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Abstract

Salinity is a major abiotic constraint limiting strawberry (Fragaria X ananassa) productivity
by disrupting water relations, nutrient uptake, and photosynthetic processes. Biopolymer-
based biostimulants have emerged as a sustainable strategy to enhance crop performance
under stress conditions. The objective of this study was to evaluate the effect of a chitosan—
maltodextrin (CHTMD) formulation on growth, physiological response, and fruit quality in
strawberry plants under saline conditions at the Universidad Autonoma Agraria Antonio
Narro in Saltillo, Mexico. A randomized complete block design with a 2 x 4 factorial
arrangement was established, including two salinity levels (0 and 45 mM NaCl) and
four CHTMD concentrations (0, 250, 500, and 1000 mg L_l). The application of CHTMD
significantly mitigated the adverse effects of salinity and improved plant growth, biomass
accumulation, gas exchange, yield, and fruit quality. Under saline conditions, 250 mg
L~ ! increased total fresh weight by 148.5% compared with the saline control, while root
length increased by up to 58.5% under non-saline conditions. Yield was enhanced by 87.3%
and 71.4% with 250 and 1000 mg L™}, respectively, whereas fruit number increased by
up to 63.8% under salinity. Photosynthetic rate increased from 12.58 to 16.19 umol CO,
m~2 s~ ! and stomatal conductance from 0.235 to 0.325 mol H,O m~2 s~!. Fruit quality
was also enhanced, with soluble solids increasing from 5.9 to 7.1 °Brix, vitamin C from
50.58 to 115.42 mg 100 g~! FW, and total anthocyanins from 65.7 to 106.2 C3G 100 g !
FW, indicating a substantial enhancement to the fruit’s nutraceutical quality, particularly
at 500 mg L~! and 1000 mg L~!. These findings demonstrate that the CHTMD system is
an effective biostimulant capable of improving tolerance to salt stress by modulating key
physiological and biochemical responses, as well as enhancing the functional quality of
the fruit. This approach represents a promising and sustainable strategy for strawberry
production in agricultural systems affected by salinity.

Keywords: polysaccharide; abiotic; biostimulant; secondary metabolism; stress

1. Introduction

Global agricultural production faces the challenge of increasing productivity in the con-
text of climate change and progressive soil degradation, where abiotic factors—particularly
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salinity—represent one of the main constraints on crop growth and yield [1,2]. It is esti-
mated that, by 2050, up to 30% of farmland will be affected by salinization processes, which
seriously compromises global food security [3,4].

Saline stress affects plants through multiple mechanisms, including osmotic stress,
ionic toxicity, and redox imbalance. These processes lead to reduced water uptake, al-
terations in ionic homeostasis—particularly in the Na*/K* ratio—and the accumulation
of reactive oxygen species (ROS), which cause damage to cell membranes, proteins, and
photosynthetic systems, as well as growth abnormalities and reduced yield [5-7]. Although
plants have developed adaptive mechanisms to counteract these effects, these systems are
inadequate under conditions of severe stress, which has driven the search for exogenous
strategies to improve tolerance to abiotic stress.

In this context, biostimulants have emerged as sustainable tools capable of modulating
physiological and metabolic processes in plants, improving nutrient use efficiency, stress
tolerance, and crop quality [2]. Unlike conventional fertilizers, biostimulants act primar-
ily by regulating metabolic and physiological pathways, including the activation of the
antioxidant system, photosynthetic efficiency, and optimization of water status [8].

Within this group, natural polysaccharides have gained particular importance due
to their biodegradability, biocompatibility, and ability to act as bioactive molecules [9,10].
These compounds have demonstrated efficacy in mitigating the effects of salt stress through
various mechanisms, such as the regulation of ion transport, Na* compartmentalization,
stabilization of cell membranes, and activation of antioxidant systems [11,12].

Chitosan (CHT), one of the most extensively studied polysaccharides, has demon-
strated consistent effects in improving tolerance to various types of abiotic stress. Its
application induces the activation of antioxidant enzymes such as superoxide dismutase
(SOD), catalase (CAT), peroxidase (POX), and glutathione reductase (GPX), contributing to
the reduction in oxidative damage and the maintenance of cellular integrity [11,13,14].

Furthermore, it has been documented that CHT improves growth parameters, yield,
and osmolite accumulation in different species under saline and water stress conditions. For
example, in sunflower plant (Helianthus annuus L.) plants subjected to 4000 mg/L salinity
stress, CHT application recorded the highest values of all the studied growth and yield
quantity and quality via enhancing photosynthetic pigments and the studied physiological
aspects [15]. Durum wheat (Triticum durum Dest.) treated with chitosan showed an increase
in shoot biomass in seedlings stressed with 200 mM NaCl [13]. In sorghum (Sorghum bicolor
L.) plants stressed with 300 mM NacCl, the application of chitosan effectively reversed the
negative effects of salinity by stimulating increases in proline, total soluble sugars, and the
activities of the SOD and APX enzymes [16].

Furthermore, the use of combined polymeric systems represents an emerging strategy
for optimizing the efficacy of biostimulants. In particular, the incorporation of hydrophilic
polysaccharides such as maltodextrin (MD) may improve the stability, solubility, and con-
trolled release of bioactive compounds, thereby enhancing their persistence and interaction
whit plant tissues. Recent studies have demonstrated that maltodextrin-based formulations
can positively influence plant growth, physiological performance, and crop productiv-
ity. For example, maltodextrin-containing biostimulants have been reported to improve
biomass accumulation, photosynthetic activity, and fruit quality in horticultural crops,
while formulations based on dextrose and maltodextrin have promoted plant growth under
both optimal and stressful conditions. Likewise, chitosan-maltodextrin and other chitosan-
based composite systems have enhanced growth, yield, and fruit quality in crops such as
chili pepper and tomato, suggesting a synergistic interaction between these polysaccharides
in the modulation of plant physiological responses [17,18]. Beyond agricultural applica-
tions, chitosan—-maltodextrin systems have also been successfully used as encapsulating
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matrices for bioactive compounds, improving their stability, bioavailability, and antioxidant
activity [19,20]. Despite these promising findings, information regarding the effectiveness
of chitosan-maltodextrin formulations in mitigating salinity stress in strawberry plants
remains scarce. Therefore, the present study was conducted to address this knowledge
gap and to evaluate the potential of CHTMD formulation as a biostimulant for improving
strawberry performance under saline conditions. The aim was to evaluate the effect of a
CHTMD formulation on plant growth, physiological performance, fruit yield, and fruit
quality of strawberry plants cultivated under salinity stress.

We hypothesized that the application of CHTMD would enhance salinity tolerance
by improving water relations, gas exchange, and physiological performance, thereby
increasing plant growth, productivity, and fruit quality under saline conditions.

2. Materials and Methods
2.1. Experimental Location

The study was conducted in a shade-house from January through November 2025 at
Departamento de Botanica of Universidad Autonoma Agraria Antonio Narro (UAAAN)
in Saltillo, Coahuila, Mexico, geographically located at coordinates 25°21'26.40” N
101°02'01.44” W and 1763 m above sea level. Environmental variables were recorded
using a data logger (Watch Dog 1000 Series, Spectrum Technologies, Inc., Aurora, IL, USA).
During the experimental period, the average temperature was 18.1 °C (maximum 23.4 °C,
minimum 14.4 °C), the average relative humidity was 68% (maximum 92%, minimum

45%), and the average photosynthetically active radiation was 375 pmol m 2 s~ 1.

2.2. Preparation and Characterization of the CHTMD System

Chitosan (CAS 9012-76-4) was purchased from Sigma-Aldrich (Merck KGaA, Darm-
stadt, Germany); the biopolymer was of low molecular weight, with a degree of deacety-
lation >75% and low viscosity, and was derived from chitin obtained from the shells of
shrimp (Pandalus borealis). Commercial food-grade maltodextrin (MD) (DE value < 20) was
obtained from the hydrolysis of corn starch (Manuchar Inc., Monterrey, Mexico).

To prepare the solutions, CHT was dissolved in 1% (v/v) acetic acid under constant
stirring for 48 h until completely solubilized. Subsequently, the MD was added, and
the mixture was stirred for 24 h at room temperature to promote homogenization. The
CHTMD formulation was prepared at a 1:1 (w/w) ratio. The concentrations evaluated
(0, 250, 500, and 1000 mg LY corresponded to the CHT concentration, with MD added
at the same concentration to maintain the 1:1 ratio. Final solutions were prepared at
different concentrations (0, 250, 500, and 1000 mg L~1). The CHTMD formulation was
characterized using Fourier-transform infrared spectroscopy (FTIR) (Thermo Scientific-
Nicolet iS50, Waltham, MA, USA) to identify individual functional groups and possible
functional groups between the polysaccharides. Scanning electron microscopy (SEM) was
performed to characterize the morphology of the CHTMD formulation. Images were
obtained using a scanning electron microscope (JEOL JCM-6000, Akishima, Tokyo, Japan)
at different magnifications to evaluate the surface morphology of the sample.

2.3. Salinity Application and Crop Management

Bare-root strawberry seedlings of the Victory variety, provided by INAPI (Agricultural
Supplies for Greenhouses, Guanajuato, Mexico), were used. The plants were established
in 4 L containers with a mixture of sphagnum peat (60% v/v; Premier Tech, Riviére-du-
Loup, QC, Canada) and horticultural perlite (40% v/v; Hortiperl, Durango, Mexico). The
plants were irrigated with a complete nutrient solution (Steiner, 1961) [21]. Two solutions
were prepared: one without NaCl and another with 45 mM NaCl. This concentration
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was selected because it represents a moderate salinity stress level previously used in
strawberry studies, capable of inducing physiological and productive alterations without
severely compromising plant survival [22-24]. The macronutrient composition (meq L1
was 12 NOs_, 1 HyPO4_, 7 K, 9 Ca, 4 Mg, and 7 S0,42~. The micronutrients (mg Lfl)
were 5.3 Fe-EDTA, 0.4 Zn-EDTA, 2.6 Mn-EDTA, 0.5 Cu-EDTA, 0.2 B, and 0.2 Mo. The
pH of the nutrient solution without salinity was 6.1 and the electrical conductivity (EC)
was 1.99 dS m~! (Hanna Combo HI 98129, Woonsocket, RI, USA). The solution with the
addition of NaCl had a pH of 6.3 and an EC of 4.09 dS m~!. Irrigation was applied via a
drip system (Netafim, Irrigation Inc., Fresno, CA, USA), with two emitters per container
(1 L h71). Water was supplied for 6 min/day during the vegetative phase and 15 min/day
during the reproductive phase.

2.4. Application of the CHTMD System

Saline stress was initiated 21 days after transplanting (DAT). The first application
of CHTMD treatment was carried out seven days after the start of saline treatment. The
biostimulant was applied via the root zone (0, 250, 500, and 1000 mg Lfl) atarate of 100 mL
per container at 15-day intervals during the growing cycle. Water (0 mg L) was applied
as a control treatment.

2.5. Plant Growth and Development

At the end of the experimental period, plant height, number of leaves, total fresh
weight, total dry weight, and root length were determined. Plant height (cm) was measured
from the crown of the plant to the tip of the longest leaf using a measuring tape. The
total number of leaves per plant was recorded by counting all leaves produced during the
experimental period, including those that had senesce or were removed during routine
management. After the final harvest, the aerial and root tissues of each plant were collected
and weighed immediately to determine total fresh weight (g). Subsequently, the plant
material was dried in a forced-air oven (Novatech, H545-AIA, Murrieta, CA, USA) at 70 °C
for 72 h until constant weight and weighed to determine total dry weight (g). Root length
was measured after carefully washing the root system and recording the length of the
longest root using a measuring tape.

2.6. Fruit Size and Yield

The equational and polar diameters of the fruits were measured using a digital caliper.
Total yield was calculated as the sum of the fruit weight (Rhino, BAPRE-3, Cuautitlan
Izcalli, Mexico) per plant harvested over 105 days, and the total number of fruits per plant
was recorded.

2.7. Gas Exchange

The photosynthetic rate, stomatal conductance, internal CO; concentration, and tran-
spiration rate were measured using a portable photosynthesis system (LI-COR 6400XT,
Biosciences, Lincoln, NE, USA) on fully expanded, visibly healthy leaves. Measurements
were taken between 11:30 a.m. and 1:00 p.m. under controlled conditions (CO2: 373.5 umol
moL~!; temperature: 27.2 °C; RH: 54.9%). The SPAD index was recorded every 15 days
(KONICA MINOLTA, SPAD-502, Chiyoda-ku, Tokyo, Japan).

2.8. Fruit Quality and Bioactive Compounds

Total soluble solids (°Brix) was determined using a refractometer (ATAGO ATC'E).
Vitamin C content was determined using the AOAC 967.21 method, based on titration with
2,6-dichloroisophthol (DCPIP). To do this, 10 g of a previously homogenized fresh sample
was weighed and extracted with 50 mL of hydrochloric acid. The extract was filtered, and
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a 10 mL aliquot was taken, which was titrated with the standardized DCPIP solution until
a faint, persistent pink color appeared, indicating the endpoint. The results were expressed
as mg of ascorbic acid per 100 g of fresh weight (mg 100 g~! FW). Titratable acidity was
determined by acid-base titration. Ten grams of previously homogenized fresh pulp was
weighed and diluted in 50 mL of distilled water. The mixture was filtered to obtain a clear
extract, from which 10 mL was taken and titrated with 0.1 N NaOH, using phenolphthalein
as an indicator. The results were expressed as a percentage of citric acid (% citric acid).
The total anthocyanin content was determined using 100 mg of dried plant tissue, to
which 2 mL of an ethanol/water/concentrated HCI extraction solution (70:29:1, v/v/v)
was added. The mixture was homogenized using a vortex mixer and then centrifuged
at 12,000 rpm for 10 min. The supernatant was analyzed at 525 nm using a spectropho-
tometer (JENWAY 6320D, Staffordshire, UK), and the concentration was expressed in
malvidin-3-glucoside equivalents. The fruits used for the evaluation of quality and bioac-
tive compounds were harvested at commercial maturity, defined by uniform red coloration
(>90%), approximately 30-35 days after flowering, to ensure sample homogeneity.

2.9. Experimental Design and Statistical Analysis

A completely randomized block design with a 4 x 2 factorial arrangement was used,
resulting in a total of 8 treatments. Four replicates per treatment and 4 plants per replicate
were considered, for a total of 16 plants for each of the variables evaluated in the experi-
ment. The factors were four CHTMD concentrations (0, 250, 500, and 1000 mg L_l) and
two salinity levels (0 and 45 mM NaCl). Statistical analysis was performed using ANOVA.
Prior to ANOVA, data normality was evaluated using the Shapiro-Wilk test through the
UNIVARIATE procedure in SAS (Version 9.4). Based on the balanced experimental de-
sign and equal replication among treatments, the data were subsequently analyzed using
factorial ANOVA followed by Tukey’s multiple-range test (p < 0.05), using SAS software
version 9.4 (SAS Institute, Cary, NC, USA).

3. Results and Discussion
3.1. Characterization of the CHTMD System

FTIR analysis confirmed the presence of functional groups characteristic of the polysac-
charides chitosan (CHT) and maltodextrin (MD). Bands associated with the stretching of
hydroxyl groups (<OH) in the 3366-3302 cm~! region, C-H vibrations at 2926-2928 cm !,
and signals associated with glycosidic bonds (C-O-C) and alcohol groups (C-O) between
1396 and 1020 cm~! were detected (Figure 1). The band around 1658 cm ™! confirmed the
presence of amino groups (-NH2) characteristic of chitosan, derived from the deacetylation
process of chitin.

In the CHT-MD formulation, changes in band intensity and broadening were observed,
particularly in the regions associated with -OH and C-O groups, suggesting the formation
of intermolecular interactions, primarily hydrogen bonds. The absence of new bands
indicates that the interaction between the two polysaccharides is physical in nature and non-
covalent. This behavior is consistent with reports from similar polymeric systems, where
compatibility between biopolymers is reflected in spectral shifts without the formation of
new chemical bonds [25,26].
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Figure 1. FT-IR spectra of CHT, MD, and the CHT-MD formulation.

The SEM micrographs of the CHTMD formulation revealed the formation of a contin-
uous and heterogeneous polymeric matrix with an irregular surface morphology (Figure 2).
The structure exhibited sheet-like regions interconnected by thin filamentous strands,
forming an entangled network throughout the material. No discrete particles or crys-
talline structures were observed, suggesting a homogeneous physical dispersion of both
polysaccharides within the matrix. In addition, the surface showed a rough texture with
overlapping layers and localized folds, characteristics commonly associated with dried
polysaccharide-based films. These observations indicate that the chitosan and maltodextrin
components formed an interconnected polymeric network after the preparation process.

Y2

1B KV,

High-vac. SEI . High-vac.

Figure 2. SEM of the CHTMD system.
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3.2. Effect of the CHTMD System on Plant Growth and Development

The application of the CHTMD system significantly affected all growth-related vari-
ables evaluated (Table 1), although the magnitude of the response varied according to the
concentration applied and the salinity condition.

Table 1. Effect of CHTMD concentration and salinity conditions on growth and biomass parameters
in strawberry plants.

Plant Height

(cm)

Total Fresh
Weight (g)

Total Dry

Number of Leaves Weight (g)

Root Length (cm)

CHTMD (mg L~}

Control
250
500

1000
cv
ANOVA
Salinity
Without
With
ANOVA
Interactions
CHTMD *
salinity

35.21 + 0.608 P
38.76 + 0.624 2
34.28 + 0.666 P

13.12 £ 0.3104
33.66 + 0.461°P
21.56 + 0.745 ¢

318.28 4 20.623 €
414.46 + 18.276 2
372.56 + 6.314 P

54.62 + 2.305 ¢
87.34 +1.989 P
91.18 + 5.104 @b

17.31 + 0.654 €
27.79 4+ 0.542 P
26.68 + 0.665 P

36.04 + 0.621° 36.69 + 0.734 2 366.75 + 19.087 b 94.71 + 5.007 @ 30.43 + 0.470 @
9.680 8.370 8.083 11.472 9.625
<0.001 <0.001 <0.001 <0.001 <0.001
2554 2842 337.8P 83.12 2774
26.62 24.1P 398.12 80.82 23.4b
0.0716 <0.001 <0.001 0.1615 <0.001
0.5913 <0.001 <0.001 <0.001 0.0175

* Different letters within the same column indicate statistical differences according to Tukey’s multiple-comparisons
test (p < 0.05).

Plant height. Plant height was significantly influenced by CHTMD concentration
(p < 0.001), with the highest value recorded at 250 mg L~! (38.76 cm), representing an
increase of 10.1% compared with the control (35.21 cm). No additional increases were
observed at higher concentrations, suggesting that low doses were sufficient to stimulate
shoot elongation. Salinity had no significant effect on plant height (p = 0.0716), and no
significant interaction between factors was detected.

Number of leaves. Leaf production increased significantly in response to CHTMD
application (p < 0.001). The highest value was observed at 1000 mg L~ (36.69 leaves
plant™1), whereas the control produced only 13.12 69 leaves plant™!. Salinity significantly
reduced leaf number (24.1 vs. 28.4 69 leaves plant~!), indicating a negative effect on
vegetative development. However, the significant interaction between salinity and CHTMD
(p < 0.001) demonstrated that the biostimulant partially mitigated this reduction under
stress conditions. Saline stress negatively affected growth, particularly the number of leaves
and root length, which is consistent with osmotic and ionic effects that limit water uptake
and cell expansion [27,28].

Fresh and dry biomass. Total fresh weight was strongly influenced by CHTMD con-
centration (p < 0.001), with the highest value observed at 250 mg L~! (414.46 g plant™!),
corresponding to a 30.2% increase compared with the control. Dry weight also increased
significantly, reaching its maximum value at 1000 mg L~! (94.71 g plant™!). This re-
sult indicates that lower concentrations favored biomass accumulation in fresh tissues,
whereas higher concentrations promoted greater dry matter production. Significant
CHTMD x salinity interactions for both variables suggest that the response depended on
environmental conditions.

Root length. Root development responded positively to CHTMD application (p < 0.001).
The greatest root length was observed at 1000 mg L~! (30.43 cm), representing a 75.8%
increase relative to the control (17.31 cm). In contrast, salinity significantly reduced root
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growth (23.4 cm) compared whit non-saline conditions (27.7 cm). Nevertheless, CHTMD-
treated plants maintained longer roots under stress, indicating that the formulation promoted
root development and potentially improved water and nutrient acquisition.

Overall, the results demonstrate that CHTMD enhances plant growth through distinct
effects on shoot and root development. Lower concentrations were more effective in
stimulating shoot growth and fresh biomass accumulation, whereas higher concentrations
promoted root growth and dry matter production. These responses suggest differential
biomass allocation patterns and support the role of CHTMD as a biostimulant capable of
mitigating the adverse effects of salinity on strawberry development.

Under saline stress, the application of CHTMD promoted substantial increases in key
variables. Notable among these were the increase in total fresh weight in plants treated
with 250 mg L~! under saline conditions, as well as the improvement in dry weight with
500 mg L~!. Furthermore, root development showed significant increases in the absence
of salinity, confirming the system’s baseline biostimulant effect. These results suggest
that CHTMD acts not only as a stress mitigator but also as a growth promoter under
non-limiting conditions, which is consistent with the behavior reported for polysaccharide-
based biostimulants [29].

Under saline conditions, the number of leaves decreased in all treatments (Figure 3);
however, in the absence of salinity, the application of 1000 mg L~! of CHTMD yielded
the highest value compared to the control, representing an approximate threefold increase
(Figure 3a). In contrast, under saline conditions, the application of 250 mg L.~! of CHTMD
promoted a 148.5% increase in total fresh weight compared to the corresponding control
(Figure 3b). Total dry weight showed its highest value with the application of 500 mg L~!
of CHTMD under salinity; however, this behavior was similar to that observed with
1000 mg L~! under non-saline conditions (Figure 3c).

a b .
. a
40 1 B o S00 b
1 be
| : i
L 1
§ a1 § 400 a
g | £ 5 T
§ i ERE t
3 20 =
s 1 g
2 ] 1 = 200
2 | 1 3
€ 10 ki
z 100
0l 0
[ 250 500 1000 250 500 1000
ChMD {mg L") ChMD {mg L)
a
120 2 = s .
P & = a
100 b 30 = ” T
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2 ~ 25 b
£ w0 . E .
2 o L £ 2
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= q 2 45 d
=] 8
o 40 =2
[= [
20 5
0 - ol il | i
0 250 500 1000 0 250 500 1000
ChMD (mg L) ChMD (mg L")

[ Without salinity
I With salinity

Figure 3. Interaction between CHTMD concentration and salinity on strawberry plant growth:
(a) number of leaves, (b) total fresh weight, (c) total dry weight, and (d) root length. Bars represent
the standard error of the mean. Different letters indicate significant differences according to Tukey’s
multiple-comparisons test (p < 0.05).
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Root length was one of the clearest indicators of the biostimulant effect of the CHTMD
system, as, in the absence of salinity, significant increases of 58.5%, 45.5%, and 47.5% were
observed at concentrations of 250 mg L~!, 500 mg L1, and 1000 mg L™}, respectively,
compared to the control (Figure 3d). The results are consistent with previous studies. In
strawberry, the application of 60 mmol L~! NaCl reduced growth and biomass accumula-
tion; however, the application of chitosan at low concentrations (1-2 mg L~!) significantly
increased leaf dry weight (14.08%) and total biomass by up to 45.45% [30]. In maize (Zea
mays L.), it was reported that the application of chitosan at 140 mg L' improved yield and
growth parameters [31]. In rice (Oryza sativa), the application of chitosan nanoparticles
(300 ppm) reduced the use of synthetic fertilizers by up to 30% without affecting yield [32].
In sorghum (Sorghum bicolor L. Moench), the application of CHT increased biomass, plant
height, and fresh and dry weight [33].

Under saline conditions, the mitigating effect of CHTMD was particularly evident, as
treated plants showed significant recovery in all evaluated variables compared to the saline
control, suggesting the activation of physiological stress tolerance mechanisms [34]. This
effect may be associated with physiological mechanisms previously reported for chitosan
under saline conditions, including the maintenance of ionic homeostasis through reduced
Na* accumulation and enhanced K* retention [12]. Recent studies have demonstrated
that chitosan can improve the K* /Na* ratio and partially restore ionic homeostasis under
salinity stress; for example, in Lallemantia iberica plants, chitosan was reported to increase
the K*/Na™ ratio under salinity stress, indicating a partial restoration of ionic balance [35].
Similarly, reduced Na* accumulation and enhanced K* retention were observed in Phaseolus
vulgaris plants treated with chitosan under saline conditions [36]. Likewise, chitosan
application was reported to improve nutrient homeostasis and mineral balance in Moringa
oleifera plants exposed to salinity stress [37].

The inclusion of MD in the formulation likely played a key role in the observed effects
by improving the physicochemical properties of the system, such as solubility, stability, and
availability of chitosan [38,39]. Previous studies support this finding. In cucumber (Cucumis
sativus L.), the application of maltodextrin at a concentration of 1000 mg L~! increased dry
weight by 26.74% [40]. Similarly, commercial products based on dextrose and MD have been
shown to improve plant growth at doses of 0.4 g L1 [41]. In tomatoes (Solanum lycopersicum
Mill.), the application of formulations containing maltodextrin, humic acids, and sucrose
increased total fresh weight by up to 21%, in addition to improving fruit quality [42].

3.2.1. Effect of the CHTMD System on Crop Quality and Yield

The CHTMD concentration had a significant effect on all variables related to fruit
quality and yield (Table 2). In general, the 250 mg L~! concentration resulted in the highest
values for equatorial diameter, polar diameter, fruit weight, number of fruits, and total yield,
suggesting greater physiological efficiency at low concentrations of the biostimulant. This
result is consistent with the widely reported dose-dependent response for biostimulants,
where optimal concentrations induce improvements in photoassimilate partitioning and
metabolic efficiency [3,4,8].

On the other hand, the 1000 mg L1 concentration also improved most of the evaluated
variables, although it did not improve stem diameter (Table 2), which could indicate a
physiological saturation effect or a differential redistribution of resources toward other
yield components [43]. In contrast, the intermediate dose of 500 mg L' yielded moderate
values, confirming a nonlinear response of the crop to the application of the CHTMD
system, a phenomenon common in the use of naturally derived compounds [44].
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Table 2. Effect of CHTMD concentration and salinity conditions on quality and yield variables in

strawberry cultivation.

Equatorial Polar Diameter ) . Number of Yield
Diagleter (mm) (mm) Fruit Weight (g) Fruits (g Plant™1)
CHTMD (mgL™1)

Control 32.48 4+ 0.472 P 37.37 + 0.765 P 18.44 +0.418°¢ 10.8 + 0.398 P 200.7 + 8.615 4
250 38.93 + 0.882 2 4193 + 09102 27.04 + 0.884 2 15.0 4 0.446 2 409.3 4 21.427 @b
500 37.10 £ 0.827 @ 39.33 +0.722 b 23.78 +0.543 P 12.2 4+ 0.587 P 289.4 + 15.373 ¢
1000 37.81 +1.062 2 37.45 + 1.003 P 28.62 + 0.452 2 14.5 + 0.668 @ 418.7 +22.0922
CVv 10.753 11.777 11.833 21.014 25.143

ANOVA <0.001 0.0003 <0.001 <0.001 <0.001

Salinity

Without 35.4b 40.22 24.0 12.6P 303.8P
With 37.82 37.8b 24.9 13.72 355.32

ANOVA 0.0012 0.0032 0.0904 0.0295 0.0007

Interactions
CHIMD * <0.001 0.1061 <0.001 <0.001 <0.001
salinity

* Different letters within the same column indicate statistical differences according to Tukey’s multiple-comparisons
test (p < 0.05).

Under saline conditions, a significant increase was observed in equatorial diameter,
number of fruits, and yield, while polar diameter decreased, without significantly affecting
fruit weight (Table 2). This pattern suggests a morphological adjustment of the fruit under
saline stress, in which the plant prioritizes fruit production and transverse development
as an adaptive strategy to maintain yield [45]. Likewise, the maintenance of fruit weight
indicates a physiological compensation that allows commercial quality to be sustained
despite adverse conditions.

The significant interaction between CHTMD concentration and salinity for most of
the variables evaluated indicates that the crop’s response to the biostimulant is closely
dependent on the level of environmental stress. This result supports the hypothesis that
biostimulants do not act in isolation but rather modulate the plant’s physiological response
based on its metabolic state and environmental conditions [43,46]. The absence of a signifi-
cant interaction in polar diameter suggests that this parameter exhibits lower physiological
plasticity in response to the combination of evaluated factors (Table 2).

The application of CHTMD significantly increased yield components in strawberry
plants, including fruit diameter and weight, number of fruits, and total yield, both under
optimal conditions and under salt stress (Figure 4). In particular, the 250 mg L~! dose
promoted equatorial diameter and fruit weight under saline conditions (Figure 4a), while
1000 mg L~! showed comparable effects in the absence of stress (Figure 4b), demonstrating
a biostimulant effect independent of salinity. Fruit number increased by up to 63.8% with
1000 mg L~! under salinity (Figure 4c). Total yield increased by 87.3% and 71.4% with the
application of 250 mg L~! and 1000 mg L~ of CHTMD, respectively (Figure 4d). These re-
sults suggest a dose-dependent response, where low concentrations optimize physiological
efficiency and high concentrations maintain positive effects without proportional increases.

The findings are consistent with previous studies on strawberries, tomatoes (Solanum
lycopersicum) [47], and melons (Cucumis melo), in which chitosan significantly improved
fruit yield and quality [48,49]. This effect is associated with increased photosynthetic
efficiency and improved allocation of photoassimilates to reproductive organs, processes
regulated by chitosan at the metabolic and genetic levels [50,51].
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Figure 4. Interaction between CHTMD concentration and salinity on the quality and productivity of
strawberry crops: (a) equatorial diameter, (b) fruit weight, (c¢) number of fruits, and (d) yield. Bars
represent the standard error of the mean. Different letters indicate significant differences according to
Tukey’s multiple-comparisons test (p < 0.05).

Overall, the CHTMD system improves crop performance and physiological response
under saline conditions, establishing itself as an effective strategy for optimizing productiv-
ity under abiotic stress.

3.2.2. Effect of the CHTMD System on Gas Exchange

The application of the CHTMD system led to significant improvements in gas ex-
change parameters, particularly in the photosynthetic rate and stomatal conductance,
suggesting an optimization of photosynthetic function. The photosynthetic rate showed
a significant increase at 250 mg L~!, while stomatal conductance reached its maximum
value at 1000 mg L~! (Table 3). Meanwhile, the internal CO, concentration, transpiration
rate, and SPAD units showed consistent increases compared to the control at all evaluated
concentrations, although no statistically significant differences were observed between
treatments. This behavior is consistent with recent reports on chitosan-based biostimu-
lants, which improved photosynthetic efficiency by activating photochemical processes
and regulating cellular redox balance [52,53].

The increase in stomatal conductance observed in plants treated with 1000 mg L~!
CHTMD suggests more efficient stomatal regulation, promoting CO, diffusion into the
mesophyll and maintaining adequate levels of internal CO, concentration. This effect
indicates greater efficiency in carbon fixation and a reduction in stomatal limitations,
even under stress conditions. Recent studies have shown that chitosan can modulate
hormonal signals, particularly those related to abscisic acid, promoting more controlled
and efficient stomatal opening [54,55]. Additionally, the increase in the transpiration rate in
the CHTMD treatments suggests an improvement in water uptake and transport, which
is particularly relevant under saline conditions, where soil water potential is reduced.
This behavior reflects better coordination between stomatal opening and the plant’s water
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status, which has been associated with greater water-use efficiency in plants treated with

biopolymers [56,57].

Table 3. Effect of CHTMD concentration and salinity conditions on gas exchange parameters in

strawberry plants.

Photosynthetic Stomatal e .
Transpiration Rate
Rate Conductance Internal CO, .
- (mmol H,O SPAD Units
(umol CO, (mol H,O (umol mol—1) .
m—2s-1)
m—2s-1) m—2s-1)
CHTMD (mg L)

Control 12.58 + 0.235P 0.235 £ 0.010 ¢ 249.6 + 4.611P 9.9 +0.408° 45.43 + 0.498 b
250 15.69 + 0.498 2 0.281 + 0.005 P 262.9 £ 21722 1154+ 0.2292 51.25 + 0.543 2
500 12.81 +0.373 P 0.307 £ 0.015 2P 261.6 + 4.583 2 10.8 + 0.346 2 50.61 + 0.422 2
1000 16.19 + 0.459 2 0.325 + 0.010 2 260.2 £ 22152 11.3 +0.2432 51.32 + 0.498 2

Ccv 9.109 11.041 4.086 8.245 5.224

ANOVA <0.001 <0.001 0.0029 <0.001 <0.001

Salinity

Without 14.372 0.3192 266.84 2 11.632 50.4 2

With 14.27 2 0.255b 250.33 b 10.15° 489°

ANOVA 0.7633 <0.001 <0.001 <0.001 0.0016

Interactions
CHTMD * salinity <0.001 0.0599 0.001 0.0004 0.1312

* Different letters within the same column indicate statistical differences according to Tukey’s multiple-comparisons
test (p < 0.05).

In contrast, salinity did not significantly affect the photosynthetic rate, but it signifi-
cantly reduced stomatal conductance, internal CO, concentration, transpiration rate, and
SPAD units, which is consistent with the presence of stomatal and metabolic limitations
induced by salt stress. These limitations are characterized by reduced CO, diffusion,
alterations in photosystem II efficiency, and disruption of carbon metabolism [58,59]. Fur-
thermore, the reduction in SPAD units suggests a possible degradation of chlorophyll or
inhibition of its biosynthesis, a phenomenon widely reported under salinity stress due to
increased oxidative damage [60]. The interaction between factors was significant for most
variables, with the exception of stomatal conductance and SPAD, suggesting a differen-
tial response depending on the physiological parameter evaluated and highlighting the
complexity of stress response mechanisms and their modulation by biostimulants.

In general, salinity had a depressive effect on physiological activity, while the appli-
cation of CHTMD promoted an overall improvement in gas exchange (Figure 5). Under
non-saline conditions, the photosynthetic rate reached its maximum value at 1000 mg
L1 (17.68 umol CO, m~2 s~1). Under saline stress, the photosynthetic rate decreased in
the control but increased significantly with the application of CHTMD, with 250 mg L~!
standing out as one of the most efficient treatments (Figure 5a). Stomatal conductance
showed a similar trend, with higher values at 500 and 1000 mg L~! in the absence of salinity
(Figure 5b). With regard to internal CO, concentration, no differences were detected under
non-saline conditions; however, under saline conditions, all CHTMD treatments outper-
formed the control (Figure 5c), a pattern consistent with that observed for the transpiration
rate (Figure 5d).

The reduction in the photosynthetic rate under saline conditions is consistent with
recent studies, which have documented that salt stress induces stomatal closure, limits CO,
diffusion, and, consequently, decreases photosynthetic activity [45]. Furthermore, this type
of stress generates photochemical and biochemical alterations that affect the efficiency of
the photosynthetic apparatus. In this context, the observed increase in photosynthetic rate
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in the CHTMD treatments suggests an improvement in photosynthetic efficiency and a
possible mitigation of the adverse effects of salinity stress.
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Figure 5. Interaction between CHTMD concentration and salinity on leaf gas exchange parameters
in strawberries: (a) photosynthetic rate, (b) stomatal conductance, (c) internal CO, concentration,
and (d) transpiration rate. Bars represent the standard error of the mean. Different letters indicate
significant differences according to Tukey’s multiple-comparisons test (p < 0.05).

This effect has been widely reported for chitosan (CHT), which acts as a biostimulant
by promoting the activity of key enzymes in the Calvin cycle, such as RuBisCO, and
by protecting chloroplasts from oxidative damage [61]. Furthermore, various studies
have demonstrated positive responses in different crops. For example, in okra (Hibiscus
esculentus L.), the application of chitosan increased parameters such as plant height, number
of leaves, dry biomass, photosynthetic rate, and yield by up to 27.9% [62]. In soybeans
(Glycine max L.), an 18% increase in the photosynthetic rate was reported compared to
the control [63]. In lettuce (Lactuca sativa L.), the application of chitosan at concentrations
of 0.15%, 0.20%, and 0.30% progressively increased both photosynthesis and stomatal
conductance, demonstrating a dose-dependent response [64]. These findings support the
hypothesis that the effects observed in the present study are associated with a positive
modulation of photosynthetic metabolism induced by chitosan.

With regard to maltodextrin (MD), the results obtained are consistent with previous
studies describing its role as a biostimulant, either alone or in combination with other
compounds. This polysaccharide has been shown to promote plant growth, yield, and
fruit quality. In tomato, for example, the application of MD at 1500 mg L~! increased the
photosynthetic rate, transpiration, stomatal conductance, and leaf temperature, in addition
to improving the nutritional content of the fruits [65]. These effects could be related to an
improvement in the plant’s water and nutritional status.

The increase in stomatal conductance observed in the CHTMD treatments indicates
more efficient stomatal regulation, which promotes the flow of CO; into the leaf. This
behavior is reflected in the slightly higher values of internal CO, concentration compared

https://doi.org/10.3390/polysaccharides7030080


https://doi.org/10.3390/polysaccharides7030080

Polysaccharides 2026, 7, 80

14 of 21

to the control, suggesting greater efficiency in carbon fixation. Under saline conditions, the
reduction in stomatal conductance constitutes an adaptive mechanism to reduce water loss;
however, this response limits photosynthesis. In this regard, the application of CHTMD
appears to mitigate this effect, allowing for a balance between CO? uptake and water
conservation, as has been reported in horticultural crops treated with chitosan-based
biostimulants [53,66].

Furthermore, the increase in transpiration rates in the CHTMD treatments suggests an
improvement in water uptake and transport within the plant. This effect is particularly rel-
evant under saline conditions, where water availability is compromised by the low osmotic
potential of the soil. In this context, MD could play a key role, as polysaccharides have
been shown to improve water retention in the rhizosphere and enhance water availability
for plants [67,68]. In fact, it has been reported that these polysaccharides can increase
soil water-holding capacity by up to 116% and maintain moisture levels close to 30% for
prolonged periods [69]. Likewise, polysaccharides such as alginate and starch can form
hydrogel-like structures that improve water retention and support plant physiological
activity under stress conditions [57,70,71].

3.2.3. Effect of the CHTMD System on Bioactive Compounds in Strawberries

The application of the CHTMD system led to significant increases in the bioactive
compounds of strawberry fruits. In particular, the highest values for total soluble solids
(°Brix), citric acid, vitamin C, and total anthocyanins were recorded at concentrations of 500
and 1000 mg L~ (Table 4). Regarding the effect of salinity, a general increase was observed
in most of the evaluated parameters, with the exception of titratable acidity, which showed
no significant changes in concentration. Furthermore, the interaction between the evaluated
factors was significant for all analyzed variables, indicating a complex response dependent
on growing conditions.

Table 4. Effect of CHTMD concentration and salinity conditions on bioactive compound content in

strawberries.
Total Soluble Titratable Acidity Vitamin C Total Anthocyanins
Solids (% Citric Acid) (mg 100 g~ 1 FW) (mg C3G 100 g~1 FW)
CHTMD (mg L~}
Control 5.9 +0.151°¢ 0.723 + 0.046 ° 50.58 =+ 3.600 ¢ 65.7 + 2.561 ¢
250 6.5+ 0.160P 0.749 + 0.055 P 60.09 + 2.509 P 75.6 £9.219°P
500 6.9 + 0.308 2P 0.955 + 0.037 @ 115.42 4+ 5.038 2 106.2 + 6.685 2
1000 7.1 +0.2582 1.028 + 0.050 2 110.20 & 12.260 @ 105.1 + 16.087 @
CV 7.072 9.202 14.234 7.453
ANOVA <0.001 <0.001 <0.001 <0.001
Salinity
Without 59P 0.89 76.55 P 74.8b
With 734 0.84 96.10 2 101.6 2
ANOVA <0.001 0.0758 0.0002 <0.001
Interactions
CHTMD * salinity <0.001 <0.001 0.0002 <0.001

* Different letters within the same column indicate statistical differences according to Tukey’s multiple-comparisons
test (p < 0.05).

A dose-dependent increase in CHTMD was observed. The highest °Brix values were
recorded in the 500 and 1000 mg L~! treatments under saline conditions, exceeding those of
the corresponding control (Figure 6a). This behavior was consistent with that observed for
titratable acidity and vitamin C content (Figure 6b,c), although it is important to note that
the 500 mg L~! treatment in the absence of salinity also had a significant effect on ascorbic
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acid accumulation. Regarding total anthocyanins, the greatest increase was observed with
the application of 1000 mg L~! under saline conditions (Figure 6d), suggesting a synergistic
response between the biostimulant and abiotic stress.

10 144
a a 5 12 a
X 8 S ab
I b L2 10
= bo o be £ b b b
o 6 cd 9 b
2 d 2 08
2 >
K = c c
T
= g 2
3 o
ﬁ 2 04
2 2 5
£ o2
0 00 ' ' :
0 250 500 1000 0 250 500 1000
ChMD (mg L) d ChMD (mg L)
160 . 160 .
140 2 1w .
a a T
z 120 ‘o 120 ]
- o
'o = c
2 100 = 100 ¢
3 b £
> 80 cd od 2 80 d
2 e
E o € d d
O 60 S 60 e
£ o S
5 40 2 40
s> =
20 £ 2
S
0 ol
0 250 500 1000 0 250 500 1000
-1
ChMD (mg L™") ChMD (mg L)

270 Without salinity

[ With salinity
Figure 6. Interaction between CHTMD concentration and salinity on bioactive compounds in
strawberries: (a) total soluble solids, (b) titratable acidity, (c) vitamin C, and (d) total anthocyanins.
Bars represent the standard error of the mean. Different letters indicate significant differences
according to Tukey’s multiple-comparisons test (p < 0.05).

Our results are consistent with previous studies reporting positive effects of chitosan
(CHT) on the nutraceutical quality of fruits. In strawberries, it has been shown that the
application of CHT increases firmness, total soluble solids, and titratable acidity [72]. In
grapevines (Vitis vinifera L.), CHT treatment promoted a significant increase in anthocyanin
accumulation in the berry skin, associated with the activation of key genes involved in
their biosynthesis and transport [73]. Similarly, in strawberries, increases of up to 2.6-fold
in carotenoids, anthocyanins, flavonoids, and phenolic compounds have been reported,
as well as a significant increase in total antioxidant capacity in response to the application
of CHT at 500 and 1000 mg L~! [47]. These findings support CHT’s ability to modulate
secondary metabolic pathways related to fruit quality.

In addition, studies on crops such as spinach (Spinacia oleracea L.) have shown that
foliar application of CHT stimulates the production of both enzymatic (peroxidase (POX),
catalase (CAT), and phenylalanine ammonia-lyase (PAL)) and non-enzymatic (total phenols
and total flavonoids) defense metabolites, demonstrating its role as an inducer of the
antioxidant system [74]. In this regard, the positive effects of polysaccharides, including
maltodextrin (MD), may be related to the activation of biosynthetic metabolic pathways for
flavonoids and other phenolic compounds, which play key roles in antioxidant defense
and the neutralization of reactive oxygen species (ROS) [75].

The increase in bioactive compounds observed in this study can also be interpreted
as part of an osmotic adjustment mechanism, which has been widely reported as an
adaptive response of plants to salt stress. This process maintains cell turgor and water
balance through the accumulation of compatible solutes, including sugars and secondary
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metabolites [69,76,77]. In this context, salinity acts not only as a limiting factor but also as a
stimulus that induces the synthesis of compounds with nutraceutical value.

This effect has been documented for chitosan, which acts as an elicitor capable of
inducing the biosynthesis of phenolic compounds and ascorbic acid, contributing to the
mitigation of oxidative damage and the improvement in fruit quality [34,52].

Taken together, these findings suggest that the CHTMD system not only improves the
plant’s physiological response to stress but also enhances the functional and nutraceutical
value of the fruit, which is a highly significant attribute from both agronomic and commer-
cial perspectives. Although the beneficial effects of chitosan on plant growth and stress
tolerance have been extensively documented, studies evaluating CHTMD formulations in
strawberry plants under saline stress remain limited. Furthermore, most previous reports
have focused on growth and yield responses, whereas comprehensive assessments inte-
grating physiological performance, gas exchange, fruit quality, and bioactive compounds
are scarce. Therefore, the present study provides new evidence regarding the potential
of a chitosan-maltodextrin formulation to improve salinity tolerance and fruit quality in
strawberry plants through the simultaneous evaluation of agronomic, physiological, and
nutraceutical parameters.

4. Conclusions

The chitosan—-maltodextrin (CHTMD) formulations proved to be an effective biostimulant
for improving strawberry performance under both normal and saline conditions. The response
depended on the concentration applied and the agronomic trait evaluated. For vegetative
growth, 250 mg L~! produced the highest plant height (38.76 cm) and total fresh weight
(414.46 g plant '), whereas 1000 mg L~! promoted the greatest number of leaves (36.69 leaves
plant 1), root length (30.43 cm), and dry weight (94.71 g plant—!). Under saline conditions,
250 mg L~! increased fresh biomass by 148.5% relative to the saline control and enhanced
yield by 87.3%, while 1000 mg L~ increased fruit number by up to 63.8%.

The physiological improvements induced by CHTMD were reflected in higher photo-
synthetic performance, with photosynthetic rate increasing from 12.58 to 16.19 pmol CO,
m~2 57! and stomatal conductance from 0.235 to 0.325 mol HyO m~2 s~. Fruit quality was
also enhanced, particularly at 500 and 1000 mg L~!, where soluble solids increased from
5.9 to 7.1 °Brix, vitamin C from 50.58 to 115.42 mg 100 g~! FW, and total anthocyanins from
65.7 to 106.2 mg C3G 100 g~! FW. These results demonstrate that lower concentrations
were more effective for biomass accumulation and yield, whereas higher concentrations
favored fruit nutraceutical quality.

The main strength of this study is the comprehensive evaluation of agronomic, physi-
ological, and nutraceutical responses to a novel chitosan-maltodextrin formulation under
salinity stress. Additionally, the work provides one of the first integrated assessments
of this biopolymer system in strawberry cultivation. However, the study was conducted
under controlled experimental conditions, using a single salinity level and a single crop
species, which limits the direct extrapolation on the results to commercial production sys-
tems. Furthermore, the molecular and biochemical mechanisms underlying the observed
responses were not directly investigated.

Future research should evaluate the performance of CHTMD under field conditions,
different salinity levels, and diverse horticultural crops, and investigate its effects on ion
homeostasis, antioxidant metabolism, gene expression, and long-term crop productivity.
Economic feasibility studies and optimization of dosage and application strategies are also
required before large-scale adoption.

A SWOT assessment highlights the potential of the CHTMD system as an agricultural
biostimulant. Its strengths include biodegradability, biocompatibility, and the ability to

https:/ /doi.org/10.3390/polysaccharides7030080


https://doi.org/10.3390/polysaccharides7030080

Polysaccharides 2026, 7, 80

17 of 21

References

simultaneously improve growth, yield, and fruit quality. Weaknesses include the limited
understanding of its molecular mode of action and lack of field-scale validation. Oppor-
tunities involve the increasing demand for sustainable agricultural technologies and the
management of salinity-affected soils. Potential threats include variability in environmental
conditions, differences among crop species, and regulatory challenges associated with the
commercialization of new biostimulant formulations.
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