agronomy

Article

A New Strategy

to Improve Vineyard Resilience: Grapevine

Morphological Adaptation to Short-Term Nitrogen Deficiency

Daniel Grigorie Dinu 1.2 Carmen Florentina Popescu 2 Dorin Ioan Sumedrea 22, Andreea Elena Manolescu 2,
Letitia Mariana Pandelea 2 and Laura Rustioni

check for
updates

Citation: Dinu, D.G.; Popescu, C.E;
Sumedrea, D.I.; Manolescu, A.E.;
Pandelea, L.M.; Rustioni, L. A New
Strategy to Improve Vineyard
Resilience: Grapevine Morphological
Adaptation to Short-Term Nitrogen
Deficiency. Agronomy 2022, 12, 1355.
https:/ /doi.org/10.3390/agronomy
12061355

Academic Editors: José Luis Santiago

Blanco and Alain Deloire

Received: 19 April 2022
Accepted: 31 May 2022
Published: 2 June 2022

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

iations.

Copyright: © 2022 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 (https://
creativecommons.org/licenses /by /
4.0/).

2
1,

Department of Biological and Environmental Sciences and Technologies, University of Salento, Via
Provinciale Monteroni, 73100 Lecce, Italy; daniel.dinu@unisalento.it

National Research & Development Institute for Biotechnology in Horticulture Stefanesti, Sos.
Bucuresti-Pitesti, no. 37, Arges, CP 117713 Pitesti, Romania; carm3n_popescu@yahoo.com (C.EP);
dsumedrea@yahoo.com (D.I.S.); andreea.manolescul6@gmail.com (A.E.M.);
mariana.letitia96@yahoo.com (L.M.P.)

*  Correspondence: laura.rustioni@unisalento.it

Abstract: Nitrogen (N) deficiency causes a morphological disequilibrium between shoots and roots,
favoring hypogeal growth. Our hypothesis is that short-term nitrogen deficiency could induce
an increase in vine resilience, inducing root growth before the appearance of significant dysfunctions
in the epigeal part of the plant. Then, nitrogen availability could be promptly restored through
a well-thought-out fertilization plan. In this experiment, two table grape cultivars grafted onto
three different rootstocks were studied in three hydroponic growing conditions characterized by
different nitrogen availability. After 53 days of treatment, plant morphologies were described, and
leaf photosynthetic pigments were quantified. The short-term nitrogen deficiency induced root
growth, leading to significantly different proportions among the hypogeal and the epigeal parts,
despite no significant differences were recorded concerning shoot growth. Some small differences
in the leaf pigmentations indicated an incipient symptom of nitrogen deficiency, and significant
differences in the phytomer morphology indicated the possibility of developing low-cost indices for
prompt identification of incipient symptoms. This will allow the exploitation of the advantages of
short-term nitrogen deficiency while avoiding negative effects on shoot growth by promptly restoring
the nitrogen availability.

Keywords: climate change; drought adaptation; fertilization; photosynthetic pigments; plant morphology;
root growth; vineyard plantation; Vitis

1. Introduction

Grapevines are a major crop worldwide [1-3]. They can be grown with limited water
supplies, occupying also dry and semidry lands [4,5]. However, climate change could
exacerbate drought stress in many viticultural regions, causing serious problems in grape
and wine production [6,7].

A strategy commonly suggested for resilience improvement in viticulture is related to
plant selection. A wide number of Vitis species are available in nature [8,9] and could be
used for crossing programs to develop new rootstocks [10,11]. However, cultivar selection
programs last many years and the rootstocks available for winegrowers are usually limited
to a small number of traditional genotypes propagated by nurseries. Thus, other strategies
of adaptation should be taken into consideration to complement variety choice.

It has been shown that vegetative growth and grape quality can be strongly affected
by vineyard management in drought conditions [12,13]. Thus, new strategies should be
explored to improve vineyard resilience to drought environments.

Growing conditions significantly affect the vine phenotype, including the plant mor-
phology [14]. For sustainable water management, it is fundamental to consider the relation-
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ship between root-water uptake and leaf transpiration [15], keeping in mind the specific
roles of the different plant organs in water use. Generally, increased root development
is related to increased canopy water demand [16]. Nevertheless, adjustment in the roots’
growth could be related to the water needs for leaf transpiration, causing modifications in
the proportions among roots and leaf biomasses, with different root depths [17] depending
on the plant biomass [18].

From a morphological perspective, lower transpiration should be expected in plants
with less expanded canopies [19], because vines lose water through their leaves. If water
availability represents a limitation for transpiration, the plant adapts its morphology to
decrease the water loss by reducing the leaf area. In drought conditions, it has been shown
that there is a significantly lower leaf area due to a reduction in size of the shoot leaves and
a smaller number of leaves situated on lateral shoots [13].

On the other hand, vines absorb water through their roots. In general, root elongation
and the increase of soil scouting play a central role in adaptation to abiotic stresses [20-24],
including a higher tolerance to drought conditions [25,26]. In fact, it has been demonstrated
that a morphological adaptation strategy against drought is the production of deeper roots
that are able to search for wetter soils [27]. Furthermore, the proliferation of roots, by
increasing the number and branching connections, increases the water conductance [28].

It is worth noting that roots represent the interface between the plant and the soil, and
being exposed to many abiotic stresses, different factors can affect their growth [29,30]. In
fact, roots can adjust their development strategy, playing an essential role in plant perfor-
mance during abiotic stresses [31,32]. Nitrogen is the most abundant nutrient and it directly
affects grapevine growth [33-37]. It is widely known that an important adaptive strategy
for plants subjected to nitrogen deficiency is root elongation. Compared to sufficient N sup-
ply conditions, it has been shown that crops grown under low N availability can increase
their axial root length by about 40%, and the elongation of axial roots begins to increase
after the reduction of nitrogen nutrition, demonstrating a cause—effect relationship [20].

Thus, our hypothesis is that a short-term nitrogen deficiency in young vines could
induce an increase in plant resilience by modifying plant morphology (root/shoot growth
ratio). We want to understand if an induction of root growth could be achieved before
the appearance of evident symptoms of dysfunction in the shoots. Nitrogen is the most
mobile and dynamic element in soil; it can be leached, denitrified, lost, or transferred [38].
Thus, keeping in mind that N availability can be promptly restored through a well-thought-
out fertilization plan, we want to check the possibility of developing a fast and low-cost
morphological method for nitrogen nutritional status detection. Finally, as N uptake also
depends on the genotype [39,40], in this work, the effects of short-term nitrogen deficiency
on plant morphology have been studied on different combinations of scion-rootstock vines,
to increase the reliability of our results.

The active growth of roots under low N availability is related to the translocation of
substances from old leaves and permanent organs to the tips of the root. In this way, the
plants exposed to nutrient stress increase root growth and reduce canopy expansion [41,42],
which is also responsible for water loss through transpiration. On the other hand, the
growing capacity of the root system depends on the organs of reserve and transport,
which is supported by the leaf apparatus [43], and N deficiency negatively affects shoot
growth and the plant’s photosynthetic performances [41,44,45]. Grafted rooted cuttings
that are commercially available are expected to have high quality woody organs with high
quantities of reserves [46]. However, short-term nitrogen deficiency during root growth
stimulation should not excessively impact the photosynthetic performance of the new
leaves. Thus, in this experiment, leaf photosynthetic pigments were also quantified.

2. Materials and Methods
2.1. Plant Material and Experimental Plan

The experiment was carried out in 2021 at the National Research & Development
Institute for Biotechnologies in Horticulture Stefanesti Arges (Stefanesti, Romania). The
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plant material was provided by the Research and Development Institute for Viticulture
and Oenology Valea Calugareasca (Valea Calugareasca, Romania), and it respected the
commercial standards for Romanian viticulture. Two table grape cultivars (Afuz Ali and
Italia) were grafted on the most used rootstocks in Romania: Teleki 4 Sel. Oppenheim
4-4B1 (504-4), Kobber 5BB, and Teleki 8 BB Sel. Craciunel 71 (C71). At the beginning of the
experiment, the plants were pruned following local traditions for new vineyard plantation:
three buds were left in the scions and about 10 cm of roots were left in the rootstocks. Three
hydroponic growing conditions were obtained by modifying the nitrogen availability and
five plant replications were used for each grafting combination. Thus, for this experiment,
a total of 90 grafted cuttings were studied.

2.2. Hydroponic Growing Conditions

Three plastic tanks (110/90/65 cm) were used for hydroponic cultivation. Each
tank was filled with 500 L of a nutrient solution with different nitrogen availability, as
described below. Air was pumped into the tanks for 45 min/h with a timer (Emos Mecan-
ische Schaltsteckdose) connected to an air pomp (Ocean Free ULTRAIR 1000) linked to
two plastic air distributors (type T) with six channels, two air curtains, and eight air stones.
A perforated floating platform made by extruded polystyrene (thickness 5 cm) was used as
plant support. Figure 1 shows the experimental conditions.

Figure 1. Photo of the experimental plants.

Each tank was filled with a different nutrient solution (Table 1), characterized by different
nitrogen availability: full-nitrogen (standard concentrations), half-nitrogen, and no-nitrogen.
The solutions were prepared by adapting the protocols reported in Rustioni et al. [40]. To
study the effects of a short-term nitrogen deficiency on plant growth, vines were kept in
these growing conditions for 53 days, renewing the nutrient solutions every 10 days.

2.3. Analytical Methods and Data Elaborations

At the end of the experiment, plants were observed and analyzed.
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The phenological stage was measured by counting the unfolded leaves. New formed
roots and shoot growth were measured by using two KERN scales (EHA 500-2 and TGD
50-3C). Total leaf area was measured with the smartphone application “Easy leaf Area
Free” [47]. These data were also used to calculate the ratios among roots and shoots or
roots and leaf area. Phytomer morphology was described following the method reported
previously by Dinu et al. [14]. The third, fourth, and fifth phytomers were considered. The
lengths of the internodes and petioles were measured with a tape line, and diameters of the
internodes and petioles were obtained with a digital caliper (INSIZE 1108-150W). Areas
were measured with the smartphone application “Easy leaf Area Free” [47].

Table 1. Mineral composition of nutrient solutions. Concentrations are reported in mM.

Nutrient Solutions Full-Nitrogen Half-Nitrogen No-Nitrogen
Ca(NO3), 2 1 0
CaSOy 0 1 2
KNO; 0.75 0.375 0
MgSO4 0.65 0.65 0.65
KH,PO4 0.5 1.075 1.65
H3BO3 0.005 0.005 0.005
MnSOy 0.001 0.001 0.001
CuSOy4 0.0005 0.0005 0.0005
Felll EDTA 0.08 0.08 0.08
ZnSOy 0.0005 0.0005 0.0005
(NHy)sMo7O04 0.00005 0.00005 0.00005

The photosynthetic pigments were quantified using the method described by Holm [48].
Briefly, 100 mg of leaves were finely crushed with a mortar and extracted with 25 mL of
85% acetone. After filtration through a filter paper of MN 615-&J 110 mm, the absorbance of
the solution was recorded at 440.5, 662, and 644 nm. The concentrations of the pigments
were calculated by using the formulas:

(E662 x 9.78) — (E644 x 0.99)

Chlorophyll a (mg/g of leaves) =

4
Chlorophyll b (mg/g of leaves) — (Lo44 > 21:4) . (E662 x 4.65)
Carotenoids (mg/g of leaves) — [(E440.5 x 4.69)—[0.167 x (Chl a + Chl b)]

En = absorbance recorded at n wavelength.

The ratios of Chlorophyll a and Chlorophyll b were also calculated, as well as the total
concentrations of photosynthetic pigments (sum of all the different pigment types).

All statistical analyses were done in SPSS (IBM Corporation, Armonk, NY, USA).
Significances of the differences among groups of samples was quantified by analysis of
variance (ANOVA) and Duncan post-hoc. A principal component analysis (PCA) was
performed on all direct and derivative variables considered for phytomer morphology.

3. Results
3.1. Morphological Adaptation to the Short-Term Nitrogen Deficiency

The short-term nitrogen deficiency lasted 53 days. In this time, no significant effects
of nitrogen availability, cultivar, or rootstock were observed concerning the growth of the
shoots quantified as total weight of the green organs. The shoot weight was 14.2 £ 7 g.
In general, the average phenological stage reached by the shoot growth was 11 4= 3 unfolded leaves.
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Ratio roots/shoots (mg/g)

On the contrary, the short-term nitrogen deficiency significantly increased the root
growth (Figure 2). The determinations for the evaluation of the growth of the root system
proved that a high concentration of nitrogen induced a reduction of the growth rate of
the roots and of the formation of new roots. The average newly formed roots weight in
full nitrogen conditions was 0.19 £ 0.24 g. Reducing the amount of nitrogen by half and
eliminating nitrogen from the nutrient solution were shown to be similarly effective in
stimulating the growth of the root system and the formation of new roots (the new formed
roots weights were 1.96 &= 1.16 g and 1.64 £ 1.25, respectively).

2

a
2.007] I d

Weight of new formed roots (g)
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Figure 2. Effect of the short-term nitrogen deficiency on root growth. Bars represents the standard
error; different letters indicate significant differences among groups resulted found by the Duncan
post-hoc test.

No significant differences in the root growth were ascribable to the vine cultivar,
but significant differences were related to the rootstock, with higher values in SO4 with
respect to Kober 5BB and C71 (average data for each grafting combinations are available in
Supplementary Materials Table S1).

This differential root growth led to significantly different proportions among the
hypogeal and the epigeal parts (Figure 3). Considering both the ratio between root and
shoot growth and the ratio between root growth and leaf area, a significant increase in
the values was recorded in both the total and partial nitrogen deficiency conditions. This
indicates that the short-term nitrogen deficiency induced an adaptive response of the plants
to this type of stress and an over-expression of root system growth.

a 4
+ 74
1257 a 3 a
I (o)) _l—
100 £ 5]
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5
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_| Q
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Figure 3. Effect of the short-term nitrogen deficiency on the proportions of the hypogeal and the
epigeal parts ((A): ratio roots/shoots; (B): ratio roots/leaf area). Bars represent the standard error;
different letters indicate significant differences among group results found by the Duncan post-hoc test.
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Once again, no significant differences in the proportions among the hypogeal and
the epigeal parts were ascribable to the grape cultivar, but significant differences were
related to the rootstock, with higher values in SO4 with respect to Kober 5BB and C71 (both
the ratios among roots and shoots or roots and leaf area). Average data for each grafting
combinations are available in Supplementary Materials (Table S1) and photos of the plants
are available in Supplementary Materials (Figure S1).

Some differences in the leaf pigmentation indicated an incipient symptom of nitrogen
deficiency, especially in the without nitrogen condition (Figure 4). In detail, the absence of
nitrogen induced a decrease in the total pigments due to a significant decrease of chlorophyll
a, chlorophyll b, and carotenoids. However, the proportion between the two chlorophylls
remained unaltered. On the other hand, when the nitrogen availability was halved, only the
concentration of chlorophyll b was significantly affected, while other pigments maintained
concentrations similar to those recorded in the control plants.

250 A 150B a 400/C a a 250D __800E 3
) -~ Q )
« ) > = a
3 2 —lL } b ] a
g 2001 7 a - [] b b S L Lo 2 = g T — b
Q “ : b 2 8 3.00- 1L g = 6.00 l
> > S 2
> S, 1:007] > = >
& 1501 g g S 1.50 &

&
© < g 2,00 . 2 4007
= = k) =
E 1.00] 2 S = 1.00] g
s S 0507 3 ] S
8

S S S 1.00-] g 2 200
S 050 = 8 S 050 B
$ S [ 2

0.00 T T T 0.00 T T T 0.00 T T T 0.00 T T T 0.00 T T T

full N half N noN full N half N noN full N half N noN full N half N noN full N half N noN

Figure 4. Effect of the short-term nitrogen deficiency on the leaf pigmentation ((A): chlorophyll a;
(B): chlorophyll b; (C): carotenoids; (D): chlorophyll a/chlorophyll b; (E): total pigments). Bars
represent the standard error; different letters indicate significant differences among group results
found by the Duncan post-hoc test.

Regarding the varieties, we observed significantly higher concentrations of all chloro-
phyll pigments in Italia, while the ratio of chlorophyll a/chlorophyll b was significantly
higher in Afuz Ali. The rootstock significantly affected only chlorophyll a, with significant
differences between the higher concentrations observed in SO4-4 and the lower ones of
Kober 5BB (C71 showed intermediate values). Average data for each grafting combinations
are available in Supplementary Materials (Table S1).

3.2. Shoot Morphology Indexes of Incipient Nitrogen Deficiency

The principal component analysis of the 16 shoot morphology parameters produced
five functions with Eigenvalues higher than 1, explaining, respectively, 33.9%, 30.7%, 17.4%,
9.3%, and 6.5% of the total observed variance. Details concerning the matrix of the five main
principal component functions are reported in Supplementary Materials (Table S2). Briefly,
the first principal component is mainly related to the leaf area and to the proportional
distribution among the green surfaces (mainly leaf and internodal stem). The second
principal component is mainly linked to the internode development (stem surface and
length). The third principal component is related to the petiole proportion with respect
to the leaf and total green surface. The stem diameter is the parameter mainly affecting
the fourth principal component, while the ratio between petiole length and diameter is the
parameter mainly affecting the fifth principal component.

Focusing on the first two components, it appears that the first is related to nitro-
gen availability (Figure 5A) and the second is more related to the cultivar characteristics
(Figure 5B).

Despite the short-term nitrogen deficiency not producing strong differences in the
total epigeal growth and pigmentation, the shoot morphology underwent significant
modifications in relation to the nitrogen availability. Table 2 reports the significances
of the effects of N availability, variety, rootstock, and internode (and all their possible
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interactions) on the regression factor scores of the five functions with Eigenvalues higher
than 1 (altogether representing 97.8% of the morphological variability detected in this work).

A 1B
2] \/ e
=full N
half N
14 1
=—no N
S o] - O
g0 g 7
-1 -1 —Afuz Ali
. = Italia
-2 \ \ i -2
-3 -3
T T T T T T T T T T T T T T
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
PC1 PC1

Figure 5. Principal component analysis (PCA) of the 16 shoot morphological parameters, ordering
the samples according to nitrogen availability (A) and the cultivar (B). The first two components
(representative of the 64.6% of the variance) are reported.

Table 2. Results of the ANOVA of the effects of N availability, variety, rootstock, and internode (and
all their possible interactions) on the regression factor scores of the five functions with Eigenvalues
higher than 1 (PC = principal component).

Regression Factor Score

PC1 PC2 PC3 PC4 PC5

N availability 0.000 0.100 0.002 0.000 0.000

Variety 0.004 0.000 0.005 0.000 0.001

Rootstock 0.121 0.276 0.643 0.033 0.022

Internode 0.000 0.020 0.000 0.000 0.000

Variety x Rootstock 0.000 0.128 0.016 0.024 0.004

Variety x N availability 0.001 0.866 0.055 0.514 0.005
Variety x internode 0.717 0.389 0.102 0.805 0.011
Rootstock x N availability 0.000 0.001 0.026 0.227 0.342
Rootstock x Internode 0.687 0.875 0.940 0.983 0.828

N availability x Internode 0.691 0.123 0.098 0.954 0.731
Variety x Rootstock x N availability 0.010 0.001 0.010 0.003 0.244
Variety x Rootstock x Internode 0.777 0.859 0.890 0.727 0.471
Variety x N availability x Internode 0.246 0.936 0.195 0.612 0.582

Rootstock x N availability x Internode 0.472 0.950 0.753 0.988 0.524

Variety x Rootstock x

N availability x Internode 0.680 0.907 0.956 0.780 0.596

Considering the principal effects, it is worth noting the significant impacts of the vari-
ety and the internode position on all the regression factor scores. The nitrogen availability
also showed significant effects on most of the principal components (except PC2), while
the rootstock was the least impactful variable. Some significant interaction effects were
highlighted as well (Table 2).
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4. Discussion

It is well known that nitrogen deficiency induces dysfunctions in plants’ green organs,
causing a reduced growth of shoots [41]. However, in our experiment, we observed that
a short-term nitrogen deficiency did not induce significant modifications in the total weight
of the green shoots. This is likely due to the nitrogen reserves stored into the young
plants grown in nursery. In fact, nitrogen is accumulated in woody tissues. Nitrogen
is almost equally distributed in the perennial tissues of the plant, with a slightly higher
concentration in roots. During dormancy, 75% of the N reserves are located in the roots
and this concentration decreases moderately during the spring growth [49,50].

In conditions of nitrogen deficiency, plants induce root elongation, increasing soil
scouting [20]. It is known that the root elongation and the increase of soil scouting induce
abiotic stresses tolerance [16-20], including a higher tolerance to drought [25,26]. Our data
indicates that the hypogeal response is fast, occurring before the appearance of evident
deficiency symptoms in the shoot growth. Thus, an incipient deficiency related to a short-
term treatment could also induce this morphological adaptation. Furthermore, both the
without nitrogen condition and the half nitrogen condition had significantly higher values
than the full nitrogen availability concerning the new formed roots, as well as both the
ratios among roots and shoots or roots and leaf area. In nitrogen deficiency conditions,
slightly better (not significant) performances were observed where some nitrogen was
available. This is probably due to the better photosynthetic performances of the plants
grown in this condition due to the lower impact on leaf pigmentation. In general, we can
suppose that a more realistic partial nitrogen deficiency (half N) is sufficient to induce the
root growth and that this adaptive mechanism appears before the occurrence of significant
shoot dysfunctions. Thus, a short-term nitrogen deficiency of few weeks could be a useful
tool to induce root elongation in the first period after vineyard plantation, improving the
vines’ resilience to severe abiotic constraints.

Of course, to exploit the advantages of a short-term nitrogen deficiency and avoid
negative effects on the plant growth, it is important to promptly restore the nitrogen
availability to avoid plant damages. Nitrogen is a mobile element in the soil that can be
leached, denitrificated, lost, and transferred [38]. To maximize the response of the plants
to nitrogen restoration, different techniques able to rapidly supply nitrogen to the plants
could be taken into consideration, such as fertigation and foliar fertilization [33,51,52].
Further experiments in soil will be necessary to develop a realistic fertilization strategy for
short-term nitrogen deficiency management.

To allow prompt nitrogen fertilization able to restore the plant growth equilibrium
before the occurrence of damages, it is important to promptly recognize the incipient
symptoms of deficiency in the visible shoot growth. Leaf element analysis could support the
fertilization management [53]. However, the analytical costs and the laboratory equipment
necessary for this analysis (not widely available for winegrowers) could make the frequent
check over time difficult during the short-term deficiency treatment.

Different simple methods are available for pigment quantification, both with sample
extraction [48,54] or with non-invasive approaches [55-59]. Despite the fact that the ratio of
chlorophyll a and chlorophyll b was not significantly affected by the nitrogen availability,
the only pigment significantly reduced in the half nitrogen condition was chlorophyll
b. This result, in agreement with the observations of Rustioni et al. [44], suggests that
concentration in chlorophyll b could be a good index of incipient nitrogen deficiency. On
the other side, many biotic and abiotic stresses modify the leaves’ pigmentation, inducing
chlorosis [44,59-62]. Thus, other observations could be useful to complete the diagnosis,
allowing a more reliable decision.

References are available in literature, concerning the shoot morphological modifica-
tions in relation to nitrogen deficiency. It is known that reducing the photosynthesis and
the leaf area affects plant development [45,63,64], causing an evident decrease of the shoot
growth [65].
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In our case, we need to find indices that are able to promptly highlight incipient
deficiency, since if the symptoms are already evident in the shoots, the plant could have
already undergone damage. Dinu et al. [14] demonstrated the possibility of using shoot
morphological descriptors to discriminate the grapevine growing conditions in the absence
of evident dysfunctions. The same parameters were measured in this work, and the data
elaboration confirmed this result. In fact, the described morphological variability was
significantly affected by the nitrogen availability.

5. Conclusions

Short-term nitrogen deficiency could be a useful tool to induce root growth. Thus,
a new fertilization strategy in vineyard planting could be developed in the near future to
improve young vineyard resilience through a temporary nitrogen deficiency. For example,
soil amendments with a high C/N ratio could be used to cause a temporary nitrogen
deficiency for plants due to the microorganisms’ competitive interactions in the soil.

With this research, we demonstrated that a brief deficiency could obtain this effect
before the appearance of dysfunctions in the shoots. By changing the shoot/root growth
ratio, an improvement of resilience to severe abiotic constraints (such as drought) should
be expected; however, further studies will be necessary to confirm this response in field
conditions and to optimize the length of the short-term deficiency, as well as to validate the
drought tolerance modulation.

To promptly restore the nitrogen availability before the appearance of plant dysfunc-
tions, low-cost and easy analysis based on plant morphology and leaf pigmentation could
be developed as a tool to manage fertilization. This will allow the interruption of the
short-term nitrogen deficiency before shoot damages. Further studies will be devoted to the
development of these indices during the course of the induced nitrogen deficiency. Finally,
a well-thought-out fertilization strategy could be set up to promptly restore the nitrogen
availability, taking into consideration techniques such as fertigation and foliar fertilization.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agronomy12061355/s1, Table S1: average data recorded for each
grafting combinations; Table S2: matrix of the five main principal component functions; Figure S1:
photos of the plant growth at the end of the experiment. New formed roots are recognizable by the
lighter color.
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