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Summary: Cyanobacteria, formerly called “blue-green algae“, are simple, primitive photosynthetic microorganism wide
occurrence in fresh, brackish and salt waters. Forty different genera of Cyanobacteria are known and many of them are
producers of potent toxins responsible for a wide array of human illnesses, aquatic mammal and bird morbidity and mor-
tality, and extensive fish kills. These cyanotoxins act as neurotoxins or hepatotoxins and are structurally and functionally
diverse, and many are derived from unique biosynthetic pathways. All known cyanotoxins and their chemical and toxico-

logical characteristics are presented in this article.
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Introduction

Cyanobacteria are a morphologically diverse group of
oxygenic photosynthetic prokaryotes, which are phylogene-
tically closely related to each other and to chloroplasts.
Some of them produce considerable toxins. Cyanobacterial
evolution began at least 2000 million years ago according to
paleontological data. The wide occurrence of toxic Cyano-
bacteria location in fresh, brackish and sea-water, create
problems for all life forms. Organisms responsible include
an estimated 40 genera but the main ones are Anabaena,
Aphanizomenon, Cylindrospermopsis, Microcystis, Nodularia,
Nostoc and Oscillatoria. Cyanobacteria toxins (cyanotoxins)
are very often responsible for acute lethal, acute chronic
and sub-chronic poisonings of wild and/or domestic ani-
mals and humans (7). These bacteria, flourishing in many
drinking water resources, are usualy members of the wide
spread genus Microcystis, Nodularia or Anabaena, many
species of which produce potent toxins. The first published
report of the potentially lethal effects of microorganisms
known as blue-green algae appeared in Nature in 1878
when Dr. George Francis described an algal bloom that had
formed in the estuary of the Murray River, in Australia
(16).

The toxins have killed animals, and the consumption of
low doses in drinking water is suspected of contributing to
a high rate of human liver cancer in certain parts of the
world. Most water-based poisonings by cyanobacteria occur
when heavy surface growths or scum accumulates near sho-
relines of lakes, ponds and reservoirs where animals have
easy access to toxic levels of cells. Blooms of blue-green
algae frequently occur in recreational lakes and rivers used
for water sports during the summer swimming season. The
cyanotoxins include the neurotoxins - anatoxins and saxito-
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xins plus the hepatotoxins - namely microcystins, nodularin
and cylindrospermopsin. Risk assessment of microcystins
indicate that a level of 1 ug.L! should be considered a ma-
ximum allowable concentration (MAC) based upon an
adult consumption of 2 L.day"!. Implication of microcystins
as the major contributing factor in liver failure and death of
at least 52 humans, in 1996, at a haemodialysis center in
Caruaru, Brazil point to the importance of cyanotoxins as
health hazards in drinking waters (20). Since most of the
world reservoir and lake based water supplies are subject to
increasing nutrient levels, it is probable that episodes of
cyanotoxin poisoning will continue unless measures are ta-
ken to improve our understanding of their role in water-ba-
sed diseases.

In this paper the latest informations about all known cy-
anobacterial toxins of fresh water growing Cyanobacteria
are presented.

Cyanobacteria

Cyanobacteria, also known as blue-green algae, are pri-
mitive autotrophic prokaryotes. They have something in
common with both plants and bacteria. Like algae, they are
photosynthetic and form oxygen during photosynthesis. It
is thought that it was these bacteria that were responsible
for the first appearance of significant amounts of oxygen on
earth about 2.3 billion years ago. Like other bacteria they
lack internal organelles bound by membranes. Also like
bacteria, they produce a variety of toxins. Cyanobacteria
exist in many environments including soil, marine and
freshwater. Freshwater lakes and ponds are the sites of the
most dramatic blooms of these organisms and are respon-
sible for the death of livestock (and people) in many parts
of the world. One well established condition that promotes
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blooms of Cyanobacteria is the relative amounts of phosp-
horus and nitrogen in the water. Both are required for plant
(and cyanobacterial) growth. However, there is an impor-
tant difference between Cyanobacteria and algae such as di-
atoms. Some blue-greens can fix nitrogen from atmospheric
nitrogen gas. In general algal growth in freshwater lakes is
limited by the availability of phosphorus, with plenty of ava-
ilable dissolved nitrogen in the form of nitrate or ammonia.
This favours the growth of diatoms and other eukaryotic
algae that are good competitors for phosphorus. If the rela-
tive amount of nitrogen decreases, resulting in nitrogen li-
mited pond, Cyanobacteria will be favoured because they
can fix nitrogen from the atmosphere. The decrease in dis-
solved nitrogen can occur after a bloom of diatoms, or other
algae. The bloom can result in very large standing stock of
Cyanobacteria that discolour the water or result in a surface
scum. If present, this is a clear sign not to drink or swim in
the water because contact with skin can result in itchiness
and rash. Recently the biology and ecology of Cyano-
bacteria are studied intensively (4). The taxonomy of
Cyanobacteria is complicated, we used taxonomic scheme
based on Rippka et al. (33). Toxicologically important
Cyanobacteria are genus Anabaena, Oscillatoria, Microcystis,
Nodularia, Cylindrospermopsis, and Lyngbia.

Genus Anabaena

Anabaena spp. are photosynthesizing, nitrogen-fixing,
filamentous and unbranched algae (Fig. 1A) found widely
in fresh and salt waters. Any of various freshwater algae of
the genus Anabaena sometimes occur in drinking water and
cause a bad taste and odour. At present more than thirty
species of the genus Anabaena is known (17) but only some
of them were studied from the toxicologic point of view.

Fig. 1: Microphotographs of Cyanobacteria genus Anabaena
(1A), Oscillatoria (1B), Microcystis (1C), and Nodularia
(1D).
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Genus Oscillatoria

is represented by 16 species (17) of these algae which
occurs as a single row of cells called a trichome (Fig. 1B)
and which does not produce any spores or heterocysts. The
reproductive body called the hormogonium is very difficult
to tell apart from the rest of the cells making up the tricho-
me. The hormogonia tends to split off the main body of
cells and then drift away to form a new trichome. The main
toxic products of genus Oscillatoria are microcystins (3).

Genus Microcystis

Microcystis spp. is single-celled, colonial, freshwater cy-
anobacteria (Fig. 1C) and has been identified world-wide.
Although many studies have not been able to confirm the
species, both M. aeruginosa and M. viridis appear to be the
most common microcystin-producing species. Microcystis
spp. had been known for their toxicity for a long time.
Since that time approximately 30 different species (17)
and 35 different microcystins have been described in these
cyanobacteria, primarily from M. aeruginosa and M. viridis.
Microcystis aeruginosa is colonial, which means that single
cells can join together in the groups as colonies whose
tend to float near the water surface. Colony sizes vary
from a few to hundreds of cells. It is common bloom-for-
ming algae found primarily in nutrient enriched fresh wa-
ters and lower salinity estuaries. The blue-green alga,
Microcystis, occurs widely in Australia, and has caused
many cases of livestock poisoning in New South Wales and
Victoria (13,40). Cyanobacteria Microcystis ssp. very often
determined water quality (9) and may be very dangerous
for humans (30).

Genus Nodularia
is represented by 16 species (17) of filamentous algae
(Fig. 1D) occurs in saline and brackish waters and in soil
all over the world (41). For example N. spumigena blooms
have been observed in all areas of the Baltic Sea (38).

Genus Cylindrospermopsis

At present only one species of genus Cylindro-
spermopsis, C. raciborskii, is known. The geographic distri-
bution of this species first recorded in tropical to
subtropical areas is now spread to temperate countries. In
November 1979, an outbreak of severe hepatoenterities and
renal damage involved 148 people among the Aboriginal
population in Palm Island (North Queensland, Australia)
(5). A new toxin, cylindrospermopsin, was purified from
a C. raciborskii strain, hold responsible for the disease (27).
Then other toxicity episodes due to C. raciborskii were ob-
served in Australian freshwater reservoirs and recreational
water (13). More recently, paralytic shellfish poisons were
identified in two Brazilian C. raciborskii strains (23).

Genus Lyngbya
These are filamentous blue-green algae with worldwide
distribution throughout tropical and subtropical regions. At



present the most important species of genus Lyngbya are L.
majuscula, L. martensiana, and L. aestuarii (17).

Cyanotoxins

All as yet known cyanotoxins can be divided according
to place of theirs toxic effect into neurotoxins and hepato-
toxins (29). As neurotoxins are classified anatoxins and sa-
xitoxins and as hepatotoxins are classified microcystins,
nodularin, cylindrospermopsin and lyngbyatoxin A.
Cyanotoxins are very intensivie studied family of biologi-
cally active compounds and finding of other new com-
pounds we can expect in the nearest time.

Anatoxins

The anatoxins are a group of neurotoxic alkaloids pro-
duced by a number of cyanobacterial genera including
Anabaena, Oscillatoria and Aphanizomenon. They affect the
functioning of the nervous system, often causing death due
to paralysis of the respiratory muscles.

As yet three compounds of this type are known, anato-
xin-a, homoanatoxin-a and anatoxin-a(s) (Fig. 2). Homo-
anatoxin-a was firstly prepared synthetically (45), but lastly
was discovered in Cyanobacteria, too (15). Anatoxins are
perhaps one of the most toxic of the cyanobacterial toxins
in this group, since the effects of ingestion can be lethal wit-
hin 4 minutes, depending on the quantity consumed. This
led to the compound dubbed a ”Very Fast Death Factor®.

Fig. 2: Chemical structures of anatoxin-a, homoanatoxin-
a and anatoxin-a(s)
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Anatoxin-a is one of the most potent agonists at the ni-
cotinic acetylcholine receptor discovered to date (24,42).
Its naturally observed homologue, homoanatoxin-a, has very
similar properties. Both act as a mimic of the neurotrans-
mitter, acetylcholine and irreversibly binds the nicotinic
acetylcholine receptor (NAChR). Normal neuromuscular
action involves the release of acetylcholine, which binds its
receptor, leading to the opening of a related sodium chan-
nel. The resulting movement of sodium ions produces the
action potential causing the muscles to contract. At this
point, an enzyme called acetylcholinesterase then cleaves
the neurotransmitter, allowing the sodium channel to re-
turn to its resting state, and hence the muscle can relax.
Anatoxin-a and homoanatoxin-a also binds the NAChR to
produce an action potential, but cannot be cleaved by the
enzyme. The sodium channel is essentially locked open,

and the muscles become over-stimulated and become fati-
gued and then paralysed. When respiratory muscles beco-
me affected, convulsions occur due to a lack of oxygen
supply to the brain. Suffocation is the final result a few mi-
nutes after ingestion of these toxins.

The mechanism of toxic action of anatoxin-a(s) is diffe-
rent. Compound III is the first organophosphate found in
nature and it is a very strong inhibitor of acetylcholineste-
rase, likely as powerful as some nervous chemical warfare
gases (19). The toxicity of these compounds (LD) varies
from 20 ug. kg! (intra peritonealy in mouse) for anatoxin-
a(s) to 200-250 ug kg'! for anatoxin-a and homoanatoxin-a.

Despite its poisonous nature, however, anatoxin-a and
many related synthetically prepared analogues have found
widespread use in medicine and for pharmacological appli-
cations. Since it binds the nicotinic acetylcholine receptor
irreversibly, it is an excellent means of studying this recep-
tor, and also the mechanisms of neuromuscular action. Its
analogues are used to further elucidate the receptor sub-ty-
pes, and this research may lead to the development of new
drugs which have none of the toxicity associated with ana-
toxin-a itself, but which act merely as acetylcholine repla-
cement candidates. For example, the neurodegenerative
disorder, Alzheimer’s disease is associated with an inability
of neurons to produce acetylcholine. Therefore agonists of
NAChHR derived from anatoxin-a can be useful therapeutics
of Alzheimer’s disease.

Saxitoxins

Like anatoxins, the saxitoxins (STX) are neurotoxic alka-
loids which are also known as PSP’s (paralytic shelfish poi-
sons) due to their occurance and association with seafood.
There are a number of STX variants generally divided into
groups based on their structure or organism of origin. The
single sulphated STX’s are known as gonyautoxins (GTX)
and B-toxins, the doubly sulphated STX’s are known as C-to-
xins. There are also decarbamyl STX’s (dcSTX) and a group
of STX variants, so far found only in Lyngbia wollei, known
as Lyngbia-wollei-toxins (LWTX) (28). Chemical structures
of the most important saxitoxins are shown in Fig. 3.

Fig. 3: The common chemical structure of saxitoxins. STX
= saxitoxin, Neo-STX = neosaxitoxin, GTX = gonyautoxins,
B = B-toxins and C = C-toxins.
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STX was the first known and most studied toxic com-
ponent of paralytic shellfish poisoning (PSP). This toxin
blocks neuronal transmission by binding to the voltage-ga-
ted Na+ channels in nerve cells, thus casuing their neuro-
toxic effects. Although the toxin’s mechanism of action is
well known at the molecular level, there are still many un-
resolved questions about its pharmacokinetics and the PSP
intoxication syndrome in mammal (1). STX’s are highly to-
xic with LD’s as low as 10 ug.kg! (i.p.) in mice.

Microcystins

The microcystins are a group of cyclic heptapeptide (7
amino acids) hepatotoxins produced by a number of cya-
nobacterial genera, the most notable of which is the wi-
despread Microcystis from which the toxins take their name.
Microcystins consist of a seven-membered peptide ring,
which is made up of five non-protein amino acids and two
protein amino acids. It is these two protein amino acids
that distinguish microcystins from one another, while the
other amino acids are more or less constant between variant
microcystins. Using amino acid single letter code nomen-
clature, each microcystin is designated a name depending
on the variable amino acids which complete their structure.
The most common and potently toxic microcystin-LR con-
tains the amino acids Leucine (L) and Arginine (R) in the-
se variable positions.

There have been approximately 60 different microcys-
tins identified to date. Below is the general stucture of mic-
rocystins (Fig. 4) showing the variable amino acid positions
”X* and ”Y“. The amino acids are delineated in this dia-
gram and numbered according to the microcystin standard
nomenclature. R! and R? are H in demethylated microcys-
tins (10).

Fig. 4: The common chemical structure of microcystins.
Adda = 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-
4,6-dienoic acid, D-Glu = D-glutamic acid, Mdha = N-met-
hyldehydroalanine, D-Ala = D-alanine, Masp = D-methyl-
aspartic acid, and X and Y are both variable L-amino acids.
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These monocyclic heptapeptides are characterised by
some invariant amino acids, including one of unusual struc-
ture - 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-
dienoic acid (Adda) - which is essential for expression of
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toxicity. The Adda moiety is also important in the binding
of the toxin to protein phosphatases.

Microcystins are chemically stable, but suffer biodegra-
dation in reservoir waters. The most common member of
the family, microcystin-LR (L and R identifying the 2 vari-
able amino acids, in this case leucine and arginine respecti-
vely) has an LD, in mice and rats of 36-122 ug.kg! by
various routes, including aerosol inhalation. Although hu-
man illnesses attributed to microcystins include gastroente-
ritis and allergic/irritation reactions, the primary target of
the toxin is the liver, where disruption of the cytoskeleton,
consequent on inhibition of protein phosphatases 1 and
2A, causes massive hepatic haemorrhage. Microcystins are
tight-binding inhibitors of these protein phosphatases, with
inhibition constants in the nanomolar range or lower.
Uptake of microcystins into the liver occurs via a carrier-
mediated transport system, and several inhibitors of uptake
can antagonise the toxic effects of microcystins. The most
effective of these is the antibiotic rifampin, which protects
mice and rats against microcystin-induced lethality when
given prophylactically and, in some cases, therapeutically
(10). More recent experimental evidence shows that micro-
cystins may also act as liver tumor promoters in extremely
small amounts. A tumor promoter does not initiate cancer
formation but helps a previously developed cancer to survi-
ve. This type of toxin has been shown to persist in water for
a week or more after the bloom has disappeared. Poisoning
symptoms may take 30 minutes to 24 hours to appear, de-
pending upon the size of the animal affected and the
amount of toxic bloom consumed. Microcystin toxicosis
may include jaundice, shock, abdominal pain, weakness,
nausea and vomiting, rapid and weak pulse and death (3).

Nodularin

Nodularin is a toxin produced by Nodularia spumigena
(32). The structure of nodularin is related to the potent cyc-
lic heptapeptide, the microcystins, but differs in that nodu-
larin is composed only five amino acids in the peptide ring
(Fig. 5). Likewise as in microcystins, an atypical amino
acid Adda is present in nodularin molecule and also other
parts of nodularin are very similar to microcystins. Not
only the structures of these two cyanobacteriual toxins are
similar. They both show the same hepatotoxic effect
through the potent inhibition of protein phosphatases and
their toxicity is also similar (46). It is very probably, that on
the toxicity of nodularin participate also on their capability
to create pores in lipid bilayers of native membrane (39).
Other derivative of nodularin, [L-Har2]nodularin, com-
pound with L-homoarginin moiety in molecule, was recent-
ly found in freshwater cyanobacteria Nodularia PCC 7804

).

Cylindrospermopsin
Cylindrospermopsin (Fig. 6) is the potent hepatotoxin
produced by the freshwater blue-green alga, Cylindro-
spermopsis raciborskii and Aphanizomenon ovalisporum (37).



Fig. 5: Chemical structure of nodularin. Adda = 3-amino-9-
methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid, D-
Glu = D-glutamic acid, Mdha = N-methyldehydroalanine,
Masp = D-methylaspartic acid, Arg = L-arginine.
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Fig. 6: Chemical structure of cylindrospermopsin.

The results of intraperitoneal and oral dosing of animals
show that hepatotoxicity is the main effect of cylindrosper-
mopsin in vivo, but that a thrombohemorrhagic phenome-
non is observed in a proportion of dosed animals. It has
been shown that the toxin can be metabolized in vivo and
that a bound metabolite occurs in the liver. Cytotoxicity ex-
periments using cell cultures show that cylindrospermopsin
is more cytotoxic to isolated rat liver hepatocytes than to ot-
her cell types (37). Risk assessment calculations show that
guideline values for cylindrospernopsin in drinking water
should lie in the low microgram per liter range (11).

Lyngbyatoxin A, aplysiatoxin
and debromoaplysiatoxin

All these three compounds are metabolites of Lyngbya
majuscula, filamentous blue-green alga with worldwide di-
stribution throughout tropical and subtropical regions.
Since the first reports in the late 1950’s in Hawaii and later
in Okinawa, swimmers coming into contact with this cya-
nobacterium have contracted acute dermatitis. From the
over forty unique biologically active chemicals isolated
from this species, three toxins, debromoaplysiatoxin, aply-
siatoxin, and lyngbyatoxin A, have been found to be the ma-
jor cause of dermatitis (6). Aplysiatoxin and its
debromylated derivative are cyclic ethers, lybgbyatoxin is
indole alkaloid (Fig. 7). These three toxins are all tumor
promoters, binding to phorbol ester receptors leading to the
activation of protein kinase C (12,22).

Fig. 7. Chemical structures of aplysiatoxin, debromoaplysi-
atoxin and lyngbyatoxin
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Cyanotoxins and water quality

The potential for contamination of drinking water by
blue-green algal toxins has resulted in the Australian autho-
rities, and the World Health Organization (WHO) setting
up working parties to develop water quality guidelines.
These will specify ‘safe’ concentrations of these algal toxins
in drinking water. The WHO guidelines are not compulso-
ry, but act as a basis for governments to enact legislation on
water quality. They will also provide guidance to public and
private water supply authorities on the monitoring and safe
concentrations of these toxins in drinking water. In the
Czech Republic the problem of cyanobacterial contamina-
tion of water sources is not so meaningful. The huge
amount of information about problems with Cyanobacteria
in the Czech Republic is possible to obtain on the Internet
address (18). It is clear that as human populations increa-
se, so will rise the potential for toxic algal blooms. It is li-
kely that both ecological measures to improve water quality
and improved water treatment methods will be needed in
the future.

Cyanotoxins as scientific tool

Neurotoxic active cyanotoxins are used very often as
a research tool in biochemistry, neurobiology and electrop-
hysiology (8,43) and hepatotoxic active cyanotoxins are na-
mely exploit in the studies of cytoskeletar organization of
different cells (21,44). Possibilities of cyanotoxins as rese-
arch tool are not embraced yet.
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Cyanotoxins as chemical warfare or bioterrorism device

The toxicity of the major part of cyanotoxin is compa-
rable with highly toxic chemical warfare compounds (11)
and may be theoretically misused as weapons. Biological
weapons are an important part of the level of international
threat. Technological development has made biological we-
apon production relatively simple and cheap, and although
a UN convention from 1972 bans biological weapons, go-
vernments as well as non-governmental organisations or in-
dividuals have developed biological weapons for offensive
use in war or terrorism (31).

Cyanotoxins and other Cyanobacteria products
as possible therapeutics

Most of cyanotoxins, such as the anatoxins and saxito-
xins, will probably only be useful as biochemical research
tools. A few, however, have the potential for development
into useful commercial products. For example, some micro-
cystins, shows impressive activity against a broad spectrum
of solid tumors implanted in mice (26). Some compounds
isolated from freshwater cyanobacteria have the anti-HIV
activity and are also active against other retroviruses such
as herpes simplex virus (HSV) (36). Antileukemic activity
has been observed at debromoaplysiatoxin which has been
isolated from Lyngbya gracilis. This compound also has der-
monecrotic activity and may be the dermatitis-producing
substance in L. majuscula, the causative agent of “swim-
mers’ itch“ outbreaks in Hawaiian waters (25).

Cyanobacteria as a source of further compounds

Cyanobacteria may be a source of some further com-
pounds in the future, such as the phycocyanin pigments.
These pigments contain open chain tetrapyrroles with pos-
sible scavenging properties and antioxidant and antiinflam-
matory properties (34). Phycocyanin is also a very effective
antioxidant protector of human erythrocytes against lysis
by peroxyl radical (35). Other biologically active com-
pounds isolated from Cyanobacteria are different polysac-
charides with anti-inflammatory (14) and anti-HIV
properties (36).

Conclusions

Cyanobacteria, formerly called “blue-green algae“, are
relatively simple, primitive life forms closely related to bac-
teria and should not be mistaken for true algae, although
they are in many respects ecologically similar.
Cyanobacteria are found throughout the world in terrestri-
al, freshwater and marine habitats. Nutrient-rich bodies of
water such as eutrophic lakes, agricultural ponds, or catch
basins, may support a rapid growth of cyanobacteria. When
conditions are good, a clear design of water can become
very turbid with a green, blue-green or reddish-brown growth
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within just a few days. It is the freshwater habitat that typi-
cally experiences a cyanobacteria "bloom*“. Sometimes blo-
oms may produce toxins that are potentially lethal to
animals, including humans. Some genera of cyanobacteria
account for the vast majority of toxic blooms produced che-
mically interesting and toxicologically important com-
pounds, cyanotoxins. Well-known cyanotoxins can be
divided into neurotoxic anatoxins and saxitoxins and hepa-
totoxic microcystins, nodularin, cylindrospermopsin, aply-
siatoxin and lyngbyatoxin. Algal toxins represent a major
source of poisonings due to drinking water contamination
and seafood consumption. Most classes of algal toxins are
neurotoxins, while others target protein phosphatases, criti-
cal regulators of signal transduction pathways. Most algal
toxins of human health significance are characterized by
their high toxic potency and consist of suites of related con-
geners. The metabolic conversion, bioaccumulation, and
food web transfer of the cyanobacterial toxins are incom-
pletely understood in many cases. These characteristics
make the analysis of cyanotoxins difficult and the deter-
mination of human health risk complex. Cyanotoxins re-
present only a small percentage of the thousands of
compounds produced by microalgae, specifically those
whose selective interaction with receptors in mammalian
systems results in illness. Since the genes involved in toxin
prodution have not been identified for any algal species, it
is impossible currently to determine whether the capacity
for toxin production is present, but silenced, in non-toxic
varieties. As the molecular biology of microalgae becomes
better understood, these questions will become answerable.
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