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Abiotic stress is among the most critical factors limiting crop productivity
worldwide and its importance is further exacerbated by climate change. In
recent years, microalgal biostimulants have gained attention for their potential to
enhance plant resilience towards abiotic stress. However, significant hurdles still
persist, particularly regarding the unknown modes of action of microalgal
biostimulants, which is a concern for stringent regulatory requirements and
product reliability. The aim of this review is to improve the potential of
microalgal biostimulants for abiotic stress mitigation in plants by addressing
different key parameters shaping the efficacy of microalgal biostimulants,
encompassing cultivation approaches, extraction techniques, and application
methods. Furthermore, it also highlights how microalgal biostimulants modulate
plant morphology, physiology and biochemistry under drought, salinity, and heat
stress—three predominant stressors anticipated to intensify under climate change.
Notably, these biostimulants consistently enhance drought stress tolerance by
improving biomass accumulation, nutrient uptake, and water use efficiency
through enhanced photosynthesis and stomatal regulation. These effects are
largely driven by the accumulation of osmoprotectants and antioxidant
compounds. In contrast, salt stress mitigation is highly species-dependent, with
some microalgae enhancing stress tolerance through osmoprotectant and
antioxidant accumulation, while others reduce these compounds, potentially
lowering stress perception via unknown mechanisms. Despite the significance of
the abiotic stress, heat stress mitigation by microalgal biostimulants remains an
underexplored research area. Additionally, indirect applications of microalgae—
ranging from biotechnological innovations to desalination—underscore the
broader potential of these organisms in agricultural resilience. Collectively, this
review identifies three key gaps in the existing literature—the diversity gap, the
practical gap, and the research gap—while outlining promising avenues for future
research in microalgal biostimulant development.
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1 Introduction

The Earth’s human population is estimated to rise to 9.7 billion by
2050 (FAO et al,, 2023). To meet the needs of this large population, food
production needs to increase by 35% to 56% (van Dijk et al,, 2021). This
challenge is further compounded by current agricultural practices,
which contribute to environmental degradation and climate change
(Reganold and Wachter, 2016; Crist et al., 2017; Arora, 2019).
Agriculture, which occupies about 44% of the world’s habitable land,
is directly affecting ecosystem functioning and biodiversity due to
ongoing expansion and intensification (Ritchie and Roser, 2019;
Barros-Rodriguez et al., 2021; Beillouin et al., 2021; Lal, 2021).
Additionally, the agricultural sector significantly contributes to
greenhouse gas emissions, exacerbating climate change and, in turn,
affecting the sector itself (Mbow et al, 2019). Climate change intensifies
the effects of abiotic stress on crops through the occurrence of more
frequent and severe weather events like heatwaves, droughts, and floods
(Rong et al., 2021; Clarke et al,, 2022). Under intense warming scenarios,
the yields of several major crops are projected to decline by 11-25% by
the end of the century (Wing et al,, 2021). Furthermore, approximately
40% of the world’s arable land is at risk of aridity, and around 20% is
affected by soil erosion due to climate change and, by extension, current
agricultural practices (Pravalie et al., 2021). Considering these issues, it is
evident that abiotic stresses, particularly drought, salinity, and extreme
temperatures, are an intensifying problem that will exacerbate over time
(Zhang et al,, 2023). There is an urgent need for a new green revolution
that prioritizes sustainability and abiotic stress tolerance in crop
production methods.

Tackling these challenges necessitates a global paradigm shift in
traditional agriculture practices. Research efforts worldwide are
increasingly focused on developing innovative solutions to
enhance abiotic stress tolerance and sustainability in crop
production. Prominent approaches include the use of precision
digital tools (Kumar et al., 2024), interbreeding with crop wild
relatives (Kapazoglou et al., 2023), and advanced genome-editing
techniques (Zafar et al., 2020). Another promising solution lies in
the application of renewable bio-active resources, specifically
biostimulants (Mutale-joan et al., 2020; Parmar et al., 2023; Prisa
and Spagnuolo, 2023). Biostimulants are substances or
microorganisms derived from a wide variety of sources, including
inorganic compounds, living microorganisms, algae, and plant
extracts. They are characterized by their ability to stimulate
natural processes in plants independently of their intrinsic
nutritional value. Biostimulants enhance nutrient uptake and use
efficiency, improve crop quality, and increase plant resilience to
abiotic stresses (du Jardin, 2015).

Abbreviations: ABA, abscisic acid; APX, ascorbate peroxidase; Ca, calcium; CAT,
catalase; Cl, chloride; GPX, glutathione peroxidase; K, potassium; LEA, late
embryogenesis abundant; MDA, malondialdehyde; Na, sodium; PSII,
photosystem II; ROS, reactive oxygen species; Rubisco, ribulose-1,5-
bisphosphate carboxylase/oxygenase; RWC, relative water content; SOD,
superoxide dismutase; SOS, Salt Overly Sensitive; WUE, water use efficiency.
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Microalgae have shown promising biostimulant activity and have
gained increased attention in recent years. Algae are classified based on
size with microalgae ranging between 0.8 um to 0.5 mm in length and
macroalgae from 0.5 mm onwards (Bello et al., 2021). Typically
unicellular phototrophic organisms, microalgae can be grown in
both freshwater and marine environments (Safi et al., 2014;
Borowitzka, 2018; Chew et al., 2018). Because microalgae are
phototrophic and have proven to be able to grow on wastewater,
they represent a renewable source of biostimulants without competing
with food crops for land. Moreover, they contribute significantly to
CO, sequestration, aiding climate change mitigation (Safi et al., 2014;
Sanchez-Quintero et al., 2023; Su et al,, 2023). Microalgae also possess
a wide array of high-value and bioactive components, such as amino
acids, phytohormones, proteins, antioxidant molecules, etc (Kapoore
et al, 2021). These high-value components, whether in the form of
extracts, complete biomass, or live cells of microalgae, have already
been proven to exhibit significant biostimulant activity. The observed
responses include enhanced plant growth, improved soil health, and
increased tolerance to diverse abiotic stresses. The chemical diversity of
microalgal species, shared molecular pathways with higher plants, and
the ability to tailor microalgal growth conditions for specific chemical
compositions underscore the high potential of microalgae in abiotic
stress remediation (Colla and Rouphael, 2020; Bello et al., 2021).
However, the biostimulant effects have often been shown to be quite
variable (Mutale-Joan et al, 2023). Factors, such as extraction
techniques, dosage, application methods and timing of application—
including the time of day, the developmental stage, or the timing
compared to the onset of abiotic stress (preventive, curative, or
recovery)—significantly influence their effectiveness in mitigating
abiotic stress (Carillo et al., 2020).

Despite various studies showcasing the potential of microalgal
biostimulants in helping plants cope with drought, salinity, high
temperatures, and other abiotic stresses, much of the focus has been
on optimal plant growth conditions (Carillo et al., 2020; Parmar et al,,
2023). The mode of action of microalgal biostimulants in abiotic stress
remediation remains poorly understood, which hampers their broader
acceptance and integration into modern agricultural practices and
regulations. Moreover, studies often focus on specific crops at
particular developmental stages and stress conditions, lacking a
comprehensive overview or directive for further testing strategies.

This review aims to provide insights into the factors that influence
the effectiveness of microalgal biostimulants in mitigating abiotic
stresses, focusing on microalgal cultivation strategies, extraction
techniques, and application methods. Building on these
foundational considerations, it will present a comprehensive
overview of the effects of microalgae on the three most prominent
abiotic stresses, particularly drought, salinity, and heat, emphasizing
the known modes of action. This review will consider all true
microalgae as well as the cyanobacterium Arthrospira platensis.
Although not a true microalga, A. platensis is often grouped with
microalgae in the literature due to its economic importance and many
shared characteristics. The primary aim of this review is to elucidate
the potential of microalgal biostimulants in abiotic stress remediation
and to identify gaps in the existing literature, thereby guiding future
research endeavors.
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2 Determining factors shaping the
efficacy of microalgal biostimulants

The role of microalgae as biostimulants is increasingly
recognized due to their diverse array of bioactive compounds,
including phenolics, phytohormones, polysaccharides, and
proteins (Kapoore et al, 2021). The relative concentrations of
these compounds are influenced by cultivation strategies,
extraction techniques, application methods, and timing. These
factors play a key role in shaping the efficacy of microalgal
biostimulants, offering both opportunities for optimization but
also challenges for ensuring consistency. On one hand, tailoring
these parameters can lead to optimization of specific compounds,
while on the other, their variability can complicate comparisons of
results across studies. Fundamental differences in these factors can
significantly impact biostimulant activity. Therefore, highlighting
that these variables influence the efficacy of microalgal
biostimulants is crucial, particularly when investigating their
modes of action in enhancing abiotic stress resilience.

2.1 Cultivation strategies

The growth and biochemical composition of microalgae during
cultivation are influenced by a range of factors, including the
chemical composition of the growth medium, pH, temperature,
salinity, and light exposure conditions. By modulating these specific
environmental parameters, it is possible to cultivate microalgae with
a tailored composition, enriched in certain bioactive molecules that
are of particular interest for biostimulant activity (Vuppaladadiyam
et al,, 2018). A prominent example is the carotenoid content of
Dunaliella salina, a photosynthetic pigment with antioxidant
properties, is significantly enhanced under high salinity
conditions, reaching up to 4.5 M NaCl (Farhat et al., 2011). This
salinity level is substantially higher than those used for other
microalgae species such as Chlorella vulgaris and Nannochloropsis
salina, which are typically cultured at lower NaCl concentrations,
ranging from less than 0.5 M to approximately 1 M (Bartley et al.,
2013; Keo and Kaosol, 2020). Similarly, in Scenedesmus almeriensis,
higher CO, concentrations (3% v/v) in the growth medium nearly
doubled biomass production and increased lutein content, a
carotenoid with potent antioxidant properties, by more than 50%
compared to lower CO, concentrations (0.5% v/v) (Molino et al.,
2020). Light intensity is another crucial factor influencing the
chemical composition of microalgae. For example, moderate light
levels (400 umol photons/m*s) promoted carotenoid accumulation
in species such as Arthrospira maxima, Chlorella minutissima,
Rhodomonas salina, and Nannochloropsis oceanica. In contrast, a
higher light intensity (800 pmol photons/m?®s) favored the
accumulation of lipids and o-tocopherol, a fat-soluble antioxidant
(Ljubic et al., 2021). Modifying these environmental parameters can
alter the chemical composition of microalgae, as such influencing
their biostimulant activity. For example, Ranglova et al. (2021)
observed that C. vulgaris cultivated in a standard growth medium
stimulated watercress (Lepidium sativum) germination. However,
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when cultivated in household wastewater with a markedly different
chemical composition, the biostimulant activity was lost. In
contrast, Chlorella fusca LEB 111 and Arthrospira sp. LEB 18
cultivated in various dilutions of dairy effluent wastewater
(combined with standard cultivation medium) showed diverse
effects on tomato (Lycopersicon esculentum) seeds and plants,
depending on the nutrient composition of the medium.
Microalgae cultivated in higher fractions of dairy effluent
promoted germination and enhanced vegetative growth, including
longer roots, greater dry weight, increased plant height, and more
leaves (Gonzales Cruz et al,, 2023). These findings highlight the
critical role of cultivation strategies in determining the
biostimulatory effects of microalgae on crop resilience and growth.

2.2 Extraction techniques

In addition to cultivation strategies, the extraction technique
and solvents used are critical tools for enhancing the concentration
of specific bioactive components in microalgal biostimulants.
Various extraction techniques have been developed, each with
distinct advantages and limitations. (I) Traditional mechanical
extraction methods, such as bead milling, sonication, and
homogenization, are widely used to disrupt cell walls and
facilitate the release of intracellular compounds. The efficiency of
these methods is mainly influenced by specific characteristics of the
microalgal cell walls, which vary by strain, thereby impacting the
yield of bioactive compounds in the final extract (Sanchez-Quintero
etal,, 2023). Stirk et al. (2020) explored the impact of freeze-drying
combined with sonication or bead-milling on the extraction of
antioxidant and biostimulant compounds from C. vulgaris and
Scenedesmus acutus. Their results demonstrated that the
effectiveness of these treatments varied for different microalgal
species, with bead-milling enhancing the antioxidant activity in C.
vulgaris while reducing it in S. acutus. The authors proposed that
this variation could be attributed to the dilution of active
antioxidant compounds by non-active substances or the release of
inhibitory compounds during the extraction process. Furthermore,
the study included a rooting bioassay on mung bean seedlings to
evaluate biostimulant activity. Cut seedlings were exposed to
sonicated or bead-milled microalgal extracts and subsequently
transferred to water to root. The bioassay revealed that cell wall
disruption techniques for these microalgae generally led to a
reduced number of roots in mung bean, indicating that certain
extraction methods may negatively impact biostimulant efficacy.
(II) Chemical extraction methods, including acid and alkaline
hydrolysis, utilize reagents such as sodium hydroxide and sulfuric
acid to degrade cell walls and release bioactive compounds
(Michalak and Chojnacka, 2014; Bello et al., 2021). For instance,
Chovancek et al. (2023) applied two distinct extraction techniques,
i.e. thermal hydrolysis with a weak solution of sulfuric acid
accompanied by ultrasonication or bead-milling an aqueous
extraction followed by centrifugation, to six microalgal species
and tested them for biostimulant activity on A. thaliana and
lettuce (Lactuca sativa L. cv. Finstar). The hydrolyzed extracts
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showed promising biostimulant activity, stimulating root
elongation in Arabidopsis thaliana and increasing lettuce yield by
12-15%, in contrast to the aqueous extracts, which did not
significantly enhance plant growth. Solvent-based extraction
techniques, such as those using the Soxhlet apparatus, remain
widely employed for extracting bioactive compounds from solid
samples due to their operational simplicity and scalability
(Ramluckan et al., 2014). However, these methods often require
large volumes of solvents and extended processing times, which can
reduce the yield of bioactive compounds. Furthermore, the
application of microalgae in circular and sustainable contexts is
often challenging to reconcile with the environmental impact and
resource demands of solvent-based extraction techniques. (IIT) In
contrast, novel extraction techniques, such as supercritical fluid
extraction, microwave-assisted extraction, enzyme-assisted
extraction, and pressurized liquid extraction, offer more efficient,
cost-effective, and environmentally sustainable alternatives (Ibanez
et al, 2012; Bello et al, 2021). For instance, supercritical fluid
extraction of the acidophilic microalga Coccomyxa onubensis under
optimized conditions (70°C, 40 MPa, and 50% v/v ethanol)
produced an extract rich in total phenols and with high
antioxidant activity (Ruiz-Dominguez et al., 2022). Similarly,
Navarro-Lopez et al. (2023) demonstrated that high-pressure
homogenization led to a higher degree of hydrolysis of
Scenedesmus sp. proteins. While these extracts show potential to
enhance biostimulant activity, further investigation is required to
confirm and understand their effects.

2.3 Application methods

Microalgal biostimulants are primarily applied to plants
through three main methods: seed, foliar, or soil applications.
Seed applications, such as coating and priming (controlled seed
hydration through soaking or dipping), are used to enhance
germination and early development, as well as to support the
actions of beneficial microflora (Sharma et al., 20145 Rocha et al.,
2019; Devika et al., 2021). Foliar applications, which involve the
direct application of bioactive compounds to plant leaves, are
hypothesized to work through entry via stomata, pores, or cuticle
cracks, although the exact mechanisms are not yet fully understood
(Ishfaq et al.,, 2022). Soil applications target the root zone, with
microalgae being delivered either as a powder or in solution via
irrigation. Additionally, hydroponic or aeroponic systems can
incorporate microalgae as part of the nutrient solution, effectively
serving as a soil application (Alvarez et al., 2021). The choice of
application method is critical and depends on the specific needs of
the plant, such as nutritional enhancement, yield improvement, or
stress mitigation, as well as the cultivation method (e.g., direct
seeding, field transplantation, or nursery growth). For instance,
Puglisi et al. (2022) found that while both foliar and soil
applications of a methanolic extract of C. vulgaris resulted in
increased lettuce growth, the biochemical responses differed from
each other. Soil application primarily impacted carbon metabolism
by significantly enhancing the activity of enzymes involved in the
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Krebs cycle, such as citrate synthase and malate dehydrogenase. In
contrast, foliar treatment influenced nitrogen metabolism by
stimulating the activity of enzymes like glutamine synthetase and
glutamate synthase. Although different studies provide specific
insights, there is no universal guideline for the optimal
application method of microalgae on different crops (Renuka
et al., 2018; Parmar et al., 2023; Sanchez-Quintero et al., 2023).
Some studies have already explored the optimal application method
for commonly used microalgal biostimulants on specific crops. For
example, comparisons of soil and foliar applications of C. vulgaris
on tomato have shown that soil application is more effective in
enhancing growth, yield, and fruit quality than foliar application
(Ozdemir et al., 20165 Suchithra et al., 2022). However, the number
of studies examining this remains limited. Another significant issue
pertains to the timing, frequency, and concentration of applications,
for which no clear consensus has been reached in literature
(Sanchez-Quintero et al, 2023). Foliar application remains the
most commonly used method for applying microalgae across
various plant species, including food crops, flowers, and trees
(Oancea et al., 2013; Plaza et al., 2018; Kanchan et al., 2019; Bello
et al, 2021). When applying a foliar treatment, it is important to
consider the time of application, as biostimulant uptake is
presumably higher in the morning when stomata are open, and
relative humidity is high (Berry et al., 2019).

3 Thirst for survival: microalgal
interventions for drought-stressed
crops

3.1 Introduction

Drought stress, or water deficit, is a major threat for global crop
production and food security. It is not just a problem in arid regions, but
due to climate change and poor water-use policies, it is a phenomenon
that is present all over the world (Pokhrel et al., 2021). Drought stress
affects the plant’s ability to absorb water and nutrients, leading to
significant reductions in biomass and yield. Wang et al. (2020) reported
that severe drought years over the past five decades in Northeast China
reduced maize yields by 14.0% and soybean yields by 21.8%. Similarly,
Pinke et al. (2024) found that drought-related yield losses across
croplands in the European Union amounted to 25-30 billion euros in
2022, an exceptionally dry year for Europe. On a global scale, Kim et al.
(2019) found that 75% of the global harvested areas for four major crops
(maize, rice, soy, and wheat) with a total of 454 million hectares,
experienced drought-induced yield losses between 1983 and 2009. These
losses led to a cumulative global production deficit valued at 166 billion
U.S. dollars. It is obvious that there is a significant environmental and
economic incentive to reduce the adverse effects of drought stress on
crop production, for example with microalgal biostimulants.

Drought stress affects plants at multiple levels, from visible
morphological changes to underlying physiological and
biochemical processes. While morphological symptoms such as
reduced growth and yield are immediately evident, drought also
induces critical but less visible changes in photosynthesis,
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osmoregulation, and hormonal balance (Yang et al., 2021). Diverse
microalgal treatments have shown the ability to mitigate these
effects across different levels. The following sections will explore
the specific impacts of drought on plant morphology, physiology,
and biochemistry, and discuss how microalgal applications can
enhance drought tolerance. A summary of studies conducted on
drought-stressed plants treated with microalgae, along with their
observed effects, is provided in Table 1. Additionally, a schematic
overview of these findings is presented in Figure 1.

3.2 Morphological adjustments

When plants encounter water shortages, the resulting yield loss
is often the primary concern for farmers. Research on mandarin,
tomato, vines, and wheat has demonstrated that the detrimental
effects of drought-induced yield losses can significantly be mitigated
through the application of microalgae. In addition to offsetting yield
losses, these studies have also highlighted improvements in the
quality of the harvested products (Barsanti et al., 2019; Salvi et al.,
2020; Elmenofy et al., 2023; Elnajar et al., 2024). For example,
Elmenofy et al. (2023) observed that applying living Arthrospira
platensis as a foliar spray twice per season on ‘Murcott’ mandarin
(Citrus reticulata) prevented yield loss and resulted in a 19-35%
increase compared to untreated controls. The treatment enhanced
water-use efficiency (kg/m?®) beyond that of even well-watered
plants. Also qualitative effects were noticed, i.e. mandarins had
juicier interiors and increased acidity, along with an extended shelf
life. However, in other crop production systems, the potential
application of microalgae presents more complex outcomes. In
the study by Salvi et al. (2020), foliar treatment of drought-stressed
Vitis vinifera L. cv. Pinot Nero with A. platensis led to an increase in
berry weight. While this increase came along with some advantages,
such as higher total anthocyanin and polyphenol levels, it also
resulted in a lower sugar content and extractable anthocyanins. In
addition to its effect on yield, drought also induces various
morphological changes, such as reduced plant height and weight,
altered leaf morphology (e.g., smaller leaf areas and leaf rolling), and
modifications in root structures crucial for water uptake—these
include the elongation and thinning of fine roots (Werner et al,
1999; Yang et al., 2021). Oancea et al. (2013) demonstrated that the
application of a complex Nannochloris sp. 424-1 extract to the
leaves of drought-stressed tomato plants mitigated the adverse
effects on plant height by 50%. Additionally, the microalgal
treatment restored root length to levels comparable to those of
well-watered plants. A comparable effect on root length was noted
by Martini et al. (2021) in hydroponically-grown maize treated with
a methanolic extract of Chlorella sorokiniana under 10% PEG6000-
induced water stress. The addition of C. sorokiniana to its medium
not only enhanced root length but also promoted the development
of more lateral roots, as well as increased root area and volume.
Trejo et al. (2012) provided a proof of concept that C. sorokiniana
could be utilized to enhance crop production in arid regions. They
successfully cultivated Sorghum bicolor in arid soils amended with
living C. sorokiniana, noting a rapid improvement in soil organic
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matter content and enhanced root and stem development across
most growth cycles. A summary of the morphological effects of
microalgal treatments on drought-stressed plants is presented in
Figure 1 under the ‘Morphology’ section.

3.3 Physiological modifications

Reduced water availability also leads to a diminished influx of
nutrients, which can subsequently result in symptoms of nutrient
deficiency in plants (Yang et al, 2021). However, seed priming
combined with irrigation using living Chlorella saccharophila has
been shown to significantly enhance root and stem biomass in both
wheat and soybean. Additionally, the nitrogen balance index,
calculated as the ratio of chlorophyll to flavonoids in leaves and
serving as an indicator of plant nutritional status regarding nitrogen
levels, was notably higher in plants treated with microalgae (Oral
et al,, 20215 Salih et al, 2022). These observations suggest that C.
saccharophila plays a pivotal role in enhancing nutrient uptake under
drought conditions. The same research group further substantiated
these findings in Calendula officinalis L., where a similar increase in
nutrient uptake was observed under water-stressed conditions
following treatment with C. saccharophila (Selem et al., 2022).

The aforementioned morphological changes are frequently
accompanied by physiological alterations induced by drought.
Photosynthesis, a critical physiological process, is particularly
vulnerable to reductions in soil water content (Dinh et al., 2019).
The decline in photosynthetic activity under drought conditions
can be attributed to both stomatal and non-stomatal limitations,
depending on the severity of the water deficit (Yang et al., 2021).
Mild drought typically results in decreases in stomatal conductance,
which restrict CO, uptake and transpiration. Severe drought has
also a strong impact on non-stomatal factors, including reduced
enzyme activity and limited availability of essential photosynthetic
components, such as ribulose-1,5-bisphosphate carboxylase/
oxygenase and ribulose-1,5-bisphosphate (Deecba et al, 2012).
Stomatal responses, including closure and developmental changes
such as increased stomatal length and width coupled with decreased
density, are among the most known mechanisms to conserve water
(Martin-StPaul et al., 2017; Zhao et al., 2020; Yang et al., 2021). In Li
et al. (2014) demonstrated that foliar application of C. vulgaris to
Vicia faba induces partial stomatal closure via NADPH oxidase-
dependent reactive oxygen species (ROS) production, thereby
enhancing water use efficiency (WUE). This effect was observed
with both live and heat-killed C. vulgaris, suggesting that the
components responsible for the observed benefits are heat-
resistant. These findings may offer a mechanistic basis for the
increased relative water content (RWC) observed in drought-
stressed guar (Cyamopsis tetragonoloba L. Taub.) seedlings
following foliar application of living C. vulgaris (Kusvuran and
Kusvuran, 2019). Contrary to these findings, other studies have not
reported increased water retention in microalgae-treated plants due
to stomatal closure. For example, Barsanti et al. (2019) found that
water-stressed tomato plants treated with B-(1,3)-glucan extracted
from Euglena gracilis in an aeroponic medium exhibited improved
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TABLE 1 Drought stress mediation in plants by microalgae treatment.

Microalgae species

(extract type)

Chlorella vulgaris
(methanol extract)

Application
method

Foliar (1%, 3%, or 5%
(v/v))

Plant species

Brassica oleracea var. Italica
"Barokka' (broccoli)

Drought induction

Irrigation deficit to 25% of
field capacity

Morphological and
physiological changes

« Shoot length 1

o Shoot fresh and dry weight 1
o Leaf area 1

« Photosynthetic pigment 1

« RWC?T

« WUE 1

« Nutrition uptake 1

Biochemical
changes

e Membrane damage |
« Total flavonoid,
phenolic and carotenoids
contents 1

« Enzymatic antioxidant

activity T

References

(Kusvuran, 2021)

Chlorella vulgaris
(living microalgae)

Chlorella vulgaris
(living microalgae or
culture supernatant)

Foliar (2x107 cfu/mL)

Seed and irrigation
(1x10® cells/mL)

Cyamopsis tetragonoloba L.
Taub. (guar)

Arabidopsis thaliana

Irrigation deficit to 25%, 50%,
75% and 0% of field capacity

11 days without irrigation and 4
days rehydration

« Shoot height 1

« Shoot fresh and dry weight 1
« Root fresh and dry weight 1
o Leaf number and area 1

« RWC1?

o Fresh weight 1
o Stomatal closure 1
« Water content 1

e Membrane damage |
« Total flavonoid and
phenolic contents

« Enzymatic antioxidant
activity T

e Membrane damage |
« Total glucosinolate
content T

o Glucosinolate-related
gene expression 1

(Kusvuran and Kusvuran, 2019)

(Moon et al., 2024)

Chlorella saccharophila
(living microalgae)

Chlorella saccharophila
(living microalgae)

Chlorella saccharophila
(living microalgae)

Chlorella saccharophila
(living microalgae)

Seed and irrigation (5%
solution of 2x10*
cfu/mL)

Seed and irrigation (5%
solution of 2x10*
cfu/mL)

Seed and irrigation (5%
solution of 2x10*
cfu/mL)

Seed and irrigation (5%
solution of 2x10*
cfu/mL)

Trigonella foenum-graecum
L. (fenugreek)

Triticum aestivum L. cv.
Slemani-2 (wheat)

Glycine max L. var.
Ansoy (soybean)

Calendula officinalis
L. (Aynisafa)

Irrigation deficit 50% and 25%

Irrigation deficit 50% and 25% of
normal irrigation

Irrigation deficit 50% and 25% of
normal irrigation

Irrigation deficit 50% and 25% of
normal irrigation

o TIon leakage in leaf tissues 1

« Plant fresh and dry weight 1
o Root fresh weight 1

« Photosynthetic pigment

« Nutrition uptake 1

« Shoot length 1

« Shoot fresh and dry weight 1
« Root length 1

o Root fresh and dry weight 1
« Nutrition uptake 1

« Photosynthetic pigment 1
« Nutrition uptake 1

e Membrane damage |
« Total antioxidant
activity T

« Total flavonoid
contents T

o Total flavonoid and
anthocyanin contents 1

e Membrane damage |
« Total flavonoid and
phenolic contents 1

« Total antioxidant
activity T

(Yolci et al., 2022)

(Salih et al., 2022)

(Oral et al., 2021)

(Selem et al., 2022)

Chlorella sorokiniana
(methanol extract)

Hydroponics medium
(2 mg Corganic/L)

Zea mays P0943, Pioneer Hi-
Bred Italia Sementi S. R.
L. (maize)

10% PEG6000 medium

« Root length

« Root area and volume 1
« Lateral root number 1

« Stomatal conductance t

« Efficiency of PSII 1

(Martini et al., 2021)

(Continued)
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TABLE 1 Continued

Microalgae species Application . : . Morphological and Biochemical
Plant species Drought induction ' ; References
(extract type) method physiological changes  changes
Chlorella sorokiniana Soil treatment (1x10° Sorghum bicolor L. Moench cv. | Arid soil « Soil organic matter 1 (Trejo et al., 2012)
(living microalgae) cfu/mL on Honey Graze « Shoot dry weight 1
alignate beads) « Root length 1
o Root dry weight 1
Arthrospira platensis Foliar (1% or 2%) Citrus reticulata Irrigation deficit 75% and 85% of | « WUE 1 e Membrane damage | (Elmenofy et al., 2023)
(living microalgae) 'Murcott' (mandarin) crop evapotranspiration o Yield quantity 1 o Proline levels 1
o Yield quality 1 « Enzymatic antioxidant
o Shelf life 7 activity
Arthrospira platensis Foliar (3 g/L) Vitis vinifera L. cv. Pinot Nero | Irrigation deficit 40% of « Yield quantity 1 (Salvi et al., 2020)
(NS) field capacity o Yield quality 1
Arthrospira platensis Seed priming (2.5% Triticum aestivum L. cv. 22 days without irrigation during =« Plant height 1 « Carotenoids content 1 (Elnajar et al., 2024)
(water extract) w/v) Sakha95 and heading stage o Leaf fresh and dry weight 1 « Sugar levels 1
Shandawell (wheat) e Leaf area 1

» Photosynthesis 1

o Stomatal conductance 1

« Photosynthetic pigment 1
« RWC?

. WUE 1

o Yield quantity 1

o Yield quality 1

Asterarcys quadricellularis Foliar (0.5 mL/L and 1 | Phasealus vulgaris cv. IAC1850 | 7 days without irrigation « Shoots fresh weight 1 « Carotenoids content 1 | (Marques et al., 2023)
(suspension of microalgal powder ) mL/L (v/v) from 0.25 and BRS ESTEIO and rehydratation o Leafarea 1 o Sugar levels 1
g/L) (common bean) o Leaf thickness 1 « Protein levels 1
« Photosynthetic pigment T « Proline levels 1
« Enzymatic antioxidant
activity T
Euglena gracilis Aeroponics medium Solanum lycopersicum L., cv. Delayed time between misting o Vegetative dry weight | « Efficiency of PSII 1 (Barsanti et al., 2019)
(extracted B-(1,3)-glucan) (500 mg/L) Micro-tom (tomato) events (from 5 minutes to o Leaf water potential 1
120 minutes) « Photosynthesis 1

o Stomatal conductance 1
o Yield quantity 1
o Yield quality 1

Nannochloris sp. 424-1 Foliar (2 mL 0.5% Lycopersicum esculentum cv. Receiving 2/5 times rewatering « Shoot height 1 (Oancea et al.,, 2013)
(mixture of extracted proteins, per plant Cristal F1 (tomato) every week to FC «  Root length 1
osmoprotectants and

phytohormones extract)

1, increase compared to control; |, decrease compared to control; NS, Not Specified.
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Normal conditions

Drought or Salt stress
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|Physiology
Photosynthetic pigments
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Stomatal conductance
Relative water content
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Nutrient uptake
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Membrane damage | # || ¥
Osmoprotectants % ||ee
Antioxidant activity | # ||#®#
Membrane fluidity | @ || ?

Morphology Stress hormones 4+ ?

Germination indices | % || ?

Total biomass | *

Root development | & || &

Plant height $|

Leaf area ¥\ * i

Yield quantity I\ o bigure egend

Yield quality ¥ & Influence of drought and

WUE K salt stress on plants

Influence of microalgae
—— biostimulants on drought
stress response

FIGURE 1

Na* and CI- uptake
Ca?* uptake
K* uptake

Influence of microalgae
——  biostimulants on salt
stress response

« e

Visual overview of the morphological, physiological, and biochemical effects of microalgal biostimulants on plants exposed to drought or salt stress.
Gray: influence of drought and salt stress on the plant parameters listed. Blue: influence of microalgal biostimulants on drought stress response.
Pink: influence of microalgal biostimulants on salt stress response. 1, increase; 11, strong increase; |, decrease; ||, strong decrease; 1/1.
contradiction in literature; ?, unknown; WUE, water use efficiency (figure created with BioRender).

leaf water potential, stomatal conductance and internal CO,
concentrations compared to water-stressed controls and were
similar to those of well-watered plants. Furthermore, the
photochemical efficiency, actual photon yield, and quenching
state of photosystem II (PSII), which are typically diminished
under drought stress, were comparable to those of well-watered
controls. This led to an enhanced photosynthetic rate and increased
sugar content in the tomato fruits. A similar phenomenon was
observed by Elnajar et al. (2024), who reported improved WUE and
RWC in wheat plants whose seeds had been primed with a water
extract of A. platensis under drought conditions. In this study, the
transpiration rate remained unchanged compared to water-stressed
controls, while changes in stomatal conductance varied depending
on the cultivar. Nevertheless, microalgae-treated wheat plants
exhibited elevated levels of photosynthetic pigments and an
enhanced photosynthetic rate, resulting in higher sugar content
compared to untreated plants under drought stress. Photosynthetic
pigments such as chlorophyll and carotenoids, which are crucial for
photosynthesis, generally decrease under drought conditions
(Farooq et al,, 2009). Several studies have reported increases in
these pigments in response to microalgal treatments. For instance,
enhanced levels of chlorophyll and carotenoids were observed in
common bean sprayed with Asterarcys quadricellularis (Marques

Frontiers in Plant Science

et al, 2023), in broccoli treated with foliar applications of a
methanolic extract of C. vulgaris (Kusvuran, 2021), and in wheat
and Calendula officinalis subjected to seed priming and irrigation
with living C. saccharophila (Salih et al., 2022; Selem et al., 2022). In
these cases, the increase in photosynthetic pigments was often
correlated with improved nutrient uptake. This enhanced nutrient
uptake may account for the rise in photosynthetic pigments, as the
continuous metabolism of these pigments in plants is typically
downregulated under drought-stress signal transduction and
nutrient deficiency (Yang et al., 2021).

3.4 Biochemical changes

3.4.1 Osmotic regulation

Osmotic regulation is a critical adaptive mechanism in plants for
mitigating water stress, primarily achieved through pathways such as
the reduction of intracellular water and cell volume, along with the
accumulation of compatible cellular solutes. This process helps to
maintain turgor pressure, stomatal function, and key biochemical
activities needed for plant growth and photosynthesis during drought
(Yang et al, 2021). Both organic and inorganic osmolytes play
significant roles in this regulation, with organic compounds such as
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glucosinolate and proline contributing to cellular stability and
protection against oxidative damage (Wang et al, 2004a). In a
study investigating the mode of action of C. vulgaris culture
supernatant in A. thaliana, irrigation with this supernatant not
only induced stomatal closure but also increased glucosinolate
content. This finding was further substantiated by targeted real-
time quantitative polymerase chain reaction, which revealed
enhanced expression of the transcription factors MYB28 and
MYB29, both known to positively regulate glucosinolate
biosynthesis (Moon et al., 2024). Similarly, another osmolyte,
proline, showed significant accumulation under drought conditions,
with increases of 50% in mandarin peels and 12% in common bean
leaves following foliar treatments with living A. platensis and A.
quadricellularis powder suspension, respectively (Elmenofy et al,
2023; Marques et al., 2023). In addition to elevated proline levels,
the study by Marques et al. (2023) reported an increase in total sugar
content in common bean leaves treated with A. quadricellularis. This
finding underscores the role of sugars in osmotic regulation, which, as
previously reported by Silva et al. (2010) and Gurrieri et al. (2020),
may even surpass the importance of proline under conditions of mild
stress. Furthermore, Marques et al. (2023) observed a 36% increase in
total protein content. Although the specific proteins involved were
not identified, it can be hypothesized that these proteins may include
key drought-induced osmotic regulatory proteins such as Late
embryogenesis abundant (LEA) proteins, dehydrin, and aquaporin.
LEA proteins, rich in lysine and glycine, are known to maintain
cellular hydration and scavenge ROS (Soulages et al., 2003; Hara et al.,
2004). Dehydrins stabilize cellular membranes and prevent protein
denaturation (Allagulova et al., 2003), while aquaporins facilitate
water transport across membranes, crucial for regulating turgor
pressure and maintaining cell integrity (Netting, 2000). Despite
their importance, the levels of these proteins have not
systematically been quantified in plant drought studies with or
without microalgae addition to date. However, a transcriptome
analysis of well-watered tomato plants treated with a cell
suspension of Chlorella sp. MACC-360 via the soil drench method
revealed upregulation of LEA and dehydrin genes (TAS14,
embryogenic cell protein 40 and dehydrin), along with genes
related to the biosynthesis of cutin, suberin, and wax, suggesting a
preventive response to potential drought (Gitau et al., 2023).

3.4.2 Oxidative stress

ROS are central to the cellular damage associated with water
deficit. While they are produced in plants as by-products of normal
metabolic processes, including those occurring in mitochondria,
chloroplasts, peroxisomes, and plasma membranes (Mignolet-Spruyt
et al, 2016), their levels can surpass the plant’s scavenging capacity
under drought conditions, leading to oxidative stress. This oxidative
stress can cause damage to cellular membranes, proteins, and DNA.
Nevertheless, ROS also play a role in plant defense mechanisms and
growth regulation. Plants have evolved both enzymatic (e.g.,
superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX)) and non-enzymatic (e.g., ascorbate, glutathione) antioxidant
systems to mitigate ROS damage and maintain homeostasis under
stress (Nadarajah, 2020). Improved antioxidant activity, both

Frontiers in Plant Science

10.3389/fpls.2025.1568423

enzymatic and non-enzymatic, appears to be a significant
mechanism by which microalgae assist plants in coping with
drought stress. This effect has been documented in more than half
of the current studies on drought stress alleviation using microalgae.
Yolci et al. (2022) demonstrated that living C. saccharophila, used as a
seed primer and irrigation supplement for fenugreek (Trigonella
foenum-graecum L.) under a 50% irrigation deficit, enhanced total
antioxidant activity. This increase in antioxidant activity was
accompanied by reduced membrane damage, as evidenced by a
decrease in malondialdehyde (MDA) levels. MDA, a product of
lipid peroxidation in plant membranes, is commonly used as an
indicator of oxidative stress and membrane damage. However, ion
leakage increased simultaneously, indicating compromised cell
membrane integrity, which contrasts with the earlier observations.
Kusvuran and Kusvuran (2019) reported similar findings, where living
C. vulgaris foliar treatment of drought-stressed guar plants
significantly enhanced the activity of SOD, CAT, APX, and
glutathione reductase, along with increasing non-enzymatic
antioxidants like flavonoids and phenolic compounds, leading to
reduced MDA levels and less membrane damage.

3.4.3 Hormonal signaling

Drought-induced morphological, physiological, and biochemical
changes are often linked to alterations in hormonal synthesis and
distribution. Phytohormones such as abscisic acid (ABA), auxin,
cytokinin, and ethylene play essential roles in modulating drought
responses, influencing various processes ranging from root
architecture to osmotic balance. Among these, ABA is particularly
notable for its well-documented role in inducing drought tolerance.
ABA is crucial for regulating stomatal closure, stimulating the
expression of genes related to LEA proteins and dehydrins, and
promoting the accumulation of osmoprotectants (Wahab et al,
2022). Although many studies mention potential hormonal effects
of microalgal treatments on drought stress resilience, few actual
hormone levels have been measured in plants. This is likely due to
the complexity and high costs associated with hormone analysis. It is
well-established that microalgae contain phytohormones or
phytohormone-like compounds. For example, Chlorella spp. are
known to contain significant levels of ABA, cytokinins, auxins, and
1-aminocyclopropane-1-carboxylic acid (ACC) (Kapoore et al,
2021). In this context, C. vulgaris was shown to preemptively
upregulate genes related to auxin biosynthesis and transduction
pathways in lettuce, while in tomato, it upregulated ethylene- and
ABA-related genes (Gitau et al., 2023; Santoro et al., 2023). Notably,
the response to microalgal treatment appears to be species-specific, as
demonstrated by Santoro et al. (2023) where a methanolic extract of
Scenedesmus quadricauda was found to upregulate genes related to
cytokinin biosynthesis pathways in lettuce, contrasting with the
auxin-related gene upregulation observed with C. vulgaris.
Although research on hormonal changes in plants induced by
microalgal treatment remains limited, the potential applications in
biotechnology are significant. For instance, Yuan et al. (2014)
demonstrated that transgenic A. thaliana plants expressing IgASE1,
a C18-A9-specific polyunsaturated fatty acid elongase from Isochrysis
galbana, exhibited enhanced drought tolerance. These transgenic
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plants showed increased sensitivity to ABA, and under simulated
drought conditions using 300 mM mannitol, there was an
upregulation of genes involved in ABA biosynthesis and other
stress-related pathways.

In conclusion, microalgal biostimulants offer promising
solutions to mitigate drought stress in plants, addressing
challenges at morphological, physiological, and biochemical levels.
Their effects include improved water-use efficiency, enhanced
nutrient uptake, and alleviation of oxidative stress, often through
mechanisms such as osmotic regulation and hormonal modulation
(Figure 1). While studies consistently report benefits such as
increased yield, improved product quality, and resilience against
drought-induced damage, the underlying mechanisms remain
partially understood, particularly in terms of genetic, proteomic,
and hormonal pathways.

4 Turning the tide: microalgal
solutions for salt-stressed crops

4.1 Introduction

Salinity is a major abiotic factor that impairs plant growth,
development, and productivity, especially in arid and semi-arid
regions. The increasing salinity levels are attributed to various
factors such as poor irrigation practices, improper use of
fertilizers, deforestation, and climate change (Zhao et al, 2021;
FAO, 2022; Fu and Yang, 2023). Approximately 10% of the world’s
total land area and 50% of irrigated agricultural lands are affected by
salinity, leading to decreased yields that cost the agricultural sector
an estimated $12-27 billion annually (Behera et al.,, 2022; FAO,
2022). Projections indicate that salinity issues are only expected to
rise in the future. This will undoubtedly accelerate the development
of sustainable solutions like microalgal biostimulants to improve
crop resilience (Yang and Guo, 2018; FAO, 2022). Table 2 provides
a summary of microalgal treatments applied to salt-stressed plants
and their observed effects. Additionally, Figure 1 presents a
schematic overview of these findings.

Salt stress refers to the adverse effects on plants caused by high
concentrations of soluble salts in the soil or water. Among these
salts, sodium chloride (NaCl) is the primary contributor, while
other salts, such as sodium sulfate (Na,SO,), play a comparatively
minor role. Salt stress is caused by both osmotic and ionic stress.
Osmotic stress reduces the soil’s water potential, making it difficult
for plants to absorb water and nutrients, thereby creating drought-
like conditions even when moisture is present. Ionic stress arises
from the excessive uptake of sodium (Na™) and chloride (Cl") ions,
disrupting the ionic balance within plant cells. These ions can
accumulate to toxic levels in plant tissues, interfering with
metabolic functions and causing cellular damage (Fu and Yang,
2023). Both osmotic and ionic stresses can induce secondary
stresses such as oxidative stress due to the production of ROS,
which further damage cellular structures. The severity of salt stress
plays a significant role in determining plant responses (Fu and
Yang, 2023). Mild salt stress, often associated with electrical

Frontiers in Plant Science

10

10.3389/fpls.2025.1568423

conductivity levels of 2-4 dS/m, may actually improve certain
traits in some crops, such as increased antioxidant content or
enhanced fruit quality in species like strawberry and tomato
(Galli et al., 2016). However, in salt-sensitive plants such as rice
and maize, even mild stresses can have adverse effects (Munns,
2002; De Azevedo Neto et al., 2006). In maize, for instance, salinity
levels of 2.5 dS/m resulted in a yield reduction of approximately
10%, while levels of 5.5 dS/m caused a 50% decrease in yield (Panta
et al, 2014). Moderate salt stress—corresponding to electrical
conductivity levels of 5-8 dS/m or NaCl concentrations between
50 and 150 mM—significantly affects photosynthesis and disrupts
ion balance in plants. However, (partial) recovery is possible if the
stress is alleviated (Claeys et al., 2014; Ma et al., 2017). Severe salt
stress, exceeding 8 dS/m or 150 mM NaCl, strongly inhibits growth
and can lead to plant mortality (Yang and Guo, 2018). To mitigate
these adverse effects, microalgae can act directly as biostimulants on
plants or indirectly by contributing to the desalination of soils or
water. Certain microalgal species have demonstrated the ability to
desalinize water or soil through adsorption and absorption
mechanisms. For example, living Scenedesmus obliquus was
shown to reduce the NaCl content in brackish water (6800-8800
ppm) by 20% within just 30 minutes of contact, primarily through
adsorption and the formation of a singular molecular layer around
its cells (Wei et al., 2020). The freshwater algae C. vulgaris exhibited
even greater efficiency, reducing the electrical conductivity of
brackish water by 80% and 40% at NaCl concentrations of 1000
ppm and 5000 ppm, respectively (Barahoei et al., 2021). At even
higher salinity levels (130 mS/cm or ~71500 ppm), the marine
microalga D. salina was effective in desalinating water, reducing
salinity by 40-45 mS/cm over seven days through absorption
mechanisms (Moayedi et al., 2019). This indirect effect of
microalgal application reduces the impact of salt stress on plants,
thereby enhancing their resilience to stress. While not traditionally
classified as such, it can be argued that this indirect effect also
qualifies as a biostimulant action, as it contributes to increasing
plant tolerance to abiotic stress, one of the primary functions
of biostimulants.

4.2 Morphological adjustments

The potential of microalgae as biostimulants to directly mitigate
salt stress in plants should not be overlooked. Broad bean (Vicia
faba cv. Giza 2) irrigated with highly saline water (13 dS/m)
exhibited a 22% reduction in yield, measured as the weight of 100
seeds. However, a single foliar application of A. platensis at the
flowering stage significantly mitigated the yield loss, reducing it to
just 4% compared to unstressed plants (Selem, 2019). In addition to
its effects on food crops, A. platensis has also demonstrated efficacy
in ornamental plants. When applied as a hydrolysate foliar
treatment (5 g/L), it increased flower production in Petunia x
hybrida and bailey (Pelargonium hortorum) (Bayona-Morcillo
et al., 2020; Tejada-Ruiz et al, 2020). Notably, in bailey, this
treatment not only alleviated the 30% decline in flower numbers
caused by salt stress but also enhanced flowering beyond the levels
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Microalgae species
(extract type)

Chlorella ellipsoida
(water extract)

Application
method

Irrigation (5 g/L)

TABLE 2 Salt stress mediation in plants by microalgae treatment.

Plant
species

Triticum
aestivum L. cv.
Giz94 (Wheat)

Salinity induction

10% and 20%
seawater irrigation

Morphological and physio-
logical changes

Biochemical changes

Total protein content
Antioxidant activity 1

References

(El-Baky et al., 2010)

Chlorella pyrenoidosa Seed priming and Chenopodium Germination: 100, 200, Germination 1 (Ma et al,, 2022)
(living microalgae) irrigation (2.21*10" cell/L quinoa and 300 mM NaCl Root and shoot length 1
as 25%; 50%, 75% and solutions and Irrigation: Root branch number 1
100% algal solution) natural saline soils Plant fresh weight 1
Leaf length and width 1
Nutrition uptake 1
Chlorella vulgaris Foliar (2x10” cells/mL) Cyamopsis 100 mM NaCl irrigation Shoot length 1 o Membrane damage | (Kusvuran and Can, 2020)
(living microalgae) tetragonoloba at day 39 Number of stems « Enzymatic antioxidant activity 1

L. Taub. (guar)

Shoot fresh and dry weight 1
Leaf number and area 1
Photosynthetic pigment 1

Total flavonoid, phenolic and

carotenoids contents 1

Ca®* and K* content 1
Na* and CI content |

Chlorella vulgaris Irrigation (1.5*107 Moringa 3000 and 6000 ppm Plant height 1 « Total carotenoids contents 1 (Al Dayel and El Sherif, 2021)
(living microalgae) cells/mL) oleifera seawater irrigation (3 and Stem diameter 1 « K" content 1
6 g/L salt) Stem, leaves and root dry weight 1 « Na' content |
Photosynthetic pigment 1
Yield quantity t
Yield quality 1
Chlorella vulgaris Seed priming (10% w/v), Solanum 2,4 and 7 dSm/L saline Plant height 1 (Mostafa et al., 2023)
(water extract) irrigation and foliar (1% lycopersicum water irrigation Leaf area 1
w/v) cv. Fresh and dry weight 1
Agyad Yield quantity t
(tomato) Yield quality 1
Shelf life 1
Chlorella vulgaris Seed (1x10° cells/mL on Lycopersicum 50, 10, 150, 200 and 250 Stem length 1 (Escalante et al., 2015)

(living microalgae)

alignate beads)

esculentum var.

mM NaCl

Cherry hydroponics medium
(tomato)
Chlorella vulgaris Seed (25, 37.5, 75 and 150 Oryza 3,6,9 and 12 g/L Germination 1 o Membrane damage | (Wang et al., 2024)

(extracted oligosaccharides)

pg/L)

sativa (rice)

NacCl solution

Water accumulation
Nutrition uptake 1

Proline levels 1
Enzymatic antioxidant activity 1
Sugar levels 1

Chlorella sp.
(water extract)

Irrigation (1, 3, 5 mL
extract/L of 50 g/L stock)

Triticum
aestivum
L. (wheat)

100 mM NaCl irrigation

Seedling length 1
Seedling and root fresh weight 1

Efficiency of PSII 1

Membrane damage |

Proline levels |

Enzymatic antioxidant activity |
Salicylic acid, ABA, auxin and

(Liu et al., 2024)

(Continued)
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TABLE 2 Continued

Microalgae species
(extract type)

Application
method

Plant
species

Salinity induction

Morphological and physio-
logical changes

Biochemical changes

gibberellic acid content 1

« Jasmonic acid and cytokinin content |

References

Arthrospira platensis
(NS)

Foliar (0.1 g/L)

Vicia faba cv.
Giza 2

135 mM NaCl (13 dS/
m) irrigation

Photosynthesis
Transpiration rate T

«  Membrane damage |
« Proline levels |

(Selem, 2019)

(broad bean) Photosynthetic pigment 1 « Enzymatic antioxidant activity |
Nutrition uptake 1 « Total phenolic and carotenoids
Yield quantity 1 contents T
o Total protein content 1
« K" content 1
« Na'and Cl content |
Arthrospira platensis Seed priming (10% w/v), Solanum 2,4 and 7 dSm/L saline Plant height 1 (Mostafa et al., 2023)
(water extract) irrigation and foliar (1% lycopersicum water irrigation Leaf area 1
w/v) cv. Fresh and dry weight 1
Agyad Yield quantity t
(tomato) Yield quality 1
Shelf life t
Arthrospira platensis Foliar (5 g/L) Pelargonium 2.0, 3.0, and 3.5 dS/m Number of flowers 1 (Tejada-Ruiz et al., 2020)
(hydrolysate) hortorum NaCl irrigation
L.H. (Bailey)
Arthrospira platensis Foliar (5 g/L) Petunia x 2.0, 3.0, and 3.5 dS/m Shoot number (Bayona-Morcillo et al., 2020)
(hydrolysate) hybrida cv. NaCl irrigation Flower number
Surfinia Purple Leaf length and number 1
Root, flowers and total dry weight 1
Arthrospira platensis Irrigation (2% Triticum 10% and 25% Shoot and root length 1 « Total antioxidant activity 1 (Hamouda et al., 2022)
(water extract) liquid extract) aestivum seawater irrigation Leaf area and number o Total sugar content 1
L. (wheat) Total fresh and dry weight 1 « Total protein content 1
Arthrospira platensis Seed priming (0, 5, 10 and Calotropis 0, 7.5, 15 and 30 dS/m Germination 1 (Bahmani Jafarlou et al., 2021)
(water extract) 15 ml/L of 150 g/L stock) procera var. seawater irrigation Shoot and root length 1
Aiton Root dry weight 1
(milkweed)
Dunaliella salina Seed (hydrolysate: 0.01% Triticum 3 and 6 g/L NaCl solution Germination 1 o Proline levels | (El Arroussi et al., 2016)

(hydrolysate or
extracted exopolysaccharide)

Dunaliella salina
(extracted carbohydrates)

of dry weight; exopoly-
saccharides: 2 mg/L)

Seed (conc. adjusted to 3.4
mg carbohydrates/mL)

aestivum cv.
Amal (wheat)

Capsicum
annuum L.
(bell pepper)

25 and 50 mM
NaCl solution

Shoot and root length 1

Root length 1
Shoot and root fresh weight 1

« Enzymatic antioxidant activity |

o Membrane damage |

« ROS production |

« Enzymatic antioxidant activity
dependent on stress severity

(Guzman-Murillo et al., 2013)

(Continued)
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TABLE 2 Continued

Microalgae species
(extract type)

Dunaliella salina

(extracted exopolysaccharide)

Application
method

Foliar (0.1 g/L)

Plant
species

Solanum
lycopersicum
var. JANA
F1 (tomato)

Salinity induction

3 and 6 g/L NaCl
soil mixture

Morphological and physio-
logical changes

Shoot height 1
Shoot and root dry weight 1
Photosynthetic pigment 1

Biochemical changes

o Proline levels |

« Enzymatic antioxidant activity |
« Total phenolic contents 1

« K" content 1

« Fatty acid content |

o 2,4-di-tetr-butylphenol 1

« Tocopherol |

References

(El Arroussi et al., 2018)

Dunaliella salina, Chlorella

ellipsoidea, Aphanothece sp;

and Arthrospira maxima
consortium
(sulfuric acid extract)

Irrigation (1, 5 and 10%
v/v)

Solanum
lycopersicum
var. JANA
F1 (tomato)

80, 120, and 150 mM
NaCl irrigation

Shoot height 1

Shoot and root fresh weight 1
Photosynthetic pigment 1
Nutrient uptake 1

o Membrane damage |

o Proline levels 1

« Enzymatic antioxidant activity 1
« Total carotenoids contents 1

o K'/Na* ratio 1

o Alkanes 1

« Fatty acid content |

(Mutale-joan et al., 2021)

Klebsormidium sp. Seed (2 mL supernatans of | Arabidopsis 125 mM NaCl solution Root length 1 (Roque et al., 2023)
(water extract) 1 month old culture) thaliana Leaf number |
(Col-10)
Klebsormidium sp. Seed (2 mL supernatans of | Lolium 100 mM NaCl solution Fresh weight 1 (Roque et al., 2023)
(water extract) 1 month old culture) multiflorum
(cv.
Diamond T.)
Nannochloropsis salina Irrigation (1.5%107 Moringa 3000 and 6000 ppm Plant height 1 « Total antioxidant activity 1 (Al Dayel and El Sherif, 2021)
(living microalgae) cells/mL) oleifera seawater irrigation (3 and Stem diameter 1 o Total sugar content 1
6 g/L salt) Stem, leaves and root dry weight 1 « Total protein content 1
Photosynthetic pigment 1
Yield quantity 1
Yield quality 1
Phaeodactylum tricornutum Seed (conc. adjusted to 3.4 | Capsicum 25 and 50 mM Root length 1 o Membrane damage | (Guzman-Murillo et al., 2013)
(extracted carbohydrates) mg carbohydrates/mL) annuum L. NacCl solution Shoot and root fresh weight 1 « ROS production |
(bell pepper) « Enzymatic antioxidant activity

dependent on stress severity

1, increase compared to control; |, decrease compared to control; NS, Not Specified.
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observed in unstressed control plants (Tejada-Ruiz et al., 2020). In
addition to A. platensis, other microalgae such as C. vulgaris and N.
salina have proven to be effective in ameliorating the effects of salt
stress on plant yield. Irrigation with these living microalgae
increased the harvestable parts (leaves) of Moringa oleifera, a crop
cultivated for medicinal and food uses in Saudi Arabia, under salt
stress conditions. Furthermore, the treatment enhanced crop
quality by increasing the concentrations of rutin and gallic acid in
the leaves, two bioactive compounds with significant
pharmaceutical applications. At the highest salinity level tested (6
g/L NaCl), untreated Moringa oleifera plants did not survive. In
contrast, plants treated with microalgae not only survived but also
maintained the same number of leaves as the unstressed control,
albeit with reduced leaf quality compared to the control plants
(Al Dayel and El Sherif, 2021). In addition to improving harvestable
yield, Al Dayel and El Sherif (2021) reported increased root and
stem biomass in microalgae-treated plants compared to salt-
stressed controls. Similar enhancements in overall growth have
been reported in other species, including tomato, wheat, bell
pepper, A. thaliana, Petunia x hybrida, milkweed, and quinoa,
suggesting a broad potential for microalgae-based biostimulants
in alleviating salt stress-induced growth reduction across a diverse
range of crops (Guzman-Murillo et al., 2013; El Arroussi et al., 2016,
2018; Bayona-Morcillo et al., 2020; Bahmani Jafarlou et al., 2021;
Ma et al.,, 2022; Roque et al,, 2023). Root growth is of particular
interest as roots serve as the primary interface between plants and
saline soils. Salt stress adversely affects root development, reducing
root mass and altering root architecture by inhibiting lateral root
formation. Shoot biomass is also reduced, albeit to a lesser extent
than roots, resulting in a lower root-to-shoot ratio. Leaves are
similarly affected, with reduced expansion, decreased leaf area, and
accelerated senescence (Negrao et al., 2017; Fu and Yang, 2023).
Such effects were observed in tomato plants irrigated with 7 dS/m
saline water, but the addition of either C. vulgaris or A. platensis
water extracts as a combined seed priming, irrigation, and foliar
treatment mitigated these adverse effects. The treatment enhanced
leaf area, plant height, and biomass, ultimately improving yield
compared to salt-stressed controls (Mostafa et al.,, 2023). Similar
benefits were observed in milkweed (Calotropis procera Aiton),
where seed priming with an A. platensis water extract improved root
growth and increased the root-to-shoot ratio (Bahmani Jafarlou
et al, 2021). In Chenopodium quinoa, Ma et al. (2022) observed
comparable results with an irrigation of Chlorella pyrenoidosa.
Plants treated with this living microalgae displayed improved
growth characteristics, including increased root length, lateral
root formation, shoot length, biomass, root-to-shoot ratio, and
expanded leaf dimensions (length and width). These
enhancements were achieved on natural saline soil, highlighting
the potential of C. pyrenoidosa in real world practices.

Osmotic stress induced by salinity reduces the soil’'s water
potential, thereby limiting water availability to plants. This
condition disrupts numerous physiological and biochemical
processes essential for plant development. Germination, for instance,
is particularly sensitive to osmotic stress, as water must diffuse into the
seed coat to initiate the process (De La Reguera et al, 2020).
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Microalgal biostimulants have demonstrated the capacity to alleviate
the negative effects of salinity on germination across a wide range of
crops, from ornamentals such as milkweed to high-yield species such
as tomato (Bahmani Jafarlou et al., 2021; Mostafa et al., 2023). A
notable example is provided by Wang et al. (2024), who studied the
germination of rice seeds in saline solutions (NaCl) with or without
the addition of C. vulgaris oligosaccharides. Their results revealed that
microalgal treatment increased water uptake in rice seeds by
approximately 5-15%, significantly enhancing germination rates for
all tested salt concentrations (3-12 g/L) (Wang et al, 2024). The
morphological effects of microalgal treatments on salt-stressed plants
are outlined in Figure 1 within the ‘Morphology’ section.

4.3 Physiological modifications and
biochemical changes

4.3.1 The dual challenge: osmotic and ionic
stress

The combined osmotic and ionic stresses induced by salinity have
profound biochemical effects on plants. Ionic homeostasis, which is
closely related to ion transport, is disrupted by elevated Na*
concentrations in soil or water. Maintaining a proper potassium-to-
sodium (K*/Na") ratio is critical for plants to adapt to salt stress, as
this balance prevents cellular damage and nutrient deficiencies.
Concurrently, osmotic stress caused by salinity reduces water
uptake, which inevitably decreases nutrient absorption, further
impacting plant growth. A major consequence of salt stress is
reduced photosynthesis, caused by lower PSII activity and impaired
chlorophyll production. Salt stress also reduces stomatal density and
induces stomatal closure, limiting CO, uptake and photosynthesis (Fu
and Yang, 2023). Calcium (Ca**) plays a pivotal role in sensing and
activating salt stress tolerance responses through the salt overly
sensitive (SOS) pathway. This pathway primarily regulates Na*
efflux and K" uptake, but it also influences other protective
mechanisms, such as stomatal closure, osmoprotectant
accumulation, phytohormone signaling, and ROS production
(Bachani et al., 2022). A study by Selem (2019) demonstrated a 21%
increase in broad bean yield under 135 mM NaCl irrigation following
a single foliar application of A. platensis. The treatment was linked to
enhanced nutrient uptake, including potassium, nitrogen, and
phosphorus, alongside improved photosynthetic activity, pigment
levels, and transpiration rates. Interestingly, while proline levels—a
key osmoprotectant in mediating osmotic stress—were lower in
treated stressed plants compared to untreated stressed plants, the
concurrent reduction in Na’ and Cl” content suggests that the
primary mechanism of stress alleviation was ionic stress regulation
rather than osmotic stress mitigation. These findings point to the SOS
pathway as a likely mechanism, given its critical role in maintaining
ionic homeostasis through Na* efflux and K™ uptake. Similar findings
were reported by Liu et al. (2024), where Chlorella sp. water extract
irrigation improved the performance index of PSII in wheat plants
subjected to 100 mM NaCl stress whilst proline levels were reduced
(Liu et al, 2024). In guar plants exposed to 100 mM NaCl, foliar
treatment with living C. vulgaris resulted in a reduction of Na* and CI™
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contents concomitant with an increase of K™ and Ca®" levels, further
implicating SOS pathway activation (Kusvuran and Can, 2020).
However, contrasting results were observed in rice treated with C.
vulgaris oligosaccharides under salt stress, where increased nitrogen
uptake and biomass accumulation were associated with elevated
proline and soluble sugar levels, acting as osmoprotectants
(Wang et al., 2024). Similarly, Hamouda et al. (2022) reported that
wheat plants irrigated with A. platensis water extract under salt stress
exhibited increased biomass and leaf area, as well as elevated
carbohydrate and protein levels. These findings suggest a dual role
for microalgal treatments in alleviating both osmotic and ionic stress,
depending on the plant species, stress conditions, and the type of
microalgal biostimulant.

4.3.2 Oxidative stress

Like many other abiotic stresses, salt stress also induces rapid
production of ROS, leading to secondary oxidative damage at the
cellular level. As discussed in the section on drought stress, plants
activate defensive mechanisms to mitigate ROS accumulation. These
include the production of enzymatic antioxidants such as SOD, CAT,
and APX, as well as non-enzymatic antioxidants like tocopherol and
ascorbate (Fu and Yang, 2023). Similar to osmotic and ionic stress
alleviation, microalgal effects on enzymatic and non-enzymatic
antioxidant systems under salt stress remain highly variable and
context-dependent. El-Baky et al. (2010) first reported that irrigation
with Chlorella ellipsoida water extract in salt-stressed wheat increased
the levels of carotenoids, tocopherol, total phenols, and overall
antioxidant activity. Similarly, living C. vulgaris foliar application in
salt-stressed guar plants resulted in elevated antioxidant activity,
including significant increases in SOD (113%), CAT (256%), and
APX (56%) enzyme activity. This improvement corresponded with
reduced MDA levels, suggesting enhanced cell membrane integrity
due to lower lipid peroxidation and oxidative stress (Kusvuran and
Can, 2020). In contrast, different results were reported in wheat
seedlings treated with D. salina exopolysaccharides under salt stress.
In this study, the addition of microalgae reduced the activity of ROS-
scavenging enzymes, including peroxidase and SOD. This reduction
was attributed to a lower perceived stress level in wheat plants, as
evidenced by increased root and shoot growth compared to untreated
controls (El Arroussi et al, 2016). The apparent variability in
antioxidant responses may be influenced by factors such as stress
severity and microalgal species. For example, Guzman-Murillo et al.
(2013) demonstrated that the effect of carbohydrates extracted from
D. salina and Phaeodactylum tricornutum on antioxidant activity in
salt-stressed bell pepper plants was highly dependent on the salt
concentration. At low salinity levels (25 mM NaCl), reductions in
SOD and glutathione peroxidase (GPX) activity, along with decreased
superoxide radical (O,") production, were observed. In contrast, at
higher salinity levels (50 mM NaCl), CAT and GPX activity
increased. Notably, at both salinity levels, lipid peroxidation was
significantly reduced (by 30-50%) compared to untreated controls.
An alternative approach to leveraging microalgae for improving salt
tolerance by influencing antioxidant mechanisms was demonstrated
by Qu et al. (2021). In their study, a novel bZIP transcription factor
(ChbZIP1) was identified in Chlorella sp. BLD and overexpressed in
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transgenic A. thaliana. These transgenic plants exhibited upregulated
expression of key genes associated with antioxidant activity, including
GPX1, DOXI, CAT2, and EMB. Consequently, they displayed
elevated levels of antioxidant enzymes such as APX, CAT, and
peroxidase, along with reduced MDA content and lower ROS
production. These effects translated into longer roots and greater
fresh weight compared to wild-type plants under salt stress
conditions (Qu et al., 2021).

4.3.3 Lipidomics and hormone signaling

Although the literature remains divided on the effects of
microalgal treatments on osmoprotectants, ROS-scavenging
enzymes, and non-enzymatic antioxidants under salt stress, two
lipidomics studies on tomato (Solanum lycopersicum var. JANA F1)
reached similar conclusions. One study examined tomatoes grown on
saline soil treated with a D. salina exopolysaccharide leaf spray (El
Arroussi et al., 2018), while the other investigated plants irrigated
with saline water supplemented with a sulfuric acid extract from a
consortium of D. salina, C. ellipsoidea, Aphanothece sp., and A.
maxima (Mutale-joan et al, 2021). Despite contrasting effects on
osmoprotectants, ROS-scavenging enzymes, and non-enzymatic
antioxidant levels, both studies observed increased potassium
uptake and reduced sodium uptake, leading to an improved K'/
Na® ratio. Additionally, both studies reported a decrease in (un)
saturated fatty acids and very long-chain fatty acids alongside an
increase in alkanes, particularly very long-chain alkanes (El Arroussi
et al,, 2018; Mutale-joan et al., 2021). Very long chain fatty acids,
essential precursors for cuticular waxes and cutin, are converted into
very long-chain alkanes, which are highly hydrophobic saturated
hydrocarbons contributing to the water-repellent properties of the
plant cuticle (Arya et al, 2021). The observed reduction in
unsaturated fatty acids is consistent with membrane remodeling
processes that increase rigidity, stabilize the membrane under
osmotic stress, limit passive Na* influx, and protect lipids from
oxidative damage (Gogna et al, 2020). Both studies also noted
decreased levels of azelaic acid (C9:0) and o-linolenic acid (C18:3).
Azelaic acid primes plants to accumulate salicylic acid, a key defense
hormone involved in biotic and abiotic stress responses, while ot
linolenic acid serves as a precursor in 13-hydroperoxide biosynthesis,
contributing to jasmonic acid synthesis. Jasmonic acid plays a critical
role in activating plant tolerance mechanisms under salt stress (Fu
and Yang, 2023). El Arroussi et al. (2018) hypothesized that the
reduction in both lipids observed in microalgae-treated tomato plants
was attributed to a reduced perception of salt stress, leading to lower
levels of salicylic acid and jasmonic acid. This hypothesis was further
supported by a concomitant decrease in tocopherol levels, an
antioxidant whose synthesis is regulated by environmental stress
and stress-related phytohormones such as jasmonic acid and salicylic
acid. Additionally, reductions in proline levels and enzymatic
antioxidants, including CAT and SOD, were observed. However,
the precise mechanism through which these tomato plants perceive
reduced stress remains unclear (Szarka et al., 2012; El Arroussi et al.,
2018). An almost similar trend in phytohormonal regulation was
observed in salt-stressed wheat seedlings irrigated with Chlorella sp.
HL water extract. In this case, jasmonic acid and cytokinin (zeatin)
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levels were reduced compared to untreated plants under salt stress,
while salicylic acid, ABA, auxin (IAA), and gibberellic acid (GA3)
levels were elevated (Liu et al,, 2024). Salt stress typically decreases
auxin and gibberellic acid levels, thereby inhibiting growth,
development, and lateral root formation. Conversely, salicylic acid,
which maintains glutathione levels and redox homeostasis, and ABA,
which regulates stomatal closure and other abiotic stress resistance
mechanisms, are often elevated under salt stress (Fu and Yang, 2023).
The microalgal treatment in this study not only restored these
hormone levels but, in some cases, enhanced them further,
contributing to improved growth and stress tolerance in the wheat
seedlings (Liu et al., 2024).

In conclusion, microalgal biostimulants demonstrate significant
potential for mitigating salt stress in plants and ameliorating its
adverse effects on general growth parameters (Figure 1). However,
the precise mechanisms through which these biostimulants
function remain elusive. Some studies suggest a role in alleviating
osmotic stress, while others point to ionic stress mitigation, possibly
through the activation of SOS pathways. This complexity extends to
secondary stress responses such as oxidative stress. There is a
pressing need for deeper investigation into these mechanisms,
particularly through broader experimental parameters and
advanced omics techniques. While lipid remodeling has been
explored with promising insights, studies focusing on genetic,
hormonal, and molecular mechanisms remain limited.
Understanding how biostimulants interact with stress severity and
plant species is key to optimizing their agricultural use.

5 Beat the heat: microalgae’s role in
combatting heat stress in crops

Heat stress poses a critical challenge to global agriculture, with
profound implications for food production and security.
Anthropogenic activities have intensified greenhouse gas emissions,
causing global temperatures to rise by 1.1°C above pre-industrial
levels by 2021, with projections indicating an additional 1.5-2°C
increase by the end of the century (Kumar and Kaushik, 2021). This
warming trend severely threatens crop yields, with each 1°C rise
reducing yields of wheat, rice, maize, and soybean by 6.0%, 3.2%,
7.4%, and 3.1%, respectively (Zhao et al., 2017). Moreover, increasing
average temperatures and the rising frequency of heatwaves
exacerbate water scarcity and drought stress, compounding
agricultural challenges and exacerbating food insecurity. By 2050,
climate-induced heat stress is projected to place an additional 8-80
million people at risk of hunger (Mbow et al., 2019).

Heat stress can disrupt plant morphology, physiology, and
biochemistry, impacting both vegetative and generative stages. At the
generative stage, elevated temperatures can impair pollen viability,
reduce seed set and grain quality, and shorten ripening periods,
ultimately diminishing yields (Fahad et al, 2017; Kumar and
Kaushik, 2021). Photosynthesis is particularly vulnerable, as heat
stress damages PSII, reduces ribulose-1,5-bisphosphate carboxylase/
oxygenase activity, and impairs adenosine triphosphate synthesis,
leading to decreased carbon fixation, energy production and
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ultimately biomass accumulation (Allakhverdiev et al., 2008).
Additionally, increased transpiration under heat stress can accelerate
water loss, disrupt membrane stability, and compromise metabolic
function, further amplifying the physiological burden on plants
(Hamilton et al., 2008). To counteract these effects, plants employ
adaptive mechanisms such as heat shock proteins, which stabilize and
refold denatured proteins, as well as antioxidant defenses,
osmoprotectants, and hormonal responses involving ABA (Wang
et al., 2004b; Wahid et al., 2007; Ahammed et al.,, 2016; Fahad et al.,
2017). Despite the significant economic and societal implications of
heat stress on crop production, the available literature on the effects of
microalgal biostimulants in mitigating heat stress in plants is extremely
limited. Notably, the only study identified on the subject did not
explicitly aim to investigate heat stress. Kopta et al. (2018) evaluated the
effects of a living C. vulgaris and bacteria consortium as a biostimulant
on two lettuce cultivars (leafy and romaine) grown during the spring
and summer seasons. Under optimal growth conditions during spring,
the consortium increased yields by approximately 18.9%. During the
summer, when average temperatures increased by 4°C, the yield of
untreated lettuce declined by 10-30% compared to spring controls. In
contrast, lettuce treated with the consortium maintained yields
comparable to those achieved under spring conditions, despite the
elevated temperatures. Additionally, in romaine lettuce grown during
the summer, the biostimulant significantly enhanced total antioxidant
activity and carotenoid levels compared to untreated controls. The
scarcity of research on the role of microalgal biostimulants in
addressing heat stress represents a significant gap in research. Given
the critical nature of this abiotic stress and its projected impact on
global food security, more focused studies are urgently needed to
advance both scientific understanding and the practical use of
microalgal biostimulants.

6 Bridging the gaps: advancing
microalgal biostimulant research and
application

The analysis of drought, salt, and heat stress highlights three
critical gaps for the future research to address: the diversity gap, the
practical gap, and the research gap.

Despite the vast diversity of microalgae, with an estimated 75,000
to 200,000 species in existence and approximately 45,000 cataloged
(Guiry, 2012), Arthrospira sp. and Chlorella sp. dominate the
literature as microalgal biostimulants for mitigating abiotic stress.
This leaves a significant portion of microalgal diversity unexplored.
To address this diversity gap, the development of high-throughput
screening methods is crucial. Promising approaches include the
yeast-Arabidopsis-based experiments of Saporta et al. (2019) and
the Arabidopsis-lettuce-based methods of Chovancek et al. (2023),
which have demonstrated their utility in identifying effective
candidates. Beyond screening individual species, the strategic
design of consortia composed of species with complementary
modes of action could offer substantial benefits. For instance,
Roque et al. (2023) evaluated a consortium of Klebsormidium sp.,
Nostoc sp., Trichocoleus sp., Nodosilinea sp., and Microcoleus sp. on A.
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thaliana and Lolium multiflorum. Their findings revealed notable
improvements in growth, underscoring the potential of tailored
microbial consortia in biostimulant applications.

In practice, drought, salt, and heat stress often occur
simultaneously, creating complex challenges for crop productivity.
This interconnected nature of abiotic stresses highlights the need for
microalgal biostimulant studies that reflect real-world conditions.
Research conducted on natural soils or under combinational stress
conditions is essential to evaluate the actual effectiveness of these
biostimulants. Although some studies, such as those investigating
natural soils contaminated with salt and heavy metals, have begun to
address this issue, much more work is needed to bridge this practical
gap (Rady et al,, 2023).

Another critical issue to address is the existing research gap. A
noticeable trend in studies on drought and salt stress is their reliance on
a narrow set of predefined biochemical parameters across different
experiments. Commonly measured parameters include proline
content, MDA, Na and K levels, and antioxidant activity, with
limited exploration of additional indicators that could provide
insights into the possible modes of action. To advance the field, there
is an urgent need for comprehensive approaches, such as those offered
by omics techniques. While these techniques have been widely adopted
across various areas of scientific research, their application in the study
of microalgal biostimulants remains limited (Mochida and Shinozaki,
2011; Maroli et al,, 2018; Kimotho and Maina, 2024). Integrating omics
approaches, including genomics, transcriptomics, proteomics, and
metabolomics, can significantly enhance our understanding of the
modes of action underlying biostimulants. Additionally, identifying the
specific components in microalgae responsible for their biostimulant
activity would be highly valuable. While substantial progress has been
made in characterizing the chemical composition of microalgae and
achieving their standardization, further exploration of specific fractions
or compounds from microalgae is warranted. A deeper understanding
of the molecular mechanisms in plants responding to microalgal
treatments, as well as the specific compounds driving the
biostimulant effect, could lead to improved efficacy, enhanced
commercial viability, and increased trust among farmers in adopting
these solutions.

7 Conclusion

Microalgal biostimulants are an interesting source for
biostimulants due their sustainability, cultivation advantages and
rich bioactive components. There is, however, still a lot to be left to
research. Application methods, plant and algae species dependencies,
and cultivation methods have a profound influence on abiotic stress
mitigation. Despite these considerations, a plethora of studies have
concluded that microalgal biostimulants can increase abiotic stress
tolerance in a wide variety of plant species. Regarding drought stress,
the effects on plants of microalgae are remarkably consistent across
different species. They can mitigate yield losses, boost overall biomass
accumulation, and restore nutrient uptake by enhancing
photosynthetic efficiency and regulating stomatal function, which
in turn improves water use efficiency. Biochemically, these
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biostimulants generally enhance drought tolerance through the
accumulation of osmoprotectants and both enzymatic and non-
enzymatic antioxidants. In contrast, salt stress mitigation using
microalgal biostimulants seems highly dependent on the specific
microalgal species. While all species exhibit some degree of
morphological and physiological remediation in salt-stressed plants,
their underlying biochemical responses differ. Some species enhance
osmoprotectant and antioxidant accumulation, which is typically
associated with improved stress tolerance, whereas others reduce
these compounds. The reduction of these compounds has been linked
to a decline in stress perception; however, the underlying biochemical
mechanisms remain unclear. Heat stress, despite being a significant
abiotic challenge, has been far less studied, representing still a
considerable research gap. Overall, initial progress has already been
made to increase our understanding about the effects of microalgae
on plant growth and performance under different environmental
conditions but further research is highly encouraged to unravel the
different underlying modes of action.
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