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Abstract: The widespread distribution of cyanobacteria in the aquatic environment is increasing
the risk of water pollution caused by cyanotoxins, which poses a serious threat to human health.
However, the structural characterization, distribution and identification techniques of cyanotoxins
have not been comprehensively reviewed in previous studies. This paper aims to elaborate the
existing information systematically on the diversity of cyanotoxins to identify valuable research
avenues. According to the chemical structure, cyanotoxins are mainly classified into cyclic peptides,
alkaloids, lipopeptides, nonprotein amino acids and lipoglycans. In terms of global distribution,
the amount of cyanotoxins are unbalanced in different areas. The diversity of cyanotoxins is more
obviously found in many developed countries than that in undeveloped countries. Moreover, the
threat of cyanotoxins has promoted the development of identification and detection technology. Many
emerging methods have been developed to detect cyanotoxins in the environment. This communication
provides a comprehensive review of the diversity of cyanotoxins, and the detection and identification
technology was discussed. This detailed information will be a valuable resource for identifying
the various types of cyanotoxins which threaten the environment of different areas. The ability to
accurately identify specific cyanotoxins is an obvious and essential aspect of cyanobacterial research.

Keywords: cyanobacterial toxins; diversity; structural characterization; distribution; identification

Key Contribution: The existing information on the diversity of cyanotoxins was reviewed and the
routine and advanced detection methods of cyanotoxins were also discussed.

1. Introduction

Cyanobacteria, which have existed for about 3.5 billion years, are believed to be the oldest creatures
on Earth. Even though over 2600 cyanobacterial species have been described so far, it is believed that
there are still many unknown species [1]. Cyanotoxins are toxic secondary metabolites produced by
cyanobacteria, and pose a major threat to the ecological environment and human health. Cyanotoxins
are diverse in functional properties and chemical structures. Based on functional properties, cyanotoxins
can be mainly classified into hepatotoxins, neurotoxins, dermatotoxins and cytotoxins [2]. According
to the chemical structure, cyanotoxins are mainly divided into cyclic peptides, alkaloids, lipopeptides,
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non-protein amino acids and lipoglycans. Different chemical structures of cyanotoxins contribute to
the diversity of their functional properties. A number of lipopeptide cyanotoxins have been found
to have peculiar biological activities [3,4], such as anticancer, antifungal and molluscicidal activities.
However, there are still many cyanotoxins that are believed to have special activities that have not yet
been identified.

Cyanobacterial toxins are widely distributed in fresh and saltwater, and they have been reported
hundreds of times in various countries and regions of the world, even in the Arctic and arid
desert areas [5,6]. The extensiveness of the distribution of cyanotoxins is self-evident, however,
the characteristics of the distribution and the severity of cyanobacterial toxins vary in different areas.
For example, in the Baltic region, cyanobacterial blooms covering an area of 100,000 square kilometers
can be formed in the summer [7], and various cyanotoxins produced by this cyanobacteria are seriously
threatening the surrounding countries.

The harm of cyanotoxins is obvious, and it has been regarded as a new public health concern by
the World Health Organization (WHO) [5]. Common methods such as bioassays, biochemical analysis,
chemical assays and molecular assays have been used to detect cyanotoxins. However, because of the
diversity of cyanotoxin species and chemical structure, the current routine methods cannot be used to
detect all the types and variants of cyanotoxins. Therefore, the development of valuable techniques
and methods of detecting cyanotoxins are prerequisite for the accurate identification of cyanobacterial
toxins in the environment.

For these reasons, data on the structural characterization and regional distribution of cyanotoxins
over the past twenty years were collected for this paper to provide a review of the cyanotoxin diversity
in the world. We also summarize and discuss the protocols and advanced detection methods for
cyanotoxins reported in recent years.

2. Structural Characterization

2.1. Cyclic Peptides

A cyclic peptide is a cyclic polypeptide chain formed by a covalent linkage between the amino
termini and the carboxyl termini, the amino termini and the side chain, the carboxyl termini and the
side chain, or the side chain with another side chain. Microcystins (MCs) and nodularins (NODs) are
two classical cyclic peptide cyanobacterial toxins (Figure 1).
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2.1.1. Microcystins

MCs are hepatotoxic cyclic heptapeptides. The general structure of a MC is cyclo
(-D-Ala-L-X-D-erythro-β-methylAsp-L-Y-Adda-D-Glu-N-methyldehydro-Ala), in which Adda is the
unusual C20 amino acid (3-amino-9-methoxy-2,6,8-trimethyl-10-phenyl-4,6-dienoic acid) [8]. Nuclear
magnetic resonance (NMR) was used for the structure determination of MCs in the 1990s [9]. In recent
years, more sensitive mass spectrometry (MS) techniques have enabled the detection of MCs in trace
amounts in cyanobacterial samples. To date, 246 MC congeners have been found [10]. The most
common congeners are MC-LR, MC-YR and MC-RR, resulting from the presence of the L-forms of
leucine (L), tyrosine (Y) or arginine (R) in positions 2 and 4 (Figure 1A). The structure diversity of
MCs results in significant differences in toxicity, and the toxicity of MCs has been demonstrated in
79 countries [11]. As one of the most frequent and toxic variant, MC-LR had been classified as a possible
human carcinogen (group 2B) by the International Agency for Research on Cancer (IARC) in 2010 [12],
and the WHO has established a provisional guideline of 1 µg/L MCs for human drinking water.

Investigations have found that the distribution of MCs in freshwater habitats is a matter of concern,
and MCs are typically produced by several cyanobacterial genera including Anabaena, Dolichospermum,
Geitlerinema, Leptolyngbya, Microcystis, Nostoc, Phormidium and Planktothrix [13]. In addition, MCs have
also been found in many marine cyanobacteria [14] such as Spirulina, Synechococcus and Trichodesmium
(Table 1).

Biochemical methods, including enzyme-linked immunosorbent assays (ELISA) and phosphatase
inhibition assay (PPIA), are well suited for the quick screening of MCs in water samples [15].
However, physicochemical methods are more sensitive and accurate than biochemical analysis and
can provide quantitative analysis. For example, ultraviolet (UV) absorbance detection method
can detect sub-nanogram amounts of toxin, and major congeners of MCs are easily identified and
quantified by reversed-phase high-performance liquid chromatography (HPLC) [16]. In recent years,
ultra-HPLC (UHPLC) tandem MS becomes the preferred technique for quantitative analysis and
detection of cyanotoxins in water bodies, cyanobacteria and shellfish, due to its high efficiency and
high-sensitivity [17].

2.1.2. Nodularins

NODs are hepatotoxic cyclic pentapeptides. The structure of NODs are similar to MCs, consisting
of D-glutamic acid, N-methyldehydrobutyrine, D-erythro-β-methylaspartic acid and L-arginine
(Figure 1B) [11]. Since the first description of an NOD in 1988, ten congeners have been characterized [10],
and NOD-R is the most often found. NODs are considered to be liver tumor initiators and promoters [18].
According to the IARC evaluation, NODs are not classifiable to their carcinogenicity to humans,
because of the lack of exposure data [12]. However, NODs are potent cyanotoxins that have been
shown to be associated with death in animals and humans, and appear to be more toxic than MCs.

NODs are widely distributed throughout the temperate and subtropical regions, and are mainly
found in the coastal sea water and freshwater. In the past, NODs produced by cyanobacteria had only
been found in Nodularia [11], but the latest reports found that NODs were also isolated from the newly
identified cyanobacteria Iningainema (Scytonemataceae) in Australia [19] (Table 1).

NODs and MCs are similar in structure, so it is expected that NODs have similar molecular
mechanisms of toxicity to MCs [8]. Therefore, the common methods for identifying and detecting MCs
are equally applicable to NODs.
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Table 1. Category, common name, primary toxicity, analogues and producing genera of cyanotoxins.

Category Common Name Primary Toxicity Analogues Producing Genera Reference

Cyclic peptides Microcystins Hepatotoxicity 246

Anabaena, Aphanizomenon, Dolichospermum, Fischerella,
Geitlerinema, Hapalosiphon, Leptolyngbya, Limnothrix,

Merismopedia, Microcystis, Nostoc, Oscillatoria, Phormidium,
Planktothrix, Pseudanabaena, Radiocystis, Pseudoanabaena,

Spirulina, Synechococcus, Trichodesmium, Woronichinia

[6,11,13,14,20–22]

Nodularins Hepatotoxicity 10 Iningainema, Nodularia [10,11,19]

Alkaloids

Cylindrospermopsins Hepatotoxicity 5
Anabaena, Aphanizomenon, Chrysosporum, Cylindrospermopsis,

Dolichospermum, Lyngbya, Oscillatoria, Raphidiopsis,
Sphaerospermopsis

[13,23–25]

Saxitoxins Neurotoxicity 57

AnabaenaAphanizomenon, Cuspidothrix,
Cylindrospermopsis,Dolichospermum, Fischerella, Geitlerinema,
Lyngbya, Phormidium, Planktothrix, Raphidiopsis, Scytonema,

Tolypothrix

[11,13,21,26–28]

Anatoxin-a Neurotoxicity 4

Anabaena, Aphanizomenon, Arthrospira, Cuspidothrix,
Cylindrospermum, Dolichospermum, Microcoleus, Microcystis,

Oscillatoria, Phormidium, Planktothrix, Pseudanabaena,
Raphidiopsis, Tychonema

[13,29,30]

Anatoxin-a(s) Neurotoxicity - Anabaena [22,23]
Lyngbyatoxins Dermatoxicity 7 Oscillatoria, Schizothrix, Lyngbya majuscula [31–35]
Aplysiatoxins Dermatoxicity 5 Lyngbya majuscula [34,36]

Lipopeptides

Antillatoxins Neurotoxicity 2

Lyngbya majuscula

[37,38]
Jamaicamides Neurotoxicity 6 [39,40]

Kalkitoxins Neurotoxicity 7 [41,42]
Barbamides Molluscicidal 2 [43]

Majusculamides Cytotoxicity 4 [31,34,44,45]
Hectochlorins Cytotoxicity 5 [46,47]

Curacins Cytotoxicity 5 [48–51]

Nonprotein
amino acid β-N-methylamino-l-alanine Neurotoxicity 4

Anabaena, Calothrix, Cyanodictyon, Leptolyngbya, Limnothrix,
Microcoleus, Microscystis, Myxosarcina, Nodularia, Nostoc,

Oscillatoria, Phormidium, Planktothrix Pseudanabaena,
Scytonema, Synechococcus, Trichodesmium

[52–56]

Lipoglycans Lipopolysaccharides Endotoxicity - All genera of cyanobacteria [57]
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2.2. Alkaloids

Alkaloids are basic organic compounds containing nitrogen. They vary in type and structure,
so the properties of different alkaloids can greatly vary. Most alkaloids have a complex cyclic structure.
Six alkaloid cyanotoxins are introduced here, including cylindrospermopsins (CYNs), saxitoxins (STXs),
anatoxin-a (ATX-a), anatoxin-a(s) (ATX-a(s)), lyngbyatoxins and aplysiatoxins.

2.2.1. Cylindrospermopsins

A CYN is an alkaloid hepatotoxin that is formed from a tricyclic guanidine moiety combined
with hydroxymethyluracil (Figure 2A) [58]. The chemical structure of a CYN was first identified
in 1992 [59]. Currently, there are five known CYN analogs, namely CYN, 7-Deoxydesulfo-CYN,
7-deoxydesulfo-12-acetyl-CYN, 7-epi-CYN, 7-deoxy-CYN [25]. CYNs primarily target the liver, but it is
also a cytotoxin. Recent studies have found that CYNs also cause nervous system damage, and they
are more toxic than MCs in terms of neurotoxicity [58,60].
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CYNs were first reported in 1979 after a hepato-enteritis outbreak which was caused by
a Cylindrospermopsis bloom in Palm Island (Queensland, Australia) [61]. CYNs are mainly found in
fresh water and seawater in tropical, subtropical, and temperate climate zones. CYNs are produced by
various cyanobacteria, including Aphanizomenon, Chrysosporum, Cylindrospermopsis, Oscillatoria and
Raphidiopsis [23] (Table 1).
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Reverse phase-HPLC coupled with photodiode array detection was the first screening method
used for CYNs [62]. Unlike many other cyanotoxins, CYNs are often present in the form of extracellular
dissolution [25]. There is little research on the detection of CYNs in drinking water and recreational
water, and clearly, an effective method is crucial. Presently, the methods most widely used for the
detection and identification of CYNs include bioassays, ELISA, liquid chromatography (LC), capillary
electrophoresis (CE) and molecular methods [25,63]. CYNs from multiple types of samples can be
quantified by ELISA with high sensitivity. However, it is nonselective for CYNs analogues and
cross-reactivity may occur. LC-MS has been proven to be an ideal method for discovering trace CYNs
in water samples because of its sensitivity and specificity, and it has been established as the standard
method for CYNs detection [64].

2.2.2. Saxitoxins

STX, a neurotoxic alkaloid, is the most representative paralytic shellfish poison. The structure of
STX, which was finally confirmed in 1971, is composed of a 3,4-perhydropurine tricyclic system with
two guanidinium groups (Figure 2B) [65]. Currently, 57 STXs have been described [28]. STX is one of
the most lethal toxins, and it has been used in chemical weapons [66]. STXs cause an annually estimated
2000 cases of paralytic shellfish poisoning globally, with a mortality rate of 15% [67]. In reference to
previous poisonings, an estimated dose of 0.5–1 mg of STX is considered toxic for humans. The Food
and Drug Administration recommends that the concentration of STXs in shellfish food should not
exceed 80 µg/100 g [21].

STXs are produced by cyanobacterial and accumulate in shellfish, which can then be ingested by
humans. Anabaena, Aphanizomenon, Cuspidothrix, Cylindrospermopsis, Dolichospermum, Fischerella and
Geitlerinema are some of the potentially STX-producing genera (Table 1).

Common physicochemical methods, toxicology-based biological methods, and biochemical
methods are suitable for the detection and quantification of STXs [68]. The previous “gold standard”
for STX measurement was the mouse bioassay, which has been refined and standardized by the
Association of Official Analytical Chemists to provide quick and adequately accurate measurements.
Nowadays, cytotoxicity tests have become an alternative to the mouse bioassay as a routine monitoring
method to detect STXs [69]. Immunoassays based on the interactions of an antibody and its target is also
commonly used for the detection of STXs. Owing to cross-reactivity within the different derivatives,
it is recommended that ELISAs be used as screening tools rather than quantitative assays [68]. In the
last decade, LC-MS has been successfully adapted for the analysis of STXs, and hydrophilic interaction
liquid chromatography (HILIC) is often used for separation and selective reaction monitoring [70].
If only sensitivity and selectivity are considered, HPLC-fluorescence (HPLC-FL) and HPLC-MS are
still the best methods [71].

2.2.3. Anatoxin-a

Anatoxins (ATXs) are neurotoxins isolated from cyanobacteria Anabaena. ATX-a and ATX-a(s)
are the two most important ATXs. ATX-a is a neurotoxic bicyclic alkaloid, containing 2-acetyl-9-aza-
bicycle(4.2.1)non-2-ene (Figure 2C) [72]. ATX-a was the first cyanotoxin to be structurally resolved
by X-ray crystallography and confirmed by 1H-NMR [72]. The four congeners of this compound are
ATX-a, homoATX-a, dihydroATX-a and dihydrohomoATX-a [30]. HomoATX-a is a potent analogue of
ATX-a. First synthesized in 1992, the structure has a propionyl group in place of the acetyl group [73].
ATX-a and homoATX-a are nicotinic agonists and have been shown to bind to nicotinic acetylcholine
receptors [52]. In sufficiently high concentrations, ATXs can paralyze the nervous system and cause
death. However, these neurotoxins are unstable and have a short half-life [74]. They can be rapidly
degraded into nontoxic products, especially in light and high pH conditions.

ATX-a was first isolated from the freshwater cyanobacteria Anabaena flos-aquae in the 1970s. To date,
ATX-a has been reported to exist in many cyanobacterial genera, such as Anabaena, Aphanizomenon,
Arthrospira, Cuspidothrix, Cylindrospermum, Dolichospermum, Oscillatoria and Phormidium (Table 1).
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Apart from bioassays, most reported methods for detecting ATX-a are based on chemical assays.
HPLC coupled with UV or fluorescence detection, gas chromatography/Mass Spectroscop (GC/MS),
and HPLC-MS are becoming the most common techniques [75]. Among them, LC-MS/MS offers
perhaps the best analytical approach to determining ATX-a, homoATX-a, their degradation products
and analogues [74]. Furthermore, qPCR allows the quantification of ATX-a gene (anaC) copy numbers
in environmental samples. Recently, a new tested PCR-based method to detect ATX-a in aquatic
ecosystems was developed, improving the detection level of anaC in environmental samples [76].

2.2.4. Anatoxin-a(s)

ATX-a(s) is a unique guanidinium methyl phosphate ester that is also a neurotoxic alkaloid [77].
The structure of ATX-a(s) was determined by NMR and MS in 1989 [78], and its structure was
determined to be (5S)-2-amino-1-((hydroxylmethoxyphosphinyl) oxy)-N,N-dimethyl-4,5-dihydro-
1H-imidazole-5-methanamine) (Figure 2D) [22]. To date, no analogues of ATX-a(s) have been found.
ATX-a(s) is also a natural organic phosphorus compound [79]. It is similar to organophosphorus and
carbamate insecticides, and it may act as a potent irreversible acetylcholinesterase inhibitor to cause
toxicity. ATX-a(s) is produced only by Anabaena and is not found as frequently as other cyanobacterial
toxins [22] (Table 1).

Few studies have been done on the analysis of ATX-a(s). Bioassays have been used to detect
ATX-a(s) in the environment, but such assays are limited by several issues, such as the sensitivity and
specificity of detection [80]. Because of the lack of chromophores on this organophosphorus molecule,
HPLC-UV is not suitable for its detection [81]. The AChE inhibition assay is useful for detecting
ATX-a(s), but other organophosphorus compounds may inhibit the activity of this enzyme, so this
method is not always dependable [82]. Due to these limitations, it is more effective to combine multiple
methods than to reply on a single approach. To ensure reliability, the ATX-a(s) in the samples should
be reconfirmed by LC-MS/MS.

2.2.5. Lyngbyatoxins

Lyngbyatoxins are dermatoxic alkaloids. Chemical and spectral data show that the lyngbyatoxin
molecule is comprised of an indolactam ring, with an attached linalyl side group at C-7
(Figure 2E) [83]. So far, seven natural lyngbyatoxin analogues have been identified, namely
lyngbyatoxin A-C, 12-epi-lyngbyatoxin A, 2-oxo-3(R)-hydroxy-lyngbyatoxin A, 2-oxo-3(R)-hydroxy-
13-N-desmethyllyngbyatoxin A and 2,3-seco-2,3-dioxolyngbyatoxin A [32,34,35]. Lyngbyatoxins are
highly inflammatory and vesicatory substances derived from marine cyanobacteria [84]. In another
study, lyngbyatoxins were reported as a causative agent of human skin irritation and marine turtle
poisoning [83,85]. Lyngbyatoxins are also considered to be an effective tumor promoter that induces
protein kinase C (PKC) activity [86].

Lyngbyatoxins were first isolated from the lipid extract of a Hawaiian shallow-water variety of
Lyngbya majuscula in 1979 [83]. Lyngbyatoxins have thus far been detected in the blooms of Lyngbya,
Oscillatoria and Schizothrix [32,33]. A recent study found that it was also present in the Campania coast
of southern Italy [87] (Table 1).

Chemical analysis methods are often used to detect lyngbyatoxins in environmental samples,
such as the liquid chromatogram-high resolution mass spectrum (LC-HRMS/MS) combined with
bioinformatics analysis on molecular network [87]. Also, bioanalysis is an important method for the
toxicity evaluation of lyngbyatoxins.

2.2.6. Aplysiatoxins

Aplysiatoxins are considered to be dermatoxic alkaloids [77]. The molecular architecture of
aplysiatoxins are bislactones of 3,4-dihydroxyvaleric acid and 4,6,6,10,12-pentamethyl-3,7,9,11,15-
tetraoxy-15-phenylpentadecanoic acid (Figure 2F) [88]. Five analogues of this compound have been
identified by NMR and MS, namely aplysiatoxin, debromo-aplysiatoxin, anhydro-aplysiatoxin,
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3-methoxydebromo-aplysiatoxin, oscillatoxin A and 31-noroscillatoxin B [36]. Similar to lyngbyatoxins,
aplysiatoxins induce contact dermatitis through the activation of PKC [23]. Aplysiatoxin and
debromo-aplysiatoxin were also recently found to be potent tumor promoters in two-stage
carcinogenesis in mouse skin [89]. Another study has showed that aplysiatoxin and its debrominated
analogue induced expression of latent HIV-1 provirus in both cell line and primary cell models [90].
Aplysiatoxins are produced by the marine cyanobacteria Lyngbya majuscula in estuarine and coastal
waters under tropical and subtropical climates [34] (Table 1).

Chemical analysis and bioanalysis are suitable for detecting aplysiatoxins in the environment and
evaluating its toxic effects, respectively. It has been shown that LC-MS/MS-based molecular networking
approach is a rapid analytical technique, which can be used to detect aplysiatoxins from environmental
samples [36].

2.3. Lipopeptides

Lipopeptides are a class of compounds consisting of aliphatic chains and peptide chains, which have
a wide range of biological activities. Most lipopeptides are derived from metabolites of microorganisms
(including cyanobacteria).

Seven lipopeptide cyanotoxins from marine cyanobacteria are described as antillatoxins,
jamaicamides, kalkitoxins, barbamides, majusculamides, hectochlorin and curacins, respectively
(Figure 3).
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2.3.1. Antillatoxins

Antillatoxin A is a neurotoxic lipopeptide that was isolated from the tropical marine cyanobacteria
Lyngbya majuscula in Curaçao [38]. Antillatoxin B is a N-methylhomophenylalanine analogue also
produced by Lyngbya majuscula that has been found in Puerto Rico and Florida [37]. The original planar
structure of antillatoxins was determined by standard spectroscopic techniques. Antillatoxins are
composed of a tripeptide that forms both ester and amide linkages with a highly methylated lipid
section (Figure 3A), and their structural characteristics is a 9-tert-butyl-6,8- dimethyl-6,8-diene unit
attached to the C5 of the cyclic peptide backbone [38,91]. Antillatoxins exhibit significant sodium
channel activating and neurotoxicity that activates voltage-gated sodium channels leading to sodium
influx in cerebellar granule neurons and cerebrocortical neurons [37,92]. Antillatoxins also have potent
cytotoxicity toward Neuro 2a mouse neuroblastoma cells [93].

2.3.2. Jamaicamides

Jamaicamides, a kind of neurotoxic lipopeptide, contain an alkynyl bromide, vinyl chloride,
β-methoxy eneone system and pyrrolinone ring (Figure 3B). In 2004, three jamaicamides were isolated
from the marine cyanobacteria Lyngbya majuscula, and were named as jamaicamide A-C [40]. The only
difference in their structures was at the terminal of their polyketide aliphatic chains [94]. In 2015,
three new analogues (Jamaicamide D-F) were discovered in the crude extract of Lyngbya majuscula by
LC-MS and molecular networking analysis [39]. These jamaicamides have unusual biological activities,
including sodium channel blocking, and arthropod and fish toxicity [23,40]. As a sodium channel
blocker in neocortical neurons, jamaicamide A is approximately two to three times more potent than
jamaicamide B and F [39].

2.3.3. Kalkitoxins

The neurotoxic lipopeptide kalkitoxin was first isolated from the marine cyanobacteria Lyngbya
majuscula in the Caribbean Sea [42]. Natural kalkitoxins possess a 2,4-disubstituted thiazoline,
a lipophilic chain and an unsaturated CH2=CH2 unit (Figure 3C) [95]. Based on the evidence by
1D and 2D NMR spectra, six kalkitoxin isomers (3-epi-kalkitoxin, 7-epi-kalkitoxin, 8-epi-kalkitoxin,
10-epi-kalkitoxin, 10-nor-kalkitoxin and 16-nor-kalkitoxin) have been synthesized [41]. Kalkitoxins are
strongly ichthyotoxic, and toxic to brine shrimp. They inhibit cell division, suppress inflammation and
potently block voltage-sensitive sodium channels in murine neuro-2a cells [42]. In humans, Kalkitoxins
have a neurotoxicity that acts on sodium channels and mitochondria [96].

2.3.4. Barbamides

Barbamide is a recently discovered lipopeptide with molluscicidal activity and it is isolated
from the marine cyanobacteria Lyngbya majuscula [97]. The structure of barbamide was determined
by spectroscopic methods, and the several unique structural features include a trichloromethyl
group and the methyl enol ether of a β-keto amide (Figure 3D) [98]. Heterologous expression of the
barbamide biosynthetic gene cluster resulted in the production of a new barbamide analogue named
as 4-O-demethylbarbamide [43]. This new compound is several-fold more potent than barbamide
as a molluscicide. If it lacks other toxicities, it may be a superb candidate for treating snail-infested
waterways which pose health risks for human populations [43].

2.3.5. Majusculamides

There are four Majusculamides (majusculamides A-D) that have been found. Majusculamides
A and B are cytotoxic lipopeptides isolated from the marine cyanobacteria Lyngbya majuscula,
with antilarval settlement activities [31,34]. Their structures were elucidated using high-resolution
fast atom bombardment mass spectrometry (HR-FAB-MS), and 1D and 2D NMR analyses [34].
Majusculamide A was identified as N-((2R)-2-methyl-3-oxodecanoyl)-D-N,O-dimethyltyrosyl-L-
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N-methylvalinamide [45]. Majusculamide B is an epimer of majusculamide A (Figure 3E).
Majusculamide C was previously found in cyanobacteria from the Marshall Islands and was reported
to have antifungal activity [45]. Majusculamide D was also originally isolated from Lyngbya majuscula.
The absolute configuration of the 1,3-dimethyloctanamide motif was determined by the synthesis of
this fragment via zirconium-catalyzed asymmetric carboalumination chemistry [44]. Majusculamides
possess potent cancer cell toxicity, exhibiting selective cytotoxicity toward both pancreatic (PANC-1)
and glioblastoma (U251N) cancer cell lines [44].

2.3.6. Hectochlorins

Hectochlorin is a cytotoxic lipopeptide isolated from marine cyanobacteria Lyngbya majuscula
in Jamaica and Panama [99]. The planar structure of this compound was determined by 1D and
2D spectroscopy, and X-ray crystallography was used to determine the absolute stereochemistry.
Hectochlorin resembles lyngbyatoxin in structure (Figure 3F) [47]. In 2015, three hectochlorin analogs
were identified from mass spectroscoscopy based-molecular networking, respectively (Hectochlorin
B-D) [39]. Hectochlorin has the ability to promote actin polymerization and shows cytotoxicity and
potent inhibitory activity toward the fungus Candida albican [47,99]. Hectochlorin has also shown
great potency against several cancer cell lines, namely colon, melanoma, ovary, and kidney [100].
Deacetylhectochlorin, a derivative of hectochlorin, was isolated from the Thai sea hare (Bursatella
leachii). This cognate is also a potent stimulator of actin assembly, and exhibits more potent toxicity than
hectochlorin against several human carcinoma cell lines [47]. The artificial synthesis of hectochlorin is
the focus of current researches [99,101].

2.3.7. Curacins

Curacin A is a marine cytotoxic lipopeptide found in strains of the tropical marine cyanobacteria
Lyngbya majuscula, in Curacao [48]. NMR analysis showed that its structure contains one cysteine,
ten acetate units and two S-adenosyl methionine-derived methyl groups (Figure 3G). There are four
isomers of curacin A with similar biological activity and structure, namely (curacin B-E). Curacins
B and C were isolated from a Curagao collection of Lyngbya majuscula [49]. Curacin D was found in
Caldora penicillata and Lyngbya majuscula from the Pacific islands and the Virgin Islands. The structural
elucidation of curacin D was accomplished through multidimensional NMR and GC/MS [50,51].
Curacin E was isolated from Ophiocoma scolopendrina at Kabira Reef on Ishigaki Island. NMR data
and the GC spectrum showed that curacin E has an ethylcarbonyl terminus in its side chain [102].
Curacins exert their potent cell toxicity through interaction with the colchicine drug binding site on
microtubules [103,104], and it is also a potent cancer cell toxin and antimitotic agent of cyanobacteria
origin [105].

2.4. Nonprotein Amino Acids

Nonprotein amino acids are natural compounds containing amino and carboxyl groups which do
not constitute proteins. They are important bioactive substances mainly in microorganisms and plants.
β-N-methylamino-L-alanine (BMAA, Figure 4) produced by cyanobacteria, is a type of nonprotein
amino acids that was found to be a cyanotoxin. BMAA is composed of carbon with a carboxyl group,
an amino group and a methylamino side chain [11,106]. Three biologically relevant structural isomers of
BMAA have been identified [53], including 2,4-diaminobutyric acid (2,4-DAB), N-2-aminoethylglycine
(AEG) and β-amino-N-methyl lanine (BAMA).

Research on BMAA has intensively increased over the past decade, and now BMAA appears to be
a cause of the Guamanian ALS and Parkinsonism Dementia Complex (PDC) [107]. BMAA was first
isolated from a cycad on the island of Guam in 1967. Symbiotic cyanobacteria produces BMAA in the
coralloid root of the cycad, and then BMAA is transferred to and accumulated in the seeds. BMAA
was once believed to occur only in cycads. However, it is now known to be produced by a range of
cyanobacteria, diatoms and dinoflagellates across the world in freshwater, saltwater and terrestrial
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ecosystems [108,109]. BMAA is typically detected in strain cultures of cyanobacterial species belonging
to Anabaena, Calothrix, Microscystis, Nostoc, Scytonema, Synechococcus and Trichodesmium [52] (Table 1).
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The analysis of BMAA in native form is complicated, because of the physicochemical properties
and the absence of a chromophore or fluorophore. An HPLC-FL method was developed and used
for amino acid analysis in 2003 [110]. In recent years, more specific methods have been developed
that have been used for BMAA analysis, such as amino acid analyzers, UPLC-UV, UPLC-MS and
LC-MS/MS [111,112]. Amino acid analyzers are often used in hospital settings for analysis of amino
acid contents in physiological fluids [113]. Presently, LC-MS/MS method is the most widely used
analytical method to determine the content of BMAA sensitively and accurately [111]. CE-MS/MS
has been developed as an alternative method for the quantitative determination of free BMAA [114].
This method displays excellent resolution of amino acid isomers and shows no interference from
matrix components.

2.5. Lipoglycans

Lipopolysaccharides (LPS), also known as lipoglycans and endotoxin, are large molecules
consisting of a lipid and a polysaccharide. LPS are major components of cyanobacterial cell walls
and cover 75% of the surface area of the outer membrane [57]. In general, the fatty acid component
(lipid-A) of LPS is responsible for its toxic actions. It is an irritant and can trigger allergenic responses
in human and animal tissues [115].

The structure of cyanobacterial LPS was determined by NMR, MS, GC and matrix-assisted laser
desorption/ionization (MALDI)-MS [116]. The structure of LPS consist of an internal acylated glycolipid
(lipid-A), a core domain (an oligosaccharide), and an outer polysaccharide chain (O-antigen) (Figure 5).
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The toxicity of cyanobacterial LPS have been found to be less toxic than those from heterotrophic
bacteria. It has been suggested that cyanobacterial LPS may cause or contribute to human illness,
particularly in causing epidermal allergic reactions [116]. However, there is insufficient evidence in
the scientific literature to confirm that skin contact with cyanobacterial LPS causes a skin rash. It is
worth noting that cyanobacterial LPS are indirectly involved in various human diseases, including skin
diseases, gastrointestinal issues, respiratory diseases, fever, allergies and headaches [117]. LPS have
been shown to modulate biotransformation and toxicity of cyanotoxins and may worsen the hepatic
damage induced by hepatotoxins [118].

LPS are believed to be produced by all cyanobacteria and gram-negative bacteria [57].
The production of this toxin has been reported in several cyanobacteria such as Agmenellum, Anabaena,
Anacystis, Microcystis, Oscillatoria, Phormidium, Schizothrix and Spirulina [116].

Various LPS have a similar mode of biological action (toxicity) but have diverse chemical structures
in different cyanobacterial strains [119]. Therefore, traditional methods such as chromatography
are often not used in the analysis of LPS. Isolated LPS have been characterized and analyzed by
other approaches, such as the in vivo toxicity test, the standardized pyrogenicity test with Limulus
amoebocyte lysate, the advanced pyrogenicity test using the PyroGene rFC endotoxin system, or by
testing the potency to activate human leukocytes [120,121]. In a recent study, a porous silicon membrane
(pSiM)-based electrochemical biosensor was developed for a direct and sensitive detection of LPS [122].

3. Distribution of Cyanotoxins

The global distribution of cyanobacteria toxins is presented in Figure 6. Common cyanotoxins
(MCs, NODs, CYNs, STXs, ATXs and BMAA) are found in every continent except Antarctica (no BMAA
and ATXs have been found in Antarctica). However, cyanotoxins are more frequently reported in Europe
and North America. There are fewer reports from Asia, South America and Africa. Marine cyanotoxins
are mainly distributed in the western Atlantic and central Pacific oceans.

3.1. Asia

Six common cyanobacterial toxins (MCs, CYNs, NODs, STXs, ATXs and BMAA) have been found
in Asia (Table 2). These cyanotoxins were mainly distributed in temperate and tropical coastal areas of
Asia, as well as inland lakes and rivers in various countries. Among them, MCs are the most widely
distributed, which have been reported in China [123–126], Japan [127], Korea [128], Bangladesh [129],
Singapore [130], Saudi Arabia [131], India [132], Philippines [133], Thailand [134], Vietnam [135,136],
Israel [137] and Turkey [138]. CYNs and their homologues were mainly distributed in China [125,139],
Japan [140], Saudi Arabia [141], Vietnam [142], Thailand [134,143], Israel [144] and Turkey [145]. NODs
were reported only in China [146] and Turkey [138]. STXs were reported in China [147], Korea [148],
India [149], Singapore [150], Bangladesh [151] and Turkey [152]. ATXs have been found in Korea [153],
Qatar [154], India [149], China, Japan and Turkey [138]. And BMAA was reported in China [155],
Japan [156] and Qatar [111,157].

3.2. Africa

There are six common cyanobacterial toxins found in Africa: MCs, NODs, CYNs, STXs, BMAA
and ATXs (Table 2). Various cyanobacterial toxins have been reported in inland rivers, and in
lakes in Eastern Africa, as well as coastal areas in the north. South Africa and Nigeria have
also been threatened by cyanobacterial toxins. MCs were reported in Ethiopia [158], Algeria [159],
Tanzania [160], Kenya [161], South Africa [162], Tunisia [163], Zimbabwe [164], Morocco [165],
Uganda [166], Egypt [167], Nigeria [168] and Ghana [169]. CYNs were found in Egypt [170] and
Nigeria [171]. NODs were reported in South Africa [172] and Nigeria [171]. Besides, MCs, NODs
and CYNs were also found in several riverside countries along the Limpopo River [173]. STXs were
reported in Morocco [174] and Nigeria [171]. ATXs were distributed in Kenya [175] and Nigeria [171].
And BMAA was only reported in South Africa [176].
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3.3. North America

Six common cyanobacterial toxins were distributed in North America: MCs, NODs, CYNs,
STXs, BMAA and ATXs (Table 2). These cyanobacterial toxins were widely distributed in inland
freshwater lakes and coastal areas in the US [177–181] and Canada [182–184]. MCs [185], CYNs [186]
and STXs [187] have been reported in Mexico. Also, MCs and NODs have been found in Greenland
and Alaska in the arctic region [188,189].

3.4. South America

Although South America has had fewer reports of cyanobacterial toxins compared with other
continents, five common types have been reported: MCs, CYNs, NODs, STXs, and ATXs (Table 2).
In this region, Brazil is the most affected country, and all five of these toxins have been reported to be
found in freshwater [190–193]. In addition, MCs were reported in Argentina [194], Chile [195] and
Uruguay [196]. CYNs were also found in Argentina [194] and Uruguay [196]. Presently, BMAA has
only been reported in Peru [197].

3.5. Antarctica

Four common cyanobacterial toxins have been found in Antarctica (Table 2). The cold climate
in this area of the world is not suitable for animal survival. However, in recent years, MCs [198,199],
NODs [6], CYNs [200] and STXs [201] have been described in the Antarctic. This illustrates the strong
adaptability and wide distribution of cyanobacterial toxins. However, ATXs and BMAA have not been
reported in Antarctica.
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Table 2. The diversity of cyanotoxins in various countries.

Regions Countries MCs CYNs, NODs STXs ATXs BMAA

Asia
(13 countries)

China
√ √ √ √ √ √

Turkey
√ √ √ √ √

Japan
√ √ √ √

India and Korea
√ √ √

Qatar
√ √ √

Bangladesh and Singapore
√ √

Israel, Saudi Arabia, √ √

Thailand and Vietnam
Philippines

√

Africa
(13 countries)

Nigeria
√ √ √ √ √

South Africa
√ √ √

Egypt
√ √

Kenya
√ √

Morocco
√ √

Algeria, Ethiopia, Ghana, Namibia,
Tanzania, Tunisia, Uganda and Zimbabwe

√

North America
(3 countries)

Canada and the US
√ √ √ √ √ √

Mexico
√ √ √

South America
(5 countries)

Brazil
√ √ √ √ √

Argentina and Uruguay
√ √

Chile
√

Peru
√

Antarctica -
√ √ √ √

Europe
(24 countries)

France
√ √ √ √ √ √

Finland, Italy, Poland and Portugal
√ √ √ √ √

Germany and Spain
√ √ √ √ √

Sweden
√ √ √ √

the UK
√ √ √ √

Bulgaria
√ √ √

Czech, Greece and Serbia
√ √ √

Ireland
√ √ √

Denmark
√ √

Hungary
√ √

Latvia
√ √

Netherlands
√ √

Norway and Russia
√ √

Austria, Romania and Switzerland
√

Lebanon
√

Oceania
(2 countries) Australia and New Zealand

√ √ √ √ √ √

Abbreviations: MCs: microcystins, CYNs: cylindrospermopsins, NODs: nodularins, STXs: saxitoxins, ATXs:
anatoxins, BMAA: β-N-methylamino-l-alanine. “

√
” represents existence.

3.6. Europe

Europe is the continent with the most reports of cyanobacterial toxins, which have been found
in more than 20 countries and regions (Table 2). In particular, the Baltic Sea region is highly affected
by cyanobacterial toxins, and cyanobacteria form periodic blooms in the summer, covering an area
of over 100,000 square kilometers [202]. A variety of cyanobacterial toxins are produced in water,
posing a major threat to the survival environment of humans and animals. Six common cyanobacterial
toxins were distributed in Europe. MCs were reported in Finland [203,204], Austria [205], Greece [206],
Poland [207], Ireland [208], Portugal [209], Hungary [210], Norway [211], Netherlands [212], Czech [213],
Germany [214], Sweden [215], Switzerland [205], Spain [216], Poland [217], the UK [218], Bulgaria [219],
Romania [220], France [221,222], Serbia [223], Russia [224–226] and Latvia [227]. CYNs were
distributed in Ireland [228], Germany [229], France [230], Italy [231], Czech [232], Spain [233],
Lebanon [234], Greece [235], Finland [236], Poland [237], Sweden [215], Serbia [238], Portugal [239]
and Hungary [240]. ATXs were found in Ireland [241], Italy [242], France [243], Netherlands [244],
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Denmark [245], Bulgaria [219], Finland [204], Poland [246], Sweden [215], Portugal [220], Spain [247],
the UK [248] and Germany [249]. STXs were reported in Portugal [250], Denmark [251], France [252],
Germany [253], Czech [213], Italy [254], Finland [255], the UK [256], Poland [257], Bulgaria [219],
Serbia [223], Greece [235], Russia [27], Norway [258] and Spain [258]. NODs were found in Latvia [227],
Germany [228], Spain [259] and France [260]. BMAA was reported in Finland [261], Sweden [262],
Portugal [263], Italy [264], Poland [265], the UK [266] and France [267].

3.7. Oceania

Six common cyanobacterial toxins have been found in Australia (Table 2), which were detected
in inland lakes and rivers of Oceania: MCs, NODs, CYNs, ATXs, STXs and BMAA [30,268,269].
The distribution of these toxins were mainly in the eastern and southern regions of Australia.
These toxins have also been detected in the surrounding islands and oceans of Oceania, such as New
Zealand [250,270–272].

3.8. The oceans

More than twelve cyanobacterial toxins have been found in the oceans across the world. MCs have
been found in the marine environments of the central Atlantic coast of Portugal, the Canary Islands,
the Brazilian coast, the Amvrakikos Gulf, and the Indian Ocean [14]. BMAA was reported from Guam
in the western Pacific, and Bermuda in the western region of North Atlantic [52]. Aplysiatoxins have
been reported in the Red Sea region [34], and the coast of Japan and Singapore [36,89]. Lyngbyatoxins
were found in the coast of Hawaii [83] and Campania [87]. Seven lipopeptide cyanotoxins have been
reported in the Caribbean and Central Pacific.

4. Identification of Cyanotoxins

Various analytical methods have been available to detect and identify cyanobacterial toxins,
such as bioassays, biochemical assays, chemical assays and molecular analysis (Figure 7A–D).Toxins 2019, 11, 530  16  of  36 
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4.1. Bioassays

Bioassays, involving cells, plants, or animals, are an important method for monitoring the
presences of cyanotoxins in environmental samples, and evaluating their effects [80].
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The mouse bioassay is a common method for identifying cyanotoxins and the toxin efficacy,
which is evaluated by the LD50 obtained from the survival time of infected animals. However, alternative
chemistry and functional analysis are replacing animal trials due to ethical considerations, prolonged
processes, high cost, low sensitivity and non-specificity [273]. Cytotoxicity tests have overcome the
shortcomings of specificity and sensitivity in animal tests, and can provide qualitative and quantitative
analysis of cyanotoxins. Immortalized cell lines and primary cells from animal tissues have been
used to evaluate cyanotoxins and cyanobacterial extracts [274]. Primary cells can better reflect the
physiological status in vivo than immortal cell lines. Plant tests have been used to determine the toxic
effects of cyanotoxins [275]. Some plants have certain sensitivities to cyanotoxins and their physiological
indicators may be affected by toxicitiy. The phytotoxic effects of MCs have been investigated by plant
bioassays, and it was found that MCs can inhibite the growth and chlorophyll content of Solanum
tuberosum culture [276]. Bioassays can provide unique information about toxic effects, which are clearly
not achievable through physicochemical analysis methods. If the two methods are combined, a clear
causal link can be established between the presence of a toxin and its toxic effects.

4.2. Biochemical Assays

Biochemical assays are detection methods that rely on the interactions between cyanotoxins and
biological macromolecules. Such examples would include immunoassays, enzyme inhibition assays,
and receptor bioassays. Immunoassays such as the ELISA are used to identify specific toxins in samples
through antigen-antibody binding. The PPIA is a method for determining cyanotoxins by measuring
protein phosphatase activity. The Receptor Assay is a method based on competitive binding between
a class of neurotoxins and a receptor.

4.2.1. Immunoassays

In recent years, besides the ELISA, a significant amount of antibody-based immunoassays have
been developed for the detection of cyanotoxins, including Fluorescence Immunoassay (FIA) [146],
immunochromatography (ICA) [277,278] and biosensor techniques [279].

The ELISA is a conventional method for the analysis of cyanotoxins, and has been used to detect
MCs, NODs, CYNs, ATXs and STXs in samples [273,280]. ELISA assays provide semi-quantitative
estimates of toxin concentrations. It is easy to perform an ELISA, which does not require highly
skilled personnel, and it is relatively inexpensive. However, the individual variants of the toxins have
not been able to be identified by ELISA, and the quantification of toxins may not be as accurate as
physicochemical methods [15].

FIA is a sensitive technique for the measurement of drugs, hormones, proteins and other
compounds [281]. It is often used for the quantification of cyanotoxins. Fluorescence Polarization
Immunoassay (FPIA) is an immunochemical method based on FIA which can precisely quantify a target
and meet the requirements of a reliable and economical screening technology [282]. The principle
of FPIA is based on the difference in fluorescence polarization of the labeled antigen and labeled
analyte-antibody complex [283]. Over the past decade, FPIA has been widely used in high-throughput
screening of various chemical contaminants. Compared with UPLC-MS and ELISA, FPIA can detect
MCs in water more simply and efficiently. The method can be extended to detect other types of
cyanotoxins in the environment. However, FPIA is susceptible to interference from light scattering
and endogenous fluorophores in biological samples and also from the tracer binding to sample matrix
components [283].

As a combination of chromatography and an immunochemical reaction, ICA is known as a lateral
flow device or strip test. It has been widely developed for point-of-care testing because of its user-friendly
formats, low cost and short assay times [284]. Lateral Flow Enzyme Immunochromatography assay
(LFICA) coupled with molecular imprinting technique was developed for rapid detection of MC-LR
in water products [277]. However, compared with other detection methods, the significantly lower
analytical sensitivity hinders its further application. A way to enhance the performance of LFICA is to
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eliminate the interferences from complicated matrixes. Using molecularly imprinted polymers (MIPs)
as adsorbents for solid-phase extraction (SPE) columns, most of the interference in the matrix can be
eliminated and sensitivity can be improved [285]. This approach achieves excellent sensitivity and
specificity as well as a very low limit of detection, and it can be used to analyze other toxic components
in foods and aquatic products by replacing specific MIPs and antibodies.

Biosensors are broadly used in environmental monitoring and have replaced the traditional
methods of detecting toxins. Biosensors are analytical devices for the detection of an analyte, and they
can provide selective quantitative or semi-quantitative analytical information. Biosensors which
consist of a bio-recognition element (bioreceptor) and a transducer, can transform physiochemical
information into a visual signal which can be captured by a detector [279]. The bioreceptor, can be a cell
receptor, an enzyme, an organelle, etc., that binds an analyte under study. The bioreceptor is combined
with the physiochemical detector or “transducer” that produces a physiochemical signal when the
biosensor binds to the analyte [286]. Electrochemical and optical biosensors have been shown to detect
aquatic toxins. Advanced portable biosensors would allow immediate assessment of water bodies
and water treatment deficiencies [287]. Due to the simple and sensitive nature of biosensors, they can
be used as an early warning monitoring tool for semi-quantitative screening of possible biotoxins in
water samples.

4.2.2. Enzyme Inhibition Assays

PPIA is a common enzyme inhibition assay used in the detection of cyanotoxins. Protein
phosphatases are highly conserved in eukaryotes and are involved in many cellular processes [288].
A number of compounds are known to inhibit protein phosphatases, including MCs and NODs from
cyanobacteria [288,289]. Cyanotoxins can be detected by following the degree of inhibition of protein
phosphatases. The PPIA can not only identify a toxin, but also estimate its toxicity. PPIA has good
sensitivity and does not seem to be affected by sample matrices, except for very high concentration of
cellular extracts [290].

4.2.3. Receptor Bioassays

The Receptor Bioassay has become the most recognized method for the detection and quantification
of ATXs and STXs in shellfish and water [291]. The principle of this approach is based on the mechanism
of certain toxins that compete with the nicotinic acetylcholine receptor. However, nicotinic acetylcholine
receptors can also bind with spirolides, gymnodimines and other marine toxins [273,292]. Therefore,
this method cannot distinguish the specific type of toxin. Solving this problem will involve the designing
of specific and sensitive cholinesterase receptors.

4.3. Chemical Assays

Chemical analysis is the most reliable technique for detecting and identifying cyanobacterial
toxins in samples based on the physical and chemical properties of cyantoxins. Some advanced
chemical analysis methods have been used to detect and identify cyanobacterial toxins accurately and
sensitively [293], such as NMR, HPLC, CE, LC-MS, GC, etc. Another technique is matrix-assisted laser
desorption-ionization-time-of-flight mass spectrometry (MALDI-TOF-MS), which can distinguish toxic
from non-toxic strains at the level of a single colony or filament, without prior solvent extraction [294,295].
Currently, MS-based methods are considered to be the best approach to unambiguously identify and
quantify the different variants of cyanotoxins. However, they are not suitable for site testing because
these analytical methods often require harmful solvents, expensive instruments, skilled personnel,
and complex operational procedures. They are also time consuming and typically subjected to high
cost [273,296].
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4.4. Molecular Assays

Molecular assays based on the polymerase chain reaction (PCR) have been developed over the
past 20 years. The sequencing of cyanobacterial genomes has led to the identification of the gene
clusters responsible for cyanotoxin production, which paved the way for the use of these genes
as targets for PCR [297]. Three different PCR-based methods have been used for the detection of
cyanotoxins [298–300]. The first approach is based on conventional PCR targeting only one gene.
This method provides qualitative results that can be used to detect potential cyanobacterial toxins at
the beginning of the bloom. In order to get a quantitative estimation of cyanotoxin gene abundance,
the second approach was developed, which is based on the use of quantitative PCR (qPCR) targeting
a gene involved in the biosynthesis of cyanotoxins. Finally, the combination of PCR and DNA
microarray can be used to detect potentially toxic cyanobacterial species or to identify specific genes
involved in the biosynthesis of cyanobacterial toxins [301]. However, it may be found that the actual
toxin concentration in samples is inconsistent with qPCR results, which may be caused by various
technical reasons and biological problems [286]. Therefore, the better choice to evaluate cyanotoxins
was combining traditional analytical methods and PCR techniques.

Recently, microarray technologies have been used to achieve simultaneous detection and
semi-quantification of cyanotoxins in environmental samples [302]. A detection method based
on microsphere array coupled flow cytometry was developed [303]. The process can be used as
a semi-quantitative screening tool for cyanobacterial toxins in fresh or brackish water. This method can
save time and greatly reduce sample size due to the simultaneous detection of multiple cyanotoxins.

Fluorescence in Situ Hybridization (FISH), uses a fluorescein-labeled oligonucleotide probe
to hybridize with nucleic acid target sequences in samples, to obtain specific information on gene
expression. In FISH imaging, specific rRNA probes allow the identification of microorganisms at the
genus level, while mRNA probes will give information on the expression of a particular gene [304].
Therefore, FISH imaging might be a very powerful technique for the detection and identification of
toxic cyanobacteria, particularly those that produce MCs in the environment [304–306]. Some species
in suboptimal growth conditions may have lower mRNA levels, in which case the sensitivity of the
assay can be increased by Tyramine Signal Amplification (TSA-FISH) [307,308]. This supplement
to the method involves a specific oligonucleotide that is linked to horseradish peroxidase (HRP),
which catalyzes the permanent deposition of many fluorescent tyramides in the probe surroundings.
This technique showed 10 to 20 fold signal amplifications relative to fluorescein-monolabeled
probes [308–310]. For all these reasons, TSA amplification is highly recommended for the microscopic
detection of planktonic algae.

These methods look very promising, but so far their application remains limited to the research
level [298]. And the cost of these methods still hampers their use in monitoring applications.

5. Final Remarks

The diversity of cyanobacteria leads to a variety of cyanobacterial toxins. According to the chemical
structure, cyanobacterial toxins are mainly classified into cyclic peptides, alkaloids, lipopeptides,
nonprotein amino acids and lipoglycans. The producing genera of cyanotoxins have been summarized
in Table 1. MCs, CYNs, ATXs, STXs and BMAA can be produced by a variety of cyanobacteria.
NODs are only produced by Anabaena. LPS exists in the cell walls of almost all cyanobacteria [57].
Lipopeptide cyanotoxins are mainly produced by the marine cyanobacteria Lyngbya majuscula.

We reviewed the distribution of cyanobacterial toxins around the world (Figure 6, Table 2).
MCs were found to be the most widely distributed cyanotoxins (57 out of 60 countries), followed
by CYNs (31 out of 60), STXs (29 out of 60), ATXs (26 out of 60), BMAA (16 out of 60) and NODs
(13 out of 60). It was found that the diversity of cyanotoxins is mainly reflected in developed countries.
The reports of cyanotoxins in developed areas are far more than that in underdeveloped areas.
More than four cyanobacterial toxins were reported in 18 countries (China, the US, Canada, France,
Australia, New Zealand, Turkey, Nigeria, Brazil, Finland, Germany, Italy, Sweden, Poland, Portugal,
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Spain, Japan and the UK). Of these 18 countries, 13 are developed regions, accounting for 72%.
Furthermore, there are 15 countries where only one cyanotoxin was reported and 14 of which are
developing countries (except Switzerland). However, we are more inclined to believe that cyanotoxins
may have a greater threat in less-developed areas due to the possible lack of monitoring activities in
these areas.

There are many available methods to detect and identify cyanobacterial toxins, such as bioassays,
biochemical assays, chemical assays and molecular analysis. At present, there is no single method
that is the optimal for the detection and identification of all types of cyanobacterial toxins, and each
method has its applicability [311]. Detection methods are affected by the variety and abundance of
cyanotoxins. The choice of method is also inevitably influenced by the availability of the analytical
equipment and its applicability in a particular environment. For example, molecular methods are more
suitable for detecting potential toxic cyanobacteria, and immune sensors are better at monitoring the
presence of toxins in samples and bioassays are often used to evaluate toxic effects. Thus, research
purpose, economic feasibility, speed of analysis, sensitivity and field applicability should be taken
into account when selecting detection methods. Previous experience shows that combining multiple
methods can greatly improve the detection efficiency. It is still necessary to develop new techniques
for detecting and identifying cyanobacterial toxins more easily and sensitively. Currently, plants have
become an area of interest in many studies. It was found that plants can respond to other plants and
animals in the environment [312]. Perhaps plants can be used as alternatives to animal experiments in
the future after people have a deeper understanding of them.

Cyanobacterial toxins are widely distributed and varied, and their harmfulness cannot be
ignored. Epidemiological studies and animal experiments have confirmed that many cyanotoxins
have multi-organ toxicity and carcinogenic effects, posing a serious threat to human health and
life quality [22,313]. To reduce the threat of cyanotoxins to humans, it is essential to strengthen the
monitoring of cyanobacterial toxins worldwide, especially in underdeveloped areas. In recent years,
cyanotoxins with special biological activities have attracted wide attention. Most of these cyanotoxins
are produced by marine cyanobacteria. It was found that the lipopeptide cyanotoxins not only have
neurotoxicity and cytotoxicity but also have anticancer, antifungal and molluscicidal activities [3].
These specific types of natural toxins have unique pharmacological properties and show great potential
of being developed and utilized for human disease. Marine cyanobacteria are still a rich source of
untapped natural products. However, the exploration of marine cyanotoxins is just beginning.
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and natural analogues. Handb. Cyanobacterial Monit. Cyanotoxin Anal. 2017, 13, 138–147. [CrossRef]

75. Osswald, J.; Rellán, S.; Gago, A.; Vasconcelos, V. Toxicology and detection methods of the alkaloid neurotoxin
produced by cyanobacteria, anatoxin-a. Environ. Int. 2007, 33, 1070–1089. [CrossRef]

76. Legrand, B.; Lesobre, J.; Colombet, J.; Latour, D.; Sabart, M. Molecular tools to detect anatoxin-a genes in
aquatic ecosystems: Toward a new nested PCR-based method. Harmful Algae 2016, 58, 16–22. [CrossRef]

77. Van Apeldoorn, M.E.; van Egmond, H.P.; Speijers, G.J.; Bakker, G.J. Toxins of cyanobacteria. Mol. Nutr.
Food Res. 2007, 51, 7–60. [CrossRef]

78. Matsunaga, S.; Moore, R.E.; Niemczura, W.P.; Carmichael, W.W. Anatoxin-a(s), a potent anticholinesterase
from Anabaena flos-aquae. J. Am. Chem. Soc. 1989, 111, 8021–8023. [CrossRef]

79. Mahmood, N.A.; Carmichael, W.W. The pharmacology of anatoxin-a(s), a neurotoxin produced by the
freshwater cyanobacterium Anabaena flos-aquae NRC 525-17. Toxicon 1986, 24, 425–434. [CrossRef]

80. Marie, B.; Blaha, L.; Maria Cameán, A.; Fessard, V.; Gutiérrez-Praena, D.; Jos, A.; Metcalf, J.; Pichardo, S.;
Puerto, M.; Törökné, A.; et al. Bioassay use in the field of toxic cyanobacteria. Handb. Cyanobacterial Monit.
Cyanotoxin Anal. 2016, 27, 272–278. [CrossRef]

81. Metcalf, J.; Bruno, M. Anatoxin-a(S). Handb. Cyanobacterial Monit. Cyanotoxin Anal. 2017, 15, 155–159.
[CrossRef]

82. Villatte, F.; Schulze, H.; Schmid, R.D.; Bachmann, T.T. A disposable acetylcholinesterase-based electrode
biosensor to detect anatoxin-a(s) in water. Anal. Bioanal. Chem. 2002, 372, 322–326. [CrossRef]

83. Cardellina, J.H.; Marner, F.J.; Moore, R.E. Seaweed dermatitis: Structure of lyngbyatoxin A. Science 1979,
204, 193. [CrossRef]

84. Fujiki, H.; Mori, M.; Nakayasu, M.; Terada, M.; Sugimura, T.; Moore, R.E. Indole alkaloids: Dihydroteleocidin
B, teleocidin, and lyngbyatoxin A as members of a new class of tumor promoters. Proc. Natl. Acad. Sci. USA
1981, 78, 3872–3876. [CrossRef]

85. Ito, E.; Satake, M.; Yasumoto, T. Pathological effects of lyngbyatoxin A upon mice. Toxicon 2002, 40, 551–556.
[CrossRef]

86. Jiang, W.; Zhou, W.; Uchida, H.; Kikumori, M.; Irie, K.; Watanabe, R.; Suzuki, T.; Sakamoto, B.; Kamio, M.;
Nagai, H. A new lyngbyatoxin from the Hawaiian cyanobacterium Moorea producens. Mar. Drugs 2014,
12, 2748–2759. [CrossRef]

87. Esposito, G.; Teta, R.; Marrone, R.; De Sterlich, C.; Casazza, M.; Anastasio, A.; Lega, M.; Costantino, V. A Fast
Detection Strategy for Cyanobacterial blooms and associated cyanotoxins (FDSCC) reveals the occurrence of
lyngbyatoxin A in campania (South Italy). Chemosphere 2019, 225, 342–351. [CrossRef]

88. Kato, Y.; Scheuer, P.J. Aplysiatoxin and debromoaplysiatoxin, constituents of the marine mollusk Stylocheilus
longicauda (Quoy and Gaimard, 1824). J. Am. Chem. Soc. 1974, 96, 2245–2246. [CrossRef]

89. Fujiki, H.; Ikegami, K.; Hakii, H.; Suganuma, M.; Yamaizumi, Z.; Yamazato, K.; Moore, R.E.; Sugimura, T.
A blue-green alga from Okinawa contains aplysiatoxins, the third class of tumor promoters. Jpn. J. Cancer Res.
1985, 76, 257–259.

90. Richard, K.; Williams, D.E.; de Silva, E.D.; Brockman, M.A.; Brumme, Z.L.; Andersen, R.J.; Tietjen, I.
Identification of novel HIV-1 latency-reversing agents from a library of marine natural products. Viruses
2018, 10, 348. [CrossRef]

91. Li, W.I.; Marquez, B.L.; Okino, T.; Yokokawa, F.; Shioiri, T.; Gerwick, W.H.; Murray, T.F. Characterization
of the preferred stereochemistry for the neuropharmacologic actions of antillatoxin. J. Nat. Prod. 2004,
67, 559–568. [CrossRef]

http://dx.doi.org/10.1016/j.chroma.2019.03.066
http://dx.doi.org/10.1016/j.toxicon.2015.03.017
http://dx.doi.org/10.1139/v77-189
http://dx.doi.org/10.1016/0006-2952(92)90558-Z
http://dx.doi.org/10.1002/9781119068761.ch13
http://dx.doi.org/10.1016/j.envint.2007.06.003
http://dx.doi.org/10.1016/j.hal.2016.07.002
http://dx.doi.org/10.1002/mnfr.200600185
http://dx.doi.org/10.1021/ja00202a057
http://dx.doi.org/10.1016/0041-0101(86)90074-7
http://dx.doi.org/10.1002/9781119068761.ch27
http://dx.doi.org/10.1002/9781119068761.ch15
http://dx.doi.org/10.1007/s00216-001-1127-4
http://dx.doi.org/10.1126/science.107586
http://dx.doi.org/10.1073/pnas.78.6.3872
http://dx.doi.org/10.1016/S0041-0101(01)00251-3
http://dx.doi.org/10.3390/md12052748
http://dx.doi.org/10.1016/j.chemosphere.2019.02.201
http://dx.doi.org/10.1021/ja00814a041
http://dx.doi.org/10.3390/v10070348
http://dx.doi.org/10.1021/np0303409


Toxins 2019, 11, 530 24 of 34

92. Jabba, S.V.; Prakash, A.; Dravid, S.M.; Gerwick, W.H.; Murray, T.F. Antillatoxin, a novel lipopeptide, enhances
neurite outgrowth in immature cerebrocortical neurons through activation of voltage-gated sodium channels.
J. Pharmacol. Exp. Ther. 2010, 332, 698–709. [CrossRef]

93. Okura, K.; Matsuoka, S.; Inoue, M. The bulky side chain of antillatoxin is important for potent toxicity:
Rational design of photoresponsive cytotoxins based on SAR studies. Chem. Commun. 2013, 49, 8024–8026.
[CrossRef]

94. Graf, K.M.; Tabor, M.G.; Brown, M.L.; Paige, M. Synthesis of (S)-jamaicamide C carboxylic acid. Org. Lett.
2009, 11, 5382–5385. [CrossRef]

95. Araoz, R.; Molgo, J.; de Marsac, N.T. Neurotoxic cyanobacterial toxins. Toxicon 2010, 56, 813–828. [CrossRef]
96. Morgan, J.B.; Liu, Y.; Coothankandaswamy, V.; Mahdi, F.; Jekabsons, M.B.; Gerwick, W.H.; Valeriote, F.A.;

Zhou, Y.D.; Nagle, D.G. Kalkitoxin inhibits angiogenesis, disrupts cellular hypoxic signaling, and blocks
mitochondrial electron transport in tumor cells. Mar. Drugs 2015, 13, 1552–1568. [CrossRef]

97. Orjala, J.; Gerwick, W.H. Barbamide, a chlorinated metabolite with molluscicidal activity from the Caribbean
Cyanobacterium Lyngbya majuscula. J. Nat. Prod. 1996, 59, 427–430. [CrossRef]

98. Sitachitta, N.; Márquez, B.L.; Williamson, R.T.; Rossi, J.; Roberts, M.A.; Gerwick, W.H.; Nguyen, V.A.;
Willis, C.L.J.T. Biosynthetic pathway and origin of the chlorinated methyl group in barbamide and
dechlorobarbamide, metabolites from the marine cyanobacterium Lyngbya majuscula. Tetrahedron 2000,
56, 9103–9113. [CrossRef]

99. Cetusic, J.R.P.; Green, F.R.; Graupner, P.R.; Oliver, M.P. Total synthesis of hectochlorin. Org. Lett. 2002,
4, 1307–1310. [CrossRef]

100. Marquez, B.L.; Watts, K.S.; Yokochi, A.; Roberts, M.A.; Verdier-Pinard, P.; Jimenez, J.I.; Hamel, E.; Scheuer, P.J.;
Gerwick, W.H. Structure and absolute stereochemistry of hectochlorin, a potent stimulator of actin assembly.
J. Nat. Prod. 2002, 65, 866–871. [CrossRef]

101. Timmins, A.; Fowler, N.J.; Warwicker, J.; Straganz, G.D.; de Visser, S.P. Does substrate positioning affect the
selectivity and reactivity in the hectochlorin biosynthesis halogenase? Front. Chem. 2018, 6, 513. [CrossRef]
[PubMed]

102. Ueoka, R.; Hitora, Y.; Ito, A.; Yoshida, M.; Okada, S.; Takada, K.; Matsunaga, S. Curacin E from the Brittle
Star Ophiocoma scolopendrina. J. Nat. Prod. 2016, 79, 2754–2757. [CrossRef] [PubMed]

103. Gerwick, W.H.; Proteau, P.J.; Nagle, D.G.; Hamel, E.; Slate, D.L.J.C. Structure of curacin A, a novel antimitotic,
antiproliferative and brine shrimp toxic natural product from the marine cyanobacterium Lyngbya majuscula.
J. Organic Chem. 1994, 59. [CrossRef]

104. Chang, Z.; Sitachitta, N.; Rossi, J.V.; Roberts, M.A.; Flatt, P.M.; Jia, J.; Sherman, D.H.; Gerwick, W.H.
Biosynthetic pathway and gene cluster analysis of curacin A, an antitubulin natural product from the tropical
marine cyanobacterium Lyngbya majuscula. J. Nat. Prod. 2004, 67, 1356–1367. [CrossRef] [PubMed]

105. Fiers, W.D.; Dodge, G.J.; Sherman, D.H.; Smith, J.L.; Aldrich, C.C. Vinylogous dehydration by a polyketide
dehydratase domain in curacin biosynthesis. J. Am. Chem. Soc. 2016, 138, 16024–16036. [CrossRef] [PubMed]

106. Vega, A.; Bell, E.A. α-Amino-β-methylaminopropionic acid, a new amino acid from seeds of Cycas circinalis.
Phytochemistry 1967, 6, 759–762. [CrossRef]

107. Ploux, O.; Combes, A.; Eriksson, J.; Metcalf, J. β-N-methylamino-l-alanine and (S)-2,4-diaminobutyric acid.
Handb. Cyanobacterial Monit. Cyanotoxin Anal. 2017, 16, 160–164. [CrossRef]

108. Main, B.J.; Bowling, L.C.; Padula, M.P.; Bishop, D.P.; Mitrovic, S.M.; Guillemin, G.J.; Rodgers, K.J. Detection
of the suspected neurotoxin β-methylamino-l-alanine (BMAA) in cyanobacterial blooms from multiple
water bodies in Eastern Australia. Harmful Algae 2018, 74, 10–18. [CrossRef]

109. Cox, P.A.; Kostrzewa, R.M.; Guillemin, G.J. BMAA and neurodegenerative illness. Neurotox. Res. 2018,
33, 178–183. [CrossRef]

110. Banack, S.A.; Cox, P.A. Biomagnification of cycad neurotoxins in flying foxes: Implications for ALS-PDC in
Guam. Neurology 2003, 61, 387–389. [CrossRef]

111. Porojan, C.; Mitrovic, S.M.; Yeo, D.C.; Furey, A. Overview of the potent cyanobacterial neurotoxin
β-methylamino-l-alanine (BMAA) and its analytical determination. Food Addit. Contam. Part A 2016,
33, 1570–1586. [CrossRef] [PubMed]

112. Ballot, A.; Bernard, C.; Fastner, J. Saxitoxin and analogues. Handb. Cyanobacterial Monit. Cyanotoxin Anal.
2017, 14, 148–154. [CrossRef]

http://dx.doi.org/10.1124/jpet.109.161802
http://dx.doi.org/10.1039/c3cc44066d
http://dx.doi.org/10.1021/ol9021222
http://dx.doi.org/10.1016/j.toxicon.2009.07.036
http://dx.doi.org/10.3390/md13031552
http://dx.doi.org/10.1021/np960085a
http://dx.doi.org/10.1016/S0040-4020(00)00763-8
http://dx.doi.org/10.1021/ol025604h
http://dx.doi.org/10.1021/np0106283
http://dx.doi.org/10.3389/fchem.2018.00513
http://www.ncbi.nlm.nih.gov/pubmed/30425979
http://dx.doi.org/10.1021/acs.jnatprod.6b00701
http://www.ncbi.nlm.nih.gov/pubmed/27684202
http://dx.doi.org/10.1021/jo00085a006
http://dx.doi.org/10.1021/np0499261
http://www.ncbi.nlm.nih.gov/pubmed/15332855
http://dx.doi.org/10.1021/jacs.6b09748
http://www.ncbi.nlm.nih.gov/pubmed/27960309
http://dx.doi.org/10.1016/S0031-9422(00)86018-5
http://dx.doi.org/10.1002/9781119068761.ch16
http://dx.doi.org/10.1016/j.hal.2018.03.004
http://dx.doi.org/10.1007/s12640-017-9753-6
http://dx.doi.org/10.1212/01.WNL.0000078320.18564.9F
http://dx.doi.org/10.1080/19440049.2016.1217070
http://www.ncbi.nlm.nih.gov/pubmed/27652898
http://dx.doi.org/10.1002/9781119068761


Toxins 2019, 11, 530 25 of 34

113. Banack, S.A.; Johnson, H.E.; Cheng, R.; Cox, P.A. Production of the neurotoxin BMAA by a marine
cyanobacterium. Mar. Drugs 2007, 5, 180–196. [CrossRef] [PubMed]

114. Kerrin, E.S.; White, R.L.; Quilliam, M.A. Quantitative determination of the neurotoxin
beta-N-methylamino-l-alanine (BMAA) by capillary electrophoresis-tandem mass spectrometry. Anal. Bioanal.
Chem. 2017, 409, 1481–1491. [CrossRef] [PubMed]

115. Wiegand, C.; Pflugmacher, S. Ecotoxicological effects of selected cyanobacterial secondary metabolites a short
review. Toxicol. Appl. Pharmacol. 2005, 203, 201–218. [CrossRef] [PubMed]

116. Durai, P.; Batool, M.; Choi, S. Structure and effects of cyanobacterial lipopolysaccharides. Mar. Drugs 2015,
13, 4217–4230. [CrossRef] [PubMed]

117. Rapala, J.; Lahti, K.; Rasanen, L.A.; Esala, A.L.; Niemela, S.I.; Sivonen, K. Endotoxins associated with
cyanobacteria and their removal during drinking water treatment. Water Res. 2002, 36, 2627–2635. [CrossRef]

118. Best, J.H.; Pflugmacher, S.; Wiegand, C.; Eddy, F.B.; Metcalf, J.S.; Codd, G.A. Effects of enteric bacterial and
cyanobacterial lipopolysaccharides, and of microcystin-LR, on glutathione S-transferase activities in zebra
fish (Danio rerio). Aquat. Toxicol. 2002, 60, 223–231. [CrossRef]

119. Bláhová, L.; Blaha, L. Extraction, purification, and testing of LPS from cyanobacterial samples.
Handb. Cyanobacterial Monit. Cyanotoxin Anal. 2017, 56, 447–451. [CrossRef]

120. Zhang, C.; Tian, F.; Zhang, M.; Zhang, Z.; Bai, M.; Guo, G.; Zheng, W.; Wang, Q.; Shi, Y.; Wang, L.
Endotoxin contamination, a potentially important inflammation factor in water and wastewater: A review.
Sci. Total Environ. 2019, 681, 365–378. [CrossRef]

121. Blahova, L.; Adamovsky, O.; Kubala, L.; Svihalkova Sindlerova, L.; Zounkova, R.; Blaha, L. The isolation and
characterization of lipopolysaccharides from Microcystis aeruginosa, a prominent toxic water bloom forming
cyanobacteria. Toxicon 2013, 76, 187–196. [CrossRef] [PubMed]

122. Reta, N.; Michelmore, A.; Saint, C.P.; Prieto-Simon, B.; Voelcker, N.H. Label-free bacterial toxin detection
in water supplies using porous silicon nanochannel sensors. ACS Sens. 2019, 4, 1515–1523. [CrossRef]
[PubMed]

123. Liu, P.; Wei, J.; Yang, K.; Massey, I.Y.; Guo, J.; Zhang, C.; Yang, F. Isolation, molecular identification,
and characterization of a unique toxic cyanobacterium Microcystis sp. found in Hunan Province, China.
J. Toxicol. Environ. Health Part A 2018, 81, 1142–1149. [CrossRef] [PubMed]

124. Yang, F.; Guo, J.; Huang, F.; Massey, I.Y.; Huang, R.; Li, Y.; Wen, C.; Ding, P.; Zeng, W.; Liang, G. Removal of
microcystin-LR by a novel native effective bacterial community designated as YFMCD4 isolated from Lake
Taihu. Toxins 2018, 10. [CrossRef] [PubMed]

125. Zhang, W.; Lou, I.; Ung, W.K.; Kong, Y.; Mok, K.M. Analysis of cylindrospermopsin- and
microcystin-producing genotypes and cyanotoxin concentrations in the Macau storage reservoir. Hydrobiologia
2014, 741, 51–68. [CrossRef]

126. Huang, W.J.; Lai, C.H.; Cheng, Y.L. Evaluation of extracellular products and mutagenicity in cyanobacteria
cultures separated from a eutrophic reservoir. Sci. Total Environ. 2007, 377, 214–223. [CrossRef]

127. Takahashi, T.; Umehara, A.; Tsutsumi, H. Diffusion of microcystins (cyanobacteria hepatotoxins) from the
reservoir of Isahaya Bay, Japan, into the marine and surrounding ecosystems as a result of large-scale
drainage. Mar. Pollut. Bull. 2014, 89, 250–258. [CrossRef]

128. Joung, S.H.; Oh, H.M.; Ko, S.R.; Ahn, C.Y. Correlations between environmental factors and toxic and
non-toxic Microcystis dynamics during bloom in Daechung Reservoir, Korea. Harmful Algae 2011, 10, 188–193.
[CrossRef]

129. Welker, M.; Khan, S.; Haque, M.M.; Islam, S.; Khan, N.H.; Chorus, I.; Fastner, J. Microcystins (cyanobacterial
toxins) in surface waters of rural Bangladesh: Pilot study. J. Water Health 2005, 3, 325–337. [CrossRef]

130. Shu Harn, T.; Gin, K. The dynamics of cyanobacteria and microcystin production in a tropical reservoir of
Singapore. Harmful Algae 2010, 10, 1–44. [CrossRef]

131. Mohamed, Z.A.; Al Shehri, A.M. Microcystins in groundwater wells and their accumulation in vegetable
plants irrigated with contaminated waters in Saudi Arabia. J. Hazard. Mater. 2009, 172, 310–315. [CrossRef]

132. Singh, S.; Asthana, R.K. Assessment of microcystin concentration in carp and catfish: A case study from
Lakshmikund pond, Varanasi, India. Bull. Environ. Contam. Toxicol. 2014, 92, 687–692. [CrossRef]

133. Cuvin-Aralar, M.L.; Fastner, J.; Focken, U.; Becker, K.; Aralar, E.V. Microcystins in natural blooms and
laboratory cultured Microcystis aeruginosa from Laguna de Bay, Philippines. Syst. Appl. Microbiol. 2002,
25, 179–182. [CrossRef]

http://dx.doi.org/10.3390/md504180
http://www.ncbi.nlm.nih.gov/pubmed/18463731
http://dx.doi.org/10.1007/s00216-016-0091-y
http://www.ncbi.nlm.nih.gov/pubmed/27909777
http://dx.doi.org/10.1016/j.taap.2004.11.002
http://www.ncbi.nlm.nih.gov/pubmed/15737675
http://dx.doi.org/10.3390/md13074217
http://www.ncbi.nlm.nih.gov/pubmed/26198237
http://dx.doi.org/10.1016/S0043-1354(01)00478-X
http://dx.doi.org/10.1016/S0166-445X(02)00010-3
http://dx.doi.org/10.1002/9781119068761.ch56
http://dx.doi.org/10.1016/j.scitotenv.2019.05.036
http://dx.doi.org/10.1016/j.toxicon.2013.10.011
http://www.ncbi.nlm.nih.gov/pubmed/24140921
http://dx.doi.org/10.1021/acssensors.8b01670
http://www.ncbi.nlm.nih.gov/pubmed/31140789
http://dx.doi.org/10.1080/15287394.2018.1532716
http://www.ncbi.nlm.nih.gov/pubmed/30430926
http://dx.doi.org/10.3390/toxins10090363
http://www.ncbi.nlm.nih.gov/pubmed/30205544
http://dx.doi.org/10.1007/s10750-013-1776-2
http://dx.doi.org/10.1016/j.scitotenv.2007.01.075
http://dx.doi.org/10.1016/j.marpolbul.2014.09.052
http://dx.doi.org/10.1016/j.hal.2010.09.005
http://dx.doi.org/10.2166/wh.2005.009
http://dx.doi.org/10.1016/j.hal.2010.11.006
http://dx.doi.org/10.1016/j.jhazmat.2009.07.010
http://dx.doi.org/10.1007/s00128-014-1277-7
http://dx.doi.org/10.1078/0723-2020-00102


Toxins 2019, 11, 530 26 of 34

134. Somdee, T.; Kaewsan, T.; Somdee, A. Monitoring toxic cyanobacteria and cyanotoxins (microcystins and
cylindrospermopsins) in four recreational reservoirs (Khon Kaen, Thailand). Environ. Monit. Assess. 2013,
185, 9521–9529. [CrossRef]

135. Dao, T.S.; Nimptsch, J.; Wiegand, C. Dynamics of cyanobacteria and cyanobacterial toxins and their correlation
with environmental parameters in Tri An Reservoir, Vietnam. J. Water Health 2016, 14, 699–712. [CrossRef]

136. Trung, B.; Dao, T.S.; Faassen, E.; Lurling, M. Cyanobacterial blooms and Microcystins in Southern Vietnam.
Toxins 2018, 10, 471. [CrossRef]

137. Lifshits, M.; Carmeli, S. Metabolites of Microcystis aeruginosa bloom material from Lake Kinneret, Israel.
J. Nat. Prod. 2012, 75, 209–219. [CrossRef]

138. Rodriguez, I.; Fraga, M.; Alfonso, A.; Guillebault, D.; Medlin, L.; Baudart, J.; Jacob, P.; Helmi, K.; Meyer, T.;
Breitenbach, U.; et al. Monitoring of freshwater toxins in European environmental waters by using novel
multi-detection methods. Environ. Toxicol. Chem. 2017, 36, 645–654. [CrossRef]

139. Li, R.; Carmichael, W.W.; Brittain, S.; Eaglesham, G.K.; Shaw, G.R.; Liu, Y.; Watanabe, M.M. First report of the
cyanotoxins cylindrospermopsin and deoxycylindrospermopsin from Raphidiopsis curvata (Cyantobacteria).
J. Phycol. 2001, 37, 1121–1126. [CrossRef]

140. Chonudomkul, D.; Yongmanitchai, W.; Theeragool, G.; Kawachi, M.; Kasai, F.; Kaya, K.; Watanabe, M.M.
Morphology, genetic diversity, temperature tolerance and toxicity of Cylindrospermopsis raciborskii (Nostocales,
Cyanobacteria) strains from Thailand and Japan. FEMS Microbiol. Ecol. 2004, 48, 345–355. [CrossRef]

141. Mohamed, Z.A.; Al-Shehri, A.M. Assessment of cylindrospermopsin toxin in an arid Saudi lake containing
dense cyanobacterial bloom. Environ. Monit. Assess. 2013, 185, 2157–2166. [CrossRef]

142. Dao, T.S.; Ortiz-Rodríguez, R.; Do-Hong, L.C.; Wiegand, C. Non-microcystin and non-cylindrospermopsin
producing cyanobacteria affect the biochemical responses and behavior of Daphnia magna. Int. Rev. Hydrobiol.
2013, 98, 235–244. [CrossRef]

143. Wimmer, K.M.; Strangman, W.K.; Wright, J.L.C. 7-Deoxy-desulfo-cylindrospermopsin and
7-deoxy-desulfo-12-acetylcylindrospermopsin: Two new cylindrospermopsin analogs isolated from a Thai
strain of Cylindrospermopsis raciborskii. Harmful Algae 2014, 37, 203–206. [CrossRef]

144. Ballot, A.; Ramm, J.; Rundberget, T.; Kaplan-Levy, R.N.; Hadas, O.; Sukenik, A.; Wiedner, C. Occurrence of
non-cylindrospermopsin-producing Aphanizomenon ovalisporum and Anabaena bergii in Lake Kinneret (Israel).
J. Plankton Res. 2011, 33, 1736–1746. [CrossRef]

145. Akcaalan, R.; Koker, L.; Oguz, A.; Spoof, L.; Meriluoto, J.; Albay, M. First report of cylindrospermopsin
production by two cyanobacteria (Dolichospermum mendotae and Chrysosporum ovalisporum) in Lake Iznik,
Turkey. Toxins 2014, 6, 3173–3186. [CrossRef]

146. Zhang, H.; Yang, S.; Beier, R.C.; Beloglazova, N.V.; Lei, H.; Sun, X.; Ke, Y.; Zhang, S.; Wang, Z. Simple,
high efficiency detection of microcystins and nodularin-R in water by fluorescence polarization immunoassay.
Anal. Chim. Acta 2017, 992, 119–127. [CrossRef]

147. Wu, H.Y.; Luan, Q.S.; Guo, M.M.; Gu, H.F.; Zhai, Y.X.; Tan, Z.J. Phycotoxins in scallops (Patinopecten yessoensis)
in relation to source, composition and temporal variation of phytoplankton and cysts in North Yellow Sea,
China. Mar. Pollut. Bull. 2018, 135, 1198–1204. [CrossRef]

148. Shin, C.; Jo, H.; Kim, S.H.; Kang, G.J. Exposure assessment to paralytic shellfish toxins through the shellfish
consumption in Korea. Food Res. Int. 2018, 108, 274–279. [CrossRef]

149. Shunmugam, S.; Gayathri, M.; Prasannabalaji, N.; Thajuddin, N.; Muralitharan, G. Unraveling the presence
of multi-class toxins from Trichodesmium bloom in the Gulf of Mannar region of the Bay of Bengal. Toxicon
2017, 135, 43–50. [CrossRef]

150. James Holmes, M.; Bolch, C.; Green, D.; Cembella, A.; Lay Ming Teo, S. Singapore isolates of the dinoflagellate
Gymnodinium catenatum (Dinophyceae) produce a unique profile of paralytic shellfish toxins. J. Phycol. 2002,
38, 96–106. [CrossRef]

151. Zaman, L.; Arakawa, O.; Shimosu, A.; Onoue, Y. Occurrence of paralytic shellfish poison in Bangladeshi
freshwater puffers. Toxicon 1997, 35, 423–431. [CrossRef]

152. Yilmaz, M.; Foss, A.J.; Selwood, A.I.; Ozen, M.; Boundy, M. Paralytic shellfish toxin producing Aphanizomenon
gracile strains isolated from Lake Iznik, Turkey. Toxicon 2018, 148, 132–142. [CrossRef]

153. Srivastava, A.; Ahn, C.Y.; Asthana, R.K.; Lee, H.G.; Oh, H.M. Status, alert system, and prediction of
cyanobacterial bloom in South Korea. Biomed. Res. Int. 2015, 2015, 584696. [CrossRef]

http://dx.doi.org/10.1007/s10661-013-3270-8
http://dx.doi.org/10.2166/wh.2016.257
http://dx.doi.org/10.3390/toxins10110471
http://dx.doi.org/10.1021/np200909x
http://dx.doi.org/10.1002/etc.3577
http://dx.doi.org/10.1046/j.1529-8817.2001.01075.x
http://dx.doi.org/10.1016/j.femsec.2004.02.014
http://dx.doi.org/10.1007/s10661-012-2696-8
http://dx.doi.org/10.1002/iroh.201301626
http://dx.doi.org/10.1016/j.hal.2014.06.006
http://dx.doi.org/10.1093/plankt/fbr071
http://dx.doi.org/10.3390/toxins6113173
http://dx.doi.org/10.1016/j.aca.2017.09.010
http://dx.doi.org/10.1016/j.marpolbul.2018.08.045
http://dx.doi.org/10.1016/j.foodres.2018.03.061
http://dx.doi.org/10.1016/j.toxicon.2017.06.003
http://dx.doi.org/10.1046/j.1529-8817.2002.01153.x
http://dx.doi.org/10.1016/S0041-0101(96)00167-5
http://dx.doi.org/10.1016/j.toxicon.2018.04.028
http://dx.doi.org/10.1155/2015/584696


Toxins 2019, 11, 530 27 of 34

154. Metcalf, J.S.; Richer, R.; Cox, P.A.; Codd, G.A. Cyanotoxins in desert environments may present a risk to
human health. Sci. Total Environ. 2012, 421–422, 118–123. [CrossRef]

155. Jiao, Y.; Chen, Q.; Chen, X.; Wang, X.; Liao, X.; Jiang, L.; Wu, J.; Yang, L. Occurrence and transfer
of a cyanobacterial neurotoxin β-methylamino-l-alanine within the aquatic food webs of Gonghu Bay
(Lake Taihu, China) to evaluate the potential human health risk. Sci. Total Environ. 2014, 468–469, 457–463.
[CrossRef]

156. Caparros-Lefebvre, D.; Steele, J.; Kotake, Y.; Ohta, S. Geographic isolates of atypical Parkinsonism and
tauopathy in the tropics: Possible synergy of neurotoxins. Mov. Disord. 2006, 21, 1769–1771. [CrossRef]

157. Craighead, D.; Metcalf, J.S.; Banack, S.A.; Amgalan, L.; Reynolds, H.V.; Batmunkh, M. Presence of the
neurotoxic amino acids beta-N-methylamino-l-alanine (BMAA) and 2,4-diamino-butyric acid (DAB) in
shallow springs from the Gobi Desert. Amyotroph. Lateral Scler. 2009, 10 (Suppl. 2), 96–100. [CrossRef]

158. Major, Y.; Kifle, D.; Spoof, L.; Meriluoto, J. Cyanobacteria and microcystins in Koka reservoir (Ethiopia).
Environ. Sci. Pollut. Res. Int. 2018, 25, 26861–26873. [CrossRef]

159. Bouhaddada, R.; Nelieu, S.; Nasri, H.; Delarue, G.; Bouaicha, N. High diversity of microcystins in a Microcystis
bloom from an Algerian lake. Environ. Pollut. 2016, 216, 836–844. [CrossRef]

160. Kimambo, O.N.; Gumbo, J.R.; Chikoore, H. The occurrence of cyanobacteria blooms in freshwater ecosystems
and their link with hydro-meteorological and environmental variations in Tanzania. Heliyon 2019, 5, e01312.
[CrossRef]

161. Simiyu, B.M.; Oduor, S.O.; Rohrlack, T.; Sitoki, L.; Kurmayer, R. Microcystin content in phytoplankton and in
small fish from eutrophic Nyanza Gulf, Lake Victoria, Kenya. Toxins 2018, 10, 275. [CrossRef]

162. Ballot, A.; Sandvik, M.; Rundberget, T.; Botha, C.; Miles, C. Diversity of cyanobacteria and cyanotoxins in
Hartbeespoort Dam, South Africa. Mar. Freshw. Res. 2014, 65, 175–189. [CrossRef]

163. Herry, S.; Fathalli, A.; Jenhani, A.; Bouaïcha, N. Seasonal occurrence and toxicity of Microcystis spp. and
Oscillatoria tenuis in the Lebna Dam, Tunisia. Water Res. 2008, 42, 1263–1273. [CrossRef]

164. Ndebele, M.R.; Magadza, C.H.D. The occurrence of microcystin-LR in Lake Chivero, Zimbabwe. Lakes Reserv.
Res. Manag. 2006, 11, 57–62. [CrossRef]

165. Douma, M.; Ouahid, Y.; Loudiki, M.; Del Campo, F.F.; Oudra, B. The first detection of potentially toxic
Microcystis strains in two Middle Atlas Mountains natural lakes (Morocco). Environ. Monit. Assess. 2017,
189, 39. [CrossRef]

166. Okello, W.; Kurmayer, R. Seasonal development of cyanobacteria and microcystin production in Ugandan
freshwater lakes. Lakes Reserv. Res. Manag. 2011, 16, 123–135. [CrossRef]

167. Mohamed, Z.A.; Deyab, M.A.; Abou-Dobara, M.I.; El-Sayed, A.K.; El-Raghi, W.M. Occurrence of cyanobacteria
and microcystin toxins in raw and treated waters of the Nile River, Egypt: Implication for water treatment
and human health. Environ. Sci. Pollut. Res. 2015, 22, 11716–11727. [CrossRef]

168. Chia, A.M.; Abolude, D.S.; Ladan, Z.; Akanbi, O.; Kalaboms, A. The presence of microcystins in aquatic
ecosystems in Northern Nigeria: Zaria as a case study. Res. J. Environ. Toxicol. 2009, 3, 170–178. [CrossRef]

169. Addico, G.N.D. Toxic Cyanobacteria, Cyanotoxins and Drinking Water Production in Ghana: Implications to
Human Health. Ph.D. Thesis, University of Hull, Hull, UK, 2008.

170. Mohamed, Z.A.; Bakr, A. Concentrations of cylindrospermopsin toxin in water and tilapia fish of tropical
fishponds in Egypt, and assessing their potential risk to human health. Environ. Sci. Pollut. Res. Int. 2018,
25, 36287–36297. [CrossRef]

171. Odokuma, L.O.; Isirima, J.C. Distribution of cyanotoxins in aquatic environments in the Niger Delta. Afr. J.
Biotechnol. 2007, 6, 2375–2385.

172. Harding, W.R.; Rowe, N.; Wessels, J.C.; Beattie, K.A.; Codd, G.A. Death of a dog attributed to the cyanobacterial
(blue-green algal) hepatotoxin nodularin in South Africa. J. S. Afr. Vet. Assoc. 1995, 66, 256–259.

173. Magonono, M.; Oberholster, P.J.; Addmore, S.; Stanley, M.; Gumbo, J.R. The presence of toxic and non-toxic
Cyanobacteria in the sediments of the Limpopo River Basin: Implications for human health. Toxins 2018,
10, 269. [CrossRef]

174. Naouli, J.; Abouabdellah, R.; Bennouna, A.; Laissaoui, A.; Swarzenski, P.W.; Ait Bouh, H.; Mesfioui, A.;
Benbrahim, M.S.; Dechraoui Bottein, M.Y. Using the radioligand-receptor binding assay for paralytic shellfish
toxins: A case study on shellfish from Morocco. J. Environ. Radioact. 2018, 192, 485–490. [CrossRef]

175. Mussagy, A.; Annadotter, H.; Cronberg, G. An experimental study of toxin production in Arthrospira
fusiformis (Cyanophyceae) isolated from African waters. Toxicon 2006, 48, 1027–1034. [CrossRef]

http://dx.doi.org/10.1016/j.scitotenv.2012.01.053
http://dx.doi.org/10.1016/j.scitotenv.2013.08.064
http://dx.doi.org/10.1002/mds.21024
http://dx.doi.org/10.3109/17482960903278469
http://dx.doi.org/10.1007/s11356-018-2727-2
http://dx.doi.org/10.1016/j.envpol.2016.06.055
http://dx.doi.org/10.1016/j.heliyon.2019.e01312
http://dx.doi.org/10.3390/toxins10070275
http://dx.doi.org/10.1071/MF13153
http://dx.doi.org/10.1016/j.watres.2007.09.019
http://dx.doi.org/10.1111/j.1440-1770.2006.00287.x
http://dx.doi.org/10.1007/s10661-016-5753-x
http://dx.doi.org/10.1111/j.1440-1770.2011.00450.x
http://dx.doi.org/10.1007/s11356-015-4420-z
http://dx.doi.org/10.3923/rjet.2009.170.178
http://dx.doi.org/10.1007/s11356-018-3581-y
http://dx.doi.org/10.3390/toxins10070269
http://dx.doi.org/10.1016/j.jenvrad.2018.07.020
http://dx.doi.org/10.1016/j.toxicon.2006.08.013


Toxins 2019, 11, 530 28 of 34

176. Esterhuizen, M.; Downing, T.G. Beta-N-methylamino-l-alanine (BMAA) in novel South African cyanobacterial
isolates. Ecotoxicol. Environ. Saf. 2008, 71, 309–313. [CrossRef]

177. Tatters, A.O.; Howard, M.D.; Nagoda, C.; Busse, L.; Gellene, A.G.; Caron, D.A. Multiple stressors at the
land-sea interface: Cyanotoxins at the land-sea interface in the Southern California Bight. Toxins 2017, 9.
[CrossRef]

178. Wiltsie, D.; Schnetzer, A.; Green, J.; Vander Borgh, M.; Fensin, E. Algal blooms and Cyanotoxins in Jordan
Lake, North Carolina. Toxins 2018, 10, 92. [CrossRef]

179. Foss, A.J.; Butt, J.; Aubel, M.T. Benthic periphyton from Pennsylvania, USA is a source for both hepatotoxins
(microcystins/nodularin) and neurotoxins (anatoxin-a/homoanatoxin-a). Toxicon 2018, 150, 13–16. [CrossRef]

180. Beversdorf, L.J.; Weirich, C.A.; Bartlett, S.L.; Miller, T.R. Variable cyanobacterial toxin and metabolite profiles
across six eutrophic lakes of differing physiochemical characteristics. Toxins 2017, 9, 62. [CrossRef]

181. Banack, S.A.; Metcalf, J.S.; Bradley, W.G.; Cox, P.A. Detection of cyanobacterial neurotoxin
beta-N-methylamino-l-alanine within shellfish in the diet of an ALS patient in Florida. Toxicon 2014,
90, 167–173. [CrossRef]

182. Zastepa, A.; Taranu, Z.E.; Kimpe, L.E.; Blais, J.M.; Gregory-Eaves, I.; Zurawell, R.W.; Pick, F.R. Reconstructing
a long-term record of microcystins from the analysis of lake sediments. Sci. Total Environ. 2017, 579, 893–901.
[CrossRef]

183. Roy-Lachapelle, A.; Solliec, M.; Sauvé, S. Determination of BMAA and three alkaloid cyanotoxins in lake
water using dansyl chloride derivatization and high-resolution mass spectrometry. Anal. Bioanal. Chem.
2015, 407, 5487–5501. [CrossRef]

184. Lajeunesse, A.; Segura, P.A.; Gelinas, M.; Hudon, C.; Thomas, K.; Quilliam, M.A.; Gagnon, C. Detection and
confirmation of saxitoxin analogues in freshwater benthic Lyngbya wollei algae collected in the St. Lawrence
River (Canada) by liquid chromatography-tandem mass spectrometry. J. Chromatogr. A 2012, 1219, 93–103.
[CrossRef]

185. Zamora-Barrios, C.A.; Nandini, S.; Sarma, S.S.S. Bioaccumulation of microcystins in seston, zooplankton and
fish: A case study in Lake Zumpango, Mexico. Environ. Pollut. 2019, 249, 267–276. [CrossRef]

186. Berry, J.P.; Jaja-Chimedza, A.; Davalos-Lind, L.; Lind, O. Apparent bioaccumulation of cylindrospermopsin
and paralytic shellfish toxins by finfish in Lake Catemaco (Veracruz, Mexico). Food Addit. Contam. Part A
2012, 29, 314–321. [CrossRef]

187. Vasconcelos, V.; Martins, A.; Vale, M.; Antunes, A.; Azevedo, J.; Welker, M.; Lopez, O.; Montejano, G. First
report on the occurrence of microcystins in planktonic cyanobacteria from Central Mexico. Toxicon 2010,
56, 425–431. [CrossRef]

188. Trout-Haney, J.V.; Wood, Z.T.; Cottingham, K.L. Presence of the cyanotoxin microcystin in Arctic Lakes of
Southwestern Greenland. Toxins 2016, 8, 256. [CrossRef]

189. Kleinteich, J.; Wood, S.A.; Puddick, J.; Schleheck, D.; Kupper, F.C.; Dietrich, D. Potent toxins in Arctic
environments—Presence of saxitoxins and an unusual microcystin variant in Arctic freshwater ecosystems.
Chem.-Biol. Interact. 2013, 206, 423–431. [CrossRef]

190. Jokela, J.; Heinila, L.M.P.; Shishido, T.K.; Wahlsten, M.; Fewer, D.P.; Fiore, M.F.; Wang, H.; Haapaniemi, E.;
Permi, P.; Sivonen, K. Production of high amounts of hepatotoxin nodularin and new protease inhibitors
pseudospumigins by the Brazilian benthic Nostoc sp. CENA543. Front. Microbiol. 2017, 8, 1963. [CrossRef]

191. Walter, J.M.; Lopes, F.A.C.; Lopes-Ferreira, M.; Vidal, L.M.; Leomil, L.; Melo, F.; de Azevedo, G.S.;
Oliveira, R.M.S.; Medeiros, A.J.; Melo, A.S.O.; et al. Occurrence of harmful cyanobacteria in drinking
water from a severely drought-impacted semi-arid region. Front. Microbiol. 2018, 9, 176. [CrossRef]

192. Casali, S.P.; Dos Santos, A.C.A.; de Falco, P.B.; Calijuri, M.D.C. Influence of environmental variables on
saxitoxin yields by Cylindrospermopsis raciborskii in a mesotrophic subtropical reservoir. J. Water Health 2017,
15, 509–518. [CrossRef]

193. Boopathi, T.; Ki, J.S. Impact of environmental factors on the regulation of cyanotoxin production. Toxins 2014,
6, 1951–1978. [CrossRef]

194. Barón-Sola, Á.; Ouahid, Y.; del Campo, F.F. Detection of potentially producing cylindrospermopsin
and microcystin strains in mixed populations of cyanobacteria by simultaneous amplification of
cylindrospermopsin and microcystin gene regions. Ecotoxicol. Env. Saf. 2012, 75, 102–108. [CrossRef]

http://dx.doi.org/10.1016/j.ecoenv.2008.04.010
http://dx.doi.org/10.3390/toxins9030095
http://dx.doi.org/10.3390/toxins10020092
http://dx.doi.org/10.1016/j.toxicon.2018.05.002
http://dx.doi.org/10.3390/toxins9020062
http://dx.doi.org/10.1016/j.toxicon.2014.07.018
http://dx.doi.org/10.1016/j.scitotenv.2016.10.211
http://dx.doi.org/10.1007/s00216-015-8722-2
http://dx.doi.org/10.1016/j.chroma.2011.10.092
http://dx.doi.org/10.1016/j.envpol.2019.03.029
http://dx.doi.org/10.1080/19440049.2011.597785
http://dx.doi.org/10.1016/j.toxicon.2010.04.011
http://dx.doi.org/10.3390/toxins8090256
http://dx.doi.org/10.1016/j.cbi.2013.04.011
http://dx.doi.org/10.3389/fmicb.2017.01963
http://dx.doi.org/10.3389/fmicb.2018.00176
http://dx.doi.org/10.2166/wh.2017.266
http://dx.doi.org/10.3390/toxins6071951
http://dx.doi.org/10.1016/j.ecoenv.2011.08.022


Toxins 2019, 11, 530 29 of 34

195. Nimptsch, J.; Woelfl, S.; Osorio Ruiz, S.; Valenzuela, J.; Moreira, C.; Ramos, V.; Castelo Branco, R.; Leao, P.;
Vasconcelos, V. First record of toxins associated with cyanobacterial blooms in oligotrophic North. Patagonian
lakes of Chile—A genomic approach. Int. Rev. Hydrobiol. 2016, 101, 57–168. [CrossRef]

196. Vidal, L.; Kruk, C. Cylindrospermopsis raciborskii (Cyanobacteria) extends its distribution to Latitude 34◦53’ S:
Taxonomical and ecological features in Uruguayan eutrophic lakes. Pan-Am. J. Aquat. Sci. 2008, 3, 142–151.

197. Johnson, H.E.; King, S.R.; Banack, S.A.; Webster, C.; Callanaupa, W.J.; Cox, P.A. Cyanobacteria (Nostoc
commune) used as a dietary item in the Peruvian highlands produce the neurotoxic amino acid BMAA.
J. Ethnopharmacol. 2008, 118, 159–165. [CrossRef]

198. Puddick, J.; Prinsep, M.R.; Wood, S.A.; Cary, S.C.; Hamilton, D.P.; Holland, P.T. Further characterization
of glycine-containing microcystins from the McMurdo dry Valleys of Antarctica. Toxins 2015, 7, 493–515.
[CrossRef]

199. Hitzfeld, B.C.; Lampert, C.S.; Spaeth, N.; Mountfort, D.; Kaspar, H.; Dietrich, D.R. Toxin production in
cyanobacterial mats from ponds on the McMurdo ice shelf, Antarctica. Toxicon 2000, 38, 1731–1748. [CrossRef]

200. Kleinteich, J.; Hildebrand, F.; AWood, S.; Cirés, S.; Agha, R.; Quesada, A.; Pearce, D.; Convey, P.; Küpper, F.;
Dietrich, D. Diversity of toxin and non-toxin containing cyanobacterial mats of meltwater ponds on the
Antarctic Peninsula: A pyrosequencing approach. Antarct. Sci. 2014, 26, 521–532. [CrossRef]

201. Genuario, D.B.; Correa, D.M.; Komarek, J.; Fiore, M.F. Characterization of freshwater benthic biofilm-forming
Hydrocoryne (Cyanobacteria) isolates from Antarctica. J. Phycol. 2013, 49, 1142–1153. [CrossRef]

202. Ceglowska, M.; Torunska-Sitarz, A.; Kowalewska, G.; Mazur-Marzec, H. Specific chemical and genetic
markers revealed a thousands-year presence of toxic nodularia spumigena in the Baltic Sea. Mar. Drugs 2018,
16, 116. [CrossRef]

203. Sivonen, K.; Namikoshi, M.; Evans, W.R.; Carmichael, W.W.; Sun, F.; Rouhiainen, L.; Luukkainen, R.;
Rinehart, K.L. Isolation and characterization of a variety of microcystins from seven strains of the
cyanobacterial genus Anabaena. Appl. Environ. Microbiol. 1992, 58, 2495–2500. [CrossRef]

204. Chernova, E.; Sidelev, S.; Russkikh, I.; Voyakina, E.; Zhakovskaya, Z. First observation of microcystin- and
anatoxin-a-producing cyanobacteria in the easternmost part of the Gulf of Finland (the Baltic Sea). Toxicon
2019, 157, 18–24. [CrossRef]

205. Kurmayer, R.; Christiansen, G.; Fastner, J.; Borner, T. Abundance of active and inactive microcystin genotypes
in populations of the toxic cyanobacterium Planktothrix spp. Environ. Microbiol. 2004, 6, 831–841. [CrossRef]

206. Gkelis, S.; Lanaras, T.; Sivonen, K. Cyanobacterial toxic and bioactive peptides in freshwater bodies of Greece:
Concentrations, occurrence patterns, and implications for human health. Mar. Drugs 2015, 13, 6319–6335.
[CrossRef]
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