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Grapevine leaf stripe disease symptoms (esca complex) are reduced

by a nutrients and seaweed mixture
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Summary. Grapevine leaf stripe disease (GLSD) seriously reduces the quality and quantity of grape production,
and results in a shorter lifespan of vineyards. Recent research has shown that foliar applications of nutrients in-
fluence the development of GLSD foliar symptoms. Based on this knowledge the effect of foliar applications of a
mixture of calcium chloride, magnesium nitrate and Fucales seaweed extract on the development of leaf symptoms
was evaluated over a 3-year period from 2010 to 2012. Nine foliar applications of the full mixture and its individual
mineral components, also in different combinations, were tested in three different vineyards, one of cv. Trebbiano
d’Abruzzo and two of cv. Montepulciano d’Abruzzo in the Teramo province (Abruzzo, Italy). Treatments were
applied every 10 days from the beginning of vegetative growth to pre-bunch closure. The final results were simi-
lar in all the three vineyards and in the three years leading to a significant reduction of symptom development
in the vines treated with the full mixture, while lower effects were obtained by applying partial combinations or
single components. Both quantity and quality of grapes from the treated vines increased, while no phytotoxic or
other unwanted effects on grape growth were detected. Vines treated with the full mixture showed an increase in
trans-resveratrol and flavonoids content, and a higher accumulation of calcium oxalate in crystal druses in the leaf
mesophyll. These data can be a useful base to set up a control strategy against GLSD and give some input for better

understanding the mechanisms involved in foliar symptom expression in GLSD.
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Introduction’

The diseases included in the esca complex (Surico
et al., 2008) are the most common and widespread

! The significant reduction of foliar symptoms and the values
obtained in associated physiological /histological parameters lead
to deposit a patent application (Italian patent application No.
RM2014A000097 of March 3, 2014) on the use of mixtures of cal-
cium chloride and/or magnesium nitrate with Fucales seaweed
extract to reduce the foliar stripe symptoms in grapevines affected
by esca complex diseases.
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of the fungal wood diseases of grapevine in Eu-
rope. Etiological and epidemiological studies have
increased the knowledge on the fungal agents in-
volved and their interaction with the plant and en-
vironment. However, despite many efforts efficient
control methods are still lacking (Di Marco et al.,
2011a; 2011Db).

Wood decay agents (in Europe mainly Fomitiporia
mediterranea), wood canker agents (mostly species
of Botryosphaeriaceae, Diatrypaceae and Diaporthaceae)
and vascular pathogens, such as species of Phaeoacre-
monium, mainly P. aleophilum (Pal), and Phaeomoniella
chlamydospora (Pch) can reduce the efficiency of wa-
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ter and nutrients movement as they cause necrosis
and disruption of the wood. Therefore considerable
attention has been devoted to preventing wood in-
fections by different approaches in the various life
stages of the vine (Rolshausen et al., 2010; Gramaje
et al., 2011; Kotze et al., 2011). Furthermore, many
of these pathogens produce phytotoxic metabo-
lites (Andolfi et al., 2011) that interact with normal
growth activity causing specific disruption of plant
metabolism. This results in a reduction in the quality
and quantity of grapes at harvest and contribute to
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a shorter lifespan of the vines. This is the case with
grapevine leaf stripe disease (GLSD) (Surico, 2009),
one of the diseases within the esca complex (Surico et
al., 2008). The wood symptoms most commonly as-
sociated with this disease are brown streaking and
brown red /brown necrosis caused by Pch and Phaeo-
acremonium species (see “young esca”, Marchi et al.,
2001; Surico, 2009). Foliar symptoms of GLSD are
characterized by typical interveinal chlorosis and/
or reddening of the leaves that soon become necrot-
ic (Figure 1). This results in a reduction of quality
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Figure 1. Grapevine leaf stripe disease foliar symptoms in the Trebbiano d’Abruzzo vineyard (a) Foliar symptoms evolve
from yellow spots in the interveinal area to necrotic areas surrounded, in this cultivar, by a yellow border (b).



(Calzarano ef al., 2004a) and quantity of grape yield
(Bertsch et al., 2013). This leaf symptom can be as-
sociated with a wilting of clusters or canes, or black
measles on the berries.

The damage to yield that the disease causes is not
directly related to the presence of fungal pathogens
in the wood (infected vines can remain asymptomat-
ic), but to the response that the pathogens activate in
the plant foliage by metabolite production (Andolfi
et al., 2011; Bertsch et al., 2013; Calzarano et al., 2013).
This activity is strongly influenced by external or en-
vironmental factors that have still not been clearly
defined (Surico et al., 2006), and this, most probably,
is the main reason why full and consistent reproduc-
tion of the development of the leaf stripe symptoms
by artificial inoculation has not yet been achieved.
Excessive watering induced a significant increase in
foliar symptoms in 20 year-old potted vines (Surico
et al., 2010), confirming the role of rainy seasons and
water in the soil in symptom development (Marchi
et al., 2006).

The fluctuation of symptoms from one year to an-
other on the same vines, which can appear sympto-
matic or asymptomatic in subsequent years, remains
a particular characteristic of GLSD. It is noteworthy
that the yield quality parameters in asymptomatic
infected vines (symptomatic in previous years but
not in that specific year) and in apparently healthy
vines (never symptomatic) were actually compa-
rable (Calzarano et al., 2001; 2004a). Furthermore,
grapevine lifespan even when affected by GLSD can
extend over many years in some vineyards (Calzara-
no et al., 2007; 2010). All this underlines the impor-
tance of a different approach to control and reduce
the number of vines showing GLSD foliar symptoms
in any given year, as well as protecting the wounds
from fungal infections (Eskalen et al., 2007; Rolshaus-
en et al., 2010; Kotze et al., 2011; Di Marco et al., 1999;
2004; 2011a; 2011Db).

Nutrients are reported to affect the disease either
by directly influencing the fungal infection processes
(Osti and Di Marco, 2010; Oliveira and Santos, 2011;
Whiting et al., 2001) or by influencing the physiol-
ogy of the plant (Calzarano et al., 2009; Di Marco et
al., 2001). Studies on the nutritional status of “esca
proper” (sensu Surico, 2006) affected vines and the
influence of leaf fertilization and biostimulants on
foliar symptoms suggested that elements such as cal-
cium reach a higher concentration in asymptomatic
infected vines, thus suggesting they have a role in
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symptom development (Calzarano et al., 2009). On
the other hand, leaf symptoms can increase follow-
ing applications of some biostimulants and nutri-
ents (including the main macro and micronutrients)
(Calzarano et al., 2007; Di Marco and Osti, 2009).

On the basis of these observations the role of a
specific foliar nutrition protocol, to be applied from
the time of the initial stages of symptom formation,
was tested in the field, selecting the nutrients that
were shown to reach higher concentrations in the
leaves of infected but asymptomatic vines, such as
calcium (Calzarano et al., 2009). Side effects of the ap-
plied treatments on vegetative growth and on qual-
ity and quantity parameters of yield were also re-
corded. Moreover, the treated tissues were evaluated
histologically for changes induced by the treatment
in the leaf blade tissue and in aspects of the defence
related response, in particular evaluating the trans-
resveratrol (the main grapevine phytoalexin) content
in the treated foliage.

Materials and methods
Vineyards

Vineyard cv. Trebbiano d’Abruzzo. This 37-year old
vineyard in Piane Tronto, Controguerra (Teramo),
Geneva Double Courtain (GDC) trained, had been
monitored for GLSD foliar symptoms since 1994.
After 19 years of survey, an adequate number of
vines could be assessed in the following categories:
i) healthy vines that had never shown symptoms;
ii) asymptomatic vines that had previously shown
GLSD symptoms at least once but were asympto-
matic in the season of the experiment; and iii) dis-
eased, symptomatic vines.

Vineyard cv. Montepulciano d’Abruzzo-1 and 2.
Two vineyards were chosen in a different area of the
Teramo province; S. Maria Assunta, Mosciano S.A.
(Teramo). Both vineyards, monitored for GLSD foliar
symptoms since 2010, were 34-years old and grown
with the Tendone trellising system.

Treatments

In the 2010-2012 period, in each of the three vine-
yards, nine foliar spray applications per treatment
were applied, each containing i) a mixture of nutri-
ents commonly used as leaf fertilizers and amended

Vol. 53, No. 3, December, 2014 545



F. Calzarano et al.

with brown seaweed extract (Fucales, Phaeophyceae),
ii) a mixture of nutrients without seaweed extract,
iii) individual nutrients without seaweed extract
(Table 1). Treatments were applied at 10 day inter-
vals starting from the “three leaves unfolded” phase
(Lorenz et al., 1995), up to pre-bunch closure (begin-
ning of May up to the end of July). The full mixture
contained 466 g of CaCl,, 403 g of Mg(NO;),, 75 mL
of Fucales seaweed extract and 466 mL distilled H,O
for 1 L of solution, and applied at 4 L ha™. All differ-
ent combinations or single components were applied
at the same dosage as the full mixture. The volume
of water used for the field treatment varied from 8
hL ha' to 4 hL ha’, depending on the spray machine
that was used. Thus, the product concentration var-
ied from 500 mL ha, in the Trebbiano d’Abruzzo
vineyard (by Air blast sprayer), to 1000 mL ha™ in the
two Montepulciano d’Abruzzo vineyards (by Pneu-
matic air sprayer).

Treatments were carried out during the three years
following the scheme in Table 1. Initially, in 2010, in
Trebbiano d’Abruzzo vineyard, only 1 treated and
1 untreated plots, with four replicates of 90 vines

each, were set up. In 2011 and in 2012 in Trebbiano
d’Abruzzo and Montepulciano d’Abruzzo-1 vine-
yards, 4 treatments and one untreated control were set
up. Each treatment included two replicates of 70 vines
(Trebbiano d’Abruzzo) or 50 vines (Montepulciano
d’Abruzzo 1). In the Montepulciano d’Abruzzo-2
vineyard only the full mixture was compared with
the untreated control, with three replicates of 50 vines
each (Table 1). Replicates in both vineyards were dis-
tributed randomly, taking care that replicates of the
same treatment were not close to each other.

Leaf symptoms evaluation

Field surveys were carried out each year in Sep-
tember, i.e. just before harvest, because at that time
the number of plants showing foliar symptom is at
its highest. In the Trebbiano d’Abruzzo vineyard,
where the history of each vines had been recorded
for 19 years, the incidence of esca was calculated,
every year, by dividing the number of vines with
visible symptoms by the total number of diseased
vines (symptomatic for at least one of the years of

Table 1. Treatment plan applied in 3 vineyards showing GLSD symptoms in the years prior to treatment application.

Vineyard Trebbiano d’Abruzzo

Vineyard
Montepulciano d’Abruzzo 1

Vineyard
Montepulciano d’Abruzzo 2

Year of
treatment N £ N f No. of
Treatment 0.0 Treatment 0.0 Treatment o-
vines vines vines
2010 CaCl,+ Mg(NOs), + 360 - - - -

seaweed extract

Untreated 360 -

2011 CaCl, + Mg(NO;), + 140 CaCl, + Mg(NO;), + 100 CaCl, + Mg(NO;), + 150
seaweed extract seaweed extract seaweed extract
Ca(Cl, 140 CaCl, 100 Untreated 150
Mg(NO;), 140 Mg(NO;), 100 - -
CaCl, + Mg(NOs), 140 CaCl, + Mg(NOs), 100 - -
Untreated 140 Untreated 100 - -
2012 CaCl, + Mg(NO3), 140 CaCl, + Mg(NO3), + 100 CaCl, + Mg(NO3), + 150
+ seaweed extract seaweed extract seaweed extract
CaCl, 140 CaCl, 100 Untreated 150
Mg(NO3), 140 Mg(NO3), 100 - -
CaCl, + Mg(NO3), 140 CaCl, + Mg(NO3), 100 - -
Untreated 140 Untreated 100 - -
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survey) (Calzarano ef al., 2004a; 2007; 2009). In the
two Montepulciano d’Abruzzo vineyards, where
surveys were started in 2010, disease incidence was
calculated, every year, by dividing the number of
symptomatic vines by the number of standing vines.

Leaf symptom severity (as portion of symptomat-
ic crown) was recorded on a disease rating scale of 0
to 5, where 0=no leaf symptom; 1=1-10%; 2=11-30%;
3=31-50%; 4=51-70%; 5=71-100%.

Percent disease severity was calculated from the
McKinney index:

YN x 100 / (Y x Z)

where YN = sum of severity rating in each plant;
Y = number of vines surveyed (in the Trebbiano
d’Abruzzo vineyard this was the number of dis-
eased vines, both symptomatic and asymptomatic;
in the Montepulciano d’Abruzzo-1 and -2 vineyards
it was the number of standing vines); Z = 5, which is
the maximum rating in the disease assessment scale
(McKinney, 1923). The number of dead vines dur-
ing the three years trials was not analysed as, being
always lower than 1%, could not be considered in-
formative in differences among treatments.

Leaf area measurement

Side effects of the treatments on vegetative growth
were evaluated in 2012 in the Trebbiano d’Abruzzo
vineyard. Leaf area of healthy and asymptomatic
vines treated with the full mixture was compared
with leaf area of the healthy and asymptomatic vines
in the untreated plots. In each treatment 24 canes
were selected, 12 exposed to east and 12 to west.
All canes were collected at the end of the vegetative
growth phase (before veraison), all leaves were ex-
cised and photographed keeping separate the pri-
mary and secondary shoot leaves. Each leaf area was
recorded and processed by “Image-pro plus” ver-
sion 7.0, Media Cybernetic Inc., Silver Spring, MD,
USA. Single leaf measurements were taken in each of
the four groups (healthy and asymptomatic, treated
and non treated) to be evaluated statistically.

Quantitative and qualitative yield parameters and
trans-resveratrol content

Grape yield was recorded in 2012 in the Trebbi-
ano d’Abruzzo vineyard at harvest in healthy and
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asymptomatic vines treated with the full mixture
and in the untreated ones. Six vines were harvested
in each of the two treatments. The number of clus-
ters and their weight were recorded. In the same
vineyard, in the same year and for each vine group
(healthy and asymptomatic vines, treated and un-
treated), reducing sugars and total acidity were
measured on 3 berry-samples, 500 g each, taking the
berries from the cluster wings, central and apical
position of 12 vines. The analyses were carried out
following the official protocol of the Regulation No.
2676/90/EEC annex 13, 24 and 5 (AA.VV.,, 1990). The
trans-resveratrol content of the leaves of the differ-
ent vine groups treated with the full mixture and in
the untreated controls were measured at the end of
the vegetative growth phase in 2010 and 2011 by the
method of Calzarano et al. (2008).

Histological analyses

Micromorphology of leaves collected from un-
treated healthy and asymptomatic vines and from
asymptomatic vines treated with the complete mix-
ture, was determined in 2010 and 2011 in the Treb-
biano d’Abruzzo vineyard. For each year and treat-
ment two mature leaves per plant, for the observa-
tion of crystal druses, and one mature leaf per plant
for the determination of flavonoids, were collected
from three different vines, for a total of six leaves
in the case of crystal druses and three leaves in the
case of flavonoids. Each leaf was taken from the mid-
point along a different primary vine shoot. Leaves
were sampled before veraison at the end of treat-
ment regime.

For detection of druse crystals by light microsco-
py, leaves were fixed in formaldehyde/acetic acid/
alcohol [10% (v/v) formaldehyde, 5% (v/v) ace-
tic acid and 70% (v/v) ethanol]. Samples were cut
from the middle area of the leaf blade near one of the
main veins, dehydrated in ethanol and embedded
in Technovit®7100 resin. Sections, 5 um thick, were
cut with a manual microtome and examined without
any additional staining. From each of the 6 leaves of
each group nine sections were obtained for a total
of 54 sections per vine group (untreated healthy and
asymptomatic vines, and asymptomatic vines treat-
ed with the complete mixture). Slides were exam-
ined with a Nikon Eclipse 400 microscope equipped
with crossed polarized light and an ocular microm-
eter. The number of druses was counted along 1 mm
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of leaf. Images were recorded with a Nikon digital
camera DN 100.

For observations of phenolic compounds, fresh
leaves were selected and immediately taken to the
laboratory. Sections, approx. 40-50 pm thick, were
cut with a Vibratome® 1000 Plus and stained with
Naturstoffreagenz-A (diphenylboric acid 2-am-
minoethyl ester), Sigma-Aldrich. From each of the
3 leaves of each group of vines 3 sections were ob-
tained for a total of nine sections per group. The
stained sections were examined and photographed
under fluorescence light with a Zeiss Axioplan Mi-
croscope (excitation filter: 365-395 nm) equipped
with a Nikon digital sight DS-MS.

Statistical analysis

Significance of the treatment effects on recur-
rence of symptoms in vines that had proved to be
diseased were determined by statistical analyses. In
the Trebbiano d’Abruzzo vineyard all the vines that
had been healthy for 19 years were excluded from
the counting. In the other vineyards all calculations
were done on the standing vines.

For the incidence of vine plants with esca symp-
toms, frequency analysis on two-way contingency
table was performed using treatment as a group
variable and the presence of symptoms in a binomial
scale (yes/not). Association between variables were
analysed using x* (Chi-square) test and Fisher’s ex-
act test. For the severity of foliar symptoms, analysis
of variance of categorical data (CATMOD procedure)
was performed using treatment as the independent
variable and the occurrence of symptoms scored on a
categorical scale using the same scale that was used to
score the symptoms as dependent variable. Differenc-
es were again compared by x* (Chi-square) test along
with the associated P value. Data were processed us-
ing SAS 9.3 (SAS Institute Inc., Cary, NC, USA).

Two samples Student's t-test (treated-untreated)
were appllied to compare: reducing sugars and total
acidity values in the berries of healthy and asymp-
tomatic treated and untreated vines at harvest ma-
turity; trans-resveratrol levels of leaves of healthy,
asymptomatic and symptomatic treated and un-
treated vines, leaf area and the number and weight
of grape clusters from healthy and asymptomatic
treated and untreated vines.

Chi-square test and Fisher's exact test and Student
t-test were performed for P<0.05, while a probability
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level between 0.05 and 0.1 indicated the minimum
significant level. Statistical analyses were carried
out using SAS version 9.3 (SAS Institute Inc., Cary,
North Carolina, USA).

Data on druse number in the different vine groups
were analyzed by one way analysis of variance fol-
lowed by LSD tests (P<0.05) (Statistica, version 7.1,
Statsoft, Tulsa, USA) for comparisons of pairs be-
tween leaves of untreated healthy vines and leaves
of treated asymptomatic diseased vines and between
leaves of untreated asymptomatic diseased vines and
leaves of treated asymptomatic diseased vines.

Results
Effects on GLSD foliar symptoms

In 2010, both incidence and severity of GLSD
symptoms surveyed just before harvest time (Sep-
tember) were strongly reduced by the complete
mixture of calcium chloride, magnesium nitrate
and seaweed extract (Figure 2a and Table 2). In 2011
and 2012, the efficacy of the full mixture was con-
firmed in all vineyards (Table 2 and 3a-h; Figures
2b, 2¢, 3a, 3b, 3¢, 3d). A reduction in incidence and
severity was obtained also by the application of
the mixture calcium chloride + magnesium nitrate
without the seaweed extract (Figure 2b, 2¢; Figure
3a, 3b), but the reduction in disease incidence and
severity was lower while the single separate com-
ponents application, calcium chloride and magne-
sium nitrate, showed even lower effects (Table 3).
Only the full mixture gave significant P-values in
all vineyards and years, except showing only a clear
tendency in 2012 in the Montepulciano d’Abruzzo
1 vineyard symptom severity (Table 3h). This ap-
peared to be linked to the lower disease incidence
recorded, also in the control untreated plots, in that
year (Figure 3b).

Effects on vegetative growth (leaf area)

No phytotoxicity or any growth inhibition was
recorded in the treated vines. The leaf area measure-
ments carried out in the Trebbiano d’Abruzzo vine-
yard in 2012 showed no difference between treated
and untreated vines both on primary and secondary
shoot leaves. A significant increase in primary leaf
area was observed only in the asymptomatic dis-
eased vines treated with the full mixture (Table 4).
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Figure 2. Incidence and severity of esca foliar symptoms in
a Trebbiano d’Abruzzo vineyard (Teramo, Italy) follow-
ing treatments with a mixture of CaCl,, Mg(NOs), and sea-
weed extract (a, year 2010), and (b, c: 2011 and 2012) in the
same vineyard following treatment with the same mixture
and its single components.

Table 2. Chi-square statistics comparing the full mixture treatment to the untreated control in three trials, showing the
highly significant (in bold-italics, P<0.001) differences, and the moderately significant (in italic, P<0.1) differences, both in

symptoms incidence and severity.

Untreated control

CaCl, + Mg(NO3), + seaweed extract

Incidence Severity
2010 - Vineyard Trebbiano d”Abruzzo <0.0001 <0.0001
2011 - Vineyard Montepulciano d’Abruzzo 2 <0.0001 0.0004
2012 - Vineyard Montepulciano d’Abruzzo 2 0.0650 0.0581

Effects on quantitative and qualitative yield
parameters and on defence related compounds
(trans-resveratrol content)

A statistically significant increase in yield was
recorded in the Trebbiano d’Abruzzo vineyard
treated in 2012 with the full mixture both for weight
(P=0.035) and number of clusters (P=0.036) with val-
ues of 136.1 Kg and 337 clusters in healthy treated
vines, and 88.8 Kg and 241 clusters in healthy non

treated vines. The yield of the asymptomatic treated
vines was moderately statistically significant: 180.1
Kg with 409 clusters, and 120.1 Kg with 310 clusters
in asymptomatic non treated vines (yield: P=0.073;
number of clusters: P=0.093) (Table 5).

No decrease in the quality of the yield was re-
corded following the full mixture treatment. In fact,
on several occasions the quality parameters were im-
proved. In the Trebbiano d’Abruzzo, asymptomatic
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Figure 3. Incidence and severity of esca foliar symptoms in two vineyards cv. Montepulciano d’Abruzzo (Teramo, Italy)
after treatments with a mixture of CaCl,, Mg(NOs), and seaweed extract or its single components (a, b: 2011 and 2012,
Montepulciano d’Abruzzo 1) and with the full mixture only (¢, d: 2011 and 2012, Montepulciano d’Abruzzo 2).

Table 4. Average leaf area (cm?®) in treated and untreated healthy and infected asymptomatic vines of the cv. Trebbiano
d’Abruzzo in 2012 (24 vineshoots per treatment).

Leaf type Treatment Healthy vines Asymptomatic vines
Primary shoot leaves  Treated 29293 37656
Untreated 27036 27829
P value 0.41 0.0005°
Secondary shoot leaves Treated 35312 46227
Untreated 41702 53958
P value 0.42 0.62

* Values in bold refer to significant differences following Student’s t-test (P<0.05)

treated vines showed a significant increase in levels In the Montepulciano d’Abruzzo 1 vineyard,
of reducing sugars (10.12 g L increase) and a signifi-  reducing sugar levels were significantly higher in
cant decrease in total acidity (1.32 g L") with respect ~ grapes from treated vines compared to untreated of
to asymptomatic untreated vines (Table 6). both healthy (15.82 g L increase) and asymptomatic
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Table 5. Grape yield in the cv. Trebbiano d'Abruzzo vineyard in 2012 following treatment in healthy and asymptomatic vines.

Yield parameters Treatment Healthy vines Asymptomatic vines
Yield mass Treated 136.1 180.1
Untreated 88.8 120.1
P value 0.035° 0.073
No. of clusters ~ Treated 337 409
Untreated 241 310
P value 0.036 0.093

* Values in bold refer to significant differences following Student’s t-test (P<0.05)
and (P<0.1).

Table 6. Reducing sugar and total acidity in berries of vines treated with the full mixture CaCl,, Mg(NO;), and seaweed
extract and untreated vines in the Trebbiano d’Abruzzo and Montepulciano d’Abruzzo 1 vineyards in 2012. Data were
compared by the Student t-test (P<0.05).

Trebbiano d’Abruzzo Montepulciano d’Abruzzo 1
Treatment
Reducing sugar (gL")  Total acidity (gL™) Reducing sugar (gL")  Total acidity (gL™)
Untreated healthy 198.33 5.30 220.00 8.87
Treated healthy 193.82 5.57 235.82 8.29
Student’s t-test 0.37 0.27 0.00004 0.047
Untreated asymptomatic 188.30 7.13 220.11 8.43
Treated asymptomatic 198.42 5.81 238.36 8.30
Student’s t-test 0.02 0.007 0.00002 0.71

Table 7. Mean Trans-resveratrol level in leaves of treated and untreated vines in the Trebbiano d’Abruzzo vineyard in 2010
and 2011 following treatement with the full mixture CaCl,, Mg(NO;), and sea weed extract. Data were compared by the
Student t-test (P<0.05).

Resveratrol content (ppm d.w.)

Treatment
08/06/2010 26/07/2010 29/07/2011
Untreated healthy 5.87 6.95 6.94
Treated healthy 9.35 11.17 10.03
Student’s t-test 0.0104 0.0067 0.0001
Untreated asymptomatic 8.15 8.53 8.53
Treated asymptomatic 8.98 10.43 12.87
Student’s t-test 0.1487 0.0040 0.0002
Untreated symptomatic / 17.83 19.44
Treated symptomatic / 25.46 2743
Student'’s t-test / 0.0181 0.0062
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Figure 4. Polarized light micrographs of cross section of leaf of untreated healthy vines (A) and leaf of untreated asymp-
tomatic vines (B) showing a druse population at minimum density and leaf of treated asymptomatic vines (C) showing a
higher druse number, some of which are near the vascular bundle (arrows). Scale bar: 100 pm.

Figure 5. Fluorescence micrographs of cross section of leaf of untreated healthy vines (A) and leaf of untreated asympto-
matic vines (B) showing a light yellow fluorescence not evenly distributed in the tissues, and leaf of treated asymptomatic
vines (C) with bright and uniform yellow fluorescence. Scale bar: 100 pm.

vines (18.36 g L' increase). Total acidity was signifi-
cantly lower in grapes from healthy treated vines ver-
sus non treated ones (8.29 versus 8.87 g L, P=0.047),
and similar between treated and non treated asymp-
tomatic ones (8.30 versus 8.43 g L', P=0.71) (Table 6).

A clear increase in trans-resveratrol content was
recorded following the full mixture treatment, which
was evaluated in Trebbiano d”Abruzzo leaves in 2010
and 2011. In all groups of treated vines (“healthy”,
asymptomatic and diseased), the trans-resveratrol
content was significantly higher at the end of the en-
tire treatment program (Table 7). In 2010, an interme-
diate sampling showed a statistically significant in-
crease in trans-resveratrol content of treated healthy
vines on June 8 after only four treatments.

Histological changes

Polarizing optics allowed easy visualization and
observation of the druse crystals in the parenchyma-

tous spongy tissue of untreated and treated leaves.
In the leaves of untreated vines, both healthy and
asymptomatic, relatively few druse crystals could
be seen and these were located far from the midrib
and vascular bundles (Figure 4a, 4b). In the leaves
from treated asymptomatic vines druse crystals were
larger and more abundant and were localized near
the vascular bundles (Figure 4c). In both years of
treatment, druse crystals were consistently found in
higher numbers per unit area in treated leaves com-
pared to untreated leaves. In 2010, the average num-
ber of druses in untreated healthy vines was similar
to the numbers found in untreated asymptomatic
vines (7.99 and 8.05 druses mm™ respectively), while
a high number of druses (11.83 mm™) was observed
only in treated asymptomatic vines. In 2011, again
a higher number of druses (15.4 druses mm™) was
observed in treated leaves of asymptomatic vines,
while both untreated healthy vines and asympto-
matic vines showed an average number of 11.1 and
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11.05 druses mm™. The pairwise comparison be-
tween leaves of untreated healthy vines and leaves
of treated asymptomatic vines revealed significant
differences at P=0.003 in 2010, and at P=0.010 in 2011,
as well as between leaves of untreated asymptomatic
vines and treated asymptomatic vines (P=0.016 in
2010, and P=0.028 in 2011). The pairwise compari-
son of leaves of untreated healthy vines and leaves
of untreated asymptomatic vines showed that the
differences were not significant (P=0.22 in 2010, and
P=0.18 in 2011).

In all collected samples flavonoid content was
estimated by fluorescence in fresh leaf sections. In
leaves from untreated healthy vines and from un-
treated asymptomatic vines a light yellow fluores-
cence unevenly distributed in the tissues was de-
tected (Figure 5a, 5b). In all leaves of treated asymp-
tomatic vines, the bright yellow fluorescence was
intense throughout the entire cross section demon-
strating the accumulation of flavonoids in those tis-
sues (Figure 5c).

Discussion

Foliar applications of a calcium chloride and
magnesium nitrate mixture containing brown sea-
weed extract were shown to efficiently reduce the
incidence and severity of GLSD foliar symptoms.
The treatment does not act on the fungal pathogens
colonizing the wood of symptomatic vines as it is a
foliar treatment applied during the growth season,
but it appears to interfere with the mechanisms in-
volved in the development of chlorosis and necrosis
in the interveinal leaf blade. GLSD is typically char-
acterised by a fluctuation in the appearance of foliar
symptoms from one year to another. In this way only
a portion of the infected vines in year n will show
symptoms in year n+1 or the following years. The
proportion of diseased and asymptomatic vines in a
given year has been named “hidden esca” (Marchi et
al., 2006; Surico et al., 2006).

The spray programmes described in this paper
included nine treatments at 10-day intervals and
was shown to have a direct effect on the ability of
diseased vines to counteract the (still unknown)
symptom inducing process, leading to a significant
reduction of symptoms compared to the untreated
diseased vines. Therefore, it would appear that the
natural process whereby a diseased vine may remain
asymptomatic (Surico et al., 2006) was enhanced.
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The greatest reduction of foliar symptoms was
obtained by applications of the full mixture of cal-
cium chloride, magnesium nitrate and seaweed ex-
tract. The seaweed extract enhances the activity of
the nutrients, possibly by acting as a carrier of the
nutrients present in the mixture. A direct action
of the seaweed extract on symptom development
seems less feasible. For example, applications of a
seaweed extract (Ascophyllum nodosum) in previous
trials showed only a slight, and non-significant, de-
crease in foliar symptom expression in treated vines
affected by GLSD (Di Marco and Osti, 2009).

Induction of a disease response mechanism is
suggested by the increase in frans-resveratrol lev-
els recorded both in 2010 and 2011 in each group of
treated leaves. Also the higher content of flavonoids
revealed by the histological studies confirms that the
full mixture interacts with the defence response of
the plant since it is widely accepted that secondary
metabolites, such as flavonoids, are involved in plant
defence against biotic and abiotic stress (Buschmann
et al., 2000; Braidot et al., 2008; Lima et al., 2012; Crupi
et al., 2013).

The application of the treatment starting at the
very beginning of the growth season appears to
cause an early activation of this defence response,
thus interfering with the oxidative burst leading to
leaf damage which is supposed to be incited by the
virulence factors brought by the sap (Andolfi ef al.,
2009). Valtaud ef al. (2011) suggested a relation be-
tween the increase in reactive oxygen species (ROS)
with a decrease of carotenoids and their associated
“protective” action from the oxidative damage in
leaves of “esca” affected vines that are beginning
to show symptoms. In this paper histological ob-
servations revealed an increase in flavonoids in the
treated diseased vines that remained asymptomatic,
thus suggesting the activation of a defence response
(Friend, 1981; Ojeda et al., 2002; Treutter, 2006).

The most commonly accepted hypothesis on the
factors that trigger symptom development in GLSD
is that phytotoxic metabolites produced by the fungal
pathogens in the infected wood tissues are transport-
ed by the sap stream to the leaves (Evidente et al., 2000;
Tabacchi et al., 2000; Andolfi et al., 2009). Those phyto-
toxic metabolites or their derivatives, following this
hypothesis, are the ones that activate the above cited
reaction of the tissue with interveinal chlorosis or pig-
ments accumulation, and later the interveinal necro-
sis (the typical leaf stripes), i.e. chlorosis/reddening



and necrotic stripes (Andolfi et al., 2009; Calzarano et
al., 2009; Magnin-Robert et al., 2011). In this process
the minerals applied in the trials reported here may
have a specific role in reducing an intensive oxida-
tive response, as in the case of Ca** (Lima et al., 2012).
Ca®*" have been shown to have beneficial effects on the
host in many pathosystems and different host plants
(Biggs et al., 1994; Gadoury et al., 1994; Campanella et
al., 2002). Those effects may be related to calmodulin
accumulation that regulates salicylic acid and thereby
triggers the disease defence reaction and reduces the
hypersensitive reaction (Lecourieux et al., 2006; Du et
al., 2009). Furthermore, the high calcium content in
the extracellular space can also be linked to increased
phytoalexin synthesis (Kurosaki et al., 1987; Stab and
Ebel, 1987; Ebel, 1995; Tavernier et al., 1995). Calcium
is known to bind to pectins (Conway et al., 1991) giv-
ing greater mechanical resistance to cell walls (Kratz-
ke, 1988). The ability of calcium to strengthen cell
walls, is also suggested by the higher calcium oxalate
druse populations in the leaves of treated diseased
vines that remained asymptomatic. Druse crystals are
just one of the possible storage forms of Ca* in leaf tis-
sue (Lecouriex et al., 2006). Other accumulation forms
could be further investigated.

A very relevant aspect of calcium in a disease like
GLSD could be its role in delaying leaf senescence as
demonstrated in Arabidopsis and other plants (Poo-
vaiah and Leopold, 1973; Ma et al., 2010). As a matter
of fact leaf stripe symptoms have been described as
an early leaf senescence in the interveinal mesophyll
areas (Andolfi et al., 2011) and the role of calcium on
delaying the process can also be relevant.

The role of magnesium in disease control is less
clear and less studied than that of calcium, and the
results are sometimes contradictory (Jones et al.,
1983; Jones and Huber, 2007), even though its many
functions in plant physiology are widely described
(Schaul, 2002; Marschner, 2012). Magnesium is an
essential constituent of chlorophyll and deficiency
generally leads to chlorosis. In grapevine leaves
magnesium deficiency results in symptoms similar
to GLSD, namely an interveinal discoloration and
subsequently necrosis (Figure 6).

Magnesium could also have a more direct role in
the interaction between pathogens and grapevines.
Thus, Colrat (1999) reported the activation of a phy-
totoxin detoxification process by Mn** and Mg** in
Eutypa lata infections. Eutypin is actively detoxified
to eutypinol, a non toxic compound, by grapevine

Nutrients and seaweed mixture reduce GLSD symptoms

Figure 6. Magnesium deficiency is associated with a typical
chlorosis or, in red cultivars, anthocyanins accumulation,
that resemble GLSD symptoms. The chlorosis develops in
the interveinal areas of the leaf blade with a more regular
pattern than GLSD, and typical pointed ends shape. A ne-
crosis can also follow.

cells and it is hypothesized that the differences in
susceptibility to this wood disease is strongly linked
to the ability of grapevine cells to detoxify eutypin.
A similar mode of action for toxins produced by esca
complex pathogens is possible. It should also be clari-
fied if the seaweed extract has mainly a carrier role,
improving the distribution of the macro-elements, or
if (in this case and with this type of seaweed extract
containing isopentenyl adenine and glycine-betaine)
it also enhances the defence reaction of the host, since
in all cases the full mixture gave the greatest control
effect. Nevertheless, the synergistic effect of the sea-
weed extract on the activity of the nutrients is clear.
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The treatment described here significantly re-
duced the severity of the disease symptoms, stimu-
lated vegetative activity, as shown by significantly
greater surface area of primary leaves in the treated,
asymptomatic vines. Moreover the positive effects
on quality and quantity of the berries can only en-
courage a profitable application of the full mixture in
GLSD control. Furthermore, phytotoxicity was never
recorded, neither in the current season nor in follow-
ing years of repeated treatment. These results, which
represent the first efficient leaf treatment to reduce
GLSD after the moderate reduction obtained with
Fosetyl Al (Di Marco et al., 2011a), may improve a
new approach for the development of control strate-
gies against this complex disease.
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