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Abstract

The prolonged and intensive use of chemical inputs in agriculture, particularly synthetic
fertilizers, has generated a variety of environmental and agronomic challenges. This has
intensified the need for alternative, viable, and sustainable solutions. Plant-associated
microbes have emerged as promising candidates in this regard. While research has largely
focused on bacteria and fungi, comparatively less attention has been paid to other microbial
groups such as microalgae and cyanobacteria. These photosynthetic microorganisms offer
multiple agronomic benefits, including the ability to capture CO2, assimilate essential
micro- and macroelements, and synthesize a wide range of high-value metabolites. Their
metabolic versatility enables the production of bioactive molecules with biostimulant and
biocontrol properties, as well as biofertilizer potential through their intrinsic nutrient
content. Additionally, several cyanobacterial species can fix atmospheric nitrogen, further
enhancing their agricultural relevance. This review aims to summarize the potential of these
microorganisms and their application in the agriculture sector, focusing primarily on their
biofertilization, biostimulation, and biocontrol capabilities and presents a compilation of
the products currently available on the market that are derived from these microorganisms.
The present work also identifies the gaps in the use of these microorganisms and provides
prospects for developing a suitable solution for today′s agriculture.

Keywords: microalgae; cyanobacteria; biofertilizer; biostimulant; biocontrol agents;
sustainable agriculture; circular bioeconomy; plant growth-promoting microorganisms

1. Introduction
The rapid growth of the global population underscores an urgent need for sustainable

solutions to ensure future food security, with FAO projections indicating that global food
production must increase by 60% by 2050 [1]. Achieving this target requires the expansion
of agriculture within a circular economy framework, where resource efficiency and environ-
mental stewardship are prioritized [2]. However, the overexploitation of land, inefficient
irrigation practices, and excessive use of chemical fertilizers and pesticides have degraded
soil health, reduced biodiversity, and increased greenhouse gas emissions. Ultimately, these
factors undermine the very crop productivity they were meant to support [3–5]. Soil health
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(defined by its physical, chemical, and biological properties) is fundamental to sustainable
agriculture. It supports plant growth, drives nutrient cycling, and strengthens resilience
against pests, diseases, and climate change [6]. Traditional practices such as crop rotation,
reduced tillage, organic fertilization, and cover cropping have long been used to maintain
soil quality. However, these measures alone are not always sufficient. Innovative, nature-
based microbial solutions are now emerging. These microorganisms can help restore soil
structure, improve nutrient availability, and stimulate beneficial microbial activity, offering
new tools for sustainable soil management. These approaches not only boost yields but
also align with regenerative and low-impact farming methods essential for long-term food
security and environmental sustainability [7,8]. Prioritizing soil health is essential for en-
suring food security, conserving biodiversity, and promoting environmentally sustainable
farming practices [6].

Plant and soil-associated microbial communities are fundamental to sustainable agri-
culture, as they support plant growth, drive nutrient cycling, and enhance resilience against
pests, diseases, and climate change [9,10]. Although bacterial and fungal communities have
been extensively studied over the past decades for these purposes, much less is known
about other important microorganisms such as microalgae and cyanobacteria. These mi-
croscopic photosynthetic organisms inhabit soil, freshwater, and marine ecosystems and
represent one of the most ancient and metabolically diverse groups of microorganisms on
Earth. They possess an extraordinary capacity to convert carbon dioxide, sunlight, and in-
organic nutrients into a wide array of valuable biomolecules, making them highly relevant
candidates for agricultural innovation [11,12]. Thus, microalgae and cyanobacteria have
been extensively studied for applications ranging from biofuels to pharmaceuticals [13–15].
Their high photosynthetic efficiency, fast growth rates, and ability to thrive in non-arable
land and wastewater environments distinguish them from terrestrial crops and make them
ideal candidates for circular bioeconomy models [16,17].

In recent years, microalgae and cyanobacteria have attracted growing interest also
in the agricultural sector due to their multifunctional roles in enhancing plant produc-
tivity, improving soil health, and contributing to climate change mitigation through CO2

sequestration [15,18]. Reflecting this potential, the global agricultural biologicals market is
projected to reach $14.6 billion by 2025, with algal and microbial biostimulants among the
fastest-growing research areas [19]. In agriculture, a biostimulant is defined as a substance
or microorganism that, when applied in small amounts, stimulates natural processes to en-
hance nutrient uptake efficiency, tolerance to abiotic stress, and/or crop quality, regardless
of its nutrient content [20]. Biostimulants primarily act by improving plant physiological
responses, enabling better growth and resilience under stress. The biochemical versatility
of microalgae and cyanobacteria makes them particularly effective in this role [21] as they
produce phytohormones, amino acids, polysaccharides, and antioxidants that boost pho-
tosynthetic performance, enhance antioxidant defenses, and promote the accumulation
of osmoprotectants, especially under stress conditions such as drought and salinity [22].
Recent studies, including Brito-Lopez et al., 2025 [5] have confirmed their capacity to en-
hance plant growth and resilience across diverse environments, reinforcing their potential
as climate-smart agricultural inputs. Compared to other commonly used biostimulants
such as plant extracts, humic substances, or microbial inoculants based on bacteria and
fungi, microalgae and cyanobacteria offer unique advantages. Their capacity to synthesize
a wide range of bioactive metabolites, their high metabolic plasticity, and, in the case
of some cyanobacteria, their ability to fix atmospheric nitrogen, enable them to function
simultaneously as biofertilizers, biostimulants, and biocontrol agents [11].

The multifunctionality is particularly relevant given one of the central challenges in
modern agriculture: the overreliance on synthetic nitrogen-based fertilizers and chemical
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NPK inputs. While these compounds were key to the Green Revolution and have con-
tributed significantly to global food security, their intensive and prolonged use has led to
serious environmental and health consequences, including nitrate leaching, eutrophication
of aquatic ecosystems, nitrous oxide emissions, and the decline of soil biodiversity [23].
These drawbacks highlight the urgent need for sustainable and environmentally compatible
alternatives. Microalgae and cyanobacteria address this need by acting as biofertilizers that
colonize the plant rhizosphere or tissues and enhance nutrient uptake [24–26]. Biofertilizers
are natural preparations containing living microorganisms or other nat-ural substances
that, when applied to seeds, plant surfaces, or soil, promote plant growth by increasing
the supply or availability of essential nutrients [27]. Their benefits include nutrient en-
richment (e.g., nitrogen, phosphorus, potassium, and trace elements), production of plant
growth–promoting substances (auxins, gibberellins, cytokinins), stimulation of beneficial
soil microbial communities, and improved tolerance to both biotic and abiotic stresses [22].
Nitrogen-fixing cyanobacteria provide a compelling alternative to synthetic nitrogen fer-
tilizers by mitigating the negative environmental impacts of conventional practices while
maintaining or even enhancing soil fertility and crop productivity [28]. As the world
faces the dual pressures of climate change and food security, harnessing the potential of
microalgae and cyanobacteria represents a strategic pathway toward more sustainable and
resilient food systems.

Building on this promise, microalgae and cyanobacteria offer specific practical solu-
tions that further underscore their value in sustainable agriculture. Not only can they fix
atmospheric carbon and accumulate nitrogen and phosphorus from various sources (in-
cluding wastewater), but their application to soil can also release nutrients in bioavailable
forms, reducing the risk of leaching and volatilization [29]. Furthermore, microalgal and
cyanobacteria biomass can be integrated into regenerative agricultural systems, support-
ing nutrient recycling, organic matter enrichment, and improved soil structure [30–32].
Certain species such as Chlorella sorokiniana, Scenedesmus obliquus, and Spirulina maxima
have already shown considerable promise as biofertilizers in field trials, with positive
impacts on yield, root morphology, and chlorophyll content in a variety of crops including
wheat, maize, tomatoes, and rice [5,26,30]. These benefits are further supported by recent
findings showing significant reductions in synthetic fertilizer input without compromising
crop yield [33].

Beyond their roles as biofertilizers and biostimulants, microalgae and cyanobacteria
also exhibit significant potential as biopesticides. Many species produce a wide range
of secondary metabolites (such as alkaloids, phenolics, peptides, and fatty acids) with
antimicrobial, antifungal, and antiviral properties. These compounds can inhibit the
germination of fungal spores, suppress the growth of phytopathogenic bacteria, and reduce
the spread of viral diseases in crops [34]. Certain cyanobacteria additionally produce
allelopathic compounds that interfere with pest development and reproduction, providing
natural crop protection [35]. Overall, integrating microalgae- and cyanobacteria-based
biopesticides into pest management programs offers a sustainable alternative for reducing
chemical pesticide dependence and enhancing agroecosystem resilience.

Moreover, from a sustainability perspective, cultivating microalgae for agricultural
applications supports circular economy and zero-waste approaches strategies [36]. Algal
biomass can be produced using agricultural runoff, animal slurry, or even urban wastewater,
thereby reducing waste streams and recovering nutrients that might otherwise cause
pollution [31,32]. Additionally, in comparison to synthetic fertilizers, microalgal products
can be produced with lower energy inputs and have significantly reduced carbon footprints
when incorporated into biorefinery systems [37]. Despite these advantages, significant
challenges remain for the large-scale implementation of microorganisms in agriculture, such
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as economic feasibility, the scalability of production systems, and the need for standardized
protocols and regulatory frameworks. However, ongoing advances in biotechnology, strain
selection, photobioreactor design, and downstream processing are steadily improving the
viability of microalgae-based agricultural products [38].

In summary, microalgae and cyanobacteria are emerging as powerful, nature-based
solutions for advancing sustainable agriculture. These photosynthetic microorganisms
possess the ability to produce a wide range of bioactive compounds that promote plant
growth, enhance nutrient use efficiency, and contribute to soil health through nutrient
cycling [15,18]. Their multifunctional roles as biofertilizers, biostimulants, and biocontrol
agents make them attractive candidates for reducing dependency on synthetic agrochem-
icals, offering a path toward reduced environmental impact and improved agricultural
resilience. Nevertheless, several challenges remain, particularly regarding cost-effective
large-scale production and formulation. In this review, we address these gaps through a
comprehensive and in-depth bibliographic search, synthesizing current scientific knowl-
edge, compiling existing commercial products, and outlining future research priorities.
By doing so, we provide a mechanistic and application-oriented framework intended to
accelerate the integration of microalgae- and cyanobacteria-based solutions into sustainable
agricultural practices. An overview of the present revision article is illustrated in Figure 1.

 

Figure 1. Overview of the present review. The figure illustrates the central agricultural applications of
microalgae and cyanobacteria (as biofertilizers, biostimulants, and biocontrol agents), together with
mechanistic insights (CO2 capture, nutrient assimilation, metabolite synthesis, and nitrogen fixation)
and the main research gaps (limited mechanistic understanding, scalability challenges, and integration
into farming systems). Created in BioRender. Diaz Santos, E. (2025) https://BioRender.com/3xt9h1a,
accessed on 19 March 2025.

2. The Use of Microalgae and Cyanobacteria as Biostimulants
Plant biostimulants are defined as substances or microorganisms that, when applied

in small amounts, enhance plant nutrition processes, stress tolerance, growth, or quality,
independently of direct nutrient supply [20]. Algae are recognized as some of the earliest
plant growth promotion compounds used in agriculture, with historical records dating

https://BioRender.com/3xt9h1a
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back to the Roman era, where they were applied as manure to enrich soil fertility and
promote plant growth, an application that has continued through the centuries. Thanks to
their remarkable diversity and metabolic flexibility, microalgae and cyanobacteria serve
as a rich source of high-value metabolites, including proteins, amino acids, enzymes,
pigments, polyunsaturated fatty acids, polysaccharides, vitamins, antioxidants, and phyto-
hormones [17,39]. This biochemical richness explains why these photosynthetic organisms
are gaining increasing attention as sustainable inputs in agriculture as biostimulants [40].
Their demonstrated growth-promoting properties and environmentally friendly profile
have contributed to their rising use particularly among growers seeking alternatives to syn-
thetic agrochemicals. In the following section key factors in the development of microalgae-
and cyanobacteria-based biostimulants products will be explored.

2.1. Cyanobacteria and Microalgae Strain Selection

Although microalgae and cyanobacteria hold great promise for agricultural applica-
tions, the selection of the most effective and context-appropriate strains remains a challeng-
ing task. This process requires access to well-characterized strains with a demonstrated
high capacity for producing target bioactive compounds of agricultural relevance, while
also being amenable to cost-effective, large-scale cultivation. Additionally, strains should
exhibit adaptability to variable environmental conditions, stable productivity over time,
and compatibility with existing agricultural practices to ensure practical implementation
and long-term sustainability. Thus, among the key criteria for strain selection, two are
particularly fundamental in determining whether a strain is viable for further develop-
ment. The first is the strain’s ability to grow rapidly and uniformly while maintaining high
productivity (preferably in nutrient rich media or, in the best case, using waste-derived
resources) to ensure the production of sufficient biomass. In this way, the strains must be
easily cultivated to generate sufficient biomass [41,42]. Species such as Chlorella vulgaris and
Scenedesmus spp. are well known for their fast growth rates and short doubling time [43].
The second essential criterion is the strain’s physiological and biochemical potential, par-
ticularly its capacity to produce bioactive compounds such as exopolysaccharides, amino
acids, proteins, vitamins, and phytohormone-like substances (e.g., auxins and cytokinins).
In practice, an effective decision-making matrix for strain selection should integrate both
production performance metrics (such as growth rate, biomass yield, and cultivation ef-
ficiency) and detailed biochemical profiles, including the concentration and diversity of
target bioactive compounds. This integrated approach enables the systematic comparison
of candidate strains, ensuring that the final selection balances productivity, functional
quality, and suitability for large-scale, cost-effective biostimulant development (Figure 2).
Based on these parameters, cyanobacteria and green algae currently represent the widely
used groups in biostimulant applications and will be further discussed. In contrast, the
application of diatoms in this context is still in its early stages of development.

2.2. Modes of Action and Mechanisms of Microalgae- and Cyanobacteria-Derived Biostimulants

Cyanobacterial and microalgal cellular extracts and hydrolysates are widely recog-
nized as effective biostimulants capable of enhancing plant growth and increasing crop
yields [44]. Their activity results from a combination of biochemical, physiological, and
ecological mechanisms that collectively improve plant performance. Rather than acting
through a single pathway, these microorganisms influence a network of processes that boost
growth, optimize nutrient use efficiency, and strengthen resilience against environmental
stresses. Application methods vary according to crop requirements and cultivation prac-
tices. Common approaches include incorporating live or dried biomass into soil, priming
seeds with microalgal extracts, and applying root drenches. The choice of method is often
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determined by whether the crop is directly sown or first cultivated in a nursery before
transplantation to the field [45].

Figure 2. Selection criteria for the most suitable microalgal strain for agricultural application. The
choice of an appropriate strain requires an integrated evaluation of multiple factors. Fundamental
criteria include growth and productivity (growth rate, biomass yield, and cultivation feasibility)
and physiological/biochemical potential (capacity to produce exopolysaccharides, amino acids,
proteins, vitamins, and phytohormone-like substances). Additional factors such as adaptability to
environmental conditions (light, nutrients, salinity, temperature), cost-effectiveness, application form
(biofertilizer, biostimulant, biocontrol), and environmental impact (sustainability, ecological risks)
further refine the decision-making process. Together, these criteria ensure the selection of strains that
are not only productive and functionally relevant but also scalable, cost-effective, and sustainable
for agricultural applications. Created in BioRender. Diaz Santos, E. (2025) https://BioRender.com/
kt10r85, accessed on 19 March 2025.

The mechanisms (here defined as the specific biochemical, molecular, or physiological
processes responsible for the observed effects) underlying the action of biostimulants in
plants are still not fully elucidated. Their complexity makes them challenging to study, es-
pecially in the case of microalgae and cyanobacteria, whose extracts contain a wide variety
of bioactive compounds. This diversity complicates the identification of the individual
constituents responsible for specific effects. Nonetheless, recent advances in analytical and
omics technologies, including next-generation sequencing (e.g., transcriptomics), deep phe-
notyping, and metabolomics, provide valuable insights into these intricate interactions [46].

The biostimulant effects of microalgae and cyanobacteria emerge from multi-layered
interactions between their bioactive components and plant physiological and biochemical
pathways. Thus, their modes of action (the overall functional outcomes through which
these organisms exert their beneficial effects) are diverse, but can be broadly categorized
as follows:

https://BioRender.com/kt10r85
https://BioRender.com/kt10r85
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(1) Enhancement of Nutrient Uptake and Assimilation

Although biostimulants are not primarily nutrient suppliers (a role fulfilled by biofer-
tilizers, discussed in the next section), microalgae and cyanobacteria contain compounds
that facilitate nutrient acquisition. Organic acids, chelating agents, and certain polysaccha-
rides can mobilize micronutrients such as iron, zinc, and manganese in the rhizosphere [47].
Additionally, phytohormone-like substances (e.g., auxin- and cytokinin-like compounds)
stimulate root architecture, increasing the absorptive surface area and indirectly improving
nutrient capture.

(2) Modulation of Plant Hormonal Balance

Bioactive molecules (including indole-3-acetic acid, gibberellin analogs, and
brassinosteroid-like compounds) can modify the plant’s endogenous hormone
profile [48–50]. This modulation influences key developmental processes such as
cell elongation, differentiation, and flowering, thereby improving plant vigor and
productivity [51]. Certain hormones (particularly auxins, cytokinins, and ethylene) modu-
late root system architecture, increasing root surface area, branching, and exudation. These
changes enhance the plant’s capacity to explore the rhizosphere. In parallel, hormone-
induced root exudates can stimulate beneficial soil microbiota, including nitrogen-fixing
and phosphate-solubilizing microorganisms, creating a feedback loop that improves soil fer-
tility. For instance, inoculation with Calothrix elenkinii stimulated the plant microbiome [52].
Additionally, phytohormones can upregulate the expression of nutrient transporter genes in
roots, further facilitating the uptake of macro- and micronutrients [50]. Recent studies have
shed light on brassinosteroid role in modulating agronomic traits that directly contribute
to grain yield in rice (Oryza sativa) [53].

(3) Activation of Stress-Response Pathways

Polysaccharides, proteins, and secondary metabolites in microalgal and cyanobacterial
extracts can activate systemic tolerance mechanisms [5,54]. These include the upregu-
lation of antioxidant enzymes (e.g., superoxide dismutase, catalase, and peroxidases)
and the accumulation of osmoprotectants (e.g., proline, glycine betaine), which reduce
oxidative damage and help maintain cellular homeostasis under drought, salinity, or
extreme temperatures [54].

(4) Improvement of Soil Microbial Communities

When applied to soil, whole biomass or extracts can serve as carbon and energy
sources for beneficial microorganisms, fostering a more diverse and balanced microbiome
for example, Chlorella fusca strawberry growth promotion correlates with changes in the
plant microbiota, particularly the abundance of beneficial bacteria in the rhizosphere [55].
These bacteria can enhance nutrient cycling, particularly phosphate solubility, contributing
to improved plant health, soil structure and stability.

2.3. Cyanobacteria and Microalgae as Biostimulants in Agriculture

Cyanobacteria are gaining attention in agriculture thanks to their ability to fix at-
mospheric nitrogen, solubilize phosphorus, and produce a wide variety of beneficial
compounds (like phytohormones) that support plant health. Their unique physiological
traits and metabolic flexibility have positioned them as promising biostimulants in crop pro-
duction systems [56]. Certain genera, including Anabaenopsis, Calothrix, and Anabaena, have
demonstrated the capacity to enhance seed germination and promote plant development
through the synthesis of phytohormones like cytokinins, gibberellins, and auxins [57–59].

Beyond promoting plant growth, cyanobacteria also help plants cope with stress. For
example, they produce extracellular polysaccharides, antioxidants, and signaling molecules
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that help mitigate the damaging effects of salinity [25]. Under drought conditions, their
benefits extend further: cyanobacteria can regulate ion export, modulate the surrounding
microbial community, and even improve germination rates under limited water availability.
These stress-alleviating traits have been documented across a wide range of crops, as
reviewed by Sánchez-Quintero et al., 2023 [60]. Alongside their direct effects on plants,
cyanobacteria also play a crucial role in soil health. In addition to acting as biofertilizers
(enhancing nitrogen fixation and phosphorus availability, as discussed in the next section),
they foster symbiotic relationships with other soil microorganisms, thereby reinforcing
their value in sustainable and regenerative agriculture [2,61].

Moreover, unlike seaweed, which are typically collected from the wild, cyanobacteria
can be cultivated in controlled environments like open ponds or photobioreactors. This
allows for more consistent quality and optimized conditions for producing bioactive com-
pounds [56]. Taken together, the contributions of cyanobacteria to sustainable agriculture
are multifaceted. They enhance soil structure by secreting polysaccharides, improve fertility
through nitrogen fixation, increasing porosity and water retention, and release growth-
promoting substances. Moreover, they aid in reducing salinity, making phosphorus more
bioavailable, and facilitating the recycling of agricultural residues. Whether applied as live
cell suspensions or processed extracts, cyanobacteria consistently demonstrate significant
potential to enhance plant vitality, productivity, and resilience.

Green microalgae have demonstrated a wide range of beneficial effects on crop growth
and are increasingly recognized as promising inputs for sustainable agriculture. Microalgae-
based products can enhance plant nutrition, improve overall crop performance, support
key physiological processes, and increase tolerance to abiotic stresses such as drought
and salinity [62].

Among the various genera studied, Chlorella stands out as the most used in agricultural
applications [63,64]. Numerous trials using both fresh biomass and extracts from Chlorella
strains have reported notable improvements in plant development and yield [65,66]. For
instance, treatments with Chlorella fusca have been shown to enhance the growth of Chinese
chives under field conditions [67]. In another example, soil-drenching with live Chlorella
cells significantly increased biomass production in Medicago truncatula [66]. Complementary
findings have been reported for other Chlorella species as well. C. vulgaris and C. pyrenoidosa,
for example, have proven effective as biostimulants in salt-affected soils, supporting the
growth of crops such as lettuce, rice, eggplant, and cucumber under saline stress [68]. Like-
wise, applications of Spirulina platensis have demonstrated growth-promoting effects on
leafy vegetables like rocket, red bayam, and pak choi [69], further reinforcing the versatility
of microalgae across diverse crop types. A key mechanism by which microalgae enhance
plant performance is through the production and secretion of phytohormones, including
auxins and cytokinins. In addition, they release exopolysaccharides that contribute to
drought and salinity tolerance by improving soil water retention and nutrient availability.
These compounds also supply organic carbon to beneficial soil microbes, fostering micro-
bial activity and nutrient cycling. Expanding the range of beneficial species, inoculation
with filamentous cyanobacteria such as Calothrix elenkinii has been found to stimulate
both the phyllosphere and rhizosphere microbiomes, further supporting plant health and
productivity [70]. While research continues to identify and characterize the most effective
microalgae strains, current evidence clearly underscores the potential of green microalgae
as valuable biostimulants. Their capacity to enhance plant growth, improve resilience to
environmental stresses, and promote beneficial soil microbial communities makes them a
sustainable and impactful tool for advancing modern agriculture.
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2.4. Diatoms as Biostimulants in Agriculture

Diatoms are an incredibly diverse group of microorganisms, with around 100,000
known species. They are easy and cost-effective to cultivate, which makes them an attractive
source of bioactive compounds, many of which are already used in the pharmaceutical
industry [71]. Although their application as biostimulants in agriculture is still limited, their
unique structural and biochemical characteristics offer great potential. Studies have shown
that diatoms, particularly Navicula species, can positively influence plant growth in species
such as Salix viminalis, Helianthus tuberosus, and Sida hermaphrodita [72]. One of the most
distinctive features of diatoms is their silica-based cell wall and the secretion of mucilage
rich in sugars like mannose, fucose, and galactose. These properties can be utilized in
the development of diatom-based fertilizers, which may enhance plant biomass and crop
yields. Diatoms also possess phytoremediation abilities, as they can absorb heavy metals
from the environment (including lead, zinc, nickel, cadmium, and titanium) [73]. As part
of the next generation of sustainable fertilizers, diatoms could help improve plant growth
and resilience, especially under stress conditions such as extreme climate events [72,74].

2.5. Microalgae-Bacteria Consortia

Finally, the use of microalgae–microorganism consortia has emerged as a promising
alternative to the traditional application of single microalgal or microbial strains for promot-
ing plant growth. In such systems, microalgae supply oxygen and organic compounds that
stimulate beneficial bacteria, while bacteria recycle nutrients that enhance algal growth [75].
These synergistic partnerships offer significant advantages by providing plants with a
broader spectrum of essential nutrients and molecules (such as nitrogen, phosphorus, and
potassium) through complementary metabolic interactions [75,76]. Thus, when microalgae
are combined with nitrogen-fixing bacteria, the consortium can perform complex biological
functions that individual strains cannot achieve alone [77]. For example, co-inoculation
of Anabaena cylindrica with diazotrophic Azospirillum increased maize productivity [78].
This cooperative behavior not only enhances nutrient availability but also supports pro-
cesses with valuable biotechnological applications [79]. Furthermore, the combined activity
of microalgae and beneficial microbes can activate plant defense mechanisms, leading
to the production of fungal enzymes and antibiotics that protect plants from pests and
diseases [80]. Beyond agricultural benefits, microalgae–bacteria consortia, especially those
involving nitrogen-fixing species, also hold great promise in the fields of biotechnology [79].

3. Biofertilizers
A biofertilizer is a substance containing specific microorganisms or other natural

preparations that, when applied to seeds, plant surfaces, or soil, promote plant growth by
increasing the supply or availability of essential nutrients [27]. These microorganisms or
preparations improve plant growth by colonizing the rhizosphere or interior of plants. This
process enhances the supply or availability of nutrients to the host plant. The product is
administered to seeds, plants, or soil [11,81,82]. In addition, these eco-friendly approaches
have been shown to improve crop productivity, nutrient profile, and plant tolerance to
abiotic and biotic stress. The use of biofertilizers reduces the problems associated with
chemical fertilizers and leads to more sustainable agriculture [27].

The utilization and marketing of biofertilizers commenced in the 18th century with
the patenting of ‘Nitragin’, the first Rhizobium formulation, by Hiltner and Nobbe [83]. The
classification of biofertilizers is based on their function and mechanism of action. The most
widely employed biofertilizers comprise nitrogen-fixers (N-fixers), potassium solubilizers
(K solubilizers), phosphorus solubilizers (P solubilizers), zinc solubilizers (Zn solubilizers),
and iron solubilizers (Fe solubilizers) [84–86].
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While traditionally most biofertilizers have been based on heterotrophic plant growth–
promoting bacteria (PGPB), such as Rhizobium or Azotobacter, in recent years photosynthetic
microorganisms (microalgae and cyanobacteria) have emerged as highly promising candi-
dates for next-generation biofertilizers. These photosynthetic microorganisms are rapidly
emerging as valuable alternatives or supplements to traditional biofertilizers, owing to their
multiple functions, including the improvement of soil properties through biofilm formation
and the enhancement of organic matter. Their multifunctional nature, combined with their
ability to thrive in a wide range of environmental conditions, makes them a promising
tool for promoting sustainable crop production [87]. Moreover, these biofertilizers can be
categorized into two broad groups: (i) photosynthetic microorganism-based biofertilizers
(microalgae and cyanobacteria), and (ii) non-photosynthetic microorganism-based biofertil-
izers (classical PGPR and fungi). In the following subsections, the discussion will focus on
the roles of photosynthetic microorganism-based biofertilizers.

3.1. Cyanobacteria as Biofertilizers Beyond Nitrogen Fixation

Nitrogen deficiency is one of the most critical constraints to agricultural productivity
worldwide, since nitrogen is an essential macronutrient for plant growth and development.
To overcome this limitation, sustainable alternatives to synthetic fertilizers have been
widely investigated. Among them, nitrogen-fixing biofertilizers have traditionally attracted
major research interest in leguminous crops, where rhizobial inoculants establish highly
efficient symbiotic associations within root nodules to convert atmospheric nitrogen (N2)
into plant-available forms [79,82]. However, the use of rhizobia is restricted to legumes,
limiting their applicability across broader agricultural systems. In addition, several free-
living or associative diazotrophic bacteria (such as Azospirillum, Azoarcus, Burkholderia,
Gluconacetobacter diazotrophicus, Herbaspirillum, Azotobacter and Paenibacillus polymyxa) have
been demonstrated to fix nitrogen, and some have even been successfully formulated into
commercial biofertilizers [27,83]. Yet, their nitrogen fixation efficiency is considerably lower
compared to symbiotic microbes, and their performance is often inconsistent under field
conditions due to competition with native soil microbiota, sensitivity to environmental
stresses, and limited persistence in the rhizosphere [88].

By contrast, photosynthetic diazotrophic microorganisms such as cyanobacteria repre-
sent a highly promising and more versatile solution [89,90]. Members of the order Nostocales
are photoautotrophic prokaryotes capable of fixing atmospheric nitrogen into ammonia
(NH3

+), which can be directly assimilated by plants [91]. This process not only reduces de-
pendence on chemical fertilizers but also contributes to soil fertility and ecological balance.
Unlike rhizobia, cyanobacteria are not restricted to specific host plants, and unlike most
free-living diazotrophs, they combine nitrogen fixation with photosynthesis, making them
largely self-sufficient. Under nitrogen starvation conditions, Nostoc and related genera
develop heterocysts—specialized thick-walled cells that create a microoxic environment
enabling nitrogenase activity. These heterocysts are strategically distributed along the
filamentous chains of vegetative cells, ensuring an efficient supply of fixed nitrogen to the
colony and, ultimately, to the surrounding rhizosphere [92]. This dual capacity to fix nitro-
gen and support broader soil fertility highlights cyanobacteria as a powerful alternative for
developing next generation biofertilizers.

The development of cyanobacteria-based biofertilizer (CBF) has been enabled by
the potential characteristics of these prokaryotic photoautotrophic microbes [93,94]. It is
worth noting that using cyanobacteria as biofertilizers is not a completely new concept in
agriculture (Table 1). These organisms have already been studied extensively in various
crop systems. For instance, notable advancements have been made in rice cultivation over
the past few years, such as in Andalusian paddy fields [94]. Re-inoculation of cyanobacterial
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isolates from this area as CBF has had a positive, significant effect on plant growth, with
a significant increase in plant length of 127% recorded, as well as significant increases in
grain weight and number per panicle. Similarly, a recent study investigated the potential of
two cyanobacteria, Anabaena vaginicola ISB42 and Nostoc spongiaeforme var. tenue ISB65, as
promising candidates for producing environmentally friendly biofertilizers for sustainable
peppermint cultivation because they improve the quantity and quality of essential oils (EOs)
by upregulating the key genes involved in the menthol biosynthetic pathway in Mentha
piperita [95]. Furthermore, their potential as biofertilizers for cotton crops has recently
been evaluated, demonstrating that reintegrating these beneficial species into agricultural
ecosystems can enhance crop growth and maintain a balanced microbial environment [96].
Taken together, these results suggest that cyanobacterial biofertilizers could be a promising
way to sustain rice production [94]. This contributes to the broader goal of achieving
sustainable agriculture on a global scale [96].

Among eukaryotic microalgae, the use of Chlorella vulgaris and Scenedesmus obliquus
suspensions, cultivated in maize drainage water, has been demonstrated to be a cost-
effective, slow-release organic fertilizer on farmland, when applied to lettuce. The replace-
ment of 50% of the nitrogen mineral fertilizer applied to lettuce by microalgae suspensions
resulted in a significant increase in biomass production, reaching up to 2-fold. It has been
demonstrated that this approach has the capacity to enhance lettuce fresh biomass and
improve soil health [97]. Five species of algae were also evaluated in greenhouse conditions
with pea plants (Pisum sativum) and in open field plots with spring wheat: the cyanobac-
terium Arthrospira platensis (Spirulina), the unicellular green microalga Chlorella sp., the red
alga Palmaria palmata, and the brown algae Laminaria digitata and Ascophyllum nodosum.
The results showed that Chlorella sp. and Spirulina increased total nitrogen and available
phosphorus in the soil, with Spirulina also significantly enhancing nitrate levels. Palmaria
palmata and Laminaria digitata significantly increased the concentrations of inorganic nitro-
gen compounds (NH4

+ and NO3
−). Moreover, Chlorella sp. was demonstrated to improve

total phosphorus, nitrogen, and carbon contents in the soil, as well as available phosphorus,
ammonium (NH4

+), nitrate (NO3
−), and pea crop yield [98].

Beyond nitrogen fixation, cyanobacteria provide additional plant growth-promoting
benefits. They improve soil structure through biofilm formation [99]. In addition, they can
increase soil porosity and decrease soil salinity [7]. Nostoc species possess the ability to
produce phytohormones (auxins, cytochromes, gibberellins and ethylene), siderophores
(iron binders) and mineral solubilizers (e.g., phosphorus, potassium and zinc) [100,101].
These symbiotic cyanobacteria have a wide diversity of associations with plants dis-
tributed throughout the plant kingdom such as spore-forming bryophytes, ferns, cycads or
rice [102–104]. Special mention should be given to Arthrospira platensis, an edible cyanobac-
terium known worldwide for its high nutritional value, as well as for the interest in its
biological activity and bioactive compounds [105]. Supplementing Arthrospira platensis by
drenching the soil resulted in increased growth and productivity of chia plants cultivated
under alkaline soil conditions, as well as increased antioxidant levels in the chia seeds.
Following microalgae application, the oil content increased, as did the proportion of
omega-3 [106]. More recently, according to [107], applying a biofertilizer containing
Spirulina maxima, marine Lactobacillus plantarum, molasses, and industrial organic waste
(IOW) at a concentration of 0.1% can enhance the growth, development, and nutrient uptake
of rosemary plants by generating bioactive compounds, including vitamins, carbohydrates,
and phytohormones (auxins, gibberellins, and cytokinins).

These findings highlight the potential of cyanobacterial biofertilizers as a multifunc-
tional and sustainable tool for agriculture [94]. Their role extends far beyond nitrogen
fixation, encompassing improvements in soil health, nutrient availability, plant physiology,
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and crop productivity. Their application in staple crops such as rice suggests that cyanobac-
terial biofertilizers could become a cornerstone of sustainable food production in the
years ahead.

3.2. Microalgae and Cyanoboacteria as Biofertilizers: Nutrient Solubilization

Phosphorus (P) and potassium (K) are often limiting factors in agricultural soils, as
both elements are commonly present in insoluble mineral complexes unavailable for plant
uptake. This has led to growing interest in the development of phosphorus-solubilizing
biofertilizers (PSB) [108]. Traditionally, various bacteria and fungi have been applied as
PSB, including Pseudomonas aeruginosa in rice, Pantoea agglomerans in maize, Pseudomonas
sp. in chili pepper, Enterobacter in soybeans, Aspergillus niger in beans, Burkholderia cepacia
in peanuts, and Azospirillum in wheat [109–115]. However, beyond these classical microbial
inoculants, photosynthetic microorganisms such as cyanobacteria and microalgae are in-
creasingly recognized for their remarkable capacity to solubilize nutrients, representing
a promising trend in sustainable agriculture. Species like Nostoc and Anabaena secrete
organic acids and phosphatases that mobilize insoluble phosphates, while their extracellu-
lar polymeric substances (EPS) can chelate potassium and enhance its availability within
soil aggregates. In addition, many microalgae not only solubilize P and K but also re-
lease bioactive metabolites and phytohormones, amplifying their plant growth-promoting
effects [25,116]. This dual ability to improve nutrient bioavailability while simultaneously
stimulating plant physiology gives cyanobacteria and microalgae a significant advan-
tage over conventional PSB, positioning them as multifunctional biofertilizers with broad
applications in sustainable agriculture.

Eukaryotic microalgae (Chlorella, Scenedesmus, Chlamydomonas) have also shown strong
potential as P- and K-solubilizers. Although Chlamydomonas is not a strong nutrient-
mobilizing species on its own, it can participate in associative biofertilization when co-
applied with nutrient-solubilizing consortia; in such consortia, algal-derived metabolites
support microbial activity that increases nitrogen and phosphorus availability to plants [75].
In addition, both microalgae can stimulate root growth through auxin-like activity while
contributing to the mobilization or improved uptake of phosphorus and potassium, leading
to better growth under nutrient-limited or stress environments [45,82].

3.3. Microalgae and Cyanobacteria as Biofertilizers: Siderophore-Mediated Growth Promotion

Micronutrient deficiencies, particularly zinc (Zn) and iron (Fe), severely limit crop
productivity. In this context, Zinc-solubilizing biofertilizers have become increasingly
important in the context of crop production. For instance, the process of zinc solubiliza-
tion by certain bacterial species, including Azospirillum, Azotobacter, Pseudomonas, and
Rhizobium, has been demonstrated to enhance zinc assimilation in wheat [117]. Further-
more, three selected different bacteria, Acinetobacter calcoaceticus, Bacillus proteolyticus and
Stenotrophomonas pavanii, formulated in both free and encapsulated forms, showed im-
proved plant growth parameters and enhanced zinc content in Zea mays and can be applied
as biofertilizers to enhance soil fertility [118]. Zinc solubilization has also been observed in
several Chlorella strains, where algal secretions mobilize insoluble Zn compounds, thereby
enhancing plant Zn uptake [119–121]. The application of these algal inoculants could help
address widespread micronutrient deficiencies in human diets by biofortifying staple crops
such as rice and wheat.

Iron is involved in a variety of metabolic pathways within the cell, including photo-
synthesis, thus rendering it an essential element for plant life [122]. It is noteworthy,
however, that siderophores represent a distinct group of low-molecular-weight com-
pounds (less than 1.5 kDa) that exhibit a high affinity for Fe in environments with low Fe
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concentrations [61]. The synthesis and secretion of these compounds by different microbial
strains occurs under specific conditions, thereby increasing and regulating the bioavail-
ability of Fe. Consequently, siderophore-producing bacteria have attracted considerable
scientific interest because of their potential application as biofertilizers. These bacteria have
been demonstrated to enhance soil fertility and increase plant biomass, a finding that is
of significant relevance for the development of sustainable agricultural practices [123,124].
For instance, the promotional effect of the AS19 strain, a bacterium capable of producing
high levels of siderophores and facilitating the absorption of Fe3+ by seeds and plants, on
the germination of pepper and maize seeds and the development of shoots and leaves of
Gynura divaricata (Linn.) has been demonstrated [61]. In addition, a recent study has demon-
strated the significant potential of Fe-solubilizing rhizobacteria (Bacillus spp.) isolated from
the maize rhizosphere in calcareous soils as effective biofertilizers. These bacterial strains,
namely Bacillus pyramidoids, Bacillus firmicutes, and Bacillus cereus, have the potential to
mitigate Fe deficiency in crops, thereby promoting sustainable agriculture practices [125].

In addition to these examples, cyanobacteria such as Synechococcus and Nostoc, and
microalgae like Dunaliella and Chlorella, can synthesize siderophores, which bind Fe3+ and
facilitate its uptake by plants. For example, Synechococcus mundulus–derived siderophores
improved Fe bioavailability in maize, significantly enhancing chlorophyll content and
photosynthetic efficiency [126]. Moreover, in relation to the Cyanobacteria spp., Brick
et al., in 2025 [126] highlighted the significant potential of Synechococcus mundulus-derived
siderophore in stimulating Zea mays physicochemical growth parameters and iron uptake.
The results of this study indicate the capacity of cyanobacteria to synthesize siderophores
as a sustainable substitute for synthetic iron chelators, and their role in the management of
plant stress [126].

Notably, microalgae have been demonstrated to play a pivotal role in maintaining
ion homeostasis. Dunaliella, a genus of algae, has demonstrated a remarkable capacity for
adaptation to environments characterized by low iron levels. Several species of Dunaliella,
namely Dunaliella tertiolecta, Dunaliella salina and Dunaliella bardawil, have been identified
as originating from radically divergent environments. These species have been found
to possess a unique family of siderophore-iron-uptake proteins [127]. Moreover, it has
been demonstrated that Dunaliella salina extracts, particularly exopolysaccharides, have
the capacity to promote the germination and growth of Triticum aestivum L. seedlings
under conditions of salt stress, thus offering a potentially viable solution for enhancing the
resilience of crops in salt-affected environments [128].

To conclude this section, Table 1 provides a summary of the main microalgae and
cyanobacteria species with biofertilizer potential.

Table 1. Main microalgae and cyanobacteria species involved in biofertilization.

Species Group Biofertilization
Mechanism Plant/System References

Nostoc sp. Cyanobacteria Nitrogen fixation, phytohormone
production, solubilization of P/K/Zn

Wheat/In vitro
Rize/Soil [94,100]

Anabaena vaginicola ISB42 Cyanobacteria Phytohormone-linked nutrient uptake,
peppermint oil enhancement Mentha/Greenhouse conditions [95]

Nostoc spongiaeforme
var. tenue ISB65 Cyanobacteria Phytohormone-linked nutrient uptake,

peppermint oil enhancement Mentha/Greenhouse conditions [95]

Synechococcus mundulus Cyanobacteria Siderophore production, enhanced Fe
uptake in maize Maize/In vitro [126]

Arthrospira platensis Cyanobacteria Phytohormone production, improved
nutrient acquisition in chia Chia/Soil [106]

Spirulina maxima Cyanobacteria (marketed
as microalgae)

Bioactive compounds enhancing growth and
nutrient uptake in rosemary Rosemary/Soil [107]
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Table 1. Cont.

Species Group Biofertilization
Mechanism Plant/System References

Chlorella vulgaris Microalgae Nitrogen fixation Phosphorus and
potassium solubilization, auxin-like activity Lettuce/Soil [45]

Scenedesmus obliquus Microalgae Nitrogen fixation P/K mobilization, root
stimulation under stress Lettuce/Soil [45,129]

Dunaliella salina Microalgae Exopolysaccharides Siderophore-mediated
Fe uptake under deficiency Wheat/In vitro [128]

4. Biocontrol Agents
Plants are constantly exposed to a wide range of biotic stressors, including fungi,

bacteria, nematodes, insects, and viruses. In response, they have evolved complex and
sophisticated defense mechanisms. The production of secondary metabolites plays a crucial
role due to their effectiveness in pathogen and pest resistance [130]. Compounds such as
saponin have been widely recognized for their antifungal activity and are considered key
components of plant defense systems. These molecules can be harnessed to develop novel,
eco-friendly strategies for disease control, reducing the environmental impact of chemical
pesticides [131,132]. While many of these compounds are traditionally derived from plants,
recent studies have identified the potential of microalgae and cyanobacteria as a promising
alternative source of secondary metabolites, including alkaloids, flavonoids, terpenes, and
essential oils [133,134]. Microalgae and cyanobacteria form beneficial associations with
plants, which can enhance the production of secondary metabolites, especially under abiotic
stress conditions. Among these metabolites, allelochemicals produced by these microorgan-
isms have garnered particular interest due to their potential applications in sustainable crop
protection and biocontrol strategies [134]. Microalgae and specially cyanobacteria, repre-
sent a prolific source of biologically active compounds involved in allelopathic interactions,
many of which could be utilized for pest control and crop protection [96] (Table 2).

4.1. Phytopathogen Resistance

Allelochemicals from microalgae have demonstrated strong antimicrobial activity
against a wide spectrum of phytopathogens. For instance, hapalindole T (an antibacterial
alkaloid from Fischerella sp.), nostofungicin (a fungicidal lipopeptide from Nostoc commune),
and eicosapentaenoic acid (antimicrobial fatty acid from Phaeodactylum tricornutum) are
notable examples [135–138]. Moreover, cell extracts from Chlorella vulgaris and Tetradesmus
obliquus have been successfully applied to protect spinach crops against Fusarium oxysporum
infections [139]. Gene editing in Chlamydomonas reinhardtii has also been used to enhance
bacterial resistance in tobacco plants [140].

Several studies have evaluated the antifungal activity of microalgal extracts across
diverse strains. Anabaena HSSASE11 and Oscillatoria nigroviridis HSSASE15 showed in-
hibitory effects against Botryodiplodia theobromae and Pythium ultimum, respectively, while
Dunaliella HSSASE13 was effective against Fusarium solani. Similar antifungal results were
reported for Scenedesmus obliquus extracts against Sclerotium rolfsi [141]. Interestingly, some
microalgal extracts also show nematicidal activity. For example, Scenedesmus obliquus,
Chlorella vulgaris, and Anabaena oryzae were able to inhibit the banana pathogen Meloidogyne
incognita [142]. The antimicrobial activity of these extracts is largely attributed to phenolics,
alkaloids, and peptides. However, in many cases, the specific active compounds have not
been fully identified or characterized. While the mechanisms remain under investigation,
the antifungal effects of phenolic compounds may involve interference with fungal cell
wall biosynthesis [143].
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4.2. Microalgae and Cyanobacteria as Herbicides

The herbicidal potential of microalgae and cyanobacteria metabolites is an emerg-
ing field with encouraging preliminary findings. Several allelochemicals—mainly from
cyanobacteria—have demonstrated phytotoxic activity. For instance, cyanobacterin, a
phenolic compound produced by Scytonema hofmanni, inhibits photosynthetic electron
transport. Similarly, nostocyclamide (a peptide from Nostoc sp.) and fischerellins (alkaloids
from Fischerella sp.) interfere with photosystem II [144,145].

Other compounds like microcystins (peptides that inhibit protein phosphatases) and
cryptophycins (polyketides that block microtubule polymerization) also show potential as
herbicides [144,146]. Despite these findings, research on herbicidal compounds from eu-
karyotic microalgae remains limited, presenting an underexplored area with high potential
for sustainable weed management.
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Table 2. Main secondary metabolites from microalgae and cyanobacteria and their potential applications as biocontrol agents in agriculture.

Class
of Compound Characteristics Microorganism Underlying Mechanism

of Biocontrol Potential Target Pathogens/Pests Potential Use
in Agriculture Experimental Evidence References

Alkaloids Nitrogen-containing
heterocyclic compounds

Fischerella sp., Calothrix sp.,
Desertifilum dzianense

Interfere with DNA replication
and protein synthesis in

pathogens; disruption of cell walls.

Insects (neurotoxin), fungi
(Agroathelia rolfsii), and broad

microbial pathogens

Natural bioinsecticides or
antimicrobial agents

for biocontrol
in vitro bioassays [147,148]

Polyketides
Structurally diverse metabolites

derived from carboxylic
acid precursors

Gambierdiscus toxicus,
Karenia brevis

Inhibition of ion channels,
disruption of cell signaling and

membrane integrity

Plant-pathogenic fungi, bacteria;
brevetoxins also toxic

to invertebrates

Broad-spectrum fungicides
or bactericides for crops

both in vivo (animal models)
and in vitro; in vitro assays

(channel agonist)
[149,150]

Fatty acids Extracellular free fatty acids
with allelopathic activity

Chlorella vulgaris,
Botryococcus braunii

Membrane destabilization;
inhibition of seed germination

through allelopathy

Competing algae
(Pseudokirchneriella
subcapitata), weeds

Natural weed growth
inhibitors (bioherbicides)

in vitro inhibition assays;
in vitro allelopathic tests [151,152]

Peptides

Non-ribosomal peptides
biosynthesized by

multifunctional
enzyme complexes

Anabaena sp. PCC7120,
Microcystis sp., Planktothrix

sp., Oscillatoria limosa,
Synechococcus lividus

Pore formation in membranes;
inhibition of protein phosphatases;

induction of oxidative stress
in pathogens

Other cyanobacteria, aquatic
weeds, possible cross-toxicity to

pathogenic fungi/bacteria

Plant defense promoters
or biostimulants

review (mostly in vitro); in vivo
detection in hot springs; in vitro

isolation/assays; in situ
environmental surveys

[153–156]

Terpenoids
Organic compounds derived

from C5 precursors with toxicity
to invertebrates

Nostoc commune, Calothrix
sp. PCC7507

Neurotoxic and deterrent effects
on insects; oxidative

stress induction

Bacteria (Bacillus cerus, S.
epidermidis, E. coli), Insect pests

(e.g., Lepidoptera larvae),
nematodes; general
herbivory deterrenc

Natural insecticides or
pest repellents

in vitro bioassays; review
(includes in vitro and some

in vivo reports)
[157,158]
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4.3. Microalgae and Cyanobacteria as Insecticides

Among all properties shown from microalgae and cyanobacteria extracts throughout
this review, insecticide activity is another one proposed. There are several studies in which
microalgae have demonstrated insecticide properties. In the case of diatoms or chloro-
phytes, the potential insecticide activity has been investigated. For example, the exploitation
of Chlamydomonas reinhardtii extracts in the development of preparations combined with
microparticles of zinc oxide was able to improve the larvicidal potential of Tenebrio molitor
compared to zinc oxide alone treatment [159]. Another study has demonstrated that the
extract from Amphora coffeaeformis and Scenedesmus oliquus presented larvicidal activity
against Culex pipiens [160].

In another approach, biofilm-forming cyanobacteria were found to enhance plant
defense mechanisms against insects. Some studies have demonstrated that biofilm from
Fischerella ATCC 43239 increased the mortality of larvae from Chirinimus riparius, demon-
strating that the biofilm improves the production of allelochemicals with insecticide
activity [161–164]. Moreover, biomass extracts from Microcystis aeruginosa 205 and
Anabaena circinalis 86 showed high toxicity against larvae of Aedes aegypti [165]. Alter-
natively, some researchers have described that both unsaturated and saturated fatty acids
are responsible for the insecticide activity of microalgae extracts against larvae from dif-
ferent species. Thus, the possible mechanism of larvicidal activity of fatty acids was
investigated. The authors tested the inhibition properties of various fatty acids, demonstrat-
ing that linolenic and linoleic acids might have a dual mode of action against octopamine
signaling pathways [166,167].

As a summary, Table 3 provides an overview of the main biocontrol-related agents
identified with phytopathogenic resistance and herbicide and insecticide potential, together
with their producing species, mechanisms of action, and target organisms.

Table 3. Overview of the main biocontrol-related agents identified with phytopathogenic resistance,
herbicide and insecticide potential from microalgae and cyanobacteria. The table summarizes their
mechanisms of action, producing species, and target pathogens or pests, highlighting their potential
applications as natural alternatives to synthetic pesticides.

Biocontrol Mechanisms Microalgae/Cyanobacteria Produced Molecules Mode of Action Target Pathogens/Organisms References

Phytopathogen resistance

Fischerella sp. Hapalindole T (alkaloid) Antibacterial activity Phytopathogenic bacteria [135–138]

Nostoc commune Nostofungicin (lipopeptide) Fungicidal Phytopathogenic fungi [135–138]

Phaeodactylum
tricornutum

Eicosapentaenoic acid (EPA,
fatty acid) Antimicrobial Various pathogens [135–138]

Chlorella vulgaris,
Tetradesmus obliquus

Cell extracts (phenolics,
peptides, not fully identified)

Inhibition of
fungal growth Fusarium oxysporum (spinach) [139]

Chlamydomonas
reinhardtii Genetic modification Enhanced bacterial resistance

via gene editing Tobacco plants [140]

Anabaena HSSASE11 Phenolic/peptide extracts Antifungal Botryodiplodia theobromae [141]

Oscillatoria
nigroviridis HSSASE15 Phenolic/peptide extracts Antifungal Pythium ultimum [141]

Dunaliella HSSASE13 Phenolic/peptide extracts Antifungal Fusarium solani [141]

Scenedesmus obliquus Phenolic extracts Antifungal Sclerotium rolfsii [141]

Scenedesmus obliquus,
Chlorella vulgaris,
Anabaena oryzae

Phenolics, alkaloids, peptides
Nematicidal; possible

inhibition of fungal cell
wall biosynthesis

Meloidogyne incognita
(banana pathogen) [142]

Herbicides

Scytonema hofmanni Cyanobacterin (phenolic) Inhibition of photosynthetic
electron transport Weeds (phytotoxic effect) [144,145]

Nostoc sp. Nostocyclamide (peptide) Inhibition of photosystem II Weeds [144,145]

Fischerella sp. Fischerellins (alkaloids) Inhibition of photosystem II Weeds [144,145]

Microcystis sp. Microcystins (peptides) Inhibition of
protein phosphatases Weeds [144,146]

Various cyanobacteria Cryptophycins (polyketides) Blockage of
microtubule polymerization Weeds [144,146]
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Table 3. Cont.

Biocontrol Mechanisms Microalgae/Cyanobacteria Produced Molecules Mode of Action Target Pathogens/Organisms References

Insecticides

Chlamydomonas
reinhardtii + ZnO Cell extracts Enhanced larvicidal effect

when combined with ZnO Tenebrio molitor [159]

Amphora coffeaeformis,
Scenedesmus obliquus Cell extracts (fatty acids) Larvicidal activity Culex pipiens [160]

Fischerella ATCC
43239 (biofilm)

Biofilm-induced
allelochemicals

Increased
larval mortality Chironomus riparius [161–164]

Microcystis aeruginosa
205, Anabaena

circinalis 86
Biomass extracts Toxic Aedes aegypti [165]

Various microalgae Unsaturated fatty acids
(linolenic, linoleic acids)

Disruption of octopamine
signaling (dual mechanism)

Insect larvae
(various species) [166,167]

5. Commercialized Microalgae- and Cyanobacteria-Based Products
An increasing amount of scientific research demonstrating the effectiveness of microal-

gae in agriculture has driven the development of an emerging and fast-growing market for
microalgae-derived bioproducts. Commercial formulations such as Algafert, PhycoTerra®,
and Spiralgrow have already entered the global market, targeting both conventional and
organic farming sectors (Table 4). These products are offered as liquid concentrates, dry
powders, or granules, and are often marketed for their ability to improve root development,
nutrient uptake, and crop resilience under stress. Start-ups and aggrotech companies are
also investing in vertically integrated production systems that combine algae cultivation
with carbon capture and waste valorization, aligning with global sustainability goals [60].
According to recent market projections, the global microalgae-based biofertilizer segment
is expected to grow at a compound annual growth rate (CAGR) exceeding 8% over the
next five years, driven by regulatory shifts toward low-input agriculture and increasing
demand for eco-certified inputs. This momentum underscores the transition of microalgae
from an experimental innovation to a commercially viable and scalable component of
sustainable agriculture [45].

Table 4. Examples of some commercialized microalgae- and cyanobacteria-based products.

Product Name Manufacturer Microalgae Used Formulation Main Effects URL or Reference

Algafert Biorizon Biotech Spirulina spp. Dry powder
Provides macro and

micronutrients, promotes
chlorophyll synthesis.

https://www.biorizon.es/en/
products/biostimulants-y-

bioenhancers/algafert/
(accessed on 11 August 2025)

AgriAlgae AlgaEnergy Nannochloropsis spp. Liquid biostimulant
Enhances photosynthesis,

nutrient uptake, and
crop vigor.

https://ag.algaenergy.com/es/
product-category/agrialgae-

premium/?lang=it
(accessed on 11 August 2025)

Allfertis Allmicroalgae Chlorella spp. Powder
Promote resistance to biotic
and abiotic agents; Increases

the size and fruit weight.

https://www.allmicroalgae.
com/en/agro/#Allfertis

(accessed on 11 August 2025)

Biofertilizer
by MicroAlgaex Microalgaex

Not
specified—described

as “microalgae
formulations”

Liquid

Enhanced plant growth and
yield, improved defense

against abiotic stress,
and increased

nutrient absorption.

https://microalgaex.com/
biofertilizer/

(accessed on 11 August 2025)

Ecotop Herogra
Ascophyllum nodosum

and blend of
other microalgae

Liquid biostimulant
Enhances plant vigor, growth,

and resilience to
abiotic/biotic stress.

https://herograespeciales.
com/en/productos/

bioestimulantes/ecotop/
(accessed on 11 August 2025)

Kelpak Kelpak

Ecklonia maxima
(macroalga, used

in synergy
with microalgae)

Liquid biostimulant
Promotes root and
shoot development,

stress tolerance.

https://www.kelpak.com/
kelpakintro.html

(accessed on 11 August 2025)

AlgaGrow Plagron
Proprietary blend

including
cyanobacteria

Liquid biostimulant Increases nutrient uptake
and crop yield.

https://plagron.com/en/
hobby/products/alga-grow
(accessed on 11 August 2025)

https://www.biorizon.es/en/products/biostimulants-y-bioenhancers/algafert/
https://www.biorizon.es/en/products/biostimulants-y-bioenhancers/algafert/
https://www.biorizon.es/en/products/biostimulants-y-bioenhancers/algafert/
https://ag.algaenergy.com/es/product-category/agrialgae-premium/?lang=it
https://ag.algaenergy.com/es/product-category/agrialgae-premium/?lang=it
https://ag.algaenergy.com/es/product-category/agrialgae-premium/?lang=it
https://www.allmicroalgae.com/en/agro/#Allfertis
https://www.allmicroalgae.com/en/agro/#Allfertis
https://microalgaex.com/biofertilizer/
https://microalgaex.com/biofertilizer/
https://herograespeciales.com/en/productos/bioestimulantes/ecotop/
https://herograespeciales.com/en/productos/bioestimulantes/ecotop/
https://herograespeciales.com/en/productos/bioestimulantes/ecotop/
https://www.kelpak.com/kelpakintro.html
https://www.kelpak.com/kelpakintro.html
https://plagron.com/en/hobby/products/alga-grow
https://plagron.com/en/hobby/products/alga-grow
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Table 4. Cont.

Product Name Manufacturer Microalgae Used Formulation Main Effects URL or Reference

Seasol Seasol International
(Australia)

Blend of seaweed and
microalgae extracts Liquid concentrate Broad-spectrum plant tonic.

https://www.seasol.com.au/
products/seasol/

(accessed on 11 August 2025)

Weed-Max Trade S.A.E.
Company (Egypt)

Cyanobacteria extract
in powder phase Dry powder

Suppress soil-borne fungi
and enhance the antagonistic
abilities of other bioagents.

[168]

Oligo-X algal Arabian Group for
Agricultural Service

Blue-green algal
extracts in

liquid phase
Liquid concentrate Suppress soil-borne fungi. [168]

6. Research Bottlenecks and Future Perspectives
Microalgae and cyanobacteria have emerged as highly attractive candidates for sustain-

able agriculture and bio-based industries due to their distinctive biological and ecological
traits. These photosynthetic microorganisms exhibit rapid and continuous growth, short
generation times, and remarkable metabolic flexibility. Importantly, their cultivation does
not compete with traditional agriculture for critical resources. They can be grown on
non-arable land using saline water or even wastewater and rely primarily on sunlight
as an energy source. These characteristics underscore their potential as complementary
components to existing agri-food systems and as contributors to the circular bioeconomy,
particularly in the production of food, feed, and high-value fertilizer products.

However, translating this potential into large-scale, economically viable operations
presents significant challenges (Figure 3). Among the foremost constraints are the costs
and efficiencies associated with cultivation, harvesting, and biomass processing. On the
technical front, optimization of both upstream (e.g., growth conditions, nutrient supply, and
biomass accumulation) and downstream (e.g., harvesting, extraction, and formulation) pro-
cesses is essential to ensure yield consistency, biomass quality, and cost-effectiveness [38].
Infrastructure costs (especially for photobioreactors and open pond systems) are substantial,
and operational expenditures such as lighting, temperature regulation, fluid circulation,
cleaning, and biomass recovery remain high [169]. Closed systems, while offering advan-
tages in terms of contamination control and process stability, are particularly cost intensive.
Inoculum preparation constitutes another critical bottleneck; the reliability of large-scale
operations depends on the production of high-quality starter cultures. Any microbial
contamination or physiological variability during this stage can lead to serious disruptions,
compromising the productivity of the entire system.

Operational stability is further challenged by routine maintenance, system downtime,
and unexpected failures. Incorporating automation technologies offers a partial solution,
reducing labor costs and human error while enabling real-time monitoring, improved
safety, and enhanced process control. Nevertheless, successful deployment of these systems
requires a multidisciplinary workforce with expertise in microbiology, bioprocess engineer-
ing, chemistry, and systems maintenance. Experienced personnel are indispensable for
troubleshooting, process optimization, and quality control.

In parallel, a deeper mechanistic understanding of how microalgae and cyanobac-
teria interact with plant physiology and soil processes is critical to optimizing their use
in agricultural contexts. Elucidating their modes of action (such as modulation of plant
hormone levels, nutrient uptake, stress resilience, and microbiome interactions) is key to
tailoring applications for specific crops, soil types, and climatic conditions. Such knowledge
will improve consistency and efficacy under real-world field conditions. To overcome the
current limitations, several strategies are under investigation. Continuous cultivation sys-
tems provide a stable operational platform and reduce the need for frequent re-inoculation.
Increasing biomass density is another focus area, as it minimizes the volume that must be

https://www.seasol.com.au/products/seasol/
https://www.seasol.com.au/products/seasol/
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handled during harvesting. Additionally, phycoprospecting efforts aim to identify naturally
robust, high-performing strains, while genetic engineering approaches target enhanced
productivity, stress resistance, and metabolite synthesis. Integrated biorefinery models
are also gaining prominence, wherein multiple valuable compounds (such as proteins,
pigments, fatty acids, and polysaccharides) are co-extracted from a single biomass stream,
thereby increasing the overall economic viability of production systems.

 

Figure 3. Research gaps and practical guidelines for the selection of microalgae- and cyanobacteria-
based products in agriculture. The (left panel) highlights current limitations in large-scale develop-
ment, including high production costs, limited scalability, contamination risks, operational instability,
and insufficient mechanistic understanding of plant–microbe interactions. The (right panel) pro-
vides guidelines for selecting appropriate products, emphasizing cost–benefit assessment, product
composition, field suitability, mode of action clarity, quality and shelf life, application requirements,
performance validation, sustainability claims, and supplier reliability. Together, these perspectives
illustrate the challenges and practical considerations necessary for effective strain selection and prod-
uct implementation. Created in BioRender. Diaz Santos, E. (2025) https://BioRender.com/8wya7ti,
accessed on 19 March 2025.

In summary, while the upscaling of microalgae and cyanobacteria cultivation is con-
strained by technical and economic barriers, it also presents a promising frontier for sustain-
able agriculture and industrial biotechnology. With continued innovation in system design,
strain selection, process automation, and bioproduct valorization, these microorganisms
have the potential to become foundational components of resilient, resource-efficient, and
climate-smart production systems.

7. Conclusions
The present review highlights the significant potential of microalgae and cyanobacteria

as multifunctional biological resources in agriculture. Their diverse roles as biofertiliz-

https://BioRender.com/8wya7ti
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ers, biostimulants, and biocontrol agents provide multiple agronomic benefits, including
the improvement of nutrient availability, enhancement of plant growth and yield, and
reinforcement of tolerance to biotic and abiotic stresses. At the same time, these microor-
ganisms contribute to broader sustainability goals through nutrient recycling, carbon
sequestration, and a measurable reduction in the dependence on synthetic fertilizers and
pesticides. Their capacity to generate a wide variety of bioactive compounds, such as
phytohormones, exopolysaccharides, and allelochemicals, underscores their versatility and
makes them promising candidates for integration into environmentally friendly farming
systems. Together, these findings confirm their relevance as key drivers in the transition
toward sustainable and resilient agriculture.

Nevertheless, the translation of laboratory findings into large-scale applications re-
mains limited. Several critical challenges must be addressed before their potential can be
fully realized. Future research should prioritize:

1. Scalable cultivation systems—the development of cost-effective and energy-efficient
production platforms, ideally integrating waste streams and renewable resources to
minimize costs and environmental impact.

2. Formulation and delivery strategies—optimizing stable, field-ready formulations
(e.g., encapsulation, consortia-based inoculants, or liquid suspensions) that ensure
consistent performance under variable agronomic conditions.

3. Mechanistic understanding—advancing molecular and physiological studies to clarify
the interactions between plants and microalgae/cyanobacteria, thereby identifying
the key pathways responsible for plant growth promotion and stress alleviation.

4. Regulatory frameworks and standardization—establishing clear guidelines for safety,
efficacy testing, and product approval to accelerate the transition from experimental
studies to market-ready solutions.

5. Integration into circular economy models—exploring their role in waste valoriza-
tion, nutrient recovery, and soil regeneration as part of holistic and climate-smart
farming practices.

Overall, microalgae and cyanobacteria should not be regarded merely as alternative
agricultural inputs but as integral components of next-generation, nature-based agricultural
strategies. By coupling mechanistic research with technological innovation and policy de-
velopment, their promise can be translated into scalable, commercially viable applications
that contribute to global food security while reducing environmental impact.

Author Contributions: Conceptualization, E.D.-S.; Manuscript writing—original draft preparation,
A.J.-F., L.G.H.-M., G.T.-C. and E.D.-S.; writing—review and editing, G.T.-C. and E.D.-S.; manuscript su-
pervision, G.T.-C. and E.D.-S.; A.J.-F. and L.G.H.-M. contributed equally to this work. The manuscript
was corrected, revised, and approved by all authors. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Acknowledgments: Figures 1–3 were created using BioRender (URL: https://www.biorender.com/;
accessed on 19 March 2025). During the preparation of this manuscript, the authors used the GenAI
tools: Google Translator (URL: https://translate.google.com; accessed on 27 March 2025), ChatGPT
(GPT-4.5 Orion) and DeepL Write (URL: https://www.deepl.com/es/write; accessed on 16 May
2025) for the purposes of improving some English expressions. The authors have reviewed and
edited the output and take full responsibility for the content of this publication.

https://www.biorender.com/
https://translate.google.com
https://www.deepl.com/es/write


Agriculture 2025, 15, 1842 22 of 29

Conflicts of Interest: Author Gloria Torres-Cortes was employed by the company Innoplant S.L.
The remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References
1. FAO. The Future of Food and Agriculture—Drivers and Triggers for Transformation; FAO: Rome, Italy, 2022.
2. Ren, C.G.; Kong, C.C.; Liu, Z.Y.; Zhong, Z.H.; Yang, J.C.; Wang, X.L.; Qin, S. A Perspective on Developing a Plant ‘Holobiont’ for

Future Saline Agriculture. Front. Microbiol. 2022, 13, 763014. [CrossRef]
3. Singh, A. Soil Salinization Management for Sustainable Development: A Review. J. Environ. Manag. 2021, 277, 111383. [CrossRef]
4. Cuevas, J.; Daliakopoulos, I.N.; Del Moral, F.; Hueso, J.J.; Tsanis, I.K. A Review of Soil-Improving Cropping Systems for Soil

Salinization. Agronomy 2019, 9, 295. [CrossRef]
5. Brito-Lopez, C.; Van Der Wielen, N.; Barbosa, M.; Karlova, R. Plant Growth-Promoting Microbes and Microalgae-Based

Biostimulants: Sustainable Strategy for Agriculture and Abiotic Stress Resilience. Philos. Trans. R. Soc. B Biol. Sci. 2025,
380, 20240251. [CrossRef]

6. Banerjee, S.; van der Heijden, M.G.A. Soil Microbiomes and One Health. Nat. Rev. Microbiol. 2023, 21, 6–20. [CrossRef]
7. Crystal-Ornelas, R.; Thapa, R.; Tully, K.L. Soil Organic Carbon Is Affected by Organic Amendments, Conservation Tillage, and

Cover Cropping in Organic Farming Systems: A Meta-Analysis. Agric. Ecosyst. Environ. 2021, 312, 107356. [CrossRef]
8. Raihan, A. A Review of Climate Change Mitigation and Agriculture Sustainability through Soil Carbon Sequestration. J. Agric.

Sustain. Environ. 2023, 2, 23–56. [CrossRef]
9. Gonzalez-Gonzalez, L.M.; de-Bashan, L.E. The Potential of Microalgae–Bacteria Consortia to Restore Degraded Soils. Biology

2023, 12, 693. [CrossRef] [PubMed]
10. Ramakrishnan, B.; Maddela, N.R.; Venkateswarlu, K.; Megharaj, M. Potential of Microalgae and Cyanobacteria to Improve Soil

Health and Agricultural Productivity: A Critical View. Environ. Sci. Adv. 2023, 2, 586–611. [CrossRef]
11. Alvarez, A.L.; Weyers, S.L.; Goemann, H.M.; Peyton, B.M.; Gardner, R.D. Microalgae, Soil and Plants: A Critical Review of

Microalgae as Renewable Resources for Agriculture. Algal Res. 2021, 54, 102200. [CrossRef]
12. Chauton, M.S.; Reitan, K.I.; Norsker, N.H.; Tveterås, R.; Kleivdal, H.T. A Techno-Economic Analysis of Industrial Production

of Marine Microalgae as a Source of EPA and DHA-Rich Raw Material for Aquafeed: Research Challenges and Possibilities.
Aquaculture 2015, 436, 95–103. [CrossRef]

13. Spinola, M.V.; Díaz-Santos, E. Microalgae Nutraceuticals: The Role of Lutein in Human Health. In Microalgae Biotechnology for
Food, Health and High Value Products; Springer: Singapore, 2020.

14. León-Bañares, R.; González-Ballester, D.; Galván, A.; Fernández, E. Transgenic Microalgae as Green Cell-Factories. Trends
Biotechnol. 2004, 22, 45–52. [CrossRef]

15. Osathanunkul, M.; Thanaporn, S.; Karapetsi, L.; Nteve, G.M.; Pratsinakis, E.; Stefanidou, E.; Lagiotis, G.; Avramidou, E.;
Zorxzobokou, L.; Tsintzou, G.; et al. Diversity of Bioactive Compounds in Microalgae: Key Classes and Functional Applications.
Mar. Drugs 2025, 23, 222. [CrossRef]

16. Maurya, N.; Sharma, A.; Sundaram, S. The Role of PGPB-Microalgae Interaction in Alleviating Salt Stress in Plants. Curr. Microbiol.
2024, 81, 1–14. [CrossRef] [PubMed]

17. Chiaiese, P.; Corrado, G.; Colla, G.; Kyriacou, M.C.; Rouphael, Y. Renewable Sources of Plant Biostimulation: Microalgae as a
Sustainable Means to Improve Crop Performance. Front. Plant Sci. 2018, 871, 1782. [CrossRef] [PubMed]

18. Farda, B.; Djebaili, R.; Sabbi, E.; Pagnani, G.; Cacchio, P.; Pellegrini, M. Isolation and Characterization of Cyanobacteria and
Microalgae from a Sulfuric Pond: Plant Growth-Promoting and Soil Bioconsolidation Activities. AIMS Microbiol. 2024, 10, 944–972.
[CrossRef]

19. Farmonaut® Agriculture Biologicals Market: 2025 Growth & Research Guide. Available online: https://farmonaut.com/news/
agriculture-biologicals-market-2025-growth-research (accessed on 14 July 2025).

20. du Jardin, P. Plant Biostimulants: Definition, Concept, Main Categories and Regulation. Sci. Hortic. 2015, 196, 3–14. [CrossRef]
21. Barkia, I.; Saari, N.; Manning, S.R. Microalgae for High-Value Products towards Human Health and Nutrition. Mar. Drugs 2019,

17, 304. [CrossRef]
22. Vangenechten, B.; De Coninck, B.; Ceusters, J. How to Improve the Potential of Microalgal Biostimulants for Abiotic Stress

Mitigation in Plants? Front. Plant Sci. 2025, 16, 1568423. [CrossRef]
23. Tyagi, J.; Ahmad, S.; Malik, M. Nitrogenous Fertilizers: Impact on Environment Sustainability, Mitigation Strategies, and

Challenges. Int. J. Environ. Sci. Technol. 2022, 19, 11649–11672. [CrossRef]
24. Lorenzi, A.S.; Chia, M.A. Cyanobacteria’s Power Trio: Auxin, Siderophores, and Nitrogen Fixation to Foster Thriving Agriculture.

World J. Microbiol. Biotechnol. 2024, 40, 1–18. [CrossRef]

https://doi.org/10.3389/fmicb.2022.763014
https://doi.org/10.1016/j.jenvman.2020.111383
https://doi.org/10.3390/agronomy9060295
https://doi.org/10.1098/rstb.2024.0251
https://doi.org/10.1038/s41579-022-00779-w
https://doi.org/10.1016/j.agee.2021.107356
https://doi.org/10.56556/jase.v2i2.783
https://doi.org/10.3390/biology12050693
https://www.ncbi.nlm.nih.gov/pubmed/37237506
https://doi.org/10.1039/D2VA00158F
https://doi.org/10.1016/j.algal.2021.102200
https://doi.org/10.1016/j.aquaculture.2014.10.038
https://doi.org/10.1016/j.tibtech.2003.11.003
https://doi.org/10.3390/md23060222
https://doi.org/10.1007/s00284-024-03805-7
https://www.ncbi.nlm.nih.gov/pubmed/39012372
https://doi.org/10.3389/fpls.2018.01782
https://www.ncbi.nlm.nih.gov/pubmed/30581447
https://doi.org/10.3934/microbiol.2024041
https://farmonaut.com/news/agriculture-biologicals-market-2025-growth-research
https://farmonaut.com/news/agriculture-biologicals-market-2025-growth-research
https://doi.org/10.1016/j.scienta.2015.09.021
https://doi.org/10.3390/md17050304
https://doi.org/10.3389/fpls.2025.1568423
https://doi.org/10.1007/s13762-022-04027-9
https://doi.org/10.1007/s11274-024-04191-9


Agriculture 2025, 15, 1842 23 of 29

25. Nawaz, T.; Saud, S.; Gu, L.; Khan, I.; Fahad, S.; Zhou, R. Cyanobacteria: Harnessing the Power of Microorganisms for Plant
Growth Promotion, Stress Alleviation, and Phytoremediation in the Era of Sustainable Agriculture. Plant Stress 2024, 11, 100399.
[CrossRef]

26. Mignoni, D.S.B.; Nonato, J.D.S.; Alves, J.S.; Michelon, W.; de Oliveira Nunes, E.; Pandolfi, J.R.; Luchessi, A.D. Agriculture
application, comparison, and functional association between macrophytes and microalgae: A review. Discov. Agric. 2025, 3, 1–17.
[CrossRef]

27. Bhardwaj, D.; Ansari, M.W.; Sahoo, R.K.; Tuteja, N. Biofertilizers Function as Key Player in Sustainable Agriculture by Improving
Soil Fertility, Plant Tolerance and Crop Productivity. Microb. Cell Fact. 2014, 13, 1–10. [CrossRef]

28. Prasanna, R.; Sood, A.; Ratha, S.K.; Singh, P.K. Cyanobacteria as a “Green” Option for Sustainable Agriculture. In Cyanobacteria:
An Economic Perspective; John Wiley & Sons Inc.: Hoboken, NJ, USA, 2013.

29. Ferreira, A.; Bastos, C.R.V.; Marques-dos-Santos, C.; Acién-Fernandez, F.G.; Gouveia, L. Algaeculture for Agriculture: From Past
to Future. Front. Agron. 2023, 5, 1064041. [CrossRef]

30. Miranda, A.M.; Hernandez-Tenorio, F.; Villalta, F.; Vargas, G.J.; Sáez, A.A. Advances in the Development of Biofertilizers and
Biostimulants from Microalgae. Biology 2024, 13, 199. [CrossRef] [PubMed]

31. Rifna, E.J.; Rajauria, G.; Dwivedi, M.; Tiwari, B.K. Circular Economy Approaches for the Production of High-Value Polysaccharides
from Microalgal Biomass Grown on Industrial Fish Processing Wastewater: A Review. Int. J. Biol. Macromol. 2024, 254, 126887.
[CrossRef]

32. Álvarez-González, A.; Uggetti, E.; Serrano, L.; Gorchs, G.; Ferrer, I.; Díez-Montero, R. Can Microalgae Grown in Wastewater
Reduce the Use of Inorganic Fertilizers? J. Environ. Manag. 2022, 323, 116224. [CrossRef] [PubMed]

33. Yuan, H.; Huang, P.; Yu, J.; Wang, P.; Jiang, H.B.; Jiang, Y.; Deng, S.; Huang, Z.; Yu, J.; Zhu, W. Efficient Wastewater Treatment and
Biomass Co-Production Using Energy Microalgae to Fix C, N, and P. RSC Adv. 2025, 15, 14030–14041. [CrossRef] [PubMed]

34. Asimakis, E.; Shehata, A.A.; Eisenreich, W.; Acheuk, F.; Lasram, S.; Basiouni, S.; Emekci, M.; Ntougias, S.; Taner, G.; May-Simera,
H.; et al. Algae and Their Metabolites as Potential Bio-Pesticides. Microorganisms 2022, 10, 307. [CrossRef]

35. Chaïb, S.; Pistevos, J.C.A.; Bertrand, C.; Bonnard, I. Allelopathy and Allelochemicals from Microalgae: An Innovative Source for
Bio-Herbicidal Compounds and Biocontrol Research. Algal Res. 2021, 54, 1–15. [CrossRef]

36. Nur, M.M.A.; Mahreni; Murni, S.W.; Setyoningrum, T.M.; Hadi, F.; Widayati, T.W.; Jaya, D.; Sulistyawati, R.R.E.; Puspitaningrum,
D.A.; Dewi, R.N.; et al. Innovative Strategies for Utilizing Microalgae as Dual-Purpose Biofertilizers and Phycoremediators in
Agroecosystems. Biotechnol. Rep. 2025, 45, e00870.

37. Onyeaka, H.; Miri, T.; Obileke, K.C.; Hart, A.; Anumudu, C.; Al-Sharify, Z.T. Minimizing Carbon Footprint via Microalgae as a
Biological Capture. Carbon. Capture Sci. Technol. 2021, 1, 1–14. [CrossRef]
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