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Highlights

What are the main findings?

e Water salinity of 3.6 dS m~! impaired water relations, photosynthetic performance,
and growth of early dwarf cashew plants;

e  Salicylic acid (1.4-2.5 mM) improved leaf water status, CO, assimilation, and PSII
efficiency under saline conditions;

e  Salicylic acid is a viable management tool to enhance cashew tolerance to saline

water irrigation.

What are the implications of the main findings?

e Exogenous foliar application of salicylic acid is a promising strategy to mitigate
salinity-induced physiological damage and growth limitations in early dwarf cashew
cultivated under semi-arid conditions;

e  Optimized salicylic acid management may promote the sustainable use of saline water
resources, contributing to the expansion of irrigated cashew production in good quality
water-scarce regions.

W) Check for updates
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The aim of study was to investigate the effects of foliar application of salicylic acid on

cellular damage, physiological indices, and growth of dwarf cashew cultivated under

salt stress. A 5 x 4 factorial scheme, resulting from the combination of five ECiw levels

(0.4, 1.2, 2.0, 2.8, and 3.6 dS m™!) and four salicylic acid concentrations (control—O0, 1,

2, and 3 mM), with three replications. Irrigation water salinity of 3.6 dS m~! inhibited

the synthesis of photosynthetic pigments, gas exchange, chlorophyll a fluorescence, and

the growth of dwarf cashew plants. Foliar application of salicylic acid at concentrations

ranging from 0.1 to 2.5 mM mitigated the effects of salt stress on relative water content,
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stomatal conductance, internal CO, concentration, CO, assimilation rate, instantaneous
carboxylation efficiency, variable fluorescence, quantum efficiency of photosystem II, stem
diameter at the grafting point, and plant height, while also reducing electrolyte leakage
and initial fluorescence in dwarf cashew plants at 180 days after transplanting. Salicylic
acid (SA), when applied at appropriate concentrations, alleviates the deleterious effects of
salt stress on the growth and physiological performance of dwarf cashew plants.

Keywords: Anacardium occidentale L.; salinity; phytohormone

1. Introduction

Fruit growing is an activity of great relevance in the socioeconomic scenario of the
Brazilian Northeast, as it contributes to job creation and the maintenance of the national
market, especially in irrigated cashew cultivation [1]. In Brazil, cashew cultivation is a char-
acteristic activity of the Northeast, with a cultivated area of approximately 441.892 hectares,
with the main producing states being Ceard, Rio Grande do Norte, and Piaui, with average
productions of 63.258, 32.072, and 20.992 tons in the 2023 growing season, respectively [2].
However, the Brazilian Northeast has characteristics of young soils, a dry climate, and
irregular rainfall distribution, together with high evapotranspiration rates, which limit
agricultural productivity in this region, leading producers to resort to irrigation to meet
crop water requirements [3].

In the Brazilian Northeast, water sources containing high concentrations of dissolved
salts are frequently found. The use of these waters can induce osmotic and ionic stress
in plants, limiting water absorption and, consequently, reducing nutrient uptake. These
conditions intensify metabolic disturbances and stimulate the excessive generation of
reactive oxygen species (ROS), which can damage enzymes, nucleic acids, and lipids,
limit gas exchange, damage cellular integrity, and inhibit the synthesis of photosynthetic
pigments [4,5]. In cashew plants, disorders directly related to high salt concentrations in
irrigation water and/or in soil affect crop development, modify physical and metabolic
structures, reduce plant growth, negatively affect plant physiology, and consequently lead
to reductions in yield [6]. Reductions in plant height, stem diameter, leaf area, and leaf
number of early dwarf cashew plants irrigated with saline water with electrical conductivity
of irrigation water (ECiw) ranging from 0.38 to 4.8 dS m~ ! were reported by [7], evidencing
the deleterious effect of salts on the physical structure of cashew plants. Similarly, ref. [8]
observed that cashew genotypes irrigated with water containing up to 100 mM L~! showed
reduced relative water content and increased electrolyte leakage, confirming that excess
salts cause physiological damage by inhibiting water uptake, reducing leaf turgidity, and
increasing cell membrane degradation.

Therefore, the adoption of practices capable of reducing the harmful effects of salinity
on plants is essential for the development and expansion of irrigated fruit production in
the semi-arid region of Northeastern Brazil. Among the available management strategies,
foliar spraying with salicylic acid (SA) has emerged as a promising alternative [9]. Salicylic
acid is a plant hormone that, at low concentrations, can stimulate the activity of antioxidant
enzymes. These enzymes play a key role in mitigating oxidative stress caused by the overac-
cumulation of reactive oxygen species, thereby helping to preserve cell membrane integrity
and protect cellular structures from damage [10]. In addition, SA acts as an activator of
defense systems, improving photosynthesis, increasing chlorophyll content, preventing the
accelerated degradation caused by salt, improving PSII performance, reducing damage to
chloroplasts, increasing the production of auxins and gibberellins, reducing the excessive
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accumulation of abscisic acid (ABA), and contributing to the maintenance of growth under
adverse stress conditions [11]. However, the beneficial effect of this phytohormone depends
on its concentration, mode of application, and the crop species [12].

The use of this phytohormone has gained prominence in agriculture due to its ben-
eficial effects observed on plant growth responses under abiotic stress conditions [11].
Several studies have highlighted the positive effects of salicylic acid, as observed in colored
cotton [13], sour passion fruit [14], and guava [15] under saline water irrigation.

Thus, the hypothesis of this research is based on the impacts of saline water irrigation
on the morphophysiological components of grafted early dwarf cashew plants. In addition,
it is hypothesized that foliar application of salicylic acid (SA) may attenuate the deleterious
effects of salts by catalyzing antioxidant enzymatic activity. Accordingly, this research was
conducted to investigate the influence of foliar-applied salicylic acid on cellular integrity,
physiological responses, and growth of early dwarf cashew plants subjected to salt stress
under semi-arid conditions.

2. Materials and Methods
2.1. Description of the Experimental Site and Growth Conditions

The experiment was carried out between September 2024 and March 2025 in a green-
house of the Academic Unit of Agricultural Engineering at the Federal University of
Campina Grande, situated in Campina Grande, Paraiba, Brazil. The experimental area is
located at 07°15'18” S and 35°52'28” W, with an average elevation of 550 m above sea level.
The mean temperatures observed during the experimental period ranged from 20.88 °C to
30.83 °C, while relative humidity ranged from 69.2% to 98.5% (Figure 1).
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Days after transplanting (DAT)

Figure 1. Meteorological data recorded during the trial included maximum and minimum air
temperatures, as well as the average atmospheric relative humidity.

2.2. Design of the Experiment and Treatment Description

The treatments were distributed in a randomized complete block design, following
5 X 4 factorial scheme, resulting from the combination of five ECiw levels (0.4, 1.2, 2.0,
2.8, and 3.6 dS m™1) and four salicylic acid concentrations (control—O0, 1, 2, and 3 mM)),
with three replications. The experiment consisted of 60 experimental plots, each con-
taining a single plant. The selected ECiw levels and salicylic acid doses were based on
the recommendations [6], in research conducted with soursop (Annona muricata L.) cv.
Morada Nova.
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2.3. Plant Material and Seedling Production

The seedlings were grown in 0.5 L (15 cm x 20 cm) polyethylene bags and grafted
using the full cleft grafting method. The Embrapa 51 and BRS 226 Planalto clones were used
as rootstock and scion, respectively. Transplanting to lysimeters was carried out when the
seedlings were 150 days after grafting. From transplanting until 65 days after transplanting
(DAT), all plants received irrigation water from the local supply system (ECiw: 0.4 dSm™1).

2.4. Crop Establishment and Management and Soil Characterization

Drainage lysimeters were constructed using plastic containers measuring 59 cm in
diameter and 90 cm in length, with a total capacity of 250 L (Figure 2). To facilitate the
removal of excess water, two polyethylene drains (20 mm in diameter and 15 cm long)
were installed at the bottom of each lysimeter. The parts of the drains positioned inside
the containers were covered with nylon mesh to prevent displacement and soil loss during
the drainage process. The drained volume was collected in plastic bottles placed under
each drain, enabling the determination of crop water consumption. A 500 g layer of
gravel was placed over the nylon mesh, followed by soil classified as Neosol-Entisol [16].
Samples were collected from the surface soil layer (0 to 30 cm) in Lagoa Seca, Paraiba
State, Brazil. The determination of the soil’s chemical and physical properties was per-
formed according to the procedures established by [17]. The soil characteristics were as fol-
lows: pH = 5.0; organic matter = 7.95 g dm~3; phosphorus (P) = 9.25 mg dm~3; potassium
(K) = 89.9 mg dm~3, sodium (Na) = 0.01 cmolc kg, calcium (Ca?*) = 1.24 cmolc kg~ !,
and magnesium (Mg?") =2.39 cmolc kg!. Acidity-related elements were aluminum
(AI**) = 0.60 cmolc kg ! and hydrogen plus aluminum (H* + AI**) = 3.71 cmolc kg™ '
Regarding the soil physical properties, the soil contained 727 g kg ! of sand, 211 g kg ! of
silt, and 62 g kg ! of clay. In addition, the soil exhibited an electrical conductivity of the
saturation extract (ECse) of 0.09 dS m ™! and a cation exchange capacity of 7.57 cmol. kg 1.

Figure 2. Early dwarf cashew plants at different growth stages.

Fertilization was performed according to [18], with the application of 60 g N, 200 g
P,05, and 40 g K,O per plant, split into 24 applications at 15-day intervals. The sources of
nitrogen, phosphorus, and potassium used were urea (45% N), monoammonium phosphate
(61% P,05 and 11% N), and potassium chloride (60% K;O), respectively. Micronutrients
were supplied through foliar fertilization carried out biweekly with a backpack sprayer.
The spray solution consisted of Dripsol Micro® at a concentration of 1.0 g L™!, containing
Mg, Zn, B, Fe, Mn, Cu, and Mo at concentrations of 1.1%, 4.2%, 0.85%, 3.4%, 3.2%, 0.5%,
and 0.05%, respectively.
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2.5. Irrigation System and Salicylic Acid and Management

The ECiw levels were prepared using a 7:2:1 equivalent ratio of NaCl, CaCl,-2H,0,

~1. The amount of

and MgCl,-6H,O, respectively, using low salinity water 0.4 dS m
salts to be added was determined according to [19]. The electrical conductivity of the
irrigation water was checked before each irrigation event using a laboratory conductivity
meter, and adjustments were made whenever deviations from the target ECiw values
were detected. Saline irrigation commenced at 80 DAT, following a two-day irrigation
schedule. Prior to transplanting, the soil was brought to field-capacity moisture conditions.
Thereafter, the amount of water supplied at each irrigation was estimated from the root-
zone water balance.

The methodology used for the preparation and application of salicylic acid was based

on the study conducted by Silva et al. [13].

2.6. Plant Physiological and Growth Analyses

At 180 days after transplanting (DAT), evaluations were performed to determine
relative water content (RWC), electrolyte leakage (EL), leaf gas exchange, photosynthetic
pigment concentrations, chlorophyll a fluorescence, and plant growth. Relative water con-
tent (RWC) and electrolyte leakage (EL) were determined according to [20,21], respectively.

The physiological parameters related to leaf gas exchange were determined using a
portable infrared gas analyzer (IRGA, model LCPro*, ADC BioScientific Ltd., Hoddesdon,
UK)). Measurements were performed at room temperature, with photosynthetic photon
flux density (PPFD) set at 1200 umol m~2 s~! and an air flow rate of 200 mL min~!. The
variables recorded included the net CO, assimilation rate (4, pmol CO, m~2 s71), the
transpiration rate (E, mol H,O m~2 s~ 1), the stomatal conductance (g5, mol H,O m2s71),
and the internal CO, concentration (Ci, pmol CO, m~2 s~1). Furthermore, these data were
used to estimate the instantaneous water use efficiency (iWUE, A/E) and the instantaneous
carboxylation efficiency (iCE, A/Ci). Measurements were taken on mature leaves from the
middle third of the plant, fully expanded from the shoot apex. Young and older leaves
were avoided to prevent possible errors in the readings. All 60 plants from the experiment
were evaluated.

To quantify photosynthetic pigments, a mature and intact leaf was collected from
each experimental unit in the mid-region of the plant. A disc with an area of 113 mm?
was removed from each leaf using a cutting instrument. The disc was weighed on a semi-
analytical balance and then placed in a glass container, totaling 60 containers. Each container
was filled with 5 mL of dimethyl sulfoxide. This was used for pigment extraction, according
to the adapted methodology described by [22] and modified by [23]. The containers were
placed in a styrofoam box and kept in the absence of light, at room temperature, for a period
of 48 h to prevent pigment degradation. After this period, chlorophyll a, chlorophyll b, and
carotenoids were quantified using a UV /VIS Digital Spectrophotometer at wavelengths of
480, 649, and 665 nm.

Chlorophyll a fluorescence was determined using a pulse-modulated fluorometer,
model OS5p (Opti-Sciences), employing the F, /F, protocol to determine the variables
initial fluorescence (Fj), maximum fluorescence (Fy,), variable fluorescence (Fy), and the
quantum efficiency of photosystem II (F, /Fp). This protocol was performed after dark
adaptation of the leaves for a period of 30 min, using a clip from the equipment, in order
to ensure that all electron acceptors were oxidized, that is, with the reaction centers open.
The measurements were performed across all 60 experimental units, using fully expanded
mature leaves while strictly avoiding any leaves with visual injuries.

The growth performance of the plants was assessed using biometric variables, includ-
ing plant height (PH, cm), stem diameter measured below (Dpg, mm), at (Dgp, mm), and
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above (D,g, mm) the graft union, crown diameter (Dcrown, cm), crown volume (Verown, cm3),
and vegetative vigor index (VVI, %). Plant height was recorded from the collar region to
the apical meristem insertion point. Stem diameter measurements were obtained at three
positions: 5.0 cm above the soil surface (below the graft union), directly at the graft union,
and 5.0 cm above the grafting site, using a digital caliper. Crown diameter was calculated
as the mean of measurements taken along the row and interrow directions. Crown volume
was estimated from crown height (CH) and crown dimensions, whereas VVI was deter-
mined according to the methodology described by [24]. Growth measurements were taken
in all experimental units.

2.7. Statistical Methods

The data were subjected to the Shapiro-Wilk normality test. Analysis of variance
(ANOVA) was performed, and treatment effects were evaluated using the F-test (p < 0.05).
When significant effects were detected, polynomial regression models were fitted for
irrigation water salinity levels and salicylic acid concentrations [25]. In cases of significant
interaction between salinity levels and salicylic acid concentrations (ECiw x SA), response
surface plots were generated using SigmaPlot software (version 14.5).

Subsequently, Pearson’s correlation analysis (p < 0.05) was performed among the
evaluated variables, followed by principal component analysis (PCA). Only variables with
correlation coefficients greater than 0.60 were included in the PCA. These analyses were
conducted using RStudio software (version 2026.05.1) with the packages metan v. 1.19.0,
corrplot v. 0.95 and mclust v. 6.1.2.

3. Results
3.1. Relative Water Content and Membrane Integrity

The combined effects of irrigation water salinity levels and salicylic acid concentrations
significantly (p < 0.01) influenced relative water content and electrolyte leakage in cashew
leaves at 180 DAT (Table S1).

Regarding RWC (Figure 3A), it is observed that plants that received irrigation with
water of 0.4 dS m~! and subjected to SA concentrations of up to 2.5 mM showed the highest
value (94.33%), corresponding to an increase of 4.17% relative to the control treatment
(0 mM) subjected to the same irrigation water salinity. However, salicylic acid concen-
trations higher than 2.5 mM, associated with ECiw levels of up to 3.6 dS m~!, promoted
reduction in RWC.

In relation to electrolyte leakage of the leaf blade (Figure 3B), foliar application of
1.2 mM salicylic acid promoted beneficial effects by reducing EL in plants subjected to
irrigation using ECiw of 0.4 dS m~ L. In contrast, the maximum observed EL level (29.78%)
was observed in the water of 3.6 dS m~! under a concentration of 3.0 mM. Furthermore,
increasing SA concentrations beyond 1.2 mM aggravated the negative impacts of salt stress
on plant performance.

3.2. Gas Exchange

A significant interaction between the analyzed factors (ECiw x SA) was observed
for all evaluated variables, except transpiration and instantaneous water use efficiency,
which were significantly affected (p < 0.01) only by the electrical conductivity levels of the
irrigation water (Table S2).
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Figure 3. Relative water content (RWC) (A) and electrolyte leakage (EL) (B) in early dwarf cashew
plants subjected to the interaction between irrigation water electrical conductivity levels (ECiw) and
salicylic acid concentrations (SA) at 180 days after transplanting. X-ECiw; Y-SA; *—significant at
p < 0.05; ns—not significant by the F test; error bars represent the standard error of the mean (n = 3).

Stomatal conductance (Figure 4A) of early dwarf cashew plants was negatively af-
fected by increasing salinity levels of the irrigation water. However, it was observed that
the highest values were observed in plants treated with 0.1 mM salicylic acid, indicat-
ing beneficial effects at this concentration (0.1882 mol H,O m~2 s~1) obtained in plants
subjected to an ECiw of 0.4 dS m~!. A similar behavior was observed for internal CO,
concentration (Figure 4B), in which SA at a concentration of 0.6 mM provided the highest
Ci (308.16 umol CO; m~2 s~ 1) in cashew plants irrigated with 0.4 dS m L. In contrast, SA
concentrations above 0.1 mM for gs and 0.6 mM for Ci amplified the effects of salt stress on
gs and Ci, respectively.

The CO, assimilation rate (Figure 4C) was also reduced with increasing salinity levels
of the irrigation water; however, salicylic acid foliar application at a concentration of 1.4 mM
resulted in higher A values (8.71 umol CO, m~2 s~ 1), representing an elevation of 15.22%
(1.32 umol CO; m~2 s~ 1) compared with plants irrigated with 0.4 dS m~! ECiw without
salicylic acid application. The lowest CO, assimilation rate was observed in plants irrigated
with the highest salinity level (3.6 dS m~!) and treated with 3.0 mM salicylic acid, the
observed responses were more pronounced. In contrast, SA concentrations above 1.4 mM
intensified the adverse effects of salt stress on the CO, assimilation rate.

Transpiration (E) decreased in a linear manner as irrigation water salinity increased,
with a reduction of 5.56% for each unit increase in ECiw (Figure 4D). Plants irrigated with
ECiw of 3.6 dSm ™! showed a reduction in E of 18.62% compared with those subjected to
the lowest salinity level of the irrigation water (0.4 dS m™1!), in relative terms.

Instantaneous carboxylation efficiency (iCE) decreased with increasing salinity lev-
els (Figure 5A). However, the highest iCE value (0.03449 [umol CO, m~2 57! (mol
H,0O m 2 s 1) ~1] was observed in plants that received an SA concentration of 1.6 mM,
indicating a beneficial effect of SA under low salinity conditions. In contrast, the lowest iCE
value [0.01871 umol CO, m~2 s~ ! (mol H,O m~2 s~ 1) ~1] was detected in plants grown
under 3.6 dS m~! irrigation conditions without SA application.
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Figure 4. Stomatal conductance (gs) (A), internal CO, concentration (Ci) (B), and CO, assimilation rate
(A) (C) of early dwarf cashew plants subjected to the interaction between irrigation water electrical
conductivity levels (ECiw) and salicylic acid concentrations (SA), as well as transpiration (E) (D) as a
function of ECiw levels, at 180 days after transplanting. X-ECiw; Y-SA; *—significant at p < 0.05;
ns—not significant by the F test; error bars represent the standard error of the mean (n = 3).

For instantaneous water use efficiency (iWUE) (Figure 5B), the maximum estimated
value occurred in plants cultivated under 0.4 dS m™! irrigation water, with an iWUE of 3.20
[umol CO; m=2 s~ ! (mol HoO m~2 s~ 1) 71]. In contrast, irrigation with water of 3.6 dS m~!
resulted in the lowest estimated value (2.37 [umol CO; m ™2 s~ ! (mol HO m—2s71) 71]).

3.3. Photosynthetic Pigments

A significant effect (p < 0.01) of irrigation water electrical conductivity levels was
observed on chlorophyll 4, chlorophyll total, and carotenoid contents of early dwarf cashew
plants (Table S3) at 180 DAT. There was no significant effect of salicylic acid concentrations
or of the interaction between factors (SL x SA) for the evaluated variables.
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Figure 5. Instantaneous carboxylation efficiency (iCE) (A) of early dwarf cashew plants as a function
of the interaction between irrigation water electrical conductivity levels (ECiw) and salicylic acid
concentrations (SA), and instantaneous water use efficiency (iWUE) (B) as a function of ECiw levels,
at 180 days after transplanting. X—-ECiw Y-SA; **—significant at p < 0.01; *—significant at p < 0.05;
ns—not significant by the F test; error bars represent the standard error of the mean (n = 3).

Chlorophyll a (Chl a) and chlorophyll total (Chl ¢) contents were negatively af-
fected by increasing salinity levels of the irrigation water up to an ECiw of 3.6 dS m™!
(Figure 6A,B). Reductions of 14.38% and 12.45% were observed, corresponding to 330.56
and 378.60 ug g~ ! FM, respectively, compared with the highest value observed for chloro-
phyll a (2297.94 pg g’1 FM) at 0.4 dS m~! and the lowest value (1967.38 ug g’l FM) at
3.6 dS m~!. Similarly, chlorophyll total content decreased from 3040.88 g g~! FM at an
ECiw of 0.4 dSm™! t0 2662.28 pg g~ ! FM at 3.6 dS m~! (Figure 6B). Carotenoid (Car) con-
tents decreased linearly by 4.37% per unit increase in ECiw (Figure 6C). A total reduction
of 15.49% (134.83 ug g~ ! FM) in carotenoid content was observed in relative terms.

3.4. Chlorophyll a Fluorescence

A significant interaction effect (p < 0.01) of SL and SA was observed on initial fluores-
cence and the quantum efficiency of photosystem II (Table S4). Salicylic acid concentrations
significantly affected (p < 0.01) variable fluorescence of early dwarf cashew plants at
180 days after transplanting.

Irrigation water salinity increased initial fluorescence (Fy) (Figure 7A). In plants ir-
rigated with water of 0.4 dS m~!, foliar application of salicylic acid of 2.2 mM resulted
in lower Fy. However, SA concentrations exceeding 2.2 mM intensified salt stress effects
in plants, leading to increased Fy. For variable fluorescence (Fy), the highest value was
obtained under foliar application of 2.3 mM salicylic acid (Figure 7B), whereas the lowest
estimated value (677.8) was detected in plants subjected to the control treatment (0 mM).

In contrast to Fy, an opposite behavior was observed for the quantum efficiency of
photosystem II (Fv/Fm) (Figure 7C). Salinity levels exerted adverse effects on this variable,
reducing it up to an ECiw of 3.6 dS m~!. The SA concentration of 2.1 mM under a
salinity level of 0.4 dS m~! increased the Fv/Fm ratio of cashew plants by 10.04% (0.0755)
compared with the control (0.4 dS m~! and 0 mM). Furthermore, at the concentration of
2.1 mM onward, PSII quantum efficiency decreased up to the concentration of 3.0 mM,
reaching a value of 0.7135.
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Figure 6. Chlorophyll a (Chl a) (A), chlorophyll total (Chl ) (B), and carotenoid (Car) (C) contents in
dwarf cashew plants as a function of irrigation water electrical conductivity (ECiw) at 180 days after
transplanting. **—significant at p < 0.01; *—significant at p < 0.05 by the F test; error bars represent

the standard error of the mean (n = 3).

3.5. Plant Growth

A significant effect of the ECiw x SA interaction was observed, which significantly
influenced stem diameter below the graft point, stem diameter at the graft point, and plant
height (Table S5). Irrigation water electrical conductivity levels independently affected
stem diameter above the graft point, crown diameter, crown volume, and vegetative vigor
index (p < 0.01).

Irrigation water salinity inhibited stem diameter below the graft union (Dy,), at the
graft point (Dgp), above the graft point (Dag), and plant height (PH) of dwarf cashew plants
(Figure 8A-D). SA application did not reduce the adverse effects of salts on Dy (Figure 8A),
with a reduction of 14.07% (4.43 mm) compared with the highest mean observed at 0 mM
salicylic acid (31.44 mm) under 0.4 dS m~ !, and the lowest value of 27.01 mm recorded
at 3.6 dS m~! with 3 mM SA. On the other hand, concentrations of 1.3 mM and 2.3 mM
(Figure 8B,D) promoted increases of 1.33 and 5.41% (0.37 and 5.76 mm) when were used
water salinities of 0.4 and 1.5 dS m~! in stem diameter at the graft union and plant
height, respectively. Stem diameter above the graft union (Figure 8C) decreased linearly
with increasing irrigation water electrical conductivity up to 3.6 dS m~!. This reduction
corresponded to 1.35% per unit increase in ECiw, corresponding to a total relative reduction
of 4.89%.
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Figure 7. Initial fluorescence (Fp) (A) and maximum quantum efficiency of photosystem II (Fv/Fm)
(C) in early dwarf cashew plants as a function of the interaction between irrigation water electrical
conductivity (ECiw) and salicylic acid concentrations (SA), and variable fluorescence (Fv) (B) as a
function of SA concentrations, at 180 days after transplanting. X-ECiw; Y-SA; **—significant at

p < 0.01; *—significant at p < 0.05; ns—not significant by the F test; error bars represent the standard
error of the mean (n = 3).

Crown diameter, crown volume, and vegetative vigor index decreased with increasing
irrigation water salinity reaching up to 3.6 dS m~! (Figure 9A-C). A reduction of 23.25%
(0.1 m®) was observed for crown volume, with the highest mean value (0.44 m®) recorded at
0.4 dSm~"! and the lowest (0.34 m®) when irrigation water with 3.6 dS m~! was used. For
crown diameter and vegetative vigor index, linear reductions of 3.36 and 1.68% per unit
increase in ECiw were observed, respectively. In relative terms, irrigation water salinity
inhibited these variables by 11.47 and 4.89%, respectively.
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Figure 8. Stem diameter below the graft point (Dpg) (A), stem diameter at the graft point (Dgp) (B),
and plant height (PH) (D) of dwarf cashew plants as a function of the interaction between irrigation
water electrical conductivity (ECiw) and salicylic acid concentrations (SA), and stem diameter above
the graft point (Dag) (C) as a function of ECiw levels at 180 days after transplanting. X-ECiw; Y-SA;

**—significant at p < 0.01; ns—not significant by the F test; error bars represent the standard error of
the mean (n = 3).

3.6. Best Salicylic Acid Concentrations for Each Variable

Overall, the variables showed distinct responses to the application of salicylic acid (SA)
at the concentrations analyzed, demonstrating that effects on physiological and growth
variables depend on the sensitivity of the parameter evaluated (Table 1) and the mecha-
nisms involved.

Relative water content increased up to a concentration of 2.5 mM, whereas the lowest
electrolyte leakage was observed at 1.2 mM SA. Regarding gas exchange variables, maxi-
mum responses were observed at intermediate concentrations—ranging from 0.6 to 1.6 mM
SA—with notable results for the CO, assimilation rate and instantaneous carboxylation ef-
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ficiency. Concerning chlorophyll 2 fluorescence parameters, the highest values for variable
fluorescence and photosystem II quantum efficiency occurred between 2.1 and 2.3 mM SA.
As for plant growth, the greatest plant height was estimated at 1.3 mM, while the largest
stem diameter above the graft union was observed near 2.3 mM SA.
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Figure 9. Crown diameter (Dcrown) (A), crown volume (Verown) (B), and vegetative vigor index (VVI)
(C) of dwarf cashew plants as a function of irrigation water salinity levels (ECiw) at 180 days after
transplanting. **—Significant at p < 0.01 by the F test, the vertical bars indicate the standard error

(n=23).

Overall, in this study, although plant responses varied across the evaluated character-
istics, intermediate SA concentrations between 1.2 and 2.0 mM promoted the best balance
among water status maintenance, cellular integrity, photosynthetic efficiency, and plant
growth; this range can be considered the most suitable for maximizing the physiological
and vegetative performance of the dwarf cashew plant under the conditions evaluated.
However, it should be noted that some concentrations associated with the best results fell
at the limits of the experimental range (0 to 3 mM), which may indicate that the true optima

lie outside the tested interval.

3.7. Analysis of Principal Components and Pearson Correlation

Principal component analysis (PCA) clustering synthesized the relationships among
the evaluated variables, revealing response patterns of cashew plants to the effects of the
studied factors. This study evaluated the interaction between irrigation water salinity
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levels (SL) and salicylic acid concentrations (C) could be observed through PCA (Figure 10).
The first two extracted components (PC1 and PC2) jointly accounted for 62.1% of the
total variance, with PC1 explaining the largest proportion of variance (44%), whereas PC2
contributed 18.1% of the total variance.

Table 1. Optimal salicylic acid concentrations for the evaluated physiological and growth variables.

Variables Best Concentrations (mM)
Relative water content 2.5
Electrolyte leakage 12
CO; assimilation rate 14
Stomatal conductance 0.1
Internal CO; concentration 0.6
Instantaneous carboxylation efficiency 1.6
Initial fluorescence 2.2
Variable fluorescence 2.3
Quantum efficiency of photosystem II 2.1
Plant height 1.3
Stem diameter measured above the grafting point 23
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Figure 10. Two-dimensional projection of principal components derived from irrigation water salinity
levels (S) and salicylic acid concentrations (C), as well as from the evaluated variables within the first
two principal components PC1 and PC2.

The variables included in the PCA were: Chl a, Chl ¢, Car, Fy, Fi, Fy, Fv/Fm, Derown,
Verown, and VVI. The first principal component comprised the variables Chla, Chl ¢, Car, F,,
Dcrown, Verown, and VVI, whereas the second principal component included the variables
Fo, Fy, and Fy /F. Negative correlations greater than 0.60 were observed for almost all
variables (—0.80, —0.80, —0.69, —0.61, —0.60, —0.63, —0.61, —0.63), respectively, for Chl a,
Chl t, Car, Fy, Fm, Fy, Ev/Fm, Derown, Verown, and VVI. Group 5 showed lower statistical
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relevance and was composed of the treatments S3C3, S3C2, S3C4, 52C1, S4C4, S1C1, S5C2,
and S2C3. On the other hand, groups 2 (52C4, S4C3, and S1C3) and 3 (S2C2 and S1C2)
showed greater statistical relevance, indicating better responses related to gas exchange,
photosynthetic pigments, chlorophyll a fluorescence, and plant growth. Groups 1 (53C1
and S51C4), 4 (54C1 and S5C1), and 6 (S5C4, S5C3, and 54C2) were favored only by initial
fluorescence and electrolyte leakage.

Pearson’s correlation matrix analysis (Figure 11) shows interactions among the mor-
phological and physiological variables of dwarf cashew plants under irrigation with saline
water and salicylic acid concentrations. The correlation matrix revealed relevant associa-
tions, with the strongest being observed between Fy,, and Fy, showing a positive correlation
of r = 0.98, followed by Chl a and Chl t (0.92), and Car and Chl a (0.78). A very strong
negative correlation was observed between Fy and F, /Fp, (—0.87), followed by EL with
Car, Chla, Chl t, and A (—0.82, —0.76, —0.71, and —0.70, respectively). Other correlations
observed included gs and Ci (0.57), E and D¢rown (0.56), A and iWUE (0.80), and Dbg and
VVI (0.66). Moderate correlations were observed between Dy, and VVI (0.56), A and E
(0.60), Chla and E (0.59), and iCE and Dyg, (0.53). Moderate negative correlations were also
highlighted between Fy and RWC (—0.52).
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Figure 11. Pearson’s correlation matrix among morphological and physiological variables of dwarf
cashew plants subjected to saline water irrigation and salicylic acid application.
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4. Discussion
4.1. Salt Stress and Potential Mitigators in Semi-Arid Environments

In regions characterized by a semiarid climate, irregular rainfall patterns, combined
with high air temperatures and elevated evapotranspiration rates, result in limited water
availability throughout most of the year [26]. Consequently, irrigation has been widely
adopted in semiarid regions to meet crop water requirements; however, these water sources
often contain dissolved salts that may induce a range of morphophysiological alterations in
plants [3]. Salt stress is considered one of the major abiotic constraints limiting agricultural
production, particularly in the semiarid regions of Northeastern Brazil [5].

In this context, strategies that enable the use of brackish water and/or mitigate its
deleterious effects are essential for the sustainability of agricultural production [27]. Among
these strategies, the application of osmoprotective compounds such as salicylic acid (SA)
has emerged as a promising approach, as it can contribute to the mitigation of physiological
damage and the induction of tolerance mechanisms against abiotic stresses, including salt
stress [28].

4.2. Membrane Stability and Electrolyte Leakage Under Environmental Stress

The increase in salt concentration within the root zone reduced root water potential,
leading to a decline in relative water content (RWC) (Figure 3A). This response may be
associated with the increase in soil osmotic pressure, which limits water availability for
plant uptake [29]. In addition, high salt concentrations in the soil restrict the ability of roots
to absorb water and nutrients [30].

However, these effects were mitigated by the application of salicylic acid (SA). This
response may be related to the SA-induced accumulation of osmoprotective compounds,
which contribute to osmotic homeostasis and improved plant water status under saline
conditions [31]. Evaluating the effects of salicylic acid application on dwarf cashew plants
irrigated with brackish water, Silva et al. [13] reported that the application of 1.0 mM
SA alleviated the deleterious effects of irrigation water with an electrical conductivity of
1.2dS m™!, resulting in the highest leaf relative water content (93.5%).

As a consequence of reduced leaf turgor, cells become more susceptible to lipid
peroxidation, thereby promoting ion leakage. Furthermore, excessive concentrations of
salts such as Na* and Cl~ can cause cellular disturbances due to the overproduction of
reactive oxygen species (ROS) [32], as evidenced in the present study by the increase
in electrolyte leakage (Figure 3B). Supporting these findings, a negative correlation was
observed between RWC and electrolyte leakage (EL) (Figure 11), reinforcing the hypothesis
that leaf water status directly influences cellular membrane integrity.

Nevertheless, this effect was attenuated when SA was applied at a concentration of
1.2 mM. This response may be attributed to the role of SA in maintaining membrane stability
and ionic homeostasis [33]. Salicylic acid participates in ROS signaling and regulates the
antioxidant defense system, balancing the production and scavenging of reactive molecules
and thereby reducing lipid peroxidation, even under irrigation with saline water [34]. In
the present study, the observed EL values indicated the absence of severe cellular damage,
since, according to [35], cellular injury is generally considered to occur only when EL
exceeds 50%.

4.3. Photosynthetic Performance and Carbon Assimilation Rates

Salinity reduced leaf water status (Figure 3A) and increased EL (Figure 3B), which
likely contributed to the reductions observed in stomatal conductance (Figure 4A) and tran-
spiration (Figure 4D). These effects directly impaired carbon assimilation by limiting CO,
diffusion into the substomatal chambers [36], thereby affecting internal CO, concentration
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(Figure 4B). Notably, these variables exhibited negative correlations (Figure 11), indicating
an inverse relationship and highlighting their sensitivity to increasing salinity levels in the
irrigation water.

The accumulation of salts in the root zone intensifies osmotic stress and restricts water
and nutrient uptake by plants, stimulating abscisic acid (ABA) synthesis and inducing
partial stomatal closure, which limits atmospheric CO, uptake [37,38]. Consequently,
the reduction in CO; availability within the substomatal chambers affects the activity of
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), decreasing photosynthetic
carbon fixation and favoring photorespiration [39].

As a consequence, instantaneous carboxylation efficiency was reduced (Figure 5A).
This response may be associated with metabolic limitations in the Calvin cycle caused by
reduced RuBisCO activity and a lower supply of ATP and NADPH, ultimately impairing
carbon fixation [40]. Under saline conditions, plants also reduce water consumption as
an acclimation strategy. This response is reflected by decrease in instantaneous water use
efficiency (Figure 5B), which may be associated with disturbances in water balance and
gas exchange induced by osmotic stress. Partial stomatal closure limits atmospheric CO,
uptake, reduces net photosynthetic rate, and alters transpiration control, resulting in lower
efficiency of water use for carbon fixation [41].

In contrast, the beneficial effects of salicylic acid (SA) on stomatal conductance (gs)
and internal CO; concentration (Ci) (Figure 4A,B) may be attributed to its antioxidant
properties, which reduce the accumulation of HO, and O, and consequently minimize
damage to membrane proteins and phospholipids through improvements in the K* /Na*
ratio [11]. In the present study, SA effectively mitigated the deleterious effects of salinity
by increasing relative water content (Figure 3A) and enhancing stomatal conductance
(Figure 4A). These responses are likely associated with the strong positive correlation
observed between these variables.

The improvements in gs (Figure 4A) and Ci (Figure 4B) promoted an increase in
CO;, assimilation rate (Figure 4C) under SA application. This result may be related to
enhanced CO,; utilization efficiency by RuBisCO [11], indicating a greater prevalence
of carboxylation over photorespiration. Similar findings were reported by [14] in sour
passion fruit plants irrigated with saline water (ECiw ranging from 0.4 to 3.6 dS m™),
where the application of 1.2 mM SA alleviated the adverse effects of salt stress on gas
exchange. Furthermore, salicylic acid improved photosynthetic performance, indicating
greater efficiency in CO; fixation. This effect may be associated with the antioxidant
properties of SA, which contribute to maintaining the balance between the production and
scavenging of reactive oxygen species (ROS) [42].

4.4. Photosynthetic Pigment Degradation

Irrigation with saline water negatively affected the photosynthetic pigments of dwarf
cashew plants. This result indicates that salts present in the irrigation water impaired
the functional integrity of photosystem II, as evidenced by the reductions observed in
chlorophyll a (Chl a), chlorophyll total (Chl t), and carotenoid (Car) contents (Figure 6A-C).
Similar reductions in the synthesis of photosynthetic pigments were reported in grafted
dwarf cashew clones (CCP 76 and BRS 226) subjected to increasing salinity levels ranging
from 0.4 to 3.6 dS m™! [13]. These reductions are likely associated with the intensification
of salt-induced oxidative toxicity, which damages chloroplast membranes, destabilizes
pigment—protein complexes, and inhibits pigment biosynthesis [43].

In addition, chloroplast degradation and increased chlorophyllase activity may pro-
mote chlorophyll photooxidation, thereby reducing the efficiency of the light harvesting
antenna complex [44]. Under salt stress conditions, reductions in the activity of both pho-
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tosystem I (PSI) and photosystem II (PSII) may also occur, impairing electron transport
and the generation of primary electron acceptors. Under normal conditions, electrons
are transferred from the primary acceptor of PSII to PSI and subsequently to NADP* via
ferredoxin (Fd) [45].

Therefore, the reductions imposed by irrigation water salinity may impair photochem-
ical activity and decrease the production of ATP and NADPH required for the biochemical
phase of photosynthesis [40]. This response may explain the limitations observed in gas
exchange (Figure 4A-D), particularly in instantaneous carboxylation efficiency (Figure 5A),
as this variable exhibited a clustering pattern similar to that of the photosynthetic pigments,
as evidenced by the principal component analysis (Figure 10).

4.5. Photosystem II Efficiency

Corroborating the results obtained for photosynthetic pigments affected by salt stress,
an increase in initial chlorophyll a fluorescence (Fy) (Figure 7A) and reductions in the
quantum efficiency of photosystem II (Figure 7B) were observed as irrigation water salinity
increased. Under saline conditions, excessive production of reactive oxygen species (ROS)
occurs, intensifying the degradation of proteins and cell wall components and causing
damage to the photosynthetic apparatus [46].

When evaluating cashew plants irrigated with water of different electrical conductivity
levels, Fatima et al. [47] reported that irrigation water salinity levels above 2.1 dS m~!
reduced the photochemical efficiency of photosystem II, directly impairing the photosyn-
thetic apparatus. This response may be associated with a reduction in the activity of the
oxygen-evolving complex on either the donor or acceptor side of PSII, resulting in the
transfer of excess electrons to oxygen at PSI and the consequent generation of oxygen
singlet (10,), which may compromise chloroplast integrity [48].

However, the application of salicylic acid (SA) exerted beneficial effects on Fy, Fy, and
F, /Fm (Figure 7A—C), reducing initial fluorescence while increasing variable fluorescence
and the quantum efficiency of photosystem II. Salicylic acid is known to stimulate electron
transport, facilitating the dissipation of excess energy generated under abiotic stresses such
as salinity [11]. This dissipation stabilizes PSII and PSI supercomplexes, improves plant
metabolism, promotes ROS scavenging, and consequently reduces Fy while increasing F,
in plants [49].

Furthermore, SA enhances the activity of antioxidant enzymes, contributing to the
maintenance of redox homeostasis and the prevention of cellular damage. These effects
favor membrane integrity, thereby preserving the functionality of the photosystems and
promoting greater photosynthetic efficiency [50], even under conditions of increased chloro-
phyllase activity.

4.6. Morphological Development

Regarding the growth of dwarf cashew plants, reductions were observed in all evalu-
ated variables as irrigation water salinity increased. The decline in plant water status, gas
exchange, and photosynthetic pigments, together with the increase in electrolyte leakage,
compromised the energy supply required for the regulation of plant metabolism, promoting
the redistribution of resources toward the maintenance of cellular homeostasis [51]. This
process limits cell expansion and division, thereby directly impairing plant growth [52,53].

Dwarf cashew is classified as moderately sensitive to irrigation water salinity during
the pre-flowering stage, with 1.6 dS m~! being considered the salinity threshold for this
phenological stage [54]. Similarly, Capitulino et al. [55], evaluating the effects of saline
water irrigation on soursop cv. Morada Nova, reported that increasing ECiw from 0.8 to
3.2dS m~! inhibited stem diameter growth and plant height.
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On the other hand, these deleterious effects were mitigated by the application of
salicylic acid (SA). According to Xin et al. [56], SA increases chlorophyll contents and
enhances the efficiency of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO),
thereby improving photosynthetic performance and, consequently, plant growth through
enhanced cell expansion and division. In addition, SA treatment may induce the expression
of genes involved in melatonin biosynthesis, promoting higher endogenous melatonin
levels [57], which may contribute to plant growth even under abiotic stress conditions.

Overall, irrigation with saline water caused significant damage to the morphophysio-
logical structure of dwarf cashew plants under the conditions imposed in this study. These
findings support the general hypothesis proposed herein. In this context, when applied
at appropriate concentrations (Table 1), salicylic acid can stimulate nutrient uptake and
improve nutrient use efficiency, resulting in enhanced antioxidant defense responses and
the modulation of morphophysiological processes, such as cell elongation [58]. Therefore,
SA represents a promising strategy for cashew cultivation in semiarid regions.

5. Conclusions

Irrigation water salinity up to 3.6 dS m~! inhibits the synthesis of photosynthetic
pigments, gas exchange, chlorophyll a fluorescence, and growth of dwarf cashew plants.
Foliar application of salicylic acid at concentrations ranging from 0.1 to 2.5 mM atten-
uates the effects of salt stress on relative water content, stomatal conductance, internal
CO; concentration, CO, assimilation rate, instantaneous carboxylation efficiency, variable
fluorescence, quantum efficiency of photosystem II, stem diameter at the graft union, and
plant height, in addition to reducing electrolyte leakage and initial fluorescence of dwarf
cashew plants at 180 days after transplanting.

The hypothesis initially formulated was corroborated by the experimental data ob-
tained in this study. The results demonstrated a significant impact of irrigation water
salinity levels on dwarf cashew plants. However, it is assumed that salicylic acid (SA),
when applied at appropriate doses, mitigates the deleterious effects of salts on the growth
and physiology of cashew plants. It should also be emphasized that high SA concentrations
potentiate significant reductions, thereby acting as an intensifier of damage caused by
salt ions.

For future studies with dwarf cashew plants, it is recommended to evaluate the long-
term effects of foliar SA application up to the productive phase, using concentrations less
than 3 mM. It is also advisable to include smaller intervals between salinity levels, allowing
better characterization of the maximum salinity tolerance of this crop. Furthermore, it is
essential to conduct further research focused on the molecular mechanisms involved in the
accumulation of compounds under controlled salt stress conditions, as well as the economic
feasibility studies to support and validate the adoption of these practices on a commercial
scale, especially in semi-arid regions where family farming predominates.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /horticulturae12070823/s1, Table S1: Summary of the analysis
of variance for relative water content (RWC) and electrolyte leakage (EL) of early dwarf cashew
trees cultivated under saline irrigation water and foliar application of salicylic acid at 180 days
after transplanting, Table S2: Analysis of variance for stomatal conductance (gs), internal carbon
concentration (Ci), transpiration (E), CO,; assimilation rate (A), instantaneous carboxylation efficiency
(iCE), and instantaneous water use efficiency (iWUE) of early dwarf cashew trees cultivated under
saline irrigation water and foliar application of salicylic acid at 180 days after transplanting; Table S3:
Summary of the analysis of variance for chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophyll
(Chl t), and carotenoids (Car) of early dwarf cashew trees cultivated under saline irrigation water
and foliar application of salicylic acid at 180 days after transplanting; Table S4: Analysis of variance
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for initial fluorescence (Fy), maximum fluorescence (Fm), variable fluorescence (Fv), and quantum
efficiency of photosystem II (Fv/Fm) of early dwarf cashew trees under saline irrigation water and
foliar application of salicylic acid at 180 days after transplanting. Table S5: Summary of the analysis
of variance for stem diameter below the graft union (Dbg), stem diameter at the graft union (Dgp),
stem diameter above the graft union (Dag), plant height (PH), canopy diameter (Dcrown), canopy
volume (Vcrown), and vegetative vigor index (VVI) of dwarf cashew trees cultivated under saline
water conditions with foliar application of salicylic acid at 180 days after transplanting.
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