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Abstract  Viral diseases in grapevine cause large 
economic losses due to decreased irregular yield and 
unbalanced ripening, and can even lead to plant mortal-
ity. There is a large number of grapevine viral agents, 
and a few of them have a prominent impact due to 
their worldwide distribution, virulence, and incidence. 
Although previous research has evaluated variations 
in viral load between organs and time since infection, 
there is still a lack of knowledge on how the viruses are 
transported toward developing tissues. In this work, we 
present the results of two experiments that contribute to 
understanding the spread dynamics of four major grape-
vine viruses (GFLV, GFkV, GLRaV-1, and GLRaV -3). 
Bud and leaf tissues were sampled from shoots obtained 
from cv. ‘Garnacha’ cuttings known to be infected with 
one of these viruses. Bud samples taken at early devel-
opment stages were used to understand short-distance 
transport, while leaves taken from young shoots repre-
sented long-distance transport, driven mainly through 

the phloem. Our results show that all viruses were able 
to invade tissues from the beginning of development. 
The dissemination ability of GFLV was considerable, 
as the viral load detected in young organs was as high 
as in the dormant shoot. Furthermore, for GFLV and 
GFkV, it was shown that the viral load in young shoots 
does not follow the general assumption of older tis-
sues accumulating a higher viral load but, conversely, a 
higher viral load closer to the shoot tip might be driven 
by the sink strength.

Keywords  Grapevine viruses · Viral load · Real 
time RT-PCR · Phenology · Buds · Leaves

Abbreviation 
HSP70=	� Heat shock protein

Introduction

The grape growing industry is concerned about viral 
diseases since they result in significant  economic 
losses due to decreased yields, irregular and unbal-
anced ripening, and even plant mortality (Andret-Link 
et al., 2004; Mannini & Digiaro, 2017; Martínez et al., 
2016; Moutinho-Pereira et  al., 2012; Naidu et  al., 
2014; Vega et al., 2011; Vigne et al., 2015; Wu et al., 
2020). Viral diseases are provoked by many diverse 
viral agents, and in the case of cultivated grapevine 
(Vitis vinifera L.), it is known to be the host of over 
80 distinct virus species (Fuchs, 2020). Some of these 
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viruses have a prominent impact due to their world-
wide distribution, virulence, and incidence, and spe-
cific control regulations are implemented to contain 
and reduce their dissemination. For instance, at the 
European level, regulations specify the obligation 
to test for the presence of Grapevine fanleaf virus 
(GFLV) and Arabis mosaic virus (ArMV) of the genus 
Nepovirus, Grapevine leafroll-associated virus 1 and 
3 (GLRaV-1 and -3) of the genus Ampelovirus, while 
testing for Grapevine fleck virus (GFkV) of the genus 
Maculavirus is only mandatory in rootstock plant 
material (Directive, 1968; OEPP/EPPO, 2008).

Since the viral distribution along the plant is not 
uniform, previous research has been conducted on 
viral detection and quantification in different plant tis-
sues with two main aims. First, identify organs and 
time points in the season with the highest viral load 
for each virus in order to improve diagnosis, trying 
to prevent false negatives (Bouyahia et  al., 2003; 
Čepin et  al., 2010; Chooi et  al., 2016; Fiore et  al., 
2009; Gasparro et  al., 2019; Komínek et  al., 2009; 
Krebelj et  al., 2015; Pacifico et  al., 2011; Rowhani 
et al., 1992; Shabanian et al., 2020; Walter & Etienne, 
1987). Secondly, identify virus-free tissues, with the 
objective to generate virus-free plants (sanitation) 
through in vitro culture. As in other horticultural 
crops, viral concentration decreases in the apical mer-
istem, and sequential in vitro propagation has been 
used for grapevine sanitation since the 1950s (Esau, 
1967; Gautheret, 1983; Limasset & Cornuet, 1949; 
Mori & Hosokawa, 1977; Youssef et al., 2009).

Different reasons are proposed for the inhibition 
of virus replication in meristematic tips (Waigmann 
& Heinlein, 2007), mainly (i) the yet scarce devel-
opment of conductive tissues, which can hinder par-
ticularly the transportation of phloem-limited viruses 
(Gilbertson & Lucas, 1996); (ii) the potentially 
inhibitory role of plant hormones such as auxins, 
whose content is higher in developing tissues (Espi-
noza et al., 2007; Padmanabhan et al., 2005), or (iii) 
viral RNA silencing defence from the plant (Schwach 
et al., 2005).

In the current study, we designed an experiment 
to understand the spread dynamics of GFLV, GFkV, 
GLRaV-1, and GLRaV -3 viruses towards developing 
tissues. Our work comprises a two-sided approach, 
each linked to a viral agent transport mechanism 
(Carrington et al., 1996). On the one hand, we studied 
developing bud tissues to understand short-distance 

transport, which comprehends the transport of viruses 
through the plasmodesmata of neighbouring cells. On 
the other hand, we analysed leaves of young develop-
ing shoots to study the long-distance transport sys-
tem, in which viral agents use the phloem to spread 
throughout the plant.

Material and methods

Vitis vinifera L. cv. Garnacha (syn. Grenache) plants 
from a public germplasm collection of regional 
Garnacha biotypes located in the Public University 
of Navarre (Pamplona, Navarre, Spain) were used as 
starting material. Since all the plants in the collection 
had been historically tested for the presence of GFLV, 
GFkV, GLRaV-1, and GLRaV-3 by enzyme-linked 
immunosorbent assay (ELISA), it was possible to 
select five plants that were positive for just one of the 
four viral infections considered. At the beginning of 
the experiment, those results were confirmed by real 
time RT-PCR. Nonetheless, it must be considered that 
other viruses, which were not tested, could be present. 
The dormant shoots of these plants were sampled in 
winter and kept in a cold chamber (4ºC) until potting. 
One week later, dormant shoots were cut into three 
winter buds-cuttings. To prevent desiccation, the 
distal end of each dormant cutting was sealed with 
paraffin, while the basal end was gently crushed and 
immersed in a rooting promoter (Hormon, Productos 
Flower, Tàrrega, Spain) to increase rooting success. 
These cuttings were planted in 2L pots, using a mix-
ture of 75% peat—25% perlite substrate, and placed 
in a phytotron under controlled conditions (T = 20 °C, 
16  h light photoperiod), and watered every second 
day. After 10  days, the start of winter bud develop-
ment was evident.

As detailed above, two types of samples were 
used based on the virus transport distance consid-
ered. Thus, to represent the short-distance transport, 
buds of four development stages, defined according 
to the BBCH scale (Biologische Bundesanstalt, Bun-
dessortenamt und Chemische Industrie scale) (Meier, 
1997), were used: BBCH01 (beginning of bud swell-
ing), BBCH03 (end of bud swelling), BBCH05 
(wool stage), and BBCH07 (beginning of bud burst) 
(Fig.  1A). Three replicates were obtained for every 
bud stage. The long-distance transport system was 
evaluated using leaves placed at different positions 
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in the shoot. For that reason, all the buds left were 
allowed to develop into a shoot with its developing 
leaves. When shoots had reached ca. 30 cm- in length, 
three shoots were selected and single leaf samples 
(which number was variable) were taken and labelled 
according to their relative position from the axis, 
grading them from the tip (L1) to the basal leaf (LX) 
(Fig.  1B). The samples taken from every dormant 
shoot were registered. All samples were weighed, 
photographed, fast frozen in liquid nitrogen, and 
stored at -80 °C until further use.

Viral presence was determined by real time RT-
PCR. For that, 100 mg of plant material was ground 
to a fine powder. Total RNA isolation was performed 
using Spectrum Plant Total RNA Kit (Sigma-Aldrich, 
Oakville, ON, Canada) following manufacturer 
instructions with slight modifications:—2% Polyvi-
nylpyrrolidone (PVPP) and 5  µl β-Mercaptoethanol 

were added to the lysis buffer to avoid polyphenols 
and proteins, and—the elution step was repeated 
twice to increase RNA yield. 500  ng of total RNA 
was reverse-transcribed using the PrimeScript RT 
Reagent Kit (Takara Bio Inc., Shiga, Japan) following 
manufacturer instructions. Real-time amplification 
was carried out in an ABI StepOne Plus thermocycler 
(Applied Biosystems, Foster City, CA, USA). PCR 
mixture included 10 ng of cDNA, 1 × TB Green Pre-
mix Ex Taq II and 1 × ROX reference dye from a kit 
(Takara Bio Inc., Shiga, Japan), 0.4 μM forward and 
reverse primers (Table 1) (Thermo Fisher, Waltham, 
MA USA) in a final volume of 10 µl. Amplification 
conditions for GFLV and GFkV were: initial dena-
turation at 95ºC for 5  s, followed by 40 consecutive 
cycles of 95ºC for 15  s (denaturation), and at 60ºC 
for 1 min (annealing and extension). Actin, GLRaV-
1, and GLRaV-3 were run according to the published 

Fig. 1   Description of the phenological stages considered in this work for A) bud developmental stages (BBCH01, BBCH03, 
BBCH05, and BBCH07) and B) leaves along the shoot (coded from the tip (L1) to the base (Lx) of the shoot)
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conditions (Table  1). According to amplification 
results, virus presence/absence could be determined. 
To determine the viral load, real time RT-PCR data 
were normalized according to the method proposed 
by Pfaffl (2001). Relative expression (R) was calcu-
lated with the expression of actin as the reference 
gene and the amplification efficiency of the spe-
cific genes. As a control, for every sample, the gene 
expression of the primary dormant shoot was used. 
The viral load was expressed as mean values ± Stand-
ard Error (SE). Statistical differences between tissues 
and phenological stages were tested with a one-way 
analysis of variance (ANOVA) (p < 0.05) and signifi-
cantly different stages were determined with Tukey’s 
HSD test. Instead, leaves were tested according to 
their position and the correlation between leaf posi-
tion and viral load was tested with Kendall’s tau-b 
nonparametric correlation test. Statistic tests were 
done using SPSS (Corp, 2021) and R4.2.2 (R Core 
Team, 2022) with RStudio (RStudio Team, 2020) 
and the packages “ggpubr” (Alboukadel Kassambara, 
2023) and “Kendall” (McLeod, 2022).

Results and discussion

Short‑distance transport

In the first part of the study, virus short-distance 
transport was evaluated through the analysis of viral 
presence in buds at different development stages. 
The presence of viral infections did not affect the 
development of the buds, as shown by the weight of 

the samples in all the phenological stages (data not 
shown). GFLV, GFkV, and GLRaV-1 were detected 
in all buds sampled. Contrastingly, only one-third of 
the buds coming from GLRaV-3-infected cuttings 
tested positive at BBCH03, BBCH05, and BBCH07 
stages (Table 2). To our knowledge, only Fiore et al. 
(2009) have analysed previously the presence of 
GFLV, GFkV, GLRaV-1, and GLRaV-3 in develop-
ing buds. These authors reported buds to be positive 
by RT-PCR for all the viruses, except for some of 
those sampled from cuttings infected by GLRaV-1. 
Although the results obtained by Fiore et  al. (2009) 
and those reported here are not in total agreement, 
both agents which were not detected in a fraction of 
the samples belong to the Closterovirus family, shar-
ing many common characteristics and mechanisms.

When quantifying viral load, no significant dif-
ferences were obtained between bud developmental 
stages. However, significant differences were obtained 
between buds and the dormant shoots from which they 
sprouted. The viral load of GFLV in the buds was as 
high as in the  dormant shoots (Fig.  2A), while the 

Table 1   DNA primers used for real time RT-PCR amplification, including a housekeeping gene (actin) and the four grapevine 
viruses (GFLV, GFkV, GLRaV-1, and GLRaV-3)

Prime name Specie Reference Amplified gene Sequence (5’ to 3’)

Actin Vitis vinifera L Griesser et al.,  
2018

RNA2 polyprotein gene F:TGT​GCT​TAG​TGG​TGG​GTC​AA
R:ATC​TGC​TGG​AAG​GTG​CTG​AG

GFLV Grapevine fanleaf virus This study RNA2 polyprotein gene F:TGG​AAC​GGG​ACC​ACT​ATG​GA
R:CAG​GCG​TTC​GGT​GAT​ATG​GA

GFkV Grapevine fleck virus This study Coat protein F:CTG​CTG​TCT​CTA​GCT​CTC​GC
R:GAG​GTG​TAG​GAG​GAC​TCG​GT

GLRaV-1 Grapevine leafroll-associated 
virus 1

Osman et al.,  
2007

HSP70 F:ACC​TGG​TTG​AAC​GAG​ATC​GCTT​
R:GTA​AAC​GGG​TGT​TCT​TCA​ATT​CTC​T

GLRaV-3 Grapevine leafroll-associated 
virus 3

Osman et al.,  
2007

HSP70 F:AAG​TGC​TCT​AGT​TAA​GGT​CAG​GAG​TGA​
R:GTA​TTG​GAC​TAC​CTT​TCG​GGA​AAA​T

Table 2   Real time RT-PCR detection in different bud stages. 
Results are expressed as number of positive samples/total num-
ber of tested samples (+ / total)

BBCH01 BBCH03 BBCH05 BBCH07

GFLV 3/3 3/3 3/3 3/3
GFkV 3/3 3/3 3/3 3/3
GLRaV-1 3/3 3/3 3/3 3/3
GLRaV-3 3/3 2/3 2/3 2/3
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load of the remaining viruses (GFkV, GLRaV-1, and 
GLRaV-3) was significantly lower in the buds than in 
the dormant shoots (Fig. 2 B-D). This result suggests 
a more efficient spread of Nepovirus (GFLV) com-
pared to that of the phloem-limited viruses, such as 
Maculavirus or Ampelovirus (GFkV, GLRaV-1, and 
GLRaV-3). Winter and developing buds (BBCH01-
BBCH03) are not hydraulically connected to the 
dormant shoot, but the vascular tissues are created 
through bud burst, starting between stages BBCH03-
BBCH05 (Xie et  al., 2018). Thus, viral spreading at 
early developing bud tissues is made through plas-
modesmata. Plasmodesmata have a narrow diameter 
and, specifically in grapevine, their molecular exclu-
sion size is around 2 nm at bud burst (Signorelli et al., 
2020). This pore size is not sufficient for the transport 
of viral agents such as GFLV and GFkV, whose diam-
eter is around 30 nm, or of GLRaV-1 and GLRaV-3, 
which are 12 nm in diameter. Rather, plasmodesmata 
must be modified to enlarge the pore size exclusion 
limit and enable viral transit: Nepovirus use the for-
mation of tubules as channels to promote viral trans-
fer (Amari et  al., 2010, 2011; Kalasjan et  al., 1979; 
Kasteel et  al., 1993); in the Closteroviridae family,  

transport is mediated by the association of HSP70h 
with plasmodesmata (Alzhanova et  al., 2001; Pere-
myslov et al., 1999); the cell-to-cell transport mecha-
nism of GFkV is not yet known. Our results suggest 
that tubule formation of GFLV is a successful strategy. 
These results are in concordance with the difficulty in 
producing GFLV virus-free tissues, which shows its 
particular ability to infect and disseminate callus tis-
sues (Gambino et al., 2010).

Long‑distance transport

In the second part of the study, developing shoots 
with five to eight leaves were used to evaluate long-
distance transport. Viral infections did not affect leaf 
area or shoot development (data not shown). Regard-
ing the viral presence, all the single leaves sampled 
from GFLV, GFkV, GLRaV-1, or GLRaV-3 infected 
dormant cuttings were positive (Table 3).

Variations in viral load were examined based 
on leaf position (i.e.: age). According to Kend-
all’s tau-b correlation calculations (tau), viral load 
and leaf position were significantly correlated for 
GFLV (p-value = 0.036) (Fig. 3A) and GFkV (0.003) 

Fig. 2   Relative virus content (R) of the primary dormant 
shoots and the bud stages (BBCH01, BBCH03, BBCH05, and 
BBCH07) for the different viruses under study A) GFLV, B) 

GFkV, C) GLRaV-1 and D) GLRaV-3. Bars represent standard 
errors (SE). Different letters indicate statistically significant 
differences (p < 0.05)
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(Fig.  3B), while viral load distribution did not have 
a pattern for GLRaV-1 (Fig.  3C) and GLRaV-3 
(Fig. 3D). For GFLV and GFkV, Pearson’s correlation 
coefficient (tau load/leaf position) was negative as showed 
a higher load in leaves closer to the tip/younger. A 
similar correlation trend has been previously reported 
for GFLV, for which an increasing load towards api-
cal leaves was observed in spring in field plants 
(Bouyahia et al., 2003). Here we further demonstrate 

that the same distribution trend is followed by GFkV 
in infecting young shoots.

The success of GFLV, GFkV, GLRaV-1, and 
GLRaV-3 colonizing young leaves becomes evident 
with these results. At that developmental stage, when 
young shoots are growing, the four viruses are spread 
through the phloem which  confirms the effective-
ness of the long-distance transport for viral disper-
sion and the establishment of a systemic infection 

Table 3   Real time RT-PCR detection in different leaves throughout the shoot. Results are expressed as number of positive samples/
total number of tested samples (+/ total). Blank spaces represent no sample tested

L1 L2 L3 L4 L5 L6 L7 L8

GFLV 3/3 3/3 3/3 3/3 3/3 2/2
GFkV 3/3 3/3 3/3 3/3 3/3 2/2
GLRaV-1 3/3 3/3 3/3 3/3 3/3 3/3 3/3 1/1
GLRaV-3 3/3 3/3 3/3 3/3 3/3 3/3 3/3 1/1

Fig. 3   Scatter plot showing the relative virus content (R) of 
the single leaves (L1,  …, L8) and its regression line for the 
viruses A) GFLV, B) GFkV, C) GLRaV-1 and D) GLRaV-
3. Kendall’s Tau correlation coefficients (tau, p-value) are 

included in every chart. A negative statistically significant cor-
relation between viral load and leave position was found for 
the virus GFLV (rload, leaf position = -0.391, p = 0.036) and GFkV 
(-0.567, 0.003)
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(Gilbertson & Lucas, 1996). Long-distance transport 
of viruses and photoassimilates takes place together 
so, if mechanisms for viral flow restriction are trig-
gered, they may endanger plant development as they 
would restrict not only viral flow but also that of 
assimilates (Hipper et al., 2013). On the other hand, 
our results point out that, at least for some viruses, 
the distribution of viral load in young shoots con-
trasts with that of mature tissues and storage organs. 
For the last, the general assumption is that the viral 
load increases when tissues become older and those 
arguments are considered in sampling proceedings for 
virus testing (Monis & Bestwick, 1996; Osman et al., 
2018). Even symptomatology is often observed ear-
lier in older leaves (Baozhong et al., 2017). Here, we 
report that not all tissues follow the same viral distri-
bution, and age might be a factor that determines it. 
This changeable distribution trend might be related to 
the source-to-sink relations: at developing tissues, the 
sink strength for photoassimilates of the apical mer-
istem may attract a higher viral flow too, while that 
strength lessens through tissue maturity (Bendix & 
Lewis, 2018; Gutiérrez et  al., 2012; Scott and Leis-
ner., 1993).

Conclusion

As far as we are aware, this study is the first to exam-
ine the presence of the grapevine GFLV, GFkV, 
GLRaV-1, and GLRaV -3 viruses through bud and 
early leaf development in grapevine. Regarding short-
distance viral transport, the results indicate that all 
viruses tested can invade tissues from the start of 
development (stages BBCH01 in buds). The capac-
ity of GFLV to disseminate by symplastic means was 
outstanding: the viral load detected in young buds 
(BCCH01 R=0.58±0.09 and BCCH03 R=1.60±1.23) 
was as high as in the primary dormant shoot (R=1). 
This may be explained by its well-known plasmodes-
mata modification strategy, which enlarges plas-
modesmata through tubules. Furthermore, short-dis-
tance viral transport showed infected leaves as small 
as 50mm2 which confirms their early ability to cause 
systemic infection. Additionally, it was shown that 
the GFLV and GFkV viral load in young shoots did 
not follow the general assumption that older tissues 
accumulate a higher viral load. In contrast, at early 
shoot development stages, the viral load appears to 

be driven by the apical meristem sink strength of the 
shoot tip  (for GLFV rload, leaf position = -0.391  and for 
GFkV rload, leaf position =-0.567).
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