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Abstract: In the last decade climate change has impacted viticulture and water deficit has become a
major concern in fruit production. Many studies have been carried out to determine the grapevine
response to environmental changes and to identify key genetic traits to be used in grapevine breeding.
However, in order to better manage climate-related risks, novel viticultural practices are urgently
needed. A promising solution for a more sustainable model of viticulture involves the use of
biostimulants. In this study, the effectiveness of a novel biostimulant (APR®) belonging to the
group of protein thermal hydrolysates was tested on grapevine plants subjected to progressive water
deficit conditions. Our results showed that this compound applied to roots before imposing water
deprivation mitigates the consequences of stress by sustaining the growth of the younger vegetative
organs and limiting the extent of cell dehydration; this positive impact on the plant’s physiological
state persisted during the recovery phase. Furthermore, at the end of the growing season, plants
treated with the biostimulant, both in optimal water conditions and under water stress, exhibited a
greater accumulation of biomass in the aerial part (6.8% and 21.3 %, respectively) and a higher berry
diameter (3.4 % and 9.5 %, respectively). Additional work through field trials will be necessary to
further substantiate these results and to translate this knowledge into specific practices that grape
growers can easily adopt.
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1. Introduction

The wide geographical distribution and economic importance of grapevine cultivation have
placed grape industry worldwide under a major threat from climate change [1]. Indeed, climatic change
has been responsible for the most common abiotic stresses, which are defined as environmental factors
with potentially unfavorable effects on an organism. These abiotic stresses, such as drought, salinity,
and extreme temperatures [2,3], have impaired plant growth and reduced productivity worldwide by
more than 50% [4]. There is therefore an urgent need to mitigate the negative effects of such stresses on
crop yields.

In the Mediterranean region, the predicted higher frequency of summer heat waves combined
with a longer dry season may lead to extended and severe drought events that will affect grapevine
growth and physiology, fruit development, and crop yields [5,6]. As traditionally rainfed wine regions
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are experiencing more frequent and intense drought spells, in-depth knowledge of possible adaptive
strategies to manage water scarcity is critically needed. Many studies have been published on the
grapevine’s response to these environmental changes (comprehensively reviewed by Geròs et al. [7]).
However, there is still insufficient knowledge on effective strategies that need to be adopted [8]. It is
imperative that optimal irrigation programs are identified [9], better adapted rootstocks are selected,
biotechnological improvements of plants are made, best soil management practices are adopted,
and new generations of environmentally friendly agrochemicals are developed and used in grape
production regions to enable vines to adapt to changing conditions [10].

In recent years, the use of naturally derived biostimulants to mitigate the detrimental effects of
abiotic stresses has become an appealing sustainable method to attain more stable yields in response to
the changing environment [11,12]. According to the new Regulation (EU) 2019/1009 of the European
Parliament and Council (EC) plant biostimulants are defined as “EU fertilising product, the function of
which is to stimulate plant nutrition processes independently of the product’s nutrient content with the
sole aim of improving one or more of the following characteristics of the plant or the plant rhizosphere:
(i) nutrient use efficiency, (ii) tolerance to abiotic stress, (iii) quality traits, or (iv) availability of confined
nutrients in the soil or rhizosphere” [13]. Plant biostimulants thus include several different types of
natural substances and chemical derivative of natural or synthetic compounds as well as beneficial
microorganisms [14,15]. These comprise: (i) humic substances [16]; (ii) vegetal- or animal-based
protein hydrolysates [17]; (iii) macro- and micro-algal extracts [18]; (iv) silicon [19]; (v) arbuscular
mycorrhizal fungi (AMF); and (vi) plant growth promoting rhizobacteria (PGPR) belonging to the
genus Azotobacter, Azospirillum, and Rizhobium spp. [20,21].

Protein hydrolysates (PHs) are “mixtures of polypeptides, oligopeptides, and amino acids that
are manufactured from protein sources using partial hydrolysis” [22]. In particular, the use of PHs
coming from by-products of vegetables and food manufacturing has sparked a rising interest among
commercial enterprises and the scientific community as a sustainable, profitable, and green solution to
the problem of waste streams disposal. Globally, the biostimulants market is projected to be valued
at USD 2.9 billion in 2021 and was dominated by Europe, in terms of value in 2018, due to the
adoption of modern agricultural technology such as precision farming and plant biotechnology [23].
As far as the market of PHs biostimulants is concerned it mainly results from the acid hydrolysis
of animal-derived proteins, while the remaining part arises from the enzymatic hydrolysis of plant-
derived proteins [14,15].

Several studies on the effects of applying PHs to crops have been published (reviewed by
Colla et al., [24] and du Jardin [25]) and provided evidence about their ability to improve plant growth
and productivity [26] thus supporting their protective role in grapevine’s response to abiotic stress [27].
PHs were shown to stimulate plant primary metabolism and improve productivity [28]. This action
seems to be even more pronounced when plants are under stress conditions, as demonstrated for
tomato and spinach treated with seaweed extracts and exposed to drought [29,30].

Despite the large number of studies dealing with plant biostimulants [31], most of these studies
have been conducted predominantly on vegetable crops, and there are currently very limited data
available on the use of biostimulant compounds on fruit crops [12]. For example, two spray applications
of PHs have been shown to be effective in enhancing water stress tolerance in grapevine (Vitis vinifera L.,
cv. Corvina) [32].

In recent studies, a novel collagen-derived protein thermal hydrolysate has been demonstrated to
affect the transcription of a thousand genes when applied to maize roots grown in a solid medium [33],
and its efficacy was subsequently also demonstrated in the same species grown hydroponically [34].
These findings [33] indicate that this PH could be involved in regulating the expression of genes
involved in the transport of nutrients and in the signaling and metabolism of reactive oxygen species
(ROS), leading to the hypothesis that it acts as an enhancer of plant stress tolerance, which was further
supported [34] in experiments investigating its effects on seedlings subjected to different types of
abiotic stresses. The results provide strong evidence in support of the idea that this PH might act as
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a root growth stimulant, positively affecting nutrient use efficiency (NUE) and the control of ROS
metabolism, thus leading to improved resistance to abiotic stresses.

Chemical characterization [35] has revealed a total carbon content and a total nitrogen content
of 400 g/kg and 136 g/kg, respectively, the presence of different micronutrients and of various amino
acids, such as lysine, phenylalanine, glycine, aspartate, and isoleucine.

The present study aimed to investigate the physiological effects of the plant biostimulant on
grapevine plants (cv. Sauvignon blanc) grown in pots in the greenhouse under optimal water conditions
and under water stress. After application of the biostimulant to the soil, several biometric parameters
together with additional physiological indicators were monitored upon the induction of a gradual
water deficit, and after a week of recovery under optimal water conditions.

2. Materials and Methods

2.1. Plant Materials and Treatments

The experimental materials consisted of grapevine, Vitis vinifera L., cultivar Sauvignon blanc
(clone 108) grafted onto Kober 5 BB (K5BB) (V. berlandieri ×V. riparia) rootstock. These vines were grown
in pots, which mimicked growing conditions that similar to those found in the field, in semi-controlled
conditions in a tunnel at the “L. Toniolo” Experimental Farm of the University of Padua in Legnaro,
northeastern Italy. K5BB was chosen in this experiment, as it is one of the most widely used rootstock
in European viticulture and is known to be susceptible to water stress.

The experiments were carried out in 2018. Four-year-old plants were grown in 10 L pots filled
with a sand–pumice-peat mixture (2:2:6 in volume). A total of 36 plants were randomized into four
groups, according to homogeneous developmental characteristics (i.e., length of cane and number of
buds). The plants were pruned before bud burst with three or four dormant buds per plant retained.
At the 5-separated-leaves stage (stage 15 according to the extended BBCH scale [36]), the plants were
thinned to two shoots and trained vertically, and then placed under the following four experimental
conditions: (i) control vines maintained under well-watered conditions throughout the experimental
period (WW); (ii) plants treated with APR® and maintained under WW conditions throughout the
experimental period (WW + PH); (iii) water-stressed plants subjected to progressive water deficit (WS);
(iv) plants treated with APR® then subjected to progressive water stress (WS + PH).

For the APR® treatments (WW + PH and WS + PH), one liter of the novel collagen-derived
protein thermal hydrolysate, APR® (ILSA S.p.A., Arzignano, Italy) at a concentration of 0.5 g L−1

(corresponding to a 50 µM concentration of N) according to Trevisan et al. [34], who identified this
concentration as the most effective, was added to the soil of each pot as a soil drench at the BBCH
phenological stage 57 (“flowers separating”) according to Lorenz et al. [36], on 15 May (day of the
year [DOY] 135). The pots of the untreated plants were given the same amount of water. Water
stress (treatments WS and WS + PH) was imposed on July 2 (DOY 183)—48 days after biostimulant
application—for an experimental period of 18 days and was controlled by managing the soil water
content. Sample pots were selected during soil preparation and were weighed before and after
saturating the soil with water at 100% field capacity (Fc 1.0) to calculate the soil water content (g of
water/g of dry soil in the pot) at Fc 1.0. The water supply was progressively reduced until 30% of Fc 1.0,
and water stress conditions were assessed when the average reading of the stress-exposed pots reached
the required soil water content. In order to mitigate the fluctuations in soil water content, all pots were
weighed at 6 pm daily and the amount of water needed to maintain the desired soil field capacity was
then added.

2.2. Vine Growth and Fruit Parameter

Following bud-break, the internode elongation rate and leaf area increase were measured on
four primary shoots per treatment on a weekly basis throughout the entire growing season. Internode
length was measured from the lower side of one node to the lower side of the node above using a
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ruler. Leaf length (L) was measured along the midrib from the tip of the lamina to the point where the
lamina intersected with the petiole, while leaf width (W) was measured across the widest part of the
leaf lamina perpendicular to the lamina mid-rib.

The leaf expansion rate was determined as the daily increase in leaf area (LA) calculated from the
daily increase in leaf length (L) and maximum leaf width (W). The values of L and W were rounded to
the nearest 0.1 cm. At the end of the season, L and W measurements were taken from a sample of
420 leaves and LA was measured using an area meter (LI-3100; LICOR, Lincoln, NE, USA) calibrated
to 0.01 cm2. The relationship between the biometric measurements and leaf area was evaluated by
fitting regression models with the linear regression procedure. The internal validity of the model was
tested by coefficient of determination (R2) and root mean square error (RMSE) [37,38]. LA was the
dependent variable and the independent variable was the product L ×W × a; the fitting procedure
allowed the minimum sum of squares to be achieved by optimizing the “a” variable, the result being
0.944048 with an R2 of 0.96 and an RMSE of 4.52 cm2.

Internode extension and leaf area increments in grapevine shoots have been described as being
sigmoidal over time and can be summarized in four stages [39,40]: Stage I, during which elongation is
exponential; Stage II, during which the extension rate increases rapidly; Stage III, during which the
extension rate is essentially constant and internode length increases linearly; and Stage IV, during
which the extension rate decreases as the internode approaches its final length and the leaf its final
area. Internodes were grouped into 5 classes from the basal to the apical: 1–10 (class I), 11–20 (class II),
21–30 (class III), 31–40 (class IV), and 41–50 (class V) [38].

At harvest, all the clusters on all the vines under each treatment were counted and the total fresh
cluster weight per vine was recorded. The clusters were immediately brought to the laboratory and
bunch fresh weight, berry diameter (50 berries), soluble solids content (◦Brix), total acidity (g L−1),
and pH were measured in three replicates per treatment. For the biomass measurements, four plants
of each treatment were harvested and divided into five vine types: primary stems, lateral stems, leaves
(including the petioles that had developed on the primary and lateral stems), roots, and woody truck.
All biomass measurements were expressed in dry weight after drying the samples in an oven at 80 ◦C
until a constant weight was reached. Shoot weight was calculated as the sum of the weight of the
leaves and the primary and lateral stems. Total dry weight did not include the residual woody parts.
Data were expressed as means ± standard errors.

2.3. Leaf Physiological Parameters

The stem water potential (SWP) was measured at noon using a Scholander-type pressure chamber
(model PMS-600; PMS Instruments, Corvallis, OR, USA) fitted with a compressed air cylinder.
Six randomly chosen, sun-exposed, and fully expanded leaves per treatment, which had been enclosed
in an opaque plastic bag for more than 1 h to prevent transpiration and allow them to reach equilibrium
with the water potential in the stems [41], were measured from solar noon until the early afternoon.
Each leaf was excised from the shoot with a scalpel blade and placed in the pressure chamber with the
petiole protruding from the chamber lid. The chamber was pressurized using an air pressure tank,
and SWP was recorded as soon as the xylem sap was observed emerging from the cut end of the petiole;
pressurization was begun no later than 10 sec after leaf cut.

Chlorophyll content was measured with a SPAD meter (Minolta SPAD-502 chlorophyll meter).
On each measurement day three readings per leaf were acquired from leaves randomly chosen from
the basal, median and apical part of the shoot of plants of each treatment.

2.4. Statistical Analysis

All data analyses were carried out using the R software package (version 3.5.2; R Core Team,
Vienna, Austria). An analysis of variance (ANOVA) of the data was conducted after checking for
homogeneity of error variances (Bartlett test), which was verified for each variable studied. When a
repeated measure ANOVA was performed, the statistical decision rule at α = 0.05, α = 0.01 or α = 0.005
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was deemed significant after applying the Bonferroni correction for multiple comparisons each time a
set of pairwise contrasts was used. When treatments and interaction effects were significant, differences
between the treatment means were compared using Tukey’s test.

3. Results

3.1. Evapotranspiration and Stem Water Potential Trend

Air temperature and photosynthetic photon flux density (PPFD) measured by the weather station
located inside the experimental tunnel indicated stable, sunny weather conditions throughout the
experimental period, with the exception of 16 and 17 July (DOY 197–198), allowing progressive
water deficit to be established through the reduction in the water supply (Figure S1). The extent of
evapotranspiration, which gives an indirect estimate of the vine’s water status [42], was measured
throughout the experimental period by weighing the sample pots each day in the late afternoon
before irrigation (Figure 1). No significant differences were observed in either control or stressed
plants in response to biostimulant provision. However, as expected, significantly lower levels of
evapotranspiration were observed in plants subjected to water deficit on all the dates it was measured,
during both the periods of stress and recovery, regardless of whether or not PH was applied (Figure 1).
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Figure 1. Effects of water stress (WS) compared with well-watered conditions (WW) and PH application,
on soil water content. The experimental pots were weighed daily before soil water adjustment in
order to measure the daily water loss by evapotranspiration (ET). Values are means ± SE (n = 8).
Asterisks indicate significant differences among treatments according to repeated measurements
ANOVA (p < 0.0083, p < 0.002 and p < 0.0008 after sequential Bonferroni adjustment for α = 0.05 (*)
and α = 0.005 (***), respectively).

Water stress was induced by reducing the irrigation in the WS and WS + PH treatments the day
before the first day of measurements (DOY 186). Figure 2 shows the evolution of SWP in the Sauvignon
blanc vines over the duration of the experiment. At days 1 (DOY 187) and 3 (DOY 190) after stress
induction, there were no significant differences in the SWP values between treatments. From day
7 (DOY 193) of stress induction onwards, the SWP values of WW and WW + PH were significantly
greater than those of WS and WS + PH. The SWP values of the latter (WS + PH), however, were greater
than those of the relevant control (WS) and were not significantly different from those of WW and
WW + PH 9 days after stress induction (DOY 195). SWP values decreased with progressive water
restrictions (DOY 201) and reached minimum values of −1.6 MPa for WS + PH and −1.7 MPa for WS
on the last day of stress (DOY 201). No significant differences in SWP values between treatments were
found upon recovery to well-watered conditions (DOY 207).
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Figure 2. Effects of water stress (WS) compared with well-watered conditions (WW) and PH application,
on stem water potential (Ψstem) (MPa). Values are means± SE (n = 6), different letters indicate significant
differences according to Tukey’s test (p < 0.0083, p < 0.002 and p < 0.0008 after sequential Bonferroni
adjustment for α = 0.05 (*), α = 0.01 (**) and α = 0.005 (***), respectively).

3.2. Biometric Measurements

To evaluate the effects of water deficit and the biostimulant on grapevine growth, individual leaf
area expansion and stem internode elongation were measured starting from the day the biostimulant
was applied (Figures 3 and 4). Overall shoot length did not vary significantly as a result of internode
extension kinetics in the different treatments (Figure 3A). To understand the shoot growth dynamics in
greater detail, the growth of individual internodes was measured throughout the season (Figure 3B–F).
To this end, internodes were grouped into 5 classes from the basal to the apical: 1–10 (class I),
11–20 (class II), 21–30 (class III), 31–40 (class IV), and 41–50 (class V), and their elongation dynamics
were averaged separately. While in the basal internode classes the same trend as in the total shoot
analysis was observed, application of PH resulted in significantly longer internodes in the apical class
V, comprising internodes 41–50 that were actively growing at the time water stress was imposed. For
this class of internodes, water stress strongly inhibited internode growth, but the application of the
biostimulant prevented this effect giving rise to phenotypes with no significant differences from those
of the plants under the well-watered conditions (Figure 3F). Leaf area growth dynamics exhibited the
same behavior (Figure 4).
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Figure 3. (A) Effects of water stress (WS) compared with well-watered conditions (WW) and PH
provision, on shoot length growth dynamics throughout the season. Elongation dynamics of entire
shoots (cumulative for all leaves and nodes) (A) and of mean internode classes (B–F): 1–10 (class I)
(B), 11–20 (class II) (C), 21–30 (class III) (D), 31–40 (class IV) (E), and 41–50 (class V) (F). Values are
means ± SE (n = 6), asterisks indicate significant differences among treatments according to repeated
measurements ANOVA (p < 0.0083, p < 0.002 and p < 0.0008 after sequential Bonferroni adjustment for
α = 0.05 (*) and α = 0.01 (**), respectively).
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Figure 4. (A) Effects of water stress (WS) compared with well-watered conditions (WW) and PH
application, on primary shoot leaf area growth dynamics throughout the season. Dynamics of growth
in cumulative leaf area of shoots (A) and in mean leaf area classes (B–F): 1–10 (class I) (B), 11–20 (class II)
(C 21–30 (class III) (D), 31–40 (class IV) (E), and 41–50 (class V) (F). Values are means ± SE (n = 6),
asterisks indicate significant differences among treatments according to repeated measurements ANOVA
(p < 0.0083, p < 0.002 and p < 0.0008 after sequential Bonferroni adjustment for α = 0.05 (*) and α = 0.01
(**), respectively).
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Overall, no significant differences in leaf area were observed for almost all the foliar stages
examined in relation to PH application, except for the youngest leaves of class V (leaves 41–50),
on which the PH induced a highly significant effect in water stressed plants (Figure 4F). As the figure
shows, the application of the biostimulant triggered a sustained, significant internode and leaf area
increment in the youngest organs as they developed, even under severe water stress conditions.
This effect continued into the recovery phase.

3.3. SPAD Measurements

SPAD readings were taken on basal, median, and apical leaves along the shoots of the vines to assess
the effect of both water stress and PH application on chlorophyll content, which has been shown to be a
reliable indicator of the N status of crops as it is highly correlated with leaf N content (Figure 5) [43,44].
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Figure 5. Effects of water stress (WS) compared with well-watered conditions (WW) and PH application,
on the leaf chlorophyll content of basal, median, apical, and all (total) leaves measured as SPAD units
before the drought trial (DOY 179), under light (DOY 186) and severe water stress (DOY 200), and upon
recovery to well-watered conditions (DOY 207). Means ± SE values indicated with the same letters are
not significantly different according to Tukey’s test (p < 0.0083, p < 0.002 and p < 0.0008 after sequential
Bonferroni adjustment for α = 0.05 (*), α = 0.01 (**) and α = 0.005 (***), respectively).

In general, basal and apical leaves, the oldest and youngest respectively, showed a significant
decrease in SPAD values as stress progressed, while the median leaves exhibited no significant effects.
This specific trend was consequently clearly visible in the total SPAD values, obtained by averaging
the basal, median, and apical leaves together, which were significantly lower in plants subjected to
water deficit conditions after light water stress had already been imposed (DOY 186) (Figure 5).

However, the biostimulant markedly increased the SPAD values for both basal and apical leaves
during severe stress conditions (DOY 200) and during the subsequent recovery phase (DOY 207),
giving rise to phenotypes with no significant differences from those of unstressed plants (Figure 5).

3.4. Root and Shoot Development and Berry Diameter

To assess the overall effect of the PH treatment on grapevine plant development, the total root
and shoot biomass were evaluated at the end of the vegetative season (Figure 6).
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As far as the effect of stress was concerned, a notable decrease in shoot growth and a slighter
increase in root development were observed. The negative impact of water stress on shoot development
was entirely reversed in stressed plants treated with PH, which led to full restoration of shoot growth,
possibly by stimulating the development of the shoot tip, comprising the apical internodes and
youngest leaves, as shown above (Figures 3 and 4). However, no significant effects on the root biomass
of stressed plants treated with PH were observed, yet there was significant root biomass accumulation
in non-stressed plants in response to the biostimulant, suggesting that PH acts differently on root and
shoot growth depending on the stress level (Figure 6).

The effectiveness of the PH was also evaluated in terms of its effects on fruit development, quantified
by measuring the berry diameter, which increased significantly in response to the biostimulant in
both control and stress conditions (Figure 7). No significant differences were observed in the number
of clusters per vine and their weight, nor in the soluble solids content (◦Brix), total acidity, and pH
of the berries of either control or water-stressed plants, regardless of the absence or presence of PH
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Table 1. Effects of water stress (WS) and PH application on cluster numbers, cluster weight, and
grape composition at harvest compared with well-watered conditions (WW). Values are means ± SE of
50 berries in three replicates per treatment. ns = no significant differences according to Tukey’s test
(p ≤ 0.05).

Mean Cluster Number Mean Cluster Weight Soluble Solids Total Acidity pH

n g ◦Brix g L−1

WW 1.42 100.94 22.44 1.51 3.08
WW +

PH 1.75 112.29 21.73 1.06 3.06

WS 1.92 97.09 24.00 1.23 3.09
WS +
PH 2.00 112.71 23.30 1.22 3.13

p-value 0.186 0.707 0.073 0.165 0.483
ns ns ns ns ns

4. Discussion

Increases in aridity and shifts in the amounts, seasonality, and distribution of precipitation are
predicted to occur in the Mediterranean region more regularly over the coming decades [45], with severe
consequences for viticulture [46].

In order to better manage climate-related risks, viticultural practices should be reevaluated [47],
and in this context the use of biostimulants represents an innovative and sustainable tool for mitigating
the negative effects of abiotic stresses, especially water stress [48,49].

This study has shown the effectiveness of a protein hydrolysate (PH) in improving the tolerance
of grapevine (cv Sauvignon blanc) to water deficit.

Previous papers have shown that application of this same compound affected the expression of a
thousand genes in maize roots, most of which were involved in regulating oxidative stress signaling
and response [33]. When the protein hydrolysate was supplied in a hydroponic solution to maize
seedlings which were then subjected to various abiotic stresses, the plants’ tolerance was increased,
likely as a result of modulation of the transcription of a set of genes involved in ROS detoxification and
nutrient acquisition [34]. Ebinezer et al. [50] have also hypothesized that this compound, and PHs
in general, could exert this effect by regulating the control of ROS homeostasis and the response to
oxidative stress.

To our knowledge only a few experiments have been conducted to test the effectiveness of
biostimulants on perennial fruit crops, and especially grapevine. Moreover, in the few available studies,
the products were applied exclusively as foliar treatments [12,32,51–53].

In the present work, a PH was applied directly to the soil (roots) 48 days before stress imposition,
and its effects on plant growth performances were assessed throughout the period of stress and
afterwards during the recovery phase (re-watering). It is important to point out that the most
striking differences between the treated and untreated plants were observed in the presence of stress
conditions, consistent with the view that a common feature of PHs’ effectiveness as enhancers of stress
tolerance [24,25]. Through a detailed survey of biometric parameters, we have provided evidence that
APR®, applied preventively to the roots, counteracts or alleviates the detrimental effects of water stress
by stimulating plant development in water deficit conditions.

As expected, the stem water potential of the grapevine plants was highly affected in response
to water shortage, after just a few days of stress and throughout the entire duration of the water
deprivation period, as also shown by Choné et al. [41] and Meggio et al. [54] for the same species.

Stem water potential values are reliable indicators of plant hydric status, hence allowing the actual
extent of stress to be assessed [6,55,56]. The application of the biostimulant significantly alleviated the
negative effects of water stress, even though the SWP values were lower than those of unstressed plants.
Nevertheless, this result suggests that this compound could mitigate the severity of the effects of water
deficit and could be already helping cells to counter cell dehydration soon after stress imposition.
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To assess the long-term effects of the treatment, biometric measurements were taken throughout
the entire duration of the experiment. The effects of APR® were evident from observation of both
the length of the internodes and the area of the leaves on the most apical part of the shoots. In fact,
the growth of the internodes and leaves in the 41–50 range (class V), i.e., those actively growing
during the period of water deprivation, significantly increased in plants subjected to water stress and
supplied with the PH compared with the untreated plants. Indeed, applying the biostimulant to the
roots prior to water stress enabled the youngest tissues—those that were in active growth during
stress imposition—to maintain an adequate growth rate, albeit lower than that of the control plants.
Nevertheless, this slight advantage with respect to the stressed plants that had not been treated with
the biostimulant, later in the recovery phase turned into a clear benefit in terms of growth for the
treated plants. These results are consistent with the previously discussed findings regarding leaf water
potential and indicate less dehydration in PH-treated plants, suggesting also improved metabolism.
Trevisan et al. [34] previously showed the same compound to have a positive effect on the growth of
maize plants subjected to abiotic stresses, suggesting that it has a general aptitude for stimulating
growth by counteracting the growth limitations imposed by stress.

Similarly, Oancea et al. [57] showed that applying a micro-algae-based biostimulant to water-stressed
tomato plants increased plant height, root length, and leaf number and area.

The effect of the biostimulant application on biomass accumulation was evident also at the end
of the vegetative season. The significant decrease in shoot growth in response to water stress was
completely reversed in PH treated plants, which exhibited a similar aerial biomass to that of the
unstressed plants, likely as a consequence of the above described sustainment of shoot tip growth.
However, application of the compound to the roots of water-deprived plants had no significant
influence on the biomass of this organ, suggesting that in stress conditions its bioactivity is totally
concentrated in the aerial organs, unlike in the control conditions. Our results suggest that the
biostimulant has two different action mechanisms for roots and shoots depending on the presence or
absence of stress conditions.

SPAD measurements, likely reflecting the physiological state of the leaves in terms of chlorophyll
content and N status [43,44,58,59], were also highly influenced by water deprivation. Plants supplied
with the biostimulant had values that were essentially equivalent to those of unstressed plants, an effect
that was evident in the basal (older) and apical (younger) leaves.

The SPAD results are consistent with those for leaf water potential and suggest that the preventive
application of the biostimulant to roots may support primary cellular and physiological activity,
thus limiting the extent of the stress-induced senescence that was otherwise observed in untreated plants.

Leaf yellowing due to chlorophyll degradation is a reliable indicator of drought-derived metabolic
disorders and senescence in plants [60].

An increase in chlorophyll content in response to A. nodosum [30] and Megafol [61] has previously
been reported in tomato plants subjected to water stress after PH application.

Regardless of the presence of a stress, many authors have reported an increase in chlorophyll
content in response to various biostimulants (for a review see Bulgari et al. [62]).

PH application also positively influenced the berry diameter in both control and stressed conditions.
In line with this result, Ullah et al. [63] showed that moringa leaf extracts stimulated fruit weight,
volume, and firmness, and enhanced titratable acidity in tomato plants. Our data did not reveal any
differences in titratable acidity among treatments, nor in soluble solids content or pH at harvest/berry
maturity. It is worth noting that pre-treatment of grapevine plants with the PH importantly ensured
maintenance of berry growth throughout the period of active berry growth, while maintaining the
quality of the berry juice, evidenced by the uniform size of the berries and by the soluble solids and
titratable acid contents.

Overall, the results suggest that applying the biostimulant preventively to roots before the imposition
of water stress could protect the plants by enhancing their stress tolerance, confirming Trevisan et al.’s
previous suggestion [33,34], and supporting the role of biostimulants as stress tolerance enhancers [24,25].
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It is widely recognized that protein hydrolysates can improve nutrient uptake through different
mechanisms, including the modification of the root architecture, the complexation of nutrients by
peptides and amino acids, or the stimulation of microbial activity [26]. Indeed, the enhanced growth of
the aerial organs reported here could also be an indirect consequence of the above mentioned features.
The effects of the biostimulant on the root biomass of water-stressed plants appeared to be negligible,
even though positive significant effects on the root biomass of control unstressed plants were observed.
We may therefore hypothesize that the positive effects indirectly exerted by the compound on the
upper organs may be due to an overall improvement in root physiology (e.g., nutrient uptake).

In general, amino acids have been demonstrated to improve the response to several abiotic stresses
in plants [64–67]. Moreover, amino acids can form relatively stable complexes with metals i.e., zinc
(Zn) via carboxylic groups [68].

The aminogram of this compound allowed to identify lysin as the most represented amino acid
and the chemical analyses revealed a high Zn content [35]. Previous studies showed the effectiveness
of micronutrient and amino acid complexes for enhancing plant growth and yield and showed that
Zn complexed with lysine, methionine, and threonine could be the most effective combinations [69].
In addition, lysine per se, besides being an important essential amino acid, is also a precursor
of glutamate [70] which is widely recognized as a crucial molecule for the plants stress signaling
and response [71,72].

Based on the present results and on the chemical features of this compound [35], it may be
hypothesized that the increased tolerance to water deficit induced after this treatment might at least in
part be an indirect effect of an improved micronutrient uptake and of an increased level of glutamate.
Previous studies [33,34,50] have already conjectured that this PH could act as a cue in priming
the plant’s defenses against environmental stresses through molecular regulation of the signaling
pathways underlying the response to oxidative stress. It has also been proposed that the effectiveness
of chitosan-based products as plant protectors is based on their ability to interfere with the ROS
scavenging machinery in many species [73–76]. These findings lead us to hypothesize that various
biostimulants, independently of their origin, share common molecular action mechanisms, mainly
based on strengthening the ROS detoxification pathways. This hypothesis opens new promising
scenarios and new opportunities for the early screening, phenotyping and development of new
putative biostimulants.

This study provides further knowledge on the activity of these types of molecule in semi-controlled
conditions and on a fruit crop, strengthening their promising potential as biostimulants for application
in the field. Furthermore, these preliminary results highlight the importance of roots as the proper
target for protein hydrolysate application and demonstrate the existence of long-term effects deriving
from a single root application before exposure to stress.

Further studies should be carried out to gain a better understanding of the mode of action of these
compounds and to further assess the reliability of their application in the open field with the aim of
allowing precise protocols to be established for their effective utilization in vineyards.

Supplementary Materials: The following is available online at http://www.mdpi.com/2073-4395/10/11/1785/s1:
Figure S1: Meteorological trend.

Author Contributions: Conceptualization: F.M., S.Q., A.M. and B.R.; formal analysis: F.M. and S.T.; data curation:
F.M. and S.Q.; writing: F.M., B.R. and S.Q.; funding acquisition: F.M. and S.Q. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was funded by the SIR 2014 program of the Italian Ministry of Education, Universities and
Research (MIUR), grant no. RBSI14H5R0, and by ILSA S.p.A.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses, or interpretation
of data; in the writing of the manuscript, or in the decision to publish the results.

http://www.mdpi.com/2073-4395/10/11/1785/s1


Agronomy 2020, 10, 1785 13 of 16

References

1. Malacarne, G.; Pilati, S.; Valentini, S.; Asnicar, F.; Moretto, M.; Sonego, P.; Masera, L.; Cavecchia, V.; Blanzieri, E.;
Moser, C. Discovering Causal Relationships in Grapevine Expression Data to Expand Gene Networks. A Case
Study: Four Networks Related to Climate Change. Front. Plant Sci. 2018, 9, 1385. [CrossRef] [PubMed]

2. Tester, M.; Bacic, A. Abiotic stress tolerance in grasses. From model plants to crop plants. Plant Physiol. 2005,
137, 791–793. [CrossRef] [PubMed]

3. Vinocur, B.; Altman, A. Recent advances in engineering plant tolerance to abiotic stress: Achievements and
limitations. Curr. Opin. Biotechnol. 2005, 16, 123–132. [CrossRef] [PubMed]

4. Bray, E.A.; Bailey-Serres, J.; Weretilnyk, E. Responses to abiotic stresses. In Biochemistry and Molecular Biology
of Plants; Buchanan, B.B., Gruissem, W., Jones, R.L., Eds.; American Society of Plant Physiologists: Rockville,
MD, USA, 2015; pp. 1158–1203.

5. Chaves, M.M.; Pereira, J.S.; Maroco, J.; Rodrigues, M.L.; Ricardo, C.P.; Osório, M.L.; Carvalho, I.; Faria, T.;
Pinheiro, C. How plants cope with water stress in the field. Photosynthesis and growth. Ann. Bot. 2002, 89,
907–916. [CrossRef]

6. Chaves, M.M.; Zarrouk, O.; Francisco, R.; Costa, J.M.; Santos, T.; Regalado, A.P.; Rodrigues, M.L.; Lopes, C.M.
Grapevine under deficit irrigation: Hints from physiological and molecular data. Ann. Bot. 2010, 105, 661–676.
[CrossRef]

7. Geròs, H.Ã.; Chaves, M.M.; Gil, H.M.; Delrot, S. Grapevine in a Changing Environment: A Molecular and
Ecophysiological Perspective; John Wiley & Sons: Hoboken, NJ, USA, 2010.

8. Sacchelli, S.; Fabbrizzi, S.; Menghini, S. Climate change effects and adaptation strategies in the wine sector:
A quantitative literature review. Wine Econom. Policy 2016, 5, 114–126. [CrossRef]

9. Costa, J.M.; Vaz, M.; Escalona, J.; Egipto, R.; Lopes, C.; Medrano, H.; Chaves, M.M. Modern viticulture in
southern Europe: Vulnerabilities and strategies for adaptation to water scarcity. Agric. Water Manag. 2016,
164, 5–18. [CrossRef]

10. Santillán, D.; Iglesias, A.; La Jeunesse, I.; Garrote, L.; Sotes, V. Vineyards in transition: A global assessment of
the adaptation needs of grape producing regions under climate change. Sci. Total Environ. 2019, 657, 839–852.
[CrossRef]

11. Povero, G.; Mejia, J.F.; Di Tommaso, D.; Piaggesi, A.; Warrior, P. A systematic approach to discover and
characterize natural plant biostimulants. Front. Plant Sci. 2016, 7, 435. [CrossRef]

12. Soppelsa, S.; Kelderer, M.; Casera, C.; Bassi, M.; Robatscher, P.; Andreotti, C. Use of biostimulants for
organic apple production: Effects on tree growth, yield, and fruit quality at harvest and during storage.
Front. Plant Sci. 2018, 9, 1342. [CrossRef]

13. EUR-Lex. Regulation of the European Parliament and of the Council Laying down Rules on the Making
Available on the Market of EU Fertilising Products and Amending Regulations (EC) No 1069/2009 and (EC)
No 1107/2009 and Repealing Regulation (EC) No 2003/2003. 2019. Available online: https://eur-lex.europa.
eu/legal-content/EN/TXT/?uri=OJ:L:2019:170:TOC (accessed on 9 November 2020).

14. Rouphael, Y.; Colla, G. Editorial: Biostimulants in Agriculture. Front. Plant Sci. 2020, 11, 40. [CrossRef]
[PubMed]

15. Rouphael, Y.; Colla, G. Toward a sustainable agriculture through plant biostimulants: From experimental
data to practical applications. Agronomy 2020, 10, 1461. [CrossRef]

16. Canellas, L.P.; Olivares, F.L.; Aguiar, N.O.; Jones, D.L.; Nebbioso, A.; Mazzei, P.; Piccolo, A. Humic and fulvic
acids as biostimulants in horticulture. Sci. Hortic. 2015, 196, 15–27. [CrossRef]

17. Colla, G.; Cardarelli, M.; Bonini, P.; Youssef, R. Foliar applications of protein hydrolysate, plant and seaweed
extracts increase yield but differentially modulate fruit quality of greenhouse tomato. Hort. Sci. 2017, 52, 1214–1220.
[CrossRef]

18. Battacharyya, D.; Babgohari, M.Z.; Rathor, P.; Prithiviraj, B. Seaweed extracts as biostimulants in horticulture.
Sci. Hortic. 2015, 196, 39–48. [CrossRef]

19. Soppelsa, S.; Kelderer, M.; Casera, C.; Bassi, M.; Robatscher, P.; Matteazzi, A.; Andreotti, C. Foliar applications
of biostimulants promote growth, yield and fruit quality of strawberry plants grown under nutrient limitation.
Agronomy 2019, 9, 483. [CrossRef]

http://dx.doi.org/10.3389/fpls.2018.01385
http://www.ncbi.nlm.nih.gov/pubmed/30298082
http://dx.doi.org/10.1104/pp.104.900138
http://www.ncbi.nlm.nih.gov/pubmed/15761207
http://dx.doi.org/10.1016/j.copbio.2005.02.001
http://www.ncbi.nlm.nih.gov/pubmed/15831376
http://dx.doi.org/10.1093/aob/mcf105
http://dx.doi.org/10.1093/aob/mcq030
http://dx.doi.org/10.1016/j.wep.2016.08.001
http://dx.doi.org/10.1016/j.agwat.2015.08.021
http://dx.doi.org/10.1016/j.scitotenv.2018.12.079
http://dx.doi.org/10.3389/fpls.2016.00435
http://dx.doi.org/10.3389/fpls.2018.01342
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=OJ:L:2019:170:TOC
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=OJ:L:2019:170:TOC
http://dx.doi.org/10.3389/fpls.2020.00040
http://www.ncbi.nlm.nih.gov/pubmed/32117379
http://dx.doi.org/10.3390/agronomy10101461
http://dx.doi.org/10.1016/j.scienta.2015.09.013
http://dx.doi.org/10.21273/HORTSCI12200-17
http://dx.doi.org/10.1016/j.scienta.2015.09.012
http://dx.doi.org/10.3390/agronomy9090483


Agronomy 2020, 10, 1785 14 of 16

20. Petropoulos, S.A.; Fernandes, Â.; Plexida, S.; Chrysargyris, A.; Tzortzakis, N.; Barreira, J.C.M.; Barros, L.;
Ferreira, I.C. Biostimulants Application Alleviates Water Stress Effects on Yield and Chemical Composition
of Greenhouse Green Bean (Phaseolus vulgaris L.). Agronomy 2020, 10, 181. [CrossRef]

21. Mannino, G.; Nerva, L.; Gritli, T.; Novero, M.; Fiorilli, V.; Bacem, M.; Bertea, C.M.; Lumini, E.; Chitarra, W.;
Balestrini, R. Effects of different microbial inocula on tomato tolerance to water deficit. Agronomy 2020,
10, 170. [CrossRef]

22. Schaafsma, G. Safety of protein hydrolysates, fractions thereof and bioactive peptides in human nutrition.
Eur. J. Clin. Nutr. 2009, 63, 1161–1168. [CrossRef]

23. Yakhin, O.I.; Lubyanov, A.A.; Yakhin, I.A.; Brown, P.H. Biostimulants in Plant Science: A Global Perspective.
Front. Plant Sci. 2017, 7, 2049. [CrossRef]

24. Colla, G.; Hoagland, L.; Ruzzi, M.; Cardarelli, M.; Bonini, P.; Canaguier, R.; Rouphael, Y. Biostimulant action
of protein hydrolysates: Unraveling their effects on plant physiology and microbiome. Front. Plant Sci. 2017,
8, 2202. [CrossRef] [PubMed]

25. du Jardin, P. Plant biostimulants: Definition, concept, main categories and regulation. Sci. Hortic. 2015, 196, 3–14.
[CrossRef]

26. Colla, G.; Nardi, S.; Cardarelli, M.; Ertani, A.; Lucini, L.; Canaguier, R.; Rouphael, Y. Protein hydrolysates as
biostimulants in horticulture. Sci. Hortic. 2015, 96, 28–38. [CrossRef]

27. Van Oosten, M.J.; Pepe, O.; De Pascale, S.; Silletti, S.; Maggio, A. The role of biostimulants and bioeffectors as
alleviators of abiotic stress in crop plants. Chem. Biol. Technol. Agric. 2017, 4, 5. [CrossRef]

28. Rouphael, Y.; Cardarelli, M.; Bonini, P.; Colla, G. Synergistic action of a microbial-based biostimulant and a
plant derived-protein hydrolysate enhances lettuce tolerance to alkalinity and salinity. Front. Plant Sci. 2017,
8, 131. [CrossRef]

29. Xu, C.; Leskovar, D.I. Effects of A. nodosum seaweed extracts on spinach growth, physiology and nutrition
value under drought stress. Sci. Hortic. 2015, 183, 39–47. [CrossRef]

30. Goñi, O.; Quille, P.; O’Connell, S. Ascophyllum nodosum extract biostimulants and their role in enhancing
tolerance to drought stress in tomato plants. Plant Physiol. Biochem. 2018, 126, 63–73. [CrossRef]

31. Colla, G.; Rouphael, Y. Biostimulants in horticulture. Sci. Hortic. 2015, 196, 1–2. [CrossRef]
32. Boselli, M.; Bahouaoui, M.A.; Lachhab, N.; Sanzani, S.N.; Ferrara, G.; Ippolito, A. Protein hydrolysates

effects on grapevine (Vitis vinifera L.; cv. Corvina) performance and water stress tolerance. Sci. Hortic. 2019,
258, 108784. [CrossRef]

33. Trevisan, S.; Manoli, A.; Ravazzolo, L.; Franceschi, C.; Quaggiotti, S. mRNA-sequencing analysis reveals
transcriptional changes in root of maize seedlings treated with two increasing concentrations of a new
biostimulant. J. Agric. Food Chem. 2017, 65, 9956–9969. [CrossRef]

34. Trevisan, S.; Manoli, A.; Quaggiotti, S. A novel biostimulant, belonging to protein hydrolysates, mitigates
abiotic stress effects on maize seedlings grown in hydroponics. Agronomy 2019, 9, 28. [CrossRef]

35. Ertani, A.; Francioso, O.; Ferrari, E.; Schiavon, M.; Nardi, S. Spectroscopic-chemical fingerprint and
biostimulant activity of a protein-based product in solid form. Molecules 2018, 23, 1031. [CrossRef] [PubMed]

36. Lorenz, D.H.; Eichhorn, K.W.; Bleiholder, H.; Klose, R.; Meier, U.; Weber, E. Growth Stages of the Grapevine:
Phenological growth stages of the grapevine (Vitis vinifera L. ssp. vinifera)-Codes and descriptions according
to the extended BBCH scale. Aust. J. Grape Wine Res. 1995, 1, 100–103. [CrossRef]

37. Tsialtas, J.T.; Koundouras, S.; Zioziou, E. Leaf area estimation by simple measurements and evaluation
of leaf area prediction models in Cabernet-Sauvignon grapevine leaves. Photosynthetica 2008, 46, 452–456.
[CrossRef]

38. Ruperti, B.; Botton, A.; Populin, F.; Eccher, G.; Brilli, M.; Quaggiotti, S.; Trevisan, S.; Cainelli, N.; Guarracino, P.;
Schievano, E.; et al. Flooding responses on grapevine: A physiological, transcriptional, and metabolic
perspective. Front. Plant Sci. 2019, 10, 339. [CrossRef]

39. Lebon, E.; Pellegrino, A.; Tardieu, F.; Lecoeur, J. Shoot development in grapevine (Vitis vinifera) is affected by
the modular branching pattern of the stem and intra- and inter-shoot trophic competition. Ann. Bot. 2004,
93, 263–274. [CrossRef]

40. Louarn, G.; Guedon, Y.; Lecoeur, J.; Lebon, E. Quantitative analysis of the phenotypic variability of shoot
architecture in two grapevine (Vitis vinifera) cultivars. Ann. Bot. 2007, 99, 425–437. [CrossRef]

41. Choné, X.; Van Leeuwen, C.; Dubourdieu, D.; Gaudillere, J.-P. Stem water potential is a sensitive indicator of
grapevine water status. Ann. Bot. 2001, 87, 477–483. [CrossRef]

http://dx.doi.org/10.3390/agronomy10020181
http://dx.doi.org/10.3390/agronomy10020170
http://dx.doi.org/10.1038/ejcn.2009.56
http://dx.doi.org/10.3389/fpls.2016.02049
http://dx.doi.org/10.3389/fpls.2017.02202
http://www.ncbi.nlm.nih.gov/pubmed/29312427
http://dx.doi.org/10.1016/j.scienta.2015.09.021
http://dx.doi.org/10.1016/j.scienta.2015.08.037
http://dx.doi.org/10.1186/s40538-017-0089-5
http://dx.doi.org/10.3389/fpls.2017.00131
http://dx.doi.org/10.1016/j.scienta.2014.12.004
http://dx.doi.org/10.1016/j.plaphy.2018.02.024
http://dx.doi.org/10.1016/j.scienta.2015.10.044
http://dx.doi.org/10.1016/j.scienta.2019.108784
http://dx.doi.org/10.1021/acs.jafc.7b03069
http://dx.doi.org/10.3390/agronomy9010028
http://dx.doi.org/10.3390/molecules23051031
http://www.ncbi.nlm.nih.gov/pubmed/29702604
http://dx.doi.org/10.1111/j.1755-0238.1995.tb00085.x
http://dx.doi.org/10.1007/s11099-008-0077-x
http://dx.doi.org/10.3389/fpls.2019.00339
http://dx.doi.org/10.1093/aob/mch038
http://dx.doi.org/10.1093/aob/mcl276
http://dx.doi.org/10.1006/anbo.2000.1361


Agronomy 2020, 10, 1785 15 of 16

42. Maes, W.H.; Steppe, K. Estimating evapotranspiration and drought stress with ground-based thermal remote
sensing in agriculture: A review. J. Exp. Bot. 2012, 63, 4671–4712. [CrossRef]

43. Steele, M.R.; Gitelson, A.A.; Rundqutst, D.C. A comparison of two techniques for non-destructive
measurement of chlorophyll content in grapevine leaves. Agron, J. 2008, 100, 779–782. [CrossRef]

44. Brunetto, G. Use of the SPAD-502 in estimating nitrogen content in leaves and grape yield in grapevines in
soils with different texture. Am. J. Plant Sci. 2012, 3, 1546–1561. [CrossRef]

45. Pinto, C.A.; Henriques, M.O.; Figueiredo, J.P.; David, J.S.; Abreu, F.G.; Pereira, J.S.; Correia, I.; David, T.S.
Phenology and growth dynamics in Mediterranean evergreen oaks: Effects of environmental conditions and
water relations. Forest Ecol. Manag. 2011, 262, 500–508. [CrossRef]

46. Escudier, J.-L.; Bigard, A.; Ojeda, H.; Caille, S.; Romieu, C.; Torregrosa, L. De la vigne au vin: Des créations
variétales adaptées au changement climatique et résistant aux maladies cryptogamiques Partie 1/2: La résistance
variétale. Rev. Oenologues 2017, 164, 16–18.

47. Neethling, E.; Petitjean, T.; Quénol, H.; Barbeau, G. Assessing local climate vulnerability and winegrowers’
adaptive processes in the context of climate change. Mitig. Adapt. Strat. Glob. Chang. 2017, 22, 777–803.
[CrossRef]

48. Calvo, P.; Nelson, L.; Kloepper, J.W. Agricultural uses of plant biostimulants. Plant Soil 2014, 383, 3–41.
[CrossRef]

49. Basile, B.; Rouphael, Y.; Colla, G.; Soppelsa, S.; Andreotti, C. Appraisal of emerging crop management
opportunities in fruit trees, grapevines and berry crops facilitated by the application of biostimulants.
Sci. Hortic. 2020, 267, 109330. [CrossRef]

50. Ebinezer, L.B.; Franchin, C.; Trentin, A.R.; Carletti, P.; Trevisan, S.; Agrawal, G.K.; Rakwal, R.; Quaggiotti, S.;
Arrigoni, G.; Masi, A. Quantitative Proteomics of Maize Roots Treated with a Protein Hydrolysate:
A Comparative Study with Transcriptomics Highlights the Molecular Mechanisms Responsive to
Biostimulants. J. Agric. Food Chem. 2020, 68, 7541–7553. [CrossRef]

51. Gutiérrez-Gamboa, G.; Garde-Cerdán, T.; Martínez-Lapuente, L.; Costa, B.S.-d.; Rubio-Bretón, P.; Pérez-Álvarez, E.P.
Phenolic composition of Tempranillo Blanco (Vitis vinifera L.) grapes and wines after biostimulation via a foliar
seaweed application. J. Sci. Food. Agric. 2020, 100, 825–835. [CrossRef]

52. Koyama, R.; Roberto, S.R.; de Souza, R.T.; Borges, W.F.S.; Anderson, M.; Waterhouse, A.L.; Cantu, D.;
Fidelibus, M.W.; Blanco-Ulate, B. Exogenous Abscisic Acid Promotes Anthocyanin Biosynthesis and Increased
Expression of Flavonoid Synthesis Genes in Vitis vinifera × Vitis labrusca Table Grapes in a Subtropical Region.
Front. Plant Sci. 2018, 9, 323. [CrossRef]

53. Vergara, A.E.; Díaz, K.; Carvajal, R.; Espinoza, L.; Alcalde, J.A.; Pérez-Donoso, A.G. Exogenous applications
of brassinosteroids improve color of red table grape (Vitis vinifera L. cv. “Redglobe”) berries. Front. Plant Sci.
2018, 9, 363. [CrossRef]

54. Meggio, F.; Prinsi, B.; Negri, A.S.; di Lorenzo, G.S.; Lucchini, G.; Pitacco, A.; Failla, O.; Scienza, A.; Cocucci, M.;
Espen, L. Biochemical and physiological responses of two grapevine rootstock genotypes to drought and salt
treatments. Aust. J. Grape Wine R. 2014, 20, 310–323. [CrossRef]

55. Medrano, H.; Escalona, J.M.; Cifre, J.; Bota, J.; Flexas, J. A ten-year study on the physiology of two Spanish
grapevine varieties under field conditions: Effects of water availability from leaf photosynthesis to grape
yield and quality. Funct. Plant Biol. 2003, 30, 607–619. [CrossRef] [PubMed]

56. Chaves, M.M.; Santos, T.P.; Souza, C.R.; Ortuño, M.F.; Rodrigues, M.L.; Lopes, C.M. Deficit irrigation in
grapevine improves water-use efficiency while controlling vigour and production quality. Ann. Appl. Biol.
2007, 150, 237–252. [CrossRef]

57. Oancea, L.; Velea, S.; Fãtu, V.; Mincea, C.; Ilie, L. Micro-algae based plant biostimulant and its effect on water
stressed tomato plants. J. Plant Prot. 2013, 6, 104–114.

58. Parry, C.; Blonquist, J.M., Jr.; Bugbee, B. The optical/absolute chlorophyll relationship. Plant Cell Environ.
2014, 37, 2508–2520. [CrossRef]

59. Singh, B.; Ali, A.M. Using hand-held chlorophyll meters and canopy reflectance sensors for fertilizer nitrogen
management in cereals in small farms in developing countries. Sensors 2020, 20, 1127. [CrossRef] [PubMed]

60. Arunyanark, A.; Jogloy, S.; Akkasaeng, C.; Vorasoot, N.; Kesmala, T.; Nageswara Rao, R.C.; Wright, G.C.;
Patanothai, A. Chlorophyll Stability is an Indicator of Drought Tolerance in Peanut. J. Agron. Crop. Sci. 2008,
194, 113–125. [CrossRef]

http://dx.doi.org/10.1093/jxb/ers165
http://dx.doi.org/10.2134/agronj2007.0254N
http://dx.doi.org/10.4236/ajps.2012.311187
http://dx.doi.org/10.1016/j.foreco.2011.04.018
http://dx.doi.org/10.1007/s11027-015-9698-0
http://dx.doi.org/10.1007/s11104-014-2131-8
http://dx.doi.org/10.1016/j.scienta.2020.109330
http://dx.doi.org/10.1021/acs.jafc.0c01593
http://dx.doi.org/10.1002/jsfa.10094
http://dx.doi.org/10.3389/fpls.2018.00323
http://dx.doi.org/10.3389/fpls.2018.00363
http://dx.doi.org/10.1111/ajgw.12071
http://dx.doi.org/10.1071/FP02110
http://www.ncbi.nlm.nih.gov/pubmed/32689046
http://dx.doi.org/10.1111/j.1744-7348.2006.00123.x
http://dx.doi.org/10.1111/pce.12324
http://dx.doi.org/10.3390/s20041127
http://www.ncbi.nlm.nih.gov/pubmed/32092989
http://dx.doi.org/10.1111/j.1439-037X.2008.00299.x


Agronomy 2020, 10, 1785 16 of 16

61. Petrozza, A.; Santaniello, A.; Summerer, S.; Di Tommaso, G.; Di Tommaso, D.; Paparelli, E.; Piaggesi, A.;
Perata, P.; Cellini, F. Physiological responses to Megafol®treatments in tomato plants under drought stress:
A phenomic and molecular approach. Sci. Hortic. 2014, 174, 185–192. [CrossRef]

62. Bulgari, R.; Franzoni, G.; Ferrante, A. Biostimulants application in horticultural crops under abiotic stress
conditions. Agronomy 2019, 9, 306. [CrossRef]

63. Ullah, A.; Ali, S.; Shah, S.M. Influence of foliar application of bio-stimulants on growth, yield and chemical
composition of tomato. Int. J. Biosci. 2019, 14, 309–316.

64. Ghasemi, S.; Khoshgoftarmanesh, A.H.; Hadadzadeh, H.; Jafari, M. Synthesis of iron-amino acid chelates
and evaluation of their efficacy as iron source and growth stimulator for tomato in nutrient solution culture.
J. Plant Growth Regul. 2012, 31, 498–508. [CrossRef]

65. Rizwan, M.; Ali, S.; Hussain, A.; Ali, Q.; Shakoor, M.B.; Zia-Ur-Rehman, M.; Farid, M.; Asma, M. Effect of
zinc-lysine on growth, yield and cadmium uptake in wheat (Triticum aestivum L.) and health risk assessment.
Chemosphere 2017, 187, 35–42. [CrossRef] [PubMed]

66. Hussain, S.S.; Mehnaz, S.; Siddique, K.H.M. Harnessing the Plant Microbiome for Improved Abiotic Stress
Tolerance, in Plant Microbiome: Stress Response; Springer: Singapore, 2018; pp. 21–43.

67. Sadak, M.S.; Abdelhamid, M.T. influence of amino acids mixture application on some biochemical aspects,
antioxidant enzymes and endogenous polyamines of vicia faba plant grown under seawater salinity stress.
Gesunde Pflanz. 2015, 67, 119–129. [CrossRef]

68. Ghasemi, S.; Khoshgoftarmanesh, A.H.; Afyuni, M.; Hadadzadeh, H. The effectiveness of foliar applications
of synthesized zinc-amino acid chelates in comparison with zinc sulfate to increase yield and grain nutritional
quality of wheat. Eur. J. Agron. 2013, 45, 68–74. [CrossRef]

69. Rafie, M.R.; Khoshgoftarmanesh, A.H.; Shariatmadari, H.; Darabi, A.; Dalir, N. Influence of foliar-applied
zinc in the form of mineral and complexed with amino acids on yield and nutritional quality of onion under
field conditions. Sci. Hortic. 2017, 216, 160–168. [CrossRef]

70. Galili, G. New insights into the regulation and functional significance of lysine metabolism in plants. Annu.
Rev. Plant Biol. 2002, 53, 27–43. [CrossRef]

71. Kan, C.-C.; Chung, T.-Y.; Wu, H.-Y.; Juo, Y.-A.; Hsieh, M.-H. Exogenous glutamate rapidly induces the
expression of genes involved in metabolism and defense responses in rice roots. BMC Genom. 2017, 18, 186.
[CrossRef]

72. Toyota, M.; Spencer, D.; Sawai-Toyota, S.; Jiaqi, W.; Zhang, T.; Koo, A.J.; Howe, G.A.; Gilroy, S. Glutamate
triggers long-distance, calcium-based plant defense signaling. Science 2018, 361, 1112–1115. [CrossRef]

73. Pichyangkura, R.; Chadchawan, S. Biostimulant activity of chitosan in horticulture. Sci. Hortic. 2015,
196, 49–65. [CrossRef]

74. Jiao, Z.; Li, Y.; Li, J.; Xu, X.; Li, H.; Lu, D.; Wang, J. Effects of exogenous chitosan on physiological characteristics
of potato seedlings under drought stress and rehydration. Potato Res. 2012, 55, 293–301. [CrossRef]

75. Ma, Y.; Yu, J.; Zhang, G.; Cao, G. Protective effects of exogenous chitosan on oxidative damage in pepper
seedling leaves under water stress. Sci. Agric. Sin. 2012, 45, 1964–1971.

76. Farouk, S.; Amany, A. Improving growth and yield of cowpea by foliar application of chitosan under water
stress. Egypt. J. Biol. 2012, 14, 14–26. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.scienta.2014.05.023
http://dx.doi.org/10.3390/agronomy9060306
http://dx.doi.org/10.1007/s00344-012-9259-7
http://dx.doi.org/10.1016/j.chemosphere.2017.08.071
http://www.ncbi.nlm.nih.gov/pubmed/28834770
http://dx.doi.org/10.1007/s10343-015-0344-2
http://dx.doi.org/10.1016/j.eja.2012.10.012
http://dx.doi.org/10.1016/j.scienta.2017.01.014
http://dx.doi.org/10.1146/annurev.arplant.53.091401.110929
http://dx.doi.org/10.1186/s12864-017-3588-7
http://dx.doi.org/10.1126/science.aat7744
http://dx.doi.org/10.1016/j.scienta.2015.09.031
http://dx.doi.org/10.1007/s11540-012-9223-8
http://dx.doi.org/10.4314/ejb.v14i1.2
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plant Materials and Treatments 
	Vine Growth and Fruit Parameter 
	Leaf Physiological Parameters 
	Statistical Analysis 

	Results 
	Evapotranspiration and Stem Water Potential Trend 
	Biometric Measurements 
	SPAD Measurements 
	Root and Shoot Development and Berry Diameter 

	Discussion 
	References

