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1. Introduction

The algal blooms produced by cyanobacterial species also called blue-green algae severely disrupt
the functioning of freshwater and marine surroundings. It also devastates terrestrial lives too because of
eutrophication and climatic alteration. Cyanobacteria are oxygenic photoautotrophic organisms that are
determined clearly on lakes, streams, ponds, and different aquatic bodies [1]. A suitable environment
allows them to swiftly multiply and inflict blooms formation. Factors that are responsible for their growth
are the intensity of light, total sunlight period, nutrient availability (in particular phosphorus and nitrogen
sources), pH, water column stability, and growth in precipitation events [2]. Cyanobacteria produce
special metabolites that help for their survival and maintain living conditions to overcome external
stresses. These are basically low molecular weight metabolites of different chemical groups such as
carbohydrates, polyketides, peptides, terpenes, alkaloids, and phenolics having specific bioactive
properties. Many of them are toxic in nature and can invade the normal physiological activities of animals
and human beings [3]. Cyanotoxins are basically secondary metabolites secreted by some specific groups
of blue-green algae, also considered gram-negative photosynthetic bacteria that are highly niche-specific
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in the aquatic and terrestrial environment and can be fatal to human beings [4]. Some speculation by
researchers is that elevated water temperature favors the growth of bloom-forming cyanobacterial strains,
such as Microcystis sp. [5]. Few species of Anabaena, Nostoc, Oscillatoria, Microcystis, Planktothrix, and
Synechococcus also produce toxic secondary metabolites called cyanotoxins. The blooms of blue-green
algae (BGA) are highly oxygen demanded which creates an anoxic situation, thus affecting the organisms
of the aquatic environment [6]. There are four classes of cyanotoxins i.e. microcystins,
cyclindrospermopsin, anatoxin-a, and saxitoxins. Nutrients that are frequently associated with cultural
eutrophication are nitrogen and phosphorous (N &P) in freshwater have been identified as key drivers of
toxin production. However, cyanobacteria in the selected hypereutrophic zone do not produce
cyanotoxins. Sulfur and iron have also been associated with the occurrence of toxins [7].

2. Types of Cyanotoxins
2.1 Microcystins (MCs)

The most investigated group of cyanobacterial toxins are microcystins due to their widespread
occurrence in freshwater, estuaries, and coastal environment all over the world. MCs are produced by
some species of cyanobacteria and the genera include (Microcystis, Anabaena, Nostoc, Limnothrix,
Phormidium, etc) [8]. MCs are divided into three sub classes and the highly reported variant is
microcystin-LR, which is regarded as the most toxic form of MCs as shown in Fig 1A [9]. The shape
of MCs is cyclic peptides that incorporate two varying amino acids and aromatic 3-amino-9-methoxy-
2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid (ADDA) which makes their molecular loads around
1,000 Da [10]. Microcystis aeruginosa is the first cyanobacterial species that has been reported to
produce microcystin-LR. Till now, there are more than 80 known variants of cyanobacterial species
reported that synthesize MCs during bloom formation. With several hypotheses proposed, including
their mode of nutrient metabolism, colony formation, iron acquisition, allelopathic interaction, and cell
death, their role in the environment is currently under discussion [9]. They are hepatotoxic and their
exertion involves the hindrance of 1 and 2A hepatocytes which eventually leads to liver damage. It
also acts as a potential tumor promoter [11].

2.2 Nodularins (NODs)

It is a cyclic pentapeptide, and its structure is quite similar to MCs. Fig 1B [12], is showing
composition and the structure of NODs. The structure of NODs consists of Larginine, N-
methyldehydrobutyrine, D-glutamic acid, and D-erythro-f-methylaspartic acid [12]. Among 10
analogs, NOD-R is the most commonly found cyanotoxin. It is considered a potent cyanotoxin that is
responsible for the death of animals and human beings, however, due to a lack of data, it is not
considered a carcinogen [13]. NODs were first isolated from cyanobacteria called Nodularia and were
widely found in coastal and freshwater [4].The newly identified NODs were isolated from
cyanobacteria Iningainema pulvinus (Scytonemataceae) in Australia. Because of their similar structure
to MCs, it is expected to have similar toxicity mechanisms so their identification methods also relay
the same [14].

2.3 Cylindrospermopsin (CYN)

Cylindrospermopsin (CYN) belongs to the alkaloid family. It is a tricyclic guanidine moiety
combined with hydroxymethyl uracil having a molecular weight of 415 Da as shown in Fig 2A. The
toxin CYN has two forms called: 7-epi-CYN and 7- deoxy-CYN [15]. It was first discovered in 1992
in blue-green algae called Raphidiopsis raciborskii. However, CYN was later confirmed to be produced
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by Nostocales and several other freshwater filamentous cyanobacteria belonging to the order
Osscillatorials, Aphanizomenon, Lyngbya, Rhadiopsis, Planktothrix, etc... [15].Under certain pH,
condition cylindrospermopsin acts as a zwitterion that makes it polar [16].The biological function of
CYN is a question of concern, with several studies. This suggests that other photoautotrophic
microalgae participate in the addition of inorganic phosphates. Since it is a relatively stable compound
under various environmental factors such as ultraviolet and visible light, flexible pH, and temperature,
CYN degradation can be inhibited under anaerobic conditions [17].
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Figure 1. (A) Microcystin-LR, YR and RR, (B) Nodularin.

2.4. Saxitoxin

It is also referred to as paralytic shellfish toxin (PST) and is neurotoxic in nature that commonly
associated with red tides due to marine dinoflagellates like (Gymnodinium sp., Pyrodinium sp.,
Alexandrium sp). Several genera of freshwater cyanobacteria like Anabaena, Lyngbya, and
Aphanizomenon form this toxin [17]. Saxitoxins are a group of unsulfonated, monosulfonated, or
disulfonated carbamate alkaloid neurotoxins and are commonly referred to as saxitoxins,
goniototoxins, and C-toxins, respectively. It consists of a 3, 4-perhydropurine tricyclic system with two
guanidine groups as shown in Fig 2B [18]. Being a neurotoxin, it acts as an open, reversible, voltage-
gated sodium channel blocker and prevents the flow of sodium ions through the membrane thus causing
the nervous shutdown. Because of their presence in bivalve shellfishes like oysters and scallops,
commercial and recreational shellfish harvesting has been banned in countries (Western Europe, East
Asia, Australia, the US, and South Africa) [19].

2.5 Anatoxin-a
It is a potent commonly occurring cyanotoxin that is neurotoxic in nature. With a 165 Da molecular

mass, it is considered to be the smallest cyanotoxin with the structure of bicyclic secondary amine as
shown in Fig 2C [20]. It is also referred to as Very Fast Death Factor (VFDF) secondary metabolites.
Several genera of cyanobacteria produce this toxin including Anabaena, Planktothrix, and
Aphanizomenon globally. Toxicity of anatoxin-a includes coordination loss, fasciculation of muscles,
convulsions, and can be fatal due to respiratory paralysis. Its mode of action is via the nicotinic
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acetylcholine receptor (nAchR), which mimics the binding of its natural ligand, acetylcholine. It poses
a great risk to animals and humans due to its high toxicity and potential presence in drinking water
[21]. It was tested in male mice using intraperitoneal injection, which leads to excessive salivation,
cyanosis, dyspnea, fatigue, etc before death, which is highly neurotoxic in nature [22].

(A) (B) (C)

NH

Cylindrospermopsin

Saxition Anatoxin-a

Figure 2. (A) Cylindrospermopsin, (B) Saxitoxin, (C) Anatoxin-a

3.Detection of cyanotoxins

A wide range of advanced methods is available for the detection and quantification of
cyanotoxins. The methods include molecular assay, bioassay, biochemical analysis, and chemical
analysis which target cyanotoxins in the water matrices and are carried out with multiple
Environmental Protection Agency (EPA) standards.

3.1 Molecular Assays

Over two decades, the advancement in molecular assays based on polymerase chain reaction
(PCR) has evolved hastily. Genes that are responsible for the production of cyanotoxin can be
detectable by cyanobacterial genome sequencing, which makes it feasible for PCR amplification of the
target gene [23]. The first approach is based on targeting a particular gene called the conventional PCR
method which helps for detecting potential cyanobacterial toxins from the bloom. The second approach
is qPCR which is based on quantitative analysis that targets a gene responsible for cyanotoxin
biosynthesis. The third approach is the duo combination method of PCR & DNA microarray which can
detect potentially toxic cyanobacterial species from the blooms and can detect the particular gene
responsible for the biosynthesis of cyanotoxins. However, because of various technical and biological
issues, detection of actual toxin concentration is inconsistent [24]. Using LC-MS/MS, the sample water
was analyzed for detection and quantitative cyanotoxins, i.e., anatoxin, cylindrospermopsin, nodularin,
and 12 microcystin variants. Cyanotoxins were detected from more than 50% of the water sample [25].

3.2 Bioassays using microbes, plants & animals

Detection of cyanobacterial toxins using biotic components such as microbes, plants, or animals
plays an important role within a limited time in environmental samples. Assessment based on some
bacterial species (deromonas hydrophila, Bacillus subtilis) found to be sensitive. The n-hexane extracts
of Cylindrospermum majus, and Limnothrix redekei and methanol extracts of Anabaena variabilis and
Pseudanabaena catenata inhibit the growth of Bacillus subtilis [25]. However further investigation is
necessary for implementing bacterial strain as host. Recent trends for evaluating cyanotoxins are based
on LD50 assays obtained from surviving infected animals such as Mice. However, due to ethical issues,
high cost, and low sensitivity, animal trials are replacing by other alternative methods. Immortalized
and primary cell lines extracted from animal tissues were used for cytotoxicity tests [26]. It has been
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found that MCs can inhibit growth and chlorophyll content in Solanum tuberosum cultures.
Appropriate information on toxic effects can be obtained by biological analysis, which is not possible
with the aid of physicochemical analysis. Although the duo-combination method can clearly indicate
the presence of a toxin, and its effects [27]. Using flesh and liver sample of fish (Cyprinus caprio),12
MCs variants were analyzed by LC-MS in an ex-situ environment. MCs were not detected; thus, it
shows the absence of MCs [25]. Dinophysis acuminate is a harmful algal bloom species that is
responsible for paralytic shellfish poisoning (PSP) and diarrhetic shellfish poisoning (DSP) in human
beings. However, an investigation of D.acuminate toxicity on larval oysters (Crassostrea virginica)
was found severely toxic [28].

3.3 Biochemical assay
It is based on the method that relies on the interaction between biological macromolecules and
cyanotoxins. Examples may include enzyme inhibition assays, immunoassays, and receptor bioassays.

3.3.1 Enzyme inhibition assay

Protein phosphatases Inhibitory Assay (PPIA) is one of the general enzyme inhibition assays used
for the detection of cyanotoxins. This is highly conserved in eukaryotes and actively involved in many
cellular activities [29]. By estimating the degree of inhibition of protein phosphatases it can detect
cyanotoxins as well as their toxicity level. Because of its strong sensitivity level, it does not get affected
by sample matrices. [30]. PPIA is widely used to analyze microcystins (MCs) concentration because it
is comparatively less expensive and even faster than other assays [31].

3.3.2 Immuno assay

Is a biochemical test that measures the concentration of an analyte. The best standard method for
cyanotoxin analysis is ELISA, fluorescence immunoassay (FIA), and immuno-chromatography assay
(ICA). ELISA has been used to detect MCs, NODs, CYNs, ATX, and STX in samples [32]. Performing
the analysis is very simple, does not require professionally qualified personnel, and is cost-effective.
However, ELISA is difficult to identify specific toxin variants and may not always be as accurate as
physicochemical test methods [33]. Fluorescent Immunoassays (FIA) is a biochemical technique used
for detecting the binding of analytes (drugs, hormones, proteins, and other compounds). It has higher
sensitivity detection and requires simplified reagents and a less difficult assay design. It is used for the
detection & quantification of cyanotoxins. Fluorescence Polarization Immunoassay (FPIA) is a
technique that is primarily based on FIA that specifically quantifies a target analyte. The fundamental
precept of FPIA is based on the distinction in fluorescence polarization of the labeled analyte-antibody
complex [34]. Immuno-chromatography Assay (ICA) additionally referred to as lateral waft test is a
separation method of pattern analyte based on migration on solid matrix through the capillary float.
Lateral go with the flow Enzyme Immunochromatography assay (LFICA) conjugated with molecular
imprinting method is used for speedy detection of MC-LR in water [35].

3.4. Chemical Assays

This is one of the most advanced and specific techniques that can evaluate the quantitative and
qualitative analysis of cyanobacterial toxins in environmental samples, based on different
physicochemical properties. Techniques such as HPLC, GC, NMR, etc can be used [36]. MALDI-TOF
is a highly sensitive, rapid, and selective technique that allows the detection of compounds based on a
molecular formula that can also distinguish the toxicity level of cyanobacterial toxins [37].
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4.Recent advancement for mitigation of cyanotoxins

There are several factors that influence the removal or inactivation of cyanotoxin. These toxins
exist intracellularly in the cytoplasm of cyanobacteria. However, it can be released by cell lysis or
excretion and becomes extracellular cyanotoxins. As already mentioned above the impact of
cyanotoxins on human health and other creatures. The strategy to treat or remove cyanotoxin is a matter
of concern, although all species of cyanobacteria do not produce cyanotoxins. Treatment of endotoxin
means that intact cyanobacterial cells must be removed, whereas treatment of extracellular toxin
requires special tactics to meet the requirements. [38].

4.1 Membrane filtration

The membrane filtration method is used for microbiological analysis of water using a special filter
‘millipore filter” of 0.45 um to trap the microorganisms for their isolation and enumeration in a test
water sample. There are several membrane filtration methods (reverse osmosis, ultrafiltration, and
nanofiltration) that separate the contaminants based on the size and physicochemical characteristics of
the membrane. About 80% of microcystins (MCs) removal can be possible through nanofiltration and
reverse osmosis [38]. Microcystins (LR, RR, YR, and LA) & anatoxin removal by a tricep membrane
with a cutoff of molecular mass of 200 Da i.e at least 96% removals of the cyanotoxins. Nanofiltration
can be a promising method for anatoxin-a removal by reducing the molecular weight by 150-700 Da
[39].

4.2 Biochar

Being an economic and carbon-rich adsorbent, biochar has been widely used for removing
different pollutants from wastewater and water. Biochar can be generated by pyrolysis of municipal
waste, agricultural waste, and animal manure under (300-1000°C) [40]. Its surface area, porosity, and
surface functional groups highly influenced the potential of biochar adsorption. Limited studies
focused on cyanotoxin adsorption. However, MC-LR has widely been studied for biochar adsorption
[41]. Biochar shows greater carbonation, and surface area due to m—m electron donor-acceptor
interaction as temperature level increases. The size of MC-LR also plays an important role in
adsorption via the pore filling effect and is highly pH-dependent. It exists as a singly dissociated anion
(MC-LR-) [42]. Its application is not very common, however, its excellent capacity for adsorbing water
pollutants such as heavy metals, nutrients, and pharmaceutical effluents makes it a good adsorbent.

4.3 Coconut Shell

It is a very effective method using coconut shell-based activated carbon for the removal of organic
matter, dyes, and metals [43]. It has a size of (0.8-2 nm). Because of the pore size, it affects the SA
(surface area) for the process of adsorption [44]. 280 g of MC-LR per mg carbon in Milli-Q water
samples were seen to be adsorbed by wood-based powdered activated carbon (PAC). The next was
coal-based PACs with adsorptions of 116, 75, and 70 g of MC-LR per mg of carbon followed by
coconut shell-based PACs at 40 and 20 g of MC-LR per mg of carbon. Similar results were observed
in a study where micropores were dominant for coconut shell-based ACs, thereby reducing the
adsorption capacity of MC-LR [45]. Therefore, the carbon pore size, mostly mesopores, dominants
MC-LR adsorption rather than micropores, and the raw material of the adsorbent determine the
percentage of the availability of the mesopores.
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4.4 Lignin

It is a complex organic polymer made up of phenylpropanoid units. It bounds covalently with
polysaccharides within the cell wall of plants that act as a key structural material in the supportive
tissues of plants. ACs based on lignin can be prepared from lignocellulosic materials such as wood,
agricultural wastes, grasses, etc [46]. For the study of MC-LR adsorption different sources of
lignocellulosic materials have been used (coconut shell endocarp, sugarcane bagasse, pinewood
residues, macadamia nutshells, unripe coconut mesocarp) as AC fibers by carbonation, followed by
steam activation at 900°C. The study report shows that pinewood and sugarcane bagasse-based ACFs
produced larger mesopore volumes, 1.06 and 0.39 cm3/g, respectively. The following order unripe
coconut mesocarp > pinewood > macadamia nutshell > coconut shell endocarp > sugarcane bagasse
shows secondary micropore volumes. At 99.27, 98.73, and 62.31%, respectively, within 40 min
equilibrium time it removed MC-LR from pinewood, sugarcane, and coconut shell-based ACFs [47].

Conclusions

The emerging threat of toxic cyanobacteria to the aquatic environment and public water supplies
is increasing globally. Protection of source water is alone insufficient for protecting the aquatic
environment. With changing climate and an excessive load of nutrients, triggers the formation of algal
blooms. Cyanobacterial toxins are multifaceted and it is an urgent need to control their toxicity. Based
on their chemical structure, cyanotoxins are classified into cyclic peptides, alkaloids, lipopeptides,
lipoglycan, and nonprotein amino acids. Commonly found are microcystins, anatoxins-a, and
saxitoxins in the world. Several advanced detection methods are available such as molecular assay,
biochemical assay, bioassay, and chemical assay. However, there is no single and specific method for
the detection of all types of cyanobacterial toxins. Depending on the path of their exposure, these
pollutants may lead to liver failure, seizures, respiratory arrest, an increase of tumors resulting in
cancer, etc which can be fatal to human beings. Some cases of death are also reported from dogs, birds,
and livestock. This is very important for the treatment and removal of cyanotoxins from water.
Adsorption was found to be the widely used purification strategy, that depends on the hydrophobic and
electrostatic interactions between adsorbent surface and cyanotoxins. The factors (surface area,
porosity, surface chemistry, pH, water quality, and type of toxin) also determine the fate of adsorption.
The micropores and mesopores of activated carbon can promote greater adsorption of cyanotoxins than
macropores. This review article may help the society to understand the public health entanglements
due to harmful cyanobacteria and its toxins, its identification, and multiple approaches for removing
cyanotoxins from water in a sustainable manner.
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