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ABSTRACT

Since its identification in 2003, little has been revealed about
the spread of grapevine Pinot gris virus (GPGV), an emerging
grapevine virus. According to studies from Italy, GPGV
transmission in the vineyard can be fast but progressive over the
years. To gain new insights into the spread of GPGV infections,
we tested 67 grapevines in a single vineyard parcel in southern
France. These vines were sampled over 8 years (2013 to 2020)
and tested for GPGV by reverse-transcription PCR using a new
primer pair designed from the recently described genetic diver-
sity of GPGV worldwide. While focusing on a portion of the
samples (n = 20), we observed a drastic increase in newly
GPGV-infected vines from 2014 (5%, 1 of 20) to 2015 (80%, 16
of 20) and 2016 (90%, 18 of 20). Infected vines were scattered
throughout the vineyard with no distinct pattern of distribution,

and some rare vines remained negative through 2020. Using all
available genomic information, we performed Bayesian-based
phylogeographic analyses that identified a major intravineyard
transmission in 2014 to 2015. To test our model, we analyzed 47
additional grapevines and confirmed the outbreak of GPGV in
2015, validating our in silico projection. Interestingly, some
grapevines remained negative throughout the study, in spite of
their close proximity to infected plants. These results raise
questions about the dynamics of vector populations and envi-
ronmental conditions that may be required for virus spread to
occur in the vineyard.

Keywords: detection, GPGV, grapevine, phylodynamic modeling,
spatiotemporal infection spread

Grapevine isacropthatcanbe infectedbyalargenumberofviral spe-
cies (Fuchs 2020; Martelli 2017). With the advent of high-throughput
sequencing (HTS) techniques, many new grapevine-infecting viruses
are being identified (Bertazzon et al. 2020a; Diaz-Lara et al. 2019).
Grapevine Pinot gris virus (GPGV) is a newly emerging virus that
wasidentifiedbyHTSfor thefirst timeingrapevinesfromthenortheast-
ern region of Italy (Giampetruzzi et al. 2012). GPGV belongs to the
genusTrichovirus fromthefamilyBetaflexiviridae. Itsgenomeconsists
of a single positive-sense polyadenylated RNAmolecule that is 7,259
nucleotides (nt) in length. The virus is associatedwith a disease known
as grapevine leafmottling anddeformation (GLMD).Many symptoms
may be associated with GLMD with numerous confounding factors,
ranging from biotic to abiotic stresses, such as coinfection with other
pathogens (viral, bacterial, or fungal) or adverse environmental condi-
tions. Typical symptoms are generally clearly visible in the early stages
of plant development, with partial to complete recovery during the
growingseason.Most of thegrapevines infectedwithGPGVare symp-
tomless. Koch’s postulates have yet to be completely fulfilled to
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ascertain the etiology of GLMD (Tarquini et al. 2019b). In addition, a
correlation between the occurrence of the disease and specific
“symptomatic” GPGV variants (Saldarelli et al. 2015) remains debat-
able, with many studies challenging this concept (Bertazzon et al.
2017, 2020b; Marra et al. 2020; Renault-Spilmont et al. 2018).
Since its discovery, GPGV has been detected in almost every

grape-growing region around the world, starting with the first reports
in European wine grape production regions (Beuve et al. 2015; Ple�sko
et al. 2014; Reynard et al. 2016; Ruiz-Garc�ıa and Olmos 2017) to
other grapevine-growing countries (Al Rwahnih et al. 2016; Fajardo
et al. 2017; Poojari et al. 2016; Wu and Habili 2017). The widespread
occurrence of this virus raises questions about its dissemination. A
recent study based on the analyses of sequences obtained via data
mining showed that different lineages of GPGV display distinct evo-
lutionary characteristics (Hily et al. 2020). After its probable emer-
gence in Asia in the mid- to late 19th century, the virus spread
through Europe, which subsequently served as a hub for distribution
to the rest of the world. This worldwide movement of the virus cer-
tainly occurred via propagation and uncontrolled distribution of
infected material, as previously suggested (Fajardo et al. 2017; Wu
andHabili 2017). Additionally, it has been demonstrated that the virus
can be transmitted by grafting (Saldarelli et al. 2015). Within vine-
yards, the virus was suggested to be transmitted by a vector on the
basis of aggregated patterns of GLMD symptomatic vines (Bertazzon
et al. 2015; Malossini et al. 2015). Recently, the spread of the virus
was confirmed in two vineyards in the Veneto region of Italy
(Bertazzon et al. 2020b). Colomerus vitis (Acari; Eriophyidae) is
thought to be the main vector, as has been shown for grapevine berry
inner necrosis virus (GINV, Trichovirus) (Kunugi et al. 2000), a close
relative to GPGV. However, the role of this monophagous eriophyid
mite of grapevine in GPGV transmission has been confirmed in only
semicontrolled conditions (Malagnini et al. 2016). Unlike GINV,
which is restricted to grapevine, GPGV has been detected in woody
and herbaceous hosts (Demi�an et al. 2018; Gualandri et al. 2017), sug-
gesting that C. vitis may not be the sole vector of the virus. To better
develop efficient management strategies to control the spread of
GPGV, knowledge of its biology, epidemiology, genetic diversity,
evolution, and ecology is needed. To date, information on disease epi-
demiology is scarce.
In this study, we document and provide insights into transmission

events in a vineyard in France using phylodynamic reconstruction.

MATERIALS AND METHODS

Plant material and RNA extraction. The vineyard selected
for this study was planted with Vitis vinifera ‘Grenache’ grafted
onto rootstock 110R in 2003 in the southeastern wine region of
Châteauneuf-du-Pape (CDP) in France. The vineyard, an experimen-
tal parcel dedicated to a grapevine fanleaf virus (GFLV) cross-
protection assay, consisted of 623 vines distributed over 13 rows of
approximately 55 vines per row. Prior to this work, most of the vines
were shown to be positive for GFLV by enzyme-linked immunosor-
bent assay (ELISA) (data not shown). Due to the presence of GFLV
and its possible confounding effect, symptoms of GPGV were not
monitored in this study.
To determine the natural spread of GPGV, we focused our effort on

67 grapevines that were already assessed yearly (from 2013 to 2020)
in the spring season (from late May to early June) for the presence of
GFLV. Samples consisted of young apical leaves collected frommul-
tiple locations in the grapevine canopy to maximize viral detection.
Leaf samples were then kept at220�C prior to downstream analyses.
Total RNA extraction was performed from 200 mg of leaf tissue

homogenized into Bioreba extraction bags (Bioreba AG, Reinach,
Switzerland). RNA was then extracted using the RNeasy Plant

Mini Kit (Qiagen, Venlo, The Netherlands), as previously described
(Vigne et al. 2018).

Reverse-transcription PCR. GPGV detection was performed
following a two-step protocol. Briefly, cDNA was synthesized using
SuperScript III (Invitrogen, Carlsbad, CA, U.S.A.) with a mix of oligo
dT in a final volume of 20 ml, as per the manufacturer’s recommen-
dations, and kept at 220�C prior to additional analyses. PCR was
then carried out in a total volume of 50 ml, including 1 ml of
cDNA, 0.5 ml of GoTaq (Promega Corp., Madison, WI, U.S.A.),
and 0.4 mM each newly designed GPGV detection primer (see dedi-
cated section in the main text). The PCR cycling parameters were as
follows: initial denaturation at 95�C for 2 min, followed by 38 cycles
of 30 s at 95�C, 30 s at 57�C, and 1 min at 72�C. A final elongation
step of 5 min at 72�Cwas added prior to resolving PCR products on a
2% agarose gel.
A second primer pair (Fwd-GPGV-CDP_5350: AGTTAGGTTCA

TGGCTTGATTGGG and Rev-GPGV-CDP_6990: AAGCGATTC
AGATTTTGAATCACCGA) was designed to determine the genetic
diversity of GPGV in the experimental vineyard by producing a
1,640-bp amplicon, from which 1,528 bp was used for sequence anal-
yses. The PCR cycling parameters were identical to those in the
abovementioned protocol, except that the elongation duration was
increased to 2 min and 20 s and a final elongation step of 10 min
at 72�C was included. PCR products were subjected to direct Sanger
sequencing (Genoscreen, Lille, France) using the second primer pair.
To check cDNA quality, all samples were tested for the presence of

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping
transcripts as previously described (Garcia et al. 2019).

HTS, sanitary status, and complete GPGV genome sequences.
A subset of 20 samples from 2017 was selected to prepare cDNA
libraries after poly-A selection. All steps were performed at the
GeT-PlaGe Genotoul platform facility (Institut National de Recherche
pour l’Agriculture, l’Alimentation et l’Environnement [INRAE],
Toulouse, France) as previously described (Vigne et al. 2018).
Briefly, the HTS approach of choice in this study was a paired-end
2 × 150 bp RNA sequencing (RNAseq) completed on a HiSeq
3000 (Illumina, San Diego, CA, U.S.A.) following the manufacturer’s
instructions. Analyses were performed using Workbench 12.0 soft-
ware (CLC Genomics Workbench, Aarhus, Denmark). The sanitary
status of the samples was assessed by (i) mapping reads to a collection
of curated reference sequences of viruses known to infect grapevine
and (ii) de novo assembly steps from which contigs were tested
against GenBank reference sequences using BlastN/BlastX, as previ-
ously described (Hily et al. 2018).
GPGV contigs assembled de novo were further extended by mul-

tiple rounds of residual read mapping. The resulting sequences
were previously described and submitted to GenBank (GenBank
MN458417 to MN458441) (Hily et al. 2020).

Genetic diversity analyses. Differences in the nucleotide diver-
sity of viral populations multiple sequence alignments and neighbor-
joining and maximum-likelihood (ML)-based phylogenetic
trees were prepared using MEGAX software (Kumar et al. 2018).
The best ML-fitted model was used, and nodes in phylogenetic trees
and branch validity were assessed by bootstrap analyses
(100 replicates).

Discrete phylogeographic analyses. The magnitude of the tem-
poral signal in the GPGV datasets was first investigated with an
exploratory linear regression approach. After confirming the absence
of recombinant sequences in the datasets, we reconstructed ML phy-
logenetic trees based on 116 complete GPGV genome sequences (not
considering untranslated regions [UTRs]), as previously described
(Hily et al. 2020). A second analysis was performed on a selection
of 101 partial GPGV sequences (between nucleotide positions
5,399 and 6,926), removing noninformative sequences from the
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analysis (i.e., highly similar GPGV sequences from the same region
of the world, other than the CDP region). We used TempEst v1.5.1
(Rambaut et al. 2016) to regress phylogenetic root-to-tip distances
against sampling date. Then, the significance of the temporal signal
was also evaluated by a date randomization test. The mean rate and
its 95%highest probability density (HPD) estimatedwith the observed
sampled dates using theBayesian evolutionary analysis sampling trees
(BEAST)v1.8.2package (Drummondet al. 2012)werecomparedwith
a null distribution obtained by randomly permutating the tip dates six
times (Firth et al. 2010).As previously described (Duchêne et al. 2015;
Murray et al. 2016), the criterion for a significant temporal signal was
that the 95%HPDfor the rate estimateobtainedwith theobserved sam-
pled dates should not overlap with the 95% HPD for the estimate
obtained with randomized sampling times.
Bayesian phylogeographic inferences were performed using dis-

crete diffusion approaches in BEAST v1.8.2 and the BEAGLE library
(Ayres et al. 2011) to improve computational performance. The
BEAST program uses Markov chain Monte Carlo (MCMC) integra-
tion to average all plausible evolutionary histories for the data, as
reflected by the posterior probability. A Hasegawa-Kishino-Yano
85 (HKY85) substitution model was applied, with discretized G and
I distributions to model rate heterogeneity across sites and invariable
site proportions, respectively. An uncorrelated relaxed molecular
clock that models branch rate variation according to a log normal dis-
tribution (Drummond et al. 2006) was specified to accommodate
among-lineage rate variation. The flexible nonparametric demo-
graphic skygrid prior was selected (Gill et al. 2012).
Discrete phylogeographic inferences were estimated between the

field (20 individual plants from the experimental vineyard of the
CDP vineyards) and worldwide (Asia, America, and Europe, exclud-
ing the sequences from the experimental parcel) levels using the
continuous-time Markov chain process (Lemey et al. 2009) and
with Bayesian stochastic search variable selection. This method (i)
reconstructs the dispersion history between discrete locations, (ii)
infers a posterior distribution of trees whose internal nodes are asso-
ciated with an estimated ancestral date and location, and (iii) estimates
the number (Markov jumps) of discrete state transitions in the GPGV
evolutionary history (Minin and Suchard 2008a, b). MCMC analyses
were run for at least 600 million generations, sampling every
100,000th generation and discarding 10% of the iterations as the chain
burn-in. The maximum clade credibility (MCC) tree was obtained
with TreeAnnotator 1.8.2 (Drummond et al. 2012), and convergence
and mixing properties (e.g., based on effective sample sizes >200 for
the parameters) were inspected using Tracer 1.6 (http://tree.bio.ed.ac.
uk/software/tracer).

RESULTS

Molecular diagnostics and the design of a new and more
inclusive GPGV detection primer pair. Although the diversity
of GPGV is quite limited compared with that of other newly described
species of grapevine viruses (Nourinejhad Zarghani et al. 2018), the
unbiased addition of many new sequences from a previous study
(Hily et al. 2020) allowed us to evaluate the polyvalence of existing
detection primers and their capacity to detect all GPGV isolates.
An in silico analysis clearly showed the inability of three primer pairs
designed to date (Bertazzon et al. 2016; Bianchi et al. 2015; Mor�an
et al. 2018) to efficiently detect all GPGV variants (Supplementary
Fig. S1). Although only a few detection primers or probes (three of
the eight tested) showed multiple mismatches, with some mismatches
being located at the 59-terminal nucleotides, whichmay not affect their
ability to bind, other mismatches affected the last four 39-most nucleo-
tides of the primer and probe. Considering a conservative rule of
less than three mismatches, with no mismatches within the

four 39-ultimate nucleotides for a primer or probe with a particular
virus isolate, none of the primer pairs or probes examined were likely
to detect all isolates. In light of the latest sequences available (Hily
et al. 2020), a new degenerate primer pair was designed that theoret-
ically has, in silico, the ability to detect all GPGV isolates. The
sequence of these primers is GPGVall_Fwd: GTRAAGATGGT
TAAGTCTARATCTGG and GPGValllong-REV: GCACACA
CYTGACGAAAAGTCAT, producing a 411-bp amplicon in
reverse-transcription (RT)-PCR located at the genomic region of the
movement protein (MP) and coat protein (CP) overlap (MP/CP).

Spatial and temporal propagation of GPGV in a vineyard in
southern France. The presence of GPGV was first assessed in 20
grapevines from a vineyard parcel located in the southeastern wine
region of CDP in France. In 2013, of the 20 plants selected for this
study that were distributed throughout the parcel, only 1 tested posi-
tive for GPGV by RT-PCR (Fig. 1, 2013) using the newly designed
primers. The following year, the same grapevine, Ma-A2-37, was
once again the only GPGV-positive grapevine. In 2015, 15 additional
grapevines became GPGV positive. Newly infected grapevines were
randomly distributed and not near the first GPGV-infected plant, Ma-
A2-37 (Fig. 1, 2015). In 2016, two new grapevines became GPGV
positive, leading to 90% (18 of 20) of the plants testing positive for
the virus. In 2017, no new grapevines became infected (Fig. 1,
2017). Additional analyses performed on the last two negative vines
showed that they were still GPGV negative in the spring of 2020
(Supplementary Table S1), 8 years after the first identification of
GPGV in the study vineyard.

GPGV variant identification and location within the parcel.
To identify GPGV variants within our experimental vineyard, the
aforementioned 20 grapevines sampled in the spring of 2017 were
used for downstream RNAseq analyses. The background virome in
all grapevines tested consisted of grapevine Rupestris stem pitting-
associated virus (GRSPaV) and two viroids—namely, hop stunt viroid
(HSVd) and grapevine yellow speckle viroid-1 (GYSVd-1)—in all of
the plants tested (Supplementary Table S2). In addition, GFLV was
detected in all vines, and grapevine Rupestris vein feathering virus
(GRVFV) was present in one of the vines. No new viral species
were detected in any of the selected plants. A perfect correlation
was observed between GPGV detection by RT-PCR using the newly
developed “universal” primers and RNAseq data, with the 18 positive
grapevines detected by RT-PCR being the one from which GPGV
full-length sequences were obtained by RNAseq. From the 18 positive
samples, 25 complete genome sequences were assembled (Hily et al.
2020). From all pairwise comparisons, the percentage of nucleic acid
identity within the parcel was ³97.73%. Basic genetic diversity
analyses showed that the overall mean distance (p) of the GPGV
population of this particular vineyard was p = 0.015 ± 0.001, a value
comparable with the overall mean distance obtained from all French
isolates known to date (taking into account sequences from other
regions of France, such as Alsace, Champagne, and Bordeaux) with
p = 0.017 ± 0.002 (Hily et al. 2020). A phylogenetic analysis showed
that all 25 sequences belonged to the previously described “European”
lineage of GPGV (Fig. 2A), which is distinct from the “Asian” lineage
(Hily et al. 2020). Nine different clades could be definedwhen consid-
ering a conservative but realistic parameter of 1% variability as the
demarcation criterion for GPGV, knowing its genetic diversity (Hily
et al. 2020). Interestingly, most of the grapevines (11 of 18) were
infected with a single variant of GPGV (Supplementary Table S2;
Fig. 2). Surprisingly, all seven coinfections displayed a different mix-
ture of GPGV variants, generally belonging to different clades, except
for two plants (namely, Ma-A9-21 andMa-10-18), for which variants
belonged to the same clade (Fig. 2). Interestingly, only two plants
(Ma-3-26 and Ma-A8-12) were infected with the same variant (deep
blue) as the one detected in the original GPGV-infected grapevine
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Ma-A2-37 in 2013 (Fig. 2B). However, these two plants were quite
distant from Ma-A2-37, being located one to six rows and 11 to 25
grapevines away from the original GPGV-infected grapevine. This
apparently random distribution of vines infected with distinct
GPGV variants was supported by the fact that a given GPGV variant
was rarely detected in GPGV-infected adjacent vines. Indeed, only
seven grapevines (of the 16 contiguous possibilities) displayed a var-
iant belonging to the same clade, with only two plants presenting the
exact same combination of variants (Ma-A9-21 and Ma-A9-22).
These results collectively suggested limited randomness within vine-
yard transmission of GPGV and major introduction events from out-
side sources.

Phylodynamic reconstruction of the GPGV introduction and
transmission in the CDP vineyard. To reconstruct epidemiological
phases in our experimental vineyard, we used all 25 complete genome

sequences (without UTRs) obtained in 2017 from CDP and 91 from
vineyards all over the world (Hily et al. 2020). We performed a
discrete phylogenetic analysis using BEAST (Fig. 3). As discussed
in our previous study (Hily et al. 2020), the presence of a temporal sig-
nal was not completely fulfilled with the date randomization
tests implemented in BEAST (Supplementary Fig. S2). Hence, the fol-
lowing dates (but not the locations) proposed in this phylodynamic
reconstruction model must be considered with caution. Reconstruction
of the evolutionary history of GPGV identified nine independent intro-
ductions of the virus in CDP vineyards (Fig. 3A, indicated by the red
branches in the MCC tree) (location probabilities associated with
nodes of interest are listed in Supplementary Table S3). The period
with the highest probability of GPGV introduction in the CDP vine-
yard (i.e., when most of the date intervals overlapped) (Fig. 3B) was
estimated to be between 1998 and 2004.

Fig. 1. Yearly evolution of grapevine Pinot gris virus (GPGV) infection status in 20 grapevines from a vineyard in the Châteauneuf-du-Pape region,
France, from 2013 to 2017. Squares represent the vine locations in the parcel, and colors show the GPGV infection status, as determined by reverse-
transcription PCR (orange = positive and green = negative).
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Interestingly, while focusing on the GPGV transmission that
occurred within the study vineyard in the CDP and other vineyards,
the Bayesian reconstruction did not reveal intravineyard transmission
prior to 2009 (Fig. 3C, lower limit of the 95% HPD: 2004; Supple-
mentary Table S3). In addition, the highest probability of GPGV
transmission between plants within the experimental vineyard was
estimated to occur in 2014 to 2015 (Fig. 3C; Supplementary Table
S3).

Biological confirmation of the model projection. Based on the
analyses of GPGV sequences from 20 grapevines, we observed a
drastic increase in newly GPGV-infected vines in the study vineyard,
with 75% of the plants becoming positive for the virus in 2015, which
was also identified by phylodynamic reconstruction. To better com-
prehend the spread of the virus in the study vineyard parcel and

possibly confirm the model projection, additional grapevines were
tested for the presence of GPGV, focusing on 2014 and 2015.
Forty-seven new plants that were distributed around the 20 grapevines
that were previously analyzed were tested. In 2014, the virus was
detected in 3 of 47 plants, corresponding to 6% of the total plants
tested that year (4 of 67) (Fig. 4). In 2015, the number of positive
cases (37 of 47) substantially increased and corresponded to 79%
(53 of 67) of the plants tested. This result validated our initial findings
based on 20 grapevines and the transmission outbreak estimated by
our phylodynamic reconstruction model.
Furthermore, we checked the presence of the virus in the negative

vines (14 of 67) from 2016 to 2020 (Supplementary Tables S1 and
S4). As previously observed, only a marginal proportion of grape-
vines became infected after the outbreak. Only four new plants

Fig. 2. Definition of variants in nine clades and their location in the parcel in 2017. A, Maximum-likelihood tree inferred from all complete genome
sequences covering at least the different open reading frames of grapevine Pinot gris virus (GPGV) obtained from the 18 GPGV-positive samples and
with other sequences representing the known genetic diversity in the world: European (Italian [IT]) and Chinese (CN) sequences. Colors correspond
to a single sequence or group of sequences within a maximum of 1% diversity that defines a clade, and a numerical superscript indicates the number
and variants detected in coinfection in the same plant. B, Spatial distribution of each variant within a plant and the parcel. Cells with two colors
correspond to grapevines coinfected by two variants of the virus. Cells with an X indicate grapevines infected by two variants belonging to the same
clade. Empty cells correspond to GPGV-negative grapevines.
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became positive for the virus during the 5 years after the GPGV out-
break, with two plants becoming positive in 2016, one in 2018, and
one in 2019. Thus, in 2020, more than 12% of the grapevines that
were negative in 2013 remained GPGV negative (8 of 65), although
all of these grapevines were surrounded by GPGV-positive plants.

Genetic stability of the virus over the years and fine tuning
of the model. To better understand virus evolution and variant move-
ment within the vineyard, we focused our effort on 10 grapevines in
which GPGV sequences were detected over time (Supplementary
Table S5). We amplified and analyzed a section containing a
1,528-bp fragment of the virus genome. This MP/CP overlap region
was the most divergent (Hily et al. 2020), allowing the discrimina-
tion of the nine abovementioned clades detected in our experimental
parcel via HTS (Supplementary Fig. S3).
First, we compared sequencing techniques (that is, Illumina versus

Sanger) by focusing on sequences obtained from the samples col-
lected in 2017 (Supplementary Table S5). We observed an average
of 1.25 mismatches per comparison throughout the complete ampli-
con sequence, corresponding to an error rate of 0.08% per site
between sequencing techniques (Supplementary Table S5). It is worth

mentioning that the direct Sanger sequencing process allowed the
detection of a single variant in two grapevines (Ma-3-27 and
Ma-A4-24) which were, according to HTS-based sequencing,
infected by two distinct variants (Supplementary Table S2; Fig.
2A). For both grapevines, the variant detected by Sanger sequencing
was the major variant identified by HTS (i.e., with higher reads per
kilobase million [RPKM]) (data not shown).
We then tested the genetic stability of the virus in eight plants over

the years by comparing Sanger sequences. The GPGV sequences
were apparently very stable over time (Supplementary Table S5),
with a maximum of seven mismatches, corresponding to 99.52%
identity, well within the abovementioned 99% identity criterion for
variant or clade demarcation. In addition, the major variant seemed
to be the same 3 years in a row for the two multivariants infected
grapevines (Supplementary Table S5, Ma-3-27 and Ma-A4-24).
These new partial genome sequences (and associated dates) were

added to the previous global GPGV sequence dataset, and phyloge-
netic analyses were performed. As for the complete genome sequence
dataset, the presence of a temporal signal in the partial genome
sequence dataset was not confirmed with the date randomization tests
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Fig. 3. Evolutionary history of grapevine Pinot gris virus (GPGV) focusing on our experimental vineyard. A, The maximum clade credibility tree was
reconstructed from 116 full-length coding sequences of GPGV, with 25 sequences coming from the parcel itself. Values on the nodes correspond to
their posterior probabilities. Twenty-four nodes of interest (from a to x) were annotated with their time to the most common ancestor and with their
location origin probability (Supplementary Table S3). Branches indicating introduction of GPGV in the Châteauneuf-du-Pape (CDP) region or
intravineyard transmission are colored red and gold, respectively. B, Representation of the dates (in red) and the 95% highest probability density
(HPD, in blue) intervals of the GPGV introductions in the CDP vineyards estimated as the intervals between nodes a and b, c and d, g and h, j and k,
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w and x, and between nodes o, p, q, t, u, v, and w and the date of sampling (2017) (A) (Supplementary Table S3).
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implemented in BEAST (Supplementary Fig. S2). Hence, although
the dates estimated in this phylodynamic reconstruction must be con-
sidered with caution, the results obtained with the partial genome
sequences confirmed our previous results (Supplementary Fig. S4).
For example, the highest probability of GPGV introduction in the
CDP vineyard was estimated between 1999 and 2003 (Supplementary
Fig. S4C). Furthermore, the high probability of GPGV transmission
within the CDP vineyard in 2014 to 2015 was confirmed (Supplemen-
tary Fig. S4E). Interestingly, this new sequence dataset allowed the
identification of an additional period with a high probability of
GPGV transmission within CDP vineyards that occurred in 2009 to
2010. The sequence variants identified in the study vineyard were
unique, because they were not identified in our comprehensive
GPGV sequence repository (Supplementary Fig. S4D, Markov-
JumpsCDP_Parcelt>World = 0.38; 95% HPD [0.00 to 1.69]).

DISCUSSION

To date, little is known about the spread of GPGV, a newly emerg-
ing virus infecting grapevine (Giampetruzzi et al. 2012). Other than a
study performed in Italy (Bertazzon et al. 2020b), limited information
is available on the transmission dynamics of GPGV in vineyards.
Here, we characterized the spread of the virus in a parcel located in
southeastern France over eight growing seasons, starting 10 years
postplanting.
Prior to this work, most vines in our vineyard of interest were

shown to be positive for GFLV by ELISA (data not shown). The pres-
ence of GFLV was confirmed using RNAseq in a selection of 20
grapevines sampled in 2017 (Supplementary Table S2). Due to the
presence of GFLV, the main causal agent of fanleaf degeneration,
and its possible confounding or synergistic effects, symptoms due
to GPGV were not monitored in this study. The presence of GPGV
was detected in 18 of the 20 selected grapevines, allowing the recon-
struction of 25 full-length genomes. Together with other complete

GPGV genome sequences, an alignment was performed that allowed
the design of a more inclusive GPGV detection primer pair. Unlike
other primers, this new pair of primers theoretically has the ability
to detect, in silico, all of the isolates, regardless of the GPGV genetic
diversity described to date. By testing the newly designed primers for
the presence of GPGV on the same 20 grapevines, the RT-PCR
results perfectly correlated with the RNAseq data, detecting variants
that were theoretically not detected by other primer pairs (Bertazzon
et al. 2016; Bianchi et al. 2015; Mor�an et al. 2018). To fully validate
the new primers, more work is needed, using samples that carry var-
iants from different regions of the world, especially those belonging to
the previously described Asian lineage (Hily et al. 2020), which dis-
play the highest diversity.
We estimated the highest probability of GPGV introduction to the

CDP region, probably through infected planting material, to have
occurred around the 2000s, with possible introduction as early as
the 1980s, approximately two decades prior to the setup of our study
vineyard in 2003 (Fig. 3). Similar conclusions were drawn when
using a different set of partial sequences, focusing on the most diver-
gent region of the GPGV genome, corresponding to a 1,528-nt stretch
at theMP/CP overlap (Hily et al. 2020; Saldarelli et al. 2015; Tarquini
et al. 2019a). According to our data, at least nine independent intro-
ductions of the virus were estimated to have occurred in the CDP
area (Fig. 3A and B; Supplementary Table S3). This estimate was
consistent with the important genetic diversity of GPGV observed
in our parcel (p = 0.015 ± 0.001) compared with the overall diversity
of the virus in France (p = 0.017 ± 0.002). We cannot categorically
rule out the possibility that a few grapevines may have been infected
at planting; however, because plant replacement has never occurred in
this experimental setting, we believe that the significant genetic diver-
sity of the virus was most likely due to the introduction of GPGV in
the experimental vineyard from outside sources in association with
active vector-mediated transmission of the virus. These introductions
most likely resulted from infected vines, as previously observed in

Fig. 4. Evolution of grapevine Pinot gris virus (GPGV) infection status in 67 grapevines from a vineyard in the Châteauneuf-du-Pape region, France,
in 2014 and 2015. Squares represent the vine locations in the parcel, and colors represent the status of infection for GPGV tested via reverse-
transcription PCR (orange = positive and green = negative).
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other regions of the world (Al Rwahnih et al. 2016; Fajardo et al.
2017; Wu and Habili 2017). Introduction of infected planting materi-
als may occur at any time during the renewal of old vineyards or
replacement of single plants. In satellite images, significant modifica-
tions were quite visible, with many new vineyard planting near our
study parcel (within 500 m), especially between 2007 and 2009 (Sup-
plementary Figs. S5 and S6). These observations are not proof of
introduction of the virus in the CDP vineyard, although the associated
dates are concomitant with those provided by our model prediction,
rendering themmore realistic. In addition, and from the same in silico
analyses, the phylodynamic reconstruction identified two major
events of transmission within the vineyard itself, one in 2009 to
2010 and a second in 2014 to 2015. The second major event of trans-
mission was confirmed after testing 67 grapevines by RT-PCR.
Indeed, almost 75% of the plants became positive for GPGV in
2015, from 4 of 67 positive plants in 2014 to 53 of 67 positive plants
in 2015. Interestingly, according to our sequencing data, the GPGV
variants present in the four positive plants in 2014 did not account
for the complete genetic diversity of the virus detected in 2017.
This result suggested the possible occurrence of transmission not
only from within the vineyard but also from surrounding vineyards.
Our results seem to be quite different from those previously

described in two vineyards in Italy that also show fast but regular
and progressive spread of the virus over time (Bertazzon et al.
2020b). Indeed, by further testing negative grapevines in the follow-
ing years, our analysis showed that, after these events of transmission,
viral progression was limited. In fact, only a marginal number of
plants (6%) became GPGV positive postoutbreak, with 12% of the
plants remaining negative for the virus over 5 years, although all of
them were adjacent to multiple GPGV-positive plants (Fig. 4), dem-
onstrating limited, if any, virus spread after the 2015 outbreak, even
under higher viral pressure. This observation raises questions regard-
ing population dynamics of the vector or vectors, the environmental
and climatic conditions, and possible cultural changes (i.e., phytosa-
nitary treatments and so on) that may be required for the spread of
the virus to occur in the field.
Moreover, we also demonstrated the great genetic stability of

GPGV over time, with little to no mismatch detected via Sanger
sequencing (Supplementary Table S5). GPGV variants found in the
CDP vineyard did not emerge due to virus evolution within the plant
itself but, rather, seem to be the result of multiple (simultaneous or
sequential) introductions. Furthermore, direct Sanger sequencing
did not uncover multivariant infection in plants, which was fully
documented via the HTS-based method, but, rather, revealed the pres-
ence of the main variant from that plant (main variant defined by the
RPKM-based approach from HTS analyses). This observation may
mitigate conclusions drawn from previous studies based on
RT-PCR and direct Sanger sequencing (without cloning steps), espe-
cially those correlating symptomatology with the presence or absence
of specific, symptomatic or asymptomatic variants of GPGV.
Overall, our study underlines the fact that many variants might

have been present within the close vicinity of our experimental parcel
prior to or at the time of planting, and these variants were the probable
sources of contamination. We showed that grapevine proximity does
not seem to be the main driver of the transmission of specific variants,
because variants seem to be scattered randomly throughout the vine-
yard (Fig. 2B). This distribution pattern raises questions regarding the
involvement of C. vitis in the spread of GPGV and could fit either of
the two following theories. (i) C. vitis is the sole vector of GPGV and
is randomly dispersing in the vineyard. Indeed, eriophyids, the small-
est known arthropods (0.1 to 0.5 mm), are known to display efficient
passive aerial dispersal behavior (Sabelis and Bruin 1996), with the
direction of movement being determined by external forces (i.e.,
wind, rain, human activity, or phoretic transport). (ii) The distribution

pattern of GPGV variants highlights the possible involvement of other
vectors, because genetic differentiation in the C. vitis population has
been demonstrated on a local scale, illustrating the limited movement
of mites even within a vineyard (Carew et al. 2004), which could be
contradicted by our findings.

Conclusion. From this work, we can conclude that the spread of
GPGV can be explosive at the local scale. In addition, even under
high viral pressure, some plants (12% of the 67 vines tested) remained
negative over five consecutive years post outbreak (2014 to 2015).
This suggests that specific conditions probably need to be met for
the spread of the virus to occur and the infection to take place. These
conditions are currently unknown; however, vector species and pop-
ulations and their transmission efficiency in relation to natural envi-
ronmental conditions may be in question. This is in agreement with
some studies showing an apparent lack of natural transmission (Al
Rwahnih et al. 2016;Wu andHabili 2017),whereas other studies dem-
onstrated active transmission in vineyards (this study) (Bertazzon et al.
2020b). Together with previous results (Bertazzon et al. 2020b), our
findingsdemonstrateddifferential spreadofGPGVindistinct vineyard
locations and, therefore, different environments and ecosystems. To
better manage GPGV spread, more work on potential vectors is
needed, as has been demonstrated for another emerging grapevine
virus and the grapevine red blotch virus (Cieniewicz et al. 2019).
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