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In southern Mediterranean areas, vineyards are facing the combination of increasing air
temperature, drought and frequency of extreme events (e.g., heat waves) due to climate
change. Since most of the berry growth and ripening phases occur during the aridity
period, such environmental constraints are responsible for limitations in yield and berry
quality. Within this scenario, to achieve vineyard sustainability, renewed approaches in
vineyard management have been proposed and the use of plant biostimulants seems
a prominent and environmental friendly practice. The aim of this study was to test
four combinations of a tropical plant extract and conventional chemicals for disease
control on morpho-anatomical, physiological, biochemical and berry quality in Vitis
vinifera L. subsp. vinifera “Aglianico.” In particular, we aimed to evaluate the possibility to
counteract the negative effects of the reductions in copper distribution, by applying the
tropical plant extract enriched with: micronutrients, enzymes involved in the activation
of natural defense, aminoacids, and vitamins. The halved dose of Cu in combination
with the tropical plant extract allowed maintaining a reduced vegetative vigor. In the
second year of treatment, the addition of the plant extract significantly improved leaf gas
exchanges and photochemistry as well as the synthesis of photosynthetic pigments.
At berry level, the plant extract induced an increase in phenolics accompanied by a
decrease in soluble sugars. The overall results showed that the expected differences in
growth performance and productivity in vines are linked to different eco-physiological
and structural properties induced by the various treatments. The tropical plant extract
also primed plant defenses at the leaf and fruit levels, mainly due to modifications of
some structural and biochemical traits, respectively.

Keywords: plant-based biostimulant, copper, eco-physiology, functional anatomical traits, soil-plant-atmosphere
continuum, Vitis vinifera L.
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INTRODUCTION

The scientists and extension specialists are called to make local
farming communities and crop production more resilient to
climate change. There is an urgent need for developing mitigation
and adapting solutions to cope with the scarcity of natural
resources and to the increase yield stability under multiple
stress conditions. Such objectives can be achieved through a
sustainable agriculture targeted to improve the use efficiency of
farm resources, simultaneously increasing crop yield and quality.
Indeed, the climate conditions for world winegrowing regions are
expected to change (Webb et al., 2013) with severe repercussions
on viticulture which is an high-income agricultural sector (Jones
and Webb, 2010; Goode, 2012).

In Europe, where viticulture is one of the most important
agricultural sectors (average annual production of 168 million
hectoliters, 54% of global consumption; FAOSTAT, 2020), a
decrease in rainfall, associated with an increase in temperature,
is expected especially in the Mediterranean region (IPCC,
2014). The combination of high air temperature and water
deficit, coupled with marked inter-annual and intra-annual
climate variability and scarce water resources (Costa et al.,
2007; Rogiers and Clarke, 2013; Lopes et al., 2014; Valverde
et al., 2015), leads to a severe depletion in soil water availability
resulting in an important vulnerability of rainfed agriculture.
Mediterranean viticulture is highly threatened by such projected
environmental limitations because berry growth and ripening
occur under conditions of high air temperature and soil water
deficit which may limit yield and berry quality (Medrano et al.,
2003; Chaves et al., 2007, 2010; Lereboullet et al., 2013, 2014).
Moreover, this phenomenon is exacerbated by the competition
for water resource with other sectors (e.g., industry) and by the
prohibition of irrigation in most “Demarcation of controlled
production areas” (DOC).

Other than climate change, European viticulture is facing also
a legislative rearrangement which includes several restrictions
in the use of chemical compounds suitable for pest and disease
management. In particular, copper compounds, that have been
used for more than one century mainly to control downy
mildew in vineyards at relatively high rates depending on
climatic conditions, caused a metallic copper accumulation in
the topsoil of many vineyards (Rusjan et al., 2007), especially
in organic cultivation. Therefore, the use of copper fungicides
has been strongly restricted by the European Commission,
firstly by the UE Reg. n. 889//2008, that allowed to use no
more than 6 kg ha−1 of metallic copper per year, and recently
even more by UE Reg. n. 1981/2018 that limits the amount
of metallic copper to the maximum cumulated threshold of
28 kg ha−1 in seven consecutive years. However, despite its
unfavorable ecotoxicological profile, copper is still tolerated due
to its distinctiveness as wide spectrum fungicide, at least until an
alternative product or control strategy will be identified (Dagostin
et al., 2011). During the last two decades, significant efforts have
been done by researchers and by European agricultural policy
makers to comply with environmental safety and organic farming
needs in the screening and evaluation of several alternatives to
metallic copper compounds, including both inorganic substances

at lower concentration of copper and plant extracts (Cohen et al.,
2006; Chuang et al., 2007).

In this framework, securing yield stability and improving
berry quality under multiple/combined stressful conditions (i.e.,
high temperature and drought stress) are two important goals
of viticulture, winemaking industry and scientists, especially in
a context of climate change (Poni et al., 2018). A promising,
efficient and sustainable innovation for the achievement of
such objectives could be the use of biostimulants (Rouphael
and Colla, 2018, 2020). The definition of biostimulants has
been intensively debated over the last decade, mainly for
regulatory purposes (du Jardin, 2012, 2015; Yakhin et al.,
2017; Caradonia et al., 2019). Recently under the EU fertilizer
regulation 2019/1009: a plant biostimulant shall be “an EU
fertilizing product able to modify plant physiological functions,
with the objectives of enhancing one or more of the following
agronomic claims: i) tolerance/resistance to abiotic stressors, ii)
nutrient uptake and efficiency, iii) qualitative characteristics
and iv) availability of nutrients confined in the rhizosphere or
to the soil” (European Union [EU], 2019). The effectiveness
of natural plant biostimulants (humic acids, seaweed and
plant extracts, protein hydrolyzates, and silicon) in imparting
tolerance for horticultural crops (fruit trees, grapevine, and
vegetables) against sub-optimal conditions (high temperature
and radiation, drought, and biotic pressure), has been attributed
to several putative direct and indirect physiological and
molecular mechanisms. Among these, there are: 1) enhanced
macro and micronutrient uptake due to a modulation of the
root system architecture in terms of biomass, soil exploitation,
branching and density, 2) increased physiological status (higher
leaf CO2 exchange rates, stomatal conductance, leaf water
potential, and water use efficiency), 3) regulation of key genes
involved in detoxification process and synthesis of osmolytes
(proline, glycinebetaine and sorbitol), and 4) modulation of
phytohormone signaling (Mancuso et al., 2006; Calvo et al.,
2014; Yakhin et al., 2017; Rouphael and Colla, 2020). Researches
on the beneficial use of biostimulants in the fruit production
sector, grapevine in particular, are still limited compared
to cereals and vegetables, and the findings are not always
consistent in terms of repeatability and efficacy (Basile et al.,
2020). This evidence is probably associated to the perennial
nature of the woody tree species and the variability of the
environmental conditions occurring year after year under
field conditions.

Despite the fact that several studies regarding the application
of biostimulants in the frame of modulating the nutritional,
functional and aromatic profile of berries, musts and wines
composition have been conducted (Parrado et al., 2007; Ferrara
and Brunetti, 2010; Martínez-Gil et al., 2012, 2013; Sánchez-
Gómez et al., 2016a,b; Frioni et al., 2018; Popescu and
Popescu, 2018), the information on the effects of biostimulant
application on grapevine morpho-anatomical, biochemical and
physiological response mechanisms to counteract biotic/abiotic
stresses is still missing.

The aim of this experiment was to evaluate, in a concurrent
climate and regulation change scenario, the application of a
plant extract to mitigate possible negative effects due to the
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reduced doses of synthetic chemicals, in particular metallic
copper, in Vitis vinifera L. subsp. vinifera “Aglianico.” Therefore,
four combinations of a tropical plant extract and conventional
chemicals for disease control were applied in a vineyard in
southern Italy, over two years, and vine response was evaluated
in terms of growth performance, morpho-physiological traits
and berry quality.

MATERIALS AND METHODS

Plant Material, Cultural Practices and
Experimental Design
The experimental trial was conducted in a commercial
vineyard (Fonzone-Caccese winery, F-Cw) (40◦57′50.0′′N
15◦03′49.8′′E, 400–450 m asl), located in Paternopoli (Avellino,
Campania region, Southern Italy). The study was conducted
during two consecutive growing seasons 2017–2018 on Vitis
vinifera L. “Aglianico” (clone VCR 23), grafted onto 420 A
(V. riparia × V. berlandieri). Vines were planted in 2006
on a medium west-faced slope (about 10%), with W-E row
direction. A meteorological wireless station (WatchDog, PCE
Instruments) was installed at the beginning of 2017 to collect
air temperature and rainfall data during the two years of
experimental trials.

Along the slope, two different soils (in the upper and lower
parts, Haplic Calcisols and Calcaric Cambisols, respectively; IUSS
Working Group WRB, 2015) were identified by Brook et al.
(2020) through a pedological survey supported by georadar
investigations. Although both soils were classified as silt loam,
they showed a different hydraulic behavior due to the different
presence of sand and rock fragments in their horizons (Brook
et al., 2020). Therefore, the experimental trial was realized only
on the slope surface characterized by the presence of Calcisol.

Plantation spacing was 2.2 × 1 m, yielding a plant density of
4,500 vines ha−1; vines were trained to a vertical shoot positioned
espalier system, spur pruned (horizontal spur cordon at 90 cm
height from the ground), with a bud load of about 10 vine−1 on
5 spurs. During both years, canopy management operations were
performed in terms of suckering (i.e., the mechanical removing of
shoots arising from the trunk and from the cordon, except those
from spurs) and vertical shoot positioning.

The experimental trials were based on different treatments
for disease control management. More specifically, different
spraying plant protection mixtures were obtained by the
combination of two levels of a copper oxychloride commercial
product (Coprantol WG, Syngenta) and only one level of
wettable sulfur (Tiovit jet, Syngenta) with or without the
addition of a tropical plant extract in liquid formulation
(Trym R©, Italpollina, Rivoli Veronese, VR, Italy). The trials were
conducted on 12 adjacent vine rows (3 rows × 4 disease control
treatments) of a vineyard homogeneous for exposition, slope and
pedological characteristics. The experimental design compared
four treatments: T1, F-Cw industry water mixture of copper
oxychloride (thus considered the control treatment), obtained
following ordinary dose prescriptions (400 g hL−1) for copper
oxychloride and wettable sulfur (400 g hL−1); T2, F-Cw industry

water mixture (copper oxychloride at 400 g hL−1
+ sulfur at

400 g hL−1) plus Trym R© (0.5 lt ha−1); T3, F-Cw industry water
mixture with halved dose of copper oxychloride (200 g hL−1)
and ordinary dose for wettable sulfur (400 g hL−1); T4, F-Cw
industry water mixture with halved dose of copper oxychloride
(200 g hL−1) and ordinary dose for wettable sulfur (400 g hL−1)
plus Trym R© (0.5 lt ha−1). The mixtures were sprayed directly
on canopy with a shoulder sprayer pump (GeoTech SP 300
4T), equipped with three flat spray nozzles, operating at a
pressure of about 15 bar, dispensing up to 10 hL of water
solution according to the canopy growth. During both years,
six spraying applications were performed, starting from the
phenological phase of the third-fourth leaves unfolded (BBCH
13-14) to the berry touch complete (BBCH 79) as reported
in Lorenz et al. (1995).

Biostimulant Characteristics
The tropical plant extract biostimulant Trym R© was provided
by the Italpollina Company (Rivoli Veronese, Italy). Trym R©

is a commercial plant biostimulant produced through water
extraction and fermentation of tropical plant biomass from
Aloe spp. and Hybiscus spp. The final product contains
mostly micronutrients, enzymes involved in the activation
of natural defense genes (proteases, N-acetyl-D-glucosamine
kinase, B-glucuronidase, and B-galactosidase), aminoacids, and
vitamins. Trym R© has a density of 1.023 kg L−1, a pH of 4.1.
It contains 0.85 g kg−1 of total proteins, 6.22 g kg−1 of sugars
(3.97 g kg−1 of glucose, 2.10 g kg−1 of fructose, and 0.15 g kg−1

of sucrose) and 1.62 g kg−1 of starch.
It contains 221 g kg−1 of free amino acids, including 56 g kg−1

of essential aminoacids. The aminogram of the product (in
g kg−1) is as follows: Ala (0.29), Arg (0.20), Asn (0.12), Asp (0.38),
Glu (0.01), Gly (0.10), His (0.14), Ile (0.22), Leu (0.48), Lys (0.14),
Orn (2.92) Phe (5.01), Pro (0.32), Ser (0.26), Thr (0.08), Trp
(4), Tyr (0.05), and Val (0.23). The total phenolics, determined
following the methods reported by Carillo et al. (2019), are
6.51 mg of gallic acid equivalent per gram of f.w. product. The
Trym R© mineral composition, determined by ion chromatography
as described by Cirillo et al. (2019), is as follows (g kg−1 f.w):
N–NH4 (0.92), N–NO3 (1.92), K (2.71), Na (1.64), Ca (2.86), Mg
(2.02), Cl (5.12), and SO4 (13.30). No detectable phytohormones
have been reported in Trym R©.

Biometric Analyses and Yield
Biometric analyses were performed during four main
phenological phases:pre-flowering, fruit set, veraison and
harvest on 15 plants per treatment, selected on the central
row of each treatment, in order to avoid drift interference.
Two-year-old shoots (holding the production of the year) per
plant were selected to monitor growth by recording shoot
length, number of leaves and leaf area. Leaf area was estimated
by measuring the lamina width and applying the equations
calculated based on the measurement of width and area of 25
leaves per treatment by means of a electronic leaf area meter
(LI-3100 model, LI-COR Inc., Lincoln, Nebraska, United States),
according to Caccavello et al. (2017).
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The bud break rate was determined on the selected shoots as
the ratio between the number of shoots and buds.

The fruit set was also analyzed on the same shoots. More
specifically, all the bunches on the shoots were photographed
with a digital camera and images were subjected to digital
image analysis through the software Image J (Rasband, NIH)
to count the number of visible flowers per bunch. On the
same date, from other plants, 12 bunches for treatment were
photographed and sampled: for them, the number of flowers
per bunch was counted both through digital image analysis and
manually to achieve the real flower number. The relationships
between the flowers counted through image analysis and the
real number of flowers were extracted and the equations used
to estimate the real number of flowers per bunch also in all
the other bunches. In addition, at the harvest phase, the same
procedure was repeated for the berries in order to calculate the
fruit set rate as the ratio between the number of berries and of
flowers. Finally, at the harvest phase, the number of bunches,
their weight (total yield per vine) and the berry diameter (on
150 fruits per treatment) were also recorded. Vine fertility was
then estimated as both real fertility (RF, the bunch number per
number of buds) and potential fertility (PF, the bunch number
per number of shoots.

Leaf Gas Exchange and Chlorophyll “a”
Fluorescence Emission
Leaf gas-exchange and chlorophyll “a” fluorescence emission
measurements were carried out on 2 well-exposed and fully
expanded leaves per 15 plants during the veraison phase of the
two growing seasons (2017–2018). Net CO2 assimilation rate
(Pn) and stomatal conductance (gs) were performed by means
of a portable infra-red gas-analyzer (LCA 4; ADC, BioScientific,
Hoddesdon, United Kingdom) equipped with a broad-leaf PLC
(cuvette area 6.25 cm2). Chlorophyll “a” fluorescence emission
was measured using a portable FluorPen FP100 Max fluorometer
with a light sensor (Photon System Instruments, Brno, Czech
Republic). A blue LED internal light of 1–2 µmol photons m2 s−1

was used to induce the ground fluorescence F0 on 30′ dark
adapted leaves. A saturating light pulse of 3.000 µmol photons
m2 s−1 was applied to induce the maximal fluorescence level
in the dark, Fm. The following parameters were considered: the
maximum PSII photochemical efficiency (Fv/Fm) calculated as
(Fm − F0)/Fm, the quantum yield of PSII linear electron transport
(8PSII) and non-photochemical quenching (NPQ) (Genty et al.,
1989; Bilger and Björkman, 1990). The measurements in the light
were conducted from 12:00 to 14:00 pm under environmental
Photosynthetic Photon Flux Density (PPFD) ranging between
1,800 and 2,300 photons m2 s−1.

Leaf Traits and Chlorophyll
Quantification
During the growing season 2018, at the veraison phase, leaf
functional traits, namely specific leaf area (SLA), leaf dry
matter content (LDMC), and relative water content (RWC)
were determined on 10 well-exposed and fully expanded
leaves per treatment, following the methods reported in

Cornelissen et al. (2003). The SLA was calculated as the ratio
between leaf area and leaf dry mass (cm2 g−1). LDMC was
measured as the leaf oven-dry mass (at 75◦C for 48 h)
divided by its water-saturated fresh mass and expressed as
g g−1 wslm (water-saturated leaf mass). The RWC was
expressed as percentage of (fresh weight− dry weight)/(saturated
weight − dry weight). The saturated fresh weight was measured
submerging the petiole of leaf blades in distilled water for
48 h in the dark.

From the same plants, five leaves per treatment were collected
and used for the extraction of chlorophylls and carotenoids.
Pigments were extracted in ice-cold 100% acetone with a mortar
and pestle and centrifuged at 5,000 rpm for 5 min (Labofuge
GL, Heraeus Sepatech, Hanau, Germany). The absorbance of
supernatants was quantified by a spectrophotometer (UV-VIS
Cary 100, Agilent Technologies, Santa Clara, CA, United States)
at wavelengths of 470, 645, and 662 nm. The pigment content
was calculated according to Lichtenthaler (1987) and expressed
in µg cm−2.

Functional Anatomical Traits in Leaves
and Fruits
During the growing season 2018, at the veraison phase, five fully
expanded leaves were sampled from five plants per treatment.
Each leaf was dissected to obtain two sub-samples from the
median region of the lamina: one devoted to thin sectioning, the
other to peeling for stomata characterization. The subsamples
were immediately submerged in the FAA chemical fixative (5 mL
40% formaldehyde, 5 mL glacial acetic acid, and 90 mL 50%
ethanol) for several days. During the harvest phase, five berries
from five plants per each treatment were collected by dissecting
them directly on the plant in order to analyze fruit samples having
the same exposition to the light. Fruit samples were fixed in FAA
as well. The sampled leaves and berries were further dissected
under a reflected light microscope (SZX16, Olympus, Hamburg,
Germany) to obtain subsamples of leaves (5× 6 mm) and berries
(8 × 8 mm, removing the seeds) which were dehydrated in
an ethanol series (up to 95%), infiltrated and embedded in the
JB4 R© acrylic resin (Polysciences, United States). Cross sections
of the leaf lamina and longitudinal sections of the fruits were
cut by means of a rotary microtome at 5 µm thickness. Leaf
sections were stained with 0.5% toluidine blue in water (Feder
and O’Brien, 1968), mounted with mineral oil for microscopy,
and observed under a transmitted light microscope (BX60,
Olympus, BX 60). Fruit sections were mounted, unstained, with
mineral oil for fluorescence microscopy and observed under an
epi-fluorescence microscope (BX60, Olympus) equipped with
a mercury lamp, band-pass filter of 330–385 nm, dichromatic
mirror of 400 nm and above, and a barrier filter of 420 nm
and above, for the observation of simple phenolic compounds
and suberized/lignified cell walls (Fukazawa, 1992; Ruzin, 1999;
De Micco and Aronne, 2007). Images of leaf and fruit sections
at different magnifications were captured though a camera
(CAMEDIA C4040, Olympus) and analyzed through the image
analysis software Olympus AnalySIS 3.2, in order to quantify
the following morpho-anatomical traits: the thickness of the

Frontiers in Environmental Science | www.frontiersin.org 4 March 2021 | Volume 9 | Article 587550

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/environmental-science#articles


fenvs-09-587550 March 19, 2021 Time: 12:35 # 5

Cirillo et al. Biostimulant Efficiency in Grapevine Adaptation

leaf lamina (total leaf thickness, TLT), of the palisade and
spongy parenchyma (palisade tissue thickness, PT and spongy
tissue thickness, ST); the ratio between the thickness of the
palisade parenchyma and the thickness of the entire foliar
lamina (PT/TLT); the ratio between the thickness of the spongy
parenchyma and the thickness of the entire foliar lamina
(ST/TLT); the percentage of intercellular spaces per surface
area in the spongy parenchyma (intercellular spaces, IS); the
thickness of the collenchyma located in the subepidermal
portions of the upper (TCU) and lower (TCL) lamina surfaces
at the vein level.

As regards the quantification of stomata traits, the abaxial
epidermis was carefully peeled off with a tweezer, and the
epidermis strips were flattened and mounted on a glass slide
with distilled water. Three film strips from each sample were
observed under a transmitted light microscope (BX60, Olympus,
Hamburg, Germany). Digital images of the epidermis were
collected and analyzed as reported above to measure: stomata
frequency (SF), calculated by counting the number of stomata
in five regions of the epidermis and expressed as the number
of stomata per mm2; the guard cell length (GCL), quantified
by measuring the length pole to pole, and the guard cell width
(GCW) in the median position, in 20 stomata per sample.

Leaf Mineral Composition
During both growing seasons, at the veraison phase, six
fully expanded leaves per treatment were sampled. Leaf dry
tissues were finely ground with a mill (IKA, MF10.1, Staufen,
Germany) with 0.5 mm-sieve. For the evaluation of mineral leaf
composition in terms of cations (Na, NH4, K, Mg, and Ca),
anions (NO3, SO4, PO4, and Cl) and organic acids (malate,
tartrate, citrate, and isocitrate), 250 mg of dried material were
suspended in 50 mL of ultrapure water (Milli-Q, Merk Millipore,
Darmstadt, Germany), freezed and subjected to 10 min shaking
in a water bath (ShakeTemp SW22, Julabo, Seelbach, Germany)
at 80◦C. Anions and cations were separated and quantified by
ion chromatography equipped with a conductivity detection (ICP
3000 Dionex, Thermo fisher Scientific Inc., MA, United States),
according to Zhifeng and Chengguang (1994).

Fruit Quality Traits
During both growing seasons, at the harvest phase, analytical
determinations of standard chemical parameters, namely soluble
solids content (SSC), juice pH and titratable acidity (TA), were
carried out on a sample of 10 berries per each of 15 plants per
treatment. To ensure a representative sample, berries were picked
from the top to the bottom and from the internal to the external
part of the bunch. The SSC was determined by refractometric
analysis (HI96801 digital refractometer, HANNA Instruments
Italia Srl, Padua) on unfiltered juice, obtained by squeezing the
berries (European Union [EU], 1990), and expressed in Brix. The
remaining juice was filtered and diluted 1:1 in distilled water and
used to measure the juice pH and the TA. Juice pH values were
recorded using a digital pH meter (CLB22, Crison Instruments,
Alella, Barcelona, Spain); whereas for TA determination, diluted
sample were titrated with a 0.1 N NaOH solution up to pH

8.2 and the titratable acidity was expressed as g L−1 of tartaric
acid equivalent.

Statistical Analysis of Data
All experimental data were analyzed with the SPSS 13
statistical software (SPSS Inc., Chicago. IL, United States). The
growth data were analyzed by three-way analysis of variance
(ANOVA) considering the year (Y), the foliar treatment (T)
and the phenological phase (PP) as main factors. A two-
way ANOVA was performed on data collected at fruit set
for shoot fertility and fruit set, and at harvest for yield
components (total bunch weight and the number of bunches
per vine) and for main qualitative parameters of berries
(average berry diameter, SSC, pH, and TA), considering the year
(Y) and the foliar treatment (T) as main factors. Whenever
the interactions were significant, a one-way ANOVA was
performed. Leaf traits and anatomical data were subjected to
one-way ANOVA. To separate treatments per each measured
parameter, the Duncan’s multiple range test was performed. The
verification of normality was performed through the Shapiro–
Wilk test; the percentage data were previously subjected to
arcsine transformation.

RESULTS

Meteorological Course
The montly average mean air temperature was similar during
the two growing seasons, with an annual mean temperature of
14.2 and 14.5◦C in 2017 and 2018, respectively (Figure 1A).
The hottest month was August in 2017 (monthly average
mean temperature of 26.2◦C; maximum temperature of 34.9◦C),
while July in 2018 (monthly average mean temperature of
23.8◦C; maximum temperature of 30.9◦C). The cumulative
annual precipitation was 568 mm in 2017, while 955 mm in
2018. The monthly precipitation of July and August was of
6.3 and 0.5 mm, respectively in 2017, while it was of 7.6 and
110.4 in 2018. Therefore, during the second year of trial the
calculated difference between monthly rainfall and ET0 indicates
a lower water availability during the grapevine growing season in
2017 (Figure 1B).

Growth Analysis and Production
Growth parameters (bud break percent, shoot length, number
of leaves, and leaf area per shoot) of the four treatments
applied to Aglianico vines, measured at the four phenological
phases during the two growing seasons, are reported in Table 1.
Considering the effects of year as main factor, results showed
that in 2018, all growth parameters were significantly higher than
2017. Concerning the foliar treatment, the T4, containing Cu
at 50% and Trym R©, caused a significant reduction of all growth
parameters but bud break percent. In particular, the average shoot
length was reduced by 17% compared to T1 (Cu at 100%) and by
about 9% compared to both T2 (Cu at 100% and Trym R©) and
T3 (Cu at 50%) (Table 1). Similarly, the total leaf area and leaf
number per shoot were significantly decreased by T4 application
compared to the other treatments (Table 1).
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FIGURE 1 | Diagrams showing the monthly average mean air temperature (A)
and water deficit (calculated as difference between rainfall and ET0) (B) for
2017 (black line) and 2018 (gray line).

Overall, among the vegetative phases, the major increment
of growth parameters was recorded at veraison. The interaction
between year and foliar treatment (Y × T) was significant for
the average shoot length, number of leaves, and total leaf area
(Table 1). In detail, the highest shoot length was observed in
T1 during the year 2018; moreover, this parameter resulted
significantly lower in all the other treatments both in 2017 and in
2018, with the lowest value in T4 in 2017 (Figure 2A). Similarly,
the T4 treatment in 2017 induced the lowest leaf number and leaf
area per shoot, whereas T2, the treatment containing the same
dose of Cu but added with Trym R©, showed the highest values
(Figures 2B,C).

Significant differences were also found in grapevine
production components (Table 2). Compared to 2017, in
2018 there was a decrease in potential fertility (−13.3%) and in
the number of bunches per vine (−41%), and a contemporary

increase in the fruit set (+19.4%) and in the average diameter of
berries (+28.1%). The real fertility and weight of bunches per
plant, however, were not significantly influenced (Table 2).

Fruit set was affected by the Y × T interaction, with foliar
treatment T1 and T2 in 2018 resulting in 54 and 53% of fruit set,
followed by T2 (45%) and T1 (39%) in 2017 and T4 (44%) in 2018
as intermediate values, finally by T3 (28.5%) and T4 (26.5%) in
2017 and T3 (16%) in 2018.

The Y × T interaction resulted significant in all the main
components of the yield, since the bunch number per vine
was generally higher during 2017, with the highest number of
bunches obtained in T1 treatment, whereas the lowest values
were recorded in T2 and T4 treatments of 2018 (Figure 3A).
On the contrary, the T1 treatment in 2018 induced the highest
yield in terms of total bunch weight (nearly 1 kg per vine) and
the T4 treatment in 2017 showed the lowest yield harvested
(Figure 3B). Furthermore, even though in general the berry size
resulted significantly increased in all the treatments in 2018, the
T4 treatment in 2018 showed the highest value and the overall
lowest one in 2017 (Figure 3C). Finally, SSC of berries was
highest in T1 and T3 in 2017, intermediate in T2 and T4 in 2017
and T1 in 2018 and reached the lowest level in T2, T3, and T4 in
2018 (Figure 3D).

TABLE 1 | Main effects of year, foliar treatment and phenological phase on vine
bud break, shoot length, number of leaves per shoot, total leaf area per shoot of
V. vinifera “Aglianico” vines. Mean values and significance of main factors’
interactions are shown. Different letters within column indicate significant
differences according to Duncan’s multiple-range test (P ≤ 0.05).

Bud break Shoot length Leaves Total leaf area

(%) (cm) (n shoot−1) (cm2 shoot−1)

Year (Y)

2017 92.70b 82.09b 25.38b 1,584.52b

2018 99.50a 110.18a 44.69a 3,287.56a

Foliar treatment (T1)

T1 95.60a 105.41a 36.17b 2,482.02a

T2 99.30a 95.91b 39.22a 2,653.31a

T3 94.20a 95.62b 36.08b 2,537.06a

T4 95.20a 87.60c 28.70c 2,071.78b

Phenological Phase (PP)

Pre-flowering n.a. 80.08b 26.74b 1,960.70c

Fruit set n.a. 104.60a 43.21a 2,954.23b

Veraison n.a. 100.70a 46.20a 3,312.91a

Harvest n.a. 99.05a 24.01b 1,516.32d

Significance2

Y *** *** *** ***

T NS *** *** ***

PP n.a. *** *** ***

Y × T NS *** *** **

Y × PP n.a. NS *** ***

T × PP n.a. NS NS NS

1T1 – only industry water mixture of copper oxychloride; T2 – industry water mixture
of copper oxychloride plus Trym R©; T3 – half dose of copper oxychloride water
mixture; T4 – half dose of copper oxychloride water mixture plus Trym R©.
2NS, *, **, ***: Non-significant or significant at P ≤ 0.05, 0.01, 0.005, respectively.
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FIGURE 2 | Combined effects of year and foliar treatments shoot length (A),
leaf number (B) and total leaf area (C) per shoot of V. vinifera “Aglianico” vines
(mean ± SE). Different letters indicate significant differences according to
Duncan’s multiple-range test (P ≤ 0.05). [T1 – only industry water mixture of
copper oxychloride; T2 – industry water mixture of copper oxychloride plus
Trym R©; T3 – half dose of copper oxychloride water mixture; T4 – half dose of
copper oxychloride water mixture plus Trym R©].

Leaf Gas Exchange, Chlorophyll
Fluorescence Emission and
Photosynthetic Pigment Quantification
With the exception of stomatal conductance (gs), which was
affected by the year only (with the highest values recorded in
2018), the physiological data at veraison, in particular the net
photosynthetic rate (Pn) and the transpiration rate (E), were
influenced by the interaction Y × T (Table 3). Indeed, Pn
reached the highest level in T2 in 2018 and the lowest in T2

in 2017, whereas all the other treatments were intermediate
(Figure 4A). Differently, the highest value of transpiration rate
was found in T3 and T2 of year 2017 (3.63 and 3.28 mol
H2O m−2s−1, respectively), whereas all the treatments in 2017
reached the lowest values (on average 0.93 mol H2O m−2s−1)
(data not shown).

The maximum PSII photochemical efficiency (Fv/Fm) was
significantly affected by the interaction Y × T, whereas the
quantum yield of 8PSII and NPQ were mainly influenced by the
year, with all parameters in 2018 reaching higher values than in
2017, and by foliar treatment (Table 3). For instance, the lowest
values of Fv/Fm were recorded in T1 and T3 treatments vines
during the year 2017 (Figure 4B). T2 and T4 elicited significant
increase (12.4 and 8.8%, respectively) in 8PSII compared to
the treatments without Trym R© (T1 and T3), whereas the NPQ
resulted significantly lowered in the foliar treatments containing
Trym R©, such as T2 and T4 (Table 3).

The total chlorophyll and carotenoid contents also increased
in 2018 compared to 2017 and were affected by the Y × T
interaction (Table 3 and Figures 4C,D).

Indeed, vines treated with sprays containing Cu and Trym R©

(T2 and T4) limitedly to 2018 also showed a significant
rise in the photosynthetic pigment content compared to the
other treatments.

Leaf Traits and Functional Anatomical
Traits in Leaves and Fruits
As reported in Table 4, leaves subjected to the 50%Cu dose
showed a significant reduction in the RWC compared to leaves
treated with 100% Cu dose, whereas no significant differences
were found in SLA and LDMC.

Microscopy observations of leaves and fruits showed that there
were no treatment-induced qualitative alterations in the tissue
organization (Figure 4). The thickness of lamina, of palisade and
spongy parenchyma tissues, as well as the spongy parenchyma
density (i.e., percent of intercellular spaces) were not influenced
by the foliar treatments (Table 4). Stomata traits, either frequency
or size, were not significantly influenced as well (Table 4). The
sole leaf anatomical parameter significantly influenced by the
foliar treatments was the thickness of the collenchyma layers
under the upper epidermis, in correspondence of the veins. This
trait showed the lowest value in T1, significantly increased in T3
and T4 which in turn presented significantly lower values than
T2 (Table 4).

Regarding the fruits, epi-fluorescence microscopy showed an
intrinsic fluorescence, due to the presence of waxy substances
on the surface of the exocarp, and of phenolic compounds
both in vacuoles and along the membranes. The yellow-orange
autofluorescence of these phenolic compounds was stronger
at the subepidermal layers of cells compared to the inner
parenchyma cell layers of the flesh. Indeed, the autofluorescence
gradually faded moving toward the inner layers of the flesh.
The intensity of autofluorescence was significantly affected by
the foliar treatments. In particular, the reduction in the copper
dose in T3 and T4 led to an increase in the intensity of phenolic
autofluorescence especially in the cells of the sub-epidermal
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TABLE 2 | Main effects of year and foliar treatment on potential and real fertility of shoots, fruit set, bunch weight and number, berry diameter, berry juice soluble solids
content (SSC), pH, and titratable acidity (TA) of V. vinifera “Aglianico” vines. Mean values and significance of main factors’ interactions are shown. Different letters within
column indicate significant differences according to Duncan’s multiple-range test (P ≤ 0.05).

Potential Real Fruit set Bunch weight Bunch number Berry diameter SSC pH TA (g l−1 tartaric

fertility fertility (%) (g vine−1) (no. vine−1) (cm) (◦Brix) acid equivalent)

Year (Y)

2017 1.1 5a 1.07a 34.90b 0.597a 10.64a 1.14b 23.58a 3.16a 7.19b

2018 0.91b 0.97a 41.70a 0.675a 6.28b 1.46a 22.51b 3.25a 7.70a

Foliar treatment (T)1

T1 1.01a 1.03a 46.50a 0.835a 9.33a 1.29b 23.48a 3.19a 7.65a

T2 1.11a 1.13a 49.30a 0.680b 8.77a 1.30b 22.74b 3.27a 7.71a

T3 1.01a 0.97a 22.30c 0.683b 8.50a,b 1.33a 23.17a 3.14a 7.44a,b

T4 0.98a 0.94a 35.10b 0.347c 7.23b 1.29b 22.81b 3.22a 6.98b

Significance2

Y ** NS *** NS *** *** *** NS *

T NS NS *** *** * *** *** NS *

Y × T NS NS *** ** * *** *** NS NS

1T1 – only industry water mixture of copper oxychloride; T2 – industry water mixture of copper oxychloride plus Trym R©; T3 – half dose of copper oxychloride water mixture;
T4 – half dose of copper oxychloride water mixture plus Trym R©.
2NS,*, **, ***: Non-significant or significant at P ≤ 0.05, 0.01, 0.005, respectively.

layers if compared to T1 and T2 (Figures 5E,F). T4 fruits showed
not only the highest autofluorescence but also a thicker zone
showing such an autofluorescence moving toward the inner
part of the flesh (data not shown).

Leaf Mineral Composition
Leaf mineral composition in the first year of trial (2017) showed
higher values of Na+, tartrate and citrate compared to 2018.
However, in 2018 PO4

3− increased, while no differences were
assessed for NH4

+ between the two years (Table 5). The foliar
spray treatment as main factor induced no significant differences
for Na+, NH4

+, PO4
3− and tartrate, whereas T2 and T4 affected

positively the citrate concentration in the leaves compared to
the two control treatments without Trym R©, such as T1 and
T3 (Table 5).

The Y × T interaction influenced significantly K+, Mg2+,
and Ca2+ which increased in the leaves of vines treated with
the foliar spray containing Cu at 50% and Trym R© in the year
2018 (Figures 5A–C). On the other hand, the nitrate content
resulted highest in T1 treatment in 2018 and reached the lowest
values in all the other treatments in the same year, whereas it
was increased in both the treatments containing the Trym R© (T2
and T4) compared to related controls (T1 and T3) in the year
2017 (Figure 5D). The concentration of sulfate was generally
decreased in all the treatments of 2018 compared to 2017, with
the lowest level in T3 (Figure 5E). Finally, also the concentration
of malate resulted significantly increased in the treatments T3 and
T4 of 2018, while no differences were detected among all the other
treatments (Figure 5F).

Fruit Quality Traits and Mineral
Composition
Considering the year as main factor, 2018 showed a decrease
in the SSC and an increase in titratable acidity (TA), while
the pH was not influenced (Table 6). The TA was the only

parameter significantly influenced by the dose of copper, showing
a decrease in response to 50% Cu. Furthermore, TA in 2017
showed no significant differences among the four treatments. In
2018, however, it decreased in T4 (Figure 6). Trym R© application,
caused a reduction in the SSC compared to T1, while the other
parameters were not affected.

Except for the concentration of potassium, the mineral
composition of berries was affected as main factors by year and
by foliar treatment (Table 6). In particular, in the second year
of measurements (2018) an increase in the content of NH4

+,
PO4

3−, malate, and a decrease in Mg2+, NO3
−, Cl−, tartrate, was

recorded compared to the first year (2017) (Table 6). Concerning
the foliar treatment as the main factor, the reduction of the copper
content to 50% led to an increase in Na+ and PO4

3− when
applied alone (T3 vs T1) and to a decrease in NH4

+ and tartrate
content when applied with Trym R© (T4 vs T2) (Table 6).

DISCUSSION

In this study, we demonstrated that the reduction of Cu
application coupled with the distribution of a tropical
plant extract through foliar spraying in grapevine can be a
promising strategy to support plant protection respectfully of
chemical control restrictions. The application of plant-based
biostimulants, in grapevine is increasing and has been proven to
influence many plant processes, including nutrient absorption,
photosynthesis, mechanisms of defense against biotic and
abiotic stresses (Gutiérrez-Gamboa et al., 2019). Indeed, the
effects are strictly dependent on chemical composition, dose,
time of distribution, and cultivar, often leading to distinct
plant responses such as increasing or decreasing vegetative
growth and photosynthesis (Salvi et al., 2016; Gutiérrez-Gamboa
et al., 2019). In the case of Aglianico, the application of the
halved dose of Cu together with the tropical plant extract
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FIGURE 3 | Combined effects of year and foliar treatments on bunches number (A) and weight (B) per vine and berry diameter (C) and soluble solids content (D) in
V. vinifera “Aglianico” vines (mean ± SE). Different letters indicate significant differences according to Duncan’s multiple-range test (P ≤ 0.05). [T1 – only industry
water mixture of copper oxychloride; T2 – industry water mixture of copper oxychloride plus Trym R©; T3 – half dose of copper oxychloride water mixture; T4 – half
dose of copper oxychloride water mixture plus Trym R©].

allowed maintaining a reduced vegetative vigor, only partly
due to decreased photosynthetic levels, at least compared to
the treatment with full Cu dose plus the Trym R©. The reduction
in vegetative growth, in agreement with other studies, is a
desirable trait in Aglianico that is a cultivar characterized by
high vigor thus being high-demanding in terms of canopy
management (Bavaresco et al., 2005). Interestingly, the reduced
dose of Cu determined a significant reduction in the fruit
set that was partially recovered by the application of the
Trym R©. This suggests that the tropical plant extracts could have
helped a different allocation of resources, still high due to high
photosynthetic efficiency.

It is noteworthy that the application of the different treatments
has induced a diverse regulation of plant photosynthetic
capacity, determining an adaptation of grapevines to the new
environmental conditions. The improvement in photosynthetic
performance was evident only in the second year of the
treatments. In the first year, the lower levels of gas exchanges
(Pn and gs and photosynthetic pigments were not accompanied
by any decrease in photochemistry when the tropical plant
extract was applied. Conversely, in the second year, the
addition of Trym R© significantly improved leaf gas exchanges
and photochemistry as well as the synthesis of photosynthetic
pigments. The differential responses observed in the two years,
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TABLE 3 | Main effects of year and foliar treatment, on net photosynthetic rate (Pn), stomatal conductance (gs), leaf transpiration rate (E), maximum quantum efficiency
of PSII photochemistry (Fv/Fm), quantum yield of PSII linear electron transport (8PSII ), non-photochemical quenching (NPQ) and leaf pigment quantification of V. vinifera
“Aglianico” vines at veraison. Mean values and significance of main factors’ interactions are shown. Different letters within column indicate significant differences
according to Duncan’s multiple-range test (P ≤ 0.05).

Pn gs E Fv/Fm 8PSII NPQ Total chlorophyll Total carotenoids

(µmol m−2 s−1) (mmol m−2 s−1) (mol H2O m−2s−1) content (µg cm−2) content (µg cm−2)

Year (Y)

2017 2.90b 17.63b 0.93b 0.758b 0.328b 1.38a 36.79b 7.68b

2018 9.43a 73.18a 3.17a 0.797a 0.395a 1.23b 62.21a 15.14a

Foliar treatment (T1)

T1 5.85b 45.53a 1.83b 0.770b 0.346c 1.52a 44.20c 10.43c

T2 6.97a 44.96a 2.04a,b 0.785a 0.389a 1.15c 53.63a 11.99b

T3 5.99b 50.74a 2.26a 0.770b 0.340c 1.36b 47.46b,c 9.19c

T4 5.86b 40.41a 2.06a,b 0.786a 0.370b 1.13c 52.70a,b 14.04a

Significance2

Y *** *** *** *** *** ** *** ***

T *** NS * *** *** *** *** ***

Y × T *** NS * *** NS NS *** ***

1T1 – only industry water mixture of copper oxychloride; T2 – industry water mixture of copper oxychloride plus Trym R©; T3 – half dose of copper oxychloride water mixture;
T4 – half dose of copper oxychloride water mixture plus Trym R©.
2NS,*, **, ***: Non-significant or significant at P ≤ 0.05, 0.01, 0.005, respectively.

may be ascribed to the different climatic conditions especially
regarding the water deficit intensity and duration throughout
the growing season. Indeed, the improvement in all the
morphological and physiological traits recorded in the second
year of the trial, especially with the application of Trym R©, might
be due to the higher cumulated rainfall compared to the previous
year. Another explanation may be that many critical physiological
processes, such as nutrient uptake by soil and photosynthetic
carbon assimilation, need more time to be influenced, and that
the plant extract exerts a long-lasting effect on the photosynthetic
capacity. Even if plants did not show stress signals, as indicated by
the comparable Fv/Fm ratio, the prolonged application of Trym R©

on leaves for two consecutive years might have promoted the PSII
electron transport activity, allocating the reductive power of the
electron transport chain in carbon fixation, rather than in non-
radiative dissipation mechanisms. This assumption is confirmed
by the higher Pn rates and lower NPQ index in plants treated
with Trym R© and both levels of copper oxychloride compared to
plants without the Trym R© application, during the second year
of treatments. The positive effects exerted by the tropical plant
extract on gas exchanges and photochemistry in the second year
of treatment may also be ascribed to the enhancement of some
leaf functional traits. More specifically, the increase in total leaf
area, as well as the high content of chlorophylls and carotenoids
found in plants treated with vegetal-based plant biostimulant,
may have helped the light interception and conversion by
the photosynthetic apparatus, thus favoring the photosynthesis.
A direct presumed mechanism in the rise of photosynthesis could
be attributed to the increase in N assimilation in crops, due to the
positive effects of signaling molecules (amino acids and soluble
peptides present in the product) on the production of C skeletons
and energy supply, which are needed for amino acid biosynthesis
(Colla et al., 2015, 2017). Moreover, another putative indirect
mechanism behind the biostimulant activity (especially in T4)

of tropical plant extract is the modulation of the root system
architecture (e.g., length, number, density, and expansion of
lateral roots) thus improving nutrient uptake (higher K, Ca, and
Mg concentration in leaf tissue). Particularly, Mg is an essential
element for plant growth and/or development and is involved in a
wide range of biochemical and physiological activities, including
pigment synthesis and photosynthetic carbon fixation (Gransee
and Führs, 2013; Kumar et al., 2015). It is well known that the
addition of copper-based foliar fertilizer increases photosynthetic
pigment content compared to untreated samples by improving
of soil chemical properties (Zhu et al., 2012). In our case, the
treatment obtained mixing a half dose of copper oxychloride with
Trym R© did not produce a stimulatory effect on photosynthetic
performance, despite the increased pigment content, probably
because the chosen dose is not suitable for grapevine plants at
veraison stage. However, the gas exchanges and photochemical
behavior are also dependent on changes in plant structural traits
induced by the different treatments. Hence, it cannot be excluded
that the harmonization of structural and functional plant traits
at the whole plant level has determined the overall grapevine
physiological response.

The lack of any changes in the mesophyll and stomata traits
related to the control of water conductivity and gas-exchange
control, suggests that the treatments did not induce permanent
structural changes in leaves, but adaptation relies more on short-
term physiological adjustment.

Furthermore, the application of the tropical plant extracts,
although slightly reducing yield compared to the normal farm
practice, allowed reducing the SSC in grapes while maintaining
a satisfying level of titratable acidity and also acting on
berry size, content of some minerals and histological traits.
In grapevine, it has been reported that foliar application of
seaweed extracts induced a raise in uptake of cations, such as
potassium and calcium that turned in an increased vegetative
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FIGURE 4 | Combined effects of year and foliar treatments on net photosynthetic rate (Pn) (A), maximum quantum efficiency of PSII photochemistry (Fv/Fm) (B), total
chlorophyll content (C) and total carotenoids content (D) of V. vinifera “Aglianico” vines (mean ± SE). Different letters indicate significant differences according to
Duncan’s multiple-range test (P ≤ 0.05). [T1 – only industry water mixture of copper oxychloride; T2 – industry water mixture of copper oxychloride plus Trym R©; T3 –
half dose of copper oxychloride water mixture; T4 – half dose of copper oxychloride water mixture plus Trym R©].

growth (Mancuso et al., 2006), In the present experiment, despite
increased leaf concentrations of potassium, magnesium and
calcium were observed when Trym R© was added to the halved
Cu dose, our data indicate a reduction in average shoot length
whenever the tropical plant extract was applied independently
of the copper dose. A higher level of magnesium in leaves
has been suggested to counteract the incidence of bunch
stem necrosis, that is a well-known physiological disorder
in grapevine, related to magnesium deficiency (Bondada and
Keller, 2012). As regards histological traits, the half dose
of Cu together with the tropical plant extract lead to an

increased autofluorescence of phenolics in the subepidermal
layers and also an increase in the thickness of the flesh
containing such phenolics, likely indicating an augmented
content in phenolics in berries. This suggests a redirection of
plant resources toward the production of secondary metabolites,
whose accumulation is a typical strategy adopted by plants to
improve the physiological defenses against abiotic and biotic
stresses. Indeed, phenolic compounds are produced through the
phenylpropanoid pathway which is soon activated to mediate
plant interaction with abiotic and biotic factors and is considered
the key of the robustness of gymnosperms and angiosperms to
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TABLE 4 | Main effects of foliar treatments on functional anatomical traits in leaves of V. vinifera “Aglianico” vines. Different letters within column indicate significant
differences according to Duncan’s multiple-range test (P ≤ 0.05).

SLA LDMC RWC TLT PT/TLT ST/TLT IS TCU TCL SF GCL GCW

(cm2 g−1) (g g−1) (%) (µm) (µm) (µm) (%) (µm) (µm) (mm2) (µm) (µm)

Foliar treatment (T1)

T1 147.12a 0.242a 91.95a 185.61a 0.450a 0.350a 34.75a 171.19c 91.57a 218.60a 61.40a 11.73a

T2 160.39a 0.236a 89.35a 177.31a 0.447a 0.358a 35.48a 208.44a 114.29a 274.27a 54.40a 10.20a

T3 156.27a 0.237a 90.14a 189.46a 0.447a 0.367a 37.97a 190.83b 94.13a 238.97a 51.87a 8.93a

T4 144.26a 0.244a 82.12b 177.77a 0.447a 0.358a 39.84a 190.48b 112.05a 300.41a 47.00a 14.60a

Significance2

T NS NS * NS NS NS NS *** NS NS NS NS

1T1 – only industry water mixture of copper oxychloride; T2 – industry water mixture of copper oxychloride plus Trym R©; T3 – half dose of copper oxychloride water mixture;
T4 – half dose of copper oxychloride water mixture plus Trym R©.
2NS, *, **, ***: Non-significant or significant at P ≤ 0.05, 0.01, 0.005, respectively.
SLA, specific leaf area; LDMC, leaf dry matter content; RWC, relative water content; TLT, total leaf thickness; PT/TLT, ratio between the thickness of the palisade
parenchyma and the thickness of the entire foliar lamina; ST/TLT, ratio between the thickness of the spongy parenchyma and the thickness of the entire foliar lamina; IS,
percentage of intercellular spaces per surface area in the spongy parenchyma; TCU and TCL, thicknesses of the collenchyma located in the subepidermal portions of the
upper and lower lamina at the vein level; SF, stomata frequency; GCL, guard cell length; GCW, guard cell width.

cope with stresses (Vogt, 2010). The biostimulatory action of
the tropical plant extract on the synthesis and accumulation of
antioxidant molecules (phenolic compounds) was likely related
to the activation of secondary metabolism, in particular the
increase in gene expression of the phenylalanine (tyrosine)
ammonia-lyase enzyme, involved in the phenylpropanoid
pathway (Schiavon et al., 2010; Ertani et al., 2011). Phenolics are

FIGURE 5 | Light (A–D) and epi-fluorescence (E,F) microscopy views of leaf
(A–D) and fruit (E,F) sections in V. vinifera “Aglianico” vines. (A,B) leaf cross
section of T1 and T3; (C,D) detail of the collenchyma in T1 and T3; (E,F) fruit
longitudinal section showing yellow-orange autofluorescence of phenolics in
the sub-epidermal layers in T1 and T3, respectively. Bars = 100 µm in (A–D),
50 µm in (E,F). [T1 – only industry water mixture of copper oxychloride; T3 –
half dose of copper oxychloride water mixture].

generally accumulated in various plant tissues, especially in the
subepidermal layers of organs, in order to protect them by
predators and pathogens, being non-lethal feeding deterrents.
Their localization at the periphery of plant organs enhances their
role in chemical protection given that any injury at the tissue
surface would cause the prompt release of the phenolics stored
in the cells, thus likely activating inducible defenses (Franceschi
et al., 1998; Graham et al., 2004). In the current experiment, the
distribution of the tropical plant extract would likely have not
only a role in berry defense, but is also a positive trait for the
achievement of the phenolic maturity. Indeed, the optimal grape
maturity is cultivar specific and defined by a specific combination
of three main factors: i) technological maturity (i.e., sugar, acids
or their ratio); ii) phenolic maturity (i.e., quantity and quality
of all tannins and pigments); iii) aromatic ripeness (i.e., typical
olfactory features reached without appearance of untypical aging
or excessive veggie-green aromas). The decoupling between the
above three factors is strongly aggravated under a global warming
scenario (Palliotti et al., 2014). Higher temperatures increase the
speed of sugar accumulation, hasten acid degradation, alter flavor
compounds (Coombe and Iland, 2004; Lund and Bohlmann,
2006; Conde et al., 2007), and affect the synthesis/degradation of
certain compounds as polyphenols and anthocyanins (Bergqvist
et al., 2001; Spayd et al., 2002; Mori et al., 2007; Teixeira
et al., 2013; Zarrouk et al., 2016). In the Campania region, a
shifting of the suitable thermal areas for the Aglianico grapevine
is expected (Bonfante et al., 2018), resulting in inadequate
growing season temperatures, and then immature berries for
winemaking. For this reason the potential beneficial effect of
fitostimulants on nutritional use efficiency, yield and berry
quality traits has recently gained raising interest in grapevine
cultivation, despite the limitations related to the yearly different
climatic conditions in open-field cultivation systems (Basile
et al., 2020 and literature therein). In our study case, the
plant extract-induced increase in phenolics’ content, coupled
with the decrease in soluble sugars in berries, would help
counteracting the decoupling between the technological and
phenolic maturity.
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TABLE 5 | Main effects of year and foliar treatments on leaf mineral composition of V. vinifera “Aglianico” vines. Mean values and significance of interactions are shown.
Different letters within column indicate significant differences according to Duncan’s multiple-range test (P ≤ 0.05).

Na+ NH4
+-N K+ Mg2+ Ca2+ NO3−-N SO4

2− PO4
3− Cl− Malate Tartrate Citrate Isocitrate

(g kg−1

DW)
(g kg−1

DW)
(g kg−1

DW)
(g kg−1

DW)
(g kg−1

DW)
(g kg−1

DW)
(g kg−1

DW)
(g kg−1

DW)
(g kg−1

DW)
(g kg−1

DW)
(g kg−1

DW)
(g kg−1

DW)
(g kg−1

DW)

Year (Y)

2017 0.31a 0.23a 14.41a 3.06a 12.99a 0.46a 3.60a 0.88b 0.79b 31.16b 71.59a 2.51a 0.91a

2018 0.20b 0.27a 5.69b 1.03b 7.44b 0.24b 1.86b 1.28a 1.27a 35.43a 47.88b 1.75b 0.33b

Foliar treatment (T1)

T1 0.25a 0.29a 10.33b 1.93b 8.95b 0.53a 2.91a 1.06a 1.33a 30.50c 57.82a 1.91c 0.55c

T2 0.28a 0.20a 10.05b 1.73b 8.42b 0.35b 2.68a 1.10a 1.02b 31.99b,c 61.62a 2.08a,b 0.64a,b

T3 0.26a 0.21a 8.03c 1.83b 9.17b 0.24b 2.70a 1.14a 0.94b 34.39a,b 58.91a 2.20a,b 0.71a

T4 0.23a 0.31a 11.80a 2.68a 14.31a 0.28b 2.63a 1.02a 0.81b 36.31a 60.61a 2.31a 0.59b,c

Significance2

Y * NS *** *** *** *** *** *** *** ** *** *** ***

T NS NS *** *** *** *** NS NS * * NS * ***

Y × T NS NS *** *** *** *** * NS ** *** NS NS ***

1T1 – only industry water mixture of copper oxychloride; T2 – industry water mixture of copper oxychloride plus Trym R©; T3 – half dose of copper oxychloride water mixture;
T4 – half dose of copper oxychloride water mixture plus Trym R©.
2NS,*, **, ***: Non-significant or significant at P ≤ 0.05, 0.01, 0.005, respectively.

TABLE 6 | Main effects of year and foliar treatments on fruit mineral composition of V. vinifera “Aglianico” vines. Mean values and significance of interactions are shown.
Different letters within column indicate significant differences according to Duncan’s multiple-range test (P ≤ 0.05).

Na+ NH4
+-N K+ Mg2+ Ca2+ NO3

−-N SO4
2− PO4

3− Cl− Malate Tartrate

(g kg−1

DW)
(g kg−1

DW)
(g kg−1

DW)
(g kg−1

DW)
(g kg−1

DW)
(g kg−1

DW)
(g kg−1

DW)
(g kg−1

DW)
(g kg−1

DW)
(g kg−1

DW)
(g−kg−1

DW)

Year (Y)

2017 0.024a 0.046b 1.471a 0.071a 0.074a 0.022a 0.159a 0.043b 0.063a 0.155b 9.667a

2018 0.033a 0.059a 1.402a 0.042b 0.072a 0.003b 0.156a 0.166a 0.022b 1.557a 5.355b

Foliar treatment (T1)

T1 0.019b 0.052b 1.534a 0.057a 0.093a 0.014a 0.162a 0.089b 0.068a 0.738a 7.977a

T2 0.022b 0.066a 1.543a 0.051a 0.051a 0.010a 0.163a 0.100b 0.028a 0.923a 8.059a

T3 0.048a 0.044b 1.558a 0.057a 0.085a 0.015a 0.154a 0.141 0.043a 0.968a 7.898a

T4 0.024b 0.048b 1.117b 0.060a 0.063a 0.009a 0.150a 0.089b 0.032a 0.798a 6.112b

Significance2

Y NS ** NS *** NS ** NS *** *** *** ***

T * ** *** NS NS NS NS ** NS NS ***

Y × T NS NS ** NS NS NS NS NS NS NS NS

1T1 – only industry water mixture of copper oxychloride; T2 – industry water mixture of copper oxychloride plus Trym R©; T3 – half dose of copper oxychloride water mixture;
T4 – half dose of copper oxychloride water mixture plus Trym R©.
2NS,*, **, ***: Non-significant or significant at P ≤ 0.05, 0.01, 0.005, respectively.

This is in agreement with other studies reporting the
distribution of biostimulants to delay the sugar accumulation
(technological maturity), while favoring the achievement of
phenolic maturity at harvest as a strategy to control sugar and
phenolic accumulation during the ripening process (Salvi et al.,
2016). Indeed, the use of aminoacid-based biostimulants is a
widespread practice also in other crops as a way to improve the
content of phenolics like flavonoids with ROS scavenger activity
(Kocira, 2019). The increase in phenolics is also influenced by
many other factors, especially drought and nutritional stresses:
for example, the reduced levels of nitrogen found in the leaves
compared to the control treatment would also have enhanced
the accumulation of secondary metabolites (Downey et al., 2006;

Król et al., 2014). On the contrary, the application of the
plant extract did not reduce nitrogen concentration that is
important for adequate fermentation (Bisson and Butzke, 2000).
The reduction in Cu distribution likely induced the activation of
a plant response also linked with the improvement of mechanical
defenses at the leaf level, in particular based on the thickening of
the collenchyma at the upper side of veins. Such a thickening was
also stimulated by the application of the Trym R©. The increased
thickness of collenchyma layers and/or the thickening of the
cell walls has been reported in grapevine as a leaf response to
stress and is considered a strategy to protect the leaves not only
from mechanical injuries, but also from fungal invasion (Nicole
et al., 1992; Rhimi et al., 2016). The thickening of subepidermal
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FIGURE 6 | Combined effects of year and foliar treatments on leaf content of potassium (A), magnesium (B), calcium (C), nitrate (D), sulfate (E), and malate (F) of
V. vinifera “Aglianico” vines (mean ± SE). Different letters indicate significant differences according to Duncan’s multiple-range test (P ≤ 0.05). [T1 – only industry
water mixture of copper oxychloride; T2 – industry water mixture of copper oxychloride plus Trym R©; T3 – half dose of copper oxychloride water mixture; T4 – half
dose of copper oxychloride water mixture plus Trym R©].

layers of fruits also goes in this direction: subepidermal layers of
cells of berries are characterized by elongated cells, parallel to
the skin, and whose size and cell wall thickness are respectively

much smaller and thicker compared to the cells of the inner
layers of the flesh. Therefore, a thicker layer of subepidermal
cells indicates a higher resistance of fruits to mechanical injury
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and pathogen attack (De Micco and Aronne, 2012). In the vines
treated with half Cu dose plus Trym R©, the occurrence of phenolics
at the periphery of berries would also protect them from excessive
solar radiation, which could be consequent to the reduced total
leaf area, thus limiting radiation-induced oxidative damage by
protecting the membranes (Lattanzio et al., 2008).

In conclusion, the foliar application of the tropical plant
extract induced a differential response depending on the
environmental factors and on the oxycloride copper dose
distributed, with promising implications on Aglianico vegetative
growth regulation, on improvement in leaf mechanical and berry
antioxidant defenses, as well as on berry quality traits.

The applied multidisciplinary approach proved to be
useful to achieve a comprehensive understanding of the vine
behavior in the continuum soil-plant-atmosphere, thus providing
information as valuable inputs to manage terroirs in the sight of
climate change and chemical control restrictions.
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