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Abstract


The agricultural sector plays one of the pivotal roles in fulfilling the objectives set forth by the EU Green Deal. However, the extensive use of synthetic fertilizers has contributed to nutrient over-enrichment in aquatic ecosystems, promoting eutrophication due to excess nitrogen inputs from fertilizers. This phenomenon is a key driver of rapid and excessive algal blooms in rivers, lakes, and seas. In this study, three globally cultivated crop species—oilseed rape (Brassica napus L.), common wheat (Triticum aestivum L.), and pea (Pisum sativum L.)—were selected for experimental analysis, including the assessment of biochemical parameters such as proline content, lipid peroxidation levels, hydrogen peroxide production, total phenol content, and antioxidant activity, which were evaluated to determine the potential of phytoplankton biomass as a substitute for synthetic fertilizers. Various quantities of lyophilized phytoplankton biomass, collected from the Curonian Lagoon, a biologically productive and ecologically sensitive brackish water body in the southeastern Baltic region, were incorporated into the growth substrates of the studied plants. The findings indicate that utilizing excess phytoplankton biomass can serve not only as a plant growth biostimulant but also as a sustainable alternative to synthetic fertilizers, thereby contributing to improved water quality and more environmentally responsible agricultural practices.
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1. Introduction


Fertilizers are fundamental to modern agricultural practices, as they provide essential nutrients required for optimal plant growth and productivity. Typically produced through chemical methods, synthetic fertilizers offer precisely formulated nutrient ratios, particularly nitrogen (N), phosphorus (P), and potassium (K) [1,2]. The advantages of synthetic fertilizers include ease of management, rapid results, application convenience, cost-effectiveness, and compatibility with other chemical stimulants [3,4]. However, synthetic fertilizers are frequently criticized for lacking meso- and micronutrients. Environmental concerns also arise regarding their effects on soil pH, increased risks of over-fertilization, and the resulting need for more frequent applications [5,6,7]. Biofertilizers improve enhancement of soil fertility and structure, crop productivity, reduce environmental impact, and increase cost effectiveness, and they provide plant nutrients through renewable biological processes, e.g., promote sustainable agriculture [2,5]. However, the uses of biofertilizers are associated with a few challenges: limited shelf life, slow nutrient release, environmental factor dependency, requires specific conditions (e.g., effect only with certain plants), and may compete with native microorganisms [3,5]. The main types of biofertilizers are nitrogen fixing, phosphate or potassium or zinc-solubilizing, producing plant growth-promoting substances, algae, or fungi, or probiotic based [2,7]. Algae-based biofertilizers provide a rich source of essential nutrients and growth regulators for plants [8,9].



In 2022, the European Union (EU) reported the application of 9.8 million tons of mineral fertilizers—specifically nitrogen and phosphorus—in agriculture [10]. This represented a year-on-year decrease of 10.3% and a cumulative 15.9% drop since the peak in 2017. Nevertheless, from 2013 to 2021, a rising trend in the use of N and P fertilizers was observed in several EU countries, including Lithuania [10].



The European Green Deal is a comprehensive policy framework aiming to achieve climate neutrality in Europe by 2050. It incorporates strategies such as scalable agroecological and organic practices, alternative protein sources, sustainable aquaculture, and personalized dietary initiatives. Among its key targets is reducing nutrient losses by 50% by 2030, aligning with broader zero-pollution goals for water, soil, and air. Improving crop nutrient use efficiency and decreasing dependence on synthetic fertilizers by 20% are central objectives. In this context, biological fertilizers are increasingly recognized as sustainable, environmentally friendly, and economically viable alternatives [11]. Consequently, EU Member States are expected to reduce their reliance on mineral fertilizers and align their practices with the Green Deal’s sustainability targets.



Although nitrogen and phosphorus fertilizers significantly enhance crop productivity, their excessive use often results in nutrient runoff, contributing to environmental degradation. Over the past century, terrestrial nutrient inflow into the Baltic Sea has increased substantially [12,13]. This runoff is a major contributor to eutrophication, an escalating ecological concern. While eutrophication may occur naturally, anthropogenic activities—including untreated wastewater discharge, intensive fertilizer use, and airborne industrial pollutants—have intensified the process [14,15]. Phytoplankton are the primary producers of organic matter in aquatic ecosystems and play a crucial role in the food web. Nutrient enrichment promotes excessive phytoplankton growth, leading to algal blooms predominantly composed of cyanobacteria species from the genera Aphanizomenon, Microcystis, and Dolichospermum. Bloom-forming species are generally not grazed by zooplankton due to their large size. Furthermore, certain cyanobacterial species can fix atmospheric nitrogen, enabling them to thrive even in nutrient-poor environments [16,17]. Gas-filled vacuoles facilitate the accumulation of nitrate and phosphate, enabling these cyanobacteria to colonize the well-lit surface layers. Their rapid proliferation reduces light penetration and depletes dissolved oxygen, often resulting in fish mortality and broader aquatic ecosystem disruption [16]. These cyanobacteria scums exacerbate ecological imbalance in nutrient-rich freshwater systems [18] and can pose hazards to living organisms due to the production of cyanotoxins. However, not all cyanobacterial blooms are toxic, as not all species synthesize cyanotoxins. Furthermore, even within the toxin-producing species, not all strains are toxic and toxin production does not always occur, depending on specific environmental conditions [17].



Despite the detrimental effects associated with cyanobacterial blooms, these microorganisms possess considerable nutritional value. They contain proteins, vitamins, pigments, fatty acids, antioxidants, phytohormones, and amino acids, making them promising resources for biodiesel, biohydrogen, and biogas production, as well as for use in food supplements [19,20,21,22,23,24].



Cyanobacteria have been widely studied as biofertilizers due to their potential to enhance crop productivity. Free-living and symbiotic species—such as Chlorogloeopsis, Plectonema, Dolichospermum, Nostoc, and Anabaenopsis—produce phytohormones including auxins, cytokinins, gibberellins, and amino acids, which positively influence plant growth and development [8,9,25,26,27]. Cyanobacterial strains isolated from wheat rhizospheres, such as Nostoc, Calothrix ghosi, and Hapalosiphon intricatus, have been shown to improve radicle length, seed germination, and coleoptile development. When combined with eubacteria, they can synergistically enhance soil nutrient availability [28].



Nevertheless, phytoplankton biomass—particularly that containing Aphanizomenon flos-aquae—remains underutilized as a biofertilizer on a global scale. Its application is limited by several factors, including insufficient research on cyanobacterial toxin production and detection, as well as technical challenges related to cultivation and harvesting, all of which may affect plant development outcomes.



Our previous study examined the effects of different concentrations of non-toxic lyophilized phytoplankton biomass, collected from the Curonian Lagoon, a biologically productive and ecologically sensitive brackish water body in the southeastern Baltic region, on the biometric parameters (aboveground height, fresh and dry weights) and photosynthetic pigment composition in common wheat (Triticum aestivum L.), oilseed rape (Brassica napus L.), and pea (Pisum sativum L.). These initial results suggested that phytoplankton biomass may positively influence growth and development in these crops [29]. However, the findings also underscored the need for more detailed research to identify which specific components of phytoplankton biomass, primarily composed of A. flos-aquae, contribute most significantly to plant development.



Therefore, the main objective of this study was to investigate the potential use of non-toxic cyanobacterial biomass, incorporated into plant growth substrates along with a microbial biostimulant, as an alternative to synthetic fertilizers. The study focused on assessing the effects on the growth processes of oilseed rape, common wheat, and pea, thereby contributing to sustainable agricultural practices, environmental protection, and improved water quality.




2. Materials and Methods


2.1. Plant Material, Growth Conditions, Treatments, and Composition of Active Substances


Cyanobacterial biomass was collected during a bloom event in the Curonian Lagoon using a plankton net and subsequently concentrated manually with a sieve. Excess water was removed and the biomass was immediately frozen and lyophilized at −50 °C and 0.5 mbar using a VaCo 2 freeze dryer (Zirbus Technology, Bad Grund (Harz), Germany). The freeze-dried material was stored at −20 °C (Skadi Green Line, International Labmate Ltd., St. Albans, UK) until further analysis. To identify the dominant cyanobacterial species, a sample of surface water (0.10–0.30 m depth) was collected for microscopic examination. Species identification was performed based on morphological characteristics according to Komárek and Komárková [30] and Komárek [31] using a light microscope Nikon Eclipse Ci-L (Nikon Corporation, Tokyo, Japan). The analysis revealed that the biomass was dominated by the cyanobacterium Aphanizomenon flos-aquae, which comprised more than 96% of the total phytoplankton biomass. The collected biomass was tested for cyanotoxins using enzyme-linked immunosorbent assays (ELISAs): the Beacon Analytical Systems (Saco, ME, USA) ELISA test for microcystins, and the Eurofins Abraxis (Warminster, PA, USA) ELISA test for anatoxin-a and saxitoxins, following the manufacturers’ instructions.



To enhance the decomposition of phytoplankton biomass and promote the release of biologically active compounds essential for plant mineral nutrition, the “ProbioHumus” of 2 L/ha was diluted (1:100) and applied to arable soil (pH 7.0–7.3, P2O5 769.8 mg/kg, K2O 214.0–214.6 mg/kg) 14 days prior to sowing across all treatments, including the control. The microbial composition of “ProbioHumus” (Baltic Probiotics, Ceptuve, Latvia) included Bacillus subtilis, yeast Saccharomyces cerevisiae, lactic acid bacteria (Bifidobacterium animalis, B. bifidum, B. longum), Lactobacillus diacetylactis, L. casei, L. delbrueckii, L. plantarum, L. lactis, Streptococcus thermophilus, and photosynthetic bacteria Rhodopseudomonas palustris and R. sphaeroides. Seeds of common wheat (Triticum aestivum L., cv. “Skagen”), oilseed rape (Brassica napus L., cv. “Visby”), and pea (Pisum sativum L., cv. “Astronaute”) were sown in plastic pots (0.14 m × 0.14 m × 0.30 m), with twenty seeds (in the case of common wheat and pea plants), sixty (in the case of oilseed rape plants) per pot, using 5 L of unfertilized growth substrate per pot. The experiments were conducted in a Climacell growth chamber (Medcenter Einrichtungen GmbH, Planegg, Germany) under controlled conditions: temperature of 21 ± 1 °C, a photoperiod of 16/8 h (day/night), and a photon flux density of 60 μmol/m2/s. Soil moisture was maintained by regular irrigation with tap water throughout the experiment. To assess the effect of phytoplankton biomass on plant growth and development—and recognizing that different cultivars require specific nitrogen levels to optimize yield and economic sustainability [32]—the nitrogen levels were chosen based on typical agronomic practices and the need to simulate varying nitrogen availability, ranging from low to high application rates. Different amounts of phytoplankton biomass were incorporated into the growth substrate, corresponding to nitrogen equivalent levels of 30, 60, 90, and 120 kg/ha. The lyophilized A. flos-aquae biomass used in this study contained 9.56 g of nitrogen per 100 g of dry weight, as determined by elemental analysis. Based on this nitrogen contain, the applied biomass amount corresponded to 0.31, 0.62, 0.94, and 1.26 g/dm3 for the respective nitrogen equivalents. Each treatment group consisted of five pots: a control (no phytoplankton biomass) and four groups with biomass additions corresponding to 30, 60, 90, and 120 kg/ha of nitrogen equivalent.



Plant material was collected at the BBCH-16 growth stage [33] for biochemical analysis. The samples were immediately frozen and stored at −80 °C (Skadi Green Line, International Labmate Ltd., St. Albans, UK).




2.2. Determination of Proline Content


Proline is an amino acid that accumulates in plants as osmolytes, helping protect cells under adverse environmental conditions [34,35], and was determined using a modified colorimetric reaction based on acidified ninhydrin, following the method described by Bates et al. [36]. Leaf tissue (0.5 g) from common wheat, pea, and oilseed rape plants was homogenized in 10 mL of 3% sulfosalicylic acid (Sigma-Aldrich, St. Louis, MO, USA) solution and extracted at 4 °C for 14 h. The resulting extracts were centrifuged at 700× g for 20 min using an MPW–351 R centrifuge (MPW Med. Instruments, Warsaw, Poland). The ninhydrin reagent was prepared by dissolving ninhydrin in a mixture of 20 mL of 6 M phosphoric acid (Sigma-Aldrich, St. Louis, MO, USA) and 30 mL of glacial acetic acid (Sigma-Aldrich, St. Louis, MO, USA). For the colorimetric reaction, 2 mL of the sample supernatant was mixed with 2 mL of acidified ninhydrin reagent and 2 mL of glacial acetic acid. The reaction mixtures were incubated in an oven (Kleinfeld Labortechnik, Gehrden, Germany) at 105 °C for 1 h, then cooled on ice for 15 min. The chromophore was extracted by adding 2 mL of toluene (Sigma-Aldrich, St. Louis, MO, USA) to each tube. The upper toluene layer containing the red chromophore was analyzed spectrophotometrically at 520 nm using a quartz multicuvette and Tecan Microplate Reader (Tecan, Männedorf, Switzerland). Toluene was used as a blank. Calibration was performed using a standard curve prepared with L-proline and the results were expressed as µmol of proline per gram (g) of fresh weight (FW).




2.3. Determination of Hydrogen Peroxide and Malondialdehyde Content


Hydrogen peroxide (H2O2) accumulation, indicative of stress responses [37], was quantified using a modified method based on Alexieva et al. [38]. Leaf tissue was homogenized using porcelain mortars and pestles in 5% (w/v) trichloroacetic acid (TCA) (Sigma-Aldrich, St. Louis, MO, USA). The resulting suspension was centrifuged at 12,000× g for 20 min at 4 °C using a refrigerated centrifuge (MPW-351 R, MPW, Warsaw, Poland).



Test solutions were prepared by mixing one part of the supernatant, one part of 10 mM potassium phosphate buffer (pH 7.0; Alfa Aesar, Ward Hill, MA, USA), and two parts of 1 M potassium iodide (Alfa Aesar, Ward Hill, MA, USA). For the blank solution, the same proportions were used, replacing the supernatant with 0.5 mL of 5% TCA. All solutions were incubated in the dark at 25 °C for 30 min. Absorbance was measured at 390 nm using a SPECORD 210 Plus spectrophotometer (Analytik Jena GmbH, Jena, Germany). Hydrogen peroxide concentrations were calculated from a calibration curve generated with standard H2O2 solutions, taking into account sample weight and dilution factors. The results were expressed as µmol H2O2 per g FW.



Malondialdehyde (MDA), a marker of lipid peroxidation and plasma membrane damage [39], was quantified as follows: 2 mL of the sample supernatant was mixed with 3 mL of 0.5% 2-thiobarbituric acid (TBA) (Sigma-Aldrich, St. Louis, MO, USA) in TCA solution (Alfa Aesar, Haverhill, MA, USA). The mixture was incubated in a BT 200 block thermostat (Kleinfeld Labortechnik, Bremen, Germany) at 95 °C for 30 min and then rapidly cooled on ice. Absorbance was measured at 532 nm and 600 nm using a SPECORD 210 Plus spectrophotometer (Analytik Jena GmbH, Jena, Germany). MDA content was calculated using an extinction coefficient of 155 mM/cm [40] and expressed as nmol MDA per g FW.




2.4. Determination of Total Phenol Content


Phenols as plant antioxidants, contributing to stress tolerance by protecting cells from oxidative damage [41], they were evaluated using the Folin-Ciocalteu colorimetric method, following the protocol of Swain and Goldstein [42]. Fresh plant material (exact weight) was homogenized in a porcelain mortar with 10 mL of 90% methanol (Roth, Karlsruhe, Germany) acidified with 0.1 N hydrochloric acid (Merck KGaA, Darmstadt, Germany). The homogenate was filtered through a 0.2 μm filter (Whatman, Schnelldorf, Germany). For the colorimetric reaction, 0.5 mL of the methanolic extract was mixed with 4 mL of 7.5% aqueous sodium carbonate solution (Fluka, Seelze, Germany), followed by the addition of 2.5 mL of diluted Folin-Ciocalteu reagent (Sigma-Aldrich, St. Louis, MO, USA). A blank solution was prepared using 0.5 mL of methanol instead of extract, combined with 4 mL of the same sodium carbonate solution and 2.5 mL of diluted Folin–Ciocalteu reagent. The mixtures were thoroughly mixed and incubated in the dark for 30 min at room temperature to allow for color development. Absorbance was measured at 765 nm using a spectrophotometer SPECORD 210 Plus spectrophotometer (Analytik Jena GmbH, Jena, Germany). Total phenol content was quantified using a calibration curve prepared with known concentrations of gallic acid and the results were expressed as gallic acid equivalents (GAE) in mg/g FW (R2 = 0.99).




2.5. Antioxidant Activity Determination


Antioxidant activity as part of a non-enzymatic plant defense system, preventing oxidative damage [43], was assessed using the 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH) radical scavenging method, as described by Brand-Williams et al. [44]. A methanolic DPPH (Sigma-Aldrich, St. Louis, MO, USA) solution (6.5 × 10−⁵ M) was freshly prepared using methanol (Roth, Karlsruhe, Germany) and stirred for 3 h at 4 °C in the dark using a magnetic stirrer (MM 2A, Praha, Czech Republic).



Plant tissue extracts were mixed with the DPPH solution at a ratio of 1:20. A blank solution was prepared using the same DPPH solution without plant extract. All solutions were incubated in the dark at 25 °C for 30 min. Absorbance was measured at 515 nm using a SPECORD 210 Plus spectrophotometer (Analytik Jena GmbH, Jena, Germany). Butylated hydroxytoluene (BHT; Sigma-Aldrich, St. Louis, MO, USA) was used as a reference antioxidant. DPPH radical scavenging activity (%) was calculated by comparing the absorbance values of the blank (Ac) and the test sample (As), using the equation: (Ac − As) × 100/Ac.




2.6. Statistical Analysis


Statistical analyses were performed using Microsoft Excel 2010 (Microsoft Corp., Redmond, WA, USA) and Statistica 10 (StatSoft Inc., Tulsa, OK, USA). Arithmetic means and standard deviations (SDs) were calculated using the built-in descriptive statistics functions (AVERAGE, STDE). The normality of the data was assessed using the Shapiro–Wilk test. When necessary, logarithmic transformation was applied, followed by re-analysis to meet the assumption of normality.



One-way analysis of variance (ANOVA) followed by Tukey’s HSD post-hoc test was used to evaluate statistically significant differences between treatments. Differences were considered statistically significant at p < 0.05. Results are presented as mean ± standard deviation, based on five replicates per treatment.





3. Results


3.1. Proline Content


The highest statistically significant proline content in oilseed rape plants (40.14 ± 0.16 µmol/g FW) was recorded when phytoplankton biomass was added to the growth substrate at a nitrogen equivalent of 120 kg/ha. A statistically significant increase was also observed at the 90 kg/ha N application rate, with a proline content of 28.75 ± 0.28 µmol/g FW. Lower, yet still statistically significant, increases compared to the control were found in plants treated with phytoplankton biomass equivalent to 30 kg/ha and 60 kg/ha of N, where proline contents reached 19.87 ± 0.18 µmol/g FW and 14.74 ± 0.25 µmol/g FW, respectively (Figure 1A).



A statistically significant increase in proline content compared to the control was observed in common wheat plants when phytoplankton biomass was added to the growth substrate at nitrogen equivalent rates of 60, 90, and 120 kg/ha, reaching 6.15 ± 0.09 µmol/g FW, 4.86 ± 0.29 µmol/g FW, and 11.49 ± 0.39 µmol/g FW, respectively. In contrast, the addition of phytoplankton biomass corresponding to 30 kg/ha of N did not result in a significant change in proline content compared to the control, with a value of 4.08 ± 0.11 µmol/g FW (Figure 1B).



The addition of phytoplankton biomass to the growth substrate of pea plants resulted in a statistically significant increase in proline content in all treatments compared to the control. The highest proline level (22.18 ± 0.22 µmol/g FW) was observed in pea plants grown in substrate supplemented with phytoplankton biomass equivalent to 60 kg/ha of nitrogen (Figure 1C).




3.2. Hydrogen Peroxide Content


The highest statistically significant increase in H2O2 content in oilseed rape plants was observed when phytoplankton biomass was added to the growth substrate at a nitrogen equivalent of 120 kg/ha, reaching 2.14 ± 0.01 µmol/g FW. In contrast, a significant decrease in H2O2 content (0.68 ± 0.02 µmol/g FW) was recorded at the 30 kg/ha N rate. Similar H2O2 levels were observed at 60 kg/ha and 90 kg/ha, measuring 0.80 ± 0.01 and 0.90 ± 0.01 µmol/g FW, respectively (Table 1).



The highest H2O2 content in common wheat plants (0.54 ± 0.03 µmol/g FW) was recorded following the addition of phytoplankton biomass equivalent to 90 kg/ha of nitrogen. A statistically significant increase in H2O2 content (0.33 ± 0.01 µmol/g FW) was also observed at 120 kg/ha. At 30 kg/ha, the H2O2 content reached 0.18 ± 0.01 µmol/g FW. The lowest H2O2 level (0.09 ± 0.02 µmol/g FW) was detected in plants treated with phytoplankton biomass equivalent to 60 kg/ha; in this case it was a three-fold statistically significant higher amount than in the control and lower than the other treatments (Table 1).



The most pronounced statistically significant increase in H2O2 content in pea plants was observed following the addition of phytoplankton biomass equivalent to 30 kg/ha of nitrogen, with a value of 0.70 ± 0.01 µmol/g FW—the highest among all treatments. At 60 kg/ha, the H2O2 content was 0.50 ± 0.01 µmol/g FW, and at 90 kg/ha, it was 0.45 ± 0.01 µmol/g FW. A moderate increase was also observed at 120 kg/ha, reaching 0.58 ± 0.02 µmol/g FW. In all treatments, H2O2 content was significantly higher than in the control (Table 1).




3.3. MDA Content


The addition of phytoplankton biomass to the growth substrate of oilseed rape plants at a nitrogen equivalent of 60 kg/ha resulted in the lowest malondialdehyde (MDA) content (20.56 ± 0.09 nmol/g FW) compared to the control. MDA content also remained lower than the control at other application rates: 23.23 ± 0.12 nmol/g FW at 30 kg/ha, 21.91 ± 0.13 nmol/g FW at 90 kg/ha, and 26.11 ± 0.34 nmol/g FW at 120 kg/ha (Figure 2A).



The highest MDA content in common wheat plants (42.59 ± 0.68 nmol/g FW) was observed after the addition of phytoplankton biomass equivalent to 30 kg/ha of nitrogen, showing a statistically significant increase compared to the control. MDA content gradually decreased with increasing biomass rates (Figure 2B).



A statistically significant increase in MDA content in pea plants was observed after the addition of phytoplankton biomass equivalent to 60 kg/ha of nitrogen, reaching 35.04 ± 0.07 nmol/g FW—the highest value recorded among all treatments. In contrast, the application of 30, 90, and 120 kg/ha resulted in lower MDA contents compared to the control, with values of 25.97 ± 0.14, 27.72 ± 0.41, and 26.02 ± 0.21 nmol/g FW, respectively (Figure 2C).




3.4. Total Phenol Content and Antioxidant Activity


Our results showed that total phenol content decreased in all treated oilseed rape plants compared to the control group (1.45 ± 0.01 mg GAE/g FW). The lowest total phenol content was recorded at the 60 kg/ha N rate (0.99 ± 0.11 mg GAE/g FW), while the highest among treated groups was observed at 120 kg/ha (1.29 ± 0.01 mg GAE/g FW). At 30 kg/ha and 90 kg/ha, total phenol contents reached 1.20 ± 0.01 and 1.01 ± 0.07 mg GAE/g FW, respectively (Figure 3A). A similar trend was observed in antioxidant activity. All treatments resulted in lower antioxidant activity compared to the control. The activity values in oilseed rape plants were 56.00 ± 0.50% (30 kg/ha), 46.68 ± 0.12% (60 kg/ha), 56.16 ± 0.11% (90 kg/ha), and 54.82 ± 0.44% (120 kg/ha) (Figure 3B).



In contrast to oilseed rape, the same amounts of phytoplankton biomass had different effects on total phenol content and antioxidant activity in common wheat plants. The lowest total phenol contents were recorded at 60 kg/ha (1.07 ± 0.01 mg GAE/g FW) and 120 kg/ha (1.08 ± 0.01 mg GAE/g FW). At 30 kg/ha and 90 kg/ha, total phenol content was higher, reaching 1.27 ± 0.01 and 1.30 ± 0.01 mg GAE/g FW, respectively (Figure 4A). A similar pattern was observed in antioxidant activity. The lowest activity was found at 60 kg/ha (45.24 ± 1.16%) and 120 kg/ha (48.21 ± 1.22%). In contrast, higher antioxidant activities were measured at 30 kg/ha (64.69 ± 0.84%) and 90 kg/ha (73.36 ± 0.68%) of nitrogen equivalent (Figure 4B).



The addition of phytoplankton biomass equivalent to 90 kg/ha and 120 kg/ha of nitrogen to the growth substrate of pea plants resulted in comparable total phenol content of 1.20 ± 0.01 and 1.25 ± 0.01 mg GAE/g FW, respectively. A higher value was observed at 60 kg/ha (1.48 ± 0.01 mg GAE/g FW), while the highest total phenol content (1.68 ± 0.01 mg GAE/g FW) was recorded at 30 kg/ha (Figure 5A). A similar trend was observed in antioxidant activity. The lowest activities were found at 90 kg/ha (40.25 ± 1.55%) and 120 kg/ha (42.50 ± 0.69%). At 60 kg/ha, antioxidant activity increased to 63.65 ± 3.00% and the highest activity was observed at 30 kg/ha, reaching 75.93 ± 1.14% (Figure 5B).





4. Discussion


The growing global population is closely linked to increasing demand for food resources, which in turn drives the intensification of agriculture. While the EU agri-food sector plays a vital role in the European economy, it also has a significant environmental footprint. Uncontrolled agricultural expansion has led to widespread eutrophication and recurring massive algal blooms in water bodies [1,14,15,16]. These challenges underscore the need for sustainable approaches to maintain and improve agricultural productivity. One of the most promising solutions lies in renewable resources, such as microalgae, particularly cyanobacteria.



Experimental studies have demonstrated that microalgae can function as effective biostimulants, promoting plant growth and development [45,46,47,48,49]. In addition, these microorganisms may enhance plant resistance to environmental stress through their influence on plant gene expression [50,51,52]. Even though cyanobacteria produce biologically active compounds that benefit plants, fundamental and applied studies on the use of phytoplankton biomass—particularly that dominated by Aphanizomenon flos-aquae—in agriculture remain limited. Moreover, it is unclear whether A. flos-aquae specifically can improve stress tolerance in the plant species investigated in this study.



To explore the potential of cyanobacterial biomass as a biofertilizer and its effects on plant tolerance to environmental stress, we selected common wheat, oilseed rape, and pea as test species. Different amounts of lyophilized phytoplankton biomass—calculated as nitrogen (N) equivalents of 30, 60, 90, and 120 kg/ha—were added to the growth substrate to determine the most effective dose. The microbial biostimulant “ProbioHumus” was included in the current experiment based on the results of our previous study [53] and a pilot test with plants and phytoplankton biomass without this preparation, which showed that this preparation can stimulate the release of important nutrients from phytoplankton biomass.



Given that antioxidant activity and phenol content are key components of the plant’s oxidative stress response and that MDA is a widely recognized biomarker of membrane lipid peroxidation, we focused on these biochemical indicators. Additionally, changes in hydrogen peroxide and proline levels are closely associated with plant responses to both abiotic and biotic stresses [34,35,37,39,54].



4.1. Proline Content Changes Under Various Phytoplankton Biomass Additions


Proline is an amino acid that accumulates in plants as an osmolyte when exposed to stress conditions such as ultraviolet light, drought, cold, heavy metals, and low temperatures [34,35]. It has a multifunctional role in cellular metabolism. Proline has been shown to support plant adaptation under unfavourable conditions by inhibiting the accumulation of toxic compounds within cells [55,56]. It can also act as a molecular chaperone, stabilising protein structures, reducing the vulnerability of plant tissues [57], regulating oxygen assimilation, donating NH2 groups during amino acid synthesis, and enhancing respiratory activity [58]. These processes improve the supply of carbon and nitrogen compounds, strengthen cell walls, increase cellular energy availability, and enable plants to restore functions damaged by stress [58,59].



In the current study, all levels of phytoplankton biomass had a positive effect on proline accumulation in oilseed rape. The highest proline content was recorded at the 120 kg/ha N rate, where it was six times higher than in control plants. A significant effect was also observed at 90 kg/ha, resulting in a more than 4.3-fold increase in proline content compared to the control (Figure 1A).



In contrast, not all treatments led to significant changes in proline content in common wheat. At 30 kg/ha N, a decrease in proline content was observed, but it was not statistically significant. However, phytoplankton biomass equivalent to 120 kg/ha and 60 kg/ha caused statistically significant increases of 204% and 63%, respectively (Figure 1B).



A similar pattern to that observed in oilseed rape was found in pea plants, where all phytoplankton treatments resulted in elevated proline levels. Although levels were higher than in the control, the 30 kg/ha and 120 kg/ha treatments had the least pronounced effects, showing slightly more than a two-fold increase. In contrast, the 60 kg/ha and 90 kg/ha treatments led to the highest increases in proline content, up to 2.7-fold compared to control plants (Figure 1C).



It is important to note that proline can accumulate in plant tissues under both stress and non-stress conditions and there is no universally defined baseline level for proline under optimal conditions. Therefore, based on our findings, the addition of phytoplankton biomass to the growth substrate appears to promote the accumulation of this key osmolyte, potentially enhancing plant adaptability to environmental stress.



These results are in agreement with previous studies on common wheat seedlings, where green algae Dunaliella salina application enhanced germination and coleoptile growth and promoted proline synthesis [60]. Similarly, cyanobacteria Oculatella lusitanica was shown to reduce the negative effects of salinity stress in lettuce plants by stimulating non-enzymatic antioxidant mechanisms, including proline, hydrogen peroxide, and glutathione [61].




4.2. Influence of Different Amounts of Phytoplankton Biomass on Hydrogen Peroxide and Malondialdehyde Content


Hydrogen peroxide (H2O2) is one of the key reactive oxygen species (ROS) continuously produced in plant cells as a by-product of aerobic metabolism. It can be generated not only under stress conditions, but also during normal physiological processes involving electron transfer, such as respiration and photosynthesis. H2O2 plays a dual role in plants: at low concentrations, it acts as a signaling molecule involved in gene expression, pathogen defense, and programmed cell death, while at high concentrations it causes oxidative stress and cellular damage [62]. It also contributes to various physiological processes, including growth and development, cellular senescence, stomatal regulation, photosynthesis, and respiration [37]. Our experiment revealed that the addition of phytoplankton biomass to the growth substrates of the analyzed plants resulted in heterogeneous effects on hydrogen peroxide (H2O2) content, depending on the plant species and the applied biomass amount.



In oilseed rape plants, the most significant increase in H2O2 content was observed with the addition of phytoplankton biomass equivalent to N 120 kg/ha, where the content was more than 77% higher than in the control group (Table 1).



Among common wheat plants, the most remarkable increase in H2O2 content occurred with the N 90 kg/ha treatment, where levels rose by 18-fold compared to the control. A similarly strong effect was observed at N 120 kg/ha, with H2O2 levels increasing 11-fold relative to control plants (Table 1).



In pea plants, all tested biomass amounts significantly elevated the H2O2 content compared to the control. The smallest increases were recorded at N 60 kg/ha and N 90 kg/ha, with H2O2 contents 61% and 45% higher, respectively. However, the highest increases were observed at N 30 kg/ha and N 120 kg/ha, where H2O2 levels were more than 2.3-fold and 1.9-fold greater than in control plants, respectively (Table 1).



As noted earlier, more intense photosynthesis is associated with increased H2O2 production. The elevated H2O2 levels observed in our study align closely with findings from our previous research on photosynthetic pigment content in pea plants, where the highest pigment concentrations were also recorded [29].



Importantly, the observed H2O2 levels did not exceed the critical threshold of 5 µM, above which oxidative damage occurs, suggesting that the increases were within a beneficial range and likely acted as signaling rather than stress-inducing molecules [63].



Abiotic stress commonly stimulates ROS production, which can damage cellular macromolecules including lipids, proteins, and nucleic acids. Lipid peroxidation, driven by excess ROS, disrupts membrane integrity and function, especially when antioxidant defenses are overwhelmed [39]. Experiments with green algae Chlorella vulgaris under drought conditions showed that its application reduced MDA levels in broccoli, indicating alleviation of oxidative damage [64]. Our results align with these findings.



In oilseed rape, all phytoplankton treatments (N 30, N 60, N 90, and N 120 kg/ha) led to significantly lower MDA content compared to the control. Reductions of 26.9%, 35.3%, and 31.1% were observed at N 30, N 60, and N 90 kg/ha, respectively. Even at N 120 kg/ha, where the reduction was less pronounced (17.8%), the MDA level remained statistically significantly lower than in the control (Figure 2A). These findings indicate that despite the rise in H2O2 content (Figure 4), no oxidative stress occurred, supporting the hypothesis that H2O2 served a signaling function rather than a stressor.



In common wheat, the addition of phytoplankton biomass at N 30, N 60, and N 90 kg/ha led to slight decreases in MDA content. However, only the N 120 kg/ha treatment resulted in a statistically significant reduction (5% lower than the control) (Figure 2B). Notably, despite the dramatic increase in H2O2 levels at N 90 and N 120 kg/ha, there was no corresponding increase in lipid peroxidation, suggesting effective antioxidant responses in wheat.



In contrast, pea plants responded differently. The addition of phytoplankton biomass at N 30 kg/ha—despite producing the highest H2O2 content—resulted in the smallest reduction in MDA content (Figure 2C). This discrepancy indicates that pea plants may have a unique oxidative stress response mechanism or a different sensitivity threshold to H2O2.



Considering the findings from the previous subsection (see Section 4.1) on proline content changes under various phytoplankton biomass additions in different plants growth substrate, and in conjunction with observed changes in hydrogen peroxide content changes, our results indicate no direct relationship between proline accumulation and H2O2 contents. Although a few studies showed a direct correlation between these two important compounds for plants [61,65], the absence of a direct link in our results can be explained by a few factors. First, proline and H2O2 are involved in various and often independent pathways for the response to the environmental factor and their accumulation may be affected by a number of variables, including the factor type, intensity, duration, and specific physiological or metabolic state of the plant species. Second, the treatment of phytoplankton biomass used in this study may have led to unique signaling cascades or antioxidant reactions that have affected changes in proline and H2O2 content. Finally, spatial and temporal differences in the accumulation of metabolites, such as different tissue specific localization or timing of peak levels, may also affect the absence of a clear correlation.




4.3. Activity of the Non-Enzymatic Plant Defence System Under Various Phytoplankton Biomass Additions


Phenols are widespread secondary metabolites in plants that play essential physiological and morphological roles [66,67]. Under stressful conditions, phenols contribute to plant defense by enhancing resistance to pathogens and diseases, protecting leaves from UV radiation, and influencing characteristics such as color, odor, and taste [68,69]. They also protect against photooxidative damage [70] and heavy metal exposure [71], and inhibit lipid oxidation, thereby preserving membrane integrity and function [72]. The synthesis of phenols is highly responsive to both biotic (e.g., pathogens, infections) and abiotic (e.g., light, temperature, UV exposure) environmental factors [41]. Their antioxidant activity is attributed to the ability to neutralize free radicals [43,72]. Together with enzymatic defenses, phenolic compounds form part of the plant’s non-enzymatic antioxidant system [54].



Our results showed that in oilseed rape, the addition of phytoplankton biomass to the growth substrate had no enhancing effect on the non-enzymatic defence system. In all treatments, both total phenol content and antioxidant activity decreased compared to the control. The smallest reduction in phenol content (11%) was observed in the N 120 kg/ha treatment (Figure 3A). Antioxidant activity across all treatments was up to 27.89% lower than in the control, with the lowest value recorded at N 90 kg/ha, where antioxidant activity decreased by 13.24% (Figure 3B).



In common wheat, the same trend was observed: antioxidant activity increased in parallel with rising total phenol content. The strongest activation of the non-enzymatic defense system occurred at N 90 kg/ha, where both parameters reached their highest values among all treatments (Figure 4A,B).



A similar pattern was found in pea plants. Here, antioxidant activity and total phenol content also increased in correlation with H2O2 content. This suggests that a rise in H2O2 may trigger activation of the non-enzymatic defense system. The strongest response was recorded at N 30 kg/ha, where antioxidant activity and phenol content were statistically significantly higher than in the control by 7% and 13.51%, respectively (Figure 5A,B).



Comparable findings have been reported in studies on rice. After 30 days of inoculation with filamentous cyanobacteria Oscillatoria acuta and Phormidium boryanum, the phenol content in rice leaves increased markedly [73]. Similarly, treatment with Dunaliella salina enhanced both antioxidant activity and phenolic compound accumulation in tomato plants [74].



From the results of this and our previous studies [28], it can be stated that there is a strong link between phytoplankton biomass amount and the growth and development of plants; also, biomass active compounds boost the plant defense non-enzymatic systems to help plants to protect cells from oxidative damage.



It is important to note that the phytoplankton biomass used in this study was primarily composed of Aphanizomenon flos-aquae collected from the Curonian Lagoon, a specific brackish water body. The biochemical composition and physiological properties of cyanobacterial strains can vary significantly depending on geographic location, environmental conditions, and genetic differences. Therefore, while our findings provide valuable insights, caution should be exercised when generalizing these results to other strains of A. flos-aquae or cyanobacterial species from different regions. Future studies should investigate the effects of phytoplankton biomass from diverse habitats and species compositions to better understand the broader applicability of this approach in agriculture.



Based on these promising results, future research should focus on long-term field studies to evaluate the effectiveness of phytoplankton biomass (including biomass dominated by other phytoplankton species) as a biofertilizer under complex environmental conditions. In particular, the role of soil as a key environmental factor influencing the efficiency of phytoplankton biomass and its impact on crop productivity across growing seasons requires further investigation. Additionally, the integration of microbial biostimulants in biomass treatments opens new research avenues aimed at optimizing nutrient availability and bioactivity. Expanding the range of tested crops and incorporating economic assessments would support the broader adoption of this sustainable approach in agriculture, aligning with the objectives of the EU Green Deal.





5. Conclusions


Based on the biochemical parameters analyzed in the current studies—including proline, H2O2, MDA, total phenols, and antioxidant activity—it can be concluded that phytoplankton biomass equivalent to N 90 kg/ha had the most significant positive effect on the growth and development of oilseed rape and common wheat plants. In contrast, the N 30 kg/ha treatment had the strongest positive effect on pea plants.



The synergistic interaction between phytoplankton biomass and added probiotics not only enhanced plant growth but also appeared to activate key components of the non-enzymatic defense system, thereby increasing resistance to adverse environmental factors. However, for large-scale production of biofertilizer from phytoplankton biomass, it may be necessary to supplement additional essential nutrients, such as phosphorus and potassium, to improve its effectiveness for plant growth and development.



Phytoplankton biomass, primarily composed of Aphanizomenon flos-aquae, represents a promising sustainable alternative to synthetic fertilizers. Its application in agriculture may not only support crop productivity but also offers an environmentally friendly solution for managing excess algal biomass resulting from eutrophication in aquatic ecosystems.
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Figure 1. Effect of different amounts of phytoplankton biomass on proline content in oilseed rape (A), common wheat (B), and pea (C) plants. Statistically significant differences between treatment groups are indicated by different letters (Tukey’s test, p < 0.05; mean ± SD, n = 5). 
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Figure 2. Effect of different amounts of phytoplankton biomass on MDA content in oilseed rape (A), common wheat (B), and pea (C) plants. Statistically significant differences between treatment groups are indicated by different letters (Tukey’s test, p < 0.05; mean ± SD, n = 5). 
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Figure 3. Effect of different amounts of phytoplankton biomass on total phenol content (A) and antioxidant activity (B) in oilseed rape plants. Statistically significant differences between treatment groups are indicated by different letters (Tukey’s test, p < 0.05; mean ± SD, n = 5). 
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Figure 4. Effect of different amounts of phytoplankton biomass on total phenol content (A) and antioxidant activity (B) in common wheat plants. Statistically significant differences between treatment groups are indicated by different letters (Tukey’s test, p < 0.05; mean ± SD, n = 5). 
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Figure 5. Effect of different amounts of phytoplankton biomass on total phenol content (A) and antioxidant activity (B) in pea plants. Statistically significant differences between treatment groups are indicated by different letters (Tukey’s test, p < 0.05; mean ± SD, n = 5). 
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Table 1. Effect of different amounts of phytoplankton biomass on hydrogen peroxide content (µmol/g FW) in oilseed rape, common wheat, and pea plants. * Different letters indicate statistically significant differences between treatment groups (Tukey’s test, p < 0.05; mean ± SD, n = 5).
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Plants

	
Treatments

	
Control

	
N 30 kg/ha

	
N 60 kg/ha

	
N 90 kg/ha

	
N 120 kg/ha

	
F

Statistic

	
p Value






	
Oilseed rape

	
AVERAGE

	
1.21 a *

	
0.68 b

	
0.80 c

	
0.90 d

	
2.14 e

	
3503.4

	
0.000




	
SD

	
0.01

	
0.02

	
0.01

	
0.01

	
0.01

	

	




	
Common wheat

	
