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Abstract

Ampelographic collections play an important role in the conservation of grapevine genetic
resources and therefore require continuous phytosanitary monitoring. In this study, the
virome of grapevines from the Magarach ampelographic collection in Russia was analyzed
using total RNA high-throughput sequencing. A total of twenty-seven grapevine viruses
and four viroids were identified. Two viruses were characterized as putative novel species:
(+) ssRNA grapevine umbra-like virus 5 (GULV-5) and the bipartite (+) ssSRNA grapevine
Magarach secovirus (GMSV), which, together with related viruses, may represent a novel
genus within the family Secoviridae. Among the economically important viruses, the most
prevalent were grapevine fanleaf virus (76%), grapevine leafroll-associated virus 1 (39%),
and grapevine virus A (33%). Mixed infections involving two or three of these viruses were
detected in 50% of the analyzed grapevines. Grapevine virus D was detected in Russia for
the first time. Phylogenetic analysis of 222 assembled virus and viroid genome sequences
revealed high genetic diversity. The obtained results were summarized and compared with
previous virome studies conducted on four Russian ampelographic collections.

Keywords: Vitis vinifera;, grapevine virome; RNA-Seq; grapevine viruses; grapevine
germplasm; high-throughput sequencing; genetic diversity; phylogenetic analysis

1. Introduction

Grapevine is an important agricultural crop that is grown all over the world and
is a significant part of the economy of many countries. It is used for the production of
wine and other alcoholic beverages, as well as table grapes, grape juice, raisins and other
processed products [1]. Like other agricultural sectors, viticulture is currently facing new
challenges associated with climate change [2—4]. In recent years, extreme climatic events
have had a serious impact on vineyards worldwide, negatively affecting grape yield and
wine production [5]. Ongoing climatic changes and the expansion of viticulture into
new growing regions make it necessary to apply the full diversity of genetic resources to
the development of varieties and hybrids with improved resistance to biotic and abiotic
stresses [6,7].

Ampelographic collections play an important role in the conservation of grapevine
genetic resources [8]. Most studies of ampelographic collections focus on the character-
ization of varieties, including the assessment of ampelographic traits, genetic diversity,
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and resistance to biotic and abiotic stresses [9-12]. One of the challenges in maintaining
genetic collections is the occurrence of pathogens, including viruses, which can persist
and spread within vineyards over time. Viral infections can reduce the agricultural and
breeding value of varieties and weaken plants, increasing their sensitivity to biotic and
abiotic stresses [13]. To date, more than a hundred grapevine viruses are known, some
of which are associated with severe economic losses [14]. Previous studies of grapevine
genetic collections for viral infections have been conducted in several countries: Portu-
gal, Romania, Croatia, and Algeria [15-18]. Using ELISA and PCR-based methods, these
studies analyzed the distribution of economically important viruses, including grapevine
fanleaf virus (GFLV; Nepovirus foliumflabelli), grapevine leafroll-associated virus 1 (GLRaV-
1; Ampelovirus univitis), GLRaV-2 (Closterovirus vitis), GLRaV-3 (Ampelovirus trivitis), and
grapevine virus A (GVA; Vitivirus alphavitis). In addition, grapevine fleck virus (GFkV;
Maculavirus vitis), GLRaV-4 (Ampelovirus tetravitis), arabis mosaic virus (ArMV; Nepovirus
arabis), and grapevine virus B (GVB; Vitivirus betavitis) were also detected. Several studies
have focused on the distribution of the recently discovered grapevine red blotch virus
(GRBV; Grablovirus vitis) in ampelographic collections in Switzerland, France, the USA, and
Italy [19-21]. Reynard et al. used not only RT-PCR but also high-throughput sequencing
(HTS) for GRBV detection. All GRBV-infected plants were destroyed [19].

In our previous studies, four Russian ampelographic collections were analyzed using
total RNA sequencing. These studies included the Anapa ampelographic collection in
the Krasnodar region [22], two ampelographic collections in Dagestan [23], and the Don
ampelographic collection, named after Ya. I. Potapenko, in the Rostov region [24]. The
analyses revealed the presence of both economically important grapevine viruses and
viruses that had not previously been reported in Russian vineyards. In addition, seven
novel grapevine viruses were discovered, including dsDNA grapevine pararetrovirus
(GPRYV, Caulimoviridae), bipartite dsSRNA grapevine alphapartitivirus (GAPV, Partitiviridae),
bipartite (+) ssRNA grapevine secovirus (GSV, Secoviridae), and four (+) ssRNA grapevine
umbra-like viruses (GULV-1, GULV-2, GULV-3, GULV-4, Tombusviridae).

The aim of the present study was to investigate the virome of the Magarach ampel-
ographic collection, one of the oldest and largest grapevine collections in the world that
includes varieties originating from diverse viticultural regions of Europe, Asia, Africa,
and North America [25]. The collection contains 4120 accessions, including 1432 local and
indigenous varieties, as well as 763 accessions from the special breeding collection of the
All-Russian National Research Institute of Viticulture and Winemaking “Magarach” [26].
It includes table, seedless table, wine, dual-purpose, and rootstock varieties [27]. The
passport database of varieties of the Magarach ampelographic collection is included in
the Vitis International Variety Catalogue (VIVC) [28]. Due to the uniqueness and high
genetic value of this collection, phytosanitary monitoring, assessment of virus and viroid
distribution, and analysis of their genetic diversity are essential for the conservation of
grapevine genetic resources.

This article presents the results of virome analysis of grapevines from the Magarach
ampelographic collection and provides a summary review of the viromes of the Russian
grapevine germplasm collections.

2. Results
2.1. RNA-Seq Data Analysis

Sequencing of 51 libraries generated 821 million raw reads, with an average of
17.9 million reads per library (Table S1). After removal of low-quality and duplicate se-
quences, 106 million reads remained, corresponding to an average of 5.3 million reads per
library. Preprocessed reads were assembled into contigs using the Geneious and SPAdes
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assemblers. The Geneious assembler generated an average of 72,603 contigs per library with
N50 = 726 bp. SPAdes produced an average of 4639 contigs per library with N50 = 1379 bp
(Table S1).

2.2. Identification and Phylogenetic Analysis of Known Grapevine Viruses and Viroids

A total of 27 virus species, including two putative novel species, and four vi-
roid species were identified in grapevines from the Magarach ampelographic collection
(Tables S2 and S3). The detected viruses and viroids belonged to 17 genera (Table 1).

Table 1. Taxonomic diversity of viruses and viroids identified in grapevines from the Magarach
ampelographic collection.

No. of Positive

Family Genus Species Common Name Acronym Samples
F . F. rupestris Grapevine rupestris stem pitting-associated virus GRSPaV 49
oveaviris F. tafvitis Grapevine virus T GVT 13
Trichovirus T. pinovitis Grapevine Pinot gris virus GPGV 36
Betaflexiviridae V. deltavitis Grapevine virus D GVD 1
Vitivirus V. phivitis Grapevine virus F GVF 12
V. alphavitis Grapevine virus A GVA 17
n/a n/a Grapevine Kizil Sapak virus GKSV 2
Caulimoviridae n/a n/a Grapevine pararetrovirus GPRV 18
A. univitis Grapevine leafroll-associated virus 1 GLRaV-1 20
Ampelovirus A. trivitis Grapevine leafroll-associated virus 3 GLRaV-3 5
. A. tetravitis Grapevine leafroll-associated virus 4 GLRaV-4 4
Closteroviridae

Closterovirus C. vitis Grapevine leafroll-associated virus 2 GLRaV-2 5
Velarivirus V. septemuitis Grapevine leafroll-associated virus 7 GLRaV-7 2
Alphapartitivirus n/a Grapevine alphapartitivirus GAPV 4

Partitiviridae — — —
Deltapartitivirus n/a Vitis cryptic virus VCv 3
Fabavirus F. betavitis Grapevine secovirus GSV 15

Secoviridae - - - - -

Nepovirus N. foliumflabelli Grapevine fanleaf virus GFLV 39
Tombusviridae n/a n/a Grapevine umbra-like virus 4 GULV-4 4
Maculavi n/a Grapevine Red Globe virus GRGV 7
acutavtrus M. vitis Grapevine fleck virus GFkV 13
Tymoviridae n/a Grapevine rupestris vein feathering virus GRVFV 19
Y Marafivirus M. asteroides Grapevine asteroid mosaic-associated virus GAMaV 4
M. syrahense Grapevine Syrah virus 1 GSyV-1 16
n/a n/a Grapevine-associated tymo-like virus ! GaTLV 4
n/a Virtovirus n/a Grapevine satellite virus GV-Sat 11
A. alphaflavivitis Grapevine yellow speckle viroid 1 GYSVd-1 33
L Apscaviroid A. betaflavivitis Grapevine yellow speckle viroid 2 GYSVd-2 4
Pospiviroidae A. austravitis Australian grapevine viroid AGVd 4
Hostuwiroid H. impedihumuli Hop stunt viroid HSvd 50

! The host of GaTLV has not been conclusively established and remains under debate.

The most prevalent viruses and viroids in grapevines from the Magarach ampelo-
graphic collection were GRSPaV (detected in 96% of analyzed vines), GFLV (76%), GPGV
(71%), and HSVd (98%) (Figure 1). In addition to GFLV, four economically important
viruses were detected: GLRaV-1 (39%), GVA (33%), GLRaV-2 (10%), and GLRaV-3 (10%).
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Figure 1. Distribution of viruses and viroids in grapevines from the Magarach ampelographic
collection (percentage of the total number of samples). Economically important viruses are shown

with a "

Mixed infections involving two to seventeen viruses were detected in 50 of the an-
alyzed grapevines (Table S1). Fifteen grapevines were simultaneously infected with the
economically important viruses GVA, GLRaV-1, and GFLV, while two additional vines
were co-infected with GLRaV-2, GLRaV-3, and GFLV. Nine additional grapevines were
infected with two viruses from the above group in different combinations.

TblastX analysis of contigs and mapping of reads to the reference viral genomes
enabled the assembly of 201 virus and viroid genome sequences, as well as 11 coat protein
(CP) gene sequences of GFkV. In some cases, grapevines were simultaneously infected with
several genetic variants of the same virus or viroid. For example, the presence of whole-
genome contigs enabled separation of distinct isolates of GFLV, GRSPaV, GVA and other
viruses. In contrast, insufficient coverage combined with high sequence polymorphism
prevented reliable assembly of GLRaV-1 genomes.

The assembled virus and viroid sequences were included in a phylogenetic analysis
together with representative members of phylogroups or all isolates available in GenBank
(Table S4).

Phylogenetic analysis of GFLV included the complete global diversity of RNA1 and
RNAZ2 sequences available in GenBank, together with 38 RNA1 and 38 RNA2 sequences as-
sembled in this study. Mixed infections with multiple GFLV genetic variants were detected
in six samples containing two variants and in two samples containing three variants. In ad-
dition, GFLV satellite RNA (satRNA) was detected in five samples (Table S2). Phylogenetic
analysis showed that the RN A1 sequences formed two large clades (Figure S1). The first
clade consisted mainly of isolates from Dagestan (Russia) and also included 15 Magarach
isolates, 10 of which formed a distinct subcluster. The second large clade contained isolates
from Europe, Africa and North America and was subdivided into many groups of varying
sizes. This clade included 22 Magarach isolates. Three groups within this clade consisted
exclusively of French isolates. A small intermediate cluster located between the two major
clades included four Asian isolates and one isolate from the present study.

Clustering of GFLV RNA2 sequences was generally consistent with the RNA1 phy-
logeny (Figure S2). However, several Asian isolates from China, Japan, and Iran clustered
together with the Dagestan and Magarach isolates. Of the 38 Magarach isolates, 18 be-
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longed to this clade. The remaining 20 clustered within the second clade formed by isolates
from Europe, Africa, North America, and Western Asia. Interestingly, Magarach isolates
detected on the same plant mostly belonged to different clades.

Phylogenetic analysis of viruses associated with grapevine leafroll disease showed that,
among the four Magarach GLRaV-2 isolates, two belonged to phylogroup PN, while one isolate
each belonged to phylogroups H4 and PV20 (Figure S3) [29,30]. The Magarach GLRaV-3
isolates together with previously published Russian isolates clustered within phylogroups
Iand II, which were the most prevalent groups in this study (Figure 54) [31-33]. One Maga-
rach isolate clustered together with the GLRaV-3m strain. Of the three assembled GLRaV-4
genomes, one belonged to strain 5, which was previously reported in Russia (Figure S5).
The other two isolates clustered together with GLRaV-4 Ob [34]. The GLRaV-7 isolate
identified in this study was phylogenetically close to another Russian isolate previously
detected in the Dagestan ampelographic collection (Figure S6).

Phylogenetic analysis of the complete Russian GPGV genomes, including isolates
detected in wild V. vinifera ssp. sylvestris from protected natural areas, demonstrated high
sequence identity with each other and closeness to the European isolates (Figure S7). The
Magarach isolates did not form separate phylogroups. Additional phylogenetic analysis
of the MP/CP region indicated clustering of the Magarach isolates together with latent
GPGYV strains (Figure S8) [35-37]. Multiple sequence alignment of this region confirmed
the absence of an early stop codon at the 3’ end of the MP-encoding ORF in the Magarach
isolates (Figure S8).

The Magarach GRSPaV isolates belonged to phylogroups 1, 2a, 2b, 2¢c, and 3
(Figure S9) [38]. The most represented groups were 3 and 1, comprising 15 and 11 iso-
lates, respectively, out of 31. Phylogroup 4 was the only one not represented among the
Magarach isolates.

As a result of the analysis of global GVT diversity, five phylogenetic groups were
identified (Figure S10). Two more divergent variants clustered at a distance from the others
and may be representatives of the sixth and seventh groups. Magarach isolates belonged to
three phylogroups.

The CP sequences of GFkV were divided into two clades (Figure S11). The larger clade
(red) included most GFkV isolates, including nine Magarach isolates and all previously
published Russian isolates. The smaller clade was subdivided into two groups, one consist-
ing mainly of Croatian isolates (blue), while the other included mostly USA isolates and
two Magarach isolates (green).

Among the 11 Magarach GVA isolates, three belonged to phylogroup III and eight to
phylogroup I (Figure 512) [39].

Worldwide GVF isolates were divided into large and small clades (Figure S13). The
small clade (green) was formed by isolates from South Africa. The large clade (blue)
included isolates from multiple geographic regions, including all 11 Magarach isolates.

An analysis of GKSV isolates revealed two clades (Figure S14). Two Magarach isolates
clustered in the first clade (green) and were close to Japanese and French isolates. An-
other Russian isolate belonged to the second clade (blue) and grouped with isolates from
Turkmenistan and France. Notably, French isolates were identified in vines originating
from Iran.

The Magarach GV-Sat isolates demonstrated high genetic diversity and clustered both
with previously published Russian isolates and separately (Figure S15).

Phylogenetic analysis of VCV was performed separately for both genomic RNAs
(Figure S16). Clustering of isolates in the resulting dendrograms was consistent. One Mag-
arach VCV isolate clustered together with isolates from France and Russia, whereas the
other two formed a group with VCV isolates from wild grapevines of the Black Sea region.
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Magarach isolates of GYSVd-1 and HSVd were analyzed together with representative
members of the corresponding phylogroups, while all GenBank sequences available at
the time of analysis were included for GYSVd-2 and AGVd. As a result, the analyzed
GYSVd-1 isolates belonged to types 1, 2 and 3 (Figure 517) [40]. HSVd isolates belonged
to the Hop and Plum-Hop/Cit3 groups (Figure 518) [41]. Phylogenetic analysis of global
GYSVd-2 diversity revealed four groups (Figure 519). One group consisted of five Russian
isolates and one Chinese isolate. The remaining groups included numerous isolates without
clear geographic structure. The only Magarach GYSVd-2 isolate grouped together with
two Russian isolates from the Krasnodar region and Dagestan. Worldwide AGVd isolates
were divided into two large clades (Figure 520). One clade (blue) included mainly Chinese
and Indian isolates. The second clade (red) consisted of isolates from other geographic
regions, including two Magarach and other Russian isolates.

2.3. Discovery of Novel Grapevine Viruses
2.3.1. Novel Umbra-like Virus

De novo assembly of reads from the C1956 library using the Geneious and SPAdes
assemblers generated contigs of 3586 bp and 3088 bp, respectively, that showed identical
overlapping regions. TblastX analysis against the NCBI reference viral genome database
showed similarity between the 3586 bp contig and the carrot mottle mimic umbravirus
(NC_001726; E-value = 4.66 x 10~ 118, identical sites = 16.54%). BlastN analysis against
the core nucleotide database showed that the contig was most closely related to the re-
cently described grapevine umbra-like virus 4 (GULV-4; isolate OR947507). A total of
200 reads from the C1956 library were mapped to the identified contig with an average
coverage depth of 8.0. Pairwise alignment between the contig and OR947507 showed
69.5% nucleotide identity.

Since the genome length of GULV-4 is 3563 nt, the identified contig was considered
to represent a nearly complete genome sequence of a putative novel virus tentatively
named grapevine umbra-like virus 5 (GULV-5). RT-PCR using specific primers (Table S5)
confirmed the presence of GULV-5 in seven grapevine samples (Table S2).

ORF prediction using ORFfinder identified four ORFs in the GULV-5 genome
(Figure 2A). ORF1 encodes a 176 aa protein containing the conserved Tombusvirus p33
domain (IPR013707, according to InterPro), which is associated with the replicase of viruses
of the family Tombusviridae. A heptanucleotide slippery sequence motif (XXXYYYZ) was
identified at the 3’ end of ORF1 (Figure 2B), suggesting the presence of programmed
—1 ribosomal frameshifting [42]. As a result of the predicted frameshift event, translation
extends into ORF2, producing a 705 aa protein containing the RNA-dependent RNA poly-
merase (RARp) domain of the (+) RNA viruses (IPR007094). ORFE3 partially overlaps with
adjacent ORFs, sharing 64 nt with the 3’ end of ORF2 and 19 nt with the 5" end of ORF4.
ORF3 and ORF4 encode proteins of 225 aa and 232 aa, respectively, for which no conserved
domains were identified.

Phylogenetic analysis of GULV-5 was performed using RdRp nucleotide sequences
of representative members of the family Tombusviridae, including tombusviruses, betacar-
moviruses, umbraviruses, and umbra-like viruses. The resulting phylogenetic tree demon-
strated that GULV-2, GULV-3, GULV-4, and GULV-5 form a distinct clade within the
umbra-like viruses (Figure 3).

One of the species demarcation criteria established for the ICTV-approved genus
Umbravirus is a nucleotide sequence identity of less than 70% [43]. The nearly complete
genome of GULV-5 shared 69.5% nucleotide identity with its closest relative, GULV-4, and
also differed in the organization of ORF3 and ORF4. These findings suggest that GULV-5
may represent a distinct viral species.
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Figure 2. (A) Putative genome organization of GULVs. GULV-5 discovered in this study is highlighted
in red. ORF1 and ORF2 encode RdRp via the -1 ribosomal frameshift event (FS); ORF3 and ORF4
encode proteins with unknown function. (B) Slippery heptamer motif at the end of ORF1 of GULVs
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Figure 3. Phylogenetic analysis based on nucleotide sequences of RdRp from umbraviruses and
umbra-like viruses. Betacarmoviruses and tombusviruses were used as an outgroup. GULV-5
discovered in this study is highlighted in red. The tree was constructed in MEGA11 using the
maximum-likelihood method and the GTR model with 1000 bootstrap replicates.

2.3.2. Novel Secovirus

TblastX analysis of contigs from the C1960 library showed similarity to cucurbit
mild mosaic virus (NC_038760), peach leaf pitting-associated virus (NC_077801), and
prunus virus F (NC_039078), with an E-value of up to 1.42 x 10~ and 36-59% identity.
Alignment of overlapping contigs enabled the reconstruction of two sequences of 6148 nt
and 5993 nt corresponding to RNA1 and RNA2, respectively. BlastN analysis against the
core nucleotide database revealed the closest similarities to grapevine secovirus (GSV;
OR947508-OR947509) and grapevine fabavirus 2 (GFabV2; BK065046-BK065047). Both of
these viruses have bipartite (+) RNA genomes and belong to the family Secoviridae. Pairwise
alignment showed that the 6148 nt sequence shared 79.0% and 86.4% nucleotide identity
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with RNA1 of GSV and GFabV2, respectively. The 5993 nt sequence shared 71.1% and
71.2% nucleotide identity with RNA2 of GSV and GFabV2, respectively. These results
suggest that the identified sequences represent a divergent isolate related to GSV/GFabV2,
hereafter designated GSV-1960.

As a result of PCR validation, both RNAs of this isolate were detected in four samples.

TblastX analysis of contigs assembled from the C1963 library identified two contigs
of 5968 nt and 2926 nt showing similarity to members of the family Secoviridae: cowpea
severe mosaic virus (NC_003545) and peach leaf pitting-associated virus (NC_077800),
with an E-value of up to 5.99 x 1072% and an identity of 10.41-11.28%. BlastN searches
against the core nucleotide database yielded no matches. Subsequent BlastX analysis
demonstrated that the 5968 nt and 2926 nt contigs were most closely related to RNA1
and RNA2, respectively, of members of the genus Fabavirus (family Secoviridae). This
suggested that the identified contigs corresponded to the genomic segments of a novel
virus tentatively named grapevine Magarach secovirus (GMSV).

Mapping of reads from all libraries to the RNA1 and RNA2 sequences enabled the
detection of GMSV in three libraries, which were confirmed by RT-PCR (Table S2).

The new secovirus isolates GMSV and GSV-1960 discovered in this study contained
a single ORF on both RNA1 and RNAZ2, encoding polyproteins 1 and 2, respectively
(Figure 4). Polyprotein 1 is 1930 aa in length in GMSV and 1969 aa in GSV-1960 and
contains three conserved domains: helicase (IPR014759), proteinase (IPR044067), and
polymerase (IPR001205). Polyprotein 2 is 912 aa in GMSV and 1856 aa in GSV-C1960
and contains conserved domains of capsid proteins that are typical of comoviruses and
fabaviruses (IPR003181 and IPR003182).

RNA1
oro47508 | | Hel | | pPro || RdRp | | 198223
isolate 1960 | | Hel | | po || RdRp | | 1969 2a
Broosoas | | Hel | [ Po | ] RdRp | 11969 aa
isolate (1963 _| | Hel | [ po || RdRp | 1930 2a
IPRO14759 IPRO44067 IPRO01205
RNA2
OR‘)GALS'YSO') [ cplarge | [epsmall | 1848 2a
isolate 1960 [ cplarge |  [cpsmal]] 1856aa
BK063047 _ | cPlarge | fepsmail | 1870 aa
IPRO03181 IPRO03182
isolate 1963 _| [ cPlarge | fpsmal| 91222

IPR003181 IPR003182

Figure 4. Putative genome organization of GMSV and related secoviruses. Isolates discovered in
this study are highlighted in red. Each ORF encodes a polyprotein. The dark rectangles indicate
conserved domains predicted by InterPro.

Phylogenetic analysis was performed based on the amino acid sequences of the Pro-Pol
region of RNA1 (Figure 5A) and the polyprotein of RNA2 (Figure 5B) from representatives
of the genera Nepovirus, Fabavirus, Comovirus, and unclassified Secoviridae. In both den-
drograms, GMSV, GSV, GFabV2, yucca gloriosa secovirus (YgSV), camphor tree fabavirus
(CtFabV), and reaumuria songarica fabavirus (RsFabV) formed a separate clade located
between the comovirus and fabavirus clades. The virus most closely related to GMSV
was RsFabV, which was previously discovered using transcriptome analysis of the plant
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Figure 5. Phylogenetic analysis based on amino acid sequences of (A) the Pro-Pol region or
(B) polyprotein 2 of members of the genera Nepovirus, Fabavirus, Comovirus, and unclassified Sec-
oviridae. Isolates discovered in this study are highlighted in red. The trees were constructed in
MEGAT11 using the maximum-likelihood method and (A) the LG or (B) the WAG models with
1000 bootstrap replicates.

Amino acid sequences of the Pro-Pol region and CP (large and small domains) from
phylogenetically related viruses and representative members of the genus Fabavirus were
used for SDT analysis (Tables S6 and S7). The Pro-Pol and CP amino acid sequences of
GMSYV shared 36.2-66.0% and 8.1-32.0% identity, respectively, with those of the analyzed
viruses. In contrast, the conserved Pro-Pol regions of the two GSV isolates and GFabV2
shared 92.5-97.9% amino acid identity. The CP sequences of these three isolates shared
87.3-91.8% amino acid identity, whereas CP identity among other viruses within the same
clade ranged from 9.3% to 32.0%.

The currently accepted species demarcation criteria for members of the family Secoviri-
dae include less than 80% amino acid identity within the conserved Pro-Pol region and less
than 75% amino acid identity within the CP region [45]. The Pro-Pol and CP sequences of
GMSV were substantially more divergent from those of related viruses. These findings
support the classification of GMSV as a putative novel species within the family Secoviridae.

3. Discussion

In this study, two novel grapevine viruses were identified and characterized. The first,
GULV-5, represents an additional umbra-like virus along with those previously discovered
on grapevines from Russian ampelographic collections [22-24]. All five currently known
GULVs belong to the recently classified group of umbra-like viruses (ULVs), previously
called umbravirus-like associated RNAs (ulaRNAs) [46,47]. According to the classification
proposed by the authors, GULV-2, GULV-3, GULV-4, and GULV-5 belong to Group 1 of
ULVs (Figure 3). This group is phylogenetically closer to umbraviruses than other ULVs.

ULVs are similar to umbraviruses in the genomic organization of ORF1 and ORF2 but
do not contain ORFs encoding cell-to-cell and long-distance MPs. In both umbraviruses
and ULVs, the replicase is translated from ORF1 and ORF2 via the —1 ribosomal frameshift
event [46]. The slippery heptamer motif required for frameshifting was identified at the 3/
end of ORF1 in all GULVs belonging to Group 1, including GULV-5 (Figure 2B). Therefore,
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we assume that replicase translation in GULV-5 occurs via the same mechanism. The
genomic organization of GULV-5 is similar to that of other GULVs. The main difference
from them is the overlap of ORF3 and ORF4 by 19 nt. Recent structural and phylogenetic
analyses predicted a full jelly roll fold for the GULV-5 ORF4-encoded protein and suggested
that it may represent a capsid-like protein [48]. However, this putative function remains
experimentally unconfirmed.

Umbraviruses require the presence of a helper virus from the family Solemoviridae for
productive infection [49]. However, no members of this family were detected in grapevines
from the Magarach ampelographic collection. Similar observations were previously re-
ported during the discovery of other GULVs and most ULVs [50,51]. Recently, Ying et al.
provided evidence that ULVs may use phloem proteins for movement and therefore do not
need helper viruses [52]. GULV-5 may employ a similar mechanism for movement within
the host plant.

Recent work demonstrated that GULV-4 is capable of systemic infection of Nicotiana
benthamiana without functional ORF3 or ORF4 [48]. Mutant variants carrying premature
termination codons in ORF3 or ORF4 were still detected in systemic leaves, although only
the infiltrated leaves developed necrotic symptoms, indicating that these ORFs are not
required for systemic movement. Considering the close phylogenetic relationship between
GULV-4 and GULV-5, it is possible that GULV-5 may also have pathogenic potential. Further
studies are required to determine its ability to infect grapevine systemically and to evaluate
its possible association with disease symptoms.

Species demarcation criteria for ULVs have not yet been established, but according to
the currently accepted criteria for the genus Umbravirus (nt identity < 70%) [43], together
with differences in genome organization relative to the closest described virus, GULV-5
likely represents a distinct species within Group 1 of ULVs.

In addition to GULV-5, this study identified and characterized GMSV, a novel bipartite
(+) RNA virus related to members of the family Secoviridae. Many secoviruses are considered
economically important plant pathogens; for example, GFLV is one of the most damaging
viral pathogens of grapevine [53]. Due to the presence of mixed infection, it was not
possible to associate GMSV with specific symptoms.

Another secovirus identified in this study, GSV-1960, was closely related to a previ-
ously characterized GSV [24] and GFabV2 identified through grapevine transcriptome
analysis [44]. All three isolates have a similar genome organization (Figure 4), with only
minor differences in ORF lengths. Phylogenetic (Figure 5) and SDT (Tables S6 and S7)
analyses demonstrated high sequence similarity among these isolates and supported their
classification within the same viral species, GSV.

Phylogenetic analysis of the amino acid sequences of the conserved Pro-Pol region
showed that GSV, YgSV, GFabV2, CtFabV, GMSV, and RsFabV form a distinct clade separate
from the related genera Comovirus and Fabavirus. Interestingly, isolates within this clade
differed in genome length. In GSV, YgSV, GFabV2, and CtFabV, RNA2 ranged from 5477
to 6739 nt in length, which is approximately 2500 nt longer than the RNA2 segments of
members of the genus Fabavirus [45]. In contrast, GMSV and RsFabV possessed RNA2
segments of a size more typical of fabaviruses. Taken together, these findings suggest that
this group of viruses may represent a distinct genus within the family Secoviridae.

This study completes a series of virome analyses of the five main ampelographic
collections in Russia [22-24]. In total, 222 grapevines were analysed, including varieties
originating from the main Russian breeding centers, promising breeding lines, widely
cultivated varieties, and unique indigenous varieties growing in the Krasnodar region, the
Rostov region, the Republic of Dagestan, and other regions (Figure 6).
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Figure 6. Country of origin of the grapevine varieties used in the research on ampelographic collections.

Altogether, 31 virus species and four viroid species were identified (Figure 7). Mixed
infections involving one to sixteen viruses and viroids were detected in the analyzed
grapevines. The highest number of virus and viroid detections (512) was recorded in
the Don ampelographic collection, whereas the lowest number (124) was observed in the
Dagestan Experimental Selection Station of Viticulture and Olericulture (Table S3).
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Figure 7. Distribution of viruses and viroids in grapevines from five ampelographic collections in
Russia (percentage of the total number of samples collected in each collection).
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Although the species composition and prevalence differed among collections,
six viruses and two viroids were detected in all analyzed collections (Figure 8). The
most prevalent viruses were GRSPaV, detected in 95% of grapevines, and GPGV, detected
in 79% (Table S3). Other viruses shared among all collections included GVT (20%), GRVFV
(43%), GFKV (45%), and GRGV (9%). Among viroids, HSVd (86%) and GYSVd-1 (73%)
were the most widespread.

GLRaV-1
GVA
GV-Sat

GLRaV-2
GLRaV-3
GVF
GSyV-1
GAMaV
vev

GAPV
GaTLV
GULV-4 GYSVd-2
Gsv

|:' Anapa ampelographic collection

Ampelographic Collection of the Dagestan Experimental Station
of the N.I. Vavilov Institute of Plant Genetic Resources

D Dagestan Experimental Selection Station of Viticulture and Olericulture
D Don ampelographic collection, named after Ya. |. Potapenko

D Magarach ampelographic collection

Figure 8. Number of grapevine viruses and viroids detected in five ampelographic collections
in Russia.

Among economically important viruses, GFLV is considered the oldest viral pathogen
of grapevine and is associated with severe symptoms, including malformations, yellow
mosaic, shortened internodes, double nodes, and zig-zag growth [53]. GFLV is trans-
mitted by the nematode Xiphinema index, which can retain virus particles in the soil for
at least four years [54]. In the analyzed ampelographic collections, GFLV was detected
more frequently than other economically important viruses and was identified in 42%
of the analyzed grapevines. However, GFLV was not detected in the samples from the
Anapa collection.

Another economically important disease detected in the collections was grapevine
leafroll disease (GLD). Among the associated viruses, GLRaV-1 (16%) and GLRaV-3 (13%)
were the most prevalent. GLRaV-3 was detected in all collections except those from
Dagestan. GLRaV-2 was identified in 6% of grapevines but was also absent from the
Dagestan collections.

In this series of studies, we identified ten grapevine viruses that had not previously
been reported in Russia and discovered nine novel viral species, the most prevalent of which
was GPRY, detected in 32% of analyzed grapevines. Five of the discovered viruses belonged
to the group of umbra-like viruses, which had not previously been described in grapevines.
One of them, GULV-1, was detected in 12% of the analyzed grapevines. The biology,
pathogenicity, epidemiology, distribution in commercial vineyards, and mechanisms of
gene expression of these novel viruses remain to be investigated in future studies.

The use of metagenomic analysis enabled not only the assessment of virus species
composition and distribution but also the assembly of 776 complete or nearly complete
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genomes representing twenty-nine viruses and four viroids (Figure 9). These data substan-
tially expand the genomic resources available for studies of grapevine virus epidemiology
and population genetics. In particular, phylogenetic analysis revealed the presence in
Russia of GRSPaV isolates belonging to all six currently distinguished phylogroups [38].
Grapevine viroids also demonstrated high genetic diversity: isolates of all four described
molecular types of GYSVd-1 [40] and three HSVd groups (Hop, Plum-Hop/Cit3, and
Citrus) [41] were identified.

GRSPaV 152
HSVd 119
GFLV 117
GYSVd-1 110
GPGV 73
GLRaV-3 26
GVA 21
GaTLV 13

(1]

S

<

N
efeleeficfelle

0 20 40 60 80 100 120 140 160

Figure 9. Number of assembled genomes of grapevine viruses and viroids in five ampelographic
collections in Russia.

For a number of viruses, such as GVA and GLRaV-2, determining the phylogroup is
important because different molecular groups may differ in pathogenicity. For example,
GLRaV-2 isolates are divided into six phylogroups [29,30]. Among them, the BD group is
generally considered asymptomatic [55], whereas the PN group is associated with leafroll
symptoms [56]. Four GLRaV-2 phylogroups (H4, PV20, BD, and PN) were identified in
the analyzed Russian ampelographic collections. Similarly, GVA molecular variants are
classified into three phylogroups, one of which (group II) has been associated with Shiraz
disease [39]. In the Russian grapevine germplasm, only GVA phylogroups I and IIT have
been identified. These molecular variants are typically associated with asymptomatic
infections [57,58].

The importance of studying the virus genome for the identification of potentially
virulent variants can be illustrated by GPGV. Although GPGYV is frequently detected in
asymptomatic grapevines, under certain conditions it may be associated with grapevine
leaf mottling and deformation (GLMD) [59]. The symptom severity is correlated with the
presence of an early stop codon at the end of the reading frame encoding MP [35,60,61].
Comparative analysis of this region in Magarach GPGV isolates using representative
virulent and latent strains [35-37] demonstrated the absence of the early stop codon in
the analyzed isolates (Figure S8). A similar observation was previously reported for other
Russian GPGV isolates [62], indicating the absence of virulent GPGV strains in Russia.

Metagenomic analysis also enabled detailed characterization of the genetic diversity
of Russian grapevine viruses in the context of global populations. Phylogenetic analysis
of Russian GLRaV-3 isolates identified representatives of two out of the nine currently
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described phylogroups [31-33]. Notably, the Magarach collection included an isolate
clustering with the divergent GLRaV-3m variant, which had previously been considered
a separate species, GLRaV-12 [63]. Since only a limited portion of the known global
diversity of GLRaV-3 appears to be represented in Russia, continued phytosanitary control
of imported planting material remains important.

Although GLRaV-1 and GLRaV-3 are considered the principal viral agents associated
with leafroll disease [64], other GLRaVs may also contribute to disease development. In
this study, the GLRaV-4 strain Ob was detected in Russia for the first time. This strain
has previously been reported to induce mild leafroll symptoms in the absence of other
GLRaVs [34].

Phylogenetic analysis of GFLV, GPGV, and GVT genomes detected in the Russian
grapevine germplasm provided insights into the phylogeography of these viruses.

Phylogenetic analysis of GFLV revealed pronounced geographic structuring of isolates
(Figures S1 and S2). Analysis of RNA1 sequences identified a distinct clade composed
predominantly of Russian isolates, most of which were identified in grapevines from the
Dagestan ampelographic collections. Phylogenetic analysis of RN A2 sequences demon-
strated relationships between isolates from this clade and isolates from Japan, China, and
Iran. These findings suggest separation of the global GFLV population into Asian- and
European-associated genetic groups. This observation is consistent with the fact that most
varieties in the Dagestan collections are of local origin. In addition, many grapevine acces-
sions maintained in the Magarach collection historically originated from Asian germplasm.

GPGV is believed to have been introduced to Europe from Asia [65], probably from
wild Far Eastern V. coignetiae [66]. One isolate identified in Japanese V. coignetiae (LC601811)
was included in our phylogenetic analysis and, together with several Chinese isolates,
formed a cluster distinct from Russian and European isolates (Figure S7). These find-
ings suggest that GPGV currently circulating in Russian vineyards was likely introduced
through infected European planting material. At the same time, GPGV isolates identified
in wild V. vinifera ssp. sylvestris from the Black Sea region clustered together with cultivated
Russian isolates, which may indicate recent transmission of GPGV from vineyards into
forest ecosystems [67].

Phylogenetic analysis of GVT genetic variants expanded current knowledge of the
global diversity of this virus and prompted a reassessment of previously proposed phy-
logroup assignments [68]. Our results suggest that the genetic diversity of GVT is greater
than previously described. Some isolates formed distinct phylogenetic groups, whereas
some previously proposed groups appeared insufficiently differentiated and may warrant
consolidation (Figure 510). Continued expansion and increasing accessibility of metage-
nomic sequencing are expected to further improve our understanding of the phylogeogra-
phy of GVT and other grapevine viruses.

4. Materials and Methods
4.1. Sampling and Preparation of Total RNA Libraries

The Magarach ampelographic collection was surveyed for symptom observation
and sampling in 2020. A total of 51 grapevine samples exhibiting symptoms associated
with viral infection were selected for analysis (Table S8). Total RNA was extracted from
1 g of mixed vine and leaf tissue using the CTAB-LiCl method described by Morante-
Carriel et al. [69]. RNA quality was assessed using a BioSpectrometer spectrophotometer
(Eppendorf, Hamburg, Germany) and electrophoresis in 1.2% agarose gel. Purified nucleic
acid samples were treated with DNase I (Thermo Fisher Scientific, Waltham, MA, USA) and
the RiboMinus Plant Kit (Thermo Fisher Scientific, Waltham, MA, USA). RNA concentration
was measured using a Qubit 4.0 fluorimeter (Invitrogen, Waltham, MA, USA) and the Qubit
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RNA BR Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). cDNA libraries were
prepared using the QIAseq Stranded RNA Library Kit (Qiagen, Hilden, Germany). Library
quality was assessed using a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA).
DNA concentration was measured using the HS DNA Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Sequencing was performed on a NovaSeq 6000 System (Illumina, San
Diego, CA, USA), generating 150 bp paired-end reads. Raw FASTQ sequencing data were
deposited in the Sequence Read Archive (SRA) under accession number PRINA1191642.

4.2. HTS Data Analysis and Assembly of Viral Genomes

Bioinformatics analysis of sequencing data was performed using Geneious Prime
v. 2023.2.1 (Biomatters, Auckland, New Zealand). Low-quality reads (minQ = 30), short
reads (<10 bp), and adapter sequences were removed using the BBDuk tool. The filtered
reads were merged and deduplicated at kmer = 30. Preprocessed reads were assembled
into contigs using RNA SPAdes v. 3.15.5 with default settings and the Geneious assembler
with medium-low sensitivity. Contigs were annotated using the TblastX algorithm against
the NCBI Viral Reference Genome Database (release date: 9 March 2024). The E-value
threshold for contig annotation was set to 1 x 10~4C.

In parallel with de novo assembly, preprocessed reads were mapped to reference
genomes of viruses and viroids (accessed on 27 March 2026) or to genomes of the closest
isolates with medium-low sensitivity, except for cases listed in Table S9. Viral genome se-
quences were assembled using either whole-genome contigs, when available, or consensus
sequences after mapping. Assembled genome sequences were deposited in GenBank under
the accession numbers listed in Table S10.

To minimize false-positive virus identification in libraries containing more than 1 mil-
lion preprocessed reads, detection thresholds of at least 10 mapped reads and 15% reference
genome coverage were applied to viruses with high read abundance, including GRSPaV,
GVT, GPGV, GLRaVs, GFkV, GVA, GVD, GVE GKSV, and GFLV. Samples were considered
virus-positive only when virus detection was confirmed by both bioinformatic analysis
and PCR.

4.3. Discovery and Analysis of Novel Grapevine Viruses

Contigs showing similarity to unexpected plant viruses in the TblastX analysis were
further verified using BlastN against the core nucleotide database and BlastX against the
nr protein database in GenBank. Sequences sharing less than 80% nucleotide identity
with known viral sequences were selected for further analysis. Contig orientation was
determined by alignment with the genomes of the closest viruses using the Clustal Omega
v. 1.2.2 algorithm. To verify assembly accuracy, preprocessed reads from the corresponding
libraries were mapped back to the assembled contigs.

Genome annotation of putative novel viruses was performed using the ORFfinder
tool. Conserved protein domains were predicted using InterPro [70].

Pairwise sequence comparisons between the novel viruses identified in this study and
related viral species available in GenBank were performed using the ClustalW algorithm in
the Sequence Demarcation Tool (SDT) [71].

4.4. Validation of Grapevine Viruses and Viroids

RT-PCR and RT-qPCR assays were performed to validate the viruses and viroids
detected by bioinformatic analysis. Reverse transcription was carried out using random
hexamer primers and MMLYV reverse transcriptase (Evrogen, Moscow, Russia) according to
the manufacturer’s instructions. Successful cDNA synthesis was verified by amplification
of a fragment of the 185 rRNA gene, which was used as an internal control. PCR was
performed with Encyclo polymerase (Evrogen, Moscow, Russia) on a T100 Thermal Cycler
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(Bio-Rad, Berkeley, CA, USA). The PCR mix contained 7.7 uL of deionized water, 1.5 L
of each primer (10 mM), 1.5 puL of 10X Encyclo buffer, 1.5 uL of dNTP mix, 0.3 pL of 50X
Encyclo polymerase, and 1 pL of cDNA. PCR products were analyzed by electrophoresis in
1% agarose gel. Primers used for virus and viroid validation are listed in Table S5. Primers
for detection of novel viruses were designed manually and evaluated for potential sec-
ondary structures using Beacon Designer Free (Premier Biosoft International, San Francisco,
CA, USA).

Detection of GYSVd-1 and HSVd was performed using TagMan RT-qPCR with the
BioMaster HS-qPCR kit (Biolabmix, Novosibirsk, Russia). Reactions were conducted in
three technical replicates on a DTprime real-time PCR system (DNA-technology, Moscow,
Russia). The resulting data were analyzed using the instrument software.

4.5. Phylogenetic Analysis of Viruses and Viroids

Nucleotide sequences of grapevine viruses and viroids assembled in this study to-
gether with sequences downloaded from GenBank were used for phylogenetic analysis.
Multiple sequence alignment was performed using the Clustal Omega v. 1.2.2 algorithm.
The best-fit nucleotide substitution models and maximum likelihood phylogenetic trees
were generated in MEGA11 [72]. Bootstrap support included 1000 replicates. Trees were
rooted using sequences of the closest related species. Parameters used for each phylogenetic
tree are provided in Table 54.

5. Conclusions

Ampelographic collections represent reservoirs of both known and previously unde-
scribed grapevine viruses and viroids, some of which may spread to commercial vineyards.
The present study demonstrated a high level of virome diversity in Russian grapevine
germplasm, including economically important viruses, genetically diverse molecular vari-
ants, and two putative novel viral species.

The obtained results highlight the importance of systematic phytosanitary monitoring
of grapevine genetic collections and the implementation of sanitary control measures aimed
at preserving grapevine germplasm health. Comprehensive virome analysis based on high-
throughput sequencing represents an effective tool for virus diagnostics, characterization of
viral diversity, and detection of latent or previously unknown pathogens. The capabilities
of HTS-based diagnostics should be used for preliminary diagnostics and, if necessary,
virus elimination from accessions before adding them to the collection.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants15172698 /s1, Figure S1: Phylogenetic analysis based on
sequences of RNA1 of grapevine fanleaf virus (GFLV); Figure S2: Phylogenetic analysis based
on sequences of RNA2 of grapevine fanleaf virus (GFLV); Figure S3: Phylogenetic analysis based
on genome sequences of grapevine leafroll-associated virus 2 (GLRaV-2); Figure S4: Phylogenetic
analysis based on genome sequences of grapevine leafroll-associated virus 3 (GLRaV-3); Figure S5:
Phylogenetic analysis based on genome sequences of grapevine leafroll-associated virus 4 (GLRaV-4);
Figure S6: Phylogenetic analysis based on genome sequences of grapevine leafroll-associated virus 7
(GLRaV-7); Figure S7: Phylogenetic analysis based on genome sequences of grapevine Pinot gris virus
(GPGYV); Figure S8: Phylogenetic analysis based on a 549 bp segment of the MP/CP gene of grapevine
Pinot gris virus (GPGV); Figure S9: Phylogenetic analysis based on genome sequences of grapevine
rupestris stem pitting-associated virus (GRSPaV); Figure S510: Phylogenetic analysis based on genome
sequences of grapevine virus T (GVT); Figure S11: Phylogenetic analysis based on the CP gene of
grapevine fleck virus (GFkV); Figure S12: Phylogenetic analysis based on genome sequences of
grapevine virus A (GVA); Figure S13: Phylogenetic analysis based on genome sequences of grapevine
virus F (GVF); Figure S14: Phylogenetic analysis based on genome sequences of grapevine Kizil
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Sapak virus (GKSV); Figure S15: Phylogenetic analysis based on genome sequences of grapevine
satellite virus (GV-Sat); Figure S16: Phylogenetic analysis based on sequences of RNA1 and RNA2 of
Vitis cryptic virus (VCV); Figure S17: Phylogenetic analysis based on genome sequences of grapevine
yellow speckle viroid 1 (GYSVd-1); Figure S18: Phylogenetic analysis based on genome sequences of
hop stunt viroid (HSVd); Figure S19: Phylogenetic analysis based on genome sequences of grapevine
yellow speckle viroid 2 (GYSVd-2); Figure S20: Phylogenetic analysis based on genome sequences
of Australian grapevine viroid (AGVd); Table S1: Number of reads and contigs obtained for each
library after sequencing by the Illumina NovaSeq 6000 Sequencing System; Table S2: Bioinformatics
analysis and its validation; Table S3: Summarised data on the number of identified grapevine viruses
and viroids in five ampelographic collections in Russia; Table S4: Initial data for phylogenetic
analysis; Table S5: List of the RT-PCR primers used for virus and viroid detection [22-24,62,73-92];
Table S6: The pairwise identity matrix of the aa Pro-Pol region of GSV, GMSYV, closest viruses and
representatives of the genus Fabavirus; Table S7: The pairwise identity matrix of the aa CP region of
GSV, GMSYV, closest viruses and representatives of the genus Fabavirus; Table S8: Basic information
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Abbreviations

The following abbreviations are used in this manuscript:

AGVd Australian grapevine viroid

ArMV Arabis mosaic virus

CP Coat protein

CTAB Cetyltrimethylammonium bromide
CtFabV ~ Camphor tree fabavirus

dsDNA  Double-stranded deoxyribonucleic acid
dsRNA  Double-stranded ribonucleic acid
ELISA Enzyme-linked immunosorbent assay
GAMaV  Grapevine asteroid mosaic-associated virus
GAPV Grapevine alphapartitivirus

GaTLV Grapevine-associated tymo-like virus
GFabV2  Grapevine fabavirus 2

GFkV Grapevine fleck virus

GFLV Grapevine fanleaf virus

GKSsV Grapevine Kizil Sapak virus

GLRaV  Grapevine leafroll-associated virus
GMSV Grapevine Magarach secovirus
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GPGV Grapevine Pinot gris virus

GPRV Grapevine pararetrovirus

GRBV Grapevine red blotch virus

GRGV Grapevine Red Globe virus

GRSPaV  Grapevine rupestris stem pitting-associated virus
GRVFV  Grapevine rupestris vein feathering virus

GSvV Grapevine secovirus

GSyV-1  Grapevine Syrah virus 1

GULV Grapevine umbra-like virus

GVA Grapevine virus A
GVB Grapevine virus B
GVD Grapevine virus D
GVF Grapevine virus F

GV-Sat Grapevine satellite virus

GVT Grapevine virus T

GYSVd  Grapevine yellow speckle viroid
HSVd Hop stunt viroid

HTS High-throughput sequencing
ICTV International Committee on Taxonomy of Viruses
MP Movement protein

NCBI National Center for Biotechnology Information
ORF Open reading frame

RdRp RNA-dependent RNA polymerase

RsFabV ~ Reaumuria songarica fabavirus

RT-PCR  Reverse transcription polymerase chain reaction
ssRNA  Single-stranded ribonucleic acid

ULV Umbra-like virus
vCv Vitis cryptic virus
YgSV Yucca gloriosa secovirus

References

1. Alston, ].M.; Sambucci, O. Grapes in the World Economy. In The Grape Genome; Cantu, D., Andrew Walker, M., Eds.; Springer:
Cham, Switzerland, 2019; pp. 1-24.

2. Fraga, H. Viticulture and Winemaking under Climate Change. Agronomy 2019, 9, 783. [CrossRef]

3. Sgroi, F.; Sciancalepore, V.D. Climate Change and Risk Management Policies in Viticulture. J. Agric. Food Res. 2022, 10, 100363.
[CrossRef]

4. Jones, G.V.; Edwards, E.J.; Bonada, M.; Sadras, V.O.; Krstic, M.P,; Herderich, M.]J. Climate Change and Its Consequences for
Viticulture. In Managing Wine Quality; Woodhead Publishing: Sawston, UK, 2022; pp. 727-778.

5.  International Organisation of Vine and Wine. Available online: https://www.oiv.int/ (accessed on 31 May 2026).

6.  Viguié, V,; Lecocq, F,; Touzard, ].-M. Viticulture and Adaptation to Climate Change. J. Int. Sci. Vigne Vin 2014, 55-60.

7. van Leeuwen, C.; Destrac-Irvine, A.; Dubernet, M.; Duchéne, E.; Gowdy, M.; Marguerit, E.; Pieri, P; Parker, A.; de Rességuier, L.;
Ollat, N. An Update on the Impact of Climate Change in Viticulture and Potential Adaptations. Agronomy 2019, 9, 514. [CrossRef]

8. Magon, G.; De Rosa, V.; Martina, M.; Falchi, R.; Acquadro, A.; Barcaccia, G.; Portis, E.; Vannozzi, A.; De Paoli, E. Boosting
Grapevine Breeding for Climate-Smart Viticulture: From Genetic Resources to Predictive Genomics. Front. Plant Sci. 2023,
14, 1293186. [CrossRef] [PubMed]

9.  Gardiman, M.; Bavaresco, L. The Vitis Germplasm Repository at the Cravit, Conegliano (Italy): Conservation, Characterization
and Valorisation of Grapevine Genetic Resources. In Proceedings of the XI International Conference on Grapevine Breeding and Genetics;
ISHS: Leuven, Belgium, 2015; pp. 239-244. [CrossRef]

10. Palombi, M.A.; Trotta, N.; Nuti, R.; Morassut, M.; Serra, M.C.; Cecchini, F. Ampelographic Evaluation of Autochthonous
Grapevine Germplasm in Different Areas of Lazio Region. In Proceedings of the XXXI International Horticultural Congress (IHC2022):
International Symposium on Conservation and Sustainable Use of Horticultural Genetic Resources; ISHS: Leuven, Belgium, 2023;
pp. 113-120. [CrossRef]

11.  Argiriou, A.; Nikolaou, N. A Combined Approach Involving Ampelographic Description, Berry Oenological Traits and Molecular

Analysis to Study Native Grapevine Varieties of Greece. Vitis 2015, 54, 99-103.

https://doi.org/10.3390/plants15172698


https://doi.org/10.3390/agronomy9120783
https://doi.org/10.1016/j.jafr.2022.100363
https://www.oiv.int/
https://doi.org/10.3390/agronomy9090514
https://doi.org/10.3389/fpls.2023.1293186
https://www.ncbi.nlm.nih.gov/pubmed/38148866
https://doi.org/10.17660/ActaHortic.2015.1082.33
https://doi.org/10.17660/ActaHortic.2023.1384.15
https://doi.org/10.3390/plants15172698

Plants 2026, 15, 2698 19 of 22

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Chehade, A.; Chalak, L.; Merheb, J.; Elbitar, A.; Rmeily, E.; Madi, N.; Massaad, M. Genetic and Ampelographic Characterization
of Grapevine Accessions Maintained in the Lebanese National Collection. Adv. Hortic. Sci. 2022, 36, 215-226. [CrossRef]
Perrone, I.; Chitarra, W.; Boccacci, P.; Gambino, G. Grapevine-Virus-Environment Interactions: An Intriguing Puzzle to Solve.
New Phytol. 2017, 213, 983-987. [CrossRef] [PubMed]

Fuchs, M. Grapevine Viruses: Did You Say More than a Hundred? J. Plant Pathol. 2024, 107, 217-227. [CrossRef]
Teixeira-Santos, M.; Rocha, M.; Guedes-Silva, A.; Esteves, F,; Fonseca, F.; Eiras-Dias, ].E. Old Grapevine Varieties Vineyards: A
Window over a Pre Sanitary Selection Era and a Source of Viruses. In Proceedings of the 16th Meeting of the International Council
for the Study of Virus and Virus-Like Diseases of the Grapevine (ICVG XVI), Dijon, France, 31 August—4 September 2009.
Lipsa, E-D.; Ulea, E.; Irimia, N. Serological Detection of Grapevine Fanleaf Virus (GFLV) in Ampelographic Collection from
USAMYV Iasi (Romania). Lucr. Stiintifice 2012, 55, 45-48.

Voncina, D.; Badurina, D.; Preiner, D.; Cvjetkovi¢, B.; Maletic, E.; Karoglan Kontic, J. Incidence of Virus Infections in Grapevines
from Croatian Collection Plantations. Phytopathol. Mediterr. 2011, 50, 316-326.

Khouni, S.; Laiadi, Z.; Bertazzon, N.; Angelini, E.; Migliaro, D. Preservation and Sanitary Status of Algerian Grapevine Germplasm:
Management and Improvement. S. Afr. . Bot. 2023, 153, 346-356. [CrossRef]

Reynard, J.-S.; Brodard, J.; Dubuis, N.; Kellenberger, I1.; Spilmont, A.-S.; Roquis, D.; Maliogka, V.; Marchal, C.; Dedet, S.; Gning,
O.; et al. Screening of Grapevine Red Blotch Virus in Two European Ampelographic Collections. J. Plant Pathol. 2022, 104, 9-15.
[CrossRef]

Rwahnih, M.A.; Rowhani, A.; Golino, D.A; Islas, C.M.; Preece, ]J.E.; Sudarshana, M.R. Detection and Genetic Diversity of
Grapevine Red Blotch-Associated Virus Isolates in Table Grape Accessions in the National Clonal Germplasm Repository in
California. Can. J. Plant Pathol. 2015, 37, 130-135. [CrossRef]

Bertazzon, N.; Migliaro, D.; Rossa, A.; Filippin, L.; Casarin, S.; Giust, M.; Brancadoro, L.; Crespan, M.; Angelini, E. Grapevine
Red Blotch Virus Is Sporadically Present in a Germplasm Collection in Northern Italy. J. Plant Dis. Prot. 2021, 128, 1115-1119.
[CrossRef]

Shvets, D.; Porotikova, E.; Sandomirsky, K.; Vinogradova, S. Virome of Grapevine Germplasm from the Anapa Ampelographic
Collection (Russia). Viruses 2022, 14, 1314. [CrossRef] [PubMed]

Shvets, D.; Sandomirsky, K.; Porotikova, E.; Vinogradova, S. Metagenomic Analysis of Ampelographic Collections of Dagestan
Revealed the Presence of Two Novel Grapevine Viruses. Viruses 2022, 14, 2623. [CrossRef] [PubMed]

Belkina, D.; Karpova, D.; Porotikova, E.; Lifanov, I.; Vinogradova, S. Grapevine Virome of the Don Ampelographic Collection in
Russia Has Concealed Five Novel Viruses. Viruses 2023, 15, 2429. [CrossRef] [PubMed]

Magarach Ampelographic Collection. Available online: https://magarach-institut.ru/ampelograficheskaja-kollekcija-magarach/
(accessed on 31 May 2026).

Polulyakh, A.A.; Volynkin, V.A.; Likhovsko, V.V. Problems and Prospects of Grapevine Genetic Resources Preservation at
“Magarach” Institute. Vavilov J. Genet. Breed. 2017, 21, 608-616. [CrossRef]

Zarmaev, A.A. History of Ampelography: Past and Present. Winemak. Theory Pract. 2017, 2, 37-55. [CrossRef]

Vitis International Variety Catalogue. Available online: http://www.vivc.de/ (accessed on 31 May 2026).

Bertazzon, N.; Borgo, M.; Vanin, S.; Angelini, E. Genetic Variability and Pathological Properties of Grapevine Leafroll-Associated
Virus 2 Isolates. Eur. J. Plant Pathol. 2010, 127, 185-197. [CrossRef]

Fan, X.; Dong, Y.; Zhang, Z.P,; Ren, F,; Hu, G.; Zhou, ]J. Detection and Sequence Analysis of Grapevine Leafroll-Associated Virus 2
Isolates from China. . Phytopathol. 2015, 163, 978-986. [CrossRef]

Maree, H.J.; Pirie, M.D.; Oosthuizen, K,; Bester, R.; Rees, D.].G.; Burger, ].T. Phylogenomic Analysis Reveals Deep Divergence and
Recombination in an Economically Important Grapevine Virus. PLoS ONE 2015, 10, e0126819. [CrossRef] [PubMed]

Diaz-Lara, A.; Klaassen, V.; Stevens, K.; Sudarshana, M.R.; Rowhani, A.; Maree, H.].; Chooi, K.M.; Blouin, A.G.; Habili, N.; Song,
Y.; et al. Characterization of Grapevine Leafroll-Associated Virus 3 Genetic Variants and Application towards RT-QPCR Assay
Design. PLoS ONE 2018, 13, e0208862. [CrossRef] [PubMed]

Thompson, B.D.; Dahan, J.; Lee, J.; Martin, R.R.; Karasev, A.V. A Novel Genetic Variant of Grapevine Leafroll-Associated Virus-3
(GLRaV-3) from Idaho Grapevines. Plant Dis. 2019, 103, 509-518. [CrossRef] [PubMed]

Reynard, J.-S.; Schneeberger, PH.H.; Frey, ].E.; Schaerer, S. Biological, Serological, and Molecular Characterization of a Highly
Divergent Strain of Grapevine Leafroll-Associated Virus 4 Causing Grapevine Leafroll Disease. Phytopathology 2015, 105, 1262-1269.
[CrossRef] [PubMed]

Saldarelli, P.; Giampetruzzi, A.; Morelli, M.; Malossini, U.; Pirolo, C.; Bianchedi, P.; Gualandri, V. Genetic Variability of Grapevine
Pinot Gris Virus and Its Association with Grapevine Leaf Mottling and Deformation. Phytopathology 2015, 105, 555-563. [CrossRef]
[PubMed]

Tarquini, G.; Zaina, G.; Ermacora, P.; De Amicis, F.; Franco-Orozco, B.; Loi, N.; Martini, M.; Bianchi, G.L.; Pagliari, L.; Firrao, G.;
et al. Agroinoculation of Grapevine Pinot Gris Virus in Tobacco and Grapevine Provides Insights on Viral Pathogenesis. PLoS
ONE 2019, 14, €0214010. [CrossRef] [PubMed]

https://doi.org/10.3390/plants15172698


https://doi.org/10.36253/ahsc-13045
https://doi.org/10.1111/nph.14271
https://www.ncbi.nlm.nih.gov/pubmed/27748957
https://doi.org/10.1007/s42161-024-01819-5
https://doi.org/10.1016/j.sajb.2023.01.017
https://doi.org/10.1007/s42161-021-00952-9
https://doi.org/10.1080/07060661.2014.999705
https://doi.org/10.1007/s41348-021-00468-5
https://doi.org/10.3390/v14061314
https://www.ncbi.nlm.nih.gov/pubmed/35746784
https://doi.org/10.3390/v14122623
https://www.ncbi.nlm.nih.gov/pubmed/36560627
https://doi.org/10.3390/v15122429
https://www.ncbi.nlm.nih.gov/pubmed/38140672
https://magarach-institut.ru/ampelograficheskaja-kollekcija-magarach/
https://doi.org/10.18699/VJ17.276
https://doi.org/10.13187/winem.2017.2.37
http://www.vivc.de/
https://doi.org/10.1007/s10658-010-9583-3
https://doi.org/10.1111/jph.12403
https://doi.org/10.1371/journal.pone.0126819
https://www.ncbi.nlm.nih.gov/pubmed/25992606
https://doi.org/10.1371/journal.pone.0208862
https://www.ncbi.nlm.nih.gov/pubmed/30540844
https://doi.org/10.1094/PDIS-08-18-1303-RE
https://www.ncbi.nlm.nih.gov/pubmed/30667323
https://doi.org/10.1094/PHYTO-12-14-0386-R
https://www.ncbi.nlm.nih.gov/pubmed/25822183
https://doi.org/10.1094/PHYTO-09-14-0241-R
https://www.ncbi.nlm.nih.gov/pubmed/25423070
https://doi.org/10.1371/journal.pone.0214010
https://www.ncbi.nlm.nih.gov/pubmed/30889228
https://doi.org/10.3390/plants15172698

Plants 2026, 15, 2698 20 of 22

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Kaur, K.; Rinaldo, A.; Lovelock, D.; Rodoni, B.; Constable, F. The Genetic Variability of Grapevine Pinot Gris Virus (GPGV) in
Australia. Virol. |. 2023, 20, 211. [CrossRef] [PubMed]

Hily, J.-M.; Beuve, M.; Vigne, E.; Demangeat, G.; Candresse, T.; Lemaire, O. A Genome-Wide Diversity Study of Grapevine
Rupestris Stem Pitting-Associated Virus. Arch. Virol. 2018, 163, 3105-3111. [CrossRef] [PubMed]

Goszczynski, D.E. Single-strand Conformation Polymorphism (SSCP), Cloning and Sequencing Reveal a Close Association
between Related Molecular Variants of Grapevine Virus A (GVA) and Shiraz Disease in South Africa. Plant Pathol. 2007, 56, 755-762.
[CrossRef]

Fajardo, T.V.M.; Eiras, M.; Nickel, O. Detection and Molecular Characterization of Grapevine Yellow Speckle Viroid 1 Isolates
Infecting Grapevines in Brazil. Trop. Plant Pathol. 2016, 41, 246-253. [CrossRef]

Maddahian, M.; Massumi, H.; Heydarnejad, J.; Hosseinipour, A.; Khezri, A.; Sano, T. Biological and Molecular Characterization
of Hop Stunt Viroid Variants from Pistachio Trees in Iran. J. Phytopathol. 2019, 167, 163-173. [CrossRef]

Jacks, T.; Madhani, H.D.; Masiarz, ER.; Varmus, H.E. Signals for Ribosomal Frameshifting in the Rous Sarcoma Virus Gag-Pol
Region. Cell 1988, 55, 447—458. [CrossRef] [PubMed]

Ryabov, E.V,; Taliansky, M.E.; Robinson, D.; Waterhouse, P.; Murant, A.F.; de Zoeten, G.; Falk, B.; Vetten, H.; Gibbs, M. Genus
Umbravirus. In Virus Taxonomy Classification and Nomenclature of Viruses Ninth Report of the International Committee on Taxonomy
of Viruses; King, AM.Q., Adams, M.]., Carstens, E., Lefkowitz, EJ., Eds.; Academic Press: London, UK, 2011; Volume 9,
pp. 1191-1195, ISBN 9780128096338.

Sidharthan, V.K.; Reddy, V.; Kiran, G.; Rajeswari, V.; Baranwal, V.K.; Kumar, M.K.; Kumar, K.S. Probing of Plant Transcriptomes
Reveals the Hidden Genetic Diversity of the Family Secoviridae. Arch. Virol. 2024, 169, 150. [CrossRef] [PubMed]

Fuchs, M.; Hily, ].-M.; Petrzik, K.; Sanfacon, H.; Thompson, J.R.; van der Vlugt, R.; Wetzel, T. ICTV Virus Taxonomy Profile:
Secoviridae 2022. |. Gen. Virol. 2022, 103, 001807. [CrossRef] [PubMed]

Liu, ].; Carino, E.; Bera, S.; Gao, F.; May, ].P.,; Simon, A.E. Structural Analysis and Whole Genome Mapping of a New Type of Plant
Virus Subviral RNA: Umbravirus-Like Associated RNAs. Viruses 2021, 13, 646. [CrossRef] [PubMed]

Simon, A E.; Quito-Avila, D.F,; Bera, S. Expanding the Plant Virome: Umbra-Like Viruses Use Host Proteins for Movement. Annu.
Rev. Virol. 2024, 11, 283-308. [CrossRef] [PubMed]

Simon, A.E.; Needham, ].M.; Mikkelsen, A.; Atallah, O. Structural and Phylogenetic Analyses of Umbravirus and Umbra-like
Virus Genomes Suggest Evolution of Capsid-like Proteins from 30K Movement Proteins. J. Virol. 2026, 100, €02209-25. [CrossRef]
[PubMed]

Somera, M.; Fargette, D.; Hébrard, E.; Sarmiento, C. ICTV Virus Taxonomy Profile: Solemoviridae 2021. ]. Gen. Virol. 2021,
102, 001707. [CrossRef] [PubMed]

Wang, X.; Olmedo-Velarde, A.; Larrea-Sarmiento, A.; Simon, A.E.; Kong, A.; Borth, W.; Suzuki, ].Y.; Wall, M.M.; Hu, J.; Melzer, M.
Genome Characterization of Fig Umbra-like Virus. Virus Genes 2021, 57, 566-570. [CrossRef] [PubMed]

Quito-Avila, D.F,; Reyes-Proario, E.G.; Mendoza, A.; Margaria, P.; Menzel, W.; Bera, S.; Simon, A.E. Two New Umbravirus-like
Associated RNAs (UlaRNAs) Discovered in Maize and Johnsongrass from Ecuador. Arch. Virol. 2022, 167, 2093—-2098. [CrossRef]
[PubMed]

Ying, X.; Bera, S.; Liu, J.; Toscano-Morales, R.; Jang, C.; Yang, S.; Ho, J.; Simon, A.E. Umbravirus-like RNA Viruses Are Capable of
Independent Systemic Plant Infection in the Absence of Encoded Movement Proteins. PLoS Biol. 2024, 22, e3002600. [CrossRef]
[PubMed]

Maliogka, V.I.; Martelli, G.P.; Fuchs, M.; Katis, N.I. Control of Viruses Infecting Grapevine. In Advances in Virus Research; Academic
Press Inc.: Cambridge, MA, USA, 2015; Volume 91, pp. 175-227.

Demangeat, G.; Voisin, R.; Minot, J.-C.; Bosselut, N.; Fuchs, M.; Esmenjaud, D. Survival of Xiphinema index in Vineyard Soil
and Retention of Grapevine fanleaf virus Over Extended Time in the Absence of Host Plants. Phytopathology 2005, 95, 1151-1156.
[CrossRef] [PubMed]

Poojari, S.; Alabi, O.].; Naidu, R.A. Molecular Characterization and Impacts of a Strain of Grapevine Leafroll-Associated Virus 2
Causing Asymptomatic Infection in a Wine Grape Cultivar. Virol. J. 2013, 10, 324. [CrossRef] [PubMed]

Angelini, E.; Aboughanem-Sabanadzovic, N.; Dolja, V.V.; Meng, B. Grapevine Leafroll-Associated Virus 2. In Grapevine Viruses:
Molecular Biology, Diagnostics and Management; Springer International Publishing: Cham, Switzerland, 2017; pp. 141-165, ISBN
9783319577067.

Wu, Q.; Habili, N.; Kinoti, W.M.; Tyerman, S.D.; Rinaldo, A.; Zheng, L.; Constable, FE. A Metagenomic Investigation of the
Viruses Associated with Shiraz Disease in Australia. Viruses 2023, 15, 774. [CrossRef] [PubMed]

Goszczynski, D.E.; du Preez, J.; Burger, ].T. Molecular Divergence of Grapevine Virus A (GVA) Variants Associated with Shiraz
Disease in South Africa. Virus Res. 2008, 138, 105-110. [CrossRef] [PubMed]

Meng, B.; Martelli, G.P.; Golino, D.A.; Fuchs, M. Grapevine Viruses: Molecular Biology, Diagnostics and Management; Springer
International Publishing: Cham, Switzerland, 2017; ISBN 9783319577067.

https://doi.org/10.3390/plants15172698


https://doi.org/10.1186/s12985-023-02171-3
https://www.ncbi.nlm.nih.gov/pubmed/37705082
https://doi.org/10.1007/s00705-018-3945-0
https://www.ncbi.nlm.nih.gov/pubmed/30043203
https://doi.org/10.1111/j.1365-3059.2007.01624.x
https://doi.org/10.1007/s40858-016-0097-1
https://doi.org/10.1111/jph.12783
https://doi.org/10.1016/0092-8674(88)90031-1
https://www.ncbi.nlm.nih.gov/pubmed/2846182
https://doi.org/10.1007/s00705-024-06076-6
https://www.ncbi.nlm.nih.gov/pubmed/38898334
https://doi.org/10.1099/jgv.0.001807
https://www.ncbi.nlm.nih.gov/pubmed/36748634
https://doi.org/10.3390/v13040646
https://www.ncbi.nlm.nih.gov/pubmed/33918656
https://doi.org/10.1146/annurev-virology-111821-122718
https://www.ncbi.nlm.nih.gov/pubmed/38876114
https://doi.org/10.1128/jvi.02209-25
https://www.ncbi.nlm.nih.gov/pubmed/41854260
https://doi.org/10.1099/jgv.0.001707
https://www.ncbi.nlm.nih.gov/pubmed/34951396
https://doi.org/10.1007/s11262-021-01867-4
https://www.ncbi.nlm.nih.gov/pubmed/34524603
https://doi.org/10.1007/s00705-022-05525-4
https://www.ncbi.nlm.nih.gov/pubmed/35821148
https://doi.org/10.1371/journal.pbio.3002600
https://www.ncbi.nlm.nih.gov/pubmed/38662792
https://doi.org/10.1094/PHYTO-95-1151
https://www.ncbi.nlm.nih.gov/pubmed/18943467
https://doi.org/10.1186/1743-422X-10-324
https://www.ncbi.nlm.nih.gov/pubmed/24171725
https://doi.org/10.3390/v15030774
https://www.ncbi.nlm.nih.gov/pubmed/36992482
https://doi.org/10.1016/j.virusres.2008.08.014
https://www.ncbi.nlm.nih.gov/pubmed/18822325
https://doi.org/10.3390/plants15172698

Plants 2026, 15, 2698 21 of 22

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Bertazzon, N.; Forte, V,; Filippin, L.; Causin, R.; Maixner, M.; Angelini, E. Association between Genetic Variability and Titre of
Grapevine Pinot Gris Virus with Disease Symptoms. Plant Pathol. 2017, 66, 949-959. [CrossRef]

Tarquini, G.; Ermacora, P; Firrao, G. Polymorphisms at the 3’end of the Movement Protein (MP) Gene of Grapevine Pinot Gris
Virus (GPGV) Affect Virus Titre and Small Interfering RNA Accumulation in GLMD Disease. Virus Res. 2021, 302, 198482.
[CrossRef] [PubMed]

Shvets, D.; Vinogradova, S. Occurrence and Genetic Characterization of Grapevine Pinot Gris Virus in Russia. Plants 2022,
11, 1061. [CrossRef] [PubMed]

Ito, T.; Nakaune, R. Molecular Characterization of a Novel Putative Ampelovirus Tentatively Named Grapevine Leafroll-
Associated Virus 13. Arch. Virol. 2016, 161, 2555-2559. [CrossRef] [PubMed ]

Ghaffari, S.; Reynard, J.S.; Rienth, M. Single Berry Reconstitution Prior to RNA-Sequencing Reveals Novel Insights into
Transcriptomic Remodeling by Leafroll Virus Infections in Grapevines. Sci. Rep. 2020, 10, 12905. [CrossRef] [PubMed]

Hily, J.-M.; Poulicard, N.; Candresse, T.; Vigne, E.; Beuve, M.; Renault, L.; Velt, A.; Spilmont, A.-S.; Lemaire, O. Datamining,
Genetic Diversity Analyses, and Phylogeographic Reconstructions Redefine the Worldwide Evolutionary History of Grapevine
Pinot Gris Virus and Grapevine Berry Inner Necrosis Virus. Phytobiomes ]. 2020, 4, 165-177. [CrossRef]

Ben Mansour, K.; Gibbs, A.J.; MefSmer, N.; Fuchs, R.; Wetzel, T.; Winterhagen, P. Grapevine Pinot Gris Virus in Germany: From
Where Did the Virus Come, and When? Plant Pathol. 2024, 73, 455-464. [CrossRef]

Belkina, D.; Stepanov, I.; Makarkina, M.; Porotikova, E.; Lifanov, I.; Kozhevnikov, E.; Gorislavets, S.; Vinogradova, S. In-Depth
Population Genetic Study of Vitis vinifera ssp. sylvestris from the Black Sea Region and Its Virome. Front. Plant Sci. 2025,
16, 1536862. [CrossRef] [PubMed]

Nourinejhad Zarghani, S.; Hily, ].M.; Glasa, M.; Marais, A.; Wetzel, T.; Faure, C.; Vigne, E.; Velt, A.; Lemaire, O.; Boursiquot, ].M.;
et al. Grapevine Virus T Diversity as Revealed by Full-Length Genome Sequences Assembled from High-Throughput Sequence
Data. PLoS ONE 2018, 13, e0206010. [CrossRef] [PubMed]

Morante-Carriel, J.; Sellés-Marchart, S.; Martinez-Marquez, A.; Martinez-Esteso, M.]J.; Luque, I.; Bru-Martinez, R. RNA Isolation
from Loquat and Other Recalcitrant Woody Plants with High Quality and Yield. Anal. Biochem. 2014, 452, 46-53. [CrossRef]
[PubMed]

Paysan-Lafosse, T.; Blum, M.; Chuguransky, S.; Grego, T.; Pinto, B.L.; Salazar, G.A.; Bileschi, M.L.; Bork, P; Bridge, A.; Colwell, L.;
et al. InterPro in 2022. Nucleic Acids Res. 2023, 51, D418-D427. [CrossRef] [PubMed]

Mubhire, B.M.; Varsani, A.; Martin, D.P. SDT: A Virus Classification Tool Based on Pairwise Sequence Alignment and Identity
Calculation. PLoS ONE 2014, 9, €108277. [CrossRef] [PubMed]

Tamura, K.; Stecher, G.; Kumar, S. MEGA11: Molecular Evolutionary Genetics Analysis Version 11. Mol. Biol. Evol. 2021, 38,
3022-3027. [CrossRef] [PubMed]

Porotikova, E.; Terehova, U.; Volodin, V.; Yurchenko, E.; Vinogradova, S. Distribution and Genetic Diversity of Grapevine Viruses
in Russia. Plants 2021, 10, 1080. [CrossRef] [PubMed]

Dmitrenko, U.D.; Porotikova, E.V.; Gorislavets, S.M.; Risovannaya, V.I.; Volkov, Y.A.; Stranishevskaya, E.P.; Kamionskaya, A.M.;
Vinogradova, S.V. First Report of Grapevine rupestris stem pitting-associated virus in Russia. Plant Dis. 2016, 100, 2542. [CrossRef]
Navrotskaya, E.; Porotikova, E.; Yurchenko, E.; Galbacs, Z.N.; Varallyay, E.; Vinogradova, S. High-Throughput Sequencing of
Small RNAs for Diagnostics of Grapevine Viruses and Viroids in Russia. Viruses 2021, 13, 2432. [CrossRef] [PubMed]
Goszczynski, D.E.; Jooste, A.E.C. Identification of divergent variants of Grapevine virus A. Eur. J. Plant Pathol. 2003, 109, 397—403.
[CrossRef]

Minafra, A.; Hadidi, A. Sensitive Detection of Grapevine Virus A, B, or Leafroll-Associated III from Viruliferous Mealybugs and
Infected Tissue by CDNA Amplification. J. Virol. Methods 1994, 47, 175-187. [CrossRef] [PubMed]

Sabaghian, S.; Rakhshandehroo, F.; Zamanizadeh, H.; Elbeaino, T. First detection of grapevine virus F in Iran. J. Plant Pathol. 2018,
100, 111-112. [CrossRef]

Vinogradova, S.V.; Porotikova, E.V.; Navrotskaya, E.V.; Massart, S.; Varallyay, E. The First Virome of Russian Vineyard. Plants
2023, 12, 3292. [CrossRef] [PubMed]

Glasa, M.; Predajiia, L.; Soltys, K.; Sabanadzovic, S.; Olmos, A. Detection and Molecular Characterisation of Grapevine Syrah
Virus-1 Isolates from Central Europe. Virus Genes 2015, 51, 112-121. [CrossRef] [PubMed]

Daldoul, S.; Rheinpfalz, D.L.R.; Massart, S.; Ruiz-Garcia, A.B.; Olmos, A.; Wetzel, T. First Report of Grapevine rupestris vein
feathering virus in grapevine in Germany. Plant Dis. 2018, 102, 2029. [CrossRef]

Reynard, ].S.; Brodard, J.; Dubuis, N.; Yobregat, O.; Kominek, P.; Schumpp, O.; Schaerer, S. First Report of Grapevine rupestris
vein feathering virus in Swiss Grapevines. Plant Dis. 2017, 101, 1062. [CrossRef]

Cretazzo, E.; Velasco, L. High-Throughput Sequencing Allowed the Completion of the Genome of Grapevine Red Globe Virus
and Revealed Recurring Co-Infection with Other Tymoviruses in Grapevine. Plant Pathol. 2017, 66, 1202-1213. [CrossRef]
Gambino, G.; Gribaudo, I. Simultaneous Detection of Nine Grapevine Viruses by Multiplex Reverse Transcription-Polymerase
Chain Reaction with Coamplification of a Plant RNA as Internal Control. Phytopathology 2007, 96, 1223-1229. [CrossRef] [PubMed]

https://doi.org/10.3390/plants15172698


https://doi.org/10.1111/ppa.12639
https://doi.org/10.1016/j.virusres.2021.198482
https://www.ncbi.nlm.nih.gov/pubmed/34119570
https://doi.org/10.3390/plants11081061
https://www.ncbi.nlm.nih.gov/pubmed/35448789
https://doi.org/10.1007/s00705-016-2914-8
https://www.ncbi.nlm.nih.gov/pubmed/27289224
https://doi.org/10.1038/s41598-020-69779-1
https://www.ncbi.nlm.nih.gov/pubmed/32737411
https://doi.org/10.1094/PBIOMES-10-19-0061-R
https://doi.org/10.1111/ppa.13824
https://doi.org/10.3389/fpls.2025.1536862
https://www.ncbi.nlm.nih.gov/pubmed/40201781
https://doi.org/10.1371/journal.pone.0206010
https://www.ncbi.nlm.nih.gov/pubmed/30376573
https://doi.org/10.1016/j.ab.2014.02.010
https://www.ncbi.nlm.nih.gov/pubmed/24556246
https://doi.org/10.1093/nar/gkac993
https://www.ncbi.nlm.nih.gov/pubmed/36350672
https://doi.org/10.1371/journal.pone.0108277
https://www.ncbi.nlm.nih.gov/pubmed/25259891
https://doi.org/10.1093/molbev/msab120
https://www.ncbi.nlm.nih.gov/pubmed/33892491
https://doi.org/10.3390/plants10061080
https://www.ncbi.nlm.nih.gov/pubmed/34072229
https://doi.org/10.1094/PDIS-06-16-0805-PDN
https://doi.org/10.3390/V13122432
https://www.ncbi.nlm.nih.gov/pubmed/34960701
https://doi.org/10.1023/A:1023555018700
https://doi.org/10.1016/0166-0934(94)90076-0
https://www.ncbi.nlm.nih.gov/pubmed/8051225
https://doi.org/10.1007/S42161-018-0002-5
https://doi.org/10.3390/plants12183292
https://www.ncbi.nlm.nih.gov/pubmed/37765456
https://doi.org/10.1007/s11262-015-1201-1
https://www.ncbi.nlm.nih.gov/pubmed/25940164
https://doi.org/10.1094/PDIS-03-18-0533-PDN
https://doi.org/10.1094/PDIS-01-17-0140-PDN
https://doi.org/10.1111/ppa.12669
https://doi.org/10.1094/PHYTO-96-1223
https://www.ncbi.nlm.nih.gov/pubmed/18943959
https://doi.org/10.3390/plants15172698

Plants 2026, 15, 2698 22 of 22

85.

86.

87.

88.

89.

90.

91.

92.

Hajizadeh, M.; Navarro, B.; Bashir, N.S.; Torchetti, E.M.; Di Serio, F. Development and validation of a multiplex RT-PCR method
for the simultaneous detection of five grapevine viroids. J. Virol. Methods 2012, 179, 62-69. [CrossRef] [PubMed]

Bianchi, G.L.; De Amicis, F.; De Sabbata, L.; Di Bernardo, N.; Governatori, G.; Nonino, E; Prete, G.; Marrazzo, T.; Versolatto, S.;
Frausin, C. Occurrence of grapevine pinot gris virus in friuli venezia giulia (Italy): Field monitoring and virus quantification by
real-time RT-PCR. EPPO Bull. 2015, 45, 22-32. [CrossRef]

Gambino, G.; Bondaz, J.; Gribaudo, I. Detection and Elimination of Viruses in Callus, Somatic Embryos and Regenerated Plantlets
of Grapevine. Eur. . Plant Pathol. 2006, 114, 397-404. [CrossRef]

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

Abou-Ghanem, N.; Saldarelli, P; Minafra, A.; Buzkan, N.; Castellano, M. A.; Martelli, G.P. Properties of grapevine virus D, a novel
putative trichovirus. J. Plant Pathol. 1997, 78, 15-25.

Abou Ghanem-Sabanadzovic, N.; Sabanadzovic, S.; Gugerli, P.; Rowhani, A. Genome organization, serology and phylogeny of
Grapevine leafroll-associated viruses 4 and 6: Taxonomic implications. Virus Res. 2012, 163, 120-128. [CrossRef] [PubMed]
Cepin, U.; Gutiérrez-Aguirre, I.; Ravnikar, M.; Pompe-Novak, M. Frequency of occurrence and genetic variability of Grapevine
fanleaf virus satellite RNA. Plant Pathol. 2016, 65, 510-520. [CrossRef]

Gottula, J.; Lapato, D.; Cantilina, K.; Saito, S.; Bartlett, B.; Fuchs, M. Genetic Variability, Evolution, and Biological Effects of
Grapevine fanleaf virus Satellite RNAs. Phytopathology 2013, 103, 1180-1187. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/plants15172698


https://doi.org/10.1016/J.JVIROMET.2011.09.022
https://www.ncbi.nlm.nih.gov/pubmed/22004912
https://doi.org/10.1111/epp.12196
https://doi.org/10.1007/S10658-006-0004-6
https://doi.org/10.1016/j.Virusres.2011.09.001
https://www.ncbi.nlm.nih.gov/pubmed/21925555
https://doi.org/10.1111/PPA.12428
https://doi.org/10.1094/phyto-11-12-0310-r
https://www.ncbi.nlm.nih.gov/pubmed/23718838
https://doi.org/10.3390/plants15172698

	Introduction 
	Results 
	RNA-Seq Data Analysis 
	Identification and Phylogenetic Analysis of Known Grapevine Viruses and Viroids 
	Discovery of Novel Grapevine Viruses 
	Novel Umbra-like Virus 
	Novel Secovirus 


	Discussion 
	Materials and Methods 
	Sampling and Preparation of Total RNA Libraries 
	HTS Data Analysis and Assembly of Viral Genomes 
	Discovery and Analysis of Novel Grapevine Viruses 
	Validation of Grapevine Viruses and Viroids 
	Phylogenetic Analysis of Viruses and Viroids 

	Conclusions 
	References

