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Abstract

:

Eutrophication of surface waters caused by toxic cyanobacteria such as Microcystis aeruginosa leads to the release of secondary metabolites called Microcystins (MCs), which are heptapeptides with adverse effects on soil microbiota, plants, animals, and human health. Therefore, to avoid succumbing to the negative effects of these cyanotoxins, various remediation approaches have been considered. These techniques involve expensive physico-chemical processes because of the specialized equipment and facilities required. Thus, implementing eco-technologies capable of handling this problem has become necessary. Indeed, multi-soil-layering (MSL) technology can essentially meet this requirement. This system requires little space, needs simple maintenance, and has energy-free operation and high durability (20 years). The performance of the system is such that it can remove 1.16 to 4.47 log10 units of fecal contamination from the water, 98% of suspended solids (SS), 92% of biological oxygen demand (BOD), 98% of chemical oxygen demand (COD), 92% of total nitrogen (TN), and 100% of total phosphorus (TP). The only reported use of the system to remove cyanotoxins has shown a 99% removal rate of MC-LR. However, the mechanisms involved in removing this toxin from the water are not fully understood. This paper proposes reviewing the principal methods employed in conventional water treatment and other technologies to eliminate MCs from the water. We also describe the principles of operation of MSL systems and compare the performance of this technology with others, highlighting some advantages of this technology in removing MCs. Overall, the combination of multiple processes (physico-chemical and biological) makes MSL technology a good choice of cyanobacterial contamination treatment system that is applicable in real-life conditions, especially in rural areas.
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1. Introduction


In recent decades, the phenomenon of freshwater contamination with toxic cyanobacteria, also known as cyanobacterial blooms, has become more widespread worldwide [1]. Cyanobacteria produce diverse cyanotoxins that have deleterious effects on animals and human health [2]. The first report on the deaths of livestock caused by cyanobacteria was published by Francis in 1878 [3]. The author linked the massive death of sheep, horses, dogs, and pigs to the ingestion of cyanobacterial biomass of Nodularia spumigena proliferating in Lake Alexandrina in South Australia.



After Francis’ paper was published, other reports of fatal poisonings of a wide variety of animals—ranging from dogs, cattle and fish to flamingos, bats and bees—have occurred worldwide [4] as a consequence of the consumption of wild waters contaminated by cyanobacteria. Thomas et al. [5] reported the death of three cows and ten calves caused by drinking the toxic bloom water of Cylindrospermopsis raciborskii. To date, the deadliest livestock accident occurred in Australia, where 10,000 animals died as a result of a massive bloom of Anabaena circinalis in the Darling River [6].



Humans, unlike animals, can avoid using water that cyanobacteria have contaminated. They have the option of choosing to use groundwater instead. The main known case of fatal poisoning to date is that in which 76 patients in Caruaru, Brazil, died after hemodialysis by water contaminated with cyanotoxin [7].



Nevertheless, humans can be exposed to poisoning by consuming contaminated products such as fish, which was the case in the study by Chen et al. [8]. The authors found MCs mean concentrations as high as 390 ng/L in the serum of 35 fishermen from Chaohu Lake, and suggested that such chronic exposure may result in hepatocellular damage compared with other experimental studies. They estimated that the average daily consumption of these fishermen was 2.2–3.9 μg MCLR-eq, whereas the World Health Organization sets this dose for a lifetime exposure of 2 μg per person.



Through contact with cyanobacteria-contaminated material, either by skin, inhalation, or ingestion, humans can experience pneumonia, dyspnea, liver damage, and gastrointestinal symptoms including abdominal pain, malaise, nausea, vomiting, and diarrhea. In essence, one should avoid contact with contaminated material. However, in the case of contact and noticeable symptoms, one should consult a doctor because the poisoning is life-threatening [9].



To date, over 279 different MCs with a wide structural variety have been identified [10]. Furthermore, Bouaïcha et al. [10] have reviewed all these variants and elaborated a list of all 279 MCs showing the amino acid substitutions. In addition, the authors have thoroughly documented the lethal doses, LD50 (the amount of toxin that kills 50% of exposed animals), of different variants of MCs ranging from 50 to >1200 μgkg−1 of body weight. They reported that the LD50 value of MCs varies greatly depending on the MC variant involved, the method of toxin purification, and the technique of delivering the toxin to the animal—either orally or intraperitoneally. A single cyanobacterial species can secrete several toxins, and several cyanobacterial species can produce the same toxin. Table 1 presents known microcystin-producing cyanobacteria and the toxins they can release.



The spread of cyanobacterial blooms in freshwater bodies, stimulated by global warming worldwide, leads to the release and dispersal of cyanotoxins in water bodies [25,26]. These blooms impede the development of other aquatic organisms [27,28,29], disrupting the ecosystem [30]. Additionally, continuous loading of nitrogen and phosphorus-rich nutrients into an aquatic environment leads to the invasion and establishment of cyanobacteria [31,32,33]. This phenomenon, known as eutrophication, ultimately leads to the release of cyanotoxins that will pose serious consequences to downstream users of these contaminated waters [29,34,35,36,37].



Furthermore, the management or disposal of cyanotoxins produced is a matter of public concern [38,39,40], given the consequences that could be associated with the use of untreated contaminated water. This paper reviews the main methods used in conventional water treatment and other technologies to remove MC from water, while also outlining another cost-effective and intuitive way to address the toxic cyanobacterial challenge.



Physical, chemical, or physicochemical methods [41,42,43,44] are already used to treat waters subject to cyanobacterial contamination. Still, unfortunately, they are sometimes expensive [45], can cause potential problems due to the chemicals used, or are not easily adapted in certain conditions. For instance, logistical difficulties can arise when implementing these methods in delocalized areas. Several studies have shown the potential of biological processes to eliminate cyanotoxins. For example, biological methods such as the exposure of Microcystis aeruginosa to selected bacterial isolates, biological extracts, or biological compounds have been successfully conducted in the laboratory [46,47,48].



However, such biological methods lack refinement for full-scale application. For example, several studies have demonstrated the remarkable ability of indigenous microorganisms equipped with high predation capacity of toxic cyanobacteria [46]. The same authors described how Pseudomonas rhodesiae (3y) and Lysinibacillus fusiformis (B) cause disintegration and deflation of Oscilatoria sp. filaments, as well as Microcystis sp. cells and colonies. Wichelen et al. [49] noted that the microbiota can act on Microcystis either directly, by attaching or penetrating the cell, as in the cases of viruses or bacteria such as Bdellovibrio, or indirectly through their allelochemicals. Furthermore, other studies have focused on the microbial degradation of generated cyanotoxins [50,51,52,53] or cyanophages that can control the proliferation of cyanobacteria efficiently by infecting and lysing them [54,55,56]. Notwithstanding, no viable field application has yet been proposed.



Other biological methods advocate the control of blooms by natural extracts, such as the use of plant, seaweed, or microorganism extracts [57,58]. Nevertheless, these methods only produce a small amount of biomass that would not be sufficient to clean up an entire eutrophic ecosystem, not to mention the unforeseen effects on the biocenosis. Biomanipulation using filter fish has been successfully used in China to control cyanobacterial blooms [59]. A study showed a considerable reduction of bloom events, but did not provide information on the fate of cyanotoxins. Biological methods should be used in conjunction, complementing each other. With a biomanipulation of the food chain, an additional toxin removal system should be employed prior to using these waters.



Thereafter, we highlight the untapped potential of multi-soil-layering technology (MSL) to clean up eutrophic waters. So far, only one report has been published showing preliminary results of the effectiveness of the MSL system to remove cyanotoxins from water [60]. Furthermore, we describe the fundamentals of MSL systems and compare their performance with other technologies, highlighting some of the advantages of MSL technology for removing MCs. Ultimately, we emphasize how the engineering of the MSL technology, using cheap and available materials, allows a perfect combination of several biophysicochemical processes, rendering MSL technology the most suitable system for the treatment of cyanobacterial contamination on a large scale. Furthermore, the technology we propose is ideal for use in combination with other treatment systems already in place upstream or downstream.




2. Microcystins in Water: Treatment Methods


In order to guarantee the quality of water intended for consumption, in particular, to eliminate the nuisances and dangers attributable to the presence, in water, of cyanobacteria and their toxins, the WHO (2004) [61] guidelines recommend not to reach above 1.0 µg/L MC-LR in drinking water. Subsequently, conventional water treatment for the production of drinking water uses chemical processes such as ozonation, oxidation or ultraviolet (UV) light [62,63,64], chlorination, or a combination of these processes [65,66]. Yang et al. [67] reported that for 22 days, sunlight PAR (400–700 nm) did not reduce cyanotoxin concentration, whereas exposure to PAR + UV-A (320–400 nm) and PAR + UV-A + UV-B (280–320 nm) induced a reduction in concentration between 20.6% and 27.3%, respectively. In another study, Pelaez et al. [68] stated that Nitrogen-TiO2 photocatalyst calcined at 350 °C exhibited the highest MC-LR degradation efficiency at wavelengths > 420 nm. The efficiency of these techniques has been reported to follow a certain pattern concerning the oxidation rate: O3 > H2O2 > HOCl > ClO2 > KMnO4 > Cl2 [66]. The chlorine dose influences the efficiency of chlorination, since converting one mole of MC-LR stoichiometrically requires 12 moles of chlorine in 30 min, also considering that there may be competition for chlorine by organic matter in the case of natural water treatment [69].



2.1. Ozonation/Oxidation


Given its oxidation-reduction potential of 2.07 eV in acidic conditions, ozone has been recognized as one of the most powerful oxidants used in water treatment [64]. In solution, ozone reacts directly with organic solutes. However, one of its most significant attributes is due to its conversion to OH radicals (H2O2, H2O, OH), with OH being the strongest oxidant in water [70,71,72]. The efficiency of the ozone has been linked to its ability to act on the conjugated double bonds C=C [63]. Several studies have investigated the destruction of microcystin LR molecule (Figure 1) by ozone through the diene of the Adda and the double bonds of the Mdha sites [64,73]. It was also shown that ozone acts on amine groups [74]. In aqueous solutions, even though the ozone undergoes decomposition, leading to OH radicals through electron transfer reactions, molecular ozone still directly attacks microcystins [75].Moreover, its efficacy in oxidizing the microcystin molecules is specifically because of its affinity to diene bonds and amine groups.



However, the OH does not interact specifically; it oxidizes all natural organic matter, hence reducing the efficacy of ozone that it is derived from. This means that OH might be scavenged by organic matter in a sample [74], consequently affecting its efficacy in destroying microcystins. Furthermore, Xie et al., 2021, [76] reported that UV light highly degrades MC- when the experimental medium is based on ultra-pure water. Regardless, Bai et al. [77] supported that 1 mg/L of OH inactivated MC-LR completely within 20 sec in a drinking water treatment process. They hypothesized pathways involved in MC-LR inactivation consisted of breaking the C=C conjugated diene bond and breaking the persistent benzene ring to carboxylic acid m/z 158.0. Similarly, Li et al. [78] observed that 0.88 mg/L OH inactivated 99.3% of Microcystis cells and mineralized 14.4 µg/L of MC-LR to undetectable levels (determined by GC/MS).



Likewise, hydroxide peroxide, another sub-product of ozone decomposition, has been proven to decrease microcystin concentration. To that end, Papadimitriou et al. [79] observed that the addition of H2O2 to natural water samples decreased the MC-LR concentration below the WHO accepted dose in drinking water, 1 µg/L.



Several studies have shown the synergistic effects of combining different oxidation processes to remove cyanobacteria and their toxins. Chiefly, the paired combination of UV, O3, and H2O2 improved the removal of cyanotoxins and cyanobacterial cells compared with the corresponding single-use systems. [63,66,79,80]. Nevertheless, there is evidence that the effectiveness of the various techniques for removing cyanotoxins depends on other parameters such as the dose applied, the pH of the water, the temperature, and the cyanotoxin concentration [81,82].



The concentrations of chemicals used in the treatment must be precise, as deviation from this can lead to the formation of toxic byproducts [11]. It is undisputed that ozonation leads to the formation of new compounds. For example, in a study by Lu et al. [64], six aldehyde-based byproducts were detected as a result of the ozonation of water contaminated with microcystin LR: formaldehyde, acetaldehyde, isovaleraldehyde, glyoxal, methylglyoxal, and an aldehyde with a molecular weight of 160 g. In addition, the biotoxicity test in the same study showed that the treated water was still toxic to Photobacterium (which served as a model for the in vivo test).



Toxicity was thought to be related to some low molecular weight compounds formed during the treatment with ozone. However, given the predominant role of the Adda conjugated diene bond in the toxicity of MCs, Miao et al. [83] observed lower hepatotoxicity of mice in ozonated water and concluded that the toxicity might be due to a small fraction of MCs that could not be degraded by ozonation, because ozone could not withstand room temperature [64], and did not result in byproducts.



Another point to be considered is the mode of inactivation of cyanobacteria. Naturally, cyanotoxins and cyanobacteria almost always exist concomitantly. Accordingly, there are endocyanotoxins and cyanotoxins dissolved in water (exotoxins). For this reason, techniques using cell deactivation without breaking them should be prioritized to avoid endotoxin release. Griffiths and Saker [84] pointed out that the amount of intracellular and extracellular toxin can vary from 19% to 98% of the total amount depending on the stage of bloom maturity, with extracellular toxin portion being low because of environmental conditions and microorganisms that degrade these toxins. Similarly, Serrà et al. [85] noted that some water treatments could even significantly increase the release of intracellular cyanotoxins due to the lysis of cyanobacterial cells depending on the cyanobacteria species and the environmental conditions.



Since the effectiveness of these techniques seems to depend on the concentration of cyanotoxins, strategies that aim to destroy cell membranes, resulting in the release of intracellular toxins into the water, are not environmentally friendly [41] as they can increase toxins in the water. On the other hand, methods such as those using OH are promising, because they contribute to the nonselective mineralization of organic compounds and inactivate Microcystis cells, leaving them intact [73].



The ionizing radiation treatment creates reactive oxidizing and reducing species by radiolysis of the water [86]. Indeed, He et al. [80] and Lin et al. [87] suggested that OH could enter the cell and damage the DNA by breaking double strands or inducing gene mutation. This would alter genomic function and fidelity and hinder protein formation, leading to cell death without destroying the cell membrane. Therefore, Onstad et al. [74] and Lin et al. [77] recommend using a sand filtration process after ozonation, or an OH cell inactivation process to retain dead cells and complete the biodegradation of MCs.



Certainly, these ozonation/oxidation techniques work, but they require qualified personnel to supervise all treatment steps and adequate material resources. However, since most of these treatment processes are energy-dependent, it is worthwhile to thoroughly investigate other treatment processes with lower costs.




2.2. Filtration and Complexation


The water treatment method by filtration is a widely used technique in water production plants. Nevertheless, in some countries, filtration can be used downstream of the purification systems [88], in particular in the production of drinking water. However, filtration can be articulated in various forms. Techniques used for water filtration to remove harmful compounds, such as cyanobacteria and cyanotoxins, include activated carbon filtration, clay-like silica material, adsorption, biologically active sand filtration, and membrane filtration. In most cases, these techniques are preceded by coagulation–flocculation processes [89,90,91,92,93,94].



Filtration always leads to retention either through physical or chemical interaction [88,90]. Thus, filtration can relate to solid particles or chemical molecules, neutral or electrically charged. The adsorption of MCs on the activated carbon occurs according to the electrostatic or hydrophobic interactions [41,95,96,97]. While electrostatic interactions occur between the charged functional groups of cyanotoxin and the ionic functional groups on the activated carbon–oxygen-containing groups [11,88], the hydrophobic properties are due to van der Waals interactions between the cyanotoxin molecules and the nonpolar activated carbon surface [88,97]. Similarly, Huang et al. [95] postulated that weak ionic interactions might participate in the adsorption of MC-LR to activated carbon surfaces due to the association of the positively charged arginine side chain of the toxin with the negatively charged carbon surface.



Another feature that makes activated carbon the first-choice material for water treatment involving adsorption is its porous state [98]. Indeed, the inner surface of the porous adsorbent, such as activated carbon, can have 400 to 1500 m2/g of coal and a pore volume ranging from 0.1 to 0.8 cm3/g [88]. These properties confer a very high adsorption capacity estimated at 0.2 g of adsorbate per gram of adsorbent.



For large molecules such as microcystin- LR with a molecular weight (MW) of 995.189 g/mol and size between 1 and 3 nm [94], studies have shown that the best MC-LR adsorption, and thus removal, is achieved when the adsorbent material consists mainly of mesopores and macropores because of the intraparticle diffusion rate [17,95]. Conventionally, the International Union of Pure and Applied Chemistry (IUPAC) defines three types of porosity, namely: micropores: dp < 2 nm; mesopores: 2 nm < dp < 50 nm; and macropores: d > 50 nm [98,99]. Still, microporesare best suited for the adsorption of small molecules [94]. Similarly, the nature of functional groups on the carbon surface is determinant in the capacity of trapping MCs [95]. For instance, it was reported that there is strong proton adsorption in the case of the presence of several hydroxyl or phenolic groups under certain pH conditions [95,97,100]. Activated carbon may derive from different materials, namely wood, coal, coconut shells, or peat [75,92,101,102,103]. Notwithstanding, Albuquerque et al. [102] related the existence of MC-LR adsorption differences even among types of woods from which charcoal can be made; therefore, a wise choice of the sample of wood to be used has been made to maximize adsorption.



As water contains many other organics and suspended solids, before filtration, operations involving coagulation and flocculation are carried out to avoid clogging and to ensure the durability of downstream facilities. Moreover, Zhao et al. [104] and Xu et al. [105] showed that chemicals, such as aluminum sulfate (Al2 (SO4)3), polyaluminium chloride (PACl), iron chloride (FeCl3), polymeric ferric sulfate (PFS), and titanium tetrachloride (TiCl4) are the most utilized in the flocculation–coagulation process for water sanitation. As a result, several researchers have asserted that complexation reactions between positive charges and the functional groups with negative charges are primarily involved [106,107,108,109]. Indeed, in aqueous solution and at a certain pH, due to the zeta potential of metal ions such as iron, aluminum, copper, or magnesium, either flocculation is promoted by coagulation or flocculation is controlled by adsorption.



Overall, Zhao et al. [104] discussed the fact that flocculation could effectively remove the unsaturated organic compounds in water and hypothesized that flocculation could be achieved by charge-neutralization and a bridge-formation mechanism. At a higher pH, flocculation is due to adsorption [104]. For example, at a controlled pH, El Bouaidi et al. [110] examined the coagulation–flocculation processes to eliminate Microcystis aeruginosa cells, using Vicia faba and Opuntia ficus indica while harnessing the power of the phenol and flavonoid groups contained in these plants. The authors indicated that the richness in these compounds increases the size of the flocs, and consequently allows for better suppression of Microcystis aeruginosa cells.



Microcystis cells have specialized gas vesicles responsible for the buoyancy of the mucilaginous bloom cells. The buoyancy of Microcystis colonies is thought to contribute to the formation of blooms and the success of this genus in freshwater [29]. Colonial life confers many ecological advantages to Microcystis, including adaptation to light variation, sustained growth with low nutrient supply, protection from chemical stressors, and protection from grazing [30]. However, Microcystis colony formation comes at the cost of a lower specific growth rate compared to a unicellular lifestyle [27]. A large colony size allows Microcystis to attain rapid floating velocities compared with small colonies, and the larger the colony, the faster the colony ascent speed [111,112].



Piezer et al. [113] argue that with high turbidity occurring because of algal contamination, KMnO4 can be used as an effective flocculant with a dose as low as (2 mg/L). Alternatively, Zhao et al. [104] and Xu et al. [114] showed that with a size flocculation trend of TiCl4 (800.9 µm) > FeCl3 (603.9 µm) > PFS (513.4 µm) > Al2(SO4)3 (404.8 µm) > PACl (331.9 µm), both organic matter and fluorescent substances were removed. Moreover, the TiCl4 could remove up to 85% of MCs.



Furthermore, many studies have investigated the involvement of extracellular polymeric substances (EPS) in colony formation by Microcystis species with charge neutralization. Indeed, Omori et al. [115] and Sakurai et al. [116] highlighted the fact that the colony formation process in M. aeruginosa was sped up by EPS and bi-cations such as Ca2+ and Mg2+,concluding therefore that cationic ions neutralize the surface charge of M. aeruginosa. In addition, they demonstrated EPS powder previously prepared from M. aeruginosa contained carboxyl groups, which are negatively charged, and observed that metallic ions could neutralize the negative charge. Many investigations that sought to remove organic matter and MCs from water by neutralization or complexation agreed that the reaction occurrence between carboxyl, carbonyl, and amino groups was due to a negative charge and positively charged ions [117,118,119,120,121,122,123].



Microcystin Immobilization onto Soil Particles


Geochemical properties condition the fate of newly introduced chemicals in soil. Infiltration–percolation technology has mainly been used for water sanitation. However, in most cases, the goal of this technique is to reduce dissolved natural organic matter pollutants in biological oxygen demand, chemical oxygen demand, suspended solids, and pathogenic microorganisms [124,125]. It has been shown that the possibility of MCs sorption onto soil particles highly depends upon soil characteristics [31,124]. Furthermore, for MC sorption onto soil constituents, researchers agreed on the fact that rich content in clay leads to high MC immobilization [31,126,127,128,129]. Moreover, Babica et al. [129] and Chen et al. [130] stated that the MC structure guides adsorption. For example, Tsuji et al. [131] and Wu et al. [101] reported that there wasa significantly higher adsorption of MC-RR than that of MC-LR on natural sediments and the clay mineral montmorillonite.



Nonetheless, De Maagd et al. [132] highlighted that MC-LR is negatively charged within a pH range of 2.19 and 12.48, which makes electrostatic interactions with clay-bearing negative charges limited [126,133]. In contrast, other studies have strengthened the existence of MCs’ clay sorption phenomena; therefore, they have proposed that the property should be exploited for water decontamination [90,134,135,136]. Considering that the mechanism involved in adsorption requires the positively charged guanidinium in the Arginine residues of Arginine-containing MCs to interact with the negatively charged mineral surfaces [101,121,131], MC-RR would be much more adsorbed by the clay-rich soil than the other MC variants [137]. Aspartic acid from MC adsorbs onto Ca-montmorillonite via hydrogen bonding, while NH3 interacts with the oxygen atom on the siloxane surface [138]. Moreover, other parameters such as pH, organic matter, sediment texture, and type may impact the adsorption of MC-LR [137,139].



Overall, Wu et al. [101], Thirumavalavan et al. [139], and Munusamy et al. [140] showed that silty and clay textures of the samples containing a significant amount of organic matter potentiated MCs’ adsorption. Moreover, the sorption of MCs onto the complex clay–organic matter may facilitate the anoxic and aerobic biodegradation of MCs [141].






3. Fate of Immobilized Microcystins: Biological Activity


While several studies have reported the risk of MCs contaminating groundwater by leaching from the soil [126,142,143], other researchers have demonstrated that MC-LR could be biologically degraded. Corbel et al. [126] observed the mineralization of 11% of the input labeled 14C after 28 days, as opposed to Cousins et al. [142], whose laboratory experiment results showed MC-LR rapid mineralization to non-detectable levels within only six days by indigenous mixed bacterial populations. However, Corbel et al. [126] reported the involvement of MCs in regulating some physiological processes, such as the dephosphorylation of regulatory proteins. Therefore, at specific doses [31], MCs disturb soil microbiota functioning and possibly lead to microbiota decline [144,145,146]. In a study conducted by Lemes et al. [147], the authors observed that many bacterial species that they had isolated from bloomed water and sediments could not grow in flasks containing solely [D-Leu1] microcystin-LR media, except one species: Pseudomonas aeruginosa.



Indeed, when cultured on a (D-Leu1) microcystin-LR-like media, the inoculum of P. aeruginosa developed from 71 × 105 bacteria mL−1 to 117 × 105 bacteria mL−1 in only 12 days and reduced the initial concentration of MC-LR by 40% during the first 15 days, and the remaining 60% of MC-LR in only 5 days from the 15th to the 20th day. Similarly, Chen et al. [148] showed that the microbial richness of the sediment confers a high microcystin degradation potential compared to the MC degradation that takes place in the water column. Moreover, they stated that the sediment recirculates the microbial degraders in the water through water mixing. Additionally, in another study, Terin and Sabogal-Paz [149] investigated the role of household slow sand filters operating in continuous and intermittent flows to remove M. aeruginosa and MC-LR. The authors found that the two systems could reach 2.39 log10 units and 2.01 log10 units of M. aeruginosa inactivation, respectively.



Furthermore, the two systems could reduce MC-LR from 5.55 μg L−1 to under 0.1 μg L−1. Moreover, the processes involved in these removals were linked to the retention of cyanobacteria in the filter medium and the biodegradation of MC-LR. Today, bacteria belonging to specific phyla, namely Proteobacteria (α-, β-, and γ-Proteobacteria), Actinobacteria, and Bacteroidetes, have been documented to degrade MCs: Sphingomonas, Sphingopoxyis, Rhodococous, Arthrobacter, Brevibacterium, Pseudomonas, Sphingobiu, and Methylobacillus [50,114,147,149,150,151,152,153,154,155,156]. Albeit, in most study cases, degrading bacteria required a particular time to acclimate to the MCs’ presence to mineralize them [154] fully. Bioaugmentation could be an option to shorten the latent phase and speed up the biodegradation [157,158,159].



Although some microorganisms mineralizing MC do so without the mlr genes, the enzymatic method of degradation described by Bourne et al. [154] remains the most documented. This pathway was first reported in Sphingomonas sp., where three enzymes operate sequentially to decompose MC-LR. The mlrA gene encoding microcystinase, by hydrolysis, cleaves the Arg-Adda peptide bond of the toxin and converts the cyclic microcystin-LR to a linear form [160,161], which then becomes 160 times less toxic. A second enzyme, encoded by mlrB, hydrolyzes the Ala-Leu bond, converting the linearized microcystin-LR into a tetra-peptide. Finally, an enzyme encoded by mlrC breaks the tetra-peptide into smaller peptides and amino acids that are not toxic [153,154].Therefore, microbial degradation may be an effective means of degrading microcystins, and implementing this through, for example, biotechnological tools, deserves further investigation.




4. Some Eco-Technologies for the Elimination of Cyanobacterial Pollution


Although the concept of eco-technology is emerging in the fight against cyanobacterial pollution, there is still work to be done. Some studies in the last half-decade have opened the door to the idea of using microorganisms’ biological activity to eliminate cyanobacteria and cyanotoxins (Table 2). These microbial activities are facilitated by choosing local, available and efficient materials that first allow the adsorption and trapping of cyanotoxins in the systems and then provide a suitable environment for the essential microorganisms to develop into biofilms to improve the purification process [51,152,160,162,163]. Interestingly, Westrick et al. [164] reported that the biofilm handled 95% dissolved microcystin degradation. In contrast, this degradation capacity was reduced to 65% in fall, which was attributed to the drop in temperature [164].



Eco-technological purification systems for the removal of cyanobacterial contaminants include constructed wetlands (CWs) using various types of plants [165,166,167], depending on whether these plants have purifying effects on the cyanotoxins in question or household slow sand filters [165,166,167]. For instance, a study with CWs [167] found MC-LR reductions from 5.55 g L−1 to less than 0.1 g L−1, as well as a 2.39 log10 unit reduction in Microcystis aeruginosa, while Bavithra et al. [165] showed 94–99% cyanobacteria and microcystins (MC-LR) removal from lake water in CWmicrocosms.



Moreover, in these eco-technologies, some propose the development of biofilm-based reactors by recycling reverse osmosis (RO) membranes used in desalination plants that have reached the end of their working life. The bioaugmentation of these reverse osmosis membranes by a single strain or a bacterial consortium seems to be an ideal solution [168,169], as the removal performances reported are very high (Table 2). In fact, for initial MCs with a concentration ranging from 0.836 to 400 mg/L, removal rates reached 90%. Nevertheless, there are some discussions as to whether this solution can be applied on a large scale given the basic material (RO membrane), as even ancient ones are not available everywhere.



Considering the preliminary results of cyanotoxin removal by the MSL system in the laboratory [60], this technology may be the most promising in this field.



The best eco-technology should be conceivable on a large scale, with the material widely available to offer the best treatment to all who need it. The multi-soil-layering (MSL) system could meet these requirements to treat cyanotoxin-contaminated waters.



The main reasons are that the system requires a small footprint and only simple maintenance, and can handle high hydraulic loads without frequent clogging [124,170,171]. It is easy to set up, operate, and run with little or no energy [169,170]. The MSL system has a continuous operational life of 20 years [161] by treating domestic wastewater without the need to replace or disassemble components to rebuild it. The system is adapted for use in remote places, mainly rural villages, to filter cyanobacteria- and cyanotoxin-contaminated water for reuse in sustainable agriculture. However, the mechanisms involved in removing cyanobacterial contamination in these systems are unknown. Therefore, further studies are needed to understand and improve the MSL system’s performance.




5. Multi-Soil-Layering (MSL) Technology


Unlike other water treatment systems that consider the use of only a single component for the elimination of MCs, MSL uses a combination of several components. For instance, bank filtration [90], pumice [160], activated carbon or metallic-modified activated carbon [95,96,97], mineral adsorption [135] or biological degradation [147,152,153,154,156,161]. The multi-soil-layering (MSL) approach is one of the eco-technologies that integrates multiple processes into a single system to achieve high performance. MSL technology can be implemented in vertical or horizontal infiltration–percolation mode, while promoting adsorption, filtration [60], and biodegradation as fundamental mechanisms operating in the filters during purification [125,172].



Implementing the MSL system requires considering two fundamental elements, which are permeable layers (PL) and soil mixture blocks (SMB) [125,170]. On the one hand, the PL can be made of material with small size and a uniform diameter of 1–5 mm, such as gravel, pumice, perlite, zeolite [170,171,172], or pozzolan [60]. The size of the material used plays a crucial role in the system’s longevity, as it allows a balanced distribution of the effluent, and thus prevents clogging while harboring the microbial biofilm that carries out the treatment. On the other hand, the SMB can be made of a mixture of local clay soil, coal, iron, and sawdust in variable mass proportions of 70:10:10:10, respectively, and arranged in brick-like layers [173,174]. Most pollutant removal occurs at this soil mixture level. Each drop of polluted water has to pass through an alternating series of at least five soil mixture layers (SMB) and five permeable layers (PL) before exiting the system free of pollution.



Initially, the MSL system was designed for the removal of organic pollution as BOD5, COD, the suppression of different nitrogen forms (N-NO3−, N-NO2−, N-NH4+, NTK, TN), the considerable reduction of suspended solids (SS), phosphorus forms (P-PO4−3 and PT), (Table 3), and pathogenic microorganism disinfection (Table 4).



In the MSL system, given the cell size of cyanobacteria such as Microcystis aeruginosa, filtration, adsorption, and scavenging can be considered the primary removal mechanisms. The disposal of microcystins in water is strongly influenced by the physicochemical composition of the material used to develop the MSL system. For example, studies have shown that clays such as montmorillonite, kaolinite, smectite, and illite interact electrostatically with MCs due to their chemical composition, allowing adsorption and trapping of these molecules on the surface of clay particles. Similarly, incorporating porous materials [165] such as zeolite, pumice, or pozzolan plays a crucial role in the simultaneous removal of cyanobacteria and cyanotoxins, especially when these materials have considerable porosity in the form of meso- and macropores [102,159].



These porous structures can also host bacterial and fungal communities capable of degrading the toxins and cyanobacteria trapped in the system. These bacteria and fungi can expand into biofilms made up of selected microorganisms equipped with the tools that allow them to feed on this cyanobacterial pollution [180]. Consequently, the customization of the MSL system concerning the materials to be used will be essential to optimize the process. Indeed, the optimization could even be performed by interlocking two or more treatment basins, either in vertical–vertical flow mode or in vertical–horizontal flow mode. Figure 2 shows a basic diagram of a horizontal flow MSL system with a single secondary treatment tank, based on a specific combination of material capable of performing the treatment to remove cyanobacterial toxicity. Studies have shown that due to their chemical constitution, clays such as montmorillonite [121,135,140,141], kaolinite, smectite, and illite [126,137] interact electrostatically with MCs, allowing the adsorption and trapping of these molecules on the surface of the clay particles.



In the laboratory, different components, such as charcoal [96], pumice [17,160], and clay soil [127,129,140] have been used individually to remove cyanotoxins from water and have shown promising results. The purification performance of soil increases when its clay concentration is higher than 20% and preferentially rich in montmorillonite, kaolinite, illite [137], and smectite [126]. Combined in a single treatment system, these constituents provide an ideal combination to create a system with high potential to remove cyanobacterial pollution from contaminated waters, and further research is needed.




6. Conclusions


Toxic cyanobacterial blooms are becoming a global hazard to our water resources. Toxins produced by cyanobacteria can be transmitted to humans through direct contact or contaminated materials such as plant-based foods or fish. Humans can be severely harmed by these toxins, with symptoms ranging from gastrointestinal distress, abdominal pain, nausea, vomiting, and diarrhea to liver damage, which maynecessitateliver transplantation or even leadto death. Effective treatment solutions that are adaptive to diverse settings in both urban and rural regions are needed to protect our fresh water and protect ourselves from the adverse consequences of this fast-expanding global phenomenon. Eco-technologies that can address the cyanobacterialproblem for a reasonable cost must be considered and applied. Biotechnological systems should be affordable and employed even in rural settlements to provide high-quality water while adhering to established safety standards. As a result, sand filtration, charcoal adsorption, metal ion adsorption, and microbial degradation are all excellent examples of cyanobacteria and cyanotoxins removal procedures. Various original concepts for treating cyanobacterial toxins are based on complex microbial communities growing in biofilms to degrade these pollutants.



Nevertheless, most of these techniques have been used individually. While they have proven effective to some extent, a combination of these techniques in a cost-effective, site-built, or mobile, low-maintenance, multi-soil-layering system might demonstrate great potential. Although preliminary results on the effectiveness of this system are auspicious, research on the removal of bloom-forming cyanobacteria (Microcystis aeruginosa) and their toxins (Microcystin-LR) with the MSL system has just begun. Overall, further studies are needed to promote this environmentally friendly technology in order to shed light on the mechanisms and processes involved.
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Figure 1. Structural representation of microcystin LR (C49H74N10O12), with different colors indicating the 7 constituent amino acids—ADDA, D-glutamic acid, Mdha, D-alanine, leucine, methyl aspartic acid, arginine - and an indication of the biological opening site of the microcystin circle structure. 
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Figure 2. Schematic proposal of a multi-soil-layering system model for the removal of cyanobacteria and cyanotoxins in realistic field conditions. 
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Table 1. Overview of the main cyanobacterial species responsible for toxic cyanobacterial blooms with a focus on hepatotoxin-producing species.
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	Species
	Produced Toxin
	Toxin Family
	Highest Amount of Toxin Quantified
	Range of LD50
	References





	Microcystis aeruginosa
	Microcystin
	Hepatotoxin
	11,500 μg MC-LR-eq g−1 DW
	50–1200 μgkg−1 mouse body weight
	[10,11]



	Microcystis botrys
	Microcystins
	Hepatotoxin
	90% of microcystins in analyzed colonies
	-
	[12]



	Microcystis flos-aquae
	Microcystins
	Hepatotoxin
	50% of microcystins in analyzed colonies
	-
	[12]



	Microcystis panniformis
	Microcystins
	Hepatotoxin
	53% of microcystins in analyzed colonies
	-
	[12]



	Microcystis wesenbergii
	Microcystins
	Hepatotoxin
	0% of microcystins in analyzed colonies
	-
	[12]



	Microcystis ichthyoblabe
	Microcystins
	Hepatotoxin
	20% of microcystins in analyzed colonies
	-
	[12]



	Microcystis viridis
	Microcystin
	Hepatotoxin
	17% of microcystins in analyzed colonies
	>1200 μgkg−1
	[12]



	Planktothrix rubescens
	Microcystin
	Hepatotoxin
	1500 μg MC g−1 DW
	
	[13]



	Planktothrix agardhii
	Microcystin
	Hepatotoxin
	4500 μg MC g−1 DW
	-
	[14]



	Woronichinia naegeliana
	Microcystin
	Hepatotoxin
	-
	-
	[14]



	Anabaena spiroides
	Microcystins
	Hepatotoxin
	-
	-
	[15]



	Nostoc muscorum
	Microcystin
	Hepatotoxin
	229.4 μg MC g−1 DW
	15–125 mgkg−1 mouse body weight
	[16]



	Dolichospermum flosaquae
	Microcystins
	Hepatotoxin
	-
	160–300 μgkg−1 mouse body weight
	[14,17]



	Nodularia spumigena
	Nodularin
	Hepatotoxin
	43.6 μg NOD/kg DW sea mullet livers
	-
	[18]



	Chrooccocus minutus
	Microcystins
	Hepatotoxin
	132 MC μg L−1
	-
	[19]



	Oscillatoria limnetica
	Microcystins
	Hepatotoxin
	877 μg MC-LR-eq μg g−1 DW
	-
	[20]



	
	
	
	
	-
	[20]



	Aphanizomenon ovalisporum
	cylindrospermopsin
	Hepatotoxin
	8700 µg CYN g−1 DW
	-
	[21]



	Cylindrospermopsis raciborskii
	cylindrospermopsin
	Hepatotoxin
	70.83 µg CYN g−1 DW
	
	[22]



	Microcystis sp.
	Anatoxin-a
	Neurotoxin
	0.12μg ANTX-a g−1 DW
	31 μgkg−1 mouse body weight
	[17,23]



	Aphanizomenon flos-aquae
	Anatoxin-a
	Neurotoxin
	24.62 μg ANTX-a g−1 DW
	-
	[23]



	Anabaena sp.
	Anatoxin-a
	Neurotoxin
	21.9 μg ANTX-a g−1 DW
	-
	[23]



	Cylindrospermopsis raciborskii
	saxitoxin
	Neurotoxin
	0.20 μgL−1 STXs
	10 μgkg−1 mouse body weight
	[17,24]



	Lyngbya sp.
	Debromoaplysiatoxin
	Dermatotoxins
	6.31 μg DAT g−1 DW
	-
	[25]
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Table 2. Example of eco-technologies for the removal of cyanobacteria or cyanotoxins with their accomplished removal performances.
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	Eco-Technology Name
	Processing Basis: System Strength
	Highest Initial MC Concentration Used (µg/L)
	Highest MC Removal Rate Obtained (%)
	Lowest MC Concentration Reached (µg/L)
	Presence of Cyanobacterial Cells (cells/ml) * or Chl a (µg/L) **
	Highest Cyanobacterial Cell Abatement (log10 unit) a or (% Chl a Removal) b
	References





	Microbial bioaugmented constructed wetlands
	Constructed wetlands material and biological activity
	16.07
	90
	na
	179.3
	90
	[157]



	A household slow sand filter (C-HSSF)
	HSSF material and biological activity
	5
	na
	<1
	1 × 105 *
	2.39 ± 0.34 a
	[149]



	A household slow sand filter (I-HSSF)
	HSSF material and biological activity
	5
	na
	<1
	1 × 105 *
	2.01 ± 0.43 a
	[149]



	Constructed Wetlands
	Constructed wetlands material and biological activity
	50
	99.9
	na
	1 × 106 *
	94
	[165]



	Multi-soil-layering system (MSL)
	MSL material and biological activity
	10
	99.35
	na
	na
	na
	[60]



	Repurposed Osmotic membrane
	Discarded Osmotic membrane and bioaugmented MC degrading bacterial strain
	836
	90
	<0.2
	na
	na
	[168]



	Constructed wetlands
	Constructed wetlands material and biological activity
	14.41
	80
	<0.5
	na
	na
	[167]







* (cells/ml), ** µg/L, a log10 unit, b Chl a removal, na: not applicable.
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Table 3. Achieved performance in terms of C, N, P, and suspended solids loading removal by MSL system.
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	Parameters
	Recorded Removal Efficiency (%)
	References Respectively to Recorded Efficiency %





	SS
	93; 98.21; 95; 71
	[172]; [175]; [173]; [176]



	BOD5
	85; 93.66; 92.34; 90
	[172]; [175]; [173]; [176]



	COD
	98.29; 70; 81; 98.53; 86.11; 81; 70
	[177]; [170]; [172]; [171]; [175]; [173]; [176]



	NH4+-N
	76.60; 99; 88; 100; 92.81; 89; 76
	[177]; [170]; [172]; [171]; [175]; [173]; [176]



	NTK
	82; 94
	[172]; [173]



	TN
	69.86; 82; 83; 64; 83.67; 92; 91
	[170]; [172]; [171]; [175]; [173]; [177]



	NO3−-N
	96.15; 96
	[177]; [172]; [173]



	PO43−-P
	82; 98; 89
	[172]; [173]; [177]



	TP
	100; 82; 84; 100; 86.20; 98.90
	[177]; [170]; [172]; [171]; [175]; [173]
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Table 4. Achieved performance in terms of pathogenic microorganism inactivation by MSL system.
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	Variables
	Inactivation Ratio in Log10 Units
	References





	Total coliforms
	1.28; 2.2; 4.46; 2.3; 2.36
	[178]; [179]; [125]; [174]; [173]



	Fecal coliforms
	1.21; 2.2; 4.47; 2.18; 2.38
	[178]; [179]; [125]; [173]



	Fecal Streptococci
	1.16; 2.3; 4.13; 3.15; 2.21
	[178]; [179]; [125]; [173]
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