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Abstract

Salinity represents a major abiotic barrier to rice production. Microalgal biostimulants offer eco-friendly
relief from salt stress, yet systematic comparisons across different algal formulations are still lacking.
This study evaluated three formulations of the microalga Chlorella vulgaris: powder, paste, and
immobilized sodium alginate—polyvinyl alcohol (SA-PVA) beads, on rice growth under 50 mM NaCl
stress. Salinity significantly inhibited the growth, pigment content, and photosynthesis of untreated
plants. However, all formulations alleviated salt-induced damage, with efficacy ranked as follows:
immobilized beads > paste > powder. Notably, the immobilized beads treatment not only reversed growth
inhibition but also outperformed the non-stressed control, restoring total chlorophyll levels to 134.9% of
the control and reducing malondialdehyde accumulation by 66.9% compared to salt-stressed seedlings.
Furthermore, plants treated with immobilized algal beads under salinity stress exhibited a 200% increase
in catalase (CAT) and a 63.5% increase in peroxidase (POD) activities, alongside a 52.2% reduction in
superoxide dismutase (SOD) activity, indicating a synergistic shift from stress-induced redox imbalance
to efficient reactive oxygen species (ROS) elimination. Mechanistically, the SA—PVA matrix established a
rhizospheric barrier through Na* adsorption and extracellular polymeric substance (EPS)-mediated
chelation. In addition, it enhanced the antioxidant cascade by upregulating CAT and POD, restoring SOD
homeostasis, and preserving thylakoid electron transport by eliminating the OJIP K-band. These results
establish formulation morphology as a critical determinant of biostimulant efficacy and highlight the
potential of immobilized microalgae as a clean, sustainable biostimulant depot for crop protection in
soilless cultivation systems.

Introduction

In recent years, global warming, environmental degradation, advances in controlled-environment
agriculture, and improper irrigation practices have significantly exacerbated soil salinization (Tang et al.
2024). Furthermore, salt stress exerts the combined effects of osmotic stress and ion toxicity, leading to
ionic imbalances and water deficiency within plant tissues. These conditions severely compromise the
integrity of the plant cell membrane system, inhibit photosynthesis, impair plant growth, and ultimately
cause plant death, thereby threatening the sustainability and productivity of regional agriculture (Arif et
al. 2020; Banik et al. 2023).

Various strategies, including agronomic practices, molecular breeding, and gene-editing technologies,
have been developed to alleviate salinity stress (Li et al. 2026; Nurbekova et al. 2024). However, these
approaches are often time-consuming, labor-intensive, and costly, and their large-scale implementation
remains challenging (Szabados et al. 2026; Yuan et al. 2025). Consequently, there is an urgent need to
develop efficient, sustainable, and cost-effective strategies for maintaining crop productivity under
adverse environmental conditions. The application of beneficial microorganisms, particularly salt-
tolerant microalgae, has emerged as a promising, environmentally friendly strategy (Ali et al. 2022).
Microalgae are rich in extracellular polysaccharides (EPS), phytohormones, vitamins, and other bioactive
metabolites, which can enhance nutrient availability, regulate plant physiological processes, and activate
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stress-signaling pathways (Sarsekeyeva et al. 2024; Sun et al. 2026), thereby enhancing seed
germination, root development, and overall plant vigor (Herrera et al. 2025; Ouzakar et al. 2025).
Moreover, EPS produced by cyanobacteria exhibit a remarkable capacity to chelate cations, thereby
reducing Na* bioavailability, mitigating sodium ion toxicity, and improving the rhizospheric
microenvironment under saline conditions (Arora et al. 2010; Durairaj et al. 2026).

Recent studies have demonstrated the potential of microalgae function as biostimulants to mitigate
salinity-induced stress. For instance, Zhang et al. (2025) reported enhanced salinity tolerance in rice
following cyanobacterial application. Nisha et al. (2018) observed that the application of the
cyanobacteria Nostoc ellipsosporum and Nostoc punctiforme facilitated salt removal and significantly
enhanced the growth and yield of wheat and pearl millet crops. Similarly, seed priming and inoculation
with Nostoc sp. and Anabaena doliolum alleviated the detrimental effects of salinity in rice by limiting Na*
ion uptake and reducing the accumulation of malondialdehyde (MDA) and superoxide radicals (Paul et
al. 2026). Nogueira et al. (2025) further demonstrated that freshwater algal inoculation enhanced plant
resilience to saline stress and increased productivity in two onion cultivars.

Microalgae-based biofertilizers, similar to chemical fertilizers, function as biostimulants and stress
ameliorants and are available in various forms, including fresh algal suspensions or paste (algal paste),
dried algal powder (algal powder), and immobilized algae, each exhibiting distinct characteristics and
agronomic potential (Patel et al. 2025). However, comparative studies evaluating the efficacy of different
morphological formulations of microalgal biostimulants on growth, pigment content, photosynthetic
activity, and antioxidant enzyme activity under salinity stress remain scarce, particularly in rice.
Therefore, this study aimed to evaluate the comparative effects of three morphological forms of
microalgal biofertilizers on rice plants subjected to salinity stress.

Materials and methods

Development and formulation of biostimulants derived from microalgae

The eukaryotic microalgal strain Chlorella vulgaris was obtained from the Freshwater Algae Culture
Collection at the Institute of Hydrobiology (FACHB), Chinese Academy of Sciences, Wuhan, China. The
strain was cultured in BG-11 medium under a 12:12 h light: dark cycle at 25 + 2°C with a light intensity of
72 pmol photons m=2-s~* (Rippka et al. 1979). The cells were harvested by centrifugation during the
exponential phase of growth. To prepare the algal paste, the cells were collected by centrifugation,
washed two to three times with distilled water, and centrifuged again to obtain fresh biomass. To
prepare algal powder, the algal paste was dried at 80°C for 10 hours and subsequently ground into a fine
powder. To prepare the immobilized algal beads, 3 g of sodium alginate (SA) and 9 g of polyvinyl alcohol
(PVA) were dissolved in 150 mL of distilled water at 80°C. After cooling to 40°C, this mixture was
combined with 3 g of fresh algal biomass and extruded dropwise into a 2% (w/v) CaCl, solution to form
approximately 2-mm-diameter gel beads. The three formulations used in this study are shown in Fig. 1.
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Rice cultivation and experimental design

Rice (Oryza sativa L. cv. White Awn) seeds provided by the Zhangye Academy of Agricultural Sciences
were used. The seeds were surface-sterilized with 1% NaClO for 30 minutes, thoroughly rinsed with
distilled water, and germinated in the dark at 30°C for 24 hours. Uniform seedlings were then transferred
to hydroponic containers. The growth chamber conditions were maintained under a 12 h light/12 h dark
photoperiod, a light intensity of 12,000 Ix, day/night temperatures of 30 + 2°C and 25 * 2°C, respectively,
and a relative humidity of approximately 80%.

The experiment was conducted using a completely randomized design with three replications. Salt
stress was induced by supplementing the nutrient solution with 50 mM NaCl. The experimental
treatments are listed in Table 1. After 14 days of treatment, the samples were collected for subsequent
analyses.

Table 1. Experimental design showing the treatment groups

Treatments  Nomenclature

CK 0 mM NaCl

T0 50 mM NaCl

T1 50 mM NaCl + 1g/L algal powder

T2 50 mM NaCl + 1g/L algal paste

T3 50 mM NaCl + 1g/L immobilized algae beads

All treatments were applied hydroponically under controlled environmental conditions (28 £ 2°C, 12 h
light/12 h dark photoperiod, and a light intensity of 12,000 Ix) for 14 days.

Analytical methods
Morphological indicators

Plant height and root length were measured using a ruler. Fresh weight (FW) was recorded immediately.
In contrast, dry weight (DW) was determined after drying the samples at 105°C for 30 minutes to
terminate enzymatic activity, followed by drying at 80°C to a constant weight.

Root morphological analysis

For morphological analysis, root systems were scanned at 300 dpi using a dual-light source flatbed
scanner (Epson Perfection V700 Photo, Epson, Japan). The resulting images were processed using
WinRHIZO Pro 2013 software (Regent Instruments Inc., Canada). The software automatically quantified
the following root traits: total root length (cm), total root surface area (cm?), average root diameter (mm),
total root volume (cm?), number of root tips, and number of forks.
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Physiological assays

Chlorophyll content and antioxidant enzyme activity were assessed using fully expanded leaves and
intact root systems collected from seedling-stage plants. Chlorophyll content was determined following
extraction using an acetone—ethanol mixture. Catalase (CAT) activity was measured using a CAT activity
detection kit, peroxidase (POD) activity was measured using a POD activity detection kit, and superoxide
dismutase (SOD) activity was measured using a total SOD activity detection kit based on the nitroblue
tetrazolium method (Spitz et al. 1989). MDA content was determined using an MDA detection kit based
on the thiobarbituric acid colorimetric method (Heath et al. 1968). All kits were procured from Beijing
Solarbio Biotechnology Co. Ltd.

Chlorophyll fluorescence

Dark-adapted leaves (20 min) were analyzed using a pulse-amplitude-modulated fluorometer. The OJIP
transient was recorded under saturating red light at an intensity of 3,000 pmol m=2-s='. The key
parameters analyzed included the photochemical quenching coefficient, non-photochemical quenching,
and the maximum photochemical efficiency of PSII (Fv/Fm, where Fv = Fm - Fo). Each leaf was
measured three times, and the original OJIP transient data were exported immediately after their
acquisition.

Statistical analysis

Data were compiled and statistically analyzed using SPSS version 26.0. The results are presented as the
mean t standard deviation of three replicates. Statistical significance was determined using one-way
analysis of variance at P < 0.05 under a completely randomized design.

Results

Plant growth and biomass measurements

Under 50 mM NaCl stress, rice growth was significantly inhibited. The phenotypic differences among
treatments can be visually observed in Fig. 2, and the quantitative data for plant height and root length
are summarized in Table 2. Compared with that of the control (CK), the plant height in the TO group
decreased by 61.1%. However, algal treatments significantly alleviated salt-induced growth inhibition. T3
treatment (immobilized beads) showed the greatest recovery, with plant height surpassing that of the
CK. Specifically, the plant height in T3 was 234.3% higher than that in TO. Root growth was even more
sensitive to salinity stress, with the root length in TO reaching only 12.0% of the CK value. After algal
application, root lengths in T1, T2, and T3 reached 25.5%, 38.7%, and 85.1% of the CK level, respectively.
Notably, the T3 group exhibited a 611.9% increase in root length compared with that of TO. These
findings suggest that the incorporation of microalgae bio-fertilizer formulations can effectively mitigate
the suppressive effect of salt stress on the growth of stems and roots in rice seedlings.
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Table 2

Plant height and root length of O. sativa L. cv. White
Awn seedlings under different microalgal
biostimulants treatments after 14 days of salt stress

Treatments Plant height/cm  Root length/cm
CK 18.00+0.9° 14.80+1.22
T0 7.00+0.24 1.77 £0.3¢

T 8.67 +0.8¢ 3.77 +0.3¢

T2 11.90 + 0.6° 5.73 +0.4°

T3 23.40 +2.0° 12.60+ 1.0

CK: distilled water without NaCl; TO: 50 mM NaCl stress only; T1: 50 mM NaCl + 1 g-L-" algae powder; T2:
50 mM NaCl + 1 g-L-" algae paste; T3:50 mM NaCl + 1 g-L=" immobilized algal beads. Values are
presented as mean + standard error (n = 3). Different lowercase letters within the same column indicate
significant differences among treatments at P < 0.05 (Duncan's multiple range test).

Biomass accumulation followed a similar trend (Fig. 3). Salt stress reduced FW and DW in TO by 49.3%
and 51%, respectively. T3 treatment not only restored biomass to CK levels but also exceeded them, with
FW reaching 137.9% of that of the CK treatment. This “super-recovery” effect was most pronounced in
the immobilized algal bead treatment group.

Figure 4 shows the root scanning images and various root parameters for each treatment group under
salt stress conditions. The results revealed a significant decrease in all root parameters in the TO group
following salt stress, with the root surface area and bifurcation number exhibiting the most pronounced
reductions. The subsequent application of different microalgal fertilizers significantly enhanced root
growth across all treatment groups. Salt stress severely inhibited root system development, causing a
substantial decline in the total number of roots and bifurcations in the TO group, which were only 10.5%
and 9.6% of those in the CK group, respectively. This decline indicates a strong inhibitory effect of salt
stress on lateral root formation and elongation. Additionally, the total root length and surface area were
significantly reduced, reaching only 27.5% and 26.4% of the corresponding values in the CK group,
respectively. The increase in the average root diameter was also impeded, and the root cells exhibited
expansion rather than elongation. In contrast, T3 treatment significantly promoted root system
development, with the total root number and bifurcations reaching 1.69- and 1.71-fold higher than those
of the CK group, respectively. Although the average root diameter in T3 was slightly reduced, the
substantial increase in root length and branching suggests the formation of a highly efficient root
architecture for nutrient and water uptake under stress conditions. Although algal paste and powder
treatments showed promotive effects, the increase in root system parameters was considerably lower
than that observed with immobilized algal beads.
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Chlorophyll and photosynthesis assessment

Chlorophyll, the primary component of the light-harvesting antenna complex, is essential for maintaining
the stability of photosynthetic processes and plant tolerance to environmental stress. As shown in Fig. 5,
After 14 days of salt stress treatment, the chlorophyll a content in the CK group was 1.628 mg-g-",
whereas that in the TO group decreased to 0.760 mg-g~", representing a 53.3% decline, highlighting the
detrimental impact of salt stress on the rice photosynthetic system. After the application of algal
fertilizer, the chlorophyll a content in groups T2 and T3 increased to 2.142 and 2.196 mg-g~", respectively,
representing increases of 281.8% and 288.9% relative to group TO, and both were significantly higher
than those observed in group T1. Regarding chlorophyll b content, group TO exhibited a value of 0.461
mg-g~", which was 18.55% lower than that of CK (0.566 mg-g-"). The highest content was observed in
group T3 (0.929 mg-g™"), significantly surpassing that observed in the other groups. The fluctuation in
total chlorophyll content mirrored that of chlorophyll a, decreasing from 2.194 mg-g=" in the CK group to
1.221 mg-g~" in the TO group, representing a 44.3% decrease in the latter. After algal fertilizer application,
the most substantial enhancement was observed in group T3, which exhibited a 255.9% increase
compared with TO, surpassing the improvements observed in T1 and T2. In summary, salt stress
substantially reduced chlorophyll accumulation, indicating impairment of the photosynthetic machinery.
All three algal fertilizer formulations enhanced chlorophyll content and stress tolerance, with the
immobilized algal beads in the T3 treatment showing the most favorable results. These results highlight
the role of algal fertilizers in enhancing chlorophyll synthesis and its stability.

Fv/Fm is a key parameter for assessing the extent of photoinhibition and intrinsic photosynthetic
capacity of plants. Figure 6 (A) shows that under 50 mM NaCl stress, the Fv/Fm value of the TO
treatment group was 0.549, representing a 13.7% reduction compared with the CK. This indicates
significant damage to the PSII reaction center caused by salt stress, with severe impairment of the
photosynthetic system. Upon the addition of various forms of microalgae fertilizers, Fv/Fm increased
significantly in all T1, T2, and T3 treatment groups, surpassing that of the CK group.

The OJIP fluorescence kinetics curve (Fig. 6B) further revealed that, compared with the smooth
ascending trajectory of the CK group, the TO group exhibited a pronounced K-phase. Specifically, there
was a significant increase in fluorescence at point J (approximately 2 ms), a slower rise at point |
(approximately 30 ms), and a decrease in the maximum fluorescence at point P. These findings suggest
that salt stress not only impairs the oxygen-evolving complex (OEC) but also hinders electron transfer
from QA to QB and reduces the plastoquinone pool, resulting in multiple functional deficiencies on both
the donor and acceptor sides of PSII.

The mitigating effects of the different microalgal fertilizer formulations were found to vary. The
immobilized algal bead treatment shifted the overall curve downward, eliminated the K phase, and
caused the J point to return, indicating superior OEC protection and improved electron transport
efficiency. In the algal paste group, point | remained concave, suggesting a continued limitation of
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plastoquinone pool reduction. The effect of algal powder treatment was comparatively modest,
consistent with previous findings on antioxidants.

Antioxidant enzyme activity and MDA

The alterations in antioxidant enzyme activities and MDA accumulation triggered by saline exposure are
summarized in Fig. 7. Under 50 mM NaCl stress, the activities of CAT and POD in rice seedlings were
significantly inhibited, decreasing from 33.66 U-g~" and 638.66 U-g~" in the CK group to 12.24 U-g~" and
323.17 U-g7", respectively, representing reductions of 63.6% and 49.4%, respectively(Fig. 7A,B). This
suggests that salt stress may impair antioxidant enzyme function, thereby diminishing the ability of
these enzymes to eliminate reactive oxygen species. After the application of various algal fertilizers
(algal powder T1, algal paste T2, and immobilized algal beads T3), the activities of both enzymes
gradually recovered, with the restoration effect showing a clear dependence on the fertilizer form (T3 >
T2 >T1). In particular, treatment with immobilized algal beads (T3) yielded the most favorable outcomes,
with CAT activity rebounding to 36.72 U-g~" (109.1% of the CK) and POD activity increasing to 885.33
U-g~" (27.9% higher than CK). This not only completely reversed the inhibitory effect of salt stress but
also significantly enhanced antioxidant capacity. The differences among the treatment groups were
statistically significant (P < 0.05).

However, under 50 mM NaCl stress, SOD exhibited a contrasting response. SOD activity in rice seedlings
increased sharply from 143.67 U-g~" in the CK group to 489.33 U-g~", representing a 240.6% increase (P <
0.05) (Fig. 7C). This indicates that salt stress triggers a substantial accumulation of 0,~, prompting
plants to activate the first line of antioxidant defense to convert O, into H,0,. After the application of
various algal fertilizers (algal powder T1, algal paste T2, and immobilized algal beads T3), SOD activity
exhibited a graded decline, with the degree of recovery showing a clear dependence on the form of
fertilizer used (T3 >T2>T1). In particular, treatment with immobilized algal beads (T3) demonstrated the
most favorable outcome, as SOD activity decreased to 234.00 U-g~", representing a 52.2% reduction
compared with the TO group, and rebounded to 61.4% of the CK level. This improvement was
significantly greater than that observed in T1 (30.0% decrease) and T2 (36.5% decrease), with all
differences among the treatment groups being significant.

After 14 days of exposure to 50 mM NaCl stress, the MDA content in the leaves of rice seedlings
increased significantly from 4.700 pmol-g=" in the CK group to 16.267 pmol-g~", representing a 246.1%
increase (P < 0.05) (Fig. 7D). This increase indicates that salt stress induces substantial lipid
peroxidation damage to the membrane. After the application of various forms of algal fertilizers, MDA
accumulation showed a gradient of inhibition, with the alleviation effect demonstrating a clear
dependence on fertilizer formulation (T3 > T2 > T1). Specifically, the MDA content in groups T1, T2, and
T3 decreased to 11.485, 6.122, and 5.382 pmol-g~", respectively, corresponding to reductions of 29.4%,
62.4%, and 66.9% compared with that in group TO. Notably, the MDA content in the T3 group was only
14.5% higher than that in the CK group, and this difference was not statistically significant. These results
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suggest that the immobilized algal beads nearly completely preserved cell membrane integrity,
demonstrating significantly superior protective effects compared with algal powder and paste.

Discussion

This study comparatively evaluated the physiological recovery-promoting effects of algal powder, paste,
and immobilized beads on rice seedlings subjected to salinity stress. Salt stress triggers a cascade of
metabolic disturbances, oxidative stress, and ionic toxicity, which collectively constrain plant growth and
development (Korner et al. 2025; Brito-Lopez et al. 2025). Microalgae-based biostimulants offer a
promising and sustainable solution for enhancing agricultural practices (Brito-Lopez et al. 2025). The
adverse effects of salinity stress on plants can be mitigated by applying C. vulgaris biofertilizer. The
application of the three microalgal formulations consistently alleviated salt-induced growth inhibition,
with the restorative efficacy ranked as follows: immobilized algal beads (T3) > algal paste (T2) > algal
powder (T1).

Notably, plants treated with T3 not only completely overcame salinity-induced growth suppression but
also surpassed CK levels, achieving plant height and root length greater than those of the non-stressed
CKs and restoring total chlorophyll content to 134.9% of the CK value. Furthermore, MDA content in the
T3 group was reduced to 14.5% above the CK level, indicating remarkable alleviation of membrane lipid
peroxidation, with the extent of recovery significantly higher than that observed in the T1 and T2
treatments. These findings align with those of Zhang et al. (2025), who reported that the co-application
of nitrogen-fixing cyanobacteria reduced rice MDA content by 40.01% while concurrently enhancing POD
and CAT activities. Similarly, Senousy et al. (2023) reported that extracts of C. vulgaris and Dunaliella
salina effectively reversed salinity-induced biomass decline in common beans (Phaseolus vulgaris L.).

The differential efficacy of the three formulations fundamentally arises from the influence of their
physical morphologies on the preservation and delivery of bioactive compounds. In the case of algae
powder (T1), drying at 80°C may have compromised thermolabile bioactive constituents, including
exopolysaccharides and phytohormones, resulting in marked attenuation of its biostimulant activity
(Arad S 2008; Stirk et al. 2021). Algae paste (T2), while retaining partial cellular integrity and bioactive
components, lacks carrier-mediated protection, rendering free-living algal cells susceptible to rapid
senescence under environmental fluctuations (Bailliez et al. 1986; Antara et al. 2024). In contrast,
immobilized algal beads (T3) exploit the three-dimensional network of SA-PVA composites to create a
stable microecological niche, enabling sustained and slow-release delivery of bioactive substances
(Liang et al. 2022; Sarhan et al. 2024). The alginate gel matrix physically entraps microalgal cells within
gel beads, and immobilization technology has been demonstrated to significantly enhance algal salt
tolerance and prolong cell viability. Wang et al. (2024) reported that SA immobilization increases the
growth rate of C. vulgaris by 50.7% under saline conditions while restoring photosynthetic electron
transport activity. Similarly, Escalante et al. (2015) observed that the co-immobilization of C. vulgaris with
plant growth-promoting bacteria significantly improved salt stress tolerance in tomato seedlings.
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This structural advantage translated directly into physiological outcomes: in the T3 group, CAT activity
increased from 12.24 to 36.72 U-g~", surpassing the CK level, whereas POD activity increased by 63.5%
compared with that in TO. In contrast, the T1 and T2 groups achieved only limited physiological
restoration, with CAT activity recovering to 36.4% and 63.6% of CK, respectively, which may be
insufficient to normalize H,0, metabolic flux. This suggests that their antioxidant defense systems
remained in the stress acclimation phase rather than transitioning to a homeostatic reconstitution state.

The salinity-ameliorative effects of immobilized algal beads can be conceptualized as three tightly
coupled hierarchically organized layers of activity. At the foundational level, physicochemical barriers
exist within the rhizosphere. The porous architecture of SA-PVA gel beads facilitates the physical
adsorption of free Na* ions, whereas microalgal EPS exhibits a strong affinity for cation binding and
chelation. This dual-barrier mechanism may help limit Na* uptake by roots (Arora et al. 2010; Durairaj et
al. 2026). Empirical evidence supporting this mechanism was observed in the T3 group, which showed a
root length reaching 85.1% of the CK value and a 1.71-fold increase in the number of root branches.
Building on this physical protection, the second tier involves the synergistic reprogramming of the
antioxidant enzyme system.

The distinct antioxidant response observed in the TO group, characterized by an increase in SOD activity
alongside suppressed CAT and POD activities, suggests an imbalance in the ascorbate-glutathione

cycle. The excessive accumulation of O, likely overwhelms the downstream scavenging capacity,

leading to H,0, accumulation and subsequent membrane damage. Conversely, T3 treatment restored
enzymatic homeostasis. The significant reduction in SOD activity in the T3 group indicates a lower
generation rate of superoxide radicals, likely due to improved protection of the photosynthetic electron
transport chain. Simultaneously, the upregulation of CAT and POD ensured the efficient detoxification of
residual H,0,, thereby preventing lipid peroxidation. This interpretation is supported by the findings of
Mutale-Joan et al. (2021), who reported that microalgal biostimulants promote plant growth under
salinity stress via enhanced antioxidant activity. Mutale-Joan et al. (2021) and Wang et al. (2024)
demonstrated that immobilized co-culture systems elevate EPS polysaccharide secretion by 19.7%
under salt stress, with an increased proportion of aromatic proteins contributing to the enhanced
structural stability. Ultimately, these two antecedent layers converge in the third tier: protection of the
photosynthetic core machinery. The emergence of a K-band and elevation of the J-point in the OJIP
transient of TO plants denote, respectively, the impairment of the OEC and restriction of electron transfer
from Q_A to Q_B. Upon algal bead treatment, the disappearance of the K-band and depression of the J-
point indicate that immobilized beads may indirectly protect OEC integrity by attenuating rhizospheric
Na* concentrations and preserve the functional integrity of the thylakoid membrane electron transport
chain via enhancement of the antioxidative system, thereby ensuring the efficient operation of PSII
reaction centers. This mechanistic hierarchy fundamentally underpins the remarkable recovery of
chlorophyll a to 134.9% of the CK and the recovery of Fv/Fm beyond CK levels in the T3 group,
demonstrating that the tripartite integration of physicochemical exclusion, enzymatic network
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reprogramming, and photochemical core protection operates in a mutually reinforcing cascade rather
than as an isolated mechanism.

Superior to algal powder and paste, SA—PVA immobilized beads act as self-replenishing biostimulant
reservoirs tailored for commercial soilless cultivation. Hydroponics delivers an interference-free
rhizosphere that enables sustained local release of phytohormones, EPS, and stress-signaling molecules
from the composite matrix. The 1.71-fold elevation in root bifurcation relative to unstressed CK greatly
improves rhizospheric nutrient acquisition. Beyond root architectural improvement, these beads function
as biostimulants rather than conventional fertilizers to induce stable stress priming: suppressed SOD
alongside elevated CAT and POD collectively redirect cellular metabolism toward energy-efficient redox
homeostasis, conferring systemic salinity tolerance to recirculating nutrient solutions. Supported by dual
rhizospheric Na* sequestration and photosystem protection effects verified in this study, the
immobilized beads serve as a sustainable replacement for synthetic salinity regulators and facilitate
brackish water reuse within closed protected agricultural systems. Collectively, their dual merits of
boosted nutrient uptake and robust salt stress resistance confirm strong industrial potential for
hydroponic production, yet further bead formulation optimization is required to extend efficacy to field
soilsll

Although current hydroponic studies provide foundational proof of concept for the salinity-ameliorative
efficacy of immobilized algal beads, extrapolation to field conditions must consider pedospheric
complexities, including mechanical shearing, microbial colonization, and hydraulic flushing, which may
collectively compromise gel integrity and alter the release kinetics (Castro et al. 2025; Benitez et al.
2025; Dey et al. 2011). The degradation dynamics of the SA-PVA matrix, encapsulated cell viability, and
release dynamics of bioactive compounds in submergence-prone paddy systems remain critical
knowledge gaps that require rigorous field-based investigations before the translational potential of this
technology can be fully evaluated. Future studies will focus on field validation and transcriptomic
profiling to elucidate the molecular mechanisms underlying the observed protective effects

Conclusion

This study demonstrates that formulation morphology critically determines the salinity-ameliorative
efficacy of C. vulgaris biostimulants. The SA-PVA immobilized beads outperformed powder and paste
formulations by establishing a rhizospheric Na* barrier, synergistically reprogramming the CAT-POD-
SOD antioxidant network, and preserving thylakoid electron transport, thereby achieving superior growth
recovery and photosynthetic protection. These findings establish immobilized microalgae as a promising
bio-based strategy for sustainable crop production under saline conditions and warrant field validation to
assess translational potential.
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Figures

Algal Powder(APo) Algal Paste(APa) Immobilized Algal Beads(IABs)

Figure 1

Morphology of the three C. vulgaris biostimulants formulations used in this study. APo: oven-dried algal
powder prepared at 80°C for 10 hours; APa: algal paste obtained by centrifugation of freshly harvested
algal biomass; IABs: immobilized algal beads fabricated by entrapping fresh algal paste in SA-PVA gel
beads cross-linked with CaCl,. Scale bar =1 cm.
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Figure 2

Morphology of O. sativa L. cv. White Awn seedlings under different treatments after 14 days of salt
stress. CK: without NaCl or microalgal biofertilizer; T0:50 mM NaCl stress only; T1: 50 mM NaCl + 1 g-L"
algal powder; T2: 50 mM NaCl + 1 g-L-" algae paste; T3: 50 mM NaCl + 1 g-L-" immobilized algal beads.
Scale bar =5 cm.
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Figure 3

FW (A) and DW (B) of O. sativa L. cv. White awn under different treatments after 14 days of salt stress.
CK: distilled water without NaCl; TO: 50 mM NaCl stress only; T1: 50 mM NaCl + 1 g-L-" algae powder; T2:
50 mM NaCl + 1 g-L-" algae paste; T3: 50 mM NaCl + 1 g-L~" immobilized algal beads. Values are
presented as mean = standard error (n = 3). Different lowercase letters above the bars indicate
significant differences among treatments at P < 0.05 (Duncan's multiple range test).
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Root scanning images of O. sativa L. cv. White Awn seedlings under different treatments after 14 days of
salt stress (A). Total number of root tips, total root length, and number of biofurcations (B).Total root
surface area (C). Average root diameter (D). CK: distilled water; T0: 50 mM NaCl stress only; T1: 50 mM
NaCl + 1 g-L-" algae powder; T2: 50 mM NaCl + 1 g-L-" algae paste; T3:50 mM NaCl + 1 g-L=" immobilized
algal beads. Root images were acquired using a root scanning system (WinRHIZO). Scale bar = 2 cm.
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Figure 5

Chlorophyll a, chlorophyll b, and total chlorophyll contents in the leaves of O. sativa L. cv. White Awn
seedlings under different treatments after 14 days of salt stress. CK: distilled water without NaCl; TO: 50
mM NaCl stress only; T1: 50 mM NaCl + 1 g-L-" algae powder; T2: 50 mM NaCl + 1 g-L-" algae paste; T3:
50 mM NaCl + 1 g-.L-" immobilized algal beads. Chlorophyll content was determined using acetone—
ethanol extraction. Values are presented as mean + standard error (n = 3). Different lowercase letters
above the bars indicate significant differences among treatments at P < 0.05 (Duncan's multiple range
test).
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Figure 6

Chlorophyll fluorescence parameters of O. sativa L. cv. White Awn, different treatments after 14 days of
salt stress. (A) Maximum photochemical efficiency of PSII (Fv/Fm); (B) OJIP fluorescence induction
transients. CK: distilled water without NaCl; TO: 50 mM NaCl stress only; T1: 50 mM NaCl + 1 g-L=" algae
powder; T2: 50 mM NaCl + 1 g-L-" algae paste; T3: 50 mM NaCl + 1 g-L-" immobilized algal beads. Fv/Fm
was measured after 20 minutes of dark adaptation using a portable chlorophyll fluorometer. OJIP
transients were recorded under saturating red light at 3000 pmol-m-2-s-". Values in (A) are presented as
mean = standard error (n = 3). Different lowercase letters above the bars indicate significant differences

among treatments at P < 0.05 (Duncan’'s multiple range test).

Page 20/21



(B)

@) 1000 -
50 -
a
a
b
>
40 800
a
d C
1 ;
< % ® 600 -
5 -
=
- T g
U 50 be 400
e
d
10 4 200
0 04
CK TO T1 T2 13 CK TO 1 T2 T3
Treatments Treatments
©) D)
600 :
18 N
a ]
500 16
14 4
400 b 512 b
@ ; s
:% 200 - E_ 10
d
2 = 8
200 - = 6 ¢ ed
c ] d
- T
4
100 |
2
o 0
CK To 1 T2 EE CK TO T1 T2 T3
Treatments Treatments
Figure 7

Antioxidant enzyme activity and MDA content in the leaves of O. sativa L. cv. White Awn. different
treatments after 14 days of salt stress. (A) CAT activity; (B) POD activity; (C) SOD activity; (D) MDA
content. CK: distilled waterwithout NaCl; TO: 50 mM NaCl stress only; T1: 50 mM NaCl + 1 g-L-" algae
powder; T2: 50 mM NaCl + 1 g-L-" algae paste; T3: 50 mM NaCl + 1 g-L-" immobilized algal beads.
Enzyme activity and MDA content were determined using commercial assay kits, following the
manufacturer’s protocols. Values are presented as mean + standard error (n = 3). Different lowercase
letters above the bars indicate significant differences among treatments at P < 0.05 (Duncan's multiple
range test).
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