
Vol.:(0123456789)

 Discover Agriculture            (2025) 3:82  | https://doi.org/10.1007/s44279-025-00240-5

Discover Agriculture

Review

Agriculture application, comparison, and functional association 
between macrophytes and microalgae: a review

Daiane Salete Broch Mignoni1 · Janine Dandara Silva Nonato1 · Júlia Silva Alves1 · William Michelon2 · 
Estela de Oliveira Nunes3 · Jose Rodrigo Pandolfi3 · Augusto Ducati Luchessi1

Received: 12 December 2024 / Accepted: 12 May 2025

© The Author(s) 2025  OPEN

Abstract
Aquatic ecosystems are influenced by complex interactions among co-occurring species, impacting energy transfer and 
ecosystem functionality. Microalgae and macrophytes, as primary producers, play vital roles in regulating water quality, 
reducing the effects of high temperatures through shading, and contributing to nutrient cycling. Both organisms show 
significant potential for sustainable applications, including bioenergy production, fertilizers, and bioremediation of waste-
water. While microalgae have been extensively studied for their biotechnological applications, macrophytes have received 
less attention despite their comparable efficiency in nutrient removal and biomass production. This review compares the 
properties of microalgae and macrophytes in terms of productivity, bioremediation efficiency, and growth-stimulating 
effects. It also explores potential functional associations between these two groups, highlighting their combined benefits 
in nutrient recovery, wastewater treatment, and climate change mitigation. The integration of these organisms in agri-
culture and environmental management offers promising solutions for sustainable resource use and ecosystem health.
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1 Introduction

The intensification of agriculture, driven by the need to meet the increasing global demand for food, has led to significant 
environmental impacts. In response, sustainable agricultural practices, such as organic and regenerative agriculture, are 
gaining attention as alternatives to conventional farming. Regenerative agriculture focuses on enhancing soil health, 
biodiversity, and ecosystem services, including the recovery of organic matter and the improvement of water and nutri-
ent cycles [1, 2].

In this context, microalgae and macrophytes are both photosynthetic organisms with significant potential for agri-
cultural applications. Microalgae are microscopic, unicellular organisms found in various ecosystems, including both 
aquatic and terrestrial environments [3, 4]. In contrast, macrophytes are larger, multicellular plants that grow in aquatic 
environments, contributing similarly to nutrient cycling and water quality management [5]. Both microalgae and mac-
rophytes are increasingly recognized for their agricultural benefits, offering sustainable alternatives to conventional 
farming practice [6, 7].
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The use of microalgae and macrophytes as biofertilizers offers a sustainable alternative for enhancing soil health and 
reducing the carbon footprint of agriculture [8, 9]. Traditional chemical fertilizers, particularly those containing nitro-
gen, phosphorus, and potassium (NPK), have long been used to increase agricultural productivity but can contribute 
to environmental issues, including water pollution and soil degradation [10]. A substantial portion of these nutrients 
remains unabsorbed by plants, can leading to accumulation in the soil or leaching into water bodies, where they cause 
eutrophication [11].

In contrast, microalgae and macrophytes can reduce dependency on synthetic fertilizers through their natural ability 
to fix atmospheric nitrogen and mobilize phosphorus, which reduces the environmental impact associated with conven-
tional fertilizers [12, 13]. Agricultural runoff, a major contributor to water body contamination, exacerbates eutrophica-
tion, promoting harmful algal blooms and creating oxygen-depleted dead zones. By absorbing and recycling excess 
nutrients, microalgae and macrophytes help mitigate these adverse effects [14].

These aquatic organisms are particularly valuable in wastewater management practices, where they can capture nutri-
ents before they enter natural water systems. When integrated into agricultural systems, microalgae and macrophytes 
not only recycle nutrients but also enhance soil fertility and support sustainable farming practices [7, 15]. Microalgae, 
with their high nutritional content, act as biostimulants, promoting plant growth and resilience under stress, while mac-
rophytes efficiently remove nutrients from contaminated water sources and can be repurposed as organic fertilizers or 
compost [16, 17]. Together, they provide an integrated approach to improving soil health, increasing crop productivity, 
and reducing the environmental impact of agriculture [16, 17].

Microalgal biostimulants have demonstrated positive effects on crop growth and yield, although their widespread 
commercial use is limited by high production costs and the need for further research [18]. In contrast, macrophytes, which 
can grow rapidly in non-optimized conditions, demonstrate efficiency in nutrient removal and biomass production, often 
surpassing microalgae in these areas [19]. The integration of microalgae and macrophytes into agricultural systems has 
been explored to optimize nutrient recovery, improve wastewater treatment, and enhance resource efficiency [20, 21]. 
These benefits result from their different mechanisms of action and are influenced by factors such as nutrient availability, 
temperature, and light conditions [22, 23].

This review aims to offer a detailed comparison of the bioremediation properties of microalgae and macrophytes, 
focusing on their capacity to treat wastewater, their stimulatory effects on plant growth, and the biochemical composi-
tion of their biomass. Additionally, it explores the potential functional associations between these two types of aquatic 
organisms, highlighting their complementary roles in sustainable agricultural practices.

1.1  Functional characteristics and applications of microalgae

Microalgae are unicellular microorganisms, present in topsoil and aquatic ecosystems and are divided into two groups: 
chlorophytes and charophytes [24, 25]. They have a complex metabolism that uses processes such as nitrogen fixation 
and respiration to maintain their structure. Due to these characteristics, some microalgae do not have a restrictive 
habitat, seeing that they can adapt to various ecosystems [25] colonizing a far greater space than terrestrial plants and 
consequently being responsible for approximately 40% of the oxygen in the atmosphere [26].

Microalgae can be grown in four major types of cultivation conditions: heterotrophic, photoautotrophic, mixotrophic 
and photoheterotrophic [27, 28]. Heterotrophic, cultivation as when the algae use organic carbon as both the energy 
and carbon sources, whereas photoautotrophic use light as an energy source, and inorganic carbon  (CO2) as a carbon 
source through photosynthesis [29]. Mixotrophic is a combination of both heterotrophic and photoautotrophic culti-
vation. In photoheterotrophic cultivation conditions, microalgae require light when using organic compounds as the 
carbon source [28], Despite this, the growth also depends on nutrients and micronutrients such as nitrogen, being the 
most used type of cultivation [27].

Among microalgae species currently used for commercial purposes, we highlight the Chlamydomonas reinhardtii and 
Chlorella vulgaris. Chlamydomonas reinhardtii was found suitable for genetic studies in the early twentieth century [30] 
and has become the model organism for studies of many cellular functions, such as investigating biological processes 
in photosynthetic eukaryotes [31]. It is also generally regarded as safe (GRAS) which means that it is approved by the 
FDA (Food and Drug Administration) and considered safe under the conditions of its intended use [32]. Although, clonal 
reproduction is the most common type, in large population the sexual reproduction of Chlamydomonas reinhardtii can 
possibly increase its adaptation rate to different environmental conditions [33].

Chlorella vulgaris [34] was discovered in the 1890 s by Martinus Willem Beijerinck, a botanical and microbiologist [35]. The 
studies that began in the 1950 s show its nutritional value for the human diet as a food additive or its lipid used for functional 
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food production [34]. It needs water,  CO2, light and minerals in small amounts to be cultivated and produces a large amount 
of biomass ranging from 2 to 5 g/L per day in a mixotrophic growth medium [36] in a short time [26].

1.2  Functional characteristics and applications of macrophytes

Aquatic macrophytes are often confused with algae but they belong to the angiosperms that comprise the Anthophyta 
division [37]. Among the various aquatic plant species, Azolla, Eichhornia, Lemna, Potamogeton, Spirodela, Wolffiella, and 
Wolffia have been most reported as phytotechnology tools in the management of contaminants in aquatic environment 
[38]. In general, these plants reproduce sexually and asexually, however, asexual reproduction is the most frequent form of 
propagation [39].

Macrophytes colonize diverse types of aquatic ecosystems, in lakes, reservoirs, wetlands, streams, rivers, marine environ-
ments and even rapids and falls. Adaptive strategies are achieved throughout the evolutionary process [40, 41]. These plants 
are important primary producers in their ecosystems, being relevant eutrophication agents [42]. However, they occur more 
rapidly in shallow than deep lakes, and the increasing rate of nutrient deposition poses a significant threat to aquatic com-
munity structure. Macrophytes play a diverse role in ecological processes (e.g., nutrient cycling), removing heavy metal and 
other pollutants, maintaining homeostasis in water bodies. Spite of microalgae presents better mobility when the environ-
mental conditions changes are faced, the macrophytes are more able to adapt than microalgae [43]. These fragile vegetables 
known as the smallest angiosperms in the world, have a vascular system and produce flowers and fruits [44].

2  Carbon sequestration and environmental benefits

Microalgae and macrophytes exhibit exceptional carbon sequestration capabilities due to their high  CO2 assimilation rates 
in natural aquatic ecosystems [45, 46]. With increasing urgency to reduce carbon emissions and enhance  CO2 capture, these 
organisms offer significant ecological benefits in mitigating greenhouse gas levels [24]. While croplands can function as 
carbon sinks, absorbing approximately 0.8 Mg  CO2/ha/year, their terrestrial carbon stocks are severely depleted, leading to 
negative impacts on soil health [47]. In contrast, microalgae have the potential to sequester up to 6.3 t  CO2/ha/year, with bio-
active façade systems capable of capturing up to 99 kg  CO2/m2 [48], while macrophytes can neutralize 8.5 t  CO2/ha/year [46].

Both microalgae and macrophytes offer more economical and environmentally friendly alternatives for  CO2 sequestration 
compared to traditional methods. Beyond their carbon uptake, these organisms provide additional ecological benefits by 
supplementing organic carbon to soil and water even after death and decomposition, contributing positively to the eco-
system [47]. Their nutrient-rich biomass can also be applied for land use management and watershed restoration, offering 
multiple opportunities for sustainable practices (Fig. 1).

Historically, research has largely focused on microalgae, with macrophytes receiving less attention due to the limited 
presence of these superior plants in aquatic research sites prior to the 1960 s [38]. However, new innovations and engineered 
traits offer the potential to develop a range of novel products from these aquatic species, including human food, biofuels, 
household goods, textiles, and biofaçades powered by both microalgae and macrophytes [48].

Macrophytes systems demonstrate significant potential for  CO2 sequestration and sustainable wastewater treatment. The 
 CO2 fixation rates (19,592–42,052 mg  CO2/m/d) were approximately three times higher than the emission rates (3048–6017 
mg  CO2/m/d), effectively acting as a carbon basin. Furthermore, no methane emissions (< 0.1%) were detected, attributed 
to low organic loading and redox conditions unfavorable for methanogenesis. In addition, these systems achieved high 
nutrient removal efficiencies, with reductions of 79% in chemical oxygen demand, 93% in total nitrogen, and 84% in total 
phosphorus, combining effective wastewater polishing with a net positive environmental impact [49].

3  Agricultural applications of microalgae and macrophytes

3.1  Bioremediation

Aquaculture wastewater treatment systems using photosynthetic organism production are designed to solve environ-
mental and sanitary problems and wastewater-borne nutrients are converted into biomass protein, especially by micro-
algae and macrophytes [50]. The efficiency of nutrient removal for these organisms is mainly affected by characteristics 
of the wastewater, environmental, temperature and organic loading rate [51].
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Aquatic ecosystems are continuously contaminated because of excessive anthropogenic pressure which alters the 
life of animals, plants and microorganisms [42]. Among the various contaminants of water, heavy metals and excessive 
nutrients nitrogen (N) and phosphorus (P) are the common pollutants responsible for eutrophication of aquatic envi-
ronment [52].

The aquatic elements associated are economical and efficient in wastewater treatment and have been considered 
an outstanding alternative for the treatment of agricultural, industrial, and urban wastewaters, as shown in Table 1. The 
combination of aquatic organisms results in a great removal of excessive nutrients especially N and P, reaching about 
90% removal with Chlorella sorokiniana and Lemna minor [53]. The lowest percentage of P removal was observed in the 
domestic effluent after combined treatment by microalgae and macrophytes [54]. The integrated system completely 
eliminated the wastewaters rich in nitrogen as well showed decontamination potential when tested the phytotoxicity 
effects on the germination and growth inhibition of Lactuca sativa [55]. High performance in removing contaminants by 
microalgae and macrophytes is reported individually. A better understanding and utilization of the synergistic effects 
between microalgae and macrophytes should be addressed in future research. Challenges for the sequential treatment 
process in based constructed wetlands with microalgae and macrophytes, must be considered [51]. The wastewater 
treatment plant of the University was performed using microalgae in combination with constructed wetland in differ-
ent photoperiod cycles. The 24-h light cycle was the better cycle nutrients removal since photosynthesis performed by 
microalgae and macrophytes remained active for all the light period [56].

Recent advances in microalgal co-cultivation systems have highlighted their efficiency in nutrient removal from waste-
water, offering sustainable solutions for agriculture. Goswami et al. [57] demonstrated the effectiveness of a two-stage 
sequential cultivation system, employing Tetraselmis indica and Picochlorum sp., which achieved nutrient removal rates 
exceeding 90% for total nitrogen (TN) and phosphorus (TP) under optimized hydraulic retention times. This system 
not only enhanced nutrient recycling but also generated biomass rich in lipids and bioactive compounds, suitable for 
agricultural applications. Similarly, other studies emphasize the potential of co-cultivation systems to overcome the chal-
lenges of monoculture, such as lower resilience to environmental variations and competition with bacteria. Co-cultivation 
enhances adaptability and nutrient uptake, optimizing the production of high-value biomass while maintaining water 
quality [58].

3.2  Biostimulant

The biomass of microalgae and macrophytes can be utilized across a range of crop species, serving a critical function 
in the integrative framework of agricultural systems (Fig. 2). In the context of agriculture, extensive research has been 
conducted to employ microalgae and macrophytes as biostimulants, supporting sustainable agricultural practices and 
contributing to the circular economy (Table 2). Notably, microalgae genera such as Chlorella, Chlamydomonas, and 

Fig. 1  Flowchart of micro-
algae and macrophytes 
wastewater treatment, carbon 
capture and biomass applica-
tion. Both the two aquatic 
organisms can grow on indus-
trial wastewater and used for 
feed or fuel, agriculture and 
nutrition
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Scenedesmus are recognized for their ability to synthesize hormone-like substances that enhance plant growth [59]. 
Similarly, aquatic plants, or macrophytes, including water hyacinth (Eichhornia crassipes), water lettuce (Pistia stratiotes), 
and various species of duckweed (Spirodela, Landoltia, Lemna, Wolffiella, and Wolffia), perform vital ecological functions 
and can serve as natural fertilizers. Beyond their environmental benefits, the biomass of these macrophytes regards 
potential for diverse applications such as animal feed, biofuel production, pellets, and ceramics [60]. The utility of aquatic 
macrophytes in biofertilizer development and food production has been recognized for decades, as first detailed by 
Peter Edwards in 1980 [61].

The biostimulant potential of microalgae and macrophytes offers varied benefits to crops, depending on their mode 
of application. Despite the growing awareness of sustainable agricultural practices, global food production still heav-
ily relies on chemical fertilizers and pesticides [79, 80], the excessive and prolonged use of which has led to significant 
environmental and health concerns, notably through water pollution [81]. In contrast, the increasing recognition of the 
need for sustainable agricultural systems that minimize environmental pollution emphasizes the importance of finding 
eco-friendly alternatives to synthetic fertilizers. The adoption of novel, natural fertilizers such as nano-fertilizers, biode-
gradable polymers, and biochar has become a key strategy for promoting sustainability. Microalgae and macrophytes 
offer a natural source of nutrients, reducing the reliance on synthetic fertilizers. Their integration into agricultural systems 
not only improves soil health but also promotes nutrient cycling, reduces nutrient runoff, especially on sloped soils [82].

The growth medium derived from Chlorella sorokiniana was applied to soil with wheat seedlings, resulting in a 30% 
enhancement in plant growth parameters. Notably, total dry biomass, shoot, and root length increased by 22% and 51%, 
respectively, compared to the control group. These findings suggest that the extracellular exudates from C. sorokiniana 
contribute positively to plant growth [62]. Additionally, an aqueous microalgae solution significantly promoted the 
growth of Medicago truncatula, with Chlorella application yielding more robust plants, greater fresh biomass, larger leaves, 
and an increased number of flowers/pods compared to both the control and Chlamydomonas-treated samples [63].

For Solanum lycopersicum (tomato) plants, the application of microalgae and macrophytes as seed primers, biofertiliz-
ers, and foliar sprays has been shown to enhance various physiological characteristics, including the number of flowers 
and branches, weight, germination speed, growth, and yield [65, 66]. In one study, crude polysaccharide extracts from 
three microalgae strains were applied to tomato plants via irrigation. The carbohydrates, sulfate content, and uronic 
acids derived from the polysaccharides exhibited a strong correlation with growth stimulation, with growth hormones, 
such as brassinosteroids, detected in the CG-MS profile [66]. Beyond their role as plant biostimulants, microalgae also 
show promise as biocontrol agents [67]. The bioactive properties of Chlorella vulgaris freeze-dried biomass extract was 
assessed after storage for 15 months under various conditions (in the dark at − 70 °C, 10 °C, and 25 °C, and in light at 25 
°C). The antimicrobial activity of Chlorella vulgaris biomass against Staphylococcus aureus and Escherichia coli, as well as 
its antioxidant activity, were found to increase over up to 12 months, emphasizing the need to explore the shelf-life of 
microalgal biostimulants for commercialization [67].

Microalgae also play a significant role in modulating the expression of genes in microorganisms involved in the 
nitrogen and carbon cycles, thereby enhancing the physico-chemical and biological attributes of the soil, which are 
beneficial to plant growth [83]. The incorporation of microalgae into soil resulted in increased bacterial diversity, which, 
in turn, supported the enhanced availability of organic carbon, as well as essential minerals such as N and P. This study 
highlighted a greater abundance of genes involved in nitrogen cycling pathways, including nitrogen fixation (nifD), 
nitrification (hao), and denitrification (narG, nirK), in soil treated with microalgae [68]. A similar effect was observed in 
the strawberry rhizosphere, where microalgae treatment altered the microbiota community structure in the soil, root 
tissue, and crown tissue. Notably, two specific bacterial genera, Streptomyces and Actinospica, were identified, and these 
were linked to heavy metal tolerance through phytoremediation [70].

For Zea mays (maize), Chlamydomonas reinhardtii and Chlorella sorokiniana have proven to be effective biostimulants, 
mitigating stress-related damage under conditions such as nitrogen (N) deficiency [69]. Maize seedlings were cultivated 
in hydroponic systems with both low and high nitrogen levels and supplemented with algae biomass. Chlorella sorokini-
ana enhanced secondary root number, root area, volume, and length, while Chlamydomonas reinhardtii improved both 
root and shoot dry mass, along with micronutrient accumulation, thereby increasing the plant’s resilience to stress. In 
response to nitrogen deficiency, Chlorella sorokiniana promoted the accumulation of manganese  (Mn2⁺) in both roots 
and shoots, as well as copper  (Cu2⁺) in the roots, micronutrients that are important for nitrogen metabolism [69]. Under 
water-stress conditions, foliar irrigation with Arthrospira platensis aqueous extract exhibited positive effects on leaf gas 
exchange, maintaining open stomata without affecting water potential. Consequently, the treated vines exhibited greater 
berry weight compared to untreated vines [71].
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The extract of biomass microalgae cultivated in swine wastewater serves as a liquid fertilizer, effectively promoting 
the growth of wheat seedlings at concentrations of 1 mg/L and 5 mg/L. Under salt saline stress (100 mM), microalgae 
extract (1 mg/L) increased the wheat root growth and modulated the antioxidant system and phytohormone content. 
The results suggested that the application of exogenous phytohormones (GA3, SA, IAA, ABA, and ZT) [72].

Duckweed extracts have also been shown to enhance maize germination, biomass, leaf area, pigment content, and 
vigor index. Lemna aqueous extract positively affected seedling development and increased maize plant biomass, likely 
due to enhanced nutrient acquisition by the plants under duckweed treatment. Maize samples treated with 0.50% and 
1.00% duckweed extract exhibited significantly higher nitrogen content than the control samples. Furthermore, maize 
samples treated with 0.05%, 0.50%, and 1.00% duckweed extracts contained greater levels of phosphorus, potassium, 
calcium, and sodium compared to the controls [73]. It is noteworthy that only a few studies in the literature explore 
duckweed as a source of biostimulant substances.

Vermicompost, a potent fertilizer, is ideal for organic agriculture. The process of vermicomposting involves the bio-
oxidation and stabilization of organic material through the combined action of earthworms and microorganisms. Earth-
worms play an essential role in fragmenting and aerating the substrate, which dramatically alters microbial activity 
and increases the surface area for microbial colonization [84]. This process improves soil physical properties, increases 
nutrient availability, and enhances water-holding capacity [85]. Soils fortified with Azolla sp. vermicompost exhibited 
higher growth parameters and yields in Solanum melongena L. (eggplant) compared to those treated with Eichhornia 
sp. vermicompost [74]. Similarly, Salvinia molesta vermicompost promoted germination and seedling growth in Vigna 
radiata [76]. Vermicompost also supplies additional substances, such as 3-Indole Acetic Acid, a plant growth regulator 
derived from humic acids produced by earthworms (Eisenia foetida), which boosts crop growth and yield [85, 86]. Ver-
micomposting transforms invasive plant species from harmful agents into sources of soil enrichment by neutralizing 
their allelopathic effects and releasing beneficial nutrients. In the case of Salvinia molesta, the allelopathic chemicals 
it contains are largely broken down during the composting process, reducing its ecological threat. There is also some 
indication that part of its lignin is decomposed in the process. The resulting vermicompost has been shown to support 
seed germination, stimulate plant growth, and improve the soil’s physical, chemical, and biological properties [76]. This 
process also leads to increased nitrate and ammonium concentrations in the soil, along with greater microbial biomass 

Fig. 2  Agricultural applications of macrophytes and microalgae, detailing their diverse uses and biostimulant effects on plant growth and 
productivity
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carbon and a more diverse microbial community [76, 77]. Given that some aquatic macrophytes are considered inva-
sive species, their disposal can be mitigated by utilizing them in organic agriculture. The use of aquatic photosynthetic 
organisms as bio-fertilizers not only provides additional benefits but also helps offset some of the costs associated with 
mechanical harvesting, resulting in cleaner water bodies [77].

Lemna minor biomass, cultivated in hydroponic synthetic system, when incorporate with soil increased the yield, 
head diameter, number of leaves, fresh and dry weight in the autumn than in the summer season of lettuce. The better 
efficiency nitrogen use (NUE) was with lowest level (60 kg  h−1 N) showed as the most suitable for the fertilization of let-
tuce and indicating that its biomass as a potential green manure improving the sustainability of horticultural production 
systems [78].

In fact, alone or synergistically, macrophyte and microalgae can impact much more positive than negative for vari-
ous crops mainly, to increase the seed germination, root and shoot development and yield by its biostimulant effect 
(hormones, d-lactic acid) [87, 88]. There are a complex association between macrophytes and microalgae that influence 
to the ecosystem services like, nutrient retention, decomposition, mineralization, and sedimentation of their biomass 
on soil and more studies are needed to test this correlation. These aquatic organisms have rapid growth that cause less 
concern about environmental pollution and can use in sustainable agriculture.

3.3  Biomass biochemical composition

Understanding the nutraceutical properties of microalgae and macrophytes is fundamental for advancing their potential 
in novel food production and other future applications [60, 89]. Notably, these organisms provide a unique advantage 
in agricultural contexts, when grown on a large scale in ponds or photobioreactors, are more water-efficient than tra-
ditional crops [90, 91]. They can be cultivated on non-arable land with minimal freshwater use, and even in seawater or 
wastewater.

Table 3 presents a comparative analysis of the nutritional value between microalgae and macrophyte biomass. Nutri-
tionally, a comparable content of carbohydrates, proteins, and ash has been observed across varied species of micro-
algae. Specifically, Chlamydomonas reinhardtii and Chlorella vulgaris exhibit similar protein levels, with protein content 
surpassing their lipid concentrations [31].

The nutrient composition of macrophytes reveals that the genus Wolffia surpasses microalgae in both carbohydrate 
and protein content [94]. However, lipid concentrations in macrophytes are typically lower when cultivated in synthetic 
growth media [95]. While starch levels are comparable between microalgae and duckweed (Spirodela, Landoltia, Lemna, 
Wolffia and Wolffiela), Chlorella vulgaris exhibits a higher starch concentration relative to other species (Table 3). In the 
case of duckweed, exploring the nutritional value of these plants highlights their potential as an important food source 
for human nutrition, where the emphasis on nutritional quality often outweighs the pure quantity of specific components 
[94]. While low starch levels may not pose a significant issue in developing regions where staple foods such as rice and 
wheat predominate, the higher dietary fiber content of duckweed offers a valuable contribution to improving diets by 
providing low-energy food options [96].

In several Asian countries, the Wolffia is recognized as a significant protein source, locally referred to as “water-eggs” 
due to its protein content exceeding 25% of dry weight, surpassing the World Health Organization’s (WHO) recommenda-
tions. Fresh Wolffia plants are used in a variety of culinary preparations, including salads, omelets, and vegetable curries 
[97], and can also be incorporated into bread, pasta, and sports nutrition products. Similarly, microalgae are regarded 
as “superfoods” and “food crops” because of their excellent nutritional profiles and potential for use in other industries 
such as biofuels, cosmetics, and pharmaceuticals (such as phenolic compounds) [31, 98]. The advanced development of 
recombinant protein technology in microalgae further differentiates them from macrophytes. The cultivation of Chlorella 
is well-established and deemed safe for human consumption. However, growth conditions can influence the composition 
and nutritional identity of microalgae, supporting their characteristics to be adapted to meet specific market demands 
[99].
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4  Challenges and prospects

Microalgae and macrophytes biomass contain high nutrient levels and many studies have shown their effectiveness as 
resource for reducing the use of chemical fertilizers. Thus, minor adjustments can promote plant growth, increase the 
yield, improve the microbiota and soil structure and eliminate the excess nutrients/pollutants [9, 18]. In this context, 
duckweeds can be more explored in agronomic ecosystems.

The microalgae and macrophytes cultivation are not dependent on agricultural land, it can also be installed in hos-
tile environments, including space farming due to the biomass quality with optimal nutrient to sustain the human life 
[100]. Microalgae with macrophytes alone or acting in synergism could expand the scope of wastewater treatment and 
increase nutrient removal efficiency. Although the combined systems are economical and easy to be operated, some 
major challenges still exist such as rigorous management, to promote better development and production, as well as a 
biological efficient treatment.

Microalgae and duckweeds offer enormous potential for high-quality compounds, some of which are already in use 
[101]. Nowadays, green factory platforms for recombinant protein production offer the potential for a large-scale and 
cost-effective expression system. The expression systems encompass diverse forms including whole plants, suspension 
cells, hairy roots, moss, duckweeds, microalgae [102]. The majority of current work is performed with the well-charac-
terized microalgae Chlamydomonas reinhardtii [103]. Recently, from aquatic plants, duckweeds seems ideal to produce 
recombinant protein, with stable transformation for the genus Wolffia [104, 105]. However, the development of economi-
cal and viable green biofactory is still not effective with a consistent transformation method for a duckweed, specially. In 
this way, some difficulties persist over the time such as low recombinant protein yields by microalgae and macrophytes 
as well as the lack of production systems optimization for large-scale growth and harvesting under photoautotrophic 
conditions [106]. Intense efforts have been deposited both biological and engineering-based to development and opti-
mization of the photobioreactor culture systems for the success of the bioproduction platform.

In addition, addressing key knowledge gaps is essential for the successful integration of these organisms into large-
scale agricultural systems. A major challenge is in the scalability of these systems, particularly in relation to the land 
area required for cultivation and the variability in nutrient content when utilizing wastewater as a growth medium 
[107, 108]. Further research is necessary to optimize cultivation methods, including the design of photobioreactors for 
microalgae and the development of cost-effective harvesting techniques for macrophytes, to improve efficiency and 
reduce production costs.

To integrate these organisms into modern agriculture, a phased approach is recommended. First, identify the most 
suitable species based on their nutritional value, adaptability, and potential for nutrient recycling. Second, establish 
infrastructure and supply chains to ensure a consistent and large-scale production of bio-inputs. Governmental and 
industrial support is important in this process, as highlighted by Brazil’s National Bio-supply Plan (NBP, No. 10.375), which 
aims to expand bio-input adoption and leverage local biodiversity.

Additionally, interdisciplinary collaboration is essential to address logistical, technical, and regulatory barriers. Pilot pro-
jects combining macrophytes and microalgae in wastewater treatment and biofertilizer production can serve as models 
for large-scale implementation. By prioritizing research and development public–private partnerships, agriculture can 
transition towards a circular economy, leveraging these organisms to improve resource efficiency, reduce environmental 
impacts, and enhance productivity in a sustainable manner.

Table 3  Nutritional values 
(%) of microalgae and 
macrophytes grown in 
synthetic medium

*g/Kg

Specie Carbohydrates Protein Lipid Ash Fiber Starch References

Chlorella vulgaris 29.3 45.3 16.1 29.3 9.18 14.65 [31, 92]
Chlamydomonas reinhardtii 23.6 46.9 24.7 23.6 – 11.8 [31]
Wolffia brasiliensis 25 23 5,5 190* 9 10–15 [93, 94]
Wolffia arrhiza 31.33 50.89 6.07 11.71 15 11–15 [94, 95]
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5  Conclusions

Based on a circular economy, microalgae and macrophytes provide advantages in the search for eco-friendly alternatives 
for the development of sustainable agriculture. On the other hand, regarding duckweed in agricultural biostimulation, 
further studies are needed, due to the importance of these organisms in the ecological agroindustry. Several studies high-
lighted the performance of microalgae and macrophytes and showed their potential for recycling biological resources. 
Together, they demonstrated potential nutrient removal efficiency for different wastewater treatments. Changes to 
improve the management and association of both green biomasses can optimize nutrient uptake and increase biomass 
productivity.

Acknowledgements The authors gratefully acknowledge the support provided by the FAPESP (process number 2021/04607-3  and 
2024/01639-0).

Author contributions All authors contributed to this manuscript. The manuscript was written by D. S. B. M., J. D. S. N., J. S. A. and W. M. The 
authors E. O. N., J. R. P. and A. D. L. reviewed the latest versions of the manuscript. All authors read and approved the final manuscript.

Funding The authors declare that no funds, grants, or other support were received during the preparation of this manuscript.

Data availability No datasets were generated or analysed during the current study.

Declarations 

Competing interests The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License, which 
permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit to 
the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You 
do not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party 
material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If 
material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:// creat iveco 
mmons. org/ licen ses/ by- nc- nd/4. 0/.

References

 1. Giller KE, Hijbeek R, Andersson JA, Sumberg J. Regenerative agriculture: an agronomic perspective. Outlook Agric. 2021;50(1):13–25. 
https:// doi. org/ 10. 1177/ 00307 27021 998063.

 2. Muller A, Schader C, El-Hage Scialabba N, Brüggemann J, Isensee A, Erb K-H, et al. Strategies for feeding the world more sustainably with 
organic agriculture. Nat Commun. 2017;8(1):1290. https:// doi. org/ 10. 1038/ s41467- 017- 01410-w.

 3. Barsanti L, Gualtieri P. Is exploitation of microalgae economically and energetically sustainable? Algal Res. 2018;31:107–15. https:// doi. 
org/ 10. 1016/j. algal. 2018. 02. 001.

 4. Dineshkumar R, Subramanian J, Arumugam A, Ahamed Rasheeq A, Sampathkumar P. Exploring the microalgae biofertilizer effect on 
onion cultivation by field experiment. Waste Biomass Valorization. 2020;11(1):77–87. https:// doi. org/ 10. 1007/ s12649- 018- 0466-8.

 5. Rejmankova E. The role of macrophytes in wetland ecosystems. J Ecol Environ. 2011;34(4):333–45. https:// doi. org/ 10. 5141/ JEFB. 2011. 
044.

 6. Viegas C, Gouveia L, Gonçalves M. Evaluation of microalgae as bioremediation agent for poultry effluent and biostimulant for germina-
tion. Environ Technol Innov. 2021;24: 102048. https:// doi. org/ 10. 1016/j. eti. 2021. 102048.

 7. Alvarez AL, Weyers SL, Goemann HM, Peyton BM, Gardner RD. Microalgae, soil and plants: a critical review of microalgae as renewable 
resources for agriculture. Algal Res. 2021;54: 102200. https:// doi. org/ 10. 1016/j. algal. 2021. 102200.

 8. Gonçalves J, Freitas J, Fernandes I, Silva P. Microalgae as biofertilizers: a sustainable way to improve soil fertility and plant growth. Sus-
tainability. 2023;15(16):12413. https:// doi. org/ 10. 3390/ su151 612413.

 9. Poveda J. The use of freshwater macrophytes as a resource in sustainable agriculture. J Clean Prod. 2022;369: 133247. https:// doi. org/ 
10. 1016/j. jclep ro. 2022. 133247.

 10. Priya E, Sarkar S, Maji PK. A review on slow-release fertilizer: nutrient release mechanism and agricultural sustainability. J Environ Chem 
Eng. 2024;12(4):113211. https:// doi. org/ 10. 1016/j. jece. 2024. 113211.

 11. Akinnawo SO. Eutrophication: causes, consequences, physical, chemical and biological techniques for mitigation strategies. Environ 
Challenges. 2023;12: 100733. https:// doi. org/ 10. 1016/j. envc. 2023. 100733.

 12. Farooq S, Ishfaq S, Mudasir S, Uqab B. Macrophytes as biofertilizer for agriculture: concept and applications. In: Microbiomes manag 
agric sustain. Springer Nature, Cham. 2023:133–43. https:// doi. org/ 10. 1007/ 978-3- 031- 32967-8_7.



Vol:.(1234567890)

Review  
Discover Agriculture            (2025) 3:82  | https://doi.org/10.1007/s44279-025-00240-5

 13. Solomon W, Mutum L, Janda T, Molnár Z. Potential benefit of microalgae and their interaction with bacteria to sustainable crop produc-
tion. Plant Growth Regul. 2023;101(1):53–65. https:// doi. org/ 10. 1007/ s10725- 023- 01019-8.

 14. Xia Y, Zhang M, Tsang DCW, Geng N, Lu D, Zhu L, et al. Recent advances in control technologies for non-point source pollution with 
nitrogen and phosphorous from agricultural runoff: current practices and future prospects. Appl Biol Chem. 2020;63(1):8. https:// doi. 
org/ 10. 1186/ s13765- 020- 0493-6.

 15. Sharma P, Sharma P, Thakur N. Sustainable farming practices and soil health: a pathway to achieving SDGs and future prospects. Discov 
Sustain. 2024;5(1):250. https:// doi. org/ 10. 1007/ s43621- 024- 00447-4.

 16. Sayanthan S, Hasan HA, Abdullah SRS. Floating aquatic macrophytes in wastewater treatment: toward a circular economy. Water. 
2024;16(6):870. https:// doi. org/ 10. 3390/ w1606 0870.

 17. Prisa D, Spagnuolo D. Plant production with microalgal biostimulants. Horticulturae. 2023;9(7):829. https:// doi. org/ 10. 3390/ horti cultu 
rae90 70829.

 18. Kapoore RV, Wood EE, Llewellyn CA. Algae biostimulants: a critical look at microalgal biostimulants for sustainable agricultural practices. 
Biotechnol Adv. 2021;49: 107754. https:// doi. org/ 10. 1016/j. biote chadv. 2021. 107754.

 19. Putri FE, Hung T-C. Comparison of nutrient removal and biomass production between macrophytes and microalgae for treating artificial 
citrus nursery wastewater. J Environ Manage. 2020;264: 110303. https:// doi. org/ 10. 1016/j. jenvm an. 2020. 110303.

 20. Kamyab H, Chelliapan S, Din MFM, Shahbazian-Yassar R, Rezania S, Khademi T, et al. Evaluation of Lemna minor and Chlamydomonas to 
treat palm oil mill effluent and fertilizer production. J Water Process Eng. 2017;17:229–36. https:// doi. org/ 10. 1016/j. jwpe. 2017. 04. 007.

 21. Nagarajan D, Kusmayadi A, Yen H-W, Dong C-D, Lee D-J, Chang J-S. Current advances in biological swine wastewater treatment using 
microalgae-based processes. Bioresour Technol. 2019;289: 121718. https:// doi. org/ 10. 1016/j. biort ech. 2019. 121718.

 22. Mohedano RA, Costa RHR, Hofmann SM, Belli FP. Using full-scale duckweed ponds as the finish stage for swine waste treatment with a 
focus on organic matter degradation. Water Sci Technol. 2014;69(10):2147–54. https:// doi. org/ 10. 2166/ wst. 2014. 136.

 23. Barroso Júnior JCA, de Silva MCA, Hoyos NLM, Monteggia LO. Evaluation of UASB effluent post-treatment in pilot-scale by microalgae 
HRP and macrophytes pond for nutrient recovery. J Clean Prod. 2022;357:131951. https:// doi. org/ 10. 1016/j. jclep ro. 2022. 131951.

 24. Khalid Z, Alam SN, Singh B, Guldhe A. Prospects of carbon capture and carbon sequestration using microalgae and macrophytes. In: 
Algae aquat macrophytes cities. Elsevier. 2022;119–34. https:// doi. org/ 10. 1016/ B978-0- 12- 824270- 4. 00013-4.

 25. Carillo P, Ciarmiello LF, Woodrow P, Corrado G, Chiaiese P, Rouphael Y. Enhancing sustainability by improving plant salt tolerance through 
macro- and micro-algal biostimulants. Biol (Basel). 2020;9(9):253. https:// doi. org/ 10. 3390/ biolo gy909 0253.

 26. Nicoletti M. Microalgae nutraceuticals. Foods. 2016;5(3):54. https:// doi. org/ 10. 3390/ foods 50300 54.
 27. Zhang B. New golden age of the algal technology. J Pet Environ Biotechnol. 2013. https:// doi. org/ 10. 4172/ 2157- 7463. 1000e 120.
 28. Chew KW, Chia SR, Show PL, Yap YJ, Ling TC, Chang J-S. Effects of water culture medium, cultivation systems and growth modes for 

microalgae cultivation: a review. J Taiwan Inst Chem Eng. 2018;91:332–44. https:// doi. org/ 10. 1016/j. jtice. 2018. 05. 039.
 29. Morales-Sánchez D, Martinez-Rodriguez OA, Martinez A. Heterotrophic cultivation of microalgae: production of metabolites of com-

mercial interest. J Chem Technol Biotechnol. 2017;92(5):925–36. https:// doi. org/ 10. 1002/ jctb. 5115.
 30. Sasso S, Stibor H, Mittag M, Grossman AR. From molecular manipulation of domesticated Chlamydomonas reinhardtii to survival in nature. 

Elife. 2018. https:// doi. org/ 10. 7554/ eLife. 39233.
 31. Darwish R, Gedi MA, Akepach P, Assaye H, Zaky AS, Gray DA. Chlamydomonas reinhardtii is a potential food supplement with the capacity 

to outperform chlorella and spirulina. Appl Sci. 2020;10(19):6736. https:// doi. org/ 10. 3390/ app10 196736.
 32. FDA. U.S Food and Drug (2016) About the GRAS Notification Program FDA. [Internet]. 2020. https:// www. fda. gov/ food/ gener ally- recog 

nized- safe- gras/ about- gras- notifi cati on- progr am.
 33. Colegrave N. Sex releases the speed limit on evolution. Nature. 2002;420(6916):664–6. https:// doi. org/ 10. 1038/ natur e01191.
 34. Zuñiga C, Levering J, Antoniewicz MR, Guarnieri MT, Betenbaugh MJ, Zengler K. Predicting dynamic metabolic demands in the photo-

synthetic eukaryote Chlorella vulgaris. Plant Physiol. 2018;176(1):450–62. https:// doi. org/ 10. 1104/ pp. 17. 00605.
 35. Bito T, Okumura E, Fujishima M, Watanabe F. Potential of chlorella as a dietary supplement to promote human health. Nutrients. 

2020;12(9):2524. https:// doi. org/ 10. 3390/ nu120 92524.
 36. Safi C, Zebib B, Merah O, Pontalier P-Y, Vaca-Garcia C. Morphology, composition, production, processing and applications of Chlorella 

vulgaris: a review. Renew Sustain Energy Rev. 2014;35:265–78. https:// doi. org/ 10. 1016/j. rser. 2014. 04. 007.
 37. Cronquist A. The divisions and classes of plants. Bot Rev. 1960;26(4):425–82. https:// doi. org/ 10. 1007/ BF029 40572.
 38. Kumar D, Sharma U, Singh V, Yadav AK, Anita, Kumar S, et al. Efficiency of aquatic plants for remediation of wastewater. In: Aquat Mac-

rophytes Ecol Funct Serv. Springer Nature Singapore, Singapore. 2023;159–74. https:// doi. org/ 10. 1007/ 978- 981- 99- 3822-3_8
 39. Leng RA. DUCKWEED: a tiny aquatic plant with enormous potential for agriculture and environment. Rome: Collation; 1999.
 40. Cantonati M, Poikane S, Pringle CM, Stevens LE, Turak E, Heino J, et al. Characteristics, main impacts, and stewardship of natural and 

artificial freshwater environments: consequences for biodiversity conservation. Water. 2020;12(1):260. https:// doi. org/ 10. 3390/ w1201 
0260.

 41. Thomaz SM, da Cunha ER. The role of macrophytes in habitat structuring in aquatic ecosystems: methods of measurement, causes and 
consequences on animal assemblages’ composition and biodiversity. Acta Limnol Bras. 2010;22(02):218–36. https:// doi. org/ 10. 4322/ 
actalb. 02202 011.

 42. Ansari AA, Naeem M, Gill SS, AlZuaibr FM. Phytoremediation of contaminated waters: an eco-friendly technology based on aquatic 
macrophytes application. Egypt J Aquat Res. 2020;46(4):371–6. https:// doi. org/ 10. 1016/j. ejar. 2020. 03. 002.

 43. Maranho LT, Gomes MP. Morphophysiological adaptations of aquatic macrophytes in wetland-based sewage treatment systems: strate-
gies for resilience and efficiency under environmental stress. Plants. 2024;13(20):2870. https:// doi. org/ 10. 3390/ plant s1320 2870.

 44. Landolt E. The family of Lemnaceae—Monographic study, Vols. 1 and 2—(Vols. 2 and 4 of biosystematic investigations in the family of 
duckweeds (Lemnaceae)). Plant Growth Regul. 1986;2(4):309–10. https:// doi. org/ 10. 1007/ BF000 37640.

 45. Ramaraj R, Tsai DD-W, Chen PH. Freshwater microalgae niche of air carbon dioxide mitigation. Ecol Eng. 2014;68:47–52. https:// doi. org/ 
10. 1016/j. ecole ng. 2014. 03. 058.

 46. Lolu AJ, Ahluwalia AS, Sidhu MC, Reshi ZA. Carbon sequestration potential of macrophytes and seasonal carbon input assessment into 
the hokersar wetland. Kashmir Wetlands. 2019;39(3):453–72. https:// doi. org/ 10. 1007/ s13157- 018- 1092-8.



Vol.:(0123456789)

Discover Agriculture            (2025) 3:82  | https://doi.org/10.1007/s44279-025-00240-5 
 Review

 47. Lal R, Smith P, Jungkunst HF, Mitsch WJ, Lehmann J, Nair PKR, et al. The carbon sequestration potential of terrestrial ecosystems. J Soil 
Water Conserv. 2018;73(6):145A-152A. https:// doi. org/ 10. 2489/ jswc. 73.6. 145A.

 48. Oncel SS, Kose A, Oncel DS. Carbon sequestration in microalgae photobioreactors building integrated. Start-up creat. Elsevier. 2020:161–
200. https:// doi. org/ 10. 1016/ B978-0- 12- 819946- 6. 00008-4.

 49. Mohedano RA, Tonon G, Costa RHR, Pelissari C, Belli FP. Does duckweed ponds used for wastewater treatment emit or sequester green-
house gases? Sci Total Environ. 2019;691:1043–50. https:// doi. org/ 10. 1016/j. scito tenv. 2019. 07. 169.

 50. Saidu H, Mohammed Ndejiko J, Abdullahi N, Bello Mahmoud A, Eva MS. Microalgae: a cheap tool for wastewater abatement and biomass 
recovery. Environ Technol Rev. 2022;11(1):202–25. https:// doi. org/ 10. 1080/ 21622 515. 2022. 21474 53.

 51. Li X, Wu S, Yang C, Zeng G. Microalgal and duckweed based constructed wetlands for swine wastewater treatment: a review. Bioresour 
Technol. 2020;318: 123858. https:// doi. org/ 10. 1016/j. biort ech. 2020. 123858.

 52. Eid EM, Galal TM, Sewelam NA, Talha NI, Abdallah SM. Phytoremediation of heavy metals by four aquatic macrophytes and their 
potential use as contamination indicators: a comparative assessment. Environ Sci Pollut Res. 2020;27(11):12138–51. https:// doi. org/ 
10. 1007/ s11356- 020- 07839-9.

 53. Kotoula D, Iliopoulou A, Irakleous-Palaiologou E, Gatidou G, Aloupi M, Antonopoulou P, et al. Municipal wastewater treatment by 
combining in series microalgae Chlorella sorokiniana and macrophyte Lemna minor: Preliminary results. J Clean Prod. 2020;271: 
122704. https:// doi. org/ 10. 1016/j. jclep ro. 2020. 122704.

 54. Bouali M. Pilot study of constructed wetlands for tertiary wastewater treatment using duckweed and immobilized microalgae. Afr 
J Microbiol Res. 2012. https:// doi. org/ 10. 5897/ AJMR12. 455.

 55. Silveira GL, dos Santos FE, Alvarenga IFS, de Lima MGF, Bicalho EM, Andrade-Vieira L. Toxicity of paclobutrazol-based pesticide on 
Lactuca sativa L.: germination, seedling development, and DNA damage. Environ Sci Pollut Res. 2024;31(50):59977–89. https:// doi. 
org/ 10. 1007/ s11356- 024- 35221-6.

 56. Ferreira JS, Machado ÊL, Lobo EA. Nutrient removal efficiency using microalgae in different photoperiod cycles, combined with 
constructed wetland in a wastewater treatment plant. Ambient e Agua - An Interdiscip J Appl Sci. 2021;16(5):1–14. https:// doi. org/ 
10. 4136/ ambi- agua. 2692.

 57. Goswami RK, Mehariya S, Verma P. Synergistic microalgal co-cultivation for treatment of municipal wastewater using a two-stage 
cultivation system and biomass valorization. Algal Res. 2024;84: 103800. https:// doi. org/ 10. 1016/j. algal. 2024. 103800.

 58. Goswami RK, Mehariya S, Verma P. Municipal wastewater treatment using an innovative two-stage sequential microalgal co-cultiva-
tion system with different hydraulic retention time: a sustainable approach to circular economy. Process Biochem. 2024;147:448–64. 
https:// doi. org/ 10. 1016/j. procb io. 2024. 10. 011.

 59. Lee S-M, Ryu C-M. Algae as new kids in the beneficial plant microbiome. Front Plant Sci. 2021. https:// doi. org/ 10. 3389/ fpls. 2021. 
599742.

 60. Majeed LR, Sharma D, Rautela KS, Kumar M. Sustainable agriculture, aquaculture and phytoremediation through freshwater macrophytes: 
a comprehensive review of mineral uptake, soil health, and water quality dynamics. Discov Water. 2025;5(1):1. https:// doi. org/ 10. 1007/ 
s43832- 024- 00188-5.

 61. Edwards P. Food potential of aquatic macrophytes. Int Cent Living Aquat Resour Manag. 1980.
 62. Kholssi R, Marks EAN, Miñón J, Montero O, Debdoubi A, Rad C. Biofertilizing effect of Chlorella sorokiniana suspensions on wheat growth. 

J Plant Growth Regul. 2019;38(2):644–9. https:// doi. org/ 10. 1007/ s00344- 018- 9879-7.
 63. Gitau MM, Farkas A, Balla B, Ördög V, Futó Z, Maróti G. Strain-specific biostimulant effects of chlorella and chlamydomonas green micro-

algae on Medicago truncatula. Plants. 2021;10(6):1060. https:// doi. org/ 10. 3390/ plant s1006 1060.
 64. Garcia-Gonzalez J, Sommerfeld M. Biofertilizer and biostimulant properties of the microalga Acutodesmus dimorphus. J Appl Phycol. 

2016;28(2):1051–61. https:// doi. org/ 10. 1007/ s10811- 015- 0625-2.
 65. Mutale-joan C, Redouane B, Najib E, Yassine K, Lyamlouli K, Laila S, et al. Screening of microalgae liquid extracts for their bio stimulant 

properties on plant growth, nutrient uptake and metabolite profile of Solanum lycopersicum L. Sci Rep. 2020;10(1):2820. https:// doi. org/ 
10. 1038/ s41598- 020- 59840-4.

 66. Rachidi F, Benhima R, Sbabou L, El Arroussi H. Microalgae polysaccharides bio-stimulating effect on tomato plants: growth and metabolic 
distribution. Biotechnol Rep. 2020;25: e00426. https:// doi. org/ 10. 1016/j. btre. 2020. e00426.

 67. Stirk WA, Bálint P, Vambe M, Kulkarni MG, van Staden J, Ördög V. Effect of storage on plant biostimulant and bioactive properties of 
freeze-dried Chlorella vulgaris biomass. J Appl Phycol. 2021;33(6):3797–806. https:// doi. org/ 10. 1007/ s10811- 021- 02596-9.

 68. Zarezadeh S, Moheimani NR, Jenkins SN, Hülsen T, Riahi H, Mickan BS. Microalgae and phototrophic purple bacteria for nutrient recovery 
from agri-industrial effluents: influences on plant growth, rhizosphere bacteria, and putative carbon- and nitrogen-cycling genes. Front 
Plant Sci. 2019. https:// doi. org/ 10. 3389/ fpls. 2019. 01193.

 69. Martini F, Beghini G, Zanin L, Varanini Z, Zamboni A, Ballottari M. The potential use of Chlamydomonas reinhardtii and Chlorella sorokiniana 
as biostimulants on maize plants. Algal Res. 2021;60: 102515. https:// doi. org/ 10. 1016/j. algal. 2021. 102515.

 70. Cho G, Jo GS, Lee Y, Kwak YS. Effect of Scenedesmus sp. CHK0059 on strawberry microbiota community. J Microbiol Biotechnol. 
2022;32(7):862–8. https:// doi. org/ 10. 4014/ jmb. 2205. 05016.

 71. Salvi L, Niccolai A, Cataldo E, Sbraci S, Paoli F, Storchi P, et al. Effects of arthrospira platensis extract on physiology and berry traits in Vitis 
vinifera. Plants. 2020;9(12):1805. https:// doi. org/ 10. 3390/ plant s9121 805.

 72. Liu X-Y, Hong Y, Zhang Y-W, Li L-H. Valorization of treated swine wastewater and generated biomass by microalgae: their effects and salt 
tolerance mechanisms on wheat seedling growth. Environ Res. 2024;251: 118664. https:// doi. org/ 10. 1016/j. envres. 2024. 118664.

 73. Del Buono D, Bartucca ML, Ballerini E, Senizza B, Lucini L, Trevisan M. Physiological and biochemical effects of an aqueous extract of Lemna 
minor L. as a potential biostimulant for maize. J Plant Growth Regul. 2022;41(7):3009–18. https:// doi. org/ 10. 1007/ s00344- 021- 10491-3.

 74. Gandhi A, Sundari SU. Effect of vermicompost prepared from aquatic weeds on growth and yield of eggplant (Solanum melongena L.). 
Biofert Biopestic. 2012;3(5):1000128.

 75. Martínez-Nieto P, Bernal-Castillo J, Calixto-Díaz M, Del Basto-Riaño MA, Chaparro-Rico B. Biofertilizers and composting accelerators of 
polluting macrophytes of a Colombian lake. J Soil Sci plant Nutr. 2011;11(2):47–61. https:// doi. org/ 10. 4067/ S0718- 95162 01100 02000 
05.



Vol:.(1234567890)

Review  
Discover Agriculture            (2025) 3:82  | https://doi.org/10.1007/s44279-025-00240-5

 76. Hussain N, Abbasi T, Abbasi SA. Generation of highly potent organic fertilizer from pernicious aquatic weed Salvinia molesta. Environ 
Sci Pollut Res. 2018;25(5):4989–5002. https:// doi. org/ 10. 1007/ s11356- 017- 0826-0.

 77. Bhadha JH, Alvarez O, Lang TA, Giurcanu MC, Daroub SH. Growth efficacy of sorghum and rice amended with dried versus composted 
aquatic vegetation. Sustain Agric Res. 2016;5(2):92. https:// doi. org/ 10. 5539/ sar. v5n2p 92.

 78. Baldi A, Verdi L, Piacenti L, Lenzi A. From waste to resource: use of Lemna minor L. as unconventional fertilizer for lettuce (Lactuca sativa 
L.). Horticulturae. 2024;11(1):20. https:// doi. org/ 10. 3390/ horti cultu rae11 010020.

 79. Sharma A, Kumar V, Shahzad B, Tanveer M, Sidhu GPS, Handa N, et al. Worldwide pesticide usage and its impacts on ecosystem. SN Appl 
Sci. 2019;1(11):1446. https:// doi. org/ 10. 1007/ s42452- 019- 1485-1.

 80. Rouphael Y, Colla G. Synergistic biostimulatory action: designing the next generation of plant biostimulants for sustainable agriculture. 
Front Plant Sci. 2018. https:// doi. org/ 10. 3389/ fpls. 2018. 01655.

 81. Basheer AA. Chemical chiral pollution: impact on the society and science and need of the regulations in the 21st century. Chirality. 
2018;30(4):402–6. https:// doi. org/ 10. 1002/ chir. 22808.

 82. Song U. Improvement of soil properties and plant responses by compost generated from biomass of phytoremediation plant. Environ 
Eng Res. 2019;25(5):638–44. https:// doi. org/ 10. 4491/ eer. 2019. 59.

 83. El-Sheekh M, El-Dalatony MM, Thakur N, Zheng Y, Salama E-S. Role of microalgae and cyanobacteria in wastewater treatment: genetic 
engineering and omics approaches. Int J Environ Sci Technol. 2022;19(3):2173–94. https:// doi. org/ 10. 1007/ s13762- 021- 03270-w.

 84. Kundariya N, Mohanty SS, Varjani S, Hao Ngo HWC, Wong J, Taherzadeh MJ, et al. A review on integrated approaches for municipal 
solid waste for environmental and economical relevance: monitoring tools, technologies, and strategic innovations. Bioresour Technol. 
2021;342:125982.

 85. Canellas LP, Olivares FL, Okorokova-Façanha AL, Façanha AR. Humic acids isolated from earthworm compost enhance root elongation, 
lateral root emergence, and plasma membrane H+-ATPase activity in maize roots. Plant Physiol. 2002;130(4):1951–7. https:// doi. org/ 
10. 1104/ pp. 007088.

 86. Kale RD, Mallesh BC, Kubra B, Bagyaraj DJ. Influence of vermicompost application on the available macronutrients and selected microbial 
populations in a paddy field. Soil Biol Biochem. 1992;24(12):1317–20. https:// doi. org/ 10. 1016/ 0038- 0717(92) 90111-A.

 87. Quintas-Nunes F, Brandão PRCMTB, Glick BR, Nascimento FX. Plant growth promotion, phytohormone production and genomics of the 
rhizosphere-associated microalga, Micractinium rhizosphaerae sp. nov. Plants. 2023;12(3):651. https:// doi. org/ 10. 3390/ plant s1203 0651.

 88. Ujong A, Naibaho J, Ghalamara S, Tiwari BK, Hanona S, Tiwari U. Duckweed: exploring its farm-to-fork potential for food production and 
biorefineries. Sustain Food Technol. 2025;3:54–80. https:// doi. org/ 10. 1039/ D4FB0 0288A.

 89. Ahmed N, Sheikh MA, Ubaid M, Chauhan P, Kumar K, Choudhary S. Comprehensive exploration of marine algae diversity, bioactive 
compounds, health benefits, regulatory issues, and food and drug applications. Meas Food. 2024;14: 100163. https:// doi. org/ 10. 1016/j. 
meafoo. 2024. 100163.

 90. Liu W, Xu J, Li Y, Liu X, Gao N, Ahmed Z, et al. Alternating wet and dry irrigation cycles enhance the nitrogen “cache” function of duckweed 
in a rice-duckweed system. Agric Ecosyst Environ. 2024;369: 109044. https:// doi. org/ 10. 1016/j. agee. 2024. 109044.

 91. Fabris M, Abbriano RM, Pernice M, Sutherland DL, Commault AS, Hall CC, et al. Emerging technologies in algal biotechnology: toward 
the establishment of a sustainable algae-based bioeconomy. Front Plant Sci. 2020. https:// doi. org/ 10. 3389/ fpls. 2020. 00279.

 92. Coronado-Reyes JA, Salazar-Torres JA, Juárez-Campos B, González-Hernández JC. Chlorella vulgaris, a microalgae important to be used 
in Biotechnology: a review. Food Sci Technol. 2022. https:// doi. org/ 10. 1590/ fst. 37320.

 93. Buss MV. Macrófitas aquáticas flutuantes: avaliação e indicativo do seu potencial bioenergético. Universidade do Oeste de Santa Catarina. 
2015.

 94. Appenroth K-J, Sree KS, Bog M, Ecker J, Seeliger C, Böhm V, et al. Nutritional value of the duckweed species of the genus Wolffia (Lem-
naceae) as human food. Front Chem. 2018. https:// doi. org/ 10. 3389/ fchem. 2018. 00483.

 95. Hu Z, Fang Y, Yi Z, Tian X, Li J, Jin Y, et al. Determining the nutritional value and antioxidant capacity of duckweed (Wolffia arrhiza) under 
artificial conditions. LWT. 2022;153: 112477. https:// doi. org/ 10. 1016/j. lwt. 2021. 112477.

 96. Kelly SA, Hartley L, Loveman E, Colquitt JL, Jones HM, Al-Khudairy L, et al. Whole grain cereals for the primary or secondary prevention 
of cardiovascular disease. Cochrane Database Syst Rev. 2017. https:// doi. org/ 10. 1002/ 14651 858. CD005 051. pub3.

 97. Saengthongpinit W. Indigenous cuisine with a modern flare. Duckweed Forum 5. 2017:8.
 98. Andriopoulos V, Kornaros M. Microalgal phenolics: systematic review with a focus on methodological assessment and meta-analysis. 

Mar Drugs. 2024;22(10):460. https:// doi. org/ 10. 3390/ md221 00460.
 99. Naik B, Mishra R, Kumar V, Mishra S, Gupta U, Rustagi S, et al. Micro-algae: revolutionizing food production for a healthy and sustainable 

future. J Agric Food Res. 2024;15: 100939. https:// doi. org/ 10. 1016/j. jafr. 2023. 100939.
 100. Romano LE, Aronne G. The world smallest plants (Wolffia Sp.) as potential species for bioregenerative life support systems in space. 

Plants. 2021;10(9):1896. https:// doi. org/ 10. 3390/ plant s1009 1896.
 101. El-Sheekh MM, Gheda SF, El-Sayed AE-KB, Abo Shady AM, El-Sheikh ME, Schagerl M. Outdoor cultivation of the green microalga Chlo-

rella vulgaris under stress conditions as a feedstock for biofuel. Environ Sci Pollut Res. 2019;26(18):18520–32. https:// doi. org/ 10. 1007/ 
s11356- 019- 05108-y.

 102. Xu L, Cheng S, Zhuang P, Xie D, Li S, Liu D, et al. Assessment of the nutrient removal potential of floating native and exotic aquatic mac-
rophytes cultured in swine manure wastewater. Int J Environ Res Public Health. 2020;17(3):1103. https:// doi. org/ 10. 3390/ ijerp h1703 
1103.

 103. Franklin SE, Mayfield SP. Prospects for molecular farming in the green alga Chlamydomonas reinhardtii. Curr Opin Plant Biol. 2004;7(2):159–
65. https:// doi. org/ 10. 1016/j. pbi. 2004. 01. 012.

 104. Khvatkov P, Firsov A, Shvedova A, Kozlov O, Chernobrovkina M, Pushin A, et al. Wolffia arrhiza as a promising producer of recombinant 
hirudin. 3 Biotech. 2021;11(5):209. https:// doi. org/ 10. 1007/ s13205- 021- 02762-3.

 105. Khvatkov P, Chernobrovkina M, Okuneva A, Dolgov S. Creation of culture media for efficient duckweeds micropropagation (Wolffia 
arrhiza and Lemna minor) using artificial mathematical optimization models. Plant Cell Tissue Organ Cult. 2019;136(1):85–100. https:// 
doi. org/ 10. 1007/ s11240- 018- 1494-6.



Vol.:(0123456789)

Discover Agriculture            (2025) 3:82  | https://doi.org/10.1007/s44279-025-00240-5 
 Review

 106. Singh S, Singh L, Kumar V, Ali W, Ramamurthy PC, Singh Dhanjal D, et al. Algae-based approaches for Holistic wastewater management: 
a low-cost paradigm. Chemosphere. 2023;345: 140470. https:// doi. org/ 10. 1016/j. chemo sphere. 2023. 140470.

 107. Coughlan NE, Walsh É, Bolger P, Burnell G, O’Leary N, O’Mahoney M, et al. Duckweed bioreactors: challenges and opportunities for large-
scale indoor cultivation of Lemnaceae. J Clean Prod. 2022;336: 130285. https:// doi. org/ 10. 1016/j. jclep ro. 2021. 130285.

 108. Novoveská L, Nielsen SL, Eroldoğan OT, Haznedaroglu BZ, Rinkevich B, Fazi S, et al. Overview and challenges of large-scale cultivation 
of photosynthetic microalgae and cyanobacteria. Mar Drugs. 2023;21(8):445. https:// doi. org/ 10. 3390/ md210 80445.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


