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Review Article

Abstract

Modern agriculture requires approaches that sustain crop productivity while reducing environmental burdens associated with
intensive synthetic inputs. This review examines microalgae as multifunctional biological resources for sustainable agriculture, with
emphasis on their roles as biofertilisers, biostimulants, biopesticides, soil amendments, and agents of bioremediation. Microalgal
and cyanobacterial biomass can contribute to nutrient availability through biological nitrogen fixation, phosphorus and potassium
mobilisation, and the delivery of macro- and micronutrients. Their metabolites, including phytohormones, polysaccharides, amino
acids, vitamins, and antioxidant compounds, can support plant growth and stress responses. Microalgae also produce bioactive
substances with potential applications in disease, insect, nematode, and weed management. In soils, microalgal biomass and
exopolysaccharides can support aggregation, moisture retention, organic carbon inputs, and microbial activity, while microalgae-
derived biochar provides an additional soil-amendment option. Microalgal systems may also assist in the removal of nutrients,
heavy metals, and selected organic pollutants from contaminated soils and agricultural wastewater, with treated effluents and
residual biomass offering opportunities for resource recycling. Open raceway ponds and closed photobioreactors provide contrasting
production options, although large-scale cultivation costs, formulation stability, and variable field performance remain important
constraints. Overall, the reviewed evidence supports the integration of microalgal technologies within circular agricultural systems,
while further work is needed to improve production efficiency, application consistency, and practical scalability.
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1. Introduction

Modern agriculture faces the critical challenge of increasing crop yields while safeguarding the environment to ensure long-term
global sustainability. Although synthetic fertilisers and high-yielding crop varieties have historically expanded the global food
supply, a continuous reliance on these hazardous chemicals prioritises immediate yields at the expense of ecosystem health (Chittora
et al., 2023; Ahmad Kamal et al., 2024). Consequently, sustainable farming frameworks urgently require renewable, biologically
derived alternatives to contribute to integrated nutrient management (Cakirsoy et al., 2022).

Microalgae, photosynthetic microorganisms, offer a viable and elegant multi-functional solution through biological carbon capture,
serving as sustainable biofertilisers, biostimulants, and biodegradable bioprotectants that support a circular bioeconomy (Kabato et
al., 2025). Recent studies further indicate that edaphic microalgae can contribute to soil aggregation, nutrient cycling, and carbon
sequestration, supporting their consideration in climate-smart agricultural systems (Swami et al., 2025). Cyanobacteria can also
contribute to agricultural nutrient management through biological nitrogen fixation, including heterocyst-associated nitrogenase
activity in nitrogen-fixing taxa (Pandey & Shallu, 2020). Recent syntheses describe microalgal bioinputs as multifunctional tools
that combine soil conditioning, plant biostimulation, nutrient recycling, and phycoremediation, while continuing to identify
production cost and scale-up as important implementation constraints (da Gama et al., 2025; Nur et al., 2025; Wang et al., 2026).
However, the evidence addressed across this field remains distributed among biomass production, nutrient mobilisation,
biostimulation, biopesticidal activity, soil amendment, and bioremediation, creating a need for an integrated synthesis that connects
these functions within a single sustainable-agriculture framework. This review explores the potential and strategic integration of
microalgae into modern agricultural systems to sustain crop productivity while concurrently alleviating the ecological degradation
driven by the intensive use of synthetic agro-inputs.

2. Characteristics of Microalgae

Microalgae comprise a diverse group of photosynthetic microorganisms, encompassing both eukaryotic protists such as green algae
(division Chlorophyta), diatoms (class Bacillariophyceae), euglenoids (class Euglenophyceae), and dinoflagellates (division
Dinophyta), and prokaryotic cyanobacteria (divisions Cyanophyta and Prochlorophyta). These organisms exist either as solitary
unicellular forms or as simple multicellular assemblies, with cellular dimensions typically spanning from 1 to 400 pm (Alvarez et
al.,2021; Bossa et al., 2024). Due to their remarkably broad physiological tolerance to fluctuations in salinity, temperature, and pH,
microalgae successfully colonise a vast spectrum of ecological niches, including aquatic, terrestrial, and subaerial habitats (Alvarez
et al.,2021; Reza-Solis et al., 2023).

Functionally, most microalgae operate as photoautotrophs, utilising a photosynthetic apparatus similar to that of higher plants to
convert solar energy into chemical energy (Reza-Solis et al., 2023). They possess minimal nutritional requirements for growth and
development, occupy a small physical footprint, and can be easily cultivated at scale (Costa et al., 2019). Throughout their active
growth phases, distinct cellular metabolic pathways drive the synthesis and accumulation of an array of complex molecules.
Consequently, microalgae serve as a prolific bio-resource for both primary and secondary metabolites, which are synthesised and
sequentially exuded at specific stages of their physiological life cycle (Lam et al., 2012).

3. Microalgal Biomass Production

Microalgal cultivation functions as an efficient bioremediation and carbon-capture method, reducing global warming by capturing
atmospheric carbon dioxide (CO:) (Kazbar et al, 2019). Utilising nutrient-dense municipal and industrial wastewater as a
cultivation medium economically optimises large-scale biomass production (Ummalyma et al., 2023; Osorio-Reyes et al., 2023).
This strategy lowers the cost of nutrient supplies while simultaneously purifying polluted water systems. Currently, microalgal
production is mainly carried out in either open raceway ponds (ORPs) or closed photobioreactors (PBRs).

3.1 Microalgal Biomass Production Methods
3.1.1 Open Raceway Ponds (ORPs)

Open raceway ponds (ORPs) are the most widely used commercial systems for large-scale microalgal farming because they are
simple to operate and highly cost-effective (Ryu ef al., 2019). These shallow outdoor pools are usually kept at a depth of about 30
cm and use a motorised paddle wheel to keep the mixture of cells, water, and nutrients constantly moving around a looped track
(Karthikeyan et al., 2016).

As they rely entirely on natural sunlight, ORPs require much lower initial setup and daily operating expenses than closed systems.
However, their open-air design creates significant environmental and biological challenges. ORPs suffer from heavy water loss
through evaporation and poor temperature control, causing erratic changes in the growing environment. Additionally, exposure to
the atmosphere creates a high risk of contamination from competing or predatory microbes, which severely limits the specific types
of microalgae that can be successfully grown (Cenciani et al., 2011; Udayan ef al., 2022).

3.1.2 Closed Photobioreactors (PBRs)

Photobioreactors use enclosed, engineered designs made from transparent materials such as glass, acrylic, or polycarbonate to
eliminate the environmental risks of open ponds. PBRs enable precise management of crucial growing conditions, such as pH,
temperature, light levels, and nutrient feeds (Cenciani ef al., 2011). Modern advancements also include PBRs with self-forming
dynamic membranes that allow for simultaneous biomass growth and automated harvesting (Senatore et al., 2022).
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By preventing contamination, PBRs are ideal for maintaining pure monocultures and producing high-value bioproducts such as
specialised pigments (carotenoids and xanthophylls), pure proteins, and polyunsaturated fatty acids (Manu et al., 2024). The main
disadvantage of closed PBRs is their higher installation, engineering, and operational costs compared to ORPs (Cenciani et al.,
2011).

3.2 Phases of Microalgal Biomass Production

The core steps involved in microalgal biomass production are: (a) strain selection and inoculum preparation, (b) cultivation system
setup, (c) harvesting, (d) drying and stabilisation, and (e) extraction and downstream processing (Singh et al., 2025). Downstream
processing is used to turn liquid microalgae cultures into solids. This step usually accounts for 20-30% of the total production cost
(Silva & Silva, 2013). Methods used in downstream processing include centrifugation, drum drying, and lyophilisation (freeze-
drying) to obtain a solid form of the algae (Ronga et al., 2019).

4. Application of Microalgae in Agriculture

Microalgae play a pivotal role in sustainable agriculture, serving as multifunctional agents that enhance both soil and crop health
(Parmar et al., 2023; Song et al., 2022).

4.1 Microalgae as Biofertiliser

Microalgae-based biofertilisers consist of formulations containing either active algal biomass or viable cells. When inoculated into
the plant-soil system, they augment nutrient availability and stimulate crop productivity (Parmar et al., 2023). Rich in proteins,
amino acids, lipids, polysaccharides, vitamins, and minerals, this biomass delivers essential macro- and micronutrients, particularly
nitrogen (N), phosphorus (P), and potassium (K) (Sarkar et al., 2023). The primary and most widespread agricultural application of
microalgae is their deployment as functional biofertilisers (Gongalves, 2021).

4.1.1 Nitrogen Fixation

Nitrogen fixation is the second most vital process in crop production after photosynthesis. Cyanobacteria enhance soil fertility by
transforming inert atmospheric nitrogen (N2) into plant-absorbable ammonium (NHa4) (Alvarez et al., 2021). However, the driving
nitrogenase enzyme complex is highly oxygen-sensitive, requiring specialised evolutionary strategies to overcome the oxygen
paradox during oxygenic photosynthesis (Stal, 2015). Cyanobacteria manage this through three distinct mechanisms: spatial
separation, where heterocystous strains (e.g., Anabaena spp.) isolate nitrogenase inside thick-walled heterocysts; temporal
separation, where non-heterocystous strains (e.g., Lyngbya spp.) photosynthesise by day and fix nitrogen by night; or a sophisticated
combination of both spatial and temporal separation (e.g., Trichodesmium spp.) (Issa et al., 2014).

Biological nitrogen fixation is highly optimised through cyanobacterial applications, notably in the Azolla-Anabaena symbiosis,
which fixes 20-30 kg N ha™! and significantly enhances rice nitrogen uptake (Bhuvaneshwari & Singh, 2015). Similarly, free-living
consortia (e.g., Nostoc entophytum and Oscillatoria angustissima) boost crop growth and germination by combining direct nitrogen
fixation with elevated endogenous nitrate reductase activity (Osman et al., 2010). Conversely, while non-fixing eukaryotic
microalgae (e.g., Chlorella, Scenedesmus, Nannochloropsis) lack nitrogenase complexes, they function as high-efficiency, slow-
release organic fertilisers. These matrices gradually mineralise organic nitrogen (demonstrating rates of 25-31%), which effectively
prevents nutrient leaching while accelerating early seedling development and matching the biomass yields of full synthetic
fertilisation regimes (Pérez et al., 2023).

4.2 Phosphorus Solubilisation and Mobilisation

Soil phosphorus predominantly exists in insoluble inorganic (e.g., apatite) or organic complexes (e.g., inositol phosphates,
phosphomonoesters, and phosphotriesters), limiting plant accessibility (Mahanty et al, 2017). Phosphate-solubilising
microorganisms (PSMs), including specific microalgae, efficiently mobilise these fixed pools, delivering up to eight
times more bioavailable phosphorus than conventional chemical alternatives and boosting crop P uptake by 3- to 4.4-fold (Bossa et
al., 2024; Kabato et al., 2025). This mobilisation is driven by distinct mechanisms: microalgae exude organic acids to
lower rhizosphere pH or utilise photosynthetic CO. fixation to raise it, dissolving inorganic complexes and calcium-bound
phosphates (Sun et al., 2026). Concurrently, they secrete extracellular enzymes to mineralise organic phosphorus compounds
(Markou et al., 2014). Furthermore, microalgae optimise internal nutrient efficiency via "luxury uptake" polyphosphate storage
and establish mutualistic consortia with native soil PSMs to accelerate overall nutrient cycling (Cakirsoy et al., 2022; Sun et al.,
2026).

4.3 Potassium Solubilisation and Mobilisation

Despite its abundance, 90-98% of soil potassium is sequestered within insoluble mineral matrices like feldspar, mica, and illite,
making it inaccessible for direct plant uptake (Sattar ef al., 2019). Microalgal biofertilisers have emerged as a sustainable strategy to
mobilise these mineral reserves. The potassium content varies significantly across microalgal species; for instance, Phaeodactylum
tricornutum accumulates the highest K content at 2.4% w/w, while other common strains range between 0.7% and 1.8% w/w
(Parmar et al., 2023). Foliar application of Arthrospira and Scenedesmus extracts elevated K content by 12% and 10%, respectively,
in Petunia x hybrida compared to untreated controls (Plaza et al., 2018).
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4.4 Bioavailability of other Macro and Micronutrients

Microalgae serve as biogenic reservoirs for secondary macronutrients and trace elements, with their agronomic efficacy determined
by growth phase and biochemical composition (Parmar et al., 2023). Microalgal filtrates significantly enhance crop biomass and
mineral uptake through the synchronised release of soluble nutrients and extracellular signalling compounds (Kholssi ez al., 2019).
During the active growth phase, microalgae accumulate higher concentrations of proteins, amino acids (arginine, histidine,
ornithine), and key minerals (Mg, Mn, Fe, Zn) compared to the stationary phase (Sandgruber et al., 2023). To counteract iron
deficiency in aerated soils with a pH above 7.0, microalgae secrete low-molecular-weight siderophores that chelate and solubilise
fixed Fe** ions for plant assimilation (Parmar ef al., 2023). Additionally, while standard cellular calcium ranges from 0.1% to 2.9%
w/w, specific species such as Tetraselmis chuii (2.99% w/w) and Phaeodactylum tricornutum (2.91% w/w) exhibit notable hyper-
accumulation traits, enhancing their utility as functional biofertilisers (Di Lena et al., 2020).

5. Microalgae as Biostimulants

Microalgae synthesise a diverse array of biologically active compounds, including phytohormones, amino acids, polypeptides,
functional polysaccharides, phenolics, terpenoids, and extracellular polymeric substances (EPS) that enhance crop productivity by
optimising nutrient assimilation pathways and fortifying plant defence mechanisms (Gongalves, 2021; Parmar ef al., 2023). Due to
this inherent biostimulatory efficacy, several prominent microalgal genera, such as Chlorella spp., Arthrospira platensis (Spirulina),
Acutodesmus spp., Scenedesmus spp., Dunaliella spp., and Calothrix elenkinii, have been extensively commercialised as agricultural
biostimulants to improve overall crop performance and agroecological resilience (Ronga ef al., 2019; Colla & Rouphael, 2020).

5.1 Phytohormones

Microalgae possess the endogenous capacity to biosynthesise a complex network of primary plant growth regulators including
auxins, cytokinins, gibberellins, ethylene, brassinosteroids, and defence elicitors (salicylic and jasmonic acids), making them potent
agricultural biostimulants (Tarakhovskaya et al., 2007; Kapoore et al., 2021). Biochemically, these phytohormones modulate critical
physiological processes: initiating seed germination, promoting cellular elongation in roots and shoots, and enhancing antioxidant
systems to mitigate environmental stress (Chabili et al, 2024). The phytohormone content in microalgal biomass is highly
dependent on the specific genotype, cultivation dynamics, and extraction methods (Plaza et al., 2018).

Quantitative profiling shows significant strain-dependent variation, with indole-3-acetic acid (IAA) ranging from 0.18 to 99.83 nmol
g dry weight (DW) across various green microalgae, and brassinosteroids reaching up to 977.8 pg g™' DW in charophytes (Stirk e?
al., 2013; Kapoore et al., 2021). Exogenous application of these microalgal and cyanobacterial extracts triggers major phenotypic
improvements in crops; for instance, Phormidium strains accelerate wheat seedling root and shoot elongation by up to 21% through
synergistic hormone action (Mazhar & Hasnain, 2011), while foliar applications of Chlorella sp. on tomato stimulate early
flowering and increase both fruit size and total yield via codependent auxin and exopolysaccharide pathways (Gitau et al., 2022).
Volatile ethylene production is predominantly localised in cyanobacterial lineages, including Synechococcus, Anabaena, Nostoc,
Calothrix, Scytonema, and Cylindrospermum (Lu & Xu, 2015).

5.2 Polysaccharides

Polysaccharides synthesised both intracellularly and extracellularly by eukaryotic microalgae, including Chlorella spp.,
Porphyridium cruentum, Tetraselmis spp., and Dunaliella salina, function as potent biostimulants and vital signalling ligands in
plants (Chanda et al., 2019; Moreira et al., 2022). These carbohydrate polymers accelerate structural root development, enhance
trace mineral bioavailability via natural chelation pathways, and improve photosynthetic efficiency by upregulating Rubisco
synthesis. Furthermore, microalgal polysaccharides fortify crops against both biotic and abiotic stresses while mitigating oxidative
damage by boosting endogenous antioxidant enzyme activities to actively neutralise reactive oxygen species (ROS) toxicity
(Chanda et al., 2019).

5.3 Other Bioactive Biostimulants

Microalgal biomass acts as a diverse repository of plant growth promoters (PGPs), including essential amino acids, vitamins, and
antioxidants, that collectively optimise crop ontogeny, improve photosynthetic pathways, and delay leaf senescence (Chiaiese et al.,
2018; Chabili et al., 2024). As bioavailable organic nitrogen sources, microalgae-derived free amino acids (such as tryptophan and
arginine) serve as critical metabolic precursors for the biosynthesis of indole-3-acetic acid (IAA), salicylic acid, and polyamines,
driving major vegetative and reproductive growth advancements across diverse crops like papaya, tomato, and squash (Chiaiese et
al., 2018; Guedes et al., 2018). Concurrently, microalgae synthesise robust vitamin matrices—with high concentrations of vitamin C
(up to 191 mg kg! in Tetraselmis suecica) and major B-complex vitamins (Edelmann ez al., 2019). When paired with primary
antioxidant pigments (such as a-/B-carotene, fucoxanthin, phenolic acids, and flavonoids like kaempferol), these complexes act as
natural photoprotective sunscreens that safeguard cellular machinery against oxidative stress and destructive UV-B radiation
(Alemu & Roro, 2020; Sirohi et al., 2022).

6. Microalgae as Biopesticides
Microalgae synthesise diverse allelopathic chemicals that function as potent algicides, fungicides, herbicides, insecticides, and

nematicides (Alvarez et al., 2021). Notably, microalgal species such as Chlorella vulgaris, Chlorella fusca, and Scenedesmus spp.
have demonstrated significant biopesticidal activity (Bileva, 2013).
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6.1 Disease Management

The extracellular metabolites of Nostoc muscorum and Oscillatoria sp. have reduced the mycelial growth of Alternaria porri by
20.37% and 36.34%, respectively, outperforming other tested cyanobacterial species such as Anabaena oryzae, Arthrospira sp., and
Nostoc minutum. This pronounced fungicidal activity is primarily attributed to high concentrations of phenolic compounds and
alkaloids within these two species (Abdel-Hafez ef al., 2015). Furthermore, species including Anabaena laxa, Anabaena variabilis,
Nostoc spp., and Calothrix elenkinii synthesise cell wall-degrading enzymes, such as chitosanase, f-1,4-glucanase, and B-1,3-
glucanase, which degrade the structural integrity of pathogens like Pythium aphanidermatum (Natarajan et al., 2013).

Cyanobacteria secrete extracellular polysaccharides (EPS) and antimicrobial compounds that suppress pathogen growth. For
instance, Nostoc spp. and Nodularia harveyana produce cyclic compounds, including 4,4'-dihydroxybiphenyl, norharmane, and
diterpenoids, which exhibit robust antibacterial properties (Volk & Furkert, 2006). Beyond directly targeting fungal pathogens,
microalgal and cyanobacterial extracts fortify endogenous plant defence mechanisms. They stimulate the activity of host hydrolytic
enzymes, including endochitinases (f-N-acetylhexosaminidase, chitin-1,4-p-chitobiosidase, and endoglucanase B-1,3-glucanase),
polyphenol oxidase, and peroxidase (POD) (Roberti et al., 2015).

6.2 Insect Management

Cyanobacteria synthesise key secondary metabolites and enzymes, such as polyphenol oxidase, chitinase, and phenylalanine, which
confer insecticidal properties (Renuka et al., 2018). Additionally, cyanobacterial biofilms form a physical and biochemical
protective barrier on plants against pest infestations (Thapa ez al., 2017). Microalgal biopesticides disrupt both the larval and adult
stages of pests. This insecticidal action is driven by specific amines, sesquiterpenes, and alkaloids. For example, compounds isolated
from the genus Fischerella include 12-epi-hapalindole C isonitrile and hapalindole (Hernandez-Carlos & Gamboa-Angulo, 2011).

6.3 Nematode Management

Among these bioactive compounds, Anatoxin-A functions as a potent neurotoxin that binds irreversibly to acetylcholine receptors,
inducing continuous muscle contractions that ultimately immobilise nematode pests (Mankiewicz et al., 2003). Multiple
cyanobacterial and microalgal species such as Oscillatoria chlorina, Aulosira fertilissima, Spirulina platensis, and Amphora
coffeaeformis exhibit distinct nematicidal activity against destructive soil-borne nematodes, such as root-knot nematodes
(Meloidogyne arenaria, Meloidogyne incognita) and Xiphinema index (Bileva, 2013).

Soil application of Chlorella vulgaris successfully suppresses nematode proliferation, mitigates root gall formation, and enhances
overall root and shoot architecture. Similarly, microalgae-derived secondary metabolites, such as hexamethyl phenol,
methoxyphenyl compounds, and flavonoids, inhibit nematode reproduction and decrease gall formation in Cucumis sativus roots,
while concurrently boosting fruit yield and quality (El-Eslamboly ef al., 2019).

6.4 Weed Management

Microalgae hold immense potential for sustainable weed management due to their ability to exude allelochemicals that disrupt seed
germination, root elongation, and critical physiological pathways in weed species. For example, extracts from Chlorella vulgaris
inhibit the germination of specific grassy weeds, while metabolites synthesised by Scenedesmus species suppress the root growth of
competing vegetation (Singh et al., 2019).

Cyanobacteria such as Anabaena and Nostoc release allelopathic substances that effectively hinder the establishment of weed
seedlings in rice fields (Casanova et al., 2023). Consequently, microalgal allelochemicals serve as viable, eco-friendly alternatives
to synthetic herbicides because they are rapidly biodegradable and minimise non-target toxicity in the environment (Casanova et al.,
2023).

7. Microalgae as Soil Amendments

Microalgae function as natural soil conditioners that improve the physical and chemical properties of agricultural lands by
contributing substantial biomass and organic compounds to boost structure, moisture retention, and overall fertility (Osorio-Reyes et
al., 2023). Within edaphic microbial ecosystems, they represent a highly influential group, accounting for approximately 27% of the
total microbial biomass and serving as sensitive bioindicators of land use (Grzesik & Romanowska-Duda, 2014; Abinandan et al.,
2019). Targeted inoculation with cyanobacterial genera such as Nostoc and Anabaena dynamically optimises nutrient balances and
organic carbon content to elevate soil productivity (Singh et al., 2016). Furthermore, during cellular growth and subsequent
decomposition, microalgae release exopolysaccharides (EPSs) that expand soil organic carbon pools, yielding a readily available
substrate that accelerates broader heterotrophic microbial proliferation (Tiwari et al., 2019).

7.1 Microalgae-mediated Soil Aggregation

Microalgae-mediated soil aggregation is fundamental to optimising soil oxygen levels, structural porosity, and moisture retention
dynamics (Song et al., 2022). Following cell division, these microorganisms secrete sticky, mucilaginous sheaths that physically
cement disparate soil particles into stable structural macrostructures. This biological binding significantly enhances pore space
connectivity, which accelerates water infiltration rates, maximises water-holding capacity, and improves root-zone aeration.
Consequently, the stabilised soil matrix displays robust resistance against both wind and water erosion, fostering efficient nutrient
cycling and superior seed germination kinetics compared to individual unaggregated soil particles (Rossi & De Philippis, 2015).
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7.2 Microalgal Exopolysaccharides (EPS) as Edaphic Modifiers

Microalgal exopolysaccharides (EPSs) released during cellular decomposition act as potent soil modifiers that elevate organic
carbon pools and stimulate the metabolic activity of soil microbiota (Tiwari et al, 2019). Biochemically, these biocompatible
polymers physically cement loose soil particles to mitigate erosion, while cyanobacterial EPS fractions optimise macro-aggregation
and water retention to enhance nutrient bioavailability and buffer excess salts in salinity-affected soils (Rossi & De Philippis, 2015).
However, excessive EPS accumulation poses a distinct risk of bioclogging by obstructing soil pore networks, which severely
suppresses porosity and hydraulic conductivity, a phenomenon highly pronounced in fine-textured clay substrates (Kabato et al.,
2025). To prevent detrimental compaction and overly dense aggregation within clay matrices, the co-incorporation of structural
organic amendments, such as straw, is highly recommended during application (Kabato et al., 2025).

7.3 Dynamics of Microalgae in Biological Soil Crusts (BSCs)

Biological Soil Crusts (BSCs) are complex microbial networks of algae, fungi, lichens, and bryophytes that act as essential
ecosystem engineers in dryland environments (Gufwan et al., 2025; Yang et al., 2025). In arid zones where vascular plants are
sparse, BSCs serve as a primary ground cover spanning 40% to 70% of the soil surface, where they aggregate loose soil particles to
stabilise the soil profile, mitigate erosion, enhance water retention, and accelerate nutrient cycling and carbon storage (Rodriguez-
Caballero et al., 2018; Gufwan et al., 2025). Regulated by soil moisture availability, these crusts range from under 1 mm in pioneer
stages to 1-5 mm in mature cyanobacterial or green-algal matrices, gradually driving ecological succession towards moss- and
lichen-dominated states as ecosystems transition from semiarid to humid conditions (Xiao et al., 2016).

7.4 Microalgae-derived Biochar as a Structural Amendment

Converting microalgal biomass into biochar represents a sustainable strategy that locks photosynthetically sequestered carbon into a
stable matrix for long-term storage (Fernandez et al., 2025). Due to an inherent richness in carbohydrates, proteins, lipids, and
nucleic acids, microalgae yield high-quality biochar whose agricultural efficacy depends on its specific physical and chemical
properties (Lee et al., 2020). Synthesised via low-temperature, low-oxygen pyrolysis, this carbon-dense material exhibits high
nutrient content and a robust ion-exchange capacity that improves long-term soil health while serving as an effective seed growth
stimulant (Bi & He, 2022; Dziosa & Makowska, 2025). Furthermore, this stable structural amendment doubles as an efficient
bioremediation tool, demonstrating high performance in adsorbing pollutants from both air and wastewater streams (Fernandez et
al., 2025).

8. Bioremediation using Microalgae

Microalgae have gained significant research interest for the remediation of heavy metal pollution due to their ubiquity, cost-
effectiveness, high pollutant-removal efficiency, and eco-friendly nature. Compared to higher plants, microalgae offer distinct
physiological advantages, including accelerated growth rates and a simplified, non-toxic remediation pathway (Leong & Chang,
2020). Concurrently, microalgal systems are increasingly integrated into wastewater treatment processes. Beyond environmental
remediation, microalgal cultivation yields high-value bioproducts including natural pigments and polyunsaturated fatty acids, while
generating nutrient-dense biomass suitable for aquaculture feedstocks (Srimongkol et al., 2022).

8.1 Bioremediation of Contaminated Soil

Microalgae effectively immobilise and accumulate heavy metals such as cadmium (Cd), lead (Pb), copper (Cu), and zinc (Zn) from
contaminated soil matrices via coordinated bioaccumulation and biosorption mechanisms. The microalgal cell wall matrix is highly
enriched with polysaccharides, proteins, and lipids, which present abundant functional groups (including carboxyl, hydroxyl, and
amino groups) that chemically bind heavy metal ions and significantly minimise their bioavailability in the soil. Notably, Chlorella
vulgaris and Scenedesmus sp. have demonstrated high extraction efficiencies for Cd and Pb from contaminated substrates (Leong &
Chang, 2020).

Furthermore, microalgae degrade organic pollutants including synthetic pesticides, total petroleum hydrocarbons, and polycyclic
aromatic hydrocarbons (PAHs) through the secretion of extracellular enzymes and the generation of reactive oxygen species (ROS).
This enzymatic degradation not only detoxifies the soil matrix but also stimulates indigenous soil microbial activity. For instance,
the robust degradation of recalcitrant herbicides like atrazine has been documented in species such as Chlorella pyrenoidosa and
Scenedesmus obliquus (Chakraborty et al., 2025).

Ultimately, microalgae-mediated bioremediation represents an environmentally sustainable and economically viable strategy that
minimises the necessity for synthetic chemical soil amendments. Unlike conventional physicochemical cleanups, this biological
approach mitigates secondary pollution risks, preserves soil health, and generates valuable residual biomass for biofertiliser or
bioenergy applications (Abdelfattah et al., 2023; Lee et al., 2020).

8.2 Agricultural Wastewater Treatment

The agricultural sector stands as both the primary consumer of global freshwater and the largest generator of wastewater discharges
(Mateo-Sagasta et al., 2013). Livestock production, in particular, generates substantial volumes of runoff heavily enriched with
phosphorus and nitrogen, primarily in the form of phytotoxic ammonia. Beyond these primary macronutrients, agricultural effluents
frequently contain residual pesticides, antibiotics, and other specialised animal pharmaceuticals. Runoff of unabsorbed manure
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nutrients into nearby aquatic ecosystems poses a significant risk of eutrophication, emphasising the critical need for advanced
agricultural wastewater treatment technologies (P16hn et al., 2021).

Driven by rapid urbanisation, industrial expansion, and agricultural intensification, global wastewater volumes are systematically
projected to increase by 24% by 2030 and 51% by 2050 (Qadir et al., 2020). Microalgae-centric treatment systems offer a
sustainable alternative to conventional engineering technologies, which are typically energy-intensive, yield excessive chemical
sludge, and release significant greenhouse gases (Abdelfattah et al., 2023).

Microalgae rapidly assimilate nitrogenous compounds (ammonia, nitrates) and orthophosphates from agricultural effluents,
effectively lowering the overall nutrient load and chemical oxygen demand (COD). This remediation pathway prevents aquatic
eutrophication while capturing and recycling discarded nutrients into functional biomass. Species such as Chlorella vulgaris,
Scenedesmus obliquus, and Arthrospira platensis have demonstrated exceptional nitrogen and phosphorus removal dynamics from
livestock effluents and aquaculture wastewater (Ferro ef al., 2018; Zhang et al., 2013).

8.3 Utilisation of Microalgae-treated Wastewater for Irrigation

Effluents treated via microalgal systems retain safe, highly bioavailable fractions of nitrogen, phosphorus, and essential trace
minerals. When systematically reused for agricultural irrigation, this treated water enhances edaphic fertility and promotes
crop productivity. Empirical studies indicate that crops irrigated with microalgae-mediated wastewater exhibit superior
vegetative growth, higher yields, and improved post-harvest quality due to the additional supply of recycled nutrients (Xu et al.,
2019).

Utilising microalgae-treated wastewater for irrigation directly displaces the requirement for synthetic mineral fertilisers, fostering a
highly sustainable, closed-loop circular nutrient economy. Additionally, the residual microalgal biomass harvested after the water
treatment phase can be applied directly to the field as an organic soil amendment, providing organic matter and enhancing soil
aggregate stability (Srimongkol et al, 2022; Zhang et al, 2013). This irrigation paradigm simultaneously conserves
valuable freshwater reserves and minimises nutrient leaching into natural water bodies. The strategic integration of
microalgal bioreactors into commercial farming operations offers a financially viable, multi-functional framework that
achieves concurrent wastewater purification, biomass production, and nutrient-rich water recycling (P16hn et al., 2021; Ferro et al.,
2018).

9. Conclusion and Future Perspectives

Microalgae represent a pivotal, multi-functional cornerstone for the transition towards resilient, eco-efficient, and climate-smart
food production systems. By restoring native soil structure, enhancing nutrient bioavailability, and deploying biodegradable
biopesticides, these microorganisms effectively mitigate global reliance on hazardous synthetic agrochemicals. Beyond direct
agronomic benefits, integrating microalgae into farming frameworks fulfils the mandates of a circular bioeconomy. Their dual
capacity to recover essential nutrients from industrial wastewater streams and sequester atmospheric carbon dioxide converts
ecological liabilities into high-value biomass and bioactive co-products.

However, translating this biological potential into widespread commercial viability requires overcoming critical bottlenecks.
Current systemic constraints include prohibitive large-scale cultivation costs, unstable commercial formulations, and inconsistent
performance across variable open-field environments. To bridge this gap, immediate research priorities must focus on advancing
high-density cultivation technologies, refining downstream processing, and utilising genetic strain selection to optimise
environmental resilience. Ultimately, addressing these technical hurdles will establish microalgae as an economically viable and
ecologically indispensable pathway for global sustainable agriculture.

10. Limitation

This review synthesises evidence across diverse microalgal functions rather than evaluating a single crop, species, production
system, or application method. The available evidence is distributed across biomass production, nutrient mobilisation,
biostimulation, biopesticidal activity, soil amendment, and bioremediation, which limits direct comparison among studies. In
addition, large-scale cultivation costs, formulation instability, and variable open-field performance constrain assessment of broad
commercial applicability. Further comparative and field-based work is therefore needed to establish consistent performance across
agricultural settings.

Declaration of AI Use

This manuscript was prepared through the intellectual contributions of the author(s) to the study design, data analysis, interpretation
of results, and scholarly content. Grammarly and ChatGPT were used solely to assist with grammatical refinement and reference
formatting during manuscript revision. The author(s) accept full responsibility for the accuracy, integrity, and final content of the
manuscript.

Competing Interests

Authors have declared that no competing interests exist.

257



Kalaisri and Sridevi; Int. J. Plant Soil Sci., vol. 38, no. 10, pp. 251-262, 2026, Article no.lJPSS.166670

References

Abdelfattah, A., Ali, S. S., Ramadan, H., El-Aswar, E. L., Eltawab, R., Ho, S.-H., Elsamahy, T., Li, S., El-Sheekh, M. M., Schagerl,
M., Kornaros, M., & Sun, J. (2023). Microalgae-based wastewater treatment: Mechanisms, challenges, recent advances, and
future prospects. Environmental Science and Ecotechnology, 13, 100205. https://doi.org/10.1016/j.ese.2022.100205

Abdel-Hafez, S. 1. 1., Abo-Elyousr, K. A. M., & Abdel-Rahim, 1. R. (2015). Fungicidal activity of extracellular products of
cyanobacteria against  Alternaria  porri. European Journal of  Phycology, 50(2), 239-245.
https://doi.org/10.1080/09670262.2015.1028105

Abinandan, S., Subashchandrabose, S. R., Venkateswarlu, K., & Megharaj, M. (2019). Soil microalgae and cyanobacteria: The
biotechnological potential in the maintenance of soil fertility and health. Critical Reviews in Biotechnology, 39(8), 981-998.
https://doi.org/10.1080/07388551.2019.1654972

Ahmad Kamal, A. H., Mohd Hamidi, N. F., Zakaria, M. F., Ahmad, A., Harun, M. R., Chandra Segaran, T., & Jusoh, M. (2024).
Genetically engineered microalgae for enhanced bioactive compounds. Discover Applied Sciences, 6(9), 482.
https://doi.org/10.1007/s42452-024-06116-5

Alemu, S., & Roro, A. G. (2020). Ultraviolet-B, end of day light and exclusion effect on photosynthetic efficiency of sweet potato
(Ilpomoea batatas L.) based on altitude. Journal of Horticulture and Postharvest Research, 3(Special Issue), 1-10.
https://doi.org/10.22030/jhpr.2020.428.1187

Alvarez, A. L., Weyers, S. L., Goemann, H. M., Peyton, B. M., & Gardner, R. D. (2021). Microalgae, soil and plants: A critical
review of microalgae as renewable resources for agriculture.  Algal  Research, 54, 102200.
https://doi.org/10.1016/j.algal.2021.102200

Bhuvaneshwari, K., & Singh, P. K. (2015). Response of nitrogen-fixing water fern Azolla biofertilization to rice crop. 3 Biotech,
5(4), 523-529. https://doi.org/10.1007/s13205-014-0251-8 | PMCID: PMC4522727.

Bi, Z., & He, B. B. (2022). Biochar from microalgae. In E. Jacob-Lopes, L. Q. Zepka, I. A. Severo, & M. M. Maroneze (Eds.), 3rd
Generation Biofuels (pp. 613-637). Woodhead Publishing. https://doi.org/10.1016/B978-0-12-823295-7.00028-2

Bileva, T. (2013). Influence of green algaec Chlorella vulgaris on infested with Xiphinema index grape seedlings. Journal of Earth
Science & Climatic Change, 4(2), 136. https://doi.org/10.4172/2157-7617.1000136

Bossa, R., Di Colandrea, M., Salbitani, G., & Carfagna, S. (2024). Phosphorous utilization in microalgae: Physiological aspects and
applied implications. Plants, 13(15), 2127. https://doi.org/10.3390/plants13152127

Cakirsoy, 1., Miyamoto, T., & Ohtake, N. (2022). Physiology of microalgae and their application to sustainable agriculture: A mini-
review. Frontiers in Plant Science, 13, 1005991. https://doi.org/10.3389/fpls.2022.1005991

Casanova, L. M., Macrae, A., de Souza, J. E., Neves Junior, A., & Vermelho, A. B. (2023). The potential of allelochemicals from
microalgae for biopesticides. Plants, 12(9), 1896. https://doi.org/10.3390/plants12091896

Cenciani, K., Bittencourt-Oliveira, M. C., Feigl, B. J., & Cerri, C. C. (2011). Sustainable production of biodiesel by microalgae and
its  application in  agriculture.  African  Journal  of  Microbiology  Research,  5(26), 4638-4645.
https://doi.org/10.5897/AJMR11.773

Chabili, A., Minaoui, F., Hakkoum, Z., Douma, M., Meddich, A., & Loudiki, M. (2024). A comprehensive review of microalgae
and cyanobacteria-based biostimulants for agriculture uses. Plants, 13(2), 159. https://doi.org/10.3390/plants13020159

Chakraborty, S., Talukdar, A., Dey, S., & Bhattacharya, S. (2025). Role of fungi, bacteria and microalgae in bioremediation of
emerging pollutants with special reference to pesticides, heavy metals and pharmaceuticals. Discover Environment, 3(1), 91.
https://doi.org/10.1007/s44274-025-00217-7

Chanda, M. J., Merghoub, N., & El Arroussi, H. (2019). Microalgae polysaccharides: The new sustainable bioactive products for the
development of plant bio-stimulants? World Journal of Microbiology and Biotechnology, 35(11), 177.
https://doi.org/10.1007/s11274-019-2752-4

Chiaiese, P., Corrado, G., Colla, G., Kyriacou, M. C., & Rouphael, Y. (2018). Renewable sources of plant biostimulation:
Microalgae as a sustainable means to improve crop performance. Frontiers in Plant Science, 9, 1782.
https://doi.org/10.3389/pls.2018.01782

Chittora, D., Parveen, T., Yadav, J., Meena, B. R., Jain, T., & Sharma, K. (2023). Harmful impact of synthetic fertilizers on growing
agriculture and environment. Global Journal of Pharmacy & Pharmaceutical Sciences, 11(1), 555804.
https://doi.org/10.19080/GJPPS.2023.11.555804

Colla, G., & Rouphael, Y. (2020). Microalgae: New source of plant biostimulants. Agronomy, 10(9), 1240.
https://doi.org/10.3390/agronomy 10091240

Costa, J. A. V., Freitas, B. C. B., Cruz, C. G., Silveira, J., & Morais, M. G. (2019). Potential of microalgae as biopesticides to
contribute to sustainable agriculture and environmental development. Journal of Environmental Science and Health, Part B,
54(5), 366-375. https://doi.org/10.1080/03601234.2019.1571366

da Gama, R. C. N, de Siqueira Castro, J., Marangon, B. B., de Jesus Junior, M. M., Ribeiro, V. J., da Silva, J., & Calijuri, M. L.
(2025). Microalgae bioinputs as disruptive technology for a sustainable agriculture: A systematic and bibliometric review.
Journal of Environmental Chemical Engineering, 13(2), 116034. https://doi.org/10.1016/j.jece.2025.116034

Di Lena, G., Casini, 1., Lucarini, M., Sanchez del Pulgar, J., Aguzzi, A., Caproni, R., Gabrielli, P., & Lombardi-Boccia, G. (2020).
Chemical characterization and nutritional evaluation of microalgal biomass from large-scale production: A comparative
study of five species. European Food Research and Technology, 246(2), 323-332. https://doi.org/10.1007/s00217-019-
03346-5

258


https://doi.org/10.1016/j.ese.2022.100205
https://www.google.com/search?q=https://doi.org/10.1080/09670262.2015.1018973
https://doi.org/10.1080/07388551.2019.1654972
https://doi.org/10.1007/s42452-024-06116-5
https://doi.org/10.22030/jhpr.2020.428.1187
https://doi.org/10.1016/j.algal.2021.102200
https://doi.org/10.1007/s13205-014-0251-8
https://www.google.com/search?q=https://doi.org/10.1016/B978-0-12-823295-7.00028-2
https://doi.org/10.4172/2157-7617.1000136
https://doi.org/10.3390/plants13152127
https://www.google.com/search?q=https://doi.org/10.3389/fpls.2022.1005991
https://www.google.com/search?q=https://doi.org/10.3390/plants12091896
https://doi.org/10.5897/AJMR11.773
https://doi.org/10.3390/plants13020159
https://doi.org/10.1007/s44274-025-00217-7
https://doi.org/10.1007/s11274-019-2752-4
https://doi.org/10.3389/fpls.2018.01782
https://doi.org/10.19080/GJPPS.2023.11.555804
https://www.google.com/search?q=https://doi.org/10.3390/agronomy10091240
https://doi.org/10.1080/03601234.2019.1571366
https://doi.org/10.1007/s00217-019-03346-5
https://doi.org/10.1007/s00217-019-03346-5

Kalaisri and Sridevi; Int. J. Plant Soil Sci., vol. 38, no. 10, pp. 251-262, 2026, Article no.lJPSS.166670

Dziosa, K., & Makowska, M. (2025). Biochar from Chlorella sp. algae as a plant growth activator. Scientific Reports, 15(1), 20700.
https://doi.org/10.1038/s41598-025-07851-4

Edelmann, M., Aalto, S., Chamlagain, B., Kariluoto, S., & Piironen, V. (2019). Riboflavin, niacin, folate and vitamin B12 in
commercial — microalgae  powders.  Journal of Food  Composition and  Analysis, 82,  103226.
https://doi.org/10.1016/j.jfca.2019.103226

El-Eslamboly, A. A. S. A., Abd El-Wanis, M. M., & Amin, A. W. (2019). Algal application as a biological control method of root-
knot nematode Meloidogyne incognita on cucumber under protected culture conditions and its impact on yield and fruit
quality. Egyptian Journal of Biological Pest Control, 29, 18. https://doi.org/10.1186/s41938-019-0122-z

Fernandez, L. A., Medellin, C.N.A., Sanchez,P.M., Navarro, F.A.E., & Vilaso, C.J.E. (2025). Algal-based carbonaceous materials
for environmental remediation: Advances in wastewater treatment, carbon sequestration, and biofuel applications. Processes,
13(2), 556. https://doi.org/10.3390/pr13020556

Ferro, L., Gentili, F. G., & Funk, C. (2018). Isolation and characterization of microalgal strains for biomass production and
wastewater reclamation in northern Sweden. Algal Research, 32, 44-53. https://doi.org/10.1016/j.algal.2018.03.007

Gitau, M. M., Farkas, A., Ordog, V., & Mardti, G. (2022). Evaluation of the biostimulant effects of two Chlorophyta microalgae on
tomato (Solanum lycopersicum). Journal of Cleaner Production, 364, 132689.
https://doi.org/10.1016/j.jclepro.2022.132689

Gongalves, A. L. (2021). The use of microalgae and cyanobacteria in the improvement of agricultural practices: A review on their
biofertilising, biostimulating and biopesticide roles. Applied Sciences, 11(2), 871.
https://doi.org/10.3390/app11020871

Grzesik, M., & Romanowska-Duda, Z. (2014). Improvements in germination, growth, and metabolic activity of corn seedlings by
grain conditioning and root application with cyanobacteria and microalgae. Polish Journal of Environmental Studies, 23(4),
1147-1153. https://www.pjoes.com/Improvements-in-Germination-Growth-r-nand-Metabolic-Activity-of-Corn-Seedlings-
1%2C89291%2C0%2C2.html

Guedes, W. A., Aratjo, R. H. C. R., Rocha, J. L. A,, Lima, J. F., Dias, G. A., Oliveira, A. M. F,, Lima, R. F., & Oliveira, L. M.
(2018). Production of papaya seedlings using Spirulina platensis as a biostimulant applied on leaf and root. Journal of
Experimental Agriculture International, 28(1), 1-9. https://doi.org/10.9734/JEA1/2018/45053

Gufwan, L. A., Peng, L., Gufwan, N. M., Lan, S., & Wu, L. (2025). Enhancing soil health through biocrusts: A microbial ecosystem
approach for degradation control and restoration. Microbial Ecology, 88, 8. https://doi.org/10.1007/s00248-025-02504-5

Hernandez-Carlos, B., & Gamboa-Angulo, M. M. (2011). Metabolites from freshwater aquatic microalgae and fungi as potential
natural pesticides. Phytochemistry Reviews, 10(2), 261-286.
https://doi.org/10.1007/s11101-010-9184-7

Issa, A. A., Abd-Alla, M. H., & Ohyama, T. (2014). Nitrogen fixing cyanobacteria: Future prospect. In T. Ohyama (Ed.), Advances
in Biology and Ecology of Nitrogen Fixation. IntechOpen. https://doi.org/10.5772/58356

Kabato, W. S., Hailegnaw, N., Chaffamo, T. E., Samuel, A., De Silva, A. G. S. D., & Molnar, Z. (2025). Microalgae-based
strategies for soil health and crop productivity: Mechanisms, challenges, and pathways to climate-resilient agriculture.
Agronomy, 15(11), 2669. https://doi.org/10.3390/agronomy15112669

Kapoore, R. V., Wood, E. E., & Llewellyn, C. A. (2021). Algae biostimulants: A critical look at microalgal biostimulants for
sustainable agricultural practices. Biotechnology Advances, 49, 107754.
https://doi.org/10.1016/j.biotechadv.2021.107754

Karthikeyan, D., Muthukumaran, M., & Balakumar, B. S. (2016). Mass cultivation of microalgae in open raceway pond for biomass
and biochemicals production. International Journal of Advanced Research in Biological Sciences, 3(2), 247-260.

Kazbar, A., Cogne, G., Urbain, B., Marec, H., Le-Gouic, B., Tallec, J., Takache, H., Ismail, A., & Pruvost, J. (2019). Effect of
dissolved oxygen concentration on microalgal culture in photobioreactors. Algal Research, 39, 101432.
https://doi.org/10.1016/j.algal.2019.101432

Kholssi, R., Marks, E. A. N., Mifion, J., Montero, O., Debdoubi, A., & Rad, C. (2019). Biofertilizing effect of Chlorella sorokiniana
suspensions on wheat growth. Journal of  Plant Growth Regulation, 38(2), 644-649.
https://doi.org/10.1007/s00344-018-9883-0

Lam, M. K., & Lee, K. T. (2012). Immobilization as a feasible method to simplify the separation of microalgae from water for
biodiesel production. Chemical Engineering Journal, 191, 263-268. https://doi.org/10.1016/j.cej.2012.03.003

Lee, X. J,, Ong, H. C., Gan, Y. Y., Chen, W. H., & Mahlia, T. M. L. (2020). State of art review on conventional and advanced
pyrolysis of macroalgae and microalgae for biochar, bio-oil and bio-syngas production. Energy Conversion and
Management, 210, 112707. https://doi.org/10.1016/j.enconman.2020.112707

Leong, Y. K., & Chang, J. S. (2020). Bioremediation of heavy metals using microalgae: Recent advances and mechanisms.
Bioresource Technology, 303, 122886. https://doi.org/10.1016/j.biortech.2020.122886

Lu, Y., & Xu, J. (2015). Phytohormones in microalgae: A new opportunity for microalgal biotechnology? Trends in Plant Science,
20(5), 273-282.
https://doi.org/10.1016/j.tplants.2015.01.006

Mabhanty, T., Bhattacharjee, S., Goswami, M., Bhattacharyya, P., Das, B., Ghosh, A., & Tribedi, P. (2017). Biofertilizers: A
potential approach for sustainable agriculture development. Environmental Science and Pollution Research, 24(4), 3315—
3335. https://doi.org/10.1007/s11356-016-8104-0

Mankiewicz, J., Tarczynska, M., Walter, Z., & Zalewski, M. (2003). Natural toxins from cyanobacteria. Acta Biologica
Cracoviensia Series Botanica, 45(2), 9-20. https://abcbot.pl/pdf/45 2/01 manki.pdf

259


https://doi.org/10.1038/s41598-025-07851-4
https://www.google.com/search?q=https://doi.org/10.1016/j.jfca.2019.103226
https://doi.org/10.1186/s41938-019-0125-x
https://www.google.com/search?q=https://doi.org/10.3390/pr13020556
https://www.google.com/search?q=https://doi.org/10.1016/j.algal.2018.03.007
https://doi.org/10.1016/j.jclepro.2022.132689
https://doi.org/10.3390/app11020871
https://www.pjoes.com/Improvements-in-Germination-Growth-r-nand-Metabolic-Activity-of-Corn-Seedlings-r%2C89291%2C0%2C2.html
https://www.pjoes.com/Improvements-in-Germination-Growth-r-nand-Metabolic-Activity-of-Corn-Seedlings-r%2C89291%2C0%2C2.html
https://doi.org/10.9734/JEAI/2018/45053
https://doi.org/10.1007/s00248-025-02504-5
https://doi.org/10.1007/s11101-010-9184-7
https://www.google.com/search?q=https://doi.org/10.5772/58356
https://doi.org/10.3390/agronomy15112669
https://www.google.com/search?q=https://doi.org/10.1016/j.biotechadv.2021.107754
https://doi.org/10.1016/j.algal.2019.101432
https://doi.org/10.1007/s00344-018-9883-0
https://www.google.com/search?q=https://doi.org/10.1016/j.cej.2012.03.003
https://www.google.com/search?q=https://doi.org/10.1016/j.enconman.2020.112707
https://doi.org/10.1016/j.biortech.2020.122886
https://doi.org/10.1016/j.tplants.2015.01.006
https://doi.org/10.1007/s11356-016-8104-0
https://abcbot.pl/pdf/45_2/01_manki.pdf

Kalaisri and Sridevi; Int. J. Plant Soil Sci., vol. 38, no. 10, pp. 251-262, 2026, Article no.lJPSS.166670

Manu, L., Mokolensang, J. F., Gunawan, W. B., Setyawardani, A., Salindeho, N., & Syahputra, R. A. (2024). Photobioreactors are
beneficial for mass cultivation of microalgae in terms of areal efficiency, climate implications, and metabolites content.
Journal of Agriculture and Food Research, 18, 101282.
https://doi.org/10.1016/j.jafr.2024.101282

Markou, G., Vandamme, D., & Muylaert, K. (2014). Microalgal and cyanobacterial cultivation: The supply of nutrients. Water
Research, 65, 186-202. https://doi.org/10.1016/j.watres.2014.07.025

Mateo-Sagasta, J., Medlicott, K., Qadir, M., Raschid-Sally, L., Drechsel, P., & Liebe, J. (2013). Proceedings of the UN-Water
project on the safe use of wastewater in agriculture. UN-Water Decade Programme on Capacity Development.
https://www.ais.unwater.org/ais/pluginfile.php/62/course/section/29/proceedings-no-11_WEB.pdf

Mazhar, S., & Hasnain, S. (2011). Screening of native plant growth promoting cyanobacteria and their impact on Triticum aestivum
var. Uqab 2000 growth. African Journal of Agricultural Research, 6(17), 3988—3993. https://doi.org/10.5897/AJAR11.560

Moreira, J. B., Vaz, B. S., Cardias, B. B., Cruz, C. G., Almeida, A. C. A., Costa, J. A. V., & de Morais, M. G. (2022). Microalgae
polysaccharides: An alternative source for food production and sustainable agriculture. Polysaccharides, 3(2), 441-457.
https://doi.org/10.3390/polysaccharides3020027

Natarajan, C., Prasanna, R., Gupta, V., Ramakrishnan, B., & Nain, L. (2013). Evaluating the potential of cyanobacteria as inoculants
for Cicer arietinum (chickpea). Journal of Basic Microbiology, 53(3), 231-241.
https://doi.org/10.1002/jobm.201100539

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., Hadiyanto, & Hasanuzzaman, M. (2025). Innovative strategies for utilizing microalgae
as dual-purpose biofertilizers and phycoremediators in agroecosystems. Biotechnology Reports, 45, ¢00870.
https://doi.org/10.1016/j.btre.2024.¢00870

Osman, M. E. H., El-Sheekh, M. M., El-Naggar, A. H., & Gheda, S. F. (2010). Effect of two species of cyanobacteria as
biofertilizers on some metabolic activities, growth, and yield of pea plant. Biology and Fertility of Soils, 46(8), 861-875.
https://doi.org/10.1007/s00374-010-0495-z

Osorio-Reyes, J. G., Valenzuela-Amaro, H. M., Pizafia-Aranda, J. J., Ramirez-Gamboa, D., Meléndez-Sanchez, E. R., Lopez-
Arellanes, M. E., Castafieda-Antonio, M. D., Coronado-Apodaca, K. G., Gomes Araujo, R., Sosa-Hernandez, J. E.,
Melchor-Martinez, E. M., Igbal, H. M. N., Parra-Saldivar, R., & Martinez-Ruiz, M. (2023). Microalgae-based
biotechnology as alternative biofertilizers for soil enhancement and carbon footprint reduction: Advantages and implications.
Marine Drugs, 21(2), 93. https://doi.org/10.3390/md21020093

Pandey, N., & Shallu. (2020). Cyanobacteria act as nitrogen-fixing organisms: A review. Asian Journal of Plant and Soil Sciences,
5(1), 9-17. https://doi.org/10.56557/ajopss/2020/v5i120

Parmar, P., Kumar, R., Neha, Y., & Srivatsan, V. (2023). Microalgae as next generation plant growth additives: Functions,
applications, challenges and circular bioeconomy based solutions. Frontiers in Plant Science, 14, 1073546.
https://doi.org/10.3389/fpls.2023.1073546

Pérez, F. J., Diaz, R., Valdés, G., Valdebenito-Rolack, E., & Hansen, F. (2023). Effects of microalgae and compost on the yield of
cauliflower grown in low nutrient soil. Chilean Journal of Agricultural Research, §83(2), 181-194.
https://doi.org/10.4067/S0718-58392023000200181

Plaza, B. M., Gémez-Serrano, C., Acién-Fernandez, F. G., & Jimenez-Becker, S. (2018). Effect of microalgae hydrolysate foliar
application (Arthrospira platensis and Scenedesmus sp.) on Petunia x hybrida growth. Journal of Applied Phycology, 30(4),
2359-2365. https://doi.org/10.1007/s10811-018-1422-7

P16hn, M., Spain, O., & Funk, C. (2021). Wastewater treatment by microalgae: A review. Physiologia Plantarum, 173(2), 534-548.
https://doi.org/10.1111/ppl.13539

Qadir, M., Drechsel, P., Jiménez Cisneros, B., Kim, Y., Pramanik, A., Mehta, P., & Olaniyan, O. (2020). Global and regional
potential of wastewater as a water, nutrient and energy source. Natural Resources Forum, 44(1), 40-51.
https://doi.org/10.1111/1477-8947.12187

Renuka, N., Guldhe, A., Prasanna, R., Singh, P., & Bux, F. (2018). Microalgae as multi-functional options in modern agriculture:
Current trends, prospects and challenges. Biotechnology Advances, 36(4), 1255-1273.
https://doi.org/10.1016/j.biotechadv.2018.04.004

Reza-Solis, H. A., Hernandez-Rodriguez, O. A., Martinez-Rosales, A. F., & Ojeda-Barrios, D. L. (2023). Applications of
microalgae in five areas of biotechnology. Phyton-International Journal of Experimental Botany, 92(10), 2737-2759.
https://doi.org/10.32604/phyton.2023.029851

Roberti, R., Galletti, S., Burzi, P., Righini, H., Cetrullo, S., & Perez, C. (2015). Induction of defence responses in zucchini
(Cucurbita pepo) by Anabaena sp. water extract. Biological Control, 82, 61-68.
https://doi.org/10.1016/j.biocontrol.2014.12.007

Rodriguez-Caballero, E., Belnap, J., Biidel, B., Crutzen, P. J., Andreae, M. O., Pdschl, U., & Weber, B. (2018). Dryland
photoautotrophic soil surface communities endangered by global change. Nature Geoscience, 11(3), 185-189.
https://doi.org/10.1038/s41561-018-0072-1

Ronga, D., Biazzi, E., Parati, K., Carminati, D., Carminati, E., & Tava, A. (2019). Microalgal biostimulants and biofertilisers in
crop productions. Agronomy, 9(4), 192. https://doi.org/10.3390/agronomy9040192

Rossi, F., & De Philippis, R. (2015). Cyanobacterial exopolysaccharides: Their nature and role in soil aggregation and stabilization.
FEMS Microbiology Reviews, 39(6), 912-933. https://doi.org/10.1093/femsre/fuv036

260


https://www.google.com/search?q=https://doi.org/10.1016/j.jafr.2024.101282
https://www.google.com/search?q=https://doi.org/10.1016/j.watres.2014.07.025
https://www.ais.unwater.org/ais/pluginfile.php/62/course/section/29/proceedings-no-11_WEB.pdf
https://doi.org/10.5897/AJAR11.560
https://doi.org/10.3390/polysaccharides3020027
https://doi.org/10.1002/jobm.201100539
https://doi.org/10.1007/s00374-010-0495-z
https://doi.org/10.3390/md21020093
https://doi.org/10.3389/fpls.2023.1073546
https://doi.org/10.4067/S0718-58392023000200181
https://www.google.com/search?q=https://doi.org/10.1007/s10811-018-1422-7
https://doi.org/10.1111/ppl.13539
https://doi.org/10.1111/1477-8947.12187
https://doi.org/10.1016/j.biotechadv.2018.04.004
https://doi.org/10.32604/phyton.2023.029851
https://www.google.com/search?q=https://doi.org/10.1016/j.biocontrol.2014.12.007
https://doi.org/10.1038/s41561-018-0072-1
https://doi.org/10.3390/agronomy9040192
https://www.google.com/search?q=https://doi.org/10.1093/femsre/fuv036

Kalaisri and Sridevi; Int. J. Plant Soil Sci., vol. 38, no. 10, pp. 251-262, 2026, Article no.lJPSS.166670

Ryu, K. H., Lee, J. Y., Heo, S., & Lee, J. H. (2019). Improved microalgae production by using a heat supplied open raceway pond.
Industrial & Engineering Chemistry Research, 58(23), 10100-10108.
https://doi.org/10.1021/acs.iecr.9b01511

Sandgruber, F., Gielsdorf, A., Schenz, B., Miiller, S. M., Schwerdtle, T., Lorkowski, S., Griehl, C., & Dawczynski, C. (2023).
Variability in macro- and micronutrients of 15 rarely researched microalgae. Marine Drugs, 21(6), 355.
https://doi.org/10.3390/md21060355

Sarkar, D., Chhaya, R. S., Singh, L., & Wagner, D. R. (2023). Microalgae enhanced biological crop nutrition granules (U.S. Patent
No. 11,542,212). U.S. Patent and Trademark Office.

Sattar, A., Naveed, M., Ali, M., Zahir, Z. A., Nadeem, S. M., Yaseen, M., Meena, V. S., Farooq, M., Singh, R., Rahman, M., &
Meena, H. N. (2019). Perspectives of potassium solubilizing microbes in sustainable food production system: A review.
Applied Soil Ecology, 133, 146—159. https://doi.org/10.1016/j.aps0il.2018.09.012

Senatore, V., Oliva, G., Buonerba, A., Zarra, T., Borea, L., Hasan, S. W., Belgiorno, V., & Naddeo, V. (2022). An integrated algal
membrane photobioreactor as a green-transition technology for the carbon capture and utilization. Journal of Environmental
Chemical Engineering, 10(2), 107344. https://doi.org/10.1016/j jece.2022.107344

Silva, C. E., & Silva, C. M. (2013). Microalgae-based biodiesel: Economic analysis of downstream process realistic scenarios.
Bioresource Technology, 136, 617-625. https://doi.org/10.1016/j.biortech.2013.03.047

Singh, A., Kaushik, M.S., Srivastava, M., Tiwari, D. N., & Mishra, A.K. (2016). Siderophore mediated attenuation of cadmium
toxicity by paddy field cyanobacterium  Anabaena oryzae. Algal  Research, 16, 63-68.
https://doi.org/10.1016/j.algal.2016.03.003

Singh, A., Kumar, A., Yadav, S., & Singh, LK. (2019). Reactive oxygen species-mediated signaling during abiotic stress. Plant
Gene, 18, 100173.
https://doi.org/10.1016/j.plgene.2019.100173

Singh, R., Gaur, A., Soni, P., Jain, R., Pant, G., Kumar, D., Kumar, G., Shamshuddin, S. Z. M., Mubarak, N. M., Dehghani, M. H.,
Suhas, & Ansari, K. (2025). A review of biofuels and bioenergy production as a sustainable alternative: Opportunities,
challenges and future perspectives. Journal of Environmental Health Science and Engineering, 23(2), 23.
https://doi.org/10.1007/s40201-025-00946-0

Sirohi, P., Verma, H., Singh, S. K., Singh, V. K., Pandey, J., Khusharia, S., Kumar, D., Kaushalendra, Teotia, P., & Kumar, A.
(2022). Microalgal carotenoids: Therapeutic application and latest approaches to enhance the production. Current Issues in
Molecular Biology, 44(12), 6257-6279. https://doi.org/10.3390/cimb44120427

Song, X., Bo, Y., Feng, Y., Tan, Y., Zhou, C., Yan, X., Ruan, R., Xu, Q., & Cheng, P. (2022). Potential applications for
multifunctional microalgae in soil improvement. Frontiers in  Environmental Science, 10, 1035332.
https://doi.org/10.3389/fenvs.2022.1035332

Srimongkol, P., Sangtanoo, P., Songserm, P., Watsuntorn, W., & Karnchanatat, A. (2022). Microalgae-based wastewater treatment
for developing economic and environmental sustainability: Current status and future prospects. Frontiers in Bioengineering
and Biotechnology, 10, 904046. https://doi.org/10.3389/fbioe.2022.904046

Stal, L.J.  (2015). Nitrogen  fixation in  cyanobacteria. In eLS. John Wiley &  Sons, Ltd.
https://doi.org/10.1002/9780470015902.20020299.pub2

Stirk, W. A., C)rdég, V., Noviak, O., Rol¢ik, J., Strnad, M., Balint, P., & van Staden, J. (2013). Auxin and cytokinin relationships in
24 microalgal strains. Journal of Phycology, 49(3), 459-467. https://doi.org/10.1111/jpy.12061

Sun, Z., Liu, X., Ugya, A. Y., Liu, H., Sun, L., & Luo, G. (2026). Microalgae and cyanobacteria as a tool for agricultural
sustainability: A review of biofertilizer and biostimulant potential. Frontiers in Plant Science, 16, 1733394.
https://doi.org/10.3389/fpls.2025.1733394

Swami, S., Lallawmkimi, M. C., Singh, V., Yadav, K. K., Alagendran, S., Koushal, S., & Lairenjam, G. (2025). Harnessing edaphic
microalgae for soil carbon sequestration and climate-smart agriculture. Archives of Current Research International, 25(3),

155-171. https://doi.org/10.9734/acri/2025/v25131105

Tarakhovskaya, E.R., Maslov, Y.I., & Shishova, M.F. (2007). Phytohormones in algae. Russian Journal of Plant Physiology, 54(2),
163-170.
https://doi.org/10.1134/S102144370702002X

Thapa, S., Prasanna, R., Joshi, M., Nain, L., & Shukla, O. P. (2017). Cyanobacterial biofilms: Cultivation, properties and
applications in agriculture. Journal of Applied Phycology, 29(5), 2167-2181.
https://doi.org/10.1007/s10811-017-1110-2

Tiwari, O. N., Bhunia, B., Mondal, A., Gopikrishna, K., & Indrama, T. (2019). System metabolic engineering of exopolysaccharide-
producing cyanobacteria in soil rehabilitation by inducing the formation of biological soil crusts: A review. Journal of
Cleaner Production, 211, 70-82.
https://doi.org/10.1016/j.jclepro.2018.11.144

Udayan, A., Sirohi, R., Sreekumar, N., Sang, B.I,, & Sim, S.J. (2022). Mass cultivation and harvesting of microalgal biomass:
Current trends and future perspectives. Bioresource Technology, 344, 126406.

https://doi.org/10.1016/j.biortech.2021.126406

Ummalyma, S. B., Sirohi, R., Udayan, A., Yadav, P., Raj, A., Sim, S. J., & Pandey, A. (2023). Sustainable microalgal biomass
production in food industry wastewater for low-cost biorefinery products: A review. Phytochemistry Reviews, 22(4), 969—
991. https://doi.org/10.1007/s11101-022-09814-3

261


https://doi.org/10.1021/acs.iecr.9b01511
https://doi.org/10.3390/md21060355
https://doi.org/10.1016/j.apsoil.2018.09.012
https://doi.org/10.1016/j.jece.2022.107344
https://www.google.com/search?q=https://doi.org/10.1016/j.biortech.2013.03.047
https://doi.org/10.1016/j.algal.2016.03.003
https://doi.org/10.1016/j.plgene.2019.100173
https://doi.org/10.1007/s40201-025-00946-0
https://doi.org/10.3390/cimb44120427
https://doi.org/10.3389/fenvs.2022.1035332
https://doi.org/10.3389/fbioe.2022.904046
https://doi.org/10.1002/9780470015902.a0020299.pub2
https://doi.org/10.1111/jpy.12061
https://doi.org/10.3389/fpls.2025.1733394
https://doi.org/10.1134/S102144370702002X
https://www.google.com/search?q=https://doi.org/10.1007/s10811-017-1110-2
https://doi.org/10.1016/j.jclepro.2018.11.144
https://doi.org/10.1016/j.biortech.2021.126406
https://doi.org/10.1007/s11101-022-09814-3

Kalaisri and Sridevi; Int. J. Plant Soil Sci., vol. 38, no. 10, pp. 251-262, 2026, Article no.lJPSS.166670

Volk, R.B., & Furkert, F.H. (2006). Antialgal, antibacterial and antifungal activity of two metabolites produced and excreted
by cyanobacteria during growth. Microbiological Research, 161(2), 180-186.
https://doi.org/10.1016/j.micres.2005.08.005

Wang, Y., Zhang, Z., Liu, H., Yang, S., Sun, H., Zhang, Y., & Zhang, Y. (2026). Microalgae as a multifunctional solution for
sustainable agriculture: Starting with soil improvement. Resources, Conservation & Recycling Advances, 30, 200343.
https://doi.org/10.1016/j.rcradv.2026.200343

Xiao, B., Hu, K., Ren, T., & Li, B. (2016). Moss-dominated biological soil crusts significantly influence soil moisture and
temperature regimes in semiarid ecosystems. Geoderma, 263, 35-46.
https://doi.org/10.1016/j.geoderma.2015.09.006

Xu, Z.-M., Wang, Z., Gao, Q., Wang, L.-L., Chen, L.-L., Li, Q.-G., Jiang, J.-J., Ye, H.-J., Wang, D.-S., & Yang, P. (2019).
Influence of irrigation with microalgae-treated biogas slurry on agronomic trait, nutritional quality, oxidation resistance, and
nitrate and heavy metal residues in Chinese cabbage. Journal of Environmental Management, 244, 453-461.
https://doi.org/10.1016/j.jenvman.2019.04.058

Yang, Y., Deng, Y., Cai, C., Wang, F., Fang, Y., & Duan, X. (2025). Biocrusts’ impact on hydrological processes and erosion
dynamics: A review. Geoderma, 459, 117383. https://doi.org/10.1016/j.geoderma.2025.117383

Zhang, T.Y., Wu, Y.H., Zhu, S., Li, F.M., & Hu, H.Y. (2013). Isolation and heterotrophic cultivation of mixotrophic microalgae
strains for domestic wastewater treatment and lipid production under dark condition. Bioresource Technology, 149, 586-589.
https://doi.org/10.1016/j.biortech.2013.09.112

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of the publisher and/or the editor(s). This publisher and/or the editor(s) disclaim responsibility for any injury to people or
property resulting from any ideas, methods, instructions or products referred to in the content.

© Copyright (2026): Author(s). The licensee is the journal publisher. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http.//creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here: https://pr.sdiarticle5.com/review-history/166670

262


https://doi.org/10.1016/j.micres.2005.08.005
https://doi.org/10.1016/j.geoderma.2015.09.006
https://doi.org/10.1016/j.jenvman.2019.04.058
https://doi.org/10.1016/j.geoderma.2025.117383
https://doi.org/10.1016/j.biortech.2013.09.112
https://pr.sdiarticle5.com/review-history/166670

	International Journal of Plant & Soil Science
	Volume 38, Issue 10, Page 251-262, 2026; Article no.IJPSS.166670
	ISSN: 2320-7035

	Harnessing Microalgae for Sustainable Agriculture
	T. Kalaisri a++ and V. Sridevi a#*
	Abstract
	1. Introduction
	2. Characteristics of Microalgae
	3. Microalgal Biomass Production
	3.1 Microalgal Biomass Production Methods
	3.1.1 Open Raceway Ponds (ORPs)
	3.1.2 Closed Photobioreactors (PBRs)

	3.2 Phases of Microalgal Biomass Production

	4. Application of Microalgae in Agriculture
	4.1 Microalgae as Biofertiliser
	4.1.1 Nitrogen Fixation

	4.2 Phosphorus Solubilisation and Mobilisation
	4.3 Potassium Solubilisation and Mobilisation
	4.4 Bioavailability of other Macro and Micronutrients

	5. Microalgae as Biostimulants
	5.1 Phytohormones
	5.2 Polysaccharides
	5.3 Other Bioactive Biostimulants

	6. Microalgae as Biopesticides
	6.1 Disease Management
	6.2 Insect Management
	6.3 Nematode Management
	6.4 Weed Management

	7. Microalgae as Soil Amendments
	7.1 Microalgae-mediated Soil Aggregation
	7.2 Microalgal Exopolysaccharides (EPS) as Edaphic Modifiers
	7.3 Dynamics of Microalgae in Biological Soil Crusts (BSCs)
	7.4 Microalgae-derived Biochar as a Structural Amendment

	8. Bioremediation using Microalgae
	8.1 Bioremediation of Contaminated Soil
	8.2 Agricultural Wastewater Treatment
	8.3 Utilisation of Microalgae-treated Wastewater for Irrigation

	9. Conclusion and Future Perspectives
	10. Limitation
	Declaration of AI Use
	Competing Interests
	References



