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Abstract

:

The continued increase in human populations and use of chemical fertilizers remain a threat to the health and stability of human–ecological systems worldwide. To ameliorate this problem and achieve long-term food security, a variety of ecofriendly technologies have been developed, including the production of cyanobacteria-based biofertilizers. This technology can be optimized through experiments that assess how plant growth is enhanced under different biofertilizer concentrations (g L−1). In this study, the biofertilizer capabilities of various concentrations of sonicated biomass (0, 2.5, 5, 10, 20, and 40 g L−1) derived from the cyanobacteria Arthrospira maxima on the growth of basil (Ocimum basilicum, Lamiaceae) were assessed, comparing their effectiveness with that of a positive control, a commercial biofertilizer (OptiMar Algas Marinas®) administered at 4 mL L−1. Generally, increased concentrations led to enhanced growth parameters; however, discernible differences from the negative control (0 g L−1) were often observed only when concentrations exceeded 5 g L−1. Surprisingly, the negative and positive controls often yielded similar results. A chemical composition analysis of A. maxima revealed high concentrations of the phytohormones, macronutrients, and essential amino acids that likely explain how our A. maxima sample enhanced growth in basil. Further research is required to determine how other crop plants respond to different concentrations of A. maxima. Additionally, assessing the feasibility of creating an economically accessible product with a higher concentration of A. maxima is crucial for practical applications.
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1. Introduction


Global human populations continue to rise and are projected to reach 9.8 billion by 2050, a trend that emphasizes the critical need for sustainable solutions to long-term food security [1]. Current large-scale agricultural practices rely on the application of chemical fertilizers to enhance crop productivity, but this boon is inexorably linked with negative impacts on soil biodiversity, human health, and other downstream effects [2]. Recently, biologically based products derived from microalgae have attracted considerable attention as alternatives to chemical fertilization [3] and as sources of a wide variety of bioactive compounds with medical, cosmetic, and nutritional applications [4,5,6]. Limiting the large-scale cultivation of microalgae are the high costs of production, harvesting, and downstream processing [7], which can be ameliorated through complete utilization of biomass [6] and optimization of biofertilizer concentrations upon application. This study contributes towards this optimization through an assay aimed at investigating the impact of escalating concentrations of sonicated cyanobacterial biomass on the growth of basil seedlings (Ocimum basilicum, L.).



Microalgae, which includes prokaryotic cyanobacteria and eukaryotic microorganisms such as green algae, are common inoculants in biofertilizers, along with mycorrhizal fungi, rhizobacteria, and nitrogen-fixing rhizobia [8]. Within this group, cyanobacteria known commercially as Spirulina (Arthrospira maxima and Arthrospira platensis) stand out as the most widely produced microalgae with a long history of use as a food resource in Mesoamerica and Africa [9]. As a result, their potential applications as biofertilizers, biostimulants, and biopesticides are well-documented [10]. Depending on the objective, Spirulina (or other microalgae) is applied as dry, fresh, or liquid biomass to soil or leaves [11]. For example, as living inoculants in soil, Spirulina continually release a variety of signaling molecules that produce quantitative and qualitative changes to crop phytochemical composition, as well as contributing to nutrient cycling through N-fixation [12]. As dry or liquid lysed biomass, the beneficial organic (phytohormones, polyphenols) and inorganic content (macronutrients and microelements) of Spirulina are more immediately available for plant uptake [13]. Among lysing methods, ultrasonication stands out as a procedure with potential for large-scale, sustainable application, as it shears cell walls and membranes in a time-efficient and chemical-free manner [14]. In addition to the choice of lysing method, lysed biomass must be diluted to a cost-effective concentration that may vary in response to the crop to which it is being applied.



While Spirulina has already been documented as an effective biofertilizer and biostimulant in a variety of crop plants [15,16,17], a recent study by [18] showed a lack of response by basil plants to 1 g L−1 of Arthrospira nodosum hydrolysate. The lack of response could be attributed to the low concentration. This argument is supported by a previous study involving active dry yeast as a biofertilizer, where increasing concentrations yielded enhanced growth in basil [19]. Given the economic significance of basil for its culinary and medicinal properties [20], this study aimed to investigate the potential for stimulating basil growth using sonicated biomass of A. maxima and assess its response to varying concentrations of this biomass (2.5, 5, 10, 20, and 40 g L−1). As a positive control, the effects of a commercial biofertilizer derived from a brown alga, Ascophyllum nodosum (L.) biomass at a recommended dose of 4 mL L−1 were tested. A negative control with 0 g L−1 of A. maxima (Setchell and N.L.Gardner) Geitler biomass was also included. It was hypothesized that biometric responses of basil seedlings to biomass concentrations would follow a linear response. To complement this assay, the chemical composition of the A. maxima biomass was provided, determined through elemental, bromatological, and phytohormonal analyses, as well as an aminogram.




2. Materials and Methods


2.1. Preparation of Cyanobacterial Biomass


Arthrospira maxima was cultured in open ponds located and managed by the Universidad de Córdoba in Montería, Colombia. These open ponds (3000 L) were maintained at a pH level ranging between 10 and 11, included a timed air injection system to guarantee air exchange, and contained Zarrouk’s medium, a specialized nutrient solution designed for microalgae cultivation [21]. Cyanobacterial biomass was harvested after 15 days of growth and dewatered using a membrane filter with 40–50 µm pore size. Filtered biomass was sun-dried for 36 h on aluminum trays, which are exposed to an average solar radiation of 4400 wh m−2 and temperatures ranging between 26 and 28 °C [22]. Lastly, using an electric mill (CGoldenwall CNA 679, Cgoldenwall, Fengzhen, China) the dried biomass was pulverized to produce a fine powder of 4–50 µm particle size.



After conducting a preliminary experiment to assess the efficacy of three different cell lysis methods (Table S1; Figures S1–S3), ultrasonication of an aqueous solution of biomass at 40 g L−1 was selected. This method involved homogenizing biomass solutions using an Ultrasonic Homogenizer TF-500N (TEFIC BIOTECH Co., Ltd., Xi’an, China) (400 W) for 15 min with 10 s operating intervals. It is important to note that comparable soluble protein values can be attained within a 10 min timeframe, reducing operational costs.




2.2. Characterization of Cyanobacterial Biomass


Characterization of the chemical composition of A. maxima was analyzed through bromatological, elemental, phytohormonal analyses, and an aminogram.



The obtained powder was analyzed for moisture, protein, ash, and lipid contents according to the Association of Official Analytical Chemists (AOAC) [23]. The protein content was determined by the Kjeldahl method (AOAC 981.10) using a conversion factor of 6.25, whereas the moisture content was evaluated by a gravimetric heating of the sample at 120 °C until constant weight (AOAC 934.06). The ash content was determined by calcination in an oven at 550 °C until reaching constant weight (AOAC 942.05). The lipid content was determined by Soxhlet extraction with ether (AOAC 922.06). The carbohydrate content was calculated from the subtraction of all compounds from 100%. All the analyses were performed in triplicate.



The bromatological analysis included estimating protein, carbohydrate, and total fat content, as well as ash content and humidity. Protein content was estimated following the AOAC 981.10 method, which involves a series of chemical reactions to determine the nitrogen content in a sample as a proxy for proteins [24]. Total fat content was measured according to AOAC 954.02, which involves the use of solvent extraction to isolate fat from the sample. The carbohydrate content was calculated from the subtraction of all compounds from 100%. Ash content was measured according to AOAC 935.42, which involves incinerating the sample, causing all organic components to burn off, leaving behind inorganic minerals (ashes). Lastly, humidity was measured according to AOAC 926.08 by weighing the sample before and after heating the sample until a constant weight was achieved. All the analyses were performed in triplicate. Caloric content was estimated following the Awater general factor system using carbohydrate, protein, and lipid content.



A phytohormonal analysis was conducted using a high-performance liquid chromatography (HPLC) system (Agilent, Santa Clara, USA), composed of a Series 200 UV–Vis detector (Agilent, Santa Clara, USA), binary gradient pump, and vacuum degasser, employing a methanol–water 1:1 mixture method. Types and concentrations of phytohormones in the sample were determined by comparing the retention times and peak patterns of sample components with those of known reference compounds. To precisely identify the peaks, a Hamilton HxSil C18 (Hamilton, Reno, USA) column was employed, and elution was programmed in reverse phase using acetonitrile and a 0.2% phosphoric acid solution as mobile phases [25]. The phytohormones included as standard solutions were as follows: zeatin, gibberellic acid, kinetin, indole-3-acetic acid, 6-benzyladenine, indole butyric acid, 2,4-dichlorophenoxyacetic acid, and 1-naphthaleneacetic acid.



For the total quantification of nitrogen, phosphorus, and potassium present in the ultrasonicated extract of A. maxima, various protocols were implemented. The determination of total nitrogen was carried out using the SM-4500-Norg-B methodology for organic nitrogen and SM-4500-NH3-B for ammoniacal nitrogen. Additionally, the determination of total phosphorus was performed using the ascorbic acid method specified in the SM-4500-PE methodology [26]. Lastly, the determination of potassium was conducted following the AOAC 985.35 methodology.



The amino acid profiling of the sonicated biomass was conducted using liquid chromatography with an Agilent series 1200 HPLC system equipped with a diode array UV/Vis detector (DAD) and an Agilent series 1200 automatic injector, utilizing Chemstation Rev B.04.01 data software. The analysis employed an Analytical Zorbax Eclipse AAA-C18 column (Agilent, Santa Clara, CA, USA) measuring 4.6 × 150 mm with 5 µm particle size, and a precolumn of 4.6 ID 12.5 mm. Column temperature was maintained at 40 °C with a pressure of 132 bar using mobile phase A, 40 mM NaH2PO4 buffer at pH 7.8, and mobile phase B, a mixture of ACN/MeOH/water (45:45:10 v/v/v). Prior to injecting the biomass into the HPLC system, the sample was hydrolyzed with 5 mL of 6N hydrochloric acid and 0.1% phenol to degrade proteins. To detect primary amino acids following liquid chromatography, an injection volume of 25 µL (of which 0.5 µL corresponded to the hydrolyzed solution), a flow rate of 2.0 mL min−1, a runtime of 26 min, and a wavelength of 338 nm were used [27]. Amino acids are reported as µmol of amino acid per gram of dry biomass.




2.3. Shade House Experiment


A total of 128 basil seeds were sown in two 64-hole seedling trays (5.5 × 28 × 45 cm) in a shade house located in CES University in Medellín, Colombia. The tray substrate consisted of a peat-moss-based growing media (PRO-MIX PGX®) (Premier Tech Horticulture, Quebec, QC, Canada) that was sterilized by autoclave (121 °C for 30 min) prior to seeding. Trays were subjected to a 12 h photoperiod at 23–25 °C and relative humidity between 63.5 and 76.4%. An automated irrigation system provided moisture through micro-aspersion at 6 AM, 1 PM, and 3 PM every day for five minutes.



After 14 days, 63 seedlings had germinated (49.2%). These seedlings were then partitioned into seven groups (nine seedlings per group) and assigned experimental treatments. Five groups were assigned to receive concentrations of sonicated, A. maxima biomass (2.5, 5.0, 10.0, 20.0 and 40.0 g L−1). One group was designated the negative control (0 g L−1). The seventh group was designated a positive control, and assigned to receive 4 mL L−1 of OptiMar Algas Marinas® (Vellsam, Tabernas, Spain), a commercially available biofertilizer containing a brown alga, Ascophyllum nodosum, extract. Every 10 days for 50 days, all seedlings received 1 mL of their assigned treatment solution through a micropipette aimed at the leaves closest to the stem to allow the solution to drip into the substrate. Ten days after the last treatment application, all 63 seedlings were harvested to measure biomass metrics.



Stem length (cm) was measured manually immediately post-harvest using an electronic caliper. Prior to measuring root length (cm), roots were rinsed with tap water to remove the attached substrate. Following rinsing, each seedling’s root was photographed using a Canon Powershot 540 HS (Canon, Tokyo, Japan) for the purpose of measuring the longest root in each photograph using the SmartRoot plugin from the ImageJ Software (Version 1.53k ) (Version 1.53k). Fresh seedling mass (g) was obtained by weighing seedlings on a digital analytical balance (Ohaus PX224/E, OHAUS, Latinoamérica, México D.F.). Leaf area (cm2) was estimated using the length and width of leaves. Lastly, the total number of leaves and nodes present on the seedling upon harvest were counted. To obtain dry seedling mass (g) and dry root mass (g), seedlings were dried in an oven (Memmert UN110, Memmert GmbH + Co. KG, Schwabach, Germany) at a temperature of 65 °C for 48 h and weighed again using the same analytical balance.




2.4. Statistical Analysis


All statistical tests were carried out using R [28]. Differences in plant biometrics were compared through analyses of variance (ANOVA) on linear models. Pairwise comparisons were conducted using the Dunn–Šidák correction to adjust for multiple comparisons using the ‘multcomp’ package [29]. An additional set of generalized linear models were created to correct for non-normality of residuals and possible outliers (Poisson log-link for count-based variables and gaussian log-link for measurement-based variables). Differences among linear and generalized models are largely negligible, so, following a parsimonious approach, only the former are presented. Linear models were also created with treatments as numerical rather than factorial variables to estimate the slope of increase by g L−1 of sonicated biomass.





3. Results


3.1. Shade House Experiment Responses


Arthrospira maxima sonicated biomass application stimulated growth in basil seedlings (Figure 1). Fresh seedling mass increased by 0.074 g ± 0.004 (standard error) with each g L−1 of sonicated biomass. Seedlings that received the commercial product at 4.0 mL L−1 did not differ from those that received 5 or 2.5 g L−1 or from the control (t = 2.102, p = 0.563; t = 0.966, p = 0.999; t = −1.036, p = 0.999, respectively), but were lighter than those that received 10 g L−1 or above (p < 0.05). Seedlings that received the highest dose of sonicated biomass (40 g L−1) were 7.5× heavier than the control (t = 15.463, p < 0.001). Similarly, dry seedling mass increased by 0.007 g ± 0.0004 with each additional g L−1 of sonicated biomass, with the highest dose yielding seedlings being 8.4× heavier than the control (t = 13.841, p < 0.001). The commercial product’s effects on dry mass did not differ from a dose of 5 or 2.5 g L−1, or from control (t = 2.071, p = 0.589; t = 1.586, p = 0.926; t = −1.245, p = 0.994, respectively), but were lighter than those that received 10 g L−1 or above (p < 0.05). The responses by stem and root (fresh and dry mass) reflect a similar pattern and are available in Figure S4.



Stem length increased by 0.18 cm ± 0.019 with each additional g L−1 of sonicated biomass. Stems from seedlings that received the highest dose were 2.7× longer than stems from control seedlings (t = 9.300, p < 0.001). The 20 g L−1 and 40 g L−1 groups did not differ in stem length (t = 1.464, p = 0.965). Stems from seedlings that received the commercial product were similar in length to stems from control seedlings (t = 0.208, p = 1.000) and seedlings that received 2.5 g L−1 (t = 2.406, p = 0.323), but shorter than stems from seedlings that received 5.0 g L−1 (t = 3.665, p = 0.009) or above (p < 0.05). Leaf area increased by 0.455 cm2 ± 0.021 per g L−1 of sonicated biomass, reaching an area that was 7.4× larger in the 40 g L−1 group over the control (t = 18.041, p < 0.001). The leaf area from seedlings that received the commercial product did not differ from seedlings that received 5 or 2.5 g L−1 or from the control (t = 2.872, p = 0.104; t = 1.210, p = 0.996; t = 0. 921, p = 0.999, respectively), but was smaller than those that received 10 g L−1 or more (p < 0.05).



The estimated slope for final leaf count in response to sonicated biomass concentration was 0.32 ± 0.02. However, leaf count did not differ among the control and those that received 2.5, 5, 10 g L−1 or the commercial product (p > 0.05). The group that received 20 g L−1 did differ from the control (t = 3.57, p = 0.013) and commercial product groups (t = 3.913, p = 0.004), with 1.6× more leaves than both. Notably, the 40 g L−1 group differed significantly from all other groups (p < 0.05), with a mean of 19.13 leaves, 3.1× more than the control group. The slope for node count by sonicated biomass concentration was 0.09 ± 0.008. The control group showed the fewest nodes (mean = 2.45), significantly fewer than all other groups (p < 0.05). The commercial product did not differ from the 2.5 or 5 g L−1 groups (t = 0.980, p = 0.999; 2.931, p = 0.088, respectively) but did show fewer nodes than groups that received 10 g L−1 or above (p < 0.05). The 5, 10, and 20 g L−1 groups did not differ in node count (p > 0.05). The 40 g L−1 differed significantly from all other groups (p < 0.05) and showed 3× more nodes than the control group.




3.2. Characterization of A. maxima


In the bromatological analysis of a sonicated biomass sample of A. maxima (40.0 g L−1), mean protein content was 64.46% (standard error = ±0.92). Total carbohydrates accounted for 24.58%, while the mean fat content was minimal at 0.14% (±0.05). The remaining components included mean ash at 5.21% (±0.03) and humidity at 5.61% (±0.08). Total calories in the sample were 357.42 Kcal 100−1 mL−1.



The M Macronutrient composition of the 40 g L−1 sample of sonicated biomass was defined by a nitrogen content of 0.44%, 36.62 mg of potassium, 30.15 mg of phosphorus, and 3.98 mg of magnesium per 100 mL. Macronutrient composition was also analyzed in a dry sample of A. maxima and in the commercial biofertilizer, OptiMar Algas Marinas®, presented in Table 1.



The phytohormone analysis showed the presence of gibberellic acid (0.19 g L−1), 6-benzyladenine (0.37 g L−1), and 1-naphthaleneacetic acid (0.25 g L−1). Notably, this analysis did not detect zeatin, kinetin, indole-acetic acid, indole butyric acid, and 2,4-dichlorophenoxyacetic acid among the tested phytohormones.



The aminogram analysis conducted on the sonicated biomass revealed concentrations of various amino acids summarized in Table 2. Aspartate (17.2%) and arginine (16.6%) were the most abundant amino acids in the biomass sample, followed by glutamate (15.7%) and glutamine (14.2%). Notably, methionine and phenylalanine were not detected in the sample.





4. Discussion


The biofertilizers, biostimulants, and biopesticides sourced from cyanobacterial biomass offer a sustainable pathway to achieve long-term food security while minimizing environmental impact. To pave this pathway, it is imperative to reduce the costs of production, harvesting, and processing, and perfect the complete utilization of biomass [6,7]. Regarding the latter, understanding the relationship between cyanobacterial biomass concentrations and plant growth can facilitate cost–benefit analyses leading to optimized application methods, ensuring efficient nutrient delivery to crops.



4.1. Shade House Experiment


This study demonstrated that increasing concentrations of A. maxima sonicated biomass, when applied to basil seedlings through foliar application, significantly enhanced their growth. Specifically, higher concentrations of biomass yielded taller seedlings, more plant mass, more leaf area, and higher leaf and node counts. Having a greater leaf area in basil is crucial, as leaves are the most economically important part of this plant [20]. These results stand in contrast to findings by [18], who reported that 1 g L−1 hydrolysate showed negligible effects on basil growth. Together, these studies underscore the significance of examining the relationship between biomass concentration and enhanced plant growth.



Positive and negative controls did not differ in their effects on basil growth, except in node count, where OptiMar yielded more nodes. This limited impact raises questions about the suitability of OptiMar as a comprehensive biofertilizer for basil cultivation. Furthermore, the sonicated biomass only elicited greater growth than the negative control when concentrations were at least 5 g L−1, except for leaf count, where a difference was only observed at 40 g L−1. This suggests that the efficacy of sonicated A. maxima biomass as a biofertilizer for basil is contingent on concentration levels, with a threshold observed at 5 g L−1 for most growth parameters. A similar study using active dry yeast as a biofertilizer on basil also found a positive relationship between growth and concentration, as well as limited differences between the negative control and concentrations below 5 g L−1 [19]. Whether this phenomenon is unique to basil warrants further investigation. A limitation in our study is its duration; basil seedlings were harvested after only 50 days of growth, whereas basil harvest typically occurs 2–3 months after germination. Extending the study’s duration could reveal more noticeable differences among treatments, allowing plants adequate time to grow and exhibit distinct responses to concentration treatments.




4.2. Biomass Characterization


The biofertilizer and biostimulant capacities exhibited by A. maxima in our shade house experiment can be attributed to its high concentrations of essential macronutrients and growth-promoting compounds. Specifically, compounds such as gibberellic acid, 6-benzyladenine, and 1-naphthaleneacetic acid are the phytohormones that are likely responsible for enhancing growth in basil, and may also boost the plant’s defenses [30,31]. The production of phytohormones by Arthrospira spp. has been previously reported [17,32,33]. Notably, our study sample exhibited a unique composition, including gibberellic acid, 6-benzyladenine, and 1-naphthaleneacetic acid—compounds not reported in the aforementioned studies. Gibberellic acid’s role in stimulating stem elongation and cell growth, combined with the cell-division-promoting qualities of 6-benzyladenine, along with the root-promoting effects of 1-naphthaleneacetic acid, likely contribute significantly to the enhanced growth of basil observed in our experiment [34,35,36].



The protein content of dry biomass was 64.46%, which is typical for Arthrospira species [37] and further highlights the potential benefits of a derived biofertilizer. Protein content is characterized by the presence of amino acids that play crucial roles as participants in regulating the metabolic, physiological, and biochemical pathways, as well as serving as intermediates for final metabolites. Some amino acids are biostimulants capable of enhancing plant productivity, especially under abiotic and biotic stress conditions [38,39]. In our A. maxima sample, the amino acids with highest relative composition were aspartate (17.2%), arginine (16.6%), glutamate (15.7%), and glutamine (14.2%) (Table 2), with the former of these three being vital for plant growth [4]. This result stands in some contrast with [40], where the most common amino acids in A. maxima were leucine (10.9%), valine (7.5%), and isoleucine (6.8%). An aminogram on a related species, A. platensis, also reported different composition [41]. These disparities emphasize the variability in amino acid composition within the Arthrospira genus, reflecting species-specific and strain-specific differences in their biochemical makeup.



The high concentrations of nitrogen, phosphorus, and potassium present in the A. maxima dried biomass provide essential nutrients that are vital for robust plant growth, ensuring healthy foliage, strong root development, and overall improved crop yield. These key elements act as fundamental building blocks for various biochemical processes, playing a pivotal role in enhancing plant vitality and resilience. The measured nutrient concentrations of dried biomass fall within the range reported by [42], except for nitrogen, which was measured at a concentration 1.32 times higher than the upper range, at 10.33%. The standards for an organic fertilizer dictate that nitrogen content must match or exceed 1%, and those for nitrogen, together with phosphorus and potassium, must match or exceed 7% [43]. With nitrogen alone exceeding the limit, A. maxima is likely an effective biofertilizer, particularly for nitrogen-poor soils.




4.3. Future Directions


Arthrospira maxima also has potential for the biofortification of crops through soil inoculation. Biofortification is the process of enhancing the nutritional content of food crops by increasing the levels of essential vitamins, minerals, and other nutrients in the plant, usually through plant breeding or genetic engineering [44]. Recent studies have demonstrated that biofortification can also occur through cyanobacterial inoculates that stimulate root growth, solubilize minerals, and enhance nutrient uptake [45,46]. Indeed, some recent studies have demonstrated how soil inoculation with Spirulina increases crop nutrient and vitamin content [47,48]. A systematic exploration and comprehensive documentation of the diverse beneficial properties inherent in Spirulina-derived biological products are essential steps towards enhancing the appeal and accessibility of this technology.



Future research should explore the cost-effectiveness of producing and using different concentrations of A. maxima-sonicated biomass for promoting plant growth and yield in basil, to determine an optimal concentration based on the effects on growth and economic feasibility. Moreover, it is worth investigating whether ultrasonication is a necessary step in the production, as drying biomass is an effective cell-lysing method [49]. Recent research suggests that ultrasonication may be redundant for cell lysis when sun-drying is also part of the protocol (unpublished). Another question that is worth exploring is the impact of culture conditions on the production of secondary metabolites. It is well known that culture conditions impact cyanobacterial growth and secondary metabolite production [30,42,50]. Culture conditions often focus on optimizing the former, but if different culture conditions lead to a higher production of phytohormones, these would be worth exploring.





5. Conclusions


Arthrospira maxima is a species of free-floating filamentous cyanobacteria that holds promising potential as a valuable source of biofertilizers and biostimulants in agriculture, among other biologically based products. In this study, dilutions of sonicated biomass of A. maxima enhanced growth in basil seedlings. Notably, differences from the negative control became evident once the concentration exceeded 5 g L−1. Characterization of the chemical composition of A. maxima revealed the presence and high abundance of phytohormones, essential amino acids, and macronutrients. Biofertilizers offer a more sustainable alternative to synthetic fertilizers, which are currently associated with numerous environmental and health-related concerns. A necessary next step to integrate this technology is a cost–benefit analysis to determine the optimal concentration and application rates for basil and other essential crop species. It is important to emphasize that A. maxima is currently employed in the production of other high-value compounds, generating byproducts that can be harnessed to create biofertilizers. As such, the development and characterization of A. maxima biofertilizers enhances the scope and implementation of sustainability-driven technologies, well beyond the development of effective biofertilizers.
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Figure 1. Mean (a) fresh seedling mass, (b) dry seedling mass, (c) stem length, (d) leaf area, (e) leaf count, and (f) node count in response to A. maxima sonicated biomass concentrations. The commercial product (CP) refers to OptiMar Algas Marinas® at the recommended dose of 4 mL L−1. Error bars represent standard error. Different letters above error bars represent statistically significant differences (p < 0.05). 
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Table 1. Mean and standard error of macronutrient composition of A. maxima sonicated biomass, dry biomass, and a commercial product, OptiMar Algas Marinas®. Note that the macronutrients in the sonicated biomass represent the contents in a diluted solution of 40 g L−1.
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	Macronutrient
	A. maxima Sonicated Biomass (40 g L−1)
	Dry A. maxima
	OptiMar Algas Marinas (4 mL L−1)





	Total Nitrogen (%)
	0.44 ± 0.003
	10.33 ± 0.15
	0.004 ± 0.00



	Potassium (mg 100−1 g−1)
	36.62 ± 0.04
	1458.25 ± 19.07
	14.68 ± 0.02



	Magnesium (mg 100−1 g−1)
	3.98 ± 0.01
	200.85 ± 0.82
	0.12 ± 0.001



	Phosphorous (mg 100−1 g−1)
	30.15 ± 0.02
	866.12 ± 15.96
	0.04 ± 0.00










 





Table 2. Amino acids detected in A. maxima sonicated biomass.
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	Amino Acids
	Concentration

(µmol g−1 Sample)
	Relative Composition





	Aspartate
	177.05
	17.2%



	Glutamate
	161.47
	15.7%



	Serine
	67.76
	6.6%



	Glutamine
	145.55
	14.2%



	Histidine
	33.21
	3.2%



	Glycine
	34.70
	3.4%



	Arginine
	170.73
	16.6%



	Alanine
	22.62
	2.2%



	Tyrosine
	9.40
	0.9%



	Cysteine
	35.14
	3.4%



	Valine
	13.74
	1.3%



	Methionine
	0.00
	0.0%



	Phenylalanine
	0.00
	0.0%



	Isoleucine
	29.29
	2.8%



	Leucine
	18.80
	1.8%



	Lysine
	75.07
	7.3%
















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











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













nav.xhtml


  horticulturae-10-00168


  
    		
      horticulturae-10-00168
    


  




  





media/file3.png





media/file0.png





media/file2.png
