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The continuous growth of the world population has imposed major challenges on agriculture. Consequently, farmers generalized the overuse of synthetic fertilizers and pesticides to meet the global food demand. Although these products have helped many developing countries increase their crop yield, they have simultaneously resulted in many issues, mainly the decline of soil fertility and degradation of local ecosystems due to soil, water, and air contamination, combined with their non-renewable nature and increased costs. For agriculture to become more sustainable, the use of alternative biological products, with recognized beneficial effects on plant yield and health, must be expanded. In this context, microalgae and cyanobacteria are rich sources of nutrients and bioactive metabolites, which have been gaining attention from researchers and companies for their ability to improve plant nutrition, growth, and tolerance to stress. This review gives an overview of the research work that has been done in the last two decades, regarding the use of microalgae and cyanobacteria (blue-green algae) as biofertilizers, biostimulants, and biopesticides. This work identified trends and challenges and highlights the use of microalgae to recycle the nutrients from wastewater to improve plant productivity while reducing the fertilizer and water footprint for more sustainable agriculture practices.
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Introduction

Agriculture is facing significant pressure to meet the growing food demands of the increasing world population. Until the 20th century, nitrogen and phosphorus were the limiting factors for agricultural yield. Despite the abundance of atmospheric nitrogen, most crop plants cannot uptake it in this form and therefore need the application of fertilizers. Conventional fertilizers are obtained primarily from declining nonrenewable resources. Currently, more than 96% of ammonia is produced through the Haber-Bosch process, which requires fossil fuels as feedstock (natural gas, oil, and coal) (Smith et al., 2020). This process is one of the largest consumers of global energy, expending more than 1-2% of the annual world energy supply (Chatterjee et al., 2017). Furthermore, this process is also a large greenhouse gas emitter, responsible for 1.2% of global anthropogenic CO2 emissions (Smith et al., 2020).

Regarding phosphorus, all the produced fertilizers are derived from limited mineral deposits which are restricted to specific areas of the planet. Approximately 75% of the current reserves of phosphate minerals are in Morocco. China and the US also have significant reserves, but these are not sold on the global market. This problem of scarcity and the key role of phosphorus in agriculture makes it highly susceptible to unpredictable price fluctuations on the global market, which is also strongly influenced by geopolitical interests. Countries that do not have their reserves, including the European Union are more at risk (Zilio et al., 2022). These concerns are more intensified with the recent war triggered by the Russian invasion of Ukraine.

The productivity of crops has been negatively affected by the appearance of pests and diseases, and increase of water scarcity, due to the soil erosion and degradation of local ecosystems by the intensive use of synthetic fertilizers (Chatterjee et al., 2017). Despite the detrimental environmental impacts, the use of fertilizers is inevitable to meet the growing global food demand. As most environmental legislations worldwide become more rigorous, the emergence of organic farming practices appears as a promising solution to fulfill the growing demand for healthy foods that do not compromise long-term environmental sustainability, promote low pesticide inputs, and the use of natural bioproducts, such as biofertilizers, biostimulants, and biopesticides (Calvo et al., 2014; Bulgari et al., 2015; Colla and Rouphael, 2015; Chatterjee et al., 2017; Win et al., 2018). Still, when it comes to bioproducts, misinterpretations between these concepts can still occur, especially between biofertilizers and biostimulants (Figure 1). According to the new EU fertilizing products regulation (FPR) 2019/1009 that lays down rules on the making available on the market EU fertilising products, and was implemented on 16th of July of 2022, a biostimulant in “an EU fertilizing product whose function is to stimulate plant nutrition processes independently of the product’s nutrient content with the sole aim of improving one or more of the following characteristics of the plant or the plant rhizosphere: nutrient use efficiency, tolerance to abiotic stress, quality traits, or availability of confined nutrients in the soil or rhizosphere” (Regulation (EU) 2019/1009, 2019). Essentially, the main difference between both concepts is that biostimulants do not provide nutrients directly to crops as opposed to biofertilizers.




Figure 1 | Summary of natural bioproducts (biofertilizer, biostimulant, and biocontrol) and their impact on the crop.



Biofertilizers are biological products that contain microorganisms, such as algae, fungi, or bacteria, or natural compounds derived from those microorganisms, which act at the soil level. These products promote plant growth and soil fertility by increasing the supply or availability of essential nutrients, including macro and micronutrients, and by improving physico-chemical and biological soil properties (Abdel-Raouf, 2012; Sahu et al., 2012; Ronga et al., 2019). On the other hand, biostimulants stimulate plant growth by modulating plant growth metabolisms, such as germination, respiration, photosynthetic activity, nutrient uptake, and flower and fruit production, amongst others (Górka et al., 2018). They also play a relevant role in extending plant tolerance and resistance to various environmental stress conditions (e.g., drought, heat, salinity, etc.) (Povero et al., 2016; Chiaiese et al., 2018). On the other hand, biopesticides promote antagonism and biological control of pathogenic organisms, such as bacteria, viruses, fungi, and insects (Carvajal-Muñoz and Carmona-Garcia, 2012).

One group of microorganisms that can act as bioproducts in Agriculture are microalgae. These organisms excrete organic acids, increase phosphorus availability and uptake, provide nitrogen fixation, and enhance the soil content of organic matter to build soil fertility (Górka et al., 2015; Coppens et al., 2016; Khan et al., 2019). Microalgae produce biologically active extracellular substances that influence plant growth, also known as Plant Growth Regulators (PGRs) which act at very low concentrations (i.e., phytohormones, amino acids, polypeptides, polysaccharides, and vitamins), whilst specific eukaryotic microalgae have also shown antibacterial and antifungal activity. (Chiaiese et al., 2018; Chanda et al., 2019). Several bioactive compounds are behind these antimicrobial mechanisms, such as fatty acids, and phenolic compounds (Renuka et al., 2018; Costa et al., 2019). Cyanobacteria have also been reported as stimulators of plant defense mechanisms and producers of metabolites with pesticidal action (Singh et al., 2016). Further research is required for green microalgae on the control of plant pathogens. Nevertheless, studies already reveal that green microalgae (e.g., Coccomyxa onubensis, Chlorella vulgaris, etc.) have antimicrobial properties, which makes them an interesting subject for research in the agricultural biotechnology field (Costa et al., 2019).

From the economic point of view, the growth of the European biostimulants sector has been driven by the increasing importance of organic and sustainable farming as well as the need for enhanced yields (Mordor Intelligence, 2020). Europe is currently the biggest market for biostimulants, with around 8.5 million acres of area treated in 2016 (Liebig et al., 2020). This has increased the need for harmonized European Regulation, concerning the placement of biostimulants in the market. Thus, the new Fertilizing Products Regulation (FPR) (EU) 2019/1009 includes biostimulants as CE-marked fertilizing products meaning that the producer can now officially evaluate and prove that these products meet EU safety, health, or environmental requirements, therefore receiving the official EU conformity certification to be sold in the markets belonging to the European Economic Area (CE stands for “Conformité Européenne,” which translates to “European Conformity.”) (Regulation (EU) 2019/1009, 2019). The Global Biostimulant Market was estimated to be valued at USD 2.6 billion, in 2019, and is expected to grow by 11.24% by 2025 (MarketsandMarkets, 2020). A recent event that has further aggravated the expectations and potential of the biostimulant market is the Russian invasion of Ukraine. The beginning of the war in March of 2022, has led to a shortage of fertilizers in the market. Both countries were reported to be responsible, altogether, for the exportation of 28% of fertilizers containing nitrogen, phosphorus, and potassium, according to Morgan Stanley (Domm, 2022). This has resulted in a significant increase in fertilizer prices, which have become worryingly scarce. For the farmers, these events translate to lower crop yields, and for the consumers, increased market prices of the final products. Although the duration of the conflict cannot be foretold with complete certainty, the negative effects on the global markets are expected to last for the coming years, with or without the prolongation of the war. Furthermore, a reshape of the global order is already at hand, with several world leaders working on decreasing the dependency on Russia’s supplies, such as fertilizers. This conflict has thus begun a new cycle in the world’s economy and the search for alternative suppliers is at its peak. In the case of fertilizers, the current crisis is further aggravated by the climate crisis as the chemicals associated with fertilizers, as well as the production of fertilizers, are highly pollutant. Hence, microalgae bioproducts such as biostimulants and biofertilizers may very well pose an opportunity to alleviate and overcome the current fertilizer crisis.

This manuscript gives an overview of the trends of microalgae, eukaryotic, and cyanobacteria, for agricultural applications, through a literature review of the most relevant studies in this field. The authors pretend to emphasize the relevance of microalgae biomass as an emerging application in agriculture, especially after the use of microalgae for the treatment of wastewater from various sources.





Database

The data was collected from the Web of Science database. The search was done using several combinations of keywords: (*microalga* OR *cyanobacteri*) AND (*biostimulant* OR *biofertilizer* OR *biopesticide* OR “germination” OR “plant growth” OR “bioprotection” OR “agriculture”). The search generated 1873 articles from the Science Citation Index (SCI) starting in 2001 until September 2022. From those articles, both reviews and viewpoint articles were removed, and only English language journals were considered (1458 articles). From these articles, we searched within the references for more articles that were not in our initial dataset. Among these, a selection was made to consider only articles which studied the effect of microalgae and cyanobacteria on target plants, soil, or pests. The final dataset included 330 original research papers for a 21-year period (2001 – 2022), which were synthesized in the sections below. Furthermore, an online page displaying the information within this manuscript was prepared at the following link: https://shorturl.at/klxD0.





Geographical distribution of publications

In the last 5 years, the research on the agricultural application of microalgae has registered a steep growth, duplicating the number of studies in 2021 compared to 2018 (Figure 2A). This demonstrates the emergence of microalgae in the field of agriculture, which might develop to be one of the most relevant applications in microalgae technology in the following years (Figure 2B).




Figure 2 | (A) Evolution of publications on the application of microalgae in agriculture worldwide; (B) Evolution of publications on the various applications of microalgae worldwide; and (C) Number of publications on the application of microalgae in agriculture by country, over 21 years (2001-2022).



Asia has led the research in this field, being the source of almost half the studies published between 2001 and 2022, with India standing out among them (87 publications). In the last decade, India has emerged as a major agricultural exporter, ranking first in the world with the highest net cropped area (USGS, 2021). However, the Indian agricultural sector has faced various challenges such as low farm yields, limited water availability, and environmental and soil degradation, amongst others (Chew and Soccio, 2016; Narain, 2020). These could be the major incentives behind extensive research on sustainable ways to overcome these challenges. In Europe, Spain has been the leading country in publications (18 publications), closely followed by Italy (17 publications). In Africa and America, Egypt and Brazil stood out, respectively, with 33 and 26 published studies each (Figure 2C). Spain and Italy have been valuable players in the European agriculture sector, however, Germany and France, represent 51% of the total European Union (EU) utilized agricultural area and 49% of the total EU arable land. Moreover, Italy cut down 20% of the use of pesticides between 2011 and 2018 by substituting them for more sustainable alternatives such as practices like crop rotation and technologies like precision farming making it the most sustainable agriculture sector in Europe (Eurostat, 2020).





Distribution of microalgae and cyanobacteria in agriculture publications

There has been a predominance of studies addressing cyanobacteria species for agricultural purposes over microalgae (185 vs. 108 studies) (Figure 3A). 35 studies used both microalgae and cyanobacteria species, where 6 took advantage of mixed consortia. Among the microalgal species studied (Figure 3B, there was a clear predominance of the genus Chlorella (108), being that almost half of the studies used Chlorella vulgaris, followed by Scenedesmus (48) (including Tetrademus and Desmodesmus due to changes in taxonomy). Other microalgal genera have been studied, although to a much lesser extent, such as Dunaliella, Nannochloropsis, Porphyridium, and Tetraselmis, among others. Regarding cyanobacteria, Anabaena and Nostoc were dominant genera, especially in studies dealing with soil-borne cyanobacteria in rice paddy fields in India. In fact, throughout the years, many studies regarding the microbial communities of soils, included both genera as the most found species, due to their ability to fix atmospheric nitrogen. In addition, their significant effect on plant growth can be attributed to the ability of Anabaena and Nostoc strains to produce growth regulators (e.g. phytohormones like indole-acetic acid) and other secondary metabolites, linked to the biocontrol of diseases, as well as improving soil aggregation through secretion of mucilage and polysaccharides (Prasanna et al., 2011). Arthrospira has also been the dominant cyanobacterial genus in most recent studies (58), especially Arthrospira platensis (46). Moreover, in the literature, the higher abundance of cyanobacteria compared to microalgae was related to their identification within various consortia collected from soils, not to their isolated effect. The fact that Chlorella vulgaris and Arthrospira platensis were the most studied microalga and cyanobacteria species, respectively, was expected given their public acceptance and dominance in the global production market.




Figure 3 | Distribution in agriculture application studies by (A) type of microorganism; (B) number and genus of the microalgae and cyanobacteria used in the studies; (C) cultivation medium used to grow the biomass.



Regarding the cultivation medium, most studies used synthetic media to produce the microalgal/cyanobacterial biomass (285), while only 40 publications used biomass that was produced in wastewater (Figure 3C).In terms of composition, these wastewaters are typically richer in nutrients such as nitrogen, phosphate, and potassium, as well as contain significant contents of solids, dissolved and particular matter, and microorganisms, when compared with synthetic media. It is also interesting to notice that most biomass produced from wastewater (WW) were microalgae, either in isolates or in consortium with other microalgal or cyanobacterial species. From the literature, only 3 studies used cyanobacterial isolates or consortia (Wuang et al., 2016; Rashad et al., 2019; Ferreira et al., 2021), while the remaining used consortia with both microalgae and cyanobacteria, dominated by the former (Mulbry et al., 2005; Mukherjee et al., 2016; Renuka et al., 2016; Castro et al., 2017; Ahn et al., 2020; Supraja et al., 2020). From these microalgae, the most common species that have been found in wastewater treatment plants are Chlorella and Scenedesmus/Tetradesmus, two highly robust and resilient strains. This has resulted in the generalized use of these species in studies involving wastewaters, either in the form of isolates or due to their domination of the cultures. (Ferreira et al., 2019; Navarro-López et al., 2020a; Ferreira et al., 2021; Ranglová et al., 2021; Viegas et al., 2021a; Viegas et al., 2021b; Viegas et al., 2021c). The potential of wastewater-grown microalgae for agriculture was further addressed in section 4.1.





Agricultural applications of microalgae and cyanobacteria

Microalgae can be used either as pure extracts or as crude algal compost to enhance seed germination, and crop productivity at different levels, by improving soil quality, stimulating growth, and/or expanding protection against stress conditions. Figure 4A shows that most studies used microalgae/cyanobacteria as a biostimulant (162) rather than a biofertilizer (145). There seems to be some incorrect denomination of the effect due to the misconception between both concepts, as previously mentioned, being that some studies did not distinguish between them and considered only a biofertilizer effect. However, for of Figure 4A, a distinction between them was considered depending on their described effect in the respective studies. In comparison, the biocontrol effect has been less studied, with only 26 studies addressing it. Furthermore, being an emerging topic, most studies have been developed at the laboratory scale (154), especially in plant germination and early development stages. Nonetheless, there are a considerable number of studies performed in pots, both in a greenhouse (104) or outdoors (20), and in field trials (70) (Figure 4B).




Figure 4 | Distribution of studies by (A) the agricultural purpose of the biomass; (B) the experimental scale of the trials; (C) the application mode of the biomass and (D) the growth conditions of the plant trials (stress or no stress).



The most common mode of application was via root (207) (Figure 4C). All studies that applied seed soaking (92) were performed at the laboratory scale. This can be explained by the fact that this method is mainly used for germination experiments, which are usually the fastest ones to perform when the goal is to first study the biostimulant/biofertilizer potential of a certain compound and microorganism. From the literature, only 2 studies were found regarding the biostimulant (Bayona-Morcillo et al., 2020) and biopesticide (Kim et al., 2020) effects of microalgae when applied via foliar and root in greenhouse trials. When comparing foliar spray to soil application, the former provides faster nutrient utilization and correction of nutrient deficiencies, with improvements of N, P and K contents (Dineshkumar et al., 2020a). The number of studies evaluating the potential utilization of microalgae and microalgae-derived compounds, such as polysaccharides and phytohormones, for foliar application was limited (45). This strategy is relatively new and is one of the most innovative agricultural practices, as it is environmentally safe and promotes agricultural sustainability (Ronga et al., 2019). Microalgae-derived extracts, even at low concentrations, can induce an array of physiological plant responses. Since the amount of natural substances in algae is relatively smaller than in mineral fertilizers, the foliar application could be a more suitable method, since plant responses to nutrients supplied via foliar sprays are normally more rapid than when applied in soil (Ronga et al., 2019).

Regarding growth conditions (Figure 4D), most studies were developed under controlled environments with optimal growth conditions (262). Still, 40 studies have already tested the potential of microalgae/cyanobacteria for improving plant growth under abiotic stress conditions, especially salinity (20), chemical contamination (9), drought (5), and heat (4). The studies considering biotic stress were related to the biopesticide effect (26).

Concerning the type of crop used in these studies, cereal plants were the most common, especially rice (Oryza sativa) and wheat (Triticum aestivum) given their rapid growths and thus possibility to obtain faster results (Figure 5). Garden cress (Vigna radiata) was also significantly studied for germination trials due to fast germination and development of only the primary root. Microalgal/cyanobacterial derived products are a relatively unexplored resource (when compared with seaweeds), therefore there is a great opportunity in this field to develop novel research, more field trials in crop productivity, in natural environmental conditions as well as in stress abiotic conditions (e.g., salinity, temperature, and drought).




Figure 5 | Distribution of studies regarding the application of microalgae in agriculture, by the target plants.







Biofertilizers: improvement of soil quality

Some microalgal and cyanobacterial species are also well-known for their positive effect on soil quality, given their ability to fix atmospheric nitrogen, increase the availability of essential nutrients or improve soil physical and chemical properties. Furthermore, as photosynthetic microorganisms, microalgae and cyanobacteria can recover nutrients from different sources, therefore reducing the use of traditional fertilizers.




Nitrogen fixation

As previously mentioned, most research on the agricultural applications of algae has focused on the use of cyanobacteria, given their ability to fix atmospheric nitrogen to organic nitrogen forms, that can be assimilated by higher plants (Nilsson et al., 2002; Pereira et al., 2009; Prasanna et al., 2014; Zayadan et al., 2014; Buenaventura and Barrientos, 2019; Shamim et al., 2020; Bao et al., 2021; Zhang et al., 2021) (Table 1). Altogether, the use of cyanobacteria in soils has been reported to promote nutrient recycling with increased availability of nitrogen, and to promote efficient C-N sequestration in the soil alongside the enrichment of the crop’s micronutrients fraction (Swarnalakshmi et al., 2013; Prasanna et al., 2015b; Prasanna et al., 2015c). When applied directly to the soil, cyanobacteria (alone or in consortia) can improve nitrogen availability and form soil crusts that avoid nitrogen leaching. This significantly improves plant growth whilst economizing fertilizers by 25-30% and minimizing the risks of water contamination (Pereira et al., 2009; Buenaventura and Barrientos, 2019; Ramírez-López et al., 2019; Bao et al., 2021; Zhang et al., 2021).


Table 1 | Impacts of microalgae and cyanobacteria on soil quality regarding their nitrogen fixation ability.



One mode of application that has been considered an economically attractive option, was the use of cyanobacteria as a matrix to develop biofilms in the soil (Prasanna et al., 2011; Prasanna et al., 2020). Prasanna et al (2013a; 2014; 2015a; 2015b; 2015c). and Swarnalakshmi et al. (2013) have extensively used the cyanobacterium Anabaena torulosa to develop biofilms, due to its inherent characteristics, such as the presence of an extensive nutrient-rich mucilage and its facultative mode of nutrition, which can improve the supply of N, P and C to the plant. Moreover, the cyanobacterial biofilms can further enhance plant growth through the production of phytohormones (i.e. auxins, gibberellins, cytokinins), bioactive metabolites (i.e. aurilide, barbamide, garbamide), and increased content of glomalin-related soil protein in the soil, as observed for several crops (Prasanna et al., 2013a; Prasanna et al., 2013b; Prasanna et al., 2014; Prasanna et al., 2015b).

Another cyanobacteria that was widely used as a nitrogen-fixing biofertilizer was Nostoc (Table 1). Nilsson et al. (2002) screened various Nostoc isolates for their ability to associate with rice, which promoted higher N2 fixation rates compared to free-living cyanobacteria. In another study, N. muscorum and N. rivulare, either alone or in combination with N-fertilizer, were also shown to associate with soybean, resulting in a significant increase in plant height, leaf area, and fresh weight (Sholkamy et al., 2015). Ultimately, Buenaventura and Barrientos (2019) demonstrated that the supplementation with N. commune allowed for the reduction of the recommended dose of inorganic fertilizer by half since it provided a similar nitrogen content to the inorganic fertilizer, where similar plant height and harvest index were achieved.

The use of microalgae as nitrogen-fixing biofertilizers has also been studied. Different methods of application of microalgal monocultures of Microcystis aeruginosa and Chlorella sp. were studied on maize (Grzesik and Romanowska-Duda, 2014) and willow plants (Grzesik et al., 2017). The authors concluded that applying the microalgae to grains prior to sowing, was more profitable than continuously applying them to roots via the substrate. In addition, Grzesik et al. (2017) studied the foliar application of the referred monocultures, from which the physiological performances and growths of plants were significantly enhanced. In both studies, the increased height, number of shoots, and length of plants, could be related to the accumulation of higher quantities of active compounds from the microalgae strains. Moreover, the applied monocultures improved the NPK content of plants, the enzyme activity (dehydrogenases, RNase, acid or alkaline phosphatase and nitrate reductase), as well as the overall photosynthesis process (stability of cytomembranes, chlorophyll content, transpiration, stomatal conductance and reduced intercellular CO2 concentration) (Grzesik and Romanowska-Duda, 2014; Grzesik et al., 2017).

Finally, the use of consortia with both cyanobacteria and microalgae has also been explored. Ramírez-López et al. (2019) showed that it was possible to reduce 75% the chemical fertilization for wheat (Triticum aestivum L.), due to the complementary effect of a photosynthetic and N-fixing microbial consortium, including cyanobacteria and Chlorophyta species, that had beneficial effects on plant growth and the soil. The same was evidenced by Dineshkumar et al. (2018), where reducing the chemical N fertilizer up to 50 or 75% of the recommended dose while complementing with the application of microalgae (C. vulgaris and Arthrospira platensis), showed better results than merely using the recommended N dose. In conclusion, the use of microalgae and cyanobacteria as biofertilizers has shown promising results in promoting nutrient recycling, improving nitrogen availability, and enhancing plant growth while reducing the need for inorganic fertilizers, therefore holding great potential for sustainable agriculture.





Nutrient availability

In the past three decades there have been secondary micronutrient deficiencies in the soils, due to the imbalanced use of macronutrient fertilizers, decreased use of organic manure, reduced recycling of crop residues, and bumper harvests. Microalgae and cyanobacteria are photosynthetic microorganisms that can uptake and store essential nutrients (N and P) in their biomass, even from sites where they are scarce. In addition, they can accumulate other important micronutrients like potassium, magnesium, sulfur, and iron, which are involved in redox reactions in the plant metabolism (Ronga et al., 2019; Gonçalves, 2021). Thus, as it has been reported in the literature (Table 2), microalgae or cyanobacteria can be considered as an alternative source of essential macro- and micronutrients for plants’ growth.


Table 2 | Impacts of microalgae and cyanobacteria on soil quality regarding nutrient availability.



In addition to their nitrogen-fixation capacity, cyanobacteria-bacteria biofilms or consortia can improve nutrient availability in the soils (Rana et al., 2012; Manjunath et al., 2016; Simranjit et al., 2019). Simranjit et al. (2019) showed that the application of these biofilms improved the composition of the soil, not only in N (50-90%) but also in P and organic C by 40-60%. Moreover, these biofilms improved the bioavailability of micronutrients such as Cu, Fe, Mn, and Zn, which reflected a positive effect on the leaves photosynthetic pigments. Manjunath et al. (2016) also observed improvements in the bioavailability of soil macro/micronutrients, by applying Anabaena in microbial biofilms or consortia, and Calothrix sp. The synergistic action of bacteria and cyanobacteria increased Fe and Zn contents, contributing to an improved root yield and weight of okra plants. These two micronutrients are amongst the most limiting nutrients for plant growth. However, since several cyanobacteria can sequester Fe or Zn from metallothioneins, they can be used for biofortification to cover these crop deficiencies (Rana et al., 2012; Manjunath et al., 2016).

Regarding the application of microalgal species, Chlorella vulgaris has been a widely studied species on different plants (Shaaban, 2001b; Faheed and Fattah, 2008; Dineshkumar et al., 2020c). In a study involving the use of both cyanobacteria and microalgae, Dineshkumar et al (2019; 2020b). tested C. vulgaris and A. platensis mixed with cow manure as a biofertilizer for maize and onion. For maize, all the treatments recorded significantly improved the levels of N, Mn, P, and K. In contrast, low levels were observed for Ca, Zn, Fe, and CO,3 and Na contents. The combination of manure with microalgae allowed for the best growth of maize during the early stages, specifically up to 51.1% after 60 days of planting (Dineshkumar et al., 2019). The same trend was observed when applying identical conditions to onion plants. The microalgal treatments mixed with cow manure allowed for the maximum micro and macronutrient availability, which yielded the best growth parameters in onion plants. All treatments originated onions larger than the marketable size, with improved biochemical (e.g., soluble sugars, phenols, free amino acids, and indoles) and mineral compositions (e.g., Na, K, P, Ca, Fe, Mg, and Mn), that result in increased market value. The same group also tested the foliar application of both species in mung bean plants (Dineshkumar et al., 2020a). Likewise, plants treated with C. vulgaris and A. platensis generated superior levels on the composition of mung bean leaves and soil and improved the physical characteristics of green gram including water absorption index, water solubility index, and water and oil absorption. Recently, Dineshkumar et al. (2020c) concluded that C. vulgaris extracts could be used as an eco-friendly and potentially economically viable foliar spray treatment for black gram (Vigna mungo L.). The soil properties and production yields were improved, as well as fortified the seed flour with beneficial minerals for consumers, such as Na, K, Ca, Mg, and P.

Nutrient depletion is a major problem for crop production, given the insufficiency of direct sunlight and continuous cultivation with intensive use of fertilizers and pesticides. As previously stated, microalgae can recover nutrients from sites where nutrient availability is limited. Schreiber et al. (2018) compared the application of mineral and Chlorella vulgaris fertilizers in nutrient-poor soil substrates. For all experimental conditions, the biofertilization enhanced the growth of wheat plants in comparison to the unfertilized controls (nutrient limitation). No significant differences were observed between mineral and Chlorella fertilizers. When compared with wheat plants grown without nutrient limitation, the fertilization with Chlorella vulgaris facilitated the growth of wheat with similar nitrogen contents, but lower phosphorus levels in plant tissues. This suggests that microalgae cells can cover the nutrient deficiency of the soils, though, while N can be released in a form that wheat roots can easily uptake, P might not, or is released slowly. Nonetheless, the root-hair properties of plants were similar among treatments, which confirms the conversion of microalgal P to plant-available forms in the soil. These results validate that microalgal biomass can support crop growth on marginal soils, with similar performance to mineral fertilizers.

The use of other microalgal species has also been evaluated, as is the case of Acutodesmus dimorphus, whose culture, extracts, and dry biomass were tested in seed priming, foliar spraying, and biofertilization of tomato plants (Garcia-Gonzalez and Sommerfeld, 2016). The authors were able to achieve early germination with the seed treatment, as well as longer plants, a higher number of flowers, and braces per plant, with foliar application of the extract. Furthermore, the application of dry A. dimorphus biomass 22 days prior to transplant, significantly enhanced plant growth, when compared to the application at the time of transplant. These results suggest that a preliminary application is required for the biomass to break down and increase the nutrient availability for plant uptake. In another case, Saadaoui et al. (2019) studied the effects of fertilizing date palms with Tetraselmis sp. The authors observed that after 3 months of treatment, the supplementation with 0.5 g of Tetraselmis sp. increased the NPK content of soil and maintained a safe level of heavy metals. This led to higher plant growth rates of date palm when compared to conventional fertilizer, with 100% survival rates, greater number of leaves (3.17 ± 0.14 vs. 3 ± 0.66), high ability to root largest stem thickness, longer shoot, and higher chlorophyll content.





Soil amendment

Microalgae and cyanobacteria can also enhance soil properties (aggregation, porosity, permeability, ventilation, and humidity) (Sharma et al., 2012; Baweja et al., 2019; Pan et al., 2019). As previously stated, some microalgae and cyanobacteria species can excrete polysaccharides that form an adhesive and gelatinous mesh, which binds soil particles on their surface, therefore improving water retention and soil aeration (Xu et al., 2013). This ability plays a significant role in pH and temperature regulation, as well as protection against erosion (Sharma et al., 2012; Baweja et al., 2019). These improvements positively affect crop productivity since they stimulate root growth and soil microbial activity. Therefore, microalgae and cyanobacteria can help build soil fertility (Nisha et al., 2007; Saadatnia and Riahi, 2009; Prasanna et al., 2016a; Marks et al., 2017; Barone et al., 2019b; Lv et al., 2020), prevent erosion (Hu et al., 2002; Issa et al., 2007; Kheirfam et al., 2017), recover damaged soil crusts (Acea et al., 2001), or sequester toxic pollutants from soil (Tripathi et al., 2008; Priya et al., 2014; Decesaro et al., 2016) (Table 3). Furthermore, microalgae and cyanobacteria can form associations with plant roots which are mutually beneficial. They benefit plants by producing extracellular enzymes that break down organic matter in the soil, and releasing nutrients that are essential for plant growth, such as nitrogen and phosphorus. They can also produce growth-promoting hormones that stimulate plant growth (Prasanna et al., 2011). In turn, plant roots release exudates (e.g., simple sugars, amino acids, organic acids, and other compounds) that provide a food source for the microorganisms. These microorganisms can then form colonies around the plant roots, creating a biofilm that can help protect the roots from pathogens and other stressors, while also improving the soil structure. The improved soil structure allows for better water and nutrient retention, which further supports plant growth (Nisha et al., 2018).


Table 3 | Impacts of microalgae and cyanobacteria on soil bioremediation.



In a study, a multi-strain biofertilizer (dried paste) consisting of three indigenous cyanobacterial isolates (Anabaena doliolum, Cylindrospermum sphaerica, and Nostoc calcicole), was applied to an organically poor semi-arid soil under limited-water conditions (Nisha et al., 2007). The native strains improved carbon and nitrogen mineralization, by promoting soil microbial activities and decreasing the C:N ratio. Also, a decline in bulk density and an increase in water holding capacity and hydraulic conductivity of soil were observed. Plant growth and yield of pearl millet and wheat increased in response to cyanobacterial biofertilizer, which was more pronounced at lower water levels (6%). In another study, microalgal suspensions of alive S. quadricauda and Anabaena circinalis were evaluated in cucumber cultivation. The application of a high concentration of S. quadricauda, in the soil, boosted the diversity of rhizosphere fungi of cucumber, especially of growth-promoting bacteria and fungi (Azotobacter, Bacillus, Pseudomonas, Cryptococcus, Fusarium, Penicillium, and Trichoderma), which resulted in increased height, number of leaves, flower buds, and stem diameter of cucumber (Lv et al., 2020).

Enriching the biological properties of soil crusts, by increasing its microbial population, can be an effective strategy to improve soil chemical properties. Moreover, because of their filamentous structure and their ability to secrete polysaccharides and other cementing substances (amongst others), cyanobacteria can generate a prosperous environment for microbial populations to proliferate and form a crust, which has a significant role in preventing soil erosion, improving water kinetics and plant growth) (Nisha et al., 2018).

Accordingly, Acea et al. (2001) investigated the potential value of cyanobacterial suspensions (Nostoc, Oscillatoria and Scytonema species) for accelerating soil recolonization and promoting microbiotic crust formation after a fire. The heated soils inoculated with cyanobacteria were quickly colonized and, after 2 months, the cyanobacterial filaments, and associated fungal hyphae, built up a matrix that aggregated surface soil particles, therefore improving crust formation. These crusts were not observed in the uninoculated soils. In another study, Kheirfam et al. (2017) showed that the inoculation of cyanobacteria suspensions (Nostoc, Oscillatoria, and Lyngbya species) had a more effective role in N fixing (240%) and organic matter storing (40%), compared to the other inoculation treatments, which ultimately improves soil quality to prevent soil degradation.

Finally, microalgae and cyanobacteria can perform the remediation of soils by removing heavy metals (e.g., cadmium, lead, and chromium), trace elements (e.g., iron, zinc, copper, and manganese), hydrocarbons, and others, which helps build soil quality and fertility (Priya et al., 2015; Suresh Kumar et al., 2015). Heavy metals can be transformed, detoxified, and volatilized by microalgae, and since microalgae are non-pathogenic there is no risk of accidental release into the atmosphere (Priya et al., 2015). Microalgae degrade the pollutants enzymatically but can also absorb them onto their surfaces due to the high metal binding capacity of polysaccharides, proteins, or lipids present on their cell walls (Suresh Kumar et al., 2015). This capacity is crucial in rice production, since an increase in land contamination has been reported, which not only reduces arable land but could negatively impact human health due to heavy metal accumulation in rice grains (Tripathi et al., 2008; Srivastava et al., 2018). The inoculation of cyanobacteria slightly declined Cd, Ni and As in the content of rice plants, while reducing the nitrogen requirements by 30 kg/ha. Aside from enhancing growth, it also fortified the composition of essential micronutrients while maintaining the level of toxic metals under safe limits (Tripathi et al., 2008). A combination of C. vulgaris and Pseudomonas putida mitigated the As stress during P-enriched conditions by reducing As availability, as well and modulating its uptake and detoxification mechanisms in rice plants (Srivastava et al., 2018).






Plant growth stimulation

The use of microalgae and cyanobacteria (and/or their extracts) can directly stimulate plants’ growth and development by improving germination rates and plant characteristics, such as shoot and root length, leaf area, and nutrient contents. These enhancements are accomplished due to microalgal/cyanobacterial metabolites (e.g., phytohormones, amino acids, vitamins, polysaccharides, polyamines, etc.), which can trigger several metabolic responses, such as respiration, photosynthesis, nucleic acid synthesis, chlorophyll production and ions uptake (Chiaiese et al., 2018; Chanda et al., 2019). Table 4 demonstrates examples of microalgae and cyanobacteria (biomass and/or extracts) that have been studied for their direct stimulation of higher plants growth.


Table 4 | Impacts of microalgae and cyanobacteria on plant growth stimulation (biostimulant).



The potential of C. sorokiniana to be used as substitute for chemical fertilizers, and its capacity to stimulate wheat plants was studied by Kholssi et al. (2019). Apart from the harvested biomass, resuspended in fresh and spent medium, the authors also analyzed the filtered medium where the microalga was cultivated and compared it with fresh medium alone (control). All treatments resulted in a higher germination percentage than the control, however, only the treatments containing spent medium (with or without microalga) were statistically different from the control. A general enhancement of plant growth was observed with the microalga treatments, although the most significant increase in plant length (30%) and fresh weight (77%) was obtained with the filtrate of C. sorokiniana (spent medium), which suggests that the microalga excreted beneficial compounds for plant growth into the medium. From a biorefinery perspective, these results are extremely interesting, since the supernatant has the potential to be used for the biostimulation of plants, whilst the harvested biomass can be used for other high-value applications like food and/or feed (Ferreira et al., 2022).

The biostimulant potential of Chlorella vulgaris (auto and heterotrophic) was addressed by Uysal et al. (2015), where an increase in height was observed for wheat and barley plants when compared with the control. Barone et al. (2019a) reported a positive effect on the biomass productivity of tomato plants and microalgae in a co-cultivation system, especially using Scenedesmus quadricauda biomass in the presence of digestates from the waste of an agro-livestock farm. The highest weight values of fresh plant shoot and dry whole plant were observed in the co-cultivation system with only C. vulgaris, where a 2.5-fold increase was obtained over the control. Barone et al. (2018) also found that C. vulgaris and S. quadricauda extracts had biostimulant effects on the expression of root traits and genes related to the nutrient acquisition in sugar beet (genes putatively involved in sulfate starvation). In a similar study, Puglisi et al. (2020) tested S. quadricauda extracts, demonstrating a beneficial impact on the growth of lettuce seedlings, especially at the shoot level, along with increased contents of dry matter, chlorophylls, carotenoids, and protein. Moreover, these extracts were also proven to positively influence the activities of various enzymes involved in the carbon and nitrogen primary metabolisms.

Plaza et al. (2018) evaluated the effects of foliar application of Scenedesmus sp. and A. platensis hydrolysates in petunia plants. The application of Scenedesmus improved the plant nutrient status, and accelerated plant development and the flowering process, while Arthrospira improved the root dry matter, the number of flowers, and the water content.

The application of various dosages of Arthrospira in radish plants was also explored by Godlewska et al. (2019). An increase in length and fresh weight was observed for homogenate treatments of seeds and of filtrate as a foliar spray. The highest increase in chlorophyll was observed for lower concentrations. It is also relevant to acknowledge that the lowest dosages of Arthrospira always achieved better results compared with the commercial biostimulant. Akgül (2019) demonstrated that up to 75% microalgal cell extract promoted an increase in germination and seedling of wheat and barley plants and that higher concentrations had an inhibitory effect. Michalak et al. (2016) performed field trials to evaluate the effect of supercritical extracts of A. platensis in winter wheat plants. The best results were achieved by A. platensis extracts (higher number of grains in ear and shank length). Moreover, these extracts showed similar biostimulant properties to commercial products, with the additional advantage of being a natural and environmentally friendly source of biologically active compounds.

In conclusion, the use of microalgae and cyanobacteria as biostimulants for higher plants has shown promising results in enhancing growth and development, with their metabolites triggering several metabolic responses. These findings suggest a potential for these organisms to replace chemical fertilizers and serve as a sustainable and environmentally friendly source of biologically active compounds.





Expansion of plant tolerance to abiotic stress

Under non-stress conditions, plants use the most energy in processes necessary for maintenance, and vegetative, and generative growth. However, when exposed to extreme environmental conditions (e.g., cold, heat, drought, salinity), plant resources are allocated towards stress mitigation, which decreases plant growth and final yield (Table 5).


Table 5 | Impacts of microalgae and cyanobacteria on the enhancement of tolerance to abiotic stress (heat, temperature, drought).






Temperature

Extremely low or high temperatures negatively affect the metabolic activity of plants, and damage cell membranes, therefore affecting the nutritional composition of plants and the rates of photosynthesis and transpiration. To improve the plant’s response to these harmful environmental conditions, a very promising option can be the use of microalgal biostimulants, as they are a rich source of antioxidants and other bioactive compounds that can modulate plant response mechanisms to cope with adverse conditions. The use of algal-based products as biostimulants has already been successfully applied in crops under temperature stress conditions (Figure 4D; Table 5).

Heat-stressed Arabidopsis thaliana treated with Nostoc muscorum exhibited significantly lower root hair death when compared to untreated seedlings (Chua et al., 2020). Moreover, they identified proline as a compound of interest responsible for stress response. Kopta et al. (2018) showed that the application of a bacterial-algal biostimulant enhanced the fresh weight of two lettuce varieties in the spring and summer seasons. The summer crop of romaine lettuce treated with the biostimulant presented enhanced antioxidant capacity and carotenoid contents. Nonetheless, it is essential to highlight the vital role that the biostimulant application had in mitigating the temperature stress, which positively impacted the harvesting yield during the summer season.





Salinity

An Arthrospira platensis hydrolysate was tested for its capacity to mitigate the negative effect of salt on Petunia x hybrida (Plaza et al., 2018; Bayona-Morcillo et al., 2020) and Pelargonium hortorum (Tejada-Ruiz et al., 2020). Both studies observed an increase in plant growth and flower development, under high salinity. Dunaliella salina extracts were also shown to alleviate the salt stress in tomatoes (El Arroussi et al., 2018) and pepper plants (Guzmán-Murillo et al., 2013). According to GC-MS metabolomics analysis, the exopolysaccharides of D. salina triggered the activation or inhibition of the metabolic pathways involved in the plant’s response to stress, such as jasmonic acid-dependent pathways. Root growth of pepper plants was favorably influenced by the microalgae treatments (D. salina and Phaeodactylum tricornutum), which increased the content of antioxidant enzymes and reduced the oxidative stress imposed by the increasing salt concentrations (Guzmán-Murillo et al., 2013). Cyanobacteria, particularly Nostoc, were also shown to mitigate the saline stress by decreasing the soil’s electrical conductivity (El-Sheekh et al., 2018). Other studies showed that the integrative application of cyanobacteria with other microbes or antioxidant substances could also significantly improve growth characteristics under saline conditions (Zaki et al., 2019; El Semary et al., 2020).





Drought

Drought stress has a negative impact on several cultures. Tomatoes are particularly very sensitive to this type of stress, which strongly affects photosynthesis and, consequently, plant growth and yield. To mitigate drought stress, Barsanti et al. (2019) explored the effects of β-(1,3)-glucan (paramylon) from the microalga Euglena gracilis. Paramylon-treated plants showed no signs of wilting compared to untreated plants, and while the density and length of the root system were drastically reduced, there was an increase in lateral rootlets. The water stress imposed on tomato plants negatively affected the main ecophysiological parameters of leaves (water potential, CO2 assimilation, internal concentration, and stomatal conductance). However, the paramylon treatment allowed the tomato plants to recover to the values of control plants (non-stressed), after 1-2 weeks. The fruit size of paramylon-treated plants was like the ones under the optimal water regime, although the former reached the first ripening stage two weeks earlier than the latter. Moreover, the content of antioxidant compounds (carotenoids, phenolic acid, and vitamins), and soluble carbohydrates (glucose, fructose, and sucrose) of fruits from treated plants doubled concerning untreated plants.

Drought stress was also addressed by Kusvuran and Kusvuran (2019) in guar plants. There was a significant increase in antioxidant activity (total phenolic and flavonoid contents, superoxide dismutase, catalase, ascorbate peroxidase, and glutathione reductase), and reduction of oxidative stress (malondialdehyde) in guar plants treated with Chlorella vulgaris. Furthermore, the application of A. platensis in grape berries allowed the stomata to be open under water-stress conditions, without negatively impacting the water potential of vines, and promoted an increase in berry weight in both optimal and stress conditions. In addition, improved berry composition (sugar content) was also observed in treated vines under drought conditions (Salvi et al., 2020).






Biocontrol effect

Pathogen organisms, such as insects, nematodes, bacteria, and fungi, strongly affect agricultural productivity. Some plants have their defense and resistance mechanisms, which include the regulation of signaling pathways, gene expression, and induction/inhibition of specific metabolic pathways, to produce secondary metabolites with antioxidant and antimicrobial activities. However, the application of external protection agents is crucial to achieve the ambitious target productivity, to fulfill the growing food demands. Considering the wide variety of bioactive compounds that can be found in microalgae and cyanobacteria, the use of these microorganisms (or their extracts) can promote adequate crops protection against these biotic factors. Although the biocontrol effect was not so widely studied as the biofertilizer or biostimulant effect (Figure 4A), Table 6 provides published examples of the application of microalgae and cyanobacteria (biomass and/or extracts), on the biological control and protection of crops.


Table 6 | Impacts of microalgae and cyanobacteria on the enhancement of tolerance to biotic stress (biopesticide effect).



The fungicidal effect of microalgae against plant pathogens has been most widely evidenced than the antimicrobial effect. Only 3 recent studies from the last 2 years addressed the in vitro antibacterial effect of microalgae, or cyanobacteria, against plant pathogens (Al dayel et al., 2020; Bao et al., 2021; Ranglová et al., 2021). The potential of Chlorella vulgaris extracts as antibacterial was studied by Al dayel et al. (2020) and Ranglová et al. (2021), while Bao et al. (2021) evaluated the same effect from cyanobacterium Anabaena variabilis. Al dayel et al. (2020) obtained inhibition zones for Escherichia coli, Streptococcus sp., Bacillus sp., and Staphylococcus aureus, while Ranglová et al. (2021) showed that C. vulgaris grown in the synthetic medium were only active against Clavibacter michiganensis. A. variabilis extracts resulted in inhibition rates of 75.3 and 83.6% against Xanthomonas oryzae and Rhizoctonia solani, respectively, in in vitro trials (Bao et al., 2021). Moreover, in vivo trials were done by Bao et al. (2021) in rice fields infected with Rhizoctonia solani. The seedlings treated with A. variabilis were significantly longer than the control, achieving a disease control efficacy of 62.3%.

Kim (2006) evaluated different cyanobacteria isolates and Prasanna et al. (2008) evaluated several Anabaena isolates for biocidal activity against a set of phytopathogenic fungi. Nine cyanobacteria showed promising results. Nostoc commune and Oscillatoria tenuis showed strong antifungal activity against Phytophthora capsica (Kim, 2006). Among the Anabaena isolates, more than half showed inhibition zones of varying diameter against one or more fungi. The strains were characterized in terms of hydrolytic enzymes, proteins, and IAA (Indole-3-acetic acid), revealing a positive correlation between the presence of these metabolites and the fungicidal activity (Prasanna et al., 2008). Abdel-Hafez et al. (2015) also tested several cyanobacteria species and obtained a lower growth of Alternaria porri, using Nostoc muscorum and Oscillatoria sp. (20.4 and 36.3%, respectively). The culture filtrates of both species also contained high concentrations of phenolics compounds and alkaloids. Furthermore, their application in greenhouse conditions allowed for a reduction of 55.1-66.5% in the severity of purple blotch disease (Abdel-Hafez et al., 2015).





Potential of wastewater-grown microalgae for agriculture



Overview

Ecological management of manure on farms is vital to minimize losses of valuable plant nutrients and to prevent nutrient contamination of the surrounding watershed and soils. During the storage and land application of manure effluents, large amounts of N are lost to the atmosphere due to the volatilization of ammonia or nitrate runoff by rain to water streams and deep waters. An alternative to the land spreading of manure is to grow microalgae, where the pollutant from the effluents turns into nutrients from the microalgae point of view, converting them into biomass (Khan et al., 2019). Using microalgae for wastewater treatment (WWT) can provide a dual role, where bioremediation of wastewater occurs with the simultaneous production of valuable biomass, rich in essential nutrients and other bioactive compounds, which are beneficial for optimal seed germination and plant growth (amongst other applications). When microalgae are used for wastewater treatment, they are produced using open ponds due to their capacity to process large volumes of wastewater at lower construction and operation costs, and easier scale-up. Acién et al. (2017) estimated the overall costs of microalgae-based WWT to be 30% lower than conventional activated sludge treatment, without even taking into account the revenues from potential commercial agricultural products.

Given the microalgal potential for WWT, there has been an increased interest in the use and research of these organisms, especially regarding the treatment of WW originating from livestock (i.e., piggeries, poultries, aquaculture), humans (i.e., urban), industrial ones (i.e. breweries, wineries) and others such as foods and surface waters. Furthermore, with the scope of transforming WWTs into more circular processes, the biomass that is obtained is also being studied for application in agriculture (Table 7). The WW source will influence the biomass composition and, thus, the quality of the final product. The percentage of N and P recovered by the biomass will depend largely on the initial concentration in the WW. Wastewaters generally have a low content of P, and its limitation has also been demonstrated to lead to an increased content of antioxidants (e.g., carotenoids, ascorbic acid, and tocopherols) (Gauthier et al., 2020). The presence of heavy metals, which can be accumulated by microalgae, also needs to be considered for the safety of agricultural microalgae-derived products (Ronga et al., 2019). The exposure of microalgae to heavy metals can trigger the synthesis of valuable compounds such as ascorbate peroxidase, catalase, superoxide dismutase, or ascorbate (Gauthier et al., 2020).


Table 7 | Summary of results for microalgae grown in wastewater and used for agricultural applications.







Studies on the use of microalgal biomass in agriculture

The effect of unicellular and filamentous microalgal-cyanobacterial consortia, grown in urban wastewater, on the soil composition and grain quality of a wheat crop was evaluated (Renuka et al, 2016). Besides an increase in micronutrient availability in the soil (mainly zinc, iron, copper, and manganese), the studied consortia also enhanced their organic carbon content. This improvement in soil quality resulted in increased grain yield and higher product quality, as the obtained grains presented an improved nutritional composition. Silambarasan et al. (2021) studied the urban (at 75%) wastewater treatment capacity of a microalgal consortium composed of Chlorella sp. and Scenedesmus sp. The following use of deoiled microalgal biomass, combined with inorganic fertilizer, improved the tomato plant yield by 174%, as well as nutrient contents regarding nitrate (61%), phosphate (179%), potassium (71%), calcium (38%), magnesium (26%) and iron (11%). In another study, González et al. (2020) evaluated the formulation of microalgal biofertilizers from Scenedesmus sp. biomass obtained after the treatment of secondary urban wastewater. The application of solid-state formulations (2% microalgae) resulted in a DW increase of 220% and 180% for ryegrass and barley plants, respectively. Additionally, the authors observed an inhibitor effect on plant growth, for formulations that contained more than 2% microalgae. In another study, Ranglová et al. (2021) compared the biostimulant potential of two C. vulgaris cultures, grown in different media, inorganic BG11 medium, and centrate from municipal WW, by evaluating the germination index of cress seeds, the auxin-like activity in mung bean and cytokinin-like activity in wheat growth tests. The biostimulant activity related to seed germination was found in the biomass cultivated in synthetic medium, but not for the one grown in WW, which could be related to the presence of inhibitory substances. The highest activity was obtained for C. vulgaris biomass harvested in the morning, at the lowest extract concentration. Both auxin- cytokinin-like activities were found in 2.0 and 3.0 g DW/L of C. vulgaris biomass harvested in the afternoon, which was equivalent to 0.5 mg DW/L of indole-3-butyric acid (auxin) and 0.3 mg DW/L of kinetin (cytokinin).

The research on the agricultural use of microalgal biomass applied in the treatment of animal-farming wastewater has also been gaining momentum. For instance, Ferreira et al. (2021) were able to improve the GI and root length of various plant seeds (tomato, watercress, cucumber, soybean, wheat, and barley seeds), after applying the biomass of a microalgal consortium composed of Tetradesmus obliquus, Chlorella protothecoides, Chlorella vulgaris, and the cyanobacterium Synechocystis sp., at 0.5g/L. In addition, Ferreira et al. (2022) studied the effect of Tetradesmus obliquus grown in 5% piggery effluent on wheat seed germination. The authors obtained three main conclusions: the use of biomass homogenized by high pressure (HPH) at 100-bar, or the use of non-treated biomass resulted in similar improvements of GI, up to 40-45% and 40%, respectively; and the use of filtrate from the initial culture also promoted shoot development up to 21%. These results demonstrate that all fractions of the microalgae culture have the potential to be utilized, including the supernatant as an enriched (in nutrients and bioactive compounds) irrigation solution and the microalga biomass in other high-value applications, as previously acknowledged by Kholssi et al. (2019). On another hand, Coppens et al. (2016) evaluated the application of microalgal-bacterial flocs (Ulothrix sp. and Klebsormidium sp.) in the treatment of brown crab’s aquaculture wastewater, as well as the application of Nannochloropsis oculata on soil composition and fruit development in tomato plants. The microalgae biomass increased the availability of NPK in the soil, resulting in a plant growth comparable to the organic fertilizer treatment. Although a lower tomato yield was achieved than the treatment using inorganic fertilizer, the fruit quality was highly superior in terms of sugar and carotenoid contents.

In another study, Viegas et al. (2021a) analyzed the biostimulant effect of Chlorella vulgaris and Tetradesmus obliquus, used in the treatment of raw wastewater from brown crab aquaculture, on the germination of wheat and watercress seeds. The promising results obtained represented a GI improvement of 175 and 48% in watercress, and 84 and 98% in wheat, treated with C. vulgaris and T. obliquus, respectively.

Likewise, the agricultural potential of microalgal biomass obtained from the treatments of other wastewaters is also being explored. For example, Zarezadeh et al. (2019) improved the N retention in a common pasture of ryegrass, after the application of dried biomass from Chlorella sp. and Scenedesmus sp. grown in anaerobically digested wastewater from food waste. The authors observed a slow release of nutrients which ultimately impacted the N cycling through the modulation of N mineralization and N pathways. In addition, de Souza et al. (2019) performed a life cycle analysis of the application on soil, of 1kg of N from microalgal biomass grown in food waste effluent. The authors suggested the alternative uses of photovoltaic energy and nitrogen-richer effluents, as well as the consideration of environmental compensation for the treatment of effluent, to improve the economic and environmental viability of the use of microalgal N biofertilizer. In another case, Ferreira et al. (2019) were able to increase the germination percentage of barley and wheat seeds, by 143 and 100%, respectively, with the application of Tetradesmus obliquus used in the treatment of anaerobically digested wastewater from a brewery. Finally, Ahn et al. (2020) evaluated the effects of the use of biomass of microalgae-cyanobacterium consortia, obtained in eutrophic freshwater from three wastewater treatment facilities, on Perilla sp. plants. Positive results were registered, with the improvement of plant signaling to abiotic stress, plant growth, and biomass, thus setting forth one more high potential application of microalgal biomass obtained with the treatment of wastewaters.






Conclusions

The practical applications of microalgae and cyanobacteria in agriculture are still very limited since the focus on these microorganisms has been on their functional activities in food and feed (as nutraceuticals and additives), pharmaceutical, and cosmetic products. However, their interest has been increasing given their potential role in enriching soil quality and plant nutrition, stimulating plant growth, and expanding plant tolerance to biotic and abiotic stress.

Although cyanobacteria, commonly known as blue-green algae, have already been recognized for their fertilizing role on the soil and rhizosphere, the research on the application of microalgae for biostimulants and biopesticides has drastically increased in the last two years. Most works have shown evidence of microalgae improving plant productivity and resistance to adverse conditions, thus supporting them as a viable biological-based alternative to chemical fertilizers, pesticides, and growth stimulants. Moreover, some studies highlight the added benefit of microalgae in enhancing the biometric and nutritional quality of leaves and fruits.

Despite the recognized benefits, the mode of action of microalgal compounds on plant response mechanisms is still not fully understood, given the high diversity of species and their products. Hence, metabolomics’ studies focusing on the effect of each metabolite/biomass on crops are essential to identify the most adequate for agricultural activities. Furthermore, only a small set of studies have been developed using microalgae grown in wastewaters, although with promising results. Nevertheless, until now no data have been reported on the specific composition of an algal culture medium that could help to understand its positive biofertilizing effect; therefore, the characterization of compounds with biofertilizing capability and enzymatic activity profiles in the extracellular medium of algal cultures also needs to be investigated.

The use of microalgae in sustainable agriculture is expected to be one of the most important applications of microalgae biomass in short term, especially for biomass cultivated in wastewater. This will not only bring benefits from an environmental perspective, concerning the recovery of nutrients and recycling of water in wastewater treatments and agriculture but will also improve the economic feasibility of microalgal production and downstream processing.

With increasing climate change, global warming, water scarcity, degradation of soils, and emerging crisis such as the war in Ukraine, innovations will be needed to enhance and protect crops throughout the world. The challenge to produce more food with limited resources makes microalgae a suitable alternative for enhancing and protecting agricultural production and delivering economic and environmental benefits to farmers and algae producers.
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