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Divergent molecular and growth responses of
young “Cabernet Sauvignon” (Vitis vinifera) plants
to simple and mixed infections with Grapevine
rupestris stem pitting-associated virus
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Abstract
Grapevine rupestris stem pitting associated virus (GRSPaV) is one of the most widely distributed viruses; even so, little is
known about its effect on Vitis vinifera. To provide new insights, the effects of single and mixed GRSPaV infections on
the V. vinifera cultivar “Cabernet Sauvignon” were studied by evaluating growth parameters, such as measurements of
the total plant length, the number and distance of internodes and the number of leaves per shoot. In addition,
parameters relating to gas exchange, i.e., the stomatal conductance, net photosynthetic rate, internal CO2

concentration and leaf transpiration, were also assessed. All the measurements were performed in one- and two-year-
old plants with a single GRSPaV infection or mixed infections of GRSPaV and Grapevine fanleaf virus (GFLV). The results
show that the plant phytosanitary status did not significantly alter the growth and gas exchange parameters in one-
year-old plants. However, in two-year-old plants, single GRSPaV infections increased shoot elongation, which was
accompanied by the overexpression of genes associated with the gibberellic acid response pathway. The gas
exchange parameters of these plants were negatively affected, despite exhibiting higher LHCII gene expression. Plants
with mixed infections did not have modified growth parameters, although they presented a greater reduction in the
primary photosynthetic parameters evaluated with no change in LHCII expression. The results presented here confirm
the co-evolution hypothesis for V. vinifera and GRSPaV during the early stages of plant development, and they provide
new evidence about the effects of GRSPaV and GFLV co-infections on the “Cabernet Sauvignon” cultivar.

Introduction
The grapevine (Vitis vinifera spp.) is one of the most

important crops in the world. Its economic relevance has
positioned it as one of the most studied fruit species in
agricultural science, which has allowed researchers to iden-
tify ~70 different viruses to date that infect this species1. The
grapevine rupestris stem pitting associated virus (GRSPaV) is
one of the most ubiquitous and variable viruses, and it is
capable of infecting several species in the Vitis genus2,3. The

presence of GRSPaV has been closely related to the devel-
opment of rupestris stem pitting syndrome, which belongs
to the rugose wood grapevine disease complex4,5, as well as
the “vein necrosis” disease observed under a “Richter-110”
indicator6, and some other disorders with varying levels of
severity7. However, sufficient evidence to confirm that this
virus is the causal agent of these diseases is still lacking.
In addition, a high percentage of GRSPaV infected

plants do not develop visible symptoms. Several publica-
tions have studied the effect of this virus on different
grapevine cultivar; in general, all these studies reported
that the presence of the virus did not have a negative
effect on plant growth of “Albano”8, “Madeleine Sylvaner”,
“Ortega”9 and “Savagnin rose”10 grapevines.
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The effect of GRSPaV infection on the physiological
performance of the plant and their impact on productivity
parameters was also evaluated. Some studies have shown
that the presence of this virus in asymptomatic grapevines
would not affect the yield or the chemical characteristics
of the grape berry in different evaluated cultivars. In some
cases, there were differences depending on factors such as
the cultivar and the climatic conditions in which the
experiment was performed9.
A study performed in 2012 in Italy found no effect from

GRSPaV on the yields of “Bosco” grapevines. Additionally,
the authors presented a complete analysis of the GRSPaV
effect on the physiological parameters of grapevines. The
results showed that infected plants had a lower chlorophyll
content in the leaves and a reduced net photosynthetic
rate (Pn)

11. In this same study, a transcriptomic analysis of
the leaves showed that GRSPaV-infected plants presented
a higher basal expression of genes associated with the
photosynthetic process, such as the genes encoding
rubisco activase (RCA), light-harvesting complex I (LHCI),
and light-harvesting complex II (LHCII), or genes related to
carbon fixation such as glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), fructose-bisphosphatase (FBPase) and
ribulose 1,5 bisphosphate carboxylase (RuBP). Another
category that displayed an interesting behaviour was the
stress response gene group, in which most overexpressed
genes belonged to the abiotic stress response group while
most of the repressed genes fit in the biotic stress response
classification. These results led the authors to hypothesize
about the possible beneficial effect of the virus, which
would produce a basal over-expression of the response
against abiotic factors11.
Subsequent studies have addressed the response of

GRSPaV-infected plants under water stress, finding that
individuals with latent GRSPaV infections have a differ-
ential profile in their miRNAs expression that allowed the
plants to have a greater resilience to initial levels of water
stress. This expression was accompanied by modifications
in some eco-physiological parameters such as an
increased cell density and stomata number, which would
confirm a close plant-virus co-evolution12. These results
lead the authors to propose a symbiotic mutualistic rela-
tionship between GRSPaV and V. vinifera, in which the
presence of the virus would confer a greater capacity to
cope with the initial levels of abiotic stress to the plant,
among other traits, due to the basal induction of genes
related to the abiotic stress response. This approach
would confer an adaptive advantage to the plant; however,
the transcriptomic analyses performed by Gambino
et al.11 also showed the basal repression of a large number
of genes associated with the defence response against
biotic stresses, an issue that, in our opinion, has not been
sufficiently explored and that could modify this hypoth-
esis. Especially because a close and inverse association

between plant growth and the activation of defence
response has been described13.
The consequences of single and mixed GRSPaV infec-

tions on plant development and gas exchange parameters
of V. vinifera cv. “Cabernet Sauvignon”, a widely planted
grapevine variety around the world, were studied in this
work. The aim of the study was to provide new insights on
plant-virus interaction and improving the understanding
of the effects of GRSPaV infection on grapevine.

Results
To evaluate the possible effects of GRSPaV on grape-

vines with single and mixed infections, measurements of
the growth and photosynthetic parameters and the
expression levels of the genes involved in these processes
were performed.

Genetic analyses of viral isolates from plants with GRSPaV
and GRSPaV+GFLV
To identify the GRSPaV variants present in infected

plants, viral RNA was extracted and sequenced. The
nucleotide sequence obtained was named “isolate CAS
61” and was compared with sequences present in the
GeneBank database. The genetic analysis was performed
using the RdRP region of the replicase polyprotein of
GRSPaV. The genetic variability analysis indicates that the
isolated CAS 61 has a high sequence identity (93%) with
the viral strain GRSPaV-SY (Fig. 1). The description of the
reference isolates used in the phylogenetic analysis is in
Supplementary Table 1. Besides, to characterise the GFLV
present in the plant material here used, the genetic
material was extracted and sequenced (isolate CAS AV).
A phylogenetic analysis was performed based on the
complete sequence of the coat protein (CP) of the poly-
protein gene 2 (Fig. 2). The results showed a high
sequence identity of CAS AV (98%) with another Chilean
isolate of GFLV (Ch785). The descriptions of Chilean and
reference isolates used in the phylogenetic analysis are in
Supplementary Table 2 and 3, respectively.

Growth monitoring in plants with single and mixed
GRSPaV infections
The effect of GRSPaV on plants with single and mixed

viral infections was studied by performing growth mon-
itoring on “Cabernet Sauvignon” grapevines with three
different phytosanitary statuses: virus-free, GRSPaV-
infected and GRSPaV- and GFLV-infected plants.
The total shoot length results are shown in Fig. 3. One-

year-old plants with different viral infections have similar
shoot elongation results relative to virus-free plants
throughout the season (Fig. 3a). However, in two-year-old
plants, a difference in the shoot elongation was observed
since very early in the season; the GRSPaV-infected plants
exhibited significantly higher shoot elongation than the
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control (Fig. 3b). In addition, it is possible to observe that
healthy plants and plants with mixed infections displayed
the same total shoot elongation, statistically, in both one-
and two-year-old grapevines.
The second growth parameter evaluated here was the

average internode length in one- and two-year-old plants.
In the first case, no differences were observed in the
average lengths of the internodes regardless of the phy-
tosanitary status during the season, except during the first
month of evaluations, when significantly higher magni-
tudes were observed in plants with mixed infections in
comparison to the other conditions (Fig. 4a). The results
from the two-year-old plants showed that the individuals
with simple GRSPaV infections exhibited a significantly
longer average internode length than the other conditions
evaluated here. This result was consistent throughout the
season (Fig. 4b).
When the number of internodes throughout the shoot

was observed (Fig. 4 c, d), the results were similar to those
obtained for the previously described parameters. In 1-
year-old plants, there were no differences in the internode
numbers when comparing the different phytosanitary
conditions (Fig. 4c). However, in 2-year-old plants, the
grapevines infected only with GRSPaV presented a greater
number of internodes than the other two groups of
evaluated plants (Fig. 4d). In addition, there were no
observed differences when comparing the number of
internodes in virus-free plants and plants with mixed viral
infections.
Regarding the number of leaves per shoot (Fig. 4e, f), the

results were similar to the previously described ones,
although at the end of the season, a greater number of
leaves was observed in virus-free grapevines from one-

year-old plants in comparison to the other phytosanitary
conditions. In two-year-old plants, the group with a sig-
nificantly higher number of leaves was the group of plants
infected with GRSPaV (Fig. 4f).
To establish any type of correspondence between these

results and the viral load, the GRSPaV and GFLV con-
centrations were quantified in samples collected in both
January and March from one-year and two-year-old
plants. The results show that there were no statistically
significant differences in the viral loads of the samples
under any of the conditions or ages under analysis (Sup-
plementary Fig. 1).

Evaluating gas exchange parameters in plants with single
and mixed infections of GRSPaV
Fig. 5 shows the results obtained for the gas exchange

parameters evaluated here (the Pn, Ci, gs and E). The Pn
levels in one-year-old plants exhibited no differences
between the three different phytosanitary statuses; how-
ever, in two-year-old plants, those with mixed infections
yielded significantly lower Pn values. When the Ci was
measured in one-year-old plants, a significant reduction of
this parameter was observed in GRSPaV-infected plants,
whereas in two-year-old plants, the group with double
viral infections showed a higher Ci value. The gs and E
results did not show significant differences when com-
paring the different phytosanitary statuses or plant ages.

Quantifying levels of gene expression in plants with single
and mixed GRSPaV infections
To study if simple and mixed GRSPaV infections can

affect the expression of genes involved in metabolic
pathways that are directly related to the growth,

Fig. 1 Phylogenetic tree of GRSPaV sequence variants based on partial sequence of the RdRP region of the replicase polyprotein gene.
Sequence isolated 61 was obtained from RT-PCR using broad-spectrum primers RSP35 and RSP36. Corresponding sequences from reference isolates
were obtained from each of the GenBank complete genome sequences and included in the analysis (Supplementary Fig. 1). The nucleotide
sequence corresponding region of Apple stem pitting virus (ASPV, accession number D21829) was retrieved from GenBank and used as an outgroup.
Phylogenetic analysis was performed using both the Neighbour Joining (shown here) and the Maximum Likelihood methods. Each cluster is
designated in accordance with the nomenclature of GRSPaV variants proposed by Men and Rowhani14. Bootstrap values of 50 % or greater (of 1000
replication) are provided.
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photosynthetic processes and defence response of the
plant, an expression level quantification was performed
for selected genes. The gene expression was analysed in
samples collected in January (BBCH 75)15 and March
(BBCH 89)15 from 1- and 2-years old plants with three
different phytosanitary status.

In relation to the plant growth, the genes involved in the
gibberellic acid (GA) response pathway were selected. Fig. 6
shows the relative expression levels of genes encoding
some of the most important regulators of GA pathways,
namely DELLA1, GID1b and SLY1a (Fig. 6a, b and c,
respectively). In addition, the expression of the following

Fig. 2 Phylogenetic tree of GFLV sequence variants based on the complete sequence of the coat protein (CP) of the polyprotein gene 2.
Sequence isolated CAS AV was obtained from RT-PCR using two pairs of primers CP1 F-CP2 R and CP3 F-CP4R. Twelve entire RNA 2 coding
nucleotide sequences of Chilean isolates (Ch, Supplementary Table 2) and corresponding sequences from reference isolates were obtained from
each of the GenBank complete genome sequences and included in the analysis (Supplementary Table 3). The nucleotide sequence corresponding
region of Arabic mosaic virus (ArMV, accession number AY017339) was retrieved from GenBank and used as an outgroup. Phylogenetic analysis was
performed using both the Neighbour Joining (shown here) and the Maximum Likelihood methods. Bootstrap values of 50% or greater (of 500
replication) are provided. Isolate CAS AV corresponded to the Chilean isolates cluster.
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genes downstream from the GA signal was evaluated:
GASA1, GASA3 and GASA6 (Fig. 6d, e and f, respectively).
For DELLA1 (Fig. 6a) the observed differences were not

significant for any of the comparisons, and the gene
expression levels presented a high standard deviation. The
two-way ANOVA also found no differences associated
with the age or phytosanitary condition of the plants
(Supplementary Table 4). The expression levels of the
GID1b gene (Fig. 6b) were higher in samples collected in
March from one-year-old plants infected with GRSPaV in
comparison to the other phytosanitary conditions. This
difference was not repeated for the other evaluated time
points, although the trend was maintained in March for
two-year-old plants, with gene expression levels that were
significantly lower than those of the one-year-old plants
(Supplementary Table 5). The same behaviour was
observed in the expression levels of SLY1a (Fig. 6c).
Finally, the two-way ANOVA shows that the SLY1a
expression levels during March in one-year-old plants
were significantly higher than the levels quantified in the
two-year-old plants (Supplementary Table 6).

In evaluations on the expression of genes downstream
from the GA signal, GASA1 was significantly more highly
expressed in GRSPaV-infected plants. This trend was
observed during January and March in one-year-old
plants and in January in two-year-old plants (Fig. 6d).
Additionally, the two-way ANOVA shows that there was a
higher transcript level in the two-year-old plants when
comparing samples between the differently aged plants
collected in January. The same results were obtained
when comparing the expression levels of GASA1 between
plants of different ages in March (Supplementary Table 7).
For GASA3, higher gene expression was observed in one-
year-old plants infected with GRSPaV during March (Fig.
6e). Similar GASA3 expression levels were observed in
one- and two-year-old plants during January, whereas in
samples collected on March, a significantly higher gene
expression was observed in one-year-old plants (Supple-
mentary Table 8). For GASA6, the gene was over-
expressed in GRSPaV-infected plants at most of the
analysed time points except for March, in the two-year-
old plants (Fig. 6f). The two-way ANOVA shows that in a
comparison of GASA6 expression levels in samples col-
lected in January, this gene was significantly more highly
expressed in two-year-old plants. No differences were
found between the samples collected in March from dif-
ferently aged plants (Supplementary Table 9).
The next measurements to be performed were the

relative quantifications of genes related to the photo-
synthetic process (LHCII) and chlorophyll degradation
(ACD1) (Fig. 7). For LHCII (Fig. 7a), higher gene
expression was observed in GRSPaV-infected plants with
respect to the other evaluated conditions, although the
most significant difference was only in March for one-
year-old plants and in January for two-year-old plants.
The two-way ANOVA showed significant differences in
the LHCII expression between leaves from one- and two-
year-old plants collected during January (Supplementary
Table 10). For ACD1 (Fig. 7b), a similar result was
observed in one-year-old plants, and there were no dif-
ferences in ACD1 expression when comparing different
phytosanitary statuses within the two-year-old plant
group. Additionally, the two-way ANOVA shows that
one-year-old plants have greater levels of ACD1 expres-
sion than two-year-old plants (Supplementary Table 11).
Finally, the PAL and CAT3 gene expression was mea-

sured, and both genes were involved in the secondary
metabolism of the grapevine (Fig. 8). The PAL expression
was greater in two-year-old plants with simple GRSPaV
infections in both January and March (Fig. 8a). A similar
expression profile was observed in one-year-old plants,
but these differences were not significant (Supplementary
Table 12). Regarding the CAT3 levels, one-year-old plants
infected with GRSPaV showed higher expression of this
gene in March (Supplementary Table 13), and higher

Fig. 3 Monthly monitoring of shoot elongation in 1-year and 2-
year-old plants. The monthly growth was measured in 1 (a) and 2-
year-old plants (b) with three phytosanitary conditions: virus-free,
infected with GRSPaV and infected with GRSPaV and GFLV during the
2017–2018 growth period. The data include three to eight replicates
and were analysed by ANOVA, and the graphs show the mean ± SE.
Different letters indicate significant differences.
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average CAT3 expression was observed in samples col-
lected in January from one- and two-year-old plants (Fig.
8b). No differences in the CAT3 expression were observed
for any of the other phytosanitary statuses.

Discussion
The characterisation of viral variants present in plants

used in this work shows a high nucleotide identity of
isolate CAS 61 with the viral variant GRSPaV-SY,
described for the first time in plants with declining Syrah
symptoms in California, United States16. In contrast, a
previous work that characterised Chilean isolates of
GRSPaV showed a high nucleotide identity of these
samples with the groups of the GRSPaV-SG and GRSPaV-
1 variants17. Regarding GFLV, this same work showed

that the majority of Chilean GFLV isolates converge into
two groups of viral variants: GFLV Ch1 and Ch2. How-
ever, one of the Chilean isolates, ChFL785 had high
sequence similarity with US isolates. The results obtained
here show a high nucleotide identity of the CAS-AV with
sequences belonging to the ChFL785 isolate and the US
WAPN57 isolate obtained from grapevines cultivar Pinot
Noir18.
The growth and photosynthetic parameters were mea-

sured in one- and two-year-old plants with different
phytosanitary statuses. When the growth parameters were
studied in the one-year-old plants (Figs. 3 and 4), no
differences were observed between the groups under dif-
ferent phytosanitary conditions, whereas in the two-year-
old plants, greater vigour was observed in GRSPaV-

Fig. 4 Monthly monitoring of growth parameters in 1-year and 2-year-old plants. The average lengths of the internodes (a, b), the number of
internodes (c, d) and the number of leaves per shoot (e, f) were measured in 1 (a, c and e) and 2-year-old plants (b, d and f) under three
phytosanitary conditions: virus-free, infected with GRSPaV and infected with GRSPaV and GFLV. The data include three to eight replicates and were
analysed by ANOVA, and the graphs show the mean ± SE. Different letters indicate significant differences.
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infected grapevines, which was explained by their greater
number of leaves per shoot as well as the greater elon-
gation of the main shoot, a product of a greater number
and length of internodes. These results differ from others
previously reported for different cultivars, in which
GRSPaV was found to have minimal or no effect on the
vigour of “Albano”8, “Madeleine Sylvaner”, “Ortega”9 and
“Savagnin rose”10. However, all those studies measured
the vigour as the average pruning weight and were mostly
performed under field conditions in five- to eight-year-old
plants, so these and other experimental differences make

it difficult to establish a comparison. Moreover, Pantaleo
and collaborators12 detected that GRSPaV infected plants
exhibited a lower expression of miR156 and a higher
miR172 expression, a distinctive miRNA pattern expres-
sion for the transition of juvenile to adult vegetative
phase19–24. GRSPaV also reduced the expression of
miR171, which would have an important role in the reg-
ulation of vegetative growth and reproductive organs
development25–27 via modulation of gibberellin and auxin
homeostasis28. Thus, it could be possible that the higher
plant growth of GRSPaV infected plants observed in the

Fig. 5 Measurements of gas exchange parameters. The net photosynthesis rate (Pn) (a, b), internal concentration of leaf CO2 (Ci) (c, d), stomatal
conductance (gs) (e, f) and transpiration rate of the leaf (E) (g, h) were measured in 1-year-old (a, c, e and g) and 2-year-old plants (b, d, f and h) with
three phytosanitary conditions: virus-free, infected with GRSPaV and infected with GRSPaV and GFLV. The data include three technical repetitions and
were analysed by ANOVA and the graphs show the mean ± SE. Different letters indicate significant differences.
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present work could be related to an early entry into the
adult vegetative phase.
Regarding the growth results in plants infected with

GRSPaV and GFLV, this group of plants did not show
significant differences in relation to virus-free plants.
These results are unexpected since there are important
negative effects from the GFLV virus on the plant vigour7

and total shoot length29. However, in those papers, no
GRSPaV detection analyses were reported, and the
authors did not mention anything about a possible co-
infection with GRSPaV, a virus that is almost impossible
to detect without molecular analyses; this makes it diffi-
cult to establish a comparison with the results shown here
for plants with mixed infections. Furthermore, reduced

Fig. 6 Relative expression of genes associated with the GA response pathway. The relative expression of regulator genes of the GA response,
DELLA1 (a), GID1b (b) and SLY1a (c), was evaluated. Additionally, the relative expression of genes downstream of the GA stimulus was evaluated for
GASA1 (d), GASA3 (e) and GASA6 (f). The graphed expression levels were evaluated in January (BBCH 75) and March (BBCH 89) of 2018 in 1- and 2-
years old plants and are presented relative to the reference gene, ubiquitin, and include three biological replicates and two technical repetitions. The
data were analysed by one-way ANOVA to compare between phytosanitary conditions. The graphs show the mean ± SE. Different letters indicate
significant differences.

Tobar et al. Horticulture Research             (2020) 7:2 Page 8 of 14



plant growth is frequently associated with the develop-
ment of typical fanleaf disease symptoms. By contrast, the
results presented here were evaluated in asymptomatic
plants that did not present fanleaf disease, since the ones
that began to show symptoms developed accelerated
decay and death, therefore we could not incorporate their
data into the results (data not shown).
Regarding the photosynthesis measurements, the Pn

levels in one-year-old plants did not show significant
differences between the different phytosanitary condi-
tions, although plants with simple GRSPaV infections
tend to exhibit higher values for this parameter. By con-
trast, it is possible to appreciate a tendency towards
reduced Pn values in two-year-old plants as their phyto-
sanitary status worsens, this reduction becomes statisti-
cally significant in two-year-old plants with double
infections. The relatively low Pn values obtained in this
study probably occurred because the measurements were

performed on plants growing in greenhouses. The Pn
values are concordant with the Ci results obtained here,
since the plants that showed higher Pn levels have sig-
nificantly lower Ci values. This trend in the behaviour of
photosynthetic parameters is similar to the one observed
by Gambino et al.11.
Finally, no significant differences were observed in the gs

and E, independent of the phytosanitary status, which
confirms the previous evidence that the photosynthetic
reduction caused by viral infections is not a consequence
of stomatal closure in leaves11,30.
It is interesting to note that in the case of photo-

synthetic measurements, plants with mixed viral infec-
tions presented a more severe alteration with respect to
the simple GRSPaV-infected and virus-free plants, con-
trary to what was observed in the growth measurements
in Figs. 3 and 4. Therefore, the presence of GRSPaV and
GFLV viral infections in one- and two-year-old plants

Fig. 7 Relative expression of genes involved in photosynthetic
processes. The relative expression of LHCII (a) and ACD1 (b) was
evaluated. The graphed expression levels were evaluated in January
(BBCH 75) and March (BBCH 89) on 2018 in one- and two-year-old
plants and are presented in relation to the reference gene, ubiquitin,
and include three biological replicates and two technical repetitions.
The data were analysed by one-way ANOVA to compare between
phytosanitary conditions. The graphs show the mean ± SE. Different
letters indicate significant differences.

Fig. 8 Relative expression of genes involved in secondary
metabolism. The relative expression of PAL (a) and CAT3 (b) was
evaluated. The graphed expression levels were evaluated in January
(BBCH 75) and March (BBCH 89) of 2018 in one- and two-year-old
plants and are presented relative to the reference gene, ubiquitin, and
include three biological replicates and two technical repetitions. The
data were analysed by one-way ANOVA to compare between
phytosanitary conditions. The graphs show the mean ± SE. Different
letters indicate significant differences.
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would reduce the ability to fix CO2 without significantly
reducing the shoot elongation during the early stages of V.
vinifera development. However, with these results, it
would be expected that the vigour of the co-infected
plants would be affected during the stages of grapevine
development to follow as reported in the literature.
In general, despite the limited number of replications

(between 3 and 8) utilised in this study to quantify
changes in growth and physiological variables, it was
possible to report clear tendencies and statistically sig-
nificant differences among the groups of different sanitary
condition. This was due to the low variability within each
group, represented by the standard errors (SE), which was
likely a reflection of the strong consequence of the virus
on the affected variables.
Regarding the effect of the viral infections on the

expression levels of some selected genes, the first studied
genes were some of the primary regulators of the GA
pathway, a plant hormonal route associated with plant
growth and elongation31,32. It was possible to observe that
for DELLA1, a basal inhibitor of the GA response path-
way, although the mean gene expression is higher in
GRSPaV-infected plants, the variability of the data did not
allow for the establishment of significant differences
between the three analysed groups. Regarding repressors
of DELLA1, the basal overexpression of GID1b and SLY1a
could indicate the possibility of a higher DELLA1 degra-
dation rate, which could influence the sensitivity of the
plant to GA and would explain, at least partially, the
overexpression of GA response genes, such as GASA1, 3
and 6, in plants infected with GRSPaV. It is interesting to
note that at the end of the summer, two-year-old plants
infected with GRSPaV consistently exhibited a basal
expression of the three evaluated genes. The lower
expression level of these genes could involve a reduction
in the GRSPaV effect due to, for instance, reduced virus
replication or another issue that we have not considered
in this study. Additional studies are necessary for a better
comprehension of these results.
Moreover, previous works showed that GRSPaV reduce

the levels of miR167 in infected plants12. MiR167 have
been described to negatively regulate several genes asso-
ciated with stress and development33. ARF6 and ARF8 are
two target genes of miR167, both genes are necessary for
the right floral development in several plants, such as
Arabidopsis thaliana34, tomato35 and soybean36. In
addition, it has been reported that DELLA avoid the union
of a protein complex constituted by ARF6, BZR1 and
PIF4, which in the absence of DELLA, join the promotor
region of genes related to cellular elongation of several
tissues37. Therefore, the higher expression levels of SLY1a
and GID1b detected here (Fig. 6b, c), and the deregulation
of miR167 by GRSPaV reported in the literature, could be
complementary mechanisms by which the virus promotes

the conformation of the ARF6/BZR1/PIF4 complex and
induce the expression of GA-response genes (like GA1, 3
and 6) (Fig. 6), increasing plant growth (Figs. 3 and 4).
Plants with double viral infections did not show differ-

ences in the expression levels of GA response genes in
comparison with virus-free plants, which is consistent
with the plant growth results described above. Therefore,
it is possible that part of the differences observed in the
evaluated growth parameters of plants with simple
GRSPaV infections may be explained by the increased
levels of GA response genes. Effects that would be can-
celled when the GRSPaV infection is accompanied by
GFLV infection.
The changes in the expression of genes related to

photosynthetic processes (LHCII and ACD1) were con-
sistent with those reported by Gambino and collabora-
tors11, which would support the basal overexpression of
these genes in GRSPaV-infected plants. Additionally, the
overexpression of LHCII and ACD1 produced by GRSPaV
is lost when there is a co-infection with GFLV, which
could explain the detrimental effect of the double infec-
tion on the measured photosynthetic parameters. It is
interesting to observe that the average expression of
ACD1 in double-infected plants is higher than its
expression in virus-free plants. This finding may have
occurred because the GFLV replicative mechanism leads
to greater chlorophyll degradation, which could explain
the increased ACD1 expression in comparison to the
virus-free plants.
Finally, the quantification of PAL, a precursor for the

phenylpropanoid pathway, and therefore a variety of
secondary metabolites associated with defence processes,
growth and plant development38, showed an expression
profile similar to the aforementioned genes, in which
GRSPaV-infected plants exhibited higher levels of gene
expression than the other groups of plants. Although it is
interesting to highlight that the greatest increase in PAL
expression was observed in two-year-old plants infected
with GRSPaV, unlike most of the previous results, in
which increased gene expression was registered in one-
year-old plants. Increased PAL expression has also been
observed in response to other viral infections such as the
GLRaV-3 infection39 as well as other pathogens, such as
Plasmopora viticola40, or the nematode Xiphinema
index41, which is a vector of GFLV. By contrast, the
expression of CAT3, the gene associated with cell detox-
ification induced by stress, is higher in one-year-old
plants. Double-infected plants showed higher average
CAT3 expression than virus-free plants, in most cases and
consistent with other reports, which is also congruent
with the results obtained for the ACD1 gene, another gene
related to cell detoxification.
In summary, the results submitted here allow us to

provide new evidence about the effect of GRSPaV on one-
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and two-year-old V. vinifera plants. Specifically, our
findings indicate that the presence of GRSPaV would have
a positive effect on different growth parameters and shoot
elongation caused in conjunction with the increased
activation of genes involved in the GA response pathway,
despite showing a lower net photosynthetic rate and lower
CO2 assimilation. Plants with simple GRSPaV infections
also exhibited an overexpression of genes related to
photosynthetic and cell detoxification processes. The
integration of these results to previous works that showed
a reduced defence response in GRSPaV infected plants11

suggest that the virus might interfere gibberellin regula-
tion to modify the defence-growth crosstalk13.
In addition, the double infection with GRSPaV and

GFLV did not affect the shoot elongation during early
stages of plant growth, although the damage caused to the
gas exchange parameters at this stage of grapevine
development could modify these results during future
seasons and could lead to the development of the typical
symptoms caused by GFLV.
These results confirm the co-evolution hypothesis

between GRSPaV and V. vinifera proposed by Gambino11,
and suggest a positive confirmation of a beneficial effect
from GRSPaV on the early developmental stages of
grapevines “Cabernet Sauvignon”, in accordance with the
symbiotic mutualism theory proposed by Pantaleo12.
From an agronomic point of view, these data confirm

the scarce possibility of visually evaluating the presence of
GRSPaV and especially GRSPaV and GFLV in mixed
infections, in plants acquired by growers for vineyard
establishment. It is only through the application of a
sampling protocol and the performance of laboratory tests
that it is possible to ascertain the health status of the plant
material.

Materials and methods
Evaluations of the growth and physiological parameters

and the quantification of the expression levels of genes
involved in the processes of interest were performed in
plants with three different phytosanitary conditions.

Plant material
V. vinifera plants from the “Cabernet Sauvignon” cul-

tivar, clone BKN B R2.0011, were analysed by qPCR
detection for the 8 most important viruses, namely
GLRaV-142, -243 and -344; GVA and GVB45, GFLV46,
GRSPaV47 and GFkV48. Plants with three different phy-
tosanitary statuses were selected: virus-free, GRSPaV-
infected and GRSPaV- and GFLV-infected plants.
The selected grapevines were multiplied in vitro and

then acclimated during the spring of 2016 (two-year-old
plants) and 2017 (one-year-old plants). After that, the
plants were established in 3-L pots in greenhouses located
at the San Joaquín Campus of Pontificia Universidad

Católica de Chile (Santiago, Chile) under controlled
temperatures (21 °C+ 3 °C) and humidity (RH: 60% ±
10%) conditions. The pots were arranged in a completely
random design consisting of three to eight biological
replicates per phytosanitary status per plant age.

GRSPaV and GFLV molecular characterisation
RNA was extracted from leaves for the GRSPaV virus

and phloem for the GFLV virus, using PureLink Minikit
(Thermo Fisher) and the TRIS reagent (Sigma-Aldrich),
respectively. For synthesis of first-strand cDNA Affinity
Super Script (Agilent) was used. Viral cDNA was PCR
amplified in 20 µL reaction containing 1× Mg-free buffer,
2.5 mM MgCl2, 5 pmol of each primer RSP-35F and RSP-
36R3 for GRSPaV and CP1F (5′-GAGCCCAGACTGAG
CTCAAC-3′), CP2R (5′-AGTCCATAGTGGTCCCGT
TC-3′), CP3F (5′-ACATTTGTGCGCCAATCTTC-3′)
and CP4R (5′-CGCCACTAAAAGCATGAAAC-3′)17 for
CP of RNA2 of GFLV, 0.2 mM dNTP mix, 1 unit of taq
DNA platinum polymerase (Thermo Fisher) and 5 µL of
the reverse transcription mixture. Thermal cycling con-
ditions were one cycle at 94 °C for 4 min; 35 cycles at
94 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s; and a final
extension at 72 °C for 7 min for GRSPaV and one cycle at
94 °C for 4 min; 35 cycles at 94 °C for 30 s, 52 °C and for
30 s and 72 °C for 1 min; and a final extensión at 72 °C for
10min for GFLV.

Phylogenetic analysis
Multiple sequence alignments of RdRP of GRSPaV

(Supplementary Table 1) and RNA 2 of GFLV (Supple-
mentary Tables 2 and 3), and nucleotide identity levels
were performed with GeneiousPrime. The phylogenetic
analysis was performed using the Neighbour-Joining (NJ)
and Maximun Likehood methods in the MEGA X analysis
package. A bootstraps value for each node of NJ tree was
calculated using 1000 and 500 replicates for GRSPaV and
GFLV, respectively.

Growth measurements
The monitoring of the growth of plants under different

phytosanitary conditions was performed by evaluating the
following parameters: the shoot elongation, number and
length of the internodes and the number of leaves per
shoot. To facilitate a comparison between replicates, the
plants were managed such that the growth of a single
main shoot was allowed, and the growth of lateral shoots
was prevented.
Growth measurements were performed in the one-year-

old plants using 6 to 8 biological replicates per phytosa-
nitary status. For the two-year-old plants, the measure-
ments included 3 to 8 replicates per group.
The evaluations were performed between October

(BBCH 12) 2017 and March (BBCH 89) 2018 for the two-
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year-old plants and between November (BBCH 15) 2017
and March (BBCH 89) 2018 for the one-year-old grape-
vines. During this time, the parameters mentioned above
were measured every 4 weeks.

Evaluating gas exchange parameters
During January of 2018, the following parameters were

evaluated: the photosynthetic net rate (Pn), leaf internal
CO2 concentration (Ci), stomatal conductance (gs) and
leaf transpiration rate (E). For these measurements, an
infrared gas analyser (IRGA) Handheld Photosynthesis
System model CI-340 (CID BIO-Science) was used.
For optimised measurement, the plants were removed

from the greenhouses and evaluated outdoors between 10
a.m. and 1 p.m., and the measurements were performed
using mature leaves. Between 3 and 7 biological replicates
were used for each phytosanitary condition. The resulting
data were analysed using analysis of variance (ANOVA).

RNA extraction and quantification of relative expression
levels
The leaf samples were collected in January and March

of 2018 from three different groups of plants. These
months correspond to grapevine growth stages BBCH 75
and BBCH 89, respectively49. The samples were frozen in
liquid nitrogen and stored at −80 °C.
RNA was extracted using a 3% CTAB protocol modified

from Yu and collaborators50. The quantity and quality of
the extracted RNA were determined using both fluo-
rometer (Qubit 4, Thermo Fisher Scientific) and Nano-
drop (Nanodrop 2000, Thermo Fisher Scientific)
instruments. The cDNA synthesis was performed with an
Affinity Script QPCR cDNA synthesis kit (Agilent Tech-
nologies) according the manufacturer´s instructions,
beginning with 0.5 µg of RNA. Real-time PCR was per-
formed using 2 µL of cDNA and Brilliant II SYBR Green
QPCR Master mix (Agilent Technologies), with an
Mx3000P detection system (Stratagene). The primer
sequences used here were obtained from the literature as
follows: ACT51, UBQ52, DELLA1, DELLA3, GID1b and
SLY1a53, GASA1, GASA3 and GASA654, LHCII, ACD1,
PAL and CAT11 and GAPDH55. The qPCR conditions
were: 95 °C for 10min for initial denaturation, followed by
40 cycles of 95 °C for 30 s, 60 °C for 30 s and 72 °C for 30 s
and a final extension at 95°C for 1 min, 55 °C for 30 s and
95 °C for 30 s. The gene expression levels were normalised
using the reference genes ubiquitin (UBQ) and actin
(ACT). The relative expression of the evaluated genes was
calculated using the comparative Ct method (2−ΔΔCt)56

with three biological replicates and two technical repli-
cates. The specificity of reaction was monitored by eval-
uating the dissociative curves at the end of every qPCR.
The gene expression was calculated and graphed as the
mean and standard deviation.

Identification and quantification of viruses
In order to identify of GRSPaV strains present in the

plant material, four samples corresponding to the clone
61 (internal code of the clone used here) were used to
amplify a fragment of RdRp of GRSPaV. The primers and
PCR conditions were obtained from the literature57. The
PCR product was cloned into pGEMT-easy vector system
(Promega, Madison, Wisconsin, USA) following the
manufacter’s instructions. Plasmid was purified using the
plasmid miniprep kit (Qiagen, Valencia, CA, USA) and
sequenced. These sequences were compared with
sequences obtained from each of the GenBank complete
genome sequences and included in the analysis. Nucleo-
tide sequence corresponding region of Apple stem pitting
virus (ASPV, accession number D21829) was retrieved
from GenBank and used as an outgroup. Phylogenetic
analysis was performed using both the Neighbour Joining
and the Maximum Likelihood methods.
Additionally, the concentrations of GRSPaV and GFLV

were quantified in the same samples. The primer, Taqman
sequences and detection protocol used here were
obtained from the literature58. In order to obtain a higher
complementarity with Chilean GFLV isolates, an addi-
tional Taqman probe (GFLV CP2-Chp)17 was included in
the GFLV quantification protocol, whose sequence is 5′-
TTAGTGAGTGGAACGGGACCACTATGGA-3′.

Statistical analyses
The results for the growth monitoring, physiological

parameters and gene expression levels collected from
plants of the same ages and different phytosanitary sta-
tuses were analysed by one-way ANOVA. Additionally,
multifactorial comparisons of the gene expression levels
were performed between plants with different ages and
equal phytosanitary statuses by two-way ANOVA. In both
cases, a Fisher's mean comparison was performed and the
significant differences between the means were assigned
considering values of p < 0.005.

Acknowledgements
Mariola Tobar acknowledges funding by Comisión Nacional de Ciencia y
Tecnología (CONICYT), folio scholarship 21141168. We are grateful to I+D
Vinos de Chile (Project 12CTI-16788-01) for provide the plant material.

Author contributions
M.T. planned and designed the research, performed most of the experiments,
analysed the data and wrote the article; N.F. contributed to viral detection and
revised the article; A.P. critically revised the manuscript and complemented the
writing; L.R. performed the identification of GRSPaV and GFLV strains; M.R.
revised the manuscript and M.G. supervised all the experiments,
complemented and revised the article. All authors read and approved the
manuscript.

Conflict of interest
The authors declare that they have no conflict of interest.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41438-019-0224-5).

Tobar et al. Horticulture Research             (2020) 7:2 Page 12 of 14

https://doi.org/10.1038/s41438-019-0224-5
https://doi.org/10.1038/s41438-019-0224-5


Received: 6 March 2019 Accepted: 13 November 2019

References
1. Martelli, G. P. Where grapevine virology is heading to. In Proceedings of the

19th Congress of ICVG. 10–15 (Santiago, Chile, 2018).
2. Meng, B., Rebelo, A. R. & Fisher, H. Genetic diversity analyses of grapevine

Rupestris stem pitting-associated virus reveal distinct population structures in
scion versus rootstock varieties. J. Gen. Virol. 87, 1725–1733 (2006).

3. Terlizzi, F. et al. Detection of multiple sequence variants of Grapevine rupestris
stem pitting-associated virus using primers targeting the polymerase domain
and partial genome sequencing of a novel variant. Ann. Appl. Biol. 159,
478–490 (2011).

4. Maliogka, V. I., Martelli, G. P., FuchsM. & Katis, N. I. Control of viruses infecting
grapevine. Adv. Virus Res. 91, 175–227 (2015).

5. Martelli, G. P. Directory of virus and virus-like diseases of the grapevine and
their agents. J. Plant Pathol. 96, 1–4 (2014).

6. Bouyahia, H. et al. Grapevine rupestris stem pitting-associated virus is linked
with grapevine vein necrosis. Vitis 44, 133–137 (2005).

7. Mannini, F. & Digiaro, M. Chapter 23. The effects of viruses and viral diseases
on grapes and wine. In Grapevine Viruses: Molecular Biology, Diagnostics and
Management (eds Meng, B., Martelli, G., Golino, D. & Fuchs, M.) 453–482
(Springer International Publishing AG, 2017).

8. Credi, R. & Babini, A. Effects of virus and virus-like infections on growth, yield,
and fruit quality of Albana and Trebbiano Romagnolo Grapevines. Am. J. Enol.
Vitic. 48, 7–12 (1997).

9. Reynolds, A. G., Lanterman, W. S. & Wardle, D. A. Yield and berry composition
of five Vitis cultivars as affected by Rupestris stem pitting. Virus Am. J. Enol. Vitic.
48, 449–458 (1997).

10. Komar, V., Vigne, E., Demangeat, G., Lemaire, O. & Fuchs, M. Comparative
performance of virus-infected vitis vinifera cv. savagnin rose grafted onto three
rootstocks. Am. J. Enol. Vitic. 61, 68–73 (2010).

11. Gambino, G. et al. Co-evolution between Grapevine rupestris stem pitting-
associated virus and Vitis vinifera L. leads to decreased defence responses and
increased transcription of genes related to photosynthesis. J. Exp. Bot. 63,
5919–5933 (2012).

12. Pantaleo, V. et al. Novel functional microRNAs from virus-free and infected Vitis
vinifera plants under water stress. Sci. Rep. 6, 1–14 (2016).

13. Yang, D. et al. Plant hormone jasmonate prioritizes defense over growth by
interfering with gibberellin signaling cascade. Proc. Natl Acad. Sci. USA 109,
7152–7153 (2012).

14. Meng, B. & Rowhani, A. Grapevine rupestris stem pitting-associated virus. In
Grapevine Viruses: Molecular Biology, Diagnostics and Management 257–287
(Springer International Publishing, 2017).

15. Lorenz, D. H. et al. Phenological growth stages of the grapevine (Vitis vinifera L.
ssp. vinifera)— Codes and descriptions according to the extended BBCH scale
†. Aust. J. Grape Wine Res. 1, 100–103 (1995).

16. Lima, M. F. et al. Molecular analysis of a California strain of Rupestris stem
pitting-associated virus isolated from declining Syrah grapevines. Arch. Virol.
151, 1889–1894 (2006).

17. Zamorano, A. Caracterización molecular de los aislados de GFLV, GLRaV-2,
GRSPa V y detección y caracterización molecular de los viroides presentes en
la vid en Chile. (2013).

18. Mekuria, T. A. & Gutha, L. R. & Martin, R. R. & Naidu, R. A. Genome diversity and
intra- and interspecies recombination events in Grapevine fanleaf virus.Phy-
topathology 99, 1394–1402 (2009).

19. Chen, X. A microRNA as a translational repressor of APETALA2 in arabidopsis
flower development. Science 303, 2022–2025 (2004).

20. Zhu, Q. & Helliwell, C. A. Regulation of flowering time and floral patterning by
miR172. J. Exp. Bot. 62, 487–495 (2011).

21. Wu, G. et al. The sequential action of miR156 and miR172 regulates devel-
opmental timing in Arabidopsis. Cell 138, 750–759 (2009).

22. Zhu, Q., Upadhyaya, N. M., Gubler, F. & Helliwell, C. A. Over-expression of
miR172 causes loss of spikelet determinacy and floral organ abnormalities in
rice (Oryza sativa). BMC Plant Biol. 9, 149 (2009).

23. Xu, Z.-F. miR172 regulates both vegetative and reproductive development in
the perennial woody plant Jatropha Curcas. Plant Cell Physiol. 59, 2549–2563
(2018).

24. Jia, X. L. et al. miR156 switches on vegetative phase change under the reg-
ulation of redox signals in apple seedlings. Sci. Rep. 7, 14223 (2017).

25. Wang, L., Mai, Y., Zhang, Y., Luo, Q. & Yang, H. MicroRNA171-c targeted SCL&-II,
SCL6-III, and SCL6-IV genes regulate shoot branching in Arabidopsis.Mol. Plant
3, 794–806 (2010).

26. Curaba, J., Talbot, M., Li, Z. & Helliwell, C. Over-expression of microRNA171
affects phase transitions and floral meristem determinancy in barley. BMC
Plant Biol. 13, 6 (2013).

27. Kravchik, M., Stav, R., Belausov, E. & Arazi, T. Functional characterization of
microRNA171 family in Tomato. Plants 8, 10 (2019).

28. Huang, W. et al. Overexpression of a tomato miR171 target gene SlGRAS24
impacts multiple agronomical traits via regulating gibberellin and auxin
homeostasis. Plant Biotechnol. J. 15, 472–488 (2017).

29. Malossini, U. et al. Changes in agronomical and oenological performances of
clones of the grapevine cv. Gewürztraminer after grapevine fanleaf virus
elimination by heat therapy. In Extended Abstracts 14th Meeting of ICVG.
252–253 (Locorotondo, Italy, 2003).

30. Sampol, B., Bota, J., Riera, D., Medrano, H. & Flexas, J. Analysis of the virus-
induced inhibition of photosynthesis in malmsey grapevines. N. Phytol. 160,
403–412 (2003).

31. Ariizumi, T., Murase, K., Sun, T.-p. & Steber, C. M. Proteolysis-independent
downregulation of DELLA repression in Arabidopsis by the Gibberellin
Receptor GIBBERELLIN INSENSITIVE DWARF1. Plant Cell Online 20, 2447–2459
(2008).

32. Boss, P. K. & Thomas, M. R. Association of dwarfism and floral induction with a
grape “green revolution” mutation. Lett. Nat. 416, 847–850 (2002).

33. Jodder, J., Das, R., Sarkar, D., Bhattacharjee, P. & Kundu, P. Distinct transcriptional
and processing regulations control miR167a level in tomato during stress. RNA
Biol. 15, 130–143 (2018).

34. Wu, M., Tian, Q. & Reed, J. W. Arabidopsis microRNA167 controls patterns of
ARF6 and ARF8 expression, and regulates both female and male reproduction.
Development 133, 4211–4218 (2006).

35. Liu, N. et al. Down-regulation of AUXIN RESPONSE FACTORS 6 and 8 by
microRNA 167 leads to floral development defects and female sterility in
tomato. J. Exp. Bot. 65, 2507–2520 (2014).

36. Wang, Y. et al. MicroRNA167-directed regulation of the auxin response factors
GmARF8a and GmARF8b is required for soybean nodulation and lateral root
development. Plant Physiol. 168, 101–116 (2015).

37. Daviere, J. & Achard, P. A pivotal role of DELLAs in regulating multiple hor-
mone signals. Mol. Plant 9, 10–20 (2016).

38. Huang, J. et al. Functional analysis of the arabidopsis PAL gene family in plant
growth, development, and response to environmental stress. Plant Physiol.
153, 1526–1538 (2010).

39. Gutha, L. R., Casassa, L. F., Harbertson, J. F. & Naidu, R. A. Modulation of
flavonoid biosynthetic pathway genes and anthocyanins due to virus infec-
tion in grapevine (Vitis vinifera L.) leaves. BMC Plant Biol. 10, 187 (2010).

40. Kortekamp, A. Expression analysis of defence-related genes in grapevine
leaves after inoculation with a host and a non-host pathogen. Plant Physiol.
Biochem. 44, 58–67 (2006).

41. Hao, Z. et al. Local nd systemic mycorrhiza-induced protection against the
ectoparasitic nematode Xiphinema index involves priming of defence gene
responses in grapevine. J. Exp. Bot. 63, 3657–3672 (2012).

42. Fiore, N., Zamorano, A., Sánchez-diana, N., González, X. & Pallás, V. First
detection of Grapevine rupestris stem pitting-associated virus and Grapevine
rupestris vein feathering virus, and new phylogenetic groups for Grapevine
fleck virus and Hop stunt viroid isolates, revealed from grapevine field surveys
in Spain. Phytopathol. Mediterr. 55, 225–238 (2016).

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

44. Boscia, D. et al. Protocolli per gli accertamenti sanitari degli organismi pato-
geni di qualità della vite: virus ed agenti virus simili. Atti Progett. POM A32,
962–988 (2001).

45. Minafra, A. & Hadidi, A. Sensitive detection of grapevine virus A, B, or leafroll-
associated III from viruliferous mealybugs and infected tissue by cDNA ampli ~
cation. J. Virol. Methods 47, 175–188 (1994).

46. Mackenzie, D. J., Mclean, M. A., Mukerji, S. & Green, M. Improved RNA
extraction from woody plants for the detection of viral pathogens by reverse
transcription-polymerase chain reaction. Plant Dis. 81, 3–7 (1997).

47. Al Rwahnih, M., Daubert, S., Golino, D. & Rowhani, A. Deep sequencing analysis
of RNAs from a grapevine showing Syrah decline symptoms reveals a multiple
virus infection that includes a novel virus. Virology 387, 395–401 (2009).

48. Shi, B. J., Habili, N. & Symons, R. H. Grapevine fleck virus: large sequence
variation in a small region of the genome. In Proceedings 13th Meeting of the

Tobar et al. Horticulture Research             (2020) 7:2 Page 13 of 14



International Council for the Study of Viruses and Virus Diseases of the Grapevine
(2000).

49. Coombe, B. G. Adoption of a system for identifying grapevine growth stages.
Aust. J. Grape Wine Res. I, 104–110 (1995).

50. Yu, D. et al. Comparison and improvement of different methods of RNA
isolation from strawberry (Fragria × ananassa). J. Agric. Sci. 4, 51–56
(2012).

51. Reid, K. E., Olsson, N., Schlosser, J., Peng, F. & Lund, S. T. An optimized
grapevine RNA isolation procedure and statistical determination of reference
genes for real-time RT-PCR during berry development. BMC Plant Biol. 6, 1–11
(2006).

52. Fujita, A. et al. Effect of shading on proanthocyanidin biosynthesis in the grape
berry. J. Jpn. Soc. Hortic. Sci. 76, 112–119 (2007).

53. Acheampong, A. K. et al. Functional characterization and developmental
expression profiling of gibberellin signalling components in Vitis vinifera. J. Exp.
Bot. 66, 1463–1476 (2015).

54. Acheampong, A. K. et al. Abnormal endogenous repression of GA signaling in
a seedless table grape cultivar with high berry growth response to GA
application. Front. Plant Sci. 8, 1–21 (2017).

55. Bertazzon, N. et al. Transient silencing of the grapevine gene VvPGIP1 by
agroinfiltration with a construct for RNA interference. Plant Cell Rep. 31,
133–143 (2012).

56. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using
real-time quantitative PCR and the 2�ΔΔCT method. Methods 25, 402–408
(2001).

57. Lunden, S., Meng, B., Jr, J. A. & Qiu, W. Association of Grapevine fanleaf virus,
Tomato ringspot virus and Grapevine rupestris stem pitting-associated virus
with a grapevine vein-clearing complex on var Chardonnay. Eur. J. Plant
Pathol. 9, 135–144 (2010).

58. Osman, F., Leutenegger, C., Golino, D. & Rowhani, A. Comparison of low-
density arrays, RT-PCR and real-time TaqMan RT-PCR in detection of grapevine
viruses. J. Virol. Methods 149, 292–299 (2008).

Tobar et al. Horticulture Research             (2020) 7:2 Page 14 of 14


	Divergent molecular and growth responses of young &#x0201C;Cabernet Sauvignon&#x0201D; (Vitis vinifera) plants to simple and mixed infections with Grapevine rupestris stem pitting-associated virus
	Introduction
	Results
	Genetic analyses of viral isolates from plants with GRSPaV and GRSPaV&#x0002B;GFLV
	Growth monitoring in plants with single and mixed GRSPaV infections
	Evaluating gas exchange parameters in plants with single and mixed infections of GRSPaV
	Quantifying levels of gene expression in plants with single and mixed GRSPaV infections

	Discussion
	Materials and methods
	Plant material
	GRSPaV and GFLV molecular characterisation
	Phylogenetic analysis
	Growth measurements
	Evaluating gas exchange parameters
	RNA extraction and quantification of relative expression levels
	Identification and quantification of viruses
	Statistical analyses

	ACKNOWLEDGMENTS




