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Abstract

:

A significant research gap exists in investigating large-scale microalgae cultures exposed to outdoor conditions, with the addition of phytohormones using non-sterile growth media. Implementing these conditions is crucial for verifying the industrial viability of this strategy. This study aimed to evaluate the effect of indole-3-acetic acid (IAA) supplementation on Spirulina sp. LEB 18 cultures conducted indoors and outdoors in raceway bioreactors. The outdoor experiments were performed under uncontrolled environmental conditions. The indoor cultures were maintained within a thermostat-controlled chamber at a consistent temperature and lighting intensity. The outdoor experiments supplemented with IAA achieved a biomass concentration of 5.43 g L−1 and productivity of 173.9 mg L−1 d−1. These values increased 122.5% and 130.9% in biomass concentration and productivity, respectively, compared to the indoor experiments with the same supplementation. Moreover, roughly half of the biomass generated from outdoor cultivation with IAA consisted of carbohydrates (45%). Compared to indoor cultivation, this approach reduced production costs for biomass (55%) and lowered production costs for carbohydrates, proteins, and lipids by 86%, 44%, and 50%, respectively. The successful application of phytohormones in microalgae cultures, particularly under larger scale, nonsterile, and outdoor conditions, represents a significant advancement toward industrial implementation.






Keywords:


Arthrospira; auxin; carbohydrate; cyanobacteria; microalgae; phytohormone












1. Introduction


The pursuit of renewable sources of food and biofuels has emerged as a top priority in response to global challenges, such as population growth and the scarcity of natural resources [1]. Within this context, the microalga Spirulina (Arthrospira) holds promising potential to address these demands [2] Spirulina biomass contains iron, essential unsaturated fatty acids (such as γ-linoleic acid), vitamin B12, and a variety of B vitamins and natural carotenes, making them valuable for food applications and health foods. Additionally, Spirulina is seen as a sustainable feedstock for bioenergy and biofuels, offering potential as a carbon-neutral source for biodiesel, bioethanol, and biogas production [3]. Spirulina is one of the most extensively researched and cultivated microalgal genera worldwide [4] due to its adaptability to various cultivation conditions, diverse environments, culture media, and reactor types [3].



Among the factors impacting microalgal growth and productivity, light, temperature, and nutrients are the most influential [5]. Light is pivotal in photosynthesis, furnishing the energy needed for carbon fixation and microalgae growth. The intensity, spectral quality, and photoperiod represent critical factors influencing photosynthetic activity and, consequently, culture productivity [6]. The microalgae Spirulina boasts a wide range of growth temperatures, demonstrating its ability to adapt to tropical and subtropical conditions [7].



Furthermore, light availability and exposure to varying temperatures can regulate the synthesis of specific biomolecules, including photosynthetic pigments [8], proteins, and carbohydrates [9]. These molecules hold significance for applications in the food [10], cosmetics [11], pharmaceutical [12], biofuel [13], and environmental solution [14] sectors.



Specifically, concerning the microalga Spirulina, recent studies have unveiled the presence of its phytohormones [9] and their influence on cultivation modulation [15,16]. Among phytohormones, the best known are auxins, with indole-3-acetic acid (IAA) standing out for showing more significant activity in plants and algae [17] and stimulating Spirulina biomass and biomolecules production [14,15]. Phytohormones encompass natural chemical compounds that play a fundamental role in the development and metabolism of plants, algae, and microalgae. Phytohormones are effective in enhancing the microalgae growth and production of biomolecules by promoting the expression of genes involved in DNA replication and repair and energy metabolism (glycolysis, TCA cycle, and oxidative phosphorylation), as well as signaling and protective synthesis pathways [18]. In addition, phytohormones have advantages such as being efficient at minimal concentrations, natural, environmentally safe, and degrading quickly, leaving no environmental remnants [19]. However, the mechanism needs to be clarified. Therefore, further investigations should be conducted to identify the genes that control the effects of phytohormones.



Despite the extensive literature documenting the impact of phytohormone stimulation on microalgae biomass and biomolecule productivity [15,16,18,20,21,22,23,24], no research to date has explored the role of phytohormones within outdoor microalgae cultivation systems employing nonsterile media and operating on a larger scale [25].



In this study, we investigate the application of phytohormones in outdoor microalgae cultivation using raceway-type reactors and a nonsterile medium, focusing on the supplementation of indole-3-acetic acid (IAA). Our outdoor experimentation reveals promising enhancements compared to indoor studies. These findings highlight the potential of phytohormone supplementation as a cost-effective and environmentally friendly strategy for large-scale microalgae production, addressing a crucial research gap in the field.



In addition, the comparison between indoor and outdoor microalgae cultivation is crucial, as outdoor cultivation in raceway-type reactors offers the advantage of preventing the necessity for artificial lighting and aeration. This strategic decision aligns with sustainability principles and decreases energy consumption, making microalgae cultivation economically feasible and environmentally sustainable [3]. Reactors like the open raceway reactors utilized in this study, designed for outdoor operation, are extensively employed in commercial microalgae production due to their cost-effectiveness in construction and operation compared to enclosed systems [26]. In light of this context, a critical investigation into the influence of phytohormones in cultures conducted under uncontrolled environmental conditions becomes imperative. Such research could offer valuable insights to optimize cultivation parameters and maximize targeted biomolecule production.



Additionally, this cultivation approach considers energy efficiency, sustainability, and economic feasibility and provides pivotal guidance for implementing large-scale production strategies. Consequently, this study aims to assess the cost-effectiveness and productivity of Spirulina sp. LEB 18 supplemented with indole-3-acetic acid (IAA) when the cultivation is conducted within raceway bioreactors under indoor and outdoor conditions.




2. Materials and Methods


2.1. Microalga and Phytohormone


Spirulina LEB 18 was used for the experiments. This microorganism is sourced from the strain bank of the Laboratory of Biochemical Engineering at the Federal University of Rio Grande (FURG)—Brazil. The microalga was isolated at Lagoa Mangueira, at latitude 33°31′08″ S and longitude 53°22′05″ W [27].



For supplementation of the microalgal cultures, an auxin-type phytohormone was employed. The commercial indole-3-acetic acid (IAA) (98%, Sigma-Aldrich, Cotia, SP, Brazil) was introduced into Spirulina cultures from a 1000 ppm stock solution [15].




2.2. Culture Conditions


Both indoor and outdoor experiments were conducted in duplicate for 30 days, utilizing open reactors of the 6 L raceway type (with a usable volume of 5 L). Continuous agitation was achieved by paddle wheels rotating at 20 rpm. The initial biomass concentration of the cultures was set at 0.2 g L−1 [28]. The microalgae were cultivated in Zarrouk medium [29] employing a batch-fed system, with IAA supplementation introduced at a concentration of 0.1 mg L−1 on the 15th day of cultivation, according to the results obtained in previous research [15,16]. In addition, control experiments were performed. These were conducted in the same conditions as the supplemented experiments but without IAA treatment.



Indoor cultures were situated within a thermostat-controlled chamber, maintaining a consistent temperature of 30 °C, a 12 h light/dark photoperiod, and an illuminance of 80 μmol photons m−2 s−1 provided by fluorescent lamps. The outdoor experiments were carried out under unregulated environmental conditions during the winter period (August 2022) in the city of Rio Grande, RS, Brazil (latitude 32°4′23.028″ S, longitude 52°10′2.079″ W). The outdoor bioreactors were situated within a greenhouse covered by a transparent film, offering protection against UV rays [30]. Monitoring occurred daily in the early afternoon (2 p.m.) to record the cultivation and ambient temperatures. A digital thermometer (SH 102, J. Prolab, São Paulo, SP, Brazil) was employed, and solar radiation levels were measured with a universal light meter (ULM- 500, Walz, Effeltrich, BY, Germany).



The indoor experiments were designated C-I and IAA-I for the control and supplemented groups, respectively. The designations C-O and IAA-O were assigned to the control and supplemented experiments, respectively, conducted in the outdoor environment.




2.3. Evaluation of Cell Growth


At the initiation and end of the experiments, assessments were conducted to determine the biomass concentration, pH levels, fluorescence, and cell morphology. Biomass concentration was gauged through optical density measurements at 670 nm, utilizing a spectrophotometer (Shimadzu UV/VIS UVmini-1240 spectrophotometer, Kyoto City, Japan), aided by a calibration curve correlating optical density with biomass dry mass [29].



The optical density data enabled the determination of the final biomass concentration and subsequently facilitated calculating the final biomass productivity. pH measurements were taken using a digital pH meter (Mettler Toledo FiveGoTM, Greifensee, Switzerland). Fluorescence measurements were taken with a fluorimeter (AquaPen AP 100, Photon System-Instrument, Drásov, Czech Republic) on day 0 of cultivations (Fv/Fm initial) and the last day of experiments (Fv/Fm final). Samples of 3 mL were dark adapted for 15 min in the cuvettes before the measurement. A wavelength of 620 nm excitation was used. Cell morphology was assessed using an electron microscope (AxioCan ERc 5s Microscope camera, Zeiss, Germany).




2.4. Biomass Characterization


After 30 days of cultivation, in the stationary growth phase, the cultures were harvested and centrifugated (Hitachi, Himac CR-GIII, Tokyo, Japan) at 2000× g for 20 min to recover the biomass. Subsequently, a washing step was carried out to eliminate salts; following which, the biomass was frozen at –80 °C, subjected to lyophilization for 48 h, and then stored at –20 °C until characterization. The lyophilized biomass was utilized to analyze lipids, carbohydrates, proteins, phycocyanin, and moisture content.



Total lipids were directly extracted from the biomass using the organic solvent chloroform/methanol (1:2) and quantified through colorimetry [31], with readings correlated to a tripalmitin standard curve. Before carbohydrate and protein analyses, the cell walls of the biomasses were disrupted via an ultrasonic probe (Cole Parmer, CPX 130, Merrillville, IN, USA). Extracts were prepared by combining 5 mg of lyophilized biomass with 10 mL of distilled water and subjecting them to 10 cycles of sonication (59 s on/off). Quantification of total carbohydrates was conducted using the phenol-sulfuric method [32], referencing a standard glucose curve. Protein content was determined utilizing the colorimetric technique described by Lowry et al. [33], employing bovine serum albumin as a standard and including a preliminary step of protein solubilization with NaOH. Phycocyanin was extracted from the microalgal biomass [34], and the total pigment content was measured following the protocol of Bennett and Bogorad [35]. Furthermore, the purity of the phycocyanin extract was ascertained by calculating the ratio between the absorbance reading of the extract at 620 nm (indicative of pigment concentration) and the absorbance at 280 nm (reflecting protein concentration in the solution) [36]. The moisture content was assessed following the methodology outlined in the Official Methods of Analysis [37].



After these analyses, lipid, carbohydrate, protein, and phycocyanin productivities were calculated. This calculation involved multiplying the results of biomass productivity by the fractions of each biomolecule found in the biomass of Spirulina sp. LEB 18.




2.5. Cost Analysis


The price of the IAA phytohormone (98%) and other reagents (ACS-grade reagents) constituting the culture medium utilized in this study was obtained from the Sigma-Aldrich website on March 2023 (Supplementary Table S1). The expense associated with producing microalgal biomass and biomolecules was determined by employing the equation delineated by Park et al. [38] as follows:


Cost (USD g−1 = (A × B) + C/D



(1)




where A signifies the quantity of IAA added per liter of culture medium (mg L−1), B stands for the price of IAA (USD mg−1), C denotes the price of the culture medium (USD L−1), and D represents the final concentration of biomass or biomolecule achieved at the culmination of the cultivation (g L−1). This analysis considered only the cost of the culture medium with and without the phytohormone.




2.6. Statistical Analysis


Two biological replicates and three technical replicates were utilized to obtain the responses. All responses were subjected to biological duplicates and triplicate technical samples analysis using analysis of variance (ANOVA) followed by Tukey’s test for comparison of means, with a significance threshold set at the 95% confidence level (p ≤ 0.05).





3. Results


3.1. Biomass Growth and Productivity Evaluation


When evaluating the final biomass concentration (Xfinal) and productivity (Pfinal), both cultivation conditions supplemented with indole-3-acetic acid (IAA), specifically indoor cultivation supplemented with IAA (IAA-I) and outdoor cultivation supplemented with IAA (IAA-O), demonstrated superior performance compared to experiments conducted without supplementation, represented by indoor control culture (C-I) and outdoor control culture (C-O) (Table 1). A 13.9% increase in biomass concentration was observed when comparing the indoor conditions C-I with IAA-I, and an 18.0% increase was observed between the outdoor conditions control (C-O) and supplemented (IAA-O). The productivity was enhanced by 24% when comparing C-I with IAA-I and improved by 18.5% from C-O to IAA-O.



During the outdoor experimental period, environmental conditions were monitored, revealing a wide natural range with a minimum temperature of 4.2 °C and a maximum of 39.7 °C. The minimum and maximum illuminance levels were 160 and 1200 μmol photons m−2 s−1, respectively. The average minimum and maximum temperature values were 11 °C and 32 °C, respectively, and the average illuminance hovered at approximately 700 μmol photons m−2 s−1. Under these conditions, phytohormone supplementation (IAA-O) resulted in an approximately twofold increase in biomass generation compared to indoor experiments with the addition of the phytohormone (IAA-I) (Table 1).



During day zero of the cultures, the maximum initial photochemical efficiency (Fv/Fm initial) consistently showed similar values across all conditions (Table 1). However, a reduction in the final maximum photochemical efficiency (Fv/Fm final) was observed after 30 days of cultivation under indoor conditions (C-I and IAA-I). In contrast, the outdoor conditions (C-O and IAA-O) did not exhibit a statistically significant difference in the final response compared to the initial measurement. At the end of the experimental period, higher pH values were observed in outdoor cultures (C-O and IAA-O) compared to indoor experiments (C-I and IAA-I) (Table 1). Notably, control and supplemented conditions within the same environment exhibited no significant difference in pH values.




3.2. Biomass Characterization


Experiments with phytohormone supplementation (IAA-I and IAA-O) demonstrated lower protein content than those with control conditions (C-I and C-O) in indoor and outdoor settings. However, since biomass productivity was higher in the conditions with the supplement (IAA-I and IAA-O) compared to controls (C-I and C-O), the protein productivity followed the same trend (Figure 1). In both scenarios, the addition of IAA to Spirulina cultures yielded an approximately 11% increase in protein productivity compared to control experiments under similar conditions.



Compared to control experiments in the same environment, the supplemented conditions exhibited a higher carbohydrate concentration and productivity within the biomass (Figure 2). The IAA-I condition showed 99.7% and 144.9% increases in carbohydrate concentration and productivity, respectively, compared to the C-I control. In an outdoor setting, the IAA-O-supplemented condition demonstrated a 72.6% concentration increase and a 114.6% boost in carbohydrate productivity compared to the results obtained from the un-supplemented condition (C-O). Furthermore, outdoor cultivation with phytohormone supplementation (IAA-O) exhibited approximately 225% higher biomolecule content and productivity than indoor conditions (IAA-I). The robust biomass productivity observed in the supplemented outdoor experiment (Table 1) coupled with the substantial carbohydrate content (Figure 2) led to a twofold increase in carbohydrate productivity compared to the outdoor control (C-O) and an eightfold increase over the indoor control (C-I).



The microalgal biomass showed no significant difference in the lipid concentration response under the conditions tested (Figure 3). However, when the microalga was cultivated in an outdoor environment (C-O and IAA-O), it showed higher productivity of the lipid biomolecule than when grown in the indoor conditions (C-I and IAA-I).



The biomass generated from outdoor-supplemented cultivation (IAA-O) exhibited higher phycocyanin productivity compared to the other conditions (Figure 4). However, concerning phycocyanin concentration, the outdoor-supplemented condition (IAA-O) showed no significant difference from the control experiment conducted in the same environment (C-O).



The purity achieved in phycocyanin extracts was higher in outdoor experiments (C-O = 2.4a,b ± 0.1 and IAA-O = 2.5a ± 0.1) compared to indoor experiments (C-I = 2.0b ± 0.2 and IAA-I = 1.2c ± 0.1). However, there was no statistically significant difference when comparing the results of the extracts obtained from supplemented cultures with those obtained from controls in the outdoor condition. On the other hand, in the indoor condition, the control generated an extract with a greater purity.




3.3. Biomass and Biomolecule Production Costs


While various factors, such as energy, harvesting, and labor significantly influence the production costs of biomass and biomolecules, this study focused solely on the impact of phytohormone supplementation. As such, other cultivation parameters were not considered when calculating production costs. Therefore, only the costs associated with the culture medium, with and without phytohormones, were considered. However, we emphasize that further research is needed to delve deeper into the study of costs to enhance the robustness of this cultivation technique in the future.



The implementation of IAA supplementation in outdoor cultivation (IAA-O) resulted in a 55%, 86%, 44%, and 50% reduction in the cost of biomass, carbohydrate, protein, and lipid production, respectively, in comparison with control experiments conducted indoors (C-I) (Figure 1). This cost comparison was based on the conditions with the highest and lowest production costs (C-I and IAA-O, respectively).



Outdoor experiments (C-O and IAA-O) yielded lower biomass and biomolecule production costs than indoor cultivation (C-I and IAA-I). Furthermore, supplemented conditions (IAA-I and IAA-O) demonstrated lower production costs compared to their respective controls (C-I and C-O) (Figure 5). Compared with C-I production costs, the IAA-I production cost of biomass, carbohydrates, and lipids was reduced by 12%, 56%, and 19%, respectively. Additionally, compared with C-O production costs, the IAA-O biomass production cost was 16% lower, the carbohydrate cost was 51% lower, and the lipid cost was 11% lower. However, the protein production cost was reduced by less than 10% compared to the control and supplemented conditions. Phycocyanin production costs were lower in the indoor control condition (USD 2.30).





4. Discussion


The findings from this study present significant implications for the scale-up of microalgae cultivation, particularly in outdoor settings and under uncontrolled conditions, with the supplementation of IAA showing promising potential. The observed outcomes pave the way for the industrial adoption of this strategy, given the substantial enhancements in productivity and reduction in biomass and biomolecule production costs achieved through the synergistic interaction of IAA and environmental factors.



The results regarding biomass growth and productivity are consistent with the previous literature indicating the positive impact of phytohormone supplementation on microalgae under adverse conditions [39,40,41,42,43]. Despite the extreme fluctuations in abiotic factors, outdoor cultivation supplemented with IAA exhibited a higher biomass concentration and productivity than controlled indoor conditions. Phytohormones are suggested to confer cellular stress resistance by inhibiting chloroplast structure degradation [19].



Similar to the synergistic effects observed between phytohormones and different light spectra to enhance biomass and biomolecule production [44,45], optimal light intensity is also pertinent for the efficacy of phytohormone performance, as evidenced by growth parameter evaluations. Notably, the outdoor experiments experienced higher light intensities, with a minimum of 160 μmol photons m−2 s−1, twice that of indoor cultivation (80 μmol photons m−2 s−1). Furthermore, the maximum illuminance in outdoor conditions was 15-fold higher (1200 μmol photons m−2 s−1) than indoors. The elevation in biomass concentration is attributed to the concurrent substantial augmentation in light intensity. Exposing Spirulina sp. LEB 18 to these intensified environmental conditions proved efficient in promoting its growth. Moreover, it amplified the phytohormone’s effectiveness on the microalgae, culminating in a synergistic growth effect.



The maximum quantum efficiency (Fv/Fm) indicates Photosystem II’s photosynthetic efficiency. A decline in the Fv/Fm value signifies a reduction in photosynthetic efficiency and can be attributed to the cellular stress experienced by microalgae [46]. Remarkably, the outdoor experiments displayed no disparity between initial and final values, signifying the consistent maintenance of maximum quantum efficiency throughout the cultivation period and an absence of noteworthy stress exposure. Conversely, the indoor experiments exhibited a decrease in this parameter after 30 days of cultivation. This phenomenon can be elucidated by microalgae’s diminished photosynthesis and energy generation when subjected to low-light indoor conditions [47].



Both indoor and outdoor experiments exhibited an elevation in pH levels. This phenomenon can be attributed to the bicarbonate assimilation mechanism inherent to microalgae. Initially, the Zarrouk medium contains sodium bicarbonate (NaHCO3) as the primary form of carbon, serving as the favored substrate for carbon assimilation by microalgae [48]. This process is reflected in the pH range of 6 to 10.5. Over time, the microalgae consume two bicarbonate ions: one is internalized as carbon dioxide (CO2), and the other is released as carbonate (CO3−2). This intricate interplay contributes to a pH elevation in the medium, resulting in values surpassing 10.5 [49].



Consequently, the outcomes derived from this study point toward a greater assimilation of carbon molecules in outdoor cultures. This assertion is supported by a pH level exceeding 11 at the culmination of the outdoor experiment, whereas indoor conditions maintained a pH of approximately 10. This can be compared to the findings of Deamici et al. [50], who observed similar trends when cultivating Spirulina sp. LEB 18 in raceways augmented with magnetic fields. Notably, their indoor tests yielded a maximum pH of 10.75, while the outdoor cultures recorded a pH peak of 12.77.



Microalgae can harness both CO2 and HCO3 as substrates for their CO2 metabolism. Through active transport of inorganic carbon, these microorganisms accumulate intracellular bicarbonate and activate internal carbonic anhydrase [51]. This biological process underpins the mechanism for the observed elevation in carbohydrate content resulting from IAA supplementation. Phytohormones likely contribute to carbon fixation during photosynthesis [19,52], stimulating a cascade of reactions within photosynthetic metabolism. Consequently, this stimulation culminates in an amplified synthesis of biomolecules, exemplified by heightened carbohydrate production.



Another significant determinant in fostering carbohydrate synthesis is the choice of reactor configuration. Raceways or analogous open systems facilitate enhanced cellular exposure to atmospheric CO2, consequently promoting biomolecule synthesis [53]. Moreover, outdoor cultivation settings exhibit an augmented carbohydrate yield. This phenomenon can be attributed to increased light exposure and elevated temperatures, which directly influence the synthesis of this macromolecule [54,55].



A contrasting trend was observed in protein content, with the elevation in carbohydrate concentration evident in the supplemented and outdoor experimental conditions compared to controls and indoor setups. This counterintuitive effect can be attributed to the phenomenon of nitrogen limitation because of cultivation duration, which prompts microalgae cells to shift their protein synthesis toward the production of carbohydrates or lipids [56]. The decline in protein synthesis and the concurrent rise in carbohydrate content align with findings reported by Xu and Xiong [18] and Salama et al. [57] in their investigations involving the supplementation of IAA in cultures of Chlorella pyrenoidosa FACHB-9 and Scenedesmus obliquus GU732418, respectively.



Another fact that may have influenced the increase in carbohydrate production and the decrease in protein synthesis in outdoor cultivation is the unfavorable conditions that stress the microalgae cells. This is in line with Zaparoli et al. [58], who described that an increase in light intensity is correlated with a reduction in protein content and an increase in carbohydrate content. The same was observed when the duration of light (photoperiod) increased. Higher carbohydrate content at the expense of lower protein content occurs consistently with higher daily irradiances. Firstly, higher light encourages photosynthesis processes that produce carbohydrates. Secondly, the higher irradiance also increases culture temperature, which induces cyanobacterial cell stress and reduces the enzymatic capacity for protein synthesis so that the first-order photosynthetic products of simple carbohydrates are accumulated in cells [59].



Moreover, analogous to the impact observed due to the type of reactor employed, elevated temperatures and increased illuminance further augmented carbohydrate production while concurrently exerting a deleterious effect on protein content within the biomass. Maintaining the cultivation temperature at approximately 30 °C and ensuring a pH range of 9.0–10.5 creates the optimal conditions for fostering heightened protein synthesis in Spirulina sp. [56,60,61]. Fluctuations in pH and temperature can disrupt the bioavailability of essential nutrients and influence the activity of microalgae cells [62]. Given that the outdoor conditions employed in this study encompassed a broad spectrum of temperatures and illuminance levels and that the resultant pH of the cultures surpassed the ideal range, the observed decline in protein synthesis can be understood.



Nevertheless, notwithstanding the diminished protein concentration observed in the IAA-supplemented conditions compared to the control conditions, the protein productivity exhibited a contrary outcome. This divergence is attributed to the augmented biomass productivity facilitated by the presence of the phytohormone in the culture, which offsets the lower protein content.



Similarly, in line with the investigations by Oliveira [54] and Jesus et al. [61], variations in the experimental conditions did not induce alterations in the lipid content of the microalgal biomass. These authors substantiate that while temperature and illuminance exert a substantial impact on protein and carbohydrate composition, they do not exert a discernible influence on lipid production in Spirulina biomass. Additionally, it is worth noting that supplementation with IAA at a concentration of 0.1 mg L−1 did not yield a significant increase in lipid content in Spirulina sp. LEB 18, as evidenced by the findings of Silveira et al. [16].



In contrast to findings reported in the prevailing literature, the introduction of phytohormone supplementation did not yield an observable enhancement in the production of the pigment phycocyanin [63,64,65,66,67]. Nevertheless, experiments conducted under outdoor conditions demonstrated higher phycocyanin yields than their indoor counterparts. Hence, the confluence of environmental factors may engender shifts in the microalgae’s biochemical composition, potentially augmenting or diminishing the proportion of phycocyanin [68]. Moreover, there is a suggestion of a total or partial correlation between maximum biomass concentration values and phycocyanin content in Spirulina cultures, as observed by Soni et al. [69], Deamici et al. [70], and Jesus et al. [61]. This further underscores the ability of cyanobacterial cells to modulate their photosynthetic efficacy by modulating pigment production levels [71].



Despite the augmented expenses incurred by the incorporation of phytohormones into the growth medium for microalgal cultures, extant research posits that judicious adjustments in supplementation and cultivation methodologies may yield cost savings while concurrently augmenting biomass and biomolecule output [15,16,24,38,72]. The accomplishment of a cost reduction exceeding fifty percent in the production of biomass and biomolecules constitutes a significant milestone. Notably, the available data indicate that numerous global companies are actively conducting experiments aimed at cost reduction while maintaining the photosynthetic efficiency in Spirulina [3]. Furthermore, cultivating microalgae in an outdoor environment utilizing raceway-type reactors confers the advantage of obviating the need for artificial lighting and aeration. This strategic choice aligns with sustainability principles and reduces energy consumption, making microalgal cultivation more economically viable and environmentally sustainable.



Although IAA is considered a high input, the increased production of biomass and biomolecules generated by supplementation makes its use advantageous. In this study, we used a small concentration to stimulate these effects. Thus, the cost of the cultivation medium was not increased significantly. It is essential to highlight that the microalgae, type of phytohormone used, supplementation concentration, and cultivation method, among other parameters, must be considered for the best cost–benefit of using the strategy.



An additional noteworthy aspect is that adopting phytohormones as a strategy does not necessitate structural overhauls within the industry. Reactors like those employed in this study, specifically raceway-type open reactors, are extensively utilized for commercial microalgae production due to their lower construction and operational expenses than enclosed systems [26]. This approach aligns well with industry practices and can be readily integrated without significant modifications.



The biomass produced in this study is rich in carbohydrates and presents high productivity and good cost–benefit, so it could be applied in various sectors. In energy terms, microalgae carbohydrates can produce different biofuels, including bioethanol, biobutanol, biomethane, and biohydrogen [73], just as this carbohydrate-rich biomass facilitates the production of pyrolytic gas [74]. Furthermore, the application of polysaccharides, a type of carbohydrate, from microalgae has evolved in the food, sustainable agriculture, and biomedical sectors [75,76]. However, more studies should be conducted on biomass produced with phytohormone supplementation in outdoor conditions to verify these potential applications.



Implementing phytohormones in nonsterile open reactors operating at larger scales and under varying environmental conditions represents a notable research gap in phytohormone’s application in microalgal cultures [25]. This study effectively addresses this void by showcasing successful experiments conducted in such settings, marking a significant contribution to the field.




5. Conclusions


Different from other studies involving phytohormones and microalgae, this is the first study involving microalgae within an outdoor setting, utilizing raceway-type reactors and a nonsterile medium and supplemented with indole-3-acetic acid phytohormone, which has yielded promising outcomes. When contrasted with data acquired from an indoor environment lacking phytohormone supplementation, the outdoor experiment with indole-3-acetic acid supplemented in Spirulina sp. LEB 18 cultivations demonstrated a notable increase of 122.5% and 130.9% in biomass concentration and productivity, respectively, resulting in a 55% reduced-cost product. Moreover, the carbohydrate concentration underwent a remarkable surge of 230%, a remarkable 697% boost in biomolecule productivity, and an 86% decrease in production costs. However, further studies are necessary to apply this technology on an industrial scale and usher in a new era of microalgae supplementation. Nonetheless, this study establishes that phytohormone supplementation represents a viable industrial strategy for reducing microalgae production costs in an environmentally friendly manner and enhancing large-scale microalgae production. Hence, a significant gap in the research regarding phytohormone supplementation in microalgae cultivation has been addressed.
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Figure 1. Concentration and productivity of protein (dry basis) of indoor and outdoor Spirulina sp. LEB 18 biomass supplemented with IAA and control experiments. C-I = indoor control culture; IAA-I = indoor cultivation supplemented with IAA; C-O = outdoor control culture; IAA-O = outdoor cultivation supplemented with IAA. Lowercase letters that are identical within columns signify no significant difference in the means of protein content at the 95% confidence level (p > 0.05). Similarly, uppercase letters that are identical on the line indicate that there is no significant difference in the means of protein productivity at the 95% confidence level (p > 0.05). Data are represented as the means ± standard deviation (n = 6). 
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Figure 2. Concentration and productivity of carbohydrates (dry basis) of indoor and outdoor Spirulina sp. LEB 18 biomass supplemented with IAA and control experiments. C-I = indoor control culture; IAA-I = indoor cultivation supplemented with IAA; C-O = outdoor control culture; IAA-O = outdoor cultivation supplemented with IAA. Lowercase letters that are identical within columns signify no significant difference in the means of carbohydrate content at the 95% confidence level (p > 0.05). Similarly, uppercase letters that are identical on the line indicate that there is no significant difference in the means of carbohydrate productivity at the 95% confidence level (p > 0.05). Data are represented as the means ± standard deviation (n = 6). 
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Figure 3. Concentration and productivity of lipids (dry basis) of indoor and outdoor Spirulina sp. LEB 18 biomass supplemented with IAA and control experiments. C-I = indoor control culture; IAA-I = indoor cultivation supplemented with IAA; C-O = outdoor control culture; IAA-O = outdoor cultivation supplemented with IAA. Lowercase letters that are identical within columns signify no significant difference in the means of lipids content at the 95% confidence level (p > 0.05). Similarly, uppercase letters that are identical on the line indicate that there is no significant difference in the means of lipid productivity at the 95% confidence level (p > 0.05). Data are represented as the means ± standard deviation (n = 6). 






Figure 3. Concentration and productivity of lipids (dry basis) of indoor and outdoor Spirulina sp. LEB 18 biomass supplemented with IAA and control experiments. C-I = indoor control culture; IAA-I = indoor cultivation supplemented with IAA; C-O = outdoor control culture; IAA-O = outdoor cultivation supplemented with IAA. Lowercase letters that are identical within columns signify no significant difference in the means of lipids content at the 95% confidence level (p > 0.05). Similarly, uppercase letters that are identical on the line indicate that there is no significant difference in the means of lipid productivity at the 95% confidence level (p > 0.05). Data are represented as the means ± standard deviation (n = 6).



[image: Applsci 14 03715 g003]







[image: Applsci 14 03715 g004] 





Figure 4. Yield and productivity of phycocyanin (dry basis) of indoor and outdoor Spirulina sp. LEB 18 biomass supplemented with IAA and control experiments. C-I = indoor control culture; IAA-I = indoor cultivation supplemented with IAA; C-O = outdoor control culture; IAA-O = outdoor cultivation supplemented with IAA. Lowercase letters that are identical within columns signify no significant difference in the means of phycocyanin yield at the 95% confidence level (p > 0.05). Similarly, uppercase letters that are identical on the line indicate that there is no significant difference in the means of phycocyanin productivity at the 95% confidence level (p > 0.05). Data are represented as the means ± standard deviation (n = 6). 






Figure 4. Yield and productivity of phycocyanin (dry basis) of indoor and outdoor Spirulina sp. LEB 18 biomass supplemented with IAA and control experiments. C-I = indoor control culture; IAA-I = indoor cultivation supplemented with IAA; C-O = outdoor control culture; IAA-O = outdoor cultivation supplemented with IAA. Lowercase letters that are identical within columns signify no significant difference in the means of phycocyanin yield at the 95% confidence level (p > 0.05). Similarly, uppercase letters that are identical on the line indicate that there is no significant difference in the means of phycocyanin productivity at the 95% confidence level (p > 0.05). Data are represented as the means ± standard deviation (n = 6).



[image: Applsci 14 03715 g004]







[image: Applsci 14 03715 g005] 





Figure 5. Cost of biomass production and biomolecules produced in indoor and outdoor cultures of Spirulina sp. LEB 18 supplemented with IAA. C-I = indoor control culture; IAA-I = indoor culture supplemented with IAA; C-O = outdoor control culture; IAA-O = outdoor cultivation supplemented with IAA. 






Figure 5. Cost of biomass production and biomolecules produced in indoor and outdoor cultures of Spirulina sp. LEB 18 supplemented with IAA. C-I = indoor control culture; IAA-I = indoor culture supplemented with IAA; C-O = outdoor control culture; IAA-O = outdoor cultivation supplemented with IAA.



[image: Applsci 14 03715 g005]







 





Table 1. Final biomass concentration (Xfinal) and productivity (Pfinal), and maximum photochemical efficiency (Fv/Fm) and pH of indoor and outdoor Spirulina sp. LEB 18 supplemented with IAA and control experiments.






Table 1. Final biomass concentration (Xfinal) and productivity (Pfinal), and maximum photochemical efficiency (Fv/Fm) and pH of indoor and outdoor Spirulina sp. LEB 18 supplemented with IAA and control experiments.





	
Parameters

	
Indoor

	
Outdoor




	
C-I

	
IAA-I

	
C-O

	
IAA-O






	
Xfinal (g L−1)

	
2.44 c ± 0.09

	
2.78 c ± 0.29

	
4.60 b ± 0.01

	
5.43 a ± 0.07




	
Pfinal (mg L−1 d−1)

	
75.3 d ± 2.9

	
93.4 c ± 1.2

	
146.5 b ± 0.4

	
173.9 a ± 2.1




	
Fv/Fm initial

	
0.435 a ± 0.01

	
0.440 a ± 0.01

	
0.445 a ± 0.01

	
0.430 a ± 0.01




	
Fv/Fm final

	
0.385 b ± 0.01

	
0.385 b ± 0.01

	
0.450 a ± 0.01

	
0.440 a ± 0.01




	
pH initial

	
9.13 a ± 0.01

	
9.12 a ± 0.01

	
9.09 a ± 0.03

	
9.12 a ± 0.01




	
pH final

	
10.16 b ± 0.01

	
10.18 b ± 0.01

	
11.13 a ± 0.01

	
11.14 a ± 0.05








C-I = indoor control culture; IAA-I = indoor cultivation supplemented with IAA; C-O = outdoor control culture; IAA-O = outdoor cultivation supplemented with IAA. Identical superscript letters in the same row indicate that the means do not differ significantly at the 95% confidence level (p > 0.05). Data are presented as the means ±  standard deviation (n = 6).
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