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Abstract

:

Microalgae are attracting the interest of agrochemical industries and farmers, due to their biostimulant and biofertiliser properties. Microalgal biostimulants (MBS) and biofertilisers (MBF) might be used in crop production to increase agricultural sustainability. Biostimulants are products derived from organic material that, applied in small quantities, are able to stimulate the growth and development of several crops under both optimal and stressful conditions. Biofertilisers are products containing living microorganisms or natural substances that are able to improve chemical and biological soil properties, stimulating plant growth, and restoring soil fertility. This review is aimed at reporting developments in the processing of MBS and MBF, summarising the biologically-active compounds, and examining the researches supporting the use of MBS and MBF for managing productivity and abiotic stresses in crop productions. Microalgae are used in agriculture in different applications, such as amendment, foliar application, and seed priming. MBS and MBF might be applied as an alternative technique, or used in conjunction with synthetic fertilisers, crop protection products and plant growth regulators, generating multiple benefits, such as enhanced rooting, higher crop yields and quality and tolerance to drought and salt. Worldwide, MBS and MBF remain largely unexploited, such that this study highlights some of the current researches and future development priorities.
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1. Introduction


Currently, considering the growing global population, among agricultural issues, a crucial challenge is to meet food demands, improving agricultural sustainability [1,2]. Hence, whilst farmers are called to increase agricultural production along with issues related to climate change, researchers must be called to develop innovative products and technologies able to increase crop yields and quality, while decreasing their agricultural carbon footprint [3,4,5].



Microalgae are classified mainly considering their pigmentation, life cycle and cell structure. It was estimated that ~800,000 microalgae species exist, of which ~50,000 species are described [6]. This high number of species might provide a wide range of possible uses. In fact, is possible to select different strains having different biochemical compositions and which are able to grow in different environments. Generally, biologists classify algae into four categories according to their sise and morphological characteristics [7]. This classification includes unicellular, colonial, filamentous, and multicellular algae.



Following this classification algae are divided into two main groups: Macro- and microalgae. Macroalgae are macroscopic organisms, multicellular, having a maximum length of 65 m. On the other hand, microalgae are microscopic, unicellular or filamentous organisms, with small sise, from ~1 to ~900 μm [7,8].



Microalgae are photosynthetic organisms that can grow both in marine and freshwater environments [9]. Moreover, microalgae can be also produced using wastewater, allowing a reduction of the production costs [10]. The dominating species of microalgae available commercially are: Isochrysis spp., Chaetoceros spp., Chlorella spp., Arthrospira spp. and Dunaliella spp. [9]. Among them, Arthrospira spp. and Chlorella spp. are the main microalgae species cultivated and used commercially [11,12].



Microalgae are able to produce biomass that might be used in different sectors such as: Fuel, food, animal feed, pharmaceutical and crop productions [13]. Regarding crop productions, microalgae contain high levels of macronutrients and micronutrients essential for an optimal crop growth and development. Moreover, microalgae showed to have potential application as biostimulants and biofertilisers [14,15,16,17]. Nowadays, the use of microalgae in agriculture productions, especially as MBS or MBF, is attracting the interest of growers and agrochemical industries aiming to improve the sustainability of crop production [18,19].



Biostimulants and biofertilisers are considered environmentally friendly and cost-effective alternatives to synthetic products such as fertilisers, crop protection products and plant growth regulators [20]. Biostimulants are products that, when applied at low doses to seed, crop or soil, are able to regulate and enhance the crop’s physiological processes [21]. Biostimulants act on the plant physiology through different pathways, improving crop growth, yields, quality, nutrient uptake, tolerance to abiotic stresses, and the shelf life of harvested products [22,23,24]. Biofertilisers are products containing living microorganisms or natural substances that are able to improve soil chemical and biological properties, stimulating plant growth, and restoring soil fertility [25].



Currently, the interest of biostimulants and biofertilisers in crop productions, and especially in the organic cropping system, is strongly increased [26]. Organic farming is generally characterised by lower crop yield compared to the conventional production systems. This yield gap is mainly ascribed to the different fertilisers and crop protection products that are allowed in the two cropping systems. In fact, synthetic and organic products can be used in the conventional and in the organic cropping systems, respectively [27,28,29,30,31,32]. In this context, the use of biostimulants and biofertilisers is attracting interest by growers [33]. These products might be very useful in improving agricultural sustainability; indeed they could facilitate high production with reduced environmental impact [34].



Several studies regarding MBS showed that these products are able to influence cellular respiration, photosynthesis, nucleic acid synthesis and ion uptake in plants [17,35,36,37,38]. Moreover, MBS can enhance soil nutrient availability for crop growth, improve soil water-holding capacity, increase the content of plant antioxidants, enhance cellular metabolism and increase leaf chlorophyll [17,21,39].



Until nowadays, microalgae were largely investigated as a practical approach for the production of lipids and for environmental purposes, such as the mitigation of carbon dioxide (CO2) emitted by industrial processes, and for wastewater treatments [40]. On the other hand, investigations of microalgal products suitable for crop productions remain largely unexploited. In the light of this point, this study highlights some of the current researches and future development priorities, summarising the biological activity of microalgal components, and examining the factors supporting the use of MBS and MBF for managing crop productions and abiotic stresses.




2. Microalgae Production


Worldwide the most produced microalgae species are: Arthrospira spp., Chlorella spp., Dunaliella spp., Nostoc spp. and Aphanizomenon spp. [9].



The production of microalgae is a globally emerging activity due to its potential economic and commercial opportunities [41,42]. Microalgae can be produced using wastewater, recovering nutrients and preserving water for further use. In addition, microalgae can sequester CO2 and nitrous oxide (N2O) from industrial by-products, reducing greenhouse gas emissions [43].



Different systems for microalgal biomass production were proposed and used both for laboratories and industrial purposes [44,45]. Among them, raceway ponds are one of the most adopted systems in industrial processes. Raceway ponds are open systems having a depth between 10 and 50 cm, to allow for appropriate illumination, and having a paddle wheel for gas/medium mixing and circulation. In this system, the growing medium is directly exposed to the air, allowing evaporation that regulates the temperature of the culture medium. This system is typically used for the production of microalgae and cyanobacteria, such as Arthrospira spp., Dunaliella spp., Anabaena spp., Phaeodactylum spp., Pleurochrysis spp., Chlorella spp. and Nannochloropsis spp. [46,47,48,49,50,51,52,53,54]. Another commonly used system is the photobioreactor, which is a closed system. Photobioreactors might be designed in different configurations, e.g., tubular or flat-plate reactors. They were used for the production of Porphyridium spp., Phaeodactylum spp., Arthrospira spp., Nannochloropsis spp., Chlorella spp., Haematococcus spp. and Tetraselmis spp. [55,56,57,58,59,60,61,62,63,64]. Typically, photobioreactors have higher volumetric productivity than open ponds, due to a better capture of the light, and a more optimal use of the cultivated area. On the other hand, raceway ponds can be made with less expensive materials, and they require less energy for mixing culture medium. Moreover, open ponds show a lower efficiency of radiant energy utilisation, lesser gas/liquid mass transfer, absence of temperature control, higher risk of contamination, and a lower productivity of microalgae compared to photobioreactors [44,65,66]. Both raceway ponds and photobioreactor systems are adopted in industrial processes to produce high quantities of biomass that might be used to obtain several products such as: Pigments, feed for animals, fatty acids and anti-oxidant compounds [67]. In the literature, information regards the average biomass productivity for conventional commercial-scale open ponds vs. photobioreactor systems reported data that are in the following ranges: For volumetric productivity 1.535 vs. 0.117 (kg m−3 d−1); for square metre productivity 0.072 vs. 0.035 (kg m−2 d−1) and for biomass concentration in broth 4.00 vs. 0.14 (kg m−3), for open ponds and photobioreactors, respectively [68].



Nonetheless, microalgae productions showed a high cost of cultivation, and its utilisations should overcome several issues to become more economically viable [41,43,69,70,71] and environmentally sustainable [41,72,73]. The optimisation of culture medium was suggested as an important strategy for increasing the cost-effectiveness of microalgal productions [72]. The application of low-cost resources, such as nutrient-rich wastewaters, agricultural by-products and inexpensive fertilisers, are effective strategies for increasing the cost-effectiveness of microalgal productions [41,74]. Zhang et al. [75] proposed the co-production of microalga (Chlorella infusionum) and tomato (Solanum lycopersicum L.) using a hydroponic system. Microalgae usually grow spontaneously in hydroponics, but are considered a critical point, since they will cause some problems, such as nutritional competence and clogging of the pipelines. On the other hand, microalgae through the biochemical process of photosynthesis can supply oxygen (O2) into the nutrient solutions useful for crop root respiration and growth. The same authors [75] showed that microalgae might be co-cultivated with tomato without requiring any additional inputs. A floating system was simulated, adopting a glass beaker of 22 cm height and 18 cm diameter, and the crop was fixed using 2 cm of polyethylene foam sheet and sponge strip. Light, water, and nutrients were sufficiently available for both microalgae and tomato productions; moreover, the symbiotic association between tomato root respiration and algal photosynthesis provide the CO2 and O2 which are fundamental for the optimum growth of microalgae and tomato, respectively. In fact, both the biomass productions of microalgae and tomato were enhanced. Thus, this simple system might be applied as a model for hydroponic co-productions of microalgae and crops [75].



Barone et al. [76] also suggested the co-production of tomato plants and microalgae (Scenedesmus quadricauda or Chlorella vulgaris). The experimental system consisted of a transparent container (40 × 20 × 10 cm), covered with a wire net used for crop fixation. S. quadricauda increased the shoot growth of tomato plants, along with an increase in microalgal biomass. Taking into account that hydroponic crop productions was increased in the world, the co-production of tomato and microalgae in the hydroponic system might be suggested as a new approach for a better, cheaper and eco-friendly productions of microalgae and tomato plants [76].



Several factors such as nutrients, light intensity, pH and electroconductivity (EC) might affect the growth and the chemical composition of the microalgae [77,78,79,80]. Moreover, the different characteristics of the growing medium, and in particular the source and the concentration of nitrogen (N) can affect the growth and biochemical composition of microalgal species [80,81,82,83]. In fact, biomass productions of Arthrospira spp. are influenced by a variation of the N source [77,78]. On the other hand, the gross biochemical composition of the marine microalga Isochrysis spp. was affected more by the growth phase than by the N source [83].



Yang et al. [84] reported that potassium (K) is a very important element for microalgae growth. Arthrospira spp. has the ability to grow under extreme conditions of pH and salt concentration, showing an increase in biomass yields when sodium (Na) was replaced by K in the medium at the same concentrations (250 mM) [85]. On the contrary, Çelekli and Yavuzatmaca [86] showed that the highest biomass yield of Arthrospira spp. was observed at 1.5 g L−1 sodium chloride (NaCl) and the same result was reported by Kemka et al. [79].



Some studies reported that biochemical stimulants such as phytohormones and polyamines might contribute to enhancing microalgae productivity [87,88]. Biochemical stimulants were screened for their influence on growth and chlorophyll concentration for the green alga Chlorella spp. Using natural and synthetic auxins, as well as their precursors, the growth of this microalga and its amount of proteins, saccharides and chlorophylls were significantly increased [89].




3. Microalgal Extracts


Microalgae biomass production can be used to obtain different kinds of extracts economically important in commerce. Generally, during the exponential growth phase, the maximum microalgal biomass yield is achieved. This biomass can be recovered from the broth by microfiltration or centrifugation [90]. One of the most common processes to preserve microalgal biomass is its pasteurisation, dehydration at 70 °C for 14 h, and subsequent grinding and storage for further utilisations [91].



The microalgal active compounds are enclosed in the cell walls and/or linked to various structures [38]. For a high recovery of active compounds and their release from the cellular structures, microalgal biomass can be submitted to different processes, recently reviewed by Sharma et al. [92], including drying, cryo-processing (frozen biomass are treated by a mill which is cooled with liquid N to obtain a micronised suspension of fine particles) and cell rupture with high pressure treatments (biomass are treated with high pressure and are subsequently subject to a pressure reduction, causing the cell walls rupture, thus releasing their contents). Moreover, in microalgae, the high ratio of cell walls might require an enzymatic treatment (such as protease, cellulase, β-glucosidase, xylanase, β-glucanase, and pectinase) for an enhanced cell rupture [40,93,94].



Several extraction techniques can be used to extract microalgal compounds such as conventional liquid-liquid or solid–liquid extraction, pressurised-liquid extraction, subcritical and supercritical CO2 extractions, microwave, and ultrasound-assisted extractions [94,95,96]. One of the several systems used to obtain microalgal extracts is the adoption of a high-pressure piston homogeniser, with a knife edge valve. High pressure homogenisation causes disruption of the microalgal cells by lysis, induced by pressure variations, and a forced passing through the knife edge valve, with the separation of cell extracts and cell walls [40]. However, supercritical fluid extraction (pressure ~500 bar, temperature ~50 °C and ~100 kg CO2 per kg of the load microalgal biomass) is attracting interest because the obtained microalgal extract is a concentration of biologically active compounds in a solvent-free environment [95].




4. Chemical Compositions of Microalgal Biostimulants and Biofertilisers


Different microalgae-based products (MBS and MBF) are available commercially for use in agriculture as innovative and promising products to improve crop yields [97]. The chemical characterises of the MBS and MBF are one of the most critical aspects of their use. In fact, both the different microalgal species and the industrial process used for the production of MBS and MBF might affect their final compositions. Typically, MBS and MBF labels report information regarding their composition, including the mineral element concentrations, the amino acids and phytohormone contents [15,16]. However, sometimes the concentration of most of the bioactive compounds is very low, and hence might be below the detection thresholds of the most innovative analytical instruments [26].



Microalgae biomass showed to contain micro- and macronutrients, especially N, phosphorous (P), and K, and might be considered as an organic slow-release fertiliser [98]. Analysis of Arthrospira spp. dry biomass revealed that it contains 6.70, 2.47 and 1.14% on dry base of N, P and K, respectively [85], while, the calcium (Ca) content in the microalga is relatively lower than the other minerals [99]. In addition, some studies revealed that lead (Pb) is totally absent in Arthrospira spp. biomass, which is a good indicator for the safe use of Arthrospira spp. as a plant growth promoter [85,100]. However, microalgae are also used in wastewater bioremediation due to their ability to concentrate heavy metals. The mechanisms (extracellular and intracellular) linked with metal absorption are complex, and influenced by microalgal species, metal ion (Pb > nickel (Ni) > cadmium (Cd) > zinc (Zn)) and the growing system conditions (such as pH) [101,102]. Mehta and Gaur [103] reported that complexation and microprecipitation are the most important mechanisms to avoid heavy metal toxicity used by microalgae. Hence, when microalgae are grown in wastewater, an accurate chemical analysis to detect the presence of heavy metal is fundamental in obtaining safe MBS and MBF.



Many studies indicated that microalgae contain some plant growth-promoting substances such as auxins, cytokinins, betaines, amino acids, vitamins and polyamines [104,105,106,107,108]. Stirk et al. [106] quantified auxin and cytokinin contents in 24 microalgae strains from the Chlorophyceae, Trebouxiophyceae, Ulvophyceae, and Charophyceae families. The general trend was that cis-zeatin was the predominant cytokinin. Moreover, microalgae can contain also important quantities of gibberellins and brassinosteroids [107].



Protein hydrolysates are also included among the active ingredients of plant biostimulants [18], and their use in a foliar spray application might enhance the biological activity in crops growth and development. Microalgae contains also amino acids that are a well-known biostimulant with positive effects on plant growth and crop yield. Moreover, amino acids can contribute to mitigate the injuries caused by abiotic stresses [109].



Finally, microalgae can contain polysaccharides (such as β-glucan) that are reported to be involved in the improvement of plant growth [9,19]. These compounds seem to interact with leucine-rich repeat membrane receptors that can activate mechanisms [110,111] leading to the regulation of several genes involved in the cell expansion [112].




5. Phytohormone-Like Activities


Phytohormones, including auxins, cytokinins, abscisic acid, ethylene and gibberellins, were found in microalgal extracts, which are known to influence plant growth and development [106,107,113]. Microalgal extracts, containing phytohormones, might be a new prospect of phytohormone applications in crop productions, increasing opportunities of microalgae valorisation [114,115]. Phytohormones are small molecules that work as chemical messengers to regulate cellular activities in crops. Moreover, these compounds are able to influence metabolic processes, including photosynthesis, respiration, nucleic acid synthesis and nutrient uptake [116].



Both auxins and cytokinins are involved in several aspects of plant growth and development [117]. Auxins are involved in phototropism and gravitropism, root growth and development [117], cell division, elongation and turgor pressure [118]. Cytokinins are involved in root and shoot development, leaf senescence, nutrient mobilisation, breaking of bud dormancy, seed germination and they also play a fundamental role in cell division [119].



Abscisic acid regulates seed maturation and stress responses in plants [120]. Moreover, it was found to function as a stress molecule also in cyanobacteria [121]. High abscisic acid levels reduce ethylene synthesis that inhibits auxin transport and biosynthesis [122]. Abscisic acid and cytokinins are regulators of the cellular response to abiotic stresses. In microalgae, biosynthetic pathways of abscisic acid and cytokinins are up- and downregulated, respectively, upon an N deficiency [123].



Gibberellins regulate seed germination, stem elongation, leaf expansion and flower and seed development [124]. Gibberellins and auxins act synergistically, and gibberellins levels are positively regulated by auxins. On the other hand, there are antagonistic effects between gibberellins and abscisic acid levels, as well as between gibberellins and cytokinin levels [125,126].



Brassinosteroids are recognised as a new class of compounds having a dual function, acting as growth-promoting hormones, and having a role in protecting against abiotic stresses [127]. Brassinosteroids have a synergistic effect with auxins, an additive effect with gibberellins and they also increase ethylene production [127].



In the literature, information regarding the application of microalgal phytohormones in crop productions is scarce, and only hypotheses on their activities are reported. One of the available studies was carried out by Plaza et al. [128], who assessed the phytohormone contents in Scenedesmus spp. and Arthrospira spp. Scenedesmus spp. had a higher concentration of cytokinins, gibberellins, auxins, salicylic acid, and abscisic acid compared to Arthrospira spp. Therefore, the authors suggested that Scenedesmus spp. extract might be used to increase plant growth and development, showing a great number of flowers, shoots, and leaves in petunias (Petunia × ibrida) [128].



Another study investigated the effects of Aulosira fertilissima on the growth of rice (Oryza sativa L.) [113]. The authors reported that the presence of root-promoting hormones (auxins, cytokinins and gibberellic acid) increased the growth of rice seedlings [113].




6. Abiotic Stress Tolerance


Crop production is often affected by several abiotic stresses. Nowadays, it is more difficult to reach the potential crop yields of cultivated plants due to the deficiency of irrigation water, salinisation of soils, low and high temperatures, all of which are some of the major agricultural constraints [129,130].



Globally, ~800 million hectares are affected by salinisation [131]. This issue is intensified by inappropriate chemical fertilisation managements that lead to osmotic imbalance in the nutrient solution, with subsequent damage to crop growth and fundamentally linked with a reduction of crop yields [132].



Biostimulants are products that might show positive effects on crop yield by reducing abiotic stresses and restoring damage already caused by unfavourable environmental conditions [18,133]. Regarding abiotic stresses, the efficacy of the biostimulants depend on the timing of application (before, during or after the stressful event). In addition the optimal dose is also an important factor, and in fact, different concentrations might positively or negatively influence crop growth [134].



The application of microalgal extracts might provide protection against abiotic stresses in plants [135]. Extracts from Dunaliella spp. and Phaeodactylum spp. mitigated salt stress during the seed germination process of bell pepper (Capsicum annuum L.) [136], due to a significant reduction in superoxide radical production, and in a low lipid peroxidation. El-Baky et al. [135] suggested that the application of microalgal extracts to wheat (Triticum aestivum L.) plants irrigated with seawater might be useful to improve wheat salinity tolerance. Water extract of microalgae Spirulina spp. and Chlorella spp. improved wheat tolerance to salinity, and enhanced the antioxidant capacity and protein content of the whole grains produced by treating plants with microalgal extracts [135].



MBS from Nannochloris spp. was tested on water-stressed and non-water-stressed tomato plants [40]. In non-water-stressed plants, the biostimulant determined a better development of root length, and an increased leaf number and leaf area compared to the control. Moreover, the application of MBS alleviated the effects of water stress on tomato plants, increasing plant height [40].




7. Fertilisation


Plant biostimulants are considered borderline products, showing intermediate effects between plant protection products and fertilisers. Currently, these products are regulated by national laws, and are differently named in the different European Member States [137], leading to unfair competition between stakeholders [138].



Fertilisation is one of the most common agricultural practices. In this regard, microalgae are considered as an organic fertiliser, having the potential to prevent nutrient losses through a gradual release of N, P, and K [98,139]. Moreover, microalgae are able to recover N and P present in wastewaters by concentrating these nutrients in their biomass [98,140].



In its commercial form, Arthrospira spp. contains different organic and inorganic compounds, suggesting that this microalga might be used as a biofertiliser [9].



Intensive crop productions may lead to nutrient depletion of the soil reservoir. In addition, unfavourable soil conditions, such as high or low pH, salinity, calcium carbonate (CaCO3) content [141,142,143] and the antagonism between macro- and micronutrients [144], can also affect the availability of some nutrients. Apart from macronutrients, micronutrients are also fundamental for the growth and development of all crops [145]. They are involved in the redox systems, and as co-enzymes for different processes in plant metabolisms [146,147]. Thus, micronutrient deficiency might cause severe problems in cell activities, which finally lead to non-optimal growth and less crop yield and quality [142,148].



Some studies highlighted an association among greater nutrient uptake, higher biomass accumulation, and greater crop yields when microalgae are used as biofertilisers [15,16,149]. Different studies were performed to assess the effect of MBF on different crops such as rice, garlic (Allium sativum L.), fenugreek (Trigonella foenum-graecum L.) and tomato [14,116,150,151], due to their potential possible applications in the different agricultural cropping systems, and to improve the agricultural sustainability.



An interesting study [152] assessed morphological and molecular responses induced by microalgal extracts of C. vulgaris and S. quadricauda in sugar beet (Beta vulgaris L. ssp. vulgaris) production. Seedlings of sugar beet were grown in Hoagland’s solution under controlled conditions. After 5 days of growth, 2 mL L−1 and 4 mL L−1 of the two microalgal extracts were added to the nutrient solution. Afterwards, roots were sampled 36 h after the extract additions. The authors reported no significant changes in the ionic profile of the nutrient solutions treated with the two microalgal extracts with respect to the control. At the morphological level, the treated seedlings highlighted higher values of total root length, fine root length, and the number of root tips, than the untreated plants. At the molecular level, microalgal extracts upregulated some genes linked to different biological pathways and processes, including primary and secondary metabolisms and intracellular transports, especially involved in root traits related to nutrient acquisition [152].



7.1. Soil Applications


The beneficial characteristics of algal biomass as biofertilisers were already demonstrated for cyanobacteria and microalgae, due to the presence of bioactive growth-promoting compounds [153]. Although further researches are required to assess the optimal valorisation of microalgae used as biofertilisers, examples available from literature are reported here. Coppens and co-authors [98] recorded the increased sugar and carotenoid concentrations in tomato fruits treated with MBF (dry biomass of Nannochloropsis spp., Ulothrix spp. and Klebsormidium spp.), and showed the ability of these MBF to increase the quality and economic value of tomato fruits. Similar to tomatoes, MBF can enhance the quality of flowers (Rosa spp.), improving carotenoids that typically stimulate the yellow and orange colour of petals [154].



It is reported that combining and optimising the use of inorganic and organic fertilisers, together with the use of MBF, might make it possible to achieve a sustainable crop productivity [98,155]. Seeds of lettuce (Lactuca sativa L.) were germinated in soil containing different concentrations of MBF of C. vulgaris and grown for 3, 6, 9, 12 and 15 days in order to assess its effects on agronomic and physiological responses.



In general, microalgal treatment improved the seed growth with a significant enhancement of soluble carbohydrate, soluble protein and total free amino acids compared to the control. The application of microalgal biomass into the soil, improved the fresh and dry weight of seedlings as well as their pigment content. The best treatments were obtained using 2 and 3 g of dry microalgae per kg of soil [149].



Biofertiliser effects of the microalga Acutodesmus dimorphus (=Tetradesmus dimorphus) were assessed on tomato seedlings, and timing and dose of applied biofertiliser were investigated in relation to agronomic performances. Biofertilisers (50 and 100 g of dry biomass per 28-cm pot) applied 22 days prior to seedling transplant increased plant growth, showing higher numbers of branches and flowers, compared both to the unfertilised control, and the application (of biofertiliser) at the time of transplant [14].



Coppens et al. [98] studied the N mineralisation rate of two different microalgal biomasses, that are microalgal bacterial flocs (Ulothrix spp. and Klebsormidium spp.) from a raceway pond, treating aquaculture wastewater, and a marine culture of Nannochloropsis spp. An initial N availability of 7 and 5% was reported for microalgal bacterial flocs and Nannochloropsis spp., respectively. The two microalgal biomasses were applied in the soil and after 21 days, 11 and 16% of the total N was mineralised, respectively. A final plant-available N fraction of 25 and 31% was highlighted after 95 days for the microalgal bacterial flocs and Nannochloropsis spp. biomass, respectively. The mineralisation rates were within the range displayed by commercially available slow-release fertilisers [156]. Although, the same authors reported that by using inorganic fertiliser, a faster initial plant growth was recorded, and ascribed to the readily-available inorganic nutrients [98,157], there were no significant differences in the final plant height, mean stem diameter, number of trusses and fruit for the inorganic fertiliser, organic fertiliser and MBF. On the other hand, leaf analysis showed higher N content for the MBF treatments compared to the control. The Nannochloropsis spp. treatment compared to the microalgal bacterial flocs treatment displayed lower Ca concentrations in the tomato leaves. In this regard, Ca deficiency is often linked to water stress [158], and therefore the Ca deficiency highlighted by this Nannochloropsis spp. treatment might be due to the high salt concentrations of the marine microalgal biomass [98]. The fresh weight of the full ripe tomatoes was higher using inorganic fertiliser, while no difference was observed between the organic fertiliser and MBF. The lower yields of the organic and Nannochloropsis spp. biofertilisers compared to the inorganic one, might be due to the high osmotic pressure caused by an increased salinity of both biofertilisers that reduced the water flux of the developing fruits. In fact, lower tomato yields were commonly recorded under salt stress conditions [159]. Also, differences in N availability among the assessed fertilisers can influence tomato fruit yield [29,160].



Another important example of microalgae soil application is reported for rice, one of the oldest cultivated and most important staple crops. The soil inoculation with blue-green algae could be an alternative source of N to increase rice productivity [150]. A mixed inoculum of blue-green algae (Nostoc spp., Anabaena spp., Westiellopsis spp., Aulosira spp. and Scytonema spp.) was used (10 kg ha−1) in a field trial (using different levels of synthetic N ranged between 0 and 80 kg of N ha−1) compared to a single inoculum of Anabaena spp. [150]. In general, the results showed that plants inoculated with the mix inoculum increased grain yield up to 20.9% and straw yield up to 18.1%, respectively.



Other studies observed improvement in rice seed germination, root and shoot growth, weight of rice grains and protein content using cyanobacteria (Nostoc spp., Hapalosiphon spp., and Aulosira fertilissima) as soil application [161,162]. These beneficial aspects were ascribed to the presence of root-promoting hormones such as auxins, cytokinins and gibberellic acid [113,161]. Karthikeyan et al. [162] clearly showed that cyanobacteria can excrete indoleacetic acid, amino acids and other growth promoting compounds, which in turn are able to stimulate both the growth of the soil microbial populations and crop development.




7.2. Foliar Applications


Microalgae allow an efficient recovery of the micronutrients present in growing medium by concentrating these nutrients in microalgal biomass [163]. Micronutrients applied to the soil may not meet the crop requirements due to physical and chemical problems of the soil. Hence, foliar spray fertilisation is an alternative available technique for satisfying the crop nutrient request essential to achieve high yield productions [164]. Recently, foliar spray application of biochemical organic substances, that can supply both macro and micronutrients, is one of the most innovative agricultural practices, as they have the advantage that they are safe to the environment, increasing the agricultural sustainability [15,16]. Microalgal extracts can partially replace micronutrient foliar fertilisers acting complementary with N, improving in turn the nutrient uptake. Microalgal extracts, when applied as foliar spray, showed an increased N-content in root and shoot tissues [165]. This can be explained by the improvement in nutrient uptake and by a regulation of physiological plant mechanisms [16].



Battacharyya et al. [166] reported that nutrients available in the microalgal extracts are readily absorbed by the leaf through its stomata and cuticle pores, showing the best effectiveness if applied in the morning, when stomata pores are completely open.



Some studies found a positive effect of microalgae fertilisers, especially when applied to the leaves of horticultural and ornamental crops such as aubergine (Solanum melongena L.), garlic, pepper, tomato and petunia [3,14,40,85,128,151]. Plant responses to nutrients supplied via foliar sprays are normally more rapid than when applied as a soil amendment [167]. Such nutrients are available in a reasonable percentage in microalgae extracts, especially P [15], K, iron (Fe), magnesium (Mg), and Ca [9]. Moreover, microalgal extracts can contain phytohormones, enzymes and vitamins that may improve nutrient assimilation and solute translocation, leading to significant increases in crop yield [15,16].



In this regard, Tarraf et al. [116] showed that fenugreek plants treated with microalgae extract of Arthrospira spp. showed higher N, P, and K contents, especially at 5 g L−1 compared to the untreated plants. However, Dias et al. [3] found that foliar application of Arthrospira spp. at low concentrations (10 g L−1) did not affect the leaf content of N, P, K, and Na in aubergine. In the study conducted by Dias et al. [3], the growth, yield, and postharvest quality of aubergine grown under different foliar fertiliser treatments with Spirufert® (Tamanduá, Brasil) containing Arthrospira spp., were also investigated. Spirufert® applied at low concentrations (10 g L−1) resulted in greater fruit yield. On the other hand, using high concentrations of the extract (45 g L−1) an increased vegetative growth was observed, but the reduced aubergine yield was recorded. Fruit colour parameters and soluble solids contents were not affected by fertiliser application, apart from pulp firmness that recorded high values using a concentration of 10 g L−1.



A field experiment using pepper plants was carried out on sandy soil for evaluation of Arthrospira spp. biostimulator as a foliar application, at the rate of 80 g L−1 applied every 15 days, in comparison with compost and the optimal dose of NPK. It could be concluded that the yield of pepper treated with biostimulant was improved compared to organic fertiliser containing NPK [85].



Michalak et al. [95] reported no phytotoxic symptoms on winter wheat treated with Arthrospira spp. extract obtained using supercritical extraction, compared to the reference product containing Ascophyllum nodosum marine algae (Forthial, Goëmar, France). Plant vigour, crop height, ear length, shank length and yield were similar in all the treated and the untreated plants. A high number of grains in the ear were assessed on the plants treated with Arthrospira spp. extract at the dose of 1.5 L ha−1. No lodging of plants was recorded in all the plots. The results of this study displayed that the formulations containing supercritical algal extracts performed similar to any biostimulant available commercially [95].



The effects of green alga C. vulgaris cell extract as a foliar fertiliser on nutrient status, the growth and yield of wheat plants, were studied and compared to a commercial synthetic micronutrient foliar fertiliser [16]. The application of 50% v/v of microalgal extract was the best treatment in terms of fresh weight (+60.7%), yield (+140%) and grain weight (+40%) compared to the control. On the other hand, applying 100% microalgal extract was the best treatment in terms of dry weight (+95%), spike weight (+60%) and 100 grains weight (+160%) compared to the control [16].



Oliveira et al. [168] assessed the production of red beet (Beta vulgaris L.), in an organic cropping system, assessing biostimulant containing the extract of microalgae Arthrospira spp. The treatments consisted of foliar spray application at two concentrations (1.5 g L−1 and 3.0 g L−1) of biostimulant and a control. Applications were performed every two weeks recording the following traits (at harvesting time): Fresh weight, dry weight and the diameter of the hypocotyl. The application of biostimulant containing Arthrospira spp. resulted in higher dry and fresh weights compared to the control [168].



Regarding ornamental plants, foliar spray applications using Arthrospira spp. and Scenedesmus almeriensis extracts at the concentration of 10 g L−1 were assessed in petunia production. Foliar sprayings were applied five times (0, 14, 28, 35, and 42 days after transplanting). The results of this assay showed that a foliar application of S. almeriensis extract improved plant development in terms of higher rates of root, leaf and shoot growth, and earliness of flowering compared to the control. On the other hand, Arthrospira spp. extract improved the root dry matter, the number of flowers per plant, and the plant water content. In general, these results suggested that the use S. almeriensis extract as a foliar spray application can increase the blooming of petunia [126].



Microalgal extract of Acutodesmus dimorphus (=Tetradesmus dimorphus) used as a foliar spray application at 3.75 g L−1 showed an increased tomato plant growth. In particular, a high plant height and a great number of flowers and branches per plant were recorded when tomato plants were sprayed with extract of A. dimorphus (=T. dimorphus) [14]. In the same study, the authors investigated the use of A. dimorphus (=T. dimorphus) extract as seed primer, showing that using extract concentrations at 0.75 g mL−1 seed germination was triggered faster, 2 days earlier than the control [14].



Field experiments were carried out to assess the influence of Arthrospira fusiformis (=Limnospira fusiformis) extract (at a rate of 1 mL L−1) on plant growth, yield, yield components and shelf life of garlic plants. One month after planting, biostimulants were applied as foliar spray, and repeated 3 times at 15-day intervals throughout the growing season. Results indicated that foliar spray applications only increased plant height, compared to the control [151].



Elarroussia et al. [19] investigated the possible use of microalgae extracts containing polysaccharides, as biostimulant for plant growth. Polysaccharides extracted from Arthrospira spp. were applied as a foliar spray on tomato and pepper plants at different growth stages. The treatment with a concentration of 3 g L−1 improved the plant sise of tomato and pepper by 20 and 30%, respectively. The effects of treatments on root weight were more marked in tomato (+230%) than pepper plants (+67%). Moreover, the sise and number of nodes per plant were also improved after the treatment by 57% and 100% and 33% and 50% in tomato and pepper, respectively.





8. Economic Assessment of Microalgal Extracts


Coppens et al. [98] reported an interesting economic assessment of an outdoor raceway pond for microalgae production. The microalgal production cost was estimated at 23 € per kg of biomass produced, corresponding to 289 € per kg of N. Commercial inorganic NPK fertilisers (having 14% N, 7% P, 15% K) and organic slow-release fertilisers (having 4% N, 2% P, 5% K) displayed a market value of 7.9 € and 11 € per kg of N, respectively. This data indicates that the use of microalgal biomass as biofertiliser is not economically competitive, compared to the commercial fertilisers when administered as a source of N fertiliser for plant growth. However, this economic assessment did not take into account the additional savings benefits that can be obtained using microalgae. For instance, the production of microalgae using wastewater permits the concentration of excess nutrients in microalgal biomass, thus reducing its release into the environment, and permitting the reclamation of water for extra use. Moreover, the valorisation of unused greenhouse space for indoor microalgae production might decrease their cost of production through the already presence of artificial lighting and heating [98]. In turn, the recycling of greenhouse wastewaters for microalgae productions may reduce the dependence of inorganic fertilisers and generate incomes from hydroponic co-productions [75,76]. Additionally, the plant growth-promoting compound present inside the microalgal biomass demonstrated that the nutrient concentration through microalgae production give an added value vs. the direct use of wastewater on soil [139].



Finally, the production of microalgal biomass from wastewater can valorise waste nutrients into sustainable and innovative biofertilisers with commercial opportunity in crop productions [98].




9. A Case Study: Effects of Microalgal Extracts on Seed Germination and Antimicrobial Bioassay


To investigate the biological effects of some selected microalgae cultivated in our Institute under controlled conditions, their extracts were prepared and tested to assess seed germination on cress (Lepidium sativum L.) and for their antimicrobial potential on selected strains of Gram-negative and Gram-positive bacteria.



9.1. Materials and Methods


The microalgal strains used in the present study were: Arthrospira platensis, Chlorella vulgaris, Isochrysis galbana, Nannochloropsis gaditana (=Microchloropsis gaditana), Porphyridium cruentum (=P. purpureum), Scenedesmus acuminatus (=Tetradesmus lagerheimii) and Tetraselmis suecica, isolated from the water of a pond in Pianura Padana (Italy) and from the coastal waters of the North Italy Sea. The unialgal culture of each strain was maintained under photoautotrophic conditions, in a 500 mL sterilised Erlenmeyer flask containing 250 mL of standard medium, at 22 ± 1 °C on a rotary shaker at 100 rpm and photoperiod of 12:12 h light and dark periods, using 40 W cool white fluorescent tubes 20 µmol photons m−2 s−1. Standard media used in the present study were different, depending on the microalgae strain: Zarrouk medium [169], pH (9.5) was used for A. platensis; MBBM medium (Sigma-Aldrich), pH (7.0) was used for C. vulgaris and S. acuminatus (=T. lagerheimii); Guillard (F/2) medium [170], with NaNO3 (2 mM), NaH2PO4 (100 µM), ZnCl2 (1 µM), MnCl2 (1 µM), Na2MoO4 (1 µM), CoCl2 (0.1 µM), CuSO4 (0.1 µM), ferric citrate (20 µM), thiamine (35 pg L−1), biotin (5 pg L−1), B12 (3 pg L−1), EDTA (26.4 µM), TRIS-HCL (15 mM), pH (7.6) for I. galbana, N. gaditana (=M. gaditana), P. cruentum (=P. purpureum) and T. suecica.



A lab-scale 5 L-balls culture was assessed for each strain, and used as the inoculum (10% v/v) for the pilot scale production in the vertical-column photobioreactors (PBRs). The PBRs were made of semirigid plastic, with working volume of 200 L (Figure 1).



Mixing energy was provided by a gas intake (mix half of air and CO2), thus combining aeration and dispersion. The reaction volume was sparged by using an air injection device, connected to a plastic pipe, connected to porous stones placed at the base of cylindrical photobioreactors, which releases the air bubbles from the bottom.



The PBRs were located indoor, and the cultures were illuminated by using cool white fluorescent lamps (20 μmol photons m−2 s−1). The resulting suspension was harvested during the exponential growth phase by centrifugation at 3000× g, in continuous mode, using a US FILTERMAXX, 10.000G instrument and lyophilised by Alpha 1-4 LSC Christ instrument, at a shelf temperature of −20 °C at a pressure of 0.320 mbar. After 48 h of treatment the samples were vacuum-sealed.




9.2. Seed Germination


The influence of different microalgal extracts on cress germination was assessed by a phytotoxicity test that was performed following Zucconi et al. [171]. Briefly, 4 mL of each microalgal extract (50 mg of dry biomass in 1 L of distillate water), plus a control 138 treatment of only water were added to Petri dishes containing Whatman filter paper. The pH and EC of the extracts were determined using a CRISON pH meter basic 20, and CRISON GLP 31 EC meter, respectively. Three replicates of 15 seeds were prepared, and the plates (Figure 2) were incubated for 36 h at 25 °C in a Binder ED53, Tuttlingen (Germany) heating chamber.



The number of germinated seeds and the average length of roots were recorded in order to calculate a Germination Index (GI%) according to the following formula [172]:


GI% = 100 × (Gt/Gc) × (Rt/Rc)



(1)




where, Gt is the number of germinated seeds of the treatment; Gc is the number of germinated seeds of the control; Rt is the average length (mm) of the roots of the treatment and Rc is the average length (mm) of the roots of the control.



The recorded data were analysed by Analysis of Variance (ANOVA), using GenStat 17th edition software. Differences between the means were analysed using the Duncan test at p < 0.05. The results of the germination assay (Table 1) demonstrate that no microalgal extracts displayed phytotoxicity problems (values greater than 50%), as reported by Zucconi et al. [171]. In particular, for cress, the value of A. platensis was the highest, while S. acuminatus (=T. lagerheimii) and T. suecica reported the lowest values compared to other treatments.




9.3. Antimicrobial Bioassay


The microbiological quality of the harvested crop is an important parameter to keep under control. Thus, the seven microalgae tested in the case study were treated with different solvents with increasing polarity, hexane (non-polar), ethyl acetate:chloroform 1:1 (medium polarity), water:methanol 7:3 (polar), to obtain the corresponding extracts, that were dried, suspended in dimethyl sulfoxide (DMSO), and used for evaluation of antimicrobial activity.



Six bacterial strains were examined, namely Staphylococcus aureus ATCC12600, Enterococcus faecium ATCC19433, and Listeria innocua LIN11 (CREA collection) as Gram-positive bacteria, Escherichia coli ATCC11775, Pseudomonas fluorescens ATCC13525, and Salmonella spp. SAN39 (CREA collection) as Gram-negative bacteria. Bacterial strains were cultivated in Tryptone Soya Broth (TSB, Thermo Scientific Oxoid, Basingstoke, UK) at 37 °C for 18 h. The antimicrobial tests were performed in vitro by the agar disc diffusion technique [173]. Each bacterial culture was diluted and inoculated in melted (45 °C) Tryptone Soya Agar (TSA, Oxoid) to obtain a final concentration of 106 CFU mL−1. Volumes of 15 mL were distributed in sterile plates, and allowed to solidify. Sterile paper discs (6 mm diameter) were impregnated with 15 μL of different microalgal extracts and placed on the agar surface. As negative controls, discs were impregnated with 15 μL of DMSO. As positive controls, 15 μL of sterile solutions of ampicillin (128 mg L−1, for Gram-positive bacteria) and gentamicin (128 mg L−1, for Gram negative bacteria) were used. The plates were incubated at 37 °C for 24 h. The inhibition zones around the discs were visually examined, and the diameter (mm) measured. All the assays were carried out in duplicate.



The three different solvents used had different yields, both depending on the type of solvent and the microalgae species. Therefore, the extracts suspended in DMSO had different final concentrations (w/v) ranging between 10 and 100 mg mL−1 (Table S1). The antibacterial activity of microalgae extracts against selected bacteria varied, depending on the species and the polarity of the solvents used for extraction. The DMSO used as a solvent of dried extracts did not demonstrate antimicrobial activity itself.



All the 21 extracts did not show inhibitory activity against the Gram-negative strains. Three non-polar extracts (i.e., from C. vulgaris, I. galbana and N. gaditana (=M. gaditana)) were active against the Gram-positive bacteria E. faecium ATCC 19433 and S. aureus ATCC 12600. Among other extracts, only the medium polarity extract from I. galbana was active against E. faecium. A lower antibacterial activity of polar extracts was described. Water supernatant and methanolic extracts were less active against Gram-positive than Gram-negative bacteria, because of the more complex cell wall structure of Gram-negative bacteria that prevents the active compound to penetrate [174,175]. However, many different results in the determination of antimicrobial activity can be found in the literature consequent to the different strains used, different methods of extraction applied, and different ranges of microalga material concentration used in the assays [176].





10. Conclusions and Future Directions


Microalgae extracts received a greater interest in crop productions as MBS and MBF. Different formulations are now available commercially, and a growing number of the agrochemical companies are including microalgal extracts in the formulations of innovative MBS and MBF. In particular, microalgal extracts showed a number of beneficial effects, such as increased nutrient uptake, induced tolerance to abiotic stresses, and improved crop yield and quality. However, there are a several points that still need to be addressed to better understand how and when microalgal extracts might be used in crop productions to improve the agricultural sustainability. In fact, some of the following points required more investigations, both in term of microalgae productions and microalgal extract preparations and applications:

	
Several microalgae strains exist, and therefore different MBS and MBF can be proposed;



	
during the microalgae production several abiotic factors can influence the biochemical composition of microalgae;



	
even if the same microalga is processed, by using different extraction methods, several MBS and MBF might be obtained, showing different biochemical composition and characteristics;



	
the bioactive compounds contained in the MBS and MBF might activate different physiological pathways at different concentrations;



	
the crop phenological stage may influence the timing of MBS and MBF applications;



	
the frequency of the applications of MBS and MBF and the amount that should be applied;



	
the days that the effect persists after the application of MBS and MBF;



	
different crop species can respond differently to the same MBS and MBF;



	
different cultivars can show different sensitivity thresholds to the same MBS and MBF.








All of the listed critical points suggest a more and accurate assessment of the production and the application of several MBS and MBF nowadays available.



Agronomic, physiological, chemical, biochemical, and molecular studies are required to better understand the changes induced by the MBS and MBF in crop productions. This would permit a detailed collection of information regarding the best preparation and use of MBS and MBF. All this information might allow the definition of precise protocols that can help agrochemical industries and farmers in the production and in the applications of MBS and MBF, respectively.
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