).
GRVFV was detected by RT-PCR and by Meta-HTS in 24/50 and 32/50 grapevines, re-
spectively, including SD, LRD and asymptomatic grapevines from WIL, LC, BV and CV
(Tables S4 and S5). GRGV was not tested using RT-PCR but was found by Meta-HTS in
five LRD-affected Cabernet Sauvignon grapevines from WIL and CV (Table S5). GVF was
only found from the WIL site in 2/4 of the Cabernet Sauvignon grapevines, but not in the
Cabernet Sauvignon from CV by Meta-HTS only (Table S5).

Two own-rooted asymptomatic Shiraz BVRC12 grapevines at CV did not have the
same virus profile as grapevines from WIL and LC and only GRSPaV and GRVFV were
detected by Meta-HTS (Table S5).

3.2. Phylogenetic Analysis of Grapevine Virus A (GVA)
3.2.1. Phylogenetic Groups (Phylogroups) of Grapevine Virus A (GVA)

The GVA isolates used for analysis are listed in Table S7. Three major GVA phy-
logroups, GVAI, GVAII and GVAIII, were formed when phylogenetic analysis was used to
compare the nucleotide sequence of the 35 whole genomes and the RdRp, CP and MP genes
from the same 35 Australian GVA isolates and isolates available in GenBank (Figure 2a,b,d,f;
Table S7). Three clusters were also formed when amino acid sequences of the RdRp, CP and
MP gene products were analysed (Figures 2c,e and S2a). In most cases, the phylogenetic
clade designation of each Australian isolate was the same when comparing across all gene
nt or aa sequences (Figure 2 and S2; Table S7). However, some isolates designated as group
I based on the nt sequence of the CP gene (Figure 2d) shifted into the group II clade when
the corresponding aa sequences were compared (Figure 2e).

Only two distinct clusters were formed when phylogenetic analyses were used to
compare the nt (Figure 2g) and aa sequences (Figure S2b) of the RB gene. The first cluster
comprised of the isolates that were previously identified as GVAI and GVAII using the CP
gene, and the second RB cluster included those previously identified as GVAIII using the
CP gene.

3.2.2. Similarity within Phylogroups and between Australian GVA Isolates

The range of percentage nt identities and aa similarities within each GVA phylogroup
for whole genomes, RdRp, CP, MP and RB genes within Australian isolates from this
study, and all previously identified Australian and international isolates, is given in Table 3.
The data show that all isolates within GVAI, GVAII and GVAIII, at the full genome level,
share 76.33–99.8%, 79.92–99.90% and 76.52–99.94% nt identities, respectively. Isolates
within Australia share nt identities between 91.45–99.94% at full genome level. Among
all Australian isolates, the lowest nt identities and aa similarities are 90.65% and 91.45%,
respectively, when RdRp, CP, MP and RB genes were analysed. The sequence similarity
between all available isolates across all three phylogroups of RdRp, CP, MP and RB genes
were 74.76–99.96% nt and 84.72–100% aa (RdRp), 77.30–100% nt and 78.85–100% aa (MP),
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77.39–100% nt and 79.90–100% aa (CP), and 86.08 to 100% nt and 84.62–100% aa, identities
and similarities, respectively. Only two Australian isolates belonging to the GVAI phy-
logroup were found, BV1_N31_mild_LRD and BV1-1 (accession no. MT070961), both from
the BV vineyard (Tables 3 and S7) [1]. The highest nucleotide identity shared between
local and international GVAI isolates was 90.76% and this was between Australian isolate
BV1_N31_mild_LRD and French isolate TT2017-79 (accession no. MK404722) from Pinot
Noir (Table S7).

Table 3. Sequence similarity within and between phylogroups of grapevine virus A (GVA) of the
Australian isolates obtained by metagenomic high-throughput sequencing and international isolates
from the GenBank database.

Genes Compared 1

I 2 II 2 III 2

Australian
Isolates

Only
All Isolates

Australian
Isolates

Only
All Isolates

Australian
Isolates

Only
All Isolates

Whole genome N/A 3 76.33–99.80 91.45–99.90 79.92–99.90 94.85–99.94 76.52–99.94

RdRp
RdRp nt N/A 74.96–99.88 90.65–99.90 79.53–99.90 94.12–99.96 74.76–99.96

RdRp aa N/A 84.72–99.53 96.60–100 90.28–100 97.25–100 86.59–100

MP
MP nt 99.88 4 77.30–100 91.07–100 83.03–100 96.31–100 81.67–100

MP aa 100 4 78.85–100 92.47–100 89.25–100 95.70–100 87.46–100

CP
CP nt 98.49–99.83 80.23–99.66 94.30–100 84.09–100 97.82–100 77.39–100

CP aa 98.99–100 79.90–100 96.98–100 88.94–100 98.99–100 82.41–100

RB
RB nt 95.24–100 5 86.08–100 5

See GVAI
97.43–100 91.58–100

RB aa 94.51–100 5 84.62–100 5 97.80–100 92.31–100
1 RdRp = RNA-dependent RNA polymerase, MP = movement protein, CP = coat protein, RB = RNA-binding
protein, nt = percentage nucleotide identity, aa = percentage amino acid similarity. 2 I = GVAI, II = GVAII,
III = GVAIII, grapevine virus A isolates from the phylogroups I, II and III. 3 Only one whole genome sequence
from group I was available from Australia. 4 Only two sequences were compared. 5 Identities or similarities
obtained from both GVAI and GVAII isolates.

3.3. Association between Amino acid Sequence of RNA-Binding Gene and Symptom Expression of
Grapevine Virus A

Amino acid sequences of the RB gene of GVA isolates obtained from Meta-HTS in
this study, and GVA isolates associated with SD from previous studies [11,19,32,33] were
aligned and the results are shown in Figure 3. All Australian GVAIII isolates from this study
have an extra four aa residues at the c-terminus, whereas the two GVAIII isolates from South
Africa, P163-1 and GTR1-1, and other GVAI and GVAII isolates, lack these residues. No
association between symptom expression and amino acid residue changes were observed
consistently between GVAI and GVAII isolates from SD-affected and -unaffected grapevines.
GVAIII isolates consistently had a leucine residue at position 31, which was not found in
GVA I and GVAII isolates (Figure 3), and a glutamic acid residue at position 61 that was
only found in one GVAII isolate (WIL2_N36_SD).
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Figure 3. Amino acid alignment of the N-terminal (90–94 aa) of the RNA-binding gene of grapevine
virus A (GVA) of Australian and international isolates. The phylogenetic group (I, II or III) of
each isolate is on the left. Red * indicates isolates associated with Shiraz disease (SD) and green #
indicates isolates not associated with SD. The blue question mark indicates a SD-negative isolate in
phylogenetic group II [11]. The two black arrows point to positions 31 and 61 of the alignment.

3.4. Phylogenetic Analysis of Grapevine Leafroll-Associated Virus 3

The nucleotide sequences of 77 near-complete genome sequences from GenBank
and 21 genome sequences from this study were analysed (Figure 4 and Table S8). The
phylogenetic trees obtained from the complete genome sequence (above 17,027 nts) and CP
gene alignments both show five major phylogenetic groups. Group names were redefined
based on the genetic distance to the exemplar isolate NY1 (nt identities high to low)
of the full genome sequences (Figure 4a) and CP genes (Figure 4b). The 21 Meta-HTS
sequences of this study share 99.86 to 99.99% nt identities with each other using alignment
of the complete genome sequences of 18,1713 nts. They all clustered into group I with the
exemplar isolate NY1 from USA. Phylogenetic analysis of the RdRp and HSP70h genes
confirmed the five-group system. The CP sequences within phylogroup I, II, III, IV and V
share 94.59–99.47%, 92.46–92.78%, 91.4–91.72%, 81.1–82.70% and 74.31–79.83% nt identities,
respectively, when compared to the isolate NY1 (Table S8). The standard length of the
GLRaV-3 CP gene is 942 nts, with only one unique isolate, 3m-139 (accession no. JX266782)
from Vitis vinifera cv. Sauvignon Blanc from Australia has an extra 15 nts insertion compared
to other isolates. This isolate is believed to be an asymptomatic variant of GLRaV-3 [42,43].
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Figure 4. Phylogenetic analysis of 21 near-complete genome sequences (above 17,027 nts) of Aus-
tralian grapevine leafroll-associated virus 3 (GLRaV-3) isolates and 77 publicly available full genome
GLRaV-3 sequences from GenBank. A neighbour-joining tree of (a) complete genome sequences,
(b) nucleotide sequence of the coat protein gene, was constructed with 1000 bootstrap replicates by
MEGA software. Black dots denote sequences generated by Meta-HTS of this study. The bootstrap
values below 50% are not shown. Sequences generated by this study are labelled by black dots.
Roman numerals I–V represent the five distinct GLRaV-3 phylogroups observed in this study.

3.5. Phylogenetic Analysis of Grapevine Leafroll-Associated Virus 4, Strains 5, 6 and 9

The Meta-HTS assembled a total of 35 near-complete genome sequences of GLRaV-4
isolates from 31 grapevines including 5/31 that had two distinct strains, and they were
compared with all complete genome sequences available in the GenBank database. The
phylogenetic analysis of the complete genome sequence and aa sequences of the RdRp,
HPS70h and CP gene showed five major clades, which represent strains 4, 5, 6, 9 and
10 (Figure 5). Table S9 shows the amino acid pairwise similarities of the RdRp, HPS70h
and CP genes for each isolate with the exemplar isolate LR106 (accession no. FJ467503).
GLRaV-4 strain 9 is more frequently found among all Meta-HTS sequences of GLRaV-4
(26 out of 36), followed by strain 6 (8 out of 36) (Figure 5; Table S9). GLRaV-4 strain 5
is the most uncommon strain that was only found in three grapevines at WIL (WIL13
to WIL15) (Tables S6 and S9). The two unique strains Ob and Car are phylogenetically
distantly related to other strains used for analysis, as indicated by the star symbols in
Figure 5a. Strain Ob shares the lowest aa similarity of 72.54% with the exemplar isolate
LR106 in the RdRp gene (Table S9). It is nine amino acids longer than other GLRaV-4 strains
(527 aa compares to 518 aa). The isolate Car has one amino acid extra in the HSP70h protein
compared to other isolates (535 aa compares to 534 aa). By pairwise similarity matrix, Ob
and Car had the lowest pairwise aa similarity to other isolates in the HSP70h gene, ranging
from 66.17 to 71.35% (Table S9).
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Figure 5. Neighbour-joining phylogenetic trees of grapevine leafroll-associated virus 4 (GLRaV-4)
detected by metagenomic high-throughput sequencing and isolates from the GenBank database.
Phylogenetic trees constructed by alignments of (a) complete genome sequences (above 12600 nts),
(b) amino acid (aa) sequences of the RNA-dependent RNA polymerase (RdRp), (c) aa sequences
of the heat shock protein 70 homologue (HSP70h) and (d) aa sequences of the coat protein (CP)
gene. Bootstrap values less than 50% are not shown. * Indicates GLRaV-4 isolates with similarities
to the exemplar isolate LR106 (accession no. FJ467503) below the demarcation of this species. Open
circles indicate sequences generated by a previous study [1] and black dots display the sequences by
this study.
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Based on the length of the CP aa sequence, all isolates of strain 4 and strain 10 had
273 aa, all isolates of strains 5 and 9 had 268 aa and all isolates of 6 had 269 aa. The CP
gene protein homology shows that strains 5, 6 and 9 are phylogenetically more similar
than strains 4, 10, Car and Ob. Within strain 4, 5, 6, 9 and 10, pairwise aa similarity of
the CP gene to the exemplar isolate LR106 (accession no. FJ467503) shares 99.26–99.63%,
81.02–83.21%, 79.93–80.66%, 81.39–82.48% and 77.01% (only one isolate), respectively, using
similarity matrix of all GenBank available isolates and Australian isolates listed in Table S9.

3.6. Recombination Analysis

Recombination analysis was performed for all Meta-HTS sequences along with com-
plete genome sequences from GenBank (Tables S7–S9) used in phylogenetic analysis. No
recombination events were detected in GVA, GLRaV-3 and GLRaV-4 sequences obtained
from this study.

4. Discussion

4.1. Association between SD and Phylogenetic Groups of GVA

In this comprehensive virome study, further evidence of the association between GVAII

variants and SD in Australia was shown, supporting previous studies both in Australia
and South Africa [10]. This study indicated that GVAII variants might also be associated
with SD in Merlot, although only one grapevine was analysed. Although GVAIII variants
were often found in mixed infections with GVAII variants, the results presented in this
study suggest they are unlikely to be associated with SD symptoms on Shiraz because
they were also present in LRD and asymptomatic grapevines in the absence of GVAII

variants (Tables 2 and S5). GVAIII was only found in one SD-affected grapevine (WIL47)
with Meta-HTS, but this sample was positive by endpoint RT-PCR, which detects GVAI and
GVAII variants. Therefore, it is possible that a GVAII variant was present in WIL47 but the
titre was too low for detection by Meta-HTS. GVAI was only found in a few LRD-affected
grapevines from BV, and in this study, was not associated with SD.

Although a strong association between GVAII and SD was observed, it is possible that
some GVAI and GVAIII variants could cause SD, and that some GVAII variants may not. For
example, isolate GTR1-2 from South Africa was identified as SD-negative and induced mild
vein clearing symptoms on N. benthamiana [11] and yet it belongs to group II (Figure 2a).
This is likely due to the ORF1, ORF3, 5′NTR and 3′NTR, which were clearly divergent from
other GVAII isolates [11]. Although the current data suggest that GVAII variants are most
likely to be the key pathogen of SD in Australia, phylogenetic grouping of a variant should
not be used alone to predict virulence. Broader surveillance of SD-sensitive varieties, with
and without SD, across multiple grape-growing regions should be performed to further
confirm the association between specific GVA phylogroups and SD.

4.2. Amino Acid Sequence of RNA-Binding Gene of GVA and Symptom Expression

ORF5 of GVA, which encodes a 10 kDa RNA-binding protein, was reported to play
an important role in symptom expression on N. benthamiana. When ORF5 of the infectious
clone of isolate PA3 was modified, this virulent clone no longer induced symptoms on
N. benthamiana [20]. Later, it was demonstrated that an association between symptom
severity in N. benthamiana plants inoculated with seven South African GVA isolates was
dependent on the eighth amino acid sequence from the N-terminus [22]. Therefore, we
investigated if this change could be involved in SD symptom expression in Australian
isolates, but it was not demonstrated in this study. Goszczynski and Habili [10] reported
the South African GVAII isolate, P163-M5 (accession no. DQ855082), has a 119 nt insertion
on ORF 2 and this isolate induced stronger leaf mottling symptoms on N. benthamiana
compared to other South African GVA isolates. ORF 2 encodes a putative 19-kDa protein
with no significant sequence identity to other proteins in the database. Only one other
GVAII isolate, M5v (accession no. MK982553), has this insertion at the same position. This
study therefore illustrates that this insertion is not associated with SD symptom expression
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in Australian isolates. This study did highlight residues at positions 31 and 61, which
differentiated the GVAIII phylogroup from GVAII isolates consistently, and GVAI isolates
in most cases (Figure 3). This may highlight important residues that could impact the
virulence of GVA; however, further studies are required to test this hypothesis. Further
comparative genomic analyses and functional genomic studies are required to investigate
the specific sequences that interact with the host to cause SD in sensitive varieties.

4.3. GVA Diversity

Phylogenetic relationships between GVAI and GVAII isolates, based on genomes and
individually analysed RdRp, MP and CP genes, indicate that they are more closely related
to each other than either group are to GVAIII. They share the same primary branch with
≥99% bootstrap support (Figures 2 and S2, in red square), and cannot be differentiated
using the neighbour-joining trees of the RNA-binding gene by both nt and aa sequence
(Figures 2g and S2b). In addition, some GVA isolates were placed within the GVAI clade
when analysing nt sequences of the CP gene but placed within the GVAII clade when using
the aa sequence of the same gene (Figure 2e). This all supports the hypothesis that GVAI

and GVAII phylogroups may have diverged from the same ancestor.
Diversity between GVAII and GVAIII strains was observed in Shiraz, Cabernet Sauvi-

gnon and Merlot grapevines at WIL, although some Shiraz grapevines had GVA strains
that were almost identical (Figure 2a). When the longest GVAIII contigs from each of the
Cabernet Sauvignon, Merlot and Shiraz samples were analysed by pairwise nt identity,
the identities of GVAII and GVAIII contigs were between 91.05–99.96% and 95.04–99.95%,
respectively (Figure S3). This suggests GVA infection may have originated from multiple
sources. One Cabernet Sauvignon grapevine (Cabw12) had two distinct GVAII strains, and
both strains clustered with GVAII strains from SD-affected grapevines at WIL and LC but
were not identical (Figure 2a and Table S6). Therefore, although some spread may have
occurred between Shiraz grapevines and adjacent vineyards, infections are also likely to
have been introduced from other sources.

4.4. GLRaV-3

As a part of this study, the diversity of GLRaV-3 and GLRaV-4 were also investigated
in SD and asymptomatic grapevines due to previous observations that these viruses may
play a role in this disease [1]. Using all available GLRaV-3 sequences from GenBank,
and Australian isolates from this study, a tree with five phylogroups was produced and
new naming of these proposed based on the aa sequence similarity of the CP gene from
high (phylogroup I) to low (phylogroup V) to the exemplar isolate NY1. This finding
contrasts to several previous studies, including our preliminary study, which identified
seven phylogroups [1], and that described by Diaz-Lara et al. (2018) that identified 10 phy-
logroups [44]. It appears the addition of a larger number of full-length GLRaV-3 genomes
and CP gene sequences in our most recent phylogenetic analysis has more clearly defined
the evolutionary relationship between isolates, resulting in the collapse of previously de-
scribed phylogroups to a smaller number. This proposed grouping was also reflected in
one previous study, which used all available GenBank sequences of the full-length CP gene
when assessing GLRaV-3 isolates obtained from Portuguese grapevine varieties [45]. This
study demonstrated that the phylogroup of any novel GLRaV-3 isolates could be identified
using any of CP, RdRp, HSP70h or full-length sequences since they provided consistent
results (Figure 4 and Table S9).

In this study, low diversity between all Australian GLRaV-3 strains was observed
that were all isolated from grapevines located in the WIL vineyard. These all clustered in
phylogroup I, including those infecting Shiraz, Cabernet Sauvignon SA125 (Cabw1, 2, 11,
12) and Merlot (Merlot 1), and shared 99.86 to 99.99% nt identity. This suggests a single
origin of the virus at the WIL site, potentially from the same source, and then transmitted by
natural spread through insect vectors. According to the phylogenetic analysis of GLRaV-3,

69



Viruses 2023, 15, 774 17 of 21

all Australian GLRaV-3 isolates clustered with the NY1, which could indicate they might
have originated from the USA.

4.5. GLRaV-4

GLRaV-4 species are the most genetically diverse groups within the Ampelovirus genus,
and GLRaV-4 strains 4/5, 4/6, 4/9, 4/10, 4/Car, 4/De and 4/Pr were previously thought to
be independent virus species. In 2012 they were classified by Martelli et al. [4] into a single
species based on their serological relationships, genome structure, size, and biological
and epidemiological characteristics. Strains Ob and Car have been classified as strains of
GLRaV-4, but they have lower homology to other strains of this virus [46,47].

In this study, genomes of Australian isolates of GLRaV-4/5, -4/6 and -4/9 are reported
for the first time. GLRaV-4 strains 6 and 9 in Shiraz from WIL and LC showed low diversity
and close phylogenetic relationships to the GLRaV-4 isolates in Cabernet Sauvignon from
WIL (Figure 5). This suggests the GLRaV-4 in Shiraz from WIL and LC may have originated
from the same source, possibly the Cabernet Sauvignon clone SA125.

4.6. Other Viruses

Other viruses that were detected in grapevines in this study included GLRaV-1, GRVFV,
GRSPaV, GVF and GRGV. GRVFV and GRSPaV were two abundant viruses in all the South
Australian vineyards studied and were found in SD- and LRD-affected and -unaffected
grapevines. They are therefore, not considered to be associated with SD or LRD and were
not studied further. GLRaV-1, GVF and GRGV were infrequently found and also not
considered to be associated with SD. This is the first report of GVF and GRGV in Australia.
The detection of these two viruses will be described in a different paper in the near future.

4.7. Variability in Virus Detection

Variability in the detection of some viruses by Meta-HTS and RT-PCR was observed.
The detection of viruses by Meta-HTS and not by RT-PCR is most likely due to sequence
variability at the RT-PCR primer binding sites. For example, in this study, the primer pair
H7038/C7273 from Goszczynski and Jooste [33], that were claimed to detect all GVA strains,
only detected strains GVAI and GVAII, and a third assay was required to detect GVAIII

variants. The failure to detect GLRaV-4/9 and GRVFV in some samples by Meta-HTS could
be due to low virus titre in the extracts, which could be below the detection threshold due
to seasonal fluctuation or uneven distribution of the virus in the sampled tissue [48,49].

4.8. Association between SD and LRD Species

In all SD-affected grapevines, at least one grapevine leafroll virus species, either
GLRaV-3 or GLRaV-4, was also present with GVA (Table 2, Tables S4 and S5). This may
be associated with the enhanced transmission efficiency of GVA by insect vectors in the
presence of GLRaVs [50]. It is possible that the presence of a GLRaV species is important in
SD symptom expression; however, there was no association to a specific GLRaV species.
Additionally, strains of GLRaV-3 and GLRaV-4 were found in LRD-only-affected grapevines
and asymptomatic grapevines, suggesting they are not the sole cause of SD.

In conclusion, this study showed a strong association between GVAII variants and
SD. SD has only been reported from two countries, Australia and South Africa. This
distribution could be due to the low prevalence of SD-related GVAII variants in the USA
and other countries (Table S7). Another reason for the prevalence of SD in Australia could
also be due to more conducive environmental conditions or more efficient insect vectors.
In this study, clone SA125 of Cabernet Sauvignon was tolerant to infection by GVAII as
SD symptoms were not observed. This clone is one of the most widely planted Cabernet
Sauvignon clones in South Australia and could present a risk for the spread of GVA and
SD disease but could also pose a risk if infected grapevines are top worked with sensitive
varieties, as has previously been observed [51]. Further work to investigate the prevalence
and relationships between strains within and between vineyards to estimate the risk of the
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disease in other regions is still required. A better understanding of vector efficiency for
the transmission of GVA and GLRaVs is also required. This highlights the importance of
pathogen testing and the provision of high-quality planting material to ensure disease-free
sustainable vineyards.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v15030774/s1, Figure S1: Vineyard map of the Willunga site.
Figure S2: Neighbor-joining phylogenetic analysis of amino acid (aa) sequences of full-length move-
ment protein (MP) and RNA-binding (RB) genes of grapevine virus A (GVA) using metagenomic
sequences and sequences from GenBank; Figure S3: Color coded percentage of nucleotide (nt) pair-
wise identities of grapevine virus A (GVA) contigs in this study; Table S1: Sampling time, numbers
of canes or petioles sampled per grapevine, tissue type and sample codes for samples used in the
reverse transcription polymerase chain reaction (RT-PCR) and metagenomics high throughput se-
quencing (Meta-HTS) experiments; Table S2: Primers sequences for virus detection using endpoint
RT-PCR [52–60]; Table S3: Symptom observation and the viruses detected in Shiraz grapevines at
the Willunga, Langhorne Creek, Barossa, and Adelaide University (Coombe’s) vineyards using
endpoint RT-PCR; Table S4: Virus detection of samples tested by RT-PCR but not tested by high
throughput sequencing, and the symptoms that were observed; Table S5: Virus status detected by
RT-PCR and metagenomic high-throughput sequencing (Meta-HTS) and the GVA phylogroup that
was identified; Table S6: Basic statistics and list of contigs of the 50 grapevine samples sequenced by
the NovaSeq (Illumina) instrument; Table S7: Details of grapevine virus A (GVA) isolate sequences
used for the phylogenetic analysis; Table S8: Details of the Australian grapevine leafroll-associate
virus 3 (GLRaV-3) isolates generated by metagenomic high-throughput sequencing and the publicly
available isolates used for the phylogenetic analysis; Table S9: Pairwise amino acid similarity of
grapevine leafroll-associated virus 4 (GLRaV-4) to the exemplar isolate LR106 (GLRaV-4 strain 4,
accession no. FJ467503).
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49. Čepin, U.; Gutiérrez-Aguirre, I.; Balažic, L.; Pompe-Novak, M.; Gruden, K.; Ravnikar, M. A one-step reverse transcription
real-time PCR assay for the detection and quantitation of grapevine fanleaf virus. J. Virol. Methods 2010, 170, 47–56. [CrossRef]

50. Le Maguet, J.; Beuve, M.; Herrbach, E.; Lemaire, O. Transmission of six ampeloviruses and two vitiviruses to grapevine by
Phenacoccus aceris. Phytopathology 2012, 102, 717–723. [CrossRef]

51. Habili, N.; Wu, Q.; Pagay, V. Virus-associated Shiraz disease may lead Shiraz to become an endangered variety in Australia. Wine
Vitic. J. 2016, 31, 47–50.

52. Minafra, A.; Hadidi, A. Sensitive detection of grapevine virus A, B, or leafroll-associated III from viruliferous mealybugs and
infected tissue by cDNA amplification. J. Virol. Methods 1994, 47, 175–187. [CrossRef]

53. Fazeli, C.F.; Rezaian, M.A. Nucleotide sequence and organization of ten open reading frames in the genome of grapevine
leafroll-associated virus 1 and identification of three subgenomic RNAs. J. Gen. Virol. 2000, 81, 605–615. [CrossRef] [PubMed]

54. Bertazzon, N.; Angelini, E. Advances in the detection of grapevine leafroll-associated virus 2 variants. J. Plant Pathol. 2004, 86,
283–290.

55. Habili, N.; Fazeli, C.F.; Ewart, A.; Hamilton, R.; Cirami, R.; Saldarelli, P.; Minafra, A.; Rezaian, M.A. Natural spread and molecular
analysis of grapevine leafroll-associated virus 3 in Australia. Phytopathology 1995, 85, 1418–1422. [CrossRef]

56. Good, X.; Monis, J. Partial genome organization, identification of the coat protein gene, and detection of Grapevine leafroll-
associated virus-5. Phytopathology 2001, 91, 274–281. [CrossRef]

57. Mahfoudhi, N.; Habili, N.; Masri, S.A.; Dhouibi, M.H. First report on the occurrence of grapevine leafroll-associated viruses 5 and
9 in Tunisian grapevines. Plant Dis. 2007, 91, 1359. [CrossRef]

58. Wu, Q.; Kehoe, M.; Kinoti, W.M.; Wang, C.; Rinaldo, A.; Tyerman, S.; Habili, N.; Constable, F.E. First report of grapevine rupestris
vein feathering virus in grapevine in Australia. Plant Dis. 2020, 105, 515. [CrossRef] [PubMed]

59. Zhang, Y.-P.; Uyemoto, J.K.; Golino, D.A.; Rowhani, A. Nucleotide sequence and RT-PCR detection of a virus associated with
grapevine rupestris stem-pitting disease. Phytopathology 1998, 88, 1231–1237. [CrossRef] [PubMed]

73



Viruses 2023, 15, 774 21 of 21

60. MacKenzie, D.J.; McLean, M.A.; Mukerji, S.; Green, M. Improved RNA extraction from woody plants for the detection of viral
pathogens by reverse transcription-polymerase chain reaction. Plant Dis. 1997, 81, 222–226. [CrossRef] [PubMed]

61. National Center of Biotechnology Information. Available online: https://www.ncbi.nlm.nih.gov/ (accessed on 13 February 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

74



W
IL

 =
 W

ill
un

ga
, L

C
 =

 L
an

gh
or

ne
 C

re
ek

, B
V

 =
 B

ar
os

sa
 V

al
le

y,
 C

V
= 

C
oo

m
be

’s
 V

in
ey

ar
d.

 A
ll 

gr
ap

ev
in

es
 li

st
ed

 a
re

 v
ar

. S
hi

ra
z 

ex
ce

p
C

ab
er

ne
t S

au
vi

gn
on

 c
lo

ne
 S

A
12

5 
fr

om
 W

ill
un

ga
 a

nd
 C

ab
SA

12
5 

= 
C

ab
er

ne
t S

au
vi

gn
on

 c
lo

ne
 S

A
12

5 
fr

om
 C

oo
m

be
’s

 V
in

ey
ar

d.

Pr
im

er
 s

eq
ue

nc
e 

(5
’

3’
)

75



3’

76



ve
rs

ity
 (C

oo
m

be
’s

) v
in

ey
ar

ds
 

77



78



79



80



81



82



83



W
IL

 =
 W

ill
un

ga
, L

C
 =

 L
an

gh
or

ne
 C

re
ek

, B
V

 =
 B

ar
os

sa
 V

al
le

y,
 C

V
= 

C
oo

m
be

’s
 V

in
ey

ar
d.

 A
ll 

gr
ap

ev
in

es
 li

st
ed

 a
re

 v
ar

. S
hi

ra
z 

ex
ce

p
C

ab
er

ne
t S

au
vi

gn
on

 fr
om

 W
ill

un
ga

 a
nd

 C
ab

SA
12

5 
= 

C
ab

er
ne

t S
au

vi
gn

on
 cl

on
e S

A
12

5 
fr

om
 C

oo
m

be
’s

 V
in

ey
ar

d,
 M

er
lo

t =
 M

er
lo

t f
r

84



85



86



87



88



89



90



91



92



93



94



95



96



97



98



99



W
IL

 =
 W

ill
un

ga
, L

C
 =

 L
an

gh
or

ne
 C

re
ek

, B
V

 =
 B

ar
os

sa
 V

al
le

y,
 C

V
= 

C
oo

m
be

’s
 V

in
ey

ar
d.

 A
ll 

gr
ap

ev
in

es
 li

st
ed

 a
re

 v
ar

. S
hi

ra
z 

ex
ce

p
C

ab
er

ne
t S

au
vi

gn
on

 fr
om

 W
ill

un
ga

 a
nd

 C
ab

SA
12

5 
= 

C
ab

er
ne

t S
au

vi
gn

on
 cl

on
e S

A
12

5 
fr

om
 C

oo
m

be
’s

 V
in

ey
ar

d,
 M

er
lo

t =
 M

er
lo

t f
r

“B
la

st
n”

 c
om

10
0



10
1



10
2



10
3



10
4



10
5



10
6



10
7



10
8



10
9



11
0



11
1



11
2



11
3



11
4



11
5



11
6



11
7



11
8



11
9



12
0



12
1



12
2



12
3



12
4



12
5



12
6



12
7



12
8



12
9



13
0



13
1



by
 th

e 
th

e 
“b

la
st

n”
 fu

nc
tio

n 
of

 B
la

st
+.

 F
or

 c
on

tig
s w

hi
ch

 d
o 

no
t s

ha
re

 a
ny

 c
om

m
en

t g
en

om
e 

re
gi

on
, i

de
nt

iti
es

 a
re

 sh
ow

n 
as

 N
/A

of
 n

t i
de

nt
iti

es
 a

re
 c

ol
or

 c
od

ed
 b

y 
th

e 
“3

co
lo

r 
sc

al
e 

fu
nc

tio
n”

 o
f M

ic
ro

so
ft 

ex
ce

l u
si

ng
 b

lu
e 

(lo
w

es
t v

al

13
2





estimated to be around AU$12 million yr−1 



assigned based on the 3’ terminal part of the genome including partial 



™ ™



“ ”

“ ” “ ” the “reformat” function

using the “reformat” function of BBmap

”makeblastdb” command using 

using the “blastn” command of BLAST+

the “ ”

using the BBmap’s “bbrename” command. Primer s
the “cutadapt” function of 

Cutadapt’s “cutadapt”



by the “makeblastdb” command

using the “blastn” 

“sort”









 











by “ ”.









be carried on people’s clothing and 







Pr
im

er
 s

eq
ue

nc
e 

(5
’

3’
)











bi
nd

in
g 

ge
ne

 c
an

no
t b

e 
di

ffe
re

nt
ia

te
d,

 n
am

ed
 “

I&
II

”,
 se

e 
de

ta
ils

 in
 C

ha
pt

er
 2

. 





–

–



–

–





–



Callaway, E. Beyond Omicron: what’s next for COVID’s viral evolution. 





 
 

167 

  



 
 

168 



 
 

169 



 
 

170 

 

 

defined as “
” 



 
 

171 

 

’

and stem water potential (ψ and ψ

ψ ψ
ψ

The ψ

ψ
ψ



 
 

172 

ψ
ψ

, Welch’s
of Welch’s F

means in all groups and Tukey’s multiple comparison test was 



 
 

173 

≥

package “factoextra”

“ lbow method” by the “fviz_nbclust” function
was performed by “kmeans” function of the “stats” package



 
 

174 



175



  
17

6 

St
em

 w
at

er
 p

ot
en

tia
l (
ψ

Le
af

 w
at

er
 p

ot
en

tia
l (
ψ



  
17

7 

 



 
 

178 

  

SD

LRD
ASY

SD

ASY



 
 

179 

SD

LRD

ASY

SD

LRD
ASY

LRD
ASY

SD

SD
ASY



 
 

180 

was ≤

determined using the “elbow 
”



 
 

181 

(“elbow”)
on the bend of the “ ” 

identified by the “ lbow method” for 

 



  
18

2 



 
 

183 

Welch’s ANOVA detected significant differences 
the Dunett’s T3 test did not detect any

Welch’s ANOVA Dunnett’s

(ψ and ψ
ψ and ψ



 
 

184 



18
5

Tu
ke

y’
s 

te
st



 
 

186 



18
7



 
 

188 



 
 

189 



 
 

190 



 
 

191 

of ψ and ψ
The ψ and ψ

he gradients between ψ and ψ



 
 

192 



 
 

193 

 
 



  
19

4 

Sa
m

pl
e 

ID
1  

G
ro

up
s2  

Sy
m

pt
om

 
ty

pe
 3  

M
aj

or
 v

iru
se

s4  
V

H
S 

Pl
an

t a
re

a 
in

de
x 

(P
A

I)
 

(2
01

8-
19

) 
PA

I (
20

19
-2

0)
 

PA
I (

20
20

-2
1)

 
St

om
at

al
 

co
nd

uc
ta

nc
e 

(g
s) 

(2
01

8-
19

) 
g s

 (2
02

0-
21

a)
 

g s
 (2

02
0-

21
b)

 
le

af
 

ch
lo

ro
ph

yl
l 

(2
01

8-
19

) 

le
af

 
ch

lo
ro

ph
yl

l 
(2

02
0-

21
)  

W
at

er
 

po
te

nt
ia

l 
(2

02
0-

21
) 

Ph
ot

os
yn

th
es

is
 

(2
02

0-
21

) 
C

ar
bo

hy
dr

at
e 

 
(2

02
0-

21
) 

B
er

ry
 (2

01
8-

19
) 

B
er

ry
 (2

01
9-

20
) 

B
er

ry
 2

02
0-

21
 

W
IL

1 
SD

1 
SD

 
G

V
A

II
&

II
I , 

G
LR

aV
-3

 
2 

Y
es

# 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

N
o 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

Y
es

 

W
IL

2 
SD

1 
SD

 
G

V
A

II
&

II
I , 

G
LR

aV
-3

 
6 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

N
o 

Y
es

 
Y

es
 

Y
es

 
N

o 
Y

es
 

Y
es

 
Y

es
 

W
IL

3*
 

SD
1 

SD
 

G
V

A
II

&
II

I , 
G

LR
aV

-3
 

0 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

N
o 

N
o 

N
o 

N
o 

N
o 

Y
es

 
N

o 
N

o 

W
IL

4*
 

SD
2 

SD
 

G
V

A
II
, 

G
LR

aV
-3

 
0 

Y
es

 
N

o#
 

N
o 

Y
es

 
N

o 
N

o 
Y

es
 

N
o 

N
o 

N
o 

Y
es

 
Y

es
 

N
o 

N
o 

W
IL

5 
SD

2 
SD

 
G

V
A

II
, 

G
LR

aV
-3

 
2 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

W
IL

6*
 

SD
2 

SD
 

G
V

A
II
, 

G
LR

aV
-3

 
0 

Y
es

 
N

o 
N

o 
Y

es
 

N
o 

N
o 

Y
es

 
N

o 
N

o 
N

o 
N

o 
Y

es
 

N
o 

N
o 

W
IL

7*
 

SD
2 

SD
 

G
V

A
II
, 

G
LR

aV
-3

 
0 

Y
es

 
Y

es
 

N
o 

Y
es

 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

W
IL

8*
 

SD
1 

SD
 

G
V

A
II

&
II

I , 
G

LR
aV

-3
 

0 
Y

es
 

Y
es

 
N

o 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

N
o 

N
o 

W
IL

9 
LR

D
1 

LR
D

 
G

V
A

II
I , 

G
LR

aV
-3

 
5 

Y
es

 
Y

es
 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

Y
es

 
Y

es
 

N
o 

N
o 

Y
es

 
Y

es
 

W
IL

10
 

LR
D

1 
LR

D
 

G
V

A
II

I , 
G

LR
aV

-3
 

6 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
N

o 
Y

es
 

Y
es

 
Y

es
 

W
IL

11
 

LR
D

1 
LR

D
 

G
V

A
II

I , 
G

LR
aV

-3
 

5 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

Y
es

 

W
IL

12
 

LR
D

1 
LR

D
 

G
V

A
II

I , 
G

LR
aV

-3
 

5 
Y

es
 

Y
es

 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

N
o 

Y
es

 
Y

es
 

W
IL

13
 

LR
D

1 
LR

D
 

G
V

A
II

I , 
G

LR
aV

-3
 

6 
Y

es
 

Y
es

 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 

W
IL

14
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
7 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

N
o 

Y
es

 
Y

es
 

Y
es

 

W
IL

15
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
6 

Y
es

 
Y

es
 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
N

o 
Y

es
 

Y
es

 

W
IL

16
 

A
SY

2 
A

SY
 

N
eg

 
3 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

N
o 

N
o 

Y
es

 
N

o 
N

o 
N

o 
N

o 
Y

es
 

Y
es

 
N

o 

W
IL

17
 

A
SY

2 
A

SY
 

N
eg

 
3 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

N
o 

N
o 

Y
es

 
N

o 
N

o 
N

o 
N

o 
Y

es
 

Y
es

 
Y

es
 

W
IL

18
 

A
SY

2 
A

SY
 

N
eg

 
4 

Y
es

 
Y

es
 

Y
es

 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 

W
IL

19
 

A
SY

2 
A

SY
 

N
eg

 
5 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

N
o 

N
o 

Y
es

 
N

o 
N

o 
N

o 
N

o 
Y

es
 

Y
es

 
Y

es
 

W
IL

20
 

A
SY

2 
A

SY
 

N
eg

 
5 

Y
es

 
Y

es
 

Y
es

 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 

W
IL

21
 

A
SY

2 
A

SY
 

N
eg

 
7 

Y
es

 
Y

es
 

Y
es

 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 

W
IL

22
 

A
SY

2 
A

SY
 

N
eg

 
5 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

N
o 

N
o 

Y
es

 
N

o 
N

o 
N

o 
N

o 
Y

es
 

Y
es

 
Y

es
 

W
IL

23
 

A
SY

2 
A

SY
 

N
eg

 
8 

Y
es

 
Y

es
 

Y
es

 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 



  
19

5 

W
IL

24
 

A
SY

2 
A

SY
 

N
eg

 
6 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

N
o 

N
o 

Y
es

 
N

o 
N

o 
N

o 
N

o 
Y

es
 

Y
es

 
Y

es
 

W
IL

25
 

A
SY

2 
A

SY
 

N
eg

 
4 

Y
es

 
Y

es
 

Y
es

 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 

W
IL

26
 

A
SY

2 
A

SY
 

N
eg

 
7 

Y
es

 
Y

es
 

Y
es

 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 

W
IL

27
 

A
SY

2 
A

SY
 

N
eg

 
5 

Y
es

 
Y

es
 

Y
es

 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 

W
IL

28
 

A
SY

2 
A

SY
 

N
eg

 
4 

Y
es

 
Y

es
 

Y
es

 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 

W
IL

29
 

A
SY

2 
A

SY
 

N
eg

 
7 

Y
es

 
Y

es
 

Y
es

 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 

W
IL

30
 

A
SY

2 
A

SY
 

N
eg

 
4 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

N
o 

N
o 

Y
es

 
N

o 
N

o 
N

o 
N

o 
Y

es
 

Y
es

 
Y

es
 

W
IL

31
 

A
SY

1 
A

SY
 

G
V

A
II

I  
6 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

Y
es

 
N

o 
N

o 
N

o 
N

o 

W
IL

32
 

N
/A

 
SD

 
G

V
A

II
&

II
I  

1 
N

o 
N

o 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

N
o 

N
o 

N
o 

N
o 

W
IL

33
 

LR
D

1 
LR

D
 

G
V

A
II

I , 
G

LR
aV

-3
 

8 
N

o 
N

o 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

Y
es

 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 

W
IL

34
 

A
SY

1 
A

SY
 

G
V

A
II

I  
7 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

Y
es

 
N

o 
N

o 
N

o 
N

o 

W
IL

35
 

LR
D

1 
LR

D
 

G
V

A
II

I , 
G

LR
aV

-3
 

6 
N

o 
N

o 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

Y
es

 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 

W
IL

36
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
5 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

N
o 

N
o 

N
o 

N
o 

W
IL

37
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
4 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

N
o 

N
o 

N
o 

N
o 

W
IL

38
 

LR
D

1 
LR

D
 

G
V

A
II

I , 
G

LR
aV

-3
 

7 
N

o 
N

o 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

N
o 

N
o 

N
o 

N
o 

W
IL

39
 

A
SY

1 
A

SY
 

G
V

A
II

I  
7 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

Y
es

 
N

o 
N

o 
N

o 
N

o 

W
IL

40
 

LR
D

1 
LR

D
 

G
V

A
II

I , 
G

LR
aV

-3
 

6 
N

o 
N

o 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

N
o 

N
o 

N
o 

N
o 

W
IL

41
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
8 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
N

o 
N

o 
N

o 
N

o 

W
IL

42
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
4 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

N
o 

N
o 

N
o 

N
o 

W
IL

43
 

LR
D

1 
LR

D
 

G
V

A
II

I , 
G

LR
aV

-3
 

6 
N

o 
N

o 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

Y
es

 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 

W
IL

44
 

A
SY

2 
A

SY
 

N
eg

 
7 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

Y
es

 
N

o 
N

o 
N

o 
N

o 

W
IL

45
 

A
SY

1 
A

SY
 

G
V

A
II

I  
7 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

Y
es

 
N

o 
N

o 
N

o 
N

o 

W
IL

47
 

SD
1 

SD
 

G
V

A
II

&
II

I , 
G

LR
aV

-3
 

2 
N

o 
N

o 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

N
o 

Y
es

 

W
IL

48
 

SD
2 

SD
 

G
V

A
II
, 

G
LR

aV
-3

 
1 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

Y
es

 
N

o 
N

o 
N

o 
N

o 

W
IL

49
 

SD
2 

SD
 

G
V

A
II
, 

G
LR

aV
-3

 
3 

N
o 

N
o 

Y
es

 
N

o 
N

o 
Y

es
 

N
o 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

N
o 

N
o 

W
IL

50
 

SD
2 

SD
 

G
V

A
II
, 

G
LR

aV
-3

 
3 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

Y
es

 
N

o 
N

o 
Y

es
 

W
IL

51
* 

SD
2 

SD
 

G
V

A
II
, 

G
LR

aV
-3

 
0 

N
o 

N
o 

N
o 

N
o 

Y
es

 
Y

es
 

N
o 

Y
es

 
N

o 
N

o 
Y

es
 

N
o 

N
o 

N
o 

W
IL

52
* 

SD
2 

SD
 

G
V

A
II
, 

G
LR

aV
-3

 
0 

N
o 

N
o 

N
o 

N
o 

N
o 

Y
es

 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 
N

o 



  
19

6 

W
IL

53
 

SD
2 

SD
 

G
V

A
II
, 

G
LR

aV
-3

 
1 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

N
o 

N
o 

N
o 

Y
es

 

W
IL

54
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
8 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

Y
es

 

W
IL

55
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
8 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

Y
es

 

W
IL

56
 

A
SY

1 
A

SY
 

G
V

A
II

I  
8 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
N

o 
N

o 
N

o 
N

o 

W
IL

57
 

A
SY

2 
A

SY
 

N
eg

 
8 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

N
o 

N
o 

N
o 

N
o 

W
IL

58
 

A
SY

2 
A

SY
 

N
eg

 
8 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

N
o 

N
o 

N
o 

N
o 

W
IL

59
 

A
SY

2 
A

SY
 

N
eg

 
7 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

N
o 

N
o 

N
o 

N
o 

W
IL

60
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
8 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

N
o 

N
o 

N
o 

N
o 

W
IL

61
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
6 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

Y
es

 
N

o 
N

o 
Y

es
 

W
IL

62
 

LR
D

1 
LR

D
 

G
V

A
II

I , 
G

LR
aV

-3
 

7 
N

o 
N

o 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

N
o 

N
o 

N
o 

N
o 

W
IL

63
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
8 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

N
o 

N
o 

N
o 

Y
es

 

W
IL

64
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
8 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

N
o 

N
o 

N
o 

N
o 

W
IL

65
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
8 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
N

o 
N

o 
N

o 
N

o 

W
IL

66
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
7 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
N

o 
N

o 
N

o 
N

o 

W
IL

67
 

LR
D

1 
LR

D
 

G
V

A
II

I , 
G

LR
aV

-3
 

6 
N

o 
N

o 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

Y
es

 
N

o 
N

o 
Y

es
 

W
IL

68
 

LR
D

1 
LR

D
 

G
V

A
II

I , 
G

LR
aV

-3
 

6 
N

o 
N

o 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

Y
es

 
Y

es
 

N
o 

N
o 

N
o 

N
o 

Y
es

 

W
IL

69
 

A
SY

2 
A

SY
 

N
eg

 
8 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

Y
es

 

W
IL

70
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
8 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
N

o 
N

o 
N

o 

W
IL

71
 

A
SY

2 
A

SY
 

N
eg

 
5 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

Y
es

 
Y

es
 

Y
es

 
N

o 
N

o 
Y

es
 

W
IL

72
 

A
SY

2 
A

SY
 

N
eg

 
8 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
N

o 
N

o 
N

o 
N

o 

W
IL

73
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
4 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

Y
es

 
Y

es
 

N
o 

N
o 

N
o 

Y
es

 

W
IL

74
 

A
SY

2 
A

SY
 

N
eg

 
7 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

Y
es

 

W
IL

75
 

A
SY

2 
A

SY
 

N
eg

 
7 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

Y
es

 
N

o 
N

o 
N

o 
N

o 

W
IL

76
 

A
SY

2 
A

SY
 

N
eg

 
6 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

Y
es

 
N

o 
N

o 
N

o 
N

o 

W
IL

77
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
8 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

Y
es

 
N

o 
N

o 
Y

es
 

W
IL

78
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
8 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

Y
es

 
N

o 
N

o 
Y

es
 

W
IL

79
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
8 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

N
o 

N
o 

N
o 

Y
es

 

W
IL

80
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
8 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

N
o 

N
o 

N
o 

Y
es

 

W
IL

81
 

LR
D

2 
LR

D
 

G
LR

aV
-3

 
8 

N
o 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

N
o 

N
o 

N
o 

N
o 

Y
es

 

LC
1 

SD
3 

SD
 

G
V

A
II
 

N
o 

Y
es

 

N
o 

N
o 

N
o 

N
o 

N
o 

N
o 

N
o 

LC
2 

SD
3 

SD
 

G
V

A
II
 

Y
es

 
N

o 
N

o 
N

o 

LC
3 

SD
3 

SD
 

G
V

A
II
 

Y
es

 
N

o 
N

o 
N

o 

LC
4 

SD
3 

SD
 

G
V

A
II
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

LC
5 

SD
3 

SD
 

G
V

A
II
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 



  
19

7 

LC
6 

SD
3 

SD
 

G
V

A
II
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

LC
7 

SD
3 

SD
 

G
V

A
II
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

LC
8 

SD
3 

SD
 

G
V

A
II
 

Y
es

 
Y

es
 

N
o 

N
o 

 

LC
9 

SD
3 

SD
 

G
V

A
II
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

LC
10

 
SD

3 
SD

 
G

V
A

II
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

LC
11

 
SD

3 
SD

 
G

V
A

II
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

LC
12

 
SD

3 
SD

 
G

V
A

II
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

LC
13

 
SD

3 
SD

 
G

V
A

II
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

LC
14

 
SD

3 
SD

 
G

V
A

II
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

LC
15

 
SD

3 
SD

 
G

V
A

II
 

Y
es

 
N

o 
N

o 
N

o 

LC
16

 
A

SY
2 

A
SY

 
N

eg
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

LC
17

 
A

SY
2 

A
SY

 
N

eg
 

Y
es

 
N

o 
N

o 
N

o 

LC
18

 
A

SY
2 

A
SY

 
N

eg
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

LC
19

 
A

SY
2 

A
SY

 
N

eg
 

Y
es

 
N

o 
N

o 
N

o 

LC
20

 
A

SY
2 

A
SY

 
N

eg
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

LC
21

 
A

SY
2 

A
SY

 
N

eg
 

Y
es

 
N

o 
N

o 
N

o 

LC
22

 
A

SY
2 

A
SY

 
N

eg
 

Y
es

 
N

o 
N

o 
N

o 

LC
23

 
A

SY
2 

A
SY

 
N

eg
 

Y
es

 
N

o 
N

o 
N

o 

LC
24

 
A

SY
2 

A
SY

 
N

eg
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

LC
25

 
A

SY
2 

A
SY

 
N

eg
 

Y
es

 
N

o 
N

o 
N

o 

LC
26

 
A

SY
2 

A
SY

 
N

eg
 

Y
es

 
N

o 
N

o 
N

o 

LC
27

 
A

SY
2 

A
SY

 
N

eg
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 

LC
28

 
A

SY
2 

A
SY

 
N

eg
 

Y
es

 
N

o 
N

o 
N

o 

LC
29

 
A

SY
2 

A
SY

 
N

eg
 

Y
es

 
N

o 
N

o 
N

o 

LC
30

 
A

SY
2 

A
SY

 
N

eg
 

Y
es

 
Y

es
 

Y
es

 
Y

es
 



  
19

8 

 



  
19

9 

  



  
20

0 

 

 
 

th
e 

W
el

ch
’s

 A
N

O
V

A
 a

un
et

t’s
 T

3 
te

st
s

 
μ

μ

μ



 
 

201 

and growth responses of young “Cabernet Sauvignon”(Vitis vinifera) plants to simple and mixed 

Figueroa-Balderas, R.; Golino, D.A. Rootstock influences the effect of grapevine leafroll-associated 

Moutinho-Pereira, J.; Correia,
J.L.; Cortez, M.I. Impacts of leafroll-associated viruses (GLRaV-1 and-3) on the physiology of the 
Portuguese grapevine cultivar ‘Touriga Nacional’growing under field conditions.



 
 

202 

El Aou-ouad, H.; Pou, A.; Tomás, M.; Montero, R.; Ribas-Carbo, M.; Medrano, H.; Bota, J. Combined 

Jež

California’s southern San Joaquin Valley. 

mmer, S.; Schaepman-Strub, G. An overview of global leaf area index (LAI): 



 
 

203 

reserves in grapevine (Vitis vinifera L.‘Chasselas’): the influence of the leaf to fruit ratio. 

ch, J.; Tyerman, S. Non-



 
 

204 

Moutinho-Pereira, J.; Correia, C.; Gonçalves, B.; Bacelar, E.; Coutinho, J.; Ferreira, H.; Lousada, J.; Cortez, 
leafroll-associated viruses (GLRaV-1 and-3) on the physiology of the P ortuguese 

grapevine cultivar ‘T ouriga N acional’growing under field conditions. 

Moutinho-Pereira, J.; Correia, C.M.; Gonçalves, B.; Bacelar, E.
J.L.; Cortez, M.I. Impacts of leafroll-associated viruses (GLRaV-1 and-3) on the physiology of the P 
ortuguese grapevine cultivar ‘T ouriga N acional’growing under field conditions. 

í u ̈

Sims, D.A. Concepts of plant biotic stress. Some insights into the stress physiology of virus-infected 

–

 







manufacturer’s 



ANOVA and Tukey’s 



“prcomp” from the default package “Datasets”.
“FactoMineR" and “factoextra"











 







–







–

free and molecular SO2,“chemical age”. 

Jančářová, I.; Jančář, L.; Náplavová, A.; Kubáň, V. Changes of organic acids and phenolic compounds 



í u ̈

–
 





223



224



Disease Notes

Diseases Caused by Viruses

First Report of Grapevine Rupestris Vein Feathering Virus in
Grapevine in Australia

Q. Wu,1,2,† M. A. Kehoe,3 W. M. Kinoti,4 C. P. Wang,3 A. Rinaldo,2

S. Tyerman,1 N. Habili,2 and F. E. Constable4

1 School of Agriculture, Food and Wine, University of Adelaide, Glen
Osmond, SA 5064, Australia

2 The Australian Wine Research Institute, Glen Osmond, SA 5064,
Australia

3 Department of Primary Industries and Regional Development, Diagnostic
Laboratory Services, South Perth, WA 6151, Australia

4 Agriculture Victoria Research, Department of Jobs, Precincts and
Regions, AgriBio, Bundoora, VIC 3083, Australia

Funding: Funding was provided by Department of Agriculture, the
University of Adelaide, Wine Australia, and Pawsey Supercomputing
Centre, with funding from the Government of Western Australia and the
Australian Government. Plant Dis. 105:515, 2021; published online as
https://doi.org/10.1094/PDIS-06-20-1240-PDN. Accepted for publication 8
September 2020.

Grapevine rupestris vein feathering virus (GRVFV; tentative genus
Marafivirus; family Tymoviridae) was first detected from a Greek
grapevine (Vitis vinifera) with asteroid mosaic-like symptoms (El Beaino
et al. 2001; Ghanem-Sabanadzovic et al. 2003) and was also infected with
grapevine fleck virus. GRVFV has been detected in the United States,
South Africa, Canada, Spain, China, New Zealand, Brazil, Germany,
Korea, Slovakia, Hungary, and Pakistan (Cho et al. 2018; Mahmood et al.
2019). Transmission vectors are currently unknown. In 2018, nine
grapevine samples were collected between May and July in South Australia
(SA) and Western Australia (WA) and were analyzed by high-throughput
sequencing (HTS) to characterize grapevine viruses in Australian
vineyards. Total RNA or double-stranded RNA was extracted from
grapevine canes using an RNeasy 96 QIAcube HT kit (Qiagen) with
MacKenzie buffer (MacKenzie et al. 1997) or using CF-11 (Balijja et al.
2008). Libraries were prepared using the NEBNext Ultra II RNA library
Prep Kit (NEB) or TruSeq Stranded mRNA Prep kit (Illumina) with Ribo-
Zero gold plant kit for ribosomal depletion (Illumina, San Diego, CA).
Libraries were sequenced using Illumina MiSeq (SA) or HiSeq (WA)
technology with 2 × 300 (SA) or 2 × 100 (WA) paired-end reads, which

were trimmed using Trim Galore! (0.4.0) or BBmap (38.20), respectively.
De novo assembly, using the SPAdes (version 3.12.0) genome assembler
with default settings, resulted in 12 near-full-length GRVFV genomes
(6,713 to 6,737 nt), eight sequences from the WA samples and four from
the SA samples. WA samples 171 and 178 and SA sample BV each had
two distinct GRVFV molecular variants. Variants 171-1 and 171-2
(GenBank accessions MT084811 and MT084812) from sample 171 shared
83.39% nucleotide (nt) identity. Variants 178-1 and 178-2 (MT084813 and
MT084814) from sample 178 shared 83.54% nt identity. Variants BV6799
and BV8822 (MN974274 and MN974275) from sample BV shared 82.85%
nt identity. Only one GRVFV sequence was obtained from all other
samples. The genome of SA isolate LC1 (MN974273) was confirmed by
RT-PCR amplification and Sanger sequencing of overlapping genome
regions. Tissue from the infected LC1 isolate has been deposited into the
Victorian plant pathogen reference collection (VPRI accession no. 43698).
When the genomes of all Australian isolates were compared, they had
78.94 to 94.37% nt identity with each other. The SA isolates LC1, BV8822,
BV6799, and SEL-L (MN974276) and the WA isolates 172 (MT084807),
179 (MT084808), 180 (MT084809), and 182 (MT084810) were most
closely related to the Swiss isolate CHASS (KY513702; 82.87 to 85.46% nt
identity). The WA isolates 171-1, 171-2, 178-1, and 178-2 were most
closely related to the New Zealand isolate Ch8021 (MF000325; 83.21 to
93.87%). Grapevine leafroll-associated virus 1 (GLRaV-1), GLRaV-
3, GLRaV-4 (strain 6 and 9), grapevine virus A, grapevine rupestris stem
pitting associated virus, grapevine yellow speckle viroid 1, and hop stunt
viroid were also identified in the sequencing data. This is the first report of
GRVFV in Australia. All WA samples were collected during dormancy,
and symptoms were not observed. Sample LC1 from SA had Shiraz
disease, the other SA samples were asymptomatic, and none had asteroid
mosaic-like symptoms. Further research is required to determine its
distribution and association with disease in Australia.
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