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Morphologically, physiologically and metabolically, cyanobacteria (blue-green algae) are one of the most diverse groups
of prokaryotes. Cyanobacteria bloom abundantly in surface waters as a result of eutrophication, and they produce
different types of toxins, so they not only hinder recreational use of bodies of water but also cause health problems in
humans and animals. Cyanobacterial toxins (cyanotoxins) can be classified in five groups: hepatotoxins, neurotoxins,
cytotoxins, dermatotoxins and irritant toxins (lipopolysaccharides).
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INTRODUCTION
Cyanobacteria are gram-negative photosynthetic
prokaryotes. They can be found in a wide range of
habitats from ice fields to hot springs and deserts.
Morphologically, physiologically and metabolically,
this group is one of the most diverse groups of
prokaryotes (Codd, 1994). The rapid evolution of
cyanobacteria in different water and land environments is related to their capacity for both aerobic
and anaerobic photosynthesis. They contain chlorophyll-a, carotene, xanthophyll, blue c-phycocyanin
and red c-phycoerythrin. The last two pigments can
only be found in cyanobacteria (Benson, 1969; Ressom et al., 1994; Duy et al., 2000). Their photosynthetic organ and mechanism of photosynthesis are
similar to algae but, unlike eucaryotic microalgae,
cyanobacteria do not possess membrane-bound subcellular organelles like chloroplasts. The photosynthetic pigments of cyanobacteria are located in
thylakoids lying free in the cytoplasm near the cell
periphery.

One of the fundamental metabolic processes of
cyanobacteria is dinitrogen fixation. Using the
enzyme nitrogenase, they convert N2 directly into
ammonium in aerobic conditions. Nitrogen-fixing
cyanobacteria are widespread among filamentous,
heterocyst-forming genera such as Anabaena, Nostoc, Aphanizomenon (Ressom et al., 1994; Adams,
2000). Some non-heterocyst forming species such as
Trichodesmium can also assimilate nitrogen (Carpenter et al., 1992).
Cyanobacteria bloom intensively in eutrophic
surface waters (lakes, reservoirs and slow rivers).
This natural process of enrichment of biological production in aquatic ecosystems is caused by increases
in the level of nutrients, usually phosphorus and
nitrogen compounds. Some lakes are naturally eutrophic, but in many other water bodies the excess
nutrient input is of anthropogenic origin, resulting
from municipal wastewater discharge or runoff from
agricultural land.
Cyanobacteria have a number of special properties that determine their importance, relative suc-

* e-mail: mankiew@biol.uni.lodz.pl.
PL ISSN 0001-5296

© Polish Academy of Sciences, Cracow 2003

10

Mankiewicz et al.

Fig. 1. Microcystis bloom in Sulejow Reservoir. Fig. 2. Microcystis aeruginosa scum (0.5 m thick) appearing in Sulejow
Reservoir in September 1999.

cess and predominance during the growth season in
phytoplankton communities. However, the behavior
of different cyanobacterial taxa is not homogeneous
because their ecophysiological properties differ
(Mur et al., 1999). Cyanobacterial blooms are usually observed during springtime (Planktotrix rubescens, Limnotrix redekei) or during late summertime
(Microcystis aeruginosa, Aphanizomenon flosaquae, Planktotrix agardhii ). The following factors
are responsible for the predominance of bloom-forming cyanobacteria during the summer period:
water temperature above 25˚C, low light intensity
in water, low N:P ratio, and stability of the water
column.
Many species of cyanobacteria possess gas
vesicles, which enable regulation of the buoyancy of
cells and colonies, and optimize their vertical position in the water column; this in turn enables them
to find a suitable niche for survival and growth. The
buoyancy of some cyanobacteria is responsible for
intensive formation of scum at the water surface
(Figs. 1, 2). The slow growth rate of cyanobacteria in
comparison to eucaryotic microalgae is compensated
by a higher affinity for phosphorus and nitrogen,
substantial phosphorus storage capacity, and low
losses to grazing by zooplankton as a result of the
formation of large colonies (Reynolds, 1987; Tarczyńska et al., 1997).
Cyanobacterial blooms are unattractive and
they hinder recreational use of water bodies, but
more important are the health problems their toxins
cause in humans and animals (Carmichael, 2001).
Contact with or ingestion of water containing cyanobacterial cells or toxins can cause skin irritations,
allergic responses, blistering of mucosa, hay fever
symptoms, diarrhoea, acute gastroenteritis, and
liver and kidney damage (Ressom et al., 1994; Fal-

coner, 1994b; Bell and Codd, 1996; Pilotto et al.,
1997; Codd, 2000).
The cyanobacterial toxins (cyanotoxins) can be
classified in five groups: hepatotoxins, neurotoxins,
cytotoxins, dermatotoxins and irritant toxins (lipopolysaccharides) (Tab. 1). In the aquatic environment these toxins usually are contained mainly
within the cyanobacterial cells, and are released in
substantial amounts during cell lysis (Sivonen and
Jones, 1999).

HEPATOTOXINS
Cyclic peptides represented by two groups of cyanotoxins are included among the hepatotoxins: microcystins and nodularins. These are produced mainly
by the genera Microcystis, Planktothrix, Anabaena,
Nodularia, Nostoc and Umezakia (Carmichael,
1994, 1997; Harada, 1994; Codd, 1995; Sivonen,
1996; Falconer, 1999; Singh et al., 1999; Chorus et
al., 2000; Codd, 2000).
Microcystins differ from nodularins in amino
acid content. Both these groups of hepatotoxins contain a unique hydrophobic amino acid, ADDA
(2S,3S,8S,9S-3-amino-9-methoxy-2,6,8-trimethyl10-phenyl-deca-4,6-dienoic acid) (Eriksson et al.,
1987). The ADDA chain is indispensable to the biological activity of these molecules; changes in the
ADDA chain reduce the toxicity of hepatotoxins
(Carmichael, 1992; Stotts et al., 1993; Dow and Swoboda, 2000; Duy et al., 2000).
Microcystins consist of seven amino acids. The
name of these hepatotoxins is derived from the first
genus found to produce it, Microcystis aeruginosa
(Fig. 3) (Carmichael, 1992; Falconer, 1999; Singh
et al., 1999). At least 75 microcystin variants are
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Fig. 3. Colony of Microcystis aeruginosa. × 400.

Fig. 4. Aggregates of Aphonizomenon flos-aquae. × 400.

known (Sivonen, 1996; Chorus and Bertram, 1999;
Codd, 2000; Carmichael, 2001). Microcystins differ
from each other by the L amino acid at two non-conserved positions in the molecule (Botes et al., 1982;
Ressom et al., 1994; Duy et al., 2000). This was the
basis for naming the different microcystin variants
such as microcystin-LR (Fig. 5), which contains the
most common L-amino acids, leucine (L) and arginine (R); microcystin-YR, which contains leucine
(L) and tyrosine (Y); and microcystin-RR, which
contains two arginines (RR) (Carmichael et al.,

1988; Duy et al., 2000). Different types of microcystins are formed by substitutions at amino acid sites
by methylation or demethylation of the molecule, by
variations in the structure of the ADDA chain, or by
modification of D-glutamic acid (Bell and Codd,
1996; Duy et al., 2000).
Nodularins (Fig. 6) represent the second group
of hepatotoxins; they consist of five amino acids, and
apart from the ADDA chain contain D-glutamate
(D-Glu), L-arginine (Arg), D-β-methylaspartic acid
(MeAsp) and D-N-methyl-dehydrobutyrin (Mdhb)

TABLE 1. Cyanobacterial toxins: their function and mechanism of action (according to Chorus and Bartram, 1998; Falconer,
1999; Chorus et al., 2000; modified)
Toxin

Primary target
organ in mammals

HEPATOTOXINS
microcystins

Liver

nodularins

Liver

Taxon

Mechanism of toxicity

Microcystis, Oscillatoria/
Planktothrix, Nostoc,
Anabaena
Nodularia

Inhibition of protein phosphatase
activity, hemorrhaging of the liver

Liver, kidney,
spleen, intestine,
heart, thymus

Cylindrospermopsis,
Umezakia

Inhibition of protein synthesis

NEUROTOXINS
anatoxin-a

Nerve synapse

Blocking of post-synaptic depolarization

anatoxin-a(s)
saxitoxins
neosaxitoxins

Nerve synapse
Nerve axons
Nerve axons

Anabaena, Oscillatoria,
Aphanizomenon
Anabaena
Aphanizomenon, Anabaena
Aphanizomenon, Anabaena

DERMATOTOXINS
lungbyatoxins-a

Skin

Lungbya

Protein kinase C activators,
inflammatory activity

debromoaplysiatoxins
aplysiatoxins

Skin
Skin

Lungbya
Lungbya, Schizothrix,
Oscillatoria

IRRITANT TOXINS
lipopolysaccharides

Any exposed tissue

All

CYTOTOXINS
cylindrospermopsins

Blocking of acetylcholinesterase
Blocking of sodium channels

Potential irritant and allergen
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(Rinehart et al., 1988; Duy et al., 2000). At least
seven variants of nodularin from the filamentous
cyanobacterium Nodularia spumigina have been
isolated (Lahti 1997; Chorus and Bartram, 1999;
Falconer, 1999; Codd, 2000).
Microcystins and nodularins show similar biological activity in spite of their different chemical
structures. They are hepatotoxic to animals and
people. Hepatotoxins cause disruption of liver structure by hypovolemic shock and excessive blood pooling in the liver (Carmichael, 1992; Premazzi and
Volterra, 1993; Ressom et al., 1994; Singh et al.,
1999).
Like the other cyanotoxins, hepatotoxins may
enter the body through oral consumption, inhalation
or skin absorption (Falconer, 2001). Toxicity by oral
uptake is generally the least, because > 90% of
microcystin is excreted (Falconer 1988; Chorus et
al., 2000). Hepatotoxins cannot be destroyed by digestion, and they are transported through the gastrointestinal tract to the liver (Falconer, 1999). The
hepatotropism of microcystins is due to selective
uptake by liver cells through the bile acid transport
system specific to this organ (Eriksson, 1990;
Eriksson et al., 1992). They inhibit specific protein

phosphatase enzymes type 1 or 2 (PP1 or PP2A)
within the liver cells, which are key components
controlling the cell structure and function (MacKintosh et al., 1990; Runnegar et al., 1993; Bell and
Codd, 1994; Toivola et al., 1994; Singh et al., 1999;
Codd, 2000). Microcystins bind covalently with PP1
or PP2A. Goldberg et al. (1995) demonstrated that
microcystin-LR (MC-LR) is bound to cysteine-237 on
PP1 via the N-methyl dehydroalanine of microcystin. Specific binding of microcystin to protein phosphatases induces increased overall phosphorylation
of several cytosolic and cytoskeletal proteins
(Eriksson et al., 1990; Toivola et al., 1994; Toivola
and Eriksson, 1999). Toivola et al. (1997) established that two of the major MC-LR-induced hyperphosphorylated proteins are liver intermediate
filament (IF) proteins, keratin 8 (K8) and keratin 18
(K18). Keratins interact with desmoplakin in a phosphorylation-dependent way, and as desmoplakin reactivity disappears the keratin filaments at cell
borders start to withdraw towards more central
parts of the cells (Toivola et al., 1997; Toivola and
Eriksson, 1999). Additionally, MC-LR also induces
time-dependent disassembly of microtubules (MTs),
and this effect is mediated by hyperphosphorylation

Fig. 5. Chemical structure of microcystin-LR. D-Ala – D-alanine; L-Leu – L-leucine; MeAsp – D-erythro-β-methyloaspartic
acid; L-Arg – L-arginine; Adda – 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyl-deca-4,6-dienoic acid; D-Glu – D-glutamate;
Mdha – N-methylodehydroalanine.
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Fig. 6. Chemical structure of nodularin. MeAsp – D-erytro-β-methyloaspartic acid; L-Arg – L-arginine; Adda – 3-amino-9methoxy-2,6,8-trimethyl-10-phenyl-deca-4,6-dienoic acid; D-Glu – D-glutamate; Mdhb – N-methyldehydrobutyrin.

of some of the microtubule-associated proteins
(MAPs) (Toivola et al., 1994; Toivola and Eriksson,
1999). Hyperphosphorylation of cytosolic and cytoskeletal proteins damages cell structures and
causes cytoskeletal disintegration. One of the first
observations of intracellular effects is the dramatic formation of plasma membrane blebs and
reorganization of F-actin (Eriksson et al., 1989b;
Mills et al., 1998).
Inactivation of protein phosphatase by hepatotoxins disturbs the normal balance of cell processes,
resulting in cell proliferation and cancer production,
or apoptosis and cell death (Boe et al., 1991; Fujiki
and Suganuma, 1993; Toivola et al ., 1994; Fladmark
et al., 1998; Mankiewicz et al., 2001). These two
different effects on the cell depend on the dose and
duration. When cells are exposed to a single dose of
1.0 nM MC-LR, or multiple doses of MC-LR at pM
concentrations, cytokinesis is stimulated and the
rate of apoptosis is reduced (Humpage and Falconer,
1999). This could be connected with the tumor-promoting activity of microcystin. A higher (10 nM)
concentration of MC-LR inhibits cytokinesis and
induces programmed cell death (Humpage and Falconer, 1999). Additionally, nodularin can activate
several proto-oncogenes of the fos and jun family,
which are considered to play a role in tumor promotion (Ohta et al., 1994).

Cyanobacterial poisons can affect not only hepatocytes but also other types of cells. Microcystins
and nodularins can inhibit the activity of PP1 and
PP2A in any eucaryotic cells they can get into, but
usually need the bile acid carrier to cross cell membranes. Apoptotic changes have been observed after
microinjection of microcystins or nodularins into
human embryo kidney HEK 293, Swiss 3T3 mouse
embryo fibroblast, breast carcinoma cell line MCF-7
and rat promyelocytic IPC-81 leukemia cells (Fladmark et al., 1999). Morphological changes such as
membrane budding, cell shrinkage and organelle
redistribution have been seen in human fibroblasts,
human endothelial cells, human epithelial cells,
human lymphocytes and rat promyelocytes (McDermott et al., 1998; Mankiewicz et al., 2000, 2001).
Microcystins also have a clastogenic effect in human
lymphocytes, connected with a dose-related increase
of chromosomal breakage (Repavich et al., 1990;
Premazzi and Volterra, 1993).

CYTOTOXINS
One cytotoxin from cyanobacteria which is highly
toxic through both oral consumption and injection is
cylindrospermopsin (Falconer, 1999). It is a tricyclic
alkaloid, possessing "a tricyclic guanidine moiety
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Fig. 7. Chemical structure of (a) Anatoxin-a, (b) Anatoxin-a(s), (c) Saxitoxin.

combined with hydroxymethyluracil"; cylindrospermopsin is biosynthesized mainly by Cylindrospermopsis raciborskii and Umezakia natans (Ohtani
and Moore, 1992; Chorus and Bartram, 1999; Falconer, 1999; Duy et al., 2000). This cytotoxin blocks
protein synthesis generally (Hawkins et al., 1985,
1997; Chorus et al., 2000). The first clinical symptoms
of poisoning are kidney and liver failure; it also causes
damage to the spleen, intestine, heart and thymus
(Chorus et al., 2000; Codd, 2000). Cylindrospermopsin
is especially dangerous because clinical symptoms
may become manifest only several days after exposure, so the toxic effects can be difficult to correlate.

NEUROTOXINS
Neurotoxins are one of the most toxic compounds
produced by cyanobacteria. Because the species responsible for neurotoxin production are not common, these toxins have a narrower impact than
hepatotoxins. Moreover, not so many populations of
the potential producers actually produce the toxins.
Neurotoxins are produced by species and strains of
the genera Anabaena (Carmichael et al., 1990),
Aphanizomenon (Fig. 4) (Mahmood and Carmichael,
1986), Nostoc (Davidson, 1959) and Oscillatoria (Sivonen et al., 1989; Skulberg et al., 1992). Neurotoxins interfere with the functioning of the neuromuscular system. Paralysis of peripheral skeletal
muscles and respiratory muscles causes death within minutes (Ressom et al., 1994; Singh et al., 1999).
At present, four groups of neurotoxins have been
well described: anatoxin-a, anatoxin-a(s), saxitoxin
(Figs. 7 a,b,c), and neosaxitoxin (Ressom et al., 1994;
Chorus and Bartram, 1999).
Anatoxin-a from Anabaene flos-aquae was the
first neurotoxin characterized. Anatoxin-a is an alkaloid with a low molecular weight of 165 daltons

(Carmichael, 1992). It is a secondary amine, 2-acetyl-9azabicyclo(4-2-1)non-2-ene (Huber, 1972). The
structure and action of anatoxin-a is similar to acetylcholine (Spivak et al., 1980; Ressom et al., 1994;
Dow and Swoboda, 2000). Anatoxin-a is a potent
post-synaptic depolarizing neuromuscular blocking
agent. In general, this neurotoxin brings about its
effect through acetylcholine and the related enzyme
acetylcholinesterase. In a normal situation, acetylcholine is released by neurons innervating muscle
cells, and binds to the acetylcholine receptor. After
acetylcholine binds to the receptor, the ion channel
is opened and muscle cells are activated. The acetylcholine is degraded by acetylcholinesterase, the
ion channel is closed, and the muscles rest. Anatoxin-a disturbs this process. After it binds to the
receptor, it cannot be degraded by acetylcholinesterase, and the muscle cells are overstimulated. Paralysis of the respiratory muscles ensues, followed by
suffocation and death (Ressom et al., 1994; Falconer,
1999; Singh et al., 1999).
Anatoxin-a(s) is structurally unrelated to anatoxin-a, but the effects of the two neurotoxins are
similar. Anatoxin-a(s) is a unique N-hydroxyguanidine methyl phosphatase ester with a molecular
weight of 252 daltons (Matsunaga et al., 1989; Ressom et al., 1994). This neurotoxin inhibits the
enzyme acetylcholinesterase. The biomolecular reaction occurs initially with the formation of an
enzyme-anatoxin-a(s) complex, which results in
phosphorylation of the enzyme. In this condition the
enzyme cannot degrade acetylcholine, which remains continuously available to stimulate and overstimulate the muscle cells (Carmichael, 1994; Singh
et al., 1999). A symptom of anatoxin-a(s) poisoning
is excessive salivation (Carmichael and Falconer,
1993).
Neosaxitoxins and saxitoxins (potent paralytic
shellfish poisons, PSP) are unique tricyclic mole-
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cules with hydropurine rings (Ressom et al., 1994).
They are produced by the genera Anabaena and
Aphanizomenon. These neurotoxins inhibit nerve
conduction by blocking sodium channels only; they
do not affect the flow of potassium or the resting
potential of the membrane or membrane resistance
(Adelman, et al. 1982; Gorham and Carmichael,
1988). These sodium channel-blocking agents inhibit transmission of nerve impulses and the acetylcholine cannot be released. The effects of
neosaxitoxins or saxitoxins can lead to death by
respiratory arrest (Carmichael and Falconer, 1993;
Duy et al., 2000).

DERMATOTOXINS
Dermatotoxins, which include aplysiatoxins, debromoaplysiatoxins and lyngbyatoxins, are produced
mainly by tropical and subtropical marine benthic
cyanobacteria such as Oscillatoria, Lyngbya and
Schizothrix (Chorus and Bartram, 1999). Toxic action connected with dermatitis is characteristic of
aplysiatoxins and debromoaplysiatoxins, which are potent tumor promoters and protein kinase C activators
(Mynderse et al., 1977; Fujiki et al., 1990). Lyngbyatoxin-a causes dermatitis and oral or gastrointestinal inflammation (Cardellina et al., 1979).

IRRITANT TOXINS –
LIPOPOLYSACCHARIDES (LPS)
Generally, lipopolysaccharides are an integral component of the cell wall of all gram-negative bacteria,
including cyanobacteria. They can elicit irritant and
allergenic responses in human and animal tissues
that come into contact with these compounds (Chorus and Bartram, 1999). LPS from cyanobacteria
can also cause gastroenteritis and inflammation,
but they are less toxic than LPS from pathogenic
gram-negative bacteria such as Salmonella (Bell
and Codd, 1996). The toxicity mechanism of LPS
endotoxins produced by cyanobacteria is still largely
unknown (Duy et al., 2000).

HEALTH EFFECTS OF CYANOTOXINS
Many strains and species of cyanobacteria produce
toxic compounds that can pose major problems in
recreational and drinking water supplies, causing
livestock death and human intoxication. Exposure
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to toxins from cyanobacteria is expected to influence
both morbidity and mortality (Falconer, 2001). For
example, long-term oral consumption of Microcystis
Kutzing toxins by mice has been demonstrated to
cause chronic active liver damage and, in the same
experiment, increased mortality from respiratory
disease (Falconer et al., 1988). Moreover, epidemiological evidence of increased rates of primary liver
cancer in a specific population in China has been
linked to consumption of cyanobacteria-contaminated, untreated surface water (Yu, 1995).
Over a century ago, George Francis (1878) published the first documented case of lethal intoxication of livestock by drinking water from an
Australian lake heavily infested with cyanobacterial
blooms. Since then, cyanotoxins have been shown to
be dangerous to various groups of wild and domestic
animals such as sheep, cattle, horses, pigs, dogs,
cats, monkeys, birds, fish, rodents, amphibians,
waterfowl, bats, zebras, rhinoceros and invertebrates (Codd et al., 1989; Gunn et al., 1992; Carmichael and Falconer, 1993; Duy et al., 2000; Chorus
et al., 2000). The effects of cyanobacterial toxins on
animals include hepatotoxicosis and neurotoxicosis.
The hepatotoxic symptoms in animals include weakness, reluctance to move, anorexia, pallor of the
extremities and mucous membranes, and mental
derangement (Carmichael and Falconer, 1993; Duy
et al., 2000). The neurotoxins can cause progression
of muscle fasciculations, decreased movement, abdominal breathing, cyanosis, convulsions and death
(Carmichael and Falconer, 1993; Duy et al., 2000).
Cyanobacterial toxins also present hazards to
human health, but the evidence linking them to
human illnesses is still open to criticism. The reservations have to do with the difficulty of identifying
and quantifying cyanobacterial toxins in health incidents. Epidemiological study is required to explore
whether a relationship exists between human illnesses and cyanobacterial contamination of water.
The first recorded case of human illness was an
outbreak of gastroenteritis associated with cyanobacterial toxins occurring in the Ohio and Potomac
Rivers in 1931 (Tisdale, 1931). That year a massive
Microcystis bloom caused illness in 5,000 to 8,000
people who drank water from these rivers. The
methods used to treat the drinking water, such as
precipitation, filtration and chlorination, were insufficient to remove the cyanotoxins. Unfortunately,
the species and toxins responsible for this episode
were not identified. Subsequent years have yielded
much evidence of human intoxication after consumption of drinking water containing cyanotoxins.
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As an example, in 1979 in Australia, 139 children
aged 2–16 years and 10 adults experienced a hepatitis-like syndrome with malaise, anorexia, vomiting, tender hepatomegaly, headaches and abdominal pain after drinking water from an open reservoir where Cylindrospermopsis raciborskii as a
source of cylindrospermopsin production was identified (Byth, 1980; Hawkins et al., 1985).
Yu’s research from 1995 on the epidemiology of
human hepatocellular carcinoma in China implicated cyanobacterial toxins as part of a complex of
agents that increase that disease (Falconer, 1999).
Studies showed that people who drank pond and
ditch water had a death rate of 121 per 100,000,
compared with zero for those who drank uncontaminated water. Epidemiological studies in China also
indicated that the risk of primary liver cancer was
about 8 times higher in people who drank pond and
ditch water than in those who drank uncontaminated water (Singh et al., 1999).
The recreational use of lakes and rivers is the
next most common route of exposure to cyanobacterial toxins. As an example, in 1959 in Canada, 12
people became ill with headaches, nausea, muscular
pains and acute gastroenteritis symptoms (Dillenberg and Dehnel, 1959). The illness was noted in
people who before intoxication had been swimming
in a lake contaminated by toxins from Anabaena. In
England in 1989, 10 of 20 soldiers became ill after
swimming and canoe-training in water with a heavy
bloom of Microcystis (Turner et al., 1990); 2 cases of
pneumonia were noted among the soldiers.
Healthy people are less susceptible to cyanotoxicosis than people with hepatitis, alcoholism or kidney
damage. Kidney dialysis patients are especially susceptible to toxic damage from cyanobacteria. In 1996 in
Caruaru, Brazil, 131 dialysis patients were exposed to
microcystins via water used for dialysis; 56 of them died,
and the others had typical symptoms of harm from
microcystins such as nausea, vomiting and painful,
excessive enlargement of the liver (Jochimsen et al.,
1998). The episode of deaths of hemodialysis patients at
the Caruaru dialysis clinic emphasized the importance
of hemodialysis water as an exposure route for microcystins (Jochimsen et al., 1998; Codd, 2000).
An additional aspect influencing the toxicity of
cyanobacterial blooms is the age of the victim. Children are more vulnerable for several reasons: they
drink more water per unit of body weight, are less
likely to have a choice of the source of drinking
water, and are more susceptible to damage that
takes a considerable time to develop, such as environmentally induced carcinomas (Falconer, 1999).

Bioaccumulation of peptide toxins in food
chains may be another important factor. There is
only limited information about the accumulation of
microcystins and nodularins in aquatic organisms.
They can accumulate in, for example, freshwater
mussels (Mytilus edulis), freshwater clams and fish
such as flounder (Platichthys flesus) or salmon, and
can transfer through the food chain (Eriksson et al.,
1989a; Rabergh et al., 1991; Prepas et al., 1997; Duy
et al., 2000; Sipia et al., 2001). The high filtration
capacity of mussels feeding on blue-green algae irrespective of any toxicity implies that mussels can
transfer large doses of toxins to birds, fish and
humans (Falconer, 1994a; Vasconcelos, 1995).
Whether the levels of microcystin accumulation are
sufficient to pose a risk to humans is still uncertain,
and will depend on levels of consumption and the
severity of toxic blooms in areas where fish or shellfish are caught or collected (Chorus and Bartram,
1999).
Dense cyanobacterial blooms may harm aquatic
plant germination and establishment (Casanova et
al., 1999). The presence of microcystins in water
used for irrigation can have a considerable impact
on the growth and development of crop plants
(Pflugmacher et al., 1998; McElhiney et al., 2001).
Microcystins inhibit growth and development in potato shoots and mustard seedlings under laboratory
conditions. The findings suggest that exposure to
these hepatotoxins via irrigation water contaminated with toxic cyanobacteria pose a threat to the
quality and yield of crop plants in the environment
(McElhiney et al., 2001). On the other hand, Aphonizomenon flos-aque, which can produce cyanotoxins,
is used as a food supplement. This cyanobacterium
is harvested from a natural lake, Upper Klamath,
and quality control issues regarding the presence of
cyanotoxins is always needed (Carmichael et al.,
2000). Unfortunately, we have not enough knowledge of the influence of long-term consumption of
drinking water contaminated by cyanotoxins. There
may be a real threat to human health connected with
the consumption of water containing barely detectable doses of toxins, as well as with the use of
contaminated water for food production. In view of
the toxic and genotoxic effect of cyanotoxins, in 1997
the World Health Organization established 1 µg/l
microcystin-LR or microcystin-LR equivalents as a
guideline for acceptable levels of cyanotoxins in
drinking water.
To counter the potential impact of blooms and
cyanotoxins on drinking water quality and public
health, new, more efficient water treatment technol-
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ogy has been implemented. The efficiency of elimination of cyanotoxins dissolved in water by conventional treatment methods such as coagulation,
flocculation or rapid sand filtration is very low, not
exceeding 11–18% (Duy et al., 2000; Tarczynska et
al., 2001). The use of powdered (PAC) and granulated activated charcoal (GAC) adsorption can
achieve 90–100% removal of cyanotoxins following
conventional water treatment (Keijola et al., 1988).
The use of activated charcoal has expanded in recent
years, but it is still not a widely used method because
of its high cost. The most consistently efficient process for destruction of both intra- and extracellular
cyanotoxins appears to be ozonation, which destroys
these toxic compounds rapidly (Rositano et al., 1996;
Hart et al., 1997). Chlorination could also be very
effective, but this process depends strictly on the pH
and dissolved organic carbon (DOC) concentration
in the water (Nicholson et al., 1994; Hart et al.,
1997). Care must be taken with chlorination procedures to deal with the release of chlorine into the air
and the formation of excess levels of trihalomethanes (Hrudey et al., 1999).
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