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Abstract: Rising soil salinity poses significant challenges to Mediterranean viticulture.
While some rootstocks effectively reduce salt accumulation in grafted scions, the mecha-
nisms and performance of novel rootstocks remain largely unexplored. This study com-
pared two novel M-series rootstocks (M2, M4) with established commercial rootstocks
(1103 Paulsen, R110) to evaluate their physiological responses and salt tolerance under
irrigation with varying salinity levels (0, 25, 50, and 75 mM NaCl) over 5 months. Growth pa-
rameters, photosynthetic efficiency, chlorophyll content (SPAD), ion homeostasis, and visual
symptoms were monitored. Results revealed genotype-specific strategies: 1103 Paulsen
exhibited robust photosynthetic efficiency and ion exclusion, maintaining growth and
chlorophyll stability; M2 demonstrated superior biomass retention and moderate ion com-
partmentalization but showed reduced photosynthetic performance at higher salinity levels;
R110 displayed effective ion management at moderate salinity but experienced signifi-
cant growth reduction under severe stress; and M4 was the most sensitive, with severe
reductions in growth and ion homeostasis. Organ-specific responses highlighted roots
acting as primary ion reservoirs, particularly for sodium and calcium; leaves exhibited
high potassium and chloride concentrations, critical for photosynthesis but prone to ionic
imbalance under stress; and stems and wood played a buffering role, compartmentalizing
excess sodium and minimizing damage to photosynthetic tissues. The reported findings
provide valuable insights for rootstock selection and breeding programs, particularly for
regions facing increasing soil and water salinization challenges.

Keywords: Vitis vinifera; abiotic stress; chlorophyll fluorescence; genetic variability; ion
homeostasis; M2; M4; photosynthetic efficiency; rootstock selection; salt tolerance

1. Introduction

Vitis vinifera L., the common grapevine, is a keystone species within the Vitaceae
family, cultivated primarily for wine, table grapes, and raisins [1]. The Mediterranean
region represents 39% of the total vineyard surface (7.3 million hectares), with Spain, France,
Italy, and Turkey being major producers [2].

Mediterranean viticulture faces two significant environmental challenges: recurring
drought and rising soil salinity [3-5]. Climate projections suggest these pressures will
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intensify, threatening the sustainability of traditional wine-growing regions [6]. Grapevines’
moderate salt tolerance makes them particularly vulnerable to soil salinization, which can
compromise vine productivity, alter berry composition, and reduce wine quality [7,8]. In
fact, many authors are actively investigating different approaches to address these salinity
challenges, from rootstock-based solutions [9] to soil amendments [10,11]. Recent find-
ings on salt-excluder rootstocks have shown promising results in improving physiological
responses under salinity stress [9], while complementary research explores soil manage-
ment strategies using zeolite applications to enhance vine performance under challenging
conditions [10,11].

Salinity stress severely affects plant growth, disrupting shoot development, reducing
leaf size, altering gas exchange, and impairing carbon storage, ultimately leading to yield
reductions [9]. It accelerates leaf senescence, damages cellular membranes, and decreases
photosynthetic pigment levels, compromising overall plant health and potentially causing
mortality [9]. The stress operates through osmotic and ionic components: the former limits
water uptake and reduces cell expansion, while the latter involves toxic ion accumulation,
particularly Na* and Cl1~, in leaves [12]. Plants counteract salinity stress through mecha-
nisms such as root exclusion of harmful ions and compartmentalization into vacuoles or
woody tissues, thus protecting photosynthetic tissues and enabling growth under saline
conditions [13].

Specific grapevine rootstocks, such as 1103 Paulsen, Ramsey, and 140 Ruggeri, can
significantly reduce salt accumulation in grafted V. vinifera scions [13,14]. These rootstocks
are widely used to combat salinity; however, the exact mechanisms of their enhanced
tolerance remain unclear [15]. A rootstock’s capacity to impart salt tolerance is influenced
by factors beyond nutrient selectivity, including the ability to store Na* ions within the
vacuoles of root pericycle cells [16] and the capacity of stems to compartmentalize C1~ and
Na* [17], with more vigorous rootstocks often demonstrating higher salinity tolerance [18].

Despite efforts to breed salt-tolerant rootstocks, the limited number in common use
remains a constraint in viticulture, restricting the ability to respond to evolving biotic
and abiotic stresses [19,20]. Public and private research programs seek to address this
by developing new stress-resistant rootstocks [21]. In the case of the University of Milan,
among their released “M” series genotypes [22,23], the M2 and M4 rootstocks intend to
improve grapevine resilience to salinity and drought, making them valuable for viticulture
in challenging environments [24,25].

This study aims to evaluate the physiological mechanisms underlying salinity toler-
ance in novel M-series rootstocks (M2, M4) compared to established commercial standards
(1103 Paulsen, R110). We hypothesize the following: (1) that the M-series rootstocks
will demonstrate enhanced salt tolerance through more effective Na* and CI~ exclusion
mechanisms; (2) that this enhanced ion regulation will result in better maintenance of
physiological functions under salt stress; and (3) that genotype-specific responses will vary
across different salinity thresholds. To test these hypotheses, we evaluated differences in ion
compartmentalization and transport through mineral content analysis, osmotic adjustment
capacity through physiological indicators, photosynthetic efficiency through chlorophyll
fluorescence, and growth parameters and visual damage assessment across four salinity
levels (0-75 mM NaCl). The findings will provide evidence-based guidance for rootstock
selection in salinity-affected vineyards and contribute to the advancement of breeding
programs targeting salt tolerance in Mediterranean viticulture.
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2. Materials and Methods
2.1. Location and Experimental Design

The experiment was conducted in a polyethylene greenhouse at the Universidad
de Zaragoza, Spain (42°07'12.78" N, 0°26'49.04” O). In June 2022, uniform 12-month-
old rootstocks of four grapevine genotypes (1103 Paulsen, 110 Ritchter, M2, M4) were
obtained from Vivai Cooperativi Rauscedo (Rauscedo, PN, Italy) and transplanted into
4.5 L pots with quartziferous sand (0.05-2.00 mm), after root cleaning with deionized water.
Following a 7-month cultivation period and January pruning, the experiment ran from June
to November 2023, initiating when shoots reached 50 cm in height. Greenhouse conditions
were maintained at 18-33 °C with 55-85% day/night relative humidity, regulated by
automated shading (activated > 27 °C) and ventilation systems.

The study employed a completely randomized block design with four salinity treat-
ments (0, 25, 50, and 75 mM NaCl) per rootstock genotype (1 = 4 plants per treatment,
total N = 64). These concentrations were selected to represent both current and projected
irrigation quality challenges: 25 and 50 mM NaCl reflect typical ranges in brackish ir-
rigation water, while 75 mM NaCl was included to evaluate responses under extreme
stress conditions and identify genotype-specific tolerance thresholds. This range aligns
with previous grapevine salinity studies (e.g., Nikolaou et al. [1], using 0-100 mM NaCl
gradients) while encompassing projected salinity increases under climate change scenarios.

2.2. Irrigation Management

The nutrient solution used in this experiment was a 1/4 strength Hoagland solu-
tion [26], prepared by diluting the standard formula with local fresh water, which had
an initial electrical conductivity (EC) of 0.8 dS m~!. The four rootstock genotypes were
subjected to four salinity treatments (0, 25, 50, and 75 mM NaCl) over five months. Salin-
ity levels were increased by 25 mM NaCl per week until the target concentrations were
achieved on 1 June 2023.

Irrigation frequency and duration were adjusted according to weather conditions,
with four-minute sessions occurring one to three times daily. Each pot was irrigated
through two drippers delivering 1.3 L h~! (Click Tip HD, Naandanjain, Jalgaon, India).
Saline solutions were injected into the irrigation system using a MixRite E-300 volumetric
pump (Tefen Flow and Dosing Technologies LTD, Kibbutz Farod, Israel). An Agronic
5500 irrigation controller (Sistemes Electronics PROGRES, Barcelona, Spain) regulated
irrigation events to ensure precise delivery of the saline treatments.

The irrigation water’s electrical conductivity (EC;y,) and sodium adsorption ratio
(SAR;y,) levels were 0.8, 3.0, 6.0, and 9.0 dSm~! and 2, 30, 60, and 90, respectively, with pH
values between 7.2 and 7.4. During the experiment, drainage water from each treatment was
collected weekly for analysis of leached solutes. Electrical conductivity measurements in the
leaching solution were carried out using a Hanna Instruments-HI 9033 conductivity meter
(Woonsocket, RI, USA). The values measured for 0, 25, 50, and 75 mM NaCl concentrations
were 0.8,3.2,6.1,and 9.2dSm™ !, respectively. This confirmed that maintaining a 20-30%
leaching fraction during irrigation ensured a consistent salinity level in the pots throughout
the experiment [27].

2.3. Plant Material Analysis

Every 15 days, shoot length, trunk diameter at 10 cm (using a digital ABS caliper,
Hoffman Group, Munich, Germany), and visual damage of four plants per treatment were
monitored. Salt-induced leaf necrosis was assessed visually on a scale from 0 to 5, according
to the percentage of the total leaf area affected (0: no symptoms; 1: 20%; 2: 40%; 3: 60%;
4: 80%; 5: >80% of the plant canopy).
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At the end of the experiment, plants were removed from the substrate and partitioned
into roots, wood, stem, and leaves. Aerial plant parts were washed with distilled water,
while roots were washed with deionized water to remove residual salts. Fresh masses of all
plant parts were recorded, and dry weights were determined after oven-drying at 70 °C
for 24 h.

The dried plant materials were ground into particles smaller than 2 mm using an
electrical grain grinder (CGoldenwall model HC400, Wuxi, Jiangsu, China). The resulting
material was analyzed through a combination of wet chemistry methods and a Niton XL3t
GOLDD+ portable X-ray fluorescence (pXRF) spectrometer (Thermo Scientific, Waltham,
MA, USA). The <2 mm particle size was chosen to simulate the physical conditions of
processed soil samples that can be measured by a pXRF probe, following the protocols
established by Sapkota et al. [28], Antonangelo and Zhang [29], and Towett et al. [30]. pXRF
measurements were performed using the “Soil mode” for Ca** and K* analysis and the
“Mining mode” for C1~ determination [31,32]. To ensure accuracy, pXRF measurements
for cations were calibrated against atomic absorption spectrometry (SpectrAA 10 appa-
ratus; Varian, Palo Alto, CA, USA), as a reference method, while ionic chromatography
analysis—outsourced to Eurofins Scientific (Sidamon, Lleida, Spain)—was chosen as a
reference for C1~ calibration.

For Na* determination, the dried and ground plant material (0.5 g per sample) was
predigested for 1 h with 10 mL of trace metal-grade HNOj3. The digests were then heated to
115 °C for 2 h, diluted to a final volume of 50 mL with deionized water [33], and analyzed
using atomic absorption spectrometry, following the procedure described by Kalra [34]. All
values reported are the averages of four repeated measurements per sample.

2.4. Physiological Parameters

Physiological parameters including chlorophyll fluorescence, stomatal conductance,
and leaf chlorophyll content (SPAD) were assessed at biweekly intervals. Chlorophyll
fluorescence parameters were recorded using a portable Handy PEA fluorimeter (Hansatech
Instruments Ltd., Norfolk, UK). Parameters including initial (Fy), maximum (Fp), and
variable (Fy = F, — Fp) fluorescence, and maximum quantum yield of photosystem II
(PSII) (Fy/Fp) in dark-adapted leaves, as well as steady-state (Fs) and maximum (F'r)
fluorescence in light-adapted leaves were recorded. The fluorimeter-derived parameters
were categorized into three groups: overall efficiency of PSII, energy and electron transport,
and energy dissipation and damage [35-37].

Stomatal conductance (gs, mmol H,O m~2 s~!) was measured using a portable
porometer (SC-1 model, Meter Group, Pullman, WA, USA). Measurements were made on
two well-exposed and fully expanded leaves from the median part of the shoot from four
plants per treatment and rootstock genotype, between 9:00 a.m. and 11:00 a.m.

Total leaf chlorophyll content was determined using a portable SPAD-502Plus chloro-
phyll meter (Konica Minolta, Osaka, Japan), allowing rapid, non-destructive measure-
ments [38]. SPAD values were obtained from fully expanded functional leaves, with the
operator shielding the meter from direct sunlight during each measurement. Fifteen leaves
were randomly selected from each rootstock genotype and treatment, and their values were
averaged to obtain a single SPAD value.

2.5. Statistical Analysis

Statistical analyses were performed using R software (version 4.4.1:2024) [39] and
IBM SPSS v. 26 (IBM, Armonk, NY, USA). A complete 3-factor factorial design (rootstock
genotype, treatment, and organ) was established, with 4 levels each and 4 repetitions,
totaling 43 x 4 = 256 trials. Analyzing the samples from each trial allowed the values of
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the target variables (Ca?*, K*, C1-, Na*, fresh weight, and dry weight) to be obtained.
Along with these variables, the behavior of the most important relationships between them
was also analyzed: Ca?*/Na* and K*/Na*. The normality of the data was checked for all
populations using the Kolmogorov-Smirnov normality test with Lilliefors correction [40]
or the Shapiro-Wilk test [41], depending on the amount of data in the groups, and the
Q-Q normal probability plot. This test was virtually always unfulfilled. The requirement
of homoscedasticity was contrasted by the Levene test [42], being defaulted in many
cases, so the usual comparative analysis based on linear statistics, ANOVA, could not be
used. To solve this impediment, two statistical techniques were used: the Kruskal-Wallis
test [43], when the distribution was not normal but the groups were homoscedastic; and
Welch’s heteroscedastic F test with trimmed means and Winsorized variances when neither
normality nor homoscedasticity could be assumed. This latter robust procedure tests
the equality of means by substituting trimmed means and Winsorized variances for the
usual means and variances [44,45]. Bootstrapping methods were used to establish robust
confidence intervals for location [46] and robust homogenous groups.

Natural cubic spline models [47-49] were chosen as response models, and their per-
formance was analyzed for each target variable (shoot length, trunk diameter, SPAD,
and stomatal conductance) through residual analysis, with the correlation coefficient (R?
value) [50], the Akaike information criterion (AIC) [51], and the Bayesian information
criterion (BIC) [52,53]. These values, together with the likelihood-ratio and Wald's tests,
made it possible to establish the model’s goodness of fit.

For the reduction and analysis of multivariate data, a principal component analysis
(PCA) was performed based on the correlation matrix calculated using Spearman’s coeffi-
cient, which is appropriate for non-parametric variables. Subsequently, a Varimax rotation
was applied to facilitate the interpretation of the factors identified. The selection of the
number of components was based on the criterion of eigenvalues greater than 1 and the
cumulative percentage of variance explained.

3. Results

3.1. Growth Responses Under Salinity Stress
3.1.1. Fresh and Dry Weight

Analysis of growth parameters revealed distinct salinity responses among rootstock
genotypes. In the absence of salinity stress, 1103 Paulsen demonstrated superior biomass
accumulation in fresh weight (91.04 &+ 4.23 g) compared to M4 and R110 (p < 0.05), and
in dry weight (38.59 & 1.82 g) compared to M4, as shown in Tables S1 and S3. With
increasing salinity, genotype-specific patterns emerged (Figures S1 and S3): at 25 mM NaCl,
1103 Paulsen was the only genotype that experienced a significant decrease in fresh weight
compared to the control (p < 0.05). Under 50 mM NaCl, all genotypes showed significant
biomass reductions in terms of dry weight (p < 0.05), though M2 maintained significantly
higher fresh weight (48.41 & 2.31 g) compared to other genotypes (p < 0.05). The most
severe impact was observed in M4, which showed consistent sensitivity across all stress
levels, experiencing reductions of 69.0% in fresh weight and 65.4% in dry weight under
75 mM NaCl, with significant differences compared to M2 and 1103 Paulsen in terms of
fresh and dry weight, respectively (p < 0.05). For comparison, M2 experienced reductions of
47.3% and 50.4% in fresh and dry weights, respectively; 1103 Paulsen displayed reductions
of 63.2% in fresh weight and 58.8% in dry weight; and R110 presented reductions of 59.7% in
fresh weight and 53.0% in dry weight. Hence, the ranking in terms of biomass maintenance
was as follows: M2 > R110 > 1103 Paulsen > M4.

Organ-specific analyses also revealed distinct response patterns to salinity stress
(Tables S2 and S4). Leaf tissue exhibited the greatest sensitivity to salinity stress, experi-
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encing substantial reductions in both fresh (90.6%) and dry weight (79.2%) under severe
stress conditions. In contrast, stems exhibited remarkable tolerance, showing moderate
reductions (44.2% in fresh weight and 50.1% in dry weight) while maintaining high ab-
solute weights across treatments. As shown in Figures 52 and 5S4, root tissue displayed
intermediate sensitivity (51.7% fresh weight and 59.5% dry weight reduction), while wood
tissue showed unique characteristics, with the smallest dry weight reduction (36.1%) but
high variability across treatments.

3.1.2. Shoot Length

Differences in shoot length as a function of rootstock genotype and treatment are
summarized in Table S5. Under control conditions (Figure 1a), M2 exhibited the most
vigorous growth, reaching approximately 430 cm, followed by R110 at 400 cm, 1103 Paulsen
at 350 cm, and M4 at 300 cm. All rootstock genotypes displayed steep growth curves,
indicating rapid and sustained development. At 25 mM NaCl (Figure 1b), overall growth
decreased, with M2 maintaining the highest shoot length at 340 cm, while R110 and
1103 Paulsen reached 270-290 cm, and M4 approximately 250 cm. The 50 mM NaCl
treatment (Figure 1c) further reduced growth, with M2 reaching 280 cm, while the other
rootstock genotypes clustered between 200 and 230 cm. Growth curves at this salinity
level showed a more gradual increase, suggesting slower growth rates. At 75 mM NaCl
(Figure 1d), M2 reached 230240 cm, 1103 Paulsen and M4 reached 190 cm, and R110
showed the lowest growth (160 cm). The flatter growth curves at this salinity level indicated
a substantial impact on shoot elongation rates across all rootstock genotypes, with M2
consistently demonstrating the highest salt tolerance in terms of shoot growth.

450 4 R ——
Gend' -3

P () 50 mM Nacl 75 mM Nacl
- M2

400 | i : i e e e e e H

350 4

300

250

Shootlength (cm)

200

150

100

Fortnight Fortnight Fortnight Fortnight

Figure 1. Spline representation of shoot lengths for each treatment as a function of rootstock genotype
(M2, M4, 1103 Paulsen, and R110) and date (spanning 13 fortnights). For each genotype, the central
line depicts the fitted spline curve, providing an approximation of shoot length growth trends, while
the dotted lines above and below indicate the 95% confidence intervals.

If shoot length is plotted as a function of rootstock genotype (Figure S5), it can be
observed in a clearer manner that R110 exhibited the most pronounced response to salinity
stress (60% reduction), followed by M2 (43.2% reduction), 1103 Paulsen (40.6% reduction),
and M4 (32.1% reduction).

3.1.3. Trunk Diameter

Spline data illustrating the differences in trunk diameter among rootstock genotypes
and treatments is presented in Table S6. Under control conditions (Figure 2a), M2 attained
the largest trunk diameter (7.8 mm by fortnight 10), followed by 1103 Paulsen (7.6 mm),
R110 (6.5 mm), and M4 (6.0 mm). At 25 mM NaCl (Figure 2b), overall growth decreased,
with M2 maintaining the largest diameter (8.0 mm), while R110 and 1103 Paulsen reached
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Trunk diameter [ mm)

7.0-7.5 mm, and M4 about 6.0 mm. The 50 mM NaCl treatment (Figure 2c) further reduced
growth, with M2 reaching 7.5 mm and other rootstock genotypes clustering between 5.5 and
7 mm. At 75 mM NaCl (Figure 2d), M2 and R110 achieved similar diameters of 6.0-6.5 mm,
1103 Paulsen reached 5.5 mm, and M4 exhibited the smallest diameter (5.0 mm).

Genoty pe

- M2
- M4 S B
+---m_ 1103 Paulsen -« _ T T R I S L S
R110 . ad

(c) 50 mM NacCl (d 75 mM Nacl

(b) 25 mM Nacl

Fortnight

Fortnight Fortnight Fortnight

Figure 2. Spline representation of trunk diameters for each treatment as a function of rootstock
genotype (M2, M4, 1103 Paulsen, and R110) and date (spanning 13 fortnights). For each genotype,
the central line depicts the fitted spline curve, providing an approximation of trunk diameter growth
trends, while the dotted lines above and below indicate the 95% confidence intervals.

When the final diameters at 75 mM NaCl were compared with those under control
conditions as a function of rootstock genotype (Figure S6), 1103 Paulsen exhibited the most
pronounced reduction in response to salinity treatment (34.6%), followed by M4 (20.0%),
M2 (19.3%), and R110 (8.0%).

3.2. Physiological Adaptations to Salinity Stress
3.2.1. Fluorimetry

Statistical data on fluorimetry across treatments and rootstock genotypes are sum-
marized in Table S7. The electron flux assessment (Figure 3a) showed that, under control
conditions, M2 exhibited enhanced electron transport beyond QA (i.e., the turnover number
of primary quinone electron acceptors) per reaction center (REo/RC) values compared
to other genotypes. With increasing salinity, the maximum quantum yield (¢(Po)) and
electron transport probability (\(Eo)) progressively decreased, particularly in M2 and
M4 at 75 mM NaCl. 1103 Paulsen maintained stable electron transport characteristics
across treatments, while M2 displayed pronounced sensitivity, with substantial decreases in
electron transport efficiency. R110 showed intermediate responses, maintaining moderate
electron transport capacity under mild stress but declining at higher salinity levels.

The energy dissipation analysis (Figure 3b) revealed that 1103 Paulsen exhibited the
highest initial minimum fluorescence to maximum fluorescence (F/Fp) ratio, indicating
superior energy conservation capacity. Under increasing salinity, 1103 Paulsen maintained
stable energy dissipation mechanisms, showing minimal increases in heat and fluores-
cence per reaction center (Dio/RC) values, even at 75 mM NaCl. M2 displayed pronounced
changes in dissipation parameters, with substantial increases in non-photochemical quench-
ing (Vj). R110 and M4 showed intermediate responses, with M4 exhibiting progressive
increases in energy dissipation in the form of heat and fluorescence per cross-section
(Dio/CSo) and R110 maintaining moderate dissipation levels until 50 mM NaCl.

Concerning the photosynthetic performance evaluation (Figure 3c), 1103 Paulsen
demonstrated superior capacity under control conditions, with the highest performance
index on an absorption basis (PI abs) and maximum quantum efficiency of PSII when all
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(a) Electron flux
REo/RC
40
30
20

Area

44/
/ i (c) Photosynthetic performance

reaction centers were open (Fy /Fy,). Under salinity stress, it maintained stable photosyn-
thetic efficiency even at 50 mM NaCl, showing minimal reductions in ETo/RC and ¢(Po).
M4 exhibited a severe decline in photosynthetic parameters, particularly in the F, /Fj ratio,
while R110 maintained moderate efficiency until 50 mM NaCl. M2 showed progressive
deterioration with increasing salinity, evidenced by declining PI abs and F, /Fy, values.
These patterns align with genotype-specific salt tolerance levels, highlighting the robust
photosynthetic machinery of 1103 Paulsen’s under stress conditions.

(b) Energy dissipation
Fo/Fm
50
40 Grape Control*
30 —— M2 Control

—— M4 Control
Paulsen Control
—— R110 Control
——————— M2 25 mM NaCl
------- M4 25 mM NaCl
Paulsen 25 mM NaCl
------- R110 25 mM NaCl
—-— M2 50 mM NaCl
—+— M4 50 mM NaCl
Paulsen 50 mM NaCl
—— RI110 50 mM NaCl
—+—=M2 75 mM NaCl
i Pl(abs) — - —M4 75 mM NaCl
250 —+—RI110 75 mM NaCl
Paulsen 75 mM NaCl

Dio/Cso Vij

Sm

ETo/RC Fv/Fm

DIo/RC

¢(Po) PI Inst.

Fv/Fo

Figure 3. (a) Electron flux, (b) energy dissipation, and (c) photosynthetic performance for the
different rootstocks as a function of salinity at the end of the experiment. “Grape control*” represents
the average of all rootstock genotypes in April. Area represents the area above the fluorescence
induction curve between the minimum fluorescence (Fp) and the maximum fluorescence (Fy,) and is
related to the pool size of electron acceptors in the photosynthetic electron transport chain. Fy /Fn
is the maximum quantum efficiency of photosystem II (PSII) when all reaction centers are open.
Vj represents the relative variable fluorescence at the J-step of the OJIP fluorescence transient and
provides information about the reduction state of the primary quinone electron acceptor (QA). Sm is
the normalized total complementary area above the OJIP transient and is related to the energy needed
to close all PSII reaction centers. N represents the turnover number of QA, which is the number of
times QA is reduced and oxidized during the measurement. DIo/RC is the energy dissipated in the
form of heat and fluorescence per reaction center. ETo/RC represents the electron transport rate per
reaction center. REo/RC is the rate of electron transport beyond QA per reaction center. @(Po) is the
maximum quantum yield of primary photochemistry. 1(Eo) represents the efficiency with which a
trapped exciton can move an electron into the electron transport chain beyond QA. DIo/CSo is the
energy dissipated in the form of heat and fluorescence per cross-section. PI(abs) is the performance
index on an absorption basis, which combines several fluorescence parameters to provide an overall
measure of the performance of PSII.

Regarding the impact of increasing salinity levels on photosynthetic parameters across
rootstock genotypes, the efficiency of photosystem II (Figure S7a) progressively decreased,
as evidenced by reductions in F, /Fy,, PI abs, and ETR/RC values with increasing salinity,
indicating reduced photochemical efficiency. Energy and electron transport parameters
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(Figure S7b) showed a decline in electron flow (area, Sm, and N values) under higher
salinity levels. Energy dissipation parameters (Figure S7c) revealed increased DIo/RC and
Vj values with rising salinity, suggesting enhanced heat dissipation as a protective response
to salinity stress. The 75 mM NaCl treatment caused the most pronounced alterations
across all parameters compared to control conditions.

3.2.2. Gas Exchange

Statistical data on stomatal conductance across treatments and rootstock genotypes are
presented in Table S8. Temporal analysis of stomatal conductance across salinity treatments
revealed distinct patterns among grapevine rootstocks. Under control conditions, all root-
stock genotypes displayed an initial increase in stomatal conductance, peaking between
the second and third fortnight, with M2 and M4 showing the highest values, followed by
1103 Paulsen and R110 (Figure 4a). At 25 mM NaCl, R110 exhibited pronounced peaks
in stomatal conductance that surpassed control values, while M4, M2, and 1103 Paulsen
showed more moderate responses (Figure 4b). The 50 mM NaCl treatment generally in-
duced lower stomatal conductance, with M4 showing high initial values followed by a
sharp decline. In contrast, 1103 Paulsen maintained relatively stable stomatal conduc-
tance compared to the more variable responses observed in the other rootstock genotypes
(Figure 4c). Under severe stress (75 mM NaCl), M4 and R110 initially displayed higher
stomatal conductance followed by a rapid decline, while M2 and 1103 Paulsen maintained
lower but more stable values (Figure 4d).

(a)

Control

(b) (d)

2smmNacl  Genotype () 50,0 Nacy
- M2

75 mM NacCl

- M4
SN - 1103 Paulsen
# = R110

4 6
Fortnight

8 0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Fortnight Fortnight Fortnight

Figure 4. Spline representation of stomatal conductance (mmol H,O m~2 s 1) for each treatment as a
function of rootstock genotype and date.

When temporal evolution is analyzed as a function of rootstock genotype rather
than salinity dose, a clearer differentiation among genotypes emerges (Figure S8). Under
control conditions, all genotypes exhibited similar patterns, with an initial increase. M2
exhibited high initial stomatal conductance under control and 25 mM NaCl treatments,
peaking during the early weeks, but a progressive decrease was evident under high salinity
levels, particularly at 75 mM NaCl (Figure S8a). M4 displayed more variable responses,
notably featuring an unexpected spike in stomatal conductance at 75 mM NaCl around
fortnight four, suggesting complex physiological adaptations (Figure S8b). In contrast,
1103 Paulsen demonstrated consistent responses across treatments, maintaining relatively
stable stomatal conductance patterns even under increased salinity, indicating potentially
higher salt tolerance (Figure S8c). R110 displayed erratic stomatal conductance patterns,
with sporadic spikes at 50 mM NaCl and a pronounced tendency to decline at 75 mM NaCl
(Figure S8d).
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SPAD

3.2.3. Soil-Plant Analysis Development (SPAD)

Statistical data on SPAD across treatments and rootstock genotypes are summarized
in Table S9, revealing distinct rootstock genotype-specific patterns in chlorophyll content
maintenance under varying salinity levels. Under control conditions (Figure 5a), M2 and
R110 maintained relatively higher SPAD readings throughout most of the measurement
period. All genotypes showed an initial increase in SPAD values during the first month.
Between fortnights 2 and 6, there were gentle fluctuations, with a noticeable peak around
fortnight 4. M4 and 1103 Paulsen generally displayed lower SPAD readings compared to
M2 and R110. Around fortnight 6, a slight convergence of all genotypes occurred before
they began to diverge again.

60

(a) control

(b) 25 mM Nacl = & (c) 50 mM Nacl (d) 75 mM Nacl
— 1103 Paulsen

50

= R110

10

Fortnight

Fortnight Fortnight Fortnight

Figure 5. Spline representation of SPAD for each treatment as a function of genotype and date.

Under 25 mM NaCl (Figure 5b), M2 consistently exhibited the highest SPAD val-
ues. R110 followed closely, with its SPAD values improving towards the later fortnights.
1103 Paulsen demonstrated intermediate values, not consistently high, but stable across the
experiment timeline. M4 maintained the lowest SPAD values throughout the experiment,
indicating greater susceptibility to salinity.

Under 50 mM NacCl (Figure 5c), M2 and R110 exhibited the highest and most stable
SPAD values throughout the experiment. 1103 Paulsen and M4 showed a constant decline,
indicating varying salt tolerance levels.

Under 75 mM NaCl (Figure 5d), SPAD values showed a general decline across all
genotypes, with clear differences in sensitivity. M2 maintained the highest SPAD values
throughout the experiment. R110 showed intermediate values, slightly decreasing after
fortnight 6 but still performing relatively well. 1103 Paulsen initially exhibited moderate
SPAD values but sharply declined, indicating increased sensitivity to severe salinity. M4
consistently demonstrated the lowest SPAD values, highlighting its poor performance
under these conditions.

When SPAD values are replotted as a function of rootstock genotype (Figure S9), it
becomes apparent that higher salt concentrations (50 mM and 75 mM NaCl) resulted in
lower SPAD values across all genotypes, though the magnitude of decline varied signifi-
cantly. M2 maintained relatively stable SPAD values across treatments, with slightly higher
values in control and 25 mM NaCl treatments (Figure S9a). M4 exhibited more variable re-
sponses, showing similar initial values across treatments but developing treatment-specific
differences over time, with control and lower salt concentrations maintaining higher values
(Figure S9b). 1103 Paulsen demonstrated the most dynamic response, featuring a notable
increase in SPAD values around the fourth fortnight, particularly under 25 and 75 mM
NaCl treatments, suggesting effective mechanisms for chlorophyll maintenance under
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stress (Figure S9¢c). R110 showed consistent SPAD values across treatments with minimal
fluctuations, indicating stable chlorophyll content maintenance regardless of salinity stress
(Figure S9d).

3.3. Visual Symptoms
Under control conditions, all genotypes displayed vigorous growth with abundant
green foliage and well-developed root systems (Figure 6).
Control 25 mM NaCl 50 mM NaCl 75 mM NaCl Control 25 mM NaCl 50 mM NaCl 75 mM NaCl

1103 Paulsen

Control

25 mM NaCl

50 mM NaCl 75 mM NaCl Control 25 mM NaCl 50 mM NaCl 75 mM NaCl

110 R

Figure 6. Visual aspect of the four rootstock genotypes subjected to the various salinity treatments at
the end of the experiment. Only one replicate per treatment is shown.

At 25 mM NaCl, M2 maintained relatively robust growth, with minimal reductions in
shoot length and leaf area, while 1103 Paulsen and R110 showed noticeable decreases in
vegetative growth and some chlorosis. M4 exhibited a moderate reduction in plant size
with early signs of salinity stress.

Under 50 mM NaCl, genotype differences became more pronounced. M2 sustained
moderate growth with predominantly healthy green foliage despite a reduction in plant size.
In contrast, 1103 Paulsen exhibited significant stunting and leaf discoloration, while R110
showed marked decreases in leaf number and increased stress symptoms. M4 displayed
progressive deterioration, with evident chlorosis and reduced biomass.

At the highest salinity dose (75 mM NaCl), severe stress symptoms were observed
across all genotypes, though with varying intensity. M2 maintained the best overall
condition, with reduced but still considerable green foliage. 1103 Paulsen and R110
showed extreme stunting and defoliation, while M4 exhibited severe growth reduction and

leaf discoloration.
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(b)

Root system development generally decreased with increasing salinity across geno-
types, though M2 maintained relatively better root development throughout treatments.

As the experiment progressed, salt toxicity symptoms became evident by the ninth
fortnight and persisted until the experiment’s conclusion. The most prominent symptom
was observed in leaves, presenting as necrotic spots around the leaf edges (Figure 7a),
which eventually progressed to whole-leaf death and defoliation.
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Figure 7. (a) Leaf damage level scale. Cumulative survival and cumulative risk of the different
genotypes under (b,c) 50 mM and (d,e) NaCl 75 mM NaCl. Censoring is used in the legend in the sense
that some information about individual survival time is available, but not the exact survival time.

Quantitative assessment of leaf damage (Table S10) revealed genotype-specific differ-
ences in stress symptom progression. No significant differences among genotypes were
observed at control or 25 mM NaCl treatments. Under 50 mM NaCl, significant differences
among genotypes emerged as early as fortnight 2 (p = 0.001), with M4 and R110 showing
lower initial damage scores (mode value = 1) compared to 1103 Paulsen (mode value = 2)
in fortnight 3. These significant differences later reemerged by fortnight 9 (p = 0.036), with
R110 maintaining lower damage scores (mode value = 3) compared to other genotypes
(mode values = 4-5). At75 mM NaCl, genotypic differences became apparent from fortnight



Agronomy 2025, 15,473

13 of 30

1 (p = 0.001), with 1103 Paulsen showing higher damage scores during the early response
phase. Plants under 75 mM NaCl reached maximum damage levels (5) by fortnight 8§,
with high mortality rates occurring from that point onwards, as evidenced in the survival
analysis, discussed below.

Genotype responses to the 50 mM NaCl treatment varied (Figure 7b): M4 exhibited
the highest sensitivity, with 20 stress-related events, while the other genotypes showed
similar sensitivity, with 12 events each. Figure 7c demonstrates that M4 reached 50% of
its stress events by the 10th fortnight, whereas the other genotypes reached this midpoint
during the 12th fortnight, highlighting M4’s heightened salinity stress susceptibility.

Under the 75 mM NaCl treatment, M4 showed the highest vulnerability, accumulating
the most mortality events (24), followed by 1103 Paulsen with 20 events, and M2 and R110,
which recorded 16 events each (Figure 7d,e). As for the onset of mortality, it occurred
earliest in M4 and 1103 Paulsen, starting from the 8th and 9th fortnights, respectively, and
continuing until the 12th fortnight.

3.4. Salinity-Induced Changes in Mineral Content and lon Homeostasis

Our statistical analysis used the following three-way factorial model:
Dependent variable (log-transformed) = Genotype x Treatment x Organ

where the dependent variables were transformed using natural logarithm to meet normality
assumptions, genotype represents the four rootstock types (1103 Paulsen, 110 Ritchter, M2,
M4), treatment indicates the four salinity levels (0, 25, 50, and 75 mM NaCl), and organ
refers to the different plant parts analyzed (roots, stems, leaves).

Logarithmic transformations were applied to correct for non-normal distribution in
the data, enabling robust factorial ANOVA analyses. The diagnostic tests confirmed the
validity of this statistical approach (Table S11). The analysis revealed significant effects for
all three main factors (genotype, treatment, and organ) and their interactions (Table 512).
To identify group differences, robust comparison methods were used, which are capable
of addressing substantial heteroscedasticity and non-normality issues. Consequently, the
original, untransformed variables were used for these comparisons, as this approach was
deemed more appropriate given the data characteristics.

3.4.1. Calcium

Genotype-specific responses to salinity stress in terms of Ca®* content were evident
(Figure S10 and Table 513). Under control conditions, Ca®* content was relatively uniform
across genotypes, ranging from 2.91% in M2 to 3.03% in R110. At 25 mM NaCl, M4 showed
slightly higher Ca?* levels (3.12%), while 1103 Paulsen exhibited the lowest content (2.38%).
The 50 mM NaCl treatment resulted in the highest Ca?* accumulation across rootstock
genotypes, particularly in M4 (3.36%) and M2 (3.01%). Under 75 mM NaCl, Ca?* content
generally decreased, with M2 showing the lowest values (2.25%) and M4 maintaining
relatively higher levels (2.78%).

Calcium distribution also varied across plant organs (Figure S11 and Table 514). Root
tissue consistently maintained the highest Ca?* concentrations across all treatments, rang-
ing from 4.82% to 6.44%, with the highest accumulation observed under the 50 mM NaCl
treatment. Leaves demonstrated a clear response to increasing salinity, with the Ca2*
content progressively decreasing from 3.85% in the control to 1.92% under 75 mM NaCl
treatment. Stem and wood tissues maintained relatively lower and more stable Ca?* concen-
trations across treatments: stem Ca?* content remained consistently low (1.29-1.55%), while
wood tissue only showed slight increases with increasing salinity (from 1.58% to 1.87%).
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3.4.2. Potassium

Genotype-specific responses to salinity stress were also observed in terms of K* content
(Figure S12 and Table S15). Under control conditions, all rootstock genotypes exhibited
similar K* levels, with values ranging from 3.67% in 1103 Paulsen to 3.95% in R110 (M2
and M4 had intermediate contents of 3.71% and 3.84%, respectively).

Exposure to 25 mM NaCl resulted in more pronounced variations in K* content among
genotypes: 1103 Paulsen showed the lowest values (2.42%), while M2 maintained higher
levels (3.18%). R110 and M4 displayed intermediate values of 3.08% and 2.55%, respectively.

As salinity was increased, in the 50 mM NaCl treatment, K* content further decreased
across all genotypes, with values ranging from 1.92% (1103 Paulsen) to 2.59% (R110). M2
and M4 showed very similar contents under this treatment (2.25% and 2.26%, respectively).

Under the highest salinity level (75 mM NaCl), the pattern of K* distribution among
genotypes remained consistent with that observed at 50 mM NaCl, though with generally
lower values: R110 maintained the highest K* content (2.53%), followed by M4 (2.07%), M2
(1.98%), and 1103 Paulsen (1.94%).

The magnitude of K* content reduction from the control to the highest salinity treat-
ment followed this sequence: 1103 Paulsen (47.3%) > M2 (46.4%) > M4 (46.1%) > R110
(35.9%). This relative ranking of rootstock genotypes in terms of K* content remained
fairly consistent across treatments, with R110 generally maintaining higher levels and
1103 Paulsen showing lower values under increased salinity.

Regarding K* distribution across plant organs (Figure S13 and Table S16), leaves
exhibited increased K* content with rising salinity, from 4.40% in the control to 5.47% under
the 75 mM NaCl treatment. Conversely, stem tissue showed the highest initial K* content
under control conditions (7.85%), but demonstrated a sharp decrease with increasing
salinity, dropping to 3.93% at 25 mM NaCl and further decreasing to 2% under the 75 mM
NaCl treatment. Root tissue also displayed a consistent decrease in K* content with
increasing salinity, starting from 1.95% in control conditions and progressively declining
to 0.50% under the 75 mM NaCl treatment. Wood tissue showed the lowest overall K*
content, decreasing from 0.95% in the control to 0.54% under the most severe stress.

3.4.3. Chloride

Chloride content also evidenced genotype-specific responses to salinity stress
(Figure S14 and Table S17). Under control conditions, all genotypes maintained rela-
tively low Cl~ concentrations, ranging from 0.15% to 0.24%, with 1103 Paulsen showing
marginally higher values. As salinity stress increased to 25 mM NaCl, C1~ contents notably
rose, with M4 and R110 showing similar elevated concentrations (approximately 0.89%),
while M2 maintained the lowest levels (0.64%). Irrigation with a dose of 50 mM NaCl
induced further increases, with 1103 Paulsen accumulating the highest C1~ concentration
(1.16%), followed closely by M4 (1.09%), while M2 and R110 showed moderate levels of
around 0.90%. Under 75 mM NaCl, all genotypes exhibited their peak CI~ concentrations,
with M4 and 1103 Paulsen demonstrating the highest accumulation (1.87% and 1.81%,
respectively), followed by R110 (1.54%), while M2 maintained the lowest levels (1.30%).

Chloride distribution also varied across plant organs (Figure S15 and Table S18).
Leaves showed the most dramatic response to salinity, with the highest overall Cl1~ accu-
mulation, increasing from 0.08% under control conditions to 3.25% under 75 mM NaCl,
representing a 40-fold increase. Stems exhibited the second-highest C1~ accumulation, with
concentrations rising from 0.26% at control to 1.94% at 75 mM NaCl (7.5-fold increase).
Roots showed a more moderate response, with Cl1~ levels increasing from 0.32% at control
to 0.89% at 75 mM NaCl (three-fold increase). Wood tissue, with the lowest overall C1~
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accumulation under control conditions (0.09%) demonstrated an intermediate response
between those of stems and roots, with a five-fold increase (reaching 0.44% at 75 mM NaCl).

3.4.4. Sodium

Concerning the Na* content, genotype-specific responses to salinity stress were also
detected (Figure S16 and Table 519). Under control conditions, all rootstock genotypes
maintained low Na* concentrations, ranging from 0.20% (R110) to 0.26% (1103 Paulsen).
Irrigation with the 25 mM NaCl treatment resulted in varied responses, with M4 and
1103 Paulsen showing higher accumulation (approximately 1.06% and 1.04%, respectively),
representing a four-fold increase from control, while M2 and R110 demonstrated more
moderate increases (0.73% and 0.81%, respectively), corresponding to about a three-fold
rise from the control baseline. Under 50 mM NaCl, Na* levels further increased, with
notably different patterns among genotypes: 1103 Paulsen accumulated the highest con-
centration (1.46%, a 5.5-fold increase compared to the control), followed by M4 (1.31%,
5.4-fold increase). M2 and R110 showed relatively lower, but still substantial, increases
(1.21% and 1.18%, respectively, representing approximately a five-fold increase compared
to the control). At 75 mM NaCl, M2 and M4 exhibited the highest Na* accumulation
(approximately 1.65% in both genotypes, representing a seven-fold increase compared
to the control), followed closely by R110 (1.58%, eight-fold increase), while 1103 Paulsen
showed comparatively lower accumulation (1.48%, 5.6-fold increase).

With regard to Na* distribution across plant organs (Figure S17 and Table S20), it
is worth noting that, under control conditions, roots showed the highest Na* content
(0.37%), followed by stems (0.24%), leaves (0.20%), and wood tissue (0.13%). As salinity
increased to 25 mM NaCl, stems demonstrated a dramatic increase to 1.73% (7.2-fold
increase vs. the control), while leaves and roots showed moderate increases to 0.83%
and 0.73%, respectively (approximately 4-fold increase), and wood maintained the lowest
accumulation (0.36%, 2.8-fold increase). Under 50 mM NaCl treatment, stems continued
to accumulate the highest Na* concentrations (2.12%, 8.9-fold increase vs. the control),
followed by roots (1.32%, 3.5-fold increase), leaves (1.13%, 5.8-fold increase), and wood
(0.59%, 4.5-fold increase). At 75 mM NaCl, stems maintained the highest Na* content
(2.37%, 9.9-fold increase vs. the control), while roots and leaves showed similar levels
(1.60% and 1.54%, respectively, representing 4.3-fold and 7.8-fold increases), and wood
exhibited the lowest accumulation (0.84%, 6.5-fold increase).

3.4.5. Potassium/Sodium Ratio

In connection with the K* /Na* ratio, genotype-specific responses to salinity stress are
summarized in Figure S18 and Table S21. Under control conditions, R110 maintained the
highest K* /Na* ratio (35), substantially higher than those of the other rootstock genotypes,
whose ratios ranged from 15.77 to 16.94. As salinity increased to 25 mM NaCl, all genotypes
showed a dramatic decrease in K* /Na* ratios, though M2 and R110 maintained relatively
higher ratios (4.36 and 4.48, respectively) compared to M4 and 1103 Paulsen (approximately
2.7 for both). The decline continued under the 50 mM NaCl treatment, with most genotypes
showing ratios between 1.5 and 1.8, except for R110, which maintained a slightly higher
ratio (2.71). Under 75 mM NacCl, all genotypes exhibited their lowest K*/Na* ratios
(1.18-1.65), with minimal differences between genotypes. The reduction in K* /Na* ratios
from the control conditions to the 75 mM NaCl irrigation dose was most dramatic in
R110 (94% decrease), followed by M4 and M2 (91% and 93% decrease, respectively), while
1103 Paulsen showed a slightly lower overall reduction (92%).

In line with the observations made for the cations, K*/Na' ratio distribution also
varied across plant organs (Figure S19 and Table S22). Under control conditions, stems
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exhibited the highest K* /Na* ratio (39.93), followed by leaves (25.19), while wood and roots
maintained lower ratios (7.73 and 5.27, respectively). At 25 mM NaCl, substantial decreases
were found across all organs, though leaves maintained the highest ratio (7.28, 71% decrease
vs. the control), followed by stems (2.97, 93% decrease), wood (2.21, 71% decrease), and
roots (1.76, 67% decrease). Under the 50 mM NaCl treatment, leaves continued to maintain
the highest K* /Na™ ratio (5.03), while other organs showed marked decreases, with stems
at 1.15, wood at 0.94, and roots at 0.72. At 75 mM NaCl, all organs exhibited their lowest
K*/Na* ratios, with leaves maintaining relatively higher values (3.64) compared to stems
(0.88), wood (0.66), and roots (0.32). Stem tissue exhibited the greatest decrease in K* /Na*
ratios, declining by 98% when comparing control conditions to the 75 mM NaCl treatment,
while leaves showed a more moderate reduction (86%), and roots and wood displayed
intermediate responses (94% and 91% decrease, respectively).

3.4.6. Calcium/Sodium Ratio

Genotype-specific responses to salinity stress were evident (Figure 520 and Table S23).
Under control conditions, R110 maintained the highest Ca?* /Na* ratio (17.91), while other
genotypes showed similar ratios ranging from 12.27 to 12.94, indicating R110’s superior
ability to maintain calcium uptake over sodium under non-stressed conditions.

At 25 mM NaCl, all genotypes showed substantial decreases in Ca?*/Na* ratios,
though M4 maintained a relatively higher ratio (5.07, 61% decrease from control), followed
by M2 (4.37, 66% decrease) and R110 (4.19, 77% decrease), with 1103 Paulsen showing the
lowest ratio (3.58, 71% decrease). Significant differences were found at this dose (p > 0.05).
Under 50 mM NaCl, further decreases were observed, with M4 maintaining the highest
ratio (3.33), followed by R110 (2.96) and M2 (2.60), with 1103 Paulsen showing the lowest
values (2.10). At 75 mM NaCl, all genotypes exhibited their lowest Ca?* /Na* ratios, with
M4 maintaining relatively higher values (2.23, 83% decrease from control), followed by
1103 Paulsen (1.94, 84% decrease) and R110 (1.83, 90% decrease), with M2 showing the
lowest ratio (1.57, 88% decrease). The overall reduction in Ca?* /Na* ratios from control to
75 mM NaCl was most pronounced in R110 (90% decrease), while M4 showed the most
moderate reduction (83% decrease), suggesting better calcium retention capacity under
severe salinity stress.

The calcium/sodium ratio distribution also varied across plant organs (Figure S21
and Table S24). Under control conditions, leaves exhibited the highest Ca?*/Na* ratio
(22.23), followed by roots (14.08) and wood (12.74), while stems showed substantially lower
ratios (6.85). This indicates strong differential ion accumulation patterns among organs
under non-stressed conditions. With the transition to the 25 mM NaCl treatment, all organs
showed marked decreases, though roots maintained the highest ratio (7.33, 48% decrease
from control), followed by wood and leaves with similar ratios (4.48 and 4.34, respectively,
representing 65% and 80% decreases), while stems showed the most dramatic reduction
(1.06, 85% decrease). Under 50 mM NaCl, roots continued to maintain the highest Ca%*/Na*
ratio (5.24), followed by wood (3.08), leaves (1.90), and stems (0.76). At 75 mM NaCl, all
organs exhibited their lowest Ca?* /Na* ratios, with roots maintaining relatively higher
values (3.42, 76% decrease from control), followed by wood (2.29, 82% decrease) and leaves
(1.28, 94% decrease), with stems showing the lowest ratio (0.57, 92% decrease). The overall
reduction in Ca?*/Na* ratios from control to 75 mM NaCl was most dramatic in leaves
and stems (94% and 92% decreases, respectively), while roots and wood showed more
moderate reductions (76% and 82%, respectively).
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3.5. Principal Component Analysis

Two factors from the PCA explained 66.53% of the total variance in grapevine rootstock
responses to salinity stress. The represented variables included growth parameters (shoot
length and trunk diameter), gas exchange (stomatal conductance), chlorophyll content
(SPAD), and salinity-induced damage. It should be clarified that the ordinal variable
salinity-induced damage was included due to its biological relevance in the study, as it
represents an estimate of the damage severity, which can be associated with continuous
physiological measures (SPAD, stomatal conductance). To ensure the compatibility of the
scales, a correlation matrix based on Spearman’s coefficient was employed. This method is
suitable for integrating continuous and ordinal variables by means of ranks. This approach
allowed us to identify common patterns and explore interactions between variables in a
multivariate space.

The first component (D1), which explained 38.96% of the total variance, was strongly
associated with variables related to physical growth, such as shoot length and trunk diame-
ter, indicating that it represents a “physical growth factor”. The second component (D2),
which explained 27.57% of the variance, was mainly related to salinity-induced damage
and stomatal conductance, which represents physiological measures of transpiration. This
suggests that D2 reflects a “physiology and damage factor”.

The biplot (Figure 8) revealed clear relationships between the measured parameters,
with shoot length and trunk diameter showing strong correlations along the D1 axis, sug-
gesting their coordinated response to salinity stress conditions. SPAD values, representing
chlorophyll content, demonstrated a moderate positive correlation with D1, suggesting
that leaf chlorophyll content changes were somewhat aligned with growth responses under
salinity stress. As for the porometer readings (stomatal conductance), they showed a strong
positive correlation along D2, while damage showed a strong negative correlation. This
suggests an inverse relationship between these parameters under salinity stress conditions.
The salinity-induced damage observed in the plants directly affected stomatal functionality,
reducing transpiration and gas exchange as measured by the porometer. The orthogonal
relationship between porometer readings and growth parameters indicates that stomatal
conductance responses to salinity are regulated independently from plant growth responses.
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Figure 8. Biplot of the principal component analysis (PCA) based on Spearman’s correlation matrix.
The axes represent the first two principal components (D1 and D2) along with the percentage of the
total variance explained. The direction and length of the arrows indicate the contribution of each
variable to the components.
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The varying lengths of the vectors demonstrated the differential sensitivity of these
parameters to salinity stress in grapevines. Growth parameters contributed more strongly
to the explained variance, as indicated by their longer vectors, while parameters such as
the stomatal conductance contributed to a lesser extent.

4. Discussion

4.1. Growth Responses Under Salinity Stress
4.1.1. Fresh and Dry Weight

Salinity stress reduces fresh and dry weights by disrupting water uptake and ion
homeostasis [54], with fresh weight indicating short-term osmotic effects and dry weight
reflecting lasting biomass impacts. M2 and R110 maintained moderate fresh and dry
biomass across salinity levels, suggesting salt tolerance through ion exclusion and com-
partmentalization [55], in contrast to M4 and 1103 Paulsen, especially under 50—75 mM
NaCl. R110’s biomass stability is attributed to efficient Na* exclusion and sequestration,
mitigating cytotoxic effects in photosynthetic tissues, supporting osmotic balance, and
preventing ion toxicity in leaves and stems [56]. 1103 Paulsen’s superior biomass retention
compared to M4 would be linked to effective ion exclusion and selective ion transport [57].

Leaf biomass reduction under high salinity aligns with previous findings [24], while
superior stem biomass retention in M2 and R110 is attributed to structural and physio-
logical adaptations for water retention under osmotic stress. Roots and stems enhance
salinity resilience by compartmentalizing ions, mitigating toxic concentrations in sensitive
tissues [57].

4.1.2. Shoot Length

The observed reduction in shoot growth across all studied genotypes under increasing
salinity is likely a result of osmotic stress adaptation [58]. M2 experienced a significant
reduction in shoot length under high salinity, likely due to impaired photosynthetic effi-
ciency [17]. 1103 Paulsen’s stable shoot length across varying salinity levels aligns with
previous research on salt-tolerant rootstocks, such as Ramsey and 1103 Paulsen, possessing
efficient ion exclusion mechanisms [59]. The relatively stable shoot length observed in R110
and 1103 Paulsen may also be due to their ability to maintain osmotic balance [60] and
effective ion compartmentalization [61].

4.1.3. Trunk Diameter

Under salinity stress, trunk growth reduces due to osmotic and ionic stress [54].
Trunk growth stability is associated with efficient nutrient management, particularly of
K* and Ca?* [1]. M2 and R110 exhibited better trunk growth under salinity compared
to M4 and 1103 Paulsen, suggesting enhanced structural tolerance achieved through ion
exclusion, osmotic adjustment mechanisms, and superior nutrient management. The poor
growth observed for M4 in this study contradicts previous reports by Porro et al. [25] and
Meggio et al. [24], where it demonstrated resilience in high-stress environments. R110’s
ability to sustain trunk growth better than M2 under high salinity suggests effective osmotic
adjustment mechanisms [56]. 1103 Paulsen’s stable trunk diameter at 75 mM NaCl aligns
with previous findings on salt-tolerant rootstocks maintaining structural growth under
saline conditions [1,62].

4.2. Physiological Adaptations to Salinity Stress
4.2.1. Fluorimetry

Under salinity stress, M2 showed a marked decline in maximum quantum yield (¢ (Po))
and electron transport probability ()(Eo)), indicating vulnerability in its photosynthetic
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machinery [63]. 1103 Paulsen maintained stable electron transport characteristics, reflecting
salt-tolerant plants’ ability to maintain higher electron transport rates and photochemical
efficiency [60].

The observed differences in electron transport chain efficiency among genotypes,
particularly M2 and M4’s sensitivity, are consistent with the salinity stress disruption
of PSII functionality through impaired electron transport components [37]. The energy
dissipation analysis revealed additional genotype-specific patterns under salinity stress.
1103 Paulsen exhibited the highest initial Fy/Fn ratio and sustained energy conservation
even at 75 mM NaCl, consistent with salt-tolerant genotypes enhancing non-photochemical
quenching to protect PSII from oxidative damage [64]. The minimal increases in Dio/RC
values observed in 1103 Paulsen under high salinity further confirm its effective use of
these protective mechanisms.

M2 showed significant increases in energy dissipation (Dio/RC) and elevated Vj val-
ues under high salinity, indicating less efficient photoprotective mechanisms [65]. R110
maintained stable electron transport efficiency until 50 mM NaCl, consistent with moderate
salt tolerance linked to partial ion exclusion and reactive oxygen species (ROS) scaveng-
ing [55]. However, R110’s electron transport gradually decreased under severe salinity,
indicating some tolerance, though not as robust as that demonstrated by 1103 Paulsen.

4.2.2. Gas Exchange

The general reduction in conductance at 50 and 75 mM NaCl across all genotypes
suggests osmotic and oxidative stress adaptations [66]. M2’s sharp decline in conductance at
75 mM NaCl aligns with previous findings on elevated salinity disrupting water uptake [58].
Additionally, prolonged exposure leads to salt toxicity (hyper-ionic stress) and worsens
water imbalances (hyper-osmotic stress), requiring complex survival adaptations. This
adaptation likely reflects M2’s response of conserving water under severe salinity by
reducing transpiration.

1103 Paulsen’s stable stomatal conductance across treatments suggests robust salt toler-
ance mechanisms, potentially through effective ion exclusion and osmotic adjustment [57].
R110’s intermittent conductance spikes under high salinity could indicate suboptimal ion
regulation [66]. M4’s conductance spike at 75 mM NaCl suggests an adaptive response of
temporarily optimizing CO, uptake [24].

4.2.3. Soil-Plant Analysis Development (SPAD)

M2 and 1103 Paulsen displayed higher stability across treatments, suggesting inherent
resilience in maintaining chlorophyll under stress. The gradual SPAD decline in M4 and
R110 at higher salinity levels suggests greater salt sensitivity, with increased chlorophyll
degradation under stress [65].

1103 Paulsen’s dynamic increase under 25 mM NaCl indicates an adaptive response to
mild stress, likely through mechanisms that stabilize chlorophyll content [58]. Its sustained
SPAD levels under both moderate and high salinity support its robust antioxidant mecha-
nisms for minimizing oxidative damage [67]. M2’s stable SPAD values of M2 across salinity
levels suggest inherent chlorophyll stability mechanisms, potentially related to efficient ion
exclusion or osmotic adjustment [66].

4.3. Visual Symptoms

All genotypes demonstrated robust growth and development under control con-
ditions, with lush foliage and robust root systems, indicative of optimal conditions for
photosynthetic and metabolic activities.

At 25 mM NaCl, M2 maintained relatively robust growth, with minimal reductions in
shoot length and leaf area, while 1103 Paulsen, R110, and M4 showed noticeable growth
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reductions and leaf chlorosis, indicating moderate sensitivity. This early chlorotic response
can be attributed to the osmotic stress that salinity imposes on leaf tissues, leading to
decreased chlorophyll synthesis [61].

Under 50 mM NaCl, 1103 Paulsen and R110 exhibited considerable stunting and
leaf discoloration, signifying limited capacity to exclude salt ions, while M2 and M4
demonstrated moderate tolerance, with healthy foliage and reduced, but sustainable, plant
size. This resilience is indicative of efficient ion regulation [13].

At 75 mM NaCl, 1103 Paulsen and R110 experienced extreme stunting, defoliation,
and reduced root development, reflecting their physiological limits. M4 exhibited severe
defoliation, tissue damage, and stem architecture with a smaller root system, pointing to
salt-induced nutrient imbalance and dehydration in leaf tissues [1]. M2 maintained com-
paratively better condition, retaining some green foliage, indicative of its relative resilience.

Leaf necrosis and other toxicity symptoms were most pronounced in M4 and
1103 Paulsen towards the 10th fortnight, correlating with increased mortality [68]. This
high susceptibility in M4 suggests poor ion exclusion and regulation under salinity. El-
Salhy et al. [68] reported similar patterns in 1103 Paulsen, R110, and Salt Creek, in which
poor ionic management led to extensive tissue damage under high salinity.

In terms of survival, M4 showed the highest mortality rate under 50 mM and 75 mM
NaCl, consistent with previous findings on rootstocks (RS-19 and Salt Creek) exhibiting
rapid mortality under extended salinity exposure due to their inability to maintain ion
homeostasis [61].

4.4. Salinity-Induced Changes in Mineral Content and Ion Homeostasis
4.4.1. Calcium

Under control conditions, Ca?* levels were relatively consistent for all rootstock
genotypes. Upon salinity increase to 25 mM NaCl, Ca?* content increased in the case of
M4, while R110, M2, and 1103 Paulsen showed decreasing trends, suggestive of a reduced
ion uptake strategy [54]. These changes may be linked to root architecture differences
and calcium transporter expression [69]. At 50 mM NaCl, Ca®* levels peaked across
genotypes, with M4 and R110 retaining the highest levels, suggesting Ca>* uptake to
mitigate ionic imbalance [70]. At 75 mM NaCl, Ca?* levels generally declined, with M2
showing the lowest value. M4’s relative Ca2* content stability across treatments is consistent
with its classification as a moderately salt-tolerant genotype [24]. This stability suggests
effective vacuolar sequestration mechanisms that maintain cellular Ca?* homeostasis under
stress [71].

Concerning plant organs’ Ca* contents, roots consistently had the highest content,
remaining stable across treatments, highlighting their central role in Ca?* storage and ion
regulation under stress [72]. In contrast, leaves displayed the greatest sensitivity, with Ca®*
levels decreasing as a result of Na*-induced displacement [73]. Wood and stems showed
much lower Ca?* levels, indicating a structural rather than regulatory function [60].

4.4.2. Potassium

K* content decreased with increasing salinity across all genotypes, consistent with
high Na™* levels interfering with K* uptake and transport [74]. Under 75 mM NaCl, R110
maintained the highest K* content, followed by 1103 Paulsen, while M2 and M4 showed
the lowest K* retention, indicating differential activation of K*-specific transport systems
under severe stress conditions [75] and suggesting adaptive responses to maintain osmotic
balance and support photosynthesis under stress conditions [76].

Organ-specific K* distribution patterns showed that leaves maintained the highest
K* concentrations, potentially as part of an osmotic adjustment response [72]. Stems
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and roots showed significant decreases in K* content, aligning with K* prioritization to
photosynthetic tissues under stress [55]. Walker et al. [59] found a negative correlation
between K* and Na® in the trunk wood of Chardonnay on C5 and 101-14 rootstocks,
suggesting that higher K* levels might help mitigate Na* accumulation. These K* retention
differences among genotypes and organs affect various physiological processes, including
osmotic adjustment, enzyme activation, and stomatal regulation [65].

4.4.3. Chloride

Rootstock selection affects C1~ exclusion and plant accumulation. At 75 mM NaCl,
M2 and R110 accumulated less C1~ than M4 and 1103 Paulsen, suggesting more effective
Cl™ exclusion mechanisms [59] and reflecting genotypic variations in C1~ exclusion [77],
which become more pronounced under severe stress [17].

R110’s more limited C1~ accumulation indicates enhanced salinity resistance [54],
while 1103 Paulsen’s intermediate performance suggests varied tolerance mechanisms
beyond CI~ exclusion. Lo’ay and El-Ezz [62] observed lower C1~ accumulation across
organs in 1103 Paulsen compared to 140 Ru. Among M-series rootstocks, M4 exhibited
higher CI™ content than M2, despite previous reports on its moderate resistance [22,24].

Regarding organ distribution, leaf C1~ peaked at 3.25% under 75 mM NaCl, impairing
photosynthetic efficiency [12,55]. Wood showed a minimal increase, while root C1~ mod-
erately increased, indicating partial uptake barrier function. Ion transporters contribute
to root exclusion but may become insufficient at higher salinity [78]. Tregeagle et al. [77]
observed varying chloride transport mechanisms among rootstocks, with better excluders
showing reduced root-to-shoot transfer.

4.4.4. Sodium

Genotypic variations among the studied rootstocks emerged under moderate salinity
(25-50 mM NaCl), with M4 and 1103 Paulsen showing higher Na* accumulation than M2
and R110, reflecting varying root-level exclusion capacities [16,54]. The sharp rise at 50 mM
NaCl indicates a threshold at which exclusion mechanisms become less effective [57].
At 75 mM NaCl, Na* content converged among genotypes, suggesting shared internal
compartmentalization mechanisms [71,79].

R110 and M2’s lower Na* accumulation under moderate stress, likely through en-
hanced expression of plasma membrane Na*/H" antiporters in root tissues, aligns with
previous findings on superior Na* exclusion capabilities [78].

Regarding organ distribution, stems served as primary Na* reservoirs, protecting
photosynthetic tissues [12]. Lower leaf Na* levels indicate active transport regulation
to preserve photosynthetic capacity [16,80]. Roots exhibited substantial accumulation
(1.60% at high salinity), reflecting their buffering role [54], while wood showed minimal
involvement in salinity regulation.

4.4.5. Potassium/Sodium Ratio

The K*/Na* ratio serves as a critical indicator of ion homeostasis in plants under
salinity stress, reflecting their capacity to maintain cytosolic K* while excluding or com-
partmentalizing Na* [71]. Under control conditions, R110 and 1103 Paulsen displayed the
highest K* /Na* ratios, demonstrating effective Na* exclusion [80]. At 25 mM NaCl, M2
and R110 maintained higher ratios compared to M4 and 1103 Paulsen, indicating superior
Na* exclusion through selective ion channels [78]. At 50 mM NaCl, ratios declined more
pronouncedly in M4 and 1103 Paulsen. Under 75 mM NaCl, differences decreased, with
R110 and M2 showing marginally higher ratios, suggesting saturation of selective ion
transport mechanisms at high salinity [13].
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With regard to differences among plant organs, leaves exhibited the highest initial
K*/Na*, crucial for photosynthetic processes, declining to approximately 2.1 at 75 mM
NaCl, reflecting both Na* leakage and K* efflux under stress [78]. Roots displayed lower ra-
tios, reflecting direct exposure to saline conditions while maintaining active K* uptake and
Na™ exclusion mechanisms [81]. Stems and wood showed intermediate ratios, supporting
Na* sequestration to protect photosynthetic tissues [60].

4.4.6. Calcium/Sodium Ratio

Under control conditions, all genotypes exhibited high Ca**/Na* ratios, with R110
showing the highest Ca?* homeostasis [81]. Ratios declined in all genotypes under 25 mM
NaCl, though M2 and R110 maintained relatively higher values, tentatively associated
with increased expression of Ca?*-ATPases and/or CAX transporters [55]. At 50 mM NaCl,
decreased ratios indicated reduced Ca?* availability and increased ion competition [56],
with more pronounced declines in M4 and 1103 Paulsen. Under 75 mM NaCl, differences
between genotypes diminished. The R110 and M2 genotypes maintained relatively higher
Ca?* levels, correlating with superior vacuolar Na* compartmentalization [76].

Organ-specific analysis showed that leaves had the highest initial Ca**/Na™ ratios,
crucial for stomatal regulation [66], but these ratios significantly decreased at 75 mM
NaCl. Roots initially showed high ratios, providing oxidative stress protection [72]; stems
exhibited the lowest ratios, functioning as Na* reservoirs [71]; and wood showed moderate
initial ratios with limited regulation capacity [58].

4.5. Principal Component Analysis

Principal Component Analysis of rootstock responses revealed complex interactions
among various physiological parameters, reflecting the multifaceted nature of salt tolerance
mechanisms [54,56].

The first component, representing overall plant size and health, included shoot length,
trunk diameter, and SPAD values, corroborating observations on how salinity affects both
growth and photosynthetic capacity [68]. The second component revealed an important
contrast between plant damage and stomatal conductance, consistent with findings regard-
ing differential response kinetics to salinity stress [58]. This inverse relationship suggests
a potential trade-off between maintaining gas exchange and minimizing tissue damage
under saline conditions. The positioning of the damage variable, showing negative correla-
tions with most other parameters, aligns with previous findings correlating visible damage
symptoms with reduced growth and physiological function [55,82].

The variability explained by the model reflects genotypic differences in salt toler-
ance, consistent with demonstrated variation in physiological responses among grapevine
genotypes [12,59].

4.6. Genotype Performance Comparison

The four grapevine rootstocks exhibited distinct responses to salinity stress, revealing
diverse adaptation mechanisms. M2 demonstrated superior performance in growth param-
eters, maintaining the longest shoots and largest trunk diameter under stress conditions,
while showing remarkable stability in chlorophyll content across treatments. However, its
photosynthetic efficiency significantly declined under high salinity, suggesting a potential
trade-off between growth maintenance and photosynthetic performance. This apparent
paradox reflects strategic resource allocation: M2 maintains growth through enhanced
mobilization of stored carbohydrates from woody tissues (evidenced by a 36.1% reduction
in wood dry weight under stress) and increased sink strength in growing tissues (supported
by superior fresh weight retention). The declining photosynthetic efficiency, marked by
increased non-photochemical quenching (Vj) and reduced electron transport (REo/RC),
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suggests energy diversion from photosynthetic machinery maintenance to growth pro-
cesses. This strategy, while supporting short-term growth, may compromise long-term
stress adaptation by depleting energy reserves needed for ion homeostasis. This trade-off
may relate to its parentage ((V. berlandieri x V. riparia) x (V. vinifera x V. berlandieri)) [83], as
V. riparia is known for vigorous growth but moderate salt sensitivity.

M4 consistently showed the highest sensitivity to salinity stress across most parameters.
It experienced the most severe reductions in biomass, exhibited poor growth maintenance,
and showed accelerated progression of stress symptoms. These results contrast with
previous findings by Meggio et al. [24], who reported better performance under water and
salinity stress.

1103 Paulsen displayed moderate but stable responses across most parameters. While
showing intermediate growth reduction, it maintained superior photosynthetic efficiency
and demonstrated effective photoprotective mechanisms under stress, confirming previous
reports of its salt tolerance [59]. This stability reflects a distinct physiological strategy:
unlike M2’s growth-focused approach, 1103 Paulsen invests significant energy in main-
taining photosynthetic machinery and ion compartmentalization, particularly in vacuoles.
This strategy ensures sustained photoassimilate production under stress while effectively
managing ion balance [62]. Its unique mid-experiment increase in SPAD values suggests
sophisticated stress adaptation capabilities, particularly in maintaining photosynthetic
apparatus functionality.

R110 exhibited contrasting performance across different parameters. While main-
taining relatively stable biomass under moderate stress and showing effective chloride
exclusion, it demonstrated a severe reduction in shoot length under high salinity. Its main-
tenance of higher K*/Na* and Ca?*/Na* ratios under control conditions, followed by
pronounced decreases under stress, suggests initially effective but ultimately limited ion
homeostasis mechanisms.

The relative performance of rootstocks varied significantly depending on the param-
eter evaluated. While M2 demonstrated the highest overall salt tolerance, followed by
1103 Paulsen, R110, and M4, this general ranking masks important parameter-specific
variations. When examining photosynthetic efficiency, 1103 Paulsen exhibited the best
performance, followed by R110, with M2 showing moderate efficiency and M4 displaying
the lowest values. Growth parameters revealed a different pattern, with M2 maintaining
the best performance, followed by R110 and 1103 Paulsen, and M4 again showing the
poorest response. In terms of ion homeostasis, 1103 Paulsen demonstrated superior reg-
ulation, with M2 showing good capacity, followed by R110, while M4 exhibited the least
effective ion management. These varying patterns highlight the complexity of salt tolerance
mechanisms and the importance of considering multiple parameters when evaluating
rootstock performance.

4.7. Applicability of Findings, Study Limitations, and Future Research Directions

The comprehensive characterization of genotype-specific responses to salinity stress
for these four rootstocks provides valuable insights for both practical viticulture and theo-
retical understanding of salt tolerance mechanisms in woody plants. For rootstock selection
and breeding programs, the identified patterns of stress response provide valuable guid-
ance. Under moderate salinity (25-50 mM NaCl), M2 is optimal where growth maintenance
is crucial, while in high salinity areas (>50 mM NaCl), 1103 Paulsen offers the most stable
overall performance. For regions with fluctuating salinity levels, R110’s balanced ion regu-
lation capacity may be advantageous. From a breeding perspective, several promising trait
combinations emerge: M2’s superior growth maintenance mechanisms could be combined
with 1103 Paulsen’s effective ion partitioning strategy to develop more resilient rootstocks.
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Additionally, R110’s efficient ion exclusion capacity, particularly for C1~ and Na*, repre-
sents a valuable trait for introgression. The parameter-specific variations observed suggest
breeding efforts should target complementary trait combinations rather than overall salt
tolerance. These identified traits and stress response patterns can guide the development
of more salt-tolerant rootstocks.

For vineyard management, particularly in areas affected by brackish irrigation water
and/or soil salinity, the reported characterization of genotype-specific thresholds and
response patterns enables more informed rootstock selection. The clear identification
of critical salinity thresholds (particularly around 50-75 mM NaCl) provides practical
guidelines for irrigation management and soil salinity monitoring.

While our study focuses on genotype selection, managing vineyards under saline
conditions requires an integrated approach (Figure 9). An effective management frame-
work begins with a comprehensive soil health assessment involving analysis of physical,
chemical, and biological properties. Particular attention must be paid to electrical con-
ductivity (EC), pH, and sodium adsorption ratio (SAR) for identifying and monitoring
salt-affected areas.
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Y
Water management|
Plant performance
. trackin EC H
Selection of salt- ° mor:?odri'r)‘lg
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Figure 9. Management framework for grapevine cultivation under saline conditions.

Management strategies guided by soil assessment include several key interventions.
Gypsum application improves soil structure and enhances salt leaching, while optimized
irrigation methods through drip systems and appropriate leaching fractions ensure efficient
water management. Incorporating organic matter boosts microbial activity and nutrient
availability. Advanced monitoring tools like sensors and GIS technology enable contin-
uous soil assessment, ensuring precise, timely adjustments to these interventions. This
holistic approach allows growers to maximize the benefits of salt-tolerant genotypes while
maintaining soil health and ensuring long-term vineyard sustainability.

The observed organ-specific responses and ion distribution patterns offer insights
useful for cultural practices. Understanding how different rootstocks manage ion distri-
bution can inform nutrient management approaches in saline conditions. The differential
responses in ion accumulation patterns also suggest possibilities for optimizing fertilization
practices based on rootstock-specific characteristics.

Concerning study limitations, several experimental constraints should be considered
when interpreting the presented results. The controlled greenhouse environment, while
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allowing precise stress manipulation, limits the direct field application of our findings.
Future research should expand to include multi-site field trials across different soil types,
evaluate varying irrigation water qualities with different SAR values (from 0 to 15), and
integrate these factors with different deficit irrigation strategies under field conditions.

The temporal scope of our study presents another significant limitation. The five-month
experimental duration, though sufficient for observing acute stress responses, may not
fully capture the long-term adaptation mechanisms that grapevines develop over multiple
growing seasons. We recommend conducting field trials with a minimum duration of three
years to assess seasonal variations in response patterns and evaluate performance across
multiple growing cycles.

Methodological constraints also warrant consideration. The irrigation management
strategy—maintaining soil moisture at field capacity with a 20-30% leaching fraction—differs
from typical vineyard conditions. Our focus on NaCl as a single salt source, while provid-
ing clear experimental control, does not fully represent the complexity of field conditions.
Future studies should incorporate mixed salt compositions including various ionic com-
binations (Na*, C1~, Ca%", Mg2+, SOi*, HCOj), evaluate interactions between salinity
and water stress, and assess how different rootstock—scion combinations respond to these
complex stress conditions.

The immediate research priorities, spanning the next one to two years, should focus
on field validation trials in commercial vineyards to verify our greenhouse findings. These
studies should include economic impact assessments of different rootstock choices and
develop rapid screening protocols for salt tolerance evaluation. Medium-term research
objectives, projected over two to five years, should examine rootstock—scion interactions
under saline conditions, investigate molecular markers associated with salt tolerance
mechanisms, and develop site-specific management protocols based on local conditions
and constraints. Long-term research goals, extending beyond five years, should address
climate change adaptation strategies in viticulture, provide recommendations for breeding
programs based on accumulated field data, and develop regional rootstock selection models
that integrate multiple stress factors.

These findings also contribute to climate change adaptation strategies in viticulture,
as soil and water salinization becomes increasingly prevalent. The identified differences
in stress response mechanisms can inform the development of region-specific rootstock
recommendations based on projected salinity challenges.

5. Conclusions

This study underscores the complexity of salinity stress responses in grapevine root-
stocks, highlighting distinct genotype-specific adaptations. While no single rootstock
excelled universally, M2 exhibited strong growth resilience under salinity stress, though
with vulnerabilities in ion homeostasis. 1103 Paulsen showed a balanced response, main-
taining photosynthetic efficiency and effective adaptation mechanisms, whereas R110
demonstrated efficient ion regulation under moderate stress but struggled at higher salinity
levels. M4 displayed limited overall adaptability to saline conditions. A critical salinity
threshold between 50 and 75 mM NaCl was identified, beyond which stress responses
shifted from adaptive to damaging. Organ-specific ion distribution patterns revealed
genotype-dependent regulatory mechanisms, particularly in Na*, C1~, K*, and Ca?* man-
agement. These findings have practical implications for viticulture, particularly in regions
facing soil salinization. The detailed characterization of rootstocks provides valuable in-
sights for targeted breeding and selection strategies. Future research should investigate
molecular mechanisms underlying M2’s growth resilience and 1103 Paulsen’s photosyn-
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thetic stability, complemented by field trials to validate these findings under diverse
environmental conditions.
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Abbreviations

The following abbreviations are used in this manuscript:

A Area above the fluorescence induction curve between the Fy and Fp,. Related to the pool
rea

size of electron acceptors in the photo-synthetic electron transport chain
DIo/CSo  Energy dissipated in the form of heat and fluorescence per cross-section.

Dlo/RC Energy dissipated in the form of heat and fluorescence per reaction center.

EC Electrical conductivity.

ETo/RC  Electron transport rate per reaction center.

Fo Initial fluorescence.

Fm Maximum fluorescence.

Fy Variable fluorescence.

Fy/Fm Maximum PSII quantum efficiency when all reaction centers are open.

N QA turnover number, i.e., the number of times QA is reduced and oxidized during
the measurement.

OJIP Chlorophyll fluorescence transient phases O, J, I, and P.

PI(abs) Performance index on absorption basis.

psII Photosystem II.

pXRF Portable X-ray fluorescence.

QA Primary quinone electron acceptor.

REo/RC Electron transport rate per reaction center, i.e., the rate of electron transport beyond
QA per reaction center.

ROS Reactive oxygen species.

SAR Sodium adsorption ratio.

Sm Normalized total complementary area above the OJIP transient. Related to the energy
needed to close all PSII reaction centers.

Vi Relative variable fluorescence at the J-step of the OJIP fluorescence transient. Provides
information about the reduction state of the primary quinone electron acceptor.

¢ (Po) Maximum quantum yield of primary photochemistry.

W(Eo) Efficiency with which a trapped exciton can move an electron into the electron

transport chain beyond QA.
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