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Abstract: The production and quality of grapes are determined by the hydric and nutritional status
of the vine. In modern viticulture, the interface between grapevine and soil is represented by the
rootstock, which modulates the uptake of water and nutrients. Thus, selection of new rootstocks for
abiotic stress tolerance represents an adaptation strategy for viticulture to the new environmental
conditions imposed by climate change. The aim of this work is to evaluate the water-use efficiency
(WUE) and the nutritional status of a selection of 30 new rootstock genotypes, originating from several
breeding programs. WUE and gas exchange were measured for each genotype in two environments
characterized by different water availability, and the levels of N, P, K, Mg, Ca, Na, Fe, Mn, and Zn in
the leaf blades were determined during the phenological stages of flowering and ripening. Water
availability was different in the two environments, affecting gas exchange, with mean values of
carbon assimilation of 10.43 ± 0.32 and 3.84 ± 0.34 µmol CO2 m−2 s−1, respectively. Genotypes
were classified according to their water stress tolerance, vigor, and affinity for macronutrients and
micronutrients. A total of 14 genotypes showed tolerance to water stress, and 10 of them reported
high vigor and carbon assimilation. Furthermore, the majority of water-stress-tolerant genotypes had
greater affinity for Mg than for K. In further studies, the most promising rootstocks will be evaluated
in grafting combination with Vitis vinifera.

Keywords: abiotic stress; water stress; mineral nutrition; phenotyping; viticulture

1. Introduction

In the new environmental conditions caused by climate change, adaptation of viticul-
ture to abiotic stresses is becoming a crucial issue to preserve the production and quality
of grapes and wines. Since the end of the 19th century, grapevine (Vitis vinifera) has been
grafted onto rootstocks worldwide to avoid attacks by phylloxerae (Daktulosphaira vitifoliae).
Thus, tolerance of grapevine to abiotic stresses not only depends on the cultivar, but is
mediated by the rootstock genotype [1]. In a recent study, 15 rootstocks were studied for
5 years in terms of growth and grape production, in grafting combination with two scion
varieties (Chardonnay and Cabernet Sauvignon). The effect of rootstock genotype and its
interactions on grape yield has been assessed to be 13.29%, while the contribution to sugar
content has been evaluated at 14.80% [2]. The effect of rootstocks on the yield and quality
of grapes can be explained by the different uptake of water and nutrients from the soil and
the vigor induced to the scion [3,4].

The use of tolerant rootstocks is a strategy to overcome drought in adaptation to
climate change [5]. Tolerant rootstocks respond to water deficit by enhancing the water-use
efficiency (WUE) through the control of gas exchange [6,7]. WUE at the leaf level is defined
as the ratio between carbon assimilation and stomatal conductance or leaf transpiration [8].
Stomatal conductance and transpiration are controlled by the rootstock through both
hydraulic and hormonal signaling [9]. Hydraulic signaling consists of a direct effect of the
drop in water potential in all plant tissues, including guard cells of stomata, in response to
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water deficit. The hormonal pathway includes the production of abscisic acid (ABA) in
roots and leaves, and the transduction of the signal to the stomata, inducing the stomatal
closure and reducing the gas exchange [9].

The vigor of the shoot is induced by rootstocks, causing an effect on the vegetative–
productive balance [2,10]. In fact, rootstock genotype affects the assimilation of carbon
from the air and the uptake of macronutrients from the soil, such as nitrogen (N) and
phosphorous (P)—directly related to the development of biomass [11–13]. Carbon (C)
is assimilated in the leaves via the photosynthetic pathway. This process supports the
vegetative growth of the plant and the ripening of the grapes. Excess or deficit of N can
affect the yeast assimilable nitrogen (YAN) in the must, causing microbial instability during
fermentation [14].

The uptake of other macronutrients—such as potassium (K), magnesium (Mg), and
calcium (Ca)—depends on rootstock genotypes, in addition to environmental conditions.
In a recent study, rootstocks with Vitis riparia in their genetic background reported lower
levels of Mg than rootstocks without V. riparia [15]. Antagonisms in the uptake of K and
Mg have been reported in the literature, along with synergies between Mg and Ca [16,17].
Rootstocks can be ranked according to the levels of K in the leaves, grapes, and must [18].
High levels of K in the must can be involved in a reduction in the total acidity, due to the
salinification of tartaric acid [19]. The choice of a rootstock with affinity for Mg rather than K
can be made as an agronomical decision to maintain the acidity of wines under unfavorable
environmental conditions, and to avoid Mg deficit. Rootstocks also affect the uptake of
micronutrients, such as iron (Fe), manganese (Mn), zinc (Zn), and sodium (Na) [15]. The
ability to uptake Fe is relevant when there are high concentrations of limestone in the soil.
Some rootstocks can cope with limestone in the soil, and they can be chosen to avoid Fe
deficit, inducing specific uptake strategies [20].

The hydric and nutritional status of vines are driven by environmental conditions;
thus, the plasticity of rootstocks plays a key role in the interaction of genotypes with the
environment: rootstocks that respond to changes in external conditions by modifying
their performance are defined as “plastic”, whereas rootstocks that maintain a stable
performance under different environments are defined as “elastic” [21,22]. The plasticity of
specific traits related to hydric and nutritional status should be considered in the selection
process of new rootstocks able to cope with abiotic stresses.

The Department of Agricultural and Environmental Sciences (DiSAA) of the Uni-
versity of Milano is currently working on the selection of new grapevine rootstocks with
tolerance to abiotic stresses. The four genotypes of the M-series were recently released to
cope with different environmental conditions. In particular, M1 was selected for limestone
tolerance, M2 reported high efficiency in K and Mg uptake, M3 showed affinity for K, and
M4 reported high tolerance to water deficit and salt stress. A new selection of 30 genotypes
originating from the same breeding programs is currently under investigation. A first
screening on water stress tolerance was performed by Bianchi et al. [23], whereas a first
screening on mineral nutrition was reported by Bianchi et al. [24]. The aims of this work
are: (1) to assess the water-use efficiency and the transpiration control of the new selection
of genotypes; (2) to evaluate their vigor and carbon assimilation; (3) to analyze their nutri-
tional status in terms of macro- and micronutrients, along with their affinity for K or Mg;
(4) to investigate the plasticity of key traits in response to different environments; and (5)
to identify among them the most promising rootstocks for abiotic stress tolerance.

2. Materials and Methods
2.1. Experimental Design

The experiment was carried out in 2019. Thirty new grapevine rootstock genotypes
were studied in non-grafted conditions, and the commercial rootstock M2 was used as a con-
trol. The genetic background of all genotypes is reported in the work of Migliaro et al. [25].
Genotypes were analyzed under field conditions in two different environments, located
in Arcagna (45.340276 N, 9.449786 E, 83 m a.s.l.) and Riccagioia (44.984783 N, 9.089038
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E, 133 m a.s.l.). At each site, three biological repetitions per genotype were considered,
represented by three different plants. Estimation of water status using thermography was
performed on three days per site, during the phenological stages of flowering (DOY 164),
veraison (DOY 200), and ripening (DOY 220). During ripening, gas exchange was also
measured. Concurrently with the phenological stages of flowering and ripening, leaf
samples were collected for mineral analysis. To assess the vigor of vines, pruning weight
was measured at the two sites during winter.

2.2. Characterization of the Experimental Sites

The two experimental fields were located in Lombardy, Italy, and the distance between
them was ~46 km. The experimental field in Riccagioia was set up in 2014, with inter-
row distance between plants of 2.40 m and intra-row distance of 1.10 m. The soil in
Riccagioia is classified as sandy clay loam (USDA Textural Soil Classification), consisting
of 58% sand, 19% silt, and 23% clay. Total organic matter amounted to 8.95 g/kg, and
the CEC was 14.5 me 100g−1. The values of pH in Riccagioia were 7.3 and 6.9 in H2O
and KCl, respectively. N content in the soil was 5500 ppm, and the K/Mg ratio was
0.29. Daily meteorological data for Riccagioia were provided by the station network of
ARPA Lombardia (reference station of Voghera). The experimental field in Arcagna was
set up in 2015, with inter-row distance between plants of 3.10 m and intra-row distance
of 2.00 m. According to the USDA Textural Soil Classification, the soil type was sandy
loam, consisting of 75% sand, 14% silt, and 11% clay. Total organic matter amounted to
11.30 g/kg, and the CEC was 8.0 me 100g−1. The N content was 4000 ppm, and the K/Mg
ratio amounted to 1.04. Temperature and precipitation in Arcagna were monitored in situ
from a meteorological station. In both sites, vines were trained in a creeping system.

2.3. Leaf Temperature and Gas Exchange

On DOY 164, 200, and 220, the water status of plants was monitored via thermog-
raphy. Thermal images were recorded using a Thermo Gear G100EX/G120EX thermal
camera (detector—uncooled focal plane array; number of pixels—320 H × 240 V; spectral
range—8–14 µm; dynamic resolution—14 bit), produced by InfReC, NEC Avio Infrared
Technologies CO., Ltd. (Tachikawa, Japan). Emittance was set to 0.96, as suggested for
grapevine leaves by Grant et al. [26]. One image was taken for each biological repetition,
and three shaded leaves [27] were chosen in each image. Temperature was recorded at
three points per leaf using the “InfReC Analyzer NS9500 Lite” software. Leaf temperature
was normalized against a dry reference (Tdry) and wet reference (Twet) to determine the
crop water stress index (CWSI), proposed by Idso et al. [28] and modified by Jones [29],
as follows:

CWSI =
TC − Twet

Tdry − Twet

where TC is the canopy temperature; Twet is the reference temperature for fully closed
stomata; and Tdry is the reference temperature for fully transpiring leaves.

On DOY 220, gas exchange was measured in one sunny leaf per biological repetition
using a portable leaf photosynthesis system (CIRAS-3, PP Systems, Amesbury, MA, USA)
equipped with an 18 mm circular PLC6 (U) cuvette (2.5 cm2 head plate), under a constant
saturating PPFD of 1500 µmol photons m−2 s−1, a CO2 concentration of 300 µmol mol−1,
a block temperature of 25 ◦C, and relative humidity between 60% and 70%, allowing
~1.5 kPa of VPD inside the leaf chamber. Instantaneous water-use efficiency (WUE) was
determined as the ratio between carbon assimilation (A) and the transpiration rate (E),
whereas intrinsic water-use efficiency (iWUE) was calculated as the ratio between A and
stomatal conductance (gs). Plasticity of iWUE (diWUE) and A (dA) were calculated as
the absolute value of the difference in each trait between the two environments (Arcagna
and Riccagioia).
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2.4. Mineral Analysis

The nutritional status of vines was assessed based on the mineral composition of
leaves. During flowering (DOY 164) and ripening (DOY 220), 3 samples per biological
repetition were collected, and each sample was composed of 3 leaves close to bunches.
Samples were dried in an oven at 60 ◦C until a constant mass was achieved, and then
ground. An amount of 0.3 g for each sample was mineralized in 10 mL of HNO3 (>60%)
at 210 ◦C for 20 min, followed by 20 min of cooling, and then filtered on a 0.45 µm nylon
membrane. Levels of P, K, Ca, Mg, Na, Mn, Fe, and Zn were determined in the leaf
samples via inductively coupled plasma mass spectrometry (ICP-MS), using a quadrupole
spectrometer (Aurora M90, Bruker, Billerica, MA, USA). An amount of 7 mg of each ground
sample was processed by an elemental analyzer (NA 1500 series 2 NC, Carlo Erba, Italy) to
detect the levels of C and N. Photosynthetic nitrogen-use efficiency (PNUE) was calculated
as the ratio between A and the level of N per unit of leaf area. The ratios K/Mg (KMg) and
K/(Mg + Ca) (KMgCa) were also determined. The plasticity of KMgCa (dKMgCa) and Fe
(dFe) were calculated as the absolute value of the difference in each trait between Arcagna
and Riccagioia.

2.5. Statistical Analysis

All data were processed using Microsoft Office Excel Professional Plus 2016 and R
statistical environment [30]. Single effects of factors and their interactions were tested by
univariate ANOVA, after accounting for normality of distribution and homogeneity of
variance. The level of significance was considered to be p ≤ 0.05. Data were standardized
for multivariate analyses according to z distribution. Cluster analyses were performed
using the Euclidean distance and a complete linkage method. Principal component analysis
(PCA) was carried out using the factoextra R package. A Venn diagram was obtained using
the jvenn open-source component for web environments [31].

3. Results and Discussion
3.1. Plasticity of Traits in Response to the Environment

The water and nutritional status of rootstocks were affected by environmental condi-
tions, as well as by the genotype. During the vegetative period, the site of Riccagioia
reported lower cumulative precipitation than Arcagna, amounting to 202.6 mm and
277.8 mm, respectively. The water deficit in Riccagioia and well-watered conditions in
Arcagna were confirmed by the soil water potential, measured over the vegetative period
during the phenological stages of flowering, veraison, and ripening. On DOY 164, 200,
and 220, the soil water potential in Riccagioia was −0.04 MPa, −0.17 MPa, and −0.20 MPa,
respectively, whereas in Arcagna it was −0.01 MPa, −0.09 MPa, and −0.14 MPa, respec-
tively. The effects of the environment and its interaction with the genotype were signif-
icant for all of the physiological parameters related to water stress, with the exception
of WUE (Table 1). Riccagioia reported higher CWSI than Arcagna throughout the en-
tire vegetative period, and the largest differences between the two sites occurred during
the stages of veraison and ripening. During ripening, average stomatal conduction in
Arcagna amounted to 201.71 ± 10.47 mmol H2O m−2 s−1, whereas in Riccagioia it was
46.18 ± 3.49 mmol H2O m−2 s−1. The same trend was shown for transpiration and photo-
synthesis. The photosynthetic rate in Arcagna was higher than in Riccagioia, amounting
to 10.43 ± 0.32 and 3.84 ± 0.34 µmol CO2 m−2 s−1, respectively, whereas the iWUE was
higher in Riccagioia, amounting to 93.24 ± 8.47 µmol CO2 mol−1 H2O.
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Table 1. Mean values and standard error for each analyzed trait in the two environments (Arcagna and Riccagioia) at each
phenological stage.

Trait Stage u.m. Arcagna Riccagioia E G G × E

gs r mmol H2O m−2 s−1 201.71 ± 10.47 46.18 ± 3.49 *** *** ***
E r mmol H2O m−2 s−1 3.22 ± 0.12 1.2 ± 0.07 *** *** ***

WUE r mmol CO2 mol−1 H2O 3.48 ± 0.13 3.17 ± 0.26 n.s. *** ***
iWUE r µmol CO2 mol−1 H2O 61.68 ± 3.11 93.24 ± 8.47 *** *** ***
VPD r kPa 1.94 ± 0.06 2.95 ± 0.09 *** *** ***
CWSI f - 0.39 ± 0.01 0.52 ± 0.01 *** ** ***
CWSI v - 0.20 ± 0.01 0.71 ± 0.01 *** *** ***
CWSI r - 0.23 ± 0.01 0.63 ± 0.01 *** *** ***
Vigor d kg 1.20 ± 0.06 0.48 ± 0.03 *** *** ***

A r µmol CO2 m−2 s−1 10.43 ± 0.32 3.84 ± 0.34 *** *** ***
C f % 44.72 ± 0.13 43.48 ± 0.13 *** n.s. *
C r % 43.68 ± 0.38 45.08 ± 0.17 ** n.s. n.s.
N f % 2.99 ± 0.06 2.63 ± 0.04 *** *** ***
N r % 1.62 ± 0.03 1.86 ± 0.02 *** *** ***

PNUE r µmol CO2 g−1 N s−1 4.64 ± 0.14 1.98 ± 0.16 *** *** ***
P f % 0.32 ± 0.01 0.37 ± 0.02 ** *** **
P r % 0.22 ± 0.01 0.22 ± 0.01 n.s. *** n.s.
K f % 0.98 ± 0.02 0.76 ± 0.03 *** *** **
K r % 0.95 ± 0.04 0.44 ± 0.01 *** *** ***

Mg f % 0.18 ± 0.01 0.27 ± 0.01 *** *** ***
Mg r % 0.31 ± 0.01 0.52 ± 0.01 *** *** ***
Ca f % 1.54 ± 0.05 1.38 ± 0.05 ** *** **
Ca r % 2.57 ± 0.07 2.51 ± 0.05 n.s. *** ***

KMg f - 6.03 ± 0.34 2.99 ± 0.14 *** *** ***
KMg r - 3.75 ± 0.33 0.93 ± 0.05 *** *** ***

KMgCa f - 0.62 ± 0.03 0.51 ± 0.03 *** *** ***
KMgCa r - 0.36 ± 0.02 0.15 ± 0.01 *** ** **

Na f ppm 37.68 ± 2.86 46.96 ± 3.92 n.s. n.s. **
Na r ppm 59.36 ± 7.33 34.56 ± 2.27 ** n.s. n.s.
Fe f ppm 235.51 ± 7.44 120.5 ± 5.94 *** *** ***
Fe r ppm 313.79 ± 8.95 276.03 ± 6.53 *** *** **
Mn f ppm 179.16 ± 7.34 144.02 ± 7.43 *** *** ***
Mn r ppm 156.26 ± 6.94 62.21 ± 2.61 *** *** ***
Zn f ppm 21.75 ± 1.02 40.06 ± 3.22 *** *** ***
Zn r ppm 24.91 ± 1.49 25.15 ± 1.46 n.s. n.s. n.s.

Values shown are means ± standard error; f: flowering; v: veraison; r: ripening; d: dormancy. Significant effects of environment (E),
genotype (G), and their interaction (G × E) are reported for p ≤ 0.001 (***), 0.001 ≤ p ≤ 0.01 (**), 0.01 ≤ p ≤ 0.05 (*), and p > 0.05 (n.s.).

Differences between the two sites also occurred in the nutritional status of rootstocks.
A significant effect of the environment was found for all of the nutrients analyzed in
the leaves, except for P, Ca, and Zn during ripening, and Na during flowering (Table 1).
Significant interaction of the environment and genotypes was also reported for all nutrients,
except for C, P, Na, and Zn during ripening. The site of Arcagna reported higher levels of
K, Fe, and Mn than Riccagioia during both physiological stages, as well as higher K/Mg
and K/(Mg + Ca) ratios. During both stages, the levels of Mg were higher in Riccagioia,
whereas the levels of N were higher in Arcagna during flowering and in Riccagioia during
ripening. PNUE in Arcagna during ripening was higher than in Riccagioia, amounting to
4.64 ± 0.14 µmol CO2 g−1 N s−1 and 1.98 ± 0.16 µmol CO2 g−1 N s−1, respectively. At
the end of the season, the produced biomass estimated by pruning weight amounted to
1.2 ± 0.06 kg in Arcagna and 0.48 ± 0.03 kg in Riccagioia. Correlation between all traits are
reported in Supplementary Materials (Figure S1).

The measured parameters worked together to establish different water conditions in
the two environments. The lack of precipitation in Riccagioia led to low water potential of
the soil during the phenological stages of veraison and ripening, as well as to physiolog-
ical responses of the vines in terms of stomatal closure and the consequent reduction in
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photosynthesis. The stomatal conductance in Riccagioia amounted to 46.18 ± 3.49 mmol
H2O m−2 s−1; this value was below the threshold of gs for severe water stress (50 mmol
H2O m−2 s−1) reported by Cifre et al. [32], who reviewed several studies with different
grapevine varieties. Due to stomatal closure, the temperature of the leaves in Riccagioia
generally increased, as detected based on the CWSI thermal index. Some thresholds for
the water status of grapevines (Vitis vinifera cv. Pinot Noir) based on CWSI were reported
previously by Bellvert et al. [33]. According to these thresholds, the level of CWSI in
Riccagioia showed conditions of severe water stress during veraison and moderate water
stress during ripening, whereas the level in Arcagna was below the threshold of mild water
stress. The different water conditions in the two environments led to differences in terms
of nutrient levels, with higher uptake of K in Arcagna—most likely promoted by the wider
water availability [18].

Despite the marked effect of the environment, a significant effect of rootstock was
found for all traits related to water stress, vigor, photosynthetic activity, and the affinity for
most nutrients. Using different genotypes, a significant effect of rootstock on these traits
was reported in the literature [2,15].

3.2. Water-Use Efficiency and Transpiration Control

Rootstock genotypes were classified according to gs, E, CWSI, iWUE, and the plasticity
of iWUE in response to water deficit (diWUE). Based on Euclidean distance, 4 groups were
identified: group 1 contained 9 genotypes; group 2 amounted to 8 genotypes, including
rootstock M2; 4 genotypes belonged to group 3; and 10 genotypes belonged to group 4
(Figure 1a). The behavioral differences between groups were analyzed by PCA, including
all of the parameters related to water stress. Two principal components were identified,
representing ~65% of the total variance: The first component explained 41.8% of the
variance, and it was positively affected by gs and E, and negatively affected by VPD, CWSI,
WUE, iWUE, and diWUE. The second principal component explained 23.6% of the variance,
and it increased along with gs, E, WUE, iWUE, diWUE, and decreased with VPD and
CWSI. The biplot of the two first principal components is reported in Figure 1b: genotypes
belonging to groups 1 and 2 reported high levels of VPD and CWSI; the four genotypes in
group 3 reported high WUE, iWUE, and diWUE; whereas genotypes in group 4 reported
high gs and E.
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The groups of genotypes detected via cluster analysis were confirmed by PCA. The
physiological meaning of the first principal component can be identified in the regulation
of stomatal conductance. The second principal component was related to the tolerance to
water stress, regardless of the adopted strategy. The best performance was shown by groups
3 and 4, but different strategies were adopted: group 4 reported a higher transpiration
rate, maintaining similar iWUE in the two environments without altering the gas exchange;
group 3 reported a higher iWUE, reducing the stomatal conductance, but preserving
the photosynthetic activity in the environment under water deficit, as shown by diWUE.
Groups 1 and 2 were more susceptible to water stress, reporting low iWUE and stomatal
conductance, which was related to low transpiration rate and high VPD in the sub-stomatal
chamber; thus, the temperature of the leaves increased, as detected by the CWSI thermal
index. Genotypes belonging to groups 3 and 4 reported better water-use efficiency and
stomatal conductance than rootstock M2, which is considered to be tolerant to water deficit
conditions. In a preliminary study, some genotypes belonging to group 4 (i.e., G.13, G.19,
G.23, G.26, G.30, and G.76) showed a mechanism of tolerance to water stress, notably
increasing the wood hydrophobicity in order to reduce embolisms, or repairing them via
starch remobilization [20]. In a recent study [34], some genotypes of group 4 (G.13, G.16,
G.19, and G.81) and G.25—classified in group 3—increased the concentration of chlorophyll
in woody tissues under water deficit, as a possible strategy of detoxification related to stem
photosynthetic activity.

3.3. Vegetative Growth, Carbon Assimilation, and Nitrogen-Use Efficiency

A second cluster analysis classified the genotypes according to their vigor (repre-
sented by the pruning weight), carbon assimilation, levels of N and P, and photosynthetic
nitrogen-use efficiency (PNUE). Results of the analysis identified four groups: group 1
was composed of 2 genotypes; group 2 comprised 18 genotypes, including M2; group 3
contained 7 genotypes; and group 4 included 4 genotypes (Figure 2a). Groups were char-
acterized by PCA, considering two principal components able to explain ~60% of the
total variance: The first principal component represented 34.3% of the variance, and was
negatively affected by vigor and N, whereas it was positively affected by A and PNUE.
The second component was mainly related to A, PNUE, C, and P, and explained 25.7% of
the variance. The highest vigor was reported by genotypes belonging to groups 1 and 3,
whereas the highest carbon assimilation and PNUE were reported by groups 3 and 4. Both
low vigor and low photosynthesis were shown by genotypes belonging to group 2, which
reported high levels of C and the largest differences in carbon assimilation between the
two environments (Figure 2b).

Wide differences in terms of vigor were found between genotypes at the end of the
season. The high vigor of genotypes in group 3 was also supported by high photosynthetic
activity during the season and high levels of N in the leaves. In contrast, genotypes belong-
ing to group 4 reported low levels of N and low vigor, but the highest photosynthetic rate
during the season; this was related to high photosynthetic nitrogen-use efficiency. Group 4
also reported elastic behavior in terms of photosynthesis, reporting similar performance
in the two environments. These results suggest that genotypes of group 4 can be used in
several environments to maintain photosynthetic activity and to support vegetative growth
and the ripening of grapes. On the other hand, genotypes of group 3 can confer vigor to
the scion under limiting environments, ensuring high N and P uptake. The high N levels
of genotypes belonging to group 3 (i.e., G.24, G.37, G.82, G.13, G.16, and G.23) confirmed
the results obtained in a first screening of the mineral nutrition of the same genotypes [24].
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3.4. Affinity for Potassium or Magnesium Uptake

Genotypes were further classified according to their affinity for K or Mg. Three groups
were identified via cluster analysis. The first group included 5 genotypes, the second group
contained 13 genotypes, and the third group included 13 genotypes, including rootstock
M2 (Figure 3a). Two principal components were found by PCA, explaining 76% of the
total variance: The first component represented 56% of the variance, and it increased along
with the level of Mg, while decreasing with the level of K, the k/Mg and K/(Mg + Ca)
ratios, and the plasticity of K/(Mg + Ca) (i.e., dKMgCa). The second principal component
explained 20% of the variance, and it was mainly affected by the level of Ca. The three
groups of genotypes were well discriminated based on the first principal component
(Figure 3b). Group 1 reported the highest levels of K and high values of the K/Mg and
K/(Mg + Ca) ratios. Group 3 reported high levels of Mg and low levels of K, whereas
group 2 reported intermediate levels of both K and Mg. Group 1 also reported the widest
differences between the two environments in terms of K/(Mg + Ca). Two subgroups can be
identified in group 3: the first included genotypes G.16, G.24, G.25, G.37, G.71, and G.76,
which reported high levels of Ca, whereas the second subgroup included genotypes G.17,
G.26, G.30, G.30B, G.70, and G.75, with low levels of Ca.

The three groups identified by cluster analysis showed different affinity for K or
Mg. Genotypes with high levels of K generally reported low levels of Mg, confirming the
antagonism in the uptake of these nutrients [16,17]. Affinity for K and Mg was described
by the first principal component of PCA, whereas the second component was related
to Ca uptake. Genotypes collected in group 1 displayed affinity for K and excluded
Mg. These genotypes have previously reported high levels of K in a preliminary study—
except for G.19, which reported an average K level [24]. Group 1 also reported the largest
differences of the affinity for K, Mg, and Ca in response to the environment, showing
plastic behavior. On the other hand, group 3 showed affinity for Mg, with lower levels of
K. In group 3, genotypes G.17, G.24, G.26, G.30, G.70, G.71, and G.75 confirmed the affinity
for Mg indicated by the first screening [24]. Genotypes in group 3 showed elastic behavior,
maintaining similar levels of Mg and K in the two environments. Avoiding Mg deficit, they
could reduce the risk of desiccation of the rachis. Furthermore, for specific oenological
goals, these genotypes can be use as rootstocks to limit the uptake of K, reducing the
salinification of tartaric acid and maintaining the acidity and freshness of wines [19].
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3.5. Uptake Affinity for Micronutrients

Differences between genotypes also occurred in terms of micronutrient levels. Cluster
analysis was used to classify the genotypes according to their levels of Fe, Mg, Na, and
Zn. The plasticity of Fe in response to the environment was also considered (dFe). In the
analysis, four groups were identified (Figure 4a): group 1 comprised 9 genotypes; group 2
and group 4 counted 4 genotypes each; and group 3 contained 14 genotypes. Rootstock
M2 was included in group 4. PCA was used to analyze the differences between groups
(Figure 4b). The first two principal components explained 40.6% and 22.9% of the total
variance, respectively. The first principal component was positively affected by the levels
of Fe and Mg, as well as by dFe, whereas it was negatively affected by the level of Na.
The second principal component was mainly related to the levels of Zn and Na. Group 1
could be differentiated from others based on the first principal component, reporting high
levels of Mn and Fe, as well as high dFe. The other three groups were discriminated by
the second principal component. Levels of Zn and Na were high in group 2 and low in
group 4. Group 3 reported average levels of the analyzed micronutrients.
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Genotypes showed different affinities for micronutrients. Genotypes in group 1 were
able to uptake high levels of Fe and Mn; they also showed plastic behavior in Fe uptake
in response to the environment, with higher levels of Fe in Arcagna. On the other hand,
genotypes belonging to group 2 showed affinity for Zn and Na uptake. Genotypes in group
4 reported low levels of all of the analyzed micronutrients, and were the most susceptible
to deficits of these elements. Genotypes in group 3 were particularly interesting because
of their balance in the levels of micronutrients, reporting no deficits of specific elements.
Genotypes in this group have previously shown affinity for Na (G.12, G.28, G.30, G.70,
G.77, G.81, and G.82), Mn (G.09, G.12, G.13, G.23, G.24, G.30, G.75, and G.81), and Fe (G.07,
G.13, G.19, G.23, G.24, and G.82) in a preliminary study on their nutritional status [24]. In
the same study, genotypes of group 1 confirmed high levels of Mn (G.16, G.25, G.30B, G.71,
and G.83) and Fe (G.16, G.30B, G76, and G.83).

3.6. Promising Rootstocks for Adaptation to Abiotic Stresses

The groups identified in the four cluster analyses were compared using a Venn dia-
gram (Figure 5). In the diagram, the set “water stress tolerance” considers the genotypes
belonging to group 3 and 4 from cluster analysis 1. Similarly, the set “vigor and carbon
assimilation” includes groups 3 and 4 from cluster analysis 2. The sets “affinity for Mg”
and “balance in micronutrients” consider group 3 from cluster analysis 3 and cluster anal-
ysis 4, respectively. Overall, the number of genotypes in the diagram amounts to 23. A
total of 10 genotypes each belonged to the sets “water stress tolerance” and “vigor and
carbon assimilation”; among them, 5 genotypes (G.16, G.25, G.26, G.37, and G.70) were
also included in “affinity for Mg”, whereas 6 genotypes (G.13, G.19, G.23, G.70, G.81, and
G.82) were also included in “balance in micronutrients”. Only G.70 belonged to all four
sets, and the control rootstock M2 was only included in the set “affinity for Mg”.
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A Venn diagram was used to summarize the results from the four cluster analyses, in
order to characterize the promising genotypes for all of the analyzed traits. Except for G.24,
all of the genotypes with high photosynthetic activity (groups 3 and 4 in cluster analysis 2)
also reported high tolerance to water stress, in terms of transpiration or water-use efficiency
(groups 3 and 4 in cluster analysis 1). The majority of genotypes that were tolerant to water
stress also reported affinity for Mg rather than K. Among the genotypes with affinity for
Mg, only four of them (G.24, G.30, G.70, and G.75) reported a balance in micronutrients.

4. Conclusions

In this work, a recent selection of 30 rootstock genotypes was phenotyped for their
tolerance to abiotic stresses. The genotypes were ranked for all of the traits related to
water stress, photosynthetic activity, vigor, and nutrient levels. The different growing
conditions of genotypes at the two experimental sites allowed us to assess the plasticity of
key traits in response to the environment. Among the genotypes, we identified promising
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rootstocks for abiotic stress tolerance. In particular, 14 genotypes exhibited a high WUE or
transpiration rate, 11 genotypes showed high vigor and carbon assimilation, 5 genotypes
were efficient in K uptake, and 13 genotypes showed affinity for Mg. In future studies,
the promising genotypes identified in this work could be further investigated for water
stress tolerance and mineral nutrition, in grafting combination with some cultivars of Vitis
vinifera, under different environmental conditions. Furthermore, their tolerance to other
abiotic stresses—such as limestone in the soil—could be tested. All of the collected data
can be used to characterize the new rootstocks and their fundamental role in the adaptation
of viticulture to the new environmental conditions imposed by climate change.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/horticulturae7110503/s1: Figure S1: Pearson’s correlation among all of the traits analyzed
in the study. Significant correlations are considered for 0.01 ≤ p ≤ 0.05 (*), 0.001 ≤ p ≤ 0.01 (**),
and p ≤ 0.001 (***).
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