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Abstract: Five virus genomes, ranging between 12.0 and 12.3 kb in length and identified as endor-
naviruses, were discovered through a high-throughput sequencing (HTS) analysis of the total RNA
samples extracted from two wine grape cultivars collected in the State of Idaho. One was found
in a declining Chardonnay vine and was determined to be a local isolate of grapevine endophyte
endornavirus (GEEV), and four others represented two novel endornaviruses named grapevine
endornavirus 1 (GEV1) and grapevine endornavirus 2 (GEV2). All three virus genomes span a
large, single open reading frame encoding polyproteins with easily identifiable helicase (HEL) and
RNA-dependent RNA polymerase (RdRP) domains, while the GEV2 polyprotein also contains a
glycosyltransferase domain. The GEV1 genome found in an asymptomatic Cabernet franc vine
was related to, but distinct from, GEEV: the 5′-proximal, 4.7 kb segment of the GEV1 genome had
a 72% identical nucleotide sequence to that of GEEV, while the rest of the genome displayed no
significant similarity to the GEEV nucleotide sequence. Nevertheless, the amino acid sequence of
the RdRP domain of GEV1 exhibited the closest affinity to the RdRP of GEEV. GEV2 was found in
declining Chardonnay and asymptomatic Cabernet franc vines as three genetic variants exhibiting
a 91.9–99.8% nucleotide sequence identity among each other; its RdRP had the closest affinity to the
Shahe endorna-like virus 1 found in termites. In phylogenetic analyses, the RdRP and HEL domains
of the GEV1 and GEV2 polyproteins were placed in two separate clades inside the large lineage of
alphaendornaviruses, showing an affinity to GEEV and Phaseolus vulgaris endornavirus 1, respectively.

Keywords: grapevine endophyte endornavirus; grapevine endornaviruses 1 and 2; Chardonnay;
Cabernet franc

1. Introduction

Endornaviruses are a family of single-stranded (ss), positive-sense RNA viruses with
genomes ranging between 9700 and 21,770 nucleotides (nt) long [1–5]. Viruses from the
family Endornaviridae have been found in plants, insects, fungi, and oomycetes, where most
of them are asymptomatic and accumulate large amounts of double-stranded (ds) RNA-
replicative intermediates [1–3,5,6]. Phylogenetically, endornaviruses belong to a lineage
of ssRNA viruses from the alphavirus-like supergroup and are placed as a sister clade to
toga-, virga-, and closteroviruses [3,7]. Currently, the family Endornaviridae is comprised of
two genera: Alphaendornavirus, which includes viruses found in plants, insects, fungi, and
oomycetes, and Betaendornavirus, which includes fungal viruses [3,4]. All endornavirus
genomes characterized so far do not encode genes for structural proteins and are, thus,
assumed to be unable to establish a productive infection in their hosts, and also unable to
be horizontally transmitted [2]. Vertical transmission is presumed to be the only means
for the spread of endornaviruses in plants, while in fungal and oomycete hosts, horizontal
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transmission through hyphal anastomosis does occur, in addition to vertical transmission
via spores [3,8].

Grapevines (Vitis vinifera L.) are woody perennials that have been cultivated vegeta-
tively for at least 10,000 years [9], and hence, they are prone to the accumulation and spread
of multiple virus species, some of which may not yet be known. More than 80 different
viruses may be found infecting grapevines, and some 30 virus-related grapevine diseases
and abnormalities are known [10,11]. A single endornavirus was identified in grapevine
tissue from cv. Shiraz in South Africa, which is known as the grapevine endophyte en-
dornavirus (GEEV) [12]. The host specificity of the virus is not exactly clear, since GEEV
was originally found in grapevine tissue where no trace of a fungal host could be detected,
but was also found in two endophytic fungal isolates from two different vines [12]. The
presence of GEEV has not been reported outside of South Africa; no other endornaviruses
have been reported to infect grapevines or grapevine-associated organisms up to now.

In 2021, there were approximately 526 ha of grapevine plantings in the state of Idaho,
which resulted in 2100 tons of wine grapes produced. The Idaho wine industry is considered
new and growing compared to the neighboring states of Washington and Oregon, with
two main American viticulture areas (AVAs) established. Viruses are a concern for grape
production in the state, with grapevine leafroll-associated virus 3 (GLRaV-3), grapevine
fleck virus (GFkV), grapevine red blotch virus (GRBV), grapevine rupestris vein feathering
virus (GRVFV), grapevine-associated tymo-like virus (GaTLV), and grapevine rupestris
stem pitting-associated virus (GRSPaV) reported in the state over the years [13–19]. Some
of these virus infections negatively impact grape quality [20,21]. The application of high-
throughput sequencing (HTS) methods greatly facilitates the detection, identification, and
discovery of new viruses in grapevines, expanding the number of viruses known to infect
V. vinifera [11,22] and the number known in new geographic areas, including many viruses
not previously reported in Idaho [15–19].

Here, we report the discovery of three endornaviruses in Idaho grapevines, including
an Idaho isolate of GEEV and two new endornaviruses associated with several grapevine
cultivars. All of these endornaviruses were discovered through the application of HTS and
the subsequent validation and confirmation of virus presence by conventional RT-PCR and
Sanger sequencing.

2. Materials and Methods
2.1. Grapevine Sampling and Sample Processing

Grapevine leaf and petiole samples were collected from two commercially operated
vineyards in the Canyon (vineyard A) and Nez Perce (vineyard B) counties of Idaho. These
two vineyards are about 420 km apart, situated in two different AVAs, and have different
owners. A 38-year-old declining “Chardonnay” block was sampled in vineyard A in
September 2020, and a 20-year-old healthy-looking “Cabernet franc” block was sampled
in vineyard B in October 2020. Two samples from vineyard A, RB09 and RB12, and one
from vineyard B, CC06, were submitted to an HTS analysis; an additional four samples
from vineyard B and nine samples from four additional vineyards in Canyon County were
collected in 2020 and subjected to RT-PCR testing. Vineyard A was also sampled in September
2021, along with two additional vineyards in Canyon County sampled in 2020. The sampling
methodology followed a previously described protocol [15]. Briefly, four fully expanded leaves
with complete petioles were collected per vine, from all sides of the canopy, and placed into a
single plastic resealable bag labeled with the vine number and the name of the vineyard. These
leaf samples were kept in a cooler with ice for 2–3 days until reaching the laboratory and kept
in a cold room (4 ◦C) until final processing, which occurred 3–14 days after leaf collection. The
petioles were cut off from the leaves and used for a subsequent extraction and analysis.

2.2. RNA Extraction and HTS Analysis

The plant tissue was ground in plastic meshed bags (Bioreba AG, Reinach, Switzer-
land), the total RNA was extracted using a Spectrum Plant Total RNA Kit (Sigma-Aldrich, St.
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Louis, MO, USA), and, following a ribodepletion using a RiboMinus Plant Kit for RNA-Seq
(Invitrogen, Waltham, MA, USA), libraries were prepared using a Kapa RNA Hyper-Prep
Kit (Roche, Indianapolis, IN, USA) with NEXTflex-Unique-Dual-Index-Barcodes-Set-C
(BioO Scientific, Austin, TX, USA). After a bead-based size selection, the resulting libraries
were multiplexed and subjected to Illumina high-throughput sequencing on a NovaSeq
6000 platform through the University of Idaho Genomics and Bioinformatics core facility.
Between 30.2 and 63.0 million 250 bp paired-end reads per sample were produced. The raw
reads were adapter- and quality-cleaned using Trimmomatic v0.38 [23] and mapped against
the V. vinifera L. reference genome using bowtie2 v2.4.4 in the local mode [15]; unmapped
paired-end reads were subjected to assembly using SPAdes v3.15.3 in RNA mode and
analyzed using the BLASTn and DIAMOND programs [24]. A search for conserved protein
domains was conducted using the conserved domain database (CDD), available at the
NCBI [25,26].

2.3. Nucleic Acid Extraction, RT-PCR Testing, and Sanger Sequencing

For samples collected in September–October 2020, the total RNA was extracted from
grapevine leaf and petiole tissues that were ground in plastic meshed bags (Bioreba)
by following the Spectrum Plant Total RNA Kit (Sigma-Aldrich) instructions. Reverse
transcription was performed using 4.5 µL of the extracted RNA in a 25 µL reaction mixture
that contained 5× first-strand buffer (Promega, Madison, WI, USA), 2.5 mM dNTP, 3
µM oligo dT + random hexamers, rRNasin ribonuclease inhibitor (Promega), and M-
MLV reverse transcriptase (Promega). Before the reverse transcription reaction, the RNA
template was incubated at 70 ◦C for 5 min, and then the reverse transcription mix was
added. The profile used included an initial incubation at 25 ◦C for 10 min, 42 ◦C for 50 min,
and reverse transcriptase deactivation at 70 ◦C for 15 min prior to PCR. All PCR reactions
were accomplished using GreenTaq (GenScript, Piscataway, NJ, USA) in a 20 µL reaction
mixture that contained 10x GreenTaq buffer, 2.5 mM dNTP, 5 µM each of the forward primer
and reverse primer, GreenTaq, and 2 µL of cDNA template. The PCR profile consisted of
denaturing at 94 ◦C for 2 min; 35 cycles of 94 ◦C for 30 s, 55–65 ◦C for 30 s (depending on
the melting temperature of the primers used), and 72 ◦C for 1 to 2 min (depending on the
fragment length amplified); and a final extension for 10 min at 72 ◦C. Sanger sequencing
was performed on RT-PCR fragments amplified from the total RNA extracted from the
infected grapevine plants as described above, and by following a previously described
protocol [27]. The primers used to amplify these DNA fragments are listed in Supplemental
Table S1. The PCR fragments were treated with ExosapIt (Affymetrix, Cleveland, OH, USA)
and submitted for sequencing to Elim Biopharmaceuticals, Inc. (Hayward, CA, USA).

2.4. Sequence and Phylogenetic Analysis

The phylogenetic trees for the HEL and RdRP proteins were generated based on the set
of sequences provided in a report by the International Committee on Taxonomy of Viruses
(ICTV) on the family Endornaviridae [3,4], with the addition of GEV-1, GEV-2, and GEEV-Ch
(this work) and the Geranium carolinianum endornavirus 1 sequences (GcEV1) [28]. The
grapevine leafroll-associated virus 1 reference sequence was used as an outgroup. The
sequences of the HEL and RdRP domains from each virus were aligned using MAFFT in the
g-insi mode, as implemented in Geneious Prime 2023 (default parameters). A maximum
likelihood tree was inferred in IQtree 2 [29,30] using ModelFinder for the best model
selection [31] and the SH-alRT, abayes, and UFBoot tests for branch support estimation,
available in IQtree 2 [32–34]. The outgroup was then forced at the root in FigTree v1.14.4.

3. Results
3.1. Endornavirus Sequences Revealed by HTS in Grapevine Leaf and Petiole Tissue

Five contigs, ranging between 12,030 and 12,279 nt in size and clearly related to
endornaviruses, were revealed by HTS and the associated sequence analyses in three of
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the grapevine samples collected from two cultivars, Chardonnay and Cabernet franc, in
vineyards A and B, respectively (Table 1).

Table 1. Summary of endornavirus sequences from three grapevine samples collected in 2020 revealed
through the use of high-throughput sequencing (HTS) and RT-PCR.

Virus Isolate
Name 1

Contig Size,
nt

Number of
HTS Reads

Mapped

Polyprotein
Size, aa Virus ID 2 GenBank

Accession
RT-PCR

Validation 3 Vineyard
Samples

with This
Virus

GEEV-Ch 12,279 1478 4029 GEEV OR075262 + A RB12
GEV1 12,083 608 3842 New OR075263 + B CC06
GEV2-Ch 12,031 2097 3992 New OR075264 + A RB09
GEV2-Cf1 12,030 1100 3992 New OR075265 + B CC06
GEV2-Cf2 12,030 2484 3992 New OR075266 + B CC06

1 GEEV-Ch = grapevine endophyte endornavirus, Chardonnay isolate; GEV1 = grapevine endornavirus 1; GEV2-
Ch = grapevine endornavirus 2, Chardonnay isolate; GEV2-Cf1 = grapevine endornavirus 2, Cabernet franc isolate
1; GEV2-Cf2 = grapevine endornavirus 2, Cabernet franc isolate 2. 2 GEEV = grapevine endophyte endornavirus;
“New” = newly discovered endornavirus. 3 Total RNA was extracted from leaf and petiole samples as described
in the Materials and Methods, followed by RT-PCR and subsequent Sanger sequencing of the PCR product.

All five contigs contained a single open frame that encoded large polyproteins span-
ning the HEL and RdRP domains identified by the CDD program searches, with the RdRP
domain identified as an endornavirus-specific RNA-dependent RNA polymerase. One
of these contigs, which was 12,279 nt long and found only in one Chardonnay sample,
RB12, was 96.3% identical to GEEV at the nucleotide sequence level (Table 2) and was, thus,
identified as a local isolate of the virus, named GEEV-Ch. Another, a 12,083 nt contig found
in one Cabernet franc sample, CC06, exhibited a limited 72.4% identity to GEEV at the
nucleotide level, but only in the 5′-terminal, 4700 nt fragment of the genome (Table 2), and
no other hits were obtained in the BLASTn searches through the GenBank database; this
contig was provisionally named grapevine endornavirus 1 (GEV1). Three other contigs,
two from the same Cabernet franc sample, CC06, where GEV1 was found and the third
from a Chardonnay sample, RB09, exhibited no hits in BLASTn searches through the Gen-
Bank database, but were found to exhibit 91.9–99.8% nucleotide sequence identity between
each other in pair-wise comparisons (Table 2). These three sequences were, thus, assumed
to represent three genetic variants of a novel endornavirus, which was named grapevine
endornavirus 2 (GEV2) with designations for genetic variants based on the grapevine
cultivar where they were found: GEV2-Ch, GEV2-Cf1, and GEV2-Cf2 (Table 1).

Table 2. Pair-wise comparisons between the grapevine endornavirus whole genome sequences
(bottom left section) and whole polyprotein amino acid sequences (top right section). Percent
numbers show the identity level, with the coverage in brackets; “-”, no significant similarity.

GEEV 1 GEEV-Ch GEV1 GEV2-Ch GEV2-Cf1 GEV2-Cf2
GEEV 1 98.7% (100%) 73.2% (95%) 33.5% (18%) 33.7% (20%) 33.5% (18%)
GEEV-Ch 96.3% (99%) 73.0% (95%) 33.5% (18%) 33.7% (20%) 33.5% (18%)
GEV1 72.4% (38%) 72.3% (38%) 31.5% (20%) 26.4% (29%) 31.5% (19%)
GEV2-Ch - - - 96.6% (100%) 100% (100%)
GEV2-Cf1 - - - 92.0% (99%) 96.6% (100%)
GEV2-Cf2 - - - 99.8% (99%) 91.9% (99%)

1 GEEV = grapevine endophyte endornavirus, Shiraz isolate, GenBank accession number: JX678977. Other
abbreviations are: GEEV-Ch = GEEV, Chardonnay isolate; GEV1 = grapevine endornavirus 1; GEV2-Ch =
grapevine endornavirus 2, Chardonnay isolate; GEV2-Cf1 = GEV2, Cabernet franc isolate 1; GEV2-Cf2 = GEV2,
Cabernet franc isolate 2.

Three contigs, representing GEEV-Ch, GEV1, and GEV2-Cf2, were assembled in the
stranded library as positive-sense genomes, and two contigs, GEV2-Ch and GEV2-Cf1,
were assembled as negative genomes. The reasons for these strand polarity differences
were not clear; perhaps the relative levels of (+) and (-) virus strands varied between the
samples at the time of collection. To stay consistent, all genome sequences were deposited
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in GenBank in the positive sense. To confirm the presence of GEEV-Ch, GEV1, and GEV2 in
the original samples and validate the sequence determined by HTS, RT-PCR was conducted
with the specific primers listed in Table S1. The presence of all virus isolates in the original
Chardonnay and Cabernet franc samples was confirmed for all five endornavirus sequences
by the Sanger sequencing of each PCR product (see Table 1).

3.2. Genome Organization and Phylogeny of the New Grapevine Endornaviruses

The 12,279 nt contig identified as a local Idaho isolate of GEEV (GEEV-Ch, Figure 1a)
spanned a single ORF, potentially encoding a 4029 aa protein product (nt positions 5–12,094).
The 12,083 nt contig was identified as a new virus, and named GEV1 (Figure 1a), spanning
a single ORF capable of coding for a 3842 aa protein product (nts 522–12,050). These hypo-
thetical polyproteins for both viruses, GEEV-Ch and GEV1, contained easily identifiable
conserved domains for HEL and RdRP located in very similar positions (Figure 1a). The
three 12,030-to-12,032 nt contigs found in two grapevine samples, RB09 and CC06 (Table 1),
and identified as three genetic variants of a new virus named GEV2, spanned a single
ORF potentially encoding a 3992 aa protein product (nts 41–12,019). This polyprotein
encoded by the GEV2 genome contained three identifiable conserved domains, i.e., HEL,
glycosyltransferase, and RdRP (Figure 2).
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Figure 1. Schematic representation of the grapevine endornavirus 1 (GEV1) genome side-by-side with
grapevine endophyte endornavirus (GEEV, JX678977). (a) GEV1 and GEEV genomes encode a single
open reading frame, with conserved protein domains designated with like colors; Hel1 = helicase
type 1, RdRP = RNA-dependent RNA polymerase. (b) Schematic diagram of a possible recombinant
structure of GEV1: GEEV genome was arbitrarily set as a “parental” genome (blue color), with GEV1
genome containing a ca. 4.7 kb segment (light blue color) with 72% sequence identity to the “parental”
GEEV genome at the nt level; the rest of the GEV1 genome, ca. 7.3 kb, displayed no significant
similarity to GEEV at the nucleotide sequence level (white color).

All three endornaviruses found here to be associated with grapevines, including
GEEV, were firmly placed in the Alphaendornavirus clade based on both the RdRP and
HEL phylogenies (Figure 3a,b). In the RdRP phylogeny (Figure 3a), GEEV-Ch and GEV1
were placed in a distinct clade closely related to Erysiphe cichoracearum alphaendornavirus
(EcEV) [35] from a fungal pathogen of wheat. In the HEL phylogeny (Figure 3b), GEEV
and GEV1 were placed in the same clade with EcEV; however, in this phylogenetic tree,
another virus, Rhizoctonia cerealis endornavirus 1 (RcEV-1) [36], was included as a sister
clade in the same lineage. Interestingly, the RdRP of this RcEV-1 was placed in a lineage
of alphaendornaviruses distant from the GEEV/GEV1 clade and close to Rhizoctonia
solani endornavirus 1 (RsEV-1; Figure 3a). This may suggest a possible past recombination
event in the RcEV-1 genome, bringing together the RdRP and HEL domains from parental
genomes belonging to different alphaendornavirus clades. The three GEV2 sequences
determined in this work were phylogenetically placed in a distinct and tight clade that was
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a sister clade to the Shahe endorna-like virus 1 (ShEV-1) found in a termite sample [6] and
to a lineage of plant endornaviruses, including PvEV-1 (Figure 3a,b), for both the RdRP
and HEL domains.
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When comparing the RdRP and HEL phylogenies for alpha- and betaendornaviruses
(Figure 3a,b), an additional example of a possible ancient recombination event in an en-
dornavirus genome was noted. Specifically, a fungal virus from the summer truffle, Tuber
aestivum endornavirus, isolate Jaszag (TaEV_J) [37], was placed among betaendornaviruses
in the RdRP phylogeny (Figure 3a). Unexpectedly, its HEL domain could not be aligned
reliably with the HEL domains of other alpha- and betaendornaviruses, resulting in an
extremely long branch in a phylogenetic tree (not shown) that had to be removed to avoid
interfering with the HEL phylogeny of endornaviruses (Figure 3b). Similar to the RcEV-1
genome, it is possible that the RdRP and HEL domains in the TaEV genome were brought
together due to a recombination event between two parental genomes from two different
genera of endornaviruses.

3.3. Prevalence of the Three Endornaviruses in Wine Grapes in Idaho

Of the 16 grapevine samples collected in September–October 2020 in six vineyards,
three were found to contain endornaviruses by HTS (Table 1). One Chardonnay vine sample
from vineyard A was GEEV-positive (sample RB12, Table 1), and another vine sample from
the same Chardonnay block of vineyard A was GEV2-positive (sample RB09, Table 1). One
Cabernet franc vine sample had three distinct endornavirus sequences, GEV1 and two
genetic variants of GEV2 (sample CC06, Table 1). No endornavirus sequences were found in
the other nine samples collected in 2020 in Canyon County from four additional vineyards,
tested by RT-PCR. Eighteen additional grapevine samples collected in September 2021 from
vineyard A and two additional vineyards in Canyon County were tested for the presence
of GEEV, GEV1, and GEV2 using RT-PCR and specific primers. These 18 samples came
from three vineyards located in Canyon County, Idaho, with five samples coming from
the same vineyard A where the original RB09 and RB12 samples were taken in the fall of
2020 for the HTS analysis. Two out of the three Chardonnay samples collected in vineyard
A in 2021 were found to be positive for the presence of GEV2, and more specifically, for
the GEV2-Ch genetic variant. The identity of these two GEV2-Ch-specific PCR products
was confirmed by Sanger sequencing. Unfortunately, the owner of vineyard A took out a
significant section of the Chardonnay block in the spring of 2021 due to low productivity,
and the same plants tested in 2020 could not be tested again. Three additional samples
collected in vineyard B in 2020 from the cultivars Chardonnay, Negroamaro, and Riesling,
besides the original CC06 from Cabernet franc, were found to be GEV1-positive by RT-PCR
with specific primers (Table S1); the identity of these GEV1-specific PCR products was
confirmed by Sanger sequencing. All four samples collected in 2020 from four grapevine
cultivars in vineyard B exhibited no disease symptoms; hence, the presence of GEV1 was
not linked to any apparent abnormality.
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Figure 3. Phylogenies of endornavirus (a) RdRP and (b) HEL domains. Predicted polyproteins from 
GEV1, GEV2-Cf1, GEV2-Cf2, GEV2-Ch, and GEEV-Ch endornavirus genomes were added to the 
endornavirus RdRP and HEL alignments. A maximum-likelihood phylogenetic tree constructed in 
IQtree2, with ModelFinder for the best-fit model and branch support estimates with SH-
aLRT/abayes/UFBoot (shown at nodes). Branch lengths are drawn to scale, with the scale bar show-
ing the number of substitutions per site. The outgroup (GLRaV-1, a closterovirus) was forced at the 
root in FigTree v1.4.4. 

  

Figure 3. Phylogenies of endornavirus (a) RdRP and (b) HEL domains. Predicted polyproteins
from GEV1, GEV2-Cf1, GEV2-Cf2, GEV2-Ch, and GEEV-Ch endornavirus genomes were added
to the endornavirus RdRP and HEL alignments. A maximum-likelihood phylogenetic tree con-
structed in IQtree2, with ModelFinder for the best-fit model and branch support estimates with
SH-aLRT/abayes/UFBoot (shown at nodes). Branch lengths are drawn to scale, with the scale bar
showing the number of substitutions per site. The outgroup (GLRaV-1, a closterovirus) was forced at
the root in FigTree v1.4.4.
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4. Discussion

The three viruses found to be associated with grapevines in Idaho, USA, expand the
number of endornaviruses infecting grapevines to three: GEEV, GEV1, and GEV2 (Table 1).
GEEV was previously reported from one red cultivar, Shiraz, in South Africa [12]. In Idaho,
GEEV-Ch was found in a white cultivar (Chardonnay) displaying decline symptoms; the
same plant was also infected with GLRaV-3, GRVFV, and GaTLV [17,18] and the role of
GEEV-Ch, if any, in the induction of these decline symptoms remains unclear. GEV1 was
found in the asymptomatic wine grapes of four cultivars, two red (Cabernet franc and
Negroamaro) and two white (Chardonnay and Riesling), and was not linked to any visual
disease symptoms. Three genetic variants of GEV2 were identified in two different cultivars,
a white cultivar (Chardonnay) displaying symptoms of decline and an asymptomatic red
cultivar (Cabernet franc)—in this latter case, the same Cabernet franc plant contained two
genetic variants of GEV2 (Table 1). The GEV2-positive Chardonnay plant exhibiting decline
symptoms had multiple other viruses present, GLRaV-3, GRVFV, and GaTLV [17,18], and
the contribution of GEV2 to the decline in this 40-year-old Chardonnay block was unclear.
Since all three of the identified viruses, GEEV, GEV1, and GEV2, belong to the family
Endornaviridae, they may be persistent and asymptomatic in their grapevine host.

Endornaviruses comprise a family of persistent viruses that lost the ability to form
virus particles and the ability to be transmitted horizontally, and became dependent on
vertical transmission in their hosts [2,3]. The known endornaviruses have been found in a
variety of hosts, including plants, fungi, and oomycetes [2]; genome sequences related to
endornaviruses have been discovered in arthropods as well [38]. It is hypothesized that
the reliance of endornaviruses on vertical transmission led to a symbiotic relationship with
their hosts and, therefore, endornaviruses do not induce disease symptoms [1–3].

Endornaviruses have a linear RNA genome ranging between 10,000 and 17,000 nt
that codes for a single polyprotein spanning the conserved HEL and RdRP domains and
may also contain additional conserved domains, such as glycosyltransferase and protease
domains [2,3]. A group of endornaviruses with a larger genome of up to 21,770 nt was
described from fungal plant pathogens and coded for a second ORF downstream of the
RdRP-encoding ORF1 [5,39]. Phylogenetically, the RdRP of endornaviruses is placed as a
sister clade to a lineage that includes togaviruses, virgaviruses, negeviruses, bromoviruses,
and closteroviruses, which are all within the large alphavirus-like supergroup that also
includes the Tymovirales clade [7]. All three endornaviruses found here to be associated
with grapevines, GEEV, GEV1, and GEV2, were firmly placed in the family Endornaviridae
and, more specifically, in the clade of the genus Alphaendornavirus based on the RdRP
phylogeny (Figure 3a). The three GEV2 sequences found to be associated with grapevines
were placed in a tight lineage that is a sister clade to the Shahe endorna-like virus 1 found in
a termite sample (Figure 3a). In our case, the leaf and petiole samples were used for the HTS
analysis and RT-PCR tests, suggesting the association of the three found endornaviruses,
GEEV, GEV1, and GEV2, with the plant (grapevine) host. The only grapevine-associated
endornavirus known until now, GEEV, was reported to be found in both plant (grapevine)
and fungal hosts [12], suggesting possible horizontal transmission between the two host
types [12]. Here, GEV1 and GEV2 infections were not associated with any fungal infections
and were, thus, assumed to have plant hosts.

In the current classification, the family Endornaviridae is divided into two genera,
Alphaendornavirus and Betaendornavirus, based on the RdRP phylogenies and the genome
domain architecture [3,4]. All five endornavirus sequences representing three virus species,
GEEV, GEV1, and GEV2, that were found to be associated with wine grapes in Idaho, USA,
were easily classified as alpaendornaviruses based on their RdRP and HEL phylogenies
(Figure 3). The division between alpha- and betaendornaviruses based on RdRP phylogeny
is clearly supported by the phylogeny of the HEL domain (Figure 3a,b). However, two
of the viruses, Phaseolus vulgaris endornavirus 3 (PvEV-3) and Geranium carolinianum
endornavirus 1 (GcEV-1), were placed together in a separate clade that may be viewed
as a sister clade to the alphaendornavirus lineage for RdRP and a stand-alone clade for
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HEL phylogenetic trees (Figure 3a,b). Based on this placement in a separate, tight clade for
the HEL and RdRP phylogenies, the similar domain architecture of PvEV-3 and GcEV-1,
involving the presence of HEL, C97 peptidase, UGT, and RdRP domains, and an overall
high amino acid identity level between each other [28,40], we propose to classify PvEV-
3 and GcEV-1 into a distinct genus with the tentative name Gammaendornavirus (see
Figure 3a,b).

The close RdRP phylogenetic placement has been noted for PvEV-3 and GcEV-1
before [5,28,41]. In 2021, Li et al. [5] presented a detailed phylogeny for the RdRP domains
of endornaviruses and demonstrated a basal position of the PvEV-3/GcEV-1 clade to all
other alphaendornavirus clades, albeit not proposing a new taxonomic unit. Our phylogeny
for the HEL domain of endornaviruses (Figure 3b) complements the previously available
phylogenetic trees for RdRP domains [5,28,41] and provides an additional argument for
the creation of a third genus in the family Endornaviridae, which we propose to name the
genus Gammaendornavirus. Incidentally, the name Gammaendornavirus was proposed
for a phylogroup within the genus Alphaendornavirus earlier [42], but the proposal was
based on an RdRP phylogeny only and for a relatively small number of endornavirus
sequences available at the time; this proposal was later rejected [5]. It was put forward
again recently [43] for an alleged lineage of endorna-like viruses based on RdRP phylogeny
only; however, it was, in fact, applied to a lineage of virga- and negev-like viruses, which
did not include PvEV-3 and GcEV-1, and actually included no endorna- or endorna-like
viruses [43], apparently in error. Here, we propose the use of this name to designate a
new lineage of endornaviruses, constituting a sister clade to alphaendornaviruses in the
phylogenies of the RdRP and HEL domains and having a similar domain architecture in
their polyproteins.

The persistent nature of endornaviruses in plants suggests the presence of the virus
genome in all cells at a relatively low copy number due to a tight control of virus replication
and the complete lack of horizontal transmission [2]. Both the lack of horizontal transmis-
sion and a low copy number of endornaviral RNA in plant cells may be used to argue
against the recombination and high rate of the evolution characteristic of RNA viruses.
Here, we present evidence of recombination involved in the evolution of endornaviruses.
First, the genome of the newly found GEV1 is apparently built from two segments, with a
5′-terminal 4.7 kb segment coming from a parent closely related to GEEV (72% nt identity)
and the remaining ca. 7.4 kb downstream segment coming from an alphaendornavirus
only distantly related to GEEV (no significant nt similarity) (Figure 1b). The relationship of
this 3′-terminal section of the GEV1 genome to GEEV can be detected at the amino acid
sequence level (Figure 3a), but not at the nucleotide sequence level. Second, two additional
examples of possible recombination events involved in the endornavirus evolution are the
RcEV-1 and TaEV-J genomes, where the RdRP and HEL phylogenetic placements differed
between the RdRP and HEL phylogenetic trees (Figure 3a,b). Both lines of evidence may
be viewed as suggesting the existence of horizontal transmission of some sort for endor-
naviruses that might bring two different endornavirus genomes into the same cell and
facilitate exchanges of different conserved domains between them. One hypothesis ex-
plaining these recombination events visible in the GEV1, RcEV-1, and TaEV-J genomes may
be the possibility of such a recombination event occurring in fungal and oomycete hosts,
where horizontal transmission through hyphal anastomosis has been demonstrated [3,4,8].
For GEV1, this hypothesis may mean that the virus can perhaps “shuttle” between plant
(grapevine) and fungal hosts, similar to GEEV [12].

5. Conclusions

Three endornaviruses were discovered in Idaho grapevines, including an Idaho isolate
of GEEV, which represents the first finding of this virus outside of South Africa. Two new
endornaviruses, GEV1 and GEV2, were found to be associated with two grapevine cultivars
from two different vineyards and from two separate AVAs in Idaho. All of these endor-
naviruses were discovered through the application of HTS and the subsequent validation
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and confirmation of virus presence using conventional RT-PCR and Sanger sequencing. A
phylogenetic analysis of the HEL and RdRP domains of GEEV, GEV1, and GEV2 placed all
three as species of the genus Alphaendornavirus, family Endornaviridae. The phylogenies of
these replication-associated domains suggest the separation of two endornaviruses, PvEV-3
and GcEV-1, into a new genus with the provisional name Gammaendornavirus. The data
obtained indicate that recombination is involved in the evolution of endornaviruses.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v15061347/s1, Table S1: Summary of primers used in this study
and their sequences.

Author Contributions: Conceptualization, J.D. and A.V.K.; methodology, J.D., G.E.O. and A.V.K.;
software, J.D. and A.V.K.; validation, J.D. and G.E.O.; formal analysis, J.L. and A.V.K.; investigation,
J.D. and G.E.O.; resources, J.D., J.L. and A.V.K.; data curation, J.D. and A.V.K.; writing—original
draft preparation, A.V.K.; writing—review and editing, J.D., J.L. and A.V.K.; visualization, J.D. and
A.V.K.; supervision, A.V.K.; project administration, A.V.K.; funding acquisition, J.D., J.L. and A.V.K.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded, in part, through grants from the Idaho State Department of
Agriculture (ISDA) Specialty Crop Block Grant, Idaho Wine Commission, the Northwest Center for
Small Fruits Research (NCSFR), USDA-ARS (5358-21220-002-18G, 2072-21000-057-00D, and 2072-
21220-003-00D), the USDA National Institute of Food and Agriculture (Hatch projects IDA01560 and
IDA01712), and the Idaho Agricultural Experiment Station. Data collection performed by the IIDS
Genomics and Bioinformatics Resources Core at the University of Idaho was supported in part by
NIH COBRE, grant P30GM103324.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are available upon reasonable request.

Acknowledgments: The help of the Idaho wine grape growers who permitted our access to and
sampling in their vineyards is greatly appreciated. The help of Chris Rennaker of the USDA-ARS
with sample collection is greatly appreciated. The mention of trade names or commercial products
in this publication is solely for the purpose of providing specific information and does not imply a
recommendation or endorsement by the U.S. Department of Agriculture.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Roossinck, M.J.; Sabanadzovic, S.; Okada, R.; Valverde, R.A. The remarkable evolutionary history of endornaviruses. J. Gen. Virol.

2011, 92, 2674–2678. [CrossRef]
2. Fukuhara, T. Endornaviruses: Persistent dsRNA viruses with symbiotic properties in diverse eukaryotes. Virus Genes 2019, 55,

165–173. [CrossRef]
3. Valverde, R.A.; Khalifa, M.E.; Okada, R.; Fukuhara, T.; Sabanadzovic, S.; ICTV Report Consortium. ICTV Virus Taxonomy Profile:

Endornaviridae. J. Gen. Virol. 2019, 100, 1204–1205. [CrossRef]
4. Valverde, R.A.; Khalifa, M.E.; Okada, R.; Fukuhara, T.; Sabanadzovic, S. Family: Endornaviridae. In Virus Taxonomy; Zerbini, M.F.,

Sabanadzovic, S., Eds.; International Committee on Taxonomy of Viruses: on-line, 2020. Available online: https://ictv.global/
report/chapter/endornaviridae/endornaviridae (accessed on 7 June 2023).

5. Li, W.; Zhang, H.; Shu, Y.; Shulin, C.; Sun, H.; Zhang, A.; Chen, H. Genome structure and diversity of novel endornaviruses from
wheat sharp eyespot pathogen Rhizoctonia cerealis. Virus Res. 2021, 297, 198368. [CrossRef]

6. Shi, M.; Lin, X.D.; Tian, J.H.; Chen, L.J.; Chen, X.; Li, C.X.; Qin, X.C.; Li, J.; Cao, J.P.; Eden, J.S.; et al. Redefining the invertebrate
RNA virosphere. Nature 2016, 540, 539–543. [CrossRef]

7. Wolf, Y.I.; Kazlauskas, D.; Iranzo, J.; Lucía-Sanz, A.; Kuhn, J.H.; Krupovic, M.; Dolja, V.V.; Koonin, E.V. Origins and evolution of
the global RNA virome. mBio 2018, 9, e02329-18. [CrossRef]

8. Ikeda, K.; Nakamura, H.; Matsumoto, N. Hypovirulent strain of the violet root rot fungus Helicobasidium mompa. J. Gen. Plant
Path. 2003, 69, 385–390. [CrossRef]

https://www.mdpi.com/article/10.3390/v15061347/s1
https://www.mdpi.com/article/10.3390/v15061347/s1
https://doi.org/10.1099/vir.0.034702-0
https://doi.org/10.1007/s11262-019-01635-5
https://doi.org/10.1099/jgv.0.001277
https://ictv.global/report/chapter/endornaviridae/endornaviridae
https://ictv.global/report/chapter/endornaviridae/endornaviridae
https://doi.org/10.1016/j.virusres.2021.198368
https://doi.org/10.1038/nature20167
https://doi.org/10.1128/mBio.02329-18
https://doi.org/10.1007/s10327-003-0076-5


Viruses 2023, 15, 1347 11 of 12

9. Reynolds, A.G. The grapevine, viticulture, and winemaking: A brief introduction. In Grapevine Viruses: Molecular Biology,
Diagnostics and Management; Meng, B., Martelli, G.P., Golino, D.A., Fuchs, M., Eds.; Springer: Cham, Switzerland, 2017; pp. 3–30.

10. Martelli, G.P. An overview on grapevine viruses, viroids, and the diseases they cause. In Grapevine Viruses: Molecular Biology,
Diagnostics and Management; Meng, B., Martelli, G.P., Golino, D.A., Fuchs, M., Eds.; Springer: Cham, Switzerland, 2017; pp. 31–46.

11. Fuchs, M. Grapevine viruses: A multitude of diverse species with simple but overall poorly adopted management solutions in
the vineyard. J. Plant Pathol. 2020, 102, 643–653. [CrossRef]

12. Espach, Y.; Maree, H.J.; Burger, J.T. Complete genome of a novel endornavirus assembled from next-generation sequence data.
J. Virol. 2012, 86, 13142. [CrossRef]

13. Mekuria, T.A.; Karasev, A.V.; Martin, R.R.; Naidu, R.A. First report of Grapevine leafroll-associated virus-3 in six wine grape cultivars
in Idaho. Plant Dis. 2009, 93, 1218. [CrossRef]

14. Kanuya, E.; Clayton, L.A.; Naidu, R.A.; Karasev, A.V. First report of Grapevine fleck virus in Idaho grapevines. Plant Dis. 2012, 96, 1705.
[CrossRef]

15. 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]

16. Thompson, B.D.; Eid, S.; Vander Pol, D.; Lee, J.; Karasev, A.V. First report of grapevine red blotch virus in Idaho grapevines. Plant
Dis. 2019, 103, 2704. [CrossRef]

17. Dahan, J.; Thompson, B.D.; Lee, J.; Karasev, A.V. First report of grapevine rupestris vein feathering virus in wine grapes in Idaho.
Plant Dis. 2021, 105, 3309. [CrossRef]

18. Dahan, J.; Orellana, G.; Lee, J.; Karasev, A.V. Occurrence of grapevine-associated tymo-like virus in wine grapes in the United
States. Plant Dis. 2023, 107, 592. [CrossRef]

19. Dahan, J.; Orellana, G.; Lee, J.; Karasev, A.V. Genome sequences of two grapevine rupestris stem pitting-associated virus variants
from Vitis vinifera cv. Riesling in Idaho, USA. Microbiol. Resour. Announc. 2023, 12, e0136622. [CrossRef]

20. Lee, J.; Rennaker, C.D.; Thompson, B.D.; Karasev, A.V. Influence of grapevine red blotch (GRBV) on ‘Syrah’ grape composition.
Sci. Hortic. 2021, 282, 110055. [CrossRef]

21. Lee, J.; Rennaker, C.D.; Thompson, B.D.; Dahan, J.; Karasev, A.V. Idaho ‘Cabernet Sauvignon’ grape composition altered by
grapevine leafroll-associated virus 3. NFS J. 2023, 31, 1–6. [CrossRef]

22. Saldarelli, P.; Giampetruzzi, A.; Maree, H.J.; Al Rwahnih, M. High-throughput sequencing: Advantages beyond virus identifica-
tion. In Grapevine Viruses: Molecular Biology, Diagnostics and Management; Meng, B., Martelli, G.P., Golino, D.A., Fuchs, M., Eds.;
Springer: Cham, Switzerland, 2017; pp. 625–642.

23. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinfornatics 2014, 30, 2114–2120.
[CrossRef]

24. Buchfink, B.; Reuter, K.; Drost, H.-G. Sensitive protein alignments at tree-of-life scale using DIAMOND. Nat. Methods 2021, 18,
366–368. Available online: https://www.nature.com/articles/s41592-021-01101-x (accessed on 15 April 2023). [CrossRef]

25. Marchler-Bauer, A.; Bo, Y.; Han, L.; He, J.; Lanczycki, C.J.; Lu, S.; Chitsaz, F.; Derbyshire, M.K.; Geer, R.C.; Gonzales, N.R.; et al.
CDD/SPARCLE: Functional Classification of Proteins via Subfamily Domain Architectures. Nucleic Acids Res. 2017, 45, D200–D203.
[CrossRef]

26. Lu, S.; Wang, J.; Chitsaz, F.; Derbyshire, M.K.; Geer, R.C.; Gonzales, N.R.; Gwadz, M.; Hurwitz, D.I.; Marchler, G.H.; Song,
J.S.; et al. CDD/SPARCLE: The Conserved Domain Database in 2020. Nucleic Acids Res. 2020, 48, D265–D268. [CrossRef]

27. Green, K.J.; Brown, C.J.; Gray, S.M.; Karasev, A.V. Phylogenetic study of recombinant strains of potato virus Y. Virology 2017, 507, 40–52.
[CrossRef]

28. Herschlag, R.; Okada, R.; Alcala-Briseno, R.I.; Rodrigues de Souto, R.; Valverde, R.A. Identification of a novel endornavirus in
Geranium carolinianum and occurrence within three agroecosystems. Virus Res. 2020, 288, 198116. [CrossRef]

29. Nguyen, L.T.; Schmidt, H.A.; von Haeseler, A.; Minh, B.Q. IQ-TREE: A fast and effective stochastic algorithm for estimating
maximum-likelihood phylogenies. Mol. Biol. Evol. 2015, 32, 268–274. [CrossRef]

30. Minh, B.Q.; Schmidt, H.A.; Chernomor, O.; Schrempf, D.; Woodhams, M.D.; von Haeseler, A.; Lanfear, R. IQ-TREE 2: New models
and efficient methods for phylogenetic inference in the genomic era. Mol. Biol. Evol. 2020, 37, 1530–1534. [CrossRef]

31. Kalyaanamoorthy, S.; Minh, B.Q.; Wong, T.K.F.; von Haeseler, A.; Jermiin, L.S. ModelFinder: Fast model selection for accurate
phylogenetic estimates. Nat. Methods 2017, 14, 587–589. [CrossRef]

32. Guindon, S.; Dufayard, J.F.; Lefort, V.; Anisimova, M.; Hordijk, W.; Gascuel, O. New algorithms and methods to estimate
maximum-likelihood phylogenies: Assessing the performance of PhyML 3.0. Syst. Biol. 2010, 59, 307–321. [CrossRef]

33. Anisimova, M.; Gil, M.; Dufayard, J.F.; Dessimoz, C.; Gascuel, O. Survey of branch support methods demonstrates accuracy,
power, and robustness of fast likelihood-based approximation schemes. Syst. Biol. 2011, 60, 685–699. [CrossRef]

34. Hoang, D.T.; Chernomor, O.; von Haeseler, A.; Minh, B.Q.; Vinh, L.S. UFBoot2: Improving the ultrafast bootstrap approximation.
Mol. Biol. Evol. 2018, 35, 518–522. [CrossRef]

35. Du, Z.; Lin, W.; Qiu, P.; Liu, X.; Guo, L.; Wu, K.; Zhang, S.; Wu, Z. Complete sequence of a double-stranded RNA from the
phytopathogenic fungus Erysiphe cichoracearum that might represent a novel endornavirus. Arch. Virol. 2016, 161, 2343–2346.
[CrossRef]

36. Li, W.; Zhang, T.; Sun, H.; Deng, Y.; Zhang, A.; Chen, H.; Wang, K. Complete genome sequence of a novel endornavirus in the
wheat sharp eyespot pathogen Rhizoctonia cerealis. Arch. Virol. 2014, 159, 1213–1216. [CrossRef]

https://doi.org/10.1007/s42161-020-00579-2
https://doi.org/10.1128/JVI.02538-12
https://doi.org/10.1094/PDIS-93-11-1218C
https://doi.org/10.1094/PDIS-06-12-0574-PDN
https://doi.org/10.1094/PDIS-08-18-1303-RE
https://doi.org/10.1094/PDIS-04-19-0780-PDN
https://doi.org/10.1094/PDIS-04-21-0728-PDN
https://doi.org/10.1094/PDIS-05-22-1140-PDN
https://doi.org/10.1128/mra.01366-22
https://doi.org/10.1016/j.scienta.2021.110055
https://doi.org/10.1016/j.nfs.2023.02.002
https://doi.org/10.1093/bioinformatics/btu170
https://www.nature.com/articles/s41592-021-01101-x
https://doi.org/10.1038/s41592-021-01101-x
https://doi.org/10.1093/nar/gkw1129
https://doi.org/10.1093/nar/gkz991
https://doi.org/10.1016/j.virol.2017.03.018
https://doi.org/10.1016/j.virusres.2020.198116
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.1093/sysbio/syr041
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1007/s00705-016-2911-y
https://doi.org/10.1007/s00705-013-1893-2


Viruses 2023, 15, 1347 12 of 12

37. Stielow, B.; Klenk, H.P.; Menzel, W. Complete genome sequence of the first endornavirus from the ascocarp of the ectomycorrhizal
fungus Tuber aestivum Vittad. Arch. Virol. 2011, 156, 343–345. [CrossRef] [PubMed]

38. Liu, H.; Fu, Y.; Xie, J.; Cheng, J.; Ghabrial, S.A.; Li, G.; Yi, X.; Jiang, D. Discovery of novel dsRNA viral sequences by in silico
cloning and implications for viral diversity, host range and evolution. PLoS ONE 2012, 7, e42147. [CrossRef]

39. Ong, J.W.; Li, H.; Sivasithamparam, K.; Dixon, K.W.; Jones, M.G.; Wylie, S.J. Novel endorna-like viruses, including three with
two open reading frames, challenge the membership criteria and taxonomy of the Endornaviridae. Virology 2016, 499, 203–211.
[CrossRef]

40. Okada, R.; Alcala-Briseno, R.I.; Escalante, C.; Sabanadzovic, S.; Valverde, R.A. Genomic sequence of a novel endornavirus from
Phaseolus vulgaris and occurrence in mixed infections with two other endornaviruses. Virus Res. 2018, 257, 63–67. [CrossRef]

41. Okada, R.; Moriyama, H.; Ogawara, T.; Cizek, H.; Valverde, R.A. Complete nucleotide sequence of an alphaendornavirus isolated
from common buckwheat (Fagopyrum esculentum). Arch. Virol. 2021, 166, 3483–3486. [CrossRef]

42. Picarelli, M.A.S.C.; Forgia, M.; Rivas, E.B.; Nerva, L.; Chiapello, M.; Turina, M.; Colariccio, A. Extreme diversity of mycoviruses
present in isolates of Rhizoctonia solani AG2-2 LP from Zoysia japonica from Brazil. Front. Cell. Infect. Microbiol. 2019, 9, 244.
[CrossRef]

43. Luo, X.; Jiang, D.; Xie, J.; Jia, J.; Duan, J.; Cheng, J.; Fu, Y.; Chen, T.; Yu, X.; Li, B.; et al. Genome Characterization and Phylogenetic
Analysis of a Novel Endornavirus That Infects Fungal Pathogen Sclerotinia sclerotiorum. Viruses 2022, 14, 456. [CrossRef]

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/10.1007/s00705-010-0875-x
https://www.ncbi.nlm.nih.gov/pubmed/21153746
https://doi.org/10.1371/journal.pone.0042147
https://doi.org/10.1016/j.virol.2016.08.019
https://doi.org/10.1016/j.virusres.2018.09.005
https://doi.org/10.1007/s00705-021-05264-y
https://doi.org/10.3389/fcimb.2019.00244
https://doi.org/10.3390/v14030456

	Introduction 
	Materials and Methods 
	Grapevine Sampling and Sample Processing 
	RNA Extraction and HTS Analysis 
	Nucleic Acid Extraction, RT-PCR Testing, and Sanger Sequencing 
	Sequence and Phylogenetic Analysis 

	Results 
	Endornavirus Sequences Revealed by HTS in Grapevine Leaf and Petiole Tissue 
	Genome Organization and Phylogeny of the New Grapevine Endornaviruses 
	Prevalence of the Three Endornaviruses in Wine Grapes in Idaho 

	Discussion 
	Conclusions 
	References

