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Abstract

Shiraz disease (SD) is one of the most virulent viral diseases of
several SD-sensitive grapevine varieties including Shiraz, Merlot, Malbec,
Gamay, Ruby Cabernet and Sumoll in Australia. The viromes of a large
number of grapevines with SD, leafroll disease (LRD) symptoms, and
asymptomatic grapevines (ASY) were assessed for grapevine virus A
(GVA) and other viruses using endpoint reverse transcription polymerase
chain reaction (RT-PCR) and metagenomic high throughput sequencing
(Meta-HTS) approaches. A minimum of one GVA isolate from
phylogenetic group II (GVAT) was present in a SD grapevine. In contrast,
phylogroups GVA! and GVA! were not associated with SD, since they
were also present in LRD and ASY grapevines. These results support
previous studies both in Australia and South Africa that demonstrated
that GVAI' was strongly associated with SD symptoms. At least one
grapevine leafroll-associated virus (GLRaV) species was also found in SD
grapevines and might contribute to disease expression, however no
association to a specific GLRaV species was found. Analysis of GVA
quasispecies using the median-joining networks (MJNs) demonstrated
the potential emergence of new GVA! variants related to one or a few
dominant variants within a population. When MJNs were constructed
using all samples from different vineyards, variant groups were revealed,
some of which were linked to the actual geographical locations of
grapevine populations, demonstrating potential spread within a
vineyard, and some which linked different vineyards indicating a spread
through planting material. No single GVAT variant was specifically linked
to SD. A series of physiological parameters of SD, LRD and ASY
grapevines were monitored in two South Australian vineyards, Willunga
(WIL) and Langhorne Creek (LC), during 2018-19, and at WIL only in
2019-20, and 2020-21. Vine decline and dead arms symptoms were also
observed at WIL that may be attributed to grapevine trunk diseases
(GTDs). Plant area index (PAI) data in combination with a vine health
score (VHS) system, which was developed for this study to measure the
severity of decline and dead arms symptoms, showed that canopy vigor
in SD/GTD affected grapevines was significantly reduced, as compared to
LRD and ASY grapevines. PAI can be used to distinguish SD/GTD and
ASY grapevines using kmeans clustering. Other parameters like leaf
chlorophyll, photosynthesis, total non-structural carbohydrate in cane
and trunk, leaf stomatal conductance and water potential were less
affected or unaffected. Fresh berry mass (FBM), total soluble solids (TSS)
and juice pH were also compared. According to the timewise berry
development curves for the three growing seasons, berries of SD/GTD
affected grapevines tend to have a lower TSS and pH but a higher FBM.
This is likely due to delayed berry ripening which could be a consequence
of delayed canopy growth associated with SD and/or GTDs. The yield of
berries was significantly reduced compared to non-Shiraz disease (NSD)
grapevines at the Willunga site which was related to the presence of the
physiological disorder called bunch stem necrosis (BSN) which caused
berries to drop before harvesting, especially the SD/GTD affected
grapevines. Thus only 900g of berries from two SD/GTD affected
grapevines could be used to make wines and asses impact of disease on
wine quality. The preliminary wine data suggests that wine made from
SD/GTD affected grapevines with GVAI had lower ethanol, less colour
and tannins compared to wines from NSD grapevines. The wines from
SD/GTD affected grapevines may have more vegetal characters and less



flavour compounds that contribute to pleasant aromas than those from
NSD grapevines. The differences between wines from SD/GTD and NSD
grapevines need to be re-investigated to see if this could be due to a
chemical metabolism resulting from the GVA! infection or a direct
consequence of delayed berry ripening. This study provides
comprehensive insights into SD in Australia, encompassing virological,
molecular, physiological, and oenological aspects, which may provide
valuable guidance for future investigation of this disease.
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Thesis Format

A combination of conventional thesis chapters and publications was
formatted for this Ph.D. thesis. Chapter 1 includes a review paper and
additional general background sections which were not included in the
review paper. The results chapters (Chapters 2-6) are arranged as
independent articles with their own materials and methods, results,
discussion, and conclusion since it is easier to relate the methods to each
experiment. Chapter 2 explores the virome of the Shiraz disease (SD)
grapevines, and Chapter 3 details a study of the intra-host diversity of the
main viral pathogen associated with SD, grapevine virus A (GVA). The
significance of SD infection in terms of grapevine field performance
(Chapter 4) and wine composition (Chapter 5) were studied. In the
metagenomic high-throughput sequencing (Meta-HTS) experiments, a
virus that is new to Australia has been discovered and reported (Chapter
6). The findings of each study are discussed and summarized in Chapter
7.
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Chapter 1: Literature Review

1.1. Australian wine industry and importance of red grape varieties

Grapevines (Vitis vinifera L.) were introduced to Australia 230 years
ago by Governor Arthur Phillip with the first British settlements in 1788
[1]. The cuttings were brought from Rio de Janeiro and the Cape of Good
Hope and were firstly planted as a small plantation at Farm Cove, New
South Wales. As grapevines were well adapted to some local areas of the
Australian environment, the wine industry has subsequently flourished.
In 2020, the surface area of Australian vineyards totaled 146,000 hectares
(ha) and wine production totaled 14.2 million hectolitres (mhl) which is
about 5.7% of the world total wine production [2]. In the last ten years, the
Australian grape and wine sector has been steadily expanding. The wine
production in 2021 increased by 30% compared to 2020, while it increased
by 14% compared to the 2016-2020 average [3]. Australia produces top
quality wines that are exported to many countries of the world.
Internationally, Australia has become the fifth largest wine exporter with
yearly export totaling 7.5 mhl [2].

Wine grapes are grown in all states of Australia, except the Northern
Territory. South Australia (SA) with the largest growing area, contributes
to 1.06 million tonnes, which is 52% of the Australian total [4].

Among all grapevine varieties grown in Australia, Shiraz (syn.
Syrah) has been the most popular red variety with a record of 538,402
tonnes accounting for about 26.5% of the total crush (Wine Australia
national vintage report 2021). Red varieties are getting more popular, with
Shiraz, Cabernet Sauvignon, Merlot, Pinot Noir, and Petit Verdot
experiencing an annual crush increase of 41%, 36%, 26%, 52%, and 19%,
respectively, for the year 2021 compared to 2020 [4].

1.2. Wine production regions in South Australia

Early private vineyards in SA were first planted in 1836 by John
Barton Hack and George Stevenson in North of Adelaide now known as
the Barossa Valley [5]. The first plantation was moved to the Adelaide
Hills region near Mount Barker in 1843 [5]. During the 1890s, the SA grape
and wine industry entered a fast-growing period since it was promoted
by viticulturist Arthur Perkins from the government and by increasing
wine exports to the United Kingdom [6]. From 1840 to 1900, over 200
growers worked in the grape and wine industry in the Adelaide Hills [7].
Nowadays, four major wine zones (Barossa/Mt Lofty, Fleurieu, Limestone
Coast and Lower Murray/Far North) and a total of 18 distinctive wine
regions have been established in SA from the northmost of the Southern
Flinders Ranges to the southernmost region of Mount Gambier [8].

1.3. Virus diseases of the grapevine

Ninety three viruses have been detected in the grapevine (Vitis
vinifera L.) worldwide [9-11] of which 31 are considered as disease
associated viruses [12]. Grapevine viruses mainly are associated with five
types of disease: leafroll, degeneration and decline, fleck, rugose wood
and red blotch disease (GRD), which will be briefly described in the
following sections.

1.3.1. Grapevine leafroll disease (LRD)



Grapevine leafroll disease (LRD) which is known to be associated
with grapevine leafroll-associated viruses (GLRaVs), is one of the most
widespread diseases, appearing in every grape-growing country globally.
Typical LRD symptoms and pathogens are discussed by Wu, et al. [13]
which is presented later in this Chapter. GLRaVs are scattered across three
genera, Ampelovirus, Closterovirus and Velarivirus within the family
Closteroviridae. Grapevine leafroll-associated viruses 1, 3, 4 and 13
(GLRaV-1, 3, 4 and 13) are classified in the genus Ampelovirus, which are
transmitted by mealybugs and scale insects [14-16]. GLRaV-2 and GLRaV-
7 are assigned to the genera Closterovirus and Velarivirus, respectively, for
which the vector species remains unknown [17-19].

1.3.2. Degenerative and decline disease

Fifteen viruses belonging to the family Secoviridae under the genus
Nepovirus, including grapevine fanleaf virus (GFLV), are associated with
degenerative decline diseases [12,20,21]. The progressive degeneration
and decline of the entire plant associated with Nepovirus infection can be
highly destructive since affected grapevines may eventually die [22].
Grapevines infected with GFLV and other nepoviruses display various
symptoms including abnormal leaf morphology, typically fan shape
leaves, leaf vein clearing [22]. In severe cases, GFLV infected vineyards
can show patchy distribution of diseased grapevines related to the
movement of the nematode vector Xiphinema index [23]. GFLV, was
thought to have originated from North America and spread worldwide
by human activities [12]. GFLV was known to be present in Australia but
was declared absent in 2015 since there had been no detections since 1989
[24].

1.3.3. Grapevine fleck disease and associated diseases

There are four fleck or fleck-like viruses (fleck complex) within the
family Tymoviridae including grapevine fleck virus (GFkV), grapevine
rupestris vein feathering virus (GRVFV), grapevine red globe virus
(GRGV), and grapevine asteroid mosaic associated virus (GAMaV) in
genera Maculavirus and Marafivirus [12,25]. These viruses are known to be
associated with fleck, asteroid mosaic and vein feathering diseases and
grafting incompatibility [26-28]. GFkV, GRGV and GRVFV have a global
distribution, but no vectors have been identified [29]. The economic
impact of the associated diseases has not been comprehensively studied
[30].

1.3.4. Rugose wood complex

Rupestris stem pitting, Kober stem grooving (KSG), corky bark, and
LN33 stem grooving are all diseases of the rugose wood complex that are
frequently associated with virus species in the genera Foveavirus and
Vitivirus [31,32]. Grapevine rupestris stem pitting-associated virus
(GRSPaV) associated with rupestris stem pitting disease [33,34],
Grapevine virus B (GVB) is known to associated with corky bark [35,36].
Grapevine virus A (GVA), was originally known to be associated with the
KSG syndrome [32,37]. When virus infected materials were grafted onto
cv. Kober 5BB, the success rate was reduced and severe stem grooving
symptoms developed after three years [38,39]. Later, GVA was found to
be associated with SD in South Africa and Australia [40-42]. [see section
1.8]



1.3.5. Red blotch disease (GRD)

The importance of grapevine red blotch disease (GRD) caused by
grapevine red blotch virus (GRBV) (genus Grablovirus, family
Geminiviridae) has been raised in the last 10 years, since observing that
fruit quality and berry ripening were substantially affected by the disease
leading to a significant economic impact to the wine industry in the USA
[43,44]. GRD was first reported in Cabernet Sauvignon grapevines from
the Napa Valley, California. Symptoms were described as the progression
from green to red leaves towards the middle and later part of the growing
season [44]. The Koch's postulates of GRBV were achieved using
Agrobacterium tumefaciens-mediated (Agro-mediated) methods in 2018
[45]. The three-cornered alfalfa hopper (Spissistilus festinus) is known to
be the vector of GRBV [46,47] and Stictocephala basalis and Stictocephala
bisonia were identified as potential vectors of GRBV [48]. Although GRBV
was first reported from the USA [49], it has also been found in Canada
[50], Mexico [51], Argentina [52], Brittain [53], India [54], and Korea [55],
a germplasm collection in Italy [56] and most recently in three states of
Australia (Western Australian, Victoria and South Australia) [57].

1.4. Diagnostic methods for grapevine virus disease

Diagnostic methods used for grapevine virus detection and
identification include, but are not limited to, biological indexing, electron
microscopy (EM), polymerase chain reaction (PCR), loop-mediated
isothermal amplification (LAMP), enzyme linked immunosorbent assays
(ELISA) and high-throughput sequencing (HTS) technologies.

1.4.1. Biological indexing

Biological indexing for grapevine viruses involves grafting a
budwood from a grapevine variety suspected to be infected with a virus
onto a virus sensitive indicator grapevine to identify the symptoms
associated with the presence of one or more viruses. For studying the
rugose wood complex, the commonly used indicator grapevines are Vitis
rupestris (stem pitting), Kober 5BB (stem grooving) and LN 33 (corky bark)
[32,35]. LRD detection has used V. vinifera cv. Cabernet Sauvignon,
Cabernet franc and Pinot Noir and V. riparia cv. Gloire as indicators
[58,59]. Although biological indexing is a helpful method to identify virus
disease based on symptoms, it is a time-consuming process that may need
several years for symptoms to develop on indicator grapevines and
symptom expression can be impacted by bud-take, inefficient virus
transmission and climate [60]. Also, it does not differentiate between virus
species that might be associated with similar disease symptoms.

1.4.2. Electron Microscopy (EM)

EM can be used to detect virus particles in infected plants, including
grapevines. Virus morphology, including the length and the structure of
the virion provide useful guidance for virus identification of virus
families or genera and, in combination with symptoms, this may indicate
which genus is present. Transmission EM without concentrating the virus
or capturing it may lead to false-negative results if the virus is in low titre.
A serological-based method called immunosorbent electron microscopy
(ISEM) allows observation of virus particles by capturing as well as the



identification between different viruses by coating the virus with virus-
specific antibodies [61]. ISEM was first applied for plant virus diagnosis
by Derrick and Brlansky [62] for the detection of barley yellow dwarf
virus in crude extracts. Since the early 1980s, ISEM had been used for the
specific detection and discovery of grapevine viruses including GVA,
GVB and GLRaVs in extracts isolated from diseased grapevines [36,63-66].
Decoration of the virus coat protein with gold-labelled antibodies allows
the distinction between target viruses and other viruses to which the
antibodies do not bind [65]. Since the sensitivity and reliability of EM,
ISEM and decoration are lower than PCR or ELISA-based methods, it
cannot be used for routine virus detection [67].

1.4.3. Enzyme-linked immunosorbent assay (ELISA)

ELISA is a serological and semi-quantitative method to capture
viruses using enzyme-labelled antibodies that target virus coat proteins.
The presence or absence of a virus is indicated by the colour changes of
the ELISA test. As early as 1977, ELISA was implemented in plant virus
detection [68] and it fast became one of the most desirable and routine
virus testing methods [69]. Virus-specific ELISA is still commonly
employed in large-scale screening of grapevine viruses [70,71], due to its
low cost, quick processing [72] and reliable results [73]. ELISA-based
methods are generally less sensitive than PCR-based methods and may
provide false negative results due to genetic diversity of virus strains that
cause changes in the coat protein and poor antibody recognition.
Therefore, they are being used less frequently for grapevine virus
detection compared to more adaptable methods such as PCR [74-76].

1.4.4. Nucleic acid amplification methods

The principle of endpoint reverse transcription PCR (RT-PCR) virus
detection is as follows: RNA is first reverse transcribed into cDNA by an
RT enzyme; virus-specific primers bind and amplify a targeted virus
fragment, then the fragment amplicons are visualized by gel
electrophoresis to indicate the presence of a virus. The endpoint PCR has
been well established and adapted worldwide since the early 1990s [33,76-
80]. Additionally, since endpoint PCR can rapidly detect all known
viruses with reasonable costs and higher sensitivity compared to ELISA
[81], it is currently the most popular technique for grapevine virus
detection in Australia. Later, more advanced PCR based methods named
quantitative reverse transcription PCR (RT-qPCR) were introduced and
developed for grapevine virus diagnostics [82-87]. In addition to enabling
the real-time monitoring of target amplification and endpoint analysis,
RT-qPCR is a quantitative PCR based method that can determine copy
numbers of viral RNA in original extracts and has the potential to be more
sensitive than endpoint RT-PCR. A fluorescence-based real-time LAMP
assay has been developed to detect GRSPaV, GLRaV-3, GRBV, GVA and
GFLV [88-92]. The advantages of LAMP assay compared to laboratory-
based RT-qPCR are rapidity of the assay, higher sensitivity and
specificity, fewer sample preparation steps and fewer equipment
requirements [93-95]. LAMP has great potential as an in-field tool for
grapevine virus diagnosis. However, LAMP assay requires internal PCR
inhibition control, complicated primer design, and the use of non-specific
dyes which may lead to false positive results [96,97]. Due to high
specificity of LAMP associated with multiple primers, it may miss the



diversity of virus species when doing broader virus screens.

1.5. Sequencing technologies

The virus detection methods listed above lack the power of directly
obtaining genetic information of a virus; therefore, sequencing is the final
step in confirming the presence of a virus in a host plant. This can be done
using several sequencing technologies that are discussed in this section.
Except for Sanger sequencing, sequencing technologies that generate a
large amount of data are generically called HTS.

1.5.1 Sanger sequencing

Sanger sequencing was invented by Fred Sanger and Alan R.
Coulson in 1977 [98,99], stimulating molecular biology studies to develop
rapidly. This method provides the possibility to sequence a complete gene
or even a whole genome. From 1988 through to 2003, the human genome
project, the world’s first largest biology project, used Sanger sequencing
and encouraged the development of more efficient large-scale sequencing
technologies towards the finishing line [100,101]. To date, Sanger
sequencing is still used on a regular basis in biology as a gold standard
for comparing and validating HTS results in plant virus studies [102-104]

1.5.2. Short read sequencing

In comparison to Sanger sequencing, which can only sequence one
fragment at a time, HTS is capable of sequencing millions of DNA
fragments in parallel [105]. The core technology of HTS is called
sequencing by synthesis (5BS) and was developed in 2005 [106]. While
DNA fragments are synthesized in a large number of micro wells using
di-deoxynucleotides triphosphates (ddNTPs) (fluorescent labelled
dNTPs), the sequencer reads and records the sequences according to the
fluorescent emission of the di-deoxynucleotide simultaneously [107].
[lumina, Ion Torrent and 454 pyrosequencing come under this category.
[llumina technology is one of the leading sequencing approaches in the
world, as it has the highest throughput among all sequencing approaches
[108], the lowest error rate (1 in 1000) high coverage [109] and supports
massive protocols such as genomic sequencing, targeted sequencing,
metagenomic sequencing, etc [110]. The read length of the Illumina
platforms is up to 301 base pairs (bp) and the latest Novaseq system can
generate a maximum of 20 billion reads per run. [111].

1.5.3. Long read HTS

In 2009, single molecule, real-time sequencing (SMRT) was
introduced as an alternative sequencing technology. A single molecule is
bound to a polymerase inside a nanostructure called a zero-mode
waveguide (ZMW), while the ddNTPs are incorporated with the
polymerase, fluorescence pulses corresponding to each nucleotide are
captured and recoded by the sequencer in real-time [112]. Thousands of
molecules are sequenced simultaneously in the ZMWs.

A representative of long read sequencing technology is the Pacific
Biosciences (PacBio) instrument which offers SMRT sequencing up to 25
kilo bases (kb) read length and accuracy of 99.9% through a combination
of HiFi sequencing and sequencing by binding (SBB) [113]. Long-read



sequencing could be used for genome assembly correction to polish and
improve the quality of the reference genomes [114]. Although SMRT has
less throughput than Illumina and Ion Torrent, it is beneficial for
sequencing small genomes since it offers long read-length, high accuracy
and uniform coverage [115].

As early as 1989, the concept of “a single strand of DNA being drawn
through a membrane’s nanoscopic pore by electrophoresis” was
described by David Deamer [116]. After nearly three decades the
nanopore technology was commercialised by Oxford nanopore in 2015
[117]. The principle of nanopore sequencing is that a DNA or RNA
molecule is driven through a nanopore by a motor protein [118,119]. This
functions similar to biological nanopores, where proteins embedded in
membranes allow molecules to be transported between cells [120]. The
motor protein drives the molecules at a certain speed that allows a
sensitive ammeter to detect the digital signals of current changes while
the molecule passes through the nanopore [116]. The nanopore reader
identifies the sequence of each four nucleotides passing through the
nanopore based on the characteristics of the digital signals. Although this
method has a lower accuracy of 99% compared to other sequencing
methods, it is still the most effective method in terms of obtaining the
longest read length. Researchers have sequenced 2.3 million bases of a
DNA fragment, and with an average sequence length of 10 to 30 kb using
the nanopore technology [121].

1.5.4. Application of HTS technologies in plant virus diagnostics

HTS technologies are widely used in various fields of biological
sciences. The main applications of HTS include whole genome
sequencing, targeted sequencing, epigenetics, transcriptome, and siRNA
sequencing [122-124]. Here, the application in grapevine virology is
discussed.

1.5.4.1. Metagenomic high-throughput sequencing (Meta-HTS)

Meta-HTS, also known as whole metagenome shotgun sequencing,
outputs untargeted environmental sequence information from samples
containing nucleic acids of multiple organisms [125-127]. HTS was
employed for plant virus detection as early as 2009 [128,129]. Since then,
HTS has been widely used as a powerful tool to identify known and novel
viruses in grapevines [10,130-132]. The major advantage of HTS for virus
detection is that it does not require previous knowledge of the organisms
in a sample, whereas both PCR-based, or ELISA-based approaches require
the identification and characterization of the target organism to enable
development of the specific diagnostic tool. Many new grapevine viruses
have been discovered by Meta-HTS including grapevine roditis leaf
discoloration-associated virus (GRLDaV), grapevine vein clearing virus
(GVCV) and grapevine Pinot Gris virus (GPGV), to name a few [133-135].
The ever-increasing discovery of new and diverse viral species and strains
across a broad range of life forms opened a discussion as to whether viral
contigs assembled by Meta-HTS alone should be incorporated into official
virus taxonomy. A panel of expert scientists from the International
Committee on Taxonomy of Viruses (ICTV) finally consented to include
viruses identified by Meta-HTS in the ICTV taxonomy [136]. Due to the
advancement of sequencing technology in the past ten years, many
viruses have been discovered by HTS. Since HTS often detects multiple



viruses in single grapevine samples, cause and effect of the viruses
identified by HTS often remain poorly understood. These include
grapevine leafroll-associated virus 13 in genus Ampelovirus (GLRaV-13)
[130], grapevine nepovirus A (Al Rwahnih et al. 2021), grapevine virus T
(GVT) in genus foveavirus (Yeonhwa Jo 2017) and ten grapevine infecting
vitiviruses [131,137-149]. However meta-HTS has limitations: it may have
less sensitivity compared to RT-qPCR when virus is in low titre [150,151]
and sequencing depth of each organism is often insufficient to do any fine
resolution quasispecies analysis.

1.5.4.2. Amplicon high throughput sequencing (amplicon-HTS)

Amplicon-HTS is a targeted sequencing approach that detects the
genetic variations of a targeted gene region by sequencing PCR
amplicons. The success of amplicon-HTS has been clearly demonstrated
in cancer research [152-155], microbial diversity and activity studies [156-
158] and plant virology studies. Amplicon-HTS was employed to study
intra-host and between-host diversity of endive necrotic mosaic virus
(ENMV) in various hosts [159], intra-host diversity of llarvirus in Prunus
trees [160-162] and the detection of up to four viral species in legumes
[163]. Amplicon-HTS is a powerful method to study the pathways of virus
evolution and intra-host diversity within a virus population. However,
the results are not always reproducible or quantitative since genome
coverage is depended on the libraries captured of each experiment [155].
The data analysis of Amplicon-HTS is complicated and time consuming
and it requires heavy bioinformatic skills. To the best of my knowledge,
this method has not been used to study the diversity of grapevine viruses.

1.5.4.3. Small RNAs sequencing

Instead of using total nucleic acids as input (e.g., in Meta and
amplicon-HTS), small RNA sequencing uses small interfering RNAs
(siRNA) that are 20-30 nucleotides in length [164]. When host cells are
infected with viral pathogens, they are attacked by host silencing
machinery [165]. During viral infection, siRNA accumulate in order to
regulate the expression of virus genes or genomes [164]. The applications
of studying siRNA are as follows: this approach has been used to study
the mechanisms of plant and virus interactions across different genera of
grapevine viruses [166-169]; to identify the virome in grapevine host
targeting seven viruses and two viroids for diagnostic purposes [170];
analyze virus evolutionary history and the origin of tomato yellow leaf
curl virus (TYLCV) [171], discover novel viruses [135], and to identify an
RNA silencing suppressor of GLRaV-3 [172]. This approach has been
widely used since RNAi-related activities have been reported in almost
all eukaryotic organisms and it is able to detect DNA, RNA viruses and
viroids with a reasonably high sensitivity [173-176]. However, the
bioinformatic process of assembled virus genomes using such short reads
can be challenging especially for novel viruses [177].

1.5.4.4 The scope of high-throughput sequencing in routine diagnostics
(HTS)

In Australia, HTS is not frequently used for routine plant virus
detection due to its current higher cost and longer turnaround time
associated with library preparation and data analysis as compared to
endpoint PCR and ELISA technologies. Furthermore, HTS instruments



are expensive and so often small diagnostic laboratories require
outsourcing to an external service provider to conduct the sequencing,
thus the turnaround time may not be controllable. HTS methods have
been well investigated in plant virus research [178], and was successfully
used for the detection of viruses and viroids in the Australian post-entry
quarantine facilities [179,180]. It could soon become a standard diagnostic
method for plant viruses, especially for post-entry quarantine materials.

1.6. Shiraz disease and grapevine virus A (GVA)
1.6.1. Shiraz disease in Australia

Shiraz Disease (SD) has been reported as a very destructive virus
associated disease that has resulted in significant economic damage to a
number of Australian red varieties including Shiraz, Merlot, Malbec,
Gamay, Ruby Cabernet and Sumoll, particularly in South Australia
(Nuredin Habili, personal communication). GVA has been previously
identified as the key pathogen of SD [40,181,182]. This section reviews the
historical classification and the genome organization of GVA. A more
detailed review of this disease and its symptoms on various varieties are
included in Wu et al. [13] which is presented in the second part of this
chapter.

1.6.2. Taxonomy history of GVA

GVA was initially classified as a Closterovirus-like virus until the
name grapevine virus A was proposed by Milne, Conti, Lesemann,
Stellmach, Tanne and Cohen [63]. Since the taxonomy of GVA remained
unassigned, it was sometimes called closterovirus A [183]. After the genus
Trichovirus had been classified [184], it was proposed to classify GVA [185]
and GVB [186] as members of this genus. Since GVA and GVB were
differentiated from true trichoviruses by the number of their open reading
frames (ORFs), they were separated from Trichovirus and finally assigned
to the genus Vitivirus [187,188].

1.6.3. Genome organization of GVA

The species GVA is a positive-sense single-stranded RNA virus that
has been classified into the family Betaflexiviridae under the genus Vitivirus
[189]. GVA particles are filamentous about 800 nm long. The first full-
length genome of GVA (GenBank accession no. X75433) was obtained
from the exemplar isolate, Is-151, which was maintained in the laboratory
host Nicotiana benthamiana and was from Italy [190]. The genome is
approximately 7.4 kb and is comprises of five open reading frames (ORFs)
and a 3’ terminal polyadenylation [188]. The function of four ORFs
(excluding ORF 2) have been clearly identified and well-studied. ORFs 1,
3 and 4, encode a 194 kilodalton (kDa) RNA-dependent RNA polymerase
(RdRp), 31 kDa movement protein (MP) and 21.5 kDa coat protein (CP),
respectively [185,191]. ORF 2 encodes a 19 kDa hypothetical protein with
a homology only within the Vitivirus genus, and its function remains
unknown [185]. ORF 5 encodes a 10 kDa polypeptide putatively involved
in nucleic acid-binding functions suppressing RNA-silencing responses
generally called RNA binding protein (RB) [185].

1.6.4. Genetic variants of GVA and its association with SD



Three phylogroups, I, Il and III (GVA!, GVA" and GVA") based on
the phylogenetic similarities of partial MP, entire CP and RB genes, were
identified in GVA and could be linked to symptom variability in South
Africa [40,181,192]. Based on the sensitivity of different grapevine
varieties to SD, a few varieties, including Shiraz, Merlot, Malbec, Gamay,
and Sumoll, were categorized into SD-susceptible varieties as they show
severe SD symptoms when infected with certain phylogroups of GVA
[181,193]. Grapevine varieties tolerant to GVA, including Cabernet
Sauvignon, Grenache, and Nero d’Avola, never display SD symptoms
while infected with GVA. The GVA isolates that express SD symptoms on
SD sensitive grapevines were categorized as SD inducing isolates
[13,194,195]. Those GVA isolates that did not induce SD symptoms, even
on SD-susceptible varieties, were categorized as SD-negative isolates [40].
The severity of disease symptoms caused by GVA isolates in grapevines
corresponded to their severity on the herbaceous host N. benthamiana
following sap inoculation [186,192]. Furthermore, the severity of
symptoms on herbaceous and grapevine hosts was also linked to the
phylogroup of GVA [192]. Isolate GTR1-1 (accession no. DQ787959) and
P163-1 (accession no. DQ855088), which were symptomatic on grapevines
and induce mild clearing of leaf veins on N. benthamiana have been
classified into GVA™. The SD sensitive grapevines consistently showed
severe types of symptoms when infected with GVA! [40]. The nucleotide
sequences of GVA isolates within the same phylogroup share 91.0-99.8%
identity, whereas isolates within different phylogroups share 78.0-89.3%
nucleotide identity based on the 3’ terminal part of the genome which
includes partial MP, entire CP and RB, and a partial 3’ untranslated region
[192]. Goszczynski and Jooste [196] developed a phylogroup-specific RT-
PCR assay that was employed for the phylogroup identification of GVA
used in this thesis.

1.6.5. GVA Infectious clones prepared by transcription reaction or
agroinfiltration

Since GVA cannot be mechanically inoculated onto the grapevine
host [187], researchers have mainly used two strategies to work towards
Koch's postulates, i.e. using infectious RNA transcripts, or agrobacterium
inoculation or infiltration of cDNAs onto healthy grapevines or model
hosts. In-vitro synthesized ¢cDNA of a virus has been shown to be
infectious, however, it is normally unstable [197]. Galiakparov, et al. [198]
described a method to study symptom expression of GVA in which full-
length infectious RNAs were inoculated onto herbaceous hosts. The full-
length cDNA was transcribed in vitro to obtain infectious RNAs using T7
polymerase. They claimed that there was no difference between symptom
expression when using infectious RNA transcripts or grapevine extracts
for inoculation [199]. Agroinoculation and infiltration methods were first
developed for gene functional analysis [200] and later used for studying
symptoms of viruses in grapevines, including GVA and GVB [201,202],
GRSPaV [203], GPGV [204], GLRaV-3 [205] and GRBV [45]. So far, the
symptoms of various GVA isolates on herbaceous species have been
studied [197,202,206,207], but no success in transmitting GVA into
grapevines has been achieved.

1.7. The effects of viruses on physiological performance, berry and juice
composition



The impacts of GLRaV-1 and 3, GFLV, GFkV and GRBV on various
grapevine varieties on vine performance, berry and juice compositions by
several previous studies are summarised in Table 1. Generically, viral
infection results in a reduction of vine vigor, yield, berry maturity,
photosynthetic pigments, juice total soluble solids (TSS) and total
anthocyanin. Viral infection sometimes resulted in increased titratable
acidity (TA), flavanol, sugars and starch contents in leaves. The impacts
are highly variable and depend on grapevine variety and rootstock,
seasons, and the particular virus species and isolates studied [208,209].
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1.8. Viruses in Australian Vineyards: Virus Pathogens
in Australian Vineyards with an Emphasis on Shiraz
Disease

Wu, Q.; Habili, N.; Constable, F.; Al Rwahnih, M.; Goszczynski, D.E.; Wang, Y.; Pagay, V. Virus
Pathogens in Australian Vineyards with an Emphasis on Shiraz Disease. Viruses 2020, 12, 818,
doi:10.3390/v12080818.

13



Statement of Authorship

Title of Paper Virus Pathogens in Australian Vineyards with an Emphasis on Shiraz Disease

Publication Status [S¢Published [~ Accepted for Publication

r Unpublished and Unsubmitted work written in

[ Submitted for Publication manuscript style

Publication Details Journal MDP! virus
Year 2020, volume 12, issue 8, page 818

Principal Author
Name of Principal Author (Candidate) | Qi wu
Contribution to the Paper original draft preparation, review and editing, data and photos
Overall percentage (%) 30%
Certification: This paper reports on original research | conducted during the period of my Higher Degree by

Research candidature and is not subject to any obligations or contractual agreements with a
third party that would constrain its inclusion in this thesis. | am the primary author of this paper.

Signature IDate l H)/O, ] 202%

Co-Author Contributions

By signing the Statement of Authorship, each author certifies that:
I the candldate's stated contribution to the publication Is accurate (as detailed above);
il. permission is granted for the candidate In include the publication in the thesis; and
fil. the sum of all co-author contributions Is equal to 100% less the candidate's stated confribution.

Name of Co-Author Nuredin Habili

Contribution to the Paper original draft preparation, review and editing, data and photos

Signature ] Date I I / Iy 2923
Name of Co-Author Fiona Constable

Contribution to the Paper original draft preparation, review and editing, data and photos

Signature Date 21/10/2022

14




Name of Co-Author

Maher Al Rwahnih

Contribution to the Paper

review and editing

s[5 {2022

Signature Maher Al Rwahnih |ose | 11/3/2022
Name of Co-Author Darius E. Goszczynski

Contribution to the Paper review and editing

Signature h)ale I 2 7‘//0/ 27
Name of Co-Author Yeniu Wang

Contribution to the Paper data and photos

Signature Date 14/10/2022

Name of Co-Author Vinay Pagay

Contribution to the Paper orlginal draft preparation, review and editing, data and photos

Signature ' Date , 24/10/2022

15




viruses @\py

Review

Virus Pathogens in Australian Vineyards with an
Emphasis on Shiraz Disease *

Qi Wu %%, Nuredin Habili 2%, Fiona Constable 3%, Maher Al Rwahnih %,
Darius E. Goszczynski °, Yeniu Wang 1© and Vinay Pagay 1'*

1 School of Agriculture, Food & Wine, University of Adelaide, Waite Precinct, PMB 1, Glen Osmond,
Adelaide 5064, South Australia, Australia; gi.wu@adelaide.edu.au (Q.W.);
yeniu.wang@adelaide.edu.au (Y.W.)

2 The Australian Wine Research Institute, PO Box 197, Glen Osmond, Adelaide 5064, South Australia,

Australia; nuredin.habili@awri.com.au

Agriculture Victoria Research, Department of Economic Development, Jobs, Transport and Resources,

AgriBio, Bundoora, Melbourne 3083, Victoria, Australia; fiona.constable@agriculture.vic.gov.au

4 Department of Plant Pathology, University of California, Davis, CA 95616, USA; malrwahnih@ucdavis.edu

Plant Protection Research Institute, Agricultural Research Council, Private Bag X134,

Pretoria 0001, South Africa; goszczynskid@arc.agric.za

Correspondence: vinay.pagay@adelaide.edu.au

t In memory of Professor Giovanni Martelli.

1T These authors contributed equally to this manuscript.

check for
Received: 24 June 2020; Accepted: 25 July 2020; Published: 28 July 2020 updates

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 20f 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 ! AssP ciated Vector
Disease
grapevine virus A Shiraz Disease,
GVA Kober Stem Mealybug/scale
Vitivirus ( ) Grooving
Betaflexiviridae grapezzér;;:Bxglrus B Corky Bark Mealybug/scale
Monopartite linear
ssRNA (+) grapevine rupestris
Foveavirus Stem pltl’ll’}g Asymptoma.tlcl 1n Unknown
associated virus most, stem pitting
(GRSPaV)
rapevine Pinot gris Leaf mottling and
Trichovirus & p. & deformation, Colomerus vitis
virus (GPGV)
symptomless

17



Viruses 2020, 12, 818 3o0f21

Table 1. Cont.

Family/Genome Genus Species ! Ass? ciated Vector
Disease
grapevine leafroll
ASZT;ZZ;SI_ ?$E§:$ﬁ :;?ds Leafroll disease Mealybug/scale
Closteroviridae GLRaV-3
Monopartite linear Ampelovirus— GLRaV-4 and its .
ssRNA (+) Subgroup I strains: 5, 6, 9 2 Leafroll disease Mealybug/scale
Leafroll disease,
Closterovirus GLRaV-2 Graft Unknown
incompatibility
Secoviridae rapevine fanleaf Fanleaf, Xiphinema index;
Bipartite, linear Nepovirus grap degeneration, P !

virus (GFLV) 3 X. diversicaudatum

ssRNA (+) decline, chlorosis
. . Fleck on V. rupestris,
) grapevine fleck virus L
iy Maculavirus Asymptomatic in Unknown
Tymoviridae (GFkV) ..
I other Vitis sp.
Monopartite, linear
ssRNA (+) grapevine rupestris
Marafivirus vein feathering virus Asymptomatic Unknown

(GRVEV)

1 Viruses associated with Shiraz Disease are highlighted in bold. 2 GLRaV-4 strains; Pr2, De? and Car? 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—mnew 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.

18
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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.

Transmitted Presence in
Mealybugs Common Name Viruses 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 GLRaVé\’?{;L" GVA; 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]
. . Obscure mealybug, GLRaV-3; GVA;

Pseudococcus viburni tuber mealybug GVB Yes [39]
Pseudococcus comstocki Comstock mealybug GVE No [40]
Pseudococcus maritimus Grape mealybug GLRaV-1,3 No [41]
Pseudococcus calceolariae Citrophilus mealybug, GLRaV-3 Yes [42]

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

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 Trar}smltted Presence. mn References
Viruses Australia
Ceroplastes rusci Fig wax scale GLRaV-3,4 strains 5 Yes [37]
Coccus hesperidium Brown soft scale GLRaV-3 Yes [17]
Coccus longulus Long brown scale GLRaV-3 Yes [20]
Parasaissetia nigra Nigra scale GLRaV-3 Yes [20]
Parthenolecanium corni 0™ SCAIe EUrOPean gy gy 5 Gya Yes [32,34,48,54,55)
fruit lecanium scale
Parthenol? carmm Grapevine scale GLRaV-3; GVA Yes [56-59]
persicae
Parthenolecanium
. Frosted scale Unknown Yes [57,58]
pruinosum
Pulvinaria vitis Wooly vine scale GLRaV-3 No [60]
Neopulvinaria Soft scale GLRaV-1 [55]
innumerabilis No
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  Sample Isolate SD Viruses GVA
8 Year ID Name Symptoms Identified Group
B GRSPaV, GRVFV,
Shiraz \‘;‘rlolssa 2018 BV1 Isolate 1 No GLRaV-1, GVA, I
aney GYSVd-1, HSVd
. Barossa GRSPaV, GRVFEFV, 1
Shiraz Valley 2018 BV4 Isolate 2 No GYSVd-1, HSVd -
Langhorne GRSPaV, GVA,
Shiraz C% K 2018 LC1 Isolate 1 Yes GLRaV-9, GRVEY, II
ee GYSVd-1, HSV
. Langhorne GRSPaV, GRVFV, 1
Shiraz Creek 2018 LC16 Isolate 2 No GYSVd-1, HSVd -
Malbec. GVA, GLRaV-3 (4
Malbec  Padthaway 2016 Malbec Richter 2 Yes and its strains 5, II
6 & 9), GRSPaV

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-MS5,
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.

. Variety/ Sample ID . Sequence . Symptom
Virus Rootstock (Isolate) Accession Length (bp) Location on Shiraz Group
GVA Shiraz BV1-1 MT070961 2751 Barossa None I
Valley
GVA Shiraz BV1-2 MT070960 597 Barossa None I
Valley
GVA Shiraz LC1-1 MT070963 7363 Langhorne SD i}
Creek
GVA Shiraz LC1-2 MT070962 7052 Langhorne SD 1
Creek
Malbec on Malbec-
GVA Richtor Richor MT070959 598 Padthaway SD i
GLRaV-3 Shiraz on R3ShRam  MNO984352 942 Riverland SD \%
Ramsey
GLRaV-3 Shiraz on R4ShRam  MN984353 934 Riverland SD I
Ramsey
GLRaV-3 Shirazon101-14  R8Sh101  MN984354 941 Riverland SD I
Malbec on Malbec- 1
GLRaV-3 Richter Richter N/A N/A Padthaway SD 1

T All 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-3isolates 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=! yr~! for prevention and control [91].
In the same study, the economic loss due to viruses was estimated around AU$12 million yr~'.
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™! [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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2. Research aims and theoretical framework

2.1. Project title: Molecular epidemiology and physiology of Shiraz Disease with
an emphasis on Grapevine virus A.

To date, 93 viruses have been recorded worldwide to affect
grapevines [9-11]. Virus infections and associated diseases can reduce
grapevine performance, yield, and berry quality. In Australian vineyards,
SD is one of the most severe virus diseases that is threatening Shiraz
production and reducing wine quality. The disease may result in
significant economic losses to the viticulture industry in Australia.
Symptoms include restricted spring growth (RSG), un-lignified canes and
late autumn leaf reddening. A similar disease also occurs in South Africa,
and it has been claimed that SD has always been associated with
grapevine virus A (GVA). The epidemiology of SD, intra-host diversity of
GVA, and its impact on grapevine performance and wine composition
will be addressed in this study.

2.2. Project summary

The aim of this project was to study the molecular epidemiology of
SD under Australian conditions. SD affected and unaffected grapevines
(non-SD) from three South Australian vineyards in the Barossa Valley
(BV), Willunga (WIL), and Langhorne Creek (LC) were analysed using
metagenomics and amplicon high-throughput sequencing (Meta- and
amplicon-HTS) and bioinformatics to better understand the specific
association between variants of GVA and symptom expressions. This
project also aimed to evaluate the impact of SD on Shiraz grapevines in
two of the South Australian vineyards, WIL and LC, by measuring several
basic grapevine physiological parameters as well as monitoring canopy
development and berry ripening. Here, it is worthwhile noting that no SD
has been detected in the Barossa Valley vineyard. Mini-scale wine was
made to study the effect of SD on wine composition.

2.3. Research questions

GVA has been proposed as the key pathogen of SD in Australia.
However, GLRaVs that have been detected in some SD-affected
grapevines were suspected to be involved in symptom development.
Therefore, this research aimed to better understand the viral aetiology of
SD:

e Does GVA by itself produce SD symptoms or are other GLRaVs
viruses required?
e Isthe genetic diversity of GVA important for symptom expression of

SD?

e  What is the impact of SD on grapevine physiology and berry fruit
quality and wine composition?

2.4. Aims/Objectives of the project

The aim of this PhD thesis is to improve understanding of SD
aetiology and measure the impact under warm Australian conditions.

2.5. Theoretical framework and methods.

The basis of this thesis was to provide evidence that SD has a viral
origin. This can be achieved by four major domains, each described in a
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separate chapter in this thesis. Meta-HTS was used to examine viromes of
SD affected and non-SD grapevines (Chapter 2). A virus new to Australia
that was discovered by Meta-HTS was published as a plant disease note
(Chapter 6). Amplicon-HTS was employed to study intra-host genetic
diversity and the potential evolutionary history of GVA associated with
SD (Chapter 3). Several basic parameters of grapevine physiology and
berry composition were measured to determine the impact of SD on berry
quality and grapevine performance in two commercial vineyards
(Chapter 4). Small scale wines were made from SD grapevines and non-
SD controls. Juice and wine chemical parameters and wine aroma
compounds were compared to address the impact of SD on wine
characteristics (Chapter 5). A general conclusion was written in Chapter
7.

2.5.1. Meta-HTS (Chapter 2)

GVA infected Shiraz grapevines were sampled from three vineyards
at Langhorne Creek (LC), Willunga (WIL) and Barossa Valley (BV).
Asymptomatic (non-SD) and symptomatic (SD) grapevines were selected
and tagged based on symptoms and detection by RT-PCR. The virus
status of the selected grapevines was also tested by endpoint RT-PCR,
targeting 10 viruses as well as a specific GVA variant (see Chapter 2). Fifty
more samples from the three vineyards were sequenced by Meta-HTS
using the validated extraction and pre-treatment method to study the
virus status of the SD and non-SD grapevines as well as studying the
potential infection source of the WIL site by analysing the sequencing data
obtained from Meta-HTS. Results were validated by RT-PCR of the two
major viruses GVA and GLRaV-3.

2.5.2. Amplicon HTS (Chapter 3)

Amplicon-HTS experiments aimed to study the diversity of virus
populations in grapevines infected with GVA and showing different types
of symptoms. Samples from LC and WIL showed typical SD symptoms
while those from BV showed mild LRD symptoms. GVA was amplified
from each of the grapevines by RT-PCR using three pairs of primers from
the MP (ORFs 3), CP (ORFs 4) and RB (ORFs 5) genes and sequenced by
the MiSeq platform with 301 bp paired-end reads. The raw reads were
quality trimmed and clustered at 100% nucleotide identity. The major
variant of each sample were determined by copy numbers and the
relationship between variants were shown by median joining networks
(MJNs). For each gene, the 20 variants with the largest sequence copy
numbers of all samples from WIL, LC and BV were combined to construct
a MJN to display the overall evolutionary history of GVA.

2.5.3. Grapevine physiological performance and berry composition
(Chapter 4)

This part of the study aimed to evaluate how SD affects vine
performance and grapevine berry composition. Canopy size (plant area
indexing), and berry development of SD and non-SD grapevines were
monitored during three growing seasons from 2018 to 2021. Various
important parameters such as gas exchange, water potential, leaf
chlorophyll (Chl), berry mass and total soluble solids (TSS) were
measured.

38



2.5.4. Small scale winemaking (Chapter 5)

Since no previous data can be found on how SD affects wine
composition, this chapter aimed to address this knowledge gap. Small-
scale wines were made from SD and non-SD grapevines and chemical
composition of these and berry juice investigated. Although berries from
SD grapevines were at an earlier ripening stage compared to non-SD
grapevines, they were harvested at the same time to minimize the
environmental variations between all technical replicates.

2.5.5. First report of grapevine rupestris vein feathering virus (GRVFV)
(Chapter 6)

GRVEFV was detected from SA and Western Australia by Meta-HTS
and a short report has been published [226].

2.6. Concluding remarks

Meta and amplicon HTS results provide an insight into the virome of
SD and the potential evolutionary history of GVA. The data on grapevine,
berry, juice and wine compositions informs industry of the economic
importance of this disease. The physiological data may indicate a
connection between the dieback of SD grapevines and the level of biotic
or abiotic stress, including grapevine trunk disease (GTD).

2.7. Significance/Contribution to the discipline.

e More than a hundred and fifty complete viral genome sequences of
Australian GVA, GLRaVs, GRSPaV and GRVFV isolates were
obtained, which will now be available for future grapevine virus
studies.

e  Sixviruses (GRVFV published, and five unpublished viruses) new to
Australia were reported to Vine Health Australia and relevant bio-
security departments.

e  There was evidence that symptom types and severity were related to
phylogenetic groups of GVA.

e  The impact of SD on Shiraz grapevine performance, berry ripening,
and wine composition was studied for the first time and the results
of which can be used to inform industry in the management of SD
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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

check for

updates this phylogroup may not be associated with SD.
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Metagenomic Investigation of the

Viruses Associated with Shiraz
Disease in Australia. Viruses 2023, 15,

774. https://doi.org/10.3390/ 1. Introduction

v Shiraz disease (SD) and grapevine leafroll disease (LRD) are the two major viral
Academic Editor: Hernan diseases that pose a serious threat to Australia’s AUD 45.5 billion dollar grape and wine
Garcia-Ruiz industry [1-3]. LRD is associated with grapevine leafroll-associated viruses (GLRaVs) of
Received: 21 February 2023 the genera Ampelovirus, Closterovirus and Velarivirus within the family Closteroviridae [4].
Revised: 14 March 2023 Grapevine leafroll-associated virus 3 (GLRaV-3) is considered to be the most important
Accepted: 15 March 2023 GLRaV species due to its global prevalence, the severity of associated disease and impact
Published: 17 March 2023 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
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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 IT (GVA) [11]. The association between specific GVA variants and SD
in Australia has not been explored in depth, although GVA!! 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 (Merlotl) 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.

. Total Grapevines No. of SD No. of LRD No. of Asymptomatic
Location Year Variety Year Grafted on P Grapevines Grapevines Grapevines
Selected and Clone  Established  Rootstock?
RT-PCR HTS RT-PCR HTS RT-PCR HTS RT-PCR HTS
Langhorne Shiraz
Creek ! 2018 2004 Chardonnay 30 14 15 9 N/A 0 15 5
BVRC12
LS
Shiraz 4
2018&2020 BVRC12 2004 No 80 24 8 13 7 7 15 4
Cabernet
Willunga 2020 Sauvignon 2004 No 4 4 N/A N/A 4 4 N/A N/A
(WIL) SA1252
Merlot
2020 unknown Unknown Unknown 1 1 1 1 N/A N/A N/A N/A
clone 2
Barossa hse}rlizge
Valley 3 2018 kn ’ ~19000 No 6 3 N/A N/A 3 2 3 1
(BV) unknown
clone
2020 Shiraz® 1993 No 2 2 N/A  N/A N/A  N/A 2 2
Coombe BVRC12
vineyard Cabernet
V) 2020 Sauvignon 1993 No 2 2 N/A  N/A 2 2 N/A N/A
SA1252

1 No grapevine with leafroll disease symptoms was found at the LC site. ? 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 GVA!! variants (c) mild grapevine leafroll disease symptoms
on an unknown clone of Shiraz that tested positive to GVA! 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 6900x g for 10 min. Then,
350 uL of 100% ethanol was added to 500 puL of clear supernatant and mixed with 30 uL 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 pL
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 uL of elution buffer
(10 mM Tris-HCI, 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 4200x 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
4200x 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-HCI 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 (SiO,) 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) 1x 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 uL. 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 uL. 5XGoTaq® Flexi Reaction
Buffer (Promega, Madison, WI, USA), 0.2 mM of each dNTP, 1.5 mM of MgCl,, 0.2 pM of
each forward and reverse primer, PCR-grade water (Thermo Fisher Scientific, Waltham,
MA, USA) and 1 pL 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 x 150 bp read length.

2.5.2. De Novo Assembly

[Nlumina 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 S7-59)
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 S7-59) 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],
GENECONYV [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).
GRVEFV 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 IIT (GVA) 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 GVA! 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.

Total Number of GVA (LILII), GLRaV-1 GVA (LILIII),
Sample ID 1 Grapevines with Svmptoms 2 (1), GLRaV-3 (3) GLRaV-1 (1), GLRaV-3
P Symptom and Virus ymp and GLRaV-4 (4) (3) and GLRaV-4 (4)
Status Combination Status by RT-PCR 3 Status by Meta-HTS *
WIL19, WIL22 2 4 4
WIL17, LC16, LC18, .
LC20, LC24, LC27, BV6, 9 Asymptomatic None None
CVP5, CVP6
WIL24 1 None 4
WIL14, 15 2 3,4 3,4
WIL9, WIL10, WIL11,
WIL12 4 11, 3, 4 10, 3, 4
Cabwl, Cabw?2, 3 LRD I/11, 101, 3, 4 M and I11, 3, 4
Cabw12
Cabwl1 1 /11, 3,4 1L, 3,4
WIL13 * 1 3,4 1, 3, 4
BV1,3 2 I/11, 1 L1
CabSA125_R3V30, Mild LRD
CabSA125 R3VA4 2 I/11, 111, 4 Tand 111, 4
WILS 1 /101,111, 3, 4 Mand 111, 3, 4
LC10,LC11, LC12,
LC13, LCs 5 /11, 4 I, 4
WILA48, WIL49, WIL50,
WIL53 4 1/11,3 1,3
WIL4, WIL5, WIL6, sD
WILY 4 /11, 3,4 I, 3,4
LC5, .C6, LC7, LCY * 4 /1 10, 4
WILAY * 1 /11, 3 1, 3
Melort1 * 1 I/11, 111, 3 Mand 111, 3, 4
WIL1, WIL2, WIL3 * 3 I/11, 111, 3, 4 1T 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 Vineﬁ/ard. 21=GVA!, 1= GVA!, I/11 = GVA!/GVA! (the two groups cannot be discriminated by
RT-PCR), III = GVA 1 1=GLRaV-1, 3 = GLRaV-3, 4 = GLRaV-4. 3 SD = Shiraz disease, LRD = leafroll disease.
4 GVA!, GVA™ and GVA 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 GVA!!! specific RT-PCR (Tables 2 and S5). The two Shiraz grapevines from CV were
positive for GRSPaV and GRVFEV 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 GVAI! 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 GVA!! isolates were always associ-
ated with SD in Shiraz and Merlot, except in WIL 47 (Shiraz) where GVAM was detected by
Meta-HTS, but the RT-PCR results suggested phylogenetic group I (GVA!) or GVA!! 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
GVA! was present in the two mild LRD-affected grapevines at BV and GVA!! 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). GVA and GVA!!
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
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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, I 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 54 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, GVA!, GVA!' and GVA!!, 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 GVA! and GVA!! using the CP
gene, and the second RB cluster included those previously identified as GVA!! 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 GVA!, GVA and GVA 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 GVA! 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 GVA! 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.

12 112 II1 2
Genes Compared ! Alzf;:tl;:n All Isolates Alllsc)t;e?tl;:n All Isolates Allls()tf::;:n All Isolates
Only Only Only
Whole genome N/A3 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 7496-99.88  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 nt 99.88 4 77.30-100 91.07-100 83.03-100 96.31-100 81.67-100
MP MP aa 100 4 78.85-100 92.47-100 89.25-100 95.70-100 87.46-100
CP nt 98.49-99.83  80.23-99.66 94.30-100 84.09-100 97.82-100 77.39-100
v CP aa 98.99-100 79.90-100 96.98-100 88.94-100 98.99-100 82.41-100
RB nt 95.24-100 ° 86.08-100 ° 97.43-100 91.58-100
KB RB aa 9451-1005  84.62-100° See GVA! 97.80-100 92.31-100

1 RdRp = RNA-dependent RNA polymerase, MP = movement protein, CP = coat protein, RB = RNA—bindin%
protein, nt = percentage nucleotide identity, aa = percentage amino acid similarity. > T = GVA!, 1T = GVAT,
I = GVAI, grapevine virus A isolates from the phylogroups I, Il and III. 3 Only one whole genome sequence
from group I was available from Australia. * Only two sequences were compared. ° Identities or similarities
obtained from both GVA! and GVA!! 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 GVA! isolates from this study
have an extra four aa residues at the c-terminus, whereas the two GVA! isolates from South
Africa, P163-1 and GTR1-1, and other GVA! and GVA! isolates, lack these residues. No
association between symptom expression and amino acid residue changes were observed
consistently between GVA! and GVA!! isolates from SD-affected and -unaffected grapevines.
GVA isolates consistently had a leucine residue at position 31, which was not found in
GVA ! and GVA! isolates (Figure 3), and a glutamic acid residue at position 61 that was
only found in one GVAI 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 RARp and HSP70h genes
confirmed the five-group system. The CP sequences within phylogroup I, II, II, 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 59). 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 S7-59) 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 GVA!l
variants and SD in Australia was shown, supporting previous studies both in Australia
and South Africa [10]. This study indicated that GVA!! variants might also be associated
with SD in Merlot, although only one grapevine was analysed. Although GVA!! variants
were often found in mixed infections with GVA!! 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 GVA!l
variants (Tables 2 and S5). GVA!!l was only found in one SD-affected grapevine (WILA47)
with Meta-HTS, but this sample was positive by endpoint RT-PCR, which detects GVA! and
GVA!! variants. Therefore, it is possible that a GVA! variant was present in WIL47 but the
titre was too low for detection by Meta-HTS. GVA! 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 GVA!! and SD was observed, it is possible that
some GVA! and GVA"! variants could cause SD, and that some GVA! 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 GVA! isolates [11]. Although the current data suggest that GVA! 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 GVA! 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
GVA!l 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 GVA! phylogroup from GVA!! isolates consistently, and GVA! 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 GVA! and GVA!! 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 GVA'l. 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 GVA! clade
when analysing nt sequences of the CP gene but placed within the GVA!! clade when using
the aa sequence of the same gene (Figure 2e). This all supports the hypothesis that GVA!
and GVA! phylogroups may have diverged from the same ancestor.

Diversity between GVA and GVA!! 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 GVA!! contigs from each of the
Cabernet Sauvignon, Merlot and Shiraz samples were analysed by pairwise nt identity,
the identities of GVA and GVA"! 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 GVA!! strains, and
both strains clustered with GVA! 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 (Cabwl, 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,
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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 GVA! and GVA!, and a third assay was required to detect GVA!!!
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 54 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 GVA!' 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 GVA!! 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 GVA! 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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Chapter 3: Genetic Diversity of Grapevine Virus A in
Three Australian Vineyards Using Amplicon High
Throughput Sequencing (Amplicon-HTS)
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Abstract

Shiraz disease (SD) is one of the most destructive viral diseases of grapevines in
Australia and is known to cause significant economic loss to local growers.
Grapevine virus A (GVA) was reported to be the key pathogen associated with
this disease. This study aimed to better understand the diversity of GVA variants
both within and between individual SD and grapevine leafroll disease (LRD)
affected grapevines located at vineyards in South Australia. Amplicon high
throughput sequencing (Amplicon-HTS) combined with median-joining
networks (MJNs) was used to analyse the variability in specific gene regions of
GVA variants. MJNs analysis in individual samples, combined with phylogenetic
analysis, demonstrated that GVA variants from phylogenetic group II (GVAN)
could be the ancestral phylogroup of all GVA variants. Several GVA" variant
groups contain samples from both vineyards studied suggesting that these GVAT
variants were from a common origin. Variant groups analysed by MJNs using the
overall data set denote that there may be a possible relationship between variant
groups of GVA and geographical location of the grapevines.

Keywords: amplicon sequencing; MiSeq; grapevine virus A, Shiraz Disease; intra-
host diversity; median-joining haplotype networks; phylogenetic

1. Introduction

Shiraz disease (SD) affecting Vitis vinifera var. Shiraz and Merlot
grafted onto 101-14 rootstock was first reported from South Africa in 1985
[1]. This disease was first detected in Australia in 2001 [2] and has since
been frequently reported by Australian grape growers as one of the most
destructive virus diseases that has resulted in significant canopy decline
and yield lost [3-5]. The cost of removing infected grapevines, replanting,
and considering the elapsed time ahead of the first profitable crop, is
estimated to be around AU$12 million yr-1 [4]. In Australia, SD affected
grapevines display restricted spring growth (RSG, late bud burst and
delayed canopy growth) early in the growing season, leaf reddening,
delayed leaf fall, and rubbery un-lignified shoots in autumn as compared
to the asymptomatic grapevines [3,4,6].

Grapevine virus A (GVA), the core pathogen with a strong
association with SD [4], is a positive-sense single-stranded RNA virus and
is assigned into the family Betaflexiviridae under the genus Vitivirus [7].
This virus consists of 5 open reading frames (ORFs). ORF1 to 5 encode a
194 kilodaltons (kDa) RNA-dependent RNA polymerase (RdRp) (ORF1),
a 19 kDa hypothetical protein (ORF2), a 31 kDa movement protein (MP)
(ORF3), a 21.5 kDa coat protein (CP) and a 10 kDa RNA-binding protein
(RB gene; p10 protein), respectively [8,9]. The p10 gene that was identified
as the suppressor of gene silencing [10], consists of two major units, a basic
arginine-rich domain and zinc-finger domain[11]. One of the early studies
demonstrated that replacing cysteine residues by serine in the zinc-finger
domain of GVA did not affect binding, however, compared to the
wildtype, the mutated GVA infectious clone did not cause symptoms
when inoculated onto Nicotiana benthamiana [11]. Another study also
suggested the eighth amino acid counted from the N-terminus of the GVA
RB gene is also involved in symptom severity [12]. Although these two
studies indicate involvement of the RB protein in symptom expression in
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an experimental host, others concluded that the specific GVA
phylogenetic groups (phylogroup) II (GVAT!) and III (GVA™), which are
assigned based on the 3’ terminal part of the genome including partial
MP, entire CP and RB genes, were linked to the SD status in grapevines
and symptom severity in N. benthamiana [13,14]. They suggest the GVA
isolates from GVAI are always associated with SD in grapevines and
severe symptoms on N. benthamiana, whereas isolates belonging to GVA!!
were consistently associated with asymptomatic grapevines or induce
milder symptoms compared to GVAL! isolates [13]. Phylogroup I (GVA!)
was not associated with SD [Chapter 2].

During virus replication, mutants (variants) arise from error-prone
replication mechanisms, recombination and reassortment giving rise to a
population of viral quasispecies that can lead to molecular divergence and
genetic variations within the same virus population [15-17]. Virus
variation within its population can lead to breaking the resistance of the
host [18,19] and to natural selection to adapt to the current environment
[20]. However, most mutations are inconsequential or harmless, and are
abandoned during virus evolution [20-22]. Studying virus evolutionary
history and genetic diversity of a virus population can provide
information on genomic epidemiology as well as a deep understanding of
the epidemiologic model of how viral diseases emerge and spread.

Before the era of high-throughput sequencing (HTS) technology the
traditional way of studying virus population, including variants, in an
individual, involved reverse transcription polymerase chain reaction (RT-
PCR), amplification of the gene of interest, then cloning amplicons into
vectors followed by Sanger sequencing. Analysing sufficient clones to
detect variants within an indivdual is time consuming and costly and may
miss important low frequency variants [23,24]. Amplicon high-
throughput sequencing (Amplicon-HTS), which is a targeted sequencing
approach, clearly shows its advantages over Sanger sequencing when
investigating the depth of diversity in viral populations. It does not
require any cloning steps, and can identify thousands of variants in a
single sample with the ability to detect low frequency variants [23], which
may be an indicator of emerging pathogens. Amplicon-HTS has been
successfully utilized in medical drug selection to detect drug resistance
mutations [25-27], virus epidemiology studies for tracking the
transmission of a viral outbreak [23,28,29], cancer research [30-33],
investigating microbial diversity in environmental samples [34-38], and
in human diseases [39-41]. Recently, this approach has been used to study
virus evolutionary history, intra-host and inter-host diversities in plant
virology, e.g., endive necrotic mosaic virus (ENMV) [42] in various hosts,
several llarvirus species in Prunus species [43-45] and four viruses in
legumes [46].

Median-joining networks (MJNs), a method that was first published
in 1999 [47], is now widely used—to study biogeography, and most
importantly to study the evolutionary relationships within a virus
population [44,48-51]. The potential parent of a virus can be identified,
and the evolutionary history can be visualized based on the principle of
the median-join algorithm by which variants that are closely related in the
network are also genetically closely related and the parent variants should
have the highest number of connections to the descendant variants [49].
This algorithm is based on genetic distance of nucleotide sequence, which
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is similar to one of the most popular methods, neighbor-joining algorithm,
for constructing phylogenetic trees of viruses [52,53].

This study used deep amplicon sequencing combined with
phylogenetic analysis and MJNs analysis to explore the intra- and inter-
host diversity of GVA variants and the possible relationships between
variant groups of GVA and relative geographical location of SD and LRD
affected grapevines.

2. Materials and Methods
2.1. Sample selection

The Amplicon-HTS experiment was carried out on a total of 26 Shiraz
grapevines from three South Australian vineyards: Langhorne Creek
(LC1 to 15, clone BVRC12 grafted on Chardonnay rootstock), Willunga
(WIL1 to 8, clone BVRC12 on one roots), and Barossa Valley (BV1 to 3,
unknown heritage clone on own roots, planted around 1900), that tested
positive to GVA by RT-PCR using the general-purpose primer pairs,
Ah587/Ac995 and H7038/C7273 (Chapter 2, Table S2). The samples were
collected between May to July of 2018 from LC and WIL vines that
displayed typical Shiraz Disease (SD) symptoms, and BV1 to 3 vines that
showed mild LRD symptoms (Chapter 2, Figure S1). Table 1 in Chapter 2
provides basic information on variety, clone, year of planting, number of
grapevines per symptom type. Tables 54 and S5 in Chapter 2 detail the
presence of all viruses of each sample as determined by RT-PCR and
metagenomic high throughput sequencing (Meta-HTS).

2.2. Nucleic acid extraction method and RT-PCR amplification

Dormant canes (3 per grapevine) were randomly sampled from
across the whole canopy of each grapevine from May to July in 2018 from
the three vineyards. Total Nucleic Acid (TNA) extraction was performed
using the modified Mackenzie method [54] outlined in Chapter 2 ( 2.3.1.
Nucleic acid extraction for RT-PCR) for general purpose RT-PCR virus
detection. A region from each of the MP, CP and RB genes were amplified
from the 26 samples in a 25 pl reaction contains 0.1 ul of ProtoScript® II
Reverse Transcriptase (New England Biolabs ®), 1.25 ul of each primer of
10 uM primers, 12.5 ul of Q5 master mix (contains Q5® High-Fidelity
DNA Polymerase, New England Biolabs ®), 8.9 ul of PCR-grade water
(Thermo Fisher Scientific) and 1 ul of TNA samples. The RT-PCR reaction
conditions were as follows: reverse transcription at 42°C for 50 minutes
and initial denaturation at 98°C for 30 seconds, followed by 35 cycles of
denaturation at 98°C for 20 seconds, annealing at 56°C for 30 seconds, and
extension at 72°C for 30 seconds, and a final extension at 72°C for 5
minutes. The desired amplicon sizes of MP, CP and RB were 404 base pair
(bp), 565 bp and 236 bp, respectively. The primer sequences and annealing
temperature for the RT-PCR of each set of primers can be found in Table
S1.

2.3. Amplicon purification and library preparation

To ensure that the amplicons were successfully amplified, 10 ul of
each RT-PCR product were run on 1.8% agarose gel electrophoresis and
stained with SYBR Safe™ gel stain (Invitrogen™). The remaining 15 pl
were transferred to a fresh tube for amplicon purification using Ampure
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XP beads (Beckman Coulter) following the manufacturer's protocol. The
purified amplicons were first adapter-ligated using the Illumina mpxPE1
and mpxPE2 adapters and then PCR-enriched using the in-house
multiplex PE barcode primer as described previously [44]. The reaction
conditions for the PCR-enrichment were the same as the RT-PCR
amplification described previously, but only 15 cycles were used. The
PCR-enriched amplicons were purified again using Ampure beads. The
final concentrations of the 78 purified libraries were determined using the
TapeStation system (Agilent) and Qubit fluorometer (Thermo Fisher
Scientific). Libraries were pooled using an equal amount of each sample
at a final concentration of 4 nM. The pooled libraries were then sequenced
on an Illumina MiSeq instrument with 300 bp paired-end reads.

2.4. Amplicon raw reads trimming and filtering

Raw reads with a quality score of under 20, and a length below 50 bp
as well as the Illumina adapter sequences were removed using
AdapterRemoval (v. 2.2.2) [55] (quality trimming). The remaining reads
from both directions were paired and merged using the “collapse”
command of AdapterRemoval. Sequencing files were converted from
“fastq” to the “fasta” format using the “reformat” function of BBmaps (v.
35.85) [56]. Amplicon sequences from the MP, CP, and RB genes were
filtered to the designed size of MP, CP and RB genes ranged from 399
nucleotide (nt) to 404 nt, 560 nt to 564 nt, and 230 nt to 244 nt, respectively,
using the “reformat” function of BBmaps (size trimming). A local
database was built using all complete genome sequences of GVA from
GenBank and the current study (Table S7 in Chapter 2) with the
“makeblastdb” command using BLAST+ (v. 2.11.0) [57]. Amplicon
sequences were compared against the local database to determine the
sequence orientation and unspecific reads derived from the host plant
were filtered out using the “blastn” command of BLAST+. The minus
reads were first separated from the plus reads and reverse complemented
using the “reformat” command of BBmaps, then combined with the plus
reads. Reads from each sample were renamed by sample ID and numbers
using the BBmap’s “bbrename” command. Primer sequences were
removed by the “cutadapt” function of Cutadapt (v. 3.4) [58], and they
became self-aligned after primer trimming. In case of any sequence
variation on the primer binding sites, the mismatching tolerant function
was implemented when removing both reverse and forward primer
sequences from amplicon reads. Any amplicon reads without any primer
sequences were also discarded at the same time to ensure they were all at
the same position. Reads were filtered again to the expected sizes of 364
bp, 524 bp, 198 bp for MP, CP, and RB genes, respectively, to ensure all
amplicons for each gene have the same size. The extra 38 nt sequence from
the intergenic region right before the CP gene was deleted from the
original CP amplicon sequences using the Cutadapt’'s “cutadapt”
command, resulting in a final amplicon size of 486 bp for the CP gene.

2.5. Amplicon reads error filtering and clustering

Reads with a frequency greater than 10 (cut-off value) in each sample
were grouped at 100 percent nt identity using the Usearch's (v. 11.0. 667)
"fastx uniques" command [59]. Nucleotide sequence clustering results in
several hundreds of unique nt variants, each of which was labelled by the
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copy number (N) obtained for that variant. The unique variants were
named as Cluster 1 to N by the copy numbers from high to low, eg. Cluster
1 was the unique variant with the highest copy number (largest variant
cluster) in a given sample from a particular gene. The unique nt variants
were translated into aa sequences using the CLC Genomics Workbench
(v. 21.0.3; Qiagen, Aarhus, Denmark). Protein sequences of each sample
were clustered at 100% aa similarity again using the same "fastx uniques"
command of Usearch.

After clustering of unique variants of each gene from each sample,
data from all 26 samples of each gene were combined and again clustered
as described above to obtain the combined pool of unique variants for
each gene by clustering the combined data again with the Usearch at 100%
nt or aa sequence similarity using the same Usearch command described
above.

2.6. Phylogenetic group identification of amplicon variants

Phylogroups of all near-complete genome sequences obtained by
metagenomic high throughput sequencing (Meta-HTS), and all publicly
available GenBank sequences, of GVA were previously identified using a
neighbour-joining tree (Chapter 2, Figure 1). The phylogroup of GVA!,
GVAI or GVA" were assigned to each isolate and implemented as the
customized database of the BLAST+ by the “makeblastdb” command to
identify phylogroups for all amplicon variants in this study. The
phylogroup of unique variants from each sample were assigned
according to the best match with the highest nt identity when blasted
against the database described above using the “blastn” function of the
BLAST+. To ensure the reliability of this method, the BLAST+ method was
validated as follows. Variants containing phylogroup information were
sorted by nt identities and sampled every 24 rows. The sampled variants
were clustered with GenBank sequences of known phylogroups. A
neighbour-joining phylogenetic tree was constructed using MEGA (v.
7.0.26) with 1000 bootstrap replicates [60]. The phylogroups, identified by
the neighbour-joining tree and by the BLAST+ method, were compared to
ensure they provided identical results before being applied to the isolates
being analysed in this study.

2.7. Intra-host diversity based on lowest pairwise identities

In this study, the lowest percentage pairwise nt identities between any of
the two amplicon variants in each sample were utilised as a parameter of
genetic diversity within a virus population in an individual vine sample
based on our hypothesis that a higher pairwise identity (closer to 100%)
within a population has fewer sequence variations, whereas samples with
lower nt identities contain deeper intra-host genetic diversity. The
pairwise nt and amino acid (aa) identity between each two amplicon
variants was determined using the command version of sequence
demarcation tool (SDT, v. Linux64) [61]. The nt or aa identities were sorted
from lowest to highest to find the lowest identities within the virus
population using the default Shell command “sort” using the output
generated from the SDT.

2.8. Intra-host genetic diversity by median-joining haplotype networks (MJNs)
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As the unclustered files were too large for construction of a MJNs
tree for each gene, only the 20 unique nt variants with the largest number
of amplicon sequences (Cluster 1 to 20) from each gene of each sample
were used for generating the scaled sequencing files as input files. In this
study, a variant cluster consists of variants clustered at 100% nt identity
extracted from the sequence data using the Usearch nt sequence clustering
method as described above. The 20 largest clusters were used because
together they represented more than 50% of the trimmed reads before
clustering in the majority of samples. Three samples, each from a different
site were selected as representative GVA infected grapevines for the MJNs
analysis and included WIL3 and LC1, which displayed SD, and BV],
which displayed mild LRD. Individual MJNs were constructed for each
gene of each sample using the median-joining algorithm [47] by the
PopART software (http://popart.otago.ac.nz/index.shtml), thus a total of
nine MJNs were constructed. GVAL GVA! and GVA! variants from each
gene were identified using the Blast method described above and colored
by different colors in the MJNs. The scale of the figure, to represent
relative population size, for each gene of each sample was determined by
dividing the number of sequence copies of larger clusters 1-20 by number
of sequences in the smallest cluster 20.

2.9. Intra and inter-host diversity by MJNs

To study the evolutionary relationship among the GVA variants, the
top 20 variant clusters from all 26 samples, in total 520 variants of each
CP, MP and RB gene, were combined and analyzed by the MJNs method
described above. In this analysis, each variant cluster may consist of
identical sequences obtained from different locations.

3. Results
3.1. Sequencing reads of Amplicon-HTS

Basic statistical data of number of raw reads, number of reads after
trimming, and the copy numbers of top 20 variant clusters of each sample
after clustering as well as number of nonsense variants are reported in
Table S2. After the quality, size and primer trimming, and before
clustering, the total number of reads for the MP, CP, and RB genes, when
all 26 samples were combined, was 2.13, 2.02, and 2.81 million,
respectively (Table 1). Blast analysis of the discarded reads, after quality
and size trimming, against the GenBank database indicated that shorter
reads were either GV A associated or V. vinifera (host) associated (data not
shown). The average proportion of reads for MP, CP, and RB per sample
after quality, size and primer trimming were 64.44%, 46.08% and 73.36%
(primer trimmed reads /total raw reads) (Table 1). It was observed that
after the size trimming, the average proportion of the remaining reads for
the MP gene of BV1, BV2 and BV3 were only 25.99%, 9.23% and 2.44% and
proportion of the CP gene reads for WIL7 were 17.84%, which was much
lower than the average proportion of reads for these genes (Table S2).

Table 1. Overall number of reads and unique variants before and after clustering
of grapevine virus A amplicon sequences across 26 grapevines.
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Gene! MP cr RB

Total raw reads 6,466,112 8,784,286 7,568,478
Quality trimmed reads 2,805,669 3,877,170 3,399,212
Size trimmed reads 2,188,151 2,080,245 3,153,286
Primer trimmed reads 2,128,784 2,015,120 2,814,646
Proportion of trimmed reads in total raw reads (%) 64.44 46.08 73.36
Total nucleotide (nt) variants 12,983 13,103 10,052
Unique nt variants 10,454 10,899 6,366
Proportion of unique nt variants in total variants (%) 80.52 83.18 63.33
Total amino acid (aa) variants 6,593 5,389 6,192
Unique aa variants 4,402 2,250 1,900
Proportion of unique aa variants in total variants (%) 66.77 41.75 30.68

! MP = movement protein, CP = coat protein, RB = RNA binding protein

3.2. Nucleotide and amino acid sequence clustering

The nucleotide sequence of the amplicon reads which passed
through all three trimming filters were clustered at 100% identity at nt
and aa levels. The number of clustered unique nt and aa variants detected
in each sample of each gene is listed in Table 1. After nucleotide sequence
clustering, 10,454, 10,899, and 6,366 unique variants were discovered from
MP, CP, and RB genes, respectively. The proportion of unique variants to
total variants of the MP, CP, and RB sequences was 80.52%, 83.18%, and
63.33%, respectively (Table 1).

Each sample's unique nucleotide variants were translated to aa
sequence and grouped again at 100% aa identity, resulting in a total of
6593, 5389, and 6192 protein variants for the MP, CP, and RB genes,
respectively (Table 1). Among these, 4402, 2250, and 1900 are distinct
protein variants, accounting for 66.77%, 41.75%, and 30.68% of total
protein sequences of the MP, CP and RB genes, respectively.

Unique nonsense aa variants with premature stop codons were
found in each of the three genes in 76/78 samples. Nonsense variants were
found in the CP and RB genes but not in the MP gene of samples BV2 and
BV3 (Table S2). Generally, they represented <10% of the total unique aa
variants, except for the CP gene of isolate BV2 where unique nonsense
variants represented 33.02% of the total (35 unique nonsense aa variants /
106 unique aa variants Table S2).

3.3. Intra- and inter-host diversity of amplicon variants

Table S3 provides the phylogroups of GVA variants in each sample.
Variants from all three phylogroups were identified in the CP dataset,
whereas only GVAT and GVAT variants were obtained from MP and RB
genes. Within the MP data set, all variants from BV belonged to GVA,
and all variants from LC and WIL belonged to GVAL For the CP data set,
GVA" variants were detected along with GVAI' in the same grapevine in
three samples WIL2, 3 and 8 (Table 4). Only variants of GVA'and GVA!
were identified from the MP gene dataset.

3.3.1. Intra-host diversity: Lowest pairwise identities within each sample
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The largest genetic distance (the lowest nt identity) was found in the
CP gene of WIL2, WIL3 and WIL8 when the GVA! and GVA!! variants
found within each of these samples were compared, ranging from 75.7-
76.1% (Table S3). Comparisons within GVA"™ and GVA™ variants
populations in these three samples showed the lowest genetic distance
ranging from 90.7-91% and 88.1-91% nt identity, respectively. This was
higher than the genetic distance observed for the CP gene within other
samples, which ranged from 93.6-99.1% nt identity and 93-97.5% for
GVAI and GVA! variants, respectively. The highest genetic distance
(90.11% nt identity) for the MP gene was observed within GV A variants
in sample LC8, while the overall range of intra-host diversity amongst the
other 25 samples ranged from 90.4-98.9% and 96.2-96.4% nt identity for
GVA" and GVA! variants, respectively. For the RB gene, the highest
genetic distance (91.4% nt identity) was observed within GVAI&II
variants in samples LC3 and BV2; the overall range of intra-host diversity
amongst the other 24 samples ranged from 93.9-97% nt identity.

3.3.2. Inter host diversity: Lowest percentage pairwise identities within
each phylogroup

The MP, CP, and RB variants of GVAI, GVA! and GVAT were
compared across all 26 samples and the overall lowest pairwise nt and aa
identities for each gene within each phylogroup across all 26 samples are
listed in Table 2. Note that the lowest % nt identity of each phylogroup of
GVA was obtained based on unequal number of samples of each
phylogroup (Table S3). The lowest % nt and aa identities of GVA!, GVAT,
and GVAMI were obtained from 3 (BV1 to BV3), 23 (whole data set
excluding BV) and 3 (WIL2, WIL3 and WILS8) samples, respectively. The
number of variants used to gain the % nt or aa nt identities of each
phylogroup of GVA and each gene are given in Table S3. Based on the
current data set, only the CP gene could be compared across all
phylogroups. For this gene the nt % identity was higher in GVA! variants,
indicating lowest variability, but when the sequences were translated to
aa the % identity was lower than that of GVAT and GVA™ indicating high
variability (Table2). The nt and aa % identity of the MP gene was higher
for GVA! compared to GVA! indicating that the lower variability of the
GVAL! variants (Table 2). Since GVA! and GVA! variants cannot be
segregated based on the RB gene (Chapter 2, Figure 1g), the lowest % nt
and aa identities of RB gene were calculated using combined variants
from both groups. Therefore, identities for GVA RB gene were not shown
in Table 2.

Table 2. Lowest percentage pairwise identities of grapevine virus A (GVA)
phylogenetic groups (GVA!, GVAT and GVA™) amongst 26 grapevine samples.

MP? CPr RBp
Lowest
. . % nt % aa % nt % aa % nt % aa
identity? e . e S o —
identity> identity> identity identity identity identity
GVA! variants 95.60%! 95.04%! 92.59%! 86.42%! 90.40%? 86.36%?
GVAI
. 88.74% 90.08% 86.42% 87.04% See GVA!
variants
GVAIII
. N/A 88.07%:? 88.89%:? N/A
variants
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a nt = percentage nucleotide identity, aa = percentage amino acid identity, GVA/,
GVAIL GVAIl', grapevine virus A isolates from the phylogroups I, II and III,
respectively. ® MP = movement protein, CP = coat protein, RB = RNA binding
protein. ! Identities calculated from samples BV1, BV2 and BV3. 2 Identities
calculated from GVA!" variants from samples WIL2, WIL3 and WILS. 3According
to the phylogenetic analysis of grapevine virus A in Chapter 2, Figure 1g, variants
of GVA Tand GVAT of the RB gene cannot be differentiated and therefore the
sequences of all samples with these variants were combined.

3.4. Intra- and inter-host diversity analysis by median-joining haplotype
networks (MJN)

3.4.1. MJNs of sample WIL3, BV1 and LC1

Intra-host diversity of GVA in three samples of grapevines each from
a different region and displayed SD (WIL3, LC1) or mild LRD (BV1) were
visualized by MJNs of the nt sequences of the MP, CP and RB genes
(Figure 1). Each subfigure represents a given gene of a single sample. BV1
was chosen because it contains only GVA! variants. Samples WIL3
(Figures 1a and 1b) and LC1 (Figures 1g and 1h) were chosen for analysis
because they have the highest copy numbers of GVAT variants for the CP
and MP genes. WIL3 was also chosen because it also contains GVAI CP
variants that occur with much lower frequency compared to GVA!
variants (Figure 1a).

GVA! variants were widely segregated from GVA! variants of the
CP gene in sample WIL3 as indicated by the large number of hatch marks
(Figure 1a), which represent the number of mutation events separating
the variants, and therefore evolutionarily distantly related. For the CP,
MP and RB genes of the GVAT variants in WIL3 there was one large
cluster (Cluster 1) surrounded by and connected to smaller clusters and
the smaller clusters were not connected, suggesting that Cluster 1 of each
gene is likely the ancestor of other variants in this sample (Figures 1a, b,
and c). The number of copies in both the Cluster 1 of the CP and the MP
represented approximately 75% of the total number of copies amongst all
clusters whereas the RB Cluster 1 represented 92% of all copies because it
contains both GVA! and GVAl'variants.

GVAT variants of the CP gene from sample BV1 showed dispersed
distribution and no major variant was found (Figure 1d). However,
Cluster 8 which has 983 copies, has the highest number of connections to
other clusters suggesting it may be a primary ancestor. Only one major
cluster was found among GVAI MP variants. As seen from Figure 1e, four
mutation events gave rise to GVA! MP Clusters 2, 15, 14 and then 4 and
then two mutation events gave rise to Clusters 17 and 20, which are most
distantly related to Cluster 1. The GV Al variants of the RB gene, Cluster 2
has the highest number of links to other clusters and although Clusterl
and Cluster 3 appear to give rise to some other clusters they are closely
related to Cluster 2 as they are only separated by one hatch mark.
Therefore Cluster 2 is the most likely ancestor of this population (Figure
1f).

Two major variants were found for the LC1 GVA™ MP (Figure 1h)
and RB genes (Figure 1i), whereas three were found for the CP gene
(Figure 1g). In a previous experiment using Meta-HTS of sample LC1, two
distinct molecular GVA! variants were found, namely LC1-1 (accession
no. MT070963) and LC1-2 (accession no MT070962), which share 92.90%
nt identity by pairwise alignment of their genome sequences using Blast
[57]. In the context of this study, the percentage of pairwise nt identities
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of the largest five clusters of CP and MP genes show that the top 5 clusters
have over 99.4% nt identity to the isolate LC1-1, or to LC1-2 (Table 3). The
CP gene Cluster 3 and MP gene Cluster 1 were identical to isolate LC1-1
and CP gene Cluster 1 respectively, and MP gene Cluster 3 were identical
to LC1-2, supporting the detection of distinct GVAT variants in a single
sample (Table 3). The nt identity of the same region of the CP (486 nt) and
MP (364 nt) between LC1-1 and LC1-2 are 96.09% and 93.96%,
respectively. CP Cluster 2 is the primary ancestor of sample LC since it is
surrounded by Clusters 1, 4, 6,19, 12, 15 and 18 (Figure 1g). Cluster 2 and
5 are distantly related (97.33% nt identity) compared to CP Clusters 3 and
5 (98.97% nt identity) (Figure 1g). CP Cluster 3 and MP Cluster 1 are
smaller and give rise to fewer variants than CP Clusters 1 and MP Cluster
3, respectively (Figures 1g and 1h). Cluster 1 of the RB gene is identical to
LC1-1, but the similarity between clusters and LC1-2 could not be
calculated as the RB gene sequence of MT(070962 is incomplete (Table 3).
However, two distinct RB genes clusters were formed which could be
representative of the LC1-1 and LC1-2 (Figures 1h and i).

Table 3. Sequence similarity of the largest 5 clusters to the two metagenomic high
throughput sequencing isolates LC1-1 and LC1-2 that were obtained from the
same grapevine LC1.

% nucleotide (nt)

% nt identity to LC1-

Gene! Sample ID No. of reads identity to LC1-13 23
LC1_CP_Cluster1# 9,679 96.09% 100.00%#
LC1_CP_Cluster2# 8,968 96.30% 99.79%#

cp LC1_CP_Cluster3* 7,105 100.00%* 96.09%
LC1_CP_Cluster4# 4,359 96.09% 99.59%#
LC1_CP_Cluster5 1,345 98.97% 97.12%
LC1_MP_Cluster1* 22,327 100.00%* 93.96%
LC1_MP_Cluster2* 16,980 99.73%* 94.23%
MP LC1_MP_Cluster3# 3,972 93.96% 100.00%#
LC1_MP_Cluster4# 547 94.51% 99.45%#
LC1_MP_Cluster5* 377 99.18%* 94.78%
LC1_RB_Cluster1* 61,140 100.00%* N/A?
LC1_RB_Cluster2 41,319 96.97% N/A
RB LC1_RB_Cluster3 8,577 96.46% N/A
LC1_RB_Cluster4 2,652 97.47% N/A
LC1_RB_Cluster5* 2,626 99.49%* N/A

*Variants share more than 99.4% nt identities to LC1-1. #Variants share more than
99.4% nt identities to LC1-2. ' MP = movement protein, CP = coat protein, RB =
RNA binding protein. 2 Since isolate LC1-2 includes only partial sequences of the
RB gene, sequence comparison was not performed for the RB gene and shown as
N/A. 3 The isolate LC1-1 (accession no. MT070963) and LC1-2 (accession no.
MT070962) were detected in the same grapevine LCI.

3.4.2. Intra and Inter-host diversity of MJNs by the overall data set

After sequence clustering, the top 20 variant clusters (one sequence
per cluster) of each gene from each of the 26 grapevines were combined
to draw an overall MJNs map for each gene (Figure 2). In this MJNs, the
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size of variant cluster displays number of samples within a given cluster
(100% nt identity) and the colors display sample locations. When the
M]JNs were constructed, variants were clustered together and formed into
variant groups. There were 17, 14 and 10 variant groups formed in the
M]Ns for the CP, MP and RB genes for GVAT, respectively (Table 4). For
each gene, some variant groups were only represented by variants from a
single grapevine (single-sample variant group), but some were
represented by variants from multiple grapevines (multiple-sample
variant group). Variant groups were each labelled with a variant group
ID (VGI to VG21) and the lowest % nt identities of variants within each
variant group are given in Table 4. The multi-sample variant group 14
(VG14) of the RB gene contained GVAT variants of ten grapevines with a
total of 546,940 reads which count as 19.43% of the total amplicon reads
for this gene after primer trimming (Table 4 and S2). GVA! variants
associated with grapevines located at LC (LC1, LC2) and WIL (WIL1)
occurred in muti-sample variant group VG4 across all three genes (Table
4; Figures 2a, e, and h), and the MP, CP, and RB genes of the GVAT
variants across the three samples shared 38, 141, and 208 identical
variants, respectively (data not shown).

GVA! variant groups radiate from multi-sample variant group VG4
(grapevines LC1, LC2, WIL1) based on the CP and MP genes, suggesting
that variants within these CP and MP variant groups are likely to be the
ancestor of all other GV Allvariants (Figures 2a, 2b; supplementary Figures
Slb and Sle; marked with green dots). However, the ancestral
relationship was not supported by the RB gene, since variant groups
appear to arise from multi-sample variant group VG14 that contains
variants of WIL1 along with variants of nine other grapevines, but not
those from LC1 and LC2 (Figure 2c). For the CP gene, GVAl'and GVA!!
variants were not connected to each other, instead they were only
connected to GVA!. However, they were separated from GVA! by a large
number of hatch marks suggesting a distant genetic relationship (Figure
2a).

Based on current data of three samples BV1, BV2 and BV3, GVA!
variants formed a diverse and interconnected variant group of unique
variants across all three genes. Based on the size and number of linkages
to other clusters of the CP and RB genes, the potential ancestor variant of
the three BV samples was labeled by red circles in supplementary Figures
Sla and Slc. The evolutionary relations within the MP gene could not be
determined (Figure S1b) likely due to the low number of reads that were
obtained and analysed.

Table 4. Single-sample and multiple-sample variant subgroups identified for
phylogroup II grapevine virus A (GVA) variants.

Cp? MP2 RB2
L t9
Variant nl(l)cv;’:ostic{(; Lowest % nt Lowest %
. . identity nt identity
rou 1
gID1p SaII;;ple (Ivl\:i)t;g:ll:tliy Sa;;l)p ¢ within the SampleID  within the
variant variant variant
eroup group group
Multiple- VGl LC8,9,14 95.68 LC8,9, 14 97.53 LC8,9, 14 95.96
sample VG2 LC8, 14 98.77 LC8, 14 97.8 N/A N/A
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variant  VG3  LC5,13 98.97 LC5, 13 97.53 N/A N/A
groups LC1,2; LC1,2;
VG4 WIL1 98.56 WIL1 96.98 LC1,2; WIL1 95.96
VG5 WIL2, 3 97.33 N/A N/A N/A N/A
LC3, 4, LC3, 4,
VG6 o 94.65 o 96.98 N/A N/A
VG7  LC6 7 98.97 LC6, 7 99.45 LC6, 7 97.98
VGS  WILS, 6 99.59 WILS, 6 98.9 WILS, 6 98.48
LC1; LCI;
vGo 99.38 Wilia 98.63 N/A N/A
VG0  LC3, 12 98.56 N/A N/A N/A N/A
VGI1 N/A N/A WILLCZZ % 98.08 N/A N/A
VGI2 N/A N/A LC10, 12 94.78 N/A N/A
VG13 v{;fill'b 99.38 N/A N/A N/A N/A
LC3,4,5,11,12
VG14* N/A N/A N/A N/A 13; 97.47
WIL1,2,7,8*
VG15 LC3 99.38 N/A N/A LC3 97.47
VG16 LC15 99.38 LC15 99.45 LC15 98.99
Single-  vG17 LC10 99.59 N/A N/A LC10 98.99
f:zapii VG18  WIL4 99.59 WIL4 98.9 WIL4 98.99
oroup _ VGI9  WIL7 98.97 WILY 99.18 N/A N/A
VG20  WILS 98.97 WILS 99.18 N/A N/A
VG21 N/A N/A N/A N/A WIL3 98.99

! Phylogroups contain phylogroup II GVA variants that were used to analyse the
intra-and inter- host diversity in each of the 26 grapevines with either shiraz
disease or mild leafroll disease in this study (Figure 2).2 MP = movement protein,
CP = coat protein, RB =RNA binding protein *Super variant groups of the RB gene.

3.4.3. Variant groups vs. geographical location

The relative geographical locations of the SD grapevines and their
GVA CP gene variant groups were linked together in Figure 3. Generally,
samples within the same GVA variant groups are geographically close to
each other and are most frequently next to each other in a vineyard. There
are exceptions, e.g., grapevines LC5 and LC13 are both within GVA CP
variant group VG3 but they were physically distant within the vineyard
(Figure 2a and 3a). In contrast, WIL1 is next to WIL2 and WIL3, but its
GVAT variants belongs to variant group VG4, which also contains GVAT
variants from grapevines LC1 and LC2 (Figures 2b and 3b). Grapevines
WIL4, 5 and 6, are neighbors occurring in a row but GVAI CP, MP and RB
variants WIL5 and 6 occur in variant group VG8 and GVA! variants in
WIL4 occur in variant group VG18 (Figures 2 and 3b).
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Figure 1. The intra-host diversity of coat protein (CP), movement protein (MP), and RNA-binding (RB) gene regions of grapevine virus A (GVA) in three grapevine
samples, presented as median-joining haplotype networks (MJNs). Figure (a), (b), and (c), M]Ns of the CP, MP, and RB gene, respectively, of the sample WIL3
which showed typical Shiraz disease symptoms from the Willunga site. Figure (d), (e), and (f), M]Ns of the CP, MP, and RB genes, respectively, of the sample BV1
which showed mild leafroll disease symptoms from Barossa Valley. Figure (g), (h), and (i), MJNs of the CP, MP, and RB genes, respectively of the sample LC1
which showed typical SD symptoms for Langhorne Creek. Each of the red, blue, and green colours indicate the phylogenetic groups of each variant in each sample.
GVA variants from phylogenetic groups I and II (GVA! and GVAY) of the RB gene were unable to be segregated (see explanation in Chapter 2) and labeled using
purple named as GVAI&!, The size of the circle represents the copy numbers of the amplicon variant that it represents. The scale of each subfigure was individually
assessed based on copy numbers of Cluster 20 in each data set. Only amplicon sequences of the largest 20 clusters of each sample were used to construct the figures.
The 20 variant clusters with the largest number of amplicon sequences (Clusters 1 to 20) from each gene were chosen for analysis. The original copy numbers of
each variant are given by “size=". The hatch mark indicates the number of mutations between each of the two variant clusters. The hypothetical median vectors

(black dots) were implemented when the connection of two variant clusters was unknown.
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Figure 2. The intra-and inter- host diversity of coat protein (CP), movement protein (MP), and RNA-binding (RB) genes of grapevine virus A (GVA) within fifteen shiraz
disease (SD) affected grapevines from Langhorne Creek (LC), eight SD affected grapevines from Willunga (WIL), and three leafroll disease affected grapevines from
Barossa Valley (BV) were analyzed by phylogenetic median-joining haplotype networks (MJNs) clustering. Figures (a), (b), and (c) represent MJNs of the CP, MP, and
RB genes, respectively. After amplicon sequence clustering, sequences that shared 100% nucleotide identity were merged into unique variants. The sequences of the 20
largest clusters of amplicon variants of each gene from each of the 26 grapevines from the three locations were used for analysis. Yellow, blue and purple colors represent
variants from BV, LC and WIL, respectively. After MJNs were constructed, variants were grouped together to form variant groups, the original copy numbers of each
variant are ignored. The size of the variant circles indicate number of samples in which the identical variant was found. The hatch mark indicates the number of mutations
between each two variant clusters. The hypothetical median vectors (black dots) were implemented when the connection of two variant clusters was not known. The
primary ancestral variant group of each gene is marked by a green dot in each subfigure. The super variant group VG14 of the RB gene is labeled by a red asterisk in
Figure 3c. GVA variants from phylogenetic groups I, II and III are labeled as GVA!, GVA" and GVA™. GVA! and GVA! variants of RB gene were together due to high
similarity and labeled as GVA&!. The number of hatch marks represent the number of mutations between each of the two variant clusters. The hypothetical median
vectors (black dots) demonstrated hypothetical connection of two variant clusters when connections are missing. See supplementary Figures S1 for enlarged images of
the GVAlvariants of Figure 2a, b and c.
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Figure 3. Median-joining haplotype networks of the coat protein (CP) gene versus relative geographical locations of grapevines from, (a) the Willunga vineyard (WIL1
to 8) and, (b) the Langhorne Creek vineyards (LC1 to 15). Relative geographical locations of each grapevine within the vineyard is shown on the left with row and
grapevine numbers indicated and sampled grapevines shaded in green. Red arrows point to the multiple or single sample variant groups identified previously. Variant
group IDs and symbols in the MJN are detailed in Table 4 and Figure 2a.
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4. Discussion

This study used Amplicon-HTS of the MP, CP and RB genes of GVA
to demonstrate the complexity of the genetic structure of a population of
GVA variants in samples of individual grapevines expressing either SD
or mild LRD symptoms in different vineyards. Plant virus populations
can change with time in specific tissues due to genetic drift or selection
[62,63] but this was not measured in this study. Instead, a single pooled
sample (3 canes per grapevine) was collected from each of 26 grapevines
across three different vineyards to provide a snapshot of GVA diversity
in individual grapevines, within individual vineyards, and between
vineyards at a single point in time. Even with this limitation, GVA
diversity was observed and demonstrated the potential emergence of new
variants within a population, but also demonstrated that most variants
within a grapevine are likely to be related. This study also demonstrated
relatedness between GVA populations in some grapevines within and
between vineyards, which is likely to be associated with a combination of
insect transmission and spread via propagation material.

4.1. Lowest pairwise identities

Diversity was found in all genes when assessing the largest genetic
distance between GVA variants using lowest nt/aa identities and
maximum nt/aa changes. It has been noted that the rate of mutation may
differ between gene regions [64-66], however this was not observed in this
study; for each GVA phylogroup, a similar depth of diversity was
observed for each gene within individual samples (intra-host diversity) as
was observed between samples (inter-host diversity). The largest genetic
distance (up to ~12% and ~13.5% intra- and inter-host nucleotide
diversity, respectively) was observed in the CP gene, however high levels
of diversity were observed for the MP gene (up to ~9.6% and ~11.3% intra-
and inter-host nucleotide diversity, respectively) and RB gene (up to
~9.9% and ~13.6% intra- and inter-host nucleotide diversity, respectively)
in some samples. During data preprocessing and filtering amplicons were
filtered to the same size and insertions and deletions were removed,
therefore naturally occurring mutation events are the most likely
explanation for the GVA diversity observed within and between
grapevines in this study.

RNA viruses naturally have high mutation rates [20], which could
lead to the high level of diversity observed in this study. Previous studies
have suggested the mutation rate of RNA viruses is affected by virus
species as well as the selection pressure imposed by the plant host, vector
species and environment [20,67], which force adaptation. It is possible that
these factors have contributed to the high level of diversity of GVA
observed in many of the grapevines. However not all samples
demonstrated a high level of diversity and the lowest level of diversity
was ~1% for each of the three genes. The differences in the amount of
diversity observed amongst the 26 grapevines could be associated with
differences in selection pressures within and between the different
vineyards. In potatoes it was found that vegetative propagation led to
higher diversity, while insect transmission reduced diversity [68]. This
could also explain the variability observed amongst the GVA populations
of the 26 grapevines in this study, i.e. those with less diversity may have
become infected through a more recent transmission event, since GVA is
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transmitted by mealybug and scale species [4] , while those with higher
level diversity may have been vegetatively propagated from an infected
mother vine and/or had a much longer term infection. However, the fact
that population diversity can be variable in different tissues within a
single plant, even when collected at the same time point [62,63] cannot be
excluded as possible explanation for the variation in diversity that was
observed.

4.2. Intra-host diversity

This part of the study has been used to explore the evolutionary
relationships between each of the distinct variant clusters as well as the
population size of each cluster within three representative samples, each
from a different location. The MJNs method used in this study detects
single nucleotide variations within GVA populations, which provides an
in-depth visualization of the population diversity. Similar to a previous
study that analyzed diversity of prunus necrotic ringspot virus in Prunus
trees by Amplicon-HTS [47], this study showed that for each of the CP,
MP and RB genes, a GVAT population within a host has at least one major
variant cluster. Numerous unique variants of low copy number that are
connected to but diverge from major clusters occur in a star-burst pattern.
The major cluster usually represents the majority of the virus population
in each grapevine, such as that observed for sample WIL3. This could
represent a single, possibly recent, infection event followed by evolution
and emergence of new strains. However, in some individual grapevines
there was evidence of two or more distinct large copy number clusters of
GVA! and GVA! variants in addition to the smaller low copy number
variants, such as that observed for grapevine samples BV1 (GVA!) and
LC1 (GVA!). GVA! variants display a more dispersed distribution than
GVA" MJNs with no major variant cluster, and the size of clusters are
similar. In these instances, there are some possible explanations: multiple
infections have occurred either at the same time or at different times; a
longer-term infection has given rise to multiple successful GVA variant
clusters from a primary cluster through many generations; the three
pooled canes were infected with one or more different variant clusters.

Both GVAI and GVAll variants were detected in three samples by
Amplicon-HTS, although the presence of GVA" was only seen for the CP
gene. The lack of GVA! detection for the MP and RB genes may have been
due to a lack of amplification or inefficient amplification associated with
poor primer specificity or low titre of GVAT, or a combination of these
two. Nevertheless, this detection of both phylogroups, based on the CP
gene, supports the observations of multiple GVA infections possibly
associated with different infection events. The evolutionary pathway of
the GVAlvariants should be explored further by Amplicon-HTS using
either group III variant specific primers or universal GVA primers.

GVAT variants are often associated with SD [Chapter 2]. When this
study was conceptualized the possibility that a dominant SD associated
GVAT variant might be observed amongst the SD affected grapevines was
considered. However, no single dominant variant was observed, and
further study is required to understand whether any linkage between the
variant characteristics of GVA and SD exists.

Nonsense mutations naturally exist at a very low level of frequency
and the population of nonsense mutants may be reduced during virus
evolution, possibly by the nonsense-mediated mRNA decay in the host
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[69,70]. Little is known about the impact of nonsense mutations within a
virus population, however, it is known that nonsense mutations of the
RdRp and MP gene attenuate the symptoms of tomato mosaic virus [71]
and nonsense mutation affect virus transmissibility of a SARS-CoV-2
strain [72]. In this study, nonsense variants were found in 76/78
sequencing samples, but they were mostly low frequency variants and
were not included in the analysis as they did not fall within the 20 largest
variant clusters within any sample. Future research should investigate
how nonsense mutations affect the severity of symptoms and
transmission of GVA.

4.3. Evolutionary relationship between GVA phylogroups

M]JNs of intra and inter-host diversity provides a snapshot of the
evolutionary relationship of GVA phylogroups. Based on the CP gene,
GVAI and GVAIIL which do not have an association with SD [Chapter 2],
are more distant from each other than they are from GVAII and are linked
to GVAII by a large number of hatch marks (Figure 3) indicating many
mutational events have occurred during their evolution. Based on this
observation, it is proposed that GVAII could be the ancestral phylogroup
of GVAI and GVAIIL The direction of evolution of a virus towards milder
or more virulent strains can be difficult to predict since many complicated
factors such as virus and host interaction, environment adaptation and
vector transmission lead to evolution [73-75]. However mild strains
clearly benefit from escaping virus surveillance, improving the survival
in a host and achieving a symbiotic relationship between coinfected
viruses and hosts [76] and could have contributed to the emergence of
GVAI and GVAIIIL Evidence for this is that virulent strains were over
taken by the mild strain of Omicron during the SARS-CoV-2 global
pandemic [77]. The hypothesis of GVAII variants being the ancestral
phylogroup needs to be tested by a larger scale study containing data
from all three phylogroups and wider geographic locations in Australia
and other countries.

4.4. Origin of GVA variants in vineyards

Two major modes of GVA transmission can occur: infected
propagation material used for top working or planting, or transmission
by insect vectors (mealybugs and scale) [78-80]. The haplotype analysis of
this study demonstrates a common origin of GVAII variants within a
vineyard, which is likely to be associated with spread via an insect vector.
The first and second-instar nymphs are most efficient at transmitting
viruses [79,81-83], which occurs as they crawl from vine to vine. This
could explain the infection of adjacent grapevines at LC. Insects can also
be carried on people’s clothing and machinery and can be dispersed by
wind or water [84,85] over short distances, which could explain the
infection of grapevines with the same variant group in the same vineyard
but that are not adjacent.

However, an alternate possibility for adjacent grapevines infected
with the same variant group is the use of planting material or topworking
grapevines already infected with the same GVA variant groups,
originating from the same source. The first piece of evidence to support
this hypothesis is the presence of the same CP, MP and RB variant groups
in grapevines at LC (LC1, LC2) and WIL (WIL1) vineyards that are
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approx. 70 kilometers apart. While the long distance movement of vectors
by machinery is known and cannot be completely discounted [86], LC and
WIL are not managed by the same growers and sharing of equipment is
unlikely. Therefore, the distance between vineyards would make insect
spread of GVA between these two locations unlikely. The second piece of
evidence for spread by vegetative propagation is the presence of different
GVA variant groups in adjacent grapevines within a vineyard, for
example WIL4 was infected with a different variant group compared to
WIL 5 and WIL 6, yet all three grapevines occurred in the same row.
However, this study demonstrated variation within variant groups within
a grapevine and its contribution to the variation in GVA variant groups
between grapevines originating from the same original grapevine cannot
be ruled out, since uneven distribution of variant groups in a grapevine
might occur. Nor can insect transmission be disregarded; a proportion of
GVA variants may have been selectively passed from the original source
into a new host due to bottleneck events occurring in the vector [87,88], or
by escaping plant defense and adapting to a new host [20]. More evidence
supporting selective transmission of GVA variants is that Shiraz WIL9,
WIL10 had only GVA" variants, while WIL8 which was next to WIL9 had
both GVA"and GVA variants (Chapter 2).

4.5. Implementation of Amplicon-HTS in virus diversity studies

Conclusions arising from fine scale genomic epidemiology, intra-
host genetic diversity and populations of genetic variants of viruses based
on amplicon sequencing can be affected by PCR derived sequence errors
associated with the fidelity of the Taq polymerase [89,90]. To minimize
the risk we used Q5 Taq (280 x fidelity vs. Taq) for the initial RT-PCR
amplification and for PCR-enrichment in the library preparation prior to
sequencing on a MiSeq instrument. Nevertheless, a cut off value of 10
reads was used, as suggested by Kinoti et al. [44], who found that the
variants with the copy number below 10 were often error prone. Using a
Taq polymerase with a high fidelity in combination with the three filters
that were used in the initial data processing to filter out any low-quality,
short and unspecific reads prior to sequence clustering, provides a high
level of confidence in the study of GVA variant groups enabling
epidemiological conclusions—However, size trimming resulted in a
significant reduction of the number of reads in a few samples, possibly
associated with the removal of a higher number of nonspecific reads from
grapevine host or shorter viral reads that may have been a result of poor
primer specificity for some GVA variants. This could result in loss of
variants that are significant in SD epidemiology. Additionally, to
minimize the impacts of sequencing error, this study used only the 20
largest groups of unique variants of each gene in each grapevine sample
analysed. However, if all variants were analysed evidence may have
emerged that more grapevines have been infected with two or more
variant groups and those with at least two variant groups could have had
three or more. Analysis of all valid variants, instead of just the 20 largest
clusters of unique variants, could provide an even greater understanding
of the intra and inter-host diversity that may reveal the emergence and
spread of GVA in infected vineyards under this study.
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5. Conclusion

This study demonstrated the utility of deep Amplicon-HTS as a tool
for studying the epidemiology of SD, including transmission and the
evolutionary pathway of GVA. A deeper insight was gained into the
diversity of GVA in SD and LRD affected vineyards, and within infected
grapevines. The MJN analysis connected variant groups to geographical
locations of the grapevines demonstrating the expected pathway of GVA
being transmitted to grapevines by insect vectors and by plant
propagation, resulting in the spread of SD. Grapevines without SD but
infected with GVA were not analyzed within SD vineyards due to a high
level of diversity and lack of universal primers in different gene regions,
thus no further information was derived from the study about the
importance of specific GVA" or GVAI variants in association with
disease. Greater diversity was observed using the CP gene compared to
the MP and RB genes, making it more useful for fine scale genomic
epidemiological studies using Amplicon-HTS. Future analysis could
include deliberately inoculating Shiraz with specific GVA phylogroups,
variant groups or unique variants and to observe disease development
and emergence of GVA variants with time. This could be achieved by
generating full-length infectious clones of the virus. In this study a small
number of selected grapevines with SD or LRD that were sometimes
clustered, but often randomly dispersed within a vineyard, were used to
analyse GVA diversity. To better understand GVA and SD epidemiology
using this fine scale Amplicon-HTS approach further studies, using the
CP gene only, should include using a higher number of SD affected and
unaffected grapevines which are planted together within a vineyard and
several SD affected vineyards, planted with the same grapevine clone,
should be analysed.
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Figure S1. The intra-and inter- host diversity of a total of 23 samples affected by shiraz disease (SD) from Langhorne Creek (LC) and Willunga
(WIL), and 3 samples affected by grapevine leafroll disease from Barossa Valley (BV) were analyzed by a phylogenetic median-joining haplotype
networks (MJNs) clustering. GVA variants from phylogenetic groups I are labeled as GVAL Figures (a), (b), and (c) are enlarged MJNs of the
coat protein (CP), movement protein (MP) and RNA binding (RB) gene of GVAI variants in Figure 2a, 2b and 2c, respectively.
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Chapter 4: Comparison of Physiology Performance and
Berry Development of Shiraz Disease (SD), Leafroll
Disease (LRD) and Asymptomatic (ASY) Grapevines
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1. Introduction

Currently, there is very little understanding on the mechanisms of
how grapevine viruses affect grapevine physiological performance.
Various impacts of viruses have been reported including: changes to
primary and secondary metabolism [1,2], modulation of flavonoids [3],
overexpression of the gibberellic acid response pathway [4], altered
carbohydrate homeostasis and cell wall composition [5], changes in gene
expression [6], and reduced resistance to other pathogens by modulating
genes associated with defense responses [7,8].

Numerous studies have measured the effect of viruses, including
grapevine leafroll-associated virus 1 (GLRaV-1), grapevine leafroll-
associated virus 3 (GLRaV-3), grapevine fanleaf virus (GFLV), grapevine
fleck virus (GFkV) and grapevine red blotch virus (GRBV) on various
aspects of grapevine physiology [5,9-24]. The impact of virus infection to
various grapevine varieties were summarized in Chapter 1, including
vegetative vigor, yield, photosynthesis, water potential of a grapevine,
total soluble solids (TSS), titratable acidity (TA), anthocyanins, and
tannins in berry and juice, anthocyanin and alcohol, colour density in
wine (Chapter 1, Table 1). Some studies have evaluated the impact of
grapevine virus A (GVA) mixed infected with either GLRaV-1 or GLRaV-
3 in cv. Nebbiolo, which displayed typical leafroll disease symptoms
(LRD) [9,12]. However, the physiological performance of Shiraz disease
(SD) affected grapevines has not been measured in cv. Shiraz. Therefore,
the aim of the research presented in this chapter was to examine the
physiological effects of this disease on the most common Australian
variety, Shiraz, under local climatic conditions, to identify the most
sensitive physiological indicators that could be used to monitor this
disease in the future.
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2. Materials and Methods
2.1. Field trials and experimental approach

Shiraz grapevines for physiology performance were selected from
the Willunga (WIL) (- 35° 15' 58.5468" S and 138° 29' 39.7464" E) and
Langhorne Creek (LC) (- 35° 18' 50.8752" S, 139° 7' 30.9036" E) sites based
on different symptom types described in Chapter 2. Shiraz clone BVRC12
has been established since 2004 in both of these two vineyards. The Shiraz
grapevines at WIL are own-rooted. Shiraz grapevines at LC were grafted
onto Chardonnay in 2015. The soil types of WIL and LC are black cracking
clay and alluvial sandy loam, respectively. Grapevines from these two
vineyards were regularly irrigated and managed by individual growers.
Each SD or LRD grapevine was paired with an asymptomatic control
grapevine (ASY) in the neighboring row. The virus status of each
grapevine was determined by RT-PCR and metagenomics high-
throughput sequencing (Meta-HTS) methods previously described [25].
Major viruses, grapevine virus A (GVA) and grapevine leafroll-associated
virus 3 (GLRaV-3) in each grapevine can be found in Table S1. The basic
descriptive information of each site and the comprehensive virus profile
of each grapevine can be found in Tables 54 and S5 of Chapter 2. Decline
and dead arms symptoms were first noticed in 2019-2020 season at WIL.
As part of the measurement of health at WIL, the grapevines were also
assessed for the presence of decline and dead arms symptoms that may
be attributed to grapevine trunk diseases (GTDs). No further diagnostic
test was done to confirm the presence of GTDs at both sites. The
assumption of GTD presence at WIL are based on the symptom
observation of vine decline and dead arms symptoms.

Physiological data were collected in three southern hemisphere
growing seasons (Oct-Feb) during 2018-19, 2019-20, 2020-21 at the WIL
site. Since the SD grapevines at the LC site were removed to prevent virus
spread, data were collected only for one growing season (2018-19).

Rainfall and temperature data of the three growing seasons was
gathered from the Noarlunga station (South Australia) from the
Australian Government Bureau of Meteorology website (BoM;
http://www.bom.gov.au/climate/data/), which was the closest weather
station to both sites. The WIL site and LC site are approximately 16 km
and 60 km away from the weather station, respectively. The mean January
temperature, monthly mean growing season temperature (October-
April), total rainfall, and growing degree days for the growing season
(October-April) for each growing season are listed in Table 1.

Table 1. Mean January temperature, monthly mean growing season temperature,
total rainfall, and growing degree days (GDD) of the growing season 2018-19,
2019-20 and 2020-21. Data were gathered from the Noarlunga station (South
Australia) (http://www.bom.gov.au/climate/data/).

Climate conditions 2018-19 2019-20 2020-21
Mean January temperature
(coy 24.9 22.25 22.25
Monthly mean growing season
temperature (°C)? 20.86 19.79 19.81
Total growing season rainfall
(mm)? 70.80 199.80 166.80
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Growing degree days (GDD)* 2302.45 2089.20 2075.60
Mean January temperature of 2019, 2020, and 2021were used for the 2018-2019,
2019-2020 and 2020-21 seasons. 2 Monthly mean growing season temperature of
October to April of each growing season. ® Total rainfall of the growing season
from October to April. * Growing degree days = [(Tmin +Tmax)/2] - 10 [26].

2.2. Vine health scores (VHS)

In addition to SD, decline and dead arm symptoms were recorded at
WIL in 2019-20 and 2021-22, in SD affected grapevines. Similar symptoms
were also observed in LRD or ASY grapevines at WIL, but not in SD and
ASY affected grapevines at LC. To scientifically assess the effects of dead
arms that may also affect canopy development apart from virus infection,
the VHS system was engaged, in which the growth of shoots was assessed
to provide an overall health pattern for this site.

Grapevines were double cordoned at WIL (four arms per vine) and
each arm was scored. A completely healthy arm earnt a score of 2 (Figure
la), a weaker arm gained a score of 1 (Figure 1b) and a completely dead
arm received a score of 0 (Figure 1c). Therefore, each grapevine was given
a total VHS ranging from 0 (all arms dead) to 8 (all arms healthy). VHS of
each grapevine was assessed at E-L stage 27 (berry setting) in 2020 at WIL.
The grapevines from LC site were removed after 2018-19 season,
therefore, no VHS score was measured.

In this study the vine decline and dead arm symptoms that were used
to measure VHS were assumed to be part of GTDs caused by fungal
pathogens. This assessment was made on the basis of symptomology
consistent with GTD. No further diagnostic test was done on fungal
pathogens to determine the species of GTD.

Figure 1. Vine health score (VHS) system at Willunga (WIL). (a) HVS = 2, a
completely healthy arm (b) HVS =1, a weaker arm (c) HVS =0, a dead arm at the
time when VHS score was assessed at E-L stage 27 (berry setting) in 2020 at WIL.

2.3. Plant area index (PAI) by Viticanopy

Plant area index (PAI) was defined as “area of leaves and woody
materials per unit ground area” [27], which is one of the most important
parameters used to assess grapevine canopy vigor. PAI in this study was
calculated using the sum of leaves as well as any additional tissue visible
in the images (shoots, fruits, berries) against canopy porosity and
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corrected by clumping index [28]. PAI closely corresponds to the leaf area
index (LAI) (https://viticanopy.com.au/faq). Selected grapevines were
photographed from E-L stage 9 (2 to 3 leaves separated) until about E-L
35 (veraison) at both sites. The front camera of a smartphone was placed
at the bottom of one side of the canopy approx. 15 cm above the ground
(right above irrigation line) and about 30 cm away from the trunk to take
an upward-looking image of the canopy. Each selected grapevine was
photographed from both sides of the trunk along the row every two
weeks, 8 times in total in the 2018-19 and 2020-21 seasons, and monthly at
the WIL site for the 2019-20 season. Additional grapevines were selected
from the Willunga site (WIL31 to WIL 81) for the 2020-21 season due to
the removal of SD grapevines at the LC site. The PAI values were analysed
within symptom type groups and plotted as timewise canopy
development curves using GraphPad Prism 9 (v. 9.3.1).

2.4. Measurements of stomatal conductance and leaf chlorophyll

Stomatal conductance (gs) and leaf chlorophyll (Chl) were measured
about 60 days post-flowering between 11 am and 3 pm, at both sites in the
2018-19 season. Chl and gs were measured using a SPAD leaf Chl meter
and an AP4 type porometer (Delta-T Devices Ltd), respectively on sunlit
leaves. The temperature and humidity of the porometer were calibrated
to match the temperature and humidity on site prior to measurements
according to manufacturer’s instructions and re-calibrated when ambient
temperature changed more than 2C° and humidity changed more than 5%
relative humidity. The humidity range set in the instrument was taken as
close as possible to ambient. Stomatal conductance and Chl were
measured at approx. 50 days post-flowering at WIL in the 2020-21 season.
Measurement of Chl was repeated once at 100 days post-flowering later
in the 2020-21 season at WIL. Table 3 show the number of selected
grapevines in each group measured. For all the parameters listed above,
three to four leaves were measured for each of the grapevines.

2.5. Leaf photosynthesis parameters

An infrared gas analyser (IRGA) (LCpro-SD Portable Photosynthesis
System, ADC BioScientific, Hoddeson, England) was used to measure key
leaf photosynthesis parameters such as transpiration rate (E), stomatal
conductance (gs), and net assimilation rate (A) about 50 days after
flowering at WIL in the 2020-21 season. Since each A value has a
corresponding E and gs values, data of each leaf were analysed
individually for all photosynthesis parameters.

2.6. Leaf and stem water potential

Leaf and stem water potential ({iear and {sem) were measured about
100 days post-bloom in the 2020-21 season. They were measured using a
pressure chamber (PMS Instrument Company, model 1005, Albany, OR,
USA) [29]. Since a limited number of grapevines can be measured within
the period of 11 am to 3 pm, one leaf was measured for either {stem O Yicat
per grapevine. Piaf was measured by cutting a fully expanded leaf from
the petiole with a razor blade and sealing it into the pressure chamber
immediately. The {reat was recorded as the negative of the pressure (MPa)
required to make water just appear on the cut surface of the petiole [30].
For {stem measurements, the leave on the same shoot below the one used
to measure rear was covered with a reflective bag 30 minutes prior to
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measurement. The sem measurement was preformed immediately after
the Preat measurement using the same procedure described above.

2.7. Trunk and cane carbohydrates

SD, LRD, and the paired ASY grapevines were sampled at E-L 42
right before leaf-fall on the 6th of May 2021. Trunk shavings were
collected using an electric drill with a 5 mm diameter drill bit from approx.
40 cm above the ground. Two canes were sampled for each grapevine
from the third node. Samples were sealed in a paper envelope and
submerged into liquid nitrogen (LN2) immediately after being harvested
and stored in LN2 wuntil they could be freeze-dried in the
laboratory. Envelopes with canes and trunk shaves were freeze-dried for
at least 24 hours. Freeze-dried samples were ground into fine powder in
a pulverising Mill (Essa®). Soluble carbohydrates and insoluble starch
were extracted from five to six mg of freeze-dried tissue using the starch
and anthrone assays which were previously described [31]. The
concentration of extracted carbohydrates was measured by the
absorbance of 505 nm and 600 nm for the starch assay and anthrone assay,
respectively, by a plate reader (SPECTRO star® Nano). The final sugar
concentrations were calculated against a glucose or fructose standard
curve.

2.8. Fresh berry mass(FBM), total soluble solids (TSS) and juice pH

To monitor fresh berry mass (FBM), sugar accumulation and juice pH
during berry ripening, berries were sampled every 7 to 10 days from E-
L33 (Berries still hard and green) to E-L38 (harvest). Three berries from
the top, middle and bottom part of each bunch and a total of 3 to 7 bunches
were sampled from each selected grapevine. FBM was measured and
recorded. The berries harvested from each grapevine were pooled and
crushed in a plastic bag. Juice pH was measured by a pH meter and TSS
were measured by a refractometer (Palette PR-101, Atago co., LTD.).

2.9. Statistical tests

Since standard deviations (SDevs) and sample sizes (n) are
significantly different between the treatment groups for most of the
physiology parameters, Welch’s analysis of variance (ANOVA) was used
for overall statistical analysis. The statistical power of Welch's F-test is less
affected by unequal sample size and variations compared to ordinary
ANOVA [32]. The pairwise comparison (post-hoc test) of each two groups
was analysed using Dunnett's T3 multiple comparisons test to compare
the significance of the mean between groups when there was unequal
variance between each group [33]. When comparing only two groups, the
unpaired T-test was applied. GraphPad Prism 9 (v. 9.3.1) was used to
perform all statistical tests and for graphical presentation. As the overall
data set of leaf photosynthesis parameters A, E and gs roughly fit a normal
distribution determined by the QQ plot and an equal sample size in each
group (4 grapevines per group and 2 measurements per vine), the
ordinary ANOVA test was performed to determine significance between
means in all groups and Tukey’s multiple comparison test was
implemented to compare means of each two groups. The statistical tests
used for each growth parameters can be found in Table 3.
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2.9.1. Significance of linear regression

The "nonlin fit" function of Prism 9 was used to conduct analysis on
each slope to study the correlation between PAI and VHS in Figure 5. The
null hypothesis was set to 0, which means no correlation between the two
factors. The results are provided in Table S4 along with the P and R-
squared values for each slope while they were compared to the null
hypothesis. A slope with P > 0.05 rejects the hypothesis of no correlation
whereas a slope with P < 0.05 accept the hypothesis. Prism 9's "simple
linear regression” analysis was used to determine the slopes' significant
differences in Figure 5.

2.9.2. Kmeans clustering

PAI corrected for clumping for grapevines WIL1 to WIL30 from all
three seasons as well as their VHS were combined for Kmeans clustering
using the R (v. 4.1.1, R Core team, 2021) package “factoextra” (v. 1.0.7).
The optimal number of groups was decided based on the results of the
“elbow method” by the “fviz_nbclust” function [34]. Kmeans clustering
was performed by “kmeans” function of the “stats” package in R (v. 4.1.1).
The output of Kmeans clustering was visualized by ggplot2 (v. 3.3.5) R
package [35].

2.10. Sample grouping systems

Two grouping systems were used in this study to evaluate the effect
of viruses on grapevine physiology. The first was a liberal system which
grouped grapevines for analysis by symptom type using three distinct
symptoms described in Chapter 2 as follows: grapevines with typical
Shiraz disease symptoms (SD), leafroll disease symptoms (LRD) and
without any symptoms (ASY) (Table 2). This system was used for
analyzing and comparing the time-dependent data between symptom
groups for time courses of canopy and berry development.

The second more conservative grouping system was developed,
based on the virus profile listed in Table 2. GVA" is responsible for
symptom development as it was detected only in SD grapevines [25]. In
contrast, GVA" was detected in SD, LRD and even ASY grapevines.
However, it is possible that GVA may affect grapevine physiology that
even if SD is not observed. Thus, the second group further divides the
three symptom groups into 2 to 3 subgroups, to carefully study the
differences that are likely to be associated with a particular GVA variant
or with and without the presence of GLRaV-3. The virus profile of
individual samples used in each experiment can be found in Table S1.

Table 2. Grouping system used in this study to evaluate the effect of disease status
(symptom type) and viruses on grapevine physiology.

Groups Symptom types Subgroups Virus profile Site!
GVAI&I
SD1 GLRaV-3 WIL
SD Restricted spring growth (RSG), GVAT,
uneven lignification of canes (ULC), SD2 GLRaV-3 WIL
autumn leaf reddening SD3* GVA! LC
GVAIL
LRD Red leaf with green veins LRD1 GLRaV-3 WIL
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LRD2 GLRaV-3 WIL

ASY

ASY1 GVAl WIL

Asymptomatic ASY2* All negative WIL, LC

*Grapevine leafroll associated virus 3 (GLRaV-3) was not detected at Langhorne
Creek (LC), thus LC has only the SD1 and ASY2 groups.! WIL = Willunga, LC=
Langhorne Creek.

3. Results
3.1. Vine health scores (VHS) and vine decline symptoms at WIL

The statistical comparison of VHS between the SD, LRD and ASY
groups at WIL are shown in Figure 2 and the means and SDevs of each
group are listed in Table 3. The mean VHS of the SD1 and SD2 groups
were 2 and 1, respectively and the mean VHS of the LRD and ASY groups
were above 6. In fact, 50% of VHS of the SD grapevines were below 2
whereas most of the LRD and ASY grapevines were above 5 (Figure 2 and
Table 3).

Vine decline symptoms were observed on SD grapevines at WIL in
the second season (2019-20) and two SD grapevines (25%) had no growth
(VHS = 0). This percentage of dead grapevines increased to 47% in the
2020-21 season as five more SD grapevines had no growth (Table 4). In
contrast, the LRD and ASY grapevines show less decline across the three
growing seasons.
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Figure 2. Vine health score (VHS) measured in 2020 of the groups of Willunga
grapevines that had Shiraz disease (SD) and dead arm symptoms were infected
with grapevine virus A (GVA) variants from phylogenetic groups II and/or III
(GVAT, GVAMT; SD1, SD2); affected by leafroll disease (LRD) and infected
grapevine leafroll associated virus -3 (GLRaV-3) and with or without GVA™ and
(LRD1 and LRD2); and asymptomatic grapevines (ASY) that were infected with
GVAMor not (ASY1, ASY2). Individual values were shown as dot points. The top
and bottom bars indicate the maximum and minimum values in each group.
Dunnett's T3 test was used to examine the significance level between means of
each two groups. The significance level is shown on top of the black line that
connects each pair of significantly different groups. No line is shown when there
is no significant difference between groups. * P < 0.001**, P < 0.01**, P < 0.05*

175



9L1

189}

) () TAAT _ _ 8 _ (6} _ ( wdy Surramory 120T (s
snopaeg ‘s 4dny i ) . i 9 (8)gz0°0¥¢Z0T°0 (8)25T20°0%5201°0 L : (8)€5£10°0%£80°0 VIN N (8)6690°0¥5T°0 § T 1M )
, SA TAS ‘() TAT'SA 1AS 90ST0"0¥6££90°0 )6LSS0°0FEITL'0 7000 o} IL -sod sfep o1 -020T 2 [ow) (:8) 2DULPNPUOD [eJeWolg
VAONYV Areutpio
[®)
159}
. TASV'SA ZAAT () TASY _ _ _ _ _ _ (o) wdy Sutamory 120T
spapteg ‘s An ) ) X i 9 (8)9£17°0%€STT (8)82£7°0¥99T°T (8)20TT 0%95€E'T (8)L11€0%720°T VIN (8)986L 0F8LY'T (8)9€6£07999°'C ) T TM (1-8 - jowr) (3) ayex voneadsuer
, SA TAAT (s) TAUT'SA 100> o111 -sod sfep o1 -020C
VAONV Areurpio )
2A8 () TAQATSA 1AS
159 ()
(sr) wdy Suramory
SHOBIR SAMAL  ZAATSA TAS () TAAT g 9 (8)209'1756'01 (8)866'TFIETL (8)8926'07700'8 (8)820° 172V 01 VIN (8)2v0°€7C8 1T ®1zTrFervL 100> 4 oL s0d s£ep 00T TM - 12020 (8w o) (1) ajer uone[umssy

‘VAONY A1eutpio  'sa 13s () IAYTSA 1AS

SEemASOTOU]

€L . (6)€260°07€€9L0 o - ] wdgy Suremory
ON €t ¥ ($)£8580°07598°0- VIN (0T)2Z880°07908°0- VIN VIN (2)9£2€00°076T9L 0~ €10 1 1M 12-020T (1) enuagod rorem yeay
spauUNQ ‘S PRM - g -sod sfep go1
€L o (6)3001°0¥8£85°0 o - } wdgy Suremopy
ON €t ¥ ($)98950°0756'9°0- VIN (01)£921°07¢19°0- VIN VIN (2)97090°07€505°0- 180°0 1 TM - 12-020T (wsch) renyuajod sarem wayg
spauUN( ‘S, UPPM - 018 -1s0d skep 001

CITA [eAuRI0d ToTeAL

d
L E Buuamory
ON 09 9 (0D)6EFFFG LT ()88 TE¥G'60C (IO)1T TH%£°9ST (€)' T9%L'69T VIN (£)6L°65%7€"9GT (PecerFeere 1LV0 ¥ €0} TIM  T2-020T S0UEBPNPUOD [EJeWOlg
spouun( ‘s PPM 4sod sKep 001
we 11
wd
€L Sumamoyy
ON 19 9 (0D 1€P978 761 (9)sTesreete (rovTervsric (€1)98 SP#G ¥81 VIN (8)S0°£8%1°991 (P)LLIF76LL 8L0'0 € €0} TUM 120202 2OULIONPUOD [ejewolg
spauUN(] ‘S, UPPM -150d s£ep og
we 11
wd
Suuamory
35911 ON 91 4 (9)26'L675°cTe V/IN VIN VIN (oneorFri6e VIN VIN $15T0 ¥ €0 sod s£ep 9 D1 61810T ADULIINPUOD [BJRUI0}S
we [T
wd
L Burramory
ON 18 4 (9)18£1%6°691 VIN V/N (@)zersFeter VIN (P)9FeIF9ee (€)8:0ze¥1'95€ () 6€0°0 ¥ €0} TIM  61-810C S0UEPNPUOD [EJeWOlg
s pauUN(] ‘S, YPPM -150d s£ep o9
we 11
€L
} ON 81 < ()29 1179171 V/IN (LgrTererer (§)9pL'57€0'1E VIN (€)619°67e6'sE (Q)zeo 780¢e L1T0 1 V/IN wd 1M 12-020C 1e3ns aqnjos uniy,
s pauun(] ‘s UydPm
€L
‘ ON 81 ¢ (E)p8'GSFLHPL VIN (£)S0PSFH 081 (9169476 17T VIN (€)90°7L76 1HT (@1 9176 161 e T V/IN wd 1M 12-020C UPIE)S SunLL
spauun(] ‘s Uyd[Pm
€L
. ON L1 ¥ (€)26'T1F6G'98 VIN (L)z9T %1679 (F)T8 1IFLT69 VIN ()78 71768 65 VIN 899'0 T VIN wd 1M 12-020C 1e8ns a|qnjos aue))
s pauun(y ‘s UydPMm
€L ()
. () TASV A 1QYUT At i4 (E)T061FI'8LL VIN (L)6T 1976161 (F)60°TIFL0TT VIN (e)yrssreet VIN y 4 VIN w-d 1M 12-020C yoIess dued)
spauun( ‘s yPREM 000
) ojeIpAyoqIe)
€L () Sutomoy
ON 08 9 (01)¥608'0¥€TH L (9)9£8€°0790°8 (12)8re 1%84T'8 (€D)T10 T786¥ £ VIN (L¥e8TFer 11 (P)Se9 T+L7 1T i [ V/IN M 12-020T T1&ydozoyp yeay
spauUNQ ‘S, PPM 2000 -sod sfep g
Burramory
3911 ON ot 4 (9)6889'0FFT 1 V/IN VIN VIN (98t 1748°TT VIN VIN 18800 ¥ VIN s0d skep 9 D1 61810 Tidydoxopyp yeay
€L Suamory
ON ct ¥ (9)965 175 11 VIN VIN (@9z9'17¢T 11 VIN (P00 €78 EL (€)209°TFE1H1 1€7°0 ¥ VIN 1M 61-810T T14ydouoyyp yeay
spauun( ‘s YRPM -1s0d s£ep 9
[)
€L TASY "SA TAS “(sss) TASY . L . o o . ()]
‘ . ) . 6L 9 (52)989°1%26'S (9)1£0L°07L (IDL1S 132 (ED)ETIZOFLL09 VIN (DT 1FL a(Q)6ryTFe ) 1 VIN UoSeas-prAl 1M 12-020C SHA) S9I00S (I[e9H 9UIA
spPuUNQ ‘S PRM SA TAS () TAYT 'S4 100>
2a8 () 1AV 54 TAS
EE) Jud
s
sauraadesd jeorpdar warm
sdnoi8 uwaamjaq dnoi8 € (€-ARATO (€-ARATD e (E-ARITD JudWRINSEIW
1593 [BIBSHRIS 30 (82N) TASV (mVAD) TASY , @VAD)EAS , ) d ® seawr P uoseag s1a)aureIRy
ueaw Jo duedySIg — jo -ARYTD) ZA¥1 mVAD) 1A¥1 WVAD) TdS i VAD) 1AS wpn g joa3ejg

oN
joroN  awry

*Apms suyy jo szajpwered A3ojorsAyd jo sisATeue eonsnels ‘¢ ajqe,



LLT

*dnou8 yoea jo agoid sniia 103 Z 9[qe ], 99G |

8 0 L1 0 St L 120¢-020C
ST 0 L 0 8 4 020T-610T
ST 0 L 0 8 0 6102-810C
PaAIasqo aurpap paAIasqo aurpap PaAIdSqoO aurpap
sauraaderd ym sauraaderd m saursaderd M
joraqunu  sauraaderd  jo aqunu  soutasderd  jo equunu  sauraaderd
[ejoL, JO IPqUINN [ejor, JO IaquInN eog, JO IquINN
UTBIASY)
ASV (TRIAAT) Ayl «CR1AS) AS uoseag

-ay1s eduni[ip ayy je sautaadesd (xSy) onewojdwhse pue ((3[) a5easIp [[015e3] “((IS) SeasIp Ze1ryg ayy Jo swojdwAs aurpap aurA “p A[qe],

800> d “x+10°0 > d ‘x5 100°0 > d ‘TPAS] 20ULIGIUSIS DTSRG, 1ajourered yoea jo (u) az1s ajduwes pue (sAd(]S) SUOHLIAIP PIepUeR)S F UBIW AL q "C-ALYTD PUB YA W30q 10§
aanedau = 3o ‘¢ snura ajeposse-[jogyed] autaaderd = ¢- Aey 1o ‘11 pue [ dnoi opausojdyd woiy syuerrea v sniia sutaaderd = ;v AD pue ;v AD dnewojdwdse = Xy ‘9seasip [[01yea] = (3] ‘¥SLISIP ZeIG = (]S « 921D duroydue] =7 ‘eSun[ip =TIM

SO
3591 wdgp Sumomory 1202 8y =
sqopaeg ‘s 4odny ON Lig 9 (8)/8 117601 (8)28917¢ 11 (8)zg6IFT6TL (819617 2121 VIN (8)8g9eFz Ll (8)97'5z76°€01 1910 4 og s0d skep 101 M 0207 13nM) Aouspyge s sses ULl
‘VAONY Areurpio . .. ,,




3.2. Flowering time

The flowering curves of the LRD and ASY grapevines were identical
to each other (Figure 3a) while the flowering time (100% caps-off) of the
SD grapevines was delayed by about 7 days at WIL (Figure 3a) and 14
days at LC (Figure 3b). The small variance (indicated as SDev) of the LRD
and ASY grapevines indicate that flowering stages of individual
grapevines were uniform within these two groups (Figures 3a and b). The
variance of the SD grapevines is larger than LRD and ASY grapevines,
indicating that flowering of SD grapevines is more inconsistent.
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Figure 3. Comparison of the flowering period between grapevines with Shiraz
disease (SD), leafroll disease (LRD) and asymptomatic (ASY) grapevines at (a) the
Willunga (WIL) site, and (b) the Langhorne Creek (LC) site in the 2018-19 season.
The horizontal dotted lines mark 50% caps off (E-L 23) and 100% caps off (E-L 26).
Error bars represent the standard deviation (SDev) of each group.

3.3. Analysis of plant area index (PAI)
3.3.1. Grapevines grouped by symptom type

The means and SDevs of PAls from each group of grapevines are
listed in Table S2. A total of 30 (SD =8, LRD =7, ASY =15), 28 (SD =6, LRD
=7, ASY =15) and 73 (SD =8, LRD = 17, ASY = 48) grapevines measured
at WIL in 2018-19, 2019-20, 2020-21, respectively. A total of 30 grapevines
(SD =15, ASY = 15) were measured at LC. PAI values of the grapevines
with no growth were below 0.4 across the entire growing season and they
were excluded for this analysis. The Shiraz grapevines were more
vigorous at LC than WIL, since the maximum PAI was approximately 3
(Figure 4a), whereas PAI of WIL was 2.5 (Figure 4b) in the 2018-19 season.
Comparing three years PAI data from WIL, the maximum PAI of 2019-20
and 2020-21 seasons were 1.8 (Figure 4c and d) indicating that they were
less vigorous than 2018-19 season (PAI 2.5, Figure 4b). The greatest
difference in PAI between individual grapevines, as reflected in the large
variance (SDevs), was found in the SD affected group at WIL in all years

(Figure 4).
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(a) LC2018-19

At WIL in 2018-19 and 2020-21 (Figures 4b and d) ASY and LRD the
growth curves are nearly identical. They diverge from and are
represented by higher PAI values than SD grapevines throughout the
season to E-L-35 (Verasion), suggesting that GVA may slow canopy
growth, GLRaV-3 does not. In 2018-19 at LC (Figure 4a) and 2019-20 at
WIL (Figure 4c), there was a similar divergence in the growth curve
between the SD and the LRD and/or ASY grapevines, which have higher
PAI values, and is observed earlier in the growing season but the curves
and PAI values converge again just prior to E-L-35.

Based on the kinetics of canopy development at each site and in each
year at WIL (Figure 4), it is proposed that the greatest differences between
SD and ASY grapevines most likely occurs between late November to
mid-January, roughly from bloom time to veraison. In 2018-19 at LC, no
dead arm symptoms were observed, and no GLRaV-3 was detected
Therefore the growth curve shown in Figure 4a is proposed to represent
true canopy development in grapevines of SD vs. ASY grapevines.

(b) wiL 2018-19
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Figure 4. Analysis of plant area index (PAI) of grapevines with Shiraz disease (SD),
leafroll disease (LRD) and asymptomatic controls (ASY) analysed over three
seasons from 2018 to 2021 at Willunga (WIL) and in 2018-2019 at Langhorne Creek
(LC). The time course PAI is shown for (a) 2018-19 LC, (b) 2018-19 WIL, (c) 2019-
20 WIL, and (d) 2020-21 WIL. The vertical dotted lines indicated the time points
when SD and ASY grapevines had the greatest differences in PAI. Standard
deviations (SDevs) are shown by the error bars.

3.3.2. Correlations between vine health score (VHS) and plant area index
(PAI)
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PAI

To study the association between VHS and PAI, the PAI data set of
80 grapevines from WIL that were measured in the 2020-21 season were
plotted against VHS (Figure 5). Given that 6/8 of R-squared (R?) values are
greater than 0.5, the association between VHS and PAI roughly fits
segmental linear regression with an inflection point at VHS = 4 (Table S4).
When VHS was <4, 8/8 P values were less than 0.05, demonstrating a
substantial correlation between VHS and PAI when grapevines are
significantly influenced by GTDs (Table S4). When VHS > 4, 6/8 of the P
values were greater than 0.05 showing little correlation and hence
indicating that the grapevines were less influenced by GTDs. (Figure 5
and Table S4).

27/9/2020
1F 9/10/2020
T - 30/10/2020
V¥ 13/11/2020
=¥ 26/11/2020
@ 14/12/2020

-®- 23/12/2020
-© 9/1/2021

VHS

Figure 5. Plant area index (PAI) versus vine health score (VHS) for the Willunga
site of the 2020-21 season. Each coloured line represents line of best fit for each
date when PAI was measured. Error bars show the SDevs of the VHS at each
measuring time.

3.3.3. Kmeans clustering of LC site

The optimal number of clusters was determined using the “elbow
method” prior to Kmeans clustering. The elbow method uses total within
sum of square (TWSS) to evaluate the variance within the data set. There
will be less variation within the clusters as the number of clusters rises
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and the optimal number of clusters is often indicated by the bend of the
TWSS curve (“elbow”) [34]. According to Figure Sla, the optimal number
on the bend of the “elbow” is 2. Thus, the Kmeans clustering analysis for
the LC site divided the grapevines into two clusters based on their PAI
and VHS data. The first cluster contained all SD grapevines, which are
infected with GVA! variants (GLRaV-3 and GVA not detected), while
the second cluster contained all ASY grapevines which are not infected
with both viruses (Figure 6a).

3.3.4. Kmeans clustering of WIL site

The optimal number of clusters identified by the “elbow method” for
the WIL site was three as indicated by the bend on the curve in Figure S1b.
Since three symptom groups were identified previously, the Kmeans
clustering of WIL was first performed using 3-cluster system, but this
system cannot separate LRD and ASY grapevines (data not shown). Given
that the PAI curves of the LRD and ASY grapevines were similar as
previously described (Figure 3), it was assumed that the 2-cluster system
is more closely related to physiological characteristics of SD than the 3-
cluster system. Thus, the 2-cluster system was used. It can be seen from
Figure 6b that most SD grapevines were in cluster 1 (red) and most of the
LRD and ASY grapevines were in cluster 2 (blue). However, samples WIL
1, 2, and 5 were clustered with the LRD and ASY grapevines, and WIL25
was clustered with SD grapevines. When investigating the VHS scores of
those outliers, the ASY grapevine WIL25 has a VHS of 4 which is below
the average VHS of an ASY grapevine (Table 3, ASY2=5.92). WIL1, 2, and
5 have a VHS of 2, 6, and 2 respectively which are higher than most of the
SD grapevines (Table 3).
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3.4. Analysis of leaf chlorophyll

Total chlorophyll (Chl) of SD3 and ASY grapevines was measured at
the LC site for the 2018-19 season. No statistical significance was found
between SD and ASY grapevines of the 2018-19 season at the LC site
(Table 3). The Mean Chl + SDev of the SD3 and ASY2 grapevines are 12.84
+1.458 and 14.24 + 0.6889 umol m?, respectively (Table 3).

At the WIL site, leaf Chl was measured twice in the 2018-19 and 2020-
21 seasons. In general, the means of Chl content was higher in SD
grapevines than in LRD and ASY grapevines (Table 3 and Figure S2).
Welch’s ANOVA detected significant differences in the 2020-21 data set
(P =0.002) (Table 3). However, the Dunett’'s T3 test did not detect any
statistical significance between any two groups (Table 3).

3.5. Analysis of stomatal conductance (gs)

Stomatal conductance (gs) was measured once 60 days post-flowering
at both sites in the 2018-19 season, and twice at both 50 and 100 days post-
flowering at WIL. No significance was found when comparing the mean
gs + SDev of SD3 grapevines (391.2 + 110.5 mmol m? s1) and ASY2
grapevines (325.5 + 97.97 mmol m? s?) of the LC data set (with and
without GVAD) (Table 3).

A weak significant difference was found for the 2018-19 season by
Welch’s ANOVA (P = 0.039), but Dunnett’s T3 test did not detect any
significance between each of the two groups. ANOVA and post-hoc tests
can provide different results since the test thresholds are different and
post-hoc tests control familywise error rates and reduce the type one error
rate [36]. The weak positive might be a type one error unless it is proved
otherwise by more data.

Overall, no significant difference of gs was found between groups at
WIL and LC sites.

3.6. Analysis of leaf and stem water potentials

Welch's ANOVA and Dunnett's T3 tests indicated no statistical
significance of leaf and stem water potential (Yiear and Psiem) between all
groups based on the current data set (Table 3). The Preat and stem, ranged
from -0.7 MPa to -0.9 MPa, and -0.5 MPa to -0.7 MPa, respectively (Table
3).

3.7. Analysis of carbohydrate accumulation

Typical symptoms of SD, RSG and delayed flowering, could be a
consequence of insufficient carbohydrate accumulation during the
previous season. To investigate this further, cane and trunk samples were
harvested from SD, LRD and ASY WIL grapevines during the 2020-21
season at E-L42 right after leaf-fall. Storage sugar (starch) and soluble
sugar in canes and trunks were extracted and analysed separately. The
results show significantly higher starch content in canes of LRD1
grapevines (GVA!, GLRaV-3) (220.7 + 12.09 mg/g) compared to ASY2
grapevines (118.1 + 19.01mg/g) (negative for GVA and GLRaV-3) (Table
3). None of the other two groups differ in their carbohydrate contents.

3.8. Analysis of photosynthesis parameters
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In this study, the net photosynthesis rate (A) of individual leaves was
measured between 11 am to 4 pm when the average leaf temperature was
about 29.9°C. The individual value of g, A, E and intrinsic water use
efficiency (WUE: = A/gs) and significance of means between each of the
two groups are shown in Figure 7 and Table 3. Means and SDevs of A,
E and gs of individual leaves from the SD1 group (GVAT& GLRaV-3) are
always the highest among all groups followed by SD2 (GVAT, GLRaV-3)
(Figures 7a, b and c). In the presence of GLRaV-3, the mean gs of the
grapevines infected with GVA!I& variants (SD1) and GVA! (SD2) were
significantly different from the grapevines without GV A infection (LRD2)
(Figure 7a and Table 3). This shows that GVA! plays a central role in
affecting gs. Moreover, no significance was found when comparing the
groups with and without GVA™ indicating that this variant may have no
effect on gs in these conditions. GVA™ and GLRaV-3 could affect E, since
significances were found between SD1 and LRD2 (with and without
GVAn&m) SPD2 and LRD2 (with and without GVAT), LRD2 and ASY2
(with and without GLRaV-3) (Figure 7b and Table 3). The E values of SD
grapevines were higher than LRD and ASY grapevines (Table 3)
suggesting GVAI affects transpiration. GVA! was the dominant factor in
its effect on A, as A of SD grapevines are significantly higher than LRD
grapevines, differences were found for SD1 and LRD1 (with and without
GVAD), SD2 and LRD2 (with and without GVAI), SD1 and LRD2 (with
and without GVAUI&) (Figure 7c and Table 3). No significance of A was
found between SD and ASY, and between LRD and ASY groups (Figure
7c and Table 3).

A, E and g are more variable within the SD groups as illustrated by
larger SDevs compared to those of the LRD and ASY groups (Table 3) and
the data range (min to max) being much wider than any other groups
(Figures 7a, b and c).

All groups have similar linear relationships between gs vs. A and A
vs. E (Figures 7d and e). No significant difference was found between
these linear relationships by simple linear regression analysis. The slopes
of intrinsic water use efficiency (WUE: = A/gs) of all groups are not
significantly different from one another (Figure 7f).
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3.9. Berry development

Timewise berry development curves of berry weight, sugar content,
and pH were grouped by symptom type and analysed. Mean, SDev, and
n of a particular sample and date can be found in Table S3.

3.9.1. Fresh berry mass (FBM)

The timewise development of fresh berry mass (FBM) is shown in
Figure 8. In 2018-19 at LC and across all seasons at WIL, berry mass
increased linearly from pea-size (early-January) until about veraison
(mid-February) and then reduced towards the end of ripening starting
from approximately 100 days post-flowering (Figures 8a, c, h).
Comparison between the SD, LRD, and ASY symptom types showed
slightly different trends across the three seasons. In 2018-19, the FBM
curve of LRD grapevines in WIL was generally higher than ASY and SD
grapevines (Figure 8c). The maximum FBM of the SD, LRD, and ASY
grapevines were 1.13 + 0.11, 1.27 + 0.08 and 1.00 + 0.18 g, respectively,
measured on the 17t of February (Figure 8c and Table S3). In the 2019-20
season. The FBM curves of SD and ASY grapevines in WIL had almost no
difference in FBM at the latest stage of berry ripening (Figure 8e). Berries
of ASY and LRD grapevines reached their maximum berry weight earlier
than the SD grapevines and the FBM curve of SD grapevines are generally
above LRD and ASY grapevines for the 2020-21 season of the WIL site and
2018-19 season of the LC site (Figures 8h and a, Table S3).
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3.9.2. Berry TSS

The reduced TSS in SD grapevines was observed at both study sites
in 2018-19 at LC, and in 2018-19 and 2020-21 seasons at WIL when
compared to accumulation in the ASY group of grapevines (Figure 8b, d,
and i). TSS started to sharply increase about 60 days post flowering. An
increase in sugar accumulation of the SD, LRD and ASY groups was
similar (Figures 8b, d, f and i). The TSS of the LRD grapevines at WIL
varied season to season. It was higher than the SD but lower than the ASY
vines for the 2018-19 season (Figure 8d), similar to the SD grapevines for
the 2019-20 season (Figure 8f), and identical to the ASY group in the 2020-
21 season (Figure 8i).

3.9.3. Berry juice pH

The mean pH as it is shown by the curve in Figures 8g and j, the curve
of SD grapevines was always below the other two groups during the
whole monitoring period for the seasons 2019-20 and 2020-21. The pH at
the latest berry ripening stage was around 3.6 at 108 days post-flowering
and 3.4 at 105 days for the season 2019-20 (Figures 8g) and 2020-21 (Figure
8j), respectively. The large SDevs of the SD curve indicate the extremely
variable pH within the SD grapevines.

4. Discussion

The purpose of this study was to investigate the effects of SD on the
physiological performance of V. vinifera cv. Shiraz, one of the most widely
grown varieties in Australia, in two South Australian vineyards. It is the
first comprehensive study done in Australia to measure effects of viruses
on grapevine physiological performance. Considering all parameters
measured in this study, the reduction of PAI and delayed berry
maturation are most likely to be affected in SD grapevines at WIL and LC,
which suggests that SD may delay canopy development and fruit
ripening. However, dead arms symptoms were also observed in the SD
affected grapevines as well as in ASY grapevines at WIL, which are likely
to have contributed to poor physiological performance. Thus, other
parameters such as Chl, A, E, g, carbohydrate, water potentials, were
highly variable depending on measuring time and season and were not
an accurate measure of impact of SD.

Determining the impacts of a particular grapevine virus on vine
performance and berry composition can be complicated and challenging
for the following reasons. A field grapevine is frequently infected with
two or more viruses, or even multiple variants of a virus, each with
distinct biological properties. Both GVATand GVA! were isolated from
SD grapevines [25], however only GVA! variants were associated with
SD. Moreover, the degree of biotic and abiotic stress on each grapevine
within a vineyard is never equal and difficult to manage in the field.
Abiotic conditions that may interact with biotic stress associated with a
virus infection include soil type (nutrient deficiencies, compaction,
aeration, salinity, pH etc.), irrigation regime (periodic water stress),
geographical location of the vineyards, micro-climate (heat stress, frost)
and the annual variation of weather conditions affecting dormancy, bud
burst, and ripening period. More critically, there might be other
organisms that affect the growth parameters of a field grapevine, like
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fungal pathogens associated with GTDs [37-39] that exacerbate the effects
of a virus infection, including the impacts of SD associated GV A variants.

4.1. Impacts on canopy vigor

A balanced vegetative growth of the canopy and reproductive
growth of the berry is essential to obtain high quality grapes for wine. The
direct method used to assesses canopy vigor via LAI can be destructive
and labor intensive [40]. A previous study demonstrated that a balanced
canopy architecture partly indicated by PAI, which is similar to LAI but
is non-destructive and less labor intensive, can be an indicator of
favourable berry quality for wine [41]. Therefore, the Viticanopy method,
which measures PAI, was used to estimate canopy vigor at the WIL and
LC vineyards. Figure 5 illustrates that when VHS, which was only
measured at WIL, is less than 4 (grapevines with poor growth), there is a
substantial association between PAI and VHS, and when VHS is greater
than 4 (relatively healthy), there is no correlation. This illustrates that the
PAlvalue effectively measured the detrimental impact of grapevines with
SD and GTDs. Moreover, Figure 5 suggests that the association between
VHS and PAI should be examined primarily in the late season, specifically
after the 13th of November. This time period showed a stronger
correlation between VHS and PAI compared to the early stages of the
growing season.

Because SD and GTDs occurred together on grapevines at WIL in
2019-20 and 2020-21, the impact of SD alone on grapevine health could not
be measured. It should also be noted that RSG symptoms occurring in
grapevines with SD at WIL and LC in 2018-19 may be attributable to GTDs
instead of SD. However, the fact that there is a significant difference in
PAI between SD grapevines with GTD and ASY grapevines at WIL, but
essentially no difference between LRD and ASY grapevines, suggests that
SD and/or GTD are key factors in delayed canopy growth. If the RSG
observed in SD affected grapevines was only associated with SD at WIL
and LC in 2018-19, the low PAIs observed at both sites in that year,
compared to ASY, would provide further support for the hypothesis that
SD and therefore GVA! impacts canopy growth. The biggest difference in
canopy vigor between ASY and SD affected grapevines, as measured by
PAI, was found between late November to mid-January (bloom to
veraison). This finding is helpful to distinguish SD/GTD affected
grapevines from ASY grapevines within the same block using the
Viticanopy app or area photography.

When PAI was estimated via Viticanopy, the following constraints
were also shown to influence the PAI value. When photographing a
grapevine from the bottom of a double cordon grapevine, even though
one tier was poorly grown, the Viticanopy method only measures an
overall PAI value of the top and bottom tier of the canopy and from the
same side of the grapevine. Furthermore, the bottom tier of the canopy
affects the PAI more than the top tier as the image of the top tier may be
covered by the bottom tier of the canopy towards the mid-late measuring
period. When vine decline and dead arms partially affect the grapevine
(VHS > 4), the remaining arms have the potential to obtain nutrient and
water from the entire root system, and they have the potential to grow
more leaves and compensate for the loss of the dead arms. Therefore, since
GTDs were also present in those grapevines measured, the analysis of PAI
(Figure 4) might have revealed fewer variances between SD and ASY
grapevines than using direct LAl approaches.
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4.2. Impacts on leaf chlorophyll

Based on the data collected in this study the impact that SD may have
on Chl is unclear. Statistically significant differences between the SD and
ASY groups were only found in one out of three data sets for Chl (WIL,
2020-21), although SD affected grapevine group had higher total Chl
content compared to the LRD and ASY groups (Table 3). Higher leaf Chl
levels corresponds to higher leaf nitrogen [42] and higher photosynthetic
capacity of a leaf [43] and this accounts for the higher assimilation rate (A)
of SD grapevines compared to other groups (Table 3). The likely reason of
higher A in SD grapevines will be discussed in the following
photosynthesis section.

In this study there was no significant difference between the Chl
levels in LRD only and ASY grapevines. This supports a previous study
that concluded there was no difference in leaf Chl between the GLRaV-3
infected and control grapevines (cv. Cabernet Sauvignon) under in vitro
conditions [44]. However, it differs to another study in which Chl content
was lower in GLRaV-3 infected field-grown grapevines (cv. Lagrein)
compared to heat-treated virus-free grapevines [45]. Different results
could be due to the differences in biological characteristics of GLRaV-3
variants, grapevine varieties, rootstocks and experimental conditions.

4.3. Impacts on carbohydrate

Carbohydrate reserve dynamics can have a significant impact on
vegetative growth of the grapevine canopy and reproduction of berries
[46-48]. A previous study showed that carbohydrates were mainly stored
as starch at a maximum of about 13% of dry mass in trunks and about 17%
in shoots between harvest and leaf fall in cv. Chasselas [47]. In the same
study, the soluble sugars in canes and trunks were usually less than 7%
across the growing season and sharply increased from about 2% of dry
mass (veraison) to 7% (leaf-fall) [47]. The percentage of carbohydrate in
trunks and canes measured in this study, is within the range of the
seasonal evolution kinetics between leaf-fall and budburst previously
reported by Zufferey et al. [47] but slightly below the mean values of cv.
Chardonnay on Ramsey rootstock reported by De Bei et al. [49]. The
results in this study are in contrast to a recent study that demonstrated
significantly increase sucrose and starch content in leaves of cv. Merlot
and starch in cv. Shiraz that were infected by GRBV [5]. In another study,
grapevine fanleaf virus (GFLV) caused overexpression of the genes
involved in carbohydrate metabolism, which could also impact sucrose
accumulation [50]. Although no statistical significance was found
between SD and ASY grapevines in this study, because SD and GTD
occurred together, the true effect of GVA" on carbohydrate accumulation
and metabolism could not be effectively measured and needs to be
investigated further.

4.4. Impacts on stomatal conductance

Stomatal conductance (gs) is sensitive to environmental conditions
like temperature, air humidity and soil water content [51-53], as well as
being influenced by grapevine and rootstock varieties [54,55]. The
maximum stomatal conductance of Shiraz estimated by Winkel and
Rambal [56] was 360 mmol m? s' which is the lowest compared to
varieties Merlot and Carignane when in a Mediterranean environment.
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Several previous studies conducted in the Barossa Valley in South
Australia, reported the average gs of own-rooted Shiraz ranging from 200
to 300 mmol m? s under local conditions [53,57]. The gs of the LC
grapevines tested in this study roughly fits this range, and it is higher than
gs of WIL grapevines at the same measuring time. The rootstock could
have affected gs at LC since the LC Shiraz grapevines were grafted onto
Chardonnay rootstocks. No statistical significance of gs between SD and
ASY grapevines at LC may indicate that SD does not affect gs.at LC. Only
one data set (WIL, 2020-2021) supports there might be some difference
between SD1 and the two LRD groups, with and without the combination
of GVAlland GVA! (Table 3).

4.5. Impacts on water potentials

There is evidence that the function of aquaporins, which regulate
water transport across cell membranes, can be affected by plant-
pathogens [58] and might lead to changes in water potential in infected
plants. However, there were no significant different of Yrear and Ystem
between any groups measured by this study. The it and Psiem values
between SD, ASY and LRD affected grapevines in this study would
indicate that grapevines were not water stressed at the time they were
measured. Furthermore, the gradients between {reatand Ystem in all disease
groups are similar to those previously reported for Shiraz at a similar time
after bloom indicating that water potential was not impacted [26,59,60].
Similar studies reported no difference in water status in virus infected
grapevines and controls for GRBV [61], GVB [62] and GLRaV-1 and 3 [14].
Interestingly, a recent study found GFLV infected grapevines performed
better than the healthy grapevines under mild water stress [24].

4.6. Impacts on photosynthesis parameters

Across all disease groups examined in this study, the values of A
were similar to those previously reported for Shiraz at a similar stage after
bloom and at a similar leaf temperature [26,63] although E and gs were
somewhat lower. Lower gs and similar A lead to a greater WUE: (A/gs),
similar to the response when grapevines infected with GLRaV-1 and 3
[64]. However, apart from the reduction of gs and E, several previous
studies found that A also significantly reduced when grapevines were
infected with GLRaV-1 and 3 [15,45,65] and GRBV [66]. In this study, the
mean of g5, A and E of the SD grapevines were higher than the LRD and
ASY grapevines. A likely reason is that when canopy growth is negatively
affected by biotic stress (virus or GTDs), the total photosynthetic rate of a
grapevine is reduced [67,68], and the grapevine compensates by
increasing A of individual leaves. This is similar to the effect of leaf
removal and shoot-thinning [69]. Since A and g are strongly associated
with other abiotic conditions and time of measurement, and SD affected
grapevines at WIL may also affected by GTDs, the true impact of GVAT
and SD on these parameters needs to be investigated further.

4.7. Impacts on berry maturation

A reduction in berry mass towards the end of berry ripening could
be a consequence of berry shrivel. Berry cell death in Shiraz normally
begins around 87 days post flowering and mass reduction occurs at about
100 days [70,71]. Little is known about the cause of Shiraz berry shrivel, it
may be linked to elevated temperature [70], hypoxia within berries
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[72,73], and inhibition of the VvBAP1 gene under drought stress [74]. The
characteristics of Shiraz berry maturation including preharvest FBW
reduction, sugar accumulation and pH elevation agree with what has
been previously described [26,75]. However, the exact value of maximum
FBM is highly variable from season to season due to different
environmental conditions [76]. GLRaV-1, GLRaV-3 and GRBV infection
often reduce FBM, TSS and pH in berries [10,14]. However, in other
studies, TSS remained unaffected [11,12]. This is likely due to the
differences in virus, grapevine variety studied and the biotic and abiotic
conditions where the experiments were conducted. The mean TSS and pH
of the SD grapevines were often lower than LRD and ASY grapevines in
this study likely due to their delay in ripening response to delayed canopy
growth and flowering time.

4.8. Growth cycle variations in SD affected grapevines

At WIL, SD grapevines had greater variance in flowering time
(Figure 3), canopy development (Figure 4), berry maturation (Figure 8),
VHS, Chl, gs and A (Table 3) as shown by large error bars and SDevs in
most of the analyses. Since these differences, except VHS which was not
measured, were also detected in the LC data set (Figures 3b, 4c, and 8a),
and if it is assumed that GTDs did not affect grapevines at LC, the
variations may be attributed to SD. Higher variance within physiological
parameters of the SD grapevines could indicate that each grapevine was
under a different level of stress or at different stages of disease status. The
level of stress may depend on the duration of infection, virus status,
rootstocks, GTDs severity, and any abiotic condition in the field.

5. Conclusions

This study has shown that SD can affect the physiological
performance of affected Shiraz, especially in grapevines that were also
affected by GTDs. There were significant delays in SD grapevines
compared to ASY and LRD in terms of flowering pattern, canopy
development, and berry ripening at both study sites and almost no
difference between LRD and ASY grapevines at WIL. This may suggest
GVA, in particular GVAL, is more likely to be associated with those
changes than GLRaV-3. Since almost no significance was found between
subgroups with the same symptom type, and it appeared that GVA had
no effect in almost any parameter measured in this study. This agrees with
the earlier finding of Goszczynski [77] that GVAMinduces mild symptoms
on Nicotiana benthamiana and did not induce SD symptoms on Shiraz.
However, as this study was done in a grower managed vineyard where
other biotic and abiotic factors that can also affect physiological
performance were also present, further research in controlled conditions
is required to study the effects of SD and GVA!' in isolation.

This study touched on several basic grapevine health indicators in an
attempt to understand which physiological parameters are likely to be
associated with virus infection and decline. Since GTDs and several
abiotic factors could interfere with field measurements and cannot be
disregarded, the conclusion of this study are proposed as a confidence
level in Table 5. The factors with a higher confidence level are more likely
to be SD-related. Any factors with medium to low confidence levels
require further investigation.
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This study identified the best period to monitor SD using a model
based on PAI and statistical grouping. For future SD surveillance, it is
possible to monitor SD on a large-scale using aerial photography rather
than test grapevine viruses by RT-PCR year to year. Also, stomatal
conductance variability would suggest that remote infrared
thermography would be better to indicate differences between SD and
ASY grapevines for future exploration.

Table 5. The confidence level of grapevine physiological parameters which may
link to grapevine virus A infection.

Health

.. Impacts on SD vines Confidence level Evidence
indicators
Flo;vnelzmg Delayed flowering time High Figure 3
Canopy size Delayed canopy development High Figure 4
Leaf .
chlorophyll Higher Leaf chlorophyll Low Table 3
Photosynthesis Higher photosyn’;};ils rate per unit of Medium Table 3
Carbohydrate Unaffected Low Table 3
Stomatal Unaffected Low Table 3
conductance
Wate'r Unaffected Low Table 3
potential
Berry size Larger berries Medium Figure 8
Berry};FIiS and Lower TSS and pH High Figure 8
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Chapter 5: Evaluating the Impact of Shiraz Disease on
Wine Composition and Fermentation Products
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1. Introduction

The previous chapters described Shiraz disease (SD) and leafroll
disease (LRD) in two South Australian vineyards, Willunga (WIL) and
Langhorne Creek (LC) including disease symptoms, the virome of the
vineyards with focus on the phylogenetic groups of the core pathogen,
grapevine virus A (GVA), and analysis on how SD affects the
physiological performance of a grapevine. Chapter 4 presents research
aimed to understand how SD affects the physiological performance of a
grapevine. This chapter provides a preliminary insight on how GVA
infection may affect wine quality since no research on wine composition
of SD-affected berries is available in the literature. Previous research has
focused on grapevine leafroll associated viruses (GLRaVs) [1-3] and
grapevine red blotch virus (GRBV) [4-6] that are thought to be
economically important grapevine viruses worldwide. Virus infection can
result in less vigorous and low yielding grapevines [7], and reduced total
soluble solids (TSS) and colour density in berries likely translating to
reduced alcohol and colour intensity, as well as changing sensory
characteristics of the wine [6]. However, the consequences of a virus
infection highly depend on cultivars, genetic differences of the viruses,
the growing conditions of the grapevines, when measurements were
conducted, and how wines were made. In a GLRaV-3 study, reduced yield
and field performance were observed, however almost no effect of virus
infection was reported on wine sensory profiles [7]. In contrast, multiple
virus infections (GLRaV-1, GVA and GRSPaV) of Vitis vinifera cv.
Nebbiolo did not affect yield but had a significant impact on berry quality
[8]. Grapevines are frequently infected with multiple viruses, and in the
present research, distinct GVA variants were detected on the same
grapevine (Chapter 2) adding complexity to the analysis. While
performing physiological measurements and wine analysis, most earlier
studies used PCR or ELISA-based virus detection methods, which did not
provide comprehensive genetic information of the viruses studied. In
contrast, the present research aims to examine which variations in wine
composition and fermentation products were likely caused by SD or even
distinct variants of SD-associated GVA.

2. Materials and Methods
2.1. Grapevine selection

The grapevines selected for this study (Table 1) were located in a
vineyard affected by both SD and grapevine trunk diseases (GTDs) at
Willunga (-35° 15' 58.5468" S and 138° 29' 39.7464" E) (Chapter 4).
Information on the rainfall, temperature, soil type, and irrigation
conditions of this vineyard can be found in Chapter 4. SD-affected
grapevines were selected based on the SD symptoms described in Chapter
2, and were compared to grapevines that were SD unaffected (NSD) to
measure the effect of SD on wine quality.

To minimised the impact of abiotic conditions and management
practices, NSD grapevines that were geographically close (neighbouring
row) to the SD grapevines were selected. Grapevines in the three NSD
groups (i.e. NSD1, NSD2, and NSD3) are all paired control grapevines
randomly selected from the neighbouring row of the SD grapevines
(Table 1). It is worth noting that this experiment has only one biological
replicate for the SD group due to poor yields of the SD grapevines. Berries
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of grapevines from the same group were pooled together and 4 ferments
(technical replicates) were conducted per group, resulting in a total of 16
wine ferments. Table 1 provides the names of wine groups and replicates,
yield composition (berry weight) from each grapevine and its
corresponding grapevine virus profiles. The virus status of the grapevines
was determined by metagenomics high throughput sequencing (Meta-
HTS) and/or RT-PCR as described in Chapter 2.

2.2. Berry harvesting

Berries were harvested between E-L stage 38 (berries harvest-ripe) to
39 (berries over-ripe) from the WIL site on the 24th of February 2021 when
predicted Brix was about 26 using weekly berry monitoring data (Chapter
4, Table S3). A total of 4.3 kg of berries were harvested for each group
aiming for 16 ferments, 4 replicates per group with 900 g of berries each
ferment. They sampled bunches were stored at 4°C overnight.

2.3. Ferment preparation

Ferments were prepared using the method described by Holt, et al.
[9] with minor modifications as follows: the second day after harvest,
bunch and berry stems were carefully removed, and 300 berries were
randomly sampled to measure 100-berries weights. Each 900 g of berries
was weighed in a 1.5-liter glass jar, and 20 ppm of SO: (as potassium
metabisulphite) was added to the berries before crushing with a potato
masher. After crushing, 25 ml of juice was used for measuring TSS, pH,
and titratable acidity (TA) prior to fermentation. On the third day after
crushing (must stored at 4°C.), the jars were placed in a laminar flow for
at least one hour prior to inoculation to allow ferments to warn up to room
temperature. Prior to yeast inoculation, 200 ppm of diammonium
phosphate (DAP) was added to each ferment.

2.4. Yeast culturing and inoculation

The yeast Saccharomyces cerevisine strain AWRI-838 (a robust
industrial strain) was kindly provided by the Australian Wine Research
Institute (AWRI) microorganism culture collection. Yeast was cultured at
28°C in yeast extract peptone dextrose (YPD) for 24 hours with agitation
and then grown in a sterile 50% Chardonnay juice for 48 hours. The
concentration of the yeast was determined using a hemocytometer and
predicted based on the formula described by Holt, Iland and Ristic [9].
Ferments were inoculated to a final concentration of 1x 10¢ yeast cells per
ml and incubated in a 17C° room for 14 days.

2.5. Fermentation monitoring

Ferments were plunged with a potato masher at least twice daily, and
the total weight and total soluble solids (TSS) of each ferment were
measured and recorded daily. TSS was measured using a refractometer.
Remaining sugars was monitored with AimTab™ tablets when TSS was
less than 5%, following the manufacturer’s instruction.

2.6. Grape pressing

After 14 days of fermentation, ferments were pressed and racked into
fresh Schott bottles. A mini grape press was cleaned and rinsed with hot
water prior to use (Figure 1, step 1). An electric drill was connected to
facilitate even pressing (Figure 1, step 2). The Schott bottles were
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autoclaved and prefilled with a small amount of dry ice and connected to
the grape press with a plastic pipe (Figure 1, step 3). Wine juice flowed,
into the bottle when the drill was operating (Figure 1, step 4). After
pressing a small amount of dry ice was added to the top of each ferment
to displace air. The bottles were sealed with a fermenting lid and a U-
shape gas trap containing sterile water (Figure 1, step 5). The ferments
were stored in a 17C° incubation room until the fermentation was
completed which was determined by TSS being less than 0.25%.

Figure 1. Process of pressing the berries using a grape press with an electric drill.

2.7. Cold settling and wine ranking

Finished wines were sealed and placed in a 4°C cold room for 14 days
to cold settle. Subsequently 50 mL of the clear wine from the top of the
bottles was poured into test tubes and sent to The Australian Wine
Research Institute (AWRI) for red wine colour profiles by modified
spectroscopic analysis [10,11] and wine tannin measured by the
ethylcellulose precipitation method [12]. Residual sugars, ethanol, and
acids were analysed using high-performance liquid chromatography
(HPLC) [13]. Wines were also sent to AWRI Metabolomics for wine
fermentation product analysis using a method based on headspace solid-
phase microextraction coupled with gas chromatography mass
spectrometry (HS-SPME-GC-MS) [14]. The remaining wine was bottled
into 330 ml dark glass bottles and stored in a 15°C room for future
analysis.

2.8. Statistical tests and principal component analysis (PCA) methods

Since this study is a preliminary trial to gain some basic
understanding of how SD could affect wine characteristics, and due to the
lack of biological replicates, analysis of variance (ANOVA) could not be
performed with biological replication. However, ANOVA was done using
the wine technical replications to enable a limited principal component
analysis (PCA) to compare wine quality. Therefore, the P and F values of
the ANOVA tests were not considered as the true significance between
any SD and NSD groups. Ordinary one-way ANOVA and Tukey’s
multiple comparison test were implemented to detect significant
difference between means of the four technical replicates using GraphPad
Prism 9 (v. 9.3.1). A total of 48 wine metrics were analysed by the ANOVA
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test, 34 compounds which have a significant difference of mean by
ANOVA test (P <0.05) (Table 2). Any wine metrics which were significant
by the initial ANOVA test were combined to conduct a PCA. The PCA
was conducted by R (v. 4.1.1, R Core team, 2021) using the build-in
function “prcomp” from the default package “Datasets”. PCA plots were
generated using packages “FactoMineR" and “factoextra” [15].

3. Results
3.1 Bunch stem necrosis (BSN) symptoms on berries

Bunch Stem Necrosis (BSN) was the main reason preventing a larger
scale of wine making, as both SD and LRD grapevines were affected, and
BSN was worse for the SD grapevines when berries were harvested.
Symptoms of BSN were noted directly after veraison in January 2021. A
pinkish colour first appeared on the bunch stem (Figure 2a) and berry
stem (Figure 2b). After 2 weeks, the bunch stem went brown, and berries
senesced and detached from bunches (Figure 2c). Only two SD grapevines
were harvested since berries from most SD grapevines had dropped
before harvesting while NSD groups had sufficient berries from six
grapevines. Field observations suggest that the yield of SD grapevines
was reduced more significantly compared to the LRD and asymptomatic
grapevines.

(b)

Figure 2. Symptoms of bunch stem necrosis (BSN; circled). (a) An early sign of
BSN on bunch stem, (b) berry stem necrosis, (c) late symptoms of stem browning.

3.2. Wine grouping and virus status

The difference between the three NSD groups is that GLRaV-3 was
only detected in 4/6 grapevines, most grapevines in NSD2 and NSD3
contain berries collected from grapevines infected with the GVA variants
from phylogenetic group III (GVAM) and grapevine leafroll-associated
virus 4 strain 6 (GLRaV-4/6), which had no noticeable symptoms and
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grapevine physiology performance was unaffected (see Chapter 4). Since
the wines were made before the discovery of GVA!! variants by the Meta-
HTS study (Chapter 2, section 3.2), NSD2 and 3 contain different
proportions of GVA! berries as shown in Table 1. The mean and SDevs of
basic wine metrics, colour, tannins, and fermentation products are listed
in Table 2.
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3.3. Wine composition differences between SD and NSD groups

A simultaneous comparison was conducted of the whole panel of the
wine including all SD and NSD groups as well as pairwise comparisons
of SD and NSD1.

3.3.1. Differences in Basic wine metrics

When comparing the means with the SD wines, NSD2 and NSD3 are
high in pH and Brix, but low in titratable acidity (TA) (Table 2). The mean
TSS of the SD and NSD1 groups were similar (SD = 24.1, NSD = 24.4)
which were lower than the mean of NSD2 and NSD3 groups (NSD2 =26.5,
NSD3 =26.95) (Table 2). The mean TA of SD is almost twice that of NSD1,
but the mean pH of SD berry juice, 3.3, is just a fraction lower than 3.4 of
the NSD1 juice (Table 2). However, when comparing only NSD2 and
NSD3 that both had GLRaV-3 and GVA™ variants, pH and TSS of these
two groups were similar, but the TA of NSD2 is higher than NSD3.

3.3.2. Differences in organic acids, ethanol and residual sugars

All 16 wine replicates completed fermentation to dryness as they
contained 0 g/L glucose (Table 2). The residual fructose concentration in
SD wines was lower than in NSD wines. The mean fructose in SD wines
is 0.65 g/L whereas the NSD wines ranged from 0.89 to 1.1 g/L (Table
2). The wines from all four groups resulted in wines with 10% to 12%
alcohol. SD wines contain lower citric acid concentrations of 1.245
g/L compared to NSD1 wines with 1.443g/L and were similar to NSD3
wines (1.278 g/L). When comparing concentrations of organic acids and
glycerol, no major differences was found between SD and NSD1 (Table 2).

3.3.3 Difference in red wine colour profiles and tannins

The colour profiles of wine was strongly affected, as free
anthocyanins, pigmented tannin, total phenolics, total pigment and total
tannin were all lower in the SD wines compared to NSD1 (Table 2). The
results of anthocyanin and tannin assays suggest, in general, colour and
tannin in SD wine is half of a NSD wine (Table 2).

3.3.4. Differences in fermentation products

Major differences were found when comparing means of aroma
compounds of wines made from all four groups. In general, SD wines had
lower pleasant aromas compared to NSD grapevines, like ethyl acetate
(floral, rose) and ethyl propanoate (fruity), but had higher undesirable
compounds like 2-methylbutanol (nail polish), 2-methylpropanoic acid
(cheese, rancid), hexanol (herbaceous, grassy) (Table 2). When comparing
only SD and NSD1 wines, fewer differences were found. The SD wines
have a lower mean ethyl propanoate (fruity), 2-phenylethyl acetate (floral,
rose) contents, but higher mean propanoic acid (vinegar), hexanol, 3-
methylbutanoic acid (blue cheese), hexyl acetate (sweet, perfume),
hexanoic acid (cheese, sweaty) concentration (Table 2).

3.4. Principal component analysis (PCA)

In order to compare the wine composition data between the four
virus profile groups, it was decided to conduct a preliminary PCA. It is
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important to note that while this analysis may provide an indication as to
how the different viruses affect wine composition, it was only conducted
on technical replicates and the ANOVA statistical analysis that was used
was not robust. The first and second component dimensions (PC1 and 2)
explained 72.5% of the correlations of the overall data set of this study
(Figure 3). This PCA indicates that SD wines have different characteristics
compared to NSD wines since they cluster independently of the NSD
groups in Figure 3. The ellipse at 95% confidence level of the NSD2 and
NSD3 wines by PCA are almost identical to each other and this indicates
that they may have a similar sensory profile. The PCA positions of SD1
and NSD1 wines are distinctly apart, this may suggest they have a distinct
sensory profile.
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4. Discussion

This study, although preliminary, provides an indication of the effect that
SD may have on wine composition and aroma profiles. It indicates wine
metrics that could be further examined in the future. It should be noted
that the comparison of GVA variants is subject to the presence of GLRaV-
3, since it was widespread in the WIL site and most grapevines near the
SD grapevines were infected with GLRaV-3. The wine produced from SD-
affected grapevine berries could have low ethanol, high acidity and
aromas associated with unripened berries even though the TSS of the fruit
was similar. As described earlier, this preliminary study was limited by
lack of biological replication of SD grapevines. Prior to the small-lot wine
making of this study, it was observed that berries of SD grapevines
matured late and ripened unevenly compared to NSD grapevines, which
could significantly affect wine composition. The statistical tests were done
on technical replicates rather than biological replicates, which is not ideal
for this type of analysis. Therefore, the limitations of this study are
discussed in the following sections and conclusions made with these
limitations in mind.

4.1. Bunch stem necrosis (BSN) symptoms on berries

The BSN symptoms were observed right after veraison in the 2020-
21 season in SD and LRD affected grapevines. The causes of the symptom
remain unclear, but it is more likely to be associated with mineral
nutrients or light [16], GTDs, or other abiotic stress rather than virus
infection, since BSN was not observed in previous years while monitoring
berry maturation. The TSS of SD berries reached as high as 27 in the 2018-
19 season (Chapter 4, Figure 7d).

4.2. Berry harvesting

Chapter 4 described delayed ripening in SD grapevines, it was
anticipated that SD berries would be at an earlier stage of ripening than
NSD berries and their TSS and pH would be lower. (Chapter 4, Figure 8).
It was decided to harvest the berries from all groups at the same time, a
practice that growers and most international studies usually follow [6,7].
It is understood that the differences in wine composition are likely caused
by the difference in ripeness of SD and NSD berries. However, harvesting
SD and NSD berries at different times but at the same level of ripeness
may also impact the validity of comparisons, since environmental
conditions when berries were harvested, and storage procedures may also
impact berry composition. Moreover, berries in SD grapevines may never
fully ripen. In 2012 at McLaren Vale, berries of a Shiraz block which had
over 50% of SD grapevines remained unripened throughout winter
(Habili, unpublished). Thus, the differences between SD and NSD groups
are carefully compared in conditions of uneven ripeness between the
groups, with the presence GLRaV-3, GLRaV—4 and GTDs (Chapter 5,
Table 1; Chapter 4) and which may reflect the impact of GVA infection.

4.3. Effects on basic wine metrics, anthocyanins and tannins

During berry ripening, TSS increases and TA decreases, therefore late
harvest results in higher TSS and pH but lower TA [17,18]. Sugars (glucose
and fructose) start to accumulate approximately 60 days post flowering
and anthocyanin mainly accumulates towards the end of ripening about
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90 days post-flowering [19]. Based on the previous results in Chapter 4, it
is likely that the delayed canopy growth (Chapter 4, Figure 4) and
flowering time (Chapter 4, Figure 3) of SD grapevines both contribute to
late fruit ripening (lower TSS and higher TA content) compared to NSD
grapevines. However, high TA did not result in lower pH when
comparing mean of SD and NSD1 (with and without GVAT variants)
(Table 2).The same situation was reported for grapevine red blotch virus
(GRBV) in various varieties [4,6].

Anthocyanins and tannins play an important role in red wine quality.
These may change the sensorial properties of wine due to anthocyanin-
tannin reactions [20,21]. If any sensory evaluation research were to be
undertaken, it is most likely that the mouth feel of SD wine would be
significantly lighter, more bitter and astringent, than that of NSD wine
since total anthocyanins and total tannins in SD wines were only half of
those in NSD wines (Table 2). However, the relevance of these two groups
of compounds can decrease because of either delayed berry ripening on
its own or as a result of both SD and delayed berry ripening. Since reduced
anthocyanin and tannin were also reported for GLRaVs [1-3] and GRBV
[6,22], this should be investigated by future sensory studies to evaluate
how these differences affect the taste of the SD and NSD wines.

The importance of tannins in grapevines also cannot be ignored as
they are used as a protection against pest and pathogens [23,24]. Lower
tannin levels may result in a weaker defense system making them more
vulnerable to pests and diseases. Moreover, pests, including viruses, can
alter secondary metabolites that are used for plant defence mechanisms
against other pests [23]. It is possible that virus infection alters defense
systems by making SD grapevines more susceptible to other pests. It
might explain the prevalence of GTDs amongst the SD affected grapevines
at WIL.

4.4. Effects on aroma compounds

Studying how virus infection may affect the aroma of wine can be
challenging, since hundreds of compounds contribute to the aroma profile
with complex interactions between them [25]. Yeast and other
microorganisms in fermentations [25-27], the variety of the grapevine, and
harvesting time are the core factors impacting aroma profile of a wine [28].
This study aimed to identify the most likely compounds that are altered
in SD affected grapevines, and which could affect the wine aromas of
small-scale wines, made from berries of SD and SD affected grapevines
that were picked at the same timepoint, using a single yeast strain.

According to data in Table 2, SD wines contain high hexanol content
that contribute to vegetal characters and less flavour compounds that
contribute to pleasant aromas than NSD wines. This is not surprising since
SD berries are at an earlier stage of ripening as compared to NSD berries.
Towards the end of ripening, flavour compounds like terpeneoids, which
may be related to pleasant aroma, accumulate, while undesirable
compounds of several methoxypyrazines tend to decrease [19]. Therefore,
this could be more of a direct impact of unripeness of SD berries than the
disease per se, since fewer differences in aroma compounds are observed
when comparing only SD1 and NSD1 (similar berry ripening stage) than
when all groups were compared. It is uncertain if the differences between
SD and NSD wines are SD-related, since SD wines were made from only
two SD affected grapevines and no additional biological replicates,
however the study provides an indication that some aroma compounds
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are affected which could lower wine quality. More experiments must be
conducted if possible, using more biological replication to investigate
whether the differences in Table 2 is SD-related or a result from delayed
ripening, or a combination of both.

4.5. Wine PCA

PCA was implemented to visualize potential positive or negative
correlations of the wine metrics and how they might be linked to
grapevine virus profiles, since it can detect correlations of variables
regardless of test methods and unit of measurements of each variable [29].

The PCA in Figure 3 shows that SD and NSD1 wines are separate,
indicating that they had unique compositions. The PCA also indicated
differences in composition between SD wines and NSD2 and NSD3 wines.
While this provides some indication that GVAT affects wine quality, in
this study SD affected grapevines also had GTDs, so it is difficult to
determine if GVA' was a primary contributing factor to the differences in
wine composition.

Based on the PCA, NSD wines generally had a higher TSS, ethanol,
color, and tannins whereas SD wines may have a stronger herbaceous,
grassy flavor due to high hexanol content. Differences of volatile organic
compounds in grapevines could be due to pathogen infection, abiotic
stress, or unripeness of the berries [30-32]. The differences between NSD1
wines and NSD2 and NSD3 (with and without GVA™ and GLRaV-4/6)
wines may indicate that GVA™ and GLRaV-4/6 may affect wine
composition or it is also possible that the difference is due to different
berry ripening stage of NSD1 and other NSD groups since the mean TSS
of NSD1 is lower than TSS of NSD2 and NSD3 (Table 2).

5. Conclusion

Although this study was limited by the lack of biological and
technical replicates to support statistically based conclusions, it does
provide a preliminary insight to the potential impact of SD, GTDs and
other viruses on wine composition in Australian grown Shiraz. It suggests
that GVAT and GVA™™ variants may affect wine composition differently.
It also implies that GLRaV-4/6, in combination with GVA™ may affect
wine composition. The differences in wine composition, such as lower
ethanol and color, more of vegetal characters compared to NSD wines, can
be due to the impact of delayed ripening of the SD berries. The biological
properties of two distinct virus variants (phylogroup) of the same virus
(GVAT" and GVAM) may differ in how they impact the aromatic
composition of wine based on the results of PCA. Future studies should
be performed using a larger number of biological and technical replicates,
ideally in the vineyards that have both SD and NSD grapevines with less
confounding factors (GTDs, other GLRaVs) and more controllable
experimental conditions. Wines should be made using more berries and
in multiple years to identify the sole wine metrics that are associated with
virus infection.
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First Report of Grapevine Rupestris Vein Feathering Virus in
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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 x 300 (SA) or 2 x 100 (WA) paired-end reads, which

Indicates the corresponding author.
E-mail: Q. Wu; gi.wu@adelaide.edu.au
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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
MTO084814) 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 (K'Y513702; 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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Supplementary materials

Table S1. NGS sample Information including the GenBank accession number, isolate name, grape- 2
vine variety, Australian location, the percentage (%) nucleotide (nt) identity to the grapevine 3
rupestris vein feathering virus (GRVFV) isolate LC1, and the % nt identity of each Australian isolate 4
p g virus ( ) ty
to the most closely matched international isolates with sequences publicly available on GenBank. 5
Pair-
Genome se wise %
GenBank sence ntiden- International Pairwise % nt
Isolate . . ) 4 tity ~ GRVFViso- identity with
Variety Location Accession length of . . .
name No Austealian with lates with the interna-
) . GRVFV  highest % nt tional isolate
isolates (nt) . - .
isolate identity
LC1
. Langhorne 100% CHASS
LC1 h MN97427 71 2.879
c Shiraz Creek,SA 974273 6715 (KY513702) 82.87%
BV8822 Shiraz Barossa Valley, SA  MN974274 6737 94.37% CHASS 82.95%
BV6799 Shiraz Barossa Valley, SA MN974275 6730 82.93% CHASS 84.68%
SEL-L Semillon Loxton,SA MN974276 6720 82.68% CHASS 84.00%
79.31% NZ Ch8021 93.73%
171-1  Viognier Harvey, WA MT084811 6723 ’ (MF000325) ’
171-2 Viognier Harvey, WA MT084812 6725 79.00% NZ Ch8021 83.21%
hardon- 81. HA 85.449
m © irayon Hamelin Bay, WA  MT084807 6725 20 CHASS 5.44%
178-1 Viognier Harvey, WA MT084813 6722 78.94%  NZ Ch8021 83.38%
178-2 Viognier Harvey, WA MT084814 6718 79.25%  NZ Ch8021 93.87%
Chardon- 81.899 CHASS 85.469
179 irayon Harvey, WA MT084808 6713 & &
180 Frontignac ~ Caversham, WA MT084809 6716 81.83% CHASS 85.38%
182 Gamay Harvey, WA MT084810 6715 82.05% CHASS 84.43%
6
Table S2. Summarising the total number of raw sequence and trimmed reads obtained by high 7
throughput sequencing, average coverage of contigs, and whether confirmation by RT-PCR was 8
completed for each sequenced isolate. 9
Accession No. Isolate Total raw reads No. trimmed Av. coverage RT-PCR confirmed
name reads of contigs
MN974273! LC1 2,446,079 2,392,319 68x Yes
MN9742741 BV8822 47x Yes
2,349,058 2,300,420
MN974275! BV6799 12x Yes
MNO974276 SEL-L 2,179,406 2,119,216 35x% Not tested, no sample left
MT0848112 171-1 51x Yes
11,478,448 11,469,048
MT0848122 171-2 51x Yes
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MT084807 172 10,205,761 10,203,413 56x Not tested, no sample left
MT0848132 178-1 46x Yes

9,110,583 9,108,785
MT0848142 178-2 57x Yes
MT0848082 179 11,350,393 11,346,960 41x Yes
MT0848092 180 11,416,303 11,413,413 41x Yes
MT0848102 182 9,735,769 9,733,911 18x Yes

IRT-PCR confirmed by gene specific primers (GRVFV237F 5-ACTGAGCTACAAGGTGAATTGC-
3" and GRVFV237R 5'-AGCAACCCACTGGAAGGGGATGG-3')

2 RT-PCR confirmed by primers published by Reynard et al. 2017 (https://apsjournals.ap-
snet.org/doi/10.1094/PDIS-01-17-0140-PDN)
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Chapter 7: General Discussion

This thesis provides a deeper understanding of Shiraz disease (SD)
in Australia at the level of the genetics and biology of distinct grapevine
virus A (GVA) variants, and their impact on grapevine growth,
physiology, berry development and resulting wine composition. It
provides compelling evidence for GVA phylogroup II (GVAT) as the most
likely aetiological agent of SD (Chapter 2). The metagenomic investigation
study indicated that grapevine rupestris stem pitting-associated virus
(GRSPaV), grapevine rupestris vein feathering virus (GRVFV), and
grapevine leafroll-associated virus 4 (GLRaV-4) strain 5, 6 and 9 were
detected in SD, leafroll disease (LRD), and asymptomatic grapevines and
were not associated with SD [1]. This is consistent with other studies that
also indicate that GRSPaV, GRVFV and GLRaV-4 can remain
asymptomatic in grapevines [2-6]. Some isolates of virulent viruses like
grapevine leafroll-associated virus 1 (GLRaV-1) (isolates 80PL1I,
82PL1[3]), grapevine leafroll-associated virus 2 (GLRaV-2) (isolates
GLRaV-2-SG [7]; 1/PL2 and 2PL2 [3]) and GLRaV-3 (3m-139 [8,9]) were
reported to be asymptomatic in some grapevines and is similar to findings
of this study in which GVA variants from phylogenetic group I and III
(GVA! and GVA™) were not associated with SD (Chapter 2). The lack of
an association between GVA! and GVA! strains is also consistent with
previous studies [10].

An essential step in understanding plant disease aetiology is to
identify pest species that are consistently present in affected plants but are
not or inconsistently present in unaffected plants. This study used two
popular investigative approaches, RT-PCR and metagenomics high-
throughput sequencing (Meta-HTS) with each complementing the other,
to obtain the most accurate association between viruses and SD. Detecting
viruses by a single RT-PCR assay can often provide false-negative results
due to sequence variation in the primer binding site [11-13]. Thus, three
sets of primers-were used to detect all GVA variants in SD grapevines.
Meta-HTS, which does not require any previous knowledge of candidate
viruses [14], clearly shows its power in detecting novel viruses or new
strains of known viruses as well as obtaining complete genome sequences.
Two genetically distinct GVA isolates, GVAI and GVA!! were identified
together in samples of a few grapevines with SD from the Willunga (WIL)
study site using Meta-HTS.

SD has been reported from both Australia and South Africa [15,16]
and in this thesis and previous studies GVA! was identified as the core
pathogen of SD [10,15], whereas GVA!l and GVA! were not associated
with SD. The high incidence of SD in Australia and South Africa as
compared to other countries could be due to the high prevalence of GVA"
in these countries and a low prevalence of GVAT in other countries.
Supporting this hypothesis, 20/251 (7.97%) GVA sequences available in
GenBank were from countries other than Australia and South Africa
where SD has not been reported, contrasting to 231/251 (92.03%)
sequences that were either GVA! or GVA! (Chapter 2, Table 7S). Another
possibility could be due to the unique variety and clone composition of
Australian viticulture. SD-sensitive grapevine varieties such as Shiraz,
Merlot, Malbec and Ruby Cabernet are among the top ten red berry
varieties grown in Australia and with the highest crush in 2021 and 2022
[17,18]. Furthermore, a commonly planted clone of Cabernet Sauvignon
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(SA125) (Chapter 2) and several Chardonnay clones [19] carry virulent
GVA! variants and have been widely distributed across Australia. They
could be potential sources of SD spread by insect vectors when planted
next to a SD sensitive variety or when used as a rootstock or interstock for
grafting. Future research should explore the prevalence of the varieties
containing SD associated GVAT variants in different grape-growing
regions in Australia and investigating their role in SD spread through
grafting, propagating, and insect transmission. This could provide
valuable insights for developing effective management strategies to
reduce the impact of SD on berry production of SD-sensitive varieties.

After identifying different GVA populations in SD grapevines by
Meta-HTS, Chapter 3 describes amplicon high-throughput sequencing
(Amplicon-HTS) utilized to study the intra-host diversity and potential
evolutionary path of GVA. A single sample and a combination of 26
sample MJNs displayed evolution of a virus population that was derived
from one or two major variants or a centralized variant group to satellite
variants with much lower copy numbers (Chapter 3, Figures 1 and 2). The
major variants in each sample and variant group could be the ancestor
variant that first adapted to the host [20]. Alternatively, the major variant
could be the existing variants in the original virus population or it may
have generated from the original variants by virus mutation [21]. Previous
studies demonstrated the potential use of MJNs to trace the infectious
source of a virus disease [22-24]. MJNs studies in Chapter 3 demonstrated
that GVA from the WIL and Langhorne Creek (LC) sites may share the
same source of infection. Chapter 2 provides evidence that the spread may
have occurred between the Cabernet Sauvignon (SA 125) and the
neighbouring WIL block of Shiraz based on sequence similarity. This
could be investigated further by studying intra host diversity of GVA of
the Cabernet Sauvignon at WIL, and inter host diversity among Cabernet
Sauvignon at WIL, Shiraz at WIL and Shiraz at LC. This may not only
reveal the evolutionary relationship of GVA variants between the LC and
WIL sites, but also explore the potential evolutionary path between GVA!
and GVA"variants.

No GVAMamplicons were obtained using the MP and RB RT-PCR
assays mainly due to sequence variation on the primer binding site
(Chapter 3). It was known from Chapter 2, that the RB primer pairs for
amplicon-HTS, H7038/C7273 detected GVA variants from all
phylogroups in South Africa [25], but not the GVA!M variants from
Australia. For a future study of diversity of different GVA populations,
new universal primers should be used and longer amplicons from
additional genes would be preferrable.

Field grapevines are often under various abiotic and biotic stresses
such as water stress [26], salinity stress [27], heat stress [28], viral and
fungal diseases and insect damage [29]. The degree of stress and growing
conditions are variable season to season, which could significantly affect
the outcome of physiology and wine studies that were undertaken for this
thesis. Also affecting vine performance are factors such as vine age,
rootstock, the variety and clone of the grapevine and management
practices in each season at different vineyards.

Chapter 4 outlined that Shiraz grapevines at the LC site were only
affected by SD whereas SD grapevines at the WIL site may be under stress
from both SD and grapevine trunk diseases (GTDs), possibly in
combination with other biotic and abiotic stresses. A previous study
reported that Diplodia serratia, one of the GTD species, was present on
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grapevines that showed both SD and vine decline symptoms in warmer
viticultural regions, Riverland, SA [16]. This study proposed that the
combination of SD and GTD may result in more severe disease than when
SD occurs alone. This could explain the increasing number of vines
declining each year at the WIL site (Chapter 4). A similar trend was
previously reported for SD in the Riverland [16]. Because the SD affected
grapevines that were monitored for physiological performance also had
GTDs, the effect of SD alone could not be determined. It is likely that
GTDs also contributed to changes in vine physiological parameters
measured at WIL, compared to unaffected grapevines, including
photosynthetic rate, stomatal conductance, leaf chlorophyll, carbohydrate
stores, water potentials, berry maturation and berry quality [30,31].

With this in mind, the 2018/19 data set from the WIL site (with dead
arms and vine decline symptoms) were carefully compared with the LC
site data sets (without dead arms symptoms) from the same year. At the
LC site, although the canopy growth of SD grapevines was lower
(represented by plant area index PAI) than asymptomatic (ASY)
grapevines at earlier growing stages, SD caught up with ASY grapevines
around veraison. When grapevines are affected by both SD and GTDs
(WIL), the PAI of SD grapevines was always below the ASY grapevines
and never caught up with ASY grapevines. Previous studies addressing
the responses to both abiotic stress and GTDs showed that it can be
difficult to decouple their effects since it is highly dependent on the
biology of the pathogens, variety and clone of the grapevine, variety of
rootstock and intensity of the stress [32]. Combined abiotic and biotic
stress like water deficiency, winter damage or spring frost, nematode and
insect damage can contribute to symptom expression of GTDs [33].
However, there appears to be no in-depth study available on how viruses
interact with GTDs with and without other abiotic stresses. A previous
study suggested a potential association between the presence of
grapevine-associated cogu-like virus 4 and the occurrence of esca
syndrome of GTDs in grapevines [34]. The threat of GTDs to the
viticulture industry world-wide and in Australia has been increasing [35-
38]. This could be due to climate change leading to more abiotic stress or
to increasing occurrence of nematode, insect or viral associated diseases,
like SD. Assessing the impact of SD in combination with other biotic and
abiotic stresses is essential. Further research could focus on
understanding the complex interaction between viral infections and
GTDs. This could involve studying the effects of different viruses on GTD
symptom expression, disease progression, and overall grapevine health.
This should be conducted under controlled conditions to reveal the true
correlation between SD and GTDs. Furthermore, it is important to
investigate grapevine responses to the combined effects of SD and other
abiotic and biotic stresses, conducting experiments to assess the impact of
various combinations of stresses on SD expression and severity, and
identifying potential synergistic or antagonistic interactions.

In Chapter 4, the physiological parameters were measured on the
same Shiraz clone BVRC12, but at the LC site, Shiraz grapevines were
grafted on to Chardonnay rootstock, in contrast to the WIL site where
Shiraz were self-rooted (Chapter 2, Table 1). Rootstocks may have various
impacts on scion characteristic as they may improve the resistance of a
grapevine to diseases and abiotic stress and increase or reduce vine vigor
[39-42]. Previous studies found that the impact of a viral disease on
grapevines is dependent on the combination of rootstock and scion
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[41,43,44]. The LC site used Chardonnay as rootstock, which may have
lessened the impact of SD on Shiraz, since Chardonnay never displays SD
symptoms [16]. Further research could investigate the impact of different
rootstock-scion combinations on symptom expression of SD and
physiological performance of SD grapevines. This could be achieved by a
long-term study of grafting SD-affected, SD-sensitive grapevine varieties
onto various rootstocks in controlled experimental conditions, and then
monitoring physiological parameters and symptom progression.

SD grapevines at both WIL and LC sites showed delayed canopy
growth, and berry maturation (Chapter 4) that resulted in berries with
lower pH and lower total soluble solids (TSS) as compared to Non-SD
(NSD) juice (Chapter 5). Typically, during fruit ripening, TSS,
anthocyanin, total phenol content, total tannin, and pH tend to increase,
while TA decreases [45,46]. The lower pH and TSS in SD berries confirm
the finding of delayed berry maturation in SD-affected grapevines.
Similarly, delayed berry maturity was also found in grapevine leafroll
associated-viruses 1, 2 and 3 (GLRaV-1, 2 and 3), GVA, GRSPaV,
grapevine fleck virus (GFkV) infected Cabernet Franc [47], as well as GVA
and GLRaV-3 infected Nebbiolo [48]. Furthermore, the small-scale wines
made from berries harvested from SD-affected grapevines (Chapter 5)
gave undesirable aromas and low ethanol content, and low anthocyanins
in wine not dissimilar to wines produced from unripe berries. Evidence
suggests that GRBV may interfere with primary metabolism,
transcriptional machinery, and carbon translocation, resulting in uneven
berry ripening [49-53] and it is possible that GVAI variants also interfere
in the same way. Further functional analysis is needed to explore how
GVA influences primary and secondary metabolism and hormonal
regulation during berry ripening in the future.

Due to the low yield caused by bunch stem necrosis (BSN) symptoms
especially on SD-affected grapevines, only one group of SD wines could
be studied, with no biological replication. As has been discussed in
Chapter 5, BSN could be associated with mineral nutrients deficiency,
light or GTDs. Future studies would require biological replicates across
more than one season to ensure that the differences are SD-related rather
than variations between seasons. Furthermore, to determine which
differences are specifically linked to unripeness and which are SD-related,
additional experiments should be conducted using berries harvested at
the same level of ripeness and compared with those harvested at the same
time. Moreover, the differences between SD and NSD wines by statistical
analysis should be confirmed with wine sensory analyses to identify the
real differences in wine taste between SD and NSD wines.

Over 150 near full-length viral contigs including sequences of
GRSPaV, GVA, GLRaV-1, GLRaV-3, GLRaV-4 strains 5, 6 and 9,
grapevine syrah virus 1 (GSyV-1), GRVEFV, grapevine Cabernet
Sauvignon reovirus (GCSV), grapevine red globe virus (GRGV) and
grapevine virus F (GVF) were obtained by Meta-HTS (Table 1), providing
valuable insights into the presence and diversity of viruses and variants
in Australia and their associations to viral diseases (Chapter 2). Wu et al.
[16] describes the viruses that were known to occur in Australia at the time
of publication (2020). Table 1 below, provides information on viruses that
were subsequently found including those found in this thesis. The Meta-
HTS detected a total of six viruses that are exotic to Australia [54,55]. The
vector, symptoms and associated disease of these viruses are unknown.
Table 1 also includes grapevine red blotch virus (GRBV) that was reported

231



from three states of Australia in 2022 [56]. Following the discovery of
grapevine Pinot gris virus (GPGV) in 2017 [57], an increasing number of
exotic viruses have been reported from Australia, raising concerns about
which of these may pose a threat to the local wine industry and how to
manage virus diseases under local conditions. Although most of these
exotic viruses were detected in asymptomatic grapevines, the potential
economic importance on sensitive varieties should not be disregarded.

Despite its utility, Meta-HTS also has inherent limitations. Literature
suggests that a low proportion of viral reads in relation to total reads
could result in false negatives, posing a significant challenge when
employing this method as a routine diagnostic tool for plant virus
detection [14,58]. Additionally, the lack of standardized national protocols
for bioinformatic workflows and data interpretation in the context of
Meta-HTS for diagnostic purposes may give rise to inconsistent diagnoses
across different laboratories, potentially leading to misleading results.
Therefore, in this study it is possible that other viruses that might infect
grapevines in Australia were not detected.

Table 1. Additional grapevine viruses occurring in Australia, their associated
disease, and vectors (update to Table 1 in Wu et al. 2020 [16]).

Family/Genome Genus Species! Associated Disease Vector
Three-
Red leaf disease on red cornered
varieties, leaf irregular  alfalfa hopper
Grabloviru  grapevine red blotch chlorotic and necrotic (Spissistilus
Geminiviridae s virus (GRBV)! on white varieties festinus)
circular Maldoviry ~ grapevine geminivirus
ssDNA s A (GGVA)? Unknown Unknown
Tymoviridae Maculavir grapevine red globe Unknown Unknown
. . us virus (GRGV)?2
Monopartite, linear Marafiviru  grapevine syrah virus
ssRNA (+) . 1 (GSyV-1)2 Unknown Unknown
Reoviridae . grapevine Cabernet
o Unassign . .
Monopartite, liner od Sauvignon reovirus Unknown Unknown
dsRNA (GCSV)?
Betaflexiviridae . .
Monopartite linear  Vitivirus grape\gr:/eFV:rus F Unknown Unknown
ssRNA (+) ( )

! GRBV has been detected in Australia, but currently under quarantine 2 These
viruses have been detected in Australia by this study [54].
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