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Abstract: Cyanobacterial toxins have caused human poisoning in the Americas, Europe and Australia. There is
accumulating evidence that they are present in treated drinking water supplies when cyanobacterial blooms
occur in source waters. With increased population pressure and depleted groundwater reserves, surface water is
becoming more used as a raw water source, both from rivers and lakes/reservoirs. Additional nutrients in water
which arise from sewage discharge, agricultural run-off or storm water result in overabundance of
cyanobacteria, described as a ‘water bloom’. The majority of cyanobacterial water-blooms are of toxic species,
producing a diversity of toxins. The most important toxins presenting a risk to the human population are the
neurotoxic alkaloids (anatoxins and paralytic shellfish poisons), the cyclic peptide hepatotoxins (microcystins)
and the cytotoxic alkaloids (cylindrospermopsins). At the present time the only cyanobacteral toxin family that
have been internationally assessed for health risk by the WHO are the microcystins, which cause acute liver
injury and are active tumour promoters. Based on sub-chronic studies in rodents and pigs, a provisional
Guideline Level for drinking water of 1ug/L of microcystin-LR has been determined. This has been adopted in
legislation in countries in Europe, South America and Australasia. This may be revised in the light of future
teratogenicity, reproductive toxicity and carcinogenicity studies. The other cyanobacterial toxin which has been
proposed for detailed health risk assessment is cylindrospermopsin, a cytotoxic compound which has marked
genotoxicity, probable mutagenicity, and is a potential carcinogen. This toxin has caused human poisoning from
drinking water, and occurs in water supplies in the USA, Europe, Asia, Australia and South America. An initial
health risk assessment is presented with a proposed drinking water Guideline Level of 1ug/L. There is a need
for both increased monitoring data for toxins in drinking water and epidemiological studies on adverse health

effects in exposed populations to clarify the extent of the health risk.
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Introduction

Cyanobacterial toxins are well recognized as a cause
of livestock poisoning, which has been extensively
reported in the Americas, Europe, Asia and Australasia
[1]. Livestock are inevitably vulnerable to poisoning as
they are restricted in access to water by topography and
by fences, and hence may have no choice but to drink
water infested by toxic cyanobacteria. Most stock deaths
have resulted from the formation of cyanobacterial water-
blooms in ponds and lakes on farms, but several major
poisoning events were through water blooms on rivers and
drinking water reservoirs [2, 3].

Human poisoning has also occurred, but the reports
are less well documented. The symptoms of poisoning
by the main toxic cyanobacteria in drinking water
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reservoirs overlap with a range of other gastrointestinal
illnesses, largely caused by infectious disease organisms.
As a consequence during an outbreak of enteric disease
the pathogens are investigated first, as the most probable
cause, and only after exhaustive exploration are toxins of
any type evaluated. Agricultural chemicals and industrial
pollutants such as heavy metals are likely to be next
suspected, with cyanobacterial toxins ignored until well
after the event [4].

Epidemiological data for human poisoning by
cyanobacterial toxins only exists for a small number of
events. The most well characterized case was the
poisoning of renal dialysis patients in a clinic in Caruaru,
Brazil, in 1996. In this instance the patients treated in a
dialysis clinic during one week suffered severe illness
following perfusion, with hepatic failure and, in more
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than 50 cases, death. Investigation of the water treatment
unit at the clinic found contamination of the filters by
two types of cyanobacterial toxin, microcystins and
cylindrospermopsins [5, 6]. Microcystins were detected
in the blood and liver of poisoned individuals [7].
Because of the severity of the poisoning a thorough
investigation was carried out, which showed up major
defects in the operation of the water treatment unit at the
clinic. Exposure to toxins through renal dialysis is a
particularly potent route of poisoning, equivalent to an
intravenous injection in the case of water soluble toxins.
The volume of water used in perfusion is large, about
120L, so that the total amount of toxin to which a
dialysis patient is exposed is much greater than possible
through drinking water.

Exposure to cyanobacterial  toxins  through
consumption of contaminated drinking water has however
also resulted in poisoning. The earliest demonstration of
this was in 1983, when the population of a rural town in
Australia was supplied with drinking water from a
reservoir carrying a dense water bloom of a toxic species
of cyanobacterium, Microcystis aeruginosa. The toxicity
of this water bloom was being monitored in the
reservoir. The controlling authority dosed the reservoir
with copper sulphate to destroy the cyanobacteria, which
caused the cells to lyse and release toxin into the water.
Epidemiological data for liver injury in the affected
population, a control population and comparison of the
time periods before the bloom, during the bloom and
lysis, and afterwards, showed clearly that liver damage
had occurred only in the exposed population and only at
the time of the water bloom [8]. In another less well
characterized event, about 140 children and 10 adults were
hospitalized, after the water supply authorities treated a
cyanobacterial bloom in a small drinking water supply
reservoir with copper sulphate, to resolve taste and odour
problems. Within a week severe hepatoenteritis was
apparent in the population, with about 20 cases requiring
intravenous therapy. No-one died though several children
were placed in intensive care [9]. Subsequent investigation
demonstrated a “new” toxic cyanobacterial species in the
reservoir, with a potent general toxin [10]. Later work on
this strain of cyanobacterium lead to the identification of an
alkaloid cytotoxin, with considerable liver toxicity [11].

How Abundant are Cyanobacterial Toxins?

Cyanobacteria are a normal component of the worldwide
biota, with a wide tolerance of climatic conditions and
environment. As a very ancient life-form they occupy every
conceivable ecological niche, and their abundance is limited
by nutrient and light availability [12]. In aquatic systems
cyanobacteria are always present, through the population
density varies from very small numbers to more than
10%rganisms/mL. There is a strong relationship between
phosphorus concentration in the water and cyanobacterial
numbers and also a similar though less linked relationship
between dissolved nitratefammonia and cyanobacteria [13].
Thus in general toxic cyanobacterial species will be present
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in all water bodies, with numbers dependent on the available
nutrients and light.

As human population density rises the inflow of
nutrients into water bodies increases through agricultural
fertilizer use, urban run-off and sewage discharge. This
increase in aquatic nutrients is termed eutrophication,
and it is observed worldwide. Phytoplankton in general
becomes more abundant, and among these organisms are
the cyanobacteria. Cyanobacteria can utilize nutrients
competitively with eukaryotic phytoplankton, and will
proliferate  more successfully at lower nutrient
concentrations than the green algae. As a result many
rivers, lakes and reservoirs worldwide develop high
cyanobacterial cell concentrations, especially in the
summer months, which appear as greenish suspensions
in the water. Some species float to the surface under
warm, still conditions, forming scums with extreme cell
concentrations above 1x10°cells/ml. Dried scums often
appear blue-green or red through liberation of
phycocyanin pigment, leading to the common name of
these organisms - blue-green algae.

The scum-forming cyanobacterial species are largely
toxic, and the majority of domestic animal poisonings
have occurred from the animals drinking scum [12]. Cell
populations carry over from year to year, and once a
reservoir or lake has an established water bloom of
cyanobacteria in summer, it is very difficult to reverse
this phenomenon. Cyanobacteria proliferate in warmer
weather, and often form extensive blooms in late
summer. With an increase in global temperatures,
cyanobacterial populations are likely to increase also.
With the growth in human populations, demand for
drinking water has resulted in water is being drawn from
water bodies carrying substantial cyanobacterial
populations, thus presenting a risk to human populations.

Annual or even permanent blooms of toxic
cyanobacteria are becoming increasingly common in
drinking water reservoirs. To give an illustration the
three main reservoirs supplying Brisbane in Australia all
carry  substantial  populations of the  toxic
Cylindrospermopsis raciborskii. This cyanobacterium
forms dense layers 5-10m below the surface, so that the
first indication of the proliferation of the organism may
be the blocking of filters in the drinking water treatment
plant. Other examples are the main drinking water
supply reservoirs for the cities of Sao Paulo in Brasil and
Lodz in Poland, which contain heavy blooms of the toxic
Microcystis aeruginosa in summer.

Cyanobacterial Toxins

Neurotoxins form one of the major groups of
cyanobacterial toxins. They are produced by several
genera of cyanobacteria growing in freshwater which have
the capacity to form dense waterblooms and floating
scums at the edge of lakes and rivers. The neurotoxins are
alkaloid compounds, fast acting and have caused many
deaths of dogs and livestock [1]. Three types of alkaloid
have so far been described (Figure 1).
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Figure 1: Structures of cyanobacterial neurotoxic
alkaloids.

The first to be characterized was anatoxin-a (Fig.1), a
neuromuscular blocking agent which causes death by
respiratory paralysis [14]. This toxin has been found in
three  common genera of cyanobacteria, Anabaena,
Aphanizomenon and Planktothrix, all filamentous
planktonic organisms capable of high cell concentrations
and potential scum formation. There has been no clear
evidence of human poisoning from these organisms,
though a coroner in Wisconsin in 2003 resolved that the
death of a male teenager who was diving and playing in
a pond containing neurotoxic Anabaena had died as a
consequence of ingestion of these cyanobacteria [15] To
verify this cause of death, evidence of toxin in the
gastrointestinal tract or tissues was required, however
there has been no published report of the presence of
toxin. By contrast, dogs poisoned by anatoxin-a have
shown the toxin in stomach contents [16]. The
compound is stable in the environment, as exhibited by
the dogs having died after eating decaying lumps of
cyanobacteria on the lakeside. Anatoxin-a has been
identified in the water of lakes in North America and in
Europe, which are largely used for recreation. There is
the possibility of consumption of moderate quantities of
water during swimming and especially water skiing, and
hence a risk exists for anatoxin-a poisoning of
recreational water users [17]. Many authorities in
developed countries have warning procedures for
cyanobacterial blooms at popular recreational areas, to
reduce risk to water users [18]. There has been little
attention paid to the assessment of risk to drinking water
consumers from anatoxin-a, largely because of the rapid
excretion of the toxin from the body, no evidence of
residual effects and low free-water concentrations in
lakes.

Anatoxin-a(s) is much less common in cyanobacterial
waterblooms, though it was first identified following
cattle deaths in the USA[19]. The alkaloid closely
resembles an organophosphorus insecticide (Figure 1),
and acts as an anticholinesterase. The characteristic
feature of this poisoning is excessive salivation, which is
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the reason for the designation (s). The compound is
highly unstable and unlikely to persist in water supplies,
and as a result is also unlikely to present any risk.

The saxitoxin-type neurotoxins are well known as the
cause of paralytic shellfish poisonings, which have resulted
in many hundreds of human deaths worldwide [20]. As a
result, legislation controls the allowable concentration of
saxitoxins in shellfish harvested for human consumption
(80ug/100g fresh shellfish tissue) and there is a
substantial monitoring program in many countries.
Saxitoxins are however not limited to marine waters, and
also occur in freshwater cyanobacteria. Anabaena,
Aphanizomenon and Lyngbya genera of cyanobacteria
have species that produce saxitoxins [21-23]. The massive
waterbloom of Anabaena circinalis on 1,000km of the
Darling River in Australia in 1991 killed a large number
of sheep and cattle, and also resulted in detectable
neurotoxicity in town water supplies [24]. Saxitoxins are
heat-stable molecules, which are not easily removed in
conventional water treatments unless pH and chlorine
residuals are carefully controlled, but can be effectively
removed by ozone or activated carbon [25].

The toxicity of saxitoxin is considerable, as the
alkaloid blocks sodium conduction in axons preventing
nerve impulse transmission, leading to paralysis. The
oral LDs in mice is about 260ug/kg bodyweight [26].
Acute poisoning in humans is unlikely to occur from
contaminated water supplies, as the human body can
tolerate about 100ug of saxitoxin without ill effect [20],
which translated to drinking water is 50ug/L assuming
2L water drunk per day. No cumulative effects have
been demonstrated, though there is limited evidence of
resistance to toxicity in exposed human populations [26].
New Zealand is considering a Maximum Acceptable
Value in drinking water of 3ug/L of saxitoxin
equivalents in their new drinking water guidelines,
which should be ratified shortly [27]. This value has also
been proposed in Australia [28]. The data on which this
value was based were the intraperitoneal toxicity of
saxitoxin to mice, and incorporated a safety factor of
1,000. This issue will be discussed further in the section
on hepatotoxins (microcystins). There are no data for the
concentrations of saxitoxin-type neurotoxins in drinking
water, and there were no reports of neurotoxic symptoms
in the town population when neurotoxicity was detected
in the drinking water supply [29].

Hepatotoxins

These toxins have received the greatest attention, as
they are the source of the most likely risk to consumers
of drinking water. The predominant genera of cyanobacteria
forming the peptide toxins called microcystins are
Microcystis, Planktothrix and Anabaena. Species from
these genera are common in Europe, the Americas, Africa
and Asia, and poisoning of domestic animals has been
widely reported [12]. Only two epidemiological
investigations have so far shown human injury from
microcystin in drinking water, one in Australia [8] and
one in China (unpublished). As a consequence of the
frequency of cyanobacterial blooms containing
hepatotoxins in drinking water reservoirs, the WHO
carefully examined the need for the major toxins, the
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microcystins, to be included in the drinking water
guidelines. An ‘expert group’ was established to
examine the whole issue of cyanobacterial toxins in
drinking water, which resulted in a comprehensive
assessment of the risks involved [30]. The outcome was
a recommendation that the microcystins should be
included among the chemicals for which Guideline
Values be determined. These peptide toxins are cyclic,
and contain a majority of D-amino acids (Figure 2). The
positions shown as [X] and [Y] are L-amino acids, and
are variable between species and strains of
cyanobacteria. The most abundant variant has L-leucine
(L) and L-arginine (R) respectively at [X] and [Y]
(microcystin-LR). The amino acid at the left of the
molecule is unique, is connected into the ring through an
amino group at the B-carbon atom, and has the trivial
name of ADDA.

COOH R2 O

Microcystin

Figure 2: Structure of the peptide hepatotoxin
microcystin, first isolated from the cyanobacterium
Microcystis aeruginosa.

Microcystins are resistant to digestion in the
gastrointestinal tract of eukaryotes, as peptide bonds
linking to the D-amino acids are not susceptible to normal
hydrolytic enzymes. The toxins are concentrated into the
liver by an active transport system, similar to the bile acid
transporter [31]. Microcystins specifically inhibit protein
phosphatases 1 and 2A, which have a vital role in cell
control and in intracellular structure [12]. Acute poisoning
is through destruction of the liver architecture, leading to
blood loss into the liver and hemorrhagic shock [32]. Later
death is through liver failure with massive destruction of
hepatocytes, seen in large animal deaths and human
fatalities [5, 33]. Chronic exposure to these toxins in
drinking water led to ongoing active liver injury in mice
[34].

There is experimental evidence for tumour promotion
by microcystins, and limited data for carcinogenesis in
rodents [35]. In rural areas in Southern China some
villages showed hyper-endemic rates of hepatocellular
carcinoma, which have been shown to be linked to
hepatitis, aflatoxin in the food, and drinking surface
water. Microcystins in the ponds and ditches used as
water sources were suspected of contributing to the cancer
rates [36, 37].

These toxins are highly stable in water and are
resistant to boiling. Hence they present a risk to
consumers in less developed regions and countries who
are collecting water from surface sources to drink. Many
lakes, ponds, ditches and streams in rural and outer
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urban areas suffer from eutrophication through excessive
nutrient leaching from housing, sewage, and intensive
agricultural use, leading to cyanobacterial proliferation.
In tropical and temperate regions of the world the genus
Microcystis is the most abundant cyanobacterium
forming toxic blooms, with toxin concentrations
sufficient to poison domestic animals. If these
contaminated water sources are used for human
consumption, there is a risk of human poisoning.
Conventional Western drinking water treatment may not
be effective under bloom conditions in removing
microcystins from drinking water and hence there is a
risk to consumers. Advanced water treatment using
ozone and activated carbon will reliably remove
microcystins [12].
WHO have carried out an assessment of the safe level
of microcystins in drinking water, based on data from a
subchronic toxicity trial in mice, with supporting data
from growing pigs [38]. The calculation used the No
Observed Adverse Effect Level for male mice during a 13
week oral toxicity trial, of 40ug of microcystin-
LR/Kg/day [39]. This was used to calculate a Tolerable
Daily Intake (TDI) for safe human consumption, by the
incorporation of uncertainty or safety factors. While these
are subjective, a factor of 10 for interspecies uncertainty
between rodents and humans, a further 10 for variability
in sensitivity between people, and an uncertainty of 10 for
inadequate data, possible tumour promotion and lack of
lifetime exposure are generally accepted.

Thus the:

40
TDl= — =0.04pg/Kg/day
10x 10 x 10

From this value the Guideline Value (also called the
reference dose and the maximum acceptable
concentration) was calculated from the standard
bodyweight of 60Kg, an assumption of the proportion of
the dose from drinking water of 0.8 (some may come
from food and particularly blue-green algal diet
supplements) and a standard water consumption of
2L/day.

0.04x60x0.8
GV = =0.96

2
= 1ug/L of microcystin-LR in drinking water.

This value was determined from the toxicity of
microcystin-LR, so the WHO Chemical Safety
Committee set the Guideline Value for microcystin-LR.
Since there are some 60 variants of the molecule, and
some highly toxic blooms do not contain any of the -LR
variant, it is necessary to interpret this as toxicity
equivalent to microcystin-LR. Where this Guideline
Value has been adopted as the basis for national
legislation, the need for monitoring of all the toxin
variants has been recognized and the equivalent total
toxicity calculated [40] . Individual countries have also
adopted a higher standard bodyweight, and a different
proportion of the consumption from drinking water. All
of the Guideline Values adopted so far lie between 1 and
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2ug/L of microcystin equivalents, which for practical
purposes are the same.

A larger potential adjustment to this value may result
from re-classification of microcystin as a carcinogen,
rather than a non-carcinogenic poison. While there is
experimental evidence for tumour promotion by
microcystin in liver, skin and colon, the only data
indicating carcinogenesis have been obtained by
continued very high intraperitoneal doses of toxin in
mice which cause extensive liver damage [1]. In China
there is ongoing investigation into the relationship
between surface water consumption and cancer of liver
and colon [41]. This issue is discussed in detail
elsewhere [12], concluding that there is insufficient
evidence at present to determine that microcystin is a
probable carcinogen but the possibility requires
continual evaluation.

Cylindrospermopsins

These alkaloid cytotoxins were relatively recently
discovered, following the widespread human poisoning
at Palm Island, Australia due to contamination of the
water supply [9]. Cyanobacteria from the supply
reservoir were collected, cultured and evaluated for
toxicity, showing potent toxicity to liver, kidney,
adrenals, lymphoid cells and other tissues in mice [10].
Subsequent investigation of the oral toxicity of the
cyanobacterium responsible, Cylindrospermopsis
raciborskii, further demonstrated the tissue damage
caused by the toxin [42, 43]. The toxic alkaloid was
isolated and identified as a potent inhibitor of protein
synthesis [11, 44]. There are on-going investigations into
the mechanism of cylindrospermopsin toxicity, which
may involve activated metabolites of the alkaloid [44,
45]. The alkaloid has several reactive groups, including a
hydroxymethyl uracil, which may be vulnerable to
biological oxidation (Figure 3).

"0,S0

Me

Cylindrospermopsin

Figure 3: Molecular structure of the cyanobacterial
alkaloid toxin cylindrospermopsin. The bridging
hydroxyl group may be in either stereochemical position,
and may also be replaced by hydrogen.

Cylindrospermopsin has been found in water bodies
that have blooms of the cyanobacterial species
Aphanizomenon ovalisporum [46], and Umezakia natans
[47] as well as those with Cylindrospermopsis [48, 49],
and recently in Germany, in the absence of any of those
species [50]. It is apparent from this data that
cylindrospermopsin is likely to occur widely in
freshwater sources, and that only a beginning has been
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made in identifying species producing this toxin.
Monitoring of water supplies for cylindrospermopsin has
found concentrations in natural water bodies, reservoirs
and in drinking water that are above 10ug/L, which is a
cause for concern [51, 52].

On the basis of the experimental toxicity of
cylindrospermopsin, the reported human poisoning
associated with Cylindrospermopsis and the toxin
concentrations measured in water bodies, it was apparent
that risk assessment for this toxin in drinking water was
required. A subchronic oral exposure trial of
cylindrospermopsin in male mice provided a No
Observed Adverse Effect Level of 30pug of
cylindrospermopsin/Kg/Day. On the assumption of
standard uncertainty factors and the total intake arising
from drinking water, a Guideline Value of 1ug/L
resulted [53].

Examination of the molecular structure of
cylindrospermpsin indicated that it may be able to
interact with DNA or RNA in cells, through the uracil
group, assisted by the planar shape of the molecule. If
this proves to be the case, then evaluation of the possible
carcinogenicity of the molecule is required. Preliminary
data indicated that cylindrospermopsin may form DNA
adducts [54], and there is evidence for clastogenicity and
micronucleus formation in a cultured human white cell
line incubated with cylindrospermopsin [55]. A
preliminary trial of carcinogenicity in mice indicated the
presence of excess tumors, providing support for a more
definitive carcinogenicity trial [56]. It is premature at
present to attempt to classify cylindrospermopsin as a
possible human carcinogen, because of the very limited
current data. Further experimental and epidemiological
research on this toxin is required to clarify these issues,
and cylindrospermopsin is now on the ‘Candidate
Contaminant List’ of the US Environmental Protection
Agency.

Evaluation of the Risks to the Population from
Cyanobacterial Toxins.

There are two areas in which more data is necessary
to make a clear case for national action on minimizing
health risks from cyanobacterial toxins. The first is the
need for widespread monitoring for the presence of toxic
cyanobacterial species and toxins in drinking water
sources, to identify the abundance of locations of
potential risk. This is in progress in Europe, and an
initial survey has been carried out through the American
Water Works Association in the USA. From data arising
from these surveys, the extent of the problem has
become apparent, and the location of a proportion of the
populations at most risk.

The second and more difficult aspect is the need for
epidemiological studies on at-risk populations to
quantify the adverse health effects. Exposure biomarkers
will have to be developed, in addition to quantitating the
toxin concentrations in tap water. The commonly used
clinical measures of liver and kidney function, and
clinical records for hepatoenteritis, provide relevant
health information. The earlier data on population injury
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from microcystins indicates the clinical parameters of
particular interest [8].

Conclusion

The cyanobacterial toxins provide a risk to human

health when the population of toxic cyanobacteria in
drinking water sources rises to bloom proportions. The
present assessments of Guideline Values for these toxins
as chemical, non-carcinogenic contaminants indicate that
a safe concentration in drinking water is in the region of
lug/L, a concentration that has been exceeded in
numerous water storages. Carcinogenicity of these toxins
is not yet established, though both microcystins and
cylindrospermopsin have caused excess tumors in rodent
experiments. With the increased eutrophication of water
supplies and global warming, cyanobacterial populations
and hence toxic risks are likely to rise in the immediate
future. The extent and potential severity of the risks need
further evaluation.

References

1.

Falconer, 1. R.: Cyanobacterial Toxins of Drinking
Water  Supplies:  Cylindrospermopsins  and
Microcystins. Chapter 5 Cyanobacterial poisoning
of livestock and people. CRC Press, Boca Raton,
Fl., 2005

Bowling L.: The cyanobacterial (blue-green algal)
bloom in the Darling/Barwon River system,
November-December, 1991. Technical Services
Division, New South Wales Department of Water
Resources, Australia, Sydney. 1992,

Steyn, D. G.: Poisoning of animals and human
beings by algae. South African Journal of Science,
1945,41, 243-244.

Teixera, M. G. L. C; Costa, M. C. N.; Carvalho
V. L. P.; Pereira, M. S.; Hage, E.: Gastroenteritis
epidemic in the area of the Itaparica Dam, Bahia,
Brazil. Bulletin of the Pan-American Health
Organisation, 1993, 27, 244-253.

Jochimsen, E. M.; Carmichael, W. W.; An, J. S;
Cardo, D. M.; Cookson, S. T.; Holmes, C. E. M,;
Antunes, M. B. D.; Demelo, D. A.; Lyra, T. M,
Barreto, V. S. T.; Azevedo, S. M. F. O; Jarvis, W.
R.:  Liver failure and death after exposure to
microcystins at a hemodialysis center in Brazil. The New
England Journal of Medicine, 1998, 338, 873-878.
Carmichael, W. W.; Azevedo, S. M. F. O., An, J.
S.; Molica, R. J. R.; Jochimsen, E. M.; Lau, S;
Rinehardt, K. L.; Shaw, G. R.; Eaglesham, G. K.:
Human Fatalities from Cyanobacteria:  Chemical
and Biological Evidence for Cyanotoxins.
Environmental Health Perspectives, 2001, 109, 663-
668.

Azevedo, S. M. F. O.; Carmichael W. W,
Jochimsen, E. M.; Rinehart, K. L.; Lau, S.; Shaw,
G. R.; Eaglesham, G. K.: Human intoxication by
microcystins  during renal dialysis treatment in
Caruaru - Brazil. Toxicology, 2002, 181, 441-446.
Falconer, I. R.; Beresford, A. M.; Runnegar, M. T.:
Evidence of liver damage by toxin from a bloom of

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Int. J. Environ. Res. Public Health 2005, 2(1)

the blue-green alga, Microcystis aeruginosa. Med. J.
Aust, 1983, 1, 511-4.

Byth, S.: Palm Island Mystery Disease. Medical
Journal of Australia, 1980, 2, 40-42.

Hawkins, P. R.; Runnegar, M. T. C; Jackson, A. R.
B.; Falconer, I. R.: Severe hepatotoxicity caused by
the tropical cyanobacterium (blue-green alga)
Cylindrospermopsis  raciborskii ~ (Woloszynska)
Seenaya and Subba Raju isolated form a domestic
supply reservoir. Applied and Environmental
Microbiology, 1985, 50, 1292-1295.

Ohtani, L.; Moore, R. E.; Runnegar, M. T. C:
Cylindrospermopsin: a potent hepatotoxin from the
blue-green alga Cylindrospermopsis raciborskii. J.
of the American Chem. Soc., 1992, 114, 7941-7942.
Falconer, 1. R.: Cyanobacterial Toxins of Drinking
Water  Supplies: Cylindrospermopsins  and
Microcystins. CRC Press, Boca Raton. 2005.

Mur, L. R.; Skulberg, O. M.; Utkilen, H.:
Cyanobacteria in the Environment. In: Toxic
Cyanobacteria in Water. A Guide to their Public
Health Consequences, Monitoring and Management
(eds. Chorus, I.; Bartram, J.). E & FN Spon on
behalf of WHO, London, 1999, pp 15-40.
Carmichael, W. W.; Mahmood, N. A.: Toxins from
freshwater cyanobacteria. In: Seafood toxins.
American Chemical Society, Washington, DC. 1984,
pp 377-389.

Behm, D.: Coroner cites algae in teen's death. In:
Milwaukee Journal Sentinel, Milwaukee. 2003.
Edwards, C; Beattie, K. A.; Scrimgeour, C. M.;
Codd, G. A.: Identification of anatoxin-a in benthic
cyanobacteria (blue-green algae) and in associated
dog poisonings at Loch Insh, Scotland. Toxicon,
1992, 30, 1165-1175.

Chorus, I.; Falconer, I. R.; Salas. H. J.; Bartram, J.:
Health Risks Caused by Freshwater Cyanobacteria
in Recreational Waters. J. of Toxicol. and Environ.
Health, Part B, 2000, 3, 323-347.

Fromme, H.; Kohler, A.; Krause, R.; Fuhrling, D.:
Occurrence of cyanobacterial toxins — microcystins
and anatoxin-a - in Berlin water bodies with
implications ~ to human health and regulations.
Environ. Toxicol, 2000, 75, 120-130.

Mahmood, N. A.; Carmichael, W. W.: Anatoxin-
a(s), an anticholinesterase from the cyanobacterium
Anabaena flos-aquae NRC-525-17. Toxicon, 25,
1987, 1221-1227.

Falconer, I: Algal Toxins in Seafood and Drinking
Water. Academic Press, London. 1993.

Velzeboer, R. M. A.; Baker, P. D.; Rositano, J.;
Heresztyn, T. Codd, G. A.; Raggett, S. L.
Geographical  patterns of  occurrence  and
compositions of saxitoxins in the cyanobacterial
genus Anabaena (Nostocales Cyanophyta) in
Australia. Phycologia, 2000, 39, 395-407.

Ferreira, F. M. B.; Soler, J. M. F.; Fidalgo, M. L.:
Fernandez-vila, P.: PSP toxins from Aphanizomenon
flos-aquae  (cyanobacteria) collected in the
Crestuma-Lever reservoir (Douro River, Northern
Portugal). Toxicon, 2001, 39, 757-761.



Int

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

. J. Environ. Res. Public Health 2005, 2(1)

Carmichael, W. W, Evans, W. R.; Yin, Q. Q.; Bell,
P.; Moczydlowski, E.: Evidence for paralytic
shellfish poisons in the freshwater cyanobacterium
Lyngbya wollei (Farlow ex Gomont) comb. nov.
Applied and Environmental Microbiology, 1997, 65,
3104-3110.

Bartram, J.; Burch, M.; Falconer, I. R.; Jones, G.;
Kuiper -Goodman T.: Situation Assessment,
Planning and Management. In: Toxic Cyanobacteria
in Water. A Guide to their Public Health
Consequences, Monitoring and Management (eds.
Chorus, I; Bartram, J.), E & FN Spon on behalf of
WHO, London. 1999, pp 179-09.

Falconer, I. R.; Runnegar, M. T. C; Buckley, T.;
Huyn, V. L.; Bradshaw, P.: Use of Powdered and
Granular Activated Carbon to Remove Toxicity
from Drinking Water Containing Cyanobacterial
Toxins. J. American Water Works Association,
1989, 18, 102-105.

Kuiper-Goodman, T.; Falconer, I.; Fitzgerald, J.:
Human Health Aspects, In: Toxic Cyanobacteria in
Water. A Guide to their Public Health
Consequences, Monitoring and Management (eds.
Chorus, I.; Bartram, J.), E & FN Spon on behalf of
WHO, London. 1999, pp 113-153.

New Zealand Ministry of Health: Guidelines for
Drinking Water Quality Management for New
Zealand. Ministry of Health, Wellington, New
Zealand

Fitzgerald, D. J.; Cunliffe, D. A.; Burch, M. D.:
Development of health alerts for cyanobacteria and
related toxins in drinking-water in South Australia.
Environmental Toxicology, 1999, 14, 203-2009.
Bartram, J.; Vapnek, J. C; Jones, G.; Bowling, L.;
Falconer, I.; Codd, G. A.: Implementation  of
Management Plans. In: Toxic Cyanobacteria in
Water. A Guide to their Public Health
Consequences, Monitoring and Management (eds.
Chorus, J Bartram), E & FN Spon, London. 1999, pp
211-234.

Chorus, 1.; Bartram, J.: Toxic cyanobacteria in
water. A Guide to their Public Health
Consequences, Monitoring and Management. E &
FN  Spon (on behalf of  World Health
Organisation), London. 1999.

Runnegar, M.; Berndt, N.; Kaplowitz, N.:
Microcystin  uptake and inhibition of protein

phosphatases: effects of chemoprotectants and self-
inhibition in relation to known hepatic transporters.
Toxicol. App. Pharmacol., 1995, 134, 264-72.
Falconer, I. R.; Jackson, A. R. B.; Langley, J.; Runnegar,
M. T. C: Liver pathology in mice in poisoning by the
blue-green alga in Microcystis aeruginosa. Australian J.
of Biol. Sci., 1981, 34, 179-187.

Jackson, A. R. B.; Mclnnes, A.; Falconer, I. R;
Runnegar, M. T. C: Clinical and pathological
changes in sheep experimentally poisoned by the
blue-green alga Microcystis aeruginosa. Veterinary
Pathology, 1984, 21, 102-113.

Falconer, I. R.; Smith, J. V.; Jackson, A. R.; Jones,
A.; Runnegar, M. T.: Oral toxicity of a bloom of the
cyanobacterium Microcystis aeruginosa

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45,

46.

49

administered to mice over periods up to 1 year. J.
Toxicol Environ Health, 1988, 24, 291-305.

Ito, E.; Kondo, F.; Terao, K.; Harada, K. L.
Neoplastic nodular formation in mouse liver
induced by repeated intraperitoneal injections of
microcystin-LR. Toxicon, 1997, 55, 1453-1457.

Yu, S. Z.: Primary prevention of hepatocellular
carcinoma. J. of Gastroenterology and Hepatology,
1995, 10, 674-682.

Ueno, Y.; Nagata, S.; Tsutsumi, T.; Hasegawa, A.;
Watanabe, M.; Park, H.; Chen, G. C; Chen, G.; Yu,
S.: Detection of microcystins, a blue-green algal
hepatotoxin, in drinking water sampled in Haimen
and Fusui, endemic areas of primary liver cancer in
China, by highly sensitive immunoassay. Carcino
genesis, 1996, 17, 1317-1321.

Falconer, 1.; Bartram, J.; Chorus, 1.; Kuiper
Goodman, T.; Utkilen, H; Burch, M.; Codd, G. A.:
Safe Levels and Safe Practices, In: Toxic
Cyanobacteria in Water. A Guide to their Public
Health Consequences, Monitoring and Management
(eds. Chorus, I.; Bartram, J.), E & FN Spon on
behalf of WHO, London, 1999, pp 55-178.

Fawell, J. K.; James, C. P.; James, H. A.: Toxins
from blue-green algae: Toxicological assessment of
microcystin-LR and a method for its determination in
water. WRc pic, Medmenham. 1994.

Australian National Health and Medical Research
Council: Drinking Water Guidelines. NH & MRC,
Canberra, Australia. 2004.

Zhou, L.; Yu, H.; Chen, K.: Relationship between
microcystin in drinking water and colorectal
cancer. Biomedical and Environmental Science,
2002, 75, 166-171.

Falconer, I. R.; Hardy, S. J.; Humpage, A. R.;
Froscio, S. M.; Tozer, G. J.; Hawkins, P. R.:
Hepatic and renal toxicity of the blue-green alga
(cyanobacterium)  Cylindrospermopsis raciborskii
in male Swiss Albino mice. Environmental
Toxicology, 1999, 14, 143-150.

Seawright, A. A.; Nolan, C. C,; Shaw, G. R;
Chiswell, R. K.; Norris, R. L.; Moore, M. R,;
Smith, M. J. The oral toxicity for mice of the
tropical cyanobacterium Cylindrospermopsis
raciborskii (Woloszynska). Environmental
Toxicology, 1999, 14, 135-142.

Froscio, S. M.: Investigation of the mechanisms
involved in  cylindrospermopsin  toxicity:
Hepatocyte culture and reticulocyte lysate studies.
PhD Thesis, Department of Clinical and
Experimental Pharmacology, University of Adelaide,
Adelaide, 2002, pp 139.

Runnegar, M. T.; Kong, S. M.; Zhong, Y. Z.; Lu, S.
C: Inhibition of reduced glutathione synthesis by
cyanobacterial alkaloid cylindrospermopsin in
cultured rat hepatocytes. Biochemical Pharmacology,
1995, 49, 219-225.

Banker, P.; Carmeli, S.; Hadas, O.; Telsch, B.;
Porat, R.; Sukenik, A.: Identification of
cylindrospermopsin in Aphanizomenon ovalisporum
(Cyanophyceae) isolated from Lake Kinneret, Israel.
J. of Applied Phycology, 1997, 33, 613-616.



50

47.

48.

49.

50.

51

Harada, K.; Ohtani, I.; lwamoto, K.; Suzuki, M.;
Watanabe, M. F.; Watanabe, M.; Terao, K.:
Isolation  of  Cylindrospermopsin  from a
Cyanobacterium  Umezakia Natans and Its
Screening Method. Toxicon, 1994, 32, 73-84.

Li, R.; Carmichael, W. W.; Brittain, S.; Eaglesham,
G. K. Shaw, G. R.; Mahakhant, A;
Noparatnaraporn, N.; Youngmanichai, W.; Kaya,
K.; Watanabe, M. M.: Isolation and identification of
the cyanotoxin cylindrospermopsin and deoxy-
cylindrospermopsin  from a Thailand strain of
Cylindrospermopsis raciborskii  (Cyanobacteria).
Toxicon, 2001, 39, 973-980.

Stirling, D. J.; Quilliam, M. A.: First report of the
cyanobacterial toxin cylindrospermopsin in New
Zealand. Toxicon, 2001, 39, 1219-1222.

Fastner, J.; Heinze, R.; Humpage, A. R.; Mischke, U.;
Eaglesham, G. K.; Chorus, I.: Cylindrospermopsin
occurrence in two German lakes and preliminary
assessment of toxicity and toxin production of
Cylindrospermopsis ~ raciborskii ~ (Cyanobacteria)
isolates. Toxicon, 2003, 42, 313-321.

Griffiths, D. J.; Saker, M. L.: The Palm Island
Mystery Disease 20 Years on: A Review of
Research on the Cyanotoxin Cylindrospermopsin.
Environmental Toxicology, 2003, 18, 78-93.

52.

53.

54.

55.

56.

Int. J. Environ. Res. Public Health 2005, 2(1)

Flewelling, L.; Pawlowicz, M.; Carmichael, W.:
Williams, C. D, Burns, J.; Chapman, A
Assessment of Cyanotoxins in Florida’s lakes,
reservoirs, and rivers. In: Cyanobacteria Survey Project;
Harmful Algal Bloom Task Force, St. John's River
Water Management District, Palatka, Florida, 2001.
Humpage, A. R.; Falconer, I. R.:  Oral toxicity of
the cyanobacterial toxin cylindrospermopsin in male
Swiss albino mice: Determination of No Observed
Adverse Effect Level for Deriving a Drinking
Water Guideline Value. Environmental Toxicology,
2003, 18, 94-103.

Shaw, G. R.; Seawright, A. A.;; Moore, M. R.; Lam, P.
K. S.: Cylindrospermopsin, a cyanobacterial ~ alkaloid:
evaluation  of its toxicologic activity. Therapeutic
Drug Monitoring, 2000, 22, 89-92.

Humpage, A. R.; Fenech, M.; Thomas, P,
Falconer, 1. R.: Micronucleus induction and
chromosome loss in WIL2-NS cells exposed to the
cyanobacterial toxin, cylindrospermopsin. Mutation
Research, 2000, 472, 155-161.

Falconer, 1. R.; Humpage, A. R.: Preliminary Evidence
for In-Vivo Tumour Initiation by Oral Administration of
Extracts of the Blue-Green Alga Cylindrospermopsis
raciborskii containing the toxin Cylindrospermopsin.
Environmental Toxicology, 2001, 16, 192-195.



	Received: 15 November 2004 / Accepted: 06 February 2005 / Published: 30 April 2005 

