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Abstract

Highbush blueberry (Vaccinium corymbosum L.) is widely cultivated in southern Chile on
acidic Andisols, where aluminum (AI3*) toxicity and water deficit frequently occur simul-
taneously and limit plant performance. However, the integrated physiological responses to
these stresses and the potential protective role of methyl jasmonate (MeJA) remain poorly
understood. This study evaluated the physiological, biochemical, and hormonal responses
of two cultivars with contrasting resistance, Legacy (Al-resistant) and Star (Al-sensitive),
exposed to AI** stress, water deficit, and their combination, with or without MeJA applica-
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reductions in photosynthetic parameters, higher Al accumulation, and greater lipid peroxi-
dation. In contrast, Legacy maintained more stable physiological performance. Exogenous
MeJ A mitigated stress effects by reducing Al accumulation (30-35%) and oxidative damage,
improving photosynthetic performance (40-60%) and water status, and partially restoring
auxin levels and growth in both cultivars, being more evident in the resistant cultivar
Legacy. These results indicate that MeJA contributes to the regulation of physiological and
antioxidant responses associated with resistance to combined Al toxicity and water deficit
in highbush blueberry.

Keywords: Andisols; antioxidant response; gas exchange; oxidative damage; phytohormonal
regulation; photosystem II; stress physiology; xanthophyll cycle

1. Introduction

Climate change has profoundly affected agricultural systems worldwide, particularly
through its impact on water resources distribution and availability [1,2]. Drought represents
one of the most severe challenges to agricultural production, causing yield losses of ca.
40-60% in major crops globally [3,4]. In Chile, a prolonged mega-drought that began
in 2010 has positioned the country among the most water-stressed regions worldwide.
This persistent water deficit (WD) has severely compromised agricultural sustainability by
limiting water availability for crop production [3-6].

Water deficit (WD) stress can intensify soil-related constraints, further impairing crop
performance, particularly in regions with acidic soils. In southern Chile, agricultural pro-
duction is largely developed on acidic Andisols (pH < 5.5). Under acidic soil conditions,
the most abundant and phytotoxic form of Al is the trivalent ionic aluminum (AI**), which
can significantly impair plant development [7,8]. As a primary effect, AI** toxicity inter-
feres with root cell division and elongation. The reduced root growth limits the uptake of
water and essential nutrients, including iron (Fe), calcium (Ca), magnesium (Mg), man-
ganese (Mn), potassium (K), phosphorus (P), and nitrogen (N) [7,9]. These root-level con-
straints subsequently translate into above-ground physiological impairments, particularly
affecting photosynthesis. These effects include reduced leaf chlorophyll content, stomatal
restrictions, and the inactivation of chloroplast enzymes (e.g., ribulose-1,5-bisphosphate
carboxylase/oxygenase—RuBisCO) [10,11]. Furthermore, Al-induced accumulation of
reactive oxygen species (ROS) triggers systemic oxidative stress [9,12-14] and disrupts car-
bohydrate metabolism by inhibiting key enzymes (e.g., x-amylases, 3-amylases, and starch
phosphorylases) [15]. These soil-related constraints are particularly relevant for perennial
fruit crops cultivated in Andisols, such as highbush blueberry (Vaccinium corymbosum L.).
Andisols are characterized by high concentrations of phytotoxic Al>*, which negatively
impact plant growth, yield, and fruit quality [16,17]. The combination of abiotic stresses
(WD and high AI** toxicity) can lead to significant crop losses, reducing productivity by
up to ca. 50% in various crop species.

Chile remains a key player in the global highbush blueberry (V. corymbosum L.) market,
with a strong focus on exports to Northern Hemisphere markets during the off-season [18].
In the 2024-2025 season, blueberry exports reached 83,321 tons, increasing an 11% compared
with the previous year. The main blueberry production areas extend from the Maule to
the La Araucania regions, with a continued southward expansion of cultivation [18]. In
southern Chile, the agricultural systems are predominantly based on Andisols, where
phytotoxic AI** and WD co-exist.

https://doi.org/10.3390 /horticulturae12060728


https://doi.org/10.3390/horticulturae12060728

Horticulturae 2026, 12, 728

30f48

The combined effects of phytotoxic AI>* and WD on V. corymbosum plants remain
poorly understood. Recent studies have described adaptive strategies of V. corymbosum L.
under individual abiotic stresses, highlighting the role of primary metabolism and mineral
amendments in mitigating AI** toxicity [19]. Furthermore, exogenous methyl jasmonate
(MeJA) has been identified as a key elicitor that protects the photosynthetic apparatus
under WD [16] and, under combined toxicity with AlP*, can modulate the transcriptional
regulation of organic acid transporters and hormonal signaling pathways [17]. Thus, it
is also observed that foliar MeJA application induces ALMT gene expression in Solanum
Iycopersicum [20] and the expression of MATE family genes in Nicotiana tabacum [21], which
are associated with organic acid exudation as well as Al tolerance and Al detoxification,
respectively. Under WD or Al toxicity, MeJA increases chlorophyll and carotenoid ac-
cumulation in Vaccinium corymbosum and Impatiens walleriana, improving photosynthetic
efficiency [16,19,22]. Also, the MeJA application under WD showed increased proline and
carbohydrate accumulation, playing an important role in osmotic balance to prevent dehy-
dration in Brassica juncea, Ocimum basilicum, Glycine max, and Fragaria x ananassa [23-20].
Osmotic regulation is less studied under Al toxicity and even less under combined stresses.
Recent studies in highbush blueberry under combined Al toxicity and WD showed an
increase in oxidative damage and Al accumulation, provoking a decrease in water potential,
photosynthesis, and growth; however, it remains unknown whether this negative effect is
due more to AI** toxicity or more to water deficit, making it important to study not only
the combined effect but also the individual effect in the same study.

Despite the advances, integrated knowledge of the interactions among AlI** toxicity,
WD, and phytohormonal regulation in fruit crops remains limited. In highbush blueberry,
particularly under Andisols conditions, the temporal modulation of oxidative stress, antiox-
idant defense systems, and hormone-associated responses under combined stresses (e.g.,
AP* toxicity and WD) is still poorly documented. Moreover, MeJA has been recognized
as an important stress-signaling molecule; however, its role in coordinating antioxidant
metabolism, hormonal balance, and physiological performance over time, particularly
in cultivars with contrasting tolerance, remains insufficiently explored. Thus, unlike our
previous studies [16,17,27], which performed dose screening of MeJA exclusively under
combined stress conditions (AI** toxicity and water deficit), the present study indepen-
dently evaluates the effects of A%+, water deficit (WD), and their combination (Al + WD)
over different time periods, allowing the discrimination of specific responses and synergis-
tic interactions among stress factors. This approach improves mechanistic understanding
of how each stressor contributes to physiological damage and enables the development of
more precise management strategies tailored to the predominant stress conditions encoun-
tered in the field. Therefore, the question arises: how does MeJA alleviate the effects of
individual and combined stress through the regulation of auxin concentration as estimated
by Salkowski-reactive indolic compounds and/or the antioxidant system?. To address this
knowledge gap, the present study aims to evaluate the role of MeJA in modulating the
physiological performance, oxidative stress responses, and auxin concentrations of two
highbush blueberry cultivars (V. corymbosum L. cultivars Legacy and Star) with contrasting
tolerance when exposed to AP toxicity, WD, and their combined effects under Andis-
ols conditions. By comparing single and combined-stress scenarios, this study provides
insights into MeJA-mediated tolerance mechanisms that mitigate Al**- and WD-related
constraints in Andisols.
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2. Materials and Methods
2.1. Plant Material and Growth Conditions

Two blueberry cultivars (Vaccinium corymbosum L.) with contrasting Al resistance were
used, with Legacy as Al resistant, and Star as Al sensitive [13,19]. The experiment was con-
ducted in a greenhouse at the Universidad de La Frontera (Temuco, Chile). Healthy plants
of uniform size were selected and acclimatized at an average temperature of 25 £ 2 °C, a
relative air humidity of 70%, and a photosynthetic photon flux density (PPFD) of 500 pmol

2 571, These plants were grown in plastic pots containing 2 kg of Andisol

photons m™
soil collected from Los Boldos-Lastarria (Araucania Region, Chile) and maintained under
these conditions for 2 weeks to allow acclimation. Subsequently, the plants were randomly
assigned to two experimental groups. Group A consisted of control plants irrigated to
maintain soil moisture at 80% of field capacity (FC). Group B comprised plants subjected to
WD, which received irrigation at 50% FC. Soil moisture levels were monitored using capac-
itive sensors, and irrigation regimes were established according to protocols previously

described by Bryla et al. [28] and Almutairi et al. [29].

2.2. Treatments

After two weeks of acclimation, control plants were maintained under irrigation at
80% FC, whereas irrigation was withheld from the remaining plants until soil moisture
reached 50% FC, corresponding to WD conditions as described previously by Almutairi
et al. [29] and Chen et al. [30]. Soil moisture levels were monitored with calibrated sensors
to ensure irrigation at 80% or 50% of field capacity (FC). The MeJA was applied by foliar
spray at an effective dose of 50 pM MeJA previously determined by Céceres et al. [17].
Me]J A solution was prepared with 0.05% Tween 80 as the surfactant and applied in the early
morning hours to maximize absorption efficiency, as described by Céceres et al. [17,27].
The MeJA application volume was standardized at 25 mL per plant, based on the total
foliar area required to achieve complete leaf coverage until runoff occurred. The solution
was randomly sprayed throughout the aerial parts of the plants. To avoid drift of the MeJA
solution between treatments, plants were separated using screens during application. For
AL toxicity treatment, plants were treated with an Al chloride (AICl3) solution (18% w/v).
A volume of 10 mL AIClj3 per kilogram of soil was applied via irrigation to achieve an 70%
Al saturation in soil as described by Slugeriové et al. [31] and Céceres et al. [17,27]. Soil
Al concentration and pH were maintained throughout the experiment and monitored at
all sampling points (7, 14, and 21 days) through soil Al analysis. The experiment began
once the Al was applied to the soil, and at the same time, the MeJA was sprayed once to
the plants. A total of eight treatment groups with a pH of 4.5 £ 0.2 were established as
follows: (i) Control: plants irrigated at field capacity without MeJA application; (ii) Positive
control: control plants treated with MeJA; (iii) WD: plants irrigated at 50% field capacity;
(iv) WD + MeJA: plants irrigated at 50% field capacity and treated with MeJA; (v) Al: plants
subjected to 70% Al saturation; (vi) Al + MeJA: plants subjected to 70% Al saturation and
treated with MeJA; (vii) Al + WD: plants subjected to 70% Al saturation and irrigated at
50% field capacity without MeJA and (viii) Al + WD + MeJA: plants subjected to combined
Al stress and WD and treated with MeJA (Figure S1).

An additional group of five plants per treatment was allocated for growth measure-
ments, which were performed at the end of the experiment. Sampling was conducted at 0, 7,
14, and 21 days (long-term) after the start of treatments. At each sampling time point, two
highbush blueberry cultivars with contrasting Al resistance (Legacy as resistant and Star as
sensitive) were collected. Each treatment consisted of five biological replicates (independent
plants). For biochemical and enzymatic analyses, each biological replicate was measured in
duplicate (technical replicates), and the mean value was used for statistical analyses. To
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preserve sample integrity, plant tissues (leaves and roots) were rapidly immersed in liquid
nitrogen immediately after collection and stored at —80 °C until further analyses.

2.3. Chemical Analyses of the Plants

Dry shoot and root samples were ashed at 500 °C for 8 h. Subsequently, each sample
was digested with 2 M HCl according to the method described by Sadzawka et al. [32].
Aluminum concentrations were determined using a simultaneous multielement atomic
absorption spectrophotometer (Atomic Absorption Spectrometer, Model 969, Unicam,
Cambridge, UK). This technique enabled accurate, precise quantification of Al concentration
in plant samples.

2.4. Physiological Determinations
2.4.1. Plant Growth

Prior to the initiation of treatments, a subset of five plants was selected, and their
shoots and roots were separated to determine fresh and dry weights (W1), which served as
baseline measurements. The remaining plants were subjected to experimental treatments
under the conditions described in Section 2.2. At the end of the experiment, five plants from
each treatment were harvested, and shoot and root fresh and dry weights were determined
(W2). Plant growth was quantified using the relative growth rate (RGR), calculated from
the natural logarithm of mean plant weight using the following equation.

RGR = (InW2) — (InW1)/(t2 — t1),

where t1 represents the initial time (time 0) and t2 represents the final time (21 days) of the
experiment [33].

2.4.2. Total Auxins as Estimated by Salkowski-Reactive Indolic Compounds

Auxin extraction was performed using a solvent-induced phase transition extraction
(SIPTE) described by Liu et al. [34], with 0.05, 0.1, and 0.15 g of plant material macerated
with liquid nitrogen. Then, samples were incubated overnight in acetonitrile (0.5 mL for
0.05 g and 1 mL for 0.1-0.15 g of tissue). After phase separation, the lower fraction was
dried in a concentrator for 2 h and resuspended in 1 mL of 30% (v/v) methanol. The total
auxin concentration was quantified using the Salkowski colorimetric method [35], with
modifications adapted for blueberry. Briefly, 200 uL of each sample was mixed with 50 pL
of Salkowski’s reagent, and the absorbance was measured at 530 nm in a Varioskan Flash
microplate reader (Thermo Scientific, Wilmington, DE, USA). Indoleacetic acid (IAA) was
used as the standard to generate the calibration curve.

2.4.3. Plant Water Status

Leaf water potential (Yw) and relative water content (RWC) were determined ac-
cording to Begg and Turner [36] and Rahimi et al. [37], respectively. The Yw of the shoot
was measured in the morning (9 a.m.) using a Scholander chamber (Model 1000, PMS
Instrument Co., Corvallis, OR, USA). Meanwhile, leaf RWC was determined using the
following equation:

RWC = [(fresh weight — dry weight)/(turgor weight — dry weight)] x 100.

2.4.4. Net Photosynthesis (An) and Chlorophyll Fluorescence Parameters of PSII

CO; assimilation in intact, attached leaves was determined at 7, 14, and 21 days
after the initiation of treatments using a portable infrared gas analyzer (IRGA) (LI-6400,
LI-COR Inc., Lincoln, NE, USA) equipped with a chlorophyll fluorescence chamber. During
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measurements, photosynthetically active radiation was set at 300 pmol m~2 s, and the
reference CO, concentration was maintained at 400 ppm. In addition to net photosynthesis
(An), transpiration rate (E), stomatal conductance (gs), photosynthetically active radiation
(PAR), and leaf temperature were simultaneously recorded with the same instrument, as
described by Ulloa-Inostroza et al. [16].

2.4.5. Water-Use Efficiency (WUE) Determination

WUE was calculated as the ratio of the net photosynthetic rate (An) to the E. In
addition, intrinsic WUE (WUEi) was calculated as An/gs [38].

2.4.6. Chlorophyll Fluorescence Parameters

The maximum quantum efficiency of photosystem II (Fv/Fm), effective quantum
yield of PSII (®PSII), photochemical quenching (qP), non-photochemical quenching (qN),
and electron transport rate (ETR) were assessed at 7, 14, and 21 days after treatment
initiation. Measurements were conducted using a portable infrared gas exchange analyzer
(IRGA; LI-6400, LI-COR Inc., Lincoln, NE, USA), following the methodology reported by
Reyes-Diaz et al. [13].

2.5. Biochemical Analysis
2.5.1. Photosynthetic Pigments

Photosynthetic pigments were extracted using 100% HPLC-grade acetone, with sam-
ples maintained at 4 °C and handled under dim green light to minimize photooxidative
degradation. Extracts were subsequently centrifuged at 4 °C to remove insoluble material.
Chlorophyll a, chlorophyll b, and the carotenoids violaxanthin, antheraxanthin, zeaxanthin,
and lutein were quantitatively determined as indicators of photosynthetic performance
and photoprotective capacity. Pigment analysis was performed by high-performance liquid
chromatography coupled with a diode-array detector (HPLC-DAD, JASCO, LCNet 11/ ADC,
Tokyo, Japan), following the method described by Garcia-Plazaola and Becerril [39].

2.5.2. Lipid Peroxidation

Lipid peroxidation was determined as an indicator of oxidative damage using the
thiobarbituric acid reactive substances (TBARS) assay [40]. Fresh leaf and root tissues
(200 mg) were weighed and homogenized in 2 mL of 0.1% (w/v) trichloroacetic acid (TCA)
buffer using a chilled mortar and pestle on ice. Homogenization was performed for 5 min,
followed by centrifugation at 12,000 rpm for 15 min at 4 °C. An aliquot of 1 mL of the
supernatant was mixed with 4 mL of 0.5% (w/v) thiobarbituric acid (TBA) prepared in 20%
TCA. The reaction mixtures were incubated in a water bath at 95 °C for 30 min, then rapidly
cooled on ice to stop the reaction. Absorbance was measured at 532 nm, corresponding
to the maximum absorbance of malondialdehyde (MDA), and at 600 nm to correct for
nonspecific turbidity, using a UV /Vis spectrophotometer (UNICOR SpectroQuest 2800,
UV /VIS, Barcelona, Spain). MDA concentration was calculated using a molar extinction
coefficient of 155 mM~! em~! and expressed as nmol MDA g~! fresh weight.

2.5.3. Total Soluble Phenols

Total soluble phenols were quantified using the Folin—Ciocalteu reagent, following
the method of Singleton and Rossi [41], with modifications for blueberry samples. Fresh
leaves/root tissues (200 mg) were weighed, and phenolic compounds were extracted with
2 mL of 80% (v/v) ethanol in Falcon tubes. The absorbance was measured at 765 nm using
a UV/Vis spectrophotometer (UNICOR SpectroQuest 2800, UV /VIS, Spain). Results were
expressed as chlorogenic acid equivalents (CAE) and reported as mg g~ ! fresh weight.
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2.5.4. Free Radical Scavenging Activity (AA)

The antioxidant activity (AA) was determined using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free radical scavenging assay, based on the reduction in the DPPH radical by
antioxidants present in the plant extracts. The absorbance was measured at 515 nm using
a spectrophotometer (UNICOR Spectro Quest 2800, UV /VIS, Spain) with Trolox as the
standard. The values were expressed in pug Trolox equivalents g—1 fresh weight (FW) [42].

2.5.5. Determination of Enzyme Superoxide Dismutase (SOD)

Fresh plant tissue (10 mg) was weighed and homogenized in 1.5 mL of enzyme-
specific extraction buffer. The homogenates were centrifuged at 12,000 rpm for 20 min at
4 °C. The supernatants were collected and used for subsequent enzymatic assays. SOD
activity was determined by photochemical reduction in nitroblue tetrazolium (NBT). The
reaction mixture was prepared with 119 pL of phosphate buffer (50 mM, pH 7.8), 10 uL of
methionine (13 mM), 15 puL. of NBT (75 uM), 2 uL. of EDTA (0.1 mM), and 34 uL of riboflavin
(2 uM). The reaction was initiated by adding 20 pL of enzyme extract and incubating the
mixture under fluorescent light for 15 min. The absorbance was measured at 560 nm, and
SOD activity was expressed as enzymatic units per milligram of protein (U mg~! protein),
defined as the amount of enzyme required to cause 50% inhibition of NBT reduction [43].
The protein concentration was determined by the Bradford method [44]. Aliquots of
200 pL of enzyme extract were used, and absorbance was measured at 595 nm. Protein
concentration was calculated by comparison with a standard curve generated using bovine
serum albumin (BSA).

2.6. Statistical Analysis

The experiment was conducted using a completely randomized design with a three-
way factorial arrangement, with cultivar, treatment, and exposure time as fixed factors.
For the analysis, five biological replicates and two technical replicates were considered
for each cultivar, treatment, and time. To ensure the validity of the statistical analysis,
all data were tested for normality and homogeneity of variance using the Kolmogorov—
Smirnov test. If these assumptions were met, data were subjected to analysis of variance
(ANOVA), and mean comparisons were performed using Tukey’s post hoc test. All statisti-
cal analyses were carried out using SigmaStat software version 3.0 (SigmaStat, San José,
CA, USA). Correlation analyses were performed to evaluate relationships between inde-
pendent variables, particularly internal Al concentration, and selected dependent variables
obtained from physiological and biochemical measurements. In addition, multivariate
analyses, including principal component analysis (PCA), multiple correlation analysis, and
heatmap visualization, were conducted using the RStudio 2026.05.0+218 version statistical
environment.

3. Results

3.1. Aluminum Accumulation and Growth-Related Hormonal Response in Blueberries Under
Combined WD-AI Stress

Aluminum (Al) concentrations in V. corymbosum L. (Legacy and Star cultivars) showed
statistically significant differences across treatments, cultivars, exposure time, and, mainly,
their interactions (p < 0.001) (Figure 1A,B). Al values ranged from 80 to 550 mg/kg in the
leaves (Figure 1A) and from 1200 to 6000 mg/kg in roots (Figure 1B). This distribution
represents a characteristic pattern of AI>* toxicity, with preferential accumulation in roots.
Compared with the control, Al treatment significantly increased Al concentration in both
leaves (200-350%) and roots (up to 600-700%). In contrast, WD alone did not affect tissue
Al levels in both cultivars, remaining close to the reference values. Under combined stress

https://doi.org/10.3390 /horticulturae12060728


https://doi.org/10.3390/horticulturae12060728

Horticulturae 2026, 12, 728 8 of 48

(Al + WD), Al concentration was reduced by 25-40% compared with Al treatment alone
in both organs (Figure 1A,B). This suggests that the water limitation partially restricted
the uptake or translocation of Al. Nevertheless, plants subjected to Al + WD maintained
higher tissue Al concentrations than those under WD alone.
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Figure 1. Aluminum concentration in tissues of V. corymbosum L. cultivars Legacy and Star, under
combined stress (Al + WD) and application of MeJA. (A) Leaves. (B) Roots. Treatments included: Con-
trol, Aluminum (Al), WD, and combinations with MeJA (Control + MeJA, Al + MeJA, WD + MeJA,
Al + WD + MeJA). Different capital letters indicate significant differences among times within each
cultivar and treatment (ANOVA, Tukey HSD, p < 0.05). Different lower case letter indicate significant
differences among treatments with each cultivar and time (ANOVA, Tukey HSD, p < 0.05). Asterisks
(*) indicate significant differences between cultivars for the same treatment and time.

The presence of MeJA significantly reduced Al accumulation in leaves and roots
(Figure 1A,B). Under Al + MeJA, Al levels decreased by an average of 35-45% compared
to Al, whereas in Al + WD + MeJA the reduction reached 30-35% compared to Al + WD.
In contrast, MeJA application under non-stress conditions (Control + MeJA) or under
WD alone (WD + MeJA) did not alter Al concentrations, which remained similar to their
respective controls, suggesting that MeJA primarily modulates plant responses under Al
stress conditions. Between the cultivars, Star consistently accumulated 20-35% more Al
than Legacy, with the difference most pronounced in the roots at 21 days. Legacy showed
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a more effective response to MeJA application, as indicated by a reduction in tissue Al
concentration in both leaves and roots (Figure 1A,B). Overall, the results show that Al
accumulates preferentially in the roots, with lower levels under combined stress than under
Al alone (Figure 1B). Exogenous MeJA application effectively mitigated metal uptake and
translocation, with a more favorable response in Legacy, demonstrating its protective role
against Al toxicity.

The relative growth rate (RGR) of V. corymbosum L. (Legacy and Star cultivars), ex-
pressed on a dry weight (DW) basis, showed very significant differences depending on the
treatment, cultivar, and interaction between factors (p < 0.001) (Figure 2A,B). The values
ranged from 0.04 to 0.18 g DW day ! in the leaves and from 0.01 to 0.07 g DW day ! in the
roots. The reduction in growth was most pronounced in Star at 21 days, in both leaves and
roots. In general, roots showed a stronger decline in RGR than leaves across treatments
(Figure 2A,B), consistent with the Al concentration analysis above (Figure 1A,B).
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Figure 2. Relative Growth Rate (RGR) in the tissues of V. corymbosum L. cultivars Legacy and Star,
under combined stress (Al + WD) and application of MeJA at 21 days. (A) Shoots. (B) Roots.
Treatments: Control + MeJA, Al + MeJA, WD + MeJA, Al + WD + MeJA. Different lower case letters
indicate significant differences among treatments within each cultivar (ANOVA, Tukey HSD, p < 0.05).
Asterisks (*) indicate significant differences between cultivars for the same treatment.

https:/ /doi.org/10.3390/horticulturae12060728


https://doi.org/10.3390/horticulturae12060728

Horticulturae 2026, 12, 728

10 of 48

WD caused the greatest reduction in RGR in both tissues, with average decreases of
30-40% in leaves and up to 50% in roots compared to the control. The Al treatment induced
moderate reductions of 15-25% in leaves and 20-35% in roots. Combined stress (Al + WD)
showed the lowest growth rates, with decreases of 35-50% in leaves and up to 60% in roots
compared with the control. The MeJA application partially mitigated these effects. Under
Al + MeJ A, the RGR increased by 15-25% compared to Al alone, while in WD + MeJA, it
showed a 20-30% improvement compared to WD, mainly in Legacy, with this effect being
more noticeable in the roots (Figure 1B). Under combined stress (Al + WD + MeJA), RGR
increased by 15-25% compared to Al + WD. However, values remained below those of the
control. Legacy consistently maintained higher RGR values than Star, exceeding it by up
to 20% in leaves and 30% in roots. Following MeJA application under stress conditions,
Legacy recovered RGR to approximately 80% of control values at 21 days, whereas Star
recovered to only about 60%. These results indicate that the combined stress (Al + WD)
was the most limiting condition for growth, particularly in roots. That exogenous MeJA
partially mitigated growth inhibition, with a stronger effect observed in Legacy.

Total auxin concentrations as estimated by Salkowski-reactive indolic compounds in
leaves and roots of V. corymbosum L. (Legacy and Star cultivars) showed highly significant
effects of treatment, time, and interaction among factors (p < 0.001) (Figure 3A,B). Total
auxin concentrations ranged from 900 to 3100 pug IAA eq-g~! FW in the leaves (Figure 3A)
and from 100 to 600 pg IAA eq-g~! FW in roots (Figure 3B), indicating substantially higher
auxin levels in leaves than in roots. In both tissues, auxin concentrations declined markedly
under stress conditions, especially under WD, with reductions of 35-45% in leaves and
50-55% in roots relative to the control. Combined stress (Al + WD) resulted in the greatest
reduction in auxin concentration, reaching 45-50% in leaves and up to 60% in roots relative
to the control. Al treatment alone reduced auxin levels by approximately 30%, with a more
pronounced effect in Star.

The application of MeJA partially mitigated stress-induced reductions in auxin con-
centration, resulting in significant increases in both tissues, including under non-stress
conditions (Control + MeJA). Under Al + MeJA treatments, auxin levels increased by
20-25% compared to Al alone, while in WD + MeJA increased by 25-35% compared to WD.
In the combined treatment (Al + WD + MeJA), auxin concentration recovered by 30-40% in
leaves and 50-55% in roots relative to Al + WD. These results support a modulatory effect
of MeJA on auxin concentrations under stress conditions.

Under non-stress conditions, MeJA-treated plants (Control + MeJA) exhibited auxin
concentrations similar to or slightly higher (5-40%) than those observed in untreated control
plants, indicating a stimulatory effect on basal auxin levels. Across treatments, Legacy
consistently showed higher auxin concentrations than Star, with differences of 15-25% in
leaves and 20-30% in roots (Figure 3A,B). The effect of MeJA under stress conditions was
more pronounced in Legacy, in which auxin concentrations were maintained close to control
levels even under combined stress (Al + WD). In contrast, Star showed only partial recovery,
reaching approximately 60% of its respective control values. In Star, the largest reductions
in auxin concentration were consistently observed across all stress treatments, suggesting
heightened hormonal regulation sensitivity under stress. Overall, auxin concentrations
were significantly reduced by both Al and WD, with stronger effects observed in roots than
in leaves. This correlated with reductions in RGR and Al accumulation patterns. Combined
stress (Al + WD) resulted in the most significant decline in auxin levels. The application of
exogenous MeJA partially restored auxin concentrations, particularly in the Legacy variety,
suggesting an association between jasmonate treatment and the maintenance of auxin
concentration under abiotic stress conditions.
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Figure 3. Total auxins measured by Salkowski method in the tissues of V. corymbosum L. cultivars
Legacy and Star, under combined stress (Al + DW) and application of MeJA. (A) Leaves, and (B) Roots.
Treatments included: Control, Aluminum (Al), WD, and combinations with MeJA (Control + MeJA,
Al + MeJA, WD + MeJA, Al + WD + MeJA). Different capital letters indicate significant differences
among times within each cultivar and treatment (ANOVA, Tukey HSD, p < 0.05). Different lower
case letter indicate significant differences among treatments with each cultivar and time (ANOVA,
Tukey HSD, p < 0.05). Asterisks (*) indicate significant differences between cultivars for the same
treatment and time.

3.2. Water Status and Osmotic Adjustment in Vaccinium corymbosum L. Under Aluminum Stress
and Water Deficit

The water status determined at the leaf level for V. corymbosum L. (Legacy and Star
cultivars) showed significant differences depending on the treatment, cultivar, exposure
time, and interaction among factors for leaf water potential (Yw, p < 0.001) and relative
water content (RWC, p < 0.05) (Figure 4A,B). The leaf water potential (Yw) values obtained
in the morning (9 a.m.) ranged from —0.5 to —2.9 MPa, showing a very marked decrease

https://doi.org/10.3390 /horticulturae12060728


https://doi.org/10.3390/horticulturae12060728

Horticulturae 2026, 12, 728

12 of 48

Relative Water Content (%)

Water Potencial (Mpa)

110

100

90

80

-0.5

-2.5

at 21 days. In general, the decrease in water potential was more pronounced under WD
and combined stress (Al + WD) (Figure 4B). Compared with the control (—0.5 MPa), the Al
treatment reduced water potential to values of approximately 80-100%. WD intensified the
decrease, resulting in reductions of 140-170%. The most negative values were observed
under combined stress (Al + WD), reaching —2.6 to —2.9 MPa, particularly in the Star
cultivar (Figure 4B).
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Figure 4. Water status of V. corymbosum L. cultivars Legacy and Star, under combined stress (Al + WD)
and application of MeJA. (A) Relative Water Content. (B) Water potential (Mpa). Treatments in-
cluded: Control, Aluminum (Al), WD, and combinations with MeJA (Control + MeJA, Al + MeJA,
WD + MeJA, Al + WD + MeJA). Different capital letters indicate significant differences among times
within each cultivar and treatment (ANOVA, Tukey HSD, p < 0.05). Different lower case letter indicate
significant differences among treatments with each cultivar and time (ANOVA, Tukey HSD, p < 0.05).
Asterisks (*) indicate significant differences between cultivars for the same treatment and time.
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Exogenous application of MeJA partially mitigated the decline in leaf water potential
across all stress treatments. For Al + MeJA, Yw improved by 15-25% compared to Al,
whereas WD + MeJA showed an approximately 20% improvement relative to WD. Under
combined stress, Al + WD + MeJA increased ¥Yw by up to 30% compared with Al + WD.
When comparing cultivars, Star consistently showed more negative ¥Yw values than Legacy,
with differences of 0.1-0.3 MPa, across most treatments and lowest values under WD and
Al + WD, indicating greater susceptibility to water loss in Star. In contrast, Legacy main-
tained more stable Yw values and showed a stronger recovery following MeJA application,
reaching 80-85% of control levels, whereas Star recovered only 60-65% (Figure 4B).

The relative water content (RWC) in V. corymbosum L. leaves ranged from 70 to 98%,
with a progressive decline over time; the greatest reductions were observed at 21 days
(Figure 4A). Compared with control (97%), treatment with Al reduced leaf RWC by 5-8%.
WD caused more marked decreases, reaching reductions of 8-12%, whereas combined stress
(Al + WD) was the most severe, with RWC reductions of 12-15% relative to the control
(Figure 4A). This pattern was consistent with the decline in leaf water potential observed
under stress conditions (Figure 4B). Exogenous MeJA partially alleviated the reductions
in RWC under all stress treatments. In Al + MeJA, RWC increased by 4-6% compared
with Al, whereas WD + MeJA and Al + WD + MeJ A showed recoveries of 6-9% relative
to their respective stress treatments (Figure 4A). Among cultivars, Legacy consistently
maintained slightly higher RWC values than Star, with the largest differences observed
under combined stress. Overall, WD and Al + WD produced the strongest reductions in
leaf water status, particularly at 21 days, while MeJA application mitigated water loss and
favored the maintenance of leaf hydration, especially in Legacy.

Proline concentration was determined in leaves and roots of V. corymbosum L. (Legacy
and Star cultivars) to assess osmotic adjustment. Significant differences were observed
among treatments, cultivars, sampling times, and their interactions (p < 0.001) (Figure 5A,B).
Proline levels ranged from 4 to 13 pmol g~! FW in leaves (Figure 5A) and from 10 to
45 umol g~! FW in roots (Figure 5B), with higher accumulation in the root system and at
7 days of treatment. Compared to the control, the Al treatment increased foliar proline con-
centration by approximately 60-70%, reaching values close to 9 umol g~! FW, whereas WD
caused more pronounced increases of 90-100% compared to the control (10-11 umol g*1
FW). Combined stress (Al + WD) generated the highest accumulation, with increases of
130-150%. In roots, the pattern was similar but with higher relative values: Alincreased the
concentration by 60-80%, WD by 130-150%, and Al + WD by 200-230% compared to the
control, reaching up to 45 umol g~! FW (Figure 5B). These results reflect a marked initial
osmotic response to dehydration and metal toxicity, with the effect of WD and combined
stress predominating, although this decreases over time.

Exogenous MeJA significantly modulated proline accumulation in both tissues, re-
ducing the stress-induced increase while maintaining levels above the control. Proline
concentrations decreased by approximately 15-25% in leaves and 20-30% in roots com-
pared with the respective stress treatments without MeJA (Figure 5). Differences between
cultivars were also evident, with Star accumulating higher proline levels than Legacy,
particularly during the early stages under WD and Al + WD. Overall, proline accumulation
was strongest under WD and combined stress, whereas MeJA partially reduced this re-
sponse. Legacy showed a more controlled adjustment, while Star exhibited greater proline
accumulation under severe stress conditions.
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Figure 5. Proline concentration of V. corymbosum L. cultivars Legacy and Star, under combined
stress (Al + WD) and application of MeJA. (A) Leaves, and (B) Roots. Treatments included: Control,
Aluminum (Al), WD, and combinations with MeJA (Control + MeJA, Al + MeJA, WD + MeJA,
Al + WD + MeJA). Different capital letters indicate significant differences among times within each
cultivar and treatment (ANOVA, Tukey HSD, p < 0.05). Different lower case letter indicate significant
differences among treatments with each cultivar and time (ANOVA, Tukey HSD, p < 0.05). Asterisks
(*) indicate significant differences between cultivars for the same treatment and time.

3.3. Photosynthetic Performance and Water Use Efficiency in Vaccinium corymbosum L. Under
Aluminum Stress and Water Deficit

Photosynthetic performance in V. corymbosum leaves was evaluated using gas ex-
change parameters, including An, gs, and E, together with water use efficiency, both
intrinsic (WUEi = An/gs) and apparent (WUE = An/E), as well as chlorophyll fluorescence
parameters of photosystem II (Fv/Fm, ®PSII, qP, qN, and ETR). All variables showed
significant differences among treatments, sampling times, and their interactions (p < 0.001)
(Figure 6, Tables 1 and 2). No clear temporal trends were observed. However, both cultivars
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showed a consistent response pattern, with WD and combined stress (Al + WD) producing
the strongest reductions in photosynthetic performance and water use efficiency.
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Figure 6. Photosynthetic parameters of V. corymbosum L. cultivars Legacy and Star, under combined
stress (Al + WD) and application of MeJA. (A) Photosynthesis net (An). (B) Stomatal Conductance
(gs). (C) Transpiration. Treatments included: Control, Aluminum (Al), WD, and combinations
with MeJA (Control + MeJA, Al + MeJA, WD + MeJA, Al + WD + MeJA). Different capital letters
indicate significant differences among times within each cultivar and treatment (ANOVA, Tukey
HSD, p < 0.05). Different lower case letter indicate significant differences among treatments with
each cultivar and time (ANOVA, Tukey HSD, p < 0.05). Asterisks (*) indicate significant differences
between cultivars for the same treatment and time.

s~! (Figure 6A). WD pro-
duced the strongest limitation to CO, assimilation, reducing An by 45-60% relative to the

Net photosynthesis ranged from 2.0 to 6.0 ptmol CO, m ™2
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control. Combined stress (Al + WD) also markedly decreased photosynthesis (35-50%),
whereas Al alone caused more moderate reductions of up to 30%. Exogenous MeJA pro-
moted an almost total recovery of photosynthetic performance (Figure 6A). An increase
of 25-40% in Al + MeJA and by 40-60% in WD + MeJA relative to their respective stress
treatments, with both reaching control values (Figure 6A). Under combined stress, MeJA
also promoted partial recovery, with An increase of 30-45% compared with Al + WD. The
Control + MeJA treatment showed a slight stimulation of photosynthesis (up to 10%),
suggesting a basal-promoting effect of jasmonate. Across treatments, Legacy maintained
consistently higher An values than Star (ca. 20%). Moreover, MeJA-induced recovery was
more stable in Legacy, which often returned to control levels (Figure 6A).

Table 1. Water use efficiency of V. corymbosum L. cultivars Legacy and Star, under conditions of
combined stress (Al + WD) and application of MeJA. Treatments included: Control, Aluminum (Al),
WD, and combinations with MeJA (Control + MeJA, Al + MeJA, WD + MeJA, Al + WD + MeJA).
Different capital letters indicate significant differences among treatments within each cultivar and
time (ANOVA, Tukey HSD, p < 0.05). Different lower case letter indicate significant differences
among treatments with each cultivar and time (ANOVA, Tukey HSD, p < 0.05). Asterisks (*) indicate
significant differences between cultivars for the same treatment and time.

WUEi (An/gs) WUE (An/E)

Time Treatments Legacy Star Legacy Star
Control 28.6 Aa* 19.2 Abc 3.6Aa* 2.1 Ab
Control + MeJA 294 Aa* 19.3 Abc 3.6 Aa* 2.1 AB
Al 20.5Bb * 13.6 Ac 25 Ab* 1.2 Ab
D Al + MeJA 28.7 Aa* 133 ¢ 3.3 Aab * 1.5 Ac
WD 18.1 Bb * 47.7 Aa* 23 Ab* 2.0 Ab
WD + MeJA 29.2 Aa 243 Ab 35Aa* 2.6 Aa
Al+ WD 239 Bab * 11.8 Bc 34 Aab * 1.8 Ab
Al + WD + MeJA 27.7 Aa* 18.6 Abc 34 Aab * 2.0 Ab
Control 27.7 Aa* 18.5 Ac 3.6 Ac* 2.2 Ab
Control + MeJA 28.8 Aa* 18.0 Ac 3.7Ab* 2.0 Ab
Al 299 Aa* 12.5 Ad 47Ba* 1.3 Ad
14D Al + MeJA 303 Aa* 19.1 Ac 39Bb* 2.1 Bb
WD 31.9 Aa 33.3 Ba 35Bc* 1.7 Ac
WD + MeJA 26.9 Aa 23.8 Ab 3.8ADb* 2.8 Aa
Al+ WD 24.8 Bb 20.5 Ac 35Ac* 3.0 Aa
Al + WD + MeJA 29.1 Aa* 18.8 Ac 34 Ac* 2.1 Bb
Control 284 Aa* 18.6 Ab 35Ac* 2.1 Ab
Control + MeJA 30.9 Aa* 18.8 Ab 34 Ac* 2.1 Ab
Al 27.6 Aa* 15.0 Ac 45Aa* 1.4 Ac
21D Al + MeJA 30.1 Aa* 18.2 Ab 3.7 Ac* 2.2 Ab
WD 30.6 Aa* 213Ca* 41Ab* 1.6 Ac
WD + MeJA 30.2 Aab * 23.3 Aa 33 Acd* 2.7 Aa
Al+ WD 29.0 Ab 21.5 Ab 35Ac* 2.8 Aa
Al + WD + MeJA 28.0 Aab * 18.2 Ab 30Ad* 2.1 Ab
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Table 2. Fluorescence parameters of V. corymbosum L. cvs. Legacy and Star, under conditions of
combined stress (Al + WD) and application of MeJA. Treatments included: Control, Aluminum (Al),
WD, and combinations with MeJA (Control + MeJA, Al + MeJA, WD + MeJA, Al + WD + MeJA).
Different lower case letter indicate significant differences among treatments with each cultivar and
time (ANOVA, Tukey HSD, p < 0.05).

Fv/Fm PDPSII qP qN ETR

Time Treatments Legacy Star Legacy Star Legacy Star Legacy Star Legacy Star
Control 0.80b 0.80a 0.184b 0166c 0252ab 0.176a 0.748g  0.824i 40.1b 382a

Ciﬁ;gzl * 0.80b 0.82b  0.187b  0.169c 0.263a 0.171ab 0.744g 0.824i 40.6 b 38.8a

Al 0.80b 076 g 0123e 0.075g 0.135g 0115g 0.845c 0.885d 26.7e 163 g

7D Al+MeJA  08la 0.79 ¢ 0.149d 0.153d 0.173e 0.167b  0.794e 0833g 324cd 333c
WD 0.79d 0.74 e 0.084 0.058 i 0.138 g 0.082j 0.862b 0918a  18.2h 12.7h

VMVSA-F 0.80b 0.781 0201a 0.119f 0.253 b 0.174a 0747g 0.826h 43.6a 259e

Al+ WD 0.79 ¢ 0.741 0.094g  0.0621i 0.158 f 0.099i 0.842c 0901b 205¢g 135h
All\-/k[e\/]VAD T 079d 0.79d 0.140e 0.131le 0.238 ¢ 0.146e 0762f  0.819j 30.5d 28.5d

Control 0.81a 0.80b 0181b 0.177b 0.251ab 0.174a 0.749g 0.826h 393D 385b

Ci/r[lgzl * 0.80b 0.81a 0.182b 0.174b  0.258a 0.176a 0742g  0.824i 39.6Db 388D

Al 0.78 e 0.76 0.105 £ 0.099 h 0136 g 0.176 a 0.864b 0.824 i 229f 215f

14D Al+MeJA 080D 0.79 ¢ 0.155d 0.173b  0.180d 0.173ab 0.820d 0.827h  34.8c¢ 37.6b
WD 0.77 f 0.75hi  0.077i 0070g 0.141g 0.108h 0.859b 0.892c¢ 16.8 1 152¢g

I\VXBA-'- 0.79 c 0.79 c 0.186b  0.133e 0.239 ¢ 0176a 0.761g  0.824i 40.4b 28.9d

Al+ WD 0.77 f 0.75h 0.0781  0.116f 0.137g  0.156d 0.863b  0.844f 1691 252e
All\j[Z]vAD T 079bc  079c¢d  0171c  0183b  0254b  0.156d  0746f 0844f 373d  39.7ab

Control 0.78 e 0.80a 0.179b 0.191a 0.256ab 0.180a 0.744g 0.820ij 39.8Db 40.5a

Cij[‘g(’Al T 078e 080a 0184b 0190a 0262a 0177a 0748g 08231 401b  402a
Al 0.79 be 0.76 f 0.088g  0.120f 0.130gh 0.167b 0.870b 0.833g 232f 26.1de

21D Al + MeJA 0.79 c 0.80c 0.164cd 0175b  0.184d 0.178a 0.816d 0.822ij 35.6e 38.1a
WD 0.78de 0.75hi  0.065j 0.076g  0.083h 0132f 0917b  0.868e 14.1 164 ¢g

I\VJIZSA+ 0.79d 0.80c 0.178bc 0.128e  0.252b 0.173ab 0.748g 0.827h  38.7c 27.8d

Al+WD 0.79d 075h  0.082h 0129e 0139g 0157d 086l1b 0843f 179hi 279d
All\;e\/]\/AD T 079bc  079c¢d  0171c  0179b  0.242c 0.162c¢ 0.758f 0.838fg 373d 389ab

Stomatal conductance ranged from 0.03 to 0.22 mol HyO m~2 s~1, while leaf transpi-
ration (E) varied between 0.8 and 4.5 mmol HyO m~2 s~! (Figure 6B,C). Both parameters
showed high sensitivity to the type of stress applied, with WD exerting the strongest effect
on stomatal regulation and gas exchange. The magnitude of stress impact followed the
same pattern observed for An (WD > Al + WD > Al). WD reduced gs and E by 40-60%
relative to the control, whereas combined stress and Al alone produced more moderate
decreases of up to 25% (Figure 6B,C). These results indicate that water limitation, rather
than Al toxicity, was the main driver of stomatal closure and reduced gas exchange in
both cultivars. Exogenous MeJA significantly improved gs and E under all stress condi-
tions (Figure 6B,C). In Al + MeJA, gs increased by 25-35% and E by 20-35% relative to
Al. Under WD, the recovery was stronger, with gs increasing by 50-60% and E by up
to 55% compared with WD. Under combined stress (Al + WD + MeJA), gs and E also
recovered markedly, with increases of approximately 50% and 30-45%, respectively. In
most cases, MeJA restored values close to the control, although WD + MeJA remained
slightly lower. The Control + MeJA treatment showed small increases (5-10%), suggesting
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a basal stimulatory effect of jasmonate under non-stressed conditions. Cultivar responses
differed markedly. Star exhibited higher gs and E under optimal conditions but showed
greater sensitivity to stress, with reductions exceeding 60% under WD and Al + WD. In
contrast, Legacy maintained more stable values and showed a more effective recovery after
MeJ A application, frequently reaching control levels (Figure 6B,C).

When calculating intrinsic water use efficiency (WUEi = An/gs) and apparent water
use efficiency (WUE = An/E), significant differences were observed depending on the
treatment, cultivar, and their interaction (p < 0.001) (Table 1). For WUE], values ranged from
8 to 50 pmol CO, mol~! H,O, with no defined temporal trend, but similar to the previous
parameters. Compared with the control, the Al treatment produced slight variations in
WUEI, with values close to those of the control (ca. 10%). In contrast, WD caused the largest
fluctuations, with both increases and decreases exceeding 50%, while combined stress
(Al + WD) showed intermediate changes of 10-20% (Table 1). The MeJA application sig-
nificantly stabilized the An/gs ratio and reduced stress-induced variability. In Al + MeJA,
WUEi increased by 10-20% compared to Al, WD + MeJA showed the most evident recovery
(15-30%), and Al + WD + MeJA increased by 10-25% compared to Al + WD, often reaching
or exceeding control values. Comparative analysis between cultivars revealed marked
differences in WUEiI stability. The Star cultivar showed moderate control values and much
wider fluctuations under stress, reflecting more unstable stomatal regulation. In contrast,
Legacy maintains more consistent values close to the control (Table 1).

Apparent WUE ranged from 0.5 to 5 umol CO; mmol~! H,O (Table 1). Unlike WUE;i,
the greatest fluctuations were observed under stress, particularly in the Star cultivar,
indicating high sensitivity of this parameter. Compared with the control, Al caused the
greatest reduction in WUE (ca. 50%), followed by combined stress (Al + WD; ca. 45%),
whereas WD produced a more moderate decline (ca. 30%). Exogenous MeJA markedly
improved WUE under all stress conditions. WUE increased by more than 50% in Al + MeJA
relative to Al, and by 3045% in WD + MeJA and Al + WD + MeJA compared with their
respective stress treatments. Clear cultivar differences were observed. Legacy maintained
higher and more stable WUE across treatments and sampling times, whereas Star showed
lower baseline values and stronger fluctuations, with reductions reaching 60% under Al
and Al + WD (Table 1).

Photosystem II (PSII) fluorescence parameters were analyzed, including Fv/Fm, ef-
fective quantum efficiency (®PSII), qP, qN, and ETR. All variables showed significant
differences among treatments, sampling times, cultivars, and their interactions (p < 0.05)
(Table 2). Overall, the fluorescence responses indicated a clear sensitivity of the photosyn-
thetic apparatus to abiotic stress, following the pattern WD > Al + WD > Al. A consistent
recovery after MeJA application. Maximum quantum efficiency showed optimal values
close to 0.80 in the control treatments of both cultivars. Stress treatments caused moderate
reductions: Al decreased Fv/Fm by about 6%, whereas WD and Al + WD reduced it
by approximately 9% relative to the control. The reductions were more pronounced in
Star, which reached the lowest value (0.74), while Legacy maintained more stable values
(ca. 0.78). Application of MeJA (Al + MeJA, WD + MeJA, Al + WD + MeJA) restored Fv/Fm
to values close to the control (ca. 0.79), indicating recovery of PSII photochemical efficiency
(Table 2).

The effective quantum efficiency of photosystem II (®PSII) ranged from 0.058 to 0.201.
Under control conditions, mean values were 0.184 in Legacy and 0.166 in Star, consistent
with high photosynthetic activity. Stress treatments caused pronounced reductions in
®PSIL. WD produced the strongest effect, decreasing ®PSII by 60% in Legacy and 65% in
Star. Combined stress (Al + WD) also reduced values by 45-55%, whereas Al alone caused
smaller decreases of 33% in Legacy and 55% in Star relative to the control. Exogenous MeJA
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significantly increased ®PSII under all stress conditions. In Al + MeJA, values increased by
25-35% relative to Al. Under WD + MeJA, ®PSII recovered to levels close to the control,
while Al + WD + MeJA improved values by about 40% compared with the combined stress
without MeJA. Across cultivars, Legacy consistently maintained higher and more stable
®PSII values and fully recovered with MeJA. In contrast, Star exhibited greater sensitivity
and wider fluctuations, with the strongest reductions under WD and Al + WD (Table 2).

Photochemical quenching ranged from 0.082 to 0.263, reflecting variability in the
proportion of open PSII reaction centers among treatments. Under control conditions,
mean values were higher in Legacy (0.252) than in Star (0.176), indicating a greater basal
photochemical efficiency in Legacy. Stress treatments reduced qP, with WD producing the
strongest decreases of about 60% in Legacy and 50% in Star. Combined stress reduced
by around 40% in both cultivars, while Al alone decreased qP by approximately 40% in
Legacy and 50% in Star. Application of MeJA promoted substantial recovery of qP. The
values increased by about 30% in Al + MeJA and Al + WD + MeJA relative to Al, whereas
WD + MeJ A restored qP to levels similar to or higher than the control. Across treatments,
Legacy maintained consistently higher qP values than Star and showed a more complete
recovery after MeJA application.

Non-photochemical quenching showed an opposite pattern, ranging from 0.744 to
0.918 and increasing under stress conditions. Control values were 0.749 in Legacy and 0.823
in Star. Stress treatments increased qN by 16% in Legacy and 8% in Star under Al, by about
20% under WD, and by approximately 15% under combined stress. In contrast to the other
fluorescence parameters, MeJA reduced gN under both individual and combined stress,
restoring qN values close to those of the control. Although Star exhibited higher basal N
values, Legacy showed stronger relative activation and a more efficient response to MeJA
(Table 2).

Under control conditions, average ETR values were approximately 40 umol e~ m 2

st
with no significant differences between cultivars, indicating efficient electron transport and
high PSII activity. Stress treatments reduced ETR following the same pattern observed for
the other fluorescence parameters (WD > Al + WD > Al). WD caused the strongest declines,
reducing ETR by up to 55% in Legacy and 65% in Star. Combined stress produced similar
decreases of about 50% in Legacy and 65% in Star, whereas Al alone caused more moderate
reductions of approximately 35% in Legacy and 50% in Star.

MeJ A significantly improved ETR under stress. In Al + MeJA and Al + WD + MeJA,
ETR increased by up to 45% relative to Al, while WD + MeJA produced the strongest
recovery, with values exceeding those of the control. Consistent with the other fluorescence
parameters (Fv/Fm, ®PSII, and qP), Legacy maintained higher ETR values than Star across
treatments, averaging about 20% greater values and showing a more effective recovery
after MeJA application (Table 2).

To support the results for photosynthesis and fluorescence, the content and proportions
of photosynthetic pigments were analyzed in leaves of V. corymbosum (cultivars Legacy
and Star), including chlorophyll a, chlorophyll b, carotenoids, and the ratios Chl a/b
and Chl/Car (Figure 7 and Tables 3 and 4). Significant differences were observed among
treatments, cultivars, sampling times, and their interactions (p < 0.001 for chlorophylls
and p < 0.05 for carotenoids). Overall, stress treatments caused marked reductions in
chlorophyll content accompanied by relative increases in carotenoids and activation of
the xanthophyll cycle, particularly in the Legacy cultivar. No clear temporal trends were
observed. Instead, responses were mainly associated with stress intensity, following the
pattern Al + WD > WD > Al
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Figure 7. Quantification of pigments on leaves of V. corymbosum L. cultivars Legacy and Star, under
conditions of combined stress (Al + WD) and application of MeJA. (A) Chlorophyll a. (B) Chlorophyll
b. Treatments included: Control, Aluminum (Al), WD, and combinations with MeJA (Control + MeJA,
Al + MeJA, WD + MeJA, Al + WD + MeJA). Different capital letters indicate significant differences
among times within each cultivar and treatment (ANOVA, Tukey HSD, p < 0.05). Different lower
case letter indicate significant differences among treatments with each cultivar and time (ANOVA,
Tukey HSD, p < 0.05). Asterisks (*) indicate significant differences between cultivars for the same
treatment and time.

Chlorophyll a and b concentrations showed contrasting responses between cultivars
under stress and MeJA application (Figure 7). In Legacy, chlorophyll a remained relatively
stable across treatments and evaluation times, with reductions generally low about 10 to 15%
relative to the control (Figure 7A). The lowest values were observed under WD conditions,
whereas MeJA maintained or slightly increased chlorophyll a under WD + MeJA and
WD + Al + MeJA treatments. In contrast, Star showed higher basal chlorophyll a levels
than Legacy. Still, there was also a stronger decrease in pigment under stress conditions
(Figure 7A). Aluminum stress reduced chlorophyll a by approximately 20-25%, while WD
and WD + Al caused reductions close to 30-40% relative to the control. MeJA partially
restored chlorophyll a levels under WD + MeJA conditions, although this effect was less
consistent under combined stress treatments. Overall, Legacy maintained greater pigment
stability, whereas Star showed higher sensitivity to stress progression (Figure 7A). In Legacy,
chlorophyll b values remained relatively stable across treatments. However, MeJA increased
pigment concentration by approximately 10-20% under WD + MeJA and WD + Al + MeJA
relative to the corresponding stress treatments (Figure 7B). In contrast, Star showed marked
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reductions in chlorophyll b under stress conditions. Aluminum stress reduced chlorophyll
b by approximately 25-35%, whereas WD and WD + Al caused reductions of 40-50%
relative to the control. The lowest values were observed under WD + Al conditions at
7 days. Therefore, Star exhibited the greatest decline in chlorophyll b, whereas Legacy
maintained greater pigment stability throughout stress treatments (Figure 7B).

Table 3. Ratio of chlorophyll a to chlorophyll b and total chlorophylls to total carotenoids V. corym-
bosum L. cultivars Legacy and Star, under conditions of combined stress (Al + WD) and applica-
tion of MeJA. Treatments included: Control, Aluminum (Al), WD, and combinations with MeJA
(Control + MeJA, Al + MeJA, WD + MeJA, Al + WD + MeJA). Different capital letters indicate signif-
icant differences among times within each cultivar and treatment (ANOVA, Tukey HSD, p < 0.05).
Different lower case letter indicate significant differences among treatments with each cultivar and
time (ANOVA, Tukey HSD, p < 0.05). Asterisks (*) indicate significant differences between cultivars

for the same treatment and time.

Chll a/Chll b Chll/Car
Time Treatments Legacy Star Legacy Star
Control 33Ab* 2.6 Ac 3.9 Aab * 3.5 Ab
Control + MeJA 33Ab* 2.5 Ac 45Aa* 3.2 Ab
Al 34 Ab 3.4 Ab 2.6 Ac 3.8 Aab *
D Al + MeJA 4.0 Aab * 3.3 Ab 3.1 Ab 3.7 Aab *
WD 35ADb* 3.0 Ab 3.7 Aab 3.8 Aab
WD + MeJA 3.6 Ab* 3.0 Ab 3.6 Aab 39Aa*
Al+ WD 4.7 Aa 58 Aa* 3.5 Aab 3.6 Ab
Al + WD + MeJA 4.3 Aa 4.7 Aa* 3.6 Aab * 33 Ab
Control 34 Ab* 3.1 Ab 4.0 Aab * 34 Ab
Control + MeJA 3.0 Ab* 2.6 Ac 45Aa* 3.4 Ab
Al 29 Ab* 2.7 Ac 2.6 Ac 34 Ab*
14D Al + MeJA 3.0ADb* 2.8 Ac 3.1 Ab 3.7 Aab *
WD 42 Aa* 3.3 Ab 4.7 Aa* 4.1 Aa
WD + MeJA 2.6 Bb 32Ab* 3.7 Aab 39 Aa
Al+ WD 3.6 Aab * 2.8 Ac 3.6 Ab* 2.8 Bb
Al + WD + MeJA 3.1 Ab 3.1 Ab 3.8 Aab * 2.9 Bb
Control 35Ab* 2.6 Ac 4.1 Aab * 3.4 Ab
Control + MeJA 32Ab* 2.6 Ac 43 Aa* 3.4 Ab
Al 2.8 Ab 32Ab* 3.8 Aab * 35 ADb
21D Al + MeJA 3.1Ab* 3.0 Ab 4.1 Aab * 3.6 Ab
WD 2.8 Bb 2.7 Ac 4.1 Aab * 39 Aa
WD + MeJA 33ADb* 2.7 Ac 44 Aa* 3.8 Aa
Al + WD 3.0 Ab 3.6Aa* 2.8 Bc 2.9 Bb
Al + WD + MeJA 3.0 Ab 3.3 Aab 2.9 Bb 2.9 Bb
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Table 4. Quantification of carotenoids on leaves of V. corymbosum L. cvs. Legacy and Star, under conditions of combined stress (Al + WD) and application of MeJA.
Treatments included: Control, Aluminum (Al), WD, and combinations with MeJA (Control + MeJA, Al + MeJA, WD + MeJA, Al + WD + MeJA). Different lower case
letters indicate significant differences between treatments within each cultivar and time (ANOVA, Tukey HSD, p < 0.05).

Legacy Star
Time Treatments Beta Lutein Neoxanthin  Violaxanthin  Anteraxanthin Beta Lutein Neoxanthin Violaxanthin  Anteraxanthin
Carotene Carotene

Control 58.7 ¢ 122.1d 53.0d 63.4d 65e 66.3 a 193.3 a 76.1b 113.7 a 11.1b

Cﬁ;‘: * 60.9 be 126.8 d 51.3d 66.1d 63e 67.1a 2045a 81.0 ab 1162 a 11.3b

Al 82.1a 183.3 a 82.6 b 89.3b 91c 440 c 916 f 46.0 f 51.1d 10.8b

7D Al + MeJA 85.3a 1873 a 80.3b 68.6 d 10.7 ¢ 455¢ 98.2 f 455 f 56.3 d 10.7b
WD 44 .4 de 143.7 ¢ 46.0 e 89.2b 9.2c¢ 68.2a 155.6d 575e 64.7 ¢ 16.2a

WD + MeJA 57.2c¢c 148.5b 54.8d 85.4Db 13.6b 73.8 a 1742 b 68.3 ¢ 77.9 bc 16.2 a
Al + WD 39.3e 170.5 ab 77.7b 75.1c¢ 15.7b 62.7 ab 1408 e 68.6 C 65.5 ¢ 12.9 ab
All\;e\;\;]? * 519d 167.4 ab 84.7b 65.5d 15.0b 66.7 a 153.4d 70.7 ¢ 73.7b 12.9 ab

Control 56.3 ¢ 1199d 51.0d 62.0d 64e 65.3 a 198.1a 75.0 bc 1113 a 12.2b

Cif;gzl * 64.2 be 121.5d 51.1d 65.0d 64e 674 a 196.0 a 85.9 a 110.6 a 115b

Al 61.3b 1939 a 91.6 ab 101.3 a 13.6b 61.7 ab 183.9 ab 68.4 ¢ 80.2b 10.7b

14D Al + MeJA 80.7 a 195.5a 919 ab 72.1 bc 14.1b 66.5 a 191.6 a 8l.6a 80.3b 109b
WD 40.2 e 82.6 e 476 ¢ 445 e 99 c 56.6 b 1599d 64.8 d 65.5 ¢ 13.0b
WD + MeJA 62.6 bc 175.7 ab 1059 a 1034 a 193 a 65.5 a 185.0 ab 79.1b 759b 14.1 ab
Al+ WD 489d 1555b 81.7b 64.7 d 14.8b 68.7 a 171.7 b 824 a 69.6 bc 13.6 ab
All\j[e‘;‘f * 59.5b 151.9b 84.6 b 71.2 be 188 a 68.3a 179.9b 83.4a 79.5b 13.6 ab

Control 55.7 ¢ 120.7d 540d 62.6d 62e 66.3 a 196.8 a 73.3 bc 1114 a 11.6Db

C;’\f[‘ggl * 65.2 bc 121.2d 51.6d 62.7d 64e 68.3a 2013 a 842a 111.1a 11.1b

Al 63.9b 143.6 ¢ 68.1c¢ 74.3 ¢ 12.9 bc 61.6 ab 175.0b 73.6 bc 104.3 a 8.6 ¢

21D Al + MeJA 84.8 a 149.5b 68.9 ¢ 67.6d 18.1a 66.7 a 185.6 ab 782b 106.7 a 10.8b
WD 455e 141.7 c 60.4 ¢ 62.0d 83 cd 55.0 b 181.0 ab 69.6 ¢ 100.1 a 69d

WD + MeJA 63.4b 137.8 ¢ 61.0c 785 ¢ 53e 64.2 a 197.1a 80.9 ab 100.7 a 8.5¢

Al + WD 61.2b 156.6 b 65.8 ¢ 62.5d 79d 67.8 a 196.2 a 84.2 a 1039 a 75d
All\;e\;\]AD * 64.0b 1514b 70.0 c 63.1d 13.6 b 67.8 a 2023 a 83.6 a 102.0 a 12.5ab
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The chlorophyll a/b ratio ranged from 2.5 to 4.1 and showed significant variation
depending on stress conditions and MeJ A application (Table 3). Under control conditions,
mean values were 3.5 in Legacy and 2.5 in Star. Stress treatments reduced this ratio, with
the largest decreases under Al + WD (up to 25%), followed by WD (around 20%) and Al
(approximately 10%). The exogenous application of MeJA increased the Chl a/b ratio by
20-30% relative to the respective stress treatments, restoring it to values close to those of
the control. Across treatments, Legacy maintained consistently higher Chl a/b values than
Star. Similarly, the ratio between total chlorophylls and carotenoids (Chl/Car) ranged from
2.6 to 5.8 and showed significant variation among treatments and cultivars (Table 3). Under
control conditions, values averaged 4.0 in Legacy and 3.4 in Star. Combined stress reduced
the Chl/Car ratio by 15-20% in both cultivars. Under WD, Legacy showed moderate
increases of about 10%, whereas Star remained close to control values. In the Al stress
condition, contrasting responses were observed between cultivars, with a reduction of
about 20% in Legacy and an increase of up to 60% in Star. The exogenous application of
Me]J A restored Chl/Car values to levels close to those of the control in Legacy, whereas Star
continued to show greater variability. Overall, Legacy maintained higher and more stable
Chl/Car ratios than Star, indicating greater stability of the photosynthetic apparatus under
stress (Table 3).

Accessory carotenoids were quantified because of their roles in photochemical protec-
tion and antioxidant responses to abiotic stress. The pigments (3-carotene, lutein, neoxan-
thin, violaxanthin, and antheraxanthin showed significant differences among treatments,
cultivars, and their interaction (p < 0.05) (Table 4). 3-carotene content differed significantly
among treatments, ranging from 40 to 85 pg g~ ! FW in Legacy and from 40 to 75 ug g !
FW in Star. Under control conditions, both cultivars showed similar concentrations of
approximately 60 pg g =1 FW. Under AI3* stress, the response differed between cultivars:
[3-carotene increased by up to 40% in Legacy but decreased by about 35% in Star compared
with the control. Under combined stress (Al + WD), concentrations initially declined but
stabilized toward the end of the experimental period, remaining about 10% below control
levels. Meanwhile, WD alone decreased (-carotene levels in both cultivars, with reduc-
tions of up to 30% in Legacy and 20% in Star. Exogenous application of MeJA stimulated
[-carotene biosynthesis. In WD + MeJA, concentrations increased by approximately 40%
compared with WD, while in Al + WD + MeJA, the increase reached about 30%. In contrast,
Al + MeJ A treatments maintained 3-carotene levels close to those observed under control
conditions. Across treatments, Legacy generally maintained (3-carotene concentrations
10-20% higher than Star, indicating greater stability of carotenoid metabolism under stress
conditions (Table 4).

Lutein content also showed significant differences among treatments, ranging from 80
to 200 pg g ! FW depending on stress conditions and MeJA application (Table 4). Under
control conditions, the Legacy and Star cultivars showed average concentrations of 122 and
193 ug g~ ! FW, respectively. Under AI®* stress, the responses differed between cultivars.
In Legacy, lutein increased significantly, reaching values 40-60% higher than the control,
whereas in Star, concentrations decreased by up to 50%. Under combined stress (Al + WD),
intermediate responses were observed, with lutein increased by up to 30% in Legacy
but decreased by about 20% in Star. WD alone caused temporary fluctuations in Legacy,
whereas in Star, lutein remained consistently lower, with reductions of approximately 20%
compared with the control. Exogenous MeJA promoted recovery of lutein levels in both
cultivars, restoring concentrations to values similar to or higher than those observed under
control conditions. Across treatments, Legacy showed greater stability in lutein content,
whereas Star exhibited higher basal levels, stronger declines under stress, and greater
overall variability (Table 4).
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Neoxanthin content showed significant differences among treatments, ranging from
45 to 110 pg g~! FW in Legacy and from 45 to 90 ug g~! FW in Star (Table 4). Under
control conditions, the Legacy and Star cultivars presented average concentrations of 53
and 76 pg g~ ! FW, respectively. Under AI** stress, contrasting responses were observed
between cultivars. In Legacy, neoxanthin increased markedly, reaching values 40-80%
higher than the control, whereas in Star, concentrations initially decreased by approximately
40%. Under combined stress (Al + WD), Legacy maintained relatively high and stable levels
(20-30% above control values), while Star showed intermediate responses, approaching
control levels toward the end of the experimental period. WD alone caused moderate
decreases in neoxanthin in both cultivars, which were more pronounced in Star (20-25%)
than in Legacy (10-15%). Exogenous Me]A application significantly modulated neoxanthin
accumulation. In Legacy, MeJA promoted a strong recovery under WD, with increases
of 50-120% compared with WD, while under combined stress, moderate increases of
approximately 10% were observed relative to Al + WD. In contrast, Al + MeJA treatments
maintained neoxanthin concentrations close to those observed under AI** stress alone. In
Star, MeJ A induced partial recovery under all stress conditions, with increases of 10-20%
compared with treatments without MeJA, although values did not fully reach control levels
(Table 4).

Xanthophyll pigments associated with the VAZ cycle were quantified, and violaxan-
thin showed significant variation among treatments, ranging from 40 to 120 ug g~! FW
depending on stress conditions and MeJA application (Table 4). Under control conditions,
the Legacy and Star cultivars presented average values of approximately 60 and 110 pg g~
FW, respectively. Under AI3* stress, contrasting responses were observed between cultivars.
In Legacy, violaxanthin increased consistently relative to the control, reaching values up to
60% higher. In contrast, Star showed a sustained decrease of up to 50% compared with the
control, with the strongest reduction occurring during the early stages of the experiment.
Under WD and combined stress (Al + WD), cultivar-specific responses were also observed.
In Legacy, violaxanthin initially increased (approximately 40% relative to the control) and
later stabilized near control levels toward the end of the experimental period. In contrast,
WD consistently reduced violaxanthin levels in Star, resulting in decreases of up to 40%
compared with the control. Exogenous MeJA application modulated violaxanthin accu-
mulation in both cultivars. In Legacy, MeJ A reduced the Al**-induced overaccumulation
(up to 20% relative to Al). Under WD + MeJA, violaxanthin increased markedly, ranging
from 20% to 130% compared with WD, depending on the sampling time, restoring levels
close to or above those of the control. Under combined stress (Al + WD + MeJA), moderate
increases of approximately 10% were observed compared with Al + WD. In Star, MeJA
promoted partial recovery under all stress conditions, with increases of up to 10% under
Al + MeJA, 20% under WD + MeJA, and 15% under Al + WD + MeJA relative to the respec-
tive stress treatments without MeJA, although values did not consistently reach control
levels (Table 4).

Antheraxanthin content showed significant differences among treatments, ranging
from 5.3 to 19.3 ug g~ ! FW in Legacy and from 6.9 to 16.2 ug g~! FW in Star (Table 4).
Under control conditions, the Legacy and Star cultivars presented average values of 6.4 and
11.6 ug g~ ! FW, respectively. Combined stress (Al + WD) produced the largest increases
in antheraxanthin, reaching approximately 130% above control values in Legacy and 15%
in Star. Under AI%* stress, Legacy showed sustained increases of 40-110% relative to the
control, whereas Star showed moderate decreases. WD alone induced moderate increases
in Legacy (up to 55%). In contrast, Star showed a more variable response, with an initial
increase of approximately 45% followed by a decrease of up to 40% toward the end of the
experimental period. The exogenous application of MeJA increased antheraxanthin levels
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under all stress conditions. In Legacy, the strongest stimulation occurred under WD (95%
vs. WD), followed by combined stress (40% vs. Al + WD) and AI%* stress (30% vs. Al). In
Star, MeJA produced more moderate increases, generally between 10% and 20%, mainly
under WD and combined stress. Across treatments, Star exhibited higher basal levels of
antheraxanthin but greater temporal variability, whereas Legacy showed more consistent
increases under stress conditions (Table 4).

3.4. Antioxidant Response in Vaccinium corymbosum L. Under Aluminum Stress and
Water Deficit

Lipid peroxidation (LP) showed highly significant differences among treatments,
cultivars, and their interaction (p < 0.001) (Figure 8A). Lipid peroxidation values ranged
from 35 to 230 nmol g~! FW, reflecting strong variation depending on stress conditions and
Me]J A application. Under control conditions, both cultivars showed similar baseline levels,
with average values close to 50 nmol g~! FW. All stress treatments significantly increased
LP concentration. Under Al** stress, LP levels increased by 140-160% in Legacy and by
180-210% in Star compared with the control. WD produced an even stronger effect, with
increases of 200-250% in both cultivars. Combined stress (Al + WD) further intensified
lipid peroxidation, reaching increases of up to 240% in Legacy and 270% in Star relative to
control plants. Overall, LP accumulation was consistently higher under WD and combined
stress than under AI** alone, indicating a stronger contribution of dehydration to oxidative
damage in leaf tissues (Figure 8A). Exogenous MeJA application significantly reduced
LP concentrations under all stress treatments (Figure 8A). Under AI3* stress (Al + MeJA),
LP levels decreased by 30—45% in Legacy and 25-35% in Star compared with Al alone.
Under WD (WD + MeJA), the reduction was more pronounced, reaching 40-55% in Legacy
and 30-40% in Star. Under combined stress (Al + WD + MeJA), LP concentrations also
declined substantially, by 30-40% in Legacy and 25-35% in Star relative to Al + WD. Across
treatments, Legacy consistently maintained lower LP levels than Star, with differences
ranging from 15% to 30%. In addition, the reduction promoted by MeJA was generally more
pronounced in Legacy, particularly under WD, whereas Star showed greater variability
and a less complete recovery of LP levels (Figure 8A).

Lipid peroxidation in roots showed significant differences among treatments, cultivars,
and their interaction (p < 0.001) (Figure 9B). LP values ranged from 20 to 150 nmol g~ FW,
indicating lower oxidative damage than that observed in leaves but with a response strongly
dependent on stress conditions and MeJA application. Under control conditions, Legacy
and Star showed low basal LP levels (28.4 + 3.1 and 34.1 & 2.9 nmol g~ ! FW, respectively),
with no significant differences between cultivars. Aluminum stress significantly increased
LP concentration, reaching increases of 110-130% in Legacy and 130-170% in Star relative
to the control. WD produced even greater increases in lipid peroxidation, with LP rising
by 120-150% in Legacy and 140-170% in Star. Combined stress (Al + WD) resulted in
the highest LP accumulation in roots for both cultivars, exceeding 200% of control values
(Figure 9B). Exogenous MeJA application reduced LP concentrations in roots under all
stress treatments (Figure 8B). In Al + MeJA, LP levels decreased by 25-35% compared with
Al alone. Under WD + MeJ A, reductions ranged from 30 to 40%, while under combined
stress (Al + WD + MeJA), LP decreased by 25-35%. The mitigation effect was generally more
pronounced in the Legacy cultivar. In several treatments, LP concentrations approached
baseline levels after 21 days, suggesting partial recovery of the antioxidant status in root
tissues. Across treatments, Star consistently showed LP values 15-25% higher than those
observed in Legacy and exhibited greater temporal variability.
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Figure 8. Lipid peroxidation of V. corymbosum L. cultivars Legacy and Star, under conditions of
combined stress (Al + WD) and application of MeJA. (A) Leaves. (B) Roots. Treatments included: Con-
trol, Aluminum (Al), WD, and combinations with MeJA (Control + MeJA, Al + MeJA, WD + MeJA,
Al + WD + MeJA). Different capital letters indicate significant differences among times within each
cultivar and treatment (ANOVA, Tukey HSD, p < 0.05). Different lower case letter indicate significant
differences among treatments with each cultivar and time (ANOVA, Tukey HSD, p < 0.05). Asterisks
(*) indicate significant differences between cultivars for the same treatment and time.

The activation of the antioxidant system in both cultivars was evaluated in response
to oxidative stress induced by abiotic stresses and by exogenous MeJA application. An-
tioxidant activity, total phenols, and SOD activity showed significant differences among
treatments, cultivars, sampling times, and their interactions (p < 0.001) (Figures 9 and 10). In
general, antioxidant activity was higher in leaves (Figure 9) than in roots (Figure 10), which
may be associated with the previously observed greater lipid peroxidation in leaf tissues.
In addition, antioxidant-related parameters tended to increase under stress conditions and
after MeJA application in both cultivars (Figure 9). Antioxidant activity was 2—4 times
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higher in leaves (Figure 9) than in roots (Figure 10). Antioxidant activity also increased
over time, reaching maximum values at 21 days, particularly in treatments with MeJA such

as WD + MeJA and Al + WD + MeJA (Figures 9A and 10A).

Figure 9. Leaves antioxidant response of V. corymbosum L. cultivars Legacy and Star, under com-
bined stress (Al + WD) and application of MeJA. (A,D) Antioxidant Activity, (B,E) Total Phenols,
(C,F) SOD activity. Treatments included: Control, Aluminum (Al), WD, and combinations with MeJA
(Control + MeJA, Al + MeJA, WD + MeJA, Al + WD + MeJA). Different capital letters indicate signif-
icant differences among times within each cultivar and treatment (ANOVA, Tukey HSD, p < 0.05).
Different lower case letters indicate significant differences among treatments within each cultivar and
time (ANOVA, Tukey HSD, p < 0.05). Asterisks (*) indicate significant differences between cultivars
for the same treatment and time.
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Figure 10. Antioxidant response of V. corymbosum L. cultivars Legacy and Star, under combined stress
(Al+ WD) and application of MeJA. (A,D) Antioxidant Activity, (B,E) Total Phenols, (C,F) SOD activity.
Treatments included: Control, Aluminum (Al), WD, and combinations with MeJA (Control + MeJA,
Al + MeJA, WD + MeJA, Al + WD + MeJA). Different capital letters indicate significant differences
among times within each cultivar and treatment (ANOVA, Tukey HSD, p < 0.05). Different lower
case letters indicate significant differences among treatments within each cultivar and time (ANOVA,
Tukey HSD, p < 0.05). Asterisks (*) indicate significant differences between cultivars for the same
treatment and time.
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In leaves, antioxidant activity ranged from 3500 to 10,000 ug Trolox g~ FW, showing
strong variation depending on stress conditions, exposure time, and MeJA application
(Figure 9A). Under control conditions, both cultivars showed similar values with no
significant differences, indicating comparable constitutive antioxidant capacity. However,
under stress conditions, large differences were observed (Figure 9A). Aluminum treatment
produced moderate increases of 20-35% in Legacy. WD induced the strongest response,
with increases of 60-100%, while combined stress (Al + WD) produced intermediate
increases of 50-70% relative to the control. The application of MeJA further enhanced
antioxidant activity in both cultivars. In Al + MeJA, values increased by 25-40% compared
with Al (Figure 9A). Under WD + MeJ A, increases ranged from 40 to 70% relative to WD,
and in Al + WD + MeJ A, increases reached 45-80% compared with Al + WD, corresponding
to the highest values recorded in the study. Between cultivars, Star generally showed higher
antioxidant activity than Legacy, with differences of 15-30%, particularly under WD and
WD + MeJA and most clearly at 21 days (Figure 9A).

Total phenols showed trends similar to those observed for antioxidant activ-
ity, with concentrations in leaves approximately three times higher than in roots
(Figures 9B and 10B). Maximum phenolic accumulation was observed in treatments with
MeJA (WD + MeJA and Al + WD + MeJA), although the peak occurred at 14 days rather
than 21 days. In leaves, total phenol concentrations ranged from 10 to 80 mg CAE g~!
FW, indicating strong variation depending on stress conditions and MeJA application
(Figure 9B). Under AI%* stress, moderate increases were observed in both cultivars, reach-
ing 20-35% in Legacy and 40—-65% in Star relative to the control. WD produced the strongest
phenolic response, with increases of 70-110% in Legacy and 90-130% in Star (Figure 9B).
Combined stress (Al + WD) also induced substantial increases, ranging from 60 to 100%
compared with the control. Exogenous MeJA application enhanced phenolic accumulation
in all stress treatments. In Al + MeJA, phenol levels increased by 20-30% compared with Al
alone. The WD + MeJA treatment produced the highest values observed in the study, reach-
ing increases of 120-185% relative to the control. In Al + WD + MeJA, intermediate values
were recorded, indicating partial recovery under combined stress. Across treatments, the
Star cultivar accumulated on average 20-40% more total phenols than Legacy, particularly
under WD and combined stress conditions (Figure 9B).

To evaluate the activation of the enzymatic antioxidant system, SOD activity was
quantified. This activity in leaves and roots showed statistically significant differ-
ences among treatments, sampling times, cultivars, and their interactions (p < 0.001)
(Figures 9C and 10C). A clear spatial pattern was observed, with SOD activity approx-
imately 1.5 times higher in leaves than in roots (Figures 9C and 10C). A temporal pattern
was also detected, with maximum enzyme activity recorded at 21 days. In leaves, SOD
activity ranged from 120 to 360 U mg~! protein, with variations depending on stress
conditions, exposure time, and MeJA application (Figure 9C). Under control conditions,
both cultivars showed similar baseline SOD levels (approximately 150 U mg~! protein),
indicating a stable redox balance. Under AI** stress, SOD activity increased moderately,
reaching values up to 40% higher than the control. WD induced a stronger increase, ranging
from 60 to 80%, whereas combined stress (Al + WD) produced the most pronounced re-
sponse, with increases of 100-120% above control values, particularly in the Legacy cultivar
(Figure 9C). The exogenous application of MeJA further enhanced SOD activity under all
stress treatments. In Al + MeJA, enzyme activity increased by 35-50% compared with Al
alone. Under WD + MeJ A, increases of 70-80% were observed, while in Al + WD + MeJA,
SOD activity reached the highest values recorded in the experiment, approximately 120%
above control levels. Regarding cultivar differences, Legacy consistently showed higher
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SOD activity than Star, with values approximately 20-30% greater across treatments. In
contrast, Star exhibited larger temporal fluctuations in enzyme activity (Figure 9C).

At the root level, antioxidant activity ranged from 1000 to 3000 ug Trolox g~ ! FW,
consistently lower than that observed in leaves (Figure 10A). Under AI** stress, antioxidant
activity increased moderately, with values 20-30% higher than the control. WD induced a
stronger response, with increases of 40-70%, whereas combined stress produced a more
variable response, with the highest values recorded at 21 days, ranging from 25 to 90%
above control levels (Figure 10A). The MeJA application further stimulated antioxidant
activity under all stress conditions. In Al + MeJA, increases of 25-40% were observed
compared with Al alone. Under WD + MeJ A, the response was more pronounced, reaching
increases of 50-70% relative to WD. In Al + WD + MeJA, antioxidant activity increased
by 20-40% compared with Al + WD. Across treatments, the Star cultivar consistently
showed higher antioxidant activity than Legacy, with differences of approximately 20-25%,
particularly under WD and WD + MeJA, indicating a stronger activation of the non-
enzymatic antioxidant system in this cultivar (Figure 10A).

In roots, total phenols ranged from 4 to 28 mg CAE g~! FW (Figure 10B). Under
control conditions, both cultivars showed some variability across sampling times but
remained within similar baseline ranges. The stress treatments followed patterns similar

to those observed in leaves. Under Al3*

stress, phenolic levels increased moderately by
25-40% compared with the control. WD induced a stronger response, with increases of
60-80%. In contrast, combined stress (Al + WD) resulted in intermediate increases of
around 50% relative to control plants (Figure 10B). The exogenous application of MeJA
significantly stimulated phenolic accumulation in roots under all stress conditions. The
pattern of response was similar to that observed in leaves, with increases following the
order WD + MeJA > Al + WD + MeJA > Al + MeJA. Differences between cultivars were
less pronounced than those observed in leaves, but Star showed slightly higher values than
Legacy (10-20%), particularly under WD and WD + MeJA (Figure 10B).

Superoxide dismutase activity in roots showed significant differences among treat-
ments, cultivars, sampling times, and their interaction (p < 0.001) (Figure 10C). Values
ranged from 90 to 310 U mg~! protein and were consistently lower than those observed
in leaves. Under AI* stress, SOD activity increased by 30-40% compared with the con-
trol. WD produced a stronger response, with increases of 60-75%, while combined stress
(Al + WD) resulted in the highest SOD activity observed in the absence of MeJA, reaching
increases of up to 100% relative to the control (Figure 10C). As observed in leaves, the ex-
ogenous application of MeJA further stimulated SOD activity under all stress conditions. In
Al + MeJA, SOD activity increased by 25-30% compared with Al alone. Under WD + MeJA,
increases of 40-50% were detected relative to WD, while in Al + WD + MeJA, the highest
SOD values in roots were observed, reaching increases of up to 120% compared with the
control. Regarding cultivar differences, the general pattern was similar to that observed
in leaves. Legacy consistently exhibited higher SOD activity than Star, with differences of
approximately 20-25% and a more stable response over time (Figure 10C).

3.5. Principal Component Analysis (PCA) and Correlation

Multivariate principal component analysis (PCA) and correlation analyses were per-
formed considering the three experimental time points (7, 14, and 21 days), the two cultivars
(Legacy and Star), and the two analyzed tissues (leaves and roots). For the PCA, all physi-
ological and biochemical variables measured in each tissue were included and analyzed
separately. Correlation analyses focused mainly on the relationships among the main stress
treatments (Al, WD, and Al + WD) and on differences between tissues.
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In the PCA of leaf variables, the first two principal components (PC1 and PC2) con-
sistently explained more than 50% of the total variance, although the cumulative variance
never exceeded 60%. This distribution reflects the relatively high number of variables
included in the analysis (more than 25), which tends to distribute the explained variance
across multiple components. However, when the first four components (PC1-PC4) were
considered together, the cumulative explained variance exceeded 70% (Figure 11).
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Figure 11. Principal Component Analysis (PCA) of physiological and biochemical parameters in
leaves (A) and roots (B) of V. corymbosum cultivars Legacy and Star after 21 days of treatment. PCA
scores plot showing the distribution and separation of treatments for both cultivars under control,
aluminum (Al), WD, and combined Al + WD stresses, with or without MeJA application. Variables
included in the analysis were: aluminum accumulation (Al), auxins (Aux), leaf water potential
(¥w), relative water content (RWC), proline content (Pro), net photosynthetic rate (An), stomatal
conductance (gs), E, effective quantum yield of Photosystem II (PPSII), maximum quantum efficiency
of Photosystem II (Fv/Fm), photochemical quenching (qP), non-photochemical quenching (qN),
electron transport rate (ETR), water use efficiency (WUE), intrinsic water use efficiency (WUE;),
chlorophyll a (Chl a), chlorophyll b (Chl b), lutein (Lut), neoxanthin (Neo), violaxanthin (Viol),
antheraxanthin (Antera), lipid peroxidation (LP), antioxidant activity (A.A.), total phenols (TP), and
superoxide dismutase activity (SOD).

The variables with the greatest contribution to the first principal component (PC1)
were Al (Al accumulation), An, LP (lipid peroxidation), and proline, which showed the
highest negative correlations. The second component (PC2) was mainly associated with
auxins, water use efficiency (WUE), and chlorophyll-related variables, with a smaller
contribution from xanthophyll pigments.
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This multivariate structure indicates that variables related to oxidative stress (LP, Pro,
and Al) and photosynthetic performance (An, ETR, and ®PSII) are primarily responsible for
distinguishing responses between treatments. Although the relationships among variables
varied slightly across sampling times, the general patterns of association were maintained.

As the greatest physiological and biochemical differences were observed at 21 days in
most parameters, this time point was used as a representative model for PCA interpretation
(Figure 11A). Strong associations were observed among LP, Pro, Al, and qN, indicating
a close relationship between oxidative stress, osmoprotectant accumulation, and non-
photochemical energy dissipation. Photosynthetic variables such as An, ETR, ®PSII, Fv/Fm,
and qP were also strongly correlated with each other, forming a cluster associated with
photosynthetic performance.

Additional associations were observed between water-status variables (Yw, gs, and E)
and photosynthetic pigments, suggesting coordinated responses between stomatal regula-
tion and the photosynthetic apparatus under stress conditions. In contrast, variables such
as RGR, RWC, SOD, and Fv/Fm were located closer to the center of the biplot, indicating
lower contributions to overall variability and a more stable behavior across treatments.
In contrast, the most dynamic variables positioned farther from the origin, including Al,
LP, Pro, E, gs, and several photosynthetic parameters (An, ETR, ®PSII), showed greater
variance and stronger discriminatory power among treatments (Figure 11A).

Overall, the PCA revealed a clear separation between cultivars, with no overlap
between Legacy and Star, confirming significant differences in their overall physiological
and biochemical responses (p < 0.001) (Figure 11A). In Legacy, the Control and Control
+ MeJ A treatments were grouped in the negative quadrant of PC1, associated with high
photosynthetic performance (An, ®PSII, ETR), low lipid peroxidation (LP), and stable
pigment-related variables. The treatments exposed to Al, WD, and Al + WD progressively
shifted toward positive PC1 values, mainly in the central and lower-right sectors of the
biplot, indicating increased oxidative stress—related variables and reduced photochemical
efficiency. In contrast, the Star cultivar showed a different distribution pattern. Control and
Control + MeJA treatments clustered in a compact group in the upper central region of
the plot, whereas stress treatments were more widely dispersed along both PC1 and PC2
axes. The positive quadrant of PC1 was mainly associated with higher lipid peroxidation
(LP), Al accumulation (Al), and proline content, together with reduced photosynthetic
efficiency (An, ®PSII, ETR). In all cases, treatments including MeJA under stress conditions
(Al + MeJA, WD + MeJA, and Al + WD + MeJA) were positioned closer to the control
treatments, indicating a shift toward the physiological state observed under non-stress
conditions (Figure 11A).

In roots, the PCA at 21 days revealed a more heterogeneous multivariate pattern
than that observed in leaves (Figure 11B). Root responses also showed greater temporal
variability. At 7 days, strong linear correlations were observed, suggesting an acute stress
response. At 14 days, the analysis showed higher dispersion and variability, suggesting a
phase of metabolic reconfiguration. By 21 days, the multivariate patterns in roots tended to
stabilize and more closely resemble those observed in leaves, indicating partial recovery of
physiological balance. A positive association among Pro, LP, and Al was maintained, with
these variables located in the right quadrant of PC1, indicating their coordinated response
under severe stress conditions. In contrast, SOD showed an inverse relationship with these
variables, consistent with its role in the antioxidant response.

Complementary analyses at the final sampling time (21 days) also revealed additional
relationships. A positive association among relative growth rate (RGR), total antioxidant
activity (A.A.), and total phenols (TP) was observed, especially in the Star cultivar, suggest-
ing the activation of antioxidant mechanisms. Additionally, a relationship between SOD
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and auxins (Aux) was identified in Legacy (Figure 11B), suggesting a potential coordination
between enzymatic antioxidant responses and auxin concentration under stress conditions.

PC1 was mainly defined by lipid peroxidation (LP), Al accumulation, and proline
(Pro) content. Superoxide dismutase activity showed a strong negative loading on PC2,
indicating that this enzyme accounted for a large portion of the variability associated with
antioxidant responses among cultivars and treatments. The clustering pattern revealed a
clear separation between treatments with and without MeJA application. Stress treatments
without MeJA were mainly located in the positive quadrant of PC1 and were associated
with higher LP, Pro, and Al values. This pattern was particularly evident in the Star cultivar,
which showed greater point dispersion and higher intragroup variability, suggesting a less
stable metabolic response under combined stress conditions (Figure 11B).

In contrast, Legacy displayed a more compact clustering pattern and lower variability,
indicating greater physiological stability and adaptive capacity under multiple stress
conditions. Treatments including MeJA (Al + MeJA, WD + MeJA, and Al + WD + MeJA)
were positioned closer to the control treatments, indicating a shift toward the physiological
state observed under non-stress conditions (Figure 11B). This pattern was consistent with
the distribution observed in leaf tissues.

The heatmap shows the multivariate correlation patterns among physiological, bio-
chemical, and antioxidant variables. The correlation heatmap revealed statistically signifi-
cant differences between the Legacy and Star cultivars, indicating distinct physiological
responses to the same stress factors.

In the Legacy cultivar, the heatmap revealed a highly cohesive photosynthetic cluster
characterized by strong positive correlations (r = 0.66-0.85) among ®PSII, ETR, qP, and
Fv/Fm, as well as consistent associations with An, gs, E, and WUEi. These variables
formed a distinct module in the dendrogram, indicating low statistical distance and strong
functional integration among photosynthetic parameters. A second group of associations
corresponded to a low-intensity oxidative stress composed of LP, N, Al concentration,
and proline. This association showed moderate correlations (r < 0.55) and appeared as a
separate cluster from the photosynthetic parameters, with greater Euclidean distance in the
dendrogram. The weak correlation between SOD and LP (r < 0.30) suggests that oxidative
stress did not reach levels sufficient to activate this enzyme in this cultivar. Photosynthetic
pigments (Chl a, Chl b, lutein, neoxanthin, violaxanthin, and (3-carotene) formed another
group of positive correlations (r = 0.33-0.66). This pigment cluster tended to associate with
the photosynthetic parameters and showed moderate negative correlations with LP and AL

Antioxidant variables showed contrasting patterns between cultivars. In Star, SOD
was positively correlated with LP (r > 0.50), suggesting a stronger antioxidant response to
oxidative stress. In contrast, total antioxidant activity (AA) showed negative correlations
with photosynthetic parameters and pigments and occupied more peripheral positions in
the dendrogram, suggesting a lower contribution to the stabilization of the photosynthetic
system (Figure 12A).

The heatmap analysis of root variables in the Legacy cultivar revealed a simple, stable,
and functionally integrated association (Figure 12C). A dominant module associated with
growth, auxins, and antioxidants was identified, in which relative growth rate (RGR), auxin
concentration (Aux), and total phenols (CAE) were grouped with strong positive correla-
tions (r > 0.70). This pattern suggests the maintenance of root growth and preservation of
auxin levels under the evaluated conditions. The relationship associated with oxidative
stress was defined by lipid peroxidation (LP), proline (Pro), and superoxide dismutase
activity (SOD), which showed moderate positive correlations among these variables. How-
ever, this relation showed no strong association with Al accumulation, suggesting that
oxidative stress remained contained. The coordinated presence of Pro and SOD within this
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cluster indicates the activation of osmotic and enzymatic antioxidant responses without
evidence of severe metabolic disruption. (Figure 12C).
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Figure 12. Heatmap of physiological and biochemical parameters in leaves ((A) (Legacy), (B) (Star))
and roots (C) (Legacy), (D) (Star)) of V. corymbosum cultivars under aluminum (Al). Variables included
in the analysis were: aluminum accumulation (Al), auxins (Aux), leaf water potential (Yw), relative
water content (RWC), proline content (Pro), net photosynthetic rate (An), stomatal conductance (gs),
E, effective quantum yield of Photosystem II (®PSII), maximum quantum efficiency of Photosystem
II (Fv/Fm), photochemical quenching (qP), non-photochemical quenching (qN), electron transport
rate (ETR), water use efficiency (WUE), intrinsic water use efficiency (WUE;), chlorophyll a (Chl a),
chlorophyll b (Chl b), lutein (Lut), neoxanthin (Neo), violaxanthin (Viol), antheraxanthin (Antera),
lipid peroxidation (LP), antioxidant activity (A.A.), total phenols (TP), and superoxide dismutase
activity (SOD).

In contrast, the Star cultivar showed an opposite correlation pattern. The heatmap
revealed a dominant oxidative stress composed of LP, Pro, N, and Al, which showed very
strong positive correlations (r = 0.66-0.90). These variables formed a compact cluster in
the dendrogram, indicating strong co-variation and low statistical distance among stress-
related parameters. The photosynthetic parameters in Star, including ®PSII, qP, Fv/Fm,
ETR, An, gs, E, and WUE, remained internally cohesive (r > 0.60). However, this group
showed strong negative correlations with the oxidative damage parameters (r < —0.66),
indicating an inverse relationship between oxidative damage and photosynthetic perfor-
mance. The pigment module in Star showed moderate to strong negative correlations with
LP and Al (—0.33 < r < —0.66), suggesting a stress-associated decline in pigment stability.
Unlike in Legacy, pigment variables were not fully integrated into the main photosynthetic
module. They appeared as an intermediate cluster in the dendrogram, indicating weaker
co-regulation with photosynthetic parameters.

Overall, the hierarchical structure in Star revealed two clearly differentiated mod-
ules, one associated with Al-induced damage and another associated with photosynthetic
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integrity. In contrast, Legacy exhibited a more integrated structure, characterized by
a dominant photosynthetic module and lower influence of the stress-associated cluster
(Figure 12B).

Star roots showed similar modules, but the oxidative module had a stronger impact,
with stress clearly dominating growth-related functions. Al, LP, Pro, and SOD showed
very strong correlations (r > 0.80), reflecting high accumulation of Al in root tissues, severe
oxidative damage (LP), activation of SOD as a response to high ROS production, and an
exacerbated osmotic response (Pro).

Total antioxidant activity (AA) showed strong negative correlations with LP and Al,
indicating depletion of non-enzymatic antioxidants. A second functional module composed
of RGR, Aux, and CAE formed a small cluster that was negatively correlated with the
damage module. This pattern was associated with suppression of root growth, strong auxin
inhibition, suggesting involvement of the apical meristem, and reduced CAE (Figure 12D).

The multivariate pattern of Legacy under WD showed a dominant set of photosyn-
thetic parameters characterized by high-magnitude positive correlations (r = 0.65-0.90)
among ®PSII, P, ETR, Fv/Fm, An, gs, E, and the water-use efficiencies WUE and WUEi.
This cluster showed a low Euclidean distance in the dendrogram.

The integration of RWC within this module reinforces the idea that Legacy maintains a
moderate water status, although it remains subject to stomatal closure. Positive correlations
between WUE and WUE], and between photochemical efficiency parameters, suggest that a
plant regulates stomatal opening without compromising PSII functionality. From a statisti-
cal perspective, this module explains most of the shared variance in Legacy, confirming that
photosynthetic performance represents the dominant axis under WD. The oxidative stress
module in Legacy was small and showed low cohesion, with correlations ranging from
r = 0.30 to 0.55 among LP, Pro, qN, and SOD. LP showed moderate negative correlations
with the photosynthetic module (r ca. —0.35).

Total antioxidant activity (AA) showed low correlations with damage variables and
appeared closer to the pigment module, suggesting a preventive antioxidant role. Photo-
synthetic pigments formed a stable cluster with moderate positive associations with ®PSII
and ETR (r = 0.40-0.70) and weak negative correlations with LP. The pigment structure
remained intact, indicating stability of the photosynthetic apparatus even under water
stress. Overall, the Legacy dendrogram revealed two well-defined modules. A dominant
photosynthetic module that was highly cohesive and functional, and a smaller secondary
stress module with lower statistical influence (Figure 13A).

In roots, the Legacy pattern showed structural and functional stability even under
WD. A dominant and cohesive growth-auxin-antioxidant module was identified, in which
RGR, Aux, and PT were grouped in a block with strong positive correlations (r > 0.70). A
second module corresponded to a mild oxidative response and included LP, Pro, and SOD,
showing moderate positive correlations. Total antioxidant activity (AA) was positioned
between both modules, suggesting a balance between protective antioxidant responses and
stress-related signals (Figure 13C).

The Star heatmap showed a completely different pattern from that of Legacy. The
oxidative stress module was the largest and most intense in the matrix, encompassing
LP, Pro, gN, SOD, and ¥Yw. These variables showed very strong positive correlations
(r =0.75-0.95). The dendrogram revealed an extremely compact cluster, indicating that the
oxidative response statistically dominated leaf behavior in this cultivar under WD.

LP correlated positively with qN, Pro, and SOD and negatively with all photosyn-
thetic variables (r < —0.70). Yw showed very strong negative associations with functional
parameters, indicating a marked loss of leaf hydration. Statistically, this module explained
a large portion of the total variance in the Star matrix, indicating a predominant stress
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response. The photosynthetic module, composed of ®PSII, qP, ETR, Fv/Fm, An, gs, E, and
WUE, remained internally cohesive (r = 0.60-0.85) but showed strong negative correlations
(r < —0.70). This pattern reflects reductions in ®PSII and Fv/Fm, indicating impairment of

PSII, accompanied by a marked decrease in ETR.
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Figure 13. Heatmap of physiological and biochemical parameters in leaves ((A) (Legacy), (B) (Star))
and roots ((C) (Legacy), (D) (Star)) of V. corymbosum cultivars under DW. Variables included in the
analysis were: aluminum accumulation (Al), auxins (Aux), leaf water potential (Yw), relative water
content (RWC), proline content (Pro), net photosynthetic rate (An), stomatal conductance (gs), E,
effective quantum yield of Photosystem II (®PSII), maximum quantum efficiency of Photosystem
II (Fv/Fm), photochemical quenching (qP), non-photochemical quenching (qN), electron transport
rate (ETR), water use efficiency (WUE), intrinsic water use efficiency (WUE;), chlorophyll a (Chl a),
chlorophyll b (Chl b), lutein (Lut), neoxanthin (Neo), violaxanthin (Viol), antheraxanthin (Antera),
lipid peroxidation (LP), antioxidant activity (A.A.), total phenols (TP), and superoxide dismutase
activity (SOD).

Simultaneously, gs and E decreased abruptly, indicating strong stomatal closure. The
pigment module showed scattered correlations and strong negative associations with LP
and qN, suggesting degradation of the xanthophyll pool. This pigment disorganization was
reflected in inconsistent correlations between carotenoids and photosynthetic parameters, a
pattern typically associated with photooxidative stress. Auxins and total proteins appeared
in marginal positions in the dendrogram, showing moderate negative correlations with LP
and Pro (r ca. —0.40) (Figure 13B).

Star roots showed an architecture dominated by stress, which was even more pro-
nounced than in leaves. An oxidative damage module dominated by Pro, LP, Al, and SOD
showed very strong correlations among these variables (r > 0.80). The marked increase
in LP and the high proline levels suggest stress damage under severe stress. A second
module corresponded to the functional group composed of RGR, Aux, and PT. These vari-
ables showed negative correlations with the oxidative parameters. This pattern indicates
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strong inhibition of root growth associated with a severe reduction in auxin levels and a
decline in PT. The dendrogram revealed clear dominance of the stress module across the
matrix, indicating extreme susceptibility of Star roots under the evaluated stress conditions
(Figure 13D).

Analysis of the heatmap for Legacy leaves subjected to combined Al and WD stress
(AI-WD) revealed a highly organized multivariate structure dominated by a robust
photosynthetic-hydraulic module and a smaller oxidative stress module. Overall, the
correlation matrix indicates that even under simultaneous conditions of Al toxicity and de-
hydration, Legacy maintains stable physiological parameters and avoids the stress damage
observed in more sensitive cultivars. Variables associated with photochemical performance
and gas exchange, including ®PSII, qP, ETR, Fv/Fm, An, gs, and E, together with indicators
of water use efficiency (WUE and WUEI) and leaf water status (Yw and RWC), formed
a block of strong positive correlations (r > 0.70) represented by a cohesive cluster in the
dendrogram. This statistical pattern reflects close co-regulation between PSII quantum
yield, electron transport rate, and stomatal opening. Water-use efficiency remained strongly
integrated with PSII functioning, as indicated by the positive associations between WUE
and WUEIi and photochemical variables. Positive correlations between RWC, Yw, and
the photosynthetic module further suggest the capacity to maintain water status under
combined stress conditions.

A second cluster included LP, Pro, gN, SOD, and Al and showed moderate positive
correlations (r = 0.40-0.65). This module did not displace the photosynthetic module,
suggesting that although oxidative stress was present, it remained controlled. The statistical
structure of this module included a consistent association among LP, Pro, and qN, moderate
correlations between LP and Al, and intermediate activation of antioxidant responses
represented by SOD.

Pigment variables formed an additional stability module that remained positively asso-
ciated with the photosynthetic cluster. Chlorophylls (Chla and Chlb) and most carotenoids
(Lut, Neo, Vio, Bcar, and Ante) showed moderate positive correlations with ®PSII, Fv/Fm,
and ETR (r = 0.40-0.75), indicating maintenance of pigment—photochemistry integration
under combined stress. Antioxidant activity (AA) was also statistically associated with the
photosynthetic parameters and with pigment variables. SOD showed moderate correlations
with LP and Pro but did not reach values indicative of a critical oxidative response, suggest-
ing effective control of redox balance in Legacy leaves under combined stress conditions
(Figure 14A).

In Legacy roots, the multivariate pattern was qualitatively and quantitatively distinct.
The heatmap revealed a dominant functional module comprising RGR, Aux, PT, and, to a
lesser extent AA, with strong positive correlations (r ca. 0.65-0.90) among these variables.
This cluster showed low Euclidean distance in the dendrogram and dominated the overall
architecture, indicating that root growth, primary metabolism, and auxin concentration
remained operational under combined stress conditions. No strong negative correlations
were detected between this module and the stress variables, indicating the absence of severe
growth inhibition. The oxidative stress module, including LP, Pro, SOD, Al, and partially
AA, was smaller and moderately cohesive. LP and Pro showed positive correlations, but
did not reach extreme intensities. SOD showed intermediate correlations with LP and Pro,
consistent with efficient but not excessive antioxidant activation. Aluminum accumulation
showed a moderate association with LP, indicating that the metal contributed to oxidative
damage but did not dominate the matrix structure. Total antioxidant activity (AA) showed
a mixed correlation pattern, without evidence of depletion, which is consistent with a
tolerance response in Legacy roots under combined stress (Figure 14C).
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Figure 14. Heatmap of physiological and biochemical parameters in leaves ((A) (Legacy), (B) (Star))
and roots ((C) (Legacy), (D) (Star)) of V. corymbosum cultivars under DW and Aluminum (Al).
Variables included in the analysis were: aluminum accumulation (Al), auxins (Aux), leaf water
potential (Yw), relative water content (RWC), proline content (Pro), net photosynthetic rate (An),
stomatal conductance (gs), E, effective quantum yield of Photosystem II (®PSII), maximum quantum
efficiency of Photosystem II (Fv/Fm), photochemical quenching (qP), non-photochemical quenching
(gN), electron transport rate (ETR), water use efficiency (WUE), intrinsic water use efficiency (WUEi),
chlorophyll a (Chl a), chlorophyll b (Chl b), lutein (Lut), neoxanthin (Neo), violaxanthin (Viol),
antheraxanthin (Antera), lipid peroxidation (LP), antioxidant activity (A.A.), total phenols (TP), and
superoxide dismutase activity (SOD).

High-intensity oxidative stress modules dominated Star correlational architecture,
whereas in Legacy, a dominant functional module, either photosynthetic or growth-related,
remained active, and stress variables were statistically less influential. In Star leaves, the
heatmap showed the most severe and disorganized pattern among all treatments evaluated
for this cultivar. The matrix was structured into two strongly contrasting blocks. One
corresponded to an oxidative damage module and the other to a decreased photosynthetic
module that was strongly repressed and negatively correlated with the damage module.
The oxidative damage module included LP, Pro, Al, gN, SOD, PT, and AA. LP behaved as
a central variable and showed very strong positive correlations (r > 0.80) with Pro, SOD,
and Al, indicating a critical peak of oxidative damage associated with the combination of
WD and Al toxicity. The qN was positively associated with LP, indicating increased non-
photochemical energy dissipation. Antioxidant activity (AA) showed very low or negative
correlations with this module, indicating a decrease in the non-enzymatic antioxidant
system. Together, these variables formed the statistically dominant cluster and explained
the largest proportion of shared variance in the matrix. The photosynthetic module grouped
variables such as Fv/Fm, ®PSII, qP, ETR, An, gs, E, WUE, WUEi, RWC and ¥Yw. Within
this module, correlations remained moderate to high and positive. However, the module
showed very strong negative correlations (r < —0.70) with LP, Pro, and Al. This pattern
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indicates a strong photochemical decrease, as reflected in Fv/Fm, ®PSII, and ETR, and in
simultaneous reductions in gs and An, with pronounced stomatal closure and severe CO,
diffusive limitation. Negative correlations with RWC and ¥Yw also indicate substantial loss
of leaf water status (Figure 14B).

In Star roots, the combined stress heatmap showed the most severe pattern among
all root treatments. The matrix was organized around a massive oxidative stress module
composed of Al, LP, Pro, SOD, and AA in a depressed state. Very strong positive correlations
were observed among Al, LP, and Pro, as well as strong associations with SOD. In contrast,
AA showed negative or low-magnitude correlations with this module, indicating depletion
of the non-enzymatic antioxidant system. At the same time, the growth module composed
of RGR, Aux, and CAE appeared to be strongly suppressed. RGR showed strong negative
correlations with LP and Al. Aux showed negative correlations with Al, LP, and Pro. The
dendrogram separated a highly cohesive, dominant stress module composed of Al, LP,
Pro, and SOD from a small, weak functional module composed of RGR, Aux, and CAE.
This functional module appeared isolated and strongly reduced, indicating that stress
conditions largely governed root physiology in Star under combined AI** toxicity and WD
(Figure 14D).

4. Discussion

Climate change has intensified multiple constraints on agricultural systems, increasing
the frequency and severity of abiotic stresses such as WD and AI** phytotoxicity. These
constraints are particularly pronounced in acidic volcanic soils, including Andisols, which
are characterized by low pH and limited water availability [1-3]. Considering this context,
the present study evaluated the individual and combined effects of Al toxicity and WD
on V. corymbosum, as well as the potential of MeJA to modulate stress-response mecha-
nisms. The results showed that both cultivars exhibited marked impairments in vegetative
growth, plant water status, and photosynthetic performance under individual stress condi-
tions, with particularly pronounced effects observed under combined Al and WD stress
(Al + WD).

4.1. Aluminum Toxicity, Root Growth, and Auxin Concentration

Our results indicate that the Star cultivar exhibited higher Al accumulation in leaves
and roots under Al and combined stress (Al + WD) treatments (Figure 1). These differences
suggest distinct mechanisms of root Al-exclusion and leaf Al compartmentalization between
sensitive and tolerant cultivars [7,17,45]. The greater accumulation of Al in the roots of Star
indicates a lower efficiency of Al exclusion mechanisms, resulting in increased toxicity and
subsequent inhibition of root growth, as evidenced by the reduced root relative growth rate
(root RGR, Figure 2B), a response typically observed in Al-sensitive genotypes [7,9].

Furthermore, root growth inhibition is widely recognized as one of the earliest symp-
toms of both drought and AI%* stress and is closely associated with reductions in auxin
synthesis and transport [46—48]. In this study, exposure to individual stresses (Al or WD)
significantly impaired plant growth to a degree comparable to that observed under com-
bined stress. However, the severity of these effects was more pronounced in the sensitive
cultivar (Star) than in the resistant cultivar (Legacy) (Figure 3). These contrasting responses
to individual and combined stresses may be explained by differences in hormone levels,
particularly auxin. Pavlovi¢ et al. [47] demonstrated that Brassica rapa, a drought-sensitive
species, exhibited endogenous auxin levels approximately 35% lower than those of control
plants, accompanied by a significant reduction in root growth. This evidence could support
the interpretation that a decrease in auxin concentration reduces root growth under stress
conditions, consistent with the responses observed in the present study.
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Under water or AI3* stress, plants can increase auxin concentration, which partially
supports root growth. In contrast, under combined stress, this change alone may be
insufficient to maintain root growth, thus requiring the activation of additional resistance
mechanisms. Therefore, the Al and Al + WD treatments resulted in a significant reduction
in auxin levels, particularly in the sensitive cultivar Star (Figure 3). This decrease correlated
strongly with Al accumulation (Figures 12-14) and is closely associated with the inhibition
of root growth under stress conditions [46,48]. These findings indicated that AlP* stress
directly perturbs auxin concentration, contributing to the pronounced reduction in root
growth observed in the sensitive genotype Star. Previous studies have demonstrated that
Al interferes with auxin transport by inhibiting polar auxin transporters, particularly PIN
proteins. This effect has been documented in Arabidopsis, rice, and pea and is known
to impact root elongation negatively [46,48-50]. Such inhibition could provide a possible
explanation for the reduced auxin concentrations and impaired root development observed
under Al and combined Al + WD treatments in Star.

On the other hand, our data show that MeJA promoted an accumulation of total auxins,
particularly in the resistant cultivar Legacy, where significant increases were observed
across all MeJA-treated conditions. These changes were closely associated with the increase
in relative growth rate (RGR; Figure 2), supporting a functional association between auxin
accumulation and plant growth under stress.

4.2. MeJA Promotes Osmotic Regulation as Well as Reduces Water Loss

In blueberry plants, the imposed stress conditions directly affected plant water status,
as evidenced by significant reductions in water potential (Yw) and relative water content
(RWC). Combined stress (Al + WD), WD, and, to a lesser extent, Al toxicity (Al**) reduced
both parameters relative to the control treatments (Figure 4). Under combined Al + WD
stress, the decreases in Yw (Figure 4A) and RWC (Figure 4B) were more pronounced in the
Al-sensitive cultivar Star (Figure 14), indicating greater susceptibility to osmotic and ionic
imbalances compared with the tolerant cultivar Legacy. This response is consistent with
observations in barley and rice, in which drought-tolerant genotypes maintain higher Yw
and RWC values. Osmotic adjustment mechanisms, including proline accumulation and
increased root hydraulic conductance, contribute to this response [45,46].

Maintaining higher Yw and RWC under stress has important implications for plant
growth. Reductions in growth under stress conditions are largely attributed to WD and
associated osmotic constraints, as both drought and AI** stress reduce plant water poten-
tial [51]. Previous studies have identified WD as the primary driver of declines in ¥w and
RWC, resulting from restricted water uptake and increased membrane permeability under
osmotic stress conditions [45,52,53]. Under combined drought and AP+ stress, however,
reductions in plant water status cannot be attributed solely to water limitation. Evidence
indicates that AI** further exacerbates water and nutrient constraints by directly impairing
root function. Yang et al. [53] reported that under simultaneous WD and AIP* stress, Al
predominantly reduces water and nutrient uptake by inhibiting root growth, disrupting
cell division and expansion. In addition, its accumulation in the root apoplast restricts
the movement of water and nutrients. The rapid binding of Al within the root apoplast
can reduce cell wall porosity and limit the mobility of high-molecular-weight solutes, sug-
gesting a direct impairment of root hydraulic conductivity. In addition, Al directly alters
plasma membrane properties, including fluidity and permeability, through interactions
with membrane components [7]. These membrane-level alterations collectively limit the
uptake of water and essential nutrients, such as Fe, Ca, Mg, Mn, K, P, and N [12].

Under WD and combined Al + WD stress, plant water uptake is limited by reduced
water availability and Al-induced root dysfunction. This constraint led to pronounced
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reductions in Yw across treatments, whereas relative water content (RWC) remained
less affected, suggesting the activation of compensatory mechanisms to maintain cellular
hydration. Based on our experimental data, the differential accumulation of proline among
organs and cultivars was consistent with the observed RWC patterns (Figure 4B), indicating
a role for proline in water retention and the stabilization of cellular structures. Plant
adaptation to water stress commonly involves osmotic adjustment strategies, particularly
the accumulation of compatible solutes. Osmoprotectants, including free amino acids,
proline, and soluble sugars, mitigate water loss and contribute to the maintenance of
cell turgor [5,23]. This mechanism has been widely reported in studies of Pinus pinea,
Phaseolus vulgaris, Triticum aestivum, and Zea mays, where a strong association between
proline accumulation and tolerance to water stress has been demonstrated [5,54-56].

Our experimental data show that foliar application of MeJA under combined water
stress significantly reduced Al concentration (Figure 1) and increased relative growth rate
(RGR), water potential (Yw), and relative water content (RWC) compared with plants not
treated with MeJA (Figures 2 and 4). The observed responses suggest that MeJA mitigates
the adverse effects of combined WD and AI3* stress on plant water relations and perfor-
mance. However, the mechanisms by which MeJA limits Al uptake under these conditions
remain poorly understood. A potential mechanistic basis for the reduced Al accumulation
observed in MeJA-treated plants is suggested by previous findings in highbush blueberry
cultivars. Jasmonate accumulation enhances WRKY-mediated regulation of the malate
transporter ALMT, promoting malate exudation into the rhizosphere and complexation of
Al, thereby limiting its uptake by the plant [19].

In addition to limiting Al uptake, MeJA improves plant water status by modulating
stomatal behavior. Jasmonate signaling promotes Ca transport to guard cells, facilitating
stomatal closure, reducing transpiration, and attenuating declines in ¥w [57]. Water-deficit
studies in Brassica juncea have shown that MeJA increases the accumulation of osmolytes,
including proline and total soluble sugars, resulting in higher levels than those observed in
untreated plants [58]. These findings support a role for MeJA in osmotic regulation under
water-limited conditions.

MeJA-mediated stress tolerance extends beyond osmotic regulation and involves
transcriptional and physiological reprogramming. In Triticum aestivum, MeJA induces
the synthesis of dehydrins, a group of late embryogenesis abundant (LEA) proteins that
stabilize plasma membranes and protect macromolecules from oxidative damage associated
with lipid peroxidation [59]. These proteins act synergistically with antioxidant enzymes
and osmoprotectants, thereby strengthening plant defense systems under WD conditions.
Me]J A has also been reported to modulate aquaporin expression, improving water transport
efficiency and cellular hydration, thereby contributing to the maintenance of photosynthetic
activity under stress [59]. Overall, these responses highlight the regulatory role of MeJA in
activating stress-responsive genes and maintaining redox homeostasis, thereby contributing
to enhance resilience under combined abiotic stresses [60].

4.3. Modulation of Photosynthetic Performance and Water-Use Efficiency

Regarding photosynthetic and chlorophyll fluorescence parameters, plants exposed
to individual stresses (Al or WD) and their combination (Al + WD) showed significant
changes across all measured variables (Figure 6; Table 2). The most pronounced reductions
were observed under WD, followed by combined stress (Al + WD) and, to a lesser extent,
AP+ stress alone. No cumulative effects of combined stress were detected for An, gs, E,
WUE, or WUEI (Figure 6; Table 1), nor for the maximum quantum yield of PSII (Fv/Fm)
(Table 1).
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Overall, most photosynthetic parameters were positively correlated with each other
and negatively correlated with Al concentration and lipid peroxidation (LP) (Figures 12-14),
indicating a close association between photosynthetic impairment, Al accumulation, and
oxidative damage. The general effects of stress on photosynthesis observed in this study
become more evident when analyzed at the cultivar level, particularly in the Al-sensitive
cultivar, which exhibited a significant reduction in photosynthetic parameters.

The above-mentioned stress-induced alterations in photosynthesis have direct impli-
cations for WUE. The WUE reflects the balance between carbon assimilation and water loss
under stress conditions. In this study, the cultivar Legacy exhibited significantly higher
WUE values than Star across most treatments. The WD + MeJA treatment showed the high-

13+ stress alone.

est WUE values in Legacy, whereas Star reached its maximum WUE under A
This pattern indicates a greater capacity of Legacy to maintain WUE under stress, likely
associated with more effective stomatal regulation and higher photosynthetic efficiency.
MeJ A has been reported to enhance WUE by increasing net photosynthetic rate (An)
and reducing transpiration (E), as observed in other species such as soybean and rape-
seed [6,17]. In agreement with these observations, WUE], calculated as the ratio between
An and gs, also differed significantly among cultivars and treatments in this study. This
response indicates cultivar-dependent regulation of gas exchange under stress conditions.
The application of MeJA has been associated with improvements in An, gs, and E, primarily
through attenuation of oxidative stress in leaf tissues. This effect has been linked to the
activation of antioxidant defense systems, including SOD, catalase (CAT), and ascorbate
peroxidase (APX), as well as enhanced protection of photosystem II (PSII). These responses
contribute to maintaining CO; fixation and the structural integrity of the photosynthetic
machinery under stress conditions [16,58,60]. MeJA can also modulate hormonal balance
through interactions with ABA, SA, and auxins, thereby stabilizing stomatal function and
promoting moderate stomatal opening. This regulation facilitates CO, diffusion while sus-
taining gs and E under stress conditions [57]. In addition, MeJA induces the accumulation
of secondary metabolites, such as flavonoids and carotenoids, which protect chloroplast
structures, reduce photoinhibition, and enhance photosynthetic efficiency [11,16,19,23,24].

4.4. Modulation of Photosynthetic Pigments and Protective Responses

In this study, Al toxicity (A13*), WD, and their combined application led to significant
reductions in chlorophyll content (Chl a and b) (Figure 7) and carotenoids (Table 4) in
both V. corymbosum cultivars. These reductions were more pronounced in the Al-sensitive
cultivar Star. The observed decrease in the chlorophyll a/b ratio suggests a reduction
in the size of light-harvesting complexes of the photosystem II (PSII) (LHCII), which
may represent an adaptive adjustment to excess excitation energy under stress conditions.
However, this adjustment likely occurs at a physiological cost, as it can compromise light-
harvesting capacity and, consequently, net photosynthetic efficiency.

In the Legacy cultivar, maintenance of the chlorophyll a/b ratio under stress indicates
a balanced adjustment between light absorption efficiency and photoprotection, resulting
in higher net photosynthetic rates compared with Star (Figure 6; Table 3). In contrast,
Star exhibited a less effective adjustment, consistent with lower physiological plasticity
under stress conditions. Following the MeJA application, carotenoid content increased,
mainly in Legacy (Table 4). This response, combined with the increases observed in qN
(Table 2), supports a role for carotenoids (including xanthophyll cycle) in photoprotection
and oxidative stress mitigation. Carotenoids play a dual role in photoprotection, dissipating
excess excitation energy via NPQ and scavenging ROS in chloroplasts, thereby protecting
the photosynthetic apparatus under stress [61].
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An integrated analysis of the results reveals that the physiological responses to Al
and WD converge on a common axis of oxidative stress, which MeJA and cultivar back-
ground differentially modulate. Multivariate analyses highlighted strong associations
among Al accumulation, lipid peroxidation, and proline concentration across all treatments
(Figures 11-14), indicating that oxidative damage represents a central integrative outcome
of stress integration rather than an isolated response. Reductions in leaf water poten-
tial under WD and AI3* stress promote stomatal closure, restricting CO, availability and
limiting net photosynthetic rate and WUE [6]. Under these conditions, decreased photosyn-
thetic activity increases excitation pressure on the photosynthetic apparatus, favoring ROS
formation and lipid peroxidation, as widely reported for drought and AI3* stress [3,4,7-11].

In this context of oxidative stress, proline emerges as a key integrative metabolite. Be-
yond its classical role in osmotic adjustment, proline contributes to membrane stabilization,
metal ion chelation, ROS scavenging, and the maintenance of cellular redox homeosta-
sis [62,63]. The strong correlations between proline accumulation, Al concentration, and
lipid peroxidation are therefore consistent with a multifunctional protective role of this
amino acid under combined stress conditions. Non-enzymatic antioxidant responses also
played a significant role in mitigating oxidative stress. Total phenolic compounds accumu-
lated to a greater extent in the Al-sensitive cultivar Star, particularly in leaves, suggesting a
compensatory response to elevated oxidative pressure (Figures 8-10). At the enzymatic
level, antioxidant capacity emerged as a key determinant of stress tolerance. MeJA induced
a differential activation of SOD, the antioxidant system, particularly in the cultivar Legacy,
where SOD showed strong associations in multivariate analyses and inverse correlations
with Al accumulation and lipid peroxidation (Figures 11-14). This differential activation of
SOD, especially in Legacy, highlights the central role of jasmonates in mediating enzymatic
antioxidant responses under abiotic stress. Previous studies have suggested that jasmonates
not only induce the expression of antioxidant enzymes but also enhance resistance to ox-
idative damage by modulating hormonal signaling and cellular metabolism [20]. These
patterns identify SOD as a robust marker of stress tolerance and reinforce the need to con-
sider antioxidant capacity when selecting cultivars for abiotic stress conditions. In line with
this interpretation, jasmonate-mediated enhancement of antioxidant enzyme activity has
been reported in multiple species, including Hordeum vulgare, Brasica napus, and highbush
blueberry, where increased SOD, APX, and GR activities were associated with reduced ROS
accumulation and improved tolerance to drought, salinity, and metal toxicity [11,13,45,47].
Opverall, these results indicate that MeJA reorganizes the oxidative stress response network
by coordinating osmotic adjustment, non-enzymatic and enzymatic antioxidant defenses,
and Al exclusion mechanisms. This coordinated regulation is more effective in the resistant
cultivar Legacy, highlighting antioxidant capacity as a critical trait for stress resilience and
cultivar selection under combined abiotic stress conditions.

5. Conclusions

In conclusion, this research demonstrates that highbush blueberry cultivars (Vac-
cinium corymbosum) exhibit highly differentiated physiological, biochemical, and hormonal
responses to Al** toxicity and WD, both individually and in combination. Exogenous ap-
plication of MeJA played a central role in modulating defense responses and alleviating the
effects of both individual and combined stresses. Its application reduces Al accumulation,
maintains photosynthetic activity and auxin concentration, and increases protective amino
acids such as Pro, with a more significant effect on the Al-resistant cultivar Legacy. The
lower Al accumulation observed in Legacy may be associated with MeJA enhancement
of WRKY-mediated regulation of the malate transporter ALMT. Such a mechanism could
promote malate exudation into the rhizosphere and facilitate Al complexation, thereby
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limiting its uptake by the plant; however, these potential mechanisms require further inves-
tigation to be fully elucidated in future studies. Furthermore, MeJA significantly reduced
lipid peroxidation in both cultivars, although distinct mechanisms appear to operate be-
tween genotypes, with stronger enzymatic antioxidant responses in Legacy and enhanced
non-enzymatic antioxidant responses in Star through increased phenolic compound accu-
mulation. These results reinforce the role of MeJA as a key regulator of redox balance and
an activator of metabolic pathways associated with abiotic stress tolerance. Taken together,
these findings support the potential use of MeJA as a promising strategy to improve the
physiological resilience of blueberries cultivated in acidic soils with Al availability and
under scenarios of increasing water deficit.

6. Future Perspectives

Climate change has increased the frequency and severity of combined abiotic stresses,
highlighting the need to elucidate the molecular mechanisms underlying tolerance to simul-
taneous Al toxicity and water deficit (Al + WD). Although physiological and biochemical
responses to these individual stresses are well documented, substantial gaps remain in un-
derstanding the regulatory networks, stress-responsive proteins, and metabolic pathways
underlying MeJA-induced resistance mechanisms. Comprehensive studies integrating
proteomics, metabolomics, amino acid profiling, and physiological analyses are required to
elucidate the coordinated molecular responses underlying combined-stress acclimation in
blueberry plants.

On the other hand, future research should be directed towards elucidating whether
Me]J A regulates auxin homeostasis by activating tryptophan-dependent indole-3-acetic acid
(IAA) biosynthesis pathways and modulating polar auxin transport under combined stress
conditions. Particular attention should be given to the COI1-JAZ-MYC2 signaling cascade
and its regulation of TAA1/TAR-, YUCCA-, AUX/LAX-, PIN-, and Aux/IAA-associated
pathways involved in local auxin biosynthesis and signaling. Proteomic studies should
also assess the activation of phenylpropanoid and flavonoid pathways via proteins such as
PAL, C4H, CHS, F3H, and ANR, which may facilitate the detoxification of reactive oxygen
species (ROS), membrane stabilization, and stress acclimation. Also, further proteomic
investigations should examine how MeJA influences photosynthetic stability, oxidative
stress responses, and stress-resistance mechanisms under combined aluminum and wa-
ter deficit stress. Focus should be directed toward proteins involved in photosystem 1II
(PSII) stability, electron transport, xanthophyll-cycle regulation, and antioxidant defense
systems, including superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione
S-transferase (GST), glutathione peroxidase (GPX), dehydroascorbate reductase (DHAR),
thioredoxins, and glutaredoxins.

Further studies should determine whether MeJA enhances the accumulation of stress-
associated proteins, such as late embryogenesis abundant (LEA) proteins, dehydrins,
heat shock proteins (HSPs), molecular chaperones, and proteins involved in proteostasis
and cellular protection. Integrating proteomic, physiological, and metabolic datasets
may clarify the coordinated stress-resistance networks that contribute to redox balance,
protein stabilization, photoprotection, and tolerance to combined aluminum and water-
deficit stress. Thus, ongoing research into the molecular mechanisms underlying plant
responses to combined WD-ALI stress, with emphasis on protein function and advanced
biotechnologies, is essential. Such efforts will facilitate the development of crop varieties
with enhanced resistance to multiple abiotic stresses, thereby supporting global food
security and sustainable agriculture.
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