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ABSTRACT: Salinity stress is a major constraint on agricultural productivity, particularly in arid and semi-arid regions.
This study evaluated the potential of Ascophyllum nodosum extract (ANE) in mitigating salinity-induced stress and
enhancing the growth and physiological performance of Portulaca oleracea L. under NaCl concentrations of 0, 50, 70,
and 100 mM for 50 days. A two-way ANOVA assessed the effects of NaCl concentration, ANE treatment, and their
interaction. The results showed that ANE significantly increased plant height at 50 mM NaCl (p = 0.0011) but had no
effect at higher salinity levels (p > 0.05). Shoot dry weight was significantly influenced by the interaction of NaCl and
ANE (p = 0.0064), with ANE increasing biomass at 0 mM but decreasing it at 100 mM NaCl. However, ANE did not
significantly affect root dry weight (p > 0.05). Physiological responses indicated a significant increase in proline content
at 50 mM NaCl (p = 0.0011), supporting improved osmotic adjustment. Total soluble protein was significantly enhanced
at all salinity levels except 100 mM NaCl (p < 0.01). Regarding ionic regulation, ANE had no significant effect on leaf
sap pH (p > 0.05) but increased electrical conductivity (EC) at 70 and 100 mM NaCl (p < 0.01), suggesting a role in ion
homeostasis under high salinity. Photosynthetic pigments responded positively to ANE, with significant increases in
chlorophyll “a” (p < 0.0001) and carotenoid content (p < 0.0001), while chlorophyll “b” remained unchanged (p > 0.05).
These findings highlight ANE’s potential as a sustainable biostimulant for improving salinity tolerance, particularly
at moderate NaCl levels. Future research should focus on molecular mechanisms and long-term field applications to
optimize ANE’s role in enhancing soil and crop productivity under salinity stress.

KEYWORDS: Portulaca oleracea L.; Ascophyllum nodosum extract (ANE); salinity stress; physiological response;
biostimulant

1 Introduction
Salinity currently affects 20%–33% of agricultural and irrigated lands globally, and this impact is

projected to rise to over 50% by 2050 [1,2]. Salinity refers to the concentration of dissolved inorganic solutes,
such as Na+, Mg++, Ca++, K+, Cl−, SO4−, HCO3−, NO3, and CO3−, in soil and water [3,4]. Halophytes,
representing about 1% of the global plant population, are plants that can thrive and reproduce at salinity levels
as high as 200 mM NaCl [5]. Salinity stress is among the most critical abiotic factors impacting a plant’s ionic
and osmotic balance, leading to various physiological, morphological, molecular, and biochemical changes
that adversely affect growth and productivity [6,7].

High soil salinity disrupts nutrient uptake and balance, leading to osmotic stress that causes stomatal
closure, reduced CO2 uptake, and impaired photosynthesis. This decline in photosynthetic efficiency is
driven by both stomatal and non-stomatal factors, such as reactive oxygen species (ROS) accumulation
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and ionic imbalances in chloroplasts [8,9]. Soil salinity is commonly measured by electrical conductivity,
with values exceeding 4 dS m−1 indicating salinity [10]. Salinity adversely affects plant water potential,
ionic balance, and tissue-specific functions, potentially causing toxicity [11]. Effective nutrient and water
management are essential for optimal growth, but salinity undermines these efforts, reducing yield and
quality [12–14].

Algae-based biostimulants offer viable solutions for ensuring agricultural sustainability [15]. Bonomelli
et al. [16] demonstrated that Ascophyllum nodosum extract mitigates salinity stress in avocado by enhancing
nutrient uptake and physiological resilience. Similarly, microalgae-cyanobacteria extracts improved tomato
growth under salinity by boosting nutrient absorption, photosynthesis, and antioxidant activity [17]. Senousy
et al. [18] also showed that algal extracts from Chlorella vulgaris and Dunaliella salina reduced oxidative dam-
age and improved stress tolerance in beans. These findings highlight the effectiveness of algal biostimulants
in enhancing salinity resilience across crops.

High-value compounds derived from algae, such as carotenoids and fatty acids, hold significant
potential for enhancing plant growth and development. Carotenoids play crucial roles in essential processes
like respiration, photosynthesis, and regulating plant responses to stress and pathogen defenses [19].
Similarly, fatty acids, which are essential components of the lipid bilayer in cellular membranes, are vital for
coordinating numerous cellular processes critical to plant function [20–22].

The current study underscores the relevance and novelty of investigating Portulaca oleracea L., a
moderately salt-tolerant plant with significant nutritional and medicinal value, as a model for evaluating
the biostimulant potential of Ascophyllum nodosum extract. While P. oleracea employs inherent mechanisms
such as osmotic adjustment and ionic balance to tolerate salinity, high salinity levels still limit its growth and
productivity. By analyzing the physiological and biochemical responses of P. oleracea under NaCl-induced
stress, this study aims to explore how A. nodosum extract can further enhance its salt stress tolerance.
The findings are expected to contribute to broader applications of environmentally friendly biostimulants,
offering a sustainable solution to salinity challenges in agriculture.

2 Materials and Methods

2.1 Seed Source and Viability Testing
Seeds of Portulaca oleracea L. were procured from the local market in Medina (KSA), as recommended

by local farmers. The seeds were tested for viability to ensure uniform and healthy germination. Surface
sterilization was performed by rinsing the seeds three times with distilled water to remove any debris or
microbial contamination.

2.2 Preparation of Ascophyllum nodosum Extract (ANE)
A biostimulant solution was prepared using ANE, obtained as a dry, pure product imported from

Starwest Botanicals Organic Kelp Powder, USDA Organic Kosher Certified by Kosher Certification Services,
Item #: 209385-51, Canada. ANE was prepared at a concentration of 2% by mixing 2 g of dried algae powder
with 100 mL of distilled water as described by Verma et al. [23]. The mixture was stirred thoroughly and left
to stand for 48 h, after which it was filtered through cheesecloth to obtain a clear extract.

2.3 Seed Germination Experiments
Uniform and healthy seeds of Portulaca oleracea L. were used for germination tests in sterilized Petri

dishes. The experimental setup included treatments with distilled water (control), three NaCl concentrations
(50, 70, and 100 mM), and ANE. For the algae treatment, seeds were pre-soaked in ANE for 24 h before being
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placed on a double layer of moistened filter paper in the Petri dishes. Fifty seeds were used per treatment,
with three replicates per treatment. Germination was carried out under natural light at room temperature,
with an average temperature of 32○C (October 2024). After 7 d, the germination rate was calculated as a
percentage of seeds germinated per treatment.

2.4 Growth Experiment
Healthy seeds were sown in 12 cm diameter pots filled with sterilized clay loamy soil. The pots were

watered with distilled water for the first 7 d to establish seedlings. Subsequently, treatments with NaCl
solutions (50, 70, and 100 mM) or NaCl combined with ANE were applied weekly for 50 d. To avoid salt
accumulation in the root zone, pots were flushed with the treatment solutions during watering. Growth
measurements, including plant height, root penetration, and leaf area, were recorded after 30 and 50 d.

2.5 Growth Parameters
Growth parameters were measured at two intervals: 30- and 50-d post-germination.

2.5.1 Plant Height
Plant height was measured from the soil surface to the top of the leaves using a meter scale. Three plants

per treatment were randomly selected for measurements.

2.5.2 Root Penetration Ratio
Root length was measured, and the root penetration ratio was calculated using the formula:

Root Penetration Ratio = (Root Length
Soil Depth

)× 100 (1)

where soil depth was standardized at 10 cm.

2.5.3 Leaf Area
The leaf area was estimated for three randomly selected leaves using the formula by MacFarlane

et al. [24]:

Leaf Area (LA) = R × L × B (2)

where R = 0.75, L is the leaf length, and B is the leaf width.

2.5.4 Fresh and Dry Weights
Fresh weights of roots and shoots were recorded immediately after harvesting. Samples were then dried

at 75○C for 24 h to determine dry weights.

2.6 Physiological Measurements
The relative water content (RWC) was determined using the method described by Barrs et al. [25]. Fresh

leaves were collected from plants and immediately weighed to obtain the fresh weight (FW). The leaves were
then placed in petri dishes containing distilled water and allowed to rehydrate under natural light for 24 h.
After rehydration, the leaves were blotted dry with filter paper to remove excess surface water and weighed to
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determine the turgid weight (TW). Subsequently, the leaves were dried in an oven at 75○C for 24 h to obtain
the dry weight (DW).

The RWC was calculated using the following formula:

RWC = ( Fresh Weight −Dry Weight
Turgid Weight − Fresh Weight

)× 100 (3)

where R = 0.75, L is the leaf length, and B is the leaf width.

Fresh and Dry Weights
Fresh weights of roots and shoots were recorded immediately after harvesting. Samples were then dried

at 75○C for 24 h to determine dry weights.

2.7 Photosynthetic Pigments
The photosynthetic pigments were extracted and quantified following the method described by Lich-

tenthaler [26], with slight modifications. Fresh, healthy leaves (0.02 g) were precisely weighed and ground
in a mortar and pestle with a small amount of dimethylformamide (DMF) to ensure efficient extraction of
pigments. The homogenized sample was then transferred into centrifuge tubes, and additional DMF was
added to make up a final volume of 5 mL. The tubes were tightly capped and incubated in darkness at room
temperature for 24 h to avoid photodegradation of pigments. After the incubation period, the mixture was
centrifuged at 3000× g for 10 min to separate the supernatant containing the pigments.

Carotenoids were extracted from the leaf samples using a solvent extraction method, adapted from
standard procedures [27]. Approximately 5 g of the homogenized sample was placed in a centrifuge
tube with 10 mL of ethanol. The mixture was homogenized for 3 min using a Biohomogenizer (Thomas
Scientific, BioSpec Products, Inc., Bartlesville, OK, USA). Subsequently, 8 mL of pentane was added, and the
homogenization process was repeated for an additional 2 min. The mixture was centrifuged at 7000× g for
3 min, and the upper pentane layer, containing the carotenoids, was carefully transferred to another
centrifuge tube using a Pasteur pipette. For the second extraction, 5 mL of distilled water and 2 g of sodium
chloride were added to the residual sample, followed by the addition of 8 mL of pentane. The mixture
was gently shaken and centrifuged as described previously. The pentane layers from both extractions were
combined and evaporated under a stream of nitrogen to near dryness. The residue was reconstituted in an
appropriate volume of pentane and transferred to a volumetric flask for further analysis [28]. The molar
absorption coefficient (ε) for carotenoids extracted using pentane was 2500 M−1 cm−1 [29].

Chlorophyll a, chlorophyll b, and carotenoids were quantified using a UV-Vis spectrophotometrically.
The absorbances were measured at 664.5, 647.4, and 452.5 nm for chlorophyll a, chlorophyll b, and
carotenoids, respectively. The concentrations were calculated using the following equations:

Chlorophyll a = (12.7 ×A664.5 − 2.79 ×A647.4) ×
V

W × 1000
(4)

Chlorophyll b = (20.7 × A647.4 − 4.62 ×A664.5) ×
V

W × 1000
(5)

Carotenoids = (V ×A452.5)
ε × d

(6)

where V is the solvent volume (mL), and W is the fresh weight of the sample, A = absorbance, ε = molar
absorption coefficient (2500 M−1 cm−1), d = path length of the cuvette (1 cm).
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Leaf Sap pH and Electrical Conductivity (EC)
To measure the pH and electrical conductivity (EC) of leaf sap, 2 g of fresh, healthy leaves were

carefully selected, washed with distilled water to remove surface debris, and blotted dry with clean tissue
paper. The leaves were cut into small pieces and soaked in 25 mL of distilled water in a clean glass beaker,
which was covered to prevent contamination and evaporation. After 24 h at room temperature, the solution
was gently stirred to homogenize the sap extract. The pH was measured using a calibrated pH meter,
which was standardized with buffer solutions (pH 4.0, 7.0, and 9.0) prior to analysis. The electrode was
immersed in the sap extract, and the pH value was recorded once the reading stabilized, ensuring the
electrode was rinsed with distilled water between samples to avoid cross-contamination. Similarly, the EC
was measured using a calibrated conductivity meter, with the probe immersed in the sap solution until the
reading stabilized. The EC values were recorded in micro Siemens per centimetre (μS/cm), and the probe was
rinsed with distilled water between measurements. Each measurement was performed in triplicate to ensure
reproducibility, with average values calculated for statistical analysis. This methodology ensured accurate
and reliable determination of the leaf sap’s pH and EC, reflecting the plant’s ionic balance and physiological
response to treatments.

2.8 Biochemical Measurements
2.8.1 Soluble Protein Content

To determine the soluble protein content, the Bradford [30] method was employed using Coomassie
Brilliant Blue G-250 dye. Fresh leaf samples weighing 0.5 g were collected, washed with distilled water to
remove impurities, and homogenized in 5 mL of ice-cold phosphate buffer (pH 7.0) using a mortar and pestle.
The homogenate was centrifuged at 10,000× g for 10 min at 4○C to separate the supernatant, which contained
the soluble proteins.

For the preparation of the Bradford reagent, 0.1 g of Coomassie Brilliant Blue G-250 dye was dissolved in
50 mL of 95% ethanol. To this, 100 mL of 85% phosphoric acid was added, and the solution was diluted with
distilled water to a final volume of one liter. The reagent was stored in a dark container at room temperature.

To perform the assay, 0.1 mL of the protein extract (supernatant) was mixed with 5 mL of the Bradford
reagent in a clean test tube. The mixture was vortexed for 30 s to ensure uniform mixing and incubated at
room temperature for 10 min to allow the color to develop. The absorbance of the resulting blue color was
measured at 595 nm using a spectrophotometer. A blank solution was prepared by replacing the protein
extract with distilled water.

For protein quantification, a standard curve was generated using bovine serum albumin (BSA). Serial
dilutions of BSA (ranging from 0.2 to 1.0 mg/mL) were prepared, and their absorbances were measured
under the same conditions as the samples. The protein concentration in the leaf extracts was calculated by
comparing their absorbance values to the BSA standard curve.

All measurements were performed in triplicate to ensure accuracy and reproducibility. The results were
expressed as milligrams of protein per gram of fresh leaf weight. This method provided a sensitive and reliable
estimation of soluble protein content in the plant samples.

2.8.2 Soluble Proline Content
The soluble proline content in fresh leaf samples was estimated using the method described by Bates

et al. [31] with slight modifications to ensure precision. Fresh leaf samples (0.5 g) were homogenized in 10 mL
of 3% (w/v) sulfosalicylic acid using a mortar and pestle, and the homogenate was filtered through Whatman
No. 1 filter paper to obtain a clear extract. A 2 mL aliquot of the filtered extract was mixed with 2 mL of glacial
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acetic acid and 2 mL of freshly prepared acid-ninhydrin reagent, which was prepared by dissolving 1.25 g of
ninhydrin in 30 mL of glacial acetic acid and 20 mL of 6 M phosphoric acid under constant stirring. The
mixture was incubated in a boiling water bath (100○C) for 1 h, with test tubes covered to prevent evaporation,
and then rapidly cooled in an ice bath to stop the reaction. Following this, 4 mL of toluene was added to each
test tube, and the contents were vortexed for 30 s to extract the proline-ninhydrin complex into the upper
toluene layer. The pink-colored toluene layer was carefully separated and its absorbance measured at 520 nm
using a UV-Vis spectrophotometer, with toluene used as the blank. A standard curve was prepared using
known concentrations of L-proline (10–100 μg/mL) and processed similarly to establish a linear relationship
between absorbance and proline concentration. The proline content in the leaf samples was quantified by
comparing absorbance values against the standard curve and expressed as micromoles of proline per gram
of fresh weight. All measurements were performed in triplicate to ensure accuracy and reproducibility,
providing reliable data on the proline accumulation as a key indicator of plant stress response.

2.9 Statistical Analysis
The data obtained from the experiments were analyzed using SPSS v26. All measurements were

performed in triplicate, and results were expressed as mean ± standard deviation (SD). The Shapiro-Wilk
test was used to assess the normality of the data, while Levene’s test was conducted to check the homogeneity
of variance.

A two-way analysis of variance (ANOVA) was performed to evaluate the main effects of NaCl concen-
tration and ANE treatment, as well as their interaction. Sidak’s multiple comparisons test was used as a post
hoc analysis to determine significant differences between treatments. A significance level of p ≤ 0.05 was
considered statistically significant.

3 Results

3.1 Plant Growth and Morphological Parameters
The growth parameters of Portulaca oleracea were assessed after 50 days under different NaCl concen-

trations with and without ANE treatment to determine whether ANE had a significant impact. Two-way
ANOVA revealed that ANE significantly influenced plant height (p = 0.0006), while NaCl concentration also
had a significant effect (p = 0.0479). However, their interaction was not significant (p = 0.0672), indicating
that ANE’s effect on height was independent of salinity levels. Post hoc analysis showed that ANE significantly
increased height at 50 mM NaCl (p = 0.0011), but no significant differences were found at other salinity levels
(p > 0.05) (Fig. 1). These findings suggest that ANE may have a beneficial effect under moderate salinity stress
but does not consistently enhance plant height across all salinity levels.

For leaf area, neither NaCl concentration nor ANE treatment had a significant effect (p > 0.05 for all
comparisons). Despite some numerical variations, ANE application did not significantly alter leaf area at any
NaCl concentration (Fig. 2).

3.2 Shoot and Root Biomass
The shoot and root dry weights of Portulaca oleracea were assessed after 50 days under different NaCl

concentrations with and without ANE treatment. Two-way ANOVA revealed a significant interaction effect
on shoot dry weight (p = 0.0064), indicating that ANE’s impact varied depending on salinity level. However,
NaCl concentration (p = 0.2120) and ANE treatment alone (p = 0.0547) had no significant effects. Post hoc
analysis showed that ANE significantly influenced shoot dry weight only at 0 mM (p = 0.0064) and 100 mM
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NaCl (p = 0.0001), while no significant differences were observed at 50 or 70 mM NaCl (p > 0.05) (Fig. 3).
These results suggest that ANE’s impact on shoot biomass was inconsistent and salinity dependent.

For root dry weight, ANE treatment did not have a significant effect at any NaCl concentration (p > 0.05
for all comparisons), nor did NaCl concentration or their interaction (p = 0.1541). Despite minor numerical
variations, ANE did not significantly enhance root biomass under salinity stress (Fig. 4). Overall, ANE had
limited and inconsistent effects on shoot biomass and no significant impact on root biomass, suggesting that
its effectiveness in improving plant growth under salinity stress is conditional and not uniform.

Figure 1: Effect of ANE treatment on the height of Portulaca oleracea under different NaCl concentrations (0, 50,
70, and 100 mM) after 50 days. Bars represent mean ± SD. Black bars indicate plants grown without ANE, while
gray bars indicate plants with ANE treatment. Different letters above bars denote significant differences among NaCl
concentrations based on Sidak’s multiple comparisons test (p < 0.05). A statistically significant difference between
treatments was observed only at 50 mM NaCl (p = 0.0011), whereas no significant differences were detected at other
concentrations (p > 0.05). Bars represent the mean plant height (cm) after 50 d of treatment with NaCl alone or in
combination with ANE extract. Statistical significance is indicated by different letters above the bars, where bars with
the same letter are not significantly different at p < 0.05

Figure 2: Effect of ANE treatment on the leaf area of Portulaca oleracea under different NaCl concentrations (0, 50,
70, and 100 mM) after 50 days. Bars represent mean ± SD. Black bars indicate plants grown without ANE, while
gray bars indicate plants with ANE treatment. Different letters above bars indicate significant differences among NaCl
concentrations based on Sidak’s multiple comparisons test (p < 0.05). However, no significant differences were detected
between ANE-treated and untreated plants at any NaCl concentration (p > 0.05)
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Figure 3: Effect of ANE treatment on the shoot dry weight of Portulaca oleracea under different NaCl concentrations
(0, 50, 70, and 100 mM) after 50 days. Bars represent mean ± SD. Black bars indicate plants grown without ANE, while
gray bars indicate plants with ANE treatment. Different letters above bars indicate significant differences among NaCl
concentrations based on Sidak’s multiple comparisons test (p < 0.05). A significant difference between ANE-treated
and untreated plants was observed at 0 mM NaCl (p = 0.0064) and 100 mM NaCl (p = 0.0001), whereas no significant
differences were detected at 50 and 70 mM NaCl (p > 0.05)

Figure 4: Effect of ANE treatment on the root dry weight of Portulaca oleracea under different NaCl concentrations
(0, 50, 70, and 100 mM) after 50 days. Bars represent mean ± SD. Black bars indicate plants grown without ANE, while
gray bars indicate plants with ANE treatment. Different letters above bars indicate significant differences among NaCl
concentrations based on Sidak’s multiple comparisons test (p < 0.05). However, no significant differences were observed
between ANE-treated and untreated plants at any NaCl concentration (p > 0.05)

3.3 Physiological Responses
The levels of proline and total soluble protein in Portulaca oleracea were assessed after 50 days under

different NaCl concentrations with and without ANE treatment. Two-way ANOVA revealed distinct effects
for both parameters, with ANE treatment significantly influencing total soluble protein content but showing
mixed effects on proline accumulation.

For proline content, ANE had a significant impact at 50 mM NaCl (p = 0.0011), but no significant
differences were observed at 0, 70, or 100 mM NaCl (p > 0.05). This indicates that ANE enhanced proline
accumulation only under moderate salinity stress (50 mM NaCl), while no significant effects were detected
at other salinity levels (Fig. 5).

In contrast, total soluble protein content was significantly increased by ANE at 0, 50, and 70 mM NaCl
(p < 0.0001 at 0 and 50 mM; p = 0.0021 at 70 mM NaCl), whereas no significant effect was observed at 100 mM
NaCl (p = 0.2921). These findings suggest that ANE positively influenced total soluble protein accumulation
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under low to moderate salinity conditions but did not enhance protein content under severe salinity stress
(Fig. 6).

Figure 5: Effect of ANE treatment on Proline Content (μmol/g FW) ± SD in Portulaca oleracea under different NaCl
concentrations (0, 50, 70, and 100 mM) after 50 days. Black bars represent plants grown without ANE, while gray bars
represent plants with ANE treatment. Different letters above bars indicate significant differences (p < 0.05) among NaCl
concentrations based on Sidak’s multiple comparisons test. ANE significantly increased proline content at 50 mM NaCl
but had no significant impact at other NaCl concentrations

Figure 6: Effect of ANE treatment on Total Soluble Protein Content (g)± SD in Portulaca oleracea under different NaCl
concentrations (0, 50, 70, and 100 mM) after 50 days. Black bars represent plants grown without ANE, while gray bars
represent plants with ANE treatment. Different letters above bars indicate significant differences (p < 0.05) among NaCl
concentrations based on Sidak’s multiple comparisons test. ANE significantly increased total soluble protein content at
0, 50, and 70 mM NaCl, while no significant difference was observed at 100 mM NaCl

Overall, ANE treatment effectively increased total soluble protein content across most NaCl levels and
enhanced proline accumulation only at 50 mM NaCl. These results suggest that ANE may contribute to
osmotic stress tolerance by boosting total soluble proteins across different salinity levels, while its role in
proline accumulation is limited to moderate salinity stress.
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3.4 Leaf Sap Characteristics
The leaf sap pH of Portulaca oleracea was significantly influenced by NaCl concentration (p = 0.0193),

while ANE treatment (p = 0.9178) and its interaction with NaCl (p = 0.1267) had no significant effects. Post
hoc analysis confirmed no significant differences (p > 0.05) between ANE-treated and untreated plants at
any NaCl level, indicating that ANE did not impact pH regulation under salinity stress (Fig. 7).

In contrast, EC was significantly affected by NaCl concentration (p = 0.0193), but ANE treatment alone
was not significant (p = 0.9178). However, post hoc analysis revealed that ANE significantly increased EC at
70 and 100 mM NaCl (p < 0.01), while no significant changes were observed at 0 and 50 mM NaCl (p > 0.05)
(Fig. 8). These results suggest that ANE had no effect on pH but increased EC under high salinity conditions.

Figure 7: Effect of ANE treatment on Leaf Sap pH (± SD) in Portulaca oleracea under different NaCl concentrations
(0, 50, 70, and 100 mM) after 50 days. Black bars represent plants grown without ANE, while gray bars represent plants
with ANE treatment. No significant differences (p > 0.05) were detected among treatments, as determined by Sidak’s
multiple comparisons test

Figure 8: Effect of ANE treatment on Electrical Conductivity (EC) (μS/cm) ± SD in Portulaca oleracea under different
NaCl concentrations (0, 50, 70, and 100 mM) after 50 days. Black bars represent plants grown without ANE, while gray
bars represent plants with ANE treatment. Different letters above bars indicate significant differences (p < 0.05) among
NaCl concentrations based on Sidak’s multiple comparisons test. ANE significantly increased EC at 70 and 100 mM
NaCl, while no significant differences were observed at 0 and 50 mM NaCl
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3.5 Photosynthetic Pigments
The levels of Chlorophyll “a”, Chlorophyll “b”, and carotenoids in Portulaca oleracea were analyzed

under different NaCl concentrations with and without ANE treatment after 50 days. Two-way ANOVA
revealed significant differences in some parameters, while others remained unaffected by ANE application
or NaCl concentration.

For Chlorophyll “a”, ANE significantly increased chlorophyll content across all NaCl concentrations
(p < 0.0001 for 0, 70, and 100 mM NaCl; p = 0.0025 for 50 mM NaCl), indicating that ANE positively
influenced Chlorophyll “a” accumulation regardless of salinity level. Post hoc Sidak’s multiple comparisons
test showed that Chlorophyll “a” level was significantly higher in ANE-treated plants compared to untreated
plants at all salinity levels (Fig. 9A).

Figure 9: Effect of ANE treatment on (A) Chlorophyll “a”, (B) Chlorophyll “b”, and (C) Carotenoid content of Portulaca
oleracea under different NaCl concentrations (0, 50, 70, and 100 mM) after 50 days. Bars represent mean ± SD. Black
bars indicate plants grown without ANE, while gray bars indicate plants with ANE treatment. Different letters above
bars indicate significant differences (p < 0.05) among NaCl concentrations based on Sidak’s multiple comparisons test.
ANE significantly increased Chlorophyll “a” and carotenoid content but had no significant impact on Chlorophyll “b”

In contrast, Chlorophyll “b” did not show any significant changes due to ANE treatment (p > 0.05 for
all NaCl concentrations). Despite numerical variations, none of the comparisons between ANE-treated and
untreated plants were statistically significant (Fig. 9B), suggesting that ANE did not enhance Chlorophyll
“b” content under any salinity level.

For carotenoids, ANE application resulted in a highly significant increase across all NaCl concentrations
(p < 0.0001 for all comparisons). This suggests that ANE effectively enhanced carotenoid content, irrespective
of salinity level (Fig. 9C).

Overall, these findings indicate that ANE significantly improved Chlorophyll “a” and carotenoid content
but had no impact on Chlorophyll “b” under different NaCl concentrations. The significant increases in
Chlorophyll “a” and carotenoids suggest a potential protective role of ANE in enhancing photosynthetic
pigments under salinity stress, while the unchanged Chlorophyll “b” levels indicate that its biosynthesis was
not affected by ANE treatment.

The results of this study demonstrate that both NaCl concentration and ANE extract influenced the
growth and physiological responses of Portulaca oleracea. NaCl concentration significantly affected plant
height and leaf area (p < 0.05), while ANE treatment had a strong effect on proline, total soluble protein,
chlorophyll “a”, carotenoids, and EC (p < 0.01) (Table 1). Significant interaction effects were observed for
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shoot dry weight, total soluble protein, and EC, indicating that ANE’s impact varied depending on the
NaCl concentration.

Table 1: Two-way ANOVA results for the effects of NaCl concentration and ANE extract on growth and physiological
parameters of Portulaca oleracea

Source of variation Plant
height

Leaf
area

Shoot dry
weight

Root dry
weight

Proline T-Soluble
protein

Chl “a” Chl “b” Carot. EC pH

Conc. x extract ns ns ** ns ns ** ns ns ns ** ns
NaCl conc. * * ns ns * * ns ns ns **** *

Extract ns ns ns ns *** ***** **** ns **** ** ns

Note: ns = Not significant (p > 0.05), * = Significant at p < 0.05, ** = Significant at p < 0.01, *** = Significant at
p < 0.001, **** = Significant at p < 0.0001, ***** = Significant at p < 0.00001.

One-Way ANOVA was performed to compare the effects of NaCl concentration (0, 50, 70, and 100 mM)
and extract condition (W/O ANE vs. ANE) on Shoot Dry Weight, Total Soluble Protein, and EC (Table 2).
The null hypothesis was that there is no significant difference between the groups, while the alternative
hypothesis was that there is a significant difference. For horizontal analysis within each NaCl concentration,
small letters (a, b, etc.) indicate significant differences within each extract condition (W/O ANE or ANE). If
values share the same letter, they are not significantly different, whereas different letters indicate significant
differences. For vertical analysis between the two extract conditions at each NaCl concentration, capital
letters (A, B) show significant differences between W/O ANE and ANE at that concentration. The same
capital letters indicate no significant difference, while different capital letters indicate a significant difference.

Table 2: Effect of NaCl concentration and ANE treatment on shoot dry weight, total soluble protein, and EC

Variables Extract conditions Conc. of NaCl

0 mM 50 mM 70 mM 100 mM

Shoot dry weight W/O ANE 0.014 bA 0.02 bA 0.02 bA 0.025 bA
ANE 0.822 aB 0.58 aB 0.98 aB 0.858 aB

Total soluble protein W/O ANE 0.309 bA 0.248 bA 0.378 bA 0.375 bA
ANE 0.77 aB 0.611 aB 0.624 aB 0.481 aB

EC W/O ANE 675.6 bA 611.6 aA 682.3 bA 781.6 bA
ANE 707.6 aB 489.3 bB 913.6 aB 1006.3 aB

The small and capital letters (such as b, B, a, A) are used to indicate statistical differences between the
groups, based on the results of the One-Way ANOVA test. Small letters (a, b, etc.) compare within rows
(NaCl concentrations under the same extract condition). Capital letters (A, B) compare between columns
(W/O ANE vs. With ANE at each NaCl concentration). If no significant differences were found, all values
are marked ‘a’ for within-row and ‘A’ for between-column comparisons.

For shoot dry weight, W/O ANE showed a modest increase from 0.014 at 0 mM NaCl to 0.025 at 100 mM
NaCl, indicating a slight positive effect of increasing NaCl concentration. In contrast, with ANE addition,
shoot dry weight increased significantly, from 0.58 at 50 mM NaCl to 0.98 at 70 mM NaCl, with 70 mM NaCl
showing the highest value. The effect of extract conditions within each NaCl concentration was also analyzed
(Table 2). At 0 mM NaCl, ANE resulted in significantly higher shoot dry weight (0.822) compared to W/O
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ANE (0.014). At 50 mM NaCl, ANE resulted in a significantly higher shoot dry weight (0.58) compared to
W/O ANE (0.020). At 70 mM and 100 mM NaCl, ANE treatment resulted in significantly higher shoot dry
weight (0.98 and 0.858, respectively) compared to W/O ANE (0.020 and 0.025, respectively).

For total soluble protein, W/O ANE showed a slight decrease from 0.309 at 0 mM NaCl to 0.248 at
50 mM NaCl, followed by an increase at 70 mM NaCl (0.378) and 100 mM NaCl (0.375). This suggests that
NaCl concentration affects total soluble protein, with the highest content observed at 70 mM NaCl. In the
presence of ANE, total soluble protein increased from 0.77 at 0 mM NaCl to 0.624 at 70 mM NaCl before
slightly decreasing at 100 mM NaCl (0.481). The effect of extract conditions within each NaCl concentration
was significant, with ANE showing significantly higher total soluble protein compared to W/O ANE at all
NaCl concentrations (Table 2).

For EC, W/O ANE showed a steady increase from 675.6 at 0 mM NaCl to 781.6 at 100 mM NaCl,
suggesting that NaCl concentration influences EC. With ANE treatment, EC increased sharply from 489.3 at
50 mM NaCl to 913.6 at 70 mM NaCl and reached the highest value of 1006.3 at 100 mM NaCl. The effect of
extract conditions within each NaCl concentration was also significant, with ANE-treated samples exhibiting
significantly higher EC values than W/O ANE at 70 mM and 100 mM NaCl (Table 2).

The effect of NaCl concentration within each extract condition on proline content was also evaluated
(Table 3). For W/O ANE, proline content increased significantly from 0.600 at 0 mM NaCl to 0.775 at
70 mM NaCl before slightly decreasing to 0.478 at 100 mM NaCl. This suggests that NaCl concentration
initially increases proline accumulation but levels off at higher concentrations. For ANE-treated Portulaca
oleracea plants, proline content increased from 0.858 at 0 mM NaCl to 1.264 at 50 mM NaCl before slightly
decreasing at 100 mM NaCl (0.622). The effect of extract conditions within each NaCl concentration was
significant, with ANE-treated samples showing significantly higher proline content than W/O ANE at all
NaCl concentrations (Table 4).

Table 3: Mean effects of NaCl concentration on proline, carotene, and chlorophyll ‘a’

NaCl Conc. (mM) Proline content Carotene content Chlorophyll ‘a’
0 0.729 a 0.134 a 0.418 a

50 0.854 a 0.16 b 0.302 b
70 0.915 a 0.167 b 0.502 c
100 0.55 a 0.153 b 0.442 b

Table 4: Mean effects of extract condition (with and without ANE) on proline, carotene, and chlorophyll ‘a’

Variables Extract conditions Conc. of NaCl

0 mM 50 mM 70 mM 100 mM

Proline content W/O ANE 0.6 aA 0.444 aA 0.775 aA 0.478 aA
ANE 0.858 aA 1.264 aA 1.055 aA 0.622 aA

Carotene content W/O ANE −0.002 aA 0.007 bA 0.008 bA 0.008 bA
ANE 0.271 aA 0.312 bB 0.327 bB 0.298 bA

Chlorophyll ‘a’ W/O ANE 0.014 aA 0.02 bA 0.02 bA 0.025 bA
ANE 0.822 aA 0.584 bB 0.984 bB 0.858 bA
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Different letters indicate significant differences (p < 0.05) among concentrations. If no significant
difference was found, all values are marked ‘a’.

Small letters (a, b, etc.) compare different NaCl concentrations within the same treatment (either W/O
ANE or with ANE). Capital letters (A, B) compare W/O ANE and With ANE for each NaCl concentration.
If no significant differences were found within a row, only ‘a’ is used. If no significant differences were found
between extract conditions at the same NaCl concentration, only ‘A’ is used.

For chlorophyll ‘a’, W/O ANE showed a slight increase from 0.014 at 0 mM NaCl to 0.025 at 100 mM
NaCl, indicating a modest positive trend. With ANE, chlorophyll ‘a’ content increased significantly from
0.822 at 0 mM NaCl to 0.984 at 70 mM NaCl before slightly decreasing at 100 mM NaCl (0.858). The effect
of extract conditions within each NaCl concentration was significant, with ANE-treated samples exhibiting
significantly higher chlorophyll ‘a’ content than W/O ANE across all NaCl concentrations (Table 4).

For carotene content, W/O ANE showed a minor increase from −0.002 at 0 mM NaCl to 0.008 at
100 mM NaCl, indicating a slight upward trend. With ANE, carotene content increased significantly from
0.271 at 0 mM NaCl to 0.327 at 70 mM NaCl before slightly decreasing to 0.298 at 100 mM NaCl. The
effect of extract conditions within each NaCl concentration was also significant, with ANE-treated samples
consistently exhibiting higher carotene content than W/O ANE across all NaCl concentrations (Table 4).

These results confirm that ANE plays a significant role in enhancing the effects of NaCl concentration on
physiological and biochemical parameters. The significant interactions observed for shoot dry weight, total
soluble protein, and EC suggest that ANE modulates plant responses under salt stress, particularly at 70 mM
NaCl, where the most pronounced effects were noted (Table 2). For proline, chlorophyll ‘a’, and carotene
content, NaCl concentration and extract conditions independently influenced their accumulation, with ANE
consistently enhancing their levels across all treatments (Tables 3 and 4).

4 Discussion
Salinity stress is a major challenge to global agriculture, affecting plant growth, productivity, and

physiological processes by inducing osmotic stress, ionic imbalances, and oxidative damage [32]. The use
of biostimulants such as Ascophyllum nodosum extract (ANE) has gained attention as a sustainable strategy
to mitigate salinity-induced stress and improve plant resilience [33,34]. In this study, the impact of ANE
on Portulaca oleracea L. was assessed under NaCl concentrations of 0, 50, 70, and 100 mM for 50 days. A
two-way ANOVA was conducted to evaluate the effects of NaCl concentration, ANE treatment, and their
interaction on plant growth, physiological responses, and stress tolerance mechanisms.

The results revealed that ANE significantly enhanced plant height at 50 mM NaCl (p = 0.0011), but no
significant effect was observed at higher salinity levels (p > 0.05). This suggests that ANE is most effective
at moderate salinity, potentially due to an optimal threshold where the extract can alleviate osmotic stress
without being overwhelmed by excessive ionic toxicity. At higher NaCl concentrations, severe stress may
surpass the protective capacity of ANE, limiting its impact on plant growth. Previous studies have shown
similar findings in wheat, barley, and Arabidopsis thaliana, where seaweed extract treatments improved
plant height and biomass under salinity stress by enhancing nutrient uptake and activating stress-responsive
genes [35,36]. Jithesh et al. [37] and Shukla et al. [38] demonstrated that ANE treatment improved growth
parameters in Arabidopsis thaliana under NaCl stress by increasing the expression of genes involved in
osmotic adjustment and antioxidant defense. However, at 70 and 100 mM NaCl, ANE did not significantly
improve plant height, suggesting that its effectiveness diminishes under severe salinity stress.

A significant interaction between NaCl concentration and ANE treatment (p = 0.0064) indicates that
ANE’s impact on shoot dry weight depends on salinity levels. ANE significantly increased biomass at 0 mM
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NaCl, enhancing growth under non-stress conditions, but had no effect at 50 or 70 mM NaCl. At 100 mM
NaCl, shoot dry weight decreased in ANE-treated plants, likely due to severe osmotic stress outweighing its
benefits. Similar trends have been observed in Capsicum annuum L., where biostimulants improve growth
under moderate salinity but lose efficacy under extreme stress.

Conversely, root dry weight was not significantly affected by ANE treatment (p > 0.05), indicating
that the extract did not contribute to root biomass accumulation under the tested conditions. This lack
of response suggests that ANE’s impact on root development may be limited by factors such as nutrient
availability, soil composition, or its ability to effectively reach the rhizosphere. Previous studies on seaweed-
based biostimulants suggest that their influence on root growth is often species-dependent and can vary
with environmental conditions [39,40]. Further investigations are needed to assess whether ANE’s effects
on root biomass can be enhanced through different application methods or in combination with other soil
amendments. The ability of ANE to influence root growth is likely dependent on additional factors such as
nutrient availability, soil conditions, and plant species-specific responses, as suggested by prior research on
seaweed-based biostimulants [39,40].

Osmotic adjustment plays a crucial role in plant stress tolerance, with proline and soluble proteins being
key components in maintaining cellular homeostasis under salinity stress. The results demonstrated that
ANE significantly increased proline content at 50 mM NaCl (p = 0.0011), whereas no significant changes
were observed at other salinity levels (p > 0.05), suggesting its role in osmotic regulation., indicating its
role in osmotic regulation. However, no significant differences were observed at 0, 70, or 100 mM NaCl
(p > 0.05). This aligns with previous studies that have shown ANE-induced proline accumulation as a
protective mechanism against salinity stress in Arabidopsis thaliana and other crops [41,42].

Total soluble protein content significantly increased at 0, 50, and 70 mM NaCl (p < 0.01), suggesting
that ANE enhances stress-related protein synthesis, contributing to osmotic balance and oxidative stress
mitigation. However, at 100 mM NaCl (p = 0.2921), ANE had no effect, indicating that severe salinity stress
may exceed its protective capacity. The significant interaction between NaCl and ANE (p < 0.01) further
supports ANE’s role in protein accumulation under mild-to-moderate salinity, aligning with findings in
wheat and Arabidopsis, where biostimulants improve protein metabolism but lose efficacy under extreme
salt stress.

Leaf sap pH and electrical conductivity (EC) are key indicators of ionic regulation and osmotic balance
under salinity stress. The results showed that ANE had no significant effect on leaf sap pH (p > 0.05),
indicating that it does not alter intracellular pH homeostasis under saline conditions. This contrasts with
previous studies where ANE was reported to stabilize pH in stressed plants, suggesting that species-specific
metabolic pathways may influence its regulatory effects. Additionally, environmental conditions such as
soil composition and ion availability could play a role in determining pH homeostasis in response to ANE
treatment. This contrasts with previous studies where ANE stabilized pH in stressed plants, likely due to
differences in species-specific responses and environmental factors [43].

However, EC significantly increased at 70 and 100 mM NaCl (p < 0.01) with ANE treatment, suggesting
improved ionic regulation under high salinity. This increase in EC may indicate enhanced osmotic adjust-
ment, supporting water uptake and cell turgor under salinity stress. However, it is also possible that the rise
in EC reflects excessive ion accumulation, which could negatively impact plant metabolism and growth at
higher NaCl concentrations. Further studies are needed to determine whether ANE promotes selective ion
uptake to maintain a favorable Na+/K+ balance or contributes to salt accumulation in plant tissues. Increased
EC levels indicate enhanced ion accumulation, which can contribute to osmotic balance and stress tolerance.
Previous studies have demonstrated that seaweed extracts regulate key ionic ratios, including K+/Na+ and
Ca2+/Na+, thereby improving ion transport and mitigating sodium toxicity [44,45]. These findings suggest
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that ANE supports ionic homeostasis under severe salinity stress, although further research is needed to
determine its long-term impact on nutrient assimilation and ion balance.

Salinity stress negatively impacts photosynthesis by reducing chlorophyll content and disrupting light-
harvesting complexes. In this study, ANE significantly increased chlorophyll “a” (p < 0.0001) and carotenoid
content (p < 0.0001), while chlorophyll “b” remained unchanged (p > 0.05). The selective increase in
chlorophyll “a” and carotenoids suggests that ANE optimizes photosynthetic efficiency and antioxidative
defense mechanisms under salinity stress.

Chlorophyll “a” is the primary pigment responsible for light absorption, while carotenoids play a
crucial role in photoprotection by scavenging reactive oxygen species (ROS). The increase in carotenoid
content highlights ANE’s potential in enhancing stress tolerance by preventing oxidative damage [46,47].
Similar findings have been reported in okra (Abelmoschus esculentus) and Arabidopsis thaliana, where
ANE application increased chlorophyll and carotenoid levels, contributing to improved plant resilience
under abiotic stress [47–49]. Additionally, ANE has been shown to improve growth, fruit yield, and water
productivity in tomatoes under water-deficit stress by optimizing photosynthetic efficiency and maintaining
physiological activity. It also stabilizes cell membranes, mitigates ROS bursts, and strengthens antioxidant
defense, thereby enhancing overall plant performance [50].

The stability of chlorophyll “b” levels suggests that ANE selectively enhances pigments most critical
for photosynthetic performance without altering the overall chlorophyll composition. The unchanged
chlorophyll “b” levels, despite significant increases in chlorophyll “a” and carotenoids, may indicate a
specific ANE effect on light-harvesting efficiency rather than a broad alteration of pigment composition.
This selective enhancement likely optimizes energy absorption and conversion under stress conditions
while maintaining the balance of light-harvesting complexes. Previous studies have shown that seaweed-
based biostimulants can fine-tune photosynthetic mechanisms to improve stress resilience without affecting
non-essential pigment fractions. This targeted response ensures resource-efficient energy conversion and
highlights ANE’s role in fine-tuning photosynthetic mechanisms under stress conditions.

5 Conclusion
These results highlight the potential of ANE as a biostimulant for enhancing salinity tolerance in

Portulaca oleracea. While ANE significantly improved shoot dry weight and protein content under moderate
salinity, its benefits diminished at high NaCl concentrations, indicating a threshold beyond which salt stress
becomes detrimental. The increase in EC at higher salinity suggests that ANE may assist in ionic regulation,
but further studies are needed to determine whether this is due to enhanced Na+/K+ balance or increased
ion accumulation. Future research should focus on the molecular mechanisms underlying ANE’s effects and
its long-term benefits for crop productivity under saline conditions.
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