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Abstract

:

This study aimed to investigate the allelopathic effect of live Egeria densa Planch. and its aqueous extracts in inhibiting the cyanobacterium Microcystis aeruginosa (Kützing) Lemmermann through a possible growth inhibition pathway. Under coexistence, the presence of live E. densa reduced the growth of M. aeruginosa by 48% compared to when M. aeruginosa was alone. Consequently, we prepared two separate aqueous extracts with distilled water: one from E. densa plants collected from monocultures, and the other from E. densa plants collected from co-cultivation with M. aeruginosa. At a concentration of 0.5 g/L, both extracts successfully suppressed the growth of M. aeruginosa throughout the 5-day exposure period. The extracts obtained from E. densa plants grown in a combined culture with M. aeruginosa showed significant growth-inhibiting capabilities compared to the extracts obtained from E. densa monoculture (p < 0.05). They showed 22% more growth inhibition compared to cultures exposed to monoculture extracts at day 5, indicating that the production of allelochemicals in E. densa was induced during co-existence with cyanobacteria. However, the higher concentrations (2 and 4 g/L) of both extracts did not effectively exhibit a successful inhibitive ability, possibly due to the presence of high nutrient concentrations, specifically PO43−, which may be potentially suppressing the activity of allelochemicals. Further studies are recommended in identifying the specific allelochemicals and exploring their practical implementation in the field.
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1. Introduction


Cyanobacterial blooms are a significant global environmental threat worldwide [1,2,3]. The proliferation of cyanobacteria can be attributed to various factors, such as the influx of excessive nutrients from poor agricultural practices, the discharge of domestic and industrial solid and liquid waste, and changes in environmental parameters (i.e., temperature, light) [1,4,5]. They are responsible for various issues including eutrophication, hypoxia, and mortality of aquatic fauna [1,2] in both natural and man-made aquatic ecosystems. Furthermore, these blooms produce toxins, such as microcystins, which can cause severe health complications and even death in both animals and humans [5,6]. The problem has spread from temperate and tropical environments to natural and man-made aquatic environments. Therefore, the establishment of efficient methods to control harmful cyanobacteria blooms is essential for preserving water quality, protecting biodiversity, and ensuring the well-being of ecosystems and communities.



Numerous conventional in situ methods have been employed to control harmful cyanobacterial blooms. These methods include the application of synthetic halogenated algaecides, the utilization of chemicals and bio-coagulants, ultrasonic technology, sediment dredging, and the implementation of aeration towers [1,7,8]. However, these methods either adversely affect other aquatic organisms or impose significant initial investment and operational costs [1,9]. Consequently, there is a growing interest in natural control methods for in situ biological cyanobacteria mitigation as a safer alternative. Phytoplanktivorous fishes, such as Hypophthalmichthys nobilis and Oreochromis niloticus, are commonly employed in the bio-manipulation of cyanobacteria. These fishes directly feed on cyanobacteria, including toxin-producing Microcystis aeruginosa [10]. Moreover, the utilization of macrophytes and their extracts as a biological control method for cyanobacteria has been widely adopted in previous studies due to their minimal impact on the ecosystem and human health [11,12]. A new generation of natural algaecides based on allelochemicals from aquatic plants increased the attention of researchers because of their low toxicity on other aquatic life [13].



Cyanobacteria growth is inhibited by the various mechanisms exhibited by aquatic macrophytes, including nutrient absorption, light reduction through shading, and the release of allelochemicals. Aquatic plants primarily release allelochemicals to compete for resources, prevent herbivores, and help their survival in their environment. These chemicals also influence ecosystems by affecting the growth of neighboring plants or cyanobacteria. According to the Maredová et al. [14], submerged plants and their extracts, including Chara globularis, Elodea nuttallii, Ceratophyllum submersum, Hydrilla verticillata, Myriophyllum spicatum, Myriophyllum heterophyllum, and Vallisneria americana, showed the inhibition of cyanobacterial growth. This phenomenon occurs because the formation of cyanobacterial bloom layer on the surface of the water reduces light penetration into the depths, potentially causing light scarcity for submerged macrophytes [15]. Consequently, these plants may utilize the production and release of compounds that inhibit cyanobacterial growth as a defensive approach in their competition for light resources [14].



Numerous studies have been conducted using different macrophyte species and cyanobacteria to specifically induce an allelopathic effect to reduce cyanobacterial growth [16,17,18,19,20,21]. However, the inhibitive mechanisms and the efficiency of cyanobacterial control vary with macrophyte species and the condition of the aquatic environment. Declerck et al. [22] reported that cyanobacteria combined with E. nuttallii in a mesocosm exhibited a clear decline in growth at high nutrient levels. They demonstrated that cyanobacterial growth inhibition in a combined culture with macrophytes is caused by many factors, such as the shading effect, nutrient competition, and the release of anti-cyanobacterial allelochemicals. Vanderstukken et al. [23] used two macrophytes, E. densa and Potamogeton illinoensis, to investigate the consequences of allelopathy, excluding nutrient competition and zooplankton grazing effects on cyanobacterial growth. Their study showed that both macrophytes inhibited the growth of cyanobacteria by allelopathic effects. Senavirathna et al. [24] also discussed the cyanobacterial inhibitory capacity of E. densa and the influence of light parameters on the allelopathic reaction. However, the practical application of live macrophytes for in situ control of cyanobacteria is a complex process due to various reasons, including environmental factors, species-specific interactions, and the potential for disrupting the ecological balance through invasive behavior. Therefore, research interest has grown in certain biologically derived substances (BDSs) found in various macrophytes, which may also have the potential to inhibit the growth of cyanobacteria. Pretreatments such as co-culturing, mechanical grinding, autoclaving during the extraction process, or the use of aqueous and organic solvents can enhance the inhibitory potential of the extracted compounds. Using aqueous solutions for extracting allelochemicals from macrophytes provides several advantages, such as being environmentally friendly, cost-effective, and safe, while preserving the biological activity of the compounds.



A few studies have investigated the application of powdered fresh macrophyte leaves and leaf extracts to obtain their natural allelochemical, thereby inhibiting cyanobacterial growth [14,25,26]. Gross et al. [27] and Mulderij et al. [28] demonstrated that extracts derived from M. spicatum, Stratiotes aloides, Ceratophyllum demersum, and Najas marina spp. exhibit significant inhibitory effects on cyanobacteria growth. These studies focused on highly invasive allelopathic macrophyte species as a potential inhibitor of cyanobacterial growth. By using rapidly growing invasive plants to produce extracts, this method becomes a sustainable and cost-effective approach to inhibit the growth of cyanobacteria. Many invasive macrophyte species such as M. spicatum, C. demersum, and E. densa are widely distributed in many freshwater ecosystems and have shown higher allelopathic capacities [29,30,31]. Therefore, compounds extracted from such macrophytes can be used to suppress cyanobacteria in water bodies, particularly in cases where the introduction of live macrophytes is limited due to their invasive nature. This method is especially applicable to water bodies where the application of live macrophytes is impractical (i.e., boat yards, manmade shallow ponds in parks, or fountains with aesthetic value).



In this study, we selected E. densa plant, which is an invasive perennial macrophyte known to produce allelochemicals that inhibit cyanobacteria, as indicated in previous studies [11,23,24,32]. Although research has confirmed the applicability of live plants and plant extracts to suppress cyanobacteria, the enhanced allelochemical content in extracts of macrophytes that co-cultured with cyanobacteria has not been studied. Therefore, in this study, we hypothesize that co-cultivation of E. densa with cyanobacteria induces the production of allelochemicals in E. densa, resulting in an enhanced inhibitory effect of plant extracts on the growth of M. aeruginosa.




2. Materials and Methods


2.1. Preparation of Stock Cultures


2.1.1. Microcystis aeruginosa (Kützing) Lemmermann Culture


M. aeruginosa was selected for this study because it is known to be the most common bloom-forming cyanobacterial species worldwide [3]. M. aeruginosa strains (NIES-111) were obtained from the National Institute of Environmental Studies (NIES), Japan. The cells were cultured in disinfected 500 mL Erlenmeyer flasks using the BG-11 medium [33] and maintained at a controlled temperature of 20 °C. A photoperiod of 12 h darkness and 12 h light was maintained using an automatic setup device (REVEX PT7, Saitama, Japan) with a light intensity of 30 µmol photons m−2 s−1 photosynthetically active radiation (PAR) using LED lamps inside the incubators. The flasks were closed using porous stoppers (SILICOSEN, Shin-Etsu Polymer Co., Ltd., Tokyo, Japan). The cultures were gently shaken daily during acclimatization, and cultures in the exponential stage were used for experiments.




2.1.2. Egeria densa Planch. Culture


In this study, agrochemicals and chemical-free E. densa were commercially purchased and cultured in 20-litre (25 cm × 24 cm × 40 cm, height × width × length) glass tanks at 25 ± 2 °C in a temperature-controlled room. A layer of nutrient-removed river sand was used as the substrate at the bottom of the glass tank. Nutrients were provided by adding 5 ppm of commercial aquaponic solution (Hyponex concentrated nutrient solution, Hyponex, Osaka, Japan). Plants were exposed to a 12 h/12 h light/dark photoperiod with a light intensity of 80–85 µmol photons m−2 s−1 PAR using LED lamps at plant height. Water levels were kept constant by replenishing with distilled water.



E. densa Monoculture and Combined Culture with M. aeruginosa


We maintained two types of cultures: monocultures of E. densa and combined cultures of E. densa with M. aeruginosa, both under the same conditions. To establish these cultures, six healthy E. densa cuttings with an approximate length of 10 cm were planted in six 1 L Pyrex glass beakers by fixing them to half-cylindrical rubber sponges (Carboy Inc. Chiba, Japan). All beakers were filled with 1 L of 10% Hoagland nutrient solution (HNS). For the combined cultures, three of the E. densa beakers were inoculated with M. aeruginosa cells at a cell density of 2.1 ± 0.2 × 104 cells/mL.



The cultures were allowed to acclimate for 5 days under controlled conditions within incubators, which maintained a light intensity of 80 µmol photons m−2 s−1 PAR, a temperature of 25 ± 1 °C, and a light duration of 12 h/12 h. After acclimatization, treatment was continued for 7 days under the same conditions. The water levels were kept constant throughout the experiment. After 7 days, macrophyte samples were collected and rinsed before plant samples were stored in a −80 °C freezer until the extraction process.






2.2. E. densa Fresh Tissue Extraction Processes


Fresh plant tissue extract was prepared according to Zhang et al. [34] with modifications using distilled water. Approximately 200 mg of fresh plant samples, separately collected from both E. densa monocultures and E. densa grown with M. aeruginosa, were finely crushed using a cold ceramic mortar and pestle in the presence of liquid nitrogen, utilizing 5 mL of distilled water. The extraction mixtures were transferred into 15 mL centrifuge tubes and centrifuged at 1400× g (TOMY MX-105, Tomy Seiko Co., Ltd., Tokyo, Japan) at 4 °C for 10 min separately. The extracts were stored at −80 °C for further experiments.




2.3. Experimental Design


2.3.1. Application of E. densa Live Plants


An experiment including M. aeruginosa monocultures and combined cultures (2 × 104 cells/mL) with E. densa was conducted to confirm the inhibition of M. aeruginosa growth in the presence of E. densa live plants. Artificial plants were used in the M. aeruginosa monoculture to eliminate the potential shading effect of E. densa plants. The cultures were temperature-controlled at 25 ± 1 °C and subjected to a 12 h/12 h light/dark photoperiod using an automatic setup device (REVEX PT7) with a light intensity of 80 µmol photons m−2 s−1 PAR, achieved through LED lamps inside the incubators. The cultures were incubated for 7 days, with triplicates maintained for both mono and combined cultures.




2.3.2. Application of E. densa Extracts


Figure 1 represents the experimental procedure of E. densa aqueous extracts on M. aeruginosa inhibition. A cell suspension of cyanobacterium M. aeruginosa, with a cell density of 1 × 105 cells/mL and a Chl-a concentration of 0.178 ± 0.005 μg/mL in BG-11 medium, was prepared for the experiment in accordance with the guidance levels of cyanobacteria that may potentially trigger restrictions of site use, as published by WHO [9,35]. This served as the initial cell suspension. The experiment was conducted in autoclaved 100 mL conical flasks filled to 50 mL with the M. aeruginosa suspensions. We used cultures in the exponential growth stage for the experiments. The openings of the flasks were secured with porous stoppers (SILICOSEN). The samples were acclimatized for 3 days before introducing the extracts. All experiments were conducted under controlled laboratory conditions. The cultures were temperature-controlled at 25 ± 1 °C and subjected to a 12 h/12 h light/dark photoperiod using an automatic setup device (REVEX PT7) with a light intensity of 80 µmol photons m−2 s−1 PAR and LED lamps inside of the incubators (Figure 1). The extracts were introduced after 4 days of acclimatization. The M. aeruginosa cultures were exposed to two different E. densa extracts at concentrations of 0, 0.5, 1, 2, and 4 g/L. Each flask was gently shaken twice daily during the incubation. Triplicates were maintained for each extract concentration. The experiment was conducted for 5 days, during which we regularly monitored growth parameters and collected samples every 24 h. The collected samples were centrifuged at 10,000× g for 15 min at 4 °C (TOMY MX-105) in 1.5 mL microcentrifuge tubes. The supernatant was removed, and the microcentrifuge tubes containing M. aeruginosa cell pellets were stored at −80 °C for further analysis.





2.4. Analytical Methods


The growth parameters of both M. aeruginosa monoculture and the combined culture with E. densa were measured to investigate the influence of different types and concentrations of E. densa extract on M. aeruginosa growth. Growth parameters of M. aeruginosa cultures were analyzed daily until the 5-day exposure period. To estimate M. aeruginosa growth, cell density, inhibition rate (IR), mean growth rate (μ), and Chl-a concentrations were analyzed.



2.4.1. Cell Density


Cell densities were determined by manual counting using a hemocytometer and light microscope (Zeiss Axiolab 5, Carl Zeiss, ZEISS, Tokyo, Japan) and Luna Automated Cell Counter (L10001, Logos Biosystems, Anyang, Republic of Korea) in a hemocytometer. The cell density was expressed as cells/mL. Detailed features of M. aeruginosa cells, including their shape, the presence of mucus, and the number of cells per group were observed using a light microscope (Zeiss Axiolab 5) at a magnification of 400× before and after treatment with different concentrations of E. densa extracts.



Inhibition Rate (IR)


The percentage of growth inhibition by each extract at different extract concentrations was calculated compared to the control group. The IR of the extracts on cyanobacteria growth was calculated according to Equation (1).


  I R % =   1 −     N    N o        × 100  



(1)







  N   and    N o    stand for the cell density of the treated culture and cell density of the control culture, respectively.





2.4.2. Chlorophyll-A


The M. aeruginosa suspension (1 mL) was collected and centrifuged at 10,000× g for 10 min at 4 °C (TOMY MX-105); the supernatant was removed, before storing the cell pellets at −80 °C until analysis. The concentration of Chl-a was measured by homogenizing the cell pellets in 1 mL of 95% ethanol. The samples were vibrated and incubated under dark conditions overnight at room temperature (25 ± 2 °C). The samples were then centrifuged at 10,000× g for 10 min at 4 °C (TOMY MX-105), and the supernatant was used to measure the absorbance spectrophotometrically (UV-1280) at 665 and 649 nm wavelengths. Chl-a concentration was calculated as μg/mL using Equation (2) described by Liu et al. [36].


  C h l   a =   13.95 ×  A 665    −   6.88 ×  A 649     



(2)







   A 665    and    A 649    are the absorbances at 665 nm and 649 nm, respectively, and the Chl-a concentration per protein was expressed.




2.4.3. Nitrate (NO3−) and Phosphate (PO43−)


The NO3− and PO43− concentrations of E. densa extracts were evaluated using PACKTEST Nitrate (range 1–45 mg/L) and PACKTEST Phosphate (range 2–100 mg/L), respectively, with the Digital pack test meter (DPM-MTSP, KYORITSU CHEMICAL Corp, Japan). The extracts were filtered through 0.45 µm before the measurements.




2.4.4. Three-Dimensional Excitation–Emission Matrix (3D EEM)


The compounds present in two E. densa aqueous extracts were investigated using a 3D EEM created using a fluorescence spectrophotometer (LS 45, Perkin Elmer, Waltham, MA, USA). The principle of a fluorescence spectrophotometer is that the molecules in the sample absorb light energy at an extreme speed (~10−8 s) at certain wavelengths and produce emission light with greater wavelengths than the excitation wavelengths [37]. Since the excitation and emission wavelengths of every compound are unique and fixed [38], this method is widely utilized to identify the various compounds in solutions. The excitation and emission wavelengths were changed from 200 to 600 nm and 300 to 625 nm, respectively, at a scanning speed of 1500 nm/min.





2.5. Data Analysis


A statistical analysis was carried out statistical software (20.0, IBM SPSS) with a significance level of 5% (p ≤ 0.05) to evaluate the efficacy of two E. densa extracts, one from monoculture and the other from coexistence with M. aeruginosa, in inhibiting M. aeruginosa growth. Daily measurements of growth parameters over 5 days were obtained across varying extract concentrations (0, 0.5, 1, 2, and 4 g/L). The statistical analysis included a one-way analysis of variance (ANOVA) to identify differences in cell densities and Chl-a concentrations among the cultures exposed to two different extracts and the control, followed by post hoc tests. The two-sample t-test was carried out to compare the initial and final cell density, protein concentration, and Chl-a concentration of M. aeruginosa mono and combined culture with E. densa live plant. Each experiment was performed in triplicate. All of the graphs were created using OriginLab software 2022 (OriginLab Corporation, Northampton, MA, USA). All graphical images were created with BioRender.com.





3. Results


3.1. Effect of E. densa Live Plants on M. aeruginosa Growth during Coexistence


3.1.1. Cell Density


The initial cell density of M. aeruginosa culture was 0.024 ± 0.003 × 106 cells/mL. The M. aeruginosa monoculture resulted a cell density of 0.09 ± 0.005 × 106 cells/mL after 7 days, whereas the coculture of M. aeruginosa with E. densa showed a significantly lower cell density of 0.046 ± 0.005 × 106 cells/mL (t(2) = 11.2366, p < 0.001) (Figure 2).




3.1.2. Protein Concentration


The initial protein concentration of the M. aeruginosa culture was 68.8 ± 8.1 μg/mL. The M. aeruginosa monoculture showed a protein concentration of 94.41 ± 8 μg/mL after 7 days of exposure, whereas the M. aeruginosa cultured with E. densa showed a significantly lower protein concentration of 78.42 ± 6.6 μg/mL after exposure (t(2) = 3.217, p = 0.03) (Figure 3), consistent with the cell density results (Figure 2).




3.1.3. Chl-A Concentration


The M. aeruginosa monoculture with artificial plants showed an increase in Chl-a concentration per protein compared to the culture combined with E. densa (Figure 4). In contrast, when M. aeruginosa cultures were combined with E. densa, they exhibited a significantly lower Chl-a concentration compared to the monoculture (t(2) = 5.606, p = 0.004) after 7 days and appeared to be more controlled than the M. aeruginosa monoculture. The Chl-a concentration in the combined culture of M. aeruginosa was measured at 2.3 ± 0.5 × 10−4 µg/μg protein.





3.2. Effect of Different E. densa Extracts on Cyanobacteria Growth


3.2.1. Cell Density


Figure 5 shows the variation in the cell density of M. aeruginosa cultures under the effect of both E. densa extract gradients (0.5, 1, 2, and 4 g/L). At the end of the exposure period, the culture treated with a concentration of 0.5 g/L of the combined E. densa extract reported the lowest cell density (2.44 ± 0.1 cells/mL). A significantly lower cell density was observed in the culture treated with 0.5 g/L combined extract compared to the cell culture treated with 0.5 g/L E. densa monoculture extract and the control culture (F(2, 6) = 55.818, p < 0.001) after 5 days of exposure. Cultures treated with higher concentrations (2 and 4 g/L) of both extracts exhibited significantly increased growth of M. aeruginosa after day 3 compared with the control culture (p < 0.05). The highest cell density, 8.36 ± 0.1 cells/mL, was observed in cultures treated with 4 g/L of monoculture extract on day 5. M. aeruginosa cell cultures treated with both extracts showed high cell densities, especially after day 3, with high extract concentrations (2 and 4 g/L) compared to control cultures. However, cultures treated with E. densa combined extracts showed lower cell density when compared to cultures treated with extracts from E. densa monocultures.



The highest IR among cell cultures treated with the different concentrations of E. densa monoculture extracts was achieved by the 0.5 g/L concentration group, reaching 23.5% on day 2 (Figure 6a). Throughout the exposure period, the 0.5 g/L concentration group maintained a higher IR compared to all other concentration groups. The highest IR in the extracts obtained from E. densa combined culture was 31%, also observed in the 0.5 g/L concentration group on day 3 (Figure 6b). The 0.5 g/L concentration group of combined E. densa extracts consistently showed a high IR throughout the exposure period compared to concentration groups. Higher concentrations of both E. densa extracts did not exhibit any inhibition towards the end of the exposure period. However, the 1 g/L concentration group of combined E. densa extract did exhibit an increased IR only up to the third day.




3.2.2. Chl-A Concentration


The Chl-a concentration in the treated M. aeruginosa cell cultures exhibited changes that were comparable to the variations in cell densities. All cultures treated with a 0.5 g/L concentration of both types of extracts showed lower Chl-a concentrations compared to the control culture (Figure 7). The Chl-a concentration of the cultures treated with the combined E. densa extract (0.5 g/L) was significantly lower than that of cultures treated with E. densa monoculture extracts (F(2, 6) = 118.457, p < 0.001) and the control (F(2, 6) = 118.457, p = 0.004) after day 5 of the exposure period. The lowest Chl-a concentration was observed in the culture treated with 0.5 g/L concentration of E. densa combined culture extract, measuring 3.2 ± 0.1 × 10−3 μg/μg protein on day 5. M. aeruginosa cultures treated with high concentrations (1, 2, and 4 g/L) of both types of E. densa extracts showed an increase in Chl-a concentration over time compared to control cultures. The highest Chl-a concentration was observed in the culture treated with 4 g/L E. densa monoculture extract on day 5 (131 × 10−3 μg/μg protein). However, cultures treated with the E. densa combined extracts showed lower Chl-a concentration than cultures treated with the monoculture extracts at all concentrations throughout the exposure period.





3.3. E. densa Extracts Analysis


The analysis of NO3− and PO43− concentrations in both E. densa monoculture and combined culture extract gradients showed that the NO3− concentration in both extracts is negligible and below the detection level of PACKTEST (<1 mg/L). Both extracts exhibited the availability of PO43− at higher concentrations (Figure 8). However, no PO43− was detected at a concentration of 0.5 g/L in either of the extracts (<2 mg/L). The extracts obtained from the E. densa monoculture exhibited a PO43− concentration of 7.5 ± 0.2 mg/L at 4 g/L, which is slightly higher than the concentration showed by the combined culture extract (7.4 ± 0.2 mg/L) at 4 g/L.



The 3D EEM obtained from both E. densa extracts displayed similar patterns with four distinct peaks (Figure 9). However, despite the similarity in the presence of these four peaks in both extracts, there were differences in their intensities. Specifically, the EEM of the extract obtained from E. densa combined culture showed higher intensities. These peaks represent the available groups of compounds and their respective intensities in the extracts. Peaks B, C, X, and Y, which are responsible for protein-like compounds, were observed in the emission wavelengths ranging from 300 to 345 nm, while peaks labeled A, D, W, and Z occurred in emission wavelengths ranging from 435 to 480 nm in the EEM, indicating their association with humic-like substances.





4. Discussion


The coculturing experiment of M. aeruginosa and E. densa was carried out to confirm the inhibitive ability of live E. densa plants on M. aeruginosa growth, before obtaining E. densa extracts. The combined culture of M. aeruginosa with E. densa showed suppression in cell density, protein concentration, and Chl-a concentration compared to the monoculture of M. aeruginosa after 7 days of exposure. The concentration of Chl-a in the culture serves as a direct indicator for determining the biomass of cyanobacteria [9]. The Chl-a concentration in the combined culture also showed a similar trend as the cell density and the protein concentration. However, after 7 days, the monoculture showed a lower Chl-a concentration per protein than at the beginning (Figure 4). This could have been a result of the shading effect of artificial plants or a result of M. aeruginosa cells being in different growth phases. Previous studies confirmed the inhibitory effects of E. densa on cyanobacteria [11], alga Scenedesmus acutus [31], and phytoplanktons [23] during co-culture. Therefore, the inhibition of M. aeruginosa growth in the combined culture could have been due to the presence of live E. densa, potentially resulting from nutrient competition or allelochemicals, as the shading effect was eliminated by using artificial plants in the M. aeruginosa monoculture. To investigate the inhibitory effect caused by allelochemicals produced by E. densa, plant extracts were obtained and utilized to treat M. aeruginosa instead of live plants.



Numerous studies have also reported the release of allelochemical induced by various species of live macrophytes when they coexisted with cyanobacteria [17,19,23,39]. However, only a few studies have investigated the effects of allelochemicals obtained from E. densa on cyanobacteria inhibition, despite its known success as a live plant in suppressing cyanobacteria growth. After confirming the ability of live E. densa plants to suppress M. aeruginosa growth, we investigated the inhibitive ability of the extracts obtained from E. densa. Therefore, we selected E. densa grown as monocultures and combined cultures with M. aeruginosa to obtain extracts to investigate the effect of coexistence on allelochemical production. The M. aeruginosa cultures exposed to 0.5 g/L concentrations of both extracts exhibited inhibition in growth compared to the control group during the 5-day exposure period (Figure 5). However, the extracts obtained from the combined culture showed a more successful inhibitory effect than the extract from E. densa monoculture, resulting in the lowest cell density and Chl-a concentration of the M. aeruginosa cultures treated with it on day 5. Cyanobacteria possess intracellular thylakoid membranes that contain chlorophyll, which is used for oxygenic photosynthesis [40]. Chlorophyll synthesis tends to decrease under certain stress conditions due to the downregulation of pigment genes in cyanobacteria [41]. Therefore, Chl-a concentration is considered a direct measure to evaluate the cyanobacteria growth. At the end of the exposure period (5 days), the 0.5 g/L concentration of combined extract suppressed M. aeruginosa growth by 22% compared to the monoculture (Figure 5). The mechanisms of the effect of allelochemicals on M. aeruginosa suppression can vary. Some allelochemicals, such as Tellimagrandin II, (+)-catechin, polyphenols pyrogallic acids, gallic, nonanoic acid, ellagic, cis-6-octadecenoic acid, and cis-9-octadecenoic acid, which were extracted from M. spicatum, have been shown to contribute to 53% of the inhibition of M. aeruginosa by decreasing the activity of photosystem II through interference with electron transfer [14]. In addition, reduction in algal photosynthesis may also be mediated by oxidative stress. This phenomenon occurs because of the excessive production of O2− (superoxide ions), which initiates free-radical reactions, leading to the peroxidation of lipids in the cell membranes. As a result, the permeability of these membranes is changed. Allelochemicals such as ethyl 2-methyl acetoacetate (EMA), produced by Phragmites communis, were found to impose significant oxidative stress, ultimately leading to the inactivation of the antioxidant defense system of M. aeruginosa [42].



In this study, a 3D EEM analysis was conducted to investigate the compounds present in the extracts. The EEM analysis revealed four similar peaks in both extract types. However, the EEM of the extract obtained from E. densa combined culture showed higher intensities. Increased intensity corresponds to higher compound concentrations. Peaks B and X (Figure 9a,b) belong to the aromatic protein region, containing amino acids such as tyrosine and tryptophan [37]. Peaks B, C, X, and Y (Figure 9a,b) observed in the emission wavelengths 300 to 345 nm are related to protein-like compounds. According to Hu and Yin [38] and Yin et al. [43], peaks labeled A, D, W, and Z (Figure 9a,b), found in the emission wavelengths of 435 to 480 nm, are associated with humic-acid-like compounds. According to Traversa et al. [44], peaks A and W (Figure 9a,b) represent phenolic compounds in the extracts. When E. densa coexists with cyanobacteria, it may induce the synthesis of phenolic compounds that exhibit allelopathic properties. These compounds can be responsible for M. aeruginosa inhibition [14]. Therefore, the high-intensity peaks observed in the combined culture could be attributed to the higher concentrations of the allelopathic compounds available in extracts obtained from the E. densa combined culture with M. aeruginosa. Moreover, the low nutrient availability in 0.5 g/L concentrations of the extract may have enhanced the effect of allelochemicals, thereby promoting the suppression of M. aeruginosa (Figure 8).



When considering the morphological variations of M. aeruginosa, cells generally exhibit a unicellular, spherical-shaped morphology. However, we observed that some of these cells produced a protective mucilaginous sheath, especially when exposed to 0.5 g/L E. densa extract concentrations. According to Rossi et al. [45], cyanobacteria were observed to produce gelatinous envelop or a sheath around the cell at unfavorable environmental conditions. In addition, no significant changes were observed in the number of cells per group at low E. densa extract concentrations, typically ranging from four to six cells per group. Cell density increased when cell suspensions were exposed to high extract concentrations, resulting in larger cell groups. Previous studies have also reported morphological changes, such as yellowing, depigmentation [46], and cell damage [43], in response to allelochemicals from macrophytes in cyanobacteria cells. The high concentrations of both E. densa extracts did not exhibit considerable growth suppression in M. aeruginosa over the exposure period. Instead, the high concentrations (1, 2, and 4 g/L) of the E. densa extracts promoted the M. aeruginosa growth towards the end of exposure time. Higher values of PO43− concentrations were observed in both cultures as the concentrations of extracts increased (Figure 8). Even though the combined extract contained effective allelochemicals, the high concentrations of nutrients may have suppressed their inhibitory effects, resulting in increased cell density in the cultures treated with high concentrations of E. densa extracts. However, the M. aeruginosa cultures treated with combined E. densa extract consistently exhibited lower cell density and Chl-a concentrations compared to the cultures exposed to monoculture extracts, confirming the presence of a high concentration of allelochemicals in the E. densa combined culture extract than in the monoculture extracts [14]. Accordingly, results suggest that the application of extracts of E. densa could be an eco-friendly potential approach for small-scale water bodies in controlling cyanobacteria at low cell densities.



Evaluations of the feasibility, environmental impacts, and cost-effectiveness are necessary steps to be considered by managers when implementing bio-derived materials for cyanobacteria control. In addition, effective communication and collaboration among managers, researchers, and policymakers can facilitate the successful implementation of bio-derived solutions into practical use. Moreover, it is important to conduct economic evaluations that compare the application of bio-derived materials for cyanobacteria control with conventional methods. For further research, monitoring the production of soluble toxins by harmful cyanobacteria is essential. It provides a more comprehensive understanding of the effectiveness of bio-derived materials in successfully inhibiting cyanobacterial growth while minimizing toxin production. Furthermore, the long-term effects of repeated use of bio-derived substances on aquatic ecosystems should be studied.




5. Conclusions


In conclusion, live E. densa plants have been found to successfully inhibit the growth of M. aeruginosa during coexistence. When applying aqueous extracts of E. densa, it was observed that a lower concentration of extracts (0.5 g/L) obtained from E. densa plants co-cultured with M. aeruginosa exhibited a stronger inhibitory capacity compared to extracts obtained from E. densa monocultures. This suggests that the production of allelochemicals in E. densa seems to be induced when coexisting with M. aeruginosa. However, higher extract concentrations with elevated nutrient levels promote the growth of M. aeruginosa rather than inhibition. For future research, we recommend considering different types of macrophytes to obtain natural allelochemicals to suppress cyanobacteria and investigation and identification of available cyanobacteria inhibitive allelochemicals.
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Figure 1. Experimental procedure of E. densa aqueous extracts on M. aeruginosa inhibition. ME and CE refer to monoculture extract and combined culture extract, respectively. IR and Chl-a refer to the inhibition rate and chlorophyll-a of the treated M. aeruginosa cultures, respectively (created with BioRender.com). 
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Figure 2. Cell density of the M. aeruginosa monoculture and combined culture with E. densa fresh plant before and after the experiment. Error bars represent the standard deviation (n = 3). Different superscripts (* and **) in the bars indicate significant differences at p ≤ 0.05 for the cell density of M. aeruginosa monoculture and combined culture with E. densa after treatment. 
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Figure 3. Changes in protein concentration of the M. aeruginosa monoculture and combined culture with E. densa fresh plant before and after the experiment. Error bars represent the standard deviation (n = 3). Different superscripts (* and **) in the bars indicate significant differences in protein concentrations at p ≤ 0.05 for M. aeruginosa monoculture and combined culture with E. densa after treatment. 
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Figure 4. Chlorophyll-a concentration per µg protein in M. aeruginosa monoculture and combined culture with E. densa fresh plant before and after the experiment. Error bars represent the standard deviation (n = 3). Different superscripts (* and **) in the bars indicate significant differences in Chl-a per protein concentration at p ≤ 0.05 for M. aeruginosa monoculture and combined culture with E. densa after treatment. 
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Figure 5. M. aeruginosa cell density in the cultures under the presence of both E. densa extract gradient 0.5 (a), 1 (b), 2 (c), and 4 g/L (d) compared to the control sample. Error bars represent the standard deviation (n = 3). Different lowercase letters in the bars indicate significant differences at p ≤ 0.05 for different treatments. 






Figure 5. M. aeruginosa cell density in the cultures under the presence of both E. densa extract gradient 0.5 (a), 1 (b), 2 (c), and 4 g/L (d) compared to the control sample. Error bars represent the standard deviation (n = 3). Different lowercase letters in the bars indicate significant differences at p ≤ 0.05 for different treatments.



[image: Hydrobiology 02 00033 g005]







[image: Hydrobiology 02 00033 g006] 





Figure 6. Inhibition rate (IR) of M. aeruginosa cultures exposed to (a) E. densa monoculture extract and (b) combined culture extract gradient throughout the experiment period. Error bars represent the standard deviation (n = 3). 
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Figure 7. Chlorophyll-a concentration per protein in E. densa monoculture and combined culture extract gradient (a) 0.5, (b) 1, (c) 2, and (d) 4 g/L compared to the control sample. Error bars represent the standard deviation (n = 3). Different lowercase letters in the bars indicate significant differences at p ≤ 0.05 for different treatments. 
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Figure 8. Variation of phosphate concentrations in E. densa mono and combined culture with M. aeruginosa extracts. Error bars represent the standard deviation (n = 3). “ND” refers to “not detected”, and the limit of detection (LOD) for phosphate was set at 1 mg/L. 
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Figure 9. The 3D EEM of (a) E. densa combined culture extract and (b) monoculture extract. A–D and W–Z indicate the different peaks produced by the combined culture and monoculture extracts, respectively. 
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